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Abstract

In this thesis| presen the seard for ultracool dwarf companionsto main sequencestars,
subgiarnts and white dwarfs. The ultracool dwarfs identi ed hereare bendimark objects,
with known agesand distances.

The online data archives, the two micron all sky survey (2MASS) and SuperCOS-
MOS wereseardedfor ultracool companiongo white dwarfs, whereoneM9 1 companion
to a DA white dwarf is spectroscopicallycon rmed asthe widest separatedsystemof its
kind known to date. The ageof the M9 1 is constrainedto a minium ageof 1.94Gyrs,
basedon the estimated age of the white dwarf from a spectroscopicallyderived T, and
log g and an initial- nal massrelation. This seart was extendedusing the next gener-
ation surweys, the sloandigital sky survey (SDSS)and the UK infrared deepsky survey
(UKIDSS), wherepotertial white dwarf + ultracool dwarf binary systemsfrom this seart
are presened. A handful of thesecandidate systemswere followed-up with secondepoch
nearinfrared (NIR) imaging. A newwhite dwarf with a spectroscopicM4 companionand
a possiblewide tertiary ultracool componert is herecon rmed.

Also undertaken was a pilot imaging survey in the NIR, to seart for ultracool
companiongo subgiarts in the southernhemisphereausingthe Anglo-Australian telescope.
The candidatesfrom that seard, aswell asthe subsequenfollow-up of systemsthrough
secondepoch NIR/optical imaging and methaneimaging are presened. No systemsare
con rmed from the current data but a number of good candidatesremainto be followed-up
and look encouraging.

A seart for widely separatedultracool objects selectedfrom 2MASS as compan-
ions to Hipparcos main-sequencestars was also undertaken. 16 candidate systemswere
revealed, v e of which had beenpreviously identied and two newLO 2 companionsare
here con rmed, as companionsto the F5V spectroscopicsystem HD120005and the M
dwarf GD 605. The properties of HD120005Cwere calculated using the DUSTY and
COND models from the Lyon group, and the age of the systemswere inferred from the
primary memnbers. For GD 605B no age constrairt could be placed due to the lack of
information available about the primary, but HD120005Chasan estimatedageof 2-4Gyr.

In the nal part of this thesisl investigatecorrelationswith NIR broadbandcolours
(0 H,H K andJ K) with respect to properties, Te , log g and [Fe/H] for the
bendimark ultracool dwarfs, both con rmed from the seartiesundertaken in this work
and thoseavailable from the literature. This resultedin an obsened correlation with NIR
colour and T, , which is presemted here. | nd no correlation however with NIR colours
and log g or [Fe/H], due in part to a lack of suitable bendimarks. | shav that despite
the current lack of good bendimark objects, this work has the potential to allow UCD
propertiesto be measuredrom obsenable characteristics,and suggesthat expandingthis
study shouldreveal many morebendmarkswheretrue correlation betweenpropertiesand
obsenablescan be better investigated.
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Chapter 1

Background

In this chapter the badkground knowledgerelevant to the later chaptersin this thesis
is discussed.In brief the main topics hereinclude an overview of the understandingand
interpretation of ultracool dwarf (UCD) and brown dwarf (BD) atmospheresformation
scenariosthe ultracool cortribution to the initial massfunction and the birth rate of L
and T dwarfs are alsodiscussedn corntext. A particular emphasisis given to bendimark
UCDs, why they are needed,how they will be usedand wherethey can be found.

1.1 Intro duction

In just over a decadenearly 700 UCDs have beendiscovered sincethose that were rst
con rmed (Tiede 1 (M8); Rebolo, Zapatero-Osorio& Martin 1995and Gliese229B(T6.5);
Nakajima et al. 1995). This isin largethanksto the rise of deeplarge areasurveyssud as
the Two Micron All Sky Surwey (2MASS), the SloanDigital Sky Survey (SDSS)and more
recerly the UK Infrared Deep Sky Survey (UKIDSS). These populations have helped
shape the understanding of ultracool dwarfs and extendedthe classi cation system for
substellarobjects including the creation of two new spectral typesL and T. The latest M
dwarfs ( M7-9) have e ective temperature (T ) reaching downto 2300K.At lower T,
( 2300-140K) arethe L dwarfs, which have very dusty upper atmospheresand generally
very red colours. T dwarfs are even cooler having T, in the range 1400-60X, where
the low T limit is currently de ned by the recerily discoreredT8+ dwarfs, ULAS JO034-
0052(Warrenet al. 2007),CFBDS J005910.90-011401 (®elormeet al. 2008)and ULAS
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1335(Burningham et al. 2008). T dwarf spectra are dominated by strong water vapour
and methanebands,and generallyappear bluer in the nearinfrared (NIR) (Geballeet al.
2003;Burgasser,Burrows & Kirkpatric k 2006).

The physics of ultracool atmospheresis complex and very di cult to accurately
model. Atmospheric dust formation is particularly challenging for theory (Allard et al.
2001;Burrows, Sudarsky& Hubeny 2006)and there area variety of other important issues
that are not well understood, including the completenes®f CH4/H ,O molecularopacities,
their dependenceon T, , gravity and metallicity (e.g. Joneset al. 2005;Burgasseret al.
2006;Liu, Leggett& Chiu 2007),aswell asthe possiblepresenceof vertical mixing in sud
atmospheregSaumonet al. 2007). The emergen spectra from ultracool atmospheresare
likely strongly a ected by factors sud as gravity and metallicity (e.g. Knapp et al.
2004; Burgasseret al. 2006; Metchev & Hillenbrand 2006), which highlights the need
for an improved understanding of sud e ects if physical properties (e.g. mass,ageand
composition) are to be constrainedobsenationally (e.g. spectroscopically).

Discovering UCDs whoseproperties can be inferred indirectly (without the needfor
atmospheric models) is an excelleh way to provide a test-bed for theory and obsena-
tionally pin down how physical properties a ect spectra. Sud UCDs are referredto as
Yendimark® objects (e.g. Pineld et al. 2006). A population of bendymark UCDs with
a broad range of atmospheric properties will be invaluable in the task of determining
the full extert of spectral sensitivity to variations in UCD physical properties. Howe\er,
sud bendimarks are not commonand the constrairts on their properties are not always
particularly strong.

1.1.1 Prop erties of brown and ultraco ol dwarfs

BDs were rst theorisedby Kumar (1963)asa cool extensionof the main-sequenceheyond
the M7 type. They are not massie enoughto ignite or burn hydrogenin their core,sud
that an upper masslimit would correspnd approximately to 0.075M (Chabrier et al.
2000a),although it is possiblefor this limit to changewith metallicity (if the BD is metal
poor then it can have a larger mass). The lower end of the masslimit remainsill de ned
approading the planetary massregime. The di erence betweenBDs and giant planets
is commonly assumedo be the way in which they form. It wasoriginally suspectedthat
BDs form in the sameway as stars, from the fragmertation of a gascloud (as shovn by
the simulations of Bate 1998)and that giant planetsform via accretiononto rocky cores
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in a proto-planetary disk (e.g. Pollack et al. 1996). Howewer the formation medanisms
for both types of object are not fully understood. The currently adopted lower mass
limit is taken from the deuterium burning minimum mass(0.013M ), which draws the
distinction that all BDs burn deuterium at somepoint during their lifetime. Howewer
Bate (2005) showved that the minimum mass(i.e. the deuterium burning limit) of a BD
canchangeby 3-9M;, from simulating cloudswherethe opacity limit is setby the clouds
metallicity, sud that metallicity can drive this massup towards 0.015M . This hasalso
beenchallengedmorerecerly by the discovery of planetary massobjectsin Orion (Lucas
et al. 2006;Weigtts et al. 2008)and 2MASS1207Ban8 2M;, L dwarf (Mohanty et al.
2007).

For agesof a few Gyr, thesemasse<sorrespnd to temperaturesgenerallylessthan
2300K (Kirkpatric k et al. 1999b)encompassingwo new spectral classi cations, the L
and T dwarfs (Kirkpatric k et al. 1999b;Mart n et al. 1999). Traditionally spectral typing
is done using optical spectra asis typically donefor L dwarfs, following the convertions
of Kirkpatrick et al. (1999b). Howewer, as L dwarfs are faint at these wavelengthsit is
often easierto use NIR spectra. Indeed T dwarfs are very faint in the optical and are
thus formally classi ed in the NIR following the classi cation sdhemeof Burgasseret al.
(2006). In generalL and T dwarfs are BDs but objects later than M7 can be referred
to asUCDs. From an M dwarf a UCD is expectedto cool and ewlve through the L to
the T dwarf sequencend to cooler temperatures (Kirkpatric k et al. 1999b).

L dwarfs

L dwarfs have temperaturesbetween 2300-1400Ksud that the peakoftheir ux ismore
red-ward than main-sequenceatars. Their spectra tend to exhibit strong H,O absorption,
along with metal-axide (TiO and ViO), metal (CaH and FeH) and alkali band (Na, K,
Cs, Rb) features,which along with the e ects of low temperature causeopacities which
redden their colours. GD 165B, a companionto a white dwarf (Bedlin & Zudkerman
1988) is often taken as the prototype L dwarf. Showvn in Fig. 1.1 is an example of the
spectra of late M through to L dwarfs at optical wavelengths,highlighted are someof the
identifying featuresspeci cally of L dwarfs, including water vapour and alkali metal lines.
Fig 1.2 and 1.3 shav the NIR spectrum of late M and L dwarfs, whereit can clearly be
seenthat for later L typesthe spectraaround 1.5 m becomesmuch more enhanced.
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Figure 1.3: NIR spectra of L3.5-L8 dwarfs from Reid et al. (2001). The shadedregions
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Figure 1.4: NIR spectra of T dwarfs from Burgasseret al. (2003).

T dwarfs

T dwarfs are cooler than Ls, with atypical rangein temperature of 1400-600Kor cooler
(Burningham et al. 2008),wheretheir spectra becomedominated by CH, absorption. At
thesetemperaturesthe FeH bands seenin L dwarfs disappear. T dwarfs develop much
bluer NIR coloursasthe dust layerspresen themsehesbelow the photosphere,sud that
the e ects of dust reddeningin L dwarfs no longer occur. Also noticeableis the strong
absorption of H,O and CH,4. Like GD 165B, Gl 229B, one of the rst conrmed BDs
is taken as the prototype T dwarf. Examplesof T dwarf spectra are showvn in Fig. 1.4,
wherethe H,O and CH, featuresare indicated.

Thesespectral classi cations are further split into sub-classesf LO-L9 and TO-T9.
Theseclassi cations are basedmainly on the strength of the CH, and H,O absorption
and employ ux comparisonsto determinea dwarfs position within the sub-classi cation
sdeme. Band passesf determinedwidths are certred on featuresof interest and regions
of slope, their integrated uxes determined and then comparedwith relations between
these bandpass ux estimates of known spectral type, e.g. Geballe et al. (2003) use
four regionsin the NIR spectra, certred at 1.15and 1.50 m (H,O features) and 1.60
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and 2.20 m (CH,4 features). More recertly other featuressud as FeH are also usedto
generatemore accuraterelations within the L and T sub-classe$Slesnik, Hillenbrand &
Carperter 2004). Another method is to usethe equivalent widths of the potassiumlines
at 1.18 m (Reid et al. 2001a). For the very late T dwarfs that are now beingdiscovered
(ULAS J0034-0052Varren et al. 2007and CFBDS J005910.90-011401.Belormeet al.
2008) a further spectral classbeyond T will be needed.Pre-emptively coined %/ -dwarfs
by Kirkpatric k et al. (1999b) they are expectedto be characteristically di erent from T
dwarfs. Sud changesmay result from the emergenceof ammoniaabsorptionin the NIR,
or e ects due to the condensationof water cloudsat 400K (similar to those seenin
Jupiter).

1.2 Benchmark ultraco ol dwarfs

Thereisnoo cial criteria for what constitutesa bendimark UCD in the literature, other
than the fact that it has someknown properties. In the context of this thesis howewer,
bendmark UCDs are thosethat have a known age. This parameteris vitally important

for the understandingof UCD properties and how they ewlve with time. Currently it is
not possibleto calculatethe ageof anisolatedUCD in the eld (with the exceptionof very
young objects that shaw lithium in their spectra) asmodelsare not yet robust enoughfor
this prediction. Bendimark UCDs arethusvital to the calibration of sudy modelsand are
likely to be the testbedsfor interpreting UCD atmospherice ects, which could lead to
the accurateprediction of physical properties from obsenable characteristics. Potentially

a UCD with an indicated age constrairt is likely to be useful, when consideringoverall
trends. Theseare discussedn the later chapters of this thesis, where all known UCDs
with an ageestimate are presetied. However, if the ageof the UCD is not very accurate
then the assaiated properties may not be particularly usefulfor calibrating models. The
ideal bendhmark UCD should have an ageaccurateto 10% (Pin eld et al. 2006). These
bendymarks are the subject of the seartiesin this thesis. Where suc bendimarks may
be found, aswell asthe application for the useof sud bendimarks are descriked in the
following sections.
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1.2.1 Ultraco ol formation scenarios

The formation of UCDsiis still not well understaod, but it is likely that they form initially
like stars (core collapseand accretion) but newer acquire enoughmassto ignite stable
hydrogen burning, only burning deuterium for a limited period of time, sud that their
formation may take a slightly di erent courseto those of normal stars. Briey descrited
here are the four main typesof theorisedformation medanisms,theseinclude formation
by turbulent fragmertation, disc fragmertation, photo-erosionand ejection.

Turbulen t Fragmen tation

Formation of UCDs via turbulent fragmenation was rst proposedby Padoan& Nordlund
(2002), who suggestedthat very low-masscorescould be formed during the processof
fragmertation in a turbulent cloud, which would then go on to produce very low-mass
objects. Their simulations show that turbulent ows commonly givesrise to variations
in the massdensity distribution allowing substellar mass coresto be denseenoughto
collapseand form UCDs.

Disk Fragmen tation

It may alsobe possiblefor UCDs to form from initially massiwe prestellar coresvia frag-
mentation of a large circumstellar disk (Bate, Bonnell & Bromm 2003). Whitworth &

Goodwin (2005) state that this theory could be possiblefor large disks( 1000AU) where
the separationbetweenthe two componernts is relatively large ( 100AU), but would not
work for stars with smaller disks, wherethe temperature and surfacedensity are higher,
sud that the photo-fragmens (small forming cores)are unable to cool fast enoughto

condenseout to form a UCD in the disk. This formation medanism may alsoexplain the
%rown dwarf deserf (the obsened trend where UCDs are not found at separationsof <

5AU from a main-sequencestar binary companionGrether & Lineweaver 2006)as UCDs
formed in this fashionmust have large separations.Whitworth & Stamatellos(2006) also
support this theory of formation but suggestthat a massive enoughcircumstellar disk is
likely to be rare and short-lived, converting into UCDs quickly on a dynamical timescale
of only 1CQ%yr.
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Ejection

The theory of UCD formation through enbryo ejection or liberation was rst suggested
by Reipurth & Clarke (2001). They postulated that UCDs form from prestellar cores
that are ejected from dynamically interacting multiple systemsbefore they have had
time to accrete enoughmassto ignite hydrogen. UCDs formed in this manner would
exhibit no kinematic imprint and are likely to be found as isolated objects, as shovn in
the simulations of Bate et al. (seehttp://www.uk a .ac.uk/starcluster). This formation
medanism also requiresa large amourt of initial formation by fragmenation and core
collapseto produce the protostellar embryo that is ejectedfrom the system. It cannot
howewer explain the large number of closeUCD binariesthat have beenobsened (Pin eld
et al. 2003).

Photo-erosion

The fourth formation medanism is the theory of photo-erosion,wherety UCDs form in

the presenceof a higher massstar enbeddedin a HII region. The higher massobject

causexompressiorwavesand an ionisation front that photo-eradessurroundinglow mass
cores. This theory producesUCDs for a wide rangeof initial conditionsand predicts close
UCD binaries. Howewer, the processs ine cien t asit requiresa massie protostellar core
to be erodedto form a singleUCD, and canonly work in the presenceof an OB type star
to producethe high levelsof UV neededor this formation medanismto work (Whit worth

& Goodwin 2005).

None of the methods outlined here can, by themsehes predict all the obsened
dynamicsof UCDs (the numbersofisolatedand both closeand wide binary systems)and it
seemdikely that a combination of thesemedanismsis responsiblefor at least someof the
UCDsdiscoveredto date, possiblybeingdependen on environment, epoch and metallicity,
asre ected by collective UCD propertiesthat are seenby obsenations. Indeed Goodwin
& Whitworth (2007) favour a conmbination of formation scenarios suggestingthat UCDs
are initially binary companionsformed by gravitational fragmenation of the outer parts
(R > 100 AU) of the protostellar disc of a low-masshydrogen-burning star. Theseare
then gertly disrupted by passingstars, rather than violent interaction as suggestedby
Reipurth & Clarke (2001). UCDs formed in this way would have velocity dispersions
and spatial distributions similar to that of higher-massstars and they would likely be
able to retain discsand sustain accretionand out o ws. This alsoimplies that most stars
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and UCDs shouldform in binary or multiple systems,which is supported by obsenations
(Pineld et al. 2003), thus studies of UCDs in binaries could potentially be revealing
about their formation medanisms.

1.3 The ultraco ol IMF and birthrate

To fully understand the nature of UCDs (other than the treatment of dust) and their
cortribution to the galaxy, there are se\eral important factorsthat needto be understood
in order to answer thesequestions. How do they form? at what rate doesthis happen?
how do they ewlve? and what is their cortribution to the very low massend of the mass
function (MF) and the initial massfunctions (IMF)? The current knowledge on these
factors are brie y outlined below.

1.3.1 The substellar initial mass function

The IMF descrikesthe distribution of newly formed stars as a function of mass,which
can be descriked as a power law of the form M . Salpeter (1955) shoved that =2.35
for starsequalto or largerthan M , this is referredto asthe Salpeter function and states
that the number of stars of eady massrangedecreasesvith increasingmass. This form of
the IMF stays fairly uniform regardlessof environmert for starsM>M . Miller & Scalo
(1979) and Scalo(1986) expandedon this work for stars< M , suggestingthat the IMF

attens for lower masseswvhere =0 for stars belov M , as shown in Fig. 1.5. Kroupa
(2001) howewer suggestghat =2.3 to half a solar massbut then reducesto =1.3 for
massed).5<M <0.08and to =0.3 belov 0.08M . Traditionally the IMF is estimated
from a luminosity function and a mass-luminosiy relation, this is a problem however
for UCDs, asthe initial heat from gravitational cortraction is slowvly radiated away with

time, sudh that the UCD mass-luminosiy relation is a factor of age. Currently neither the
mass,nor the agecan be calculatedfrom luminosity alone,makingit di cult to calculate
an IMF for eld UCDs, asa history of the star formation along with an accurateageis
needed. This was attempted by Reid et al. (1999), who calculated an IMF for stars in
the solar neighbourhood from 2MASS and showved evidencefor a substellar IMF that is
shallover than the Salpeter IMF. Howewer the modelsthey use(Burrowset al. 1997b)are
gearedtowards dust-free atmospheresand do not represen the characteristics of dustier
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Figure 1.5: The presen day massfunction of main-sequenceeld stars from Miller &
Scalo(1979), wherethe MF  ,s(log M) asthe number of stars (pc 2logM ).

L dwarfs. Allen et al. (2005) took a slightly di erent approad and calculated the IMF
for M<0.08M to bein the range-0.6< <0.6 using Bayesiantechniques.

The problems assaiated with determining the IMF for eld UCDs could poten-
tially be solved by determining the agesof UCDs and obtaining theoretical masseaising
ewlutionary models. This may be done by observing open cluster populations where
stars and UCDs of di erent masseswvith well de ned ageswould be abundart. There are
howewer potential di culties whenobservingobjectsin clusterssud assourcesof extinc-
tion, uncertainties in ageand distance,and cortamination from non-menbers. Studiesof
young clustershave beenperformedby Andersenet al. (2008) who looked at the IMF in
young clustersincluding 1C348, where Luhman et al. (2003b) found that the IMF rises
as a Salpeter function from high/intermediate massesddlownto M and then risesmore
slowly to a massaround M=0.1-0.2M , turning over and declining into the substellar
regime. They also looked at the IMF in Taurus (Bricero et al. 2002, Luhman et al.
2003a)and nd that it appearsto rise quickly to a peakof 0.8M and then steadily
declinesto lower masses. The trend of a falling massfunction in the ultracool regime
is generally sharedwith the obsenations in other clusters (Chameleonl;Luhman 2007,
Pleiades; Lodieu et al. 2007a;Chabrier 2003; Moraux et al. 2003, Orion; Hillenbrand
1997;Luhman et al. 2000;Muend et al. 2002and NGC2024;Levine et al. 2006)as can
be seenin Fig. 1.6, shaving the MF of the Pleiades(Lodieu et al. 2007a). The di erent

27



forms of the IMF in theseclustersall show subtle di erences, suggestingthat they might
be sensitive to initial condition. Thesedi erences howewer, may alsobe able to help pin
down the formation medanismsfor UCDs.

The recent simulations and studies of late T dwarfs (>T4) in the eld from the
UKIDSS LAS by Pineld et al. (2008) suggestthat a log normal form of the MF agrees
best with both their obsenations and obsenations of clusters (e.g. PleiadesMF from
Chabrier 2003; Lodieu et al. 2007a). The slope of the function appearsto steepen,
increasingas massdecreasessuggestinga function that is consistet with an =0 power
law around a massof 0.04M . This would also suggestthat as T dwarfs probe lower
massranges,the massfunction may di er for L dwarfs from that of T dwarfs and that
T dwarfs may be more sensitive to changesin the IMF, as shown by the simulations of
Allen et al. (2005)in Fig. 1.7. The ndings of Pin eld et al. (2008) indicate that for the
eld population the substellarMF is most consisteh with an =-1.0 and =0.0 for L and
T dwarf populations, respectively.

1.3.2 The substellar birth rate

The birth rate is the number density of stars born per unit time and determinesthe MF
and IMF. For main-sequencestarsthe MF is thought to stay constart with time (Miller &
Scalo1979) but remainsunde ned for substellar objects. Burgasser(2004) made Monte
Carlo simulations of v e UCD birth rate scenariosjncluding a constart birth rate ( at),

similar to that taken for galactic star formation, an exponertial birth rate, sud that the
star formation rate scaleswith averagegasdensity. They alsoconsideran empirical birth

rate in the form of a seriesof star formation bursts, which would agreewith the apparert
increasein star formation 400 Myr ago (Barry 1988). A fourth scenariois a stochastic
birth rate, wherestar formation occursonly in youngclustersand only for a seriesof short-
lived bursts, producing an equalamourt of UCDs at ead event. Finally they considera
halo birth rate whereonly UCDs born over a 1 Gyr range,occurring 9 Gyr ago and that
represeh the halo population. These v e scenariosare all comparedfor =0.5, where
they shows that there is little di erence betweenthe majority of scenariosand that only
the extreme exponertial and halo birth rates shav any strong dissimilarities, as these
scenariosproduce a larger number of older, more ewlved UCDs. They also suggestthat
UCDs in the T, range1200-2000K(L and early T dwarfs) may be more sensitive to the
birth rate than later type T dwarfs, asshavn by Fig. 1.8. Usinga number of late T dwarfs
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Figure 1.7: Three bolometric luminosity functions from Allen et al. (2005) comparing
modelsof = 0.0(solid line), 0.5 (dotted line) and 1.0 (dot-dashedline) for M, L and T
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discovered from the UKIDSS LAS, Pineld et al. (2008) suggestfrom obsenations that
an IMF of the form 0 is unlikely and favour a range of -1.0< <-0.5. Analysis of a
larger sampleof L and early T dwarfs, over short T =100K binsin the range1100-1500K,
would be able to rule out at leastextremescenarioge.g. exponertial or halo birth rates).

1.3.3 Ultraco ol evolution

BDs and UCDs are not massive enoughto burn hydrogen, but instead burn deuterium
for somefraction of their lifetime. For the most massive UCDs this can be as short as
10Myr, at which point deuterium burning within the core will ceaseand the UCD will
be supported by electron degeneracypressure. They then simply cool and radiate away
their internal thermal energy Fig. 1.9 shavs the cooling tracks for low-massstars, brown
dwarfs and exoplanets,taken from Burrows et al. (1997a). UCDs have masseshetween
those of low-massstars and exoplanetsand as a result their cooling tracks appear like
a mixture of the two cases. The kinks in the tracks for the higher massobjects relate
to the switch-o of deuterium burning in the particular type of object. It is clear that
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Figure 1.8: Comparisonof ( T ) for =0.5 for dierent birth rate scenariosfrom Bur-
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ratesshow nearly identical distribuations, whereasthe exponertial and halo distributions
show signi cant variations in the T range 1200-200K.

UCDs and stars di er in the region where this occurs but UCDs unlike stars cortinue
cooling inde nitely, similar to exoplanets. Throughout this cooling time the UCD will
ewlve through the L sequencdo the T sequencend to cooler temperaturesover billions
of years. This meansthat very old UCDs are di cult to image asthey are intrinsically
fainter than their younger eld courterparts.

1.4 Understanding and interpretation of ultraco ol at-

mospheres

One of the most notable characteristics of UCDs from the obsenation of their spectra
and photometry is that dust grains composedof Al,0O3 (corundum), MgSiO;, CaSiG;,
VO, TiO and other metal oxidesand silicatescanform and condensateout in their upper
atmospheres.The cool temperatures of UCDs provide the right ervironment for heavier
elemerts to form in their atmospheresthus allowing more complex chemistry to occur,
similar to that seenin the gasgiant planets like Jupiter. This has profound e ects on
the obsenable characteristics of UCDs, causinglarge changesin their colours and the
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Figure 1.9: Cooling tracks for brown dwarfs, stars and planets taken from Burrows et
al. (1997).

emergenceof featuressud as water vapour and methanein their spectra. The key to
understandingthe changeswithin the spectra of thesecool, substellar objects lies in the
understandingof their complexatmospheresand how dust a ects not only their physical
but obsenable characteristics.

1.4.1 Atmospheric models

The spectra of UCDs are dictated by their atmospheric physics and properties, and a
proper understanding thereof should thus allow accurate predictions of UCD properties
and ultimately their ewlutionary behaviour. Seeral modelshave beenproducedthat try
to explain the changesin the spectral and photometric characteristicsthat are obsened
for L and T dwarfs and to explain what happens at the transition between the two
subclasses. These models can have very di erent e ects on the resulting spectra and
colours, depending on how they treat dust in the atmosphere(e.g. the amourt of dust,
grain size and composition). Traditionally stellar modelling relied on gray models that
lacked any inclusion of dust, but clearly this is not the casefor UCDs, where dust plays
a signi cant role in the underlying physics, shapingtheir appearance.
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Lyon (Pho enix) group models

The NextGen models (Bara e et al. 1998)were someof the rst models producedto try
and physically descrile the appearanceof UCDs, they do not include dust grains, but take
into accoun opacities, howewer they tend only to be useful for T >1700K. The latest
resultsfrom the Lyon group preser two model scenariospneto explainthe hotter, redder
L dwarfs, known asthe DUSTY models (Chabrier et al. 2000a;Bara e et al. 2002)and
the COND (condensatemodels(Allard etal. 2001;Bara e etal. 2003)that try to explain
the cooler, bluer T dwarfs (both models are for solar metallicity scenarios). The models
usemixtures of seweral hundred gasand liquid speciesand opacitiesof morethan 30types
of sub-micronsizeddust grains, including Aluminium, Magnesiumand Calcium silicates.
For this they assumethat dust forms in equilibrium with the gasphase. The DUSTY
modelsare appliedto temperatures 3000-1400Kand log g=3.5-6.0 and take into accourt
both the formation and opacity causedby dust grains. They descrite reasonablywell the
NIR coloursand spectraof early-mid L dwarfs, whereT, >1800Kbut the predictedoptical
colours shav discrepanciedrom obsenations on the order of 0.2-0.3mags. The COND
models take into accourt the formation of dust but no e ects of atmopheric opacity,
represeting the dust-free appearanceand generalbluer coloursof T dwarfs. This model
is presented for T, from 3000-700Kand log g=2.5-6.0. The properties of UCDs with
Te 1300K are better descrited by the COND modelsthan the DUSTY models. These
models both struggle to reproduce obsenations seenat the transition betweenlate L to
early T dwarfs, suggestingthat at this stage dust seenin the photosphereof L dwarfs
primarily formslower in the atmosphereof T dwarfs, and gravitationally settlesbelow the
photosphere,with the obsened atmospherebeing relatively dust-free. They state that
thesemodels usedtogether represeh extremesthat might be expectedin the properties
of UCDs.

AMES models

The AMES group (Marley et al. 2002; Saumonet al. 2003) produced models using a
self-consisten treatment of cloud formation. They suggestthat i  z colour is extremely
sensitive to chemical equilibrium assumptions, having an aect of up to 2 magson
colour. They considernot only the sedimemation of condensatesut alsothe e ciency
of the processto help explain both L and T dwarfs and the L/T transition with the
same model, for solar metallicity. As sud they attempt to represemh an intermediate
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betweenthe DUSTY and COND extremes.In this casethe cloud deds are con ned to a
fraction of the pressurescaleheight and the modelsassumethat it is sedimemation that

cortrols vertical mixing in the clouds,causingthe obsenedturnoverin J K colour with

decreasingT, . They also take into accoun grain sizesbetween 10-100 m and assume
that if the grain sizeis lessthan the obsened wavelength of light, Rayleigh scattering
dominatesand haslittle a ect on opacity. The problemswith this model are that while it

predicts the overall trend seenby obsenations, the ner details are not matched, e.g. the

peak of the model valuein J K is not asred asthat obsened, and the models predict

a move to bluer coloursthat is much slower than is actually obsened.

Tsuji models

The modelsof Tsuji, Nakajima & Yanagisava (2004)usean empirical uni ed cloud model
for casesof log g=4.5-5.5, wherethey assumethe dust column densily is relative to that
of the gascolumn density in the photospherefor this rangeof log g. Their initial models
assumedthat dust forms everywhere,as long asthe thermodynamic conditions are right
for condensation(Tsuji, Ohnaka & Aoki 1996). Howewer this wasonly good for predicting
the coloursof late M and early L dwarfs. Their latest modelsinclude the segregationof
dust from gaseousamixing at a correspnding critical temperature (Tcr; related to the
temperature of condensation). Dust then remainsin the photosphereof warm dwarfs
whereT, >T cr is optically thick. In coolerdwarfswhereT, <T cr, producingan optically
thin region and the dust is segregatedand precipitated. This model represets the L/T

transition reasonablywell on a colour-magnitudediagram and from spectra, howewer the
detailed behaviour doesnot match obsenations (e.g. seethe J K, M; diagramin Tsuji
& Nakajima 2003).

Tuscon models

Burrows, Sudarsky & Hubeny (2006) usea model of refractory clouds, coupledwith the
latest gas-phaseamolecularopacitiesfor dust molecules similar to thoseusedby the Lyon
group. They alsolook at the e ects of gravity and metallicity and vary grain size,cloud
scaleheight and cloud distribution, applicable over a T =2200-700K range. They show
generallygood agreemeh with the obsened spectra of NIR coloursfor early-mid L and
mid-late T dwarfs and by varying gravity parametersgeta closert to the L/T transition
than other models. Howewer they do not reproducethe apparert brightening seenin the
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J- band at the transition, nor the dimming at very late T. They suggestthat the L/T
transition is likely related to gravity and possiblymetallicity but needsbetter explanation.

As yet no self-consistethmodel hasbeenpreseted that canreproducethe obsened
characteristicsof L and T dwarfs and how they ewlve from onetype to the other consis-
tently in both optical and NIR coloursand spectra. It seemsevidert that the treatment of
dust plays a vital part in fully understandingthe underlying physical processest work.
Also the aects of gravity and metallicity are largely ignored by the models, with the
exceptionof the latest Burrows models and may alsoplay a signi cant role.

1.4.2 Benchmark UCDs as members of binary systems

What is neededto help the models explain the characteristicsbeing obsened are bendh-
mark UCDs, where the age and distance can be measuredor determined without the
needto refer to syrthetic spectra, which struggle to accurately predict true characteris-
tics. There are seeral ways in which bendimark UCDs could be found. Firstly young
(1 Gyr) bendamark objects could be found as menmbers of clustersand moving groups,
where UCDs assa@iated with a cluster (through sharedkinematic properties) have a well
constrained age and a known metallicity. Very young clusters, e.g. the Orion nebula
cluster also provide the nursery ervironmens, where UCD formation and the properties
of very young UCDs can be studied. The distanceto which theseyoung bendimarks can
be obsenedis generallylarger than that of eld UCDs, asthey are much brighter at these
very young( 1Myr) ages.Howeer for the older, more ewlved population it is somewhat
more di cult to constrain the age, asthis can not, in generalbe done for isolated eld

UCDs. The best sourceof bendimark objects comesfrom UCDs as menbers of binary
systems,where the agecan be inferred from the primary componert, as menbers of bi-
nary systemsare expectedto have formedfrom the samenascen cloud. Of particular use
are eclipsingbinaries wherethe massand radius can be calculated from the dynamics of
the system, though depending on the parert star it may be dicult to measurethe age
accurately

The ideal primary for a binary systemcortaining a UCD, would be a star whoseage
can be accurately constrained,in particular binaries can be discoveredin large numbers
from photometric surveys, e.g. SuperCOSMOS,SDSS,2MASS and UKIDSS (described
in Chapter 2). Wide binarieswith a separation>1000AU are known to be quite common
around main-sequencestars. Gizis et al. (2001) found an L-dwarf companion fraction
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Figure 1.10: Hertzsprung-Russelldiagram shaving the ewlution for a solar type star
(www.skysener.sdssorg).

of 1.5%, from which a UCD companionfraction of 18 14% was calculated. Howe\er,
they only useda sampleof three L dwarf companionsto main-sequencetars to infer this
fraction. Pin eld et al. (2006)on the other hand nd alarger L dwarf companionfraction
of 2.7°%{%, using a larger sampleof 14 commonproper motion companionsto Hipparcos
stars out to a limiting magnitude of J = 16:1, which a wide companionUCD fraction
of 34% is inferred, assumingthe fraction of UCDs detectedas L dwarfs is =0.08 (the
companionMF for an =1 from Gizis et al. 2001). Thus wide companionUCDs to main-
sequencestars should be su cien tly numerousto provide a useful population for study.
The problemwith main-sequencestars however is that their agescanbe largely uncertain.
The later stagesof stellar ewolution however may prove more reliable ageindicators, for
examplethe subgiart phaseis very short comparedto the MS lifetime and the ageof a
star in this phasecan be fairly well constrained. The white dwarf (WD) phaseis alsowell
understood and the cooling ageof a WD can be accurately measured,alongwith the age
of the progenitor that can be accuratly calculated from models.
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1.4.3 Stellar evolution beyond the main-sequence

Subgiants

Stars of mass0.8 M 8.0 spendsthe majority of their lifetime on the main-sequence
of the Hertsrung-Russelldiagram (HR; as showvn in Fig. 1.10). Once a star has used
up all of its fuel, it ceaseso fuse hydrogen in its core, causingthe core to cortract,
increasingthe stars certral temperature enoughto causehydrogenfusionto occur in the
a shell of hydrogen surrounding the core, which is now helium rich. The star starts to
expand, increasingboth in diameter and in brightness. Howeer the star's temperature
and coloursstay relatively consistart with its main-sequenceourterpart. At this point
the star leaves the main-sequenceand ewlves rapidly, moving horizontally acrossthe
HR diagram before joining the baseof the red giant branch. The time it occupiesthis
phaseis very brief and with comparisonto ewlutionary models, its agecan be accurately
determined. During this point of the stars ewlution it hasnot undergoneany mixing or
Yredging up® of materials, wherethe outer corvective layers start to penetrate the inner
layers, mixing materials formed closerto the coreand bringing them from the lower layers
up to the surface. This would wipe out any original metallicity information, asthe star
would make its way to the giant phase.

As subgiarts have not yet undergonethis dredge-upphasetheir metallicity can still
be accuratelymeasuredoy comparisonswith ewlutionary models. Theoretical predictions
of subgiant ewlution are sensitive to metallicity, where the largest uncertarties arise
from the extert of corvective core overshaoting (Roxburgh 1989)that occursfor di erent
masses.This uncertainty is yielding to accurate obsenational constrairts via the study
of di erent agedopen clusters (e.g. VandenBerg& Stetson2004). UCD companionsto
subgiarts have been previously identied by Wilson et al. (2001), who con rmed an L
dwarf companionto an F7IV-V star primary from 2MASS.They nd that subgiarts give
better age constrains ( 30 %) comparedto F dwarf main-sequencestars (from their
g. 4.). This subgiart hasonly just left the main-sequencebut fully edged subgiarts
are likely to have better age constrains. Indeed subgiarts with accurately measured
metallicity [Fe/H] accurateto 0.1 dex (Ibukiyama & Arimoto 2002)and either a distance
known to within 5% or log g to 0.1 dex could allow the subgiart ageto be constrained
to within 10%accuracy(Thoren, Edvardsson& Gustafsson2004),making them exceller
age calibrators. Sudh UCD companionsto subgiarts will have an accurate measurable
metallicity aswell asage. T andlog g could alsothen be measured,giving a UCD with

37



well de ned properties.
The red giant and asymptotic giant phases

As the star ewlvesalongthe red giant brand, slowly burning the hydrogenin the shell
aroundthe helium rich core,the star cortinuesto increaseexpandingrapidly. The surface
temperature of the star then decreasesisthe star has expanded. When the temperature
decreasedower than 5000 K dredgeup can occur. During this time the helium core
corntracts and the internal temperature increases.When it hascortracted somuch that it

is now gravitationally suported by electrondegeneracyressure.As the pressuresuporting

the star is no longerdependen on temperature the corecortinuesto generateenergyand

increaseheating in a run-away situation, known asthe helium ash. Burning of helium

then takesplacein the core. Once most of the helium hasbeenconverted to carbon and

oxygenin the core, a shell of helium and hydrogenaround it is produced. The star again

expandsto becomea red giant once more, with a radius comparableto 1 astronomical
unit. At this point the star leavesthe red giant brandh and joins the lower part of the

asymptotic giant branch (ABG). The star againincreasesn temperature and luminosity,

moving bad towards the left hand side of the main-sequenceAfter the helium shell has
run out of fuel the star cools but increasesin luminosity and its main sourceof energy
production is shell hydrogen burning around the inert helium shell. Over a very short

period (10,000-100,00@r) the helium shell can 'switch on' again and the hydrogenshell

burning switches o, creating another helium ash or thermal pulse. Seeral of these,
on short timescalescan occur, causingadditional dregde-upof materials. The increased
luminosity resultsin high radiation pressure causinga strong stellar wind. Eventually the

star loosesmost of its envelope and shrinks with constart luminosity. The temperature

increasego 10K and the circumstellar envelope becomesvisible as a planetary nebula.

Near the hottest point of this post-AGB ewlution the nuclear energy generationceases
and it remainsa hot WD with a Carbon-Oxygencore, suroundedby layers of hydrogen

and helium (Prialnik 2000;Boehm-Vitense1992).
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White dwarfs

When the star loosesthe majority of mass,during the planetray nebulaphase,it doesso
at a random phaseof the thermal pulsecycle. For the majority of starsthis occursduring

the hydrogenburing phase,which occursfor a longerperiod of time than helium burning.

The star is thusleft with athin layer of helium and an outer layer of hydrogenand exhibits

strong hydrogenlinesin its spectrum, and is classi ed asa DA WD. Howe\er if the star

undergaesa helium ash after leaving the AGB phasethen it will be left with a helium

layer, stripping away the hydrogen. These helium atmosphereWDs showv helium lines
in their spectra, howewer the majority ( 85%; Althaus et al. 2009) of WDs form with

hydrogenatmospheres.The remaining WDs have predominatly helium atmospheresand

are classi ed by their atmosphericcortent. The most basic helium rich WD just shavs
helium lines in its spectra and no hydrogenline, this type of DB WD has temperatures
between12,000-30,00&. The helium canalsobein anionisedform (a DO WD) if it is hot

enough, having a temperature in the range 45,000-100,00&. Helium atmospherewhite

dwarfs with temperaturescooler than 12,000K howewer, will have a featurelessspectrum

(a DC WD). It is alsopossibleto seeadditional metal linesin the WD atmosphere(DZ

white dwarfs), howewer the reasondor this are not fully understood. It hasbeensugested
that thesecould be the result of circumstellar disks (Farihi, Zuckerman & Bedlin 2008).
There is alsoa very small fraction (0.1%) of white dwarfs that have carbon atmospheres
(DQ WD), which arethought alsoto have formedif the WD undergcesa very late thermal

pulseduring the early stagesof cooling, whereit re-erters the WD stagein a'born-again’

phase. Gravitational settling is thought to causethe star to go from a helium rich DO

into a DB and then DQ asit cools and carbon difusesup from the core (Dufour et al.

2008). Table. 1.1 show the characteristics of the di erent spectral types of WDs from

Sionet al. (1983). The di erent phasesfrom the main-sequencare illustrated in the HR

diagramin Fig. 1.10.

White dwarf maxim um mass and evolution

The WD itself hasno nuclear energysourcesothe energyit radiatesat its surfacecomes
from thermal energystoredin ionsthat is supported by pressurefrom degenerateslectrons.
Thesedegenerateeslectronsare in the form of a gasin the WD which is homogeneousnd
isothermal. As the density and pressureincreasewithin the WD, the degenerategas
becomegelativistic. The maximum massof a WD is setby the mass-radiusrelation that
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Table 1.1: The classi cation shhemefor WDs from Sion et al. (1983).
Type Spectral Features

DA Shows strong hydrogen (HI) lines.

DB Shows strong neutral Helium (Hel) & no HI lines.

DO  ShowsionisedHelium (Hell) lines.

DC  Shows a cortinuous spectra.

DZ Shows strong metal lines & no Hi,Hel/Hel | or Carbon lines.
DQ  Shows strong atomic or molecularcarbon (C) lines.

DX  Hasa peculiar or unclassi able spectra.

was rst de ned by (Chandrasekhar1931) and meansthat a WD of mass>1.4M can
not be supported againstgravity. This alsomeansthat asthe massincreaseshe physical
sizeof a WD must decrease.

The mass-radiusrelation can also be usedto relate the luminosity to mass. As
luminosity dependsupon surfacetemperature and radius, this implies that asa WD cools
it simply fades,ewlving along a speci c track asillustrated by the ewlutionary models
of Chabrier et al. (2000b), shovn in Fig. 1.11. High massWDs ( 0.65M ) will have
relatively high massmain-sequencegrogenitors, which would have had a relatively short
main-sequencdifetime (using initial- nal-mass relations [IFMR], e.g. Dobbie et al. 2006
and main-sequencdifetime estimates)and the total ageof the WD will essetially bethe
sameasthe cooling ageof the WD. Lower massWDs comefrom lower massmain-sequence
progenitors,wherethe main-sequencdifetime is lessaccuratelyknown and could be up to

10Gyr old, with a minimum agelikely greaterthan 1 Gyr, for an averagemain-sequence
star in the eld. Hot WD atmosphereof pure hydrogencan be well modelled (Huberny &
Lanz 1995)to constrain T and log g from accurately tting syrthetic spectrato Balmer
lines in the optical (Claver et al. 2001;Dobbie et al. 2005), sud that WD cooling ages
can be determinedfrom T, and log g (assuminga mass-radiugrelation) and ewlutionary
models. Thus higher massWDs are more desirable for constraining the agesof UCD
companions,as illustrated by the IFMR shawvn in Fig. 1.12. It is not possiblehowever,
to establish the metallicity of the WD progenitor from obsenations since the surface
composition of the WD is not represetativ e of its main-sequencgrogenitor composition.
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Previously identied white dwarf + ultraco ol dwarf systems

There have beenseweral searhiesto nd UCD companionsto WDs. Despite this,
only a small number of detached UCD + WD binarieshave beenidenti ed; GD 165B(L4
Zuckerman & Bedlin 1992), GD 1400(L6/7; Farihi & Christopher 2004; Dobbie et al.
2005),WD 0137 349(L8; Maxted et al. 2006;Burleigh et al. 2006a)and PG1234+482
(LO; Steeleet al. 2007;Mullally et al. 2007). The two componerts in GD 16 are separated
by 120AU and the separation of the componerts in GD 1400 and PG 1234+ 482 are
currertly unknown, and WD 0137 349is a closebinary (semi-mgor axisa = 0:65R ).
Farihi, Beklin & Zuckerman (2005) and Farihi, Hoard & Wadter (2006) alsoiderti ed
three late M companionsto WDs; WD2151 015(M8 at 23AU), WD2351 335(M8
at 2054AU) and WD1241 010 (M9 at 284AU). The widest system previously known
was an M8.5 dwarf in a triple system{ a wide companionto the M4/WD binary LHS
4039and LHS 4040(Scholz et al. 2004),with a separationof 2200AU. There are se\eral
other known UCD + WD binaries, howewer these are cataclysmicvariables (e.g. SDSS
1035; Littlefair et al. 2006,SDSS1212Burleigh et al. 2006b, Farihi, Burleigh & Hoard
2008,EF Eri; Howell, Nelson& Rappaport 2001)and are unlikely to provide the type of
information that will be usefulasbendimarks, asthey have either ewlved to low masses
via masstransfer or their agescannot be determinedbecauseof ongoinginteraction. The
componerts of CVs are also not directly obsenable due to obsuration by the accretion
disk formed around the system.

Recen analysisfrom Farihi, Bedklin & Zuckerman (2008) shaws that the fraction of
L dwarf companionsat separationswithin a few hundred AU of WDs is <0.6%. Despite
this, UCDs in wide binary systemsare not uncommon(revealedthrough commonproper
motion) around main-sequencestars at wider separationsof 1000 5000AU (Gizis et al.
2001;Pin eld etal. 2006). Howewer, whena star shedsits ervelope during the post-main-
sequenceewlution, it may be expectedthat a UCD companioncould migrate outwards
to evenwider separation(Jeans1924;Burleigh, Clarke & Hodgkin 2002)and UCD + WD
binariescould thus have separationsof up to a fewtensof thousandsof AU. Although some
of the widest binaries may be dynamically broken apart quite rapidly by gravitational
interactions with neighbouring stars, some systemsmay survive, 0 ering a signi cant
repository of bendimark UCDs.
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1.5 Motiv ation and thesis structure

The aim of the work in this thesisis to uncover bendimark UCDs as members of binary
systems,where the primary menber of the binary has a calibratable age. The UCDs
discorered will be able to aid the calibration of UCD properties, allowing modelsto be
re ned, enablingthem to reproduce obsenable properties with greater accuracythan is
currertly possible. This thesisis split into six chapters outlining the main project com-
ponerts | have worked on over the courseof the Ph.D and are organisedin the following
structure:

Chapter 2: Describesthe techniquesusedto selectUCDs and WDs from available
online data resourcesand catalogues,including the SuperCOSMOS, SDSS (for WDSs)
and the 2MASS and UKIDSS (for UCDs) sky surweys, using a combination of colour,
magnitude and proper motion constraints. Presened herearethe setsof candidateobjects
that are seardied for potential binary systems.

Chapter 3: Outlines the seart for widely separatedUCD companionsto WDs,
including the results from a seart of SuperCOSMOS and 2MASS for common proper
motion systems.One systemis con rmed, spectroscopicallyand hasbeenpublished(Day-
Joneset al. 2008),its properties and usefulnessas a bendimark are also discussed.Also
presered are candidate systemsfrom SDSS(DR6) and UKIDSS (DR3), and preliminary
follow-up for seweral of thesesystems,including a spectroscopicWD + M4 dwarf system
with a potential wide UCD companion.

Chapter 4: Describesa pilot NIR imaging survey of subgiart starsin the southern
hemispherefor widely separatedUCD companions. Preserted are the results from the
follow-up program and the candidate systemsiderti ed.

Chapter 5: Presers the con rmation of two UCD companionsto main-sequence
stars, where their properties are derived and agesfor the systemsare calculated and
assessefbor suitability asbendmark objects.

Chapter 6: Discusseshe ndings of the various searties for UCD companions
and comparesthem with other bendimark UCDs from the literature, wheretrends with
properties (temperature, gravity and metallicity) are exploredas functions of obsenable
characteristicsto assessurrent potertial for the useof bendhmark UCDs and highlight
useful future directions.
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Chapter 2
Selection Techniques

Online data archives provide an easyand e cient way to accesdarge amourts of data
that cover a wide area of sky and allow one to selectobjects of interest, sud as WDs
and UCDs here. UCDs are well characterisedby their colours, especially in the near
infrared (NIR), where surveyssud as the 2 Micron All Sky Survey (2MASS; Skrutskie
et al. 2006)and the UK Infrared Deep Sky Surwey (UKIDSS; Lawrenceet al. 2007) are
particularly sensitive to sud objects, asthey are brightest at thesewavelengths. These
surveys provide the largest and deepest seart area available in the NIR to date, thus
providing an excelleh way of selectinglarge numbers of stars and UCDs.

WDs can also be successfullyselectedvia their colours and proper motions from
optical surveyssudt asthe SuperCOSMOSSky Survey and the SloanDigital Sky Survey
(SDSS; Hambly, Digby & Oppenheimer2005; Kleinman et al. 2004; Eisensteinet al.
2006), making them the ideal searting facilities for selectingWDs.

These surveys provide an invaluable tool for selectingcandidate WDs and UCDs,
which could make up componerts of widely separatedWD + UCD binaries. The tech-
niques usedto selectpotertial WD candidatesfrom the SuperCOSMOSand the SDSS
surveysand UCD candidatesfrom the 2MASS and UKIDSS sky surveysare descrited in
the following sections.
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2.1 Selecting white dwarfs

2.1.1 White dwarfs in SuperCOSMOS

The online data archive SuperCOSMOSis a compilation of digitised sky survey plates
taken with the UK Sdimidt and ESO Sdmidt (in the south) and with the Palomar
Sdamidt (in the north) telescoges. The databaseis accessedhrough the SuperCOSMOS
ScienceArchive (SSA); http://surv eys.ree.ac.uk/ssa)wheredata canbe obtainedthrough
the useof Structured Query Language(SQL). Initially the SSA covered 5000degree$ of
sky, primarily covering the southernhemispherefrom -60 to +3 DEC, in B-, | - and two
R- band epochs, with R- limiting magnitudesof 21.0and 21.5, respectively. Thesetwo
epochs aretaken usingslightly di erent lters, the R59and R63 lters, whosewavelength
coveragevaries slightly from those of the CousinsR- band, but can be easily corverted
using colour relations. As of August 2008 the survey is now complete and covers the
whole sky, howewver work presertied here made useof the southernreleaseonly.

Candidate WDs were selectedfrom the SSA, following a similar technique to that
of Knox, Hawkins & Hambly (1999). Candidateswere selectedbasedon their position
on a reducedproper motion (RPM) diagram, a technique that reducesthe proper motion
to a linear velocity, sud that reducedproper motion (in the R- band) is expressedas
Hr = R+ 5log + 5, thusenablingit to be usedasa proxy for absolute magnitude and
hencedistance, taking advantage of the fact that nearby objects in generalhave higher
proper motion. WDs occupy a distinct region of the RPM diagram and have successfully
beenselectedvia this method (Hambly, Digby & Oppenheimer2005). Fig. 2.1 shavs a
SuperCOSMOSRPM diagram with the location of WDs. An initial SSA sample(showvn
as dots) was a magnitude selectedsample(R 20) to avoid sourcesnear the plate limit.
Potertial candidateswere also selectedto be moving sourcesby requiring proper motion
(PM) 10maslyr, PM py 5andto bestellar-like sourcesrequiring a databaseobject to
have a class=2. In addition the galactic planewasavoided(requiring jlj 25 ) to minimise
confusiondue to crowded elds, and SSAI - band coveragewas alsorequired (  +3 ),
which o ers possibleadditional epochs for nearby UCD candidates(seex3.2.1). Quality
constraints on the databasephotometry were alsoimposedrequiring the ag qual 1040
in ead of the B-, R- and | - bandsensuringthat the object is unlikely to be a bright star
artifact. The main-sequencend WD sequence&an be clearly seenin Fig. 2.1, and display

46



good separationfor B R 1.3. To further illustrate the location of the WD sequence,
overplotted are the positions of WDs from the spectroscopicallycon rmed McCook &
Sion WD catalogue(McCook & Sion 1999; here after MS99), along with pre-WDs (i.e.
sdO stars) and Halo objects from Leggett (1992). Also overplotted are subdwarf B stars,
hot, cool and extreme subdwarfs from Kilk enry, Heber & Drilling (1988), Stark & Wade
(2003), Yong & Lambert (2003)and Monet et al. (1992) respectively, which can have high
velocity dispersionsand can masqueradeas WDs in RPM diagrams. The overplotted
populations help con rm the location of the WD sequencdor B R 1.3 and allow the
location of WDs to be assessedut to reddercolour. The nal RPM selectioncriteria were
chosento strike the best balancebetweenWD selectionand cortamination minimisation,
and are shawn in Fig. 2.1 by dashedlines. At the red end in particular, an attempt to
include as many WD candidatesas possiblewas made, while minimising cortamination
from cool subdwarfs.

The RPM selectioncriteria are:

Hr 89B R)+ 105forB R 0:65and
Hr 41(B R)+ 125forB R > 0:65

This selectioncriteria resultedin a sampleof 1532WD candidates.

2.1.2 White dwarfs in SDSS

The Sloan Digital Sky Surwey (SDSS;www.sdss.org)is currertly undertaking a 5 year
missionto survey a quarter of the sky, mostly in the northern galactic pole (b>30 ) and
a 2x50 degreestrip in the southern galactic pole region. Theseareasare being surveyed
in 5 optical bandsu-, g-, r-, i- and z- at certral wavelengths0.35, 0.46,0.61, 0.74 and
0.89 m, with limiting magnitudes22.0,22.2,22.2,21.3,20.5, respectively. The survey
usesthe 2.5 metre Sloantelescoe, located at Apache Point Obsenatory in New Mexico.
SDSSusesCCD technology to obtain highly sensitive measuremets and more accurate
imagesthan photographic courterparts like SuperCOSMOS.

Candidate WDs were selectedfrom the SDSSusing two selectiontechniques, rstly
bluer WDs (u g < 0:6) were selectedfrom their u gandg r coloursonly basedon
thoseusedby Kleinman et al. (2004)and Eisensteinet al. (2006), who successfullyselected
WDs in this blueru g colourregime,basedon their coloursalone. SecondlyredderWDs
(u g> 0:6) were selectedfrom their u-, g- and r- coloursalongwith a reducedproper
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Figure 2.1: A reducedproper potion (RPM) diagram shoving how WD candidateswere

selectedrom SuperCOSMOS.Candidate WDs werechosenfrom amongstan initial Super-

COSMOSsample(points) usinga cut in colour-RPM space(RPM=H g = R+ 5log + 5),

which is overplotted in the gure asa dashedline. Highlighted are spectroscopicallycon-

rmed WDs from MS99 (upside down triangles), hot subdwarfs (plus signs), cool sub-

dwarfs (crosses)and extreme subdwarfs (triangles) to help delineatethe WD sequence.
The location of somehalo objects (diamondsand squares)are alsoindicated. Also shavn

are the WD componerts of the eight candidate UCD + WD binaries (stars) (seex3.2).
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motion constraint (asthereis someoverlap with main-sequencatars at theseredderu g
colours), using the samemethod descriked in x2.1.1. The RPM selectionadopted here
is basedon that of Kilic et al. (2006), as shovn in Fig. 2.2, where the chosenselection
regionsare shavn as dashedred lines and overplotted with spectroscopicallycon rmed

WDs in SDSSto highlight the WD sequence.In addition, data quality ags were used
requiring that objects were classi ed as being stellar like (phototype = Star9 and that

they were not closeto the edgeof the image (photo ags %dgé = 0) since objects near
the edgeof imagescan be distorted in shape. To reducethe cortamination from extra
galactic sourceswith similar coloursto WDs, two additional ags were usedto select
only close-ly objects, by use of the redshift ag (z) whereif measuredz < 0:.01. Also
QSOswere removed from the sampleusing the spectral class ag sud that specClas§

3. Finally spectroscopicallyidentied WDs in SDSS(ObjType = 8, where 8 indicates a
WD asclassi ed by SDSS)werealsoincluded in the list of candidates,yielding a sample
of 22,087WD candidateswhich are shavn in Fig. 2.3. Of the selectionsthe blue WDs
are likely to have the most amourt of contamination asthey are selectedbasedon their
colour alone. To estimatethe level of cortamination that might be expected,a magnitude
limited sub-sampleof the blue WDs of u 20 (where 95%of objects have measuredoroper
motion measuremets in SDSS)was constructed. The objects in this samplewere then
put through the reducedproper motion criteria usedto selectthe red WD sample. This
should provide a list of more probable WDs. 65% of the sub-samplehad a reducedproper
motion consisten with being WD like, suggestingthat the level of cortamination is likely
onthe orderof 35%. It is expectedthat for fainter candidatesthis level of corntamination

should also hold.

The colour selectioncriteria for blue (u g < 0:6) WDs are:

u< 215, 20<g r<12
and
(u g<07,g r< 0l)or(u g<06andg r> 01)

The colour selectioncriteria for red (u g > 0:6) WDs are:

u< 215, 20<g r<12
and
(u g>07,g r< 0lor(u g>06,g r> 01)
and
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Figure 2.2: A reducedproper motion diagram, whereHy = g+ 5log + 5 from Kilic et
al. (2006) for stars from SDSSDR2 shonving WDs (dark triangles), WDs + late type
star binaries (light triangles), subdwarfs (squares)and quasars(circles). Also shavn are
WD cooling tracks for di erent tangertial velocities V1 = 20 40 (solid lines) and for
halo objects (V). The sharpblue turno is dueto i- band depressioncausedby opacity
during the onsetof collision induced absorption of molecularhydrogenfor cool stars with
pure hydrogen atmospheres(Hansenet al. 1998; Saumonet al. 1999). Candidate WDs
were selectedto the left of the selectionline (red dashedline).

Hy> 100(g i)+ 160 for Hy < 16.0 or
Hyg> 2:8(g i)+ 160for Hy > 160.

2.2 Selecting ultraco ol dwarfs

2.2.1 L dwarfs in 2MASS

The 2MASS completedits goal of scanningthe whole sky in 2002 and releaseddata of
the NIR skyin threebandsd ,H andK , at certral wavelengthsl1.25,1.65and 2.17

m respectively, producing a catalogueof over two terabytes of information and images.
The survey was carried out on the 1.3 metre telesco at Mt Hopkins, Arizona and the
1.3 metre at CTIO in Chile, both of which have a three channel cameraattached for
simultaneousobservingin all three bands. The cataloguescan be accessedia an online
seart tool createdfor this data. This Gator facility allows one to accessdata for 300
million objects (http://irsa.ipac.caltec h.edu/applications/Gator/) via an SQL form-based
interface.
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Figure 2.3: Au gagainstg r two colour diagram shoving WDs selectedfrom SDSS
(DR6). Blue dots are candidatesselectedvia colour only, red dots are candidates se-
lectedvia colour and RPM constrairts (seex2.1.2). Spectroscopicallycon rmed WDs are
overplotted as greencrossedo help de ne the location of the WD sequence.

UCD candidateswerephotometrically selectedoy their NIR coloursfrom the 2MASS
all sky point sourcecatalogue. Colour cut criteria taken from Folkeset al. (2007), which
are basedon the coloursof known L-dwarfswith reliableJ-, H- and K - band 2MASS pho-
tometry (SNR 20) from the Caltech cool dwarf archive (dwarf ar chives.or g). These
have much in commonwith other L dwarf seardes (e.g. Kirkpatric k et al. 2000; Cruz
et al. 2003)but usethe following speci ¢ photometric criteria:

05 J H 16
11 J K 28
04 H K 11
J H L1L75H K)+ 037
J H 165H K) 035
andJ 160.

Fig. 2.4 shows thesecolour cuts on a two-colour diagram, and also shows (as plus
symbols) known L dwarfs from dwarf ar chives.or g and thosethat have SNR 20 are
showvn as greendiamonds, that were usedas a guide by Folkeset al. (2007).

An optical-NIR colour restriction was also imposed, using the USNO-A2.0 cross-
match facility within the Gator, ruling out objectswith R K <5.5(a = U conbined with
vr_m_opt-K >5.5,0r nopt_-mchs=0). Cortamination from artefacts, extra-galacticsources
and low quality photometric data were removed by requiring cc. ag=000 (no artifacts
detected),gal_contam=0 and ph_qual CCC, wherethe measuremets had jhk _snr>5. In
addition a spatial density constraint was imposedso that the distance to the nearest
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Table 2.1: Galactic co-ordinatesof cortaminated and overcravded regionsremoved.

Region Imin Imax bmin bmax
SMC......... 300 310 -42 -23
LMC......... 270 290 -40 -25

................. 145 220 -42 -20
................. 20 45 -25 -20

star was > 6 arcsec(prox>6). This meansthat while the most crowded regions are
avoided it imposesa lower limit on the separationof potential binary systemsif the WD
is detectedat NIR colours. Known cortaminants, sud as minor planets and asteroids
were also removed from the selection(mp_g=0). As with the WD candidate selection,
the areassearded lie away from the galactic plane (jlj >25) to avoid confusionfrom
over crowding and cortamination from reddenedstars and giants. DEC | j >86 were
also avoided, for which 2MASS su ers from incompletenesgssueswith its optical cross-
matching. Additional areassurroundingthe Small and Large Magellaniccloudswerealso
ignored. Finally two additional uncatalogued,reddenedregionswere avoided following
the approat of Cruz et al. (2003). Theseexcludedregionsare listed in Table 2.1, and
the resultant sky coverageof the seart is 13,216squaredegreespr 32%of the sky, giving
a sampleof 13,338L dwarf candidates.

222 L and T dwarfs in UKIDSS

The UK Infrared Deep Sky Survey (UKIDSS) is a next generationNIR survey and op-
eratesin four NIR bands,includingJ ,H and K onthe Mauna Kea lter system
(Tokunaga& Vacca2005)which will read at leastthree magnitudesdeeger than 2MASS,
to K=18.5 (Hewett et al. 2006). The Y- band Iter was also used,which is positioned
blue-wards of the J- and coversthe wavelengthrange0.97-1.07 m, allowing high redshift
guasarsto be distinguished from UCDs (Warren & Hewett 2002). UKIDSS will survey
7500degree$ of sky, covering a large proportion of the optical SDSScoverage,creating a
complimertary NIR courterpart.
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Figure 24: A'J H againstH K two colour diagram of L dwarfs from dwar-
far chives.or g (plus symbols), overplotted with thosewhereSNR 20asgreendiamonds
and overlaid with the selectionarea, de ned in Folkeset al.(2007).

UKIDSS employs WFCAM, the Wide Field CAMera on the UK InfraRed Telescoe
(UKIRT; Casaliet al. 2007)located in Hawaii, which started its 7 year project in May
2005, comprising of 5 individual surveys;the Galactic Plane Surwey (GPS), the Galactic
Clusters Survey (GCS), the Deep eXtra galactic Survey (DXS), the Ultra Deep Survey
(UDS) andthe Large Area Surwey (LAS), which is mostusefulfor this work. The rst data
release(early data release;EDR) to the ESO commnunity wason February 10, 2006. The
largestreleaseto date, covering 900 degree$ was DR3 on 6 Decenter 2007, which this
work makesuseof. Currently DR4 is available (as of July 1, 2008),adding an additional

200degree$ to the total sky coverage.

Candidate L and T dwarfs were selectedfrom the UKIDSS DR3 via the WFCAM
sciencearchive (http://surv eys.rce.ac.uk/wsa;Hambly et al. 2008)basedon their Y J
and J H colours. The selectionregionin Y-, J- and H- colour spacewas devised
from synthesisedcoloursof M, L and T dwarfs from Hewett et al. (2006), who derive
coloursfrom spectra covering wavelengthsfrom i- to K -. The coloursof L and T dwarfs
in 2MASS alsoshawv a similar trend that in generalL dwarfs haveredJ H andY J
coloursand T dwarfs appearto have neutral or bluer coloursasTess decrease¢Burgasser
et al. 2002). Models predict that cooler objects (Ter¢ < 700K) will remain blue having

53



J H < 0:0, howewer there is somedisagreemen with predictions for Y J colours.
The cloud-free COND models (Allard et al. 2001;Barae et al. 2003) and the newer
Lyon-Settl models (Allard et al. 2008)predict blue-ward Y J colours,while the models
of Burrows, Sudarsky& Lunine (2003)and Tsuji, Nakajima & Yanagisava (2004) predict
reddercolours,asshavn in Fig. 2.5. Thesemodel colourswerealsousedto help de ne the
colour selectionof UKIDSS T dwarfs by Lodieu et al. (2007b) and Pin eld et al.(2008),
who have successfullyidentied 20+ mid to late T dwarfs. The coloursof conrmed T
dwarfs alongwith syrnthesisedcolourswere consideredwvhenchoosingthe selectionregions
for candidate UCDs, which is showvn in Fig. 2.5 and meet the following photometric re-
quiremerts:

Colour selectioncriteria for L dwarfs:

09 Yy J 15
04 J H 1.2
andJ 190

Colour selectioncriteria for T dwarfs:

09 Y J 125
05 J H 04
andJ 190

As with the 2MASS selectionseeral quality ags were usedto selectonly good
candidates,ensuringobjectswerestar-like (meanclass= -1), did not appearto be extended
sources(using the ellipticity ags, requiring EIl < 0:35inall’Y ;J ;H andK
bands) or sourcesof cortamination from artifacts sud ascross-talk(Dye et al. 2006) by
requiring ppErrBits< 256in all four bands. The last criterion ensuresobjects are detected
at coherem positionsin all four bands, sothat o sets in RA and DEC from the master
position are within 0.5arcsec( 0.5 Xi 05and 05 Eta 0:5). This selection
resultedin a sampleof 24,293L and T candidates(plotted in Fig. 2.5).

Theseselectiontechniques have yielded 1532WD candidatesselectedfrom Super-
COSMOSsouth, 22,087WD candidatesfrom SDSSDR6, 13,338L dwarf candidatesfrom
the 2MASS all sky point sourcecatalogueand 24,293L and T dwarf candidatesfrom
UKIDSS DR3.
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Figure 2.5: A'Y J againstJ H two colour diagram shoving the chosenselection
regionsfor L (dotted line) and T dwarfs (dashedline), devisedfrom predicted colours
from Hewett et al. (2006) and model predictions (The Lyon-Cond models: Allard et al.
2001,Bara e et al. 2003;Lyon-Settl models: Allard et al. 2008;Burrows et al. 2003and
Tsuji et al. 2004)for very cool objects (T¢+ < 700K). Overplotted as orangepoints are
candidateL and T dwarfs selectedfrom UKIDSS DR3.
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Chapter 3

Ultraco ol companions to white
dw arfs

This chapter descritesthe processof selectingwide UCD + white dwarf (WD) binary
systemsfrom the selectedsamplesof WD and UCD candidates(seex2). The candidate
systemsfound using this method are presened, as well as the discovery of the widest
separatedWD+M9 UCD binary known to date, which has also beenpublishedin Day-
Joneset al. (2008).

3.1 Selecting candidate binary pairs

To idertify very widely separatedUCD + WD binary candidates,a seart was conducted
to look for pairs with separationsout to 20,000AJ, allowing for an outward migration
factor of 4 (during the post-main-sequencenass-losgphaseof the WD) from the sep-
arations of known wide UCD + MS star binaries (5,000AU; seex1.4). To illustrate this
choice, considera WD of mass 0.6M (the meanof the WD massdistribution; Liebert,
Bergeron& Holberg 2005). The progenitor masswould be 2.0M from the initial- nal
massrelation (e.g. Dobbie et al. 2006;Kalirai et al. 2008) SO Miitiai /M ¢ inal 4 (Jeans
1924). This suggestghat the projected maximum projected orbital separationcould be
upto 20,000AJ. An additional constraint wasimposedsothat the photometry of any
UCD and WD candidate pairs that were assaiated as candidate binaries was also con-
sistert with both componerts being at the samedistance. In order to do this reasonable
distance constrairts are required for both typesof object.
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3.2 Searching SuperCOSMOS and 2MASS

A distance constraint was placed on the WD candidatesby constructing a CMD in the
SuperCOSMOScolour system(Mg againstB R), using a conbination of obsened and
theoretical WD photometry and distance measuremets, this CMD is showvn in Fig. 3.1.
Known WDs were taken from McCook & Sion (1999), including all WDs with known
parallax and distanceuncertairnties better than 20%. Theseobjects are plotted ascrosses
with assaiated error barsin Fig. 3.1. In addition syrnthetic WD properties (luminosity,
Te andlog g) wereobtainedfor three di erent masseg0.5,0.7and 1.2M ) over arangeof
disk ages,using equationsfrom Sdreder, Pauli & Napiwotzki (2004) and the mass{radius
relation of Panei, Althaus & Berveruto (2000). Syrnthetic WD photometric properties
were then determined using a conbination of colour{T, and bolometric correction{T,
relations from models (Chabrier et al. 2000a)and obsenation (Kleinman et al. 2004).
The photometry was transformed into the SuperCOSMOS system using relations given
in Bessell(1986). Thesetheoretical tracks are shavn in Fig. 3.1 as dotted, dashed,and
dot-dash lines respectively.

A regionwas de ned for WDs on the CMD (shown by the solid lines) to take into
accoun the spreadseenin both obsenation and the models, while also o ering a rea-
sonably constrainedWD sequencdthat will yield useful distanceconstrairts). Although
someof the hottest WD model tracks lie slightly above the selectionregion, no sud trend
is seenby obsenations and the highest masshot model points are completely cortained
within it. This is desirablesincehigh massWDs are more interesting in the cortext of
bendimark UCDs (x1.2). Using this CMD as an aid for characterisingWDs, the B R
colour for eady WD candidate was usedto estimate a possiblerangein Mg, thus deriv-
ing a correspnding distance range consisten with the measuredB - magnitude of eat
candidate.

Using the lower distance estimatesto provide upper limits to the projected angular
separation correspnding to 20,000AJ at the distance of eat of the WD candidates,a
seart was conductedfor UCD candidateswhoseangular separationfrom the WDs was
within the appropriate limit. As a proximity ag was usedto selectthe UCDs from
2MASS, sudh that a UCD was selectedat a separation of >6 arcsecfrom its nearest
neighbour, this introducesa lower limit on the separationthat canbe searted for binary
systems. To estimatehow much of the total 20,000AJ separationthis a ects, the distance
of the WD candidateswas calculated using the inferred absolute magnitude (Mg) from

58



Figure 3.1: A WD Mg againstB R absolutecolour-magnitudediagram for MS99 WDs
with known parallax (crosseswith error bars). Photometry is on the SuperCOSMOS
system. Overplotted are model cooling tracks (seex3.2) for WD massesof 0.5, 0.7 and
1.2M (dotted, dashedand dot-dashedlines respectively). The selectedWD regionin
the CMD lies betweenthe two solid lines.

the CMD in Fig. 3.1 and usedto calculate the separationin AU , correspnding to a
separationof 6 arcsec.The fraction of the 20,000AJ separationthat this a ects wasthen
calculated. Fig. 3.2 shows the a ected region, where at a distance of 160pc a separation
of 1000AJ may be missed,and out to the maximum distance of the WD candidates
( 300px) a separationof 1900AU may be missed.In the cortext of wide binary systems
(> 1000AU) the seard may be incompleteat the lower separationsfor distances> 160pc.
The percenage of the areasurveyed correspnding to a separationlimit of 20,000AJ was
also calculated and is illustrated in Fig. 3.2, where the total fraction of the 20,000AJ
separationareaa ected is shovn to be lessthan 10%at 300pc.

In addition colour-magnitudeinformation for the UCD was usedto ched for con-
sistency between candidate binary pairs by using the WD distance estimatesto convert
UCD candidate J- band magnitudesinto M;. This assumesthat the two objects are
at the samedistance. Any candidate UCD was then plotted on an M; againstJ K
CMD to seeif it was located in the expected part of the diagram. Fig. 3.3 shows this
NIR CMD with the location of previously spectroscopicallycon rmed UCDs (with par-
allax distances,shovn as plus symbols), which alongwith the M; rangeof L dwarfs from
Knapp et al. (2004)was usedto de ne the regionthat L dwarfs are expectedto populate.
A UCD CMD selectionregion was de ned similar to that usedby Pin eld et al. (2006),
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Figure 3.2: Left: The percenage of the 20,000AJ separationlimit seartied for widely
separatedWD + UCD binaries from 2MASS conbined with SuperCOSMOS,when a 6
arcsecminimum seart radius is set (to reducepotential cortamination in crowded areas
of sky). Shawing that at 300pc (max estimated distance for WD candidates)lessthan
10%of the seart areais a ected. Right: The separationcoverage(in AU) corresmpnding
to a minimum sky separationof 6 arcsecaroundthe WD candidates. For wide (> 1000AU)
binary systems,a few systemsat separationsof 1000-1900A) may be missedat distances
of 160-300e.

which is shavn as a dashedline box in Fig. 3.3. If UCD candidateslie outside this box,
then their photometry is deemedinconsistett with a UCD at the samedistance as the
neighbouring candidate WD. All possiblepairs were consideredamongstthe 1532 WD
and 13,338UCD candidatesand assessedvith the separation and photometric consis-
tency tests. In this way 18 candidate UCD + WD binary systemswereidenti ed. These
candidateswere visually inspected using imagesfrom 2MASS, SuperCOSMOSand DE-
NIS (where available). Sewen of the UCD candidateshad bright R- band courterparts
and were thereforerejected sincetheir R K colour wastoo blue to be L dwarfs; good
L dwarf candidateshave R K 6. Proper motion analysisusing | - band SCHMIDT
plates from SuperCOSMOSand 2MASS J- band imagesrevealedthat three of the re-
maining candidate pairs were non-commonproper motion companions. The UCD and
WD componerts from the eight remaining candidate pairs are preseiied in Table 3.1 and
over-plotted asasterisksin Fig. 2.1 and 3.3. The clumping in the top left of the selection
spacein Fig. 3.3re ects the greater sensitivity to closer,brighter late M and L dwarfs in
2MASS.
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Table 3.1: Candidate UCD + WD binary systems. Coordinates are J2000. Photometry
is from 2MASS, SuperCOSMOSand DENIS (where available). The last three columns
shov which UCD candidates have secondepoch imaging (see x3.3), which pairs have
beencon rmed (or not) through commonproper motion and which candidateshave been
conrmed asa UCD or WD with spectroscopy (seex3.3).

Name RA DEC B- R- - J- H- K- Sep 2nd CPM Spec
(arcsec) epoch
UCDc-1 003006.26 -373948.2 - - 1830152144138 89 IRIS2 Y Y
WDc-1 003011.90-374047.2 16.77 16.35 15.97 16.1 15.8 - Y
UCDc-2 0056 14.71 -4036 03.6 - - - 15815.0143 922 IRIS2 N -
WDc-2 0057 18.72 -404529.6 15.80 15.07 13.67 12.4 - - -
UCDc-3 030207.70-094157.1 - - 1766158150145 136 IRIS2 N -
WDc-3 030203.00-094354.9 17.6317.3517.34 - - - -
UCDc-4 052035.40-185427.7 - - 1764 159 15.1 147 145 IRIS2 N -
WDc-4 052040.03-185637.9 18.34 16.40 17.92 - - - -
UCDc-5 101235.59-105102.2 - - 1813153146141 465 IRIS2 7 -
WDc-5 101243.89-104333.8 19.48 18.34 17.87 - - - -
UCDc-6 104043.41-164820.5 - - - 159152148 124 IRIS2 7 -
WDc-6 104039.17 -165008.3 20.34 19.54 19.12 - - - -
UCDc-7 140537.54 -055153.6 - - 1780158152146 164 - - -
WDc-7 140544.98 -054951.9 16.66 16.80 16.87 - - - -
UCDc-8 232121.55-132628.3 - - - 145135131 73 IRIS2 ? -

WDc-8 232114.38-132736.8 19.23 18.42 18.00 - - - -

Notes - ? Indicates uncertainty due to a small measuredmotion and high
uncertainties assaiated with the proper motion measuremets (seetext).
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Figure 3.3: An M, againstJ K colour-magnitudediagram shaving the location of the
companionUCD candidates(asterisks)whenthey are assumedo be at the samedistance
astheir asseiated WD candidate. The UCD selectioncriteria is indicated with a dashed
line and UCDs with known parallax from dwarf ar chives.or g are plotted asplus signs.
UCD-1 is alsocircled (seex3.3).

3.2.1 Prop er motions of candidate systems

Secondepoch imagesof candidate UCDs were taken with the Infrared Imager and Spec-
trograph, IRIS2 on the Anglo Australian Telescog (AAT) during serviceobsenations on
2006 July 7 and 2006 Decenber 8, with J-, H- and K- band lters. The imageswere
reducedusingthe standardora cdr padagefor IRIS2; this included de-biasingto remove
the CCD DC signal from the images, at elding to remove any pixel to pixel variations
and any imperfectionsin the optics (i.e. dust). The data were dark subtracted, removing
any thermal badkground inherert to the CCD and bad pixels were interpolated over to
prevert inaccurate ux measuremets in the areasthey occupy on the image. Finally
the jittered images(a 5 point jitter was used) were mosaicedtogether to createa nal

reducedimage.

The iraf routines geomap and geoxytran wereusedto createa transformation
of the X and Y position shift and scalebetweenthe available multi-epoch images,using
an average of 15 referencestars. Proper motions were calculated by multiplying the
motion (in pixels) by the pixel scaleof IRIS2 (0.448 arcsec/pixel) and then dividing by
the baseling(in yrs), to give arelative proper motion in arcsec/yr. In addition a correction
was applied to the derived proper motions to accour for the average(but small) proper
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motion of the referencestars. Uncertainties were initially estimated from certroiding
accuracieqtypically 0.5 pixels) combined with the residualsassaiated with the derived
transformations.

Amongst the eight candidate binary pairs, three of the UCD candidateswere ruled
out sincethey are not common proper motion companions(at >3 ), three remain un-
certain due to the relatively small motion expected between epochs (comparedto the
uncertainties assaiated with the inter-epoch transforms) and one remains unobsened
(seeTable 3.1 for a summary of theseresults).

Secondepoch IRIS2 measuremets of candidate UCDc-1 (2MASS J0030 3739)
revealeda signi cant motion over the 6.8 yr baselinebetweenthe 2MASS rst epoch and
the IRIS2 secondepoch images. The large eld of view of IRIS2 (7 x 7 arcmin) allowed the
proper motion of both the UCD and the WD candidate to be measuredfrom the same
two-epoch image set, which clearly revealed the common proper motion. Final proper
motion measuremets and uncertainties were basedon four individual measuremets:
pairing up J-, H- and K - band imagesfrom the 2MASS and IRIS2 epochs appropriately,
as well as pairing up a SuperCOSMOSI - band as rst epoch with the IRIS2 J- band
image as secondepoch. The last combination is over a relatively longer baselineof 15.86
yr, although this may su er from larger chromatic e ects due to the dierent bands.
The nal proper motions were an averageof thesefour measuremets and the asseiated
uncertainties wereestimatedfrom their standarddeviation. The measuredproper motions
of the pair aregivenin Table 3.4. Multi-band BRI JHK 2x2 arcmin nder charts certred
on 2MASSJ0030 3739are shown in Fig. 3.4.

3.3 A wide WD + UCD binary

3.3.1 Spectral classication of UCDc-1: 2MASSJ0030-3739

Spectroscopicobsenations of one candidate (UCD-1; seeTable 3.1) were also obtained
with IRIS2 onthe AAT on 2006Septenber 8. The long slit mode wasusedwith a 1 arcsec
slit width in the J- long and H - short grisms, covering wavelengthrangesl:1 1:33 m
and 1:46 1:.81 m with a dispersionof 0.225nm/pixel and 0.341nm/pixel, respectively
(R 2400). A total exposuretime of 20 minutes in eadh band was obtained and the
target was nodded along the slit in an \ABBA" pattern with individual exposuretimes
of 300s. Standard dome ats and Xenon arcs were taken at the end of the night and an
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Figure 3.4: SuperCOSMOS and 2MASS imagesshov UCDc-1 (2MASSJ0030 3739;
squares)and WDc-1 (2MASSJ0030 3740;circles).
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F5V star was obsened at a similar airmassto the target to provide a telluric correction.
The observingconditions were reasonablewith an averageseeingof 0:8 1.2 arcsec.

Standard iraf routines were usedto reducethe spectra including at elding. A
ateld imagewascreatedfrom dome at imagesby removing 3%amp on’imagesfrom 9%amp
o %images,then median conbining them usingthe imarith  routine. This ateld image
was then normalisedto 1 by creating a smoothed ateld image, using the boxcar
routine to provide the average ux in a box 11 pixels on ead side. This wasthen divided
out of the ateld imageto createa normalisedmaster at. Eadc of the A and B images
of the object, standard star and arcs were divided by the master at image. Cosmicrays
and bad pixels were removed using an IDL program to identify bad pixels or groups
of bad pixels and replace them with an averagevalue in a 10 pixel box surrounding
the bad pixel location. A-B pairs, cortaining a positive and negative object spectrum
were extracted with apall using a chebyshevfunction to t the badkground and a third
order Legendrefunction (where points of deviation were removed) to trace the t to the
spectrum. The wavelength calibration was done with a Xenon arc lamp spectrum, using
identify  to referencethe wavelength of the arc lines (from the line lists provided by the
AAO; www.aao.gw.au/iris2) and the dispcor routine wasusedto correct the dispersion
of the spectrum. This method wasrepeatedfor eat of the di erenced A-B pairs, and the
wavelength calibrated spectra were median conbined and ux calibrated by dividing the
object spectrum by the telluric standard, then multiplying by the spectra of a blackbody,
created from the bbody routine in the starlink padage figar o for a T = 6530K
(appropriate for a F5V star; seeAllen's astrophysical quartities). The annotated spectra
are shovn in Fig. 3.5and Fig. 3.6.

Spectral ratios

An estimate of the spectral type for 2MASSJ0030 3739was basedon spectral ratios
usedin previously publishedwork. The J- band spectral coverageis 1:1 1:35 m. In this
rangethe FeH ratio from Slesni&, Hillenbrand & Carperter (2004) and the J- FeH and
H,0O, ratio from McLean et al. (2003) were used. A ratio of 0.854for FeH was measured,
whereFeH s the ratio of the median ux at 1.20and 1.23 m usinga bandwidth of 0.01 m
(1.20/1.23 m; bandwidth=0.01 m). Using the spectral type relation from Slesni&, Hil-
lenbrand & Carperter (2004), a spectral type of M9 was estimated from this ratio. The
J- FeH (1.20/1.185 m; bandwidth = 0.04 m) ratio of 0.85 combined with the spectral
type relations from g. 12 of McLean et al. (2003) gives a spectral range M8-L3. At
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Figure 3.5: J- band spectra of 2MASSJ0030 3739 (thin grey line), shovn with com-

parison spectra (thick line) of an M7, M9 and L1 type (top to bottom) from Cushing et

al. (2005) overlaid. Also shavn are the spectral ratios (J-FeH, FeH and H,O,) usedfor
spectral typing and the features(Nal, KI and All) are shown.

Comparison spectra = VB8 (M7)
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Normalised Flux (at 1.64um) + Constant
N

Comparison spectra = 2MASSJ1439+1929 (L1)

1.50 1.55 1.60 1.65 1.70 1.75
A (pum)

Figure 3.6: H- band spectra of 2MASSJ0030 3739 (thin grey line), shovn with com-
parison spectra (thick line) of an M7, M9 and L1 type (top to bottom) from Cushing et

al. (2005) overlaid. Also shavn are the spectral ratios (FeH, H,Og and H,O¢) usedfor
spectral typing and the main Kl feature.

66



the edgeof the spectral coveragein the J- band, when strong water vapour absorption
starts to appeatr, is the H,O4 ratio (1.343/1.313;bandwidth = 0.004 m). This ratio was
measuredas 0.554. The relation betweenH,0O, and spectral typein g. 11 of McLean
et al. (2003) indicatesan L1 type from this ratio.

The H - band spectrum coverswavelengths1:45 1:81 m, for which the H,O ratios
from Reid et al. (2001a)[H,O¢] and McLean et al. (2003)[H,Og] were used. The H,Oc¢
ratio at 1.788/1.722 m with a bandwidth of 0.004 m wasmeasuredas0.697and indicates
anL1.5 2type. The H,Og ratio (1.48/1.60 m; bandwidth=0.02 m) of 0.9 is consisten
with an M8-M9 type. All of the spectral ratios consideredare indicated by dotted lines
in Fig. 3.5and Fig. 3.6 and the spectral ratio results are summarisedin Table 3.2.

Comparison to template spectra

Template spectra of known late M and early L dwarfs were usedto make a comparison
to the overall pro le of 2MASSJ0030 3739,aswell asa comparisonto the absorptionin

spectral featuressud asthe Kl (1.168,1.179and 1.243,1.254 m), Nal (1.138,1.141 m),

All (1.311,1.314 m) doubletsin the J- band and the blendedKI doublet (1.517 m) and
FeH (1.58, 1.59 and 1.62 m) in the H- band. In generalalkali metal lines wealen at
the M/L boundary (McLean et al. 2000), but the Nal, All, FeH and KI doublets are
still clearly recognisablefor the purposesof a comparison. The spectra of an M7(VBS8),

M9(LHS2924)and L1(2MASSJ1439+ 1929)from Cushing, Rayner & Vacca(2005) were
rebinnedto the dispersionof the NIR spectra and normalisedat 1.26and 1.64 m in the
J- and H- bandsrespectively (Fig. 3.5 and 3.6). Visual inspection of the blended line
featuresreveal the spectra are most consisten with an M9 type.

Equiv alent widths

Equivalent widths for the four neutral alkali (KI) lines presen in the J- band spectra
were calculatedusing the methods of McLean et al. (2003). An IDL programwas usedto
interactively determinethe equivalert width of eat Kl line, which were comparedwith
those of McLean et al. (2003) to estimate a spectral type from ead line (seetheir table
7). In order to reducethe amourt of bias when selectingthe referencecontinuum, the
processwas repeated 12 times using a cortinuum measuredat di erent relative positions
(within 0.05A from the certre of the line) and a mean of the measuremets taken. A
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Table 3.2: Estimated spectral typesfor 2MASSJ0030 3739.

Method Reference Spectral type
Ratio FeH (1.200/1.230 m) Slesni& ('04) M9
00J- FeH (1.185/1.200 m)  McLean (‘03) M8-L3
04,0, (1.313/1.343 m) 00 L1
04,0 (1.722/1.788 m) Reid ('01) L1.5 2
0H,0g (1.480/1.600 m) M8-M9
SCJ- M9 1
SCH- M9 1
EW Kl (@1.168 m) McLean ('03) M8-M9
EW Kl (@1.177 m) 00 M7-M8
EW KI (@1.243 m) 00 M7-M8
EW Kl (@1.254 m) 00 M7-M8

Notes: SC- Spectral Comparison,EW- Equivalent Width.

width of 4.89A at the 1.168 m line indicates an M8/9; while the other three Kl line
widths at 1.177,1.243and 1.254 m are all consistem with an M7/8 type.

Analysis of the spectra of 2ZMASSJ0030 3739,through the use of spectral ratios,
comparisonto template spectra and equivalert widths are summarisedin Table 3.2, and
are consistem with a spectral type M9 1. The relation betweenspectral type and abso-
lute magnitudefrom Dahn et al. (2002)wasusedto calculatearangein M; of 10.85 1204
for the spectral rangeM8-L0. Thus, combining this with the measured] - band magnitude
from 2MASS, it is estimatedthat 2MASSJ0030 3739is at a distanceof 41  75pc.

3.3.2 Spectral classication of WDc-1: 2MASSJ0030-3740

A spectrum of WDc-1 (2MASSJ0030 3740) was obtained with FORS1 on the VLT
on 2007 January 24, with Directors Discretionary Time in programme 278.C-5024(A),
using the longslit mode in the optical wavelength range 3800 5200A and a dispersion
of 50A/mm. Three integrations of 600swere taken, giving a total exposuretime of 30
minutes. Spectra of a DC WD and a standard F-type star were also taken and usedfor
calibration. Sky ats weretaken and HgCd arcs were usedfor wavelength calibration.
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Figure 3.7: Optical spectrum of the con rmed white dwarf WDc-1 (2MASSJ0030 3740),
ux calibrated and normalisedat 4600QA.

Standard IRAF padkageswere usedto reducethe spectra including debiasing (by
creating a master bias frame from medianconbined imagesand subtracting this from the
object, standard star, at eld and arc images), at elding and removal of bad pixels.
The three spectra were then extracted and wavelength calibrated as described in x3.3.1.
The resulting spectra of both WDc-1 and the standard were divided by the featureless
DC WD spectrum, which has no intrinsic spectral features, enabling correction for the
instrumental response. The standard star was then usedfor ux calibration and the nal
spectrum of 2MASSJ0030 3740is shavn in Fig. 3.7.

WD parameters, T, and log g were derived from a t of the Balmer lines using
the tting routine fitpr of described in Napiwotzki, Green & Sa er (1999). The WD
spectrum was modelled using an extensiwe grid of spectra computedwith the model atmo-
spherecode of Detlev Koesterdescrited in Finley, Koester& Basri (1997). Obsenational
and theoretical Balmer line pro les were normalisedto a linear cortinuum and the at-
mosphericparametersdeterminedwith a 2 algorithm. The best t is shavn in Fig. 3.8.
The resultsare T = 7600 20K andlog g = 8.09 0:04 (formal uncertairties from the
t routine to one sigma).
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Table 3.3: Fit results and derived quartities for WD mass, cooling age and absolute
magnitude for the correctedand uncorrectedcasediscussedn x3.3.2.

Te log(g) M tcoor My

K dex M Gyr
solution1 7600 8.09 0.65 1.48 134
solution2 7600 7.79 0.48 0.94 12.9

Realistic uncertainty estimatesare often substartially larger than the formal statis-
tical estimates. Napiwotzki et al. (1999)derived a relative uncertainty of 2.3%in T, and
0.075dexin log g from a sampleof DA WDs analysedusingthe same tting method. This
temperature uncertainty wasadoptedfor the following estimates,but the gravity determi-
nation is likely subject to a systematicoverestimate. The massdistribution of WDs peaks
closeto 0:6 M (e.g. Napiwotzki, Green& Sa er 1999;Bergeron,Gianninas& Boudreault
2007), correspnding to log g valuescloseto 8.0. Spectroscopicinvestigations applying
the method have showvn a trend of the log g distribution peaking at increasingly higher
valuesfor decreasingemperatures(Bergeron, Gianninas& Boudreault 2007). This trend
starts at 11,50K putting the WD analysedhere in the a ected region. Taken at face
value, this would indicate on averagehigher massegor cool WDs. Howeer, asarguedby
Bergeron,Gianninas & Boudreault (2007) and Engelbretit & Koester(2007) this can be
ruled out. A sourceof extra line broadeningmust be presen in thesestars. Howeer, the
exact nature of this medanismis still under discussionand as pointed out in Bergeron,
Gianninas & Boudreault (2007) anecdotalevidencesuggestshat somestars are a ected
and others are not.

A pragmatic approat wastakenhere,wherealarge sampleof DA white dwarfs were
usedfrom obsenationstakenin the courseof the SPY programme(Napiwotzki et al. 2001)
to derive an empirical correction. Spectra of these stars have been previously analysed
using the samemodel grid and very similar analysis methods as for the WD discussed
here. The estimated shift in log g distribution causedby the unknown medanismsis
0.3dex in the Te = 7500 8000K range. The correctedgravity is thuslog g=7.79. As
mertioned above it is not erirely clear whether all cool WDs are a ected. Thus the
correctedand uncorrectedgravity valueswill be usedfor further discussion.WD masses
and cooling ageswere calculated by interpolation in the Benveruto & Althaus (1999)
cooling tracks for WDs with thick hydrogen envelopes. Resultsare listed in Table 3.3.
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Figure 3.8: Model atmospheret to the Balmer lines of 2MASSJ0030 3740giving best
t parametersof Te = 7600K and log g=7.79. Obsened and theoretical uxes were
normalisedto the cortinuum. Line pro les are shifted for clarity.
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3.3.3 A randomly aligned pair?

In order to determineif the new systemis a bona de UCD + WD binary, the likelihood
that two sud objects could be a line-of-sigh assaiation with photometry and proper
motion consistem with binarity by random chancehas beenstatistically assessedTo do
this, rstly the UCD luminosity function of Cruz et al. (2007) was taken, which gives
a number density of (4.9 0.6) 10 3 UCDs per pc® for M7-M9.5 types. Then a volume
assaiated with 1532circular areason the sky (one for ead of the WD candidatesample),
with radii of 89arcseqseparationof the componerts) and a line-of-sigh depth of58 17pc
(approximate distanceto the new M9 UCD, using relations from Dahn et al. 2002) were
calculated. This volume equatesto 58 26 pc 3, giving a total expected number of 0.28
UCDs to be within 89 arcsecof one of the WD candidates.

To factor in the probability that two objects might have a commonproper motion at
the samelevel asthe measuremets, a magnitude-limited sample(R < 20) wasdownloaded
from the SuperCOSMOS ScienceArchive (SSA), applying the same minimum proper
motion requiremen that was usedto create the WD candidate sample. A magnitude
limited sample of 160 sources,selectedfrom a large circular sky radius of 90 arcmin
certred on the WD. A proper motion vector-point-diagram was constructed and sources
courted that were found to be within the 2 uncertainty circle of the measuredUCD
proper motion. Four of the 160 sourceshad proper motion consisten with the UCD,
suggestinga probability of 2.4 1.2%that sudy common proper motion could occur by
random chance (where Poissonuncertainties assaiated with this and other sampleswere
consideredhere).

An additional requiremen ful lled by the UCD + WD systemis that the colour-
magnitude information must be consisten with a common distance (seeFig. 3.3) and
53% (786 28) of the WD candidate samplewerefound to be photometrically consisten
with being at the samedistanceasthe UCD.

Finally consideredwas the fraction of WD candidatesthat might be spuriousand
thusnot ableto cortribute to non binary line-of-sigh assaiationswherethe WD hasbeen
con rmed spectroscopically In the magnitude range R < 14, where MS99 is thought
to be essetially complete, it was nd that 66% of our WD candidates are included
in the MS99 catalogue. This suggeststhat, at least for brighter magnitudes, the WD
candidatespreserted here are relatively free from cortaminating objects, and that the
selectiontechniquesare robust. While it cannot be guararteedthat the samelow-level of
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corntamination appliesto the full magnituderange,a consenrative approad wastaken, by
assumingthat the full WD candidate samplecould potentially cortribute to non-binaries
that appearto be UCD + WD pairs.

Taking into accour all thesefactors, it is estimatedthat onewould expect 0:0036
0:0025randomly aligned UCD + WD pairs with 89 arcsecseparation, proper motion
and photometry consistem with binarity at the level of the obsenations. The likelihood
of the systembeing merely a line-of-sight assaiation is thus vanishingly small, and it can
thus be assumedthat the UCD + WD pair is a gravitationally bound binary system.

3.3.4 Binary age

The age of the binary system can be constrainedfrom the WD massand cooling age.
For the corrected t, 2MASSJ0030 3740hasa massof 0.48M and a cooling age of
0.94Gyr. The IFMR determinations of Weidemann(2000), Dobbie et al. (2004), Dobbie
et al. (2006), Ferrario et al. (2005), Catalan et al. (2008) and Kalirai et al. (2008) were
assessetb estimatea likely, initial-mass constrairt for the main-sequencgrogenitor star
of 1 2M . The main-sequencdifetime of a progenitor of this massis likely >1Gyr
(probably seweral Gyr) and thus is not useful when trying to constrain the upper age
limit of the system. Note that if the WD masswere higher, for exampleif the helium
enrichmert of the atmosphereis lower than typical (seex3.3.2)then the WD's log g could
be as high as 8.1dex, with a WD massof 0.65M and cooling ageof 1.5Gyr. This
would allow the progenitor massto be constrainedto a likely rangeof > 2.7M |, giving
a main-sequenceprogenitor lifetime of < 0:83Gyr (Monteiro et al. 2006) and a binary
ageconstraint of 1.5 2:3Gyr. This possibility is instructive at leastin demonstrating
the level of ageconstrairts (with accompalying UCD constrairts) that may be placedon
bendmark binaries of this type. Howewer, it is not possibleto judge the helium cortent
of the WDs atmosphere(if any) and thus only a lower limit can be con dently placed
on the age of this binary from the best t cooling age for the WD, conmbined with an
estimate of the main-sequencdifetime of the progenitor, which is likely equalto or larger
than the WD cooling age. The ageof the binary is thus > 1:94Gyr.
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3.3.5 UCD prop erties

Te , massand log g have beenestimated from the Lyon group DUSTY models (Chabrier
et al. 2000c;Bara e et al. 2002), using the minimum age of the system (1.94Gyr) and
an estimatedM 3 for 2MASSJ0030 3739. The modelsindicate that 2MASSJ0030 3739
hasT. = 2000 2400K, mass=0Q07 0:08M andlog g=5:30 5:35, placingit close
to the limit for hydrogen burning. Note that the estimated T, is consisten with the
semi-empiricalestimatesof Golimowski et al. (2004) for an M9 1 dwarf, which usewell
measureduminositiesand a model constrairt on radius (which changesby <10%for ages
of 1 5Gyr) to determineT, valuesspanninga wide rangeof spectral type. The full list
of properties for the binary are listed in Table 3.4.

3.4 Searching SDSS and UKIDSS

A seart for widely separatedbinary systemsfrom a selectedsampleof WDs and UCDs
from SDSSand UKIDSS (as descrited in x2.1.2and 2.2.2) was conductedusing a similar
method aswas usedfor the 2MASS and SuperCOSMOSseart (described in in x3.2).

3.4.1 Simulated numbers of WD + UCD binaries

The number of potertial WD + UCD binary systemsthat could be detectedin the full
coverageof SDSSand UKIDSS was estimated by Pin eld et al. (2006), who suggestthat
502 bendmark systems(with agesknown to 10%) could be found out to a limiting
magnitude of J 19.0. The number of non-bendimark systems(wherethe WD <0.7M )
that could also be iderti ed is estimated at v e times that number, suggestingthat
up to 300 WD + UCD systemscould be identied by combining UKIDSS with SDSS.
Correspnding photometric properties were also derived and are showvn in Fig. 3.9. The
level of cortamination from other objects sud as high velocity stars (e.g. halo objects or
red giants) was estimatedat 400, which is comparableto the number of real systems
expectedvia photometric selectionalone. Howewer, measuringa commonproper motion
for the componerts of potential systemsshouldremove the majority of the contamination.
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Table 3.4: Parametersof the binary 2MASSJ0030 3739+ 2MASSJ0030

componerts.

Parameter Value
Separation on sky ... 89 arcsec
Estimated distance ... 41 59pc

Estimated line-of-sight
separation
Minim um age of system

Ultraco ol Dwarf
RA
DEC
2MASS designation
Distance
2MASS J
2MASS H
2MASS K
DENIS |
DENIS J
SuperCOSMOS |
RA
DEC
Spectral Type
Mass
Te
log g

White Dwarf
RA
DEC
2MASS designation
Distance
2MASS J
2MASS H
DENIS |
DENIS J
SuperCOSMOS B
SuperCOSMOS R
SuperCOSMOS |
RA
DEC
Spectral Type
Te
log g
Mass
WD cooling age
WD progenitor age

3650 5250AU
> 1:94 Gyr

00 30 06.26

-37 39 48.2
2MASSJ0030 3739

41{ 75pc
............ 15.2 0.05
............ 14.4 0.05
............ 13.8 0.06
............ 18.4 0.23
15.06 0.14
............ 18.3
-130 30masyr !
-70 20masyr !
............ M9 1
0:07 0:08M
2000 2400K
5:30 5:35dex

00 30 11.9
-37 40 47.2
2MASSJ0030 3740
27 59pc
............ 16.1 0.11
............ 15.8 0.15
............ 16.2 0.07
............ 159 0.22

............ 16.77
............ 16.35
............ 15.97
-83 30masyr !
-70 12masyr !
............ DA

7600 175K
7:79 8:09dex
0:48 0:65M
............ 0:94 1:5Gyr
........... > 1Gyr
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Figure 3.9: Simulated WD + UCD J- against g- magnitude diagram from Pin eld et
al. (2006), shoving a simulated population of WD + UCD binaries (dots) covering 10%
of the sky for J 16.0. Potential bencdhmark systems(WD 0.7M ) are shown as plus
symbols.

3.4.2 Binary selection

To selectbinary systemcandidates, rstly distanceconstrairts were placedon the sample
of WD candidatesselectedfrom SDSSusinga CMD for WDs with known parallax from
McCook & Sion(1999)in the SDSScolour systemasshown in Fig. 3.10. In the sameway
asdescriledin x3.2, this wasusedto estimatea lower distancefor the WD candidateand
thus a maximum separationbasedon a massof 1.2M . UCD candidateswere seartied
for out to an angular separationfrom eadch WD candidate correspnding to a projected
separationof 20,000AJ at this estimated distance. In order for a good UCD companion
to be selectedit must have a distance consistem with the WD it is paired with. This
was assessedy placing the candidate UCD companionon a M; againstJ H CMD,

whereM ; was calculatedfrom the WD lower distanceestimate and the UKIDSS J- band
magnitude. The J H colour was chosenhere, instead of the previously usedJ K

colour (for L dwarf candidatesin 2MASS), as T dwarfs have bluer NIR colour and can
thus be very faint in the K - band. Selectionregionswere de ned using known L and T

dwarfs with measuredparallax from dwarf ar chives.or g. The regionsde ning these
areasare showvn as dotted (L) and dashed(T) line boxes, asillustrated in Fig. 3.11and
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Figure 3.10: A WD colour-magnitude diagram for MS99 WDs with known parallax
(crosseswith error bars). Photometry is on the SDSSsystem. Overplotted are model
cooling tracks (seex3.4.1) for WD massesof 0.5, 0.7 and 1.2M (dotted, dashedand
dot-dashedlines respectively). The selectedWD regionin the CMD lies betweenthe two
solid lines.

were chosento selectobjects with the most compelling UCD colours whilst minimising
cortamination from main-sequencestars. It is alsonoted that there is somecrossover in
the position of somelate L and early T dwarfs, asis alsoshavn by Knapp et al. (2004).
The selectionusedhereis exible enoughto accourt for this by allowing objectsthat have
L dwarf Y JandJ H colours,that alsopassthe T dwarf M;,J H CMD criteria
to be selectedas possibleL/T transition objects.

Candidate early/mid L dwarfs were selectedif they occupy the L box in two-colour
space(Fig. 2.5) and the correspnding L box in colour-magnitudespace(Fig. 3.11). If an
object is found in the L box in two-colourspaceand the T box in colour-magnitudespace
then is it selectedasan L/T transition object, likewisea candidate T dwarf is selectedif
its position liesin the T box in both colour and colour-magnitudeselections.The criteria
for the three selectionsare outlined here:
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Figure 3.11: A UCD colour-magnitudediagram for L (plus symbols) and T (diamonds)
dwarfs with known parallax from dwarf ar chives.or g. The selectionregionsfor L and
T dwarfs are overplotted as dotted and dashedlines, respectively.

Early/Mid L dwarf colour and magnitude selectioncriteria:

04<J H<12,09<Y J< 15
and
11:0< M; < 150,M; < 85(J H)+ 7.0

Late L/Early T dwarf (i.e. L/T transition objects) colour and magnitude selection
criteria:

04<J H<12,09<Y J<15
and
135< M3 < 170,M; > 85(J H)+ 7.0

Mid/Late T dwarf colour and magnitude selectioncriteria:
05<J H<04,09<Y J< 125
and

135< My < 170, M3 > 85(J H)+ 7.0
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An IDL programwaswritten to seard for candidate pairs amongstthe 22,087WD
and 24,293UCD candidate objects using these selection criteria, which resulted in a
sampleof 517 candidate binary systems.

3.4.3 Candidate WD + UCD systems

As SDSScovers a large sectionof sky commonto that of UKIDSS, the UCD candidates
were crossmatched with objects in the SDSSDR6 database,using the crossmatching
facility in a 2 arcsecradial seart, which should detect any optical componert for objects
with a proper motion of lessthan 1 arcsec/yr. The UCD candidate samplewas then
split up into two categories;optical and non-optical detections. Properly assessinghe
optical non detectionswould require further follow-up beyond the scoge of this thesis.
For the optical detectionsadditional colour cuts were used,basedon the objects optical
and optical-NIR colours.

Hawley et al. (2002) showv that L and T dwarfs are separatedquite well usingi  z
and z J coloursand suggestthat i z > 1:6 would selectM8 and later type dwarfs.
Indeed Fan et al. (2001) and Chiu et al. (2006) selectL and T dwarfs wherei z > 2.2
andz J> 20. Ani r colourcould alsobe used,however many UCDs are very faint
in the r- band and photometry can be unreliable. Following this approad), good L and
T dwarf candidateswere selectedif they had i and z band SDSScourterparts with 5
detections (correspnding to the appraximate SDSS5 limits; i < 213 and z < 20.8),
i z> 175andz J > 2:0. Additionally asubsetwith 1.6< i z< 1.:75andz J > 2.0
were also selectedas candidate UCDs. Noni band detectionsor drop outs® were also
consideredwherethe z J colour limits are consistet with being UCD like.

By including this optical selectionthe candidate list was reducedfrom 517 to 156.
68 have no optical courterpart within 2 arcsecof their NIR coordinates(implying i > 21:3
and z > 20:8) and areshowvn in Tables3.11and 3.12ascandidatesnamednBINx (wherex
is the identifying number). 18arei banddrop outs and areshaovn in Tables.3.9and 3.10
ascandidateswith nameiBINx. 34 aregood late M candidates,having 1.6 < i z< 1:75
andz J > 2.0 (Shown ascandidatesmBINXx in Tables.3.7 and 3.8). 36 aregood L and
T candidatesbasedon their optical and optical-NIR colours(i z> 1.:75andz J > 2.0)
and labelled as candidatesbBINx in Tables.3.5and 3.6. These156 candidateswere also
eyeballedin the UKIDSS/WF CAM imagesand the SDSSoptical imagesto remove any
spurious survey detection or non-star like objects. None of the candidatesshoved any
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Figure 3.12: Left: i z againstspectral type relation. Right: z J againstspectral type
relation from Hawley et al. (2002), shoving meanscoloursfor ead spectral type and the
standard deviation of the measuremets as error bars.

Figure 3.13: Colour-colour relations from Hawley et al. (2002). M dwarfs are shovn as
squaresand plus signs,early L dwarfs astriangles, late Ls ascrossesand Ts asdiamonds.
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sign of being spuriousand are thus plotted in Figs. 3.14and 3.15.

In addition the WD candidateswere cross matched with the SDSSspectroscopic
catalogueto ched if any had spectra that could con rm them, or not as sud. Of the
156 candidate WDs, 71 had spectra available from SDSS.Of these36 are agged asbeing
WD (DA) targets and 35 are agged as being %tar® like. This classi cation may not just
corain main-sequencestars or late-type stars, but may include more unusual WD types
(DB, DC, DO, DQ, DZ) aswell as unresoled, spectroscopicbinaries cortaining a WD
menber. Proper motion measuremets were also cheded for in the SDSSarchive, which
are measuredby matching SDSSpositionsagainstthe USNO-B1.0catalogue(Monet et al.
2003). Details of all 156 candidate binary pairs are shovn in Tables.3.6 - 3.12.

3.4.4 Second epoch imaging and prop er motion analysis of can-
didate UCDs

Oneof the candidatebinary systems(bBIN1) hasspectroscopicallycon rmed componerts
asa DA WD and an L3 dwarf, howewer on inspection of the published proper motion of
the WD (from SDSS)and the L dwarf (Jamesonet al. 2008)they do not appearto share
a commonproper motion and this pair werethus ruled out asa potential binary system.

Additional pairs were prioritised from the list of candidates(wherethe WD compo-
nert had a measuredproper motion of >100mas/yr) for follow-up secondepoch imaging
on IRIS2/AA T during 200820-24February. Nine candidateswere imagedin the J-, H-
and K - bandsduring poor weathertime (seeing> 2 arcsec). The imageswerereducedus-
ing the ora cdr padkagefor IRIS2 and proper motions calculatedusingthe iraf routines
geomap and geoxytran usingan averageof 15referencestars, asis descrikedin x3.3.1.
In the majority of caseghe motion waslessthan a pixel and the baselineon averageonly

1lyr. Combined with high residualsof the transformations from the WFCAM/UKIDSS
imagesonto the IRIS2/AA T imagesresulted in high uncertairties in the measuremets.
The proper motions of the nine UCD candidates,alongwith the measuredproper motion
of the WD courterpart are shovn in Table. 3.13. Uncertainties were calculated from the
residuals of the transformation combined with certroiding uncertairties of 0.5 pixels.
Of the nine candidatesmeasurediwo were deemedto be non-commonproper motion and
se\en remain uncertain. In order to con rm the binary nature of theseremaining sewen
candidate systemsan additional epoch imageis needed,ideally with a longer baseline.

CandidatesbBIN17, bBIN26 and bBIN29 appear to have a sizeableproper motion,
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Figure 3.14: Left: A'Y J againstJ H two-colour diagram. Right: An M; against
J H CMD of UCD candidatecomponerts of potential wide WD + UCD binaries. Blue
plus synmbols shov L and T dwarf candidateswith good optical colours, red asterisks
arei band drop outs, red diamondsare non-optical detectionsand blac triangles are
UCD candidateswith good optical colours, also overplotted are main-sequencestars as
greendots. The open squareshows the widely separatedUCD candidate systemfrom the
spectroscopicWD + M dwarf (nBIN7; seex3.4.4). Also showvn arethe L and T dwarf
selectionregions(dotted and dashedboxes, respectively).
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Figure 3.15: A u gagainstg r two colourdiagramshaving WD candidatecomponerts
of potential wide WD + UCD binaries. Blue plus synbols shaov WD candidateswhose
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separatedWD candidatethat appearsto be an unresohed WD + M dwarf binary system
(nBIN7; seex3.4.4).
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Table 3.5: Parametersof the WD componert of the WD + UCD binary candidates,where
L and T dwarf candidateshave optical coloursi z>1.75andz J >2.0.

ID WDRA WDDEC g u gg r Mg Dwin SDS$ WD?b pMm¢
pc  spectra? mas/yr
bBIN1 221.61784 10.31341 18.27 0.27 0.87 19.09 6.87 y y 8.0
bBIN2 0.82324 -0.69133 17.57 2.32 1.10 17.42 10.74 n - 19.0
bBIN3  191.33584 12.09204 18.52 0.69 0.25 15.69 36.70 y ? 53.0
bBIN4  35.74638 1.149862 18.93 1.81 0.63 17.80 16.81 y y 13.3
bBIN5 35.70941 1.087874 18.08 1.46 0.44 16.76 18.37 y y 2.2
bBIN6  35.81944 1.097406 19.85 1.61 0.61 17.70 26.93 y ? 2.4
bBIN7 27.66100 -0.61713 20.82 2.35 1.17 20.75 10.32 n - 10.6
bBIN8  136.03256 5.17269 1414 1.14 0.28 13.77 11.85 n - 27.6
bBIN9  136.03256 5.17269 14.14 1.14 0.28 13.33 14.52 n - 27.6
bBIN10 134.14585 6.627492 15.23 1.58 0.58 14.84 12.00 n - 23.1
bBIN11 33.16442 0.315815 19.20 0.46 0.32 16.11 41.59 n - 25.1
bBIN12 230.69558 9.047541 15.37 1.86 0.63 15.05 11.55 n - 36.0
bBIN13 45.41149 0.673927 21.03 0.42 0.73 18.34 34.58 n - 15.6
bBIN14 131.02754 7.441029 18.86 0.53 0.87 19.08 9.03 y y 51
bBIN15 341.88946 -0.33588 20.20 1.45 0.72 18.29 24.13 n - 2.0
bBIN16 125.41386 2.323113 15.51 1.23 0.36 14.02 19.80 n 600.0
bBIN17 201.15371 8.965003 16.62 0.45 0.02 13.98 33.74 y ? 223.0
bBIN18 186.97874 14.29539 21.30 -0.02 1.17 20.78 12.72 y 20.6
bBIN19 36.15335 0.970674 20.40 0.42 0.45 16.81 52.15 n - 32.6
bBIN20 237.54057 9.474614 14.76 1.21 0.64 15.11 851 n - 4.8
bBIN21 50.82448 -0.64667 16.37 1.90 0.80 15.55 14.61 y y 4.8
bBIN22 203.49940 0.28188 19.40 -0.33 1.06 17.24 27.01 y y 387.3
bBIN23 226.95881 7.289019 21.19 0.27 1.18 20.81 11.90 n - 13.3
bBIN24 227.62213 7.279871 14.71 1.38 0.39 14.13 13.07 n - 28.0
bBIN25 337.61953 -0.39202 15.41 0.43 -0.04 13.21 27.51 y y 29.0
bBIN26 226.50935 12.08509 19.58 0.69 0.22 15.55 64.20 y ? 142.0
bBIN27 342.45312 -1.01311 20.03 0.27 0.44 16.74 45.40 n - 6.5
bBIN28 22.00966 -0.83069 17.52 2.43 0.92 1595 20.63 n - 11.2
bBIN29 203.42550 12.97313 18.09 1.10 0.39 16.47 21.15 y y 273.0
bBIN30 190.70393 6.142031 14.27 1.80 0.68 15.13 6.70 n - 263.0
bBIN31 125.41386 2.323113 15.51 1.23 0.36 14.02 19.80 n - n
bBIN32 204.74606 11.88798 18.20 0.49 0.35 16.27 24.42 y y 54
bBIN33 50.22718 1.12256 20.22 184 0.58 17.52 34.63 n - 4.6
bBIN34 188.44833 12.89613 17.28 0.51 0.16 15.20 26.01 y ? n
bBIN35 224.16496 12.11607 15.16 1.26 0.45 14.33 14.65 n - 21.4

bBIN36 341.88946 -0.33588 20.20 1.45 0.72 18.29 24.13 n - n

Notes: 2 A spectrum is available from SDSS.P SDSStarget as WD or is classied asa WD.

? - SDSSclassi cation is %tar? but may be a more unusual type of WD (i.e. DB, DC, DO, DQ, DZ).
¢ proper motion as measured by SDSS.
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Table 3.6: Parametersof the UCD componert of the WD + UCD binary candidates,
whereL and T dwarf candidateshave optical coloursi z>1.75andz J >2.0.

ID UCDRA UCDDEC J J H 'Y J Mj; Separation Separation i z z J
degs degs arcsec AU
bBIN1 222.10729 10.53281 14.42 0.90 1.38 15.23 1930.96 13270.12 2.089 2.861
bBIN2 0.89488 -0.21635 16.70 0.81 1.20 16.54 1729.25 18575.69 1.774 2.655
bBIN3  191.31236 12.07832 16.06 0.74 1.07 13.23  97.89 3593.47 1.855 2.606
bBIN4  35.95639 1.06426 17.15 062 1.12 16.02 816.43 13725.35 1.883 2.596
bBIN5  35.95639 1.06426 17.15 062 1.12 15.83 893.17 16415.80 1.883 2.596
bBIN6  35.95639 1.06426 17.15 0.62 1.12 15.00 507.24 13660.48 1.883 2.596
bBIN7  27.92090 -0.86569 15.02 0.73 1.21 1495 1294.66 13366.27 2.081 2.591
bBIN8  135.75381 5.27047 1590 0.70 1.15 1553 1063.43 12602.39 1.876 2.540
bBIN9  135.75381 5.27047 1590 0.70 1.15 15.09 1063.43  15446.30 1.876 2.540
bBIN10 134.58187 6.72768 1732 0.74 1.18 16.92 1610.58 19333.80 1.890 2.518
bBIN11 33.21045 0.40327 16.64 060 1.03 1355 35581 14801.71 1.974 2.493
bBIN12 230.63575 9.12049 17.02 059 1.06 16.71 339.64 3926.21 1.916 2.455
bBIN13 45.47679 0.53108 17.60 0.70 1.12 1490 565.40 19554.30 1.922 2.451
bBIN14 130.62033 7.77405 16.62 0.67 0.98 16.84 1893.79 17107.54 1.810 2.440
bBIN15 341.70443 -0.43699 17.32 0.61 1.11 1540 759.06 18323.32 1.822 2.419
bBIN16 125.40509 2.21258 17.27 057 1.07 1579 399.16 7905.84 1.824 2.410
bBIN17 201.17509 9.03326 17.03 0.60 1.02 1439 257.50 8689.43 2.025 2.361
bBIN18 187.17242 14.44828 16.99 0.70 0.94 16.47 888.31 11304.07 1.792 2.332
bBIN19 36.17794 1.00201 1760 064 1.12 14.01 143.38 7478.02 2.034 2.299
bBIN20 237.48178 9.05534 15.16 0.66 0.95 1551 1524.16 12971.55 1.818 2.295
bBIN21 50.68592 -0.69307 17.74 059 1.00 16.92 526.05 7686.51 1.859 2.274
bBIN22 203.32255 0.21910 16.83 0.59 0.97 14.67 675.58 18253.91 1.766 2.261
bBIN23 227.37811 7.47357 1534 052 0.90 1496 1649.21  19640.76 1.785 2.254
bBIN24 227.37811 7.47357 1534 052 0.90 1476 112159  14663.43 1.785 2.254
bBIN25 337.66729 -0.52167 16.47 0.61 0.95 14.27 497.39 13683.39 1.802 2.253
bBIN26 226.49679 12.13369 17.76 0.57 1.02 13.72 180.70 11601.16 2.291 2.243
bBIN27 34253976 -1.05936 17.51 0.57 0.96 14.23 353.56 16052.41 1.889 2.238
bBIN28 21.93350 -0.81522 18.04 0.67 1.05 16.46 279.77 577185 1.919 2.233
bBIN29 203.17382 13.03917 18.01 0.62 0.90 16.38 936.72 19814.91 1.831 2.229
bBIN30 190.22282 6.04823 1597 0.61 0.95 16.84 1764.60 11836.43 1.752 2.226
bBIN31 125.44366 2.49658 1725 0.72 091 1577 633.63 12549.84 1.779 2.221
bBIN32 204.64443 11.92594 17.86 0.63 1.00 15.92 390.54 9540.46 1.858 2.218
bBIN33 50.31347 1.22600 18.03 0.61 0.93 15.33 484.93 16793.86 1.864 2.217
bBIN34 188.37532 12.89610 16.90 0.55 0.98 14.82 262.84 6838.23 1.922 2.207
bBIN35 224.19619 11.89695 16.37 0.62 0.90 1554 796.80 11679.44 1.817 2.205
bBIN36 342.01263 -0.35698 18.08 0.59 1.13 16.16 449.86 10859.40 2.011 2.201
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Table 3.7: Parametersof the WD componert of the WD + late M dwarf binary candidates
selectedfrom SDSSand UKIDSS.

ID WDRA WDDEC g u gg r Mg Duin SDSS WD?P PM¢
pc spectra? mas/yr
mBIN1 194.49234 15.58729 20.17 0.47 1.15 20.67 7.96 y y 2.7
mBIN2 37.526710 1.15889 18.68 2.45 1.10 17.42 17.89 y ? 9.0
mBIN3 130.48223 2.39738 18.98 0.56 0.18 15.33 53.71 y ? 76.0
mBIN4 171.00970 0.07283 19.21 0.84 0.41 16.56 33.93 y y 1.7
mBIN5 170.94816 0.07170 16.45 1.05 0.45 16.79 8.53 y y 6.8
mBIN6 170.90776 0.04772 19.97 2.08 1.00 16.22 56.05 y ? 4.7
mBIN7 171.02877 0.04855 14.81 1.06 0.46 14.36 12.26 y y 1.1
mBIN8 170.92109 0.16004 16.97 1.69 0.73 15.29 21.71 y y 16.0
mBIN9 170.86575 0.20482 16.91 1.75 0.73 15.29 21.09 y y 11
mBIN10 170.94816 0.07170 16.45 1.05 0.45 14.34 26.43 y y 6.8
mBIN11 22.95191 0.70853 20.13 2.42 0.92 19.40 13.96 n - 19.9
mBIN12 22.97954 0.80239 16.10 2.06 0.94 16.00 10.48 n - 12.3
mBIN13 22.52972 0.44318 18.71 0.59 0.99 16.86 23.43 n - n
mBIN14 132.22509 7.42600 20.50 0.42 0.67 17.98 31.95 y ? 11.6
mBIN15 21.12783 0.96516 14.30 1.43 0.49 14.47 9.21 n - 22.6
mBIN16 209.07867 12.82209 19.40 0.58 0.21 15.46 61.47 y y 63.0
mBIN17 128.19085 8.57491 19.75 0.27 0.91 19.34 12.03 y y 4.0
mBIN18 128.15777 8.65947 15.26 1.40 0.55 14.67 13.12 n - 24.0
mBIN19 6.95838 -0.17319 18.19 0.17 0.28 15.85 29.48 n - 24.0
mBIN20 134.14585 6.62749 15.23 1.58 0.58 14.84 12.00 n - 23.0
mBIN21 229.01525 9.07295 17.26 0.51 1.04 17.14 10.52 y y 1.4
mBIN22 226.95881 7.28901 21.19 0.27 1.18 20.81 11.90 n - 13.3
mBIN23 173.14897 0.51127 19.26 1.34 0.63 17.79 19.66 y ? 0.6
mBIN24 173.17076 0.48829 18.60 1.40 0.63 17.78 14.57 y y 1.9
mBIN25 28.39781 0.26082 15.42 1.39 0.51 14.54 15.00 n - 20.9
mBIN26 358.90307 0.19146 17.22 1.25 0.24 15.63 20.75 n - 20.2
mBIN27 144.65409 7.24863 18.32 -0.04 0.53 17.23 16.47 n - 27.0
mBIN28 52.55113 -0.54926 20.87 -0.12 0.44 16.72 67.40 n - n
mBIN29 144.65409 7.24863 18.32 -0.04 0.53 17.23 16.47 n - 27.0
mBIN30 150.78918 7.63968 20.02 0.35 0.56 17.38 33.71 n - 5.7
mBIN31 125.41386 2.32311 15.51 1.23 0.36 14.02 19.80 n - 600.0
mBIN32 154.50003 8.63896 16.45 0.36 0.04 14.57 23.78 y y 235.0
mBIN33 203.42550 12.97313 18.09 1.10 0.39 16.47 21.15 y y 273.0
mBIN34 336.27880 0.14624 20.89 0.51 0.52 17.18 55.37 n - 5.0

Notes: 2 A spectrum is available from SDSS.? SDSStarget as WD or is classi ed asa WD.
? - SDSSclassi cation is %tar® but may be a more unusual type of WD (i.e. DB, DC, DO, DQ, DZ).
¢ proper motion as measuredby SDSS.
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Table 3.8: Parametersof the UCD componert of the WD + late M dwarf binary candi-
datesselectedfrom SDSSand UKIDSS.

ID UCDRA UCDDEC J J H 'Y J M; Separation Separationi z z J
degs degs arcsec AU
mBIN1 194.19093 15.24543 16.04 0.60 1.00 16.53 1640.71 13068.13 1.68 2.50
mBIN2  37.58208 0.94662 17.21 0.61 1.03 1594 789.73 14131.52 1.63 2.49
mBIN3 130.56904 2.40514 17.94 0.79 1.09 14.29 313.75 16851.89 1.62 2.46
mBIN4 170.93093 0.02568 16.27 0.71 1.00 13.61 330.49 11215.10 1.66 2.45
mBIN5 170.93093 0.02568 16.27 0.71 1.00 16.61 176.91 1510.71 1.66 2.45
mBIN6 170.93093 0.02568 16.27 0.71 1.00 12.52 115.14 6454.82 1.66 2.45
mBIN7 170.93093 0.02568 16.27 0.71 1.00 15.82 361.72 4436.00 1.66 2.45
mBIN8 170.93093 0.02568 16.27 0.71 1.00 14.58 485.00 10531.28 1.66 2.45
mBIN9 170.93093 0.02568 16.27 0.71 1.00 14.64 686.27 14480.38 1.66 2.45
mBIN10 170.93093 0.02568 16.27 0.71 1.00 14.15 176.91 4676.85 1.66 2.45
mBIN11 22.75033 0.43376 16.78 0.63 0.99 16.06 1226.81 17130.81 1.68 2.43
mBIN12 22.75033 0.43376 16.78 0.63 0.99 16.68 1562.67 16378.20 1.68 2.43
mBIN13 22.75033 0.43376 16.78 0.63 0.99 1493 79491 18626.26 1.68 2.43
mBIN14 132.24311 7.45873 17.99 0.69 1.25 15.47 134.52 4298.55 1.63 2.43
mBIN15 20.61140 0.97410 16.13 0.60 0.91 16.30 1859.43 17143.30 1.61 2.40
mBIN16 209.11651 12.85143 17.62 0.62 0.92 13.67 172.37 10597.37 1.69 2.36
mBIN17 127.82177 8.69213 17.16 0.59 0.96 16.76 1394.08 16784.49 1.70 2.36
mBIN18 127.82177 8.69213 17.16 0.59 0.96 16.57 1215.29 15946.19 1.70 2.36
mBIN19 7.02843 -0.26478 17.11 0.58 0.94 14.76 415.08 12237.70 1.61 2.32
mBIN20 134.17875 6.92316 17.30 0.74 1.02 16.90 1070.99 12856.52 1.63 2.32
mBIN21 229.18598 9.09350 16.85 0.66 0.93 16.74 619.06 6516.30 1.68 2.31
mBIN22 227.37811 7.47357 15.34 0.52 0.90 14.96 1649.21 19640.76 1.78 2.25
mBIN23 173.03959 0.36443 17.69 0.43 1.00 16.22 659.13 12962.98 1.66 2.25
mBIN24 173.03959 0.36443 17.69 0.43 1.00 16.87 649.44 9467.64 1.66 2.25
mBIN25 28.34825 0.29048 17.29 0.64 0.90 16.41 207.95 3119.87 1.61 2.23
mBIN26 359.05133 0.24332 17.57 0.58 0.97 1598 565.43 11735.12 1.81 2.13
mBIN27 144.64984 7.54040 16.95 0.71 0.90 15.87 1050.45 17311.34 1.74 2.12
mBIN28 52.57260 -0.52133 18.03 0.59 0.90 13.88 126.83 8549.54 1.80 2.11
mBIN29 144.53628 7.37010 17.62 0.61 0.92 16.54 609.18 10039.17 1.73 2.07
mBIN30 150.78230 7.53372 18.04 0.46 0.92 1540 382.26 12888.46 1.74 2.07
mBIN31 125.39768 2.05674 17.18 0.68 0.96 15.69 960.72 19028.31 1.71 2.06
mBIN32 154.51393 8.44871 17.41 0.62 0.91 1553 686.72 16332.18 1.73 2.06
mBIN33 203.66122 12.86231 18.20 0.48 1.08 16.57 937.68 19835.23 1.95 2.05
mBIN34 336.23196 0.20562 17.84 0.61 0.98 14.13 272.27 15076.59 2.13 2.00
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Table 3.9: Parametersof the WD componert of the WD + UCD i- band drop out binary
candidatesselectedfrom SDSSand UKIDSS.

ID WDRA WDDEC g u gg r Mg Duiny SDSS WD?° PM¢
pc spectra? mas/yr
iBIN1 341.88946 -0.33588 20.20 1.45 0.72 18.29 24.13 n - 2.0
iBIN2 8.56741 -0.14720 17.62 0.07 0.16 15.20 30.54 y ? 4.5
iBIN3 52.88388 -0.91481 18.03 0.08 0.21 15.49 32.28 n - 6.5
iBIN4 39.51829 -0.09603 19.19 0.55 0.55 17.35 23.32 n - 5.0
iBINS 144.65409 7.24863 18.32 -0.04 0.53 17.23 16.47 y ? 27.0
iBIN6 142.45962 10.84892 19.98 0.59 0.77 18.57 19.15 y \ 4.8
iBIN7 202.82298 9.15858 19.98 0.50 0.84 18.94 16.12 y y 6.0
iBIN8 17.67502 -1.14424 15.49 -0.11 0.14 15.07 12.15 n - 31.9
iBIN9 162.30271 -0.14858 18.43 0.56 0.24 15.63 36.19 y ? n
iBIN10 338.48321 0.68342 20.48 0.59 0.31 16.05 76.99 n - 0.5
iBIN11 210.52662 9.05355 19.42 0.36 0.96 16.08 46.49 y y 7.6
iBIN12 353.90286 -0.42604 16.89 1.92 0.74 15.32 20.57 n - 8.3
iBIN13 0.65565 0.45206 17.48 1.32 0.60 14.85 33.58 n - n
iBIN14 8.56741 -0.14720 17.62 0.07 0.16 13.35 71.39 y ? n
iBIN15 162.30271 -0.14858 18.43 0.56 0.24 13.62 91.36 n - n
iBIN16 210.52662 9.05355 19.42 0.36 0.96 16.72 34.53 n - n
iBIN17 353.90286 -0.42604 16.89 1.92 0.74 15.61 18.01 n - n
iBIN18 0.65565 0.45206 17.48 1.32 0.60 14.91 32.59 n - n

Notes: 2 A spectrum is available from SDSS.? SDSStarget asWD or is classi ed asa WD.
? - SDSSclassi cation is %tar® but may be a more unusual type of WD (i.e. DB, DC, DO, DQ, DZ).
¢ proper motion as measuredby SDSS.
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Table 3.10: Parametersof the UCD componert of the WD + UCD i- band drop out
binary candidatesselectedfrom SDSSand UKIDSS.

ID UCDRA UCDDEC J J H'Y J Mj; Separation Separationz J
degs degs arcsec AU
iBIN1 342.03421 -0.44069 18.27 0.66 1.12 16.35 643.34 15529.92 2.30
iBIN2 8.58669 -0.18066 18.31 0.72 1.10 15.89 139.03 4246.37 2.08
iBIN3 52.91433 -0.95821 18.49 0.66 0.92 15.95 190.85 6160.86 2.19
iBINA 39.69617 -0.11760 17.91 0.75 1.06 16.07 645.07 15048.76 2.23
iBINS 144.43609 7.31759 17.89 0.68 1.11 16.80 823.13 13565.03 2.32
iBIN6 142.58247 10.82616 18.14 0.57 0.92 16.73 449.78 8616.71 2.41
iBIN7 202.55589 9.15752 17.96 0.90 1.36 16.92 961.53 15506.40 2.64
iBIN8 17.96622 -1.09284 17.32 0.80 1.29 16.90 1064.51 12933.86 2.63
iBIN9 162.27127 -0.11369 18.40 0.70 1.10 1561 169.10 6120.48 2.15
iBIN10 338.47644 0.64254 18.41 0.05 0.91 13.98 149.15 11483.85 2.03
iBIN11 210.46849 9.12587 17.32 0.91 1.31 13.98 334.05 15530.08 2.87
iBIN12 353.84167 -0.56285 18.23 0.63 0.91 16.67 539.50 11098.40 2.27
iBIN13 0.57525 0.44684 18.07 0.61 1.01 15.44 290.06 9743.06 2.51
iBIN14 8.58669 -0.18066 18.31 0.72 1.10 14.04 139.03 9926.62 2.08
iBIN15 162.27127 -0.11369 18.40 0.70 1.10 13.60 169.10 15449.88 2.15
iBIN16 210.46849 9.12587 17.32 0.91 1.31 14.63 334.05 11537.17 2.87
iBIN17 353.84167 -0.56285 18.23 0.63 0.91 16.95 539.50 9719.66 2.27
iBIN18 0.57525 0.44684 18.07 0.61 1.01 15.51 290.06 9454.11 2.51
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Table 3.11: Parametersof the WD componert of the WD + UCD non-optical detection
binary candidatesselectedfrom SDSSand UKIDSS.

ID WDRA WDDEC g u gg r Mg Dwin SDS$ WD?® PM¢
pc spectra? mas/yr
nBIN1 190.92890 14.83213 19.05 0.51 0.27 15.80 44.65 y ? 2.9
nBIN2 44.97204 -0.33116 20.60 0.40 0.70 18.16 30.76 n - 16.0
nBIN3 154.05058 1.19911 18.90 0.35 -0.07 12.95 15450 vy y 29.0
nBIN4  8.12547 0.19404 18.68 0.00 -0.22 11.32 296.23 vy y 15.0
nBIN5 154.52101 1.18986 16.27 0.21 -0.14 12.21 64.85 y y 55.9
nBIN6 144.42053 8.22248 15.16 0.27 -0.07 12.90 28.40 y y 5.2
nBIN7 194.93582 15.74895 18.15 0.47 0.02 13.95 69.23 y ? 100.3
nBIN8 217.80447 0.50087 19.47 0.30 0.37 16.38 41.52 y ? 7.0
nBIN9 35.74638 1.14986 18.93 1.81 0.63 17.80 16.81 y ? 13.0
nBIN10 33.75454 1.15135 17.58 0.95 0.30 15.97 20.95 y ? 12.5
nBIN11 50.85178 0.95288 20.08 2.29 0.82 18.85 17.58 y ? 2.2
nBIN12 53.14430 0.10522 19.90 1.66 0.60 17.61 28.66 y y 19.6
nBIN13 5.87887 0.43965 19.22 0.92 0.25 15.71 50.38 n - 5.7
nBIN14 238.93653 6.79168 18.97 1.01 0.45 16.79 27.30 y y 224.0
nBIN15 238.93653 6.79168 18.97 1.01 0.45 16.79 27.30 n - n
nBIN16 220.68412 0.45411 18.02 0.40 0.04 14.57 49.01 y y 92.9
nBIN17 141.21513 -0.29346 18.54 0.25 0.35 16.24 28.84 y ? 26.6
nBIN18 149.49652 -1.11873 17.71 0.45 0.08 14.76 38.94 n - 133.9
nBIN19 6.95838 -0.17319 18.19 0.17 0.28 15.85 29.48 n - n
nBIN20 340.93621 1.15132 20.25 0.32 0.21 15.49 89.55 n - 11.9
nBIN21 47.27010 -1.01693 20.23 0.53 0.73 18.33 23.98 y ? 24.8
nBIN22 52.88388 -0.91481 18.03 0.08 0.21 15.49 32.28 n - 6.5
nBIN23 52.88388 -0.91481 18.03 0.08 0.21 15.49 32.28 n - 6.5
nBIN24 147.51446 6.25106 19.28 0.57 0.41 16.59 34.58 y ? 2.7
nBIN25 131.50904 5.59424 19.46 0.10 0.51 17.15 28.96 y ? n
nBIN26 137.86399 8.69466 19.70 -0.07 0.54 17.30 30.12 y ? 2.8
nBIN27 147.83970 10.12002 18.84 0.39 0.23 15.61 44.19 y ? 5.7
nBIN28 147.83970 10.12002 18.84 0.39 0.23 15.61 44.19 y ? 35
nBIN29 132.22509 7.42600 20.50 0.42 0.67 17.98 31.95 y ? 35
nBIN30 132.22509 7.42600 20.50 0.42 0.67 17.98 31.95 y ? 11.6
nBIN31 354.52755 0.10868 20.29 0.57 0.34 16.20 65.87 n - 11.6
nBIN32 56.72113 0.14430 20.80 0.24 0.34 16.19 83.66 n - 5.4
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NBIN33 233.67401 7.81499 18.32 0.59 0.20 15.45 37.49 y n

nBIN34 188.4483312.8961317.28 0.51 0.16 15.20 26.01 ? 35.0
nBIN35 201.11300 8.07370 19.01 0.23 0.41 16.58 30.50 ? n

NBIN36 186.68428 6.64811 17.38 0.26 0.21 15.49 23.90 ? 35.0
nNBIN37 170.97576 0.24442 17.03 2.06 0.13 15.02 25.20 - 15
nBIN38 171.00970 0.07283 19.21 0.84 0.41 16.56 33.93 - 28.0
nBIN39 215.32078 0.46377 18.06 1.13 0.39 16.44 21.11 y 1.7
NBIN4O 44.57451 1.16275 18.16 -0.06 0.08 14.76 47.84 ? 51
nBIN41 144.26768 6.77433 18.67 0.59 0.14 15.12 51.37 y 4.7
nBIN42 189.2032110.6973019.33 0.50 0.22 15.51 58.04 y 46.7
nBIN43 170.97576 0.24442 17.03 2.06 0.13 15.02 25.20 ? 60.6

nBIN44 6.95838 -0.17319 18.19 0.17 0.28 13.75 77.25
nBIN45 50.85178 0.95288 20.08 2.29 0.82 15.61 78.16
nBIN46 33.69876 1.25501 17.34 2.11 0.85 15.69 21.45
nBIN47 33.77895 1.14763 16.49 2.28 0.89 15.83 13.52
nBIN48 33.83406 1.18117 15.46 1.16 0.34 13.96 20.00
nNBIN49 238.93653 6.79168 18.97 1.01 0.45 14.34 84.47
nBIN50 52.88388 -0.91481 18.03 0.08 0.21 13.53 79.42
nNBIN51 137.86399 8.69466 19.70 -0.07 0.54 14.66 102.01n -
nBIN52 147.8397010.1200218.84 0.39 0.23 13.61 111.13n -
nBIN53 170.92109 0.16004 16.97 1.69 0.73 15.29 21.71 n -
nBIN54 170.90776 0.04772 19.97 2.08 1.00 16.22 56.05
nBINS5 170.86575 0.20482 16.91 1.75 0.73 15.29 21.09
NBIN56 170.94816 0.07170 16.45 1.05 0.45 14.34 26.43
nNBIN57 143.11360 7.83997 18.67 0.45 0.74 15.31 46.95
nBIN58 6.95838 -0.17319 18.19 0.17 0.28 13.30 95.00
NBIN59 143.90414 0.40610 20.12 0.13 0.97 16.78 46.64
NBIN6O 50.85178 0.95288 20.08 2.29 0.82 16.04 64.27
nBIN61 33.69876 1.25501 17.34 2.11 0.85 16.15 17.35
nBIN62 33.83406 1.18117 15.46 1.16 0.34 13.60 23.54
NBIN63 238.93653 6.79168 18.97 1.01 0.45 14.16 91.52 n -
nBIN64 137.86399 8.69466 19.70 -0.07 0.54 14.63 103.17n -
NBINGS 237.44277 6.14746 19.12 0.00 1.16 17.74 18.94 n
nNBIN66 170.90776 0.04772 19.97 2.08 1.00 16.94 40.35 n
NBIN67 170.94816 0.07170 16.45 1.05 0.45 14.17 28.63 n
NBIN68 143.11360 7.83997 18.67 0.45 0.74 15.60 41.19 y

D 3 5 0 O 0 oK K KKK I oK KKK

> 3 5 5 S S S S S
1

1
> 3 3 O3 33 O 33 033203 3 O 5 O3S o oS oS oS oo

n

Notes: 2 A spectrum is available from SDSS.P SDSStarget as WD or is classi ed asa WD.
? - SDSSclassi cation is %tar® but may be a more unusual type of WD
(i.e. DB, DC, DO, DQ, DZ). ¢ proper motion as measuredby SDSS.
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Table 3.12: Parametersof the UCD componert of the WD + UCD non-optical detection
binary candidatesselectedfrom SDSSand UKIDSS.

ID UCDRA UCDDEC J J H'Y J Mj; Separation Separation
degs degs arcsec AU
nBIN1 190.95509 14.73274 18.29 0.58 1.48 15.04 370.00 16522.46
nBIN2  44.83241 -0.44363 18.95 0.36 1.10 16.51 645.48 19859.01
nBIN3 154.03607 1.17467 18.66 0.77 1.15 12.71 102.31 15807.88
nBIN4  8.13368 0.18884 1858 052 1.25 11.23 34.97 10361.71
nBINS 154.49481 1.19028 1845 0.45 1.22 1439 94.32 6117.91
nBIN6 144.35075 8.17548 18.45 0.43 1.17 16.18 302.86 8601.62
nBIN7 195.00953 15.72255 18.63 0.67 1.15 14.43 281.87 19516.62
nBIN8 217.77197 0.44333 18.62 0.60 0.96 1553 237.90 9878.43
nBIN9 35.44890 1.27798 18.07 0.61 1.19 16.94 1166.02 19602.27
nBIN10 33.90968 1.31790 17.36 0.68 0.92 15.75 819.38 17169.04
nBIN11 50.83811 0.97248 18.21 0.68 1.18 16.99 86.02 1512.91
nBIN12 53.18057 -0.03293 18.96 0.62 1.07 16.68 514.23  14739.90
nBIN13 5.98596 0.42717 18.84 0.46 1.14 1533 388.16 19556.24
nBIN14 238.94378 6.96888 18.51 0.41 0.99 16.33 638.43 17430.13
nBIN15 238.90513 6.79960 18.79 0.71 0.96 16.61 116.58 3182.94
nBIN16 220.76733 0.37788 18.63 0.65 1.06 15.17 406.23 19911.28
nBIN17 141.19961 -0.42033 1853 050 1.23 16.23 460.13 13273.04
nBIN18 149.48941 -1.04838 18.37 0.53 0.98 1542 254.55 9912.93
nBIN19 6.95321 -0.19272 18.63 0.87 0.93 16.28 72.74 2144.59
nBIN20 340.94342 1.09947 18.82 0.42 1.08 14.06 188.46 16878.51
nBIN21 47.08124 -0.96090 18.49 0.61 1.05 16.59 709.17 17011.82
nBIN22 52.93743 -1.07142 18.40 0.43 0.94 15.86 595.85 19234.24
nBIN23 52.89353 -0.86081 18.44 0.50 0.97 1590 197.47 6374.37
nBIN24 147.50981 6.24843 18.44 0.71 1.06 15.74 19.24 665.73
nBIN25 131.64880 5.50063 18.75 0.53 0.92 16.44 605.54 17540.05
nBIN26 137.91061 8.68861 18.84 0.46 0.97 16.44 169.22 5097.25
nBIN27 147.89102 10.22367 18.55 0.72 1.13 15.33 416.36 18402.11
nBIN28 147.86074 10.13511 18.75 0.60 0.99 1552 93.21 4120.02
nBIN29 132.20715 7.25334 18.04 0.59 0.93 1551 624.92 19968.26
nBIN30 132.17518 7.53208 18.82 0.87 1.34 16.29 422.05 13486.08
nBIN31 354.46313 0.06112 18.85 0.57 0.98 14.75 288.27 18990.13
nBIN32 56.71809 0.19229 18.70 0.82 1.27 14.09 173.11 14483.16
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nNBIN33 233.70870 7.67471 18.98 0.82 1.26 16.11 520.20 19506.16
NBIN34 188.3224312.8844818.49 0.63 1.16 16.41 455.17 11841.78
nNBIN35 201.09075 7.96770 18.71 0.69 1.04 16.29 389.91 11893.51
NBIN36 186.77626 6.48453 18.89 0.79 1.08 16.99 675.58 16148.58
NBIN37 170.79554 0.22210 18.97 0.59 1.31 16.96 653.75 16475.41
NBIN38 170.94703 0.04352 18.61 0.31 1.17 15.96 249.06 8451.83
NBIN39 215.42668 0.25190 18.47 0.34 1.06 16.84 852.69 18003.46
NBIN4O 44.54674 1.26255 18.90 0.29 0.93 15.50 372.92 17841.59
NBIN41 144.25012 6.84019 18.74 -0.06 0.94 15.19 245.39 12606.73
nBIN42 189.1390810.76618 18.81 0.30 0.99 14.99 338.80 19665.04
nBIN43 170.94703 0.04352 18.61 0.31 1.17 16.60 730.58 18411.68
nBIN44 6.95321 -0.19272 18.63 0.87 0.93 14.19 72.74 5619.87
nBIN45 50.83811 0.97248 18.21 0.68 1.18 13.75 86.02 6723.63
nBIN46 33.90968 1.31790 17.36 0.68 0.92 15.70 792.31 16999.11
nBIN47 33.90968 1.31790 17.36 0.68 0.92 16.70 772.78 10453.87
nBIN48 33.90968 1.31790 17.36 0.68 0.92 15.85 562.49 11253.94
nNBIN49 238.90513 6.79960 18.79 0.71 0.96 14.15 116.58 9848.31
nNBIN50 52.89353 -0.86081 18.44 0.50 0.97 13.94 197.47 15683.65
nBIN51 137.91061 8.68861 18.84 0.46 0.97 13.79 169.22 17263.90
nBIN52 147.8607410.1351118.75 0.60 0.99 13.52 93.21 10360.19
NBIN53 170.94703 0.04352 18.61 0.31 1.17 16.93 429.73 9331.15
nNBIN54 170.94703 0.04352 18.61 0.31 1.17 14.87 142.19 7971.13
NBINS5 170.94703 0.04352 18.61 0.31 1.17 16.99 650.23 13719.71
NBIN56 170.94703 0.04352 18.61 0.31 1.17 16.50 101.52 2683.90
NBINS7 143.17445 7.77017 18.95 -0.07 1.22 15.59 333.36 15652.33
nBIN58 6.95321 -0.19272 18.63 0.87 0.93 13.74 72.74 6910.84
NBINS9 143.98204 0.48404 18.24 0.92 1.34 14.89 396.69 18503.12
nBIN6O 50.83811 0.97248 18.21 0.68 1.18 14.17 86.02 5528.68
nBIN61 33.90968 1.31790 17.36 0.68 0.92 16.16 792.31 13754.01
nNBIN62 33.90968 1.31790 17.36 0.68 0.92 15.50 562.49 13241.64
NBIN63 238.90513 6.79960 18.79 0.71 0.96 13.98 116.58 10670.73
nBIN64 137.91061 8.68861 18.84 0.46 0.97 13.77 169.22 17460.28
NBING5 237.53698 5.93561 16.01 0.62 0.98 14.63 834.65 15811.03
NBIN66 170.94703 0.04352 18.61 0.31 1.17 15.58 142.19 5739.07
nNBING67 170.94703 0.04352 18.61 0.31 1.17 16.32 101.52 2906.80
NBING68 143.17445 7.77017 18.95 -0.07 1.22 15.87 333.36 13733.22
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Table 3.13: Proper motion analysisfor followed up candidate WD + UCD binary pairs
from SDSSand UKIDSS

Candidate PM RA PM DEC Baseline PM Pixel PM Pixel CPM ?
UCD (WD) (WD) RA? Motion DEC?  Motion
mas/yr  maslyr yr mas/yr (RA) mas/yr  (DEC)
bBIN1P 9 -80 - -99 - 253 - No
bBIN17 100 -199 1.01 307.7 226 0.69 -54.0 226 0.11 ?
mMBIN32 -117 -205 209 -2795 141 146 21.7 135 0.11 ?
bBIN26 -20 -143 1.02 -406.0 231 1.04 86.6 236 0.22 No
bBIN30 -150 -216 1.08 81.3 221 0.40 -114.2 224 0.49 ?
bBIN29 241 -131 0.70 421.0 333 0.66 108.0 331 1.53 ?
bBIN22 250 -328 2.69 33.1 88 0.19 2.0 85 0.01 No
mBIN33 241 -131 0.80 2145 309 0.38 -59.0 285 0.10 ?
nBIN7 -78 -64 1.08 165.6 219 0.40 486 216 0.11 ?
nBIN16 24 -89 1.70 683 138 0.26 -69.8 135 0.27 ?

Notes - ? Indicates uncertainty, due to high uncertainties and small measuredmotions
a - uncertainties on the proper motion from t to the residualsof the transformation only.
b_ UCD PM measuremeh from Jamesonet al. (2008).

typically at least 100mas/yr if being conserative with the asseiated errors and taking
them at their largest values. This would indicate that these objects, despite two of
them being non-commonproper motion with their paired WD may still be UCDs, as
their sizablemotion is indicative of a closeby object. There may howewer still be some
cortamination from high proper motion halo objects. Spectroscopicfollow-up would be
requiredto con rm theseasUCDs.

3.45 A candidate wide L dwarf companion to a spectroscopic
WD + M dwarf binary

Of the nine candidatesthat were followed-up sewen had spectra in SDSS, v e of which
were agged as WDs, one agged as being unknown and one has a spectra that appears
to shaw that it is an unresohed WD + M dwarf binary. This candidateis the courterpart
to the UCD candidatenBIN7 (from Tables.3.12and 3.13,which is an L dwarf candidate
at a projected separationof 19,500AJ). The SDSSspectrum is shavn in Fig. 3.16,where
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Figure 3.16: SDSSspectra of the WD candidate nBIN7.

the hydrogen Balmer lines of a DA WD are clearly visible at the blue end and features
of a cooler M dwarf, sud asthe VO feature at 7500A , Nal at 8200A and CaH at 7057
can be seenat the red end of the spectrum.

Estimating spectral types of the WD and M dwarf

In orderto establishthe WD and M dwarf cortribution to the spectra, cornvolved spectral
models were constructed. Template WD spectra were taken from the SDSSDR1 WD
spectroscopiccatalogue of Kleinman et al. (2004) and template M dwarf spectra were
taken from Bochanskiet al. (2007), who have co-addedmany spectra of the samespectral
type to create template spectra for MO-LO covering the SDSSwavelength range (3800-
910QA).

The WD and M dwarf spectra were both rebinned to the same dispersion and
wavelengthrange as the original SDSSspectra. The WD and M dwarf componerts were
then individually scaledto the peakofthe ux of the WD and M dwarf, respectively. The
WD was rstly normalisedto the ux peakin the SDSSreferencespectrum at 400074 the
M dwarf spectrum was then scaledto the peak of the ux of the M dwarf componert at
808 in the SDSSreferencespectrum. Both componerts werethen smaothedto the same
resolution as the SDSSreferencespectra and nally conbined together, by adding the
WD and M dwarf componerts. This wasrepeatedfor di erent combinations of DA WD
and UCD (MO0-L0) and overplotted onto the original SDSSspectra for visual comparison.
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The best t to the SDSSspectra was found by visually inspecting the t to the
model spectra. On rst inspection the best t to the WD comesfrom a DA4/5. The
WD + M dwarf spectra for a DA4 and DAS are shown in Figs. 3.17and 3.18. On closer
inspection to the depth and width of the Balmer lines and the depth of the featuresin the
M dwarf combined with the overall t, the best tting spectral conbination is provided
by a DA4 + M4, asshavn in Fig. 3.19.

To verify the spectral type of the M dwarf and ched for any possiblespectroscopic
peculiarities, the model DA4 was deductedfrom the original SDSSspectrum and spectral
ratios covering the wavelength range 3800-9008 were assessedincluding the pseudo-
continuum (PC) ratios from Mart n, Rebolo & Zapatero-Osorio(1996) and Mart n et al.
(1999). The PC ratios usepoints in the spectrum that arelessa ected by molecularopac-
ity that causethe true stellar cortinuum to be suppressedgausinga pseudaortinuum.

The PC1, PC2 and PC3 ratios were usedover this wavelengthrange (3800-910@).
The PC1 ratio (the mean ux in the ranges7030-7050/6525-65507) gave a ratio of
1.406,which correspndsto a spectral type of an M4/5 from table 3 of Mart n, Rebolo
& Zapatero-Osorio(1996). The PC2 ratio (7540-758@/7030-70507) was measuredas
1.677,indicating an M5 type. The PC3 ratio was also assessedyhich is used as the
primary index for spectral typing by Mart n et al. (1999). The ratio (8230-827®&/7540-
758) was measuredas 1.148;indicating an M4 type. This veri es the M4 type that
was initially estimated from the model comparisonwith the corvolved spectra. The M4
spectra with the DA4 model removed is shavn in Fig. 3.20, with the model M4 spectra
overplotted for comparison.

An age estimate for the WD + M4 system

The spectrum of the M4 (with the WD componert removed) can alsobe usedto placea
crude ageestimate on the ageof the system. West et al. (2008) calculatedan age-activity
relation for M dwarfs basedon their H emission.Activity in M dwarfs has beenshownn
to decreasever time and suggestghat it isthuslimited to a nite age(Fleming, Scimitt
& Giampapal995;Gizis, Reid & Hawley 2002). If stars are still active they should shav
prominert H emissionat 6562A . The M dwarf spectra here (showvn in Fig. 3.20), was
comparedto the template spectra of active and non-active M dwarfs from Bochanskiet al.
(2007) and shows no evidenceof H emission. West et al. (2008) calculate an activity
lifetime of 4.5°93 Gyr for an M4 dwarf, which suggeststhat this systemis  3.5Gyr.
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Figure 3.17: Model DA4 WD spectra conbined with MO-LO (top to bottom) spectra(solid
lines) overplotted with the original SDSSspectra (red dotted lines) over the wavelength
range (3800-9100\).
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Figure 3.18: Model DA5 WD spectra combined with MO-LO (top to bottom) spectra(solid
lines) overplotted with the original SDSSspectra (red dotted line) over the wavelength
range (3800-910@\).
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Figure 3.19: Model DA4 WD conbined with an M4 spectra (solid line), overplotted with
the original SDSSspectra (red dotted line) over the wavelength range (3800-910@).
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Figure 3.20: M4 componert of the cornvolved spectra (solid line), createdfrom the original
SDSSspectra - model DA4 spectra, overplotted with the M4 model spectra (red dotted
line).
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Thus if the UCD wide binary candidate is con rmed as so, through proper motion and
spectral analysis,it will have at least an independen minimum ageconstrairt.

3.5 Summary of chapter

This chapter has preserntied the seart for UCD companionsto WDs using archival data
from SuperCOSMOSand 2MASS, including the discovery of the widest separatedUCD

+ WD binary system. Also presened were a large number of candidate UCD + WD sys-
tems from SDSS(DR6) and UKIDSS (DR3). Of these 156 candidate binaries, 10 UCD

componerts have beenfollowed-up with secondepoch imaging to assessheir proper mo-
tion. Three were found to be non-commonand thus not UCD + WD binary systems.
The other seven remain uncertain due to high uncertairties assaiated with their mea-
suremers arising from a conmbination of a short baselineand a small motion of the object.

One of these uncertain systemshoweer has a spectroscopicWD + M4 primary, which

has a minimum age constrairt of 3.5 Gyr, basedon the non-presenceof H in the M

dwarf spectrum and the age-activity relations from West et al. (2008). Thus if this UCD

is con rmed assud it will be add to the complemen of UCDs with known agesand be
ableto provide usefulinformation for trendsin propertieswith age. Further studiesof the

WD will alsoallow an additional veri cation of the ageof the system. Indeedif the WD

provesto have a high mass,it is likely to yield an ageconstrairt to within 10%accuracy
which would make it an ideal bendhmark system.

The other candidates,along with the four systems(UCD5, 6, 7 & 8) remain uncer-
tain from the seart of SuperCOSMOSand 2MASS. All require additional epoch imaging
to properly asses# their motion is commonto their paired WD. Subsequenspectroscoy
of any con rmed common proper motion systemswould also be neededto con rm their
nature as UCDs. The sample howewer looks promising for potentially nding a large
number of UCD companionsto WDs at wide separations.If con rmed thesewill greatly
increasethe number of sud systemsknown aswell as providing usefulage constrairs.
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Chapter 4
Ultraco ol companions to Subgiants

Presented in this chapter is a seart for widely separatedUCD companionsto subgiart
starsin the southernhemispherethrough a NIR imaging survey. The obsenational strat-
egy calibration and analysisis descrikedthat allowsthe selectionof good candidatebinary
systems. In addition, the followup methods, subsequen analysisand the ndings sofar
are summarisedin the following sections.

4.1 A pilot survey of southern Hipparcos subgiants

A pilot survey was carried out to seart for UCD companionsto Hipparcossubgiars via
NIR imaging, usingthe 3.9mAnglo-Australian Telescop (AAT) andthe IRIS2 instrument
(in wide eld imaging mode) over an eight night run in 2005Decenber. The FOV allows
for wide separationsto be probed with relatively short integration times, enabling a
subgiart to be e cien tly imagedin three NIR Iters over approximately 20 minutes per
target.

4.1.1 Selection of subgiants

The subgiart samplewere selectedfrom the Hipparcoscatalogue(Perryman et al. 1997)
and asdescritedin Pin eld et al. (2006), a publication on which | collaborated. Selected
subgiants have well measuredmagnitudes, parallax distancesand a large number have a
constrainedmass,ageand metallicity from Feltzing, Holmberg & Hurley (2001) and from
Nordstrom et al. (2004), who both derive metallicity from Stremgrenphotometry and then
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usestellar ewlution modelsto infer a correspnding age. Subgiarns were selectedbased
on their position ona My againstB V CMD for starswith V < 130andB V > 0:6.
A parallax measuremen constraint was alsoimposedsud that = 4, leading to an
uncertainty in the parallax of 25%. A rangein M, of 2.0-4.5was also chosento avoid
the brightest subgiarts, for which glare may becomeasissuewhentrying to imagefaint,

closely separatedUCD companions,whosesignal may be hidden by the PSF wings of
very bright subgiars, which can extend for seeral arcsec.

The colour cuts werede ned to selectagainstdwarfs and giant stars,asshown by the
selectionboxesin Fig. 4.1, usingsolar metallicity isochronesfrom Girardi et al. (2000)asa
guide. Note that theseisochronesbecomebluer and brighter for lower metallicity and it is
therefore possiblethat somecortamination may arisefrom sub-solarmetallicity giants in
the top right of the selectionregion. To help minimisethis contamination any objects spec-
troscopically agged as giants in the Hipparcosdatabasewere removed from the sample.
Another issueconsideredwas interstellar reddening, that could make it di cult to sep-
arate L dwarfs photometrically from reddenedbadground objects. Therefore subgiarts
in reddenedregionswhere galactic extinction was higher than Ay > 0:3(E; ¢ < 0:05)
(derived from the reddening maps of Burstein & Heiles 1982) were removed from the
sample. Areas of overcrovding were alsoavoided as blendedpoint sourcepro les may be-
comeproblematic when extracting photometry. Theseareasincluded the galactic plane,
LMC, SMC and someareaswherethe nearestneighbouring object was < 10 arcsecaway.
Subgiarts with small proper motions (< 40mas=yr) werealsoremoved, ascon rmation of
UCD companionswill be basedpartially on subsequen proper motion measuremets. If
a subgiart hasa small proper motion it will bedi cult to con rmation a UCD companion
through common proper motion over a short baseline. Finally a distance constrairt of
160pc wasimposed,asL and T dwarfs at distancesgreaterthan this would have apparert
brightnesseghat aretoo faint to be detectedin the exposuretimes that were used. This
set of selectioncriteria gave a target sampleof 918 subgiarts.

4.1.2 Simulated populations

Simulations of the expected number of UCD companionsto subgiaris that could be
discovered with imaging obsenations was preserted in Pineld et al. (2006). This was
basedon a simulated disk population of subgiarts. A Salpeter massfunction wasassumed,
with a birth rate history from Rocha-Pinto et al. (2000) and a disc scale height-age
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Figure 4.1: Subgiant selection. (a) An My againstB V diagram of Hipparcos stars
with V < 130and =  4: (b) Theoreticalisochronesfrom Girardi et al. (2000)for solar
metallicity. Overplotted as boxed areasin both plots is the subgian selectionregion.
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relation from Just (2003). A metallicity distribution was taken from Edvardssonet al.
(1993) and UCD companionswere randomly addedto the simulation around 34% of the
subgiart sample(the wide binary fraction from Pin eld etal. 2006,although uncertairnties
assaiated with this fraction were alsotaken into accour), with separationsuniformally
distributed between1000-5000A). An agedistribution for the UCDs was derived for the
subgiant sampleand a UCD massfunction of a power law where =1 (following Gizis
et al. 2001)was imposed. Lyon group models were usedto derive T, , log g and M,
from UCD massand age, and a J- band magnitude was calculated for the distance of
the subgiarts. This simulated distance-magnitudeand separation-distancedistribution
is showvn in Fig. 4.2 and 4.3, respectively. Also shavn in 4.3 is the glare limit, which
correspnds to the minimum separationthat could be imaged around a star. This was
calculatedfrom the brightnessof the object. The brighter the object the larger the PSF
wings (glare), howewer brighter objects are also generally closerand so separationsof a
few arcsec,correspnd to only a few AU at thesedistances. This e ectively causesthe
two e ects to cancelead other out, creating a nearly vertical glare limit. A photometric
limit of J 20wasalsoimposedon the selectionof simulated UCD companions,sud that
UCD candidatescould be spectroscopicallyfollowed up on an 8m classtelescog. The
simulation predictsthat 803 L and T dwarfswith J 20 might be detectablearound
a sampleof 918 subgiarts within a distance of 160pc, acrossthe whole sky. Note that
this value, obtained from simulations is indicative rather than rigorously quartitativ e.

4.2 The pilot survey

Imaging of a subsetof the samplewas taken during 2005Decentber 05-12on IRIS2/AA T
in the J-, H- and Z- bands. The IRIS2 Z- band is actually very similar to the Yyko
Iter usedby UKIDSS, thus UCD companionswere selectedvia their coloursbasedon
previously descriked (seex2.2.2). Subgiarts for this subsetwereselectedsothat they were
visible at >30 (airmass<2) for at least an hour during the observingtime allocation.
Out of the sampleof 918 subgiarts, 384 were visible from the AAT during the sceduled
observingtime. Targetswere then prioritised accordingto distance, so that the closest
subgiarts were higher priority, alongwith thosethat already had a well constrainedmass,
ageand/or metallicity.

104



200 T T T T T T T T T T T :1 T, T T T :l T T
L BD companion : - .
| magnitudes
____________ _I_______._____.____j::'
150 - : ° ‘' |
- I % :
\g : [ N ] .‘ L
0 I < P
() .
5 | % o8 :"
£ ' ®e 0 |
£ 100 T e ® o | "
- 2MASS limit _, ; . :
5 imi : .. 'Y oo [ ) ° : :
o ! o® BT
g | og * : ] '“"
@ 1 °° o .0..:
a ¥ [ ] o o !
e ® e e &
50 - M. . : oo . “
e o |
| p
L L | IRIS2/LIRIS |
el L4 | _Survey limit
T : ___________ |
0 ! ! ! |||I | ! ! ! | ! ! ! | ! ! !
12 14 16 18 20 22

J mag of BD companions

Figure 4.2: Simulated distance- magnitude distribution of UCD companionsto Hipparcos
subgiarts from Pin eld at al. (2006). Dotted linesshaow the positionsof the M/L, L/T and
T/Y dwarf transition. The dashedlines showv the photometric limits that were employed
to simulate potertial survey and followup limitations. The 2MASS photometric limit is
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detection of faint companions.The other dashedlines indicate the maximum separation
coveredby the IRIS2/AA T and LIRIS/WHT imagers. The dotted linesshow the expected
separationrangefor wide binary systemsto main sequencetars(1000-5000AJ), including
subgiarts. Overplotted as lled circlesare the simulated UCD companions.
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4.2.1 Observing strategy

The observingstrategy adopted was to image around eat of the subgiars by observing
two elds, one to the north of the subgiaris position and one to the south, so that
the subgiart wasjust o the FOV. Obsenations made in this way also allow for wider
separationsaround the subgiart to be seartied. A separationof 1000AU at a distanceof
50-150p correspndsto an angular separationof 7-20arcsec.lIt is estimatedthat 95%
of the potential companionregion around ead subgiart are included when imaging in
this way. The o set amourt (betweenthe edgeof the array and the position of the
subgian) required was determined from the distance of the subgiart. The o set (in the

. . 1, 1000AU =
DEC direction) was calculatedas 231+ 3(gia) arcsec(where 231°°= half the FOV

of IRIS2). The position of the IRIS2 observing eld, with respectto the subgiart is shovn
in Fig. 4.4.

Over the eight night observingperiod 71 subgiars wereimagedin the J-, H-and Z -
bands, using total exposuretimes of 1, 2 and 5 minutes respectively. A v e point dither
pattern was usedwith 12s(J- and H-) and 60s(Z-) exposuresat eat position. The
sensitivity readed using these exposure times, with the observing conditions (average
seeing 1 arcsec)wasJ =19.0to a5 detection limit.

4.2.2 Extraction and calibration of photometry

The imageswere reducedwith the standard ora cdr padkagefor IRIS2, as descriked in
x3.2.1. Photometry was then extracted using the following iraf routines. The daofind
routine was usedto idertify starswithin the imagethat were above a minimum detection
value of 5 above the badkground value, and extendedover a greater areathan the full
width half maximum (FWHM) of faint starsin the imageto avoid selectingcosmicrays.
This was measuredby inspecting individual imagesusing imexamine and taking the
standard deviation of the badkground and measuringthe averageFWHM for fainter stars
in individual images.A saturation limit of 25,000courts was alsoimposedto avoid very
bright, saturated objects in any image.

The processof detecting objects waschedked by overlaying their coordinatesonto the
original imageusingthe tvmark command. The detectionlimit hadto be changedonone
or two occasiondo strike the bestbalancebetweendetection of faint starswhilst avoiding
noisy badkground regions. The phot routine wasthen usedto extract photometry of the
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Figure 4.4: A diagram showing the imaging strategy used. The 7 X 7 arcmin FOV of
IRIS2 was placed to the north and the south of ead target subgiart, and o set in the

DEC direction by an amourt dependert on the subgiart distance (x4.2) (NOT TO
SCALE).
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objects using an aperture size of twice the FWHM (in pixels) and where the measured
photometric uncertainty was <5 for eah Iter. Objectsin all three Iter imageswere
cross matched by their pixel coordinates using the tmatch routine, with a matching
radius of three pixels.

Calibrating with standard stars

To calibrate the photometry, rstly the extracted magnitudeswere normalisedto 1 sec-
ond exposures. This was done by adding a magnitude correction (MC), de ned by the
exposuretime, sud that MC=-2.5log(exposuretime). An airmasscurve wasthen derived
to determine a zero-point (ZP) as a function of the zenith distance. AO standard stars
were obsened throughout the night at di erent airmassesand a ZP was calculated from
the instrumental magnitude (and airmass). The starlink  software gaia was usedto
extract the ux (normalisedto a 1 secondexposure)and corvert it to an instrumental
magnitude, ZP where ZP=-2.5log( ux). The correspnding airmasswas calculated from
the zenith distance (obtained from the ts header)sud that airmasszwlzm. The ZP
wasthen plotted for obsenations at di erent airmassto createan airmasscurve by using
aleastsquarest to the obsened data points. An exampleof this shavn in Fig. 4.5. This

was usedto calculate a correspnding ZP for a said airmass.

An aperture correctionwascalculatedusingthe true magnitude of the standard star,
asmeasuredby the 2MASS sciencearchive. The aperture correction, beingthe di erence
between the true (2MASS) magnitude and the instrumental (IRIS2) magnitude. The
2MASS sciencearchive provides magnitudesin the J- and H - bands. For the Z- band the
knowledgethat AO starshave zerocolourwasusedto assumehe Z - band magnitudeto be
the sameasthe J- band magnitude. In addition the 2MASS magnitudeswere converted
into the MKO lter system(seex2.2.2) usedby IRIS2, which were calculated from the
colour relations of Carperter (2001). For A0 stars(J H=0), this correction was small
(+0.002 mags). The calibrated magnitudeswere then calculated as Mag.,=ZP-Maginst -
Aperture correction. This was repeated for eat of the J-, H- and Z- bands, for eat
night of obsenation.

Calibrating with 2MASS objects

For the nights where no standard star obsenations were made or only one measuremen
was taken, due to bad weather causingshort observingwindows or the early closure of
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Figure 4.5: An airmasscurve for standard star obsenations taken on the rst night of
obsenations (seex4.2.2).

the telesco, 2MASS objectsin the imageswereusedassecondarycalibrators. The large
FOV allowed enoughreferencestars to be identied from 2MASS for the purposesof a
photometric calibration basedon their J H colour. J- and H - band imageswere down-
loadedfrom the 2MASSinfrared data archive for the sameareaof sky asthe obsenations.
The Starlink padageastr om wasthen usedto corvert 2MASS coordinatesinto pixel
coordinates on the IRIS2 image, using a set of 10 stars for reference. The 2MASS
objects were then matched with objects in the IRIS2 image using tmatch in iraf , as
described previously A calibration was determined by corverting 2MASS magnitudes
into IRIS2 magnitudesfor the J- and H- bands and using the di erence in magnitude
(e.9. Jiris2  Jamass), which was calculated by plotting magnitude as a function of
Jiris2. Using a leastsquarest to the data it was possibleto interpolate for fainter ob-
jects visible in the IRIS2 images,that were not presen in the 2MASSimages. For the Z
band, Z, g s2-Jow ass Was usedand plotted againstJ  H@uass). A leastsquarest was
madeto the data points and the di erence in the magnitudeat J H=0 (the equivalert
of an AO star) was calculatedand applied to the instrumental magnitude, alongwith the
small (+0.002) correctionto accour for the di erencesin the lter systems.An example
of the 2MASS calibration plot is shavn in Fig. 4.6.
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Figure4.6: AJ H against magnitude plot shoving the ZP calibration using2MASS
objects for the Z- band for one IRIS2 imaging eld.

Calculating uncertain ties on the magnitudes

The uncertairties assaiated with the calibrated magnitudes were calculated from the
errors on the instrumental magnitude, which were taken from the uncertainties measured
by iraf whenusingthe phot routine, asmeasuredrom the ux andbadkground valuesof
the images. The uncertairties on the ZP weretakenfrom the RMS t of the airmasscurve
and were typically 0.02-0.03mags. Finally the uncertainty in the aperture correction
must also be taken into accourt. This was also taken from the RMS of the aperture
correction t. Thesewere all addedin quadrature to give the nal uncertairties on the
calibrated magnitudes.

4.2.3 Selection of good candidate systems

In order to selectstar-like or point sourceobjects and avoid cortamination from extended
sources(i.e. galaxies)an analysis of the shape of the objects in the imageswas made.
Photometry was extracted for two aperture sizes;using a radius of one pixel, and of twice
the FWHM (in pixels). For extendedsourcesthe di erence in average ux betweenthe
two apertures should be greater than for point sources. This di erence (in magnitude)
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Figure 4.7: A plot of magnitude againstthe di erence in ux betweentwo aperture sizes
in the J- band for objects in one image. Overplotted is the selectionline (dot-dash),
where point like objects were selectedif they lay below this.

was plotted againstinstrumental magnitude for ead band (e.g. Fig. 4.7) and shows that
point and extendedsourceobjects are well separated,although it is noted that there is
somescatter at fainter magnitudes. A selectionline waschosento encompassomeof this
spreadbut alsoremove objects that wereclearly not point sourcelike. Sourcesconsistem
with being star-like are selectedif they lie below this selectionline.

Colour and magnitude selection

Candidate L and T dwarfs were selectedfrom their position on a two colour diagram
and a CMD, basedon previously descrited selectionspreserted in x2.2.2and x3.4, where
M; was calculated from the measuredparallax distance of the subgiart. As the Z- lter
of IRIS2 is similar to that of the Y- band Iter usedon WFCAM/UKIDSS, a similar
two-colour selectionspacewas used, with an expansionto allow for slight di erencesin
the Iter systemsand errors on the colours. The expandedtwo-colour region is shovn
in Fig. 4.8 and overlapswith the colour selectionusedpreviously The colour-magnitude
spaceas preseited in x3.4 was also adopted here and candidate UCDs were selectedif
they met the following photometric criteria.
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L dwarf colour and magnitude selectioncriteria:

05 J H 12,09 z J 20
and
10 M; 150,M; 85J H)+ 70

L/T dwarf colour and magnitude selectioncriteria:

05 J H 1.2,09 Z2 J 1:5
and
J H 125 J) 065andM; 85J H)+7andM; 135

T dwarf colour and magnitude selectioncriteria:

05 (J H) Oandz J 05
J H 125z J) 065andM; 85J H)+7andM; 135
or

0 J H) O05andz J 05
J H 1252 J) 065andM; 85J H)+7andM; 135

Objects from eat eld imagedwere plotted onto a two-colourdiagram and a CMD
and the position of candidate UCDs, with respectto MS stars (the bulk of the objectsin
the image) was inspected. Sourcesthat sat closeto the MS were rejected as they were
deemedlikely cortaminant M dwarfs.

Whilst the selectionand calibration was carried out meticulously there could still
be some sourcesof cortamination. One source may come from cosmetic e ects sut
as crosstalk, or from cortaminant red giant stars, which exhibit similar coloursto L
dwarfs. In orderto minimise this all candidateswere eyeballedin the J-, H- and Z- band
imagesto make sure they were good detections. Objects were also crossmatched with
the SuperCOSMOS sciencearchive data where | - and R- band imageswere inspected
to ched for optical courterparts. The quoted limiting magnitude for detection in the
SuperCOSMOSSSAI bandis 18.5,but objects around a magnitude fainter can still be
seenin the images. Objects with an R- and/or | - band courterpart suchthat I J 3.0
were deemednot consisten with being UCD like, following the optical plus NIR colours
of late M, L and T dwarfs from Hawley et al. (2002). If an object was not detectedin

113



Early/Mid L

Late L/Early T

Late M S B ——

0.5

A-M 1=V

Mid T

0.0

Late T .

-0.5

Tsuji L

Burrows

Lyon—Settl

-1.0 I I I I | I I I I | »“ I I I | "\ I Ly | v"\“"v\

|
o
o
o
o
o
o
o
o
N
o

Figure 4.8: A J H againstY J two-colour diagram, showving the position of main
sequencestars, M, L and T dwarfs, along with the predicted coloursof very cool dwarfs
(Ters < 700K), as descriked in x2.2.2 and x3.4. Overplotted are the IRIS2 L and T
dwarf selectionareafor subgiart companionsas red dashedand blue dot-dashedlines,
respectively.

the archive but wasvisible in the | - or R- band image, it was assumedthat the | - band
magnitudewas185 | 195andthusthel J colourassesseftom this. If there was
no | - and R- band detection then theseremainedgood candidate UCDs.

This selectionyielded 30 candidatesubgiart + UCD wide binary systems,for which
the UCD candidate componerts consistedof 2 L dwarf, 3 L/T and 25 potertial T dwarf
candidates. The details of the potertial systemsare shavn in Fig. 4.9, where L dwarfs
are showvn as red plus signs, L/T candidatesas orange asterisksand T dwarfs as blue
diamonds,and are referencedn Table. 4.1.

4.3 Follow-up Observ ations

A follow-up program was undertaken to con rm the status of the candidate binary pairs
and the nature of the UCD candidate componerts. In order to conrm companions
the approad was taken to measureproper motion. The subgiarts all have accurately
measuredproper motions and taking secondepoch imageswill allow the proper motion of
the UCD candidatesto be calculated. Common proper motion pairs canthen be searded
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Figure 4.9: Left: AJ H againstZ J two-colourdiagram, shoving candidateL dwarfs
(red plus symbols), L/IT candidates(orange asterisks)and T dwarfs (blue diamonds),
overplotted with the selectionregions,as de ned in x4.2.3Right: A M; againstJ H
CMD of L and T dwarf candidates,symbols the sameas plot on the left and overplotted
with the correspnding selectionregions.
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Table 4.1: Candidate subgiart + UCD binary systems.

Name RA DEC Subgiant Distance Sep J- Jar J H Z J My
Hip No pc arcsec
Cand T1 0037 32.08 -37 24 27.04 2944 44.9 4555 17.85 0.09 -0.38 1.24 1459
Cand T2 0037 39.53 -37 20 26.79 2944 44.9 3229 17.27 0.05 0.07 0.66 14.01
Cand T3 0037 42.60 -37 21 10.73 2944 44.9 386.1 17.27 0.06 0.14 0.74 14.01
Cand T4 0159 46.33 -48 40 36.85 9316 76.9 2415 18.38 0.12 -0.02 0.64 13.95
Cand T5 0239 04.66 -09 02 00.67 12350 53.0 3854 17.64 0.07 0.36 0.86 14.02
Cand T6 03 48 45.37 -04 24 45.93 17801 52.7 1159 18.12 0.08 0.26 0.69 1451
Cand T7 0402 02.51 -34 2538.73 18824 52.2 197.1 17.10 0.05 0.15 0.81 1351
Cand T8 04 09 18.53 -07 56 32.58 19431 56.2 379.1 18.30 0.08 -0.06 0.60 14.56
Cand T9 04 0950.92 -07 51 38.84 19431 56.2 190.3 18.05 0.08 0.35 0.83 14.30
Cand L1 04 2809.41 -37 3500.94 20879 82.9 2953 16.94 0.06 0.69 1.14 1235
Cand T10 04 28 26.03 -37 3527.15 20879 82.9 83.2 18.18 0.12 0.07 0.74 13.59
Cand T11 04 28 32.09 -37 39 05.34 20879 82.9 153.4 18.09 0.09 0.21 0.70 13.50
Cand T12 0535 25.31 -27 3514.41 26273 84.0 264.4 18.14 0.09 -0.34 0.62 13.52
Cand T13 05 3556.85 -27 38 23.76 26273 84.0 247.0 18.64 0.11 0.40 0.93 14.02
Cand LT1 053542.16 -27 39 42.74 26273 84.0 150.5 18.90 0.12 0.55 0.91 14.28
Cand L2 0544 07.07 -19 43 02.53 27014 79.9 369.5 17.48 0.08 0.72 0.90 12.97
Cand T14 06 39 41.39 -48 38 12.88 31895 87.4 457.7 18.26 0.09 -0.18 0.70 13.56
Cand T15 07 17 17.24 -40 3559.85 35279 63.7 205.0 17.65 0.07 0.43 1.05 13.63
Cand T16 08 3857.23 -22 43 16.20 42430 19.9 265.3 17.30 0.06 0.07 0.62 15.81
Cand LT2 08 3858.62 -22 37 10.95 42430 19.9 2104 17.75 0.08 0.58 1.09 16.26
Cand T17 0839 10.37 -22 4551.03 42430 19.9 366.1 17.69 0.09 0.13 0.83 16.20
Cand T18 09 06 32.40 -02 3512.22 44696 78.1 61.0 18.08 0.09 0.39 0.92 13.61
Cand T19 09 06 41.65 -02 29 07.74 44696 78.1 448.1 18.03 0.10 0.21 0.87 13.57
Cand T20 09 16 20.58 -30 04 33.00 45514 83.8 256.7 18.41 0.10 0.27 0.76 13.79
Cand T21 09 16 36.90 -30 03 44.24 45514 83.8 260.1 18.17 0.08 0.20 1.41 13.56
Cand T22 09 27 48.24 -05 58 46.75 46404 31.2 329.5 18.26 0.07 -0.03 0.46 15.79
Cand LT3 09 28 00.02 -06 10 56.39 46404 31.2 446.2 18.26 0.09 051 1.06 15.79
Cand T23 09 48 34.82 -26 28 08.43 48125 38.8 230.8 18.60 0.10 0.02 0.57 15.66
Cand T24 105558.40 -35 10 52.23 53437 54.7 249.9 17.82 0.09 0.28 0.77 14.13
Cand T25 1056 13.63 -35 08 16.20 53437 54.7 306.7 17.51 0.09 0.44 129 13.82

Notes: Name- Indicates

the estimated type of UCD (L, L/IT or T).
M, is estimated from the distance of the subgiant.
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for, in the sameway as2MASSJ0030 3739and 2MASSJ0030 3740werecon rmed as
aWD + M9 wide binary system(seex3.3). For the T dwarf candidatesthe follow-up was
performedwith methane Iters, to assesshe strength of any methaneabsorption, which
would indicate a T dwarf.

4.3.1 Second epoch imaging

L and early T dwarf candidateswere followed-up with secondepoch imaging using WF-
CAM on UKIRT, EMMI onthe New Tednology Telescog (NTT) and with IRIS2 onthe
AAT.

WF CAM

Obsenations of Cand T9 and Cand T5 were taken using WFCAM/UKIR T (described
in x3.2.1). Cand T9 wasimagedfor a total integration time of 75 secondscomposedof
three cyclesof v e secondexposuresusinga Vv e point jitter pattern and Cand T5 for 50
secondq10 secondindividual exposures)in the J- band on 2007 Septeniber 24.

The imageswere reduced and calibrated using the WFCAM/UKIDSS standard
pipeline (Irwin et al. 2008) and proper motions were calculated as descrited in x3.2.1.
Cand T5 is a potertial T dwarf companionto the subgiart Hip12350,which hasa proper
motion of 277.8 mas/yr (PMRA: 272.9mas/yr, PMDEC: -51.8 mas/yr). Using 18 ref-
erencestars over a baselineof 1.78yr the proper motion measuredfor Cand T5 was
217 111maslyr, wherethe quotederrorsarefrom the residualsof the coordinate transfor-
mation and from certroiding errors, which wereconsenratively takenas0.5 pixels. At rst
glancethe motion seemscommon, however whenthe direction of motion is analysedinto
the RA and DEC componerts (PMRA: -168 141mas/yr and PMDEC: 137. 153mas/yr)
which shaved the pair do not sharea commonproper motion, even when taking into ac-
court their large uncertainties, thus this systemis rejectedas a real binary system.

CandT?9, is pairedwith subgiart Hip19431(PM: 107.2mas/yr, PMRA: 34.5 masl/yr,
PMDEC: 101.5masl/yr), using 19 referencestars over the samebaselineasT5, the proper
motion measuredvas118.7mas/yr (PMRA: -109 142mas/yr, PMDEC: -45 139masl/yr),
which shonved the motion appearednot to be common. However asthe movemert is small
and the baselineshort soit was not ruled out asa candidate systemat this time.
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EMMI

The red arm optical Iter on the wide eld imager of EMMI, housedon the 3.6m New
Tednology Telescoe (NTT) locatedin La Silla, Chile wasusedto imageCand L1, Cand
T6, Cand T10, Cand T1, Cand T12 and Cand T13 in the | - band during 2007Novenber
16-18. Exposuretimes of 900secondqa conbination of 3 x 300secondintegrations) were
taken for ead candidate.

Basicdata reduction, including the badkground, dark and bias subtraction weredone
by Dr Ben Burningham. The individual (300second)imageswerethen croppedto remove
most of the vignetting pattern on the the chip. Cropping was done using the Starlink
figar o routine isubset to selectthe fully illuminated part of the image. The set of
three imageswere then lined up using ccdp ack . Firstly the pairndf routine was used
to interactively overlay oneimageon top of another via the drag and drop® facility, where
bright starsin the imageswere usedas a positioning reference. This allows the o set of
eat imageto be calculated using the register routine, which createsa transformation
function to determine any shift, rotation or magni cation in the images,with respect to
eat other. The imageswere then transformedto the samescale,orientation and o set
usingtranndf and nally median combined using makemos.

EMMI hasa FOV of 9.1°x 9.9, with a pixel scaleof 0.1665arcsec/pixel. Proper
motions were calculated as previously descriked, transforming from the IRIS2/AAT co-
ordinate systeminto the EMMI/NTT systemand vice versato verify the proper motions
over the baselineof 1.92 yr, using an averageof 18 referencestars. The proper motion
measuremets of all six candidatesare shovn in Table.4.2. All but oneof the candidates
(Cand T13) had high assaiated residualsand a short baseline,leaving high uncertainties
on thesemeasuremets. For Cand T13 the motion, even consideringthe large asseiated
uncertainties appearsnot to be common when assessinghe direction and high proper
motion of the possiblesubgiart companions.

IRIS2

Cand LT2 and Cand LT3 were imaged in the J- band using IRIS2/AAT during 2008
February 20-24in seeingof 1.5-2.0arcsec. The data were reduced using the standard
ora cdr pipelinefor IRIS2 and their proper motions calculated as previously described.
19 and 23 referencestars respectively were usedto derive transformations over a baseline
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Table 4.2: Proper motion measuremets of candidateL and early T dwarfs.

Candidate SG PM SGPM 2nd epoch Baseline UCD PM?2 UCD PM 2 CPM?

RA DEC instrument yr RA DEC
CandT5 2729 -51.8 WFCAM 1.78 -168 141 137 153 No
Cand T9 345 1015 WFCAM 1.78 -109 142 -45 139 7
Cand T10 51.6 -117.0 EMMI 1.92 18 130 28 125 *?
Cand L1 54.6 -117.0 EMMI 1.92 -92 127 2 123 ?
Cand T6 42.2 -20.6 EMMI 1.92 -37 120 -36 120 ?
Cand T11 51.6 -117.0 EMMI 1.92 37 119 22 127 7
Cand T13 235 -217.9 EMMI 1.92 -94 121 148 122 No
Cand T12 235 -217.9 EMMI 1.92 -52 122 -64 124 ?
Cand LT2 -268.3 424.1 IRIS2 2.2 -37 106 -1 104 No
Cand LT3 -232.8 -65.2 IRIS2 2.2 -15 107 -19 106 No

Notes: SG - Subgiart.
? Indicates uncertainty, due to large errors and small measuredmotions
a - uncertainties on the proper motion from t to the residualsof the transformation.

of 2.2yr. Cand LT2 had a measuredproper motion of PMRA: -37 120 mas/yr and
PMDEC: -1 104 masl/yr, which is consisten with a zero motion and not consistem
with the proper motion of its possiblesubgiart companionHip42430,which hasa sizable
measuredproper motion of PMRA: -268.3.8mas/yr and PMDEC: 424.1mas/yr. Cand
LT3 alsohasasmallmotion of PMRA: -15 107mas/yr, PMDEC: -19 106mas/yr, which
is much smallerthan the motion measuredor its possiblesubgiart companion(Hip46404,
which hasa proper motion of PMRA: -232.8mas/yr and PMDEC: -65.2masl/yr). These
two candidateswere considerednon-commonproper motion objects and thus not binary
systems.

The proper motion of all candidatesfollowed-up are summarisedin Table. 4.2.

4.3.2 Methane imaging

The T dwarf spectral type is de ned (and classi ed) by the presenceof strong methane
absorption in their spectra. This showvs up strongly in the NIR and is most prevalert
in the H- band over the wavelength range 1.5-1.8 m. The strength of the methane
absorption becomesstronger with later spectral type (Burgasseret al. 2003a). The
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Figure 4.10: Plot from Tinney et al. (2005) shaving the position of the methane lters;

CHy4s and CHyl as dashedgreen and blue lines respectively, with comparisonto the
H - band of IRIS2 (dotted line). Also overplotted are the spectra from an L7 and a T5
dwarf (red solid lines, normalisedfor clarity) from Burgasseret al. (2004) and Leggett et

al. (2001).

strong methaneabsorptionis uniqueto T dwarfs and thus senesasatool to distinguish
them from other stars. Dierential imaging in and out of the methane absorption was
chosenfor this reason,to test if the T dwarf candidateswere geruine T dwarfs. A set
of Iters basedon the position of the main methane feature in the H- band were used,
following the method of Tinney et al. (2005). The two Iters usedare CH4s certred on
1.57 m, wherethere is no methane absorption and CHyl, certred on 1.69 m wherethe
methane absorption is strong. The position of the Iters, with respect to the H- band

Iter of IRIS2 and the spectra of a mid T and a late L dwarf are shovn in Fig. 4.10.

The di erence in ux betweenthe two lters i.e. the CH;s CHyl colour are measured

and comparedto the that for main-sequencestars and known T dwarfs. Mid to late T

dwarfshave CH;s CHyl < 0:5, whereasmain-sequencestars have neutral colours. The

CHy4s CHyl colour for main-sequencestarsand L and T dwarfs are shown in Fig. 4.11.
Also seenis a slight reddeningof the methanecolour for late M and L dwarfs and a sharp

blue-ward turn for mid T dwarfs.
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Figure 4.11: A CH4s CHyl colour against spectral type plot from Tinney et al. (2005).
Showing the position of main-sequencestarsand T dwarfs.

Obsenations of Cand T10, T11, T12, T14, T18, T19, T20, T22, T24 and T25
were taken on 2008 February 20-24, with IRIS2/AAT; the observing conditions were
reasonablewherethe seeingwastypically 1 arcsec. Integrations of 30 minutes in eat
of the CHys and CHyl Iters were taken for targets with 170 < H < 180 and 60
minutes for targets with 180 H 185. As with previous obsenations a v e point
jitter pattern wasused. The imageswere reducedusing the ora cdr pipeline (descriked
previously). Photometry wasextracted, calibrated andthe CH,4s CHyl colour calculated
using a custom built perl pipeline written by Chris Tinney and descrited in Tinney
et al. (2005). Firstly objects in the reducedimageswere extracted using the st arlink
padkagesextra ctor , and J-, H- and K - band photometry for objects cortained in the
image areawere downloadedfrom the 2MASS infrared sciencearchive. Thesewere cross
matched with objectsin the imageand usedto calibrate CHss CHyl from standard A,
F and G stars over the colourrange-0.05< (J H)<0.5and0.6< (J H) <1.1,where
uncertainties in 2MASS magnitudeswere <0.1. Derived relation for CHss CHyl with
J H from Tinney et al. (2005) were usedto calculatea CHss CHyl zeropoint based
ontheir J H colour. The CH4s CHyl colour for all objects from the imagewerethen
plotted as a function of spectral type.
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T dwarfs should have coloursCH4s CHyl < 0:2 (Tinney et al. 2005), howewer
there is a large amournt of scatter for magnitudes fainter than CH,s > 180, as can
be seenin Fig. 4.12. Thus a con dent detection of a T dwarf should exhibit colours
CH4s CHyl < 0:2 and sit outside of the region of scatter. Cand T18, Cand T19,
Cand T24 and Cand T25 all shoved CH,s CHy4l > 0:1, which is consisteh with the
coloursof main-sequencestars. The di erential methaneimaging (CH4ss CHyl against
CH,s) colour-magnitude diagram for Cand T18 is shavn in Fig. 4.12, as an example.
Overplotted are other objects in the image for comparison, where it can be seenthat
the candidate is likely a contaminant main-sequenceobject and is thus considerednot
to be a T dwarf. Additionally in the FOV of Cand T18, two objects shoved extreme
CHy4s CHyl colours(<-0.5) and would be typedasT7 and T8 by the pipeline. Howewer
on closerinspection of the imagesone of these objects sits in an areaa ected by cross
talk and the other at the samelocation as a bad pixel in the CH4s image. Their colours
were thus deemedunreliable.

Solutionswere not possiblefor Cand T10, T11, T12 and T20, due to oneor more of
the following factors; the target could not be resolved dueto an insu cien t signal-to-noise
or the imageswere a ected by cloud causingdi raction rings, thus creating an unewen
badground level that made it impossibleto extract reliable photometry. The T dwarf
candidatein theseimageswasvisually inspectedto seeif a noticeablechangein brightness
in the CH4s band comparedwith the CH 4l could be seen,ndicating the presencef strong
methane,however noneof the candidatesshaved a corvincing di erence in brightnessand
are consideredikely not to be T dwarfs, but cannot be ruled out by this crude estimation.

There weretwo objects, Cand T14 and Cand T22, that weretypedasearly T dwarfs,
T0.9 1.4andT0.5 1.5respectively. While their CHss CHyl colours(-0.01 0.07and -
0.01 0.14)arenot corvincingly strong detectionsof methane(comparedto main-sequence
stars) they can not be ruled out with this data, sincetheir colourslie in the range0:1 <
CH4s CHyl < 0:2 and might yet be shovn to be T dwarfs. It is likely that they are
not T dwarfs but require additional follow-up to con rm their nature.
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Figure4.12: A CH4s CHyl againstCH4s CMD for Cand T18 (indicated with an arrow),
and an estimated spectral type that the program calculatesbasedon the CH;s CHyl
versesspectral type relation from Tinney et al. (2005) (shown in the insert at the bottom
right of the gure). Also showvn areall other starsin the 7.7°x 7. FOV imagedby IRIS2,
providing a comparisonto the position of the main-sequenceTwo objects with %extremé
CH4s CHyl coloursare alsoshovn as squares(seex4.3.2).
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4.4 Discussion

Of the 30 subgiart + UCD candidate binary systemsfrom this pilot survey, ten were
followed-up with secondepoch imaging. Four of the ten systemswere rejected as non
commonproper motion binariesand six remain uncertain due to small motions and large
assaiated uncertainties on those motions (on average 120mas/yr). What is neededin
orderto better evaluate their binary nature is an additional epoch, over alongerbaselineor
with a smaller spatial resolution and higher signal-to-noisemeasuremen Ten candidate
systemswere alsofollowed-upwith methaneimaging. Four of thesewerecon rmed asnot
being T dwarfs and were rejected as subgiart + T dwarf binary systemsand six remain
uncertain due to low signal-to-noisedata. For these six additional methane imaging
or spectral follow-up on an 8m classtelesco is required to determine if they are real
subgiant + UCD binary systems.

There are two candidatesthat, despitetheir non-commonproper motion status still
shaved a potertially signi cant motion (Cand T5 and Cand T13). If their motion is real
(or is of low signi cancewhencomparedto the largel uncertainties), then they areeither
closeby T dwarfs or background M dwarfs (with scatteredcolours)with a spacevelocity
of 200km/s. It is likely howewer, that the latter is the case.The expectednumber of eld
T dwarfs (not binary companions)in the IRIS2 survey areawas assessedsing iderti ed
mid-late T dwarfs ( T4) from the UKIDSS LAS DR1 and DR2 coverage.Pin eld et al.
(2008) analysedthe number of T4 dwarfs in the UKIDSS LAS DR2 coverage, which
is e ectively completedown to J 19. This was comparedto the subgiart survey area,
which probesout to similar magnitude limits. They nd 17 4 mid-late T dwarfsin the
280 degreé coverageof UKIDSS DR2. This suggeststhat a T dwarf should be found
in every 16.5%5 degreé of sky. The sky coveragefor eah subgiart was calculated as
0.0335degreé (15.73x 7.7 arcmin around ead subgiart), thus for the pilot survey of 71
subgiarts this equatesto 2.4 degreé of sky. One would thereforeexpectto nd 0.15%53

T4 eld dwarfs in the sky coverageof the pilot survey. This suggeststhat a eld T
dwarf should only be found oncefor every 490 subgiarts imaged. Thus the chance of
nding a mid-late T dwarf that is not a companionin the imaging survey is very small,
Cand T5 and Cand T13 are hencemore likely to be badground objects.

The remainingten candidateswereunableto be followed-up dueto their obsenabil-
ity during the follow-up time awarded. The best candidateis T1, which hasthe bluest
J H colourandthe reddestZ J colour of the sample. This object hasbeenprioritised
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for near future methane and secondepoch imaging. A table summerisingthe results of
the follow-up program are shavn in Table. 4.3.

The number of subgiarts with UCD companionspredicted by Pin eld et al. (2006)
over the wholesky is 802, systems. Evaluating the cleansampleof 918subgiarts suggests
that onein eleven should have a UCD companion. For the 71 subgiaris obsened during
this pilot survey, which represets 7% of the total sample, the Pineld et al. (2006)
simulations, suggestthat six systemscould be found. As a large number of the candidate
systems(22 out of the 30) are uncertain it is not possibleto support nor con rm the
simulated predictions, but it seemdikely that seeral of the remaining candidatescould
prove to be geruine in the future.
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Table 4.3: The status of UCD candidates(con rmed or not).

Candidate Followup Con rmation
type of UCD?

Cand T1 No ?
Cand T2 No ?
Cand T3 No ?
Cand T4 No ?
CandT5 PM No
Cand T6 PM ?
Cand T7 No ?
Cand T8 No ?
Cand T9 PM ?
Cand L1 PM ?
Cand T10 Met Imaging/PM  ?
Cand T11 Met Imaging/PM  ?
Cand T12 Met Imaging/PM  ?
Cand T13 PM No
Cand LT1 No ?
Cand L2 No ?
Cand T14 Met Imaging ?
Cand T15 No ?
Cand T16 No ?
CandLT2 PM No
Cand T17 No ?
Cand T18 Met Imaging No
Cand T19 Met Imaging No
Cand T20 Met Imaging ?
Cand T21 No ?
Cand T22 Met Imaging ?
Cand LT3 PM No
Cand T23 No ?
Cand T24 Met Imaging No
Cand T25 Met Imaging No

Notes - ? Indicates uncertainty,
due to a non measuremen or large
uncertainties on the measuremets.
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Chapter 5

Ultraco ol companions to
main-segquence stars

A seart for UCD companionsto main-sequencestars was carried out and presened in
Pin eld et al. (2006). Two of thesenew systemsidenti ed were subsequetly followed-up
with spectroscoly to con rm the nature of the UCD componert here,and con rm their
usefulnessaas bendimark objects. Section5.1 summariseghe selectionof commonproper
motion binary systemsfrom Pin eld et al. (2006) (in which | collaborated), and sections
5.2-5.4presen the new spectroscopicanalysisof two of the candidates.

5.1 Selection of Hipparcos main-sequence + UCD

wide binary systems

Main-sequencestars within 50pc were selectedfrom the Hipparcos catalogue covering
areasacrossthe whole sky, omitting the galactic plane (jlj < 30). They include starsin
the range 0<My <10 and -1.4<V<13.25for early A to early M spectral types, totalling
to a sampleof 40,000Hipparcos stars. These stars were then crossmatched with the
2MASSinfrared data archive and UCD companionswere searted for usinga coneseart
with a radius equal to a separation of 5000 AU, at the parallax distancesof the stars,
out to a maximum of 300 arcsecseparation (the Gator seart limit). The seard is
thus incomplete (out to separationsof 5,000AU) for distances< 16.67pc. Colour and
magnitude constrairts were alsoimposed,selectingUCD candidatesif they hadJ K
11, J 16:1 and where either no optical courterpart exists in the USNO catalogue
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(where 2MASS can crossreferencethe USNO data) or if the optical constraint yielded
R K 55 (asdescrikedin x2.2.1). Objects werethen visually inspectedin imagesfrom
2MASS, SuperCOSMOS(I - and R- bands) and SDSS(DR4) where available, to ensure
there was no cortamination from image artifacts.

An absolute magnitude (M ;) was calculated for the candidate UCDs by assuming
they are at the samedistance as their paired Hipparcosprimary. This was usedto plot
candidatesonaJ H againstM; CMD, wherea selectionregionwasde ned usingknown
L dwarfs as descrited in x3.2. Sixteencandidate systemswereidenti ed in this way and
areshavnin Table.5.1andFig. 5.1as lled circles. Five of thesewerepreviouslyidenti ed
by Kirkpatric k et al. (2001)and Wilson et al. (2001)(Cand 3, 4,5, 12and 14) and arealso
shavn as overplotted circleson Fig. 5.1. For the remaining candidates, v e have SDSS
measuremets (Cand 2, 6, 8, 9 and 10), and Cand 13 and Cand 16 have SuperCOSMOS
measuremets. All shoved coloursconsistem with L dwarfs whencomparedto the colours
presened in Fan et al. (2001) and Hawley et al. (2002).

Proper motions were calculated where possibleby measuringthe motion between
the 2MASS rst epoch and SDSSor SuperCOSMOS secondepoch images. For one of
the candidate systems(Cand 2) the baselinewasonly 0.27yr, which is too short for an
accurate proper motion to be calculated. Cands 8, 10, 13 and 16 howewer have longer
baselinef2.0,6.1,5.7and 14.9yr, respectively sotheir motionsweremeasurable.Proper
motions were thus calculated using the geomap and geoxytran routines in iraf , as
previously described in x3.2.1using an averageof 10-15referencestars. Residualsof the
transformations were typically 0.2-0.3 arcsecand certroiding accuracieswere typically

0.1-0.3arcsec. Proper motions were derived using the full range of epochs available
(rst epoch J-, H- and K - band and secondepoch r-, i- and z- bands), giving an overall
uncertainty of 0.2-0.4arcsec. The correspnding proper motions are shavn on a vector
point diagram in Fig. 5.2. Cand 8, which has a relatively short baseline(2yr) haslarge
asseiated uncertainties, however Cands 10, 13 and 16 shav a consisteth motion with
their primaries and werethus identied ascommonproper motion binary systems.
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Figure 5.1: Top: M; against] K CMD for candidateL dwarf companionsto Hipparcos
stars, where M is estimated using the distance of the Hipparcos primary star. Bottom:

A distance- separationplot for the candidate main sequencet+ L dwarf binary systems.
Filled circles are objects that passthe photometric criteria de ned for L dwarfs as de-
scribed in x5.1. Overplotted with circlesand diamondsare previously con rmed systems
and systemswith a measuredcommon proper motion, respectively. Also overplotted is
the L dwarf separationrange 1000-5000AU (dashedlines).
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Table 5.1: Widely separatedmain sequence+ L dwarf candidate systems.

Cand Primary Primary L cand 2MASS ID J J K My D Sep
name SpT pc AU
Cand1l Gl 87 M1.5 2MASS J02124236+034100414.70 0.03 1.32 14.62 10.4 5000

Cand2 HD 74150 KOIlI-IV ~ 2MASS J08444996+553212114.70 0.04 1.21 11.5542.7 865
Cand 3 GI 337AB  G9V/G9V 2MASS J09121469+145939615.51 0.08 1.47 13.9520.5 946
Cand 4 HD 89744 F7IV-V 2MASS J10221489+411426614.90 0.04 1.29 11.95 39.0 2409

Cand 5 Gl 417 Gov 2MASS J11122567+354813114.58 0.03 1.86 12.90 21.7 1997
Cand 6 HD 102124 A4V 2MASS J11451802+0814414 15.47? 1.45 12.65 36.6 1842
Cand 7 HD 107323 K2IlI-lV  2MASS J12201925+263627815.83 0.16 1.28 12.42 48.1 2102
Cand 8 HD 116012 K2V 2MASS J13204427+040904515.25 0.05 1.62 12.82 30.5 2069
Cand9 Gl 512.1 G5V 2MASS J13282546+134602315.84 0.16 1.48 14.5518.1 848
Cand 10 HD 120008 F5 2MASS J13460815+305503815.46 0.06 1.25 12.20 44.9 4691
Cand 11 GI 527A2 F6IV 2MASS J13471545+172642615.94 0.20 1.61 14.97 15.6 664
Cand 12 GI 584AB GOV/G3V 2MASS J15232263+301456216.06 0.10 1.71 14.71 18.6 3635
Cand 13 GI 605 MO 2MASS J15575569+591423214.32 0.03 1.20 11.76 32.5 3871
Cand 14 Gl 618.2 MOV 2MASS J16202614-041631515.28 0.05 1.69 12.88 30.3 1027

Cand 15 GI 694.1A F5IV-V 2MASS J17420515+7208002 15.73 1.54 14.01 22.0 1558
Cand 16 HD 216405 K1/K2V 2MASS J22530539-375133515.93 0.08 1.23 12.55 47.4 4950

a\V/ariable star. PSpectroscopicbinary. °Double/multiple star.
?. 95% con dence upper limit.
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Figure 5.2: A vector point diagram of the four candidate main-sequence- L dwarf com-
mon proper motion systems. The primary (Hipparcos) starsareshown as lled circlesand
the L dwarf candidatesare shavn as lled squares.Cand 8, with its large uncertarties is
plotted as open symbols. Each pair are joined with a line for clarity.

5.2 Spectroscopic follo w-up observations

Spectraweretaken of Cand 10and 13with the Long-slit Intermediate ResolutionInfrared
Spectrograph (LIRIS) on the 4.2m William Hersdel Telescoe (WHT), part of the Isaac
Newton Group of telescos on La Palma during 2006 January 18-19. The wavelength
range of 0.9-2.3 m was measured,which coversthe Z- to K- bands, howewer it is split
into two ranges, correspnding to the ZJ (0.9-1.5 m) and HK (1.4-2.4 m) grisms. For
Cand 13 a total exposuretime of 10 minutesin ZJ and 40 minutes in HK were obtained
by nodding along the slit in an \ABBA" pattern. Cand 10 was obsened with the HK
grism only with a total exposuretime of 30 minutes.

5.2.1 Reduction and extraction of data

The spectra werereducedand extracted in the sameway asdescrikedin x3.3.1,including
at elding, usingdome ats and the removal of bad pixels. The A and B position data
weremedianconbinedto createa singleA and B pair and weredi erenced to createa pos-
itive (A-B) and negative (B-A) spectrum. They were extracted using the apall routine
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Figure 5.3: The ZJ spectrum of Cand 13.

in iraf and wavelength calibrated using a Xenonarc lamp for the ZJ spectra, and both a
Xenonand Argon lamp for the HK spectrum. The referencewavelength of the featuresin
eat spectrum weretaken from the LIRIS/WHT web pages(www.iac.es/prgect/LIRIS).
The spectrawere ux calibrated usingan FOV star for Cand 13and an F2V star for Cand
10. The ux standard spectra were normalisedto 1 and divided into the spectrum,
which was then multiplied by a smaoothed blackbody spectrum with the sametempera-
ture asthe ux standard (7020K and 6750K for an FOV and an F2V, respectively). The
positive and negative extracted and calibrated spectra were then median conbined. The
resulting spectra for Cand 13 are shawvn in Figs. 5.3 and 5.4 and Cand 10in Fig. 5.5.
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Figure 5.5: The HK spectrum of Cand 10.
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5.3 Spectral classications

The spectral type of Cand 10 and 13 were calculated using spectral ratios, equivalent
widths of the Kl lines (in ZJ) and by comparisonto template spectra of late M and early
L dwarfs.

53.1 Cand 13
Spectral ratios

Cand 13 has full spectral coveragefrom 0.9 to 2.3 m and was analysedusing spectral
ratios available from the literature covering this wavelengthrange. For the ZJ spectrathe
J-FeHand H,O, ratios from McLeanet al. (2003),the FeH and H,Ol ratios from Slesnig,
Hillenbrand & Carpenter (2004) and the H,OA ratio from Reid et al. (2001a)were used
to calculatea spectral type for Cand 13in the rangeM8-L2. In the HK spectrathe H,OB
and H,OD ratios from McLean et al. (2003) and Reid et al. (2001a)were consideredas
well asthe H,O2 ratio from Slesni&, Hillenbrand & Carperter (2004). Theseratios are
alsoconsisten with the spectral type rangeindicated by the ZJ spectra. The parameters
of eat of the ratios used,including their wavelength, bandwidth, their calculatedvalues
and correspnding spectral typesare shovn in Table. 5.2 and indicate a spectral type of
LO 2.

Equiv alent widths

Equivalent widths of the Kl linesin the ZJ band were calculated as descriked in x3.3.1,
wherethe fea ture programin idl wasusedto interactively determinethe width of the
feature by selectingpoints in the pseuda@ortinuum at either sideof the Kl line alongwith
the maximum depth of the feature. This method wasrepeated 30times for ead line, by
measuringthe width at di erent points along the cortinuum. The equivalert width was
calculated from the median value of the measuremets and the error from the standard
deviation. For Kl lines at 1.168,1.177,1.243and 1.254 m these were calculated and
comparedto the relation betweenequivalert width and spectral type from McLean et al.
(2003). For the Kl featuresat 1.168,1.177and 1.254 m thesewere all consistem with a
spectral type of M8/9 and the width of the KI feature at 1.243 m is consistem with an
MO/LO type. The measuremets, standard deviation and correspnding spectral type for
ead line are shavn in Table.5.3.
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Table 5.2: Spectral ratios for Cand 13

Spectral feature Ratio Reference  Bandwidth Value SpT
m

J-FeH 1.200/1.185 MclLean ©3 0.004 0.865 M8-L2
H,0n 1.343/1.313 MclLean ©3 0.004 0.685 LO 0.6
FeH 1.200/1.230 Slesnik V4 0.013 0.854 M9.3 0.6
H,O, 1.340/1.300 Slesnik 04 0.010 0.703 M8.8 1
H,OA 1.340/1.290 Reid D1 0.004 0.698 LO 1
H,OB 1.456/1.570 McLean 03 0.004 0.732 M9
H,OC 1.788/1.722 MclLean ©3 0.004 0.659 L2.9 1.8
H,OD 1.964/2.075 McLean 03 0.004 1.020 M9 0.8
H,OB 1.480/1.600 Reid D1 0.020 0782 L12 1
H,OD 2.000/2.160 Reid D1 0.020 0.830 M8/9
H,02 2.040/2.150 Slesnik D4 0.010 0.883 LO 0.5

Table 5.3: Equivalent widths for Cand 13

Equivalent width Median Standard  SpT
wavelength value deviation
1.168 4.747 0.668 M8/9
1.177 7.438 0.949 M8/9
1.234 7.025 1.680 M9/LO
1.254 5.254 1.646 M8/9
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Comparison to template spectra

Template spectra of late M and early L dwarfs were usedas a visual comparisonto the
spectra of Cand 13 in the ZJ and HK spectra. Template spectra of an M7 (VB8), M8
(VB10), M9 (LHS2924),L0.5 (2MASSJ0746),L1 (2MASSJ1439)and L2 (KELU 1) were
obtained from the Infrared Telescop Facility SpeX spectral library (http://irtfw eb.ifa.
hawaii.edu/ spex/WebLibrary/) from Cushing, Rayner & Vacca(2005). The template
spectra were broadenedto the instrumental resolution of the obsened spectra and re-
binned to the samedispersion. Finally the spectra were normalisedto 1 at 1.26 m
in ZJ and at 1.64 m in HK. The spectra were then overplotted for direct comparison.
The ZJ spectrais plotted in Fig. 5.6 and the best t comesfrom an M8/M9. The HK

spectra (shown in Fig. 5.7)isbest t by an M9/LO type, both of which are consisten with

the spectral ratio and equivalert width measuremets. In addition M; was calculatedas
M;=11.76 from the distance of the primary star, which is in agreemeh with a spectral
type of M9/LO type (using the spectral type-M; relation from Dahn et al. 2002)and is
alsoconsistem with the spectral typescalculatedfrom the other methods consideredhere.
Thus the estimated spectral type for Cand 13 or Gl 605B (asis herecon rmed) is LO 2.

53.2 Cand 10

Spectral ratios

The wavelength range covered for Cand 10 is only 1.4-2.3 m (HK). The spectral ratios
usedto estimate Cand 13in this rangewerealsousedhere. The H,O ratios from McLean
et al. (2003) were calculated as 0.677for the H,OB ratio, indicating an L4 type. H,OC
gave a ratio of 0.605and a correspnding spectral type of L5 and H,OD givesa ratio of
1.021,suggestingan M8 0.8type. The H,OB and H,OD ratios from Reid et al. (2001a)
were calculatedas 0.865and 0.934with spectral typesM9 1 and M8, respectively. The
nal spectral ratio consideredthe H,O2 from Slesni&, Hillenbrand & Carpenter (2004),
gave a ratio of 0.887which correspndsto an LO 0.5type. All the estimated spectral
ratios of Cand 10 are shavn in Table.5.4.
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Figure 5.6: The ZJ spectrum of Cand 13 (Black), overplotted (in red) by template spectra
(from top to bottom) of an M7, M8, M9, L0.5, L1 and L2 type from Cushing, Rayner &
Vacca(2005).
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Figure 5.7: The HK spectrum of Cand 13 (Black), overplotted (in red) by template spectra

(from top to bottom) of an M7, M8, M9, L0.5, L1 and L2 type from Cushing, Rayner &
Vacca(2005).
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Table 5.4: Spectral ratios for Cand 10

Spectral feature Ratio Reference  Bandwidth Value SpT
m
H,OB 1.456/1.570 McLean 03 0.004 0.677 L4
H,OC 1.788/1.722 MclLean ©3 0.004 0.605 L5
H,OD 1.964/2.075 McLean 03 0.004 1.021 M8 0.8
H,OB 1.480/1.600 Reid D1 0.020 0.865 M9 1
H,OD 2.000/2.160 Reid D1 0.020 0.934 M8
H,02 2.040/2.150 Slesnik V4 0.010 0.887 LO 0.5

Comparison to template spectra

The HK spectrum of Cand 10 wasalsocompareddirectly with the template spectra. This
was again done by broadeningand re-binning to the dispersion of the obsened spectra,
then normalisingto 1 at 1.64 m. The best t comesfrom an L1-L2 type, as showvn in
Fig. 5.8. It shouldbe noted that the spectra for Cand 10is quite noisy and the estimation
of typesL4 and L5 and shouldbe taken with caution. Indeedfor an L4/L5 typethe UCD
would have to be much closer,at nearly half the distanceof the primary (calculated from
the spectral type, absolute magnitude relations of Dahn et al. 2002). Tenativ ely the
spectral type of Cand 10is estimatedasLO 2. In addition M; wascalculatedasM;=12.2
and is in agreemeh with a spectral type of L1 (as calculated from the distance of the

primary star). Thus Cand 10 or HD120005Cis spectroscopicallytypedasan LO 2 UCD.

5.4 Parameters of the systems

54.1 GI605

The primary star for GI605 has a spectral type of MOV, howewer no information about
the age or metallicity is available from the literature. A spectrum is also unavailable
and thus any limits on the age of the system can not be placed. If a spectrum were
available then the presenceof the H emissionfeature at 6562A could be assessedn
relation to age. West et al. (2008) preseited an activity-age relation for M dwarfs and
suggesthat for an MO, the activity lifetime is 0.8 0:6 Gyr. Over this activity lifetime H

should appear asa strong emissionfeature. While this would not represen a particularly
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Cushing, Rayner & Vacca(2005).
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accurate constrairt on the ageit would give an indication if the pair were older or not
than  1Gyr. If the MOV primary were indeed >1 Gyr the Lyon group DUSTY and
COND models suggesta T, <2200K, log g 5.3 dex and mass 0.072M . It is also
possibleto calculate a metallicity value for the M dwarf primary using the relations of
Bonls et al. (2005), who nd that metallicity in M dwarfs can be well de ned from the
relation betweenMg andV K, whereMg is between4.0and 7.5andV K is between
2.5and6.0. The V and K magnitudesalongwith a parallax distancehave beenmeasured
for GI605A from the TYCHO2 and 2MASS cataloguesand the distance was measured
by Perryman et al. (1997). They give an M =4.58 andV K =3.26, which indicatesan
Fe/H = -0.25 0.2dex. If the M dwarf were metal poor, then it would be an indication of
an older disk population, however for this M dwarf no suc ageconstrairt can be placed,
thus this UCD doesnot make an ideal bendimark object.

5.4.2 HD120005

The primary componert of the binary systemcontaining HD120005Cis a spectroscopic
binary F5V star systemand has beenincluded in various attempts to calculate ageand
metallicity constraints for main sequenceF type stars. Feltzing, Holmberg & Hurley

(2001) calculate a metallicity of 0.11 0.16 dex, based on Stremgren photometry and
derive an ageof 2.345 0.808Gyr, which they calculatebasedon the rapid stellar evolution

algorithms of Hurley, Pols & Tout (2000).

Metallicity constrairts have alsobeenderived by Nordstrom et al. (2004),who calcu-
late [Fe/H] =-0.06 0.12dex, wherethey too useStromgrenphotometry from Edvardsson
et al. (1993) and relations of Scuster & Nissen(1989) to calculate [Fe/H]. Marsakov &
Sheelev (1995) also derive a metallicity of 0.05dex, from the Stremgrenphotometry of
Haudk & Mermilliod (1985), which is consisteh with the value of Nordstrom et al. (2004)
to within their quoted uncertainties (0.12 dex). This suggestghat HD 120005is around
solar metallicity. Howewer they also derive an ageof 2.78 Gyr from the Yale isochrones
(Green, Demarque & King 1987), which is consistet with that of Feltzing, Holmberg
& Hurley (2001). There is an additional derived age and metallicity available from the
catalogueof age-metallicity relations for nearby stars from Ibukiyama & Arimoto (2002),
who derive an age of 4.03 Gyr using newer Yonsei-Yale isochronesfrom Yi et al. (2001)
and a derived [Fe/H] of -0.09dex from the Stromgrenphotometry of Haudk & Mermilliod
(1998). Consenatively, it can be estimatedthat the ageof HD120005Cis thus 2-4 Gyr.
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The Lyon DUSTY (Chabrier et al. 2000c;Bara e et al. 2002)and COND (dust-
free Allard et al. 2001;Bara e et al. 2003) models (with solar metallicity) were usedto
calculate a correspnding mass,Te and log g for HD120005C taking an ageestimate of
2-4 Gyr. Although L dwarfs have dusty atmospheres,using the dust-free COND models
provides an indication of the uncertairties that may be expectedto result from di erent
treatments of dust. The DUSTY models suggestthat for an ageof 2 Gyr and M ;=12.2
(as calculated from the apparert J- band magnitude and the parallax distance of the
primary) that the UCD has T, =2090K, mass=0.0731 and log g=5.33 dex. For an
ageof 4 Gyr the DUSTY models suggestsimilar valuesof T, =2107K, mass=0.078
and log g=5.35dex. In comparisonthe COND models suggest(for 2 Gyr) T, of 1972K,
mass=0.0681 and log g=5.33 dex. For 4 Gyr thesevaluesvary by small amourts and
give Te as 1994K, mass=0.07 and log g=5.38 dex. In generalthe DUSTY models
predict hotter temperaturesand slightly higher masseghan the COND modelsfor these
parameters. The meanofthe T, valuesare2041Kwith a standarddeviation of 67K. They
suggestthat Cand 10 hasa log g=5.3-5.4 and a massof 0.072 0.00M (also calculated
asthe meanand standard deviation of the resultsfrom the modelswith the agerange). A
further obsenation of a higher signal-to-noisespectrum would help tighten the constrains
on the spectral type here. NonethelessHD120005Chas a constrainedage and distance.
The full set of parametersfor the HD120005Csystemare shavn in Table. 5.5.

5.5 Discussion

Of the 16 candidate UCD + main-sequencéinary systems, v e (Cand 3, 4, 5, 12 &14)
have been previously identi ed as sud (Kirkpatric k et al. 2001; Wilson et al. 2001),
four (Cand 1, 7, 11 & 15) have coloursinconsistett with those of known L dwarfs. The
remaining seen were analysedfor commonproper motion. Cand 2 had a small baseline
and a proper motion could not be measured,two (Cand 6 & 9) are ruled out as com-
panions and four (Cand 8, 10, 13 & 16) are common proper motion companions. Of
these,two (Cand 10 & 13) are con rmed as UCDs through spectroscoly. The chanceof
nding a randomly aligned UCD to a star with a common proper motion is small. As
previously discussedn x3.3.3the chanceof nding arandomly alignedWD + UCD with
a commonproper motion at a separationof 89 arcsecis 0.0036. Taking into accourt the
relative number of main-sequencetarsin the sample(25 times the number of WDS; 1532
comparedto 40,000),it suggeststhat the chanceof a randomly aligned main-sequence
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Table 5.5: Parametersof the systemHD12005

Parameter Value
Separation ... 4691 AU
Distance .......... 44.9pc
Age of system .......... 2-4 Gyr
FeH ... 0.0 dex
HD120005AB

RA 1557 49.62
DEC ... +59 16 15.69
SpT . F5

v 6.51

My 3.25
B-.v 0.49
HD120005C

RA 1346 08.15
DEC ...l +30 5503.8
J Ll 15.46 0.06
JK L 1.25

My 12.20
SpT LO 2

Te e 2041 67K
mass .. 0.072 0.003M
logg ..l 5.3-5.4dex

+ UCD systemat the level of the proper motions (104 and 119 arcsecfor Cand10and
Cand13, respectively) is 0.09 and thus thesetwo systems,veri ed through spectroscoyy
can be assumedo be bona de UCD + main-sequencdinaries.

In orderto con rm the remainingtwo commonproper motion UCD + main-sequence
systems,follow-up spectroscoyy is required to con rm their cool nature. An additional
epoch measuremen would also be required to analysethe proper motion of Cand 2,
con rming it, or not asa commonproper motion companion.
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Chapter 6
Further discussion and conclusions

In this chapter the ndings preserted throughout this thesisare brought togetherand the
cortribution made to the number of known systemswith an age constrairt is reviewed.
Other UCDs with constrainedagescomefrom studiesof the primary menber of a binary
system,from a menber of an open cluster or moving group, or from the few instancesof
youngisolated eld UCDs wherethe detection of lithium canbe usedasan ageindicator.
TheseUCDs with constrainedagesare herereferredto asbendimarks. The bene t these
UCDs could have to current models and the understanding of ultracool atmospheresis
also discussed,along with a comparisonto simulations of the distribution in mass-age
spaceof su bendimarks. In the following sectionsbendimark UCDs from the literature
are reviewed and suggestionon how they can be studied to help re ne modelsare made.
Correlations betweenthe available broadbandNIR coloursand properties (T, , log g and
[Fe/H]) of theseUCDs are alsoinvestigated. Finally recommendationsor the expansion
of this work are made.

6.1 The ultraco ol mass-age distribution

As well assubstartial candidate samplesthis work haspresered the con rmed discorery
of three UCDs in binary systemswith main-sequencgF and M) and WD stars. The
properties (age and distance) of the UCDs were constrainedfrom the primary stars and
UCD mass,Te and log g estimated using the Lyon group models assumingboth dusty
(DUSTY) and dust-free(COND) atmospheres.Whilst neither model is perfectthe useof
thesetwo typesprovidesa good indication of the uncertairties in the derived atmospheric
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properties. These systemsare thus bendimark UCDs with derived properties for ages
>1Gyr.

An indication of the expected distribution of bendimark objects was preserned in
Pin eld et al. (2006), who simulated a local disk population of UCDs assuminga uniform
spatial distribution with an IMF ( =1) and a formation history identical to the local
stellar population as descriked by Rocha-Pinto et al. (2000). The spreadin scaleheigh
with agein the disk (which causeslder populationsto becomemaore vertically dispersed,
causinglower densitiesin the plane) wasalsotakeninto accourt by normalisingeat UCD
using the relations from Just (2003). Two populations, correspnding to the detection
limits of 2MASS (J 16 and jij > 15) and the UKIDSS LAS (J 195 and jgb > 57,
assumingthe full expected4000degreé coverage)were simulated. For 2MASS one could
expect to probe L dwarfs out to 20pc (whereM; 14.5)and the UKIDSS LAS should
be sensitive to late T dwarfsout to 50pc (M; 15.5). Thesepopulations are shavn in
Fig. 6.1

As well assimulations of the mass-agaelistribution for UCDs expectedto be detected
from surveys, a simulation of the number of expected bendimark UCD companionsto
subgiants and WDs was also made, and are shavn as lled circles and open squares,
respectively in Fig. 6.2. They showv a large amourt of overlap in mass-agespace,but
in generalshow that subgiart companionsare more sensitive to late T dwarfs and cover
ageranges2-10Gyr, while the WD companionsshould better probe the intermediate age
range(2-4 Gyr). Youngbendmarks (not the focusof this thesis) canbe found in clusters
and moving groups, indicated as a boxed regionin Fig. 6.2.

6.2 The current benchmark population

A seart of the literature was conductedto seart for all known UCDs with someform of
ageand massconstraints. Theseinclude UCDs as menbers of wide binary systems, eld
UCDs that could have a robust age indicator and menbers of open clusters or moving
groups. An ageconstraint of 0.1-10Gyrwas also placedon the population consideredas
UCDs in very young clusters( 10Myr) sud as Orion (Hillenbrand 1997;Muench et al.
2002; Slesni&, Hillenbrand & Carpenter 2004), IC348 (Luhman et al. 2003b; Muenc
et al. 2003), Taurus (Bricero et al. 2002;Guieuet al. 2006), Ophiuchus (Luhman &
Rieke 1999; Wilking et al. 2005), Chameleon(Comeron et al. 2004;Luhman 2004)and
Upper Sco(Lodieu, Hambly & Jameson2006;Lodieu et al. 2008)were not included here
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Figure 6.1: Simulations of the UCD mass-aggopulation from Pin eld et al. (2006). Top:
For 2MASS,whereJ 16.0and jlj > 15. Bottom: for UKIDSS LAS, whereJ 195 and
jo > 57 for the full expected 4000degre® coverage. Overplotted are estimated spectral
divisions for M, L and T dwarfs. Also indicated are the detection limits of 20pc and
50pc for 2MASS and UKIDSS LAS, respectively and the resolution (for 20% Poisson
uncertairties) of the UCD formation history (FH) and the presen day massfunction
(PDMF).
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Figure 6.2: Simulations of the UCD mass-agepopulation from Pin eld et al. (2006) for
UCD companionsto WDs (open squares)and subgiarts (lled circles). Overplotted are
estimated spectral type divisionsfor M, L and T dwarfs and the UKIDSS LAS detection
limit of 50pc. Also shown is a boxed regionwherethe young bendimark UCDs (members
of clustersand moving groups) are expected.

asthe formation of UCDs is not, asyet fully understood and the models of sud youthful
objects remain unreliable.

As bendimark UCDs will ultimately be usedto test models via their photometric
and spectroscopicproperties, then UCDs as menbers of eclipsingbinariesand unresohed
companionsare not likely to be usefulfor thesekinds of studies. Despite the potertial to
provide a massand radius constrairt, which could be otherwiseusedto comparestructure
models. Sud systemsinclude the eclipsing binary system GJ 802, a companionto an
M5 star, with a period 19 hrs. Discovered by Pravdo, Shaklan& Lloyd (2005) and typed
asan L5-L7 (Knapp et al. 2004),GJ 802 has a measureddynamical massof 65 5Myp,
with an orbit of 3.14 0.03yr (Ireland et al. 2008). The age of the UCD, inferred from
the M5 primary is basedon activity (Pravdo, Shaklan & Lloyd 2005), having both H
and X-ray emission,indicating an ageof 6 Gyr. Howewer its measuredkinematics place
it in the thick disk population at an ageof 10 Gyr (but indicate it should be at least
3 Gyr). Ireland et al. (2008) also comparedthe measuredageswith those suggestedrom
the Lyon group models, which indicate an ageof 2 Gyr. They thus placethe agerange
for the systemof 2-10 Gyr, which is a large uncertainty for useasa bendimark object.
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One of the most recently discorered bendimarks in terms of masscomesfrom the
binary system 2M15344-2952AB which comprisesof two T dwarfs (T5.0+T5.5). The
systemwas discoreredasa single object by Burgasseret al. (2002) and later resohed into
its 15.1yr orbital period systemwith adaptive optic (AO) obsenations of Liu, Dupuy
& Ireland (2008) to a separationof 2 AU. They estimate the age of the system at
0.78 0.09 Gyr with dynamical massesof 30.1 1.7 and 28.2 1.7 by mapping the orbit
through repeated AO obsenations. Measuremets of log g were calculated using ewlu-
tionary tracks from the Tucsongroup models(Burrowset al. 1997b)and the Lyon COND
models, with the measuredbolometric luminosity and massof the system,sud that they
estimatelog g as4.91 0.04and 4.87 0.04,for the T5 and T5.5, respectively.

The systemGD1400is a spectroscopicWD + L6/7 binary, discovered by Farihi &
Christopher (2004) (separationunknown) and has an ageestimate from the WD cooling
age. The cooling age of the WD was derived from models, then added to the main-
sequencage,which wasestimatedusing predicted massegrom initial- nal-mass relations,
suggestingan ageof 1-1.5Gyr. The kinematics of the systemare also consistem with a
young disk object and are in agreemeh with the age derived from the WD models. A
likely massand T, are alsosuggestecas 1650Kand 60M,,,, basedon modelsthe of
Chabrier et al. (2000c).

The WD 0137-349s alsoa closebinary systemcortaining a WD + L8. The system,
which was discorered by Maxted et al. (2006) via radial velocity measuremets and then
conrmed by Burleigh et al. (2006a) by spectroscoy has a separationof a = 0.65R
(0.003AU). The massof the systemwas derived from the massratio and radial velocity
measuremets to infer a massof 55 6M;,,. For the L8 Burleigh et al. (2006a)estimated
aTe of 1300-1400Kfrom the modelsof Burrowset al. (1997b)and the Lyon group COND
models, which suggestan ageof 1 Gyr. They note howewer that the systemmay be
older than this due to possibleinteraction betweenthe two componers, thus this gives
only a minimum agefor the system.

Noneof thesefour systems while having someconstrairnts will prove usefulfor subse-
guert analysisof their spectroscopicand photometric properties and were not considered
good bendimarks objects in this cortext.

In addition to the systemscon rmed in this work, the candidate systemsfrom
seartiesof UCD companiongto subgiarts and main-sequenceatars (describedin Chapters
4 and 5) with a measuredage(Nordstrom et al. 2004;Feltzing, Holmberg & Hurley 2001)
and distance were also included. For these candidates,masseswere estimated from the
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Lyon group DUSTY and COND models using the age of the primary and interpolating
between two appropriate age intervals in the model grids. The quoted massesare the
mean of the model derived valuesand errors are the standard deviation. The properties
(assumingthe candidatesare geruine), including the mass,age, T and log g are shovn
in Table. 6.1 (subgiart + UCD candidates)and 6.2 (MS + UCD candidates)and are
plotted as large open orange diamonds and small open blue diamonds, respectively in
Fig. 6.3- 6.5.

6.2.1 Open clusters and moving groups

Young(< 1Gyr) bendimark UCDs canbeidenti ed asmenbersof open clustersfrom their
measureddistances,proper motions and their position on a colour-magnitude diagram,
or from members of moving groups via their kinematics, which can be traced bad to
the originating cluster position, con rming their menbership. This kinematic signature
should still be intact until an age 1 Gyr beforethe stars are dispersedby disk heating
(De Simone, Wu & Tremaine 2004). Included here are con rmed cluster and moving
group memnbers with ages0:15<Gyr< 1 from the Hyades,Praese, Pleiadesand TWA
Hydra clustersand the Castor moving group.

Hy ades

The Hyadesis the closestclusterat 46.3pc andis datedat 0.625 0.05Gyr with a measured
metallicity of [Fe/H]=0.14 0.05(Perrymanetal. 1998). There have beenvariousseartes
for UCD menbersof the Hyades,but not until recenly, with the aid of deepNIR imaging
surveys have any beenidenti ed. Hoganet al. (2008) preserned 12 L dwarfs, discovered
through photometric and proper motion analysisfrom UKIDSS and 2MASS data; and
Bouvier et al. (2008)presen the rst T dwarfsfrom their survey usingthe Canada-Fance-
Hawaii Telescoe (CFHT).

M; measuremets and age (inferred from cluster membership) were usedto derive
mass, Te and log g estimatesfor the L dwarfs from Hogan et al. (2008). Using the
Lyon group COND and DUSTY models masseswere derived by interpolating between
the 500Myr and 1 Gyr simulations. Thesevaluesare shavn in Table. 6.3, along with the
published valuesfor massof the two T dwarfs con rmed from Bouvier et al. (2008), who
usethe DUSTY models but also considerthe grainlessNextGen models (Bara e et al.
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Table 6.1: Subgiart + UCD candidateswith age and massconstraints estimated from
the Lyon group DUSTY and COND models, assumingthey are geruine companions.

Candidate Subgiant D Age? Fe/H? Mass Te log g

UCD pc Gyr dex Mjup K dex

Cand T11 2944 449 9281 -048 692 2.1 1447 238 5.44 0.04
Cand T2 2944 449 9.2 1.4 -048 707 1.2 1552 185 5.44 0.04
Cand T3 2944 449 92%1  -.048 707 1.2 1552 185 5.44 0.04
Cand T4 9316 769 5873 -001 680 28 1558 186 5.40 0.04
Cand T6 17801 52.7 12.7%5 -0.38 70.1 1.4 1460 284 5.45 0.04
Cand T7 18824 522 4598 -021 688 40 1664 158 5.38 0.01
Cand T8 19431 562 55 1.2 -050 654 58 1444 245 539 0.04
Cand T9 19431 562 55 1.2 -050 66.4 51 1492 220 5.39 0.04
Cand T12 26273 84.0 81 23 -050 71.7 1.0 1656 147 5.43 0.04
CandLT1 26273 84.0 81 23 -050 69.5 27 1501 214 5.43 0.04

Cand L2 27014 79.9 3.3 0.6° - 67.8 45 1797 133 5.44 0.04
Cand T14 31895 874 48 1.0 0.17 68.0 5.0 1636 160 5.38 0.05
Cand T15 35279 63.7 6.5 0.8° - 709 1.4 1626 183 5.42 0.04

Cand T16 42430 19.9 7.1%3 030 623 7.9 1249 323 5.38 0.02
Cand T17 42430 199 7.1 1.0 0.30 602 9.4 1195 339 5.36 0.04
Cand T20 45514 83.8 13.799 -0.30 715 0.4 1595 197 5.44 0.04
Cand T21 45514 83.8 13.7%9 -0.30 72.0 0.4 1649 182 5.43 0.06
Cand T22 46404 312 3.3 04 -0.34 51.2 12.7 1225 338 5.19 0.13
Cand T23 48125 388 1.0 0.5 -0.01 46.4 159 1215 424 5.10 0.22
2: Nordstrom et al.(2004), : Feltzing et al.(2001).

Uncertainties for [Fe/H] are not published but from comparisonswith other work by

Jenkins et al. (2008) would indicate uncertainties on the order of 0.1dex.
Candidates are ordered in RA and distancesare calculated from Hipparcos parallaxes.
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Table 6.2: Main-sequence+r UCD Candidateswith known agesand massedlerived from
the Lyon group DUSTY and COND models.

Candidate MS ID D Separation Age* Fe/H® Mass Te log g
UCD pc AU Gyr dex Mjup K dex
Cand 4 HD 89744 39.0 2409 2.2 0.2 0.17 735 2.0 2124 46 5.33 0.01
Cand 5 Gl 417 21.7 1997 7.7 4.7 -0.01 73.6 0.6 1840 105 5.41 0.04
Cand9  GI512.1 181 848  7.4'95 .0.09 68.3 3.0 1454 238 5.43 0.03
Cand11 GI527A% 156 664  2.4%7° 0.09 50.3 13.3 1334 307 5.19 0.13
Cand 12 Gl 584AB 18.6 3635 6.5 -0.08 67.2 4.0 1424 252 5.42 0.02
Cand 15 Gl 694.1A 22.0 1558 2.4+%§§ -0.24 56.8 8.8 1512 224 5.26 0.05
a: Nordstrom et al.(2004), ®: Feltzing et al.(2001)

Uncertainties for [Fe/H] are not published but from comparisonswith other work by

Jenkins et al. (2008) would indicate uncertainties on the order of 0.1dex.
Distancesare calculated from Hipparcos parallaxes.

1998), which are generallyonly usefulfor T ¢ >1700K. TheseHyadesUCDs are plotted
as pink asterisksin Fig. 6.3-6.5.

Praesepe

The Praeseg open cluster has a similar age to the Hyades, an intermediate-age of
0.9 0.5 Gyr and lies at a distance of 170pc with a near solar-metallicity (Hambly,
Digby & Oppenheimer2005). Magazzuet al. (1998) spectroscopicallycon rmed the rst

(an M8.9) UCD in Praeseg, RPrl. Chappelle et al. (2005) alsoidenti ed a number of
candidate low massobjects through colour and proper motion measuremets and calcu-
lated their correspnding masseausing the DUSTY and NextGen models from their M;

measuremets. In this way they identi ed six UCD masscandidates. Theseare overplot-
ted on Fig. 6.3 - 6.5asblue lled squaresand their correspnding properties are shavn
in Table. 6.3.

152



Pleiades

One of the rst bona de BDs discorered Tiedel (Rebolo, Zapatero-Osorio& Martin
1995),an M8 dwatrf, is a menber of the Pleiadescluster (age0.08-0.125Gyr; Stwartz &
Bedlin 2005, [Fe/H]=0.02 0.14; Funayama et al. 2008). Sincethen a handful of other
late M UCDs have beenspectroscopicallycon rmed including Calar3 (Mart n etal. 1998),
P1Z1 (Cossburnet al. 1997)and Roque 4 and 11 (Zapatero Osorio et al. 1998). Only
one spectroscopicallycon rmed L dwarf has been con rmed, Roque25,an LO of mass
57 15M;,p (Mart n et al. 1998). Other seartesfor L dwarf menbers have also been
presered by Bouvier et al. (1998) and Moraux et al. (2003), but only the seartes by
Bihain et al. (2006) and Casewell et al. (2007) have con rmed L dwarf menbersthrough
proper motion. Bihain et al. (2006) con rm 6 new members and Casevell et al. (2007)
conrm 9newlikely L and T members. For these,like the Hyadesobjects their mass, T,
and log g valueswere calculated using the Lyon group COND and DUSTY models and
are shavn in Table. 6.4.

TW A Hydra

Also included in the list of open cluster bendimarks, despiteit's young ageis the UCD

binary system2MASS 1207-3932AB.This binary is a pair of young UCDs with spectral

types M8 and mid-late L (where the late type UCD has a planetary massof 8M; ;).

They werecon rmed asa menber of the TWA Hydrae assaiation by Mohanty, Jayaward-

hana& Basri (2005)and Moharnty et al. (2007), whosevery youngageof 8Myr and dis-

tance of only 50pc allows the very low massend of the UCD sequenceo potertially be
explored. Moharty et al. (2007)detectH and X-ray emissionfrom the sourcesalsocon-
rming their youth and suggesthat there may be evidencefor a disk around 2MASS1207,
with possibleaccretionin the late M companion(Gizis & Bharat 2004). They also show

evidencefor uctuations in the H emission,suggestie of variations in the accretionrate

(Mohanty, Jayawardhana & Basri 2005;Sdolz, Jayawardhana & Brandeker 2005;Sdolz
& Jayawardhana 2006).

153



Castor moving group

The Castor moving group hasan estimatedageof 320 80 Myr, with roughly solar metal-
licity (Ribas 2003). LP 944-20was con rmed as a BD by spectroscopicobsenations of
Tinney (1998), who showved the detection of Lithium (Li) in its spectrum. Li is destroyed
in stars above 0.6M and the rate at which this occursis dependert on massand lumi-
nosity (Basri 1998),sud that more massie stars burn lithium quicker, hencefor a UCD
Li shouldtake longerto be depleted,on the order of a few Myr. This is the basisof the
Lithium test which was usedby Tinney (1998) to estimate an agefor LP 944-20and a
masswas constrained using the models of Chabrier, Barae & Plez (1996). In addition
Ribas (2003) con rmed, through kinematicsthat LP 944-20was a menber of the Castor
moving group (age 320 Myr) with roughly solar metallicity and in generalagreemenh
with the ageestimatesmadeby Tinney (1998) from the Li test.

The parametersfor theseUCDs are shovn in Table. 6.3 and plotted in Fig. 6.3- 6.5
asgrey lled triangles.
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Table 6.3: Cluster and Moving Group UCDs.

GqaT

Candidate SpT Cluster/MG D Age Mass Te log g J J H J K Reference
UCD pc Gyr Mjup K dex  2MASS 2MASS 2MASS
CFHT-Hy20 T2 Hyades 46.3 0.625 0.05 47 7 - - - - - 1
CFHT-Hy21 T1 Hyades 46.3 0.625 0.05 44 7 - - - - - 1
HY1 late M/ early L  Hyades 36.2 1.63 0.625 0.05 48.42 15.8 1993 109 4.95 0.32 14.60 0.75 1.18 2
HY2 late M/ early L  Hyades 52.8 3.08 0.625 0.05 41.29 13.7 1866 29 4.83 0.38 15.94 1.13 1.68 2
HY3 late M/ early L  Hyades 54.6 3.72 0.625 0.05 32.70 14.9 1935 73 4.90 0.34 15.75 0.97 1.58 2
HY4 late M/ early L  Hyades 54.4 4.46 0.625 0.05 46.69 15.2 1950 95 4.92 0.33 15.60 0.63 1.37 2
HY5 late M/ early L  Hyades 46.6 2.56 0.625 0.05 40.14 12.7 1824 45 4.82 0.37 15.81 1.09 1.76 2
HY6 late M/ early L  Hyades 50.9 3.49 0.625 0.05 46.10 15.0 1943 84 491 0.34 1550 0.69 1.25 2
HY7 late M/ early L  Hyades 53.0 4.06 0.625 0.05 40.96 11.6 1854 33 4.83 0.38 15.99 0.96 1.63 2
HY8 late M/ early L  Hyades 44.8 3.68 0.625 0.05 41.13 13.5 1859 31 4.83 0.38 15.60 1.05 1.58 2
HY9 late M/ early L  Hyades 57.8 5.36 0.625 0.05 36.01 10.6 1707 100 4.78 0.36 16.68 1.39 2.16 2
HY10 late M/ early L  Hyades 47.8 2.98 0.625 0.05 34.00 9.1 1640 132 4.77 0.34 16.54 1.11 1.70 2
HY11 late M/ early L  Hyades 37.6 1.56 0.625 0.05 33.48 8.7 1618 142 4.76 0.33 16.11 1.06 1.83 2
HY12 late M/ early L  Hyades 41.4 2.56 0.625 0.05 47.22 16.7 1988 115 4.92 0.33 16.73 0.96 1.93 2
LP 944-20 M9 Castor 5.0 0.320 0.08 61 5 2026 52 - - - - 3
WFC81 late M/ early  Praesepe 170 09 05 75 6 - - 17.47 0.67 1.17 4
WFC76 late M/ early  Praesepe 170 09 05 73 7 - - 17.58 0.75 1.12 4
WFC53 late M/ early  Praesepe 170 09 05 71 8 - - 17.83 0.65 1.19 4
WFC24 late M/ early  Praesepe 170 09 05 68 8 - - 17.99 0.68 1.96 4
WFC11 late M/ early  Praesepe 170 09 05 65 9 - - 18.37 0.85 1.17 4
RPrl M8.5 Praesepe 170 0.9 05 74 7 - - 17.7 - 1.26 4,5
2MAS1207A M8 TWA 50 0.008 24 6 2550 150 35-45 130 0.61 1.05 6
2MAS1207B  Mid-Late L TWA 50 0.008 8 2 1600 100 3.5-45 20.0 1.91 3.07 6




Table 6.4: Pleiadescluster UCDs.

9GT

Tiedel M8 Pleiades 135 2 120Myr 57 15 - - - - - 7
Calar3 M8 Pleiades 135 2 120Myr 57 15 - - - - - 8
Roque4 M9 Pleiades 135 2 120Myr 57 15 2285 - - - - 9
Roquell M8 Pleiades 135 2 120Myr 57 15 2485 250 - - - - 9
PIz1 M9 Pleiades 135 2 120Myr 57 15 2300 - - - - 10
Roque25 LO Pleiades 135 2 120Myr 55 15 1900-2200 - - - - 11
BRB18 late M/ early L Pleiades 135 2 120Myr 30.9 3.5 1543 425 4.72 0.05 17.61 0.87 1.53 12
BRB20 late M/ early L Pleiades 135 2 120Myr 27.3 4.3 1753 110 4.67 0.05 18.06 0.73 1.50 12
BRB21 late M/ early L Pleiades 135 2 120Myr 26.9 4.6 1732 120 4.66 0.05 18.14 1.09 1.75 12
BRB22 late M/ early L Pleiades 135 2 120Myr 25.8 5.2 1689 140 4.64 0.07 18.31 0.94 1.62 12
BRB28 late M/ early L Pleiades 135 2 120Myr 20.9 7.9 1521 215 4.50 0.18 19.02 1.13 2.02 12
BRB29 late M/ early L Pleiades 135 2 120Myr 20.9 7.9 1515 215 4.50 0.18 19.05 1.29 2.17 12
PLZJ56 late M/ early L Pleiades 135 2 120Myr 76.3 0.2 2709 10 4.63 0.01 15.25° 0.65 0.94 13
PLZJ50 late M/ early L Pleiades 135 2 120Myr 75.5 0.5 2705 10 4.63 0.01 15.26° 0.62 1.50 13
PLZJ23 late M/ early L Pleiades 135 2 120Myr 18.9 7.4 1356 260 4.47 0.16 19.96¢° 0.65 0.95 13
PLZJ93 L/T Pleiades 135 2 120Myr 18.9 7.4 1356 260 4.47 0.16 19.96° -0.02 0.55 13
PLZJ323 LT Pleiades 135 2 120Myr 19.6 7.6 1417 245 4.48 0.13 19.61° - - 13
PLZJ721 L/T Pleiades 135 2 120Myr 18.3 7.1 1308 275 4.46 0.16 20.24 -0.23 - 13
PLZJ235 L/T Pleiades 135 2 120Myr 18.7 7.3 1344 265 4.47 0.16 20.03 -0.28 - 13
PLZJ112 L/T Pleiades 135 2 120Myr 18.2 7.1 1301 275 4.46 0.16 20.28 - - 13
PLZJ100 L/T Pleiades 135 2 120Myr 18.3 7.1 1306 275 4.46 0.16 20.25° - - 13

Notes:

Distance and massare from the primary source(seetext), unlessotherwise stated.

a: Perryman et al. (1998), ®: Perryman et al. (1997), ¢: MK O magnitudes.

1: Bouvier et al. (2008), 2: Hogan et al. (2008), 3: Tinney (1998), 4: Chappelle et al. (2005), 5: Magazzuet al. (1998)

6: Mohanty, Jayawardhana & Basri (2005), 7: Rebolo, Zapatero-Osorio& Martin (1995), 8: Mart n, Rebolo & Zapatero-Osorio (1996)
9: Zapatero Osorio et al. (1998), 10: Cossburnet al. (1997),11: Mart n et al. (1998), 12: Bihain et al. (2006), 13: Casevell et al. (2007)




6.2.2 UCDs in binaries

A good sourceof bendimark UCDs, asshown in this work comesfrom menbers of binary
systems.Thosewith published, measuredageand masscomefrom resohable companions
to WD and main-sequencestars.

UCD companions to main-sequence stars

The largestcomplemen of bendimark UCDs that have thus far beenfound are members
of widely separatedmultiple or binary systemswith main-sequencestars. The ageof the
main-sequenceprimary can be calculated via seweral methods, including age-metallicity
relations, chromosphericor coronal activity (Ca,;, HK, H , X-ray), Lithium abundance,
rotational or spacevelocity, or from their location on an HR diagram comparedto theo-
retical isochrones. Included hereare 22 sud UCDs in binary systemswith main-sequence
stars wheretheir ageshave beenconstrainedusing one or more of thesemethods.

One of the rst conrmed BDs was Gl 229B (Nakajima et al. 1995),a T6.5 com-
panion to the M dwarf Gl 229. Aged at a young 30 Myr, basedon the age estimate
for the M1 are star primary. It is calculatedto have T, 1000 100K, logg 3.5and
[Fe/H] -0.5by Leggettet al. (2002b) who comparedtheir high resolution spectra to the
AMES DUSTY and COND models(Burrows et al. 1997b;Burrows et al. 2001),suggest-
ing abest t for both GI 229A and B comesfrom a low metallicity solution (Fe/H -0.5),
despiteits kinematics placingit in the young disc population. The young ageestimateis
also consistem with the low gravity estimate, which they suggestcorrespndsto a mass
of 25M;, (Leggett et al. 1999),with a lower limit of >7M;,, (Leggett et al. 2002a).

The multiple systemGI 570, cortains a T dwarf companionto K4V, M1.5V and an
M3V star menbers (Burgasseret al. 2000;Geballeet al. 2001). Burgasser(2007) useda
technique, wherely they make comparisonsof the H,O and colour ratios of the spectrum,
with the sameratios from theoretical model spectra to estimatethe ageof Gl 570A (K4),
which was measuredas 2-5 Gyr (2*3 Gyr), with a T, =810 30, log g=5.0 0.3 and an
estimated [Fe/H]=0.01-0.10 (Cayrel de Strobel et al. 1997;Feltzing & Gustafsson1998;
Sartos & Piatti 2004;Valenti & Fischer 2005)for Gl 570D.

Kirkpatric k et al. (2001)identi ed two UCD companionsto G type stars (Gl 417B
and Gl 584) and usedthe calculations of Lachaume et al. (1999) to infer agesof 0.08-
0.3 Gyr and 1.0-2.5Gyr for the G dwarfs, respectively. They usedthe modelsof Burrows
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et al. (1997b)to calculate a mass,basedon an averagetemperature for the UCDs corre-
sponding to spectral type. The primary stars alsoindicate a metallicity of [Fe/H]=-0.01
and-0.20,respectively. They obtainedand measuredspectrafor three other UCD compan-
ions to main-sequencestars, including GJ 1048B/LHS102(Gizis, Kirkpatric k & Wilson
2001),G 196-3B(Rebolo et al. 1998)and GJ 1001B(EROS Collaboration et al. 1999),
calculating agesof 0.6-2.0 Gyr, 0.06-0.3Gyr and 0.07-0.01Gyr respectively, basedon
publishedagesand inspection of their spectrafor H and Li, with massef 70 10 M,
35 15 My, and 70 10 My, respectively. Leggett et al. (2002a) also calculated log g
for LHS102Bas5.5 0.5with solar metallicity, from studiesof the primary star.

The G2V star, HD 130948was found to be a wider multiple system corntaining a
closelyseparatedUCD binary, consistingof an LO and an L4 dwarf by Potter et al. (2002),
who estimated an agefor the systemof <0.8 Gyr, basedon X-ray activity, Li abundance
and fast rotation of the G dwarf. The two UCD companionsare at a separationof 48AU
and from Lyon group modelsthey derived masse®of <78 M;,, and <68M;,. Nordstrom
et al. (2004) measurean [Fe/H] of -0.15for the G star primary.

The Indi system (Sdolz et al. 2003) has beenwell studied and through a com-
bination of direct and di erential imaging by Geiler et al. (2007) the UCD companion
IndiB wasresohed into two T dwarfs (T1 and T6). The primary K4.5V star hasan age
of 0.8-2.0Gyr (Lachaumeet al. 1999)and the massof the two T dwarfs are given as
47 M;p and 28 M, to 25% uncertairty, as measuredoy McCaughreanet al. (2004).

Chauvin et al. (2005) discorered a UCD companionto AB Pic, a K2V star, also
part of the large Tucana-Horologiumassaiation, which hasan estimatedageof 300Myr
and [Fe/H]=-0.64. The L1*4 companionis at a separationof 250-270AU and from model
predictions has a massof 13-14M;,, and T, =1500-1700K (Lyon group DUSTY and
Burrows models).

The UCD 2M0025+4759wasresoled into two L4 type UCDs with HST imaging by
Reid et al. (2006) and was shovn to have commonproper motion to the solar metallicity
F8V star HD2057(G171-58/G217-47)at a separationof 8800AU. This systemis dated
at <1 Gyr, from detection of Li in the UCD, howewer the age of the F8V primary was
measuredat 1.1 Gyr, with an upper limit of 3.6 Gyr from its metallicity (Nordstrom
et al. 2004). It is howeer likely that the primary F star is itself a binary (Latham et al.
2002;Balegaet al. 2004),and would thus accourt for the agediscrepancy

Metchev & Hillenbrand (2006) also usedthis samemethod of dating for the L7.5
companionto the solar analogueG star HD203030. It is agedat 130-400Myr and has
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a derived massof 24 M;,,, using the Lyon group and Burrows models. Metchev &
Hillenbrand (2004) alsoidentied an L4 companionto the F5V star HD 49197,as part
of their AO surwey of young solar-type stars. The age was inferred from the activity,
presenceof Li and kinematics of the primary and the agewas estimated from the Lyon
group DUSTY modelsin this case.

Luhman et al. (2007) also report two T dwarf companions,HN pegB (Mugrauer
et al. 2006)and HD3651Bto GOV and KOV star primaries respectively, from their survey
around stars in the solar neighborhood using the Spitzer SpaceTelescop and date them
from studies of the primaries. For HN Peg a metallicity is available from Nordstrom
et al. (2004), who measureHN Peg as having [Fe/H]=-0.12 and [Fe/H]= 0.09-0.16for
HD3651 and measureda massof 40-72My,, and T, =790-840K (Liu, Leggett & Chiu
2007;Luhman et al. 2007). The separationfrom the primary is 480AU, and it alsohas
a sub-Saturn mass planetary companion. The age of this system was estimated from
measuremets of Ca | HK emissionfrom the primary (Wright et al. 2004), an indicator
of activity, where main-sequencestars spin down as they lose angular momertum, over
time decreasingn activity. This is also seenas a decreasan X-ray emission,which was
measurecdby Hempelmannet al. (1995)for this system,alongwith high resolution spectral
obsenations from Valerti & Fischer (2005). The agefor HD3651A was calculated as 3-
12 Gyr (6*%) and henceinferred for the ageof the T dwarf companion. Burgasser(2007)
morerecertly re-examinedthis systemand derived an ageof 0.7-4.7Gyr usingtheir semi-
empirical techniques,which usecomparisonf the H,O and colour ratios of the spectrum,
giving a better constrairt onthe agethan the main-sequencéost star. Thesealsosuggest
that the UCD hasa T =790 30,log g=5.0 0.3 and a massof 34 13M; .

An unusually blue L dwarf (2MASS J17114559+4028578vas discovered to be a
widely separatedcompanionto the M4.5V dwarf G203-50(Radigan et al. 2008), which
has an age of 1-5 Gyr, estimated from it's activity. The massof the L5"2:2 companion
is calculated from the total massand massratio of the systemas 69*815 M;up and Te of
1700%5%K. The closeUCD companionto the binary system Gl 337AB was resoled for
the rst time by Burgasser,Kirkpatric k & Lowrance (2005) with AO imaging, revealing
not a single L8 but two UCDs of nearly equal magnitude at a separationof 11 AU
from ead other and 880 AU from Gl 337AB (G9V + K1V). The ageof the primary was
measuredas 0.6-3.4Gyr by Wilson et al. (2001) using ageindicators (activity, Li, [Fe/H]
and kinematics). They alsopresen the discovery of the 1.5-3.0Gyr old LO companionto
the F7V star, HD89744 ,which in addition alsohasan exoplanetcompanion. Their seart
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alsodetectedan L dwarf companionto an MO star (Gl 618.1),however no ageconstrairt
could not be placedon this system,thusit can't be considereda bendmark.

All of the above discussedUCD + main-sequencebinary systemsare showvn in
Fig. 6.3 - 6.5 asred lower half lled circlesand are listed with their parametersin Ta-
ble. 6.5.
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Table 6.5: UCD in binaries

T9T

UCD SpT Primary D Sep Age Mass Te log g Fe/H J J H J K
ID SpT pc AU Gyr Mjup K dex dex 2MASS 2MASS 2MASS
Gl 417B L4.5 GOV 21.76% 2000 0.08-0.3 36 15 1600-1800 - -0.01f 1457  1.10 1.88
Gl 584C L8 G1V+G3V 18.662 3600 1.0-25 62 15 1300-1600 - 020" 1632 1.33 2.09
GJ 1048B L1 K2v 21.2 62 250 0.6-2.0 68 10 - - - 13.67  0.69 1.35
G 196-3B L2 M2.5V 20.0 300 0.06-0.6 38 15 - - - 1490 1.23 2.09
GJ 1001B/LHS102B L8 M4V 9.5562 180 >1.0 73 10 1900-2000 55%%:%¢ 0.00° 1310 1.05 1.70
HD203030B L7.5 G 40.86% 487  0.13-0.40 24'8, 12067 - 0.00f 18.13  1.28 1.92
HD 49197B L4 1 F5V 44.62 43 0.26-0.79 62"% - - - 1592  1.30 1.63
HN PegB T25 0.5 GOV 184 032 795 15 03 02 22 9 1130 70 - -0.12f 15.86  0.49 0.76
HD 3651B T7.5 0.5 KOV 11.1 0.12 480 0.7-47 53 14 810 50 53 0.2 0.19 16.16 -0.51  -0.57
IndiBa T1 K4.5V 3.626 0.009% 1459 0.8-2.0 47 10 - - - 12.29° 078  0.94P
IndiBb T6 K4.5V 3.626 0.009%¢ 1459 0820 28 7 - - - 12.29° 078  0.94P
2M1711+4028 L42 .5  M4S5V 212 39% 135 25 1-5 69", 17008L9 - -1.0f 15.00 079  1.28
Gl 2298 T6.5 M1-M2 5.72 45 0.03 7-25 1000 100 35 -0.5° 1420 -035 -0.35
Gl 337CD L8+L8/T  G8V+K1V 20.52 10.9/8809 0.6-3.4 40-74 1300-1600° - 029" 1551° 089 1470
HD89744B LO F7IV-V 392 2460 1.5-3.0 77-80 2000-2200 - 0.17f 1490  0.90 1.30
2M0025+4759 L4+L4 F8 42 2 8800 <1 <65 - - - 14.84> 118" 1.94°
AB PicB L1*3 K2v 4738 250270  0.03  13-14 1500-1700 4.05 0.5 -0.64" 1618 149  2.04
Gl 570D T7.5 K4V+M1.5V+M3V 5.9 - 23, 338 780"  5.0'%3 001010 1482 -056 -0.72
HD 130948B LO-L4 G2v 17.92 48 <0.8 <78 1950 250 - -0.15f 13.9° 0.7° 1.6P
HD 130948C LO-L4 G2v 17.92 48 <0.8 <68 1950 250 - -0.15f 13.9° 0.7° 1.6°
2M0025+4759A L4+L4 F8 42 2 8800 1.1 48 - - - 14.840  1.18° 1.94°
2M0025+4759B L4+L4 F8 42 2 8800 1.1 47 - - - 14.840 118>  1.94°

a: parallax of primary from Perryman et al. (1997)
b: Combined value from unresolved properties of a UCD+ UCD binary system.
¢: synthetic colours calculated from the spectrum (Radigan et al. 2008).

d: 10.9 AU for separation of L8+L8 and at 880 AU from the MS primary .

e: Leggett et al. (2002), f : Nordstrom et al. (2004).




UCD companions to white dwarfs

There are alsoa couple of known WDs with UCD companions,thesehave measuredages
(for the WD) and masses(for the UCDs) and are thus good bendimark systemsand

included here.

The rst discovered WD + UCD system, GD165AB (Bedlin & Zudkerman 1988)
hasbeenthe subject of much study and is widely usedasatemplate L dwarf. Kirkpatric k
et al. (1999a) calculated a crude age estimate for the systemin a similar way to that of
GD1400, from the massof the WD (0.56-0.65M ), taking into accourt the cooling age
and the main-sequencdifetime, for correspnding progenitor masseof 1.2-3M.0 . They
estimate that the age of the systemis 1.2-5.5Gyr and used the NextGen models to
calculate T, and plot GD 165Bin Mg - log(age)spaceto compareit to model tracks for
di erent massUCDs to derive a massfor GD 165B as 65-75M,,, with alog g=5.0 0.5.

The M8.5 companion(APMPM J2354-3316C/LDS826C)to the WD + M4 system
LHS4039/4040(Scholz et al. 2004;Farihi, Bedklin & Zuckerman 2005)is the most sim-
ilar systemto 2MASSJ0030-3739/2MASSJ0030-374iscovered in this work, having a
separationof 2200AU. The ageof the systemwas estimatedat 1.8 Gyr by Silvestri
et al. (2001) from the M dwarf componert, via it's activity and the massof the UCD
was calculatedas 100M,,, by Sdolz et al. (2004), although they don't state how this
was calculated. The parallax distance and J- band magnitude was usedto re-ewaluate
the massof the UCD using the COND and DUSTY Lyon group models, which yield a
mass77 3 My, and T 2260K, which placesit at the stellar/substellar border. This
system,asit hasa good ageconstrairt is included here. The full list of properties of these
bendmark UCD companionsto WDs are shavn in Table. 6.6 and are plotted as green
starsin Fig. 6.3- 6.5.

162



€97

Table 6.6: UCD + WD binaries

UCD ID SpT Primary ID D Sep Age Mass Te log g J J H J K
pc AU Gyr Mjy K dex 2MASS 2MASS 2MASS

APMPM J2354-3316CM9.5 LHS4039/4040 21 2200 1.8 77 32 2260 - - - -

GD 165B L4 GD 165 52 120 1.2-5.5 65-75 1900 100 5.0 0.5 156 0.90 151

a: Derived from the Lyon group DUSTY and COND models, ®: Parallax from Van Altena et al.(1995).




6.2.3 Field UCDs

Although it is a dicult task to calculate the ageof eld UCDs, on occasionthere are
indicators, sud asthe presencef Li in their spectra or from their kinematics(if a distance
and a radial velocity measuremenare available). Seweral eld UCDs have beeniderti ed
in this way and an ageestimatecalculated. The isolated eld UCD DENISp-J1228.2-1547
(Delfosseet al. 1997)in which Li was obsened by Tinney, Delfosse& Forveille (1997),
constraining the ageto 1.5 Gyr. Comparisonof the equivalert width measuremen of
the Li feature comparedto the width of this feature seenin young cluster UCDs allowed
a lower limit to be placed on the ageat 100 Myr. Se\eral other eld UCD + UCD
binaries have also been age calibrated in this way including SDSSJ0423-0414Geballe
et al. 2002), where Li was measuredby Burgasseret al. (2005); 2M0850 (Kirkpatric k
et al. 1999b),whereLi wasobsened by Reid et al. (2001b)and Kelu 1 (Ruiz, Leggett &
Allard 1997). Morerecerly Stumpfet al. (2008)hasmonitored Kelul with high resolution
VLT/NA CO and HST imaging suggestghat it may be a triple system,whereKelulA is
likely to be a spectroscopicbinary of type LO.5 0.5+ T7.5 1andKelulB alL3pec 1.5
dwarf. They determined a dynamical massfor the systemof 17752 M, from the orbit
of the system. In addition a spectroscopicUCD + UCD binary (2MASS0320-044)n the
eld was discovered by Blake et al. (2008) wherethe measuredkinematics of the system
indicate an age> 3.6 Gyr. Thesebendimark eld UCDs are shawn in Table. 6.7 and are
plotted as purple bows in Fig. 6.3 - 6.5.
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Table 6.7: Field UCDs with ageestimates

qoT

UCD ID SpT D Age Mass T J J H J K

pc Gyr  Myyp K  2MASS 2MASS 2MASS
DENISp-J1228.2-1547  L5! 20.2  0.1-15 20-68 - 1437 1.03 1.61
SDSSJ0423-0414a L62 152 0.4 0.6-3.4 60 19 1250-1575 14.46 1.00 2.19
SDSSJ0423-0414b T22 152 04 0.6-3.4 60 19 1200-1500 14.46 1.00 2.19
KELU1Aa L0.5 0.5 18.65 0.3-0.5 61 2° - 1341 102 1.67
KELU1Ab T75 1 1865 0.3-05 61 2* - 1341 1.02 1.67
KELU1B L3pec 1.5 1865 0.3-05 50 2 - 1341 1.02 1.67
2M0850 L6 27.70 0.95 0:75 40 20 1295 85 16.46 1.24  1.99
2M0850 L6 27.70 0.95 0:75 31 16 1180 45 16.46 124  1.99

2MASS0320-044 MO-L0.5 26.2 43° >3.6 78-84 2300 100 13.26 0.72 1.12

Notes:
: UCD + UCD Binary-measuredcoloursare shared,” : sharedmassestimate
1 Dahn et al.(2002)2: Burgasseret al.(2005)2: Cruz et al.(2003)




6.3 Discussion

The bendimark UCDs iderti ed hereare plotted in Fig. 6.3 - 6.5in mass-age;T. -log g
and T, -[Fe/H] space. Fig. 6.3 shows their mass-agedistribution, where the distribu-

tion of objects are in reasonableagreemen with the simulations of Pin eld et al. (2006)
(Fig. 6.1). Also obvious is a distance-magnitudelimit, where a distance limit of 50pc
has beenoverplotted as an aid to indicate the limits that are currenly being probed by

the bendimarks. This roughly correspndsto a detection limit of J 19, re ecting the

sensitivity of the surveys usedto detect these UCDs. Old, very low-massobjects are
not expected to be detected by these surveys as they are too faint. The distribution

also shows that the most denselypopulated region in mass-agespaceis, unsurprisingly
at younger ages,where the age can be somewhatmore easily constrained, as there are
more usefulageindicators (e.g. Lithium detection, activity, rotation) for youthful UCDs.
The majority of bendimarks in this region are memnbers of clusters or moving groups,
wheretheir metallicity is alsoknown. It should also be noted that (omitting the candi-
date subgiart + UCD and main-sequence+UCDsystemspresered in this work) only a
handful have ages>2 Gyr. Thus if the candidate systemspresented here are con rmed

they will make an invaluable cortribution to the number of older, ewlved bendmark
UCDs. Thesealso occupy the higher massend of the diagram. This would also allow,

if candidatescon rmed, investigations of the mass-luminosiy relation as a function of
time. Fig. 6.4 shavsthe spreadin T, and log g of the bendimarks, overplotted with the
DUSTY and COND model isochrones (red and blue lines respectively), to shov where
the bendhmarks sit in relation to the model parameterspace.Also plotted are the bend-

marks with [Fe/H] measuremets asa function of T in Fig. 6.5. It canbe seenthat the
currertly con rmed bendmarks are sparselydistributed, but con rmation of UCD can-
didate companionsto subgiart and main-sequencestars could provide much information

for this parameter-space.Indeed, there could be signi cantly more improvemen via the
discovery of large additional populations of bendymarks UCDs, with a rangein measured
properties, in ongoingand new large scalesurveys (e.g. UKIDSS, VISTA).
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Figure 6.3: The distribution in mass-agespacefor bendimark UCDs taken from the

literature and both con rmed and candidate objects (seetext) presented in this work.
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6.3.1 The eects of gravity and metallicit y on observed UCD
prop erties

The e ects of T, , log g and [Fe/H] on UCDs areimportant elemers of UCD model atmo-

spheresand how they a ect the coloursof UCDs is still not well understood. Bendhmark

objectswill allow the predictionsof current modelsto be testedand appropriately re ned.

Thesebendimarkscanbe usedin two ways, rstly to comparethe modelswith obsenation

and thus facilitate model improvemers. Secondlyto look for links between obsenable
properties and physical characteristicsand potentially calibrate changesin spectroscopic
criteria. Both arevitally important for the understandingof UCDs that may enableprop-

ertiesto be well constrainedthrough obsenational studies(spectroscopy, photometry and

parallax). This may ultimatly leadto accuratepredictions of UCD properties from their

obsenable (photomteric) properties alone.

In generalthe theory of UCD ewlution is that they cool and fadeover time, ewlving
from L dwarfs, that have dusty atmosphereghrough to T dwarfs, whoseatmospheresare
relatively dust-free. The two models most referencedthroughout this work are from the
Lyon group, the COND (dust-free) and DUSTY models (Chabrier et al. 2000a;Bara e
et al. 2002;Bara e et al. 2003), which along with other models (Tucsongroup, Marley,
Tsuji) are e ective in reproducing the overall obsened characteristics of the very red,
dusty L dwarfs and those of very cool T dwarfs in the eld, but struggle in particular
to explain the intermediate L/T transition phaseor how the physical properties (surface
gravity or metallicity) changewith age and what a ect this has on their obsenational
characteristics. Burrows, Sudarsky& Hubeny (2006) comparedthe predictions for colour
from the DUSTY and COND model atmospheres.Fig. 6.6 shaw the predicted coloursof L
and T dwarfs for di erent metallicity, which shavs a broad variation in predicted colours,
especially acrossthe L/T transition. Fig. 6.7 alsoshows a wide rangein T, -J K colour
space,with respect to changesin gravity and metallicity predicted by models.

Knapp et al. (2004) measuredaccurate J-, H- and K - photometry, spectroscopy
and parallaxesfor a large selectionof L and T dwarfs in order to try and addressthis
question. They shav that a large rangein NIR coloursand a turn over, or brightening
e ect at the L/T transition, ascanbe seenin Fig. 6.8. The scatterin the colour sequence
is presumablycausedby a range of log g and metallicity.

The cool temperatures of UCDs causetheir atmospheresto be clouded by dust
of iron and silicates, which causesopacity and reddensNIR coloursin L dwarfs. The
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amourt of reddening may vary with the size of the dust grains, how many there are
and their distribution in the atmosphere(Ackerman & Marley 2001;Allard et al. 2001;
Marley et al. 2002;Tsuji & Nakajima 2003). For T dwarfs dust is thought to form lower
in the atmosphere,below the photosphere,sud that there is no dust opacitiesto a ect
the emergen spectra and resultsin bluer NIR colours. The medanism of this sinking or
Yaining-out®of dust cloudsthat occursat the L/T transition is asyet not fully understood,
as is clearly indicated by the variations in properties predicted by the models. Se\eral
cloud models where the composition, size and rate at which condensationoccurs have
beenlooked at to try and explain this. A scenariowheredust cloudsthin asT, decreases
was proposedby Tsuji & Nakajima (2003) suggestingthat the reversalin J K colour
(as seenin Fig. 6.8) may be a function of gravity. They suggestthat low gravity objects
would turn to bluer coloursat brighter magnitudescomparedto higher gravity objects,
indicating there could be di erent ewlutionary tracks for varying gravities. This means
that lower massobjects would be brighter at the transition, which would occur earlier at
higher T, and brighter M;, whereashigher or intermediate massobjects would hit the
transition later. This would accoun for the obsened spreadin J K coloursobsened
at the L/T transition.

Another theory is that of atchy cloud’ (Ackerman & Marley 2001; Marley et al.
2002; Burgasseret al. 2002; Folkes et al. 2007; Burgasseret al. 2008), whereit is
suggestedthat the clouds start to break up, causing holesin the cloud dedk due to
enhancedcollision induced H, absorption (CIA). Higher metallicity may also imply a
greater production of dust, as more metals are available to condenseonto grains, causing
an increasedopacity and reddeningcoloursin the NIR. In generala trend in metallicity
(albeit with a large scatter) would be expected, sudt that older dwarfs would be expected
to have lower metallicity. This would causea blue-ward turn in colour, suppressingthe
H- and K- band ux. Indeedthis may explain someof the blue L dwarfs seen,sud
as 2MASSJ0532+8246jdenti ed by Burgasseret al. (2003b) who found it to be a high
velocity, metal-poor halo object. This object has beensuggestedas the rst substellar
sub-dwarf.

A third suggestion(seeKnapp et al. 2004)is a Suddendownpour’® model. They
suggestthat at Te 1300Kthe rate of sedimemation becomeanore e cient at removing
iron and silicate grains from the atmosphere,predicting that lower massesshould turn
blue-ward earlier than higher massesat around T1-T4. For a T3 type they suggesta
log g 5.4. Comparatively for the patchy cloud theory of the samespectral type, this
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should is occur at log g 5.0, and for the thinning cloud model log g 4.0. Modelsin
generalpredict higher surfacegravity for older UCDs, which could be tested using these
bendimarksby measuringfeaturesin their spectrum that appearto be sensitive to changes
in gravity, sud as the FeH(0.869,0.989,1.200& 1.600 m), KI(1.169, 1.178,1.243&
1.253 m), Nal(0.818 & 1.268)and TiO(0.705, 0.820& 0.843 m) features (McGovern
et al. 2004;Allers et al. 2007).

The bendimark UCDs that will be identi ed through the kinds of studiespreseied
in this work can be usedto directly test theseassumptions. Measuringaccurate colours
and ux in the samefashion as Knapp et al. (2004) will make it possibleto directly
measure,for exampleif the H- and K- band ux peaksin T dwarfs are really a ected
by changesin gravity and metallicity, asthe obsenations of halo UCDs (Burgasseret al.
2003b) would suggest. If gravity or metallicity are really to blame for the changesin
the strength of atomic absorption lines as suggestedby the obsenations of McGovern
et al. (2004). Understandingthe true e ects of gravity and metallicity would then reveal
the medanismsat play in the L/T transition and if/or how thesefactors play a part
in UCD ewlution. Ultimately this would give models real predictive qualities down into
new regimes.

6.3.2 Correlations with colour and physical prop erties

The bendimark population that has beenidenti ed here are taken from the literature
and con rmed UCDs presetted in this work (seex6.2) were usedto investigate possi-
ble correlations between colours and syrthetic (or modelled) physical parameters(Te ,
log g and [Fe/H]). For the majority of the bendymarks, where all these parametersare
known, mainly broadband NIR colours are available and thus are chosento seart for
correlations amongstthese. Howeer other colours, if available may prove usefulin dis-
tinguishing usefultrends. For exampleconbining NIR with optical photometry, or narrow
band colours, sut asthe CH, Iters in the H- band. Spectral ratios and line strengths
could alsobe usedto investigate correlationsbetweenobsenable characteristicsand T,
log g or [Fe/H]. This would ideally be done for eat spectral subclass(i.e. LO, L1...T8,
T9), however for the limited number of suitable bendimarks currertly available this was
not possibleand for practical reasonsthese were simply split into L and T. It may be
expectedthat this approad would be optimal given the number of available bendimarks
sincedusty L dwarfs would be expectedto shawv spectral sensitivitiesthat will be di erent
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Figure 6.8: Left: M; as a function of spectral type and Right: M; as a function of
J K colourfor L and T dwarfs from Knapp et al. (2004). Objects circled are known
binariesand error bars are shovn wherethe type is uncertain by more than one subclass.
Overplotted arethe cloud-freemodelsfrom Marley et al. (2002)for varying valuesof log g.

to those of the relatively dust-freeatmospheresof T dwarfs. In the following sectionsthe
stepsundertaken to seart for property related correlations with broadband colour are
explained.

Correlations with colour and Te

The bendhmark L's and T's were rstly plotted asa function of Te against] H,H K
andJ K colour. A leastsquarest wasmadeto provide a rst approximation t. For
this approximation the L dwarf bendimarks show a linear trend if 1207Bis removed from
the t data. 1207Blikely su ers from gray dust extinction in the NIR, which causest to
be under luminous (Mamajek 2005). This meansthat the constraints on log g for 1207B
are poor, with an estimate from the available models giving log g over a large range of
4.5-5.5. On re ection this object doesnot make a good bendmark for assessingolour-
property correlations, despite 1207Bbeing a promising object, wherean insight into the
potential trends for planetary mass UCDs could have beenindicated. This object is
highlighted in Fig. 6.9 and the t to the T dwarfs are shavn in Fig. 6.10, whereagain a
linear trend providesthe best t.
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Correlations with colour and log g and [Fe/H]

The rst appraximation ts were usedto createa T, correctedcolour, and any trends
with log g or [Fe/H] werelooked for. For the T dwarfs only four bendimarks had known
Te , log g and [Fe/H], one of which is Gl 229B, an unusually low-gravity, metal poor T
dwarf (basedon the obsenations and analysisof Leggett et al. 2002a). Models predict
that log g shouldincreaseas an object cools and cortracts, with which metallicity should
decreaseas more heavier elemertts are created over time. If colours are dependen on
these properties then it may be possiblethat these cortrasting e ects could cancelout
any correlation with colour. This may be the underlying reasonfor the apparert normal
T dwarf coloursthat Gl 229B exhibits (highlighted asa squaresymbol in Fig. 6.10).

There are seweral more L dwarf bendymarksthan T's, howewer the scatterin colours
implies no obvious trend. Most of the objects lie betweenlog g = 4.5 and 5.0, with two
objects at log g = 5.5, GD 165B, a companionto a WD and HD12005C,a companion
to a main-sequencestar (con rmed in this work). The low gravity end is occupied by
ABpicB, a similarly low-gravity metal poor UCD as Gl 229B and the binary 1207AB,
where 1207B has large uncertainties (indicated by error barsin Fig. 6.11). There is no
obvious trend here, but if the uncertainties on 1207Bwere smallerthen it may indicate a
red-ward trend in NIR colour at low log g.

For metallicity the limited number of objects, including Gl 229B, meansthat a
trend could not be fully analysedfor the T dwarfs. For the L dwarfs, although the sample
numbers with [Fe/H] are larger, the spreadin colour is quite large with the majority of
objects occupying mainly two metallicity bins; the HyadesL dwarf objectsat [Fe/H] 0.14
and main-sequenceompanionsand PleiadesUCDs with solar metallicity. The spreadin
coloursis alsoquite sizablehere. Therefore,although there may be somerelation between
broadband colour and metallicity, it would not be possibleto seeit becauseneither the
sample size nor the range of properties within the population of bendimark L and T
dwarfs are available.
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is the outlier 1207B (as a square)with its error bars (seetext).
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Figure 6.12: Colour againstlog g, where the colour-Te trend (seeFig. 6.10) has been
subtracted from the colour, for bendamark T dwarfswith NIRJ H,H K andJ K

colours. Overplotted as a dotted line is a least squarest to the data. Also highlighted
is Gl 229B as a square,as a potertial log g and [Fe/H] outlier (seetext).

177



2E E

= ® 3

Q B X 3

— E T e KK 3

i OE * ﬁ §¥ """"""""""" 3

- E X 3

-5 =

i3 3

S E % ® X 3

X E e K ke N =

L SR Koo KT Ry E

x

-1E E

.

TE E

g E.oo... * * E!

< R Ko x % El

O e Koo =

Lk * L E

ol : .

_2E ) ) ) ) ) ) ) 3
—-1.0 —-0.8 —-0.6 -0.4 —-0.2 0.0 0.2 0.4

Figure 6.13: Colour against [Fe/H], where the colour-T, trend (seeFig. 6.9) has been
subtracted from the colour, for bendimark L dwarfswith NIRJ H,H K andJ K

colours. Overplotted as a dotted line is a least squarest to the data. Also overplotted
are the outliers 1207B (as a square),seetext.
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Figure 6.14: Colour against [Fe/H], wherethe colour-T, trend (seeFig. 6.10) has been
subtracted from the colour, for bendamark T dwarfswith NIRJ H,H K andJ K
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Sensitivit y of colours to Te

If there had beenobvioustrendsto colourand log g or [Fe/H] then it would be possibleto
produceimprovedcolour-T, ts by removing the trendsin colour derived for the log g and
[Fe/H]. This would be expectedto reducethe scatterin the colour-T, plot. This method
is illustrated here, using the essenally zerotrend ndings for log g and [Fe/H], even
though the scatter has not changed. The 9mproved colour-T, t is shavn in Fig. 6.15
for the L dwarfs. There appearsa fairly linear trend with T, and colours(overplotted as
a dotted line on Fig. 6.15)and in generalthe scatteris smallestin H K for both the L
and T dwarfs. The rangeover which the properties are best t was determinedfrom the
level of scatter and the distribution of data points alongthe t. For the T dwarfs, objects
are fairly ewvenly distributed in T, space. Howewer for L dwarfs there are no objects
between2100-2500Kand it is possiblethe trend in that region may not be linear.

A more comprehensie investigation of bendymark sensitivity to physical properties
would investigate a much greater range of obsenable criteria (other than broadband
photometry). However, this is limited by the available bendymarks and measuremets,
and thus it has only been possibleto identify trends between T, and the three NIR
coloursconsidered.

Thesetrends were usedto calculate a sensitivity index in the applicable T, ranges,
as the rate of changeof colour with T, . The equation of the t is a rst order, least
squarest of the form Colour = a+ W(Tess ), Wherea and b are the coe cien ts of the t
and the correspnding sensitivity is shovn in Table.6.8and 6.9. The larger the sensitivity
index, the more sensitive the colouris to changesin T, . On inspection of the sensitivity
of NIR broadband colourswith T, , the bendmarks would indicate that the coloursare,
in generalnot strongly sensitive to changesin T, , but that of all the coloursJ K might
be slightly moresensitivethanJd H andH K colours. From thesecorrelationsthe T,
of a UCD can also be calculated, sud that for a UCD with solar metallicity, log g 5.0,
over the range 750 T,  1400(for T dwarfs) and 1600 T, 2100(L dwarfs), Te can
be approximated via the following relations.

L dwarf colour-T. relations:
Te =2830.74-983.95] H)
Te =2790.22-1438.284 K)
Te =2907.41-630.03] K)
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Table 6.8: Parametersof tting equationsfor coloursof T dwarfs.

Colour Property a b Range Sensitivity?@
J H Te -2.671 0.0026 750-1400K 0.0026
H K Te -1.075 0.0011 750-1400K 0.0112
J K Te -3.658 0.0039 750-1400K 0.0375

Notes: The relation equation is: colour=a+b* T, .
a Sensitivity is the rate of change of colour with Te .

Table 6.9: Parametersof tting equationsfor coloursof L dwarfs.

Colour Property a b Range Sensitivity?@
J H Te 1.879 -0.00049 1600-2100K  0.00050
H K Te 1.303 -0.00036 1600-2100K  0.00035
J K Te 3.233 -0.00086 1600-2100K  0.00085

Notes: The relation equation is: colour=a+b* T, .
a Sensitivity is the rate of change of colour with T .

T dwarf colour-T. relations:
Te =1023.48+353.300 H)
Te =947.38+845.58H K)
Te =995.09+252.490 K)

Although no strong correlation between broadband colour and log g or [Fe/H] are
seen,and only a weak relation to T hasbeenfound in this study, there are indications
(i.,e. from the remaining scatter in coloursand the properties of someoutlying objects),
theseanalytical techniqueshold promisefor the future. With more bendimark UCDs and
a greaterspreadin properties over a rangeof spectral typesit may be possibleto provide
a way of robustly measuringUCD properties from their obsenable characteristics. Good
relations with colour may also allow reliable massfunctions to be calculatedwith a only
a limited amourt of spectroscopicfollow-up.

180



HGMC

X
S
x
*“
¥

HGMC

HGMC

x

\JA

o

o
\H\‘HH‘\HWHH‘HH‘HH\H‘\H‘\H‘\HMH‘\H‘\H‘\ \\\\‘\\\\‘\\\\‘\\\\

X

! 4 :

R x

X
\H\‘HH‘HH‘HH‘HH‘HH\H‘H\‘\H‘\H‘\H‘\H‘\H‘\ \\\\)’\\\\‘\\\\‘\\\\

1400 1600 1800 2000 2200 2400 2600 2800
Teff

Figure 6.15: Improved T, againstcolour plot, wherethe e ects of log g and [Fe/H] (from
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6.4 Future Work

The work in this thesis has preseited the discovery of three UCD companionsto main-
sequenceand WD stars, two of which are bendimark systemswith constrained ages,
along with a large number of candidate UCD + WD, UCD + main-sequenceand UCD
+ subgiart binary systems. The next logical progressionwould be to follow-up these
candidateswith a combination of proper motion, parallax and spectral obsenations. Once
con rmed, high S/N or high resolution spectroscoy could be employed to accurately
measuresud gravity sensitive features as previously mertioned. They could then be
usedto calibrate properties obsenationally and placeconstraints on ewolutionary models.
Correlations with colour and properties could also be explored, enabling a way to infer
the properties of a UCD basedon its obsenable colours.

The large number of bendimarks neededfor this task could be found by expanding
this work. In the immediate/near future this includesfuture data releasesf large NIR
surveys sud as UKIDSS and the VISTA hemispheresurwvey, which is plannedto reach
a further 2 magnitudes fainter than UKIDSS (K  20), over a large portion of the
southernhemisphereand will be ableto probe deeper and fainter than previously capable
and should reveal hundreds of new UCDs and many in new lower temperature regimes,
wherethe questionof a BD minimum masscan also start to be addressed.

In addition WISE will be able to follow-up bendimark UCDs by measuringtheir
mid IR ux. This coupledwith a parallax distance will enable a direct measuremen
of luminosity, where conbined with age information can give a radius estimate from
structure models and will allow T, , massand log g to be calculated. Another natural
expansionof this work would be to extend the subgiart pilot survey, where an accurate
measuremen of metallicity (if not known) could be calculated from follow-up edelle
spectra. The WDs however will not yield this information, but obtaining high resolution
spectrawill allow accuratedeterminationsof the cooling ageto be calculated, placing very
accurate constrairts on the ageof WD + UCD systems. The UCDs discovered through
thesemethods will alsoallow constrairts to be placedon the binary fraction, birth rate
and the massfunction for ultracool objects. Thesefactors are vitally important for the
understandingof the substellar population in the galaxy:.
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