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Abstract: We present the analysis of a planetary microlensing event OGLE-2019-BLG-0362 with a short-
duration anomaly (~0.4 days) near the peak of the light curve, which is caused by the resonant caustic.
The event has a severe degeneracy with Ay? = 0.9 between the close and the wide binary lens models
both with planet-host mass ratio ¢ ~ 0.007. We measure the angular Einstein radius but not the microlens
parallax, and thus we perform a Bayesian analysis to estimate the physical parameters of the lens. We

find that the OGLE-2019-BLG-0362L system is a super-Jovian-mass planet M, = 3.267053
Mg at a distance Dy, = 5.837
AU, which indicates that the planet lies beyond the snow line of the host star.

an M dwarf M, = 0.427053
is a; =2.187953

Key words: gravitational lensing: micro

1. INTRODUCTION

As of 8th April 2022, 1301 confirmed exoplanets have
been discovered by microlensing. Host stars of the mi-
crolensing planets have wide mass ranges from brown
dwarfs to Sun-like stars, and the majority of them are
low-mass M dwarf stars, which comprise most of the
stars in our Galaxy. By contrast, host stars of exoplan-
ets detected by the radial velocity and transit methods,
which detected over 95% of 5009 exoplanets discov-
ered so far, are mostly Sun-like stars. Using these two
methods, it is difficult to detect planets around low-
mass M dwarf stars because the stars are faint. This
is because the radial velocity and transit methods de-
pend on the brightness of stars, but the microlensing de-
pends on their mass, not their brightness. In addition,
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the great majority of the low-mass host stars detected
by microlensing have giant planets beyond their snow
lines where ices condense in the protoplanetary disk
(Kennedy & Kenyon 2008), while Sun-like host stars
detected by the two other methods have mostly plan-
ets inside the their snow lines, regardless of the planet
mass (see Figure 10 of Zhu & Dong 2021). Hence, mi-
crolensing planets play a very important role to con-
strain not only planet formation theories, such as the
core accretion and gravitational instability, which were
constructed based on observed exoplanets, but also the
distribution of exoplanets around all types of host stars.

A planetary signal induced by microlensing is un-
predictable and its duration decreases as the planet
mass decreases (e.g., a few hours for a Earth-mass
planet and about a day for a Jupiter-mass planet).
Thus, for the detection of the microlensing planetary
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signal, it is highly advantageous to have 24 hr contin-
uous high-cadence observations. In order to conduct
the 24 hr observations, Korea Microlensing Telescope
Network (KMTNet; Kim et al. 2016) with 4.0 deg®
field of view (FOV) was established at three different
southern sites, which are located at the Cerro Tololo In-
teramerican Observatory in Chile (KMTC), the South
African Astronomical Observatory (KMTS), and the
Siding Spring Observatory in Australia (KMTA), and
its experiment was officially initiated in 2016. KMT-
Net covers 27 Galactic bulge fields at cadences ranging
from T = 0.2 hr ! to ' = 4 hr!, with about 12 deg?
at I = 4 hr!, 29 deg? at T = 1 hr™', 44 deg? at
I'=04hr ', 12 deg? at I' = 0.2 hr ', and total cover-
age of 97 deg? (Shin et al. 2016). Thanks to the 24 hr
high-cadence observations of KMTNet, many planetary
events that were not detected or noticed by the Opti-
cal Gravitational Lensing Experiment (OGLE; Udalski
2003) or the Microlensing Observations in Astrophysics
(MOA; Sumi et al. 2016) were detected by the KMTNet
(e.g., Shin et al. 2016; Hwang et al. 2018a; Kim et al.
2020; Kim et al. 2021a; Kim et al. 2021b; Zang et al.
2021a; Hwang et al. 2022). Hence, since the beginning
of test observations in 2015, about 50% of all confirmed
microlensing exoplanets have been detected by KMT-
Net. Considering that it took about 25 years to detect
the other 50% exoplanets before KMTNet, it is obvious
how amazing KMTNet is doing. In addition, very low
planet-star mass ratio (q) events with ¢ < 10~%, which
were rarely detected before KMTNet, are often being
detected by KMTNet (Shvartzvald et al. 2017; Hwang
et al. 2018b; Udalski et al. 2018; Han et al. 2018; Gould
et al. 2020; Herrera-Martin et al. 2020; Ryu et al. 2020;
Han et al. 2021; Kondo et al. 2021; Zang et al. 2021a;
Zang et al. 2021b; Yee et al. 2021; Han et al. 2022a; Han
et al. 2022b; Hwang et al. 2022; Wang et al. 2022). Such
events will be helpful to better constrain the planet fre-
quency as a function of the plant-star mass ratio, which
was done by Shvartzvald et al. (2016) and Suzuki et al.
(2016).

Moreover, since the KMTNet microlensing obser-
vations, planetary events caused by lens systems that
are composed of giant planets beyond the snow line of
low-mass host stars are routinely being detected. The
event OGLE-2019-BLG-0362 is one of such events. In
this paper, we report on the discovery of a giant planet
orbiting an M dwarf from the analysis of the microlens-
ing event OGLE-2019-BLG-0362. The mass and dis-
tance of lens systems can be directly measured from
the measurement of two parameters of microlens par-
allax g and angular Einstein ring radius 6. This is
because they are defined as

A
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where k = 4G/(c? AU) ~ 8.14 mas/M, ms = AU/Dsg
is the parallax of the source star, and Dg is the dis-
tance to the source (Gould 2000). For the event, only
0 was measured, thus the physical parameters of the

lens system were estimated from a Bayesian analysis
(Jung et al. 2018). Kim et al. (2021b) showed that the
lens masses inferred from Bayesian analyses are deter-
mined almost entirely by the measured fg and are rela-
tively insensitive to the relative lens-source proper mo-
tion e and specific Galactic model prior. Shan et al.
(2019) also showed that the true distribution of masses
for events with measured masses and Sptizer parallaxes
is consistent with the inferred masses from Bayesian
analyses derived for those events. Therefore, it is be-
lieved that the physical lens parameters estimated from
the Bayesian analysis are reliable at least in a statistical
sense.

2. OBSERVATIONS

The microlensing event OGLE-2019-BLG-0362 oc-
curred at equatorial coordinates (RA, Dec) =
(17:33:51.66, —24:48:37.3), corresponding to the Galac-
tic coordinates (I, b) = (2.11°, 4.41°). The event
was first detected by the Early Warning System of the
OGLE. OGLE uses a 1.3 m telescope with 1.4 deg?
FOV at Las Campanas Observatory in Chile. The
event OGLE-2019-BLG-0362 is located in the OGLE
IV field BLG715, which is observed with a low cadence
of I' ~ 1 night *. The KMTNet also found this event,
and it was designated as KMT-2019-BLG-0075. KMT-
Net uses three identical 1.6 m telescopes with 4.0 deg?
FOV, as mentioned in Section 1. The event is located in
the KMT field BLG16 with a cadence of I' = 0.4 hr'.

Most KMT data were taken in the I-band, and
some data were taken in V-band in order to determine
the color of the source star. The KMT data for the
modeling were reduced by the pySIS pipeline based on
the difference imaging method (Alard & Lupton 1998;
Albrow et al. 2009). For the construction of the color-
magnitude diagram (CMD) of stars around the source
and characterization of the source color, the KMTC I-
and V-band images were used, and they were reduced
by the pyDIA pipeline developed by Albrow (2017).
The OGLE data were also reduced by difference imag-
ing analysis (Alard & Lupton 1998; WozZniak 2000). We
renormalized the errors of the data sets obtained from
each photometry pipeline using the method of Yee et al.
(2012).

3. LIGHT CURVE ANALYSIS

The event OGLE-2019-BLG-0362/KMT-2019-BLG-
0075 has a short duration anomaly (~0.4 days) near
the peak. The anomaly was covered by only three KMT
data points (two KMTC and one KMTS data), while
it was not covered by OGLE. In other words, there
are no binary lensing features that can be unambigu-
ously identified, such as a clearly double-peaked caustic-
crossing. In such cases, the short duration anomaly can
be produced by either a typical binary lensing with a
single source (2L1S) or a single lensing with two sources
(1L2S).
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Figure 1. Distributions of Ax? in the (logs, logq) plane
obtained from the grid search. The colors marked as red,
yellow, green, sky blue, vivid blue, and purple represent the
regions with Ax? < 82, 162, 24%, 322, 40%, and 482, respec-
tively.

3.1. Binary Lens Model (2L.1S)

We first conduct the standard binary lens modeling.
The standard binary lens event is described with seven
parameters. Three of the seven parameters are the sin-
gle lensing parameters (¢, uo, tg), where tg is the time
of the closest source approach to the lens, ug is the
impact parameter (i.e., the lens-source separation at
t = to in units of fg), and tg is the Einstein radius
crossing time of the event. Another three parameters
are the binary lensing parameters (s, ¢, «), in which
s is the projected separation of the binary lens com-
ponents in units of fg, ¢ is the mass ratio of the two
lens components, and « is the angle between the source
trajectory and the binary axis. The last one is the
normalized source radius p = 6,/0g, where 6, is the
angular radius of the source star. Because the short-
duration anomaly is likely to be caused by the caustic,
we incorporate the limb-darkening variation of the finite
source star in the modeling. The brightness variation
of the source by the limb-darkening effect is computed
by S o« 1 =T (1 —3cos¢/2), where the T" is the limb-
darkening coefficient and ¢ is the angle between the nor-
mal to the surface of the source star and the line of sight
(An et al. 2002). According to the source type that will
be discussed in Section 4 , we adopt the limb-darkening
coefficient of T’y = 0.45 from Claret (2000). Besides
these parameters, there are two flux parameters for each
observatory, which are the source flux fs; and blended
flux fy ; of the ith observatory. The two flux parameters
(fsi> fo,i) are modeled by Fi(t) = fs i Ai(t)+ fo.i, where
A; is the magnification as a function of time at the ith

OGLE
KMTC16
1717 KMTS16

I KMTA16

residual

HJD-2450000

Figure 2. Best-fit light curves of OGLE-2019-BLG-0362 for
the close and wide binary lens models. The gray dashed
curve is the light curve of the binary source model (1L2S).

observatory (Rhie et al. 1999). Then, the (fs:, fo.) of
each observatory are obtained from a linear fit.

We carry out a grid search for the binary lens-
ing parameters (s, g, a) to find local x? minima us-
ing a downhill approach based on the Markov Chain
Monte Carlo (MCMC) method. The ranges of each
parameter are —1 < logs < 1, —4 < logq < 0, and
0 < o < 27 with (100, 100, 21) uniform grid steps,
respectively. During the grid search, (s, ¢) are fixed
and the other parameters are allowed to vary in the
MCMC chain. As a result, we find four local solutions
of (s, q) = (0.93, 4.53 x 1073), (0.85, 1.04 x 1072),
(1.18, 4.13x1073), and (1.35, 1.38 x 10~2), which indi-
cate that the event has a well-known close/wide degen-
eracy s <> 1/s. This close/wide degeneracy arises from
the similarity in shape between the caustics induced by
a close binary with s < 1 and a wide binary with s > 1
(Griest & Safizadeh 1998; Dominik 1999). Figure 1
shows the result of the grid search. We then carry out
an additional modeling in which the local solutions are
set to the initial values and all parameters are allowed to
vary. From this, we find that each of the two close and
wide solutions converges to (s, ¢) = (0.90, 7.43 x 1073)
and (1.23, 7.11 x 1073), respectively. The best-fit light
curves of the close and wide models are shown in Fig-
ure 2. The x? of the close model is smaller by 0.9 than
that of the wide model, and thus the event is severely
degenerate. The close and wide best-fit parameters with
their 68% uncertainty range from the MCMC method
are listed in Table 1, and the geometries of the two
models are presented in Figure 3.

Even though the event timescale (tg = 22 days)
is not enough to measure the microlens parallax, we
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Figure 3. Geometries of the close and wide binary lens sys-
tems. The two lens components are marked as blue dots,
while the red open circle represents the normalized source
size. The straight line with an arrow denotes the source tra-
jectory, and the dotted black circle represents the Einstein
ring. The black closed curve denotes the caustic.

conduct the binary lens modeling with both the mi-
crolens parallax and lens orbital motion effects. This is
because that the orbital motion effect of the lens sys-
tem can mimic the parallax signal (Batista et al. 2011;
Skowron et al. 2011). The microlens parallax is de-
scribed by g = (7g,N, Tg,E), in which the two compo-
nents are given in equatorial coordinates (Gould et al.
1994). The lens orbital motion is described by two pa-
rameters (ds/dt, do/dt), which represent the change
rates of the binary separation and the orientation an-
gle of the binary axis, respectively. As we expected, we
find that the parallax+orbital model is very weakly im-
proved by Ax? = 2.6 compared to the standard model,
and the microlens parallax is not usefully constrained.

3.2. Binary Source Model (1L2S)

For a single lensing event induced by a binary source,
the observed flux F' is the superposition of fluxes from
the single lensing events of the two source stars (Griest
& Hu 1992; Han & Gould 1997; Gaudi 1998),

F=Fs1 A+ Fgs A,

where Fg 1 and Fg o are the fluxes of the primary (S1)
and companion (Ss) sources, respectively, and A; and
Ay are the lensing magnifications by the primary and
companion sources. Thus, the total magnification for
the binary source lensing (Hwang et al. 2013) is repre-
sented by

Ay Fs i+ Ag Fs o _

A Ay +qr Ay
Fsq1+ Fs2

1+gqr

Table 1

Lensing parameters of the binary lens model.

Parameter Close Wide
x?2/dof 1567.987/1611 1568.897/1611
to (HID') 8563.8590 4+ 0.0216 8563.8840 + 0.0225
Uo 0.0982 £ 0.0047 0.1020 £ 0.0044
tg (days) 22.2158 £ 0.7249 21.8263 £ 0.6839
S 0.8980 =+ 0.0208 1.2342 £ 0.0286
q(1073) 7.4282 4 1.5289 7.1095 4+ 1.5735
a (rad) 1.2303 £ 0.0107 1.2486 4+ 0.0101
p 0.0034 +£ 0.0004 0.0031 £ 0.0004
fs,08le 0.1498 £ 0.0070 0.1550 £ 0.0067
b,ogle 0.0236 £ 0.0069 0.0184 £ 0.0066

HJD’ = HJD - 2450000.

Table 2
Lensing parameters of the binary source model.
Parameter 1L2S
xz/dof 2068.634/1611
to,1 (HID') 8563.4507 + 0.0311

Ug,1 0.1213 £ 0.0064

to,2 (HID') 8564.6231 + 0.0015
up,2(1073) 0.0221 + 0.2751
tg (days) 22.8831 =+ 0.8945
p1 —

02 0.0060 + 0.0003
qr 0.0636 & 0.0016
fs,ogle 0.1420 + 0.0079
Ib,0gle 0.0314 + 0.0078

where gp = F52/F5 1, and

u?+2 u2+<t—t0,i)2 .
uiJuz + 4 ’ 45

In order to mimic the anomaly induced by the binary
lens, as shown in Figure 2, one of the two sources
has to pass close to the lens, which means that its ug
is very small, thus making it highly magnified. For
the 1L2S modeling, we need 8 parameters: the sin-
gle lens parameters for the two sources S; and S,
(to,, wo,, p1) and (to2, uo2, p2), te, and the flux
ratio of the two sources qp (Griest & Hu 1992; Jung
et al. 2017). The (to, wo, tg, p) of the binary lens
solution are set to the initial values of the parameters
(to,1, w01, tE, p2), while we set the initial values of the
parameters (to 2, uo.2, gr) by considering the peak time
and the magnification of the short duration anomaly
that was obtained from the binary lens. The best-fit
parameters for the binary source model are presented
in Table 2. From the result of the 1L2S modeling, we
find that the Ax? between 2L1S and 1L2S models is
Ax? = 500.6. This means that the event OGLE-2019-
BLG-0362/KMT-2019-BLG-0075 is caused by a binary
lens system.

A; =

U; =
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4. ANGULAR EINSTEIN RADIUS

In order to measure the angular Einstein radius g, one
should measure the angular source radius and so obtain
0r = 0,/p. As mentioned in Section 2, KMT data were
taken in the I- and V-bands to measure the source color.
The measured instrumental color and magnitude of the
source are (V — I) = 3.35 and I = 20.06, which are
obtained from a regression and the source flux of the
best-fit model, respectively. The angular source radius
is estimated from the intrinsic color and magnitude of
the source, in which they are obtained from the offset
between the red giant clump and the source positions
on the instrumental CMD,

AV -1, )=V —-1,1)0—(V—1I, Iap -

We thus construct the KMTC CMD from the pyDIA
pipeline. From the CMD, we find that the color and
magnitude of the clump are (V—1I, I)q = (3.61, 17.44).
However, the measured instrumental source color was
obtained from three very low-magnified V' band points
on the wing of the light curve, and the extinction to-
ward the event is high as Ay = 3.04, making it doubtful
that the color is reasonable. In addition, unfortunately,
there was no magnified V' band data for OGLE. Hence,
we combine the KMTC CMD and CMD constructed
from the Galactic bulge images taken from the Hubble
Space Telescope (HST) (Holtzman et al. 1998). The
combination of the two CMDs is performed by calibrat-
ing the positions of the clumps on each CMD. Figure 4
shows the combined CMD. From the CMD, we find that
the source color is (V' — I) = 3.27 £ 0.13, which is es-
timated by taking the average of the calibrated HST
stars that are in the ranges of 1.1 < (V —1I)o < 1.5 and
17.5 < Ip < 17.6. The offset is thus A(V — I, I) =
(—0.34, 2.62). We adopt the intrinsic color and magni-
tude of the clump: (V —1I)q,0 = 1.06 from Bensby et al.
(2011) and I = 14.37 from Nataf et al. (2013). As a
result, we find that the intrinsic color and magnitude of
the source are (V —1I, I)g = (0.72£0.13, 16.99+0.01).
This indicates that the source is a G-type turn-off star
or a G-type subgiant. The intrinsic (V — I)o source
color is converted to (V —K)q color using the color-color
relation of Bessell & Brett (1988), and then adopting
the (V. — K)o to the color-surface brightness relation
of Kervella et al. (2004), we obtain the angular source
radius 6, = 1.404+0.19 pas for the close and wide mod-
els. We then estimate the angular Einstein radii for the
close and wide models as

b = 6, /p = 0.416 + 0.082 mas
E=Y/P =19 0.443 + 0.065 mas

(close)
(wide) .

The relative lens-source proper motion is estimated as

- _  6.85+1.32 masyr—?
el = Or /tg = { 7.41 4+ 1.08 masyr—*

(close)
(wide) .

5. PHYSICAL LENS PROPERTIES

For the event OGLE-2019-BLG-0362, the microlens
parallax was not measured, and thus we cannot directly

14 —
® clump
® source
16 —
18 -
E
~.¥
20 |-
22 -
1 L L

(v-I)

kmt

Figure 4. Combined CMD by KMTC and HST CMDs. The
KMTC CMD is constructed by the pyDIA reductions and
is marked as gray dots, while the HST CMD is constructed
from the Galactic bulge images taken by the HST and is
marked as green dots. The red and blue dots represent the
positions of the red giant clump and source star, respec-
tively.

measure the physical parameters of the planetary lens
system. In this case, we perform a Bayesian analysis
with the measured 6 and tg in order to constrain the
physical lens parameters. The Bayesian analysis as-
sumes that all stars have an equal probability to host a
planet of the measured mass ratio (Bhattacharya et al.
2021; Vandorou et al. 2020). For the Bayesian analy-
sis, we follow the procedures of Jung et al. (2018), but
we use the new Galactic model constructed by Jung
et al. (2021). The new Galactic model of Jung et al.
(2021) includes the bulge mean velocity and dispersion
taken from stars in the Gaia catalog, disk density pro-
file and disk velocity dispersion from the Robin-based
model (Bennett et al. 2014), while the remaining pa-
rameters including the bulge density profile and mass
function are the same as those of Jung et al. (2018).
Figure 5 shows the posterior probability distribution of
the mass and distance of the host star derived from
the Bayesian analysis for the two models. Due to the
close/wide degeneracy, each model has a different 0.
Thus, we find that the estimated masses of the host
and planet are

(0.4270:35 Mo, 3.2610%% My)
(0457035 Mo, 3.343078 My)

(close)

(Mhosh Mp) = {
where M, = q¢Mhost, and the distance to the lens is

B { 5.837 122 kpc
L=
5.727193 kpe

(close)

(wide) .

(wide) ,
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Figure 5. Posterior probability distributions of the mass and
distance of the host star estimated from the Bayesian anal-
ysis based on the close and wide models. The red and blue
curves represent the distributions for the close and wide
models, respectively.

The projected star-planet separations of the close and
wide models are

2.187025 AU
3.13100% AU

(close)

a| S DL QE { (wide) ’
respectively. The physical values of the lens system
are the median values of the Bayesian posterior dis-
tributions, and their uncertainties indicate the 68%
confidence intervals (i.e., lo errors) of the distribu-
tions. Considering the snow line of agnow = 2.7(M/Mg)
(Kennedy & Kenyon 2008), the planet is orbiting be-
yond the snow line of the M dwarf star. However, it
could also be a K dwarf star because the host star has
the mass of 0.19-0.78 Mg at 1o level. Due to the severe
close/wide degeneracy, the physical lens parameters for
the two models are almost the same. Considering of
the estimated lens distance by the Bayesian analyses
and g ~ 7 masyr—!, the lens system is likely to be
located at the disk. The physical lens parameters for
the two models are presented in Table 3.

6. SUMMARY

We reported a planetary system discovered from the
analysis of the microlensing event OGLE-2019-BLG-
0362/KMT-2019-BLG-0075. The event has a distinc-
tive anomaly feature near the peak of the light curve,
thus it looks like a typical 2L1S event. However, the
anomaly was covered by only three KMT data points

Table 3
Physical lens parameters.
Parameter Close Wide
Myost (M) 0.427032 0.4510-33
M, (Mjy) 3.2610-23 3.3410-78
Dy, (kpc) 5831122 5727192
a) (au) 2.18f8:?g 3.13*_‘8:5?

6.86 £1.32 7.42+£1.08

Hrel (mas yr_l)

The physical parameters are obtained by the Bayesian analyses.
The representative values are chosen as the median values of the
Bayesian posterior distributions, and their uncertainties indicate
the 68% confidence intervals of the distributions.

due to its short duration of 0.4 days, thus making it
difficult to securely insist that this is a 2L1S event. We
thus conducted two modelings of 1L2S and 2L1S, which
can produce the short duration anomaly. As a result,
it is found that the event is induced by the 2L1S sys-
tem because the x? of the 1L2S model is much larger
than that of the 2L.1S model by Ax? = 501. The binary
lensing solution is subject to the close/wide degeneracy,
and this degeneracy is very severe because of Ax? < 1
between the close and wide models. Due to a relatively
short event timescale of tg = 22 days, the microlens par-
allax was not measured. We thus carried out a Bayesian
analysis, and from this, it is found that the lens is com-
posed of (Myost, Mp) = (0.427033 My, 3.267053 Mj)
for the close model, while for the wide model it is com-
posed of (Mpest, M) = (0.45703% M), 3.3470°78 My).
The distances to the lens for the close and wide models
are Dy, = 5.8371'2% kpc and 5.72771% kpc, respectively.
The Bayesian distributions of the lens distance and rel-
ative lens-source proper motion of piy ~ 7 masyr—!
indicate that the lens is likely to be located at the disk.
Due to a; > 2 AU, it is found that the planet orbits
beyond the snow line of an M dwarf or a K dwarf. The
relative lens-source proper motion is fiye] ~ 7 masyr—1,
and thus the lens will be separated from the source by
~70 mas in 2029, at which point one can measure the
lens flux from adaptive optics of next-generation 30 m
telescopes.
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