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Abstract

We present the analysis of the microlensing event OGLE-2016-BLG-1227. The light curve of this short-duration
event appears to be a single-lens event affected by severe finite-source effects. Analysis of the light curve based on
a single-lens single-source (1L1S) model yields very small values of the event timescale, ~t 3.5E days, and the
angular Einstein radius, q ~ 0.009E mas, making the lens a candidate of a free-floating planet. Close inspection
reveals that the 1L1S solution leaves small residuals with an amplitude of ΔI0.03 mag. We find that the
residuals are explained by the existence of an additional widely separated heavier lens component, indicating that
the lens is a wide-separation planetary system rather than a free-floating planet. From Bayesian analysis, it is
estimated that the planet has a mass of = -

+M M0.79p 0.39
1.30

J and it is orbiting a low-mass host star with a mass of

= -
+M M0.10host 0.05

0.17 located with a projected separation of =^ -
+a 3.4 1.0

2.1 au. The planetary system is located in the
Galactic bulge with a line-of-sight separation from the source star of = -

+D 1.21LS 0.63
0.96 kpc. The event shows that

there is a range of deviations in the signatures of host stars for apparently isolated planetary lensing events and that
it is possible to identify a host even when a deviation is subtle.

Unified Astronomy Thesaurus concepts: Gravitational lensing (670); Gravitational microlensing exoplanet
detection (2147)

1. Introduction

Although most microlensing planets are detected through the
channel of a short-term perturbation to the standard lensing
light curve of the planet host (Mao & Paczyński 1991; Gould &
Loeb 1992), a fraction of planets can be detected through the
channel of an isolated lensing event produced by the gravity of
the planet itself (Bennett & Rhie 2002; Han et al. 2004). The

latter channel is important because it provides a unique method
to probe free-floating planets (FFPs) that may have been
ejected from the planetary systems in which they formed or
have not been gravitationally bound to any host star before.
The most important characteristics of an FFP lensing event is

its short timescale. This is because the event timescale tE is
related to the angular Einstein radius qE and the relative lens-
source proper motion μ by q m=tE E , and the angular Einstein
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radius is proportional to the square root of the lens mass M, i.e.,

⎛
⎝⎜

⎞
⎠⎟( ) ( )q k p p= = -M

D D
, au

1 1
. 1E rel

1 2
rel

L S

Here ( )k = G c4 au2 , πrel represents the relative lens-source
parallax, and DL and DS denote the distances to the lens and
source, respectively. For FFP events, the chance to exhibit
deformed lensing light curves caused by severe finite-source
effects is high. The deformation can occur when the angular
source radius q* is comparable to qE for an FFP event, in which
case the light curve is very likely to be affected by severe finite-
source effects. Recently, three candidates of FFPs were
reported by Mróz et al. (2018, 2019) from the analyses of the
lensing events with these characteristics.

However, even when an event is both very short and exhibits
strong finite-source effects, the lens cannot be securely
identified as an FFP. First, it is always possible that the small
value of qE derives from a small πrel rather than small lens mass
M. See Equation (1). This issue can only be resolved for
individual FFP candidates by measuring the microlens parallax
p p qºE rel E, using, e.g., a satellite in solar orbit (Refsdal 1966)
or a so-called terrestrial parallax (Gould 1997; Gould et al.
2009). Nevertheless, from an ensemble of qE measurements
(even without corresponding pE measurements), one can
statistically constrain the properties of the FFP population.
However, there is a second fundamental problem that has the
potential to corrupt such a statistical sample, namely that a
wide-separation planet can also produce a lensing light curve
with similar characteristics, masquerading as an FFP. There-
fore, it is important to distinguish the two populations of events
produced by FFPs and wide-separation planets in order to draw
statistically meaningful conclusions about the properties and
frequency of both bound and unbound planets.

Han & Kang (2003) pointed out that an important fraction of
isolated short-timescale events produced by wide-separation
planets can be distinguished from those produced by FFPs by
detecting the signatures of host stars in the lensing light
curves.20 The signatures arise due to the planetary caustic
induced by the binarity of the planet–host system. For a binary
lens composed of a planet and a host, there exist two sets of
caustics. One set of caustics is located close to the host (central
caustic) and the other caustic (planetary caustic) is located at a
distance of sc=s−1/s from the host. Here s represents the
projected planet–host separation normalized to qE. The
planetary caustic of a wide-separation planet forms a closed
curve with four cusps. The full width along the star–planet axis,
Δξc, and the height normal to the star–planet axis, hD c, of the
caustic are

( )x hD =
-

D =
+

q

s s

q

s s

4

1
;

4

1
2c

1 2

2 c

1 2

2

respectively (Han 2006a). For a wide-separation planet with
s?1, the planetary caustic is located close to the planet, i.e.,

s sc , and both Δξc and Δηc approach -q s4 1 2 2, forming an

asteroid-shape caustic. The caustic size rapidly shrinks with the
increase of the planet–host separation, i.e., x hD ~ D µ -sc c

2.
As the caustic becomes smaller, the signature of the host star
diminishes with the increasing finite-source effects.
In this paper, we present the analysis of the lensing event

OGLE-2016-BLG-1227. The light curve of the event appears
to be approximated by a short-timescale single-lens single-
source (1L1S) model with severe finite-source effects, making
the lens a candidate FFP. From the close inspection of the light
curve, it is found that the 1L1S solution leaves small residuals.
We inspect the origin of the residuals to check the existence of
a widely separated heavier lens component, i.e., host of the
planet.
We organize the paper as follows. In Section 2, we describe

the observations of the lensing event and the data obtained
from these observations. In Section 3, we present the analysis
of the event based on the 1L1S interpretation. In Section 4, we
inspect the possible existence of a widely separated host of the
planet by conducting a binary-lens (2L1S) analysis. In
Section 5, we estimate the angular Einstein radius by
determining the dereddened color and brightness of the source
star. In Section 6, we conduct a Bayesian analysis of the event
to determine the physical lens parameters including the mass
and location of the lens system. We summarize the results and
conclude in Section 7.

2. Observation and Data

The lensing event OGLE-2016-BLG-1227 occurred on a star
located toward the Galactic bulge field. The equatorial
coordinates of the lensed star (source) are
( )R.A ., decl. J2000=(17 : 42 : 23.31, −33 : 45 : 35.2), which
correspond to the galactic coordinates
( ) ( )= -  - l b, 4 .47, 1 .94 . The source of the event is a bright
giant with a baseline magnitude of =I 16.89base from the
calibrated Optical Gravitational Lensing Experiment (OGLE)
photometric maps.
The lensing event was first discovered by the OGLE

(Udalski et al. 2015) survey, and the discovery was notified
to the microlensing community on 2016 June 29. The OGLE
survey was conducted utilizing the 1.3m telescope located at
the Las Campanas Observatory in Chile. The telescope is
equipped with a camera, which consists of 32 2k×4k chips,
yielding a 1.4deg2 field of view. The OGLE images were
obtained mostly in the I band and some images were taken in
the V band for the source color measurement.
The event was also located in the field toward which the

Korea Microlensing Telescope Network survey (KMTNet;
Kim et al. 2016) was monitoring. The KMTNet survey was
conducted using the three identical 1.6m telescopes that are
globally distributed in the southern hemisphere at the Siding
Spring Observatory in Australia (KMTA), the Cerro Tololo
Interamerican Observatory in Chile (KMTC), and the South
African Astronomical Observatory in South Africa (KMTS).
Each KMTNet telescope is equipped with a camera, consisting
of four 9k×9k chips, yielding 4deg2 field of view. The event
was found from the analysis of the data conducted after the
2016 season (Kim et al. 2018) and it was designated as KMT-
2016-BLG-1089. Most KMTNet images were obtained in the I
band and about one-tenth of images were obtained in the V
band for the source color measurement. Thanks to the high-
cadence coverage (1 hr−1 for each telescope) using the multiple
telescopes, the detailed structure of the light curve is well

20 Besides this method, the nature of a wide-separation planet can be identified
by several other methods. One method is detecting long-term bumps in the light
curve caused by the primary star (Han et al. 2005). Another method is detecting
the blended light from a host star by conducting high-resolution observations
(Bennett & Rhie 2002). The last proposed method is conducting astrometric
follow-up observations of isolated events using high-precision interferometers
(Han 2006b).
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delineated by the KMTNet data, despite the short duration of
the event.

Reduction of the data is carried out using the photometry
codes developed by the individual survey groups: Woźniak
(2000) for the OGLE and Albrow et al. (2009) for the KMTNet
data sets. These codes are based on the difference imaging
method developed by Alard & Lupton (1998). For a subset of
the KMTNet data sets, additional photometry is conducted
using the pyDIA code (Albrow 2017) to measure the source
color. The error bars of the individual data sets are readjusted
according to the procedure described in Yee et al. (2012). We
note that the KMTA data set is not used in the analysis because
the photometry quality is relatively low and the data do not
cover the major part of the light curve. In Table 1, we list the
data sets used in the analysis along with numbers of data
points, Ndata, and the time ranges of the individual data sets.

3. Single-lens Single-source (1L1S) Modeling

In Figure 1, we present the light curve of OGLE-2016-BLG-
1227. The light curve appears to be that of a 1L1S event
affected by severe finite-source effects. We, therefore, start the
analysis of the event by conducting a 1L1S modeling.

The modeling is carried out by searching for the lensing
parameters that best describe the observed light curve. The light
curve of a 1L1S event affected by finite-source effects is
described by four lensing parameters. These parameters include
the time of the closest lens-source approach, t0, the lens-source
separation at that time, u0, the event timescale, tE, and the
normalized source radius, ρ. The normalized source radius is
defined as the ratio of the angular source radius θ* to the
angular Einstein radius, i.e., ρ=θ*/qE, and it is needed to
describe the deformed light curve caused by finite-source
effects. We search for the best-fit lensing parameters using the
Markov Chain Monte Carlo (MCMC) method.

In computing finite-source magnifications, we consider the
variation of the source surface brightness caused by limb
darkening (Loeb & Sasselov 1995; Valls-Gabaud 1995;
Witt 1995). To account for the limb-darkening variation, we
model the surface brightness of the source star as

⎜ ⎟
⎡
⎣⎢

⎛
⎝

⎞
⎠

⎤
⎦⎥¯ ( )f= - G -l l lS S 1 1

3

2
cos , 3

where l̄S denotes the mean surface brightness, Γλ is the linear
limb-darkening coefficient, and f represents the angle between
the line of sight toward the center of the source star and the
normal to the source surface. The limb-darkening coefficient is
determined based on the stellar type of the source star. As we
will show in Section 5, the source is a bulge giant with a
spectral type K3. Based on the stellar type, we set the limb-
darkening coefficient as G = 0.41I and ΓV=0.74 by adopting
the values from Claret (2000) under the assumption that

= -v 2 km sturb
1, ( ) = -g glog 2.4, and =T 4500 Keff . For

the computation of finite-source magnifications, we use the
semianalytic expressions derived by Gould (1994) and Witt &
Mao (1994).
In Table 2, we present the best-fit lensing parameters

obtained from the 1L1S modeling. In Figure 1, we also present
the model curve superposed on the data points. We note that
the estimated event timescale,tE∼3.5 days, is much shorter
than those of typical lensing events with∼(O)10 days although
events with such short timescales are not extremely rare.
Furthermore, the normalized source radius, ρ∼1.05, is much
bigger than typical values of ∼0.01–0.02 for events involved
with giant source stars. The unusually large ρ value suggests
that the angular Einstein radius is likely to be very small. As we
will show in Section 5, the angular radius of the source is
q m~ 9.0 as* , and thus the angular Einstein radius of the event
is q ~ 0.009E mas. This is very much smaller than the
∼0.5mas of typical lensing events. The very small values of tE
and qE make the lens of the event a candidate of an FFP or a
brown dwarf. We note that the lens of the event was originally
found as a brown dwarf or an FFP candidate from the search
for isolated events with short tE and very small qE conducted by
Han et al. (2019), but the analysis is separately presented in this
work for the reason presented in Section 4.
Although the observed light curve appears to be approxi-

mated by the 1L1S model, it is found that the solution leaves
small residuals with an amplitude of D I 0.03 mag. See the
lower panel of Figure 1. The source was located close to the
Moon during the lensing magnification and thus the photo-
metry might have been affected by the light from the Moon.
We check this possibility by conducting additional photometry
for nearby stars. In Figure 2, we present the light curves of four
nearby stars and compare them with that of the lensing event. It
shows that the magnitudes of the comparison stars remain
constant in contrast to the 1L1S residuals. This indicates that
the photometry is not affected by the Moon and the residuals
from the 1L1S solution are likely to be real.

Table 1
Data Used in Analysis

Data Set Ndata Range (HJD′)

OGLE 154 7110.8–7659.6
KMTC 369 7500.7–7599.7
KMTS 575 7441.6–7675.3

Note. Ndata indicates the number of each data set. HJD′≡HJD−2450000.

Figure 1. Light curve of OGLE-2016-BLG-1227. The curve drawn on the data
points is the model obtained from the 1L1S fitting to the light curve considering
finite-source effects.

3
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4. Binary-lens Single-source (2L1S) Modeling

Considering that the main part of the lensing light curve is
produced by a planetary-mass object, we check whether there
exists a host star located away from the planet. For this, we
additionally conduct a 2L1S modeling of the light curve.

Compared to the 1L1S modeling, the 2L1S modeling
requires three additional lensing parameters to describe the
lens binarity. These parameters include the projected binary
separation normalized to the angular Einstein radius, s, the
mass ratio between the lens components, q=M2/M1, and the

angle between the binary axis and the source trajectory, α
(source trajectory angle).
In the 2L1S modeling, the solution of the lensing parameters

is searched for in two steps. In the first step, we conduct a grid
search for the parameters s and q, while the other parameters
are searched for using the MCMC method. This procedure
yields a c2 map on the s–q parameter plane and we find local
minima that appear in the map. In the second step, we refine the
individual local minima by additionally conducting modeling
with all parameters, including the grid parameters s and q,
allowed to vary. We find a global solution by comparing the
goodness of the local solutions. This procedure allows us to
find degenerate solutions, if they exist.
We find that the model fit substantially improves with the

introduction of an additional widely separated lens component
M2. The additional lens component has a mass much heavier
than the lens component M1 responsible for the short magnified
part of the light curve, suggesting that the additional lens
component is the host of the planet. In Figure 3, we present
both the 1L1S and 2L1S models and the residuals from the
individual models. The solid curve superposed on the residuals
of the 1L1S model in the middle panel represents the difference
between the 1L1S and 2L1S models. It is found that the 2L1S
residuals are substantially reduced relative to the 1L1S model.
In Figure 4, we present the cumulative distribution of
c c cD = -2

1L1S
2

2L1S
2 between the 1L1S and 2L1S models to

better show the region of the fit improvement. We find that the
2L1S improves the fit by cD ~ 146.52 . We further check
whether there is an additional weak long-term bump caused by
the heavier companion, but we find no such bump. As we will
show below, the reason for the absence of a bump is that the
source passes nearly perpendicular to the binary axis.
The detection of the host star is based on the small deviations

(0.03 mag) with the timescale of several days around the peak
of the event light curve. However, deviations with similar
amplitudes and timescales could also arise due to the intrinsic
variability of the source star and/or blending stars (if any).
Therefore, we check the variability by comparing the baseline
and the residuals from the 1L1S model during the event. The
upper panel of Figure 5 shows the residuals from the 1L1S
solution around the region of the lensing magnification and the

Table 2
Lensing Parameters

Parameter 1L1S 2L1S

Inner Solution Outer Solution

χ2 1115.1 968.6 973.0
t0 (HJD′) 7561.920±0.017 7561.999±0.031 7561.976±0.032
u0 0.681±0.017 0.066±0.012 −0.057±0.012
tE (days) 3.54±0.05 45.37±8.07 52.23±12.76
tE,1 (days) L 4.05±0.06 4.01±0.06
tE,2 (days) L 45.19±8.09 52.07±12.79
s L 3.68±0.21 3.57±0.24
q L 124.48±46.79 168.99±98.86
α (rad) L 4.783±0.062 4.689±0.066
ρ 1.05±0.013 0.092±0.017 0.080±0.018

∣ ∣=t u teff 0 E (days) L 3.00±0.08 2.97±0.08
t*=ρtE(days) L 4.17±0.03 4.16±0.03
tp=q−1/2tE(days) L 4.07±0.06 4.02±0.06

Note. HJD′=HJD−2450000. For the 2L1S solution, tE represents the event timescale corresponding to the total mass of the binary lens, and tE,1 and tE,2 represent
the timescales corresponding to the masses of individual lens components, M1 and M2, respectively. The subscripts of the lens components are chosen according to the
distances from the source trajectory. The source trajectory passes closer to the lower-mass lens component and thus M1<M2, tE,1<tE,2, and q=M2/M1>1.

Figure 2. Comparison of the lensing light curve with those of four comparison
stars around the lensing source. The lower four panels show the residuals of the
comparison stars from baseline magnitudes and the second panel shows the
residuals of the lensing event from the 1L1S solution.
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lower panel shows the baseline during the same period of time
as that of the above panel. We find that the standard deviation
in the magnification region of σmag=0.025 mag is substan-
tially bigger than the deviation in the baseline of s = 0.016base
mag. This indicates that the observed signal is unlikely to be
caused by the source or blend variability.

In searching for lensing solutions, we find that the observed
light curve is subject to the so-called inner/outer degeneracy.
This degeneracy arises because the planetary anomalies
produced by the source approaching the inner and outer sides
(with respect to the host of the planet) of the planetary caustic
are similar to each other (Gaudi & Gould 1997). It is found that

the degeneracy is severe although the inner solution is slightly
preferred over the outer solution by Δχ2∼4.3.
In Table 2, we list the best-fit lensing parameters of the 2L1S

solutions for both the inner and outer solutions. For each
solution, we present three values of timescales (tE, tE,1, tE,2), in
which tE represents the event timescale corresponding to the
total mass of the binary lens, and [ ( )]= +t q t1 1E,1

1 2
E and

[ ( )]= +t q q t1E,2
1 2

E represent the timescales corresponding
to the masses of individual lens components, M1 and M2. We
note that the subscripts of the lens components M1 and M2 are
chosen according to the distances from the source trajectory.
The source trajectory approaches closer to the lower-mass lens
component and thus M1<M2, <t tE,1 E,2, and
q=M2/M1>1. The estimated mass ratio between the lens
components, q∼124 for the inner solution and q∼169 for
the outer solution, is much bigger than unity, indicating that M2

is the host of the planet M1. The host is separated from the
planet with a projected separation of s∼3.6.
In Figure 6, we present the lens-system configurations of the

inner and outer 2L1S solutions. The upper panel shows the
whole view including both lens components. The lower two
panels show the zoom of the region around the planetary
caustic for the inner (right panel) and outer (left panel)
solutions. The three brown circles in the lower panels represent
the source positions at three different times of t0, t1, and t2. The
time t0 corresponds to the time of the closest source approach to
the planetary caustic, and the times t1(HJD′)=7559.3 and
t2(HJD′)=7564.6 correspond to the times of the two dips in
the residuals from the 1L1S model. See the corresponding
times t1 and t2 marked in Figure 3. The size of the circles is
scaled to the source size. It is found that the source is much
bigger than the caustic. This causes severe attenuation of the
signal induced by the caustic and makes the light curve appear
to be very similar to that of a 1L1S event.
We note that the estimated lensing parameters have large

uncertainties. See Table 2. The main reason for the large
uncertainties of the lensing parameters is that the observed
lensing magnification is mostly produced by the planet, and the
planet’s host is characterized by the subtle deviations in the

Figure 3. Comparison of the 1L1S (dotted curve) and 2L1S (solid curve)
solutions. The middle and bottom panels show the residuals from the 1L1S and
2L1S solutions, respectively. The solid curve in the middle panel represents the
difference between the 1L1S and 2L1S solutions. In the top panel, the arrows at

( )¢ =t HJD 7559.31 and ( )¢ =t HJD 7564.62 represent the times of the two dips
in the residuals from the 1L1S solution.

Figure 4. Cumulative distribution of Δχ2 between the 1L1S and 2L1S models
(lower panel). The light curve in the upper panel is presented to show the
region of fit improvement.

Figure 5. Comparison of the residuals from the 1L1S solution around the
region of the lensing magnification (upper panel) and the baseline (lower
panel).

5

The Astronomical Journal, 159:91 (9pp), 2020 March Han et al.



planet-induced magnifications. In this case, the uncertainty of
the timescale tE∼tE,2 is large. The large uncertainty of tE
propagates into the uncertainty of the mass ratio because the
mass ratio is related to the timescale by
q=(tE,1/tE,2)

1/2∼(tE,1/tE)
1/2. The uncertain timescale also

induces large uncertainties of u0 and ρ because the measured
source-crossing duration results from the combination of these
parameters by ( )r - u t2 2

0
2 1 2

E.
In Figure 7, we present the Δχ2 distributions of points in the

MCMC chain on the teff–t*–tp parameter planes. The individual
timescales represent ∣ ∣=t u teff 0 E, t*=ρtE, and tp=q−1/2tE,
respectively. The effective timescale, teff, is frequently used
because it facilitates intuitive understanding of a light curve
independent of separately determining u0 and tE from
modeling. The source-crossing timescale, t*, represents an
approximate timescale for the lens to transit the source
surface.21 Finally, the planet timescale, tp, denotes an
approximate timescale of the isolated event produced by the
planet. We present the estimated values of these timescales in
Table 2. These timescales are derived from the shape of a
lensing light curve, and thus they are tightly constrained despite
the large uncertainties of the lensing parameters, as demon-
strated in Figure 7.

5. Angular Einstein Radius

We determine the angular Einstein radius from the normal-
ized source radius ρ together with the angular source radius θ*
by qE=θ*/ρ. The normalized source radius is determined
from modeling the light curve. For the estimation of the angular
source radius, we use the method of Yoo et al. (2004).
According to this method, we first place the source position in
the instrumental color–magnitude diagram (CMD) of stars
around the source. We then measure the offsets in color,

( )D -V I , and magnitude, ΔI, of the source from the centroid
of the red giant clump (RGC) in the CMD. With the measured
offsets ( )D -V I and ΔI combined with the known

dereddened source color and magnitude of the RGC centroid,
( ) ( )- =V I I, 1.06, 14.65RGC,0 (Bensby et al. 2013; Nataf
et al. 2013), the dereddened color and magnitude of the source
are estimated by

( ) ( ) ( ) ( )- = - + D -V I I V I I V I I, , , . 40 RGC,0

In Figure 8, we present the positions of the source and the
RGC centroid in the instrumental CMD. The CMD is
constructed using the pyDIA photometry of the KMTC data
set. We note that the location of the blend cannot be determined

Figure 6. Lens-system configurations of the inner and outer 2L1S solutions.
Coordinates are centered at the center of the planetary caustic. The time t0 is the
time of the closest source approach to the planetary caustic, and the times t1 and
t2 correspond to the times of the two dips in the residuals from the 1L1S model
presented in Figure 4. In each panel, the line with an arrow represents the
source trajectory. The circles on the source trajectory in the two lower panels
represent the source positions at t0, t1, and t2. The size of the circle is scaled to
the source size.

Figure 7. Δχ2 distributions of points in the MCMC chain on the parameter
planes of the ( )t t t, ,eff p* combinations. The red, yellow, green, and blue colors
represent points with 1σ, 2σ, 3σ, and 4σ, respectively. The distributions are
constructed based on the inner 2L1S solution.

Figure 8. Source location (blue empty circle) with respect to the centroid of red
giant clump (RGC, red dots) in the instrumental color–magnitude diagram
constructed based on the pyDIA photometry of the KMTC data set.

21 The exact expression for the source-crossing timescale, i.e., half of the
duration for the lens to stay on the source surface, is ( )r= -t u t2

0
2 1 2

E* .
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because the baseline flux is dominated by the source flux and
the flux from the blend is consistent with zero within the
photometry uncertainty. The color and magnitude of the source
in the instrumental CMD are (V− I, I)=(3.91± 0.11,
16.85± 0.01) compared to those of the RGC centroid of
( ) ( )- =V I I, 3.59, 17.43RGC . With the measured offsets of

( )D - = V I 0.32 0.11 and ΔI=0.58±0.01, the dered-
dened color and brightness of the source are estimated as
( ) ( )- =  V I I, 1.38 0.11, 14.07 0.010 . The estimated
source color and brightness indicate that the source is a typical
bulge giant with a spectral type K3.

Once the dereddened color and magnitude are determined,
we then estimated the angular source radius. For this, we first
convert the V−I color into V−K color using the color–color
relation of Bessell & Brett (1988) and then the angular source
radius is estimated using the Kervella et al. (2004) relation
between V−K and θ*. This procedure yields an angular
source radius of

( )q m= 9.01 1.15 as. 5*
With the measured angular source radius, the angular Einstein
radius is estimated as

⎧⎨⎩
( )
( ) ( )q

q
r

= =



0.098 0.044 mas inner solution ,
0.113 0.058 mas outer solution .

6E *

The estimated relative lens-source proper motion is

( )m
q

= =  -

t
0.79 0.10 mas yr 7E

E

1

for both the inner and outer solutions. We note that the
fractional uncertainty of the relative lens-source proper motion,
σμ/μ∼13%, is substantially smaller than the uncertainty of
the angular Einstein radius, s q ~q 50%EE

. This is because the
proper motion in the lensing modeling is computed by
μ∼θ*/t* and the uncertainty of the source-crossing timescale
t* is significantly smaller than the uncertainty of the event
timescale tE.

In Table 3, we summarize the estimated Einstein radii and
relative lens-source proper motions for the inner and outer
solutions. Also presented are the angular Einstein radii
corresponding to the masses of the individual lens components,
qE,1, and θE,2, similar to the presentation of tE,1 and tE,2 in
Table 2. We note that the estimated θE,1∼0.007–0.009mas is
consistent with the Einstein radius estimated from the 1L1S
modeling. We also note that the measured angular Einstein
radius, q ~ 0.1E mas, is substantially smaller than ∼0.5mas of
a typical lensing event produced by a low-mass star with a
mass of∼0.3Me located roughly halfway between the
observer and the bulge source. The angular Einstein radius is

related to the lens mass and distance by Equation (1). Then, the
small angular Einstein radius suggests that the lens has a small
mass and/or it is located close to the source.

6. Physical Lens Parameters

For the unique determinations of the physical lens
parameters of the lens mass M and distance DL, one must
measure both the angular Einstein radius and the microlens
parallax pE, i.e.,

( )q
kp p q p

= =
+

M D;
au

. 8E

E
L

E E S

Here πS=au/DS represents the parallax of the source. For
OGLE-2016-BLG-1227, the angular Einstein radius is mea-
sured from the obvious finite-source effects, but the microlens
parallax cannot be measured due to the short timescale of the
observed light curve, i.e., tE,1. We, therefore, estimate M and
DL by conducting a Bayesian analysis of the event based on the
measured event timescale tE and the relative lens-source proper
motion μ. We use μ instead of qE because tE and qE are highly
correlated.
In the Bayesian analysis, we conduct a simulation of

Galactic lensing events using the prior models of the mass
function of astronomical objects in the Galaxy and their
physical and dynamical distributions. For the mass function, we
consider both stellar and remnant lenses, i.e., black holes,
neutron stars, and white dwarfs, by adopting the Chabrier
(2003) model and the Gould (2000) model for the mass
functions of stars and remnants, respectively. In the simulation,
lenses and source stars are located following the physical
distribution model of Han & Gould (2003) and their motions
are computed using the dynamical model of Han & Gould
(1995). We produce 107 artificial lensing events, from which
the probability distributions of M and DL are obtained with the
constraints of the measured tE and μ.
In Figure 9, we present the probability distributions of the

lens mass of the host star (Mhost, upper panel) and the lens-
source separation (DLS, lower panel) obtained from the
Bayesian analysis. As indicated by the small angular Einstein
radius, the lens is estimated to lie close to the source, and thus
we present the distribution of DLS instead of DL. To check the
importance of the μ constraint, we present two sets of
distributions obtained with the combined μ and tE constraint
(solid curves) and with only the tE constraint (dotted curves).
The distributions show that the lens mass estimated with the
additional μ constraint is substantially lower and the lens-
source separation is smaller than those estimated with the
single tE constraint. This indicates that the measured μ provides
an important constraint on the physical lens parameters.
In Table 4, we list the estimated physical lens parameters.

We note that both the inner and outer 2L1S solutions result in
similar parameters, and thus we present the parameters based
on the inner 2L1S solution. The presented parameters are the
median values of the Bayesian distributions, and the upper and
lower limits correspond to the 15.9% and 84.1% of the
distributions. It is found that the lens is a planetary system
composed of a giant planet and a low-mass host star. The
masses of the planet and host are

( )= -
+M M0.79 9p 0.39

1.30
J

Table 3
Angular Einstein Radius and Relative Lens-source Proper Motion

Parameter Inner Solution Outer Solution

qE(mas) 0.098±0.044 0.113±0.058
θE,1 (mas) 0.007±0.003 0.009±0.004
θE,2 (mas) 0.097±0.043 0.112±0.057
μ (mas yr−1) 0.79±0.10 0.79±0.10

Note. The Einstein radius qE corresponds to the total mass of the lens
M=M1+M2, and qE,1 and θE,2 represent the Einstein radii corresponding to
M1 and M2, respectively.
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and

( )= -
+M M0.10 , 10host 0.05

0.17

respectively. The planetary system is located in the bulge with
a line-of-sight separation from the source star of

( )= -
+D 1.21 kpc. 11LS 0.63

0.96

The planet and host are separated in projection by

( )=^ -
+a 3.4 au. 121.0

2.1

Considering that the snowline of the system is
( )~ ~a M M2.7 au 0.4 ausl host , the planet is a wide-separa-

tion planet located well beyond the snowline of the host star.

7. Discussion and Conclusion

We analyzed the microlensing event OGLE-2016-BLG-
1227, for which the event timescale was short and the light
curve was affected by severe finite-source effects. The light
curve appeared to be that of a 1L1S event and the analysis

based on the 1L1S interpretation yielded a short timescale and a
very small angular Einstein radius, suggesting that the lens
could be an FFP. From the close inspection of the small
residuals from the 1L1S solution, we found that the residual
was explained by the existence of an additional widely
separated heavier lens component, indicating that the lens
was a planetary system with a wide-separation planet rather
than an FFP. From the Bayesian analysis with the constraints of
the measured event timescale and relative lens-source proper
motion, we estimated that the lens was composed of a planet
with a mass of = -

+M M0.79p 0.39
1.30

J and a host star with a mass of

= -
+M M0.10host 0.05

0.17 . It turned out that the planet was located
well beyond the snowline of the host with a projected
separation of =^ -

+a 3.4 au1.0
2.1 . It was estimated that the lens

was located close to the source with a lens-source separation of
= -

+D 1.21LS 0.63
0.96 au.

The event demonstrates that detecting deviations from 1L1S
light curves provides an important method to distinguish wide-
separation planets from FFPs. Besides OGLE-2016-BLG-1227,
there were two planetary events, in which planets were detected
through isolated events and their widely separated hosts were
identified in lensing light curves. The first case is MOA-bin-1
(Bennett et al. 2012). For this event, the lensing light curve
exhibited little lensing magnification attributable to the host of
the planet similar to OGLE-2016-BLG-1227, but the planetary
signal was entirely due to a brief caustic feature. The second
case is OGLE-2008-BLG-092 (Poleski et al. 2014). For this
event, the planet was detected through the isolated event
channel, but in this case the host of the planet was on the source
trajectory, and gave rise to a bump in the lensing light curve.
OGLE-2016-BLG-1227 shows that there is a range of
deviations in the signatures of host stars and that it is possible
to identify the existence of a host even when a deviation is
subtle.
Due to the unusual nature of OGLE-2016-BLG-1227, in

which the relative lens-source proper motion m q= tE E is well
determined, but the separate values of qE and tE are poorly
constrained, the information that can be obtained from high-
resolution follow-up observations would be different from that
of normal events. If follow-up observations are conducted to
normal events with well-estimated qE, the flux from the host is
measured and from this one can make a diagram of the
predicted host flux in the M–DL plane. Comparison of this
diagram to the qE constraint in the same M–DL plane will allow
one to determine M and DL from the intersection of these two
constraints, e.g., Yee (2015) and Fukui et al. (2019). Even if qE
is not known because of poor ρ measurement, the event
timescale tE is known. Then, from late time follow-up imaging
conducted when the source and lens are separated, one can
measure the lens-source separation qD and therefore the
relative lens-source proper motion can be estimated by
μ=Δθ/Δt, from which the angular Einstein radius is
estimated by q m= tE E. Here Δt represents the difference
between the time of follow-up observation and t0.
For events with a well-measured μ but with uncertain values

of qE and tE, the time of follow-up observations can be
predicted. If a follow-up observation is conducted using the
European Extremely Large Telescope with an aperture of 39m,
the FWHM in the J and H bands would be FWHM
(J)∼7.1 mas and FWHM(H)∼10.3 mas, respectively.
Assuming that the lens and source can be resolved when they
are separated by∼1.5×FWHM, the required times for the

Figure 9. Probability distributions of the lens mass of the planet host (Mhost)
and the lens-source separation (DLS) obtained from the Bayesian analysis. The
solid curve curve is the distribution obtained with the combined qE and tE
constraint and the dotted curve is the distribution obtained with only the tE
constraint.

Table 4
Physical Lens Parameters

Parameter Constraint

tE + qE tE only

Mp (MJ) -
+0.79 0.39

1.30
-
+4.98 2.94

3.05

Mhost (Me) -
+0.10 0.05

0.17
-
+0.68 0.41

0.42

DLS (kpc) -
+1.21 0.63

0.96
-
+2.60 1.13

1.29

â (au) -
+3.4 1.0

2.1
-
+11.5 4.3

3.1

Note. The presented parameters are the median values of the Bayesian
distributions, and the upper and lower limits correspond to the 15.9% and
84.1% of the distributions.
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resolution would be Δt∼13.5 yr and ∼19.6 yr from J and H
imaging observations, respectively. These correspond to the
years 2028 and 2035, respectively. With a resolved host star, its
distance DL and mass Mhost would be constrained from the
color and flux.

However, this does not necessarily imply that the planet
mass =M M qp host can also be well determined because the
mass ratio is poorly known. If one can estimate Mhost and DL
from the J and H color and magnitude, then there will be two
possible cases. If the lens is in the disk, one can estimate

( )p = -- -D Daurel L
1

S
1 , where ~D 9 kpcS . Then the Einstein

radius can be determined by the relation in Equation (1),
although uncertainty will be fairly large because Mhost and DL
are somewhat uncertain together with the uncertainty of the
source distance. If the lens is in the bulge, in contrast, it will be
difficult to estimate qE any better than from the microlensing
data. This will cause q and Mp to be poorly constrained.
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