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ABSTRACT

Aims. We aim to find missing microlensing planets hidden in the unanalyzed lensing events of previous survey data.
Methods. For this purpose, we conducted a systematic inspection of high-magnification microlensing events, with peak magnifications
of Apeak & 30, in the data collected from high-cadence surveys in and before the 2018 season. From this investigation, we identified
an anomaly in the lensing light curve of the event KMT-2018-BLG-1025. The analysis of the light curve indicates that the anomaly is
caused by a very low mass-ratio companion to the lens.
Results. We identify three degenerate solutions, in which the ambiguity between a pair of solutions (solutions B) is caused by the
previously known close–wide degeneracy, and the degeneracy between these and the other solution (solution A) is a new type that has
not been reported before. The estimated mass ratio between the planet and host is q ∼ 0.8 × 10−4 for solution A and q ∼ 1.6 × 10−4 for
solutions B. From the Bayesian analysis conducted with measured observables, we estimate that the masses of the planet and host and
the distance to the lens are (Mp,Mh,DL) ∼ (6.1 M⊕, 0.22 M�, 6.7 kpc) for solution A and ∼(4.4 M⊕, 0.08 M�, 7.5 kpc) for solutions B.
The planet mass is in the category of a super-Earth regardless of the solutions, making the planet the eleventh super-Earth planet, with
masses lying between those of Earth and the Solar System’s ice giants, which were discovered by microlensing.

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

1. Introduction

The microlensing method has unique advantages in detecting
some specific populations of planets. It enables one to detect
planets orbiting very faint low-mass stars, which are the most
common populations of stars in the Galaxy, because of the lens-
ing characteristic that does not depend on the luminosity of the
planet host. Another very important advantage of the method
? Photometric data are only available at the CDS via anonymous ftp

to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/649/A90

is that its detection efficiency extends to very low-mass plan-
ets because of the slow decrease in the efficiency with the
decrease in the planet/host mass ratio q. The microlensing effi-
ciency decreases as

√
q, while the efficiency of other methods,

for example, the radial-velocity method, decreases in direct pro-
portion to q (see Gaudi 2012 for a review on various advantages
of the microlensing method). With a sensitivity to planets that
are difficult to be detected by other methods, microlensing plays
an important role to complement other methods not only for
the complete demographic census of planets but also for the
comprehensive understanding of the planet formation process.
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Table 1. Microlensing super-Earth planets.

Event Mp (M⊕) Mhost (M�) Reference

OGLE-2005-BLG-390Lb ∼5.5 ∼0.22 Beaulieu et al. (2006)
MOA-2007-BLG-192Lb ∼3.3 ∼0.06 Bennett et al. (2008)
OGLE-2013-BLG-0341Lb ∼2 ∼0.1–0.15 Gould et al. (2014)
OGLE-2016-BLG-1195Lb ∼1.25 ∼0.067 Bond et al. (2017), Shvartzvald et al. (2017)
OGLE-2016-BLG-1928L ∼0.3 – Mróz et al. (2020)
OGLE-2017-BLG-1434Lb ∼4.4 ∼0.23 Udalski et al. (2018)
KMT-2018-BLG-0029Lb ∼7.6 ∼1.1 Gould et al. (2020)
OGLE-2018-BLG-0532Lb ∼8 ∼0.25 Ryu et al. (2019)
OGLE-2018-BLG-0677Lb ∼4.0 ∼0.12 Herrera-Martín et al. (2020)
KMT-2019-BLG-0842Lb ∼10.2 ∼0.76 Jung et al. (2020)

Notes. The sample is selected with a planet mass limit of Mp . 10 M⊕. OGLE-2016-BLG-1928L is a free-floating planet, and thus the host mass
is not included.

However, these advantages of the microlensing method,
especially the latter one, that is to say the high sensitivity to low-
mass planets, were difficult to be fully realized during the early
generation of microlensing experiments, for example MACHO
(Alcock et al 1997) and OGLE (Udalski et al. 1994). A planetary
microlensing signal, in general, appears as a short-term anomaly
to the smooth and symmetric lensing light curve generated by
the host of the planet (Mao & Paczyński 1991; Gould & Loeb
1992). For this reason, a microlensing planet search should be
carried out in two steps: first by detecting lensing events, and sec-
ond by inspecting planet-induced anomalies in the light curves of
detected lensing events. The probability for a star to be gravita-
tionally lensed is very low, on the order of 10−6 for stars located
in the Galactic bulge field, toward which microlensing surveys
have been and are being carried out (Paczyński 1991; Griest et al.
1991; Sumi & Penny 2016; Mróz et al. 2019), and thus a lensing
survey should cover a large area of sky to increase the number
of lensing events by maximizing the number of monitored stars.
This requirement had limited the cadence of lensing surveys and
subsequently the rate of planet detections, especially that of very
low-mass planets. Gould & Loeb (1992) proposed to overcome
this problem by conducting intensive follow-up observations of
survey-detected events, which led to the first detections of low-
mass planets (Beaulieu et al. 2006; Gould et al. 2006). However,
this approach is restricted to a small number of events due to
telescope resources.

The planet detection rate has rapidly increased with the
operation of high-cadence lensing surveys including MOA II
(Bond et al. 2001), OGLE-IV (Udalski et al. 2015), and KMTNet
(Kim et al. 2016). By employing multiple telescopes equipped
with large-format cameras, these surveys achieve an observation
cadence reaching down to 15 min for dense bulge fields. This
cadence is shorter than those of the first-generation MACHO
and OGLE surveys, which had been carried out with a ∼1 day
cadence, by about a factor of 100.

The great shortening of the observation cadence resulted
in a rapid increase in the planet detection rate. The population
of planets with a remarkable increase in the detection rate is
super-Earth planets, which are defined as planets having masses
higher than the mass of Earth, but substantially lower than those
of the Solar System’s ice giants, Uranus and Neptune (Valencia
et al. 2007)1. In Table 1, we list the microlensing super-Earth
planets, along with the masses of the planets and their hosts,
1 We note that the term “super-Earth” refers only to the mass of the
planet, and so it does not imply anything about the atmosphere structure,
surface conditions, or size of the planet.

which have been detected from the last 28 yr-long operation
of lensing surveys since 1992. Among the total ten super-Earth
planets, seven were detected during the last four years since
the full operation of the KMTNet survey in 2016, and for all of
these events, the KMTNet data played key roles in detecting and
characterizing the planets.

In this paper, we report the detection of a new microlens-
ing super-Earth planet. The planet was found from a project that
was conducted to search for unrecognized planets in the previous
KMTNet data collected in and before the 2018 season. In the first
part of this project, Han et al. (2020b) investigated lensing events
with faint source stars, considering the possibility that planetary
signals might be missed due to the noise or scatter of data. From
the investigation, they found four planetary events that had not
been reported before. The new planetary system that we report
in this work was found in the second part of the project that
was carried out by inspecting subtle planetary signals in the light
curves of high-magnification lensing events with peak magnifi-
cations of Apeak & 30. In this project, high-magnification events
were selected as targets for reinspection because the sensitivity
to planets for these events is high (Griest & Safizadeh 1998).
Despite the high chance of planet perturbations, some planetary
signals produced by a non-caustic-crossing channel may not be
noticed due to their weak signals (Zhu et al. 2014).

For the presentation of the work, we organize the paper as
follows. The acquisition and reduction processes of the data used
in the analysis are discussed in Sect. 2. We describe the charac-
teristics of the anomaly in the lensing light curve in Sect. 3. We
explain various models tested to explain the observed anomaly
and show that the anomaly is of a planetary origin in Sect. 4. The
procedure to estimate the angular Einstein radius is discussed in
Sect. 5. We estimate the physical parameters of the planetary sys-
tem, including the mass and distance, in Sect. 6. We summarize
the results and conclude in Sect. 7.

2. Observations and data

The planet was found from the analysis of the microlensing
event KMT-2018-BLG-1075. The source star of the event lies
in the Galactic bulge field with the equatorial coordinates of
(RA,Dec) = (17 : 59 : 27.94,−27 : 52 : 41.02), which corre-
spond to the Galactic coordinates of (l, b) = (2◦.461,−2◦.082).
The flux from the source, which had been constant before the
lensing-induced magnification with an apparent baseline bright-
ness of I ∼ 19.65, was highly magnified for about 10 days
centered at HJD′ ≡ HJD − 2 450 000 ∼ 8274.85. The event was
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Table 2. Data readjustment factors.

Data set Ndata k σmin

KMTA (BLG03) 1423 1.562 0.005
KMTA (BLG43) 1246 1.483 0.010
KMTC (BLG03) 1563 1.183 0.010
KMTC (BLG43) 1790 1.225 0.010
KMTS (BLG03) 1357 1.208 0.005
KMTS (BLG43) 1249 1.483 0.005
OGLE 1457 1.575 0.005

Notes. Ndata indicates the number of each data set.

found from the post-season inspection of the 2018 season data
using the KMTNet Event Finder System (Kim et al. 2018). At
the time of finding, the event drew little attention due to the
similarity of the lensing light curve to that of a regular single-
source single-lens (1L1S) event (see more detailed discussion in
the following section).

Observations of the event by the KMTNet survey were
conducted using three telescopes that are located in Australia
(KMTA), Chile (KMTC), and South Africa (KMTS). Each tele-
scope has a 1.6m aperture and is equipped with a camera yielding
4 deg2 field of view. The event is located in the two overlapping
survey fields of “BLG03” and “BLG43,” which are displaced
with a slight offset to fill the gaps between the chips of the cam-
era. Observations in each field were conducted with a 30 min
cadence, resulting in a combined cadence of 15 min. Thanks to
the high-cadence coverage of the event using the globally dis-
tributed multiple telescopes, the peak region of the event was
continuously and densely covered.

Images of the source were mostly obtained in the I band, and
a fraction of images were acquired in the V band for the mea-
surement of the source color. Reduction of the data was done
using the KMTNet pipeline (Albrow et al. 2009) based on the
difference imaging method (Tomaney & Crotts 1996; Alard &
Lupton 1998), which was developed for the optimal photometry
of stars lying in very dense star fields. For a subset of the KMTC
data, additional photometry was conducted using the pyDIA
software (Albrow 2017) to construct a color-magnitude diagram
(CMD) of stars and to measure the color of the source star. The
detailed procedure of determining the source color is described
in Sect. 5. Error bars of the data estimated from the automatized
photometric pipeline were readjusted using the method of Yee
et al. (2012). In this method, the error bars are renormalized by
σ = [σ2

min + (kσ0)2]1/2, where σ0 denotes the error estimated
from the pipeline, σmin is a scatter of data, and k is a factor used
to make χ2 per degree of freedom (dof) unity. In Table 2, we list
the numbers and the data readjustment factors for the individual
data sets.

Although the lensing event was not found at the time of the
lensing magnification, the source star of the event lies in the field
covered by the OGLE survey. We, therefore, checked the OGLE
images containing the source and conducted photometry for the
source identified by the KMTNet survey. From this, we recov-
ered the OGLE photometry data, among which seven data points
cover the peak of the light curve. OGLE observations were done
using the 1.3m telescope of the Las Campanas Observatory in
Chile, and reduction was carried out using the OGLE photome-
try pipeline (Udalski 2003). We have published the photometry
data to ensure reproducibility of the analysis2.

2 The data are available at http://astroph.chungbuk.ac.kr/
~cheongho/data.html

Fig. 1. Light curve of KMT-2018-BLG-1025. Upper and lower panels:
whole view and the zoomed-in view of the peak region, respectively.
The colors of data points indicate the observatories, as given in the
legend. The curve plotted over the data points is the 1L1S model, for
which the residuals in the peak region are presented in the bottom panel.
The dotted vertical lines at t1 ∼ 8274.38 and t2 ∼ 8274.66 indicate the
respective times of the bump and dip in the residuals to the 1L1S model.

3. Characteristics of the anomaly

The light curve of KMT-2018-BLG-1025 is shown in Fig. 1.
At first glance, it appears to have a smooth and symmetric
form of a 1L1S event. A 1L1S modeling yields an impact
parameter (scaled to the angular Einstein radius θE) of the
lens-source approach and an event timescale of (u0, tE) ∼
(0.0064, 10.1 days), respectively, indicating that the event has
a relatively short timescale with a high peak magnification of
Apeak ∼ 1/u0 ∼ 150. The 1L1S model curve is plotted over the
data points in Fig. 1. The full lensing parameters and their uncer-
tainties are listed in Table 3, where t0 indicates the time of the
closest lens-source approach. We note that finite-source effects
are considered in the 1L1S model, but the effects are negligible,
and thus the value of the normalized source radius ρ is not pre-
sented in the table. The normalized source radius is defined as
the ratio of the angular source radius θ∗ to θE, that is, ρ = θ∗/θE.

The event was reanalyzed because it was selected in the list
of high-magnification events for close examinations among the
KMTNet events detected in and before the 2018 season in search
for planetary signals that had not been noticed previously. From
this analysis, we find that the light curve exhibits a subtle but
noticeable deviation from a 1L1S model.

In the lower two panels of Fig. 1, we present a zoomed-
in view of the light curve and residuals from the 1L1S model
in the peak region, which shows a slight bump in the residu-
als centered at t1 ∼ 8274.38 and a dip centered at t2 ∼ 8274.66.
Although minor, with ∆I . 0.05 magnitude, the deviation drew
our attention for two major reasons. The first reason is that the
deviation occurred in the central magnification region, in which
the chance of a planet-induced perturbation is high (Griest &
Safizadeh 1998). The second reason is that different data sets
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Table 3. Lensing parameters of various tested models.

Parameter 1L1S 1L2S 2L1S
Solution A Solution Bc Solution Bw

χ2/dof 10 251.0/10 082 10 127.9/10 077 10 081.0/10 078 10 089.4/10 078 10 092.8/10 078
t0 (HJD′) 8274.845 ± 0.001 8274.845 ± 0.001 8274.843 ± 0.001 8274.843 ± 0.001 8274.843 ± 0.001
u0 (10−3) 6.416 ± 0.177 7.471 ± 0.532 7.089 ± 0.237 8.575 ± 0.319 8.453 ± 0.334
tE (days) 10.071 ± 0.2453 9.893 ± 0.262 9.571 ± 0.258 8.889 ± 0.234 8.986 ± 0.239
s – – 0.937 ± 0.021 0.883 ± 0.025 1.097 ± 0.036
q (10−4) – – 0.829 ± 0.270 1.627 ± 0.499 1.584 ± 0.564
α (rad) – – 6.188 ± 0.009 2.697 ± 0.023 2.693 ± 0.022
ρ (10−3) – – .5.5 7.657 ± 0.645 7.351 ± 0.632
t0,2 (HJD′) – 8274.416 ± 0.017 – – –
u0,2 (10−3) – 7.012 ± 1.793 – – –
ρ2 (10−3) – – – – –
qF – 0.012 ± 0.004 – – –

Notes. HJD′ ≡ HJD − 2450000.

exhibit a consistent pattern of deviation. The data sets obtained
using the KMTC telescope, located in Chile, and the KMTS
telescope, located in South Africa, show consistent deviations.
Considering that the two telescopes are remotely located, it is
difficult to explain the consistency with coincidental systemat-
ics in the data such as changes in transparency. Furthermore, the
OGLE data in the deviation region exhibit a consistent anomaly
pattern with that of the KMTC data, although their coverage is
not very dense. Therefore, the deviation is very likely to be real.

4. Interpretation of the anomaly

The fact that the anomaly occurred in the peak region of a high-
magnification event suggests the possibility that the anomaly
may be produced by a planetary companion, M2, to the primary
lens, M1. In order to check this possibility, we conducted an
additional modeling under a binary-lens (2L1S) interpretation.

The modeling was carried out to find a set of lensing param-
eters that best explain the observed anomaly in the light curve.
In addition to the 1L1S lensing parameters (t0, u0, tE, ρ), a 2L1S
modeling requires one to add three extra lensing parameters of
(s, q, α), which represent the projected separation (normalized to
θE) and mass ratio between the binary lens components, and the
angle between the source trajectory and the M1–M2 axis (source
trajectory angle), respectively. The parameter ρ was included to
account for potential finite-source effects in the lensing curve
caused by a source approach close to or a crossing over lens-
ing caustics induced by a lens companion. The 2L1S modeling
was done in two steps. In the first step, we conducted grid
searches for the binary lensing parameters s and q, while the
other parameters were found using a downhill approach based
on the Markov chain Monte Carlo (MCMC) algorithm. Consid-
ering that central anomalies can also be produced by a very wide
or a close binary companion with a mass roughly equal to the
primary (Han 2009a), we set the ranges of (s, q) wide enough
to check the binary origin of the anomaly: −1.0 ≤ log s ≤ 1.0
and −5.0 ≤ log q ≤ 1.0. In the second step, the individual local
solutions found from the first step were refined by allowing all
parameters (including s and q) to vary.

From the 2L1S modeling, we identify three degenerate local
solutions. Figure 2 shows the locations of the local solutions in
the ∆χ2 map on the s–q plane obtained from the grid search. The
individual locals lie at (s, q) ∼ (0.94, 0.8 × 10−4), solution “A,”

Fig. 2. ∆χ2 map in the s–q plane. The color coding is set to represent
points with <1nσ (red), <2nσ (yellow), <3nσ (green), <4nσ (cyan),
<5nσ (blue), and <6nσ (purple), where n = 4. The three encircled
regions indicate the positions of the three degenerate local solutions A,
Bc, and Bw.

(0.89, 1.6 × 10−4), solution “Bc,” and (1.10, 1.6 × 10−4), solution
“Bw.” Here the subscripts “c,” standing for close, and “w,” stand-
ing for wide, imply that the normalized binary separation is less
(s < 1.0, close solution) and greater (s > 1.0, wide solution)
than unity, respectively. The model curves of the individual 2L1S
solutions and the residuals from the models in the region around
the peak of the light curve are shown in Fig. 3. In Table 3, we
also list the lensing parameters of the solutions along with the
values of χ2/dof for the individual models. The uncertainty of
each lensing parameter is estimated as the standard deviation of
the distribution of points in the MCMC chain under the assump-
tion that the distribution is Gaussian. The ∆χ2 = 8.4 difference
between the A solution and the minimum of the two B solu-
tions is not big enough to confidently distinguish between them.
What should be noted among the parameters is that the mass
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Fig. 3. Zoomed-in view of the light curve in the peak
region and the residuals from five tested models includ-
ing 1L1S, 1L2S, and three 2L1S models (solutions A,
Bc, and Bw). Although three 2L1S model curves are
drawn over the data points in the top panel, it is difficult
to distinguish between them within the line width due
to the severity of the degeneracy among the solutions.

ratios, which are q ∼ 0.8 × 10−4 for solution A and ∼1.6 × 10−4

for solutions B, are very low, indicating that the primary lens is
accompanied by a very low-mass planetary companion accord-
ing to the models. From an additional modeling considering
microlens-parallax effects (Gould 1992), we find that it is dif-
ficult to securely constrain the microlens parallax πE due to the
relatively short timescale, ∼9 days, of the event.

The identified local solutions are subject to two different
types of degeneracy. The ambiguity between the pair of the
solutions Bc and Bw is caused by the well-known close–wide
degeneracy (Griest & Safizadeh 1998; Dominik 1999; An 2005).
Solution A is not subject to this type of degeneracy because the
source trajectory of the corresponding wide solution passes over
the planetary caustic located at a position with a separation from
M1 of ∼s − 1/s ∼ 0.12 on the planet side, and this causes a poor
fit of the wide solution to the observed data.

We note that the degeneracy between the A and B solu-
tions is a new type that has not been reported before. The
degeneracy is accidental in the sense that it is caused by the
unexpected combination of multiple lens parameters instead of
being rooted in the lensing physics, for example, the close–wide
degeneracy that is originated in the invariance of the binary
lens equations with s and s−1. For such accidental degenera-
cies, it is difficult to identify them from the exploration of the
numerous combinations of lensing parameters and the simu-
lations of various observational conditions, and thus they are
mostly identified from the analyses of actual lensing events,
as illustrated in the cases of events OGLE-2011-BLG-0526
and OGLE-2011-BLG-0950/MOA-2011-BLG-336 (Choi et al.
2012), OGLE-2012-BLG-0455/MOA-2012-BLG-206 (Park et al.
2014), and MOA-2016-BLG-319 (Han et al. 2018). Although the

offsets of the source trajectory from the central caustic for both
solutions, ξ ∼ u0/ cosα ∼ 7.1 × 10−3 for solution A and ξ ∼
7.7 × 10−3 for solution B, are similar to each other, this degen-
eracy is different from the caustic-chirality degeneracy reported
by Skowron et al. (2018) and Hwang et al. (2018) for two rea-
sons. First, the source stars of the two solutions A and B move in
almost opposite directions, while the source directions of the two
solutions subject to the caustic-chirality degeneracy are nearly
identical. Second, while the caustic-chirality degeneracy, in gen-
eral, occurs when the source passes a planetary caustic, around
which the magnification pattern on the left and right sides are
approximately symmetric (Gaudi & Gould 1997), the magnifi-
cation pattern around the central caustic inducing the observed
anomaly is not symmetric (Chung et al. 2005).

The lens system configurations of the individual 2L1S local
solutions are shown in Fig. 4. In each panel of the figure, the blue
dots marked by M1 and M2 denote the positions of the lens com-
ponents, the line with an arrow represents the source trajectory,
and the red closed curves are caustics. The planet induces two
sets of caustics, one lying near the position of M1 (central caus-
tic) and the other lying at a position with a separation from M1
of ∼s − 1/s (planetary caustic). For all solutions, the anomaly
is explained by the passage of the source close to the central
caustic, but the source incidence angles of solutions A and B
differ from one another: α ∼ −5◦.4 for solution A and α ∼ 26◦
for solutions Bc and Bw.

Figure 5 shows the enlarged views of the configuration in the
central magnification region for the individual solutions. In each
panel, we marked the source positions corresponding to the times
t1 and t2 (two orange circles) and drew equi-magnification con-
tours (gray curves around the caustic). Around a central caustic,
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Fig. 4. Lens system configurations of the three degenerate 2L1S solu-
tions: A, Bc, and Bw. In each panel, the blue dots, marked by M1 (host)
and M2 (planet), are the lens positions, the line with an arrow is the
source trajectory, and the cuspy closed curves are the caustics. The
dashed circle centered at M1 represents the Einstein ring. The enlarged
views in the central magnification regions for the individual solutions
are presented in Fig. 5.

Fig. 5. Lens system configurations in the central magnification region
for the three 2L1S solutions. Notations are the same as those in Fig. 4.
The two orange circles represent the source positions at the times of the
major anomalies at t1 and t2 that are marked in Figs. 1 and 3. The size
of the circle is scaled to the source size. In the case of solution A, for
which the source size cannot be securely measured, the radius of the
circle is set to that of the best-fit value.

the magnification excess, defined by ε = (A2L1S − A1L1S)/A1L1S,
varies depending on the region. Here, A2L1S and A1L1S denote
the 2L1S and 1L1S lensing magnifications, respectively. Positive
anomalies occur in the regions around the cusps of the caustic,

Fig. 6. Cumulative distributions of ∆χ2 for the three degenerate 2L1S
(solutions A, Bc, and Bw) models and 1L2S model with respect to the
1L1S model. The dotted vertical lines denote the times of the major
anomalies at t1 and t2 that are marked in Fig. 1.

and negative anomalies arise in the outer region of the fold caus-
tic and the back end region of the wedge-shaped caustic (see
example maps of magnification excess around central caustics
presented in Han 2009a,b). According to solution A, the bump
at t1 is produced when the source passes through the positive
excess region extending from the protrudent cusp of the central
caustic, and the dip at t2 is produced when the source moves
through the negative excess region formed along the caustic fold.
According to solutions B, on the other hand, the bump and dip
are produced by the successive passage of the positive and neg-
ative excess regions that formed in the back end region of the
caustic, respectively.

Models with the addition of a planetary companion to the
lens improves the fit by ∆χ2 ∼ 158 –170 with respect to the 1L1S
solution. To show the region of the fit improvement, we present
the cumulative distributions of ∆χ2 for the three 2L1S solutions
in Fig. 6. The distributions show that the major fit improvement
occurs at around t1 and t2, which are the times of the major
anomalies from the 1L1S model. This can also be seen in the
residuals of the 2L1S solutions shown in Fig. 3, which shows
that the major residuals from the 1L1S model at around t1 and t2
disappear in the residuals of the 2L1S solutions.

We also checked the possibility that the anomaly was pro-
duced by a companion to the source: 1L2S model. Similar to the
case of a 2L1S modeling, extra parameters in addition to those
of the 1L1S modeling are needed for a 1L2S modeling. Fol-
lowing the parameterization of Hwang et al. (2013), these extra
parameters are (t0,2, u0,2, ρ2, qF), which denote the time of the
closest approach of the second source to the lens, the companion-
lens separation at that time, the normalized radius of the source
companion, and the flux ratio between the source stars, respec-
tively. Considering the possibility that source stars approach very
close to the lens, we considered finite-source effects in the 1L2S
modeling by including two parameters (ρ, ρ2), which denote
the normalized source radii of the first and second source stars,
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respectively. In the 1L2S modeling, we used the parameters of
the 1L1S model as initial parameters and set the other parameters
considering the anomaly features of the light curve. We list the
best-fit lensing parameters of the 1L2S model in Table 3, present
the residuals from the model in Fig. 3, and show the cumulative
∆χ2 distribution with respect to the 1L1S model in Fig. 6. We
note that the normalized source radii of both source stars are not
measurable due to very week finite-source effects, and thus the
values of ρ and ρ2 are not listed in Table 3. It is found that the
1L2S model reduces the residuals at around t1, but the model still
leaves noticeable residuals near the peak of the lightcurve. The fit
of the 1L2S model is better than the 1L1S model by ∆χ2 ∼ 123,
but it is worse than the 2L1S models by ∆χ2 ∼ 35–46. We, there-
fore, conclude that the anomaly in the lensing light curve was
generated by a companion to the lens rather than a companion to
the source.

5. Angular Einstein radius

In general cases of lensing events, the angular Einstein radius is
estimated from a combination of the angular source radius θ∗ and
the normalized source radius ρ by

θE =
θ∗
ρ
. (1)

The value of θ∗ can be derived from the color and brightness of
the source, and the value of ρ is decided from the analysis of the
light curve affected by finite-source effects. Then, the prerequi-
site for the measurement of θE is that a lensing light curve should
be affected by finite-source effects to yield the normalized source
radius ρ3.

In the case of KMT-2018-BLG-1025, the feasibility of mea-
suring ρ varies depending on the solution. We find that finite-
source effects are securely detected according to solutions Bc
and Bw; however, according to solution A, the effects are not
firmly detected and the model is consistent with a point-source
model within 3σ. This is shown in Fig. 7, in which we present
the ∆χ2 distributions of points in the MCMC chain obtained
from the modeling runs of the three degenerate 2L1S solutions.
These scatter plots show that the normalized source radii of the B
solutions, ρ ∼ 7–8 × 10−3, are well determined, but only a upper
limit, ρmax ∼ 5.5×10−3, can be placed for solution A. As a result,
the angular Einstein radius was determined for solutions Bc and
Bw, but only a lower limit can be placed for solution A. Below,
we describe the procedure of θE estimation for the individual
solutions.

The angular source radius and the resulting Einstein radius
for each solution was estimated following the routine procedure
outlined in Yoo et al. (2004). In the first step of the procedure, we

3 The angular Einstein radius can also be measured by separately imag-
ing the lens and source. By resolving the images, one can measure the
vector separation ∆θ between the lens and source and hence their helio-
centric relative proper motion by µhel = ∆θ/∆t, where ∆t represents the
time elapsed since the event. Then, the Einstein radius is determined
by θE = µgeotE. Here the geocentric relative proper motion is related
to µhel by µgeo = µhel − v⊕,⊥πrel/au, where v⊕,⊥ is Earth’s velocity pro-
jected on the plane of the sky at t0. Due to the long time span ∆t
required for the lens–source resolution together with the limited access
to high-resolution instrument, there exist just five cases of planetary
lens events for which the values of θE are measured by this method:
OGLE-2005-BLG-071 (Bennett et al. 2020), OGLE-2005-BLG-169
(Batista et al. 2015; Bennett et al. 2015), OGLE-2012-BLG-0950
(Bhattacharya et al. 2018), MOA 2013 BLG-220 (Vandorou et al. 2020),
and MOA-2007-BLG-400 (Bhattacharya et al. 2020).

Fig. 7. Distributions of points in the MCMC chains for the three degen-
erate 2L1S solutions. The red, yellow, green, cyan, and blue colors
represent points within 1σ, 2σ, 3σ, 4σ, and 5σ, respectively. The sig-
nificance level was determined so that nσ corresponds to ∆χ2 = n2 with
rescaled uncertainties.

Fig. 8. Source (cross mark) position with respect to the centroid of
the red giant clump (RGC, red dot) in the instrumental color-magnitude
diagram of stars lying in the vicinity of the source. We mark source
positions corresponding to the three degenerate solutions, which yield
very similar source locations. The position of the blend (green dot) is
also marked.

specified the source type by placing the positions of the source
and the centroid of the red giant clump (RGC) in the CMD
of stars lying in the vicinity of the source. Figure 8 shows the
positions of the source, marked by a black cross at (V − I, I) =
(2.585 ± 0.029, 21.465 ± 0.003), estimated from solution A, and
the RGC centroid, red dot at (V − I, I)RGC = (2.535, 16.461), in
the instrumental CMD constructed using the pyDIA photome-
try data of the KMTC I- and V-band images. We note that the
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Table 4. Source color, brightness, Einstein radius, and proper motion.

Value Solution A Solution Bc Solution Bw

(V − I, I) (2.585 ± 0.029, 21.465 ± 0.003) (2.584 ± 0.027, 21.384 ± 0.002) (2.582 ± 0.027, 21.386 ± 0.002)
(V − I, I)RGC (2.535, 16.461) ← ←
(V − I, I)RGC,0 (1.060, 14.324) ← ←
(V − I, I)0 (1.110 ± 0.029, 19.328 ± 0.003) (1.109 ± 0.027, 19.247 ± 0.002) (1.107 ± 0.027, 19.249 ± 0.002)
θ∗ (uas) 0.67 ± 0.05 0.70 ± 0.05 0.69 ± 0.05
θE (mas) ≥0.12 0.091 ± 0.007 0.094 ± 0.007
µ (mas yr−1) ≥4.3 3.73 ± 0.28 3.83 ± 0.29

Notes. The notation “←” indicates that the value is the same as that presented in the left column.

source color and brightness estimated from the other solutions,
marked by gray crosses and listed in Table 4, result in similar
values. The position of the blend, green dot, is also marked. As
we show in the following section, the lens is a very low-mass M
dwarf, while the color and brightness of the blend correspond
to an early main-sequence star or a subgiant. This implies that
the contribution of the lens flux to the blended flux is negli-
gible. We calibrated the source color and brightness using the
known de-reddened values of the RGC centroid, (V − I, I)0 =
(1.060, 14.324) (Bensby et al. 2013; Nataf et al. 2013), as ref-
erences. From the measured offsets in the color ∆(V − I) and
brightness ∆I between the source and RGC centroid, the red-
dening and extinction corrected values of the source color and
brightness were estimated by

(V − I, I)0 = (V − I, I)RGC,0 + ∆(V − I, I). (2)

The values of (V − I, I)0 corresponding to the individual solu-
tions are listed in Table 4. The estimated color and brightness
are (V − I, I)0 ∼ (1.1, 19.3), indicating that the source is an early
K-type main sequence star. We then converted V − I color into
V − K color using the color-color relation of Bessell & Brett
(1988), and we estimated the angular source radius using the
(V − K) – θ∗ relation of Kervella et al. (2004). The measured
source radii are in the range of 0.67 . θ∗/µas . 0.70. Finally,
the angular Einstein radius and the relative lens-source proper
motion were estimated by the relations θE = θ∗/ρ and µ = θE/tE,
respectively.

In Table 4, we list the values of θ∗, θE, and µ corresponding to
the individual solutions. We note that the lower limits of θE and
µ are presented for solution A, for which only the upper limit
of ρ is constrained. We note that the Einstein radius estimated
from solutions B, θE = 0.091 for solution Bc and 0.094 mas Bw,
is substantially smaller than ∼0.5 mas of a typical lensing event
produced by an M dwarf with a mass ∼0.3 M� located roughly
halfway between the lens and source. The angular Einstein radius
is related to the lens mass and distance by

θE = (κMπrel)1/2; πrel = au
(

1
DL
− 1

DS

)
, (3)

where κ = 4G/(c2au) and DS is the distance to the source. Then,
the small value of θE for the solutions B suggests that the lens
has a low mass or it is located close to the source.

6. Physical lens parameters

The lens mass and distance can be unambiguously determined
by simultaneously measuring θE and πE, which are related to the

physical lens parameters by

M =
θE

κπE
, DL =

au
πEθE + πS

. (4)

Here πS = au/DS denotes the parallax of the source. In the case
of KMT-2018-BLG-1025, only θE was measured for solutions
Bc and Bw, and neither θE nor πE was measured for solution A.
Although this makes it difficult to uniquely determine M and DL,
these parameters can be statistically constrained from a Bayesian
analysis with the priors of a lens mass function and a Galactic
model.

In the Bayesian analysis, we conducted a Monte Carlo simu-
lation to produce artificial lensing events. For the production of
events, we used priors of a mass function to assign lens masses
and a Galactic model to assign lens locations and relative lens-
source transverse velocities. For the mass function, we used a
model constructed by combining the mass functions of Zhang
et al. (2019) and Gould (2000), and the model considers not only
stellar lenses but also substellar brown dwarfs and stellar rem-
nants. For the physical lens distribution, we used the modified
version of the Han & Gould (2003) model, in which the origi-
nal double-exponential disk model is replaced with the Bennett
et al. (2014) model. We note that the distance to the source,
DS, is allowed to vary by choosing DS from the physical dis-
tribution model of the bulge instead of using a fixed value. For
the dynamical distribution of the lens and source motion, we
adopted the Han & Gould (1995) model. A detailed descrip-
tion of the adopted priors is given in Han et al. (2020a). The
number of events produced by the simulation for each solution
is 107. With the events produced by the simulation, posteriors of
M and DL were obtained by constructing the probability distribu-
tions of events that are consistent with the measured observables.
Although the ρ value is not tightly constrained for solution A,
we used its distribution obtained based on the MCMC links to
weight the posteriors of M and DL.

The posteriors for the host mass, Mh, and distance to the
lens are shown in Figs. 9 and 10, respectively. For each poste-
rior, we present three distributions, in which the red and blue
distributions are contributions by the bulge and disk lens pop-
ulations, respectively, and the black distribution is the sum of
contributions by both of the lens populations. In Table 5, we list
the estimated physical parameters of the host and planet (Mp)
masses, distance, and projected physical separation (a⊥) of the
planet from its host. For each physical parameter, we chose a
median of the probability distribution as a representative value,
and the upper and lower limits were estimated as the 16% and
84% ranges of the distributions. The estimated masses of the
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Fig. 9. Bayesian posteriors of the host mass for the three degenerate
2L1S solutions. The three curves in each panel represent contributions
by the disk (blue), bulge (red), and total (black) lens populations. The
solid vertical line represents the median, and the two dotted vertical
lines indicate the 1σ range of the distribution.

Fig. 10. Bayesian posteriors of the lens distance for the three 2L1S
solutions. Notations are the same as those in Fig. 9.

planet and host are

(Mp,Mh) ∼
{

(6.1 M⊕, 0.22 M�) for solution A,
(4.4 M⊕, 0.08 M�) for solution B.

(5)

Table 5. Physical lens parameters.

Parameter Solution A Solution Bc Solution Bw

Mh (M�) 0.219+0.297
−0.120 0.082+0.126

−0.044 0.084+0.131
−0.045

Mp (M⊕) 6.059+8.210
−3.321 4.444+6.808

−2.401 4.447+6.932
−2.359

DL (kpc) 6.705+0.994
−1.166 7.470+0.908

−0.920 7.450+0.904
−0.916

a⊥ (au) 1.305+0.194
−0.227 0.508+0.062

−0.063 0.650+0.080
−0.079

The planet mass is in the category of a super-Earth regardless
of the solutions, and thus the planet is the eleventh super-Earth
planet discovered by microlensing. The host mass varies depend-
ing on the solutions: a mid-M dwarf for solution A and a very
late M dwarf or possibly a substellar brown dwarf for solutions
B. The estimated distance to the lens is

DL ∼
{

6.7 kpc for solution A,
7.5 kpc for solution B.

(6)

The host mass estimated from the solutions B is substantially
smaller than the corresponding value of solution A. This is
because the host mass of solution A is estimated mostly based on
the single constraint of the event timescale, tE ∼ 9.6 days, but the
mass of solutions B is estimated with the additional constraint of
the small Einstein radius, θE ∼ 0.09 mas. For the same reason,
the distance to the lens predicted by solutions B, ∼7.5 kpc, is
greater than the distance expected from solution A, ∼6.7 kpc.

The degeneracy between solutions A and B can very likely be
lifted if the lens and source can be resolved from future follow-
up observations using a high-resolution adaptive optics (AO)
instrument. KMT-2018-BLG-1025 presents an unusual case for
which the degeneracy can be lifted purely by the proper motion
measurement, which is the most robust result from AO follow-
up observations. From Fig. 7, ρSol A < 5.5 × 10−3 and ρSol B >
5.9 × 10−3, both at 3σ, while from Tables 3 and 4, the quan-
tity θ∗/tE is about 10% larger for solution A than solutions Bc
and Bw. Therefore, the 3σ limits for µ = θ∗/(ρtE) barely over-
lap. Most likely, the actual proper motion measurement will be
well away from this boundary, for example, near the best fits
µ ' 3.8 mas yr−1 (for solutions B) or µ ' 5.7 mas yr−1 (for solu-
tion A). Only if the measured value is about halfway between
the boundary will the correct solution remain undetermined. We
note that the long tail in the solution A distribution, which pre-
vented a precise estimate of θE and µ for this case, does not affect
the resolution of the degeneracy: if the true value of ρ is in this
tail, then the proper motion will be high, and solution A will be
unambiguously favored. To be confident of detecting the lens,
one should allow for proper motions as low as µ ∼ 3 mas yr−1,
which are permitted by solutions B. However, even at this slow
pace, the source and lens will be separated by 30 mas in 2028, the
earliest possible date for the first AO light 30m class telescopes.
At that point, the source and lens can be easily resolved. By con-
trast, the close–wide degeneracy between solutions Bc and Bw
cannot be resolved because the relative proper motions expected
from the degenerate solutions are similar to one another.

7. Conclusion

We have reported the discovery of a super-Earth planet that was
found from the analysis of the lensing event KMT-2018-BLG-
1025. The planetary signal in the lensing light curve had not been
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noticed during the season of the event discovery, and it was found
from the systematic inspection of high-magnification events in
the KMTNet data collected in and before the 2018 season.
We identified three degenerate solutions, in which the ambigu-
ity between a pair of solutions was caused by the previously
known close–wide degeneracy, and the degeneracy between
these and the other solution was a new type that had not been
reported before. The estimated mass ratio between the planet
and host was q ∼ 0.8 × 10−4 for one solution and ∼1.6 × 10−4

for the other pair of solutions. From the Bayesian analysis car-
ried out with the measured observables, we estimated that the
masses of the planet and host and the distance to the lens were
(Mp,Mh,DL) ∼ (6.1 M⊕, 0.22 M�, 6.7 kpc) for one solution and
∼(4.4 M⊕, 0.08 M�, 7.5 kpc) for the other solutions. The planet
mass was in the category of a super-Earth regardless of the
solutions, making the planet the eleventh super-Earth planet
discovered by microlensing. Due to the substantial difference
between the relative lens-source proper motions expected from
the two sets of solutions, the degeneracy between the solutions
can be lifted by resolving the lens and source from future high
resolution imaging observations. These observations will also
yield the mass and distance of the lens, and thus the mass of
the planet.
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