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ABSTRACT

We search for microlensing events in the zero-latitude area of the Galactic Bulge using the VVV
Survey near-IR data. We have discovered a total sample of N = 630 events within an area covering
20.68deg2 between the years 2010 and 2015. In this paper we describe the search and present the data
for the final sample, including near-IR magnitudes, colors and proper motions, as well as the standard
microlensing parameters. We use the near-IR Color-Magnitude and Color-Color Diagram to select
NRC = 290 events with red-clump sources to analyze the extinction properties of the sample in the
central region of the Galactic plane. The timescale distribution and its dependence in the longitude
axis is presented. The mean timescale decreases as we approach the Galactic minor axis (b = 0 deg).
Finally, we give examples of special microlensing events, such as binaries, short timescale events, and
events with strong parallax effect.
Keywords: Galaxy: Bulge — Galaxy: structure — gravitational lensing: micro

1. INTRODUCTION

Gravitational microlensing effect occurs when a fore-
ground object (e.g planet, star, neutron star, black hole)
pass near the line of sight between the earth and a back-
ground star causing a deflection of the light rays and
generating two images of the source star (Einstein 1916;
Refsdal 1964; Paczyński 1986). Due to the resolution
of the telescopes available so far, when the effect occurs
within our Galaxy, it is not possible to detect both images
but an increase in the brightness of the source. This ef-
fect is useful for a variety of studies in Astrophysics, such
as the structure and dynamics of the Galaxy, the search
for exoplanet, as a unique way to detect isolated black
holes, etc. The vast applications of microlensing have
been extensively reviewed by Paczyński (1986); Evans
(2003); Wambsganss (2006); Gould (2008); Gaudi et al.
(2010); Mao (2012), among others.

This effect has been studied by Surveys such as Op-
tical Gravitational Lensing Experiment (OGLE; Udalski
et al. 1993), Massive Astrophysical Compact Halo Ob-
jects (MACHO; Alcock et al. 1993), Microlensing Ob-
servations in Astrophysics (MOA; Bond et al. 2001),
Expérience pour la Recherche d’Objets Sombres (EROS;
Aubourg et al. 1993), Disk Unseen Objects (DUO; Alard
et al. 1995a), Wise Observatory (Shvartzvald & Maoz
2012) and Korea Microlensing Telescope Network (KMT-
Net; Kim et al. 2010, Kim et al. 2017). Those surveys
have been scanning diverse areas of the sky with high
cadence in order to cover the entire range of events,
from short timescale events lasting the order of days and
suggesting the presence of free-floating planets, to long
timescale events of hundreds of days that are good can-
didates for black holes. The most interesting areas are
those that contain high density of stars because those
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are the regions where it is more likely to detect a mi-
crolensing event. Essentially the most explored are the
Large and Small Magellanic clouds (LMC, SMC) and the
Galactic Bulge (GB). The later has been extensively ana-
lyzed in detail by the surveys mentioned above excluding
the region of lower latitude where the large interstellar
extinction hide this area from optical observations, pre-
venting further analysis.

This situation has improved with the emergence of
Near IR surveys such as the UKIRT Infrared Deep Sky
Survey (UKIDSS; Lawrence 2007) and the VISTA Vari-
ables in the Vı́a Láctea Survey (VVV; Minniti et al.
2010), that are able to observe throughout the lowest
latitude regions of the Galactic plane, reaching well be-
yond the Galactic center.

In this context, the study of the most obscured part of
the Galaxy using the VVV Survey near-IR data obtained
between 2010 to 2015 was first published in Navarro et
al. (2017) covering the 3 innermost tiles of the Survey
(b332, b333 and b334). Then the area was extended
covering the whole plane in the Galactic Bulge,
that are 14 tiles from b327 to b340 (Navarro et
al. 2018). This work presents a complete cata-
log of the microlensing events found in the in-
nermost area of the Galaxy covering the region
within −10.00o ≤ l ≤ 10.44o and −0.46o ≤ b ≤ 0.65o.
The complete study of the microlensing events in
the 196 tiles covering the whole Galactic Bulge
(area of 300deg2) is a daunting task proposed for
the future.

Section 2 describes the observations carried out for the
VVV Survey and the method used to search for the mi-
crolensing events. The general analysis of the parame-
ters found for the final sample and the second quality
sample is presented in Section 3. The Color-Magnitude
Diagrams (CMDs), Color-Color Diagrams (CCDs) and
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the extinction distribution are discussed in Section 4. In
Section 5 we present the spatial distribution of the sam-
ple and its dependence on the microlensing timescale.
Section 6 is devoted to the events showing features that
depart from the standard model, such as binary lenses or
parallax effects. In Section 7 both, the photometric and
sampling efficiency are discussed, and in Section 8 the
timescale analysis is presented. The proper motions are
discussed in Section 9. The relation between our results
and the WFIRST observational campaign is mentioned
in Section 10. The comparison between our results with
other surveys is presented in Section 11. Finally, the
conclusions of this work are given in Section 12.

2. OBSERVATIONS AND METHOD

The VVV observations are carried out with the VISTA
telescope, located at Cerro Paranal - Chile. This is a 4-
m telescope optimized for near-IR observations equipped
with the wide-field VISTA InfraRed Camera (Emerson &
Sutherland 2010, VIRCAM) containing 67 million pixels
(16 chips of 2048×2048 pixels). The Field of View (FoV)
is 1.6deg2 which is called a “tile”. The entire set of VVV
observations comprises 348 tiles; 196 tiles in the Bulge
and 152 in the disk area (Minniti et al. 2010; Saito et al.
2012). The VVV observation schedule includes single-
epoch photometry in the Z Y J H Ks-bands and a vari-
ability campaign in the Ks-band Minniti et al. (2010).

The aperture photometry catalogs for all regions ob-
served by the VVV are produced by the Cambridge As-
tronomical Survey Unit (CASU) using the VISTA Data
Flow System Pipeline (Irwin et al. 2004). However, in
the area close to the Galactic center where the crowding
and differential reddening effects are severe, the PSF pho-
tometry is mandatory. The reduction of the data for this
work was carried out using the DAOPHOT II/ALLSTAR
package (Stetson 1987), as described in detail in Con-
treras Ramos et al. (2017). The CASU catalogs were
used to calibrate our photometry into the VISTA sys-
tem by means of a simple magnitude shift using sev-
eral thousands of stars in common. Typical photo-
metric and positional errors are σKs

= 0.01 mag,
and σJ,H = 0.03 mag (Saito et al. 2012; Contr-
eras Ramos et al. 2017; Alonso-Garćıa et al. 2018)
and σ = 0.1 arcsec (Libralato 2015; Smith et al.
2017; Kurtev et al. 2017) respectively. In this
work, the area analyzed comprises 14 VVV tiles in the
Bulge (from b327 to b340) covering the region within
−10.00o ≤ l ≤ 10.44o and −0.46o ≤ b ≤ 0.65o. The
massive analysis of the multi-epoch magnitudes in the
Ks-band for ∼ 107 point sources was carried out over
the past years. The reduced dataset included from 73
(b340) to 104 epochs (b333) spanning six seasons (2010-
2015) of observations.

The standard microlensing model assumes that
the source and the lens are point like objects
(Refsdal 1964) and describes the total observed
flux (F (t)) as the product of the observed tar-
get star (Fs) and the microlensing magnification
(A(t)) as follows

F (t) = FsA(t), (1)

where A(t) can be expressed as

A(t) = A(u(t)) =
u2 + 2

u
√
u2 + 4

, (2)

and u is the projected separation of the source and
the lens in units of Einstein radius and is related to the
impact parameter and thus with the amplitude of the
light curve. The variation of u with time is described by

u(t) =

√
u20 +

(
t− t0
tE

)2

. (3)

Where u0 is the minimum impact parameter, t0 the
time of maximum magnification and tE the Einstein
radius crossing time.

In crowded fields, the seeing element of the
sources can be affected by the light of nearby
stars. In these cases the observed microlensing
magnification (A(t)obs) follows

[A(t)obs − 1] = [A(t)− 1]fbl, (4)

where fbl is the blending parameter and fbl = 1
for the cases of no blending and fbl ∼ 0 for ex-
treme blending.

The microlensing event selection follows the same pro-
cedure outlined by Navarro et al. (2017). First of all,
from the complete sample (∼ 107 light curves) we se-
lected the light curves with more than 20 data points,
so the sample was reduced to ∼ 5 × 106 . The second
step was to perform an automated fitting procedure us-
ing the standard microlensing model. Using relations
between the data points based in the reconstruction of a
microlensing light curve, i.e. the detection of the appre-
ciable increase followed by a decrease in brightness, we
got an initial guess for the standard microlensing model
parameters u0, t0 and tE . The approximate time of max-
imum magnification (t0) is defined as the moment when
the brightness starts to decrease and the timescale (tE)
to the amount of time from when the brightness increase
begins until it returns to its normal state (divided by
two).

After the fitting procedure, the quality index (q) that
tells us the probability that the light curve is a microlens-
ing event is computed. The value of this index varies be-
tween 0 and 1 so that the light curves that are most likely
to be a microlensing event have low indices. The features
that decrease the quality number (i.e increase the prob-
ability that the event is a microlensing event) are; the
number of data points during the event with a minimum
number of 4 data points; the number of data points in
the baseline in order to well constrain the baseline mag-
nitude and avoid confusion with long period variables;
the dispersion of the residuals between the fitted light
curve and the data during the event to evaluate if the
event follow the point source point less (PSPL) model
(which is the most important indicator) and the disper-
sion of the residuals between the fitted light curve and
the data in the baseline. Each indicator is included in
the calculation of the quality index with different weight
according to its relevance. The quality number was
computed as the multiplication of 1 over every
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feature as follows:

q = weighti(1/featurei)×weighti+1(1/featurei+1)... (5)

After the fitting procedure and the estimation of the
quality index we evaluated four criteria:

1. Binaries

2. Timescale

3. Magnitude amplitude

4. Quality index

In order to search for events following the PSPL model
we limited our sample to the light curves with constant
increase and decrease in the magnification within a spe-
cific period (tE initial guess) and non-decreases in bright-
ness within this time in order to exclude long timescale
binary events and strong parallax events. We rejected
the light curves with initial guess in timescale larger than
500 days, amplitude < 0.1 and quality index q > 0.002.
With amplitude we refer to the ∆ mag between the base-
line magnitude and the brightest data point. Applying
this criteria we decrease the initial sample to ∼ 5 × 104

light curves (from 2500 to 5000 per tile).
The third step was a double blind visual inspection

of all the microlensing light curves and models fitted,
to apply a series of customized requirements (same re-
quirements applied in Navarro et al. (2017)), such as: a
well-defined constant baseline; at least one data point in
the rising and falling light curve; at least four points with
4σ above the baseline; baseline covering more than one
season; timescales within an acceptable range to avoid
confusion with long period variable stars, and a good fit
to the microlensing standard model. The strict criteria
applied here ensure that the parameters obtained are well
constrained.

After this selection procedure the final sample was re-
duced to 655 events. In this step we also selected a second
quality sample with forsaken events that do not satisfy at
least one of the criteria even though many of them show
a clear microlensing event light curve. Additionally, we
flagged some events that show clear binary source (bi-
nary lens) light curves, and parallax effects, that depart
from an appropriate fit to the microlensing curve. The
number of light curves analyzed in each step along with
a short description are shown in Table 1.

The observational strategy of the VVV Survey implies
6 individual observations (“pawprints”) with small off-
sets in order to fill the gaps between the 16 detectors of
VIRCAM (Catelan et al. 2011). Considering that the de-
tection procedure was performed for the pawprints and
not for the complete tile, there is a small probability to
obtain duplicated detections. These are very useful as
an external test of the quality of the various parame-
ters measured from our experiment. In order to select
these duplicate events, we searched for pairs of events
that meet the following 3 criteria simultaneously; dis-
tance differences less than 2 arcsec; t0 differences less
than 7 days and baseline Ks magnitude differences less
than 0.15 mag. In this case we included the forsaken
sample because the duplicated events will have twice the
data points and can eventually fulfill all the requirements

mentioned above. We found 30 duplicated events, that
is the ∼ 5% of the complete sample.

The final sample contains 630 microlensing events
(Navarro et al. (2017), Navarro et al. (2018)). As an
additional check we analyze the 630 light curves
during the efficiency analysis discussed in Section
7. The final sample was recovered as good candi-
dates as microlensing events.

3. SEARCH FOR MICROLENSING EVENTS

As mentioned in Section 2 the final sample is divided
in two sets, the 630 first quality events which fulfill all
the conditions, and 2010 lower quality forsaken events.

3.1. Catalog of Best Microlensing Events

The first quality catalog of the 630 microlensing events
is listed in Table 2, including their positions in Galactic
coordinates, Ks-band magnitudes, and the parameters
obtained by the standard microlensing model fitting pro-
cedure along with the respective errors.

In order to check the fidelity of our results we analyzed
the parameters obtained by the standard microlensing
model. Figure 1 shows the dependence of the microlens-
ing amplitude with the timescale. The distribution does
not show a significant trend but a homogeneous distri-
bution, as expected.

Some high magnificationation events are observed
(N = 6 events with Amp> 3 mag), but the low mag-
nification events clearly dominate the sample. There are
many long timescale events (tE > 100 days), including
N = 49 events with tE > 200 days There are also short
timescale events (tE < 10 days), including N = 3 events
with tE < 5 days. The events with long timescale are spe-
cially interesting because they have the potential of de-
tecting Primordial Intermediate-Mass Black Holes, with
masses between 20 and 105M� (Frampton 2016).

As an additional check we analyzed the timescale (in
logarithmic scale) versus longitude relation (see Fig-
ure 2). This diagram shows a homogeneous distribution
without significant variations in the mean timescales with
Galactic longitude, as expected.

3.2. Catalog of Forsaken Microlensing Events

The events that fail to fulfill at least one of the crite-
ria defined in the previous section are also selected and
inspected. Visual inspection of the light curves reveals
that some of them are likely to be microlensing events
and therefore we single them out as second best (or for-
saken) microlensing events. A representative light-curve
is shown in Figure 3. It is clear that the event follows
the standard microlensing model but do not meet all the
requirements. In the most evident cases, the lack of one
data point on the rising or falling area of the light curve
prevents us from obtaining an accurate estimate for the
Einstein radius crossing time. Indeed, the efficiency anal-
ysis that follows predicts that we are missing many real
events and some of them may be these forsaken events
listed here. Table 3 presents the catalogue of the 2010
forsaken microlensing events. However, they are listed
here only for completeness (and because it would be a
shame that they are entirely lost), but they are not con-
sidered any further for the analysis of the events effi-
ciency, distribution and timescale.
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Figure 1. Amplitude vs Einstein radius crossing time tE for the
630 first quality events. Both parameters were obtained using the
standard microlensing model.

Figure 2. Distribution of the Einstein radius crossing time tE vs
the Galactic longitude for the first quality sample.

We analyzed the relation between the longitude depen-
dence of the timescale in a logarithmic scale (Figure 4).
From Figure 4 we see that there are no trends as ex-
pected.

Figure 3. Examples of a forsaken event light curves. The lack of
data points in the decreasing part of the curve does not allow us
to calculate the Einstein radius crossing time tE properly.

Figure 4. Distribution of the Einstein radius crossing time tE vs
the longitude for the 2010 forsaken events.

4. COLOR-MAGNITUDE DIAGRAMS

For purposes the timescale analysis, it is profitable
to use a subsample of Red Clump Giants stars (RC)
(Paczyński & Stanek 1998). Red Clump Giants stars
are evolved low mass stars that are burning helium in
their cores and are located in a narrow band (Horizontal
Branch) of the CMD, hence act as standard candles and
excellent distance indicators.

There are two main reasons to analyze specifically the
RC sample; the probability of the source is located in
the Bulge is high and they are bright enough that the
blending effect might be negligible. Therefore the param-
eters obtained from the light curve fits are more reliable
(Popowski et al. 2001).

Figure 5 shows the Ks vs H − Ks CMD of the area
studied here, plotted as a density map along with the
sources of the microlensing events. The CMD of the Ks

vs J −Ks is shown in Figure 1. of Navarro et al. (2018).
The RC sources were selected using the Ks vs J − Ks

CMD. Its clear that the RC stars are extremely affected
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Figure 5. Near-IR Ks vs H −Ks Color-Magnitude Diagram for
the 14 VVV tiles (from b327 to b340). The white circles indicate
the sources of the first quality sample of microlensing events. The
events concentrated at the red edge of the distribution have J-band
values below the detection limit. So the color was computed as a
lower limit using the CMD.

Figure 6. Ks-magnitude distribution for the detected events
(black histogram) compared with the selected RC events (red his-
togram). The events concentrated at the red edge of the distribu-
tion have J-band values below the detection limit. So the color
was computed as a lower limit using the CMD.

by the differential extinction present in the inner Bulge
and plane and also that they follow the extinction law of
Alonso-Garćıa et al. (2017) computed for the VVV data
in the most central fields with a slope of Ak/E(J−Ks) =
0.428±0.005±0.04 and Ak/E(H−Ks) = 1.104±0.022±
0.2 for each CMD. The CMD of the forsaken events (not
shown for the sake of space) is similar to that of the CMD
of bonafide events shown in Figure 5.

The Ks magnitude histogram is presented in Figure 6
in order to show the red clump selection. The over den-
sity of sources centered in Ks = 14.5 mag reveals the
presence of the red clump sources. The peak of the dis-
tribution matches the reddened magnitudes of the RC
giants located at different distances.

4.1. Wesenheit Color-Magnitude Diagrams

In order to identify better the RC in de CMD of areas
where the extinction is extremely high but also variable

Figure 7. Reddening independent Wesenheit Wks magnitude vs
J − Ks diagram for the 14 VVV tiles (from b327 to b340). The
white circles are the first quality microlensing events found and the
red circles indicate the sources of the sample located in the Red
Clump.

such as in the Galactic Bulge, it is more advantageous to
use the reddening corrected Wesenheit magnitude that is
defined as:

Wks
= Ks − 0.428(J −Ks), (6)

The Wks
vs J−Ks CMD is shown in Figure 7. The dis-

tribution of sources shows the deep near-IR VVV Survey
detection limit of Wks

≈ 17.5 mag (∼ Ks ≈ 17.5 mag).
This is much deeper than the other surveys dedicated to
search for microlensing events in this region, suggesting
that our sample can include events with sources located
in the far disk. Assuming that the RC sources are located
within the following limits: 12.0 < Wks

< 14.0 mag, and
(J − Ks) > 2 mag, we obtained 290 RC sources in to-
tal. This amounts to a large fraction (46%) of our total
sample of bonafide microlensing events.

In the CMDs shown in Figure 5 and Figure 7, the
events located at the red edge of the distribution have
a J-band value below the detection limit. Thus, the lim-
iting J-band magnitude for each Ks and Wks

is assumed
to obtain the color for these cases.

4.2. Color-Color Diagrams

The Color-Color diagram (CCD) for the first quality
microlensing events is presented in Figure 8. This Figure
shows that most sources have large reddening, in agree-
ment with them being located in the Bulge and beyond.
The trend at colors (H − Ks) > 2 mag is an artefact
due to the detection limit, and to the assumption used
to obtain a representative value for the sources in J and
Ks.

4.3. The Extinction Distribution

For the sample of RC giants, we can estimate individ-
ual extinction values assuming the mean intrinsic mag-
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Figure 8. Color-Color diagram of the 14 VVV tiles as a density
map along with the 630 microlensing events found (white circles).
The line of events at colors (H −Ks) > 2 mag have J-band values
below the detection limit. So the J −Ks color was computed as a
lower limit using the Ks vs J −Ks CMD.

Figure 9. Extinction distribution for the sources located in the
Red Clump. The distribution is within the values of the reddening
map for the same area from Gonzalez et al. (2012).

nitude and color of the RC to be Ks0 = −1.68 ± 0.03
mag, and (J − Ks)0 = 0.60 ± 0.01 mag (Alves et al.
2002). We adopt the extinction ratios for this region from
Alonso-Garćıa et al. (2017): AKs = 0.428 × E(J −Ks).
Figure 9 shows the extinction distribution for the Red
Clump sources of the first quality sample. The distribu-
tion is within the values of the reddening map for the
same area from Gonzalez et al. (2012).

We make a blue color cut in order to select dis-
tant RC giants. The limits at (J − Ks) > 2.0 mag
((H − Ks) > 0.3 mag), yields extinction and redden-
ing values of E(J − Ks) > 1.40 and AKs

> 0.60 mag,
respectively. This ensures that we are dealing with dis-
tant RC stars, located beyond the great Galactic dark
lane. That is an optically thick dust lane located at low
latitudes, covering the Galactic plane fields studied here
across the Bulge with −10o < l < 10o (Minniti et al.
2016). This great dark lane causes a mean extinction of
AV > 1.8 mag, and all the RC events are located beyond
this feature because the blue color cut yields AV > 6

mag approximately.
The reddest RC sources detected in both the J and Ks-

bands have (J −Ks) = 5.0 mag implying E(J −Ks) =
4.40, and AKs

= 1.88 mag. However, some of the most
reddened sources are not detected in the J-band, and we
have to use the H-band. The reddest RC sources de-
tected in both the H and Ks-bands have (H−Ks) ∼ 2.3
mag yielding AKs

= 2.36 mag. Thus, the reddest sources
of microlensing events observed here have optical extinc-
tions up to AV ∼ 21 mag. Such microlensing events are
beyond detection for current optical surveys, and only a
microlensing search with the Wide Field Infrared Survey
Telescope (WFIRST; Green et al. 2012, Spergel et al.
2015) in this region would be capable of improving upon
the present results.

5. SPATIAL DISTRIBUTION

The global spatial distribution of the best event sample
is presented in Navarro et al. (2018). In order to comple-
ment that work, we show in Figure 10 the distribution of
the events overlaid in the extinction map of Gonzalez et
al. (2012). The square sizes in Figure 10, 11 and 12 are
proportional to the Einstein radius crossing times in log-
arithmic scale. It is possible to identify a wide range of
timescales. The distribution is uniform but a slight con-
centration towards negative latitude is detected (Navarro
et al. 2018). Also, we find an excess of events in the new
window of low extinction discovered by Gonzalez et al.
(2018).

The spatial distribution maps for the long (with tE >
100 days) and short timescale events (with tE < 10
days) are shown in Figure 11 and Figure 12, respectively.
From the histogram in the top of each figure we see that
the long timescale events appear to be more uniformly
distributed with longitude, while on the other end, the
shortest timescale events appear more concentrated to
the Galactic center. Additionally, the long timescale
events exhibit an asymmetric distribution, with twice the
number of events at negative longitudes. Indeed, this ef-
fect was predicted by the models of Han & Gould (1995),
as a consequence of the barred Bulge. However, these ap-
parent trends are based on small numbers of events and
need to be confirmed with larger samples.

The number of sources analyzed and events detected
in each tile are presented in Figure 13. The number of
sources analyzed (upper panel) slightly increase toward
the central tiles (b332, b333 and b334). The same behav-
ior is seen for the events detected (lower panel), but the
increase is more prominent. This means that the increase
of microlensing events is not an effect just due to the in-
crease in the density of stars but related to an increase
of lenses in this direction.
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Figure 10. Map showing the location of the VVV microlensing events (white squares) around the Galactic center, overlaid on the
extinction map of Gonzalez et al. (2012). The square sizes are proportional to the event timescales in logarithmic scale. The histogram
showing the number of events and its dependence with longitude is shown on top. The duplicate events in the overlapping
areas have been accounted for.

Figure 11. Spatial distribution map for the long timescale VVV microlensing events (tE > 100 days), overlaid on the extinction map of
Gonzalez et al. (2012). The histogram showing the number of events and its dependence with longitude is shown on top.

Figure 12. Spatial distribution map for the short timescale VVV microlensing events (tE < 10 days), overlaid on the extinction map of
Gonzalez et al. (2012). The histogram showing the number of events and its dependence with longitude is shown on top.
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Figure 13. Upper panel: Number of light curves analyzed per tile.
Lower panel: Number of events detected per tile. Note that the
tile IDs increase with increasing Galactic longitude (i.e. positive
longitudes are located to the right).
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6. SPECIAL MICROLENSING CASES

There are several special microlensing events that de-
part from the usual standard microlensing light curve
model. The detection of these special cases underscores
the ability of any microlensing survey to recover good
events.

6.1. Binary events

Binary events are special cases of microlensing that
involve binary lenses or sources (e.g. Mao & Paczyn-
ski (1991), Griest & Hu (1993), Alcock et al. (2000),
Skowron et al. (2009)). A binary lens event occurs when
the lens is in a binary (or a multiple system). Binary
lens events exhibit a large variety of light curves, and
these include the special cases of extrasolar planets. A
binary source event occurs when the source is in a bi-
nary system. In this case, the light curve is a simple
superposition of the light curves of the two sources.

The microlensing surveys in general are not designed
to find binary events because of their wide variety of light
curve shapes. Anyway, there are new tools to deal with
such events like PyLima (Bachelet et al. 2017). Binary
events contain additional information (relative proper
motions) that potentially allows to break the degeneracy
between masses and distances. However, they require ad-
ditional parameters to fit the light curves, and in some
cases, there is ambiguity where more than one fit can be
acceptable.

During the course of our survey we have discovered
several binary events. Figure 14 presents an example of
a VVV binary microlensing event. The short timescale
curve overlaid in a low amplitude long microlensing event
light curve suggest the presence of a low mass compan-
ion. Their detailed study is beyond the purposes of the
present work, but they also illustrate the VVV survey
ability to detect binary microlensing.

6.2. Short timescale events

Short timescale events are very interesting special cases
of microlensing because they can potentially single out
very low mass objects like late-type stars, brown dwarfs,
and even free-floating planets.

Figure 14. Example of a VVV binary microlensing event. The
system is not a single star but a binary with one (main peak) more
massive than the other (second shorter peak).

Figure 15. Example of a short timescale microlensing event with
the standard model fitting. The event has > 10 observations during
the event making it possible to constrain the parameters.

The VVV survey should be almost insensitive to very
short timescale microlensing events because the cadence
of the observations is not very high (nightly at best).
However, we have still detected a number of them. The
detailed study of this population is not optimal with the
VVV sample due to the low efficiency that VVV has
specially for short timescale events. Figure 15 presents
a case of a VVV short timescale event. Such events sug-
gest the presence of free-floating planets but due to the
degeneracy with the distance and the transverse velocity,
further analysis is needed to confirm this.

6.3. Parallax events

Microlensing events with parallax effect are very im-
portant special cases of microlensing because they can
allow to break the microlensing degeneracy, solving for
the mass of the lens (e.g. Alcock et al. (1995), Alcock et
al. (2000), Gould (1992), Bennett (1998)). This effect is
detectable generally in long timescale events, where the
shape of the microlensing light curve is slightly altered
due to the motion of the Earth on its orbit around the
Sun. An alternative case occurs when the source is a
binary system and therefore exhibits an orbital motion
(this is called the reverse parallax or xallarap effect). Fig-
ure 16 presents an example of a VVV microlensing event
with evident parallax effect. The standard microlensing
model is not able to fit the event due to the asymme-
try that is characteristic of this events. The residuals of
the fit to the standard microlensing light curve show the
typical effect due to the parallactic motion of the Earth.



10 Navarro et al. 2020

Figure 16. Upper panel: Example of a parallax event light curve
along with the PSPL model fit. Lower panel: The residuals of the
PSPL fit, showing the expected behavior for this kind of events.

7. TOTAL MICROLENSING EFFICIENCY

The efficiency of the survey detecting microlensing
events should be considered for the correct analysis of the
timescale distribution. Following Alcock et al. (2001), we
explore the total microlensing efficiency. We study the
first approximation efficiency of our experiment by divid-
ing into photometric efficiency and sampling efficiency
and treating them independently.

7.1. Photometric Efficiency

The photometric efficiency is taken from artificial star
simulations for the RC located in the VVV tiles mapped
here. In this area the completeness ranges between 40%
to 75%, with the tiles located at negative Galactic lon-
gitudes being more incomplete (See Fig. 1 of Valenti et
al. (2016) and Surot et al. (2019)). The PSF photom-
etry used in this study is explained in greater detail by
Alonso-Garćıa et al. (2018). We acknowledge the limit of
our analysis, the photometric efficiency correction can be
applied to the sources brighter than the RC, i.e., Ks ≤ 14
mag and in this case this correction increase the gradi-
ent found here for both the complete sample and the
RC sources, predicting that there are many more mi-
crolensing events at negative than at positive Galactic
longitudes.

7.2. Sampling Efficiency

The VVV is clearly limited by the sampling efficiency
due to the irregular cadence of the observations. Some
evidences come from the comparison between the his-
tograms of the number of observations of the 14 VVV
tiles and the time of maximum magnification (t0) of the
first quality sample (Figure 17). The number of obser-
vations are shown in the upper panel. The serrated dis-
tribution is due to yearly cycles of the Bulge observing
season. In general, most yearly observations were taken
late in the Bulge season. Year 2010 was mostly useless
because it contained too few epochs of observations and
year 2012 was the best year because it contained more
epochs than the rest. The lower panel shows the number
of events detected in the same period of time. Both his-

Figure 17. Upper panel: Distribution of the number of VVV ob-
servations between years 2010 and 2015. Lower panel: Distogram
of the time of maximum magnification (t0) for the detected events
between years 2010 and 2015.

tograms follow essentially the same distribution suggest-
ing that the number of the detections is directly affected
by the sampling of the VVV.

Another clear evidence is the comparison between the
timeline of the VVV observations per tile and the time
of maximum magnification of the events detected in each
tile (Figure 18). This figure illustrates the irregular pat-
tern of observations for our survey, that drives the sam-
pling efficiency. We can distinguish five observing sea-
sons where the higher quantity of microlensing events
per time were detected. Additionally, the overden-
sity of events in the innermost tiles (b332, b333 and
b334) is also clear. The low efficiency present during
the first year of the VVV Survey (2010) is evidently due
to the small number of observations, and therefore the
sampling efficiency will be computed for the complete
observational campaign but also for the better epochs
(2011-2015). Although the observations were useful any-
way to determine the long timescale behaviour of the
light curve baselines. Again, there is a clear correlation
between the observations and the detections.

This is also evident if we compute all the light curves
together during the five years of observations (Figure 19).
Again, the epochs with more observations show a higher
concentration of detections. During the months of mul-
tiple observations (excluding Jan, Feb, Nov and Dec)
we compute an average of 5.5 high magnification events
per month. Additionally, it is clear in which seasons we
could expect some long timescale events with a peak at
a time with a few or no observations. In those few cases
the event fulfills all the conditions without any data near
the time of highest magnification, but anyway yielding a
well constrained light curve. This is not possible for short
timescale events indicating a stronger timescale depen-
dence in the sampling efficiency.

Moreover, as the observations for each year were taken
during almost the same months, we can also analyze the
sampling efficiency monthly. Figure 20 shows the differ-
ence between the total observations per month (includ-
ing the 5 years of survey observations) and the detec-
tions per month. Both are not uniformly distributed and
the months with higher number of events are from April
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Figure 18. Upper panel: Detailed timeline of VVV observations
per tile. Each circle represents a single observation of a single tile.
Lower panel: Detailed timeline of microlensing time of maximum
magnification (t0) for the events detected per tile. Each circle
represents a single event of a single tile. The year 2010 was very
inefficient for microlensing.

Figure 19. Fitted light curves for all VVV microlensing events.
The long timescale events are more uniformly distributed and do
not follow so closely the sampling of the observations, suggesting
that these events are more easily detectable.
The animation that shows the microlensing events detected dur-
ing the operation of the VVV survey is available online. In the
upper panel a real image of the studied area is shown and each
flash correspond to the microlensing events detected in their re-
spective positions. The intensity of the flash is associated with the
amplitude and the duration with the timescale. In the lower panel
all the light curves of this study are reproduced as a function of
time. The different colors correspond to the tile of each event and
therefore are related to its position.

to October, with a bimodality showing a minor peak in
April and a major peak in August. Again, it is evident
that they are directly related.

Additionally, we considered that the efficiency will de-
pend on the timescale and we expect to be more efficient
discovering long timescale events than short timescale
events due to the large time coverage but low and irreg-
ular cadence of the VVV Survey.

The objective is to produce multiple fake microlensing
light curves with a wide range of parameters (u0, t0, tE)
and evaluate which ones fulfill all the requirements men-
tioned in Section 2 including the requirements of limiting

Figure 20. Roughly monthly distribution of the number of obser-
vations (cyan) compared with the number of detected microlensing
events (black).

the magnitude amplitude < 0.1 in order to be considered
a detection. The baseline magnitude varies within
10 < Ks < 17.65 based on the magnitude distribu-
tion of the first quality events (Figure 6). The
range of values for the 4 parameters (u0, t0, tE)
is also defined according to the limits and range
covered by the first quality sample.

The sampling efficiency was obtained using
Monte Carlo simulations to create 1000 fake mi-
crolensing events for each timescale, using a grid
covering a wide range of timescales (tE = 1d,
3d, 5d, 10d, 20d, 40d, 60d, 80d, 100d, 150d and
200d). We generated ∼ 104 events with a ran-
dom impact parameter, time of maximum mag-
nification and Ks magnitudes. We repeated this
procedure until the result converges to one value for the
efficiency (∼ 10 times), therefore the efficiency for each
tile was obtained computing ∼ 105 fake light curves.

The VVV observational setup is the same through-
out the whole survey, which makes this a homogeneous
database. Even though the light curves may have differ-
ent observing dates, they all share a similar number of
points and limiting magnitudes. The slight differences
in cadence have been taken into account on a tile by tile
basis. Therefore this procedure was applied for each tile
with slightly different observational campaigns (specif-
ically the central area of each tile as a representative
region since the number of observations for each tile re-
mained constant) producing subsequently ∼ 1.5 × 106

fake microlensing events. In this analysis we use a light
curve level simulation. The image level simulation is be-
yond the scope of this paper.

For consistency, as mentioned in Section 2, this
procedure was applied to our final sample of 630
events. All of them were recovered as good can-
didates.

An example of the calculation of the detection effi-
ciency is shown in Figure 21. The VVV observations
are represented as black vertical lines and the 1000
simulated events are plotted with multiple colors. in
this case the timescale is fixed (tE = 150 days) with
random amplitudes and t0. The efficiency computed for
every tile and timescale are listed in Table 4, and the
respective timescale dependence is shown in Figure 22.
The tiles with the lower efficiency correspond to the tiles
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Figure 21. Representative plot for the yearly sampling efficiency
calculation. The 1000 fake events with timescale tE = 150 days are
shown as coloured light curves. The tile colors are ordered from
the minimum to maximum longitudes. The black vertical lines
represent the observations for the tile b327.

Figure 22. Sampling efficiency for the 14 VVV tiles vs Einstein
radius crossing time (tE). The tiles with lower mean efficiency are
the tiles with a lower amount of observations (b327 and b328)

with fewer observations. This confirm that the VVV
Survey is more efficient discovering long timescale events.

8. TIMESCALE DISTRIBUTION

The only important physical parameter obtained from
the standard microlensing model fitting procedure is the
Einstein radius crossing time (tE) also called the mi-
crolensing timescale. The timescale is related to the
mass of the lens, but also depends on the relative dis-
tances (distance between the observer and the lens DL

and between the observer and the source DS), and on
the transverse velocity. Thus, although the Einstein ra-
dius crossing time is extremely degenerate, the timescale
distribution of the sample gives an indication of the
masses and velocities of the lenses towards the Galac-
tic Bulge. Therefore, the timescale distribution depends
on the mass function and the velocity dispersion of the

Figure 23. Raw timescale distribution of the complete sample.
The efficiency corrected timescale distribution is showed in Navarro
et al. (2018).

lenses.
The mean timescale for the complete sample corrected

by efficiency was computed in Navarro et al. (2018). The
value obtained is 17.4±1.0 days for the complete sample
and 20.7 ± 1.0 days for the RC sources subsample. For
the model without including the blending parameter the
mean timescale is slightly lower 13.9 ± 1.0 and 16.5 ±
1.0 days for the RC stars which suggest that the typical
lenses are main sequence stars and white dwarfs in both
cases. Our timescale distribution is also consistent with
the findings of Mao & Paczynski (1996), who showed that
the asymptotic behaviour at long and short timescales
follow power-law distributions.

Due to the wide range of longitudes covered by our
sample (−10.00o ≤ l ≤ 10.44o), the mean timescale
is not very representative. For this reason, we present
the mean timescale distribution for different longitudes
in Figure 24. The mean timescale shows a significant
change with longitude, decreasing as we approach to the
Galactic center (see Navarro et al. (2017)). This be-
haviour was previously detected by Wyrzykowski et al.
(2015), but in an area further away from the Galactic
center −2o ≤ b ≤ −4, where the timescale distribution
can be affected by different effects and different contri-
butions.
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Figure 24. Timescale distribution for different ranges of longi-
tudes. The longitude range for each histogram is written in the
top right corner. The red vertical lines show the mean timescale
for each histogram. Is evident the decrease of the mean value for
the timescale as we approach to the center from both, positive and
negative longitudes.

9. PROPER MOTIONS

The extremely large reddening, and the presence of
both disk and Bulge stars along any line of sight toward
the Galactic center makes difficult to adopt a member-
ship criterion for the sources, based solely on their posi-
tion in the CMD shown in Figure 5 and Figure 7. Proper
motions (PM) technique can be a very useful tool to iso-
late kinematically different stellar populations and help
in classifying the sources of microlensing events. Unfor-
tunately, observations by the Gaia satellite (DR2 Gaia
Collaboration et al. 2018) are severely limited by the dust
extinction in this region, and most of our sources are not
present in the Gaia database. However, the VVV data
can penetrate gas and dust in the plane and PMs can
be accurately measured in these regions (e.g. Contreras
Ramos et al. (2017)).

Accordingly, we used the VVV epochs acquired by the
survey between 2010 and 2015, to derive the PMs of all
the sources. To this aim, we employed the same proce-
dure described in detail in Contreras Ramos et al. (2017),
which returns values relative to the mean motion of Bulge
Red Giant Branch (RGB) stars. The results are plotted
in the Vector Point Diagram (VPD) shown in Figure 25,
where the PMs of lens sources are weighted by the Ein-
stein radius crossing times (larger squares correspond to
larger timescales). As expected, the PM distribution is
elongated along the longitude axis due to the presence of
the Bulge and disk components that partially overlap in
the VPD.

As Figure 25 shows, the vast majority of events have
PMs consistent with sources located in the Galactic
Bulge, with mean relative PMs close to zero along both
Galactic latitude and longitude. These sources exhibit
hot kinematics, with low rotation and large velocity dis-
persion.

In addition, Figure 25 shows a tail of high positive
longitude components of the PMs. Disk stars are flat-
ter in this plane, due to their smaller velocity dispersion
and larger rotation. Thus, the sources producing the tail

Figure 25. Vector Point Diagram of the proper motions for the
microlensing events. The squares sizes are proportional to the Ein-
stein radius crossing time in a logarithmic scale. The black and red
squares label the complete sample and Red Clump sources respec-
tively. The units are millarcsec per year. A few high PM objects
are clear, and these are probably sources located in the foreground
disk.

component are consistent with foreground disk sources,
located in front of the Milky Way Bulge. A caveat is
that this analysis is valid for bright sources with little
or no blending, therefore we show the VPD also for the
red clump sources in red and they follow the same trend.
Figure 26 show the innermost area of the VPD of Fig-
ure 25

The VVV classification of lens sources based on PMs
will improve as the time baseline increases, with the re-
cent extension of the survey called VVVX, that will map
these fields until year 2020.
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Figure 26. Zoom in of the Vector Point Diagram of the proper
motions of the microlensing events presented in Figure 25. The
squares sizes are proportional to the Einstein radius crossing time
in a logarithmic scale. The black and red squares label the com-
plete sample and Red Clump sources respectively. The units are
millarcsec per year.

10. MICROLENSING WITH WFIRST

The future microlensing plans with WFIRST are de-
scribed by Green et al. 2012, Spergel et al. 2015 and
Penny et al. 2018. In light of the present results with
the VVV, the detection of so many events by a sur-
vey that was not especially designed for microlensing
opens the possibility to do a much more efficient sur-
vey with WFIRST, if there is a K-band filter. Note
that Stauffer et al. (2018) argued strongly for the need
of a K-band filter in WFIRST for many other important
scientific considerations. Based on our results, we can
crudely estimate the yield of a microlensing experiment
with WFIRST that covers the same area mapped here
(20.7 sq. deg. at l = 0◦). Taking 2 × 20 sec exposures
to reach K ∼ 21 mag, WFIRST can cover the equiva-
lent area in approximately 6 hours (computation based
on a talk by R. Benjamin). Therefore, WFIRST would
be extremely efficient. In just a two-month campaign it
could detect > 10000 microlensing events with timescales
1 < tE < 60 days, allowing studies of:

1. planetary microlensing and free-floating planet
searches

2. binary microlensing events

3. finite source effects

4. Galactic structure, including events from the far-
side of the Milky Way

5. microlensing by the central supermassive Black
Hole

In addition, a continuing monitoring of the area at
lower cadence requiring only a couple of dozen extra days
of WFIRST observations would allow to study:

1. parallax and xallarap events (in combination with
a dedicated ground-based observation campaign)

2. massive objects (Black Holes, Neutron Stars)

This would indeed be an independent way of budget-
ing the contribution of massive remnants in the Galactic
centre region. We most strongly advocate a microlensing
survey in this whole area with WFIRST.

11. COMPARISON WITH OTHER MICROLENSING
EXPERIMENTS

Even though they are not directly comparable quan-
titatively, because they explore different areas and be-
cause the different observational strategies applied on
every case may borne out peculiar results. We would
like to stress the similarities and differences with some of
the other optical and near-IR microlensing experiments.
Therefore, a qualitative comparison with the result ob-
tained with previous microlensing surveys is considered.

Compared with MACHO, we have similar number of
epochs cover a similar total area as their first Bulge sea-
sons.

Compared with OGLE in its various incarnations, we
have much fewer observations. The huge relative ad-
vantage of OGLE is then not only in a better definition
of the microlensing event but also of the baseline. The
higher cadence of OGLE allows to detect more events in
the short timescale regime, thus the observational data
is more complete, otherwise since the observations are
done in optical bandpasses is not possible to reach low
latitudes.

From this work we find a relatively low sampling effi-
ciency compared with more sophisticated and dedicated
microlensing experiments carried out in the optical like
MACHO, OGLE, MOA and EROS. In particular OGLE
is the longest lasting experiment and our sampling effi-
ciency should clearly be worse in comparison due to the
small number of epochs (70-100 compared with thou-
sands) and the small number of years of observations (5
compared with > 25).

The photometric efficiencies are not directly compara-
ble, i.e. the completeness maps are completely different
for each survey, but the fact that we are observing in
the near-IR bandpasses allows us to sample the Bulge
RC very well and to detect events in the most crowded
and reddened low-latitude areas, specifically for the re-
gion studied here, along the Galactic plane, where these
optical surveys are blind.

Compared with the UKIRT microlensing survey, they
are very similar in many respects: they have a similar
near-IR search in the H-band, with similar limiting mag-
nitudes, at a similar size telescope with a similar wide-
field camera. Also, we observed from 2010 to 2015, and
they are observing since 2015. We cover a much more
extended area, but they have better cadence favouring
the detection of short timescale events (Shvartzvald et
al. 2017). The continuation of the UKIRT microlensing
search is very important, and based on the present re-
sults, we should be very optimistic about the upcoming
results from such experiment.

The observational data are sensitive to many Galactic
parameters. The only way to associate them is through
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models which include parameters such as stellar veloci-
ties and spatial distributions, inicial mass function, etc.,
that are poorly constrained observationally, which may
allow several ways to match microlensing data with very
different Galactic models.

Given this uncertainty, we wish to investigate the sen-
sitivity of timescale frequency distributions and optical
depths to changes in the values of several Galactic param-
eters, and for example, to compare the model microlens-
ing measures at every step with the empirical measures
deduced from the microlensing events followed by the
MACHO group during the summer of 1993 (Alcock et
al. 1996). Such models are clearly needed, but beyond
the scope of the present study.

12. CONCLUSIONS

We present the detailed description of the searching
procedure and the analysis of the 630 new microlens-
ing events (290 located in the red clump of the CMD)
detected in low latitudes of the Galaxy. The area of
20.68deg2 located within −10.00o ≤ l ≤ 10.44o and
−0.46o ≤ b ≤ 0.65o was observed by the VVV Survey
in the near-IR.

We present the table of the first quality events along
with the Galactic coordinates, J − Ks colors, Ks mag-
nitudes and the parameters obtained by the standard
microlensing model. Additionally, we present the Color
magnitude diagram (Ks vs H −Ks) and proper motions
of the final sample. The timescale distribution is anal-
ysed for different longitudes showing a decrease in the
mean timescale as we approach to the Galactic center.
For sake of completeness we present the second quality
events along with the Ks magnitudes and the Galactic
coordinates. The detailed analysis of events that do not
follow the standard microlensing model (binaries, paral-
lax effect, etc...) is beyond the scope of this paper and
is proposed for the future. We study the efficiency (pho-
tometric and sampling) of the survey and find that de
VVV is a powerful tool to detect long timescale events.

To conclude, the VVV Survey is a powerful tool to de-
tect microlensing events and to study this population at
low latitudes where the extinction and crowding restrain
the observations in optical bandpasses. This can be use-
ful to plan the WFIRST microlensing observation cam-
paigns (Green et al. 2012, Spergel et al. 2015) and Euclid
Survey (Hamolli et al. 2015). We also proposed an effi-
cient survey of microlensing events in the central Galactic
plane that would discover > 104 events, enabling stud-
ies of extrasolar planets and free-floating planets, Galac-
tic structure, finite source effects, parallax events, and
search for massive BHs.

We gratefully acknowledge data from the ESO Public
Survey program ID 179.B-2002 taken with the VISTA
telescope, and products from the Cambridge Astronom-
ical Survey Unit (CASU).
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APPENDIX

Table 1
Number of light curves analyzed in the different steps of the selection

procedure.

Step description Number of light curves Number of light curves analyzed
obtained per tile obtained in total

Complete sample of light curves ∼ 4 − 5 × 106 ∼ 107

Number of data points of each light curve > 20 ∼ 2 − 4 × 106 ∼ 5 × 106

Fitting procedure; No binaries, 2500 − 5000 ∼ 5 × 104

tE <500 days, magnitude amplitude > 0.1, quality index < 0.002
Visual inspection 13 − 119 655

Table 2
VVV Survey first quality microlensing events data with their respective
positions in Galactic coordinates, baseline Ks magnitude, Color and the

parameters obtained using the standard microlensing model including the
blending (fbl).

Tile ID l b Ks J −K Amp u0 t0 tE fbl
(deg) (deg) (mag) (mag) (mag) (MJD) (days)

327 23349 -9.50040 0.23641 16.67 >4.79 1.31 0.37 ± 0.38 56926.82 ± 24.01 222.08 ± 135.29 1.00 ± 1.48
327 60661 -9.10190 0.15904 12.11 2.22 0.81 0.52 ± 0.45 56427.23 ± 11.76 77.73 ± 30.61 1.00 ± 1.36
327 12866 -8.85924 0.43688 14.99 4.14 1.42 0.11 ± 0.06 56210.38 ± 0.71 47.72 ± 10.44 0.42 ± 0.19
327 27925 -8.57640 0.40466 14.67 4.93 0.78 0.49 ± 0.15 56497.41 ± 0.14 15.50 ± 2.91 1.00 ± 0.45
327 26527 -8.87632 0.54326 14.99 4.02 0.50 0.18 ± 0.10 56529.63 ± 1.12 139.31 ± 62.24 0.12 ± 0.08
327 77677 -9.91889 -0.05814 14.64 1.05 2.12 0.01 ± 0.00 56515.21 ± 0.05 108.00 ± 35.02 0.06 ± 0.02
327 81144 -9.93961 -0.06510 12.16 2.64 0.81 0.00 ± > 2 55645.26 ± 6.87 86.41 ± 15.07 1.00 ± 0.50
327 9538 -9.51913 0.62890 14.41 2.81 0.29 1.14 ± > 2 56509.41 ± 0.86 16.75 ± > 100 1.00 ± 7.26
327 21550 -8.74355 -0.12582 14.78 1.12 0.98 0.00 ± 0.01 56134.11 ± 0.05 150.04 ± > 100 0.00 ± 0.01
327 6927 -9.26352 -0.09862 15.36 2.90 0.47 0.00 ± > 2 55618.93 ± 13.67 85.78 ± 54.49 1.00 ± 1.55
327 2328 -8.66127 0.63808 14.41 4.95 0.39 0.87 ± 1.22 56565.99 ± 2.12 32.15 ± 27.51 1.00 ± 2.71
327 27976 -8.68417 0.53720 16.20 3.36 1.44 0.27 ± 0.11 56818.82 ± 0.33 42.32 ± 12.90 1.00 ± 0.52
327 4715 -8.64538 0.09324 15.87 3.59 2.79 0.00 ± > 2 56884.26 ± 2.04 22.75 ± > 100 0.59 ± 3.02
327 30934 -8.59898 0.03953 13.86 2.62 0.33 0.60 ± 0.35 56196.06 ± 1.92 62.93 ± 22.09 0.43 ± 0.40
327 20462 -9.41172 -0.32384 14.86 >6.23 1.18 0.35 ± 0.08 56112.84 ± 0.30 57.54 ± 8.91 1.00 ± 0.29
327 7903 -8.54318 0.27034 14.59 3.23 1.14 0.16 ± 0.25 56141.46 ± 1.98 85.98 ± > 100 0.36 ± 0.63
327 19181 -8.72745 0.06383 16.13 >5.25 0.67 0.62 ± 1.16 55732.79 ± 18.06 250.61 ± > 100 1.00 ± 3.07
327 50494 -9.80524 -0.19031 16.66 2.02 2.73 0.10 ± 0.43 56124.72 ± 6.82 293.34 ± > 100 1.00 ± 4.58
327 51715 -8.76551 0.17019 12.50 3.36 0.32 0.22 ± 0.60 57233.43 ± 2.00 72.46 ± > 100 0.09 ± 0.30
328 21982 -7.15966 -0.31066 14.66 2.69 1.10 0.16 ± 0.16 55472.23 ± 11.91 254.17 ± 134.02 0.34 ± 0.35
328 38942 -7.13369 0.52860 15.65 >5.60 0.66 0.66 ± 0.75 56125.75 ± 1.44 54.27 ± 42.40 1.00 ± 1.95
328 72058 -7.43431 -0.25762 17.05 >4.41 2.01 0.00 ± > 2 56157.06 ± 0.81 9.85 ± > 100 0.63 ± 2.01
328 49552 -7.45715 0.35790 13.13 3.68 0.31 0.99 ± > 2 56847.68 ± 5.19 59.38 ± > 100 0.95 ± 10.23
328 34307 -7.17794 0.19524 14.31 >6.74 0.31 0.04 ± 0.04 57256.64 ± 3.99 750.00 ± 522.78 0.02 ± 0.01
328 15560 -7.17864 -0.11907 15.15 2.68 2.18 0.00 ± > 2 56125.57 ± 0.01 3.86 ± 1.40 1.00 ± 0.58
328 51742 -7.15474 -0.19830 13.46 3.16 0.70 0.57 ± 0.69 56589.44 ± 15.33 93.79 ± 62.77 1.00 ± 2.05
328 81246 -7.20060 -0.26304 15.14 2.81 1.51 0.20 ± 0.06 56511.61 ± 0.12 14.04 ± 2.36 1.00 ± 0.29
328 65766 -7.39676 -0.22788 nan nan nan 0.30 ± 0.28 55494.68 ± 14.22 347.45 ± 226.77 1.00 ± 1.22
328 38433 -8.31739 0.36769 16.32 4.12 1.34 0.31 ± 0.21 56473.63 ± 12.82 295.94 ± 120.60 1.00 ± 0.91
328 28493 -7.71797 0.03549 14.52 4.79 0.57 0.69 ± 0.35 56188.67 ± 0.72 28.24 ± 8.90 1.00 ± 0.88
328 51701 -7.65567 -0.01853 15.27 >5.92 0.88 0.49 ± 0.21 56500.04 ± 0.85 78.47 ± 22.84 1.00 ± 0.65
328 47319 -7.38468 0.18311 17.03 >4.39 1.98 0.05 ± 0.05 56493.47 ± 0.32 34.29 ± 14.78 0.62 ± 0.36
328 39497 -8.13846 -0.18339 16.83 >4.58 1.08 0.00 ± > 2 57218.73 ± 1.37 32.71 ± 30.22 1.00 ± 1.86
328 48714 -8.51069 -0.00228 17.11 2.48 3.37 0.04 ± 0.01 56156.53 ± 0.19 21.53 ± 5.18 1.00 ± 0.33
328 4792 -8.48756 -0.27652 12.94 2.93 0.22 0.10 ± 0.08 55389.94 ± 10.28 586.64 ± 341.10 0.02 ± 0.02
328 47538 -7.28364 0.35930 14.87 >6.28 0.96 0.02 ± 0.01 56523.12 ± 0.43 490.43 ± 210.66 0.04 ± 0.02
328 83166-1746 -8.34604 0.09827 15.24 3.85 0.78 0.06 ± 0.43 57221.15 ± 0.44 44.96 ± 35.34 0.41 ± 0.54
...

†This table will be available in its entirety in machine-readable form.
‡One standard deviation errors are presented along each parameter obtained from the microlensing model fitting
procedure
§Typical positional errors are 0.1 arcsec (Smith et al. 2017).
¶Typical photometric errors are σKs

= 0.01 mag, and σJ,H = 0.03 mag (Saito et al. 2012; Contreras Ramos et al.
2017; Alonso-Garćıa et al. 2018).
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Table 3
VVV Survey second quality microlensing events data with their respective

positions in Galactic coordinates, baseline Ks magnitude.

Tile ID l b Ks
(deg) (deg) (mag)

327 44776 -9.85935 -0.38927 12.29
327 36359 -9.56105 -0.36532 14.09
327 42538 -9.43791 0.55426 13.11
327 8202 -8.79797 -0.28197 14.36
327 8935 -8.79612 -0.28367 15.75
327 44952 -8.88308 -0.36659 13.96
327 45728 -9.14494 0.35358 12.79
327 15205 -9.92297 -0.11414 12.71
327 55460 -9.93087 -0.20375 11.86
327 51906 -9.60936 0.35375 17.41
327 2889 -9.48211 -0.08854 17.35
327 7146 -9.52606 -0.09738 13.94
327 7849 -9.52702 -0.09884 13.55
327 8572 -9.52575 -0.10030 15.16
327 9753 -9.52742 -0.10273 15.66
327 17827 -9.57760 -0.11904 13.84
327 1931 -9.75869 0.64509 15.05
327 67124 -9.62085 0.47951 15.52
327 61344 -9.37651 -0.04158 13.58
327 72421 -9.80824 -0.04772 16.75
327 10018 -9.09113 -0.10203 15.15
327 11322 -9.09235 -0.10476 14.72
327 12480 -9.09238 -0.10709 14.54
327 63547 -9.08415 -0.22403 12.61
327 41620 -9.43792 0.55427 13.11
327 82384 -9.52769 0.46225 14.04
327 81939 -8.70800 -0.26137 15.71
327 82074 -8.70795 -0.26169 15.84
327 3292 -9.47431 0.09514 17.27
327 78825 -9.47350 -0.06291 12.99
327 8400 -8.97538 -0.09867 14.95
327 24200 -9.35747 0.40805 14.44
327 36371 -8.92269 0.02898 12.60
327 48177 -8.90979 0.00547 17.10
327 72904 -8.97389 -0.04364 16.10
327 30083 -8.53334 0.04144 14.33
327 37236 -8.60059 0.02698 14.21
327 92033 -8.55863 -0.08926 14.30
327 4289 -9.03403 0.64183 14.83
327 36407 -8.94349 0.54389 13.53
327 7320 -9.07541 0.27092 11.61
327 88621 -9.04659 0.09834 12.60
327 71710 -9.73790 0.13494 13.58
327 76892 -8.51841 0.12615 15.85
327 3037 -8.82103 0.09699 15.28
327 42878 -8.85320 0.01529 14.66
327 44221 -8.70271 0.01302 15.14
327 58744 -9.63049 -0.20990 14.57
327 7246 -9.76736 -0.28329 13.75
327 46489 -8.78125 0.18179 11.70
327 83413 -8.76071 0.10369 11.72
328 83820 -7.07437 -0.44394 16.65
328 53473 -7.24635 -0.02886 14.54
328 3916 -7.12700 0.63964 13.85
328 1972 -7.47843 0.09815 17.11
328 53678 -7.43061 -0.01978 15.93
328 36014 -7.42562 -0.16508 17.38
328 75870 -7.50794 -0.26678 12.96
328 75455 -7.57421 0.30196 17.30
328 46922 -8.23199 0.17859 17.01
328 58617 -8.26415 0.15215 16.09
328 74922 -8.22929 0.11654 17.00
...

∗∗This table will be available in its entirety in machine-readable form.
††Typical positional errors are 0.1 arcsec (Smith et al. 2017).
‡‡Typical photometric errors are σKs = 0.01 mag, and σJ,H = 0.03 mag (Saito et al. 2012; Contreras Ramos et al.

2017; Alonso-Garćıa et al. 2018).
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Table 4
Sampling efficiency for each tile and timescale obtained with the Monte Carlo

simulation.

Tile tE = 1 tE = 3 tE = 5 tE = 10 tE = 20 tE = 40 tE = 60 tE = 80 tE = 100 tE = 150 tE = 200
(days) (days) (days) (days) (days) (days) (days) (days) (days) (days) (days)

b327 0.0000 0.0008 0.0075 0.0288 0.0760 0.1469 0.2110 0.2656 0.3227 0.4717 0.6125
b328 0.0000 0.0008 0.0067 0.0291 0.0731 0.1406 0.2059 0.2600 0.3185 0.4869 0.6540
b329 0.0000 0.0005 0.0029 0.0272 0.0932 0.1902 0.2716 0.3381 0.4033 0.5518 0.6505
b330 0.0000 0.0005 0.0029 0.0272 0.0932 0.1897 0.2715 0.3342 0.3952 0.5386 0.6374
b331 0.0000 0.0017 0.0047 0.0278 0.0839 0.1808 0.2564 0.3289 0.3947 0.5411 0.6402
b332 0.0000 0.0017 0.0047 0.0278 0.0838 0.1781 0.2530 0.3227 0.3884 0.5339 0.6375
b333 0.0000 0.0030 0.0100 0.0406 0.1062 0.2272 0.3182 0.3879 0.4543 0.5875 0.6711
b334 0.0000 0.0023 0.0084 0.0357 0.0981 0.2022 0.2901 0.3593 0.4261 0.5704 0.6633
b335 0.0000 0.0004 0.0031 0.0268 0.0853 0.1890 0.2752 0.3535 0.4192 0.5756 0.6634
b336 0.0000 0.0004 0.0031 0.0272 0.0922 0.2024 0.2902 0.3690 0.4354 0.5826 0.6659
b337 0.0000 0.0013 0.0050 0.0217 0.0787 0.1824 0.2641 0.3380 0.4097 0.5607 0.6439
b338 0.0000 0.0013 0.0053 0.0234 0.0750 0.1755 0.2581 0.3317 0.4051 0.5585 0.6427
b339 0.0000 0.0002 0.0031 0.0170 0.0680 0.1827 0.2808 0.3571 0.4293 0.5779 0.6819
b340 0.0000 0.0002 0.0031 0.0186 0.0724 0.1840 0.2815 0.3575 0.4295 0.5687 0.6493
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