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Abstract

We present an analysis of adaptive optics images from the Keck I telescope of the microlensing event MOA-2011-
BLG-262. The original discovery paper by Bennett et al. reports two possibilities for the lens system: a nearby gas
giant lens with an exomoon companion or a very low-mass star with a planetary companion in the Galactic bulge.
The ∼10 yr baseline between the microlensing event and the Keck follow-up observations allows us to detect the
faint candidate lens host (star) at K= 22.3 mag and confirm the distant lens system interpretation. The combination of
the host star brightness and light curve parameters yields host star and planet masses of Mhost= 0.19± 0.03 Me and
mp= 28.92± 4.75M⊕ at a distance of DL= 7.49± 0.91 kpc. We perform a multiepoch cross reference to Gaia Data
Release 3 and measure a transverse velocity for the candidate lens system of vL= 541.31± 65.75 km s−1. We
conclude this event consists of the highest-velocity exoplanet system detected to date, and also the lowest-mass
microlensing host star with a confirmed mass measurement. The high-velocity nature of the lens system can be
definitively confirmed with an additional epoch of high-resolution imaging at any time now. The methods outlined in
this work demonstrate that the Roman Galactic Exoplanet Survey will be able to securely measure low-mass host
stars in the bulge.

Unified Astronomy Thesaurus concepts: Exoplanets (498); Gravitational microlensing (672); High-resolution
microlensing event imaging (2138); Adaptive optics (2281)

1. Introduction

Of the more than 5600 extrasolar planets discovered to date,
most have relatively short orbital periods because the primary
detection methods (e.g., transits or radial velocity) are most
sensitive to these close-in planets. On the other hand, the
gravitational microlensing method is most sensitive to longer-
period planets that orbit beyond the snow line (S. Mao & B
Paczynski 1991; A. Gould & A. Loeb 1992). The core
accretion theory (J. J. Lissauer 1993; J. B. Pollack et al. 1996)
predicts that the most massive planets in systems should form
beyond this snow line. The theory states that a runaway gas
accretion phase happens once a planetary core has accumulated
∼10 M⊕ of solid rocky material. The planet will then rapidly
accumulate nearby hydrogen and helium gas onto its surface
until the surrounding gas has been depleted. This runaway
accretion phase results in gas giant planets with masses
between Saturn (∼90 M⊕) and Jupiter (∼320 M⊕). As a result
of this, some leading theories of planet formation (S. Ida &
D. N. C Lin 2004; C. Mordasini et al. 2009) predict a dearth of
intermediate-mass giant planets (20–80 M⊕) at wide orbits.

One of the largest statistical studies of the microlensing
exoplanet population, performed by D. Suzuki et al. (2016, 2018),

found a gap in the planet–star mass-ratio distribution between
1× 10−4< q< 4× 10−4. We underline the D. Suzuki et al.
(2016, 2018) studies measured the mass-ratio distribution and not
the true planet mass distribution, however recent work by
D. P. Bennett et al. (2021) reports evidence for a lack of this sub-
Saturn planet mass desert by analyzing a sample of radial velocity
exoplanets from the CORALIE and HARPS projects (M. Mayor
et al. 2011). Recent studies by F. C. Adams et al. (2021) and
M. Ali-Dib et al. (2022) cast further doubt on the sub-Saturn
desert scenario by studying the effects of slowed accretion and
angular momentum loss by giant planet formation in simulations,
as well as the effect of late giant collisions on the subsequent
formation of cold sub-Saturns. Lastly, an important distinction
with prior mass-ratio gap claims is that nearly all microlensing
discovery papers implement a Bayesian analysis that relies on the
assumption that stars of any mass are equally likely to host a
planet with the given mass ratio.
The work presented here is part of the NASA Keck Key

Strategic Mission Support (KSMS) program, “Development
of the WFIRST Exoplanet Mass Measurement Method”
(D. Bennett 2018), which is a pathfinder project for the Nancy
Grace Roman Space Telescope (Roman Telescope; formerly
known as WFIRST; D. Spergel et al. 2015). A large fraction of
the Roman Telescope observing time will be devoted to the
Roman Galactic Bulge Time Domain Survey (B. S. Gaudi
2022). As part of this bulge survey, the Roman Galactic
Exoplanet Survey (RGES) will be the first dedicated space-based
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gravitational microlensing survey and is expected to detect over
30,000 microlensing events and over 1400 bound exoplanets
during its 5 yr survey (M. T. Penny et al. 2019). The survey is
also expected to discover several hundred free-floating planets
and/or planets on very wide orbits around host stars
(S. A. Johnson et al. 2020). The primary goal of the KSMS
program is to determine the masses and distances for a large
majority of stars in the D. Suzuki et al. (2016) statistical sample.
Many of these successful measurements have now been
published (D. P. Bennett et al. 2015; V. Batista et al. 2015;
D. P. Bennett et al. 2020; A. Bhattacharya et al. 2021;
S. K. Terry et al. 2021, 2022), with more confirmed mass
measurements in preparation (A. Bhattacharya 2024, in prep-
aration; A. Vandorou 2024, in preparation). Several events have
been found to have host masses at the >90th percentile of the
Bayesian prediction based on the equal planet hosting
probability assumption mentioned earlier. These are events
MOA-2013-BLG-220 (A. Vandorou et al. 2020), MOA-2007-
BLG-400 (A. Bhattacharya et al. 2021), MOA-2007-BLG-192
(S. K. Terry et al. 2024), OGLE-2016-BLG-1195 (A. Vandorou
et al. 2023), and OGLE-2012-BLG-0563 (D. Bennett 2024, in
preparation; A. Bhattacharya 2024, in preparation). This
suggests that higher-mass stars could be much more likely to
host planets beyond the snow line with mass ratios between
0.002< q< 0.004. Lastly, the core accretion theory was
primarily developed with solar-type host stars in mind, and the
gap expected from the runaway gas accretion scenario might
exist for solar-type stars, but be washed out with the low-mass M
dwarf hosts that are ubiquitous in the microlensing sample.
Successful mass measurements like the one presented in this
paper can continue to probe this possibility.

Historically, studies of high-velocity stars (sometimes called
“runaway stars”) were primarily focused on Milky Way (MW)
stellar halo stars (O. Eggen et al. 1962), which have space
velocities of >100 km s−1 (P. C. Keenan & G. Keller 1953).
Early ideas to explain the formation of these high-velocity stars
include supernovae in binary star systems (A. Blaauw 1961) or
ejections caused by encounters with star clusters (A. Poveda
et al. 1967). In the late 1980s, J. G. Hills (1988) proposed a
new formation channel that could generate stars with velocities
in excess of 1000 km s−1. These “hypervelocity stars” (HVSs)
would originate as typical stellar binary systems that
encountered the supermassive black hole (SMBH) at the center
of most galaxies. This interaction with the SMBH would
capture one of the stars in the binary system, and eject the
second star at very high velocity away from the central region
of the galaxy. This scenario would become known as the “Hills
mechanism.” Since then, several dozen HVSs in our Galaxy
have been detected, however these stars could not be
definitively determined to originate from an encounter with
Sgr A

*

and thus are unable to confirm the Hills mechanism. A
few years ago, S. E. Koposov et al. (2020) reported a detection
of the highest-velocity HVS (>1700 km s−1) and were able to
unambiguously trace the star to the MW's Galactic center, thus
confirming the Hills mechanism.

To date, no exoplanet has been discovered orbiting an HVS.
Prior studies have examined the likelihood of an HVS hosting a
planet, mostly from a theoretical modeling standpoint.
I. Ginsburg et al. (2012) performed simulations of HVSs with
bound planets generated through the Hills mechanism, and
found that in order for a planet to remain bound to the HVS the
initial binary separation would need to be in the range

a* = 0.05–0.5 au. Further, the planetary separation would need
to be in the range ap= 0.02–0.05 au (e.g., a hot Jupiter). This
suggests the planetary systems must be compact in order to
survive the strong gravitational encounters. The study of
G. Fragione & I. Ginsburg (2017) computed the likelihoods of
detecting exoplanets around runaway stars and HVSs, and
found that the probability of detection depends on many factors
including the range of semimajor axes, and mean planetary
inclination and eccentricities, which is no surprise as these are
some of the primary factors governing transit and/or radial
velocity detectability in general. The authors use the total
number of expected HVS detections from Gaia (∼100;
S. J. Kenyon et al. 2014; J. De Bruijne et al. 2015) and the
assumption that each HVS hosts a compact planetary system to
predict at least one observable transit in this sample. Lastly, it is
worth noting these studies considered only the transit and radial
velocity methods for detecting the exoplanets in their samples.
In this paper, we present a candidate for the highest-velocity

planetary system, which is also the lowest-mass planetary host
star residing in the Galactic bulge. We successfully measure
flux coming directly from the 0.19 Me candidate, which also
allows us to obtain a mass of the planetary companion of
∼29 M⊕. Section 2 describes the original observations for
MOA-2011-BLG-262. In Section 3, we describe the Keck
adaptive optics (AO) follow-up analysis that confirms one of
the two possible solutions presented in D. P. Bennett et al.
(2014). Section 4 details our lens–source relative proper motion
analysis, as well as our cross calibration to Gaia Data Release 3
(DR3) to obtain the absolute proper motions for the lens and
source. In Sections 5 and 6 we perform updated modeling of
the light-curve data and present lens system properties with
new constraints from high-resolution imaging. Finally, we
discuss the results and conclude the paper in Section 7.

2. Microlensing Event MOA-2011-BLG-262

MOA-2011-BLG-262 (hereafter MB11262), located at R.A.
(J2000)= 18:00:23.48, decl. (J2000)=−31:14:42.9 and Galac-
tic coordinates (l, b= (−0.369°, −3.924°)), was first alerted
by the Microlensing Observations in Astrophysics (MOA;
I. A. Bond et al. 2001; T. Sumi et al. 2003) collaboration on
2011 June 26. The short-duration and high-magnification nature
of the event led several follow-up networks (PLANET and
μFUN) to observe the target at high cadence primarily in the V,
I, and H bands.
The MOA photometric reduction methods have improved

since the original discovery paper of D. P. Bennett et al. (2014),
so we have rereduced the MOA V- and R-band photometry. We
have used the method of I. A. Bond et al. (2001, 2017) to
reduce the data from the MOA-II telescope, the Mount John
Observatory Boller, and Chivens 0.61 m telescope (operated by
the MOA group). The MOA-II data were corrected for
systematic errors due to chromatic differential refraction
(D. P. Bennett et al. 2012). New reductions are also needed
to provide a Markov Chain Monte Carlo (MCMC) distribution
to understand the distribution of light-curve models that are
consistent with the data. We further describe the updated
modeling of these light-curve data in Section 5.
D. P. Bennett et al. (2014) also obtained high angular

resolution AO data from the NIRC2 instrument on the Keck II
telescope, taken on 2012 May 14. In particular, the Keck H-
band measurement of the source was compared to the CTIO H-
band measurement and the authors found no significant
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detection of flux from the lens. Ultimately, D. P. Bennett et al.
(2014) report two possible solutions for the MB11262 lens
system; either an ∼3 MJup host with an ∼0.5 M⊕ companion
located ∼500 pc from Earth, or a low-mass host star (0.12 Me)
with an ∼20 M⊕ companion residing in the Galactic bulge at
DL> 7 kpc. Regarding the “slow” versus “fast” solutions
previously reported, the “fast” solution is possible because the
angular source radius matches the separation between the
caustic entrance and exit (e.g., Figure 2 of D. P. Bennett et al.
2014). This merges the normal caustic entry and exit peaks into
a single bump that resembles the bump from the case of a
source radius much larger than the caustic entry and exit
separation (e.g., Figure 3 of D. P. Bennett et al. 2014).

Although a low-mass host star in the bulge was initially
disfavored by Δχ2 ∼ 2.9, the full Bayesian analysis did not
favor the exoplanet+ exomoon interpretation. The preference
for a nearby planetary-mass lens was not enough to overcome
the preference for a stellar-mass lens because of their larger
Einstein radii. When the appropriate mass-function prior was
included in the D. P. Bennett et al. (2014) study, a stellar-mass
host was preferred. As described in Sections 4 and 6 of this
work, we are able to definitively rule out the nearby planetary-
mass host solution.

3. Keck Follow-up and Analysis

The target MB11262 was observed with the OSIRIS
instrument on Keck I in the Kprime passband (λc= 2.12 μm,
hereafter K ) on May 19, 2021. The Keck data have a point-
spread function (PSF) FWHM of 58 mas and a Strehl ratio (SR)
of 0.37. These two metrics are generally used to understand the
performance of the AO system, with smaller FWHM and larger
SR values typically indicating better quality. We note there are
other factors that can affect AO image quality that are not
necessarily captured by FWHM or SR (S. K. Terry et al. 2023).
Some of these include static or quasi-static aberrations in the
optical path, unaccounted for variations in the atmospheric
profile information primarily from ground layer turbulence,
brightness variations of the tip–tilt guide star due to high cirrus
clouds, dome, and secondary structure temperature variations
(E. Ramey et al. 2022) among others.

For the 2021 observations, the OSIRIS imager was used,
which has a 20″× 20″ field of view and a pixel scale of
9.952 mas pixel–1. All of the images were taken using the Keck
I laser guide star AO system. As mentioned previously,

D. P. Bennett et al. (2014) obtained Keck II/NIRC2 images of
the target in 2012. While we don ot perform a full reanalysis of
the 2012 data in this work, we do adopt the NIRC2 medium
camera data taken in 2012 to perform the photometric
calibration (this section) and multiepoch proper motion
analysis (Section 4.1). A coadd of 20 dithered medium camera
images were used for photometric calibration to images from
the Vista Variables in the Via Lactea (VVV) survey (D. Minniti
et al. 2010) following the procedure of J. P. Beaulieu et al.
(2018). This calibration analysis results in uncertainties of
0.07 mag.
We combined 20 flat-field frames, 10 dark frames, and eight

sky frames for calibrating our science images. A total of 25
science frames with an integration time of 57 s frame−1 were
reduced using the Keck AO Imaging (KAI) data reduction
pipeline (J. Lu 2022) to correct instrumental aberrations and
geometric distortions (J. Lu et al. 2008; S. Yelda et al. 2010;
M. S. Freeman et al. 2023). Additionally, an independent
image-level analysis following the methods of J. P. Beaulieu
et al. (2018) was carried out on this data set, which gives
similar results with marginally lower signal-to-noise ratio. The
stacked science frame, showing a zoomed view of the target
can be seen in the left panel of Figure 1.

3.1. Point-spread Function Fitting Photometry and Astrometry

Given the large flux ratio and the expected separation
between the source and lens stars, we find it necessary to use a
PSF fitting routine to measure both targets independently.
Following the methods of A. Bhattacharya et al. (2018, 2021),
we use a modified version of the DAOPHOT-II software
package (P. B. Stetson 1987) to generate and fit a PSF to the
source+ lens blend. This routine takes the empirical PSF
model and performs MCMC sampling on a pixel grid that
encompasses both the blended targets. Additional details of the
MCMC routine are given in S. K. Terry et al. (2021, 2022).
The first pass of DAOPHOT-mcmc fits a single PSF to the

source star and reveals the faint signature of the lens star in the
residual image, which can be seen in the middle panel of Figure 1
(labeled “Source Subtracted”). The approximate position of the
signal gives a lens–source separation that is consistent with the
“slow” solution reported by D. P. Bennett et al. (2014).
Rerunning DAOPHOT-mcmc in the two-star fitting mode

produces a smoother residual, shown in the right panel of
Figure 1 (labeled “Source+ Lens Subtracted”). The χ2

Figure 1. Left: a zoom-in view of the stacked K-band image of MB11262, with the brighter source star near center and the faint lens star candidate indicated with the
crosshair. Middle: zoomed-in frame with a single-PSF model fit to the source star and subtracted from the frame; the remaining flux comes primarily from the lens and
is indicated with the crosshair. The other bright nearby stars are also subtracted with the same PSF model. Right: zoomed-in frame with the PSF model fit and
subtracted from the source and lens stars. North is up, east is left in all frames. Note there are several faint ambient field stars that are at or below the default detection
threshold in DAOPHOT.
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difference for the two-star fit compared to the single-star fit is
Δχ2∼ 17, which is a modest improvement considering the lens
star contributes less than 2% of the total source+ lens flux.
Table 1 shows the calibrated magnitudes for the two stars of
KS= 18.10± 0.07 and KL= 22.34± 0.15. Further, Table 2
reports the measured lens–source separation and relative proper
motion in the east and north directions, as well as the lens–
source flux ratio. The uncertainties are derived from the
“jackknife” method (M. H. Quenouille 1956; L. Tierney &
A. Mira 1999), details of which can be found in A. Bhattacharya
et al. (2021), D. P. Bennett et al. (2021), and S. K. Terry et al.
(2021). Using the near-infrared extinction map of F. Surot et al.
(2020) and the S. Nishiyama et al. (2009) absorption law, we
find a K-band extinction of AK= 0.169± 0.044. From our
reanalysis of the light-curve modeling (Section 5), we find a
source color of VS− IS= 1.90± 0.08, which leads to an
extinction-corrected color of VS0− IS0= 0.73± 0.08. We use
the color–color relations of S. J. Kenyon & L. Hartmann (1995)
and the I-band magnitude, IS= 19.95± 0.09, to predict a source
K-band magnitude of KS= 17.91± 0.08. The source magnitude
measured in Keck (Table 1) is slightly fainter than this prediction
by ∼1σ, thus we conclude that there is no evidence of additional
flux from a companion to the source.

4. Lens–Source Relative Proper Motion

The 2021 Keck I follow-up observations were taken 9.90 yr
after peak magnification in 2011. The motion of the lens and
source on the sky frame is the primary cause for their apparent
separation, however there is also a small component that can be
attributed to the orbital motion of Earth. As this effect is
smaller than �0.1 mas for a lens at a distance of DL� 7 kpc, we
are safe to ignore this contribution in our analysis as it is much
smaller than the error bars on the stellar position measurements.
Table 2 gives the lens–source relative proper motion, which is
measured to be μrel,H= (μrel,H,E, μrel,H,N)= (−10.926± 0.584,
2.019± 0.321) mas yr−1. The subscript “H” indicates that these
measurements were made in the Heliocentric reference frame, and
the “E” and “N” subscripts represent the east and north directions,
respectively. We also give in Table 2 the measured lens-to-source
flux ratio of 0.020± 0.003. This is the largest contrast between a
lens–source pair that has been directly measured to date.

Light-curve modeling (Section 5) is most conveniently
performed in the geocentric reference frame that moves with
the Earth at the time of the event peak. Thus, we must convert
between the geocentric and heliocentric frames by using the
relation given by S. Dong et al. (2009):

( )
au

, 1rel,H rel,G
relm m

n p
= + Å

where ν⊕ is Earth's projected velocity relative to the Sun at the
time of peak magnification. For MB11262 this value is
ν⊕E,N= (29.187, −0.438) km s–1= (6.153, −0.092) au yr−1

at HJD 5739.13¢ = . With this information and the relative
parallax relation πrel≡ 1/DL− 1/DS, we can rewrite
Equation (1) in a more convenient form:

( )
( ) ( )/ /D D

6.153 au yr , 0.092 au yr

1 1 , 2
rel,G rel,H

1 1

L S

m m= - -

´ -

- -

where DL and DS are the lens and source distance, respectively.
We use this relation in our Bayesian analysis of the light curve
(Section 5), with Galactic model and Keck constraints to
determine the relative proper motion in the geocentric frame of
μrel,G= 11.01± 0.12mas yr−1. This is compared to the values
determined from the light-curve MCMC without the Keck
constraints (e.g., the D. P. Bennett et al. 2014 “fast” and “slow”
solutions) of 19.6 1.6rel,Gfast

m =  mas yr−1 and rel,Gslow
m =

11.6 0.9 mas yr−1, respectively. The Keck measurement
strongly favors the “slow” solution, and we can rule out the
“fast” solution that would've given a nearby planetary-mass host
with an exomoon companion.

4.1. Gaia Data Release 3

In an attempt to determine the absolute proper motion of the
source and lens stars, we queried the Gaia DR3 catalog
(A. Vallenari et al. 2023) to search for all stars within a 30″
radius around the location of MB11262. Our initial search
found 17 Gaia sources that were matched to Keck stars in both
2012 and 2021 epochs (note the MB11262 source star is not in
the Gaia catalog). We further trimmed the list of Gaia sources
by their renormalized unit weight error (RUWE) and
astrometric excess noise significance (AENS; L. Lindegren
et al. 2012). These two metrics are used as a statistical criterion
to determine the general astrometric data quality in Gaia. After
cutting stars with RUWE> 1.4 and AENS> 2 mas, there
remained eight good-quality Gaia–Keck sources.

4.1.1. Alignment Procedure

The astrometric measurements extracted from the 2012 and
2021 Keck epochs must be transformed into a common
reference frame in order to calculate the motion of the stars,
including the source and lens. For this we follow the iterative
methodology described in J. Lu et al. (2016). First, following
standard image processing methods, a 2D polynomial trans-
formation of the form:

( )x a a x a y a x a xy a y ..., 30 1 2 3
2

4 5
2= + + + + + +¢

( )y b b x b y b x b xy b y ..., 40 1 2 3
2

4 5
2= + + + + + +¢

is applied to the images in order to match them to a reference
image. Equations (3) and (4) are affine transformations, which
are used to model the translation, rotation, scaling, and shearing
introduced by the different cameras (in this case the NIRC2 and
OSIRIS imagers).
In the first pass, the Keck images are aligned to the absolute

reference frame of Gaia with the first-order 2D polynomial
transformation to establish the initial transformation. We note
the Keck catalog is matched to the Gaia DR3 catalog using the
pattern matching algorithm of E. J. Groth (1986), which is
described further in J. Lu et al. (2016). We subsequently
perform a second pass where the Keck catalogs are aligned to
themselves, using a 2D polynomial transformation going up to
second order. In the second pass, the Keck catalogs are aligned

Table 1
Two-star Point-spread Function Photometry

Passband Magnitude

Lens Keck K 22.34 ± 0.15
Source Keck K 18.10 ± 0.07
Source + Lens Keck K 18.08 ± 0.06

Note. Magnitudes are calibrated to the VVV photometric system as described
in Section 3.

4
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to the output reference frame that was derived in the first pass,
which further refines the overall reference frame and the
derived proper motions.

4.1.2. Source and Lens Absolute Proper Motion

The precise multiepoch Keck–Gaia alignment allows us to
determine the absolute proper motions of all Keck sources
measured in both 2012 and 2021 epochs, including the
MB11262 source star. We determine the source proper motion
in galactic coordinates:

( ) ( )
( )

, 2.67 0.22, 3.35 0.19 mas yr .

5
l bS S, S,

1m m m= = -   -

Following Equation (1) of J. Skowron et al. (2014), this
gives us the lens star proper motion:

( )
( ) ( )

6

, 6.30 0.62, 13.86 0.37 mas yr .l bL L, L,
1m m m= = -   -

Using the distance of DL= 7.49± 0.91 kpc (Section 6 and
Table 4), we calculate a transverse velocity for the lens system of
vL= (vL,l , vL,b)= (−224.04± 21.05, 492.77± 62.29) km s−1,
which gives a total transverse velocity of 541.31± 65.75 km s−1.
The overall motion for the source star system is consistent with
the bulge population of stars, however the lens system velocity is
very high, particularly in the Galactic latitude direction. Figure 2
shows the proper motions of all Keck stars in gray, the motion of
the source in yellow, and the motion of the lens in blue. The eight
well-measured Gaia sources are shown as orange points.

In the discovery paper for this event, D. P. Bennett et al.
(2014) employed a Bayesian analysis that incorporated the
source star proper motion (μS) using a method developed by
J. Skowron et al. (2014). Their source proper motion estimate
for MB11262, converted to the Galactic coordinate system, is
μS= (μS,l, μS,b)= (−0.40, −2.44)± (2.8, 2.6) mas yr−1. The
longitudinal component of this motion is consistent with with
the source longitudinal motion we find. However the motion in
the Galactic latitude direction is at contrast with what we find
(Equation (5)). Additionally, using the N. Koshimoto et al.
(2021) Galactic model, we calculate the prior probability of (i)
having the lens within the 1σ ranges of the measured μrel,H
(Table 2 bottom row) and KL= 22.34± 0.15, and (ii) having
an ambient star (with K= 22.34± 0.15) within the corresp-
onding uncertainty regions in the east and north (Table 2 top
row). In the ambient star case we multiply the prior probability
by the probability of the true lens flux being fainter than the
Keck limiting magnitude (e.g., P(KL> 22.75) ∼ 0.4007). We
note the published version of the N. Koshimoto et al. (2021)
model does not include a population of stars from the stellar
halo, which have systematically higher velocity dispersions
than the disk/bulge stellar populations. Thus we have modified
the Galactic model to include a stellar halo population of stars

based on A. C. Robin et al. (2003), which changes the ambient-
to-lens star relative probability from ∼14× to ∼5.5× in favor
of the ambient star scenario. The relation is as follows:

( )P

P

9.1236 10

1.6609 10
5.4932. 7amb

lens

6

6
=

´
´

=
-

-

So according to the Galactic model, the faint signal we detect
is ∼5.5× more likely to be an ambient star than the lens host
star. Additionally, we can roughly estimate the number density
of stars with similar magnitudes to the candidate signal by
visually inspecting the nearby (faint) stars around the target as
shown in Figure 1. This density is ∼1.75 stars arcsec–2, smaller
than the prediction from the N. Koshimoto et al. (2021) model,
which would seem to favor the lens interpretation for the
candidate signal.
Lastly, the N. Koshimoto et al. (2021) model lacks a

population of HVSs, which are much more difficult to
incorporate as there have only been a few dozen confirmed
HVSs and no public Galactic model includes this exceedingly
small population. Under the assumption that the detected signal

Table 2
Lens–Source Separation, Relative Proper Motion, and Flux Ratio

Separation (mas) Flux Ratio
Year East North Total [lens/source]

2021 −108.21 ± 5.74 19.99 ± 3.17 110.04 ± 6.56 0.020 ± 0.003
μrel,H,E(mas yr–1) μrel,H,N(mas yr–1) μrel,H(mas yr–1)
−10.93 ± 0.58 2.02 ± 0.32 11.12 ± 0.66

Note. Errors are derived from the “jackknife” method as described in Section 3.1.

Figure 2. Proper motions of all stars detected in both Keck epochs (gray
points), given in Galactic coordinates. The yellow star indicates the position of
the MB11262 source and the blue star indicates the position of the MB11262
high-velocity lens. The orange points show the crossmatched Gaia–Keck
reference stars used for the transformation described in Section 4.1. The
majority of the Gaia objects are likely foreground disk stars, owing to their
larger μl values compared to the mean motion of galactic bulge stars centered
around μl ~ 0 mas yr–1.

5

The Astronomical Journal, 169:131 (11pp), 2025 March Terry et al.



is the true lens, the transverse velocity (∼541 km s−1) is the
largest detected for any planetary system (see Section 6 and
Figure 6). We note that this velocity falls below the bulge
population escape velocity of 600 km s−1 (W. R. Brown et al.
2008, 2018). According to the literature, the 541 km s−1

transverse velocity of MB11262L would be just below the
lower limit of what may be considered an HVS, which have
velocities in the range 550−1500 km s−1. Note the error on our
transverse velocity measurement is ∼12%.

5. New Light-curve Modeling

The light-curve modeling follows the image-centered ray
shooting method of D. P. Bennett & S. H. Rhie (1996) and
D. P. Bennett (2010), modified to include constraints on the
brightness and separation of the lens and source stars from the
high-resolution imaging (D. P. Bennett et al. 2024). This can
help prevent the light-curve modeling from exploring areas in
the parameter space that are excluded by the high-resolution
follow-up observations. We refer the reader to D. P. Bennett
et al. (2024) for a full description of the methodology for
applying these constraints to the light-curve modeling. Figure 3
shows the light-curve photometry along with the best-fit two-
lens one-source (2L1S) model (black curve), and Table 3
shows the parameters of our best-fit model as well as the

MCMC averages of the models consistent with the data. These
values in Table 3 are also compared to the results of the “slow”
solution from the original study of D. P. Bennett et al. (2014).
Determining the angular size of the source star (θ*) allows

one to estimate the source radius crossing time (t*) through the
following relation:

( )t . 8
rel

q
m

=* *

But first we need to determine the extinction-corrected
source magnitude and color. We first adopt the D. P. Bennett
et al. (2014) calibration of the CTIO V- and I-band data to the
Third Optical Gravitational Lensing Experiment (OGLE-III)
catalog (M. K. Szymański et al. 2011), and locate the red clump
centroid at Vrc− Irc= 15.92, Irc= 2.22, following the method
of D. P. Bennett et al. (2010). Using the bulge red clump giant
magnitude, color, and distance from D. M. Nataf et al. (2013),
we find I- and V-band extinctions of AI= 1.45 and AV= 2.62,
respectively. Using the source magnitudes from Table 3, we
find extinction-corrected magnitudes of IS0= 18.496 and
VS0= 19.231, respectively. This allows us to use the surface
brightness relation from the analysis of T. S. Boyajian et al.
(2014), but we use the following custom formula
(A. Bhattacharya et al. 2016) using stars spanning the range

Figure 3. Best-fit planetary light-curve model (solid black curve) for MB11262 with constraints from the high-resolution follow-up data as described in Section 3.
This 2L1S model is given by the best-fit values listed in column 2 of Table 3. A 1L1S model is shown as a dashed gray curve.
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in colors that are relevant for microlensing events:

( ) ( ) ( )V I Ilog 2 0.5014 0.4197 0.2 . 9S S S0 0 0q = + - -*
This yields θ* = 0.645± 0.026 μas, which is smaller than

the D. P. Bennett et al. (2014) value of θ* = 0.776±0.059 μas.
This difference is due in part to the combination of the error in
magnitude from the older DoPHOT reduction and an improved
knowledge of the red clump from D. M. Nataf et al. (2013).

To measure our new lens system parameters, we sum over
the MCMC results using a Galactic model (D. P. Bennett et al.
2014) with weights for the microlensing rate and our μrel,H
value from Keck (described in Section 4). Additionally, we
include the source distance as a fitting parameter in the
remodeling of the light curve with imaging constraints. We
include a weighting from the N. Koshimoto et al. (2021)
Galactic model as a prior for DS, and we also use the same
Galactic model to obtain a prior on the lens distance for a given
value of DS. This prior is not used directly in the light-curve
modeling, but instead is used to weight the entries in the sum of
Markov chain values.

6. Lens System Properties

The angular Einstein radius, θE gives a relation that connects
the lens system mass to the source and lens distances, DS and
DL (D. Bennett et al. 2008; B. S. Gaudi 2012). The relation is
given by:

( )M
c

G

D D

D D4
, 10L

2

E
2 S L

S L
q=

-

where ML is the lens mass and G and c are the gravitational
constant and speed of light, respectively. As mentioned
previously, the measurement of μrel,H from the high-resolution
imaging allows us to measure μrel,G to high precision, which
ultimately lets us determine θE∼ μrel,G× tE. Figure 4 shows the
measured mass and distance for the lens planetary system (black
data point). The solid red curve shows the constraint from the
mass–luminosity relation derived from the lens flux measure-
ment in the Keck K-band imaging. The dashed red lines show
the measurement error from the Keck lens flux detection
combined with the intrinsic uncertainty in the empirical mass–
luminosity relation (X. Delfosse et al. 2000). Additionally, the
mass–distance relation obtained from the measurement of θE
(i.e., Equation (10)) is shown as a solid green region. Lastly, we

plot the estimated mass and distance for the lens system given by
the “slow” solution of D. P. Bennett et al. (2014) as the purple
data point in Figure 4.
Table 4 gives the derived lens system physical parameters with

rms errors and 2σ ranges. We find that the M dwarf lens star has a
mass Mhost= 0.19± 0.03 Me, with a sub-Saturn planetary
companion of mass mplanet= 28.92± 4.75 M⊕. We can calculate
the planet's semimajor axis from the expression a⊥= sDLθE,
where s is the projected separation given by the light-curve
modeling. We find a 2D separation of a⊥=0.81± 0.12 au and a
3D separation of a 0.983d 0.20

0.56= -
+ au. We note this 3D separation

assumes a random orientation of the orbit, which is likely an
overestimate unless outer orbit planets are more common than a
uniform distribution in s. We find the lens system is at a distance
of DL= 7.49± 0.91 kpc, very likely located in the Galactic
bulge. Figure 5 shows the results for the physical parameters of
the lens system with (red) and without (blue) the constraints
from the high-resolution Keck imaging. As mentioned

Table 3
Best-fit MOA-2011-BLG-262 Model Parameters

Parameter Units Value MCMC Average D. P. Bennett et al. (2014)

tE days 3.781 3.788 ± 0.125 3.858 ± 0.126
t0 HJD¢ 5739.131 5739.132 ± 0.001 5739.131 ± 0.001
u0 0.015 0.015 ± 0.001 0.015 ± 0.001
s 0.939 0.939 ± 0.007 0.926 ± 0.032
α radians 1.801 1.801 ± 0.006 1.811 ± 0.006
q × 10−4 4.508 4.499 ± 0.025 4.390 ± 0.025
t* days 0.022 0.022 ± 0.003 0.022 ± 0.003
Is 19.946 19.946 ± 0.022 19.937 ± 0.041
Vs 21.851 21.852 ± 0.032 21.898 ± 0.041
fit χ2 4388.80 5760.85
Degrees of freedom 4386 5199a

Note. HJD¢ = HJD − 2450000. The D. P. Bennett et al. (2014) values are given for their best-fit close “slow” solution.
a D. P. Bennett et al. (2014) used the full photometric data set for IB&C, VB&C, and ICTIO, whereas we use a reduced data set (e.g., strict data quality cut).

Figure 4. The mass–distance relation for MB11262L with constraints from the
lens flux measurement in Keck K band (red). Dashed lines show the 1σ error
bars derived from the flux measurement uncertainty and intrinsic error in the
empirical mass–luminosity relation of X. Delfosse et al. (2000). The solid teal
region shows the mass–distance relation from the angular Einstein radius
measurement (θE), where the uncertainty in the source distance (Table 4) is the
largest contributor to the uncertainty in the lens distance.
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previously, the new host mass and planetary-mass results
strongly favor the “slow” solution presented in D. P. Bennett
et al. (2014). The blue distributions in Figure 5 include both the
“slow” and “fast” solutions weighted by Galactic model priors
and the best-fit χ2 in each region of parameter space, as
described in Section 6 of D. P. Bennett et al. (2014).

We queried the NASA Exoplanet Archive10 to investigate
all confirmed planetary systems with published transverse

velocities. Figure 6 shows the result of this search, shown as
transverse velocity versus distance to the systems. We include
confirmed planets from transit, radial velocity, direct imaging,
and microlensing searches. Note there is one other published
microlensing event with a measured transverse velocity,
OGLE-2005-BLG-071 (D. P. Bennett et al. 2020). As shown
in the figure, the results of our current work firmly indicate
MB11262 is the highest-velocity system hosting a planet, as
well as the most distant planetary system with a measured
transverse velocity. We stress an important point that remains is
the need to obtain an additional epoch of high-resolution

Figure 5. Posterior probability distributions for the planetary companion mass, host mass, projected separation, and the distance to the lens system are shown with
only light-curve constraints in blue (e.g., the D. P. Bennett et al. 2014 results) and with the additional constraints from our Keck follow-up observations in red. The
central 68.3% of the distributions is shaded in darker colors (dark red and dark blue) and the remaining central 95.4% of the distributions is shaded in lighter colors.
The vertical black lines mark the median of the probability distribution for the respective parameters.

Table 4
Planetary System Properties from Lens Flux Constraints

Parameter Units Value and rms 2σ range

Angular Einstein radius (θE) mas 0.113 ± 0.005 0.104−0.123
Geocentric lens–source relative proper motion (μrel,G) mas yr–1 11.01 ± 0.12 10.77−11.25
Host mass (Mhost) Me 0.19 ± 0.03 0.13−0.26
Planet mass (Mp) M⊕ 28.92 ± 4.75 19.42−38.44
2D separation (a⊥) au 0.82 ± 0.12 0.58−1.08
3D separation (a3d) au 0.98 0.20

0.56
-
+ 0.64−3.89

Lens distance (DL) kpc 7.49 ± 0.91 5.45−9.14
Source distance (DS) kpc 7.93 ± 0.98 5.81−9.73

10 http://exoplanetarchive.ipac.caltech.edu/
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imaging (with either Keck, the Hubble Space Telescope,
JWST, etc.) to definitively confirm the faint object we detect in
the 2021 Keck data is in fact the true lens by directly measuring
its motion since the 2021 Keck epoch.

6.1. If the Signal is Not the Lens

As described in Section 4.1.2 and Equation (7), when we
calculate the relative probabilities that the signal we detect is
the true lens star or an unrelated ambient field star, we find that
the ambient star scenario is 5.5× more likely than the true lens
scenario. Although there are some caveats, particularly with the
Galactic model we use to determine this probability, we must
consider the scenario where the candidate signal is not the true
lens host.

While the title of the work of D. P. Bennett et al. (2014)
implies the two possibilities for the lens system are a nearby
gas giant primary with an exomoon companion or high-
velocity system in the Galactic bulge, we note the “slow” and
“fast” solutions are also consistent with a brown dwarf (BD)
host. In particular, the “fast” solution does not require a nearby
Jupiter mass lens. It is also consistent with a BD or very low-
mass M dwarf lens in the bulge. Following from D. P. Bennett
et al. (2014) Figure 6, if we assume that all stars and planets
from 0.001 to 0.07 Me have an equal probability to host a
companion with the measured mass ratio, the odds of a host at
least as massive as the host candidate we detected are only
about 16%. In fact, since we estimated the mass of the
candidate host star to be 0.19± 0.03 Me (e.g., at the limit of
our Keck sensitivity), an M dwarf of 0.08−0.15 Me in the
bulge would be undetected. Since these possibilities are below
the Keck detection threshold, there is no possibility to directly
use Keck to distinguish between them. This motivates further
follow-up observations with JWST, which can go much deeper.

7. Discussion and Conclusion

Our Keck AO follow-up observations have identified the
MB11262L planetary host star from measurements of the host
star K-band magnitude and the lens–source relative proper
motion, μrel,H. The KL= 22.3 mag host star is the faintest lens
directly detected in high-resolution follow-up imaging, with a
lens-to-source flux ratio of 0.02 (e.g., the lens is 50× fainter
than the source). We used the Keck measurements to constrain
modeling of the light-curve photometry, which allowed us to
rule out the “fast” solution of D. P. Bennett et al. (2014) and
confirm the low-mass host with a planetary companion located
in the Galactic bulge. We find the host and planet have masses
of Mhost= 0.19 Me and mplanet= 28.92 M⊕, respectively.
MB11262L is the lowest-mass microlens host star with a

confirmed mass measurement. Prior to this detection,
S. K. Terry et al. (2024) reported a direct detection of the
low-mass microlens host for event MOA-2007-BLG-192 with
a host mass of 0.28 Me orbited by a super-Earth-mass planet.
Another candidate for the lowest-mass microlens host star is
OGLE-2011-BLG-0265 (J. Skowron et al. 2015) with two
possible solutions of 0.14 Me or 0.22 Me, although a direct
lens detection for this target has not been achieved yet.
The MB11262L system very likely resides within the

Galactic bulge, and a multiepoch analysis that includes a
calibration to the Gaia absolute reference frame gives a
transverse velocity of 541.3± 65.8 km s−1 for the lens star.
Given the very high lens–source relative proper motion
(μrel,H∼ 11 mas yr−1), an additional epoch of high-resolution
data with good image quality (FWHM∼ 60 mas) can detect the
increased lens–source separation since the 2021 measurement.
This would provide a definitive confirmation of the lens and
rule out scenarios where the signal is due to a source
companion, lens companion, or an unrelated star. We have

Figure 6. Confirmed planetary systems with measured transverse velocities from the NASA Exoplanet Archive (accessed 2024 June 25). MB11262L (in red with error
bars) is the highest-velocity planetary system and the most distant planetary system with a measured transverse velocity. For reference, the previous highest-velocity
system (BD+20 2457; A. Niedzielski et al. 2009), lowest-velocity system (Kepler-1166; T. D. Morton et al. 2016), and TRAPPIST-1 (M. Gillon et al. 2016) are
labeled.
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shown that a very faint lens host can be detected in Keck with a
combination of ∼25 good-quality exposures.

RGES will take approximately 40,000 exposures in the wide
red band and 800 exposures in at least one additional passband
for each field it observes during the 5 yr survey. This large
number of dithered exposures will enable a very well-sampled
PSF and yield very high photometric and astrometric precision.
The work presented here demonstrates (in a general sense) that
RGES will be able to measure masses for very low-mass host
stars in the Galactic bulge.
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