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ABSTRACT

Context. Gravitational microlensing is a method used to discover planet-hosting systems at distances of several kpc, in the Galactic disk and bulge.
Here we present the analysis of a microlensing event alerted by the Gaia photometric alert team with a possibly bright lens.

Aims. In order to infer the mass and distance to the lensing system, the parallax measurement at the position of Gaia21blx is 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 assume that the Gaia parallax is the flux-weighted average of the parallaxes of lens and source.
Combining this assumption with the information from the microlensing models and the finite source effects we are able to resolve all degeneracies,
thus obtaining, 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 2.18 + 0.07 kpc from Earth composed of a G star of 0.95 +0.17 M,; and a K star
of 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, which are disfavored by the data or by prior expectations.

Key words. lensing:micro — Binaries

1. Introduction

Gravitational microlensing occurs when the light of the back-
ground source star is deflected by a foreground object (called
lens). The result is a time-variable magnification of the flux sig-
nal and from the study of the shape of the light curve we can
determine the properties of the lens (Mao 2012; Gaudi 2012;
Tsapras 2018). This phenomenon was first theorized by Ein-
stein (1936), and Paczynski (1986) described how to apply the
method 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, planets that otherwise could not
be detected with other techniques. In particular, with gravita-
tional microlensing we can study binary systems irrespective
of the luminosity of their components, since it is the result of
their gravitational influence on the light of a background source
that 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 com-
pact objects such as black holes or stellar remnants (Shvartzvald
et al. 2015; Wyrzykowski et al. 2016; Sahu et al. 2022; Lam et al.
2022; Mréz et al. 2022).

There are numerous surveys carried out by various collabo-
rations such as OGLE (Udalski 2003), MOA (Bond et al. 2001;

Sumi et al. 2003) and KMTNet (Kim et al. 2016) as well as
follow-up teams such as yFun (Gould 2008), PLANET (Albrow
et al. 1998), RoboNet (Tsapras et al. 2009), MiNDSTEp (Do-
minik et al. 2010) and the 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. And 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 et al. 2016). It is worth noting that
historically, microlensing discoveries have been confined to a
small region in the Bulge, in contrast to Gaia’s probing of the
whole galaxy. Gaia’s early alerting capabilities (Hodgkin et al.
2021) played a crucial role in obtaining timely follow-up ob-
servations for many important microlensing events discovered
by the mission (Gaia Collaboration et al. 2016), with more than
350 microlensing events detected (Wyrzykowski et al. 2023) and
over 1700 predicted using astrometric simulations (Kliiter et al.
2022). Its importance lies in the fact that most of the observed
microlensing events occur in the Galactic disk, where the dura-
tion of the event is longer such that high order effects can be
detected.

Several events have been studied to date with interesting results,
introduced below. For example, we have the single lens event,
Gaial8cbf (Kruszynska et al. 2022), with a very long timescale
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of ~ 490 days where the photometric data revealed a lens of
~ 2 My. We can mention also Gaial9bld (Rybicki et al. 2022;
Bachelet et al. 2022; Cassan et al. 2022), a high-magnification
event with a dark lens of 1.1 M. This type of events happens
when the source comes very close to the central caustic (Griest
& Safizadeh 1998), which is the set of points where the mag-
nification diverges Gaia has also discovered binary lens events.
Most notably is the spectacular event Gaialbaye (Wyrzykowski
et al. 2020), one of the first microlensing event detected by Gaia
which has such a long time scale (over ~ 500 days) that it was
possible to obtain a full orbital solution for this system.

The most crucial advantage of Gaia observations of mi-
crolensing events is the fact that Gaia obtains also astromet-
ric time-series with sub-milliarcsecond precision (Rybicki et al.
2018). Therefore, with the data to be released in Gaia DR4, for
many of the sources observed between 2014-2019, it will be pos-
sible to obtain the size of the angular Einstein ring radius 6g thus
obtaining mass/distance relation for the lenses, in particular for
dark lenses (Dominik & Sahu 2000; Belokurov & Evans 2002;
McGill et al. 2018; Kliiter et al. 2022; Jabtoniska et al. 2022).

The DR3 Gaia data release covered 34 months of observa-
tions where every target was observed about 40 times (Gaia Col-
laboration et al. 2016). With these measurements it was possible
to obtain various parameters such as the parallax, the proper mo-
tion, and other quantities useful for studying the microlensing
event. Difficulties arise when the parallax reported by Gaia cor-
responds regards a microlensing event where the blend flux (the
flux of nearby unresolved objects not affected by microlensing)
is very high and mainly generated by the lens. A possible inter-
pretation is that both the source and the lens 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 con-
straint on the lens parameters which will then be explained in
detail. This is what we have done in the study of the microlens-
ing event Gaia21blx which also benefits from follow-up by the
OMEGA collaboration. The paper is organized as follows. Sec-
tion 2 is dedicated to the observations and data reduction. In Sec-
tion 3 we introduce the modeling of this event that leads to four
degenerate solutions. We discuss means to break this degener-
acy in Section 4, and we propose a method to single out the most
likely physical model after accurate evaluation of the probabil-
ities of possible alternatives and derive the physical parameters
of the lens. In Section 5, we discuss the kinematics of lens and
source. In the last section, we summarize the results obtained.

2. Observations

Gaia2lblx is located in the Galactic Disk at (R.A., decl.) =
(14"53M15%.42, -62°01"30".61) corresponding to Galactic coor-
dinates / = 316.69911°, b = —2.45443°. The alert was pub-
lished on 22 March 2021 by Gaia Science Alerts (GSA) system
(Hodgkin et al. 2021) with magnitude of ~ 16.64. The photo-
metric measurements obtained by Gaia consist of a wide G-band
(Jordi et al. 2010) performed on a monthly period and publicly
available at the GSA. The photometric errors for the 153 mea-
surements used in this work are calculated following the proce-
dure described Kruszynska et al. (2022).

In response to the Gaia Alert, high cadence follow-up ob-
servations 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 Sinistro instruments, from
LCO sites at the Cerro Tololo Interamerican Observatory, Chile
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(CTIO), the South African Astronomical Observatory (SAAQO),
Sutherland, South Africa, and the Siding Spring Observatory
in Australia. The instrumental signatures were removed from
the resulting image data using LCO’s BANZAI pipeline (Mc-
Cully et al. 2018), after which Difference Image Analysis was
used to derive timeseries photometry using the pyDANDIA soft-
ware package (Bramich 2008; Bramich et al. 2013). The pro-
cess of calibration of 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 VPHAS (Drew et al. 2014) or
the Gaia synthetic photometry (Montegriffo et al. 2023), de-
pending on the availability of the catalog for this part of the
sky, after an astrometric crossmatch. The linear relationship ob-
tained is ultimately, as well as the errors, propagated to the
entire photometry. 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 be-
tween the read-noise of every detectors are negligible in the
final photometry. The LCO’s BANZAI pipeline also removes
the instrument-specific/telescope optics signature, using calibra-
tion frames specific to each camera. The image data from dif-
ferent 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 im-
age is advantageous at this stage because DIA inherently com-
putes the time-variable component of the flux, relative to that
image (in each bandpass). If the data are separated by instru-
ment, then the lightcurve from each instrument is calculated rel-
ative to reference images taken under different atmospheric con-
ditions, meaning that in order to combine the datasets for anal-
ysis, a second step of calibrating the photometry between the
different reference images is required, introducing an additional
source of uncertainty. When the data are combined into a single
dataset, this additional step is not required. This procedure has
been 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 collabora-
tion (Dominik et al. 2010) using the Danish 1.54 Telescope lo-
cated at ESO La Silla in Chile. This telescope is equipped with a
multiband EMCCD instrument (Skottfelt et al. 2015) and the im-
ages used were reduced using PyDandia. In total we collect 153
data points in the Gaia-G band, mostly taken before the event
while 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 rescale the error bars following

o7 =k Jo? . +€. where, in this case, we adopt epin = 0.03
,orig min

for the LCO telescope in i’ band, which covers the peak of the

event, and we set epi, = O for the other telescopes, while k en-

sures that y?/d.o.f.=1 for the best model.

3. Modeling

The microlensing effect can be described by the Einstein angle,
which describes the angular scale of the event:

O = 4G1V§7Trel (1)
C
where G is the gravitational constant, ¢ the vacuum speed of
light, M being the total lens mass, and m; = au/Dy — au/Dg
the relative source-lens parallax with Dy the lens distance and
Ds the source distance. The simplest case of microlensing event,
the point source single lens, can be described by three param-
eters: the time of lens-source closest approach 7y, the impact



P. Rota et al.: Gaia21blx: complete resolution of a binary microlensing event in the Galactic disk

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 N. data k emn  Limb darkening
LCOy, SDSS-g’ 85 1.275 0 0.642
LCOj, SDSS-i’ 223 0.727 0.03 0.415

Danish 1.54m R 28 2.846 0 0.461
Gaia G-Gaia 153 1.039 0 0.514

parameter in units of Einstein angle uy where the source flux
reaches the maximum, the Einstein time tg = 6g/u where u is
the relative lens-source proper motion in the geocentric refer-
ence frame. In addition to these we can have the finite source
effect p. = 0./6g with 6, 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 g and the angle between the source
trajectory and the orthogonally projected separation vector from
secondary lens to primary lens «. Based on the values of s and
g we can have three different configurations: the close configu-
ration where s < 1, the intermediate where s ~ 1 and the wide
configuration where s > 1 (Dominik 1999) With this configura-
tion we have the static binary lens model where we approximate
the relative lens-source motion as rectilinear, assuming a short
time scale. For long timescales we often need to include high or-
der effects. The first is the annual parallax effect, caused by the
motion of the Earth around the Sun. This effect on microlensing
lightcurves is quantified by (Gould 2000)

Tlrel

alrs

g @)
and depends on the direction of the proper motion in the sky.
The parallax vector is defined as g = 7g firs (An et al. 2002;
Gould 2004) and allows us to analyze this effect using the two
parameters mrg N and 7 g that are its northern and eastern compo-
nent. Another way to determine the parameters of the system is
considering the satellite parallax (Refsdal 1966; Gould & Loeb
1992; Gould et al. 2009). Observing the same event simultane-
ously from two different locations (Earth and space) they mea-
sure a different uy and #y. When we have observations from a
satellite a fourfold degeneracy arises, due to the fact that the
sign of uy cannot be determined. This degeneracy can be bro-
ken by measuring orbital motion or, if that is not detectable,
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 parametrization (Skowron et al. 2011). Of
course, there is no reason a priori to assume zero eccentricity for
a stellar binary system. However, the introduction of too many
unconstrained parameters would complicate the fit without any
benefits. A minimal fit for orbital motion is typically made con-
sidering two components but this leads to unphysical orbital tra-
jectories (Bozza et al. 2021). We prefer to opt for a fit including
the three components of the angular velocity of the system as-
suming a circular orbit (Skowron et al. 2011; Bozza et al. 2021),
so as to explore physical orbital trajectories. We will see that
even these additional parameters are poorly constrained, mak-
ing 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
to, v = (ds/dz)/s, the perpendicular component y, = —(da/df)
and the component of the angular velocity along the line of sight

v, = (ds;/df)/s where s, 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 a
model flux F(¢) of the magnified source as a function of time:

F(t) = A()Fs + F, 3)

where A(f) is the magnification of the source flux as a function
of time, Fy is the baseline of the source flux and F}, is the blend
flux, or the flux not affected by microlensing.

To explore the parameter space, we use the RTModel plat-
form ! based on VBBinaryLensing codes (Bozza 2010; Bozza
et al. 2018, 2021). RTModel makes a full exploration of all
corners of the parameter space of binary lensing thanks to a
complete library of templates (Mao & Di Stefano 1995; Liebig
et al. 2015) covering all possible classes of light curves arising
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, we find a significant improvement of the fit if we
include the annual parallax. In this case, the reflection symmetry
around the lens axis is broken and we must distinguish mod-
els with positive and negative uy, which would be equivalent in
the static binary case (see Table 3). We label the four models
as C+, C-, W+, W-, where C or W distinguish close and wide
binary respectively and the sign refers to the sign of the impact
parameter ug. In addition to parallax, we also check for orbital
motion obtaining a modest improvement. Nevertheless, the in-
clusion of orbital motion has an impact on the error bars of the
parallax components and should therefore be considered even if
the orbital motion remains poorly constrained. The physical con-
sequences of orbital motion are therefore not considered, as the
parameters are not robustly determined. From the best solution
obtained with RTModel we run Markov Chains to make a com-
plete exploration of the local x> minima to get full information
about the uncertainties and the correlations in the parameters. We
consider also the possibility to have a binary source single lens
system but this gave a y*> ~ 730, very far from the chi-square
values obtained by the best models (Ay? ~ 250). We therefore
excluded this configuration from the analysis.

In Figure 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 y? values are sim-
ilar, which forces us, at first, to retain all competitive models.

4. Constraints on the lens

From the four models we derive the source flux and the blend
flux listed in Table 5. We can immediately note that the blend
is very high for all the models. The blend can have multiple

! https://www.fisica.unisa.it/GravitationAstrophysics/RTModel.htm
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Table 2. Parameters of the two binary lens models obtained with RTModel after a Markov Chain. The parameters are obtained combining ground

data and Gaia data.

Parameters (Unit) Close Wide
g days 16747377 79.2725
to HID-2450000  9299.05%021  9299.34+020
o 0.0560%0%922  ,1062+09173
s 1073 1.69’:8:(1)3 3.52t8:}g’
o —4.800%0%07  _4,.85670008
s 036470003 18675007
g 087600 0.176:2%%
X 598.3 657.5

Table 3. Parameters of the four cases of binary lensing model with parallax obtained from the modeling of the lightcurves using the Markov Chain.
The parameters are obtained combining ground data and Gaia data.

Parameters (Unit) C+ C- W+ W-
g days 124.43:3 120.0;'2]})'0 90'7t% 97.2’:;:‘2‘
to HJD-2450000  9301.31 ’jg;g 9300.70’:8:%3 9297.34f8:g§ 9297.73f8f;{
o 0.1003*0%%  —0,0954*0%086 (0365100100 _( 017500137
p. 1073 2281019 2381026 3.121028 286013
@ —4.958%0018 403010016 494840010 _4 95610022
s O.468f8;8£3 O.456f8;8§? 2.018f8:8(')}‘ 1.998f818{§
q O.SOngjggg O.575f8;8ﬁ O.255f8;8}8 0.223fg:g(1)?
TEN 0.1 871’8;8;2 0. 102’:818:2(3) 0. 133f8i?8‘1‘ 0.1 34j8:8?§
- —0.077°00¢  _0.19170%7  _0270%00%  _(,164+00%
X 485.5 487.0 486.0 487.0

Table 4. Parameters of the four models from the modeling of the lightcurves using the Markov Chain.

ground data and Gaia data.

The parameters are obtained combining

Parameters (Unit) C+ C- W+ W-
g days 1483787 13417189 103.07%% 116.77193
to HID-2450000  9300.29+0% 9299.66*31¢ 9297.38+047 9297.96+0:%8
o 0.088870%017  _0.1032:9927  0,032310000  —0,007070%027
p. 10-3 1867013 213024 267102 2411021
a —4.875+0922 4.830%09%7 4.970+0914 —5.030*2:080
s 04327006 046470017 01310010 ] 9891007
g 0555°0%7 049100 0233005 0210%007
TEN 0.134+091% 0.088+0:956 0.233+0022 0.185+0:028
- 0.018°0014 00731003 _0202:004  _(,11§+0035
" year! S1324T ) 76706 0.10%0:33 0.12:947
7 year™! ~0.16%022 1777038 ~0.15%022 1.347050
. year™! <1.92 <253 <111 <2.65
X 477.0 477.9 482.5 485.7

Table 5. Magnitudes of 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
G, 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
g 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
iy mag 17.362+0.090 17.401+0.034 17.870+0.063 17.780+0.102
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Fig. 1. Lightcurve with residuals of the best model, C+, for the mi-
crolensing event Gaia21blx. Below the residuals of the best model we
include also the residuals for the static configuration (labeled 2L) and
the binary lensing model with only parallax and no orbital motion (la-
beled 2X).
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Fig. 2. Zoom of the lightcurve with residuals of the best model, C+,
at the peak. The grey lightcurve is the microlensing light curve as seen
from Earth, while the green line is the light curve as seen from Gaia.
Below the residuals of the best model we include also the residuals for
the static configuration (labeled 2L) and the binary lensing model with
only parallax and no orbital motion (labeled 2X).

origins: it may come from very close field stars, from a sec-
ond source that is not affected by microlensing, from the lens
itself or from a combination of these cases. In this context, being
the lens a binary system formed by two stars, it is plausible that
its flux makes some contribution to the blend or even explain it
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Fig. 3. Caustic configuration (in purple) for all the models with the
source trajectories (the green lines with arrows). On the top we have
the C- on the left while on the right there is the C+. On the bottom on
the left we have the W- model and then on the right the W+ model.
Coordinates are centered with respect to the center of mass of the two
lenses and are in unit of O

totally. In the case of a partial contribution only, we should in-
voke 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 where there is a lower stellar density than the
bulge, the chance alignment of a third object seems relatively
unlikely. Therefore, we start with the simplest assumption that
the blend is totally caused by the binary lens itself, thus deal-
ing with the minimal number of objects needed to explain the
observations, and check that the results are fully sound from all
physical points of view. Only if we find any inconsistencies we
would be pushed to consider a more complicated system with a
third system aligned along the same line of sight. We then use the
parallax measured by Gaia derived from the Gaia-DR3 release
NMGaia = (0.45 £ 0.13) mas with a Re-normalized Unit Weight
Error (RUWE) of 1.18. A RUWE with this value means that the
parallax measured by Gaia is reliable, had it been higher than 1.4
it would have indicated the presence of systematics (Lindegren
2018; Bachelet et al. 2022).

At this point we assume that the Gaia parallax does not corre-
spond to the source or lens parallax only but rather the flux-
weighted average of the parallaxes of lens and source. Introduc-
ing the lens parallax 7y, and the source parallax 7 we relate these
two quantities with mg,i, using the following equation:

s 1070405 4 1070461
10704Gs 4 10-04GL ’

“

TTGaia =

where G, = Gy. From now on, we will use this equation to re-
place 7y as a function of ;.
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4.1. Blend flux constraint

With the assumption made in Eq.4 we have the combined infor-
mation on lens and source and restrict the physical range of the
parameters which will be useful to explore the region in the D —
M space where the lens lies. A first way to explore this region
is using a mass-luminosity relation (MLR). Since there are no
MLR in the Gaia band for low-mass stars (Malkov et al. (2022)
provide a MLR but stopped at 1.4 M) we must convert the mag-
nitudes in V-band where MLR for low-mass stars are available.
To this purpose, we use the relation in Riello et al. (2021) and
we derive the Gaia color Ggp — Grp from the color g’ — i’ with

Ggp—Gre = 0.3971+0.777(g - i) - 0.4164 (g - i')* +

+0.008237 (g' - i')*. ®)
Once we obtain the Gaia color from Eq. (5), we take the

equation that relates the G-Gaia band with Johnson V-band us-
ing the Gaia color in order to obtain the V magnitude for the lens,

G-V = -0.02704 + 0.01424 (Ggp — Grp) —

—0.2156 (Ggp — Ggrp)* +

+0.01426 (Ggp — Grp)’ . (6)
Including the extinction along the line of sight following the

work of Capitanio et al. (2017) we use the apparent magnitude
obtained to write the equation for the absolute magnitude

My (M) =V, —5log(DL) — Av(Dyp), @)

where the dependence on the lens distance is made explicit.
At this point we use the MLR of Xia et al. (2008). Since the
lens is binary, we consider the two components separately using

0.213 - 0.0250 My,; - 0.00275 M2,
for M; € (0.50,1.086) M,

0.982 — 0.128 My ®
for M; € [0.28,0.50] Mo

4.77-0.714 My ,; + 0.0224 M\Z,]i
for M; € (0.1,0.28) M,

logM; =

and in the end sum over the fluxes of the two lenses.

The mass ratio g is fixed by the microlensing modeling,
while the total mass will be obtained requiring that the total
magnitude of the system My matches My as derived from Eq.
7. In this way we derive the mass as a function of the distance.

4.2. Finite source effect constraint

From the source angular size we get another constraint: follow-
ing Boyajian et al. (2014) we derive 6, using the color g’ — i’
to derive the zero-magnitude angular diameter 6,,,—o, that repre-
sents the angular diameter of a star when it is at a distance at
which its apparent magnitude equals zero expressed by the poly-
nomial (Boyajian et al. 2014)

108 6, =0 = 0.692 + 0.543 (¢’ — ') - 0.021 (¢’ — i')? )

The source angular diameter is obtained as (Boyajian et al.
2014; Barnes et al. 1978)
log 6, =log 6,0 — 0.2m,,, (10)
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where m, is the apparent magnitude of a star in a certain filter
A. In this case we use the value of gg for our source as found in
Table 5 .

In this way, having both 6, and p, we are able to derive 6g, since
that 6 = 6./p.. The Einstein angle combined with the Gaia
parallax (remembering that g is obtained by Eq. 4), gives us
another relation between mass and distance explained as

0

Tk —7s)

Y

4.3. Microlensing parallax constraint

We can get a third constraint using the microlensing parameters,
in particular, the parallax obtained from the Markov Chain ng
that combined with Gaia parallax gives us

L — 7ts

2
KTtg

M= 12)

4.4. Combination of the three constraints

The three constraints appear as three colored bands whose
widths track the uncertainties at 1 o as shown in Fig. 4. We
can note that 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 D; and Dg tend to coincide.
We have a compatible solution if there is overlap between
all three allowed regions. This happens for both close cases,
C+ and C-, while the wide case W- is slightly disfavored,
since there is only a small overlap region within the allowed
stripes at 1 o. The W+ is instead excluded at over 5 0. We
also note that the wide models are also slightly disfavored by
the y? as evident in Table 4. In Table 6 we report the allowed
range for mass and lens distance by identifying the region
where the three constraints overlap for the best model C+.
The C- model gives us similar result with a Dp, = 2.17 + 0.06
kpc and M = 141 + 0.15M, composed by two lenses of
M; = 094 + 0.15M; and M, = 0.46 + 0.06 M, respectively.
The small overlap region for the W- model corresponds to a
binary lens of ~ 0.9 M, distant ~ 1.8 kpc composed by a K
star and a M dwarf (see Table 7. From the combination of
the three constraints we are also able to calculate the Einstein
angle g = 0.69 + 0.50 mas and the projected separation
a, = 0.65=+0.47 au. For the W- model we have 8 = 1.16+0.10
masanda, =4.15+0.36au

A further consistency check of our assumption on Gaia par-
allax is given by astrometry. Using the latest version of VBBina-
ryLensing of Bozza et al. (2021) we are able to simulate the as-
trometric microlensing of the event as shown in Fig. 5. The fact
that the baseline of Gaia data is very long compared to the mi-
crolensing duration and the absence of Gaia points during the
magnified section of the lightcurve strengthens the hypothesis
that the parallax measured by Gaia is largely unaffected by mi-
crolensing and that can be considered the flux-weighted average
of the parallaxes of lens and source.

Using IAC-STAR (Aparicio & Gallart 2004) with the stel-
lar evolution library of Girardi et al. (2000) we extrapolate the
magnitude in the Johnson Cousin’s bands. In this way using the
conversion from Johnson to SDSS band Davenport et al. (2006)
we are able to obtain the g’ and i’ band for each lens and us-
ing the formulas present in Riello et al. (2021) backwards, the
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Table 6. Physical parameters of lens and source for the best model C+

Distance (kpc) Mass (M) g i’ G (Gaia) Spectral class
Total lens 2.18 £0.07 1.48 +0.17 19.225+0.010 17.362+0.090 18.200 + 0.018 -
Primary lens 2.18 £ 0.07 0.95+0.12 20.023 +0.530 17.697 +£0.530 18.016 + 0.749 G star
Secondary lens 2.18 £ 0.07 0.53+£0.07 25.000+0.514 20.601 +£0.514 20.411 +0.727 K star
Source 2.38 +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 lens and source for the alternative model W-
Distance (kpc) Mass (M) g 4 G (Gaia) Spectral class
Total lens 1.79 + 0.07 094 +£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
2 2 intervals. This is reinforced by the fact that there are not enough
. o ' . o points on the peak to be sensitive to such fine details.
: : 4.6. Possible source contaminations
The assumption that the blending flux is generated entirely by
*s o o 20 2 s o e 20  the lens does not mean that it is the only plausible hypothesis.
v ‘ » “ Here we attempt to quantify the probabilities for alternative ex-
planations of the blending flux. Firstly, we consider the hypoth-
5 w- s w esis that there is a third object that is not associated with either

MM,)
B
MM )
5

05 10 15 20 25 05 w15 20 25

Dy(kpe) Dy (kpe)

Fig. 4. M-D, region for all the models. The blue stripe with the dashed
line represents the M—D, relation obtained by microlensing parallax
(). The red stripe with the dot-dashed line shows the constraint from
the lens flux where mass-luminosity relations 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 1o

magnitude is also obtained in the Gaia band, as reported in Table
6. Concerning the source we can conclude that is about 2.4 kpc
distant and probably an F subgiant star. Both lens and source are
located between the Sagittarius arm and the Centaurus arm (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.

4.5. Limb Darkening

We have included the limb darkening of the source brightness
profile in our models, since the finite source effects play a sig-
nificant role. To ensure accurate estimation of the linear limb-
darkening coefficients for each telescope, we proceeded as fol-
lows: using IAC-Star (Aparicio & Gallart 2004) with the stellar
evolution library of Girardi et al. (2000) we started from the ab-
solute magnitude in V band obtained for the source and we sim-
ulated a stellar population with the solar metallicity from which
we obtain log g = 4.2*03 and Ter = 61007320 K. 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, as we explicitly verified
by repeating the analysis with the values at the extremes of the

the lens or the source, and is therefore a field star that affects
the blend flux at least more than 10%. Using the latest updated
version of the Besancon model (Lagarde et al. 2017, 2019), we
simulate a stellar population in the vicinity of the target, covering
an area of 0.2 square degrees. Taking into account that the min-
imum separation detectable by Gaia is 0.05 square arcseconds
(de Bruijne et al. 2015), we calculate the probability of a ran-
dom alignment of a third object, which turns out to be 0.001%.
The hypothesis that there is a third object is therefore very un-
likely, 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 pres-
ence 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% (Ragha-
van et al. 2010). Given the previously calculated 6z = 0.69+0.50
mas, in order for the source to have a companion that is not de-
tected by Gaia and that does not shows up in the microlensing
light curve, it must be in a region that extends from Gaia’s min-
imum resolution of 230 mas and 1/40r = 0.36 mas. Following
the work of Fukui et al. (2015) we calculate the probability to
have a companion source in this range. Firstly, using Gaia’s min-
imum resolution and the maximum angular distance detectable
by microlensing, and always assuming a source distance of 2.38
kpc, we obtain a separation range between the two companions
of 1-550 au. From the Besancon model, always considering a
contribution of the secondary source to the blend flux of 10%,
we obtain a mass of the latter equal to 0.70M. Applying Ke-
pler’s third law, we obtain the period range of this hypotheti-
cal binary system, which must be 2.3 < Log(P) < 6.5. From
this, considering the probability of having only a binary or mul-
tiple system from Raghavan et al. (2010) of 46%, and using, as
always from this work, the period log-normal distribution with
mean P = 5.03 and standard deviation o,p = 2.28, we derive
the fraction of binaries in the range of periods calculated earlier,
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which is 62%. Finally, considering the 46% probability of hav-
ing a binary or multiple system for F-G-K stars, we get a total
probability of 28%. Following the same procedure, we can cal-
culate the probability of a third lens acting as a blending lens
that has no effect on microlensing, otherwise there would have
been further peaks in the light curve. Always considering a con-
tribution of 10% of the total blending flux, following the same
approach as for a hypothetical second source, we obtain that the
probability of having a third lens is 9%. We repeat the same ap-
proach for the wide models and we calculate the probability of
having a secondary source not affected by microlensing equal to
30%. About the probability to have a third star in the lens system
we get the value of 10 %.

We conclude that all three alternative hypotheses are mildly
or strongly disfavored, with the most competitive alternative to
our proposed interpretation being a companion to the source.
Possible observations to check the correctness of our main con-
clusion or one of the enumerated alternatives 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 small (see Sect. 5), which dis-
courages high-resolution imaging for the separation of lens and
source.

5. Lens and source kinematics

Since we have a precise determination of the lens mass and dis-
tance both according to model C+ and to model W-, we are in
the position of a full description of the kinematics of the lens
and source systems. We will describe all details for model C+
and quote the results for W- at the end of the section. For model
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C+, the relative lens-source proper motion in the geocentric ref-
erence frame is

KM ng

Hrel = = (1.69 + 1.22) mas/yr. (13)

Using the eastern and northern components of the parallax
vector we can obtain the components of the proper motion in the
geocentric frame as

u _ Hrel
rel,geo g

=[(0.23 + 0.85) E + (1.67 + 0.88) N] mas/yr,

(neg E + men N)
(14

where E and N are the unit vectors in the plane orthogonal to
the line of sight: NV is tangent to the celestial meridian pointing
to the north while E is tangent to the celestial parallel pointing to
the east direction. It is simple to convert them to the heliocentric
reference frame by utilizing the velocity vectors of the Earth at
time 7y projected orthogonally to the line of sight

u - Trel
52}
rel,geo au

[(0.41 £0.19) E + (1.75 + 0.12) N] mas/yr .

”rel,hel

(15)

Gaia DR3 release also reports proper motion components for
Gaia21blx (Riello et al. 2021). As we did for the parallax (see
Eq.4), we consider the proper motion measured by Gaia as the
flux-weighted average of the lens and source proper motions

g 107046 4 gy 107040
HGaia = 10-04Gs 4+ 10-04GL

=[(—6.81 +0.11) E + (-3.24 £ 0.12) N] mas/yr

(16)
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Fig. 6. Configuration of Gaia21blx in the Milky Way. The colored spi-
rals 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 yel-
low 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).

Noting that the relative proper motion is simply the differ-
ence between lens and source proper motions (U e = My, —Hs)s
Egs. (15) and (16) represent two independent linear constraints
for y; and ug which can be easily solved to obtain

iy = [(=6.73 £ 0.48) E + (=2.87 + 0.08) N] mas/yr,

Ug = [(=7.14 + 0.48) E + (-4.55 + 0.08) N] mas/yr. 17)
We then apply a 26.84° rotation to these vectors to determine
their components in relation to the Galactic frame as

u; = [(=7.30 £ 0.48) 1 + (0.48 + 0.08) b] mas/yr,

U = [(—8.42 +0.48) 1 + (—0.84 + 0.08) b] mas/yr, (18)
where we have introduced unit vectors pointing in the direction
of increasing Galactic longitude 1 and increasing Galactic lati-
tude b.

Since we know the distances D; and Dg we can switch from the
proper motion to the heliocentric velocity components

Venel = [(~69.35+,4.96) 1 + (—29.68 + 0.81) b] km/s

Vsnel = [(=80.62 £ 5.41) 1 + (=51.35+ 0.89) b1 km/s.  (19)

It is interesting to calculate the peculiar velocities of 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 that, we must convert the heliocentric ve-
locities to Galactocentric velocities and then subtract the average

rotation of the disk at the position of lens and source. Of course,
we cannot make a full 3-d reconstruction of the peculiar motion,
since we miss the radial velocities of lens and source. 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 I and b orthogonal to the line of sight, which already
contain sufficiently interesting information, as we shall see in a
while.

The Galactocentric velocities are obtained by adding the Sun
velocity, including the local standard of rest ®¢ and the peculiar
velocity ug

VL,gal = VL hel + @G +Uo,

VSgal = Vshel + Op + Uo . (20)

We take the circular orbital speed at the Sun ®y = (236 +
7) km/s and the peculiar velocity us = (18.57 + 7.1 13) km/s
(Reid et al. 2019).

The average rotation of the disk is described by a rotation
curve O(r) as a function of the Galactocentric distance r. Here
we assume for simplicity a flat rotation curve with @(r) = @.
The peculiar velocities are then

Uy = vy g — O0L),
us = vsga — O(rs). (21)
The vector @(r) is obviously tangent to a circle centered in
the Galactic center with radius r. In our case, we have r, =
(6.81 £ 0.12) kpc and rs = (6.70 + 0.20) kpc. Finally, we ob-
tain
ug = [(-17.30 £3.92) 1 + (13.45 £ 0.85) b1 km/s,,
us = [(-32.03 + 6.60) I + (-0.74 + 0.92) b1 km/s . (22)
Following the same approach for the W- model we obtain u;, =
[(-16,06 = 4.32)1 + (=6.04 = 1.25)b] and us = [(-46.41 =
3.93)1 + (26.70 + 1.82) b]. Now we are in a position to discuss
the kinematics of the source and the lens using their peculiar ve-
locities with respect to the average disk rotation. For model C+,
the components along the Galactic latitude are relatively small,
confirming that the two objects share kinematic properties with
the Galactic Disk. The negative sign in the longitudinal compo-
nent indicates that both objects seem to be moving away from
the Galactic center and/or at a lower velocity with respect to
the assumed average rotation 6(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 may conclude that both the lens and
the source 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 par-
allax that occurs in the two cases. But even in this configuration,
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, discovered by
Gaia and densely observed by the OMEGA collaboration. Care-
ful modeling leads to four degenerate solutions with a good mea-
sure of the finite-source effect and a sub-optimal measure of par-
allax. The microlensing models have been complemented by the
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information provided by Gaia. In particular, we have assumed
that the parallax and the proper motion measured by Gaia are
the flux-weighted averages of the parallaxes and proper motion
of lens and source. Combining this assumption with constraints
on the angular radius, the mass-luminosity relations and the mi-
crolensing parallax we have checked 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 of 0.9 M and a K
star of 0.5 M. We infer that the source is most likely a subgiant
F star located at 2.4 kpc. Both the lens and the source would
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 slightly disfavored by y? 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 could be confirmed by spectroscopic ob-
servations which might highlight the presence of lines from the
source and 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 in-
troduced here for the analysis of Gaia21lblx can be applied to
similar events in which the blending is very high and fully at-
tributed to the lens. Our assumption has led to a fully consistent
physical picture from the point of view of photometry, astrome-
try and Galactic kinematics. The chances that random stars in the
Galactic disk not involved in the microlensing event contribute to
the blending are very low, while possible contamination by wide-
binary companions of the source cannot be excluded by avail-
able data. This possibility could be tested by spectroscopic ob-
servations (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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