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ABSTRACT

Aims. The high-magnification microlensing event KMT-2021-BLG-1077 exhibits a subtle and complex anomaly pattern in the region
around the peak. We analyze the lensing light curve of the event with the aim of revealing the nature of the anomaly.
Methods. We test various models in combination with several interpretations: that the lens is a binary (2L1S), the source is a binary
(1L2S), both the lens and source are binaries (2L2S), or the lens is a triple system (3L1S). We search for the best-fit models under the
individual interpretations of the lens and source systems.
Results. We find that the anomaly cannot be explained by the usual three-body (2L1S and 1L2S) models. The 2L2S model improves
the fit compared to the three-body models, but it still leaves noticeable residuals. On the other hand, the 3L1S interpretation yields
a model explaining all the major anomalous features in the lensing light curve. According to the 3L1S interpretation, the estimated
mass ratios of the lens companions to the primary are ∼1.56 × 10−3 and ∼1.75 × 10−3, which correspond to ∼1.6 and ∼1.8 times the
Jupiter/Sun mass ratio, respectively, and therefore the lens is a multiplanetary system containing two giant planets. With the constraints
of the event time-scale and angular Einstein radius, it is found that the host of the lens system is a low-mass star of mid-to-late M spectral
type with a mass of Mh = 0.14+0.19

−0.07 M�, and it hosts two gas giant planets with masses of Mp1 = 0.22+0.31
−0.12 MJ and Mp2 = 0.25+0.35

−0.13 MJ. The
planets lie beyond the snow line of the host with projected separations of a⊥,p1 = 1.26+1.41

−1.08 AU and a⊥,p2 = 0.93+1.05
−0.80 AU. The planetary

system resides in the Galactic bulge at a distance of DL = 8.24+1.02
−1.16 kpc. The lens of the event is the fifth confirmed multiplanetary

system detected by microlensing following OGLE-2006-BLG-109L, OGLE-2012-BLG-0026L, OGLE-2018-BLG-1011L, and OGLE-
2019-BLG-0468L.

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

1. Introduction

There are various advantages to using the microlensing method
of planet detection, making it an important complement to other
planet-detection methods for the demographic study of extra-
solar planets. These advantages include the high sensitivity to
cold planets lying near and beyond the snow line (e.g., OGLE-
2005-BLG-390Lb (Beaulieu et al. 2006) and OGLE-2005-BLG-
169L (Gould et al. 2006)), the sensitivity to planets with low
masses down to below Earth mass (e.g., OGLE-2016-BLG-
1195Lb (Shvartzvald et al. 2017) and KMT-2020-BLG-0414Lb
(Zang et al. 2021)), the unique sensitivity to free-floating planets
that are not gravitationally bound to hosts (e.g., OGLE-2016-
BLG-1540L (Mróz et al. 2018) and KMT-2017-BLG-2820L

(Ryu et al. 2021)), and the sensitivity to planets with various
types of hosts including not only regular stars but also stellar
remnants (e.g., MOA-2010-BLG-477Lb with a white-dwarf host,
Blackman et al. 2021). For a detailed and comprehensive discus-
sion about the various advantages of the microlensing method,
see the review paper of Gaudi (2012).

Microlensing is also important because of its sensitivity to
planetary systems with multiple planets. The microlensing detec-
tion of a multiplanetary system is possible because the individual
planets of a system induce their own caustics and the multi-
ple planetary signatures can be detected if the source passes
through the anomaly regions induced by the individual planets
(Han et al. 2001). The efficiency to multiple planets is especially
high for high-magnification events, in which the caustics induced
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by the individual planets lie in the common central magnification
region around the planet host and the source passes through this
region (Gaudi et al. 1998; Han 2005).

According to the core-accretion model of planet forma-
tion (Ida & Lin 2010), multiple giant planets can form near
and beyond the snow line, where solid grains are abundant
for accretion into planetesimals and eventually planets. From
a microlensing simulation conducted within the framework of
the core-accretion model, Zhu et al. (2014) predicted that about
5.5% of planetary events that are detectable by high-cadence
microlensing surveys would exhibit signatures of multiple
planets.

The first multiplanetary system found by microlensing
is OGLE-2006-BLG-109L, which contains two planets with
masses of ∼0.71 MJ and ∼0.27 MJ and semi-major axes of
∼2.3 AU and ∼4.6 AU orbiting a primary star with a mass
of ∼0.50 M�. Thus, the system resembles a scaled version of
our Solar System in terms of mass ratio and separation ratio,
and the equilibrium temperatures of the planets are similar to
those of Jupiter and Saturn (Gaudi et al. 2008; Bennett et al.
2010). OGLE-2012-BLG-0026L is the second multiplanetary
system, for which a G-type main sequence host star with a mass
of ∼0.82 M� contains two planets with masses of ∼0.11 MJ
and ∼0.68 MJ (Han et al. 2013; Beaulieu et al. 2016; Madsen
& Zhu 2019). The third microlensing multiplanetary system is
OGLE-2018-BLG-1011L, which has two identified planets with
masses of 1.8+3.4

−1.1 MJ and 2.8+5.1
−1.7 MJ around a low-mass host

star with a mass of 0.18+0.33
−0.10 M� (Han 2019). The system found

most recently is OGLE-2019-BLG-0468L (Han et al. 2022b),
in which two planets with masses of ∼3.4 MJ and ∼10.2 MJ
orbit a G-type host star with a mass of ∼0.9 M�. We note that
planetary signals of all these systems were detected through
the high-magnification channel. Besides these systems, there
are three candidates multiplanetary systems: KMT-2021-BLG-
0240L (Han et al. 2022a), OGLE-2014-BLG-1722 (Suzuki et al.
2018), and KMT-2019-BLG-1953 (Han et al. 2020). Compared
to the four confirmed systems, the existence of multiple planets
is less secure for these systems either because of the weak signals
of the second planet or degeneracies with other interpretations of
the signals.

In this work, we report the fifth confirmed multiplanetary
system found by microlensing. The signatures of the multiple
planets were found from the analysis of a high-magnification
lensing event observed during the 2021 bulge season by two
high-cadence lensing surveys, the Korea Microlensing Tele-
scope Network (KMTNet: Kim et al. 2016) and the Microlens-
ing Observations in Astrophysics (MOA: Bond et al. 2001).
The dense and continuous coverage with the use of the glob-
ally distributed multiple telescopes of the surveys captured
the detailed structure of the short-duration anomaly, leading
to detections of two very low-mass companions of the lens
system.

The analysis leading to the discovery of the planetary system
is presented as follows. In Sect. 2, we mention the photometric
data of the lensing event used in the analysis and the procedure
used for data reduction. In Sect. 3, we describe models conducted
under various interpretations of the lensing system and explain
the modeling procedure in detail. In Sect. 4, we specify the type
of the source star and estimate the angular Einstein radius. In
Sect. 5, we estimate the physical parameters of the planetary sys-
tem by conducting a Bayesian analysis of the lensing event. In
Sect. 6, we summarize the results from our analysis and present
our conclusions.

2. Observations and data

The multiplanetary system was found from the analysis of the
microlensing event KMT-2021-BLG-1077. The source of the
event lies in the Galactic bulge field with equatorial coordi-
nates (RA, Dec)J2000 = (17:45:57.39, –33:50:34.12), which cor-
respond to the Galactic coordinates (l, b) = (−4◦.154,−2◦.613).
The baseline brightness of the source before lensing magnifica-
tion was Ibase = 18.73 based on the calibrated OGLE-III catalog
(Szymański et al. 2011).

The lensing event was first discovered by the KMTNet sur-
vey on 2021 June 1 (HJD′ ≡ HJD − 2450000 = 9366.56) using
the KMT Alert Finder system (Kim et al. 2018), when the source
became ∼0.22 mag brighter than the baseline. The KMTNet sur-
vey uses three identical telescopes each of which has a 1.6 m
aperture and is mounted with a camera yielding a 2 × 2 deg2

field of view. For continuous coverage of lensing events, the
telescopes are globally distributed in three continents of the
Southern Hemisphere: the Siding Spring Observatory in Aus-
tralia (KMTA), Cerro Tololo Inter-American Observatory in
Chile (KMTC), and South African Astronomical Observatory
in South Africa (KMTS). The event was found independently
by the MOA survey group, who designated the event MOA-
2021-BLG-173 on 2021 June 10 (HJD′ = 9376.04). The MOA
telescope, located at the Mt. John Observatory in New Zealand,
has a 1.8 m aperture, and it is mounted with a camera yielding
a 2.2 deg2 field of view. In accordance with the nomenclature
convention of the microlensing community using the event ID
of the first discovery survey, we hereafter designate the event
KMT-2021-BLG-1077. The event reached a high magnification
of Apeak ∼ 110 at the peak on 2021 June 12, and then gradually
declined to the baseline. Although there was an alert to the event
well before the peak, no follow-up observations were conducted
to the best of our knowledge.

Because the event reached a high magnification at the peak,
around which the light curve is susceptible to anomalies induced
by planetary companions (Griest & Safizadeh 1998), it was
inspected after the peak was covered. A weak anomaly was seen
to reside around the peak, but the deviations from a single-lens
single-source (1L1S) model were not only weak but also smooth
with few symptoms of caustic-involved features. As a result, no
detailed analysis was carried out until we conducted a thorough
reinvestigation of the light curve with improved photometry data
acquired from optimized reduction of the images.

Observations by the KMTNet and MOA surveys were made
mainly in the I and MOA-R bands, respectively, and some data
were acquired in the V band for the source color measurement.
Reductions of the data were carried out using the photometry
pipelines of the individual groups. Both of these pipelines, devel-
oped by Albrow et al. (2009) for the KMTNet survey and Bond
et al. (2001) for the MOA survey, use the difference image tech-
nique (Tomaney & Crotts 1996; Alard & Lupton 1998), which
is optimized for the photometry of stars lying in very dense star
fields. Because the error bars from the pipelines tend to be under-
estimated, we renormalize the error bars so that they become
consistent with the scatter of data and the χ2 per degree of free-
dom for the individual data sets becomes unity by applying the
Yee et al. (2012) method.

3. Interpreting the anomaly

Figure 1 shows the lensing light curve of KMT-2021-BLG-
1077 constructed by combining the KMTNet and MOA data
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Fig. 1. Light curve of the lensing event KMT-2021-BLG-1077. The
curve plotted over the data points is a single-lens single-source (1L1S)
model obtained with the exclusion of the data lying in the anomaly
region. The bottom panel shows the residual from the 1L1S model. The
colors of the data points are set to match those of the data sets marked
in the legend.

sets. Drawn over the data points is the 1L1S model obtained
by fitting the data with the exclusion of those exhibiting devi-
ations in the regions 9370.0 . HJD′ . 9376.1 and 9378.2 .
HJD′ . 9379.4. The 1L1S lensing parameters are (t0, u0, tE) ∼
(9377.92, 0.012, 21.2). Here, the lensing parameters denote the
time of the closest lens–source approach (expressed in HJD′),
the lens–source separation normalized to the angular Einstein
radius θE at that time (impact parameter), and the event timescale
(expressed in days), respectively. Figure 2 shows a zoomed-in
view of the peak region and the residuals from the 1L1S model
(bottom panel) to show the detailed features of the anomaly.
This shows that the anomaly exhibits a complex deviation pat-
tern, which is characterized by negative deviations in the region
.9376.1 (t1) and two bumps in the residual at HJD′ ∼ 9477.9
(t2) and ∼9478.9 (t3). For an explanation of the anomaly, we test
models in conjunction with various interpretations of the lens
and source configuration.

3.1. Three-body models: 1L2S and 2L1S models

We first check whether or not the deviations from the 1L1S
model can be explained by three-body (lens plus source) mod-
els, in which either the source or the lens is a binary. Hereafter,
we denote lensing events associated with a binary source (Gaudi
1998; Dominik 1998; Han & Jeong 1998) and a binary lens (Mao
& Paczyński 1991) as 1L2S and 2L1S events, respectively.

Modeling the lensing light curve of a 1L2S event requires the
inclusion of three extra lensing parameters in addition to those
of the 1L1S modeling, (t0,2, u0,2, qF), in which the first two rep-
resent the approach time and impact parameter of the second
source, S 2, to the lens, respectively, and the last parameter rep-
resents the flux ratio between the binary source stars. We denote
the parameters related to the primary source, S 1, as (t0,1, u0,1).
In order to consider finite-source effects, which arise when the

lens passes over the surface of either of the source stars, we addi-
tionally include the normalized source radii ρ1 and ρ2, which are
defined as the ratios of the angular source radii, θ∗,1 and θ∗,2,
to θE, that is, ρ1 = θ∗,1/θE and ρ2 = θ∗,2/θE. The modeling was
conducted by checking various trajectories of the second source
with the consideration of the anomalous features in the 1L1S
residual. For a given set of the initial lensing parameters related
to S 1, the best-fit 1L2S solution was searched for by minimiz-
ing χ2 using a downhill approach based on the Markov chain
Monte Carlo (MCMC) algorithm. The 1L2S modeling yields
a model with lensing parameters of (t0,1, u0,1, t0,2, u0,2, tE, qF) ∼
(9377.875, 8.69 × 10−3, 9378.807, 8.98 × 10−3, 25.6, 0.104), and
the normalized radii of both source stars are not constrained.

The residual from the best-fit 1L2S model is presented in
Fig. 2. It shows that the model substantially reduces the residual
from the 1L1S model by ∆χ2 = 531.3, but the model still leaves
noticeable residuals throughout the peak region. The residuals
are characterized by negative deviations at a 0.05 mag level
before t1, positive deviations of a similar level after t3, and a
wiggly pattern with alternating positive and negative deviations
in the region around t2. This indicates that the 1L2S model is not
a correct interpretation of the anomaly.

Similar to the 1L2S case, a 2L1S modeling also requires
three additional parameters to describe the lens binarity. These
are (s, q, α), which denote the projected separation (scaled to θE)
and mass ratio between the binary lens components, M1 and M2,
and the source trajectory angle, which is defined as the angle
between the direction of the source–lens relative motion and the
binary axis, respectively. For this event, it is also necessary to
include the normalized source size ρ= θ∗/θE in order to take into
consideration finite-source effects. In the 2L1S modeling, we
find a lensing solution in two steps, in which the binary parame-
ters s and q were searched for via a grid approach and the other
parameters were found via a downhill approach in the first step,
and then local solutions found from the first step were polished
by releasing all parameters as free parameters in the second step.
It is found that the 2L1S interpretation does not yield a model
describing all the features of the anomaly either.

We then checked whether or not a 2L1S model could par-
tially explain the anomaly. We test this possibility because the
central anomaly can be affected by an additional lens compan-
ion, if it exists, and in this case, a 2L1S model can often describe
a part of the anomaly. For this test, we conducted two sets of
2L1S modeling in which the light curve was fitted by exclud-
ing the data lying in the regions of 9376.0 < HID′ < 9377.2 and
9378.2 < HID′ < 9379.4 in the first modeling, and by exclud-
ing those lying in the regions of 9377.0 < HID′ < 9378.0 and
9379.3 < HID′ < 9381.0 in the second modeling. We designate
the solutions found from the modeling of the individual data
sets as “solution 1” and “solution 2”, respectively. In Fig. 3, we
present the model curves and residuals of solutions 1 and 2. The
model and residuals of solution 1 showing all data are separately
presented in Fig. 2. Figure 3 shows that solution 1 nicely explains
the anomaly feature around the peak centered at t1, while solu-
tion 2 describes the bump around t3. The lensing parameters of
the models are (s, q, α, ρ) ∼ (1.31(1/1.31), 1.6×10−3, 3.06, 5.4×
10−3) for solution 1, and ∼(0.98, 1.2 × 10−3, 2.46, 4.2 × 10−3) for
solution 2. Here, the source trajectory angle is expressed in radi-
ans. For solution 1, we note that there exist two locals with binary
separations of s ∼ 1.31 and s ∼ 1/1.31, for which the similar-
ity in the lensing light curves between the two local solutions is
caused by the well-known close–wide degeneracy arising due
to the similarity between the central lensing caustics formed
by binary lenses with s and 1/s (Griest & Safizadeh 1998;
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Fig. 2. Zoom-in view around the peak of the light
curve. The lower five panels show the residuals of
the tested models under 3L1S, 2L2S, 2L1S, 1L2S,
and 1L1S interpretations. The curve drawn in each
residual panel is the difference from the 3L1S model.
The curves of the 1L1S, 2L1S, and 3L1S models are
drawn over the data points of the light curve in the
top panel. The epochs marked t1, t2, and t3 indicate
the times of the major anomalous features.

Dominik 1999; An 2005). Here, the caustics represent the source
positions at which the lensing magnification of a point source
becomes infinite. The two insets presented in the top panel of
Fig. 3 show the lens system configurations of the individual
solutions.

3.2. Four-body models: 2L2S and 3L1S models

Recognizing the inadequacy of the three-body models, we then
examine two four-body models. In one of these, both the source
and lens are binaries (2L2S model), and in the other, the lens
is a triple system (3L1S model). In the 2L2S modeling, we add
three binary-source parameters (t0,2, u0,2, qF) to those of the 2L1S
model. In the 3L1S modeling, we add three tertiary-lens parame-
ters (s3, q3, ψ), where s3 and q3 represent the separation and mass
ratio between the third lens component, M3, and the primary, and
ψ denotes the orientation angle of M3 as measured from the M1–
M2 axis with a center at the position of M1. We add the subscript
“2” to the lensing parameters describing M2, that is, (s2, q2), to
distinguish them from those describing M3.

The 2L2S modeling was carried out by checking various
trajectories of the second source under the basic lens-system
configurations of the 2L1S models, that is, solutions 1 and 2 of
the 2L1S models. In Fig. 2, we present the residual of the best-
fit 2L2S model found based on solution 1 of the 2L1S model.
The binary-source parameters of the solution are (t0,2, u0,2, qF) ∼
(9378.811, 5.74×10−3, 0.042), and the other parameters are very
similar to those of the 2L1S model. From inspection of the
residual, we find that the model substantially reduces the 2L1S
residuals in the region between t1 and t3 and improves the fit by
∆χ2 = 327.1 with respect to the 2L1S model. However, the model

still leaves subtle wiggles in the residual throughout the peak
region. It is found that the 2L2S model obtained based on solu-
tion 2 of the 2L1S model results in a poorer fit than the model
found based on solution 1.

We further checked the 3L1S interpretation of the anomaly.
Similar to the 2L1S modeling, the 3L1S modeling was carried
out in two steps. In the first round, we inspected the space of the
tertiary lens parameters, that is, (s3, q3, ψ), via a grid approach
by fixing the other lensing parameters as the values found from
the 2L1S modeling. In the second round, we refined the locals
found in the s3–q3–ψ planes by releasing all parameters as free
parameters. This approach is based on the fact that the anomalies
induced by two companions to the lens can, in many cases, be
approximated by the superposition of the anomalies induced by
the M1–M2 and M1–M3 binary pairs (Bozza 1999; Han et al.
2001).

Figure 4 shows the ∆χ2 distribution on the log s3–log q3
parameter plane obtained from the grid searches for these param-
eters in the first round of the 3L1S modeling conducted based on
solution 1 of the 2L1S model. It shows a single distinct local
at (log s3, log q3) ∼ (−0.01,−3, 0). The full lensing parameters
of the 3L1S models after refining the local through the second
round of the modeling are listed in Table 1. We note that α, that
is, the angle between the source trajectory and the M1–M2 axis,
is similar for the 3L1S model and for the 2L1S solution 1, while
(α + ψ − 2π), that is, the angle between the source trajectory and
the M1–M3 axis (additionally inserted in Table 1), for the 3L1S
model is similar to the α for the 2L1S solution 2. We find two sets
of 3L1S solutions, which are obtained from the modeling based
on the close and wide 2L1S models of solution 1. We refer to the
individual solutions as close and wide 3L1S solutions, between
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Fig. 3. Models and residuals of the “solution 1” and “solution 2” 2L1S
models. The individual solutions are obtained from the two sets of 2L1S
models, in which the light curve was fitted by excluding the data lying
in the regions of 9376.0 < HID′ < 9377.2 and 9378.2 < HID′ < 9379.4
for solution 1, and by excluding those lying in the regions of 9377.0 <
HID′ < 9378.0 and 9379.3 < HID′ < 9381.0 for solution 2. The two
insets in the top panel show the lens system configurations of the indi-
vidual solutions. Also presented are the model curve and residual of the
3L1S solution.

Fig. 4. Distribution of ∆χ2 on the log s3–log q3 parameter plane. The
color coding is arranged to denote regions with ≤ 1nσ (red), ≤ 2nσ (yel-
low), ≤ 3nσ (green), ≤ 4nσ (cyan), ≤ 5nσ (blue), and ≤ 6nσ (purple),
where n = 3.

which the wide solution is favored over the close solution by
∆χ2 = 43.4. It is found that the 3L1S model found on the basis of
solution 2 of the 2L1S model is consistent with the 3L1S model
obtained based on solution 1, except that the order of M2 and M3
is reversed.

Table 1. Lensing parameters of the 3L1S models.

Parameter Close Wide

χ2 1547.1 1503.7
t0 (HJD′) 9377.971± 0.003 9377.9596± 0.003
u0 (10−3) −9.57± 0.30 −10.63± 0.37
tE (days) 28.64± 0.66 24.85± 0.73
s2 0.767± 0.005 1.311± 0.009
q2 (10−3) 1.62± 0.10 1.56± 0.11
α (rad) 3.062± 0.003 3.068± 0.003
s3 0.979± 0.001 0.973± 0.002
q3 (10−3) 1.30± 0.09 1.75± 0.16
ψ (rad) 5.702± 0.034 5.733± 0.036
α + ψ − 2π 2.481 2.518
ρ (10−3) 4.82± 0.31 5.40± 0.33

Notes. HJD′ = HJD − 2450000.

It is found that the triple-lens interpretation yields a model
that can explain all the major anomalous features in the lens-
ing light curve. This can be seen in the model curve and the
residual from the model presented in Figs. 2 and 3. We find that
the wide 3L1S model yields a fit that is better than the 1L1S,
1L2S, 2L1S, and 2L2S models by ∆χ2 = 937.0, 405.7, 486.4,
and 159.3, respectively. In the residual panels of the other mod-
els in Fig. 2, we present the curves of the differences from the
3L1S model. The estimated mass ratios of the lens companions
to the primary are q2 = M2/M1 ∼ 1.56× 10−3 and q3 = M3/M1 ∼
1.75 × 10−3. These mass ratios correspond to ∼1.6 and ∼1.8
times the Jupiter/Sun mass ratio, respectively, and therefore the
lens is a multiplanetary system containing two giant planets.

Figure 5 displays the lens system configuration, which shows
the source trajectory (line with an arrow) relative to the posi-
tions of the lens components (blue dots marked by M1, M2, and
M3) and caustics (red cuspy figure). Although the close solu-
tion is disfavored with a significant χ2 difference from the wide
solution, we present its lens system configuration for comparison
with that of the wide solution. For each solution, the main panel
shows a zoomed-in view of the central magnification region, and
the inset shows the wider view encompassing all the lens com-
ponents. The central caustic appears to be the combination of a
tiny wedge-shaped central caustic induced by M2 and a bigger
resonant caustic induced by M3. The similarities of the individ-
ual caustics to those of the 2L1S caustics of solutions 1 and
2, shown in the insets of the top panel of Fig. 3, indicate that
the anomaly can be approximated by the superposition of the
anomalies induced by the two planetary companions. According
to the 3L1S interpretation, the negative deviation from the 1L1S
model before t1 was produced by the source passage through
the negative-deviation region extending from the back end of
the M2-induced caustic. The source entered the resonant caustic
induced by M3 at around t1, and passed along one of the caus-
tic folds before it crossed the tip of the M1-induced caustic at
around t2, which corresponds to the 1L1S residual bump at the
corresponding time. The source further proceeded and exited the
resonant caustic at t3, and this produced the second bump in the
1L1S residual at the corresponding time. We mark the source
positions corresponding to the epochs of the major anomalous
features at t1, t2, and t3 with empty magenta circles, whose size
is proportionate to the source size.

A70, page 5 of 9



A&A 662, A70 (2022)

Fig. 5. Configuration of the lens system according to the wide (upper
panel) and close (lower panel) 3L1S models. In each panel, the cuspy
figure is the caustic and the line with an arrow indicates the source
trajectory. The three empty magenta circles on the source trajectory
represent the source positions corresponding to the three epochs of
t1, t2, and t3 marked in Fig. 1. The size of the circle is proportion-
ate to the source size. Lengths are normalized to the Einstein radius
corresponding to the total lens mass. The inset in each panel shows a
zoomed-out view, in which the locations of the individual lens compo-
nents (M1, M2, and M3) and the Einstein ring (dotted circle) are marked.
The curves encompassing the caustic represent the equi-magnification
contours.

According to the 3L1S solution, the passage of the source
was almost parallel with the M1–M2 axis, with a source trajec-
tory angle of α ∼ 4.6◦. This indicates the possibility that the
source additionally approached the peripheral (planetary) caus-
tic induced by M2, and we find that the source passed the region
around the planetary caustic according to either the close or the
wide model, roughly 15 days before or after the peak, respec-
tively. See the insets of the panels presented in Fig. 5. If an
additional anomaly were produced by this approach and captured
by the data, it would further constrain the 3L1S interpretation.
We therefore checked the data around the time of the anomaly
expected by the individual models. Figure 6 shows the light
curve around the regions of the anomalies predicted by the close
(upper left panel) and wide (upper right panel) solutions. The
light curve would exhibit a short-term dip and a bump at around
HJD′ ∼ 9362.5 and ∼9391.5 according to the close and wide
solutions, respectively. However, we find that it was difficult to
confirm the additional anomaly in the light curve due to the large
photometric uncertainties of the data around the regions, which
lie close to the baseline. We note that the difficulty in identify-
ing an extra anomaly may be caused by the orbital motion of
the first planet, that is, M2. According to the Bayesian analysis
of the physical lens parameters, which we discuss in Sect. 5, the
host mass is about 0.14 M�, and the projected separation of the
planet is about 0.8 AU and 1.4 AU according to the close and
wide solutions, respectively. Hence in 15 days, it is expected for
the orbital angle to change by ∼6◦ and 2◦.5 according to the indi-
vidual solutions. Consequently, even if the static model predicted

Fig. 6. Enlarged view of the light curve around the regions of the
planetary-caustic induced anomalies predicted by the close (upper left
panel) and wide (upper right panel) models. The bottom panel shows a
zoomed-out view of the light curve at low magnification. The solid and
dashed curves drawn over the data points are the wide and close 3L1S
models, respectively.

an extra anomaly, it might not appear in the light curve because
the planet had moved due to its orbital motion.

4. Source star and angular Einstein radius

For the lensing event KMT-2021-BLG-1077, it is possible to
measure the extra observable of the angular Einstein radius
because the anomaly in the lensing light curve was affected by
finite-source effects. With the normalized source radius mea-
sured from the analysis of the anomaly, the Einstein radius is
estimated as

θE =
θ∗
ρ
, (1)

where θ∗ is the angular radius of the source star. With the
measured θE, together with the basic observable of the event
timescale, the physical parameters of the lens mass, M, distance
to the lens, DL, and lens–source relative proper motion µ can be
constrained using the relations

µ=
θE

tE
; θE = (κMπrel)1/2; πrel = AU

(
1

DL
− 1

DS

)
, (2)

where κ= 4G/(c2AU) and DS indicates the distance to the
source. If an additional lensing observable of the microlens-
parallax πE = (πrel/θE)(µ/µ) can be measured, the lens mass and
distance are uniquely determined by

M =
θE

κπE
; DL =

AU
πEθE + πS

, (3)

where πS = AU/DS is the parallax of the source (Gould 1992,
2000). The microlens parallax can sometimes be measured from
the subtle deviations in the lensing light curve caused by the
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Fig. 7. Locations of the source (blue dot) and centroid of the red giant
clump (red dot) on the instrumental color–magnitude diagram of stars
lying around the source, constructed from the pyDIA photometry of the
KMTC data set. Also marked is the location of the blend (green dot).

positional change of an observer induced by the orbital motion
of Earth around the Sun (Gould 1992). We find that it is difficult
to securely constrain πE because the photometric precision of
the data in the wings of the light curve is not sufficiently high to
detect subtle deviations induced by the microlens-parallax effect.

For the measurement of θE, we first estimate the angular
source radius, which is deduced from the color and magni-
tude of the source. Figure 7 shows the location of the source
(blue solid dot) in the instrumental color–magnitude diagram
(CMD) of stars lying in the vicinity of the source constructed
from the pyDIA photometry (Albrow 2017) of the KMTC data.
Also marked is the location of the blend (green dot). As dis-
cussed in Sect. 5, the blend is not the lens but a star (or stars)
not involved with the lensing magnification. The I- and V-band
source magnitudes were determined from the regression of the
pyDIA data with the variation of the lensing magnification. Fol-
lowing the Yoo et al. (2004) method, we calibrate the source
color and magnitude using the centroid of the red giant clump
(RGC) marked by a red dot in Fig. 7 as a reference. From the
offsets in color and magnitude between the source and RGC
centroid, ∆(V − I, I), together with the known reddening and
extinction-corrected (de-reddened) values of the RGC centroid,
(V − I, I)RGC,0 = (1.060, 14.607) (Bensby et al. 2013; Nataf et al.
2013), we estimate the de-reddened source color and magnitude
as

(V − I, I)0 = (V − I, I)RGC,0 + ∆(V − I, I) (4)
= (0.815 ± 0.007, 18.564 ± 0.001),

indicating that the source is a late G-type main sequence star.
Once (V − I, I)0 are measured, we convert V − I color into

V − K color using the color–color relation of Bessell & Brett
(1988), and then interpolate θ∗ from the Kervella et al. (2004)
relation between V − K and θ∗. The angular radius of the source
estimated from this procedure is

θ∗ = 0.69 ± 0.048 µas. (5)

The Einstein radius is then estimated from the relation in Eq. (1)
as

θE = 0.13 ± 0.01 mas, (6)

and the relative lens-source proper motion is estimated using the
measured event time scale as

µ =
θE

tE
= 1.81 ± 0.13 mas yr−1. (7)

We note that the values of θE and µ are estimated using
the lensing parameters of the wide 3L1S solution because it
is favored over the close solution with a significant level, that
is, ∆χ2 = 43.4. The estimated Einstein radius is substantially
smaller than ∼0.5 mas of a typical lensing event produced by
a low-mass star with a mass of ∼0.3 M� lying roughly halfway
between the source and observer. This suggests that the lens
would either have a very low mass or lie close to the source.

5. Physical parameters of the planetary system

In this section, we estimate the physical parameters of the plan-
etary system using the constraints provided by the measured
observables of tE and θE. Not being able to uniquely constrain
M and DL using the relations in Eq. (3) due to the absence of
a πE constraint, we statistically estimate the parameters by con-
ducting a Bayesian analysis using a Galactic model. The analysis
is done based on the observables of the wide 3L1S solution.

The Galactic model defines the physical and dynamical dis-
tributions of stars and remnants in the Galaxy and their mass
function (MF). We use the Galactic model of Jung et al. (2021),
in which Robin et al. (2003) and Han & Gould (2003) mod-
els are used for the physical distributions of the disk and bulge
objects, respectively; Jung et al. (2021) and Han & Gould (1995)
models are adopted for the dynamical distributions of the disk
and bulge objects, respectively; and the Jung et al. (2018) MF
is employed for the MF of both disk and bulge objects. The
MF model was constructed by adopting the initial MF and the
present-day MF of Chabrier (2003) for the bulge and disk lens
populations, respectively.

In the first step of the Bayesian analysis, we generate a
large number (107) of artificial lensing events by conducting
a Monte Carlo simulation using the Galactic model. For the
individual simulated events, we then compute the values of
the observables tE and θE using the relations in Eq. (2). In
the second step, we construct the probability distributions of
events by imposing Gaussian weight based on the measured
values of the observables, that is, tE = (24.85 ± 0.73) days and
θE = (0.13 ± 0.01) mas.

Figure 8 shows the Bayesian posteriors of the host mass, Mh,
and the distances to the planetary system and the source star.
In each distribution, we mark the median and uncertainty (1σ)
range of the distribution by a solid vertical line and dotted lines,
respectively. The uncertainty range is estimated as the 16% and
84% of the distribution. The curves marked in blue and red indi-
cate the disk and bulge lens contributions, respectively, and the
black curve represents the sum of the contributions from the two
lens populations. It is found that the relative probabilities of the
disk and bulge lenses are 17% and 83%, respectively. We present
the distribution of DS to show the relative positions of the lens
and source. The distributions of DL and DS indicate that the
event is likely to be produced by a star lying in the bulge, and
the closeness between the lens and source explains the reason
for the small Einstein radius. See the relation between θE and
(DS,DL) in Eq. (2).
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Fig. 8. Bayesian posteriors of the host mass (Mh), distances to the plan-
etary system (DL), and source (DS). In each panel, the blue and red
curves represent the contributions by the disk and bulge lenses, respec-
tively, and the black curve is the sum of the two lens populations. The
solid vertical line represents the median of the distribution, and the two
dotted lines represent the 1σ range.

It is found that KMT-2021-BLG-1077L is a planetary sys-
tem, in which a mid-to-late M dwarf star hosts two gas giant
planets with masses of slightly less than that of Saturn in our
Solar System. The estimated mass of the planet host is

Mh = 0.14+0.19
−0.07 M�, (8)

and the masses of the two planets are

Mp1 = 0.22+0.31
−0.12 MJ, Mp2 = 0.25+0.35

−0.13 MJ. (9)

The planetary system is likely to be in the bulge with a distance
from Earth of

DL = 8.24+1.02
−1.16 kpc. (10)

The projected separations of the individual planets from the host
are

a⊥,p1 = 1.26+1.41
−1.08 AU, a⊥,p2 = 0.93+1.05

−0.80 AU. (11)

Considering that the snow line distance is dsl = 2.7(Mh/M�) ∼
0.38 AU and the separations are projected ones, both planets lie
well beyond the snow line of the host. If we assume that a = a⊥,
then at face value, the system is not stable. However, a⊥ is simply
the minimum possible value for the semi-major axis, and a stable
system can easily be achieved simply by moving one or the other
planet in or out of the plane of the sky. Madsen & Zhu (2019)
explored the issue of stability for the OGLE-2012-BLG-0026L
system. The ideas discussed in that paper are broadly applicable
to systems such as KMT-2021-BLG-1077L, which appear at first
glance to be unstable based on their projected separations.

The estimated host mass and distance indicate that the contri-
bution of the lens flux to the blend, marked on the CMD in Fig. 7
(green solid dot), is negligible. This is additionally confirmed by
the astrometric measurement of the offset between the source,
measured on the difference image obtained during the lensing
magnification, and the baseline object in the reference image.
The offset, ∼0.352 arcsec, is far larger than the measurement
error, which is of the order of 10 mas.

The lens of the event KMT-2021-BLG-1077 is the fifth con-
firmed multiplanetary system detected by microlensing follow-
ing OGLE-2006-BLG-109L, OGLE-2012-BLG-0026L, OGLE-
2018-BLG-1011L, and OGLE-2019-BLG-0468L. It is the third
multiplanetary system detected after the full operation of the
high-cadence surveys. If the lenses of the events KMT-2019-
BLG-1953 and KMT-2021-BLG-0240 – which exhibit relatively
less-secure multi-planet signatures – are multiplanetary systems,
the total number of multiplanetary systems detected by the six-
year operation of the high-cadence surveys is five. Considering
that about 20 planets are annually detected by the surveys, this
roughly matches the prediction of Zhu et al. (2014) that ∼5.5%
of planetary events that are detectable by the high-cadence sur-
veys will exhibit multi-planet signals, although the number is too
small to draw strong conclusions.

6. Summary and conclusion

We present an analysis of the high-magnification microlens-
ing event KMT-2021-BLG-1077, for which the peak region of
the lensing light curve exhibited a subtle and complex anomaly
pattern. The anomaly could not be explained by the usual three-
body models, in which either the lens or the source is a binary.
However, the anomaly can be explained by a lensing model in
which the lens is composed of three masses.

With the constraints of the event timescale and angular
Einstein radius, it is found that the lens is a multiplanetary sys-
tem residing in the Galactic bulge. The primary of the lens
system is a mid-to-late M dwarf and hosts two gas giant plan-
ets lying beyond the snow line of the host. The lens of the
event is the fifth confirmed multiplanetary system detected using
microlensing following OGLE-2006-BLG-109L, OGLE-2012-
BLG-0026L, OGLE-2018-BLG-1011L, and OGLE-2019-BLG-
0468L.
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