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ABSTRACT

Aims. We undertake a project to reexamine microlensing data gathered from high-cadence surveys. The aim of the project is to reinvestigate
lensing events whose light curves exhibit intricate anomaly features that are associated with caustics, but lack prior proposed models that would
explain these features.

Methods. Through detailed reanalyses considering higher-order effects, we determined that it is vital to account for the orbital motions of lenses
to accurately explain the anomaly features observed in the light curves of the lensing events OGLE-2018-BLG-0971, MOA-2023-BLG-065, and
OGLE-2023-BLG-0136.

Results. We estimated the masses and distances to the lenses by conducting Bayesian analyses using the lensing parameters of the newly found
lensing solutions. These analyses showed that the lenses of the events OGLE-2018-BLG-0971 and MOA-2023-BLG-065 are binaries composed
of M dwarfs, while the lens of OGLE-2023-BLG-0136 likely is a binary composed of an early K-dwarf primary and a late M-dwarf companion.

For all lensing events, the probability that the lens resides in the bulge is considerably higher than that it is located in the disk.

Key words. gravitational lensing: micro

1. Introduction

In general, the light curves of microlensing events are mod-
eled by assuming a rectilinear relative motion between the lens
and the source. However, deviations from this assumption arise
because the accelerations affect the motion of the observer,
the lens, or the source. For instance, an observer experiences
acceleration due to the Earth’s orbital motion around the Sun,
known as microlens-parallax effects (Gould 1992, 2000). Addi-
tionally, when a source of a lensing event is part of a binary
system in which two stars orbit a common barycenter, the
motion of the source is also accelerated (Han & Gould 1997,
Rahvar & Dominik 2009). Similarly, the orbital motion of the
lens induces acceleration, causing deviations from a rectilinear

relative motion between the lens and source. These are known as
lens-orbital effects.

In some instances of lensing events, it was crucial to
account for the orbital motions of the lens to accurately inter-
pret the observed lensing light curves. MACHO 97-BLG-41
(Alcock et al. 2000) notably marked the first binary-lens single-
source (2L1S) system displaying significant deviations from the
assumption of a static binary configuration. Initially, these devi-
ations were attributed to the presence of a third body of the
lens, specifically, a circumbinary planet (Bennett et al. 1999).
However, based on the analysis of an independent data set,
Albrow et al. (2000) later proposed a solution involving an orbit-
ing binary lens. The controversy was definitively resolved by
Jung et al. (2013), who found through a direct comparison of the
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Table 1. Event coordinates.

Event (RA, Dec)y000

(1,b) Other ID references

OGLE-2018-BLG-0971
MOA-2023-BLG-065
OGLE-2023-BLG-0136

(17:59:01.63, —28:13:42.20)
(18:00:35.68, —29:13:23.95)
(18:09:16.97, —30:36:47.00)

(2°.1082, ~2°.1727)
(1°.4140, —2°.9645)
(1°.1132,-5°.2851)

MOA-2018-BLG-173, KMT-2018-BLG-2336
KMT-2023-BLG-2430
KMT-2023-BLG-2849

two models using a combined data set that the orbiting binary-
lens interpretation is preferred over the circumbinary planet
model.

OGLE-2006-BLG-109 was the second instance in which
orbital effects of the lens played a crucial role in providing accu-
rate explanations for the lensing light curve (Gaudi et al. 2008;
Bennett et al. 2010). The light curve of this event exhibited a
complex anomaly pattern, comprising multiple distinctive fea-
tures. A comprehensive understanding of these anomalies was
only achieved after combined higher-order effects resulting from
the parallactic motion of Earth and the orbital motion of the lens
were accounted for. From the analysis considering these higher-
order effects, the lens was proven to be the first double-planet
system discovered with the gravitational microlensing method.

OGLE-2005-BLG-018 marked the third instance in which
the significance of orbital effects of the lens was established.
The light curve of the event displayed multiple anomaly features,
comprising two neighboring strong anomalies and a compara-
tively weak anomaly positioned apart from the stronger ones.
Although a model based on a static binary lens configuration
could approximately explain the two strong anomalies, it was
challenging to accurately describe the separate weak anomaly.
As a result, this event was not addressed until Shin et al. (2011)
revisited it and demonstrated that accounting for the orbital
motion of the lens was essential for accurately describing all the
anomaly features in the lensing light curve.

Prompted by the work of Shinetal. (2011), Park et al.
(2013) revisited microlensing data available until then and con-
ducted thorough analyses of binary-lens events. They focused
on cases in which static binary models fell short in accu-
rately describing observed light curves. Through these analyses,
they revealed that the substantial residuals of the light curves
of the two lensing events OGLE-2006-BLG-277 and OGLE-
2012-BLG-0031 from static 2L.1S models were predominantly
attributed to the influence of an orbital motion of the lens.

OGLE-2009-BLG-020 was identified as a binary-lens event,
for which orbital motion was initially predicted through a light-
curve analysis (Skowron et al. 2011). The following 3.5 years of
radial velocity monitoring confirmed an orbit consistent with the
predictions derived from the microlensing light-curve analysis
(Yee et al. 2016).

In the case OGLE-2013-BLG-0723, the lensing light curve
was initially interpreted by a triple-lens model, in which the
lens consisted of a Venus-mass planet and a binary brown dwarf
host (Udalski et al. 2015a). Later, Han et al. (2016a) reexamined
the event, incorporating orbital effects of the lens, and proposed
a revised interpretation involving a two-body lens instead of
the previously suggested three-body lens solution. This updated
model provided a notably better fit to the observed light curve.

Gaial 6aye, detected toward the northern Galactic disk field,
was a binary microlensing event and was one of the earliest
instances that was detected from the alerts issued by the Gaia
space mission. The brightening of the source induced by lens-
ing endured for more than two years, and thus it was crucial to
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include the orbital motion of the lens for a precise description of
the lensing light curve (Wyrzykowski et al. 2020).

The light curve of the lensing event KMT-2021-BLG-0322
exhibited multiple sets of caustic-crossing features. The overall
features of the light curve were approximately described by a
2LL1S model, but the model left substantial residuals. From the
reanalysis, Han et al. (2021) found that the residuals could either
be explained by considering a nonrectilinear lens-source motion
caused by the combination of microlens-parallax and lens-orbital
effects or by adding an additional low-mass companion to the
binary lens, and hence three lens components (3L1S system).
The degeneracy between the higher-order 2L.1S model and the
3L1S model was very severe, making it difficult to determine a
correct solution based on the photometric data. This degeneracy
was known before for two previous events (MACHO-97-BLG-
41 and OGLE-2013-BLG-0723), which led to the false detec-
tions of planets in binary systems, and thus, the identification
of the degeneracy for the event illustrated that this degeneracy
could be common.

In this study, we present comprehensive analyses of three
2L1S lensing events: OGLE-2018-BLG-0971, MOA-2023-
BLG-065, and OGLE-2023-BLG-0136. These events are simi-
lar. They display anomalies in their light curves with intricate
and complex features that prove challenging to interpret using
static binary-lens models. We demonstrate that it is important to
consider the orbital motions of lenses to precisely describe the
observed anomaly features in the lensing light curves.

2. Event selections and data

We undertook a project involving the reexamination of
microlensing data obtained from three ongoing high-cadence
microlensing surveys: the Korea Microlensing Telescope Net-
work (KMTNet: Kim et al. 2016), the Optical Gravitational
Lensing Experiment (OGLE: Udalski et al. 2015a), and the
Microlensing Observations in Astrophysics survey (MOA:
Bond et al. 2001). In this project, we directed our attention to
lensing events that displayed intricate anomaly features related
to caustics, but lacked prior proposed models that would explain
these features.

We commenced our investigation by analyzing the KMTNet
data spanning from the 2016 season to the 2023 season, specif-
ically focusing on identifying anomalous lensing events charac-
terized by conspicuous caustic-crossing features. Subsequently,
we examined the lensing models corresponding to these events,
filtering out candidate events for which either no models were
proposed or for which the presented models failed to accurately
delineate the anomalous features. Finally, in the concluding step,
we verified the availability of additional data obtained from the
OGLE and MOA surveys for the candidate events. Through this
process, we identified three lensing events for which the consid-
eration of the orbital motions of the lenses played a crucial role in
accurately describing the observed anomaly features in the lens-
ing light curves: OGLE-2018-BLG-0971, MOA-2023-BLG-065,
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and OGLE-2023-BLG-0136. In Table 1, we present the equa-
torial and Galactic coordinates of the events. All these events
were captured and observed by multiple surveys. We provide
the ID references assigned by the respective surveys, using the
ID references from the initial discovery surveys in subsequent
discussions.

Observations of the events by the individual surveys were
conducted using the telescopes operated by the respective survey
groups. The KMTNet group uses three identical telescopes, each
featuring a 1.6-m aperture and equipped with a camera capable
of capturing a field spanning 4 square degrees. For a continu-
ous coverage of the lensing events, the KMTNet telescopes are
strategically distributed throughout three countries in the South-
ern Hemisphere: at the Siding Spring Observatory in Australia
(KMTA), the Cerro Tololo Interamerican Observatory in Chile
(KMTC), and the South African Astronomical Observatory in
South Africa (KMTS). The MOA survey employs a telescope
with a 1.8-m aperture located at the Mt. John Observatory in
New Zealand. The camera mounted on the MOA telescope has
the capacity to capture a 2.2 square degree area of the sky in
a single shot. The OGLE survey operates the 1.3-m Warsaw
telescope situated at the Las Campanas Observatory in Chile.
The camera mounted on the OGLE telescope provides a field
of view that spans 1.4 square degrees. The primary observations
conducted by the KMTNet and OGLE surveys were made in
the I band, whereas observations by the MOA survey were con-
ducted in the custom MOA-R band. In all surveys, a portion of
the images was acquired in the V band for the color measure-
ments of source stars.

The data of the events were processed using photometry
pipelines that are customized to the individual survey groups:
KMTNet employed the Albrow et al. (2009) pipeline, OGLE
used the Udalski (2003) pipeline, and MOA employed the
Bond et al. (2001) pipeline. For the use of the optimal data, the
KMTNet data set was refined through a re-reduction process
using the code developed by Yang et al. (2024). For each data
set, the error bars estimated from the photometry pipelines were
recalibrated not only to ensure consistency of the error bars with
the scatter of the data, but also to set the y? value per degree
of freedom (d.o.f.) for each data to unity. This normalization
process was made in accordance with the procedure outlined by
Yee et al. (2012).

3. Light-curve modeling

The light curves of all the analyzed events show anomalous fea-
tures that are characteristic of caustics. Caustics arise when a
lens system comprises multiple masses, and they represent the
source positions at which the magnification of a point source
diverges to infinity. Consequently, caustic-related features in the
light curves imply that lenses composed of multiple masses pro-
duce these events.

Taking the caustic-related features into account, our analysis
began by modeling the light curves within a static 2L.1S frame-
work. This framework operates under the assumption of rectilin-
ear relative motion between the lens and the source. Within this
static binary-lens model, a lensing light curve is defined by seven
basic parameters. The first three of these parameters character-
izes the approach of the source to the lens, denoted as (#y, uo, 1g).
These parameters represent the time of the closest lens-source
approach, the separation at that instant (impact parameter), and
the event timescale, respectively. Here, uq is scaled to the angu-
lar Einstein radius ng y, and fg is defined as the duration for the
source to traverse the Einstein radius. The additional set of three

parameters (s, g, @) characterizes the binary lens configuration.
These parameters represent the projected separation (scaled to
meN), the mass ratio of the binary lens components (M; and
M>), and the angle (source trajectory angle) formed between
the lens-source proper motion vector g and the axis defined by
M, and M,. The last parameter p, which is defined as the ratio
of the angular source radius 6, to the Einstein radius, that is,
p = 6./mg N, quantifies the deformation of lensing light curves
during caustic crossings due to finite-source effects. In the 2L 1S
modeling, we begin by exploring the binary parameters s and g
using a grid approach, employing multiple initial values of a.
Subsequently, we determine the remaining parameters through
a downhill method based on the Markov chain Monte Carlo
(MCMC) technique. The lensing solutions are further refined by
enabling variation in all parameters.

As shown in the following section, interpreting the light
curves of the events examined in this study solely through
static 2L1S models poses a significant challenge. In these
instances, we undertook additional modeling to account for
higher-order effects that might induce deviations in the rela-
tive lens-source motion from a rectilinear path. Our modeling
approach explored the influences of the orbital motion of the
lens and of microlens-parallax effects. To integrate these higher-
order effects into the modeling, additional parameters beyond the
fundamental set needed to be included. The additional param-
eters introduced for modeling with microlens-parallax effects
encompassed (g y, Tg g), representing the north and east com-
ponents of the microlens-parallax vector, mg, respectively. The
microlens-parallax vector is defined as

el
TEN ) \M

where 7,y = au(1/Dy, — 1/Ds) denotes the relative lens-source
parallax, and (Dy, Ds) represent the distances to the lens and
source, respectively. Under the first-order approximation of
small changes in the positions of the lenses during lensing mag-
nifications, the lens-orbital effects can be characterized by two
parameters: (ds/dt, da/dr). These parameters represent the rates
of change in the binary separation and the source trajectory
angle, respectively. In the parallax+orbit modeling, we enforced
a condition where the projected kinetic-to-potential energy ratio
was required to remain below unity. This condition ensured
that the planet remained gravitationally bound to its host.
The energy ratio was computed from the higher-order lensing
parameters by

(g) _ (ay/aw)’ (1 ds/dz)2+ (da//dt)z
PE/ ~ 8x2(M/My) |\s yr! yrt )|

ey

@

Here, a, denotes the physical separation between the binary
lens components. The Keplerian orbital motion can only be
fully described when additional parameters are included'. How-
ever, determining these additional parameters poses a challenge
because gravitational lensing is limited and is therefore insen-
sitive to the motion of the lens along the line of sight, and the
partial light-curve coverage spans only a minor fraction of the
rotation period (Albrow et al. 2000).

Another higher-order effect that accelerates the relative lens-
source motion is the orbital motion of the source, known as
the “xallarap effect” (Griest & Hu 1992; Han & Gould 1997;

1

To access a comprehensive description of the orbital lensing parame-
ters, we refer to the summary provided in the appendix of Skowron et al.
(2011).
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OGLE—2018-BLG—-0971
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Fig. 1. Light curve of the lensing event OGLE-2018-BLG-0971. The
solid and dotted curves drawn over the data points represent the model
curves obtained from the 2L1S analyses with and without the orbital
motion of the lens, respectively. The arrows labeled 7y, t,, and #; denote
the times of the major anomaly features.

Poindexter et al. 2005; Zhu et al. 2017; Satoh et al. 2023). While
the lens is confirmed to be binary, there is no prior justification
to assume a binary source, although this possibility cannot be
entirely dismissed. Therefore, we refrained from testing the xal-
larap effect as long as the observed anomalies can be explained
by lens-orbital effects.

On occasion, the light curves of 2L1S events affected by
higher-order effects can imitate the patterns seen in 3L1S event
light curves. This confusion typically arises when a distinct
anomaly feature in a lensing light curve is isolated from the pri-
mary ones, as seen in previous events such as MACHO-97-BLG-
41, OGLE-2013-BLG-0723, and KMT-2021-BLG-0322. For the
events we analyzed here, we find no such degeneracies. In the
following subsections, we offer detailed analyses of each indi-
vidual event.

3.1. OGLE-2018-BLG-0971

The OGLE group first identified the lensing event OGLE-2018-
BLG-0971 on 4 June 2018. Four days later, the MOA group
verified the event, and the KMTNet group later retrieved it
from a post-season data examination. The MOA and KMTNet
groups designated the event MOA-2018-BLG-173 and KMT-
2018-BLG-2336, respectively. Figure 1 shows the light curve
of the event. The source of the event was situated within the
overlapping region of the three KMTNet fields BLG02, BLGO3,
and BLG43. To differentiate between the individual data sets,
we designated labels corresponding to the respective fields. The
light curve shows multiple anomaly features centered at HID =
HJD-2400000 ~ 58277 (t1), ~58 280 (t2), and ~58 283 (#3). The
symmetric pattern with respect to #; suggests that the anomaly
around this epoch likely stems from the approach of the source
to a caustic cusp, while the U-shaped pattern spanning #, to #3
indicates that these epochs correspond to the times of the caustic
entrance and exit. In addition to these anomaly features, a sub-
tle anomaly feature appears just after the caustic exit. Figure 2
offers a detailed view of this specific region.

After modeling the light curve using a static 2L1S frame-
work, we identified a solution that broadly captures the features
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Fig. 2. Enlarged view of the OGLE-2018-BLG-0971 light curve in the
region around 7, and #; marked in Fig. 2.
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Fig. 3. Scatter plots of points in the MCMC chain on the 7g g—7g
planes for the four events analyzed in this paper. The points are color-
coded to represent those with <10 (red), <20 (yellow), <30 (green),
and <40 (cyan).

of the anomaly. In Table 2, we list the lensing parameters of the
static solution. However, the static model exhibits subtle residu-
als, particularly in the vicinity of #3, as illustrated in the magni-
fied view presented in Fig. 2.

In light of the deviations from the static model, we checked
the feasibility of explaining the deviation with higher-order
effects. The event duration, estimated as tg ~ 7.1days from
the static model, is short. Consequently, we initially considered
the lens-orbital effect in the modeling. Through this approach,
we derived a solution that accounts for all anomaly features.
The model curve of this solution is shown as a solid line in
Fig. 1, offering a comprehensive view, and in Fig. 2, provid-
ing an enlarged view around t3. The fit significantly improved
with the inclusion of lens orbital motion, by A)(Z = 39494 com-
pared to the static model. Subsequent examination of microlens-
parallax effects through additional modeling revealed a very
slight improvement in the fit of Ay?> = 0.9, indicating the pre-
dominant influence of lens-orbital effects. In Fig. 3, we plot
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Table 2. Lensing parameters of OGLE-2018-BLG-0971.

Parameter Static Orbit Orbit + parallax
X’ 13921.7 9973.2 9972.3

to (HID) 58278.5148 +£ 0.0085 58279.0241 +0.0098 58279.0245 + 0.0097
g 0.2771 + 0.0006 0.2956 + 0.0005 0.2955 + 0.0008

tg (days) 7.143 £ 0.012 7.126 + 0.009 7.128 £ 0.011

S 0.9552 + 0.0006 1.0070 = 0.0009 1.0074 + 0.0010

q 0.7161 + 0.0062 0.8669 + 0.0064 0.8653 + 0.0066

a (rad) 2.1609 + 0.0024 2.2964 + 0.0027 2.2968 + 0.0025

p (107%) 1.078 £0.017 1.218 £ 0.011 1.221 +£0.011

TEN - - 0.07 +0.27

TEE - - -0.016 £ 0.091
ds/dt (yr™") - —1.722 £ 0.048 —1.720 + 0.094
da/dt rad yr™!) - 0.931 +£0.026 0.939 + 0.054

f
OGLE—-2018-BLG-0971

0.5 -04-02 0 02 04

0.4

0.2

-04-02 0 02 04

-0.5

0.8

0.6

0.4

L \ L P T B SR VR
-0.5 0 0.5 -0.4-02 0 02 04

Fig. 4. Lens system configuration for OGLE-2018-BLG-0971. The
diagonal line with the arrow represents the source trajectory, and the
closed figures composed of concave curves represent caustics. The
caustic shape and location evolve over time due to the orbital motion
of the lens. The sets of caustics drawn in black, green, and red corre-
spond to the three anomaly epochs ?y, t,, and 73 marked in Fig. 1. The
right panels display still frames capturing the approach of the source to
the caustic at these three epochs. The size of the orange circle on the
source trajectory that appears in each right panel indicates the angular
dimension of the source relative to the size of the caustic.

the scatter plot of points in the MCMC chain on the ng g—7g
plane. In Table 2, we provide the lensing parameters for the
orbit-only and for the orbit+parallax solutions. The parameters
defining the binary lens are (s,q) ~ (1.01,0.87), indicating that
the event was generated a binary system composed of roughly
equal masses with a separation close to the Einstein radius of the
lens system. Although the timescale of the event, tg ~ 7.1 days,
represents only a small fraction of the Earth’s orbital period,
we conducted separate modeling specifically to account for the
microlens-parallax effect. From this analysis, it was observed
that not only did the fit perform worse compared to the orbit-only
model by Ay? = 42.6, but that the derived parallax parameters

16 | MOA—2023—BLG—065 B

Orbit+parallax

165 —

Magnitude

60018 60020

18

60000 60020 60040

HID-2400000
Fig. 5. Lensing light curve of MOA-2023-BLG-065. The left and right
insets show the zoom-in views of the regions around the caustic spikes
atf; and 13.

60060

(me.E, e N) ~ (35.80,32.50) also appeared to be absurdly large
for a typical Galactic lensing event.

The configuration of the lens system for the lensing event
OGLE-2018-BLG-0971 is shown in Fig. 4. This configuration
reveals that the lens system forms a single set of resonant caus-
tics featuring six cusps: two along the binary axis, and four posi-
tioned away from the axis. The source initially approached the
left on-axis cusp around #;, entered the caustic near f,, and exited
the caustic at around #3. These caustic approaches and crossings
gave rise to anomalies at the corresponding epochs. The pri-
mary deviation of the static 2L.1S model, particularly around 3,
stems from its inability to account for the variation in the caustic
caused by the orbital motion of the binary lens.

3.2. MOA-2023-BLG-065

Figure 5 shows the lensing light curve of the MOA-2023-BLG-
065 event. The source flux magnification induced by lensing
was initially identified on 17 March 2023 (HID’ = 60021),
through the survey conducted by the MOA group. It was sub-
sequently confirmed by the KMTNet group. The ID reference
designated by the KMTNet survey is KMT-2023-BLG-2430.
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Table 3. Lensing parameters of MOA-2023-BLG-065.

Parameter Static Parallax Orbit Orbit + parallax
X’ 2399.0 1876.6 1882.7 1872.6
to (HID") 60030.308 + 0.024 60030.140 £0.045 60029.951 +0.079 60030.356 + 0.090
Uo —0.3893 + 0.0053 —0.426 + 0.009 —0.4539 + 0.0079 —0.4378 + 0.0083
tg (days) 30.74 £ 0.51 37.27 £0.59 39.03 +£0.54 37.81 £0.75
K 1.327 £ 0.011 1.452 +0.008 1.471 + 0.007 1.467 £ 0.010
q 1.089 + 0.013 0.877 £ 0.041 0.939 +0.023 0.887 = 0.022
« (rad) 4.7757 £ 0.0001 4.7668 +0.0015 4.7705 + 0.0050 4.7477 £ 0.0062
p (1073 2.018 +£0.039 1.724 £ 0.041 1.763 +£0.033 1.739 £ 0.037
TEN - 0.069 +0.119 - -0.20 £ 0.26
TEE - —0.157 £0.045 - -0.214 + 0.054
ds/dt (yr™!) - - 0.015 £ 0.071 —0.296 + 0.082
da/dt rad yr™!) - - —0.531 £0.159 0.217 = 0.506
16.5 —— e 04 - .
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Fig. 6. Enlarged view of the MOA-2023-BLG-065 light curve in the
region around #, marked in Fig. 5.

The light curve displays a complex pattern comprising multi-
ple anomaly features. Notably, two spike features at #; ~ 60 020
and 73 ~ 60035 appear to be a pair of caustic-crossing spikes.
Furthermore, the symmetry observed between the ascending
and descending segments of the anomaly feature centered at
t4 ~ 60043 implies that it originated from the approach of the
source to a cusp of the caustic. While the magnification between
caustic spikes typically follows a U-shaped pattern, the region
between the caustic spikes at #; and #3 deviates significantly from
a U-shape, displaying a distinctive rise and fall in the region cen-
tered at £, ~ 60023. This deviation is indicative of a source that
asymptotically approaches a fold of the caustic.

From the 2L1S analysis of the lensing light curve under a
static binary frame, we found that the model falls short of pre-
cisely describing the data, even though it outlines the anomaly
features approximately. In Fig. 5, the static 2L.1S model is repre-
sented by the dotted curve. This static model exhibits a notably
inadequate fit especially in the region of the anomaly centered
at t4, as highlighted in the enlarged view presented in Fig. 6.
The complete lensing parameters for the static 2L 1S solution are
detailed in Table 3.

Although the static solution cannot describe the anomaly
feature at around #4 adequately, it exhibits an anomaly around
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the time of that anomaly. This suggests the possibility that it
can be described with a slight deformation of the source tra-
jectory caused by higher-order effects. In light of this possibil-
ity, we conducted three additional sets of modeling: The first
two models separately incorporated microlens-parallax and lens-
orbital effects, and the third model encompassed both effects
simultaneously. In Table 3, we present the lensing parameters
for the three models. Comparison of the static and higher-order
solution demonstrates a notable enhancement in the fit, with a
Ay? = 526.4 compared to the static solution. In Fig. 3, we
present the scatter plot of points in the MCMC chain on the 7rg g—
ney plane. It shows that the east component of the microlens-
parallax vector, 7g £, is constrained, although the uncertainty of
the north component, 7g y, is large. Additionally, the normalized
source radius p = (1.739 +0.037) x 1073 was measured from the
deformation of the light curve by finite source effects during the
epochs around #, and #;. The magnified views of these specific
regions are shown in the two insets of Fig. 5.

Figure 7 illustrates the lens-system configuration of MOA-
2023-BLG-065. It shows that the binary lens, characterized by
parameters (s,q) ~ (1.5,0.9), creates a resonant caustic, and
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Fig. 8. Lensing light curve of OGLE-2023-BLG-0136. The insets pro-
vides closer look at the regions surrounding #, and #3.
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the source traversed the left side of this caustic. Initially, the
source passed the upper fold, creating the first caustic spike at #;.
Subsequently, it approached the upper left fold asymptotically,
resulting in rising and falling features around #,. The source then
exited the caustic, generating the second caustic spike at 73, and
proceeded to pass the tip of the lower left cusp, causing the final
anomaly feature at around #4. The distortion of the caustic due to
the orbital motion of the lens led the light curve to deviate from
the anticipated behavior according to the static model. This dis-
crepancy was particularly noticeable in the part of the light curve
during the final approach of the cusp, enabling the detection of
the orbital effect of the lens.

3.3. OGLE-2023-BLG-0136

The lensing event OGLE-2023-BLG-0136 was first found dur-
ing its early phase by the OGLE group on 1 April 2023 (HJD’ =
60036). Subsequently, the KMTNet survey validated the event,
designating it KMT-2023-BLG-2849. Figure 8 illustrates the
lensing light curve of the event. The curve exhibits a complex
pattern of anomalies, comprised of multiple distinct features: a
caustic-crossing feature around #; = 59997, and two additional
features centered at around #, = 60089 and #3 = 60103. The
coverage of the first feature was limited because it was only
observed by the KMTC telescope, while the other KMTNet tele-
scopes and the OGLE telescope had not started their observa-
tions of the 2023 season at the time of the anomaly. However,
the subsequent two anomaly features were extensively observed
by the combined data from both the OGLE and KMTNet sur-
veys.

We initially modeled the lensing light curve under a static
2L1S framework. The model curve of the static solution is
depicted as the dotted curve in Fig. 8, and the lensing parame-
ters of the solution are listed in Table 4. Upon examination of the
fit, it is observed that this model roughly captures the anomaly
features around #, and #3, but it explains the feature at #; inac-
curately. Figure 9 offers a closer look at the model fit around ¢,.
While the static model does not capture the first caustic-crossing
anomaly precisely, it displays a weak bump feature that seems
to result from a caustic approach. This suggests that the source
might pass over the caustic, potentially influenced by a slight
shift in the caustic position due to the orbital motion of the binary

lens. Considering this, we continued with additional modeling
that incorporated the effects of the orbital motion of the lens.

The solid curves in Figs. 8 and 9 represent the model derived
from the orbital solution. The lensing parameters of the solution
are listed in Table 4. From the inspection of the fit, it is found that
the orbital solution accurately accounts for the anomaly around
t;, improving the fit by Ay?> = 2367.4 compared to the static
solution. The estimated event timescale, g ~ 60 days, is mod-
erately long, and thus we further examined whether incorpo-
rating the microlens-parallax effect could enhance the fit. From
the model derived with the two higher-order effects, we found a
marginal enhancement in the fit, A/\/2 = 4.5, compared to the
orbital solution. This suggests that the dominant higher-order
effect is attributed to the orbital motion of the lens. The details of
the lensing parameters for the parallax and orbit+parallax solu-
tions are outlined in Table 4 and the scatter plot on the ng z—
ng,y plane is shown in Fig. 3. The estimated binary lens param-
eters are (s,q) ~ (0.71,0.30). The normalized source radius,
p = (2.005 + 0.029) x 1073, was measured precisely from
the deformed light curve during the anomaly at around #,. The
enlarged view of this region is shown in the inset of Fig. 8.

In Fig. 10, we illustrate the lens system configuration for
OGLE-2023-BLG-0136. At the time of the first anomaly, the
caustic exhibited a resonant form in which the central caustic
and peripheral caustics were interconnected by narrow bridges.
The first anomaly feature at around #; was generated when the
source traversed the lower bridge of this resonant caustic. As the
source proceeded, the binary separation decreased, leading to the
detachment of the peripheral caustics from the central caustic.
The second and third anomaly features arose from the successive
passages of the source over the lower and right cusps of the upper
peripheral caustic. The static model effectively captured the sec-
ond and third anomaly features due to their close temporal prox-
imity, which minimized the deformation of the caustic caused
by the lens orbital motion. However, the time gap between these
features and the first anomaly feature exceeded 100 days, result-
ing in substantial alterations to the caustic shape and position.
As a result, the static model fell short in accurately representing
the observed light curve.

It is important to note that event timescales can vary sig-
nificantly between static and nonstatic models. For instance,
in the case of MOA-2023-BLG-065, the timescale shifts
from ~30.7 days for the static solution to ~37.8days for the
higher-order solution. Similarly, for OGLE-2023-BLG-0136,
the timescale changes from ~66.7 days for the static solution to
~59.4 days for the higher-order solution. The timescale serves as
a fundamental observable for constraining the physical parame-
ters of the lens. Therefore, accounting for higher-order effects in
modeling is essential to determine these parameters accurately.

4. Source stars and Einstein radii

In this section, we specify the source stars and determine the
angular Einstein radii of the events. The source stars were speci-
fied based on their colors and magnitudes, and we accounted for
corrections due to reddening and extinction. In this process, we
first conducted photometry of the / and V band data using the
pyDIA code (Albrow 2017), and we then estimated the instru-
mental source color and magnitude, (V — I, I)s, by regressing
the data of the individual passbands with respect to the model.
The calibration of the source color and magnitude followed the
method outlined by Yoo et al. (2004), leveraging the centroid
of the red giant clump (RGC) in the color-magnitude diagram
(CMD) for this purpose. The RGC centroid can be used for
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Table 4. Lensing parameters of OGLE-2023-BLG-0136.

Parameter Static Parallax Orbit Orbit + parallax
X’ 3180.0 2773.6 812.6 809.4
to (HID") 60030.726 = 0.093  60029.065 +=0.132  60030.276 = 0.107 60030.08 +0.11
ugy 0.2685 + 0.0007 0.2290 + 0.0008 0.2808 + 0.0012 0.2833 + 0.0017
tg (days) 66.70 £ 0.13 86.00 £ 0.2999499  61.25 +0.13 59.35 +0.48
s 0.66848 + 0.00042  0.68593 + 0.00034  0.71297 + 0.00035  0.71101 + 0.00085
q 0.3117 £0.0015 0.2607 + 0.0025 0.2851 + 0.0027 0.2978 + 0.0034
a (rad) 1.4503 + 0.0009 1.3623 + 0.0019 1.4268 + 0.0016 1.42832 + 0.0027
p (107%) 1.965 + 0.029 1.535+£0.03 1.992 + 0.029 2.005 +0.029
TEN - 0.016 = 0.003 - 0.080 + 0.021
MEE - —0.220 = 0.001 - 0.030 = 0.010
ds/dt (yr™") - - —0.4403 + 0.0037 —0.4410 + 0.0039
da/dt rad yr™!) - - -0.237 £ 0.007 —0.408 + 0.050
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Fig. 9. Enlarged view of the OGLE-2023-BLG-0136 light curve in the
region around #; marked in Fig. 8.
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Fig. 11. Positions of source stars with respect to the centroids of the
RGC in the instrumental CMDs. For MOA-2023-BLG-065 and OGLE-
2023-BLG-0136, the positions of the blends are also marked.

reference because its de-reddened color and magnitude, repre-
sented as (V—1, Irgc o, were established by Bensby et al. (2013)
and Nataf et al. (2013). In the calibration process, we first posi-
tioned the source in the CMD constructed using the pyDIA
code, measured the offsets of the source in color and magnitude,
A(V—1I,1), from the RGC centroid, and then estimated the dered-
dened source color and magnitude as

(V-ILDso=(V~-1,Drgco +AV-11I). 3)

In Fig. 11, we indicate the locations of source stars for the
individual events relative to the RGC centroids on the instru-
mental CMDs constructed using the KMTC data sets. The val-
ues estimated for (V — I, I)s, (V — I, Drce, (V = 1, Drgeyp, and
(V = I,D)sp through the described procedure are compiled in
Table 5. Based on the derived colors and magnitudes, we deter-
mine that the source star of OGLE-2018-BLG-0971 is a K-type
subgiant. Additionally, the sources of MOA-2023-BLG-065 and
OGLE-2023-BLG-0136 are G-type main-sequence stars.

The angular Einstein radius of each event was estimated from
the relation

0.
7TE,N =)
P

“
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Table 5. Source parameters, Einstein radii, and relative proper motions.

Parameter OGLE-2018-BLG-0971 MOA-2023-BLG-065 OGLE-2023-BLG-0136
(V-1Ds 2.446 + 0.021 1.730 £ 0.011 1.488 +0.035
Is 18.876 + 0.002 20.490 + 0.002 19.373 + 0.005
(V -1, Drce (2.645,116.173) (2.131,15.788) (1.817,15.452)
(V —=1,Draco (1.060, 14.371) (1.060, 14.386) (1.060, 14.393)
(V-Dsp 0.861 + 0.045, 0.659 + 0.041, 0.731 +0.053,
Iy 17.073 + 0.020 19.089 + 0.020 18.315 £ 0.021
Type KI1IV GOV G4V

6. (nas) 1.433 +0.119 0.451 +0.037 0.699 + 0.061
7g v (mas) 0.117 £ 0.010 0.256 + 0.021 0.351 £ 0.031
u (masyr!) 6.01 +0.50 242 +0.20 2.13+0.19
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Fig. 12. Bayesian posterior distributions of the primary lens mass (M;)
for the lensing events. In each panel, the event rate contributions from
the disk and bulge lens populations are depicted by the blue and red
curves, respectively, and the black curve represents the sum of the con-
tributions from two lens populations.

where the angular source radius 6, was deduced from the color
and magnitude, and the normalized source radius p was mea-
sured from the light-curve analysis. To derive the source radius,
we initially transformed the measured V — I color into V — K
color using the Bessell & Brett (1988) relation. Subsequently,
we determined 6, using the relation provided by Kervella et al.
(2004) between (V — K, V) and .. The estimated angular radii of
source stars for the individual lensing events are listed in Table 5,
along with the corresponding angular Einstein radii calculated
using the relation described in Eq. (4). The relative lens-source
proper motions estimated by the relation

bis
o BN 5)

g

are also listed in the table.

For MOA-2023-BLG-065 and OGLE-2023-BLG-0136, we
were able to constrain the blended light. In Fig. 11, we mark
the positions of blend in the CMDs. To assess the likelihood of
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Fig. 13. Bayesian posterior distributions of the distances to the lens
(Dv). The notations correspond to those used in Fig. 12.

the lens being the primary source of the blended flux, we mea-
sured the centroids of the source image during lensing magnifi-
cation and at the baseline. In the case of MOA-2023-BLG-065,
the measured astrometric offset between the source positions is
06 = 0.46 + 0.08 arcsec. This excludes the possibility that the
blended light comes mainly from the lens. For OGLE-2023-
BLG-0136, the significant astrometric uncertainty prevents us
from drawing a meaningful conclusion regarding the origin of
the blended light.

5. Physical lens parameters

The physical parameters of a lens are constrained by the lens-
ing observables g, g y, and . When all these parameters are
measured simultaneously, the mass and distance to the lens are
uniquely determined by

TE.N . au

M=—; D,=—. 6)
KTTE TETMEN T 7S

Here, k = 4G/(c’au) and g = au/Ds represent the paral-
lax of the source lying at a distance Ds (Gould 2000). For all
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Table 6. Physical lens parameters.

MOA-2023-BLG-065

OGLE-2023-BLG-0136

Parameter OGLE-2018-BLG-0971
M (M) 0.215j§;i§é

My (M) 0.186t8gg9

Dy, (kpc) 7-50::?1

a, (au) 1.39t8:1§

Ddisk 26%

Phbulge 74%

0.30*027 0.88+02
0.28t§fi§ 0.259j§';§§§
7.62f8:§4 7.52%
310°0% 19203
9% 21%
91% 79%

analyzed events, the observables of fz and mgy were measured
precisely, but the constraint on the microlens parallax was rela-
tively weak because of its subtle effects. Due to these incomplete
measurements of the lensing observables, we determined the
physical lens parameters through Bayesian analyses of the indi-
vidual events. This approach integrates constraints from mea-
sured lensing observables with priors derived from the physical
and dynamic distributions, as well as the mass function of lens
objects within the Galaxy.

The Bayesian analysis began by generating a large number of
synthetic events via a Monte Carlo simulation. Within this sim-
ulation, the physical parameters of the lens mass were deduced
from a model mass function, while the distances to the lens and
source, along with their relative proper motion, were derived
from a Galaxy model. Our approach incorporated the mass func-
tion model suggested by Jung et al. (2018) and used the Galaxy
model introduced by Jung et al. (2021). For each synthetic event
defined by physical parameters (M;, Dy ;, Ds , ut;), we calculated
the values of the corresponding lensing observables using the
relations

O ;
l
for the event timescale and Einstein radius, respectively, and
using the relation in Eq. (1) for the microlens parallax. Then,
the posteriors of M and Dy were obtained by assigning a weight
to each event of w; = exp(—/\(iz/ 2), where the /\(1.2 value was com-
puted by

Ig,i O, = @)

2 2 2 2
, A, Abg
X = 2—+2—+Z Zb_j,k(ﬂE,_j,i—ﬂE,i)(ﬂE,k,i—7TE,i)- ®
o(te) o(meN) o
j=1 k=
Here, AIE!,’ = Ig; — g, AQEJ' = GEJ' — TEN> (tE77TE,N) stand for

the measured values of the observables, [o(tg), o(ngx)] indi-
cate their corresponding uncertainties, and bj; represents the
inverse covariance matrix of the microlens-parallax vector g,
(mg.1,mE2)i = (men,7EE); are the parallax parameters of each
simulated event, and (rg v, g g) represents the parallax parame-
ters measured from the modeling. Han et al. (2016b) showed that
parallax measurements can be important even when there is little
improvement in the y? because they can constrain 7 to be small.
We therefore considered the constraints given by the measured
parallax parameters in the Bayesian analyses.

In Figs. 12 and 13, we present the Bayesian posteriors of
the primary lens masses and distances to the lens systems. In
Table 6, we summarize the estimated physical parameters for
the individual lensing events. Among the parameters, M; and
M, denote the masses of the primary and companion of the lens,
and a, denotes the projected physical separation between M
and M,. We present the median value derived from the Bayesian

A234, page 10 of 11

posterior distribution as a representative value for each physi-
cal parameter, with uncertainties estimated within the 16%—-84%
range of the distribution. The table also lists the relative prob-
abilities for the lens being in the Galactic disk, pgisk, and in
the bulge, ppuige. According to the estimated masses, the lenses
of the events OGLE-2018-BLG-0971 and MOA-2023-BLG-065
are binaries composed of M dwarfs. On the other hand, the lens
of OGLE-2023-BLG-0136 is likely to be a binary composed of
an early K-dwarf primary and a late M-dwarf companion. Across
all the analyzed events, ppuge is substantially higher than pg;g,
suggesting a higher likelihood of the all lenses being located
in the bulge rather than the disk. The probabilities pgix and
Dhulge Were found by analyzing the proportion of artificial lens-
ing events where the lenses came from either the disk or bulge
distributions within the Galaxy model used in the Monte Carlo
simulation process.

6. Summary

We have analyzed microlensing data collected from high-
cadence surveys to reevaluate lensing events that lacked
proposed interpretations for their intricate anomaly features.
Through detailed reanalyses considering higher-order effects, we
identified that it is vital to account for the orbital motions of
lenses to accurately explain the anomaly features observed in
the lensing light curves of OGLE-2018-BLG-0971, MOA-2023-
BLG-065, and OGLE-2023-BLG-0136.

By conducting Bayesian analyses based on the lensing
parameters from the newly found solutions and together with the
constraints derived from lensing observables, we estimated the
masses and distances to the lenses. These analyses revealed that
the lenses for events OGLE-2018-BLG-0971 and MOA-2023-
BLG-065 are binary systems consisting of M dwarfs. Addition-
ally, for OGLE-2023-BLG-0136, the lens is likely to be a binary
system comprising an early K-dwarf primary and a late M-dwarf
companion. Notably, across all observed lensing events, the like-
lihood of the lens being in the bulge significantly outweighs its
likelihood of being in the disk.
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