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M. PAWLAK 5, M. K. SZYMA ŃSKI5, J. SKOWRON5, P. MRÓZ5, S. KOZŁOWSKI5, Ł. WYRZYKOWSKI5, P. PIETRUKOWICZ5,
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ABSTRACT
We report on the mass and distance measurements of two single-lens events from the 2015Spitzer mi-

crolensing campaign. With both finite-source effect and microlens parallax measurements, we find that the
lens of OGLE-2015-BLG-1268 is very likely a brown dwarf. Assuming that the source star lies behind the
same amount of dust as the Bulge red clump, we find the lens is a 45± 7 MJ brown dwarf at 5.9± 1.0 kpc.
The lens of of the second event, OGLE-2015-BLG-0763, is a 0.50±0.04 M⊙ star at 6.9±1.0 kpc. We show
that the probability to definitively measure the mass of isolated microlenses is dramatically increased once
simultaneous ground- and space-based observations are conducted.
Subject headings: gravitational lensing: micro — stars: planet

1. INTRODUCTION

Although gravitational microlensing can, in principle, de-
tect faint or even dark objects (Paczynski 1986; Gould 2000),
it is difficult to exclusively determine the mass of the lens ob-
ject without the measurement of two second-order microlens-
ing parameters: the angular Einstein radiusθE and the mi-
crolens parallaxπE. OnceθE andπE are measured, the lens
massML and the lens-source relative parallax are given by
(Gould 1992)

ML =
θE

κπE
, πrel ≡

AU
DL

−
AU
DS

= πEθE . (1)

Here

κ≡ 4G
c2AU

≈ 8.14
mas
M⊙

, (2)

andDL andDS are the distances to the lens and the source star,
respectively. The main method to measure the Einstein radius
θE is via the finite-source effect. Such an effect arises because
the observed magnification is the integration of the magnifi-
cation pattern over the face of the source. Therefore, if that
magnification pattern has a non-zero second derivative, such
as when the source crosses a caustic (where the magnifica-
tion diverges to infinity), the physical size of the source limits
the observed magnification, leading to a rounded feature in
the light curve whose width directly reflects the source size
(Gould 1994; Witt & Mao 1994). The microlens parallaxπE
is measured through observations from either a single accel-
erating platform (Gould 1992; Honma 1999; Gould 2013) or
two well-separated observatories (Refsdal 1966; Gould 1994,
1997). With one of these two parameters, one can only ob-
tain a statistical estimate of the lens mass (Yee et al. 2015a;
Calchi Novati et al. 2015a), but this cannot yield unambigu-
ous results for individual specific cases.

If only ground-based observations can be obtained, such
a method to exclusively determine the lens mass is not
very efficient in cases of planet or binary microlensing
(Mao & Paczynski 1991; Gould & Loeb 1992), and it be-
comes extremely inefficient for single lenses. In order for
the finite source effect to be observed so as to determineθE,
the source should cross or closely pass by the caustic struc-
ture of the lens. In the case of a single lens, the caustic is
a single point, so if the finite source effect is observed, the
apparent alignment between the source and the lens must be
so perfect that the lens transits the source. Hence, as in a
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transit, the feature in the light curve is essentially the face of
the source resolved in time, and as a result the points of first
and fourth contact can also be seen in the light curve (see,
for example, the inset of Figure1). Even in cases in which a
finite-source effect is detected, an unambiguous measurement
of the lens mass is still hard to achieve, because the parallax
signal is intrinsically small and observationally hard to detect
(Gould et al. 2009; Yee et al. 2009; Gould & Yee 2013).

The emergence of space-based microlensing has seen
improvement in the mass measurements of microlensing
planets (Udalski et al. 2015; Street et al. 2015) and binaries
(Dong et al. 2007; Zhu et al. 2015a; Shvartzvald et al. 2015).
Here we demonstrate with two examples that such space-
based observations also increase the probability to measure
the mass of single isolated lenses. Within the 170 microlens-
ing events that were selected forSpitzer observations in the
2015 Spitzer microlensing program (Gould et al. 2014), we
find two single-lens events that show reliable detection of
the finite-source effect. Such an effect is observed only in
the ground-based data in OGLE-2015-BLG-1268, and only
in theSpitzer data in OGLE-2015-BLG-0763. In both cases,
the combination ofSpitzer data and ground-based data sets
provides measurement of parallax. Therefore, mass measure-
ments of both microlenses are ensured.

This paper is constructed as follows. The observations
of the two events, OGLE-2015-BLG-1268 and OGLE-2015-
BLG-0763, are summarized in Section2; in Section3 we de-
scribe the light curve modeling process; the physical interpre-
tations of both events are given in Section4; and finally in
Section5 we discuss the interesting findings from these two
events, and implications to future space-based microlensing
observations.

2. OBSERVATIONS

A general description of theSpitzer observations and
ground-based follow-up strategy for the 2015Spitzer mi-
crolensing campaign can be found inYee et al.(2015b) and
Street et al.(2015). In brief, events were selected forSpitzer
observations, if 1) they showed or were likely to show signif-
icant sensitivity to planets, i.e., events with high peak mag-
nifications (Griest & Safizadeh 1998) and/or events with in-
tensive survey observations; and 2) could probably yield par-
allax measurement. MostSpitzer targets were assigned the
default 1-per-day cadence, except that short or relativelyhigh
magnification events were given higher cadence. These ob-
serving protocols were submitted on Monday for observa-
tions roughly Thursday through Wednesday for each of the
six weeks of the campaign. Ground-based follow-up obser-
vations were taken mostly on events that were not heavily
monitored by surveys, or when surveys could not observe due
to weather or Moon passage (e.g., OGLE-2015-BLG-0966,
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FIG. 1.— Ground-based andSpitzer data and best-fit model light curves for OGLE-2015-BLG-1268. The inset shows details around the peak as seen from the
ground, with best-fit model seen in theI andH bands shown with different colors. The gray solid line indicates the peak of the event as seen from the ground, and
the two dashed vertical lines indicate the two contacts between the point-like lens and the finite-size source. Ground-based data points with uncertainties> 0.2
mag are suppressed in the figure to avoid clutter, but are included in the modeling.

Street et al. 2015). All ground-based data were reduced us-
ing standard algorithms (image subtraction/DoPhot), and the
Spitzer data were reduced using the new algorithm presented
in Calchi Novati et al.(2015b).

Below we give detailed descriptions of the observations for
these two particular events.

2.1. OGLE-2015-BLG-1268

The microlensing event OGLE-2015-BLG-1268 was first
alerted by the Optical Gravitational Lens Experiment (OGLE)
collaboration through the Early Warning System (EWS) real-
time event detection system (Udalski et al. 1994; Udalski
2003) on 2015 June 6, based on observations with the 1.4
deg2 camera on its 1.3m Warsaw Telescope at the Las Cam-
panas Observatory in Chile. With equatorial coordinates (RA,
Dec)2000 = (17h56m49.s77, −21◦53′57.′′6) and Galactic coor-
dinates (l,b)2000 = (7.◦41,1.◦42), this event lies in the OGLE-
IV field BLG642 (Udalski et al. 2015), meaning that it is ob-
served by OGLE with a cadence less than once per two nights,
and it was not monitored by the MOA or KMTNet surveys.

Because of the very sparse observations from the survey
team, follow-up teams including the Microlensing Follow-Up
Network (µFUN, Gould et al. 2010), Microlensing Network
for the Detection of Small Terrestrial Exoplanets (MiND-
STEp, Dominik et al. 2010) and RoboNet (Tsapras et al.
2009) also observed this event fairly intensively during its
peak as seen from Earth, in order to support theSpitzer
program and maximize the sensitivity to potential planets
(Yee et al. 2015b; Zhu et al. 2015b). One remarkable feature
about these follow-up observations is that the CTIO SMARTS

telescope used by theµFUN team could simultaneously ob-
tain H band images whileI band observations were taken
(DePoy et al. 2003), and theseH band observations turned out
to be important in characterizing the source star (see next sec-
tion). Based on the observations taken by 2015 June 16, A.G.
issued an alert to the community that this event was deviating
from the point-lens point-source model. V.B. later on pointed
out that this deviation could be fit by a point-lens finite-source
model.

Event OGLE-2015-BLG-1268 was selected forSpitzer ob-
servations on 2015 June 14, i.e.,∼ 2 days before it reached
its peak magnification as seen from Earth. It was classified as
a “subjective” event, because it by then did not (in fact, never
could) meet the objective criteria set byYee et al.(2015b).
It was selected primarily because it was going to peak with
relatively high magnification in the coming week. With a pre-
dicted peak magnificationAmax,⊕ > 6 (1-σ lower limit) by the
time of selection, this event qualified for bonus observations
(Yee et al. 2015b), and so was assigned 4-per-day cadence
for its first week of observations. Starting from its second
week, theSpitzer cadence went down to the default value (1-
per-day), and this cadence continued for two weeks until it
met the criteria set byYee et al.(2015b) for stopping obser-
vations. In total,Spitzer observed this event 48 times, each
with 6 dithered 30s exposures.

The data for this event are shown in Figure1. All data sets
have been aligned to the OGLE-IVI magnitude according to
the best-fit model given in Section3.3.

2.2. OGLE-2015-BLG-0763
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TABLE 1
BEST-FIT PARAMETERS OF
OGLE-2015-BLG-1268.

Parameters Values

χ
2/dof 700.7/693

t0 (HJD′ − 7190) 0.3992± 0.0016
u0 (10−4) 0.5± 3.2
tE (days) 17.5± 0.7
ρ (10−2) 1.08± 0.04
πE,N ±0.24± 0.07
πE,E 0.25± 0.07
Blenda 0.029± 0.039

NOTE. — a Blending fraction in the
OGLE-IV I band.

This event was first alerted by the OGLE collabora-
tion on 2015 April 22. With equatorial coordinates (RA,
Dec)2000 = (17h32m23.s41, −29◦18′09.′′7) and Galactic coor-
dinates (l,b)2000= (−1.◦78,2.◦25), this event lies in the OGLE-
IV field BLG613 (Udalski et al. 2015) and is observed by
OGLE with once-per-night cadence. It also lies within the re-
gion where the new microlensing survey, Korean Microlens-
ing Telescope Network (KMTNet,Kim et al. 2016) obtained
1-2 observations per day from each of their three 1.6m tele-
scopes as support to theSpitzer campaign. Thus, it is also
labeled by the KMTNet team as KMT-2015-BLG-0187.

Events such as this, with OGLE-IV cadence of 1-per-
day and lying in non-prime KMTNet fields, are treated by
Yee et al.(2015b) as having low survey coverage in all re-
spects. That is, they are not eligible for objective selection,
and once they are selected subjectively, follow-up observa-
tions are strongly encouraged. This event hence received a
fairly large amount of observations fromµFUN, RoboNet,
and MiNDSTEp, besides the survey observations, although
none of these ground-based data showed deviation from the
standard point source model.

Event OGLE-2015-BLG-0763 was selected by theSpitzer
team on 2015 May 19, when the Bulge could not yet be
seen fromSpitzer due to its Sun-angle limit. Nevertheless, at
that time it was selected as a futureSpitzer target in order to
achieve high sensitivity to planets. As specified inYee et al.
(2015b) and enacted inZhu et al.(2015b), when measuring
planet sensitivity or detecting planets, only the portion of the
light curve taken after the subjective selection of an event
may be considered6, in order to isolate any knowledge of
the existence of potential planet from the decision making;
this is necessary to maintain the objectivity of the sample.
The Bulge became accessible toSpitzer starting from June 6
(HJD′ ≡ HJD-2450000=7180). Although this event was only
assigned 1-per-day cadence, its position, relatively far to the
west, made it one of the few targets that could be observed
by Spitzer in the beginning of the Bulge window, and thus
it received 8-per-day cadence in the first week. The cadence
dropped to 2-per-day as more targets became accessible to
Spitzer in the second week. Beginning the third week all tar-
gets became accessible toSpitzer, and we devoted the extra
time to relatively high magnification events (seeStreet et al.
2015, for detailed description). Then the cadence for OGLE-
2015-BLG-0763 was increased to 8-per-day this week due to
its high peak magnification as seen from Earth. The cadence

6 Unless it is later found to meet objective selection criteria.

TABLE 2
BEST-FIT PARAMETERS OFOGLE-2015-BLG-0763.
THE OTHER TWO POSSIBLE SOLUTIONS, (+,+) AND

(−,−), ARE DISFAVORED BY∆χ
2 = 15, AND HAVE

ρ≤ 0.01 (2-σ LIMIT ) THAT IS INCONSISTENT WITH THE
BLEND CONSTRAINT(SEESECTION 4).

Parameters (+,−) (−,+)

χ
2/dof 1469.8/1463 1468.7/1463

t0 (HJD′ − 7189) 0.038± 0.005 0.045± 0.005
u0 (10−2) 5.92± 0.06 -5.99± 0.06
tE (days) 33.09± 0.24 32.78± 0.25
ρ (10−2) 2.18± 0.05 2.17± 0.05
πE,N -0.0684± 0.0007 0.0707± 0.0008
πE,E 0.0174± 0.0002 0.0083± 0.0002
Blenda -0.035± 0.010 -0.049± 0.012

NOTE. — a Blending fraction in the OGLE-IVI band.

went back to the default one (1-per-day) in the following
weeks until it moved out ofSpitzer window on HJD′ = 7218.
In total, 142Spitzer observations were obtained.

The Spitzer data for the six epochs nearest the peak of
OGLE-2015-BLG-0763 are affected by saturation and/or
non-linearity. This is quite apparent from the online data
presented byCalchi Novati et al.(2015b). For this event, we
have therefore re-reduced the data by taking into account the
specific characteristics of channel 1 (at 3.6µm) of the IRAC
camera. We treat all pixels with counts greater than 70% of
the allowed maximum as “corrupted”, i.e., as saturated and/or
non-linear. In addition, all pixels that are interior to corrupted
pixels are also treated as corrupted, since the saturation of
these pixels can falsely lead to “normal” flux counts. This
leads to masking seven to nine pixels for each of these six
dithered images of the epoch closest to peak and to masking
up to seven pixels for each of the six dithered images for the
remaining 5 affected epochs. The remaining pixels (i.e., those
below 70% of full well and not interior to corrupted pixels)
are treated as normal, since they are essentially unaffected by
the non-linearities in neighboring pixels. After the masking
of the inner saturated pixels, the fit is therefore carried out in
standard fashion. We note that our 70% threshold is conser-
vative with respect to the 90% value in IRAC documentation,
and was determined by us empirically from inspection of the
raw data and by studying the stability of the photometry PRF
fitting solution.7

The data for this event are shown in Figure2. Again, all
data sets have been aligned to the OGLE-IVI magnitude ac-
cording to the best-fit model given in Section3.4.

3. LIGHT CURVE ANALYSES

3.1. Modeling Process

For each event, we perform a Markov Chain Monte Carlo
(MCMC) analysis to find the best-fit parameters and the asso-
ciated probability density functions using theemcee ensem-
ble sampler (Foreman-Mackey et al. 2013). The formalism
to incorporate the finite-source effect in the single-lens case
is given in Yoo et al. (2004). For each microlensing event,
there will be six event parameters: time of maximum mag-
nification as seen from Eartht0, the impact parameter in the
absence of parallax as seen from Earthu0, the event timescale

7 We have tested that the results remain the same even though higher
threshold values (up to 90%) are used.
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tE, the source radius scaled to the angular Einstein radiusρ,
and the two components of microlens parallax along the north
and east directionπE,N andπE,E. For each data set on that
event, there are two flux parameters (fs, fb). In addition, we
have two limb-darkening coefficients (q̃1,λ, q̃2,λ) described in
the next section. If these are also set free, there are two addi-
tional parameters for each bandpass.

For each event that is investigated below, we report the
six event parameters as well as the blending fraction in the
OGLE-IV I band. This blending fraction, defined asfb/( fs +
fb), can be used to distinguish between degenerate models, as
we will see below.

3.2. Limb Darkening Effect

For the present cases, especially OGLE-2015-BLG-1268,
many of our observations were taken when the alignment be-
tween the source and the lens was closer than roughly the
scaled source sizeρ, so the generally adopted linear limb-
darkening law is not adequate. Therefore, we choose the two-
parameter square root limb darkening law

Sλ(µ) = S̄λ

[

1−Γλ

(

1−
3
2
µ

)

−Λλ

(

1−
5
4
√
µ

)]

, (3)

in which µ is the cosine of the angle between the line of
sight and the emergent intensity, andΓλ andΛλ are the limb-
darkening coefficients at wavelengthλ. Because of our re-
quirement that the total flux,Ftot,λ = πθ2

⋆ S̄λ, should be con-
served for a given source angular sizeθ⋆, Equation (3) differs
from the standard square root limb-darkening law described
by (cλ,dλ) in Diaz-Cordoves & Gimenez(1992). The trans-
formations between limb-darkening coefficients (Γλ,Λλ) and

(cλ,dλ) can be found inFields et al.(2003).
In cases in which very little knowledge of the source star

can be obtained otherwise, one may want to fit for (Γλ,Λλ).
However, simply leaving (Γλ,Λλ) free will very likely lead
to unphysical stellar brightness profiles. Therefore, we repa-
rameterize the limb-darkening coefficients (Γλ,Λλ) using the
method proposed byKipping (2013),

q̃1,λ ≡ (Γλ +Λλ)2 , (4)

q̃2,λ ≡ 7Λλ

12(Γλ +Λλ)
. (5)

The inverse transformation is given by

Γλ =
√

q̃1,λ

(

1−
12
7

q̃2,λ

)

, (6)

Λλ =
12
7

√

q̃1,λq̃2,λ . (7)

As Kipping (2013) has shown, uniform samplings in the inter-
val [0, 1] for bothq̃1,λ andq̃2,λ can ensure physically mean-
ingful stellar intensity profiles8 as well as being efficient.9

3.3. OGLE-2015-BLG-1268

In the case of OGLE-2015-BLG-1268, because we were
unable to fully understand the source star with only photomet-
ric data (see Section4.1), we also fit for the limb-darkening

8 Positive intensity everywhere, and monotonically decreasing intensity
from the center to the limb.

9 Note that (̃q1,λ, q̃2,λ) given by Equations (4) and (5) is not the only
parameterization to implement the idea proposed byKipping (2013).
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coefficients. Since only theI andH band data were relevant
when the finite-source effect is prominent, we only set the
limb-darkening coefficients of these two bands free. Further-
more, since theSpitzer data only captured the falling tail of
the light curve, a constraint on the source flux in theSpitzer
3.6 µm band (Lspitzer) is necessary in order to better mea-
sure the parallax (Calchi Novati et al. 2015a,b). This is done
by conducting a color-color regression betweenI − H and
I − Lspitzer using stars with color and magnitude similar to the
clump.

Our best-fit model to this event is shown in Figure1, and
best-fit parameters with 1-σ intervals are given in Table1.
Note that in Figure1, the H band model shows deviations
from the I band model, which are obvious on the top and
still noticeable at the limb. Characterizing events via such de-
viations for point-lens (Gould & Welch 1996) and planetary
(Gaudi & Gould 1997) events was the original motivation for
building the dichroic ANDICAM camera (DePoy et al. 2003).
We show in Figure3 the∆χ2 = 1, 4 and 9 contours between
(q̃1,λ, q̃2,λ) on the top of the theoretical values fromClaret
(2000). The constraint on theI band limb-darkening coeffi-
cients (̃q1,I, q̃2,I) favors hot stars (Teff ≥ 8000 K) at 2-σ level,
and this is consistent with the less constrainedH band limb-
darkening coefficients.

Since the impact parameter as seen from Earth is extremely
small (indeed, consistent with zero) compared to the that seen
from Spitzer, the generic four-fold degeneracy in single-lens
events collapses to two-fold, i.e., to a degeneracy only in the
direction ofπE (and not its magnitude). However, this de-
generacy in direction has no effect on the mass and distance
measurement (Gould & Yee 2012).

3.4. OGLE-2015-BLG-0763

For OGLE-2015-BLG-0763, we adopt the limb-darkening
coefficients that correspond to the well characterized source
(see Section4.2), so that only event parameters and flux pa-
rameters are free in the modeling. The best-fit model is shown
in Figure2, and the best-fit parameters together with 1-σ inter-
vals for the two adopted solutions, (+,−) and (−,+), are given
in Table2. Parameters of the other possible solutions, i.e.,
(+,+) and (−,−) solutions, are similar except that only an up-
per limit on the source size,ρ≤ 0.01 at∆χ2 = 4 or 2-σ level,
can be obtained, meaning that the finite-source effect is notse-
curely detected. Nevertheless these two solutions are rejected,
partly because they are disfavored by∆χ2 = 15, and also be-
cause the derived physical parameters result in inconsistency
with observations (see Section4.2).

The two adopted solutions have different parallax vectorπE
but similar amplitudeπE, as is shown in Table2. As in the
previous case, for the purpose of mass and distance determi-
nation this means that the four-fold degeneracy is also broken
here. We show in Section5 that this is not coincidental, but is
rather almost inevitable for mass measurements of single-lens
events with space-based observations.

4. PHYSICAL INTERPRETATIONS

4.1. OGLE-2015-BLG-1268L: A Brown Dwarf in the Inner
Disk

The extinction in the region where this event lies is so high
that the routine OGLE-IVV band images are not deep enough
to resolve the red giant clump in the Bulge. In order to de-
termine the color and magnitude of the source star following
the standard routine (Yoo et al. 2004), we then construct an

I − H vs. I color-magnitude diagram (CMD) in the following
way: we obtain OGLE-IVI band magnitudes for stars within
2′ separation from the event, and cross-match to the VISTA
Variables in the Vía Láctea Survey (VVV,Saito et al. 2012)
to obtain theirH band magnitudes. The position of the source
star on this CMD is found to be

(I − H, I)s = (2.997±0.003, 19.54±0.04) , (8)

in which Is comes directly from the modeling andHs is deter-
mined by transforming the CTIO instrumentalH-band source
flux that is derived from the model to the standard VVV sys-
tem using comparison stars. The centroid of the red clump on
this CMD is at

(I − H, I)cl = (4.00±0.02, 17.78±0.05). (9)

The CMD for this event with the positions of the source and
the clump centroid indicated is shown on the left panel of
Figure 4. Comparing to the dereddened color and magni-
tude of the clump at this particular direction, (I − H, I)cl,0 =
(1.29, 14.23) (Bensby et al. 2013; Nataf et al. 2013), we de-
termine the extinction and reddening to beAI = 3.6 and
E(I − H) = 2.7, respectively. If all of this extinction applies
to the source star, the dereddened source will have

(I − H, I)s,0 = (0.29±0.02,15.99±0.08). (10)

andMI = 1.65. These values suggest the source star is a late
A/early F dwarf (Bessell & Brett 1988). Such stars are rare in
the Bulge (Bensby et al. 2013; Poleski et al. 2014). In princi-
ple, one could not exclude the possibility that the source might
not lie behind the same amount of dust as the clump does, so
that an intrinsically redder and therefore dimmer but closer
source star is also allowed by this CMD analysis. However,
the limb-darkening coefficients from our light curve modeling
(see Figure3) also suggest that the source star hasTeff ≥ 8000
K when compared to the theoretical values given byClaret
(2000). Therefore, we conclude that the source star is an A-
type dwarf in the Bulge (or at least at a roughly similar dis-
tance as the Bulge).

We then use the dereddened source color and magnitude to
derive the angular radius of the source star.Boyajian et al.
(2014) provide the following relation to estimate the stellar
angular diameter based on the dereddenedI − H color andI
magnitude

logd⋆ = a0 + a1(I − H) − 0.2I , (11)

with a0 = 0.53026±0.00077,a1 = 0.36595±0.00079. Adopt-
ing the above dereddened color and magnitude of the source,
we find that the source angular radius is

θ⋆ = (1.37±0.10)µas. (12)

The uncertainty here is dominated by the 7.4% scatter in the
color-surface brightness relation (Equation11).

When combined with the source radiusρ = 0.0108±
0.0005, it yieldsθE = 0.127±0.009 mas. Given the microlens
parallax measurementπE = 0.35± 0.04 10 We then find the

10 Note that the uncertainty onπE is smaller than the uncertainty on ei-
therπE,N or πE,E (see Table1) because of the anti-correlation betweenπE,N
andπE,E. This anti-correlation emerges due to the constraint on thesource
flux in Lspitzerband. In particular,Gould & Yee(2012) showed that for high-
magnification events (as seen from Earth),πE can be determined from a sin-
gle space-based observation taken at the ground-based peak(plus one addi-
tional late-time observation), provided the space-based source flux is known.
In this case, there would be perfect knowledge of the magnitude ofπE and
perfect ignorance of its direction. While the observationsof OGLE-2015-
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lens mass and the lens-source relative parallax

ML = (0.045±0.007)M⊙; πrel = (0.044±0.006) mas,
(13)

and then (adoptingDS = 8±1 kpc), a lens distance

DL = (5.9±1.0) kpc. (14)

That is, a brown dwarf (BD) in the inner Galactic disk.
The lens-source relative proper motion,µrel = 2.65±

0.20 mas yr−1, is more typical of Bulge lenses (µrel ∼
4 mas yr−1) than disk lenses (µrel ∼ 7 mas yr−1). However,
this value is certainly not inconsistent with a disk lens for
two reasons. First, the higher proper motions typical of disk
lenses come from the fact that the Sun and the disk lens par-
take of the same relatively flat Galactic rotation curve, while
Bulge sources are on average not moving in the frame of the
Galaxy. Hence, disk lenses tend to have similar proper mo-
tions as SgrA*. However, in the present case, the source may
also be in the disk as indicated by the fact that it is likely to

BLG-1268 do not satisfy this condition (see Figure1), essentially the same
logic applies.

be an A star. If so, it would partake of the same flat rota-
tion curve, which then naturally leads to a low proper motion.
Second, one of the two solutions (withπE,N > 0) is approxi-
mately in the direction of Galactic rotation, so that the Bulge
source would have to be moving at justµS∼ 4 mas yr−1 in the
direction of Galactic rotation (i.e., 1.3 σ) to account for the
observed relative proper motion.

The Galactic coordinates of the event, (l,b) = (7.◦41,1.◦42),
provide a further indication that the source may be in the disk.
That is, even if the source were at roughly the Galactocentric
distance, it would lie just∼ 200 pc from the plane, which
is significantly populated by late A/early F stars. Moreover,
at this longitude, disk stars account for a significantly larger
fraction of stars at these distances than is the case for typical
microlensing fields nearl ∼ 0. Thus, this possibility must be
taken seriously.

Now, if the source were in the disk, this would not in any
way affect eitherML or πrel, provided that the source lies be-
hind the same dust column as the clump. This is because the
estimate ofθ⋆ (and soθE) depends only on the dereddened
color and magnitude of the source and not its distance. How-
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ever, given the various evidences favoring a disk source, as
well as the low Galactic latitude of the event, we must con-
sider the possibility that the source does in fact lie in front of
at least some of the dust.

Hence, we develop a more robust way to estimate the
lens mass that does not require the source lying behind all
the dust. According to the color-surface brightness relation
(Equation11), one can write the angular source radiusθ⋆ (and
furtherML) in terms of the dereddened source color (I − H)s,0
and magnitudeIs,0. If the reddening law derived from the red
clump, RIH = AI/E(I − H) = 1.33, also applies to the source
star, we can express (I − H)s,0 andIs,0 in terms of (I − H)s, Is,
and a single parameterη,

Is,0 = Is,0,naive+ ηAI , (I − H)s,0 = (I − H)s,0,naive+ ηE(I − H) .
(15)

Here η is the fraction of total extinction of dust lying be-
hind the source (and in front of the clump), whileIs,0,naive and
(I − H)s,0,naive are the values we derived above under the naive
assumption thatη = 0. Combining Equations (11) and (15)
with the observedRIH = 1.33 andE(I − H) = 2.7, one finds
that as one variesη, θ⋆ changes by

∆ logθ⋆ = ηE(I − H)(a1 − 0.2RIH) = 0.27η . (16)

Thus in particular, our conclusion that the best estimate for the
lens mass is in the brown dwarf regime (M < 0.08M⊙) rests
on the assumption thatη < log(0.08/0.045)/0.27= 0.86. This
is very likely simply because nearby sources are extremely
rare in microlensing due to low optical depth. Nevertheless,
it would be of interest to definitively resolve this issue. This
could be done simply by identifying the stellar type of the
source via a low-resolution spectrum. This would remove the
uncertainty due to the location of the source with respect to
the dust. It would also permit one to determineθ⋆ without
appealing to the detailed modeling of limb-darkening coeffi-
cients from the light curve (Section3.3).

4.2. OGLE-2015-BLG-0763L: An M-type Main-Sequence
Star in the Inner Disk

We first characterize the source of OGLE-2015-BLG-0763
using the method ofYoo et al. (2004). Combining the
light curve modeling and a linear regression of OGLE-IV
V band onI band flux during the event yield (V − I, I)s =
(3.25, 17.27). The clump centroid in thisV − I vs. I CMD
(see the right panel of Figure4) is found at (V − I, I)cl =
(3.00, 16.89). After the correction of OGLE-IV non-standard
V band (Zhu et al. 2015a), and combining with the dered-
dened color (Bensby et al. 2013) and magnitude (Nataf et al.
2013) of the clump at this direction, we derive the color
and magnitude of the dereddened source to be (V − I, I)s,0 =
(1.29, 14.78). Thus, the source is a giant star in the Bulge.
We then convert fromV − I toV − K using the empirical color-
color relations ofBessell & Brett (1988), apply the color-
surface brightness relation ofKervella et al.(2004), and find
the source angular radius

θ⋆ = 6.3±0.4µas. (17)

The uncertainty here has taken into account the uncertainty
in centroiding the clumpI-band magnitude in the CMD (∼
0.05 mag) and the derivation of the intrinsic source color (0.05
mag,Bensby et al. 2013).

Given the source sizeρ = 0.0218±0.0007 from light curve

modeling,11 this indicates an angular Einstein radiusθE =
0.288±0.020 mas. We then combine this with the microlens
parallax parameterπE = 0.0709± 0.0010 and find the lens
mass and distance

ML = 0.50±0.04M⊙ , DL = 6.9±1.0 kpc. (18)

In derivingDL we have assumed a Bulge source (DS = 8±1
kpc), which is very likely the case given the location of this
event. Given the timescaletE = 32.9± 0.3 days, the lens-
source relative proper motion isµrel = 3.20±0.25 mas/yr, and
it is almost due the north/south direction (πE,E ≪ |πE,N|).

As is mentioned in Section3.4, the other two solutions
(+,+) and (−,−) are disfavored by∆χ2 = 15 and only pro-
vide upper limit of 0.01 onρ. Regardless of theχ2 argument,
if this set of solutions were correct, the lens would have mass
1.0 M⊙ and distance 6 kpc. First of all, more massive stars
are intrinsically rarer. Furthermore, a 1M⊙ main-sequence
star would be 12% as bright as the source star, and therefore
contribute 11% of the total baseline flux. This contradicts the
fact that slightly negative blending is detected in this event. 12

Therefore, these two solutions are discarded.

5. DISCUSSION

The mass determination of isolated microlenses requires
measurements of at least two of the three important mi-
crolensing parameters: the angular Einstein radiusθE, the mi-
crolens parallaxπE, and the lens flux. Among them, measur-
ing the lens flux requires the lens to be luminous, so that it will
not work for faint or dark lenses, although it may see broad
applications in future space-based microlensing experiments
(Yee 2015). Therefore, measuringθE andπE together is the
only method that works for all types of objects.

In this work, we report on the mass and distance measure-
ments of two single-lens events from our 2015Spitzer mi-
crolensing program. The finite-source effect is detected in
the ground-based data in OGLE-2015-BLG-1268, and in the
Spitzer data in OGLE-2015-BLG-0763, ensuring measure-
ment of the angular Einstein radiusθE. The microlens parallax
parameterπE is measured from a combined fit to the ground-
and space-based data. We find that the lens of OGLE-2015-
BLG-1268 is very likely a brown dwarf, and probably a 45MJ
brown dwarf at 5.9 kpc if the source star is inside the galactic
Bulge. The lens of OGLE-2015-BLG-0763 is a 0.5M⊙ star
at 6.9 kpc.

The result that at least two13 single-lens events out of the
170 monitored events in the 2015Spitzer program yield mass
measurements was unexpected, but turns out to be reasonable.
To measure the mass of isolated microlenses by combiningθE
andtE, one needs to detect the finite-source effect and measure
the microlens parallax. The first is approximately a geometric
probability for the lens to “transit” the source star, whichis
of orderρ 14 , and the second, in the case of two-observatory
parallax method (Refsdal 1966; Gould 1994, 1997), is limited

11 Here we combine the results of (+,−) and (−,+) solutions, and the un-
certainty takes into account the difference between both solutions and the
uncertainty of each solution.

12 The adopted solution, a 0.5M⊙ star at 6.9 kpc, cannot produce a neg-
ative blending either, but this solution is much more plausible given the fact
that various effects can lead to slightly negative blending(Smith et al. 2007).

13 The single-lens event OGLE-2015-BLG-1482 also shows finite-source
effect as seen fromSpitzer (Chung et al., in prep).

14 The observational bias tends to enhance the probability of detecting
such finite-source effects in single-lens events that are caused by faint dwarf
source stars. SeeZhu & Gould(2016) for more discussions.
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mostly by the projected separation between the two observa-
toriesD⊥. In order to measure the parallax, the two observa-
tories should both be able to detect the same event, but should
each see (slightly) different light curves. In the presenceof the
finite-source effect, this provides the following constraints on
the projected Einstein radius̃rE ≡ AU/πE,

D⊥ . r̃E .
50D⊥

ρ
. (19)

where in the second inequality we have assumed typical pho-
tometric uncertainty (2%) during peak (Gould & Yee 2013).
For a lens with massML , the above inequalities then provide
upper and lower limit on the lens distance for which microlens
parallax is detectable (assuming Bulge sources)

AU
50D⊥

θ⋆ . πrel . κML

(

AU
D⊥

)2

. (20)

For terrestrial parallax (D⊥ ∼ R⊕), the upper constraint on
πrel is almost always satisfied unless the lens is extremely low-
mass or extremely nearby. The combined constraint thus sug-
gests that only relatively nearby (DL . 2.5 kpc) lenses can be
probed by terrestrial parallax, and since the lensing probabil-
ity of such stars is quite low, the overall probability to measure
isolated lens masses through this channel is extremely low.
This has been shown inGould & Yee(2013), in which they
found an event rate∼1.6 Gyr−1. Observationally, in the era
prior to theSpitzer microlensing campaign, only two single-
lens microlensing events yielded mass measurements (OGLE-
2007-BLG-224 & OGLE-2008-BLG-279,Gould et al. 2009;
Yee et al. 2009) in this way, although more than 10,000 events
were discovered and at least four thousand of them were mon-
itored as intensively asSpitzer events.15

Equation (20) also shows that in aSpitzer-like microlens-
ing program (D⊥ ∼ 1 AU), the parallax parameter is measur-
able for the majority of microlensing events. This has been
proved by the 2014 & 2015Spitzer microlensing programs
(Calchi Novati et al. 2015a,b). In addition, the lens-source
relative trajectory is most often very different as seen from
Earth and from the satellite. This means that the probability
to detect the finite-source effect in single-lens events is almost
doubled. Thus, the overall probability to make mass mea-
surements of isolated microlenses forSpitzer is 2〈ρ〉/u0,max,
where 〈ρ〉 ∼ 0.005 is the average source size normalized
to the Einstein radius forSpitzer events, andu0,max ≈ 0.3
is set as one of the criteria for selecting events (Yee et al.
2015b). This theoretical estimate (3.3%) agrees with the ap-
parent frequency of such events (3/170 = 1.8%) reasonably
well, with the factor of∼2 difference likely due to the in-
complete coverage ofSpitzer data in some events. Hence,
space-based microlensing experiments such asSpitzer and
Kepler (Gould & Horne 2013; Henderson et al. 2015) can sig-
nificantly increase the probability to measure the mass of iso-
lated microlenses, besides their primary goal of detections and
statistical studies of planets. Furthermore, because the impact
parameter of the observatory that shows the finite-source ef-

15 For example, among∼10,000 microlensing events that were detected
by OGLE-IV by 2015, more than 4,000 fall in the OGLE-IV high-cadence
(> 10 per night) fields. Those that reached high magnifications were followed
up more intensively for the purpose of detecting planets (Griest & Safizadeh
1998), and thus any deviation from the standard point-lens point-source mi-
crolensing light curve, such as the finite-source effect andterrestrial parallax,
would be efficiently detected and further studied for the purpose of detecting
planets.

fect must be close to zero, the generic four-fold degeneracyin
single lens cases is effectively broken (Gould & Yee 2012).

Measuring the mass of isolated microlenses is of great sci-
entific interest. Gould (2000) estimated that∼ 20% of all
Galactic microlensing events are caused by stellar remnants,
and specifically that∼ 1% are due to stellar mass black holes
(BHs). In addition, there exists a population of probably un-
bound planet-mass objects that are almost twice as common
as main-sequence stars (Sumi et al. 2011). These isolated
stellar remnants and free floating planets (FFPs) can only be
probed by microlensing, and our work shows that space-based
observations can significantly enhance the probability to def-
initely measure their masses.

The future of detecting dark or extremely faint isolated ob-
jects via microlensing is promising. In addition toSpitzer,
the re-proposedKepler mission (K2, Howell et al. 2014) is
going to continuously monitor a 4 deg2 microlensing fields
for ∼ 70 days in its campaign 9, which provides so far
a unique chance to probe especially the FFP population
(Gould & Horne 2013; Henderson et al. 2015). Future space-
based microlensing missions such as the Wide-Field InfraRed
Survey Telescope (WFIRST, Spergel et al. 2015) and possi-
bly Euclid (Penny et al. 2013), once combined with a simul-
taneous ground-based telescope network, will significantly in-
crease the sensitivities to especially FFPs with even lower
masses (Zhu & Gould 2016).
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