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Abstract

Aims. The United Kingdom Infrared Telescope (UKIRT) microlensing survey was conducted over four years, from 2016 to 2019, with the goal of serving as a precursor to future near-infrared microlensing surveys. Focusing on stars in the Galactic center and utilizing near-infrared passbands, the survey identified approximately one thousand microlensing events, 27 of which displayed anomalies in their light curves. This paper presents an analysis of these anomalous events, aiming to uncover the underlying causes of the observed anomalies.

Methods. The events were analyzed under various configurations, considering the potential binarity of both the lens and the source. For 11 events that were additionally observed by other optical microlensing surveys, including those conducted by the OGLE, KMTNet, and MOA collaborations, we incorporated their data into our analysis.

Results. Among the reported anomalous events, we revealed the nature of 24 events except for three events, in which one was likely to be a transient variable, and two were difficult to accurately characterize their nature due to the limitations of the available data. We confirmed the binary lens nature of the anomalies in 22 events. Among these, we verified the earlier discovery that the companion in the binary lens system UKIRT11L is a planetary object. Accurately describing the anomaly in UKIRT21 required a model that accounted for the binarity of both the lens and the source. For two events UKIRT01 and UKIRT17, the anomalies could be interpreted using either a binary-source or a binary-lens model. For the UKIRT05, it was found that accounting for higher-order effects induced by the orbit al motions of both Earth and the binary lens was crucial. With the measured microlensing parallax togeter with the angular Einstein radius, the component masses of the UKIRT05 binary lens were determined to be M1 = (1.05 ± 0.20) M⊙, M2 = (0.36 ± 0.07) M⊙, and the distance to the lens was found to be DL = (3.11 ± 0.40) kpc.
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1 Introduction
A microlensing survey was conducted over four years, from 2016 to 2019, using the United Kingdom Infrared Telescope (UKIRT) to observe stars in the Galactic center in the nearinfrared (NIR) passband (Shvartzvald et al. 2017). The survey targeted the Galactic center field, reaching l = b = 0°, a region difficult to observe with optical lensing surveys such as the Korea Microlensing Telescope Network (KMTNet; Kim et al. 2016), the Optical Gravitational Lensing Experiment (OGLE; Udalski 2015), and the Microlensing Observations in Astrophysics (MOA; Bond et al. 2001; Sumi et al. 2003). The primary objective of the UKIRT survey was to examine the spatial variation in microlensing event rates across the Galactic center field. The results from this survey provide valuable insights to refine and optimize future NIR microlensing surveys, including those planned for the Nancy Grace Roman Space Telescope (Spergel et al. 2015), by enhancing predictions and detections of microlensing events in densely populated, dust-obscured regions of the sky.
During the four-year survey period, the UKIRT microlensing survey identified a total of 985 microlensing events. Of these, 522 were definitively classified as single-lens singlesource (1L1S) events, where the flux of a single source star was gravitationally magnified by a single-mass lens. An additional 436 events were categorized as probable 1L1S events, which are considered likely microlensing events despite not meeting all classification criteria. Detailed lensing parameters for these 1L1S events are provided in Table A1 of Wen et al. (2023).
In addition to the standard 1L1S events, Wen et al. (2023) identified 27 candidate anomalous events with light curves that deviated from the smooth and symmetric profiles typical of 1L1S events. These deviations suggest more complex lensing configurations, but detailed analyses of these anomalous events have not yet been conducted, leaving their exact nature uncertain.
Some of these events are likely binary-lens single-source (2L1S) events, with the anomalies resulting from the source star crossing the caustic structures created by the binary lens system. Such caustic crossings typically generate sharp and distinct features in the light curve. For events without clear causticcrossing signatures, their origins remain ambiguous, potentially involving alternative lensing configurations, such as single-lens binary-source (1L2S) systems. Further analysis will be essential to classify these events and uncover the physical mechanisms underlying their anomalous features.
In this paper, we present detailed analyses of the anomalous microlensing events detected by the UKIRT microlensing survey. We first examine the binary nature of both the lens and the source by modeling the light curves using binary-lens and binary-source configurations. If these models fail to fully account for the anomalies, we investigate more complex scenarios by incorporating additional lens or source components into the 2L1S and 1L2S configurations.
The paper is organized as follows. Section 2 provides a detailed description of the data used in our analyses. For UKIRT events with additional data from other lensing surveys, we incorporated all available datasets to ensure a comprehensive analysis. A list of these events, along with the corresponding additional data, is also included for reference. In Section 3, we discuss the primary causes of anomalies in lensing light curves and outline the parameters required for modeling such anomalies. Additionally, we explain the procedure of the lensing modeling conducted to find a set of lensing parameters that best describe observed light curves. Section 4 focuses on the modeling process for each individual anomalous lensing event. We describe the specific characteristics of the anomalies observed in each event, provide a detailed explanation of the modeling procedure, and present the results derived from the modeling. In Section 5, we estimate the angular Einstein radii for events with light curves showing finite-source effects and available I- and V -band photometry. We summarize results and conclude in Section 6.
2 Data
The UKIRT microlensing event data analyzed in this study were obtained from lensing survey conducted using the UKIRT telescope. The telescope has a 2.8-meter aperture and is equipped with the Wide Field Camera, featuring a pixel scale of 0.4″ and a field of view of approximately 0.8 deg2 (Shvartzvald et al. 2017). Observations were carried out in two near-infrared passbands, H and K, with the data processed using the CASU multi-aperture photometry pipeline (Irwin et al. 2004; Hodgkin et al. 2009). The UKIRT survey fields vary depending on the observation year but are consistently located near the Galactic center, within a Galactic latitude of b < 3°, extending to l = b = 0°. This design serves the survey’s primary objective of examining the spatial variation in microlensing event rates across the Galactic center observation field.
Among the 27 anomalous transients with light curves deviating from the 1L1S lensing form, 26 were identified as lensing events, with the exception of UKIRT03, which is likely a variable star. The positions of these anomalous UKIRT events in Galactic coordinates are shown in Figure 1, while their Equatorial coordinates are provided in Paper I. Of the reported anomalous events, 11 were also observed by other optical microlensing surveys conducted by the OGLE, KMTNet, and MOA groups. Table 1 lists the events observed by multiple surveys, along with the identification references assigned by each survey group. In this work, we use the UKIRT references to designate the events.
Data from the other lensing surveys were obtained using their respective instruments. The OGLE survey is carried out using a 1.6-meter telescope equipped with a camera covering a 1.4 square-degree field, located at Las Campanas Observatory in Chile. The KMTNet survey employs a network of three identical 1.6-meter telescopes situated at geographically distributed sites: Siding Spring Observatory in Australia (KMTA), Cerro Tololo Inter-American Observatory in Chile (KMTC), and the South African Astronomical Observatory in South Africa (KMTS). Each KMTNet telescope is fitted with a camera that provides a 4 square-degree field of view. Meanwhile, the MOA survey operates a 1.8-meter telescope at Mt. John University Observatory in New Zealand, equipped with a camera covering a 2.2 square-degree field. Observations from OGLE and KMT- Net were primarily performed in the I -band, while the MOA survey utilized a custom MOA-R band, spanning wavelengths from 609 to 1109 nm. The data from these additional surveys were reduced using photometry pipelines specific to each survey group: the OGLE data were processed with the pipeline developed by Udalski (2003), the KMTNet data were analyzed using the method described by Albrow et al. (2009), and the MOA data were reduced following the approach outlined by Bond et al. (2001). In the modeling process, we adjusted the error bars of the data to match the data scatter and to ensure that the χ2 per degree of freedom for each data set equals unity, following the procedure outlined in Yee et al. (2012).
	[image: thumbnail]	Fig. 1 Positions of anomalous events found by the UKIRT survey in Galactic coordinates.



Table 1 
Event coordinates and correspondence.

3 Lensing model
The lensing magnification of a 1L1S event depends on the projected separation between the lens and the source, normalized to the angular Einstein radius (θE), following the relation:
[image: equation](1)
Here, t0 represents the time at the closest approach between the lens and the source, and u0 (normalized to θE) indicates the separation at t0 (impact parameter). The parameter tE denotes the event timescale, defined as the time it takes the source to traverse the Einstein ring radius. As a result, modeling the light curve of a 1L1S event requires three lensing parameters: (t0, u0, tE). The resulting lensing light curve is smooth and symmetric about t0 (Paczyński 1986).
A lensing light curve may deviate from the standard 1L1S form due to various factors, with the binarity of the lens being the most common cause (Mao & Paczyński 1991). In 2L1S events, the lensing system creates a caustic structure on the source plane, which represents locations at which the lensing magnification of a point source becomes infinite. As a result, 2L1S light curves show deviations from the 1L1S form when the source approaches or crosses the caustic. The shape, size, and position of the caustic vary depending on the projected separation between the lens components (s, normalized to θE) and their mass ratio (q) (Cassan 2008). Anomalies caused by caustic crossings are affected by finite-source effects. In the case of an extended source event, the observed magnification is determined by the intensity-weighted amplification averaged over the surface of the source star (Nemiroff & Wickramasinghe 1994; Witt & Mao 1994; Bennett & Rhie 1996; Gould & Gaucherel 1997). Consequently, finite-source effects smooth out the sharp caustic spikes in the lensing light curves. The presence of a caustic structure introduces four additional parameters, (s, q,α, ρ), necessary for modeling a 2L1S event. Here, α denotes the angle between the source motion direction and the binary-lens axis, while ρ represents the ratio of the angular source radius (θ*) to θE (normalized source radius).
Another important cause of deviations from the 1L1S form is the binarity of the source. In a 1L2S event, the lensing light curve is the combined result of the contributions from the events associated with each individual source star (Griest & Hu 1992; Di Stefano & Esin 1995; Han & Gould 1997; Dominik 1998). As a result, the light curve exhibits deviations from the smooth, single-peak profile characteristic of a 1L1S event. Modeling the light curve of 1L2S events requires three additional parameters to describe the source companion: (t0,2, u0,2, qF). Here, (t0,2, u0,2) represent the impact parameter and approach time of the second source, while qF denotes the flux ratio between the secondary and primary source stars. If the light curve is influenced by the finite size of the second source, an additional parameter, ρ2, representing the normalized radius of the second source, must be included in the modeling.
We initially modeled the anomalous UKIRT events using the most common lens configurations, 2L1S and 1L2S systems. The goal of the modeling is to identify the set of lensing parameters (lensing solution) that best describe the observed light curves. For the 2L1S system, we first search for the binary parameters (s, q) using a grid approach with multiple starting values of α, while the other parameters are explored through a downhill method. Subsequently, we refine the solution by allowing all parameters to vary. For the 1L2S configuration, we determine the lensing solution by considering the location and magnitude of the anomaly in the light curve.
In some rare instances where anomalies in lensing light curves are challenging to describe precisely with a 2L1S or a 1L2S model, we employed more complex modeling. We consider two scenarios, with the first being a 3L1S configuration where the lens is a triple system and the source is a single star, as exemplified by the lensing event KMT-2021-BLG-1122 (Han et al. 2023), and the second being a 2L2S configuration where both the lens and the source are binaries, as demonstrated in the events KMT-2021-BLG-0284, KMT-2022-BLG-2480, and KMT-2024-BLG-0412 (Han et al. 2024).
For events with long timescales and well-sampled light curves, we conducted additional modeling to account for higher- order effects that could impact the light curve. Specifically, we considered two effects: microlens parallax and lens orbital motion. The microlens-parallax effect arises from the movement of Earth in its orbit around the Sun, which leads to a shift in the observer’s position (Gould 1992). On the other hand, the lens-orbital effect is caused by the motion of the binary lens components in orbit around their common center of mass, which also results in a positional change of the lens system (Batista et al. 2011; Skowron et al. 2011). The modeling considering the microlens-parallax effect requires two additional parameters, (πE,N,πE,E), which correspond to the north and east components of the microlens-parallax vector πE. The direction of the microlens-parallax vector aligns with that of the relative lenssource proper motion vector (µ), and its magnitude is related to the relative lens-source parallax (πrel) by πE = πrel/θE. To firstorder approximation, the lens orbital motion is described by two parameters, (ds/dt, dα/dt), which represent the annual rates of change in the binary separation and the source trajectory angle, respectively (Albrow et al. 2002; Jung et al. 2013).
4 Lens-system configuration
In this section, we present the results of modeling the individual anomalous UKIRT lensing events. For each event, we provide the lensing solution and describe the corresponding lens-system configuration. In cases where multiple solutions arise due to degeneracies, we present all possible solutions and explain the cause of the degeneracy. Lensing solutions are provided for 24 of the 26 anomalous UKIRT lensing events, with the exception of UKIRT10 and UKIRT24, for which accurate characterization is difficult due to the limitations of the available data.
4.1 UKIRT01
Figure 2 presents the lensing light curve of UKIRT01, which occurred in the 2016 observing season. This source of the event, located at Galactic coordinates (l, b) = (2°.0545, –1°.0277), was exclusively monitored by the UKIRT survey, as it lay outside the coverage areas of other surveys. Observations during the 2016 season were conducted in a single passband, H, with two data points collected daily to track the event. The light curve peaked around May 12, 2016, corresponding to the reduced heliocentric Julian date (HJD') ≡ HJD 2 450 000 ~ 7522.2.
The two data points recorded on HJD' = 7523 exhibit deviations from the 1L1S form. Modeling the event with a 2L1S configuration revealed two solutions arising from the well-known close-wide degeneracy. In this degeneracy, one solution corresponds to a binary separation greater than unity (s > 1, “wide” solution), while the other corresponds to a separation less than unity (s < 1, “close” solution). The degeneracy between these solutions is notable, with Δχ2 = 0.3. Figure 2 displays the model curve for the close solution along with its residuals. The wide solution exhibits a very similar profile. The lens system configurations, showing the source trajectory relative to the caustic produced by the binary lens, are illustrated in the inner two insets of the lower panel. The full lensing parameters for both 2L1S solutions are listed in Table 2. The estimated mass ratio between the binary lens components is q ~ 0.44 for the close solution and q ~ 0.19 for the wide solution. In both cases, the anomaly is attributed to the source’s passage through the extended perturbation region created by the protruding central caustic.
It is found that the anomaly can also be explained by a model with a 1L2S configuration. The model curve for the 1L2S solution is shown as a dotted line in Figure 2, and the corresponding model parameters are listed in Table 2. Under the 1L2S interpretation, the anomaly arises from the close approach of the faint companion of the source to the lens. The estimated flux ratio between the source companion and the primary source is qF ~ 0.16. The lens system configuration is shown in the right inset of the lower panel.
	[image: thumbnail]	Fig. 2 Lensing light curve of UKIRT01. The lower panel displays the full view of the light curve, while the upper panel provides a zoomed-in view of the anomalous region. The insets in the lower panel illustrate the lens system configurations for the 2L1S model (left two insets) and the 1L2S solution (right inset). In the 2L1S configuration, the red closed curve represents the caustic, and the arrowed line indicates the source trajectory. In the 1L2S solution, the lens position is marked by a filled dot at the origin, while the blue and black arrowed lines represent the trajectories of the primary (S1) and secondary (S2) source stars, respectively.



4.2 UKIRT02
The event UKIRT02 was detected by the UKIRT survey during the 2016 observation season and was also observed by the OGLE and KMTNet surveys, which designated it as OGLE-2016-BLG-0562 and KMT-2016-BLG-0042, respectively. The event was located within KMTNet’s prime fields BLG03 and BLG43, both observed with a 0.5-hour cadence, providing an effective combined cadence of 0.25 hours. This resulted in a densely sampled light curve.
Figure 3 presents the lensing light curve of UKIRT02, which exhibits clear caustic-crossing features at HJD′ ~ 7490.1 and 7495.8. The second caustic crossing was resolved by a combination of the OGLE and KMTC data sets. From the 2L1S modeling, we identified a unique solution with binary-lens parameters (s, q) ~ (1.65,0.98), indicating that the event was caused by a binary lens with nearly equal-mass components. The complete lensing parameters are provided in Table 3, and the model curve is overlaid on the data points in Figure 3.
The inset in the lower panel illustrates the lens system configuration, revealing that the binary lens generated a single resonant caustic elongated along the binary axis. The source traversed the left side of the caustic nearly vertically, producing the first spike at the caustic entrance and the second spike at the exit. The measured event timescale is tE ~ 21 days, and the normalized source radius, ρ ~ 0.96 × 10−3, was derived from the resolved caustic.
Table 2 
Lensing parameters of UKIRT01.

Table 3 
Best-fit parameters of UKIRT02, UKIRT04, UKIRT05, UKIRT06, and UKIRT07.

4.3 UKIRT04
The microlensing event UKIRT04 was the third anomalous event discovered by the UKIRT survey during the 2016 observing season. The source star of the event was located within the overlapping coverage regions of the OGLE and KMTNet surveys. The event IDs for these surveys are OGLE-2016-BLG-562 and KMT-2016-BLG-0042, respectively. Specifically, the source was situated in KMTNet’s primary fields, BLG03 and BLG43, which were observed at a high cadence of 0.25 hours.
Figure 4 displays the light curve of UKIRT04, constructed by combining data from the three survey groups. Similar to UKIRT02, the light curve exhibits two distinct caustic spikes, with a U-shaped profile between them. The first spike, occurring at HJD′ ~ 7523.55, was observed in the KMTC data set. Although the second caustic crossing was not directly resolved, it is estimated to have occurred at HJD′ ~ 7531.95, based on the rising slope of the U-shaped profile preceding the crossing. Modeling the event using the 2L1S configuration yields binary lens parameters (s, q) ~ (1.63,0.37) and an event timescale of tE ~ 27 days. The normalized source radius, determined from the resolved caustic, was found to be ρ ~ 1.00 × 10−3. The full lensing parameters of the solution are listed in Table 3.
The configuration of the lens system is illustrated in the inset of the lower panel. The caustic shape is similar to that of UKIRT02, with a single resonant caustic elongated along the binary lens axis. One key difference is that the source crosses the right side of the caustic at a diagonal angle.
	[image: thumbnail]	Fig. 3 Lensing light curve of UKIRT02. The notations are the same as in Fig. 2.



	[image: thumbnail]	Fig. 4 Lensing light curve of UKIRT04.



	[image: thumbnail]	Fig. 5 Lensing light curve of UKIRT05. The two sets of caustics, depicted in red and blue in the inset of the lower panel, correspond to the caustics at the times of the first and second caustic crossings, respectively.



4.4 UKIRT05
The microlensing event UKIRT05, which occurred during the 2016 season, was observed by both the UKIRT and KMTNet surveys. In the KMTNet survey, the event was designated as KMT-2016-BLG-0180 and monitored with a high cadence of 0.25 hours. This event persisted throughout the entire 2016 bulge season, with the UKIRT survey covering approximately the first half of the event. In contrast, the KMTNet survey provided continuous observations spanning the full duration of the bulge season, ensuring comprehensive coverage of the light curve.
Figure 5 presents the lensing light curve of UKIRT05. Similar to the two previous events, the light curve displays characteristic caustic crossing features, consisting of two spikes with a U-shaped trough between them. The first caustic spike, occurring at HJD′ ~ 7523.65, was resolved by combined data from the KMTC and KMTS. Although the second spike was not directly observed, it is estimated to have occurred around HJD′ ~ 7622.9, based on the light curve profile before and after the spike. In addition to these caustic spikes, the light curve shows a weak bump around HJD′ ~ 7645, which appears after the second spike.
Taking into account the caustic features, we performed modeling using the 2L1S configuration. Given the long duration of the event, we also included higher-order effects in the modeling. This approach yields a unique solution with binary parameters (s, q) ~ (1.53,0.33). As expected from the event’s extended duration, the estimated event timescale, tE ~ 94 days, is notably long. The full set of lensing parameters for the solution is presented in Table 3. The model fit that incorporates higher-order effects is found to be significantly better (by Δχ2 = 354.5) compared to the fit from the model without these effects.
The inset of the lower panel of Figure 5 illustrates the configuration of the lens system. Due to the orbital motion of the lens, the caustics change over time, and we present two sets of caustics corresponding to the times of the first (red closed curve) and second (blue closed curve) caustic spikes. The lens system produces a single resonant caustic that is elongated along the binary lens axis, with the source crossing through the longer side of the caustic. This, combined with the long timescale, results in a 100- day time gap between the two caustic spikes. The weak bump after the second caustic spike arouse as the source approached the right side online cusp of the caustic.
4.5 UKIRT06
The event UKIRT06, occurred during the 2016 season, was observed not only by the UKIRT survey but also by two additional surveys conducted by the OGLE and KMTNet groups. Figure 6 shows the light curve of the event, with the peak brightness occurring around HJD′ ~ 7516, at which point the source star brightened by approximately 1.7 magnitudes above its baseline level. The light curve around the peak exhibited a subtle anomaly that persisted for about 17 days. This anomaly is characterized by a negative deviation from the 1L1S model and displays a nearly plateau-like shape during its duration.
Choi et al. (2012) suggested that a plateau-shaped central anomaly can be produced either by a planetary companion located near the Einstein ring of the primary lens or by a binary companion positioned well beyond the Einstein ring. Based on this, we performed 2L1S modeling, systematically exploring the parameter space for both the planetary and binary regimes. From this modeling, we derived a solution indicative of a binary lens system, with parameters (s, q) ~ (4.4,1.1). The complete set of lensing parameters for this solution is provided in Table 3.
The model light curve corresponding to the solution is overlaid on the observed data points in Figure 6. The lens system configuration for this solution is illustrated in the inset of the lower panel. The configuration shows that the anomaly was caused by the source passing through the negative anomaly region located outside one fold of the caustic.
	[image: thumbnail]	Fig. 6 Lensing light curve of UKIRT06. The dotted curve represents a 1L1S model derived by fitting the data while excluding the data points around the anomaly.



4.6 UKIRT07
The source of the event, located near the Galactic center at coordinates, (l, b) = (1°.9091, −0°.7973), resides in a region not covered by other optical lensing surveys. Consequently, it was observed exclusively by the UKIRT survey during the 2016 season.
The light curve of UKIRT07, shown in Figure 7, clearly displays caustic-crossing features, with two prominent spikes: one occurring at HJD′ ~ 7528 and the other at HJD′ ~ 7564. Additionally, a weaker bump is observed after the second caustic spike, centered around HJD′ ~ 7585. Despite the low cadence of the survey, the first caustic spike was partially covered, which allowed for the estimation of the normalized source radius.
Modeling the light curve of the event using a 2L1S configuration yielded a solution with binary parameters of (s, q) ~ (0.98, 0.24). The model curve of the solution is plotted in Figure 7. The binary separation is very close to the angular Einstein radius, leading to the formation of a resonant caustic, as shown in the inset of the lower panel. The source crossed the caustic nearly horizontally along the binary lens axis. The weak bump following the second caustic spike was caused by the source’s close approach to the left-side on-axis cusp of the caustic. The event has a relatively long timescale of tE ~ 105 days, but determining higher-order lensing parameters was challenging due to the sparse and incomplete coverage of the light curve.
4.7 UKIRT08
UKIRT08 was the first anomalous lensing event detected during the 2017 season by the UKIRT survey. Observations during this season were conducted in two passbands, H and K. The source of UKIRT08 is located near the Galactic center, with Galactic coordinates (l, b) ~ (−0°.5691, 0°.3823). This field lies outside the coverage of other optical lensing surveys, making the UKIRT survey the only one to observe the event. Observations for the season concluded at HJD′ = 7981, before the event had fully returned to its baseline.
Figure 8 shows the lensing light curve of UKIRT08. While it does not display caustic-crossing features, it is characterized by three consecutive bumps, centered at HJD′ ~ 7971, 7979, and 7986. This anomaly pattern closely resembles that of the 2L1S lensing event KMT-2023-BLG-0601, identified through the KMTNet lensing survey (Han et al. 2024). In the KMT-2023- BLG-0601 event, three closely spaced bumps were observed as the source passed nearly vertically along one side of a caustic, approaching three successive cusps. This suggests that an anomaly characterized by three consecutive bumps is likely caused by a binary lens.
Given the likely binary-lens origin of the anomaly, we conducted a 2L1S modeling of the light curve. This analysis resulted in a solution with binary parameters (s, q) ~ (1.24, 0.35). The lens system configuration, displayed in the inset of the lower panel, shows the formation of a single resonant caustic. As anticipated, based on the previous case with a similar anomaly pattern, the three anomaly features were caused by the vertical passage of the source through one side of the caustic. Table 4 provides the complete set of lensing parameters for the solution, excluding the normalized source radius, which could not be constrained.
	[image: thumbnail]	Fig. 7 Lensing light curve of UKIRT07.



	[image: thumbnail]	Fig. 8 Lensing light curve of UKIRT08.



Table 4 
Best-fit parameters of UKIRT08, UKIRT09, UKIRT11, UKIRT12, and UKIRT13.

	[image: thumbnail]	Fig. 9 Lensing light curve of UKIRT09.



4.8 UKIRT09
The lensing event UKIRT09, with its source located at Galactic coordinates (l, b) = (−0°.4171, −0°.6791), was observed exclusively by the UKIRT survey. Figure 9 shows the light curve of UKIRT09, observed during the 2017 season. It features a prominent caustic spike at HJD′ = 7976.5, marking the source’s entry into the caustic. However, the expected spike at the caustic exit was not observed, as it occurred after the observing season concluded, at HJD′ = 7989.
Despite the incomplete coverage of the light curve, a 2L1S modeling provided a unique solution with binary parameters of approximately (s, q) ~ (1.56,0.10) and a timescale of tE ~ 104 days. The complet set of the lensing parameters are provided in Table 4.
The lower panel of Figure 9 includes an inset showing the lens system configuration. The caustic structure consists of two distinct components: a smaller caustic near the more massive lens component and a larger caustic on the side of the lower- mass lens component, separated by approximately Δu ~ 0.9. These two caustics are connected by a narrow bridge. The caustic spike occurred as the source passed through the larger caustic associated with the lighter lens component. According to the model, another spike was expected at HJD′ ~ 8001, roughly 12 days after the observing season concluded.
	[image: thumbnail]	Fig. 10 Lensing light curve of UKIRT11. In the inset of the lower panel, the three empty circles on the source trajectory, labeled t1, t2, and t3 , represent the source positions at the times of consecutive approaches to the caustic cusps. The size of each circle is scaled to the size of the source. The times corresponding to these positions are indicated in the light curve by arrows. The dotted curve in the top panel represents a 1L1S model derived by excluding the data points around the anomaly.



4.9 UKIRT11
The lensing event UKIRT11, with its source situated very close to the Galactic center at Galactic coordinates (l, b) = (−0o.1218, −0o.3291), was exclusively observed by the UKIRT survey during the 2017 season. Figure 10 presents the lensing light curve for the event. The source of this lensing event experienced a substantial magnification, with its peak brightness reaching roughly 4 magnitudes above the baseline level. Such a high-magnification event is especially sensitive to perturbations from a planetary companion to the lens, as pointed out by Griest & Safizadeh (1998). The light curve indeed showed a short-term anomaly near the event’s peak. This anomaly exhibited both positive and negative deviations from the 1L1S model. The primary portion of the anomaly showed a negative deviation, flanked by weaker positive deviations on both sides of the main anomaly.
UKIRT11 is the only anomalous UKIRT lensing event that was previously analyzed in detail by Shvartzvald et al. (2018), who reported that the companion in the binary lens system as a planetary object. Our modeling, utilizing the 2L1S configuration, independently confirmed that the anomaly arises from a planetary companion. The full set of lensing parameters for this solution is provided in Table 4. The derived planetary parameters, (s, q) ~ (1.01,1.9 × 10−3), are in close agreement with the values (s, q) ~ (1.03,1.5 × 10−3) reported by Shvartzvald et al. (2018).
The configuration of the lens system is depicted in the inset of the lower panel. The planet induces a resonant caustic, and the source passed close to this caustic multiple times. The source first approached the lower tip of the caustic at t1 = 7911.45, then passed the lower-left cusp at t2 = 7918.15, and later approached the upper-left cusp again at t3 = 7918.15. The source positions at these individual cusp approaches are marked with empty circles labeled t1, t2, and t3 , with arrows indicating their corresponding positions in the light curve. The size of the circles is scaled to represent the size of the source relative to the caustic. The major dip anomaly occurred between t2 and t3. The bump at t1, caused by the source’s initial approach to the cusp, is relatively weak due to the combined effects of a faint cusp and significant finite- source effects.
Table 5 
Best-fit parameters of UKIRT14, UKIRT15, UKIRT16, and UKIRT17.

4.10 UKIRT12
The lensing event UKIRT12, located at Galactic coordinates (l, b) = (1°.243, −0°.1533), was observed exclusively by the UKIRT survey during the 2017 season, as it lies outside the coverage of the other surveys. Figure 11 shows the lensing light curve of the event, which reached a moderately high magnification at its peak, with the brightness increasing by approximately 3.2 magnitudes above the baseline. Although observations were interrupted by unfavorable weather over a four-day period from HJD′ = 7913 to 7916, the anomaly feature near the peak of the light curve is clearly discernible.
Modeling the light curve under a 2L1S configuration yielded a solution that well describe the anomaly feature. Unlike the event UKIRT11, the anomaly was turned out to be caused by a binary companion. The binary parameters of the solutions are (s, q) ~ (3.7, 2.4), indicating that the companion has a mass greater than the lens component that the source approached and it is positioned at a separation substantially greater than the Einstein radius. Table 4 provides the complete lensing parameters of the solution.
The inset in the lower panel of Figure 11 depicts the lens system configuration. The more massive binary lens companion generates a small diamond-shaped caustic near the position of the less massive lens component. The anomaly was caused by the source’s diagonal passage through the vicinity of the caustic, first crossing the tip of the upper cusp and then approaching the on- axis cusp. The crossing of the first cusp produced a pronounced peak centered at around HJD′ = 7915.8, but this feature was not observed due to a gap in coverage.
	[image: thumbnail]	Fig. 11 Lensing light curve of UKIRT12.



4.11 UKIRT13
The lensing event UKIRT13, with its Galactic coordinates (l, b) = (1°.9771, −1°.0028), was observed exclusively by the UKIRT survey conducted in the 2017 season Figure 12 shows the lensing light curve of the event. It exhibits a prominent anomaly centered at HJD′ = 7993, featuring strong positive deviations that exceed the baseline 1L1S model by about 1.7 magnitudes. The 2017 season ended at HJD′ = 7993, and the light curve beyond this point was not covered.
The anomaly is well explained by a 2L1S model with binary lens parameters (s, q) ~ (3.5, 5.9). The complete set of lensing parameters is provided in Table 4. The model curve corresponding to this solution is overlaid on the data points in Figure 12. The inset in the lower panel illustrates the lens system configuration. This event is similar to UKIRT12, as the anomaly resulted from the source approaching the caustic induced by a wide-separation binary lens companion, with the companion having a greater mass than the lens component approached by the source. The event has a relatively long timescale, tE ~ 120 days. However, determining higher-order lensing parameters was challenging due to incomplete coverage of the light curve during the latter part of the event.
	[image: thumbnail]	Fig. 12 Lensing light curve of UKIRT13.



4.12 UKIRT14
The source of the lensing event UKIRT14, located at Galactic coordinates (l, b) = (1°.4794, −1°.5082), lies within the coverage of the three optical surveys conducted by the OGLE, KMTNet, and MOA groups conducted during the 2017 season. The event references designated by the individual surceys are OGLE-2017-BLG-1323, KMT-2017-BLG-0213, and MOA- 2017-BLG-431. Figure 13 presents the lensing light curve of the event, which is constructed from the combined data sets, excluding the MOA data due to relatively large photometric uncertainties. The light curve displays several distinct features, including caustic-crossing spikes at HJD′ = 7987.0 and 7981.5, as well as two bumps linked to cusp approaches at HJD′ = 7962 and 8017. The final bump was not captured by the UKIRT survey because the 2017 season ended before it could be observed, but it was densely covered by the data from the other surveys.
Modeling the light curve reveals that the anomalies are well explained by a binary lens. The binary lens parameters are (s, q) = (1.77,1.06), indicating that the lens consists of approximately equal-mass components with a projected separation larger than the Einstein radius. It was found that incorporating higher-order effects is essential to accurately describe the anomaly features. This is evident from the comparison of residuals, shown in the two bottom panels of Figure 13, which were derived from two models – one accounting for higher- order effects and the other not. However, distinguishing between microlens-parallax and lens-orbital effects proved difficult, as both introduce similar deviations in the light curves. This overlap complicates the precise determination of the higher-order parameters. The lensing parameters for one model are presented in Table 5, but it is important to note that multiple local solutions exist, all providing similarly good fits to the data.
The corresponding lens system configuration is illustrated in the inset of the lower panel. The caustic forms a resonant structure stretched along the binary axis. The source passed diagonally through the caustic, producing distinct caustic spikes. The two bumps, occurring before and after the caustic spikes, were caused by the source approaching the lower-left and upper-right cusps of the caustic, respectively.
	[image: thumbnail]	Fig. 13 Lensing light curve of UKIRT14. In the inset of the lower panel showing the lens-system configuration, the closed curves, marked in red, blue, and black, represent the caustics at HJD′ = 7960, 7990, and 8017, respectively. The bottom two panels display the residuals from the models obtained using two approaches, one that considers higher-order effects and the other that does not.



	[image: thumbnail]	Fig. 14 Lensing light curve of UKIRT15.



4.12 UKIRT15
The lensing event UKIRT15 was observed during the 2017 season by the UKIRT survey as well as three additional optical surveys: OGLE, KMTNet, and MOA. For this analysis, the MOA data set was excluded due to its relatively large uncertainties. The source position is within KMTNet’s primary fields BLG02 and BLG43, toward which the event was monitored with a 0.25- hour cadence, resulting in dense light curve coverage. Figure 14 presents the lensing light curve of UKIRT15, constructed from the combined data sets. The light curve displays clear causticcrossing features, with spikes at HJD′ = 7973.0 and 7981.1. Both caustic spikes were well-covered by the combined KMTA and KMTS data sets. The portions of the light curve not captured by the UKIRT data after HJD′ = 7993 were densely covered by data from the other surveys.
A 2L1S modeling of the light curve provides a unique solution characterized by the binary parameters (s, q) ~ (2.6, 1.2) and an event timescale of tE ~ 66 days. Table 5 presents the full set of lensing parameters for the solution. The lens system configuration, illustrated in the inset of the lower panel in Figure 14, reveals that the binary lens creates two distinct sets of caustics, each located near one of the individual lens components. The source passed through the caustic associated with the lower-mass lens component, leading to the observed caustic spikes in the light curve.
	[image: thumbnail]	Fig. 15 Lensing light curve of UKIRT16.



4.14 UKIRT16
UKIRT16 was the first anomalous lensing event reported from the UKIRT survey during the 2018 season. The source of the event, located near the Galactic center with Galactic coordinates (l, b) = (0°.5866, 0°.4287), resides in a region not covered by other surveys. Figure 15 presents the lensing light curve of UKIRT16, which exhibits caustic-crossing feature at HJD′ = 8285.7, followed by a bump around HJD′ = 8300. While not captured in the data, an additional caustic spike is inferred around HJD′ = 8276.8 from the extension of the U-shaped profile in the region between the observed caustic spikes.
Considering the caustic-related anomaly features, we performed 2L1S modeling of the light curve. The modeling yields a solution with binary parameters (s, q) ~ (0.67, 0.69) and an event timescale of tE ~ 69 days. The complete set of lensing parameters is listed in Table 5. The normalized source radius is derived from the analysis of the caustic exit that was partially covered by the data. As shown in the inset of the lower panel, the lens system configuration reveals that the binary lens produced three sets of caustics, with one near the barycenter of the binary lens and two located farther away. The caustic features arise from the source passing through the central caustic.
	[image: thumbnail]	Fig. 16 Lensing light curve of UKIRT17. The model curves for the 2L1S and 1L2S models are superimposed on the data points, appearing indistinguishable within the thickness of the lines.



4.15 UKIRT17
The source of the lensing event UKIRT17, with Galactic coordinates (l, b) ~ (1°.5664, −0°.4300), lies in the region exclusively covered by the UKIRT survey during the 2018 season. The lensing light curve of the event is presented in Figure 16. It does not display a discontinuous anomaly but rather exhibits a smooth deviation from the 1L1S model.
Considering the characteristics of the anomaly, we carried out modeling using both the 2L1S and 1L2S models. The results show that the anomaly is explained almost equally well by both models, with χ2 = 379.2 for the 2L1S model and χ2 = 378.0 for the 1L2S model.
The lensing parameters for both models are listed in Table 5. The lens system configurations corresponding to the 2L1S and 1L2S solutions are illustrated in the left and right insets of the lower panel in Figure 16, respectively. Under the 2L1S solution, the lens is a binary characterized by (s, q) ~ (2.6, 1.2), and the source passed through the outer region ofa small caustic formed by the binary lens. In the 1L2S interpretation, the source is a binary consisting of two stars with a flux ratio of qF ~ 1.3. The model curves for both solutions are superimposed on the data points, appearing indistinguishable within the thickness of the lines.
4.16 UKIRT18
The lensing event UKIRT18, located at Galactic coordinates (l, b) = (1°.2397, −1°.0092), was observed during the 2018 season by the UKIRT, OGLE, and KMTNet surveys. The OGLE group designated the event as OGLE-2018-BLG-0752. Although the event was not initially detected in the KMTNet survey, and therefore no KMTNet ID was assigned, its photometric data was later retrieved through postseason photometry of the source.
Figure 17 displays the lensing light curve of UKIRT18, which was constructed by combining data from the UKIRT, OGLE, and KMTNet surveys. Although the observational cadence of the UKIRT survey was relatively low, the high cadences of the OGLE and KMTNet surveys allowed for a densely sampled light curve. This high-resolution data revealed intricate details of the light curve, including distinctive caustic-crossing features. The two spikes, centered at HJD′~ 8249.5 and 8266.0, suggest the binary nature of the lens.
Modeling using the 2L1S configuration yields a unique solution with binary parameters (s, q) ~ (0.88, 1.44) and an event timescale of tE ~ 39 days. The complete set of lensing parameters for this solution is listed in Table 6. The corresponding model curve, which accurately fits the data, is overlaid on the data points in Figure 17. In the inset of the lower panel, both the caustic and the source trajectory are illustrated. The binary lens generates a resonant caustic that extends in a direction perpendicular to the binary axis. The source passes diagonally through this caustic, initially entering through the upper right fold and exiting via the lower left fold. The normalized source radius was determined by analyzing the data during the caustic crossing, which is well-resolved in the light curve.
Table 6 
Best-fit parameters of UKIRT18, UKIRT19, UKIRT20, UKIRT21, and UKIRT22.

	[image: thumbnail]	Fig. 17 Lensing light curve of UKIRT18. The two top panels show zoomed-in views of the sections during the source entrance and exit from the caustic.



	[image: thumbnail]	Fig. 18 Lensing light curve of UKIRT19.



4.17 UKIRT19
The lensing event UKIRT19, detected during the 2018 season, was also observed by the OGLE and KMTNet surveys, which designated the event as OGLE-2018-BLG-1055 and KMT-2018- BLG-2095, respectively. The light curve, constructed by combining data from the three surveys, is shown in Figure 18. It exhibits a relatively complex pattern, characterized by two successive positive deviations occurring at HJD′ ~ 8295.0 and 8297.1, both appearing on the descending side of the curve. Since the maximum deviation of the first bump exceeds 1.5 magnitudes, it is likely that the anomaly was caused by a caustic crossing. Another noteworthy characteristic is that, excluding these anomalous features, the light curve is asymmetric.
From the 2L1S modeling, we obtain a unique solution that successfully explains all the observed anomaly features. The binary lens parameters of this solution are (s, q) ~ (0.63, 1.23). The estimated event timescale, tE ~ 9 days, is relatively short compared to other events. The complete set of lensing parameters is provided in Table 6. The model curve and residuals from the fit are shown in Figure 18. The lens system configuration, depicted in the inset of the lower panel, illustrates that the anomaly was caused by the source’s approach to one of the two peripheral caustics formed by a binary lens with a separation smaller than the Einstein radius. The two bumps in the anomaly occur because the source passed near the two cusps of the three-cusp peripheral caustic.
	[image: thumbnail]	Fig. 19 Lensing light curve of UKIRT20.



4.18 UKIRT20
UKIRT20 is another lensing event commonly observed in the 2018 season by the three lensing surveys of the UKIRT, OGLE, and KMTNet. The ID references designated by the OGLE and KMTNet surveys are OGLE-2018-BLG-0856 and KMT-2018- BLG-2392, respectively. Figure 19 shows the lensing light curve of the event, showing that the source flux exhibited a rapid rise and fall during 8250 ≲ HJD′ ≲ 8260, which were captured by the data from all three surveys. The source flux magnification due to lensing, excluding the anomaly, was small but persisted for a considerable duration.
The analysis reveals that the anomaly is well explained by a 2L1S model. The binary parameters for the solution are (s, q) ~ (0.50, 0.44). As anticipated from the extended duration of the lensing magnification, the estimated event timescale, tE ~ 138 days, is relatively long compared to typical events. The complete set of lensing parameters is provided in Table 6, and the model curve corresponding to the solution is overlaid on the data points in Figure 19. The lens system configuration, shown in the inset of the lower panel, indicates that the binary lens produces a fold-fold caustic near the barycenter of the binary. The anomaly was caused by the source approaching the upper cusp of the caustic.
4.19 UKIRT21
UKIRT21 is the first anomalous lensing event detected during the 2019 season by the UKIRT survey. The source of the event is located near the Galactic center, with Galactic coordinates (l, b) = (−1°.0598,0°.3193), placing it outside the coverage of other optical lensing surveys. The lensing light curve of the event, shown in Figure 20, reveals multiple anomaly features. Between HJD′ ~ 8617 and HJD′ ~ 8625, the light curve displays characteristics indicative of caustic crossings. In addition to these features, the light curve also exhibits a bump centered at HJD′ ~ 8635.
Considering the caustic-crossing features, we initially modeled the light curve using a 2L1S configuration. However, this approach did not fully capture all the anomalous features. To explore the possibility that the caustic anomaly was caused by a binary lens, while the bump feature resulted from additional components in the lens or source system, we performed a second 2L1S modeling, excluding the region around the bump. This model effectively described the caustic-crossing portion of the light curve. Next, we introduced an additional source component, resulting in a binary-lens and binary-source (2L2S) system. This modeling provided a solution that accurately accounted for all the anomalies in the light curve. A subsequent 3L1S modeling did not yield a solution that matched the 2L2S model.
The model curve for the 2L2S solution is overlaid on the data points in the light curve, with the corresponding lensing parameters listed in Table 6. According to this solution, the lens is a binary system with parameters (s, q) ~ (0.57, 0.33), creating a small four-cusp caustic near the barycenter of the binary lens, as shown in the inset of the lower panel. The source is also binary, consisting of two stars with a flux ratio of qF ~ 1.9. The inset in the lower panel of Figure 20 illustrates the trajectories of the two source stars relative to the caustic. The caustic-related anomaly was caused by the fainter source star, which passed near the tip of the right-side on-axis cusp and then crossed the lower cusp. This sequence of caustic crossings, combined with significant finite-source effects, caused the anomaly to deviate from the typical caustic-crossing pattern. The bump feature, on the other hand, was produced by the approach of the brighter source star, which followed the fainter star and passed with a large impact parameter.
	[image: thumbnail]	Fig. 20 Lensing light curve of UKIRT21.



4.20 UKIRT22
The lensing event UKIRT22, which occurred during the 2019 season, was observed exclusively by the UKIRT survey, as its source is located near the Galactic center, with Galactic coordinates (l, b) = (−0°.8297, 0°.2613), placing it in a region not covered by other surveys. Figure 21 presents the lensing light curve of the event, which shows caustic-crossing features. One spike is clearly visible at HJD′ ~ 8671.9, while the other caustic spike is not resolved by the data. The anomaly occurred during a period of low lensing magnification.
Modeling the light curve using a 2L1S configuration results in a pair of degenerate solutions: a close solution with (s, q) ~ (0.87, 0.31) and a wide solution with (s, q) ~ (1.50, 0.11). These solutions are referred to as “close” and “wide”, depending on whether the binary separation is smaller or larger than the Einstein radius, respectively. The model curves of the solutions are drawn over data points in Figure 21. The complete set of the lensing parameters are provided in Table 6. While the wide solution provides a slightly better fit, the difference in χ2 values, Δχ2 ~ 11.0, is minor.
The lens system configurations for the close and wide solutions are shown in the inset of the lower panel of Figure 21. The caustics for both solutions exhibit a resonant structure, with the caustic of the close solution extending perpendicular to the binary lens axis, while that of the wide solution elongates along the axis. In both cases, the source crossed the edge of the caustic. After exiting, the source briefly crossed the tip of the caustic, resulting in a light curve profile that deviates from the typical caustic-crossing pattern.
Table 7 
Best-fit parameters of UKIRT23, UKIRT25, UKIRT26, and UKIRT27.

	[image: thumbnail]	Fig. 21 Lensing light curve of UKIRT22. The two insets of the lower panel show the lens system configurations of the close and wide solutions.



4.21 UKIRT23
The source of the event UKIRT23, located near the Galactic center at Galactic coordinates (l, b) = (−0°.3900, 0°.5227), was observed exclusively by the UKIRT survey conducted in the 2019 season. Figure 22 shows the lensing light curve of the event, which features prominent caustic-crossing signatures. The first unresolved caustic spike is estimated to have occurred around HJD′ ~ 8696, while the second spike is observed at HJD′ ~ 8611. In addition to these caustic-crossing features, the light curve shows two additional bumps, with a prominent one appearing before the first caustic spike and a weaker one centered near HJD′ ~ 8666.
Modeling performed under the 2L1S lens system configuration yielded a unique solution that accurately reproduces all features of the anomaly. The binary parameters of the solution are (s, q) ~ (1.55, 0.93), and the estimated timescale of the event is tE ~ 59 days. Table 7 provides the complete set of lensing parameters. As illustrated in the lower panel of Figure 22, the lens system forms a resonant caustic extended along the binary lens axis. The source initially approached the left on-axis cusp, resulting in the first bump. It then entered the caustic by crossing the upper-left fold, producing the first caustic spike. Subsequently, the source exited the caustic by traversing the upper fold, which caused the second caustic spike. A final weak bump occurred as the source neared the upper-right cusp of the caustic.
	[image: thumbnail]	Fig. 22 Lensing light curve of UKIRT23.



4.22 UKIRT25
The lensing event UKIRT25, observed exclusively by the UKIRT survey, was detected during the 2019 season. Figure 23 presents the lensing light curve of the event, which shows a causticcrossing feature around HJD′ ~ 8608, with three data points capturing the first caustic spike. Although the duration of the caustic-related feature is relatively short, about 5 days, the anomaly is unlikely to result from a planetary companion, as the overall light curve deviates from the symmetric 1L1S profile. The occurrence of the caustic-related anomaly at low magnification suggests that the source crossed a portion of the caustic located away from the barycenter of the binary lens.
Binary-lensing modeling has identified a solution that accurately accounts for the anomaly observed in the lensing light curve. The binary parameters corresponding to this solution are (s, q) ~ (1.20, 1.72), with an event timescale of tE ~ 79 days. The complete set of lensing parameters associated with this model is detailed in Table 7. As illustrated in the inset of the lower panel, the lens system configuration demonstrates that the binary lens generates a resonant caustic characterized by six distinct cusps. The source trajectory passed the tip of the lower-right cusp, leading to the observed caustic-crossing anomaly, which occurred at a relatively low magnification. Furthermore, the asymmetry observed in the light curve results from the influence of the large caustic, which distorts the overall magnification pattern.
	[image: thumbnail]	Fig. 23 Lensing light curve of UKIRT25.



4.23 UKIRT26
The lensing event UKIRT26, which occurred in the 2019 season, was observed not only by the UKIRT survey but also by three optical lensing surveys conducted by the OGLE, KMTNet, and MOA groups. The source lies within the prime fields of these optical surveys, leading to a very dense coverage of the light curve, as shown in Figure 24. The light curve is characterized by well-resolved caustic-crossing features, with two distinct spikes observed at HJD′ ~ 8666.1 and 8672.8. In addition to these spikes, weak bumps are present just before the first spike and after the second spike, adding further complexity to the structure of the light curve.
Through 2L1S modeling, we identified a unique solution that precisely describes the observed features of the light curve. The binary parameters associated with this solution are (s, q) ~ (1.32, 0.40), and the event has a timescale of tE ~ 8.4 days. This makes it the shortest-duration event among the reported anomalous microlensing events. The complete set of lensing parameters derived from this model is presented in Table 7. Additionally, the model curve corresponding to this solution is superimposed on the observed data points in Figure 24.
As shown in the lens system configuration, presented in the inset of the lower panel, the binary lens forms a resonant caustic that extends along the binary lens axis. The source entered the caustic by crossing the upper-right fold and exited through the lower-left fold. The two weak bumps observed before and after the caustic spikes occurred as the source passed through regions of positive deviation formed near the on-axis cusps of the caustic. The normalized source radius was precisely determined from the resolved caustics.
	[image: thumbnail]	Fig. 24 Lensing light curve of UKIRT26.



	[image: thumbnail]	Fig. 25 Lensing light curve of UKIRT27.



4.24 UKIRT27
The UKIRT lensing survey concluded with the completion of the 2019 season, and UKIRT27 marks the final anomalous event reported from the survey. The source of the event lies in a region also monitored by other optical lensing surveys, including OGLE, MOA, and KMTNet. Figure 25 presents the lensing light curve of the event, which features prominent caustic-crossing spikes at HJD′ ~ 8703.0 and 8710.2. The first caustic spike was resolved by the combined data from the MOA and KMTA datasets, while the second spike was covered by the KMTC, KMTA, and UKIRT H-band datasets. In addition to the caustic spikes, the light curve displays a weak bump following the second caustic crossing, before gradually returning to the baseline.
The anomalies in the lensing light curve are well described by a 2L1S model. The lensing parameters for this solution are provided in Table 7. The binary lens is defined by parameters (s, q) ~ (2.73, 1.01), producing a resonant caustic that extends parallel to the binary lens axis. The event has an estimated timescale of tE ~ 33 days.
The lens system configuration is illustrated in the inset of the lower panel of Figure 25. The source entered the caustic through the upper fold and exited via the lower fold, generating the distinct caustic spikes observed in the light curve. After the second spike, a weak bump was detected, caused by the source passing through a region of positive deviation near the lower-left cusp of the caustic. The normalized source radius was precisely measured by analyzing the resolved caustic crossings.
Table 8 
Angular source radius, Einstein radius, and relative proper motion.

5 Angular Einstein radii
In this section, we determine the Einstein radii for events with well-resolved caustics and well-covered I- and V -band light curves. The process begins by measuring the instrumental (uncalibrated) I- and V -band magnitudes of the source by fitting the light curve data to the model curve. The light curve for measuring the source magnitude is constructed using the pydia software developed by Albrow (2017). The source is then placed on the instrumental (uncalibrated) color-magnitude diagram (CMD) of nearby stars, which is constructed using the same pydia code. To account for extinction and reddening, the source color and magnitude are calibrated using the centroid of the red giant clump (RGC) as a reference. For the dereddened color, (V – I)RGC,0, and magnitude, IRGC,0, of the RGC centroid, we adopt the values from Bensby et al. (2013 and Nataf et al. (2013), respectively. The calibrated V – I color is then converted into a V – K color using the color-color relation from Bessell & Brett (1988). The angular radius of the source (θ*) is subsequently derived from the (V – K)–θ* relation provided by Kervella et al. (2004). Finally, the Einstein radius is calculated using the angular source radius and the normalized source radius through the relation θE = θ*/ρ. The relative lenssource proper motion is then determined as µ = θE/tE, using the measured Einstein radius and the event timescale.
The Einstein radius was determined for six events: UKIRT02, UKIRT04, UKIRT05, UKIRT14, UKIRT26, and UKIRT27. For the remaining events, determining θE proved challenging due to several factors. Firstly, many events observed exclusively by the UKIRT survey had data in only a single passband, and even when observations were made in two bands, the light curve coverage in one of them was often inadequate for accurate color determination. Secondly, for some events with measured H – K color, calibration was difficult due to the lack of prior dereddened values for the RGC, hindering its use as a reference. Thirdly, in most UKIRT-only events, the light curve did not display a caustic crossing, and when one occurred, it was not sufficiently resolved to determine ρ. Finally, even for events where the caustic was resolved through additional survey data, the quality of V -band data was often inadequate for color determination due to significant extinction in regions near the Galactic center.
Figure 26 shows the locations of source stars for the six lensing events with measured Einstein radii. In the case of UKIRT04, for which the I -band source magnitude was determined but the V -band magnitude was not, we first aligned the CMD from ground-based observations with that obtained from HST observations (Holtzman et al. 1998). We then inferred the source color and magnitude as the mean values along the main-sequence branch. In Table 8, we listed the estimated values of the dereddened source color and magnitude, (V – I, I)0 , angular source radius, angular Einstein radius, and relative lens-source proper motion.
For the event UKIRT05, both the angular Einstein radius and the microlens parallax were measured. In this case, the physical parameters of the lens mass and the lens distance can be uniquely determined using the Gould (2000) relation:
[image: equation](2)
Here κ = 4G/(c2AU), πS = AU/DS represents the parallax of the source lying at a distance DS . The estimated masses of the lens components and distance are
[image: equation](3)
	[image: thumbnail]	Fig. 26 Locations of source stars for the lensing events UKIRT02, UKIRT04, UKIRT05, UKIRT14, UKIRT26, and UKIRT27. The red filled dot in each panel represents the centroid of the red giant clump (RGC), which was used for calibrating the color and magnitude.



6 Summary and conclusion
We conducted an investigation into the anomalous microlensing events reported by the UKIRT microlensing survey, which was carried out over a period of four years, from 2016 to 2019. This survey primarily focused on observing stars near the Galactic center using near-infrared passbands, with the goal of examining how microlensing event rates vary spatially across the field of the Galactic center. In the analysis, we incorporated data from 11 microlensing events that were also observed by other optical microlensing surveys, including those conducted by the OGLE, KMTNet, and MOA collaborations.
Among the 27 anomalous events reported from the survey, we revealed the nature of 24 events except for three events, in which UKIRT03 was likely to be a transient variable, and UKIRT10 and UKIRT24 were were difficult to accurately characterize their nature due to the limitations of the available data. We have confirmed the binary lens nature of the anomalies for 21 events, including UKIRT02, UKIRT04, UKIRT05, UKIRT06, UKIRT07, UKIRT08, UKIRT09, UKIRT11, UKIRT12, UKIRT13, UKIRT14, UKIRT15, UKIRT16, UKIRT18, UKIRT19, UKIRT20, UKIRT22, UKIRT23, UKIRT25, UKIRT26, and UKIRT27. Among these binary lens events, the companion of UKIRT11L is a planetary object which has a mass ratio to its host of (1.88 ± 0.18) × 10−3. For two events UKIRT01 and UKIRT17, the anomalies could be interpreted using either a binary-source or a binary-lens model. For the precise description of the anomaly in UKIRT21, it was needed a model where not only the lens and but also source are binaries.
For the events UKIRT05 and UKIRT14, it was found that accounting for higher-order effects induced by the orbital motions of both Earth and the binary lens was crucial. While accurately determining the higher-order parameters for UKIRT14 proved challenging due to the difficulty in distinguishing between microlens-parallax and lens-orbital effects, these parameters were securely measured for UKIRT05. With these measurements, along with the angular Einstein radius, the component masses of the UKIRT05 binary lens were determined to be M1 = (1.05 ± 0.20) M⊙, M2 = (0.36 ± 0.07) M⊙, and the distance to the lens was found to be DL = (3.11 ± 0.40) kpc.
The UKIRT lensing experiment was primarily conducted to support the preparation of future lensing surveys with the Roman telescope. This study demonstrated that lensing events can be successfully detected even in the central regions of the Galaxy, where optical observations are challenging. However, the observational conditions, such as precision and cadence, differ between the UKIRT and Roman experiments. Moreover, the limited number of detected events in the UKIRT data makes it insufficient for statistically estimating the frequency of higher- order effects or the probability of events requiring complex modeling, such as 2L2S or 3L1S.
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	[image: thumbnail]	Fig. 10 Lensing light curve of UKIRT11. In the inset of the lower panel, the three empty circles on the source trajectory, labeled t1, t2, and t3 , represent the source positions at the times of consecutive approaches to the caustic cusps. The size of each circle is scaled to the size of the source. The times corresponding to these positions are indicated in the light curve by arrows. The dotted curve in the top panel represents a 1L1S model derived by excluding the data points around the anomaly.
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	[image: thumbnail]	Fig. 13 Lensing light curve of UKIRT14. In the inset of the lower panel showing the lens-system configuration, the closed curves, marked in red, blue, and black, represent the caustics at HJD′ = 7960, 7990, and 8017, respectively. The bottom two panels display the residuals from the models obtained using two approaches, one that considers higher-order effects and the other that does not.
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	[image: thumbnail]	Fig. 16 Lensing light curve of UKIRT17. The model curves for the 2L1S and 1L2S models are superimposed on the data points, appearing indistinguishable within the thickness of the lines.
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	[image: thumbnail]	Fig. 17 Lensing light curve of UKIRT18. The two top panels show zoomed-in views of the sections during the source entrance and exit from the caustic.
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	[image: thumbnail]	Fig. 21 Lensing light curve of UKIRT22. The two insets of the lower panel show the lens system configurations of the close and wide solutions.
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	[image: thumbnail]	Fig. 26 Locations of source stars for the lensing events UKIRT02, UKIRT04, UKIRT05, UKIRT14, UKIRT26, and UKIRT27. The red filled dot in each panel represents the centroid of the red giant clump (RGC), which was used for calibrating the color and magnitude.
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        Lensing light curve of UKIRT14. In the inset of the lower panel showing the lens-system configuration, the closed curves, marked in red, blue, and black, represent the caustics at HJD′ = 7960, 7990, and 8017, respectively. The bottom two panels display the residuals from the models obtained using two approaches, one that considers higher-order effects and the other that does not.
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        Lensing light curve of UKIRT17. The model curves for the 2L1S and 1L2S models are superimposed on the data points, appearing indistinguishable within the thickness of the lines.
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      Best-fit parameters of UKIRT18, UKIRT19, UKIRT20, UKIRT21, and UKIRT22.

      
        


	Parameter
	UKIRT18
	UKIRT19
	UKIRT20
	UKIRT21
	UKIRT22



	
	
	
	
	
	Close
	Wide





	χ2
	10617.9
	10687.2
	5650.6
	598.5
	621.8
	609.8



	t0 (HJD′)
	8257.756 ± 0.058
	8285.770 ± 0.022
	8266.86 ± 0.47
	8621.474 ± 0.109
	8664.786 ± 0.478
	8665.801 ± 0.497



	u0
	0.0280 ± 0.0036
	0.4530 ± 0.0036
	0.149 ± 0.015
	0.0876 ± 0.0059
	0.563 ± 0.012
	0.664 ± 0.019



	tE (days)
	38.99 ± 0.53
	8.930 ± 0.034
	137.95 ± 11.07
	17.02 ± 0.85
	38.18 ± 0.82
	33.21 ± 0.73



	s
	0.8815 ± 0.0061
	0.6274 ± 0.0012
	0.50 ± 0.017
	0.574 ± 0.019
	0.8701 ± 0.0071
	1.5005 ± 0.0064



	q
	1.444 ± 0.023
	1.225 ± 0.045
	0.442 ± 0.048
	0.327 ± 0.054
	0.311 ± 0.034
	0.107 ± 0.017



	α (rad)
	2.190 ± 0.010
	2.060 ± 0.013
	3.313 ± 0.020
	5.760 ± 0.025
	2.379 ± 0.036
	4.271 ± 0.023



	ρ (10−3)
	4.86 ± 0.23
	8.31 ± 0.13
	–
	30.11 ± 3.47
	11.66 ± 2.39
	20.22 ± 2.00



	t0,2 (HJD′)
	–
	–
	–
	8635.488 ± 0.113
	–
	



	u0,2
	–
	–
	–
	−0.328 ± 0.042
	–
	



	ρ2 (10−3)
	–
	–
	–
	227.14 ± 19.69
	–
	



	qF
	–
	–
	–
	1.93 ± 0.23
	–
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        Lensing light curve of UKIRT25.
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        Lensing light curve of UKIRT26.
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        Lensing light curve of UKIRT27.
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