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ABSTRACT

Aims. We investigated binary-lens events from the 2022-2024 microlensing surveys, aiming to identify events suitable for lens mass measurements.
We focused on two key light curve features: distinct caustic spikes with resolved crossings for measuring the angular Einstein radius (6g), and
long durations enabling microlens-parallax (mz) measurements. Four events met these criteria: KMT-2022-BLG-1479, KMT-2023-BLG-0932,
OGLE-2024-BLG-0142, and KMT-2024-BLG-1309.

Methods. We estimated the angular Einstein radius by combining the normalized source radius measured by modeling the resolved caustic spikes
with the angular source radius derived from the source color and magnitude. Additionally, we determined the microlens parallax through light
curve modeling, taking higher-order effects caused by the orbital motions of Earth and the binary lens into consideration.

Results. With measurements of the event timescale, angular Einstein radius, and microlens parallax, we uniquely determined the mass and distance
of the lens. For the events KMT-2022-BLG-1479, KMT-2023-BLG-0932, and KMT-2024-BLG-1309, both components of the binary lens have
masses lower than that of the Sun, consistent with M-type dwarfs, which are the most common type of lenses in Galactic microlensing events.
These lenses are relatively nearby, with distances of <2.5 kpc, indicating their location within the Galactic disk. In contrast, for OGLE-2024-BLG-
0142, the primary lens component has a mass similar to that of the Sun, while the companion lens component has about half the mass of the
primary. This lens system is situated at a greater distance, roughly 4.5 kpc.

Key words. gravitational lensing: micro

1. Introduction Mt = AUD; ! — Dg') denotes the relative lens-source parallax,
and Dy is the source distance. Because #g depends on multiple
parameters (M, Dy, and u), determining the lens mass and dis-
tance from the timescale alone is highly degenerate, making it
challenging to uniquely constrain the lens properties.
For a subset of 1L1S lensing events, the angular Einstein
radius can be measured as an additional observable. This mea-
O " surement is feasible when the lens transits the surface of the
g=—, Op=&Mne)'", (1) source star, causing the magnification to reflect the intensity-
K weighted average across the source’s surface. As a result, finite-
where k = 4G/(c*AU) = 8.14 (mas/Mo), 6 is the angu- Source effects smooth out the peak of. the lensipg light curve
lar Einstein radius, y is the relative lens-source proper motion, (Gould 1994; WlFt & Mao' 1994; Nemiroff & chkra.masmghe
1994). By modeling the light curve affected by finite-source
effects, the normalized source radius, p = 6,/6g, can be
* Corresponding author: leecu@kasi.re.kr determined, where 6, is the angular radius of the source star.

In most microlensing events involving a single-mass lens and a
single source star (1L1S), the only observable that can be used to
to infer the physical properties of the lens is the event timescale
(tg). The timescale is related to the lens mass (M) and distance
to the lens (Dy) through the following relations:
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Given that 6, can be inferred from the source’s color and bright-
ness, the angular Einstein radius is then obtained through

@

O = —
P

Another lensing observable that can provide an additional
constraint on the physical parameters of the lens is the microlens
parallax, defined as

Tlrel

3

3

g =

Microlens parallax can be measured when the relative motion
between the source and lens deviates from rectilinear due to the
orbital motion of Earth around the Sun. This effect is known as
“annual microlens parallax™ (Gould 1992). The resulting orbital
acceleration introduces subtle asymmetries in the lensing light
curve, causing deviations from the standard symmetric shape
(see Fig. 1 of Gould & Horne 2013). An alternative approach
is to observe the event simultaneously from Earth and a space-
based observatory, such as Spitzer or Kepler, which are sepa-
rated from Earth by an AU-scale baseline. This “space-based
microlens parallax” method enables a direct measurement of g
by comparing the light curves observed from the two vantage
points. Measuring an additional lensing observable provides fur-
ther constraints on the physical parameters of the lens, enabling
a more accurate determination of its properties. When both addi-
tional observables, 6 and 7, are determined, the lens mass and
distance can be uniquely determined using the relations from
Gould (2000):

Oe

M= ,
KTTg

“

where mg denotes the parallax of the source.

In a 1L1S microlensing event, the probability of directly
determining the lens mass by simultaneously measuring all rel-
evant lensing observables is very low for the following reasons.
First, detecting finite-source effects in the light curve is only pos-
sible in a small subset of events where the lens-source impact
parameter satisfies uy < p. In a typical Galactic microlensing
event caused by a low-mass star, the angular Einstein radius (6g)
is ~0.5 mas. Given that a main-sequence source star in the bulge
has an angular radius (6,) of ~0.7 x 1073 pas, the normalized
source radius is p = 6,/6g < 1073 for a main-sequence star and
around 1072 for a giant star. This implies that only a small frac-
tion of events exhibit detectable finite-source effects. Second,
microlens parallax can be measured only in rare cases involving
long-duration events that span a significant fraction of Earth’s
orbital period. As a result, determining lens masses by simul-
taneously measuring both 6g and mg using ground-based photo-
metric data has been possible for only a very limited number of
events, such as OGLE 2007-BLG-050L (Batista et al. 2009) and
MOA-2009-BLG-174L (Choi et al. 2012).

The likelihood of directly measuring the lens mass is signif-
icantly higher in events involving binary lenses. A binary-lens
single-source (2L1S) event is typically identified via distinctive
features in the lensing light curve that emerge when the source
approaches or crosses a lensing caustic. Caustics are regions
in the source plane where the magnification of a point source
becomes infinite (Schneider & Weiss 1986; Mao & Paczynski
1991). These caustics form sets of one, two, or three closed
curves, covering a substantial portion of the Einstein ring. When
a finite source passes near or across a caustic, higher-order
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derivatives of the magnification induce deviations from a point-
source light curve (Pejcha & Heyrovsky 2009). This enables the
measurement of p and, consequently, the determination of 6.
Moreover, the presence of two lenses increases the likelihood of
a longer event timescale compared to a single-lens event. Addi-
tionally, well-resolved caustic features in the lensing light curve
of a 2L 1S event enable the precise measurement of subtle distor-
tions caused by microlens parallax (An & Gould 2001).

Although it remains challenging to fully determine the
complete set of lensing observables, the physical parameters
of the lens have been uniquely constrained for a subset of
lensing events. Binary-lens events with lens-mass determina-
tions based on annual microlens parallax measurements include
EROS BLG-2000-5 (Anetal. 2002), OGLE 2003-BLG-267
(Jaroszynski et al. 2005), MOA-2009-BLG-016 (Hwang et al.
2010), OGLE-2009-BLG-020 (Skowron etal. 2011), MOA-
2011-BLG-090 and OGLE-2011-BLG-0417 (Shin et al. 2012),
OGLE-2016-BLG-0156 (Jungetal. 2019), and KMT-2016-
BLG-2052 (Hanetal. 2018). Lens masses have also been
determined for several binary-lens events through space-based
microlens parallax using Spitzer, including OGLE-2014-BLG-
1050 (Zhu et al. 2015), OGLE-2019-BLG-0033 (Herald et al.
2022), OGLE-2016-BLG-1067 (Calchi Novati et al. 2019), and
OGLE-2017-BLG-1038 (Malpas et al. 2022). For MOA-2015-
BLG-020 (Wangetal. 2017) and OGLE-2016-BLG-0168
(Shin et al. 2017), ground-based microlens parallax measure-
ments were independently confirmed by Spitzer observations via
the satellite parallax method.

In this paper we present direct lens mass measurements
for four 2L1S events: KMT-2022-BLG-1479, KMT-2023-
BLG-0932, OGLE-2024-BLG-0142, and KMT-2024-BLG-
1309. These events share common characteristics, including
well-resolved caustic-crossing features in their light curves and
long durations extending across a significant portion of a season
or beyond. The well-resolved caustic features enabled precise
measurements of the angular Einstein radii, while the extended
coverage of the lensing light curves enabled the determination of
microlens parallax. By combining the measurements of 8z and
g, we uniquely determined the lens masses for these events.

2. Data

We conducted a system analysis of 2L1S events detected by the
Korea Microlensing Telescope Network (KMTNet; Kim et al.
2016) survey from the 2022 to 2024 seasons, aiming to identify
events for which the lens masses could be measured In select-
ing events, we focused on two key features in the lensing light
curves. The first feature is the presence of distinct caustic spikes
with well-resolved caustic crossings, which enable the measure-
ment of the angular Einstein radius. The second feature is the
long duration of the events, which span a significant portion of an
observation season or even longer, facilitating the measurement
of microlens parallax. Through this analysis, we identified four
lensing events: KMT-2022-BLG-1479, KMT-2023-BLG-0932,
KMT-2024-BLG-0813, and KMT-2024-BLG-1309.

We found that all the identified events were also observed
by two other microlensing surveys: the Microlensing Observa-
tions in Astrophysics (MOA; Bond et al. 2001; Sumi et al. 2003)
and the Optical Gravitational Lensing Experiment (OGLE;
Udalski et al. 2015). Table 1 summarizes the event correspon-
dences, showing the event IDs from the three surveys alongside
their equatorial and Galactic coordinates. The event KMT-2024-
BLG-0813 was initially detected by the OGLE group. To align
with the convention used in the microlensing community, we
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Table 1. Coordinates and ID correspondences.

KMTNet (RA, Dec)ao0o

(1,b)

OGLE MOA

KMT-2022-BLG-1479
KMT-2023-BLG-0932
KMT-2024-BLG-0813
KMT-2024-BLG-1309

(17:53:23.69, —28:06:34.20)
(18:15:11.73, -25:04:31.19)
(18:10:34.71, —27:46:37.20)
(18:04:10.72, —28:10:53.62)

(125871, —120397)
(626236, —3°8018)
(327487, —4°1782)
(227093, —3°1370)

MOA-2022-BLG-475
MOA-2023-BLG-345
MOA-2024-BLG-016
MOA-2024-BLG-133

OGLE-2023-BLG-0756
OGLE-2024-BLG-0142
OGLE-2024-BLG-0761

designated this event OGLE-2024-BLG-0142, based on the ID
assigned by the first discovery group. For our analysis, we used
combined data from all three surveys.

The data for the microlensing events were obtained through
observations made with the telescopes operated by each sur-
vey group. The KMTNet group has been conducting a lens-
ing survey since 2015, using three identical telescopes strate-
gically placed in the Southern Hemisphere to ensure contin-
uous monitoring of microlensing events. These telescopes are
located at Siding Spring Observatory in Australia (KMTA),
Cerro Tololo Inter-American Observatory in Chile (KMTC),
and South African Astronomical Observatory in South Africa
(KMTS). Each KMTNet telescope has a 1.6-meter aperture, and
the camera mounted on each provides a 4 square-degree field
of view. The OGLE group has been carrying out microlensing
observations since 1992, with the current phase being its fourth.
The survey employs a 1.3-meter telescope, equipped with a cam-
era offering a 1.4 square-degree field of view, located at Las
Campanas Observatory in Chile. The MOA survey began with
a 0.6-meter telescope and is now in its second phase, using a
1.8-meter telescope at Mt. John University Observatory in New
Zealand. The field of view of the camera is 2.2 square degrees.
Observations by the KMTNet and OGLE surveys were con-
ducted in the / band, while the MOA survey observations were
made in the customized MOA-R band, covering a wavelength
range of 609-1109 nm.

The light curves for the microlensing events were con-
structed using the photometric pipelines operated by each sur-
vey group: the KMTNet data were processed with the pipeline
of Albrow et al. (2009), the OGLE data were handled using the
pipeline from Udalski (2003), and the MOA data were processed
with the pipeline from Bond et al. (2001). For the KMTNet data,
we used the reprocessed data obtained with the code developed
by Yang et al. (2024) to ensure optimal data quality. Recognizing
that pipeline-generated photometric errors often underestimate
the true errors due to the omission of systematics, we recali-
brated the error bars using the method described in Yee et al.
(2012).

3. Lensing light curve analyses

The light curves of all observed events displayed distinct caustic-
crossing spikes, a hallmark of binary-lens events. To analyze
these light curves, we modeled them using a 2L1S configura-
tion of the lens system. The modeling process aimed to identify
a lensing solution that provides the best-fit lensing parameters
for the observed light curve.

In the simplest case, where the relative motion between the
lens and source is rectilinear, a 2LL1S event is characterized
by seven fundamental parameters. The first three, (y, uo,fg),
describe the lens-source approach, where 7, is the time of clos-
est approach to a reference position on the lens plane, ug is the
projected separation normalized to the Einstein radius (6g) at
that time, and fg is the event timescale. Two additional param-

eters, (s, q), define the binary lens system, with s representing
the projected separation (scaled to 6g) between the two lens
components and g denoting their mass ratio. The parameter &
specifies the source trajectory angle relative to the binary-lens
axis. Finally, p, the ratio of the angular source radius (6.) to the
angular Einstein radius, is required to describe caustic-crossing
features influenced by finite-source effects. The lens reference
position is defined as the center of mass for close binaries with
s < 1.0, and as the effective position described in An & Han
(2002) for wide binaries with s > 1.0.

In computing finite-source magnifications, we took into
account the variation in surface brightness across the source star
caused by limb darkening. Specifically, the surface-brightness
profile was modeled as § o« 1-I'(1— % cos ¢), where I represents
a linear limb-darkening coefficient and ¢ is the angle between the
line of sight to the observer and the local normal to the stellar sur-
face (Albrow et al. 1999). The limb-darkening coefficients were
adopted from Claret (2000), based on the type of the source star,
which is determined from its de-reddened color and brightness
as described in Sect. 4.

All events had extended durations, covering a substantial
part of an observing season, and in some cases, extending into
another season. For events with long durations, two additional
higher-order effects must be taken into account. The first is the
microlens-parallax effect, which results from the acceleration of
the relative lens-source motion due to the Earth’s orbital motion
around the Sun (Gould 1992, 2000, 2004). The second is the
lens-orbital effect, caused by the orbital motion of the binary lens
(Albrow et al. 2000; Batista et al. 2011; Skowron et al. 2011;
Han et al. 2024). The orbital motion of the lens not only causes
acceleration of the relative lens-source motion but also induces
changes in the caustic structure. The additional lensing param-
eters required to account for these higher-order effects are dis-
cussed below.

The modeling process began with the search for a static
model that describes the overall light curve without incorpo-
rating higher-order effects. Given the complexity of exploring
the entire parameter space due to the large number of lensing
parameters, we adopted a hybrid approach that combines a grid
search with a downhill optimization method. In this approach,
the binary-lens parameters (s,q) were explored using a grid
search with multiple initial values for @, while the remain-
ing parameters were refined through a downhill optimization
method. The grid search was conducted using the map-making
technique developed by Dong et al. (2006), while the downhill
optimization was performed with a Markov chain Monte Carlo
(MCMC) algorithm employing an adaptive step-size Gaussian
sampler (Doran & Mueller 2004). This approach allowed us to
investigate the y? distribution within the (s, ¢, ) parameter space
to identify local minima that could indicate degeneracies in the
lensing solution. For each identified local minimum, we further
refined the solution by allowing all parameters to vary freely.

The higher-order lensing parameters are determined based
on the initial static solution. To achieve this, we first
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A A Table 2. Lensing parameters of KMT-2022-BLG-1479.
5L KMTA42
2 0 KNTS42
2 202 Parameter Static Higher order
= L KMTC42
@ 16 |- MOA uy >0 up <0
= L
b J 1% 15134.1 14917.1 149205
_ £ : : : to (HID) 9828.6945 + 0.0087  9828.833 + 0.018 9828.867 + 0.016
s ol uo 0.1791 + 0.0013 02164 £0.0041  —0.2271 + 0.0044
é —0.1 tg (days) 50.86 + 0.20 45.53 +0.42 44.34 + 0.41
98 s 0.7837 + 0.0017 0.8301 + 0.0045 0.8425 + 0.0047
14 q 0.6029 + 0.0037 0.5955 + 0.0049 0.5931 + 0.0051
5 « (rad) 3.2032 + 0.0009 3.2032 + 0.0021 —-3.2015 £ 0.0022
§ p(1073) 6.379 +0.043 7.262 +0.103 7.546 £ 0.116
’éﬂ 16 TEN cee —0.246 + 0.080 0.219 + 0.095
g TEE 0.0333 + 0.0083 0.0645 + 0.0087
e ds/dt (yr™) 0.098 + 0.032 0.093 +0.034
18 L da/dt (yr") 0.135 +0.198 —0.353 £ 0.240
S 01
% o0 Notes. HID’ = HID — 2450000.
&0

L L L L L L L L L L L L L
9750 9800 9850 9900
HJD-2450000

Fig. 1. Light curve of the lensing event KMT-2022-BLG-1479. Two
lower: Overall light curve and the residuals from the model. Two upper
panels: Magnified view of the anomaly region. The curve overlaid on
the data points represents the best-fit 2L.1S model (higher-order model
with uy > 0), which incorporates higher-order effects. The colors of the
data points correspond to the labels in the legend. The two insets in the
lower panel display scatter plots of points from the MCMC chain in the
mg, g—mg,y parameter plane for the uy > 0 and uy < 0 solutions. Points
within 1o, 207, 30, 40, and 5o confidence levels are marked in red,
yellow, green, cyan, and blue, respectively.

incorporated the lens-orbital effect and subsequently account
for the additional microlens-parallax effect. Incorporating these
higher-order effects necessitates the inclusion of additional
parameters. To account for the microlens-parallax effect, the
parameters (mgy,7gg) are required, representing the north
and east components of the microlens-parallax vector, 7y =
(7re1/0p) (/). Assuming that the positional changes of the lens
components during lensing magnification are minimal, the lens-
orbital effect is characterized by two parameters, (ds/dt, da/dt),
which represent the rates of change in the binary lens separation
and the source trajectory angle, respectively. In the modeling,
we imposed a constraint that the projected kinetic-to-potential
energy ratio (KE/PE), to be less than unity. This ratio is com-
puted from the model parameters as

3 2 2
(a, /AU) l(lds/dt) . (da//dt) ] )

KE\
PE/, © 8mA(M/My) [\ s yr! yr-!

Here a, represents the projected physical separation between
the lens components. In the model that accounts for the
microlens-parallax effect, we examined the ecliptic degener-
acy between a pair of solutions with up > 0 and uy < 0
(Jiang et al. 2004; Poindexter et al. 2005). For solutions exhibit-
ing this degeneracy, the lensing parameters follow the relations
(ug, @, Mg N, da/dt) < —(up,a, g y,da/dt). In the subsequent
subsections, we detail the analyses of each individual event.

3.1. KMT-2022-BLG-1479

The lensing event KMT-2022-BLG-1479 was initially detected
by the KMTNet survey on July 11, 2022 (HID" = HID -
2450000 = 9771) and later identified by the MOA survey.
The source of the event is located in the overlapping region
of two KMTNet prime fields, BLG02 and BLG42, which were
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observed with cadences of 0.5 hours individually and 0.25 hours
when combined. The lensing magnification continued through
the end of the 2022 season, with data from the 2023 season also
included in the analysis.

The light curve of KMT-2022-BLG-1479 is shown in Fig. 1.
It displays a pair of distinct caustic spikes that occurred at
HID’ ~ 9825 and 9832, corresponding to the times when the
source entered and exited a caustic, respectively. The spike at
the caustic entrance was captured by the KMTC dataset, while
the spike at the caustic exit was resolved by the combination of
the KMTC and KMTS datasets. In addition to these spikes, the
light curve features two weak bumps: one before the first caustic
spike, centered at HID’ ~ 9810, and the other after the second
caustic spike, centered at HID” ~ 9850. These bumps arose as
the source approached the cusps of the caustic.

We began modeling the light curve using a static 2LL1S
configuration, which resulted in a unique solution with binary
parameters (s,q) ~ (0.78,0.60) and an event timescale of
tg ~ Sldays. Given the relatively long duration of the event,
we examined whether incorporating higher-order effects would
improve the fit. This led to a model that provided a signifi-
cantly better fit than the static model, with an improvement of
Ax?* = 217.0. In Table 2 we present the model parameters for
both the static and higher-order models, along with their respec-
tive y? values. Between the two higher-order solutions, the one
with up > 0 provides a slightly better fit to the data. The inclusion
of higher-order effects results in a slight adjustment of the lens-
ing parameters to (s,q,7E) ~ (0.83,0.60,46 days). The model
curve corresponding to the higher-order solution (with uy > 0) is
plotted in Fig. 1. As shown in the scatter plots of MCMC points
on the (mg g, g y) plane, presented in the insets of the lower
panel of Fig. 1, the microlens parallax was robustly measured as
(men,meE) = (=0.246 £ 0.080,0.0333 + 0.0083) for the ug > 0
solution and (mgy,7meg) = (0.219 + 0.095,0.0645 + 0.0087)
for the uy < O solution. Additionally, the normalized source
radius was accurately determined from the well-resolved caus-
tics, yielding p = (7.262 + 0.103) x 10~ for the uy > 0
solution and p = (7.546 + 0.116) x 1073 for the uy < 0
solution.

Figure 2 illustrates the lens system configurations corre-
sponding to the uy > 0 and uy < O solutions, depicting
the source trajectory relative to the lens components and caus-
tics. The source trajectories of the two degenerate solutions
are approximately symmetric with respect to the binary axis.
The curvature in the source trajectory arises because of the
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[ KMT-2022-BLG-1479 ]
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Fig. 2. Lens system configuration of KMT-2022-BLG-1479 for the two
higher-order models with uy > 0 and uy < 0. In each panel, the trajec-
tory of the source is indicated by the arrowed curve. The red and blue
concave curves represent the caustics at the times specified in the legend
The positions of the lens components are marked by filled dots, with the
larger dot corresponding to the more massive lens component.

microlens-parallax effect. The positions of the lens components
and the shape of the caustics vary due to the lens-orbital effect,
with the lens positions and caustics marked at two specific
epochs indicated in the legend. The binary lens generates a sin-
gle resonant caustic elongated in the direction nearly perpendic-
ular to the binary lens axis. The source moved almost parallel
to the binary axis, crossing the caustic. These caustic crossings
produced the sharp spike features in the lensing light curve. The
weaker bumps observed before and after these spikes occurred
as the source approached the left-side and right-side cusps of the
caustic.

3.2. KMT-2023-BLG-0932

The microlensing event KMT-2023-BLG-0932 was first identi-
fied by the KMTNet group on May 28, 2023 (HJD” = HJD -
2460000 = 92), during the initial phase of its magnification. It
was later found by the MOA group on June 17 (HID” = 112)
and by the OGLE group on July 16 (HID” = 141). Similar to
the event KMT-2022-BLG-1479, the lensing-induced magnifi-
cation persisted throughout the 2023 season and continued until
the end of the 2023 observing season. In the analysis, we incor-
porated data from the 2024 season. The source is located in the
KMTNet BLG31 field, toward which observations were made
with a 2.5-hour cadence.

Figure 3 shows the lensing light curve of KMT-2023-BLG-
0932. The light curve features two prominent spikes, occurring
at HID” ~ 187 and 198, due to caustic crossings. While the
second caustic crossing was not resolved, the first crossing was
captured by the combined data from the three KMTNet tele-
scopes and the OGLE telescope. In addition to these caustic
spikes, a weak bump, caused by a cusp approach, appears around
HID” ~ 223.

From the static 2L.1S modeling, we obtained a solution with
binary parameters (s,q) ~ (0.59,0.96) and an event timescale
of tg ~ 77days. However, this static model shows noticeable
residuals. When higher-order effects are included, these residu-
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Fig. 3. Light curve of the lensing event KMT-2023-BLG-0932. The
notations used are consistent with those presented in Fig. 1.

Table 3. Lensing parameters of KMT-2023-BLG-0932.

Parameter Static Higher order

uy >0 uy <0
x? 3746.6 2276.4 2280.4
to (HID"”) 192.6196 £ 0.0053  193.1656 £ 0.0372  193.1588 + 0.0335
i 0.05546 + 0.00021  0.04387 +£0.00185  —0.04398 + 0.00024
tg (days) 77.25 £0.39 124.90 + 6.00 123.78 £ 1.64
s 0.5869 + 0.0009 0.5181 + 0.0093 0.5187 + 0.0025
q 0.9555 + 0.0040 0.710 £ 0.025 0.716 £ 0.011
a (rad) 4.7995 +0.0011 4.8149 + 0.0032 —4.8118 +0.0029
o (1073) 1.441 £ 0.027 0.967 + 0.047 0.973 +0.023
TEN e —-0.291 £+ 0.030 0.303 +0.0238
TEE 0.0150 + 0.0084 —-0.0127 + 0.0045
ds/dt (yr™") —0.448 £ 0.025 —0.455 £ 0.024
da/dt (yr™") -3.13+£0.30 3.14+0.13

Notes. HID” = HID — 2460000.

als are resolved, leading to a significant improvement in the fit.
The higher-order solution with uy, > 0 provides a slightly bet-
ter fit than the up < O solution, with a difference of A)(z = 4.0.
The model curve of the uy > 0 solution is overlaid on the data
points, and the full set of lensing parameters for both the static
and higher-order models are listed in Table 3. The higher-order
solution yields binary parameters of (s,q) ~ (0.51,1.41) and a
timescale of g ~ 125 days. The insets of the lower panel dis-
plays scatter plots of MCMC points on the (g g, g ) plane
for the two degenerate higher-order solutions. The normalized
source radius was estimated from data points near the peak of
the first spike, although its fractional uncertainty, dp/p ~ 4.9%,
is larger than that of KMT-2022-BLG-1479 (~1.4%), for which
both caustic crossings were densely covered.

Figure 4 presents the lens system configurations for the
higher-order solutions with uy > 0 and uy < 0. In each
panel, the two sets of caustics drawn in red and blue corre-
spond to the moments of caustic entrance and exit, respec-
tively. Since the mass ratio (¢ ~ 1.4) is greater than one, the
more massive lens component is located on the right side. In
this event, the effect of lens orbital motion is significant, lead-
ing to a noticeable change in the caustic structure over the
approximately 11-day interval between the two caustic cross-
ings. Recently, Han et al. (2024) reported three 2L1S events
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Fig. 4. Lens system configuration of KMT-2023-BLG-0932. Notations
are consistent with those in Fig. 2.
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Fig. 5. Lensing light curve of OGLE-2024-BLG-0142 and the best-fit
model.

exhibiting lens-orbital effects: OGLE-2018-BLG-0971, MOA-
2023-BLG-065, and OGLE-2023-BLG-0136. For KMT-2023-
BLG-0932, the measured rate of change in the orientation angle,
a ~ 3.1/yr, is significantly larger than those observed in the
events presented in that study. The projected kinetic-to-potential
energy ratio of the binary lens, calculated using Eq. (5), is
(KE/PE), ~ 0.48. The binary lens generated three caustics: a
single four-cusp central caustic, shown in the figure, and a pair of
small three-cusp peripheral caustics, which are not depicted and
are located away from the binary lens’s barycenter. The source
approached the binary-lens axis at nearly a right angle, crossing
the right side of the caustic, and then moved close to the cusp of
the caustic. The caustic crossings generated the observed spikes,
while the cusp approach produced the subsequent bump follow-
ing the caustic spikes.
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Table 4. Lensing parameters of OGLE-2024-BLG-0142.

Parameter Static Higher order

uy > 0 uy < 0
x? 2551.7 2500.1 2498.4
to (HID"”) 474977 £0.05414  474.652+£0.086  474.6717 + 0.0856
) 0.1276 + 0.0019 0.1213 £0.0037  -0.1202 + 0.0023
tg (days) 130.16 £ 1.35 140.02 + 3.87 140.73 + 1.54
s 0.7343 £ 0.0038 0.7099 £ 0.0084  0.7079 + 0.0019
q 0.554 + 0.006 0.571£0.014 0.576 +0.010
a (rad) 2.9246 + 0.0025 2.9099 +0.0065  —2.9083 + 0.0066
p(1073) 1.036 £ 0.023 0.99 +0.031 0.986 + 0.022
TEN e —-0.030 £ 0.018 0.059 £ 0.0170
TEE 0.066 +0.013 0.066 + 0.0137
ds/dt (yr™") 0.120 + 0.026 0.134 £ 0.026
da/dt (yr™") —0.101 £+ 0.041 0.004 + 0.025

Notes. HID” = HID — 2460000.

3.3. OGLE-2024-BLG-0142

The OGLE group initially detected the brightening of the source
for the lensing event OGLE-2024-BLG-0142 on March 20, 2024
(HID” = 389) during its rising phase. The event was subse-
quently confirmed by the KMTNet group on May 3 (HID” =
433) and by the MOA group on May 28 (HID” = 458). The
magnification of the source flux began before the start of the
2024 season and continued throughout it. For our analysis, we
included data from both the 2023 and 2025 seasons.

The lensing light curve of the event is presented in Fig. 5.
Like the previous events, it features two prominent caustic
spike features at HID” ~470 and ~488. Both spikes were well-
resolved, with the first captured by the combined data from
KMTS and MOA, and the second by the combined data from
KMTC and KMTS. In addition to these spikes, the light curve
also shows a bump that appears before the first caustic spike,
centered around HID” ~ 445.

We initially modeled the light curve under a static 2L1S
configuration, and obtained a solution with binary parameters
(s,9) ~ (0.73,0.55) and an event timescale of g ~ 130days.
Given the long duration of the event, we further investigated a
model incorporating microlens-parallax and lens-orbital effects,
which resulted in a significantly improved fit with Ay? = 51.6.
The best-fit parameters of the higher-order solution, (s, g, tg) ~
(0.71,0.57, 140), show slight variations from those of the static
model. Table 4 lists the complete sets of lensing parameters for
the static and two higher-order models with uy > 0 and uy < O.
The uy < 0 model provides a slightly better fit than the uy > 0
solution, with an improvement of Ay?> = 1.7. Figure 5 presents
the model light curve of the ug < 0 higher-order solution along
with its residuals, while the two insets in the lower panel displays
the scatter plots of MCMC points in the (7g g, g y) parameter
space for the two degenerate higher-order solutions.

Figure 6 illustrates the lens system configuration for the two
higher-order solutions with ug > 0 and uy < 0. Since the binary
separation is smaller than the Einstein radius, the binary lens
generates three caustics aligned perpendicular to the binary axis.
The figure displays the central caustic, while the two peripheral
caustics are not shown. The source passed through the central
caustic, producing the two caustic-induced spikes in the light
curve. Before entering the caustic, the source approached the
left-side on-axis cusp, generating a bump around HID” ~ 445,
We present two sets of caustics corresponding to the times of the
bump and the second spike, separated by approximately 38 days.
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Fig. 6. Lens-system configuration of OGLE-2024-BLG-0142. Nota-
tions are same as those in Fig. 2.
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Fig. 7. Lensing light curve of KMT-2024-BLG-1309 and the best-fit
model.

The influence of lens-orbital effects on the caustic structure is
minimal, resulting in only slight changes during this period.

3.4. KMT-2024-BLG-1309

The microlensing event KMT-2024-BLG-1309 was observed by
all three active survey groups. It was first detected by the KMT-
Net group on June 1, 2024 (HID” = 472), with subsequent
detection by the OGLE group on June 17 (HID” = 478) and
the MOA group on July 11 (HID” = 502). The source star has
an /-band baseline magnitude of Iy, = 19.16 and is located in
a field monitored with a high observational cadence. As a result,
the event’s light curve was densely sampled, providing detailed
coverage of its magnification features.

Figure 7 shows the lensing light curve of KMT-2024-BLG-
1309, which features two prominent caustic spikes at HID” ~
503.0 and 516.8, along with two bumps at HID” ~ 482 before
the first spike and at HID” ~ 538 after the second caustic fea-
ture. Both caustic spikes were clearly resolved, with the first

Table 5. Lensing parameters of KMT-2024-BLG-1309.

Parameter Static Higher order

uy > 0 uy < 0
x? 10046.7 10009.0 10008.5
to (HID") 507.044 £ 0.07 507.71 + 0.06 507.72 +0.11
ug —0.0534 £ 0.0012  0.04296 +0.0014  —-0.0431 + 0.0020
tg (days) 44.190 + 0.081 445023 £ 0.111 44.515 +0.098
s 1.6181 + 0.0007 1.6264 + 0.0015 1.6273 £ 0.0018
q 0.6180 + 0.0003 0.6102 + 0.0048 0.6112 + 0.0052
a (rad) 5.6028 + 0.0014 -5.6147 £0.0013  5.6136 + 0.0055
p(107%) 0.4679 + 0.0056 0.4619 + 0.0062 0.4695 + 0.0062
TEN e —0.046 + 0.067 0.036 +£0.108
TEE 0.259 + 0.046 0.261 +0.054
ds/dt (yr™") 0.113 £ 0.096 0.157 £ 0.093
da/dt (yr™") —-0.3073 + 0.055 0.234 +£0.102

Notes. HID” = HID — 2460000.
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Fig. 8. Lens system configuration of KMT-2024-BLG-1309.

spike captured by the MOA and KMTS datasets, and the sec-
ond spike observed by the OGLE, KMTC, and MOA datasets.
Although the entire lensing magnification event occurred within
the 2024 season, it lasted for a significant period of time.

We modeled the light curve under both a static 2L.1S configu-
ration and a configuration that accounts for higher-order effects.
The lensing parameters derived from the two models are simi-
lar, with values of (s,¢q, ) ~ (1.63,1.64,45 days). Incorporat-
ing higher-order effects leads to an improved fit, reducing the
chi-square value by Ay? = 38.2. The scatter plot of the MCMC
points on the (ng g, g ) plane for both solutions with 1 > 0 and
uy < 0 are presented in the inset of the lower panel of Fig. 7. A
full sets of lensing parameters for both the static and higher-order
models are provided in Table 5. The model light curve obtained
from the higher-order modeling (with 1y > 0) is overlaid on the
observational data.

Figure 8 shows the lens-system configurations correspond-
ing to the uy > O (upper panel) and uy < O (lower panel)
solutions. The lens creates a single resonant caustic that extends
along the binary-lens axis. The observed caustic spikes occurred
as the source traversed diagonally across the central region of the
caustic. Before entering the caustic in the uy < O case, the source
approached an upper cusp, and after exiting, it moved toward a
lower cusp on the opposite side. These cusp interactions lead to
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the formation of bumps in the light curve at the corresponding
times.

4. Source stars and angular Einstein radii

In this section we specify the source stars to fully characterize
the events and estimate the angular Einstein radii. The source
of each event is defined by measuring its V — I color and I-
band magnitude. After calibrating these values using the pro-
cedure outlined below, we estimated the angular source radius
(6,) based on the calibrated color and magnitude. With the esti-
mated 6., we calculated the angular Einstein radius using the
relationship in Eq. (2), along with the normalized source radius
p derived from light curve modeling. The following provides a
detailed, step-by-step description of the procedure for measuring
Og.

In the first step, we measured the instrumental source magni-
tudes in the V and I passbands. To do this, we created two light
curves from the data measured in these passbands, which were
processed using the pyDIA code developed by Albrow (2017).
From these light curves, we determined the instrumental flux of
the source (F) in each band by fitting the observed flux (Fops)
to the model (Amodel):

Fobs = Amodet (DF s + Fy. (6)

Here, F), represents the blended flux. Figure 9 illustrates the
source locations in the instrumental color-magnitude diagrams
(CMDs), which were constructed using pyDIA photometry of
stars located near the source.

The source color and magnitude were calibrated based on
their position in the CMD. For this calibration, the centroid of
the red giant clump (RGC) in the CMD was used as a refer-
ence (Yoo et al. 2004), as its de-reddened color and magnitude,
(V = I,Drgeyp, corrected for extinction, had been previously
determined by Bensby et al. (2013) and Nataf et al. (2013). By
measuring the color and magnitude offset, A(V — I, I), between
the source and the RGC centroid, the de-reddened source color
and magnitude were calculated as

(V=10 =(V~-1Drgco+A(V-1L1I). @)

Table 6 lists the instrumental color and magnitude of the source,
(V-1,1),, and the RGC centroid, (V -1, I)rgc, along with the de-
reddened values for both the RGC, (V — I)rgc, and the source,
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marked, serving as reference points for color and
magnitude calibration.

(V = 1,1);p, for each event. Based on the estimated colors and
magnitudes, the source stars are classified as follows: a K-type
giant for KMT-2022-BLG-1479, a K-type subgiant for KMT-
2023-BLG-0932, an early K-type main-sequence star for OGLE-
2024-BLG-0142, and an early G-type main-sequence star for
KMT-2024-BLG-1309.

The angular radius of the source star was determined using
the estimated color and magnitude. This was achieved by
applying the relation between 6, and (V — K, K) provided by
Kervella et al. (2004). To utilize this relation, the V — I color
was converted to V — K using the color-color relation from
Bessell & Brett (1988), enabling the derivation of 6,. With the
angular source radius estimated, the angular Einstein radius, 6g,
was calculated using the relation in Eq. (2). Combined with the
event timescale obtained from the modeling, the relative lens-
source proper motion, i, was determined as

u=—- ®)

g
The derived values of 6., 6g, and u for the events are provided in
the last three rows of Table 6.

5. Physical lens parameters

Using the lensing observables g, 6, and mg, we derived the
physical parameters of the lens mass and distance based on the
relationships described in Eq. (4). The determined physical lens
parameters, including the masses of the binary lens components
(M, and M>), the lens distance (Dy,), and the projected separation
between the lens components (a, ), corresponding to the uy > 0
and uy < O solutions are presented in Table 7. The projected
separation is calculated using the equation

©))

where the normalized source radius s is obtained from the mod-
eling process. For the estimation of the physical parameters, we
assumed the distance to the source to be Dg = 8 kpc. Note, how-
ever, that the mass estimates, M = 6g/(«kmg), are independent of
the assumed source distances. Although some variations exist,
the physical parameters estimated from the uy > 0 and uy < 0
solutions remain consistent.

a, = sDp6g,
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Table 6. Source parameters, angular Einstein radii, and relative lens-source proper motions.

Parameter KMT-2022-BLG-1479 KMT-2023-BLG-0932 OGLE-2024-BLG-0142 KMT-2024-BLG-1309
(V=D 4.593 +0.043 2.364 + 0.009 1.667 + 0.024 1.591 + 0.008
I 17.966 + 0.001 18.976 + 0.001 19.176 + 0.002 19.872 + 0.003
(V =1, Drae (4.442, 18.150) (2.273, 16.050) (1.836, 15.731) (1.972, 15.568)
(V —=1,Draeo (1.060, 14.382) (1.060, 14.257) (1.060, 14.334) (1.060, 14.357)
(V—-1Dyp 1.211 £ 0.059 1.151 £ 0.041 0.891 + 0.047 0.679 + 0.041
Lo 14.199 + 0.020 17.183 £ 0.020 17.780 + 0.020 18.660 + 0.020
Spectral type K411T K41V K1.5V G1V

0. (uas) 7.78 £0.71 1.88 +0.17 1.071 £ 0.090 0.562 + 0.046
Og (mas) 1.07 £0.10 1.89 £ 0.19 1.081 £ 0.172 1.197 £ 0.101
4 (mas/yr) 8.60 = 0.80 5.70 £ 0.59 2.82 +0.45 9.82 +0.83

Table 7. Physical lens parameters.

Parameter KMT-2022-BLG-1479

KMT-2023-BLG-0932

OGLE-2024-BLG-0142 KMT-2024-BLG-1309

(1o > 0) (o < 0) (1o > 0) (g < 0) (o > 0) (up < 0) (up > 0) (up < 0)
My (Mz) 033+0.11 0.35+0.12 0.343 +£0.048 0.342 +0.048 1.17 +£0.35 094 +0.26 0.214 +£0.059 0.211 +0.057
My (Ms) 0.20+0.07 0.21 £0.07 0.471 +0.066 0.481 +0.067 0.67 +0.20 0.55 +0.15 0.352 +0.097 0.346 + 0.092
Dy (kpc) 2.54+0.60 2.76 +0.66 1.48 +0.17 1.42 +0.17 476 £0.71 438 +£0.65 2.22 +0.45 224 +0.44
a, (AU) 226+0.53 240+0.57 1.46+0.17 1.44 +0.17 3.65+0.54 3.36+0.50 4.39 +0.89 4.38 +£0.85

The masses of the lens components vary across differ-
ent events. In the cases of KMT-2022-BLG-1479, KMT-2023-
BLG-0932, and KMT-2024-BLG-1309, both components of
the binary lens are less massive than the Sun, with their
masses aligning with those of M-type dwarfs, which are the
most common type of lenses in Galactic microlensing events
(Han & Gould 2003). In contrast, for OGLE-2024-BLG-0142,
the primary lens component has a mass comparable to that of the
Sun, while the companion lens component has a mass approxi-
mately half that of the primary.

The distances to the lenses also vary across different events.
For KMT-2022-BLG-1479, KMT-2023-BLG-0932, and KMT-
2024-BLG-1309, the lenses are located at relatively close dis-
tances, with Dy < 2.7 kpc, suggesting that these lenses are sit-
uated within the Galactic disk. In contrast, the lens for OGLE-
2024-BLG-0142 is located farther away, with a distance of Dy, ~
4.8 kpc for the uy > 0 solution and Dy, ~ 4.4 kpc for the uy < 0
solution, which is significantly greater than that of the other
events. Bayesian analysis, incorporating Galactic model priors,
indicates that the lens for OGLE-2024-BLG-0142 has a 35%
probability of being in the disk and a 65% probability of being
in the bulge.

6. Summary and conclusion

We analyzed binary lens events detected from microlensing sur-
veys from 2022 to 2024 seasons to identify those suitable for lens
mass measurements. Our investigation focused on two key fea-
tures in lensing light curves. The first feature is distinct caustic
spikes with resolved crossings, which enable the measurement of
the angular Einstein radius (6g). The second feature is long event
durations, which enable the determination of the microlens par-
allax (mg). Based on these criteria, we identified four qualifying
events, KMT-2022-BLG-1479, KMT-2023-BLG-0932, OGLE-
2024-BLG-0142, and KMT-2024-BLG-1309.

Detailed modeling of the events revealed that the lenses are
binary systems with mass ratios between 0.5 and 0.7. For all

events, in addition to the basic event timescale, the extra observ-
ables of the angular Einstein radius and microlens parallax were
securely measured. The angular Einstein radius was derived by
combining the normalized source radius obtained from model-
ing the resolved caustic spikes with the angular source radius
estimated from the source color and magnitude. The microlens
parallax was determined through light curve modeling, account-
ing for higher-order effects induced by the orbital motions of
Earth and the binary lens.

By combining the event timescale, angular Einstein radius,
and microlens parallax, the mass and distance of the lens were
uniquely determined. In the cases of KMT-2022-BLG-1479,
KMT-2023-BLG-0932, and KMT-2024-BLG-1309, both com-
ponents of the binary lens have masses below that of the Sun,
consistent with M-type dwarfs, which are the most frequently
observed lenses in Galactic microlensing events. These lenses
are located relatively close, at distances of less than 2.7 kpc,
suggesting their presence within the Galactic disk. For OGLE-
2024-BLG-0142, the primary lens component has a mass simi-
lar to that of the Sun, while the companion lens component has
about half the mass of the primary. This lens system is located
at a greater distance, approximately 4.4 kpc for one solution and
4.8 kpc for the other.

For a comparison between the physical parameters of the
current events and those of previously reported events with mea-
sured annual parallaxes (as discussed in Sect. 1), we present their
respective lens masses and distances in Table 8. From this com-
parison, two notable trends emerge. First, the lens masses are
generally not high, despite the long timescales of the events.
This indicates that the extended durations are primarily due to a
combination of slow lens-source proper motions and large angu-
lar Einstein radii, rather than being driven by massive lenses, as
previously argued by Han et al. (2018). Second, most lenses are
located at relatively close distances, typically within Dy, < 5 kpc.
This suggests that they predominantly reside in the Galactic disk,
although for the overall microlensing event population, the con-
tribution from bulge lenses generally exceeds that of disk lenses
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Table 8. Previous events with physical lens parameters.

Event M, (Mo) M, (Ms) Do (kpe)
EROS BLG-2000-5 0.35 0.26 2.6
OGLE 2003-BLG-267? 0.052 0.065 54
MOA-2009-BLG-016® 0.13 0.04 4.7
OGLE-2009-BLG-020% 0.84 0.23 1.1
MOA-2011-BLG-090® 0.43 0.39 33
OGLE-2011-BLG-0417®  0.57 0.17 0.9
OGLE-2016-BLG-0156©®  0.18 0.16 1.4
KMT-2016-BLG-20527 0.34 0.17 2.1

Notes. (1) An & Han (2002), (2) Jaroszynskietal. (2005), (3)
Hwang et al. (2010), (4) Skowron et al. (2011), (5) Shin et al. (2012),
(6) Jung et al. (2019), and (7) Han et al. (2018).

(Han & Gould 2003). This tendency is expected because nearby
lenses generally exhibit larger microlens parallaxes, which facil-
itates their characterization.

The results of our binary-lens events analyses suggest that
the upcoming gravitational microlensing experiment using the
Nancy Grace Roman Space Telescope (Spergel et al. 2015) will
enable the determination of lens masses in many binary-lens
events. While the primary focus of the Roman microlensing sur-
vey is the detection of distant exoplanets, including those with
masses lower than Earth’s, it will also uncover numerous binary-
lens events with densely resolved, high-precision light curves,
made possible by the telescope’s excellent photometric accuracy
and 15-minute cadence of space-based observations. For many
of these events, as shown in this study, the physical properties of
the lens are expected to be directly measurable.
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