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MOTIVATION 
•  Identification of nearby objects 

•  Census of objects in the solar neighbourhood. 
•  Identifying new benchmark objects with which to test atmospheric models 

•  Companions to Hipparcos stars are benchmark objects with known age, metallicity, 
distance. 

•  New genuine moving group members have well constrained ages and metallicities. 
•  Test late T dwarf model ages 

•  Pre-2012 models suggested the latest T dwarfs were young and low mass. Population 
kinematics can be used to test this. 

•  White dwarf discovery 
•  Cool white dwarfs can exhibit relatively large space velocities and are needed to 

understand the dynamical evolution of the Galaxy. 
•  Currently very few IR proper motion catalogues 



DATA SET 
•  LAS fits file data, 19.6 mag 5σ limit in the J band 
•  Approximately 1500 square degrees 
•  Matched using a 6” matching radius and a 0.5 J mag variability tolerance 
•  Epoch baselines 1.8 to 7 years 
•  Proper motion detection limit of 3.3 ”/yr 



DATA SET 
•  16,969,701 sources in 33,278 frames 

•  6,997,165 sources classified as stellar at both epochs 



METHOD 
•  We developed our own bespoke proper motion pipeline 

Unique solution for 
every source, 
globally and locally 
where possible. 

Relative to absolute 
proper motion 
correction using LAS 
galaxies 



RESULTS 
•  Absolute proper motion uncertainties: 

121,248 
unambiguously stellar 
sources with greater 
than 5σ pm  

Mean pm uncertainty 
for bright sources of  
10 mas/yr  
70% lie between 7.5 
and 12 mas/yr 
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RESULTS 
•  UKIDSS DR10 area comparison to LSPM catalogue 381 matches 

79% agree within their 1 
sigma uncertainties 

98% agree within their 2 
sigma uncertainties 

3 with pm difference 
greater than 4 sigma 
(crosses) 

r = 0.980 



CAVEATS 
•  CASU source classification scheme includes a flag for sources with a bad pixel (~20% of 

sources at 1 or both epochs) 

•  implications for the selection of reference stars (unnecessary rejection of a number of 
potentially useful stars) 

•  Implications for the relative to absolute correction (unnecessary rejection of a number 
of potentially useful galaxies) 

•  Relative to absolute correction less reliable in isolated frame 

•  False detections of sources (in diffraction spikes, etc) 

•  Duplicate sources 

•  ‘High proper motion’ unflagged saturated sources 

•  ‘High proper motion’ galaxies! 
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ABSTRACT

We report the discovery of 76 new T dwarfs from the UKIDSS Large Area Survey
(LAS). Near-infrared broad and narrow-band photometry and spectroscopy are pre-
sented for the new objects, along with WISE and warm-Spitzer photometry. Proper
motions for 128 UKIDSS T dwarfs are presented from a new two epoch LAS proper
motion catalogue. We use these motions to identify two new benchmark systems:
LHS 6176AB, a T8+M4 pair and HD118865AB, a T5.5+F8 pair. Using age con-
straints from the primaries and evolutionary models to constrain the radii we have
estimated their physical properties from their bolometric luminosity. We compare the
colours and properties of known benchmark T dwarfs to the latest model atmospheres
and draw two principal conclusions. Firstly, it appears that the H ! [4.5] and J !W2
colours are more sensitive to metallicity than has previously been recognised, such
that di!erences in metallicity may dominate over di!erences in Te! when considering
relative properties of cool objects using these colours. Secondly, the previously noted
apparent dominance of young objects in the late-T dwarf sample is no longer apparent
when using the new model grids and the expanded sample of late-T dwarfs and bench-
marks. This is supported by the apparently similar distribution of late-T dwarfs and
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ABSTRACT

We report the identification of LSR J0745+2627 in the United Kingdom InfraRed Telescope Infrared Deep Sky Survey (UKIDSS)
Large Area Survey (LAS) as a cool white dwarf with kinematics and age compatible with the thick-disk/halo population.
LSR J0745+2627 has a high proper motion (890 mas/yr) and a high reduced proper motion value in the J band (HJ = 21.87).
We show how the infrared-reduced proper motion diagram is useful for selecting a sample of cool white dwarfs with low contamina-
tion. LSR J0745+2627 is also detected in the Sloan Digital Sky Survey (SDSS) and the Wide-field Infrared Survey Explorer (WISE).
We have spectroscopically confirmed this object as a cool white dwarf using X-Shooter on the Very Large Telescope. A detailed
analysis of its spectral energy distribution reveals that its atmosphere is compatible with a pure-H composition model with an e!ec-
tive temperature of 3880 ± 90 K. This object is the brightest pure-H ultracool white dwarf (Te! < 4000 K) ever identified. We have
constrained the distance (24–45 pc), space velocities and age considering di!erent surface gravities. The results obtained suggest that
LSR J0745+2627 belongs to the thick-disk/halo population and is also one of the closest ultracool white dwarfs.

Key words. white dwarfs – stars: Population II – stars: abundances – stars: individual: ULAS J074509.02+262705.0 –
stars: individual: SDSS J074509.02+262705.0 – stars: fundamental parameters

1. Introduction

White dwarfs are the end-product of the evolution of majority
of low- and medium-mass stars (with initial masses <8 M").
The evolution of white dwarfs can be expressed as a well-
understood cooling process (Fontaine et al. 2001; Salaris et al.
2000). For this reason white dwarfs are used for cosmochronol-
ogy, for which they provide an independent age-dating method.
The study of the oldest and coolest white dwarfs is particularly
interesting because they can provide relevant information about
the early star formation of the Galaxy (Kilic et al. 2006).

The technique most commonly used to identify cool white
dwarfs is the combination of optical and infrared (IR) photom-
etry, together with proper motion information. Spectroscopic
confirmation of cool white dwarfs is also essential, where
they should show a featureless spectrum possibly with a weak
H! line. Coverage of the IR part of the spectral energy distri-
bution (SED) is very important to distinguish between di!erent
compositions: hydrogen, helium or mixed H/He (Bergeron et al.
1997). H-rich white dwarfs with Te! < 5000 K are featureless
although in the infrared region the presence of molecular hydro-
gen is evident due to collision induced absorption. Sometimes a
pure-He composition is more compatible with the observed pho-
tometry, but as pointed out by Bergeron (2001), in the case of

" Based on observations made with ESO telescopes at the Paranal
Observatory under programme ID 088.C-0048(B).
"" FITS version of the reduced spectrum is only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5)
or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/546/L3

white dwarfs with long cooling times this is unlikely, because of
accretion from the interstellar medium. According to Kowalski
& Saumon (2006) and Kilic et al. (2009), who computed im-
proved model atmospheres with the Lyman alpha red wing opac-
ity, most of these cool objects are H-rich.

There are about a dozen ultracool white dwarfs (Te! <
4000 K) detected in the Sloan Digital Sky Survey (SDSS, Gates
et al. 2004; Harris et al. 2008) that may be thick-disk or halo
WDs, but their SEDs are not reproduced successfully by the
current white dwarf model atmospheres, accordingly, their tem-
peratures and ages remain uncertain. More recently, Kilic et al.
(2010a) carried out a study of cool white dwarf candidates
found in SDSS (Harris et al. 2006). They performed a detailed
model atmosphere analysis providing temperatures and com-
positions, as well as obtaining spectroscopic observations to
confirm the white dwarf nature of the candidates. Later, Kilic
et al. (2010b) confirmed three of these objects as nearby old
halo white dwarf candidates (taking into account the space ve-
locities). Two of these objects, SDSS J213730.87+105041.6
and SDSS J214538.16+110626.6, are cool white dwarfs with
H-dominated atmospheres and e!ective temperatures of 3730–
3780 K, being the coolest white dwarfs known in the solar neigh-
bourhood. In a more recent paper, Kilic et al. (2012) obtained
parallaxes and confirmed the halo membership of two of the old-
est known white dwarfs (SDSS J110217.48+411315.4, hereafter
J1102, and WD0346+246). The best-fit pure-H model gives a
Te! of 3830 K for the first one, while the latter is compatible
with a mixed H/He composition and 3650 K.

Other investigations cross-matched SDSS and the UKIDSS
Large Area Survey (LAS, Lawrence et al. 2007) up to DR6 to
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NEW T DWARF BENCHMARKS 

Name Spectral Type [Fe/H] Teff / K 
 (B) 

log g 
(B) 

µ /  
mas yr-1 

Sep / “ (AU) 
A B 

LHS 6176 AB M4 T8 -0.30±0.10 780±70 5.15±0.15 426 52 (970) 
HD118865 AB F5 T5 0.09±0.10 1280±40 5.2±0.2 106 148 (9200) 



COLOUR-METALLICITY DEPENDENCE 
•  H - [4.5] & J – W2 more sensitive to metallicity and log g than current model predictions 
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Figure 12. H - [4.5] vs J ! H colour-colour plots for the compilation of photometry for T dwarfs from Leggett et al. (2010a), along
with new photometry presented in this paper. Benchmark systems are indicated and numbered as for Figure 10.

colour requirements, which may exclude T4 dwarfs with red-
der H !K colours, and J !H colours near our colour cut
o!s. As such, we are likely to preferentially select objects
that are bluer in H ! K, due to high-gravity and/or low-
metallicity, in this region. Such objects can be expected to
be typically older, and thus will exhibit higher velocities.

9 UPDATED SPACE DENSITY ESTIMATE

We now have near-complete follow-up of all candidates with
J < 18.8 in UKIDSS LAS Data Release 8 (DR8). This cov-
ers 2270 square degrees of sky within the SDSS DR8 foot-
print. Our significantly increased sample of !T6 dwarfs al-
lows us to improve on the space density estimate derived
in Burningham et al. (2010b). However, the optimisation of
our selection method since that work (to include CH4 imag-
ing) somewhat complicates our completeness correction and
bias selection. Unifying a sample selected in a slightly inho-
mogeneous manner, such as ours, to derive a space density
is best achieved via a Bayesian parameter estimate method.
For this reason we defer this more rigorous derivation of the
space density to a future work, since it is beyond the scope
of this discovery paper. Here, instead, we follow the method
of Pinfield et al. (2008) and Burningham et al. (2010b), and
derive approximate correction factors for the incompleteness
introduced by our di!erent photometric cuts in the same
manner as we previously did for correcting for our J ! H
selection cut, and simply scale these by the proportion of
the sample to which they were applied.

Figure 15. A J band reduced proper motion versus spectral
type diagram for the UKIDSS late-T dwarfs with well measured
proper motions. Iso-Vtan contours have been over plotted using
by applying the Dupuy & Liu (2012) MJ -spectral type relations.
To apply these relations, we have adopted Cushing et al. (2011)
spectral types for the latest type objects.



LATE T POPULATION AGE 
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Figure 12. H - [4.5] vs J ! H colour-colour plots for the compilation of photometry for T dwarfs from Leggett et al. (2010a), along
with new photometry presented in this paper. Benchmark systems are indicated and numbered as for Figure 10.

colour requirements, which may exclude T4 dwarfs with red-
der H !K colours, and J !H colours near our colour cut
o!s. As such, we are likely to preferentially select objects
that are bluer in H ! K, due to high-gravity and/or low-
metallicity, in this region. Such objects can be expected to
be typically older, and thus will exhibit higher velocities.

9 UPDATED SPACE DENSITY ESTIMATE

We now have near-complete follow-up of all candidates with
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ers 2270 square degrees of sky within the SDSS DR8 foot-
print. Our significantly increased sample of !T6 dwarfs al-
lows us to improve on the space density estimate derived
in Burningham et al. (2010b). However, the optimisation of
our selection method since that work (to include CH4 imag-
ing) somewhat complicates our completeness correction and
bias selection. Unifying a sample selected in a slightly inho-
mogeneous manner, such as ours, to derive a space density
is best achieved via a Bayesian parameter estimate method.
For this reason we defer this more rigorous derivation of the
space density to a future work, since it is beyond the scope
of this discovery paper. Here, instead, we follow the method
of Pinfield et al. (2008) and Burningham et al. (2010b), and
derive approximate correction factors for the incompleteness
introduced by our di!erent photometric cuts in the same
manner as we previously did for correcting for our J ! H
selection cut, and simply scale these by the proportion of
the sample to which they were applied.

Figure 15. A J band reduced proper motion versus spectral
type diagram for the UKIDSS late-T dwarfs with well measured
proper motions. Iso-Vtan contours have been over plotted using
by applying the Dupuy & Liu (2012) MJ -spectral type relations.
To apply these relations, we have adopted Cushing et al. (2011)
spectral types for the latest type objects.

We collected a sample of 75 Mid 
and Late T dwarfs and calculated 
their tangential velocity. 

K-S and Student’s t tests indicated a 
95% probability that the two Vtan 
distributions were drawn from the 
same sample. 

No difference in J band reduced 
proper motion distribution of 
Burningham et al. (2013) T dwarfs. 



MORE UCD BENCHMARKS 
Looking for more ultracool benchmarks: 

Internal and SIMBAD common proper motion companions to red objects within the catalogue 

834 red (Y-J > 0.7) objects with genuine total motion >500 mas 

Retrieved a list of SIMBAD objects with proper motions greater than 100 mas/yr 

New systems containing a brown dwarf candidate component 

 14 new systems containing 1 or more M7-M9.5 dwarf candidates 

 3 new systems containing early L dwarf candidates 



HALO T DWARF CANDIDATES 
A T6.5 dwarf with unusual colours and potentially halo kinematics 

GNIRS YJHK spectrum 
T6.5p type assigned  

Enhanced Y band flux, lower 
metallicity than previous 
subdwarf candidates 



HALO T DWARF CANDIDATES 
A T6.5 dwarf with unusual colours and halo/thick disc kinematics 

standard T6 - T7 mean MJ from Dupuy et al. 
(2012) 
Halo like 

1 MJ fainter (as seen in SDSS1416B) 
Thick disc like 



HALO T DWARF CANDIDATES 
A T3-T8 dwarf (J ~ 19, non detections in SDSS and WISE) 

 Vtan is 100/70 at T7.5/T8 > thick disk population 

 Vtan is 100-250 at T7-T3 > halo population 

  Follow up imaging with WHT/LIRIS requested 



SUMMARY 
•  New PM catalogue from the UKIDSS Large Area Survey! 

•  1500 square degrees at NIR, complemented by SDSS and WISE 

•  121,248 unambiguous stellar sources with greater than 5σ pm measured 

•  Mean accuracy of 10 mas/yr for J < 17, 5σ J limit of 19.6 
•  2 new benchmark T dwarfs LHS 6176B and HD 118865B 

•  2 halo T dwarf candidates 

•  Kinematic age of late T dwarfs is not young 
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Figure 10. H - [4.5] vs H ! K colour-colour plots for the compilation of photometry for T dwarfs from Leggett et al. (2010a) and
benchmark systems from the literature, along with new photometry and benchmarks presented in this paper. Benchmark systems
with roughly Solar metallicity are shown in green, whilst those with sub-Solar metallicity are shown in blue. Model colour tracks for
Saumon et al. (2012), top panel, and Morley et al. (2012), bottom panel, are shown for comparison. The latter assumed fsed = 5. The
models shown are all solar metallicity, and the Te! and log g values are indicated on the colour sequences. Each benchmark object is
linked to a 1! box indicating the model prediction for its colours.

28 Ben Burningham et al

Figure 11. J!W2 vs Y !J colour-colour plots for the UKIDSS T dwarfs with Y J and WISE photometry and benchmark systems from
the literature, along with new photometry and benchmarks presented in this paper. Benchmark systems with roughly Solar metallicity are
shown in green, whilst those with sub-Solar metallicity are shown in blue. Model colour tracks for Saumon et al. (2012), top panel, and
Morley et al. (2012), bottom panel, are shown for comparison. The latter assumed fsed = 5. The models shown are all solar metallicity,
and the Te! and log g values are indicated on the colour sequences. Each benchmark object is linked to a 1! box indicating the model
prediction for its colours.
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they lie at the same distance as their candidate companions.
The candidate primary stars are compared to Hipparcos
stars with V J photometry in Figure 7. Those targets whose
maximum and minimum hypothesised MJ bracket the main
sequence (or white dwarf or giant branches) were accepted
as candidate common proper motion binary pairs to our
T dwarfs. Of our 9 candidate primaries with 4! matched
proper motions and V J colours, 5 appear very likely to
have common distance to our T dwarfs. One more has a
minimum hypothetical MJ value that lies on the periphery
of the main sequence and is thus consistent with the target
sharing a common distance to the T dwarf, if the T dwarf is
itself an unresolved binary. Three pairs are ruled out by the
common distance test. The initial characterisation of these
pairs is given given in Table 6.

It is worth highlighting that this method restricts us to
investigating stars with V and J band photometry in the
NOMAD and LSPM catalogues, and we have likely thus ex-
cluded a number of genuine binary companions. For exam-
ple, we also recovered the white dwarf - T dwarf pair LSPM
1459+0851AB (Day-Jones et al. 2011) as a proper motion
match, however the lack of 2MASS photometry for the WD
primary excluded it from our analysis at this stage. This
was the only LSPM candidate with proper motion agree-
ment that lacked V J photometry. However, a large number
of NOMAD candidate primaries with proper motion agree-
ment lacked appropriate photometry for the common dis-
tance distance check. It is thus likely that a number of ad-
ditional binary companions may remain unidentified in our
sample, particularly for more distant red primaries that lack
Tycho photometry (e.g. M dwarfs).

Of the 5 strong candidates, three are previously
identified binary systems in our sample: Ross 458ABC
(Goldman et al. 2010), BD+01 2930AB (Pinfield et al.
2012) and Hip 73786AB (LHS 3020AB Scholz 2010;
Murray et al. 2011), and two are new candidates:
ULAS J0950+0117 (T8) + LHS 6176 (estimated M4);
ULAS J1339+0104 (T5) + HD118865 (F8). The latter
of these was also identified in our crossmatch against
Hipparcos, and the parallax for the primary is consistent
with our estimated distance to the T dwarf secondary. The
former has been independently identified as a candidate
proper motion pair by Luhman et al. (2012) since our
detailed study of it had already commenced.

To assess the probability of chance alignment for our
new candidate binary pairs, we followed the method de-
scribed in Dhital et al. (2010), which calculates the fre-
quency of unrelated pairings using a Galactic model that
is parameterised by empirically measured stellar number
density (Jurić et al. 2008; Bochanski et al. 2010) and space
velocity (Bochanski et al. 2007) distributions. All stars in
the model are single (and hence unrelated); therefore any
stars within the 5D ellipsoid defined by the binary’s posi-
tion, angular separation, distance, and proper motions is a
chance alignment. We performed 106 Monte Carlo realisa-
tions to calculate the probability of chance alignment. The
chance-alignment probabilities for the three new candidates
are given in the “notes” column of Table 6. The weaker can-
didate has a correspondingly higher probability of chance
alignment, and in the absence of further data on the pri-
mary star, or improved distance estimates, it is not reason-
able to pursue further analysis of this candidate system. The

Figure 7. A V !J versus MJ colour magnitude diagram showing
the Hipparcos stars with V and J photometry (black dots) and
our candidate primary stars. Blue symbols indicate the hypothet-
ical range of MJ for primaries selected from LSPM, whilst the red
symbols indicate the same for candidate primaries selected from
NOMAD. One candidate primary lies beyond the plotted range.

two strongest new candidates, however, are likely to be bona
fide common proper motion systems and we proceed on this
basis.

6.2 LHS 6176AB

6.2.1 Distance to LHS 6176AB

As part of our wider campaign for determining accurate dis-
tances to late-T dwarfs in our sample (e.g. Smart et al.
2010; Marocco et al. 2010), we have obtained a trigono-
metric parallax measurement for ULAS J0950+0117 (LHS
6176B), and also for the proposed primary LHS 6176. The
astrometric observations and image reduction procedures
were identical to those described in Smart et al. (2010).
Since the observing strategy was optimised for measuring
the distance to the T dwarf, LHS 6176A was often close to
saturation on the image and, as a result, the centroiding
precision is reduced. For this reason, the original survey im-
age from 2008 could not be used at all in the solution so
the final astrometric parameter precision for LHS 6176 is
much lower than for the T dwarf. In total 35 observations
with 78 reference stars over a baseline of 4.22 years were
used for LHS 6176B, compared to 33 observations with 525
reference stars over 2.16 years for LHS 6176A. The greater
number of reference stars for LHS 6176A is due to their be-
ing drawn from the entire WFCAM chip, rather than from
just the immediate vicinity of the target. All astrometric pa-
rameters indicate a common distance and common motion
for the two objects, supporting our interpretation of the pair
as a binary system. The proper motions are also consistent
with those found for LHS 6176 in Lépine & Shara (2005)
(249, !346 mas/yr). The resulting astrometric parameters
for the pair are given in Table 7. When we re-run our chance





•  Comparison to rNLTT catalogue 115 matches 

70% agree within their 1 
sigma uncertainties 

94% agree within their 2 
sigma uncertainties 

6 found to have some error 
in rNLTT astrometry and 
are not included 

r = 0.988 


