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ABSTRACT

Aims. The light curve of the microlensing event KMT-2021-BLG-0240 exhibits a short-lasting anomaly with complex features near
the peak at the 0.1 mag level from a single-lens single-source model. We conducted modeling of the lensing light curve under various
interpretations to reveal the nature of the anomaly.

Methods. 1t is found that the anomaly cannot be explained with the usual model based on a binary-lens (2L1S) or a binary-source
(1L2S) interpretation. However, a 2L1S model with a planet companion can describe part of the anomaly, suggesting that the anomaly
may be deformed by a tertiary lens component or a close companion to the source. From the additional modeling, we find that all the
features of the anomaly can be explained with either a triple-lens (3L1S) model or a binary-lens binary-source (2L2S) model. However,
it is difficult to validate the 2L.2S model because the light curve does not exhibit signatures induced by the source orbital motion and
the ellipsoidal variations expected by the close separation between the source stars according to the model. We, therefore, conclude
that the two interpretations cannot be distinguished with the available data, and either can be correct.

Results. According to the 3L1S solution, the lens is a planetary system with two sub-Jovian-mass planets in which the planets have
masses of 0.32-0.47 M; and 0.44-0.93 Mj, and they orbit an M dwarf host. According to the 2L2S solution, on the other hand, the lens
is a single planet system with a mass of ~0.21 Mj orbiting a late K-dwarf host, and the source is a binary composed of a primary of
a subgiant or a turnoff star and a secondary of a late G dwarf. The distance to the planetary system varies depending on the solution:

~7.0 kpc according to the 3L1S solution and ~6.6 kpc according to the 2L2S solution.

Key words. gravitational lensing: micro — planets and satellites: detection

1. Introduction

A planetary signal in a microlensing light curve is produced by
the source star’s approach close to or passage through the caus-
tic induced by a planet (Mao & Paczynski 1991; Gould & Loeb
1992). In general, a planet induces two sets of caustics, in which
one set is located near the host of the planet (central caustic)
and the other set lies away from the host (planetary caustic). The
central caustic provides an important channel of planet detec-
tions for two major reasons. First, the planetary signal induced
by the central caustic (central anomaly) always appears near the
peak of the light curve of a high-magnification event (Griest &
Safizadeh 1998), and thus the time of the signal can be predicted
in advance, making it possible to densely cover the signal from
follow-up observations (Udalski et al. 2005). Second, because

the central anomaly occurs when the source is greatly magni-
fied, the signal-to-noise ratio of the central anomaly is greater
than that of the anomaly produced by a planetary caustic. As
a result, a significant fraction of microlensing planets have been
detected via the central anomaly channel, despite the fact that the
central caustic is substantially smaller than the planetary caustic
(Han 2006).

Characterizing a planetary system from an observed central
anomaly can often be fraught with difficulties in accurately inter-
preting the anomaly. For the anomaly produced by a planetary
caustic, the planet-host separation s (normalized to the angular
Einstein radius ) can be heuristically estimated from the loca-
tion of the anomaly in the lensing light curve. In contrast, this
estimation is difficult for the central anomaly because it appears
near the peak regardless of the planetary separation. In addition,
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the interpretation of the anomaly is usually subject to the degen-
eracy between the two solutions with s and s~! arising from the
intrinsic similarity between the two central caustics induced by
planets with separations s and s~': close-wide degeneracy. Fur-
thermore, central anomalies can be produced not only by a planet
but also by a binary companion to the lens (Han et al. 2005),
and thus distinguishing the two interpretations is occasionally
difficult for weak or poorly covered signals.

Another difficulty in the interpretation of a central-caustic
planetary signal is caused by the deformation of the anomaly.
The deformation of the central anomaly arises due to various
causes. The first cause is the multiplicity of planets. If there exist
multiple planets around the Einstein ring of the planet host, the
individual planets induce their own caustics in the central mag-
nification region, causing deformation of the anomaly pattern
(Gaudi 1998; Han et al. 2005). Such deformations were observed
in five lensing events of OGLE-2006-BLG-109 (Gaudi et al.
2008; Bennett et al. 2010), OGLE-2012-BLG-0026 (Han et al.
2013; Beaulieu et al. 2016), OGLE-2018-BLG-1011 (Han et al.
2019), OGLE-2019-BLG-0468 (Han et al. 2022c), and KMT-
2021-BLG-1077 (Han et al. 2022a). The second cause is the
existence of a binary companion to the planet host, that is, plan-
ets in binary systems. For a planet in a binary stellar system,
orbiting either around one of the two stars of a wide stellar binary
system (P-type orbit) or around the barycenter of a close binary
system (S-type orbit), the topology of the critical curve and caus-
tic would be affected by the stellar binarity, causing deformation
of a planetary signal. See Dan¢k & Heyrovsky (2015, 2019) for
the detailed variation of the critical curve and caustic in triple-
lens systems. There are four events with such deformations,
including OGLE-2007-BLG-349 (Bennett et al. 2016), OGLE-
2016-BLG-0613 (Han et al. 2017), OGLE-2018-BLG-1700 (Han
et al. 2020b), and KMT-2020-BLG-0414 (Zang et al. 2021a).
Finally, the central-caustic signal can also be deformed by the
close companion to the source, as illustrated by three lensing
events of MOA-2010-BLG-117 (Bennett et al. 2018), KMT-2018-
BLG-1743 (Han et al. 2021a), KMT-2021-BLG-1898 (Han et al.
2022b).

In this paper, we present the analysis of the short-term
anomaly that appeared near the peak of the high-magnification
lensing event KMT-2021-BLG-0240. The anomaly, which lasted
for about 2 days at the 0.1 mag level, could not be explained by
a usual binary-lens or a binary-source model, and we investigate
various causes for the deformation of the signal.

The analysis is presented according to the following orga-
nization of the paper. In Sect. 2, we give an explanation of the
observations conducted to obtain the photometric data analyzed
in this work and describe the procedure of data reduction. In
Sect. 3, the details of the anomaly feature in the lensing light
curve is depicted, and the procedure of the analysis carried out
to interpret the anomaly is described in detail. In Sect. 4, the pro-
cedures of specifying the source type and estimating the Einstein
radius are explained. The physical quantities of the planetary sys-
tem are estimated in Sect. 5, and a summary of results and a
conclusion are presented in Sect. 6.

2. Data from observations

The source of the lensing event KMT-2021-BLG-0240 lies in a
field of the Galactic bulge with (RA, Dec)jo00 =(17:50:18.55,—
30:00:17.89). The location of the source is projected very close
to the Galactic center with (I, b) = (—0°387,—-1°426), and thus
the extinction toward the field, A; = 3.46, is considerable. The
baseline magnitude of the source is I = 21.30 according to
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Fig. 1. Microlensing light curve of KMT-2021-BLG-0240. Drawn over
the data points is a single-lens single-source (1L1S) model curve. The
inset shows the enlargement of the peak region and the residuals from
the 1L1S model. The colors of the data points are set to match those
of the labels designating the telescopes used for observations marked in
the legend.

the photometric scale of the Korea Microlensing Telescope
(KMTNet; Kim et al. 2016) survey.

The event was found from the KMTNet survey carried out
during the 2021 season. The survey utilizes three telescopes that
are distributed in the three sites of the Southern Hemisphere
for 24-h monitoring of stars in the bulge field. The sites of the
individual telescopes are the Siding Spring Observatory, Cerro
Tololo Interamerican Observatory, and the South African Astro-
nomical Observatory in the three countries of Australia, Chile,
and South Africa, which are referred to as KMTA, KMTC, and
KMTS, respectively. All telescopes are identical with a 1.6 m
aperture, and each telescope is mounted by the same wide-field
camera yielding a 4 deg? field of view.

The lensing event was first found at HID’ = HID -
2450000 ~ 9307, on 2021 April 5, from the rise of the source
flux, which had been constant before the lensing magnification.
The event reached its peak at HID” = 9313.03 (on April 8),
and the magnification at the peak, Apea ~ 350, was very high.
The source is located in two of the prime KMTNet fields of
BLGO02 and BLG42, for which the regions covered by the two
fields overlap except for the ~15% of the total area that lies in
the gaps between chips in one of the two fields. The monitor-
ing cadence for each field was 30 min, and thus the combined
cadence from the two fields was 15 min. Because the event
was observed in two fields of three telescopes, the data are
composed of six sets, which we designate as KMTA (BLGO02),
KMTA (BLG42), KMTC (BLG02), KMTC (BLG42), KMTS
(BLGO02), and KMTS (BLG42). From the high-cadence obser-
vations conducted with the use of the widely separated multiple
telescopes, the event was densely covered. However, because the
event peaked early in the season, when observations could be
carried out for only ~5 h at each observatory, there are approx-
imately 9h of gaps over peak, primarily on either side of the
KMTA observations. See the enlargement of the peak region
presented in the inset of Fig. 1.
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The MOA collaboration (Bond et al. 2001) carried out inten-
sive observations of the Galactic bulge field during the time gap
between KMTC and KMTA data. Unfortunately, KMT-2021-
BLG-0240 lies 9 min of arc west of the boundary of the MOA
field, and thus no data from the MOA survey are available.

Observations of the event were primarily done in the / band,
and a portion of the data were obtained in the V band to esti-
mate the source color. Reductions of images and photometry
of the source were done employing the KMTNet pipeline that
was built based on the pySIS code of Albrow et al. (2009) using
the difference imaging technique (Alard & Lupton 1998). For
the estimation of the source color, extra photometry was done
employing the pyDIA code (Albrow 2017) for a subset of the data
taken from KMTC and KMTS. We explain in detail about the
source type specification in Sect. 4. In order to take into consid-
eration the scatter of data and to normalize y? value per degree
of freedom (dof) for each data set to unity, we readjust error
bars of data estimated by the automated photometry pipeline,
0, according the routine mentioned by Yee et al. (2012), that
is, o = k(o3 + o2, )'/?, where oy is inserted in the quadrature
for the consideration of the data scatter, and & is a scaling factor
used to make y?/d.o.f. = 1.

3. Anomaly in the lensing light curve

The light curve of the event constructed with the photometric
data from the three KMTNet telescopes are plotted in Fig. 1.
From a glimpse, it would appear to be that of a normal single-
lens single-source (1L1S) event with a high magnification.
However, a close look at the light curve reveals that it exhibits
slight deviations at the 0.1 mag level in the region around the
peak. A 1L1S model and the residuals are presented in the inset
of Fig. 1. The deviations appear in all three sets of the KMTS,
KMTC, and KMTA data taken during the time span 9311.4 <
HID’ < 9313.5. We note that the gaps among the data sets appear
because the peak of the event occurred during the early observ-
ing season, at which time the bulge could be observed for ~5 h.
We separately show the peak region in Fig. 2 to better illustrate
the deviations.

3.1. Binary-lens (2L1S) and source (1L2S) interpretations

To explore the origin of the anomaly, we first test a model with
two lens components (M; and M>): 2L1S model. We check this
model because the anomaly appears near the peak, for which the
chance of being perturbed by a planetary companion located near
the Einstein ring (Griest & Safizadeh 1998) or a binary compan-
ion with a very large or a small separation (Han et al. 2005) is
high.

The 2L.1S modeling is conducted to search for a solution,
defined by a parameter set that best describes the observed
data. Among the lensing parameters, three depict the encounter
between the source and lens: 7y, ug, and tg, which indicate the
epoch and impact parameter of the source-lens approach, and
time scale of the event, respectively. Another three parameters
depict the binary lens system: s, g, and a. These parameters
denote the M|—M, separation (in projection and normalized to
0r), the mass ratio, and the angle between the source motion and
the binary axis, respectively. Besides these parameters, we add
an extra parameter p (normalized source radius), denoting the
angular source radius 6. in units of . This parameter is included
to take into consideration finite-source effects that may give rise
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Fig. 2. Zoom-in view of the light curve near the peak. The ver-
tical dashed lines denote the four regions of deviations: 9311.35 <
HID’ < 9312.42 (R, region), 9312.42 < HID' < 9312.70 (R, region),
9312.70 < HID' < 9313.00 (R; region), and 9313.00 < HID" <
9312.48 (R4 region). The curves over the data represent the 2L2S
(close), 3L1S (close—wide), 2L.1S (wide), and 1L.1S models, for which
the residuals are shown in the lower panels. The 2L.1S model is found
by modeling the data excluding those in the R; region.

to the deformation of the anomaly during the source crossings
over caustics.

The 2L1S lensing parameters were searched for using two
approaches, in which the binary parameters s and g were inves-
tigated via a grid approach, and the others were derived via
a downhill approach. A Markov chain Monte Carlo (MCMC)
logic was used in the downhill approach. This grid search pro-
vided us a Ay? map on the s—g plane, and the map enabled us to
identify local minima. For each local solution, we polished the
parameters, including s and g, by allowing them to vary using
the MCMC approach. This approach of finding lensing solutions
is useful for identifying degenerate solutions, in which differ-
ent models result in similar light curves. From the modeling, it
was found that a 2L.1S interpretation does not yield a model that
adequately explains the observed anomaly.

Recognizing that the light curve cannot be explained by a
2L1S interpretation, we then checked the possibility that the
source is composed of binary stars: 1L.2S model. A 1L2S model-
ing requires four extra lensing parameters in addition to those of
a 1L1S model. These extra parameters are t», g2, P2, and gr,
and they represent the epoch and separation of the second source
(S2) from the lens at the closest approach, the normalized radius
of S, and the flux ratio between the primary (S;) and secondary
source stars, respectively. It was found that this interpretation did
not yield a model describing the anomaly either. This is because
the anomaly shows both positive and negative deviations from
the 1L1S model, as shown in the residual presented in the bot-
tom panel of Fig. 2, but a 1L2S model can generate only positive
deviations.

We then conduct an additional modeling to check whether
a 2L1S model can describe a part of the anomaly. We do this
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Fig. 3. Configurations of the close (upper panel) and wide (lower
panel) 2L18S solutions found from the modeling conducted by excluding
the data in the R; deviation region, marked in Fig. 2. In each panel, the
line with an arrow indicates the trajectory of the source motion, the con-
cave closed curve is the caustic, the dashed circle denotes the Einstein
ring, and the two blue dots marked by M; and M, indicate the positions
of the lens components. The zoom-in view of the central magnification
region is shown in the inset. The grey curves encompassing the caustic
represent the equi-magnification contours.

check because if the lens is composed of three masses (3L1S) or
the source is a binary (2L2S), a 2L.1S model can often depict
a part of the anomaly, while the rest of the anomaly can be
described by introducing a tertiary lens component or a com-
panion to the source. For this check, we divide the anomaly into
four regions: 9311.35 < HID’ < 9312.42 (R, region), 9312.42 <
HID’ < 9312.70 (R, region), 9312.70 < HID’ < 9313.00 (R3
region), and 9313.00 < HID’ < 9312.48 (R4 region). The divi-
sions of the regions are marked by dashed vertical lines in Fig. 2.
The 2L.1S modeling according to this scheme is done for the data
excluding those in one of the four deviation regions. From the
modeling conducted by excluding the data in the R3 region, we
find two models that can approximately explain the deviations
in the other three regions. The binary lens parameters of these
models are

(5.q) ~ {(0.91,0.6 x 1073)  (close),

(1.12,0.9 x 1073)  (wide). M
The two locals are referred to as “close” and “wide” solutions
because s < 1.0 and s > 1.0 for the individual solutions. The
model curve and the residual of the wide 2L1S solution are
shown in Fig. 2. For the two degenerate solutions, the binary
separations approximately follow the relation Scjose X Swide ~ 1,
and this suggests that the similarity between the two mod-
els originates from the close—wide degeneracy first pointed out
by Griest & Safizadeh (1998) and later discussed in detail by
Dominik (1999) and An (2005). For both solutions, the mass
ratios between the lens components are less than 1073, suggest-
ing that a planetary-mass companion accompanies the primary
of the lens regardless of the solutions.

Figure 3 shows the lensing configurations of the close (upper
panel) and wide (lower panel) 2L1S models. For both solutions,
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Fig. 4. Map of Ay? on the log s3;-log g3 plane. The color coding cor-
responds to regions with Ay? < 1 (red), <4 (yellow), <9 (green), <16
(cyan), and <25 (blue). The two regions enclosed by dashed circles con-
stitute the two locals.

the anomaly was produced by the source crossings over the cen-
tral caustic induced by a planet lying close to the Einstein ring.
Due to severe finite-source effects, the light curve during the
caustic crossings induce weak deviations instead of usual sharp
spike features.

3.2. Triple-lens (3L1S) interpretation

The fact that a 2L 1S model partially explains the anomaly sug-
gests that there may be a tertiary lens component, M3. This is
because an anomaly induced by two companions (M, and M3),
in many cases, can be approximately described by the superpo-
sition of the 2L 1S perturbations, in which the pairs of (M|, M>)
and (M, M3) behave as individual 2L lenses (Bozza 1999; Han
et al. 2001). Under this approximation, then, the residual from
the 2L 1S model, that is, the deviation in the R3 region, may be
explained by adding a tertiary lens component. For this check,
we conduct a 3L1S modeling.

The 3L1S modeling was conducted in a similar fashion to the
2L 1S modeling. We first found the parameters related to the ter-
tiary lens component (s3, g3,4) via a grid approach by keeping
the other parameters the same as those of the 2L 1S solution, and
then polished the locals found from the preliminary modeling
by releasing all lensing parameters as free parameters. Here s3
and g3 denote the separation and mass ratio between M, and M3,
respectively, and ¢ indicates the orientation angle of M3 as mea-
sured from the M;—M, axis with a center at the position of M;.
We denote the parameters describing M, as (s, ¢») to distinguish
them from those describing M3. Because a central caustic can be
induced not only by a planet lying near the Einstein ring but also
by a binary companion with a very large or a small separation
(Lee et al. 2008), we set the ranges of s3 and g3 wide enough to
consider both planetary and binary companions: [-1.5, 1.5] for
log s3 and [-5.0, 0.0] for log g3.

Figure 4 shows the Ay? map on the log s3-log ¢3 plane con-
structed by conducting the grid searches for these parameters
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Table 1. Lensing parameters of 3L1S solutions.

Parameter Close—close Close-wide Wide—close Wide-wide
Y*d.of. 2663.1/2658 2662.8/2658 2664.5/2658 2663.7/2658
to (HID) 9313.04985 + 0.008 9313.048 +0.004 9313.040 +£0.006 9313.042 + 0.006
o (1073) 2.99 +0.25 3.03 +£0.18 3.06 +£0.20 2.93+0.18
tg (days) 42.13 +£1.83 4233 +1.61 41.68 = 1.94 42.73 +1.89
A\ 0.954 + 0.005 0.954 + 0.005 1.064 + 0.005 1.061 + 0.006
g (1073) 0.69 +0.10 0.64 +0.11 0.95+0.14 0.89+0.13
a (rad) —0.773 £ 0.045 —0.737 £ 0.052 —-0.911 + 0.063 —-0.907 + 0.061
53 0.372 + 0.090 2.721 £ 0.303 0.503 +0.088 2.052 +0.389
g3 (107%) 1.87 +1.29 1.83 £ 0.50 0.89 + 0.81 1.01 +£0.70
Y (rad) 1.706 + 0.058 1.702 + 0.057 1.781 + 0.063 1.805 +0.057
p (1073 2.78 +£0.28 2.74 +0.30 2.81+0.32 2.71 £0.33

Notes. HID’ = HID — 2450 000.

with the initial 2L1S parameters adopted from those of the close
21L1S solution. The map shows two distinctive local solutions
lying at

(-0.3,-3), (close),

(log s3,10g g3) ~ {(+0,3, -3), (wide). @

The two solutions result in similar model curves caused by the
close—wide degeneracy in s3, and thus we refer them to as ‘close’
and ‘wide’ solutions. We find another two solutions obtained
from the modeling with the initial parameters of the wide 2L1S
solution, and thus there exist 4 solutions in total. We designate
the individual solutions as close—close (s, < 1.0 and s3 < 1.0),
close-wide (s, < 1.0 and s3 > 1.0), wide—close (s, > 1.0 and
s3 < 1.0), and wide-wide (s, > 1.0 and s3 > 1.0) solutions.
The lensing parameters of the four 3L1S models obtained under
the assumption of a rectilinear relative lens-source motion (stan-
dard model) are presented in Table 1 together with the values of
x?/d.o.f. It was found that the degeneracies among the solutions
are severe with Ay? < 1.7. We note that it is difficult to choose a
correct model based on the argument on the dynamical stability
of the lens system first because both the companions are planets
for which their masses are too small to affect the dynamics of
the system unlike triple stellar systems (Toonen et al. 2016), and
second because the measured separations are not intrinsic values
but projected ones.

It is found that the 3L1S models can explain all the features
of the anomaly. The model curve of the best-fit 3L1S model
(close—wide model) and its residuals are presented in Fig. 2. We
note that the other 3L1S solutions yield similar models to the
presented one. The estimated mass ratios between the M;—M;
pair are in the range of g, ~ [0.6-1.0] x 1073, and those between
the M|—Mj pair are in the range of g3 ~ [0.9—-1.9] x 1073. These
mass ratios roughly correspond to the ratio between the Jupiter
and the Sun of the Solar system. According to the 3L1S interpre-
tation, then, the lens is a planetary system possessing two giant
planets. If this interpretation is correct, the lens of the event is the
sixth case of multiple planetary system found by microlensing,
following OGLE-2006-BLG-109 (Gaudi et al. 2008; Bennett
et al. 2010), OGLE-2012-BLG-0026 (Han et al. 2013; Beaulieu
et al. 2016), OGLE-2018-BLG-1011 (Han et al. 2019), OGLE-
2019-BLG-0468 (Han et al. 2022c), and KMT-2021-BLG-1077
(Han et al. 2022a).

Figure 5 shows the lensing configurations corresponding
to the four 3LIS solutions. For both close-xx and wide-xx
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Fig. 5. Lensing configurations of the four 3L1S solutions: close—close,
close—wide, wide—close, and wide—wide solutions. The right inset in
each panel displays the magnified view around the planet host. The
four empty cyan circles on the source trajectory (labeled as #,, t,, 3,
and #,) denote the source positions corresponding to the deviations in
the Ry, Ry, R;, and R, regions. The circle size is scaled to g corre-
sponding to the total mass of the lens. The grey curves represent the
equi-magnification contours.

solutions, the caustics appear to be similar to those of the cor-
responding 2L1S solutions presented in Fig. 3, but they differ
from the 2L1S caustics in the region around the planet host. See
the zoom-in view of the central region shown in the right inset
of each panel. In this region, there exists a tiny caustic gener-
ated by the tertiary lens component. The four empty cyan circles
(labeled as 1y, t,, 13, and #4) on the source trajectory denote the
source positions corresponding to the deviations in the R;, R;,
R3, and R4 regions, respectively, marked in Fig. 2. It shows that
the source passed the region of positive deviations extending
from a cusp of the tiny caustic induced by M3, and this explains
the R3; region deviation that could not be accounted for by the
two-mass lens model.

We checked higher-order effects causing nonrectilinear rela-
tive motion between the source and lens. Two major effects cause
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Table 2. Lensing parameters of 2L.2S model.

Parameter Close Wide
Y*d.of. 2652.0/2658 2652.5/2658
toq (HID’)  9313.054 £ 0.005 9313.050 + 0.004
U1 (1073) 4.54 +0.33 4.14 +0.28
top (HID)  9313.019 £0.006 9313.019 + 0.007
upo (1073%) 0.08 +0.19 0.02+0.24
tg (days) 40.24 + 1.58 42.04 = 1.64
S 0.958 + 0.006 1.059 + 0.006
q (1073) 0.36 + 0.09 041 +0.11
a (rad) —0.544 + 0.044 -0.579 £ 0.051
p1 (1073) 2.01 £0.35 1.98 +0.30
P (1073) 1.07 £ 0.20 1.05 +£0.20
qr.1 0.18 £ 0.05 0.14 + 0.03

deviations from the rectilinear motion: microlens-parallax and
lens-orbital effects. The former effect arises due to the Earth’s
(observer’s) orbital motion around the Sun (Gould 1992), and the
latter effect arises due to the orbital motion of the lens (Dominik
1998). We found that specifying the lens orbital motion was dif-
ficult because the anomaly lasted for a very short period of time,
and thus only the parallax effect was considered in the modeling.
The extra parameters required to define the microlens-parallax
effect are the two components (7 y for the north direction and
ng,p for the east direction) of the microlens-lens parallax vec-
tor g = (71 /Op) (U /1), where 7y = AU(DE1 - Dgl) represents
the relative lens-source parallax, Dy and Dgs represent the dis-
tances to the lens and source, respectively, and y is the relative
lens-source proper motion. We investigated whether microlens
parallax could be constrained, but it was found that the small
parallax signal was not consistent between observatories and
therefore was most likely due to low-level systematics, which
often dominate the parallax signals for events with faint source
stars.

3.3. Binary-lens binary-source (2L2S) interpretation

It is known that a 3L1S model can occasionally be degener-
ate with a 2L.2S model, in which both the lens and source are
binaries, as illustrated in the cases of the lensing events KMT-
2019-BLG-1953 (Han et al. 2020a) and OGLE-2018-BLG-0532
(Ryu et al. 2020). For the investigation of this degeneracy, we
additionally conducted a 2L2S modeling of the event. In this
modeling, we started with the lensing parameters of the 2L1S
model explaining the anomaly features except the R3 region, and
checked a possible trajectory of S, explaining the anomaly in the
R region.

From the 2L2S modeling, we found two solutions that well
explain all of the anomaly features. The individual solutions
were found based on the close and wide 2L.1S solutions, and thus
we designate them as “close” and “wide” solutions. The close
model yields a slightly better fit to the data, but the difference is
very small with Ay? = 0.5. The model curve and residual of the
close 2L2S solution are shown in Fig. 2, and the lensing parame-
ters of both solutions are listed in Table 2. In the table, we use the
notations (o, 4,1, 1) to denote the lensing parameters related
to the primary source S;. The 2L2S model curve differs from that
of the 3L1S model in the time domain 9312.9 < HID’ < 9313.1,
but this region corresponds to the gap between the KMTC and
KMTA data sets.
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Fig. 6. Lensing configurations of the two 2L.2S models. Notations are
same as those in Fig. 3, except that there are two source trajectories,
which are marked by S, for the primary source and S, for the secondary
source. The two source trajectories in the main panel are difficult to
distinguish due to the closeness of the trajectories, and thus we present
the enlargement of the central region in the inset. The trajectories of
the primary (S;) and secondary (S,) source stars are marked in black
and blue lines, respectively. The empty circles on the individual source
trajectories indicate the source sizes estimated from the 2L.2S modeling.

Figure 6 shows the lens system configurations of the close
(upper panel) and wide (lower panel) 2L2S models. They are
similar to the configurations of the corresponding 2L 1S models,
presented in Fig. 3, except that there are two source trajecto-
ries, which are marked as S; for the primary source and S, for
the secondary source. It is estimated that the ratios of the I-
band flux from the second source to the flux from the primary
are gp; = 0.18 and 0.14 according to the close and wide solu-
tions, respectively. In both cases, the second source, which lay
very close to the primary source, moved in parallel with the pri-
mary source, and crossed the caustics almost at the same times
of the primary source caustic crossings, and thus the caustic
crossings of S, did not exhibit extra caustic-crossing features.
However, the second source additionally passed over the tiny
cusp lying very close to the primary lens, and this gives rise
to an extra anomaly feature that explains the deviation in the
R; region.

It is found that the 2L.2S models yield better fits than
the 3L1S models by Ay? = [10.8 — 12.5]. If the 2L2S inter-
pretation is correct, KMT-2021-BLG-0240 is the sixth lens-
ing event for which both the lens and source are binaries,
following MOA-2010-BLG-117 (Bennett et al. 2018), OGLE-
2016-BLG-1003 (Jung et al. 2017), KMT-2018-BLG-1743 (Han
et al. 2021a), KMT-2019-BLG-0797 (Han et al. 2021b), and
KMT-2021-BLG-1898 (Han et al. 2022b). Except for OGLE-
2016-BLG-1003, the lenses of the other five events, including
the event analyzed in this work, are planetary systems, indicating
that planetary signals detectable through the high-magnification
channel are prone to be affected by close companions to source
stars.
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3.4. 3L1S versus 2L2S interpretations

According to the 2L2S model, the closeness of the source stars
should induce large effects on the anomaly caused by the orbital
motion of the binary source unless they are seen in extreme pro-
jection. Under the assumption that the binary source orbit is
seen face on, the separation between S; and S, is Au = (AT? +
AM(Z))I/Z = 4.54 x 10_3, where At = (toa — l‘oyz)/tE and Aug =
up, — uop. As will be discussed in Sect. 4, the angular Einstein
radius and the relative lens-source proper motion estimated from
the 2L2L solution are g ~ 0.44 mas and i ~ 3.9 mas yr!,
respectively. Then, the projected physical separation between the
two source stars is Aa; = Ds6gAu ~ 0.016 AU. Assuming that
Mg, =1 Mg and Mg, = 0.6 M, this creates an orbital period P,
an internal velocity viy, and an internal proper motion e of P =
{(aL/AUY?/[(Ms, + Ms,)/Mo]}'? ~ 1.6 x 1073 yr = 0.58 days,
Vint = (@/P)vg ~ 300 km s7!, and g = vjne/Ds ~ 7.9 mas yr!,
respectively. Here (Mg, M) denote the masses of the source
stars, and ve = 30 km s~/ is the orbital speed of Earth around
the Sun. Then, the internal motion induced by the source orbital
motion is twice faster than the relative lens-source proper motion
estimated from the normalized source radius p, that is, pe ~
3.9 mas yr~'. This implies that the normalized source radius esti-
mated under static and orbiting source can be different by a factor
2. Moreover, the positional change of the primary source during
P/2 = 0.29 days in units of 6 is ~2(Ms,/Ms )Au ~ 3.4 x 1073,
which is similar to uy. Considering that the effective time scale
of the event is f. = uptg ~ 0.18 days, the light curve would show
extremely violent (factor 2) changes by the orbital motion of the
source during ~[—f.g, +f.¢], but no such changes were observed.

The 2L2S solution is further disfavored by the absence of
ellipsoidal variations. If the binary source stars are closely sep-
arated as measured by the 2L2S solutions, the source would be
distorted by tides and the light curve would therefore show ellip-
soidal variations, but no such variations are seen in the light
curve. These problems can be avoided by the assumption that
the binary is seen in projection or the orbital plane is perpendic-
ular to the direction of lens-source. This argument requires that
the proper motion induced by the binary source orbit to be at
least 6 times smaller than the relative lens-source proper motion.
This can be achieved with a projection factor of 200 (probabil-
ity: ~1/80000), or for example, by projection factor of 5 but
orbital alignment within about 10° of perpendicular (probability:
~1/450).

In order to have confidence in the very low-probability
binary-source configurations, one would need high statistical
confidence. However, the signal is rather weak for such an anal-
ysis. Furthermore, there is an alternative 3L1S solution that is
disfavored by only Ay? ~ 10, which is small given the quality of
the data. Therefore, we conclude that the 3L1S and 2L2S solu-
tions cannot be distinguished with the available data, and either
could be correct. However, we note that the detection of one
planet, M, for the 3L1S model, is solid regardless of the solu-
tions. In the following analysis, we estimate the physical lens
parameters for both interpretations of the event.

Because of the possible importance of the source orbital
motion together with no clear features of sharp caustic cross-
ings, the observed anomaly could be, in principle, entirely due
to “xallarap” effects, that is, the orbital effect induced by a
source companion whose own luminosity contributes negligi-
bly to the light curve of a single-lens event. Motivated by this
consideration, we check whether the anomaly could be due to
xallarap effects alone. The modeling considering the xallarap
effect requires 5 additional parameters in addition to the 1L1S

parameters: g, €g.g, P, ¢, and i (Dong et al. 2009). The param-
eters (€gn, &g ) denote the north and east components of the
xallarap vector &g, P is the orbital period, and (¢, i) denote the
phase and inclination angles of the orbit, respectively. The mag-
nitude of & is related to the semi-major axis, a, of the source
orbit by &g = ag /(Dsbg), where ag = aMs »/(Ms 1 + Ms ). Con-
sidering the short duration of the anomaly, we test xallarap
models with orbital periods within the range of 0.1 < P/days <
10. We find that the fits of the xallarap models are worse than
the 3L1S and the static 2L2S models by AXZ ~ 42 and ~53,
respectively, and thus we conclude that the anomaly cannot be
attributed to the xallarap effect.

4. Source star and angular Einstein radius

In this section, we estimate the extra observable of g according
to the 3L1S and 2L.2S solutions. For both solutions, 6g measure-
ment is possible because the source star crossed the caustic and
the light curve around these epochs was impacted by the effect
of a finite source size. The measured normalized source radius
allows one to estimate the Einstein radius (Gould 1994; Witt &
Mao 1994; Nemiroff & Wickramasinghe 1994) as

o = O 3)

For the measurement of 6, one needs to measure 8., which is
inferred from the color and brightness of the source. For the esti-
mation of the source color, it is required to measure the source
magnitudes in two passbands, V and I in our case, from the
regression of the photometric data to the model of the lensing
light curve. For KMT-2021-BLG-0240, we could measure the
I-band magnitude precisely, but it was difficult to measure a
reliable V-band magnitude because of the poor quality of the
V-band data caused by the heavy extinction toward the field.
Due to this difficulty, we interpolate the source color from the
main-sequence branch of stars in the color-magnitude diagram
(CMD) built from the observations using the Hubble Space Tele-
scope (HST; Holtzman et al. 1998) based on the measured /-band
magnitude.

Figure 7 shows the location of the source star in the
CMD constructed from the combination of HST and ground-
based observations. The ground-based CMD was built using the
pyDIA photometry of the KMTC data, and the HST and KMTC
CMDs were aligned utilizing the centroids of the red giant clump
(RGC) on the individual CMDs. In the CMD, the small filled
dot marked in magenta indicates the source position according
to the 3L1S solution, and the blue and green dots represent the
positions of the primary and secondary source stars estimated
from the 2L2S solution, respectively. In the case of the 2L.2S
solution, the /-band magnitudes of the two source stars were esti-
mated from the combined flux Fg, I, which was measured from
the modeling, by

1 qr1
Fg ;= Fgp; Fg ;= . Fq,, 4
S0 ( " CIF,I) 5.1 S, ( " qF’I) S 4)

where gr; is the flux ratio between the two source stars, and
Fg, 1 and Fg,; indicate flux values of §; and S,, respectively.
The measured values of the instrumental (uncalibrated) color
and magnitude are

(V—I,])syg]_ls =(3.72 £0.07,21.10 £ 0.01), 5
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Fig. 7. Color-magnitude diagram (CMD) constructed from the combi-
nation of the HST and ground-based (KMTNet) observations. The small
filled dot marked in magenta indicates the source position according to
the 3L1S solution, and the blue and green dots represent the positions of
the primary and secondary source stars estimated from the 2L2S solu-
tion, respectively. The red dot denotes the centroid of red giant clump
(RGO).

for the 3L1S solution,
(V—=1,Ds,22s = (3.70 £ 0.07,21.28 £ 0.02),

6
(V—=1,0Ds,22s =(3.86£0.11,23.10 £ 0.09) ©)
for the 2L.2S solution, and
(V —=1,Drge = (4.10, 18.10) @)

for the RGC centroid commonly for the both solutions. Also
marked in the CMD is the location of a blend (black filled dot).
It shows that the observed flux is affected by blended light that
is almost as bright as the source.

Calibration of the source color and magnitude was done
by applying the method of Yoo et al. (2004), which utilizes
the RGC centroid with its known dereddened color and mag-
nitude, (V — I, Irgco- Following this method, the dereddened
values of the source were estimated using the known values of
the RGC centroid, (V — I)rgco = (1.06, 14.45) (Bensby et al.
2013; Nataf et al. 2013), and the offsets between the source
and RGC centroid, A(V - I,1) = (V- I,1)s — (V — I, rcc, by
(V-1,Dso=(V—-1,Drcco+ AV —1,I). The dereddened val-
ues of the color and magnitude for the source estimated from this
calibration process are

V-1, 1)5’0731‘15 = (0.68 £ 0.07,17.44 = 0.01), ®)
for the 3L1S solution, and

V-1, ])51,0’2L25 = (066 +0.07,17.63 = 002),

V-1, 1)52)()!21‘25 =(0.82 £0.11,19.44 + 0.09), ©)

for the 2L.2S solution. According to the 3L1S solution, the source
is a subgiant or a turnoff star of an early G spectral type. Accord-
ing to the 2L.2S solution, the secondary source is a late G dwarf
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and the spectral type of the primary source is similar to that of
the 3L1S solution but slightly bluer and fainter.

With the measured normalized source radius, we estimated
the angular Einstein radius using the relation in Eq. (3). For the
21.2S solution, the Einstein radius can be estimated either by
Og = B.5,/p1 or g = B,5,/p2, where 0,5, and 6,5, represent
the angular source radii of S; and S,, respectively. We choose
to estimate g using the former relation because both the stel-
lar type and normalized source radius of the primary source are
better constrained than those of the secondary source. For the
estimation of the source radius, we first converted V — I color
into V — K color using the Bessell & Brett (1988) relation, and
then assessed 6, with the application of the Kervella et al. (2004)
relation between V — K and 6... The source radii assessed from
this procedure are

9*’5,3]“13 =0.98 +£0.10 uas,

10
9*,51,2]_25 =0.88 £0.09 uas, (10)
for the 3L1S and 2L2S solutions, respectively. From the relation
in Eq. (3), we estimate the Einstein radius as

for 3L1S,

O.s31s/p = 0.35 £ 0.05 mas
P L 11
E { for 2L.2S. (n

0.5, 2128/p1 = 0.44 + 0.09 mas

The relative proper motion between the lens and source is esti-
mated by pe] = 0g/1g, and the values resulting from the 6g values
in Eq. (11) are

for 3L1S,

~ 3.06 +0.43 mas yr™!
Hrel = for 21.2S.

3.91 + 0.79 mas yr™! (12)

5. Physical parameters of planetary system

The physical parameters of a lens system can be constrained by
the lensing observables including #g, g, and 7g. Measurements
of all these observables enable one to uniquely determine the
physical parameters as

6 AU
M = —E 5 DL = —
KTTg meOg + 7

13)
where « = 4G/(c*AU), and ns = AU/Dg is the parallax of
the source. For KMT-2021-BLG-0240, the value of ng cannot
be securely measured, although the 7z and 6g observables are
precisely measured. Therefore, we estimate M and Dy from
a Bayesian analysis utilizing a Galactic model based on the
constraints given by the measured observables.

In the Bayesian analysis, we generate many artificial lensing
lensing events by performing a Monte Carlo simulation, in which
the locations and motions of sources and lenses and the masses
of lenses are assigned based on a Galactic model. In the sim-
ulation, we used the Jung et al. (2021) Galactic model, which
was constructed using the models of Robin et al. (2003) and
Han & Gould (2003) for the physical distributions of disk and
bulge objects, respectively, the models of Jung et al. (2021) and
Han & Gould (1995) for the dynamical distributions for disk and
bulge objects, respectively, and the model of Jung et al. (2018)
for the common mass function of disk and bulge lenses. The
Bayesian posteriors are constructed for the simulated events hav-
ing observables lying in the ranges of the measured values. As
mentioned, the value of the microlens parallax cannot be reliably
determined for either the 3L1S or the 2L.2S solutions, and thus
we use the constraints of 7g and g in the Bayesian analysis.
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Fig. 8. Bayesian posteriors of the host mass and the distance to the
planetary system. The curves drawn in blue and red represent the distri-
butions estimated from the 3L1S and 2L2S solutions, respectively.

Figure 8 shows the Bayesian posteriors for the mass of the
planet host (upper panel) and distance to the planetary system
(lower panel). The distributions for the 3L1S and 2L.2S solutions
are marked in blue and red, respectively. Because of the larger
O value, the mass estimated from the 2L.2S solution is slightly
larger than the mass assessed from the 3L1S solution. For the
same reason, the distance to the lens for the 2L.2S solution is
slightly smaller than the distance for the 3L1S solution.

In Table 3, we list the physical parameters of the planetary
system estimated based on the 3L1S and 2L2S solutions. Com-
mon parameters for both solutions include the masses of the
host, My, and the confirmed planet, M5, distance, Dy, and pro-
jected separation between M and M;, a, (M—M,). For the 3L1S
solution, additional parameters of the mass of the not-confirmed
second planet, M3, and the projected separation between M,
and M3, a, (M;—M3), are listed. According to the 3L1S solu-
tion, the lens is a planetary system with two sub-Jovian-mass
planets, in which the planets have masses of 0.32-0.47 Mj and
0.44-0.93 Mj orbiting an M dwarf host. According to the 2L2S
solution, the lens is a planetary system in which a single planet
with a mass of ~0.21 Mj orbits a late K-dwarf host. The dis-
tance to the planetary system varies depending on the solution:
~7.0 kpc for the 3L1S solution and ~6.6 kpc for the 3L1S
solution.

Although the two solutions cannot be distinguished based on
present data, the degeneracy can in principle be broken by future
radial velocity (RV) observations. Such observations would find
the two g ~ 1073 planets if the 3L1S solution is correct, but
only one such planet if the 2L2S solution is correct. The first
step would be to resolve the host, which will be possible at
first adaptive-optics (AO) light on next-generation (that is, 30 m
class) telescopes. For example, by 2030, the source and lens
will be separated by the order of 30 mas, according to Eq. (12).
Scaling from the experience with current 8 m to 10 m tele-
scopes, it should be possible to determine the mass, distance
and infrared brightness of the host. Based on these results, it can
be determined whether RV observations are feasible with these

Table 3. Physical lens parameters.

Quantity 3L1S 21.2S
My (Mo) 04703 05603
M; (My) 032-047 0.21%012
M5 (My) 0.44 - 0.93 -
Dr. (kpe) 7009 66710
a, (My-My) (AU) ~ Close 2505 285
Wide 2755 3134
a, (Mi—M3) (AU)  Close—close 1oL _
Close—wide 7.0’:2:(5) _
Wide—close 13715 _
Wide-wide 5.37¢9 -

Notes. The arrows in the third column indicate that the values are same
as those in the second column.

next-generation telescopes or will have to wait for further gener-
ations of telescopes, that is, of 100 m diameter. Regardless, the
wait time is likely to be less than the 57 yr between the year that
Einstein (1936) argued that there would be no great chance of
observing this phenomenon and that of the first detection of a
microlensing event (Alcock et al. 1993; Udalski et al. 1993).

6. Summary and conclusion

We investigated the lensing event KMT-2021-BLG-0240, for
which the light curve was densely and continuously covered from
the high-cadence observations using the globally distributed
three telescopes of the KMTNet survey conducted in the 2021
season. The light curve from a glimpse appeared to be that of
a regular lensing event produced by a single mass magnifying
a single source star, but a close look revealed an anomaly with
complex features at the 0.1 mag level lasted for ~2 days in the
region around the peak.

It was found that the anomaly could not be explained with
either a 2L1S or a 1L2S model, which are the most common
causes of microlensing anomalies. However, we found that a
21.1S model could describe a part of the anomaly, suggesting the
possibility that the anomaly might be deformed by a tertiary lens
component or a close companion to the source. From the addi-
tional modeling, we found that all the features of the anomaly
could be explained with either a 3L1S model or a 2L2S model.
In the sense of the goodness of the fit, the 2L2S interpretation
was slightly preferred over the 3L1S interpretation. However,
the 2L.2S interpretation was less favored due to the absence of
signatures induced by the source orbital motion and ellipsoidal
variations. We, therefore, conclude that the two interpretations
could not be distinguished with the available data, and either
could be correct.

According to the 3L1S solution, the lens is a planetary sys-
tem with two sub-Jovian-mass planets, in which the planets have
masses of 0.32-0.47 Mj and 0.44-0.93 M; and they orbit an
M dwarf host. According to the 2L.2S solution, on the other hand,
the lens is a single planet system with a ~0.21 Mj planet orbiting
a late K-dwarf host, and the source is a binary composed of a
primary of a subgiant or a turnoff star and a secondary of a late
G dwarf. The distance to the planetary system varies depending
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on the solution: ~7.0 kpc for the 3L1S solution and ~6.6 kpc for
the 2L2S solution.
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