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ABSTRACT

We report a free-floating planet (FFP) candidate identified from the analy-

sis of the microlensing event KMT-2023-BLG-2669. The lensing light curve is

characterized by a short duration (. 3 days) and a small amplitude (. 0.7mag).

From the analysis, we find the Einstein timescale of tE ⋍ 0.33 days and the Ein-

stein radius of θE ⋍ 4.41µas. These measurements enable us to infer the lens

mass as M = 8M⊕(πrel/0.1mas)−1, where πrel is the relative lens-source paral-

lax. The inference implies that the lens is a sub-Neptune- to Saturn-mass object
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depending on its unknown distance. This is the ninth isolated planetary-mass

microlens with θE < 10µas, which (as shown by Gould et al. 2022) is a useful

threshold for a FFP candidate. We conduct extensive searches for possible sig-

nals of a host star in the light curve, but find no strong evidence for the host. We

investigate the possibility of using late-time high-resolution imaging to probe for

possible hosts. In particular, we discuss that for the case of finite-source point-

lens FFP candidates, it would be possible to search for very wide separation hosts

immediately, although such searches are “high-risk, high-reward”.

Subject headings: gravitational microlensing exoplanet detection

1. Introduction

In general, free-floating planets (FFPs) refer to planetary-mass objects that are grav-

itationally unbound to any host. These objects can be formed in protoplanetary disks,

like conventional planets, and subsequently ejected by various mechanisms. These ejec-

tion processes include dynamical interactions between planets (e.g., Rasio & Ford 1996;

Weidenschilling & Marzari 1996; Chatterjee et al. 2008), ejections from systems hosting mul-

tiple stars (e.g., Kaib et al. 2013), encounters with passing stars (e.g., Malmberg et al. 2011),

dynamical interactions within stellar clusters (e.g., Spurzem et al. 2009), or the evolutionary

change of the host star after the main-sequence phase (e.g., Veras et al. 2011).

It is suggested that the majority of planets ejected from their parent systems are

terrestrial-mass planets. This is because orbits of inner low-mass planets are more likely

to be disrupted by ejection processes, especially by interactions between low- and high-mass

(giant) planets. For example, Ma et al. (2016) found that from population synthesis cal-

culations, typical masses of ejected planets are in the range of 0.3 − 1.0M⊕. In addition,

most of planet ejections occur around massive (FGK-type) stars due to their high probabil-

ity to host giant planets. Barclay et al. (2017) reached a similar conclusion using N-body

simulations designed for understanding the formation of terrestrial planets around solar-type

stars. They found that in such systems, a substantial fraction of protoplanetary materials,

including Mars-mass objects, can be ejected in the presence of giant planets.

Free-floating planets can also be formed by gravitational collapse of gas clouds, following

a process similar to that of star formation. It is suggested that these processes can extend

down to 1 − 4MJ (Whitworth & Stamatellos 2006). FFPs may also originate from small

molecular cloudlets found in H II regions. However, it remains uncertain whether these

small clouds can contract (Grenman & Gahm 2014).
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It would be of theoretical interest to distinguish between FFPs that formed in pro-

toplanetary disks, and those formed by gravitational collapse. This can only be achieved

statistically and requires a method that can detect FFPs with a wide range of masses, in-

cluding those with M < MJ that are nearly impossible to be identified with direct imaging.

This implies that gravitational microlensing is the only currently available technique for

conducting such studies, because it does not rely on detection of photons from a lensing

object.

A microlensing event occurs when a foreground object (lens) is aligned with a back-

ground star (source). The gravitational field of the lens then distorts and magnifies the light

from the source, resulting in a transient increase of the source brightness to an observer.

The duration of this brightening, known as the Einstein timescale tE, relies on the angular

Einstein radius θE and the relative lens-source proper motion µrel:

tE =
θE
µrel

; θE ≡
√

κMπrel, (1)

where M is the lens mass, κ = 4G/(c2 au) = 8.14mas/M⊙, and πrel = 1 au(D−1
L − D−1

S )

is the relative lens-source parallax. Here, DS and DL are, respectively, the source and the

lens distances. As tE ∝ M1/2, one would expect that microlensing events caused by FFPs

are characterized by short timescales (tE . 2 days). However, it is also possible that short

timescales are caused by unusually large lens-source proper motions.

In the cases for which the lens transits, or comes very close to the source, the source size

causes deviations in the light curve (Gould 1994; Witt & Mao 1994; Nemiroff & Wickramasinghe

1994) relative to its standard point-source/point-lens (PSPL) curve (Paczyński 1986). These

finite-source effects make it possible to measure θE, which can provide an additional con-

straint on the lens mass by removing the uncertainty in µrel. It is expected that many mi-

crolensing events by planetary-mass lenses will show strong finite-source effects, because an-

gular radii of sources roughly corresponds to angular Einstein radii of lenses (Bennett & Rhie

1996). That is, ρ = θ∗/θE ≈ 1, where ρ is the normalized source radius and θ∗ is the angular

source radius. Strong finite-source effects extend the duration of an event, in particular

for ρ > 1, which facilitates the detection of giant source events. This suggests that a

promising way to detect FFP candidates is to monitor microlensing events on giant-source

stars (Kim et al. 2021; Gould et al. 2022). The direct lens-mass measurement also requires

information on the relative lens-source parallax, but it is difficult to measure πrel for short-

timescale events (Gould & Yee 2013).

So far, only eight short-timescale finite-source/point-lens (FSPL) events have been iden-

tified (Mróz et al. 2018, 2019a, 2020a,b; Ryu et al. 2021; Kim et al. 2021; Koshimoto et al.

2023). All of their source stars are red giants with the exception of the turn-off star for MOA-
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9y-5919. In addition, all of these events have θE < 10µas, which is a useful threshold for FFP

candidates as shown in Figure 4 of Gould et al. (2022). These small θE measurements suggest

that the lenses are likely to be free-floating and/or wide-orbit planets, because microlens-

ing observations alone cannot definitely rule out the existence of a distant companion star.

These planetary-mass objects, combined with statistical studies based on short-timescale

events (Sumi et al. 2011; Mróz et al. 2017) and based on FSPL events (Gould et al. 2022;

Sumi et al. 2023), support the presence of a large population of FFPs and/or wide-orbit

planets.

Here we present the discovery of a ninth FFP candidate, KMT-2023-BLG-2669, with

the measurement of θE ⋍ 4.41µas. Similar to seven of the eight previous candidates, the

source being lensed is a red giant in the Galactic bulge with θ∗ ⋍ 6.21µas.

2. Observations

KMT-2023-BLG-2669 occurred at equatorial coordinates of (R.A.,, decl.)J2000 =(17:44:59.43,

−32:49:30.65), corresponding to (l, b) = (−3◦.39,−1◦.91). The event was found by the Korea

Microlensing Telescope Network (KMTNet; Kim et al. 2016). This survey operates three

1.6m telescopes with 2◦ × 2◦ cameras, which are located at the Siding Spring Observatory

(KMTA), the South African Astronomical Observatory (KMTS), and the Cerro Tololo Inter-

American Observatory (KMTC). The event was in KMTNet field BLG 17, monitored with

a cadence of Γ = 1 hr−1. KMTNet observations were taken in the I band, with a subset of

V -band observations to measure the source color. These observations were initially reduced

using the pySIS package (Albrow et al. 2009), which employs the difference image analysis

(DIA) technique (Tomaney & Crotts 1996; Alard & Lupton 1998).

The event was noticed as a FFP candidate in 2024 March from the investigation of all

events identified by the KMTNet EventFinder (Kim et al. 2018), which also included the

first discovery of KMT-2023-BLG-2669. For the light curve analysis, the data were then

reprocessed using the updated pySIS package developed by Yang et al. (2024). We excluded

KMTC observations, because they did not cover the magnified part of the light curve and

therefore do not play a role in constraining the model.

3. Light Curve Analysis

Figure 1 shows the data sets obtained from the two observatories (KMTS and KMTA).

They show clear deviations from a standard PSPL fit, whose geometry is defined by three

parameters (t0, u0, tE), where t0 is the time of maximal magnification and u0 is the impact

parameter (normalized to θE). These deviations can be well explained by the FSPL model,

which introduces ρ as a fourth parameter. For each observatory, there are two additional
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parameters that describe the source (fS) and blended (fB) flux. To account for the source

brightness profile, we adopt a linear limb-darkening profile with ΓI = 0.53 from the source

type (clump giant) estimated in Section 4. In this modeling, the FSPL magnifications are

calculated using inverse ray-shooting, and the fit parameters are estimated using the Markov

chain Monte Carlo (MCMC) technique.

We fit two models to the light curve, one with a free blended flux fB and the other

with fixed fB = 0. The fit parameters are given in Table 1. Our results show that the two

models are consistent within 1 σ, and the model with fB = 0 is disfavored by only ∆χ2 = 0.7.

Hence, the χ2 difference is perfectly consistent with statistical noise. Moreover, as discussed

by Mróz et al. (2019b), the blending fractions η = fB/(fS+fB) for clump giant stars exhibit

a bimodal distribution with values close to zero and 1. That is, either the observed flux

originates from the source (η ∼ 0) or the flux is dominated by the blend (η ∼ 1). Because

the two models are all consistent with η ∼ 0, we adopt the fixed fB = 0 solution.

Our FSPL results suggest that KMT-2023-BLG-2669 appears to be a very low-mass

lens, i.e., an FFP candidate. However, if the lens has a host at wide separation, the host

may leave a faint signal of its presence in the light curve. To search for such signals, we also

fit the light curve using binary-lens/single-source (2L1S) models.

In our 2L1S search, we follow the procedures presented in Kim et al. (2021). We in-

troduce three binary-lens parameters to the FSPL solution (s, q, α), i.e., the host-planet

separation, the host/planet mass ratio, and the source trajectory angle relative to the host-

planet axis. The four parameters (u0, tE, ρ, s) are then scaled to the binary-lens (host+planet)

Einstein radius. The coordinate system is centered on the planetary caustic, so that t0 is

consistent with the value listed in Table 1. With these configurations, we define a grid in the

binary-lens parameters and run separate MCMC chains with (s, q) held fixed at each grid

point. After identifying the local solutions, we then refine the fits using the MCMC, but this

time all fit parameters are optimized.

We find no 2L1S solutions with significant χ2 improvement. As shown in Table 2,

we find two degenerate solutions (Local A and B) differing by ∆χ2 = 3.7. In both solu-

tions, however, the binary-lens parameters are weakly constrained and the fit improvement

is insignificant. In particular, the best-fit solution (Local B) is preferred over the FSPL

(fB = 0) solution by only ∆χ2 = 4.7 with four extra degrees of freedom (s, q, α, fB). If we

assume perfect Gaussian statistics, this low-level improvement would have a significance of

just p = (1 + ∆χ2/2) exp(−∆χ2/2) = 32%. In addition, the blended flux for the best-fit

solution is negative with the value corresponding to a ∼ 17mag star. Although this solution

is mathematically possible (from the fitting process), the negative blending is too large to be

caused by normal background fluctuations. Moreover, the best-fit solution is preferred over
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the solution with fB = 0 only by ∆χ2 = 1.2. Similar to our FSPL results, this low-level χ2

difference with the large flux errors implies that the negative blending is caused by statisti-

cal noise or low-level systematics in the data sets (e.g., Smith et al. 2007). We note that we

formally allow fB < 0 to avoid a systematic bias in the fit parameters. For the other 2L1S

solution (Local A), the source envelops both the planetary and the central caustics, and the

caustic signatures are washed out by the strong finite-source effect. This implies that the

Local A solution is unlikely because it is essentially identical to the FSPL solution, but with

an extra object.

4. Physical Parameters

4.1. Source Star

With the measured ρ, we estimate θE = θ∗/ρ and µrel = θE/tE. For this, we first

estimate θ∗ using the Yoo et al. (2004) method of finding the offset between the source and

the giant clump (GC) in the color-magnitude diagram (CMD). Typically, the source color is

determined from observations in two different bands, achieved by fitting both data sets to

the same model or through regression. However, this approach is not feasible in the present

case due to the lack of color observations during the event.

Instead, we adopt the color of the baseline object as the source color, given the absence

of evidence for blending as shown in Table 1. In Figure 2, we show the positions of the source

[(V −I, I)S = (3.71±0.09, 17.96±0.01)] and the GC [(V −I, I)GC = (3.78±0.03, 18.29±0.02)]

on the KMTS CMD of stars within 4′ of the event. With the measured offset ∆(V − I, I) =

(−0.07,−0.33), we estimate the de-reddened source position by

(V − I, I)S,0 = (V − I, I)GC,0 +∆(V − I, I), (2)

where (V−I, I)GC,0 = (1.06, 14.59) is the known de-reddened position of the GC (Bensby et al.

2013; Nataf et al. 2013). We obtain (V −I, I)S,0 = (0.99±0.09, 14.26±0.03), which suggests

that the source is a K-type red giant.

Despite the bright nature of the source, the uncertainty in (V − I)S,0 is relatively large

due to heavy extinction (AI ∼ 3.7) toward the event direction. To derive a more precise

measurement for the source color, we also find the baseline object (and hence the source) and

the GC in the (J −H, J) CMD from the VISTA Variables in the Via Lactea (VVV) survey

(Minniti et al. 2023). As shown in Figure 3, we find (J − H, J)S = (1.12 ± 0.03, 14.94 ±

0.02) and (J − H, J)GC = (1.16 ± 0.02, 15.21 ± 0.02). Using the color-color relations of

Bessell & Brett (1988) and Equation (2), we then obtain (V −I, I)S,0 = (0.99±0.04, 14.26±

0.03). The central values are identical to those obtained from the KMTS, but (V − I)S,0 is

more precisely constrained. Hence, we adopt this color estimate as the source color.
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We then find [(V −K), K]S,0 using again the relations of Bessell & Brett (1988). Subse-

quently, we use color/surface-brightness relations of Kervella et al. (2004), and finally obtain,

θ∗ = 6.21± 0.38µas, (3)

where we add, in quadrature, 5% error to θ∗ to address systematic errors (including the

adoption of fB = 0) in the overall processes. From the fB = 0 solution listed in Table 1, we

then find

θE = 4.41± 0.29µas, µrel = 4.82± 0.31mas yr−1. (4)

We note that the blended flux can affect the measurements of θE only if the source color has

been incorrectly estimated (Mróz et al. 2020a; Kim et al. 2021). That is, if the color had

been determined from regression during the event, then even if the blending were different

from what we have assumed, it would not significantly affect the estimate of θE. However,

in our case, the color was estimated from the baseline object, so that if there is (contrary to

our arguments) substantial blending, the color estimate could be incorrect and this would

affect θE.

4.2. Proper Motion of the Source

Because the source is bright and the blended flux is negligible, it is possible to consider

the proper motion of the baseline object µbase as that of the source µS. This enables us

to estimate µS from the third Gaia data release (DR3; Gaia Collaboration 2023). Figure 4

shows DR3 proper motions of stars within 5′ of the event. Red dots correspond to red giant

stars (which represent the bulge population), while main-sequence stars (which represent the

disk population) are marked in blue. The source proper motion in Galactic coordinates is

µS(l, b) = (−8.04,−4.38)± (0.39, 0.37)masyr−1. (5)

In Table 3, we present the astrometric parameters for the source star from the second Gaia

data release (DR2; Gaia Collaboration 2018) and DR3. We note that the renormalized unit

weight error (RUWE) of this measurement is 0.986, implying that the scatter with respect

to the 5-parameter astrometric solution is perfectly consistent with the measurement errors.

That is, there is no evidence for astrometric systematic effects. The measurements of µrel

and µS indicate that the lens proper motion µL is located near the black dashed circle in

Figure 4 and is about equally likely to be located in either the disk or the bulge.

4.3. Constraints on the Host Star

Given that the light curve does not show strong signals for the host, we work to place

a lower limit on the projected separation between the planet and a possible host based
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on the Gaudi & Sackett (2000) method. We define a three-dimensional (101, 61, 37) grid

in the (s, q, α) plane, which is equally spaced over 0 ≤ log s ≤ 2, 0 ≤ log q ≤ 6, and

0 ≤ α ≤ 2π. At each grid, we run MCMC chains with fixed (s, q, α) and calculate the χ2

difference ∆χ2 = χ2
2L1S − χ2

FSPL. For each pair of (s, q), we then estimate the host detection

probability from the fraction of light curves that satisfy ∆χ2 < ∆χ2
thresh. Considering that

the 2L1S solution improves the FSPL fit only by χ2
FSPL−χ2

2L1S = 4.7, we adopt the threshold

of ∆χ2
thresh = 25. From this approach, we find a 90% lower limit on the separation of s = 1.45

for possible lens hosts with log q > 1.7 (see Figure 5). If the lens host is a 0.6M⊙ star, the

lower limit of the planet-host projected separation a⊥ = sθE,hostDL corresponds to 5 au and

3 au for the disk (πrel = 0.1mas) and the bulge (πrel = 0.01mas) lenses, respectively.

5. Prospects to Search for a Host

To date, the hosts of ten 2L1S microlensing planets have been successfully identified

in late-time, high-resolution images. By comparison, not a single one of the 15 FFPs that

have been discovered has yielded a host identification. The search for such FFP hosts is

important because only by ruling out the existence of a host with high-confidence can we

know that the FFP is in fact unbound. On the other hand, if a host is found, then it will

allow us to measure the distance to the FFP, hence an estimate of πrel, and so an estimate of

the FFP mass, M = θ2E/κπrel, as well as the projected separation of this wide-orbit planet.

Note that even when (contrary to the present case) θE is not measured from the event, it can

still be determined by measuring the host-source relative proper motion µrel from late-time

astrometry, thus yielding the mass (Refsdal 1964; Gould et al. 2024)

M =
θ2E
κπrel

=
(µreltE)

2

κπrel
, (6)

where tE is the Einstein timescale of the FFP.

At the suggestion of the referee, we present here our analysis of the prospects for iden-

tifying (or ruling out) a host of KMT-2023-BLG-2669 in the context of the general problem

of identifying hosts for both 2L1S and FFP planets. To our knowledge, such an integrated

appraisal has not previously been given.

5.1. History of 2L1S Host Identifications

We begin with the published searches for 2L1S hosts. Table 4 summarizes the informa-

tion derived from a total of 25 published attempted observations of a total of twelve 2L1S

lenses. It gives the name of the event, the year of observation, the telescope and passband

used to observe it, the apparent magnitudes of the source (mS) and lens (mL), the contrast
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ratio C = 100.4|mS−mL|, the angular lens-source separation ∆θ, and the publication reference.

Figure 6 plots the contrast ratio C against the separation ∆θ, and it also identifies the

telescope and passband (Keck K, Keck H , HST I, or HST V ) by color.

One important “pattern” is that all but one of the events occurred more than a decade

ago, despite the fact that the total number of published planets has increased by a factor of

> 7 in that decade. The reason is that it generally takes a long time for the source and lens

to separate sufficiently to resolve the two, given present technology. In particular, in a 2L1S

event, the host is known to be very close to the source at the time of the event, typically

∆θ . 1mas, so that it is clearly impossible to separately resolve the host and the source at

that time. This may appear to be an obvious point but it will play an important role.

The second “pattern” is that, as one would expect, larger separation permits detections

at higher contrast ratio. That is, Figure 6 shows an upper envelope of increasing contrast

ratio with increasing separation. There appear to be three exceptions to this pattern, OGLE-

2016-BLG-1195 and the HST V -band observations of MOA-2008-BLG-379 and OGLE-2012-

BLG-0950, each of which has an anomalously high contrast ratio for its separation. However,

Gould et al. (2023) showed that for OGLE-2016-BLG-1195, the high-contrast star identified

by Vandorou et al. (2023) is not actually the lens because they misidentified the source star

of the underlying microlensing event. For the HST V -band observation of MOA-2008-BLG-

379, the measured lens flux based on the coordinate transformation between HST and Keck

images is highly uncertain (fHST,V,L = 50 ± 42) and the lens magnitude is only marginally

detected at ∼ 1σ significance (Bennett et al. 2024). Regarding the HST V -band observation

of OGLE-2012-BLG-0950, it is a real detection, which does confirm the HST I-band and

Keck K-band observations that are shown at similar separations in Figure 6. However, when

this detection is considered by itself (Figure 2b of Bhattacharya et al. 2018), the 68% error

contour spans a factor 2 in lens flux and a factor 1.4 in separation. Hence, it is not clear that

it would have been considered a reliable detection without “prior knowledge” from other

observations.

5.2. History of FFP Host Searches

To date, the only published search for FFP hosts is the one carried out by Mróz et al.

(2024), who did late-time Keck H-band imaging of the six FFPs that had been discovered

by Mróz et al. (2017). These were taken 6.0 to 10.1 years after the events.

Before continuing, we point out that because all six of these FFPs were PSPL events,

none had measurements of θE (or µrel = θE/tE). This fact will become important when we
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discuss the problem of verifying FFP hosts in Section 5.3, which in turn impacts the decision

of when to take the first high-resolution observation.

The astronomical techniques to search for FFP hosts are essentially identical to the

ones described above for 2L1S hosts, but the physics can be substantially different. The key

point is that for 2L1S events (as mentioned above) one knows for a fact that ∆θ . 1mas at

the time of the event (t = t0), so there is no point in searching for hosts immediately. By

contrast, for FFP events, one has no idea whether ∆θ . 1mas (as above), ∆θ ∼ 40mas,

∆θ ∼ 100mas, or ∆θ → ∞ (unbound FFP). In the first case, one must wait for the host

and source to separate (just as for 2L1S). In the fourth case, one will never find the host

regardless of how long one waits. However, consider Figure 6. In either the second or third

case (wide-orbit planet), the host will be separated from the source at t0. Therefore, it is

potentially detectable at t0 depending on the concrete circumstances of the event.

Mróz et al. (2024) evaluated the results of their search within the framework of the first

option, that is, ∆θ(t0) . 1mas, so that ∆θ(now)= µrel∆t (with no significant offset due to

a⊥). In practice, they simulated possible host stars with ∆θ(t0) = 0, but their results would

have been nearly identical for any value of ∆θ(t0) ≪ FWHM ∼ 54–84 mas, for example,

∆θ(t0) = 10mas. For this example, and under the assumption DL = 4 kpc, this would

correspond to a⊥ = 40 au, similar to Neptune, which is a very plausible source of the FFPs

assuming they are bound. On the other hand, given our almost complete lack of information,

the FFPs might be wide-orbit planets at a⊥ = 300 au, in which case ∆θ(t0) = 75mas at

DL = 4 kpc or ∆θ(t0) = 150mas at DL = 2 kpc. Such hosts would have been at least as

detectable in images taken at the time of the event as the simulated hosts shown in their

Figure 1 were from the actual late-time observations. And such putative hosts would still be

detectable in the late-time images because the lens-source vector separation would only have

changed by of order 60mas. Thus, considering that no stars were detected ∆θ < 110mas

in any of the five cases of successful observations, one could rule out various large ∆θ(t0)

systems as well. However, as we discuss in Section 5.3, if there had been any detections

of large ∆θ(t0) systems, it would have been essentially impossible to verify them. Indeed,

Mróz et al. (2024) did detect a total of 4 stars with ∆θ < 200mas. These are most likely

random field stars, but if they were true hosts, then this fact could only be verified for the

cases with ∆θ(t0) . FWHM. See Section 5.3.

While Figure 1 of Mróz et al. (2024) is not expressed in terms of contrast ratios, one can

combine it with their Table 1 to derive contrast-ratio limits for the 5 events at, for example,

∆θ = (50, 100, 200)mas. We originally made such estimates. However, P. Mróz (2024,

private communication) kindly sent us corrected values based on the original files. For the

five events (in the order of the figure panels), these are Cmax(50mas) = (7.8, 4.4, 2.8, 5.1, 5.4),
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Cmax(100mas) = (24, 12, 25, 16, 12), and Cmax(200mas) = (44, 26, 93, 25, 29). The first of

these groups is in good agreement with the upper envelope position at about the same

separation for MB09319 in Figure 6. The second shows that the upper envelope at MB07400

is an underestimate by a factor ∼ 1.5, probably due to sparse data at these separations. The

last shows that contrast ratios corresponding to about 4mag can be achieved at 200mas

using Keck.

5.3. Verification

In principle, there are three ways that a candidate host could be verified. All three

require measuring the vector candidate-source offset, ∆θ(t), at two epochs t1 and t2, which

then yields the candidate-source proper motion, µc−s = (∆θ(t2)−∆θ(t1))/(t2 − t1). (Note

that if µc−s is inconsistent with zero, this automatically rules out that the candidate is a

companion to the source.) The first method is to demonstrate proximity, that is, show

that the candidate-source separation ∆θ(t0) = ∆θ(t1)− µc−s(t1 − t0) is small compared to

what could plausibly be generated by a random star. The second method is to show that

the amplitude of candidate-source relative proper motion µc−s = |µc−s| is compatible with

the value of µrel measured during the event. And the third method is to show that the

direction µ̂c−s ≡ µc−s/µc−s is compatible with direction of the microlens parallax vector πE

as determined during the event.

The third of these will be extremely rare1 for FFPs until there are space-based FFP

surveys. The second is possible for FSPL FFPs, which includes KMT-2023-BLG-2669 but

does not include any of the Mróz et al. (2024) events, so we return to this case below.

Thus, the only way to verify candidates for these PSPL events is to demonstrate that

∆θc−s(t0) is small (compared to expectations from random field stars). This immediately

implies that it is impossible to search for very wide separation planets in PSPL FFP events

(unless there is a πE measurement) because none of the three paths of verification are

available for such events. Hence, the approach of Mróz et al. (2024), which ignored this

possibility, was appropriate.

1If we exclude space-based observations, there are only two known ways to measure microlens paral-

lax: annual parallax (Gould 1992) and terrestrial parallax (Holz & Wald 1996; Gould 1997). FFP events

are too short to be probed by annual parallax, while Gould & Yee (2013) showed that terrestrial-parallax

measurements will be extremely rare.
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5.4. Application to KMT-2023-BLG-2669

By far the closest analog to KMT-2023-BLG-2669 among the Mróz et al. (2024) FFPs

is OGLE-2012-BLG-1396: both sources are about 0.3mag above the clump and both suffer

about AK = 0.6 magnitudes of extinction (Gonzalez et al. 2012). The one major difference

is that KMT-2023-BLG-2669 has measurements for θE and µrel (θE = 4.4 ± 0.3mas, µrel =

4.8±0.3mas yr−1), while OGLE-2012-BLG-1396 does not. This difference has two important

implications, which we touch on below. Thus, the OGLE-2012-BLG-1396 panel of Figure 1

from Mróz et al. (2024) can be used to understand prospective high-resolution imaging of

KMT-2023-BLG-2669, albeit with some modification. We refer the reader to this panel.

The panel shows a cloud of magenta points that represent an ensemble of simulated

hosts, centered at ∆θ ∼ 60mas andH = 22, which is∼ 7mag below the ∆χ2 = 500 detection

threshold. As a result, by appearance, the overwhelming majority of the cloud lies below

this threshold. Somewhat contrary to this appearance, their Table 1 says that 10.7% of these

magenta points would have been detected. However, P. Mróz (2024, private communication)

clarified that whereas their simulated bulge lenses were drawn from a Chabrier (2003) initial

mass function (IMF) restricted toM < 1M⊙, the disk lenses were drawn from an unrestricted

Chabrier (2003) IMF. If the IMF is restricted to, say, M < 1.3M⊙ in order to mimic a disk

present-day mass function, then the overall fraction of recovered hosts falls to about 2%.

The OGLE-2012-BLG-1396 cloud is dispersed by a factor∼ 2 in the separation direction,

which is a consequence of µrel not being measured. For KMT-2023-BLG-2669, the cloud

would be very similar in the vertical direction but much more compact in the horizontal

direction (σ(µrel)/µrel = 6.5%) due to the fact that µrel is measured. Even waiting 40 years

(2063), at which time the cloud would be at ∆θ = 193mas, its center would still lie 3.1mag

below the detection threshold. This is similar to the offset shown in the OGLE-2015-BLG-

1044 panel, for which their detection estimate was 26% of possible host stars. Applying the

same (9%) correction estimated above for OGLE-2012-BLG-1396, this should be reduced to

17%. However, long before this 40 years has elapsed, adaptive optics (AO) will be available

on much larger telescopes, and the feasibility of using these telescopes should be assessed

rather than waiting for Keck.

5.5. High Risk, High Reward

Finally, we should assess the possibility of detecting the host of KMT-2023-BLG-2669

for the case of very wide orbit planets “immediately” (within a few years after the event),

which could be possible in principle due to the fact that µrel is measured. That is, some
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fraction of random field stars that might be present at large separations would be rejected

because the resulting µc−s proper motions would be inconsistent with what we have measured

from the event, which has a 2-σ range of 4.2mas yr−1 < µrel < 5.4mas yr−1. From Figure 4,

roughly 20% of random field stars would be compatible with this constraint. This would

appear to be a modest enhancement (relative to no µrel measurement). However, if a star

were detected at, for example, ∆θ ∼ 200mas, it would have to be brighter than H < 19,

and the expected number of such stars within a 200mas circle is only about 0.05. In this

context, the extra factor ∼ 5 vetting from the µrel measurement would be significant.

At present we have absolutely no idea of whether there are such very wide separation

planets. For example, an early M dwarf at 2 kpc would have H ∼ 18.3 and would thus be

detectable. Its projected separation would be a⊥ = 400 au. Its distance could be measured

photometrically with additional observations so that the lens-source relative parallax πrel ≃

0.37mas could be estimated as well. Then M = θ2E/κπrel ≃ 2M⊕. While the chance of

such a discovery is small, a success would probe a region of parameter space about which we

currently have essentially no information. Therefore, in our view, such observations should

be put in the high-risk high-reward category.

A similar logic is likely to apply to many of the seven other giant source FFPs with

measured proper motions.

6. Summary

KMT-2023-BLG-2669 is well described by an FSPL model with a timescale of tE =

0.334±0.014 days and an Einstein radius of θE = 4.41±0.29µas. These measurements imply

that the lens is an FFP candidate, although its mass is not unambiguously determined due

to the lack of πrel measurement:

M =
θ2E
κπrel

= 8M⊕
0.1mas

πrel
. (7)

The lens would be a sub-Neptune-mass object in the disk or a Saturn-mass object in the

bulge. In principle, the lens mass can be constrained by the Bayesian approach based on

priors on the Galactic structure (including mass functions) and kinematics. However, we

do not conduct a Bayesian analysis because the lens vector proper motion µL = µS + µrel,

as inferred from the Gaia DR3 vector source proper motion µS and the scalar lens-source

relative proper motion µrel (dashed circle in Figure 4), almost equally favors either disk and

bulge lenses.

Similar to other short-timescale events, we cannot exclude the presence of a host star
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at wide separation. We searched possible 2L1S solutions and found that the best-fit 2L1S

solution is favored by only ∆χ2 = 4.7 over the FSPL solution. For typical disk-lens/bulge-

source events with host masses of Mhost = 0.6M⊙ and lens distances of DL = 4.5 kpc, we

have not found any strong evidence for the host within a projected planet-host separation

of 5 au.

If the lens has a host star, the host light could be visible in the high-resolution images.

For KMT-2023-BLG-2669, however, we found that based on the results of Mróz et al. (2024),

the probability for detecting possible lens hosts is very low (p ∼ 17% at ∆θ ∼ 200mas) due

to the bright nature of the source (KS ⋍ 13.37). This implies that it is difficult to distinguish

the FFP and wide-orbit planet hypotheses with currently available telescopes. Nevertheless,

because KMT-2023-BLG-2669 is an FSPL FFP, it is possible in principle to search for the

host immediately, although such searches are “high-risk, high-reward”.
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Mróz, P., Udalski, A., Skowron, J., et al. 2019b, ApJS, 244, 29
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Table 1. Mean Parameters for FSPL Models

Parameters FSPL FSPL (fB = 0)

χ2/dof 1230.93/1223 1231.62/1224

t0 (HJD′) 137.698 ± 0.005 137.698 ± 0.005

u0 0.508 ± 0.251 0.398 ± 0.145

tE (days) 0.333 ± 0.033 0.334 ± 0.014

ρ 1.456 ± 0.191 1.408 ± 0.033

fS (KMTS) 1.139 ± 0.269 1.040 ± 0.001

fB (KMTS) -0.099 ± 0.269 –

Note. — HJD′ = HJD− 2460000

Table 2. Mean Parameters for 2L1S Models

Parameters Local A Local B

free fB fB = 0

χ2/dof 1230.68/1220 1226.95/1220 1228.11/1221

t0 (HJD′) 137.781 ± 0.306 137.698 ± 0.005 137.698 ± 0.005

u0 0.484 ± 0.262 0.253 ± 0.174 0.135 ± 0.066

tE (days) 0.346 ± 0.036 1.478 ± 0.574 1.215 ± 0.388

s 1.515 ± 0.372 38.593 ± 23.741 33.803 ± 23.281

q (10−2) 382.209 ± 248.266 0.434 ± 0.298 0.234 ± 0.104

α 1.966 ± 1.247 3.163 ± 1.640 3.203 ± 1.639

ρ 1.369 ± 0.192 0.439 ± 0.179 0.427 ± 0.163

fS (KMTS) 1.008 ± 0.260 4.196 ± 3.477 1.040 ± 0.001

fB (KMTS) 0.032 ± 0.260 -3.156 ± 3.477 –

Note. — HJD′ = HJD− 2460000



– 19 –

Table 3. Gaia astrometric parameters for the source star

Parameters DR2 DR3

̟ (mas) – -0.195 ± 0.352

µα (mas yr−1) – -0.458 ± 0.471

µδ (mas yr−1) – -9.147 ± 0.253

RUWE – 0.986

ǫ – 0.729

Note. — Parallax ̟, proper motions

(µα, µδ), renormalized unit weight error

(RUWE), and astrometric excess noise ǫ

come from the second and the third Gaia

data release(Gaia Collaboration 2018,

2023). We note that the astrometric pa-

rameters are not measured in the second

data release.
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Table 4. Characteristics of microlensing events from high-resolution imaging

Event Year Passband Magnitude Contrast Ratio Separation Reference

Source Lens (mas)

OGLE-2003-BLG-235 2018 Keck K 17.76 ± 0.06 19.20 ± 0.11 3.77 53.50 ± 0.51 Bhattacharya et al. (2023)

OGLE-2005-BLG-071 2019 Keck K 17.68 ± 0.06 18.93 ± 0.06 3.16 55.04 ± 1.30 Bennett et al. (2020)

OGLE-2005-BLG-169 2013 Keck H 18.81 ± 0.08 18.20 ± 0.10 1.75 61.20 ± 1.00 Batista et al. (2015)

2011 HST V 22.21 ± 0.04 22.78 ± 0.07 1.69 48.57 ± 1.29 Bennett et al. (2015)

2011 HST I 20.56 ± 0.05 20.49 ± 0.05 1.07 48.57 ± 1.29 Bennett et al. (2015)

MOA-2007-BLG-192 2018 Keck K 18.94 ± 0.10 18.39 ± 0.09 1.65 29.38 ± 1.46 Terry et al. (2024)

2012 HST V 24.25 ± 0.18 24.93 ± 0.32 1.87 15.75 ± 6.78 Terry et al. (2024)

2012 HST I 21.68 ± 0.16 21.56 ± 0.15 1.12 18.20 ± 2.23 Terry et al. (2024)

2014 HST V 24.25 ± 0.18 24.93 ± 0.32 1.87 24.26 ± 6.22 Terry et al. (2024)

2014 HST I 21.68 ± 0.16 21.56 ± 0.15 1.12 21.84 ± 1.63 Terry et al. (2024)

2023 HST I 21.68 ± 0.16 21.56 ± 0.15 1.12 43.17 ± 2.26 Terry et al. (2024)

MOA-2007-BLG-400 2018 Keck H 16.58 ± 0.04 19.08 ± 0.11 10.00 95.95 ± 3.46 Bhattacharya et al. (2021)

2018 Keck K 16.43 ± 0.04 18.93 ± 0.11 10.00 96.04 ± 2.48 Bhattacharya et al. (2021)

MOA-2008-BLG-379 2018 Keck K 18.87 ± 0.06 18.82 ± 0.06 1.05 57.46 ± 0.61 Bennett et al. (2024)

2013 HST V a 23.67 ± 0.06 26.49+1.93
−0.66

13.43 29.71 ± 0.32 Bennett et al. (2024)

2013 HST I 21.56 ± 0.15 22.75 ± 0.49 2.99 29.71 ± 0.32 Bennett et al. (2024)

MOA-2009-BLG-319 2018 Keck K 18.12 ± 0.05 19.98 ± 0.09 5.55 57.50 ± 2.40 Terry et al. (2021)

OGLE-2011-BLG-0950 2019 Keck K 17.02 ± 0.08 16.83 ± 0.07 1.19 32.32 ± 0.79 Terry et al. (2022)

2021 Keck K 17.02 ± 0.08 16.83 ± 0.07 1.19 42.18 ± 0.47 Terry et al. (2022)

OGLE-2012-BLG-0950 2018 Keck K 17.68 ± 0.05 17.27 ± 0.04 1.46 33.34 ± 2.98 Bhattacharya et al. (2018)

2018 HST V b 20.65 ± 0.09 22.27 ± 0.21 4.45 34.53 ± 2.40 Bhattacharya et al. (2018)

2018 HST I 19.24 ± 0.06 19.57 ± 0.09 1.36 34.21 ± 0.65 Bhattacharya et al. (2018)

OGLE-2013-BLG-0132 2020 Keck K 17.32 ± 0.04 18.69 ± 0.04 3.53 56.91 ± 0.29 Rektsini et al. (2024)

MOA-2013-BLG-220 2019 Keck K 17.20 ± 0.02 17.92 ± 0.02 1.94 77.13 ± 0.45 Vandorou et al. (2020)

OGLE-2016-BLG-1195 2020 Keck Kc 16.98 ± 0.05 19.96 ± 0.15 15.56 54.49 ± 2.36 Vandorou et al. (2023)

Note. — (a) For MOA-2008-BLG-379, the HST V -band lens magnitude is only marginally detected due to the large uncertainty in the lens

flux measurement. See Text. (b) The HST V -band measurement of OGLE-2012-BLG-0950 provides confirmation of the HST I-band and Keck

K-band measurements. But it cannot be considered as an independent measurement because the lens flux uncertainty is too large. See text.

(c) For OGLE-2016-BLG-1195, the high-contrast star identified by Vandorou et al. (2023) is not the lens because the authors identified the

wrong source star (Gould et al. 2023). See Text.
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Fig. 1.— Light curve of KMT-2023-BLG-2669. The upper panel shows the full data from

the 2023 observing season and the lower panel shows the close-up of the event. Orange and

black curves are the PSPL and FSPL (fB = 0) models, respectively.
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Fig. 2.— KMTS CMD for stars within 4′ of KMT-2023-BLG-2669. The blue and red dots

are the locations of the baseline object (source) and the GC, respectively.
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Fig. 3.— VVV CMD for stars within 4′ of KMT-2023-BLG-2669. Notations are identical to

those in Figure 2.
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Fig. 4.— Gaia DR3 proper motions of stars within 5′ of KMT-2023-BLG-2669. Blue and

red dots correspond to red giant and main-sequence stars, respectively. In each population,

two solid contours include 68% and 95% of all stars. The black dot is the location of the

baseline object (source). The dashed circle is the locus of lens-source relative proper motions,

µrel = 4.82mas yr−1.
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Fig. 5.— Detection probability for the putative host star in the (s, q) plane.
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Fig. 6.— Contrast ratio versus host-source separation for a total of 25 late-time observations

of a total of twelve 2L1S microlensing events. The observatory and filter of each measurement

is specified by its color, as indicated in the legend. There is generally an envelope of rising

maximum contrast ratio as a function of separation, but with three exceptions. First, the high

contrast ratio for MB08379 (HST V -band) would not be considered as a reliable detection,

because the measured lens flux is highly uncertain. Second, the anomalously high contrast

ratio for the OB120950 (HST V -band) observation, when considered independently of the

HST I-band and Keck K-band observations, has a factor 2 range (at 1-σ) in lens flux, so

it is not clear that it would be regarded as a detection by itself. Third, the high-contrast

star that was apparently detected for OB161195 is known not to be the lens because the

observers investigated the wrong source star.


