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ABSTRACT
Most of our knowledge about the structure of the Milky Way has come from the study of variable stars. Among the variables,
mimicking the periodic variation of pulsating stars, are the eclipsing binaries. These stars are important in astrophysics because
they allow us to directly measure radii and masses of the components, as well as the distance to the system, thus being useful in
studies of Galactic structure alongside pulsating RR Lyrae and Cepheids. Using the distinguishing features of their light curves,
one can identify them using a semi-automated process. In this work, we present a strategy to search for eclipsing variables in
the inner VVV bulge across an area of 13.4 sq. deg. within 1.68o < l < 7.53o and −3.73o < b < −1.44o, corresponding to the
VVV tiles b293 to b296 and b307 to b310. We accurately classify 212 previously unknown eclipsing binaries, including six
very reddened sources. The preliminary analysis suggests these eclipsing binaries are located in the most obscured regions of
the foreground disk and bulge of the Galaxy. This search is therefore complementary to other variable stars searches carried out
at optical wavelengths.
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1 INTRODUCTION

Most of our knowledge about the structure of the Milky Way has
come from the study of variable stars. Since the "Great Debate" be-
tween Curtis and Shapley (Hoskin 1976) and the use of pulsating
variable stars as standard candles by Leavitt and Hubble to scale the
Galaxy – and even the Universe – these stars became important tools
in astrophysics (Smith 1982).

Chief among them are the RR Lyrae and Cepheid variables, pre-
senting 0.2 to 1.0 day and 1 to 100 days periods, respectively, and
accurate period-luminosity relationships (e.g., Catelan et al. 2004;
Sandage, A. et al. 2009; Turner et al. 2010). Large synoptic surveys
of the Milky Way such as OGLE, MOA and SuperWASP in the op-
tical (Udalski 2003; Sumi et al. 2003; Pollacco et al. 2006), and the
VVV Survey in the near-IR (Minniti et al. 2010) have contributed
to the discovery of a large number of pulsating variables, unveiling
even the innermost regions of the Galaxy.

Mimicking the periodic variation of pulsating variables are the
eclipsing binaries. Most stars in the Milky Way (MW) are known
to be in binary systems, with high-inclination systems presenting
periodic eclipses. Eclipsing binaries are important in astrophysics
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because they allow direct measurements of radii and masses of
the components, as well as the distance to the system, thus be-
ing useful in studies of Galactic structure alongside pulsating RR
Lyrae, Cepheids and red clump giants (e.g., Southworth et al. 2005;
Hełminiak et al. 2013; Pietrukowicz 2020).

While searching for pulsating variables, a large number of eclips-
ing binaries have been detected in our searches. In particular the
so-called short-period eclipsing binaries (hereafter EBs), presenting
periods shorter than 1 day. Since they present distinguishing features
in the light curves, algorithms can be trained to select these objects
automatically. Here we present the result of a systematic search for
EBs in the inner VVV bulge area. The current paper is organised
as follows: in Section 2 we present a description of the VVV time
series data and the tiles analysed. In Section 3 we describe the vari-
ability indicator used to select the variables. We also describe the
implementation of period identification algorithms and the seasonal
aliases caused by VVV sampling. In Section 4 we present the tech-
niques used to identify the EBs candidates. In Section 5 we compare
our sample with catalogues of variables stars, leading us to the con-
clusions presented in Section 6.
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2 E. Botan et al.

Figure 1. The top image is the VVV JHKs false-colour image corresponding to the region covered by the VVV tiles b293 to b296 and b307 to b310. The image
is oriented in Galactic coordinates within 1.68o < l < 7.53o and −3.73o < b < −1.44o, resulting in a total area of ∼ 13.4 sq. deg. (see Section 2). The middle
image is the region extinction map constructed using BEAM calculator (Gonzalez et al. 2012). The bottom image is the spatial distribution of all potential VVV
variables (orange) and VSX and OGLE-IV matches (blue). The black dots are our new EBs and the targeted and numbered are the most reddened ones.

2 NEAR-IR VVV DATA

The VISTA Variables in Vía Láctea (VVV) is a European South-
ern Observatory (ESO) public survey which has recently completed
near-infrared (near-IR) observations of 562 sq. deg. area of the
Galactic bulge and the southern disk. The VVV observational strat-
egy consisted of two sets of multicolour ZY JHKs observations taken
in 2010 and 2015, plus a variability campaign of typical 60−300 ob-
servations in Ks band from 2010 to 2016 (Minniti et al. 2010; Saito
et al. 2012; Hempel et al. 2014).

Standard VVV aperture photometry on the stacked VVV tile
images for both colour and variability data is provided by the Cam-
bridge Astronomical Survey Unit (CASU; for details see Saito et al.
2012) and publicly available through the VISTA Science Archive

(VSA1). Following the aperture catalogues, point-spread function
(PSF) photometry has also been performed on the VVV images, pro-
ducing finer catalogues particularly important for the inner regions
of our Galaxy, where the high crowding limits the use of the aperture
photometry (e.g., Mauro et al. 2013; Contreras Ramos et al. 2017;
Alonso-García et al. 2018; Surot et al. 2019).

While most of the Ks light curves for the VVV bulge area reach
about 100 epochs, a total of eight tiles in the inner bulge have been
observed for 300 epochs. These tiles – namely b293 to b296 and
b307 to b310 – cover a total area of ∼ 13.4 sq. deg. within Galactic
coordinates 1.68o < l < 7.53o and −3.73o < b < −1.44o, partially
covering the well studied Baade’s window (see Fig. 1). PSF photom-
etry on the individual pawprint observations (see Contreras Ramos
et al. 2017, for details) for these tiles allowed us to extract a total

1 http://horus.roe.ac.uk/vsa/index.html
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Unveiling short period binaries 3

Figure 2. Reduced χ2 as a function of magnitude from the light curves from
a single chip of tile b293. We selected all stars above the red line.

of 11,621,729 light curves that presented at least 25 observations in
order to detect RR Lyrae and other pulsating stars efficiently (e.g.,
Dékány 2012).

3 TARGET SELECTION

When searching for variables, a variability indicator is required. The
choice of this indicator depends basically on the investigated period
and the sample spacing. When the light curve is well sampled, with
several measurements in a pulse cycle, we can use indicators for
correlated observations, such as the Welch-Stetson indices (Welch
& Stetson 1993; Stetson 1996). However, when sampling is per-
formed with much greater spacing than the stellar period, other in-
dices should be used. In these cases, most of these indices take into
account the dispersion of the measures concerning the average of the
light curve (for a detailed description of some variability indices for
correlated and uncorrelated observations see Ferreira Lopes & Cross
2016, 2017). Both types can be used in VVV, but for the range of
period of short-period binaries and RR Lyrae the sparse indices are
more suitable. Following Carpenter et al. (2001) we used the reduced
chi-square in this work:

χ2 =
1

n − 1

n∑
i=1

(mi − m)2

σ2
i

(1)

where n is the number of epochs, mi is Ks magnitude measurement
at epoch i, m is the Ks measurements mean and σi is the photometric
error at epoch i.

Operationally, variable stars exhibit larger photometric variations
than expected by random noise throughout a time series, were χ2

should be close to 1. Fig. 2 shows the reduced χ2 as function of
magnitude for the light curves from a single chip from tile b293.
Most of the stars are scattered close to χ2 ∼ 1. Thus, following
Carpenter et al. (2001) we selected all sources with χ2 > 2. As the χ2

is sensitive to outliers, measurements that showed deviation greater
than 3 sigmas were removed from the light curves before passing
through the reduced chi-squared test.

These selected candidates comprise 2,950,742 light curves within
the ∼ 13.4 sq. deg. area, including stars from the foreground MW
disk and bulge, and even from the halo in the background. There are
also six known globular clusters in the region: Djorg 2, Terzan 9,
Terzan 10, NGC 6540, NGC 6544 and NGC 6553 (Harris 1996, the
Harris catalogue version 2010). The candidates were searched for
periodicity using Lomb-Scargle (LSG. Lomb 1976; Scargle 1982)
and Phase Dispersion Minimization (PDM. Stellingwerf 1978) cov-
ering 0.1 to 1000 days. Any period with a false alarm probabil-
ity (FAP. Scargle 1982; Schwarzenberg-Czerny 1997) smaller than
0.1% was considered a good detection for both methods.

Figure 3. Plot of amplitude versus frequency. The seasonal frequencies are
signed by vertically aligned dots at integer multiples of day−1. The frequency
intervals used to remove the stars over these alias were calculated by finding
the mean and the standard deviation close to the harmonics. The locus of
RRab type variables at frequency 2 d−1 and amplitude 0.25 mag is clearly
seen.

To reduce the number of misidentifications and to set the relia-
bility of signal detection we compared the LSG results with PDM,
making sure the detected peaks agree within 1% in the values of
their periods. As PDM may find the correct (double found by LSG)
period for binaries, we also took into account the harmonics (P × n
and P/n up to n = 4 harmonics), which represented approximately
43% of all candidates.

Both LSG and PDM are susceptible to seasonal aliases caused by
sampling. Fig. 3 shows these alias frequencies as vertical columns
at integer multiples of day−1. Stars whose peaks were identified
as aliases have been removed from our analysis, leaving a total of
47,615 variable sources covering the period range of 0.1 − 1000
days. Since this work is focused on short-period variables, in the pe-
riod range of RR Lyrae stars (P . 1 day), we limited our sample to
that extent, remaining with 23,857 variables in the period range from
0.1 to 1 day from the original ∼ 3 million light curves. Objects with
periods longer than 1 day are the subject of a forthcoming paper.
From those we have 1,571 variables laying in overlapping regions
across the images (from different chips), thus presenting two (or
more) sets of measurements that could be combined in light curves
with up to 1300 points (see Fig. 4).

4 ECLIPSING BINARIES CLASSIFICATION

4.1 Previous works

It is not a trivial task to classify variable types based solely on the
time series. Some efforts on this subject have already been done by
Debosscher et al. (2007) trying to use Fourier coefficients from a
sinusoidal fit to the light curves. Frequency range and the first har-
monic amplitude are often used to tell Miras from RR Lyrae and
Cepheids, however, they are not efficient to separate EBs from RR
Lyrae (see Fig. 2 from Debosscher et al. 2007, for details).

Sumi (2004), based the Alard (1996) method, tried to separate
RR Lyrae from other variables by 1) fitting an ellipse to the locus of
stars in a diagram representing the ratio of second to first harmonic
amplitude (R21 = A2/A1) and the phase difference between these
harmonics (φ21 = φ2 − 2φ1) (see Fig. 11 from Sumi 2004, for more
details); 2) visual inspection of the remaining light curves to remove
contamination and any lasting variables.

Other approaches are currently being developed for the VVV
data using machine learning algorithms, such as the VVV Tem-

MNRAS 000, 1–14 (2020)



4 E. Botan et al.

Figure 4. Illustrative examples of light curves for variables on overlapping
images from different chips thus presenting twice the number or epochs of
the tile. In the top is an example of asymmetric EB while the bottom panel
shows a symmetric one.

plates Project (Angeloni et al. 2014) and the method of Medina et al.
(2018). In both cases an automated classification of variable sources
is performed based on the comparison of VVV light curves with
high-quality near-IR light curves of known variable stars. However,
the most common way to classify variable stars is through visual in-
spection of their light curves as done by Montenegro et al. (2019)
and Gramajo et al. (2020) which identified the first EBs from the
VVV survey. In this work, we seek a different approach, by consid-
ering the asymmetry of eclipsing binary light curves to unveil short
period binaries in the inner VVV bulge.

4.2 Identifying asymmetric EBs

The EBs are classified mainly into three classes: EA (Algols), EB (β
Lyrae) and EW (W Ursae Majoris). The EA and EB are known to
present eclipses with a large difference between the depth of the two
minimums, as shown in the first plot of Fig. 5. EWs on the other hand
have symmetrical light curves (Kallrath & Milone 2009; Catelan &
Smith 2015).

Despite the asymmetry of the EA and EB light curves, LSG gen-
erally identifies half of the true period for these variables, and a plot
of the same light curve with the LSG period returns a completely
different shape, as seen in the second plot of Fig. 5. To overcome
this we classify the asymmetric EBs by analysing the depth of their
two valleys on plots with twice the LSG period.

To compare the two minimums we performed a Fourier fit of
N = 5 harmonics (to avoid over-fitting) for each light curve in phase
space, given its period (P, twice the LSG period) and average mag-
nitude 〈m〉, using the Fourier series f (t):

f (t) = 〈m〉 +
N∑

n=1

An sin
(

2πnt
P

+ φn

)
(2)

where the amplitude An and phase φn for each n harmonic is calcu-
lated.

We implemented the R2 statistics parameter as a selection crite-
rion to our variables since it shows how close the data are to the
fitted model. Fig. 6 shows the R2 distribution from the Fourier fits
to our sample of 23,857 variables. The distribution peaks around
R2 = 0.2 and then starts to flatten after R2 ∼ 0.6. Therefore, to select

Figure 5. Phase-folded light curve for an EB with twice the LSG period (top)
and the LSG period itself (bottom).

Figure 6. R2 distribution from the Fourier fits to our sample.

the smoothest light curves, we used R2
index = 0.6 as a threshold limit,

remaining a total of 6,308 objects with R2 > 0.6. The fitted curve,
then, allows us to characterise the minima of the eclipses. By com-
paring the depths of the valleys with the data dispersion about the
fit, one can infer if the difference between the valleys is larger than
the standard deviation of the residual, and then classify the star as
an asymmetric binary. This procedure allowed us to automatically
select 850 bonafide asymmetric EBs.

We notice that the R2 does not indicate whether a regression model
is adequate, however, the Fourier series seems to be a good model
for most variables, and it has been used in many similar searches for
periodic variables (e.g. Debosscher et al. 2007; Medina et al. 2018).

4.3 Symmetric EBs in the sample

As expected, a large number of symmetric EBs should also be
present in our sample. For the sake of completeness, a visual inspec-
tion on all R2 > 0.6 symmetric light curves was also performed to
distinguish symmetric EBs from RR Lyrae and other contaminators.
This procedure included 1,840 potential EBs in our final sample,
resulting in a final sample of 2,690 sources, including 261 EBs in
overlapping regions. Illustrative examples of light curves from sym-
metric and asymmetric EBs laying in overlapping regions of differ-
ent chips are presented in Fig. 4.

MNRAS 000, 1–14 (2020)



Unveiling short period binaries 5

Figure 7. Example of light curve with previous classification of RR Lyrae
selected as symmetric EB in this work (see Section 4.3).

5 COMPARISON WITH OGLE, VSX, VVV-CVSC AND
GAIA

We compared our resulting sample with OGLE-IV2, VSX3 and
VVV-CVSC4 catalogues. The VSX is expected to have all the OGLE
stars, but recent OGLE objects have not been added yet, so we com-
pare them with both catalogues to ensure that we select all known
variables within the area. We found a total of 45,790 variables clas-
sified as EBs within the period range of 0.1 to 1 day over the VVV
area studied here.

We cross-matched the catalogues using 1 arcsec maximum sep-
aration as a matching criterion. As result, we found that 2,478 of
2,690 EBs in our sample are previously known variables, most of
them classified also as eclipsing binaries. From those, just a small
number of 30 objects have a previous classification as RR Lyrae.
These RR Lyrae were included in our sample during the visual in-
spection of symmetric light curves because of the difficulty in dis-
tinguishing them from EBs in the VVV Ks band data (see Fig. 7).

The VVV-CVSC (Ferreira Lopes et al. 2020) is a recent catalogue
of unclassified variables from all VVV survey area. A cross match
revealed 18,787 sources from our sample of 47,615 potential vari-
ables. This difference is mainly caused by the selection criteria used
on the variability indicator. They used the deviation grater than 1.5σ
from the expected light curve RMS in order to balance true vari-
ables and contamination. However, as pointed out by the authors,
it may miss small amplitude variables as well. From our EB candi-
dates 2.230 were selected by VVV-CVSC as unclassified variables,
including 173 of the 212 new EBs.

Thus, with this method we identify 212 new EBs across eight in-
ner VVV tiles covering an area of ∼ 13.4 sq. deg. Light curve ex-
amples of new EBs are presented in Fig. 8 while in Appendix A we
present a table with coordinates, periods, and near-IR magnitudes
and colours for all the new EBs. While these 212 new variables
represent an increment of ∼ 1% in the total number of previously
known objects in the area, we highlight that all new objects have
been selected over a conservative threshold (R2 index > 0.6) in this
first approach, thus presenting a sample of high-quality light curves
for bonafide variables. Moreover, as we will discuss next (e.g., see
Table 1), the number of new objects per tile varies by a factor > 20,
where most of the sources lay towards higher extinction regions. The
spatial distribution of the new EBs is presented at the bottom panel
of Fig. 1 (black dots) while the distribution per tile is presented in
Table 1, which includes also the previously known objects in our
sample. While previously known EBs are evenly distributed for new
objects a major contribution is made in tiles b310, b309, b308 and

2 http://ogle.astrouw.edu.pl/
3 https://www.aavso.org/vsx/
4 http://horus.roe.ac.uk/vsa/vvvGuide.html#VIVACatalogue

Table 1. The EBs found by tile, oriented from top left of the bottom image
of Fig. 1.

b310 b309 b308 b307
New EBs 84 32 22 10
Previously known 231 299 295 280
Totals 315 331 317 290

b296 b295 b294 b293
New EBs 42 12 6 4
Previously known 325 394 358 296
Totals 367 406 364 300

b296 (top-left corner of the image in Fig. 1) where the extinction is
severe and optical surveys can not detect variable stars.

We made use of previously known objects (from OGLE and VSX)
to check the accuracy of the periods found by our method. From
the original sample containing objects with up to 1000 days pe-
riod, 85.9% coincide with known periods with an accuracy of 0.1%.
This comparison is presented in Fig. 9. For some objects there is
a resonance in multiples of the period, mainly because we plot
twice the LSG period, so that pulsating variable such as RR Lyrae
and Cepheids will be shown with their period doubled. Some other
misidentification may also be caused by the VVV sampling aliases
(see Sec. 7.2 of VanderPlas 2018, for a detailed discussion). With a
proper classification the accuracy should increase, for instance, for
our final sample of EBs the agreement is 98.7%. Thus, we expect a
similar reliability for the periods – as well as for the classification –
of our new EBs.

The distribution in periods is similar to the all known EBs, how-
ever, the periods for the new EBs appear to peak slightly towards
shorter periods in relation to all known EBs in the area. This small
difference is inconclusive because it could result from the selection
criteria. It would be worth to explore these binaries through de-
termination of orbital parameters using simulated models like the
PHOEBE model (Prša & Zwitter 2005; Prša 2018; Conroy et al.
2020).

Comparing the magnitude distributions (see Fig. 10), EBs from
OGLE/VSX seem to be equally distributed along the luminosity
function while the new EBs seem to present a double peak, at
Ks ∼ 13.8 mag and Ks ∼ 15.0 mag. These could be caused either by
different extinction levels affecting the sources or by the Milky Way
structure, as the presence of the spirals arms in the foreground disk
or even from objects belonging to the MW bulge. The CMD shows
that new EBs are highly affected by reddening and seems to be dis-
tributed along the disk and bulge sequences. The mean reddening
for our sources accordingly with the BEAM5 calculator (Gonzalez
et al. 2012) is < E(J − Ks) > = 0.85 mag, with objects reaching up
to E(J −Ks) = 2.1 mag. In comparison, known EBs are less affected
by dust and mostly distributed along the disk sequence, including the
region of the Main-Sequence Turn-Off (MSTO). The finding of such
highly reddened EBs highlights VVV ability to find objects invisible
to optical surveys.

Since astrometric data from Gaia are now available, we cross
checked our sample with Gaia DR2 data in order to get optical
proper-motions and parallaxes. Only 121 of our EBs have optical
counterparts in Gaia, with a large fraction of these (∼ 23.6%) pre-
senting negative parallaxes. Similarly, data for these 121 EBs are
present in the Gaia distance catalogue (Bailer-Jones et al. 2018) (see
Fig. 11). While the completeness of Gaia data for our EBs is near

5 http://mill.astro.puc.cl/BEAM/calculator.php
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6 E. Botan et al.

Figure 8. Examples of phase folded light curves for new EBs discovered in each of the eight tiles under analysis in this work. The shaded plots are numbered
accordingly to the 6 most reddened EBs signed in Fig. 10.
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Figure 9. On the top left we have a plot of OGLE and VSX period against
twice our LSG periods for all VVV potential variables. On the top right we
have the histogram of the ratio between our period (2X) and the matched
sources. At the bottom we have the histogram of the periods from all OGLE
and VSX EBs within the tiles area and the new EBs found.

100% up to Ks ∼ 14.0 mag, the Gaia sample is highly incomplete be-
low Ks ∼ 15.0 mag, with only two sources reaching Ks ∼ 16.0 mag.
On the other hand, our final sample is about 1 mag deeper, with
a dozen sources below Ks ∼ 16.0 mag and some reaching up to
Ks ∼ 17 mag. Distances from Bailer-Jones et al. (2018) suggest that
fainter objects in our sample – those ones without Gaia counterpart
– would be farther and could even belong to the MW bulge (d > 6
kpc, bottom panel of Fig. 11).

We notice that BEAM provides the total extinction integrated
along the line of sight, thus the values of E(J − Ks) as calculated
by BEAM are certainly overestimated for nearby objects. While this
caveat would favour the use of 3-D maps to yield more accurate ex-
tinction values (e.g. Schultheis et al. 2014), the absence of Gaia dis-
tances for a large fraction of our targets prevents us from providing
homogeneous 3-D extinctions for all sources in our sample. Values
of AKs and E(J−Ks) as calculated by BEAM for a 2′×2′ area around
the position of all new EBs, and assuming the Cardelli et al. (1989)
extinction law, are included in Table A1 in Appendix A.

5.1 Most reddened EBs

From the CMD of new EBs (see Fig. 10), six objects presenting
(J − Ks) > 1.8 mag caught our attention, since these are the most
reddened EBs in our sample. As shown in the spatial distribution
of Fig. 1, four of these objects are concentrated towards a dark re-
gion in tile b310, while one source is in tile b308 and another in
tile b295. Table 2 summarises their parameters, including the mean
reddening and extinction. Fig. 12 presents VVV near-IR images for
these sources, showing how affected by reddening are the surround-
ing areas. Except for b295−357, all sources are towards the dark
regions extending for almost the entire 1’ × 1’ images, especially
those located in the VVV tile b310.

In applying the total extinction integrated along the line of sight
– as provided by BEAM – three objects stand out because of their
very red intrinsic colours: b310−048 with (J − Ks)0 = 0.99 ± 0.32
mag, b310−276 with (J − Ks)0 = 0.99 ± 0.40 mag and b295−357

Figure 10. At the top we have a colour magnitude diagram (CMD) for all
known EBs (blue) from OGLE and VSX with J and Ks mag, VVV sources
(orange) and the new EBs (black dots). A reddening vector associated with
an extinction of E(J−Ks) = 0.85 mag, and assuming the Cardelli et al. (1989)
extinction law, is shown as a red arrow. Disk, Bulge and MSTO sequences are
labelled accordingly (e.g., Besançon and Trilegal synthetic models; Robin
et al. 2003; Girardi et al. 2005, respectively). Just 197 of the new EBs have
both J and Ks bands. The light curves from the numbered EBs are plotted in
Fig. 8. At the middle we have the colour distribution for the new EBs. At the
bottom we have the distribution of magnitudes of all known EBs within the
tiles area and the new EBs.

with (J − Ks)0 = 1.57 ± 0.09 mag. These colours may be overesti-
mated for nearby objects since we are applying an integrated value
of extinction.

A search at the position of b310−048 in the VizieR Catalogue
Access Tool6 resulted in a few measurements in the near-IR as well
as in longer wavelengths. Near-IR magnitudes from UKIDSS-GPS
DR6 (Lucas et al. 2008) are similar to the VVV magnitudes, with
J = 18.155±0.096 and K = 15.607±0.044. In the mid-IR b310−048

6 https://vizier.u-strasbg.fr/viz-bin/VizieR
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Table 2. Most reddened EBs.

ID RA DEC Ks (J − Ks) AKs E(J − Ks) PM
[deg] [deg] [mag] [mag] [mag] [mag] [mas y−1]

b295-357 272.66428 −25.59524 13.55±0.01 1.92±0.03 (#3) 0.24±0.06 0.35±0.08 6.48±0.29
b308-283 270.97090 −25.96540 15.60±0.10 1.80±0.18 (#1) 1.00±0.14 1.45±0.21 4.63±2.25
b310-208 272.41620 −23.91395 14.56±0.03 1.84±0.05 (#2) 0.90±0.17 1.31±0.25 3.35±0.44
b310-098 272.57413 −24.13545 15.31±0.06 2.66±0.16 (#6) 1.42±0.38 2.06±0.55 6.69±0.76
b310-048 272.06197 −23.41134 15.61±0.08 2.42±0.18 (#4) 0.98±0.18 1.43±0.26 0.49±1.11
b310-276 272.55892 −23.56622 15.89±0.10 2.60±0.25 (#5) 1.11±0.21 1.61±0.31 2.27±0.78

Figure 11. On the top there are Gaia distances by Bailer-Jones et al. (2018)
as function of Ks magnitude for the new EBs. On the bottom there are the
distribution of Ks magnitude for the new EBs with Gaia distances and all
new EBs.

was observed at the 3.6 and 4.5 passbands by GLIMPSE (Spitzer
Science 2009), with [3.6] = 14.953±0.164 mag and [4.5] = 14.924±
0.274 mag, resulting in (Ks−4.5) = 0.69±0.29 mag. The total proper
motion as measured by the VVV Infrared Astrometric Catalogue
(Smith et al. 2018) is PM = 0.49±1.11 mas yr−1. The low PM value
combined with the intrinsic magnitude (Ks0 = 14.63 ± 0.20 mag)
and IR colour suggest that b310−048 may be a distant source, even
belonging to the MW bulge in the background.

Catalogue search at the position of b310−276 resulted in a sin-
gle observation by UKIDSS-GPS DR6, with K = 15.927 ± 0.035,
which is consistent with the VVV magnitude (Ks = 15.89 ± 0.10
mag). VIRAC PM is PM = 2.27 ± 0.78 mas yr−1, as expected for
foreground disk source. b310−276 is the faintest object among the
most reddened sample, with Ks0 = 14.78 ± 0.23 mag. That may ex-
plain the absence of previous measurements in the optical and even
at longer wavelengths.

b295−357 is the brighter source among the red sample, with
Ks0 = 13.31 ± 0.06 mag. This facilitates observations in optical
wavelengths, even for an intrinsically red source. b295−357 is in
the Initial Gaia Source List (IGSL, Smart & Nicastro 2014) with
BJ = 24.650 ± 0.123 mag, RF = 20.197 ± 0.123 mag and G =

20.271 ± 0.123 mag. Interestingly, the object is not present in Gaia
DR2, thus Gaia parallaxes (or even distances) are not available. Also
in optical wavelengths, Pan-STARRS DR1 (Chambers & et al. 2017)
magnitudes are i = 21.1970 ± 0.2994 mag, z = 19.8645 ± 0.0786
and y = 18.4993 ± 0.4420. Proper-motions from VIRAC indicates a
nearby disk object, with PM = 6.48 ± 0.29 mas yr−1.

6 CONCLUSIONS

Searches for pulsating variables in the inner MW using VVV data
are contributing also to the discovery and study of eclipsing binaries.
Variability surveys in the optical such as OGLE and MOA are lim-
ited to the cleaner regions towards the bulge as the example of the
Baade’s window, partially covered by the present observations. Our
analysis shows that VVV can pierce through the most obscure re-
gions, thus becoming a useful tool for the search for variable sources
in the innermost MW.

Our search for periodic variables was performed with algorithms
based on Lomb-Scargle and Phase Dispersion Minimization meth-
ods. Using an almost purely automated classification we select a
sample of asymmetric EBs by comparing the depths of the eclipses
valleys, complemented with a visual search on the symmetric light
curves.

We have classified 212 new bonafide EBs, which present
high-quality light curves selected over a conservative threshold
(R2 index > 0.6). Our new variables are in the period range of
0.1 − 1.0 day with an accuracy of & 98% based on the compari-
son with previously known objects. This period range is interesting
because it is shared by the RR Lyrae variables. Our search was per-
formed towards a region of the MW bulge with a total area of 13.4
sq. deg. within 1.68o < l < 7.53o and −3.73o < b < −1.44o, cor-
responding to the VVV tiles b293 to b296 and b307 to b310. The
new objects are not evenly distributed across the area but concen-
trate towards a small corner of the region, where the extinction is
severe, including objects with high reddening up to E(J − Ks) = 2
mag. Those are mostly distributed along the foreground disk and
with a few also in MW bulge. The absence of optical information
from Gaia DR2 for objects brighter than Ks = 15 mag supports this
argument.

It would be interesting to explore these binaries through deter-
mination of orbital parameters using simulated models, as done by
PHOEBE, in order to obtain their distances and map the innermost
MW bulge. This would be especially important for light curves be-
low R2 index = 0.6, which are present in large numbers and are
not included in this first analysis. While these regions were used in
a first search for EBs in the VVV bulge because of the large num-
ber of epochs observed, similar analysis in the innermost MW bulge
(|b| < 2) will certainly contribute to the discovery of a large number
of new EBs towards the most obscured regions of the Galaxy.

MNRAS 000, 1–14 (2020)
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Figure 12. VVV images of the most reddened EBs in our sample. Top-panels: b295−357, b308−283 and b310−208. Bottom-panels: b310−098, b310−048 and
b310−276. All fields are 1′ × 1’ in size centred at the target position and oriented in Galactic coordinates.
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APPENDIX A: GENERAL INFORMATION ABOUT THE NEW ECLIPSING BINARIES

Table A1: General information about the new EBs. Coordinates are J2000 from
the VVV catalogues as well as the magnitudes and colours (see Section 2). For
the Period determination see Section 3. Extinction and reddening are integrated
values from BEAM (see Section 5). A few of (J−Ks) colours are missing because
of the absence of J-band measurements for the target in the VVV data.

ID RA DEC Period Ks (J − Ks) AKs E(J − Ks)
[deg] [deg] [days] [mag] [mag] [mag] [mag]

b293-068 270.69749 −27.88619 0.87771 15.08±0.08 — 0.25±0.08 0.36±0.11
b293-197 270.58404 −28.30166 0.32344 15.33±0.10 0.78±0.14 0.17±0.06 0.25±0.09
b293-213 270.93521 −27.68489 0.34970 14.79±0.06 0.52±0.08 0.19±0.06 0.28±0.09
b293-230 270.33605 −28.31211 0.50451 14.25±0.04 0.43±0.05 0.22±0.06 0.31±0.08
b294-032 271.25918 −27.69694 0.28796 15.73±0.12 — 0.18±0.06 0.25±0.09
b294-083 272.12432 −26.91506 0.26201 15.87±0.13 0.68±0.18 0.22±0.05 0.32±0.08
b294-210 271.83934 −26.45052 0.33198 14.62±0.04 0.65±0.06 0.27±0.06 0.40±0.08
b294-257 271.92701 −26.93424 0.28540 12.87±0.01 0.52±0.01 0.17±0.06 0.24±0.08
b294-323 272.02560 −26.66868 0.33982 14.47±0.04 0.57±0.05 0.19±0.06 0.28±0.09
b294-341 271.42900 −27.52955 0.44800 10.21±0.01 1.47±0.01 0.14±0.06 0.20±0.08
b295-048 272.53750 −26.72117 0.34618 14.20±0.03 0.62±0.03 0.27±0.06 0.39±0.09
b295-056 272.17810 −26.12049 0.35804 15.06±0.06 0.64±0.07 0.27±0.06 0.39±0.09
b295-086 272.29401 −25.21632 0.23878 15.17±0.06 0.98±0.09 0.37±0.06 0.54±0.09
b295-089 272.35788 −25.22808 0.49290 16.46±0.19 0.69±0.24 0.36±0.07 0.52±0.10
b295-164 272.52134 −25.43947 0.26591 15.70±0.10 1.02±0.14 0.29±0.07 0.42±0.10
b295-165 272.52175 −25.30507 0.38035 13.26±0.01 0.58±0.01 0.31±0.05 0.45±0.08
b295-233 273.06103 −25.75921 0.37953 14.66±0.04 0.59±0.05 0.23±0.06 0.33±0.08
b295-236 272.59556 −25.18032 0.48052 14.58±0.04 0.60±0.04 0.34±0.06 0.50±0.09
b295-246 272.00415 −26.12192 0.32233 15.52±0.08 0.88±0.11 0.30±0.06 0.43±0.09
b295-357 272.66428 −25.59524 1.26939 13.55±0.01 1.92±0.03 0.24±0.06 0.35±0.08
b295-367 272.71354 −25.21800 0.76485 15.26±0.07 0.86±0.09 0.34±0.07 0.49±0.09
b295-382 272.20019 −26.23889 0.48853 13.06±0.01 0.71±0.01 0.28±0.07 0.41±0.10
b296-001 273.19827 −24.40434 0.82205 15.74±0.09 0.67±0.11 0.37±0.06 0.53±0.09
b296-013 273.78551 −24.85457 0.37780 14.70±0.04 0.60±0.04 0.26±0.06 0.38±0.09
b296-038 273.33338 −25.40009 0.30988 13.66±0.02 0.92±0.02 0.26±0.07 0.38±0.10
b296-053 273.02364 −24.72467 0.63027 15.14±0.05 1.13±0.07 0.51±0.08 0.74±0.11
b296-054 273.05257 −24.84411 1.02080 14.49±0.03 0.93±0.04 0.49±0.07 0.71±0.10
b296-068 273.36750 −24.56633 0.33360 15.04±0.05 0.89±0.06 0.35±0.06 0.51±0.08
b296-073 272.97420 −23.99401 0.41871 15.57±0.08 0.98±0.09 0.52±0.06 0.75±0.09
b296-074 272.98742 −24.00418 0.79878 14.40±0.03 0.90±0.04 0.51±0.06 0.73±0.09
b296-079 273.15945 −24.01199 0.42711 14.93±0.05 0.70±0.05 0.40±0.06 0.57±0.08
b296-096 272.94026 −25.24318 0.31256 14.43±0.03 0.72±0.03 0.34±0.05 0.49±0.08
b296-102 272.69428 −24.60363 0.55514 15.08±0.05 1.21±0.07 0.61±0.06 0.88±0.09
b296-104 272.71714 −24.74295 0.31379 16.52±0.18 1.18±0.26 0.60±0.08 0.87±0.11
b296-105 272.72435 −24.54299 0.26757 16.17±0.08 — 0.66±0.08 0.96±0.11
b296-107 272.77490 −24.63202 1.23062 15.43±0.07 1.03±0.09 0.61±0.07 0.88±0.10
b296-126 273.53693 −24.63802 0.70080 15.26±0.06 0.47±0.07 0.35±0.06 0.51±0.09
b296-136 273.65229 −24.76521 0.38635 13.94±0.02 0.58±0.02 0.30±0.06 0.43±0.09
b296-140 273.19902 −24.08412 0.44149 14.46±0.03 0.87±0.04 0.41±0.06 0.60±0.09
b296-143 273.26567 −24.01389 0.56999 15.15±0.05 0.78±0.07 0.37±0.06 0.54±0.09
b296-144 273.30336 −24.18651 0.48720 15.04±0.05 0.76±0.06 0.38±0.06 0.55±0.09
b296-148 273.32764 −24.00191 0.31351 14.73±0.04 0.76±0.05 0.40±0.06 0.58±0.08
b296-150 273.70845 −24.38100 0.37390 14.02±0.02 0.62±0.02 0.32±0.06 0.47±0.09
b296-171 272.88793 −24.82733 0.34927 16.37±0.08 — 0.52±0.08 0.75±0.12
b296-188 273.14342 −24.30111 0.44073 14.17±0.02 0.73±0.03 0.44±0.06 0.63±0.09
b296-198 273.66035 −24.47442 0.81386 15.19±0.06 0.38±0.06 0.29±0.07 0.42±0.09
b296-212 273.39616 −24.00441 1.13562 14.84±0.04 0.78±0.05 0.39±0.06 0.57±0.09
b296-221 273.87539 −24.12909 0.58697 15.97±0.11 0.63±0.13 0.23±0.06 0.33±0.09
b296-226 272.67514 −24.88635 0.96214 15.36±0.06 0.85±0.08 0.44±0.06 0.64±0.09
b296-259 273.57804 −24.40300 0.31328 14.41±0.03 — 0.32±0.06 0.47±0.09
b296-260 273.14999 −23.78162 0.42184 15.32±0.06 0.79±0.08 0.46±0.06 0.67±0.09
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Table A1: continued.

ID RA DEC Period Ks (J − Ks) AKs E(J − Ks)
[deg] [deg] [days] [mag] [mag] [mag] [mag]

b296-269 273.66650 −24.11593 0.42048 14.81±0.04 0.63±0.05 0.32±0.05 0.47±0.08
b296-271 273.68461 −24.04397 0.43888 12.94±0.01 0.50±0.01 0.29±0.06 0.42±0.09
b296-288 272.70889 −24.44439 0.51323 14.78±0.04 1.35±0.05 0.65±0.08 0.95±0.12
b296-290 272.73070 −24.54204 0.35104 16.23±0.10 — 0.66±0.08 0.95±0.11
b296-299 273.36553 −24.70013 0.31649 16.20±0.14 1.06±0.19 0.37±0.07 0.53±0.10
b296-308 273.00527 −24.16388 0.50311 13.95±0.02 0.77±0.02 0.42±0.06 0.61±0.09
b296-314 273.33610 −24.42611 0.43563 14.71±0.04 0.73±0.04 0.32±0.06 0.46±0.08
b296-318 273.38122 −24.25897 0.81691 14.10±0.02 0.77±0.03 0.44±0.07 0.63±0.10
b296-322 273.89733 −24.61064 0.39623 15.27±0.06 0.58±0.07 0.29±0.07 0.42±0.09
b296-327 273.49745 −23.99904 0.96471 16.08±0.12 0.85±0.16 0.40±0.07 0.58±0.11
b296-329 273.50572 −23.91920 0.46645 14.77±0.04 0.77±0.05 0.34±0.06 0.50±0.08
b296-332 273.57079 −24.00254 0.87482 15.04±0.04 — 0.33±0.07 0.49±0.10
b296-357 273.17266 −24.61449 0.46069 15.34±0.06 0.73±0.08 0.41±0.06 0.60±0.09
b307-059 269.63877 −27.18479 1.19996 14.38±0.06 0.95±0.08 0.54±0.08 0.78±0.11
b307-060 269.63895 −27.34655 0.56235 13.72±0.03 0.67±0.04 0.42±0.07 0.61±0.10
b307-067 268.99456 −28.29733 1.31980 14.74±0.08 0.96±0.11 0.51±0.09 0.74±0.13
b307-071 269.12021 −28.24432 0.75337 12.78±0.01 1.09±0.02 0.40±0.06 0.58±0.09
b307-100 269.47018 −27.68354 0.93058 13.14±0.02 0.64±0.02 0.46±0.11 0.67±0.16
b307-118 269.81080 −27.31490 0.48582 15.62±0.16 1.12±0.25 0.40±0.07 0.58±0.11
b307-129 269.12544 −28.30950 0.36539 16.06±0.24 0.83±0.32 0.43±0.07 0.63±0.10
b307-141 269.45303 −27.98380 1.80978 14.88±0.08 0.94±0.12 0.50±0.07 0.72±0.10
b307-144 270.02511 −28.29644 0.33714 15.16±0.11 0.68±0.14 0.27±0.06 0.38±0.09
b307-168 270.01708 −27.20718 0.29102 16.56±0.11 — 0.40±0.07 0.58±0.10
b308-028 270.82003 −26.19713 0.32433 14.63±0.05 0.90±0.06 0.48±0.10 0.70±0.14
b308-035 271.35636 −26.45456 0.37921 16.42±0.24 0.51±0.28 0.23±0.06 0.33±0.08
b308-062 270.82195 −26.67581 1.37136 12.92±0.01 0.74±0.01 0.44±0.09 0.64±0.13
b308-066 270.47261 −25.99344 0.52096 12.56±0.01 0.97±0.01 0.81±0.12 1.18±0.17
b308-074 270.99118 −26.22163 0.74501 15.40±0.10 0.80±0.13 0.52±0.10 0.76±0.14
b308-084 270.31727 −27.19938 0.23843 13.84±0.02 1.15±0.03 0.38±0.06 0.55±0.09
b308-101 270.09841 −26.72024 0.43869 16.52±0.26 1.28±0.39 0.67±0.11 0.97±0.16
b308-122 270.49451 −26.47302 0.39197 14.51±0.04 0.68±0.05 0.52±0.09 0.75±0.13
b308-138 270.72858 −26.15104 0.36061 15.39±0.10 0.97±0.13 0.58±0.09 0.84±0.14
b308-143 271.20520 −26.47363 0.40729 15.10±0.08 0.77±0.09 0.37±0.07 0.54±0.10
b308-147 269.96969 −27.10360 1.19542 13.30±0.02 0.60±0.02 0.41±0.07 0.60±0.10
b308-159 270.30116 −26.72215 1.07390 14.75±0.06 0.77±0.07 0.48±0.08 0.70±0.12
b308-180 271.10248 −26.46762 0.43416 14.23±0.04 — 0.40±0.06 0.58±0.09
b308-185 270.80151 −25.93967 0.97017 15.66±0.13 1.50±0.21 0.91±0.13 1.32±0.19
b308-186 270.81901 −26.01989 0.37126 14.78±0.06 0.73±0.07 0.66±0.17 0.96±0.24
b308-193 270.16433 −26.85860 0.40151 16.44±0.10 — 0.59±0.09 0.86±0.13
b308-203 270.29770 −26.57464 1.04726 14.53±0.05 0.95±0.06 0.57±0.10 0.83±0.14
b308-237 270.98943 −26.14896 1.60287 16.45±0.25 1.20±0.35 0.67±0.13 0.97±0.18
b308-251 270.26195 −26.46642 0.32402 13.63±0.02 1.39±0.03 0.59±0.08 0.85±0.12
b308-264 270.48932 −26.16261 0.58169 15.86±0.15 1.69±0.27 0.77±0.15 1.12±0.22
b308-274 270.81701 −26.03205 0.44469 14.21±0.03 — 0.64±0.16 0.93±0.23
b308-283 270.97090 −25.96540 0.93347 15.60±0.10 1.80±0.18 1.00±0.14 1.45±0.21
b309-012 271.98722 −25.57935 1.07181 14.60±0.05 — 0.29±0.06 0.42±0.09
b309-021 271.71717 −24.91486 0.64874 15.92±0.09 — 0.73±0.10 1.05±0.14
b309-029 270.99411 −25.78442 0.27549 14.82±0.05 0.91±0.06 0.76±0.12 1.11±0.17
b309-030 270.99965 −25.81846 0.34061 16.20±0.16 1.24±0.22 0.79±0.13 1.14±0.18
b309-032 271.04769 −25.88579 0.71651 15.73±0.08 — 0.78±0.11 1.13±0.16
b309-034 271.05712 −25.93318 1.09313 13.46±0.01 0.95±0.02 0.75±0.11 1.09±0.16
b309-047 271.71062 −25.83656 0.47046 15.09±0.06 0.52±0.07 0.31±0.06 0.44±0.09
b309-049 271.48944 −25.34697 0.43173 14.93±0.05 0.92±0.07 0.52±0.08 0.76±0.11
b309-058 271.66125 −25.37029 0.22079 15.18±0.07 0.89±0.08 0.46±0.08 0.67±0.12
b309-059 271.66318 −25.29830 0.66787 15.23±0.07 1.01±0.09 0.58±0.08 0.84±0.11
b309-060 271.16571 −24.75942 0.66785 15.07±0.06 1.44±0.09 0.84±0.18 1.22±0.27
b309-062 271.22517 −24.71269 0.77280 15.69±0.11 1.43±0.16 0.94±0.16 1.36±0.23
b309-063 271.24541 −24.81083 0.34119 15.33±0.04 — 0.74±0.10 1.07±0.15
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Table A1: continued.

ID RA DEC Period Ks (J − Ks) AKs E(J − Ks)
[deg] [deg] [days] [mag] [mag] [mag] [mag]

b309-065 271.29355 −24.80976 0.48893 15.95±0.14 1.73±0.23 0.76±0.10 1.10±0.15
b309-076 270.64910 −25.63030 1.11064 14.83±0.05 0.95±0.06 0.66±0.10 0.95±0.15
b309-077 270.64956 −25.77970 0.65385 13.70±0.02 0.80±0.02 0.68±0.11 0.98±0.16
b309-083 270.73358 −25.75736 1.93084 15.09±0.06 1.42±0.09 0.75±0.14 1.10±0.20
b309-111 271.31057 −25.22080 0.28569 14.40±0.03 0.97±0.04 0.66±0.10 0.95±0.14
b309-124 271.48244 −24.88831 0.52238 16.20±0.17 1.05±0.21 0.66±0.09 0.95±0.13
b309-151 271.48823 −25.73753 0.62374 14.33±0.03 0.57±0.03 0.36±0.07 0.52±0.10
b309-180 271.65415 −24.68120 0.89205 15.09±0.06 1.01±0.08 0.61±0.08 0.88±0.11
b309-199 270.99241 −25.68553 0.43012 15.26±0.07 0.89±0.09 0.68±0.12 0.99±0.17
b309-220 271.60416 −25.21537 1.19643 14.71±0.04 0.92±0.05 0.55±0.09 0.80±0.14
b309-222 271.63386 −25.21951 0.58302 13.71±0.02 1.00±0.02 0.54±0.09 0.78±0.13
b309-254 270.86155 −25.27081 0.49617 14.69±0.04 0.67±0.05 0.59±0.10 0.86±0.15
b309-261 271.06641 −25.21966 0.70271 13.32±0.01 0.57±0.02 0.62±0.10 0.89±0.14
b309-264 271.49109 −25.46975 0.78882 14.92±0.05 0.69±0.06 0.41±0.07 0.59±0.10
b309-271 271.13461 −24.96094 0.79692 16.52±0.22 1.23±0.29 0.70±0.10 1.01±0.15
b309-276 271.23263 −24.88162 0.87911 14.83±0.05 1.63±0.08 0.74±0.11 1.08±0.16
b309-291 271.63388 −24.75779 0.27060 14.46±0.04 1.04±0.05 0.65±0.08 0.94±0.12
b309-299 272.17650 −25.01973 0.54746 13.84±0.02 0.58±0.02 0.35±0.07 0.51±0.10
b309-307 271.16478 −25.82092 0.61851 13.89±0.02 0.82±0.03 0.60±0.09 0.87±0.13
b310-007 272.38362 −23.62231 0.38198 13.95±0.02 1.09±0.02 0.78±0.11 1.13±0.15
b310-008 272.43407 −23.66464 0.60860 15.01±0.05 1.51±0.06 1.02±0.16 1.48±0.24
b310-009 272.44574 −23.75309 1.34384 15.34±0.06 1.27±0.08 0.75±0.10 1.08±0.15
b310-010 272.44859 −23.71423 0.47355 16.65±0.19 1.42±0.25 0.85±0.13 1.24±0.19
b310-011 272.46990 −23.71720 0.63615 15.30±0.06 1.63±0.08 0.86±0.09 1.25±0.14
b310-017 272.92776 −23.88293 0.41608 13.46±0.01 1.17±0.02 0.63±0.09 0.91±0.13
b310-020 273.02523 −23.88621 1.49323 14.57±0.03 0.90±0.04 0.48±0.07 0.70±0.10
b310-022 271.72343 −24.61193 0.48942 14.92±0.04 1.04±0.05 0.63±0.08 0.91±0.11
b310-024 271.77573 −24.61223 1.93093 13.17±0.01 1.07±0.01 0.67±0.08 0.98±0.12
b310-025 271.81858 −24.71331 1.11226 14.64±0.03 0.95±0.04 0.65±0.09 0.94±0.12
b310-026 271.85471 −24.67036 0.92983 14.95±0.04 0.86±0.05 0.71±0.09 1.03±0.13
b310-033 271.99767 −24.20779 0.39605 15.70±0.08 1.49±0.11 0.76±0.10 1.10±0.14
b310-039 272.50582 −24.54691 0.96111 16.33±0.14 1.08±0.17 0.65±0.07 0.94±0.10
b310-046 272.02794 −23.52108 0.91415 15.30±0.06 1.33±0.08 0.71±0.09 1.03±0.13
b310-047 272.06186 −23.48966 0.40711 14.41±0.03 0.88±0.03 0.67±0.13 0.97±0.19
b310-048 272.06197 −23.41134 0.29931 15.61±0.08 2.42±0.18 0.98±0.18 1.43±0.26
b310-049 272.07375 −23.59777 0.44475 15.53±0.08 1.18±0.09 0.64±0.09 0.93±0.14
b310-051 272.50246 −23.71959 1.12346 14.88±0.04 1.50±0.06 0.83±0.06 1.21±0.09
b310-055 271.39138 −24.50722 0.89603 14.92±0.06 1.33±0.08 0.94±0.15 1.36±0.22
b310-060 271.97559 −24.60855 0.30423 14.54±0.03 0.85±0.03 0.66±0.07 0.96±0.10
b310-061 271.97690 −24.62266 0.70213 13.56±0.01 0.75±0.02 0.64±0.07 0.93±0.10
b310-070 272.14019 −24.33077 0.45167 17.11±0.28 — 0.73±0.08 1.06±0.11
b310-074 272.22346 −24.38133 0.64560 15.30±0.06 1.34±0.07 0.77±0.11 1.12±0.16
b310-086 272.01026 −23.99337 0.72492 15.01±0.04 1.51±0.06 0.73±0.11 1.06±0.17
b310-091 272.04845 −23.96629 0.73538 16.02±0.11 1.53±0.15 0.78±0.14 1.13±0.20
b310-093 272.07679 −23.97599 0.34928 16.31±0.14 1.56±0.20 0.86±0.11 1.25±0.15
b310-097 272.52979 −24.12898 1.10625 15.07±0.05 — 1.51±0.24 2.19±0.34
b310-098 272.57413 −24.13545 0.36339 15.31±0.06 2.66±0.16 1.42±0.38 2.06±0.55
b310-102 272.14258 −23.60754 0.43526 13.78±0.02 0.90±0.02 0.62±0.07 0.90±0.11
b310-104 272.17879 −23.59753 0.33719 16.11±0.12 1.24±0.15 0.64±0.07 0.93±0.10
b310-109 272.64449 −23.88306 0.50433 16.44±0.10 — 0.66±0.07 0.96±0.10
b310-112 272.68429 −23.75018 0.59593 15.06±0.05 1.15±0.06 0.72±0.09 1.04±0.13
b310-113 272.69290 −23.76985 0.73943 15.30±0.06 1.38±0.08 0.70±0.10 1.02±0.15
b310-127 272.14361 −24.75106 0.29727 16.50±0.17 1.04±0.20 0.55±0.08 0.80±0.11
b310-134 271.79446 −24.23587 1.73263 15.80±0.09 1.50±0.12 0.62±0.07 0.90±0.10
b310-138 272.33343 −24.53006 0.45790 14.69±0.03 0.88±0.04 0.65±0.06 0.95±0.09
b310-144 272.04449 −23.66959 0.60364 14.02±0.02 0.79±0.02 0.62±0.09 0.90±0.13
b310-149 272.59705 −24.01349 0.49356 15.41±0.06 1.43±0.08 0.70±0.11 1.02±0.16
b310-150 272.61655 −24.00538 0.54332 15.86±0.10 1.15±0.11 0.60±0.08 0.88±0.12
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Table A1: continued.

ID RA DEC Period Ks (J − Ks) AKs E(J − Ks)
[deg] [deg] [days] [mag] [mag] [mag] [mag]

b310-157 272.66347 −24.10511 0.30278 14.69±0.03 1.41±0.04 0.70±0.08 1.02±0.11
b310-159 272.70838 −23.93108 0.63461 16.42±0.16 1.20±0.19 0.57±0.09 0.82±0.13
b310-163 272.33195 −23.41885 0.39106 15.22±0.06 1.67±0.08 0.87±0.15 1.27±0.21
b310-164 272.37878 −23.36820 0.38659 15.07±0.05 1.13±0.06 0.71±0.10 1.02±0.14
b310-166 272.84439 −23.73463 0.72155 16.14±0.12 0.92±0.14 0.58±0.07 0.84±0.11
b310-167 272.85310 −23.75120 0.60052 14.62±0.03 1.38±0.04 0.56±0.07 0.81±0.10
b310-168 272.85758 −23.68945 0.43174 14.48±0.03 0.96±0.03 0.55±0.08 0.80±0.11
b310-171 271.64964 −24.30483 0.52603 12.66±0.01 0.65±0.01 0.73±0.08 1.06±0.11
b310-172 271.76222 −24.47585 0.36705 15.96±0.10 1.18±0.13 0.75±0.09 1.09±0.13
b310-173 271.77672 −24.30480 1.42832 12.20±0.01 0.56±0.01 0.62±0.07 0.89±0.10
b310-180 272.29788 −24.61166 0.56158 15.48±0.07 0.93±0.08 0.54±0.06 0.78±0.09
b310-189 271.91825 −23.99116 0.35548 14.65±0.03 0.88±0.04 0.60±0.08 0.88±0.11
b310-197 271.99208 −24.06596 0.53031 12.78±0.01 0.84±0.01 0.67±0.09 0.98±0.13
b310-201 272.38183 −24.37079 1.41593 15.30±0.06 1.72±0.09 0.95±0.12 1.37±0.17
b310-203 272.42277 −24.40036 0.53192 14.98±0.04 1.39±0.06 0.90±0.09 1.30±0.13
b310-204 272.42456 −24.38547 0.60585 14.45±0.03 — 0.91±0.09 1.33±0.13
b310-208 272.41620 −23.91395 0.81730 14.56±0.03 1.84±0.05 0.90±0.17 1.31±0.25
b310-211 272.47629 −23.98593 0.40617 14.59±0.03 1.13±0.04 0.74±0.10 1.07±0.15
b310-222 272.12075 −23.40349 0.32763 14.21±0.02 1.46±0.03 0.85±0.15 1.23±0.22
b310-224 272.12657 −23.40442 1.02265 14.73±0.04 1.23±0.04 0.82±0.14 1.19±0.20
b310-225 272.12712 −23.24393 0.37959 16.27±0.08 — 0.65±0.10 0.94±0.15
b310-226 272.17160 −23.33962 0.76096 15.25±0.06 1.24±0.07 0.70±0.13 1.01±0.19
b310-228 272.62808 −23.62366 0.70909 16.30±0.14 1.29±0.18 0.79±0.10 1.14±0.15
b310-232 272.69033 −23.66245 1.31307 15.45±0.07 1.30±0.08 0.69±0.09 1.01±0.14
b310-233 272.74789 −23.56757 0.37734 15.80±0.09 1.03±0.11 0.60±0.08 0.87±0.12
b310-234 271.48519 −24.29371 0.79456 15.24±0.06 1.36±0.07 0.98±0.13 1.42±0.19
b310-251 271.72356 −23.98917 0.92717 15.16±0.04 — 0.65±0.10 0.94±0.15
b310-254 272.19637 −24.20073 0.25645 16.70±0.20 1.26±0.24 0.71±0.10 1.02±0.15
b310-255 272.30065 −24.29852 0.32617 16.00±0.11 1.04±0.13 0.66±0.06 0.95±0.09
b310-256 272.37017 −24.19480 0.35332 14.86±0.04 1.54±0.05 0.81±0.10 1.17±0.14
b310-257 271.84754 −23.65731 0.98346 15.24±0.06 1.63±0.08 0.86±0.14 1.25±0.21
b310-259 271.89703 −23.65713 0.32019 13.83±0.02 0.93±0.02 0.71±0.09 1.03±0.13
b310-260 271.91711 −23.58875 0.77766 14.92±0.04 1.30±0.05 0.75±0.10 1.08±0.14
b310-267 272.04267 −23.59449 0.36370 15.37±0.06 1.08±0.07 0.64±0.10 0.93±0.14
b310-271 272.78700 −23.99384 0.51687 14.57±0.03 1.02±0.04 0.62±0.08 0.89±0.12
b310-272 272.39979 −23.52183 0.64650 15.14±0.05 1.11±0.06 0.88±0.25 1.28±0.37
b310-273 272.44286 −23.56450 0.50687 16.23±0.13 1.46±0.18 0.82±0.13 1.19±0.19
b310-274 272.48251 −23.58641 0.30832 16.16±0.13 1.35±0.16 0.96±0.23 1.40±0.33
b310-275 272.54935 −23.47133 0.99023 12.71±0.01 1.28±0.01 0.79±0.15 1.15±0.21
b310-276 272.55892 −23.56622 0.47570 15.89±0.10 2.60±0.25 1.11±0.21 1.61±0.31
b310-282 273.02303 −23.82756 0.26484 13.77±0.02 0.95±0.02 0.50±0.07 0.72±0.10
b310-303 272.03554 −24.19751 0.37541 16.86±0.23 0.87±0.26 0.74±0.09 1.08±0.13
b310-304 272.07250 −24.15921 1.39400 14.77±0.04 1.22±0.04 0.83±0.09 1.21±0.12
b310-306 272.12369 −24.11055 1.26208 14.94±0.04 1.53±0.06 0.91±0.11 1.32±0.16
b310-308 272.13474 −24.11196 0.87431 15.55±0.07 1.34±0.09 0.85±0.12 1.24±0.18

This paper has been typeset from a TEX/LATEX file prepared by the author.
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