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ABSTRACT

Aims. We analysed microlensing data to uncover the nature of the anomaly that appeared near the peak of the short-timescale mi-
crolensing event KMT-2024-BLG-1044. Despite the anomaly’s brief duration of less than a day, it was densely observed through

high-cadence monitoring conducted by the KMTNet survey.

Methods. Detailed modelling of the light curve confirmed the planetary origin of the anomaly and revealed two possible solutions, due
to an inner—outer degeneracy. The two solutions provide different measured planet parameters: (S, @)inner = [1.0883 +0.0027, (3.125 +
0.248) x 1074] for the inner solutions and (s, @)ouer = [1.0327 £ 0.0054, (3.350 + 0.316) x 107*] for the outer solutions.

Results. Using Bayesian analysis with constraints provided by the short event timescale (fg ~ 9.1 day) and the small angular Einstein
radius (fg ~ 0.16 mas for the inner solution and ~ 0.10 mas for the outer solutio), we determined that the lens is a planetary system
consisting of a host near the boundary between a star and a brown dwarf and a planet with a mass lower than that of Uranus. The
discovery of the planetary system highlights the crucial role of the microlensing technique in detecting planets that orbit substellar

brown dwarfs or very low-mass stars.

Key words. planets and satellites: detection — gravitational lensing: micro

1. Introduction

Mao & Paczynski (1991) and Gould & Loeb (1992) first pointed
out that microlensing could be used as a tool for detecting ex-
trasolar planets. Experimental searches for planets began in the
mid-1990s, and the first microlensing planet was detected in
2003 by Bond et al. (2004). To date, 221 microlensing planets
have been reported, according to the NASA Exoplanet Archive!.
Currently, microlensing ranks as the third most prolific planet
detection method, behind the transit and radial velocity methods.

Planetary signals in lensing light curves are typically brief.
Consequently, detecting these short-lived signals in microlens-
ing light curves necessitates dense coverage of lensing events.
To address this need, early planetary searches combined large-
scale survey programmes, such as the Optical Gravitational
Lensing Experiment (OGLE; Udalski et al. 1994), the Mas-
sive Astrophysical Compact Halo Object survey (MACHO;
Alcock et al. 1993), and Microlensing Observations in Astro-
physics (MOA; Bond, et al. 2001), with dedicated follow-up
observation networks. These follow-up networks included the

! https://exoplanetarchive.ipac.caltech.edu/

Galactic Microlensing Alerts Network (GMAN; Alcock et al.
1997), the Probing Lensing Anomalies NETwork (PLANET;
Albrow et al. 1998), the Microlensing Follow-Up Network
(uFUN; Gould et al. 2006), and RoboNet (Tsapras et al. 2003).
In this mode of observations, survey experiments monitored a
wide region of the Galactic bulge to detect lensing events, while
follow-up groups utilised multiple narrow-field telescopes to
conduct dense observations of the events identified by the sur-
veys. This survey+follow-up strategy only allowed for dense
observations of a limited number of events, resulting in fewer
than five planetary detections per year before 2010. From 2010
to 2015, the number of detections nearly doubled with a mod-
erate modification to the observational strategy. In the modi-
fied mode, follow-up observations were mainly focused on the
peak phases of high-magnification events, for which the proba-
bility of planet detection is high. Another strategy employed dur-
ing this period was the auto-follow-up mode. In this approach,
when a survey detects a potential anomalous lensing event in
progress, an alert is triggered to promptly initiate follow-up ob-
servations (Suzuki et al. 2016). A dramatic increase in planet de-
tections occurred with the commencement of high-cadence sur-
veys using multiple telescopes equipped with very wide-field
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cameras. These surveys significantly increased the number of
lensing event detections from several dozen per year to over
3000. With the ability to densely monitor all detected lensing
events, the number of planet detections also dramatically in-
creased, and currently an average of 25 planets are being re-
ported annually.

The primary significance of the microlensing technique is its
ability to detect planetary systems that might be difficult to iden-
tify using other observational methods. While transit and radial
velocity methods are sensitive to planets that are close to their
host stars, the microlensing method is adept at detecting planets
in wide orbits. Additionally, microlensing can identify distant
planetary systems located in both the disc and bulge regions of
the Galaxy. While planets are typically detected through their ef-
fect on their host stars, the microlensing effect can be caused by
the planet’s own gravity, enabling the detection of free-floating
planets.? Furthermore, because microlensing relies on the grav-
itational influence of a lensing object, it possesses a unique ca-
pability to detect planets belonging to dark or very faint celestial
bodies, such as brown dwarfs (BDs), very faint stars, and stel-
lar remnants. A comprehensive discussion of the various advan-
tages of the microlensing method is provided in the review by
Gaudi (2012). This capability makes microlensing an invaluable
tool for obtaining a comprehensive view of the demographics of
planetary systems throughout the Galaxy.

In this study we report the discovery of a low-mass planet
orbiting a very low-mass host. The planetary system was dis-
covered from the analysis of a brief anomaly signal in the light
curve of the short-timescale lensing event KMT-2024-BLG-
1044. Based on the constraints provided by the event timescale
together with the angular size of the Einstein ring, it was esti-
mated that the planet has a mass lower than that of Uranus and
that the host has a mass at the boundary between BDs and low-
mass stars.

2. Observations and data

The lensing event KMT-2024-BLG-1044 was detected by the
Korea Microlensing Telescope Network (KMTNet; Kim et al.
2016) survey during the 2024 season using the EventFinder al-
gorithm (Kim et al. 2018). The KMTNet survey operates three
identical telescopes strategically positioned in the Southern
Hemisphere: the Cerro Tololo Inter-American Observatory in
Chile (KMTC), the South African Astronomical Observatory in
South Africa (KMTS), and the Siding Spring Observatory in
Australia (KMTA). On May 20, 2024 (HID’ = 450), when the
event was detected, the source flux had just passed its peak mag-
nification. Here, HID’ = HJID — 2460000 represents a shortened
heliocentric Julian date. The magnitude of the source before the
onset of lensing magnification was Iy, = 18.85, and it reached
Ipeax = 17.82 at its highest point. The equatorial and Galactic
coordinates of the source are (RA, Dec)jpg =(18:06:15.36, -
27:35:33.29) and ([, b) = (3°4484,-3°2509), respectively. The
extinction towards the field was A; = 0.98. The source is located
in the overlapping region of the KMTNet prime fields BLG03
and BLG43, towards which KMTNet observations were most
frequently conducted. The observation cadence was 0.5 hours
for each field and 0.25 hours for the combined field. Thanks to
this high cadence, the light curve was densely covered despite
the relatively short duration of the event.

2 Currently, nine free-floating planet candidates have been reported
(Mréz et al. 2018, 2019, 2020a,b; Kim et al. 2021a; Ryu et al. 2021a;
Koshimoto et al. 2023; Jung et al. 2024).
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Fig. 1. Light curve of the lensing event KMT-2024-BLG-1044. Lower
panel: Full view of the light curve. Upper panel: Zoomed-in view of
the peak region around the anomaly. The solid curve drawn over the
data points is a single-lens single-source model obtained by fitting the
data excluding those around the anomaly. The colours of the data points
correspond to those of the datasets marked in the legend.

Table 1. Factors used for error-bar normalisation.

Dataset k O min (Mag)
KMTCO03 0.954 0.020
KMTC43 0.959 0.020
KMTSO03 0.995 0.020
KMTS43 0.964 0.020
KMTAO3 0.922 0.030
KMTAA43 0.938 0.050

Notes. HID’ = HID — 2460000.

Figure 1 displays the light curve of the lensing event, com-
piled from all KMTNet datasets. At first glance, the light curve
appears to be that of a typical single-lens single-source (1L1S)
event with a smooth and symmetrical shape. However, upon
closer examination, a brief anomaly near the peak of the light
curve was identified. This anomaly persisted for less than a day,
occurring between HID' = 449.6 and 449.9. The upper panel
provides a magnified view of this anomaly. The primary por-
tion of the anomaly showed a positive deviation from the 1L1S
model. Additionally, there were minor negative deviations ob-
served just before and after the main positive deviation.

Initially, the photometry data of the event were processed us-
ing the automated KMTNet pipeline, which is based on the py-
SIS code developed by Albrow et al. (2009). To ensure the data’s
optimal quality for analysis, we performed additional photome-
try using the code developed by Yang et al. (2024). In preparing
the data for analysis, we normalised the error bars of the data to
achieve consistency with the data scatter and to standardise the
degree of freedom to unity for each dataset. This error-bar nor-
malisation procedure followed the protocol outlined in Yee et al.
(2012), thatis, o = k(0min+070)'/2, where omin is a factor used to
consider the data scatter, and k is the rescaling factor. Table 1 list
the values of oin and k for the individual datasets. For a subset
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Fig. 2. Scatter plots of points in the MCMC chain on the (s, g) parame-
ter plane. The colour scheme is configured to represent points with < 1o
(red), < 20 (yellow), < 30 (green), < 40 (cyan), and < 50 (blue). The
dot-dashed vertical line in the left panel indicates the geometric mean
of si, and sqy.

of the KMTC data, we conducted additional photometry using
the pyDIA code (Albrow 2017) for the source colour measure-
ment. The detailed procedure for the source colour determination
is described in Sect. 4.

3. Lensing light curve analysis

The pattern of the anomaly observed in the light curve of KMT-
2024-BLG-1044 offers several crucial clues about its origin.
Firstly, the rapid rise and fall of the source flux during the main
feature of the anomaly suggest that it was likely caused by the
source crossing a caustic created by a companion to the lens.
This interpretation is further supported by the brief negative de-
viations seen before and after the main feature. Secondly, the ab-
sence of a characteristic U-shaped pattern between the two caus-
tic spikes suggests that the source crossed a caustic tip, where
the width of the tip is comparable to or narrower than the size of
the source. Lastly, the very brief duration of the anomaly implies
that the lens companion is probably a very low-mass object.
Considering these characteristics of the anomaly, we con-
ducted a binary-lens single-source (2L1S) modelling of the
event. The aim of this modelling was to determine the best-fit
lensing parameters (lensing solution) that characterise the lens
system. In a 2L 1S lensing event, the light curve is characterised
by seven fundamental parameters. Among these, three param-
eters (t, up, tg) depict the lens-source approach: 7y denotes the
time of the closest approach of the source to the lens, g repre-
sents the lens-source separation at that time (impact parameter),
and g is the event timescale. The timescale is defined as the
duration required for the source to traverse the angular Einstein
radius (6g), with the impact parameter u( scaled to 6g. The bi-
nary lens system is described by two additional parameters (s, q):
s represents the projected separation between the lens compo-
nents (M; and M;), and g denotes the mass ratio between the
lens components. The separation parameter s is also scaled to
0. The parameter « represents the angle between the direction
of the source motion and the binary-lens axis (source trajectory
angle). The final parameter, p, is defined as the ratio of the an-
gular source radius (6.) to the angular Einstein radius, that is,
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Fig. 3. Model curves of the inner and outer 2L.1S solutions and their
residuals in the region around the anomaly.

Table 2. Best-fit lensing parameters.

Parameter Inner Outer
¥’ 3780.0 3776.6
to (HID') 449.3714 = 0.0094 449.3686 = 0.0085
uo (1072) 0.1202 + 0.0053 0.1204 + 0.0052
tg (days) 9.17 £0.32 9.13 +£0.29
K 1.0883 + 0.0027 1.0327 + 0.0054
g (10™) 3.125 £ 0.248 3.350+0.316
a (rad) 4.3822 +0.0087 4.3771 + 0.0080
Jol (1073 3.46 +£0.30 5.72 +£0.31

Notes. HID’ = HID — 2460000.

p = 0,/6g. This parameter characterises finite source magnifica-
tions during the caustic caustic crossings.

Finding a lensing solution for a 2L.1S event using a down-
hill approach is very challenging due to the complexity of the y?
surface in the parameter space. To overcome this difficulty, we
employed a modelling strategy that combines grid and down-
hill methods. In this strategy, we searched for the binary-lens
parameters (s, q) using a grid approach. We set multiple start-
ing values of a, evenly distributed in the range of 0 < o < 2m,
and find the other parameters via a downhill approach. In the
downhill approach, we used the Markov chain Monte Carlo
(MCMC) algorithm with an adaptive step-size Gaussian sampler
(Doran & Mueller 2004). In the second step, we constructed a y?
map on the s—q parameter plane to identify local solutions. In the
third step, we refined each local solution by allowing all parame-
ters to vary. This involves adjusting each parameter individually
to ensure an optimal fit of each model to the data. In the final
step, we compared the local solutions and selected a global so-
lution for the event. If there is significant degeneracy among the
local solutions, we present all of them. During the modelling, we
computed finite magnifications using the map-making method
outlined in Dong et al. (2006).

Detailed modelling of the light curve yielded a pair of de-
generate solutions. The binary parameters of the solutions are
(8, Qinner ~ (1.09,3.13 x 107™*) for one solution and (s, ¢)outer ~
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Fig. 4. Configurations of the inner and outer solutions. In each panel,
the red figure depicts the caustic, and the arrowed line represents the
source trajectory. The grey curves surrounding the caustic indicate the
equi-magnification contours. The inset provides a zoomed-out view
showing the positions of the lens components, denoted by blue dots.
The dotted curve in the inset illustrates the Einstein ring.

(1.03,3.35 x 107%) for the other. The very low companion-to-
primary mass ratio indicates that the companion is a planetary-
mass object. Additionally, the proximity of the binary separa-
tion to unity suggests that the planet lies near the Einstein ra-
dius of the primary. We designate the individual solutions as
‘inner’ and ‘outer’ and explain the rationale for these terms in
the following paragraph. In Fig. 2 we present a scatter plot of
points in the MCMC chain on the s—g parameter plane, show-
ing that the two solutions are distinct despite the similarity in
the s and g values. In Table 2, we list the full lensing parame-
ters of the solutions along with the y? values of the fits. Among
the determined lensing parameters, we highlight the relatively
short timescale, which is less than 10 days. Because the event
timescale is proportional to the square root of the lens mass, the
short timescale of the event suggests that the lens mass is likely
small. In Fig. 3 we present the model curves of the two solutions
in the region around the anomaly. It was found that the outer so-
lution is favoured over the inner solution, but the difference in y?
between the fits of the two solutions, A)(Z = 3.6, is minor.

Gaudi (1998) noted that a short-term positive anomaly could
be caused by the approach of a faint companion to the source. We
explored this interpretation by conducting an additional mod-
elling under single-lens and binary-source (1L2S) configuration.
Our findings indicate that the 1L2S interpretation is ruled out
with a Ay? value of 1248.0.

Figure 4 illustrates the lens-system configurations for both
the inner and outer 2L 1S solutions. In each configuration, the
caustics exhibit a resonant form, with the central and plane-
tary caustics merging into a single closed curve. For the in-
ner solution, the source passed through the inner side of the
planetary caustic, while for the outer solution, it traversed the
outer side. Therefore, we refer to these configurations as ‘in-
ner’ and ‘outer’. This degeneracy was first pointed out by
Gaudi & Gould (1997) to highlight the similarities in anoma-
lies caused by source passages over the inner and outer sides of
well-detached planetary caustics. Yee et al. (2021), Zhang et al.
(2022a), and Zhang & Gaudi (2022b) further demonstrated that
this degeneracy also applies to planetary signals resulting from
semi-detached resonant caustics.
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outer solutions.

It is known that the binary separations of the pair of solu-
tions under the inner—outer degeneracy (si, and sqy) follow the
relation
st =

1
VSin X Sout = 5 ( ugnom +4+ uanom) . (1)

2 — 2 2 —
Here Usnom = Tanom T Uys Tanom = (fanom — 10)/1E, fanom repre-

sents the time of the anomaly, and the ‘+’ and ‘-’ signs in the
first and later terms are for anomalies exhibiting a bump fea-
ture (positive anomaly) and a dip feature (negative anomaly),
respectively (Hwang et al. 2022; Gould et al. 2022). For KMT-
2024-BLG-1044, the anomaly exhibits a bump feature, and
thus the sign is ‘+’. The lensing parameters (¢, 4o, g, fanom) =
(449.37,0.120,9.15,449.75) yield s* = 1.065, which matches
the geometric mean of (sj, X sou)'/? = 1.060 well. This confirms
that the similarity between the two model curves originates from
the inner—outer degeneracy.

Apart from the difference in their projected separations, there
are substantial differences in the estimated values of the nor-
malised source radii between the inner and outer solutions:
Pin = (3.46 + 0.30) x 1073 for the inner solution and poy =
(5.72+0.31)x 1073, for the outer solution. Figure 5 shows the dis-
tributions for the MCMC points of the individual local solutions.
In Fig. 6 we present the zoom of the caustic crossings for each
solution, with the source size shown to scale. The two solutions
are caused by the different separations between the two caustic
walls. For the inner solution, the two walls are farther apart, and
thus the empirically determined width of the bump can be caused
by a smaller source size that is kept relatively highly magnified
for a long time by the two caustics. But for the outer solution,
the two walls are closer together, and so the source size must be
bigger to keep the same size bump. The angular Einstein radius
0 is derived from the measured normalised source radius by the
relation

0.

0E=_7
P

2

where 6, represents the angular source radius. As a result, the
difference in the value of p between the two solutions leads to
different values of 0g. Because the angular Einstein radius is pro-
portional to the square root of the lens mass, the lens masses
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Fig. 6. Zoomed-in view of the caustic crossings for the inner and outer
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scaled to the caustic size.

expected from the two solutions will be different. We provide
a detailed discussion on the estimation of the angular Einstein
radius and lens mass in Sects. 4 and 5, respectively.

4. Source star and angular Einstein radius

In this section we specify the source star of the event. Specifying
the source is important not only for providing a comprehensive
overview of the event but also for estimating the angular Einstein
radius.

We specified the source star of the event using the methodol-
ogy outlined in Yoo et al. (2004). First, we estimated the instru-
mental source magnitudes in the 7 and V passbands by linearly
regressing the datasets, processed with the pyDIA photometry
code (Albrow 2017), against the model light curve. Next, we
placed the source in the colour-magnitude diagram (CMD) of
stars near the source, constructed using the same pyDIA code.
Finally, we calibrated the /- and V-band source magnitudes us-
ing the centroid of the red giant clump (RGC) in the CMD. The
RGC centroid can be used for calibration because its (V — I)
colour and /-band magnitude are known from previous studies
conducted by Bensby et al. (2013) and Nataf et al. (2013).

Figure 7 shows the location of the source in the instrumental
CMD of stars lying near the source. The measured instrumental
colour and magnitude of the source are

(V-1,Ds =(1.811 +£0.038,20.285 + 0.006). 3)
By measuring the offset, A(V - 1,I) = (V—-1,1)s — (V -1, Drgc,
between the source and RGC centroid, lying at (V — I, Drgc =
(1.987,15.506), the de-reddened source colour and magnitude
are estimated as

(V-1,Dso=(V-11Drcco+ AV -11) @
= (0.884 + 0.055,19.118 + 0.021).
Here (V — I, Drgco = (1.060, 14.339) represent the de-reddened
colour and magnitude of the RGC centroid. The estimated colour
and magnitude indicate that the source is an early K-type main-
sequence star. In the CMD, we also mark the location of the
blend with a green dot. It is important to note that the instru-
mental colour and magnitudes are not precisely scaled, as the

14 T T T T T
RGC V
Source’f.ﬂ:.,-v )
Blend
16 -
L 18 2.
2
—~ |
20 -
22 — —
L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L
0.5 1 1.5 2 2.5 3

VD

Fig. 7. Locations of the source and the centroid of the RGC in the
instrumental CMD of stars in the vicinity of the source. Also marked is
the location of the blend.

calculation of (V —1, I)s g relies only on the offset A(V -1, 1), not
on the absolute calibration of (V —I,1) and (V — I, grgc.

Based on the measured source colour and magnitude, we
then estimated the angular radius of the source. For this, we first
converted V—I colour into V—K colour using the Bessell & Brett
(1988) colour-colour relation and then interpolated the angular
source radius from the Kervella et al. (2004) relation between
V — K and 6,. This yields the angular source radius of

6. = (0.573 £ 0.051) pas. 4)

With the estimated source radius, the angular radius of the Ein-
stein ring was estimated using the relation in Eq. (2) as

(inner solution),

O = )
B (outer solution).

{(0.166 +0.021) mas, (6)

(0.100 + 0.010) mas,

It is important to note that the inner and outer solutions yield
different values of the normalised source radius, which in turn
result in different values of angular Einstein radius. With the
determined value of 6g together with the event timescale, esti-
mated from the light curve modelling, the relative proper motion
between the lens and source is determined as

(inner solution),
(outer solution).

= )

O {(6.59 + 0.82) mas/yr,

- g - (4.01 £ 0.42) mas/yr,

5. Physical lens parameters

The mass (M) and distance (Dy)) of a microlens are constrained
by measuring three lensing observables: g, 8g, and 5. Here the
last observable g denotes the microlens parallax. These observ-
ables are related to M and Dy, by the relations

Ig = %; Op = VKkMn; g = (@)(E),

O J\u
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Fig. 8. Bayesian posteriors for the host mass of the planetary sys-
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lower panels are based on the inner and outer solutions, respectively.
In each panel, the vertical solid line indicates the median value of the
distribution, while the two dotted vertical lines denote the 1o~ range.
The distributions, depicted in blue and red, represent the contributions
from the disc and bulge lens populations, respectively. The black curve
represents the sum of these two contributions.

where k = 4G/(c*AU), me) = m — s = AU(1/Dy — 1/Ds)
is the relative lens-source parallax, Dg represents the distance
to the source, and u denotes the vector of the relative lens-
source proper motion (Gould 2000). For KMT-2024-BLG-1044,
the event timescale and the angular Einstein radius were se-
curely measured, but the microlens parallax could not be de-
termined due to the combination of relatively large photomet-
ric uncertainties in the data and the short duration of the event.
Consequently, we estimated the physical parameters of the lens
through Bayesian analysis, using priors on the mass, location,
and motion of lens objects within the Galaxy, and incorporating
constraints from the measured observables.

In the Bayesian analysis, we first generated a large number
of artificial events through a Monte Carlo simulation. In this sim-
ulation, the lens mass was derived from a mass-function model,
while the distances to the lens and source, as well as the trans-
verse lens-source speed (v, ), were derived from a Galaxy model.
We used the mass function model from Jung et al. (2022) and
the Galaxy model from Jung et al. (2021). In the Galaxy model,
the bulge density profile is represented by a triaxial distribu-
tion, while the disc matter density is described by a double-
exponential distribution. For the stellar and BD mass functions,
the initial mass function from Chabrier (2003) was applied to
the bulge lens population, whereas the present-day mass function
from the same source was used for the disc lens population. With
the assigned physical parameters (M;, Dy ;, Ds;, v, ;) for each ar-
tificial event, we computed the corresponding lensing observ-
ables using the relations tg; = Dy 0/v.i Ogi = (KMimer)'?,
and 7 ; = AU(1/Dy; — 1/Ds;). In the second step, we con-
structed posterior distributions of the lens mass and distance by
imposing a weight to the event of

Wi = exp x). W= (g — 8)’ N
l 2 ) ' o2 (tg)

Here (g, 0g) represent the measured values of the lensing observ-
ables, and [o(tg), 0(fg)] are their measurement uncertainties. In
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Fig. 9. Bayesian posteriors for the distance to the lens. The notations
are same in Fig. 8.

the Bayesian analysis, we imposed an additional constraint, that
the lens flux be less than the blended flux. However, this con-
straint had little effect on the posteriors because the estimated
lens mass is very low.

In Figs. 8 and 9 we present the posterior distributions of the
host mass and distance to the planetary system KMT-2024-BLG-
1044L, respectively. We present two sets of distributions derived
from separate analyses based on the inner and outer solutions, as
these solutions result in substantially different values of 6g. The
estimated masses of the host and planet are

_ {0. 131 fg:é‘gg Mg, (inner solution), (10)
0.069*00% M, (outer solution),
and
Y- {13.68*&57%3 Mg, (inner solution), an
’ 7.75:1&)'23 Mg,  (outer solution),

respectively. Here we set the lower and upper limits of the phys-
ical parameters as the 16th and 84th percentiles of the Bayesian
posteriors. The estimated physical parameters suggest that the
planetary system consists of a host near the boundary between a
star and a BD, with a planet possessing a mass smaller than that
of Uranus. The estimated distance to the planetary system is

6.7119% kpc,
Dy = { -1.04

0.95
7.14%5 42 kpc,

(inner solution),
(12)
(outer solution).

For the inner solution, the relative probabilities suggest a 25%
chance of the lens lying in the disc and a 75% chance in the
bulge. For the outer solution, these probabilities indicate a 17%
chance in the disc versus 83% in the bulge. These probabilities
indicate that the lens is more likely to be located in the bulge.
The contributions from the disc and bulge lens populations were
determined by summing the event rates of individual simulated
microlensing events produced by lenses from each population.

6. Summary and discussion

We analysed microlensing data to understand the nature of the
very short-term anomaly that appeared near the peak of the
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Table 3. Candidate microlensing planetary systems with BD hosts.

Event q tg (days) 6 (mas) g M, M, Reference
MOA-2007-BLG-192 0.0002 70 - 1.5 0.060 M, 3.3 Mg Bennett et al. (2008)
MOA-2011-BLG-262 0.0005 3.87 0.136 - 32 M, 10.5 Mg Bennett et al. (2014)
OGLE-2012-BLG-0358 0.12 25.64 0.29 1.5 0.024 M, 1.82 M; Han et al. (2013)
MOA-2013-BLG-605 0.0035 20 0.48 1.5-3.7 0.15 M, 18 Mg Sumi et al. (2016)

- 0.05M, 6 Mg
OGLE-2015-BLG-1771  0.00538 4.28 0.111 ~04-0.5 0077M, 043 M, Zhang et al. (2020)
0.132 - 0.086 M, 0.40 M;
0.079 - 0.055 M, 2.63 M;
OGLE-2016-BLG-1195  0.000055 10.2 0.28 - 0.078 M, 1.43 Mg Shvartzvald et al. (2017)
KMT-2016-BLG-1820 0.11300 4.81, 0.123 - 0.039 M, 4.57 M; Jung et al. (2018)
KMT-2016-BLG-2142 0.21 5.2/6.1 0.122 - 0.073 M, 1549 M;  Jungetal. (2018)
KMT-2016-BLG-2605 0.0120 3.41 0.116 - 0.064 M, 0.771 My Ryuetal. (2021b)
OGLE-2017-BLG-1522  0.016 7.53 0.065 - 0.045 M, 0.75 M; Jung et al. (2018)
KMT-2018-BLG-0748 0.0120 4.38 0.111 - 0.087 M, 0.19 M; Han et al. (2020)
OGLE-2018-BLG-0677  0.000079 4.94 >0.049 - 0.12 M, 3.96 Mg Herrera-Martin et al. (2020)
KMT-2021-BLG-0371 0.079 6.53 0.135 - 0.09 M, 7.70 My Kim et al. (2021b)
KMT-2021-BLG-1554 0.0014 5.1 0.10 - 0.08 M, 0.12 M; Han et al. (2022)
KMT-2024-BLG-1044 0.00031 9.1 0.166 - 0.13 M, 13.7 Mg This work
0.00034 0.100 - 0.07 M, 7.8 Mg
short-timescale microlensing event KMT-2024-BLG-1044. De- o e LIPS e 1
tailed modelling of the light curve confirmed the planetary origin KBIG@:‘*Z °© 0, 09 %008 fi‘?ﬁ o8
of the anomaly and revealed two possible solutions, due an to 10 }00 ° o =
inner—outer degeneracy. The measured planet-to-host mass ratio F B S ]
is 3.1 x 10* according to the inner solution and 3.4 x 10* accord- [ CoEEE ° ) ]
ing to the outer solution. Using Bayesian analysis, constrained 1L omITISEE Lo o o0 Jupiter |
by both the short event timescale and the small angular Einstein g O;ﬂ:fimosoo & o8 Saturn 1
radius, we have determined that the lens system is a planetary B - "KB;B@'(%; P B
system. The mass estimates derived from this analysis suggest o1 L KBZMSS; i
two possible interpretations for the nature of the host. According = TE =L Uranus
to the inner solution, the host star is likely a low-mass stellar ob- ~ * E . KB24J944° ]
ject. However, the outer solution suggests that the host is a BD, | uBi3s0s | e ° |
with its mass falling into the substellar range. Resolving this de- 0.01 ® MBOTISE® Somisosrr E
generacy between the two possibilities presents significant chal- E ~ omisiios® © 7oL« _Barth 3
lenges, primarily due to the limitations of the photometric data - El ° E
combined with the absence of spectroscopic data. 0.001 ETransit 18 ° =
Moreover, the difficulty is compounded by the current lack E Radial velocity | Mars
of comprehensive knowledge regarding planet formation mech- L Microlensing | o ]
anisms in such systems, particularly for planets orbiting very 0.0001 & | L e
low-mass stars and BDs. Matsuo et al. (2007) pointed out that 0.01 0.05 0.1 05 1 5
additional information, such as the metallicity of the host star, M, (M)

could provide valuable constraints on the formation mechanism.
Specifically, the two dominant models for planet formation, the
core accretion model and the disc instability model, could be
better differentiated with this kind of supplementary data. In the
case of the KMT-2024-BLG-1044L system, however, it remains
difficult to draw a definitive conclusion about the planet forma-
tion mechanism. This is because, while we have estimates for
the masses of both the planet and its host, there is a lack of the
critical additional information — such as host star metallicity —
that would enable us to favour one formation mechanism over
the other. Consequently, our current understanding of the system
is limited, and further data would be required to make a more
robust determination.

The discovery of the planetary system KMT-2024-BLG-
1044L underscores the crucial role played by the microlensing
technique in detecting planets that orbit substellar BDs or very
low-mass stars. This is illustrated in Fig. 10, which depicts the
distribution of extrasolar planets detected using the three major
methods: transit, radial velocity, and microlensing. The data for
the planets in the plot — 1149 transit planets, 195 radial veloc-
ity planets, and 221 microlensing planets with measured masses

Fig. 10. Distribution of extrasolar planets detected using the three major
methods — transit, radial velocity, and microlensing — in the plane of the
host and planet masses. The green shade indicates the region where the
host has a substellar mass. Red-filled dots represent planetary systems
with masses near or below the star-brown dwarf mass threshold. The
position of KMT-2024-BLG-1044L is marked with a triangle.

— were sourced from the NASA Exoplanet Archive. Within this
dataset, there are 15 planetary systems for which the host has a
substellar mass, defined as M;, < 0.8 Mg, or lying around the
star—BD boundary. To investigate the common characteristics of
BD-host planets, we present Table 3, which lists the planet and
host masses, planet-to-host mass ratios, and lensing observables
(tg, 6k, and rg) for these planetary systems. For events with mul-
tiple degenerate solutions, we list the values of M, and M}, that
correspond to the individual solutions. Upon inspecting the lens-
ing observables, we see that these planets can be broadly divided
into two groups depending on how the BD nature of the host
is identified. The first group, which includes MOA-2007-BLG-
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192, OGLE-2012-BLG-0358, and OGLE-2016-BLG-1195, was
identified through the measurement of the large microlens par-
allax. The second group, which includes OGLE-2015-BLG-
1771, KMT-2016-BLG-1820, KMT-2016-BLG-2142, KMT-
2016-BLG-2605, OGLE-2017-BLG-1522, KMT-2018-BLG-
0748, OGLE-2018-BLG-0677, KMT-2021-BLG-0371, KMT-
2021-BLG-1554, and KMT-2024-BLG-1044, was identified pri-
marily through the combination of short event timescales and the
small angular radii of the Einstein rings. Notably, the discovery
of all these planets has been made feasible through the unique
capabilities of the microlensing method, particularly in detecting
dark or faint celestial bodies. This highlights the method’s effec-
tiveness in revealing planetary systems that might otherwise be
challenging to detect using other observational methods.
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