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Abstract

White dwarf stars are the final observable evolutionary state of over 95% of stars and also
a common outcome in binary evolution. Therefore, studying white dwarfs is a powerful
tool to understand both single and binary stellar evolution, local initial mass function,
and post-main sequence mass loss, leading us to a better comprehension of the history
of stellar formation and evolution of different stellar populations. In order to make this
type of studies possible, a large and preferably complete sample of white dwarf stars,
covering the whole range of physical parameters, is required. The simplest way to achieve
that is to take advantage of data provided by large surveys. The Sloan Digital Sky Survey
has already allowed the increase of the number of known white dwarf stars fivefold up
to its data release 10. In this work, we extended the search for white dwarfs to the
new objects in the data release 12, discovering 3157 new white dwarfs and 1349 new
subdwarfs. For the first time, we have extended this search to log g < 6.5, corresponding
to M < 0.3 M. White dwarfs below this mass limit cannot be formed through single
evolution within a Hubble time; however, if the star is part of a close binary system, the
mass loss of the system may be so intense that the resulting white dwarf has mass below
the single evolution limit. These objects are known as extremely-low mass white dwarfs
(ELMs). They show Tg < 20000 K and 5.0 < log ¢ < 6.5 and spectra very similar to
main sequence A stars. Less than a hundred of them are known, and most objects were
discovered relying on biased selection criteria, that excluded cool (Tor < 9000 K), lower-
mass (M < 0.15 M) ELMs, making it difficult to validate the models and comprehend
the properties of the ELMs as a class. We have identified thousands of objects whose
physical properties, effective temperature and surface gravity, place them in the range of
by-products of binary interaction such as the ELMs. We have called them sdAs, referring
to their sub-main sequence log ¢ and hydrogen dominated spectra. They seem to be
composed of overlapping stellar populations, and we found that at least 7% are more
likely ELMs or their precursors, the pre-ELMs, than main sequence stars. Obtaining
time-resolved spectroscopy for 26 objects, we could confirm 15 to be in close binaries.
One of them is also an eclipsing system, while another is a pulsator — the eighth member
of the pulsating ELM class. Other six new pulsators were found as part of our follow-up,
five of them in the vicinity of the ELM instability strip. With these results, we increase
the population of ELMs by 20%, raising the fraction of cool ELMs from 4 to 20%, which

is consistent with the predictions from the evolutionary models.

Keywords: stars, stellar evolution, white dwarfs, subdwarfs, main sequence.






Resumo

Estrelas anas brancas sdo o ultimo estdgio evolutivo observavel de mais de 95% das es-
trelas e também um resultado comum na evolucao de estrelas binarias. O estudo de anas
brancas ¢é, portanto, uma ferramenta poderosa na compreensao da evolugao de estrelas
simples e binarias, da funcao de massa inicial local, e da perda de massa apds a sequéncia
principal, levando-nos a uma melhor compreensao do histérico de formagao e evolugao
estelar de diferentes populagoes. Para que esses estudos sejam possiveis, é necessaria uma
amostra grande e preferencialmente completa de anas brancas, cobrindo todo o inter-
valo de parametros fisicos. A maneira mais simples de obter isso é utilizando dados de
grandes projetos de mapeamento. O Sloan Digital Sky Survey ja permitiu o aumento do
numero de anas brancas conhecidas em cinco vezes até o data release 10. Neste trabalho,
estendemos a busca por anas brancas aos novos objetos no data release 12, descobrindo
3157 novas anas brancas e 1349 novas subanas. Pela primeira vez, estendemos essa busca
para log g < 6.5, correspondente a M < 0.3 M. Anas brancas abaixo desse limite de
massa nao podem formar-se em um tempo de Hubble; contudo, se a estrela é parte de um
sistema de binarias proximas, a perda de massa pode ser tao intensa que a ana branca
resultante tem massa inferior ao limite por evolugao simples. Esses objetos sao chamados
anas brancas de massa extremamente-baixa (ELMs, do inglés extremely-low mass white
dwarfs). Elas tém T,z < 20000 K e 5.0 < log g < 6.5 e espectros muito similares a
estrelas A de sequéncia principal. Menos de cem sao conhecidas, e a maioria dos objetos
foi descoberta tendo em conta um critério de selecao tendencioso, que excluiu ELMs frias
(Tegr < 9000 K) e com mais baixa massa (M < 0.15 M), tornando dificil verificar mo-
delos e compreender as propriedades das ELMs como classe. Nos identificamos milhares
de objetos cujas propriedades fisicas, temperatura efetiva e log ¢, estao no intervalo de
produtos de evolucao binaria, como as ELMs. Nés os chamamos de sdAs, referindo-nos
ao seu log ¢ que as coloca abaixo da sequéncia principal e seu espectro dominado por
hidrogénio. As sdAs parecem conter populagoes estelares sobrepostas, e encontramos que
7% sdo mais compativeis com (pre-)ELMs do que com objetos de sequéncia principal.
Obtivemos espectroscopia resolvida temporalmente para 26 objetos e pudemos confirmar
que 15 estdao em binarias. Um objeto faz parte de um sistema eclipsante, enquanto outro
é pulsante — o oitavo membro da classe de ELMs pulsantes. Outros seis objetos também
apresentaram pulsagoes em nossas observagoes, cinco desses estao na vizinhanga da faixa
de instabilidade das ELMs. Com estes resultados, aumentamos a populacao de ELMs por
um fator de 20%, elevando a fracdo de ELMs de 4 para 20%, um valor que é consistente

com as previsoes de modelos evolucionarios.

Palavras-chave: estrelas, evolugao estelar, anas brancas, subanas, sequéncia principal.
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1 Introduction

1.1 Stellar Evolution

1.1.1 Single Stars

An object is classified as a star if it stably burned hydrogen into helium in its core
at some point during its evolution. This will occur for objects with initial mass higher
than about 0.08 M, depending on metallicity!. Above this threshold mass, the objects
are able to reach hydrogen fusion temperature (~ 8 -10% K) in their cores. Below this
minimal mass are the brown dwarfs, which cannot sustain stable hydrogen fusion in the
core, and only fade away with time. Before a star exhausts the core fuel and becomes a
degenerate object, most of its lifetime is spent fusing four hydrogen atoms into one helium
atom in the so-called “main sequence” (MS). A rough estimate of the time spent in the
main sequence is given by

a2
tms ~ 10" (M) years. (1.1)
®

This holds for low-mass stars (up to ~ 3 M), but it is still a good estimate up to ~ 60 M,
if the effects of metallicity are ignored — the higher the metallicity, the longer the time
spent in the main sequence, because the increase in opacity decreases the luminosity of
the star.

In stars with masses up to approximately 1.25 My, the dominant fusion channel
is the proton-proton (p — p) chain reaction, in which protons are directly combined to
form helium. On the other hand, if the star is more massive than that and has non-zero
metallicity?, the energy comes mainly from the carbon-nitrogen-oxygen (CNO) cycle, in

which these three heavier elements act as catalysts in the fusion reaction.

The hydrogen fusion stops when the star has converted 10% of its initial
hydrogen mass into helium. When this so-called Schoenberg-Chandrasekhar limit
(Schonberg; Chandrasekhar], [1942) is reached, the internal pressure will not be enough
to avoid gravitational collapse, hence the core of the star can no longer sustain hydro-
static equilibrium. It starts to contract, releasing half of the energy, according to the
virial theorem, which then causes the exterior layers of the star to expand. It leaves the

main sequence, becoming a red giant when the H™ opacity dominates — a more luminous

1
2

in Astronomy, all elements heavier than helium are historically referred to as metals.
IL.e., it is not a Population IIT object, the pristine stars that formed before the universe was chemically
enhanced by stellar evolution.
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and cooler object, which fuses hydrogen into helium only in a shell surrounding the helium
core. Because of the cooler temperatures, radiation transport alone cannot maintain radia-
tive equilibrium, and the star becomes almost fully convective, approaching the so-called
Hayashi limit, where it would be fully convective (Hayashi; Hoshi| T961}; Hayashi| 1T96T]).
As the H™ ions increase the opacity, the radius of the star becomes larger, increasing the
luminosity and making the star climb up the Hayashi strip. The convective layer reaches
the nucleus bringing heavier elements (mainly C and N) to the surface, in the event known

as first dredge-up.

Meanwhile, the temperature in the contracting core is increasing. Objects lighter
than ~ 0.45 M), a limit which depends on metallicity, will never reach helium fusion tem-
perature (approximately 10® K); therefore, after ejecting their external layers, they evolve
directly from the red giant branch to their last observable evolutionary phase: He-core
white dwarf stars. These objects are sometimes called AGB-manqué, in the sense that they
skip the asymptotic giant branch (AGB) phase. The white dwarfs formed through this
channel are less massive than 0.45 M and have helium core and hydrogen atmosphere.
Considering the evolutionary time scales, only objects with final masses above ~ 0.3 Mg
could have been formed through this channel within the approximate age of the Galaxy.
Producing white dwarfs with masses below ~ 0.3 M most likely requires interacting bi-
nary systems (e.g. Marsh; Dhillon; Duck, [1995; Brown et all [2010]). Theory suggests that
low-mass single systems could be explained by other mass-loss enhancing mechanisms,
such as high metallicity (D’Cruz et all, [1996]) or supernova stripping (Wang; Han| 2009)),
or by mass ejection caused by a massive planet (Nelemans; Tauris, 1998). It is also pos-
sible for single objects to be formed as a result of merger events (Zhang; Jeffery], 2012;
Zhang et al, 2017). [Toonen et all (2017)) estimated that 10-30% of all single white dwarfs
are a result of a merger. Still, as the merger triggers core fusion, it is unlikely that the
resulting object will have a He-core and usually the predicted result is a canonical mass
white dwarf (e.g. Brown et al. 2016]).

If the initial mass of the star is up to 1.8 — 2.3 M, (depending on the efficiency of
overshooting from the convective layers), the nucleus will contract to a point in which the
core helium becomes degenerate before fusion temperature is reached. The burning process
will thus start in a degenerate nucleus, resulting on a runaway combustion called helium-
flash. When the degeneracy is lifted after the flash, the luminosity decreases, and the star
goes through a brief phase called subgiant. For masses higher than the 1.8 —2.3 M lower
limit, fusion temperature is reached faster, and the burning occurs in a stable manner —
the star goes through the horizontal branch (HB), which is similar to the main sequence,

but helium is burnt in the core, instead of hydrogen.

When the helium fuel in the core is exhausted, the core will again start to contract,

releasing energy. A scenario similar to the one preceding the red giant phase occurs: the
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exterior of the star expands, it becomes more luminous, and the convective layer extends
down to the nuclear burnt region, bringing heavier elements to the surface (second dredge-
up). The star reaches the supergiant phase and has a degenerate core composed mainly
by carbon and oxygen, with alternate external layers burning helium into carbon and
oxygen (closer to the core) and hydrogen into helium, under a hydrogen envelope. This
configuration makes the star very unstable: helium burns until there is not enough fuel,
then the hydrogen burning layer produces more helium and the burning restarts, releasing
energy and making the star expand, cooling the exterior and stopping the hydrogen fusion,
so the helium finishes again and the star cools down and contracts, reigniting the hydrogen
and restarting the cycle. This sequence of processes is known as thermal pulses; the number
of pulses varies for each star, but more massive and metallic stars have more thermal pulses

as a rule.

As the thermal pulses occur, the star will eject the mass in its external layers,
potentially forming a planetary nebula. All stars that have masses up to 7.0 — 10.6 M
(e.g.,[Woosley; Heger| 2015), depending on metallicity, will finish their evolution as a white
dwarf star, in this case with a C/O (for white dwarfs up to ~ 1.06 M) or O/Ne/Mg core
(for the more massive ones). If the star is more massive than the 7.0 — 10.6 M, limit, the
contraction of the core will be enough for it to reach the temperature of carbon fusion
(~ 10° K). In this case, the star evolves relatively quick, burning all the elements heavier
than carbon until iron is synthesised. The binding energy of iron is maximal, therefore it
is no longer possible to extract energy from fusion processes and the star collapses into a
neutron star, if neutron degeneracy pressure is enough to maintain hydrostatic equilibrium
(the mass of the object is smaller than ~ 3.0 M), the non-rotating, non-magnetic Tolman-
Oppenheimer-Volkoff limit), or otherwise into a black-hole. It is important to emphasise

that all these mass limits depend on rotation, magnetic fields, and strong force repulsion.

In short, stars have initial mass higher than 0.08 M. If the initial mass is up
to ~ 0.45 Mg, the star will evolve into a white dwarf with helium core. Considering
the age of the Universe as a limit on the evolutionary time, the lower mass of an ob-
servable white dwarf which formed through this channel is within 0.30 — 0.45 M, (e.g.
Kilic; Stanek; Pinsonneault 2007). When the star has initial mass between 0.45 M, and
7.0 — 10.6 M, its final observable stage is a white dwarf with C/O or O/Ne/Mg core.
Above such limit, the star collapses into a neutron star (typically for initial masses up to
around 25 M) or a black hole (above 25 Mg).

1.1.2 Binary Stars

The processes described in Section [L1.1] are only valid if the star evolves without

interacting with a binary companion. Stellar multiplicity is a function of mass, increasing
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from about 46% for G-stars (Tokovinin), 2014]) to over 70% for A stars (De Rosa et all
2014), but most stars with initial mass larger than 1.0 Mg are in multiple systems
(Duchéne; Kraus|, 2013)). When the distance between the two stars is small enough for
them to exchange mass (typically, smaller than 10 Rg), which is the case for about 25%
of binaries (Willems; Kolb| 2004, their evolutionary processes cannot be treated indepen-

dently. These objects are called close binaries.

One very important concept in the study of binary stars is the Roche lobe. It is
the maximum radius a star can have before mass transfer starts to occur due to overflow.
In other words, it is the first equipotential involving both stars (see Fig. [Il), so when the

radius of one of the stars is larger than its Roche radius, mass will flow from this star to

the other (e.g. [Paczynski, 1971 Iben; Livio, 1993} [Podsiadlowski, 2008).

Figure 1 — Three-dimensional representation of the Roche potential in a binary star. The
inner equipotential in bold, the first to involve both stars, is the Roche lobe.
The points Ly, Lo, and L3 are Lagrangian points, where an object would be in
a stable orbit relative to the two bodies.
(Original figure by Marc van der Sluys, available at Wikimedia Commons.)

There are three types of close binaries, which correspond to different possible
stages in the evolution. The first is a detached binary, when the radii of both stars are

smaller than their Roche radii. When one of the stars fills its Roche lobe, the binary is
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semi-detached. The last possibility is when both stars fill their lobes, and the binary is

said to be an overcontact binary.

As the time spent in the main sequence is inversely proportional to the mass of
the star (see Eq.[[L1]), the more massive star in a binary — sometimes called the primary
— will leave the main sequence first. It will become a red giant and, depending on the
distance between the stars, might fill in the Roche lobe, resulting in mass transfer. If the
secondary star does not effectively accrete all the transferred material, an accretion disk
may be formed. Mass transfer can also occur due to stellar winds, which make the red
giants lose mass. Hence, either way, the evolution of the secondary star is altered by the
presence of the primary, as its mass will be changed. That is why they cannot be treated

separately.

When the primary fills its Roche lobe, the binary goes through a semi-detached
phase. If they are close enough, there might be a common envelope phase. Because of
the friction between the stars and the envelope, their distance is going to decrease. The
released orbital energy will cause the ejection of most of the envelope. This is one of the
formation channels of subdwarf stars (sds, e.g.[Heber, 2016]), also called extreme-horizontal
branch stars, because they burn helium in their nucleus as well, but appear hotter than

ordinary horizontal branch stars, given that their external layers were lost.

When the mass of the primary star is smaller than the supernova limit, it will
become a white dwarf and the system will be detached again. This can also happen if the
primary becomes a neutron star, but the secondary might be ejected by the supernova
event and become a so-called runaway star, showing velocity that can be comparable
to the escape velocity of the Galaxy. When the mass of the two stars is similar, they
will evolve simultaneously, so both will fill the Roche lobe at the same time, forming an

overcontact binary.

As the secondary evolves, again the binary may go through a semi-detached phase.
In this situation, mass will be accreted by a degenerate object, what may result in a super-
nova type la if the degenerate object exceeds its limiting mass (the Chandrasekhar limit
for white dwarfs or the Tolman-Oppenheimer-Volkoff for neutron stars), ejecting away the
companion star. If this does not happen, the remnant will be a binary millisecond pulsar
(neutron star plus white dwarf) or double-degenerate system (two white dwarfs). A binary
with two pulsars is also possible, but a very rare outcome (Tauris; Langer; Podsiadlowski,
2015; Rueda. et all, 2018).

Another possible outcome of interacting binary systems are extremely-low mass
white dwarfs (ELMs). The intense mass-loss due to the binary interaction allows the
formation of these white dwarfs with masses below the single evolution limit of 0.3 Mg,
typically still found in orbit with their binary companions. The formation channel is

similar to the one leading to hot subdwarfs, but in this case the common envelope happens
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before helium is ignited in the core, hence the objects effectively skip the horizontal branch,

evolving directly to the cooling white dwarf branch with a helium core.

The evolution henceforth depends on the mass of the resulting ELM and on the oc-
currence of element diffusion processes (Althaus; Serenelli; Benvenuto, 2001, Panei et al.
2007; Althaus; Miller Bertolami; Corsicol, 2013; (Corsico; Althaus, 2014} |Corsico; Althaus),
2016; [Cérsico_et_all, 2016}, Istrate et all, 2016]). Diffusion leads to a dichotomy in the thick-
ness of the H envelope, resulting on a dichotomy in the cooling ages. In the theoretical
models, stars with M 2 0.18 — 0.20 M, experience multiple diffusion-induced CNO ther-

monuclear flashes which consume most of the H in the envelope (see Fig. ), so that the

remnant enters the final cooling track with a very thin H envelope, being unable to sustain
stable nuclear burning as it cools. As a result, the evolutionary time scale is quite short
(~ 10" yr). When M < 0.18 — 0.20 M, on the other hand, H flashes are not experi-
enced, and the remnant enters the cooling branch with an envelope thick enough to have
residual H burning as the main energy source. This slows down the evolution, so that the
cooling time scale is of about ~ 10° yr (Corsico; Althaus, 2014} [Corsico; Althaus, 2016},
[Cérsico et all 2016). In addition, rotational mixing plays a significant role in the evolu-
tion of these ELMs that experience hydrogen shell flashes 2016) — it can
effectively counteract diffusion, thus playing a key role in the surface chemical abundances
of ELMs.

It is worth mentioning that the evolutionary models of [Cérsico & Althausl (2014),
\Cérsico & Althausl (2016), (2016)) and Istrate et all (2016) assume an initial

binary consisting of a main sequence star with initial mass ~ 1 My and a ~ 1.4 M neu-

tron star. As will be discussed in Section [[.2Z.2] most ELMs seem to actually have white
dwarf companions. Hence these models must be considered as only an initial attempt to
describe the formation and evolution of ELMs, which must be even more complex than
the models indicate. Moreover, less than a hundred ELMs are known so far, since they
were only recently discovered (see e.g. the ELM Survey: Brown et all, 2010 Kilic et al.l
2011; Brown et all, 2012; Kilic et all, 2012 [Brown et all, 2013} [Gianninas et all, 20T5;
Brown et all 2016). This calls for a more thoroughly search for these stars, so that mean-

ingful comparisons with binary evolution models can be done in order to improve the

input physics.
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Figure 2 — log T.g — log ¢ diagrams for two He-core WD sequences computed by
Althaus, Miller Bertolami & Cérsicol (2013)). The sequence with M > 0.18 M,
undergoes CNO flashes during the early-cooling phase, showing complex loops
in the diagram, while the lower mass sequence has no complex structure.
Green squares and magenta triangles correspond to the observed post-RGB
low-mass stars from [Silvotti et all (2012) and [Brown et all (2013). Filled blue
circles correspond to five pulsating low-mass white dwarfs detected at the time
(Hermes et all, 2013)). Adapted from [Cérsico & Althausl (2014)).

1.2  White Dwarf Stars

As can be inferred from the previous sections, the study of white dwarf stars is
essential to understand stellar evolution, both for single and binary stars. In the single
evolution case, the fraction of stars that become white dwarfs is believed to be over
97% (Fontaine; Brassard; Bergeron) 2001). That can be easily verified describing the mass
distribution of stars formed in a cloud by an initial mass function. The first suggested,

and still commonly assumed, is the Salpeter function (Salpeter] T955):

m\ 2% dm
{(m)dm = & (%) My (1.2)

where m is the mass of the formed stars and & is a normalisation constant. Integrating Eq.
from the minimum mass of a star, to the upper mass limit for a star to become a white
dwarf, one obtains a fraction larger than 0.99. Even when other initial mass functions,
with different exponents, or smaller superior limits are assumed, one obtains that at least

95% of the formed stars will evolve to white dwarfs.

Most white dwarfs do not generate energy by nuclear fusion, except for the initial
states in their evolution where the hydrogen layer might be thick and hot enough for

residual burning to occur. That happens for ELMs, as previously mentioned. However,
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after that and for the rest of their evolution, they will only radiate energy due to residual
gravitational contraction. The radius of a white dwarf star is usually similar to the Earth’s
radius, hence they have small surface area, resulting in very large cooling times (it takes
around 10'° years for the effective temperature of a canonical mass white dwarf to decrease
from 100000 K to 5000 K). Therefore cool white dwarfs are some of the oldest objects
in the Galaxy, and studying them helps to understand the history of stellar formation
and evolution in the Milky Way (e.g. Winget et al, 1987 [Bergeron; Saffer; Liebert), 1992;
Liebert; Bergeron; Holberg| 2005, [Moehler; Bono|, 2008; [Tremblay et all 2014).

The structure of white dwarfs in general is relatively simple when compared to
stars in other evolutionary stages. The core is composed by helium for masses lower than
around 0.45 M, depending on metallicity, which includes the ELMs. For masses above
this limit and < 1.06 M, the core is a mixture of carbon and oxygen. Above ~ 1.06 M,
the core is probably composed by oxygen, neon, and magnesium. The maximum mass
of a white dwarf, above which the electron degeneracy pressure is no longer sufficient to
counteract gravitational force, is known as Chandrasekhar mass and is equal to ~ 1.40 M,
when magnetic fields are not strong (i.e. not comparable to the electric field). Such limit is
theoretical, not being confirmed observationally so far. These masses, close to solar, within
a radius of approximately the size of Earth, give the white dwarfs very large densities (of

the order of 1 ton/cm?) and likewise strong gravitational fields.

The atmosphere of close to 80% of the white dwarfs is composed solely by hydro-
gen, because the heavier elements are diffused to the nucleus due to the strong gravity.
This process is known as gravitational settling. Such stars are classified as DA, where the
D refers to the degenerate nature of the core of the white dwarf and the A indicates the hy-
drogen composition of the atmosphere, similar to the main sequence classification scheme.
Most remaining objects have helium atmosphere, because all the hydrogen was burned
or lost in the initial phase of the white dwarf evolution, and visible He lines, being called
DB. When the star is hot enough that the helium is ionised (effective temperature higher
than ~ 40000 K), the classification is DO. For temperatures above ~ 65000 K, radiative
levitation still plays a significant role, and heavier elements such as carbon and oxygen
can still be detected in the atmosphere; these stars are called PG1159 (e.g. [Werner et al.l
1996)). Recently, a few objects showing strong oxygen lines at lower Tog (< 40000 K),
where radiative levitation is negligible, have been found. They can only be explained
as bare oxygen-neon cores; the proposed classification is Doz (Kepler; Koester; Ourique,
2016). If the white dwarf has cooled down below the excitation limit of any element in
the atmosphere (Teg ~ 5000 K for hydrogen atmospheres, and Tog ~ 12000 K for helium
atmospheres), there are no visible lines, and it is classified as DC. In some cases, carbon
can be brought from the core to the surface by a convective layer and be detected in the
atmosphere, situation in which the star is called a D@Q. When a magnetic field is detected

in the spectrum due to Zeeman splitting of the lines, an H is added to the classification.
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If the magnetic field is detected by polarisation, a p is added. When metals are observed
in the atmosphere despite gravitational settling, what is believed to be caused by ongoing
accretion of disrupting planetesimals orbiting the white dwarf (Jural, 2008)), a Z is added.

Examples of these spectra can be seen in Fig. 3

This simple structure, with limited atmosphere compositions, yet presenting tem-
perature and pressure conditions difficult, and even impossible, to replicate on Earth,
makes white dwarfs very rich laboratories to test physical models (e.g[Winget et al. [2009;
Cérsico et all, 2012; Bainbridge et al 2017). Adding that to all the possibilities they offer
to study single and binary star evolution as well as Galaxy formation and evolution, one

might say they are the most amazing astrophysical objects.

1.2.1 White Dwarf Stars in the SDSS

The number of known white dwarfs has largely increased thanks to the Sloan Dig-
ital Sky Survey (SDSS). SDSS is an ongoing project of mapping the sky which started
in 1998. It is currently in its fourth phase (SDSS-IV), which started in 2014 and consists
of three different projects: eBOSS (extended Baryon Oscillation Spectroscopic Survey),
a cosmological survey with subprograms to survey variable objects and X-Ray sources;
APOGEE-2 (Apache Point Observatory Galactic Evolution Experiment), a infrared spec-
troscopic survey of the Galaxy, and MaNGA (Mapping Nearby Galaxies at Apache Point

Observatory), which intends to make spatially resolved maps of individual galaxies.

SDSS-IIT (2008-2014), on the other hand, had four projects: APOGEE, the pre-
vious version of APOGEE-2; BOSS, which proceeded eBOSS and focused on mapping
the large scale structure of the Universe; MARVELS (Multi-Object APO Radial Velocity
Exoplanet Large-area Survey), which searched for exoplanet evidence on nearby stars,
and SEGUE-2 (Sloan Extension for Galactic Understanding and Exploration), focused
on the structure and evolution the Milky Way.

SDSS prior surveys, SDSS-I1/II (2000-2008), carried out the SDSS Supernova Sur-
vey, which repeatedly imaged along the celestial equator allowing the discovery of over
500 type Ia supernovae, and SEGUE-1, which started the Milky Way mapping continued
by SEGUE-2. White dwarf stars were targeted by the SEGUE projects, but they were
also observed by the BOSS projects, because white dwarfs are blue objects, with colours
resembling quasars, and the targets are selected based on preliminary photometry. Still,
Gentile Fusillo, Génsicke & Greiss| (2015) estimate that only 40% of white dwarfs with
photometric measurements by the SDSS had follow-up spectroscopy.

SDSS has obtained almost five million spectra across about a third of the sky,
including nearly a million observation of stars in our Galaxy. SDSS-I/II spectra were
taken with the SDSS spectrograph, which covered 3800 — 9200 A. More recent data was
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Figure 3 — Spectra of white dwart stars with different atmosphere compositions.
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taken with the BOSS spectrograph, which has a larger spectral coverage of 3650 — 10400A.
The resolution R = A/AM\ is the same for both spectrographs: from 1500 at 3800 A to
2500 at 9000 A. SDSS has also imaged its footprint in five filters: u, g,r, i, and z. The
detection limits are about [22.3, 23.3, 23.1, 22.3, 20.8] in these five filters, for an airmasss
of 1.4, whereas the saturation limits are [13, 14, 14, 14, 12].

The first white dwarf catalogue compiled from SDSS data (Kleinman et al., 2004)
was based on SDSS Data Release 1 (DRI, [Abazajian et all 2003)). The next catalogue
(Eisenstein et al., 2000), using the SDSS Data Release 4 (DR4,[Adelman-McCarthy et al.]
2006)), roughly doubled the number of spectroscopically confirmed white dwarf stars. With
the white dwarf catalogue based on the SDSS Data Release 7 (DR7, [Abazajian et al.|
2009), Kleinman et all (2013) increased the total number of white dwarf stars by more
than a factor of two compared to the catalogue based on DR4 data and also (re)analysed
all stars from previous releases. I started my work in white dwarf classification with this
catalogue. In [Kepler et al| (2015]) we reported over 8 000 new spectroscopically confirmed
white dwarf stars after analysing SDSS Data Release 10 (DR10, [Ahn et al 2014]). There
we also implemented an automated search algorithm to search for objects missed by stan-
dard selection criteria, improving the candidate selection compared to previous catalogues.
This was also the first white dwarf catalogue based on SDSS data to fit not only DA and
DB stars, but also DZ, DQ, and pairs of a DA with a main sequence M star. More details

concerning these catalogues are presented in Table [Il

Table 1 — Number of objects and the main classifications in the previous white dwarf
catalogues published based on SDSS data releases.

Catalogue Objects Main classifications

DR1¢ 2551 WDs 1888 DA
240 sds 171 DB

DR4? 9316 WDs 8000 DA
928 sds 731 DB

DRT¢ 19713 WDs 12831 DA
922 DB

DR10¢ 8441 WDs 6 887 DA
647 sds 450 DB

4Kleinman et all (2004). YEisenstein et all (2006). 9Kleinman et all (2013), includes the
(re)analysis of stars from previous releases, but does not include subdwarfs. 4Kepler et al.
(2015).

This large increase in the number of known white dwarfs made many other works

possible, not only concerning the characteristics of the white dwarfs in the sample, but also
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some of its implications to more general properties. In [Kepler et al| (2013)), for example,
we studied the magnetic white dwarfs in the DR7 sample and found fields as high as
700 MG. The explanation for the existence of such high fields is still an open issue,
but [Kepler et al| (2013)) found an increase in the mean field for lower T.g, in excess of
a simple statistical increase in number from cooling. [Kilic et al.l (2013) suggested many
of the objects in the SDSS sample should be observed as an alternate mission for the
Kepler spacecraft, after it was damaged, what has been done since in the K2 mission (e.g.
Hermes et al.l 2014, Hermes et al., 2015, Bell et all, 2016). [Tremblay et al.| (2013]) used
the sample to test improved 3D atmosphere models, in an attempt to fix inaccuracies
in the 1D mixing-length approach which caused apparent higher log ¢ at temperatures
where convection is the main energy transport. Another relevant work using this sample
was done by [Andrews et all (2015), who used the binaries in the sample to constrain the

initial-final mass relation in the solar neighbourhood.

All this progress was possible despite the fact that all of these works have used
an artificial cut in log g, excluding all objects with log ¢ < 6.5. This was based on the
fact that the minimum mass of a white dwarf generated by the evolution of a single star
corresponds to this log g. As a consequence, white dwarf stars coming from the evolution
of interacting binaries, the already mentioned extremely-low mass white dwarfs, were
excluded from all catalogues. Therefore, to understand the ELM class, it is necessary to

search for other members by extending white dwarf searches to lower log g.

1.2.2 Extremely-low Mass White Dwarf Stars

Extremely-low mass white dwarfs were first found in searches for merging white
dwarfs that could lead to type Ia supernovae. These white dwarfs in close binary systems
are useful for providing constraints to the poorly understood common-envelope phase
of binary evolution (Iben; Livio, 1993). Several unsuccessful surveys were carried out
searching for such systems (e.g. [Robinson; Shafter], 1987, [Foss; Wade; Green|, [1991]). The
first one to obtain considerable success was carried by Marsh, Dhillon & Duck] (1995)). It
followed the work of Bergeron, Saffer & Liebert| (1992), who found 14 white dwarfs with
masses below 0.45 M. — too low to be explained by single evolution within the age of
the Galaxy. [Marsh, Dhillon & Duck| (1995]) proposed that their evolution was cut short
by mass loss in binary interaction, and thus these stars should be members of close binary

systems.

To test this hypothesis, they carried out time-resolved spectroscopy searching for
radial velocity variations consistent with a close orbital configuration. Out of seven targets,
they have found five to be in detached close systems, interpreting that as a confirmation

that binary interaction is needed to produce low-mass white dwarfs. They were able to
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determine the orbital period P and the radial velocity semi-amplitude K, which allow the
calculation of the so-called mass function f(M;j, My) for the binary, given by
M3 sin® i PK?

f(My, My) = (M, + M2~ 272G’ (13)

where 7 is the orbital inclination and M; and M, are the masses of the component stars.
The convention for defining M; and M, depends on the authors. Marsh, Dhillon & Duck
(1995)) called M; the mass of the brightest star, and M, the mass of the unseen companion.

I will use this same nomenclature in this work.

The mass function sets a lower limit to the mass of the companion Ms, reached
when the system is edge-on with ¢ = 90° and taking the limit M; — 0. In this case, M; can
be estimated from the spectrum, setting a larger lower limit to Ms. Marsh, Dhillon & Duck
(1995) obtained lower limits above 0.1 M, implying that the companions cannot be main
sequence dwarfs, since any M dwarf would have to have a mass below 0.1 M, to remain
undetectable in the spectra or colours. The only alternative is that the companions are

also compact stars, probably cooler white dwarfs.

Similar results were obtained in the more recent ELM Survey (Brown et al., 2010;
Kilic et al.l 2011; Brown et al.,2012; [Kilic et all 2012} Brown et all 2013} Gianninas et al.
2015; Brown et al.l, 2016). They have so-far published 88 objects, out of which 76 are con-
firmed binaries. Analysing the velocity amplitudes, they conclude that the binary com-
panions have a normal distribution of mass with a 0.76 M. mean and 0.25 M, dispersion,
thus they are probably white dwarfs, since almost all are also usually undetectable in the
spectra or colours. The orbital periods seem to follow a lognormal distribution with a
median period of 5.4 h. The timescale 7 for the distance between the stars to shrink so
that they begin mass transfer via Roche-lobe overflow is given by the gravitational wave

merger time,

(Ml 4 M2)1/3

— 47925
T M, M,

P33 Myr, (1.4)

where the masses are in My and the period P is in days (Kraft; Mathews; Greenstein),

1962)). Half of the observed binaries will merge in less than 6 Gyr due to the gravitational

wave radiation, which causes the system to lose angular momentum J at a rate given by
J 32 G® My My(M, + M,)

s o == 1.
J 5 ¢d at ’ (1.5)

where a is the orbital separation (Landau; Lifshitz, [1958)). The amplitude of their gravi-
tational strain is too low to be detected by the Laser Interferometer Gravitational-Wave
Observatory (LIGO), but, as shown by [Nelemans, Yungelson & Portegies Zwart| (2001)),
merging white dwarfs are predicted to be one of the dominant sources for the upcoming

Laser Interferometer Space Antena (LISA). It is important to notice that, statistically,



28 Chapter 1. Introduction

95% of the ELMs have a total mass below the Chandrasekhar mass, hence they are
not type Ia supernova progenitors. The outcomes of these merger events are single mas-
sive white dwarfs, stable mass transfer AM CVn binaries, and R Coronae Borealis stars
(Brown et all, 2016). In AM CVn binaries, a white dwarf accretes helium-rich material
from a companion, which can also be a white dwarf. They have very short orbital periods,
usually less than 65 min, and spectra dominated by helium with hydrogen absent or ex-
tremely weak (e.g.Solheim| 2010). R Coronae Borealis (RCB) stars are hydrogen-deficient
objects of varying spectral classes. Their brightness can decline by 8 magnitudes in a few
weeks, due to dust formation episodes whose cause is still unknown (e.g. [Clayton, [1996).
Brown et al.l (2016) noticed that the merger rate of ELMs is statistically identical to the

formation rate of these stars.

The ELM Survey started within a hypervelocity star survey (see the MMT Hyper-
velocity Star Survey: [Brown; Geller; Kenyon| 2009; 2012} 2014)), which targeted objects
with the colours of late-B type stars. The targets were selected from the SDSS photomet-
ric catalogue using calibrated, de-reddened PSF magnitudes (Adelman-McCarthy et al.]
2008)). Their colour selection (Fig. ) was designed to exclude normal mass white dwarfs,
but fortuitously includes low mass white dwarfs. Spectroscopy revealed that 15% of the
HVS Survey targets were actually white dwarfs, amounting to 589 objects and motivating
the ELM Survey. They did a spectroscopic follow-up to the ELM candidates, search-
ing for radial velocity variations in the same fashion as Marsh, Dhillon & Duckl (1995).
Currently, they have obtained spectra for 80% of the stars in the ELM Survey over the
magnitude range 15 < gy < 20. The multi-epoch follow-up is less complete, resulting in a
completeness of about 60% for the ELM Survey so far (Brown et al., 2016]).

However, as the target selection was developed for B-type stars, it favours the
detection of hot ELMs (Teg = 12000 K). Cooler objects (Tog < 10000 K) were tar-
geted by Brown et all (2012). Yet, less than 5% of the objects in the ELM Survey
show Teg < 9000 K, while evolutionary models (Althaus; Miller Bertolami; Cérsicol, 2013;
Cérsico; Althaus, 2014} [Cérsico et _all, 2016} Istrate et al., 2016) predict the same amount
of time to be spent above and below T.g = 9000 K. As there are many uncertainties
in the models, concerning e.g. assumptions on element diffusion, progenitor initial mass
and metallicity, and rotation, the cooling time scale between models can vary by more
than a factor of two. Brown; Kilic; Gianninas| (2017)) estimated a 1:2 ratio of ELMs in the
ranges 6500 < Tog < 9000 K to 10000 < Tog < 15000 K. Propagating the factor of two
uncertainty in the cooling time scale, this ratio can be from 1:4 to 1:1, so 20-50 % of the
ELMs should show Tog < 9000 K; however, as a systematic effect of the search criteria,
only three (4%) of the published ELMs are in this range.

Moreover, the ELM Survey selection criteria also favoured higher log ¢ objects.

The low-log ¢ phases happen before the object reaches the white dwarf cooling track (the
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Figure 4 — Colour-colour diagram with the observed ELMs (solid stars) and other WDs
(crosses, circles) within the HVS Survey. The colour selections are different
depending on magnitude: 15 < gy < 17 dot-dashed line, 17 < gy < 19.5
dashed line, and 19.5 < gy < 20.5 dotted line. The solid lines are synthetic
photometry for white dwarf models with fixed log g and varying T.g¢ following

Koester (2010) [Adapted from Brown et all (2010)).
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objects are hence known as pre-ELMs; e.g. Maxted et al., 2011; Maxted et al.l 20T4]) and
are relatively quick. The time spent with logg = 5 — 6 is ten times smaller than with
log g = 6—7 in the models of[Istrate et al. (2016). However, the average luminosity is about
a hundred times higher in the log = 5 — 6 range, hence the objects are five magnitudes
brighter. Assuming a spherical distribution, and limiting magnitudes of g = 14.5 (bright
saturation in the SDSS) and g = 20 (faint limit detection), the detection volume for
log = 5 — 6 is a thousand times larger than the volume for log = 6 — 7. Combining these
two factors, one should expect to find a hundred objects with log g = 5 — 6 for each object
with log g = 6 — 7 in a magnitude-limited survey. There are 31 objects with logg =6 —7
in the ELM Survey, but only 44 with logg = 5 — 6, about 85% less than this estimate
predicts, which is a consequence of their biased selection criteria. Hence there is clearly a

missing population of cool, low-mass ELMs yet to be found, as evidenced in Fig. Bl
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Figure 5 — Bottom-left panel shows the T.4 — log g diagram for the objects in the ELM

Survey, shown as red triangles, compared to two binary evolution models
of (2016)), resulting on ELMs of masses 0.182 (light blue) and
0.324 My, (dark blue). Canonical mass white dwarfs are shown as grey dots for
comparison. The top panel shows the distributions in T.g, both for the observed
ELMs (red continuous line) and obtained from the models (blue dashed line).
The bottom-right panel shows the distributions for log ¢. The distributions
for the models were obtained taking into account the time spent at each bin of
Tog or log g compared to the total evolutionary time, with a spherical volume
correction to account for difference in brightness. Note that there is a lack of
known ELMs in the low T.g and low log ¢ ends of the distribution. There are
also missing objects around log g ~ 7.0. As the distributions are normalized,
the fact that there are very few observed ELMs at log g ~ 7.0 moves the
observed peak to log ¢g ~ 6.0, range that was prioritized in the ELM Survey
selection, because log g =~ 7.0 can also be reached through single evolution.
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1.3 Variable Stars

There exists a limitation to the study of most stars: we can only obtain information
concerning the external layers, from which the light we analyse is emitted — the internal
structure can usually only be inferred from evolutionary models. The only exception,
apart from the ineffective study of neutrino emissions, are pulsating stars, in which case
the measured periods are normal modes determined by the internal structure. Pulsations
occur in many phases during the evolutionary process (see Fig. [f), and are one of five
types of observed variability: (i) eclipsing binaries, (ii) rotating stars, (iii) cataclysmic
variables, (iv) eruptive variables, and (v) pulsating variables. The first two are extrinsic
variables, meaning there is no change in the star itself, but the presence of a companion
or the rotation of the star affects the detected flux. The last three types, on the other
hand, are intrinsic variables. This means the detected variation is due to a change in the

physical properties of the star or stellar system itself.

(i) Eclipsing binaries are multiple stellar systems whose orbital plane is in an angle
with the line of sight so that one star will partially or completely cover the other at some
point during the orbit. This will cause a periodic variation in the observed magnitude of
the system (example in Fig.[). When the observed magnitude is at its maximum, the stars
are seen side by side. When it reaches a minimum, one star is eclipsing the other. The depth
of the eclipses depends on the effective temperatures of the stars, on the ratio between
their radii, on the orbital inclination, and on the semi-major axis of the orbit. As the
temperatures can be obtained through spectroscopy and the semi-major axis of the orbit
can be calculated using the period and an estimated mass ratio ¢ = Ms/Mj, the masses of
the stars can be obtained combining the spectroscopic log ¢ and the radius estimated from
the light curve. This is one of the most precise ways of obtaining the physical parameters
of a star. The other would be to measure its luminosity and temperature, and obtain the

distance from parallax — which has been available only for a few white dwarfs.

(ii) Rotating stars sometimes show small variations due to dark or bright spots, as
is the case for the Sun. Stars that have ellipsoidal shape, as close binaries, will also show
variation as they rotate, since the area seen by the observer will change, altering their
brightness. Very fast rotation can also flatten the star, giving it an ellipsoidal shape and
causing variations with rotation. Another example of variation due to rotation are pulsars:
neutron stars with high magnetic fields which emit beams of electromagnetic radiation in
the direction of their magnetic poles, causing peaks in detected energy when the beam

points towards the observer.

(iii) Cataclysmic variables are interacting binary stars and show sudden variations
due to thermonuclear processes either in their interior or on their surface layers (example

in Fig. [§)). They are in binary systems, usually close, implying each component has strong
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emission, due to the high-temperature on the burning external layers. The light
curve, obtained from CRTS (Drake et al. 2009), shows that the magnitude can
vary by as much as three orders because of these burning events.
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influence in the evolution of the other. Many observations show that most of them are
surrounded by an accretion disk formed by material lost by the binary companion. The
variations occur when part of this material falls on the star and reaches a layer in which
the temperature is high enough for it to ignite. Supernovae la, novae and recurrent novae
are examples of cataclysmic variables. In most cases the accreting star is a white dwarf,

which burns the accreted matter on its surface when the critical mass is reached.

(iv) Eruptive stars show variations, usually irregular, because of material being ac-
creted to the star or else being lost by it. These events concentrate in their chromospheres
and coronae and are not explosive, like in cataclysmic variables. Classical examples are
protostars, which are still contracting inside a gas nebula to form the star, and pre-main
sequence stars, as Herbig objects, which are usually still embedded in envelopes of gas
and dust and commonly present circumstellar disks. Giants and supergiants also present
this type of variation, since in these phases the star is losing mass through stellar winds.
Another rather common eruptive event are flares, when a star undergoes a large increase
in magnitude for a few minutes or hours and goes back to its original state. These events,
which occur also for the Sun, are believed to be related to local variations in the magnetic

energy.

(v) Pulsating variables, on the other hand, are not in perfect hydrostatic equilib-
rium, so there are, locally, accelerations causing movement of the fluid in the star, hence
it shows periodic expansion and contraction of its surface layers. There are many types
of pulsating variables (see Fig. []). The pulsations may be radial, in which case spheri-
cal symmetry is preserved, or non-radial. The main modes of non-radial pulsations are
g-modes (gravitational modes) and p-modes (pressure modes), each associated with one

restoring force: gravitational or pressure force, respectively.

The characteristic frequency of the g-modes is the Brunt-Viisidla or buoyancy

frequency n:

dlnp 1 dnP
0 = oo, (16)

N dr 'y dr

where ¢ is the local gravitational acceleration, r is the distance from the centre, p and P

are local density and pressure, which are related through the coefficient I'; by

r, = <81HP>. (1.7)

dlnp

On the other hand, the characteristic frequency of the p-modes is the Lamb or sound

frequency, given by

s = ARt (1)
= wvs’ (1.9)
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where ¢ is the degree of the harmonic describing the oscillation, and v, is the sound speed
at the given conditions. These frequencies are important because, in an adiabatic and
perturbative theory, the radial wave number k, follows the dispersion relation

]{32 th

_ M2 v 2 o2 1.1
= eI 8 (1.10)

where k; is the transversal wave number, given by

((+1) 57

2

k, = (1.11)

=,
r v

and w is the angular frequency of the pulsation. Therefore k2 is positive if w is either
greater than both or smaller than both n and Sy, in which case k, is real and the waves
propagate. On the other hand, if w has a value between n and Sy, k, is imaginary and
the waves are evanescent. Thus the frequencies n and S, define the range of possible
propagating waves in a pulsating star.

Finally, assuming a constant density (p) over the star, radial pulsations show a
period

2m

SRV Co ey 12

Examples of radial pulsating variables are the classical Cepheids, which are yellow super-

giants with masses in the range 4 — 20 M, and luminosities up to 10° L. They have
periods ranging from a few days to months, which present a well established relation
with their luminosity. Such period-luminosity relationship, discovered in 1908 by the as-
tronomer Henrietta Swan Leavitt, was used to estimate the distance between the Milky
Way and the (at the time) Andromeda Nebula, allowing to conclude it was too far away
to be part of the Milky Way, being in fact another galaxy. This discovery solved once and
for all the “Great Debate”, showing the Milky Way does not represent the entire Universe,
and is a classical example of the relevance of variable stars. Other types of radial pulsating
stars, also showing period-luminosity relationships, are RR Lyrae and some d-Scuti stars.
However, the relation is not so straightforward for the latter case because d-Scuti can be

multiperiodic, showing both radial and non-radial oscillations.

White dwarfs, already described as good laboratories to study stellar evolution,
are a common type of nonradial pulsators. Carbon/oxygen core white dwarfs present g-
mode pulsations related to the size of the convective layer in their atmospheres, with
periods of hundreds to thousands of seconds. There are multiple instability strips in their
evolution as they cool down. The pulsations are a result of an increase in opacity due
to the existence of a partially ionised zone, most commonly of hydrogen. This effectively
traps the photons, causing the pulsation. This is known as K — v mechanism. As the

convection responds to the pulsations, storing energy, the driving is also called convective
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blocking. The most common type of variable white dwarf is DAV, or ZZ Ceti (bottom
of Fig. [). As the excited modes of pulsation depend on the physical properties of the
interior of the star, measuring its observed frequencies and comparing them to theoretical
models allows one to infer properties of the stellar interior, and not only of its external
layers, as is the case for non-pulsating stars. ELM white dwarfs were also discovered to
present pulsations (Hermes et all, 2012, 2012, Hermes et all 2013; 2013
Kilic et all, R015; Bell ef all 2015), in what seems to be an extension of the ZZ Ceti
instability strip (Van Grootel et all 2013; |Corsico; Althaus, 2014} |Corsico; Althaus| 2016;
2016)). However, besides presenting the g-modes characteristic of regular
27 Ceti stars, they may also present p-modes, with short periods of even a few seconds
(Hermes et all, 2013). Less than ten pulsating ELM are known to date, making it difficult

to comprehend their characteristics as a class. Thus in our search for new ELMs, we will

also study their variability to search for new variables.
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2 Aims and Scope

In theIntroductionl we hinted about the impact of white dwarf stars in many areas
of astronomy and physics. We can summarise some of the main potential applications of

white dwarfs as follows:

e Constrain the formation history, initial mass function (e.g. Tremblay et al.| 2014)),
initial-to-final mass relation (e.g. Romero; Campos; Kepler, 2015), and post-main
sequence mass loss (e.g. [Cummings et al, 2016]) for different stellar populations,

through the analysis of white dwarf mass and age distributions.

e Calibrate stellar ages by observing binary systems including white dwarfs (e.g.

Fouesneau et al., 2018)).

e Constrain binary evolution models (e.g. Zorotovic et all, [2010), understand the path-
ways towards supernovae la explosions (e.g. Badenes; Maoz|, [2012)) and also the low-
frequency gravitational waves detectable with future space-based missions such as
LISA (e.g. Nelemans|, 2009).

e Derive the bulk composition of extra-solar planets and assess the frequency of plan-
etary systems as a function of initial stellar mass and lookback time, by observing
polluted white dwarfs (e.g. [Gansicke et al., 2012).

e Serve as laboratories for extreme physics, such as atomic and molecular physics in
strong magnetic fields (Guan, 2006]), high-density plasmas (Kowalski, 2006), and
crystallisation (Winget et all 20009).

e Test new physics theories, such as variations of the gravitational constant
(Bainbridge et al., 2017)), the mass of the axion (e.g. |Cérsico et all, 2012)), and mod-
ified gravity theories (e.g [Saltas; Sawicki; Lopes, 2018]).

In order to make this meaningful studies possible, one needs the white dwarf sample
to be large, so that it offers a statistically significant representation of the whole space
of physical parameters, especially throughout T, and log g. The easiest way to achieve

that is to make use of available large surveys.

In this work, we search for white dwarfs in the Sloan Digital Sky Survey (SDSS)
in order to improve the statistics of the white dwarf population. The reason behind this
choice is simple: the SDSS is designed to observe quasars, which have colours very similar
to white dwarfs. Therefore, as mentioned in Sec. [[.2Z.1, many white dwarfs are observed

by this survey, both intentionally and due to being mistaken for quasars. Bearing in mind
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the fact that very few ELMs are known, and that there were many biases in the search
for these objects, we further extend our search to lower log ¢ and cooler temperatures,

with the additional goal of finding the missing population of ELMs.

In Chapter Bl I describe the methods employed in our search for new white dwarfs,
from the candidate selection to subsequent data analysis and follow-up observations. Chap-
ter M describes the results, which are split in two sections. Section 1] is dedicated to the
new white dwarfs in SDSS. I discuss their classification, physical properties, and impor-
tant results regarding mass and abundance estimates. In Section .2] T discuss the nature
of the objects showing lower log ¢, unveiled in our search for new ELMs. I analyse pho-
tometric and kinematic properties to determine possible evolutionary origins, perform
a probabilist analysis, and finally show results of follow-up observations revealing new

(pre-)ELMs. Chapter [ summarises the main results and draws conclusive remarks.
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3 Methods

3.1 Candidate selection

We first searched white dwarfs using three different methods: a colour selection
(done by me), a query for objects which the SDSS pipeline targeted or identified as a
white dwarf (done by my supervisor, S. O. Kepler), and finally an automated search to
find objects missed by previous searches (designed by Gustavo Ourique, now a Masters
student). This automated search assumes the spectra of two objects with same composi-
tion, effective temperature, and surface gravity differ only in flux (normalization), due to
different distances, and in slope, due to reddening and calibration issues. The developed
code determines a polynomial of order between zero and two which minimises the differ-
ence between each spectrum and a sample of white dwarf templates, returning objects

similar to other known white dwarfs.

The colour selection is illustrated in Fig. 0l It selects objects containing spectra

with colours in the region where

(u—yg) <070 or (u—g) <2.5(g—r)—0.5,if 0.20 < (g —r) < 1.00 (3.1)
2,00 < (u—g) < 0.83 — 0.67(g — ), if —2.00 < (g—7) < 0.20 (3.2)

as already done in [Kleinman et al. (2013) and [Kepler et al.| (2015), considering those are
the regions populated by canonical white dwarfs (log g > 6.5 and T.g > 8 000 K) according

to models.

Next, we selected objects labelled as O, B or A-type by the SDSS pipeline. These
spectral types all show hydrogen dominated spectra, as observed for most (80%) white
dwarfs and, importantly, for all known ELMs. The SDSS bright saturation is g ~ 14.5,
hence main sequence stars with spectral type O, B, and A (M, < 0) would have a distance
modulus implying d 2 8 kpc. As the SDSS observes mostly outside of the Galactic disk
(|b] > 30°), a large population of OBA-type stars in the SDSS would imply an unexpectedly
high population of early-type main sequence stars, whose main sequence lifetime is shorter
than 1.5 Gyr, spread in the halo, which is older than 10 Gyr. Therefore, we anticipated
a large population of ELMs within this sample, given their spectral type and the smaller
radius, placing them within the disk for the SDSS saturation magnitudes.

I visually inspected all the selected objects to eliminate contamination, mainly
by quasars, and to classify the found white dwarfs following the spectral classification
described in Section [I.Zl The features which guide this classification are described in

Table[2l The selected O, B, and A-type stars were also inspected to confirm their hydrogen-
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rich atmospheres.

Colour selected objects - (u-g) < 0.70 or
Classified as white dwarfs

(u-g) < 2.5(g-r)-0.5

-2+ -2.00 < (u~g) < 0.83 - 0.67(g-1) . | 0-20<(g-n<1.00 .

~2.00 < (g-1) < 0.20

-2 -1.5 -1 -0.5 0 0.5 1
(9-n
Figure 9 — Colour-colour diagram showing the region where objects were considered as
white dwarf candidates.

Table 2 — Features which aid in the white dwarf classification. If more than one of the
features are present in the spectrum, the representative letters are written side-
by-side, starting with the most prominent feature (e.g. DAZ, DBA, DAH).

Feature Classification(s)

Balmer lines DA and sdB

Hel 4471A DB and sdB

Hell 4686A DO and sdO
Featureless spectrum DC
C2 Swan bands or CI atomic lines DQ
Call H & K DZ

CII 4367A hotDQ

Zeeman splitting DH

3.2 Spectral modelling

After the visual confirmation of the spectra as white dwarfs, we fitted DAs, DBs,
DQs and DZs to a grid of local thermodynamic equilibrium (LTE) synthetic non-magnetic
spectra derived from model atmospheres (Koester, 2010) to obtain their Teg, log g (DAs
and DBs), and abundances (DQs and DZs).
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The DA grid covers the ranges 3.75 < log ¢ < 10.00 for 6 000 K < T,.g < 25000 K,
and 5.00 < log ¢ < 10.00 for 25000 K < T.g < 100000 K. Non-LTE effects are neglected.
The grid was extended to log g = 3.75 to facilitate the separation of white dwarfs and
main sequence stars (log g < 4.75). However, this extension was not meant to be used
for a full-fledged analysis of main sequence stars. It rather serves as an indicator of the

luminosity class, given the external uncertainties of 5-10% in T, and 0.25 dex in log g.

The DB model grid, on the other hand, covered 6.50 < log ¢ < 10.00 and
12000 K < Ty < 50000 K. Convection was treated using mixing-length theory, with
coefficients ML2/a = 0.6 for DAs and ML2/a = 1.25 for DBs, to be consistent with
Kleinman et al. (2013)) and [Kepler et al| (2015). For the DZs and DQs, it is not possible
to obtain the log g from the spectra, because the line broadening is poorly known, hence
there is a degeneracy between gravity and abundance concerning the width of the lines.
They were thus fitted with models assuming log g = 8.00 to determine their T.g and the
abundances of [C'a/He] and [C/He], respectively.

We classified all objects with log g > 6.50 as common white dwarfs. Objects
with lower log ¢ which were not classified as hot subdwarfs (i.e., cooler than 20000 K)
were kept for further analysis. This resulted on about 50000 spectra. As many of the
remaining objects showed metal lines, our collaborator Detlev Koester calculated another
model grid assuming solar abundances. The grid covers 6000 K < T < 40000 K and
3.5 < logg < 8.0. The models include metals up to Z = 30 with solar abundances in
the equation of state, and include also the Hy molecules. This ensures that the number
densities of neutral and ionised particles are reasonable, which is important for the line
broadening, in particular the Balmer lines. The tables of [Tremblay & Bergeron| (2009),
which include nonideal effects, are used to describe the Stark broadening of the Balmer
lines. The occupation probability formalism of [Hummer & Mihalasl (T988) is taken into
account for all levels of all elements. Absorption from metals is not included. We have
tested that the addition of the photo-ionisation cross sections of metals with the highest
abundances does not result in significant changes in the A star region. Line blanketing for
the atmospheric structure uses only the hydrogen lines. The synthetic spectra, however,
include approximately the 2400 strongest lines of all elements included in the range 1500
10000 A.

To choose between hot and cool solutions with similar 2, that arise given to
the fact that these solutions give similar equivalent width for the lines, we have relied on
SDSS wugriz photometry, and fuv and nuv magnitudes from the Galaxy Evolution Explorer
(GALEX, [Martin et all, 2005) when available. Specifically, we have chosen the solution
which gave a T, consistent with the one obtained from a fit to the spectral energy distribu-
tions (SED) when the log g was fixed at 4.5, the average value for the sample in the spectro-

scopic fit. Full reddening correction was applied following [Schlegel, Finkbeiner & Davis
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(1998)) for the SDSS wugriz magnitudes. For GALEX magnitudes, extinction correction
was applied using the F(B — V') value given in the GALEX catalogue, which was derived
from the dust maps of [Schlegel, Finkbeiner & Davis| (1998), and the relative extinction
of [Yuan, Liu & Xiang| (2013), Ry, = 4.89 and R, = 7.24, given that such values are
not present in the catalogue of [Schlegel, Finkbeiner & Davis (1998). [Yuan, Liu & Xiang
(2013)) caution, however, that the fuv and nuv coefficients have relatively large measure-

ment uncertainties.

To estimate internal uncertainties of our model grid, we have compared our es-
timates for objects with duplicate spectra. We have found the average difference to be
0.55% in Tog, with a standard deviation of 2.8%, and of 0.047 dex in log g, with a standard
deviation of 0.133 dex. Interestingly, these values are not significantly dependent on S/N
for S/N > 15. We have also found no variation in these internal uncertainties when ex-
cluding objects cooler than 8 000 K from the sample. Hence the behaviour of the internal
uncertainty does not seem to depend on either Tog or S/N for the ranges considered here
— for the O, B, and A type objects in particular, we have only considered objects with
S/N > 15. The external uncertainty is higher for lower T,g, due to the decreasing strength
of the lines, making them less sensitive as gravity indicators. That is, however, hard to

quantify.

As a test for the validity of the solar metallicity models, we fitted a selec-
tion of known A stars. These include some of the objects with logg > 3.75 from
Allende Prieto & del Burgo (2016)), as well as Vega from [Bohlinl (2007). As Fig. [0 shows,
the average differences between our obtained values and the values from the literature
are 4% in T.g and -0.06 dex in log g, with no great discrepancies or systematic differences.
Moreover, some of the published ELMs were part of our sample, and both the T, and
log g obtained by us agree with the values published by Brown et all (2016)), as can be
seen in Fig. [l The average difference was 6% in T,z and and 0.001 dex in log g, also
with no apparent discrepancies or systematic differences. These average differences can
be easily explained by the dominant external errors. In Appendix [A, we compare our
estimates to those of the SDSS pipelines, whose grids have much smaller coverage than

our owI.
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Figure 10 — Left panel shows the comparison between the T.g obtained with our models
(DK), and values from the literature. Right panel shows the same comparison
for log g. The average difference is of about 4% in T,g, and of -0.06 in log ¢,
which is even lower than the external error. The continuous red line in both
panels shows where both determinations would be equal.
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Figure 11 — Left panel: our estimated 7.5 compared with the T.g from the ELM Survey,
for known ELMs in our sample. There is obviously a good agreement, with
an average difference of less than 6%. Right panel: The log ¢ estimated by
us compared with the results from the ELM Survey. The agreement is not as
obvious as for the T,g case, but the average difference is 0.001 dex, and the
average of the squared differece is 0.18 dex, still smaller than the external
error.
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I have also performed an analysis to estimate whether the metallicity would play
a significant role in the gravity estimate. In order to do that, I verified if the difference
in log g between our determination and that of the SEGUE Stellar Parameter Pipeline
(SSPP, [Lee et all 2008) was dependent on the value of [Fe/H] given by SSPP. There
were 10120 objects in our sample with SSPP determinations. I ordered them by [Fe/H],
and calculated the average of the absolute difference in log g, \/ (log gpx — log gsspp)?, as
well as the standard deviation of this average, every 100 points. Fig. 2] suggests that the

metallicity is not a dominant uncertainty factor in the gravity estimate, since there is no

dependence of the difference between determinations on [Fe/H].

3

25 .

<A log g>pk-sspp

os | {4 }

_05 | | | | | | |
-3.5 -3 -2.5 -2 -1.5 -1 -0.5 0

[Fe/Hlsspp

Figure 12 — Absolute difference in log g between our models and the SSPP determination,
averaged every 100 points, as a function of the metallicity [Fe/H| given by
SSPP. The red dashed line shows the overall average. There seems to be no
strong dependence of the difference between surface gravity on the metallicity.

3.3 Analysis of time-resolved survey data

Besides inspecting SDSS spectra for the selected O, B, and A-type stars, I also
analysed light curves from open surveys, namely the Catalina Real-Time Transient Sur-
vey (CRTS, Drake et all, [2009), the Lincoln Near Earth Asteroid Research (LINEAR,
Stokes et all,2000), and the Palomar Transient Factory (PTF,Law et _al., 2009; Rau et al.,
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2009). I calculated the Fourier transform of the light curves for all O, B, and A-type stars
available in the CRTS database, covering the whole range of accessible frequencies consid-
ering the time span and spacing of observations [from f = 2/T to f = 1/(2dt) with steps
of 1/(10T'), where T is the full span of the light curve and dt¢ the minimal spacing]. This,
of course, limits the range of periods that can be detected depending on the cadence of
the survey. In general, only periods of the order of 0.1-100 days could be detected. When
an object was not available in CRTS, I searched for it in the LINEAR and PTF databases.

The amplitude in the Fourier transform for a given frequency f was calculated as

(f) = 2y/C2(f) + C2(f) (3.3)

where the coefficients C,.(f) and C;(f) are given by
ZF ) cos [27 ft(i)] (3.4)

ZF sin 27 ft(i)] (3.5)

and N is the number of observations, F'(7) is the normalised flux, and #(7) the time of the

observation.

The light curves were folded to the period corresponding to the maximum peak of
the amplitude spectrum and I visually inspected them for signs of variability. It is worth
mentioning that the data are not equally spaced, on the contrary: observations are spread
through a number of years with very uneven spacings. Consequently, it is important to
take into account the spectral window when analysing the data. To do that, one can
calculate, for the same observation times as the analysed light curve, a synthetic light

curve with the form
F(t) = sin(27 fpeaxt + 7/2) (3.6)

where f,eqr is the frequency of a chosen peak in the Fourier transform of the data. The
Fourier transform of this synthetic light curve can be compared to the Fourier transform
of the data, to estimate the effects of the uneven spacing on the amplitude spectrum, and
verify if the detected peak is real or an artefact of the data acquisition. As a general rule,

the main effect is the separation of the peaks in multiplets.

Taking into account that ELMs are the outcome of binary star evolution, I searched
for signs of eclipses in the phase-folded light curves. The known ELMs show periods
between 12 min and 36 h (Brown et all 2016)); theoretical models suggest the periods
can be up to several days (Sun; Arras, [2017)). T also searched for variability with periods
in the range predicted for the ELMs, which is of up to a couple of hours to g-modes
(Althaus; Miller Bertolami; Corsicol 2013; Istrate et all 2014)). The p-modes show periods

of the order of a few seconds, which cannot be detected with the cadence of these surveys.
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I also inspected the SDSS subspectra for each object to search for radial velocity
variations between them. Each final SDSS spectrum is composed by multiple spectra,
usually three, with ~ 15 min exposure time. The S/N of the subspectra is almost always
below ten, so while conclusions can rarely be made based solely on the SDSS subspectra,
they can be used to probe for possible variations suggesting the need for a follow-up. My
approach was similar to that of Badenes & Maoz (2012]) and [Hermes, Gansicke & Breedt
(2017) for searching double degenerate binaries. I normalised each subspectrum by the
continuum, which was estimated by fitting a linear function between each of the Balmer
lines, and then fitted each of the lines (up to H8) to a Gaussian profile. The obtained
shift of the line centre in relation to the rest wavelength was used to estimate a radial
velocity for each line. The final radial velocity for the given subspectrum was assumed
to be the average velocity, with the error estimated by the standard deviation. I used
this simple approach as a practical way to analyse such a large sample; the more formal

cross-correlation technique was used to followed up spectra, as described in Section B.4.11

I was able to obtain a fit to 80% of the spectra in the O, B, A sample. I then
evaluated the AV between the maximal and the minimal estimated radial velocities,
considering only estimates with an error smaller than 100 km/s. Badenes & Maozl (2012))
suggest that follow-up is needed to reach conclusions on objects that show AV < 200 km /s,
hence I restricted further analysis to 14 objects showing AV > 200 km/s. T used the
PERIOD04 software (Lenz; Breger, 2005) to estimate the orbital period by doing a Fourier

transform and finding the orbital solution with the smallest residuals.

3.4 Follow-up observations

To confirm the nature of identified ELM candidates, I obtained time-resolved spec-
troscopy to search for radial velocity (RV) variations indicating the presence of a close
binary companion, and time-series photometry to look for eclipses, ellipsoidal variations,

or pulsations typical of ELMs.

Our observing campaign for a small subsample targeted bright objects with Teg
and log g in the range predicted by the evolutionary models shown in Fig. Bl Targets with
high proper motion and/or high radial velocities and ELM-like colours were prioritized. I
also gave priority to objects showing radial velocity variations in the subspectra taken by
the SDSS. I obtained time-resolved spectroscopy for 26 targets. I have also obtained time-
series photometry for 21 targets in the vicinity of the instability strip by [Iremblay et al.
(2015)) and [Gianninas et al. (2015]), which was empirically obtained taking into account

3D corrections to T.g and log g¢.

I carried out spectroscopy mainly with the Goodman Spectrograph
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(Clemens; Crain; Anderson, [2004) on the 4.1 m Southern Astrophysical Research
(SOAR) Telescope. All exposures were taken with a 1.0” slit, and binned by a factor of
two in both dimensions to improve S/N. The width of the slit was chosen based on the
average seeing (0.8 — 1.5"), so that we could obtain good resolution without losing too
much light. I used a 1200 1/m grating, with a camera angle of 30.00° and grating angle
of 16.30°, obtaining a wavelength coverage of 3600-4950 A with a resolution of ~ 2 A.

I also obtained spectroscopy with the GMOS spectrographs (Hook et all, 2004
Gimeno et all, 20T6) on both Gemini North and Gemini South 8.1 m telescopes. The
exposures were taken with a 0.75" slit. As with SOAR, the CCD was binned by a factor
of two in both dimensions and I used a 1200 1/mm grating. Exposures centred at both
4400 A and 4450 A were taken at each semester, to dislocate the position of the two
gaps between the CCDs in GMOS, covering wavelengths 3580-5190 A and 3630-5240 A,
respectively. The data was partially affected by the bright columns issue developed by
GMOS-S CCD2 and CCD3 during September 30, 2016 — February 21, 2017.

I also observed five log g > 5.5 objects with the medium resolution echelle spectro-
graph X-shooter (Vernet et all 2011), mounted on VLT-UT2 at Paranal, Chile. X-shooter
covers the spectral range from the atmospheric cut-off in the UV to the near-infrared
with three separate arms: UVB (3000 — 5600 A), VIS (5600 — 10100 A) and NIR (10100 —
24000 A). The data were taken in stare mode, using slits of 1.0”, 0.9”, and 1.2” for UVB,
VIS, and NIR arms, respectively, which allows a resolution of ~ 1 A. X-shooter has the
advantage of also allowing to search for red companions, that could appear as an excess

in the NIR arm spectra.

For all instruments, arc-lamp exposures were taken before and after each science
exposure to verify the stability. For the wavelength calibration, a CuHeAr lamp was taken
after each round of exposures, at the same position of the science frames. Due to the faint-
ness of the objects and the need for multiple spectra, the exposure time was estimated
aiming at a median signal-to-noise ratio (S/N) of 10-15 per exposure. One radial velocity
standard was observed at each semester to verify the reliability of the method, and a spec-
trophotometric standard star was observed every night for the flux calibration, except for

Gemini observations, which observed one spectrophotometric standard star per semester.

Time-series photometry was obtained with the 1.6 m Perkin-Elmer telescope at
Observatorio do Pico dos Dias (OPD, Brazil), with an Andor iXon CCD and a red-blocking
filter (BG40) to reduce sky noise. I have also used the imaging mode in Goodman at SOAR
for photometry, with the S8612 red-blocking filter. The integration time varied from 10
to 30 s, depending on the brightness of the target, with typical readout of 1-3 s.
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3.4.1 Data analysis

I reduced the SOAR spectroscopic data reduced using IRAF’s NOAO package. The
frames were first bias-subtracted, and flattened with a quartz lamp flat. I then extracted
the spectra and did the wavelength calibration with a CuHeAr lamp spectrum extracted
with the same aperture. Finally, flux and extinction calibration were applied. I used the
GEMINI IRAF package for data from these telescopes, and the X-shooter pipeline for the
VLT data, with equivalent steps in the reduction.

I did the radial velocity estimates with the XCSAO task from the RVSAO package
(Kurtz; Mink| [1998]), after verifying that the intercalated HeAr lamps presented no shift,
which was always the case. I cross-correlated the spectral region covering all visible Balmer
lines (typically from 3750 to 4900 A) to spectral templates from our model grid. The values
of RV were corrected to the Solar System barycentre given the time of observations and

the telescope location.

I performed a Shapiro-Wilk normality test (Shapiro; Wilk| [1965) on the estimated
radial velocities using the STATS package in R. This test checks the validity of the null-
hypothesis that a sample of values came from a Gaussian distribution, and was proven to
be more reliable than other normality tests such as Kolmogorov-Smirnov (Razali; Wah),
201T). The test statistic W compares the observed values with expected values from a
Gaussian distribution. Comparing the value of W with its probability distribution, we
can obtain the p-value. The p-value gives the probability that the statistical properties
of the two compared groups (here the sample of RVs and a Gaussian distribution) are
compatible when the null-hypothesis is true. The null-hypothesis is rejected when the
p-value is smaller than a chosen « level, which we discuss below. In this case, there is
evidence that the data are not from a Gaussian distributed population — in other words,

the detected variability cannot be explained by Gaussian uncertainties.

Next, I calculated the Lomb-Scargle periodogram (Lomb, 1976} Scargle, 1982) us-
ing the NASA Exoplanet Archive tool! for the obtained RVs of all objects. This peri-
odogram is similar to a Fourier transform, but it is designed to detect periodic signals in
unevenly-spaced observations. For each of the highest fifty peaks in the periodogram, I

calculated an orbital solution of the form
RV (t) = RV + K sin(2nt/T + ¢), (3.7)

where RV} is the systemic velocity, K is the semi-amplitude of the RV variation, T is the
period, and ¢ the phase. I selected as the best solution the one with the highest reduced
R?, defined as

Silyi— f i)2
>y —y)?’

<https://exoplanetarchive.ipac.caltech.edu/cgi-bin /Pgram /nph-pgram>

R*=1- (3.8)

1
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where y; are the observed values, y is their mean, and f; are the adjusted values. This
is equivalent to selecting the solution with the smallest reduced x2. I have also verified
whether the difference in R? between the dominant solution and the next best was signif-

icant. In case there was a small difference in R? (< 10%), both solutions are shown.

The results of the Shapiro-Wilk test and of the orbital fit were interpreted indepen-
dently. I have assumed a 95% confidence level (o« = 0.05) in the Shapiro-Wilk test to flag
an object as RV variable, and R? > 0.75 to flag the orbital solution as reliable. In some
cases, a very good solution (R? > 0.80) was obtained even though the Shapiro-Wilk test
presented p > 0.05. This is probably related with the low sampling of the RV curve, hence
we also consider these objects as probable binaries. It is important to emphasise that ob-
taining p > 0.05 in the Shapiro-Wilk test does not prove that the sample is Gaussian,

only that we cannot reject that based on the observed sample.

I later Doppler-corrected each individual spectrum considering the estimated ve-
locities, and combined all spectra of each object to obtain a S/N 2 30 spectrum (the
average for the whole sample was S/N = 45). Considering the lack of strong metal lines,
we fitted these spectra to a grid of models assuming metallicity Z = 0.1 Z,, with the
same input physics as described in Section 3.2l The SDSS spectra of the objects were also

fit to this same grid to allow a comparison.

All photometry images were bias-subtracted, and flat-field corrected using dome
flats. I performed photometry with the DAOPHOT package. As all the targets were resolved,
I did aperture photometry, which consists in counting the detections inside a circle around
each star and subtracting the sky counts, estimated on a ring around the object. To
eliminate the effect of random sky variations and extinction, I did differential photometry,
i.e. subtracted the magnitude of a neighbouring comparison star of similar brightness or
brighter from the target magnitude. I also rescaled the whole light curve to vary around
zero by subtracting the average, according to

1N

= a —_ - _— — —_ . .
m Mtarget Mecomparison N Z(mtarget mcompamson)a (3 9)
1

were m is the target’s differential magnitude, mgrger and Mcomparison are the magnitude
estimated from the counts for the object and the comparison star, and the last term is
the subtraction of the average to rescale the light curves to zero. I analysed the resulting
light curve with PERIOD04 (Lenz; Breger] 2005)), in search of pulsations with amplitude
at least four times larger than the average amplitude of the Fourier transform (false alarm
probability smaller than 1 in a 1000). PERIOD04 was also used to fit the light curve and

perform pre-whitening when pulsations were found.
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4 Results

4.1 White Dwarf Stars in SDSS DR12

4.1.1 Identification and Classification

The spectra obtained by SDSS are cross-correlated by their pipeline with many
stellar templates, covering all spectral types for the main sequence and the giant branch
(O, B, A, F, G, K, M), brown dwarfs (L, T), carbon stars, and some types of white dwarfs
(DA, DAH, DQ, and cataclysmic variables). The template which gives the smallest chi-

square,

2 Y
1=1 O-Fobs,i

“ Fobsi - Fmodeli 2

where n is the number of points in the flux curve, F,;, is the observed flux, F},qe is the
flux of the model, and o, is the uncertainty in the observed flux, is used to estimate
the redshift and to determine the class of the object. By this method, 3 687 objects in the
DRI12 were classified by their pipeline as white dwarf stars. These spectra were inspected
to check for wrong identifications. We identified 8 quasars and 1 BL Lac object, which were
removed from the sample. The remaining objects were white dwarfs or subdwarfs. We also
removed those which had already been identified and published by previous catalogues
(Kleinman et all 2004 [Eisenstein et al.l, 2006} [Kleinman et all, 2013}, [Kepler et al.| 2015]).
This left 2016 new white dwarfs and 219 new subdwarfs, whose classifications are shown
in Table Bl Among these subdwarfs, almost all (216) are objects showing only hydrogen
lines (spectral classification A), with log ¢ in the range 5.5-6.5, but temperature below
20000 K. Therefore, they do not have all the characteristics of any evolutionary class:
the log ¢ is too high for main sequence, but too low for canonical white dwarfs, and
the temperature is too low for hot subdwarfs. We attributed the classification sdA to
these objects, but this is merely an spectral classification; we know nothing yet about the
true nature of these objects or their evolutionary origin. One possibility is that they are

extremely-low mass white dwarfs, what shall be left for discussion in Section [4.2]

Next, we searched for objects missed by the SDSS pipeline using colours. The colour
selection described in Section [B] by Egs. 3.1l and 3.2, and used before by [Kleinman et al.
(2013) and Kepler et al.| (2016]), returned 68836 objects. We first eliminated those which
had already been identified by the SDSS pipeline, and were therefore in the previous sam-
ple, being left with 66 270 objects. They were all visually inspected to identify and classify

the white dwarfs and subdwarfs. Visual inspection is our preferred method because it also
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allows to identify new classes and peculiar objects (e.g. [Kepler; Koester; Ourique, 2016]),
which would not be straight-forward with machine learning algorithms. Most objects
turned out to be quasars, which have colours very similar to white dwarfs, as mentioned
before, but show easily identifiable highly redshifted emission lines in the spectra. There
remained 1371 white dwarfs and subdwarfs which were missed by the SDSS pipeline.
Their classification is shown in Table F It is important to notice that, while most DA
and DZ-type objects are recovered by the pipeline, other white dwarf types are almost
completely missed, mainly because there are no templates for them in the SDSS pipeline.

Therefore, the colour query is crucial to obtain a complete white dwarf sample.

Table 3 — Classification of the new white dwarfs identified in DR12 by SDSS’s pipeline.

Classification Number of objects

DA 1840
sdA 216
DZ 166
DC 6

DB 3

sdB 3

(GAY 1
Total 2016 WDs

219 sds

Table 4 — Classification of the new white dwarfs identified in DR12 by colour selection.

Classification Number of objects

DA 623
sdA 277
DZ 12
DC 245
DB 99
sdB 35
CvV 10
sdO 28
DQ 28
DO 11
PG1159 2
AMCVn 1
Total 1031 WDs
340 sds

Finally, the automated search described in Section [3] was done in the whole 4.5 M
spectra database of the SDSS DR12. This had the intention of not only finding objects
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missed be the previous searches, but also check if there were white dwarfs missed by the
previous catalogues. Additional 1180 new white dwarfs and subdwarfs were recovered
(Table [l), besides 170 white dwarfs missed by previous catalogues. Most of these objects
are relatively cool, which explains why they were missed. The cooler the object, the closer
it is to the main sequence. The SDSS pipeline usually misclassifies such cool objects as
belonging to the main sequence, while our colour selection avoids them in order not to
increase even more its number of false positives. The automated search does not make cuts
in colour, being capable of recovering these objects. However, cuts in S/N must be made
to limit the number of identifications, since they are also visually inspected to exclude
the numerous false positives. Therefore it cannot substitute the colour selection, which is
independent of the spectra’s S/N, and can be used to find DCs, which show no spectral

lines.

Table 5 — Classification of the new white dwarfs recovered in DR12 by our automated
search.

Classification Number of objects

DA 312
sdA 787
DZ 37
DC 29
sdB 3
DQ 11
Dox 1
Total 390 WDs
790 sds

The total number of identified objects is given in Table [6l In short, the SDSS
pipeline is efficient in recovering DAs (66%) and DZs (77%), but the colour selection is
essential to recover other dominant classes, especially DBs (97%), DCs (87.5%), and DOs
(100%). Hot DAs are also better recovered by the colour selection, because the pipeline
usually misclassifies them as main sequence O stars, since the continuum is dominant over
the lines in the fit. Many low-S/N objects are also missed by the pipeline since the noise
reduces the quality of the fit, increasing the probability of obtaining a wrong solution. On
the other hand, both the pipeline and the colour search miss some cool (Teg < 10000 K)
objects, especially of low-log ¢, which in turn are recovered by the automated search. That
is illustrated in Fig. [[3] for the DAs. Therefore the three methods complement each other,
being all necessary to recover most white dwarfs. Unfortunately, none of these methods
is able to recover really cool (Tog < 6000 K) white dwarfs, because they have no spectral
lines, are faint (M ~ 15 for Tog = 5000 K and log ¢g = 8), and show low S/N.

We fitted white dwarfs and subdwarfs showing atmosphere composed either by
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hydrogen or by helium to local thermodynamic equilibrium (LTE) grids of synthetic non-
magnetic spectra derived from model atmospheres (Koester), 2010). Our DA grid extends
up to Tog = 100000 K, but non-local thermodynamic equilibrium (NLTE) effects are not
included. Napiwotzki| (I997)) concluded pure hydrogen atmospheres of DA white dwarfs
are well represented by LTE calculations for effective temperatures up to 80000 K, but,
when traces of helium are present, NLTE effects on the Balmer lines occur down to
effective temperatures of 40 000K. He concluded LTE models should exclude traces of
helium for the analysis of DA white dwarfs, as is done here. We fitted the spectral lines
and photometry separately (Koesterl, 2010)), selecting between the hot and cool solutions

using photometry as an indicator.

Table 6 — Classification of all the new white dwarfs in DR12. The number in parentheses
indicates the percentage of the WD or sd sample corresponding to that class. CV
and AMCVn objects, which are binaries containing a white dwarf, are included
in the WD statistic.

Classification Number of objects

DA 2775
(87.90%)
sdA 1280
(95%)
DZ 215
(6.81%)
DC 280
(8.87%)
DB 102
(3.23%)
sdB 41
(3%)
CV 11
(0.35%)
sdO 28
(2%)
DQ 39
(1.23%)
DO 11
(0.35%)
PG1159 2
(0.06%)
AMCVn 1
(0.03%)
Dox 1
(0.03%)
Total 3157 WDs

1349 sds
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Figure 13 — Tg—log ¢ diagram for the DA white dwarfs in the catalogue. Black circles
were identified by the SDSS pipeline, red triangles by the colour selection,
and blue squares recovered by the automated search. One can note that most
cool and hot objects are not recovered by the SDSS pipeline, being identified
only by the colour selection. Some of the cool objects, especially of low-log g,
are only recovered by the automated search.

The SDSS spectra we classified as white dwarfs or subdwarfs have a g-band sig-
nal-to—noise ratio 3 < S/N(g) < 85, with an average of 12. The lowest S/N in the g-band
occurs for stars cooler than 7000 K, but they have significant S/N in the red part of the
spectrum. A T.g-log ¢ diagram for all fitted white dwarfs and subdwarfs with simple clas-
sification (i.e. no mixed composition as DAB, no magnetic fields, no visible companion)
is shown in Fig. [[4l The values were corrected from unidimensional mixing-length theory
to 3D convection using the calculations from [Tremblay et al| (2013]). The separation be-
tween sdAs and DAs that can be noted in the plot at T,g < 15000 K is imposed: objects
with log ¢ lower than 6.5 were classified as sdA, leaving their true nature to be further
investigated later. They can either be ELM white dwarfs, or binaries of a subdwarf with
a main sequence star, or A stars with an overestimated log g, as shall be discussed in
Section 21 The zero-age horizontal branch (ZAHB) calculated for models with solar com-
position by A. D. Romero with the LPCODE (Althaus et all 2003) is also shown in Fig.
[I4l Hot subdwarfs are burning helium in their cores, so they should lie above the ZAHB.

However, for hot subdwarfs, He abundances affect the NLTE atmosphere structure and,
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to some extent, CNO and Fe abundances are also important in deriving accurate temper-

atures and gravities (Nemeth et al., 2014bt [Rauch et all 2014). As we took none of these

effects into account, our determinations of T.g and log g serve only as a rough estimate.
Thus the cloud containing both sdAs and sdBs around log g ~ 6.0 and T ~ 20000 K
was also imposed: objects below Tyg = 20000 K and with log g < 6.5 were denominated

sdAs, while objects with T, > 20000 K and log ¢ in such range were classified as sdBs.
This cloud may be dominated by NLTE and metallicity effects. Models calculated for
subdwarfs should be used to better separate these objects. There are very few NLTE
determinations in the literature, given the increased complexity of the models. In Fig. [I5]
we show the comparison of our determination with NLTE values listed in
(2017). The effective temperature shows only a 4.1% average difference. The log ¢, how-
ever, shows an average difference of 0.24 dex, evidencing the importance of NLTE effects

in its determination.
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Figure 14 — T.g—log g diagram for all fitted white dwarfs and subdwarfs with simple classi-
fication. DAs (grey circles) and DBs (red squares) occupy similar regions, but
show different spectrum. DAs were separated from the sdAs (blue triangles)
at log ¢g=6.5. Objects below this limit were named sdA, but require further
investigation (see Section .2]). O and B subdwarfs (magenta diamonds and
green inverted triangles, respectively) should lay above the ZAHB, shown in
black. As our models are not designed to properly fit subdwarfs, taking into
account NLTE effects and metal content, this does not happen.
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Figure 15 — Comparison between our LTE determination of T,y (left panel) and log ¢
(right panel) to NLTE values given by [Geier et all (2017)). The dashed red
lines show were determinations would be equal. The average difference in T,g
is about 4%, while the log ¢ shows a large average difference of 0.24 dex.

4.1.2 Mass Distributions for DAs and DBs

We estimated the masses of our identified DA stars from the T.g and log ¢ val-
ues, which were obtained from our fits and then corrected to 3D convection, using the
mass-radius relations of [Renedo et all (2010) and Romero, Campos & Kepler] (2015) for
carbon—oxygen DA white dwarfs whose progenitors had solar metallicities. These mass—
radius relations are based on full evolutionary calculations appropriate for the study of
hydrogen-rich DA white dwarfs which take into account the whole evolution of progen-
itor stars. The sequences were computed from the zero-age main sequence, through the
hydrogen and helium central burning stages, thermal pulsations and mass-loss in the
asymptotic giant branch phase and finally the planetary nebula domain. The white dwarf
masses for the resulting sequences range from 0.525 to 1.024 M, covering the stellar mass
range for C—O core DAs. For high-gravity white dwarf stars, we used the mass—radius re-
lations for O—Ne core white dwarfs given in [Althaus et all (2015) in the mass range from
1.06 to 1.30 M. For the low-gravity white dwarf and cool subdwarf stars, we used the
evolutionary calculations of [Althaus, Miller Bertolami & Corsico| (2013) for helium-core
white dwarfs with stellar mass between 0.155 and 0.435 M, supplemented by sequences
of 0.452 and 0.521 M, calculated in[Althaus et all (2009h). A normalised histogram with
the masses for all fitted pure DAs is shown in Fig. [[6], discriminating between the whole
sample and objects selected by colour. While most massive objects were already identified
as white dwarfs by the SDSS pipeline, being therefore removed from the initially selected

colour sample, many white dwarfs with lower masses were recovered only by their colours.

The DB masses were calculated relying on the evolutionary calculations of hydrogen-
deficient white dwarf stars with stellar masses between 0.515 and 0.870 M, computed by

Althaus et all (2009al). These sequences have been derived from the born-again episode
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responsible for the hydrogen-deficient white dwarfs. For high- and low-gravity DBs, we
used the same O—Ne and helium evolutionary sequences mentioned before. The normalised
mass histogram is shown in Fig. [T for the whole sample and only the objects selected by
their colours. As almost all DBs were only identified by the colour selection, the distribu-

tions are very similar.

These histograms are illustrative of the resulting obtained sample; however, to
obtain a reliable mass distribution, one should limit the sample to high-S/N, where a
reliable fit can be obtained. The histogram considering only DAs with S/N > 15 is shown
in Fig. I8 The mean S/N for the total DR12 sample (519 objects) is 26.4. The solely
colour selected sample (39 objects) has a mean S/N of 28.5. The mean mass for the total
high-S/N sample is 0.607 + 0.006 M. The colour-selected objects have, in average, mass
smaller than that, since the selection includes lower log ¢ objects mistakenly identified as
main sequence stars by the SDSS pipeline. The obtained mean mass value is significantly
smaller than the ones we obtained in [Kleinman et al! (2013)) and Kepler et al.| (2015)

considering the whole samples.
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Figure 16 — Normalised mass histogram for all fitted DA white dwarfs (red) and the ones
from the colour-selected sample (black). The dotted lines are the distributions
obtained assuming the mass for each DA white dwarf follows a Gaussian dis-
tribution, with the mean value given by the estimated mass and the standard
deviation given by the uncertainty — this dissolves the peaks, because the
uncertainty implies the objects can be in other bins. Massive objects are eas-
ily identified as white dwarfs by the SDSS pipeline, because their broad lines
cannot be fitted with main sequence models. Less-massive objects, on the
other hand, can be mistaken with O/B/A main sequence stars, therefore are
better recovered by our colour selection.

In Kleinman et al.l (2013)), we also did an estimate disregarding objects with T.g

smaller than 13000 K, because there was an apparent increase in log ¢ for objects below
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such temperature when the 3D correction was not taken into account. In this case we
obtained a smaller (Mpa) = 0.593 £+ 0.002 M, which is closer to the value obtained
for DR12. This apparent increase in log g below T,z = 13000 K was believed to be an
artefact of the models, which make use of a 1D mixing-length approximation to model the
convection that happens at these lower temperatures. However, in [Kepler et al. (2015),
the 3D corrections calculated by [Tremblay et al| (2013) were already implemented, and
we obtained a higher mean mass of 0.662 + 0.003 My when excluding objects cooler
than 10000 K from the sample. For the DR12 sample alone, we obtain (MgeAH>1OOOOK)

0.615 £ 0.005 M, which is also higher than the value considering the whole sample (see

Table[7]). This apparent increase in mean mass when lower T, objects are disregarded may
indicate that the 3D corrections are not well determined, implementing overcorrections
at least in some cases. Lower T.g white dwarfs may actually have smaller masses, if they
have larger ages, what is expected if they come from single-evolving progenitors of low
masses (< 2.0 My).
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Figure 17 — Normalised mass histogram for all fitted DB white dwarfs (red) and those
recovered in the colour selection (black). The distributions shown as dotted
lines were obtained in the same way as for the DAs, spreading each point as
a Gaussian taking into account the uncertainties. As mentioned earlier, 97%
of the DBs were not identified by the SDSS pipeline, being only recovered by
our colour sample; therefore, the complete sample and the colour selected are
the same but for a few objects.

The mean value considering objects with S/N > 15 in the aggregate sample —
DR7, DR10, and DR12 — is 0.608 4+ 0.002 M, with the 3D corrections implemented.
This sample contains 5884 pure DAs. No difference in mean mass is found between ob-
jects lower and hotter than the convection limit. Determinations of the mean mass have

also been made by other authors with models independent of the line profiles, therefore
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not affected by the convection. [Falcon et all (2010) determined the mean ensemble mass
of a sample of 449 DAs observed in the ESO SN Ia progenitor survey (SPY) project
using their mean gravitational redshift and found 0.647 4 0.014 M. They also did not
find any significant difference between the mean masses for objects cooler or hotter than
12000 K. Romero et al. (2012)) determined the masses of 44 DAV, or ZZ Ceti stars, using
asteroseismology and obtained a mean mass of 0.630 £ 0.028 M. ZZ Ceti stars have tem-
peratures precisely on the region where convection happens. These two values agree with
each other, and are significantly higher than the values obtained with spectral fits in DR7
and DR12. The higher values obtained in the DR10 are higher and just marginally agree
with the values of [Falcon et al| (2010)) and [Romero et al.l (2012)). These discrepancies are
an indication that the atmosphere and spectral models are still incomplete. One possible
reason besides the convection theory is the poorly modelled broadening by collisions be-
tween neutral hydrogen atoms, which can be disregarded at higher temperatures, when

the hydrogen is mostly ionised, but becomes important for Tog < 10000 K.
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Figure 18 — Mass histogram for pure DAs with S/N > 15 in DR12, with the distribution
obtained from the summed up Gaussians shown as dotted lines. The distribu-
tion peaks around 0.6 M., which is also the mean mass. The colour selected
objects represent only a small portion of the total sample, mainly at masses
smaller than the mean mass.

We also calculated the mass distribution corrected to the observed volume. The
histogram can be seen in Fig. [[9 We can note an increase at the density of higher mass
white dwarfs when compared to the uncorrected histogram. This reflects the fact that
more massive white dwarfs have smaller radius, so they are fainter and observable only
when close (at most 500 pc for the SDSS), implying that our sample is limited to a smaller
volume. Less-massive white dwarfs, on the other hand, are brighter and can be observed

further away (up to a few kpc even with the SDSS), so their density is smaller when
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compared with the uncorrected histogram. Besides the main peak at 0.6 M, two smaller
peaks can be identified, at ~ 0.9 M, and around 1.2 M. The existence of multiple
peaks reflects a difference in formation channel or in internal structure. The peak at
~ 0.9 Mg can be explained by white dwarfs formed by merger events in multiple systems
(Kilic et all, 2018)), although a change in the slope of the initial-to-final mass relation
between progenitor and white dwarf (e.g. Romero; Campos; Kepler] 2015)) is also present
at these masses, suggesting single evolution itself can also contribute to the bimodality.
The peak at 1.2 M reflects the existence of O-Ne core white dwarfs, which follow a

different distribution than the more common C-O core white dwarfs.

Table 7 — Mean mass obtained for pure DAs in the latest SDSS white dwarf catalogues
and with two methods independent of the model atmospheres. There is still
disagreement between the spectroscopic method and the others, even after the
3D corrections to convection, suggesting the models ares still incomplete.

Catalogue (Mpa)(Mp)  (MEE 0y (Ar)
DR7® 0.623+0.002 0.593+0.002
DR10° 0.6560.004 0.662+0.003
DR12¢ 0.607+0.006 0.615+0.005

DR7-12¢ 0.60840.002 -

Gravitational Redshift? 0.64740.014 —

Asteroseismology*® 0.630+0.028 -

9Kleinman et all (2013), before the implementation of 3D corrections. YKepler et al.
(2015). IKepler et al| (2016)). IFalcon et all (2010). 9Romero et all (2012).
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Figure 19 — Mass distribution corrected to the observed volume for DA white dwarfs
with S/N > 15. The correction takes into account the shape of the galactic
disk, and minimum and maximum magnitudes of detection of 14.5 and 19.0,
respectively. The main peak is at 0.6 M, with two smaller peaks around 0.9
and 1.2 M., which reflect the outcomes of distinct formation mechanisms, as
single star formation, accretion, and mergers. As our DR12 catalogue does not
include stars from previous catalogues, the density is comparatively smaller,
despite the similar area coverage.

The applied volume correction follows [Schmidfl (1968), Schmidtl (1975),
(1980)), [Stobie, Tshida & Peacock| (1989), (2007), [Limoges & Bergeron| (2010)

and [Rebassa-Mansergas et al| (2015)). It takes into account the shape of the galactic disk,

so that the volume Viyp in which each white dwarf would have been detected given the

magnitude limits of the SDSS survey is given by:

dmax
VWD = Vmax_Vmin = i/ e—z/zo 47T7"2dr (42)
47T dmin
dmax
w2 5 227 222 ) _rsm(bn]
= ——— ||+ = + — e 0 , (4.3)
| sin(b)| l( |sin(b)| ~ |sin(b)|? do

where w is the fraction of white dwarfs in the SDSS footprint for which a spectrum was
obtained [which is around 40%, according to |Gentile Fusillo, Génsicke & Greiss| (2015)
and (2011))], dpmin is the distance where the star would saturate and therefore
not be observed (around g=14.5 for the SDSS), dyay is the maximum distance where a
good S/N could be obtained for the star (we estimated a limit of g = 19 for S/N > 15),
2o is the scaleheight of the old thin disk, assumed as 250 pc, and b is the galactic latitude
of the white dwarf.
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Greenl (1980) proposed that completeness can be estimated from the value of
(V/Vinax)- Vimnax corresponds to the maximum volume over which the source could be
observed, while V' is the actual volume given its estimated distance, hence V/V,,.x mea-
sures the position of the source within the observable volume. For a complete sample, this
should be a uniform distribution from 0 to 1, therefore (V/Viyax) should be equal to 0.5
for a complete sample. This value is equal to 0.47 for the DA white dwarfs with S/N > 15
in DR12, indicating the sample is close to being complete in the covered area. For the

sample comprising DR7-12, the value is 0.48.

The number of DBs with S/N > 15 is substantially lower than the number of
DAs. The complete DR12 sample has 55 objects, with mean S/N of 22.5, while the colour
selected sample has 48 objects and mean S/N equal to 22.9. The mass histogram for the
objects is shown in Fig. The mean mass for this limited simple is 0.664+-0.03 M, which
agrees within errors with the value of 0.696+£0.010 M, we obtained in Kepler et al.| (2015)
for DR10 alone. It is also in agreement with the value of 0.747508 M, from gravitational
redshift by [Falcon et al.l (2012) and with the value we obtained in [Kleinman et all (2013)
of 0.685+0.013 M. However, our temperatures and surface gravities were estimated with
pure DB models, disregarding hydrogen contamination. Koester & Kepler| (2015)), on the
other hand, took this contamination into account and re-analysed 1107 helium-rich objects
from the SDSS, so their sample is more significant and their values are more accurate.
They obtained a mean value of 0.606 £ 0.004 M, smaller than previous determinations,

but very similar to the determination for DAs.

We also calculated the volume corrected distribution for pure DBs with S/N > 15,
shown in Fig. 21], compared to the distribution of the complete sample of DBs in the DR7—
12 published by [Koester & Kepler]| (2015). Our sample is small, but the value of (V/Viax)
is 0.53, indicating it should be complete in the sampled region. The value for DR7-12 is
0.48, also suggesting that the sample is close to completion. It is worth mentioning that
no DBs below 0.4 M or above 1.0 My were found.

Finally, in Fig. 22| we compare the volume corrected distributions for DAs and
DBs in the DR7-12 with S/N > 15. It is clear that the DBs have a narrower distribution,
as mentioned before. They are also less numerous, with pure DBs representing less than
10% of the whole white dwarf sample, while pure DAs represent about 80%. Moreover,
we can note that the DA distribution has a positive skewness (i.e., a tail extended to
larger masses), while the DB distribution has negative skewness (its tail extends to lower
masses). This may reflect an intrinsic difference between the masses of the progenitors
that may originate DAs or DBs. Currently, the models do not predict that the probability
of a very-late thermal pulse may depend on the mass of the star, as it only depends on
the thickness of the external hydrogen layer, which usually comprises less than 0.01% of

the mass. Hence this significant difference in the shape of the distributions, not predicted
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by the evolutionary models, suggests that there is still missing physics in the models
describing the formation of white dwarfs. This difference might be partially explained by
the fact that the DA distribution shows a larger contribution of objects resulting from
multiple evolution, which explain both the DAs at M < 0.4 M and at M 2 0.8 M.
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Figure 20 — Mass histogram for pure DBs with S/N > 15 in DR12, with the distribution
obtained from the summed up Gaussians shown as dotted lines. The distribu-

tion peak is around 0.6 M, as for the DAs, but the distribution is much less

broader than that of the DAs, a result that is known in the literature (e.g.
Bergeron et al.| 201T)). Almost all objects were colour selected.
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Figure 21 — Mass distribution corrected to the observed volume for DB white dwarfs with
S/N > 15. Again the shape of the galactic disk, with a scaleheight of 250 pc,
and minimum and maximum magnitudes of detection of 14.5 and 19.0 are
assumed. No DBs below 0.4 M., or above 1.0 M are found. This may imply
that there are yet unknown the constraints on the very-late thermal pulse
phase precluding the formation of DBs with lower or higher masses.
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Figure 22 — Comparison between the volume corrected distributions for DAs and DBs in
the DR7-12 with S/N > 15. DBs are less numerous, but the main difference is
in the skewness of the distributions: the tail of the DB distribution extends to
lower masses, while the DA distribution favours higher masses. Such difference
cannot be explained by current evolutionary models.



68 Chapter 4. Results

4.1.3 Magnetic Fields

The visual inspection of each spectrum allows the identification of otherwise unno-
ticed features which can affect the fit of a model. One such feature are Zeeman splittings,
an indication of a magnetic field. The magnetic field lifts the degeneracy on the quantum
number m;, related to the magnetic moment m, splitting the line into components (see

Figs. 23 and 24]) with different energies (and, consequently, wavelengths).
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Figure 23 — Six identified DAHs, with increasing fields from about 3 MG (bottom spec-
trum) to about 50 MG (upper spectrum). The spectra are normalised at
4600 A and shifted vertically for clarity. The grey lines indicate the posi-
tions of each theoretical Zeeman split Balmer line subcomponent, assuming
a dipole magnetic field of strength indicated in the right axis. These theoreti-
cal models are from [Schimeczek et al.l (2013)), [Schimeczek & Wunner (2014al),
and [Schimeczek & Wunner! (2014D)

In DR12 we have found 34 stars with Zeeman splittings indicating magnetic fields
above 2 MG — below this limit, the line splitting becomes too small to be identified at the
SDSS spectral resolution. The percentage is similar to our findings reported for DR7 in
Kepler et al| (2013) and [Kepler et al|(2015). If the line splitting and magnetic fields were
not identified, the spectral fittings of DA and DB models would have rendered too high
log g determinations due to magnetic broadening being misinterpreted as pressure broad-
ening. For DZ, splitting may affect the estimate of abundances, if not all the components

of the line are taken into account.

We estimated the mean fields for the new DAHs as being from 3 to 80 MG. Fig.

shows some examples, with increasing fields from about 3 MG (bottom spectrum) to
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about 50 MG (upper spectrum). We estimated the fields following [Kiilebi et all (2009).
They have calculated a grid of theoretical optical spectra of DAHs with magnetic field
strengths between 1 and 1200 MG for different angles between the magnetic field vector
and the line of sight, and for effective temperatures between 7000 and 50000 K. A least-
squares minimisation scheme is used in order to find the magnetic field geometry best
fitting the observed data. We assumed a dipole as the geometry, being either centred or

shifted along the dipole axis.

It is important to caution that stars with large fields are hard to identify, because
fields above around 30 MG, depending on effective temperature and signal-to-noise, inter-
mix subcomponents of different lines so much that it becomes difficult to identify the star
as containing hydrogen or helium at all. That also affects the colours significantly, so that
none of our three methods of search might be able to identify the spectrum as of a white
dwarf candidate, hence highly-magnetic white dwarfs are possibly under-represented in

our sample.

We also identified seven cool DZH, similar to those identified by
Hollands, Gansicke & Koester] (2015). An example is shown in Fig. 24 where one
can easily note that the lines are splitted into components, especially the magnesium
line at 5175 A and the blended Na lines at 5889 and 5895 A. The estimated fields for
the seven DZHs identified by us are shown in Table 8l The field estimate follows the
approach of [Hollands, Géansicke & Koester| (2015]), which is to fit each component of the
Mg and Na triplets with a Gaussian, after normalising by the continuum, and calculate
the average surface magnetic field strength Bg from
A(L/A)
46.686
where A(1/)) is the inverse wavelength separation in cm™ between the components of
the triplet (Reid; Liebert; Schmidt] 2001)).

Bs MG, (4.4)

Table 8 — Magnetic field for the seven identified DZs, estimated following Eq. 4.4l This is
the mean field obtained from the different lines, with the respective o.

SDSS J Tt (K) B (MG) o5 (MG)
003708.42—052532.80  5700(18) 7.2 0.2
010728.47+265019.94  5509(21) 3.4 0.1
110644.27+673708.64  6075(44) 3.3 0.1
111330.27+275131.41  5706(37) 3.0 0.1
114333.464+661532.01  5260(1000) 9.0 1.5
225448.83+303107.15  5900(13) 2.5 0.1
233056.81+295652.68  6945(36) 3.4 0.3

The origin of such intense magnetic fields is still an open issue. One possible

explanation is simply magnetic flux conservation. The magnetic field in the white dwarf



70 Chapter 4. Results

18
16 1
14 1

12 s f

Flux [a. u.]

0
4000 4500 5000 5500 6000
AR

Figure 24 — The grey continuous line shows the spectrum of a DZH with an estimated
field of 2.5+£0.1 MG. The dashed black line shows a non-magnetic model with
similar effective temperature and abundance. One can note that the observed
spectrum has the lines splitted in components when compared to the model
spectrum.

will be amplified in order to conserve the flux due to the field of its progenitor, which
is explained by the dynamo effect — i.e., generation of a magnetic field because of the
movement of ionised particles. For low-mass main sequence stars (M < 2.0 M), mainly
the external layers will show convection and hence will be magnetic. This implies that
most of the magnetic flux will be lost when the external layers are ejected before the
white dwarf phase. However, for massive progenitors, when the hydrogen fusion occurs
primarily by the CNO-cycle, the high temperature gradient will make the core convective,
and it thus concentrates most of the magnetic flux. In this case, the magnetic flux is not
lost with the external layers, but conserved in the core, causing the magnetic field to
be amplified when the white dwarf forms. This would imply that magnetic white dwarfs
show higher masses (because they come from massive progenitors) and lower temperatures
(massive progenitors evolve faster, hence the white dwarf has had longer to cool down).
We reported detection of such trends in [Kepler et al| (2013)) analysing DR7 data, and this
trend seems to be maintained in DR12, although the low number of magnetic objects does

not allow an independent analysis.

4.1.4 Abundances for DZs

About 8% of the new white dwarfs in our DR12 sample show metal lines, similar
to what we found in [Kleinman et all (2013]) and [Kepler et al, (2015). This contamination

is probably due to accretion of rocky material around the stars (e.g. [(Graham et al., T990;
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Jural 2003; [Koester; Gansicke; Farihi, 2014). The measured abundance patterns in these
metal polluted stars are overall similar to those of the terrestrial planets in the solar
system, i.e. dominated by the major rock-forming elements (Si, Fe, Mg, and O) and
depleted on volatile elements (Jura et al. 2012} (Gansicke et al.l, 2012).
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Figure 25 — Abundances of Ca/He for DZs identified here, when a good fit could be ob-
tained. The log (Ca/He) abundance varies between -7.0 and -10.5 and appears
to decrease as effective temperature decreases. This could be a reflex of the
increase of the convective layer as the star cools down, what might dilute the
accreted material.

We identified 62 DAZ, 1 DBZ, and 236 DZ. We fitted the spectra of each of the
236 DZs to a grid of models with Mg, Ca, and Fe ratios equal to the averages from
the cool DZs in [Koester et all (2011), and added Si with the same abundance as Mg
(Koester; Gansicke; Farihil 2014]). These models have a fixed surface gravity of log g = 8.0,
as it is not possible to otherwise obtain it from the spectra, as there are no available
complete calculations of line broadening profiles for metals, and we would be introducing
an extra parameter that would lead to degenerate solutions. The values for log (Ca/He)
range from -7.00 to -10.50. Fig. shows the calcium/helium abundance for the DZs
identified in DR12 for which we could obtain a good fit. There seems to be a decrease of
Ca/He abundances at lower temperatures. This trend might be explained if all stars had
the same accretion rate of metal-rich material, but the material becomes more diluted at
cooler temperatures due to the increasing size of the convective layer as the star cools

down.
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4.1.5 Abundances for DQs

Only about 1% of the newly identified spectra in our sample are dominated by
carbon lines. The carbon is believed to be dredged up from the underlying carbon-oxygen
core through the expanding He convection zone (e.g. [Koester; Weidemann; Zeidler] 1982,
Pelletier et all, 1986, Koester; Knist], 20006, Dufour et all,[2007)). These stars are in general
cooler than Tig = 12000 K. A few (~ 50) hot DQs are known above this temperature
(Dufour et all, 2008}, Kleinman et all, 2013]), but none was found in DR12.

We fitted the spectra of the cool DQs to a grid of models reported inKoester & Knist
(2006). The models have fixed log g = 8.0, because it is not possible to estimate it from
the spectra, as there are no available complete calculations of line broadening profiles for
carbon. Moreover, adding the extra fitting parameter would introduce a degeneracy be-
tween abundance and log g. The values of log (C/He) range from -8 to -4, and of effective
temperatures vary between 4400 and 13000 K. Fig. shows the carbon/helium abun-
dance for the new cool DQs identified here for which we could obtain a good fit. Similar
to what happens with the Ca/He abundance for DZs, there is a decrease of C/He abun-
dances at lower temperatures, again probably caused by the deepening of the convection

zone, which could dilute any surface carbon.
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Figure 26 — Abundances of C/He for DQs identified here, in the cases a good fit was
obtained. The log (C/He) abundance ranges from -4.0 to -7.0. The formal
error bars for the object at T.g ~ 5500 K are of the order of the symbol
size. Similar to the behaviour of Ca/He in the DZs, the abundance of the
C/He seems to decrease with decreasing effective temperature. This could
be explained by the deepening of the convection zone, diluting any surface
carbon.
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416 Subdwarfs

Hot subdwarfs are core helium burning stars. As described in the Infroduction]
their main channel of formation involves a binary companion stripping away the ex-
ternal hydrogen layer (about 50% of hot subdwarfs are found to be in binaries, see
Heber, 2016), in such a way that the star appears hotter and, consequently, bluer.
Therefore, subdwarfs are also called extreme-horizontal branch stars (EHB). Follow-
ing Németh, Kawka & Vennes (2012)), Drilling et al.| (2013)), Nemeth et all (2014a)) and
Nemeth et all (2014b)), we have classified stars with log g < 6.5 and Teg > 20000 K as
hot subdwarfs: sdOs if He II lines were visible, and sdBs otherwise. If helium lines were
dominant over hydrogen lines, the classifications are He-sdB and He-sdO. [Nemeth et al.
(2014b) and Rauch et all (2014) discuss how the He abundances typical for sdB stars
affect the Non-Local Thermodynamical Equilibrium (NLTE) atmosphere structure. To a
lower extent, CNO and Fe abundances are also important in deriving accurate tempera-
tures and gravities. As previously mentioned, our determinations of T, and log ¢ do not

include NLTE effects or mixed compositions, hence they serve only as a rough estimate.
We classified 28 new sdOs and 41 new sdBs in the DR12 sample.

In Fig. 27 we show the comparison between a subdwarf and white dwarf of type B
(sdB and DB, respectively) of similar S/N. They can be quite easily told apart: the sdB
is dominated by hydrogen lines, commonly with traces of helium, while the DB shows
only helium lines. A similar plot compares an sdO and a DO with similar S/N in Fig. 28
These two objects can also be easily distinguished: the sdO is dominated by hydrogen, with
traces of helium I and II, while the DO shows mainly He II lines, significantly broadened

by pressure.

In contrast, we have found a significant number of objects which do not fall in
any of the mentioned classifications. They show only hydrogen lines, usually with traces
of metals, mainly Ca and Mg, but their log g is too low to be classified as DA (see Fig.
29). At the same time, their log ¢ is above the estimated limit for main sequence A
stars, even for very low metallicity. Moreover, their temperature is well below 20 000 K so
they are not hot subdwarf stars (Heber, 2016]). As already mentioned, we have classified
these hydrogen dominated spectra with 4.5 < log g < 6.5 and T.g < 20000 K as sdAs.
This classification is a postponement of the problem: as we have mentioned before, they
are not normal known types of subdwarfs, which are either hot sdOs and sdBs, or cool
metal-weak sdFs and sdGs. We have chosen this classification merely to stress that they
lie below the main sequence in an HR-diagram as the subdwarfs and have spectra similar

to main sequence A stars.

Some of these stars have been classified previously as horizontal branch stars,

but, to our knowledge, this is the first analysis with model spectra covering the range of
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Figure 27 — Spectra of an sdB (grey) and a DB (black). Despite both being of type B,
their features are fairly different. Moreover, sdBs have lower log g, below 6.5.
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Figure 28 — Spectra of a subdwarf (grey) and a white dwarf (black) of type O. They show
very different features, with the sdO being dominated by hydrogen, and the
DO, by ionised helium. The width of the lines is also different, reflecting the
fact that the subdwarfs have lower log g¢.
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surface gravities 3.75 < log g < 10. Of these sdAs, 3954 have estimated proper motions

larger than 15 mas/yr, and 607 larger than 30 mas/yr, considering only objects with

ppm > 3 Oppm- If main sequence stars, the distance modulus suggest they would be

several kpc away — otherwise they would saturate in the SDSS. These proper motions

suggest distances smaller than ~ 1.5 kpc. As a reference, the proper motion of the globular
cluster NGC 6396, which is about 2.3 kpc away, was estimated to be 17.70+0.06 mas/yr
by [Kalirai et al. (2007). We propose many of these objects are ELMs instead, and will

investigate their nature in the next Section.
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Figure 29 — Spectra of three hydrogen dominated objects, therefore type A, with different

estimates of log ¢g. The black spectrum belongs to an object with log ¢ =
7.468 £ 0.010 and T.g = 28500 £ 1500 K, therefore a DA white dwarf. The
light grey resulted on log g = 4.351 £ 0.064 and T,g = 7750 + 400 K and
belongs to a main sequence A star. The dark grey spectrum, on the other
hand, gives log g = 5.636 £ 0.049 and T.x = 7900 & 400 K, so the object
cannot be classified as either DA, A, or sdB. We have defined the spectral
classification of objects of this type as sdA.
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4.2 Unveiling the nature of the sdA stars

The population of sdA stars was discovered when we mined the SDSS DR12 for
pre-ELMs and ELMs; as described in Section .1.6l They were believed to belong to either
of these classes because of the log g estimated from their SDSS spectra. ELMs show log g
in the range 5.0 < log g < 7.0 and T,g < 18000 — 20000, filling in the region between the
main sequence and the white dwarfs resulting from single evolution in a T,g—log g diagram.
However, they also show other particular properties. While their colours might be similar
to main sequence stars, ELM radii are at least ten times smaller, so they are significantly
less luminous than main sequence stars, and thus need to be nearer to be detected at
same magnitude. As a consequence, they show higher proper motions than main sequence
stars with similar properties. Moreover, they are expected to be encountered still with
the close binary companion which led to their mass loss. Most will merge within a Hubble

time (Brown et all 2016]), implying detectable radial velocity variation.

The properties of the precursors of the ELMs, the pre-ELMs, are more difficult to
establish, as they have not reached the white dwarf cooling branch yet. If the time-scale
for mass loss from the white dwarf progenitor is longer than the thermal time-scale, a
thick layer of hydrogen will be surrounding the degenerate helium core. This can lead to
residual p—p chain reaction which can last for several million years (Maxted et all, [2014).
Moreover, instead of a smooth transition from pre-ELM to ELM, the star can undergo
episodes of unstable CNO burning, or shell flashes. These flashes can shorten the cooling
time-scale, by reducing the hydrogen mass on the surface, and can significantly alter the
radius and effective temperature of a pre-ELM, making it very difficult to distinguish them
from main sequence or even giant branch stars. [Pietrzyniski et al| (2012al), for example,
found a 0.26 M, pre-ELM showing RR Lyrae-type pulsations — the flashes caused the
object to reach the RR Lyrae instability strip. Its identification was possible because the
system is eclipsing, with an orbital period of 15.2 days, which allowed for an estimate of
the mass. [Greensteinl (1973) and [Schénberner| (1978) discuss an interesting example of a
post-common envelope binary mimicking a main sequence B star. Hence pre-ELMs can
show log ¢, Tog and colours in the same range as main sequence or even giant stars, being
even as bright as them. Their ages are more consistent with the halo population than
single main sequence stars of similar properties though, since they are at a later stage of

evolution.

If found in the halo without a close binary companion inducing enhanced mass loss,
an sdA could also be explained as a metal-poor star of type A—F. This explanation was
suggested by Brown, Kilic & Gianninas| (2017). They have, however, based this conclusion
on the fact that their fit of pure hydrogen models to metal abundant models seemed to
indicate an overestimate in log ¢ of about 1 dex. As we will show, the change in logg

with the addition of metals to the modelled spectra is actually not a constant systematic
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effect. Moreover, they have overlooked the possibility that the sdAs are pre-ELMs, which
do show log ¢ in the same range as main sequence stars, but are older and thus should
be found in abundance in the halo, whose age is over 10 Gyr — close to 10 times the
expected lifetime in the main sequence of A stars. Main sequence A stars in the halo can
only be explained if blue stragglers, where mass transfer from a companion can extend
their lifetime in the main sequence by a factor of up to ten (Schneider et all 20T5), or
by rare events of star formation induced by matter accreted to the Galaxy (Lancel T988;
Camargo et al.| 2015)), allowing the existence of early-type stars in the outer halo. Main
sequence F stars might still be approaching the turn-off point in the halo: [T'hévenin et al.
(2001)), for example, finds Teg up to 6300 K for the turn-off stars in the globular cluster
NGC6397, which is about 13 Gyr old (Campos et al] 2016). Hence F and other late-type
main sequence stars could explain cooler sdAs (Tog < 8000 K). A key-way to analyse
the feasibility of this scenario is analysing the spatial velocities of the sdAs given a main
sequence radius, as we will show in Section .2.4] This would also be possible if we knew

their distances from parallax, for example.

Finally, another possibility that might explain some sdA is that they are bina-
ries of a hot subdwarf with a main sequence companion of type F, G or K, as found by
Barlow et al| (2012). In this kind of binary systems, the flux contribution of both compo-
nents is similar, so the spectra appear to show only one object, with the lines of the main
sequence star broadened by the presence of the subdwarf, explaining the higher values of
log g obtained. However, due to the presence of the subdwarf, which shows T, > 20000 K,
a higher flux contribution on the UV is expected when compared to main sequence or

ELM stars, allowing for telling these objects apart.

In summary, the sdAs physical properties are consistent with basically four dif-
ferent possibilities: (i) pre-ELMs or ELMs; (ii) blue stragglers; (iii) metal-poor late-type
main sequence stars; (iv) hot subdwarf plus main sequence F, G, K binary. Estimated
log g and T should be similar between all possibilities. Colours are similar for pre-ELMs,
ELMs and metal-poor main sequence stars, but hot subdwarfs with a main sequence com-
panion should have higher UV flux. ELMs and pre-ELMs should show a close binary
companion leading to high radial velocity variations and orbital periods lower than 36 h,
according to the empirical determinations of Brown et al| (2016]), or up to several days,
according to the theoretical calculations of [Sun & Arras (2017). Main sequence binaries
showing physical parameters in the sdA range, on the other hand, should have orbital
periods above ~ 9 h (Brown; Kilic; Gianninas, 2017). ELMs and pre-ELMs have long
evolutionary timescales, so they can be detected with ages above 10 Gyr, while main
sequence stars of A-type have main sequence life times lower than ~ 1.5 Gyr (which is
the main sequence life time of a 1.5 M, Z = 10~*, F0 star with the LPCODE, described
in [Althaus et al., 2003), although a companion might delay the evolution by transferring

mass as occurs for blue straggler stars.
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In the next sections, I will analyse properties of the sdAs in order to assess their
possible nature. The physical parameters we obtained are compared to both single evo-
lution and binary evolution models to assess if they can be explained by these scenarios.
Based on these findings, T estimate a probability of being a (pre-)ELM and a probability of
being a main sequence star for each object in the sample. Selected sdAs were followed-up
to probe their binarity with the aim of extending the population of known (pre-)ELMs
to all the space of physical parameters predicted by the evolutionary models. I obtained
time-resolved spectroscopy to search for radial velocity variations indicating the presence
of a close binary companion, and time-series photometry to look for eclipses, ellipsoidal

variations, or pulsations typical of ELMs for a small sample of objects.

4.2.1 Spectral fits with solar abundance models

With our solar metallicity grid, we were able to obtain a good fit to 39 756 spectra
out of the initial sample of 56 262 spectra. The remaining objects were mostly close to
the border of the grid, either in T.g or in log g, and are probably giant stars. 723 objects
fitted Tog > 20000 K and were later excluded from the sdA sample — 49 show logg > 6.5
and are canonical mass white dwarfs, while 674 show log g < 6.5 and are most likely hot
subdwarfs. All the white dwarfs were known with the exception of two new DA white
dwarfs (SDSS J152959.39+482242.4 and SDSS J223354.704+054706.6). 66 out of the 674
possible sdBs were not in the catalogue of [Geier et all (2017)) and were marked as probable

new subdwarfs.

Next, we removed from the sample contaminations from other SDSS pipeline possi-
ble classifications that contained our keywords, such as GOVa, F8Ibvar and CalciumWD.
Those were only 182 objects, leaving a sample of 38 850 narrow hydrogen line objects with
a good solar abundance fit and T.g < 20000 K. This sample will be referred to as sample
A throughout the text.

When we rely on spatial velocity estimates to analyse our sample, only objects
with a reliable proper motion are taken into account. Unfortunately, our objects are too
faint to be featured in the DR1 of Gaial, so we used the proper motions of [Tian et al.
(2017), which combine Gaia DR1, Pan-STARRS1, SDSS and 2MASS astrometry to obtain
proper motions. To flag a proper motion as good, we required that the distance to nearest
neighbour with g > 22.0 was larger than 5”7, that the proper motion was at least three
times larger than its uncertainty, and that the reduced y-squared from the evaluation of
proper motions in right ascension and declination was smaller than 5.0. This left 16 656
objects with a reliable proper motion, with an average uncertainty of 2.0 mas/yr, to be

referred to as sample B in the text.

L This thesis was submitted on April 11 2018, prior to Gaia DR2. After the Gaia DR2 release, on April
25 2018, we verified that the GPS1 proper motions agree with Gaia for over 98% of our sample.
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In order to estimate the contamination by outliers, we have compared GPS1 proper
motions to both the Hot Stuff for One Year (HSOY, [Altmann et all, 2017) catalogue
and the catalogues by Munn et all (2004) and [Munn et all (2014)), directly available at
the SDSS tables. HSOY combines positions from Gaia DR1 and the PPXML catalogue
(Roeser; Demleitner; Schilbachl 2010), while Munn et al. combine SDSS and USNO-B
data. Hence they are not completely independent, but nevertheless useful to find possible
outliers. We find only 69 objects whose proper motions differ by more than 3-0 when
comparing GPS1 and HSOY, and 110 objects when comparing to Munn et al. They
represent less than 1% of the sample, so we decided to keep them as part of sample B,
since it does not affect the analysis, and GPS1 is regarded as the best proper motion

catalogue available for our objects.
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Figure 30 — T, — log g diagram showing the results of our pure hydrogen spectral fits as
red crosses, and the updated result with metals added in solar abundance as
black dots. The two distributions are shifted due to the changes in T, and
log g for individual objects. The continuous blue line indicates the ZAHB,
above which stars might be burning He in the core. Its position depends on
metallicity; the continuous line assumes Z = 0.0001, the dashed line is for
solar metallicity. Different sequences are labelled as 1, 2, 3, and 4. They reflect
different temperature regimes described in the text.

Fig. B0 shows the T,z —log g diagram with the comparison between values obtained

from our pure hydrogen fit and the solar abundance values, for objects with good fit in



80 Chapter 4. Results

both cases. It can be noted that the distribution shifts as a whole with the addition of
metals to the models. Four sequences can be distinguished. At the hot low gravity end,
some objects (labelled as sequence 1 in Fig. [30) are above the ZAHB; they could hence
be blue horizontal branch stars. They are kept in the sample because, as we will show
later, this region of the diagram can also be reached through binary evolution. There are
a few hot objects between 10000-12000 K (sequence 2), and the bulk of the distribution
is between 7000-10000 K. Careful inspection, especially at the low log g end, suggests

this region can also be split in two regimes around 8 000 K (sequences 3 and 4).
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Figure 31 — Shift in log g with the addition of metals in solar abundances as a function of
the log g given by the pure-H models. Values were averaged over 500 objects
sorted by log g. The shifts are well described by a linear fit

Alogg = —0.68(0.01) 10g gpyype 1 + 3-10(0.06)

with the pure-H values being larger by almost 1.0 dex above log g = 5.5. This
is a similar result to the obtained by Brown, Kilic & Gianninas (2017) when
fitting pure hydrogen model to synthetic main-sequence spectra.

I analysed the change in log ¢ for objects in sample A as a function of the pure
hydrogen T, and log ¢ values. I took into account only objects whose two estimated
T.g values differed by less than 500 K, to avoid solutions conflicting due to the hot-cold
degeneracy. I found a clear trend when plotting log gsolar — 108 gpuwre-nn as a function of
log gpure-r, as can be seen in Fig. 31l The larger the log gpure-n, the smaller is the log ¢

obtained from solar abundance models compared to pure hydrogen models. The shift,
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however, is not a constant value of ~ 1.0 dex as suggested by [Brown, Kilic & Gianninas
(2017), but it rather behaves as a linear function of log gpuen. Above log g ~ 5.5,
the solar abundance log ¢ is in fact about 1 dex smaller than the value obtained from
pure hydrogen models, as they have found. This explains their conclusion and that of
Hermes, Génsicke & Breedt] (2017) when analysing the log g > 5.5 DR12 sdAs: they are
exactly in this range where the difference between these two values is maximal. However,
it is important to emphasise that the solar abundance model is not necessarily the correct
one; while many sdAs do show clear signs of metals in their spectra, others seem to be

almost free of metals (see two examples in Fig. [32)).
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Figure 32 — Two  sdA  stars, SDSS  J105025.94-004655.5  (bottom)  and
SDSS J202721.774+123942.7 (top). While SDSS J1050-0046 shows lots
of metallic lines, SDSS J2027+1239 appears to have only a small amount of
Ca and Mg.

This systematic trend also reflects on the dependence of the log ¢ change with
T.g, shown in Fig. B3l At Tog ~ 8500 K, there are objects spanning all the log ¢ range
(sequence 3 in Fig. B0), but a prevalence of objects with lower log ¢, which have an
upward correction, i.e. in the direction of log gpure-r < 10g gsolar- Hence the same upward
correction is seen in this Tyg range. Between 7 500—8 000 K, a gap in the lower log g objects
can be seen in Fig. 30, which moves the correction downwards (log gpuren > 10g gsolar)-

Finally, below Tog ~ 7500 K (sequence 4), most objects show log ¢g < 4.5, so the correction
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moves upwards again. Close to the cool border of T.g, most objects are also close to the
lower border of the log ¢ grid, which is 3.75 for the pure-hydrogen models and 3.5 for the
solar abundance models, implying on an average difference of 0.25. There can of course
be differences in metallicity and errors in the determination, so individual objects can

somewhat obscure these trends.
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Figure 33 — Change in log g when metals were added to the models as a function of the
effective temperature of the pure-H models. The T, and the change in log ¢
were averaged over 500 objects, sorted by T.g. The systematic effect found
as a function of log Ipure-H implies on a correlation also in T.g¢, depending
on how each range of log g is sampled in each bin of T.g. Around 7000 K,
for example, most objects have log g < 4.5, where the shift in log g points
upwards in Fig. B what is also seen here.

The solar abundance solutions put most of the 2443 sdAs we found to show log ¢ >
5.5 with pure-H models in Section in the main sequence range, with the exception of
39 objects which still show log ¢g > 5.0. Only seven out of these maintain log g > 5.5 in
the solar abundance models. It is important to notice, however, that these higher values
of log ¢ can rise from statistics alone given an external uncertainty of about 0.25 dex
even if the correct log ¢ for these objects is about 4.5, therefore they should be analysed
with caution.

Two of the log g > 5.0 objects were published in the ELM Sur-

vey, SDSS J074615.83+392203.1 (Brown et all, 2012) and SDSS J091709.55+463821.7
(Gianninas et al, 20T5). SDSS J0746+3922 was not confirmed as a binary; the pub-
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lished solution of Tog = 12130 £ 400 K and log g = 5.98 £ 0.12 agrees in logg with
our pure hydrogen solution, Ty = 8300 K and log g = 5.85, but there is a discrep-
ancy in T.g, which cannot be explained by the hot-cool duality because the equivalent
widths are significantly different between these two sets of solutions. The UV colours
favour the hotter solution. Our solar metallicity solution gives a slightly lower log ¢ of
5.481 £0.017 and Tog = 8326 + 9 K2. SDSS J0917+4638 was confirmed as a binary with
period of 7.6 h and amplitude of 150 km/s. The solution published in [Gianninas et al.
(2015), Tog = 12240 4+ 180 and log g = 5.75 £ 0.04, agrees with our solar metallicity
values of T, = 12958 + 111 and log g = 5.842 + 0.029. Our pure hydrogen fit indicates
Ter = 9600 K and log g = 5.00.

Another object which maintained log ¢ > 5.0 is SDSS J075017.354+400441.2, an
eclipsing binary analysed in [Brown, Kilic & Gianninag (2017)). Our solar metallicity fit
gives Tog = 8071 £ 15 K and log g = 5.019 £ 0.038, a log ¢ significantly lower than the
pure-hydrogen value of 5.619.[Brown, Kilic & Gianninas (2017)) point out that the SEGUE
stellar parameter pipeline (SSPP) gives a much lower log ¢ of 4.229 + 0.155. However,
the SSPP grid has no model above log g = 5.0. The obtained period from their radial
velocity orbital fit agrees with the photometric period of 28 h. They obtain a radial velocity
amplitude of 36.2 km/s and conclude the star is best explained by a metal-poor main-
sequence binary, which is consistent with our solar metallicity solution given the external
uncertainties. The star’s detected proper motion is not significant (2.03 £ 1.96 mas/yr),
but the distance obtained from its distance modulus is over 14 kpc — in the Galactic halo.
If indeed a main sequence A star, it can only be explained as blue straggler whose main
sequence lifetime was significantly extended due to mass accreted from the companion. It
could alternatively be a pre-ELM at 225 pc, a much lower distance given that compact

objects have smaller radius and are intrinsically fainter.

SDSS J014442.66-003741.7, which was classified as -Scuti by [Bhatti et all (2010)
given its Stripe 82 SDSS data, also has log ¢g > 5.0 in both our models. [Bhatti et al.
(2010) obtained a period of 1.5 h, which could also be explained as a g-mode pulsation of
a pre-ELM star, given our solar metallicity fit of Tog = 7949435 K and log g = 5.184+0.11
(the pure-H fit gives a similar solution, Te.g = 7900 K, log g = 5.0). The object’s proper
motion in the GPS1 proper motion table, 8.48 4+ 3.59 mas/yr has too high uncertainty
to allow any further conclusions on the object’s nature. The object is relatively faint,
g = 19.8, so the SDSS subspectra have too low S/N to allow good estimates of radial
velocity. Better data are needed in order to establish the nature of this star. Evolutionary
models suggest that period spacing and rate of period change can be used to tell pre-
ELMs and 0-Scuti stars apart (Sanchez-Arias et al., submitted to A&A). However, with

the current available data, this technique cannot be applied, because the data do not

2 Quoted uncertainties in our values of T,g and log g are formal fit errors. The external uncertainties

in the models are much larger, as discussed in Section
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allow the estimate of the rate of period change, and only one period was detected.

4272 Colours

While spectra are considered the most reliable way to estimate the physical prop-
erties of a star, the colours of an object alone can still tell us something about its nature
and be used as a complement to spectral results, especially when the colours include
the ultraviolet region, not included in most spectra. This method relies notably on the
(u — g) x (g — r) diagram, where models can be significantly dependent on log g. Most
known white dwarfs are hot objects, because they are brighter and easier to detect than
cool white dwarfs, and they appear bluer than the main sequence. However, the cooler
the white dwarf, the closer its colours are to the main sequence. When the log g is low,
this is aggravated: for pre-ELMs and ELMs, the low log g gives them colours very similar
to main sequence stars, making this method less effective. This is very clear on Figs. [34]
and BBt the main sequence model for log g = 4 and [M/H] = —5.0 ? overlaps with the

DA model in many regions, making it difficult to rely on colours for selecting ELMs.

In Fig. B4, I show the (u — g)o X (g — 7)o diagram for samples A (all) and
B (proper motion selected) of sdAs. Full reddening correction is applied following
Schlegel; Finkbeiner; Davis| (1998), given that, if main sequence stars, the sdAs are tens
of kiloparsecs away, and, if subdwarfs, they are a few hundred parsecs away. For compari-
son, we also show the confirmed ELMs from the ELM Survey as published in [Brown et al.
(2016)). Objects that were placed in the ELM range, Ter < 20000 K and 5.0 < logg < 7.0,
when fitted with our solar metallicity models, are marked with orange circles. They could
be interpreted as extending the ELM strip to cooler temperature, but remarkably most
of them lie below the log g = 5.0 model line in this colour-colour diagram, despite the fact
that spectroscopy indicates log g > 5.0. This might suggest that there is still some missing
physics in our spectral models: the addition of metals alone does not solve the discrepancy.
Possibly some opacity included in the models needs better calculations, as might be the
case for broadening of the Balmer lines by neutral hydrogen atoms. Contamination by He
through deep convection may also play a role. A possibility that cannot be discarded is
that the extinction correction is not accurate due to reasons such as variations on dust
type and size, or the object being within the Galactic disk. The fact that the other colour-
colour diagrams, (g — 7)o versus (r —i)g and (r — i)y versus (i — 2)g, shown in Fig. B5
do not seem to indicate an overestimate of the spectroscopic log g may be seen as an

indication for this underestimate of the extinction correction.

I have also analysed the GALEX UV magnitudes, far-ultraviolet (fuv) and near-

3 [M/H] = log (Zi?ﬁ@)’ where Z and X are the metal and hydrogen mass fractions of the star,

respectively.
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Colour-colour diagram showing sample A as dots in light grey, sample B
as dark grey crosses, and the known ELMs from (2016)) as red
triangles. Objects whose obtained spectral fit places them in the ELM range
T < 20000 K and 5.0 < logg < 7.0 are marked with orange circles. The
red arrow indicates the average vector of the reddening correction. Some
theoretical models are included to guide the eye; the increasing thickness of
the lines reflects an increasing log g. The DA white dwarf models in black are
obtained from our pure-hydrogen spectral models by convolving them with
the SDSS filters. They span log g 4.0-7.0 in steps of 1.0 from bottom to top.
Subdwarf, main sequence, and horizontal branch models are from [Lenz et all
(1998). The subdwarf model assumes logg = 5.00 and [M/H] = 0.0, and
covers 20000 K< T < 50000 K. The selected main sequence models have
fixed [M/H] = —5.0, with logg = 4.0,4.5 and 4250 K< T, < 40000 K.
Finally, horizontal branch models have [M/H] = —1.0, logg = 1.0,1.5,2.0
and span the theoretical limits of the HB phase, 3500 K< T < 26 000 K.
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Figure 36 — Diagram showing the (fuv — nuv)y and (nuv — g)o colours. The colours of
each sample are the same as in Fig. 34l The red arrow indicates the average
reddening correction vector. The indicated models were obtained from our
pure-hydrogen spectral models. Despite the reddening correction, the data
still seems dislocated in relation to the models, suggesting this correction

might be underestimated.
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ultraviolet (nuv), when available. Fig. B6l shows a (fuv — nuv)y x (nuv — g)o diagram
for samples A and B; the objects for which we have obtained T,4 < 20000 K and
5.0 < logg < 7.0 are marked as orange circles. Extinction correction was applied us-
ing the E(B — V) value given in the GALEX catalogue, Ry, = 4.89 and R, = 7.24
(Yuan; Liu; Xiang| 2013). The colours suggest again log g lower than the estimated spec-
troscopically. However, extinction correction is even more uncertain in the ultraviolet than
in the visible region, so again it should not be discarded that the correction is underesti-

mated.

This diagram is especially useful in identifying sdB + FGK binaries, which should
have significant flux in the UV due to the hot subdwarf component showing T.g 2
20000 K. In Fig. B0 there is a clustering of objects with (nuv — g)g < —0.4. I noticed
that many of them show radial velocity differences larger than 100 km/s in the SDSS
subspectra that compose the final spectrum. About half of the sdBs are found to be in
close binary systems (e.g. Heber, 2016), with many showing radial velocity amplitudes in
this range (e.g.[Copperwheat et al., 2011]). This considered, we suggest that sdAs showing
(nuv — g)g < —0.4 — 153 objects, or 0.5% of the objects with GALEX colours — can be
explained as sdB + FGK binaries.

Notably, two published ELMs are in this colour range: SDSS J234536.46-010204.9
and SDSS J162542.104363219.1. SDSS J2345-0102 was analysed in [Kilic et al.l (201T]).
They obtained Tyg = 33 130 £450 and log g = 7.20 + 0.04 and found no evidence of radial
velocity variations, suggesting this object is 0.42 M white dwarf — therefore a low-mass
white dwarf, which are often found to be single, rather than an ELM. The obtained T.g >
20000 K and log g > 7.0 make it easier to distinguish this object from the sdAs, so it is not
affected by our (nuv — g)p < —0.4 criterion. On the other hand, SDSS J1625+3632 which
was also analysed in [Kilic et al. (2011)), has its estimated parameters, Tog = 23 5704440 K
and log g = 6.12+0.03, close to the log g range where we put the sdAs. [Kilic et al.| (2011)
found it to present a small semi-amplitude of K = 58.4 km/s and a period of 5.6 h,
suggesting it to be a 0.20 My ELM with most likely another white dwarf as a companion.
However, they point out that their obtained physical parameters are very similar to the
sdB star HD 188112 (Heber et all, 2003), and mention that the 4471 A line, a common
feature of sdB stars, can be detected in the spectrum of the object. All this combined
suggests that this object is not an ELM, but an sdB, fitting the (nuv — g)o < —0.4
criterion. As previously mentioned, sdBs are also commonly found in binaries, often with
a canonical mass white dwarf. The canonical mass for sdBs is usually quoted as 0.45 Mg;

however, objects with a lower mass such as this one are known (e.g. Latour et al., 20T6]).

Finally, I searched for infrared excess due to a cool companion star using data
from the Wide-field Infrared Survey (WISE, Wright et all, 2010) and the Two Micron
All Sky Survey (2MASS, [Skrutskie et all 2006]). I followed the approach of [Hoard et al.
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(2013), who searched for candidate white dwarfs with infrared excess by examining a
(J—W1)x (W1—-W2) diagram, suggesting (W1—1W2) > 0.3 as an indication of possible
excess. As both white dwarfs and sdAs show hydrogen-dominated spectra, with very few
lines in the infrared, the infrared flux in both cases depends basically on T.g, thus the
method is suitable for analysing the sdAs. [Hoard et all (2013) restrict their analysis to
objects with S/N > 7 at both W1 and W2. Using this same criterion, I found only about
1.3% of sample A (376 objects) to possibly show infrared excess. The percentage is similar
when I consider only objects brighter than W1 = 14 or than W1 = 15, as illustrated in
Fig. B7
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Figure 37 — (J—W1) x (W1—-W2) colour-colour diagram for sample A. The whole sample
is shown as light grey crosses, objects with S/N > 7 at both W1 and W2
filters are shown as grey dots. The dark grey dots indicate objects brighter
than W1 = 15, and the black dots are those brighter than W1 = 14. The
dashed vertical line is the (W1 — W2) = 0.3 limit, above which the objects
might have infrared excess as suggested by [Hoard et al.l (2013]).

In summary the sdA colours are consistent with a cooler ELM population, espe-
cially considering that the extinction corrections are uncertain for the ultraviolet region.
The hypothesis that they are far-away young main sequence A stars with an overestimated
log ¢ cannot, however, be ruled out, as they do occupy the same region as most main

sequence stars in all colour-colour diagrams. An sdB+FGK binary, on the other hand, is
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ruled out for most objects (over 99%) by the GALEX colours, as are cool companions

given the infra-red data, with very few exceptions.

4.2.3 Galactic coordinates and velocities

I have also analysed the distribution of the sdAs across the sky and estimated
their distances and velocities. In Fig. [38] I show the galactic coordinates latitude b and
longitude [ of sample A, with objects in the ELM range shown in black, using an Aitoff
projection. One can notice that they are spread all over the footprint of SDSS, there are
no streams which would justify the presence of young stars in the halo of the Milk Way.
Moreover, there seems to be no difference between the regions occupied by the whole

sample and by objects with log g > 5.0.
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Figure 38 — Aitoff projection showing the galactic latitude (b) and longitude [ for the sdAs
and the main sequence objects. No streams can be identified; both samples
seem to be distributed all over the SDSS’s footprint.

Using the coordinates b and [ and an estimated distance d, one can obtain the

galactic Cartesian coordinates, X, Y and Z:
X = dcos(b)cos(l) (4.5)
Y = dcos(b)sin(l) (4.6)
Z = dsin(b). (4.7)
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With three more estimates, namely the proper motions along declination and right ascen-
sion (us and p,, which can be obtained from proper motion catalogues), and the radial
velocity (RV, estimated as part of the spectral fit), one can also obtain the Galactic
spatial velocities U, V', and W (e.g. [Johnson; Soderblom|, [T987).

From our photometric fits to the objects, that relate the observed flux with the
expected flux given a modelled luminosity, we obtained the solid angle

R2

0 = (4.8)

Assuming the sdAs with log gsolar > 5 are ELMs, we have used the evolutionary models of
Althaus, Miller Bertolami & Cérsico| (2013) to obtain their radius R, allowing to estimate
d. Similarly, we have estimated the distances for the objects with log gsoar < 5.0 assuming
main sequence radii, which were interpolated from solar-abundance values given the T.g of
the object. Combining that with the coordinates b and [, we obtained their coordinates X,
Y and Z. Fig. B9 shows the projections in the planes XY and XZ. Apparently, if the sdAs
are ELMs, they are constrained to the galactic disk (d < 2 kpc). In contrast, assuming a
main sequence radius for the log g < 5.0 objects, they seem to extend to larger distances,
up to the galactic halo or even farther, some with distances which imply they could be

located in nearby galaxies

A histogram of the height above the galactic plane Z, shown in Fig. 40, leads
to similar conclusion. Exponential functions describing a thin and thick disk with the
scaleheights given by [Bland-Hawthorn & Gerhard| (2016) are shown as a comparison. As-
suming main sequence radii, the sdA distribution extends much further than the disk, to

distances up to 10 kpc.

The velocities U, V', and W, which I estimated for the objects in sample B (reliable
proper motion) only, show that, when the main sequence radius is assumed, about 38% of
all objects in the sample show velocities out of the 3-o ellipsoid for the halo — implying a
1% chance that they actually belong to the Galactic halo (Fig. dIl). When the (pre-)ELM
radius is assumed, on the other hand, the objects show a distribution consistent with a
disk population (Fig. 42]).

The fact that many objects seem to belong to the halo, or even appear not to be
bounded to the Galaxy when a main sequence radius is assumed, is confirmed by their
orbits. Using a code provided by our collaborators Drs. Uli Heber and Stephan Geier,
I calculated the orbits for objects in sample B. The code computes the orbit assuming
the potential given by the mass distribution of [Allen & Santillan| (T991)), having as input
the distance, radial velocity, and proper motions in right ascension and declination in the
present. Given these initial conditions, I calculated the orbits for a period of 5 Gyr, with
steps of 1 Myr. Analysing a randomly selected sub-sample with 6000 objects, I found

only 35% to show an orbit constrained to |z| < 10 kpc, which is about twice as much
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Figure 39 — Distances projected in the XY and XZ planes for the objects in sample A in
the ELM range (log g > 5.0, black), assuming ELM radii, and for objects with
estimated log ¢g < 5.0 (grey), assuming main sequence radii. As all objects
have similar magnitudes, the difference in radius makes the sdAs constrained
to the disk if they are ELMs, while they seem to extend up to the halo, if we
assume main sequence radius.
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as the thick disk extends considering the exponential models shown in Fig 0l — i.e., not
even relaxing the limits of the disk by a factor of two the sdAs would be constrained
to it given a MS radius. About 20% are unbounded given the main sequence radius and
current estimates of proper motion and radial velocity. Fig. 43l shows the orbits for a few

objects as illustration.

We have found very unexpected that all these A-type objects seem to be in the
halo or even beyond. According to models, the halo should be at least 10 Gyr old (e.g.
Krauss; Chaboyer], 2003)), while stars of O, B, A type, which are the ones we have retrieved,
stay less than ~ 1.5 Gyr in the main sequence. Hence if they were formed with the halo,
they should have already evolved off the main sequence. Considering their velocities, it
also does not seem plausible that they migrated from the disk to the halo within their
evolutionary time. This seems a strong suggestion that these objects have actually smaller

radii, as the (pre-)ELMs, which gives them a distribution consistent with the disk.
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Figure 40 — The distance to the disk of the stars classified as O, B and A, assuming a
main sequence radius. The histogram is given as N/Nioa1; the solid black line
is calculated assuming each point as a Gaussian with standard deviation of
0.1 Z. The red line is an exponential thin disk model assuming Z, = 300 pc,
while the blue line is a thick disk model with Z; = 900 pc. All functions are
normalised. It is clear that, if indeed main sequence objects, these stars are
not consistent with a disk distribution, but would rather have to be in the
halo.
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Figure 41 — Toomre velocity diagram of the objects in sample B, assuming a main se-
quence radius. Density plots are shown to left and on top. The ellipsoids
indicate the 3-0 values for halo (red), thick disk (green) and thin disk (blue)
according to [Kordopatis et al. (2011)).
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Figure 43 — Orbits for four sdAs: J12084-4110 seems to be disk-bounded, J1630+3010 and
J1545-0113 extend to the halo, and J1606+3638 is unbounded when a main
sequence radius is assumed.

4.2.4 Proper motion

One further step in the separation of white dwarfs from main sequence objects
is taking into account measured proper motions (e.g. |Gentile Fusillo; Gansicke; Greiss,
2015). As white dwarfs are compact objects, they have smaller radius and therefore are
fainter than main sequence stars with same temperature. Due to their degenerate nuclei,

/3 implying that the smaller the

white dwarfs have a mass-radius relationship R ~ M~
mass, the larger the radius. Thus ELMs have larger radius and are brighter than common
mass white dwarfs. Still, their radii are of the order of 0.1 R, so they should be about
10 times closer than main sequence stars with similar T,g to be seen at similar apparent
magnitude, showing higher proper motion. The picture is more complicated when the
pre-ELMs are considered. Mostly because of the CNO flashes, they can be as bright as
main sequence stars, so proper motion cannot be used as a criterion to tell these objects
apart, because the pre-ELMs can be detected at distances as large as main sequence stars.
Fig. B4l shows a reduced proper motion (H,) versus (g — z)o diagram. Only sample B,
containing objects with reliable proper motion, is shown. Here the reduced proper motion

is evaluated as

H, = go+5log(u["/yr]) +5. (4.9)
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It can be interpreted as a proxy for the absolute magnitude: the higher the reduced
proper motion, the fainter the object. The objects are colour coded by their Mahalonobis
distance Dy, (e.g. Kilic et all 2012)) to the halo when a main sequence radius is assumed.

The Mahalonobis distance is given by

D $ A ) U o N L UV L10)

where T have assumed the values of [Kordopatis et al. (2011)) for the halo mean velocities
and dispersions. The Mahalonobis distance measures the distance from the center of the
distributions in units of standard deviations; hence considering the size of our sample and
assuming a Gaussian behaviour, all objects should show D,; < 4.0. Nonetheless, when a
main sequence radius is assumed, about 74% of the objects show Dj; > 4.0. When we
assume an ELM radius for these objects, this number falls to less than 2%. The logic

conclusion is that most of the sdAs have radii smaller than the main sequence.

Fig. 4] suggests that most of the objects with T.g and logg in the ELM range
have, on average, H, lower than the estimated value for known ELMs. This, combined
with the fact that they seem to be in the same region of the diagram as the logg < 5.0
objects, could again be seen as an indication of missing physics in the models leading to
an overestimate of the log g. However, their reduced proper motion is consistent with a
tentative limit that I estimated based on |Gentile Fusillo, Gansicke & Greiss| (2015), but
including all ELMs. This limit is given by

Hy, =2.72(g — 2)o + 16.09. (4.11)

The diagram in Fig. 4l is very enlightening when we look at the density of objects.
It is evident that there are two different populations within the sdAs: one to the red limit
of the diagram and another in an intermediate region. While the distribution of the red
population has no intersection with the known ELMs, the distribution resulting from the
blue population shares colour properties with the known ELMs. Most of the ELMs in
the blue distribution show Tig > 8000 K (comprising sequences 1, 2, and 3 from Fig. B0),
while the red distribution contains objects mainly cooler than that (sequence 4 in Fig. 30),
explaining the two regimes which could be glimpsed in Fig.30. I will use these distributions
to study the nature of the sdAs in terms of probabilities in Section 235l I believe the
red distribution (~ 60% of stars) is dominated by main sequence late-type stars with low
metallicity, which can be found in the halo and show spectra mimicking A-type stars due
to the lack of metals, with some possible contamination of cooler (pre-)ELMs, since there
is an intersection with the blue distribution. The blue distribution, on the other hand,
should contain the missing cool (pre-)ELM population, which is under-represented in the

literature.
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Figure 44 — The bottom panel shows the H, x (¢ — z), diagram (see e.g.

\Gentile Fusillo; Gansicke; Greiss, 2015]), with the objects in sample B (i.e.,
proper motion selected) colour coded according to their Mahalonobis dis-
tance to the halo given a main sequence radius. Known ELMs are shown
as green triangles for comparison. Middle panel shows the same diagram
as a bidimensional histogram. The top panel shows the densities assuming
each object as a Gaussian to account for the uncertainty; it becomes clear
that there are two populations of objects within the sdA sample. The sug-
gested limit for white dwarf detection with probability equal to 1.0 given by
\Gentile Fusillo, Gansicke & Greiss| (2015]) is indicated as a black solid line.
Most known ELMs, due to their larger radius implying a smaller reduced
proper motion, since they can be detected at larger distances, are not below
the white dwarf limit. A reference line, defined arbitrarily shifting the esti-
mate of |Gentile Fusillo, Gansicke & Greiss| (2015) to include all known ELMs
is shown as a red dashed line. Most sdAs are also below such line.
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4.2.5 Probabilistic analysis

Considering the previous analyses, it is clear that the observable properties of
the sdAs are consistent with more than one evolutionary channel, since there is overlap
between evolutionary paths. The only physical parameter that would allow an unique
classification for the sdAs would be the radius, which, combined with log ¢ estimates,
would allow us to tell whether the objects have a degenerate nucleus. As there is no
parallax measured for the sdAs, this will not be possible at least until Gaia’s data release
2, scheduled for the 25th of April, 2018%. In the meantime, we can analyse the sdAs in
terms of probability: do they have a higher probability of belonging to the main sequence,
or can they be more easily explained by (pre-)ELMs?

Based on the estimated log ¢ compared to evolutionary models, on the reduced
proper motion diagram distributions, and on the spatial velocities given either a (pre-)ELM
radius or a main sequence radius, I estimated for each object in sample B a probability of
belonging to the main sequence and a probability of being a (pre-)ELM star. My intention
was to provide a basis for future follow-up projects, such as time resolved spectroscopy,
impossible with the present size of the samples, and to understand the sdA population as

a whole.
The main sequence probability was evaluated taking into account three probabili-

ties:

i) probability of being explained by a single-evolution model (see Fig. [l) given the

estimated solar abundance log g: puvsi;

ii) probability of belonging to the red distribution in Fig. 4] given the (g — z)o colour:

PMs2;
iii) probability of belonging to the halo, thick or thin disk of the Galaxy given the

U, V,W velocities estimated with a main sequence radius (Fig. @1)): pyss-

The final probability was calculated as the complementary probability of the object not
belonging to the main sequence, so that the final probability increases when pq, ps, and
p3 are larger. Assuming the intermediary probabilities listed above are independent, we

thus calculated it as:
pus = 1 —(1—pus1) X (1 —pusz2) X (1 — puss)- (4.12)

The (pre-)ELM probability on the other hand takes into account:

4 The analysis presented in this Section was published in online form by MNRAS on the 9th of January,

2018. Following Gaia DR2, we verified that over 70% of the sdA sample has unreliable parallax
(m < 3 o). Moreover, due to the asymmetric uncertainties in distance and hence radius, over 90% of
the objects with m > 3 o, show inconclusive radii estimates, consistent with both main sequence and
(pre-)ELM.
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i) probability of being explained by binary evolution models (Fig. [) given their esti-

mated solar abundance log g: prrt;

ii) probability of belonging to the blue distribution in Fig. 44 given the (g — z), colour:

PELM?2;

iii) probability of belonging to the halo, thick or thin disk of the Galaxy given the
U, V, W velocities estimated with a (pre-)ELM radius (Fig. B2): pgrLuvs-

This gives a final probability, again assuming the intermediary probabilities are indepen-
dent, of

pem = 1 — (1 —prrvi) X (1 — peive) X (1 — peLms)- (4.13)

As previously mentioned, there are intersections between the properties of the two
populations, therefore the two probabilities are not independent and do not sum up to
one. Fig. shows the obtained results for the objects in sample B. If we analyse these
results in terms of an average, a random sdA has 68% probability of belonging to the main
sequence, and a 46% probability of being a (pre-)ELM. Doing the ratio between the two
probabilities, we can select the objects which are more likely (pre-)ELMs in the sample.
Fig. 0l shows the (pre-)ELM probability over the main sequence probability. 1 150 objects
in sample B, or 7%, have a higher probability of being (pre-)ELMs. 170 of these objects
show log g > 5.0 — implying they would be ELMs rather than pre-ELMs. Out of those,
146 also show T.g < 8 500 K.

Assuming all these objects have their nature correctly predicted, this would raise
the number of ELMs with T.¢ > 8500 K in the SDSS footprint to 97 (73 confirmed
binaries of Brown et al., 2016/ in this range + 24 sdAs), while the number of objects with
Ter < 8500 K would be 149 (3 confirmed binaries of [Brown et all, 2016/ in this range +
146 sdAs), making the cool ELM population about 50% larger. The evolutionary models
predict the same amount of time to be spent in both ranges, but shell flashes can reduce
the hydrogen in the atmosphere, speeding up the cooling process and making it possible
that the time spent at lower temperatures be higher by a factor of two, as our findings seem
to suggest. However, the circumstances where these shell flashes occur are still unclear.
Follow-up of these objects to detect the true cool ELMs, allowing for an observational
estimate of the rate of objects in the two T.g ranges, should be acquired to help calibrate

the evolutionary models. I will discuss the current state of my follow-up in Section 4.2.8
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Figure 45 — Circles in red show the probability of belonging to the main sequence, while
triangles in blue show the resulting probability of being a (pre-)ELM object

according to our evaluated distributions. The x-axis is simply a count of sdAs
in sample B.
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Figure 46 — Probability of (pre-)ELM over probability of main sequence, ordered from
smallest to largest. The y-axis is shown in log scale. Most objects do show
a larger probability of belonging to the main sequence, but 1150 objects in
sample B (about 7%) are most probably (pre-)ELMs.
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4.2.6 Radial Velocity Variations from SDSS

Fig. @7 shows a histogram of the estimated radial velocity amplitude AV
from the SDSS subspectra. Most spectra show AV < 100 km/s, with 334 having
AV > 100 km/s. Out of those, 14 show AV > 200 km/s. Two of these objects
were previously published in the ELM Survey, namely SDSS J123800.09+194631.4
(Brown et all, 2013) and SDSS J082511.90+115236.4 (Kilic et all, 2012)). Three are hot
subdwarf stars showing T.g > 20000 K, which are also commonly found in bina-
ries (SDSS J141558.19-022714.3, SDSS J163205.754172241.3, and SDSS J211651.95-
003328.5). Another one is a known CV (SDSS J152020.40-000948.3) identified by its
colours by |Gentile Fusillo, Gansicke & Greiss| (2015). Two others show log ¢ > 7.0 and
are probably double degenerate systems, given that the companion is unseen in the spec-
tra (SDSS J095157.784290341.5 and SDSS J132232.12+641545.8, see Figs. A8 and [A9).
SDSS J132232.124641545.8 (also known as PG 1320+645) was previously flagged as prob-
able binary by [Brown et all (2011]), but they were unable to constrain the orbital period.
The SDSS data are good enough to allow that, given that there are ten subspectra over
two nights with relatively good S/N & 10. The data fit a period of 2.207 4+ 0.004 h
and K = 109 £+ 5 km/s (Fig. b0), which implies a minimal companion mass of 0.15 M
and a merging time shorter than 1 Gyr. For SDSS J095157.78+290341.5, the S/N of the

subspectra is much lower and we could not determine an orbit.
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Figure 47 — Histogram showing the obtained amplitude for all analysed SDSS spectra.
Most show no significant amplitude, but over 300 indicate an amplitude be-
tween subspectra larger than 100 km/s, 14 larger than 200 km/s.
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Figure 48 — The black lines show the composite spectra for SDSS J095157.78+290341.5.
The grey lines show the subspectra, dislocated to facilitate visualization. The
red overplotted lines are smoothed spectra. The vertical grey lines are the
rest position of the hydrogen Balmer lines.
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Figure 49 — Same as Fig. 48] but for SDSS J132232.124-641545.8.
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Figure 50 — The orbital solution obtained for SDSS J132232.124-641545.8 using the veloc-
ities obtained from SDSS subspectra.

The remaining six spectra showing AV > 200 km/s belong to five objects. The
spectra are shown in Fig. 51l Their atmospheric parameters are shown in Table[@, for both
solar abundance models and pure-hydrogen atmosphere models. Using the radial velocities
estimated from the SDSS spectra of these objects, I attempted to obtain their orbital
parameters. The best fit results are shown in Table [0 The best orbital solutions are
shown in Fig. b2l SDSS J104826.86-000056.7 has nineteen subspectra, which were enough
to constrain the period and obtain a good orbital solution. SDSS J120616.93+115936.2 has
only seven subspectra, but its light curve on CRTS shows variability with a period which
was consistent with the highest peak on the Fourier transform of the velocities. The phase-
folded light curve is shown in Fig. B3l SDSS J045947.40-040035.2 has ten subspectra, but
the spacing is such that many aliases arise in the Fourier transform, and in fact periods
ranging from 10 h to 60 h had orbital solutions with similar residuals; follow-up is needed
to study the nature of this object. SDSS J171906.234+-254142.3 has five subspectra, but
less aliasing than SDSS J045947.40-040035.2, suggesting a period between 8 h and 14 h.
We were not able to find a good solution for SDSS J122911.49-003814.4, which has six
subspectra; follow-up was obtained with SOAR and is described in Section [£.2.8
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Figure 51 — Spectra for the five objects showing AV > 200 km/s (solid black line). The

SDSS template is shown as a dashed red line for comparison. For the object
with two spectra, the highest S/N spectrum is shown.
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Table 9 — Solar abundances and pure-hydrogen atmosphere spectral parameters for the

objects shown in in Figs. BIl and B2l Quoted uncertainties in our values of T.g
and log ¢ for solar abundances are formal fit errors. The external uncertainties
in the models are much larger, of about 5% in T.g and 0.25 dex in log g.

SDSS J g Tog log ¢ T.e log g

Solar Pure-H
(a)  104826.86-000056.7 18.39 8508(17) 5.861(0.068) 8571  6.269
(b) 120616.93+115936.2 17.37 8869(12) 5.092(0.050) 8861 5.308
(c) 045947.40-040035.2 19.62 8182(21) 4.804(0.113) 8153 4.815
(d) 171906.234+254142.3 19.13 8566(41) 4.126(0.128) 11288 4.500
(e) 122911.49-003814.4 18.27 8020(22) 4.657(0.128) 8083 5.339

Table 10 — Orbital parameters obtained for the objects shown in Figs. blland b2, assuming

the best solution. Some objects might need follow-up (see text for discussion).
The secondary mass Ms is the minimal mass assuming an edge-on orbit.

SDSS J P (h) K (km/s) R* M, (My) Tmerge (Gyr)
(a) 104826.86-000056.7 2.9 246 0.88 0.32 2.7
(b) 120616.934+115936.2 6.4 220 1.00 0.50 16
(c) 045947.40-040035.2 61 53 0.82 0.18 11280
(d) 171906.234254142.3 13 197 1.00 0.75 69
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Figure 52 — Best orbital solutions for the four objects for which we were able to constrain

the period.
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Out of these five objects, we concluded that SDSS J104826.86-000056.7 and
SDSS J120616.93+115936.2 are unarguably new ELMs, given that both their atmospheric
and orbital parameters are consistent with the class. The three remaining objects show
the solar abundance logg < 5.0. SDSS J122911.49-003814.4, however, has logg > 5.0
when the pure-hydrogen models are used. Its spectrum does not show strong metal lines,
hence it is a good ELM candidate and follow-up was obtained. SDSS J171906.23+254142.3
still shows logg < 5.0 with the pure-hydrogen models, but the obtained radial velocity
amplitude (197 km/s) can only be explained if the object is in a close binary, requir-
ing it to be compact, therefore it is most likely an ELM. The most uncertain object is
SDSS J045947.40-040035.2, which has log g in the threshold between main sequence and
ELM assuming both models. The estimated distance assuming a main sequence radius is
16 kpc, and its velocities are consistent with the halo. The obtained period and amplitude
are also consistent with a main sequence object. Given all that, SDSS J045947.40-040035.2
is probably a blue straggler star in the halo.
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Figure 53 — Top panel shows the Fourier transform for CRTS light curve of
SDSS J120616.93+115936.2. The dashed lines shows the detection limit of
4 (A). For binary stars, the main peak corresponds to half the orbital period,
here of 3.2 h (86 pHz) . Bottom panel shows the light curve phase-folded to
the 6.4 h orbital period, which is the same obtained analysing the velocities,
suggesting the variability is due to either eclipses or ellipsoidal variation. The
dashed line shows the smoothed data.
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4.2.7 Light Curves from Public Databases

As described in Section [, I have searched for time-resolved photometric data for
the sdAs in the CRTS database. When I found no data in this database or the data
were inconclusive, I have searched also in the PTF and in the LINEAR databases. The
CRTS was given priority because it is more easily accessible and has published more
reliable photometry. Analysing the light curves folded to the highest amplitude peak in
the Fourier transform, I found 59 sdAs with log g > 5.0 to be variable: 29 eclipsing, 8 with
a light curve similar to & Scuti stars, one similar to an RR Lyra, and 21 with variations

of unknown type. These objects, as well as their periods, are listed in Table [Tl
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Figure 54 — Phase-folded light curves for two sdAs identified as eclipsing binaries.
(a) SDSS J105129.04+231158.0, which has a period of 12.5 h. It was iden-
tified by [Drake et all (2014) as an eclipsing binary of Algol type. We have
estimated Tog = 8225 + 10 K and log g = 5.019 4+ 0.044 for this ob-
ject. (b) SDSS J141941.584-054622.7, classified as W Uma by [Drake et al.
(2014). We have estimated a period of about 10 h, Tog = 8077 £ 10 K and
log g = 5.140 = 0.040.

Most objects identified as eclipsing show an orbital period below 36 h, as is em-
pirically expected for ELMs (Brown et all 2016). Two examples are shown in Fig. B4l
However, the median period is of about 18 h, which is significantly larger than the me-
dian of 5.4 h obtained for the known ELMs. Their SDSS subspectra do not show sig-
nificant radial velocity variation (Fig. BH), but have a short baseline of less than 2 h.
SDSS J105129.04+231158.0 has a proper motion of 9.1+3.7 mas/yr, which would be con-
siderably small for a compact object, while SDSS J141941.584-054622.7 has a reliable

proper motion of 26.4+3.5 mas/y. Moreover, this range of periods is the same for bina-



4.2. Unwveiling the nature of the sdA stars 107

Table 11 — sdAs found to be photometrically variable in public databases. First column
is the object’s name, second column its period in days, third column indicates
whether it was previously known to vary (1=yes, 0=no), and the last column
states the type of variation, followed by a colon when it is uncertain.

Object Period (days) Known? Type
SDSS J170518.49+242412.4 1.2048 0 eclipsing
SDSS J163248.37+4-282057.6 0.4406 1 eclipsing
SDSS J160755.314+332342.9 0.3572 1 eclipsing
SDSS J152617.924+180638.6 1.4704 1 eclipsing
SDSS J152146.374+164251.4 0.3260 0 eclipsing
SDSS J151823.314+453944.1 0.3510 1 eclipsing
SDSS J145325.534+120225.0 0.6296 1 eclipsing
SDSS J141941.584-054622.7 0.4234 1 eclipsing
SDSS J134639.42+4-242023.7 10.461 1 eclipsing
SDSS J134438.26+4-280216.4 0.3504 1 eclipsing
SDSS J134127.414-230705.6 0.3608 1 eclipsing
SDSS J133951.054+051948.3 0.6758 0 eclipsing
SDSS J122354.314154420.0 0.7984 0 eclipsing
SDSS J121715.08-000928.3 0.9214 0 eclipsing
SDSS J113514.14+4-353601.3 0.3282 1 eclipsing
SDSS J105129.04+231158.0 0.8938 1 eclipsing
SDSS J104908.364-005744.4 0.9222 1 eclipsing
SDSS J090804.53-000208.7 0.3202 1 eclipsing
SDSS J090709.76+360205.1 0.9190 0 eclipsing
SDSS J090226.534-302022.8 0.8172 0 eclipsing
SDSS J083957.52+4-122002.5 0.3570 1 eclipsing
SDSS J081800.16+4252545.4 0.8514 0 eclipsing
SDSS J081208.51+4321418.5 0.7504 1 eclipsing
SDSS J080313.314+415740.4 1.3444 0 eclipsing
SDSS J075017.354400441.2 1.0614 1 eclipsing
SDSS J073157.82+4-370437.6 1.1154 0 eclipsing
SDSS J224125.044132945.5 0.5280 0 eclipsing:
SDSS J073714.474+372719.8 4.2782 0 eclipsing:
SDSS J072744.244163217.2 0.3116 0 eclipsing:
SDSS J221234.504-224041.7 0.0570 0 0 Sct
SDSS J160814.91+4-262129.3 0.0511 0 0 Sct
SDSS J160302.63+182807.0 0.0421 0 0 Sct
SDSS J155531.32-+400005.7 0.0361 0 0 Sct
SDSS J144929.44+444432.8 0.0508 0 0 Sct
SDSS J124334.25+184131.6 0.0357 0 0 Sct
SDSS J121015.84+4-324417.6 0.0607 0 0 Sct
SDSS J111701.77-001812.6 0.0562 0 4 Sct
SDSS J130313.61-012222.1 0.2190 1 RRLyr:
SDSS J235706.15+364617.2 0.1838 0 ?
SDSS J224222.134+124723.4 0.3027 0 ?
SDSS J214300.424-005507.8 0.0454 0 ?
SDSS J162638.69+465026.6 0.1627 0 ?
SDSS J162353.754004718.8 0.3423 0 ?
SDSS J154200.04-003814.5 0.1185 0 ?
SDSS J150323.11-004827.8 0.1423 0 ?
SDSS J132042.17+482105.8 0.2726 0 ?
SDSS J125940.45+512234.7 0.0295 0 ?
SDSS J122505.514+300923.3 0.2045 0 ?
SDSS J120802.20+411049.6 0.2968 0 ?
SDSS J120616.934+115936.2 0.1334 0 ?
SDSS J120509.104-484933.9 0.0664 1 ?
SDSS J095345.78+4344906.3 0.1967 0 ?
SDSS J091653.18+083302.7 0.1605 0 ?
SDSS J085653.314+005035.1 0.2808 0 ?
SDSS J080841.76+290558.4 0.1999 0 ?
SDSS J080830.28+124611.1 0.3954 0 ?
SDSS J075149.42+-501925.8 0.2396 0 ?
SDSS J070604.58+4-391659.0 - 0 ?
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ries of the W Ursae Majoris (W UMa) kind, which are cool binary systems in which
both components fill their Roche lobes, sharing a common envelope (e.g. Binnendijk|
1970). Eclipsing binaries of the Algol type, which are similar to W Uma but detached,
can also show periods in this range. Thus while the period puts most of our variables
within the ELM range, we cannot rule out that at least some may be W Uma or Al-
gol binaries of main sequence stars, which are both abundant types of binaries (e.g.
Avvakumova; Malkov; Kniazev] 2013). The shape of the light curve could, in principle,
constrain the ratio between the stars’ radii, but it also depends on the mass ratio ¢, which
can only be determined from the radial velocity variation curves. Hence time-resolved
spectroscopy is pending to constrain these eclipsing stars’ parameters. Seven of these

objects were observed by our collaborator Warren Brown. The results are described in

Section 1.2.8
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Figure 55 — Radial velocities, estimated from the SDSS subspectra, for the two eclipsing
stars shown in Fig. [B4] there is no significant variation, what is not surprising
considering that the baseline of the observations is much shorter than the
period for both stars.

There are eight objects showing light curve and period similar to what is observed
for variables like & Scuti or their low-metallicity counterparts, SX Phoenicis. One example
is shown in Fig. b6l These two types of variables are main sequence stars, so the log g >
5.00 we estimate is too large for them to be in fact § Scuti or SX Phoenicis, unless it is
overestimated. They could also be pre-ELMs, which also show pulsations (Maxted et al.
2013; Maxted et all 2014). Moreover, ELMs show g-mode pulsations up to 6000 s, or 1.7 h,
which is the same range as these other variables. Therefore we cannot reach conclusions
based solely on these periods. Some ELMs are also expected to present p-modes of the

order of a few to hundreds of seconds, so further observations focused on finding these
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modes could help obtain a more definite classification. Besides that, ELMs are usually
in close binaries, so they should also present high radial velocity variations not expected
from binaries of main sequence objects, like the § Scuti or SX Phoenicis, which have longer

orbital periods. Follow-up time resolved spectroscopy is needed to test that.
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Figure 56 — SDSS J121015.84+4-324417.6, an sdA showing a § Scuti-like light curve as
plotted above. The dashed black line is a smoothed curve. The light curve
is phased to a period of 1.5 h. We have estimated T, = 8105 + 400 K and
log g = 5.290 £ 0.264, which is too high for a main sequence object like
the 0 Scuti and the SX Phoenicis, but in the range of known variable ELMs.
However, in four SDSS spectra no significant radial velocity variation appears,
the dispersion around the average of 30 km/s being of about 0.8 . The proper
motion is also not significant, estimated in 5 mas/yr but with uncertainty
larger than 80%.

One object in our sample, whose phase-folded light curve is shown in Fig. 57, was
previously classified as an RR Lyra variable by [Vivas et all (2004)) and (2014).
Normal RR Lyrae are in the horizontal branch, therefore they have already evolved off
the main sequence and should show an even lower log ¢ than main sequence stars due
to the expansion of the external layers. However, RR Lyra-type pulsations were already
observed on a pre-ELM with 0.26 M, as reported in [Pietrzynski et al.| (2012b)). In this

case, mass exchange led to the current situation, where the object is in a very short-lived

phase (as the CNO flashes shown in Fig. [2) and the physical properties of the pulsator
happen to place it in the same instability strip as the RR Lyrae stars. They estimate that
0.2% of RR Lyrae stars may be similar to this one, hence it would not be too surprising if

we have found another example considering that thousands of RR Lyrae are known. The
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binarity of this object needs to be studied in order to confirm that.
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Figure 57 — The light curve of a known RR Lyra, SDSS J130313.61-012222.1, folded to
the 5.25 h period. An smoothed curve is shown as a dashed black line. We
have estimated T.g = 8119 + 400 K and log g = 5.016 £ 0.250, which imply
the object is not a common RR Lyra, but might be a result of binary evo-
lution such as the pre-ELM found by |Pietrzynski et al| (2012b)). The SDSS
subspectra cover about 1 h, showing no significant dispersion in radial veloc-
ity around the average, only about 0.12¢. Its proper motion is estimated as
10.6+4.1 mas/yr.

Finally, there were some objects whose Fourier transform and light curve suggested
variability, but we could not identify the nature of the variation. In some cases, the data
were too poor to allow a good determination of the shape of the light curve. In other
cases the shape is well defined, but more than one mechanism could lead to it, such as
ellipsoidal variations or eclipses between two stars of very similar radii. One example is
shown in Fig. There is clear variability, but the shape and period are not characteristic

of one class of variable.

The search for variables is not conclusive in telling ELMs from main sequence
stars, since they share some period intervals. It is interesting, however, to help selecting
good targets for follow-up time resolved spectroscopy. Moreover, as the integration time
and the time span of the public surveys do not allow the identification of the p-modes for
ELMs, which are usually lower than ~100 s, we should also obtain high-speed photometry
to search for this kind of mode. These two follow-up projects will be discussed in the next

Section.
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Figure 58 — SDSS J214300.424-005507.8, a variable of unknown type. It has a period of
1.1 h, which is compatible with a g-mode for an ELM. It could also be the
result of eclipses or ellipsoidal variations caused by the deformation of the
star if there is a close companion, or spots.

4.2.8 Follow-up Observations

We have applied for observation time in five different facilities. We have proposed
photometric follow-up to targets brighter than g=18 on the 1.6 m Perkin-Elmer telescope
at Observatdrio do Pico dos Dias (OPD) in Brazépolis, Brazil. Twelve nights were awarded
to the project in 2016A (OP2016A-005), eleven in 2017A (OP2017A-007), and six in 2017B
(OP2017B-004). The targets fainter than g=18 were proposed as photometric targets to
the Southern Astrophysical Research (SOAR) 4 m Telescope on Cerro Pachén, Chile.
We have been awarded 60 h in 2016A (SO2016A-006), 28 h in 2016B (SO2016B-001),
40 h in 2017A (SO2017A-001) and 8 h in 2017B (SO2017B-002). We have also applied
for time-resolved spectroscopy of the targets brighter than ¢g=18 with SOAR. We were
awarded 28 h in 2016A (SO2016A-005), 33 h in 2016B (SO2016A-002), 20 h in 2017A
(SO2017A-002) and 5 h in 2017B (SO2017B-007). Time-resolved spectroscopy for targets
fainter than g=18 was requested at both Gemini North (Mauna Kea, Hawaii) and South
(Cerro Pachén, Chile) 8 m telescopes and at the European Southern Observatory (ESO)
8 m Very Large Telescope (VLT). We were awarded a total of 9 h at Gemini North
(GN-2016B-Q-54, GN-2017B-Q-72), 43.9 h at Gemini South (GS-2016B-Q-54, GS-2016B-
Q-78, GS-2017A-Q-68, GS-2017B-Q-70), and 14 h at ESO’s VLT in 2016B (P098.D-0068).
Table [I2] lists the total number of hours at each facility, as well as the percentage of hours
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executed, considering hours lost to bad weather or technical issues.

I found seven objects to show radial velocity variations indicating they are in close
binaries. They show p-value smaller than 0.15 for the Shapiro-Wilk test (see Section B.4.T]),
implying that the variations cannot be explained by Gaussian noise to a confidence level
of 85%. For six objects out of these seven, the p-value is smaller than 0.05, hence the
confidence level is 95%. The orbital solution shows R? larger than 0.95 for all but one
object. Tog and logg suggest they are new (pre-)ELMs. Their properties are given in
Section L.2.8.11

For six other objects, the p-value is larger than 0.15, but I obtained an orbital
solution with a short period (P < 10 h), expected from (pre-)ELMs in the range of physical
parameters for the sdAs (Brown; Kilic; Gianninas, 2017), and R* > 0.85. Two other
objects show p < 0.05, but their atmospheric parameters are compatible with both a pre-
ELM and a main sequence star. More data are required to confirm the nature of these eight
objects. Their distance modules or proper motion, and the estimated physical parameters
suggest they are probably (pre-)ELMs. I discuss their properties in Section 2.8.2

Table 12 — Follow-up observations approved to further study the sdAs. Numbers in paren-
theses indicate the percentage executed.

Facility 2016A  2016B 2017A 2017B
OPD 12 nights - 11 nights 6 nights
(50%) (45%) (0%)
SOAR 88 h 61 h 60 h 13 h

(94%)  (91%)  (95%)  (100%)

Gemini South - 174h  14h 12 h
(100%)  (4%)  (100%)

Gemini North - 3h - 6 h
(100%) (100%)
ESO VLT - 14 h - -
(100%)

Another six objects have twelve measurements or more (the average necessary to
confirm binarity, according to [Brown et all, 2016), in at least three different epochs and
often multiple telescopes, but the Shapiro-Wilk test suggested no real variation. These

objects are possibly single stars, or show either very short (< 1.0 h) or long periods
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(2 200 days). I also found no RV variation or red companions for the five objects observed
with X-shooter in three nights over a week. All these objects are detailed in Section 1.2.8.3
Seven objects identified by me as eclipsing stars were observed for us by our collaborator
Warren Brown. They are discussed in Section [£.2.8.4]

In Section 4.2.8.5] T compare the values of T, and log g obtained fitting the SDSS
spectra and the SOAR or X-shooter spectra for each object. We were unable to obtain
a good spectral fit to the Gemini spectra. The Gemini reduction package interpolates
between the CCD gaps before performing the flux calibration, and that seems to be
affecting the output to a point where our models cannot fit the slope of the continuum.
The issue is worse the higher the log g, because then the lines are so wide one of them
is always spanning a gap. As the position of the line centres are not affected by the flux

calibration, the Gemini data can still be used to estimate radial velocities.

In addition, I found seven new pulsators among the sdAs. For other fourteen
observed stars, I obtained a detection limit < 10 mmag and found no pulsations. All
known pulsating ELMs show a dominant mode higher than 10 mma (e.g. [Hermes et al.
2013)). The photometry results are discussed in Section L.2.8.0l

42.8.1 New (pre-)ELMs

J032914.774003321.8: The thirty RV estimates for J0329+0033 (¢ = 16.76), taken
over seven non-consecutive nights at SOAR, yielded a Shapiro-Wilk p-value of 0.004,
suggesting with a very high confidence level that the observed variations are not due
to chance. I estimated the period to be 20.1 £ 0.1 h. The semi-amplitude is not well
constrained by the data; I estimated it to be 83 & 22 km/s. This results on an orbital fit
with R? = 0.78, shown in Fig. 59, the lowest R? among our fits. However, when I assume
a main sequence radius, the photometric parallax gives a distance larger than 20 kpc for
this object, what is inconsistent with its proper motion of 11.5+ 2.3 mas yr~!(Tian et al.
2017). The systemic velocity is also relatively high, 153 4+ 18 km/s. Assuming an ELM
radius, the distance drops to ~ 200 pc.

Our fit to the SOAR spectrum of J0329+40033 gives Tog = 9080 + 10 K and
log g = 5.18 £ 0.03. Interpolating the models of [Althaus, Miller Bertolami & Corsico
(2013)), we obtain M = 0.1536 &+ 0.0006 M. Given this mass and the orbital parameters,
the minimal mass of the companion (for an edge-on orbit) is My = 0.17 M, implying a

merging time smaller than 765 Gyr.

J073934.37+172225.5: 1 obtained nine spectra in three nights with SOAR for
J0739+1722 (g = 18.07), whose RV variability was already suggested by its SDSS sub-
spectra. The RV estimates from the SOAR spectra give p = 0.1465. I obtained a period

of 6.64 + 0.03 h, too short for a main sequence star in the sdA range of parameters
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Figure 59 — Orbital solution for SDSS J032914.77+003321.8, phase-folded to the 20.1 h
period. Note that in this and also in the next orbital solution plots, two cycles
are shown. The semi-amplitude is 83 4+ 22 km/s, and the systemic velocity is
153 £ 18 km/s.
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Figure 60 — Our orbital fit for J073934.37+172225.5, given the SOAR RV estimates. We
obtained T = 6.61 £ 0.01 h, K = 82.6 & 6.8 km/s, RVy = 37.8 & 3.4 km/s,
and R? = 0.96.
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(Brown; Kilic; Gianninas|, 2017), and K = 82.6 + 6.8 km/s. The orbital solution, shown
in Fig[60, has a high R? = 0.96.

We estimated the mass of the ELM primary to be 0.145 & 0.001 M, given the
Tor = 7550 £ 12 K and the log g = 5.06 £+ 0.05. The minimum mass of the companion
is My = 0.10 My, going up to 2.1 My for a 15° orbital inclination. Given the orbital

parameters, the merging time is smaller than 68 Gyr.

J084034.83+4-045357.6: J0840+-0453 (¢ = 17.34) was observed in three nights with
SOAR, and I obtained nine spectra. A possible RV variability was first detected in the
SDSS subspectra. The Shapiro-Wilk test performed in the SOAR RV data confirmed the
variability. The best orbital solution (Fig. BIl) gives R? = 0.98, with a semi-amplitude of
221.6 £+ 12.8 km/s and a period of 8.13 £ 0.01 h.

Our fit to the SOAR spectra of J0840+-0453 gives Ty = 7890 4+ 32 K and log g =
5.07 & 0.09, implying an ELM mass of M = 0.147 + 0.002 M. The secondary mass is
My > 0.59 Mg, hence it is probably a canonical mass white dwarf. The merging time due

to gravitational wave radiation is < 28 Gyr.
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Figure 61 — The orbital solution for J084034.834-045357.6, a 0.147 M, pre-ELM with
Tox ~ 8000 K. The RV estimates are phase-folded to the 8.13 h period, and
show a semi-amplitude of K =221.6 £ 12.8 km/s and RV = 17 £ 13 km/s.

J134336.444-082639.4: J1343+0826 (g = 16.34) was found to be photometrically vari-
able in our observations carried out with OPD (see Fig. [62)). I also found it to be most
likely ELM given the criteria of Section [1.2.5] I found a photometric period of about one
hour, with an amplitude of 26.2 4+ 2.3 mmag. This is consistent with the predicted values
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of [Cérsico et all (2016). Unfortunately, this is the only detected period, and therefore
we cannot obtain an asteroseismological fit to this object. Spectroscopic follow-up was
obtained over five nights at SOAR; twenty-eight spectra were obtained. The derived ve-
locities give p = 0.004, indicating variability with a high confidence level (> 99%). The
dominant period was ~ 24 h, a probable alias given that four of the observed nights con-
sisted of two sets of consecutive nights. A similar R? (only 0.5% smaller) is obtained with
T = 21.39+£0.01 h, which is the period I adopted for the orbital solution shown in Fig. 63l
The derived semi-amplitude is 136.247.0 km/s. The systemic velocity is remarkably high,
RVy = 326.0 £ 7.2 km/s. If the 24.7 h period is the true one, the amplitude would be
175.5+ 6.8 km/s, and RV, = 323.0 4+ 3.8 km//s.

The log g we estimated from its SOAR spectrum is among the highest in our
sample (5.9740.03), and the effective temperature is nonetheless quite low (7o = 8120+
10 K), making it a very interesting addition to the known population of pulsating ELMs.
We estimate its mass to be M = 0.153£0.001 M, while the companion has M > 0.43 M.
The objects will merge in less than 449 Gyr.
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Figure 62 — Fourier transform (top) and light curve for SDSS J134336.444-082639.4, ob-
tained at OPD. The grey line in the top panel shows the original Fourier
transform, whereas the black line shows it after the main period was sub-
tracted from the light curve. The red dashed line is the detection limit. There
is a lot of spread in the data in the bottom panel due to the variation of the
seeing throughout the night. The dashed black line shows the smoothed data.
The red line shows the best fit obtained with PERIOD04, with a period of
3618 4+ 55 s and amplitude of 26.1 & 2.4 mmag.
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Figure 63 — Orbital solution for the photometric variable star SDSS J134336.44+082639.4,
with 7'=21.394+0.01 h, K = 136.24+7.0 km/s, RV = 326.0£7.2 km/s, and
R? = 0.95.
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Figure 64 — The orbital solution obtained for SDSS J142421.30-021425.4, whose RV esti-
mates indicated variability at the 85% confidence level.
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J142421.30-021425.4: 1 followed-up on J1424-0214 (g = 16.93) given the RV variability
suggested by its SDSS subspectra. I observed it in three nights at SOAR, obtaining ten
spectra. I obtained a period of 6.3 & 0.4 h, with a semi-amplitude of 79.7 + 21.8 km/s.
The orbital solution, shown in Fig. [64, has R? = 0.988.

We derived T = 9300 + 11 K and log g = 5.13 £+ 0.03 from the SOAR spec-
trum assuming one tenth of the solar metallicity, obtaining M = 0.156 & 0.001 M from
the evolutionary models of [Althaus, Miller Bertolami & Cérsico| (2013). Slightly smaller
atmospheric parameters are obtained from the SDSS spectrum, Tog = 9090 £+ 24 K and
log g = 4.53 £ 0.04, resulting on M = 0.170 £ 0.002 M. Given the estimated period
and semi-amplitude, and assuming the parameters derived from the SOAR spectrum are
correct, the companion has My > 0.09 M, (M, = 1.8 M, for ¢ = 15°) and the objects
will merge in less than 57 Gyr.
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Figure 65 — Estimated RVs and orbital solution for SDSS J205120.67+014554.4, that was
observed with both SOAR and Gemini. The orbital fit gives R? = 0.93.

J205120.674014554.4: J2051+0145 (g = 17.27) would be at a distance of ~ 9 kpc if
it had a main sequence radius; however, its proper motion of 9.0 & 2.4 mas yr—! suggests
a smaller distance, compatible with a (pre-)ELM radius. Observing it for five nights at
SOAR, and three nights at Gemini South, I obtained twenty-eight spectra. After obtaining
a p-value of only 0.002 (variability confidence level > 99%), I estimated the orbital period
to be 22.9 + 0.2 h. The semi-amplitude of the orbital solution is 137 4+ 14 km/s, and the
systemic velocity is RVy = 31 £ 14 km/s. The orbital solution is shown in Fig. [65l

The estimates of T.g and log ¢ using the combined SOAR, spectrum, 7810+ 13 K
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and 5.00 £+ 0.05, give M = 0.148 4+ 0.001 M. The minimal mass of the secondary is
My = 0.45 Mg, and the merging time due to the emission of gravitational waves is
shorter than 533 Gyr.

J092056.094-013114.8 — An eclipsing binary: J0920+0131 (¢ = 16.53) is an eclipsing
binary identified independently by [Palaversa et all (2013) and [Drake et al. (2014)), but
whose nature was not further analysed. Using data from CRTS, we estimated the orbital
period to be 15.74240.003 h. The phase-folded light curve is shown in Fig. [66l I obtained
thirteen spectra in five nights at SOAR. Fixing the period to the photometric estimate,
we obtained an orbital solution with R? = 0.95 (see Fig. 1) and K = 76 + 11 km/s.

I fitted the photometry using JKTEBOP (Southworth; Maxted; Smalley| 2004]), and
obtained an orbital inclination of 82.7 + 0.4° and Ry/R; = 0.80 £ 0.03. Given this
inclination, we obtain My/M; = 0.894 from the RV fit. Our spectroscopic fit to the
spectrum of the primary gives Ty = 7480 + 13 K and log g = 4.80 £ 0.06, implying
M; = 0.149 £ 0.002 My and Ry = 0.25 Ry . Therefore the secondary mass seems to be
an even lower mass ELM with M, = 0.133 £ 0.002 Mg and Ry = 0.20 Rs. The exter-
nal uncertainty in the radius, given the 0.25 dex uncertainty in log g, is about 0.07 R
(assuming a fixed mass of 0.15 Mg). Thus the radius of the secondary might be larger,
as it would be expected from a lower mass white dwarf given the mass-radius relation. I
estimated the secondary to show T, ~ 4000 K, given the ratio between fluxes estimated

from the light curve.
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Figure 66 — Light curve of J0920+0131, phase-folded to the 15.7 h period. The best fit to
the light curve, calculated with JKTEBOP, is shown as a red line.
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Figure 67 — RV data and the obtained orbital solution for SDSS J092056.09+013114.8.
The RV data are phase-folded to the photometric 15.7 h period.

4.2.8.2 Probable (pre-)ELMs

J004227.73-010634.9: J0042-0106 (¢ = 18.63) was followed up because of the log g > 5.5
that we obtained by fitting its SDSS spectrum to solar abundance models. Moreover,
assuming the object has a main sequence radius, we obtain a distance of over 15 kpc.
It was observed in three nights with Gemini South; two spectra were obtained at each
night. Although the observed variations are consistent with Gaussian errors, I obtained
an orbital solution with R? = 0.993 (Fig. 68)). The estimated amplitude is 48 km/s, and
the period is quite low, of only 91 min. Further observations are required to confirm these

findings.

The mass of the primary, given the fit to the SDSS spectrum which resulted on
Tog = 8050 + 24 K and log g = 5.51 £0.08, is M = 0.1449 £ 0.0003 M. Assuming the
estimated orbital parameters, we obtained the secondary to show My > 0.03 M, (for an
inclination of 15°, My = 0.22 M). Given the short period, the system would merge in
less than a Hubble time (Tmerge < 4.2 Gyr).

J011508.654005346.1: J0115+0053 (¢ = 18.07) also shows logg > 5.5 in our solar
abundance fits to its SDSS spectrum, and d > 15 kpc when a main sequence radius is
assumed. Moreover, I found it to be more likely ELM in the analysis of Section H.2.5
Six spectra were obtained on three nights with Gemini. The obtained RVs show real

variability only at a 70 per cent confidence level, but I obtained R? = 0.97 for the best
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Figure 68 — Top panel shows the estimated RVs in the three observed epochs for
SDSS J004227.73-010634.9. The bottom panel shows a tentative orbital solu-
tion, with a 91 min period and R? = 0.993.
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Figure 69 — Estimated RVs for SDSS J011508.65+005346.1 (top), and the best orbital
solution (bottom). The average uncertainty was 33 km/s, much larger than
our typical values of 10-15 km/s, due to the bias issue at GMOS South.
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orbital solution, with 7" = 100 min and K = 74 km/s (see Fig. [69). However, all the
spectra were affected by the bright columns that appeared at the Gemini South CCD

during the end of 2016B, hence the uncertainties in the velocities are larger.

Given the T,y = 8670 + 24 K and the log g = 5.64 4+ 0.08, and the hinted RV
variability, we propose J01154-0053 is a probable ELM, but we caution that more data
are needed to confirm this identification. The evolutionary models give a primary mass of
0.150£0.001 M, and, assuming the tentative orbital parameters, the minimal secondary
mass is 0.05 Mg (My = 0.54 M, for i = 15°), and the merging time is shorter than
3.2 Gyr.
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Figure 70 — The top panel shows the estimated RVs for SDSS J030608.92-001338.9 in the
two observed nights. Two orbital solutions are shown: short dashed line (light
grey) for the 28.1 h period, and the long dashed line (dark grey) for the 13.1 h
period. In the bottom panel, the RVs are phased folded to these two periods,
following the same colour code.

J030608.92-001338.9: I found J0306-0013 (¢ = 16.95) to be most likely a (pre-)ELM
in the analysis of Section .20l T obtained ten spectra over two nights at SOAR. Fitting
the combined spectrum to our new Z = 0.1 Z; grid, we obtain T.g = 7770 £ 10 K and
log g = 5.36 & 0.04, implying M = 0.1433 £ 0.0004 M. The Shapiro-Wilk test yields
p < 0.3, suggesting the estimated RVs vary at the 70% confidence level. With only two
nights, it is hard to constrain the orbital period. I found two solutions with R? differing
by less than 2% for T'= 28.6 h and 7" = 13.5 h, the former with K = 186 km/s, and the
latter with K = 88 km/s. Both solutions are shown in Fig. [70l



4.2. Unwveiling the nature of the sdA stars 123

For the 28.6 h period, the secondary has a relatively high minimum mass of ~
1.0 M. For any inclination above 60°, the companion would have to be a neutron star.
The merging time for this period is smaller than 546 Gyr. On the other hand, for the
13.5 h period, the minimal mass is My > 0.15 My, and the merging time is shorter than
320 Gyr.

J045515.00-043231.0: J0455-0432 (¢ = 16.49) was also found to be most likely a
(pre-)ELM in Section .25l Eleven spectra were obtained over two nights at SOAR. The
estimated RVs suggest variability at 65% confidence level. I obtained a dominant period
of 4.1 h, but with a high uncertainty of 3.8 h. I estimated K = 60 + 24 km/s. The orbital
solution assuming the 4.1 h period, shown in Fig. [7T], gives R? = 0.89.

The SOAR spectrum fits Ty = 8250 £ 8 K and log g = 4.15 4+ 0.03. These values
are consistent with a pre-ELM of M = 0.180 £ 0.001 M, in a binary with an object of
minimal mass 0.06 My (0.69 M, for i = 15°), which will merge within 25 Gyr.
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Figure 71 — Obtained RVs for SDSS J045515.00-043231.0 are shown in the top panel. Bot-
tom panel shows the RVs phase-folded to a 4.1 h.

J122911.49-003814.4: The radial velocity we derived for J1229-0038 (g — 18.27) from
its SDSS spectrum was 472 + 3 km/s, consistent with the 465 + 5 km/s given by the
SDSS spectral pipeline fit and close to the escape velocity of the Galaxy. Moreover, a
main sequence radius would place it at a distance close to 15 kpc, inconsistent with its
proper motion of 10.2 4+ 1.8 mas yr~! (Tian et all, 2017). Observing it for two nights at
SOAR, I obtained five spectra. Although the Shapiro-Wilk test cannot rule out that the

variability is due to Gaussian noise, I found an orbital solution with R? = 0.96, T'= 3 h,
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and K = 47 km/s (see Fig. [[2). I estimated a very high systemic velocity of 510 km/s,
consistent with the SDSS spectrum, suggesting the semi-amplitude might actually be

higher. More data are needed to constrain the orbit of this object

The fit to its SOAR spectrum gives Tog = 8300+ 21 K and log g = 5.65+0.06, im-
plying a mass M = 0.1476+0.0009 M in the models of Althaus, Miller Bertolami & Corsico
(2013). Assuming the obtained orbital parameters are correct, the mass of the companion
should be higher than M, = 0.04 My, or My = 0.32 M, for ¢ = 15°. The merging time is
just above a Hubble time, Tmerge < 20 Gyr.
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Figure 72 — Radial velocities (top) and best orbital solution (bottom) for
SDSS  J122911.49-003814.4. The systemic velocity of over 500 km/s
might indicate that the semi-amplitude is much higher than the derived
47 km/s.

J233606.13-102551.5: J2336-1025 (g = 19.34) would be at a distance larger than 26 kpc
if it had a main sequence radius. The GPS1 proper motion is not significant. We obtained
logg = 5.72 £ 0.15, Teg = 8330 £ 39 K, and RV = 12 km/s from its SDSS spectrum
using our solar abundance models. This implies M = 0.149 + 0.003 M and R = 0.088 +
0.02 Rg. I followed it up for three nights with Gemini South, obtaining six spectra. The
RV estimates hint a period of 2.4 h, even though the variability could also be explained
by Gaussian uncertainties. The best orbital solution (R? = 0.92) gives K = 131 km/s
and is shown in Fig. [[3] With these orbital parameters, I obtained M, > 0.12 M and
Tmerge < 3.73 Gyr, shorter than a Hubble time.
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Figure 74 — The estimated RVs for SDSS J162624.914+162201.5 are shown in the top panel,

while the bottom panel shows the velocities phase-folded to the 8.2 h period,
together with the orbital solution.
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J162624.914+162201.5: I obtained with the analysis in Section that J1626+1622
(9 = 17.04) was most likely a (pre-)ELM. It was followed-up for two nights at SOAR,
when I obtained eight spectra. At a 90% confidence level, the detected RV variability
cannot be explained by random uncertainty. I estimated a period of 8.2 + 0.1 h and
K =92.6 +19.3 km/s, obtaining an orbital solution with R? = 0.88, shown in Fig. [74l

However, J162641622 shows a low log g = 3.83 £ 0.03, with T.g = 7460 £ 15 K.
With these parameters, we could only explain it as a pre-ELM in a CNO flash. The time
scale of these flashes ranges from 10° to 10° years. The estimated physical parameters
are consistent with the flashes of a M = 0.34 M, model. Given the estimated orbital
parameters, M, > 0.20 Mg and mmerge < 32 Gyr.
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Figure 75 — The orbital solution for the SOAR data of SDSS J090410.004+034332.9, folded
to the 14.7 h period (bottom), and the estimated RVs (top).

J090410.004+034332.9: 1 obtained eight spectra over two nights at SOAR for
J0904+0343 (g = 17.58), given its RV variability in the SDSS subspectra. The normality
test gave p = 0.006, confirming the variability. I estimated a period of 14.7 + 0.3 h, with
a low semi-amplitude of 47.7 &+ 2.4 km/s, suggesting either a high-orbital inclination, or
that the object is a main sequence binary. The orbital solution, shown in Fig. gives
R? = 0.997.

J09044-0343 spectra fits Teg = 7680 £ 20 and log g = 4.08 £ 0.05, assuming
0.1 Z. This is compatible with a pre-ELM of mass 0.18 £+ 0.05 M, given the models of
Althaus, Miller Bertolami & Cérsico| (2013]). However, it could also mean that the object

is a binary metal poor F star in the halo. The estimated distance given a main sequence
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radius is 9 kpc, and the proper motion is quite low (3.343.1 mas yr~!). The low detected
semi-amplitude results on a low minimal mass of 0.08 M, assuming a pre-ELM primary,
given that the orbit would probably not be edge-on. For a 15° inclination, the mass is
about 1.05 M. The merging time would be up to 590 Gyr.

We will be able to estimate the distance for this star and others with the parallax
to be released by Gaia, and therefore the difference between our preferred solution as a

pre-ELM and a 9 kpc main sequence star will be clear.

4.2.8.3 No detected variation

Fig. [(7 shows the RV estimates for the objects with no statistically significant
RV variations, and no good orbital solutions in the probed ranges of periods, described
below. We caution that periods as short as 12 min were observed for the known ELMs
(Brown et all,201T]), and theoretical models predict periods up to several days (Sun; Arras,
2017).

J222009.74-092709.9 (g = 15.81) was found to be a photometric variable in OPD
data (see Fig. [[0), with periods 3591.244 +0.015 s ( 7.92 + 0.7 mmag) and 2168.8 £ 0.6 s
(3.94 £ 0.7 mmag).
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Figure 76 — OPD light curve for 222009.74-092709.9 (three bottom panels). Two periods
were found above a detection limit of 4 (A) (red dashed line in the top panel),
where (A) is the average amplitude of the Fourier transform. The fit to the
light curve given these two periods is shown as continuous line. The dashed
line shows the smoothed data.
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Despite its reliable proper motion of x = 9.6 4= 1.6 mas yr~!, I did not find it to be most
likely ELM in the analysis of Section because of its colours. The spectroscopic follow-
up revealed no orbital periods in the range ~ 20 min to ~ 200 days. However, we obtain
log g =6.10+£0.02 and T,g = 8230+ 6 K for the SOAR spectra of this object, which not
only places it in the region of the known ELMs, but also within the instability strip given
by (Tremblay et al), 2015)), thus possibly justifying the observed photometric variability.
Further monitoring of this object is required to probe shorter and longer orbital periods,

as well as further time series photometry to allow an asteroseismological study.

J233403.21+153829.2, J223831.91+125318.3, and J155937.48+113721.9 also have
reliable proper motion according to the criteria of outlined in Section 211 (39.1 + 1.5,
13.6 + 1.6, and 7.4 + 1.8 mas yr~', respectively), yet they were not found to be most
likely ELMs. J1559+4-1137 (g = 17.22) has not been previously studied in the literature.
Our estimated physical parameters are close to the main sequence upper limit, T,g =
11880 £ 41 K and log g = 4.83 £+ 0.01. The lack of RV variation and periods in the range
~ 1 h to ~ 40 days suggests it is either an ELM with a period outside of the probed

range, or possibly a halo blue straggler star.

J2343+1538 (g = 16.34) in particular was suggested to be an extremely-metal
poor (EMP) star by [Aoki et al. (2013)). Their adopted physical parameters based on the
SEGUE stellar parameter pipeline (SSPP, [Lee et al. 2008)), To¢ = 6 500 K and log g = 4.0,
agree within external uncertainties with the parameters we estimate from SOAR spectra,
Ty = 6710 £ 17 K and log g = 4.25 £ 0.05. No periods were found in the ~ 24 min to
~ 180 day range, thus the EMP explanation seems likely, although at odds with the high

proper motion quoted above.

J2238+1253 (g = 15.55) was photometrically classified as a horizontal branch star
by Xue et al. (2008). However, given our estimated physical parameters from its SOAR
spectrum, T.g = 7870 £ 9 K and log g = 5.17 £ 0.05, this classification seems unlikely,
considering both the low temperature and high log g. I found nonetheless no periods in the
range ~ 20 min to ~ 180 days. The object could either be an EMP with an overestimated
log g, or a single ELM, formed through one of the alternative paths to binary evolution

described in the Introduction. Gaia parallax will allow us to determine its nature.

J213428.63-011409.3 and J233708.62-094307.0 were both followed up considering
the high proper motions (> 12 mas yr~!) displayed in the catalogue of [Munn et al] (2014).
However, both values were actually unreliable due to the presence of nearby bright sources,
and the proper motions given in the recent GPS1 catalogue (Tian et all 2017) are much
smaller and quite uncertain. For J2134-0114 (¢ = 16.96), not only no RV variation is
found, but the fit to the SOAR spectrum suggests a relatively low log g = 3.76 + 0.02,
and Tog = 12320+ 84 K, placing it above the zero-age horizontal branch (ZAHB). It could
thus be a HB star. We cannot, however, discard the possibility that it is a (pre-)ELM
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in a CNO flash. J2337-0943 (¢ = 17.90), on the other hand, lies below the ZAHB, with
T = 8020 + 12 K and log g = 4.59 4+ 0.06. Such parameters are consistent with a
M = 0.160 £ 0.004 M pre-ELM, but the no detection of orbital periods in the range
1 h to 30 days and the lack of reliable (> 30) proper motion suggest it could be a halo

metal-poor A/F star instead.

The five objects observed with X-shooter —  J024932.84-010708.4,
J101701.89+070806.8, J112620.474090145.5, J112616.66-010140.7, and J233343.95-
001502.0 — are shown in Figs. [[§ to B2 Their physical properties as estimated from
their X-shooter spectra are given in Table [[3] Besides no RV wvariation, it can also be
noted that they have no red companions. They all showed logg > 5.5 in our fit to their
SDSS spectra assuming solar abundances. Most show log ¢ 2 5.5 also when Z = 0.1 Z,
is assumed when fitting these spectra. Interestingly, the fit to the X-shooter spectra
assuming Z = 0.1 Z;, suggests a log g lower by ~ 1 dex. Possible reasons are discussed in
Section [L.2.8.51 The obtained parameters and the fact that none shows significant proper
motion suggests they could all be metal-poor A/F stars. However, we caution that they
are hotter and apparently less metallic than any known low-metallicity stars (e.g. those
of [Yong et al.|, 2013)).
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Figure 78 — The top panel shows the combined X-shooter spectrum for J024932.84-
010708.4. No companion can be identified in the red. The bottom panel shows
the RVs obtained for the spectra taken at three different nights. The dashed
lines show the weighted mean and the 1 o values.
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Table 13 — Physical properties derived for the objects observed with X-shooter.

SDSS J g Ter (K) log g
024932.84-010708.4 10.44 8219(13) 4.775(0.044)
101701.89+070806.8 18.25 8746(6) 4.331(0.020)
112620.47+090145.5 18.85 8467(7)  4.640(0.021)
112616.66-010140.7 18.50 8073(8) 4.834(0.025)
233343.95-001502.0  19.32  8279(6) 4.410(0.016)

4.2.8.4 Eclipsing stars

Seven eclipsing systems identified by me in the CRTS data (Fig.[83)) were observed
for us by W. Brown with the 6.5 m telescope at the MMT Observatory (Mount Hopkins,
USA) and the 1.5 m telescope at the Fred Lawrence Whipple Observatory (Cambridge,
USA). These objects and their estimated properties, Tog, log g and period, are listed in
Table M4 MMT spectra cover the range 3550-4500 A at 1.0 A resolution, while FLWO
spectra cover 3500-5500 A at 1.7 A resolution.

Table 14 — Eclipsing objects whose follow-up time resolved spectroscopy was obtained by
the collaborator W. Brown. We list their Tig, log ¢ and the period estimated
from the CRTS data.

Object (SDSS J) g Ter (K) log ¢ P (days)
075017.35+400441.2 18.32 8070 (400) 5.019(0.038) 1.2
074735.034455420.0 17.58 7600 (380) 4.608(0.032) 0.5
080313.31+415740.4 18.42 8390 (420) 5.042(0.040) 1.3
075804.59+475406.3 16.40 7680 (380) 4.356 (0.021) 1.0
080205.90+433228.2 16.84 7710 (385) 4.564(0.025) 2.5
082328.314373101.6 18.24 7720 (385) 4.572(0.056) 0.7
083238.89+135121.0 16.71 7275 (365) 4.246(0.034) 1.8

Radial velocities and orbital solutions were also obtained by W. Brown. The only
object for which a significant orbital solution was obtained from the radial velocity data
was SDSS J080313.31+415740.4 (Fig. B4)). For the others, the radial velocity variations
must be small, meaning that the objects are not in close binaries, and probably have a large
orbital distance. The fitted T.¢ and log ¢ for SDSS J080313.31+415740.4, listed in Table
[[4] are consistent with a ELM. Using the models of |Althaus, Miller Bertolami & Corsico
(2013), we estimated a mass of 0.151 £+ 0.001 My and a radius of 0.19 + 0.03 R. Eq.

gives the minimum mass of the companion as 0.14 M, and equal to 0.18 M in case of



134

Chapter 4. Results

Mag

Mag

Mag

Mag

Mag

Mag

Mag

17.7 b
18.2 1

18.7
19.2

19.7
171

17.6
18.1
18.6
19.1
19.6

16.1 ;
16.3 #

16.5
16.7
16.9

171
16.1

16.5
16.9
17.3
17.7
19:3

17.7

18.2 &
18.7

19.2
19.7

16.1

16.3

16.5
16.7

16.9 ¥

17.2

*O758045f+4754063

e . 4

17.6 1

18
18.4

074735.03+455420.0

§ 1

0 02 04 06

0.8

1
Phase

12

14 16 18 2

Figure 83 — Light curves, folded to the periods listed in Table [I4l for the objects whose
follow up spectroscopy was obtained at MMT and FLWO.



4.2. Unwveiling the nature of the sdA stars 135

an inclination of 60°. This leads to merging times of the order of 10® Gyr, which are at
least an order of magnitude higher than known ELMs, putting into question the nature
of this object. In principle, as it has log g > 5.0 and it is confirmed to be in a close binary,
it is classified as an ELM.
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Figure 84 — Orbital solution obtained by W. Brown for the eclipsing sdA
SDSS J080313.31+415740.4. The obtained period agrees with the one
determined from the CRTS data.

4.2.8.5 Fits to followed-up spectra

Fig. BA shows the comparison between our fit to SDSS spectra and to spectra ob-
tained with SOAR or VLT as part of this work, with the same grid of models (Z = 0.1 Z)).
The effective temperature seems to agree remarkably well between spectra obtained with
different facilities, with average differences of less than 2%. The log ¢, on the other hand,
shows a larger spread. Considering the spectra obtained with SOAR, the average differ-
ence to SDSS, taking into account only objects whose fit is not at the border of our grid,
is only about 0.08 dex, hence completely consistent with the uncertainties. However, com-

paring the four X-shooter spectra to SDSS, we obtain a large difference of —0.93 dex.
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The grid of models is the same, so the difference cannot be explained by metallicity as

suggested by [Brown; Kilic; Gianninas| (2017).
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tra or SOAR /X-shooter spectra (labelled as other). The physical parameters
derived from SOAR spectra are shown as black dots, while parameters derived
from X-shooter spectra are shown as red squares. There is a very good agree-
ment, to less than 2%, in T.g (left). The dashed rectangle in the log g panel
(right) indicates the border of the model grid. Considering objects within this
limits, SOAR and SDSS log ¢ show a low average difference of 0.08 dex. The
X-shooter spectra suggest a log ¢ lower by 0.93 dex, what could be due to
the better resolution and larger spectral coverage provided by X-shooter, but
could also be explained by statistical fluctuations, as detailed in the text.

The main differences between X-shooter and SDSS/SOAR spectra are the wave-
length coverage and the spectral resolution. At low temperatures, the width of the lines is
not very sensitive to log ¢, and the log g determination depends essentially on flux below
3700 A. Spectra obtained with the SDSS spectrograph only cover above 3800 A. More
recent spectra obtained with BOSS extend the coverage down to 3600 A, but usually with
low-S/N in this wavelength range. This region is also very sensitive to flux calibration
and extinction. Hence log ¢ estimates with from SDSS spectra might be affected by these
uncertainties. We had previously quoted an external 0.25 dex uncertainty, but it appears
that it might be even larger, up to 0.50 dex. It is important to caution, however, that
these four objects were selected on a very large sample, with tens of thousands of sdAs,
hence we should expect to find several objects with errors of 2 — 3 ¢. In short, we cannot
assert that this difference between SDSS and X-shooter spectral fits is systematic, as it

might result from statistical fluctuations.

The adopted physical parameters for our followed-up new and probable (pre-)ELMs
are shown in Tables [[5, and their estimated orbital parameters are in Table [[6l Fig.
is similar to Fig. Bl including these new objects. These additions to the known sample

of ELMs improve the comparison between model predictions and observed population,
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by adding objects both to cool and to low-mass ends of the (pre-)ELM space of physical

parameters.
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Figure 86 — Same as Fig. [, adding the new (pre-)ELMs (filled black circles) and probable
(pre-)ELMs (open black circles). The distributions with these added objects
are shown in black. Especially in T.g, the population seems more similar to
the predicted by the models, given the addition of objects to the Tog < 9000 K
region. There are still missing (pre-)ELMs in the lower log ¢ end.

4.2.8.6 Photometry

Besides J1343+0826 and J2220-0927 described in Sections [£.2.8.1] and A.2.83] 1
found five other objects originally classified as sdAs to show variability. Two of them —
J073958.574+175834.4 (g9 = 14.75) and J075519.924-091511.0 (¢ = 15.32) — show large
amplitude variations with periods above 2 h. The estimated parameters from SDSS spectra
assuming solar abundances are Ty = 31 700£111 and log g = 5.52+£0.02 for JO739+1758,
and Ty = 7470 £ 5 K and log g = 4.50 + 0.04 for JO7554-0915. None shows significant
proper motion. J0739+1758 was photometrically selected as a possible AM CVn binary by
(2013). However, both the long period and the fact that the SDSS spectrum
shows no emission or He lines seem to rule out this possibility. Its temperature places it
within the region where subdwarfs stars show pulsations (see Fig. @0), hence it could be

a new variable subdwarf star. J075540915 could be explained as a metal poor A/F star,
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Table 15 — Estimated physical properties for the new and probable (pre-)ELMs, which
are separated by a horizontal line, assuming Z = 0.1 Z.

SDSS J Ten (K) log ¢ M (M)
032014.77+003321.8 9077(10) 5.179(0.020) 0.1536(0.0006)
073934.37+172225.5 7548(12) 5.056(0.046) 0.1450(0.0011)
084034.834+045357.6  7886(32) 5.074(0.091) 0.1470(0.0022)
134336.444-082639.4  8123(10) 5.969(0.034) 0.1527(0.0011)
142421.30-021425.4  9299(11) 5.128(0.031) 0.1558(0.0008)
205120.67+014554.4  7813(12) 5.004(0.055) 0.1476(0.0014)
092056.00+013114.8 7478(13) 4.802(0.044) 0.1492(0.0014)
004227.73-010634.9  8051(24) 5.510(0.081) 0.1449(0.0003)
011508.654+005346.1 8673(24) 5.641(0.080) 0.1499(0.0011)
030608.92-001338.9  7768(10) 5.356(0.039) 0.1433(0.0004)
045515.00-043231.0  8251(8) 4.154(0.031) 0.1796(0.0014)
090410.004+034332.9 7680(20) 4.079(0.046) 0.1810(0.0488)
122911.49-003814.4  8305(21) 5.652(0.060) 0.1477(0.0009)
162624.91+162201.5 7464(15) 3.827(0.032) 0.3454(0.0127)
233606.13-102551.5 8328(39) 5.716(0.147) 0.1487(0.0030)

Table 16 — Estimated physical and orbital properties for the new and probable
(pre-)ELMs, which are separated by a horizontal line. The secondary mass
is the lower limit, and the time for merging is the upper limit. The uncertain-
ties in P and K were calculated with a thousand Monte Carlo simulations in

PERIODO4.

SDSS J P, (h) K (km/s) M, (Mg) Tmerge (Gyr)
032914.77+003321.8 20.0 £ 0.1 83 £+ 22 0.17 765
073934.37+172225.5 6.64 + 0.03 82.6 £6.8 0.10 68
084034.83+045357.6 8.13 £+ 0.01 222+ 13 0.59 28
134336.44+082639.4 21.39 £ 0.01 136.24+ 7.0 0.43 449

142421.30-021425.4 6.3+ 0.4 80 £ 22 0.09 57
205120.674+014554.4 22.9+0.2 138 + 14 0.45 533
092056.094+-013114.8 15.742 4+ 0.003 75.7+ 8.1 0.09 50
004227.73-010634.9 1.52231 £ 0.00002 4814+1.6 0.14 4.2
011508.65+005346.1 1.678517 £ 0.000009 74.5 4+ 5.5 0.05 3.1
030608.92-001338.9¢ 286+ 1.1 186 £ 61 1.03 546

13.5+2.3 88+ 19 0.15 320
045515.00-043231.0 4.1+3.8 60 £+ 23 0.06 25
090410.00+034332.9 14.7 £ 0.3 477+ 2.4 0.08 590
122911.49-003814.4 2.96 + 0.08 47+ 5.0 0.04 20
162624.91+162201.5 8.24+0.1 93 +19 0.20 32
233606.13-102551.5 2.38904 + 0.0008 131+ 11 0.12 3.7

* Two distinct periods are possible with the current data. Parameters for both are
shown.
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but we caution that there is at least one pre-ELM known to show RR Lyrae-pulsations
(Pietrzynski et all 2012al), given that during the CNO flashes the pre-ELM can reach the
RR Lyrae instability strip.

For a third object, JO75738.944-144827.5 (g = 15.04), we found four periods above
the detection limit (see Fig. 87 and Table [I7)), which allows from a more detailed analysis
in terms of the period spacing (Sédnchez-Arias et al., submitted to A&A). Considering
the period ranges of 6-Scuti and pre-ELMs; there are two possible scenarios: (i) the star
could be a 0-Sctuti star with four p modes, or (ii) it could be a pre-ELMV star with
three ¢ modes and one p mode (803 s). If we assume that the periods between 2000
and 3000 s have consecutive radial orders, then the observed period difference is between
380 and 546 s. These values are similar to the period difference values corresponding to
p-modes of d-Scuti stars. The mean period spacing for a pre-ELM in the same range
of periods is much lower, of only ~ 80 s. Therefore it seems that J0757+1448 is more
likely a -Scuti star, a result that should be confirmed by the parallax. The atmospheric
parameters derived from the SDSS spectrum, T,¢ = 8180+ 250 K and log g = 4.7540.05

are consistent with this possibility given the external uncertainties.
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Figure 87 — Top panel shows the light curve for J075738.94+144827.5. Error bars are
shown in grey and a smoothed light curve is shown in red. The bottom panel
shows the original Fourier transform in grey, and the subsequent Fourier trans-
forms, subtracting periods above a 30 detection limit, in different colours. The

final detection limit, above which no further periods were found, is shown in
red.
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Table 17 — Estimated period and amplitudes for JO75738.94+144827.5.

P (s) Amplitude (mmag)

2435 £ 107 25+0.7
2981 £ 168 1.9+£0.7
2055 £ 173 1.2+0.1

803 =4 0.5+£0.2

Two other new variables, J160040.954+102511.7 (¢ = 15.00) and J201757.29-125615.6
(g = 17.07), are shown in Figs. B8 and 89, respectively. The derived physical parameters
for the SDSS spectrum of J16004-1025 assuming solar metallicity are T,g = 8050 + 8 K
and log g = 5.59+0.03, placing it within the instability strip of Tremblay et al.| (2015]). Its
proper motion is 9.0 £+ 0.4 mas/yr. For J2017-1256, the derived physical parameters from
the SDSS spectrum assuming solar metallicity place it slightly above the instability strip,
with 8240 £ 9 K and log g = 5.36 & 0.04. The proper motion is smaller than 5 mas/yr,
with an uncertainty of almost 2 mas/yr (Tian et all 2017). The estimated log g of both
objects is too high for §-Scuti stars, which have similar spectral properties to (pre-)ELMs,
but show log ¢g < 4.4 (e.g., Murphy et all 2015). However, given the uncertainties in
log g described in Section L.2.8.5] the log g could be lower. We obtain a distances of over
3 kpc assuming a main sequence radius, and z > 1 kpc given their relatively high galactic
latitude. Unfortunately, the number of periods is insufficient for an asteroseismological

analysis, thus conclusions on the nature of these objects require more data.

I have also observed fourteen other objects for at least 2 h, and integration times
shorter than 30 s, and found no pulsations. The observing time and obtained detection
limits are shown in Table [[8 They are shown in Fig. as not observed to vary, but
we caution that this does not mean they are not variables. Beating can cause destruc-
tive interference and essentially hide the pulsations for hours (Castanheira et all, 2007).
Moreover, the objects can show pulsations below the detection limit or outside the probed

periods.
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The SOAR light curve for 160040.954+102511.7 is shown in the bottle panel.

The grey continuous line is a fit considering the two periods above a 4 (A),
3849 + 57 s with an amplitude of 3.1 £ 0.2 mmag, and 2923 + 32 s with 1.4 +
0.2 mmag. The dashed lined adds a third period, which shows an amplitude
larger than 3.9 (A), 2133 £21 s with 1.0 £ 0.2 mmag. The Fourier transform
is shown in the top panel; dark shades indicate the result after successive
dominant periods were subtracted from the original light curve (lightest grey

shade).

Table 18 — Objects not observed to vary. The physical parameters were estimated from
the SDSS spectra assuming solar metallicity.

SDSS J g Ter (K) log g Telescope E}I;pe(zil;re 3 (A)
092140.37+004347.9 18.39  7887(34) 5.687(0.116) SOAR 4.0 5.0
143333.45+041000.8 18.31  8890(35)  4.729(0.119) SOAR 1.8 7.0
233625.92+150259.6  17.18  8246(20)  6.207(0.061) OPD 2.7 10.0
112058.97+042012.3  17.87 13840(265) 5.147(0.065) SOAR 2.4 9.0
204038.41-010215.7  16.59  8028(15) 5.505(0.050) SOAR 1.6 40.0

OPD 2.2 6.0
163625.08+113312.4 17.24  8726(16)  3.967(0.035) OPD 4.4 12.0
110338.46-160617.4  15.77 8350(9) 4.572(0.049) OPD 5.9 10.0
140353.33+164208.1  16.20  8250(12)  6.178(0.036) OPD 3.0 4.0
165700.89+130759.6 15.62  8381(11)  6.135(0.039) SOAR 2.6 25.0

OPD 5.3 10.0
075133.48+101809.4 17.40 13126(81) 3.853(0.023) SOAR 2.2 1.5
045001.34-042712.9  19.07  7981(39) 5.320(0.162) SOAR 3.2 8.0
104522.80-023735.6  19.28  7328(37)  4.226(0.136)  SOAR 2.1 7.0
094144.89+001233.8 19.28  7994(32)  4.914(0.102) SOAR 2.9 6.0
111041.504+132354.3 18.28  7279(23)  4.300(0.074) SOAR 3.2 6.0
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Top panel shows the Fourier transform for the SOAR light curve of 201757.29-
125615.6. As in the previous figure, darker shades indicate more subtractions.
The light curve for and best fit (continuous line) are shown in the bottle panel.
We find two periods, 7171 £+ 49 s with and amplitude of 9.0 + 0.5 mmag and
3011 £ 58 s and amplitude of 4.1 + 0.5 mmag. Here the dashed line is a
smoothing of the data.
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Figure 90 — Location of the newly detected variables (filled black symbols) in the Tog —
log ¢ diagram. The triangles are the two objects with high amplitude pulsa-
tions. Open black circles are objects not observed to vary. The hot (blue line)
and cool (red line) edges of the ELM instability strip shown as dotted lines
were extracted from [Tremblay et al| (2015)). Other pulsating white dwarfs
are shown as in fig. 1 of [Cérsico et all (2016): pre-ELMVs (purple), ELMVs
(dark grey), DAVs (light grey, bottom right), DQVs (green, at log Teg ~ 4.3),
DBVs (yellow), and the only known hot DAV (magenta, bottom left). We
have also added the sdV stars from [Holdsworth et all (2017) (orange), and
the newly discovered blue large amplitude pulsators (BLAPs, shown in cyan)
from [Pietrukowicz et al.l (2017)) as comparison.
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5 Discussion & Conclusions

We have identified 3157 new white dwarf stars in the SDSS DR12 as part of this
work, which represent a 10% increase in the known sample of spectroscopically confirmed
white dwarfs. The resultant substantial increase in the number of spectroscopically con-
firmed white dwarfs contributes to works as those described in Section [2, and also allows
the discovery of further rare objects like massive white dwarfs, magnetic white dwarfs,

and He-dominated objects with oxygen lines (e.g [Kepler; Koester; Ouriquel, 2016]).

We estimated the masses for DAs and DBs given evolutionary models, and calcu-
lated the volume-corrected mass distributions. We found a mean mass for DAs which is
significantly lower than previous estimates, but now agrees with the mean mass for the
DB stars, as is expected from evolutionary models. The mass distributions for DAs and
DBs, on the other hand, seem to be significantly different: the DAs show a much broader
distribution, with a tail to higher masses, while the DB distribution is narrower and has
a tail to lower masses. This suggests that the occurrence of late-thermal pulses leading
to a DB star depends on the mass of the progenitor, which is not predicted by current

evolutionary models. Hence, there might still be missing physics in these models.

We have also estimated the calcium abundance in polluted white dwarfs and the
and carbon abundances in DQs. In both cases, we noted a correlation with T.g: the
abundances get lower with decreasing temperature. This is probably related with the

deepening of the convective layer as the star cools down, making the material more diluted.

We extended our white dwarf search to lower log g, including spectra identified
by the SDSS pipeline as type O, B or A, and calculated a new model grid with solar
abundances down to log g = 3.5 in order to identify ELM candidates, resulting from
binary evolution. We analysed this sample of narrow-line hydrogen spectra using the new
spectral models. Comparing these results to the previous pure-hydrogen models used in
the DR12 analyses, we showed that there is a shift in log ¢ when metals are added, yet it
is not a constant as previously suggested by [Brown, Kilic & Gianninas (2017), it rather
depends on log g. However, for objects with a pure-hydrogen log g > 5.5, as the objects
analysed by [Brown, Kilic & Gianninas (2017), the pure-hydrogen log g seems in fact to
be about 1 dex higher than the solar abundance log g.

With these new models, we have identified new ELM candidates in the range
5.0 < logg < 7.0 and 7000 < T,g < 20000 K. We analysed the colours of the whole
sample of narrow-line hydrogen spectra, obtaining that the spectroscopic log g does not
seem to agree with the position of the objects in colour-colour diagrams. This might

indicate that there is still missing physics in the models; the addition of metals alone



146 Chapter 5. Discussion & Conclusions

does not solve the discrepancy. Other missing opacities, such as molecular contributions,
might be the explanation. However, the discrepancy could also be solved if the reddening
is underestimated. One key-result obtained from the colour analysis is that the sdAs can
not be explained as binaries of a hot subdwarf with a main sequence star, since they do
not show significant flux in the UV. There is also no indication of infrared excess for over
98% of the sample.

Our most significant result is that the sdAs are clearly composed of two popu-
lations. One population contains the red objects, and it has no overlap with the known
ELMs. These could be explained as cool late-type main sequence stars, when the velocities
are consistent with the halo population. On the other extreme, there is a blue population,
which does overlap with known ELMs, but contains cooler objects. Considering the ex-
istence of a missing cool ELM population to be found, which motivated this work, it is

very likely that these objects belong to the blue population of sdAs.

Analysing the estimated distances and spatial velocities for the objects, we obtain
that over 35% of them show too high velocities to belong to the halo when a main sequence
radius is assumed. These objects cannot therefore be explained as simply metal-poor
main sequence stars of type A-F. The discrepant velocities are solved when a (pre-)ELM
radius is assumed for these objects, in which case their velocities become consistent with
the disk distribution. Some percentage of these objects might be of binary stars, such
as blue stragglers, in which case the velocities could be explained as orbital instead of
spatial motion. A better sense of the nature of this population will be obtained when their

parallax is released by Gaia.

We also compared our estimated values of T.g and log ¢ to evolutionary models,
both single and binary. A very interesting result is that the parameters for the objects in
our sample are consistent with those expected from binary evolution models. Considering
the time spent in each bin of log g and the brightness at such phases, even pre-ELMs with
log g < 4.0 have considerable probability of being observed.

Taking into account the derived probabilities from the evolutionary models, com-
bined with the probabilities given the colours and spatial velocities, we have estimated
probabilities for each object with reliable proper motion to be either a main sequence star
or a (pre-)ELM. As there is significant overlap between the parameters of each class, the
probabilities do not sum up to one. Comparing the probabilities, we found that about 7%
of the sdAs are better explained as (pre-)ELMs than as main sequence stars, a much larger
percentage than the ~ 1% found by Brown, Kilic & Gianninas| (2017)) studying a small
sample of eclipsing stars and not taking the (pre-)ELM phase into account. Considering
the physical parameters of the objects with a higher probability of being (pre-)ELMs, our
result is consistent with the existence of two times as many cool ELMs (T.¢ < 8500 K)
as hot ELMs.
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Analysing the SDSS radial velocities, we confirmed two new ELMs, SDSS J104826.86-
000056.7 and SDSS J120616.93+115936.2. SDSS J120616.934115936.2 also shows photo-
metric variability with the same period as the orbital period. Two other objects are most
likely ELMs. SDSS J171906.234-254142.3, although showing log ¢ < 5.0, has an amplitude
of almost 200 km/s in its best orbital fit. However, as only five subspectra are available,
the period is not well constrained, and follow-up should be done to confirm the nature of
this object. The SDSS subspectra of SDSS J122911.49-003814.4 did not allow the estimate
of its period, but the high amplitude between its subspectra and its log g above the main
sequence limit favoured the ELM classification, hence it was flagged for follow-up, which
we obtained with SOAR. Finally, we also find SDSS J045947.40-040035.2 most likely to

be a blue straggler star in the halo.

Following up on selected sdAs with properties consistent with ELMs, we have
added twelve objects to the Teg < 9000 K range. With the three confirmed ELMs in
this range given in [Brown et all (2016), we reach of total of fifteen objects, compared
to 75 in the Teg > 9000 K range (73 confirmed binaries of [Brown et al., 2016, plus
J032914.774+003321.8 and J142421.30-021425.4, found in this work). This raises the frac-
tion of cool ELMs from 4 to 20%, which is consistent with the predictions by evolutionary

models, considering the uncertainties involving the residual burning.

All of our 15 discoveries show log ¢ < 6.0. Combined with the 26 objects of the
ELM Survey in this range, there are now 41 objects in the low-mass end of the ELM
distribution. There are 50 objects with log g > 6.0. The fraction is thus close to 1:1;
however, the brightness of the lower log g objects suggests the fraction could be as high
as 100:1. Thus, as Fig. already suggested, the population of low-mass objects seems
to be missing still. As we considered the estimated log ¢ as a selection criterion during
most of our follow-up, preferring objects with log g > 5.0 or even > 5.5, the fact that
this population is not unveiled by our work is not surprising, as there are still thousands
of sdAs to be observed. With the upcoming data release 2 of the Gaia missing, finding

this population will be a much easier task!.

Out of the five observed objects we found to be most likely ELM in Section
(JO11540053, J0306-0013, J1626+1622, J1343+0826, J0455-0432), one was confirmed as
an ELM, and the remaining four were found to be probable ELMs. Four of the objects for
which we found no RV variability were also in sample B, hence were part of the probability
study, but a higher probability for the MS channel was obtained — consistent with the no
detected variation. It seems that the probability criteria we calculated is a good indication

of the nature of the probed sdAs. In addition, we confirmed 58% of the followed-up objects

Preliminary analysis performed after the submission of this thesis shows that Gaia DR2 data are
inconclusive for most (> 90%) of the sdA sample, due to the large uncertainty in radii estimates. About
5% of our sample do seem to show radii smaller than main sequence, hence are likely (pre-)ELMs (see
Pelisoli et all 2018 for further discussion)
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to be in binaries, a fraction close to the probability we estimated for a random sdA to
be a (pre-)ELM. On the other hand, ten of the objects we followed up spectroscopically
were flagged as possible ELMs given their log g > 5.5 estimated from SDSS spectra,
but only one was confirmed as ELM (SDSSJ134340826), and two others were found to
be possible ELMs (SDSSJ0042-0106 and SDSSJ011540053). This seems to suggest that
the log ¢ estimate, especially from SDSS spectra, is not a reliable criterion for selecting
ELM candidates. This is in line with our findings described in Section EL2.85 Spectral
coverage of the A < 3700 A region with good S/N seems to be a requirement for a reliable
estimate of the log ¢ in this T, range. This might also explain the discrepancies found
by Brown, Kilic & Gianninag| (2017), but a study with a statistically significant sample is

required to confirm this.

None of the newly discovered (pre-)ELMSs has a orbital period short enough (< 1 h)
to be above the predicted detection limit of the upcoming LISA gravitational wave detec-
tor. However, such short periods were not probed by our survey, given that most objects
were observed with SOAR, a 4.1 m telescope, and required integration times close to
30 min to achieve S/N 2= 10 in the individual spectra. Searching for this shorter periods
might be interesting for the objects described Section 1.2.8.3] especially J2220-0927, which
not only shows log ¢ > 6.0 in our spectroscopic fit, but also photometric variability with

periods in the ELM range.

The objects for which we found no RV variations could alternatively be metal-
poor A/F stars in the halo, as already suggested by [Brown, Kilic & Gianninas (2017)) as
a possible explanation for the sdAs. J2343+1538 in particular seems to be indeed an EMP
star, as already suggested by [Aoki et all (2013). The five objects observed with X-shooter,
which show no significant proper motion, could also be explained as such. J2134-0114
shows parameters consistent with an HB star, but the nature of the other objects remains
puzzling. All show g < 20.0, therefore they should be included in the DR2 of Gaia, making
it possible to constrain their radii and determine their nature with certainty. Follow up
will still be required for the objects found to be ELMs in order to estimate their orbital
parameters, given that Gaia will not be able to resolve binaries with separations below
about 20 milliarcsec (~ 2 AU for a distance of 100 pc).

We have also found seven new photometrically variable stars in our follow-up.
J13344-0826 was confirmed as a M = 0.15 M, ELM with time-resolved spectroscopy,
so its the eight member of the ELMV class, adding to the seven known pulsating ELMs
(Hermes et all, 2012} Hermes et al 2013;[Hermes et al., 2013} Kilic et al., 2015} Bell et al.l
2015]). We found no RV variations for J2220-0927, but its estimated log ¢ and temperature
place it inside the instability strip, so it is possibily the ninth member of the class. Time-
resolved spectroscopy with larger telescopes, allowing shorter integration times, should be
done to probe shorter orbital periods for this object. Two other objects, J1600+1025 and
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J2017-1256, are also found to show pulsations, and are within the instability ELMV strip
given uncertainties. We have not obtained time resolved spectroscopy for them, therefore
we make no claim about their nature given the uncertainties in the log ¢ estimated from
SDSS spectra. JO757+1448 seems to be a 0-Scuti star, given the spacing between the
periods. One other variable, JO739 41758, seems to be a sdBV, given the T.g > 20000 K.
Finally, JO7554-0915 shows high amplitude pulsations similar to RR Lyrae stars. The
estimated physical parameters and the low proper motion (3.5 £+ 1.7 mas/yr according
to [Tian et all 2017) are consistent with a halo metal poor F star. We need extended
observations for the pulsators to detected multiple periods and do asteroseismology. These
might be facilitated by future missions such as PLAnetary Transits and Oscillations of
stars (PLATO) and Transiting Exoplanet Survey Satellite (TESS).

Our effort shows that more than one evolutionary channel is definitely needed to
explain the sdA population. For one, there are definitely He core objects such as pre-ELMs
and ELMs in the sample. Even if only a small percentage of sdAs is confirmed as ELMs,
the number would be high enough to significantly increase the number of known ELMs,
especially at the cool end of the distribution. Our understanding of binary evolution,
and especially of the common envelope phase that ELMs must experience, can be much
improved if we have a sample covering all parameters predicted by these models. The
sdA sample can provide that. Our understanding of the formation and evolution of the
Galactic halo would also benefit from more detailed study of the sdAs. Many seem to be
in the halo with ages and velocities not consistent with the halo population. It is possible
that accreted stars from neighbouring dwarf galaxies might be among them. Those whose
velocities are in fact consistent with the halo can in turn help us study its dynamics and
possibly better constrain the gravitational potential of the halo. The final message of our
results is that we should not overlook the complexity of the sdAs. They are of course
not all pre-ELM or ELM stars, but they cannot be explained simply as main sequence
metal-poor A-F stars. They are most likely products of binary evolution and as such are

a valuable asset for improving our models.
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APPENDIX A — Comparison with
parameters from the SDSS pipelines

The comparison between our estimated atmospheric parameters and those given
by the SDSS pipelines is not straightforward, as the model grids do not cover the same
range of T,y and log g. We include this analysis here as an appendix to illustrate their
differences. We do not, however, consider such comparison a valid test of our models, since
the SDSS pipeline grids are strongly incomplete in terms of T.g and log g. Figs. and
show the comparison between the T.g and the log g, respectively, that we obtained for
the objects with a good fit (sample A) and the values given by two SDSS pipelines, the
SEGUE Stellar Parameter Pipeline (SSPP, [Lee et all, 2008) and the best match from the
ELODIE stellar library (Prugniel; Soubiran| 2001)). The two pipelines are also compared.
We find good agreement (~ 5%) in Tz between our fit and both pipelines. Our log g¢
is 0.44 higher than the SSPP estimate, and 0.28 higher than the Elodie values, which is
probably due to the difference in the extension of the grids. Note this average shift is not
enough to raise the log ¢ of a typical main sequence A star (log g ~ 4.3) to values above
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Figure 91 — Comparison between our estimate of Tog (DK model) and both pipelines, as
well as the comparison between the pipelines. Grey dots are outside of the
area covered by SDSS grids, while black dots are within it. The red dashed
line represents equality. The average difference for estimates within both grids
is shown in each plot. It is clear that there is no discrepancy in the region
covered by both grids. Our higher temperatures are backed up by both the
GALEX ultraviolet flux, and the SDSS classification as type O and B, which
is not coherent with their own estimated temperature.
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Figure 92 — Comparison between our log ¢ and that of the pipelines. Colours are the same
as in Fig. The spread is larger and our fit favours, in average, slightly
higher log ¢ values, given the extension of our grid to higher values.
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APPENDIX B - Further Kinematic Analyses
of the sdAs

In many cases, the space motions of objects in the sample B of sdAs are dominated
by the transversal velocity component, especially when a main sequence radius is assumed,
as shown in Fig. 03 To verify this was not a consequence of outliers in the proper motion
catalogue (such as found by e.g. [Ziegerer et al 2015), we cross-matched the GPS1 proper
motions with both the Hot Stuff for One Year catalogue (HSOY, [Altmann et all, 2017,
and the proper motions given in the SDSS tables (Munn et al., 2004; Munn et all, 20T4]).
Only 69 objects from sample B differ by more than 3-c when comparing HSOY and GPS1
(see Fig.[04]); 110 when we compare GPS1 to Munn et al. Such numbers are not of concern

given the sample size, hence the objects were kept in the sample.

To work around possible effects risen by inaccuracy in the transversal velocity
component, we have also performed a kinematic study relying on the radial velocity es-
timate alone. We have computed the Galactocentric distance (r) and the of line-of-sight
velocities (vjs) in the Galactic standard of rest (GSR) frame following equations 4 and
5 of Xue et all (2008)). For the Galactocentric distance, we have assumed a MS radius.
Fig. shows v;,s as a function of r, for both samples A and B, compared to the BHB
stars of Xue et al.| (2008). The unreliable proper motions of sample A result on unrealis-
tic distance estimates, which are avoided by focusing on sample B, which shows similar
distances to the halo BHBs. It is important to emphasise, however, that most sdAs show
lower temperature than the ZAHB at their log ¢, as shown in Fig. [0 In Fig. @6l we
show the distribution of v, for both sample A and sample B, compared to a Gaussian
of width ¢ = 105 km/s, as found by Xue et all (2008) for BHB halo stars. There is no
significant difference between the distributions of samples A and B. Moreover, both show
a dispersion of the same order of the halo stars studied by Xue et all (2008) when a main
sequence radius is assumed, hence the conclusion that, if indeed main sequence stars, the

sdAs would have to be in the halo is not dependent on the tangential velocity estimate.
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Figure 93 — Comparison between the radial velocity estimated from SDSS spectra (vg),
and the transversal velocity derived from the GPS1 proper motion given the
estimated distance (vr), both assuming a main sequence (grey dots) and an
ELM radius (red crosses) for sample B only. The spatial motion is dominated
by the tangential velocity if a main sequence radius is assumed, with many
objects showing vy much above the escape velocity. That does not happen
when an ELM radius is assumed, with very few exceptions.
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Figure 94 — Comparison between the GPS1 and HSOY proper motions. The outliers are
marked with red squares. The dashed line represents equality between the
two values. Average uncertainties are shown as a cross in the bottom right of
the panel.
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Figure 95 — Line-of-sight velocity in the GSR as a function of Galactocentric distance.
Sample A (grey dots) and B (black crosses) are of course different, with the
unreliable proper motion of sample A giving in some cases unrealistic val-
ues of distance. Focusing on sample B only (smaller overlay panel), distances
and velocities are on a similar range as halo BHB stars (shown as red trian-
gles for comparison), with slightly larger velocities giving a somewhat higher
dispersion, as can be seen in Fig. 00l
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Figure 96 — Distribution of wv;,s for both samples A (black) and B (grey). The best fit
Gaussian for each sample is shown as a dashed line of same colour. A Gaussian
of width 105 km/s, similar to the value found by (2008) for halo
BHB stars is shown in red for comparison. Samples A and B show very similar
dispersions, which are consistent with the estimated for the Galactic halo.
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ABSTRACT

We report the discovery of 6576 new spectroscopically confirmed white dwarf and subdwarf
stars in the Sloan Digital Sky Survey Data Release 12. We obtain Tis, log g and mass for
hydrogen atmosphere white dwarf stars (DAs) and helium atmosphere white dwarf stars (DBs),
estimate the calcium/helium abundances for the white dwarf stars with metallic lines (DZs) and
carbon/helium for carbon-dominated spectra (DQs). We found one central star of a planetary
nebula, one ultracompact helium binary (AM CVn), one oxygen line-dominated white dwarf,
15 hot DO/PG1159s, 12 new cataclysmic variables, 36 magnetic white dwarf stars, 54 DQs,
115 helium-dominated white dwarfs, 148 white dwarf 4+ main-sequence star binaries, 236
metal-polluted white dwarfs, 300 continuum spectra DCs, 230 hot subdwarfs, 2936 new
hydrogen-dominated white dwarf stars, and 2675 cool hydrogen-dominated subdwarf stars.
We calculate the mass distribution of all 5883 DAs with S/N > 15 in DR12, including the ones
in DR7 and DR10, with an average S/N = 26, corrected to the 3D convection scale, and also

the distribution after correcting for the observed volume, using 1/Vp,x.

Key words: catalogues — stars: magnetic field — subdwarfs — white dwarfs.

1 INTRODUCTION

‘White dwarf stars are the end product of evolution of all stars with
progenitor masses below 7-10.6 M), depending on metallicity
(e.g Ibeling & Heger 2013; Doherty et al. 2015; Woosley & Heger
2015), which corresponds to over 97 per cent of the total number
of stars. Most white dwarfs do not generate energy from nuclear
fusion, but radiate due to residual gravitational contraction. Because
of the degenerate equation of state, this is accompanied by a loss
of thermal energy instead of increase as in the case of ideal gases;
the evolution of white dwarfs is therefore often simply described
as cooling. The radius of a white dwarf star is of the same order
of the Earth’s radius, which implies that they have small surface
area, resulting in very large cooling times (it takes approximately
10'° yr for the effective temperature of a normal mass white dwarf
to decrease from 100 000 K to near 5000 K). Consequently, the cool
ones are among the oldest objects in the Galaxy. Therefore, studying
white dwarfs is extremely important to comprehend the processes

*E-mail:  kepler@if.ufrgs.br (SOK); ingrid.pelisoli@gmail.com (IP);
koester @astrophysik.uni-kiel.de (DK)

© 2015 The Authors

of stellar formation and evolution in the Milky Way (e.g. Winget
et al. 1987; Bergeron, Saffer & Liebert 1992; Liebert, Bergeron &
Holberg 2005; Moehler & Bono 2008; Tremblay et al. 2014).

The number of known white dwarf stars is increasing fast thanks
to the Sloan Digital Sky Survey (SDSS). The first full white dwarf
catalogue from SDSS data (Kleinman et al. 2004) was based on
SDSS Data Release 1 (DR1; Abazajian et al. 2003). Using data
from the SDSS Data Release 4 (DR4; Adelman-McCarthy et al.
2006), Eisenstein et al. (2006) roughly doubled the number of spec-
troscopically confirmed white dwarf stars. In the white dwarf cat-
alogue based on the SDSS Data Release 7 (DR7; Abazajian et al.
2009), Kleinman et al. (2013) increased the total number of white
dwarf stars by more than a factor of 2 compared to the catalogue
based on DR4 data. They also (re)analysed all stars from previous
releases. Over 8000 new spectroscopically confirmed white dwarf
stars were reported by Kepler et al. (2015) in the analysis of SDSS
Data Release 10 (DR10; Ahn et al. 2014). They also improved the
candidate selection compared to previous catalogues, implementing
an automated search algorithm to search objects which were missed
by the other selection criteria. It was also the first white dwarf cata-
logue based on SDSS data to fit not only DA and DB stars, but also
DZ, DQ, and DA+MS pairs. We continue such detailed analysis

Published by Oxford University Press on behalf of the Royal Astronomical Society
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Table 1. Number of objects and the main classifications
in the previous white dwarf catalogues published based
on SDSS data releases.

Catalogue Objects Main classifications
DR1“ 2551 WDs 1888 DA
240 sds 171 DB
DR4" 9316 WDs 8000 DA
928 sds 731 DB
DR7¢ 19713 WDs 12831 DA
922 DB
DR10¢ 8441 WDs 6887 DA
647 sds 450 DB

Notes. “Kleinman et al. (2004).

DEisenstein et al. (2006).

“Kleinman et al. (2013), includes the (re)analysis of stars
from previous releases, but does not include subdwarfs.
dKepler et al. (2015).

here with SDSS Data Release 12 (DR12; Alam et al. 2015). More
details concerning the previous catalogues are presented in Table 1.

Although the SDSS increased the number of spectroscopically
confirmed white dwarf stars more than an order of magnitude prior
to the SDSS, the SDSS sample is far from complete. Target selec-
tion considerations of the original SDSS (up to DR8) implied that
white dwarf selection for spectroscopy was incomplete (e.g. Gentile
Fusillo, Gansicke & Greiss 2015). In the SDSS DR 12, the ancillary
target programme 42 (Dawson et al. 2013) obtained the spectra of
an additional 762 colour selected white dwarf candidates that were
missed by prior SDSS spectroscopic surveys, i.e. up to DR10. Here,
we report on our search for new white dwarfs from the SDSS DR12
(Alam et al. 2015), which in total observed photometrically one
third of the celestial sphere and obtained 4.3 million useful optical
spectra. Our catalogue does not include stars reported in the earlier
catalogues, except for classification corrections.

2 TARGET SELECTION

Even though targeting in SDSS produced the largest spectroscopic
sample of white dwarfs, much of SDSS I and II white dwarf targeting
required that the objects be unblended, which caused many bright
white dwarfs to be skipped (for a detailed discussion, see section
5.6 of Eisenstein et al. 2006). The Baryon Oscillation Spectroscopic
Survey (BOSS) ancillary targeting programme (Dawson et al. 2013)
relaxed this requirement and imposed colour cuts to focus on warm
and hot white dwarfs. Importantly, the BOSS spectral range extends
further into the ultraviolet, covering from 3610 to 10 140 A, with
spectral resolution 15602270 in the blue channel, and 18502650
in the red channel (Smee et al. 2013), allowing full coverage of the
Balmer lines.

The targeted white dwarfs in SDSS-III were required to be point
sources with clean photometry, and to have USNO-B Catalogue
counterparts (Monet et al. 2003). They were also restricted to re-
gions inside the DR7 imaging footprint and required to have colours
within the ranges g < 19.2, (u — r) < 04, —1 < (u — g) < 0.3,
—1 < (g — r) < 0.5, and to have low Galactic extinction A, <
0.5 mag. Additionally, targets that did not have (v — r) < —0.1 and
(g — r) < —0.1 were required to have USNO proper motions larger
than 2 arcsec per century. Objects satisfying the selection criteria
that had not been observed previously by the SDSS (anc 42) were
denoted by the wHITEDWARF_NEW target flag, while those with prior

MNRAS 455, 3413-3423 (2016)

SDSS white dwarf photometric classification (anc 43) are assigned
the wHITEDWARF_sDss flag. Some of the latter were re-observed with
BOSS in order to obtain the extended wavelength coverage that the
BOSS spectrograph offers. The targeting colour selection included
DA stars with temperatures above ~14 000 K, helium atmosphere
white dwarfs above ~8000 K, as well as many rarer classes of white
dwarfs. Hot subdwarfs (sdB and sdO) were targeted as well.

Our selection of white dwarf candidates among DR12 objects
was similar to that reported for DR10 (Kepler et al. 2015). We did
not restrict our sample by magnitude, but by S/N > 3. In addition to
the 762 targeted white dwarf candidates after DR10 by anc 42, we
selected the spectra of any object classified by the ELoDIE pipeline
(Bolton et al. 2012) as a white dwarf, which returned 35 708 spectra,
an O, B or A star, which returned another 144 471 spectra. Our
general colour selection from Kleinman et al. (2013), which takes
into account that SDSS multicolour imaging separates hot white
dwarf and subdwarf stars from the bulk of the stellar and quasar
loci in colour—colour space (Harris et al. 2003), returned 68 836
new spectra, from which we identified another 2092 white dwarfs,
79 subdwarfs, 36 cataclysmic variables (CVs), and 3 PG 1159. Most
of these spectra were overlapping with the ELODIE selections.

We also used an automated search algorithm which assumes that
the spectra of two objects with the same composition, effective
temperature and surface gravity differ only in flux, due to different
distances, and slope, because of reddening and calibration issues.
This algorithm determines a polynomial of order between zero and
two which minimizes the difference between each spectrum and a
sample of models, allowing the determination of the most likely
spectral class of each object. Running this search over the whole
4.5 million spectra from DR 12 recovered more than 80 per cent of
our sample and found 400 white dwarf stars missed by previous
searches.

3 DATA ANALYSIS

The data analysed here were reduced by the v5_0_7 spectroscopic
reduction pipeline of Bolton et al. (2012). After visual identification
of the spectra as a probable white dwarf, we fitted the optical spec-
tra to DA and DB local thermodynamic equilibrium (LTE) grids
of synthetic non-magnetic spectra derived from model atmospheres
(Koester 2010). The DA model grid uses the ML2/oc = 0.6 approx-
imation, and for the DBs we use the ML2/a = 1.25 approximation,
to be consistent with Kleinman et al. (2013) and Kepler et al. (2015).
Our DA grid extends up to Teir = 100 000 K, but non-local thermo-
dynamic equilibrium (NLTE) effects are not included. Napiwotzki
(1997) concluded pure hydrogen atmospheres of DA white dwarfs
are well represented by LTE calculations for effective temperatures
up to 80 000 K, but when traces of helium are present, NLTE ef-
fects on the Balmer lines occur, down to effective temperatures of
40 000 K. Napiwotzki (1997) concluded LTE models should ex-
clude traces of helium for the analysis of DA white dwarfs. We
fitted the spectral lines and photometry separately (Koester 2010),
selecting between the hot and cool solutions using photometry as
an indicator.

Of the 762 objects targeted specifically as new white dwarf spec-
tra by BOSS as Ancillary Programme 42, 19 were not identified
as white dwarfs or subdwarfs by us. Of the Ancillary Programme
43 of wHITEDWARF_sDss already observed, 5 in 80 colour selected
stars are in fact quasars. Gentile Fusillo et al. (2015) reports that
only 40 per cent of their SDSS colour selected sample with high
probability of being a white dwarf has spectra obtained by SDSS.
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The SDSS spectra we classified as white dwarfs or subdwarfs
have a g-band signal-to-noise ratio 85 > S/N(g) > 3, with an
average of 12. The lowest S/N in the g-band occurs for stars cooler
than 7000 K, but they have significant S/N in the red part of the
spectrum.

We include in our tables the new proper motion determinations
of Munn et al. (2014) and use them to separate DCs from BL Lac
spectra. We applied complete, consistent human identifications of
each candidate white dwarf spectrum.

3.1 Spectral classification

Because we are interested in obtaining accurate mass distributions
for our DA and DB stars, we were conservative in labelling a spec-
trum as a clean DA or DB, adding additional subtypes and uncer-
tainty notations (:) if we saw signs of other elements, companions,
or magnetic fields in the spectra. While some of our mixed white
dwarf subtypes would probably be identified as clean DAs or DBs
with better signal-to-noise spectra, few of our identified clean DAs
or DBs would likely be found to have additional spectral features
within our detection limit.

We looked for the following features to aid in the classification
for each specified white dwarf subtype.

(i) Balmer lines — normally broad and with a steep Balmer decre-
ment (DA but also DAB, DBA, DZA, and subdwarfs).

(i) He14471 A (DB, subdwarfs).

(iii) Her 4 686 A (DO, PG1159, sdO).

(iv) C2 Swan band or atomic C1 lines (DQ).

(v) Can H and K (DZ, DAZ, DBZ).

(vi) Cu4367 A (HotDQ)

(vil) Zeeman splitting (magnetic white dwarfs).

(viii) Featureless spectrum with significant proper motion (DC).

(ix) Flux increasing in the red (binary, most probably M com-
panion).

(x) 016158 A (Dox).

We also found eight of stars to have an extremely steep Balmer
decrement (i.e. only a broad He and sometimes H 8 is observed
while the other lines are absent) that could not be fitted with a pure
hydrogen grid, or indicated extremely high gravities. We find that
these objects are best explained as helium-rich DAs, and denote
them DA-He.

We finally note that the white dwarf colour space also contains
many hot subdwarfs. It is difficult to distinguish a low-mass white
dwarf from a subdwarf, as they are both dominated by hydrogen
lines and the small differences in surface gravity cannot be spotted
by visual inspection alone. We therefore extended the model grid
to log g = 5.00 for Ter > 25000 K, and logg = 3.75 for T <
25000 K, to separate white dwarfs (log g > 6.5), subdwarfs (6.5 >
logg > 5.5) and main-sequence stars (logg < 4.75) (see Section
4.1 and 4.7), but we caution that the differences in the line widths
for DAs cooler than ~8000 K and hotter than ~30 000 K are minor,
with changing gravity. We use sdA to denote spectra with 6.5 >
logg > 5.5 and Ty < 20000 K. Table 2 lists the number of each
type of white dwarf and subdwarf stars we identified.

As an independent check, and to be consistent with the earlier
SDSS white catalogues, we also fitted all DA and DB white dwarf
spectra and colours with the autoriT code described in Kleinman
et al. (2004), Eisenstein et al. (2006) and Kleinman et al. (2013).
AuToFIT fits only clean DA and DB models. In addition to the best-
fitting model parameters, it also outputs flags for other features
noted in the spectrum, like a possible dM companion. These fits

Table 2. Numbers of newly identified stars by type.

No. of stars Type
2675 sdA
1964 DA“
300 DC
236 DZ
183 sdB
104 WD-+MS?
66 DB
71 DAZ
54 DQ
47 sdO
27 DBA
28 DAH
14 DO/PG 1159
12 CvV
7 DZH
6 DAO
3 DAB
2 DBH
1 DBZ
1 Dox
1 AM CVn (SDSS J131954.474+591514.84)
1 CSPN (SDSS J141621.94+135224.2

Notes. “Pure and certain DAs.
"These spectra show both a white dwarf star and a companion,
non-white dwarf spectrum, usually a main-sequence M star.

include SDSS imaging photometry and allow for refluxing of the
models by alow-order polynomial to incorporate effects of unknown
reddening and spectrophotometric flux calibration errors.

4 RESULTS

4.1 Masses

Kleinman et al. (2013) limited the white dwarf classification to
surface gravity log g > 6.5. At the cool end of our sample, log g =
6.5 corresponds to a mass around 0.2 Mg, well below the single
mass evolution in the lifetime of the Universe. The He-core white
dwarf stars in the mass range 0.2-0.45Mg), referred to as low-
mass white dwarfs, are usually found in close binaries, often double
degenerate systems (Marsh, Dhillon & Duck 1995), being most
likely a product of interacting binary stars evolution. More than
70 per cent of those studied by Kilic et al. (2011) with masses below
0.45 M and all but a few with masses below 0.3 M) show velocity
variations (Brown etal. 2013; Gianninas etal. 2014). Kilic, Stanek &
Pinsonneault (2007) suggests single low-mass white dwarfs result
from the evolution of old metal-rich stars that truncate evolution
before the helium flash due to severe mass-loss. They also conclude
all white dwarfs with masses below ~0.3 M, must be a product of
binary star evolution involving interaction between the components,
otherwise the lifetime of the progenitor on the main sequence would
be larger than the age of the Universe.

DA white dwarf stars with masses M < 0.45Mg and Ter <
20000 K are low mass and extremely low mass (ELM) as found
by Brown et al. (2010), Kilic et al. (2011), Kilic et al. (2012),
Brown et al. (2012), Brown et al. (2013), and Gianninas et al.
(2014). Hermes et al. (2012), Hermes et al. (2013b), Hermes et al.
(2013a), and Bell et al. (2015) found pulsations in six of these
ELMs, similar to the pulsations seen in DAVs (ZZ Ceti stars), as
described in Van Grootel et al. (2013). Maxted et al. (2014a) found

MNRAS 455, 3413-3423 (2016)
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Figure 1. Surface gravity (log g) and effective temperature (7Tesr) estimated
for all DA white dwarf stars in DR7 to DR12 with spectral S/N, > 15, after
applying 3D convection atmospheric model corrections from Tremblay et al.
(2013). The Zero Age Horizontal Branch (ZAHB) plotted was calculated
with solar composition models. It indicates the highest possible surface
gravity for a hot subdwarf. Stars with Teir < 45000 K and smaller surface
gravities than the ZAHB are sdBs.

17 pre-ELMs, i.e. helium white dwarf precursors, and Maxted et al.
(2014b) report pulsations in one of them. Pulsations are an im-
portant tool to study the stellar interior, and Cérsico & Althaus
(2014b), Cérsico & Althaus (2014a), Corsico & Althaus (2015),
Istrate et al. (2014a), and Istrate (2015) report on theoretical models
and pulsations of ELMs.

We classified as DAs those with logg > 6.5 as in Kleinman
et al. (2013), and sdAs those with 6.5 > logg > 5.5 when T <
20000 K (see Section 4.7). Low metallicity main-sequence stars
have an upper limit to log g < 4.75. To select the low log g limit,
we use an external, systematic uncertainty in our surface gravity
determinations of 3o (logg) = 3 x 0.25, around 15x our average
internal fitting uncertainty.

Fig. 1 shows surface gravity, log g, as a function of the effective
temperature T, estimated for all 5884 DAs spectroscopically iden-
tified in DR7 to DR12 with SDSS spectral S/N > 15. We include
corrections to Tes and log g based on 3D convection calculations
from Tremblay et al. (2013).

We use the mass—radius relations of Renedo et al. (2010) and
Romero, Campos & Kepler (2015) for carbon-oxygen DA white
dwarfs with solar metallicities to calculate the mass of our identified
DA stars from the T and log g values obtained from our fits,
after correcting to 3D convection. These mass—radius relations are
based on full evolutionary calculations appropriate for the study of
hydrogen-rich DA white dwarfs that take into account the whole
evolution of progenitor stars. The sequences are computed from the
zero-age main sequence, through the hydrogen and helium central
burning stages, thermal pulsations and mass-loss in the asymptotic
giant branch phase and finally the planetary nebula domain. The
white dwarf masses for the resulting sequences range from 0.525 to
1.024 M, covering the stellar mass range for C-O core DAs. For
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Table 3. Mean masses for all DAs, corrected
to 3D convection.

(Mpa)
SIN, N (M)
15 5884 0.608 £ 0.002
25 2591 0.620 £ 0.002
50 265 0.644 £ 0.008

high-gravity white dwarf stars, we used the mass—radius relations
for O-Ne core white dwarfs given in Althaus et al. (2005) in the
mass range from 1.06 to 1.30 M with a step of 0.02 M. For
the low-gravity white dwarf and cool subdwarf stars, we used the
evolutionary calculations of Althaus, Miller Bertolami & Cérsico
(2013) for helium-core white dwarfs with stellar mass between
0.155 and 0.435 M, supplemented by sequences of 0.452 and
0.521 M calculated in Althaus et al. (2009a).

The spectra we classified as DBs belong to 116 stars. 27 of
these are DBAs, one is a DBZ (SDSS J122649.96+444513.59), and
eight are DB+M. To calculate the DB white dwarf masses in the
catalogue, we relied on the evolutionary calculations of hydrogen-
deficient white dwarf stars with stellar masses between 0.515 and
0.870 M computed by Althaus et al. (2009b). These sequences
have been derived from the born-again episode responsible for the
hydrogen-deficient white dwarfs. For high- and low-gravity DBs,
we used the same O—Ne and helium evolutionary sequences de-
scribed before.

To calculate a reliable mass distribution for DAs, we selected
only the S/N > 15 spectra with temperatures well fit by our models.
Including the DAs from DR7 (Kleinman et al. 2013) and DR10
(Kepler et al. 2015), we classified a total of 5884 spectra as clean
DAs with S/N > 15, with a mean S/N = 26 + 11. Table 3 presents
the mean masses for different signal-to-noise limits. Gianninas,
Bergeron & Fontaine (2005) estimate the increase of the uncertainty
in the surface gravity from Alog g ~0.06 dex to Alog g >~0.25 dex,
when the S/N decreases from 50 to 15. Genest-Beaulieu & Bergeron
(2014) conclude there appears to be a small residual zero-point
offset in the absolute fluxes of SDSS spectra. If the differences in
the mean masses with S/N are not due to systematic (not random)
effects, it could be the reflection of different populations, as faint
stars perpendicular to the disc of the Galaxy could have different
metallicities, and therefore different star formation mass functions
and different initial-to-final-mass relations (Romero et al. 2015).
The mean masses estimated in our DR7 to DR12 sample are smaller
than those obtained by Kepler et al. (2015), even with the use of the
3D corrections for the whole sample.

Fig. 2 shows the mass histogram for the 5884 DAs with S/N >
15 and Fig. 3 shows the mass distribution after correcting by the
observed volume, following Schmidt (1968, 1975), Green (1980),
Stobie, Ishida & Peacock (1989), Liebert, Bergeron & Holberg
(2003a), Kepler et al. (2007), Limoges & Bergeron (2010) and
Rebassa-Mansergas et al. (2015). This correction takes into account
the shape of the galactic disc, assuming a scaleheight of 250 pc, min-
imum (g ~14.5) and maximum (g = 19) magnitudes, for a complete
sample. Green (1980) propose completeness can be estimated from
(V/Vmax), which is equal to 0.48 in our sample, close to the expected
value of 0.50.

Rebassa-Mansergas et al. (2015) limit their sample to bolomet-
ric magnitude My, < 13, because Gentile Fusillo et al. (2015)
estimates completeness of 40 per cent down to this magnitude.
Such bolometric magnitude corresponds to Ter = 8500 K around
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Figure 2. Histogram for the mass distribution of 5884 S/N > 15 DAs versus
mass, for log g corrected to 3D convection models using the corrections
reported in Tremblay et al. (2013). The coloured lines show the —1o and
+1o uncertainties.
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Figure 3. Histogram for the density distribution of S/N > 15 DAs versus
mass, for log g corrected to 3D convection models, after correcting by the
observed volume and by 40 per cent completeness from Gentile Fusillo et al.
(2015). The coloured lines show the —1o and + 1o uncertainties. The long
dashed (blue) histogram is the one from Rebassa-Mansergas et al. (2015),
limited to My > 13.

masses 0.6 M, and to Terr > 10000 K around masses 1.0 Mg .
We do not limit our sample to My, < 13. We find 94 DA white
dwarf stars with masses above 1.0M@ and S/N > 15, and ap-
plying the volume correction to them, find a lower limit to their
density of 0.000 026 M¢, pc’3. 20 of these have My, > 13. We did

not apply any completeness correction by proper motion (e.g. Lam,
Rowell & Hambly 2015) because we did not apply a consistent limit
on the proper motion. The distribution for masses above the main
peak around 0.6 M is significantly uneven, possibly the outcome
of distinct formation mechanisms, including single star formation,
accretion, and mergers.

The DB mass distribution obtained from models including hy-
drogen contamination, is discussed in Koester & Kepler (2015). As
our temperatures and surface gravities were estimated with pure DB
models, while those of Koester & Kepler (2015) include hydrogen
contamination, their values are more accurate.

4.2 Magnetic fields and Zeeman splittings

When examining each white dwarf candidate spectrum by eye, we
found 36 stars with Zeeman splittings indicating magnetic fields
above 2 MG — the limit where the line splitting becomes too small
to be identified at the SDSS spectral resolution. This number is
similar to our findings reported for DR7 in Kepler et al. (2013) and
DR10 (Kepler et al. 2015).

If the line splitting and magnetic fields were not recognized,
the spectral fittings of DA and DB models would have rendered
too high log g determinations due to magnetic broadening being
misinterpreted as pressure broadening.

‘We also identified seven cool DZH (Table 4), similar to those
identified by Hollands, Génsicke & Koester (2015).

We estimated the mean fields for the new DAHs following Kiilebi
et al. (2009) as being from 3 to 80 MG. We caution that stars with
large fields are difficult to identify because fields above around
30 MG, depending on effective temperature and signal-to-noise,
intermixes subcomponents between different hydrogen series com-
ponents so much that it becomes difficult to identify the star as
containing hydrogen at all, and affect the colours significantly. Ad-
ditionally, white dwarf stars with fields above 100 MG (see Fig. 4)
represent the intermediate regime in which the spectra have very
few features, except for a few stationary transitions that have simi-
lar wavelengths for a reasonable distribution of magnetic fields over
the surface of the star.

In Kleinman et al. (2013) and Kepler et al. (2013), we mis-
classified SDSS J110539.774250628.6, Plate-MJD-Fibre (P-M-
F) = 2212-53789-0201 and SDSS J154012.08+290828.7, P-M—
F = 4722-55735-0206 as magnetic, but they are in fact CVs.
SDSS J110539.77+250628.6 was identified as an AM Her star
by Liu et al. (2012). Here, we update the identification of SDSS
J154012.08+-290828.7 to a CV, with a period around 0.1 d based
on data from the Catalina Sky Survey (CSS; Drake et al. 2009).
‘We found another 14 CVs based on seeing hydrogen and/or helium
lines in emission. Most are variable in the CSS.

Table 4. Magnetic field for DZHs.

B o(B)
SDSS J Plate-MID-Fibre ~ (MG)  (MG)
003708.42—-052532.80  7039-56572-0140 7.2 0.2
010728.474265019.94  6255-56240-0896 3.4 0.1
110644.274+673708.64  7111-56741-0676 3.3 0.1
111330.274275131.41  6435-56341-0036 3.0 0.1
114333.46+661532.01  7114-56748-0973 9.0 15
205448.834303107.15  6507-56478-0276 2.5 0.1
233056.814295652.68  6501-56563-0406 3.4 0.3

MNRAS 455, 3413-3423 (2016)
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Flux (10717 ergs/s/cm?/4)

Figure 4. Observed spectrum of the DAH, SDSS J112148.77+103934.1
with g = 17.98 = 0.03 and B =309 MG. The coloured lines indicate
the positions of each theoretical Zeeman split Balmer line subcomponent,
assuming a dipole magnetic field of strength indicated in the right axis. Even
low fields produce large splittings of the higher Balmer lines. The theoretical
models are from Schimeczek et al. (2013), Schimeczek & Wunner (2014a)
and Schimeczek & Wunner (2014b).

4.3 DCs and BL Lac

Featureless optical spectra are the signature of DC white dwarfs,
but also from extragalactic BL Lac objects. BL Lac objects are
strong sources of radio emission, while non-interacting DCs are
not. DCs, if bright enough to be detected in all images, generally
have measurable proper motions, as their inherent dimness means
they are relatively close to us. To separate DCs form BL Lacs, we
searched for 1.4 GHz radio emission in the literature and looked for
measured proper motions in Munn et al. (2014). We found 41 of
our DC candidates were really BL Lac objects based on detectable
radio emission. We discarded the objects with radio emission, as
well as those with no radio emission and no proper motion.

4.4 DZs

Of the new white dwarfs in our sample, 3 per cent have spectra with
metal lines, probably due to accretion of rocky material around
the stars (e.g. Graham et al. 1990; Jura 2003; Koester, Génsicke &
Farihi 2014). Calcium and magnesium in general have the strongest
lines for white dwarfs at these temperatures.

We identified two DBZs as having unusual oxygen lines. SDSS
J124231.07+522626.6, P-M-F 6674-56416-0868, with Tey =
13000 K, was misclassified as an sdB from spectrum P-M-F 0885—
52379-0112 in Eisenstein et al. (2006), and identified by us here as
an oxygen-rich DBZ, possibly formed by accretion of an water-rich
asteroid as suggested by Raddi et al. (2015) and Farihi, Génsicke
& Koester (2013). SDSS J123432.65+560643.1, spectrum P-M—
F 6832-56426-0620, was identified as DBZA in Kleinman et al.
(2013) from P-M-F 1020-52721-0540, but is a DBZ. We estimate
Teir = 12400 £ 120 K, log g = 8.135 &£ 0.065.

We fit the spectra of each of the 236 stars classified as DZs to
a grid of models with Mg, Ca and Fe ratios equal to the averages

MNRAS 455, 3413-3423 (2016)
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Figure 5. Calcium/Helium abundances estimated for DZs contained in DR7
to DRI12.

from the cool DZs in Koester et al. (2011), and Si added with the
same abundance as Mg (Koester et al. 2014). These models have a
fixed surface gravity of log g = 8.0 as it is not possible to otherwise
estimate it from the spectra. The absolute values for log Ca/He range
from —7.25 to —10.50. Fig. 5 shows the calcium/helium abundance
for the 246 DZs identified in DR12, in addition to those of DR7 and
DR10. There seems to be a decrease of Ca/He abundances at lower
temperatures. This trend might be explained if all stars had the same
metal-rich material accretion rate, but the material becomes more
diluted at cooler temperatures due to the increasing convection layer
size.

4.5 DQs

Only 0.7 per cent of the newly identified spectra in our sample are
dominated by carbon lines that are believed to be due to dredge-
up of carbon from the underlying carbon—oxygen core through the
expanding He convection zone (e.g. Koester, Weidemann & Zeidler
1982; Pelletier et al. 1986; Koester & Knist 2006; Dufour et al.
2007). These stars are in general cooler than Teir = 12000 K.

We fitted the spectra of the stars (classified as cool DQs) to a
grid of models reported by Koester & Knist (2006). The models
have a fixed surface gravity of logg = 8.0 as it is not possible to
otherwise estimate it from the spectra. The absolute values for log
C/He range from —8 to —4, and effective temperatures vary from
13 000 K to 4400 K. Fig. 6 shows the carbon/helium abundance
for the 54 new cool DQs identified here in addition to those from
DR7 and DR10. There is a decrease of C/He abundances at lower
temperatures, probably caused by the deepening of the convection
zone, diluting any surface carbon.

4.6 White dwarf main-sequence binaries

We have identified 104 new white dwarfs that are part of apparent
binary systems containing main-sequence companions (WD-MS
binaries). The majority (96) of our new systems contain a DA white
dwarf and an M dwarf secondary star (DA+M).
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Figure 6. Carbon/Helium abundances estimated for DQs. The decrease
with decreasing temperature comes from the increase in transparency and
deepening convection zone. The darker points are the new DQs from DR12.
The lighter (red and blue) points are the results of our fits with the same
models for the cool DQs in Kleinman et al. (2013) and Kepler et al. (2015).

4.7 Subdwarfs

Hot subdwarfs are core He burning stars. Following Németh, Kawka
& Vennes (2012), Drilling et al. (2013), Nemeth et al. (2014a), and
Nemeth et al. (2014b), we have classified stars with logg < 6.5
and 45000K > T > 20000 K as subdwarfs: sdOs if He 11 present
and sdBs if not. Nemeth et al. (2014a) and Rauch et al. (2014)
discuss how the He abundances typical for sdB stars affect the NLTE
atmosphere structure. To a lower extent, CNO and Fe abundances
are also important in deriving accurate temperatures and gravities.
Our determinations of 7. and log g do not include NLTE effects
or mixed compositions, so they serve only as a rough estimate. We
classified 47 new sdOs and 183 new sdBs.

The ELM white dwarf catalogue (Gianninas et al. 2015) lists
73 stars with logg > 4.8, most with detected radial velocity vari-
ations demonstrating they are in binary system. We classified the
hydrogen-dominated spectra with 6.5 > log gaa > 5.5 and T <
20000 K as sdAs. These spectra look like main-sequence low metal-
licity A stars, but their estimated surface gravities with log gsaa >
5.5 are at least 30 (external) larger than those of main-sequence
stars log gvs < 4.75 (Heiter et al. 2015). We caution that the spec-
tral lines and colours used in our analysis are weakly dependent
on surface gravity for 7. < 9000 K. Even though a few of these
stars have been classified previously as horizontal branch stars, to
our knowledge, this is the first analysis with model spectra cover-
ing the range of surface gravities 3.75 < log g < 10. Of these sdAs,
1275 have estimated proper motions larger than 5 mas yr~', and 476
larger than 10 mas yr~'. Because their spectra consists mainly of
hydrogen lines, with cooler ones showing also Ca H and K, but no
G- or CN-bands, we define their spectral types as sdA. We propose
many of them are ELMs (Cérsico & Althaus 2014b,a, 2015; Istrate
et al. 2014a; Istrate, Tauris & Langer 2014b; Istrate 2015) but until
their binarity can be established (e.g. Gianninas et al. 2015), we
classify only their spectral type.

4.8 Noteworthy individual objects

Fig. 7 shows the spectrum of the AM CVn-type ultracompact dou-
ble degenerate binary, SDSS J131954.474-591514.84, a new clas-
sification of a star with He-dominated atmosphere and He transfer.
AM CVn objects are thought to be strong sources of gravitational
waves (Nelemans 2005); however, only 43 such objects are known
(Campbell et al. 2015; Levitan et al. 2015).

SDSS J141621.94+135224.20 (spectra with P-M-F 5458-
56011-0636, Fig. 8) is a hot central star of a faint planetary
nebula (CSPN) (PN G003.3+66.1) and was misclassified by

30
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Figure 7. Spectra of the AM CVn double degenerate SDSS J131954.474
591514.84 (g = 19.106 + 0.015, proper motion = 33 mas yr—').
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Figure 8. Spectra of the CSPN SDSS J141621.94+135224.20 (g =
18.202 = 0.019, proper motion = 12 mas yr~").
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Gentile Fusillo et al. (2015) as a CV. It is listed in the Southern
H o Sky Survey Atlas; however, we could not detect any planetary
nebula in either the SDSS image or wide-field infrared survey ex-
plorer images. Thanks to its higher S/N, the new SDSS spectrum
reveals the nebular emission lines of [OIII] A 4931, 4956, 5007 A,
which we have now identified for the first time in this star. The
lack of He1 absorption lines indicates that the central star is hotter
than 70 K. All photospheric absorption lines (H8, Hy, H B, Ha as
well as Her A 4686, 5412 A) show central emissions. They are
likely nebular lines, however a photospheric contribution cannot be
excluded for very hot central stars.

SDSS J103455.904-240905.75 (P-M-F 6439-56358-0445) was
classified by Girvenetal. (2011) as DAB from spectra 2352-53770—
0124, SDSS J100015.28+240724.60 (P-M-F 6459-56273-0598)
was classified as DB from spectra 2344-53740-0137, and SDSS
J101935.69+254103.04 (P-M-F 6465-56279-0808) was classi-
fied as DA from spectra 2349-53734-0523, but the new higher S/N
spectra shows they are DOs.

Liebert et al. (2003b), Ginsicke et al. (2010), and Kepler et al.
(2015) report on stars with spectra with strong oxygen lines that Ke-
pleretal. (2015) designated as Dox. SDSS 1124043.014-671034.68,
on spectra P-M-F 7120-56720-0894, is a new Dox with T
~22000 K.

Table 5 lists the columns of data provided in our electronic cata-
logue file, Table 6.

Table 7 lists 409 new classifications of stars already in Simbad
(Strasbourg Astronomical Data Center), but for which new higher
S/N spectra lead us to a different classification.

Table 5. Columns provided in data table, Table 6.

5 CONCLUSIONS AND DISCUSSION

We have identified 6576 new white dwarf and subdwarf stars in the
DR 12 of the SDSS, and estimated the masses for DAs and DBs, as
well as the calcium contamination in DZs and carbon/helium abun-
dances in DQs. We were able to extend our identifications down
to Ter = 5000 K, although these are certainly not complete, as
we relied also on proper motion measurements to distinguish be-
tween cool DCs and BL Lac objects. Proper motions are typically
incomplete below g ~21. The resultant substantial increase in the
number of spectroscopically confirmed white dwarfs is important
because it allows the discovery of more rare objects like massive
white dwarfs, magnetic white dwarfs, and He-dominated objects
with oxygen lines. Extending the work of Kepler et al. (2007) and
Rebassa-Mansergas et al. (2015), we find 94 white dwarf stars with
masses above 1 M and S/N > 15. Their volume corrected dis-
tribution is inhomogeneous which, if confirmed, indicates multiple
formation processes, including mergers. The volume-limited sam-
ple of white dwarfs within 40 pc by Limoges, Bergeron & Lépine
(2015) finds 8 per cent (22/288) of the local sample of white dwarfs
have masses M > 1 M¢.

Massive white dwarfs are relevant both to the lower limit of core
collapse supernova (SN) and to white dwarf explosion or merger
as SN Ia. Nomoto, Kobayashi & Tominaga (2013) estimates that
the observed **Zn abundances provides an upper limit to the occur-
rence of exploding O-Ne-Mg cores at approximately 20 per cent
of all core-collapse SNe. The existence of different types of SN Ia
indicates different types of progenitors do exist.
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Column no. Heading Description

1 Name SDSS object name (SDSS 2000J+)

2 P-M-F SDSS Plate number-Modified Julian date-Fibre

3 SN_g SDSS g-band signal-to-noise ratio

4 u_psf SDSS u-band PSF magnitude

5 u_err SDSS u-band uncertainty

6 g_psf SDSS g-band PSF magnitude

7 g_err SDSS g-band uncertainty

8 r_psf SDSS r-band PSF magnitude

9 r_err SDSS r-band uncertainty

10 i_psf SDSS i-band PSF magnitude

11 i_err SDSS i-band uncertainty

12 z_psf SDSS z-band PSF magnitude

13 z_err SDSS z-band uncertainty

14 E(B-V) Colour excess

15 PM USNO proper motion (mas yr~') N
16 1 Galactic longitude (degrees) g
17 b Galactic latitude (degrees)

18 T_eff Teir (K)

19 T_err Tefr uncertainty (K)

20 log_g log g (cgs)

21 log_gerr log g uncertainty (cgs)

22 humanID Human classification

23 T_eff (3D) Tefr for pure DAs and DBs or —log(Ca/He) for DZs or —log(C/He) for DQs“
24 T_err (3D) Tefr uncertainty

25 log_g (3D) log g

26 log_gerr (3D) log g uncertainty

27 Mass Calculated mass (M®)< corrected to 3D convection

28 Mass_err Mass uncertainty (M@), corrected to 3D convection

Notes. “The temperatures and surface gravities are corrected to the 3D convection models of Tremblay et al.
(2013). The Ca/He and C/He abundances, calculated assuming log g = 8.0, are indicated by —log(Ca/He) or
—log(C/He).
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Table 6. New white dwarf stars. Notes: P-M-F are the Plate-Modified Julian Date-Fibre number that designates an SDSS spectrum. A: designates an uncertain classification. The columns are fully explained in
Table 5. When o (log g) = 0.000, we have assumed log g = 8.0, not fitted the surface gravity. The full table is available online at http:/astro.if.ufrgs.br/keplerDR12.html.

#SDSS] u su g sg r sr i si z sz EB-Y) ppm long  lat  sp T ST logg slogg Ter dlerr logg dlogg Mass  dmass
# P-M-F S/N (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) 0.001arcsec  (7) ©) (K) (K)  (cgs) (cgs) (K) (K)  (cgs) (cgs) (MO) (MQJ
000000.46-+174808.91  6207-56239-0156 005 21.460 0.125 20966 0.033 20992 0.045 21.063 0.068 21211 0322  0.028 0244 1060 —43.4 DA 09683 00132 7.945 0.174 09635 0132 7.680 0.170 0459  0.067
000007.84+304606.35  7134-56566-0587 011 20208 0.039 19.665 0.017 19534 0.021 19495 0.023 19562 0.059  0.060 44.69 1101 —30.8 DA: 07545 00064 7.616 0.117 07566 0064 7.470 0.120 0366 0.042
000013.17—102750.57  7167-56604-0281 006 21356 0.146 20583 0.035 20548 0.039 20556 0.053 20940 0310  0.050 07.58 0846 —69.4 sdA: 07836 00119 5520 0376

000035.88—-024622.11  4354-55810-0305 011 20979 0.081 19.803 0.019 19.666 0.027 19.650 0.023 19.591 0.063  0.037 007.5 0942 —62.8 sdA 07893 00065 6.143 0.189 07893 0065 5.940 0.190 0.153 0.0016
000043.52+351644.26  7145-56567-0818 006 21.132 0.112 20585 0.030 20531 0.040 20534 0051 20477 0.175 0071 0153 1114 —265 DA 09208 00104 8095 0.149 09178 0104 7.820 0.150 0.521  0.064
000049.03-105805.58  7167-56604-0202 010 20992 0.104 20036 0.032 19768 0.027 19774 0.032 19717 0.116 0.036 0020 0841 —69.9 sdA 07092 00083 6.180 0259 07117 0083 6.003 0260 0.149  0.0040
000052.60+265459.66  6511-56540-0042 017 19.480 0.044 18577 0.022 18258 0.015 18.174 0.017 18.129 0.028 0.046 005.7 1092 —34.6 sdA 06862 00045 5963 0.155 06889 0045 5804 0.150 0.147 0.0009
000100.52-100222.12  7167-56604-0234 005 21.850 0.308 20956 0.088 20953 0.071 21.108 0.094 21.952 0.858 0.036 0000 0857 —692 DA 08977 00131 8292 0.164 08969 0131 8.020 0.160 0.609 0.088
000110.91+285342.93  7134-56566-0368 004 21433 0.116 21.032 0.041 20916 0.045 20.958 0.069 20.535 0.172  0.068 00.00 109.9 —327 DA: 07722 00166 8229 0.236 07735 0166 8.090 0.240 0.646 0.135
000133.32+170237.76  6173-56238-0428 005 21.173 0.121 20752 0.038 20974 0.059 21.087 0.078 22.163 0567 0.028 000.0 1062 —442 DA 11198 01000 7.690 0500 11283 1000 7.540 0.500 0409 0.176
000134.78+201514.44  6170-56240-0638 009 20.626 0.080 20232 0.024 20.126 0.028 20.053 0.037 20.048 0.147 0.073 56.89 1073 —41.1 DA 07512 00093 8343 0.132 07520 0093 8230 0.30 0726 0.080
000134.86+321616.24  6498-56565-0910 009 20541 0.059 20204 0.025 20.184 0.035 20428 0.062 20.858 0314 0.051 000.0 1108 —29.4 DA 10088 00089 8.189 0.094 10042 0089 7.920 0.090 0558  0.041
Table 7. New classification of known white dwarf stars.

#SDSS] u su g s¢ r sr i si z sz E(B-V) ppm long  lat  sp T ST logg slogg iy dTe logg dlogg Mass  dmass
# P-M-F SN (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) (mag) 0.00larcsec (°) (%) K (K (g (cgs) (K) K) (g9 (g M) M)
000054.40—090806.92  7167-56604-0806 022 19.317 0.042 18997 0.033 18952 0019 19.030 0029 19.094 0061 0.050 5363 0870 —684 DQ 07957 01000 8000 0000 —log(C/He) = 8.000 0.000
000307.06+241211.68  6879-56539-0704 064 16.159 0.022 16190 0.022 16556 0.028 16806 0.017 17.053 0.026 0.147 04.41 109.0 —374 sdB 28566 00099 5.503 0.017

000309.26-060233.49  7147-56574-0956 007 20.571 0.058 20.065 0.021 19970 0.020 19.966 0.027 19.926 0.074 0.041 0546 0922 —660 DA 08264 00097 7.157 0218 08259 0097 6.940 0220 0234 0.039
000309.26-060233.49  7148-56591-0586 008 20.571 0.058 20.065 0.021 19970 0.020 19966 0.027 19.926 0.074 0.041 0546 0922 —660 DA 08489 00099 8.164 0.62 08500 0099 7.930 0.160 0559 0.076
000321.60—-015310.86  4365-55539-0502 015 19.232 0.028 19216 0.027 19294 0.020 19498 0.025 19728 0072 0.041 0538 0964 —623 DA 06126 00103 9320 0214 06110 0103 9370 0210 1285 0072
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With our spectral model grid now extending from 3.75 <log g <
10, we identified 2675 stars with hydrogen-dominated spectra, and
surface gravities 30—70 larger than those of main-sequence stars.
Time series spectroscopy is necessary to check if they are binaries, in
order to establish what fraction of the sdA objects are ELM white
dwarfs. If they were to have main-sequence radii, their distances
would be tens of kiloparsecs outside the disc due to their distance
moduli of 15 < m — M < 20. The substantial fraction of these stars
that have measured proper motions, if at large distances, would also
be runaway stars or hypervelocity stars (v > 600 km s~!; Brown
2015). The significant number of these stars probably indicates
Population II formation lead to a considerable ratio of binary stars.
De Rosa et al. (2014) determine that 69 = 7 per cent of all A stars in
the solar neighbourhood are in binaries. The pre-white dwarf ages
of low metallicity stars with main-sequence masses 0.9 M can
amount to more than 8 Gyr, therefore white dwarfs originating from
binary interactions of low mass, low metallicity stars should still be
visible as ELM white dwarfs. If the stars we classified as sdAs are
in fact A-type main-sequence stars, there is a large number of those
at large distances from the galactic disc, and the galactic formation
model would have to account for the continuous formation of low
metallicity stars, perhaps from the continuous accretion of dwarf
galaxies (Camargo et al. 2015; Drlica-Wagner et al. 2015). Our
analysis of their spatial distribution shows no concentrations.
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ABSTRACT

The so-called sdA stars are defined by having H-rich spectra and surface gravities similar
to hot subdwarf stars, but effective temperature below the zero-age horizontal branch. Their
evolutionary history is an enigma: their surface gravity is too high for main-sequence stars, but
too low for single evolution white dwarfs. They are most likely byproducts of binary evolution,
including blue-stragglers, extremely-low mass white dwarf stars (ELMs) and their precursors
(pre-ELMs). A small number of ELMs with similar properties to sdAs is known. Other
possibilities include metal-poor A/F dwarfs, second generation stars, or even stars accreted
from dwarf galaxies. In this work, we analyse colours, proper motions, and spacial velocities
of a sample of sdAs from the Sloan Digital Sky Survey to assess their nature and evolutionary
origin. We define a probability of belonging to the main sequence and a probability of being
a (pre-)ELM based on these properties. We find that 7 per cent of the sdAs are more likely to
be (pre-)ELMs than main-sequence stars. However, the spacial velocity distribution suggests

that over 35 per cent of them cannot be explained as single metal-poor A/F stars.

Key words: binaries: general—stars: evolution—stars: kinematics and dynamics—

subdwarfs — white dwarfs.

1 INTRODUCTION

The evolution of single stars is a fairly well understood process.
There are of course many uncertainties concerning specific phases
(e.g. the asymptotic giant branch, Miller Bertolami 2016) and pro-
cesses (e.g. convection, Bressan et al. 2013; Tremblay et al. 2013)
throughout the evolution, but relating an initial mass and metallic-
ity to a final outcome can be done with reasonable precision. Only
a very small amount of objects, much less than 5 per cent of all
stars in the Galaxy, will end their lives as neutron stars or black
holes — those with initial masses larger than about 7-10.6 M, (e.g.
Woosley & Heger 2015). The remaining over 95 per cent stars will
become white dwarf stars, whose evolution can be approximated
by a slow cooling process. Hence, as they are not only abundant
but also long-lived, white dwarfs are very useful in obtaining infor-
mation of all Galactic populations (Isern et al. 2001; Liebert et al.
2005; Bono et al. 2013; Tremblay et al. 2016; Cojocaru et al. 2017;
Kilic et al. 2017).

White dwarf stars are also one possible result of binary evolution,
both in binary systems (e.g. Rebassa-Mansergas et al. 2016) or as
single stars resulting from merger events (Brown et al. 2016b).
Of remarkable interest are the extremely low mass white dwarfs

* E-mail: ingrid.pelisoli @ gmail.com

(ELMs, M < 0.20 M@, see e.g. the ELM Survey: Brown et al.
2010; Kilic et al. 2011; Brown et al. 2012; Kilic et al. 2012b;
Brown et al. 2013; Gianninas et al. 2015; Brown et al. 2016a),
which can only be formed in interacting binary systems within a
Hubble time. The evolution of single stars can lead to white dwarfs
with masses down to 0.30-0.45 solar masses (Kilic et al. 2007),
but main-sequence progenitors that would end up as lower mass
white dwarfs have main-sequence lifetimes exceeding the age of the
Universe. Objects with 0.30 < M < 0.45 M(; are usually referred to
as low-mass white dwarfs. Their binary fraction is still high, about
30 per cent (Brown et al. 2011), because some form of enhanced
mass-loss is needed to form them, and binarity is the easiest way
to achieve this. Severe mass-loss in the first ascent giant branch,
attributed to high metallicity (Hansen 2005), can also lead to single
low-mass white dwarfs (Kilic et al. 2007). The binary fraction below
0.2-0.3 My, on the other hand, could be up to 100 per cent (Brown
et al. 2016a), encompassing not only the ELMs but also the pre-
ELMs, which still have not reached the white dwarf cooling track
(Maxted et al. 2014).

Less than a hundred ELMs are known to date, making it difficult
to test and improve theoretical models (Cérsico & Althaus 2014,
2016; Istrate et al. 2016). White dwarf catalogues such as Kleinman
etal. (2013), which relies on Sloan Digital Sky Survey (SDSS) data
release (DR) 7, usually opt to remove any object with estimated
surface gravity below 6.5, the single evolution limit, excluding the

© 2018 The Author(s)
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ELMs and pre-ELMs from their analysis. This flaw motivated Ke-
pler et al. (2016) to extend their catalogue down to logg = 5.5,
which unveiled thousands of objects in the ELM range of log g and
Ter S 20000 K. As their nature as ELMs or pre-ELMs cannot be
confirmed without probing their radius and verifying they are com-
pact objects, they were dubbed sdAs, referring to their log g placing
them below the main sequence as the subdwarfs, and their hydrogen-
dominated A-type spectra. This, however, is merely a spectroscopic
classification, saying nothing about the evolutionary nature of these
objects, which remains a puzzle. They cannot be canonical He-core
burning subdwarfs, which show 7. > 20000K, lying above the
zero-age horizontal branch (ZAHB). Their estimated log g suggests
they are not H core main-sequence stars, seeing that evolutionary
models indicate that the maximum log g of main-sequence A stars
is around 4.75 (see Romero et al. 2015, and references therein).

Hermes et al. (2017) studied the sdAs published by Kepler et al.
(2016), which were modelled with pure-H atmosphere models, us-
ing radial velocities obtained from SDSS subspectra, photomet-
ric colours, and reduced proper motions, and concluded that over
99 per cent of them are unlikely to be ELMs. Likewise, Brown
et al. (2017) obtained follow-up time-resolved spectroscopy for five
eclipsing systems and concluded they are not ELMs, but metal-poor
M ~ 1.2M@ main-sequence stars with M ~ 0.8 M companions.
They suggest that the majority of sdAs are metal-poor A-F type
stars. Considering their distance modulus (m — M) > 14.5 at the
SDSS bright saturation, this puts them in the halo. Given a halo age
of 11.5 Gyr (Kalirai 2012; Kilic et al. 2012a, 2017; Si et al. 2017),
only objects with M < 0.8 M should still be in the main sequence
(e.g. as obtained with the LpcopE by Althaus et al. 2003), and that
assuming a very low metallicity of Z=0.0001, i.e. halo A-type stars
should even have already evolved off the main sequence. For the
same metallicity, main-sequence lifetimes of A-stars are between
0.5 and 1.5 Gyr. Models by Schneider et al. (2015) suggest that
mass accretion can make a star appear up to 10 times younger than
its parent population, what explains the so-called blue stragglers
(first identified by Sandage 1953). The sdAs could be explained as
blue stragglers, when the log g is not higher than the main-sequence
limit.

Brown et al. (2017) state that the log g derived from pure hydro-
gen models for sdA stars suffers from a systematic overestimate of
~1 dex on the surface gravities, likely explained by metal line blan-
keting below 9000 K. In this work we re-analyse the sdA sample
selected in Kepler et al. (2016) in the light of new spectral models
including metals in solar abundances, first reported in Pelisoli et al.
(2017). We assess the changes in log g between the two models,
analysing particularly the sdAs in Kepler et al. (2016), to under-
stand why Hermes et al. (2017) and Brown et al. (2017) found only
a small percentage of them to have ELM properties. We extend the
analysis to other sdAs selected from the SDSS data base, identifying
new pre-ELM and ELM candidates. Their colours, proper motions,
and spacial velocities are studied in order to assess their possible
nature. The physical parameters we obtained are compared to both
single evolution and binary evolution models to assess if they can
be explained by this scenario. Based on our findings, we estimate
for each object in our sample a probability of being a (pre-)ELM
and a probability of being a main sequence star. These probabilities
can be used to guide future follow-up of these objects. More than
one evolution channel will certainly be needed to explain the sdA
population. The binaries within the sample can help us better un-
derstand binary stellar evolution and its possible outcomes, while
the properties and dynamics of single stars contain insight on the
formation and evolution of the Galactic halo.
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1.1 Properties of possible evolutionary paths to sdAs

The sdAs where first unveiled when we mined the SDSS data re-
lease 12 (DR12) for pre-ELMs and ELMs, as described in Kepler
etal. (2016). They were believed to belong to either of these classes
because of the logg estimated from their SDSS spectra. ELMs
show log g in the range 5.0 <log g < 7.0 and T .z < 18 000-20 000
(e.g. Brown et al. 2016a), filling in the region between the main
sequence and the white dwarfs resulting from single evolution in a
T .—log g diagram. However, they also show other particular prop-
erties. While their colours might be similar to main-sequence stars,
ELM radii are at least 10 times smaller, so they are significantly
less luminous than main-sequence stars, and thus need to be nearer
to be detected at same magnitude. As a consequence, they show
higher proper motions than main-sequence stars with similar prop-
erties. Moreover, they are expected to be encountered still with the
close binary companion which led to their mass-loss. Most will
merge within a Hubble time (Brown et al. 2016b), implying high
radial velocity variation (Brown et al. 2016a, e.g. found a median
semi-amplitude of 220kms~") and somewhat low orbital periods,
usually shorter than 1 d (Brown et al. 2016a).

The properties of the precursors of the ELMs, the pre-ELMs, are
more difficult to establish, as they have not reached the white dwarf
cooling branch yet. If the time-scale for mass-loss from the white
dwarf progenitor is longer than the thermal time-scale, a thick layer
of hydrogen will be surrounding the degenerate helium core. This
can lead to residual p—p chain reaction H nuclear burning which can
last for several million years (e.g. Maxted et al. 2014). Moreover,
instead of a smooth transition from pre-ELM to ELM, the star
can undergo episodes of unstable CNO burning, or shell flashes.
These flashes can shorten the cooling time-scale, by reducing the
hydrogen mass on the surface. Althaus et al. (2013) find that they
occur when M < 0.18 M, while Istrate et al. (2016) find that
the minimum mass at which flashes will occur depends on the
metallicity of the progenitor. Importantly, these flashes significant
alter the radius and effective temperature of a pre-ELM, making it
very difficult to distinguish them from main-sequence or even giant
branch stars. Pietrzyniski etal. (2012), for example, found a 0.26 M,
pre-ELM showing RR Lyrae-type pulsations — the flashes caused
the object to reach the RR Lyrae instability strip. Its identification
was possible because the system is eclipsing, with an orbital period
of 15.2d, which allowed for an estimate of the mass. Greenstein
(1973) and Schonberner (1978) discuss an interesting example of a
post-common envelope binary mimicking a main-sequence B star.
So pre-ELMs can show log g, T, and colours in the same range
as main-sequence or even giant stars, being even as bright as them.
Their ages are more consistent with the halo population than single
main-sequence stars of similar properties though, since they are at
a later stage of evolution.

If found in the halo without a close binary companion inducing
enhanced mass-loss, an sdA could also be explained as a metal-poor
star of type A—F. This is the explanation suggested by Brown et al.
(2017). They have, however, based this conclusion on the fact that
their fit of pure hydrogen models to metal abundant models seemed
to indicate an overestimate in log g of about 1 dex. As we will show,
the change in logg with the addition of metals to the modelled
spectra is actually not a constant. Moreover, they have overlooked
the possibility that the sdAs are pre-ELMs, which do show log g
in the same range as main sequence stars, but are older and thus
should be found in abundance in the halo, whose age is over 10 Gyr
—close to 10 times the expected lifetime in the main sequence of A
stars. Main-sequence A stars in the halo can only be explained as

MNRAS 475, 24802495 (2018)
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blue-stragglers, where mass transfer from a companion extends their
life in the main sequence, or by rare events of star formation induced
by matter accreted to the Galaxy (Lance 1988; Camargo et al. 2015).
Main-sequence F stars might still be approaching the turn-off point
in the halo, so these and other late-type main-sequence stars could
explain cooler sdAs (T < 8000K). A key-way to analyse the
feasibility of this scenario is analysing the spacial velocities of the
sdAs given a main-sequence radius, as we will show in Section 5.

Finally, another possibility that might explain some sdA is that
they are binaries of a hot subdwarf with a main-sequence companion
of type F, G, or K, as found by Barlow et al. (2012). In this kind of
binary systems, the flux contribution of both components is similar,
so the spectra appear to show only one object, with the lines of
the main-sequence star broadened by the presence of the subdwarf,
explaining the higher values of log g obtained. However, due to the
presence of the subdwarf, which shows T > 20000 K, a higher
flux contribution on the UV is expected when compared to main-
sequence or ELM stars, allowing for telling these objects apart.

In summary, the sdAs physical properties are consistent with
basically four different possibilities: (a) pre-ELMs or ELMs;
(b) blue-stragglers; (c) metal-poor late-type main-sequence stars;
(d) hot subdwarf plus main-sequence F, G, K binary. Estimated
log g and T should be similar between all possibilities. Colours
are similar for pre-ELMs, ELMs, and metal-poor main-sequence
stars, but hot subdwarfs with a main-sequence companion should
have higher UV flux. ELMs and pre-ELMs should show a close bi-
nary companion leading to high radial velocity variations and orbital
periods lower than 36 h, according to Brown et al. (2016a), or up
to 100 d, according to Sun & Arras (2017). Main-sequence binaries
showing physical parameters in the sdA range, on the other hand,
should have periods above ~9h (Brown et al. 2017). ELMs and
pre-ELMs have long evolutionary periods, so they can be detected
with ages above 10 Gyr, while main-sequence stars of A-type have
main-sequence lifetimes lower than 1.5 Gyr, although a companion
might delay the evolution by transferring mass as occurs for blue
straggler stars.

2 DATA SELECTION

‘We have selected all spectra in the SDSS DR12 (Alam et al. 2015)
containing O, B, A, or WD in their classification with signal-to-
noise ratio (S/N) at the g filter larger than 15. This resulted in
56262 spectra. They were first fitted with spectral models derived
from pure hydrogen atmosphere models calculated using an updated
version of the code described in Koester (2010). Objects with log
g > 5.5 were published in the SDSS DR12 white dwarf catalogue by
Kepler et al. (2016) and were the first to be called sdAs. Motivated
by the fact that many objects showed metal lines in their spectra, we
have calculated a new grid with metals added in solar abundances.
The grid, whose physical input is discussed in Section 3.1, covers
6000K < Ty < 40000K and 3.5 < logg < 8.0. With this grid,
we were able to obtain a good fit to 39 756 spectra out of the initial
sample. The remaining objects were mostly close to the border of
the grid, either in 7 or in logg, and are probably giant stars.
723 objects fitted T > 20000K and were excluded — 49 show
log g > 6.5 and are canonical mass white dwarfs, while 674 show
log g < 6.5 and are most likely hot subdwarfs. All the white dwarfs
are known with the exception of two new DA white dwarfs (SDSS
J152959.39+482242.4 and SDSS J223354.70+054706.6). Only 66
out of the 674 possible sdBs are not in the catalogue of Geier
et al. (2017); they are listed in Table C1 in the Appendix, with the
exception of SDSS J112711.704325229.5, a known white dwarf
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with a composite spectrum that compromised the fit (Kleinman
etal. 2013).

To choose between hot and cool solutions with similar x?2, that
arise given to the fact that these solutions give similar equivalent
width for the lines, we have relied on SDSS ugriz photometry, and
GALEX fuv and nuv magnitudes when available. Specifically, we
have chosen the solution which gave a T . consistent with the one
obtained from a fit to the spectral energy distributions when the log g
was fixed at 4.5. Full reddening correction was applied following
Schlegel et al. (1998) for the SDSS ugriz magnitudes. For GALEX
magnitudes, extinction correction was applied using the E(B — V)
value given in the GALEX catalogue, which was derived from the
dust maps of Schlegel et al. (1998), and the relative extinction
of Yuan et al. (2013), Ry, = 4.89 and R,,, = 7.24, given that such
values are not present in the catalogue of Schlegel et al. (1998). Yuan
et al. (2013) caution, however, that the FUV and NUV coefficients
have relatively large measurement uncertainties.

Next, we removed from the sample contaminations from other
SDSS pipeline possible classifications that contained our keywords,
such as GOVa, F8lbvar, and CalciumWD. Those were only 182
objects, leaving a sample of 38 850 narrow hydrogen line objects
with a good solar abundance fit and T < 20 000 K. This sample
will be referred to as sample A throughout the text.

‘When we rely on spacial velocity estimates to analyse our sample,
only objects with a reliable proper motion are taken into account.
Unfortunately, our objects are too faint to be featured in the DR1 of
Gaia, so we used the proper motions of Tian et al. (2017), which
combine Gaia DR1, Pan-STARRS1, SDSS, and 2MASS astrometry
to obtain proper motions. To flag a proper motion as good, we
required that the distance to nearest neighbour with g > 22.0 was
larger than 5 arcsec, that the proper motion was at least three times
larger than its uncertainty, and that the reduced x-squared from
the evaluation of proper motions in right ascension and declination
was smaller than 5.0. This left 16 656 objects with a reliable proper
motion, with an average uncertainty of 2.0 mas yr~!, to be referred
to as sample B in the text.

In order to estimate the contamination by outliers, we have com-
pared GPS1 proper motions to both the Hot Stuff for One Year
(HSOY, Altmann et al. 2017) catalogue and the catalogues by
Munn et al. (2004, 2014), directly available at the SDSS tables.
HSOY combines positions from Gaia DR1 and the PPXML cata-
logue (Roeser et al. 2010), while Munn et al. combine SDSS and
USNO-B data. Hence they are not completely independent, but nev-
ertheless useful to find possible outliers. We find only 69 objects
whose proper motions differ by more than 36 when comparing
GPS1 and HSOY, and 110 objects when comparing to Munn et al.
They represent less than 1 per cent of the sample, so we decided to
keep them as part of sample B, since it does not affect the analysis,
and GPS1 is regarded as the best proper motion catalogue available
for our objects.

3 SPECTRAL ANALYSIS

3.1 The models

The code to calculate atmospheric models and synthetic spectra was
originally developed for white dwarfs (Koester 2010). In that area
it has been used and tested for decades and proven to be reliable
(e.g. Kleinman et al. 2013; Kepler et al. 2015, 2016). It has also
been used successfully for sdB stars with surface gravity around
log g = 5.5 (e.g. Kepler et al. 2016). The identification of sdA stars
was a by-product of our study of white dwarfs in the SDSS DR12.
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Figure 1. Left-hand panel shows the comparison between the 7 gt obtained with our models (DK), and values from the literature. Right-hand panel shows the
same comparison for log g. The average difference is of about 4 per cent in T ¢, and of —0.06 dex in log g, which is even lower than the external error. The red

line in both panels shows where both determinations would be equal.

We extended our grid to lower surface gravity in order to better
identify and separate these sdAs from DAs and sdB. This extension
is not meant to be used for a full-fledged analysis of main-sequence
stars. It rather serves as an indicator of the luminosity class, given
the external uncertainties of 5-10 per cent in T'¢f and 0.25 dex in
log g.

To estimate internal uncertainties, we have compared our esti-
mates for objects with duplicate spectra. We have found the average
difference to be 0.55 per cent in 7.5, with a standard deviation of
2.8 per cent, and of 0.047 dex in log g, with a standard deviation
of 0.133. Interestingly, these values are not significantly dependent
on S/N for S/N > 15. We have also found no variation in these
internal uncertainties when excluding objects cooler than 8000 K
from the sample. Hence the behaviour of the internal uncertainty
does not seem to depend on either Te¢ or S/N for the ranges con-
sidered here. The external uncertainty is higher for lower T ., due
to the decreasing strength of the lines, making them less sensitive
as gravity indicators. That is, however, hard to quantify.

The models include metals up to Z = 30 with solar abundances
in the equation of state, and include also the H, molecules. This en-
sures that the number densities of neutral and ionized particles are
reasonable, which is important for the line broadening, in particular
the Balmer lines. The tables of Tremblay & Bergeron (2009), which
include non-ideal effects, are used to describe the Stark broaden-
ing of the Balmer lines. The occupation probability formalism of
Hummer & Mihalas (1988) is taken into account for all levels of all
elements. Absorption from metals is not included. We have tested
that the addition of the photoionization cross-sections of metals with
the highest abundances does not result in significant changes in the
A star region. Line blanketing for the atmospheric structure uses
only the hydrogen lines. The synthetic spectra, however, include
approximately the 2400 strongest lines of all elements included in
the range 1500-10000 A.

As atest for the validity of the models we have used a similar setup
as for our sdA/ELM spectral fitting for a selection of known A stars.
These include some of the objects with log g > 3.75 from Allende
Prieto & del Burgo (2016), as well as Vega from Bohlin (2007). As
Fig. 1 shows, the average differences between our obtained values
and the values from the literature are, in average, 4 per cent in 7 ¢
and —0.06 dex in log g, with no great discrepancies or systematic
differences. This average difference can be easily explained by the
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Figure 2. T.g-logg diagram showing the results of our pure hydrogen
spectral fits as red crosses, and the updated result with metals added in solar
abundance as black dots. The two distributions are shifted due to the changes
in T o and log g for individual objects. The blue lines indicate the ZAHB,
above which stars might be burning He in the core. Its position depends on
metallicity; the continuous line assumes Z = 0.0001, the dashed line is for
solar metallicity. Different sequences are labelled as 1, 2, 3, and 4. They
reflect different temperature regimes described in the text.

dominant external errors. In Appendix A, we compare our estimates
to those of the SDSS pipelines, whose grids have much smaller
coverage than our own.

3.2 Spectral fits

Fig. 2 shows the T .s—log g diagram with the values obtained from
the two different models, pure hydrogen and solar abundance, for
objects with good fit in both cases. It can be noted that the distribu-
tion shifts as a whole with the addition of metals to the models. Four
sequences can be distinguished. At the hot low gravity end, some
objects (labelled as sequence 1 in Fig. 2) are above the ZAHB; they
could hence be blue horizontal branch stars. They are kept in the
sample because, as we will show later, this region of the diagram
can also be reached through binary evolution. There are a few hot
objects between 10000 and 12000 K (sequence 2), and the bulk of
the distribution is between 7 000 and 10 000 K. Careful inspection,

MNRAS 475, 2480-2495 (2018)
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Figure 3. Shift in log g with the addition of metals in solar abundances as
a function of the log g given by the pure-H models. Values were averaged
over 500 objects sorted by log g. The shifts are well described by a linear
fit Alog g = —0.68 (0.01) log gpure-n + 3.10(0.06) with the pure-H values
being overestimated by almost 1.0 dex above log g = 5.5. This is a similar
result to the obtained by Brown et al. (2017) when fitting pure hydrogen
model to synthetic main-sequence spectra.

especially at the low log g end, suggests this region can also be split
in two regimes around 8000 K (sequences 3 and 4).

We have analysed the change in log g for objects in sample A
as a function of the pure hydrogen 7+ and log g values. We took
into account only objects whose two estimated 7.y values dif-
fered by less than 500 K. We found a clear trend when plotting
10g gsolar—10g gpure-tt s a function of 1og gpurei, as can be seen in
Fig. 3. The larger the log gpuret1, the smaller is the log g obtained
from solar abundance models compared to pure hydrogen models.
The shift, however, is not a constant value as suggested by Brown
etal. (2017), but it rather behaves as a linear function of 10g gpure-t-
Above log g ~ 5.5, the solar abundance log g is in fact about 1 dex
smaller than the value obtained from pure hydrogen models, as they
have found. This explains their conclusion and that of Hermes et al.
(2017) when analysing the log g > 5.5 DR12 sdAs: they are exactly
in this range where the difference between these two values is maxi-
mal. However, it is important to emphasize that the solar abundance
model is not necessarily the correct one; while many sdAs do show
clear signs of metals in their spectra, others seem to be almost free
of metals.

This systematic trend also reflects on the dependence of the log g
change with T, shown in Fig. 4. At T ~ 8500K, there are
objects spanning all the logg range (sequence 3 in Fig. 2), but
a prevalence of objects with lower log g, which have an upward
correction. Hence the same upward correction is seen in this 7 e
range. Between 7500 and 8000 K, a gap in the lower log g objects
can be seen in Fig. 2, which moves the correction downwards.
Finally, below T . ~ 7500 K (sequence 4), most objects show log g
< 4.5, so the correction moves upwards again. Close to the cool
border of T ., most objects are also close to the lower border in
log g, which is 3.75 for the pure-hydrogen models and 3.5 for the
solar abundance models, implying on an average difference of 0.25.
There can of course be differences in metallicity and errors in the
determination, so individual objects can somewhat obscure these
trends.

The solar abundance solutions put most of the 2443 sdAs pub-
lished in by Kepler et al. (2016) in the main-sequence range, with
the exception of 39 objects which still show log g > 5.0. Only seven
out of those maintain logg > 5.5 in the solar abundance models.

by Universidade Federal do Rio Gande do Sul user
on 07 March 2018

0.25 T T T T T

02 4
0.15 4
0.1 |

0.65 r ’ T ‘ I ‘
_0.02: ' X ww&wuw |

-0.1 -
-0.15
-0.2 1
-0.25

203 I I I I I
9500 9000 8500 8000 7500 7000

< Teffouren >N=s00 [K]

=500

<109(9)solar - 109(9)pure-+ >N

Figure 4. Change in logg when metals were added to the models as a
function of the effective temperature of the pure-H models. The T g and
the change in log g were averaged over 500 objects, sorted by Tefr. The
systematic effect found as a function of 1og gpure-n implies on a correlation
also in T g, depending on how each range of log g is sampled in each bin
of T efr. Around 7000 K, for example, most objects have log g < 4.5, where
the shift in log g points upwards in Fig. 3, what is also seen here.

It is important to notice, however, that these higher values of log g
can rise from statistics alone given an external uncertainty of about
0.25 even if the correct log g for these objects is about 4.5, so these
objects should be analysed with caution.

Two of the logg > 5.0 objects were published in the ELM
Survey, SDSS J074615.83+392203.1 (Brown et al. 2012), and
SDSS J091709.55+463821.7 (Gianninas et al. 2015). SDSS
J0746+3922 was not confirmed as a binary; the published solu-
tion of T = 12130 &+ 400K and logg = 5.98 £ 0.12 agrees
in logg with our pure hydrogen solution, Ty = 8300K and
log g = 5.85, but there is a discrepancy in 7. The UV colours
favour the hotter solution. Our solar metallicity solution gives a
slightly lower log g of 5.481 & 0.017 and T = 8326 &+ 9 K.!
SDSS J0917+4638 was confirmed as a binary with period of 7.6 h
and amplitude of 150 kms~'. The solution published in Gianninas
et al. (2015), T = 12240 & 180K and logg = 5.75 £ 0.04,
agrees with our solar metallicity values of 7.y = 12958 £ 111K
and logg = 5.842 £+ 0.029. Our pure hydrogen fit indicates
T s = 9600 K and log g = 5.00.

Another object which maintained logg > 5.0 is SDSS
J075017.354-400441.2, an eclipsing binary analysed in Brown et al.
(2017). Our solar metallicity fit gives 7.z = 8071 £ 15K and
logg = 5.019 £ 0.038, a log g significantly lower than the pure
hydrogen value of 5.619. Brown et al. (2017) points out that the
SEGUE stellar parameter pipeline (SSPP) gives a much lower log g
of 4.229 £ 0.155. However, the SSPP grid has no model above
log g = 5.0. The obtained period from their radial velocity orbital
fit agrees with the photometric period of 28 h. They obtain a radial
velocity amplitude of 36.2kms~' and conclude the star is best ex-
plained by a metal-poor main-sequence binary, which is consistent
with our solar metallicity solution given the external uncertainties.
The star’s detected proper motion is not significant (2.03 &+ 1.96
mas yr~'), but the distance obtained from its distance modulus is
over 14kpc — in the Galactic halo. If indeed a main-sequence A

! Quoted uncertainties in our values of T ¢ and log g are formal fit errors.
The external uncertainties in the models are much larger, as discussed in
Section 3.1.
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Table 1. Obtained values of T and log g for the 408 analysed SDSS objects in the range 5.5 < log g < 7.0 and 7000 <
T et < 20000 K. The quoted uncertainties are formal fitting errors; external uncertainties in the models are 5-10 per cent
in T efr and 0.25 dex in log g. The plate-modified Julian date-fibre, or P-M-F, identifies the SDSS spectrum for the object
from which the solution was obtained. The S/N of the spectrum is given at the g band. The full table can be found in the

on-line version of this paper.

SDSSJ P-M-F

S/N, T o (K) logg

112616.66—010140.7 0281-51614-0243

14.72 8312 (46) 5.624 (0.170)

companion.

113704.83+011203.6 0282-51658-0565 44.29 8122 (11) 5.544 (0.040)
130149.63+003823.8 0293-51689-0581 19.07 7150 (37) 6.724 (0.004)
130717.12—-002639.4 0294-51986-0174 21.25 8167 (36) 5.572(0.134)
134428.86+002820.4 0300-51666-0342 51.18 7246 (11) 6.704 (0.001)
135042.43—002004.7 0300-51943-0102 17.84 8582 (36) 5.606 (0.150)
140114.04—-003553.6 0301-51641-0104 16.31 7403 (40) 6.747 (0.006)
140126.86+003156.3 0301-51641-0584 14.50 8040 (41) 5.728 (0.135)
121715.08—-000928.3 0324-51666-0039 16.94 8358 (38) 5.533(0.142)
162220.66—002000.4 0364-52000-0272 35.80 8242 (20) 5.672 (0.082)
star, it can only be explained as blue straggler whose main-sequence -05 T T T ,‘ .
o . ELM Survey -
lifetime was significantly extended due to mass accreted from the ELM range
DA white dwarf ——
) ) ) =" . subdwarf — — -
SDSS J014442.66—003741.7, which was classified as §-Scuti by ol . Lo iy et S

Bhatti etal. (2010) given its Stripe 82 SDSS data, alsohaslog g > 5.0
in both our models. Bhatti et al. (2010) obtained a period of 1.5h,
which could also be explained as a g-mode pulsation of a pre-
ELM star, given our solar metallicity fit of Te = 7949 + 35K
and log g = 5.18 £ 0.11. The object’s proper motion in the GPS1
proper motion table, 8.48 = 3.59 mas yr~! has too high uncertainty
to allow any further conclusions on the object’s nature. The object is
relatively faint, g = 19.8, so the SDSS subspectra have too low SNR
to allow good estimates of radial velocity. Better data are needed in
order to establish the nature of this star. As discussed in Sanchez-
Arias et al. (submitted to A&A), period spacing and rate of period
change can be used to tell pre-ELMs and §-Scuti stars apart.

Given that the changes in logg and T can go up or down,
many other objects are raised above the main-sequence log g limit.
Table 1 lists the 408 objects with 5.5 <log g <7.0and 7000 < T ¢ <
20000 K. Other 82 objects with log g in this range but 7. < 7000 K
are omitted because we believe our models to be unreliable below
this limit. The general weakness of the lines and the uncertainty of
neutral line broadening at these temperatures make the log g difficult
to estimate.

4 COLOURS

‘While spectra are considered the most reliable way to estimate the
physical properties of a star, the colours of an object alone can still
tell us something about its nature and be used as a complement to
spectral results, especially when the colours include the ultraviolet
region, not included in most spectra. Girven et al. (2011), for ex-
ample, used colour—colour cuts in the SDSS photometry to identify
DA white dwarfs with an efficiency of returning a true DA of 62 per
cent, obtaining a 95 per cent complete sample. This type of approach
was also used by Kleinman et al. (2013), Kepler et al. (2015), and
Kepler et al. (2016) to select white dwarf candidates in the SDSS
data base. This method relies notably on the (u — g) x (g — r) dia-
gram, where models are significantly dependent on log g. However,
for pre-ELMs and ELMs, the lower log g gives them colours more
similar to main-sequence stars, making this method less effective.
In Fig. 5 we show the (1 — g)o x (g — r)o diagram for samples A
and B. Full reddening correction is applied following Schlegel et al.
(1998). For comparison, we also show the confirmed ELMs from
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Figure 5. Colour—colour diagram showing sample A as dots in light grey,
sample B as dark grey crosses, and the known ELMs from Brown et al.
(2016a) as red triangles. Objects whose obtained spectral fit places them
in the ELM range T e < 20000K and 5.0 < logg < 7.0 are marked with
orange circles. The red arrow indicates the average vector of the reddening
correction. Some theoretical models are included to guide the eye; the in-
creasing thickness of the lines reflects an increasing log g. The DA white
dwarf models in black are obtained from our pure-hydrogen spectral mod-
els by convolving them with the SDSS filters. They span log g 4.0-7.0 in
steps of 1.0 from bottom to top. Subdwarf, main-sequence, and horizontal
branch models are from Lenz et al. (1998). The subdwarf model assumes
log g =5.00 and [M/H] = 0.0, and covers 20 000 K < T ¢ < 50000 K. The
selected main-sequence models have fixed [M/H] = —5.0, with log g = 4.0,
4.5 and 4250 K < T ¢ < 40000 K. Finally, horizontal branch models have
[M/H] = —1.0,log g = 1.0, 1.5, 2.0 and span 3500 K < Tefr < 26000 K.

the ELM Survey as published in Brown et al. (2016a). Objects that
were placed in the ELM range, T < 20000K and 5.0 < logg <
7.0, when fitted with our solar metallicity models, are marked with
orange circles. They could be interpreted as extending the ELM strip
to cooler temperature, but remarkably most of them lie below the
log g = 5.0 model line in this colour—colour diagram, despite the fact
that spectroscopy indicates log g > 5.0. This might suggest that there
is still some missing physics in our spectral models: the addition of
metals alone does not solve the discrepancy. Possibly some opacity
included in the models needs better calculations, as might the case
for broadening of the Balmer lines by neutral hydrogen atoms. He
contamination through deep convection may also play a role. A
possibility that cannot be discarded is that the extinction correction

MNRAS 475, 2480-2495 (2018)
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Figure 6. Diagram showing the (fuv — nuv)o and (nuv — g)o colours. The
colours of each sample are the same as in Fig. 5. The red arrow indicates the
average reddening correction vector. The indicated models were obtained
from our pure-hydrogen spectral models. Despite the reddening correction,
the data still seem dislocated in relation to the models, suggesting this
correction might be underestimated.

is not accurate due to reasons such as variations on dust type and
size, or the object being within the Galactic disc.

We have also analysed the GALEX UV magnitudes, far-ultraviolet
(fuv), and near-ultraviolet (nuv), when available. Fig. 6 shows a
(fuv — nuv)y X (nuv — g)o diagram for samples A and B; the
objects for which we have obtained T < 20000K and 5.0 <
log g < 7.0 are marked as orange circles. Extinction correction was
applied using the E(B — V) value given in the GALEX catalogue,
Ry, =4.89 and R,,,,, = 7.24 (Yuan et al. 2013). The colours suggest
again log g lower than the estimated spectroscopically. However,
extinction correction is even more uncertain in the ultraviolet than
in the visible region, so again it should not be discarded that the
correction is underestimated.

This diagram is especially useful in identifying sdB + FGK bi-
naries, which should have significant flux in the UV due to the
hot subdwarf component showing 7.z 2 20 000 K. In Fig. 6, there
is a clustering of objects with (nuv — g)o < —0.4; many of them
show radial velocity differences larger than 100 km s~ in the SDSS
subspectra that compose the final spectrum. About half of the
sdBs are found to be in close binary systems (e.g. Heber 2016),
with many showing radial velocity amplitudes in this range (e.g.
Copperwheat et al. 2011). This considered, we suggest that sdAs
showing (nuv — g)o < —0.4 —about 0.5 per cent — can be explained
as sdB + FGK binaries.

Notably, two published ELMs are in this colour range: SDSS
J234536.46—010204.9 and SDSS J162542.10+363219.1. SDSS
J2345—-0102 was analysed in Kilic et al. (2011). They obtained
T s =33 130 £ 450 and log g = 7.20 % 0.04 and found no evidence
of radial velocity variations, suggesting this objectis 0.42 M, white
dwarf — therefore a low-mass white dwarf, which are often found
to be single, rather than an ELM. The obtained T .+ > 20 000 K and
log g > 7.0 make it easier to distinguish this object from the sdAs,
so it is not affected by our (nuv — g)y < —0.4 criterion. On the
other hand, SDSS J1625+3632 which was also analysed in Kilic
et al. (2011), has its estimated parameters, T = 23570 £ 440
and logg = 6.12 £ 0.03, close to the range where we put the
sdAs. Kilic et al. (2011) found it to present a small semi-amplitude
of K = 58.4kms™! and a period of 5.6h, suggesting it to be a
0.20 M white dwarf with most likely another white dwarf as a
companion. However, they point out that their obtained physical
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Figure 7. (J — W1) x (W1 — W2) colour—colour diagram for sample A.
The whole sample is shown as light grey crosses, objects with S/N > 7 at
both W1 and W2 filters are shown as grey dots. The dark grey dots indicate
objects brighter than W1 = 15, and the black dots are those brighter than
W1 = 14. The dashed vertical line is the (W1 — W2) = 0.3 limit, above
which the objects might have infrared excess as suggested by Hoard et al.
(2013).

parameters are very similar to the sdB star HD 188112 (Heber et al.
2003), and mention that the 4471 A line, a common feature of sdB
stars, can be detected on the spectrum of the object. All this com-
bined suggests that this object is rather an sdB than an ELM, fitting
the (nuv — g)o < —0.4 criterion.

Finally, we searched for infrared excess due to a cool companion
star using data from the Wide-field Infrared Survey (Wright et al.
2010) and the Two Micron All Sky Survey (2MASS, Skrutskie et al.
2006). We follow the approach of Hoard et al. (2013), who searched
for candidate white dwarfs with infrared excess by examining a
(J—W1) x (W1 — W2) diagram, suggesting (W1 — W2) > 0.3 as an
indication of possible excess. As both white dwarfs and sdAs show
hydrogen-dominated spectra, with very few lines in the infrared,
the infrared flux in both cases depends basically on T ., thus the
method is suitable for analysing the sdAs. Hoard et al. (2013) restrict
their analysis to objects with S/N > 7 at both W1 and W2. Using
this same criterion, we find only about 1.3 per cent of the sample to
possibly show infrared excess. The percentage is similar when we
consider only objects brighter than W1 = 14 or than W1 = 15, as
illustrated in Fig. 7.

5 DISTANCE AND MOTION IN THE GALAXY

One further step in the separation of white dwarfs from main-
sequence objects is taking into account measured proper motions
(e.g. Gentile Fusillo et al. 2015). As white dwarfs are compact
objects, they have smaller radius and therefore are fainter than
main-sequence stars with same temperature. Due to their degener-
ate nuclei, white dwarfs have a mass—radius relationship R ~ M~'/3,
implying that the smaller the mass, the larger the radius. Thus ELMs
have larger radius and are brighter than common mass white dwarfs.
Still, their radii are of the order of 0.1 R, so they should be about
10 times closer than main-sequence stars with similar 7.¢ to be
seen at similar apparent magnitude, showing higher proper motion.
The picture is more complicated when the pre-ELMs are consid-
ered. Mostly because of the CNO flashes, they can be as bright as
main-sequence stars, so proper motion cannot be used as a criterion
to tell these objects apart. Fig. 8 shows a reduced proper motion
(H,) versus (g — z)o diagram. Only sample B, containing objects
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Figure 8. The bottom panel shows the H, x (g — z)o diagram (see e.g.
Gentile Fusillo et al. 2015), with the objects in sample B colour coded
according to their Mahalonobis distance to the halo given a main-sequence
radius. Known ELMs are shown as green triangles for comparison. Middle
panel shows the same diagram as a bidimensional histogram. The top panel
shows the densities assuming each object as a Gaussian to account for
the uncertainty; it becomes clear that there are two populations of objects
within the sdA sample. The suggested limit for white dwarf detection with
probability equal to 1.0 given by Gentile Fusillo et al. (2015) is indicated as
a black solid line. Most known ELMs, due to their larger radius implying a
smaller reduced proper motion, since they can be detected at larger distances,
are not below the white dwarf limit. A reference line, defined arbitrarily
shifting the estimate of Gentile Fusillo et al. (2015) to include all known
ELMs is shown as a red dashed line. Most sdAs are also below such line.

with reliable proper motion, is taken into account. Here the reduced
proper motion is evaluated as

H, = go+ Slog(ularcsecyr'1) +5. 1)

It can be interpreted as a proxy for the absolute magnitude: the
higher the reduced proper motion, the fainter the object.

The objects are colour coded by their Mahalonobis distance Dy
(e.g. Kilic et al. 2012b) to the halo when a main-sequence radius is
assumed. The Mahalonobis distance is given by

_ 2 vV — 2 _ 2
Dy = \/(U iU)) + V=) 4 w 2(W))
oy oy oy

) 2

where we have assumed the values of Kordopatis et al. (2011)
for the halo mean velocities and dispersions. The Mahalonobis
distance measures the distance from the centre of the distributions
in units of standard deviations; hence considering the size of our
sample and assuming a Gaussian behaviour, all objects should show
Dy < 4.0. None the less, when a main-sequence radius is assumed,
about 74 per cent of the objects show Dy > 4.0. When we assume
an ELM radius for these objects, this number falls to less than
2 per cent.
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Fig. 8 suggests that most of the objects with T . and log g in the
ELM range have, in average, H, lower than the estimated value for
known ELMs. This, combined with the fact that they seem to be
in the same region of the diagram as the log g < 5.0 objects, could
again be seem as an indication of missing physics in the models
leading to an overestimate of the log g. However, their reduced
proper motion is consistent with a tentative limit based on Gentile
Fusillo et al. (2015), but including all ELMs. This limit is given by

H, =2.72(g — z)o + 16.09. 3)

The diagram in Fig. 8 is very enlightening when we look at the
density of objects. It is evident that there are two different popu-
lations within the sdAs: one to the red limit of the diagram and
another in an intermediary region. While the distribution of the red
population has no intersection with the known ELMs, the distri-
bution resulting from the blue population shares colour properties
with the known ELMs. Most of the ELMs in the blue distribution
show 7 s > 8000 K (comprising sequences 1, 2, and 3 from Fig. 2),
while the red distribution contains objects mainly cooler than that
(sequence 4 in Fig. 2), explaining the two regimes which could be
glimpsed in Fig. 2. These distributions will be used to study the na-
ture of these objects in terms of probabilities in Section 7. We believe
the red distribution is dominated by main-sequence late-type stars,
which can be found in the halo, with some possible contamination
of cooler (pre-)ELMs, since there is an intersection with the blue
distribution. The blue distribution, on the other hand, should contain
the missing cool (pre-)ELM population, which is under-represented
in the literature. Evolutionary models predict that ELMs spend
about the same amount of time above and below 7. = 8500K,
although the occurrence or not of shell flashes, which is still under
discussion, can alter the time-scales by even a factor of two. Ei-
ther way, 20-50 per cent of the ELMs should show 7.z < 8500 K
(Pelisoli et al. 2017); however, as a systematic effect of the search
criterion, only 4 per cent of the published ELMs are in this range.

One of the outputs of our photometric fit, obtained by compar-
ing the observed flux with the intensity given by the model, is the
observed solid angle, related to the ratio between the radius R of
the object and its distance d. So assuming a radius, we can esti-
mate the distance for the objects in our sample. We estimated the
radii assuming both a main-sequence radius, interpolated from a
table with solar metallicity values given the estimated T ¢, and a
(pre-)ELM radius interpolating evolutionary models. Fig. 9 shows
an Aitoff projection of the position of the objects in sample A with
colour-coded distance for both cases. About 2000 objects have es-
timated distances larger than 20 kpc when a main-sequence radius
is assumed; if indeed main-sequence stars, it is unlikely they were
formed within the Galactic disc, since there would not be enough
time for them to migrate there within their evolutionary time. They
could be accreted stars from neighbouring dwarf galaxies, but we
have found no evidence of streams to support that. An alternative is
that they are (pre-)ELMs white dwarfs. Most objects are contained
within 3.0 kpc in this scenario.

Combining these distances with the reliable proper motions, and
with radial velocities estimated from our spectral fit, we estimated
the Galactic velocities U, V, and W (Johnson & Soderblom 1987)
given the main sequence or the ELM radius for sample B. The
results are shown in Fig. 10 for a main-sequence radius and in
Fig. 11 for a (pre-)ELM radius. About 38 per cent of the objects
show velocities more than 30 above the halo mean velocity disper-
sion when a main-sequence radius is assumed — implying a I per
cent chance that they actually belong to the halo. Such high ve-
locities also imply that the population cannot be related to blue

MNRAS 475, 2480-2495 (2018)
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Figure 9. Aitoff projection showing the Galactic latitude (b) and longitude
(1) for all analysed objects. The grey-scale indicates the estimated distance
assuming either a main-sequence radius (top panel) or a (pre-)ELM (bottom
panel). There are no apparent streams, with the objects appearing to be
distributed all over the SDSS footprint.

0.016 e . . 0.12
SsdAs —

0.014 | halo —— 1 01

0012 | thickdisk —— —
= 001 F thin disk ——— 7 0.08
2 0.008 4 0.06
& 0006 ] o«

004 o
0.004 1 002
1 00

0.002 1002 006 01 014

5000 I : e .
@ 4000 v T T 7
£ : Lo -
£ .
& 3000 - Lot T 1
o .
= 2000 -
>
o
2 1000 -

.
-4000 -2000 0 0.005 0.01
V (km/s) Density

Figure 10. Toomre diagram of the objects in sample B, assuming a main-
sequence radius. Density plots are shown to left and on top. The ellipses
indicate the 3o values for halo (red), thick disc (green), and thin disc (blue)
according to Kordopatis et al. (2011).

horizontal-branch stars such as those studied by e.g. Xue et al.
(2008). When the (pre-)ELM radius is assumed, on the other hand,
the objects show a distribution consistent with a disc population.
Further kinematic analysis, relying solely on the radial velocity
component, can be found in Appendix B.

6 EVOLUTIONARY MODELS

We have also compared our obtained values of 7 ¢ and log g to pre-
dictions from evolutionary models, both to single and binary evolu-
tion, as shown in Fig. 12. Single evolution models were taken from
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Figure 11. Same as Fig. 10, but assuming a (pre-)ELM radius.

Bertelli et al. (2008, 2009). The plotted models are for Z = 0.0001,
since the sdAs, if main-sequence objects, should be in the halo,
where the metallicity is low. We have used the binary evolution
models of Istrate et al. (2016), the only ones to take rotation into
account. The main panel in Fig. 12 shows that the values given by
our solar metallicity fits are completely consistent with predictions
from binary evolution models. Thus, given the values of 7. and
log g alone, the sdAs could be explained as (pre-)ELMs.

Using both single and binary evolution models, we have also
obtained two probability distributions for the log g given each evo-
lutionary path. Our approach was to evaluate the time spent in each
bin of log g, T, for all single or binary models, over the total
evolutionary time, Tey,l, to obtain a probability piog, = Tiog g/ Tevol
that an object resulting from single, or binary, evolution shows log g
in the given bin.

To take into account the fact that brighter objects are more easily
observable, even if short lived, this probability was combined with
a volume correction assuming, by simplicity, spherical symmetry.
Considering that a main-sequence radius puts most of our objects
in the halo, this approximation should hold. We have evaluated
the observable volume Vjog, of each bin of log ¢ by summing up
the volumes Vo of all models with log g in said bin, where the
volume was calculated using the M, magnitude of each model, and
assuming a saturation limit of V = 14.5 and a detection threshold
of V =20.0, so that

4 My 3
Vips = 5 { [10(14.5 My +5)/5}

_ [IO(ZO.O—MVJJ)/S}}}' @)

For each bin, we calculated the fraction of observable volume com-
pared to the total volume throughout the evolutionary path, ob-
taining a probability of observing an object with the given log g
during its evolution pups = Vh,“/zvk,gg. To obtain our final
probability distribution, we have combined both probabilities in
1.0 — (1.0 — piogg) X (1.0 — pops). The resulting distributions are
shown in red for the main-sequence models and in blue for the
binary evolution models in Fig. 12.

7 A WAY-OUT: PROBABILITIES

Considering our previous analysis, it is clear that the observable
properties of the sdAs are consistent with more than one evolution-
ary channel, since there is overlap between evolutionary paths. The
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Figure 12. Bottom-left panel shows the Tc—log g diagram for objects in sample A, shown as black dots, and known ELMs, shown as green triangles,
compared to single evolution models of Bertelli et al. (2008, 2009) (red), and binary evolution models of Istrate et al. (2016) (blue). For logg 2 5.0, the
objects can only be explained by binary evolution tracks. The top panel shows the distributions in 7 e, while the bottom-right panel shows the distributions in
log g. The obtained probability distributions in log g for single (red) and binary evolution models (blue) are also shown. Note that there is significant overlap
especially around log g ~ 4.5. A colour version of this figure is available at the online version of the paper.

only physical parameter that would allow an unique classification
for the sdAs would be the radius, which, combined with log g esti-
mates, would allow us to tell whether the objects have a degenerate
nucleus. As there is no parallax measured for the sdAs, this will
not be possible at least until Gaia’s data release 2, scheduled for
April 2018. High proper motion objects might not be in the data
release 2, so the wait might be even longer. In the meantime, we
can analyse the sdAs in terms of probability: do they have a higher
probability of belonging to the main sequence, or can they be more
easily explained by (pre-)ELMs?

Based on the estimated log g compared to evolutionary models,
on the reduced proper motion diagram distributions, and on the spa-
cial velocities given either a (pre-)ELM radius or a main-sequence
radius, we have estimated for each object in sample B a probabil-
ity of belonging to the main sequence and a probability of being a
(pre-)ELM star. Our intention is to provide a basis for future follow-
up projects, such as time resolved spectroscopy, impossible with the
present size of the samples, and to understand the sdA population
as a whole.

The main-sequence probability was evaluated taking into account
three probabilities:

i) probability of being explained by a single-evolution model
(Fig. 12) given the estimated solar abundance log g: p ms1

ii) probability of belonging to the red distribution in Fig. 8 given
the (g — 2)o colour: p vis2;
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iii) probability of belonging to the halo, thick or thin disc of the
Galaxy given the U, V, W velocities estimated with a main-sequence
radius: p ms3-

The final probability was calculated as the complementary proba-
bility of the object not belonging to the main sequence, assuming
the intermediary probabilities listed above are independent:

pus = 1= (1 = pusi) X (1 = pus2) X (1 = puis3). )
The (pre-)ELM probability on the other hand takes into account:

i) probability of being explained by binary evolution models
(Fig. 12) given their estimated solar abundance log g: p grmi;

ii) probability of belonging to the blue distribution in Fig. 8 given
the (g — 2)o colour: p grvo;

iii) probability of belonging to the halo, thick or thin disc of the
Galaxy given the U, V, W velocities estimated with a (pre-)ELM
radius: p gLms.

This gives a final probability, again assuming the intermediary prob-
abilities are independent, of
e = 1=(1=pervi) X (1= peeme) X (1= peLvs)- (6)

As previously mentioned, there are intersections between the
properties of the two populations, therefore the two probabilities
are not independent and do not sum up to one. Fig. 13 shows
the obtained results for the objects in sample B. If we analyse
these results in terms of an average, a random sdA has 68 per cent

MNRAS 475, 2480-2495 (2018)
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Figure 13. Circles in red show the probability of belonging to the main
sequence, while triangles in blue show the resulting probability of being
a (pre-)ELM object according to our evaluated distributions. The x-axis is
simply a count of sdAs in sample B.
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Figure 14. Probability of (pre-)ELM over probability of main sequence,
ordered from smallest to largest. The y-axis is shown in log scale. Most
objects do show a larger probability of belonging to the main sequence, but
1150 objects in sample B (about 7 per cent) are most probably (pre-)ELMs.

probability of belonging to the main sequence, and a 46 per cent
probability of being a (pre-)ELM. Doing the ratio between the
two probabilities, we can obtain the objects which are more likely
(pre-)ELMs in the sample. Fig. 14 shows the (pre-)ELM probability
over the main-sequence probability. 1 150 objects in sample B, or

7 per cent, have a higher probability of being (pre-)ELMs. They are
listed in Table 2. 170 of these objects show log g > 5.0 — implying
they would be ELMs rather than pre-ELMs. Out of those, 146 also
show T < 8 500 K.

Assuming all these objects have their nature correctly predicted,
this would raise the number of ELMs with Ty > 8500K in
the SDSS footprint to 97 (73 confirmed binaries of Brown et al.
(2016a) in this range + 24 sdAs), while the number of objects with
Terr < 8500K would be 149 [three confirmed binaries of Brown
et al. (2016a) in this range + 146 sdAs], making the cool ELM
population about 50 per cent larger. The evolutionary models pre-
dict the same amount of time to be spent in both ranges, but shell
flashes can reduce the hydrogen in the atmosphere, speeding up the
cooling process and making it possible that the time spent at lower
temperatures be higher by a factor of two, as found here. However,
the circumstances where these shell flashes occur are still unclear.
Follow-up of these objects to detect the true cool ELMs, allowing
for an observational estimate of the rate of objects in the two T e
ranges, should be acquired to help calibrate the evolutionary mod-
els. We will discuss the current state of our follow-up in upcoming
papers.

8 SUMMARY AND CONCLUSIONS

We have analysed a sample of narrow-line hydrogen spectra iden-
tified in the SDSS, estimating T+ and log g from their spectra us-
ing new spectral models derived from solar abundance atmospheric
models. Comparing these results to previous pure-hydrogen models
by Kepler et al. (2016), we showed that the shiftin log ¢ when metals
are added is not a constant, but depends on log g, unlike what was
suggested by Brown et al. (2017). For objects with a pure-hydrogen
log g > 5.5 though, as the objects analysed by Brown et al. (2017),
the pure-hydrogen log g seems in fact to be about 1 dex higher than
the solar abundance log g.

With these new models, we have identified new sdAs in the range
5.0 <logg < 7.0 and 7000K < T < 20000 K. We analyse the
colours of the whole sample of narrow-line hydrogen spectra, ob-
taining that the spectroscopic log ¢ does not seem to agree with
the position of the objects in colour—colour diagrams. This might
indicate that there is still missing physics in the models; the addi-
tion of metals alone does not solve the discrepancy. Other missing
opacities, such as molecular contributions, might be the explana-
tion. However, the discrepancy could also be solved if the redden-
ing is underestimated. Although out of the scope of this work, we
consider that both possibilities should be investigated. One key-
result obtained from the colour analysis is that the sdAs cannot

Table 2. Objects with a higher probability of being (pre-)ELM compared to main sequence. We show the obtained
physical parameters, and the P-M-F of the spectrum from which they were derived, as well as the obtained probabilities
for each case. The full table can be found in the on-line version of this paper.

SDSSJ P-M-F T efr (K) logg PMS PELM
101053.89—-004218.1 0270-51909-0161 7451 (21) 4.356 (0.139) 0.56 0.53
105752.38+001326.3 0276-51909-0599 6804 (35) 3.764 (0.097) 0.52 0.50
112941.67+000545.2 0281-51614-0117 7708 (37) 4.338 (0.157) 0.56 0.55
113704.83+011203.6 0282-51630-0561 8137 (13) 5.277 (0.056) 0.33 0.32
113704.83+011203.6 0282-51658-0565 8122 (11) 5.544 (0.040) 0.31 0.27
121213.83—-003046.8 0287-52023-0240 7280 (31) 4.772 (0.135) 0.54 0.51
120811.97—-004230.4 0287-52023-0311 8275 (10) 5.050 (0.042) 0.52 0.51
122000.93—005556.5 0288-52000-0100 7898 (22) 4.856 (0.111) 0.56 0.39
121715.08—000928.3 0288-52000-0234 8481 (26) 5.097 (0.105) 0.52 0.40
123222.47—-001222.6 0289-51990-0028 7598 (40) 5.235(0.138) 0.55 0.54
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be explained as binaries of a hot subdwarf with a main-sequence
star, since they do not show significant flux in the UV. There is
also no indication of infrared excess for over 98 per cent of the
sample.

The most significant result is, though, that the sdAs are clearly
composed of two populations. One population contains the red ob-
jects, and it has no overlap with the known ELMs. These could be
explained as cool late-type main-sequence stars, when the veloci-
ties are consistent with the halo population. On the other extreme,
there is a blue population, which does overlap with known ELMs,
but contains cooler objects. Considering that there is still a missing
cool ELM population to be found, given the predictions of evolu-
tionary models, it is very likely that these objects belong to the blue
population of sdAs.

Analysing the estimated distances and spacial velocities for the
objects, we obtain that over 35 per cent of them show too high veloc-
ities to belong to the halo when a main-sequence radius is assumed.
These objects cannot therefore be explained as simply metal-poor
main-sequence stars of types A—F. The discrepant velocities are
solved when a (pre-)ELM radius is assumed for these objects, in
which case their velocities become consistent with the disc distribu-
tion. Some percentage of these objects might be of binary stars, such
as blue stragglers, in which case the velocities could be explained
as orbital instead of spacial motion. A better sense of the nature of
this population will be obtained when their parallax is released by
Gaia. What we should keep in mind is that, given their apparent
extreme velocities and distances, they certainly can help us study
the dynamics of the halo.

We have also compared our estimated values of T and log g
to evolutionary models, both single and binary. A very interesting
result is that the parameters for the objects in our sample are consis-
tent with those expected from binary evolution models. Considering
the time spent in each bin of log g and the brightness at such phases,
even pre-ELMs with log g < 4.0 have considerable probability of
being observed.

Taking into account the derived probabilities from the evolution-
ary models, combined with the probabilities given the colours and
spacial velocities, we have estimated probabilities for each object to
be either a main-sequence star or a (pre-)ELM. As there are signifi-
cant overlap between the parameters of each class, the probabilities
do not sum up to one. Comparing the probabilities, we find that
about 7 per cent of the sdAs are better explained as (pre-)ELMs
than as main-sequence stars, a much larger percentage than found
by Brown et al. (2017) studying a small sample of eclipsing stars.
Considering the physical parameters of the objects with a higher
probability of being (pre-)ELMs, our result is consistent with the
existence of two times as many cool ELMs (7. < 8 500 K) as hot
ELMs. However, as in many cases the probability of being ELM is
only marginally larger than of belonging to the main sequence, this
result should be confirmed by follow-up of these objects, as we will
discuss in upcoming papers.

Even if only a small percentage of the sdAs is composed by
(pre-)ELMs, the number is high enough to potentially double the
number of known ELMs. The cool ELM population, in particular,
seems to be within the sdAs. As our models for this kind of object
are still under development, monitoring of the sdAs is essential
to find this missing population. Tables 1 and 2 published here are
a valuable asset to guide this monitoring. Our understanding of
binary evolution, and especially of the common envelope phase that
ELMs must experience, can be much improved if we have a sample
covering all parameters predicted by these models. The sdA sample
provides that.
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Our understanding of the formation and evolution of the Galactic
halo would also benefit from more detailed study of the sdAs. Many
seem to be in the halo with ages and velocities not consistent with the
halo population. It is possible that accreted stars from neighbouring
dwarf galaxies might be among them. Those whose velocities are in
fact consistent with the halo can in turn help us study its dynamics
and possibly better constrain the gravitational potential of the halo.
Comparing the numbers of both populations, we can obtain clues of
how different formation scenarios, namely accretion and formation
in locus, contributed to the halo.

The key message of our results is that we should not overlook the
complexity of the sdAs. They are of course not all pre-ELM or ELM
stars, but they cannot be explained simply as main-sequence metal-
poor A-F stars. They are most likely products of binary evolution
and as such are a valuable asset for improving our models.
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APPENDIX A: COMPARISON WITH
PARAMETERS FROM THE SDSS PIPELINES

The comparison between our estimated parameters and those given
by the SDSS pipelines is not straightforward, as the model grids
do not cover the same range of 7. and logg. We include this
analysis here as an appendix to illustrate their differences. We do
not, however, consider such comparison a valid test of our models,
since the SDSS pipeline grids are strongly incomplete in terms of
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Figure A1. Comparison between our estimate of T efr (DK model) and both pipelines, as well as the comparison between the pipelines. Grey dots are outside
of the area covered by SDSS grids, while black dots are within it. The red dashed line represents equality. The average difference for estimates within both
grids is shown in each plot. It is clear that there is no discrepancy in the region covered by both grids. Our higher temperatures are backed up by both the
GALEX ultraviolet flux, and the SDSS classification as type O and B, which is not coherent with their own estimated temperature.
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Figure A2. Comparison between our log g and that of the pipelines. Colours are the same as in Fig. Al. The spread is larger and our fit favours, in average,
slightly higher log g values, given the extension of our grid to higher values.

T randlog g. Figs Al and A2 show the comparison between the T o4 3 T T T T T T T
and the log g, respectively, that we obtained for the objects with a
good fit (sample A) and the values given by two SDSS pipelines, the 25 1
SSPP (Lee et al. 2008) and the best match from the ELODIE stellar
library (Prugniel & Soubiran 2001). The two pipelines are also N 2y |
compared. We find good agreement (~5 per cent) in 7. between & sl |
our fit and both pipelines. Our log g is, in average, 0.44 dex higher 5
than the SSPP estimate, and 0.28 dex higher than the Elodie values, § s
which is probably due to the difference in the extension of the grids. 3
Moreover, this average shift is not enough to raise the logg of a o5 _ .
typical main-sequence A star (log g ~ 4.3) to values above 5.0.
We have also performed an analysis to estimate whether the or
metallicity would play a significant role in the gravity estimate. In
order to do that, we verified if the difference in log g between our de- _0'5_3_5 _‘3 ] ]
termination and that of SSPP was dependent on the value of [Fe/H] [Fe/Hlgpp
given by SSPP. There are 10 120 objects in sample A with SSPP
determinations. We ordered them by [Fe/H], and calculated the av- Figure.A?;T Absolute difference in log'g between- our 'mode-IS and the SS?P
erage of the absolute difference in log g, /7(1og 2ok — 108 gssro)s determination, averaged every 100 points, as a function of the metallicity

[Fe/H] given by SSPP. The red dashed line shows the overall average. There
seems to be no strong dependence of the difference between surface gravity
on the metallicity.

as well as the standard deviation of this average, every 100 points.
Fig. A3 suggests that the metallicity is not a dominant uncertainty
factor in the gravity estimate, since there is no dependence of the
difference between determinations on [Fe/H].
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APPENDIX B: FURTHER KINEMATIC
ANALYSES

In many cases, the space motions of objects in sample B are dom-
inated by the transversal velocity component, especially when a
main-sequence radius is assumed, as shown in Fig. B1. To verify
this was not a consequence of outliers in the proper motion cata-
logue (such as found by e.g. Ziegerer et al. 2015), we cross-matched
the GPS1 proper motions with both the HSOY catalogue (Altmann
etal. 2017), and the proper motions given in the SDSS tables (Munn
et al. 2004, 2014). Only 69 objects from sample B differ by more
than 30 when comparing HSOY and GPS1 (see Fig. B2); 110 when
we compare GPS1 to Munn et al. Such numbers are not of concern
given the sample size, hence the objects were kept in the sample.
To work around possible effects raised by inaccuracy in
the transversal velocity component, we have also performed a
kinematic study relying on the radial velocity estimate alone. We
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Figure B1. Comparison between the radial velocity estimated from SDSS
spectra (vr), and the transversal velocity derived from the GPS1 proper
motion given the estimated distance (vr), both assuming a main-sequence
(grey dots) and an ELM radius (red crosses) for sample B only. The spacial
motion is dominated by the tangential velocity if a main-sequence radius is
assumed, with many objects showing vy much above the escape velocity.
That does not happen when an ELM radius is assumed, with very few
exceptions.
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Figure B2. Comparison between the GPS1 and HSOY proper motions. The
outliers are marked with red squares. The dashed line represents equality
between the two values. Average uncertainties are shown as a cross in the
bottom right of the panel.

800 = T T T T T T T T T
i Sample A
Sample B
600 . Xue et al. 2008, BHB stars - 4
400 1
200 4
z
E
< 0
8
5

-200

-400

-600 00 4
0 10 20 30 40 50 60

-800

100 200 300 400 500 600 700 800 900 1000
 (kpc)

Figure B3. Line-of-sight velocity in the GSR as a function of Galacto-
centric distance. Sample A (grey dots) and B (black crosses) are of course
different, with the unreliable proper motion of sample A giving in some
cases unrealistic values of distance. Focusing on sample B only (smaller
overlay panel), distances and velocities are on a similar range as halo BHB
stars (shown as red triangles for comparison), with slightly larger velocities
giving a somewhat higher dispersion, as can be seen in Fig. B4.
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Figure B4. Distribution of vjos for both samples A (black) and B (grey).
The best-fitting Gaussian for each sample is shown as a dashed line of same
colour. A Gaussian of width 105km s™!, similar to the value found by Xue
et al. (2008) for halo BHB stars is shown in red for comparison. Samples A
and B show very similar dispersions, which are consistent with the estimated
for the Galactic halo.

have computed the Galactocentric distance (r) and the of line-of-
sight velocities (vjos) in the Galactic standard of rest (GSR) frame
following equations 4 and 5 of Xue et al. (2008). For the Galacto-
centric distance, we have assumed a main sequence radius. Fig. B3
shows vy, as a function of r, for both samples A and B, compared to
the BHB stars of Xue et al. (2008). The unreliable proper motions of
sample A result on unrealistic distance estimates, which are avoided
by focusing on sample B, which shows similar distances to the halo
BHB:s. It is important to emphasize, however, that most sdAs show
lower temperature than the ZAHB at their log g, as shown in Fig. 1.
In Fig. B4, we show the distribution of v, for both sample A and
sample B, compared to a Gaussian of width & = 105kms~', as
found by Xue et al. (2008) for BHB halo stars. There is no sig-
nificant difference between the distributions of samples A and B.
Moreover, both show a dispersion of the same order of the halo
stars studied by Xue et al. (2008) when a main-sequence radius is
assumed, hence the conclusion that, if indeed main-sequence stars,
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the sdAs would have to be in the halo is not dependent on the Table C1 - continued.
tangential velocity estimate.
SDSS J P-M-F
APPENDIX C: LIST OF POSSIBLE HOT 111917.414050617.3 4769-55931-0682
112121.98+453955.5 6648-56383-0750
SUBDWARFS 113312.124010824.8 2877-54523-0369
121123.36+611203.8 0954-52405-0567.6972-56426-0278
121910.44+230020.7 5079-56329-0474
132138.31+133200.1 5427-56001-0746
132210.94+421216.9 6622-56365-0473
Table CI1. Objects for which our fit indicated T > 20000K and 133540.824-014725.2 4045-55622-0014
logg < 6.5, which are possible hot subdwarfs not listed in Geier et al. 134531.00—005314.4 4043-55630-0180
(2017). 140603.27+374216.6 4711-55737-0208
141055.68+374340.6 4712-55738-0466
SDSS J P-M-F 141810.60—020038.8 4032-55333-0532.4035-55383-0990
150421.06—005613.8 4020-55332-0950
000138.22+282731.9 2824-54452-0443 151404.97+065352.7 2927-54621-0268
003739.05+000842.3 3588-55184-0616 151940.51+014457.1 4011-55635-0310
013940.56+003626.6 1907-53265-0339,1907-53315-0335 152729 404222448 5 1054-55680-0244
021419.64-084505.3 4395-55828-0478 153049.60+321425 4 4723-56033-0639
062336.21+642730.0 2301-53712-0627 155105.64+452134.0 3454-55003-0204
063659.39+832025.0 2548-54152-0076 155241.28+045428.7 4877-55707-0254
064846.81+373614.3 2700-54417-0079 160612.98+521919.3 2187-54270-0224
073225.82+153729.7 2713-54400-0172 161430.904041843.4 2189-54624-0633
073546.72+410350.5 2701-54154-0541 164014.574320325.2 5202-55824-0900
073654.60+280923.4 4456-55537-0728 165237.924240302.8 4181-55685-0236
075029.26+181749.5 2729-54419-0428 165406.79+271117.7 4185-55469-0985
075640.08-+071806.6 4843-55860-0525 165634.74+231256.4 3290-54941-0378
080520.22+000944.5 4745-55892-0147 170126.69+204620.5 4175-55680-0810
081544.25+230904.7 4469-55863-0004 172037.66+534009.3 0359-51821-0273
082606.25+113913.8 4508-55600-0855 191837.28+370917.5 2821-54393-0203
083830.10+135117.6 4500-55543-0263 204403.97-051135.6 0635-52145-0360
090141.48+345924.4 4645-55623-0436 204802.45-+002753.1 1116-52932-0512
091301.01+305119.8 2401-53768-0389 211716.97-0054016 4192-55469-0376
091721.87+283656.0 5797-56273-0546 213301 810049147 4194-55450-0178
091914.64-+480306.0 3813-56363-0709 215014.24-+233039.1 5953-56092-0185
093946.04-+065209.4 1234-52724-0304 224145.04-+292426.0 6385-56479-0883
100233.49-+164500.5 3326-56002-0106 225654.02-+074449.8 2325-54082-0376
100442.16-+132711.6 5328-55982-0828 232810.27-084156.3 3145-54801-0371
104159.64+192254.5 5886-56034-0628
104437.73+1452133 5350-56009-0768
105847.65+203917.4 5876-56042-0729 This paper has been typeset from a TEX/IATgX file prepared by the author.
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Abstract.  White dwarfs with log g lower than 7.0 are called Extremely Low Mass
white dwarfs (ELMs). They were first found as companions to pulsars, then to other
white dwarfs and main sequence stars (The ELM Survey: 2010 to 2016), and can only
be formed in interacting binaries in the age of the Universe. In our SDSS DR 12 white
dwarf catalog (Kepler et al. 2016), we found a few thousand stars in the effective tem-
perature and surface gravity ranges attributed to ELMs. We have called these objects
sdAs, alluding to their narrow hydrogen line spectra showing sub-main sequence log g.
One possible explanation for the sdAs is that they are ELMs. Increasing the ELMs
sample would help constrain the number of close binaries in the Galaxy. Interestingly,
if they turn out to be A stars with an overestimated log g, the distance modulus would
put these young stars in the Galaxy’s halo.

1. Introduction

White dwarf stars are the final evolutionary state of stars with initial masses up to 8.5—
10.6 My (Woosley & Heger 2015), corresponding to at least 95% of all stars. For the
evolution of single stars, the minimum mass of a white dwarf is around 0.30-0.45 Mg,
(e.g. Kilic et al. 2007), because progenitors that would become lower mass white dwarfs
have main sequence evolution time larger than the age of the Universe. Such masses
correspond, considering the mass-radius relation of white dwarfs, to a minimal log g
of around 6.5. On the other hand, evolutionary models (see Romero et al. 2015, and
references therein) indicate that the maximum log g of main sequence A stars, which
have similar optical spectra to DA white dwarfs, is 4.75, even for very low metallicity.

Objects with 4.75 < log g < 6.50 can result from binary evolution. Hot subdwarf
stars are one example: binary interaction strips away the star’s outer layers during core
He burn, leaving a hot (Teg > 20000 K) lower mass (M ~ 0.45 M) object. However,
for low-mass progenitors (M < 2.0 M), the temperature for burning He is only reached
after it has become degenerate. Therefore, if the outer layers of a low-mass progenitor
are stripped away before the He burning starts, a degenerate He core with a hydrogen
atmosphere will be left: a white dwarf. Because the mass of the white dwarfs resulting
from this channel can be much lower than the single star evolution limit (M < 0.3 M),
they are known as extremely-low mass white dwarfs, or ELMs (see the ELM Survey:
Brown et al. 2010; Kilic et al. 2011; Brown et al. 2012; Kilic et al. 2012; Brown et al.
2013; Gianninas et al. 2015; Brown et al. 2016a).

447

© Astronomical Society of the Pacific * Provided by the NASA Astrophysics Data System

187



188 APPENDIX D. Conference Proceedings

448 Pelisoli et al.

2. Data Analysis

Mining the Data Release 12 of the Sloan Digital Sky Survey (SDSS DR12, Alam et al.
2015) for white dwarfs, we found thousands of objects with hydrogen atmospheres
showing 4.75 < log g < 6.5. These objects were classified as type O, B, A, or white
dwarf by the SDSS pipeline. Canonical mass white dwarfs were analyzed and published
in Kepler et al. (2016). The remaining objects with signal-to-noise ratio larger than 15
were fitted to a grid of hydrogen-dominated atmosphere models, with metals added in
solar abundances, covering 6 000 K < Teg < 40000 K and 3.5 < log g < 8.0. To
choose between hot and cool solutions, we relied on the photometric results using the
SDSS ugriz magnitudes and also the Galaxy Evolution Explorer (GALEX, Bianchi et al.
2014) fuv and nuv magnitudes, when available. This is the first time a fit with such large
coverage in T and log g is done to these spectra, to our knowledge.

This selection left 1010 objects with 8000 K < Teg < 20000 K and 5.00 <
log g < 6.5. About a hundred of them have proper motion higher than 10 mas/yr,
most showing also galactic latitude larger than 30°, indicating they may be outside the
disk, since they are all fainter than g = 14. As the nature of these objects is not yet
fully understood, we have called them sdAs, referring to their narrow hydrogen line
spectra (A-type) and their sub-main sequence log g. If these objects are indeed main
sequence A stars (M, ~ 0) with an overestimated log g, some could be explained as
relatively young high velocity or runaway stars. Only one high-velocity (Brown et al.
2009) and no runaway A stars are known to date. Moreover, their temperatures put
them below the zero-age horizontal branch (ZAHB), so they cannot be explained as
conventional He core burning subdwarfs, unless they are in binary systems as found
by Barlow et al. (2012). In these sdB+FGK binary systems, the flux contribution of
both components is similar, so the spectra appear to show only one object, with the
lines of the main sequence star broadened by the presence of the subdwarf. The other
possible explanation for these objects is that they are ELMs or pre-ELMs (Maxted et al.
2014b,a).

2017ASPC. . 509. . 447P

3. Properties of sdA Stars

In an attempt to understand the nature of the sdAs, we have studied properties such
as colors, proper motion, and velocities, comparing them to models and to the known
ELMs listed in Brown et al. (2016a). Fig. 1 shows the (u — g)o X (g — r)o color-color
diagram, where ug, go and ro are SDSS magnitudes with full extinction correction fol-
lowing Schlegel et al. (1998). The sdAs do not show the same colors as the known
ELMs, but rather seem to extend the ELM branch to cooler temperatures. Evolutionary
models (e.g. Cérsico & Althaus 2014, 2016) indicate that the time spent with 7 500 K <
Terr < 8500 K is about the same as the time spent with 8 500 K < Teg < 22000 K. Less
than 10% of the known ELMs show T < 8500 K (Brown et al. 2016a), indicating that
there’s still a cool ELM population to be discovered, which is probably within the sdA
sample. Curiously, despite the fact that the log g obtained from spectroscopy is above
five, most sdAs lie below the model indicating log g = 5 in this color-color diagram.
This might indicate that spectroscopic log g is overestimated. Another possibility is
that the extinction correction is not accurate for these objects.

On Fig. 2, a color-color diagram using GaLEx colors for the objects available in
this database is shown. Extinction correction was applied using the E(B — V) given

© Astronomical Society of the Pacific « Provided by the NASA Astrophysics Data System
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DA, log(g)
DA, log(g)

(u-9)

Figure 1. (u — g)o X (g — r)o color-color diagram, showing the sdAs (squares,
dark gray), the known ELMs (triangles, red), and the objects for which we obtained
alog g < 5.0 (dots, light gray) for comparison. The original color selection in the
ELM Survey is shown in red, depending on magnitude: 15 < gy < 17 dot-dashed
line, 17 < go < 19.5 dashed line, and 19.5 < gy < 20.5 continuous line. Theoretical
models with fixed log g and metallicity are also plotted to guide the eye. Subdwarf
(sd, magenta dotted line), main sequence (MS, blue dashed line), and horizontal
branch (HB, green dotted-dashed line) models were calculated by Lenz et al. (1998).
DB models (black dotted-dashed line) are from Bergeron et al. (2011). The DA
models shown in black and labeled by log g were obtained from our grid of models.

(fuv-nuv),

- DA, log(g)=5.0 ——

5| DA, log(g9)=7.0 =—— -

Tesr = 8000K

Tefr = 15000K
6 .

-1 0 1 2 3 4

Figure 2. GALEX colors of the sdAs (squares, dark gray), the known ELMs (tri-
angles, red), and the objects for which we obtained a log g < 5.0 (dots, light gray)
for comparison. Some DA models, both for fixed T and fixed log g, are also shown
on the plot.
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in the catalog, Ry, = 8.24 and R,,, = 8.20 (Wyder et al. 2007). The picture here
is the same as for the SDSS colors: the sdAs seem to be a cooler extension of the
ELM branch. The fact that this stands for the UV colors is a strong suggestion that the
sdB+FGK main sequence star hypothesis doesn’t hold, because the sdB would have a
strong contribution to the UV flux, which is not detected in most cases.

Finally, by comparing the observed flux with the intensity given by the model,
we obtained the observed solid angle, related to the ratio between the object’s radius R
and its distance d. Assuming either a main sequence or an ELM radius for the sdAs,
we estimated two possible values for d. Combining these distances with the measured
proper motions obtained from USNO-B and SDSS data (Munn et al. 2004), we esti-
mated their galactic velocities U, V, and W (e.g Johnson & Soderblom 1987) given the
main sequence or the ELM radius. The results are shown on Fig. 3, together with the
30 ellipses for halo, thin, and thick disk as obtained by Kordopatis et al. (2011). When
a main sequence radius is assumed, many objects show velocities considerably outside
the halo distribution. Considering that main sequence A stars have typical lifetimes
around 1-2 Gyr, they are expected to be found within the disk, so these velocities are
highly unexpected. Some objects might be explained as relatively young high velocity
(ejected by the Galaxy’s central black hole) or runaway (ejected due to interaction in
multiple systems) stars, but velocities higher than 1000 km/s cannot be explained by
any of those mechanisms. Only one high-velocity (Brown et al. 2009) and no runaway
A stars are known to date. The other possible explanation for these objects is that they
are ELMs. When we assume an ELM radius, the objects have velocities consistent with
a disk and halo distribution.

2000 . . ; . :
1500 - . 1
3 .,
g .
[ .
— 1000t 1
5 .o e
o
o) . K .
2 s .
500 | 1
. ..
0 * .
2000 -1500 -1000  -500 0 500 1000

V (km/s)

Figure3.  Estimated velocities for all sdAs assuming either a main sequence radius
(dots, gray) or a ELM radius (squares, black). The ellipses show the 3 ¢ limit for
the halo (red), the thick disk (green), and the thin disk (blue), as given by Kordopatis
etal. (2011).
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4. Discussion

There are three possible explanations for the nature of the sdAs: binaries of a subdwarf
and a main sequence object of type FGK, main sequence A stars with an overestimated
log g, or ELMs. The first option is ruled out for most objects, because no significant
flux in the ultraviolet, as would be expected from the subdwarf, is detected (Fig. 2).
Some objects do show UV flux [(nuv — g)o < 1.5, (fuv — nuv)y ~ 0], and thus might be
explained as this kind of system. This can be verified with time-resolved spectroscopy
to measure radial velocity variations. These systems have relatively long periods, of
the order 3—4 years, showing radial velocity variations with a semi-amplitude typically
smaller than 50 km/s (Barlow et al. 2012). In contrast, ELMs, which are typically found
in close binaries, have a median semi-amplitude of 220 km/s (Brown et al. 2016a).

The main sequence A star hypothesis is strongly suggested by the colors shown
by the sdAs. Both in the (u — g)o X (g — r)o and the (fuv — nuv)y X (nuv — g)o di-
agrams, the sdAs lie on cool regions, populated by low-log g objects, in spite of the
log g > 5.0 determined spectroscopically. As mentioned above, our models assume
solar abundances for these objects, which is an overestimate considering the calcium
abundances we have estimated from their spectra. Moreover, helium abundances were
not taken into account. Finally, at the cool temperatures estimated for the sdAs, colli-
sional effects between neutral hydrogen atoms should have a significant effect. There is
no rigorous calculation of the line broadening caused by this effect in the literature yet,
s0 it is also not properly accounted for. In short, there are many factors to be improved
in the models, so we cannot rule out that the log g is not well determined. However,
when we assume main sequence radii for the sdAs, the obtained distances and veloci-
ties are not consistent to what is expected for a population of young objects: they seem
to be scattered through the halo, some with considerably high velocities which couldn’t
be explained even by black hole acceleration.

If the proper motion given in the SDSS tables are correct, hypothesis we tested by
verifying they are similar to those given in the APOP catalog (Qi et al. 2015), the only
way to avoid having this scenario is if, instead of having a main sequence radius, these
objects are actually ELMs, with a radius about twenty times smaller. This leads to a
lower luminosity, in such a way that much smaller distances are needed to explain the
observed flux. This also leads to much more reasonable velocities, within the thin and
thick disk distributions, with very few objects appearing to be in the halo. The cooler
colors presented by the sdAs when compared to the ELMs might be easily explained if
they are a cooler ELM population, predicted by evolutionary models but sill underrep-
resented in the literature. The main issue with this hypothesis is that most sdAs do not
show significant radial velocity variations between their SDSS subspectra. This might
be explained if they are ELMs which already underwent a merging event. According to
Brown et al. (2016b), most double degenerate white dwarfs will merge within a Hubble
time, so ELMs resulting from mergers are expected to exist. The known ELMs which
shown no radial velocity are possibly explained as face-on systems. These two fac-
tors might explain the lack of variability to some objects, but is highly unlike that all
the cool ELMs are either merged or in face-on systems. As the SDSS subspectra are
usually of low-signal to noise and cover less than one hour, this can likely explain the
no detection of variation to many objects. Therefore more observations are needed in
order to understand the true nature of the sdA population.
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Are sdAs helium core stars?
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Abstract: Evolved stars with a helium core can be formed by non-conservative mass exchange interaction with a com-
panion or by strong mass loss. Their masses are smaller than 0.5 M. In the database of the Sloan Digital Sky Survey
(SDSS), there are several thousand stars which were classified by the pipeline as dwarf O, B and A stars. Considering
the lifetimes of these classes on the main sequence, and their distance modulus at the SDSS bright saturation, if these
were common main sequence stars, there would be a considerable population of young stars very far from the galactic
disk. Their spectra are dominated by Balmer lines which suggest effective temperatures around 8 000-10 000 K. Sev-
eral thousand have significant proper motions, indicative of distances smaller than 1 kpc. Many show surface gravity
in intermediate values between main sequence and white dwarf, 4.75 < log g < 6.5, hence they have been called sdA
stars. Their physical nature and evolutionary history remains a puzzle. We propose they are not H-core main sequence
stars, but helium core stars and the outcomes of binary evolution. We report the discovery of two new extremely-low

mass white dwarfs among the sdAs to support this statement.

Keywords: white dwarfs, subdwarfs, binaries

1 Introduction

The physical properties of main sequence stars can be
reasonably inferred from their spectral type. The spectral
classes from A to M show an increase in molecular bands,
with hydrogen becoming less prominent, reflecting a de-
crease in effective temperature (T.). Similarly, the mass
also decreases. As mass is the determinant factor on the
lifetime of a star, hydrogen abundant main sequence stars
(early-type) are short lived compared to cool, late-type
stars. Dwarf A stars, in particular, have a main sequence
lifetime shorter than 2 Gyr. Consequently, stars of type A
and earlier should not be found in the Galactic halo, which
is at least 10 Gyr old, unless they were accreted or recently
formed.

Mining the Sloan Digital Sky Survey (SDSS), we were
surprised to encounter thousands of objects classified by
the pipeline as of type O, B and A. The SDSS bright satu-
ration is about g = 14.5, while the absolute magnitude of

Corresponding Author: I. Pelisoli et al.: Instituto de Fisica, Univer-
sidade Federal do Rio Grande do Sul, Porto Alegre, Rio Grande do Sul,
91501-900, Brazil; Email: ingrid.pelisoli@ufrgs.br
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Detlev Koester: Institut fiir Theoretische Physik und Astro-
physik, Kiel, Schleswig-Holstein, 24098, Germany; Email:
koester@astrophysik.uni-kiel.de

a dwarf A star is Mg = 0; thus, if indeed in the main se-
quence, these objects would mostly have to be in the halo,
given their distance modulus (g - Mg) > 14.5 implying
d 2 8 kpc and the fact that the SDSS operates mostly out-
side the disk (b > 30°).

In Kepler et al. (2016), we fitted the spectra of these
objects to spectral models derived from pure-hydrogen at-
mosphere models, and found thousands to show surface
gravity with logg > 5.5. Given the properties of a dwarf
A star, its maximal log g is about 4.75 (see Romero et al.
2015 and references therein). White dwarfs resulting from
single evolution, on the other hand, have a lower limit
in log g of about 6.5-70 (e.g. Kilic et al. 2007). Objects
with 4.5 < logg < 6.5 can result from binary evolution,
as the hot subdwarf stars: binary interaction strips away
the star’s outer layers during core He burn, leaving a hot
(Tex >20 000 K) lower mass (M~0.45 M) object. However,
we found the objects to have Tex < 20000 K, therefore
they should not be core helium burning objects as the hot
subdwarfs. We have dubbed this type of object subdwarf A
stars (sdAs), referring to their sub-main sequence surface
gravity and A-star-like spectra. This is nonetheless merely
a spectroscopic classification: Their physical nature and
evolutionary history remains an embarrassing puzzle.

A promising possibility was that these objects were
new extremely-low mass white dwarfs (ELMs, M<0.3 Mg).
For low-mass progenitors (M<2.0 M), the temperature for
burning He is only reached after it has become degenerate.
Therefore, if the outer layers of alow-mass star are stripped

3 Open Access. © 2017 1. Pelisoli et al., published by De Gruyter Open. (cc) This work is licensed under the Creative Commons Attribution-
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Figure 1. Two sdA stars, SDSS J105025.94-004655.5 (bottom) and
SDSS J202721.77+123942.7 (top). While SDSS J1050-0046 shows
lots of metallic lines, SDSS J2027+1239 appears to have only a
small amount of Ca and Mg.

away before the He burning starts, a degenerate He core
with a hydrogen atmosphere will be left: an ELM (see the
ELM Survey: Brown et al. 2010; Kilic et al. 2011; Brown et
al. 2012; Kilic et al. 2012; Brown et al. 2013; Gianninas et al.
2015; Brown et al. 2016).

Hermes et al. (2017) studied the sdAs that we pub-
lished in Kepler et al. (2016), using radial velocity limits
obtained from SDSS subspectra, photometric colours, and
reduced proper motions, and concluded that over 99 per
cent of them are unlikely to be ELMs. Likewise, Brown et
al. 2017 obtained follow-up time-resolved spectroscopy for
five eclipsing systems and concluded they are not ELMs.
They proposed these objects are metal-poor M ~ 1.2 Mg
main sequence stars with M ~ 0.8 My companions, and
suggested that the majority of sdAs are metal-poor A-F
type stars. They argued that the log g of the sdAs was over-
estimated by ~ 1 dex on the surface gravities derived from
pure hydrogen models, which is likely explained by metal
line blanketing below 9000 K. As illustrated in Figure 1,
some sdAs do show significant amount of metals in their
spectra; however, the metals are almost undetectable in
others. Brown et al. (2017) gives no explanation as to why
or how these early-type stars are found in the halo.

An alternative that was overlooked by Brown et al.
(2017) is that these objects are He-core stars and byprod-
ucts of binary interaction, including not only the ELMs,
but the pre-ELMs, which have not reached the white dwarf
cooling track yet, and blue straggler stars. Although stellar
multiplicity is a function of mass, increasing from about
46 per cent for G-stars (Tokovinin 2014) to over 70 per cent
for A stars (De Rosa et al. 2014), most stars with initial
mass larger than 1.0 M, are in multiple systems (Duchéne
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Figure 2. Red dots show the fitted O, B, A type objects. The white
dwarfs of Kepler et al. (2016) are shown as blue squares, and the
known ELMs as green triangles for comparison. The zero-age hori-
zontal branch (ZAHB), above which stars are burning He in the core,
is indicated. The remaining black lines are single evolution models
for 1.0, 2.0 and 3.0 M and Z=0.004 calculated with the LPCODE
(see Althaus et al. 2003 and references therein). The horizontal
lines indicate the upper limit in log g for main sequence A stars
(4.75) and the lower limit for white dwarf stars (6.5-7.0). The grey
lines are the binary evolution models of Istrate et al. (2016), taking
into account stellar rotation. Both the ELMs and the sdAs can be
explained by these models.

& Kraus 2013), making this alternative very attractive. As
shown in Figure 2, the estimated T.x and log g of the sdAs
are consistent with binary evolution models. Even though
the time spent with log g = 5 - 6 is ten times smaller than
with log g = 6 - 7 in the models of Istrate et al. (2016), the
average luminosity is about a hundred times higher in the
log = 5 - 6 range, hence the objects are five magnitudes
brighter. Assuming a spherical distribution, and limiting
magnitudes of g = 14.5 (bright saturation in the SDSS)
and g = 20 (faint limit detection), the detection volume
for log = 5 - 6 is a thousand times larger than the volume
for log = 6 — 7. Combining these two factors, one should
expect to find a hundred objects with log g = 5 — 6 for each
object with log g = 6 -7 in a magnitude-limited survey. Ta-
ble 5 of Brown et al. (2016) lists 31 objects withlog g = 6-7,
but only 44 with log g = 5 - 6, about 85 per cent less than
our estimate predicts, which is a consequence of their se-
lection criteria.

Still, low ionisation potential metals can in fact con-
tribute significantly to the electron pressure, so the is-
sue raised by Brown et al. (2017) concerning the possible
overestimate on the log g deserves attention. In Pelisoli et
al. (2017), we have presented a brief analysis of the sdA
population using a grid of solar metallicity models to ac-
count for the metal effect. In this work, we further analyse
the sdA sample in the light of these new spectral models.
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Colours, proper motions, and galactic velocities are stud-
ied in order to access their possible nature. Analysing the
SDSS subspectra, we find five new probable ELMs, two of
which we confirm with our analysis of the SDSS radial ve-
locities, and one also shows photometric variability in the
Catalina Sky Survey (CSS) data. It seems that more than
one evolution channel is needed to explain the sdA popu-
lation. A definitive explanation of their nature and origin
will help us to better understand not only stellar evolution,
but also the formation of the halo.

2 Methods

The 55 000+ spectra of automatically classified O, B, A and
white dwarf stars retrieved from the SDSS database were
first fitted with a grid of spectral models derived from pure
hydrogen atmosphere models calculated using an updated
version of the code described in Koester (2010). Objects
with logg = 5.5 were published in the SDSS DR12 white
dwarf catalogue by Kepler et al. (2016) and were the first
to be called sdAs. Both Hermes et al. (2017) and Brown et
al. (2017) studied this DR12 sample reaching the conclu-
sion that they are overwhelmingly not ELMs. The expla-
nation of Brown et al. (2017) was an overestimate in log g
resulting from the fact that pure hydrogen models ignore
the effect of metal line blanketing. To account for that, we
added metals, in solar abundances for simplicity, to our
model atmosphere and synthetic spectra. Our grid covers
6000K < T < 40000 K and 3.5 < log g < 8.0. The objects
were fitted with this new grid first reported in Pelisoli et al.
(2017).

While spectra are the most reliable way to estimate the
physical properties of a star, the colours of an object alone
can still be used as a complement and tell us something
about its nature. The ultraviolet magnitudes, in particu-
lar, are very useful in identifying if the T.; of an object is
high enough for it to be burning helium. We retrieved the
far- and near-ultraviolet (fuv and nuv) magnitudes from
the Galaxy Evolution Explorer (GALEX) when available.
Extinction correction was applied using the E(B - V) value
given on the GALEX catalogue, Rp,, = 4.89 and Ruuy = 7.24
(Yuan et al. 2013).

Assuming the objects were main sequence stars, we
estimated their distances d by assuming a radius inter-
polated from solar-abundance values given the T, of the
object. The distance was calculated from the solid an-
gle, which is estimated in a photometric fit to the SDSS
ugriz magnitudes and the GALEX fuv and nuv magni-
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tudes. Given the galactic latitude b, we estimated the dis-
tance from the disk Z as d sin(b).

We studied the proper motion of the O, B, A type ob-
jects using a reduced proper motion diagram (e.g. Gentile-
Fusillo et al. 2015), where the reduced proper motion is
given by:

Hg = go+5log(ul"/yr]) +5. 0

It can be interpreted as a proxy for the absolute magnitude:
the higher the reduced proper motion, the fainter the ob-
ject. We used the proper motions of Munn et al. (2004) and
Munn et al. (2014), given in the SDSS tables. They were ob-
tained combining the data from the U.S. Naval Observa-
tory (USNO) and the SDSS. We only show in the plot ob-
jects with reliable proper motion, namely with the follow-
ing characteristics:

— proper motion > 30ppm;

— distance to nearest neighbour with g > 22.0 larger
than 57

— only one matched object in the USNO catalogue;

— at least four detections in the USNO catalogue
plates;

— RMS residual for the proper motion fit in right ascen-
sion smaller than 500.0;

— RMS residual for the proper motion fit in declination
smaller than 500.0.

Typical errors for the whole sample are 2-4 mas/yr; for
the reliable proper motion sample this goes down to
0.5 mas/yr. For objects with a good proper motion, we have
also evaluated the galactic velocities U, V, and W follow-
ing Johnson and Soderblom (1987), with the radial veloc-
ities we derived from the spectra, assuming both a main
sequence and an ELM radius.

To search for binaries in the sample, we have used the
SDSS subspectra. Each final SDSS spectrum is composed
by multiple spectra, usually three, with ~ 15 min expo-
sure time. The signal-to-noise ration (S/R) of the subspec-
tra is almost always below ten, so while conclusions can
hardly be made based solely on the SDSS subspectra, they
can be used to probe for possible variations suggesting the
need for a follow-up. Our approach is similar to that of
Badenes & Maoz (2012) and Hermes et al. (2017). We nor-
malise each subspectrum by the continuum, which is es-
timated by fitting a linear function between each of the
Balmer lines, and then fit each of the lines (up to H8) to
a Gaussian profile. The obtained redshift to the line cen-
tre is used to estimate a radial velocity for each line. The
final radial velocity for the given subspectrum is assumed
to be the average velocity, with the error estimated by the
standard deviation.
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We were able to obtain a fit to 80 per cent of the spec-
tra in the O, B, A sample. We then evaluated the AV be-
tween the maximal and the minimal estimated radial ve-
locities, considering only estimates with an error smaller
than 100 km/s. Badenes & Maoz (2012) suggest that follow-
up is needed to reach conclusions on objects that show
AV < 200 km/s, so we restrict further analysis to 14 ob-
jects showing AV > 200 km/s. We used the Period04 soft-
ware (Lenz & Breger 2005) to estimate the orbital period by
doing a Fourier transform and finding the orbital solution
with the smallest residuals.

3 Results

3.1 Spectral fits

The shifts in logg and in T.s when going from a pure-
hydrogen model to a solar abundance model are shown in
Figures 3 and 4. They were averaged between 500 objects,
with the sample sorted according to log g or T, respec-
tivelly. Only objects with T.; differing by less than 500 K
were taken into account, to avoid contamination by objects
suffering from hot-cool solution degeneracy. We find that
the addition of metals does not cause a constant shift in
log g as suggested by Brown et al. (2017). The shift behaves
linearly, with log g < 4.5 objects showing an upward cor-
rection and log g > 4.5 showing a downward correction.
Above log g = 5.5, where the sdAs of Kepler et al. (2016)
are, about —1.0 dex is indeed the shift, as found by Brown
et al. (2017). However, as the shift can go either way, even
though the addition of metals solves the log g discrepancy
for a few objects, others are raised above the log = 5.0
limit, and still can not be explained by single evolution,
even when metals are taken into account.

This systematic trend also reflects on the dependence
of the log g change with T.s, shown on Figure 4. At Ter ~
8500 K, there are objects spanning all the log g range (see
Figure 2), but a prevalence of objects with lower log g,
which have an upward correction. Hence the same up-
ward correction is seen in this T. range. Between 7 500 —
8000 K, a gap in the lower log g objects can be seen on
Figure 2, which moves the correction downwards. Finally,
below Ts ~ 7500 K, most objects show log g < 4.5, so
the correction moves upwards again. Close to the cool bor-
der of T.s, most objects are also close to the lower border
in log g, which is 3.75 for the pure-hydrogen models and
3.5 for the solar abundance models, implying on an aver-
age difference of 0.25. There can of course be differences in
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Figure 3. Shift in log g with the addition of metals in solar abun-
dances as a function of the log g given by the pure-H models. Val-
ues were averaged over 500 objects sorted by log g. The shifts are
well described by a linear fit Alog g = —0.68(0.01) log gpurent +
3.10(0.06), shown as a red dashed line. The pure-H values are
almost 1.0 dex higher than the solar abundance values above

log g = 5.5. This is a similar result to the obtained by Brown et al.
(2017) when when fitting pure hydrogen model to synthetic main-
sequence spectra.
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Figure 4. Change in log g when metals were added to the models
as a function of the effective temperature of the pure-H models.
The Tr and the change in log g were averaged over 500 objects,
sorted by T.s. The apparent puzzling behaviour is a consequence
of the systematic effect found for as a function of log gpure.nr, which
implies a correlation also in T.s, depending on how each range of
log g is sampled in each bin of Teg, as discussed in the text.

metallicity and errors in the determination, so individual
objects can somewhat obscure these trends.

The solar abundance solutions put most of the 2443
sdAs published in by Kepler et al. (2016) in the main se-
quence range, with the exception of 39 objects with still
showlog g 2 5.0. Only seven out of those maintain log g >
5.5 in the solar abundance models, two of them were pub-
lished on the ELM Survey, (SDSS J074615.83+392203.1 in
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Figure 5. The distance to the disk of the stars classified as O, B
and A, assuming a main sequence radius. The histogram is given
as N/Nyar; the solid black line is calculated assuming each point
as a Gaussian with standard deviation of 0.1Z. The red line is an
exponential thin disk model assuming Zo = 300 pc, while the
blue line is a thick disk model with Z, = 900 pc. All functions are
normalised. It is clear that, if indeed main sequence objects, these
stars are not consistent with a disk distribution, but would rather
have to be in the halo.

Brown et al. 2012, and SDSS J091709.55+463821.7 in Gian-
ninas et al. 2015). However, given that the change in log g
can also be upward, other objects are raised above the
main sequence log g limit. We find 1952 objects to show
5.0 < log(g) < 7.0 and T < 20000 K; out of those, 492
show logg > 5.5.

3.2 Distance and Velocities

Figure 5 shows a histogram of the density N/Niq given
the estimated distances from the disk for the sample of O,
B and A stars assuming they have main sequence radii.
Exponential functions describing a thin and thick disk
with the scaleheights given by Bland-Hawthorn & Gerhard
(2016) are shown as a comparison. It is clear that, when a
main sequence radius is assumed, the sdA distribution ex-
tends much further than the disk, to distances up to 10 kpc.

A similar result occurs when the Galactic velocities
U, V, W are estimated. Figure 6 shows the velocities esti-
mated assuming the main sequence radius. Ellipses with
the 3-¢ value for the thin disk, thick disk and halo, accord-
ing to Kordopatis et al. (2011), are shown as a comparison.
Again, the objects seem to reach velocities much higher
than the disk distribution, and even than the halo distri-
bution. In fact, over 30 per cent of the stars have veloci-
ties more than 4-0 above the halo mean velocity disper-
sion when a main sequence radius is assumed. Even if we
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Figure 6. Toomre diagram of the objects in our sample, assuming a
main sequence radius. The velocities the objects in the ELM survey
would have if main sequence radii were assumed are shown for
comparison. Density plots are shown to left and on top. The ellipses
indicate the 3-o values for halo (red), thick disk (green) and thin
disk (blue) according to Kordopatis et al. (2011).

assume the distance is systematically 10 per cent smaller
than our estimate, over 20 per cent of the objects show ve-
locities above 4-0. The statistical uncertainty is however
set to zero when calculating the tangential velocities, so
the identification of individual significant outliers requires
caution. Considering the sample as whole though, it fol-
lows that metal-poor A-F main sequence is probably a too
simplistic explanation for these objects. At the very least,
they must be in a binary to account for the high velocities,
which could be due to orbital motion rather than Galactic
motion.

3.3 Reduced proper motion

The reduced proper motion for the O, B, and A stars is
shown in Figure 7. It suggests that most of these objects
have, in average, Hg lower than the estimated for known
ELMs. However, their reduced proper motion is mostly
consistent with a tentative limit based on Gentile-Fusillo
et al. (2015), but dislocated to include all ELMs, suggesting
the objects might have similar absolute magnitude, and
thus similar radii, to the known ELMs. This limit is given
by

Hg =2.72(g - z)p + 16.09. @)
The objects are colour coded by their Mahalonobis dis-

tance Dy, to the halo when a main sequence radius is as-
sumed. The Mahalonobis distance is given by

DM:\/(U—<U>)2+(V—<V>)2 PUA )

2 2 2
oy Oy Ow
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Figure 7. Hy x (g — 2)o diagram (see e.g. Gentile-Fusillo et al. 2015),
with the objects in sample B colour coded according to their Ma-
halonobis distance to the halo given a main sequence radius.
Known ELMs are shown as green triangles for comparison. The

top plot shows the densities assuming each object as a Gaussian to
account for the uncertainty; it becomes clear that there are two pop-
ulations of objects within the sdA sample. The suggested limit for
white dwarf detection with probability equal to 1.0 given by Gentile-
Fusillo et al. (2015) is indicated as a black solid line. Most known
ELMs, due to their larger radius implying a smaller reduced proper
motion, since they can be detected at larger distances, are not be-
low the white dwarf limit. A reference line, dislocating the white
dwarf limit to include all known ELMs is shown as a red dashed line.
Most O, B and A stars are also below such line.

where we have assumed the values of Kordopatis et al.
(2011) for the halo mean velocities and dispersions.

This diagram is very enlightening when we look at the
(g - 2)o colour in terms of density. It is evident that there
are two different populations within the sample: one to the
red limit of the diagram and another in an intermediary re-
gion. While the distribution of the red population has no
intersection with the known ELMs, the distribution result-
ing from the blue population shares colour properties with
the known ELMs. This is a clear indication that more than
one evolutionary channel is needed to explain the nature
of these objects. The red distribution contains about 60 per
cent of the sample. Most of these objects (~ 97 per cent)
are cooler than 8000 K and show log g < 4.75, implying
they may be low metallicity F stars or other late-type ob-
jects, which can be found in the halo. The blue popula-
tion, on the other hand, contains about 40 per cent of the
sample and most of the objects hotter than 8 000 K (A-type
and earlier) and with higher log g. These early-type stars
can not easily be explained as halo objects, since their life
time in the main sequence is much smaller than the age
of the halo. This population probably consists of binaries,
such as blue stragglers, and He-core objects, such as blue
horizontal-branch stars (BHBs), as previous studies in the
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Figure 8. Diagram showing the (fuv — nuv), and (nuv - g)o colours.
Grey dots are the O, B, and A objects, and red triangles are the
known ELMs shown for comparison. The red arrow indicates the
average reddening correction vector. The indicated models were
obtained from our pure-hydrogen spectral models.

literature have found (e.g. Preston et al. 1994; Clewley et
al. 2004; Brown et al. 2008; Xue et al. 2008), or pre-ELMs,
and ELMs. However, there can also be a contribution from
extragalactic stars accreted onto our Galaxy, as previously
suggested by e.g. Rodgers et al. (1981); Lance (1988), and
Preston et al. (1994).

3.4 UV colours

Figure 8 shows a (fuv—nuv)ox(nuv-g), for the O, B, and A
stars and known ELMs for comparison. This diagram is es-
pecially useful in identifying if the objects can be hot sub-
dwarfs in binaries. Hot subdwarf stars have similar flux in
the optical region to main sequence stars of type F, G, and
K, so that if they are in a binary with one of these types of
stars, the combined spectrum will appear to have an inter-
mediary log g, but a lower temperature, similar to what is
found for the sdAs. We find that almost all the objects, with
a 0.5 per cent exception, do not have significant flux in the
UV, showing (nuv - g)o < —0.4, which rules out that these
objects can be explained as sdOB + FGK binaries.

3.5 SDSS Radial Velocities

Figure 9 shows a histogram of the estimated radial ve-
locity amplitude AV from the SDSS subspectra. Most
spectra show AV < 100 km/s, with 334 having AV >
100 km/s. Out of those, 14 show AV > 200 km/s. Two of
these objects were previously published in the ELM Sur-
vey, namely SDSS J123800.09+194631.4 (Brown et al. 2013)
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Table 1. Atmospheric and orbital parameters obtained for the objects shown in Figures 10 and 11, assuming the solar abundance models.
Quoted uncertainties in our values of T.s and log g are formal fit errors. The external uncertainties in the models are much larger, of about
5-10 per cent in g and 0.25 dex in log g. The orbital parameters are for the best solution, but some objects might need follow-up (see text
for discussion). The secondary mass M is the minimal mass assuming an edge-on orbit.

SDSS ) g Tet log(g) P (h) K R2 M, Timerge
(km/s) Me) Gyn
(@) 104826.86-000056.7 18.39  8508(17) 5.861(0.068) 2.9 246 0.88 0.32 2.7
(b) 120616.93+115936.2 17.37  8869(12) 5.092(0.050) 6.4 220 1.00 0.50 16
(© 045947.40-040035.2 19.62  8182(21)  4.804(0.113) 61 53 0.82 0.18 11280
(d) 171906.23+254142.3 19.13  8566(41)  4.126(0.128) 13 197 1.00 0.75 69
(e) 122911.49-003814.4 18.27  802022)  4.657(0.128) - . . - .

Table 2. Pure-hydrogen atmosphere spectral parameters for the
objects shown in Table 1. As before, the uncertainties are of about
5-10 per cent in Tes and 0.25 dex in log g.

SDSS ) Tes log(g)
(@ 104826.86-000056.7 8571 6.269
(b) 120616.93+115936.2 8861 5.308
© 045947.40-040035.2 8153 4.815
(d) 171906.23+254142.3 11288 4.500
(e 122911.49-003814.4 8083 5.339

and SDSS J082511.90+115236.4 (Kilic et al. 2012). Three
are hot subdwarf stars showing T, > 20000 K, which
are also commonly found in binaries (SDSS J141558.19-
022714.3, SDSS J163205.75+172241.3, and SDSS J211651.95-
003328.5). Two show logg > 7.0 and are proba-
bly double degenerate systems (SDSS J095157.78+290341.5
and SDSS J132232.12+641545.8). One is a known CV
(SDSS J152020.40-000948.3) identified by its colours by
Gentile-Fusillo et al. (2015). The remaining six spectra be-
long to five objects. The spectra are shown in Figure 10.
Their atmospheric parameters are shown in Table 1, for so-
lar abundance models, and in Table 2, for pure-hydrogen
atmosphere.

Using the radial velocities estimated from the SDSS
spectra of these objects, we attempted to obtain their or-
bital parameters. The best obtained results are shown on
Table 1. The best orbital solutions are shown on Figure
11. SDSS J104826.86-000056.7 has nineteen subspectra,
which were enough to constrain the period and obtain a
good orbital solution. SDSS J120616.93+115936.2 has only
seven subspectra, but its light curve on the Catalina Sky
Survey (CSS) shows variability with a period which was
consistent with the highest peak on the Fourier transform
of the velocities. The phase-folded light curve is shown
in Figure 12. SDSS J045947.40-040035.2 has ten subspec-
tra, but the spacing is such that many aliases arise in the
Fourier transform, and in fact periods ranging from 10 h to
60 h had orbital solutions with similar residuals. As previ-
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Figure 9. Histogram showing the obtained amplitude for all anal-
ysed SDSS spectra. Most show no significant amplitude, but
over 300 indicate an amplitude between subspectra larger than
100 km/s, 14 larger than 200 km/s.

ously stated, follow-up is definitely needed to study the na-
ture of this object. SDSS J171906.23+254142.3 has five sub-
spectra, but less aliasing than SDSS J045947.40-040035.2,
suggesting a period between 8 h and 14 h. We were not
able to find a good solution for SDSS J122911.49-003814.4,
which has six subspectra, therefore follow-up is required
to probe its nature.

Out of these five objects, we conclude that
SDSS J104826.86-000056.7 and SDSS J120616.93+115936.2
are unarguably new ELMs, given that both their atmo-
spheric and orbital parameters are consistent with the
class. The three remaining objects show the solar abun-
dancelog g < 5.0. SDSSJ122911.49-003814.4, however, has
logg > 5.0 when the pure-hydrogen models are used. Its
spectra does not show strong metal lines, so it is a good
ELM candidate. The confirmation of its nature is pend-
ing on follow-up studies that can allow the determination
of its orbital parameters. SDSS J171906.23+254142.3 still
shows log g < 5.0 on the pure-hydrogen models, but the
obtained radial velocity amplitude (197 km/s) can only be

Brought to you by | UFRGS - Universidade Federal do Rio Grand do Sul

Authenticated
Download Date | 3/7/18 8:53 PM



200

APPENDIX D. Conference Proceedings

176 —— |I.Pelisoli et al., Are sdAs He core stars?

Flux [107"7 erglem?/s/A]

3900 4100 4300 4500 4700 4900 6520 6580 6640
A (A

Figure 10. Spectra for the five objects showing AV > 200 km/s
(solid black line). The SDSS template is shown as a dashed red line
for comparison. For the object with two spectra, the highest S/R
spectrum is shown.
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Figure 11. Best orbital solutions for the four objects for which we
were able to constrain the period.

explained if the object is in a close binary, requiring it to
be compact, therefore it is most likely an ELM. The most
uncertain object is SDSS J045947.40-040035.2, which has
log g in the threshold between main sequence and ELM
assuming both models. The estimated distance assuming
a main sequence radius is 16 kpc, and its velocities are
consistent with the halo. The obtained period and am-
plitude are also consistent with a main sequence object.

DE GRUYTER OPEN
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Figure 12. CSS light curve for SDSS J120616.93+115936.2, phase-
folded to the 6.4 h, which is the same obtained analysing the ve-
locities, suggesting the variability is due to either eclipses or ellip-
soidal variation.

Given all that, SDSS J045947.40-040035.2 is probably a
blue straggler star in the halo.

4 Discussion

We analysed O, B and A type stars identified by the SDSS
pipeline, and estimated their T. and log g from their spec-
tra, using spectral models derived from solar abundance
atmospheric models. Comparing the results to our pure-
hydrogen solutions published in Kepler et al. (2016), we
showed that the addition of metals causes a shift in log g
that is downwards for objects with logg > 4.5, but up-
wards for objects with log g < 4.5. No general conclusion
can be made as to whether the pure-hydrogen models are
in fact overestimating thelog g, as was suggested by Brown
et al. (2017), since the correction depends on the logg.
Moreover, although some objects do show many metallic
lines in their spectra, others are restricted to Ca and Mg,
which are also seen in the known ELMs, due to the fact
that rotation has the power to counteract the gravitational
settling (Istrate et al. 2016). It is clear from these studies
that neither of these two grid of models are in fact ade-
quate, they provide only rough estimates on the parame-
ters, which are dependent on the metallicity. These spec-
tra need to be analysed with more general grids, spanning
different metallicities.

Independent of the estimated log g, the magnitudes of
the objects suggest that they can not simply be main se-
quence objects. Assuming a main sequence radius, we es-
timate distances which are not consistent with a disk dis-
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tribution. The velocities are also not consistent with the
disk and not even with the halo, with over 30 per cent of
the O, B and A objects showing velocities more than 4-
o above the halo mean velocity. The most probable rea-
son is that the radius estimate — assuming that the ob-
jects have main sequence radius — is wrong. If we assume
they are He core objects, pre-ELMs and ELMs, they show
a distribution consistent with the disk. Another possibil-
ity is that the high proper motion and estimated high ra-
dial velocity, leading to high spatial velocities, are actually
due to orbital motion. They could be blue stragglers in the
halo. Models by Schneider et al. (2015) suggest that mass
accretion can make a star appear up to 10 times younger
than its parent population, which would be sufficient to
make an A star survive long enough in the halo. This is in
agreement with previous studies in the literature, which
find that ~ 50 per cent of stars with A-type spectra in the
halo are presumably blue stragglers (e.g. Norris & Hawkins
1991; Kinman et al. 1994; Preston et al. 1994; Clewley et al.
2004; Brown et al. 2008; Xue et al. 2008). The remaining
objects are mostly explained as BHBs, hence He-core stars.
Some authors suggest that a few could in fact be main se-
quence stars with an extragalactic origin to explain their
young ages (e.g. Preston et al. 1994). The (pre-)ELM expla-
nation is mostly ignored by these studies, since thisis a rel-
atively new class. The sdAs could also be binaries of a hot
subdwarf with a main sequence star, but the UV colours
suggest that this is not the case, since they do not show
significant flux in the UV.

Our most significant result is that the sdAs are clearly
composed of two populations. One population contains
the red objects, and it has no overlap with the known
ELMs. On the other extreme, there is a blue population,
which does overlap with known ELMs, but contains cooler
objects. The red distribution is possibly dominated by
metal-poor main sequence late-type stars, which can be
found in the halo, with contamination of cooler pre-ELMs
and ELMs, since there is an intersection with the blue dis-
tribution. The blue distribution, on the other hand, should
contain the missing cool pre-ELM and ELM population,
which is under-represented in the literature. Evolutionary
models predict that ELMs spend about the same amount
of time above and below T = 8500 K; however, their
cooling time-scale is dictated by residual burning. On one
hand, this time-scale can be prolonged if mass loss is not
effective, so that the star is left with a thick hydrogen atmo-
sphere, where burning via p - p chain reaction will occur
(e.g. Maxted et al. 2014). On the other hand, instead of a
smooth transition from pre-ELM to ELM, the star can un-
dergo episodes of unstable CNO burning, or shell flashes,
that shorten the cooling time-scale by reducing the hydro-
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gen mass on the surface (Althaus et al. 2013; Istrate et al.
2016). As there are many uncertainties in the models, con-
cerning e.g. assumptions on element diffusion, progenitor
initial mass and metallicity, and rotation, the cooling time
scale between models can vary by more than a factor of
two. Brown et al. (2017) estimated a 1:2 ratio of ELMs in the
ranges 6500 < T < 9000 K to 10000 < T < 15000 K.
Propagating the factor of two uncertainty in the cooling
time scale, these ratio can be from 1:4 to 1:1, so 20-50 per
cent of the ELMs should show T.; < 9 000 K; however, as
a systematic effect of the search criterion, less than 5 per
cent of the published ELMs are in this range. Moreover, the
ratio of logg = 6 - 7 tologg = 5 - 6 is about 3:4 in the
ELM survey, totally dominated by selection effects, while
the brightness difference suggests it should be 1:100.

Analysing the SDSS radial velocities, we con-
firm two new ELMs, SDSS J104826.86-000056.7 and
SDSS J120616.93+115936.2. SDSS J120616.93+115936.2 also
shows photometric variability with the same period as the
orbital period. Two other objects are most likely ELMs.
SDSS J171906.23+254142.3, although showing log g < 5.0,
has an amplitude of almost 200 km/s in its best orbital fit.
However, as only five subspectra are available, the period
is not well constrained, and follow-up should be done to
confirm the nature of this object. The SDSS subspectra
of SDSS J122911.49-003814.4 did not allow the estimate of
its period, but the high amplitude between its subspec-
tra and its log g above the main sequence limit favour the
ELM classification. All of these objects show T.; < 9000 K.
There are only six confirmed ELMs in close binaries in this
range (Brown et al. 2016), reflecting the lack of effort to
find ELMs in the cool end of the distribution, hence the
importance of further studying the objects found here. Fi-
nally, we also find SDSS J045947.40-040035.2 most likely
to be a blue straggler star in the halo.

Our effort shows that more than one evolutionary
channel is definitely needed to explain the sdA popula-
tion. For one, there are definitely He core objects such as
pre-ELMs and ELMs in the sample. Even if only a small per-
centage of sdAs is confirmed as ELMs, the number would
be high enough to significantly increase the number of
known ELMs, especially at the cool end of the distribution.
Our understanding of binary evolution, and especially of
the common envelope phase that ELMs must experience,
can be much improved if we have a sample covering all pa-
rameters predicted by these models. The sdA sample can
provide that. Our understanding of the formation and evo-
lution of the Galactic halo would also benefit from more
detailed study of the sdAs. Many seem to be in the halo
with ages and velocities not consistent with the halo popu-
lation. It is possible that accreted stars from neighbouring
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dwarf galaxies might be among them. Those whose veloc-
ities are in fact consistent with the halo can in turn help us
study its dynamics and possibly better constrain the grav-
itational potential of the halo. The key message of our re-
sults is that we should not overlook the complexity of the
sdAs. They are of course not all pre-ELM or ELM stars, but
they cannot be explained simply as main sequence metal-
poor A-F stars. They are most likely products of binary
evolution and as such are a valuable asset for improving
our models.
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