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ABSTRACT

Aims. The light curve of the microlensing event KMT-2021-BLG-0912 exhibits a very short anomaly relative to a single-lens single-
source form. We investigate the light curve for the purpose of identifying the origin of the anomaly.

Methods. We model the light curve under various interpretations. From this, we find four solutions, in which three solutions are found
under the assumption that the lens is composed of two masses (2L1S models), and the other solution is found under the assumption
that the source is comprised of binary stars (1L2S model). The 1L2S model is ruled out based on the contradiction that the faint
source companion is bigger than its primary, and one of the 2L1S solutions is excluded from the combination of the poorer fit,
blending constraint, and lower overall probability, leaving two surviving solutions with the planet/host mass ratios of g ~ 2.8 x 1073
and ~1.1 x 1073, A subtle central deviation supports the possibility of a tertiary lens component, either a binary companion to the host
with a very large or small separation, or a second planet lying near the Einstein ring, but it is difficult to claim a secure detection due
to the marginal improvement of the fit, lack of consistency among different data sets, and difficulty in uniquely specifying the nature
of the tertiary component.

Results.  With the observables of the event, it is estimated that the masses of the planet and host are ~(6.9 Mg, 0.75 M) according to
one solution and ~(2.8 M, 0.80 M,;) according to the other, indicating that the planet is a super Earth around a K-type star, regardless
of the solution. The fact that 16 (including the one reported in this work) out of 19 microlensing planets with M < 10 M, were detected

during the last 6 yr nicely demonstrates the importance of high-cadence global surveys in detecting very low-mass planets.

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

1. Introduction

The current microlensing surveys differentiate themselves from
those of the previous era by their greatly increased observa-
tional cadence. High-cadence surveys with multiple observations
per night became possible with the combination of the instru-
mental upgrade of existing surveys and the inauguration of a
new survey employing globally distributed multiple telescopes
equipped with cameras yielding a very large field of view (FOV).
The Microlensing Observations in Astrophysics survey (MOA:
Bond et al. 2001), which originally started its first-phase exper-
iment with the use of a 0.61 m telescope and a camera with
a 1.3 deg? FOV, entered into its second phase by employing a
1.8 m telescope and replacing its old camera with a new one

Article published by EDP Sciences

with a 2.2 deg? FOV. The Optical Gravitational Lensing Exper-
iment (OGLE), which started its first-phase experiment with a
1.0 m telescope, is now in its fourth phase (OGLE-IV: Udalski
et al. 2015) using a 1.3 m telescope mounted with a mosaic cam-
era yielding a 1.4 deg? FOV. The Korea Microlensing Telescope
Network (KMTNet: Kim et al. 2016) started its full operation in
2016 using its three 1.6 m telescopes, each of which is equipped
with a camera providing a 4 deg? FOV. With the instrumental
upgrade of the existing experiments and the advent of a new sur-
vey, the cadence of the current surveys reaches down to <8 min,
which is two orders of magnitude higher than that of earlier
experiments.

The increased survey area combined with the increased
observational cadence resulted in a dramatic rise in the detection
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rate of lensing events. The annual event rate, which was of the
order of dozens in the 1990s and hundreds in the 2000s, has
soared to more than 3000 from the combination of the three
lensing surveys. The increase in the total event rate is accompa-
nied by a rapid increase in the number of microlensing planet
detections, and about 20 planetary systems are now reported
annually.

Another important achievement of high-cadence global sur-
veys is that they expand the channel of planet detections. In
general, microlensing signals of planets appear as short-term
anomalies on the lensing light curves produced by hosts. The
duration of the planetary signal becomes shorter in proportion
to the square root of the planet-to-host mass ratio g, that is,
Tplanet ~ q'/ 2tz, where tg represents the event timescale. More-
over, the duration is several days for giant planets with g ~
(0)1073 and less than one day' for planets with g < (0)107*.
As a result, it was difficult to detect planets with very low mass
ratios from observations conducted in a survey-only mode with
the ~1 day cadence of the earlier generation surveys. To comple-
ment the inadequate cadence of the previous surveys, planetary
lensing experiments had been carried out in a survey-+follow-
up mode, in which survey experiments focused mostly on event
detections and follow-up experiments coordinated dense global
coverage of the events detected by the survey experiments;
for example, OGLE-2005-BLG-071Lb (Udalski et al. 2005;
Dong et al. 2009) and OGLE-2005-BLG-390Lb (Beaulieu et al.
2006). Dense follow-up observations require alerts for events
with ongoing anomalies, but such observations are difficult for
events with very short planetary signals due to the difficulty
of predicting the time of the anomaly and immediately con-
ducting follow-up observations. As a result, observations in the
survey+follow-up mode are conducted most successfully for a
special type of event with very high magnification, for which
not only can the time of the peak be predicted with a reason-
able precision but also the chance of planetary anomaly near
the peak is high: the “high magnification channel” (Griest &
Safizadeh 1998). High-cadence surveys with globally distributed
telescopes dispense with the need for alerts for dense coverage
of planetary signals, and thus they expand the channel of planet
detections to all events regardless of lensing magnifications.
Examples of such detections are OGLE-2018-BLG-0567Lb and
OGLE-2018-BLG-0962Lb (Jung et al. 2021).

In this work, we report the discovery of a very low-mass-ratio
planet found from the analysis of a lensing event detected in the
2021 season. Despite its short duration and weakness, the plan-
etary signal, which occurred well after the high-magnification
peak, was clearly detected by the dense coverage of the lensing
surveys. We test various interpretations to confirm the planetary
origin of the anomaly.

We present our analysis as follows. In Sect. 2, we give an
explanation of the observations of the lensing event and the
acquired data. In Sect. 3, we describe the characteristics of the
light-curve anomaly and depict various models tested to explain
its origin, including binary-lens and binary-source models. We
detail the procedures of the modeling and present results. We
additionally test the possibility that the lens is composed of three
masses. The procedures of characterizing the source star and
estimating the angular Einstein radius are depicted in Sect. 4.
We estimate the physical parameters of the planetary system in
Sect. 5, and we summarize results and conclude in Sect. 6.

I In practice, longer durations may be observed for oblique source tra-

jectories, e.g., KMT-2020-BLG-0414 (Zang et al. 2021) and the planet
presented here.
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Table 1. Follow-up data

Telescopes Epoch (HJID) Aperture
LCO COJ 9416, 9421, 9424 1.0 m
LCOLSC 9414, 9415, 9416,9419 1.0m
CHI-18 9414, 9415, 9416 0.18 m
CHI-50 9416, 9418 0.5m
pFUN Possum 9415, 9416, 9417, 9418 0.4 m
uFUN Kumeu 9415, 9416, 9418 0.4 m

Notes. HID’ = HID — 2450 000.

2. Observations and data

The planet we report in this work was detected in observa-
tions of the lensing event KMT-2021-BLG-0912/MOA-2021-
BLG-233. The source of the event is located in the Galactic
bulge field with the equatorial coordinates (RA, Decl.)jpo00 =
(17:59:17.08, -31:59:51.50), corresponding to the Galactic coor-
dinates (I, b) = (—1°142,-4°091). The apparent baseline magni-
tude of the source is Ipse ~ 18.31 according to the KMTNet
scale.

The magnification of the source flux caused by lensing was
first found by the KMTNet survey on 2021-05-19 (HID' =
HJD — 2450000 ~ 9353) at its early stage of the lensing mag-
nification. The event was independently found by the MOA
survey 51 days after the KMTNet discovery, and was labeled
as MOA-2021-BLG-233. Hereafter, we refer to the event as
KMT-2021-BLG-0912 following the convention of designating
a lensing event using the ID reference of the survey that first dis-
covered the event. Data from the KMTNet survey were acquired
using the three 1.6 m telescopes located at the Siding Spring
Observatory (SSO) in Australia (KMTA), Cerro Tololo Inter-
American Observatory (CTIO) in Chile (KMTC), and South
African Astronomical Observatory (SAAO) in South Africa
(KMTS). The MOA survey used the 1.8 m telescope of the
Mt. John Observatory in New Zealand. Images were mainly
acquired in the 7 band for the KMTNet survey and in the cus-
tomized MOA-R band for the MOA survey. For both surveys,
a fraction of the images were obtained in the V band for mea-
surement of the source color. The event was also in the field of
the OGLE survey. However, no OGLE observation was made
because the OGLE telescope was shut down in the 2020 and
2021 seasons due to the Covid-19 pandemic.

The event was additionally covered by follow-up observa-
tions. At UT 21:30 (HID" ~ 9412.4) on 2021 July 16, the
KMTNet HighmagFinder system (Yang et al., in prep.) predicted
that the event would reach a very high magnification based on
the KMTNet data on the rising side of the light curve. Because
the chance of detecting planetary signals was high near the peak,
the KMTNet group issued an alert for follow-up observations.
In response to this alert, follow-up observations were conducted
around the peak of the light curve using multiple telescopes that
were globally distributed, including the two 1.0 m telescopes
of the Las Cumbres Observatory (LCO) global network, one
located at SSO (COJ) and the other at CTIO (LSC), the 0.18 m
and 0.5 m Newtonian telescopes located at El Sauce Observa-
tory in Chile (CHI-18 and CHI-50), and the two telescopes of
the Microlensing Follow-Up Network (WFUN) group (Possum
0.4 m and Kumeu 0.4 m) located in New Zealand. Table 1 lists
the follow-up telescopes and the epochs of observations. Further-
more, the KMTNet survey increased its observational cadence
by employing the ‘“auto-followup” system, which began its
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Fig. 1. Light curve of KMT-2021-BLG-0912. The insets show the
zoomed-in views of the peak and anomaly regions. The curve drawn
over data points is a model based on the single-lens single-source
interpretation.

operation in the 2021 season for dense coverage of high-
magnification events. However, even with the dense coverage
provided by the combined data from the survey and follow-up
observations, there is no significant anomaly over the peak of the
light curve, although these observations do help to constrain the
finite source effect. A zoomed-in view around the peak region is
shown in the upper inset of Fig. 1. In Sect. 3.3, we provide an
in-depth discussion of a possible central anomaly.

A short-term anomaly occurring much later (HID’ ~ 9428.5)
was noticed by C. Han whilst revisiting the event on August
19 (HID’ ~ 9437), when the source brightness was declining.
The zoomed-in view around the anomaly is presented in the
lower inset of Fig. 1. The anomaly, which was covered mostly
by the KMTC and KMTS data sets, lasted for ~1 day centered
at HID’ ~ 9428.5. At the peak of the anomaly, the data points
deviate from the 1L1S model by ~0.2 mag. After the anomaly,
the event gradually returned to the baseline.

The data obtained by the KMTNet and MOA surveys
were processed utilizing the pipelines of the individual groups:
Albrow et al. (2009) for the KMTNet survey and Bond et al.
(2001) for the MOA survey. These pipelines are developed
based on the difference image technique (Tomaney & Crotts
1996; Alard & Lupton 1998). The follow-up data from the
LCO, CHI-18, and CHI-50 observations were reduced using the
ISIS pipeline (Alard 2000; Zang et al. 2018), and those from
the pFUN observations were reduced using the DoPHOT code
(Schechter et al. 1993). For the individual data sets, the error
bars estimated from the photometry pipelines were readjusted to
take into consideration the scatter of data and to obtain a y? per
degree of freedom of unity for each data set following the routine
described in Yee et al. (2012).

Figure 1 shows the light curve of KMT-2021-BLG-0912. The
curve drawn over the data points is a 1L1S model with lens-
ing parameters (¢, ug, tg) ~ (9417.02,6.0 x 1073,70 days). Here,
1o is the time of the closest lens-source approach, expressed in

HJD’, and uy is the separation at #y. The two small boxes drawn
over the light curve indicate the regions around the peak and the
anomaly. The magnification at the peak was Apeax ~ 1/up ~ 170.

3. Interpreting the event

The light curve of the lensing event KMT-2021-BLG-0912
is characterized by a short-lasting anomaly on the otherwise
smooth and symmetric 1L.1S curve. This is a characteristic pat-
tern of an event produced by a lens with a very low-mass
companion (Gould & Loeb 1992). Therefore, we first model the
light curve under a binary-lens single-source (2L1S) interpre-
tation. We additionally test a single-lens binary-source (1L2S)
interpretation because it is known that a subset of 1L2S events
can generate short-term anomalies in lensing light curves (Gaudi
1998; Gaudi & Han 2004).

Considering an additional lens or source component in lens-
ing modeling requires one to include extra parameters in addition
to the ILIS lensing parameters, that is (%, up, tg). For a 2L1S
model, these extra parameters are (s, g, @), which represent the
separation and mass ratio between the lens components, M; and
M5, and the angle between the source motion and the binary lens
axis (source trajectory angle), respectively. For a 1L.2S model,
the extra parameters are (%2, i 2, gr), Which represent the time
and separation at the closest approach of the source companion
to the lens, and the flux ratio between the primary and secondary
source components, S| and S,. In the 1L2S modeling, we desig-
nate the parameters related to S'; as (#o,1, 4p,1) to distinguish them
from those related to S,. For all tested models, we additionally
include the parameter p, which represents the ratio of the angu-
lar source radius 6, to the Einstein radius g, that is, p =0./0g.
This parameter (normalized source radius) is needed to account
for finite-source effects that affect lensing light curves during the
source passage over the lens or caustics.

In the modeling, we search for the set of lensing parame-
ters (solution) that best describes the observed data. The 2L1S
solution is investigated in two steps, in which we search for the
binary parameters (s, g) using a grid approach in the first step,
and then refine the individual local solutions found from the first
step by allowing all parameters to vary in the second step. In
our search for the parameters other than the grid parameters, we
use a downhill approach. We adopt this two-step procedure to
identify possible degenerate solutions, in which different com-
binations of lensing parameters result in similar lensing light
curves. In the 1L.2S modeling, we search for the solution using
a downhill approach with initial values of (¥, 1o 2, gr) assigned
considering the time and strength of the anomaly. For the down-
hill approach, we use the Markov chain Monte Carlo (MCMC)
algorithm.

3.1. Binary-lens (2L1S) interpretation

According the planetary 2L1S interpretation, the planet-host
separation s can be heuristically estimated from the location of
the anomaly in the lensing light curve. Under the approximation
of a very low-mass companion, the planetary caustic induced by
a planet lies at the location with a separation from the primary
lens of

Uy ~ §— —, (1
S

which has a negative value for a close binary with s < 1.0
and a positive value for a wide binary with s > 1.0 (Griest &
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Fig. 2. Ax? map on the log s-logg (left panel) and log s—a (right
panel) planes obtained from the 2L1S modeling. The maps show
three locals: close I (logs,logg,a) ~ (=0.04,-5.1,0.01), close II ~
(-0.04,-5.1,0.07), and wide ~ (0.04, -5.9, 3.2) solutions. The inset in
the right panel shows the zoomed-in view of around the close I and
close II solutions on the log s—a (right panel) plane. The color cod-
ing is set to represent points with < 1no (red), < 2no (yellow), < 3no
(green), < 4no (cyan), and < Sno (blue), where n=2.

Safizadeh 1998; Han et al. 2006). Then, the planet-host sepa-
ration is obtained by solving Eq. (1) with respect to s, that is,

s:%[ua+(u§+4)l/2]. @)

The u, value corresponds to the source separation (from M)
at the time of the anomaly, #,, and is related to the lensing
parameters by

2 12
Uy = [(la — to) + u(z)} . (3)
Ig

With the time of the anomaly at #, ~ 9428.5 and the 1L1S lens-
ing parameters, (ty, uo, tg) ~ (9417.02,6.0 x 1073, 70 days), the
source separation is u, ~ +0.16. Then, two solutions exist for
the planet separations:

sc ~0.92 and sy ~ 1.09, “)
where the former and latter values correspond to the close and
wide solutions, respectively.

From the 2L1S modeling, we identify three local solutions.
Figure 2 shows the locations of these local solutions in the y?
map on the log s—loggq (left panel) and log s—a (right panel)
planes. The binary lensing parameters of the individual solutions
are (log s,loggq, @) ~ (-0.04,-5.1,0.01), ~ (-0.04,-5.1,0.07),
and ~ (0.04,-5.9,3.18) in logarithmic scale and radians, or
(s,g,@) ~ (0.9,0.9 x 107°,0.6°), ~ (0.9,0.9 x 1073,4.0°), and
~(1.1,0.13 x 107>, 182.2°) in linear scale and degrees. We refer
to the individual solutions as “close 17, “close II”’, and “wide”
solutions, respectively. We note that the s and g values for the
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Fig. 3. Models curves and residuals of the five tested solutions,
including the 1L1S, 1L2S, three 2L1S (close I, close II, and wide)
solutions.

two close solutions are similar to each other, but have slightly
different values of the source trajectory angle, as shown in the
inset of the right panel. The binary separations of the close, s,
and wide solution, s,,, closely match the heuristically estimated
values in Equation (4). We note that although the binary sepa-
rations s, and s, are approximately in the relation of s, ~ 1/sy,
the degeneracy between the close and wide solutions has a dif-
ferent origin from the close—wide degeneracy between a pair
of solutions for central planet-induced anomalies appearing in
high-magnification events (Griest & Safizadeh 1998; Dominik
1999). We discuss the origins of the degeneracies below in detail.
Regardless of the solutions, the estimated mass ratios are very
small, of the order of 107> for the close solutions or even smaller
for the wide solutions, indicating that the companion to the lens
is a planetary-mass object with a very small planet-to-host mass
ratio according to the 2L.1S interpretation.

The model curves and residuals of the individual 2L 1S solu-
tions around the region of the anomaly are shown in Fig. 3, and
their lensing parameters are listed in Tables 2—4 together with
the 2 values of the fits. For each solution, we present two sets of
solutions, in which one solution is obtained under the assump-
tion of a rectilinear relative lens—source motion, standard model,
and the other solution is obtained by considering the deviation
from the rectilinear motion caused by the orbital motions of
Earth (microlens—parallax effect: Gould 1992) and the binary
lens (lens—orbital effect: Dominik 1999), higher order model.
We further discuss these higher order effects below. From the
comparison of the solutions, it is found that the close II solu-
tion provides the best fit to the data, but the y? differences from
the other solutions, AXZ =9.5 with respect to the close I solution
and 19.2 with respect to the wide solution, are relatively mod-
est. As a rule of thumb, differences of Ay?> > 10 are required
to distinguish between solutions with reasonable confidence, but
careful consideration must be given when the differences are
only slightly larger, as in the present case.
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Table 2. Close I 2L1S model parameters.

Parameter Standard Higher-order
x° 1637.2 1601.9
to (HID") 9417.020 +£0.002  9417.020 + 0.003
up (1072) 0.60 £0.02 0.62£0.02
tg (days) 69.62 + 1.59 69.53 +£2.31
s 0.920 £ 0.002 0.882+0.015
q (1075) 0.84 £0.17 2.77+£0.67
a (rad) 0.009 +0.003 0.083 £0.012
o (1073) 2.47+£0.37 3.85+0.62
TEN 0.58 +0.15
TEE -0.11 £0.06
ds/dt (yr™") 1.19+0.50
da/dt (yr™') -1.76 £ 0.37
Notes. HID’ = HID — 2450 000.
Table 3. Close II 2L1S model parameters.
Parameter Standard Higher-order
x° 1626.9 1592.4
to (HID') 9417.023 £0.002  9417.025 + 0.002
up (1072) 0.63+£0.02 0.62 +0.03
tg (days) 67.38 £ 1.45 68.00 +2.67
s 0.918 + 0.002 0.914 + 0.014
q (1075) 1.21 £0.20 1.05 +0.46
a (rad) 0.072 +0.004 0.104 £ 0.008
o (107%) 3.41+0.51 2.68 £0.63
TEN 0.15+0.28
TE.E 0.00+0.09
ds/dt (yr™") 0.13+0.46
da/dt (yr!) —0.87+0.65
Table 4. Wide 2L 1S model parameters.
Parameter Standard Higher-order
X’ 1623.8 1611.6
to (HID') 9417.023 £0.002  9417.027 + 0.003
up (1072) 0.59+0.02 0.60+0.02
tg (days) 68.41 +1.55 67.78 +1.59
s 1.089 + 0.002 1.109 £ 0.020
q (1075) 0.12+0.04 0.17+0.40
a (rad) 3.177 £ 0.001 3.177+£0.032
o (107%) 0.88+0.21 1.01 £ 0.09
TEN —0.06 +0.29
TE.E 0.11 +£0.08
ds/dt (yr™h) -0.56 +0.63
da/dt (yr') -0.15+0.75

Figure 4 shows the configurations of the lens systems for
the three degenerate 2L1S solutions. In each panel, the small
closed figures composed of concave curves represent the caustics
induced by the planet, and the curve with an arrow represents the
source trajectory. The configurations correspond to the models
obtained with the consideration of the higher order effects, and
thus the source trajectory is slightly curved due to the microlens—
parallax effect. The caustic varies in time due to the lens orbital
motion, and the presented caustics correspond to those at the

time of the anomaly. The planetary companion induces two sets
of caustics, in which one is located very close to the host of the
planet (central caustic) and the other is located away from the
host (planetary caustic). The planetary caustic induced by a close
planet is located on the opposite side of the planet with respect
to the host and is composed of two sets of closed curves, while
the planetary caustic induced by a wide planet is located on the
planet side and is composed of a single closed curve (Han et al.
2006). According to the close I and II solutions, the anomaly was
produced by the source passage over the upper and lower plane-
tary caustics induced by a close planet, respectively. According
to the wide solution, on the other hand, the anomaly was gener-
ated by the source passage over the planetary caustic of a wide
planet. According to all 2L 1S solutions, the source did not cross
the central caustic. As a result, the central region does not exhibit
an obvious anomalous feature, but we discuss possible central
anomalies in Sect. 3.3.

The form of the degeneracy among the three 2L 1S solutions
is very rare because it arises from the special configuration of the
lens system. The degeneracy between the close I and II solutions,
which we refer to as the “upper-lower degeneracy”, occurs due to
the special lens—system configuration, in which the source moves
almost in parallel with the planet-host axis and passes through
the upper and lower parts of the planetary caustic with similar
patterns of magnification excess. The degeneracy between the
close and wide solutions, which we refer to as the “close-wide
degeneracy for planetary caustics”, arises due to the small caustic
size caused by the very low planet/host mass ratio. In this case, it
is difficult to delineate the detailed structure of the anomaly, not
only because of the short duration caused by the low mass ratio
but also because of the featureless structure caused by finite-
source effects. This degeneracy is different from the close-wide
degeneracy for central anomalies, which arise from the intrin-
sic similarity between the central caustics induced by a close
and a wide planet, in the sense that the anomaly was produced
by planetary caustics. The planetary caustics induced by a close
and a wide planet differ both in shape and number, resulting in
different patterns of magnification excess (Chung et al. 2005).
Consequently, the close-wide degeneracy for planetary caustics
is an accidental degeneracy arising from the inadequate pre-
cision and cadence of observations for very short anomalies
induced by planets with very low mass ratios.

We check the feasibility of measuring the additional observ-
ables of the angular Einstein radius #g and microlens parallax
g, which can constrain the mass and distance to the lens.
The prerequisite for the estimation of 6y is the measurement of
the normalized source radius p, because the Einstein radius is
estimated by

HE:_7 (5)

where the angular source radius 6, can be estimated from the
color and brightness of the source. We discuss the detailed pro-
cedure of measuring 6, in Sect. 4. The p value is measured by
analyzing the planetary anomaly that is affected by finite-source
effects, and the values corresponding to the individual 2L1S
solutions are listed in Tables 2—4. We note that the p values vary
in the range of [0.88-3.41] x 1073 depending on the solutions.
The ng value is measured from the deviation in the light
curve caused by the microlens—parallax effect. For the mea-
surement of ng, we conduct additional sets of modeling for
the individual 2L1S solutions by considering the parallax
effect. Because it is known that the orbital motion of the lens
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g in lens modeling, and arises because the relative motion of the

0.5 |- ~0.5 TR —

i ‘
L = 3 |

I I A IS B N P L) N RN R B N
06 04 02 0 -02-04-06 06 04 02 0 -02-04-06
TrE,E TrE,E

Fig. 5. Scatter plot of MCMC points on the 7g y—7g g parameter plane.
Color coding is same as that in Fig. 2, except that n=1. The right and
left panels are the plots for the two degenerate solutions with u#y > 0 and
up < 0 solutions, respectively.

can result in similar deviation to that induced by the paral-
lax effect (Batista et al. 2011), we simultaneously consider
both the microlens—parallax and lens—orbital effects (Dominik
1999) in the modeling. For the consideration of these higher
order effects, we add four extra parameters in the modeling:
(mg.n, e ) for the microlens—parallax effect and (ds/dt, da/dr)
for the lens—orbital effect. The two parallax parameters denote
the north and east components of the microlens—parallax vector
g = (M1 /0)(/1L), respectively, and the two orbital parame-
ters denote the annual change rates of the binary separation and
source trajectory angle, respectively.
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source with respect to the caustic has a higher degree of free-
dom. Figure 5 shows the scatter plot of points in the MCMC
chain on the 7g p—mg x parameter plane. The plot is based on the
close IT model, which yields the best fit among the solutions,
and the other models result in similar scatter plots. It shows that
the component of s that is parallel with the direction of Earth’s
acceleration, nig, is well constrained, but the uncertainty of the
perpendicular component, g, , is considerable. We also check
the so-called ecliptic degeneracy between a pair of solutions with
uy > 0 and uy < O arising due to the mirror symmetry of the
source trajectory with respect to the binary axis (Skowron et al.
2011). The scatter plot for the uy < O solution is also presented
in Fig. 5. It is found that the u#y < O solution results in a similar
pattern to that of the uy > 0 solution.

3.2. Binary-source (1L2S) interpretation

We also check the interpretation in which the observed anomaly
was produced by a companion to the source. For a lensing event
involved with two source stars, the observed flux, F, is the super-
position of fluxes from the events associated with the individual
source stars (Griest & Hu 1992; Han & Gould 1997), that is,

FZF](A] +qFA2). (6)

Here, F; represents the flux of the primary source, and A and A,
denote the lensing magnifications associated with the individual
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Table 5. 1L2S model parameters.

Parameter Value

¥ 1626.6

to,y (HID”)  9417.022 +0.002
up (1072)  0.60+0.02

oo (HID") 9428.575 +0.067
upo (1072)  0.22+0.13

tg (days) 6791 + 1.70

p1 (1073 <4.0

p2 (1073) 6.41 +2.32

qr 0.003 +0.001

0.012 —

0.008 [
< 0.006 | *
0.004

0.002

Fig. 6. Scatter plot of points in the MCMC chain on the p;—p, plane for
the 1L.2S model. Color coding is the same as that in Fig. 5. The black
line represents the equation p; = p,.

source stars, that is,

ul2 +2
o ui(u? + 42’

f—t 271/2
— 0,
uF%ﬁ(m)}. (7)

In Table 5, we list the lensing parameters obtained from the 1L.2S
modeling, and the model curve and residual around the anomaly
are shown in Fig. 3. The values p; and p, denote the normalized
radii of the primary and companion source stars, respectively. It
is found that the 1L.2S model also describes the anomaly well,
yielding a fit that is comparable to those of the 2L.1S models.

Although the 1L2S model describes the observed anomaly
well, it is rejected due to its unphysical lensing parameters.
According to the model, the flux from the source companion
comprises a very minor fraction (gr ~ 0.3%) of the flux from
the primary source, but the estimated normalized radius of the
source companion (p; ~ 6.4 X 1073) is significantly greater than
the upper limit of the primary source (01 max ~ 4.0 X 107). This
is shown in Fig. 6, in which we plot the points in the MCMC
chain on the p;—p, plane. With the contradiction that the pri-
mary source is smaller than its very faint companion, we rule
out the 1L2S interpretation of the event.
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Fig. 7. Zoomed-in view of the peak region. The curves drawn over the
data points are the 2L.1S model (close II) and two 3L1S models. The
lower panels show the residuals from the individual models.

3.3. Extra lens component: 3L1S interpretation

Although the peak region of the light curve does not exhibit an
obvious anomalous feature, the region is susceptible to devia-
tions induced by an extra lens component. This is because the
event reached a very high magnification, implying that the source
passed through the central magnification region, around which
an extra lens component, if it exists, would induce a caustic
affecting the magnification pattern of the region (Gaudi et al.
1998). We recall from Sect. 2 that the peak was subjected to
high-cadence follow-up and auto-follow-up observations, which
significantly enhance the sensitivity to low-amplitude anomalies.
Therefore, we inspect small deviations in the peak region.

The peak region of the light curve is shown in the top panel
of Fig. 7. The solid curve drawn over the data points is the
model curve of the 2L1S (close II) solution, and the residual
from the model is shown in the second panel. It is found that
the model leaves small deviations with <0.03 mag level mainly
in the LSC data set taken during 9416.46 < HID" < 9416.80.
Although the deviation is subtle, we check the possibility of a
third lens component, M3, for the origin of the deviation.

The lensing modeling with three lens components (3L1S
model) requires the inclusion of extra parameters in addition to
those of the 2L1S modeling. These parameters are (s3, g3, ¥),
which represent the separation and mass ratio between M; and
M3, and the orientation angle of M3 with respect to the M|—
M, axis with a center at the position of M;, respectively. The
3L1S modeling is done in two steps, in which we conduct grid
searches for the parameters related to M3 in the first step, that
is, (83, ¢3,¥), and then refine the local solutions found from the
grid search by allowing all parameters to vary. In the grid search,
we set the other parameters by adopting those of the 2LL1S solu-
tion (close II solution) under the assumption that the anomaly
induced by a tertiary lens component would be confined to a
small region around the peak, and thus could be treated as a
perturbation (Bozza 1999; Han et al. 2001).
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From the 3L1S modeling, we find two sets of local solu-
tions. According to one set, the peak residual is reduced by a
low-mass binary companion with a projected separation either
much bigger or smaller than the Einstein radius (“extra-binary”
solution), and according to the other solution, the residual is
explained by a second planet with a separation similar to the Ein-
stein radius (“extra-planet” solution). The triple-lens parameters
of the solutions are

(+0.68,-0.82,1.67),
(0.0,-5.21,2.01),

extra binary,
extra planet.

(log S3,]0g q3, lp) ~ { (8)

Figure 7 shows the models curves and residuals of the extra-
binary (for the wide solution with s ~ 4.8) and extra-planet 3L1S
solutions. Although the improvement of the fit in the peak region
supports the possibility of an extra lens component, it is difficult
to claim a secure detection of a tertiary lens component for sev-
eral reasons. First, the fit improvement is marginal: Ay? ~ 52.2
and 34.6 with respect to the 2L1S solution for the extra binary
and planet solutions, respectively. Second, the two data sets cov-
ering the peak anomaly, data sets LSC and KMTC, do not show
strong consistency, as shown in the bottom two panels of Fig. 7.
Third, there exist multiple solutions, that is, extra-binary and
extra-planet solutions, that can explain the central residual, mak-
ing it difficult to uniquely specify the nature of the extra lens
component even if the signal is real.

4. Source star and Einstein radius

In this section, we estimate the angular source radius in order to
estimate the angular Einstein radius using the relation in Eq. (5).
We deduce 6, from the color and magnitude of the source star.
For the measurement of the reddening and extinction-corrected
(dereddened) color and magnitude, (V — I, I)o, from uncalibrated
values (V — I,]) in the instrumental color-magnitude diagram
(CMD), we use the Yoo et al. (2004) method, which utilizes the
centroid of the red giant clump (RGC) for calibration, of which
the dereddened color and magnitude, (V — I, I)rgc 0, are known.

Figure 8 shows the locations of the source and RGC centroid
in the instrumental CMD of stars around the source constructed
using the pyDIA photometry (Albrow 2017) of the KMTC data.
The values of (V — I,I) are measured from the regression of
the I and V-band KMTC data processed using the pyDIA
code with the change of the event magnification. Also marked
is the location of the blend with (V — I,1),=(2.48,18.81).
The measured instrumental color and magnitude are (V —
1,1);=(2.833+£0.006,19.597 £ 0.001) for the source and (V —
1, Drge =(2.704,16.780) for the RGC centroid. With the off-
sets in color and magnitude, A(V — I, I), between the source and
RGC centroid together with the known dereddened color and
magnitude of the RGC centroid, (V — I, I)rgc,0 = (1.060, 14.510)
(Bensby et al. 2013; Nataf et al. 2013), the dereddened values of
the source are estimated as

V-1LDo=(V-1IDrcco+AV-11I)
= (1.189 + 0.006, 17.327 = 0.001), )

indicating that the source is a bulge subgiant with a K4 spec-
tral type. We convert the V — I color into V — K color using the
relation of Bessell & Brett (1988), and then interpolate the angu-
lar source radius from the (V — K)-6, relation of Kervella et al.
(2004). The estimated source radius from this procedure is
0. =(1.87+0.13) pas. (10)
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Fig. 8. Locations of the source, blend, and RGC centroid in the
instrumental CMD of stars around the source.

Table 6. Angular Einstein radius and relative lens—source proper motion

Model Og (mas)  p(mas yr ')
Closel 0.49+0.09 2.57+0.478
CloseII 0.70+0.18 3.76+0.978
Wide 1.85+0.20 9.96+1.11

With the measured value of 6., the angular Einstein radius is esti-
mated by Eq. (5) and the relative lens—source proper motion is
computed as | = 6g/tg. In Table 6, we list the estimated values of
fg and p corresponding to the three degenerate 2L 1S solutions.
We note that the value of the angular source radius does not vary
depending on the solutions, but the values of 6 and p have dif-
ferent values depending on the solutions because the individual
solutions have different values of p.

We check whether a significant fraction of blended flux
comes from the lens by measuring the astrometric offset between
the image centroid at the baseline and the source position mea-
sured from the difference image. For the measurement of the
source position, we use an image provided by the 3.6 m Canada-
France-Hawaii Telescope under good seeing (0”.65) conditions
at the time around the peak. The measured offset is

AO(N,E)=(26+17,—86 + 8) mas. (11)
The offset is much bigger than the uncertainty, indicating that the
major origin of the blended flux is not the lens; it must therefore
be either a companion to the source, a companion to the lens,
or an ambient star. We note that if the blended light is due to a
star in or near the bulge, then its color and absolute magnitude
[(V = 1D)y, M[] = (0.86,2.0) indicate that it is a subgiant. Based
on the surface density of subgiants toward this field, the chance
that an ambient subgiant would be projected within ~100 mas
of the lens is about p ~ 6 x 107, In addition, the probability
that the source would have a subgiant companion at projected
separation 2700 AU is also relatively low, roughly p ~ 3 x 1073,
A similar probability applies to companions to the lens. Thus,
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we cannot reliably distinguish among these possibilities based
on the measured astrometric offset alone. The main impact of
the blended light on the analysis is that it places an upper limit
on the lens flux.

5. Physical parameters

We estimate the physical parameters of the planetary system
using the observables of the lensing event. The mass and dis-
tance to the lens system can be uniquely determined with the
observables of g and 6g using the relation

AU

mgbg + s '

M 5 DL
KTTE

(12)

Here k =4G/(c*AU) and nrg = AU/ Ds denotes the parallax of the
source located at a distance Ds (Gould 2000). For KMT-2021-
BLG-0912, the uncertainty of ng is considerable, as shown in
Fig. 5, making it difficult to uniquely determine M and Dy, using
the relations in Eq. (12), but the physical lens parameters can still
be constrained with the remaining observables g and tg, which
are related to the physical parameters by

0
fE=—E;
o

O = (kMme)'?, (13)

where m,) = AU(1/Dy, — 1/Ds). We estimate the physical param-
eters by conducting a Bayesian analysis with the constraints
provided by 6g and #¢ and using the Galactic model defining
the physical and dynamical distributions and mass function of
Galactic objects. Although 7y is uncertain, we consider its con-
straint by imposing the restriction given by the covariance matrix
of the parallax ellipse; see Fig. 5. For the three degenerate solu-
tions, the g values are similar to one another, but the 0 values
vary substantially depending on the solutions, and therefore we
conduct three sets of analyses for the individual solutions.

The Bayesian analysis is carried out by producing a large
number (6 X 10°) of artificial lensing events from a Monte Carlo
simulation using the Galactic model. We adopt the Jung et al.
(2021) Galactic model, which was constructed based on the
Robin et al. (2003) and Han & Gould (2003) models for the phys-
ical distributions of disk and bulge objects, Jung et al. (2021) and
Han & Gould (1995) models for the dynamical distribution for
disk and bulge objects, and the Jung et al. (2018) mass func-
tion. In the mass function, we include brown dwarf and white
dwarf populations of lenses, but exclude neutron stars and black
holes because it is extremely unlikely that planets could remain
bound after supernova explosions. For a more detailed descrip-
tion of the Galactic model, see Jung et al. (2021). With the
artificial lensing events produced from the simulation, we con-
struct the posterior distributions of M and Dy, for the events with
observables consistent with the measured values.

Figures 9 and 10 show the posterior distributions of
Mhost = My, and Dy, respectively. In Table 7, we summarize
the physical parameters of Mg, Mplanet = ¢Mhost, DL, and
a, = sD; 0 estimated based on the three 2LL1S solutions. For
each parameter, the representative value is chosen as the median
value of the Bayesian distribution, and the lower and upper lim-
its are estimated as 16 and 84% of the distribution. The host
is a K-type star according to the close solutions, while it is a
G-type star according to the wide solution. The estimated mass
of the host for the wide solution is greater than those expected
from the close solutions because the input value of the Einstein
radius (B ~ 1.85 mas) for the wide solution is substantially
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Fig. 9. Posterior distributions of the lens mass constructed from the
Bayesian analyses based on the observables of the three 2L1S solu-
tions. For each distribution, the solid vertical line indicates the median,
and the two dotted lines represent the 10~ range of the distribution. The
blue and red curves denote the contribution by the disk and bulge lens
populations, and the solid distribution is the sum of the two populations.
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Fig. 10. Posterior distributions of the distance to the lens. Notations are
same as those in Fig. 9.

larger than those of the close solutions (g ~ 0.49 mas for the

close I solution and ~0.70 mas for the close II solution). For
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Table 7. Physical parameters

Parameter Close 1 Close II Wide
Mpos (Mp) — 0.75%923 0.807031  1.02704
Mpianet (M) 6924313 281498 0.58%033
Dy, (kpc) 6.71*096 5567143 2.1870%
a, (AU) 3.033:32 3.143:23‘ 3.81:“%:2?

the same reason, the estimated distance to the lens is shorter for
the wide solution than the distances estimated from the close
solutions. The masses for the planet estimated from the close
solutions (Mpjanet ~ 6.9 Mg for the close I solution and ~2.8 Mg
for the close II solution) are higher than Earth, while the mass
estimated from the wide solution (Mpjaner ~ 0.6 Mg) is lower than
the mass of Earth.

Among the three 2L 1S solutions, we exclude the wide solu-
tion for three major reasons. First, the model fit of the wide
solution is poorer than the close II solution by Ay? = 19.2 when
the higher order models are compared. This y? difference is
already quite large and significantly disfavors the wide solu-
tion by itself. However, the wide solution yields the best fit
when the standard models are compared, and thus this alone
does not provide decisive evidence disfavoring the wide solu-
tion. Second, only a very small fraction of Bayesian output is
consistent with the flux constraint. According to the Bayesian
analysis, the median values of the lens mass and distance are
(Mhost, DL) ~ (1 Mg,2.2 kpc), and thus the lens would have a
dereddened magnitude of Iy ~ 15.8. By adopting A; ~ 1.5, con-
sidering that most of the dust is very nearby because it is a high
latitude field (b ~ 4°), the apparent magnitude of the lens would
be I ~ 17.3, which is substantially brighter than the blend with
I, ~ 18.8. Taking account of the fact that the lens mass could
be more than 1o lower than the median, the lower limit of the
lens mass is My, ~ 0.7 Mg, and the corresponding lower limit
of the lens magnitude is i min ~ 19.0. Considering that the flux
from the lens comprises a small fraction of the blending flux as
discussed in Sect. 4, the lens should be much fainter than I,,.
This implies that only a very small fraction of Bayesian output is
consistent with the constraint given by the blending flux. Finally,
the wide solution results in an overall Bayesian probability that
is much lower than the other solutions. The relative ratios of
the overall Bayesian probabilities are 1.00 : 0.83 : 0.04 for the
close I, close II, and wide solutions, respectively. This implies
that the probability of a lensing event with M and Dy corre-
sponding to the wide solution is much lower than the probability
of an event with the physical lens parameters corresponding to
the close solutions.

Despite the variation depending on the remaining solutions,
the estimated mass indicates that KMT-2021-BLG-0912Lb is a
super-Earth, which is defined as a planet with a mass higher
than that of Earth but substantially lower than those of the ice
giants of the Solar System (Valencia et al. 2007). The num-
ber of super-Earth planets detected by microlensing is rapidly
increasing thanks to the onset of high-cadence surveys. The
microlensing planets with M < 10 Mg are listed in Table 3
of Han et al. (2022). With an additional planet, KMT-2020-
BLG-0414LAbB (Zang et al. 2021), which was detected after
the publication of Han et al. (2022), there exist 19 super-Earth
microlensing planets with M < 10 Mg, including the one we
report here. Among these planets, 16 planets were detected
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during the last 6 yr after the full operation of the KMTNet survey.
This nicely demonstrates the importance of high-cadence global
surveys in detecting low-mass planets.

6. Conclusion

We investigated the light curve of the lensing event KMT-2021-
BLG-0912, which exhibited a very short anomaly relative to
a single-lens single-source form. Although this event reached
a high magnification and had substantial follow-up data, the
anomaly occurred ~11.5 days after the peak when the event was
only magnified by A ~ 6 and no longer the subject of follow-
up observations. Hence, the discovery and characterization of
this anomaly relied entirely on survey observations taken at a
cadence of several points per night from multiple locations.

From the modeling of the light curve under various inter-
pretations, we find four solutions, in which three solutions are
found under the assumption that the lens is composed of two
masses, and the other solution is found under the assumption
that the source is comprised of a binary-star system. The 1L2S
model is rejected based on the contradiction that the faint source
companion is bigger than its primary, and one of the 2L.1S solu-
tions is excluded because of the combination of a poorer fit,
blending constraint, and lower overall probability, leaving two
surviving solutions with planet/host mass ratios of ~2.8 x 107
and ~1.1 x 107, A subtle central deviation might support the
possibility of a tertiary lens component, either a binary com-
panion to the host with a very large or small separation or a
second planet lying at around the Einstein ring, but it is dif-
ficult to claim a secure detection because of the marginal fit
improvement, lack of consistency among different data sets, and
difficulty in uniquely specifying the nature of the tertiary com-
ponent. With the observables of the event, it is estimated that the
masses of the planet and host are ~(6.9 Mg, 0.75 M) according
to one solution and ~(2.8 Mg, 0.80 M) according to the other
solution, indicating that the planet is a super Earth around a K-
type star, regardless of the solution. The fact that 16 (including
the one reported in this work) out of the 19 microlensing super-
Earth planets with M < 10 Mg were detected during the last 6 yr
nicely demonstrates the importance of high-cadence surveys in
detecting very low-mass planets.
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