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Ultracool Companionsto White Dwarfs

Paul Raymond Steele

ABSTRACT

In this thesis I present a new near-infrared photometric search for unresolved ultracool
companions and debris disks to white dwarfs in UKIDSS DRS5. 24 DA white dwarfs
were found with multiple excesses indicative of a low mass companion, with 7 of these
having a predicted mass in the range associated with brown dwarfs. The results of this
survey show that the unresolved brown dwarf companion fraction to DA white dwarfs
is 0.5 < fwpisp < 1.8 £0.7%. I also calculate the unresolved L-dwarf companion
fraction to be 0.5 < fwpiar < 1.5 £ 0.6%, which is much higher than the previous
estimate of Farihi, Becklin & Zuckerman (2005). However, the results are consistent
with previous estimates of the brown dwarf companion fraction to main sequence stars.

I analyse the near-infrared spectra of eleven known DA white dwarf + M-dwarf binaries,
and compare the spectral types assigned using optical photometry against those assigned
using near-infrared spectra. I search for evidence that the known short period systems
once existed in a common envelope phase. No such evidence was found.

I also present the spectroscopic analysis of two particularly interesting binaries; PG 1234+
482 and PHL 5038. PG 12344482 is the hottest and youngest DA white dwarf with
a cool companion on the stellar-substellar borderline. I discuss the possibility that the
companion is a brown dwarf, and the possibility that the secondary is the source of con-
tamination by heavy metals in the white dwarf’s atmosphere. PHL 5038 was identified
to have a near-infrared excess in UKIDSS, and the spectroscopic analysis in this thesis
confirms that the secondary in this system can be resolved at a projected orbital separa-
tion of 55 AU, and is a brown dwarf with spectral type L8-L9. This is only the second
such pair found (over 20 years later) after GD 165AB. The secondary in this system has
the potential to be used as a benchmark brown dwarf for testing substellar atmospheric
models.
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Chapter 1

| ntroduction

1.1 WhiteDwarfs

1.1.1 Overview

White dwarfs are the endgame of stellar evolution for stars with a mass up to < 8,
(Weidemann 1987, Casewell et al. 2009). Approximately 98% (Wood 1992) of all stars
will end their lives as white dwarfs, making these stellar remnants the most common fate
of the stars in our universe. White dwarfs owe their stability to their compact size and ex-
treme density. The peak of the white dwarf mass distribution lies at 0.6 M, (Weidemann
& Koester 1984), with a range of masses starting from ~ 0.17M, (Kilic et al. 2007b)

up to a maximum mass of ~ 1.4 (Chandrasekhar 1931).

This chapter introduces the topic of white dwarfs, their internal and atmospheric struc-
ture, how they are classified, their previous and continued evolution, and I discuss the

more recent discoveries that reveal these stellar corpses can harbour more complex solar

1
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systems of their own.

1.1.2 Discovery

The first white dwarf was discovered in the triple-star system 40 Eridani, consisting of
the main-sequence star 40 Eri A, orbited by the closer binary of the white dwarf 40 Eri

B and a main-sequence red dwarf 40 Eri C.

The binary 40 Eri BC was first discovered by Friedrich W. Herschel on January 315
1783. In 1910 Henry N. Russel, Edward C. Pickering and Williamina Fleming obtained
a spectrum of 40 Eri B and found the spectral class to be that of an A-type star. This was
a surprising result, as the luminosity of 40 Eri B suggested a much cooler M-type and
would have to be 1000 times brighter to be classed as one of these hot white stars. Not
long afterwards, in 1915, Walter S. Adams obtained a spectrum of Sirius B, and found
that it also was of spectral type A (Adams 1915), the same as its much more luminous
companion Sirius A. This placed both 40 Eri B and Sirius B in the lower left hand corner
of the Hertzsprung-Russel diagram, a previously unoccupied area (Figure 1.1). Thus,
both 40 Eri B and Sirius B both had a low luminosity whilst still having a high temper-
ature. This raised problems for astrophysicists, as hot stars were supposed to be more
luminous than cool stars of the same size. The only logical explanation was that these
stars must be 100 times smaller than the Sun, which in turn implied an enormous internal
density. No physical laws existed at the time to explain these conditions, and hence the

existence of these strange objects.
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and Sirius B, now known to be white dwarfs.
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In 1917 Adriaan Van Maanen discovered Van Maanen’s Star, the first isolated white
dwarf. It wasn’t until 1922 that Willem Luyten coined the phrase “white dwarf™ to de-
scribe these exotic objects, a term later popularised by Arthur S. Eddington. By the 1950s
over 100 white dwarfs had been found, and currently over 10,000 have been identified

by the Sloan Digital Sky Survey, and over 2000 by various other surveys.

1.1.3 White Dwarf Structure

In 1926 Enrico Fermi and Paul Dirac developed the quantum statistical theory of an
electron gas, resulting in major advances in the understanding of a white dwarf’s internal
structure, and finally providing a solution to the erstwhile luminosity-radius problem.
According to Fermi-Dirac statistics, fermions (particles with 1/2 integer spin e.g. pro-
tons and electrons) occupy discrete energy levels, and according to the Pauli exclusion
principle, no two fermions with the same spin can occupy the same quantum energy state
(Hoddeson & Baym 1980). As a fermion gas is compressed and the particle density in-
creases, fermions will be forced to occupy certain quantised energy levels. A fermion
gas where all the energy levels are filled below a threshold value, called the Fermi en-
ergy, is known as a degenerate fermion gas. Once in this state, the fermions resist further
compression, a force known as degeneracy pressure. In 1926 Sir Ralph Fowler showed
that electron degeneracy pressure could theoretically support a white dwarf against grav-

itational collapse (Fowler 1926).

In 1931 Subrahmanyan Chandrasekhar combined relativity and quantum mechanics to
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successfully produce the first basic equations of white dwarf structure. He equated grav-
itational potential energy against electron degeneracy pressure to show that for a degen-
erate object, R o« M~'/3. This relationship shows that the more massive the object,
the smaller its radius will become. He then predicted the maximum non-rotating mass
that can be supported against gravitational collapse by electron degeneracy pressure to
be ~ 1.4M., for objects with solar metallicity (Chandrasekhar 1931). Thus, this is the

maximum possible mass of a white dwarf, and is known as the Chandrasekhar limit.

A typical white dwarf is composed of an electron degenerate core which makes up for
99.99% of the overall mass, and a thin non-degenerate atmosphere composed of hydro-
gen or helium. The core is primarily composed of carbon and oxygen, as these are the
products leftover from the helium burning phase of the progenitor (Section 1.1.5), and is
in a plasma state consisting of ions and degenerate electrons. The electron degeneracy
pressure is very weakly dependent on temperature and so a white dwarf will continue to

cool at a roughly constant radius throughout the majority of its lifetime.

As the electrons already occupy their lowest possible energy state they cannot contribute
to the cooling of the white dwarf. Instead, it is the non-degenerate ions that provide the
thermal energy required to maintain the star’s luminosity. Over time these ions will con-
dense from a gas to a liquid state and eventually, between 4000-10,000K, they crystallise
into a solid. Winget (1995) suggested that pulsating white dwarfs could provide a testing
ground for the crystallisation theory, and Metcalfe et al. (2004) used this theory to cal-

culate that ~ 90% of the white dwarf BPM 37093 had already crystallized. Eventually a
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white dwarf will cool until it no longer emits enough light to be visible, and will end its

life as a cold, non-radiating black dwarf.

Unless a white dwarf accretes matter from a companion star or other source then its only
source of energy is this internal heat which cannot be replenished. As a white dwarf has
only a small surface area from which to radiate, it follows that it should cool gradually, re-
maining relatively hot for a large period of time. For temperatures > 100, 000K the main
contributor to cooling is actually neutrino loss, with approximately twice as much en-
ergy being lost through this process as opposed to radiation. However, at 7' ~ 15, 000K
the contribution from neutrino flux has fallen to < 1%, and radiation now dominates the

cooling process.

Since a white dwarf’s energy will mostly be lost through radiation, it also follows that the
rate of cooling will slow with time. For example, it can be seen in Bergeron et al. (1997)
that a hydrogen atmosphere carbon core white dwarf with a typical mass of 0.6 M, will
take ~ 1.5 Gyr to cool to ~ 7000 K. Cooling a further 1000 K then takes another 0.8 Gyr,
around a third of the white dwarf’s total cooling age. A further decreases of only 500 K
then takes a considerably longer 1.1 Gyr. A graph of age verses temperature for both a

0.6 Myand 1.0 M. white dwarf is shown in Figure 1.2.

Magnetic Fields

A magnetic field with a surface strength of ~ 1, 000, 000G (100 T) was first predicted to

occur in white dwarfs by Blackett (1947), due to an uncharged, rotating body producing a
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FIGURE 1.2. Age vs. effective temperature for both a 0.6M, and 1.0M, white

dwarf showing how cooling slows with white dwarf age. Curves are based on the
models of Wood (1994).
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magnetic field proportional to its angular momentum. However, by the 1950’s Blackett's
law had been widely refuted. A decade later it was proposed that a white dwarf may
have a magnetic field due the conservation of total surface magnetic flux as a main-
sequence star evolved into a white dwarf. As a consequence the strength of the magnetic
field would increase by a factor of R? as the radius of the star shrank in size. Thus a
progenitor with a magnetic field of 100 G would become a white dwarf with a magnetic
field of 1,000,000 G, as the star’s radius decreased by a factor of 100. The first white
dwarf to be discovered with a magnetic field was GJ742, confirmed by the detection of
circularly polarised light. Since then > 100 magnetic white dwarfs have been discovered
and it has been estimated that ~10% of white dwarfs have a magnetic field in excess of

1,000,000 G.

1.1.4 White Dwarf Classification

Although the core of a white dwarf is primarily composed of carbon and oxygen, spec-
troscopy has revealed that the atmosphere is dominated by either hydrogen or helium.
Schatzman (1958) deduced that this atmospheric purity was due to the high surface
gravity of white dwarfs, which causes the heaviest elements to rapidly sink out of the

atmosphere leaving only the lightest, H or He, behind.

The first attempt to spectrally classify white dwarfs was made by Kuiper (1941). Almost
20 years later Greenstein (1960) created a new system that continued to be used for the

following 20 years. This was based on a previous scheme by Luyten (1952), and made
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use of the current standard Harvard spectral classification scheme (Table 1.1). All white
dwarf spectral types were prefixed with an uppercase D, for degenerate. A second letter
was then assigned based on the stars spectroscopic resemblance to main sequence stars.
Hence, DA white dwarfs had spectra dominated by strong hydrogen lines similar to that
seen in main-sequence A-type stars. However, due to the growing diversity of white
dwarf spectra, the appearance of certain hybrids, and the inability to distinguish between

hot and cool stars, it was soon realised that a new classification system was needed.

Thus, a new system was proposed by Sion et al. (1983) which is still in use today. The
uppercase D was retained, with a second uppercase letter assigned based on the most
dominant element present in the star’s spectrum. More than one letter may be used if
more than one element is present, but they always appear in order of dominance. These
can then be followed by an optional letter representing any secondary features present in
the spectrum, followed by a temperature index calculated by dividing 50,400 by the star’s
effective temperature. The classification scheme is shown in Table 1.2. For example, a
white dwarf with polarised light due to a magnetic field, an effective temperature of
15,000 K, and a spectrum dominated by H lines could be given the classification of

DAP3.



Table 1.1. The Harvard spectral classification scheme

Spectral Temperature Colour Characteristics
Type [K]
0] > 25,000 Blue Strong Hell absorption (sometimes emission) lines

Hel absorption lines becoming stronger

B 11,000 — 25,000  Blue-White  Hel absorption lines strongest
HI (Balmer) absorption lines becoming stronger

A 7,500 — 11,000 White HI (Balmer) absorption lines strongest
Call absorption lines becoming stronger
F 6,000 — 7,500  Yellow-White HI (Balmer) absorption lines becoming weaker

Call absorption lines becoming stronger
Neutral metal absorption lines (Fel, Crl)

G 5,000 — 6,000 Yellow Call absorption lines becoming stronger
Neutral metal absorption lines becoming stronger

K 3,500 — 5,000 Orange Call absorption lines strongest
Spectra dominated by neutral metal absorption lines

M < 3,500 Red Spectra dominated by molecular absorption bands, especially TiO
Neutral metal absorption lines remain strong

NOLLONAOYINI I §41LdVHO
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Table 1.2. Primary White Dwarf Spectral Classifications

Class Approx. Temperature Spectral Characteristics
Range (K)
H-rich
DA 6,000—100,000 Balmer lines only, no He or metal features
DAO >45,000 Balmer lines and weak Hell features
He-rich
DO 45,000—100,000 Strong Hell lines, some Hel present
DB 12,000—30,000 Hel lines, no H or metals
DBA 12,000—30,000 Hel lines and weak Balmer lines present
Cool WDs
DQ 6,000—12,000 C features (atomic or molecular)
DZ <6,000 Metal lines only, no H or He
DC <6,000 Featureless continuum (no lines deeper than 5%)
Additonal Secondary Feature
P Magnetic with polarisation
H Magnetic with no detectable polarisation
E Emission lines present
\Y% Variable
d Debris Disk

1.1.5 White Dwarf Formation

If a star’s initial mass is < 8, then its fate will be to become a white dwarf (Weidemann
& Koester 1983). A main-sequence star provides the necessary energy to prevent gravi-
tational collapse by burning hydrogen in its core, a state called hydrostatic equilibrium.
The more mass a star has, the higher its gravity and hence more massive stars burn hy-
drogen quickly and so have relatively short lives compared to those of their lower mass
cousins. During this phase the star will burn hydrogen at a roughly constant radius and
is known as a main-sequence (MS) star. However, all stars will eventually run out of

their hydrogen fuel, causing the core to collapse (Schonberg & Chandrasekhar 1942).
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This contraction increases the temperature within the core as well as the surrounding

material. How the star then evolves, depends on its initial mass.

For very low mass stars with initial mass < 0.5M the core will never become hot
enough to undergo helium fusion. Such stars are expected to eventually evolve into white
dwarfs with helium cores. However, as this process has a timescale larger than the age
of the universe (Laughlin et al. 1997), observed helium core white dwarfs are expected

to have evolved through mass transfer in a binary system (e.g. Liebert et al. 2004).

For a star of intermediate initial mass between ~ 1.1 — 8/, a typical evolutionary path
on the Hertzsprung-Russell diagram is shown in Figure 1.3. After the depletion of hy-
drogen, the subsequent core contraction increases the temperature of both the core and
surrounding material. Hydrogen burning continues in the surrounding shell, providing
~100 times the previous luminosity and causing a steady increase in the mass of the
helium core. The core size eventually reaches the Schonberg-Chandresekhar limit, and
again begins to collapse, resulting in the release of gravitational potential energy. This
forces the outer envelope of the star to expand by a factor between 100 to 1000, de-
creasing the surface luminosity and effective temperature. The star now moves onto the
red giant branch (RGB). This decrease in effective temperature causes the envelope to

become convective, transporting more hydrogen to the burning shell.

The continued shell burning of hydrogen continually adds helium to the contracting core
until the density and temperature become high enough to ignite helium burning. This

occurs via the triple—a process, resulting in the production of carbon and oxygen. An
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FIGURE 1.3. The Hertzsprung-Russell diagram, showing the evolutionary paths of
stars from the main sequence to the white dwarf cooling sequence (reproduced from
Marsh 1995).
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interesting difference occurs at this stage at around the 2/, boundary. For stars with
initial mass < 2, the core contraction is ongoing up to the tip of the RGB, producing
a highly electron degenerate core. The degeneracy pressure is sufficient enough to stop
the collapse of the most central matter. Eventually the temperature is reach at which he-
lium can begin to fuse (=~ 100 x 10°K) The electron degeneracy pressure is very weakly
temperature dependant which is in opposition to the high temperature dependency of the
triple—c process. Therefore, once the temperature reaches 100 x 10°K and helium igni-
tion occurs, the temperature rapidly increases as the degenerate matter is a good thermal
conductor. This increases the helium fusion rate and expands the reaction region. How-
ever, the volume does not increase and nor does the pressure, so the core does not expand
in order to stabilise. Thus, for a few seconds, there is a runaway reaction increasing the
star’s energy production to &~ 100 x 10° the normal amount. That is until the thermal
pressure once again dominates due to the rising temperature, eliminating the degeneracy.

This effect is known as the helium flash.

With the onset of helium burning the core once again expands, slowing the rate of helium
and shell hydrogen burning. The envelope contracts rapidly, and the effective tempera-
ture begins to increase. At this stage the star is now moving along the horizontal branch
of the HR diagram, characterised by a helium burning core and a hydrogen burning
shell. Many stars will develop pulsations at this stage due to instabilities in their outer

envelopes.

Once the supply of helium is exhausted the entire star contracts. The increase in temper-
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ature associated with the contraction of the core results in a thick helium burning shell.
As the core contraction continues, the helium shell narrows and strengthens, resulting
in the expansion and cooling of the outer layers. This in turn causes the hydrogen shell
to temporarily “switch off”. Once the star reaches the Hayishi track, the star moves
upwards onto the asymptotic giant branch (AGB). During the AGB phase the helium
burning shell turns on and off periodically in a series of helium shell flashes. This occurs
because helium is being dumped onto the shell by the above hydrogen burning layer. As
the mass of the helium increases it starts to become degenerate and, upon the ignition of
helium burning, the degeneracy is lifted in a analogous manor to that described previ-
ously. This in turn drives the hydrogen shell outwards, where upon it cools and turns off

again. The cycle then repeats.

As the star moves up the AGB, a carbon-oxygen core is steadily growing in mass. For
stars with initial mass > 8M, this will eventually lead to the onset of carbon burn-
ing and set the star on an evolutionary path to becoming a neutron star or black hole.
As the density of the core increases, electron degeneracy pressure begins to dominate.
Mass loss will begin to occur at this stage as the result of poorly understood thermal
pulsations, ejecting the outer atmosphere. It has also been suggested that a superwind
will develop towards the end of the mass loss phase, the reasons for which also re-
main unclear. The expanding gas shell surrounding a white dwarf progenitor is known
as a planetary nebula (PN). Red giants can support a wind with a mass loss rate of
~ 107%M yr~1, but it has been estimated that at least a rate of 1075 M yr—! is needed

to create the observed PN (Renzini & Voli 1981). There have been extensive studies
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into the difficulties surrounding post-AGB mass loss (Iben & Renzini 1983, Marigo
et al. 1996, Maraston 1998, Maraston 2005). However, the relationships between the fun-
damental parameters (Luminosity, mass, metallicity and mass loss rate) are still poorly

understood (Gonzdlez-Lopezlira et al. 2010).

Inside the expanding shell of gas, the carbon-oxygen core continues to contract at con-
stant luminosity, moving the star horizontally and to the left on the HR diagram. During
this phase, the stars temperature will increase to > 100, 000K and the surface gravity
by a factor > 10%. At a temperature of ~ 30,000K, ultraviolet photons are absorbed
by the nebula gas, causing the atoms to become ionized. As the electrons drop to lower
energy levels they emit light at visible wavelengths, creating the glowing ring of gas
characteristic of a PN. The hydrogen and helium shells of the central star are eventually
extinguished, and the star now cools to become a hot white dwarf star. Within ~ 100, 000
years the PN itself has dissipated into the surrounding interstellar gas. Compared with

the evolutionary timescale of the star, the PN phase is very shortlived.

TheInitial Final Mass Relationship

The Initial Final Mass Relationship (IFMR) pertains to the relationship between the mass
of a white dwarf and the mass of its main-sequence progenitor. Hence the IFMR char-
acterises the amount of material a star will return to the interstellar medium during post
main-sequence evolution, and so provides information on the mass loss processes which

occur towards the end of stellar evolution. The form of this relationship is important in
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the investigation of the previous and ongoing chemical evolution of the Milky Way and
galaxies in general. The higher mass end of the IFMR is equally as important in super-
novae studies, as predictions about the rate of these explosions are particularly sensitive

to the assumed minimum mass of the core-collapse progenitor.

The first attempt to constrain the IFMR was made by Weidemann (1977), and shortly
after this Romanishin & Angel (1980) conducted a purely photographic study of sev-
eral young open clusters to search for new white dwarf candidates. The expected num-
ber of white dwarfs in these clusters were modelled and limits estimated on the upper
progenitor mass limits to white dwarf production. Later spectroscopic studies, essen-
tial in determining masses and cooling timescales for the white dwarfs, started to pro-
duce a more solid estimate of the IFMR in a series of papers by Koester & Reimers
(Koester & Reimers 1981, Koester & Reimers 1985, Koester & Reimers 1993, Koester
& Reimers 1996). This 20 year effort to constrain the IFMR was reviewed in Weidemann

(2000).

The most recent work on the IFMR has more than doubled the number of available
data points (e.g. Claver et al. 2001, Dobbie et al. 2004, Williams et al. 2004, Ferrario
et al. 2005, Dobbie et al. 2006, Casewell et al. 2009). They all found empirically that
the IFMR can be represented by a linear function. Dobbie et al. (2006) constrained the

IFMR to these values:

M; = (0.133 + 0.015) My + (0.289 & 0.051)M,, (1.1)
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where M and My are the initial and final masses of the star respectively. This relation-
ship applies to white dwarfs with progenitor masses of 2.7-6 M, but was later shown to

extend down to 1.6, by Kalirai et al. (2008).

1.1.6  White Dwarf Evolution

A continued discussion on the post-formation evolution of a white dwarf may seem moot
at this point, as the cooling of these dead stars should be relatively simplistic when com-
pared to their previous evolutionary past. However, as was discussed in Section 1.1.4,
the spectral types of white dwarfs are varied indeed and so a much more complicated
picture emerged slowly over the years, finally arriving at the current theories discussed

here.

Stellar evolution predicts the formation of carbon-oxygen core white dwarfs with a he-
lium envelope, and for an additional 80% of white dwarfs, a hydrogen layer. This ac-
counts for the population of hydrogen atmosphere DA white dwarfs and helium atmo-

sphere DB white dwarfs.

The helium atmosphere white dwarfs are thought to lose the majority of their hydrogen
as the result of a late helium flash at the end of the AGB phase (Herwig et al. 1999),
resulting in the mixing of the core materials and the helium layer. As the star cools, the
carbon and oxygen sink back out of the atmosphere due to high surface gravity, resulting

in a hot DO white dwarf. As the star continues to cool, residual hydrogen is thought
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to emerge (1o ~ 45,000K), creating a DA white dwarf with an ultra thin hydrogen
atmosphere. This is to account for the existence of the DB gap; a void between 30,000 K
and 45,000 K where no helium atmosphere DO or DB white dwarfs have been found to
exist (MacDonald 1989). At the cool end of the gap, convection dredges up the more

massive helium layer cycling the star through a DBA to a DB type atmosphere.

For a hydrogen atmosphere white dwarf evolution appears to be much simpler, with the
white dwarf maintaining its pure atmosphere until very low temperatures where con-
vection sets in. Again, this dredges up the inner materials which, until now, have been
segregated by the stars large gravitational field. Then, along with the cool DB stars, the
increased carbon in the atmosphere accounts for the population of carbon atmosphere
DQ white dwarfs. Eventually all white dwarfs will cool to a point where there are no

spectral features, becoming DC type stars.

Of course, this is a much simplified version of white dwarf evolution which does not
necessarily account for all the existing variations of white dwarf spectral types. Binary
interaction also provides another evolutionary channel (CVs), and pre-CV systems may
still accrete from the stellar wind of a close secondary star. In fact, the atmospheric

evolution of white dwarfs is still a matter of some debate.
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1.2 WhiteDwarfsin Binaries

White dwarfs in binary systems may follow a markedly different evolutionary path com-
pared to their isolated cousins. Observations of such systems allow for the direct com-
parison of isolated and binary white dwarfs, and can provide evidence for the direct
interaction of the components. These observations are critical in the understanding of
Common Envelope evolution (CEE, Section 1.2.1), and for the study of angular momen-
tum loss mechanisms such as magnetic stellar wind breaking. Close binaries may also

be the progenitors of Cataclysmic Variable (CV) systems.

Near-infrared surveys of white dwarfs enable the detection and study of late stellar and
substellar companions, and circumstellar dust disks. A typical white dwarf is 103 — 10%
times fainter than its main sequence progenitor (Figure 1.4), significantly reducing the
brightness contrast problem when searching for cool, low mass secondaries and dust. In
addition, the spectral energy distributions of most white dwarfs (blue) and their low mass
companions (red) are markedly different, facilitating easy separation of the components
in broadband photometry and enabling straightforward spectroscopic follow-up (Dobbie
et al. 2005). Previous near-infrared photometric surveys of white dwarfs include those by
Probst (1983), Zuckerman & Becklin (1987a), Green et al. (2000a), Farihi et al. (2005),
and the analysis of white dwarfs in the Two-Micron All Sky Survey (2MASS; Skrutskie
et al. 2006) by Wachter et al. (2003), Wellhouse et al. (2005), Holberg & Magargal

(2005), Tremblay & Bergeron (2007b) and Hoard et al. (2007).
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FIGURE 1.4. Hertzsprung-Russel Diagram showing the positions of main sequence
stars, white dwarfs, red giants and supergiants.
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Many white dwarfs are known to have low mass M dwarf companions, and analysis
of their population statistics allows the investigation of binary formation and evolu-
tion. In particular, consideration of stellar evolution suggests the possible existence
of two distinct populations: close systems (Orbital distance < 0.1AU) in which the
secondary has survived a phase of CEE and which may eventually lead to the forma-
tion of a CV, and wide pairs (Orbital separation > few AU) where the secondary has
migrated outwards in response to mass-loss from the white dwarf’s progenitor (Farihi,
Hoard & Wachter 2006a). An object originally orbiting a white dwarf progenitor at
a > 5AU will have its orbit expanded by a maximum factor equal to the ratio of
the main-sequence mass to the white dwarf mass (M, /Myq) (Jeans 1924, Zuckerman
& Becklin 1987b, Burleigh et al. 2002), a value typically around 3. Thus, any com-
panion originally orbiting between 10-100 AU would end up at 30-300 AU following
main-sequence evolution. For progenitor systems with a closer initial orbital separation
(< 2 AU), the secondary is thought to spiral inward during a common envelope phase
(Section 1.2.1). Thus, a bimodal separation is expected for the distribution of orbital
separations in white dwarf +-stellar/substellar binaries (Figure 1.5). As a result no stellar
or substellar companions are expected to be found with an orbital distance between 1 to

a few AU.

One particularly interesting case are the magnetic white dwarfs in CV systems, which
generate large amounts of cyclotron radiation in addition to flux produced from direct ac-
cretion. This can be directly detected using /-band photometry (e.g. SDSS J121209.31+

013627.7; Burleigh et al. 2006b, Farihi et al. 2008). Although hundreds of magnetic CVs
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(Polars) are known, no convincing progenitor system has been identified (Liebert et al.
2005) despite exhaustive analysis of the 2MASS dataset for these objects (Wellhouse

et al. 2005).
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FIGURE 1.5. Simulated binary separation distribution for white dwarfs assuming an initial separation distribution similar to that of
G-dwarf binaries. Figure from Farihi (2004).
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1.2.1 Common Envelope Evolution

The evolution of initially wide (P~Years) into close (P~Hours) binary systems is de-
pendant on the rate at which angular momentum can be extracted from the system. In
order to understand the population of close white dwarf binaries, an understanding of
the mechanisms which can achieve this outcome is needed. It is generally thought that a
significant fraction of the orbital angular momentum is lost during a shortlived common

envelope (CE) phase.

When a white dwarf progenitor is on the RGB or AGB, it has a large convective envelope
(Section 1.1.5). If a secondary component in the system is close, Roche lobe overflow
occurs and the resulting mass transfer causes the primary star to expand. If the primary
reaches a point where it can no longer accept the incoming matter at the current rate (The
Eddington Limit, King et al. 1997) and the transfer of mass becomes unstable. A CE
forms between the two stars, causing the secondary to lose angular momentum and begin
spiralling in towards the primary. This decrease in the companion’s orbit results in a gain
of gravitational energy. If the gravitational energy is large enough to eject the envelope
then a closely orbiting binary emerges. If the orbit decreases to the point where the

secondary fills its Roche lobe then the stars will merge and the binary will not survive.

However, this survival rate depends on a number of assumptions and input parameters
in theoretical models. In particular, a value for the common envelope ejection efficiency

parameter, o, needs to be assumed (de Kool 1990). This value gives the efficiency at
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which the dumped gravitational energy is being used to eject the CE. Studies have shown
this value lies between 0.3 and 1.0. de Kool (1992) show that approximately 20% and

40% of secondaries will survive for o = 0.3 and 1.0 respectively.

So observational studies of close white dwarf binaries can help answer the question
“What limits are there to the mass of an object that can survive CE evolution?”. Un-
fortunately, no direct observations of a CE exist as the process is extremely fast (a
few to 103 years). The lowest mass object currently thought to have survived a CE is
WD 0137 — 349B, a brown dwarf with a mass of 53 M; and an orbital period of 116 mins

(Maxted et al. 2006, Burleigh et al. 2006a).

CEE is a process which is not particularly well understood. Some theoretical work has
been done in answering the question of planetary survival and the general fate of CE sys-
tems (e.g. Livio & Soker 1983, Livio & Soker 1984, Nelemans & Tauris 1998, Villaver &
Livio 2007), however these theories rest on numerous contestable assumptions. Predic-
tions have been made of the masses of planets that will survive a CE phase. For example,
Nelemans & Tauris (1998) calculated the predicted final outcome of CEE for different
planetary masses and initial periods for a progenitor star of 1.0 (Figure 1.6). It is im-
portant that these theories be tested through observations of systems of low secondary

mass and a variety of periods.

Also, if the resulting binary is close enough that it will reach a semi-detached phase
through the loss of angular momentum within the age of the Galaxy, then it can be

considered to be a pre-CV. If the secondary in the system is a main-sequence star then
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FIGURE 1.6. (a) Predicted final outcome of CEE for different planetary masses and
initial periods around a 1.0, star. The solid line represents the critical mass below
which the planet will evaporate during the spiral-in phase. The shaded region to the
right shows where a planet would be too far away to be engulfed by an envelope
whilst the star is on the RGB. (b) Final mass of the white dwarf in the case where all

the envelope is expelled. Reproduced from Nelemans & Tauris (1998)
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this also must occur before this star evolves off the main-sequence.

1.2.2 Brown Dwarfs

A brown dwarf is often described as a failed star. That is to say it never gained enough
mass to begin the sustained nuclear fusion of hydrogen and thus prevent gravitational
collapse. The core temperature of a brown dwarf progenitor reaches a point where it will
begin a short phase of deuterium burning during its early life, maintaining hydrostatic
equilibrium. Once this supply ultimately runs dry, the brown dwarf continues to collapse
to a point where electron degeneracy pressure (Section 1.1.3) becomes the dominant

force against further gravitational collapse, and the brown dwarf’s radius stabilises.

As a result, brown dwarfs are intrinsically less bright and much cooler than main-sequence
stars. This gives a brown dwarf a markedly different atmospheric spectrum that cannot

be classified by the existing Harvard scheme.

Thus far, two new spectral types (Kirkpatrick 1998, Kirkpatrick et al. 1999) have been
assigned to describe the atmospheres of observed brown dwarfs; (1) L-dwarfs have a
temperature range between ~1400-2500 K (Kirkpatrick 2005), and are spectroscopically
characterised by the depletion of titanium oxide and vanadium oxide absorption lines,
and the onset of metal hydride (e.g. iron hydride, chromium hydride), neutral alkali
(e.g. lithium, sodium, potassium) and carbon monoxide absorption in the optical and

near-infrared. (2) T-dwarfs have a temperature range between ~750-1400K and are
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spectroscopically characterised by strong water and hydrogen absorption, and the onset

of methane absorption in the near-infrared.

1.2.3 Brown Dwarf Atmospheres

Brown dwarf atmospheres are notoriously difficult to model due to their cool atmo-
spheres (1o < 3500K) which contain complex molecules (e.g. TiO, H,O, CH,). The
presence of such molecules leads to uncertainties in predicting opacities in the atmo-
spheres, and in the coolest brown dwarfs these molecules condense into grains causing

further issues.

In 1997 Chabrier & Baraffe used the models of Allard et al. (1997) to produce models
of the evolution and structure of low mass, dense objects. These became the NEXTGEN
models (Baraffe et al. 1998), which apply to objects between 0.01 M, and 1.0M,, and
Teg > 2200K. For cooler objects the DUSTY models (Chabrier et al. 2000) are used,
which take into account the formation of dust in the brown dwarf’s atmosphere and
the resultant absorption and scattering. These cover the mass and effective temperature
ranges 0.01 < M < 0.1M; and 900 < T.g < 2800K respectively, for objects with
ages between 10% and 10'° years. However, the DUSTY models tend to be ineffective
for Tog < 1400K where the dust clouds become less important as they sink below the
photosphere. This marks the beginning of the T dwarfs, whose spectra are more success-
fully produced by the COND models (Baraffe et al. 2003). In these models the heavy

elements which form dust (e.g. Fe, Ti and V) are removed from the atmosphere.
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1.2.4 White Dwarfs with Sub-Stellar Companions

The mass-luminosity relation for brown dwarfs is strongly dependant on age, a factor
which cannot be determined from the luminosity of an isolated brown dwarf. The key
to understanding these objects is to be able to determine the mass and age of the brown
dwarf independently of atmospheric models. So brown dwarfs in binary systems with
white dwarfs are excellent candidates for these so called benchmark brown dwarfs (Farihi
et al. 2005, Pinfield et al. 2006). This is because the white dwarf’s age can be determined
relatively accurately, inferring an age for the brown dwarf secondary. A benchmark
brown dwarf 4+ white dwarf binary can therefore be used to help constrain substellar
evolutionary models at intermediate to older ages (>1 Gyr) such as those expected for

most white dwarfs.

Substellar companions to white dwarfs additionally allow the investigation of the known
deficit of brown dwarf companions to main sequence stars (< 10AU: 0.5%; Marcy &
Butler 2000). The closest brown dwarf + white dwarf binaries might also represent ei-
ther another channel for CV evolution or the end state of CV evolution, in which the
secondary has become highly evolved through mass transfer. In close detached bina-
ries, the brown dwarf is expected to be irradiated by the white dwarf’s high UV flux,
possibly leading to substantial temperature differences between the “day” and “night”
hemispheres. Such systems can provide laboratories for testing models of irradiated hot

Jupiter” atmospheres (e.g. HD 189733b; Knutson et al. 2007).
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However, detached brown dwarf companions to white dwarfs are rare (< 0.5% for L-
dwarfs; Farihi et al. 2005). Prior to this thesis, radial velocity and proper motion sur-
veys, and searches for near-infrared excesses have so far found only three confirmed
examples: GD 165 (DA+L4, Becklin & Zuckerman 1988), GD 1400 (DA+L6 — 7;
Farihi & Christopher 2004, Dobbie et al. 2005), and WD 0137 — 349 (DA+LS8; Maxted
et al. 2006, Burleigh et al. 2006a). GD 165 is a wide orbit binary with a projected sep-
aration of 120 AU, whereas GD 1400 and WD 0137—349 are in much closer orbits with
periods of 10 hours (Burleigh et al. 2009, in prep) and 116 mins respectively. To this

date no WD-+dT type binaries have been identified.

1.3 White Dwarfswith DebrisDisks

Infra-red observations have recently revealed the presence of metal-rich debris dust disks
around a small number of white dwarfs. Indeed, the large near-infrared excess in G 29—38
was first identified twenty years ago by Zuckerman & Becklin (1987a). Mid-infrared
photometry showed a more pronounced excess at ~ 10um than could be fitted with a
blackbody of T.¢ ~ 103 K. The favoured explanation for the origin of this material is the
tidal disruption of an asteroid that has wandered into the Roche radius of the white dwarf

(Jura 2003).

Zuckerman et al. (2003) did a survey of DA white dwarfs and found that, for those stars
not in a detectable binary, ~25% had an excess of metals in their atmospheres. The

metals present should sink from the photospheres on a timescale of days, so the presence
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of close, orbiting dust disks provides a reservoir for on-going low level accretion. A
further 11 white dwarfs have been found to show evidence of a similar near-infrared
excess to that of G29-38 (Becklin et al. 2005, Kilic et al. 2005, Kilic et al. 2006, von
Hippel et al. 2007, Jura et al. 2007, Farihi et al. 2008, Jura et al. 2009, Farihi et al.
2009). The majority of these were found around cool metal rich DAZ white dwarfs,
with effective temperatures 7. < 15,000 K. Kilic et al. (2006) suggested that for white
dwarfs with T.g > 16,000 — 20, 000K any debris disk would have been sublimated.
One notable exception is the central star of the Helix nebula. This hot, extremely young
white dwarf has a mid-infrared excess emission identified with Spitzer by Su et al. (2007),
which might be explained by the presence of a ring of colliding cometary material at an

orbital distance of ~ 30 AU.

More recently, evidence has been found for gas disks around 3 moderately hot white
dwarfs (Génsicke et al. 2006, Génsicke et al. 2007, Génsicke et al. 2008). These all
exhibit double-peaked emission lines in the ¢-band Ca Il triplet, with a morphology which
implies a rotating circumstellar gas disk relatively close to the white dwarf. One of these
stars has a spectral classification of DBZ (SDSS0845+2257) implying that not all disks
need be found around hydrogen atmosphere DA white dwarfs. Brinkworth et al. (2009)
went on to find evidence with the Spitzer Space Telescope of a dusty extension to one of

these stars (SDSS1228+1040).

Debris dust and gas disks around white dwarfs may have a variety of origins linked to

the post-main sequence evolution of both the central stars and surrounding planetary
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systems. Large infrared surveys will help establish how common they are.
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Chapter 2

White Dwarfsin UKIDSS

2.1 Overview

This chapter presents a search for spectroscopically identified white dwarfs present in the
UKIDSS Large Area Survey Data Release 5. I search within a subgroup of hydrogen and
helium atmosphere white dwarfs for near-infrared excesses indicative of the presence of
a low mass companion or debris disk. 23 new candidate photometric white dwarf +
very low mass companion binaries are identified. I then calculate an expected mass for
a number of the putative companions and find that 8 are within the mass range of brown

dwarfs.
2.2 TheUKIDSS Survey

The UKIRT Infra-red Deep Sky Survey (UKIDSS) is the near-infrared (NIR) counterpart

to the optical Sloan Digital Sky Survey (SDSS: York et al. 2000) and is the successor to

34
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the previous NIR 2 Micron All Sky Survey (2MASS: Skrutskie et al. 2006). UKIDSS
began in May 2005 and aims to cover 7500 deg? of the Northern Sky in Y JH K down to
K = 18.4mags, 3 magnitudes deeper than 2MASS. UKIDSS actually consists of a set
of 5 complimentary surveys; the Large Area Survey (LAS), the Galactic Plane Survey
(GPS), the Galactic Clusters Survey (GCS), the Deep Extragalactic Survey (DXS) and
the Ultra-deep Extragalactic Survey (UDS). Following a release of science verification
data and an Early data release (Dye et al. 2006), UKIDSS has had 5 data releases (DR1:
Warren et al. 2007b, DR2: Warren et al. 2007a, DR3, DR4 and DRS) in July 2006,
March 2007, December 2007, July 2008 and April 2009. Each subsequent data release
is inclusive of all data from the previous releases. The survey of most importance to this

work is the Large Area Survey.

2.2.1 The Large Area Survey

The LAS aims to cover 4000 deg? upon it’s 7 year completion down to 50 limiting
magnitudes of Y = 20.5, J = 20.0, H = 18.8 and K = 18.4 mags (Vega). The target
4000 deg? is a subsection of the Sloan survey with the selected fields shown in Figure 2.1.
It will cover: (1) a part of the SDSS equatorial block, (2) a part of the SDSS northern

block, and (3) a section of the southern equatorial stripe.

UKIDSS uses the Wide-Field Camera (WFCAM: Casali et al. 2007) on the United King-
dom Infra-red Telescope (UKIRT). LAS observations are carried out in the Y, J, H and

K filters with the goal of reaching a uniform depth in all fields. The minimum schedu-
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FIGURE 2.1. Planned final LAS sky coverage. The equatorial block (EB) corre-

sponds to SDSS stripes 9 to 16, the northern block (NB) corresponds to SDSS stripes

26 to 33, and the southern stripe (SS) is part of SDSS stripe 82. The dashed line
marks the Galactic plane, and the dotted line marks the ecliptic.
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lable blocks (MSBs) for the LAS use a pair of filters; either Y'.J or H K. If an area has
been covered by one pair an effort is made to follow up with the remaining pair within
one month. However, conditions do not always allow for this and observations depend
on a number of constraints (Dye et al. 2006). Hence, before completion a small number
of observations in each data release will only have measurements in either the Y .J or
H K bands only. It is also entirely possible that any single measurement will not pass
data quality tests and be omitted from the database. Therefore, a number of targets may

have a selection of Y, J, H or K magnitudes, but not all four.

2.3 Candidate Selection

2.3.1 ldentifying White Dwarfs

The UKIDSS LAS DRS catalogue was cross correlated with two catalogues of white
dwarfs: the on-line August 2006 version of the McCook & Sion catalogue of spectro-
scopically identified white dwarfs (McCook & Sion 1999) which contains 5557 stars,
and the Eisenstein et al. (2006) (hereafter EIS06) catalogue of 9316 spectroscopically
confirmed white dwarfs from the SDSS DR4. The McCook & Sion catalogue contains
the brightest white dwarfs known, whilst the white dwarfs identified in the SDSS are con-
strained by an upper brightness limit (¢’ ~ 15) and the lower sensitivity limit (¢’ ~ 21)
of that survey. The majority of the SDSS white dwarfs are too faint to have been detected
by the 2MASS survey, therefore UKIDSS allows the investigation of the NIR properties

of a large number of new white dwarfs discovered in the SDSS, as well as significantly
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reducing the measurement errors on the NIR photometry of the brighter white dwarfs

detected in 2MASS.

Many of the relatively bright white dwarfs have large and unmeasured proper motions,
meaning their astrometry is often unreliable. For the McCook & Sion white dwarfs, a set
of improved coordinates supplied by Jay Holberg (private communication) were utilised
in the cross correlation with UKIDSS DRS. The SDSS stars, being fainter and therefore
more distant have more reliable astrometry. The cross correlation was performed using
the on-line “CrossID” tool at the WFCAM science archive. The results were constrained
to stars brighter than the 5o limiting magnitudes (Section 2.2.1) using a pairing radius
of 5” taking only the nearest infrared source to each white dwarf’s coordinates as the
primary result. In general, the UKIDSS and white dwarf coordinates agreed within 5”
and the SDSS images revealed the same object as in the corresponding UKIDSS images.
In several cases the target star was already faint in the SDSS and did not become signif-
icantly brighter in the NIR as to be detected by UKIDSS (i.e. the white dwarf was not
detected in the NIR and there was no companion/disk present). The images of each cross
matched object in both databases were inspected by eye to ensure the correct object had
been identified. Eleven of the sample were rejected as being the wrong source in the

UKIDSS when compared to the SDSS image.

The cross correlation produced 1161 matches with the SDSS DR4, and 489 with the
McCook & Sion white dwarf catalogues. Only 106 of the McCook & Sion white dwarfs

were not found in the SDSS. The summary of spectral types for the white dwarfs are
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listed in Table 2.1.

2.3.2 The Near-infrared Two Colour Diagram

In order to make an immediate and rapid search for white dwarfs with a NIR excess,
indicative of a low mass companion or dust disk, the UKIDSS DR5 white dwarfs were
plotted on the (J — H,H — K) two-colour diagrams shown in Figure 2.2. This method
was first applied by Wachter et al. (2003) in their analysis of white dwarfs detected
by 2MASS. Then, based on Wachter et al.’s work and theoretical colour simulations,
Wellhouse et al. (2005) further developed the technique by splitting the two-colour dia-
gram into four distinct regions; (I) single white dwarfs, (II) white dwarfs with late-type
main-sequence companions, (III) white dwarfs with lower mass, possible brown dwarf
companions and (IV) white dwarfs contaminated with circumstellar material. Wellhouse

et al.’s regions have been plotted in the two-colour diagrams in Figure 2.2.

Hoard et al. (2007) argue this colour selection method allows a simple, fast and efficient
means to exploit large, homogeneous survey data to provide an initial list of candidate
stars with an interesting NIR excess. Hoard et al. (2007) confirmed 80% of the white
dwarf + main-sequence binaries reported by Wachter et al. (2003) with a false positive
rate (i.e. stars rejected as misidentification by Wachter et al. 2003) of 20%. However,
they failed to identify any new candidate brown dwarf companions or dust disks. This
is probably in part due to the excess emission from additional unresolved sources being

small compared to the errors on the 2MASS data. However, it could also be due to some
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Table 2.1. Number of each white dwarf spectral type detected in the cross correlation
of UKIDSS LAS DRS5

Spectral Type No. | Spectral Type No. | Spectral Type No.

DA 757 DO 4 DB_O 1
DA+M 272 DB_A 4 DAO 1
DC 40 PG1159 3 DZB 1
DB 25 DZA 3 DO-+M 1
DQ 18 DBH 3 DAZ 1
DZ 13 DBZ 3 DZ+M 1
DAH 14 DAB 2 DBA+M 1
DBA 11 DH 2 DAH+DA 1
WD+M 8 DAOB 2 DAH+M 1
DB+M 5 DA_B 1
DC+M 5 DZA+M 1
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FIGURE 2.2. J — H vs H — K colour-colour diagram for the SDSS white dwarfs
(top) and the McCook & Sion white dwarfs (bottom) with complete JH K pho-
tometry present in the UKIDSS archive. Nb. the overlap between the 2 catalogues
has not been accounted for in these diagrams. The four regions delineate (I) sin-
gle white dwarfs, (I) white dwarfs with late-type main-sequence companions, (III)
white dwarfs with lower mass, possible brown dwarf companions and (IV) white
dwarfs contaminated with circumstellar material.
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white dwarfs with companion brown dwarfs or dust disks occupying regions (I) and (II)
of the two-colour diagram, making them indistinguishable from single white dwarfs or

the large population of white dwarfs with main sequence K and M dwarf companions.

To investigate this further, white dwarfs with known brown dwarf companions and dust
disks have been plotted in a NIR two-colour diagram in Figure 2.3 using photometry
from 2MASS and other sources in literature (See Tables 2.2 and 2.3). Clearly only
seven of the fourteen white dwarfs plotted lie within regions where further investiga-
tion would have been solicited using Wellhouse et al.’s (2003) regions. Indeed only a
single dust disk (GD56) and a single white dwarf 4+ brown dwarf low accretion rate
CV (SDSS121209.31+013627.7, Burleigh et al. 2006b) lie within the regions expected
of such systems. In this case it can be concluded that the colour selection method is
likely to easily distinguish ~ 50% of such systems. However, more examples would be

required to accurately constrain such statistics.

It should also be noted that this method can only be used to analyse white dwarfs which
have complete J H K photometry. In Section 2.2.1 it was noted that some stars will only
have either Y'.J or H K photometry at this time in UKIDSS and so can not be included
in this analysis. The sample of white dwarfs selected here has 47% of stars which are

missing one of the needed J, H or K-band magnitudes (Table 2.4).

Other limitations of the colour selection method are discussed by Tremblay & Bergeron
(2007), who critically analysed the 2MASS photometric data for white dwarfs and the

analyses of Wachter et al. (2003) and Wellhouse et al. (2005). They concluded that the
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FIGURE 2.3. Near-infrared colour-colour diagram of white dwarfs with confirmed
low-mass companions (purple) and circumstellar disks (red).



Table 2.2. Near infra-red magnitudes of known white dwarfs with unresolved brown dwarf companions

Name J H K Source

WD 0137 — 349 15.681 £ 0.055 15.887 £0.148 15.438 4= 0.188 2MASS!

GD 1400 14.923 +0.032 14.450 & 0.045 14.335 4 0.064 2MASS!
SDSS J121209.31 + 013627.7  17.91£0.05 17.676 20.091 17.372 4+ 0.114 Farihi et al. (2008)
PG 1234 4 482 14.977 +0.043 14.955 £0.073 14.937 4+ 0.106 2MASS!
PHL 50382 16.75 £ 0.02 16.44 £0.03 16.36 = 0.04  Steele et a. (2009)

I Skrutskie et al. (2006)
2 Partially resolved in UKIDSS

Table 2.3. Near infra-red magnitudes of known white dwarfs with circumstellar debris disks

Name J H K Source

G29 — 38 13.132+0.029 13.075£0.022 12.689 4+ 0.029 2MASS!

GD 362 16.09 £ 0.03 15.99 £+ 0.03 15.85£0.06  Becklin et al. (2003)
GD 56 15.870 £ 0.061 15.991 +£0.129 15.44040.175 2MASS!

WD 2115 — 560 14.110 £ 0.029 13.996 £ 0.055 14.022 £+ 0.061 2MASS!

GD 40 15.885+ 0.072 15.897 £0.161 15.621 +0.214 2MASS!

PG 1015 + 161 16.131 £ 0.085 16.1204+0.222 16.003 £ 0.216 2MASS!

GD 133 14.752 £ 0.039 14.730 £ 0.051 14.611 £+ 0.105 2MASS!

GD 16 15.799 £ 0.076 15.528 =20.101 15.358 4+ 0.163 2MASS!
SDSS J122859.93 + 104032.9 16.897 £0.016 16.856 4+ 0.023 16.442 + 0.038 UKIDSS DR5

! Skrutskie et al. (2006)
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method is appropriate but should be interpreted with caution near the detection threshold
where larger errors are to be expected. They demonstrated that there exists a number of
single stars with large photometric uncertainties that contaminate regions (III) and (IV)
of the colour-colour diagram. Indeed, It can be seen in Figure 2.2 that there are a number

of stars with errors bars that extend from regions (III) and (IV) back into regions (I) or

(ID).

Tremblay & Bergeron (2007) demonstrate that a more thorough technique is to com-
pare observed NIR photometric fluxes with those predicted by model atmospheres (as
also adopted by Holberg & Magargal 2005). This method first requires accurate ef-
fective temperatures and surface gravities, which are determined from high S/N optical
spectroscopy. The model spectral energy distribution (SED) is then normalised to the
observed V' or ¢’ magnitude of the white dwarf. Predicted photometry can then be calcu-
lated by folding the synthetic SED through the appropriate filter transmission profiles and
a direct comparison made. However, this technique is limited to those stars with known
effective temperatures and surface gravities. Many of the McCook & Sion white dwarf
do have accurately determined temperatures and gravities. The SDSS DR4 white dwarfs
do have published atmospheric parameters (EIS06), however these are determined in an
automated fashion and users of the catalogue are warned to be cautious when adopting

these values.

The colour-colour diagram of the UKIDSS white dwarfs (Figure 2.2) clearly separates

out those stars with optical companions into the bottom of region (II). The majority of
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Table 2.4. The combinations of UKIDSS data available for the 1161 SDSS DR4
white dwarfs.

Bands Available No
YJHK 561

YJH 330
YHK 27
YJK 26
JHK 53
YH 19
JK 3
JH 31
JK 2

HK 109
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stars are in region (I) potentially indicating that these are single white dwarfs. There
are then a small number of stars in regions (III) and (IV) which would warrant further
investigation. It should be noted that a number of the clear outliers (e.g. the McCook
& Sion object at approximately H — K = 0.08, J — H = 0.97) are classified in the
UKIDSS database as merged sources. This could indicate contamination, perhaps by an
background galaxy or star. It can also indicate that a companion is becoming resolved in
the NIR, as is most likely the case for e.g. SDSS J020538.124-005835.3 which clearly
has a companion in the optical (Figure 2.4) and UKIDSS classes as a merged source, as
can be seen from the science images (Figure 2.5). The UKIDSS mergedClass statistic
(-1 for a point source, +1 for an extended source) was checked for each candidate object

to assess these possibilities.

It is clear there are significant advantages to using the modelling technique over the
colour-colour diagram; a direct comparison can be made between observed and expected
photometry determined from UKIDSS filter transmission profiles, and those objects with
photometry in only one pair of filters can be analysed. Therefore a variation of this

method has been adopted for this work.

2.3.3  White Dwarf Modelling

In order to efficiently process the cross-matched catalogue of white dwarfs it was decided
to model each white dwarf independently and then inspect each for evidence of a NIR

excess. It was also decided that only those DA and DB white dwarfs with both /A and K
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FIGURE 2.4. SDSS finder image of SDSS J020538.12+005835.3 clearly showing

both system components.

5

FIGURE 2.5. UKIDSS Y JH K images of SDSS J020538.124-005835.3.
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band photometry were to be modelled, as it is unlikely that the existence of a substellar
companion could be inferred from a Y".J-band excess alone, and both /7 and K -band pho-
tometry will allow companion and disk systems to be more easily distinguished. To that
end, a program was written to interpolate the Fontaine cooling models for DA and DB
white dwarfs. This grid is built from a local thermodynamic equilibrium (LTE) model
atmosphere code (Bergeron et al. 1992), which incorporates convective energy transport
and hydrogen molecular opacity, up to an effective temperature (7. = 20, 000 K) where
non-LTE effects are still negligible and the stellar atmosphere is completely radiative.
For the pure hydrogen white dwarfs with 7. > 20, 000K, the grid then switches to
using the plane-parallel, hydrostatic, non-LTE atmosphere and spectral synthesis codes
TLUSTY (v200; Hubeny 1988; Hubeny & Lanz 1995) and SYNSPEC (v49; Hubeny
& Lanz, ftp:/tlusty.gsfc.nasa.gov/synsplib/synspec). For the pure helium white dwarfs
the models are similar but with a fractional hydrogen mass of qi = 10~!°. The Bergeron
model grid extends from 1500 < T, < 100,000K and 7.0 <logg < 9.0 for DA white
dwarfs, and 3500 < T.g < 30,000K and 7.0 <logg < 9.0 for DB white dwarfs. The
DA model grid was extrapolated to 6.5 <logg < 9.5 to include the lower and higher

mass white dwarfs, but to preclude any possible sub-dwarf contamination of the sample.

This procedure predicted absolute magnitudes for the SDSS i’ and the 2MASS JH K
filters, as well as an estimated distance to the white dwarf and cooling age of the system.
The 2MASS magnitudes were converted to the corresponding UKIDSS filters using the
colour transformations of Carpenter (2001). Out of the 1037 white dwarfs classified by

EIS06 and McCook & Sion as DA white dwarfs, 639 had both A and K'-band photometry
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and fell within the extended DA model grid. Only 10 DB white dwarfs had both A and

K-band photometry and fell within the DB model grid.

Candidate stars were identified as those with no previously identified companion/disk,
whilst showing a > 30 excess in either both the UKIDSS H and K '-bands, or the /'-band
only, when compared to the model predicted values. 235 such excesses were identified,
with 206 of these accounted for as previously identified DA+dM or DB+dM type bi-
naries from a red excess in SDSS (or other optical data). This left 29 candidate white
dwarfs with an apparent NIR excess. The UKIDSS photometry for these is given in

Table 2.5 with additional parameters given in Table 2.6.

2.3.4 ldentifying Sub-Stellar Companions

For each candidate white dwarf + brown dwarf binary the SDSS optical spectrum was
first examined for evidence of a low mass main-sequence companion. An increase in
flux of the spectral energy distribution towards longer wavelengths or spectral features
indicative of M dwarfs (e.g. Ha emission and/or TiO absorption bands) were searched
for by eye. Empirical models for low mass sub-stellar objects were then added to a white
dwarf synthetic spectrum and these composites were compared to UKIDSS photometry

to obtain an approximate spectral type for the potential companion.

For candidates white dwarfs with T, > 16, 000K pure-H (DA) or pure-HE (DB/DO)

synthetic spectra were calculated at the effective temperatures and surface gravities given
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Table 2.5. UKIDSS Y JH K magnitudes of the candidate white dwarfs showing
near-infrared excesses.

SDSS1J WD Y J H K
003902.47-003000.3 - 18.70+£0.06 18.37+0.08 17.86+0.11 17.41£0.10
003923.04+003534.7 - - - 17.48+0.05 17.04+0.06
012032.27-001351.1 - 19.25+£0.08 18.34+0.07 17.82+0.07 17.42+0.08
013532.98+144555.8 0132+145 16.49+0.01 16.24+0.01 15.86£0.01 15.56+0.02
023247.50-003909.3 - - 20.24+0.34 18.80+0.20 17.84£0.16
032317.00-002612.7 - 15.03+£0.00 14.63+0.00 14.08+0.00 13.81+0.01
034221.55+005345.6 - 16.48+0.01 16.05£0.01 15.45+0.01 15.31£0.01
085956.47+082607.5 - 18.33+0.03 - 17.49+0.03 17.09£0.08
090759.59+053649.7 - 18.79+£0.08 18.66+0.08 18.62+0.16 18.40+0.19
092452.73+020712.2  0922+006 - - 18.21£0.12 17.63+0.11
092648.84+102828.8 - 19.57+£0.12 19.19+0.16 18.74+0.19 18.29+0.19
100259.88+093950.0 - 19.30+£0.08 19.194+0.13 18.55+£0.18 18.55£0.22
101642.93+044317.7 - - - 17.73+£0.09 17.5940.09
103220.19+011227.0 - - - 17.76+£0.08 17.1540.07
103448.92+005201.4 1032+011 - - 18.20+£0.11 18.03+0.14
103736.75+013912.2 - - - 17.25£0.06 17.124+0.07
104933.58+022451.7 - - - 17.80+£0.09 17.13+0.06
105332.62+020126.2 - - - 17.26+0.05 17.06%0.07
113416.09+055227.2 - - - 18.10+0.12  17.94£0.20
115808.44-012312.9  1155-011 18.26+0.03 17.83£0.03 17.22+0.03 16.89+0.06
121209.31+013627.7 - 18.04+0.04 17.85+0.05 17.21£0.05 16.21+£0.03
125044.42+154957.4"  1248+161 - 16.61+0.02 16.14£0.02 15.00£0.01
122859.92+104033.0 - 16.86+0.01 16.89+0.02 16.84+0.02 16.42+0.04
132044.68+001855.0  1318+005 17.61£0.02 17.62+0.04 17.76£0.11 17.38+0.11
132925.21+123025.4 - 17.07£0.01 16.66+0.01 16.27+0.02 15.98+0.02
154431.47+060104.3 - 17.96+£0.03 17.83+£0.04 17.64+0.05 17.64=£0.10
155720.77+091624.7 - 18.82+0.04 18.82+0.06 19.03£0.14 18.34+0.15
220841.63-000514.5 - 18.16+£0.04 17.48+0.03 17.06+0.05 16.59+0.04
222030.68-004107.9 - 16.95+£0.01 16.75+0.02 16.44+0.03 16.36+0.04
222551.65+001637.7 - 18.59+£0.05 18.51+0.07 18.15+0.13 17.60£0.13
233345.97-000843.0 - 19.36£0.08 18.80+0.10 18.224+0.13 17.67£0.13

dentified in Section 2.5.2
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in Table 2.6 using the TLUSTY and SYNSPEC atmospheric and spectral synthesis
codes. Below < 16 000K convection becomes a significant factor in calculating white
dwarf atmospheric models. For these stars blackbody models were generated instead
at the temperatures given in Table 2.6. The synthetic fluxes were then normalised to
the Sloan " magnitude of the corresponding white dwarf (Table 2.6). The i’-band was

chosen for this work to avoid key absorption lines in the white dwarf’s optical spectrum.

The empirical models for the candidate secondary stars were constructed using the NIR
spectra of late M dwarfs from the IRTF spectral library (Cushing et al. 2005, Rayner et
al. in prep.), and L and T-dwarfs presented by McLean et al. (2001). To extend the L and
T-dwartf data out to 2.4um they were appended to sections of CGS4 spectra obtained by

Leggett et al. (2001) and Geballe et al. (2002).

In order to obtain an initial estimate on an approximate spectral type of a putative
companion, an absolute /K -band magnitude was calculated for each candidate system.
This was achieved by subtracting the model predicted K -band flux from the observed
UKIDSS K-band flux, and then scaling to the estimated distance of the white dwarf (Ta-
ble 2.9). This value was compared to observed absolute K -band magnitudes of M, L
and T-dwarfs, which show a trend distinctive enough to separate the boundary regions of
these three spectral types (Figure 2.6). Due to errors in temperature, surface gravity and
therefore distance, estimates of the companion spectral types are likely to lie within +1

spectral types of the best fitting composite white dwarf + companion model spectrum.
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Table 2.6. Physical parameters of the candidate white dwarfs showing near-infrared
excesses. Temperatures and surface gravities are from Eisenstein et al. (2006) unless

otherwise stated.

SDSS1J WD g Tor (K) logg
003902.47-003000.3 - 19.12  12314£268  7.39+0.08
003923.04+003534.7 - 19.20  10080+£81  7.99+0.10
012032.27-001351.1 - 20.23 10487194 7.91£0.22
013532.98+144555.8 0132+145 16.96  8083+22 8.08+0.04
023247.50-003909.3 - 20.12  9898+161  8.04+0.23
032317.00-002612.7 - 20.05 22193+1446 7.10+0.19
034221.55+005345.6 - 19.00 23035+£684 6.97+0.08
085956.47+082607.5 - 1875 15623£237  7.4440.06
090759.59+053649.7 - 18.87 19474+293  7.82£0.05
092452.73+020712.2 09224006 18.96 15231+147! 8.49+0.10!
092648.84+102828.8 - 20.49 13214+935  8.11+0.29
100259.88+093950.0 - 19.58 22331£435 7.87%£0.06
101642.93+044317.7 - 1898 27039£276  7.43+0.04
103220.19+011227.0 - 19.28 8901+93 7.71£0.18
103448.92+005201.4 1032+011 19.15 9904+109  8.13+0.15
103736.75+013912.2 - 18.81 16300+221  7.73+0.05
104933.58+022451.7 - 19.19  7590+96 7.76£0.32
105332.62+020126.2 - 19.06  7530+90 8.14+0.30
113416.09+055227.2 - 19.58  24184+£650 7.85+0.08
115808.44-012312.9 1155-011 19.62 ~133002 -
121209.31+013627.7 - 17.97 ~100003 ~8.03
125044.42+154957.4 1248+161 18.36 ~10000* -
122859.92+104033.0 - 1691 22125£136  8.224+0.02
132044.68+001855.0 1318+005 17.69 19649+130  8.36£0.02
132925.21+123025.4 - 17.71  13537+138  7.48+0.02
154431.47+060104.3 - 18.49  7946+66 8.39£0.15
155720.77+091624.7 - 19.09 21990+403  7.67+0.06
220841.63-000514.5 - 19.19  92244£81 8.28+0.12
222030.68-004107.9 - 17.38 8037£31 8.28+0.07
222551.65+001637.7 - 18.94  10640+94  8.16+0.09
233345.97-000843.0 - 20.65 11198+433  8.35+0.29

I Helium fit.

2 Blackbody fit of SDSS photometry.

3 Farihi et al. (2008)

4 Vanlandingham et al. (2005)
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Mk

LO TO T9
Spectral Type

FIGURE 2.6. Absolute K -band photometry verses spectral type for L and T-dwarfs
(Red: Reproduced from Vrba et al. 2004). Also plotted are the predicted absolute
magnitudes of the candidate companions in this survey (blue).
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2.3.5 Ildentifying Debris Disks

As was discussed in Section 1.3, debris disks can be identified through an excess in the
K-band magnitude of the white dwarf. Using the following method, blackbody models
were used to obtain an upper limit on the temperature of the potential disk: a blackbody
model was generated at the temperature of white dwarf and scaled appropriately. This
model was then added to the white dwarf synthetic spectrum to create a combined white
dwarf + blackbody model (WD+BB). This combined model represents a white dwarf
with a cool (< 1000 K) disk. Starting at a temperature of 1000 K, the temperature of the
secondary blackbody was reduced in steps of 100 K until the combined WD+BB model

matched the H and K'-band photometry. Here it is assumed there is no excess at H.

The higher the temperature of the debris the disk, the shorter the wavelength at which its
spectral energy distribution will peak. Therefore, as higher temperature blackbodies are
added to the white dwarf’s model spectrum, an excess will eventually be be seen in the
H, as well as the K-band. Hence, the temperature found previously can be adopted as
an upper limit, as lower temperature disk combinations can also produce models which
match the K'-band photometry alone. NIR K-band spectroscopy or mid-infrared pho-
tometry would be needed to more accurately constrain the temperature of any debris

disk containing system.
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2.4 Follow-up Near-infrared Photometric Observations

For a small number of sources, follow-up NIR photometry was obtained to independently
measure their J H K magnitudes. SDSS J222551.65+001637.7 was observed on October
214 (at Ky) and 3" (J & H) 2007 with the 3.5m New Technology Telescope (NTT) and
the Son-of-ISAAC (SOFI) Imager. Individual exposure times were 15 secs, 12 secs and
8 secs for the J, H and K -bands respectively, with a total exposure time in each band of
150 secs, 288 secs and 240 secs. The weather was clear with seeing of ./ = 1.3” on the

first night and K = 1.4” on the second night.

SDSS J003902.47—003000.3 was observed also with the NTT+SOFI on October 25"
2007 in J, H & K. Individual exposure times were 15secs, 12secs and 12 secs for
the J, H and K;-bands respectively, with a total exposure time in each band of 75 secs,

144 secs and 144 secs. The weather was clear and photometric with seeing at K = 0.7”.

WD 1318+005 was observed at the 3.9m Anglo-Australian Telescope (AAT) with the
IRIS2 NIR imager on 27" August 2007. Individual exposures times were 5 secs in the
K-band with a total exposure time of 75 secs. The average seeing over the course of the

observations was = 2.4”.

Nodding was used for all observations to ease the removal of the NIR background. All
the data were reduced automatically in the standard manner with the ORAC-DR package.
The combined frames were photometrically calibrated using UKIDSS sources in each

field. Aperture photometry was performed interactively using the Starlink Gaia package.
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2.5 Candidate UKIDSS Photometry

For each candidate system with a putative unresolved stellar/substellar companion, an
upper limit on the projected orbital separation has been estimated. This has been achieved
by measuring the FWHM of the system in the bandpass where the contributions of flux
from each object would be roughly equal (usually the 2’ or J-band depending on the
availability of the data), and equating this to an orbital separation at the estimated dis-
tance to the white dwarf. In the few cases where the system has been resolved, the
separation between the components has been measured directly and equated to an orbital

separation.

For the few resolved systems, the probability of a chance alignment (P,;) has been cal-
culated by referring to the spatial number densities of M, L. and T dwarfs (Table 2.7;
Caballero, Burgasser & Klement 2008). The expected number of stars with the spectral
type assigned to putative companion is then calculated within a region of space defined
by the errors on the white dwarf’s distance and the estimated projected orbital separation.
This has to be multiplied by the total sample size in order to take the size of the survey

into account.

A number of examples have been discussed in detail in the following sections. A com-

plete summary of results is given in Table 2.8 and Figures included in Appendix A.
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Table 2.7. The number density n of spectral types ranging from M3-T8 V. Table
from Caballero, Burgasser & Klement (2008)

Spectral Type M; [I—J J—- K n dr—a5
(mag) (mag) (mag) (10~°pc™®) (pc)
M3-4V 9.07 1.83 0.84 19.6 7700
M4-5V 10.14 1.80 0.86 16.3 5700
M5-6 V 11.91 247 0.90 9.81 3100
M6-7V 1290 2.72 0.93 4.90 2200
M7-8V 14.16 3.24 0.98 1.907 1300
M8-9V 14.68 3.54 1.06 1.285 1100
M9-LOV 1523 3.80 1.12 0.768 840
LO-1V 1527 3.55 1.27 0.637 820
L1-2V 15.69 3.50 1.38 0.861 680
L2-3V 16.19 3.62 1.43 1.000 550
L34V 16.67 3.72 1.49 0.834 450
L4-5V 17.14  3.81 1.54 0.819 360
L5-6V 17.61  3.90 1.60 0.869 290
L6-7V 18.07 4.06 1.66 0.785 240
L7-8V 18.52 4.12 1.71 0.644 190
L8-9V 1890 4.22 1.81 0.462 160
LI9-TOV 1895 4.40 1.73 0.308 160
TO-1V 19.01 4.63 1.58 0.220 160
T1-2V 19.04 4.94 1.17 0.241 150
T2-3V 19.04 5.19 0.81 0.406 150
T3-4V 19.07 5.23 0.51 0.788 150
T4-5V 19.22 5.01 0.29 1.42 140
T5-6 V 19.61 4.76 0.11 2.38 120
T6-7V 20.35 5.25 0.00 3.45 85
T7-8V 21.60 5.50 -0.06 4.82 48
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2.5.1 Examples of White Dwarfs with a NIR Excess Indicative of a
Low Mass Companion

SDSSJ003902.47—003000.3;: A White Dwarf with an Unresolved Low M ass Stellar
Companion

SDSS J0039—003’s optical spectrum shows no obvious evidence for an M-dwarf com-
panion. EIS06 give the white dwarf physical parameters as T = 12,314 + 268K and
log g = 7.39£0.08 from an automated fit to the optical spectrum. When compared to an
atmospheric model at this temperature and gravity, a large excess is visible in the SDSS
Z'-band (Figure 2.7), with a clear strong excess emission in the UKIDSS Y JH K-band
photometry. The predicted absolute K -band photometry of the potential companion sug-
gests a spectral type of M7. However, it was found that a composite WD+-L0 spectrum

is the best fit to the UKIDSS photometry.

I first identified this result in UKIDSS DR2 and follow-up J H K -band photometry was
obtained using SOFI on the NTT in October 2007 (Section 2.4). The SOFI photometry
confirms the presence of a NIR excess and agrees that the companion is likely of spectral
type LO. The UKIDSS mergedClass statistic for SDSS J0039—003 indicates the system
is a point source, with a measured FWHM of 0.73” in the J-band. This equates to a
projected orbital separation of < 284 AU for the secondary at the estimated distance to
the white dwarf (Table 2.9). However, the low mass of the white dwarf (0.34+0.02M,)
suggests an accelerated evolution caused by a secondary component, and so it is likely
that the companion is close. If this is the case, a discrepancy in estimated spectral type of

the secondary may arise from variability in the NIR photometry, due to night and dayside
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FIGURE 2.7. SDSS J003902.47—003000.3 model spectrum (black solid) with SDSS
griz’ (blue), UKIDSS Y JHK (red) and NTT JH K photometry (purple). Also
shown are the SDSS spectrum (light grey) and a composite WD-+LO0 spectrum (dark

grey).
heating of the companions atmosphere. NIR time series photometry is needed to confirm

this scenario.

SDSSJ012032.27—001351.1: A White Dwarf with a resolved Low Mass Stellar
Companion

SDSS J0120—-001 was classified as a DA white dwarf by EIS06 with T, = 10,487 £+
194K and log ¢ = 7.91 £ 0.23. However, the SDSS finder image shows a faint red
background object which may have contaminated the optical spectrum to some extent
(Figure 2.8). An excess is clearly seen in the UKIDSS photometry, most likely due to
this background source. Indeed, a closer inspection of the SDSS and UKIDSS images
(Figure 2.9 & 2.10) reveals that the white dwarf has not been detected in the the NIR
and hence it is only the flux from the nearby red object that is being measured. The

two components are separated by ~ 2” equating to a projected orbital separation of
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FIGURE 2.8. SDSS J012032.27—001351.1 model spectrum (black solid) with SDSS

griz’ (blue) and UKIDSS Y J H K photometry (red). Also shown is the SDSS spec-

trum (light grey) and an M7 spectrum scaled to the K -band magnitude of the putative
secondary.

~ 910 AU. If the two are associated then the UKIDSS photometry is best matched by an

M7 dwarf scaled to the estimated distance of the white dwarf.

The expected number density of stars of spectral type M6-M8 V is 6.8 x 103 pc 3. There-
fore, assuming an error of £1 on the spectral type of the red object, the expected number
of stars of spectral type M6-M8 V in a volume of space defined by the errors of the white
dwarf’s distance (140pc) and the projected separation is P,; =5.8x1072. Thus, this
could be the widest white dwarf + M-dwarf binary to be identified in this work. Follow-
up proper motion measurements are required to assess the association of the two objects,

as a background giant star cannot be discounted at this stage.
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FIGURE 2.9. SDSS finder image of SDSSJ012032.27—001351.1. A red object can
be seen just to the south of the blue white dwarf.

FIGURE 2.10. UKIDSS Y JH K images of SDSSJ012032.27—001351.1. Both ob-
jects from the SDSS image can be seen in the UKIDSS Y -band, with only the south-
ern most object appearing in the J H K images.
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SDSSJ013532.98+144555.8 = NLTT 5306: A White Dwarf with an Unresolved
Brown Dwarf companion

NLTT 5306 is classified by EIS06 as a DA white dwarf with T.g = 8100 + 20K and
logg = 8.08 £ 0.04. The SDSS optical photometry and spectrum (Figure 2.11) show no
sign of an excess due to a stellar companion. However, an excess is clearly visible in the
UKIDSS photometry, with the predicted absolute /-band magnitude of the companion
suggesting a spectral type of L6. A best fit is achieved with a composite blackbody +
LS5 spectrum. At the white dwarf age of 2.1 Gyr (Section 2.6), the DUSTY atmospheric
models (Chabrier et al. 2000, Baraffe et al. 2002) predict a mass of 58+2Mj. There-
fore, it is likely SDSS 0135+144 harbours a brown dwarf companion. The UKIDSS
mergedClass statistic for NLTT 5306 indicates the system is a point source, with a mea-
sured FWHM of 0.96” in the J-band. This equates to a projected orbital separation of

< 57 AU for the secondary at the estimated distance to the white dwarf (Table 2.9).

NLTT 5306 is known to have a high proper motion (u,ps = 0.194” yr—1, Lépine &
Shara 2005). The star was identified in the both the first and second Palomar Sky Surveys
(POSS I and POSS II), and a composite image was produced from the data (Figure 2.12).
No background object can be seen to be present along the path of NLTT 5306, increasing

the likelihood that this star has a secondary low mass companion.
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FIGURE 2.11. SDSSJ013532.984144555.8 model spectrum (black solid) with

SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the
SDSS spectrum (light grey) and a composite WD—+L5 spectrum (dark grey).
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FIGURE 2.12. POSS I and POSS II images of NLTT 5306, with the current and prior
positions of the star respectively marked. Also shown is the current epoch finder
image from SDSS, and a composite J H K image from the UKIDSS DRS.
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SDSS J023247.50—003909.3: Contamination from a Foreground/Background Source

SDSS J0232—003 is a DA white dwarf with EIS06 parameters of T, = 9898 + 161K
and logg = 8.04 £0.24. The white dwarf has ¢/ = 20.11 £ 0.03 and so would be too faint
to be detected by UKIDSS in the NIR. However, a secondary object was detected with a
separation of 2.1” from SDSS J0232—003 (Figures 2.14 & 2.15), equating to a projected
separation of 700 AU. At the estimated distance to the white dwarf of 334 £83 pc, the K-
band magnitude of the potential secondary indicates a spectral type of M8-L2. However,
it was found that a star of spectral type L3 was the best fit to the UKIDSS photometry
(Figure 2.13). This difference in estimates could be due to the large uncertainties in the
UKIDSS magnitudes and therefore distance estimate to the white dwarf. However, it is
highly unlikely that an object of this spectral type would have been seen in the optical
images. Therefore, it is more likely that this is a foreground or background object and so

will be excluded from statistical analysis (Chapter 6).

SDSSJ092452.73+-020712.2 = WD 09224-006: A Helium Atmosphere White Dwar f
with a Brown Dwarf Companion

WD 0922+006 is the only helium atmosphere (DB) white dwarfs in our list of candi-
dates for low mass sub-stellar companions. A helium model atmosphere fit by EIS06
gives physical parameters of T.g = 15,231 + 147K and log g = 8.49 £+ 0.10. A black-
body model calculated using this temperature produces a good fit to both the SDSS pho-
tometry and spectrum (Figure 2.16). Two measurements exist in the UKIDSS database

in close proximity to the position of the star, one with Y .J-band photometry and the
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FIGURE 2.13. SDSSJ023247.50—003909.3 model spectrum (black solid) with

SDSS griz' (blue) and UKIDSS JH K photometry (red). Also shown is the SDSS

spectrum (light grey) and an L3 spectrum scaled to the K -band magnitude of the
putative secondary.
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FIGURE 2.14. SDSS finder image of SDSS J023247.50—003909.3. A red object can
be seen just to the south west of the blue white dwarf.

FIGURE 2.15. UKIDSS JH K images of SDSS J023247.50—003909.3. The white
dwarf has almost completely faded from view in the J-band image, with the red
object completely dominating in the A and K '-bands.
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other Y H K-band. A closer inspection of the SDSS and UKIDSS images (Figures 2.17
& 2.18) suggests a partially resolved system at the position of WD 09224006 with a
separation of ~ 1.1”. This equates to a projected orbital distance of ~ 240 AU. The
UKIDSS mergedClass statistic for WD 0922+006 indicates the system is an extended
source, and so it is likely that there is a cross contamination of the measured flux from

both components.

The blackbody model fits the first set of Y J-band photometry, which is that of WD (0922
+006A. The second set of measurements, the Y /{ K'-band photometry, is that of the po-
tential companion, with the predicted absolute /-band magnitude suggesting a spectral
type of L3. An L4 spectrum normalised to the UKIDSS K'-band photometry produces
a reasonable fit to all the UKIDSS data for the potential secondary. This would be the
lowest mass object to be found in a wide-orbit around a helium atmosphere white dwarf,

and potentially the first DB + brown dwarf binary.

If an error of 41 is assumed on the spectral type of the secondary then the expected

number density of stars of spectral type L3-L5, is 1.65x10 3pc~3.

So the expected
number of stars of these spectral types within a volume of space defined by the errors
on the white dwarfs distance and the projected separation is P,; =2.8x10~7. Therefore,
if this star is indeed confirmed to be a brown dwarf, then it is highly likely that the two
objects are associated. A spectrum of the potential secondary is required to confirm

the nature of the putative companion and proper motion measurements are required to

confirm the two objects are associated.
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FIGURE 2.16. WD 09224006 model spectrum (solid black) with SDSS griz’ (blue)

and UKIDSS Y JH K photometry (purple: WD, red: putative companion). Also

shown are the SDSS spectrum (light grey) and an L4 spectrum scaled to the /K -band
magnitude of the putative secondary (dark grey).
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FIGURE 2.17. SDSS finder image of WD 09224-006. There is a hint of possible red
contamination in the south east corner of the blue white dwarf.
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FIGURE 2.18. UKIDSS Y JH K images of WD 0922+006. The red object clearly
begins to dominate at longer wavelengths.
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SDSSJ154431.47+060104.3: A White Dwarf with an Unresolved T dwarf Compan-
ion

SDSS 15444060 shows no optical excess when compared to a blackbody model at T =
7946 + 66 K, the temperature assigned by the EIS06 automated fit (Figure 2.19). An ex-
cess is clearly visible in each of the UKIDSS bands with the predicted absolute /'-band
magnitude of the secondary suggesting a companion type of early T. Each data point
matches a composite WD-+T3 model particularly well with the .J-band photometry pos-
sibly indicating the detection of the CH, absorption feature. If confirmed this would
potentially be the first detection of a WD+dT dwarf binary. The UKIDSS merged-
Class statistic for SDSS J1329+123 indicates the system is a point source, with a mea-
sured FWHM of 2.12” in the J-band. This equates to a projected orbital separation of
< 190 AU for the secondary at the estimated distance to the white dwarf (Table 2.9).
If the system were in a close orbit the secondary would be the lowest object to have
survived common envelope evolution. Spectroscopic confirmation is now urgently re-
quired for this potential new type of WD binary system, with follow up radial velocity

measurements to assess the separation of components.

SDSSJ222551.65+001637.7: A White Dwarf with a Partially Resolved Brown Dwar f
Companion

SDSS J2225+001 shows no sign of an M dwarf in it’s optical spectrum and an atmo-
spheric model (a cooler model was obtained in this case) with parameters of T.g =

10,000K and log g = 8.00, a close matched to the EIS06 autofit parameters of T.g =
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FIGURE 2.19. SDSSJ154431.474060104.3 model spectrum (solid black) with

SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the
SDSS spectrum (light grey) and a composite WD+T3 dwarf spectrum (dark grey).
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10640 £ 94K and log g = 8.16 % 0.09) matches the SDSS photometry (Figure 2.20). A
clear excess is then seen in the A and K-band photometry with the predicted absolute
K-band magnitude of the secondary suggesting a spectral type of approximately L6. A
composite WD-+L7 model provides the best match in this case. The UKIDSS merged-
Class statistic for SDSS J2225—001 suggest the system is a partially resolved. However,
there is not a clear separation of the components in the UKIDSS images. The measured
FWHM of the star is 2.28” in the K -band which equates to a projected orbital separation

of < 435 AU for the secondary at the estimated distance to the white dwarf (Table 2.9).

Since SDSS J22254-001 is a good candidate for a rare, previously unknown unresolved
substellar companion to a white dwarf, independent JH K photometry was obtained at
the 3.5m NTT at La Silla in October 2007 (Section 2.4). Indeed, the SOFI JH K pho-
tometry confirms the NIR excess and is a good fit to the WD+L7 composite model. The
SOFI K-band image of SDSS J22254-001 is shown in Figure 2.21, and shows that the
system may indeed become resolved with a higher resolution instrument. The FWHM

of the star in this image is 1.8” which equates to an orbital separation of < 350 AU.

2.5.2 Magnetic White Dwarfs

Twelve hydrogen atmosphere magnetic white dwarfs (DAHSs) and a single helium atmo-
sphere magnetic white dwarf (DBH) were found in the cross correlation between the
EIS06 and McCook & Sion catalogues, and the UKIDSS DRS5 database. All of these

were found to fit their predicted near-infrared photometry to within 3o of their UKIDSS
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FIGURE 2.20. SDSSJ222551.654+001637.7 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the
SDSS spectrum (light grey) and a composite WD+L7.5 dwarf spectrum (dark grey).

FIGURE 2.21. K-band image of SDSS J222551.65+001637.7 taken with SOFI on
the NTT. The star is in the centre and is clearly elongated, possibly indicating the

system is becoming resolved.
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observed values, with the exception of SDSS J121209.31+013627.7 (see below). In an
attempt to increase this sample size, a further cross correlation was performed between
the UKIDSS DRS database and a list of known magnetic white dwarfs from Kawka et al.
(2007). However, after accounting for duplicate entries between the catalogues, this only
increased the sample by a single DAH star. Fortunately this star turned out to exhibit a

near-infrared excess and is discussed below.

SDSSJ121209.31+013627.7

SDSS J1212+013 was first identified as a binary through an optical spectrum and a single
photometric J-band detection, limiting the spectral type of the secondary to L5 or later
(Schmidt et al. 2005). It was initially though to be a detached system until Debes et al.
(2006) detected strong cyclotron emission, an indication of mass transfer, in /'-band time
series photometry. Both Koen & Maxted (2006) and Burleigh et al. (2006b) detected
optical variability consistent with that of a polar in a low accretion state. The near-
infrared excess was successfully modelled by Farihi et al. (2008), who modelled the
system as a DAH + a brown dwarf companion of spectral type L8. Although the evidence
suggests that SDSS J1212+013 is a CV in a low state, the near-infrared observations do
not rule out accretion occurring via a wind. Therefore, this system shall be considered

for statistical analysis (Chapter 6).
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SDSSJ125044.42+154957.4 = WD 1248+161

WD 1248+161 is a DAH white dwarf identified by Vanlandingham et al. (2005) in the
SDSS DR3. It has an estimated effective temperature of 7.¢ = 10,000K and a polar
magnetic field strength B, =20MG. The SDSS optical spectrum and photometry are
a reasonable fit when compared to a blackbody model generated at the effective tem-
perature of the star, with a clear excess in all four of the UKIDSS bands (Figure 2.22).
It was found that all of the UKIDSS data could not be matched consistently with any
composite model, with a discrepancy existing between the JH and the K-band pho-
tometry. This could be explained by the existence of strong cyclotron emission due to
the magnetic field of the white dwarf, increasing the flux in the K -band (Section 1.1.3).
Therefore, the predicted absolute magnitude of the secondary was calculated using the
H-band, which suggests a spectral type of M8. A composite WD+M8 model matches
the UKIDSS JH photometry, however the .J-bands data must be interpreted with cau-
tion as it was flagged as ’noise’ in the UKIDSS archive. Another source of this excess
K-band emission cannot be ruled out at this stage, such as the presence of a debris disk,

and so near-infrared spectroscopy is required to identify the source of this flux.

The UKIDSS mergedClass statistic for WD J12484-161 indicates the system is a point
source, with a measured FWHM of 1.57” in the H-band. This equates to a projected
orbital separation of < 245 AU for the putative secondary at the estimated distance to the

white dwarf (Table 2.9).
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FIGURE 2.22. WD 12484161 model spectrum (solid black) with SDSS griz’ (blue)

and UKIDSS H K (red) photometry. Also shown are the SDSS spectrum (light grey)

and a composite WD+M8 dwarf spectrum (dark grey). The single J-band observa-

tion (purple) was classified as noise in the DR5 database and should be treated with
caution.



CHAPTER 2. WHITE DWAREFS IN UKIDSS 79

2.5.3 Debris Disks

SDSS J122859.92+-104033.0

SDSS J1228+104 was first identified by Ginsicke et al. (2006) in DR6 of the SDSS,
where they identified distinct emission lines of the Calcium 850-866 nm triplet. The
lines profiles of the Ca emission triplet show a double-peaked morphology, indicative
of a gaseous, rotating disk. The velocity of the Ca II lines peaks indicated an outer
radius of the disk of ~ 1.2R. The star was later investigated in the NIR by Brinkworth
et al. (2009), where it was discovered to have a large near- and mid-infrared excess, an
indication of the presence of a dusty component in addition to that of the gas. This was
the first evidence for the coexistence of a both a gaseous and dusty debris disk around a

white dwarf.

SDSS J1228+104 was recovered in this work as having a large /K '-band excess, as was

expected from this system.

SDSS J132044.68+001855.0 = WD 1318+005

The SDSS optical spectrum of WD 13184005 shows no evidence for a companion, and
the UKIDSS JH photometry can be matched with a white dwarf model for T,z =
19, 649K and log g = 8.36 (Figure 2.23). However, the UKIDSS K'-band measurement
is 3.10 in excess of this model, and can be matched by the addition of a 600 K blackbody

to the white dwarf model. The UKIDSS mergedClassstatistic for WD 1318+005 (-1) in-
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FIGURE 2.23. WD 1318+005 model spectrum (solid black) with SDSS griz’ (blue),

UKIDSS Y JHK (red) and AAO IRIS2 K-band photometry (purple). Also shown

are the SDSS spectrum (light grey) and a combined WD + 600 K blackbody model
(dashed grey).

dicates the system is a point source, which rules out contamination due to a background

galaxy.

Near-infrared photometry of WD 1318+005 was also obtained with IRIS2 at the 3.9m
Anglo-Australian Telescope (Section 2.4). These data independently confirm the K-
band excess emission (Figure 2.23). WD 1318+005 possibly possesses a warm debris
disk, and if so then it is highly likely to be a DAZ white dwarf. Although it cannot be
classified as a DAZ from the existing low resolution SDSS optical spectrum, this star lies

in the temperature regime of these objects.

SDSSJ155720.77+-091624.7

SDSS J1557+091 shows no optical excess when fitted with an atmospheric model with

physical parameters of 7, = 21990+403K and log g = 7.6740.06 (EIS06). An excess
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FIGURE 2.24. SDSSJ155720.774091624.7 model spectrum (solid black) with

SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the

SDSS spectrum (light grey), a combined WD+L4 dwarf model (dark grey), and a
combined WD+700 K blackbody model (dashed grey).

is clearly evident in the /K '-band photometry which is best matched by the addition of a
700K blackbody, indicating a potential cool disk. However, it should also be noted that
there is a possible excess in the Y and .J-band photometry which can be best matched
by the addition of a companion with spectral type L4. This is within 20 of the H-band
flux and so a sub-stellar companion, or indeed another source, cannot be discounted
as a possibility at this stage. The UKIDSS mergedClass statistic for SDSS J1557+091
indicates the system is a probable point source (-2: 70% probability that the source is
stellar), with a measured FWHM of 0.51” in the J-band. This equates to a projected
orbital separation of < 250 AU for a secondary star at the estimated distance to the white

dwarf (Table 2.9).
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2.6 Low Mass Star or Brown Dwarf?

In order to assess whether or not each putative companion is a low mass main-sequence
star or a brown dwarf an estimate of the mass of the secondary has been calculated.
Firstly an age of the white dwarf was calculated by the addition of the white dwarf cool-
ing age (Section 2.3.3) and the main-sequence lifetime of the progenitor star. This was
estimated using the initial-final mass relationship of Dobbie et al. (2006) (Section 1.1.5),
which is valid for initial masses > 1.6/ (Kalirai et al. 2008). An approximate main-
sequence lifetime can then be calculated from the models of Girardi et al. (2000). It
should be noted that for white dwarfs where Mwp < 0.5M it is highly likely that the
star has evolved through mass transfer and for these stars an age can not be calculated
through this method. However, this can be seen as further evidence for the existence of
a secondary star. For these stars, a lower limit on the mass of the secondary is estimated

by using the cooling age of the white dwarf.

A mass for the secondary can then be estimated by interpolating the DUSTY atmospheric
models (Chabrier et al. 2000, Baraffe et al. 2002), given the age of the white dwarf and
an estimate of effective temperature of the companion. The temperatures were estimated
by comparison with observed M, L and T-dwarfs (Vrba et al. 2004) and assuming an
error of +1 spectral type. For the WD-+dM binaries, masses have been estimated by
referring to the models of Baraffe & Chabrier (1996). The results are given in Table 2.9

and plotted in Figure 2.25.
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Table 2.8. Summary of proposed sources for the near-infrared excesses identified in
UKIDSS. For the resolved systems, the probability of a chance alignment is given.
Further information on systems with a putative companion is given in Table 2.9.

SDSS1J WD Proposed Source of Excess Figure
003902.47-003000.3 - Unresolved Companion 2.7
003923.04+003534.7 - Unresolved Companion Al
012032.27-001351.1 - Resolved Companion (P, = 5.8 x 107%) 2.8
013532.98+144555.8 01324145 Unresolved Companion 2.11
023247.50-003909.3 - Foreground/Background Object 2.13
032317.00-002612.7 - Foreground/Background Object A2
034221.55+005345.6 - Foreground/Background Object A3
085956.47+082607.5 - Unresolved Companion A4
090759.59+053649.7 - Unresolved Companion A5
092452.73+020712.2  0922+006 Resolved Companion (P, = 2.8 x 107%)  2.16
092648.84+102828.8 - Unresolved Companion A.6
100259.88+093950.0 - Unresolved Companion A7
101642.93+044317.7 - Unresolved Companion A.8
103220.19+011227.0 - Foreground/Background Contamination A9
103448.92+005201.4 1032+011 Unresolved Companion A.10
103736.75+013912.2 - Unresolved Companion A.ll
104933.58+022451.7 - Foreground/Background Object A.12
105332.62+020126.2 - Foreground/Background Object A.13
113416.09+055227.2 - Unresolved Companion A.14
115808.44-012312.9 1155-011 Unresolved Companion A.15
121209.31+013627.7 - Unresolved Companion (Magnetic WD) -
125044.42+154957.4 1248+161 Unresolved Companion (Magnetic WD) 2.22
122859.92+104033.0 - Debris Disk -
132044.684+001855.0 1318+005 Debris Disk 2.23
132925.21+123025.4 - Unresolved Companion A.16
154431.47+060104.3 - Unresolved Companion 2.19
155720.77+091624.7 - Debris Disk 2.24
220841.63-000514.5 - Resolved Companion (P, = 3.7 x 107%)  A.17
222030.68-004107.9 - Partially Resolved Companion -
222551.65+001637.7 - Partially Resolved Companion 2.20
233345.97-000843.0 - Unresolved Companion A.19
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If a value of 70Mj is assumed as a conservative cut-off mass for the stellar-substellar
boundary, then 6 new DA white dwarf + brown dwarf binaries and 1 new DB white
dwarf + brown dwarf binaries have potentially been discovered (1 DA+LS8 has been
spectroscopically confirmed, Steele et al. 2009). All of these have spectral types of L4

or later, with one candidate WD + T-dwarf.



Table 2.9. Table of results for SDSS white dwarfs with NIR excess indicative of a companion: most likely companion spectral types
and mergedClass (MC) stats indicating the possibility that a system is a widely separated (+1) or a close detached binary (-1 or -2).

SDSS1J WD Spec. Types MC Myp (My) d (pc) Total Age (Gyr) Mcomp Myyp)  a(AU)
101642.93+044317.7 - DA+dM3 -2 040+0.01 660+ 30 > 0.01 350 & 150 < 530
085956.474-082607.5 - DA+dM6 -1  0.36+£0.02 400 =+ 20 > 0.1 108 + 18 < 650
113416.09+055227.2 - DA+dM6 -1  0.57+£0.04 58050 1.6707 108 + 18 < 510
012032.27—001351.1 - DA+dM7 -1 0.56+0.12 410=£70 22738 93+38 ~ 910
103736.754+013912.2 - DA+dM7 -1 0494+0.02 330410 37104 93+38 < 330
115808.44—012312.9 1155—011 DA+dM7 -1 ~0.60° 280+ 10 ~ 1.8 93+38 < 270
132925.214-123025.4 - DA+dM7 -1 0.36+£0.01 21010 > 0.2 93 + 8 < 235
233345.97—000843.0 - DA+dM7 -1  0.83+0.18 390+ 100 11553 93 +38 < 350
092648.84+102828.8 - DA+dM8 -1 0.68+0.17 4804110 1.0733 85+5 < 800
125044.42+154957.4 12484161 DAH+dMS8 -1 ~0.60" 150 £ 10 > 0.6 85+5 < 245
003923.04+003534.7 - DA+dM9 -1  0.6040.06 230+ 20 1.8%02 80+ 3 < 263
003902.47—003000.3 - DA+dLO -1 0.3440.02 390 =+ 30 > 0.3 > 80 < 484
100259.884-093950.0 - DA+dLO -1 0.574+0.03 540+30 1.6703 78+ 7 < 420
220841.63—000514.5 - DA+dL1  +1 0.7840.08 170420 1.57098 71+5 ~ 290
090759.59+053649.7 - DA+dL4 -1  0.54+0.02 360420 2.170° 58 + 2 < 600
092452.734+020712.2 09224006 DB-+dL4  +1 0.90£0.06 200 = 20 0.6703 55+ 6 <~ 240
013532.98+144555.8 0132+145 DA+dL5 -1 0.65+0.03 60+ 10 2.1793 58 + 2 <57
103448.924+005201.4 10324011 DA+dL5 -1 0.68£0.10 200 =+ 30 14709 55+ 4 < 150
222551.65+001637.7 - DA+dL7  +1 0.70+£0.06 190420 1.2153 4743 < 350
121209.31+013627.7 - DAH+dL8 -1 ~ 0.602 ~ 1502 1—52 ~ 50? ~ 0.003
222030.68—004107.9 - DA+dL8  +1 0.77+£0.04 60=+10 2.1703 4943 55
154431.474+060104.3 - DA+dT3 -1 0.854+0.09 90+ 10 2.670% 46 + 2 < 190

!Surface gravity estimated from mass distribution of white dwarfs (Typical white dwarf mass assumed).
2Farihi et al. (2008)
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FIGURE 2.25. Predicted masses of companions based on the DUSTY models. The solid grey lines show the DUSTY models of

various ages in Gyrs.
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CHAPTER 2. WHITE DWAREFS IN UKIDSS 87

2.7 A Wideor CloseBinary?

The evidence thus far suggests a bimodal distribution of separation for white dwarf +
low mass secondary binaries (Section 1.2). The UKIDSS mergedClass statistic may
provide us with evidence which supports this conclusion. The white dwarf PHL 5038
(Chapter 5) was identified using this statistic as a partially resolved source, and was later
fully resolved into a wide orbiting (= 55 AU) WD+LS8 binary. Therefore, it may be

possible to separate these stars into long and short period systems using this value.

In order to investigate this possibility, the resolving power of UKIDSS must be deter-
mined for the binary candidates in this survey. The UKIDSS photometry is measured
using a 2” aperture in all bands. The projected orbital separation for this radius at dis-
tances from 10-100 pc are plotted in Figure 2.26. The same is also plotted for the average
FWHM of the binary candidates (1.2”). It can be seen that for the majority of stars it will
not be possible to distinguish between long (Orbital distance >few AU) and short period
(Orbital distance < 0.1 AU) period systems if the system is classified as a point source,
unless the binary has a particularly wide orbit. The maximum and projected orbital sep-

arations for all unresolved and resolved candidates in this survey are given in Table 2.9.

2.8 Summary

The UKIDSS LAS DRS5 has been cross correlated with both the Eisenstein et al. (2006)

and the McCook & Sion online catalogues of spectroscopically identified white dwarfs,
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CHAPTER 2. WHITE DWAREFS IN UKIDSS 89

in order to search for stars displaying NIR excesses indicative of low mass companions
or debris disks. The sample included 639 hydrogen atmosphere DA white dwarfs with
1500 < Teg < 100,000K and 6.5 <logg < 9.5, and 10 helium atmosphere DB white
dwarfs with 3500 < T, < 30,000K and 7.0 <log g < 9.0, all with both H and K'-band

photometry present in the UKIDSS archive.

235 white dwarfs were identified with NIR excesses, with 206 of these recovering previ-
ously identified DA+M and DB+M type systems. This left 29 candidate white dwarfs
for further analysis. 24 of these had multiple excesses indicative of a low mass compan-
ion, with 7 of these having a predicted mass in the range associated with brown dwarfs,
and a further 13 likely very low mass stellar companions. Two white dwarfs were identi-
fied with putative companions that are likely spectral class K. Four of the sample showed
evidence of contamination by a foreground or background object. The remaining three
each had a K-band excess indicative of a debris disk including the already discovered
DAd SDSS J1228+104. Two magnetic white dwarfs were found with a NIR excess; (1)
SDSS J1212+01 - a previousley identified DAH+-dL8 binary, and (2) SDSS J12504-154
- potentially explained by the presence of an M8 companion and additional cyclotron

emission.



Chapter 3

NIR Spectroscopic Observations of
WD-+dM Binaries

3.1 Overview

M-dwarfs are typically assigned spectral types based on key features in their optical
spectra. An M-dwarf is formally identified by the onset of titanium oxide absorption
(Morgan et al. 1943) in the blue/green end of the optical spectrum (although this can
already be strong at infrared wavelengths). Titanium oxide absorption peaks at around
M5, with vanadium oxide absorption dominating in the later spectral types. However,
as M-dwarfs are low luminosity red stars it seems that a classification system based on
redder wavelengths would be more appropriate. To that end, the system “officially” used
today is that of Kirkpatrick, Henry & McCarthy (1991). Their system is based on a
point-by-point least squares comparison of low resolution spectra across the wavelength
range 0.63-0.9um against a grid of standard stars, comparing both the relative strength

of key absorption lines (TiO, VO and CaH) and the overall shape of the spectrum.

90
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White dwarf 4+ M-dwarf binaries are usually dominated by the flux of the latter at the red
end of an optical spectrum, with the white dwarf practically drowned out at near-infrared
wavelengths. Thus, the two components can easily be separated using broadband near-
infrared photometry and spectroscopy. There are many examples of near-infrared pho-
tometric searches for white dwarfs with red companions (Green et al. 2000b, Wachter
et al. 2003, Farihi, Becklin & Zuckerman 2006, Debes et al. 2007, Mullally et al. 2007).
These can then assigned spectral types by measuring the excess of flux above the con-
tinuum level of the white dwarf primary and comparing to existing data and/or models.
However, irradiation by a close white dwarf companion, or activity in the secondary
dwarf star, can lead to an increase in the excess emission observed in the infrared, and
a change in the strength of the absorption lines of the companion. For example, K I (at
1.25pm) and Na (at 2.2,4m) absorption are strengthened with the onset of activity in mid
to late-type M-dwarfs (Kafka & Honeycutt 2006). Therefore, the most accurate method
is to spectrally type the secondary based on key absorption line strengths in conjunction

with measuring the excess flux as outlined above.

Near-infrared spectroscopy also allows for the investigation of post-common envelope
(CE) binaries (pre-CVs: Schreiber & Ginsicke 2003). Tappert et al. (2007) analysed
K -band spectroscopy of a sample of pre-CVs in order to investigate the strength of the
CO features. Any anomalous abundances in this feature indicate that the secondary star
has CNO processed material which has found its way into the photosphere. There are
two possible explanations; (1) The nuclear evolution of the secondary star off the main

sequence can account for this material. However, as the stars studied by Tappert et al.
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(2007) are of comparatively late spectral types (>KO) this is ruled out as a scenario for
these anomalies, as insufficient time for nuclear evolution would have passed before the
CE to CV phase i.e. the secondary will remain in its hydrogen burning phase throughout
the evolution of the white dwarf progenitor. (2) Accretion of the CNO material by the
secondary star during the CE phase or through the ejection of material in nova eruptions.
Therefore, anomalous CO abundances in these low mass companions would indicate
material has been acquired during the CE phase. A number of the secondaries in this
work are probably in close orbits with the primary and so a similar analysis to that of

Tappert et al. can be carried out.

This chapter presents a detailed near-infrared spectroscopic study of eleven DA white
dwarfs looking at binary systems with confirmed low mass M-type companions. Nine
of the sample are hot (7. >18,000 K) white dwarfs which all have near-infrared spectra
consistent with early to mid-M type companions. I have also looked at two cooler DAs
(Tegr <9000 K), one of which harbours a mid-M type and the other a late-M type compan-
ion (M8). A spectral type is assigned to each companion based on flux level and relative
strength of key absorption lines in the near-infrared when compared to composite white
dwarf + M-type spectra. These are compared to previous optical photometric estimates
of the secondary’s spectral type with near-infrared spectroscopic determinations. Seven
of the secondary stars have spectral types in agreement with previous optical photometric
estimates, with the remainder no more than +1 spectral type away. I have searched for
evidence of accretion by the secondary during a common envelope phase by looking for

anomalous CO features in the spectra of the short period binaries. No such evidence was
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found.

3.2 Observations

Low resolution near-infrared spectra were obtained for six DA white dwarf + M-dwarf
(WD+M) binaries using the ESO Son-of-Isaac (SOFI) infrared instrument on July 29"
to August 15 2004, and August 22"¢ 2004. SOFI operates at the Naysmyth A focus of
the NTT and includes a Rockwell Hg:Cd:Te Hawaii detector with 1024 x 1024 18.5um
pixels. In the low-resolution spectroscopic mode (A/J\ ~ 950 with the 0.6 arcsec slit),
as used for this work, coverage of the wavelength ranges 0.95-1.64um and 1.53-2.52m

is provided by the ’blue’ and 'red’ grism, respectively.

Near-infrared spectra were also obtained for a further four DA white dwarf + M-dwarf
binaries using the UKIRT CGS4 instrument on August 10" and 12" 2001, and April
15 and 26" 2003. The UIST instrument was also used for three of these on March 224,
23, and 25" 2003. CGS4 is 1-5um 2D grating spectrometer containing a 256 x 256
InSb array installed in a cryostat. The observations used the 40l/mm grating provid-
ing a wavelength coverage of 0.9-1.35um which provides resolving powers of 500-220,
achieved with 300 mm focal length camera optics and a one-pixel-wide slit. UIST is a
1-5um 1mage spectrometer with a 1024 x 1024 InSb array. In spectroscopic mode it
uses a 0.12"/pixel camera and for the observations the H K grism was used covering a

wavelength range of 1.6-2.2m.
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The observations were undertaken using the standard technique of nodding the point
source targets back and forth along the spectrograph slit in an ABBA pattern. To facilitate
the removal of telluric features from the target spectra and to provide an approximate
flux calibration, a standard star was observed either immediately before or after each
science integration. These were carefully chosen to lie within ~ 0.1 airmasses of each
white dwarf. In addition, regular exposures of the arc lamps were obtained to permit
reliable wavelength calibration of the spectra. All of the observations are summarised in

Table 3.1.

3.3 DataReduction

To reduce the SOFI data standard techniques were applied using software routines in
the STARLINK packages KAPPA and FIGARO. In brief, a bad pixel mask was con-
structed by merging a list of anomalously valued pixels clipped from dark frames with
a generic map of bad array elements obtained from the ESO SOFI web pages.! This
was applied to all the data. The science, standard star and arc lamp spectral images
were flat fielded with a normalised response map appropriate to either the blue or the red
grism setup. Subsequently, difference pairs were assembled from the science and stan-
dard star images and any significant remaining sky background removed by subtracting
linear functions, fitted in the spatial direction, from the data. The spectra of the white
dwarfs and the standard stars were then extracted and assigned the wavelength solution

derived from the relevant arc spectrum. Any features intrinsic to the energy distributions

'www.lIs.eso.org/lasilla/sciops/ntt/sofi/index.html



Table 3.1. Summary table of observations for each white dwarf in the sample.

WD Date Instrument/Filter Exposure Time (s) No. Exposures Standard Star
00174061 30-07-2004 SOFI GBF 60.0 8 HIP 682
00174061 30-07-2004 SOFI GRF 60.0 8 HIP 682
0131—-163 10-08-2001 CGS4 J 30.0 8 BS 695
0131—-163 10-08-2001 CGS4 K 30.0 4 BS 695
0419—-487 22-08-2004 SOFI GBF 30.0 4 HIP 20654
0419—487 22-08-2004 SOFI GRF 30.0 8 HIP 20654
0752—146 23-03-2003 UIST HK 240.0 8 HIP 39187
1305+018 31-07-2004 SOFI GBF 60.0 6 HIP 63683
1305+018 31-07-2004 SOFI GRF 60.0 6 HIP 63683
1412—-049 29-07-2004 SOFI GBF 60.0 8 HIP 69747
1412—049 30-07-2004 SOFI GRF 60.0 8 HIP 69747
1415+132 15-04-2003 CGS4 J 60.0 12 HIP 68868
1415+132 22-03-2003 UIST HK 240.0 12 HIP 68868
1622+323 26-04-2003 CGS4 J 60.0 4 HIP 80460
1622+323 25-03-2003 UIST HK 240.0 8 HIP 80460
1643+143 31-07-2004 SOFI GBF 60.0 4 HIP 82372
1643+143 31-07-2004 SOFI GRF 60.0 4 HIP 82372
1845+019 12-08-2001 CGS4 J 30.0 4 BS 6866
1845+019 12-08-2001 CGS4 K 30.0 4 BS 6866
2151-015 01-08-2004 SOFI GBF 60.0 4 HIP 107333
2151-015 01-08-2004 SOFI GRF 60.0 6 HIP 107333
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of the standard stars were identified by reference to a near-IR spectral atlas of fundamen-
tal MK standards (Wallace et al. 2000, Meyer et al. 1998, Wallace & Hinkle 1997) and
were removed by linearly interpolating over them. The spectrum of each white dwarf
was then co-aligned with the spectrum of its standard star by cross-correlating the tel-
luric features present in the data. The science spectra were divided by the standard star
spectra and multiplied by a blackbody with the standard star 7.g, taking into account
the differences in exposure times. Finally, the flux levels were scaled to (1) achieve the
best possible agreement between the blue and the red spectrum of each white dwarf in
the overlap region between 1.53 — 1.64um and (2) obtain the best possible agreement
between the spectral data and the J, H and K's photometric fluxes for each object (Ta-
ble 3.4.2) derived from the 2MASS All Sky Data Release Point Source Catalogue mag-
nitudes (Skrutskie et al. 1995) where zero magnitude fluxes were taken from Holberg &

Bergeron (2006).

CGS4 and UIST spectra were reduced using the latest version of the ORAC data reduc-
tion pipeline?. However, wavelength and flux calibration were applied manually as it was
found that ORAC-DR did not do a satisfactory job of removing telluric features from
the standard star spectra. In brief, ORAC-DR was used to conduct bad-pixel correction,
flat fielding and the co-addition of the nodded images. The extraction and calibration of
the spectrum was then continued as outlined previously using the KAPPA and FIGARO

packages.

2http://www.oracdr.org/
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3.4 Analysisof Data

3.4.1 White Dwarf Model Spectra

For each object with Tog > 16 000K we have generated a pure-H synthetic white dwarf
spectrum (as outlined in Section 2.3.3) at the effective temperature and surface gravity
given in Table 3.4.2. Model spectra were not calculated for the coolest two of the white
dwarf sample (WD0419—487 and WD2151+4015), as these stars are in the temperature
range for which convection becomes a significant factor, and the TLUSTY models have
problems converging. For these stars blackbody models were generated instead using the
FIGARO routine bbody. The synthetic fluxes were normalised to the V' -band magnitude

of the relevant white dwarf (Table 3.2)

3.4.2 Spectrally Typing Low Mass Stellar Companions

Each object shows significant differences in the overall shape or level between the ob-
served and synthetic white dwarf spectra which is consistent with the presence of a cool
low mass stellar companion. Additionally, specific features in each spectrum typical of
the energy distributions of M dwarfs were observed e.g. K I and Na I absorption at
1.25pm and 2.20pm respectively, CO at 1.6pm and 2.3 um respectively and H,O centred
on 1.4 and 1.9um. Empirical models have been added of low-mass stellar objects to the
white dwarf synthetic spectrum and these composites have been compared to the near-

infrared data. These templates have been constructed using the near-infrared spectra of



Table 3.2. Summary of the physical parameters for each white dwarf used in this work. The first reference refers to the temperature
and surface gravity, the second to the V'-band magnitude, and the third to the distance. In cases where no reference has been
provided, the distance has been derived by parallax measurements or from the Bloecker evolutionary models.

WD Other Names Tg (K) logg V D (pc) Separation (AU) Refs.
00174061 PGO0017+061 28273  7.756 14.75 102 266 1,2,2
0131—-163 GD 984, REJ0134—160 43722 7.7 13.98 120 21 3,45
0419—487 V*RR Cae, LTT 1951 7005 7.723 14.36 21 - 1,4
0752—146 LTT 2980 18600 7.7 13.59 35 <0.1 5,6
1305+018 PG 1305+018 29430 7.82 15.16 48 - 7,7
1412—049 PG 1414—049 40000 7.8 16.74 333 1200 8,8,8
1415+132 PG 1415+132, Feige 93 34004 7.427 1529 210 - 1,4
1622+323 PG 1622+323 77166  7.838 16.33 520 49 1,9
1643+143 PG 1643+143 25455  7.791 15.38 150 <75 1,4,5
1845+019 REJ 18474015, Lanning 18 29456  7.844 1296 42 - 1,4,1
21514015 LTT 8747 8500 8.0 1441 21 23 8,8,8

1. Finley (1997) 2. Liebert et al. (2005) 3. Green et al. (2000b) 4. McCook & Sion (1999) 5. Farihi et al. (2005) 6. Guseinov et al. (1983)
7. Bergeron et al. (1992) 8. Farihi, Hoard & Wachter (2006b) 9. Green et al. (1986)
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M-dwarfs from the IRTF spectral library (Cushing et al. 2005). The data have been flux
calibrated using J,[{ and Kg photometric fluxes derived from the 2MASS magnitudes

(Table 3.3) as described by McLean et al. (2001).

The fluxes of the empirical templates have been scaled to a level appropriate to a location
at d=10 pc using distances estimated from the parallax of each object (Patten et al. 2006).
Subsequently, these fluxes have been re-calibrated to be consistent with the distance of
each white dwarf. Starting with a spectral type of MOV, later spectral types have been
progressively added to the synthetic white dwarf spectrum, until it could be concluded

with reasonable certainty that the correct flux level had been obtained.

For each binary system the synthetic white dwarf spectrum has been subtracted from the
observed JH K spectrum (J and K only for CGS4 spectra). This gives an accurate rep-
resentation of the flux level and spectral features of the companion. The IRTF spectrum
of a star with the same estimated spectral type of the secondary was added to these plots
to aid visual comparisons and help facilitate spectral typing. The existence of certain
absorption lines and their relative strengths, e.g. K I and Na I, provide an additional con-
straint on the spectral type of the companion, which can be compared to those already

ascertained through optical and near-infrared photometry.

Each star’s spectrum was visually inspected and a qualitative comparison made to the
scaled IRTF spectrum (as was the case in Tappert et al. 2007). In order to quantify the
estimates of each of the secondary spectral types, a suitable absorption line was chosen

to be measured. For the stars in this sample, the only common absorption line that can be



2MASS AllI-Sky Point Source Catalogue.

Table 3.3. Summary details of the white dwarfs studied in this work, including near-IR magnitudes for each star obtained from the

Identity

RA

| Dec

J2000.0

J

H

Kg

WD 00174061
WDO0131-163
WD 0419487
WD 0752—-146
WD 1305+018
WD 1412-049
WD 1415+132
WD 16224-323
WD 16434143
WD 1845+019
WD 2151-015

0019 41.00
01 34 24.07
04 21 05.56
07 55 08.95
1307 54.73
14 15 02.21
14 17 40.21
16 24 48.99
16 45 39.14
18 47 37.51
2154 06.45

+06 24 07.6
—1607 08.1
—483907.0
—144551.0
+01 32 10.7
—0511 04.0
+13 01 48.6
+321702.2
+14 17 46.2
+01 57 24.7
—011710.3

13.738 £ 0.033
12.966 £ 0.027
10.720 £ 0.024
12.621 £ 0.024
12.982 £ 0.026
13.803 = 0.030
14.263 = 0.037
14.633 +=0.029
12.732 £ 0.024
15.861 £ 0.086
12.452 £ 0.029

13.189 £ 0.033
12.468 = 0.028
10.148 £ 0.023
12.141 £ 0.023
12.400 £ 0.023
13.092 £ 0.027
13.725 £ 0.046
13.963 +0.031
12.125 £ 0.031
15.179 £ 0.099
11.778 £ 0.022

12.983 £ 0.032
12.215 £ 0.030
9.852 £ 0.025
11.837 = 0.019
12.144 £ 0.021
12.988 £+ 0.034
13.553 = 0.046
13.773 = 0.039
11.957 £ 0.024
14.692 £ 0.111
11.414 £ 0.027
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distinguished from noise is Na I at 2.2um. This is ideal for spectral typing as it shows a
distinct temperature dependence whilst being independent of luminosity class, and thus

nuclear evolution (Ivanov et al. 2004). The results are discussed in Section 3.5.2.

3.5 Reaults

For the sake of brevity, only two examples are discussed in the following section. The
remaining discussions and spectra are given in Appendix B. The results are summarised

in Table 3.4.

3.5.1 Examples of the Spectroscopic Classification of a Companion

WD 0017+061 = PHL 790

Farihi et al. (2005) used photometry to estimate the spectral type of the companion to
PHL 790 as an M4 star at a projected orbital distance of 266 AU. Figure 3.1 shows the
observed and modelled spectrum of PHL 790 and composite WD+M4 and WD+M3.5
models. Figures 3.2 and 3.3 show the model subtracted spectrum with an M4 star for
comparison. The prominent Na I line at 1.14m and the H5O centred on 1.4xm and
1.9um are consistent with a young early M-type companion. Although the /K'-band be-
comes noisy towards 2.4,m, the CO bands appear visually to be of the same strength as
the M4 comparison spectrum. There is a weak Na I line at 2.2um (EW= 3.9 4+ 0.94,

Table 3.4) which is also consistent with an M4 companion. The observed spectrum ap-
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pears at roughly the same flux level as a WD-+M4 model and so evidence agrees with the
previous spectral typing. At an orbital distance of 266 AU, this system is not a candidate

pre-CV.

WD 0131-163 = GD 984

Farihi et al. (2005) used photometry to estimate the spectral typed of the companion to
GD 984 as an M2 orbiting at a projected distance of <60 AU. Shortly afterwards the sys-
tem was resolved with the Hubble Space Telescope by Farihi, Hoard & Wachter (2006b)
who then estimated the spectral type of the companion, again from photometry, as an
M3.5 orbiting at a projected distance of 21 AU. Figure 3.4 shows the observed J and
K and modelled spectra of GD 984 and composite WD+M3, WD+M3.5 and WD+M4
models. Figures 3.5 and 3.6 show the model subtracted spectrum with an M3.5 for com-
parison. The strong Na I emission line at 2.2um (EW= 7.5 & 0.6A, Table 3.4) suggests
an early M type companion and is consistent with the template M3.5 spectrum, an es-
timate strongly backed by the presence of the visually strong Na I line at 1.14um and
the close correlation to the flux level of an M3.5 companion at 120 pc. The CO bands
at 2.3um do not appear to have been detected at all in the spectrum, probably due to

insufficient S/N at wavelengths > 2.3pm.
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FIGURE 3.1. Model and observed spectrum of PHL 790 with composite models
(dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmospheric transmission.
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FIGURE 3.2. Model subtracted spectrum of PHL 790B with an M4 star (grey) for
comparison. The dashed line indicates a region of very little atmospheric transmis-
sion.
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FIGURE 3.3. Model subtracted spectrum of PHL 790BB showing both the Na I and
CO absorption lines. An M4 star is overplotted for comparison (red).
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FIGURE 3.4. Model and observed spectrum of GD 984 with composite models
(dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmospheric transmission.
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FIGURE 3.5. Model subtracted spectrum of GD 984B in J and K bands, with an
M3.5 star (grey) for comparison. The dashed line indicates a region of very little
atmospheric transmission.
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FIGURE 3.6. Model subtracted spectrum of GD 984B showing both the Na I and CO
absorption lines. An M3.5 star is overplotted for comparison (red)



Table 3.4. Summary of results to the near-infrared spectroscopic identification giving the spectral type of each companions. Also
shown are previous photometric estimates and projected orbital distances.

WD Names Infrared Photmetric Projected Orbital
Spectral Type Spectral Type Orbital Seperation (AU)
00174061 PGO0017+061 M4 M4 266
0131—-163 GD984,REJ0134—160 M3.5 M3.5 < 60
0419—487 V*RR Cae, LTT 1951 M4 M4 -
0752—146 LTT 2980 M6-6.5 M6 < 0.1
1305+018 PG 1305+018 M4-5 M1-M3.5 < 96
1412—-049 PG 1412-049 M1 MO 1200
1415+132 PG 1415+132, Feige 93 M3.5 - -
1622+323 PG 1622+323 MO.5 M1 49
1643+143 PG 1643+143 M2 M2 <75
18454019 REJ 18474015, Lanning 18 M4 - -
21514015 LTT 8747 MS8 M8 23
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3.5.2 Constraining Spectral Types Through Na | Line Strengths

These estimates of the spectral type can be tested by measuring the equivalent width of
a suitable absorption line in the subtracted spectrum of the secondary. For the sample,
the Nal 2.2um line was chosen as it shows a distinctive temperature dependence whilst
being independent of luminosity class (Section 3.4.2). It is also the only absorption
line present in every single star in this sample. The temperatures of the secondaries
can be estimated based on their spectral type assigned from this work. Therefore, if
the estimated temperatures do not correlate with the equivalent width of Na I, then the
spectral type may have been under or overestimated. However, this may also be evidence
for irradiation of the companion by the primary, which would result in an earlier spectral
class being assigned due to excess flux. Equivalent widths were measured using the
spectrum analysis software DIPSO. The results are recorded in Table 3.5 and plotted in
Figure 3.7 along with stars from Jones et al. (1994), Ivanov et al. (2004) and Tappert

et al. (2007) for comparison.

The stars from the previous work show a roughly linear relationship with the equivalent
width of the Na I line decreasing with increasing effective temperature. Although there is
some scatter, the stars in this new sample would appear to follow the same trend to within
30 of the calculated errors in equivalent width. Thus, the spectral types assigned in the
near-infrared and thus the estimated effective temperatures of the secondaries agree with

the measured values of the Na I equivalent width.



CHAPTER 3. NIR SPECTROSCOPIC OBSERVATIONS OF WD-+DM BINARIES107

Table 3.5. Equivalent width of the Nal lines at 2.2,m for each companion

Name EW Nal (2.2m) (A)
WD 0017+061b 3.9+0.9
WDO0131—163b 754 0.6
WD 0419+4105b 6.5+ 0.5
WD 0752—146b 8.9+ 0.5
WD 1305+018b 47405
WD 1412—049b 5.6+ 1.0
WD 1415+132b 3.0+ 0.4
WD 1622+4323b 794 0.6
WD 1643+143b 3.54+0.5
WD 1845+019b 7.0+ 0.6

WD 2151-015b 96t04




CHAPTER 3. NIR SPECTROSCOPIC OBSERVATIONS OF WD-+DM BINARIES108

Figure 3.8 is a near-infrared two colour diagram using the 2MASS photometry of the
targets. This has been subdivided into the regions described by Wellhouse et al. (2005)
(See Section 2.3.2). This allows for the additional investigation into whether the sec-
ondaries have been irradiated by the white dwarf primary, causing an overestimation of
temperature in the targets (Tappert et al. 2007). Irradiation would make the secondary
stars appear bluer and shift them to the lower left of Figure 3.35 in to region I. It can be
seen that most of the secondaries lie within region II, exactly where white dwarfs with
red companions are expected to appear (Section 2.3.2). The exception is WD 18454019
which lies in region III. However, this the faintest target and its position in the diagram

is < 20 from region II.
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FIGURE 3.7. Equivalent width of Nal as a function of effective temperature. Filled circles are the secondaries from this work with
temperatures estimates based on spectral type. Also plotted are stars from Jones (1994) (x), Ivanov et al. (2004) (+) and Tappert et
al. (2007) (o).
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FIGURE 3.8. Near-IR two colour diagram for stars in this work divided in to the Wellhouse et al. (2005) regions delineating; (I) single

white dwarfs, (IT) white dwarfs with late-type main-sequence companions, (III) white dwarfs with lower mass, possible brown dwarf

companions and (IV) white dwarfs contaminated with circumstellar material. Labelled as (1) WD 1415 + 132 (2) WD 1643 + 143

(3) WD 1412 —-049 (4) WD 1622+ 323 (5) WD 13054-018 (6) WD 2151 — 015 (7) WD 0419 — 487 (8) WD 18454019 (9) WD 0752 —
146 (10) WD 0131 — 163 (11) WD 0017+061.
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3.6 Summary

I have determined the spectra type of the M dwarf companions of 11 DA white dwarfs
using near-infrared spectra comparing key features in each star’s spectrum with those

observed in previously observed M dwarfs. The results are summarised in Table 3.4.

Six of the secondary star classifications agree with previous optical and near-infrared
photometric typing. Where the spectroscopic results do disagree this has been no more
than £1 spectral types away from the previous estimate, which could be due to errors in

distance estimates or activity intrinsic to the companion.

The accuracy of the spectral types have been tested by measuring the equivalent width
of the Na I line at 2.2;sm, which shows a roughly linear relationship when compared to
the effective temperature of the secondary. This shows that all of the secondary stars fall
within errors of the expected trend between the equivalent width and effective tempera-
ture of the Na I line. This would suggest that intrinsic stellar activity or irradiation by the
white dwarf primary is not affecting the estimate of the spectral type significantly, and
that in many cases photometry is accurate to within +-1 when assigning a spectral type.
All of the systems also have near-infrared colours expected of white dwarf + M-dwarf

binary systems.

In systems where the companion is known to have a short period (i.e. a close orbit) or
the period is currently unknown, the CO bands at 1.3um have been visually inspected

in comparison with a template star (as was the case in Tappert et al 2007) for evidence
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of accretion during a CE phase. As in Tappert et al. (2007) no evidence has been found
in the sample for anomalous CO absorption indicating a previous CE phase or nuclear

activity in the secondary.



Chapter 4

PG 1234-+482: A Borderline Substellar
Companion

4.1 Oveview

PG 1234 + 482 (PG 1234) is a hot (T ~ 55,000 K) DA white dwarf with some evidence
for metal pollutants in its photosphere. Jordan et al. (1996) reported the detection of Fe
in an Extreme Ultraviolet Explorer spectrum of the star, and Wolff et al. (1998) give the
overall metallicity as 20% that of the archetypal metal-rich hot DA G191 —-B2B using
the same data (a pure-H atmosphere over-predicts the EUV continuum flux and metal
opacities are required to satisfactorily model these data). But Barstow et al. (2003) did
not detect any heavy elements in a noisy International Ultraviolet Explorer far-UV spec-
trum, and only give upper limits on the abundances of C, N, O, Si, Fe and Ni. A quick
analysis of the FUSE spectrum of PG 1234 also failed to reveal any obvious photospheric

metal lines.
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PG 1234 was first observed in the near-infrared by Green et al. (2000b), who reported a
small 1.30 K -band excess and thus did not claim any evidence for a companion. Debes
et al. (2005) later noted significant H and K -band excess from the more precise 2MASS
photometry and suggested the presence of a companion spectral type M8V. More recently
Mullally et al. (2006) measured a mid-infrared excess in two Spitzer IRAC bands (4.5um
and 8.0pm). They modelled the excess using a companion with 7. < 2000K, assigning

a spectral type of early L.

This chapter presents near-infrared spectroscopy for PG 1234 confirming the presence of
the very low mass companion and constraining its spectral type and I discuss the possible

substellar nature of the secondary.

4.2 Observations

PG 12344482 was observed on March 5th 2007 using the Long-slit Intermediate Reso-
lution Infrared Spectrograph (LIRIS) during service time on the 4.2m William Hershel
Telescope (WHT). LIRIS is a near-infrared imager/spectrograph which uses a 1024 x
1024 pixel array HAWAII detector. The pixel scale is 0.25”/pixel, giving a field view of
4.27" x 4.27'. Data were acquired using the H K grism providing a wavelength coverage
of 1.39 — 2.42m. Observations were taken using the standard technique of nodding
the point source targets along the spectrograph slit in an ABBA pattern. For PG 1234
18 x 100s exposures were taken (9 AB pairs) for a total exposure time of 1800s, fol-

lowed by 4 x 10s exposures of an A3V telluric standard. The average airmass over the
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course of the observations was 1.06.

4.3 Data Reduction

The data were first corrected for bottom-left quadrant pixel ’scrambling’ (the image is
constructed after readout with a 1-pixel dislocation) in all images using the lcpixmap
function of the IRAF package LIRISDR . Standard reduction techniques were then ap-
plied using software routines in the STARLINK packages KAPPA and FIGARO. In brief,
a bad pixel map was constructed and applied to all the data. The science, standard star
and arc lamp spectral images were flat fielded with a normalized response map. Dif-
ference pairs were then assembled from the science and standard star images and any
significant remaining sky background was removed by subtracting linear functions, fit-
ted in the spatial direction, from the data. The spectra of the white dwarf and the standard
star were then extracted and assigned the wavelength solution derived from the arc spec-
trum. Any intrinsic features of the standard star’s energy distribution were identified
by reference to the near-infrared spectral atlas of fundamental MK standards (Wallace
et al. 2000, Meyer et al. 1998, Wallace & Hinkle 1997) and were removed by linearly
interpolating over them. The spectrum of the white dwarf was then co-aligned with the
spectrum of the standard star by cross-correlating the telluric features present in the data.
The science spectrum was divided by the standard star spectrum and multiplied by a
blackbody with 7.4 of the standard. Finally, the flux levels were scaled to achieve the

best possible agreement between the spectral data and the A and K photometric fluxes

Thttp://www.iac.es/proyect/LIRIS/index.html
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of the object derived from the 2MASS All Sky Data Release Point Source Catalogue

magnitudes (Skrutskie et al. 1995).

4.4 DataAnalysis

To assist in spectrally typing the companion, the data were compared to composite white

dwarf and M/L dwarf models.

A pure H synthetic spectrum was calculated for PG 1234 at T.¢ = 55,040 K and logg =7.78
(Liebert et al. 2005) using the spectral synthesis codes TLUSTY and SYNSPEC (Sec-

tion 2.3.3). The synthetic flux was normalized to V' = 14.45 (Liebert et al. 2005).

Empirical companion models were constructed as detailed in section 3.4.2. Subse-
quently, these model fluxes were re-scaled to be consistent with the Liebert et al. (2005)
distance estimate of 144 pc. The final distance scaled models were then added to the

synthetic white dwarf spectrum.

A comparison can also be made with the PG 1234 Spitzer photometry of Mullally et al.
(2006) to archival Spitzer IRAC photometry of observed M and L dwarfs (Table 4.1;
Patten et al. 2006). Again, these values have been appropriately scaled to the distance
given previously. These fluxes have been added to expected values for PG 1234 calcu-
lated by integrating the synthetic spectrum folded though the appropriate filter transmis-

sion response.



Table 4.1. Photometric fluxes in mJy of combined PG 1234 (Predicted) + M and L. dwarfs compared to those of PG 1234 (Observed).

2MASS Spitzer IRAC Channel
Name Spectral Type J(error) H(error)  K(error) 4.5pum(error) 8.0um(error)
PG 1234 (Observed) DA 1.628(28) 1.067(21) 0.707(13)  0.2116(75) 0.085(15)
PG 1234 (Predicted) + BRI 0021-0214 DA + M9.5 1.549(27) 1.035(20) 0.729(13)  0.240(10) 0.010(18)
PG 1234 (Predicted) + 2MA 1439+1929 DA + L1.0 1.512(26) 0.946(19) 0.631(12) 0.191(8) 0.072(12)
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FIGURE 4.1. Observed near-infrared spectrum of PG 1234+482 scaled to the 2MASS H flux. The predicted white dwarf model

alone is shown by the solid line. The data are also compared to the white dwarf model combined with late M and early L dwarfs,

all scaled to a distance of 144 pc (Liebert, Bergeron & Holberg 2005). The upper and lower grey spectra are PG 1234 + M8 and

PG 1234 + L2 spectra respectively. The 1.87um H Paschen o emission line in the predicted white dwarf spectrum is due to non-LTE
effects in the upper atmosphere.
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FIGURE 4.2. 2MASS and Spitzer IRAC (4.5um and 8.0m) photometric fluxes of PG 1234+482 with M9.5 and L1 fluxes scaled
appropriately. The solid line is the white dwarf atmospheric model spectrum The symbols for the combined WD + M and L dwarf
models do not represent the actual errors which can be seen in table 4.1.
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45 Resaults

Figure 4.1 shows the extracted spectrum for PG 1234. It is not possible to scale the
spectrum to match both the A and K 2MASS photometry simultaneously, although when
scaling to one the other is within < 2¢. This may indicate either a residual error in the
reduction of the spectrum or errors in the 2MASS photometry. At Ky = 14.937 4+ 0.106
PG 1234 does not meet the 2MASS Point Source Catalogue level 1 requirements (S/N
> 10) and Tremblay & Bergeron (2007) have shown that lower quality 2MASS data
should be treated with caution when interpreting near-infrared excesses to white dwarfs.
In Figure 4.1 the spectral data are shown scaled to the H photometry. Figure 4.1 also
shows combined white dwarf 4 dwarf spectra of spectral types M9.5, LO and L1. The
light grey spectra above and below are an M8 and L2 respectively added to show the data
do not match either of these types. When normalized to the H-band flux the observed
spectrum is best approximated by a WD-+M?9.5 companion, whereas if normalized to the

K -band flux the spectrum would be closer to that of a WD+L0 or WD—+L1.

Figure 4.2 shows the 2MASS J H K and the Spitzer IRAC 4.5m and 8.0pm photometry
(Mullally et al. 2006) of PG 1234 with the combined predicted PG1234 fluxes + BRI
0021-0214 (M9.5) and 2MA 1439+1929 (L1). It can be seen that the 2MASS fluxes are
more closely approximated by the WD+M09.5 spectral type, whereas Spitzer fluxes are
over-predicted by the WD+M9.5 model, but are under-predicted by the WD-+L1 model.

Thus the Spitzer data are likely best matched with a WD+-LO.



CHAPTER 4. PG 1234+482: A BORDERLINE SUBSTELLAR COMPANION 121

4.6 A Boundary Stellar-Substellar Companion

Whether the companion is substellar depends on its age, which can be estimated as fol-
lows. The mass of the progenitor to PG 1234 can be estimated using the initial-final mass
relationship (Section 2.6). The mass of PG 1234 is 0.6140.02 M/, (Liebert, Bergeron &
Holberg 2005) yielding an initial mass of 2.440.1 M. An approximate main sequence

lifetime can then be calculated using the equation of Wood (1992):

tms = 10 [(M,/ Mg)~>°] Gyr 4.1)

Therefore, the age of the system is ~ 1 Gyr as the cooling age is negligible.

The effective temperature of an object on the substellar boundary can be estimated using
the DUSTY models of Chabrier et al. (2000) and Baraffe et al. (2002). At an age of
1 Gyr and the commonly used upper mass limit for brown dwarfs of 0.075M;, (Burrows
et al. 2001), an effective temperature of ~ 2200 K can be expected. At this temperature
the observations of Vrba et al. (2004) suggest a spectral type of L1-L2, and Golimowski

et al. (2004) an L1. Using the empirical formula of Stephens et al. (2001):

Teg = 2220 — 100L,, where L, = L0 — L8 4.2)

a spectral type of LO-L1 is expected. Thus, the expected spectral type of a 1 Gyr object
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on the substellar boundary is ~L1+£1.

Therefore, there is not sufficient evidence to state conclusively whether the companion is
stellar or substellar in nature - i.e. a brown dwarf. To further constrain the spectral type a
higher resolution, higher S/N H and more importantly /K -band spectroscopy is needed.
An accurate spectral type could then be determined from the relative strength of the CO

absorption edges at 2.3pm.

4.7 Summary

The spectral type of the low mass companion to PG 1234+482 has been estimated using
H and K-band spectroscopy obtained from the WHT LIRIS instrument and the Spitzer
IRAC 4.5pm and 8.0pm photometry. Due to uncertainty in the 2MASS photometry used
to place these data on an absolute flux scale, an estimated spectral type of LO+1 (M9-
L1) was assigned, making PG 1234 the hottest and youngest (t.,oi~ 10° yr; Liebert,

Bergeron & Holberg 2005) DA white dwarf with a possible brown dwarf companion.

The confirmation of a very low mass, possibly substellar, companion to PG 1234 leads
to the speculation that the metals in the hot white dwarf’s atmosphere are at least in part
being accreted from the companion’s wind. However, stars of a comparable effective
temperature can exhibit photospheric metals due to radiative levitation (Barstow et al.
2003). To resolve this issue a constraint is needed on the separation of the pair, by

either high resolution imaging and/or radial velocity measurements. Farihi et al. (2005)
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did not resolve the two, indicating that the separation is less than or approximately 1.
Consideration of the post-main sequence evolution of these systems and observations by
Farihi, Hoard & Wachter (2006b) suggests that there may be a bimodal distribution of
orbital separations among binaries containing at least one white dwarf: wide pairs with
orbits > 10 AU and very close systems (< few solar radii) in which the companion was
dragged in during the common envelope phase. The failure to resolve the system by
Farihi et al. (2005) might be indicating that PG 1234 is a close binary, but it should be

cautioned that the pair also may be aligned by chance.

Whether it is wide or close, and a possible survivor of common envelope evolution,
PG 12344482 B is one of the lowest mass companions to a white dwarf currently known.
A list of the known lowest mass detached companions to white dwarfs is shown in Ta-

ble 4.2, and the lowest mass companions to CV’s in Table 4.3.
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Table 4.2. The lowest mass detached companions to white dwarfs.

Name SpTypes Separation Ref.
WD2151-015 DA-+MS8 23AU 1
WD 2351-335 DA-+MS8 2054AU 2
WD 1241-010 DA+M9 284AU 2
PG 1234+482 DA+LO0=+1 Unresolved 3
GD 165 DA+L4 120AU 4
GD 1400 DA+L6/7 Unresolved 5,6
WDO0137-349 DA+LS8 (0.053M;) 0.65R;(P=116 mins) 7,8
PHL 5038 DA-+L8 55AU 9

124

1. Farihi, Hoard & Wachter (2006b) 2. Farihi et al. (2005) 3. This work 4.Becklin &
Zuckerman (1988) 5. Farihi & Christopher (2004) 6. Dobbie et al. (2005) 7. Maxted et al.
(2006) 8. Burleigh et al. (2006a) 9. Steele et al. (2009)

Table 4.3. The lowest mass companions to CV’s

Name SpTypes Period Ref.
OY Car CV+M6 91 mins 1
EX Eri CV+L0.084 M, Star  ~90mins 2
SDSS 1212 DA-+L8-T2 88.4mins 3,4
SDSS 1035 CV+0.052M; BD 82 mins 5
SDSS 1507 CV+0.056M; BD  66.61 mins 6

1. Wood & Horne (1990) 2. Feline et al. (2004) 3. Burleigh et al. (2006a) 4. Farihi et al.
(2008) 5. Littlefair et al. (2006) 6. Littlefair et al. (2007)



Chapter 5

PHL 5038: A Benchmark White Dwar f
+ L-dwarf Binary

51 Overview

PHL 5038 was first reported by Haro & Luyten (1962) in a photographic search for faint
blue stars near the South Galactic Pole with B = 18 mag, and a poorly constrained
position of 22720.5™ — 00°43’ (J2000). This star was recovered in the Sloan Digital
Sky Survey as SDSS J 222030.68—004107.3 (Eisenstein et al. 2006), a white dwarf with

T.x ~ 8037K and log g = 8.28, yielding an accurate position for the white dwarf.

The white dwarf was detected in the UKIDSS Large Area Survey (LAS), with DRS pho-
tometry for PHL 5038 listed in Table 5.1. These values give an excess of 7 — 10 0 when
compared to the predicted values for the WD of (J, H, K) = (16.86, 16.72,16.72) mag,
calculated by folding the WD model through the appropriate UKIDSS filter response

curves.

125



Table 5.1. Near-Infrared photometry of the PHL 5038 binary system and nearby calibration star.

Bandpass A\ PHL 5038  PHLS5038A  PHL5038B 2MASS J22203205-0040210

(prm) (mag) (mag) (mag) (mag)
V! 1.03  16.89 £ 0.01 - - ;
J! 125 16.73+£0.02 - - ;

H! 1.63 16.44+0.03 - - -
K! 220 16.31£0.04 - - -
H? 1.65 - 16.82 £ 0.07 17.844+0.08 14.447 £ 0.053
K? 2.19 - 16.72£0.07 17.18 £0.08 14.161 £ 0.051

LUKIDSS passbands as described in Hewett et al. (2006). 2 H- and K-band photometry were obtained on a single night. The photometric
errors were calculated using a 5% error from the nearby 2MASS star used for flux calibration, a 2 — 3% photometric measurement error,
and an assumed 5% internal error typical of near-infrared arrays. The final column displays the nearby 2MASS calibration star with its
2MASS catalogue photometry and errors. Colour transformations between the filters are of the order of 1% (Carpenter 2001) and so are
neglected.
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The UKIDSS data flag (mergedClass) indicated the possibility that PHL 5038 was an
extended source at one or more bandpasses. Follow-up observations were warranted to
investigate the nature of the excess flux and its possible spatially extended nature . Thus,

this object was included in a Gemini programme to clarify the nature of near-infrared

excesses to white dwarfs in the UKIDSS LAS (Chapter 2).

In this chapter I report on follow up near-infrared spectroscopy of PHL 5038 revealing a
spatially resolved substellar companion of late L-type; only the second such pair found

(over 20 years later) after GD 165AB

5.2 Observations

Near-infrared grism spectroscopy of PHL 5038 was obtained at Gemini North using NIRI
(Hodapp et al. 2003). During the first acquisition images, the science target was spatially
resolved into two components separated by 0.94” (Position angle = 293.2”), and the slit
was placed over both point sources for all subsequent programme observations. On 24"
August 2008, a single 30 sec H-band acquisition image was obtained prior to placement
of the science targets on the slit. Spectroscopy was performed with the A grism and
the 6 pixel slit (covering 1.43 — 1.96 ym at R ~ 500) with eight, single coadd frames
of 225 secs each at one of two offset positions along the slit, for a total exposure time
of 30 mins. The AOV telluric standard HIP 102631 was observed with eight frames of
1 sec and three coadds. Internal flat field and arc lamp calibration frames were taken

immediately following the science target spectroscopy.
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Three attempts were made to obtain K -band spectroscopy of PHL 5038. On 12" August
2008, the science target was imaged for 30 secs at two offset positions, then placed on
the slit, but the spectroscopic sequence was abandoned before usable data were taken.
However, the acquisition image from this date could still be used for photometry. On
215" August 2008, the target was also imaged prior to being placed on the slit. Spec-
troscopy was performed with the K grism and the 6 pixel slit (covering 1.90 — 2.49
pm at R ~ 500), with six, single coadd frames of 225 secs each at one of two offset
positions along the slit, for a total integration time of 22.5 mins. The AOV telluric stan-
dard HIP 102631 was observed using three coadds of eight 1sec frames. Internal flat
field and arc lamp calibration frames were taken immediately following the science tar-
get spectroscopy. Unfortunately, the fainter of the two point sources was poorly aligned
with the slit, resulting in a significant loss of spectroscopic signal for that component
(see below). On 6" November 2008, an identical K -band imaging sequence preceded a
successful placement of both point sources on the slit. However, due to poor seeing the
system was not spatially well resolved, and the S/N was too low to merit an extraction

for PHL 5038B.

5.3 DataReduction

All NIRI frames were processed using Gemini IRAF niri and gnirs packages, including
the creation of appropriate flat-field images, bad pixel masks, and wavelength calibrated

spectral data.
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FIGURE 5.1. Near-infrared acquisition images of PHL 5038 taken with Gemini +

NIRI immediately prior to /- and K -grism spectroscopy. Frames are 6 across with

north up and east left. The brown dwarf companion, PHL 5038B, is located 0.94”
from A at position angle 293.2”, as measured in the /'-band image shown above.

5.3.1 Photometry

Since only a single /{-band image was obtained, this frame was cleaned of bad pixels
and flat fielded. For the /K -band image pairs, the frames were cleaned of bad pixels, flat
fielded, pair subtracted, shifted and recombined. Fully reduced H- and K-band images
are shown in Figure 5.1; the WD is designated PHL 5038A and the cool companion is

PHL 5038B.

Aperture photometry and astrometry on these images was performed with the IRAF task
apphot using aperture radii of 2, 3, and 4 pixels (0.117” pixel 1) and a sky annulus of
16—20 pixels. For most frames, photometry obtained with the 4-pixel aperture radius was
discarded owing to probable contamination from the other binary component. A single
H- and K-band measurement was made for both PHL 5038 A and B. The science target
photometry was calibrated using a nearby (52" distant) field star, 2MASS J22203205-
0040210, which fell onto the NIRI array in all imaging observations. Photometric data

for PHL 5038 A and B, as well as the calibrator are given in Table 5.1.
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5.3.2 Spectroscopy

The spectroscopic frames were cleaned of bad pixels, flat fielded, pairwise subtracted,
shifted, combined, and wavelength calibrated. A slightly more aggressive (relative to
the default nscombine settings) outlier rejection algorithm was applied in the next to
last step, which produced visibly superior spectral images for extraction. In the H-grism
observations, the spectra of PHL 5038 A and B were well resolved spatially, and each
was extracted using a 2-pixel spectral aperture. For the K-grism spectral extraction,
only data from 21%° August 2008 were used. In these observations the two science target
spectra were spatially resolved, but the signal of component B was significantly fainter
than expected due to poor slit alignment. The data are still usable and a spectrum of
each component was extracted using a 2-pixel spectral aperture, but care had to be taken
with PHL 5038B, and the default aperture function had to be carefully corrected to avoid
automatically picking up the signal of the WD. The telluric standard data was reduced

and extracted identically.

Flux calibration and telluric feature correction were performed for each order with Spex-
tool (version 3.3; Vacca et al. 2003, Cushing et al. 2004), using the general xtellcor
package. Although in principle this should produce a well calibrated spectrum, there are
a couple of reasons why this proved difficult or impossible in this case: 1) the telluric
standard and science observations differed by 0.2 airmasses, and 2) slit losses; both or-
dinary and those caused by clear star-slit misalignment. Therefore the spectral data were

calibrated from the Table 5.1 photometry; some inter-order adjustment was necessary for
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both the WD and the companion.

The spectral data were further processed to interpolate over data points where residual
bad pixels or cosmic rays persisted (around several to one dozen), to crop the noise
dominated edges, and to merge the data into a single, contiguous spectrum for each
binary component. The fully processed spectra for PHL 5038A and B are shown in

Figures 5.2 and 5.3 respectively.

5.4 DataAnalysis

An model atmospheric fit of the SDSS spectrum of PHL 5038A using the models of
Koester et al. (2005) yielded values of T, = 8000 £ 100K and logg = 8.2 £ 0.2,
implying a mass of Mwp = 0.72 £ 0.15M, and a distance of 64 £ 10 pc. The model
spectrum is plotted over the observed spectrum in Figure 5.2 and is consistent with the
detection of Pa, absorption. No contamination from the secondary can be seen indicating

a successful separation of the the components in the spectral analysis.

To determine the spectral type of PHL 5038B, the standard spectral indices for late L
dwarfs and T dwarfs (Burgasser et al. 2006) were measured, and listed in Table 5.2
with established L8, L9 and TO indices for comparison. The errors were determined
by taking the standard deviation over the spectral index denominators for the H- and
K-band regions. These values indicate the spectral type is most likely L8-L9, with the

H>O— H index suggesting a spectral type of TO is less likely .
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FIGURE 5.2. Modelled (black) and observed (grey) H K spectra of PHL 5038 A
plotted with photometry as measured in the acquisition images. Note the detection
of Pa,, absorption.
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FIGURE 5.3. Observed H K spectrum (grey) of PHL 5038 B plotted with photom-
etry as measured in the acquisition images. An L8 spectrum (2MASS 1632+1904)

has been scaled to match the flux of the secondary and over-plotted (black) for com-
parison.



Table 5.2. Spectral indices as measured for PHL 5038 B, L8, L9 and TO fields dwarfs (Burgasser et al. 2006).

Index PHLS5038B 2MASS 163241904 (L8) DENIS 0255—-4700 (L9) SDSS 0423—-0414 (TO)
H,0-H 0.74£0.08 0.71 0.69 0.64
CH4-H 0.98 £0.08 1.08 1.03 0.99
H,0-K  0.76 £0.14 0.70 0.69 0.68
CHys-K  0.89 £0.14 0.88 0.84 0.82
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The observed H K magnitudes (Table 5.1) are also consistent with a late L-type BD at a
distance of 64 pc. Although the S/N of the spectrum is insufficient for the detection of
any distinct absorption lines, the overall shape of the spectrum is also in best agreement
with a spectral type of L8. The spectrum of an L8 field BD (2MASS1632+1904, McLean
2003) has been scaled to 64 pc and plotted over the observed spectrum of PHL 5038B in

Figure 5.3 for direct comparison.

5.5 Discussion

Caballero et al. (2008) list the spatial density of L8-L9 field dwarfs as 0.64 x 1073 pc~3.
It follows that the number of expected L.8-L9 field dwarfs within a cylinder of angular
radius = 1” and length = 20 pc centered on PHL 5038A is ~ 3 x 1075 (Figure 5.4).

Therefore, PHL 5038 A and B are almost certainly a physical pair.

The 0.94” angular separation of the binary, at the estimated distance of 64 pc equates to a
projected orbital separation of 55 AU. When the main-sequence progenitor of PHL 5038A
evolved into a WD the orbital separation of PHL 5038B expanded by a maximum factor
of Mys/Mwp (Section 1.2). For Myp =0.72 M, and Mg =3.2 M, this factor would

have been ~ 4.4. Thus, the original projected semi-major axis was > 13 AU.

The only other resolved L-type companion to a WD currently known is GD 165B, which
has a projected orbital separation of 120 AU. Whether or not the secondary in this sys-

tem is a true BD is still a matter of some debate (Zuckerman & Becklin 1992, Kirk-
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FIGURE 5.4. Spatial geometry for the PHL 5038 binary system. The expected num-
ber of field brown dwarfs of spectral type L8-L9 existing in the same region, defined

by the distance errors, to PHL 5038A is =~ 3 X 1076,
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Table 5.3. MS progenitor masses (Mys) and ages (tyis), WD cooling ages (t¢), total
age (tyora1), and MS age as a fraction of WD cooling age for PHL 5038 A.

My (M)
0.57 0.72 0.87
Mys (M) 2.1 3.2 4.4
tms (Gyr) 1.3 0.4 0.2
tc (Gyr) 1.0 1.5 2.5
tiotal (Gyr) 2.3 1.9 2.7
tMS/tC 1.3 0.3 0.1

patrick et al. 1993, Kirkpatrick et al. 1999, Zuckerman et al. 2003). The temperature of
PHL 5038B is estimated to be 1230 — 1500 K by comparison to L-type field dwarfs with
measured effective temperatures (Vrba et al. 2004). At an age of 1.9-2.7 Gyr (Table 5.3)
the Lyon group models were interpolated to predict a mass of ~ 49 + 3 M; (Chabrier
et al. 2000, Baraffe et al. 2002). Therefore, PHL 5038B is almost certainly a bona fide

substellar object.

The mass luminosity relation for BDs is age dependent. Benchmark BDs can be used
to test evolutionary models for substellar objects if their ages can be satisfactorily con-
strained (e.g., Dupuy et al. 2009). One of the candidates for these studies is widely
orbiting WD+BD binaries (Farihi et al. 2005, Pinfield et al. 2006) such as PHL 5038.
The limiting factor in this system is its age calibration. Pinfield et al. (2006) require that
a good age calibrator’s progenitor lifetime be no more than 10% of the WD cooling age

(tms/tc), due to intrinsic uncertainty in calculating main sequence (MS) lifetimes.

With T.g = 8000 + 100K and logg = 8.2 4+ 0.1 the cooling age of PHL 5038A is
1.0 — 2.5 Gyr (Fontaine et al. 2001). The mass of the progenitor to PHL 5038A is es-

timated to be 3.2+1.1 M, using the initial to final mass relationship of Dobbie et al.
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(2006) (Section 2.6). This indicates the WD descended from an A or late B-type star.
An approximate main sequence lifetime can be calculated using Equation 4.1, giving
0.2 — 1.3 Gyr. Therefore, the total age of the system is 1.9 — 2.7 Gyr. These ages were
calculated for the lower and upper mass limits of PHL 5038 A and are listed in Table 5.3
along with the ratio tys /tc. This ratio ranges from 0.1—1.3 fora Mywp = 0.57—0.87 M
and so only fulfils Pinfield’s requirement for a benchmark BD if the WD mass is as high
as 0.87 M. At this point, it should be noted that the masses for DA white dwarfs cooler
than 12,000 K derived from spectroscopic fitting techniques may be over-estimated by up
to 0.2 My, for reasons that are not fully understood. Koester (1991) discuss this effect,
and suggest that it is due to problems with the atmospheric models, and in particular with
the treatment of neutral particles. However, Bergeron et al. (1995) say that neutral parti-
cles only become a problem when the T.¢ < 8000 K, which is somewhat lower than the
observed range. Koester et al. (2009) summarise these findings and conclude that more
accurate modelling may indeed show an effect for DAs nearer 12,000 K. As a result of

this the mass of PHL 5038A is more likely to be in the range 0.65-0.75M,.

5.6 Summary

I have confirmed the presence of and spectroscopically typed a BD companion to the
WD PHL 5038A. PHL 5038B was assigned a spectral type of L8-L9 based on the mea-
surement of standard spectral indices in the near-infrared, the first time this has been
accomplished for a bona fide WD+BD binary. This spectral type is corroborated by the

photometry of PHL 5038B and by comparison with the spectrum of an L8 field BD. The
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system is situated 64 pc from Earth, and the BD has a projected orbital separation from
its primary of 55 AU. PHL 5038B has the potential of being used as a benchmark BD if
its ages can be determined more accurately. A measurement of a trigonometric parallax
for this system would allow for a more accurate constraint on the radius and, via mod-
els, the mass of the WD. This would then allow a better estimate for the total age of the

system.



Chapter 6

Discussion

6.1 Overview

In this chapter I determine the latest spectral type of the lowest mass unresolved stellar
or substellar (sometimes collectively known as ultracool) companion that could have
been detected around each DA white dwarf in UKIDSS DRS. This data, along with the
estimated distance to each star, is used to assess the overall sensitivity of UKIDSS to
the detection of unresolved ultracool companions to DA white dwarfs. These results are
then used in conjunction with the detected number of candidate L and T-dwarfs from
Chapter 2 to estimate the fraction of L-dwarfs, T-dwarfs and brown dwarfs in binaries
with DA white dwarfs. I compare these results with the previous estimate of Farihi et al.
(2005) of the L-dwarf companion fraction, as well as previous estimates of the main-

sequence + brown dwarf binary fraction.

139
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6.2 Limitson Unresolved Ultracool Companionsto DA
White Dwarfs

Atmospheric modelling successfully fitted 407 DA white dwarfs to within 30 of both
their UKIDSS H and K-band photometry. These stars will be used to estimate the limits
on the spectral types of unresolved companions to DA white dwarfs and hence determine
the sensitivity of UKIDSS to both L and T-dwarfs in white dwarf binaries. Only 10
DB white dwarfs were detected, which is not a sufficient number to accurately constrain
binary statistics for helium atmosphere white dwarfs. The method used to calculate these

limits is detailed below.

In order to place a limit on the spectral type of the coolest detectable unresolved com-
panion to each DA white dwarf the absolute magnitudes for the spectral types of low
mass objects ranging from LO-T8 are required. Patten et al. (2006) lists known M, L
and T-dwarfs with 2MASS JH Kg photometry ranging from spectral types M5-T8 and
also has measured parallaxes for many of these. The 2MASS JH Kg photometry for
each object were converted to the UKIDSS JH K photometric system using the colour
corrections of Carpenter (2001). Taking only those with a measured parallax, and thus
an estimated distance, the K -band photometry was scaled to 10 pc for each spectral type
to obtain an estimated absolute K -band magnitude. For stars of the same spectral type,
an average of the magnitudes was used. For the few spectral types that had no parallax
measurement a linear interpolation was performed to predict an absolute magnitude. The

K -band magnitude was used for the reasons discussed in Section 2.3.4.
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For each apparently single DA white dwarf the expected A-band magnitude was pre-
dicted by folding the white dwarf’s atmospheric model, or blackbody, through the UKIDSS
K -band filter transmission profile. The observed /K -band magnitude was not utilised, as
any of the white dwarfs could be in excess within the observed errors. This would have
resulted in an over-estimate of the limiting spectral type for the companion to these stars.
A 30 detection limit was then calculated for each white dwarf by using the observed 1o
errors from the UKIDSS DRS database, and adding these to the predicted magnitudes.
The distance to each white dwarf was calculated using Bergeron models (Section 2.3.3)
using the effective temperatures and surface gravities produced from the automated fit of
EIS06. For the 33 single DA white dwarfs only found in the McCook & Sion catalogue,
temperature estimates were obtained from the literature or an automated fit to the stars
optical photometry. For stars without a measured surface gravity, a log g = 8.0 was as-
sumed. This applied to only 11 white dwarfs in the sample, which is not a large enough
number to create a distance bias that could later affect the statistics. Subsequently, the
grid of M, L and T-dwarf absolute magnitudes were scaled to the estimated distance of
each white dwarf and added to the predicted white dwarf K -band magnitudes until a
match was made with the 30 detection limit. The spectral types of all the companion
limits were summed (Table 6.1) and plotted as a histogram in Figure 6.1. A cumulative

histogram is shown in Figure 6.2.

It should be noted that for the isolated white dwarf sample, the distances might be under-
estimated if they are, for example, unresolved double degenerate binaries. Thus, for this

fraction (= 5% unresolved WD+WDs, Holberg 2009), the sensitivity to ultracool com-
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Table 6.1. Number of each spectral type placed as a lower limit to the 407 apparently
single DA white dwarfs in UKIDSS DRS.

Spectral Type No. | Spectral Type No. | Spectral Type No.

- - LO 0 TO 38

- - L1 6 T1 36

- - L2 4 T2 42

- - L3 5 T3 20

<M5 0 L4 14 T4 25
M5 1 L5 20 T5 21

M6 1 L6 19 T6 14

M7 2 L7 31 T7 14
M8 2 L8 35 T8 8
M9 1 L9 40 >T8 8
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FIGURE 6.1. Distribution of limits on unresolved companions to the 407 “single”
DA white dwarfs (with well determined parameters) detected in UKIDSS DRS.
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FIGURE 6.2. Same as Figure 6.1 but plotted as a cumulative distribution.
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panions may have been overestimated. It is also important to spectroscopically confirm
the candidate secondary in each candidate binary system for the same reason i.e. in case

the distance to the white dwarf has been under-estimated.

6.3 Survey Sensitivity

Figure 6.1 shows that the sensitivity of this survey for the isolated DA white dwarf sample
peaks roughly at the L-T borderline, at approximately L.8-T2. Figure 6.2 demonstrates
that the sensitivity function then falls off as the limits approach a spectral type of late
T, with only 56% of the sample sensitive to the detection of a companion earlier than
or equal to spectral type TO. In contrast 98% of the sample is sensitive to the detection
of a companion of spectral type earlier than or equal to LO, dropping to 65% by L9.
Figure 6.3, shows a histogram of the distances to these single white dwarfs. 98% of the

sample lies within 500 pc of Earth.

In considering the total survey sensitivity, the 204 DA+dM binaries must be taken into
account. These must be included in the final sample for statistical analysis as many of
these systems would have been sensitive to the detection of L and T-type companions,
if the M-dwarf companion were to be removed. However, the presence of the M-dwarf
companions may bias this population towards greater distances, as the secondary is far
brighter in the near-infrared. Therefore, the fraction of DA+dM binaries that lie within
500 pc must be determined so a direct comparison can be made against the isolated white

dwarf population. The distances to these were estimated using the effective temperatures
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FIGURE 6.3. Cumulative distribution of distances to the 407 isolated DA white
dwarfs in this work.
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FIGURE 6.4. Cumulative distribution of distances to the 204 DA+dM binaries in
this work.
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and surface gravities assigned by Eisenstein et al. (2006). This data is plotted as a his-
togram in Figure 6.4, with 93% of the DA+Ms lying within 500 pc. Therefore, there is
not a significant difference between the isolated and white dwarf + M-dwarf distance
distributions and the distance distribution of the isolated white dwarf sample will be

assumed for the purpose of statistical analysis.

6.4 Binary Statisticsfor White Dwarfs with Unresolved
Substellar Companions

In this section the fractions of DA white dwarfs with unresolved L-dwarf, T-dwarf and

brown dwarf companions are going to be estimated.

It can be assumed that the white dwarf + L and T-dwarf candidates, and the candidate
disk systems, follow the same distance distribution as the single white dwarfs, as dis-
tance estimates are based on parameters derived from the optical spectra, which are not
significantly effected by the presence of an L or T-dwarf. The new candidate white dwarf
+ M-dwarf systems can be added to the previously identified WD+dM binary sample.
Therefore, the complete sample size of DA white dwarfs at any distance, with or without
a near-infrared excess is 641. The number of these stars that lie within 500 pc is 98% of

the total sample size giving 628 DA white dwarfs.

An upper limit for the unresolved L-dwarf, T-dwarf and brown dwarf companion frac-

tions to DA white dwarfs can now be calculated. This will be done firstly for the DA +
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L-dwarfs, followed by the DA + T-dwarfs and then finally for the DA + brown dwarf

population.

The candidate L. and T-dwarfs have been identified through near-infrared photometry
with only PHL 5038 and SDSS J12124-013 confirmed as harbouring brown dwarf com-
panions. PHL 5038B has been confirmed spectroscopically (Chapter 5), and the substel-
lar status of secondary to SDSS 12124013 is supported by a number of arguments (Farihi
et al. 2008). However, due to its high proper motion, it was determined that the source
of the near-infrared excess to NLTT 5306 is directly associated with the star, and not due
to a background object (Section 2.5.1). Therefore, it will be assumed that at least 3 of
the detections in this survey are confirmed white dwarf + brown dwarf binary systems
containing L-dwarf secondaries. Therefore, the confirmed brown dwarfs can be used to

set a lower limit on the unresolved L-dwarf and brown dwarf companion fractions.

Table 6.2 gives the percentage of the sample sensitive to the detection of L-dwarfs equal
to or earlier than the specified spectral type, and the number of each spectral type po-
tentially detected in this survey. In order to calculate the white dwarf + L-dwarf binary
fraction, the effective number of detections is going to be determined. This value rep-
resents the number of each spectral type detected if the survey were 100% efficient at
detecting companions of all spectral types. The effective number of detections can then
be calculated by dividing the actual number of detections by the sensitivity to each spec-
tral type. For example, if the survey sensitivity to companions of spectral types earlier or

equal to LO was 50%, and 1 LO was detected, then the effective number of detections is 2.
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This is then summed for all spectral types to give the total effective number of L-dwarfs

detected:

-ty 0 2 020 gy 6
T 0.98 098 097 0.96 095 091 086 082 0.74 065

Neft

This gives the effective number of L-dwarfs detected in the entire sample of 628 DA
white dwarfs assuming a 100% sensitivity to all spectral types. The L-dwarf companion
fraction is then the effective number of detections divided by the sample total. An error
can be estimated by taking the square root of the reciprocal number of detections. Thus,
an upper limit to the fraction of DA white dwarfs with unresolved L-dwarf companions
is fwprar < 1.5+ 0.6%. A lower limit can be estimated by assuming only 3 candidates
(PHL 5038, SDSS 12124013 and NLTT 5306) are real. This gives a final range of 0.5 <

fwpaar < 1.5+ 0.6%.

Table 6.3 gives the percentage of the sample sensitive to the detection of T-dwarfs equal
to or earlier than the specified spectral type, and the number of each spectral type poten-
tially detected in this survey. An upper limit to the fraction of white dwarf with T-dwarf
companions is then calculated as detailed previously giving fwpiqr < 0.6 £ 0.6%.
Clearly, this is an under-estimate in the negative direction, due to only 1 candidate T-
dwarf being detected, and there is undoubtedly not a complete absence of white dwarf
+ T-dwarf binaries in the universe. An average over the entire T-dwarf spectral range is

a good start under these circumstances but ultimately, a more complex Bayesian analy-
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sis would yield a better result. Additional candidates from future surveys with greater

sensitivity and a larger search field will also greatly improve the statistics (Chapter 7).

In order to determine the fraction of white dwarfs with brown dwarf companions, an
estimate of the spectral type where the secondary becomes truly substellar must first be
made. This depends on the age of the secondary, which can be estimated using the total
age (main-sequence lifetime + cooling age) of the white dwarf primary. The average
age of the white dwarf sample is 1.84+0.7 Gyr. After ~ 0.1 Gyr brown dwarfs cool very
slowly, so the average sample age can be used to estimate a spectral type where the stel-
lar/substellar borderline occurs. Taking the upper limit on brown dwarf mass as 70y,

then an upper limit for the brown dwarf spectral type can be taken as L4 (Figure 2.25).

Table 6.4 gives the percentage of the sample sensitive to the detection of brown dwarfs
equal to or earlier than the specified spectral type, and the number of each spectral type
detected in this survey from L4 to T8. An upper limit to the fraction of white dwarfs with
brown dwarf companions is then calculated as detailed previously giving fwpipp <
1.8 £ 0.7%. A lower limit can be estimated by assuming only 3 candidates (PHL 5038,

SDSS 12124013 and NLTT 5306) are real. This gives a final range of 0.5 < fwpipp <

1.8 £0.7%.

It must be conceded that at the level of a single spectral sub-type (Table 6.2) such statis-
tics will not be accurate as the low number of individual detections means there will
be significant errors due to small number statistics. For each sub-type, only 0, 1 or 2

candidates have been detected. Zero detections implies that no such spectral sub-type
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exists as a companion to a DA white dwarf, which is probably not the case. Neither
does 1 or 2 detections necessarily give a true representation of the companion fraction
at this level. However, the calculation must be broken down into individual sub-types
in order to account for the drop in survey sensitivity from LO to L9, and the respective
spectral ranges for T-dwarfs and brown dwarfs (Figure 6.2). Calculating the effective
number of detections for each sub-type, and combining these numbers across the whole
spectral class achieve this. Thus, the sub-types with zero detections, and the errors on the
spectral types of candidate secondaries (which create a range of three spectral types) will
be accounted for and effectively averaged out over each spectral range. Although this
does not increase the number of detections by a large factor (7 detections or 9.2 effective
detections for L-dwarfs), Poissonian statistics can now be applied allowing an estimate

of the error by taking the square root.

Although these statistics are not particularly robust, they are suitable as a first approxi-
mation using the small numbers available. In order to improve upon these numbers, the
sample needs to be enlarged. In the first instance, this will be done by UKIDSS, which
is set to be completed by 2012. Looking ahead, future infrared surveys with VISTA and
WISE will add to the white dwarf + ultracool companion sample significantly (Chap-

ter 7).

It should also be noted that the calculations presented here might even underestimate the
total fraction of white dwarfs with ultracool companions, as this search does not include

widely orbiting, resolved companions. Searches for these systems are already being
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undertaken (Day-Jones et al. 2008). However, due to the aperture size used in analysing
UKIDSS photometry (2”), a small number of such systems were found as part of this
work. This is due to a measurement made as part of the UKIDSS analysis called the
mergedClass statistic. As noted previously, the UKIDSS mergedClass statistic provides
an indication of whether a source is a point or extended source (Section 2.7). In the first
instance this value can be used to remove contaminating galaxies from a search, but it
can also be an indication that a system is partially resolved (e.g. PHL 5038; Chapter 5).
Thus, for this survey resolved companions have only been discovered if they happen to

be partially resolved in the UKIDSS database.



Table 6.2. Actual number and effective number of detections for DA white dwarf + dL binaries in the UKIDSS DRS5 sample based

on sensitivity estimates.

Spectral  No. Isolated WDs % Detectable of Actual No. Effective No. Sample %
Type Sensitive to Spectral ~ Spectral Type  Candidates Detected
Type or Earlier or Earlier Detected
LO 400 98% 1 1.0 0.2%
L1 400 98% 1 1.0 0.2%
L2 394 97% 0 0.0 0.0%
L3 390 96% 0 0.0 0.0%
L4 385 95% 1 1.1 0.2%
L5 371 91% 2 2.2 0.4%
L6 351 86% 0 0.0 0.0%
L7 332 82% 1 1.2 0.2%
L8 301 74% 2 2.7 0.4%
L9 266 65% 0 0.0 0.0%
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Table 6.3. Actual number and effective number of detections for DA white dwarf + dT binaries in the UKIDSS DRS5 sample based
on sensitivity estimates. No candidate companions later than spectral type T3 were detected.

Spectral  No. Isolated WDs % Detectable of Actual No. Effective No. Sample %
Type  Sensitive to Spectral ~ Spectral Type  Candidates Detected

Type or Earlier or Earlier Detected
TO 226 56% 0 0.0 0.0%
T1 188 46% 0 0.0 0.0%
T2 152 37% 0 0.0 0.0%
T3 110 27% 1 3.7 0.6%
T4 90 22% 0 0.0 0.0%
T5 65 16% 0 0.0 0.0%
T6 44 11% 0 0.0 0.0%
T7 30 5% 0 0.0 0.0%
T8 16 4% 0 0.0 0.0%
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Table 6.4. Actual number and effective number of detections for DA white dwarf + brown dwarf binaries in the UKIDSS DRS5
sample based on sensitivity estimates. No candidate companions later than spectral type T3 were detected.

Spectral ~ No. Isolated WDs % Detectable of Actual No. Effective No. Sample %
Type  Sensitive to Spectral ~ Spectral Type = Candidates Detected

Type or Earlier or Earlier Detected
L4 385 95% 1 1.1 0.2%
L5 371 91% 2 2.2 0.4%
L6 351 86% 0 0.0 0.0%
L7 332 82% 1 1.2 0.2%
L8 301 74% 2 2.7 0.4%
L9 266 65% 0 0.0 0.0%
TO 226 56% 0 0.0 0.0%
T1 188 46% 0 0.0 0.0%
T2 152 37% 0 0.0 0.0%
T3 110 27% 1 3.7 0.6%
T4 90 22% 0 0.0 0.0%
T5 65 16% 0 0.0 0.0%
T6 44 11% 0 0.0 0.0%
T7 30 5% 0 0.0 0.0%
T8 16 4% 0 0.0 0.0%
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6.5 Comparison to Previous Estimates

6.5.1 The White Dwarf + L-Dwarf Binary Fraction

Farihi et al. (2005) (hereafter FBZ05) estimated the white dwarf + L-dwarf binary frac-
tion as fwpiar < 0.5% from a near-infrared study of 371 white dwarfs with 2MASS
photometry. 2MASS was the only source of data available to FBZ0S5 to estimate the unre-
solved companion fraction for white dwarfs. FBZ0S estimated their average sensitive to
unresolved companions to be L8, the same as the peak of the sensitivity in the UKIDSS
data. This is a somewhat surprising result as UKIDSS is ~3 magnitudes deeper than
2MASS. In order for the L-dwarf fraction from UKIDSS (0.5 < fwpiqar < 1.5 +0.6%)
to agree with the FBZ0S5 result either (1) All of the remaining photometric candidates
presented here are not WD-+dL binaries i.e. the lower limit of the calculated L-dwarf
fraction is true, or (2) FBZ05 have under-estimated the fraction of white dwarfs with
L-dwarfs. As the first candidate for which spectroscopy was obtained (PHL 5038, Chap-
ter 5) was confirmed to be real, and in other cases the photometric classification remains
quite convincing, then explanation (1) seems less likely than (2). To investigate this
further, a detailed examination will be made as to how FBZ05 arrived at their L-dwarf
companion fraction. The same method will then be followed for the UKIDSS sample,

and a comparison made to the detailed sensitivity analysis discussed previously.

It should be noted that the FBZ05 sample includes white dwarfs not of spectral type DA.

However, these are a minority in the sample, and their removal would not significantly
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affect the fraction calculated by FBZ05.

Figures 6.5 and 6.6 show the distance distributions of both surveys, with the mean
distances plotted (FBZ05 = 57 pc and UKIDSS = 144 pc). FBZ0S5 calculate the detec-
tion limit of their survey by determining the “average” white dwarf from their sam-
ple (found by calculating the average temperature, T.g = 13000K, of their sample
and assuming logg = 8.0), and placing an upper limit on any putative companion’s
spectral type assuming this “average” white dwarf is situated at the mean sample dis-
tance. FBZ05’s ”average” white dwarf has absolute magnitudes My = 11.8 mags and
Mg, = 11.9mags. These magnitudes are beyond the detection limits of the 2MASS
survey (My ~ 11.6mags and K ~ 10.8 mags), and so FBZ05 set the detection limit
by assuming a companion has a magnitude equal to the difference between the 2MASS
survey limits and this “average” white dwarf. This gives a limit of L8 and L4 in the

2MASS H- and K-bands respectively.

Following the FBZ05 method, an “average” white dwarf must be analysed using the
UKIDSS sample, for which the average temperature is T.g = 14000K (Figure 6.7).
Assuming a surface gravity of logg = 8.0 this equates to 2MASS absolute magnitudes
of My = 11.7mags and Mg, = 11.8mags. Using the average distance of 144 pc, the

5o limits of the UKIDSS survey are My = 13.0mags and Mg, = 12.6 mags.

It should be noted at this point that these are fainter than the corresponding magnitudes of
the “average” white dwarf, differing from the FBZ0S5 analysis. In FBZO0S the average”

white dwarf is in fact brighter in magnitude than the 2MASS limits, allowing for a limit
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FIGURE 6.5. Distance distribution of the white dwarfs presented in Farihi et al.
(2005). The mean distance is shown as a solid line.
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to be set on the minimum luminosity of a putative companion by using the difference
between those two values. As the opposite case is true for UKIDSS, it would make sense
to use the addition of a typical 3o error as the limiting magnitude. An interesting point
can be made here; if FBZ05 had added the 30 error at the 2MASS limit to their initial
estimate, then the “average” companion would have been brighter, and therefore of an

earlier spectral type.

At 144 pc the “average” UKIDSS white dwarf has magnitudes / = 17.5mags and
K = 17.6 mags, which have typical errors of +0.05 and £0.1 respectively. Assuming a
companion is detected at the > 3o level, this corresponds to a companion with apparent
magnitudes of = 20.0 mags and K = 18.8 mags. This sets a limiting spectral type for

the UKIDSS survey of later than T9 in both bands.

Figures 6.1 and 6.2 shows that it is indeed the case that the UKIDSS survey is sensitive to
late (>T8) T-dwarf companions. However, the sensitivity analysis for each white dwarf
individually shows that this accounts for < 2% of the entire sample. Clearly it is not the
case that this survey is capable of detecting late T-dwarf companions around every white
dwarf. Indeed, it was shown in Section 6.3 that the sensitivity of this survey peaks at the
L-T border. The UKIDSS “average” white dwarf is clearly not representative of either
the mean or the median star in the sample. Indeed, it is only representative of the extreme
of the survey sensitivity. Therefore, it is suspected that FBZ05’s “average” white dwarf
is unlikely to represent their mean or median star either. For example, if the distance

distribution to each sample is inspected, 35% and 32% of white dwarfs lie beyond the
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average distance from FBZ05 and UKIDSS respectively. Hence, it is likely that at least
that fraction are not in fact as sensitive to the presence of low mass companions as the

average” star.

FBZ05 state “near-infrared excess detection requires photometric accuracy, not deep
imaging”. In fact, as UKIDSS is ~3 magnitudes deeper than 2MASS, the UKIDSS
survey is more accurate at the fainter end of the 2MASS survey where many of the white
dwarfs lie (Figure 6.5). In 2MASS the photometric signal-to-noise ratio is > 10 for
Kg < 14.3 mags, so a typical error is 0.1 mags. In the equivalent UKIDSS bandpass, the
typical error is 0.005 mags. Clearly, UKIDSS will provide much better accuracy at the
2MASS limits, and continue this trend until the limits of the survey are reached. Indeed,
it may be the case that 2MASS is not as sensitive as the “average” white dwarf would

suggest.

Clearly, the use of an “average” white dwarf to place sensitivity limits on a sample may
be the problem. The detection of an ultracool companion requires that the companion
exceed the white dwarf’s luminosity by 3¢ at an infrared wavelength. The luminosity of
a star is proportional to R? and 7', hence an “average” white dwarf determined according
to temperature is not representative of the sample. Unfortunately, FBZ05 do not detail the
parameters needed for each white dwarf (Effective temperature and distance) to perform
a similar analysis to that presented for the UKIDSS data. The reasons for the surprisingly
similar claimed sensitivities of both the 2MASS and UKIDSS surveys cannot be fully

understood until such an analysis can be performed.
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FIGURE 6.7. Temperature distribution of the single DA white dwarfs present in the
UKIDSS sample. The mean temperature is shown as a solid line.
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6.5.2 The Main-sequence Star + Brown Dwarf Binary Fraction

McCarthy & Zuckerman (2004) presented a coronographic near-infrared search for sub-
stellar companions to nearby main-sequence stars. They found that the frequency of
brown dwarf companions to G, K and M stars orbiting at a distance between 75-300 AU
to be 1+1%. They also calculated a companion fraction for massive brown dwarfs or-
biting between 120-1200 AU to be 0.740.7%. Grether & Lineweaver (2006) analysed
the relative fraction of close (P< 5yr) stellar, brown dwarf and planetary companions
to nearby sun-like stars and found that close brown dwarf companions occur at a fre-
quency of < 1%. Therefore, the brown dwarf companion fraction to white dwarfs
(0.5 < fwpisp < 1.8 £ 0.7%) and hence, their progenitors, from the UKIDSS sur-
vey agrees with the estimates of both McCarthy & Zuckerman (2004) and Grether &

Lineweaver (2006) within errors.

However, there exists a bias among white dwarfs in that they are generally descended
from stars more massive than the Sun. It could easily be the case that such stars have a

greater frequency of brown dwarf companions than solar-type stars.

The brown dwarf desert is a noted deficit in the frequency of brown dwarf companions
relative to the frequency of less massive planetary companions (Marcy & Butler 2000) or
relative to the frequency of more massive stellar companions to Solar-like hosts. Grether
& Lineweaver (2006) verified the existence of this phenomenon, with the desert existing

at close separations (< 3 AU). Determining the separations of the WD+BD binaries in
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the UKIDSS sample will allow additional investigation of the brown dwarf desert. It

may even be possible to determine the companion fraction at different orbital radii.

6.6 Summary

Limits have been placed on the latest spectral type of unresolved companion detectable
around each of the apparently single DA white dwarfs detected in the UKIDSS database.
It was found that this survey has a sensitivity of ~ 98% to companions of spectral type
LO or earlier and ~ 56% to companions of spectral type TO or earlier. These sensitivities
were used in conjunction with the photometrically detected L and T-dwarf companions
to estimate the unresolved brown dwarf companion fraction to DA white dwarfs as 0.5 <

fwpasp < 1.8+ 0.7%.

If the majority of the L-dwarf photometric candidates are confirmed, then the L-dwarf
companion fraction (fwprqar, < 1.5% if all confirmed) will be significantly higher than
that of Farihi et al. (2005). Once possible explanation for this discrepancy is that Farihi
et al. (2005) have used an “average” white dwarf to set the limits of their 2MASS sur-
vey. By utilising the same method for the UKIDSS white dwarfs, it was shown that this
“average” white dwarf may not be representative of the mean survey sensitivity. A more
thorough analysis of the 2MASS survey sensitivity is required, using the same method
employed here, before the differences can be fully understood. This will require each
white dwarf to be analysed individually in order to place a limit on the coolest detectable

companion around each star.
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The fraction of ultracool companions to white dwarfs was found to be consistent with

estimates of the main-sequence + brown dwarf binary fraction.



Chapter 7

Summary and Future Work

7.1 Overview

In this thesis I have undertaken a near-infrared search for ultracool companions to white
dwarfs with the ultimate aim of further constraining the white dwarf + L-dwarf/T-dwarf/brown
dwarf binary fractions. This final chapter summarises the key results and conclusions
presented in this thesis and propose future work to improve the statistics with new sur-

Veys.
7.2 Summary of Results

In Chapter 2 the UKIDSS LAS DRS5 was cross correlated with catalogues of spectro-
scopically identified white dwarfs, in order to search for stars displaying near-infrared
excesses indicative of low mass companions or debris disks. The sample included 639

hydrogen atmosphere DA white dwarfs with 1500 < 7. < 100,000K and 6.5 <logg <

167
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9.5, and 10 helium atmosphere DB white dwarfs with 3500 < T.x < 30,000K and
7.0 <logg < 9.0, all with both A and K-band photometry present in the UKIDSS
archive. 235 white dwarfs were identified with near-infrared excesses, with 206 of these
recovering previously identified DA+M and DB+M type systems. Of the 29 remaining
candidates, 24 had excesses in multiple filters indicative of a low mass companion, with
seven of these having a predicted mass in the range associated with brown dwarfs, and
a further 13 likely very low mass stellar companions. Two white dwarfs were identified
with putative companions that are likely spectral class K. Four of the sample showed evi-
dence of contamination by a foreground or background object. The remaining three each
had a K-band excess indicative of a debris disk including the previously discovered DAd
SDSS J12284-104 (Giénsicke et al. 2006). Two magnetic white dwarfs were found with
a near-infrared excess; (1) SDSSJ1212+4-01 - a previously identified DAH+dLS8 binary
(Debes et al. 2006, Koen & Maxted 2006, Burleigh et al. 2006b, Farihi et al. 2008) , and
(2) SDSS J1250+4-154 - potentially explained by the presence of an M8 companion and

additional cyclotron emission.

In Chapter 3 eleven DA white dwarfs were observed, all of which have been identified as
having M-type companions, The secondary in each system was assigned a spectral type
in the near-infrared by comparison of key features in the star’s spectrum in comparison
to existing spectra of M-dwarfs. Six of the secondary star classifications agreed with pre-
vious spectral typing in the optical and near-infrared. However, all of the spectroscopic
results are in good agreement with photometry to £1 spectral type. The slight differences

might be due to errors in distance estimates or activity intrinsic to the companion. The
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accuracy of the spectral types were tested by measuring the equivalent width of the Na I
line at 2.2pm, with no anomalies found. All of the systems had near-infrared colours
expected of white dwarf + M-dwarf binary systems. In systems where the companion is
known to have a short period or the period is currently unknown no evidence was found

for accreted material during a common envelope phase.

In Chapter 4 the spectral type of the low mass companion to PG 1234+482 was estimated
using H and K -band spectroscopy obtained from the WHT LIRIS instrument and Spitzer
IRAC 4.5pm and 8.0pum photometry. Due to uncertainty in the 2MASS photometry
used to place these data on an absolute flux scale, an estimated spectral type of LO+1
(M9-L1) was assigned. The total age of the system is ~ 1 Gyr, where the substellar
boundary spectral type is ~ L1+£1. This makes PG 1234 the hottest and youngest (t o0~
106 yr; Liebert, Bergeron & Holberg 2005) DA white dwarf with a possible brown dwarf

companion.

The confirmation of an ultracool companion to PG 1234 leads to the speculation that the
metals in the hot white dwarf’s atmosphere are at least in part being accreted from the
companion’s wind. To answer this a constraint is needed on the separation of the pair,
by either high resolution imaging and/or radial velocity measurements. Current evidence
suggests that the system has an orbital separation of < few solar radii (Section 4.7). If

confirmed, it is likely that the companion is a survivor of a common envelope phase.

In Chapter 5 the presence of a brown dwarf companion to the white dwarf PHL 5S038A

was confirmed and assigned a spectral type of L8-L9 based on the measurement of stan-
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dard spectral indices in the near-infrared, the first time this has been accomplished for
a bona fide WD+BD binary. The spectral type was corroborated by photometry and by
comparison with the spectrum of an L8 field brown dwarf. The system is situated 64 pc
from Earth, and the brown dwarf has a projected orbital separation from its primary of
55 AU. PHL 5038B has the potential of being used as a benchmark brown dwarf if its age
can be determined more accurately (Current estimate = 1.9 — 2.7 Gyr). A measurement
of a trigonometric parallax for this system would allow for a more accurate constraint
on the radius and, via models, the mass of the white dwarf. This would then allow a
better estimate for the total age of the system. This is required in order to accurately esti-
mate the age of the brown dwarf companion, which is essential when modeling substellar

atmospheres.

Finally, in Chapter 6 limits were placed on the latest spectral type of unresolved com-
panion detectable around each of the apparently single DA white dwarfs detected in the
UKIDSS database. It was found that this survey has a sensitivity of ~ 98% to com-
panions of spectral type LO or earlier and ~ 56% to companions of spectral type TO or
earlier.These sensitivities were used in conjunction with the photometrically detected L
and T-dwarf companions to estimate the unresolved brown dwarf companion fraction to
DA white dwarfs as 0.5 < fywpisp < 1.8 +£0.7%. The fraction of ultracool companions
to white dwarfs was found to be consistent with estimates of the main-sequence + brown

dwarf binary fraction.

The results of Chapter 2 show that large, deep near-infrared surveys are indeed the ideal
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hunting ground for low mass stellar/substellar companions to white dwarfs. The use
of near-infrared photometry in assigning spectral types to such companions seems to
be accurate to within +1 spectral types, certainly for M-dwarfs (Chapter 3), and for
the spectroscopically confirmed L-dwarfs presented in this thesis (Chapters 4 and 5).
However, the sensitivity analysis of Chapter 6 indicates that a much larger sample will
be needed to effectively detect T-dwarf companions. Mid-infrared surveys may be more
ideally suited to the detection of companions of spectral type T and debris disks, as a

photometric excess for these objects is more likely to present at longer wavelengths.

The results of Chapter 6 imply a much larger brown dwarf companion fraction to white
dwarfs than previously estimated. However, as this is consistent with the main-sequence
+ brown dwarf binary fraction, a higher survival rate (certainly at the high mass end of

the brown dwarf mass function) may be implied for such systems.

7.3 FutureWork

7.3.1 Follow-up Observations

Spectroscopic follow-up to confirm and provide a spectral type for each of the candidate
systems presented in this thesis will be the initial priority. In addition, radial velocity
measurements will then be taken for spectroscopically confirmed systems in order to
provide an orbital separation. This is important for the detection of post-CE and pre-CV

systems, and also for identifying benchmark brown dwarfs. The bimodal distribution
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of white dwarf binaries, and binary fractions at different orbital separations can also be

investigated.

There are several telescopes and instruments for the purpose of spectroscopic follow-
up in the near-infrared. Examples are Gemini + NIRI or GNIRS, and NASA’s IRTF
which can provide near-infrared spectra. The VLT + XSHOOTER can simultaneously
take spectra in the UV, Optical and near-infrared. This would be particularly useful
for constraining the white dwarfs effective temperature and surface gravity, and hence
accurately determining the star’s age. This is important in identifying benchmark brown

dwarf systems.

7.3.2 The Future of UKIDSS

Since this thesis work was completed the UKIDSS LAS DR6 has been released (October
2009). DR6 represents ~ 1400 deg? (inclusive of previous data releases) of data com-
pleted in all four UKIDSS passbands, and represents 42% of the final planned survey. In

contrast DRS represented 32% of the final planned survey.

However, due to cuts in funding and available telescope time the planned final area for the
LAS has now changed (Figure 7.1; Steven Warren, private communication). The survey
now consists of four blocks; (1) Block L1. This is the original LAS spring equatorial
block. (2) Blocks L.2a and L2b. These are areas within the original L2 block that were

partially completed.(3) Block L3. The original L3 was coincident with SDSS Stripe
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82. This has undergone a change in RA distribution in order to accelerate completion,
and has now expanded from 213 deg? to 1258 deg®. (4) Block L4. This is anew block
intended for Herschel-ATLAS support. All blocks will be observed in Y JH K and the
final planned area is now 3792 deg?, ~ 85% of the original survey area. Second epoch

J-band imaging will comprise of 2000 deg?, drawn from blocks L1, L2a and L2b.

The updated UKIDSS surveys are still expected to be completed in 2012 and this data is
essential for the completion of the work that this thesis has begun. As the white dwarf +
brown dwarf binary fraction is so small, it is important to increase the size of the sam-
ple significantly. This in turn will allow tighter constraints to be placed on the number
of white dwarfs with detectable substellar companions, and increase the current range
of spectral types. It is particularly important to increase the sample size sensitive to T-
dwarfs, which currently accounts for only 226 of the DA white dwarfs in the UKIDSS
sample (of which only 16 were sensitive to all spectral types equal to or earlier than
T8). Follow-up radial velocity studies will then be important for investigating the pro-
posed bimodal distribution of white dwarfs with ultracool companions, and allow for the

detection of pre-CV and post-CE systems.

Assuming an even spatial distribution of white dwarfs, the sample number from UKIDSS
should have more than doubled upon completion of the LAS. It should be noted that in
this thesis I have used spectroscopically confirmed white dwarfs. Extending the survey
to include candidate white dwarfs identified by optical colours would greatly increase

the sample size. However, spectroscopic confirmation of these photometric candidates
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would then be required in both the optical and the near-infrared to confirm the presence
of the white dwarf and companion respectively. The spectra are also needed to constrain
the white dwarf parameters, especially distance, and hence constrain the companion’s

spectral type.

This survey does not take wide resolved white dwarf binaries into account, with searches
for these systems already being undertaken (Day-Jones et al. 2008). The planned second
epoch UKIDSS J-band observations will allow for the detection of such pairs. This will
add to the binary statistics significantly, with the investigation of binary frequency at a

wider range of orbital separations.

7.3.3 VISTA

The Visible and Infrared Survey Telescope for Astronomy (VISTA; Emerson et al. 2004)
is a 4m wide field survey telescope for the southern hemisphere. The telescope will be
equipped with a near-infrared camera containing 67 million pixels of mean size 0.34”
(1.65 degree diameter) and makes use of broad band Z,Y,J,H and K| filters, and a

narrow band filter at 1.18m.

Like UKIDSS, the VISTA telescope will undertake a complimentary set of 6 surveys; Ul-
traVISTA, the VISTA Kilo-Degree Infrared Galaxy Survey (VIKING), the VISTA Mag-
ellenic Survey (VMC), VISTA Variables in Via Lactea (VVV), the VISTA Hemisphere

Survey (VHS) and the VISTA Deep Extragalactic Observations Study (VIDEO).The sky
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coverage for each of these surveys is shown in Figure 7.2. The survey of most importance

for the continuation of this work is the VHS.

The VHS will image the entire 20,000 deg? of the southern sky down to limiting mag-
nitudes of Y = 21.2, J = 21.2, H = 21.2 and Ky = 20.0 mags. Thus, a search can
be performed for low mass companions and debris disks to white dwarfs in low galac-
tic latitudes with detection limits similar to that, and in many cases better than that, of
UKIDSS. The increased area over UKIDSS should also increase the sample size signif-
icantly. In other words, VISTA will detect more white dwarfs, and be more sensitive to

T-dwarf companions than UKIDSS.

However, there are very few spectroscopically identified white dwarfs in the southern
hemisphere. The 2dF survey made some progress in this area, but only for ~1000 DA
white dwarfs (Vennes et al. 2002). Rowell, Hambly & Bergeron (2009) recently identi-
fied ~9500 photometric white dwarf candidates using the SuperCOSMOS Sky Survey,
which increases the sample significantly, but has no spectroscopic follow-up. The VST
surveys and the Australian Skymapper will do the equivalent of SDSS for the South, but
also will not provide spectroscopic follow-up. This will make exploitation of VISTA
more problematic than the methods used in this thesis. Spectroscopic confirmation of
both system components will require optical and near-infrared data. This is entirely pos-
sible with second generation instruments such as XSHOOTER on the VLT (D’Odorico
et al. 2006). The large amount of time needed for spectroscopic follow-up of Southern

white dwarfs will, however, require significant allocations of telescope time in an in-
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creasingly competitive environment due to recent cuts in telescope access for the UK.
Practically, a large number of good candidates will be required before any large scale

confirmation program can be implemented.

7.3.4 WISE

The Wide-field Infrared Survey Explorer (WISE) satellite will provide an all sky survey
in the mid-infrared from 3 to 25um. It will have a sensitivity approximately 500,000
times greater than the previous Cosmic Background Explorer (COBE) satellite, and up to
1000 times greater than the Infrared Astronomical Satellite (IRAS). WISE was launched

on the 14" December 2009.

The 5o point source sensitivity of WISE is shown in Figure 7.3 as well as previous or
planned all-sky surveys. It can be seen that WISE should indeed be capable of detected
mid-infrared excesses in all but the faintest white dwarfs from UKIDSS, and certainly
from all the white dwarfs detected in 2MASS. A survey of cool white dwarfs to search

for debris disks should therefore be feasible.

The WISE instrument is a four-channel imager which operates in a single mode, taking
overlapping snapshots of the sky. The telescope has a 40 cm diameter and has HgCdTe
and Si:As 1024x1024 detector arrays at 3.4, 4.6, 12 and 22 pym. WISE will have a
resolution of 6”, except at 22um where it will be 12”. The solid-hydrogen cryostat is

expected to give a mission lifetime of 10 months.
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VIKING

FIGURE 7.2. Sky coverage of VISTA surveys, overlaid on a 2MASS image of the
whole sky.
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WISE will make a preliminary release of data taken during the first half of the survey
six months after the end of on-orbit data acquisition. For the current lifetime estimate of
10 months, the first data release would be in April 2011. The final data release will be
11 months later. Therefore, all the data collected by WISE should be accessible to the

astronomical community in the latter half of 2012.

WISE will be of particular importance in the photometric confirmation of debris disk
candidates from the UKIDSS and VISTA surveys, aswell as providing an opportunity to
continue the search for very low mass companions to white dwarfs. WISE will certainly
provide the most sensitive survey for finding mid to late T dwarfs and potentially Y dwarf

companions to white dwarfs.



CHAPTER 7. SUMMARY AND FUTURE WORK 180

_ . JBAS e,
11k .

® PLANCK
° & [ ]
ASTRO-F A

;. 2MASS

[GALEX ~ o%e

e DPQSS ﬁWBE
L

3 . i
E - ® *
- SDSS :

UKIDSS

. Brown Dwarf ULIRG
N | = 1 _Ni
-15 P 1;]1-' Lalbkl
0.1 03 1 2 5 10 20 50100 1000

Wavelength [um]

=Y

i
Wl | T T | L el

log(Sensitivity) [VF, in erg/cm¥sec/oct]
@

FIGURE 7.3. The 5o point source sensitivities of WISE and previous or planned all-

sky surveys. The planned wavelength range for the JWST is indicated. The dot size

shows the planned sky coverage. GALEX is a small Explorer (SMEX), DPOSS is

the groundbased Digital Palomar Observatory Sky Survey, ASTRO-F is the Japanese

satellite, renamed Akari after launch on 22 Feb 2006, and Planck is the European
CMB mission. Figure from www.astro.ucla.edu/ wright/ WISE/



Appendix A

Chapter 2. Spectra

181



APPENDIX A. CHAPTER 2: SPECTRA

0.1

Flux (mldy)
0.05

0.02

WD+M9

0.01

0.5 1

Wavelength (um)

1.5

182

FIGURE A.1. SDSSJ003923.044-003534.7 model spectrum (black solid) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS

spectrum (light grey) a composite WD+M9 spectrum (dark grey).
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FIGURE A.2. SDSSJ032317.00—002612.7 model spectrum (black solid) with
SDSS griz’ (blue) and UKIDSS J H K photometry (red). The extreme near-infrared
excess is likely caused by a bright background star.
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FIGURE A.3. SDSSJ034221.554-005345.6 model spectrum (black solid) with
SDSS griz' (blue) and UKIDSS Y JH K photometry (red). The extreme near-
infrared excess is likely caused by a bright background star.
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FIGURE A.4. SDSSJ085956.47+4082607.5 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS Y H K photometry (red). Also shown are the SDSS

spectrum (light grey) and a composite WD+M®6 spectrum (dark grey).
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SDSS J090759.59+-053649.7 model spectrum (solid black) with

SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the

SDSS spectrum (light grey) and a composite WD—+L4 spectrum (dark grey).
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FIGURE A.6. SDSSJ092648.48+4102828.8 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the

SDSS spectrum (light grey) and a composite WD+MS8 spectrum. (dark grey).
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FIGURE A.7. SDSSJ100259.884-093950.0 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the
SDSS spectrum (light grey) and a composite WD+L.0 dwarf spectrum (dark grey).
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FIGURE A.8. SDSSJ101642.934-044317.7 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS
spectrum (light grey) and a composite WD+M3 dwarf spectrum (dark grey).
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SDSS J103220.194-011227.0 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS
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FIGURE A.10. SDSSJ103448.924+-005201.4 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS

spectrum (light grey) and a composite WD+L5 dwarf spectrum (dark grey).
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FIGURE A.11. SDSSJ103736.754+013912.2 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS
spectrum (light grey) and a composite WD+M?7 dwarf spectrum (dark grey).
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FIGURE A.12. SDSSJ104933.584-022451.7 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS
spectrum (light grey) and a composite WD+L3 dwarf spectrum (dark grey).
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FIGURE A.13. SDSSJ105332.62+020126.2 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS

spectrum (light grey) and a composite WD+L5 dwarf spectrum (dark grey).
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FIGURE A.14. SDSSJ113416.094055227.2 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS

spectrum (light grey) and a composite WD+L3 dwarf spectrum (dark grey).
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FIGURE A.15. WD1155—011 model spectrum (solid black) with SDSS griz’ (blue)
and UKIDSS Y J H K photometry (red). Also shown is a composite WD+M7 dwarf
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FIGURE A.16. SDSSJ132925.214123025.4 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the
SDSS spectrum (light grey) and a composite WD+M?7 dwarf spectrum (dark grey).
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FIGURE A.17. SDSSJ220841.63—000514.5 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS Y JH K photometry (red). Also shown are the
SDSS spectrum (light grey) and a composite WD+L1 dwarf spectrum (dark grey).
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FIGURE A.18. PHL 5038 model spectrum (solid black) with SDSS griz’ (blue) and
UKIDSS Y JH K photometry (red). Also shown are the SDSS spectrum (light grey)
and a composite WD+L8 dwarf spectrum (dark grey).
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FIGURE A.19. SDSSJ233345.97—000843.0 model spectrum (solid black) with
SDSS griz’ (blue) and UKIDSS H K photometry (red). Also shown are the SDSS
spectrum (light grey) and a composite WD+M?7 dwarf spectrum (dark grey).



Appendix B

Chapter 3. Individual Discussions and
Spectra

WD 0419-487 = V* RR Cae

Zuckerman et al. (2003) detected Al I and Si I in the optical spectrum of this white dwarf,
which is likely accreted from the wind of a companion. They also detected emission due
to Ca Il and thus submitted that this was due to an active or irradiated M type companion.
V* RR Cae is a cool white dwarf which is eclipsed by its M-dwarf companion every 7.3
hours. Maxted et al. (2007) calculated that it will become a CV in 9-20 Gyr and found a
spectral type for the companion of M4. Tappert et al. (2007) have analysed this system’s
K-band spectrum and find no evidence for CE accretion. Figure B.1 shows the observed
spectrum, modelled with a blackbody (BB) and a composite BB4+M4 model. Figures B.2
and B.3 show the model subtracted spectrum with an M4 spectrum for comparison.
Starting in the K-band the strength of the Na I at 2.2um (EW= 6.5 & 0.5A, Table 3.4)
is comparable to the M4 composite as is the strength of the CO bands at 2.3um. The
relative strength of the spectral features in the J-band are visually consistent with the
observed spectrum, again suggesting a mid M-type companion. The overall flux level
and strength of the spectral features suggest a companion of spectral type M4, agreeing
with Maxted et al. (2007). No evidence in the CO band for CE accretion was found,
agreeing with the results of Tappert et al. (2007).

192
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WD 0752—146 = EGGR 57

Farihi et al. (2005) used photometry to estimate a spectral type for this companion of
M6 orbiting at a distance of <0.1 AU. Figure B.4 shows the observed H K and modelled
spectra of EGGR 57 and a composite WD+M6 model. Figures B.5 and B.6 show the
model subtracted spectrum with an M6 star for comparison. There is a strong Na I ab-
sorption line at 2.2;im (EW= 8.940.5A, Table 3.4) suggesting the companion is indeed
an M-type star. The visual lack of Ca I at 2.26,um and the presence of the CO absorption
band at 2.3um are consistent with a spectral type of M6 confirming the previous esti-
mate. There is no evidence to suggest accretion of material during a CE phase as the CO
bands appear to have been neither diminished or enhanced by the nuclear processing of
CNO.

WD 1305+018 = PG 13054108

PG 13054108 was confirmed to have a near-infrared excess in its 2MASS photometry
by Hoard et al. (2007). They gave a spectral type for the secondary of M1-M3.5 with an
angular separation of < 2”. This equates to a projected orbital separation of < 96 AU
at the distance to the white dwarf (Table 3.4.2). Figure B.7 shows the observed and
modelled spectrum of WD 1305+018 and composite WD+M4 and WD+M6 models.
Figures B.8 and B.9 show the model subtracted spectrum with an M4 for comparison.
The observed flux level indicates an M5 companion as does strengths of the Na I line at
2.2um (EW= 4.740.5A, Table 3.4) and the CO absorption at 2.3um, which are visually
weak compared to the M4. The same argument applies to a visual comparison of the
Na I line at 1.14um. Therefore it is highly likely that WD 13054018 has a companion
of spectral type M5. There also appears to be no evidence for the nuclear processing of
CNO in the CO bands.

WD 1412—-049 = PG 1412—-049

PG 1412—049 was identified as having a companion by Wachter et al. (2003) and later
resolved with the Hubble Space telescope by Farihi, Hoard & Wachter (2006b) who,
using photometry, assigned a spectral type for the companion as an MO star at a projected
orbital separation of 1200 AU. Figure B.10 shows the observed and modelled spectra of
WD 1412—-049 and composite WD+MO0O, WD+M1 and WD+M2 models. Figures B.11
and B.12 show the model subtracted spectrum with an M1 for comparison. However,
the strength of absorption features would suggest an earlier spectral type and are more
consistent with the previous spectral typing of an M0O. At an orbital distance of 1200 AU,
PG 1412—049 is not a candidate pre-CV and the strength of the CO bands are perfectly
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consistent with the spectral type.

WD 1415+ 132 = Feige 93

The observed and modelled spectra of Feige 93 and composite WD+M3, WD+M3.5
and WD+M4 models are shown in Figure B.13 . Figures B.14 and B.15 show the model
subtracted spectrum with an M3.5 for comparison. An M3.5 companion is consistent
with the observed flux level as well as the strength of the spectral features. The CGS4 J
band data is particularly noisy with a noticeable rise in flux at approximately 1.3um. A
closer inspection of the raw extracted spectrum indicates that this is most likely due to a
poor standard correction. Any spectral features in this region would fall within the level
of noise. However, based on the UIST H K spectrum where the CO bands can be seen,
the companion can be assigned a spectral type of M3.5. The CO bands also do not show
evidence of being enhanced or diminished.

WD 1622+323 = PG 16224323

PG 16224323 was identified as a binary system by Wachter et al. (2003). Farihi, Hoard
& Wachter (2006b) used photometry to estimate a spectral type for the companion as an
M1 orbiting at a distance of 49AU. Figure B.16 shows the modelled and observed spectra
of WD 1662-+323 with composite WD+MO0 and WD+MO0.5 models. Figures B.17 and
B.18 show the model subtracted spectrum with an M0.5 for comparison. Firstly the flux
level could indicate an M0.5 companion, as an over-estimate of the distance would have
shifted the spectrum downwards. The lack of any strong spectral features in the J band
points towards a young M-type companion, although these could be hidden within the
noise, as do the weaker line strengths in the UIST H K spectrum. The visual strength of
the CO bands at 2.3m suggest that the companion could easily lie in the region between
MO and M1. The weak Na I absorption line at 2.2m would bias one towards the earlier
classification, therefore a companion of spectral type MO0.5 is the best fit. At an orbital
distance of 49 AU, PG 16224323 is not a candidate pre-CV.

WD 1643+143 = PG 16434143

PG 16434143 was first identified by Wachter et al. (2003) as a binary and later Farihi
et al. (2005) used photometry to estimate the spectral type of the companion as an M2
orbiting at a distance of <75AU. Figure B.19 shows the modelled and observed JH K
spectra and composite WD+M1 and WD+M2 models. Figures B.20 and B.21 shows the
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model subtracted spectrum with an M2 for comparison. The flux level is close to that of
an M2 spectral type with the slight difference likely due to errors in distance calibrations.
The Na I lines at 1.14pm and 2.2um are indicative of an early-M type companion and
the strengths of these lines are consistent with the combined WD+M?2 model. Therefore,
the results are in agreement with the previous photometric estimate of an M2. Although
noisy the CO bands seem to match that of the template M2 spectrum thus showing no
evidence for accretion during a CE phase.

WD 1845+019 = Lanning 18

Figure B.22 shows the observed and modelled spectra of Lanning 18 and composite
WD+M4, WD-+M6 and WD+M7 models. Figures B.23 and B.24 show the model sub-
tracted spectrum with an M4 for comparison. The first thing to note is that the flux level
of the CGS4 J band spectrum and the 2MASS H band photometry are consistent with a
companion of spectral type M4-M6. Also the relative line strengths in the .J-band when
visually compared with the M4 and M6 spectral types suggests the same conclusion. The
flux of the CGS4 K -band spectrum then rises towards the level of an M4. The messy wa-
ter feature at 1.9um suggests that the spectrum of the standard used for the observation
may be to blame - as a poor division during flux calibration could artificially increase
the flux. In this case one must look to the absorption features for spectral typing. The
CO band at 2.3um is consistent with the M4, as is the Na I spectral feature at 2.2m
(EW= 7.0 £+ 0.6A, Table 3.4). Therefore the spectrum suggests a companion of spectral
type M4.

At first glance it appears that the CO bands may have been diminished when compared to
the template M4 spectrum. However, the first absorption line appears quite prominently
and is consistent with the M-dwarf’s. Also there is a marked decrease in flux after this
initial absorption line possibly indicating the presence of the CO bands but the resolution
was such at the longer wavelengths that these were “averaged out”. There is also the
poor standard calibration to consider for this object which may have resulted in a loss of
definition. In any case there appears to be little evidence to support any CO anomalies at
this point.

WD 2151-015 = GJ 4236

GJ 4236 was first identified as a binary system by Wachter et al. (2003) and the com-
panions was later spectrally typed by Farihi et al. (2005), using photometry, as an M8.
Farihi, Hoard & Wachter (2006b) then went on to resolve this system with the Hubble
Space Telescope again giving a spectral type of M8 orbiting at a distance of 23 AU. If
so it would be the latest M type companion spectroscopically identified in this data set.
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Figure B.26 shows the observed spectrum, modelled with a 8500K blackbody and a
composite BB4+M8 model. Figures B.25 and B.27 show the model subtracted spectrum
with an M8 for comparison. The first thing to note is the flux level coincides with the
MBS spectral type and also the strength of the Na I line at 2.2um (EW= 9.6 £ 0.4A,
Table 3.4) and the CO band at 2.3um is consistent with the template M8 spectrum. The
previous spectral typing as an M8 star is, therefore, in agreement with the observations.
At a projected orbital distance of 23 AU, GJ 4236 is not a candidate pre-CV.
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FIGURE B.1. The observed spectrum of V* RR Cae, modelled with a blackbody,
with composite models (dashed grey). 2MASS fluxes are also plotted (red). The
dashed line indicates a region of very little atmospheric transmission.
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FIGURE B.2. Model subtracted spectrum of V* RR Cae B with an M4 star for com-
parison. The dashed line indicates a region of very little atmospheric transmission.
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FIGURE B.3. Model subtracted spectrum of V* RR Cae showing both the Na I and
CO absorption lines. An M4 star is overplotted for comparison (red)
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FIGURE B.4. Model and observed spectrum of EGGR 57 with composite model
(dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmopsheric transmission.
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FIGURE B.5. Model subtracted H K spectrum of EGGR 57B with an M6 star (grey)

for comparison. The dashed line indicates a region of very little atmospheric trans-
mission.
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FIGURE B.6. Model subtracted spectrum of EGGR 57 showing both the Na I and
CO absorption lines. An M6 star is overplotted for comparison (red)
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FIGURE B.7. Model and observed spectrum of PG 1305+018 with composite models
(dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmopsheric transmission.
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FIGURE B.8. Model subtracted spectrum of PG 1305+018B with an M4 star (grey)
for comparison. The dashed line indicates a region of very little atmospheric trans-
mission.
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FIGURE B.9. Model subtracted spectrum of PG 13054018 showing both the Na I
and CO absorption lines. An M4 star is overplotted for comparison (red)
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FIGURE B.10. Model and observed spectrum of PG 1412—049 with composite mod-
els (dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmospheric transmission.

. . . . | . . . . |
1 1.5 2

Wavelength  (um)

FIGURE B.11. Model subtracted spectrum of PG 1412—049B with an M1 star (grey)
for comparison. The dashed line indicates a region of very little atmospheric trans-
mission.
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FIGURE B.12. Model subtracted spectrum of PG 1412—049 showing both the Na I
and CO absorption lines. An M1 star is overplotted for comparison (red)
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FIGURE B.13. Model and observed spectrum of Feige 93 with composite models
(dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmospheric transmission.
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FIGURE B.14. Model subtracted ./ and K spectra of Feige 93 B with an M3.5 star

(grey) for comparison. The dashed line indicates a region of very little atmospheric
transmission.
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FIGURE B.15. Model subtracted spectrum of Feige 93 showing both the Na I and
CO absorption lines. An M3.5 star is overplotted for comparison (red)
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FIGURE B.16. Model and observed spectrum of PG 16224323 with composite mod-
els (dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmospheric transmission.
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FIGURE B.17. Model subtracted J and K spectra of PG 1622+323B with an M0.5
star (grey) for comparison. The dashed line indicates a region of very little atmo-
spheric transmission.
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FIGURE B.18. Model subtracted spectrum of PG 16224323 showing both the Na I
and CO absorption lines. An M0.5 star is overplotted for comparison (red)
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FIGURE B.19. Model and observed spectrum of PG 16434143 with composite mod-
els (dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmospheric transmission.
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FIGURE B.20. Model subtracted spectrum of PG 1643+143B with an M2 star (grey)
for comparison. The dashed line indicates a region of very little atmospheric trans-

mission.
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FIGURE B.21. Model subtracted spectrum of PG 16434143 showing both the Na I
and CO absorption lines. An M2 star is overplotted for comparison (red)
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FIGURE B.22. Model and observed spectrum of Lanning 18 with composite models
(dashed grey). 2MASS fluxes are also plotted (red). The dashed line indicates a
region of very little atmospheric transmission.
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FIGURE B.23. Model subtracted J and K spectra of Lanning 18 B with an M4 star

(grey) for comparison. The dashed line indicates a region of very little atmospheric
transmission.
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FIGURE B.24. Model subtracted spectrum of Lanning 18 showing both the Na I and
CO absorption lines. An M4 star is overplotted for comparison (red)
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FIGURE B.25. The observed spectrum of GJ 4236, modelled with a blackbody, with
composite models (dashed grey). 2MASS fluxes are also plotted (red). The dashed
line indicates a region of very little atmospheric transmission.
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FIGURE B.26. Model subtracted spectrum of GJ4236B with an M8 star (grey) for
comparison. The dashed line indicates a region of very little atmospheric transmis-
sion.
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FIGURE B.27. Model subtracted spectrum of GJ 4236 showing both the Na I and
CO absorption lines. An M8 star is overplotted for comparison (red)
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Table C.1: Physical parameters and UKIDSS data for SDSS DR4 DA
white dwarfs in this work.

SDSSJ WD Spec. Type i’ Ter (K) logg Y J H K Ref.
000034.07-010819.9 - DA 18.240  12702+208 7.98 £0.058 | 18.03 £0.03 18.15 £0.04 18.12+0.10 18.37£0.23 1
000441.75+152841.1 - DA 18.587 8799 £41 8.3 £0.075 - - 18.13£0.12 18.11£0.19 1
000636.61+160237.7 - DA 19.084 9564 £71 8.3 £0.098 - - 18.59£0.18 18.56£0.30 1
000738.03+004003.3 - DA 18.476  10286+t46  8.29 £0.045 | 18.40 £0.03 18.38 £0.05 18.49+0.18 18.60+0.31 1
000946.45+144310.6 - DA 17.820 24266+245 7.95+£0.026 | 17.80 £0.03 17.82 £0.04 18.10+0.13 17.86£0.19 1
001427.04+135058.4 - DA 18.391 8998 £42  8.48 £0.065 | 18.14 +£0.03 17.96 £0.04 17.81£0.09 18.04£0.18 1
001518.88+135332.8 - DA 17.314 8635 £28 8.34 £0.046 | 16.99 £0.01 16.89 £0.02 16.80+£0.04 16.76£0.05 1
001549.02+010937.3 - DA+M 19.851 6306 £10  7.57 £0.653 | 18.46 £0.04 17.86 £0.03 17.45+0.07 17.13+£0.08 3
001629.05-004451.0 - DA 18.326 9531 £52  8.31+0.074 | 18.11 £0.03 18.02 +£0.04 18.09+0.08 18.02+0.15 1
001643.36+152410.8 - DA 18.395 8336 £40  8.49 £0.062 - - 17.91+£0.10 17.93£0.18 1
001655.51-005604.5 - DA 18.171  15498+205 7.92 £0.044 | 18.03 £0.04 18.08 £0.05 18.30+0.11 18.21£0.19 1
001749.24-000955.5 - DA+M 16.781  10086+16  8.86 £0.125 | 15.75 £0.01 15.33 £0.01 14.77+0.01 14.56+£0.01 2
001836.15+003151.4 - DA 17.730 1169676  7.93 £0.045 | 17.55£0.02 17.54 £0.02 17.60+0.08 17.66+0.13 1
001921.68+144105.2 - DA 19.057 8400 +77 8.82 +£0.142 | 18.70 £0.05 18.56 £0.09 18.41+£0.18 17.89+0.18 1
002040.09+001106.3  0018-000 DA 18.368 7743 £42  8.94 £0.075 | 17.97 £0.03 17.81 £0.05 17.56+0.07 17.74+0.14 2
002049.43+004434.7  0018+004 DA 16.776 9160 10 9.0 £0.0030 | 16.53 £0.01 16.34 £0.01 16.31+0.03 16.36+£0.04 2
002309.05-003342.0 - DA 16.852 15517481  8.01 £0.016 | 16.73 £0.01 16.72 £0.02 16.73+0.04 16.90£0.07 1
002620.40+144409.4 - DA+M 16.652 8933 +27 8.12 £0.042 | 15.13 £0.00 14.60 £0.00 14.07+0.00 13.80+0.01 3
002645.53-002531.8 - DA 17.412 8375429 8.43 +£0.051 | 16.98 +0.02 - 16.76£0.04 16.66+£0.07 2
002910.37+141310.3 - DA+M 19.071 6301 +4 8.41 £0.426 | 17.67 £0.02 17.12£0.02 16.51+0.02 16.274+0.04 3
003257.12+000631.4 - DA+M 20.162 9571 £209  8.69 £0.193 | 18.83 £0.07 18.26 £0.07 17.66+0.07 17.46+£0.10 1
003301.52+005716.8 - DA+M 19.323 6302 £5 8.46 £0.42 | 17.85 £0.02 - 16.79+0.03  16.55+0.03 1
003426.92+151801.7  0031+150 DA 16.743  7655£19 9.0 £0.0060 | 16.23 £0.01 16.08 £0.01 15.86+0.02 15.83+0.03 2
003508.27+135045.3  0032+135 DA 17.105 22173£166 7.34 £0.024 | 17.02 £0.01 17.11 +£0.02 17.18+0.04 17.33+£0.09 2
003511.63+001150.3  0032-000 DA 16.611 9540 £18 8.27 £0.022 | 16.31 £0.01 16.28 £0.01 16.224+0.02 16.24+0.04 2
003628.06-003124.9 - DA+M 18.635  6332+36  7.01 £0.209 | 17.17 £0.01 16.67 £0.01 16.09+0.02 15.81£0.02 3
003719.12+003139.0  0034+002 DA 17.650 10957448 8.41 £0.03 | 17.41 £0.02 - 17.494+0.06 17.40+£0.10 2
003731.07+010947.1 - DA+M 19.099 6301 £+3 8.3 £0.484 | 17.39 £0.02 - 16.33£0.02 16.05£0.03 1
003801.19+152837.7  0035+152 DA 18.185 22067£193  8.04 £0.028 - - 18.27£0.14 18.53£0.26 2
003853.16-002926.6 - DA 18.630 8488 +47 8.26 £0.104 | 18.26 £0.04 18.15£0.06 18.01£0.12 17.95+0.17 1
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003902.47-003000.3 - DA 19.125  12314+268  7.39+£0.08 | 18.70 £0.06 18.37 £0.08 17.86+0.11 17.41+£0.10 1
003923.04+003534.7 - DA 19.201 10080+81  7.99 £0.108 - - 17.48+0.05 17.04£0.06 1
004001.42+005908.8 - DA 19.167 7377 £83 8.87 £0.14 - - 18.34+0.11 18.34+0.20 1
004022.88-002130.0 - DA 15.124  16159+62  7.88 £0.012 - - 14.77£0.01 14.81£0.01 2
004103.11+142248.6  0038+141 DA 18.133 226424244 7.9 +0.032 | 18.04 £0.03 18.22 £0.05 18.26+0.10 18.31+0.21 2
004138.68+151104.9  0039+149 DA+M 19.344 7629 +98 8.73 £0.182 | 18.37 +£0.05 17.91+£0.05 17.40£0.04 17.32+0.09 2
004558.02+145449.8  0043+146 DA 18.015 7573 £34 9.0 £0.0080 | 17.52 £0.02 17.41 £0.03 17.17£0.04 17.20£0.07 2
004610.36+133910.3  0043+133 DA 18.285  11077£71  8.31+£0.057 | 18.21 £0.04 18.18 £0.06 18.11+0.14 18.05£0.19 2
004815.69+002034.3 - DA+M 19.205 9844 +90 8.21 +£0.142 | 17.78 £0.02 17.41 £0.03 17.04+0.03 16.59+0.05 3
005208.42-005134.6 - DA+M 16.635 6300 £1 7.17£0.092 | 15.07 £0.00 14.55 £0.00 13.96+0.00 13.69+£0.00 2
005245.11-005337.2 - DA+M 17.972 6300 1 8.61 £0.094 - 15.73 £0.01 15.214£0.01 14.91+£0.01 3
005418.54+005746.2 - DA+M 17.476 8372 £47 7.88 +£0.103 - 15.41 £0.00 14.874£0.01 14.60+0.01 3
005436.04-004941.9 - DA 18.343 8027 £40 8.81 £0.117 - 17.78 £0.05 17.66+0.08 17.59+£0.13 2
005457.61-002517.1 - DA+M 18.459 16417+139  7.57 £0.03 | 17.27 £0.02 16.82 £0.02 16.45+£0.03 16.06+£0.03 2
005519.90+004039.1 - DA+M 18.717 6300 £2 7.41 £0.389 - 16.93 £0.02 16.41+0.03 16.15+0.03 3
010045.94+150659.1  0058+148 DA+M 18769  11121+128 8.06 £0.087 | 17.51 £0.02 17.03 £0.02 16.44+0.03 16.25+£0.05 2
010602.97+004717.0 01034005 DA 18.234 8946 £40 8.44 +0.061 - 17.78 £0.04 17.924+0.10 17.77£0.15 2
010623.01-001456.2 - DA+M 20.834 143594209 7.5 £0.045 | 17.69 £0.02 17.22 £0.02 16.75+0.04 16.47+£0.04 2
010734.66+011157.0 - DA+M 19.101 6301 £3 8.72 £0.209 - 17.22 £0.02 16.844+0.04 16.55+0.05 1
011055.06+143922.3  0108+143 DA 17.037 9399 £18 9.0 £0.0040 | 16.77 £0.01 16.67 £0.02 16.63+0.03 16.70£0.06 2
011634.11+002956.5 - DA+M 18.942 6300 £1 8.53+£0.286 | 17.30 £0.02 16.79 £0.02 16.32+0.02 15.99+0.03 1
011930.32+005329.6 - DA 19.200 7890 +89 8.89 +0.11 - 18.72 £0.07 18.424+0.19 18.28+0.20 1
012032.27-001351.1 - DA 20.237 10487+194  7.91 £0.227 | 19.25 £0.08 18.34 £0.07 17.824+0.07 17.42+0.08 1
012234.68+003025.8 - DA 17.255  11798+47  7.87 £0.022 | 17.11 £0.01 17.04 £0.02 17.14+0.04 17.19£0.08 1
012851.81+151311.0  0126+149 DA 17.920 9650 +41 8.35 £0.054 | 17.66 £0.03 17.56 £0.04 17.49+£0.06 17.87+0.17 2
013256.41+133718.7  0130+133 DA 18.831 7679 £83 8.35+£0.212 | 18.44 £0.05 18.52£0.09 18.13£0.09 18.31+0.19 2
013328.62+142459.3 - DA+M 19.548 41076+1506 7.68 £0.149 | 16.38 £0.01 15.92 £0.01 15.29+£0.01 15.06+0.01 1
013335.55+130357.1  0130+128 DA+M 18.812 6300 £2 8.68 £0.237 | 17.45+0.02 16.95+0.02 1645+£0.03 16.14+0.03 2
013440.94-010902.3  0132-014 DA 18.270 10319453  8.12+£0.066 | 17.92 £0.04 17.97 £0.05 17.84+0.06 17.76£0.12 2
013532.98+144555.8  0132+145 DA 16.960 8083 +£22 8.08 £0.043 | 16.49 £0.01 16.24 £0.01 15.86£0.01 15.56+0.02 2
013716.08+000311.3 - DA+M 18.047 6300 £1 8.77 £0.131 | 16.73 £0.01 16.21 £0.01 15.61+0.01 15.434+0.02 3
014009.00-001243.5 - DA+M 18.591 6304 £9 7.62 £0.863 | 17.30 £0.02 16.79 £0.02 16.274+0.02 16.04+£0.03 3
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014342.45+131013.4  0141+129 DA 17.649 8355 £19 8.49 £0.03 | 17.22+£0.02 17.14+0.02 17.08£0.05 17.12+0.08 2
015259.18+010017.7 01504007 DA 16.751 12494471  7.84 £0.023 | 16.54 £0.01 16.53 £0.02 16.65+0.04 16.62+0.06 2
020343.21-002527.7 - DA+M 19.134 6300 £1 8.61+03 | 17.44£0.02 16.90+0.02 16.324+0.02 15.99£0.02 1
020351.29+004025.0  0201+004 DA+M 17.639 6300 £1 8.0 +£0.199 | 16.15+0.01 15.63 £0.01 15.11£0.01 14.84+0.01 2
020611.79+132408.7  0203+131 DA+M 18.809  10586+£87  8.28 £0.075 | 17.49 £0.02 16.91 £0.02 16.40+£0.02 16.13+£0.03 2
020716.79+134744.3  0204+135 DA 19.230 8155 £61 8.3 £0.121 | 18.95+£0.06 18.75+0.08 18.81£0.14 18.17+£0.19 2
020806.42+001833.8 02054000 DA+M 18.181  35368+223  6.94 £0.036 | 12.79 £0.00 12.33 £0.00 11.73+0.00 11.48£0.00 2
020851.68+005332.2 - DA 17.450 13401150 7.77 £0.024 | 17.33 £0.02 17.35 £0.04 17.2840.06 17.40+£0.10 1
020952.78-000644.0 - DA 18.380 9424 £+56 8.34 +£0.081 | 18.12+0.03 18.11 £0.05 18.03+0.12 18.41+0.25 2
021028.71+124318.9  0207+124 DA 17.473  17155+88 7.9 £0.017 | 17.39 £0.02 17.45+0.03 17.56+0.05 17.59+0.11 2
021104.61+010615.6 - DA 19.323 7424 £90 8.8 £0.199 | 18.71 £0.05 18.70 £0.10 18.434+0.15 18.15+0.18 1
021116.37+003128.2  0208+002 DAH 18.679  101614+90  8.34 £0.489 | 18.34 £0.04 18.40 £0.09 18.15+0.13 18.05£0.17 2
021239.46+001856.9 - DA+M 17.954 6300 1 7.3 +0.214 | 16.26 £0.01 15.71 £0.01 15.10+0.01 14.84+0.01 3
021303.29+140232.8  0210+138 DA+M 19.804 9081 +167  8.32+0.198 | 1843 £0.04 17.87 £0.04 17.39+£0.04 17.09+£0.07 2
021309.19-005025.3 - DA+M 18.440 6300 £1 8.79 £0.144 | 1691 £0.01 16.38 £0.01 15.84+0.01 15.54+0.02 2
021326.76+001103.6 - DA 18.423  10485+44  8.06 £0.048 | 18.19 £0.03 18.10£0.04 17.98+0.11 18.38+0.23 1
021411.35+011533.3 - DA+M 17.993 6300 1 8.48 £0.236 | 16.55 +£0.01 16.06 £0.01 15.50+0.01 15.2840.01 3
021726.27-003317.9 - DA+M 16.110 6300 1 8.73 £0.072 | 14.70 £0.00 14.22 +£0.00 13.58+0.00 13.36+0.00 1
021742.44+005342.7 - DA+M 16.560 6300 £2 8.73 £0.066 | 15.21 £0.00 14.71 £0.00 14.13£0.00 13.904+0.00 3
021744.30+005824.0  0215+007 DA 18.004  13596+238  7.94 +£0.04 | 17.82+£0.03 17.92£0.06 17.91+£0.10 17.87+0.14 2
021759.08+004517.6 - DA+M 18.549 6300 £1 7.69 £0.347 | 16.91 £0.02 16.40 £0.01 15.874+0.02 15.57+£0.02 3
021837.76+003334.1 - DA 18.257 17659+118  8.03 £0.023 | 18.05 £0.04 18.32 £0.08 18.50+0.18 18.18+0.20 1
021849.98+005739.2 - DA+M 18.271 6300 1 7.14+£0.17 | 16.82 £0.01 16.34 £0.01 15.81+£0.01 15.52£0.02 3
021855.27+011056.3 - DA+M 19.875 9756 £106 8.1 £0.151 | 18.41 £0.04 17.92+£0.06 17.56+0.07 17.09+£0.07 3
021903.67-001733.9 - DA+M 18.073 6300 £1 7.79 £0.238 | 16.63 £0.01 16.13 £0.01 15.62+0.01 15.43+£0.02 3
021952.57-002249.0 - DA 17.006 20241+146  7.87 £0.024 | 16.87 £0.01 16.90 £0.02 16.93£0.03 17.10+£0.09 2
022036.11+001237.9 - DA 19.247 7950 +£109  8.66 £0.266 | 18.80 £0.06 18.80 £0.10 18.63+0.19 18.20+0.22 1
022108.68+004924.5 02184005 DA 18.860 10608465 8.21 £0.06 | 18.52+£0.05 18.61+0.12 18.42+0.16 18.32+0.22 2
022125.36+001710.4 - DA+M 19.531 6301 +4 8.3+£0479 | 18.10£0.04 17.69 £0.04 17.26+0.05 17.02+0.07 1
023015.36+010958.8 - DA+M 19.865 9375 £183 8.2+0.251 | 18.30£0.04 17.724+0.04 17.36+£0.06 16.91+0.07 1
023113.02-004057.1 - DA+M 19.266 6305 +10  7.34 £0.561 - 17.31 £0.03 16.79+0.04 16.59+£0.06 3
023247.50-003909.3 - DA 20.121 9898 +£161  8.04 +£0.238 - 20.24 £0.34  18.80+0.20 17.84+0.16 1
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023543.09+005557.1 02334007 DA 18.250 10184447  8.32+£0.057 | 17.94 £0.03 17.90 £0.05 17.76+0.09 17.77£0.12 2
023650.61-010313.2  0234-012 DA+M 18.795  19968+253  7.54 £0.047 - 17.70 £0.04 17.23+£0.05 17.01£0.08 2
023804.39-000545.7 - DA+M 17.698 6300 £1 8.18 £0.235 | 16.09 £0.01 15.55£0.01 15.05+0.01 14.73+0.01 3
024350.05-005000.8 - DA 18.860 8180 £69 8.61 £0.131 | 18.42+0.05 18.38 £0.08 18.20+0.12 18.45+0.23 2
024449.20-002737.7 - DA 18.579 8496 +54 8.48 £0.109 | 18.21 £0.04 18.06 £0.06 18.23+0.12 18.64+0.28 2
024602.69+002539.2 02434002 DA 17.745  14441x116  7.83 £0.024 | 17.63 £0.02 - 17.74+0.06 17.91£0.12 2
024642.56+004137.1  0244+004 DA+M 17.292 6300 £1 8.74 £0.108 | 15.73 £0.01 15.15+0.00 14.58+0.00 14.30+0.01 2
024746.33+000331.4  0245-001 DA 16913  19084+108  8.04 £0.019 | 16.81 £0.01 - 16.844+0.04 16.88+0.07 1
025123.33-011314.4 - DA+M 18.758 362854392  7.63 £0.074 | 17.63 £0.02 17.18 £0.03 16.68+0.03 16.38+0.04 3
025129.08+002749.3 02484002 DA 18.971 7835 £79 8.91 £0.096 | 18.51 +£0.04 - 18.14£0.12 18.04+0.19 2
025141.92-004129.8 - DA+M 16.599 6300 £2 8.01 £0.037 | 14.96 £0.00 14.46 +£0.00 13.92+0.00 13.67+0.00 3
025147.85-000003.2 - DA+M 19.141 6300 £2 8.61 £0.29 | 17.46 £0.02 - 16.36+0.03  16.06£0.03 1
025200.99+004544.2  0249+005 DA 18.570  10180+64  8.27 £0.091 | 18.44 £0.04 18.28 £0.06 18.17+0.09 18.09+0.17 2
025304.77+001344.8  0250+000 DA 17.241 8094 +£32 8.44 £0.061 | 16.87 £0.01 - 16.65£0.03 16.53+0.06 1
025306.37+001329.3 - DA+M 19.331  36000+540 6.81 £0.081 | 14.60 +0.00 - 13.55+0.00 13.26+£0.00 3
025509.30-004414.9 - DA+M 17.814 6300 £1 8.71 £0.15 | 16.39 £0.01 15.93 £0.01 15.30£0.01 15.07+0.01 3
025709.00+004627.9  0254+005 DA 17.783 12215483  8.01 £0.033 | 17.65 £0.02 17.69 £0.02 17.70+0.05 17.64+0.08 2
025746.40+010106.1 02554008 DA 18.203  16579+213  8.29 £0.037 | 18.24 £0.04 18.27 £0.05 18.224+0.09 18.26+0.16 2
025747.80+004902.2 - DA+M 18.161 6300 1 8.63 £0.173 | 16.39 +£0.01 15.81 £0.01 15.26+£0.01 14.934+0.01 3
025753.40-003159.6 - DA+M 18968 9490 +109  8.02 £0.151 | 17.51 £0.02 17.00 £0.03 16.57£0.02 16.31+£0.03 2
025801.20-005400.1 - DA 18.162 9431 +48 8.17 £0.087 | 17.83 £0.03 17.78 £0.05 17.73+£0.05 17.66+0.09 2
025817.88+010945.9  0255+009.2 DA+M 17.377 6632 £60  7.73 £0.162 | 15.95 £0.01 15.46 +£0.01 14.82+0.01 14.56+0.01 2
025935.27-011405.1 - DA 18.088 51639£1005 7.03 £0.084 | 18.05 £0.03 18.31 £0.09 18.254+0.09 18.29+£0.16 1
030138.75+004026.1 - DA+M 19.812 6321 £28 7.56 £0.672 | 18.79 £0.06 18.38 £0.05 17.91+0.10 17.76%0.11 1
030335.08+000221.5  0301-001 DA 17.857 8567 £29 8.53 £0.045 | 17.49 +£0.02 - 17.36£0.04 17.35+£0.07 2
030342.22+005310.3 - DA 18.358  13501+192  7.89 £0.031 | 18.23 £0.03 18.24 £0.06 18.29+0.11 18.06+0.18 1
030351.96+003548.4  0301+004 DA+M 18.067 6300 £1 8.79 £0.126 | 16.75 £0.01 16.28 £0.01 15.77£0.01 15.54+0.02 2
030407.39-002541.9 - DAH 18.130  23109+307 9.0 £0.0010 | 17.98 £0.03 18.02 £0.06 18.02+0.06 18.08+0.13 2
030607.18-003114.3 - DA+M 15.294  20870+112  7.26 £0.022 | 13.70 £0.00 13.16 £0.00 12.65+0.00 12.39£0.00 3
030859.86-002735.8 - DA+M 17.797 6300 £1 8.33 +£0.286 | 16.21 £0.01 15.65 £0.01 15.09+0.01 14.82+0.01 3
030904.82-010100.9 - DA+M 18.429 6300 £1 8.74 £0.162 | 16.88 £0.01 16.34 £0.01 15.85+0.01 15.60+0.02 3
030924.29-004504.3 - DA 19300 7375 +107  8.88 £0.128 | 18.71 £0.06 18.74 £0.13  18.42+0.09 18.53+0.22 1
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031301.42+010558.1  0310+009 DA 18.740 8663 £64 8.34 £0.141 | 18.34 £0.03  18.31 +£0.04 18.15£0.10 18.45+0.17 2
031325.91+010329.4 - DA 19.226 8627 £80 8.11 £0.149 | 18.95+0.05 18.82+0.06 18.61£0.15 18.67+0.21 1
031404.98-011136.6 - DA+M 17.773 6300 £1 8.88 £0.096 | 16.01 £0.01 15.44 £0.01 14.88+0.01 14.58+0.01 3
031553.09+011157.5 - DA 19374 7962 +£119  7.69 £0.303 | 18.88 £0.05 18.77 £0.06 18.67+0.15 18.72+0.22 1
031737.31+005033.4 - DA 18.742 8010 +66 8.23 £0.156 | 18.26 £0.03 18.20 £0.04 17.97+0.09 18.16+0.13 1
031957.78-005803.3 - DA+M 20.029 10392+163  8.29 +£0.18 | 19.04 £0.06 18.57 £0.05 18.01+0.11 18.00+£0.18 2
032150.57+005312.4 - DA 18.028 8842 £23 8.34 £0.046 | 17.72 £0.02 17.66 £0.02 17.61£0.07 17.58+0.07 1
032317.00-002612.7 - DA 20.775 22193+1446 7.1 £0.193 | 15.03 £0.00 14.63 £0.00 14.08+0.00 13.8140.01 1
032443.01-002956.1 - DA 18.364 8200 £36 8.35+0.084 | 18.04 £0.03 17.89 £0.03 17.83+0.08 17.73+£0.13 2
032510.84-011114.2 - DA+M 17.501  18221+105 7.65 £0.021 | 12.74 £0.00 12.30 £0.00 11.84+0.00 11.59+0.00 3
032619.44+001817.3  0323+001 DA 17.868 12124458  8.07 £0.023 | 17.67 £0.02 17.66 £0.02 17.65+0.04 17.57+£0.11 2
032643.22-010338.0 - DA+M 18.486 6300 £2 7.93 +£0.392 | 17.04 £0.01 16.53 £0.01 15.994+0.02 15.72+0.02 1
032706.09-010538.6 - DA+M 20.266 8601 £338  7.78 £0.621 | 18.72 £0.05 18.21 £0.04 17.724+0.08 17.30+£0.09 1
032727.52+001252.5 - DA 18.193 155754322  8.53 £0.029 | 17.96 £0.02 18.03 £0.03 17.96+0.05 17.95+0.16 1
032758.15-002215.4 - DA+M 17.453 6300 £1 7.24 £0.155 | 15.94 £0.01 15.42+0.00 14.914+0.01 14.62+0.01 2
033132.13-005453.3 - DA+M 17.056 7589 £39 8.17 £0.071 | 15.63 £0.01 15.08 £0.00 14.51+0.01 14.26+0.01 3
033133.89+010327.8 03284008 DA 17.245  36000+77  8.01 £0.033 | 17.18 £0.02 17.30 £0.02 17.31+0.07 17.37£0.08 2
033145.69+004517.0 03294005 DAH 17.701  29150+169 9.0 £0.0020 | 17.67 £0.02 17.71 £0.02 17.77+£0.10 17.84£0.10 2
033200.48-005752.5 - DA 17.621 17476109  7.77 £0.023 | 17.52 £0.02 17.54 £0.02 17.49+0.07 17.64+£0.13 2
033236.60-004918.4 - DA 18.441 11041+£68  8.25 £0.057 - 18.13 £0.05 18.27+0.13 18.08+0.18 2
033236.86-004936.9 - DA 16392 35493+£50  7.87 £0.025 - 16.48 £0.01 16.57+0.03 16.77+0.05 1
033432.24-010600.9 - DA 18.546 6563 +87 8.89 £0.114 - 17.77 £0.04 17.584+0.07 17.65+0.14 1
033548.57+003832.1  0333+004 DA+M 17.134 8617 £29 8.24 £0.041 | 15.54 £0.01 15.02+£0.00 14.49£0.01 14.1940.01 2
033648.34-000634.3 - DA 18.186  10396+43  8.26 £0.044 | 17.98 £0.02 17.88 £0.03 17.93+0.06 18.01+£0.18 2
033807.63-000715.2 - DA+M 18.560 6301 £3 7.76 £0.408 | 17.31 £0.02 16.80 £0.01 16.254+0.01 15.94+£0.03 3
034000.84-004257.1 - DA 18.830 9996 +54 8.04 £0.08 - 18.63 £0.10 18.44+0.17 18.25+0.24 2
034038.76-002945.2 - DA 17.015 7719 £25 8.55 +£0.054 - 16.42 +£0.01 16.32+0.03 16.30+£0.04 2
034221.55+005345.6 - DApec 19.760  23035+684 6.97 £0.077 | 16.48 £0.01 16.05 £0.01 15.45+0.01 15.31+£0.01 1
034409.68-001358.2 - DA 17.984 9097 £30 8.1 £0.054 | 17.67 £0.02 17.54 £0.03 17.594+0.05 17.56+0.12 2
034428.27-003814.0 - DA 17.546  30000+£71  7.76 £0.026 - 17.67 £0.03 17.66+0.06 17.71£0.13 2
034511.09+003444.1  0342+004 DAH 18.508 7380 £48 8.99 £0.021 | 18.06 £0.03 18.01 £0.04 17.81£0.09 17.70+£0.09 2
035256.11-000841.7 - DA+M 19.481 8459 +243  8.94 +£0.071 | 18.34 £0.03 17.97 £0.04 17.18+0.03 16.82+0.04 1
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081922.84+031809.6 - DA 17919  16947+148  8.19 £0.029 - - 17.85+0.08 18.03£0.15 1
082239.43+082436.7 - DA 18.269  11205+£70  8.52 £0.044 | 18.09 £0.03 18.01 £0.03 17.87+0.05 18.09£0.13 1
082337.65+033554.0 - DA 17708 19251162  7.92 £0.028 - - 17.62+0.07 17.62+0.11 1
082518.86+032927.8 - DA 17.871 11801+£105  8.33 £0.044 - - 17.72+£0.07 17.68£0.11 1
082558.77+034520.8 - DA+M 19.627 10108+136  8.82 £0.128 - - 17.70£0.06 17.57+0.10 1
082936.62+072824.6 - DA 19.270  11481+£149 798 £0.088 | 19.04 £0.06 19.07 £0.10 19.04+0.17 18.98£0.25 1
083005.06+042347.7 - DA 18.679 9387 77 8.87 £0.115 | 18.36 £0.04 18.31 £0.04 18.42+0.11 18.54£0.23 1
083354.84+070240.1 - DA+M 18.148 9084 +62 7.86 £0.1 16.78 £0.01 16.25 £0.01 15.75+0.01 15.47+£0.01 3
083357.02+052901.1 - DA+M 19.485 6303 £8 7.04 £0.407 | 17.76 £0.02 17.22 +£0.02 16.63+0.02 16.31+£0.03 3
083621.87+044624.3 - DA+M 19.886 8560 +172  8.89 £0.108 | 18.45+0.04 18.02 £0.03 17.31+£0.05 17.09+0.06 1
083736.13+075107.2 - DA 17.875 17149499 7.88 £0.02 | 17.80 £0.03 17.84 £0.04 17.91+0.08 17.91+£0.10 1
084001.80+051628.0 - DA 18.026 8124 £37 8.39 £0.065 | 17.68 £0.02 17.52+0.02 17.38+£0.04 17.48£0.08 1
084052.72+024712.3 - DA 18.625 7762 +£49 8.6 £0.124 | 18.18 £0.03 18.08 £0.05 18.01+0.08 17.76+0.14 1
084141.63+051117.0 - DA 18.756 8085 +61 8.61 £0.117 | 18.30+0.03 18.21 £0.04 18.00+0.07 18.14+0.17 1
084147.52+082537.6 - DA+M 18.571 6300 £2 8.73 £0.195 | 17.38 £0.01 16.89 £0.02 16.29+0.01 16.09+0.02 3
084155.73+022350.5 - DAH 18.735 6668 +49 8.99 +£0.021 | 18.33 £0.03 18.12+£0.04 18.03+0.07 18.38+0.20 1
084314.05+043131.6 - DA 18.138  11250+63  8.18 £0.044 | 17.95 +£0.03 17.95 £0.03 17.88+0.06 18.34£0.18 1
084400.81+052305.7 - DA+M 18.971 6300 £2 8.7£0.227 | 17.45+£0.02 16.87 £0.01 16.37+0.01 16.12+0.03 3
084537.73+065346.2 - DA 17.254  22086+145  8.43+0.02 | 17.26 £0.02 17.31 £0.02 17.40+0.07 17.63£0.10 1
084554.60-003206.5 - DA 18.353  15662+165 7.92 £0.037 | 18.23 £0.03 18.37 £0.06 18.24+0.12 18.19+0.18 2
084608.19+053818.0 - DA 18.099 8124 +41 9.0 £0.0060 | 17.88 £0.02 17.78 £0.02 17.71£0.05 17.76=£0.11 1
084654.44+051402.9 - DA 18.171 7231 £51 8.94 £0.073 | 17.71 £0.02 17.45 +0.03 17.31£0.04 17.20£0.07 1
084833.59+005840.0  0845+011 DA+M 17.611 6300 £1 7.0 £0.103 | 16.12 £0.01 15.59 £0.01 15.084+0.01 14.76+0.01 2
084949.62+092353.3 - DA 17.796 8736 £30 8.38 £0.047 | 17.42 +£0.02 17.33 £0.02 17.23£0.04 17.25+0.06 1
085008.69+085450.6 - DA 18994  11183+119 8.37£0.076 | 18.81 £0.07 18.80 £0.07 18.69+0.15 18.83+0.23 1
085107.29+033046.0 - DA+M 17.951 222914227 7.4 £0.033 | 17.23 +£0.02 - 16.40£0.02 16.05+£0.03 3
085128.17+060551.1 - DA 17.114  11306+£48  8.11 £0.029 | 16.96 £0.01 16.93 £0.01 16.91+0.03 17.01+0.05 1
085208.84+064155.3 - DA+M 20.212 8580 £229 8.3 £0.364 | 18.76 £0.06 18.35+0.05 17.75£0.08 17.47+0.07 1
085216.70+065931.6 - DA 17.967 7677 £56 8.77 £0.14 | 17.57 £0.02 17.47+£0.02 17.35+0.05 17.294+0.07 1
085418.66+014451.2 08514019 DA 18.886 8346 +64 8.52£0.14 | 18.57 £0.03 18.49 £0.07 18.29£0.13 18.39+0.21 2
085507.29+063540.9 - DA 17377  11045+£51 8.43+£0.03 | 17.31 £0.02 17.30 £0.02 17.20£0.04 17.12+0.05 1
085529.22+052405.1 - DA 18.804 9672 £71 8.32 +£0.097 | 18.55+0.04 18.42+0.05 18.26+0.11 18.39+0.18 1
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085552.42+084901.1 - DA 19.132 9569 +87 8.35 £0.152 | 18.86 £0.09 18.83 £0.07 18.67+£0.15 18.45£0.18 1
085557.46+053524.5 - DA+M 19.170 6304 £9 7.4 £0.521 | 17.67 £0.02 17.12£0.02 16.55+£0.02 16.22+£0.03 3
085557.48+081706.5 - DA 18.339 172194118  7.94 £0.023 | 18.26 £0.03 18.21 £0.04 18.22+0.06 18.20+0.16 1
085616.67+064632.3 - DA+M 19.2890 7423 +£137  7.36 £0.354 | 17.87 £0.03 17.35£0.02 16.86+0.04 16.52+0.03 1
085746.18+034255.3 - DA 18386 36181+390  7.17 £0.08 - - 18.62+0.16  18.14+0.17 1
085911.28+043507.1 - DA+M 18.199 6300 £2 6.99 +0.152 - - 15.74+0.01 15.48+0.02 3
085956.47+082607.5 - DA 19.132 156231237  7.44 £0.056 | 18.33 £0.03 - 17.49+0.03  17.09+0.08 1
090005.56+061535.3 - DA 17901  18729+153 7.9 £0.027 | 17.86 £0.02 17.90 £0.02 17.95+0.09 17.88+0.10 1
090059.85+062920.5 - DA 18.367 24069+368  7.88 £0.041 | 18.30 +0.03 18.33 £0.03 18.38+0.14 18.38+0.17 1
090139.96+060547.3 - DA 18.889 10705493 8.1 £0.083 | 18.68 £0.05 18.67 £0.08 18.50+£0.15 18.78+0.24 1
090150.74+091211.3 - DA 18.707 7732 £47 9.0 £0.0060 | 18.48 £0.06 18.34 £0.05 18.084+0.06 18.45+0.15 1
090348.56+083456.5 - DA 18.492  17860+146  7.97 £0.028 | 18.36 £0.03 18.38 £0.03  18.414+0.08 18.29+£0.16 1
090449.79+093143.1 - DA+M 18.394 9263 +68 8.85 £0.101 | 17.08 £0.02 16.56 £0.01 16.04+£0.01 15.76+0.02 3
090505.39+054811.7 - DA+M 17.548 6919 +£74 7.54 £0.15 | 16.00 £0.01 15.46 £0.00 14.86+0.01 14.59+0.01 3
090516.97+031604.9 - DA 17.885 18414+114 7.81 £0.022 - - 17.994£0.08 18.17+0.16 1
090522.94+071519.2 - DA 18.702 8895 +55 8.41+£0.091 | 18.38 £0.03 18.26 £0.04 18.32+0.13 18.2140.15 1
090559.60+084324.7 - DA 18.204  10116+35  8.24 £0.038 | 17.99 £0.02 17.90 £0.03 17.81+£0.05 17.97£0.13 1
090610.67+012223.3 09034015 DA 19.057 7480 +87 8.84 £0.162 | 18.71 £0.05 18.51 +£0.09 18.43£0.09 18.49+0.22 2
090618.44+022311.6  0903+025 DA 18.182 7007 +£37 8.96 £0.049 | 17.77 £0.03 17.66 £0.03 17.53£0.06 17.47+0.09 2
090624.25-002428.1 - DA 18.088  11520+£87 8.0 £0.057 | 17.98 £0.03 17.87 £0.04 17.89+£0.07 17.84+0.13 2
090638.58+070059.7 - DA 15.829  17433+66  7.88 £0.013 | 15.78 £0.01 15.81 £0.01 15.83+0.01 15.98+0.02 1
090713.40+104248.0 - DA 17.559 7966 +42 8.57 £0.087 | 17.11 £0.02 16.99 £0.02 16.81+£0.04 16.80+0.04 1
090740.57+055348.8 - DA 18.460 9256 +53 8.46 £0.067 | 18.23 £0.04 18.14 £0.05 18.21+£0.12 18.32£0.18 1
090757.30+084524.8 - DA 18.665 16364+165 7.84 £0.036 | 18.44 £0.03 18.42 £0.03 18.424+0.07 18.84+£0.26 1
090759.59+053649.7 - DA 18.866 194744293  7.82 £0.049 | 18.79 £0.05 18.66 £0.08 18.62+0.16 18.40+0.19 1
090812.04+060421.2 - DA+M 17.073  17067£150  7.05 £0.035 | 1592 +£0.01 15.40£0.00 15.07£0.01 14.68+0.01 3
090844.84+072707.6 - DA+M 19.851 127504242  8.93 £0.086 | 18.80 £0.05 18.58 £0.05 18.05+£0.09 17.85+0.11 1
090850.58+070111.5 - DA 18.967 8049 £104 8.7£0.231 | 18.63 £0.04 18.40+£0.05 18.294+0.12 18.12+0.15 1
091047.34+025818.2 - DA 18.939 9372 473 8.27 £0.124 - - 18.60+0.15 18.55£0.23 1
091102.43+092340.1 - DA 19.081 11462+169 8.77 £0.112 | 18.87 £0.05 18.97 £0.06 18.88+0.10 19.05+0.25 1
091215.43+011958.8  0909+015 DA 18.366 55691+1415 8.03 £0.087 | 18.45 +0.03 18.65£0.10 18.36+£0.09 18.47+0.21 2
091258.85+091815.6 - DA 18.342  20555+151  7.79 £0.024 | 18.37 £0.04 18.34 £0.05 18.27+0.07 18.56+0.19 1
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091304.44+011418.6 09104014 DA+M 18.063 6300 £1 8.17 £0.326 | 16.91 £0.01 16.45+0.01 15.88+£0.01 15.66+0.02 2
091341.04+011240.2 09114014 DA 18.076 7935 +41 8.98 £0.031 | 17.64 £0.02 17.48 £0.03 17.33£0.04 17.33+£0.08 2
091437.35+054453.2 - DAH 17.887 26766199 9.0 £0.0020 | 17.86 £0.03 17.88 £0.04 17.94+0.07 17.89+0.13 1
091527.98+094734.2 - DA 17757 14763+134  7.54+0.03 | 17.62 +£0.02 17.68 £0.03 17.74+£0.07 17.78+0.12 1
091536.97+094335.1 - DA 17.581 12020+118  8.16 £0.042 | 17.42 £0.02 17.41 £0.03 17.36+£0.05 17.48+0.09 1
091540.27+102112.0 - DA+M 18.638 7023 £70  7.93 £0.138 | 17.47 £0.02 16.96 £0.01 16.39+0.02 16.21£0.03 1
091601.48-003129.8 - DA+M 17.078 10145431  8.55+£0.032 | 15.65 £0.01 15.09 £0.00 14.55+0.00 14.20+0.01 2
091841.84+061702.0  0916+064 DA 16.393  45446+492  7.57 £0.043 - 16.53 £0.01 16.64+0.02 16.76£0.04 1
091924.19+083710.8 - DA 17.467  18806+£91  7.93 £0.016 | 17.40 £0.02 17.44 £0.02 17.59+£0.05 17.69+0.13 1
091927.44+085133.2 - DA+M 18.681 8399 +50 8.99 +£0.024 | 17.35+0.02 16.85+0.01 16.29+0.02 16.05+0.02 3
092010.55+045721.1 - DA 17.527 70195£1955 7.58 +£0.09 - - 17.93+0.11 18.29£0.20 1
092017.96-001246.4 - DA+M 19.625 8028 £137  8.77 £0.166 | 18.25 £0.03 17.73 £0.03 17.11+0.03 16.87£0.05 2
092048.04+105734.4 - DA+M 17976  66932£1956 6.99 £0.103 | 17.31 £0.02 17.00 £0.02 16.60+0.02 16.39+£0.02 1
092055.08+085459.9 - DA 18.876 8768 £46 8.99 +£0.016 | 18.48 £0.05 18.46+0.04 18.30+0.11 18.53+0.20 1
092100.49+043216.5 - DA+M 19.140 8841 +91 8.61 £0.125 - - 16.99+0.05 16.70£0.05 1
092157.64+101351.7 - DA+M 18.745 6300 £1 8.81 +£0.128 | 16.90 £0.01 16.34 £0.01 15.82+0.01 15.524+0.02 3
092207.11+014637.1 09194019 DA 18.606 10452448  8.28 £0.048 | 18.33 £0.03 18.26 £0.06 18.49+0.11 18.01£0.16 2
092208.61+053120.3 - DA 18.112 13263255 7.9 £0.045 - - 18.17+0.14 18.29+0.21 1
092308.43+054340.5 - DA 19.000 7298 +81 8.83 £0.155 - - 17.88+£0.09 17.95+£0.13 1
092329.81+012020.0  0920+015 DA 18.684  11150+69  8.74 £0.064 | 18.51 £0.04 18.48 £0.08 18.34+£0.09 18.44+0.21 2
092402.32+014715.0  0921+020 DA+M 20.260  10586%245  7.79 £0.245 | 18.86 £0.05 18.34 £0.09 17.75+£0.06 17.66+0.11 2
092406.27+012411.4 09214016 DA+M 18.190 66579£2551 6.74 £0.141 | 17.33 £0.02 16.99 £0.02 16.48+0.02 16.28+£0.03 2
092429.06+010448.3 09214012 DA+M 19.565 7287 £112 8.19 £0.26 | 18.27£0.03 17.66 +0.02 17.22+0.04 17.10+0.07 2
092451.63-001736.4 - DA+M 17.420 6300 £2 6.85 £0.123 | 16.06 £0.01 15.54 £0.01 15.02+0.01 14.7140.01 2
092452.40+002448.9  0922+006 DA+M 17.868 9702 £37 8.49 £0.034 | 16.61 £0.01 16.07 £0.01 15.57+£0.01 15.27+0.01 2
092511.60+050932.4 - DA 15503  10883+26  8.41+0.015 - - 15.26+0.01 15.33£0.01 1
092528.22+044952.4 - DA 18282  10309+£51  8.37 £0.051 - - 17.91+0.11 17.99+0.16 1
092543.01+055038.5 - DA 18.193 8302 £37 8.45 £0.059 - - 17.57+£0.07 17.48£0.08 1
092547.59+042248.1 - DA 18.383  102214+48  8.14 £0.056 - - 18.24+0.13  18.27£0.19 1
092558.33+055909.1 - DA 18.506 10980474 8.31 £0.05 - - 18.28+0.13  18.10+0.14 1
092648.84+102828.8 - DA 20.492  13214£935 8.11 +£0.298 | 19.57 £0.12 19.19 £0.16 18.74+0.19 18.2940.19 1
092723.96+002847.5  0924+006 DA 18.733 8355 £60 8.88 £0.101 | 18.39 £0.04 18.21 £0.04 18.00+£0.09 18.08+0.17 2
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092801.37+025428.3 - DA 18.777 8635 £58 8.06 £0.118 | 18.37 +£0.04 18.36 £0.06 18.07£0.10 18.324+0.21 1
092834.58-005121.6 - DA 18.542 7962 +58 8.82 £0.136 | 18.06 £0.03 17.94 £0.04 17.89+£0.10 17.79£0.16 2
092936.53+081546.4 - DA 17.049  12302+£87  8.05+0.029 | 16.88 £0.01 16.91 £0.01 16.91+£0.02 16.98+0.06 1
093229.84+082637.3 - DA 17.175  14737+121  7.91+£0.022 | 17.08 £0.01 17.10£0.02 17.14+£0.03 17.284+0.09 1
093345.50+062133.1 - DA 18.244  20826%215 7.85+0.034 | 18.25 +0.03 18.20 £0.03 18.36+0.07 18.64+0.19 1
093356.39+102215.6 - DA 18.721 9265 £77 8.87 £0.112 | 18.31 £0.03 18.20 £0.04 18.17£0.09 18.26£0.18 1
093420.06+051209.2 - DA+M 18.439  10317£175 7.96 £0.476 - - 16.48+0.03 16.37£0.04 1
093426.60+053753.6 - DA+M 19.646 6656 £131  7.97 £0.446 - - 17.29+0.05 17.01£0.06 1
093432.48+031348.8 - DA+M 18271  32791£256  7.58 £0.047 - - 16.34+0.03 16.10£0.03 3
093432.66+065848.6 - DA 17.820  48696+941 7.59 £0.094 | 17.80 £0.02 17.77 £0.02 17.85+£0.04 17.86+0.11 1
093610.81+074702.1 - DA 17.461 8682 £25 8.44 £0.037 | 17.13 £0.01 17.00 £0.01 16.93+0.03 16.89£0.05 1
093704.24+064627.5 - DA 18.503 7713 £76 8.36 £0.233 | 18.10 £0.03 17.95 +0.03 17.81£0.05 17.78+0.10 1
093726.44+063000.8 - DA+M 18.381 9461 £94  7.49 +0.135 | 16.97 £0.01 16.44 £0.01 15.93+0.01 15.641+0.01 3
093743.09+035759.0 - DA 18.817 7926 £87 8.56 +£0.201 - - 18.224+0.14 18.71£0.31 1
093857.71+015321.0  0936+021 DA 19.031 8077 £92 8.15£0.198 | 18.73 £0.04 18.53 £0.05 18.30+£0.15 18.38+0.22 2
093904.03+051114.8 - DA+M 18984 8952 +135  7.67 £0.227 - - 16.61+0.03 16.29+0.03 3
093911.67+083917.3 - DA 17.810  15427+127 7.84 £0.025 | 17.73 £0.02 17.73 £0.04 17.75+0.07 17.90£0.13 1
093958.46+102136.0 - DA 17.822 8567 £26 8.49 £0.039 | 17.47 £0.02 17.354+0.02 17.23£0.04 17.19£0.06 1
093958.65+011638.2 09374015 DA 17.030 20000+127  8.39 £0.018 | 17.04 £0.01 17.06 £0.02 17.11+0.05 17.19+£0.08 2
094058.98+000239.8  0938+002 DA+M 20.083 6312 £18 7.34 £0.662 | 18.63 £0.05 18.18 £0.06 17.66+0.06 17.28+£0.09 2
094101.87+062221.2 - DA+M 18.103 6300 £2 7.47 £0.299 | 16.61 £0.01 16.09 £0.01 15.594+0.01 15.38+0.01 3
094105.14+033711.0 - DA 18.724  18441+223  7.83 £0.047 - - 18.91+0.22 18.61£0.23 1
094122.16+085644.0 - DA 17.874 8509 £33 8.48 £0.06 | 17.54 £0.02 17.46£0.02 17.324+0.04 17.35+0.07 1
094251.09+034748.1 - DA 18.715 8265 £54 8.95 £0.062 - - 18.32+0.14  17.97£0.15 1
094459.43+004306.5  0942+009 DA 17.653  15899+70  7.96 £0.015 - 17.53 £0.02 17.54+0.06 17.62+0.11 2
094534.35+015439.5  0942+021 DA 17.171 7711 £28 8.99 £0.012 | 16.72 £0.01 16.56 £0.01 16.36£0.03 16.39+0.04 2
094640.35+011319.8  0944+014 DA 17.805 20056160 7.86+0.025 | 17.82 +£0.02 17.86 £0.03 17.73+£0.10 18.04+0.16 2
094716.51+024150.5  0944+029 DA 18.545 8137 £46 8.65 £0.095 | 18.22 +£0.04 17.94+0.06 17.95£0.09 17.98+0.14 2
094720.94+111734.7 - DA+M 18.991 74118£5450 7.75+£0.312 | 18.35+0.05 18.03 £0.06 17.78+0.11 17.50£0.15 3
094741.08+101626.5 - DA 18.172 9349 £+43 8.23 +£0.063 | 17.92+0.02 17.85+0.03 17.80+0.06 17.75+0.10 1
094804.29-000738.1 - DA 18.459  10131£55  8.41+£0.071 | 18.20£0.03 18.25£0.06 17.99£0.08 18.42+0.25 2
094825.55+022735.5 0945+026.1 DA 18.827 8424 +46 8.48 £0.08 | 18.56 £0.04 18.42 £0.08 18.35£0.11 18.33+£0.20 2
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094844.83+003516.7  0946+008 DA 18.062  12644+168  8.05+£0.053 | 18.00 £0.03 17.96 £0.03 17.96+0.07 18.02+0.15 2
094900.27+014746.4  0946+020 DA+M 18916  37980+515 7.61 £0.077 | 18.06 £0.03 17.60 £0.03 17.12+0.05 16.89£0.06 2
094901.28-001909.5 - DA 16.809  10707£30  8.15+£0.028 | 16.64 £0.01 16.59 £0.01 16.63+£0.03 16.63+£0.04 2
094904.72+013745.1  0946+018 DA 16.877 1819572  7.78 £0.013 | 16.73 £0.01 16.72 £0.01 16.68+£0.03 16.83+0.05 2
094929.08+101918.8 - DA 17.829  11751£107  8.14 £0.045 | 17.67 £0.02 17.66 £0.03 17.66+£0.06 17.71+0.10 1
094940.36+032425.4 - DA 17.642  51324+679 7.7 £0.053 - - 17.69+0.08 17.70+£0.11 1
094952.73+012603.4 09474016 DA+M 19.565 8861 £120  8.54 £0.147 | 18.16 £0.03 17.69 £0.03 17.04+0.05 16.91+£0.06 2
095014.87+030935.5 - DA 18.156  109974+58  8.27 £0.052 - - 17.91+£0.10 18.15£0.16 1
095108.73+025507.4  0948+031 DA+M 18.359 9593 £71 7.89 £0.081 | 17.03 £0.01 16.50 £0.02 15.974+0.02 15.70£0.02 2
095110.51+100911.8 - DA 17.888 7543 £50 8.88 £0.12 | 17.38 £0.02 17.21 £0.02 17.01+0.03 17.02+0.06 1
095156.16+080933.1 - DA 17.288  13869+153  7.85+£0.021 | 17.15£0.01 17.17 £0.02 17.224+0.04 17.21+£0.06 1
095230.43+114202.2 - DA 17.212 27126102 7.96 £0.022 - - 17.37+£0.04 17.57+£0.11 1
095245.58+020938.9  0950+023 DA 17.207  43114+443 7.8 £0.039 | 17.23 £0.02 17.34 £0.04 17.47+0.06 17.53+£0.10 2
095329.06+092409.5 - DA 17.998 36103+£259 7.78 £0.049 | 18.08 £0.03 18.12 £0.04 18.34+0.10 18.14+0.17 1
095723.82+020734.4  0954+023 DA+M 18.636 9468 £73 7.65 £0.121 | 16.97 £0.01 16.44 £0.01 15.924+0.01 15.61£0.02 2
095759.16-010707.5  0955-008 DA 17.617 8124 +£30 8.54 £0.054 | 17.25 £0.02 17.13 £0.02 17.01£0.04 17.13+£0.07 2
095810.67-010417.7  0955-008.1 DA 17.138  23442+164  7.88 £0.02 | 17.11 £0.01 17.17 £0.02 17.22+0.05 17.35£0.09 2
095833.13+013049.2 09554017 DA 17.073  11677£57  7.99 £0.028 | 16.93 £0.01 16.95+£0.02 16.95+0.03 17.00+£0.06 2
095934.24+025738.1  0956+032 DA 18.107 7894 45 8.53 +£0.094 - 17.54 £0.03  17.37£0.05 17.29£0.06 2
095936.19+034949.3 - DA 18.288 7970 £40 8.51 +£0.075 - - 17.60£0.07 17.72+0.13 1
100010.84+084312.2 - DA+M 18.885 6309 £16 8.03 £0.586 | 17.42+0.01 1691 +0.01 16.32+0.02 16.07+0.02 3
100014.23+023742.1  0957+028 DA+M 19.692 8386 £144  8.57£0.195 | 18.22 £0.03 17.66 £0.04 17.19+0.04 16.96+£0.06 2
100117.49+020956.0  0958+024 DA+M 19.689 8304 £126  8.31 £0.187 | 18.84 £0.05 18.40 £0.06 17.98+0.08 18.00+0.15 2
100143.21+104518.2 - DA 18.858 8479 £61 8.32 £0.117 - 18.47 £0.07 18.42+0.15 18.39+£0.17 1
100214.59+010826.3 - DA 18.254 130174249  7.98 £0.053 | 18.18 £0.03 18.14 £0.04 18.10+£0.09 17.94+0.18 1
100259.88+093950.0 - DA 19.585 223314435  7.87 £0.069 | 19.30 £0.08 19.19 £0.13  18.55+0.18 18.55+0.22 1
100310.05+041108.2 - DA+M 18.896 6300 £2 8.39 £0.433 - - 16.41+£0.02 16.09£0.03 3
100316.35-002336.9 - DA 16.556  19788+109  7.87 £0.018 | 16.51 £0.01 16.59 £0.02 16.60+0.03 16.65£0.05 2
100334.41+103756.3 - DA 18.769  14094+457  7.94 £0.058 - 18.65 £0.08 18.48+0.15 18.37+0.16 1
100417.44+105246.9 - DA 19.058 7503 +£69 8.94 +£0.073 - 18.52 £0.08 18.44+0.12 18.32+0.15 1
100419.35+044358.4 - DA 18.078 9692 +£37 8.38 £0.047 - 17.73 £0.03 17.73+£0.07 17.80£0.16 1
100547.72+030828.2 - DA 17.654 8380 +31 8.47 +£0.054 - 17.19 £0.02 17.05+£0.05 16.98+0.05 1
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100609.18+004417.0  1003+009 DA+M 17.368 7286 +36 7.78 £0.082 | 15.69 £0.01 14.99 £0.00 14.48+0.00 14.10+0.01 2
100623.07+071212.5 - DA 16.150 9624 +£20 8.27 £0.022 | 15.88 £0.01 15.84 £0.01 15.75£0.01 15.77£0.02 1
100627.97+083038.7 - DA 18.750 7639 £81 8.27 +£0.214 - 18.10 £0.04 17.96+0.09 17.81£0.10 1
100658.64+121133.9 - DA+M 18.644 6313 +18 7.2 +£0.265 | 17.54 £0.02 17.08 £0.02 16.524+0.02 16.37+£0.04 3
100826.97+031653.0 - DA 18266  18827+197  7.57 £0.041 - 18.14 £0.05 18.11+0.12 18.32+0.16 1
100955.37+000944.0  1007+004 DA 17.891 10559442 8.23 £0.035 | 17.63 £0.03 17.63 £0.04 17.63+0.07 17.57£0.10 2
101033.21+100748.7 - DA 18.349  13465+187 7.96 £0.037 | 18.24 £0.03 18.26 £0.05 18.08+0.12 18.36£0.17 1
101249.37+044135.9 - DA+M 19.979 53053£3351 7.31 £0.293 - - 18.28+0.15 18.28+0.18 3
101312.71+040514.1  1010+043 DA 17.147  29049+151 7.97 £0.019 - - 17.17£0.06 17.51+£0.10 1
101323.90+043946.1 - DA+M 18.584 9689 £52 8.03 £0.072 - - 16.84+0.05 16.54+0.05 3
101328.16+061207.3  1010+064 DA 17.100  50050+646  7.98 £0.049 - - 17.48+0.08 17.52£0.14 1
101414.45+040137.4 - DA 16.684 7847 +18 8.51 £0.032 - - 15.95+0.02 15.94+£0.03 1
101502.55+080636.1 - DA 15.858 7441 £18 9.0 £0.0060 | 15.32 £0.01 15.16 £0.01 14.944+0.01 14.924+0.01 1
101529.62+090703.7 - DAH 18.391 7038 £48 8.98 £0.027 | 18.01 £0.03 17.86 £0.04 17.69+0.04 17.66+0.11 1
101531.60+123639.3 - DA 18.848 8583 £69 8.53 £0.162 - 18.38 £0.04 18.25+0.07 18.25+0.16 1
101532.10+042507.5 - DA 18.465 35073£195  7.38 +£0.04 - - 18.42+0.17 18.17+£0.19 1
101548.02+030648.2 10134033 DA 15985 11584432  8.14 £0.015 - 15.80 £0.01 15.82+0.01 15.87£0.02 2
101612.13+011156.8  1013+014 DA 19.070 9880 +64 8.41 £0.094 | 18.80 £0.07 18.94+0.10 18.99£0.21 18.46+0.23 2
101642.93+044317.7 - DA 18.986  27039+276  7.43 £0.049 - - 17.73+£0.09  17.59£0.09 1
101650.40+080749.3 - DA+M 19.423 215754490 7.59 £0.107 | 18.48 £0.04 18.06 £0.05 17.56+£0.05 17.26+0.06 1
101740.10+033106.9 - DA 18.443  18448+169 7.42+0.033 - 18.32 +£0.05 18.51+0.15 18.89£0.28 1
101741.69-002934.0 - DA 16974  14213+120 7.940.02 | 16.89 £0.01 1691 +0.01 16.88£0.03 16.92+0.05 2
101805.04+011123.6  1015+014 DAH 16.542 10088420 7.24+0.112 | 16.39 £0.01 16.33 £0.01 16.34+0.02 16.32+0.03 2
101911.50+000017.2  1016+002 DA 18.486  12747+142 8.3 £0.054 | 18.30 £0.04 18.31 £0.07 18.59+0.15 18.38+0.21 2
102003.38+000902.6 - DA 18.625  10120£55  8.38 £0.464 | 18.33 £0.04 18.31 £0.06 18.38+£0.12 17.94+0.14 2
102251.60+013117.3  1020+017 DA 18.487 12066118  8.12 +0.05 - - 18.41£0.18 18.14+0.20 2
102546.70+002857.1  1023+007 DA 17.585 8339 +£32 8.48 £0.052 - - 16.98+£0.04 16.91£0.06 2
102549.71+003906.1  1023+009 DA 16.856  38182+116  7.85 £0.032 - - 17.11+£0.04 17.26£0.08 2
102822.33+034416.5 - DA 17.449 8196 £36 8.55 £0.065 | 17.08 £0.02 16.97 £0.02 16.80+0.04 16.94£0.08 1
102918.97+021121.9 - DA 19.282 7931 +£107  8.74 £0.191 - - 18.49+0.17 18.49£0.25 1
102936.18+015010.6 - DA 17.934  29251£170 7.13 £0.037 - - 18.18+0.14 18.12+0.19 1
103220.19+011227.0 - DA 19.284 8901 +£93 7.71 £0.183 - - 17.76+£0.08 17.15+0.07 1
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103430.51+022530.8 - DA 18.513 7566 +£59 8.14 +0.181 - - 17.63+£0.09 17.52£0.12 1
103448.92+005201.4  1032+011 DA 19.158 9904 £109  8.13 £0.158 - - 18.20+0.11 18.03£0.14 2
103500.91+023008.6 - DA+M 18.843 72414+3641 7.21 £0.191 - - 17.64+£0.08 17.57£0.11 1
103540.79+072716.7 - DA 18.187 7802 +41 8.94 +£0.066 - - 17.31£0.07 17.44=£0.11 1
103647.97-003237.2 - DA 18.595 9574 £71 8.31 £0.106 - - 18.04+0.14 17.85£0.16 2
103736.75+013912.2 - DA 18.813  16300+221  7.73 £0.053 - - 17.25+£0.06 17.12£0.07 1
103837.22+015058.4 - DA+M 17.399  35368+273  7.65 £0.053 - - 15.42+0.01 14.94£0.01 3
103837.71+020229.2 - DA 18.161 7755 £55 8.83 £0.137 - - 17.38+£0.06 17.51£0.10 1
104057.47+083421.6 - DA+M 17.493 8664 +42 6.62 £0.082 - - 14.89+0.01 14.63£0.01 1
104321.16+030630.4  1040+033 DA 18.431 18564+144  7.95 £0.026 - - 18.31£0.12 18.65+£0.24 2
104411.38+021436.5 10414025 DA 17.741 7761 £37 8.65 +0.087 - - 16.95+£0.05 17.01£0.06 2
104517.78-001833.8 - DA+M 17.964 9542 +42 8.09 £0.06 | 16.47 £0.01 15.90+£0.01 15.374+0.01 15.07+0.01 2
104623.27+024236.5 - DA 16.475 13316x116  7.88 £0.02 - - 16.41+£0.03 16.47£0.04 1
104933.58+022451.7 - DA 19.198 7590 £96  7.76 £0.324 - - 17.80£0.09 17.13+0.06 1
104946.45+003635.1  1047+008 DA 17.877  22940+167  8.02 £0.021 - - 17.99£0.08 18.09+0.15 2
105332.62+020126.2 - DA 19.062 7530 £90 8.14 +£0.303 - - 17.26£0.05 17.06+0.07 1
105612.31-000621.7 - DA 17.888  11016+51  7.86 £0.033 | 17.73 £0.04 17.77 £0.05 17.70+0.08 17.86£0.13 2
105709.78+023637.8 - DA 18.381 8403 £52 8.57 £0.09 - - 17.92+0.11 17.82£0.13 1
105709.81+041130.3 - DA 17.604 7807 £31 8.99 £0.015 - - 17.06+0.05 16.96£0.08 1
105727.81+002118.6  1054+006 DA 18.899  10705+68 8.42 £0.05 | 18.61 £0.08 - 18.82+£0.22 18.45+0.23 2
105853.59+005608.5  1056+012 DA+M 18.234 7024 £70 7.17 £0.18 - - 16.33£0.02 16.10+£0.03 2
110326.70+003725.8  1100+008 DA 17.851 10537448  8.22 £0.047 - - 17.64+0.10 17.69£0.15 2
110515.31+001626.1 11024005 DA 15.622 12844459  8.26 £0.018 | 15.45 £0.01 15.48 £0.01 15.51+0.01 15.55+£0.02 2
110627.66-010514.6 1103-008 DA+M 16.783  311304+96  7.37 £0.018 - - 14.93+0.01 14.64+0.01 2
110844.13+080139.2 - DA 16.060 7966 +£18 8.53 £0.028 - - 15.37£0.01 15.36+0.02 1
110944.78+044049.5 - DA 18.702 7529 £65 8.78 +£0.181 - - 17.90+£0.08 17.83+0.17 1
111047.51+005421.3  1108+011 DA 17.512 8968 +26 8.49 £0.041 - - 17.04£0.05 17.10+£0.08 2
111230.13+003002.6 11094007 DA 18.427 9724 +£34 8.27 £0.043 | 18.11 £0.03 18.02 +£0.05 18.25£0.19 18.47+0.28 2
111629.75+060014.3 - DA 18.800 9477 £71 7.93 +£0.111 - - 18.05+0.11 17.86£0.18 1
111634.88+022338.1 - DA+M 18.831 10599+96 8.1 £0.082 - - 16.83+£0.04 16.54+£0.04 3
111735.11+012940.0 - DA+M 17.203 8014 +£32  7.62 £0.079 | 15.52 £0.01 14.88 £0.00 14.40£0.01 14.04+0.01 3
111816.39+040206.7 - DA 17.713 9129 £31 8.29 +£0.053 - - 17.254£0.05 17.37+£0.10 1
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111946.60+060523.5 - DA 18.758 9567 £62 8.25 £0.092 - - 18.44+0.16 18.04+0.21 1
112221.10+035822.4 - DA 18.306  110724+80  8.06 £0.061 - - 18.09+0.10 18.07£0.17 1
112307.36+003216.2  1120+008 DA+M 18.847 9775 £78 7.98 £0.082 | 17.45£0.02 16.90£0.02 16.38+0.03 16.04£0.03 2
112357.72-011027.5 1121-008 DA+M 18.044 9399 £+42 8.6 £0.052 | 16.83 £0.01 16.35£0.01 15.85+£0.02 15.58+£0.02 2
112448.36+024111.7  1122+029 DA 18.458 7352 +61 8.81 £0.164 - - 17.62+0.08 17.62+0.11 2
112542.84+034506.3 - DA 18.370  11600+123  7.99 +£0.07 - - 18.19+0.13  18.08=£0.18 1
112613.51-002109.6 - DA 18.525 17734+181 7.94 £0.036 | 18.52 £0.05 18.45£0.08 18.63+0.20 18.23+£0.20 2
112623.87+010856.9  1123+014 DA+M 17.386 6300 £1 6.99 +0.087 - 15.52 £0.01 14.964+0.01 14.71+0.01 2
112717.06+075257.7 - DA 18.796 8802 +51 8.45 £0.076 - - 17.89+£0.08 18.30+0.17 1
112731.55+062305.1 - DA 17.124 8690 +21 8.41 +£0.034 - - 16.54+0.03  16.60+0.05 1
113109.06+064306.0 - DA 17.218 7921 £29 8.43 £0.052 - - 16.50+0.03  16.51£0.05 1
113416.09+055227.2 - DA 19.582  24184+650  7.85 £0.089 - - 18.10+0.12  17.94£0.20 1
113655.17+040952.6 - DA+M 16.812  10496+44  7.94 £0.046 | 15.38 £0.00 14.78 £0.00 14.2840.00 13.93+0.01 3
113725.15-002259.0 - DA 18.004 8553 £33 8.35+£0.065 | 17.70 £0.02 17.52 +£0.03 17.52+0.08 17.55+0.10 2
113738.37-002721.6 - DA 17.961 8739 +£30 8.36 £0.055 - 17.42 +£0.03 17.44+0.03 17.49+0.09 2
113747.13+041230.7 - DA 17.197  27753+122  7.84 £0.024 - - 17.494+0.08 17.87+0.20 1
113800.34-001144.4 - DA+M 18.153 7798 87 7.94 £0.162 | 16.69 £0.02 16.14 £0.01 15.554+0.01 15.2640.01 2
113839.51-014902.9 1136-015 DAHpec 17947  101204£53  8.87 £0.125 | 17.81 £0.04 17.81 £0.05 17.83+0.08 17.73+£0.13 1
114132.98+042028.8 - DA+M 18.545  11520+187  7.53 £0.131 - - 17.08+0.05 16.61£0.07 1
114209.82+012607.4  1139+017 DA 18.372 8415 +45 8.4 +0.1 17.96 £0.03 17.88 £0.04 17.70+£0.07 17.73£0.13 2
114312.57+000926.6  1140+004 DA+M 17.646 9760 £47 8.07 £0.064 | 16.25 £0.01 15.70 £0.01 15.19+£0.01 14.89+0.01 2
114314.73+032239.1  1140+036 DA 18.680 8864 £53 8.24 +£0.102 | 18.33 +£0.05 - 18.21+0.12 18.16+£0.20 2
114756.00+004340.8  1145+010 DA 18.316 9962 +47 8.36 £0.064 | 18.12+0.04 18.11 +£0.05 17.90£0.08 18.26+0.17 2
114832.45+034934.4 - DA+M 17.541 20048+136  7.61 £0.023 | 15.02 +0.00 - 13.99+0.00 13.72+£0.00 3
114913.52-014728.5 1146-015 DA+M 18.147 17476206  7.09 £0.048 | 15.93 £0.01 15.41 £0.01 14.97+£0.01 14.68+0.01 2
115105.83-001135.8 - DA 18.905 7619 £84 8.59 +£0.227 | 18.39 £0.04 18.16 £0.07 17.99+0.09 18.10+0.16 2
115156.94-000725.4 - DA+M 17.815 9499 +47 7.57 £0.078 | 16.47 £0.01 15.97 £0.01 15.514+0.01 15.13£0.01 2
115236.99+002141.8  1150+006 DA+M 17.314 10044424  7.86 £0.033 | 16.38 £0.01 1591 £0.01 15.41+0.01 15.02+0.01 2
115707.43+055303.5 - DA 17.814  11053£53  8.15 £0.039 - - 17.66+0.09 17.71£0.17 1
115904.91+112716.2 - DA+M 18976  10467£85  8.45+0.074 - - 16.62+0.03  16.36+0.05 3
120039.31+042752.7 - DA 18.667 7286 +62 8.44 £0.194 | 18.16 £0.04 18.04 £0.06 17.73+0.08 18.18+0.21 1
120125.40+084800.4 - DA 18.554 7105 £55 8.97 £0.046 | 18.11 £0.04 17.94 £0.06 17.80+0.06 17.84+0.13 1
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120558.54-002740.0 - DA 18.195 8623 £52 8.34 £0.125 | 17.86 £0.03 17.76 £0.04 17.56£0.08 17.96+0.19 2
120604.13-003039.5 - DA 17.661 9132 £35 7.94 +£0.07 | 17.33 £0.02 17.33 £0.03 17.20+0.05 17.49+£0.12 2
120604.18+093022.2 - DA+M 18.978 223904627 6.74 £0.147 | 18.35+0.03 17.93 £0.04 17.51+£0.06 17.10+£0.08 3
120635.92+082309.7 - DA 16.986 8422 +23 8.43 £0.036 | 16.62 £0.01 16.49£0.02 16.32+0.02 16.374+0.03 1
120924.26+095256.6 - DA 18.118 43636642 7.78 £0.058 | 18.30 £0.04 18.35£0.06 18.56+0.14 18.70+0.27 1
120957.06-012115.5 - DA 19.043 8032 £77 8.18 £0.167 | 18.64 £0.06 18.39 £0.07 18.21+£0.10 18.71£0.29 1
121033.76-004644.4 - DA+M 17.221 6300 £2 8.93 £0.067 | 15.73 £0.01 15.21 £0.01 14.60+£0.01 14.334+0.01 2
121107.93+034216.6  1208+039 DA+M 18.207  27938+232  7.47£0.043 | 17.31 £0.02 16.93 £0.02 16.38+£0.02 16.21£0.03 2
121114.19+104657.1 - DA 17.995 7835 £40 8.45 +£0.079 - - 17.09£0.04 17.18+0.09 1
121159.41+095809.8 - DA 18.897 9529 +74 8.28 £0.122 | 18.58 £0.04 18.80 £0.10 18.53+0.13 18.234+0.17 1
121209.30+013627.7 - DAH+M  18.236 293364324 9.0 £0.0010 | 18.04 £0.04 17.85+£0.05 17.21+0.05 16.21+£0.03 3
121509.68+094847.1 - DA 18.091 9750 +£47 8.71 £0.082 | 17.89 £0.04 17.93 £0.05 17.66+£0.06 17.85+0.14 1
121754.93+053829.4 - DA 18.062 18116+163  8.15+£0.034 | 18.04 £0.03 18.03 £0.05 18.15+0.11 18.02+£0.19 1
121756.19+021046.4  1215+024 DA 17.420 75562+2039 7.59 £0.093 | 17.45+£0.02 17.56 £0.03 17.67+£0.08 17.94+0.18 1
121934.05+124420.7 - DA 18.494  11114+£86  8.06 £0.059 | 18.28 £0.04 18.34 £0.06 18.45+0.11 18.09+0.15 1
122007.05+021916.3 - DA 18.629 7848 £59 8.59 +£0.127 | 18.22 +£0.03 18.15+0.05 17.90+0.09 17.92+0.16 1
122026.44+121242.6 - DA 19.082 8404 £71 8.46 £0.137 | 18.94 £0.07 18.59 £0.08 18.32+0.10 18.40+0.22 1
122139.78+020638.2 - DA 18.545 8672 £42 8.48 £0.068 | 18.22 £0.03 18.07 £0.06 17.99+0.11 18.39£0.28 1
122208.47+093406.2 - DA+M 17.830 6300 £2 7.45 +£0.365 | 16.82 £0.01 16.43 £0.01 15.91+0.01 15.69+£0.02 1
122258.74+094711.6 - DA 18.346 219994288  7.99 £0.044 | 18.26 +£0.04 18.44 £0.07 18.52+0.13 18.55+0.27 1
122319.83+070347.9 - DA 19.083 7889 £90 8.45+0.202 | 18.67 £0.04 18.53 £0.07 18.34+0.10 18.30+0.19 1
122339.60-005631.2 - DA+M 17910  10966+81  7.74 £0.057 | 16.74 £0.01 16.25 £0.01 15.83+0.02 15.53+£0.02 2
122752.72-015053.0 - DA+M 18.635 6300 1 8.8 £0.14 | 17.41 £0.02 17.06 £0.03 16.454+0.03 16.29+0.04 3
122759.01+124051.1 - DA 18.728 7549 £71 8.69 £0.199 | 18.33 £0.04 18.24 £0.06 18.00+0.07 18.09£0.16 1
122830.04+131723.6 - DA 18.511 8968 +43 8.08 £0.077 | 18.13 £0.05 18.07 £0.04 18.11+£0.07 18.12+0.16 1
122830.26+125635.3 - DA 16.843 7815 £25 8.48 £0.047 | 16.35+£0.01 16.21 £0.01 16.08+0.01 16.08+0.03 1
122859.92+104033.0 - DA 16911 221254136  8.22 £0.021 | 16.86 £0.01 16.89 £0.02 16.84+0.02 16.42+0.04 1
123036.51+060040.5 - DA 19.028 9202 +84 8.79 £0.137 | 18.78 £0.04 18.60 £0.05 18.43+0.10 18.55£0.23 1
123142.13+061020.1 - DA 18.897 8380 £61 831 £0.117 | 18.53 £0.04 18.36 £0.04 18.35+£0.08 18.17£0.17 1
123143.79+053155.3 - DA 17.482 8679 +24 8.39+0.038 | 17.16 £0.01 17.05 £0.02 16.93+0.03 16.85+0.05 1
123414.11+124829.5  1231+130 DAH+DA 17.360 8705 +29 9.0 £0.0010 | 17.02 £0.01 17.79 £0.04 16.82+£0.02 16.78+0.05 1
123448.90+054718.2 - DA 17.297 8121 +£24 9.0£0.011 | 16.92£0.01 16.78 £0.01 16.67+0.02 16.68+0.05 1
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123736.35+100029.2 - DA 18.685 7593 £70 8.67 £0.185 | 18.29 +£0.03 18.05 £0.04 17.88+£0.05 17.7540.11 1
124427.59+054603.3 - DA 18.410  10163+49  8.26 £0.054 | 18.15 £0.03 18.01 £0.04 18.00+0.06 17.93+£0.14 1
124549.12+051322.3 - DA 18.675 7989 £71 8.09 £0.178 | 18.23 £0.03 18.19 £0.04 18.04+0.07 18.03+0.15 1
125217.15+154443.1  1249+160 DA 15.188  27214+147 7.28 £0.017 | 15.14 £0.00 15.24 £0.01 15.31+£0.01 15.45+0.02 1
125816.99+000710.2  1255+003 DA 18.662  14837+192  7.82+0.04 | 1853 +£0.03 18.64 £0.07 18.45+0.12 18.84+0.34 2
130738.80+151916.2 - DA 18.373  17734+162  7.83 £0.032 - - 18.53+0.11 18.26£0.16 1
130814.03+121705.0 - DA+M 18.175 9644 +65 7.45+0.094 | 16.81 £0.01 16.32£0.01 15.894+0.01 15.66+0.02 3
130907.15+000626.4  1306+003 DA 18.201 10825458  8.31 £0.045 | 18.03 £0.02 17.99 £0.04 18.00+0.08 17.99+0.16 2
131056.28+144027.4 - DA 18.838 126164231 7.89 £0.076 | 18.76 £0.04 18.86 £0.06 18.67+0.11 18.50+0.16 1
131409.46+132110.6 - DA 18.373 7685 £55 8.87+0.118 | 17.93 £0.02 17.75+0.02 17.61+£0.04 17.47+0.06 1
131641.73+122543.8 - DA 19.066 7831 +68 8.38 £0.129 | 18.53 £0.04 18.46 £0.06 18.19+0.07 18.28=+0.13 1
132001.24+112805.3 - DA+M 16.883 6300 1 7.04 £0.102 | 15.71 £0.01 15.25£0.00 14.76+0.01 14.524+0.01 3
132044.68+001855.0 13184005 DA 17.695 19649+130  8.36+0.02 | 17.61 £0.02 17.62 £0.04 17.76+0.11 17.38+£0.11 2
132116.70+143924.7 - DA 18.355 16169+130 7.86 £0.027 | 18.29 £0.04 18.28 £0.06 18.42+0.10 18.36+0.16 1
132150.89+124837.1 - DA 19.022 9704 £92 8.24 £0.137 | 18.80 £0.05 18.68 £0.06 18.70+0.12 18.4440.17 1
132452.03+124825.4 - DA+M 18.932 8167 +£89 8.2+0.121 | 17.66 £0.02 17.16 £0.02 16.64+0.02 16.34+£0.03 3
132652.62+000855.3 - DA+M 18.702 6300 1 8.77 £0.16 | 17.34 £0.02 16.89 £0.02 16.344+0.03 16.12+0.04 1
132830.92+125941.4 - DA+M 17.645 9517 £32 8.51 £0.03 | 16.49 £0.01 16.00 £0.01 15.544+0.01 15.2440.01 3
132925.21+123025.4 - DA 17.713  13537+138  7.48 £0.027 | 17.07 £0.01 16.66 £0.01 16.274+0.02 15.98+0.02 1
133007.57+104830.5 - DA 18712 7677 £63 8.96 £0.052 | 18.28 £0.03 18.20 £0.04 18.08+0.08 17.93+0.12 1
133359.97+105453.0 - DA+M 18.496 6300 £1 8.81 £0.14 | 17.22 £0.01 16.73 £0.01 16.20+0.02 15.97£0.02 1
133831.74-002328.0 - DA 17.443  11867+78  8.13 £0.038 | 17.34 £0.02 17.30 £0.03 17.25+0.05 17.39£0.10 2
133838.48-000712.5 - DA 18918  10366+96  8.81 £0.119 | 18.70 £0.04 18.85£0.12 18.78+0.18 19.94+£0.94 2
133947.73-002003.5 - DA 18.026 8273 £31 8.6 £0.053 | 17.72£0.02 17.56 £0.04 17.30£0.05 17.41+£0.09 2
134437.93+113340.3 - DA 18.463  23098+275 8.0 £0.037 | 1847 +£0.05 18.49 £0.06 18.50+£0.12 18.63+0.20 1
134542.30+110252.5 - DA 18.614  10921£88  8.23 £0.071 | 18.40 +£0.03 18.42 £0.05 18.35+0.11 18.39+0.19 1
140006.13+104700.4 - DA 17.696 9349 £33 8.43 £0.045 | 17.47 £0.02 17.35+0.02 17.23+0.05 17.40+0.07 1
140104.61-005621.6 - DA 18.841 7759 £62  7.62 +£0.185 | 18.55+£0.07 18.79 £0.16 18.03£0.10 18.42+0.26 2
140327.75+002119.5 14004005 DA 17.737 70097£1657 7.67 £0.09 | 17.87 £0.02 17.88 £0.05 18.05+0.12 18.04+0.22 2
140353.51-014057.5 - DA+M 20.408 26780+1110 7.85+0.243 | 19.11 £0.10 18.83 £0.15 18.44+0.14 18.09+0.18 1
140506.18+012351.2  1402+016 DA 18293  10311+£55  8.16 £0.062 | 17.97 £0.03 17.93 £0.06 17.89+£0.09 18.13+£0.19 2
140701.61+003008.6  1404+007 DA 17.805  10294+£32 836+0.03 | 17.63 £0.03 17.53 £0.05 17.46£0.06 17.41+£0.12 2
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140723.03+003841.8 14044008 DA+M 17.024 8475 £29 8.42 +£0.034 | 15.56 £0.01 15.00 £0.01 14.48+0.01 14.2040.01 2
141322.39-001451.5 - DA 18.224  102274+46  8.95+£0.055 | 18.03 £0.02 17.92 £0.04 17.92+0.10 17.88£0.18 2
141356.52-002643.1 - DA 17.590 9668 +26 8.48 £0.029 | 17.27 £0.02 - 17.13£0.05 17.21+£0.08 2
141451.73-013242.7 - DA+M 18.806 9384 +93 7.96 £0.109 | 17.16 £0.02 16.56 £0.02 16.104+0.02 15.77+£0.02 3
141457.88+012207.3  1412+016 DA 17.891 9075 £34 8.15£0.062 | 17.58 £0.03 17.48 £0.05 17.43£0.07 17.64+0.13 2
141516.10-010912.1 1412-009 DA 18.367  10163+94  8.52£0.347 | 18.19 £0.04 17.96 £0.07 17.88+0.09 18.24+0.22 2
141708.81+005827.2  1414+012 DA 18.381 11087+76  8.18 £0.057 | 18.27 £0.05 18.19 £0.07 18.03+0.10 18.04+£0.16 2
141839.65+003154.2 14164007 DA 18.508 8889 £55 8.23 £0.111 | 18.23 £0.04 18.07 £0.06 17.98+0.14 17.96+0.21 2
142120.19-004626.0 - DA 17.875 9039 +34 8.15+0.073 | 17.30 £0.02 17.20£0.04 17.15+£0.05 17.14+£0.08 2
142433.54+031932.5  1422+035 DA 17.797 7786 £35 8.99 £0.012 | 17.32 £0.02 17.14 £0.03 16.99+£0.04 17.14+£0.09 2
142435.03-013143.8 - DA 18.976 7860 +66 8.82 £0.141 | 18.59 +£0.04 18.54 £0.07 18.18+0.10 17.94+0.14 1
142501.59-001314.8 - DA 18.989 10820491  8.09 £0.078 | 18.93 £0.09 18.67 £0.10 18.66+0.17 18.25+£0.20 2
142541.31+023047.4 14234027 DA+M 18.748  10790+104  8.11 £0.091 | 17.44 £0.02 17.01 £0.02 16.54+0.03 16.21£0.04 2
142846.40+004526.3  1426+009 DA 18.643 9352 £56 8.16 £0.089 | 18.34 £0.04 18.42 £0.07 18.10+£0.13 17.97+0.18 2
143047.91+043838.6  1428+048 DA 17.081 8239 +24 8.51 £0.036 | 16.69 £0.01 16.58 £0.02 16.42+£0.02 16.43+0.04 2
143105.73+042215.6  1428+045 DA 17.468  22754+195 7.78 £0.026 - 17.38 £0.05 17.64+0.07 17.61£0.15 2
143249.10+014615.5  1430+019 DA 17.775  11290+£73  8.23 £0.056 | 17.54 £0.02 17.49 £0.03 17.594+0.09 17.99+£0.20 2
143648.99+015709.5  1434+021 DA 19.143 7729 £84 8.44 +£0.2 | 18.76 £0.06 18.48 £0.08 18.01+£0.13 18.23£0.26 2
143654.91-014009.6 - DA+M 19919  11235+228 8.3 +0.136 | 19.06 £0.06 18.69 £0.07 18.20+0.09 18.33+0.20 1
143751.82+005254.9  1435+010 DA 18.138 18750153  7.88 £0.028 | 18.02 +0.03 18.11 £0.06 18.25+0.11 18.35+0.21 2
143947.62-010606.7 1437-008 DA+M 16.724  11019+£120 8.94 £0.071 | 1598 £0.01 15.64 £0.01 15.14+£0.01 14.94+0.01 2
144015.58+002441.5  1437+006 DA 18.813 9990 +53 7.78 £0.075 | 18.67 £0.06 18.55 £0.08 18.42+0.12 18.14+0.16 2
144108.42+011020.0 14384013 DA 17.604 31899+182 7.3 £0.037 | 17.58 £0.02 17.69 £0.04 17.67+0.08 17.72+0.13 2
144208.95+020122.7  1439+022 DA 18.349  10028+40  8.29 £0.048 | 18.14 £0.04 18.08 £0.06 17.80+0.12 17.84+£0.19 2
144242.00+021448.5  1440+024 DA 18.454 8982 +45 8.37 £0.069 | 18.16 £0.03 18.05 £0.05 17.91£0.12 17.80+0.17 2
144244.18+002714.8  1440+006 DA 17.997 8211 +£32 8.99 £0.024 | 17.66 £0.02 17.54 £0.03 17.49£0.05 17.45+£0.09 2
144433.80-005958.8 - DA 16.598  15745+£74  8.05+£0.015 | 16.47 £0.01 16.44 £0.01 16.52+£0.03 16.48+0.04 2
144810.60+015739.5  1445+021 DA 17.391 7586 +£27 8.99 £0.02 | 17.00 £0.01 16.79+£0.02 16.66+£0.04 16.55+0.06 2
144923.37+045121.9  1446+050 DA+M 20.237 8340 +£160  8.81 £0.161 | 19.32 £0.08 18.77 £0.10 18.23+0.11 18.23+0.21 2
145104.77+024355.1  1448+029 DA 18.101 8566 +44 8.93 £0.074 - 17.57 £0.04 17.52+0.09 17.47£0.13 2
145300.98+005557.0  1450+011 DA+M 18540 9187492  7.57 £0.156 | 17.09 £0.01 16.58 £0.02 16.19+£0.02 15.87+£0.02 2
145436.06-011152.4 1452-009 DA 17.647 12831+108 834 £0.031 | 17.49 £0.02 17.41 £0.03 17.54+0.08 17.66+0.13 1
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145535.49+010246.4  1453+012 DA 19.008 9513 +65 8.16 £0.111 | 18.74 £0.07 18.87 +£0.13 18.66£0.17 18.52+0.27 2
150124.61+005430.3  1458+011 DA 18.279 10355449  8.27 £0.051 | 18.07 £0.03 18.13 £0.04 18.02+0.09 18.06+£0.20 2
150231.65+011045.8  1459+013 DA+M 18.075 9513 £57 7.84 £0.077 | 16.76 £0.01 16.22 £0.01 15.704£0.01 15.44£0.02 2
150315.52+005823.5  1500+011 DA+M 19.998 9063 +178  8.77 £0.183 | 18.53 £0.04 18.00 £0.04 17.62+0.07 17.00+0.08 2
150547.50+024839.6  1503+030 DA 16.976  18536+£82  7.97 £0.015 | 16.91 £0.01 16.96 £0.02 16.99+£0.03 17.06+£0.07 2
150648.12+002716.4  1504+006 DA+M 17.784 6300 £1 8.2£0.253 | 16.51 £0.01 16.00 £0.01 15.46£0.01 15.26+0.02 2
152242.25-020643.2 - DA 18.675 7943 +£69 8.97 £0.041 | 18.25 +£0.04 18.19 £0.06 18.14+£0.13 17.77£0.17 1
153329.88+033301.6 15304037 DA+M 18.029  17482+146  7.91 £0.029 | 14.95 £0.00 14.49 £0.00 13.81+£0.00 13.64+£0.00 2
154130.76+032312.9  1539+035 DA 17.167  16138+78  7.92+0.017 | 17.03 £0.02 17.10£0.03 17.11£0.03 17.22+0.07 2
154219.44+032310.9 1538+035.1 DA+M 18.155 6300 £2 7.03 £0.148 | 16.65 £0.01 16.20 £0.02 15.62+0.01 15.35£0.01 2
154254.21+061228.5 - DA 17.964 23618+266  7.71 £0.03 | 17.94 £0.03 17.97 £0.06 18.19+0.10 18.08=£0.13 1
154431.47+060104.3 - DA 18.499 7946 +£66 8.39 £0.153 | 17.96 £0.03 17.83 £0.04 17.64+0.05 17.64+0.10 1
154436.75+054820.6 - DA 19.007 8753 £71 8.23 £0.134 | 18.67 £0.05 18.54 £0.07 18.46+0.11 18.48+0.20 1
154832.75-001717.9 - DA 18.308 9933 +41 8.6 £0.062 | 18.08 £0.02 18.01 £0.05 17.89+£0.09 17.77+0.14 2
155359.87+082131.3 - DA 17266  15904+105 8.2 +0.019 | 17.21 £0.02 17.25£0.03 17.27+£0.04 17.25+0.09 1
155720.77+091624.7 - DA 19.098 219904403 7.67 £0.062 | 18.82 £0.04 18.82 £0.06 19.03+0.14 18.34+0.15 1
214645.21-003309.3 - DA 18.996 8254 £78 8.91 £0.098 | 18.50 £0.05 18.48 £0.09 18.73+£0.20 18.30£0.22 1
215232.21+001447.5 - DA+M 18.569 9091 +75 7.98 £0.102 | 17.00 £0.01 16.45+£0.01 15.964+0.02 15.66+0.02 3
215744.78-004015.0 - DA+M 18.987 6300 £2 8.14 £0.433 | 17.41 £0.02 16.87 £0.02 16.34+0.03  15.95£0.03 1
220252.61+000833.4 - DA+M 17.913 6300 £1 8.8 £0.124 | 16.54 £0.01 16.02 £0.01 15.43£0.01 15.19+0.01 3
220338.61-001750.8 - DA+M 18.313 6813 £73 7.68 £0.218 | 17.10 £0.02 16.63 £0.02 16.07+0.02 15.81+£0.02 3
220604.81+004635.3 - DA+M 19.599 10143+120  8.95+£0.06 | 18.40 £0.04 17.75 £0.04 17.17£0.05 16.78£0.05 1
220653.42-005812.6 - DA+M 18.741 6306 +10 6.92 £0.326 | 17.63 £0.02 17.21 £0.03 16.60£0.04 16.544+0.06 3
220705.42-002109.6 - DA+M 19.071 8481 £124 7.86 0.2 | 17.61 £0.02 17.07 £0.02 16.55£0.03 16.21+0.03 3
220841.63-000514.5 - DA 19.191 9224 £81 8.28 £0.128 | 18.16 £0.04 17.48 £0.03 17.06+0.05 16.59+0.04 1
220946.59-001011.0 - DA+M 18.392 6300 £2 8.4 +0318 | 17.17£0.02 16.72+0.02 16.13+0.02 15.88+£0.02 3
221458.36-002511.9 - DA 18.196  11439+£78  8.33 £0.046 | 18.03 £0.03 17.99 £0.05 17.97+0.13 17.88+0.18 1
221616.59+010205.5 - DA+M 17904 11288+106 7.74 £0.057 | 16.64 £0.01 16.15£0.01 15.584+0.01 15.24+£0.02 1
221856.49+000910.4 - DA+M 18.216 6300 1 8.8 £0.127 | 16.72 £0.01 16.15+£0.01 15.584+0.01 15.32+0.02 3
222030.68-004107.9 - DA 17.381 8037 £31 8.28 £0.071 | 16.95 +£0.01 16.75+£0.02 16.44+0.03 16.36+0.04 1
222108.46+002927.7 - DA+M 17.913 6300 £1 6.98 £0.105 | 16.47 £0.01 15.92 £0.01 15.33£0.01 15.06+0.01 3
222551.65+001637.7 - DA 18.947  10640+94 8.16 £0.09 | 18.59 £0.05 18.51 £0.07 18.15+0.13 17.60+0.13 1
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222634.55-004144.9 - DA+M 18.301 6301 +4 7.03 £0.206 | 16.67 £0.01 16.14 £0.01 15.584+0.01 15.2940.01 3
222650.26-011120.7 - DA 17.749  45283+692 7.75£0.061 | 17.83 £0.03 17.83 £0.04 17.95+0.09 18.19+0.20 1
222703.34-000946.3 - DA+M 19.889  9650+192  7.83 £0.257 | 18.70 £0.05 18.25£0.07 17.90+0.11 17.57+0.13 1
222838.36-002951.9 - DA+M 17.820 6300 £1 8.65 £0.166 - 15.49 £0.01 14.90+0.01 14.60+0.01 3
223024.37-004607.4 - DA+M 18.055 6300 £1 8.77 £0.128 | 16.06 £0.01 1542 +0.01 14.83+0.01 14.51+0.01 3
223028.68-002331.2 - DA 15.575 9392 +18 8.17 £0.024 - 15.21 £0.00 15.164+0.01 15.21+£0.01 1
223120.96-000216.6 - DA 17.836 9179 +£40 8.0 £0.078 | 17.55£0.02 17.46+£0.03 17.46+0.07 17.57+0.11 1
223421.50-002008.1 - DA+M 19.178 9313 £127  7.53 £0.197 | 17.98 £0.03 17.48 £0.03 17.07+£0.05 16.85£0.06 3
223435.22+011248.5 - DA+M 19.689 6302 £7 7.71 £0.615 | 18.00 £0.03 17.52 +£0.04 17.01+0.04 16.69+0.06 1
224009.07-001943.9 - DA 17.602  15527+96 7.96 £0.02 | 17.49 £0.02 17.49 +£0.03 17.444+0.07 17.40£0.11 1
224048.00+010452.5 - DA 18.699 732178 8.24 £0.301 | 18.17 £0.03 18.08 £0.05 17.98+0.08 17.61£0.12 1
224351.99+010951.1 - DA+M 19.908 9689 £136  7.71 £0.183 | 18.75 £0.05 18.16 £0.05 17.60+0.06 17.17£0.08 1
224522.42-000109.4 - DA+M 19.375 6301 £3 7.61 £0.597 | 17.86 £0.03 17.33 £0.03  16.854+0.04 16.52+0.05 1
224559.66+000505.2 - DA 18.212 9078 £39 8.34 £0.064 | 17.89 £0.03 17.89 £0.05 17.70+0.10 17.70+0.15 1
224626.37-005909.2 - DA 18.089 8919 +39 8.29+£0.08 | 17.70 £0.03 17.62 £0.03 17.53+0.07 17.67+0.13 1
224932.02+000645.6 - DA+M 18.639 6301 £3 7.08 £0.221 | 16.77 £0.01 16.21 £0.01 15.63+0.02 15.30+0.02 1
225237.53+011202.1 - DA 17.658  14592+177 8.0 £0.026 | 17.51 £0.02 17.52 £0.03 17.57+0.07 17.75+£0.14 1
225355.94-005904.9 - DA 18.395  10698+79  8.11 £0.078 | 18.20 £0.04 18.17 £0.06 18.16+0.13 18.16+0.20 1
225404.27+001824.1 - DA+M 19.272 6301 +4 7.69 £0.552 | 17.47 £0.02 16.77 £0.02 16.174+0.02 15.83+0.03 1
225503.57-001548.8 - DA+M 18.181 224604310 7.73 £0.043 | 17.18 £0.02 16.78 £0.02 16.36+0.03 16.02+0.03 3
225805.48+000925.9 - DA 17.319 25416179  7.89 £0.023 | 17.26 £0.02 17.32 £0.03 17.33+£0.06 17.38+0.10 1
230338.07-000847.4 - DA 19.309 7865 £101  8.51 £0.216 | 18.83 £0.05 18.75£0.06 18.61+0.13 18.06+0.19 2
230552.08-001448.7 - DA+M 18.386 6300 £2 8.46 £0.353 | 16.99 +£0.01 16.47 £0.01 15.86+£0.01 15.644+0.02 3
230900.79+140708.9 - DA 18.330  18869+191  7.86 £0.033 | 18.28 £0.04 18.31 £0.08 18.264+0.15 18.72+0.32 1
230953.41+011213.2  2307+009 DA 17307 30882+189  8.59 £0.025 | 17.29 £0.02 17.42 £0.02 17.48+£0.09 17.80+0.16 2
231014.62+001440.0 - DA+M 18.466 6300 £1 7.78 £0.392 | 16.93 £0.01 16.41 £0.01 15.85+0.01 15.54+£0.02 3
231425.79+010938.7 - DA 17.779 8265 +35 8.64 £0.069 | 17.43 £0.02 17.33 £0.02 17.13+£0.06 17.2440.10 1
231443.95+000708.1  2312-001 DA 17.883  17746+131  7.92 £0.027 | 17.80 £0.02 17.87 £0.03 17.97+0.07 18.17£0.20 2
231645.49-010451.2  2314-013 DA 19.219 9194 £136  8.36 £0.288 | 18.85 £0.06 - 18.65+0.19 18.86+£0.33 2
231731.36-001605.0 - DA 17.142 251004225 7.83 £0.024 | 17.10 £0.01 17.16 £0.02 17.26£0.06 17.41+£0.09 2
231814.73+003430.3 - DA+M 18.623 6301 +4 7.16 £0.27 | 17.30 £0.02 16.81 £0.01 16.264+0.03 16.07£0.04 3
231901.24-004949.6 - DA+M 19.265 9728 +£111 8.0+0.185 | 17.91 £0.03 17.33 £0.03 16.78+£0.04 16.42+0.04 2

Continued on next page
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Table C.1- continued from previous page

SDSSJ WD Spec. Type i’ Terx (K) logg Y J H K Ref.
231955.36+004730.4 23174005 DA 18.396 8495 £56 8.71 £0.126 | 18.01 £0.03 17.89 +£0.04 17.78+£0.11 18.29+0.25 2
232353.90+004727.2 - DA+M 19.473 6301 £2 8.45 £0.421 | 18.03 £0.03 17.53 £0.03 16.95+0.06 16.63+0.06 1
232436.24-004536.3 - DA+M 18.367 6300 £2 7.8 £0.378 | 17.06 £0.02 16.54 £0.01 15.96+0.02 15.68+£0.02 3
232448.21-005105.5 - DA 18.485 17904+191 7.85+0.039 | 18.41 £0.04 18.56 £0.08 18.56£0.19 18.21+0.19 2
232531.08+154625.8 - DA 18.430 194224172  7.88 £0.029 | 18.40 £0.04 18.38 £0.07 18.54+0.14 18.37+0.23 1
232539.65-002420.7 - DA+M 19.524 6302 +6 8.11 £0.711 | 18.05 £0.03 17.59 £0.03 17.17£0.04 16.73£0.05 1
232659.23-002348.0 - DA 17.740 10622447 8.33+0.04 | 17.52+£0.02 17.61 £0.05 17.40£0.06 17.42+0.10 2
232728.01+144416.5 - DA 17.842 8638 £27 8.3 £0.047 | 17.62 £0.02 17.45+0.03 17.21+0.07 17.63+0.14 1
232904.76+000821.2 - DA+M 19.574 6302 £6 8.16 £0.544 | 17.61 £0.02 17.01 £0.02 16.44+0.02 16.04+0.03 1
232913.04-001106.2 - DA+M 19.232 7606 £95 7.11 £0.364 | 17.84 £0.03 17.18 £0.02 16.60+0.03 16.18+0.03 1
233040.47+010047.4 - DA 17.212 7342 £31 9.0 £0.0090 | 16.66 £0.01 16.50 £0.01 16.314+0.02 16.23+0.03 1
233130.76-001128.1 - DA 18.124 9542 +42 8.55 £0.055 | 17.78 £0.02 17.67 £0.03 17.62+0.07 17.52+0.10 2
233152.04+134206.6 - DA+M 19.197  21734+375 7.97 £0.064 | 18.59 £0.06 18.26 £0.07 17.75+0.11 17.49+£0.12 3
233345.97-000843.0 - DA 20.651  11198+433  8.35+0.293 | 19.36 £0.08 18.80 £0.10 18.22+0.13 17.67+0.13 1
233347.65-001501.1 - DA+M 18.654 6300 £1 8.73 £0.18 | 17.23 £0.02 16.77 £0.02 16.224+0.02 15.94+£0.03 3
233630.55-003036.0 - DA+M 18.770 6300 £1 8.58 £0.309 | 17.14 £0.01 16.57 £0.01 15.98+0.01 15.69+0.02 1
233807.88+000109.1 - DA+M 18.791 6300 £2 8.82 +£0.14 | 17.67 £0.03 17.20£0.03 16.554+0.02 16.36+0.04 3
233905.99-001754.5 - DA+M 18.198 6300 1 8.79 £0.143 | 16.75 £0.01 16.17 £0.01 15.65£0.01 15.374+0.02 3
233928.35-002040.0 - DA+M 18.075 6300 1 8.29 £0.302 | 16.45 +£0.01 15.86 £0.01 15.34+0.01 15.1040.01 3
234019.03+001905.2 - DA 18.802 7079 £86 8.43 +£0.263 | 18.34 £0.04 18.08 £0.07 17.91+£0.08 17.98+0.16 1
234117.41-000330.3 - DA 19.132 129334405  7.71 £0.09 | 18.92 +£0.08 - 18.84+£0.23 18.63+0.27 1
234131.09+003749.2 23384003 DA+M 18.355 6300 £1 8.48 £0.272 | 17.03 £0.01 16.52+0.02 16.01£0.02 15.78+0.02 2
234141.64-010917.2  2339-014 DA 18.449  13088+173  7.924+0.04 | 18.35£0.04 18.35+£0.07 18.38+0.12 18.46+£0.25 2
234225.67+155930.4 - DA+M 17.518  101204£39  7.98 £0.039 | 1595 £0.01 15.44 £0.01 15.00+0.01 14.71+£0.01 3
234534.49-001453.7 - DA+M 19.219 9492 +107 8.39+£0.143 | 17.99 £0.03 17.45£0.04 16.97+£0.04 16.74+£0.05 3
234621.22-003259.2 - DA+M 19.956 9066 +197 7.6 £0.354 | 18.74 £0.05 18.16 £0.05 17.74+0.06 17.43+0.09 1
234639.77-003716.1 - DA 18.749 129834334  7.97 £0.083 - 18.44 £0.08 18.57+0.18 18.38+0.26 2
234818.15-003713.7 - DA 18.126 8468 £46 8.6 £0.086 - 17.68 £0.03 17.56+0.06 17.34+£0.09 2
235027.59+004358.7 - DA+M 16.837 6300 £2 7.97 £0.114 | 15.49 £0.00 15.00 £0.00 14.544+0.01 14.2740.01 1
235040.74-005430.8 - DA 18.328  10351£60  8.31 £0.063 | 18.08 £0.03 17.99 £0.05 17.77£0.07 17.82+0.13 2
235215.44-004120.8 - DA 17.899 9842 +46 8.29 £0.062 | 17.66 £0.02 17.59 £0.03 17.44+0.05 17.64+0.11 2
235314.79-001820.5 - DA 18.088  15489+148  8.07 £0.031 - 17.98 £0.05 18.16+0.15 18.17£0.23 1
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Table C.2: Physical parameters and UKIDSS data for SDSS DR4 DB
white dwarfs in this work.

SDSS1J WD Spec. Type i’ Ter (K) logg Y J H K Ref.
002750.01-001023.4 - DB+M 17.09 6300+1.0 8.84+0.11 | 15.594£0.01 15.05+0.01 14.56+0.01 14.25£0.01 3
012148.20-001053.3 - DB 16.78  16890+68.0 8.26+£0.04 | 16.73£0.01 16.77£0.02 16.82+£0.03 16.99+£0.06 1
033320.38+000720.6  0330-000 DBH 16.38  10086£16.0 8.324+0.21 | 16.01£0.01 15.93+0.01 15.88+0.01 15.84+£0.03 2
091029.42+090205.1 - DB 17.62 16711+£55.0 8.24£0.03 | 17.55£0.02 17.57£0.02 17.66+£0.04 17.84+£0.09 1
092452.73+020712.2  0922+023 DB 18.97 15231+£147.0 8.49£0.10 | 20.8040.36 - 18.20+0.12 17.60+£0.11 2
095102.22+010432.5 0948+013 DB 16.16  17622+25.0 8.22+£0.02 | 16.1+0.01 16.17+£0.01 16.23+£0.02 16.31£0.03 2
095353.91+074246.1 - DB 18.24 19019+179.0 8.17+0.05 | 18.16£0.03 18.264+0.03 18.28+0.07 18.39+0.16 1
124112.98+122613.7  1238+127 DB 17.55 16149£72.0 8.33+0.05 | 17.47£0.02 17.53+0.03 17.59£0.05 17.60£0.11 1
135541.69+110031.7 - DB 18.53 26866+888.0 7.86+£0.06 | 18.40£0.03 18.42+0.05 18.52+0.11 18.79£0.22 1
144258.47+001031.5  1440+003 DB+M 17.47 15580+£125.0 7.53£0.08 | 15.864+0.01 15.29+0.01 14.7+0.01 14.424+0.01 2
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Table C.3: Physical parameters and UKIDSS data for McCook & Sion
DA white dwarfs in this work.

WD Name Spec. Type i’ Ter (K)  logg Y J H K Ref.
WD0014+003 - DA+M 18.09 - - 16.38+£0.01 15.85£0.01 15.284£0.01 14.9740.01
WDO0155+069  GSC 00036-00907 DA V =15.22 20600 7.72 | 15.76+0.01 - 15.87£0.02 16.01+£0.03 3
WD0225+004 LP 590-143 DA 17.76 ~ 6300 - 17.17£0.02 16.88+£0.02 16.544+0.03 16.61£0.05 1
WD0227+050 NSV 843 DA V =12.65 19085 7.78 | 13.18+0.00 13.254+0.00 13.33+£0.00 13.4040.00 2
WDO0235+052 - DA V =1738 16000 7.63 | 17.32£0.02 17.37£0.03 17.444+0.06 17.5740.12 3
WDO0838+035 - DA 15.02 38500 7.78 | 15.06£0.00 15.17£0.01 15.2440.01 15.3940.02 4
WD0928+085 - DA 17.49 29430 8.56 | 17.51£0.02 17.64+0.03 17.67£0.04 17.69+0.11 5
WD0933+025 - DA+M 15.25 - - 13.86+0.00 13.30+£0.00 12.774+0.00 12.49+0.00
WD0939+071 - DA 14.71 7770 - 14.15£0.00 13.93£0.00 13.66+0.00 13.604+0.00 11
WD0950+077 - DA 16.33 14770 7.95 | 16.24£0.01 16.284£0.01 16.35+0.02 16.41+0.03 12
WD0956+020 - DA 16.16 15550 7.75 | 16.03£0.01 16.06£0.01 16.13+0.02 16.18+0.03 2
WD0956+045 - DA 16.46 18150 7.81 - - 14.19+£0.00 13.87£0.01 12
WD1003-023 PG 1003-023 DA 15.77 20340 7.95 | 15.70+£0.01 15.76+0.01 15.79£0.01 15.89+0.03 2
WD1012-008 - DA 16.06 22270 7.98 | 16.07+£0.01 16.14+0.01 16.21£0.02 16.31+0.04 13
WD1015+076 - DA+M 15.51 - - 14.81+0.00 14.56£0.00 14.244+0.00 14.16£0.01
WDI1112-012 - DA V =183 - - 18.60£0.05 18.35£0.07 18.53£0.21 18.22£0.23
WD1124+017 - DA 16.69 15868 7.69 | 16.59£0.01 16.68+£0.02 16.71£0.04 16.75£0.06 13
WD1130-013 - DA+M 18.23 - - - 16.31£0.01 15.74+0.01 15.46%0.02
WD1144+011 - DA+Me 16.13 - - 14.474+0.00 13.93+£0.00 13.424+0.00 13.13£0.00 1
WD1155-011 - DA 19.62 - 18.264+0.03 17.83£0.03 17.22+0.03 16.8940.06 1
WD1210+140 - DA 15.30 31930 7.03 | 15.26£0.00 15.36%£0.01 15.444+0.01 15.5940.02 5
WD1214+146 - DA 18.33 ~ 13400 - 18.20+£0.03 18.12£0.05 18.38+£0.13 17.96+0.17 1
WD1225+006 - DA 15.10 9530 8.08 - 14.75+£0.00 14.70+0.01 14.76+0.01 13
WD1226+158 - DA 17.97 ~ 12800 - - - 18.02+£0.11 18.38+0.25 1
WD1231+129 - DA 18.02 ~ 13800 - 18.08+0.03 18.07£0.05 17.94+0.07 18.21+0.18 1
WD1232+135 - DA+M 15.92 - - 14.63£0.00 14.14£0.00 13.52+0.00 13.3240.00
WD1257+047 - DA 15.46 22320 - 15.45+£0.00 15.51£0.01 15.55£0.01 15.62+0.02 5
WD1312+098 - DAH 16.90 15000 - 16.88+£0.01 16.92+£0.02 16.97£0.04 17.13£0.08 14
WD1349+144 PB4117 DA 15.67 16620 7.68 | 15.59+0.01 15.594+0.01 15.69+£0.01 15.74+0.02 12
WD1411+135 - DA 16.97 ~ 19600 - 16.90+0.01 16.96+£0.01 17.00+0.02 17.11£0.05 1

Continued on next page
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Table C.3— continued from previous page

WD Name Spec. Type i’ Ter (K)  logg Y J H K Ref.
WD1413+003 - DA 16.46 14590 8.05 | 16.42£0.01 16.40+0.01 16.41+0.03 16.47+£0.05 13
WD1413+015 - DA+M 17.52 48800 7.70 | 17.23£0.02 17.59+0.05 16.63£0.03 16.55+0.05 12
WD1415+132 Feige 93 DA+M 15.50 34000 7.43 | 14.67£0.00 14.26+0.00 13.824+0.00 13.55+0.00
WD1422+028 - DA 17.11 ~ 18400 17.06£0.01 17.13+£0.02 17.224+0.06 17.25£0.11 1
WD1428+102 - DA 17.34 ~ 27100 17.34+£0.01 17.35+£0.02 17.38+0.04 17.58+0.08 1
WD1501+032 - DA 15.94 13770 7.88 | 15.84+0.01 15.86+0.01 1591+0.01 1598+0.03 5
WD1527+090 - DA 15.25 21520 8.02 | 14.78£0.00 14.844+0.00 14.90+0.01 15.00+£0.01 5
WD1544+008 - DA V =15.27 43374 747 | 15.69+0.01 15.73+£0.01 15.81£0.01 15.924+0.03 10
WD1547+015 - DA V =159 76910 7.57 | 16.44+£0.01 16.49+0.01 16.52+0.03 16.66+0.06 5
WD1547+057 - DA 16.43 24850 841 | 16.44+0.01 16.48+£0.01 16.60+0.03 16.61+0.04 2
WD2314+064 - DA V =15.93 17570 798 | 16.51+£0.01 16.50+0.01 16.52+0.02 16.59£0.04 2
WD2314+141 - DA 17.34 ~ 20600 - 17.26+0.02 17.35£0.04 17.43+0.07 17.56+0.11 1
WD2318+126 - DA V=159 - - 16.58+0.01 16.58£0.01 16.58+0.04 16.65+0.05
WD2336+063 - DA V =156 16520 8.03 | 15.92£0.01 15.98+0.01 16.05+£0.02 16.09+£0.04 5

! This Work, 2 Holberg & Bergeron (2006), > Homeier et al. (1998), 4 Finley (1997), ® Liebert, Bergeron & Holberg (2004), 6 Werner et al. (1997), 7 Koester & Knist
(2009), & Dufour et al. (2005), ? Voss et al. (2007), 1° Sion et al. (1988), 1 Schroder, Pauli & Napiwotzki (2004), 12 Liebert, Bergeron & Holberg (2005), 13 Koester
et al. (2001), 4 Liebert, Bergeron & Holberg (2003), *® Friedrich et al. (2000)
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