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A B S T R A C T 

Only a few wide-orbit planets around old stars have been detected, which limits our statistical understanding of this planet 

population. Following the systematic search for planetary anomalies in microlensing events found by the Korea Microlensing 

Telescope Network, we present the disco v ery and analysis of three events that were initially thought to contain wide-orbit planets. 

The anomalous feature in the light curve of OGLE-2018-BLG-0383 is caused by a planet with mass ratio q = 2.1 × 10 
−4 and 

a projected separation s = 2.45. This makes it the lowest mass-ratio microlensing planet at such wide orbits. The other two 

events, KMT-2018-BLG-0998 and OGLE-2018-BLG-0271, are shown to be stellar binaries ( q > 0.1) with rather close ( s < 1) 

separations. We briefly discuss the properties of known wide-orbit microlensing planets and show that the surv e y observations 

are crucial in disco v ering and further statistically constraining such a planet population. 

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

1  I N T RO D U C T I O N  

Thousands of e xoplanets hav e been detected since the first detection 

of an exoplanet around a Sun-like star (Mayor & Queloz 1995 ), 

thanks to the joint effort of many different detection techniques. The 

� E-mail: weizhu@mail.tsinghua.edu.cn 

† The KMTNet Collaboration 

‡ The OGLE Collaboration 

§ The Tsinghua Microlensing Team 

majority of the known detections hav e relativ ely close-in orbits ( � 1 

au) and/or large masses ( � M J ), and the planets at wide separations 

– especially those with small masses – remain poorly explored (see 

recent re vie ws by Winn & F abryck y 2015 and Zhu & Dong 2021 ). 

Perhaps the most efficient method to detect low-mass, wide-orbit 

planets is gravitational microlensing. Microlensing is most sensitive 

to planets around the Einstein ring radius: 

θE ≡
√ 

κM L πrel ; κ ≡ 4 G 

c 2 au 
= 8 . 14 

mas 

M �
, (1) 
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One wide-orbit planet and two stellar binaries 1779 

where π rel is the relative parallax between the lens and the source, and 

M L is the mass of the lens (Gould 2000 ). For typical Galactic events 

with a lens distance D L , the physical Einstein ring radius, r E ≡ D L θE , 

corresponds to a few au (Mao & Paczynski 1991 ; Gould & Loeb 

1992 ). Planets at such wide separations have long orbital periods 

and introduce small reflex motions on their hosts, making other 

methods such as radial velocity very inefficient. So far microlensing 

has detected o v er 100 planets, the majority of which have the planet- 

star projected separation of a factor of two within the Einstein ring 

radius (see fig. 1 of Zang et al. 2021 for an illustration). 

At even larger separations, the lensing signals due to the planet 

and its host star are largely decoupled, resulting in a reduced 

sensitivity to planet detections. Although high-magnification events 

are sensitive to wide-orbit planets via the central caustic (Griest & 

Safizadeh 1998 ), it is usually difficult to unambiguously determine 

the host–planet separation due to the close/wide de generac y (Griest & 

Safizadeh 1998 ; Dominik 1999 ). Nevertheless, microlensing has 

yielded a few detections at such wide separations. For example, 

Poleski et al. ( 2014 ) reported the disco v ery of a microlensing planet 

with a projected separation of 5.26 ± 0.11 times the Einstein ring 

radius and the planet-to-star mass ratio q = (2.41 ± 0.45) × 10 −4 . For 

the inferred lens host mass of 0 . 7 M �, these correspond to an orbital 

separation of ∼19 au and a planet mass of ∼60 M ⊕, respectively. The 

planet is thus an ice giant in a Uranus-like orbit (Poleski et al. 2014 ). 

Poleski et al. ( 2021 ) conducted a systematic search for wide-orbit 

planets in nearly 20 yr of microlensing data collected by the Optical 

Gravitational Lensing Experiment (OGLE, Udalski et al. 1994 ) and 

found six in the planetary mass regime (mass ratio q in the range of 

10 −4 –0.033) with projected separation beyond twice the Einstein ring 

radius. Using the detection efficiency estimated from their e xtensiv e 

simulations, the authors concluded that wide-orbit exoplanets are 

common, with each microlensing star hosting ∼1.4 such ‘ice giants’. 

The derived rate bears a large statistical uncertainty, primarily due to 

the limited size of the planet sample. 

In this work, we report the detections of wide-orbit planets from the 

Korea Microlensing Telescope Network (KMTNet, Kim et al. 2016 ). 

The three events reported here were disco v ered in the KMTNet 

AnomalyFinder algorithm for planet anomalies (Zang et al. 2021 ) 

in the 2018 high-cadence events ( � K ≥ 2 h −1 , Hwang et al. 2021 ) 

and first classified as (candidate) planetary events with separations 

beyond roughly twice the Einstein ring radius, although later detailed 

modellings revealed that two of them are in fact stellar binaries with 

close orbits. We describe the observations of the reported events in 

Section 2, explain our analysis of the microlensing light curves in 

Section 3, and derive physical parameters of the lens systems in 

Section 4. A discussion of our results is provided in Section 5. 

2  OBSERVATIONS  

The two lensing events OGLE-2018-BLG-0383/KMT-2018-BLG- 

0900 and OGLE-2018-BLG-0271/KMT-2018-BLG-0879 were both 

first detected by the Early Warning System (Udalski et al. 1994 ; 

Udalski 2003 ) of the fourth phase of OGLE (Udalski, Szyma ́nski & 

Szyma ́nski 2015 ) and later found by applying the KMTNet 

EventFinder algorithm (Kim et al. 2018 ) to all the data collected 

during the 2018 season. Hereafter, we designate these events by 

the OGLE names because they made the discoveries first. The third 

event, KMT-2018-BLG-0998, was detected solely by the KMTNet 

surv e y. 

The OGLE data were taken using the 1.3 m Warsaw Telescope 

equipped with a 1.4 deg 2 FOV mosaic CCD camera at the Las Cam- 

panas Observatory in Chile. OGLE-2018-BLG-0383 and OGLE- 

2018-BLG-0271 lie in the OGLE BLG500 and BLG504 fields, 

respectively, with a cadence of � O = 1 h −1 . All three events were 

located in two o v erlapping KMTNet fields (BLG02 and BLG42), 

with a combined cadence of � K = 4 h −1 . KMTNet consists of 

three identical 1.6 m telescopes equipped with 4 deg 2 FOV cameras 

at the Cerro Tololo Inter-American Observatory (CTIO) in Chile 

(KMTC), the South African Astronomical Observatory (SAAO) in 

South Africa (KMTS), and the Siding Spring Observatory (SSO) in 

Australia (KMTA). For both OGLE and KMTNet groups, the great 

majority of observations were taken in the I band, although V -band 

observations were also taken for the purpose to determine the colour 

of source stars. This w ork mak es use of the V -band data from KMTC, 

which were taken once every ten I -band observations. We summarize 

in Table 1 the e vent name, observ ational cadence, and equatorial and 

galactic coordinates of the individual events. 

The data used in the light-curve analysis were reduced using 

v ariants of dif ference image analysis (DIA, Tomaney & Crotts 1996 ; 

Alard & Lupton 1998 ): Wozniak ( 2000 ) for the OGLE data and 

Albrow et al. ( 2009 ) for the KMTNet data. For the KMTC data of 

each event, we conduct pyDIA photometry 1 to measure the source 

colour. 

3  L I G H T  - C U RV E  A NA L  YSIS  

3.1 Preamble 

All three e vents sho w one or two additional bumps to an otherwise 

normal Paczy ́nski ( 1986 ) light curve (1L1S). In such cases, the binary 

lens and single source (2L1S) parameters can often be inferred based 

on the morphology of the light curves without extensive numerical 

searches. The standard 1L1S light curve can be characterized by three 

parameters: t 0 , the time of the closest lens-source alignment; u 0 , the 

distance between the lens and the source at the closest alignment in 

units of the angular Einstein radius, θE ; and t E , the time-scale it takes 

to cross the unit Einstein radius : 

t E ≡
θE 

µrel 
. (2) 

Here µrel is the relative proper motion between the lens and the 

source. In the case of 2L1S, the centre of mass of the binary is used 

in the definition of t 0 and u 0 . For each data set, we also introduce 

two flux parameters ( f S and f B ) to represent the baseline flux of the 

source star and any additional blend flux. 

We fit the 1L1S model excluding data around bumps to obtain ( t 0 , 

u 0 , and t E ). The location of a bump can be estimated at t anom by eye, 

leading to the offset from the peak τ anom and the offset from the host 

u anom , both in units of θE , 

τanom = 
t anom − t 0 

t E 
; u anom = 

√ 

u 
2 
0 + τ 2 

anom . (3) 

These lead to two 2L1S parameters, ( s and α), where s is the projected 

separation between the binary components normalized to θE , and α is 

the angle of source trajectory with respect to the binary axis (Gould & 

Loeb 1992 ), for which the lens-mass centre is to the right of source 

forward direction, 

| α| = 

∣

∣

∣

∣

sin −1 u 0 

u anom 

∣

∣

∣

∣

; s ± ∼
√ 

u 2 anom + 4 ± u anom 

2 
. (4) 

1 MichaelDAlbrow/pyDIA: Initial Release on GitHub, 

doi:10.5281/zenodo.268049 
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1780 H. Wang et al. 

Table 1. Event names, locations and cadences for the three events. 

Name OGLE-2018-BLG-0383 KMT-2018-BLG-0998 OGLE-2018-BLG-0271 

/KMT-2018-BLG-0900 /KMT-2018-BLG-0879 

RA J2000 17:54:43.38 17:50:59.89 17:56:42.25 

Dec. J2000 −28:44:21.4 −29:32:06.50 −28:23:24.3 

	 1.19 0.09 1.71 

b −1.61 −1.31 −1.81 

( � O , � K ) (h 
−1 ) (1, 4) (0, 4) (1, 4) 

If the source interacts with the minor-image (triangular) planetary 

caustics, we take s � s −, where as if the source interacts with the 

major-image (quadrilateral) planetary caustic, we expect s � s + . The 

estimates for the remaining two 2L1S parameters, ( q and ρ), where 

ρ is the source radius normalized by θE , vary in different caustic- 

passing re gimes, and the y will be discussed later for indi vidual e vents 

separately. 

In order to co v er all the possible 2L1S models, we also conduct a 

grid search o v er the parameter plane (log s , log q , α, and log ρ) for 

each event. The grid consists of 21 values equally spaced between 

−1 ≤ log s ≤ 1, 51 values equally spaced between −5 ≤ log q 

≤ 0, 10 values equally spaced between 0 ◦ ≤ α < 360 ◦, and five 

values equally spaced between −3 ≤ log ρ ≤ −1. For each set 

of (log s , log q , α, and log ρ), we fix log q , log s and let the other 

parameters ( t 0 , u 0 , t E , ρ, and α) vary. We use the advanced contour 

integration code VBBinaryLensing (Bozza 2010 ; Bozza et al. 

2018 ) to calculate the magnification of the 2L1S model, and identify 

the best-fitting solution via the Markov chain Monte Carlo (MCMC) 

method ( emcee , F oreman-Macke y et al. 2013 ). 

A short-lived bump on an otherwise normal 1L1S curve can also 

be caused by the introduction of a second source (single lens and 

binary source or 1L2S model; Gaudi 1998 ), which compared to the 

primary source is much fainter and passes closer to the lens. The total 

magnification of a 1L2S model is the superposition of two point-lens 

events, 

A λ = 
A 1 f 1 ,λ + A 2 f 2 ,λ

f 1 ,λ + f 2 ,λ
= 

A 1 + q f ,λA 2 

1 + q f ,λ
; q f ,λ ≡ f 2 ,λ

f 1 ,λ
. (5) 

Here A λ is total magnification, and f i, λ is the baseline flux at 

wavelength λ of each source, with i = 1 and 2 corresponding to 

the primary and the secondary sources, respectively. We search for 

the best-fitting 1L2S model for OGLE-2018-BLG-0383 and OGLE- 

2018-BLG-0271. KMT-2018-BLG-0998 has clear caustic-crossing 

features that cannot be reproduced by 1L2S models, and thus, we do 

not attempt to perform the 1L2S modelling. 

F or each ev ent, we also check whether the fit can be further 

impro v ed after the inclusion of high-order effects. The first is the 

annual parallax effect (Gould 1992 , 2000 , 2004 ), in which Earth’s 

acceleration around the Sun introduces deviation from rectilinear 

motion between the lens and the source. The parallax effect is 

described by two parameters, πE,N and πE,E , which are the north and 

east component of the microlensing parallax vector πE in equatorial 

coordinates : 

πE ≡
πrel 

θE 

µrel 

µrel 
. (6) 

The second effect is the lens orbital motion (Batista et al. 2011 ; 

Skowron et al. 2011 ), which is usually described by two parameters 

(d s /d t and d α/d t ), the instantaneous changes in the separation and 

orientation of the two components defined at t 0 . We restrict the 

MCMC trials to β < 0.8, where β is the absolute value of the ratio 

of projected kinetic to potential energy (An et al. 2002 ; Dong et al. 

2009 ), 

β ≡
∣

∣

∣

∣

KE ⊥ 

PE ⊥ 

∣

∣

∣

∣

= 
κM �yr 2 

8 π2 

πE 

θE 
γ 2 

(

s 

πE + πS /θE 

)3 

; 

� γ ≡
(

d s/ d t 

s 
, 

d α

d t 

)

, (7) 

where πS is the source parallax. 

3.2 OGLE-2018-BLG-0383 

Fig. 1 shows the observed light curve of OGLE-2018-BLG-0383. 

There is a � I ∼ 0.07 mag bump during 8175.5 � HJD 
′ 
� 8176.5 

(HJD 
′ ≡ HJD − 2450000). The bump appears in multiple data sets 

(KMTC, KMTA, and OGLE) and all the data points were taken under 

seeings below or close to the median seeing of the corresponding site. 

Therefore, the bump is of astrophysical origin. 

3.2.1 Heuristic analysis 

We first fit the 1L1S model excluding the data around the small bump 

and obtain 

( t 0 , u 0 , t E ) = (8199 . 2 , 0 . 071 , 11 . 3 d) , (8) 

which leads to 

τanom = 
t anom − t 0 

t E 
= −2 . 04; u anom = 

√ 

u 
2 
0 + τ 2 

anom = 2 . 05; 

| α| = sin −1 u 0 

u anom 
= 1 . 98 ◦. (9) 

Then, the position of planetary caustic is 

s + ∼
√ 

u 2 anom + 4 + u anom 

2 
= 2 . 46; 

s − ∼
√ 

u 2 anom + 4 − u anom 

2 
= 0 . 41 . (10) 

Because the bump exhibits strong finite source effects (Gould 1994 ; 

Nemiroff & Wickramasinghe 1994 ; Witt & Mao 1994 ), we expect 

that a large source envelops a small caustic. Gould & Gaucherel 

( 1997 ) showed that for the case of s + , the excess magnification 

�A = 
2 q 

ρ2 
. (11) 

Here ρ can be estimated from the duration of the full width at half- 

maximum (FWHM) of the bump, t fwhm ∼ 0.55 d, 

ρ ∼ t fwhm 

2 t E 
∼ 0 . 024 . (12) 

The excess flux of the bump can be read off the light curve, which, 

combined with I S from the 1L1S model, leads to 

�A = 
10 −0 . 4 I anom , peak − 10 −0 . 4 I anom , base 

10 −0 . 4 I S 
= 0 . 61 , (13) 

MNRAS 510, 1778–1790 (2022) 
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One wide-orbit planet and two stellar binaries 1781 

Figure 1. The observed data and models for OGLE-2018-BLG-0383. The open circles with different colours are data points for different data sets. The solid 

lines with different colours represent different models, and the grey dashed line represents the best-fitting single lens and single source (1L1S) model. In the top 

panel, the black arrow indicates the position of the planetary signal. The bottom five panels show a close-up of the planetary signal and the residuals to different 

models. 

where I anom,peak = 15.42 and I anom,base = 15.49. The planet-to-star 

mass ratio q can then be estimated as 

q = 
�Aρ2 

2 
∼ 1 . 8 × 10 −4 . (14) 

For the case of s −, because it contains two triangular planetary 

caustics, we expect two solutions. Furthermore, Gould & Gaucherel 

( 1997 ) showed that a large source enveloping both small triangular 

caustics (together with intervening tough) tends to generate nearly 

zero excess magnifications, contrary to what is seen in this event. 

Therefore, we expect that the source is close to or smaller than the 

caustic in the s − solutions. 

3.2.2 Numerical analysis 

We conduct a grid search to identify all degenerate solutions, 

following the description of Section 3.1. As expected based on the 

abo v e analysis, three local minima are identified. For each solution, 

MNRAS 510, 1778–1790 (2022) 
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1782 H. Wang et al. 

Figure 2. Caustic topologies of the three 2L1S models for OGLE-2018-BLG-0383. In each row, the right-hand panel shows the zoomed-in view of the left-hand 

panel, centring on the caustic-crossing re gion. We hav e defined the origin to be the centre of mass of the lens system, and the location of the secondary lens is 

indicated as a filled blue circle. In each panel, the red lines represent the caustic structure, the black solid line represents the source trajectory, the magenta arrow 

indicates the direction of the source motion, and the open circles with different colours (not shown in the left-hand panels) represent the source location at the 

times of observation from different telescopes. The radii of the circles represent the normalized source radius ρ of each model. The colour scheme is the same 

as in Fig. 1 . 

we then perform MCMC analysis to obtain the best-fitting 2L1S pa- 

rameters. Fig. 2 shows the caustics and source trajectories of the three 

solutions. As expected, one of the solutions contains a large source 

crossing a small major-image (quadrilateral) planetary caustic, and 

the other two have a relatively small source crossing the minor- 

image (triangular) planetary caustic. We label the three solutions 

as ‘wide’, ‘close-upper’, and ‘close-lower’, respectively. Their best- 

fitting parameters and the associated 68 per cent confidence intervals 

from the MCMC analyses are given in Table 2 , and the corresponding 

light curves are shown in Fig. 1 . We note that the values of ( s , α, 

ρ, and q ) from the heuristic analysis are in good agreement with the 

values from the detailed numerical analyses. 

Among all three solutions, the ‘wide’ solution provides the best fit 

to the observed data, especially those around the bump. The ‘close- 

upper’ and ‘close-lower’ solutions are both disfa v oured by �χ2 > 

58 and cannot fit the five KMTA points at HJD 
′ ∼ 8176.2. We, thus, 

reject the ‘close-upper’ and ‘close-lower’ solutions. 

We also check the 1L2S model and present its best-fitting parame- 

ters in Table 2 . Compared to the 2L1S ‘wide’ model, the 1L2S model 

has a worse fit by �χ2 = 30.5, which is already a strong evidence 

against the 1L2S model. The 1L2S model is also disfa v oured 

for its somewhat non-physical model parameters. The secondary 

source has a normalized source radius, ρ2 = 0.020 ± 0.003. Being 

∼180 times brighter, the normalized source radius of the primary 

source should be about one order of magnitude larger and thus 

ρ1 ∼ 0.2. This is inconsistent with ρ1 = 0.058 ± 0.021 from the 

light-curve analysis. Furthermore, following the colour magnitude 

diagram (CMD) analysis in Section 4.1 and based on the star 

colour of Holtzman et al. ( 1998 ), one would get θE ∼ 0.02 mas 

and µrel ∼ 0 . 6 mas yr −1 for the 1L2S model. Lenses with such 

kinematics are fairly rare according to the standard Galactic model 

(See fig. 2 of Zhu et al. 2017 ). Hence, the 1L2S model is also 

rejected. 

The inclusion of the annual parallax and the lens orbital motion 

effects only impro v es the fit by �χ2 < 2. Such an impro v ement is 

too small compared to the impact of typical systematics in the data. 

Furthermore, the inclusion of the parallax effect yields a 1 σ upper 

limit on πE of ∼1.5, which is too large to be considered physically 

meaningful. This is e xpected, giv en that the ev ent has a short time- 

scale ( t E = 11 . 4 d). As the inclusion of the higher order effects gives 

statistically similar values for the standard microlensing parameters, 

we adopt the static binary solution as the final solution. 

3.3 KMT-2018-BLG-0998 

As shown in Fig. 3 , the light curve of event KMT-2018-BLG-0998 

shows two bumps in addition to the 1L1S model, with both brighter 

than the primary peak of the 1L1S model. Such features can be 

produced by the source crossing or approaching the two spikes of 

the planetary caustic. 
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One wide-orbit planet and two stellar binaries 1783 

Table 2. 1L1S, 2L1S, and 1L2S model parameters for OGLE-2018-BLG-0383. The best-fitting solution is highlighted in bold. 

1L1S 2L1S 1L2S 

Wide Close-upper Close-lower 

χ2 / dof 2384.4/1874 1870.3/1870 1928.8/1870 1929.9/1870 1905.9/1869 

t 0,1 (HJD 
′ 
) 8199.244 ± 0.002 8199 . 239 ± 0 . 003 8199.247 ± 0.003 8199.247 ± 0.002 8199.244 ± 0.003 

t 0,2 (HJD 
′ 
) – – – – 8176.022 ± 0.048 

u 0,1 0.072 ± 0.001 0 . 071 ± 0 . 001 0.071 ± 0.001 0.072 ± 0.001 0.074 ± 0.005 

u 0,2 – – – – 0.0007 ± 0.0018 

t E (d) 11.15 ± 0.17 11 . 35 ± 0 . 17 11.34 ± 0.17 11.46 ± 0.21 11.34 ± 0.22 

ρ1 – 0 . 0238 ± 0 . 0020 0.0060 ± 0.0008 0.0056 ± 0.0007 0.058 ± 0.021 

ρ2 – – – – 0.0202 ± 0.0050 

q f , I – – – – 0.0057 ± 0.0014 

α (deg) – 181 . 98 ± 0 . 17 355.86 ± 0.75 7.84 ± 0.70 –

s – 2 . 453 ± 0 . 026 0.405 ± 0.004 0.404 ± 0.005 –

q (10 −4 ) – 2 . 14 ± 0 . 34 23.6 ± 5.9 21.5 ± 5.2 –

f S,OGLE 1.132 ± 0.022 1 . 130 ± 0 . 021 1.127 ± 0.021 1.117 ± 0.023 1.119 ± 0.029 

f B,OGLE 8.879 ± 0.020 8 . 870 ± 0 . 019 8.875 ± 0.019 8.881 ± 0.021 8.878 ± 0.026 

Note. All flux values are normalized to a 18th magnitude source, i.e. I S = 18 − 2.5log ( f S ). 

3.3.1 Heuristic analysis 

We first fit the 1L1S model excluding data around the two bumps 

and obtain 

( t 0 , u 0 , t E ) = (8301 . 3 , 1 . 09 , 29 . 1 d) . (15) 

Together with the central time of the planetary anomaly, t anom ≈
8333, these lead to 

τanom = 
t anom − t 0 

t E 
≈ 1 . 09; u anom = 

√ 

u 
2 
0 + τ 2 

anom ≈ 1 . 54; 

| α| = sin −1 u 0 

u anom 
≈ 45 ◦. (16) 

We then obtain 

s = s + ∼
√ 

u 2 anom + 4 + u anom 

2 
= 2 . 03; 

s − ∼
√ 

u 2 anom + 4 − u anom 

2 
= 0 . 49 . (17) 

We can also estimate the size of the source from the first bump, which 

exhibits strong finite-source effect. The width of this bump is t FWHM 

∼ 0.6 d, and thus 

ρ ∼ t FWHM 

2 t E 
∼ 0 . 01 . (18) 

3.3.2 Numerical analysis 

We conduct a grid search that co v ers both planetary and stellar binary 

mass ratios and find two local minima in χ2 in the q versus s plane. We 

then perform detailed MCMC modelling to further refine the model 

parameters. The results are presented in Table 3 , and the correspond- 

ing caustic structure and source trajectory are shown in Fig. 4 . We 

label the s < 1 and s > 1 solutions as ‘close’ and ‘wide’, respectively. 

As expected, the two bumps are produced by the source crossing one 

spike and approaching another spike of the caustic. We find that the 

‘close’ solution is fa v oured by �χ2 = 456 and most of the �χ2 

difference comes from the anomaly region, so we adopt the ‘close’ 

solution as the final model of this event. With q = 0.6, this ‘close’ 

solution suggests that the lens system is composed of two stars. 

We find that the inclusion of higher order effects does not change 

the general interpretation of the lens system. Furthermore, different 

data sets of this event yield different constraints on the parameters 

associated with the higher order effects, suggesting the existence of 

systematics in some (or all) of the data sets or photometric variability 

of the target. For the purpose of this work, we will not proceed with 

further investigations into its origin and simply adopt the parameters 

of the static 2L1S model as the final solution. 

3.4 OGLE-2018-BLG-0271 

As shown in Fig. 5 , the light curve of OGLE-2018-BLG-0271 shows 

an ∼6 d bump around HJD 
′ ∼ 8212. This anomaly is securely 

detected in all data sets, including OGLE and KMTNet. 

3.4.1 Heuristic analysis 

The 1L1S model without the data around the bump yields 

( t 0 , u 0 , t E ) = (8195 . 01 , 1 . 42 , 10 . 4 d) . (19) 

These lead to 

τanom = 
t anom − t 0 

t E 
= 1 . 63; u anom = 

√ 

u 
2 
0 + τ 2 

anom = 2 . 16; 

| α| = sin −1 u 0 

u anom 
= 41 . 1 ◦, (20) 

and thus 

s + ∼
√ 

u 2 anom + 4 + u anom 

2 
= 2 . 55; 

s − ∼
√ 

u 2 anom + 4 − u anom 

2 
= 0 . 39 . (21) 

For s −, we again expect two solutions that correspond to two 

triangular planetary caustics, respectiv ely. F or s + , because the bump 

does not exhibit clear finite-source effects, we expect the so-called 

‘inner/outer de generac y’, for which the source passes from the inner 

and outer sides (with respect to the host of the planet) of the major- 

image planetary caustic, respectively (Gaudi & Gould 1997 ). 

3.4.2 Numerical analysis 

Four local minima are identified in the grid search, which is consistent 

with the heuristic analysis. Based on the caustic structures and source 

trajectories (Fig. 6 ), these solutions are labelled as ‘wide-inner’, 

‘wide-outer’, ‘close-upper’, and ‘close-lower’, and their best-fitting 
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1784 H. Wang et al. 

Figure 3. The observed data and models for KMT-2018-BLG-0998. The symbols are similar to those in Fig. 1 . The two bumps in the third panel are produced 

by the source approaching the two spikes of the caustic. See Fig. 4 for the lensing geometry. 

Table 3. 2L1S model parameters of KMT-2018-BLG-0998. 

Wide Close 

χ2 / dof 11473.1/11017 11017.1/11017 

t 0 (HJD 
′ 
) 8304.183 ± 0.155 8298 . 226 ± 0 . 211 

u 0 0.930 ± 0.005 0 . 979 ± 0 . 010 

t E (d) 31.23 ± 0.20 30 . 33 ± 0 . 19 

ρ 0.0103 ± 0.0001 0 . 0094 ± 0 . 0001 

α (deg) 312.45 ± 0.23 59 . 65 ± 1 . 16 

s 1.917 ± 0.003 0 . 553 ± 0 . 002 

q 0.0196 ± 0.0003 0 . 601 ± 0 . 029 

f S,KMTC02 0.472 ± 0.004 0 . 551 ± 0 . 007 

f B,KMTC02 0.498 ± 0.004 0 . 414 ± 0 . 007 

parameters from the MCMC modellings are presented in Table 4 

together with the best-fitting 1L2S model. We find that the ‘close- 

lower’ solution provides the best fit to the observed data, whereas 

the ‘Wide-inner’, ‘wide-outer’, ‘close-upper’, and 1L2S solutions 

are disfa v oured by �χ2 > 54, 328, 623, and 128, respectively. In 

Fig. 7 , we show the cumulative �χ2 distributions of the four solutions 

relative to the ‘close-lower’ solution. The fact that most of the �χ2 

differences come from the anomaly region is a strong indication that 

the �χ2 difference is statistically meaningful. We, thus, adopt the 

‘close-lower’ solution as the final model of this event. This solution 

has a binary mass ratio with q ∼ 0.1, suggesting that the companion 

is probably a brown dwarf or a low-mass star. 

High-order effects have also been explored for this event, but it 

only provides �χ2 ∼ 1 and the 1 σ uncertainty of parallax is ∼1. For 

reasons similar to the first event, we adopt the 2L1S model without 

high-order effects. 
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One wide-orbit planet and two stellar binaries 1785 

Figure 4. Lensing geometry of KMT-2018-BLG-0998. The symbols are similar to those in Fig. 2 . 

Figure 5. The observed data and the best-fitting 1L1S and 2L1S models for OGLE-2018-BLG-0271. The symbols are similar to those in Fig. 1 . 
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1786 H. Wang et al. 

Figure 6. Caustic topologies of the four 2L1S models for OGLE-2018-BLG-0271. The symbols are similar to those in Fig. 2 . Because the four models only 

have upper limits on ρ, the source radii are not shown. 

Table 4. 1L1S, 2L1S, and 1L2S model parameters of OGLE-2018-BLG-0271. The adopted model is highlighted in bold. 

1L1S 2L1S 1L2S 

Wide-inner Wide-outer Close-upper Close-lower 

χ2 / dof 12763.0/12034 12084.6/12030 12358.1/12030 12652.9/12030 12030.4/12030 12158.3/12029 

t 0,1 (HJD 
′ 
) 8195.44 ± 0.06 8195.56 ± 0.07 8195.74 ± 0.07 8196.56 ± 0.07 8194 . 21 ± 0 . 13 8194.90 ± 0.08 

t 0,2 (HJD 
′ 
) – – – – – 8212.22 ± 0.13 

u 0,1 1.427 ± 0.026 1.298 ± 0.035 1.306 ± 0.025 1.309 ± 0.004 1 . 349 ± 0 . 075 1.463 ± 0.026 

u 0,2 – – – – – 0.157 ± 0.023 

t E (d) 11.09 ± 0.26 10.77 ± 0.20 10.52 ± 0.14 8.77 ± 0.05 10 . 74 ± 0 . 42 10.07 ± 0.16 

ρ1 – < 0.27 < 0.31 < 0.19 < 0 . 28 0.51 ± 0.37 

ρ2 – – – – – 0.27 ± 0.11 

q f , I – – – – – 0.0058 ± 0.0010 

α (deg) – 318.67 ± 0.41 325.78 ± 1.22 98.78 ± 0.26 183 . 92 ± 4 . 87 –

s – 3.074 ± 0.057 1.748 ± 0.040 0.388 ± 0.003 0 . 411 ± 0 . 014 –

q – 0.026 ± 0.003 0.040 ± 0.007 0.200 ± 0.004 0 . 101 ± 0 . 024 –

f S,OGLE 3.72 ± 0.18 3.61 ± 0.24 3.48 ± 0.14 3.60 ± 0.03 3 . 60 ± 0 . 39 3.99 ± 0.18 

f B,OGLE − 0.40 ± 0.18 − 0.29 ± 0.24 − 0.16 ± 0.14 − 0.28 ± 0.03 −0 . 28 ± 0 . 39 − 0.67 ± 0.18 

Note. The values of ρ1 are their 3 σ ( �χ2 < 9) upper limits. 

4  PHYSICAL  PA R A M E T E R S  

In principle, the mass and distance of the lens system can be 

determined if both the angular Einstein radius and the microlens- 

ing parallax are measured (Gould 1992 , 2000 ). Unfortunately, the 

parallax effect is not detected in any of the three events analysed 

here, and OGLE-2018-BLG-0271 only has an upper limit on ρ (and 

thus a lower limit on θE ). Therefore, we rely on the Bayesian analysis 

to estimate the physical parameters of the lens system. 
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One wide-orbit planet and two stellar binaries 1787 

Figure 7. The upper panel shows the best-fitting models of the four 2L1S models and the 1L2S model for OGLE-2018-BLG-0271. The lower panel shows the 

cumulative distribution of �χ2 differences for the three 2L1S models and the 1L2S model relative to the 2L1S ‘close-lower’ model, which provides the best fit 

to the observed data. 

4.1 Colour magnitude diagram 

We first determine the angular radius of the source star, θ � , based 

on a CMD analysis (Yoo et al. 2004 ). F or each ev ent, we construct 

a V − I versus I CMD based on the KMTC pyDIA photometry and 

stars within a 120 arcsec square centred on the event position (see 

Fig. 8 ). We first estimate the centroid of the red clump as ( V − I , I ) cl 

and compare it with the intrinsic centroid of the red clump ( V − I , 

I ) cl,0 . Here, we adopt ( V − I ) cl,0 = 1.06 ± 0.03, with the value and 

uncertainty taken from Bensby et al. ( 2013 ) and Nataf et al. ( 2016 ), 

respectively. The dereddened magnitudes, I cl,0 , are taken with an 

uncertainty of 0.04 mag from table 1 of Nataf et al. ( 2013 ) at the 

locations of individual events. These yield the offset 

� ( V − I , I ) = ( V − I , I ) cl − ( V − I , I ) cl , 0 . (22) 

For OGLE-2018-BLG-0383, we determine the source colour and 

magnitude ( V − I , I ) S from a regression of the KMTC pyDIA V versus 

I flux and the light-curve analysis in Section 3, respectively. We have 

also derived the source V − I colour from the light-curve analysis 

and found a consistent result with 1 σ . For KMT-2018-BLG-0998 and 

OGLE-2018-BLG-0271, the source colour cannot be determined due 

to the low S/N of the V -band observations, so we follow the method of 

Bennett et al. ( 2008 ) to estimate the source colour from the Hubble 

Space Telescope ( HST ) CMD of Holtzman et al. ( 1998 ). We first 

calibrate the HST CMD to the KMTC CMD using their positions of 

red clump centroid. Then, we estimate the source colour by taking 

the average colour of the calibrated HST stars whose brightness are 

within 5 σ of the microlensing source star. For each event, we find 

the dereddened colour and magnitude of the source by 

( V − I , I ) S , 0 = ( V − I , I ) S − � ( V − I , I ) . (23) 

Finally, using the colour–surface brightness relation of Adams, 

Boyajian & von Braun ( 2018 ), we obtain the angular source radius 

θ∗. We summarize the measurements from the CMD analysis, the 

derived angular Einstein radius θE , and the lens–source relative 

proper motion µrel in Table 5 . We note that the source of OGLE-2018- 

BLG-0383 is 0.09 magnitude redder than the red clump centroid and 

thus slightly off the sequence of evolved stars in the HST CMD. 

Ho we ver, this of fset is not significant compared to the dispersion in 

colour at a similar magnitude in the HST stars. The source could well 

be a K4-type subgiant in the bulge (Bessell & Brett 1988 ). 

4.2 Bayesian analysis 

Our Bayesian analysis applies the procedures and the Galactic model 

of Zang et al. ( 2021 ). The Galactic model is defined by the mass 
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1788 H. Wang et al. 

Figure 8. CMDs of the three microlensing e vents. Observ ations from KMTC (black dots) are used to construct these diagrams. For each panel, the red asterisk 

and blue dot represent the positions of the centroid of the red clump and the source star, respectively. The green dots show the HST CMD of Holtzman et al. 

( 1998 ) whose red-clump centroid has been adjusted to that of KMTC. 

Table 5. CMD parameters, θ∗, θE , and µrel for the three events. 

Parameter OGLE-2018-BLG-0383 KMT-2018-BLG-0998 OGLE-2018-BLG-0271 

( V − I , I ) cl (2.65 ± 0.01, 16.24 ± 0.03) (4.15 ± 0.02, 17.73 ± 0.03) (2.88 ± 0.01, 16.49 ± 0.04) 

( V − I , I ) cl,0 (1.06 ± 0.03, 14.39 ± 0.04) (1.06 ± 0.03, 14.44 ± 0.04) (1.06 ± 0.03, 14.38 ± 0.04) 

( V − I , I ) S (2.74 ± 0.02, 

18.370 ± 0.023) 

(4.10 ± 0.10, 

18.778 ± 0.009) 

(2.90 ± 0.13, 16.94 ± 0.07) 

( V − I , I ) S,0 (1.15 ± 0.04, 16.56 ± 0.05) (1.01 ± 0.11, 15.49 ± 0.05) (1.08 ± 0.13, 14.83 ± 0.08) 

θ∗ ( µas) 2.31 ± 0.17 3.64 ± 0.65 5.2 ± 1.2 

θE (mas) 0.097 ± 0.011 0.387 ± 0.069 > 0.018 

µrel ( mas yr −1 ) 3.12 ± 0.35 4.66 ± 0.84 > 0.61 

function of the lens, the stellar number density profile, and the 

dynamical distributions. For the mass function of the lens, we choose 

the initial mass function of Kroupa ( 2001 ) with an upper limit 

of 1.3 M � for disc lenses and 1.1 M � for bulge lenses. For the 

stellar number density, we adopt the Zhu et al. ( 2017 ) model for 

bulge objects and the Bennett et al. ( 2014 ) model for disc objects. 

Regarding the kinematics, we adopt a rotation of 240 km s −1 (Reid 

et al. 2014 ) and the velocity dispersion of Han et al. ( 2020b ) for disc 

lenses and the Gaia proper motion of red giant stars within 5 arcmin 

(Gaia Collaboration 2016 , 2018 ) for bulge lenses as well as source 

stars. 

For each event, we create a sample of 10 8 simulated events from 

the Galactic model and weight each simulated event, i , by 

ω Gal ,i = � i L i 

(

t 
pri 
E 

)

L i 

(

θ
pri 
E 

)

, (24) 

where � i ∝ θ
pri 
E ,i × µrel ,i is the microlensing event rate, and L i ( t 

pri 
E ) 

and L i ( θ
pri 
E ) are the likelihoods of its inferred parameters given the 

distributions of these quantities, respectively. Here, t 
pri 
E and θ

pri 
E are the 

time-scale and Einstein radius of the primary lens alone, respectively. 

They are a factor of 
√ 

1 + q smaller than the values defined on the 

binary system. 

Table 6 presents the inferred physical parameters of the lenses. 

For OGLE-2018-BLG-0383, the Bayesian analysis suggests a super- 

Earth-mass/sub-Neptune-mass planet about six times beyond the 

snow line of an ultracool dwarf near the M dwarf/brown-dwarf 

boundary [assuming a snow line radius a SL = 2.7( M /M �) au, 

Kennedy & Kenyon 2008 ]. For KMT-2018-BLG-0998 and OGLE- 

2018-BLG-0271, the inferred companion masses exceed the mass 

limit of planets, with the former likely a low-mass star and the latter 

a brown dwarf. 

5  DI SCUSSI ON  

In this work, we have presented the disco v ery and characterization of 

three microlensing systems that were originally identified to contain 

candidates for wide-orbit ( s > 2) planets. Detailed modelling has 

revealed that the lens system in OGLE-2018-BLG-0383 indeed 

contains a wide-orbit planet with projected separation s = 2.45. 

With a planet-to-star mass ratio q = 2.1 × 10 −4 , it is also the wide- 

orbit planet with so far the lowest mass ratio (see Fig. 9 ). The other 

two events, KMT-2018-BLG-0998 and OGLE-2018-BLG-0271, are 

shown to be produced by close ( s = 0.55 and 0.41) binaries with 

relatively large mass ratios ( q = 0.6 and 0.1). This highlights the 

importance of detailed light-curve modelling in identifying (close- 

and wide-orbit) microlensing planets. 

The wide-orbit planets found by microlensing are shown in Fig. 9 . 2 

These planets were mostly detected via planetary anomalies that were 

well separated from the primary lensing signals of the host stars (e.g. 

Fig. 1 ), although the wide-orbit nature of the planets could also 

be revealed in the careful investigation of short-time-scale binary 

events (e.g. MOA-bin-1 and OGLE-2016-BLG-1227, Bennett et al. 

2012 ; Han et al. 2020a ). Events with these characteristics are rarely 

targets of follow-up observations, and thus the disco v ery of wide- 

orbit planets relies almost entirely on microlensing surv e y observa- 

tions. Out of the eight known wide-orbit planets shown in Fig. 9 , 

five (OGLE-2008-BLG-092, MOA-2012-BLG-006, OGLE-2012- 

BLG-0838, MOA-2013-BLG-605, and OGLE-2016-BLG-0263) are 

included in the sample of Poleski et al. ( 2021 ), one (MOA-bin-1) 

2 Our sample differs from that of Poleski et al. ( 2021 ) by the exclusion of 

event OGLE-2011-BLG-0173, for which the binary source model could not 

be ruled out by �χ2 > 10 (Poleski et al. 2018 ). 
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One wide-orbit planet and two stellar binaries 1789 

Table 6. Physical parameters of the lens systems, inferred from the Bayesian analysis. 

Name OGLE-2018-BLG-0383 KMT-2018-BLG-0998 OGLE-2018-BLG-0271 

M 1 (M �) 0 . 10 + 0 . 13 
−0 . 05 0 . 41 + 0 . 19 

−0 . 23 0 . 23 + 0 . 28 
−0 . 14 

M 2 6 . 4 + 5 . 5 −2 . 8 M ⊕ 0 . 24 + 0 . 12 
−0 . 14 M � 23 . 1 + 30 . 2 

−14 . 4 M J 

D L (kpc) 7 . 7 + 0 . 6 −0 . 6 6 . 9 + 0 . 7 −1 . 5 7 . 2 + 0 . 7 −1 . 4 

a ⊥ (au) 1 . 8 + 0 . 2 −0 . 2 1 . 5 + 0 . 3 −0 . 3 0 . 6 + 0 . 2 −0 . 2 

µrel ( mas yr −1 ) 3 . 2 + 0 . 3 −0 . 3 4 . 7 + 0 . 8 −0 . 8 7 . 2 + 3 . 4 −2 . 6 

Figure 9. All known microlensing planets with s > 2.0. The red asterisk marks OGLE-2018-BLG-0383 from this work. The solid dots are events with ‘unique’ 

solutions (i.e. no degenerate solution within �χ2 < 10) and the open circles are events with degenerate solutions. The abridged event name is shown next to 

those with unique solutions. 

was only detected in MOA data, and the remaining two (OGLE- 

2016-BLG-1227 and OGLE-2018-BLG-0383) could not have been 

detected without the KMTNet data. Because the anomalous feature 

is either small or well separated from the main peak, the majority of 

the wide-orbit planets could only be detected via systematic searches 

for anomalous e vents. No w with the successful implementation of 

systematic anomaly search in the KMTNet data (Zang et al. 2021 ), 

we expect that the sample of wide-orbit planets will expand more 

rapidly. 

It is also worth noting that the source stars of microlensing events 

containing wide-orbit planets are all evolved stars. These stars are 

relatively bright and have relatively large size. The former ensures 

better photometric precision and thus the detection for more subtle 

deviations, whereas the latter leads to a prolonged duration of the 

anomalous feature. Future systematic search and statistical studies 

of wide-orbit planets may target events with evolved stars. This 

so-called ‘Hollywood’ strategy of ‘following the big stars’, was 

originally advocated by Gould ( 1997 ). 

KMT-2018-BLG-0998 reveals some interesting characteristics 

that are worth reporting, even though it is not of planetary nature. 

Unlike the majority of anomalous events found by AnomalyFinder 

(Zang et al. 2021 ), the anomalous feature in KMT-2018-BLG-0998 

was first recognized by the KMTNet EventFinder algorithm (Kim 

et al. 2018 ) as a short-time-scale event, and the lensing signal from 

the primary star was later identified by the AnomalyFinder algorithm 

as the ‘anomaly.’ This is because the anomalous feature, even though 

with a shorter duration, has a much larger amplitude than the lensing 

signal from the primary star. Such a feature is also seen in events 

with wide-orbit planets (Bennett et al. 2012 ; Han et al. 2020a ). In 

the extreme case of OGLE-2016-BLG-1227 (Han et al. 2020a ), the 
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light curve appears to be a short-li ved 1L1S e vent af fected by severe 

finite-source effect, and there is no obvious signal from the host 

star. Only with a detailed analysis was the presence of a distant host 

revealed from the ∼0.03 mag perturbation to the 1L1S model (Han 

et al. 2020a ). Such events again highlight the importance of dense 

and continuous co v erage of observations and detailed light-curve 

modelling in studies of wide-orbit planets. 
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