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ABSTRACT

Aims. We have investigated the lensing event KMT-2024-BLG-0404. The light curve of the event exhibited a complex structure with
multiple distinct features, including two prominent caustic spikes, two cusp bumps, and a brief discontinuous feature between the
caustic spikes. While a binary-lens model captured the general anomaly pattern, it could not account for a discontinuous anomaly
feature between the two caustic spikes.

Methods. To explore the origin of the unexplained feature, we conducted more advanced modeling beyond the standard binary-lens
framework. This investigation demonstrated that the previously unexplained anomaly was resolved by introducing an additional lens
component with planetary mass.

Results. The estimated masses of the lens components are M, = 17.3'2° Mg for the planet, and My = 0.090*30%3 M, and
My = 0.026*50%% M, for the binary host stars. Based on these mass estimates, the lens system is identified as a planetary system
where a Uranus-mass planet orbits a binary consisting of a late M dwarf and a brown dwarf. The distance to the planetary system is
estimated to be D, = 7.21*%23 kpc, with an 82% probability that it resides in the Galactic bulge. This discovery represents the ninth

-0.97
planetary system found through microlensing with a planet orbiting a binary host. Notably, it is the first case where the host consists

of both a star and a brown dwarf.

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

1. Introduction

Microlensing is a technique that can detect planets orbiting
around binary stars. Microlensing discoveries of these planets
are possible because both the planetary companion and the bi-
nary companion to the primary lens produce distinct signals.
Consequently, the presence of a planet and the binary nature of
the host can be identified for a fraction of events in which the
source passes through the perturbation region created by both

* leecu@kasi.re.kr

lens companions. Han (2008) was the first to propose the poten-
tial of using the microlensing technique to detect planets in bi-
nary star systems. Since that time, eight microlensing planetary
systems within binaries have been reported.

The first microlensing planet in a binary system was discov-
ered by Gould et al. (2014) through the analysis of the OGLE-
2013-BLG-0341 lensing event. The binary nature of the lens was
recognized from an anomaly near the peak of the event’s light
curve and a small bump that appeared well before the peak. The
planetary signal was detected as a dip in the light curve on the
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rising side of the event. The planet, with a mass approximately
twice that of Earth, is located at a projected separation compa-
rable to the distance between the Earth and the Sun. Its host star
orbits a slightly more massive companion with a projected sepa-
ration of about 10 to 15 AU.

The second microlensing planet in a binary system was dis-
covered through the analysis of the lensing event OGLE-2008-
BLG-092 by Poleski et al. (2014). In this microlensing event,
distinct signals from both the binary stellar and planetary com-
panions to the primary were identified, each explainable by the
light curve of a single-mass object. The planet, which has a mass
approximately four times that of Uranus, orbits a binary system
composed of a K dwarf and an M dwarf.

The third microlensing planet in a binary was identified by
Bennett et al. (2016) through their analysis of the lensing event
OGLE-2007-BLG-349. The peak part of the lensing light curve
in this event clearly indicated a signal from a planet, while
an additional signal hinted at the presence of another lensing
mass. Their analysis provided two plausible model interpreta-
tions: one suggesting two planets orbiting a single star, and the
other proposing a circumbinary planet. The ambiguity between
these models was resolved by detecting excess flux from the bi-
nary lens star system using Hubble Space Telescope imaging.
The planet identified is a gas giant orbiting a pair of M dwarfs.

Han et al. (2017) reported the discovery of the fourth planet
in a binary system through the analysis of the lensing event
OGLE-2016-BLG-0613. The light curve displayed the typical
features of a caustic-crossing binary-lens event, with two caus-
tic spikes and a U-shaped trough between them. However, an
additional short-term, discontinuous feature appeared within the
trough. A detailed analysis uncovered three possible models, all
suggesting that this extra feature was produced by a planetary
companion to the binary lens. The primary star’s mass was most
likely around 0.7 My, and the planet was classified as a super-
Jupiter, although the mass of the binary companion varies de-
pending on the models.

The fifth planetary system, OGLE-2006-BLG-284L, was re-
ported by Bennettet al. (2020) following a detailed analysis
of the microlensing event OGLE-2006-BLG-284. In this event,
the planetary signal appeared as a brief but distinct deviation
from the typical two-spike light curve seen in a caustic-crossing
binary-lens event. A thorough analysis confirmed that this short-
term signal was caused by a planetary companion. The lens sys-
tem consists of a giant planet orbiting a pair of M dwarf stars.
This discovery further highlighted microlensing’s ability to de-
tect planetary companions in binary star systems.

The sixth microlensing planet in a binary system was discov-
ered through the analysis of the lensing light curve of OGLE-
2018-BLG-1700. In this event, the signals from both the stel-
lar and planetary companions overlapped in the central region,
leading to a complex anomaly in the peak region of the light
curve. Han et al. (2020) characterized the triple nature of the lens
by separating the anomaly pattern into two distinct components,
each corresponding to a binary-lens event. One binary lens pair
exhibited a mass ratio of approximately 0.01 between the lens
objects, suggesting the companion is a planet, while the other
had a mass ratio of about 0.3. Through Bayesian analysis, they
estimated the mass of the planetary companion to be around four
times that of Jupiter, with the stellar binary components having
masses of approximately 0.4 My and 0.12 M.

The seventh triple-lens system consisting of a planet and a
binary was identified by Zang et al. (2021) through the analysis
of central anomalies in the lensing event KMT-2020-BLG-0414.
They found that the planet has an extremely low mass, similar
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to that of Earth. From a subsequent followup observation using
Keck Adaptive Optics, Zhang et al. (2024) found that the planet
is hosted by a binary composed of a brown dwarf and a white
dwarf, as evidenced by the non-detection of the lens flux.

The last microlensing planet in a binary stellar system
was discovered by Han et al. (2024) through their analysis of
the lensing event OGLE-2023-BLG-0836. Similar to the event
OGLE-2018-BLG-1700, the anomaly displayed central devia-
tions of complex anomaly pattern that could not be explained
by a binary-lens model. This anomaly could be explained by a
triple lens model in which one member of the lens is a planet.
The planet has a mass of 4.4 times that of Jupiter, and the stel-
lar binary consists of two stars with masses of approximately
0.7 Mg and 0.6 M.

Interpreting the lensing behavior of a planet in a binary
system requires modeling a triple-lens system. The lensing be-
have of triple-lens system was first introduced by Grieger et al.
(1989), who explored the impact of shear caused by a third
body and demonstrated the resulting complexity in the caustic
structure. Rhie (2002) later showed that the lens equation for a
triple-lens system is a two-dimensional vector equation, which
can be embedded into a tenth-order analytic polynomial equa-
tion in one complex variable. Han et al. (2001) demonstrated
that the anomalies induced by multiple planets could be approx-
imated by superimposing the anomalies from individual plan-
ets. The first triple-lens system, OGLE-2006-BLG-109L, con-
sisting of two planets orbiting a low-mass star (Gaudi et al.
2008), was interpreted through this approach. The complexi-
ties of modeling a triple-lens system were thoroughly examined
by Danék & Heyrovsky (2015) and Danék & Heyrovsky (2019).
These complexities were illustrated from the analysis of the lens-
ing event OGLE-2013-BLG-0723, where the lens responsible
for the light curve was initially interpreted as a triple system, in-
cluding a Venus, a brown dwarf, and a star (Udalski et al. 2015),
but later reinterpreted as a rotating binary system (Han et al.
2016).

We conducted a project involving a detailed analysis of
anomalous microlensing events identified by the Korea Mi-
crolensing Telescope Network (KMTNet) survey (Kim et al.
2016). The aim of the project is to investigate events with anoma-
lies in their light curves that cannot be explained by the con-
ventional binary-lens single-source (2L1S) or single-lens binary-
source (1L2S) models. Through this analysis, we identified cases
requiring more advanced modeling beyond the standard 2L 1S or
1L2S frameworks. In most cases, these complex anomalies were
resolved by introducing additional lens or source components.
Previous events with light curves interpreted using four-body
(lens+source) models are listed in Table 1 of Han et al. (2023).
In this paper, we report an additional planet in a binary system,
discovered through a systematic investigation of KMTNet data
from the 2024 season.

2. Observation and data

The planetary system was discovered through a detailed analysis
of the microlensing event KMT-2024-BLG-0404. The KMTNet
group detected this event on April 3, 2024, corresponding to the
abbreviated Heliocentric Julian date HID” = HID — 2460000 =
403. The event’s baseline /-band magnitude was measured at
LIvase = 18.63. The source is located at equatorial coordinates
(RA, DEC)y000 = (18:04:35.30, -27:57:12.60), corresponding to
Galactic coordinates (I, b) = (2°9528, —3°1045). The source lies
in the overlapping region of KMTNet prime fields BLGO3 and
BLG43. However, data from the BLGO3 field were unavailable,
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Fig. 1. Light curve of the lensing event KMT-2024-BLG-0404. The
lower panel presents the overall view, while the upper panel provides
a close-up of the caustic-crossing features. The curve overlaid on the
data points represents the best-fit 2LL1S model, which was derived by
excluding data from the interval 407.5 < HID" < 408.0. In the lower
panel, arrows labeled #,, t,, t3, t4, and 75 mark the positions of specific
anomaly features.

as the source fell into the gap between the four camera chips.
The event was also independently detected and announced on
April 11, 2024 by the Optical Gravitational Lensing Experi-
ment group (OGLE; Udalski et al. 2015), which designated it as
OGLE-2024-BLG-0378.

In our analysis, we utilized combined data from both the
KMTNet and OGLE surveys. KMTNet data were collected us-
ing three identical 1.6-meter telescopes located on three differ-
ent continents in the Southern Hemisphere, allowing for contin-
uous monitoring of microlensing events. These telescopes are
situated at Cerro Tololo Inter-American Observatory in Chile
(KMTC), Siding Spring Observatory in Australia (KMTA), and
South African Astronomical Observatory (KMTS). Each tele-
scope is equipped with a camera covering a 4-square-degree
field of view. Data from the OGLE survey were acquired using
the 1.3-meter Warsaw telescope at Las Campanas Observatory
in Chile, which features a 1.4-square-degree field of view. Both
KMTNet and OGLE primarily observed in the / band, with ap-
proximately 10% of images taken in the V band for source color
measurement.

The reduction of images and photometry for the lensing
event was carried out using automated pipelines specific to each
survey. For the KMTNet survey, image reduction was performed
using the pipeline developed by Albrow et al. (2000), while the
OGLE survey used the pipeline developed by Udalski (2003).
To ensure optimal data quality, we conducted additional photo-
metric analysis on the KMTNet data using a code developed by
Yang et al. (2024). For both data sets, we rescaled the error bars
to match the data scatter and normalized the y? per degree of
freedom to unity, following the procedure described by Yee et al.
(2012).

Table 1. Lensing parameters of the 2L.1S model.

Parameter Value
to (HID') 412.874 + 0.063
Uo 0.2449 + 0.0015
tg (days) 11.265 +0.093
K 1.5537 + 0.0047
q 3.45+0.10
a (rad) 5.6777 = 0.0082
p (1073) 5.02+0.12

Notes. HID’ = HID — 2460000.

3. Light curve analysis

Figure 1 presents the lensing light curve for the event KMT-
2024-BLG-0404, combining data from the OGLE and KMTNet
surveys. The light curve displays a complex pattern with multi-
ple anomaly features. First, the sharp rise and fall at times #, and
14 correspond to a pair of spikes caused by the source crossing a
caustic. Second, the smooth rise and fall at times #; and 5 appear
as bumps, likely due to the source approaching a caustic cusp.
Additionally, a notable feature near #; likely involves a caustic,
as indicated by the abrupt change in magnitude in the data be-
tween HID' = 407.7 and 407.9. In a two-mass lens system, the
caustic forms a closed curve, and in the light curve of a caustic-
crossing 2L 1S event, the region between the two spikes typically
forms a smooth "U"-shaped profile. The discontinuity at #; in the
trough strongly suggests the presence of a third mass in the lens
system.

3.1. Binary lens model

To analyze the caustic-related features, we began with a 2L1S
model analysis of the light curve, aiming to determine the lens-
ing solution — a set of parameters that best explains the observed
light curve. A 2L1S event is characterized by seven fundamen-
tal parameters. Three of these parameters describe the source’s
approach to the lens: #y represents the time of closest approach
of the source to the lens, uq is the projected separation between
the source and the lens at that moment, scaled to the angular
Einstein radius (6g), and fg is the event timescale, defined as the
time it takes for the source to cross 6g. Two additional parame-
ters describe the binary lens: s, the projected separation between
the lens components (M| and M), scaled by 6, and g, the mass
ratio between the two components. The parameter « indicates
the angle of the source’s trajectory relative to the binary axis.
Finally, p, defined as the ratio of the source radius (6,) to the
angular Einstein radius, accounts for finite-source effects, which
lead to magnification attenuation during caustic crossings or ap-
proaches.

The modeling process employed a combination of grid and
downhill methods. Due to the complexity of the y? surface for
the 2L1S lensing parameters, relying solely on a downbhill ap-
proach can be challenging. To tackle this, we conducted mod-
eling with (s, g) as grid parameters, employing multiple starting
values for @, while optimizing the remaining parameters using a
downhill approach. Setting (s, ¢) as grid parameters is also cru-
cial for exploring degenerate solutions, in which similar light
curves may result from solutions with vastly different lensing
parameters. In the downhill approach, we employed a Markov
Chain Monte Carlo (MCMC) algorithm. For the local solutions
identified through this procedure, we subsequently refined the
lensing parameters by allowing them to vary.
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Fig. 2. Lens system configuration corresponding to the best-fit 2L1S
model. The red cuspy closed figure represents the caustic, while the two
blue dots labeled M, and M, denote the positions of the binary-lens
components. The arrowed line illustrates the trajectory of the source.
The four empty circles, scaled to the source size, mark the source po-
sitions along its trajectory at the times corresponding to the anomaly
features at 1y, t5, 4, and #5. The gray curves surrounding the caustic rep-
resent the equi-magnification contours.

The 2L 1S modeling yields a solution that captures the overall
pattern of the anomaly, with the exception of the feature around
t3. Figure 1 displays the model curve corresponding to the 2L1S
solution derived from this analysis. The binary parameters for
this solution are approximately (s, g) ~ (1.6, 3.5), indicating that
the lens is a binary consisting two masses with a projected sep-
aration slightly exceeding the Einstein radius. The event time
scale is tg ~ 11 days. The time scales corresponding to the in-
dividual lens components are given by g = [1/(1 + ¢)]"*tg ~
5.3 days and g, = [g/(1 + ¢)]'%*tg ~ 9.9 days. These rela-
tively short time scales suggest that the masses of the binary lens
components are likely to be small. The complete set of lensing
parameters for the model is provided in Table 1.

Figure 2 illustrates the configuration of the 2L.1S lens sys-
tem, depicting the source trajectory with respect to the lens com-
ponents and the resulting caustic. The lens generates a single res-
onant caustic with six cusps elongated along the binary axis. The
source passes diagonally through the caustic, creating a spike at
1, upon entry and another spike at #4 upon exit. The bumps at #
and 5 occur as the source approaches the upper right and lower
left cusps of the caustic, respectively. In the figure, we mark the
positions of the source at the moments of these major anomaly
features. However, between f, and #4, there is no caustic feature
that could account for the anomaly seen in the lensing light curve
around #3, indicating that the 2L1S model is insufficient to fully
explain all the observed anomaly features.

3.2. Triple lens model

The fact that the discontinuous feature near 3 cannot be ex-
plained by a 2L1S model suggests the presence of an addi-
tional cause for the observed anomaly. We explore two pos-
sible explanations. The first is the existence of an additional
companion to the source, resulting in a system composed
of two lens masses and two source stars (a 2L2S event).
Such configurations have been observed in events like MOA-
2010-BLG-117 (Bennettetal. 2018), KMT-2018-BLG-1743
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Fig. 3. map of Ay” on the log s;—log g3 parameter surface derived from
the triple-lens modeling. The color coding indicates points with Ay? <
Ino (red), < 2no (yellow), < 3no (green), < 4no (cyan), and < Sno
(blue), where n = 4.

(Han et al. 2021a), OGLE-2016-BLG-1003 (Jung et al. 2017),
KMT-2019-BLG-0797 (Hanetal. 2021b), KMT-2021-BLG-
1898 (Hanetal. 2022), OGLE-2018-BLG-0584, and KMT-
2018-BLG-2119 (Han et al. 2023). The second possibility in-
volves an additional companion to the lens, leading to a system
with three lens masses and a single source star (a 3L1S event),
as illustrated by the events discussed in Sect. 1. Given that the
anomaly around #; constitutes a minor perturbation, in the 3L1S
scenario, the lens companion is likely to be a very low-mass ob-
ject, while in the 2L2S scenario, the source companion would
probably be a faint star.

Among the two four-body (lens + source) models tested, we
reject the 2L2S interpretation. The primary reason is that the
2L.1S model leaves both positive and negative residuals in the
data from the night of HID’ = 407, whereas an additional source
can only account for positive deviations. As a result, while the
data point at HID" = 407.92 with a positive deviation could be
explained by a 2L.2S model, the remaining nine points with nega-
tive deviations (one from OGLE and eight from KMTC) cannot.
This is illustrated in Figure 4, which presents the best-fit 2L2S
model and its residuals. Given that the time interval between the
two caustic spikes at #, and #4 is relatively short (approximately
4 days) and that all features except for the one around #,; are well
described by a static model, the anomaly near #3 is not attributed
to lens or source orbital motion.

The 3L1S modeling was conducted in two phases. In the first
phase, we performed a grid search focused on the parameters re-
lated to the third lens mass (M3), while keeping the parameters
for the other two lens masses fixed to the values determined from
the 2L1S modeling. The three parameters for M3 are (s3,g3),
which represent the projected separation and mass ratio between
M3 and M, and ¢, which indicates the orientation of M3 rela-
tive to the M;—M, axis. This method is viable because the 2LL1S
model well describes the overall light curve pattern, allowing
the anomaly near #; to be treated as a perturbation. In the second
phase, we refined the lensing parameters for the local solutions
identified from the y? surface of the grid search.

Figure 3 shows the Ay? map on the log s3—log g3 plane, re-
vealing a distinct local minimum. The complete set of lens-
ing parameters for the refined 3L1S model is listed in Table 2.
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Fig. 4. Comparison of the models (2L1S, 2L.2S, and 3L1S) in the region
around caustic spikes. The lower panels show the residuals from the
models.
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The parameters for the second lens component remain nearly
identical to those of the 2L.1S model, indicating that the third
mass causes only a small perturbation to the lensing system.
The derived parameters for the third mass are approximately
(s3,93) ~ (0.63,1.9 x 1073), suggesting that the third body is a
planetary-mass object located within the Einstein ring of the host
binary. The planet is positioned between the two binary compo-
nents, with an orientation angle of -17.48 degrees measured at
the location of M relative to the M;—M, axis.

Figure 4 shows the model curve for the 3L1S solution in
the region around the two caustic spikes. For comparison, the
2L1S model curve is also displayed (dotted line). It shows that
the 3L1S model well describes the anomaly feature around t3,
which could not be explained by the 2L.1S model. The lens sys-
tem configuration for the 3L1S solution is illustrated in Figure 5.
The configuration appears similar to that of the 2L1S solution,
as expected from the similarity in lensing parameters, except for
those related to M3. The third lens component generates a small
caustic that distorts the upper fold of the main caustic induced
by the binary. The planet-induced caustic resembles a pair of pe-
ripheral caustics created by a planet with a separation less than
the Einstein radius (Han 20006). In this case, the region between
the pair of peripheral caustics exhibits negative deviations. The
observed negative deviations around #3 occurred as the source
passed through this area.

To illustrate the correlations among the lensing parameters,
we present scatter plots of the MCMC chain points for the 2L1S
and 3L1S models in Figures A.1 and A.2, respectively.

4. Source star and angular Einstein radius

We specify the source star of the event by measuring its dered-
dened color and magnitude. Specifying the source star is crucial
not only for fully characterizing the event, including the source,
but also for measuring the angular Einstein radius. The Einstein
radius is estimated as

ey

where the angular source radius (6.) is inferred from the color
and magnitude, and the normalized source radius is obtained

KMT-2024-BLG-0404L

T \
06 - 3L1S 0.12 [ 77T =
0.4 - .
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Fig. 5. Lens system configuration for the 3L1S model. Notations are
same as those in Fig. 2. The inset presents a close-up of the area sur-
rounding the planet-induced caustics. In comparison to the configura-
tion shown in Fig. 2, the position of the third lens component (M3) and
the source position at time #; are additionally indicated.

Table 2. Lensing parameters of the 3L1S model.

Parameter Value
to (HID') 413.074 + 0.069
Uo 0.2409 + 0.0017
tg (days) 11.243 +0.093
) 1.5681 + 0.0051
q> 3.46+0.12
a (rad) 5.7028 + 0.0095
53 0.6253 + 0.0081
g3 (107%) 1.93+0.14
Y (rad) —0.3051 = 0.0067
p (1073) 4.69 +0.14

from the modeling. For KMT-2024-BLG-0404, the value of p
was measured from the analysis of the data during caustic cross-
ings at fp, 13, and #4.

In order to estimate the reddening-corrected source color and
magnitude, (V — I, 1)y, from its instrumental values, (V — I, 1),
we used the Yoo et al. (2004) method, which utilizes the cen-
troid of red giant clump (RGC) in the color-magnitude (CMD)
as a reference for calibration (Rattenbury 2007). According to
the method, we first measured (V — I, I) by regressing the V and
I-band photometry data processed using the pyDIA photometry
code (Albrow et al. 2017) with respect to the model light curve.
We then positioned the source in the instrumental CMD, con-
structed using the same pyDIA code, for stars located near the
source in the KMTC image. The dereddened values of the source
color and magnitude were then estimated as
(V—IL1Io=(~-1I,Drcco+ AV -LI), (2)
where (V -1, Irgc,o denote the dereddened color and magnitude
of the RGC centroid and A(V — I, I) denote the offsets in color
and magnitude of the source from the RGC centroid.

Figure 6 shows the positions of both the source and the RGC
centroid in the CMD of stars located near the source. The mea-
sured instrumental color and magnitude of the source are
(V-1,1)=(1.919 £ 0.028, 19.877 £ 0.012), 3)
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Fig. 6. Positions of the source and the centroid of red giant clump
(RGC) in the instrumental CMD of stars lying near the source.

and for the RGC centroid,
(V—=1,Drce = (2.179,15.716). %)

With the offsets A(V-1,1) = (-0.260,4.161) and the dereddened
values for the RGC centroid, (V — I, )rcco = (1.060, 14.606)
(Bensby et al. 2013; Nataf et al. 2013), the estimated dereddened
color and magnitude of the source are

(V—-11) = (0.800 £ 0.049, 18.767 + 0.023). 5)

These values suggest that the source is a late G-type main-
sequence star located in the Galactic bulge.

Using the measured color and magnitude, the angular radius
of the source was determined based on the Kervella et al. (2004)
relation. Because this relation provides a relation between (V —
K, V) and 6., we converted the measured V — I colorinto V — K
using the color-color relation from Bessell & Brett (1988). The
angular source radius estimated from this procedure is

0. = (0.614 + 0.052) uas. (6)

Combining the measured normalized source radius with the an-
gular source radius yields an angular Einstein radius of

0 = (0.129 + 0.012) mas. @)

Using this, along with the measured event timescale, the relative
lens-source proper motion is calculated as

6,
U= TE = (4.20 + 0.38) mas/yr.
E

(®)

The Einstein radii corresponding to the individual lens com-
ponents M; and M, are 6g; = [1/(1 + q)]1/295 ~ 0.06 mas
and 6g> = [g/(1 + ¢)]"*6g ~ 0.11 mas, respectively. These
values are notably smaller than the typical Einstein radius of
around 0.5 mas, which is commonly observed in lensing events
caused by an M dwarf with a mass of approximately 0.3 M, lo-
cated midway between the observer and the source. Moreover,
they align with the short event timescales, fg; ~ 5.3 days and
g ~ 9.9 days.
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Fig. 7. Bayesian posteriors for the mass of the heaviest lens component
(M,), distances to the lens and source (Dy and Ds). In each distribution,
the solid vertical line represents the median value, while the 10~ uncer-
tainty range is indicated by two dotted lines. The curves shown in blue
and red represent the contributions from the disk and bulge lens popu-
lations, respectively, while the black line denotes the combined contri-
bution of both populations.

5. Physical lens parameters

We estimate the physical parameters of the lens mass (M) and
the distance to the planetary system (D) based on the con-
straints provided by the lensing observables, specifically the
event timescale and the angular Einstein radius. These observ-
ables are related to M and Dy, through the relations

6
= E. O = \VKMm.

Ig=—;
u
Here k = 4G/(c*AU), m,qs = AU(1/DL — 1/Ds) represents the
relative lens-source parallax, and Dy is the distance to the source.
In addition to these observables, the physical lens parameters can
be further constrained by the microlens parallax (ng), which can
be measured from the deviations in the light curve caused by
Earth’s orbital motion around the Sun (Gould 1992). However,
for KMT-2024-BLG-0404, this additional lensing observable of
the microlens parallax could not be measured due to the event’s
short timescale.

We determined the physical lens parameters through a
Bayesian analysis. In the first step of this analysis, we gener-
ated a large sample of artificial lensing events (6 x 10°) using a
Monte Carlo simulation. In this simulation, the lens mass was in-
ferred from a model mass function, and the distances to the lens
and source, along with their relative proper motion, were de-
rived from a Galaxy model. For the mass function, we adopted
the model from Jung et al. (2021), and for the Galaxy model,
we used the Jung et al. (2021) model. For each artificial event,

©)



Cheongho Han et al.: KMT-2024-BLG-0404L

we computed the lensing observables #g; and 6g; correspond-

ing to the physical lens parameters using the relations in Eq. (9).

The Bayesian posteriors for the lens mass and distance were then

constructed by imposing a weight w; to each artificial event. The

weight is computed by

Wi = exp (_)(_,2) V= (tg — 18,) N (tg — 6k,)°
‘ 2) o(0e)

ote) o

where (fg, fg) and represent the measured values of the observ-
ables and [(o(tg), 0(6g))] denote their uncertainties.

The Bayesian posteriors for the lens mass and the distances
to both the lens and the source are shown in Figure 7. We also
present the posterior for the source distance to show the relative
positions of the lens and source. It should be noted that the mass
posterior corresponds to the most massive lens component, M>.
The estimated masses of the lens components are:

M =0.026"001% Mo,
M, = 0.090*3433 Mo, and
M5 =17.3*5% M.

1)

Here the median was selected as the central value, with the 16th
and 84th percentiles of the posterior distribution used to define
the lower and upper uncertainty bounds, respectively. Based on
the estimated masses of the lens components, the system is iden-
tified as a planetary system in which a Neptune-mass planet or-
bits within a binary consisting of a late M dwarf and a brown
dwarf. The estimated distance to the lens is

Dy = 7.217%98 kpe. (12)

-0.97

The planetary system is most likely located in the bulge, with
an 82% probability. The projected separation between the bi-

nary components (M and M>)isa,» = 0.85f8:{} AU, while the

planet is located at a separation of a, 3 = 0.34*00! AU from M;.
To ensure dynamical stability in the system, the planet should
orbit only one of the host stars, and the separation between the
binary components must be considerably greater than the dis-
tance from the planet to its host. This implies that the similarity

between a, » and a, 3 is likely due to the projection effect.

6. Summary and conclusion

We have reported the discovery of a new planetary system based
on the analysis of the lensing event KMT-2024-BLG-0404. The
light curve of this event exhibited a complex structure with five
distinct features, including two prominent caustic spikes. While
a binary-lens model captured the general anomaly pattern, it
could not account for a discontinuous anomaly between the two
caustic spikes. This remaining anomaly was successfully ac-
counted for by introducing an additional lens component with
a planetary mass. Based on the estimated masses of the lens-
ing components, we identified the system as a planetary system
in which a Neptune-mass planet orbits a binary composed of a
late M dwarf and a brown dwarf. This discovery marks the ninth
planetary system detected through microlensing where a planet
orbits a binary host, and it is the first instance where the host
consists of a brown dwarf and a star.

The detection of planet in a binary system with a brown
dwarf component is scientifically important because it provides
valuable insights into planetary formation and dynamics for sev-
eral reasons. First, these systems challenge traditional planet for-
mation theories, such as core accretion and disk instability, since

brown dwarfs may have limited material available for planet for-
mation in their disks. As a result, they present unique environ-
ments to evaluate whether planets can form through standard
processes or if alternative mechanisms are required in systems
with low-mass stars or substellar objects. Second, discovering
such planets enhances our understanding of the types of objects
that can host planets, contributing to the diversity of known plan-
etary systems. Finally, the presence of a brown dwarf alongside a
planetary system in a binary configuration creates a natural lab-
oratory for studying complex gravitational dynamics, including
orbital resonances, planet-disk interactions, and potential inter-
actions between planets and stars.

Planets in binary systems, especially those with brown dwarf
companions, are extremely rare. The discovery of KMT-2024-
BLG-0404L marks the first instance of such a planet iden-
tified through microlensing. Several analogous systems have
been found using radial velocity and direct imaging tech-
niques, including HD 41004 (Zucker et al. 2003, 2004), Gliese
229 (Nakajima et al. 1995; Tuomi et al. 2014), and HD 3651
(Fischer et al. 2003; Mugrauer et al. 2006) through radial veloc-
ity, as well as 2MASS J0441+2301 (Todorov et al. 2010) via
direct imaging. Given the scarcity of these planetary systems,
each new discovery significantly enriches the limited sample of
known examples. Traditional detection methods like transit or
radial velocity often struggle to identify brown dwarfs and plan-
ets in binary systems due to their faintness and low masses.
However, microlensing has proven effective in detecting plan-
ets within these environments, broadening the scope of plan-
etary systems that can be investigated. These findings demon-
strate that planet formation can occur in previously overlooked
settings, providing greater insights into the universality of the
planet formation process.
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Fig. A.1. Scatter plot of points in the MCMC chain for the 2L 1S model.
Colors are set to represent points within 1o (red), 20 (yellow), 30
(green), 40" (cyan), and 50 (blue).

Appendix A: Scatter plots of MCMC chain points

Figures A.l1 and A.2 display the scatter plots of the Markov
Chain Monte Carlo (MCMC) chain points corresponding to the
2L1S and 3L1S lensing models, respectively. These figures are
constructed to illustrate how the lensing parameters are dis-
tributed throughout the MCMC chains and to highlight the de-
gree of correlation among the parameters within each model. In
particular, the scatter plots reveal the parameter degeneracies and
the structure of the uncertainties in the multi-dimensional pa-
rameter space, providing insight into the nature of the solutions
obtained for each model.
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Fig. A.2. Scatter plot of MCMC chain points for the 3L1S model. Col-
ors of points are same as those in Fig. A.1.
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