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Abstract

Context. Gravitational microlensing is a method that is used to discover planet-hosting systems at distances of several kiloparsec in the Galactic disk and bulge. We present the analysis of a microlensing event reported by the Gaia photometric alert team that might have a bright lens.

Aims. In order to infer the mass and distance to the lensing system, the parallax measurement at the position of Gaia21blx was used. In this particular case, the source and the lens have comparable magnitudes and we cannot attribute the parallax measured by Gaia to the lens or source alone.

Methods. Since the blending flux is important, we assumed that the Gaia parallax is the flux-weighted average of the parallaxes of the lens and source. Combining this assumption with the information from the microlensing models and the finite source effects we were able to resolve all degeneracies and thus obtained the mass, distance, luminosities and projected kinematics of the binary lens and the source.

Results. According to the best model, the lens is a binary system at 2.18 ± 0.07 kpc from Earth. It is composed of a G star with 0.95 ± 0.17 M⊙ and a K star with 0.53 ± 0.07 M⊙. The source is likely to be an F subgiant star at 2.38 ± 1.71 kpc with a mass of 1.10 ± 0.18 M⊙. Both lenses and the source follow the kinematics of the thin-disk population. We also discuss alternative models, that are disfavored by the data or by prior expectations, however.
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1 Introduction
Gravitational microlensing occurs when the light of the background source star is deflected by a foreground object (called lens). The result is a time-variable magnification of the flux signal. By studying the shape of the light curve, we can determine the properties of the lens (Mao 2012; Gaudi 2012; Tsapras 2018). This phenomenon was first hypothesized by Einstein (1936), and Paczyński (1986) described how the method might be applied to find dark matter in the Galactic halo. In recent years, microlensing has become a unique tool for the identification of planets around faint objects. These planets cannot be detected with other techniques. With gravitational microlensing, we can in particular study binary systems regardless of the luminosity of their components, because the result of their gravitational influence on the light of a background source is detected, not their intrinsic luminosity. In this way, we are able to find exoplanets orbiting single or binary stars (Gould & Loeb 1992; Bond et al. 2004; Bennett et al. 2016), brown dwarfs (Bozza et al. 2012; Ranc et al. 2015; Herald et al. 2022), or compact objects such as black holes or stellar remnants (Shvartzvald et al. 2015; Wyrzykowski et al. 2016; Sahu et al. 2022; Lam et al. 2022; Mróz et al. 2022).
Numerous surveys have been carried out by various collaborations such as Optical Gravitational Lensing Experiment (OGLE; Udalski 2003), Microlensing Observations in Astrophysics (MOA; Bond et al. 2001; Sumi et al. 2003), and Korea Microlensing Telescope Network (KMTNet; Kim et al. 2016) as well as follow-up surveys such as Microlensing Follow-Up Network (µFun; Gould 2008), Probing Lensing Anomalies Network collaboration (PLANET; Albrow et al. 1998), RoboNet (Tsapras et al. 2009), Microlensing Network for the Detection of Small Terrestrial Exoplanets (MiNDSTEp; Dominik et al. 2010), and the Observing Microlensing Events of the Galaxy Automatically Key Project (OMEGA Key Project; Bachelet et al., in prep.).
With the new generation of large-sky surveys, we are able to find microlensing events in the entire sky. For this purpose, the work of Gaia is of fundamental importance given its mission to build an extremely detailed three-dimensional map of the Milky Way (Gaia Collaboration 2016). It is worth noting that microlensing discoveries have historically been confined to a small region in the Bulge, in contrast to Gaia’s probing of the whole galaxy. Gaia’s early-alert capabilities (Hodgkin et al. 2021) played a crucial role in obtaining timely follow-up observations for many important microlensing events discovered by the mission (Gaia Collaboration 2016). More than 350 microlensing events were detected (Wyrzykowski et al. 2023) and over 1700 were predicted using astrometric simulations (Klüter et al. 2022). This is important because most of the observed microlensing events occur in the Galactic disk, where the duration of the event is longer, such that high-order effects can be detected.
Several events have been studied to date with interesting results, that we introduce below. For example, the single lens event Gaia18cbf (Kruszyńska et al. 2022) has a very long timescale of ~490 days, in which the photometric data revealed a lens of ~2 M⊙. We also mention Gaia19bld (Rybicki et al. 2022; Bachelet et al. 2022; Cassan et al. 2022), which is a high-magnification event with a dark lens of 1.1 M⊙. This type of events occurs when the source comes very close to the central caustic (Griest & Safizadeh 1998), which is the set of points where the magnification diverges. Gaia has also discovered binary lens events. The spectacular event Gaia16aye is most notable (Wyrzykowski et al. 2020). It is one of the first microlensing events detected by Gaia. Its timescale is so long (over ~500 days) that it was possible to obtain a full orbital solution for this system.
The most crucial advantage of Gaia observations of microlensing events is the fact that Gaia also obtains astrometric time series with submilliarcsecond precision (Rybicki et al. 2018). With the data to be released in Gaia DR4, it will therefore be possible for many of the sources observed between 2014 and 2019 to obtain the size of the angular Einstein ring radius θE, and based on this, to obtain mass-distance relation for the lenses, in particular, for dark lenses (Dominik & Sahu 2000; Belokurov & Evans 2002; McGill et al. 2018; Klüter et al. 2022; Jabłońska et al. 2022).
The DR3 Gaia data release covered 34 months of observations in which every target was observed about 40 times (Gaia Collaboration 2016). With these measurements, it was possible to obtain various parameters such as the parallax, the proper motion, and other quantities that are useful for studying the microlensing event. Difficulties arise when the parallax reported by Gaia corresponds to a microlensing event in which the blend flux (the flux of nearby unresolved objects that are not affected by microlensing) is very high and mainly generated by the lens. A possible interpretation is that the source and the lens both contribute to the total flux, making the parallax measured by Gaia (and also the proper motion) a flux-weighted average of the parallaxes of lens and source. With this assumption, it is possible to derive a constraint on the lens parameters that will then be explained in detail. This is what we have done in the study of the microlensing event Gaia21blx, which also benefits from follow-up by the OMEGA collaboration. The paper is organized as follows. Section 2 is dedicated to the observations and data reduction. In Sect. 3, we introduce the modeling of this event, which leads to four degenerate solutions. We discuss the means to break this degeneracy in Sect. 5, and we propose a method for determining the most likely physical model after an accurate evaluation of the probabilities of possible alternatives, and we derive the physical parameters of the lens. In Sect. 6, we discuss the kinematics of the lens and source. In the last section, we summarize the results we obtained.
2 Observations
Gaia21blx is located in the Galactic disk at (RA, Dec) = (14h53m15s.42, −62°01′30″.61), corresponding to Galactic coordinates l = 316.69911°, b = −2.45443°. The alert was published on 22 March 2021 by the Gaia science alerts (GSA) system (Hodgkin et al. 2021) with a magnitude of ~ 16.64. The photometric measurements obtained by Gaia consist of a wide G band (Jordi et al. 2010) performed on a monthly period. This is publicly available at the GSA. The photometric errors for the 153 measurements used in this work were calculated following the procedure described by Kruszyńska et al. (2022).
In response to the Gaia alert, high-cadence follow-up observations were obtained by the OMEGA Project, using the Las Cumbres Observatory Global Telescope Network (LCO) of 1m telescopes (Brown et al. 2013). Data were collected in SDSS-𝑔′ and −i′ bandpasses using the LCO Sinistra instruments, at LCO sites at the Cerro Tololo Interamerican Observatory, Chile (CTIO), the South African Astronomical Observatory (SAAO), Sutherland, South Africa, and the Siding Spring Observatory in Australia. The instrumental signatures were removed from the resulting image data using LCO Beautiful Algorithms to Normalize Zillions of Astronomical Images pipeline (BANZAI; McCully et al. 2018), after which difference image analysis (DIA) was used to derive time-series photometry using the pyDANDIA software package (Bramich 2008; Bramich et al. 2013). The process of calibrating the reference images in the 𝑔′ and i′ bands is explained in Street et al. (2024). In short, the instrumental magnitudes are aligned to the VST Photometric Hα Survey of the Southern Galactic Plane and Bulge (VPHAS; Drew et al. 2014) or the Gaia synthetic photometry (Montegriffo et al. 2023), depending on the availability of the catalog for this part of the sky, after an astrometric crossmatch. The linear relation obtained is ultimately propagated to the entire photometry, as are the errors. The Sinistro instruments on the LCO 1m network are designed to be extremely similar. Their detectors have very similar read-noise properties, and the difference between the read noise of every detector is negligible in the final photometry. The LCO BANZAI pipeline also removes the instrument-specific or telescope optics signature using calibration frames specific to each camera. The image data from different telescopes are only combined after this point in order to process the instrument-signature-corrected images with the DIA pipeline. Processing all images using a single reference image is advantageous at this stage because DIA inherently computes the time-variable component of the flux relative to that image (in each bandpass). If the data are separated by instrument, then the light curve from each instrument is calculated relative to reference images taken under different atmospheric conditions, meaning that in order to combine the datasets for analysis, a second step of calibrating the photometry between the different reference images is required. This introduces an additional source of uncertainty. When the data are combined into a single dataset, this additional step is not required. This procedure was also adopted in previous works and has become a standard for OMEGA data (Rybicki et al. 2022; Olmschenk et al. 2023).
A fourth dataset is obtained by the MiNDSTEp collaboration (Dominik et al. 2010) using the Danish 1.54 Telescope located at ESO La Silla in Chile. This telescope is equipped with a multiband Electron Multiplying CCD Camera instrument (EMCCD; Skottfelt et al. 2015), and the images used were reduced using PyDandia. In total we collected 153 data points in the Gaia G band that were mostly taken before the event, and we have 196 data points in i′ band and 89 data points in 𝑔′ band. Following common practice in microlensing (Yee et al. 2012; Miyake et al. 2012), we rescaled the error bars following [image: equation], where in this case, we adopted emin = 0.03 for the LCO telescope in i′ band, which covers the peak of the event. We set emin = 0 for the other telescopes, and k ensures that χ2/d.o.f.=1 for the best model. In Table 1, the datasets of each telescope along with their corresponding k and emin values are reported.
Table 1 
Data from telescopes with their corresponding rescaling parameters and the limb-darkening coefficients as derived from stellar models (see Sect. 4.2).

3 Modeling
The microlensing effect can be described by the Einstein angle, which describes the angular scale of the event,
[image: equation](1)
where G is the gravitational constant, c is the vacuum speed of light, M is the total lens mass, and πrel = au/DL − au/DS is the relative source-lens parallax, with DL the lens distance and DS the source distance. The simplest case of a microlensing event, the point-source single lens, can be described by three parameters: the time of the closest approach between lens and source t0, the impact parameter in units of Einstein angle u0, where the source flux reaches maximum, and the Einstein time tE = θE/µ, where µ is the relative proper motion in the geocentric reference frame between lens and source. In addition to these is the finite source effect ρ* = θ*/θE, with θ* the angular radius of the source. The inclusion of a second lens requires the addition of three more parameters: the separation in units of Einstein angle between the two lenses s, the mass ratio q, and the angle between the source trajectory and the orthogonally projected separation vector from the secondary lens to the primary lens α. Based on the values of s and q, three different configurations are possible: the close configuration, where s < 1, the intermediate configuration, where s ~ 1, and the wide configuration, where s > 1 (Dominik 1999). With this configuration, we have the static binary lens model where we approximate the relative lens-source motion as rectilinear, assuming a short timescale. For long timescales, high-order effects often need to be included. The first effect is the annual parallax effect, which is caused by the motion of the Earth around the Sun. This effect on the microlensing light curves is quantified by (Gould 2000)
[image: equation](2)
and it depends on the direction of the proper motion in the sky. The parallax vector is defined as [image: equation] (An et al. 2002; Gould 2004) and allows us to analyze this effect using the two parameters πE,N and πE,E, which are its northern and eastern component. Another way to determine the parameters of the system is to consider the satellite parallax (Refsdal 1966; Gould & Loeb 1992; Gould et al. 2009). Observing the same event simultaneously from two different locations (Earth and space), the telescopes measure a different u0 and t0. For observations from a satellite, a fourfold degeneracy arises, because the sign of u0 cannot be determined. This degeneracy can be broken by measuring the orbital motion, or if this cannot be detected, it can be reduced to a twofold degeneracy that can be broken with the Rich argument (Calchi Novati et al. 2015). The second effect is the orbital motion of the two lenses around their common center of mass. In principle, it would be preferable to use the full Keplerian orbit parameterization (Skowron et al. 2011). There is no reason to assume zero eccentricity for a stellar binary system a priori. However, the introduction of too many unconstrained parameters would complicate the fit without any benefits. A minimum fit for orbital motion is typically made considering two components, but this leads to unphysical orbital trajectories (Bozza et al. 2021). We preferred to opt for a fit that included the three components of the angular velocity of the system, assuming a circular orbit (Skowron et al. 2011; Bozza et al. 2021), to explore physical orbital trajectories. We show below that even these additional parameters are poorly constrained, and make a full Keplerian fit superfluous. We then describe the orbital motion with the following parameters: the parallel component of the projected angular velocity parallel to the lens axis at time t0, γ|| = (ds/dt)/s, the perpendicular component γ⊥ = −(dα/dt), and the component of the angular velocity along the line of sight γɀ = (dsɀ/dt)/s, where sɀ is the separation in units of Einstein radius between the two lenses along the line of sight.
The parameters presented above are necessary to describe the model flux F(t) of the magnified source as a function of time,
[image: equation](3)
where A(t) is the magnification of the source flux as a function of time, FS is the baseline of the source flux, and Fb is the blend flux, or the flux that is not affected by microlensing.
To explore the parameter space, we used the RealTime Microlensing Modelling platform1 (RTModel) based on VBBinaryLensing codes (Bozza 2010; Bozza et al. 2018, 2021). RTModel fully explores all corners of the parameter space of binary lensing based on a complete library of templates (Mao & Di Stefano 1995; Liebig et al. 2015) that covers all possible classes of light curves that arise from different caustic topologies and different trajectories of the source. RTModel returns two main models: a close binary and a wide binary model, whose parameters are shown in Table 2, with the source trajectory orthogonal to the binary lens axis and crossing the cusp of the central caustic between the two lenses. In both cases, the fit significantly improved when we included the annual parallax. In this case, the reflection symmetry around the lens axis is broken, and we must distinguish models with positive and negative u0, which would be equivalent in the static binary case (see Table 3). We labeled the four models as C+, C−, W+, and W−, where C or W distinguish the close and wide binary, respectively, and the sign refers to the sign of the impact parameter u0. In addition to the parallax, we also searched for orbital motion and obtained a modest improvement. Nevertheless, the inclusion of orbital motion affects the error bars of the parallax components and should therefore be considered even when the orbital motion remains poorly constrained. The physical consequences of the orbital motion were therefore not considered because the parameters were not robustly determined. From the best solution obtained with RTModel, we ran Markov chains to completely explore the local χ2 minima to obtain full information about the uncertainties and the correlations in the parameters. We also considered the possibility of a binary source single-lens system but this gave a χ2 ≈ 730, which is very far from the chi-square values obtained by the best models (∆χ2 ≈ 250). We therefore excluded this configuration from the analysis.
In Fig. 1, we show the C+ model (the zoom of the peak is shown in Fig. 2). The other models are indistinguishable. All the caustic configurations and the source trajectories are shown in Fig. 3. The final parameters, including the orbital motion, are shown in Table 4. We can easily note that the χ2 values are similar. At first, this forced us to retain all competitive models.
Table 2 
Parameters of the two binary lens models obtained with RTModel after a Markov chain.

	[image: thumbnail]	Fig. 1 Light curve with residuals of the best model, C+, for the microlensing event Gaia2lblx. Below the residuals of the best model we also include the residuals for the static configuration (labeled 2L) and the binary lensing model with only the parallax and no orbital motion (labeled 2X).



4 Constraints on the lens
From the four models, we derived the source flux and the blend flux listed in Table 5. The blend is very high for all the models. The blend can have multiple origins: it may come from field stars that are very close by, from a second source that is not affected by microlensing, from the lens itself, or from a combination of these cases. In this context, because the lens is a binary system formed by two stars, it is plausible that its flux contributes to the blend or even explains it totally. In the case of only a partial contribution, we should invoke a second source or a field star to explain the residual blend flux. Although this is still possible, considering that Gaia21blx is a disk event in which the stellar density is lower than in the bulge, the chance alignment of a third object seems relatively unlikely. Therefore, we started with the simplest assumption that the blend is entirely caused by the binary lens itself. This means the smallest number of objects needed to explain the observations, and we verified that the results were fully sound from all physical points of view. Only when we found any inconsistencies would we be pushed to consider a more complicated system with a third system aligned along the same line of sight. We therefore used the parallax measured by Gaia derived from the Gaia-DR3 release πGaia = (0.45 ± 0.13) mas with a renormalized unit weight error (RUWE) of 1.18. A RUWE with this value means that the parallax measured by Gaia is reliable. If it were higher than 1.4, it would have indicated systematics (Lindegren 2018; Bachelet et al. 2022).
At this point, we assumed that the Gaia parallax did not correspond to the source or lens parallax alone, but that it was the flux-weighted average of the parallaxes of the lens and source. Introducing the lens parallax πL and the source parallax πS, we related these two quantities with πGaia using the following equation:
[image: equation](4)
where GL = Gb. From now on, we use this equation to replace πS as a function of πL.
	[image: thumbnail]	Fig. 2 Zoom of the light curve with residuals of the best model, C+, at the peak. The gray light curve is the microlensing light curve as seen from Earth, and the green line is the light curve as seen from Gaia. Below the residuals of the best model, we also include the residuals for the static configuration (labeled 2L) and the binary lensing model with only the parallax and no orbital motion (labeled 2X).



	[image: thumbnail]	Fig. 3 Caustic configuration (in purple) for all the models with the source trajectories (green lines with arrows). At the top lies C− on the left, and on the right lies C+. At the bottom on the left lies the W− model, and the W+ model is shown on the right. The coordinates are centered with respect to the center of mass of the two lenses and are in units of θE.



Table 3 
Parameters of the four cases of the binary lensing model with the parallax obtained from modeling the light curves using the Markov chain.

Table 4 
Parameters of the four models from modeling of the light curves using the Markov chain.

Table 5 
Magnitudes of the baseline and blend, indicated with the subscript S and b, respectively, of the four models for each telescope.

4.1 Blend flux constraint
With the assumption made in Eq. (4), we have the combined information on the lens and source. We restricted the physical range of the parameters that can be used to explore the region in the DL–M space where the lens lies. A first way to explore this region is using the mass-luminosity relation (MLR). Since there are no MLRs in the Gaia band for low-mass stars (Malkov et al. 2022 provided an MLR but stopped at 1.4 M⊙) we converted the magnitudes into V band, for which MLRs for low-mass stars are available. To do this, we used the relation in Riello et al. (2021), and we derived the Gaia color GBP – GRP from the color 𝑔′–i′ with
[image: equation](5)
After we obtained the Gaia color from Eq. (5), we took the equation that relates the Gaia G band with Johnson V band using the Gaia color in order to obtain the V magnitude for the lens,
[image: equation](6)
Including the extinction along the line of sight following the work of Capitanio et al. (2017), and using the apparent magnitude obtained, we wrote the equation for the absolute magnitude,
[image: equation](7)
where the dependence on the lens distance is made explicit.
At this point, we used the MLR of Xia et al. (2008). Since the lens is binary, we considered the two components separately, using
[image: equation](8)
and in the end, we summed over the fluxes of the two lenses.
The mass ratio q is fixed by the microlensing modeling, and the total mass is obtained requiring that the total magnitude of the system MV matches MV,L as derived from Eq. (7). In this way, we derived the mass as a function of the distance.
4.2 Constraint on the finite source effect
From the source angular size, we obtained another constraint. Following Boyajian et al. (2014), we derived θ* using the color 𝑔′–i′ to derive the zero-magnitude angular diameter [image: equation], which represents the angular diameter of a star when it is at a distance at which its apparent magnitude equals zero, expressed by the polynomial (Boyajian et al. 2014)
[image: equation](9)
The source angular diameter is obtained as (Boyajian et al. 2014; Barnes et al. 1978)
[image: equation](10)
where mλ is the apparent magnitude of a star in a certain filter λ. In this case, we used the value of 𝑔′S for our source, as found in Table 5.
In this way, with both θ* and ρ*, we were able to derive θE because θE = θ*/ρ*. The Einstein angle combined with the Gaia parallax (we recall that πS is obtained by Eq. (4)) gives us another relation of the mass and distance, which is explained as
[image: equation](11)
4.3 Constraint on the microlensing parallax
We obtained a third constraint using the microlensing parameters, in particular, the parallax obtained from the Markov chain πE. Combined with Gaia parallax, this gives us
[image: equation](12)
4.4 Combination of the three constraints
The three constraints appear as three colored bands whose widths track the uncertainties at 1 σ, as shown in Fig. 4. The parallax error is 30%, making it the weakest constraint. The most restrictive bound comes from the MLR, while the constraint of finite-source effects becomes an upper bound for the lens distance when DL and DS tend to coincide. A compatible solution is found when all three allowed regions overlap. This occurs for the two close cases, C+ and C−, while the wide case W- is slightly disfavored, because the overlap region within the allowed stripes at 1 σ is small. The W+ is instead excluded at over 5 σ. We also note that the wide models are also slightly disfavored by the χ2, as evident in Table 4. In Table 6, we report the allowed range for the mass and lens distance by identifying the region in which the three constraints overlap for the best model C+. The C− model gives us a similar result with a DL = 2.17 ± 0.06 kpc and M = 1.41 ± 0.15 M⊙ composed of two lenses of M1 = 0.94 ± 0.15 M⊙ and M2 = 0. 46 ± 0. 06 M⊙. The small overlap region for the W-model corresponds to a binary lens of ~0.9 M⊙ that lies at a distance of ~1.8 kpc, composed of a K star and an M dwarf (see Table 7). From the combination of the three constraints, we are also able to calculate the Einstein angle θE = 0.69 ± 0.50 mas and the projected separation a⊥ = 0.65 ± 0.47 au. For the W–model, we have θE = 1.16 ± 0.10 mas and a⊥ = 4.15 ± 0.36 au.
A further consistency check of our assumption on Gaia parallax is given by astrometry. Using the latest version of VBBina-ryLensing of Bozza et al. (2021) we were able to simulate the astrometric microlensing of the event, as shown in Fig. 5. The baseline of Gaia data is very long compared to the microlensing duration. Together with the absence of Gaia points during the magnified section of the light curve, this strengthens the hypothesis that the parallax measured by Gaia is largely unaffected by microlensing and can be considered the flux-weighted average of the parallaxes of the lens and source.
Using IAC-STAR (Aparicio & Gallart 2004) with the stellar evolution library of Girardi et al. (2000), we extrapolated the magnitude in the Johnson Cousins bands. In this way, using the conversion from Johnson to SDSS band Davenport et al. (2006), we were able to obtain the 𝑔′ and i′ band for each lens. Using the formulas present in Riello et al. (2021) backwards, the magnitude was also obtained in the Gaia band, as reported in Table 6. We conclude that the source lies at a distance of about 2.4 kpc and probably is an F subgiant star. The lens and source are both located between the Sagittarius and the Centaurus arms (see Fig. 6). For the wide solution, we obtain a G star source located in the Centaurus arm at 2.6 kpc from the Sun.
Table 6 
Physical parameters of the lens and source for the best model C+.

Table 7 
Physical parameters of the lens and source for the alternative model W−.

	[image: thumbnail]	Fig. 4 M–DL region for all the models. The blue stripe with the dashed line represents the M–DL relation obtained by microlensing parallax (πE). The red stripe with the dot-dashed line shows the constraint from the lens flux, for which the MLRs for low-mass stars are used. The green stripe with the continuous line exhibits the constraint obtained from the finite-source effects (Boyajian et al. 2014) and the angular radius of the source. All the stripes have a range of 1σ.



4.5 Limb darkening
We included the limb darkening of the source brightness profile in our models, because the finite-source effects play a significant role. To ensure an accurate estimation of the linear limb-darkening coefficients for each telescope, we proceeded as follows. We used IAC-Star (Aparicio & Gallart 2004) with the stellar evolution library of Girardi et al. (2000) and started from the absolute magnitude in V band obtained for the source. We simulated a stellar population with the solar metallicity, from which we obtained [image: equation] and [image: equation]. Using these values, we derived the linear limb-darkening coefficients from van Hamme (1993) for each telescope listed in Table 1. The limb darkening does not affect the final result, which we explicitly verified by repeating the analysis with the values at the extremes of the intervals. This is reinforced because the peak lacks enough points to be sensitive to fine details like this.
4.6 Possible source contamination
The assumption that the blending flux is generated entirely by the lens does not mean that it is the only plausible hypothesis. We attempted to quantify the probabilities for alternative explanations of the blending flux. First, we considered the hypothesis of a third object that is not associated with either the lens or the source, and that is therefore a field star that affects the blend flux by more than 10% at least. Using the latest updated version of the Besançon model (Lagarde et al. 2017, 2019), we simulated a stellar population in the vicinity of the target, that covered an area of 0.2 square degrees. Taking into account that the minimum separation that Gaia can detect is 0.05 square arcseconds (de Bruijne et al. 2015), we calculated the probability of a random alignment of a third object. This was 0.001%. The hypothesis that there is a third object is therefore very unlikely, but in this case, the blending flux would be an upper limit on the flux of the lens and hence on the mass. Considering both the best models obtained from microlensing and the fact that the RUWE obtained from GaiaDR3 is 1.14, we can exclude the presence of a third lens or a nearby secondary source. Regarding the possibility that the contaminant is a very wide companion of the source and considering that for F, G, K type stars, the probability that they are part of binary or multiple systems is 46% (Raghavan et al. 2010). Based on the previously calculated θE = 0.69 ± 0.50 mas, in order for the source to have a companion that is not detected by Gaia nor in the microlensing light curve, it must be in a region that extends from the minimum resolution of Gaia of 230 mas and 1/4θE = 0.36 mas. Following the work of Fukui et al. (2015), we calculated the probability that a companion source lies in this range. First, using the minimum resolution of Gaia and the maximum angular distance that can be detected by microlensing, and always assuming a source distance of 2.38 kpc, we obtained a separation range between the two companions of 1–550 au.
From the Besançon model, always considering a contribution of the secondary source to the blend flux of 10%, we obtained a mass of the latter equal to 0.70M⊙. Applying Kepler’s third law, we obtained the period range of this hypothetical binary system, which must be 2.3 < log(P) < 6.5. Considering the probability of a binary or multiple system alone from Raghavan et al. (2010) of 46%, and using, as we did throughout, the period log-normal distribution with mean P = 5.03 and standard deviation σlog P = 2.28, we derived the fraction of binaries in the range of periods calculated earlier based on this, which is 62%. Finally, considering the 46% probability of a binary or multiple system for F-G-K stars, we obtained a total probability of 28%. Following the same procedure, we calculated the probability that a third lens acts as a blending lens that has no effect on microlensing, otherwise, there would have been further peaks in the light curve. Always considering a contribution of 10% of the total blending flux, following the same approach as for a hypothetical second source, we obtained that the probability of a third lens is 9%. We repeated the same approach for the wide models and calculated that the probability of a secondary source that is not affected by microlensing is equal to 30%. The probability of a third star in the lens system is 10%.
We conclude that all three alternative hypotheses are mildly or strongly disfavored. The most competitive alternative to our proposed interpretation is a companion to the source. Possible observations that confirm whether our main conclusion or one of the enumerated alternatives is correct may include high-resolution spectroscopic studies that may confirm the presence of one source and two lenses, as described in our model. The relative proper motion is quite low (see Sect. 5), which discourages high-resolution imaging for the separation of lens and source.
	[image: thumbnail]	Fig. 5 Astrometry simulation for all the models. The blue dashed curve is the source trajectory in a frame in which the lenses are fixed. The orange curve shows the photo-centroid trajectory. The two brown disks are the two lenses and the black points represent the Gaia data points. For all the models, the lens flux considered is obtained by the overlap of the two constraints of finite source effects and blend flux.



	[image: thumbnail]	Fig. 6 Configuration of Gaia21blx in the Milky Way. The colored spirals represent (from left to right) the Perseus arm (green), the Local arm (blue), the Sagittarius arm (orange) and the Centaurus arm (red). In the figure, the Galactic center is represented by the black disk, while the lens and source for the C+ model are represented by the brown and purple disks, respectively. For the W− model, empty circles have been used (same colors as in the previous case). The Sun is the darker yellow point. X and Y are the Cartesian coordinates in the Galactic plane, centered at the Sun, with the X axis positive toward the Galactic center and the Y axes directed along the rotational curve. The configuration is computed following the work of Castro-Ginard et al. (2021).



5 Lens and source kinematics
With the precise determination of the lens mass and distance both according to model C+ and to model W−, we are in the position to fully describe the kinematics of the lens and source systems. We describe all details for model C+ and quote the results for W− at the end of the section. For model C+, the relative lens-source proper motion in the geocentric reference frame is
[image: equation](13)
Using the eastern and northern components of the parallax vector, we obtained the components of the proper motion in the geocentric frame as
[image: equation](14)
where [image: equation] and [image: equation] are the unit vectors in the plane orthogonal to the line of sight: [image: equation] is tangent to the celestial meridian pointing to the north while [image: equation] is tangent to the celestial parallel pointing to the east. It is simple to convert them into the heliocentric reference frame by using the velocity vectors of the Earth at time t0, projected orthogonally to the line of sight,
[image: equation](15)
Gaia DR3 release also reports proper motion components for Gaia21blx (Riello et al. 2021). As for the parallax (see Eq. (4)), we considered the proper motion measured by Gaia as the flux-weighted average of the lens and source proper motions,
[image: equation](16)
Noting that the relative proper motion is simply the difference between the lens and source proper motions (µrel,hel ≡ µL − µs), Eqs. (15) and (16) represent two independent linear constraints for µL and µS, which can easily be solved to obtain
[image: equation](17)
We then applied a 26.84° rotation to these vectors to determine their components in relation to the Galactic frame as
[image: equation](18)
where we introduced unit vectors pointing in the direction of increasing Galactic longitude [image: equation] and increasing Galactic latitude [image: equation].
We know the distances DL and DS and therefore switched from the proper motion to the heliocentric velocity components,
[image: equation](19)
It is interesting to calculate the peculiar velocities of the lens and source with respect to their local standard of rest in order to assign these objects to definite kinematic components of the Galaxy. In order to do this, we converted the heliocentric velocities into galactocentric velocities and then subtracted the average rotation of the disk at the position of the lens and source. A fully 3D reconstruction of the peculiar motion is not possible because the radial velocities of the lens and source are lacking. However, as long as we just have to add or subtract vectors, we have all the information needed to calculate the components along the directions [image: equation] and [image: equation] orthogonal to the line of sight, which already contain sufficiently interesting information, as we show below.
The galactocentric velocities were obtained by adding the solar velocity, including the local standard of rest Θ⊙ and the peculiar velocity u⊙,
[image: equation](20)
We took the circular orbital speed at the Sun Θ0 = (236 ± 7) km s−1 and the peculiar velocity [image: equation] km s−1 (Reid et al. 2019).
The average rotation of the disk is described by a rotation curve Θ(r) as a function of the galactocentric distance r. We assumed for simplicity a flat rotation curve with Θ(r) = Θ⊙. The peculiar velocities are then
[image: equation](21)
The vector Θ(r) is obviously tangent to a circle centered on the Galactic center with radius r. In our case, we have rL = (6.81 ± 0.12) kpc and rS = (6.70 ± 0.20) kpc. Finally, we obtained
[image: equation](22)
Following the same approach for the W- model, we obtained [image: equation] and [image: equation]. We next discuss the kinematics of the source and the lens using their peculiar velocities with respect to the average disk rotation. For model C+, the components along the Galactic latitude are relatively small, which confirms that the two objects share kinematic properties with the Galactic disk. The negative sign in the longitudinal component indicates that both objects seem to be moving away from the Galactic center and/or are at a lower velocity with respect to the assumed average rotation θ(r). In any case, the magnitude of this component is not too large, considering the uncertainties in Galactic rotation. From the low values of the components of the peculiar velocities, we conclude that both the lens and the source both follow the average rotation of the Galactic disk very closely and can thus be assigned to the thin-disk component from a kinematic point of view. The results obtained for the wide model W- also describe stars that seem to be moving away from the Galactic center. The different signs for the components along the Galactic latitude are due to the different direction of the parallax that occurs in the two cases. Even in this configuration, however, we obtain objects with typical properties of Galactic disk stars. The higher peculiar velocity of the source star may be consistent with a more evolved object, as suggested by its color-magnitude position above the main sequence.
6 Conclusions
We analyzed the microlensing event Gaia21blx, which was discovered by Gaia and was densely observed by the OMEGA collaboration. We modeled four degenerate solutions with a good measure of the finite-source effect and a suboptimal measure of the parallax. The microlensing models were complemented by the information provided by Gaia. In particular, we assumed that the parallax and the proper motion measured by Gaia are the flux-weighted averages of the parallaxes and proper motion of the lens and source. Combining this assumption with constraints on the angular radius, the mass-luminosity relations, and the microlensing parallax, we examined allowed lens masses and distances for our four models.
We find a better consistency for the two close-binary models, which correspond to a binary lens system located at 2.2 kpc. In this case, the lens is composed of a G star with 0.9 M⊙ and a K star with 0.5 M⊙. We infer that the source is most likely a subgiant F star located at 2.4 kpc. The lens and the source would both belong to the thin Galactic disk and follow the average rotation rate very closely, lying in a region between the Sagittarius and the Centaurus arms. However, an alternative wide-binary model remains, although it is slightly disfavored by χ2 and by the parallax constraint. In this case, the binary lens consists of a K-type star and an M dwarf located at 1.8 kpc, with the source at 2.6 kpc. In this case, the lens would be part of the stellar population of the Sagittarius arm, while the source would belong to the Centaurus arm.
Our conclusions can be confirmed by spectroscopic observations that might highlight the lines from the source and from at least the primary lens (since the secondary lens is probably a K star it will be difficult to obtain its spectral lines), which contributes most of the blending. The novel approach introduced here for the analysis of Gaia21blx can be applied to similar events in which the blending is very high and fully attributed to the lens. Our assumption has led to a fully consistent physical picture from the point of view of photometry, astrometry, and Galactic kinematics. The chances are very low that random stars in the Galactic disk that are not involved in the microlensing event contribute to the blending, while possible contamination by wide-binary companions of the source cannot be excluded based on available data. This possibility could be tested by spectroscopic observations (with the ESO ESPRESSO Pepe et al. 2021), while high-resolution follow-up to separate the source and the lens is discouraged by the low relative proper motion.
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	[image: thumbnail]	Fig. 1 Light curve with residuals of the best model, C+, for the microlensing event Gaia2lblx. Below the residuals of the best model we also include the residuals for the static configuration (labeled 2L) and the binary lensing model with only the parallax and no orbital motion (labeled 2X).
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	[image: thumbnail]	Fig. 2 Zoom of the light curve with residuals of the best model, C+, at the peak. The gray light curve is the microlensing light curve as seen from Earth, and the green line is the light curve as seen from Gaia. Below the residuals of the best model, we also include the residuals for the static configuration (labeled 2L) and the binary lensing model with only the parallax and no orbital motion (labeled 2X).
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	[image: thumbnail]	Fig. 3 Caustic configuration (in purple) for all the models with the source trajectories (green lines with arrows). At the top lies C− on the left, and on the right lies C+. At the bottom on the left lies the W− model, and the W+ model is shown on the right. The coordinates are centered with respect to the center of mass of the two lenses and are in units of θE.
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	[image: thumbnail]	Fig. 4 M–DL region for all the models. The blue stripe with the dashed line represents the M–DL relation obtained by microlensing parallax (πE). The red stripe with the dot-dashed line shows the constraint from the lens flux, for which the MLRs for low-mass stars are used. The green stripe with the continuous line exhibits the constraint obtained from the finite-source effects (Boyajian et al. 2014) and the angular radius of the source. All the stripes have a range of 1σ.
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	[image: thumbnail]	Fig. 5 Astrometry simulation for all the models. The blue dashed curve is the source trajectory in a frame in which the lenses are fixed. The orange curve shows the photo-centroid trajectory. The two brown disks are the two lenses and the black points represent the Gaia data points. For all the models, the lens flux considered is obtained by the overlap of the two constraints of finite source effects and blend flux.
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	[image: thumbnail]	Fig. 6 Configuration of Gaia21blx in the Milky Way. The colored spirals represent (from left to right) the Perseus arm (green), the Local arm (blue), the Sagittarius arm (orange) and the Centaurus arm (red). In the figure, the Galactic center is represented by the black disk, while the lens and source for the C+ model are represented by the brown and purple disks, respectively. For the W− model, empty circles have been used (same colors as in the previous case). The Sun is the darker yellow point. X and Y are the Cartesian coordinates in the Galactic plane, centered at the Sun, with the X axis positive toward the Galactic center and the Y axes directed along the rotational curve. The configuration is computed following the work of Castro-Ginard et al. (2021).
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      Table 1 

      Data from telescopes with their corresponding rescaling parameters and the limb-darkening coefficients as derived from stellar models (see Sect. 4.2).

      
        


	Telescope
	Band
	No. data
	k
	emin
	Limb darkening





	LCOgp
	SDSS-𝑔′
	85
	1.275
	0
	0.642



	LCOip
	SDSS-i′
	223
	0.727
	0.03
	0.415



	Danish 1.54 m
	R
	28
	2.846
	0
	0.461



	Gaia
	G-Gaia
	153
	1.039
	0
	0.514





      

    

  
    
      Table 2 

      Parameters of the two binary lens models obtained with RTModel after a Markov chain.

      
        


	Parameters
	(Unit)
	Close
	Wide





	tE
	days
	[image: equation]
	[image: equation]



	t0
	HJD-2450000
	[image: equation]
	[image: equation]



	u0
	
	[image: equation]
	[image: equation]



	ρ*
	10−3
	[image: equation]
	[image: equation]



	α
	
	[image: equation]
	[image: equation]



	s
	
	[image: equation]
	[image: equation]



	q
	
	[image: equation]
	[image: equation]



	




	χ2
	
	598.3
	657.5





      

      
Notes. The parameters are obtained combining ground-based data and Gaia data.
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        Light curve with residuals of the best model, C+, for the microlensing event Gaia2lblx. Below the residuals of the best model we also include the residuals for the static configuration (labeled 2L) and the binary lensing model with only the parallax and no orbital motion (labeled 2X).

      

    

  
    
      Fig. 2 
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        Zoom of the light curve with residuals of the best model, C+, at the peak. The gray light curve is the microlensing light curve as seen from Earth, and the green line is the light curve as seen from Gaia. Below the residuals of the best model, we also include the residuals for the static configuration (labeled 2L) and the binary lensing model with only the parallax and no orbital motion (labeled 2X).

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Caustic configuration (in purple) for all the models with the source trajectories (green lines with arrows). At the top lies C− on the left, and on the right lies C+. At the bottom on the left lies the W− model, and the W+ model is shown on the right. The coordinates are centered with respect to the center of mass of the two lenses and are in units of θE.

      

    

  
    
      Table 3 

      Parameters of the four cases of the binary lensing model with the parallax obtained from modeling the light curves using the Markov chain.

      
        


	Parameters
	(Unit)
	C+
	C−
	W+
	W−





	tE
	days
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	t0
	HJD-2450000
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	u0
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	ρ*
	10−3
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	α
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	s
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	q
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	πE,N
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	πE,E
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	




	χ2
	
	485.5
	487.0
	486.0
	487.0





      

      
Notes. The parameters are obtained by combining ground-based and Gaia data.




    

  
    
      Table 4 

      Parameters of the four models from modeling of the light curves using the Markov chain.

      
        


	Parameters
	(Unit)
	C+
	C−
	W+
	W−





	tE
	days
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	t0
	HJD-2450000
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	u0
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	ρ*
	10−3
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	α
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	s
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	q
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	πE,N
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	πE,E
	
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	γ||
	year−1
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	γ⊥
	year−1
	[image: equation]
	[image: equation]
	[image: equation]
	[image: equation]



	γɀ
	year−1
	<1.92
	<2.53
	<1.11
	<2.65



	




	χ2
	
	477.0
	477.9
	482.5
	485.7





      

      
Notes. The parameters are obtained by combining ground-based and Gaia data.




    

  
    
      Table 5 

      Magnitudes of the baseline and blend, indicated with the subscript S and b, respectively, of the four models for each telescope.

      
        


	
	Unit
	C+
	C−
	W+
	W−





	GS
	mag
	19.557 ± 0.062
	19.367 ± 0.137
	18.375 ± 0.079
	18.476 ± 0.128



	Gb
	mag
	18.200 ± 0.018
	18. 261 ± 0.049
	19.101 ± 0.155
	18.927 ± 0.193



	𝑔S
	mag
	21.284 ± 0.065
	21.107 ± 0.143
	20.113 ± 0. 073
	20.212 ± 0.135



	𝑔b
	mag
	19.225 ± 0.010
	19.256 ± 0.027
	19.597 ± 0.045
	19.542 ± 0.073



	iS
	mag
	19.147 ± 0. 062
	18.972 ± 0.145
	17.975 ± 0.070
	18.074 ± 0.132



	ib
	mag
	17.362 ± 0.090
	17.401 ± 0.034
	17.870 ± 0.063
	17.780 ± 0.102





      

    

  
    
      Table 6 

      Physical parameters of the lens and source for the best model C+.

      
        


	
	Distance (kpc)
	Mass (M⊙)
	𝑔′
	i′
	G (Gaia)
	Spectral class





	Total lens
	18 ± 0.07
	1.48 ± 0.17
	19.225 ± 0.010
	17.362 ± 0.090
	18.200 ± 0.018
	–



	Primary lens
	18 ± 0.07
	0.95 ± 0.12
	20.023 ± 0.530
	17.697 ± 0.530
	18. 016 ± 0. 749
	G star



	Secondary lens
	18 ± 0.07
	0.53 ± 0.07
	25.000 ± 0.514
	20.601 ± 0.514
	20.411 ± 0.727
	K star



	Source
	38 ± 0.31
	1.10 ± 0.18
	21.284 ± 0.065
	19.147 ± 0.062
	19.557 ± 0.062
	Subgiant F star





      

    

  
    
      Table 7 

      Physical parameters of the lens and source for the alternative model W−.

      
        


	
	Distance (kpc)
	Mass (M⊙)
	𝑔′
	i′
	G (Gaia)
	Spectral class





	Total lens
	1.79 ± 0.07
	0.94 ± 0.09
	19.542 ± 0.073
	17.780 ± 0.102
	18.927 ± 0.193
	–



	Primary lens
	1.79 ± 0.07
	0.78 ± 0.08
	21.312 ± 0.653
	18. 306 ± 0. 653
	18.469 ± 0.924
	K star



	Secondary lens
	1.79 ± 0.07
	0.16 ± 0.02
	29. 551 ± 0. 675
	24. 401 ± 0. 675
	24. 575 ± 0. 954
	M star



	Source
	2.63 ± 0.10
	0.96 ± 0.09
	20.212 ± 0.135
	18. 074 ± 0. 132
	18.476 ± 0.128
	G star





      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        M–DL region for all the models. The blue stripe with the dashed line represents the M–DL relation obtained by microlensing parallax (πE). The red stripe with the dot-dashed line shows the constraint from the lens flux, for which the MLRs for low-mass stars are used. The green stripe with the continuous line exhibits the constraint obtained from the finite-source effects (Boyajian et al. 2014) and the angular radius of the source. All the stripes have a range of 1σ.

      

    

  
    
      Fig. 5 

      
        [image: thumbnail]
      

      
        Astrometry simulation for all the models. The blue dashed curve is the source trajectory in a frame in which the lenses are fixed. The orange curve shows the photo-centroid trajectory. The two brown disks are the two lenses and the black points represent the Gaia data points. For all the models, the lens flux considered is obtained by the overlap of the two constraints of finite source effects and blend flux.

      

    

  
    
      Fig. 6 

      
        [image: thumbnail]
      

      
        Configuration of Gaia21blx in the Milky Way. The colored spirals represent (from left to right) the Perseus arm (green), the Local arm (blue), the Sagittarius arm (orange) and the Centaurus arm (red). In the figure, the Galactic center is represented by the black disk, while the lens and source for the C+ model are represented by the brown and purple disks, respectively. For the W− model, empty circles have been used (same colors as in the previous case). The Sun is the darker yellow point. X and Y are the Cartesian coordinates in the Galactic plane, centered at the Sun, with the X axis positive toward the Galactic center and the Y axes directed along the rotational curve. The configuration is computed following the work of Castro-Ginard et al. (2021).
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