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A B S T R A C T 

In this work, we update and develop algorithms for KMTNet tender-lo v e care (TLC) photometry in order to create a new, 
mostly automated, TLC pipeline. We then start a project to systematically apply the new TLC pipeline to the historic KMTNet 
microlensing events, and search for buried planetary signals. We report the discovery of such a planet candidate in the microlensing 

event MOA-2019-BLG-421/KMT-2019-BLG-2991. The anomalous signal can be explained by either a planet around the lens 
star or the orbital motion of the source star. For the planetary interpretation, despite many degenerate solutions, the planet is 

� E-mail: hongjing.yang@qq.com 

© The Author(s) 2023. 
Published by Oxford University Press on behalf of Royal Astronomical Society. This is an Open Access article distributed under the terms of the Creative 
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/1/11/7452891 by M
assey U

niversity user on 06 Septem
ber 2024

http://orcid.org/0000-0003-0626-8465
http://orcid.org/0000-0001-9481-7123
http://orcid.org/0000-0003-4625-8595
http://orcid.org/0009-0000-6461-5256
http://orcid.org/0000-0002-1279-0666
http://orcid.org/0000-0001-8317-2788
http://orcid.org/0000-0003-4027-4711
http://orcid.org/0000-0003-3316-4012
http://orcid.org/0000-0002-7511-2950
http://orcid.org/0000-0001-6000-3463
mailto:hongjing.yang@qq.com
https://creativecommons.org/licenses/by/4.0/


12 H. Yang et al . 

M

most likely to be a Jovian planet orbiting an M or K dwarf, which is a typical microlensing planet. The disco v ery pro v es that the 
project can indeed increase the sensitivity of historic events and find previously undisco v ered signals. 

Key words: gravitational lensing: micro – techniques: photometric – planets and satellites: detection. 
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 I N T RO D U C T I O N  

ravitational microlensing has been pro v en to be a powerful tool
o detect extrasolar planets (Mao & Paczy ́nski 1991 ; Gould & Loeb
992 ). To date, there are more than 190 1 confirmed microlensing
lanet detections. With the increasing number of detections, several
tatistical works that focus on the planet–host mass-ratio function
ave been presented in this field (e.g. Gould et al. 2010 ; Suzuki
t al. 2016 , 2018 ; Poleski et al. 2021 ). Ho we ver, the uncertainties
f the current statistical works are still large. For example, Suzuki
t al. ( 2016 ) suggest that the mass-ratio function has a break at q br =
.7 × 10 −4 , but later Jung et al. ( 2019 ) argues that the break should
e located at a smaller mass ratio, q br ∼ 0.55 × 10 −4 . Ho we ver,
ince then, many q < 10 −4 planets have been discovered, 2 which
ay conflict with a ‘break’ in the mass-ratio function. 
The large uncertainty in the statistical results mainly derives from

he small number of detections. The reason that the planet numbers
n these statistical samples are few is, on the one hand, due to the
ntrinsically low probability of the microlensing planet perturbation
nd the difficulty of obtaining sufficiently dense light-curve coverage
o capture and characterize such perturbations, and on the other hand,
otentially due to a failure to find planetary signals in the existing
icrolensing events. The Korea Microlensing Telescope Network

KMTNet, Kim et al. 2016 ) has largely solved the former problem by
tationing large field-of-view cameras at three sites around the globe,
nabling continuous or near-continuous high-cadence observations
f 100 deg 2 toward the Galactic bulge. The latter problem can be
reatly reduced by applying a semi-automatic search algorithm to
he light curves, such as the AnomalyFinder system (Zang et al.
021b , 2022 ) of the KMTNet. 
Ho we ver, current searches of KMTNet events are all based on

he preliminary data reduced by a realtime or a post-season pipeline
Kim et al. 2018a , b ) using the difference image software pySIS
Albrow et al. 2009 ). This softw are w as adapted into a pipeline that is
pplied to all KMTNet events to produce realtime, photometry posted
nline (these data are referred to as ‘preliminary’ or ‘online pipeline’
hotometry). While the online pipeline includes some adjustments
or KMTNet-specific conditions, the p ySIS softw are w as meant to
e tuned by-hand for the conditions of each individual field. For
xample, certain sections of the KMTNet camera may have bad pixel
olumns or some fields may have bright variable stars that need to be
asked. Hence, because the online pipeline reduction is not tuned

or the conditions in a specific field, by-hand TLC reductions often
esult in impro v ed results. Therefore, after finding potential signals,
he photometry is re-extracted by-hand using a tender-loving care
TLC) approach. This by-hand TLC approach also uses the pySIS
oftware but introduces fine-tuned parameters, special operations,
nd visual verification of various steps by human operators. The
esulting high-quality data are then used for detailed modelling and
NRAS 528, 11–27 (2024) 

 https://e xoplanetarchiv e.ipac.caltech.edu , as of 2023 July 05. 
 For such planets in 2016–2019 events, see Table 14 in Zang et al. ( 2023 ). 
n addition, there are six other planets in 2020–2022 seasons, KMT-2020- 
LG-0414Lb (Zang et al. 2021a ), KMT-2021-BLG-0171Lb (Yang et al. 
022 ), KMT-2021-BLG-0912 (Han et al. 2022 ), KMT-2021-BLG-1391 (Ryu 
t al. 2022 ), MOA-2022-BLG-249 (Han et al. 2023a ), and KMT-2022-BLG- 
440Lb (Zhang et al. 2023 ). 

t

 

e

ublication. Therefore, it is possible for the AnomalyFinder and
ther searches (e.g. by-eye search) based on the preliminary data set
o miss planetary signals that were too subtle but can be enhanced or
evealed by the TLC data. 

Therefore, we start a project to systematically re-reduce the
hotometry for the KMTNet microlensing events. In principle, all
MTNet events could be re-reduced using the by-hand TLC pro-

edure, but in practice, these reductions are operator-dependent and
ime-intensive. The time cost in particular has made it prohibitively
 xpensiv e to apply to large numbers of KMTNet events, and so
recluded a systematic search based on TLC data and also presented
hallenges in the new era of systematic candidate searches using the
nomalyFinder system (Zang et al. 2021b , 2022 ). 
So, in this project, we start by developing and updating algorithms

or KMTNet TLC photometry to enable mostly automated, high-
uality reductions that reproduce the methods of the most highly
killed operators. These updates form a new TLC pipeline. We plan
o apply the new pipeline to the archi v al e vents to find possible
ew planetary signals. Such a systematic re-analysis could both
ncrease the number of planet detections and the surv e y sensitivity of
MTNet, which will eventually allow us to obtain a more complete

nd accurate statistical result. 
In the first of this series of papers, we describe the development

f the new KMTNet TLC pySIS photometry pipeline. Among the
hallenges for TLC reductions, because the original pySIS algorithm
as designed to work on data sets with tens to hundreds of observa-

ions for a fe w e vents per year, ne w challenges were encountered
nce it began to be applied to the hundreds of KMTNet events
equiring re-reduction, each with thousands of images. We report
n both the underlying principles of the new and updated algorithms,
he specific application to KMTNet, and how the changes allow for
ncreased automation, robustness, and impro v e the accurac y of the
ySIS photometry. 

As a demonstration, we first apply it to the KMTNet 2019 season
rime-field high-magnification events. We report the discovery of a
reviously undisco v ered candidate planetary signal in event MOA-
019-BLG-421 (KMT-2019-BLG-2991), which is revealed by the
MTNet data reduced by the new TLC pipeline. Although there

re unresolved degenerate non-planet interpretations, the discovery
ro v es that the procedure can indeed find previously missed anoma-
ies and increase the surv e y sensitivity. 

 PHOTOMETRY  PIPELINE  

he new TLC pipeline is developed from pySIS (Albrow et al.
009 ), which is based on the difference image analysis method
Tomaney & Crotts 1996 ; Alard & Lupton 1998a ; Bramich 2008 ).
he input images are the calibrated images. The process of reducing

he photometry with pySIS mainly consists of seven steps: 

(a) Pre-process and select an astrometric reference image. 
(b) Align images. 
(c) Select subtraction reference images and create a master refer-

nce image. 
(d) Subtract target images from master reference image. 
(e) Refine the microlensing source position. 
(f) Estimate the Point Spread Function (PSF). 

https://exoplanetarchive.ipac.caltech.edu


RAMP Paper I 13 

W  

p  

t
t
T
‘
b
a
t  

a
i  

s  

T  

o
u
a  

d  

T  

u  

p
F  

d
e
t

w
r  

c
(
m
h
o
c  

s  

K  

b  

s  

t
 

H

2

B  

t  

σ

F

σ

w  

a
P  

p  

q  

s
f
v

Figure 1. PSF images of an example image, extracted using number of 
combined stars N star = (5, 50, 500). The PSFs are normalized and presented in 
log scale. The (blue, white, yellow, red, magenta) lines represent the ( −0.001, 
0, 0.001, 0.01, 0.1) contours. The dashed black line is the contour of SNR = 

5. When N star is too small (left), the background pixels are noisy because of 
small number statistics. When N star is too large (right), the SNR of the centre 
pixels are lower because they are dominated by faint stars. We find for 2 ′ ×
2 ′ image stamps of the KMTNet bulge field, N star = 30 ∼ 200 is the best 
(middle). 
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(g) Extract the flux from subtracted images. 

e briefly describe the procedures as follows. The purpose of (a)
re-processing is to e v aluate the quality of each image, that is,
he full width at half-maximum (FWHM) and the ellipticity of 
he PSF, the sky background, and the signal-to-noise ratio (SNR). 
his information is used to define a ‘good’ image. Generally, a 

good’ image should have small FWHM, small ellipticity, low sky 
ackground, and high-SNR. One ‘good’ image is chosen to be the 
strometric reference image, and all the other images are then aligned 
o it (step b). For (c), a series of ‘good’ images are stacked to obtain
 very high-SNR image to use as the master subtraction reference 
mage ( R ). Then in step (d), a spatially variable numerical kernel K is
olved and used to convolve the reference image to each target image
 . The target images are subtracted from the convolved images to
btain the difference images D. In step (e), variable sources show 

p in the difference images, and therefore the difference images 
re used to refine the position of the microlensing source (for more
etails about the algorithm, see Appendix A in Albrow et al. 2009 ).
hen in step (f), the same kernels computed in the subtractions are
sed to convolve the reference PSF to the target PSF on the final
osition, to obtain the pixelized PSF models for each target image. 
inally, in step (g), a linear fit between each PSF model P and each
ifference image D is performed at the refined source position to 
xtract the flux. Residual images E’s are produced after extracting 
he flux. 

The by-hand TLC pySIS data-reduction procedure of KMTNet 
as not well optimized for efficiency. Therefore, we carefully 

e vie wed the procedures and made some updates. Many of the
hallenges in achieving high photometric accuracy come from (c), 
e), and (g). In particular, (c) and (e) required significant human input, 
aking it inefficient and the quality of the resulting photometry 

ighly user-dependent; that is, only certain highly skilled human 
perators were able to identify the reasons for bad photometry and 
orrect them. As will be discussed in subsections 2.3 and 2.4 , this
tep can be automated with impro v ed metrics that are optimized for
MTNet data. We note that it is very difficult to make the pipeline
oth high-quality and fully automated. Ho we v er, with e xperience,
ome common issues can be identified or e ven pre vented by adjusting
he algorithm. 

The o v erall procedures hav e not changed in the new pipeline.
o we v er, man y detailed operations hav e been updated. 

.1 New image quality metrics 

efore we start describing the details of all the updates, we introduce
wo metrics to e v aluate the quality of the photometry. The first is

sub , which describes the standard deviation of the subtracted image. 
or each difference image D, σ sub is defined as 

sub = STD 

( D i √ 

T i 

)
, i ∈ R valid , (1) 

here D i and T i are the i -th pixel value of the difference image
nd the original target image, respectively. 

√ 

T i corresponds to the 
oisson noise of the target image. R valid is the region of all unmasked
ixels. Here ‘STD( x i )’ means the standard deviation of all x i . The
uality of the subtraction is described by σ sub . If an image is well-
ubtracted, the subtraction residuals D i / 

√ 

T i should approximately 
ollow the standard normal distribution, therefore σ sub ∼ 1; a larger 
alue represents a worse subtraction. 
The second metric is σ res , defined as 

res = log 10 

( 

1 

N phot 

∑ 

i 

| E i P i | 
) 

, i ∈ R phot , (2) 

here E i is the i -th pixel value of the residual image, and P i is the
alue of the normalized PSF model on the corresponding pixel. The
hotometry region is R phot and the number of the pixels in R phot is
 phot . The quality of the photometry in R phot is described by σ res ;

arger σ res values represent worse photometry. Because stars have 
ifferent brightnesses, backgrounds, and blend levels, the expected 
res v alue v aries, but generally , σ res � 2 indicates poor photometry . 
These two metrics help us to quantify the goodness of image

ubtraction and flux extraction. All the updates below are based on
hese two measures, that is, each update makes at least one of σ sub or

res smaller. The two metrics also help us to identify problematic data
oints caused by poor original images or errors in the photometry
rocess. 

.2 PSF extraction 

ecause it affects multiple steps, we start by describing changes to
he algorithm to extract the PSF. The PSF extraction is important in
wo aspects. First, accurate PSF estimation can help us identify the
uality of each original image, thus can help to find better reference
mage(s). Secondly, the PSF of the reference image is used to create
he PSF model of all target images. Poor PSF estimation will cause
oor flux extractions on all images. Therefore, we updated the PSF
xtraction script to compute the PSF more accurately. 

The original pySIS used the Bphot script in ISIS 3 (Alard &
upton 1998b ; Alard 2000 ) to compute a pixelated PSF for a given

mage. First, the script detects several ( N star ) of the brightest stars
hat are not saturated. Secondly, it median combines them to obtain a
lean PSF that eliminates crowded neighbouring stars. When N star is 
oo small, the background pixels are noisy because of small number
tatistics. When N star is too large, the SNR of the centre pixels are
ower because they are dominated by faint stars. We find for 2 ′ × 2 ′ 

mage stamps of the KMTNet bulge field (the PSF does not change
uch on this scale), N star = 50 is a better default choice than previous

efault number N star = 5. In the rare cases when 50 is not optimal,
he value is usually in the range N star = 30 ∼ 200. See Fig. 1 for an
xample. 
MNRAS 528, 11–27 (2024) 
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(a) (b) (c)

Figure 2. (a) Schematic of the Q Irr definition. The numbers in each pixel 
represents the index k , where pixels with identical k ’s have the same distance 
to the central k = 0 pixel. The colours are arbitrary, but indicate pixels 
with the same k . The final irregularity, as defined in equation ( 3 ), is Q Irr = 

STD ( P k= 0 ) + STD ( P k= 1 ) + STD ( P k= 2 ) + · · · . (b) and (c) Examples of 
irregular and symmetric PSF images, respectively. To illustrate, k = 4 pixels 
are highlighted with green boxes. The values of k = 4 pixels are basically 
identical in (c) but are significantly different in (b). The final Q Irr values are 
labelled on the top of each panel. 

2

T  

o  

s  

F  

a  

c  

a
 

t  

T  

p  

a  

p  

∼  

v  

s
 

1  

b
 

a  

B  

t  

‘

Q

w  

t  

b  

z  

l
 

a  

w  

b  

t  

d

2

I  

r  

p  

r  

‘  

o  

t  

w  

s  

d  

i  

a  

i
 

t  

o  

u  

t  

s
 

s  

h

 

a  

s
 

c  

r
 

m  

F

I  

s  

s
 

t  

Q  

>  

T  

i  

t  

e  

t  

t  

r
 

p  

r  

i  

t  

t  

i  

t  

r  

i  

e  

f  

r  

t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/1/11/7452891 by M
assey U

niversity user on 06 Septem
ber 2024
.3 Pr e-pr ocessing of images 

he primary purpose of the pre-processing is to e v aluate the quality
f all original images and provide information for reference image
elections. The original pySIS uses a simple algorithm to estimate the
WHM, ellipticity, and the sky background. In the case of FWHM
nd ellipticity, the PSF is estimated by linearly fitting the two-point
orrelation function to a Gaussian function along the image axis X
nd Y, respectively, denoted as FWHMX and FWHMY. 

This algorithm is fast and efficient, but also has a number of limita-
ions. F or e xample, the ellipticity is estimated by FWHMX/FWHMY.
he algorithm can incorrectly estimate the ellipticity and FWHM,
articularly when the ellipse’s axis ratio is large and its major axis is
ngled at close to ±45 ◦. In addition, the simple algorithm uses all the
ixels on the image and generally o v erestimates the FWHM by about
1 pixel, resulting from saturated stars and bleeding spikes that are

ery common in KMTNet images. Moreo v er, the sk y background is
imply estimated by the 85th percentile of all pixel values. 

Therefore, we introduce DoPhot (Schechter, Mateo & Saha
993 ) to accurately estimate the FWHM, ellipticity, and the sky
ackground. 
We also add an image quality indicator about the PSF irregularity

s a supplement to the ellipticity. We use the modified version of
phot in subsection 2.2 to extract the PSF image, and then measure

he irregularity Q Irr by summing the standard deviations over every
annulus’ of the PSF 

 Irr = 

∑ 

0 ≤r k ≤r max 

⎡ 

⎢ ⎣ 

∑ 

x 2 
i 
+ y 2 

j 
= r 2 

k 

STD ( P i,j ) 

⎤ 

⎥ ⎦ 

, (3) 

here STD is the standard deviation of the given pixels and r max is
he radius of the PSF image, by default 2.5 FWHM. A schematic can
e seen in Fig. 2 (a). If the PSF is completely symmetric, Q Irr will be
ero because all the points with the same radius will be equal. Thus
arger Q Irr values represent larger irregularity. 

This process takes significantly longer to run than the previous
lgorithm (a few minutes rather than a few seconds). However, as we
ill see in the further section, these quantities, mainly FWHM, sky
ackground, Q Irr , and the standard deviation of each image, enable us
o automatically select high-quality reference images without human
ecisions. 
NRAS 528, 11–27 (2024) 
.4 Selection of r efer ence images 

n the original by-hand TLC procedure, a human re vie wer was
equired to check the quality of reference images. This was es-
ecially important for a data set the size of KMTNet, because
elatively rare edge cases (false ‘good’ images) dominated the
best’ images selected using the metrics calculated according to the
riginal method. The result was that reference images often had
o be selected manually with only limited information to assess
hy one image (or set of images) was better than another. This

ometimes required repeating the entire process multiple times with
ifferent combinations of reference images to test if there was any
mpro v ement in the resulting photometry. With the more accurate
nd expanded metrics described in the previous section, we can both
mpro v e and better automate the reference image selection. 

The image alignment and the o v erall photometry are not sensitive
o the selection of the astrometric reference image. Therefore, here we
nly focus on the subtraction reference image(s) selection. Hereafter,
nless specified, ‘reference images’ refers to the images that are used
o stack into the final, single, ‘master reference image’ R used in the
ubtraction. 

Because the master reference image is used to convolve and
ubtract all the other images, it requires the reference image(s) to
ave: 

(i) High-SNR. Otherwise the convolution kernels cannot be
ccurately determined, which would affect the reliability of the
ubsequent subtractions and flux measurements. 

(ii) Small FWHM. Because a larger FWHM image is harder to
onvolve to a smaller FWHM one. The reference images should be
oughly the best seeing images. 

(iii) Symmetric PSF. Similar to the abo v e requirement, an asym-
etric PSF cannot be convolved to symmetric PSFs with similar
WHM. 

n addition, we want the target source to have approximately the
ame flux in the set of reference images because stacking variable
ources can introduce extra systematic errors. 

Therefore, based on the information we obtain from subsec-
ion 2.3 , we select the smallest FWHM, highest SNR, and smallest
 Irr images. In detail, we start by setting thresholds on SNR
 15 per cent , sky background < 80 per cent , Q Irr < 0.03, and
 �∈ [ t 0 − 20 d , t 0 + 20 d], where T is the observation time of each

mage, and t 0 is the peak time of the microlensing event. The
hresholds, especially the time interval, can be changed for different
vents. Here, we only present the typical numbers. The thresholds
ypically rule out ∼ 40 per cent of images. The remaining images are
hen sorted by FWHM, and the best ∼40 are selected as the initial
eference images. 

Then, among these initial reference images, we start an iterative
rocess. First, the 20 best FWHM images are convolved to the initial
eference image and then averaged into an initial master reference
mage, which is then subtracted from the best 40 images. After
he subtraction, the 20 images with the best σ sub ’s are selected as
he reference images for the further iteration. Usually, after 3–5
terations, the process converges to 20 images, which are taken as
he final reference images. They are stacked into the final master
eference image, R . Note that after this process, the master reference
mage is not necessarily constructed from the best seeing or lowest
llipticity images, but the algorithm is robust at rejecting bad images
rom being used to create the master reference image. With this new
eference image selection algorithm, it becomes possible to automate
his step without human interaction. 



RAMP Paper I 15 

Figure 3. Example images showing the influence of variable stars (upper 
panels) and bad columns (lower panels) with and without masking. The 
left, middle, and right column shows the original images, difference images 
without masking, and difference images with the extra mask, respectively. 
The difference images show the subtraction residuals (divided by the Poisson 
noise). All the difference images are presented with the same colour bar. In 
all panels, the cross marks the location of the microlensing event. The dashed 
circle on the top panels indicates the variable star. The region between vertical 
black lines on the lower panels are the location of the CCD bad columns, and 
the dashed regions are the bad colunms on the reference image. 
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.5 Image subtraction 

he image subtraction algorithm follows Albrow et al. ( 2009 ) and
s not updated. We only modify the script to allow for adding extra

asks and account for images with FWHM smaller than the master 
eference image PSF. 

The kernel can only describe the difference between the reference 
SF and target PSF if all of the stars on the images are constant.
herefore, we need to mask the non-constant stars when calculating 

he kernel. (After the kernel is solved, all pixels are convolved and
ubtracted.) 

Ho we ver, the def ault p ySIS mask only contains saturated pixels
nd zero-value pixels. It does not detect and mask variable stars
r bad pixels. Therefore bad pixels and variable stars can produce 
eviations in the kernel K and consequently on the difference image 
. See Fig. 3 for examples. Therefore, we have updated the script to

llow it to use a global mask for all images and individual masks for
ach image. 

Global masks are usually used for masking variable stars. The 
uxes of these stars vary considerably from image to image. If they
re not masked, the kernel and thus the subtraction will be unreliable.
ecause the variable stars are at the same pixel coordinates after the

mage alignments, a global mask for all images is able to handle
t. Alternati vely, indi vidual masks are usually used for CCD bad
olumns and other CCD defects. Those pixels are not at fixed 
oordinates on the aligned images but have the same position on the
CD, therefore they need to be individually masked in all images. 
The variable stars can be automatically detected during the 

teration in subsection 2.4 by averaging over the absolute value of
he difference images in the reference set. For constant stars, the 
verages are dominated by the Poisson error and thus small, but 
or variable stars the variable fluxes from different phases will add 
p. After the av eraging, an y pix els abo v e 1000 counts 4 are masked.
lthough it is possible that some variable stars occasionally have 
 The value 1000 is a default value and is valid in most cases in practice. It 
an be changed manually. 

i
w  

p  

b

imilar flux o v er the reference set, this procedure can find most of
hem automatically. Global masks of these variable stars are then 
pplied to all the subsequent subtractions. 

In addition to the masks, although we have optimized the reference
mage selection, una v oidably there remain some images that cannot
e well subtracted. They are the images with smaller FWHM (along
oth axes or only the minor axis of the PSF) than the reference image.
or these images, we first convolve (blur) them to a intermediate

mage T ′ by a normalized Gaussian kernel K σ . Therefore, the
ptimization of the kernel K becomes 

 ⊗ K → T ′ = T ⊗ K σ . (4) 

he Gaussian kernel size σ is determined by 

2 
√ 

2 ln 2 σ ) 2 + FWHM 

2 
minor = FWHM 

2 
ref, major , (5) 

here FWHM minor is the minor-axis FWHM of the original target 
mage T , and FWHM ref,major is the major-axis FWHM of the
eference image R . The constant 2 

√ 

2 ln 2 ≈ 2 . 355 comes from the
WHM of a standard Gaussian function. 

.6 Source position refinement 

he accuracy of the source position can directly affect the quality of
he photometry (for example, see fig. 1 in Albrow et al. 2009 ). We
se the algorithm by Albrow et al. ( 2009 ) to calculate the source
osition and its error for all individual (subtracted) images, but 
e update the algorithm for determining the source position from 

ultiple measurements. 
We denote the measured source position of the k -th image as

�  k = ( x k , y k ), and its error as ( σ x , k , σ y , k ). The weight of the k -th
easurement is then 

 k = 

1 

σ 2 
x,k + σ 2 

y,k 

. (6) 

We first exclude σ sub > 2.0 images. These badly subtracted images 
ometimes provide nominally precise but incorrect position mea- 
urements. For the remaining images, we start an iteration. In each
teration, we compute the weighted centroid � x c = ( x c , y c ), where 

 c = 

∑ 

k 

w k x k 

/ ∑ 

k 

w k , (7) 

 c = 

∑ 

k 

w k y k 

/ ∑ 

k 

w k , (8) 

nd its covariance C, 

 = 

⎛ 

⎝ 

∑ 

k w k ( x k −x c ) 2 ∑ 

k w k 

∑ 

k w k ( x k −x c )( y k −y c ) ∑ 

k w k ∑ 

k w k ( x k −x c )( y k −y c ) ∑ 

k w k 

∑ 

k w k ( y k −y c ) 2 ∑ 

k w k 

⎞ 

⎠ . (9) 

hen all > 3 σ points 
 

( � x k − � x c ) C −1 ( � x k − � x c ) > 3 (10) 

re excluded. The remaining images are used in the further iteration.
he iteration continues until all remaining images are within 3 σ . 

.7 Photometry flux extraction 

n pySIS, the reference PSF is convolved to each target image and
nterpolated to the refined source position. For each original image, 
e now have the subtracted difference image D and the normalized
ixelated PSF model P . The flux f is then the slope of the linear fit
etween D and P . 
MNRAS 528, 11–27 (2024) 
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Table 1. Published events using the updated photometry data. 

Event Name KMT Name Reference 

OGLE-2016-BLG-1635 KMT-2016-BLG-0269 Shin et al. ( 2023a ) 
OGLE-2016-BLG-1195 KMT-2016-BLG-0372 Gould et al. ( 2023a ) 
MOA-2016-BLG-532 KMT-2016-BLG-0506 Shin et al. ( 2023a ) 
KMT-2016-BLG-1105 KMT-2016-BLG-1105 Zang et al. ( 2023 ) 
KMT-2016-BLG-1751 KMT-2016-BLG-1751 Shin et al. ( 2023a ) 
KMT-2016-BLG-1855 KMT-2016-BLG-1855 Shin et al. ( 2023a ) 
KMT-2017-BLG-0428 KMT-2017-BLG-0428 Zang et al. ( 2023 ) 
KMT-2017-BLG-1003 KMT-2017-BLG-1003 Zang et al. ( 2023 ) 
OGLE-2017-BLG-1806 KMT-2017-BLG-1021 Zang et al. ( 2023 ) 
KMT-2017-BLG-1194 KMT-2017-BLG-1194 Zang et al. ( 2023 ) 
OGLE-2019-BLG-0249 KMT-2019-BLG-0109 Jung et al. ( 2023 ) 
KMT-2019-BLG-1367 KMT-2019-BLG-1367 Zang et al. ( 2023 ) 
KMT-2019-BLG-1806 KMT-2019-BLG-1806 Zang et al. ( 2023 ) 
OGLE-2019-BLG-0679 KMT-2019-BLG-2688 Jung et al. ( 2023 ) 
KMT-2021-BLG-0119 KMT-2021-BLG-0119 Shin et al. ( 2023b ) 
KMT-2021-BLG-0192 KMT-2021-BLG-0192 Shin et al. ( 2023b ) 
KMT-2021-BLG-2294 KMT-2021-BLG-2294 Shin et al. ( 2023b ) 
KMT-2022-BLG-0371 KMT-2022-BLG-0371 Han et al. ( 2023b ) 
KMT-2022-BLG-0440 KMT-2022-BLG-0440 Zhang et al. ( 2023 ) 
KMT-2022-BLG-1013 KMT-2022-BLG-1013 Han et al. ( 2023b ) 
KMT-2022-BLG-2397 KMT-2022-BLG-2397 Gould et al. ( 2023b ) 
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5 Mathematically, it is possible to have σ 2 
other < 0 because we fit for the whole 

σ 2 
other term rather than σ other itself. 

6 As of June 2023. 
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For KMTNet photometry, we introduce an additional parameter,
, such that 

 = f · P + b, (11) 

here b is a free parameter describes the ‘background’ of the
ifference image. In most cases, the background of D is close to zero,
nd b is consistent with zero. In a few cases, mainly for large FWHM
ifference images, the backgrounds or local backgrounds around
he source significantly deviate from zero, and b can reproduce the
eviations. 
In addition, pySIS does not use all pixels in D and P in the linear

t. Pixels far from the centre do not contain any information about
he star but only noise. We only use pixels in a circle centred at the
ource position. The default pySIS used a fixed radius of 6 pixels
or this circle. After tests with KMTNet images, in our new TLC
ipeline, we adopt a FWHM-related radius 

 phot = 1 . 5 × FWHM ( pixels ) , (12) 

ith the minimum and maximum value of (6, 20). We denote this
egion as R phot . 

For the linear fit with the addition of the b parameter, we minimize 

2 = 

∑ 

i 

( D i − f · P i + b) 2 

σ 2 
i 

, (13) 

here i represents i -th pixel in the region R phot and σ 2 
i is the noise of

ixel i , 

2 
i = T i + σ 2 

RON + σ 2 
other , (14) 

here T is the original target image, T i is the corresponding i -th
ixel value (i.e. the Poisson variance of the pixel value). σ 2 

RON is the
ead-out noise, and σ 2 

other is the other unrecognized noise initialized
t zero. The Poisson noise of the reference image is ignored since it
s negligible compared to T . 

So, in our case, the result of the linear fit can be written analytically
more on linear fitting, see also Gould 2003 ), (

b 

f 

)
= 

( 〈 1 〉 〈 P〉 
〈 P〉 〈 P 

2 〉 
)−1 ( 〈 D〉 

〈 PD〉 
)

, (15) 

here we denote the average of a quantity A as 

 A 〉 = 

∑ 

i∈ R phot 

(
A i 

σ 2 
i 

)
. (16) 

he variances of the parameters are (
σ 2 

b 

σ 2 
f 

)
= diag 

( 〈 1 〉 〈 P〉 
〈 P〉 〈 P 

2 〉 
)−1 

. (17) 

his is a change from the default pySIS, which uses 

2 
f = ( 

∑ 

i∈ R phot 
P i ) 2 / 〈 P 

2 〉 . (18) 

To eliminate the impact of cosmic rays, bad pixels, and other
oise sources, pySIS excludes pixels with | D i − f · P i + b| / σi >

 . 5 pixels from the fitting (with a slight modification to include our
 parameter). 
Considering that there might be unrecognized extra noise sources,

e calculate the σ 2 
other term to make the reduced chi-square 

2 
red = 

χ2 

N phot − 2 
≤ 1 , (19) 

here N phot is the number of pixels used in the linear fit thus N phot −2
s the number of degrees of freedom for the linear fit. We require
NRAS 528, 11–27 (2024) 
2 
other ≥ 0. 5 We then iterate the whole fitting process until σ 2 

other and
he valid pixels are converged. 

.8 Summary and application 

he updates described in subsections 2.1 –2.7 , fall into four major
ategories. First, we now compute FWHM, ellipticity, and sky
ackground using DoPhot and we have added additional metrics
 Q irr , σ sub , σ res ) to assess the image quality and quality of the image
ubtraction and photometry. With those metrics, we can automate the
eference image selection, and we have also automated the process
or masking pixels and identifying the source position. Secondly,
e have found that for KMTNet data, using N star = 50 works better

or computing the PSF. Finally, we have made a few modifications
o the pySIS algorithm. We find that it is better to allow let the
ackground of the difference image, b , be a free parameter and
o use a radius proportional to the FWHM when extracting the
ux. We also convolve small FWHM images to the FWHM of

he master reference image and change the calculation of the flux
ncertainty. 
In summary, most of these modifications are aimed at allowing

he photometry extraction to be automated and remo v e the human-
ependent factors from the photometry. Ho we ver, changes in the
ast category can significantly reduce seeing correlations in the
ata, which can result in impro v ed photometry o v er the original
ySIS for some subset of data sets. A more detailed discussion
f the accuracy and efficiency of the updates can be found in
ection 7 . 
The new TLC pipeline has been applied to more than 100 events, 6 

ncluding > 50 for the final analysis of known anomalous events, and
50 for the systematic search. Among them, 21 have been published.
he published events are listed in Table 1 . 
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Figure 4. Light curves of MOA-2019-BLG-421. (left). The preliminary data and the best PSPL fit to them. (right). The TLC data from the updated algorithm 

and the best PSPL fit to them. The error bars are the native error bars from the photometry pipeline. The grey ‘x’ points in the left panels are excluded by the 
AnomalyFinder algorithm (Zang et al. 2021b ). The grey ‘x’ points in the right panels are the bad data automatically recognized by the updated algorithm ( σ sub 

> 2.5 or σ res > 2.0). The preliminary data have more scatter and the errors are significantly underestimated. In the lower panels, the shaded regions T 1 and T 4 
mark the most obvious anomalous regions in the TLC data (lower right). Similar anomalies also exist in the preliminary data (lower left) but are not significant 
compared to the systematic errors, for example T 2 and T 3 , even if the noisy KMTA03 points are ignored. 
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In this paper, we report a newly disco v ered candidate planetary
ignal in microlensing event MOA-2019-BLG-421. The light curve 
ogether with the point-source point-lens (PSPL) Paczy ́nski ( 1986 ) 

odel is shown in Fig. 4 . The left panels show the original online
ySIS light curve, and the right panels are the re-reduced light curve
tilizing the updated algorithm. From the comparison, it is clear that 
he data from the new TLC pipeline have significantly lower scatter 
han the online pipeline data. The light curve becomes smoother with 
ess scatter. Moreo v er, the new TLC pipeline can detect problematic
ata points by σ sub > 2.5 or σ res > 2.0, which are the grey ‘x’ points
n the right panels. 

With the new data, we find a subtle asymmetric signal relative to
he peak of the light curve. The most obvious anomalous regions 
 1 and T 4 are marked on the lo west panels of Fig. 4 . In the ne w

ight curve (lower right panel), the data in T 1 are significantly abo v e
he PSPL model and the data in T 4 are below the PSPL model.
he online pySIS light curve also indicates anomalies o v er T 1 and
 4 . Ho we ver, the signals are at the same level or even weaker

han other features that are, in fact, due to systematic errors, for
xample T 2 and T 3 , even if the scattered KMTA03 data are remo v ed.
his is the reason why the AnomalyFinder algorithms (Zang et al. 
021b , 2022 ) identified it as a noisy event and failed to find the real
ignal in the online data. The analysis of this signal is presented in
ection 4 . 
 OBSERVATI ON  O F  M OA - 2 0 1 9 - B L G - 4 2 1  

he microlensing event MOA-2019-BLG-421 is located in the 
alactic bulge. It was first disco v ered by the Microlensing Ob-

ervations in Astrophysics (MOA, Bond et al. 2001 ; Sumi et al.
003 ) collaboration on 2019 September 17. The event was also
dentified by the post-season KMTNet EventFinder system (Kim 

t al. 2018b ) and named KMT-2019-BLG-2991. Hereafter, we use 
he name MOA-2019-BLG-421 following the first disco v ery. The 
quatorial and Galactic coordinates of the event are (RA, Dec.) J2000 =
18: 06: 10.91, −27: 29: 07.69) and ( l , b ) = 3.534 ◦, −3.184 ◦,
especti vely. The e vent was located in MOA-GB14 field and two
lightly offset KMTNet fields, BLG03 and BLG43, leading to a 
ombined cadence of � ∼ 4 h −1 . This cadence co v ered the peak of
he event well. 

The images from the MOA surv e y were mainly taken in the MOA-
ed wide band, which is approximately the sum of the standard
ousins R and I bands, and a fraction of images were taken in the V
and. The majority of images of the KMTNet surv e y were taken in
he I band, and about 9 per cent were taken in the V band for colour

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

 arious dif ference image analysis pipelines. The MOA data were
educed by Bond et al. ( 2001 ). The KMTNet I band data were
MNRAS 528, 11–27 (2024) 
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M

Table 2. Parameters of static 1L1S, 1L1S + parallax, and 1L2S solutions for MOA-2019-BLG-421. 

Model t 0 (HJD 

′ ) u 0 t E (d) πE,N πE,E I s χ2 /dof 

1L1S 8743.0705 0.0222 15.23 − − 20.17 6962.4/6792 
0.0011 0.0009 0.28 − − 0.06 

1L1S parallax 8743.0716 0.0199 16.31 −11.77 2.40 20.19 6888.9/6790 
( u 0 > 0) 0.0011 0.0007 0.48 1.20 0.29 0.06 

1L1S parallax 8743.0714 −0.0199 16.60 −11.79 2.45 20.19 6888.9/6790 
( u 0 < 0) 0.0011 0.0007 0.53 1.23 0.29 0.06 

Model t 0,1 (HJD 

′ ) u 0,1 t E (d) t 0,2 (HJD 

′ ) u 0,2 q F , I q F ,MOA −R I s,1 χ2 /dof 

1L2S 8743.0729 0.0214 14.92 8741.95 0.065 0.047 < 0.117 20.19 6857.8/6788 
0.0015 0.0007 0.34 0.15 0.012 0.012 − 0.06 

Note. HJD 

′ = HJD-2450000. The parameters and their 1 σ uncertainties are presented. For the non-detection parameters, the 3 σ upper 
limits are provided. No useful ρ is measured in these models. 
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rst reduced by the original KMT pySIS pipeline for producing
reliminary, online photometry (Albrow et al. 2009 ), and then
educed by the new TLC pipeline described in Section 2 . In addition,
e conduct pyDIA 

7 photometry to measure the source colour in
MTC03 I - and V - band images. The pySIS flux is then calibrated

o the pyDIA flux. 
The anomaly of the event is well characterized by the KMTNet

LC data. It was found by using only the KMTNet data. The MOA
ata alone could not independently disco v er the anomaly because
f the sparse co v erage, ho we ver, it supports the disco v ery from
MTNet. 

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

OA - 2 0 1 9 - B L G - 4 2 1  

he light curve shown in Fig. 4 was first fitted by a stan-
ard single-lens single-source (1L1S) model. The 1L1S model
onsists of at least four parameters ( t 0 , u 0 , t E , ρ) where t 0 
s the time when the lens and the source are closest, u 0 is
he impact parameter in the units of the angular Einstein ra-
ius θE of the total lens mass, t E is the Einstein radius cross-
ng time or microlensing time-scale, and ρ is the radius of
he source star in the units of θE . In addition, two flux pa-
ameters are needed ( f S, i , f B, i ) for each data set i , representing
he flux of the source and the blend. The fitting parameters
nd their uncertainties for the 1L1S model are shown in Ta-
le 2 . As might be anticipated, there is only an upper limit on
� u 0 . 
From the lower right panel of Fig. 4 , one can discern a weak

esidual from the standard 1L1S model. The left wing of the peak
HJD 

′ ∼ 8741 −8742) is slightly brighter than the 1L1S model,
nd the right wing (HJD 

′ ∼ 8744 −8748) is slightly fainter than
he model. The signals are subtle, ho we ver, due to the relatively
ong duration of the anomaly and the good co v erage from all three
MTNet observations, those data points actually contribute 	χ2 ∼
80, which is significant enough for a reliable detection. 
Such a signal can potentially be reproduced by many models apart

rom the standard 1L1S model. Further, we separately discuss the
NRAS 528, 11–27 (2024) 

 MichaelDAlbrow/pyDIA: Initial Release on Github, 
oi:10.5281/zenodo.268049 

t  

p  

s  

u  

s

ossible models, including 1L1S with higher order effects, binary
ource (1L2S) models, and binary lens (2L1S) models. 

.1 1L1S with microlensing parallax 

he microlensing parallax effect caused by the orbital motion of
arth (Gould 1992 , 2000 , 2004 ) can create asymmetry in the light
urve. The microlens parallax is 

� E = 

πrel 

θE 

� μrel 

μrel 
, πrel = AU 

(
1 

D L 
− 1 

D S 

)
, (20) 

here ( πrel , � μrel ) are the lens source relative parallax and proper
otion, and ( D L , D S ) are the distances from Earth to the lens and the

ource, respectively. 
We add two parallax parameters πE,E and πE,N (east and north

omponent of � πE ) to the model. The ecliptic de generac y (Smith,
ao & Paczy ́nski 2003 ; Jiang et al. 2004 ; Skowron et al. 2011 )

s considered by fitting ( u 0 > 0, u 0 < 0) scenarios separately. The
esults are shown in Table 2 . The χ2 is impro v ed by 73.5 for both u 0 
 0 and u 0 < 0 cases. 
Ho we ver, the measurement of � πE for such a t E ∼ 15 d short-time-

cale event is uncommon, thus we investigate the solutions carefully.
e find the parallax signal is not self-consistent as a function of time,

hat is, the signals before and after the peak are in conflict. Taking
 0 > 0 as an example, the pre-peak is better by 	χ2 = χ2 

parallax −
2 
static ∼ −105 but the post-peak is worse by 	χ2 ∼ 35. Moreo v er,

rom subsection 4.4 , we note that even the best 1L1S + parallax model
s disfa v oured by 	χ2 > 70 relative to the xallarap solution and
ll the 2L1S solutions described below. Therefore, we exclude the
L1S + parallax scenario. 

.2 Static 1L2S 

 second source that is fainter or has a larger impact parameter
ould also produce an asymmetric feature in the peak. To model
he standard 1L2S light curve, three 1L1S parameters of the second
ource plus one flux ratio parameter in each band are needed (Hwang
t al. 2013 ). We use ( t 0,1 , u 0,1 , ρ1 ) as the 1L1S parameters of
he primary source, and ( t 0, 2 , u 0,2 , ρ2 ) as the impact time, impact
arameter, and the size of the second source. The two sources
hare the same time-scale t E . For each observational band i , we
se q F , i as the flux ratio between the second source and the primary
ource. 
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Figure 5. The light-curve data of MOA-2019-BLG-421 around the peak 
together with the 1L1S, 1L2S, 1L1S + xallarap (XLRP), and 2L1S models. 
The residuals of each model are shown in separate panels. The lowest panel 
shows the cumulative 	χ2 relative to the standard 1L1S model. 
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The results are shown in Table 2 . The model and its residuals are
hown in Fig. 5 . The 1L2S model mainly impro v es the fitting before
he peak, but still left residuals o v er the peak ( t ∼ 8743.1 −8743.8)
nd after the peak ( t ∼ 8744.8 −8748.5). From subsection 4.4 , we
nd the 1L2S model is disfa v oured by 	χ2 � 50 with respect to

he 2L1S solutions. Therefore, the 1L2S model cannot describe the 
ata well, and we exclude this scenario. Moreover, we also check for
arallax ef fects. Ho we ver, for similar reasons as in subsection 4.1 , the
ignal is inconsistent o v er time, and we exclude the 1L2S + parallax
cenario as well. 

.3 1L1S with microlensing xallarap 

he microlensing ‘xallarap’ effect is caused by the orbital motion 
f the source star (Griest & Hu 1992 ; Han & Gould 1997 ), which
e later see is consistent with the data. Such motion would cause

he primary source to be accelerated, and thus could produce an 
symmetric peak in the light curve. 

We consider a circular orbit for the source. The xallarap model 
ntroduces five more parameters (Miyazaki et al. 2021 ), the period 
f the orbital motion P ξ , the orbital inclination i ξ , the orbital
hase φξ , and the xallarap parameter � ξE . The phase φξ is the 
hase of the source when t = t 0 , while φξ = 0 is defined
s the case where the source is at the ascending/descending 
ode. The amplitude of the xallarap ξE is the semimajor axis 
f the source star orbit normalized by ˆ r E , the angular Ein-
tein radius projected to the source plane. The direction of 

� E is defined as θξ , the angle between the linear lens trajec- 
ory and the orbital ascending/descending node in the range of 
0, π ). 

F or ev ents with u 0 � 1 like MOA-2019-BLG-421, the xallarap
odel has a pair of degenerate solutions, ⎧ ⎪ ⎪ ⎨ 

⎪ ⎪ ⎩ 

i ξ, 1 + i ξ, 2 ∼ π∣∣φξ, 1 − φξ, 2 

∣∣ ∼ π

ξE , E , 1 − ξE , E , 2 ∼ 0 
ξE , N , 1 + ξE , N , 2 ∼ 0 

, (21) 

here the subscript ‘1’ and ‘2’ denote the two degenerate solutions.
his de generac y arises from the geometric symmetry of the trajec-

ories when u 0 → 0. We start by searching for the first solution and
hen use equation ( 21 ) to find the degenerate solution. 

We search for the local χ2 minima in the xallarap period P ξ space.
e select a series of P ξ values from 4 to 500 d and fix them when

ptimizing. All the other parameters including the PSPL and xallarap 
arameters are set free. For each P ξ , we search both degenerate
olutions. The search results are shown in Fig. 6 . The lower panel of
ig. 6 shows that the χ2 as a function of P ξ is smooth, and the only
 3 σ local minima is P ξ = 12.6 d. This results in only one pair of

olutions. 
Table 3 shows the final optimized parameters of the xallarap 
odels. We denote the two degenerate solutions ‘ + ’ and ‘ −’ by their

E,N sign. The xallarap models describe the light curve significantly 
etter than the static 1L1S, 1L1S + parallax, and static 1L2S models
y 	χ2 ∼ (193, 119, 88). The light curve and model residuals can
e found in Fig. 5 . Ho we ver, we notice that 	χ2 ∼ 20 is contributed
y the data taken around the full-moon nights (HJD 

′ ∼ 8734 −8737,
.e. τ = −0.75 ∼ −0.5), which could be caused by systematic errors.
herefore, we also report the χ2 

peak for the high-signal-to-noise t 0 ±
.5 d peak region in Table 3 . This will be used to compare with the
L1S models below. 
Now, we simply check whether the system is physically reason- 

ble. Because the parameters related to the physical properties ( P ξ ,
E ) are consistent within 1 σ for the two degenerate solutions, we take

he ‘ −’ solution as an example. The results show that the source is
n a binary system with a period of ∼14.3 d. The xallarap amplitude

s ξE = 

√ 

ξ 2 
E , N + ξ 2 

E , E = 0 . 061 ± 0 . 009. The semimajor axis of the
MNRAS 528, 11–27 (2024) 
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Table 3. Parameters of 1L1S xallarap solutions for MOA-2019-BLG-421. 

Model t 0 u 0 t E (d) P ξ (d) φξ i ξ ξE,N ξE,E I s χ2 /dof χ2 
peak / dof 

1L1S 8743.0756 0.0276 12.32 14.15 3.59 1.38 0.0193 −0.0451 19.83 6772.9/6787 419.6/431 
XLRP + 0.0012 0.0018 0.79 1.33 0.31 0.22 0.0078 0.0123 0.09 

1L1S 8743.0758 0.0270 12.11 14.29 0.45 1.82 −0.0203 −0.0573 19.86 6769.4/6787 418.6/431 
XLRP − 0.0011 0.0018 0.74 1.06 0.24 0.09 0.0074 0.0122 0.09 

Note. HJD 

′ = HJD-2450000. ‘XLRP’ represents ‘xallarap’. The peak region is defined by t 0 ± 4.5 d. 
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Figure 7. The hot MCMC results in the (log s , log q , α, log ρ) space, the 
colours are coded by the 	χ2 . The refined normal MCMCs o v er each local 
minima are o v erlapped on the hot chains. The two distinct solutions, C1 and 
W1 are marked. A zoom-in plot of the small- q local minimums can be seen 
in Fig. 8 . 
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≈ 2 | log s | . The notations are the same as in Chung et al. ( 2005 ). 
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ource is 

 S ≡ ξE D S θE = 0 . 136 ξE AU 

(
D S 

8 . 3 kpc 

)(
μrel 

6 mas / yr 

)(
t E 

d 

)
. (22) 

ssuming that the mass ratio between the companion and the source
s q S , we can relate the total mass of the system to the observables
sing the Kepler’s third law 

 tot ≡ M S (1 + q S ) = 

( a tot 

AU 

)3 
(

P ξ

yr 

)−2 

M �, (23) 

here a tot = a S (1 + q S )/ q S . We denote a dimensionless parameter Z
y combining equations ( 22 ) and ( 23 ), where 

 ≡
( a S 

AU 

)3 
(

P ξ

yr 

)−2 (
M S 

M �

)−1 

= 

q 3 S 

(1 + q S ) 2 
. (24) 

or typical microlensing sources D S = 8.3 kpc and M S = 1M �, we
lug the values and the model parameters of the ‘ −’ solution into
quation ( 24 ), 

 ≈ 0 . 60 

(
μrel 

6 mas / yr 

)3 

. (25) 

y assuming the mass ratio q S = 0.5, we estimate μrel = 2.7 mas yr –1 ,
hich is a common value for the Galactic bulge stars. Therefore, the

ystem is reasonable given Galactic dynamics. 
In addition, we do not consider the flux contributed by the

ompanion in the modelling. We now check whether this assumption
s self-consistent. The model and the assumed mass ratio gives
 tot / D S = 0.18 θE , assuming the source and the companion are
oth normal main sequence stars, the companion should be both
ainter ( f C /f S ∼ q 4 S ∼ 0 . 06) and farther from the magnification
entre ( a tot / D S / θE ∼ 7 u 0 � u 0 ). As a result, the companion
ontributes < 1 per cent magnified flux to the peak. Thus, neglecting
he companion flux is self-consistent. 

Therefore, we conclude that the xallarap solutions are physically
easonable. We keep these models as one of the final interpretations.

.4 2L1S 

inary-lens microlensing (Mao & Paczy ́nski 1991 ; Gould & Loeb
992 ), because of its non-linearity, can produce diverse light curves
ncluding asymmetric ones. In this event, the anomaly is centred at the
eak. This feature indicates that it can be caused by the perturbation
f the central caustic or cusp (e.g. Chung et al. 2005 ). 
We use three extra parameters in addition to the 1L1S scenario to
odel the 2L1S light curv es. The y are s , q , α, where s is the projected

istance between the two lenses in the units of θE , q is the mass ratio
f the two lenses, and α is the angle between the source trajectory
nd the binary lens axis in the lens plane. 

Because the 2L1S parameter space is large and can be highly non-
inear, we start by searching for local minima throughout the full
arameter space. Because the anomaly is relatively weak and smooth,
e use a hot Markov-chain Monte Carlo (MCMC) as implemented
NRAS 528, 11–27 (2024) 
n EMCEE (F oreman-Macke y et al. 2013 ) to do the search. The initial
arameters are as follows: ( t 0 , u 0 , t E , ρ) from the 1L1S fit with 3 σ
andom scatter; log s is randomly generated from −1 < log s < 1; α
s randomly generated from 0 ◦ ≤ α < 360 ◦; and with the knowledge
f the absence or weak central caustic crossing and central cusp
erturbation of the event 8 (see equation 11 in Chung et al. 2005 ), we
et 

log q = log ( u 0 / 2) + 2 | log s| − log 4 . (26) 

e reduce the log likelihood by a factor of 9 to heat the MCMC chain
o that it can basically co v er the whole parameter space. We adopt
00 random w alk ers and run for 3000 steps after 10 000 steps for
urn-in. After the local minima are returned from the hot chain, we
erform a normal temperature MCMC on each distinct local minima
o obtain the parameters and their uncertainties. Fig. 7 shows the
ot MCMC results in (log s , log q , α, log ρ) space together with the
efined normal MCMC o v er each local minima. We finally find 8
ocal minima in total, which are sumarized in Table 4 . Except for the
wo q ∼ 0.1 solutions that can be easily seen in Fig. 7 , we zoom-in
n the (log s , log q ) plane in Fig. 8 to show the cluster of the other
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Table 4. Parameters of 2L1S solutions for MOA-2019-BLG-421. 

Model t 0 (HJD 

′ ) u 0 t E (d) ρ (10 −3 ) α s q (10 −4 ) I s χ2 /dof χ2 
peak / dof 

C1 8743.0422 0.0252 15.39 22.61 1.072 0.245 1243.9 20.20 6810.5/6788 433.2/432 
0.0030 0.0007 0.31 0.82 0.028 0.009 142.7 0.06 

W1 8743.0497 0.0228 17.13 20.09 1.072 5.010 1732.3 20.23 6812.5/6788 437.4/432 
0.0025 0.0005 0.35 0.60 0.030 0.270 273.2 0.06 

C2 8743.0449 0.0198 16.26 < 9 . 52 3.199 0.700 14.5 20.26 6802 . 8 / 6788 421 . 7 / 432 
0.0021 0.0005 0.32 − 0.004 0.006 1.1 0.06 

C3 8743.0642 0.0259 15.45 24.46 3.011 0.814 6.4 20.16 6787.7/6788 418.0/432 
0.0015 0.0009 0.32 1.80 0.006 0.006 1.0 0.06 

C4 8743.0408 0.0215 15.66 12.05 3.193 0.761 13.7 20.22 6798.4/6788 417.8/432 
0.0027 0.0005 0.30 2.09 0.004 0.005 1.0 0.06 

W2 8743.0519 0.0230 14.24 < 11 . 53 3.202 1.433 12.1 20.10 6790 . 8 / 6788 425 . 3 / 432 
0.0020 0.0005 0.29 − 0.004 0.016 1.4 0.06 

W3 8743.0472 0.0237 14.13 < 11.35 3.140 1.425 15.1 20.09 6804.7/6788 431.2/432 
0.0023 0.0005 0.28 − 0.005 0.019 1.7 0.06 

C5 8743.0662 0.0274 15.11 26.43 3.028 0.944 3.6 20.13 6787.9/6788 417.2/432 
0.0039 0.0009 0.32 1.19 0.010 0.021 0.8 0.06 

Note. HJD 

′ = HJD-2450000. The parameters and their 1 σ uncertainties are presented. For the non-detection parameters, the 3 σ upper 
limits are provided. The peak region is defined by t 0 ± 4.5 d. The final preferred models (in Section 6 ) are highlighted in boldface. 

Figure 8. A zoom-in version of the lower left panel of Fig. 7 . All the small- q 
solutions are marked. W2 and W3 occupy the same (log s , log q ) region but 
are different in the α space. 
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Figure 9. The topology of the caustic and the source trajectory on the lens 
plane for each 2L1S model. 
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ocal minima. The topology of the source trajectories and binary-lens 
austics are shown in Fig. 9 . 

The solutions can be organized into several groups. The first 
roup includes C1 and W1, whose central caustics and trajectories 
re almost identical. Their mass ratios q are similar, and the 
eparations s differ by approximately s ↔ s −1 . This is the well-known
close-wide’ (or the unified ‘inner-outer’) de generac y (Griest & 

afizadeh 1998 ; Dominik 1999 ; An 2005 ). The source size of
oth solutions are precisely measured because the trajectories cross 
he central caustic. The second group is C2, C3, and C4. They
ll have s < 1, but with slightly different s and q . However,
heir ρ measurements are quite different. C3 and C4 have non- 
ero ρ while C2 is consistent with a point source. In addition, 
he α of C3 is different from C2 and C4, corresponding to the
upper-lower’ or ‘inner-outer’ de generac y (Gaudi & Gould 1997 ). 
e tried to change C2’s α to the corresponding ‘upper’ case to
et a corresponding non- ρ model. Ho we v er, after man y MCMC
terations, the solution finally converges to C3. The further group is

2 and W3. They both have s > 1 separations and are consistent
ith point source scenarios. They only differ in α. They both have

lmost horizontal trajectories but do not strongly interact with the 
lanetary caustics because there are no obvious planetary caustic 
rossing features in the light curve. The last group is C5. It has
wo local minima C5 and C5b, corresponding the near-resonant and 
esonant custics. The two local minima merge into each other because 
he χ2 gap between them is shallow. This solution also has a ρ
easurement. 
From Table 4 , the best fit 2L1S model is C3, and it is 	χ2 

19 worse than the xallarap model. The other 2L1S models 
C5, W2, C4, C2, W3, C1, W1) are disfa v oured by 	χ2 = (0.2,
.0, 10.7, 15.1, 16.9, 22.8, 24.8), respecti vely. Ho we ver, we
nd a lot of the χ2 difference between these models comes from
 v erfitting of some low SNR features in the light curve. In Fig. 10 ,
e plot and highlight all the 2L1S and the xallarap model light

urves together with the cumulative 	χ2 to illustrate the overfitting. 
MNRAS 528, 11–27 (2024) 
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Figure 10. (upper) The light-curve data of MOA-2019-BLG-421 around the 
peak together with all 2L1S models and the xallarap model. (middle) The 
cumulative 	χ2 when all data are included. (lower) The cumulative 	χ2 for 
only peak ( ∼t 0 ± 4.5 d) data. 
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Figure 11. CMD for the 2 ′ × 2 ′ square field centred on MOA-2019-BLG- 
421. The black points are the field stars measured from KMTNet images, and 
they are calibrated to the OGLE-III colour and magnitude (Szyma ́nski et al. 
2011 ). Green points are from the CMD obtained by Holtzman et al. ( 1998 ) 
from HST observations of Baade’s Window, which we have aligned to the 
KMTNet CMD using the centroid of the red clump. The positions of the red 
clump centroid (RC) and the microlens source for different interpretations 
are marked on the figure. 
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 or e xample, Model W2 has a spike at t ∼ 8732, but there are
o data points o v er the peak of the spike. The data points on
he wings of the spike which contribute most of the 	χ2 are
aken at the time close to the full moon, thus having small SNRs.
imilar arguments can be made for Models W3, C2, C3, and C4.
he 	χ2 of these models are mainly contributed by low-SNR
ata. 
To separate out the influence of the low SNR data, as we mentioned

n subsection 4.3 , in the lowest panel of Fig. 10 we plot the cumulative
χ2 in a time window of about t 0 ± 4.5 d, corresponding to u
 0.3 or I < 18.7. This region is where the asymmetric feature

ccurs, and it contains most of the χ2 impro v ement relativ e to
he 1L1S models. The highly magnified source flux makes the
hotometry more accurate in this region. We list the total χ2 of
his time region χ2 

peak in Table 4 . Looking at the peak region only,
he 	χ2 s between models are reduced. The order has changed as
ell. For the peak region, the best fit model is now C5, and then

C4, C3, C2, W2, W3, C1, W1) are disfa v oured by 	χ2 = (0.5,
.8, 4.5, 8.1, 14.0, 16.0, 20.2), respecti vely. The χ2 dif ference
etween the 2L1S models and the xallarap models are reduced as
ell. 
We also tried testing parallax effects in 2L1S models, but neither

ignificant impro v ements nor useful constraints were obtained.
herefore, we do not include parallax in the final 2L1S models. 

.5 Summary of light-cur v e analysis 

fter the exploration, we exclude the 1L1S, 1L1S with parallax, and
L2S scenarios for MOA-2019-BLG-421. The remaining models
re the 1L1S with xallarap and the 2L1S models. For the 2L1S
nterpretations, there are many degenerate models that can explain
NRAS 528, 11–27 (2024) 
he light curve almost equally well. Ho we ver, as will be shown in the
ections 5 and 6 , the solutions with finite source ρ measurements
re very unlikely to be correct. 

 S O U R C E  PROPERTIES  O F  

OA - 2 0 1 9 - B L G - 4 2 1  

he source star colour can be used to measure the angular radius
f the source star , θ∗. W ith the source radius, the angular Einstein
adius and the relative proper motion can be obtained 

E = 

θ∗
ρ

, μrel = 

θE 

t E 
, (27) 

hich are directly related to the physical parameters of the lens. 
To measure the colour of the source star, first, we construct a

olour–Magnitude Diagram (CMD) from stars within a 2 ′ × 2 ′ 

quare centred on the source position using KMTC03 images. The
agnitude and colour are calibrated to the OGLE-III catalogue

Szyma ́nski et al. 2011 ). The CMD is shown in Fig. 11 . 
Then, we place the microlensing source on the CMD. We deter-
ine the source I -band magnitude from the models (Tables 3 and 4 )

nd the colour ( V −I ) = 1.569 ± 0.073 from the linear regression of
he V -band and I -band source fluxes during the event. The colour and

agnitude are also calibrated to OGLE-III. 
Further, we measure the centroid of the red clump giants (following

he method in Nataf et al. ( 2013 )) to be ( V −I ) RC = 1.787 ± 0.016 and
 RC = 15.313 ± 0.054. We measure the offset of the source relative to
he centroid of the red clump giants (Yoo et al. 2004 ). By comparing
he instrumental [( V −I ), I ] RC with the intrinsic centroid of the red
iant clump [( V −I ), I ] RC,0 = [1.06, 14.339] from Bensby et al. ( 2013 )
nd Nataf et al. ( 2013 ), we can find the intrinsic, dereddened colour,
nd magnitude of the source. 
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Finally, based on the dereddened colour and magnitude, we 
stimate the source angular radius θ∗ from Adams, Boyajian & 

on Braun ( 2018 ). The dereddened source colours and magnitudes 
ogether with the derived ( θ∗, θE , μrel ) of all 2L1S solutions and the
allarap solutions are listed in Table 5 . 
We immediately see that for the solutions with finite source 
easurement, the derived θE and μrel are unusual. F or e xample, 

f we consider the case that the source and the lens are both in the
alactic bulge, we would expect μrel > (0.93, 2.44) for (3 σ , 2 σ )

imits, respectively. The limits are not very sensitive to the Galactic 
omponents because the probability for a very small μrel lens-source 
air to create microlensing events is small. Therefore, Solutions (C1, 
1, C3, C4, C5) are unlikely to be real. Ho we ver, if we consider the

etection bias introduced by detected planetary events, the expected 
rel distribution would be systematically mo v ed toward small values 

Gould 2022 ) because longer planetary perturbations are easier to 
etect. The μrel limits are then > (0.32, 1.30) for (3 σ , 2 σ ). The
olutions (C1, W1, C3, C4, C5) are still disfa v oured b ut with less
onfidence. 

 LENS  PROPERTIES  O F  M OA - 2 0 1 9 - B L G - 4 2 1  

o uniquely obtain the physical parameters of the lens system 

 L and M L , one needs at least two of θE , πE , and the absolute
rightness of the lens object (see also, e.g. Introduction of Zang 
t al. 2020 ). Ho we ver, for MOA-2019-BLG-421, we only have θE or
ts lower limit. Therefore we perform a Bayesian analysis to obtain 
he posterior distribution of the physical parameters of the lens. The 
rior of the Bayesian analysis is the Galactic model, including the 
tellar density profile, the mass function, and the stellar velocity 
istribution. We adopt ‘Model C’ described in Yang et al. ( 2021 ). 
We generate 10 8 microlensing events based on the Galactic model, 

hat is, generating the source and lens distance from the line-of-
ight stellar density profiles, lens mass from the mass function, and 
ource and lens motions from the stellar velocity distribution. The 
nderlying assumption is that the probability of a star hosting a 
lanet is independent of its mass and Galactic environment. For each 
imulated event, i , we weight it by 

 i = � i × L i ( t E ) L i ( θE ) , (28) 

here � i ∝ θE, i μrel, i is the microlensing event rate. L ( t E ) and L ( θE )
re the likelihood function of t E and θE measured for a specific 
olution from Section 4 . The summation 

∑ 

i w i is proportional to 
he total event rate � tot for a specific solution. We use a Gaussian
ikelihood function for t E , and use a Gaussian likelihood for θE if it
s measured or a flat distribution with 3 σ lower limit hard cut if the
alue is not measured. To consider the μrel detection bias proposed 
y Gould ( 2022 ), we also report the total event rate � 

′ 
tot using the

eight w 

′ 
i = w i /μrel ,i . 

The final results of the physical parameters of all models are shown
n Table 6 . For the xallarap models, the lens is an M dwarf located
n the Galactic bulge. For the 2L1S models, if Model (C1, W1) is
orrect, the lens system is likely to be a brown dwarf orbited by a
uper Jupiter, and their projected separation is ∼(0.05, 1.06) au. In
he case of Model (C3, C4, C5), the lens system is a super-Earth or
eptune orbiting a low-mass M dwarf at a projected separation of
(0.15, 0.30, 0.16) au. For Model (C2, W2, W3), the lens system

s an M dwarf of low-mass K dwarf with a sub-Jupiter mass planet.
he projected separations are ∼(1.4, 2.6, 2.6) au, respectively. 
We list the relative event rate of all models in Table 6 . It is hard

o generate events like Model (C1, W1, C3, C4, C5) in the Galaxy
ompared to Model (C2, W2, W3). Therefore, the former models 
re strongly disfa v oured under the Galactic prior, a result that is
onsistent with our preliminary discussion in Section 5 . We convert
he relative event rate in terms of χ2 using 

2 
Gal . + μrel 

= −2 ln � 

′ 
tot . (29) 

hen we combine χ2 
peak in Table 4 with the χ2 

Gal . + μrel 
, to obtain the

esults listed in Table 6 . Finally, we conclude that Models C2 and
2 are preferred among all the 2L1S interpretations. 
This preference can also be tested by future observations mea- 

uring the relative proper motion μrel and/or the lens light. The 
ifferent μrel predictions for different models are already shown 
n Tables 5 and 6 . For the lens light, if the lens is a main
equence star located in the Galactic bulge, the brightness would 
e ( I L , K L ) = (22 . 9 + 3 . 4 

−2 . 4 , 20 . 7 + 2 . 0 
−1 . 4 ) for Models (C2, W2, W3) or

 I L , K L ) = (30 . 7 + 3 . 1 
−3 . 5 , 25 . 5 + 1 . 8 

−2 . 0 ) for Models (C1, W1, C3, C4, C5). If
he currently preferred models (C2, W2, W3) are correct, assuming 
he μrel ∼ 7 ± 3 mas yr –1 from Table 6 , the lens and the source will
e separated by 	θ ∼ 70 mas in 2030. Given the similar brightness
f the lens and source ( I S ∼ 20.2, K S ∼ 18.2), a measurement of
he lens light would be achie v able on the current largest telescopes
e.g. K eck, VLT). Ho we ver, if the other models (C1, W1, C3, C4,
5) are correct, measurement of μrel will be challenging even with 

he next-generation telescopes given the small μrel and large contrast 
atios. 

In addition, if the xallarap model is correct, we expect a large radial
elocity for the source star (RV amplitude K ∼ 30 km s −1 assuming
 S = 1M �, q S = 0.5, and 60 ◦ inclination). Ho we ver, as a result of

he faint brightness I s ∼ 20, the radial-velocity measurement of the 
ource would be very challenging. Therefore, technically, it will be 
ard to resolve the degeneracy between the best 2L1S models and
he xallarap models. 

 IMPROV EMENTS  

e updated the KMTNet TLC photometry procedures to increase the 
utomation and reduce the need for highly skilled operators, as well
s making a few modifications to increase the photometric accuracy. 
ith our new pipeline, there are a total of three different versions

f pySIS for reducing KMTNet data: the preliminary pySIS pipeline 
also called online pipeline or end-of-year pipeline), the by-hand 
LC procedure, and the new TLC pipeline from this work. Here we
ompare these versions and discuss the improvements. 

.1 Efficiency impro v ements 

 or efficienc y, here we compare the by-hand TLC and the new TLC
ipeline, because we aim to reduce the time cost of TLC so that it
an be used to search for new anomaly signals. 

The new TLC pipeline is more parallelized, which makes it 
erform better on multicore machines. The original pySIS only 
arallelized image subtractions because image subtraction is the 
ost computationally e xpensiv e step. This step can be sped up by

ncreasing the number of CPU cores, at which point the other steps
hat were not parallelized, such as alignment and photometry, become 
he bottlenecks. Therefore, we parallelized all steps to impro v e

ulticore performance. 
The major impro v ement is that the new TLC pipeline is more

utomated. Without that automation, human operators had to wait for 
re-processing to finish, then select reference images by eye. After 
hat, the pipeline would align all the images and create the master
eference image. The operator was then required to enter the target
osition. For KMTNet data, this set-up process took about ∼1 h.
MNRAS 528, 11–27 (2024) 
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Table 5. Source properties for MOA-2019-BLG-421. 

Model ( V −I ) s,0 I s,0 θ∗ ( μas) θE (mas) μrel (mas yr –1 ) 

C1 0.84 ± 0.08 19.22 ± 0.08 0.518 ± 0.053 0.023 ± 0.002 0.54 ± 0.18 
W1 0.84 ± 0.08 19.25 ± 0.08 0.512 ± 0.052 0.025 ± 0.003 0.54 ± 0.20 
C2 0 . 84 ± 0 . 08 19 . 29 ± 0 . 08 0 . 504 ± 0 . 052 > 0 . 037 > 0 . 82 
C3 0.84 ± 0.08 19.19 ± 0.08 0.527 ± 0.054 0.022 ± 0.002 0.51 ± 0.17 
C4 0.84 ± 0.08 19.24 ± 0.08 0.514 ± 0.053 0.043 ± 0.004 0.99 ± 0.31 
W2 0 . 84 ± 0 . 08 19 . 13 ± 0 . 08 0 . 541 ± 0 . 055 > 0 . 033 > 0 . 83 
W3 0.84 ± 0.08 19.11 ± 0.08 0.546 ± 0.056 > 0.033 > 0.86 
C5 0.84 ± 0.08 19.15 ± 0.08 0.535 ± 0.055 0.020 ± 0.002 0.49 ± 0.17 
1L1S XLRP + 0 . 84 ± 0 . 08 18 . 86 ± 0 . 10 0 . 612 ± 0 . 065 > 0 . 027 > 0 . 82 
1L1S XLRP − 0 . 84 ± 0 . 08 18 . 88 ± 0 . 10 0 . 606 ± 0 . 065 > 0 . 028 > 0 . 84 

Note. The parameters and their 1 σ uncertainties are presented. For the models without finite source effect 
detections, the 3 σ lower limits of θE and μrel are provided. ‘XLRP’ represents xallarap’. The final preferred 
models (in Section 6 ) are highlighted in boldface. 

Table 6. Physical parameters of the lens (system) from Bayesian analysis for MOA-2019-BLG-421. 

Model M host (M �) M p ( M J ) D L (kpc) D LS (kpc) a ⊥ (AU) 
μrel 

(mas yr –1 ) Relative � tot � 

′ 
tot χ2 

Gal . + μrel 
χ2 

peak + χ2 
Gal . + μrel 

C1 0 . 039 + 0 . 067 
−0 . 021 5 . 1 + 9 . 0 −2 . 8 7 . 9 + 0 . 7 −0 . 7 0 . 11 + 0 . 13 

−0 . 07 0 . 047 + 0 . 008 
−0 . 006 0 . 55 + 0 . 05 

−0 . 06 1.22 1.17 −0.3 432.9 

W1 0 . 039 + 0 . 076 
−0 . 021 7 . 0 + 14 . 0 

−3 . 9 8 . 0 + 0 . 7 −0 . 7 0 . 13 + 0 . 14 
−0 . 09 1 . 06 + 0 . 17 

−0 . 15 0 . 52 + 0 . 06 
−0 . 05 1.24 1.23 −0.4 437.0 

C2 0 . 41 + 0 . 38 
−0 . 25 0 . 62 + 0 . 58 

−0 . 39 6 . 9 + 0 . 8 −1 . 1 1 . 56 + 1 . 41 
−0 . 75 1 . 37 + 0 . 52 

−0 . 48 6 . 6 + 2 . 8 −2 . 4 58906 . 97 5243 . 76 −17 . 1 404 . 5 

C3 0 . 039 + 0 . 068 
−0 . 021 0 . 026 + 0 . 046 

−0 . 014 7 . 9 + 0 . 7 −0 . 7 0 . 11 + 0 . 14 
−0 . 07 0 . 15 + 0 . 03 

−0 . 02 0 . 55 + 0 . 07 
−0 . 07 1.24 1.17 −0.3 417.7 

C4 0 . 054 + 0 . 085 
−0 . 032 0 . 076 + 0 . 123 

−0 . 044 7 . 7 + 0 . 7 −0 . 6 0 . 42 + 0 . 55 
−0 . 27 0 . 30 + 0 . 09 

−0 . 06 1 . 21 + 0 . 35 
−0 . 24 39.89 17.18 −5.7 412.1 

W2 0 . 37 + 0 . 36 
−0 . 23 0 . 46 + 0 . 47 

−0 . 29 7 . 0 + 0 . 7 −1 . 0 1 . 45 + 1 . 30 
−0 . 71 2 . 58 + 0 . 99 

−0 . 89 6 . 9 + 2 . 9 −2 . 4 81719 . 15 6955 . 51 −17 . 7 407 . 6 

W3 0 . 37 + 0 . 36 
−0 . 23 0 . 58 + 0 . 59 

−0 . 36 7 . 0 + 0 . 7 −1 . 0 1 . 44 + 1 . 29 
−0 . 70 2 . 55 + 0 . 99 

−0 . 88 6 . 9 + 2 . 9 −2 . 5 80423.49 6823.77 −17.7 413.6 

C5 0 . 039 + 0 . 065 
−0 . 021 0 . 015 + 0 . 025 

−0 . 009 8 . 0 + 0 . 7 −0 . 7 0 . 09 + 0 . 12 
−0 . 06 0 . 16 + 0 . 03 

−0 . 02 0 . 52 + 0 . 06 
−0 . 05 1.00 1.00 −0.0 417.2 

1L1S XLRP 0 . 30 + 0 . 35 
−0 . 20 − 7 . 0 + 0 . 7 −0 . 9 1 . 35 + 1 . 21 

−0 . 67 − 7 . 3 + 3 . 0 −2 . 6 

Note. The median value and the ±1 σ range of the posterior distribution of the parameters are presented. D LS = D S −D L . The relative � tot is the event rate 
corresponding to each model. The relative 	χ2 introduced by the Galactic model and the μrel bias is defined as 	χ2 

Gal . + μrel 
= −2 ln � 

′ 
tot . The χ2 

peak is adopted 
from Tables 3 and 4 . The final preferred models are highlighted in boldface. 
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lthough it did not require active participation by the operator the
ntire time, it did require the operator to check its status frequently
uring this period. Then, the remainder of the pipeline would run
ithout operator input; a process that took ∼1–2 h for KMTNet data
n a single-core. If the results were not ideal, the operator would
ave to start from the beginning. 
The human components of the by-hand TLC procedure made

he results highly operator-dependent. Because the original pySIS
ad limited quantitative parameters to describe the qualities of the
eference images and other results, robust reference image selection
equired either e xtensiv e e xperience, e xternal algorithms, luck, or a
ombination of all three. For some operators, the best approach was
o do several iterations with different sets of reference images to test
hat combinations w ork ed best. 
The automations in the new TLC pipeline remo v e intermediate

uman interactions, significantly reducing the human workload in
 x ecuting the reduction. In addition, because new metrics help
utomatically and robustly select reference images, in most cases,
he photometry is good quality on the first try, so the reduction
rocedure usually does not need to be repeated multiple times. We
lso added functionality to the code to allow operators to re-start the
rocess from any intermediate step if further adjustments are needed.
For the by-hand TLC reductions, the typical time cost for a prime-

eld event ( ∼6 × 3000 images) is 6–8 h operating on a 50-core
achine, of which 1–3 h required some level of human attention.
NRAS 528, 11–27 (2024) 

T  
herefore, if we were to systematically run the TLC pipeline for
ll prime-field events during one season ( ∼1000), a total of ∼300 d
ould be needed, including significant amounts of human re vie w and
otentially additional iterations. After the updates, for a prime-field
vent, the typical computational time cost is now reduced to ∼1 h
lus 10 −30 min for a manual check in the end. Therefore, a month-
ime-scale operation can co v er the re-reduction for ∼1000 events.
hese automations and additional parallelizations make systematic

e-analysis possible. 

.2 Accuracy impro v ements 

e performed a series of tests to better understand what aspects of
he new TLC pipeline most affect the photometry for MOA-2019-
LG-421. We reduced the data using the old TLC pySIS procedure
ithout any special optimizations, for example the reference images
ere selected by eye based on a list sorted by FWHM. Then, we

ndividually fit the various data sets to a PSPL model using the raw
rror bars. 

For these fits, we calculated the mean, median, and standard
eviations of the χ2 contribution from each data point to use as
etrics for assessing the quality of each data set. We also calculated

he mean, median, and standard deviation of the absolute value
f the residuals after scaling the fluxes to the same system. See
able 7 . From the residuals, we can see that data from the new TLC
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Table 7. Photometry Quality Metrics for KMTS03. 

Data set N Mean Med Std Sum Mean Med Std 

All data χ2 /pt Residuals (mag) 

Online 1870 10.69 4.47 33.44 19990.12 0.310 0.166 0.432 
By-hand TLC 2435 6.48 1.58 31.63 15773.26 0.392 0.236 0.581 
New pipeline 1708 1.35 0.33 3.59 2298.69 0.140 0.084 0.219 

Peak data χ2 /pt Residuals (mag) 

Online 55 5.98 2.43 8.50 329.02 0.056 0.025 0.084 
By-hand TLC 57 3.67 1.62 5.01 208.96 0.066 0.035 0.100 
New pipeline 50 0.75 0.22 1.52 37.73 0.025 0.014 0.029 

Note. ‘Peak’ metrics are calculated from points within t 0 ± 2 . 5 d. 
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ipeline has much less scatter than either the online or by-hand TLC
eductions. For the χ2 per point, we expect a value of 1 for Gaussian
tatistics. So, we see that the error bar estimation from the by-hand
LC data is better than for the online data and that the new TLC
ipeline may slightly o v erestimate the error bars in this case. 
We also tried repeating the by-hand TLC procedure to test some 

f the changes in the new TLC pipeline. For example, we tried using
he same reference images and lens position in the by-hand TLC
eduction as for the new TLC pipeline. These changes did not have
 significant effect on the quality of the photometry. Hence, we can
onclude that, in this case, the photometry impro v ement from the
ew TLC pipeline is due to some other optimization. 
Of course, the pySIS algorithms were never intended to produce 

ptimal photometry in all cases without any optimizations, and our 
omparison to the unoptimized by-hand TLC reduction does not 
learly distinguish between impro v ements to the photometry due 
o impro v ed photometry algorithms and those due better choices 
f default parameters (i.e. tuned for KMTNet data sets). So, it is
till possible that an expert operator could produce photometry of 
imilar quality to the new TLC pipeline. However, this requires deep, 
pecialized knowledge of the underlying algorithms and photometry 
arameters. Alternatively, for this particular data set, most of the 
ignificantly magnified points are concentrated in a few nights around 
he peak, which happen to have seeing in the 10th percentile, meaning 
t is often better than the reference images. So, the impro v ements that
educe seeing correlations in the data may also be significant in this
ase. Regardless, this test demonstrates that the new TLC pipeline 
an produce much better quality photometry in this case without a 
ot of effort on the part of the operator. 

.3 Comparison to online data 

n addition, the key that powers the new anomaly search are the
mpro v ements from the online data to the new TLC data. 

To quantify this impro v ement, we follow the procedure in Yang
t al. ( 2022 ) to calculate the planetary sensitivity of MOA-2019-
LG-421, using the online data and the ne w TLC data, respecti vely.
o quantify the difference between the two data sets, we calculate 

he planet sensitivity for each one following the procedure of Rhie
t al. ( 2000 ) as described in Yang et al. ( 2022 ). In short, we generate
 series of artificial 2L1S light curves using the actual noise from the
eal light curv es. F or each artificial light curv e, we find its deviations
o the 1L1S model. Therefore, the χ2 difference between the 2L1S 

nd 1L1S models represents the significance of the artificial signal. 
ig. 12 shows the χ2 distribution on ( s , α) plane for an injected

og q = −2.8 planet. Each point represents an artificial light curve
enerated by the given ( s , q , α) and the colour represents the 	χ2 .
e define 	χ2 > 100 for a detection. The right-most panel of Fig. 12

hows the ‘detection’ region enhanced by the new TLC data. 
We marginalize the 	χ2 > 100 probability o v er α to obtain

he sensitivity o v er ( s , q ) plane. The results are shown in Fig. 13 .
or the actual planetary signals detected in MOA-2019-BLG-421, 

he sensitivity changes from < 20 per cent in the online data to
 80 per cent with the new TLC photometry. For the full ( −0.3 ≤

og s ≤ 0.3, −4.0 ≤ log q ≤ −2.3) phase-space region, the sensitivity
s impro v ed from ∼24 per cent to ∼53 per cent . 

In conclusion, the new TLC data can significantly impro v e the
etection sensitivity of planets (or planetary-like anomalies). In the 
pecific case of MOA-2019-BLG-421, the new TLC increases the 
χ2 for the anomaly abo v e the threshold, which is why the new

nomaly could be detected. 
Ho we ver, ne w TLC data would not significantly change our

nowledge about the planets that have been published. In order for a
lanet to be published in the first place, the signal needs to be clear,
o any improvements would simply tend to improve the clarity of
no wn signals. Ho we v er, the accurac y impro v ements from the new
LC pipeline relative to the online data do allow us to find previously
ndisco v ered planets or clarify previously unpublishable signals. 

 DI SCUSSI ON  

n this work, we updated the KMTNet TLC photometry algorithms 
o impro v e their automation and photometric accurac y. By applying
he new TLC pipeline to historic events in the KMTNet data base,
e find a new anomaly signal in MOA-2019-BLG-421, which 
as buried in the noise of the preliminary data. The signal can
e explained by either the orbital motion of the source star or
 planet in the lens system. For the planetary interpretation, the
lanetary system is most likely to be a Jovian planet orbiting an
 dwarf in the Galactic bulge, which is a typical microlensing

lanetary system. The disco v ery shows that there are indeed missed
ignals under current planet search procedures. These updated 
hotometric data can indeed increase the sensitivity of the KMTNet 
urv e y. 

Apart from the accuracy improvements, the new TLC pipeline 
utomates human interactions in the middle of the TLC reduction 
rocedure both decreasing the human workload and making the 
esults more robust. Together with some minor impro v ements re-
arding parallelization, the typical time cost for reducing a KMTNet 
5 000 image prime-field event is reduced to 1 h using a 64 CPU-
ore device. The remaining human work (check the final results) 
s reduced to the order of minutes. The o v erall time cost is now
MNRAS 528, 11–27 (2024) 
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Figure 12. Planetary sensitivity of event MOA-2019-BLG-421 for a log q = −2.8 planet on the ( s , α) plane. On the left two panels, each point represents 
an artificial light curve generated by the given ( s , q , α) and the colour represents the significance of the injected signal, that is, 	χ2 = χ2 

1L1S − χ2 
1L1S . The 

rightmost panel shows the detection ( 	χ2 > 100) rate enhanced by the new TLC data. The two crosses mark the two preferred 2L1S solutions (C2, W2). 

Figure 13. Planetary sensitivity for event MOA-2019-BLG-421 on the ( s , q ) plane. The colours represent the fraction ( ε) of a given ( s , q ) planets that produce 
a deviation 	χ2 > 100. The grey crosses mark the two preferred 2L1S solutions (C2, W2). 

�  

i  

h
 

b  

C  

h  

r  

e  

T  

w  

i  

o  

A  

a  

b  

n  

s  

w  

s  

t  

c  

t  

t  

p

A

T  

t  

h  

A  

b  

H  

u  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/528/1/11/7452891 by M
assey U

niversity user on 06 Septem
ber 2024
 10 per cent of the previous, by-hand TLC procedure. With such
mpro v ements in efficiency and automation, a systematic search of
undreds of events becomes possible. 
Although the optimized data can potentially enable us to obtain

etter statistical results, a statistical sample must be defined carefully.
urrently, although the new TLC pipeline reduced many of the
uman efforts, a human reviewer is still needed to verify the final
esults and deal with special cases. Applying it to all KMTNet
vents of the past 7 seasons ( ∼18 000 events in total) is difficult.
here are two feasible options. The first is to run the pipeline
ithout any human re vie ws and exclude bad data though the quality

ndicators. Another is to define a subsample on the order of hundreds
f events and apply the full pipeline including human reviews.
s discussed in Yee et al. ( 2021 ) and Zang et al. ( 2021a ), one

pproach is to compile a sample of high-magnification events,
ecause they are intrinsically more sensitive to planets. A small
umber of such events could contribute a large fraction of the total
urv e y sensitivity. Another approach could be compiling a sample
NRAS 528, 11–27 (2024) 

W  

C  
ith a specific type of source stars, for example giant sources. These
ources are also intrinsically more sensitive to planetary perturbations
han average. In addition, the higher luminosity of such sources
ould significantly increase the photometric accuracy, especially for
he data reduced with the new TLC pipeline. We will implement
hese approaches in the near future for this systematic re-analysis
roject. 
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