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Abstract

White Dwarfs are important in many areas of modern astrophysics. Spectroscopy
is one of the most useful tools for the study of these objects, giving insights on their
parameters. When forming binary systems, White Dwarfs are particularly interesting, as
they can be ideal astronomical clocks due to their well-studied cooling times. However,
the current known population of confirmed Double White Dwarf systems is small, as they
are systems difficult to be identified mostly because of their intrinsic low luminosity. One
good way to identify them is by searching for common proper motion pairs with similar
parallaxes.
On the one hand, this project presents a background in both White Dwarfs and spectroscopy. Some data from Warwick University Astrophysics’ Group has been studied and
these spectroscopic results are introduced in order to familiarize with models, fitting and
parameter extraction, as well as its reduction and calibration.
On the other hand, the main aim of this project is to increase the number of Double
White Dwarf (DWD) candidates in order to improve the statistical significance of such
type of systems. Here I present 6 new confirmed DWD systems, 23 good candidates with
spectra for one of the two components and 51 candidates without any spectra. Furthermore,
I introduce the first resolved triple White Dwarf system, for which spectra were taken
recently in order to confirm that the three components were indeed White Dwarfs. Some
constraints on the Initial-to-Final Mass Relation (IFMR) are derived using the cooling
times and masses of the components of this triple system.
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Section 1
Introduction

The ultimate aim of this project was the study of White Dwarfs in binary systems found
by matching common proper motion pairs and parallaxes from European Space Agency’s
Gaia Data Release 2, which occurred on the 25th of April. Therefore, this project was
built around the availability of the data and around the possibilities that this offered. As
the project started in February, it was possible to develop a background in both White
Dwarfs and Spectroscopy.
Pursuing these objectives, this report is organized as follows:
First of all, a detailed background in White Dwarfs is presented in section 2. This part
is where the majority of the references are provided, as a thorough reading exercise was due
to learn everything I needed for this project. It includes general subsections such as 2.1, 2.2,
2.3 and 2.6 which cover Formation and Evolution, Observational history, Classification and
Research areas involving White Dwarfs. On the other hand, it also includes more concrete
background useful for the project such as subsections 2.4, 2.5 which treat WD in binary
systems. Although not explicitly referenced, this part was also based on Alberto Rebassa
Mansergas’ PhD Thesis, Pol Gurri’s Bachelor Thesis, and Conor Talbot’s Msc Thesis, from
which only information and references therein were retrieved but nothing was copied.
Spectroscopy was one of the important pillars of this project, as much information can
be extracted from spectroscopic data of White Dwarfs such as the spectral type (e.g. DA,
DB, etc.) or parameters like the effective temperature (Teff ). Section 3 includes a short
background in spectroscopy (3.1) which was, apart form other explicit references, based
in Nicola Gentile-Fusillo’s PhD Thesis, without anything being copied and only gathering
information and references therein. Subsections 3.3 and 3.4 explain the methodology I used
in order to reduce and calibrate the observations (3.2). I derived more detailed results for
some of them, explained in subsection 3.5. These objects that were studied in this first
part of the project are to be used in the near future for projects being carried by the group
of Astrophysics in Warwick University. These two first sections were carried out mostly
before Data Release 2, so that the rest of the time after that could be spent on the main
aim of the project. The observations that I reduced and calibrated are included in Annex
1 in the form of a table with its coordinates. The scripts and programs used in this section
are included in Annex 3.
ESA’s Gaia satellite is a revolutionary mission that is already, and will continue to allow
huge steps in getting to know our close and not-so-close stellar neighborhood in more detail.
Many different type of studies and projects can be faced with DR2 data, and mine is only
one of them. The first idea of the project was to look for Main Sequence companions to
White Dwarf candidates in a high probability catalog from Gaia DR2. However, in order
to do so, this catalog had to be assembled quickly so that I could have time to work on it.
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As it is usual in research, problems arose. Gaia data resulted to be more difficult to treat
than expected. Seeing that the catalog I was supposed to use was not ready by the time
we were expecting it to be, we had to change our plans. Instead, I looked for Double White
Dwarf systems using an older catalog of high probability White Dwarf candidates. Section
4 explains this part of the project, covering a short background on ESA’s Gaia mission
(4.1), the previous work done (4.2), the catalog used (4.3) and finally the methodology and
results (4.4, 4.5). The sample of Double White Dwarf candidates I assembled is included
in Annex 2 in the form of a table including some of its data. All the programs and scripts
used in this section are included in Annex 3.
While working on this second part of the project, looking for Double White Dwarf
systems, I came across what would end up being the first resolved Triple White Dwarf
system. This discovery is covered in section 5 together with some constraints on the
IFMR using this triple system. We are currently preparing a paper with the intention of
submitting it to Monthly Notices of the Royal Astronomical Society (MNRAS) .
As a closure, some discussion about the project and its results and some conclusions
have been written in the end of this report.

2

Section 2
White Dwarfs

2.1

Formation and Evolution
Stars follow different evolutionary paths throughout their long lives and some of them

share evolutionary stages on their way to their final form, i.e. a White Dwarf (WD), a
Neutron Star (NS) or a Black Hole (BH). Most of the stars, in fact 97 % of them, end
their lives in the form of White Dwarfs (Althaus et al., 2010). The rest of them can either
shrink into a NS or become a BH, depending on their Main Sequence (MS) properties.
All stars are born in Interstellar Medium clouds. As the word gives a clue, these clouds
are formed of gas, the composition of which is mostly Hydrogen (H) and Helium (He).
Although these clouds have a remarkably low density, they can be really massive, up to
103 Solar Masses (M ). In an homogeneous density profile like the one seen in these
clouds, small local fluctuations can derive into creating gravity focuses, which at the same
time make the density fluctuation more sizable. This feedback process can only happen if
the binding energy is negative, i.e. attractive. Furthermore, a cloud will only form stars
if its mass is greater than the Jeans’ mass (Jeans, 1902). After this, the first stage is a
gravity collapse that occurs until Hydrogen ionizing starts, which increases the pressure
thus balancing the gravitational force. This is followed by another state of equilibration
when the pressure due to Helium ionizing balances gravity forces. During this process, the
corpse is, in fact, known as a proto-star. After these first years of primary evolution, in
which temperature increases until Hydrogen starts burning, we have what is known as a
Zero Age Main Sequence star (ZAMS).
Main Sequence stars have long evolutionary times as the main sequence is considered
to last as long as H is burning steadily. Depending on the initial mass, stars vary between
masses of ∼0.08M

to ∼80M . The more massive the star is, the shorter is its lifetime.

Besides, temperature is also higher for higher masses, as higher pressures are needed in
order to prevent gravity collapse. Stars evolve according to their masses and all its derived
characteristics into different branches, as it can be seen in the Hertzprung-Russell diagram
(Fig. 2.1), first derived by Hertzsprung (1911) and Russell (1914). The stars that undergo
an Asymptotic Giant Branch (AGB) end their lives in the form of a WD.
MS stars with masses between 0.1M and 8 to 10M , which are the vast majority, end
their life in the form of a WD (Iben et al., 1997; Smartt et al., 2009). Stars less massive
than that are known as Brown Dwarfs, and stars more massive than that follow the branch
of supergiants, ending their lives most probably in a Supernovae type II explosion, and
forming a Neutron Star or a Black Hole as a remnant. Moreover, we can also distinguish
which type of core composition the WD has according to its MS star progenitor mass.
MS stars with masses from 0.1M to ∼0.5M did not have time yet to evolve out of the
MS so the origin of low-mass, helium-core, WDs is related to mass transfer in binaries.
3
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Figure 2.1: Hertzprung-Russell diagram. The Main Sequence stage occupies the diagonal
in the center of the image, having the two possible evolution branches in the upper part
of this diagonal (namely AGB and supergiants). White dwarf stars are well below the MS
stage. From ESO.
From ∼0.5M

to 8M

these stars burn Helium into Carbon-Oxygen, hence the remnant

contains a carbon-oxygen (CO) core. The most massive case, MS stars between 8M and
10M , ends its path in the form of an Oxygen-Neon (ONe) WD. This dependence on mass
can be translated into a dependence on temperature, as for the burning of more massive
elements, more energy and thus more temperature is needed. When the heaviest elements
that can undergo fusion on the center of the star (i.e. the fuel of the star) are burned, the
star starts collapsing because of the gravity pull.
During this collapse, the outer region of the star expands, going through the AGB, while
the core collapses further and gets balanced by the pressure of the degenerate electrons.
The outer layers are expelled and the remnant is a WD. Newly born WDs do not exceed
∼1.44M , which is known as the Chandrasekhar Mass (Chandrasekhar, 1931). This is
the limiting mass for a WD during its hole life, even if they are accreting material from
a companion (more details on material accretion on subsection 2.4). Electron degeneracy
pressure is what holds the tiny-compacted hot initial WD. Furthermore, as the star is dead
and does not undergo any more nuclear reactions, this same electron degeneracy is the only
pressure against gravitational collapse, which means that the WD will be cooling down (see
D’Antona and Mazzitelli, 1990) for the rest of its life. The cooling time for WDs, however,
is longer than the age of the Universe, which means that many WDs are still hot enough
to radiate photons with the sufficient power for them to be studied. However, with the
current best detectors it is difficult to detect anything below ∼5000K. Indeed, WDs are
studied through different methods, about which we will discuss in subsection 2.2 and in
more detail in section 3.
4
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Observational history
Although the stars have always been observed with great caution and attention, in-

strumentation was needed to classify them and differentiate clearly between the different
types that exist. Within the first half of the 20th Century many big steps were achieved
not only on astronomy but on science as a whole. Among many discoveries, the first White
Dwarf, 40 Eridani B was spotted as a "low luminosity white (type A) star" by Henry
Norris Russell, Edward Charles Pickering and Williamina Fleming in 1910 (Schatzman,
1958; Holberg, 2005). It was studied in further detail by Adams (1914), but the term
White Dwarf was not coined until 1922 by Willem Luyten.
At some point some discussion existed whether it had not been 40 Eridani B the first
White Dwarf to be discovered. In fact, the first bizarre properties of the White Dwarfs were
primarily observed from the closest White Dwarf to Earth, Sirius B. This star, companion
to Sirius A, was hotter but fainter and with approximately a mass of 1M . However, it
was not confirmed that this star was a White Dwarf until a spectral study was carried
out by Adams (1915). Figuring out how these and many other weird properties of such
small stars (Stoner, 1930) could exist took some time, and more insights in other fields like
Quantum Mechanics were needed (Dirac, 1926).
From then onwards WDs have been objects of study for many different reasons (as
explained in subsection 2.6) and in many different ways. Photometry, astrometry, spectroscopy are three of the most powerful ways to study White Dwarfs and get parameters
by combining them all. During all these years from the first discoveries, new nearby White
Dwarfs have been identified (e.g. Holberg et al., 2008; Subasavage et al., 2008) and have
constantly been updated (e.g. Sion et al., 2009; Holberg et al., 2016). In the same way, the
total known population of White Dwarfs has also been studied (Kleinman et al., 2004).
With this data, semi-empirical and theoretical models have constantly been developed in
order to comprehend and simulate the behavior and properties of WDs (e.g. Mestel, 1952a;
Bergeron et al., 1992; Kepler et al., 2007; Bergeron et al., 2011).
Large surveys such as Sloan Digital Sky Survey (SDSS; York et al., 2000) or Gaia (detailed in section 4) have been very useful in finding new WD candidates or in confirming
old candidates. The largest spectroscopic catalog to date is Kepler et al. (2016). Furthermore, many reviews on White Dwarfs have been made (e.g. Koester, 2013) and now
research groups from universities all over the world aim at the study of White Dwarfs.

2.3

Classification
After many years of observations, modeling and simulations White Dwarfs have been

largely characterized. At the beginning it was unclear how WDs would be classified, as the
mass distribution function is very narrow and peaks at 0.55M as pointed out by Koester
et al. (1979). It was a little bit later that Sion et al. (1983) proposed to classify White
Dwarfs according to spectroscopic observations, which would only classify the apparent
composition of the atmosphere (which is only about 0.01% of the mass of the WD). After
years have gone by since the first spectral classification of WD, nowadays the most accepted
one is the one on Table 2.1.
5
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Spectral type

Characteristics

DA
DB

Only Balmer lines; no HeI or metals present
HeI lines; no H or metals present
Continuous spectrum, no lines deeper than 5%
in any part of the electromagnetic spectrum
HeII strong; HeI or H present
Metal lines only; no H or He lines
Carbon features, either atomic or molecular
in any part of the electromagnetic spectrum
Magnetic white dwarfs with detected polarization
Magnetic white dwarfs with Zeeman splitting
Peculiar or unclassifiable spectrum
Emission lines are present
Uncertain assigned classification; a colon (:) may also be used
Optional symbol to denote variability

DC
DO
DZ
DQ
P
H
X
E
?
V

Table 2.1: White Dwarf spectral types classification (Koester, 2013)

However, the distribution of WD through this classification is not homogeneous. Most
of them, in fact about 80% have a DA spectral type (Giammichele et al., 2012). These have
pure-hydrogen atmospheres and can range in temperature from about 6000K to 100000K.
Below 6000K the spectrum becomes featureless and is thus classified as a DC. The most
studied feature in DAs are the Balmer Lines, which arise from Balmer series Transitions
of H atoms (Fig. 2.2). These lines can get deeper and broader depending on Temperature
and Pressure, which makes it possible to make models and measure the parameters of
White Dwarfs (e.g. Tremblay et al., 2013), as we will see in subsection 3.5.

Figure 2.2: Transitions of the atom of H. Balmer transitions are the origin of Balmer Lines
in DA White Dwarfs. Lyman, Balmer and Paschen series are the most common. Brackett
and Pfund are higher level transitions.
The second most common White Dwarfs are of spectral type DB. These are cool (below
∼30,000K) helium rich White Dwarfs whose spectra show absorption from neutral Helium.
Due to their formation scenario (Fontaine and Wesemael, 1987) there cannot be hot DBs.
In fact, hot Helium rich atmosphere WDs are spectral type DO. These are characterized

6
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by single ionized helium. There is a gap, called "DB gap" where there are few observations
(all of them very recent, e.g. Eisenstein et al., 2006) of Helium-rich atmosphere WDs. This
gap is between Tef f ' 45000K and Tef f ' 30000K and is actually considered now as a
deficiency of DB WDs. The physical explanation to this is still a matter of discussion.
Similarly to DAs, when DBs cool down they stop showing features in spectroscopy and
become DCs. However, they do so at higher temperatures than DAs.
The next spectral type is DZ. These are metal polluted White Dwarfs, showing traces
of heavy elements. With the exception of these traces, their spectra is featureless. The
origin of such metal pollution comes from accretion of materials (for example and mostly
from tidally disrupted planetesimals: Farihi et al., 2010). DQ White Dwarfs show carbon
absorption features, but are not classified as DZ, as they make for a separate spectral type.
In this spectral type there are two sub-classes: Cool DQ and hot DQ (below and above
∼15,000K respectively). Cool DQ, however rare they are, their origin has been studied
and molecular C2 Swan bands are its main characteristic. They come from cooled down
helium-rich atmosphere WDs where carbon is convectively dredged-up from the diffusion
tale by the deep superficial helium convection zone, as explained in more detail by Dufour
et al. (2008). Hot DQ, on the other hand, are still a matter of discussion regarding their
origin, and their main feature are atomic Carbon bands.
Furthermore, WD can also present features which are produced by magnetic fields,
which brings us the categories of Magnetic White Dwarfs (Ostriker and Hartwick, 1968;
Ferrario et al., 2015). New discoveries and more insights in spectroscopy reveal new details
in this topic (e.g. Girven et al., 2010).
Finally, White Dwarfs can also show features from different spectral types at the same
time, which classifies them as hybrid objects with multiple letters, according to the features
they present (e.g. DABZ if they show Balmer lines, HeI lines and metal pollution).

2.4

WD in Binary Systems
White Dwarfs are spread all around the Universe as lonely stars in large Galaxies, stars

in Clusters or, last but not least important, forming Binary (or multiple) Systems with
other stars. In fact, the two first known White Dwarfs are part of multiple Systems: 40
Eridani B is part of a triple system -in which Eridani B and C are a close binary (Mason
et al., 2017)-, and Sirius B is part of a binary system. In this project we are mostly
interested in WD being part of Binary systems, in which White Dwarfs have a probability
of around 30% according to Holberg (2009) of being formed. According to the formation
of the WD taking into account the interaction between the stars, there are two types of
Binaries: Post Common Envelope Binaries (PCEB) and Wide Binaries.
PCEBs are close compact binaries whose progenitors were wider MS binaries. Around
25% of MS binaries are thought to become PCEBs (Willems and Kolb, 2004). These systems evolve, as the name gives a clue, through a Common Envelope Phase (CE) (Paczynski,
1976; Iben and Livio, 1993). They are characterized by the Mass transfer that starts with
the Red Giant phase, or AGB phase of the more massive Star of the binary. This Mass
transfer only happens if the two MS stars are close enough. This distance is calculated
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with Roche geometry, and it depends on the masses of both stars. As shown in Fig. 2.3,
if one star fills its Roche-lobe then Mass Transfer starts and with it, in the cases where
the mass transfer is dynamically unstable, so does the CE phase. The Roche-lobes of both
stars are defined by the Lagrangian point L1. Matter can be afterwards expelled through
Lagrangian points L2 and L3 during the CE.

Figure 2.3: Cross section of Roche-lobe equipotential surfaces in the orbital plane. The
secondary star with mass M2 is overfilling its Roche-lobe, and mass transfer results to the
primary companion of mass M1. CM represents the centre of mass of the system. The
coordinates are given in R units. Taken from Carrier et al. (2003).
From this point, there are two possible paths. On the one hand, either the less massive
star fills its Roche-lobe, which after some interrupted mass transfer event will lead to a
wider WDMS Binary; or, in most cases, the more massive star fills its Roche-lobe, and
by conservation of angular momentum its Roche-lobe radius decreases, hence the distance
between the stars does too, and then we get CE due to the unstable mass transfer to
the companion, which will end up also filling its own Roche-lobe. The release of orbital
energy and angular momentum end up ejecting the envelope and leaving a binary system
surrounded by a planetary nebula, which is dispersed with time.
On the other hand we have wide binary systems. They are usually wider systems
where stars have evolved independently. Although they gravitationally bound and orbit
each other, the orbital periods are too large for any episode of mass transfer to occur
between these types of stars. Consequently, if they are born at the same time, the most
massive progenitor of the system is the first to evolve to a White Dwarf. Wide binaries
are ideal for many types of studies, as we will see in subsection 2.6. There are many types,
depending on the stars that form the system: WDMS binaries, formed by a White Dwarf
and a Main Sequence star; DWD, formed by two White Dwarfs, these can also be called
Double Degenerates (DD); and many more types involving more stars (multiple systems)

8
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or Neutron Stars. These kind of systems can be detected as common proper motion pairs
with similar parallax – note that due to the large distance to each other it might be difficult
to spot them as a binary system, and this is what we will see in the next subsection 2.5.

2.5

Common proper motion pairs
Proper motions of celestial objects are measured in mas yr−1 , so they are angular

velocities. It is divided into the coordinates, having proper motion in right ascension
(pmra) and proper motion in declination (pmdec). These are just tangent plane projections
of the vector of proper motion in both coordinates. Proper motion thus gives a sense of
how objects move from its observed coordinates at a certain epoch, therefore making it
possible to follow such objects as time goes by. Objects orbiting around each other, thus
gravitationally bound, always have similar proper motions as they move together through
space. As the components of the pair (or group of stars) are further away from each
other, their binding energies are lower. In fact, over large timescales, what once was a
binary can detach and form two distinct lonely systems (Oelkers et al., 2017). Also, events
such as gravitational perturbations can unbound pairs (Jiang and Tremaine, 2010). Some
systems, on the other hand, have not always been gravitationally bound, but have got
together during the dissolution of young star clusters, as explained in Kouwenhoven et al.
(2010).
Proper motions have been used to find multiple star systems for a long time. Proper
motions on their own can be used for identifying systems as done in Caballero et al. (2010).
Furthermore, combining proper motions with astrometry and photometry might give better
results, such as what Dhital et al. (2010) got. However, binary systems can also be found
without proper motions as shown by Dhital et al. (2015). In any case, confirmed binary
systems can be used to study many things, most of which will be mentioned in the following
subsection 2.6.

Figure 2.4: Example of a CPMP with proper motions over 300 years indicated by vectors.
Taken from Girven et al. (2010).
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Research areas involving WD
White Dwarfs are interesting objects of study because of many different reasons. Since

their discovery, as mentioned in subsection 2.2, the number of studies in this field has
experienced a growth and a diversification. Indeed, WDs’ properties make this type of
stars useful not only for stellar evolution (explained in subsection 2.1), as one could guess,
but also for other fields too.
White Dwarfs are ideal astronomical laboratories where conditions such as intense
gravities, densities or structures differ widely from those achievable on Earth. They are
also ideal astronomical "clocks" as their cooling times can be accurately measured thanks
to models. This cooling law is relatively simple and was first described by Mestel (1952b).
White Dwarfs in stellar clusters are used to compute the ages and distances to these
clusters, like in Richer et al. (1997), which otherwise would be really difficult to infer.
They can also be used to study the stellar formation history and the age of the Galaxy
(e.g. Oswalt et al., 1996).
On the other hand, White Dwarfs can also be used to study what surrounds them
not only in terms of companions but in terms of exo-planets orbiting them. Their low
luminosity makes them perfect for the search of faint low-mass companions which would
help constraining the low end of the companion mass distribution. Seemingly, WD can be
used to determine the chemical composition of exo-planets and exo-terrestrial extrasolar
systems by analyzing metal polluted WDs (e.g. Zuckerman et al., 2007; Gänsicke et al.,
2012; Jura and Young, 2014). This pollution is shown as traces in their atmospheres, and
give insights on the composition of the surrounding systems, which otherwise would be
impossible to do if it was a MS star instead of a WD.
White Dwarfs are also thought to be, in certain conditions, progenitors of Super Novae
(SN) Type Ia. When White Dwarfs, due to factors such as material accretion from a
companion, approach and eventually exceeds the Chandrasekhar mass, they trigger these
extremely bright explosions.
Finally, but not less important, White Dwarfs are particularly interesting when they are
in binary or multiple systems. WDMS binaries and DWD systems have largely been studied
for many reasons. Involving the study of stellar evolution, systems like these are useful for
giving more insights into the still discussed Initial-to-Final Mass Relation (IFMR). Catalán
et al. (2008) and Zhao et al. (2012) are just two examples of the approaches to constrain this
relation, which will help understand the evolutionary path of most of the stars. From these
systems it is also possible to get the mass-radius relation by measuring the gravitational
redshift of the WD from the line-of-sight velocity of the MS companion (e.g. Reid, 1996).
Furthermore, age-metallicity relation can also be determined, as Rebassa-Mansergas et al.
(2016) did, by measuring the age from the White Dwarf and the metallicity from Main
Sequence companion’ spectra. In all these cases, wide resolved binary systems are the ones
that provide more high quality information in this sense, but the actual known population
of such systems is still too small to get conclusions.
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Section 3
Spectroscopy

3.1

Theoretical Background
Stars, as all other objects do, radiate electromagnetic waves (or wave packages) be-

cause they are at a given temperature. This radiation travels through space and ultimately
reaches the Earth. Using spectrographs we can see the spectral lines, which can be either
absorption or emission lines. Absorption lines normally come from Stars, whereas emission
lines come from heated gas. These spectral lines provide information about many characteristics of the objects they have been radiated from, particularly the chemical composition,
the temperature, the surface gravity, the magnetic field or in some cases the metallicity.
Historically, spectroscopy owes its start to Annie Cannon and her team of female astronomers in the early 1900s. They classified over 250.000 spectra by eye, which led to the
most widely classification of stars up to date still in use. From then, many advances in
the field have been made. Models of low and high-resolution spectra have been derived in
order to fit different types of stars. These models have to take into account many aspects
when fitting spectra from Stars, as broadening of the lines can occur due to temperature
or pressure. Furthermore, line identification is not always found on the same wavelengths,
as red shifting or blue shifting can occur because of relative velocities.
Spectroscopic data requires reduction and calibration, which has been part of the work
I have been carrying out during this Thesis. More precisely, the data has been obtained
through slit spectroscopy, which results in a 2D spectrum (Fig. 3.1). This initial raw 2D
image has to be processed in order to obtain the 1D spectrum of the observed object
through the following steps:
• Bias removal: Bias frames (which are images taken with zero exposure time) are
taken in order to be able to subtract the offset in the number of counts that the
detector induces because of its electronic response. Raw flat and science images are
removed of this offset.
• Flat fielding: Flat images are the result of illuminating the entire detector with a
tungsten lamp. This images make it possible to correct pixel sensitivity differences.
• Wavelength calibration: Using high pressure gas (e.g. Copper-Argon, Copper-Neon)
calibration arc lamps, with well-studied specific emission lines, the pixel scale is
converted into wavelength units by comparison.
• Flux calibration: Using well-studied stars, called standard stars, the flux is converted
from counts to physical flux units by comparison too.
There will be more details on how to execute the mentioned processes on subsection 3.3.
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Figure 3.1: Raw science spectrum from a Standard Star (SP1337+705).
.

3.2

Observations
All the spectra which I reduced and treated during this project were obtained with

William Herschell Telescope (WHT), which is part of the Isaac Newton Group (ING) of
Telescopes. This telescope is in La Palma, Canary Islands. These observations were taken
during the years 2016 and 2017 and are related to different investigations being carried
out by the Astrophysics Group of Warwick University. The whole log of the observations
is included in Annex 1.
From spectroscopic follow-ups of interesting objects to identification or confirmation of
new White Dwarfs, the range of types of objects studied was very wide. As I could not
possibly cover every object studied, we chose to study very probable WD in wide binary
systems, which was in fact going to be related with the second part of this project. It was
going to be identification of WDMS wide binaries but in the end there was a change in
the schedule and it ended up as a search for binaries consisting of two WD (see Section 4).
Previous studies such as Conor Talbot’s Thesis gave us a Catalogue of WDs with high
probabilities for being part of binary systems. Having the coordinates of his work crossreferenced with the coordinates from my log of observations, I could identify that we had
spectra for some of those objects. These were some of the objects studied in further detail
as shown in subsection 3.5. On the other hand, I also studied some of the metal-polluted
candidates for which we had spectra from both Sloan Digital Sky Survey and WHT with
PhD Paula Izquierdo.
To show the great variety, however, of objects studied, I show on the following figures
reduced and calibrated spectra of different types of objects: from DA WD (Fig. 3.2) or
metal-polluted WD (Fig. 3.2), to Cataclysmic Variables (CV, Fig. 3.3).

Figure 3.2: Reduced and calibrated spectra from a DA White Dwarf candidate (left) and
a DAZ White Dwarf candidate (right).
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Figure 3.3: Reduced and calibrated spectra from a CV candidate.
.

3.3

Methodology: Data Reduction
As I have stated previously, spectroscopy data requires a reduction process. The initial

point is a directory named with the night’s date with all the files in it. The files are in
.fit format, which is the most used format for files in the astrophysics field. They are
usually divided into two directories according to the channel: Blue or Red. In order to
correctly reduce the data, within the Blue or Red channel it still has to be divided into the
different central wavelengths that it has been observed. To do such division, I have used
splitblue and splitred for the respective channels (see all scripts in Annex 3).
Once I get to this point, the reduction properly starts. I learned how to do it by
following the steps that are explained by John Taylor1 . The starting point is always
initializing starlink and pamela packages in the Terminal command line. The first steps
are to convert the files from .fit to .sdf with the script convert in order to be able
to work with them. Using the command ultradas from the mentioned packages I get
the .sdf file ready to be used. The script fixhead.pl then fixes the headers so that
information can be grabbed from them afterwards. The script convert already makes one
copy in the form of a directory with the .fit files. The next steps can be divided into bias
removal, flat fielding, noise reduction and arc-object association.
First of all, the offset present in the detector is removed but to carry such process first
the bias frames need to be averaged with the command makebias where I have to give
an input list of the bias frames and the region where the bias has to be subtracted. This
region is taken from the flat images, where some region which should have zero counts, has
some residual counts. After this is done, a file named bias.sdf is given. Using the script
debias I then remove the bias from the flat field images and from the raw data images.
The next step is to carry out the flat fielding. For this, we have to follow a similar
process to that of bias removal. First of all, with the script flatfield2 we will get some
1

John Taylor’s grating spectroscopy reduction page
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files, the most important of which will be balance.sdf. These files are copied to the raw
data (science) directory. Afterwards, the following steps do the last steps, which are noise
reduction and arc-object association together with flat fielding, at once.
Using the files obtained from the flats directory and the script noise2 we get some more
files related to tracking the object in the raw science images. This script works only with
one image, but then this model applies to the rest of images during the last step. When
we use the script noise we need to choose which sections of the image are not important
and which sections have the data (shown in Figure 3.4).
The ultimate reduction of all the science images is done in this last part. Using all the
files acquired during the previous phases, the only thing left to do is to reduce the script
datafile (Pamela script). In order to do this, the command reduce datafile has to be
introduced in the Terminal. This last step does not only correct every image from the flat
fields and the overall noise but it also associates the objects with its respective closer arcs
(for wavelength calibration) in time and position. Before carrying out this last step, it is
recommendable to run it with the -t option, which creates a log of the files and classifies
them as ARC, DATA or unusable files. In case they are unusable, it might be because
the counts are too low, the image has not been correctly reduced, or simply the image is
not useful. If the problem is that the counts are lower than expected, by changing some
parameters from the script datafile (more precisely, the idtype parameters) one can get
to fix the file from unusable to DATA or ARC.
This is how the reduction is done. In the following Section 3.4 the calibration of the
spectroscopic data is explained.
2

Written by Dr. Alberto Rebassa Mansergas

Figure 3.4: Selection of zones of interest. The peak arising from the flat surface is where
all the data is stored, therefore is the signal we want to differentiate from the surrounding
noise in order to obtain a high signal-to-noise ratio.
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Methodology: Calibration
The calibration process is carried out in Molly, a full program developed by Marsh

(1989). When performing the reduction of the spectra, each arc that associates with an
object creates a new file. The first step for wavelength calibration is to load these files into
Molly. In order to adjust from pixels to wavelengths, emission lines have to be identified
by comparing the mentioned files with the known and well-studied lamps. When sufficient
lines have been identified and a correct fitting is obtained (Fig. 3.5), then we have to close
Molly and run the script wave_cal which will calibrate every object and save them in a
file called opt.mol. This script for wave calibration requires a list of pixel-to-wavelength
association lines, called arcline.lis, which is acquired from Molly after identifying as
many lines as possible. Molly does not include lists of lines, so they have to be provided
with files of the type .dat.
Once the file of wavelength calibrated spectra is opened in Molly, the next step to
proceed is flux calibration. In order to do so, we need models for what are called Standard
Stars, that are well-studied stars. Their spectra are used in files of the type sp1337+705.txt
(this exact file corresponds to Standard Star SP1337+705). So, once we have the necessary
files in our directory, and Molly initialized with the file of wavelength calibrated spectra
opened, the first thing to do is to average all the spectra that we have from the Standard
Star that we are going to use. The averaged spectra file is then converted to a flux star,
which means that the actual data of the star is compared to the model. The flux star is
then in Millijanskys instead of Counts on the y axis. After checking that the fitting is
correct, the command fcal then calibrates the rest of the spectra using the model of the

Figure 3.5: After associating lines from lamps, a fitting polynomial is needed to correctly
go from pixels to wavelength units.
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Figure 3.6: Best fit for a Standard Star with its model. This allows to go from Counts to
flux units in the y axis.
flux star (Fig. 3.6). After this, the only thing left to do is to write the file opt-flux.mol
which stores all the fully calibrated spectra.
For the Red channel the atmosphere always introduces telluric lines of absorption.
These lines have been studied for a long time and have been seen to always appear in
the same wavelengths. This makes it relatively easy to spot and eliminate them from the
spectra. However, with the procedure that appears in the same website I used for the
methodology in this and the previous subsection, some noise is usually introduced to the
spectra. That is why, although I learned how to do it and tried it in several objects, I
ended up not doing it for all the images.
After these processes, all the images were reduced and calibrated, and ready to be
inspected, fitted and compared to models in order to get results, as it can be seen in next
subsection 3.5.

Figure 3.7: Uncalibrated (left) and calibrated (right) spectra from a Standard Star
(SP1337+705) with Central Wavelength λ = 4540.
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Results
The number of objects that were identified as probable White Dwarf companions to

Main Sequence stars that had available spectra among those that I reduced and calibrated
was 4. From those objects, 3 were clearly DA White Dwarfs. These objects are easy to
study as accurate models have been derived for them (as explained in section 2). Therefore,
these three WD were fitted and Teff and log g were extracted from the fittings. The last
object that was also a candidate according to Connor’s work and that had spectra available
was not a DA and therefore it was not used for these results. It probably is a hot DB but
the spectrum may have been contaminated due to a close bright star, so we could not
confirm it.
As for the three White Dwarfs that could be fitted, they all resulted to be confirmed
DA. The fitting routine fits the spectra with two different solutions, a hot and a cold
solution. The models fit both the full spectrum (the blue channel part) and the Balmer
Lines. After this, Teff and log g values are given according to the solution that fits better
the spectrum. As the spectra taken did not cover all the Balmer Lines (for two of the
objects), the fits are not as good as they could be. In the case that one of the models does
not adapt to the spectra, then it is not taken into account, as it happens for one of the
objects. The objects studied were SDSS1344+0324 (Fig. 3.8), SDSS1144-PTF (Fig. 3.9)
and SDSS1639+4748 (Fig. 3.10). All the data from the fittings is included in the Figures.

Figure 3.8: SDSS1344+0324 with its fitting and Teff and log g values. This is the hottest
WD among these three. That is probably the reason for the green model to be a worse
fitting, as it is the cold solution. Therefore the solution for the parameters was extracted
from the hot (red) fitting.
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Figure 3.9: SDSS1144-PTF with its fitting and Teff and log g values. Fitted only with
one (cold) model, as the hot one in this case did not fit correctly the whole spectrum. All
Balmer lines available.

Figure 3.10: SDSS1639+4748 with its fitting and Teff and log g values. This is the coolest
WD among these three.
On the other hand, one example of the metal-polluted White Dwarfs that also were
among the Spectroscopy I reduced and calibrated is shown below (Fig. 3.11). This is
the object SDSSJ1644+4039. It is an interesting case of a DABZ, which means that
the atmosphere is composed of Hydrogen, Helium and some metallic traces. Hydrogen
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(Balmer) lines and Helium lines can be clearly observed, which means that those elements
are abundant.
Although a DAB would already be interesting on its own because of the mixed atmosphere, this case is extremely rare as it contains traces of metals in its atmosphere.
Calcium (Ca), Magnesium (Mg) and possibly Iron (Fe), Silicon (Si) and Oxygen (O) are
observed in the spectra. Calcium appears in the Ca II doublet, where one of the peaks
might be confused by the Helium or the Hydrogen absorption line that are very close to it.
Magnesium is observed in two cases as a Mg II line and possibly also as a Mg I line. This
same Mg I line could in fact be Iron in the form of Fe II. Due to the proximity between
both lines and the shallowness of them, I cannot tell which one it is. Silicon might appear
as a Si II line, but it is not completely clear. Finally, the shallowest line although still
noticeable is the O I line that shows that some Oxygen might be present in this White
Dwarf.

Figure 3.11: Spectra from SDSSJ1644+4039, a DABZ White Dwarf exhibiting Balmer
lines (green arrows), Helium absorption lines (purple arrows) and some metal absorption
lines (red arrows). The tellurics (blue arrows) have not been removed.
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Section 4
Identification of Double White Dwarf systems

4.1

The Gaia Mission
The Gaia Mission (Gaia Collaboration et al., 2016b) is the actual astrometric mission

of the European Space Agency (ESA) which, in fact, was the continuation of the Hipparcos mission (ESA, 1997). Both missions have changed the perspective of astrometry
completely. Before Hipparcos, only some 8000 stars had ground-based parallaxes. With
this first ESA mission, the number of parallaxes determined went up to more than 100.000
celestial objects. The aim of the Gaia mission was and still is (e.g. with the recent Data
Release 2) not only to cover many more stars, but also to complement the astrometric mission with photometric and radial velocity data in DR2 (Gaia Collaboration et al., 2018),
not as in DR1 (Gaia Collaboration et al., 2016a), where only astrometry and G band
photometry could be released.

Figure 4.1: Map of the total flux measured in the GRP, G, and GBP bands. From Gaia
Collaboration et al. (2018).
As it is more widely explained in this last reference, there are some differences between
Gaia-DR1 and Gaia-DR2. The first difference that is spotted is the increase in the amount
of data, obvious from the number of objects observed. The Tycho-Gaia Astrometric Solution (TGAS, Michalik et al., 2015) offered around 2.5 million parallaxes and proper motions
for the brightest stars in Gaia DR1, whereas over 1.3 billion parallaxes and proper motion
sources have been made available with Gaia DR2 (more precisely 1,331,909,727 sources,
which is most of the objects observed). This vast number of objects cannot be studied
without the necessary tools, which will be explained in more detail in subsections 4.2 and
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4.4. It is not only the number of objects observed that improves with this data release,
but also the precision in the astrometric measurements of these objects. As stated by
Lindegren et al. (2018), the solutions have improved to a current median uncertainty in
parallaxes and positions of 0.04 mas for bright (G < 14 mag) sources, 0.1 mas at G = 17
mag, and 0.7 mas at G = 20 mag.

4.2

Previous work
Before the second Data Release of the Gaia Mission, I had to do some training in order

to be ready to work with the huge amount of objects that were delivered with it, and to
be familiar with the form that the data came in. The training was based on familiarizing
with TopCat. This program enables you to work with large tables in different formats,
from CSV to VOTables and many other types. Within its many options, TopCat can crossmatch any table you upload with on-line available large catalogs and make plots combining
any column of either alone or joined tables, which are two functions very useful for my
work. All the functions that I have used all along the previous and the actual work for
this project will be explained in this section and in section 4.4 in more detail.
At the beginning of the project, the aim was to look for MS companions to WD in
Common Proper Motion Pair (CPMPs). In order to do so, I needed a clean catalog of
WDs within Gaia DR2. Unfortunately, this catalog could not be done as fast as it was
expected because of difficulties in treating the data from the recent data release. As a
result, the plans changed and the idea was to search for Double White Dwarfs in CPMPs
through a different (and a little older) catalog (see section 4.3). Although this search might
not be as complete as it could in the DR2, because faint objects might not be included, it
is a useful study which can then be easily adapted to a bigger sample in the case that the
catalog can be assembled.
First of all, I worked with Gaia DR1 in TopCat. Learning how to plot HR-diagrams
with photometry data from other catalogs, how to filter the data correctly from noisy
objects, how to identify common proper motion pairs, how to do cone searches, were some
of the issues I had to take a look at during this training period. Also, familiarizing with
the format of the data, the units and thinking how to ultimately search for DWDs when
the data was released took me some of this time.
Another exercise that I did in order to learn different ways of searching for Binary
Systems was to run a similar query as that in Fouesneau et al. (2018). In this paper they
run a query (available at its appendix) which retrieves proper motions and parallaxes from
the GPS1 and the TGAS catalog and taking into account the errors, they look for common
proper motion pairs by matching proper motion of stars within a certain radius. However,
this query lacked one of the equations, which I added to see how many stars fell out of the
plot (Fig. 4.2). The query was in asql language, which was a potential way of looking for
WD-MS binary candidates. This was an interesting way to look at the first Data Release
from Gaia as it used WDMS binaries to get ages of systems out of clusters, which is, until
now, poorly studied because of its difficulties. Bringing the number of binaries to a higher
magnitude would make it possible to explore in this direction.
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Figure 4.2: ASQL Query from Fouesneau et al. (2018) without Eq. 3 (1280 objects, left)
and with Eq. 3 (288 objects, right).

4.3

WD database
Among many catalogs of WDs (e.g. McCook and Sion, 1999; Kleinman et al., 2013)

I decided to use Gentile Fusillo et al. (2015b). This catalog, however, is not a catalog of
spectroscopically confirmed WD. It is based on a method that assigns a certain probability
to each object of either being a WD or some contaminant. The catalog is made from
objects and data from SDSS DR 10 and some objects of DR7 which did not have reliable
photometry on DR9 and DR10 (as mentioned by Gentile Fusillo et al., 2015a). The assignation of this probability of being a White Dwarf (Pwd from now on) is made by applying
cuts in colour-colour and reduced proper motion-colour space. Anyone can apply cuts on
Pwd to get high-confidence White Dwarf candidates, which is what I did and is explained
in subsection 4.4.
However, this is not exactly the catalog I used. As I was interested in having all the
astrometric data from Gaia DR2 I used a cross-match between this catalog and the data
from DR2. This complex cross-match was carried out by Dr. Nicola Gentile Fusillo and is
similar to that of Gentile Fusillo et al. (2017). This way, I could use both the data from
his catalog and make cuts on Pwd and, at the same time, I could have the astrometric and
photometric data form DR2, including most importantly parallaxes and proper motions in
order to search for CPMP.

4.4

Methodology
These type of binaries are not very common, with a total number of candidates of 142

given by Andrews et al. (2015). This number is expected to rise, however, with the Gaia
DR2, due to the huge number of objects with accurate astrometry. That is why it was
interesting to work first of all with the SDSS catalog, to work out a way to find DWDs
and then possibly extend it to larger samples.
As the search of Common Proper Motion Pairs (CPMP) is carried out in a very similar
way in DWDs as in WD-MS binaries, the training proved to be useful as well. However,
I got to work with a considerably smaller sample, as there are fewer DWDs than WDMSs. Using the mentioned cross-match of SDSS catalog with Gaia-DR2, I took only >0.5
Probability of being a WD (Pwd). I searched for companions to each one of them with a
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radius of 2 arcmin within the same reduced catalog, which would find both close and wide
pairs of high probability WD candidates. This cross-match would produce a table of some
∼1800 objects. However, some of them were just double detections of the same object
due to the cross-match. Once this cut was done, I used a MatLab code (DoubleWDs.m,
included in Annex 3) to get only those pairs which had similar parallaxes and common
proper motions, being more flexible on proper motions. More precisely, I searched for σ
parallax and 5σ proper motion companions. The first part of this same program gets rid
of the double detections by looking at the source id from Gaia data. After this, I was left
with 544 objects.
With these 544 objects, which were supposed to be 272 DWD candidates, I started to
look at the sky image by writing the coordinates of each object at the SDSS DR12 Image
List Tool, in order to see if there were two bluish objects which could potentially be WDs,
or if it was only double detections which could be attributed to unresolved binaries or
objects that do not seem WDs (as I was using a probability catalog, not a confirmed WDs
catalog). Among these last objects, I did not include in the final table stars that looked
clearly red/yellow in the images. I also did not include many objects that were detected
around the coordinates ra=23◦ dec=30◦ as it was a highly crowded zone in which all the
objects had similar parallaxes, which could mean that it was a stellar cluster. Finally,
I did not include what seemed double detections of the same object but could, in fact,
mean that they were unresolved binaries. These objects had two different detections with
different but very similar coordinates and, in the image tool seemed like one lonely blue
dot, although sometimes the image was deformed. The final table can be found in Annex
2 and includes 131 systems, 1 of them being the first resolved Triple White Dwarf.
In the following subsection 4.5 I show available spectra from some of the objects of the
table, I compare my sample with that of Andrews et al. (2015) and see which DWDs have
been detected again and which seem to be good new candidates of DWD systems.

4.5

Results
Once I had the final table of 131 candidates to Double White Dwarfs and 1 confirmed

Triple White Dwarf (see section 5), I had to see which objects had already been selected
as candidates and which objects were new candidates. Furthermore, I had to check among
the new candidates the objects for which spectroscopy was available in the SDSS catalog,
so that either one of the stars or both of them could indeed be confirmed WDs or I could
discard them as viable DWD systems. In order to do so, I took the largest sample known
to date (Andrews et al., 2015, 142 systems), and checked if the objects in my table had
already been detected as candidates or not.
Among the 131 candidate systems, 50 of them were just re-detections of systems that
had already been identified as candidates or even confirmed DWD systems. The rest, 81
systems, were new candidates among which the Triple System has already been confirmed.
The other 80 systems can be divided into candidates with or without available spectra.
51 candidates do not have any data, so they remain like this until a proper spectroscopic
follow-up is carried out. 29 candidates do have spectra for at least one of the components
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of the binary. In fact, 6 of them have spectra for both components of the binary. Therefore,
my results are based in using this spectroscopy to analyze these systems.
First of all, I went through the 6 candidates that have spectra for both components,
analyzing them one by one:
J024443.76+011312.3/J024444.08+011314.9 : This system is composed by a cool DA
and probably a DC White Dwarf as the available spectra shows in fig. 4.3. Therefore, this
is a new confirmed Double White Dwarf system. The angular separation between these
two objects is 5.47 arcsec, which, at a distance of 303.03 pc gives a projected separation
of 1,658.29 ± 9.79 au.

Figure 4.3: (Left) Spectra for J024443.76+011312.3 showing Balmer lines (green vertical
markers). According to this and to colour-colour diagram (u-g) vs (g-r) (bottom-left plot)
it is a cool DA. (Right) Spectra for J024444.08+011314.9 does not show absorption lines.
According to colour-colour diagram it could be a DB (low S/N), but it is probably a DC.
J080409.94+355658.9/J080409.99+355654.3 : This system is composed by two cool
DA White Dwarfs as the available spectra shows in Fig. 4.4. Therefore, this is a new
confirmed Double White Dwarf system. Their angular separation is 4.64 arcsec, which, at
a distance of 105.26 pc gives a projected separation of 488.38 ± 0.79 au.

Figure 4.4: (Left) Spectra for J080409.94+355658.9 showing weak Balmer lines. According
to this and to colour-colour diagram (u-g) vs (g-r) it is a very cool DA. (Right) Spectra for
J080409.99+355654.3 showing Balmer Lines. According to colour-colour diagram (u-g) vs
(g-r) it is a cool DA. In both cases reduced proper motion-colour diagrams (bottom-right
plot) also agree with the result.
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J095427.14+195431.2/J095427.27+195448.5 : Another new confirmed DWD composed
by two cool DA WD as the spectra shows in Fig. 4.5. Their angular separation is 17.34
arcsec, which, at a distance of 138.12 pc gives a projected separation of 2,395.2 ± 4.04 au.

Figure 4.5: (Left and Right) Spectra for J095427.14+195431.2 and J095427.27+195448.5
both showing weak Balmer lines. According to this, to reduced proper motion-colour
diagram and to colour-colour diagram (u-g) vs (g-r) they are both very cool DA.
J122138.27+425933.1/J122138.65+425934.0 : This system is another new confirmed
DWD composed by two cool DA White Dwarfs (one cooler than the other) as the available
spectra shows in Fig. 4.6. The angular separation between these two objects is 4.28 arcsec,
which, at a distance of 156.25 pc gives a projected separation of 669.05 ± 1.6 au.

Figure 4.6: (Left and Right) Spectra for J122138.27+425933.1 and J122138.65+425934.0
both showing weak Balmer lines. According to this they are both cool DA, being the
second one considerably cooler than the first one.
J135228.45+342906.5/J135219.74+342852.9 : This system is composed by a very cool
DA and a DB as the available spectra shows in Fig. 4.7. Therefore, this is a new confirmed
DWD system. The angular separation between these two objects is 108.57 arcsec, which,
at a distance of 121.65 pc gives a projected separation of 13,207.54 ± 1.37 au.
J153401.77+101012.2/J153402.45+101024.5 : This system is composed by a cool DA
and what also seems to be a very cool DA, although the spectrum looks a bit different
than that of a typical DA. The available spectra is shown in Fig. 4.8. Therefore, this is
probably another new DWD system. Their angular separation is 15.79 arcsec, which, at a
distance of 78.43 pc gives a projected separation of 1,238.77 ± 0.76 au.
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Figure 4.7: (Left) Spectra for J135228.45+342906.5 showing weak Balmer lines. According
to this and to colour-colour diagram (u-g) vs (g-r) it is a very cool DA. (Right) Spectra for
J135219.74+342852.9 does not show Balmer Lines and clearly shows Helium lines (bluish
markers) According to this and to colour-colour diagram (u-g) vs (g-r) it is a hot DB.

Figure 4.8: (Left) Spectra for J153401.77+101012.2 showing Balmer lines. According
to this and to colour-colour diagram (u-g) vs (g-r) it is a cool DA. (Right) Spectra for
J153402.45+101024.5 also shows Balmer Lines although the spectra looks different. After
a quick check on the most recent Gaia parallax and colours, it is a cool DA.
On the other hand, the 23 remaining systems that have spectra for one component
have been inspected in order to see if the one component for which spectra was available
was a White Dwarf or not.
All the candidates seemed to be quite cool White Dwarfs. They all appear in table
4.1 with their most probable spectral type. Their spectra can be visualized in Fig. 4.11
to 4.14, and more detailed spectroscopy with colour-colour diagrams and reduced proper
motion-colour space diagrams appear in Annex 4, as it was too many objects to include
in this report. One object that was particularly interesting was the close binary system,
unresolved by SDSS spectroscopy but resolved by Gaia DR2, shown in Fig. 4.9 with its
spectra in Fig. 4.10, which revealed it to be a DA White Dwarf, but the two of them are
so close that probably the data is a mixture of both stars.
Finally, it is worth mentioning that some systems similar to that in Fig. 4.9 were
detected. However, all the objects for which double detections occurred were less resolved
than this case, which means that in the naked eye you cannot really differentiate between

26

4 IDENTIFICATION OF DOUBLE WHITE DWARF SYSTEMS

M. Perpinyà Vallès

the two stars. That is why I have not included them in the final table, because they might
only be double detection errors. There have been in total 14 objects that showed this
behaviour. 7 of them even have spectra, which could be that of the possibly unresolved
binary. They are included in the end of table 4.1 and their spectra in Annex 4.

Figure 4.9: Image from PanSTARRS Image Access for an unresolved Double White Dwarf
(two close blue objects) with spectra from SDSS DR12. Object included in final table,
GroupID=58.

Figure 4.10: Spectra for the unresolved (by SDSS, but resolved by Gaia DR2) system
J210155.81-005745.0 / J210155.82-005744.4. Object included in final table, GroupID=58.
The photometry and spectroscopy do not match, which is probably because of the close
companion.
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To sum up, among our 29 double systems with spectra for at least one component, we
had 6 systems that had spectra for both of them and all of them resulted to be confirmed
WD, apparently divided in 10 DA, 1 DB and 1 DC. As for the 23 remaining systems their
spectral type is shown in Table 4.1. Systems that were unresolved by SDSS but resolved
by Gaia DR2 are also included in the end of the table. These systems account for 24 DA,
3 DC, 1 DB, 1 DB/DC and 1 DA-Mdwarf binary.
Name

Spectral type

SDSSJ000720.18-023456.0
SDSSJ003424.42+102641.9
SDSSJ041840.70+055113.9
SDSSJ074241.42+233408.7
SDSSJ075412.08+430230.6
SDSSJ080729.18+284934.5
SDSSJ092212.23+292121.7
SDSSJ094416.62-001855.5
SDSSJ095203.98-023044.0
SDSSJ105558.53+564543.7
SDSSJ112442.92+170514.0
SDSSJ122319.57+050121.3
SDSSJ122717.39+563825.6
SDSSJ123030.23+675259.5
SDSSJ124238.80+612119.1
SDSSJ133611.38+273748.6
SDSSJ133820.21+473123.0
SDSSJ134530.29+461741.9
SDSSJ144053.48+153514.2
SDSSJ155715.82+083022.4
SDSSJ210155.81-005745.0
SDSSJ212057.73-001810.7
SDSSJ223833.48+224317.3
SDSSJ073341.55+435348.0
SDSSJ083923.75+563056.6
SDSSJ101218.08+610818.9
SDSSJ114424.51+412847.2
SDSSJ131630.66+612413.0
SDSSJ163720.21+173913.8
SDSSJ170123.81+330853.9

Cool DA
Cool DA
DA
DA
DA
DA
Cool DA
Cool DA
DA
Cool DA
Cool DA
Cool DA
DA
DC
Cool DA
DB/DC
Cool DA
DC
DC
DA
DA
DA
DB
DA
DA
DA
DA
DA
DA
DA

Observations

Probably magnetic
Spectroscopy does not match photometry

If DB, very cool
Extremely cool
Spectroscopy does not match photometry
May be magnetic
Object in fig. 4.9 and fig. 4.10
We should check it
Clearly magnetic

Clearly with M-dwarf companion
Not sure, but definitely a WD

Table 4.1: Systems for which only one of the objects had spectra. Spectral types inferred
from this spectra and from photometric fits and colour-colour diagrams. Objects below
the double line are probably unresolved systems for which there was spectra available.
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Figure 4.11: I. Candidates to DWD with spectra for one component. Arranged by increasing RA. Flux normalized.
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Figure 4.12: II. Candidates to DWD with spectra for one component. Arranged by
increasing RA. Flux normalized.
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Figure 4.13: III. Candidates to DWD with spectra for one component. Arranged by
increasing RA. Flux normalized.
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Figure 4.14: IV. Candidates to DWD with spectra for one component. Arranged by
increasing RA. Flux normalized.
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Section 5
Discovery of the first resolved Triple WD system

While working on the second part of the project, which was changed from being the
identification of MS companions to high probability WDs, as mentioned in section 4.2, to
looking for binaries formed by Double White Dwarfs (DWDs), I came across this discovery.
While going through the table explained in the previous section, checking every system to
be either good or bad candidates, one of them consisting of 3 objects got my attention. In
this case, however, there was no spectra for these objects, and we could not confirm that
they were White Dwarfs. Luckily, we were able to ask for observation time in the Southern
Astrophysical Research (SOAR) telescope. With the data in hand, we can confirm that
this system is a Triple WD, as it can be appreciated from the spectra in Fig. 5.1 to 5.3.
It is also clear from this data that the system is composed by three DA WD. Dr PierEmmanuel Tremblay carried out fittings to the spectra of the three components in order
to obtain the parameters. Teff and log g are shown in these same figures. Mass and cooling
ages were calculated using Fontaine et al. (2001) and initial masses were calculated using
Cummings et al. (2016).

Figure 5.1: Fitted spectra of the wider companion SDSSJ195333.12-101954.9.
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Figure 5.2: Fitted spectra of one of the close binary objects, SDSSJ195336.03-101929.3.

Figure 5.3: Fitted spectra of the other component of the close binary, SDSSJ195336.00101931.6.
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Name
J195333.12-101954.9
J195336.03-101929.3
J195336.00-101931.6

Mass [M ]
0.629 ± 0.02
0.603 ± 0.02
0.620 ± 0.02

Cooling Age [Gyr]
0.2861 ± 0.030
0.0397 ± 0.006
0.0417 ± 0.006

Initial Mass [M ]
2.20 ± 0.19
1.91 ± 0.19
2.10 ± 0.20

Table 5.1: Parameters from the mentioned models of the three components.
Name
J195333.12-101954.9
J195336.00-101931.6
J195336.03-101929.3

$ [mas]
7.785 ± 0.1457
7.6746 ± 0.1181
7.6353 ± 0.1231

p.m. RA [mas yr−1 ]
-10.806 ± 0.251
-11.537 ± 0.18
-10.94 ± 0.192

p.m. Dec.
-16.099
-16.328
-15.66

[mas yr−1 ]
± 0.147
± 0.114
± 0.12

Table 5.2: Gaia data of the three components.
Masses, cooling ages and initial MS masses are shown in Table 5.1 and parallaxes and
proper motions are shown below in 5.2. As we can see, all three components are co-moving
objects at approximately the same distance. This makes us think that the system was
born at the same time. This is an important fact to take into account when trying to
constrain the initial-to-final mass relation (IFMR) for the progenitor masses of the system,
which was demonstrated by Girven et al. (2010). Using this data, I tried to do a similar
procedure in order to look for possible progenitor systems that could have created this
triple system. The downside of the data is that the three stars appear to be really similar
in progenitor mass and in cooling age, which makes the potential constraints on the IFMR
less significative. Cases with larger differences in mass or in cooling age would work much
better.
In order to explore the range of possible progenitor masses of this system we used stellar
evolution tracks from Choi et al. (2016) (see also Dotter, 2016). We computed evolutionary
tracks for a fine range of masses from 1M to 8M , which gave Main Sequence lifetimes
between ∼0.1Myr and ∼10Gyr. From the tracks, we extracted the age and mass at which
each stellar track clearly evolved into a White Dwarf with a sudden decrease in mass. After
doing this for every track, an interpolated power function -with root mean squared error
(RMSE) of around 0.15Myr- of the points was created so that we had star age as a function
of star mass (this function is available in Annex 3 as MSTime.m). This function would then
be used to compute the Main Sequence lifetime of a given star by simply giving the initial
mass as an input.
The next step was to randomly choose 3 stars of masses between 1.5M and 8M . The
lower limit was chosen to be 1.5M

because from the fittings, no stars were supposed to

come from stars less massive than 1.9M . The upper limit was chosen to be 8M because
it is the limiting mass for which MS create WD. These 3 stars’ masses were evaluated in
the interpolated function to get the Main Sequence lifetime of each one of them. Given
the fact that the three stars of the system are assumed to have been born at the same
time, the differences between these MS lifetimes would also be the differences between
their cooling ages as WD. With the previously calculated cooling ages we could select
the groups of three random stars whose differences in Main Sequence lifetimes were in
agreement with the differences in cooling times within the errors. These selected groups
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would then be stored and the progenitor masses of such systems were plotted in Fig. 5.4,
where the progenitor masses of both the wider component (SDSSJ195333.12-101954.9) and
the close binary component (SDSSJ195336.00-101931.6) are plotted against the progenitor
mass of the other close binary component (SDSSJ195336.03-101929.3). This process was
done with the MatLab code ProgenitorMasses.m also included in Annex 3. This code
would also be useful in case of using two stars (DWD systems) instead of the triple system.
We can see that the progenitor masses for the close binary stars should have been
similar for all the cases up to 3 M , being one of them slightly more massive than the
other. This result agrees with our results, as one of the objects in the close binary is
slightly more massive than the other. Furthermore, the wider companion’s progenitor
mass always appears to be larger. At low masses it appears to be close in mass to the
other two stars, as it is the case for our triple system. However, for larger progenitor
masses in the binary system (from 2.4 M ), the differences in cooling times allow for a
large dispersion in the progenitor mass of the wider companion. Between 2.8 M and 3
M , the progenitor mass of the more massive star can range between 4 and 8 M . As
8 M is as massive as a star can be in order to create a White Dwarf, the close binary
stars have an upper limit in their mass, which is around 3.1 M . At the lower part of
the graphic, where our case would lie, the results agree within the errors of the fittings,
as for a mass of around 2.1 M

of a member of the close binary, the mass for the wider

companion would be slightly larger, somewhere around 2.2 or 2.3 M . Dr. Pier-Emmanuel
Tremblay also used Hurley et al. (2000) to calculate the total age of the system. Although
these are not totally reliable, we got a total age of around 1 Gyr within the errors for the
three components of the system. Fig. 5.4 does not include any limitation on total age,
which means that the range of masses explored would totally depend on when the system
was born and therefore on its total age. However, we assumed the system’s components to
have been all born at the same time, as the calculated total age suggests.

Progenitor masses for the triple system

8

7

Close companion (in the compact binary)
Outer companion (wide component)

Solar Masses

6
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2
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1.8
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Figure 5.4: Progenitor masses of the close binary companion (blue dots) and the wider
companion (black dots) in comparison to the other close binary object.
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Additionally, we calculated their projected separations with ProjectedSeparation.m
function as we did for the DWD systems previously. This system consists of a close binary
and a wider slightly more massive companion. The angular separation of the close binary
is 2.33 arcsec, which, at a distance of 130.6 ± 2 pc gives a binary projected separation
of 304.72 ± 4.23 au. To find out the angular separation with the wider companion we
calculated a centre of mass (CM) (with the function CenterMass.m) of the close binary
system, which was at RA=298.4, Dec=-10.325. Thus the angular separation between the
close binary CM and the wider companion is 49.24 arcsec, which, at the same distance of
130.6 ± 2 pc gives a projected separation of 6,431.8 ± 104.75 au. As for the real distance,
the close binary is 138,336.53 ± 21,959.08 au away from each other. Using again the CM
of the binary, which includes the CM in parallax, we compute the distance to the wider
companion and get 449,210.3 ± 71,534.99 au.
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Section 6
Conclusions

Now that this project comes to an end, everything can be seen from a completely
different perspective, leaving behind stressful deadlines and long hours of reading and
writing. From this point of view it is obvious to me that I have gained more knowledge
than I could have imagined. But I am not only speaking of Astrophysics, White Dwarfs and
binary systems, also team work, group meetings and so on, so forth. It is also important,
however, to analyze it from the project point of view.
The first part of this project was very useful as an introduction to research involving White Dwarfs. Spectroscopy does not only confirm objects to be of such kind in a
straightforward way, but also gives detailed information on confirmed White Dwarfs, such
as atmosphere composition, magnetic fields, close companions and parameters’ fitting and
modeling that could not possibly be covered in this project. However, spectroscopy is not
the only way to know more about these objects. In this sense, all the information gathered
through spectroscopy, photometry and astrometry can be used to infer their parameters,
such as Teff , log g , masses and even Main Sequence progenitor masses through the Initialto-Final Mass Relation and models that have been developed semi-empirically. In order to
improve such models and to understand better the evolution of WD, bigger samples need
to be assembled so that the statistical significance is large enough for the models to have
all the information and completeness.
Gaia Data Release 2 is a big step in this direction, with astrometry and photometry for
the largest number of objects in the sky nowadays. White Dwarfs are already interesting
to study on their own, but even more so if they are in binary or multiple systems. With
systems such as Double White Dwarfs the IFMR can be constrained, although nowadays
the number of known systems that can be studied is too low. Therefore, the main objective
of the second part of the project was to increase the number of candidates of systems of
this kind by using Gaia recently released data. Taking advantage of the cross-match with
an SDSS catalog we could recognize some of the objects as White Dwarfs with the spectra
available from Sloan. Furthermore, we got to test the IFMR in the first confirmed resolved
Triple White Dwarf system.
The discovery of this system and of 6 DWD not known to date will soon be covered
in a paper that we will submit to Monthly Notices of the Royal Astronomical Society
(MNRAS) that we are preparing with the group of Astrophysics at Warwick University
and some collaborators from other universities. In this paper we will also test the IFMR for
the progenitor masses of the 6 new DWD systems. Furthermore, the projected separations
for all these stars is also calculated in the paper and will probably be used in further
research before submitting it. However, some issues have appeared such as noticeable
differences between the photometric and the spectroscopic fits. That is mostly why it
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might still take a while to submit it.
The most straightforward way to continue this project would be on the one hand
to embark on a follow-up campaign of the candidates to DWD in order to increase the
number of confirmed systems to a significant number. On the other hand, a similar search
for Double White Dwarfs could be carried out with a more recent catalog, such as a WD
catalog from Gaia DR2. Also, although it might take more work and different methods,
but in a similar way and from a recent WD catalog, a search for Main Sequence wide
companions to WD could be tried. Common Proper Motion pairs with same parallax are
potentially one of the best ways to find many more systems of this kind.
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