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Abstract

In this thesis, I attempt to categorize variable stars found with the OGLE telescope with
the main aim being to find binaries containing white dwarfs. To do this, I combine light
curve data from the OGLE telescope [16][11] with data from the large Gaia EDR3 catalogue
[3] and a recently published 3-dimensional extinction map [18] to gather the colour and
absolute magnitude of the binary stars. Lastly, I use an artificial neural network offered
by the phoebe binary star software to model the light curves, [5], giving precise orbital
parameters that allow for categorization of the binary stars. After this data processing, I
find that there are likely no double white dwarf binaries in the OGLE catalogue, while a
set of 123 white dwarf and main sequence binaries is identified.
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Popular science introduction

Looking at the night sky, stars appear as single bright points that paint the sky. Yet for
many stars, there’s more to it. A simple amateur telescope pointed at Alpha Centauri,
the second brightest light in the southern skies, reveals that the bright point is in reality
composed by two stars in close proximity to each other. In the northern hemisphere, the
same can be seen when looking at Albeiro in the constellation Cygnus. Such star systems,
with two stars bound together by gravity and spinning around each other are called binary
star systems, or simply binaries.

When compared to the size of the universe, the stars Albeiro and Alpha Centauri are
very close to Earth. As the distances increase, it becomes more and more difficult, or even
impossible, for our telescopes to distinguish between two separate stars. However, binary
stars can also be detected through in another way. As with clouds dimming the sun, or the
rarer but more accurate Lunar eclipses, an object can pass in front of another and shadow
it from sight. In binary stars, the light from one of the stars can be shadowed by the other
as it passes in front of it once every orbit. The result is a sudden darkening of the light
from a binary, which repeats itself once every orbit.

The second key part to my bachelor project are white dwarfs, the remains of stars that
run out of fire. As their name suggest, they are small, faint and white in colour, yet their
masses are still quite large, leading to very dense objects. At least, this is what theoretical
models tell us. But these same theoretical properties mean that studying white dwarfs has
been proven difficult.

As astronomers, we cannot build our own stellar systems and observe how they fare.
However, we can look at the sky, observe varied systems and see which of our theoreti-
cal models hold... and which are proven wrong. The oscillations in brightness of binary
stars reveal lots of information about the binaries, from their relative temperature to their
radius, affecting how long the eclipse last. We don’t know what happens to binary stars
when they die. How many pairs of white dwarf binaries exist, and how they look like, is
something which still poses many unknowns.

For the past thirty tears, numerous ground and space telescopes have scanned the night
sky and meticulously archived their observations. When put together, they allow unprece-
dented precision in the identifying of stars. I will be the one taking on this challenge,
combining and filtering through decades worth of data in the search for white dwarf bina-
ries.





Contents

1 Introduction 2
1.0.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.0.2 Binary stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.0.3 Parallax distance measurements . . . . . . . . . . . . . . . . . . . . 5
1.0.4 Magnitude and extinction from space dust . . . . . . . . . . . . . . 6
1.0.5 White dwarfs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2 Method 9
2.0.1 Combining datasets . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.0.2 Correcting for extinction . . . . . . . . . . . . . . . . . . . . . . . . 10
2.0.3 Selecting white dwarf candidates . . . . . . . . . . . . . . . . . . . 11
2.0.4 Analyzing the light curves . . . . . . . . . . . . . . . . . . . . . . . 11

3 Results 16

4 Discussion 19
4.0.1 Loss of stars in the Ebai fitting . . . . . . . . . . . . . . . . . . . . 19
4.0.2 WD+MS binaries . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
4.0.3 Limitations in the OGLE survey for WD+WD binary identification 21
4.0.4 Considerations for photometric surveys seeking WD+WD binaries . 24

5 Conclusion 25

A Total WD+MS table 28

1



Chapter 1

Introduction

1.0.1 Motivation

The aim of this project is to find white dwarf binaries, as well as develop the methodology
necessary to accurately categorize binary stars. Over the longer term, both of these results
are useful to understand the structure and stellar population about the Galaxy, a field of
research called cosmology. They will also give insight in the evolution of binary systems.

Binary star systems are very common in the Galaxy, and the majority of stars are expected
to become white dwarfs at the end of their lives. The processes behind the formation of
binary white dwarf stars, or other star systems containing white dwarfs, will also benefit
from a larger database of objects to study.

Lastly, this project highlights limitations with the current hardware and processes for
data gathering, and suggests improvements to make the identification of binary stars even
more successful than it currently is.

1.0.2 Binary stars

A considerable part of the bright points visible in the sky are in reality pairs (or, in some
cases, triplets) of stars in close proximity to each other. Such pairs of stars are called
binary systems, or simply binaries. Binary stars are bound together by gravity. They are
also in orbits around each other, thus forming a stable systems.

The period of such orbits depends and on the distance between the two stars in the binary
and their masses. Kepler’s 3rd law can be used to get a useful relationship between the
three, stating

P 2 = a3(m1 +m2) (1.1)

where P is the period of the orbit in years, a is the semi-major axis in Astronomical Units
(1 A.U. is approximately the distance between the Earth and the Sun, defined exactly with
a numerical value) and m1 and m2 are the masses of the stars in solar masses. Thus, two
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CHAPTER 1. INTRODUCTION

Figure 1.1: An image of Alpha Centauri A and Alpha Centauri B taken by the Hubble
Space Telescope, taken from https://esahubble.org/images/potw1635a/ [10]. For the
naked eye, these two stars appear as a single point.

stars weighing 0.5 solar masses Each and 1 A.U. apart would need 1 year to make a full
orbit. These units are defined upon the Earth’s orbit around the Sun.

There are several different methods to recognize whether a star system is binary or not.
The simplest method is to use a telescope powerful enough to resolve the two stars as two
separate objects, as seen in figure 1.1 [10]. On a larger scale, more than 1 million binaries
have been found with this method [6]. However, the vast majority of stars in binaries are
too far from us and too close to each other for our telescopes to resolve them.

A method that has successfully been used for hundreds of thousands of binary stars is
the transit method. This relies on the fact that stars move around their orbit. It is thus
possible that, once per orbit, one of the binary stars will eclipse (partially cover) the sec-
ond, resulting in a decrease in brightness, as shown in figure 1.2 [8]. By monitoring a large
number of stars for a long period of time, many such eclipses can be detected.

Note that for the eclipses to happen, the orbital plane of the binary stars must be suffi-
ciently aligned with Earth. If that’s not the case, the stars will simply not pass in front
of each other. The largest critical angle α between the orbital plane of the binary and the
binary-Earth line is, as seen in figure 1.3,

α = arcsin

(
R1 +R2

a

)
= arcsin (FsumR) (1.2)
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CHAPTER 1. INTRODUCTION

Figure 1.2: A schematic drawing of an eclipsing binary system being observed from Earth.
Less light is observed when one of the stars eclipses the other. Taken from [8].

where R1 and R2 are the radii of the two stars and a is their distance. Here, it is useful to
introduce the sum of the fractional radii FsumR = R1+R2

a
. Assuming that the orientation of

the orbital plane is random, the probability of a binary star to show eclipsing events when
seen from Earth is then

PE =
2α

π
=

2arcsin (FsumR)

π
(1.3)

Figure 1.3: A schematic diagram for a binary star system angled at the critical angle, not
to scale. For an eclipse to be seen, the angle between the binary-observer line and the plane
of the orbit must be smaller than the critical angle α. This angle fulfils sinα = R1+R2

a
.
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CHAPTER 1. INTRODUCTION

Figure 1.4: A schematic drawing of a parallax angle correlating to the distance of a star.
At different times of the year, the star appears to be in a different position in the sky. The
closer the star, the more it seems to move, and the larger is ts parallax angle p. Note that
for stars other than the sun, p is very small, less than 1 arcsecond.

1.0.3 Parallax distance measurements

Looking at objects from different places gives different results. A simple example can be
seen by holding your thumb in front of you and looking at it with your left and right eye,
seeing it apparently move against the background.

As a year is twelve months, Eearth will be on opposite sides of the Sun every six months.
Images of a stars taken six months apart will therefore show it in slightly different posi-
tions. The angle difference seen from opposite sides of the Sun is called the double parallax
angle. By letting the parallax angle p be measured in arcseconds (1 arcsecond is 1/3600
degrees), the distance d can be calculated from

d =
1

p
(1.4)

where d is, by definition, the distance in parsec. This is illustrated in figure 1.4. Note that
this equation is reliant on the sin(x) ≃ x approximation, and as such only valid for small
angles. Nearly all angles in astronomy are very small.
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CHAPTER 1. INTRODUCTION

1.0.4 Magnitude and extinction from space dust

The brightness of an object in the sky can be described in terms of magnitude. This is a
negative logarithmic scale, where the fainter an object is, the higher its magnitude. For a
star of luminosity L, its apparent magnitude, referred to V in this report, is defined as

V = −2.5 log10(L) + C

where C is a constant, previously defined such that the star Vega has a magnitude of 0 as
seen from Earth. As later observations have shown that the luminosity of the star Vega
varies, this has been set to a numerical value.

Stars, or any object for that matter, appear less luminous when further away. As such,
we distinguish between apparent magnitude V , the magnitude that an object appears to
have as seen from Earth, and absolute magnitude M , defined as the magnitude of the star
seen from a distance of 10 parsecs. Since luminosity decreases with the distance squared,
we have that for a star at a distance of d parsecs,

V = M − 2.5 log10

(
1

(d/10)2

)
= M + 5 log10

d

10
(1.5)

From theoretical models and observation of nearby objects, we can describe the brightness
of some known objects in the night sky. Such objects are known as standard candles, as
their absolute luminosity is a ”standard” value, regardless of where the objects happen to
be [12]. Examples of standard candles are Cepheids and the rarer but brighter type Ia
supernovae [12].

Using the absolute magnitudes of these standard candels and their distances (obtained with
the parallax angle), it’s possible to predict the apparent magnitude of standard candles
in the sky. Using telescopes, it is possible to actually measure their apparent magnitude.
When this was done on a large scale, the equation 1.5 had a systematic bias. In partic-
ular, standard candles further away appeared less bright than predicted. This darkening
has been called extinction. Furthermore, standard candles close to each other experienced
similar levels of extinction.

This effect can be explained by dust in space which absorbs light, similar to the effect
of fog on Earth. In general, closer objects experience less extinction, and objects in partic-
ularly ”foggy” (dusty) regions, such as towards the center of the Galaxy, experience more
extinction [18]. The apparent magnitude of a star is then better described by

V = M + 5 log10
d

10
+ A (1.6)

where A is the extinction coefficient. Extinction varies depending on the wavelength of the
light. In general, dust in space absorbs proportionally more (causes higher extinction for)
blue light than red light. By comparing how bright standard candles should appear with
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CHAPTER 1. INTRODUCTION

how bright they actually appear at their position, it’s possible to create a 3-Dimensional
map of how much extinction happens at different points in the sky [18]. Such a map has
been used in this bachelor project.

1.0.5 White dwarfs

Looking at the colour-mangitude diagram given by the Gaia telescope (figure 1.5), we see
that there are multiple separate regions of stars. The stars in the bottom left group are
particularly faint and hot. As such, they are named white dwarfs, often abbreviated as
WD. From theorhetical models, these stars as explained as being the remains of stars that
finished nuclear fusion [13]. Without the fusion energy pushing the stars apart, gravity
caused these stars to collapse into very small, very dense spheres. This collapse also re-
leased a lot of energy, leading to the white dwarfs’ high temperature [13].

Theoretical models also estimate the masses and radii of white dwarfs. Very generally,
white dwarfs have a mass of approximately 1 solar mass MS and a radius of approximately
0.01 solar radii RS [13]. A theoretical upper limit to the mass of white dwarfs also exist.
At masses over 1.4MS,the so called Chandrasekhar limit, it is predicted that white dwarfs
collapse into an even smaller and denser neutron stars [14]. So far, no white dwarfs with
masses above this limit have been observed [14].

There are numerous reasons why the study of white dwarfs, and double white dwarf bi-
naries in particular, is interesting. Due to their lack of nuclear fusion, WDs slowly cool
down, meaning that their temperature gives clear information about the age of a star sys-
tem. Furthermore, if white dwarfs star happen to gain enough mass, they can cause the
extremely bright type Ia supernovae [14], which can happen i.e. when double white dwarf
binaries collapse.

The exact mechanisms behind these collapses are however not fully clear yet. As such,
finding a larger number of double white dwarf systems is likely to both help the under-
standing the complex evolution of binary systems and give valuable insight on the stellar
population in the Galaxy.
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CHAPTER 1. INTRODUCTION

Figure 1.5: The colour-magnitude for stars made from the second data release from the
Gaia telescope, with a hotter colour corresponding to a higher concentration of stars.
Extinction has been accounted for in this plot. Taken from https://www.aanda.org/

articles/aa/full_html/2018/08/aa32843-18/F1.html [4].
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Chapter 2

Method

2.0.1 Combining datasets

The OGLE public dataset contains data tables and light curves for about 750,000 stars 1.
This data has been taken by the 1.3 meter OGLE telescope in Chile over a period of over
22 years [16][11], and gives repeated measurements for the brightness of stars, making it
possible to notice and catalogue how the stars change with time. Particularly, it contains
stars in the direction of the Galactic bulge and the Magellanic clouds, where the telescope
was pointed. It measures magnitudes in the I (infrared) and V (visible) bands. Normally,
there are hundreds to thousands of brightness measurements for each star in the dataset.

This information is often not sufficient to understand what the stars are. Particularly,
it’s unknown whether the stars are (relatively for stars) faint and (relatively) close, or
further away and brighter.

The distance to a star can be calculated from its parallax angle. The Gaia space tele-
scope was launched in 2013 with the aim of mapping as many objects as possible in the
entire sky, giving valuable information, key among it being the parallax. [3]. As of now, it
has has taken a sufficient number of pictures to give the parallax for more than 1 billion
stars, for more than 1 billion stars [3] allowing to, calculate their distance. By combining
data from Gaia and from OGLE we get more information about our binary stars 2.

The main hurdle to combining the two datasets is that we do not initially know which
star is which. Stars are not artificial objects and do not have easily visible identification
codes. However, the two datasets do specify where in the night sky the stars are. As
such, we can simply match the coordinates given by the two telescopes. This process is

1You can access this catalogue yourself at
https://ogledb.astrouw.edu.pl/~ogle/OCVS/catalog_query.php

2The Gaia catalogue is also public, though for most applications, it is too large to be dowloaded locally.
You can access it at
https://gea.esac.esa.int/archive/

9



CHAPTER 2. METHOD

referred to as ”matching catalogues” and is very common in astronomy research. Note
that the universe isn’t still, and as such, the apparent position of stars moves with time,
especially for nearby stars. This is problematic since the Gaia and OLGE observations
happened several years from each other. Luckily, telescopes are capable of observing this
movement and predicting with high accuracy the position at any given time. In particular,
the calculated positions of the stars during January of the year 2000 (often labeled J2000)
was cross-matched.

There is a non-zero error in the position recorded by the telescopes. In this thesis, stars
who’s positions in the OGLE and Gaia datasets were within 1 arcsecond of each other were
put in the new data table. This was done with the CDS crossmatch software [2] 3.

After the crossmatch, objects with an unreliable parallax are discarded as the parallax
angle is necessary for making an accurate data analysis. In particular, objects with a neg-
ative or nan valued parallax are discarded. Furthermore, objects with a parallax error of
more that 100% of the parallax are discarded as well. This is a very relaxed cut chosen
for two reasons. First, as white dwarfs are very faint, the parallax error is generally higher
for them. Figure 2.1 shows that the number of available stars decreases quickly as this
restriction is tightened, particularly in the regions that are relevant to the project. Second,
we found that a large group of stars was needed in later data analysis steps to properly
show qualitatively different groups of stars. The noise from such a relaxed cut has not
been particularly problematic. This leaves 249,965 stars out of the initial 758,762 OGLE
variable stars.

2.0.2 Correcting for extinction

To get more precise colour and magnitude values, we use the 3-dimensional reddening map
made by Vergely, J.L. and Lallement, Rosine and Cox, N.J.L. in 2022 [18]. It has a resolu-
tion of 20 x 20 x 20 parsecs and spans 10 per 10 per 0.8 kiloparsecs. This makes it a box
parallel with the galactic plane.

The unit of the map is magnitudes/parsec. As such, to get the total extinction, we inte-
grate over the line of sight from these stars to Earth. The integration is done numerically
in 100 discrete steps for each star.

The extinction map gives the extinction in the V (visible) band AV . We are interested in
extinction in the Gaia G-band AGP , as well as for the Blue and Red Gaia bands ABP and
ARP . The conversion ratios are given by the paper from N. P. Gentile Fusillo et. al. [7]
and are

AGP = 0.835AV

3You can access the CDS crossmatch software yourself at
http://cdsxmatch.u-strasbg.fr/xmatch
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CHAPTER 2. METHOD

ABP = 1.139AV

ARP = 0.650AV .

Due to the finite size of the box, some objects are outside of it and we cannot find their
extinction. After getting the extinction values, 161,499 objects are left from of the 249,965
that passed the previous filtering step. Figure 2.1 show the stars that passed this filtering
step in a colour-magnitude diagram, with their colour indicating the relative error in their
parallax angle.

2.0.3 Selecting white dwarf candidates

Combining the G-band magnitude with the parallax angle and the extinction allows calcu-
lating the absolute magnitude of the objects remaining in the dataset from equation 1.6. A
pseudo-colour of these objects can be obtained by comparing the magnitude measured with
Gaia’s blue and red photometers. This allows plotting the objects in the colour-magnitude
diagram seen in figure 2.1.

From this, an apparent problem is seen. Comparing it with a standard colour-magnitude
diagram from Gaia, seen in figure 1.5 [4], the stars from the OGLE catalogue do not seem
to include some parts of the diagram. Particularly relevant to this thesis, the white dwarf
branch in the bottom left of the Colour-Magnitude-Diagram is almost completely missing,
or at least not well separated from the main sequence branch.

Regardless, if any WD+WD binaries are present in the dataset, they will be in the bottom
left of the figure. Therefore, we make a cut to select those stars, visible as the black line
in figure 2.1. The stars that are kept fulfill

MG ≥ 7 + 4(Gbp −Grp) + (Gbp −Grp)
2 (2.1)

Where MG is the star’s G band absolute magnitude, taking extinction into account, and
(Gbp −Grp) is the star’s blue-red colour, taking reddening into account. The exact param-
eters for this cut were chosen through trial and error, also known as empirically. After the
cut, 3,200 variable stars are left out of the 161,499 that passed the previous step. Of them,
many aren’t binary stars, instead being described by the OGLE catalogue as e.g. Delta
Scuti stars or RR lyrae. 1,725 of the remaining stars are binaries.

2.0.4 Analyzing the light curves

The OGLE telescope was meant to capture the variations of star luminosity over time.
Thus, for most stars in the catalogue, there are between hundreds to over one thousand
magnitude measurements per star, each taken at a different time. These measurements are
mostly in the I band with a minority in the V band.

11



CHAPTER 2. METHOD

Figure 2.1: Colour magnitude diagram of the variable stars in the OGLE catalogue. Hotter,
bluer objects are on the left, with colder objects on the right. More luminous objects are
up and fainter objects are down. Extinction has been taken into account. The black line
shows the cut made my equation 2.1. The colour of the dots represents their relative
parallax errors, with stars with a higher parallax over error (larger certainty) being darker.
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CHAPTER 2. METHOD

Figure 2.2: An example light curve plot of the binary OGLE-BLG-ECL-156904. It shows
that two eclipses happen consecutively. The first, more shallow eclipse, happens when
the colder star is eclipsed. The second, deeper eclipse happens when the warmer star is
shadowed. These data points were collected over a period of several years [16] and then
plotted according to the phase of the binary when they were taken.

Empirically, it can be seen that for many stars observed with OGLE, variations in lu-
minosity are periodic. The OGLE catalogue used in this report is made from such stars.
From the period of these stars, it is possible to know the phase (time that has passed
since the beginning of a period) at which any given measurement was taken. Plotting the
measurements’ magnitude versus their phase gives plots such as figure 2.2. Such a plot is
commonly referred to as a light curve, despite being often pointy in shape.

The light curves reveal a lot of information about a binary system. Particularly, the width
of the eclipses is proportional to the sum of the radii of the objects in the binary, while its
depth depends on the temperatures of the two objects. Warmer objects are brighter for a
given surface area, and if they are eclipsed by a cooler object, it will result in more light
being unable to reach the telescope and a deeper eclipse.

I use the phoebe 3.63 software [5], to model of the binary stars computationally. Par-
ticularly, we use the solver estimator.ebai. It is a neural network computer algorithm
used to estimate parameters for two-Gaussian function that fits the light curve [5]. A
two-Gaussian function is simply a sine curve with two Gaussian functions (also known as
normal distributions) subtracted from it. An example of such a model, together with the
data used to generate it using ebai, is shown in figure 2.3.

Six parameters are given in the two-Gaussian fit. These are:

13



CHAPTER 2. METHOD

Figure 2.3: A light curve, shown with gray dots, and a fitted two-Gaussian function shown
with the blue line. This fit is of the binary OGLE-BLG-ECL-156904, the same binary as
2.2. Compared to figure 2.2, this graph is phase shifted. Another difference is that the y
axis displays normalised flux, as opposed to the logarithmic magnitude seen in figure 2.2.

• t0_supconj, the zero time point,

• teffratio, the ratio of the effective tempeatures of the two stars T1

T2
,

• requivsumfrac, the sum of the equivalent fractional radii of the two binary stars.
Mathematically, this is FsumR = R1+R2

a
where a is semi major axis of the binary orbit

(for a circular orbit, this is equal to the distance between the two stars),

• esinw, the eccentricity multiplied with the sine of the argument of periastron,

• ecosw, the eccentricity multiplied with the cosine of the argument of periastron,

• incl, the angle between the normal of the orbital plane of the binary and the line
between the binary and the Earth.

The parameter teffratio is particularly relevant. The effective temperature ratio, hence-
forth referred to as RT = T1

T2
is obtained by comparing the difference in depth of the two

eclipses. Two eclipses being significantly different means that the temperatures of the two
stars are significantly different.

I expect binaries of two similar stars, such as either two white dwarfs or two main se-
quence stars, to have RT ≃ 1. For white dwarf and main sequence binaries (WD+MS),
we expect the white dwarf to be considerably hotter than the main sequence star, or to be
outshone (for equivalent temperature, main sequence stars are several magnitudes brighter

14
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than white dwarfs.)
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Chapter 3

Results

For some of the stars, the ebai fits fails, returning nan parameters or giving errors. After
applying it to the remaining stars, 546 stars are left out of the 1,725 that passed the pre-
vious filtering step.

After trying to compare stellar distribution for several parameters, separate groups are
seen when plotting the absolute magnitude MG versus the effective temperature ratio RT .
This plot is shown in figure 3.1. In it, two groups are clearly visible, one with a low and
one with a high temperature ratio.

These qualitatively different groups allow us to categorize the binary stars. In particu-
lar, we make a cut to select a subgroup of WD+MS binaries. This cut on the MG and RT

diagram is also shown in figure 3.1. Binaries that are kept fulfil

MG >

{
7.5 for RT < 0.6

7.5 + 800(RT − 0.6)3 for RT ≥ 0.6
(3.1)

This cut removes stars that are too bright as, in testing, some of the bright stars with high
temperature differences were found to b main sequence hot subdwarf binaries, and not the
WD+MS stars that we are interested in. Simplifying, hot subdwarfs are brighter than
white dwarfs and fainter than main sequence stars [9], for the same colour. As their name
implies, they are also hot [9], meaning that they can have large temperature differences
with redder main sequence stars. They can be seen as a small clump the Colour Magnitude
Diagram of figure 1.5 for 3 < MG < 6, to the left of the image. Due to their brightness,
keeping binaries MG > 7.5 should reduce their contamination of the WD+MS group.

From figure 3.1, no obvious white dwarf white dwarf binary (WD+WD) group is seen.
Thus, if WD+WD binaries are in that plot, they are mixed with other stars. After man-
ually analysing the most likely candidates (letting RT > 0.9, Bp − Rp > 0 and MG > 8),
none of the stars have the very narrow eclipses that would be expected from WD+WD
binaries.

16



CHAPTER 3. RESULTS

Figure 3.1: A scatter plot of the 546 binaries for which the ebai analysis gave results. The
x axis gives the effective temperature ratio RT between the two stars. Large temperature
differences are on the left, smaller temperatures on the right. The Y axis denotes absolute
magnitude, with brighter binaries being further up and darker down. A third parameter,
the blue-red colour of the binaries, is shown in the colour of the dots, with hotter stars
having warmer colours. Two separate groups of binaries can be seen, one of the left and
one on the right. Lastly, the black line denotes the temperature ratio/magnitude cut that
was made to create the WD+MS dataset.
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CHAPTER 3. RESULTS

Figure 3.2: The colour magnitude diagram for the 546 binaries that were succesfully cate-
gorized with ebai, with extinction accounted. Of them, the binaries now in the WD+MS
table are shown with orange dots, while the others are blue.

In total, the WD+MS catalogue contains 123 stars displayed in table A.1. No WD+WD
binaries have been identified.

18



Chapter 4

Discussion

4.0.1 Loss of stars in the Ebai fitting

More than two thirds of the binaries were removed from the dataset during the ebai fit.
This is not something that would be expected. A possible explenations is that the light
curves for which the fit failed were simply too degenerate (too many sets of parameters
gave the same result). Furthermore, there was noise in the light curves, which leads to no
sets of parameters working perfectly. The last effect is that possible stellar flares would
produce data vastly different than what is expected from a binary systems, as seen in the
light curve of OGLE-BLG-ECL-000082, figure 4.1. Momentarily, the binary becomes sev-
eral magnitudes brighter, something that a two-Gaussian model cannot predict. However,
there are approximately only 18 stars with large flares in the OGLE catalogue [17].

The solver ebai is an artificial neural network, good at solving what it was trained for. It
is possible an artificial neural network on a more varied set of light curves will increase its
success rate.

4.0.2 WD+MS binaries

The WD+MS found leave many questions. For such a system to exist, a binary system
with significantly different star masses is required so that one can finish its nuclear fusion
and become a white dwarf while the other is still burning. Between being a main sequence
star and a white dwarf, a star will pass the red giant phase [13].

From simple calculations, the stars in our WD+MS systems, are much closer to each
other than the radius of a red giant star. In particular, given normal main sequence star
radius in the order of 0.1 to 1 RS and the fractional radius equivalent of the binaries FsumR

being between 0.1 and 1 as shown in table A.1, the maximum separation should be in the
order of 10 RS, far smaller than the radius of red giants of ≃100 RS [13].

This brings up a new question. Did the two stars begin further apart and approach to their
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Figure 4.1: A particularly clear example of the light curve of a WD+MS binary, the star
OGLE-BLG-000082. The eclipses are very deep, at about 2 magnitudes in the I band
and 5 in the V band, showing that one star is a lot hotter and brighter than the other
star. Furthermore, this binary shows rare but present observations of highly increased
luminosity. These are so called flares, typical of brown dwarf stars, the coldest stars in the
main sequence.

current distance after the red giant phase, or was the main sequence star already present
inside the low density red giant? The 123 WD+MS stars may be used to help show and/or
disprove current theories of stellar evolution about such systems.

It is also interesting to know the structure of the WD+MS structure currently. Dur-
ing this project, common-envelope systems were remarkably successful at simulating the
light curves of WD+MS binaries. This suggests that a considerable amount of material is
not on either of the stars, instead found in the space between them, likely torn off the main
sequence star and falling into the extremely dense white dwarfs. An example of such an
event may be seen in the star OGLE-BLG-000082 4.1, which has had dramatic increases
in brightness while it was being observed by OGLE.

We expect gas falling into the white dwarf to be potentially heated up to very high temper-
ature. As such, these systems may be interesting to observe by X-ray telescopes, especially
in those with a large fractional equivalent radius (requivsumfrac in the ebai parameters.)
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4.0.3 Limitations in the OGLE survey for WD+WD binary iden-
tification

We can estimate the probability of a binary system to show eclipses from equation 1.3 and
use it to make figure 4.2. This explains a large part of the difficulties in finding white dwarf
binaries. Unless periods are very short, shorter than can be found in the OGLE catalogue,
the probability of a WD+WD star to show eclipses is a lot smaller than for other binary
systems with similar magnitudes.

A second reason is seen in figure 4.3. OGLE might be unable to identify eclipses by a
WD+WD binary due to these eclipsing lasting a very short time. We will use a theoretical
WD+WD binary where each white dwarf has a mass of 1 MS and a radius of 0.01 RS. For
example, at a period of 0.1 days, an eclipse would last ≃0.8 minutes, or about 50 seconds.
The integration time of the OGLE telescope is approximately similar to 100 seconds [16].
Thus, if the OGLE telescope captured such events, it would capture a lot of light from the
binary not eclipsing during the 100 seconds, leading to a more shallow transit that could
easily be mistaken for noise. A period of about 1 day is necessary for the eclipse to be able
to last 100 seconds, as seen in figure 4.3.

Furthermore, the chance of capturing either of two 100 second long transits during a full
day period is low, or about 1 transit per 400 observations. Considering that most stars
in the OGLE catalogue contain ”only” hundreds to thousands of points, this would lead
to very few eclipsing data points, and once again making it difficult to differentiate such
eclipses from noise.

While there is likely no WD+WD binaries in the ≃750,000 stars in the OGLE variable star
catalogue, it it is only a subset of the more than 1 billion sources monitored by the OGLE
telescope [17]. In particular, the remaining stars have been filtered to show clear periodic
variability and not have too large noise [16]. In contrast, the light curve from a WD+WD
binary with a period long enough to be observed by OGLE are likely to have very few
eclipse observations, distributed almost randomly across the years of OGLE observations,
eclipses that could be easily mistaken for noise. Computationally, such light curves may
be found in the unfiltered database.
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Figure 4.2: An estimation of the probability of an eclipse for different binary periods using
equation 1.3. The x axis shows the period of the theoretical binaries, with the y axis
showing the probability of eclipsing happening, logarithmic scales. Three different binary
stars are modelled: a WD+WD, with star masses of 1 and star radii of 0.01, a WD+MS
where the MS star is given a mass of 1 MS and a radius of 1 RS (like the Sun), and a
MS+MS binary where both stars are Sun-like. The gray line shows the shortest period for
a variable star in the OGLE catalogue. We expect systems that contain hot subdwarfs to
be in between the WD+WD and the WD+MS line.
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Figure 4.3: The maximum duration of an eclipse for hypothetical binary stars, the same
as in figure 4.2. Period of the theoretical binaries is on the x axis, logarithmic scale, equal
to that of figure 4.2. They y axis shows eclipse duration, logarithmic scale. The gray line
shows the shortest period for a variable star in the OGLE catalogue. The red line shows
100 seconds, or the minimum integration time of the OGLE telescope [16][11].
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4.0.4 Considerations for photometric surveys seeking WD+WD
binaries

Finding WD+WD binaries with photometric surveys should still be possible in theory.
More success may be found using telescopes with much shorter integration time. From the
simple model seen in figure 4.3, the shortest period of a WD+WD eclipsing star is approx-
imately 20 seconds (at which point the two stars become in contact), with the shortest
eclipse duration at approximately 8 seconds.

It is also likely helpful to take observations with a very short cadence. It otherwise may be
difficult to know how many orbits happened between observations. Two eclipses observed
one day apart might be anywhere between 0.5 and 20,000 orbits apart, with it the true
period difficult to estimate, especially if the amount of points is limited and/or if there is
uncertainty in when exactly the eclipse happened due to the non-zero integration time.

The short integration time may pose a challenge to telescopes trying to gather enough
light. However, some factors would also make a photometric survey easier in other ways.
Observation of a star region for a single night, or even for only a part of a night, would
reveal most eclipsing WD+WD binaries in the observed sky region. A telescope could
have a very narrow field of view and still observe a large part of the sky by not needing to
observe the same sky region multiple times.

The Zwicky Transient Facility is a current photometric survey with a considerably shorter
integration time than OGLE, at about 30 seconds integration time [1], and has managed
to identify approximately 6 WD+WD binaries [15]. These binaries have periods of approx-
imately 1 hour. From the simple model in figure 4.3, corresponds to a maximum period of
about 30-40 seconds, which makes sense.
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Chapter 5

Conclusion

This thesis shows that with modern parallax surveys, extinction maps and computational
tools, it is possible to get parameters about a large number of binaries with high precision.
This is possible even with only timed photometric data, with no radial velocity measure-
ments required.

In this thesis, this was used to find a group of 123 WD+MS binaries, and to recognise
that no WD+WD are present in the OGLE catalogue used. In general, this approach
allows doing categorization of binaries in the OGLE catalogue (and possibly others) on
a large scale. From this, it becomes possible to determine population of binary stars in
the Galaxy with higher precision than ever, and provide suitable candidates for further
research into binary star evolution.

This study also showcased limitations in the current methods, particularly how the ex-
posure time of current telescopes being too long to observe eclipses in ultra-short-period
binaries. Suggestions for how to observe them were given. Throughout project, a lot was
learned, and the door to further research is now wide open.
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Appendix A

Total WD+MS table

Table A.1: The 123 stars present in the WD+MS dataset. Present are IDs for OGLE and
Gaia catalogues, the extinction and reddening values AG and E(BP-RP) as well as the 6
parameters given by the two-Gaussian fit using ebai.

OGLE Gaia AG E(BP-RP) t0 supconj teffratio requivsumfrac esinw ecosw incl
OGLE-BLG-ECL-000082 4040721003309923840 0.222088 0.130061 -0.015989 0.491711 0.719271 0.060185 0.166556 1.136207
OGLE-BLG-ECL-002332 4107307500400127872 0.333608 0.195370 -0.125823 0.642779 0.608567 -0.371074 -0.056717 1.251524
OGLE-BLG-ECL-004889 4107744143981120384 0.524984 0.307446 -0.137493 0.528163 0.676850 -0.261367 -0.028800 1.290036
OGLE-BLG-ECL-009120 4059122159297658368 0.502693 0.294391 -1.306028 0.711754 0.114424 0.291086 0.314305 1.456484
OGLE-BLG-ECL-011797 4059509698474088832 0.448982 0.262937 -0.141840 0.641684 0.625394 -0.376294 -0.053219 1.263806
OGLE-BLG-ECL-013145 4109863864950380032 0.694042 0.406451 -0.216088 0.556155 0.584350 0.073351 0.064568 1.472819
OGLE-BLG-ECL-014562 4059448989058949376 0.630887 0.369466 -0.075237 0.665448 0.346417 -0.020934 0.014096 1.236625
OGLE-BLG-ECL-015876 4059475343067108608 0.467636 0.273861 -0.234241 0.461243 0.627816 0.035053 0.028018 1.300641
OGLE-BLG-ECL-016949 4059474484001371648 0.410466 0.240380 -0.267224 0.540998 0.532634 -0.274561 -0.083992 1.408366
OGLE-BLG-ECL-025519 4058861884293390976 0.571744 0.334830 -0.745647 0.499980 0.504044 -0.018548 -0.105085 1.502750
OGLE-BLG-ECL-025875 4058862227890859392 0.550029 0.322113 -0.118147 0.482581 0.625903 -0.082086 0.045466 1.232126
OGLE-BLG-ECL-026021 4061253047216108032 0.414388 0.242678 -0.035203 0.739682 0.416743 -0.079049 -0.071051 1.199231
OGLE-BLG-ECL-026963 4117551890797299840 1.195015 0.699835 -0.129035 0.554694 0.648453 0.260901 0.183153 1.294964
OGLE-BLG-ECL-030346 4061189997048414720 0.585085 0.342642 -0.117934 0.597846 0.509820 -0.023599 0.039339 1.094431
OGLE-BLG-ECL-035288 4061395708810684160 0.662744 0.388122 -0.108869 0.556319 0.652657 -0.288497 -0.035596 1.091999
OGLE-BLG-ECL-036957 4061371549619954176 0.538190 0.315179 -0.251769 0.448075 0.615288 0.066436 0.081720 1.344553
OGLE-BLG-ECL-041502 4061754321419176192 0.573029 0.335582 -0.367704 0.450919 0.664056 -0.028566 0.106729 1.147571
OGLE-BLG-ECL-049177 4068250648393402496 0.818957 0.479605 0.121474 0.660498 0.488896 -0.103656 -0.058326 1.228968
OGLE-BLG-ECL-049669 4041229153719789440 0.329032 0.192691 -0.126435 0.524720 0.688816 -0.346976 -0.035086 1.136096
OGLE-BLG-ECL-050595 4060936112947490816 0.631834 0.370020 -0.257694 0.499465 0.533967 -0.047748 -0.030159 1.305680
OGLE-BLG-ECL-051762 4060934772915525760 0.668006 0.391203 -0.744256 0.589876 0.445278 0.045843 0.001723 1.499394
OGLE-BLG-ECL-054042 4061903408288402176 0.623949 0.365403 -0.108872 0.585077 0.672092 -0.002601 0.054111 1.045079
OGLE-BLG-ECL-059904 4118127347737646336 0.717935 0.420443 -0.145714 0.558433 0.670054 0.004962 -0.016199 1.453008
OGLE-BLG-ECL-061746 4068278204928826624 0.751288 0.439976 -0.399373 0.482440 0.482243 -0.017370 0.376227 1.417563
OGLE-BLG-ECL-064193 4053434935362309120 0.343964 0.201435 -0.410487 0.582347 0.544122 0.030200 -0.039771 1.278517
OGLE-BLG-ECL-065022 4117252548789000704 0.789707 0.462475 -0.119623 0.738277 0.671944 0.011798 0.008775 1.441628
OGLE-BLG-ECL-072058 4117361430489579008 0.387341 0.226838 0.091157 0.734460 0.669961 0.006394 0.000891 1.456690
OGLE-BLG-ECL-073040 4068330461837372032 1.193194 0.698769 -0.193790 0.627074 0.634435 -0.014513 -0.037788 1.073749
OGLE-BLG-ECL-074173 4040964927347776640 0.306749 0.179641 -0.120801 0.573728 0.661049 0.009271 -0.019013 1.434661
OGLE-BLG-ECL-081264 4061094717500928512 0.939762 0.550352 -0.138223 0.597291 0.639452 -0.041550 0.171145 1.154550
OGLE-BLG-ECL-089269 4067928560196288512 0.197450 0.115632 -0.456005 0.719553 0.211676 -0.144063 -0.546823 1.418979
OGLE-BLG-ECL-090469 4061025963627951616 0.623636 0.365219 -0.472499 0.545504 0.440741 0.156538 0.096406 1.488441
OGLE-BLG-ECL-097000 4068137020760668032 0.936473 0.548425 -0.590046 0.537906 0.680048 0.010233 -0.021422 1.193432
OGLE-BLG-ECL-110149 4041542166737235840 0.036901 0.021610 -0.072246 0.590893 0.517380 -0.019749 0.044737 1.091034
OGLE-BLG-ECL-115718 4041947512802657536 0.266440 0.156035 -0.168510 0.552910 0.690164 -0.006041 0.019624 1.335052
OGLE-BLG-ECL-119055 4041949776338404096 0.423815 0.248198 -0.144730 0.504717 0.680564 -0.254689 0.088161 1.088594
OGLE-BLG-ECL-119554 4040285360462156672 0.343849 0.201368 -0.119275 0.723891 0.343278 -0.017664 0.055741 1.442858
OGLE-BLG-ECL-122754 4057189286501029120 0.598084 0.350255 -0.791839 0.528937 0.446325 -0.000211 0.278023 1.295566
OGLE-BLG-ECL-127762 4068502780151676416 1.001438 0.586471 -0.155449 0.669408 0.623503 -0.015614 -0.029922 1.342216
OGLE-BLG-ECL-128155 4041657035574875904 0.396726 0.232334 -0.289784 0.559880 0.558026 -0.047121 -0.006158 1.210592
OGLE-BLG-ECL-130396 4068901009543674368 0.712880 0.417483 -0.097353 0.479434 0.640545 -0.047422 0.057586 1.130500
OGLE-BLG-ECL-130503 4068484741280103040 0.736838 0.431514 -0.761321 0.607052 0.469264 -0.193648 0.375522 1.346380
OGLE-BLG-ECL-130924 4040658674786752640 0.352721 0.206563 -0.076346 0.597586 0.589430 -0.077534 0.051436 1.129626
OGLE-BLG-ECL-140021 4041560519032936832 0.179780 0.105285 -0.146425 0.611315 0.654244 -0.141060 -0.031253 1.253178
OGLE-BLG-ECL-141178 4040608101521762176 0.153873 0.090112 -0.407981 0.487580 0.470236 0.005658 -0.093601 1.406872
OGLE-BLG-ECL-143411 4041572063959046272 0.220790 0.129301 -0.113065 0.587634 0.662861 0.009436 0.021132 1.142478
OGLE-BLG-ECL-143472 4043418792546497152 0.516770 0.302635 -0.148493 0.540459 0.660655 0.073660 0.084155 1.374349
OGLE-BLG-ECL-156904 4040615213871423360 0.148182 0.086780 -0.119309 0.549114 0.680041 -0.038986 -0.015909 1.426098
OGLE-BLG-ECL-157193 4043437587303106944 0.515819 0.302078 -0.257007 0.584509 0.560209 -0.041045 -0.066150 1.147134
OGLE-BLG-ECL-167625 4056072796865634304 0.652387 0.382056 -0.107735 0.709113 0.476406 0.261200 0.031833 1.086889
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OGLE-BLG-ECL-169287 4040428400013461248 0.323220 0.189287 -0.101462 0.636852 0.182595 0.215092 0.136633 1.203192
OGLE-BLG-ECL-173327 4070578451910908672 0.547057 0.320372 -0.133806 0.490190 0.667546 -0.295004 -0.005205 1.421864
OGLE-BLG-ECL-178512 4040407749804296064 0.045169 0.026452 -0.222889 0.721719 0.603948 0.041079 -0.009658 1.473442
OGLE-BLG-ECL-180541 4043343132438802816 0.459437 0.269059 -0.150878 0.538043 0.649412 0.016585 0.043399 1.298986
OGLE-BLG-ECL-182366 4056107740773442944 0.472803 0.276887 -0.121484 0.654786 0.565667 0.023648 -0.034279 1.245552
OGLE-BLG-ECL-183718 4043223461686961792 0.361370 0.211629 -0.118381 0.557751 0.679740 -0.024745 -0.008883 1.291565
OGLE-BLG-ECL-184275 4056287274724775040 0.662295 0.387859 -0.117963 0.718791 0.580408 0.086239 -0.017525 1.175483
OGLE-BLG-ECL-186809 4043338012760448256 0.057854 0.033881 -0.099875 0.782526 0.461512 0.005977 -0.031021 1.388877
OGLE-BLG-ECL-186876 4044055925188058496 0.638976 0.374203 -0.456513 0.544948 0.479176 0.001533 -0.016623 1.163475
OGLE-BLG-ECL-192029 4063599095728130432 0.642870 0.376483 -0.034321 0.460086 0.502008 -0.382095 -0.550954 1.441393
OGLE-BLG-ECL-192323 4043170612201487616 0.047193 0.027638 -0.052821 0.677230 0.088288 -0.237597 0.402759 1.413966
OGLE-BLG-ECL-197758 4056326754080743040 0.603171 0.353234 -0.102961 0.496184 0.622841 0.019178 0.112541 1.115016
OGLE-BLG-ECL-202217 4042296569201816704 0.415458 0.243304 -0.286496 0.563520 0.533158 0.008182 -0.009880 1.248495
OGLE-BLG-ECL-210078 4037252976067781248 0.310921 0.182084 0.103527 0.695729 0.584045 -0.115098 -0.052006 1.237020
OGLE-BLG-ECL-210769 4043954980476979584 0.612680 0.358803 -0.148701 0.640277 0.599053 -0.078153 0.202686 1.248760
OGLE-BLG-ECL-221245 4042481080900151936 0.451463 0.264390 -0.127348 0.712991 0.572227 0.002554 -0.008047 1.235542
OGLE-BLG-ECL-223366 4069333529874162432 0.801428 0.469339 -0.177680 0.621618 0.574593 -0.081883 0.043345 1.094559
OGLE-BLG-ECL-227940 4037423194240415744 0.568226 0.332769 -0.107358 0.634228 0.644141 -0.003418 -0.024765 1.378334
OGLE-BLG-ECL-233491 4062328708888620800 0.585465 0.342865 -0.140309 0.577457 0.638187 0.023122 -0.002847 1.162690
OGLE-BLG-ECL-235800 4062252121267336448 0.454703 0.266287 -0.135367 0.553071 0.655331 -0.029343 -0.015386 1.337844
OGLE-BLG-ECL-235858 4042012074737700608 0.272541 0.159608 -0.096420 0.691172 0.544396 -0.418176 0.188146 1.395483
OGLE-BLG-ECL-237661 4037336813787900032 0.361302 0.211589 -0.073228 0.638095 0.667800 -0.004528 -0.013421 1.455551
OGLE-BLG-ECL-246704 4042101650562247040 0.052141 0.030535 0.031635 0.773733 0.087882 -0.017545 0.418567 1.485644
OGLE-BLG-ECL-253038 4043914844098276736 0.047414 0.027767 -0.095374 0.584954 0.213607 -0.427527 0.413130 1.428933
OGLE-BLG-ECL-261233 4062512396284535424 0.339452 0.198793 -0.103148 0.749976 0.655852 -0.012653 -0.001484 1.192856
OGLE-BLG-ECL-265887 4050250474862190976 0.610235 0.357371 -0.104393 0.573082 0.641669 0.055335 0.059447 1.176684
OGLE-BLG-ECL-272478 4062391449862852864 0.210654 0.123365 -0.129384 0.593481 0.639296 0.007476 -0.019725 1.147390
OGLE-BLG-ECL-275057 4050157390049261952 0.238300 0.139555 -0.510916 0.492065 0.417273 0.031296 -0.098495 1.468281
OGLE-BLG-ECL-277386 4063328272262446464 0.765223 0.448137 -0.755420 0.572951 0.367971 0.148998 0.124790 1.459289
OGLE-BLG-ECL-280077 4063130944318529152 0.807659 0.472988 -0.518945 0.582489 0.420940 0.092749 0.244112 1.529294
OGLE-BLG-ECL-283873 4062887260825461888 0.708986 0.415202 -2.206522 0.713194 0.235061 -0.277772 0.566558 1.444685
OGLE-BLG-ECL-284321 4038954367324756992 0.441652 0.258644 -0.140800 0.686579 0.587392 0.019751 0.234460 1.316866
OGLE-BLG-ECL-286292 4042648034924795264 0.662487 0.387971 -0.163504 0.641666 0.642808 0.027880 -0.004896 1.406307
OGLE-BLG-ECL-290624 4042569351025263232 0.095209 0.055757 -0.093991 0.679060 0.651804 0.016290 0.037124 1.135683
OGLE-BLG-ECL-302417 4049111823312484864 0.878659 0.514568 -0.123576 0.573138 0.620848 0.011382 -0.006542 1.076540
OGLE-BLG-ECL-303611 4062823046684270720 0.037686 0.022070 -0.290535 0.566387 0.541271 -0.041763 0.054995 1.282872
OGLE-BLG-ECL-315849 4049117806074965504 0.217950 0.127638 -0.503268 0.578404 0.419197 -0.014855 0.027512 1.255897
OGLE-BLG-ECL-325574 4050330941185782528 0.719872 0.421578 -0.326129 0.612228 0.389377 -0.029875 0.394564 1.320586
OGLE-BLG-ECL-333904 4064821198673310592 0.735963 0.431001 -0.186781 0.626076 0.581122 0.023589 0.114364 1.164077
OGLE-BLG-ECL-334290 4049138623869580288 0.339477 0.198807 -0.095141 0.660778 0.651975 0.020636 -0.003986 1.425712
OGLE-BLG-ECL-340152 4042734106007349504 0.615267 0.360318 -0.180338 0.636032 0.544452 0.013575 -0.039191 1.183754
OGLE-BLG-ECL-340497 4039685508139831424 0.931742 0.545655 -0.167393 0.468288 0.612367 -0.030739 -0.022157 1.368220
OGLE-BLG-ECL-343088 4050499578744041472 0.037566 0.022000 -0.007341 0.728499 0.593337 0.020493 0.019478 1.079325
OGLE-BLG-ECL-360189 4039629364277180672 0.654805 0.383472 -0.388374 0.701490 0.463356 0.011843 0.054827 1.368760
OGLE-BLG-ECL-367184 4064767700713620224 0.776712 0.454865 -0.162410 0.493112 0.690176 -0.257910 0.101128 1.140177
OGLE-BLG-ECL-367229 4045720555648330496 1.400279 0.820043 -0.036460 0.672260 0.429678 -0.109293 -0.124330 1.514486
OGLE-BLG-ECL-368139 4048780049788059648 0.621383 0.363900 -0.083857 0.608192 0.652550 -0.002447 -0.025916 1.397900
OGLE-BLG-ECL-368352 4049667149560304512 0.526068 0.308081 -0.098715 0.672470 0.669496 0.009880 0.006942 1.435482
OGLE-BLG-ECL-378621 4052202206727520896 0.308248 0.180519 -0.284040 0.475556 0.595097 -0.041002 -0.014577 1.394926
OGLE-BLG-ECL-382628 4049616846992273152 0.069423 0.040656 -0.115924 0.579017 0.656685 -0.001345 -0.008747 1.066142
OGLE-BLG-ECL-383557 4065413289965692800 0.759782 0.444950 -0.092347 0.713547 0.471055 -0.007730 -0.059143 1.209435
OGLE-BLG-ECL-387078 4065584465982471808 0.762427 0.446499 -0.456173 0.654605 0.529720 0.067515 -0.014171 1.350073
OGLE-BLG-ECL-387779 4045482923721103104 0.698399 0.409002 -0.104296 0.560601 0.666626 -0.024743 -0.008776 1.367721
OGLE-BLG-ECL-389012 4049802355168839040 0.703304 0.411875 -0.065416 0.610492 0.366972 0.079717 0.142040 1.255586
OGLE-BLG-ECL-390640 4052647341489162624 0.440309 0.257858 -0.131623 0.728879 0.613552 -0.036067 0.056168 1.141336
OGLE-BLG-ECL-392889 4049426184799207296 0.325873 0.190841 -0.090482 0.734154 0.409121 -0.016820 -0.043486 1.233058
OGLE-BLG-ECL-395023 4045492097776883840 0.367063 0.214963 -0.077263 0.596636 0.608610 0.017194 -0.016517 1.360536
OGLE-BLG-ECL-396315 4065296844749871488 0.956837 0.560351 -0.073572 0.622318 0.518654 -0.133538 -0.106564 1.364987
OGLE-BLG-ECL-398684 4049314515507086208 0.698648 0.409148 -0.449327 0.457469 0.606671 -0.159738 -0.199006 1.187194
OGLE-BLG-ECL-399454 4052650468228764416 0.094935 0.055597 -0.091787 0.516990 0.691002 -0.110949 -0.013966 1.360661
OGLE-BLG-ECL-403583 4052328581873788544 0.636773 0.372912 -0.169313 0.568281 0.140956 0.154384 0.154777 1.258763
OGLE-BLG-ECL-404414 4049763734750141312 0.531252 0.311116 -0.110013 0.565089 0.640705 0.016325 -0.028577 1.288189
OGLE-BLG-ECL-408978 4049579910245018112 0.399385 0.233892 -0.050711 0.677123 0.537028 0.155188 -0.092006 1.406405
OGLE-BLG-ECL-409124 4065229843286956544 0.858367 0.502684 -0.189047 0.563728 0.683022 -0.012468 -0.013425 1.429249
OGLE-BLG-ECL-410780 4053067148770455168 0.757958 0.443882 -0.081790 0.683836 0.408926 -0.084575 -0.058382 1.306439
OGLE-BLG-ECL-414806 4053202109546706560 0.681218 0.398941 -0.095417 0.674961 0.443406 -0.029509 0.181247 1.366760
OGLE-BLG-ECL-416418 4051485569993765888 0.047772 0.027977 -0.082574 0.655359 0.456874 0.029771 0.061862 1.210559
OGLE-BLG-ECL-416440 4052749218107476608 0.872559 0.510996 -0.194314 0.591800 0.586159 0.004732 -0.012503 1.127117
OGLE-BLG-ECL-419747 4052756498057870848 0.968213 0.567014 -0.105978 0.475095 0.668916 -0.285312 -0.012382 1.463134
OGLE-BLG-ECL-420040 4051074627527086464 0.507825 0.297397 -0.084135 0.720144 0.658867 -0.011961 -0.001053 1.079967
OGLE-BLG-ECL-424295 6761363608770609152 1.273600 0.745856 -0.685963 0.556394 0.418331 0.090383 0.037306 1.414328
OGLE-BLG-ECL-424987 6760097486743454848 0.978035 0.572765 -0.471808 0.630003 0.388991 0.071676 0.003221 1.470456
OGLE-BLG-ECL-425051 6760813028296198528 1.244599 0.728873 -0.255040 0.672719 0.485800 0.020409 -0.034615 1.455071
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