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Abstract

The current studies of microlensing planets are limited by small number statistics. Follow-up observations of high-

magnification microlensing events can efficiently form a statistical planetary sample. Since 2020, the Korea

Microlensing Telescope Network (KMTNet) and the Las Cumbres Observatory (LCO) global network have been

conducting a follow-up program for high-magnification KMTNet events. Here, we report the detection and

analysis of a microlensing planetary event, KMT-2023-BLG-1431, for which the subtle (0.05 mag) and short-lived

(5 hr) planetary signature was characterized by the follow-up from KMTNet and LCO. A binary-lens single-source

(2L1S) analysis reveals a planet/host mass ratio of q= (0.72± 0.07)× 10−4, and the single-lens binary-source

(1L2S) model is excluded by Δχ2= 80. A Bayesian analysis using a Galactic model yields estimates of the host

star mass of M M0.57host 0.29
0.33 , the planetary mass of M M13.5planet 6.8

8.1 , and the lens distance of

D 6.9L 1.7
0.8 kpc. The projected planet-host separation of a 2.3 0.5

0.5 au or a 3.2 0.8
0.7 au, subject to the close/

wide degeneracy. We also find that without the follow-up data, the survey-only data cannot break the degeneracy

of central/resonant caustics and the degeneracy of 2L1S/1L2S models, showing the importance of follow-up

observations for current microlensing surveys.

Unified Astronomy Thesaurus concepts: Gravitational microlensing (672); Gravitational microlensing exoplanet

detection (2147)

1. Introduction

Gravitational microlensing occurs when a lens star passes in

front of a distant source star in an observer’s line of sight

(Einstein 1936). The gravitational field from the lens star will

alter the path of light rays from the source star, magnifying the

source. If a planet is orbiting the lens star, it may then perturb

the light rays with its gravity. This appears in the data as a

deviation from the expected light curve of the star. The

microlensing method is most sensitive to planets around the

Einstein ring because the corresponding caustics are the largest

and thus the source has the highest probability of interacting

with the caustic (Gould & Loeb 1992). For typical Galactic

microlensing events, the physical Einstein ring radius corre-

sponds to a few AU, so microlensing is most sensitive to

planets in these orbits. The two most prolific exoplanet

detection methods, the transit and the radial velocity methods,

are more sensitive to planets that are close to their host star

(e.g., Mayor & Queloz 1995), so microlensing is complemen-

tary to these other detection methods (Mao 2012; Gaudi 2012),

especially for low mass-ratio (q 10−4) and wide-orbit planets.

However, microlensing is a challenging method for detecting

exoplanets due to its rare and unpredictable nature. The typical

microlensing event rate towards the Galactic bulge is only

∼10−6 (Sumi et al. 2013; Mróz et al. 2019). Planetary signals

within microlensing events are also unpredictable, even rarer,

and typically have a duration of one day or less (Mao &

Paczynski 1991; Gould & Loeb 1992; Bennett & Rhie 1996).

The difficult nature of the microlensing technique reduces the

number of microlensing planets compared to the transit and the

radial velocity methods, and the small number statistics lead to

uncertainty in the mass-ratio function and multiplicity function.

Only one statistical sample (Gould et al. 2010) contains a

multi-planet system (Gaudi et al. 2008; Bennett et al. 2010). In

addition, the mass-ratio distribution of planets with qlog 4

is still uncertain. A study by Suzuki et al. (2016) contained 22

planet detections, but only two q< 10−4 planets. That study

found that the number of planets increases as q decreases until

q∼ 1.7× 10−4, below which the planetary occurrence rate

drops. In order to improve our understand of these planets, it is

essential to detect more q< 10−4 planets and multi-planet

systems in a statistically robust manner that enables population

studies.

An efficient method of detecting microlensing planets is

through follow-up observations of high-magnification events.

High-magnification events are sensitive to planet detections

because planets always produce a “central” caustic at the

position of the lens star, and the source trajectory (by definition

for a high-magnification event) passes very close to the lens

star (Griest & Safizadeh 1998). This also makes them the

primary channel for detecting multi-planet systems, because the

perturbations from different planets occur near each other in

both time and space. In fact, four (Gaudi et al. 2008; Han et al.

2013, 2022a, 2022b) out of five unambiguous multi-planet

systems were detected in high-magnification events, and a fifth

was detected in an event only just barely missing the

magnification threshold (Athresh> 25, see below; Han et al.

2019). These events additionally have predictable peaks that

are usually several magnitudes brighter than the baseline

object, making them ideal candidates for follow-up observa-

tions. For example, the second microlensing planet, OGLE-

2005-BLG-071Lb (Udalski et al. 2005; Dong et al. 2009), was

detected by follow-up observations to high-magnification

events. In addition, the first measurement of the microlensing

planetary frequency was from a follow-up network called the

Microlensing Follow Up Network (μFUN) for high-magnifica-

tion events (Gould et al. 2010).

2

Publications of the Astronomical Society of the Pacific, 136:054402 (13pp), 2024 May Bell et al.



Since the commissioning of the Korean Microlensing

Telescope Network (KMTNet, Kim et al. 2016), microlensing

planet detections have been increasingly dominated by

detections in the survey data,30 because KMTNet can provide

high-cadence multi-site observations to capture the short and

weak planetary signals, with about 30 unambiguous planets

every year (Jung et al. 2023). However, previous work on high-

magnification events (e.g., Gould et al. 2010; Yee et al.

2012, 2013) has suggested that there can be a higher threshold

for planet detections in such events because the data

characterizing the planet anomalies can overlap with the data

that characterizes the underlying event. Hence, even with high-

cadence survey data, high-magnification events can benefit

from additional monitoring.

Since 2020 July, the Microlensing Astronomy Probe

(MAP31) collaboration has been using the Las Cumbres

Observatory global network (LCO) to systematically conduct

follow-up observations of high-magnification microlensing

events (Brown et al. 2013). In addition to LCO, this program

also uses μFUN and KMTNet to take follow-up observations.

The KMTNet AlertFinder system supports this project by

releasing new microlensing events every working day and

updating the photometry every three hours (Kim et al. 2018b).

This event-alert system, combined with the HighMagFinder

system (Yang et al. 2022), identifies high-magnification events

before they reach the magnification threshold of Athresh= 25 for

follow-up.32 The data from this follow-up project has been

used in the papers of nine planets (Zang et al. 2021a, 2023;

Yang et al. 2022; Olmschenk et al. 2023; Han et al.

2023a, 2023b, 2022c). Among them, KMT-2020-BLG-

0414Lb has the lowest mass ratio (q= (0.9–1.2)× 10−5) of

the microlensing planets detected thus far. In 2023, we

continue our follow-up project and detected another low-q

planet, KMT-2023-BLG-1431Lb, which has a mass ratio of

q= (0.72± 0.07)× 10−4.

The paper is structured as follows. In Section 2 we

introduce the survey and follow-up observations for this

event. In Section 3, we present the binary-lens single-source

(2L1S) and single-lens binary source (1L2S) analysis. In

Section 4, we conduct a color–magnitude diagram (CMD)

analysis and a Bayesian analysis to estimate the lens physical

parameters. Finally, we investigate the results only using the

survey data and discuss the implications of this work in

Section 5.

2. Observations and Data Reduction

2.1. Survey Observations

On 2023 June 27 (HJD 10122.5, HJD HJD

2450000), KMT-2023-BLG-1431 was flagged as a clear

microlensing event by the KMTNet AlertFinder system (Kim

et al. 2018b). The event lies in the KMTNet BLG04 field and is

located at equatorial coordinates of (α, δ)J2000= (18:04:44.05,

−29:44:38.11) and Galactic coordinates of (ℓ, b)= (−1°.40,

−4°.00), with a cadence of 1.0 hr−1 (Kim et al. 2018a). KMT-

2023-BLG-1431 was later found by the Microlensing Observa-

tions in Astrophysics (MOA, Sako et al. 2008) group as MOA-

2023-BLG-291 on 2023 July 5 (Bond et al. 2001) and by the

Optical Gravitational Lensing Experiment (OGLE, Udalski et al.

2015) group as OGLE-2023-BLG-0879 on 2023 July 7. The

cadence for the MOA and the OGLE surveys are ∼0.7 hr−1, and

0.5–1.0 night−1, respectively.

KMTNet consists of three identical telescopes in the

southern hemisphere: the Cerro Tololo Inter-American Obser-

vatory (CTIO) in Chile (KMTC), the South African Astro-

nomical Observatory (SAAO) in South Africa (KMTS), and

the Siding Spring Observatory (SSO) in Australia (KMTA).

The KMTNet telescope is 1.6 m and equipped with 4 deg2

cameras. The MOA group conducted a microlensing survey

using a 1.8 m telescope equipped with a 2.2 deg2 FoV camera

at the Mt. John University Observatory in New Zealand. The

OGLE data were acquired using the 1.3 m Warsaw Telescope

with a 1.4 deg2 FoV camera at the Las Campanas Observatory

in Chile. Most KMTNet and OGLE observations were made in

the I band due to its high signal-to-noise ratio for the extincted

Bulge fields. A subset of observations in the V band were taken

to measure the source color. The MOA images were mainly

taken in the MOA-Red band, which is roughly the sum of the

standard Cousins R and I band.

2.2. Follow-up Observations

At HJD 10129.4, i.e., nine days before the highest

magnification, the KMTNet HighMagFinder system found that

this event is a candidate high-magnification event. Following

the alert, the LCO, KMTNet, and μFUN groups conducted

follow-up observations. For LCO, the high-cadence follow-up

observations began atHJD 10137.4. FromHJD 10138.2

to 10139.2, the KMTNet used “auto-followup” to increase the

cadence of observations for BLG04 by replacing the BLG41

observations (Γ= 1.5 hr−1 for KMTS and KMTA, and

Γ= 2.0 hr−1 for KMTC) with BLG04. The μFUN group took

follow-up observations from a 0.18 m Newtonian telescope at

El Sauce Observatory in Chile (CHI-18), the Farm Cove

Observatory (FCO) in New Zealand and a 0.6 m telescope at

Observatorio do Pico dos Dias (OPD) in Brazil.

30
the NASA Exoplanet Archive http://exoplanetarchive.ipac.caltech.edu.

31
http://i.astro.tsinghua.edu.cn/~smao/MAP/

32
Although early follow-up work used a threshold Athresh = 100, this limit was

partially due to limitations in observing resources. Work by Abe et al. (2013)
and Yee et al. (2021) has shown that Athresh = 25 is better for capturing the
maximum sensitivity of this class of events, although it requires observing
more events for a longer duration.
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2.3. Data Reduction

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

difference image analysis (DIA, Tomaney & Crotts 1996;

Alard & Lupton 1998) pipelines: pySIS (Albrow et al. 2009;

Yang et al. 2024) for KMTNet, LCO, and μFUN; Bond et al.

(2001) for MOA; and Wozniak (2000) for OGLE. Ultimately,

the CHI-18 and OPD data were taken after the anomaly, so

they were not used in the analysis. The I-band magnitude of the

data has been calibrated to the standard I-band magnitude using

the OGLE-III star catalog (Szymański et al. 2011). The errors

from the DIA pipelines were re-normalized using the method of

Yee et al. (2012), which enables χ2/dof for each data set to

become unity, where “dof” is the number of degrees of

freedom. Table 1 summarizes the reduction method, the error

renormalization factors for each data set.

3. Light-curve Analysis

Figure 1 displays the observed data together with the best-fit

single-lens single-source (1L1S, Paczyński 1986) model. There

is a 0.2 day bump 0.45 day before the peak of the 1L1S model.

This anomaly is covered by multiple sites (KMTA04,

KMTS04, LOCA, and LCOS) making it very secure. Because

such a short-lived bump can be caused by both a binary-lens

single-source (2L1S) model and a single-lens binary-source

(1L2S) model, we conduct both 2L1S and 1L2S analysis

below.

3.1. Binary-lens Single-source Analysis

A static 2L1S model requires seven parameters to calculate

the magnification, A(t), at any given time. The first three are (t0,

u0, tE), i.e., the time at which the source passes closest to the

center of lens mass, t0, the impact parameter of this approach

normalized by the angular Einstein radius θE, u0, and the

Einstein radius crossing time,

( )t M; , 1E
E

rel

E L rel

where
G

c

4

au
8.144

M2

mas
, ML is the lens mass, and (πrel,

μrel) are the lens-source relative (parallax, proper motion). The

next three (q, s, α) define the binary geometry: the binary mass

ratio, q, the projected separation between the binary compo-

nents normalized to the Einstein radius, s, and the angle

between the source trajectory and the binary axis, α. The last

parameter, ρ, is the angular source radius θ* normalized by the

angular Einstein radius, i.e., ρ= θ*/θE. In addition, for each

data set i, we introduce two flux parameters fS,i and fB,i,

representing the flux of the source star and any blended flux.

Then, the observed flux, fi(t), is

( ) ( ) ( )f t f A t f , 2i i iS, B,

where A(t) is calculated by the advanced contour integration

code (Bozza 2010; Bozza et al. 2018) VBBinaryLensing.33

We also consider the brightness profile of the source star by

adopting a linear limb-darkening law (An et al. 2002; Claret &

Bloemen 2011).

To locate the local χ2 minima, we first conduct a two-step

grid search over the parameter plane ( slog , qlog , log , α). In

the first step, a sparse grid search consists 61 values evenly

distributed in s1.5 log 1.5, 61 values evenly distributed

in q6 log 0, nine values evenly distributed in

4.0 log 1.6, and 16 values evenly distributed in

Table 1

Data Information with Corresponding Data Reduction Method

Collaboration Site Name Filter Ndata Reduction Method ( )k e, min
a

KMTNet SSO KMTA04 I 398 pySISb (1.12, 0.004)

KMTNet CTIO KMTC04 I 664 pySIS (1.10, 0.004)

KMTNet CTIO KMTC04 (V )
c V 65 pySIS ...

KMTNet SAAO KMTS04 I 377 pySIS (1.04, 0.008)

MOA Mt. John Observatory MOA Red 570 Bond et al. (2001) (1.45, 0.006)

OGLE Las Campanas Observatory OGLE I 197 Wozniak (2000) (1.83, 0.003)

MAP SSO LCOA I 115 pySIS (1.19, 0.002)

MAP CTIO LCOC I 109 pySIS (0.77, 0.005)

MAP SAAO LCOS I 143 pySIS (0.87, 0.004)

μFUN Farm Cove Observatory FCO unfiltered 45 pySIS (0.46, 0.000)

μFUN El Sauce Observatory CHI-18d 580–700 nm ... pySIS ...

μFUN Observatorio do Pico dos Dias OPDd I ... pySIS ...

Notes.
a

( )k e, min are the error renormalization factors as described in Yee et al. (2012).
b
Albrow et al. (2009), Yang et al. (2024).

c
Only used for the color measurement of the source star.

d
Not included in the analysis due to no coverage on the anomaly.

33
http://www.fisica.unisa.it/GravitationAstrophysics/VBBinaryLensing.htm
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0°� α< 360°. We find the local minima by the Markov Chain

Monte Carlo (MCMC) χ2 minimization using the emcee

ensemble sampler (Goodman &Weare 2010; Foreman-Mackey

et al. 2013), with 1500 steps for burn-in and 500 steps for

sampling. Here we have tried a downhill approach34 but found

that some grids cannot evolve to local minima. We fix qlog ,

slog , and log and let the other four parameters (t0, u0, tE, α)

vary. We assume a Gaussian distribution for the noise of the

photometric data and adopt uniform priors for the fitting

parameters (t0, u0, tE, α). As shown in the upper panel of

Figure 2, the minima are contained in the region

s0.15 log 0.15 and q5.0 log 3.5. In the sec-

ond step, we thus conduct a denser grid search with 151 values

equally spaced between s0.15 log 0.15, 31 values

equally spaced between q5.0 log 3.5, seven values

evenly distributed in 3.5 log 2.3, and 16 initial

values evenly distributed in 0°� α< 360°. As shown in the

lower panel of Figure 2, there are four distinct local minima, of

which two have central caustics and two have resonant

caustics. This topology follows the topology of the “central-

resonant” caustic degeneracy, which was first systematically

identified in 2021 KMTNet season (Ryu et al. 2022; Yang et al.

Figure 1. Light curve of KMT-2023-BLG-1431. Upper: The event was identified as high-magnification well before the peak, leading to dense observational coverage.

Lower: There is a clear deviation from a PSPL light curve (gray dashed line).

34
We use a function based on the Nelder-Mead simplex algorithm from the

SciPy package. See https://docs.scipy.org/doc/scipy/reference/generated/
scipy.optimize.fmin.html#scipy.optimize.fmin.
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2022; Shin et al. 2023). We label the four solutions as “Close

Central,” “Wide Central,” “Close Resonant,” and “Wide

Resonant,” respectively.

With all free parameters, we then investigate each local

minimum by a downhill approach to search for the minimum

χ2 and by the MCMC to explore the parameter uncertainties.

For the MCMC process, we adopt 100 walkers. For all models,

a check on the positions of each walker as a function of steps

and the auto-correlation length shows that the sample is well

“burnt-in” by about 150 steps and then the parameters wander

and start exploring the full posterior distribution. As an

example, Figure 3 shows the positions of each walker as a

function of steps for the best-fit model. We conservatively

discard the first 500 steps and adopt a sample of 1500 steps to

investigate the parameter distributions. Here we adopt uniform

priors for (t u t s q, , , log , , log , log0 0 E ). Table 2 presents the

resulting parameters. Figure 4 displays the caustic geometries

and Figure 5 shows a close-up of the anomalies together with

the model curves. The “Wide Central” solution provides the

best fit to the observed data, and the “Close Central,” “Close

Resonant,” and “Wide Resonant” solutions are disfavored by

Δχ2= 0.7, 203, and 33, respectively. The “Close Resonant”

shows significant residuals to the data within the anomaly, so

we exclude it. The “Wide Resonant” solution does not fit the

beginning or the end of anomaly well, and the χ2 difference is

supported consistently by multiple data sets (LCOA, LCOS and

KMTA), so we also rule out this solution. Hence, we only

consider the two “Central” solutions in further analysis.

We note that, in contrast with other cases of the central-

resonant degeneracy, (e.g., KMT-2021-BLG-0171, Yang et al.

2022), for KMT-2023-BLG-1431, the two “Resonant” solu-

tions are not degenerate with each other. In the present case, the

“Close Resonant” solution is disfavored by Δχ2= 170

compared to the “Wide Resonant” solution. Figure 5 shows a

close-up of the planetary signal, from which we find that the

main difference between the two “Resonant” solutions is at the

beginning of the anomaly. That is, the “Close Resonant”

solution shows a slight dip prior to the caustic crossing, while

the “Wide Resonant” solution exhibits a smooth light curve.

In addition, although the two “Central” solutions have no

caustic crossings and the separation between the central caustic

and the source is about eight times the source radius during the

anomaly, ρ is still measured and favored over a point-source

model by Δχ2> 15. This is similar to the central-caustic

solution of OGLE-2016-BLG-1195 (Shvartzvald et al. 2017;

Bond et al. 2017; Gould et al. 2023), for which ρ was measured

(6% uncertainty) with a separation of 16 times the source

radius.

We also check the microlensing parallax effect (Gould 1992,

2000) by adding two parameters, (πE,N, πE,E), which are the North

and East components of the microlensing parallax vector. We find

a χ2 improvement of 25 compared to the non-parallax model.

Figure 2. χ2 surface in the ( s qlog , log ) plane drawn from the grid search. The

upper panel displays the space that is equally divided on a (61 × 61) grid with

ranges of – s1.5 log 1.5 and q6.0 log 0, respectively. The lower

panel shows the space that is equally divided on a (151 × 31) grid with ranges

of s0.15 log 0.15 and q5.0 log 3.5, respectively. Grid with

Δχ2 > 720 are marked as blank. The labels “Close Central,” “Wide Central,”

“Close Resonant,” and “Wide Resonant” in the lower panel indicate four local

minima. The two red dashed lines represent the boundaries between resonant

and non-resonant caustics applying Equation (59) of Dominik (1999).

Figure 3. The positions of each walker as a function of the number of steps in

the MCMC chain for the “Wide Central” model. The walkers start around the

initial values and then wander and start exploring the full posterior distribution

after about 150 steps.
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However, the parallax value, 1.8± 0.4, is of low probability while

the typical parallax value is ∼0.1. In addition, among the survey

data, only the KMTC04 and KMTS04 data show χ2 improve-

ment, while the OGLE and MOA data have worse χ2. Thus, the

suspicious parallax signal is due to systematics in the KMTC04

and KMTS04 data and we adopt the models without the

microlensing parallax effect.

3.2. Single-lens Binary-source Analysis

Gaudi (1998) suggested that a 1L2S model can also produce

a short-lived bump-type anomaly if the second source is much

fainter and passes closer to the host star. The total magnifica-

tion Aλ(t) for a waveband λ is the superposition of the 1L1S

magnification of two sources and can be expressed as (Hwang

et al. 2013)

( )
( ) ( ) ( ) ( )

( )A t
A t f A t f

f f

A t q A t

q1
, 3

f

f

1 1, 2 2,

1, 2,

1 , 2

,

( )q
f

f
, 4f ,

2,

1,

where fj,λ and Aj(t) ( j= 1, 2) are the flux at waveband λ and

magnification of the two sources, respectively.

We explore the best-fit 1L2S model using the downhill

approach and the MCMC, and the resulting parameters are given

in Table 2. The 1L2S model is disfavored byΔχ2
∼ 80 compared

to the best-fit 2L1S model. From Figure 5, we find that the χ2

difference comes mainly from the anomaly, rather than some

other source, reinforcing the conclusion that the 1L2S model is a

poor fit to the anomaly. In addition, the putative source

companion is 5.5 mag fainter than the primary source. According

to Section 4, the putative secondary source would have an

absolute magnitude of MI,2∼ 9.1 mag, corresponding to an

angular source radius of θ*,2∼ 0.2 μ as. Then, the lens-source

relative proper motion would be μrel= θ*,2/ρ2/tE∼ 0.8 mas yr−1.

Using Equation (9) of Jung et al. (2022), which is based on the

study of the μrel distribution of observed planetary microlensing

events (Gould 2022), the probability of μrel� 0.8 mas yr−1 is

only 0.018. Hence, based on both the Δχ2 and the low μrel, we

exclude the 1L2S model.

4. Physical Parameters

4.1. Color-Magnitude Diagram (CMD)

The 2L1S light-curve analysis yields a measurement of ρ,

which, combined with the angular source radius θ*, can be

used to calculate the angular Einstein radius: θE= θ*/ρ. We

Table 2

Lensing Parameters for KMT-2023-BLG-1431 with the Survey and Follow-up Data

Parameters 2L1S 1L2S

Central Resonant

Close Wide Close Wide

χ2/dof 2591.6/2595 2590.9/2595 2793.8/2595 2623.8/2595 2670.2/2595

t0,1 − 10138 (HJD ) 0.736 ± 0.001 0.735 ± 0.001 0.736 ± 0.001 0.736 ± 0.001 0.745 ± 0.001

t0,2 − 10138 (HJD ) ... ... ... ... 0.262 ± 0.002

u0,1(10
−2

) 1.23 ± 0.02 1.23 ± 0.02 1.24 ± 0.02 1.25 ± 0.02 1.21 ± 0.01

u0,2(10
−2

) ... ... ... ... 0.05 ± 0.07

tE (days) 30.3 ± 0.3 30.4 ± 0.3 30.3 ± 0.3 30.0 ± 0.3 30.9 ± 0.3

ρ1(10
−3

) 1.95 ± 0.30 1.86 ± 0.38 3.13 ± 0.07 2.77 ± 0.10 ...

ρ2(10
−3

) ... ... ... ... 2.87 ± 0.13

α (degree) 217.65 ± 0.16 217.69 ± 0.16 217.81 ± 0.13 218.00 ± 0.15 ...

s 0.864 ± 0.012 1.184 ± 0.018 0.999 ± 0.001 1.018 ± 0.001 ...

q(10−4) 0.719 ± 0.069 0.729 ± 0.073 0.344 ± 0.016 0.335 ± 0.012 ...

qlog −4.145 ± 0.041 −4.140 ± 0.043 −4.464 ± 0.020 −4.475 ± 0.016 ...

qf,I(10
−3

) ... ... ... ... 6.21 ± 0.49

IS,OGLE 18.748 ± 0.014 18.749 ± 0.014 18.746 ± 0.014 18.736 ± 0.014 18.771 ± 0.013

Figure 4. Geometries of the four 2L1S solutions. In each panel, the black line

with an arrow represents the source trajectory with respect to the host star that

is marked by blue dot, the red lines show the caustic structure, the axes are in

units of the Einstein radius θE, and the magenta circle indicates the source radii.
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estimate θ* by locating the source on a V− I versus I CMD

(Figure 6) using the OGLE-III ambient stars (Szymański et al.

2011) within 120″ of the event. The centroid of the red giant

clump in this field is measured to be (V− I, I)cl= (1.76± 0.01,

15.18± 0.02). From Bensby et al. (2013) and Table 1 of Nataf

et al. (2013), we estimate the de-reddened color and magnitude

of the red giant clump to be (V− I, I)cl,0= (1.06± 0.03,

14.39± 0.04).

The color and brightness of the source star are measured

from the KMTC04 data and converted to the OGLE-III system

by matching their respective star catalogs. From the light-curve

analysis, the source brightness is IS= 18.75± 0.01. Because

each KMTC04 V-band data point was taken one minute around

one KMTC04 I-band data point, we derive the source color by

regression of each pair of KMTC04 V versus I data points and

obtain (V− I)S= 1.76± 0.01.

The offsets of these values from the observed red clump

leads to the source de-reddened color and magnitude of (V− I,

I)S,0= (0.68± 0.03, 17.96± 0.05). According to Bessell &

Brett (1988), the source star is probably a G-type dwarf or

subgiant. Applying the color/surface-brightness relation for

dwarfs and subgiants of Adams et al. (2018), we obtain the

angular source radius of

( )0.805 0.040 as. 5
*

We summarize the CMD parameters and the resulting θE and

μrel for the two “Central” solutions in Table 3.

Figure 5. Detailed comparison of the disfavored model fits to the anomaly: “Close Central,” “Wide Central,” “Close Resonant” “Wide Resonant,” and “1L2S.” The

top panel shows the models plotted with the data, while the middle panels show the residuals to the models. The “Close Resonant” models shows clear residuals and is

ruled out. The deviations in the “Wide Resonant” and “1L2S” models are more subtle but (as shown in the bottom panel), amount toΔχ2 differences of ∼30 and ∼80,

respectively, over the course of the anomaly. The “Close Central” model is competitive with the best-fit “Wide Central” model.
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4.2. Galactic-model Analysis

With the angular Einstein radius θE and the microlensing

parallax πE, the lens mass, ML, and the lens distance, DL, can

be uniquely determined by Gould (1992, 2000)

( )M D;
au

, 6L
E

E
L

E E S

where πS is the source parallax. For the present case, θE is

measured but πE is not constraint, so we estimate the physical

parameters of the lens system by a Bayesian analysis based on

a Galactic model.

The Galactic model is the same as used in Zhang et al. (2023),

in which we adopt initial mass function from Kroupa (2001),

with a 1.3Me and 1.1Me cutoff for the disk and the bulge lenses,

respectively (Zhu et al. 2017), the stellar number density profile

is depicted in Yang et al. (2021), and the dynamical distributions

of the bulge and disk lenses are described by the Zhu et al.

(2017) and Yang et al. (2021) model, respectively.

We generate a sample of 107 simulated events from prior

functions of the Galactic model above by conducting a Monte

Carlo simulation. For each simulated event i of solution k with

parameters tE,i,k, μrel,i,k, and θE,i,k, we weight it by

( ) ( ) ( )w p t p , 7i i,k E,i,k E,i,k

where Γi,k= θE,i,k× μrel,i,k is the microlensing event rate, and

p(tE,i,k) and p(θE,i,k) are the likelihood of tE,i,k and θE,i,k, i.e.,

( )
[ ( ) ]

( )
[ ( ) ]

( )

p t
t t

p

exp 2

2
,

exp 2

2
, 8

t

t

E,i,k

E,i,k E,k
2 2

E,i,k

E,i,k E,k
2 2

E,k

E,k

E,k

E,k

where ( ),t k kE, E,
are the standard deviations of tE,k and θE,k,

respectively. (tE,k, t kE,
) and (θE,k, kE,

) are adopted from

Tables 2 and 3, respectively.

Table 4 and Figure 7 present the resulting posterior

distributions of the host mass, Mhost, the planet mass, Mplanet,

the lens distance, DL, the lens-source relative proper motion in the

heliocentric frame, μhel,rel, the projected planet-host separation,

r⊥, derived by sDLθE, and the probability of a bulge lens, Pbluge.

The values in Table 4 are the median values of the posterior

distributions and the lower and upper limits determined as 16%

and 84% of the distributions, respectively. It is estimated that the

host star prefers an M or K dwarf located in the Galactic bulge.

The median mass of the planet is the sub-Neptune mass, while the

super-Earth mass and super-Neptune mass are both within 1σ.

5. Discussion: The Role of the Follow-up Data

The goal of our follow-up program is to increase the number

of planet detections in high-magnification events. This was a

case in which the HighMagFinder alerted the event early

enough to enable dense observations over the peak, leading to

the detection and characterization of a sub-Neptune mass

planet. We now consider what would have happened in the

absence of our follow-up program.

KMT-2023-BLG-1431 lies in KMTNet field BLG04 and so

would normally be monitored at a rate of one observation per

hour by KMTNet as well as being observed as part of the

regular survey operations of OGLE and MOA. To evaluate the

Figure 6. The the OGLE-III CMD for KMT-2023-BLG-1431, constructed

using the field stars within 120″ centered the source star. The red star indicates

the centroid of the red giant clump, and the blue dot shows the position of the

source star.

Table 3

CMD Parameters and Derived θE and μrel for KMT-2023-BLG-1431

Red Clump:

(V − I)cl 1.76 ± 0.01

Icl 15.18 ± 0.02

(V − I)cl, 0 1.06 ± 0.03

Icl, 0 14.39 ± 0.04

Close Central Wide Central

Source:

(V − I)S 1.76 ± 0.01 ←

IS 18.748 ± 0.014 18.749 ± 0.014

(V − I)S,0 0.68 ± 0.03 ←

IS,0 17.96 ± 0.05 17.96 ± 0.05

θ* (μas) 0.805 ± 0.040 0.805 ± 0.040

Event:

θE (mas) 0.413 ± 0.067 0.433 ± 0.090

μrel (mas yr−1) 4.98 ± 0.81 5.20 ± 1.08
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Figure 7. Bayesian posterior distributions for the lens physical parameters of KMT-2023-BLG-1431. In each panel, the black solid line and the two black dashed lines

represent the median value and the 16% and 84% percentages of the distribution. Red and blue indicate the distributions for the bulge and disk lenses, respectively.

Table 4

Physical Parameters for KMT-2023-BLG-1431

Solution Physical Properties

Mhost (Me) Mplanet (M⊕) DL (kpc) r⊥ (au) μhel,rel (mas yr−1) Pbulge

Close Central 0.57 0.28
0.32 13.4 6.7

7.9 6.9 1.6
0.8 2.3 0.5

0.5 4.9 0.8
0.8 65.3%

Wide Central 0.57 0.29
0.33 13.6 6.9

8.3 6.8 1.8
0.8 3.2 0.8

0.7 5.0 1.0
1.0 62.6%

Note. Pbulge is the probability of a lens in the Galactic bulge.

Table 5

Lensing Parameters with only the Survey Data

Parameters 2L1S 1L2S

Central Resonant

Close Wide Close Wide

χ2/dof 2148.0/2156 2149.0/2156 2151.4/2156 2151.3/2156 2162.4/2156

t0,1 − 10138 (HJD ) 0.738 ± 0.001 0.738 ± 0.001 0.738 ± 0.001 0.738 ± 0.001 0.743 ± 0.002

t0,2 − 10138 (HJD ) ... ... ... ... 0.227 ± 0.016

u0,1(10
−2

) 1.22 ± 0.02 1.22 ± 0.02 1.24 ± 0.02 1.23 ± 0.02 1.22 ± 0.01

u0,2(10
−2

) ... ... ... ... 0.01 ± 0.13

tE (days) 30.5 ± 0.4 30.5 ± 0.4 30.4 ± 0.4 30.5 ± 0.4 30.8 ± 0.4

ρ1(10
−3

) <3.5 <3.5 <3.6 <4.0 ...

ρ2(10
−3

) ... ... ... ... 1.89 0.74
0.83

α (degree) 216.47 ± 0.79 216.47 ± 0.80 216.54 ± 0.69 216.91 ± 0.87 ...

s 0.886 ± 0.032 1.161 ± 0.039 0.986 ± 0.005 1.018 ± 0.003 ...

q(10−4) 0.431 ± 0.134 0.439 ± 0.134 0.178 ± 0.035 0.227 ± 0.066 ...

qlog −4.387 ± 0.138 −4.378 ± 0.135 −4.757 ± 0.088 −4.662 ± 0.130 ...

qf,I(10
−3

) ... ... ... ... 3.35 ± 1.09

IS,OGLE 18.756 ± 0.014 18.755 ± 0.014 18.752 ± 0.014 18.754 ± 0.014 18.768 ± 0.015

Note. The upper limit on ρ is 3σ (Δχ2 = 9).
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“survey-only” case, we must remove the follow-up observa-

tions from LCO and FCO. We must also eliminate the extra

KMTNet data that were taken in response to the alert.

Figure 8 shows the light curve in the anomaly region after

removing these extra data points. Without the follow-up data,

there are only a few points over the bump in the anomaly. In

fact, the KMTNet AnomalyFinder algorithm (Zang et al.

2021b, 2022), which operates on the preliminary online pySIS

data, on the survey-only KMTNet data cannot find the

anomaly. The anomaly fails both the Δχ2 threshold and the

requirement that “at least three successive points 2σ away

from the PSPL model.” So, without the follow-up data, this

anomaly would not have been discovered by our automatic

algorithm.

On the other hand, high-magnification events are often

subject to increased by-eye scrutiny. So assuming that a

person could identify the anomaly by eye, we can also ask

how well it would be characterized by the survey data alone.

First, we consider whether or not it would be considered a

robust detection, and we find Δχ2= 86.7 for the best-fit 2L1S

model relative to the PSPL model. Although planet detections

at this low significance have been published, they tend to be

negative perturbations rather than positive ones, because dips

in the light curve are considered more robust to correlated

noise (cf. OGLE-2018-BLG-0677 with Δχ2= 46; Herrera-

Martín et al. 2020). MOA-2010-BLG-311 serves as a counter

example: at Δχ2
∼ 80, the anomaly was not considered robust

enough to claim a detection (Yee et al. 2013).

Finally, even if the anomaly were considered detected in

survey-only data, it would prove difficult to characterize. We

repeated the model fits to the survey-only TLC data. The results

are given in Table 5. This shows that, in the survey-only data,

Figure 8. A close-up of the anomaly without the followup data and models fit to only the survey data.
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the 1L2S model is only disfavored by Δχ2= 14, which is

marginally excluded, at best. Furthermore, the central/resonant
degeneracy cannot be broken, with a maximum Δχ2

∼ 3

between the four solutions.

In conclusion, our follow-up data play an essential role in

both the detection and characterization of this planetary

anomaly. This planet, with q= 0.7× 10−4, is a perfect example

of the class of planets targeted by our systematic follow-up

program, and it clearly demonstrates the continued need for

such observations, even in the era of wide-field, high-cadence

surveys.
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