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ABSTRACT

We present 114 trigonometric parallaxes for 107 nearby white dwarf (WD) systems from
both the Cerro Tololo Inter-American Parallax Investigation (CTIOPI) and the U. S. Naval
Observatory Flagstaff Station (NOFS) parallax programs. Of these, 76 parallaxes for 69 systems
were measured by the CTIOPI program and 38 parallaxes for as many systems were measured
by the NOFS program. A total of 50 systems are confirmed to be within the 25 pc horizon of
interest. Coupled with a spectroscopic confirmation of a common proper motion companion to a
Hipparcos star within 25 pc as well as confirmation parallax determinations for two WD systems
included in the recently released Tycho Gaia Astrometric Solution (TGAS) catalog, we add 53
new systems to the 25 pc WD sample — a 42% increase. Our sample presented here includes
four strong candidate halo systems, a new metal-rich DAZ WD, a confirmation of a recently
discovered nearby short-period (P = 2.85 hr) double degenerate, a WD with a new astrometric
perturbation (long period, unconstrained with our data), and a new triple system where the WD
companion main-sequence star has an astrometric perturbation (P ∼ 1.6 yr).
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1. Introduction

White dwarfs (WDs) are the remarkably abun-
dant remnants of the vast majority of stars and
serve as reliable tracers for a number of astrophys-
ically interesting topics. We aim to compile a ro-
bust, volume-limited sample of WDs upon which
statistical studies can be performed. For instance,
insight into population membership percentages
(thin disk, thick disk, halo), population ages, and
Galactic star formation history can be ascertained
from the sample as a whole. Individually, a non-
trivial number of WDs are found to be metal-
enriched and are most likely displaying signs of dis-
rupted planetary systems (Farihi et al. 2009, and
reference therein). Given that the nearest metal-
enriched WDs are the brightest examples, they can
be more carefully studied. With a volume-limited
sample, one minimizes biases in the WD luminos-
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ity function, mass function, and those introduced
when inferring the number of planetary systems
around WDs.

We present here a compilation of two long-term
astrometric efforts to measure accurate trigono-
metric parallaxes to nearby WDs — the Cerro
Tololo Inter-American Observatory Parallax In-
vestigation (CTIOPI, Jao et al. 2005) and the
U.S. Naval Observatory Flagstaff Station (NOFS,
Monet et al. 1992) parallax program. In total,
76 parallaxes are measured for 69 systems by the
CTIOPI program and 38 parallaxes are measured
for as many systems by the NOFS program, in-
cluding seven systems for which both CTIOPI and
NOFS measured parallaxes. The CTIOPI results
represent all completed parallaxes for WDs on the
program, including those beyond the 25 pc hori-
zon of interest. A subset of the CTIOPI targets
are members of the 15 pc Astrometric Search for
Planets Encircling Nearby Stars (ASPENS, Ko-
erner et al. 2003) initiative. These targets typi-
cally have ∼10+ years of data and will be contin-
ually monitored as long as the program will allow.
The NOFS parallaxes only include those within
the 25 pc horizon of interest. A much larger sam-
ple of WD parallaxes from NOFS at all distances
will be included in an forthcoming publication.

The combined astrometric efforts add 50 WD
systems to the 25 pc sample (27 from CTIOPI,
20 from NOFS, and 3 measured by both pro-
grams). Also, we spectroscopically confirmed a
previously unknown WD companion to a main-
sequence dwarf with a Hipparcos parallax plac-
ing the system within 25 pc. Finally, we con-
firm proximity for two WDs whose trigonometric
parallaxes were also recently determined by the
Tycho Gaia astrometric solution (TGAS, Linde-
gren et al. 2016). Thus, a total of 53 new sys-
tems are added to the 25 pc WD sample that pre-
viously consisted of 126 systems reliably within
that volume — a 42% increase. The complete
sample of WDs within 25 pc can be found at
http://www.DenseProject.com.

2. Observations and Data

2.1. Photometry

2.1.1. Optical BV RI Photometry

Standardized photometric observations were
carried out at three separate telescopes. The
SMARTS 0.9m telescope at CTIO was used during
CTIOPI observing runs when conditions were pho-
tometric. A Tektronics 2K × 2K detector was used
in region-of-interest mode centered on the central
quarter of the full CCD producing a field of view
(FOV) of 6.′8 × 6.′8. The SMARTS 1.0m telescope
at CTIO was used with the Y4KCam 4K × 4K
imager, producing a 19.′7 × 19.′7 FOV. Finally, the
Ritchey 40-in telescope at USNO Flagstaff Station
was used with a Tektronics 2K × 2K detector with
a 20.′0 × 20.′0 FOV. Calibration frames (biases,
dome and/or sky flats) were taken nightly and
used to perform basic calibrations of the science
data using standard IRAF packages. Standard
stars from Graham (1982) and Landolt (1992,
2007, 2013) were taken nightly through a range
of airmasses to calibrate fluxes to the Johnson-
Kron-Cousins system and to calculate extinction
corrections. In general, aperture photometry was
performed on both standard stars and target stars
using a 14′′ diameter. For crowded fields, faint tar-
gets, and recent observations, once a PSF pipeline
was in place, PSF photometry was conducted us-
ing either the DAOPhot (Stetson 1987) or the
PSFEx (Bertin 2011) algorithm. A subset of data
were compared using both PSF algorithms and
no significant systematic offset was seen. While
three separate Johnson-Kron-Cousins V RI filter
sets were used between the three telescopes, com-
parisons were made of dozens of CTIOPI targets
mutually observed with all filter sets. Any system-
atic variation inherent in the filter set differences
once standardized is well below our nominal mag-
nitude error of 0.03 mag.

For the CTIOPI program, relative brightnesses
were also recorded for the parallax target (here-
after referred to as the “PI” star) compared to the
astrometric reference field stars in the filter used
for the astrometry as part of the CTIOPI reduc-
tion pipeline. From these data, we gauge whether
the PI star shows any variability. If any of the ref-
erence stars show variability above ∼2%, they are
removed from the variability analysis. This anal-
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ysis was not performed for the NOFS targets as it
was not part of the reduction pipeline. Photom-
etry values are given in Table 1, where columns
(1) and (2) give WD and alternate names, re-
spectively. Columns (3-10) give the Johnson BV ,
Kron-Cousins RI, and corresponding number of
observations in each filter. Columns (11-14) give
the filter of parallax observations (hereafter re-
ferred to as the parallax filter) and PI star photo-
metric standard deviation in that filter as a gauge
for variability as well as the number of nights and
frames used for the variability analysis. Columns
(15-17) give the JHKs photometry values and cor-
responding errors on the 2MASS photometric sys-
tem. Finally, column (18) contains any notes.

2.1.2. NEWFIRM JHK Photometry

Near-IR JHKs photometry was collected for
WD 0851−246, at the CTIO 4.0-m Blanco tele-
scope using the NOAO Extremely Wide-Field In-
frared Imager (NEWFIRM, Probst et al. 2004)
during an engineering night on 2011.27 UT. NEW-
FIRM is a 4K × 4K InSb mosaic that provides
a 28′ × 28′ FOV on the Blanco telescope. Raw
data were processed using the NEWFIRM science
reduction pipeline and retrieved from the NOAO
science archive as fully processed, stacked images.

Relative photometry was performed using the
2MASS catalog to standardize the images. Frames
were checked to identify where saturation occurs
and comparison stars were selected to have high
signal-to-noise yet below saturation. A total of 68
comparison stars were used for each frame with
2MASS magnitudes ranging from 12.61-14.42,
12.24-13.99, and 12.14-13.90 for J , H, and Ks,
respectively. The NEWFIRM filters are on the
MKO system so the comparison stars were trans-
formed to the MKO system using the methodology
of Carpenter (2001)1. Instrumental PSF photome-
try was extracted using PSFEx for the comparison
stars and the target. A least-squares fit was used
to determine the offset between instrumental J
and MKO J . A similar approach was used to
determine the MKO J − H and J − K colors.
Photometry values and errors are listed in Table 1
and are italicized to distinguish them from other

1The MKO transformations were not included in Carpenter
(2001) but were added later and available at http://www.

astro.caltech.edu/~jmc/2mass/v3/transformations/.

JHKs values on the 2MASS photometric system.

2.1.3. Catalog Photometry

Additional photometry values were extracted
from the Sloan Digital Sky Survey (SDSS) DR12
(Alam et al. 2015), 2MASS, and the UKIRT In-
frared Sky Survey (UKIDSS) DR9 Large Area
Survey, when available. The UKIDSS project
is outlined in Lawrence et al. (2007). UKIDSS
uses the UKIRT Wide Field Camera (WFCAM;
Casali et al. 2007). The photometric system is
described in Hewett et al. (2006), and the cal-
ibration is described in Hodgkin et al. (2009).
The science archive is described in Hambly et al.
(2008). UKIDSS magnitudes were transformed to
the 2MASS system using the transformations of
Hodgkin et al. (2009). These transformed values
are listed in Table 1. We do not tabulate the pho-
tometry extracted from SDSS DR12 as those are
readily available via the SDSS archive.

2.2. Spectroscopy

Two WDs presented here (WD 1743−545 and
WD 2057−493) are newly discovered nearby WDs
identified during a spectroscopic survey of WD
candidates in the southern hemisphere (Subasav-
age et al. in preparation) taken from the SU-
PERBLINK catalog (Lépine & Shara 2005). A
third WD included here (WD 2307−691) was pre-
viously unclassified, yet is a common proper mo-
tion companion to a Hipparcos star within 25 pc
(HIP 114416). A fourth WD (WD 2028−171) was
suspected to be a WD by the authors based on
a trawl of the New Luyten Two Tenths (NLTT)
catalog (Luyten 1979a). Finally, A fifth WD (WD
1241−798) was first spectroscopically identified as
a WD by Subasavage et al. (2008) but with an
ambiguous spectral type of DC/DQ. The SOAR 4-
m telescope with the Goodman spectrograph was
used for spectroscopic follow-up as part of a larger
spectroscopic campaign to identify nearby WDs to
be released in a future publication. Observations
were taken with a 600 lines-per-mm VPH grat-
ing with a 1.′′0 slit width to provide 2.1 Å reso-
lution in wavelength range of 3600Å−6200Å. The
slit was rotated to the parallactic angle to pre-
vent any color-differential loss of light. For WD
1241−798, the spectrum was taken during an en-
gineering night and only quartz lamp flats were
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Fig. 1.— SOAR + Goodman confirmation spectra
for newly discovered nearby WDs, WD 2307−691
(DB), WD 1241−798 (DC), WD 2028−171
(DAZ), WD 2057−493 (DA) and WD 1743−545
(DC). Spectra are normalized at 5200 Å and offset
for clarity. Supplemental data file of these spectra
is available in the online journal.

taken. The undulations seen in the spectrum cor-
relate with structure of the quartz lamp and are
thus not real. For these spectra and throughout
this work, we adopt the WD spectral classification
system of Sion et al. (1983). In brief, DA WDs
contain Balmer features, DB WDs contain helium
features, DC WDs are featureless, and DZ and DQ
show calcium and carbon features, respectively,
and are devoid of hydrogen and helium features.
If metal features are present as well as hydrogen
and/or helium features, the dominant species is
listed first, i.e., DAZ is a hydrogen-dominant at-
mosphere with traces of calcium. The spectra for
WD 1241−798 (DC), WD 1743−545 (DC), WD
2028−171 (DAZ), WD 2057−493 (DA), and WD
2307−691 (DB), normalized at 5200Å, are shown
in Figure 1.

2.3. Astrometry

2.3.1. CTIOPI Astrometry

Trigonometric parallax data acquisition and re-
duction techniques for the CTIOPI program are
discussed fully in Jao et al. (2005). In brief, the
instrument setup and basic data calibrations are
identical to those used for photometric observa-

tions (i.e., the SMARTS 0.9m telescope coupled
with the central quarter of a Tektronics 2K × 2K
detector). A parallax target’s reference field is de-
termined upon first observation. We use one of
the Johnson-Kron-Cousins V RI filters, selected to
optimize the signal on the PI star and reference
stars (the parallax filter), as well as to keep expo-
sure times greater than ∼30 seconds and less than
∼600 seconds, when possible. Rapid variations in
the atmosphere are not “smoothed” out in short
exposures and thus degrade the centroids. Inte-
grations longer than 600 seconds are taxing to the
program as a whole as we typically have ∼300-
500 active targets at any given time. In general,
five frames are taken at each epoch for shorter-
exposure targets and three frames per epoch for
600-second-exposure targets. WD 0222−291 (see
Section 4.2) is one of the faintest targets in the
parallax filter observed during the program and
required ∼900 second integrations. In this case,
only two frames per epoch (at most) were taken.

When possible, the PI star is placed as close
to the center of the CCD as possible, to allow
a roughly circular distribution of reference stars
around the PI star. Preference in reference star
selection is given to better exposed (though not
near saturation), isolated stars that are near to
the PI star on the CCD. A minimum of five to ten
reference stars is preferred, up to a maximum of
∼20 reference stars that are sufficiently exposed.
Diminishing returns are quickly realized if more
reference stars are used, often because they are
poorly exposed. Exceptions are made for sparse
fields when necessary, typically at the expense of
a slightly degraded parallax solution. Once de-
termined, the pointing to each field is repeated
to better than ∼5-10 pixels throughout the du-
ration of the parallax observations to minimize
any CCD distortion effects on the final astromet-
ric solution. Generally, observations are limited to
within an hour angle of 2 hours, with most obser-
vations taken within ∼30 minutes of the meridian.

Astrometric reductions for each parallax tar-
get are performed/updated routinely to monitor
progress and identify any problematic datasets.
Centroids for the reference field and PI stars are
determined for all frames in the parallax filter us-
ing SExtractor (Bertin & Arnouts 1996) outputs
XWIN IMAGE and YWIN IMAGE. Corrections
for differential color refraction (DCR) are per-
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formed using the V RI photometry of all the refer-
ence stars and PI star. A least-squares reduction
via the Gaussfit program (Jefferys et al. 1988) is
performed, assuming the reference star grid has
Σπi = 0 and Σµi = 0, where π and µ are parallax
and proper motion, respectively. Once a relative
parallax is obtained for the PI star, a correction
to absolute parallax is determined by estimating
photometric distances via the relations of Henry
et al. (2004) to the reference stars (assuming all
are dwarfs).

For three stars, WD 1241−798, WD 1620−391,
and WD 1917−077, that reside within 20◦ of the
Galactic Plane and exhibit significantly reddened
fields, we performed a more rigorous calculation
to correct from relative to absolute parallax. The
methodology is discussed fully in Harris et al.
(2016) but in brief, the reddening of the field is
estimated using E(B − V ) taken from Schlafly &
Finkbeiner (2011). Near infrared 2MASS photom-
etry is used to determine which reference stars
are likely giants, and the V − I color is then ad-
justed iteratively as a distance estimate converges
for each reference star, assuming a dwarf or giant.
In the case of WD 1241−798, the correction to ab-
solute parallax is determined to be 1.1 ± 0.3 mas
and for the latter two, the correction is determined
to be 1.6 ± 0.2 mas.

Cracked V Filter

A complete discussion of the cracked V filter is-
sue can be found in Subasavage et al. (2009); here
we give a synopsis. Because of a damaged Tek 2
V filter (referred to as oV ) that occurred in early
2005, the CTIOPI program used a comparable V
filter (referred to as nV ) from 2005 to mid-2009.
The astrometry is affected by this change because
the passbands were slightly different. It was de-
termined empirically that trigonometric parallax
determinations are sound if at least ∼1-2 years of
data are available both before and after the filter
switch. However, subtle signals from a perturb-
ing companion, would not be reliable. In 2009, it
was determined that the crack, near the corner of
the filter did not impact the FOV of the CTIOPI
data, as only the central quarter of the CCD is
used. Thus, a switch back to the original V (oV )
was completed in mid-2009.

For the targets, particularly in the ASPENS 15

pc sample where we want to probe for subtle as-
trometric signatures in the residuals, the nV data
are omitted from the reductions presented here.
Otherwise, reductions that include both V filter
data are noted in Table 2. In the case of WD
1241−798, no new data were taken after 2009 and
only a year of data were taken with oV prior to
2005. Thus, only the nV data are used to deter-
mine the astrometric results presented here.

2.3.2. NOFS Astrometry

A thorough discussion of the NOFS astro-
metric reductions can be found in Monet et al.
(1992) and Dahn et al. (2002) with procedural
updates described in Dahn et al. (2017, in prepa-
ration). Briefly, astrometric data have been col-
lected with the Kaj Strand 61-in Astrometric Re-
flector (Strand 1964) using three separate CCDs
over the multiple decades that NOFS has mea-
sured stellar parallaxes. Initially, a Texas Instru-
ments (TI) 800 × 800 (TI800) CCD, followed by a
Tektronics 2048 × 2048 (Tek2K) CCD, and most
recently an EEV (English Electric Valve, now e2v)
2048 × 4096 (EEV24) CCD were used. The latter
two cameras are still in operation at NOFS for
astrometric work and were used for all but two of
the NOFS parallaxes presented here. The TI800
CCD was used to measure the parallaxes for WD
0213+396 and WD 1313−198. A total of four fil-
ters were used for astrometric work. ST-R (also
known as STWIDER) is described in detail by
Monet et al. (1992), and is centered near 700 nm
with a FWHM of 250 nm. A2-1 is an optically
flat interference filter centered near 698 nm with a
FWHM of 172 nm. I-2 is an optically flat interfer-
ence filter centered near 810 nm with a FWHM of
191 nm. Z-2 is an optically flat 3 mm thick piece
of Schott RG830 glass that produces a relatively
sharp blue-edge cutoff near 830 nm and for which
the red edge is defined by the CCD sensitivity.
More details on the filters can be found in Dahn
et al. (2017, in preparation).

Reference stars are selected during initial setup,
typically with more selections than required. Cen-
troids for the reference field and PI star occur on-
the-fly as data are collected using the centroiding
algorithm of Monet & Dahn (1983). A comparison
of this algorithm and that of SExtractor as used for
CTIOPI, using several parallax fields, show them
to produce comparable results. Corrections for
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DCR were determined based on the V − I colors
and applied to the PI and reference star centroids
prior to the astrometric solution. An astrometric
solution is then calculated to give relative parallax
and proper motion.

The correction to absolute parallax is deter-
mined using the methodology of Harris et al.
(2016) and the same as that described for the red-
dened cases in the CTIOPI program. Corrections
for most of the targets presented here do not re-
quire the use of 2MASS photometry to determine
reference stars likely giants vs. dwarfs, as redden-
ing is minimial. The correction to absolute for
WD 1821−131 was not determined in this manner
because the Schlafly & Finkbeiner (2011) deter-
mination of E(B − V ) = 13.9 for this field and
thus, giant/dwarf differentiation was very unreli-
able. Instead, we adopt a nominal correction with
an inflated error of 1.0 ± 0.3 mas for this target.

3. Astrometry Results

CTIOPI astrometric results for WD systems
(and companions when available) are presented in
Table 2. Columns (4)-(9) list the filter used for
parallax observations, the number of seasons the
PI star was observed, the total number of frames
used in the parallax reduction, the time coverage
of the parallax data, and the number of reference
stars used. The ‘c’ in column (5) signifies that
the observations were continuous throughout ev-
ery season within the time coverage. The ‘s’ sig-
nifies that observations were scattered such that
there is at least one season with only one night’s
data (or no data for an entire season). In some
cases, mostly because of the cracked V filter prob-
lem discussed in Section 2.3.1, the ‘g’ signifies a
significant gap (multiple years) in the observa-
tions. Columns (10)-(12) list the relative parallax,
correction to absolute, and the absolute parallax.
The proper motions and position angles quoted in
columns (13) and (14) are those measured with re-
spect to the reference field (i.e., relative, not cor-
rected for reflex motion due to the Sun’s move-
ment in the Galaxy). The tangential velocities
quoted in column (15) are not corrected for solar
motion. For the ASPENS targets that were pub-
lished by Subasavage et al. (2009), continual mon-
itoring over the past ∼6 years has provided sig-
nificant additional data, and thus the astrometric

results presented here supersede those previously
published. The mean error on the parallax for the
CTIOPI sample is 1.14 mas.

NOFS astrometric results for 25 pc WD sys-
tems are presented in Table 3. Columns (4)-(9)
list the filter used for parallax observations, the
number of nights the PI star was observed, the
total number of frames in the astrometric reduc-
tion, the number of reference stars used, and the
time coverage and length of the parallax data.
Columns (10)-(14) list the relative parallax, cor-
rection to absolute, the absolute parallax, and rel-
ative proper motion and position angle (i.e., not
corrected for solar motion). Also in this case, the
tangential velocities quoted in column (15) are not
corrected for solar motion. Finally, column (16)
denotes which camera was used for parallax ob-
servations. The mean error on the parallax for
the NOFS sample is 0.49 mas, or roughly a factor
of two better than that for CTIOPI. The enhanced
accuracy is attributed to the astrometric optimiza-
tion of the NOFS 61-in Strand Reflector’s optical
design.

In Figure 2 we compare astrometric results with
recently published works for the few overlapping
targets. The error bars represent both programs’
formal parallax errors added in quadrature for a
given target. There are no obvious systematic dif-
ferences with either CTIOPI or NOFS samples.
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Figure 3 shows a H−R diagram for the astro-
metric samples presented here. Objects labeled
by WD name are discussed in detail in Section
4.2. Briefly, we find three WDs (WD 1242−105,
WD 1447−190, and WD 1237−230) that are over-
luminous and good candidates for being unre-
solved multiple systems solely based on luminos-
ity. WD 1008+290 is a peculiar He-rich DQ WD
with exceptional Swan band absorption (e.g., Gi-
ammichele et al. 2012) such that the measured V
magnitude, whose bandpass encompasses a por-
tion of this absorption, is affected and appears
fainter than if the absorption was not present. Fi-

nally, both LHS 2068 (WD 0851−246) and LHS
1402 (WD 0222−291) are very cool WDs that ap-
pear to display collision-induced absorption (CIA)
by H2 molecules (Saumon et al. 1994; Hansen
1998; Saumon & Jacobson 1999). CIA opacity is
induced by collisions, and thus requires high at-
mospheric pressures. High atmospheric pressures
are reached at much higher effective temperatures
in He-rich atmospheres that also contain molecu-
lar hydrogen, because of the relative transparency
of He, than in pure-H atmospheres. Therefore,
CIA manifests itself at higher effective tempera-
tures, and thus higher luminosities. This effect is
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shown in Figure 3 compared to the effect of CIA
in pure-H atmospheres. In the case of LHS 2068,
a mixed atmosphere He+H is required to allow
for CIA to be present at its luminosity (discussed
further in Section 4.2). In the case of LHS 1402,
none of the current models compare adequately to
the observed data (also discussed further in Sec-
tion 4.2). As expected, the majority of new 25 pc
WD members are cooler and intrinsically dimmer
than their hotter counterparts and often missed in
magnitude-limited surveys.

4. Analysis

4.1. Modeling of Physical Parameters

To better understand the physical nature of
WDs, which expands to provide clues into topics
such as stellar evolution and progenitor popula-
tions, for example, we perform atmospheric mod-
eling analyses of all of our targets. Atmospheric
modeling procedures of the WDs are identical
to those presented in Subasavage et al. (2009).
Briefly, optical/near-IR magnitudes are converted
into fluxes using the calibration of Holberg et al.
(2006) and compared to the spectral energy dis-
tributions (SEDs) predicted by the model atmo-
sphere calculations originally described in Berg-
eron et al. (1995, and references therein) with
improvements discussed in Tremblay & Bergeron
(2009). The observed flux, fmλ , is related to the
model flux by the equation

fmλ = 4π (R/D)2 Hm
λ (1)

where R/D is the ratio of the radius of the star
to its distance from Earth, Hm

λ is the Edding-
ton flux (dependent on Teff , log g , and atmo-
spheric composition) properly averaged over the
corresponding filter bandpass, and π is the math-
ematical constant (elsewhere throughout this pa-
per, π refers to the trigonometric parallax an-
gle). Our fitting technique relies on the nonlin-
ear least-squares method of Levenberg-Marquardt
(Press et al. 1992), which is based on a steepest
descent method. The value of χ2 is taken as the
sum over all bandpasses of the difference between
both sides of Equation (1), weighted by the corre-
sponding photometric uncertainties. Only Teff and
[π(R/D)2] are free parameters (though we allow
log g to vary as described below) and the uncer-
tainties of both parameters are obtained directly

from the covariance matrix of the fit. The main
atmospheric constituent (hydrogen or helium) is
determined by the presence of Hα from spectra
published in the literature (references listed in Ta-
ble 4) or by comparing fits obtained with both
compositions.

We start with log g = 8.0 and determine Teff

and [π(R/D)2], which combined with the distance
D obtained from the weighted mean trigonometric
parallax measurement yields directly the radius of
the star R. The radius is then converted into
mass using evolutionary models similar to those
described in Fontaine et al. (2001), but with C/O
cores, q(He) ≡ logMHe/M? = 10−2 and q(H) =
10−4 (representative of hydrogen-atmosphere
WDs), and q(He) = 10−2 and q(H) = 10−10 (rep-
resentative of helium-atmosphere WDs).2 In gen-
eral, the log g value obtained from the inferred
mass and radius (g = GM/R2) will be different
from our initial guess of log g = 8.0, and the fit-
ting procedure is thus repeated until an internal
consistency in log g is reached. The parameter un-
certainties are obtained by propagating the error
of the trigonometric parallax measurements into
the fitting procedure.

Physical parameter determinations for the DQ
and DZ WDs are identical to the procedures out-
lined in Dufour et al. (2005, 2007). Briefly, the
photometric SED provides a first estimate of the
atmospheric parameters with an assumed value of
metal abundances using solar abundance ratios.
The optical spectrum is fit to better constrain the
metal abundances and to improve the atmospheric
parameters from the photometric SED. This pro-
cedure is iterated until a self-consistent photomet-
ric and spectroscopic solution is reached.

Results of the atmospheric modeling are tabu-
lated in Table 4. Given the nominal uncertainties,
we round the values for effective temperature and
corresponding error to 10 K. Representative plots
of the model fits of the SEDs are shown in Fig-
ure 4, with the complete set of plots for the entire
sample made available in the online material.

4.2. Comments on Individual Systems

WD 0000−345 belongs to an unusual class of
objects whose SEDs are better fit with pure-H at-

2see http://www.astro.umontreal.ca/~bergeron/

CoolingModels/.
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Fig. 4.— Representative plots of the model fits to the SEDs where error bars represent measured values
and circles represent model values (filled for pure-H and open for pure-He). Adopted model parameters are
shown in red text in the left panels. Plots of all model fits for the sample are available in the online material.
Among the online plots, note that both WD 0038−226 and WD 0851−246 are fit using mixed-atmosphere
He+H models. All photometric measures that were excluded from the fit are shown as red error bars and
described in Section 4.2. Model spectra in the right panels are not fits, but merely derived from the adopted
model atmospheres assuming pure-H. Comparisons with measured spectra (black lines), when available, are
shown and serve as consistency checks for the DA WDs and to highlight any anomalies. Fits for DQ and
DZ are plotted separately and, in these cases, spectral fitting is performed as described in Section 4.1.

mospheric models, yet show no Balmer spectral
features. This class was first identified by Berg-
eron et al. (1997) and more recently discussed
in Giammichele et al. (2012), who suggest that
strong magnetic fields could be the cause of the
discrepancy. In fact, WD 0000−345 was initially

classified as a magnetic WD by Reimers et al.
(1996) and later classified as a DC by Bergeron
et al. (1997). Circular polarization studies by
Schmidt et al. (2001) show no detectable mag-
netic field, and thus we classify this object as a
DC. We adopt the pure-He atmospheric models
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to remain consistent with model choice based on
spectroscopy, where available.

WD 0127−311 was initially classified as a
magnetic WD by Reimers et al. (1996) yet circular
polarization studies by Schmidt et al. (2001) show
no detectable magnetic field. While the spectrum
shows what appears to be He I 5876 Å, indicative
of a DB, Schmidt et al. (2001) argue that other
helium features at 4472 Å and 6678 Å should be
present for a wide range of temperatures, yet are
absent here. Schmidt et al. (2001) suggest the ob-
ject could be a DZ with the Na I D lines (5890 and
5896 Å) but the spectral profile seen is asymmet-
ric, unlike what is expected for the Na lines. We
favor the former interpretation and have adopted
a spectral type of DB for this object. Given that
it is a rather cool DB, the He I 5876 Å line will
be the last feature seen as the WD cools to a DC
spectral type. In fact, this DB is of a very similar
effective temperature (10,910 K) to the newly dis-
covered DB, WD 2307−691 (also 10,910 K), whose
spectrum is shown in Figure 1 and also displays a
prominent He I 5876 Å feature and little else.

WD 0222−291 was first discovered to be a
high proper motion star by Luyten & La Bonte
(1972) (LP 885−57; LHS 1402, Luyten 1979b)
with µ = 0.501 ′′ yr−1at position angle 96.3◦. It
was later observed spectroscopically by Oppen-
heimer et al. (2001) and found to be a featureless
ultracool WD with strong infrared CIA that ex-
tends into the optical bandpasses, thereby giving
it significantly blue optical colors. Oppenheimer
et al. (2001) postulated that WD 0222−291 was
direct evidence of galactic halo dark matter (based
on kinematics) along with the other 37 WDs pre-
sented in that publication. The claim of these ob-
jects being halo members was contested based on
the relatively young ages of these systems (Berg-
eron 2003). However, there remained an ambi-
guity with WD 0222−291 as to whether the CIA
was due to collisions with hydrogen molecules only
(pure-H atmosphere) or due to collisions with neu-
tral helium (mixed atmosphere He+H) that can
produce comparable CIA at higher temperatures.
The difference in luminosity between the two sce-
narios is significant. If a pure-H atmosphere is
assumed, WD 0222−291 would be one of the near-
est WDs to the Sun at 4.7 pc (Bergeron 2003). If
the atmosphere is dominated by helium with only
trace amounts of hydrogen, then WD 0222−291

is considerably more distant at 20 - 25 pc (Salim
et al. 2004; Bergeron et al. 2005). The latter sce-
nario was preferred because the spectrum did not
exhibit a broad absorption feature near 8000 Å as
expected in pure-H models (see Figure 5 of Berg-
eron et al. 2005).

Here we confirm, with our trigonometric dis-
tance of 34.6 ± 3.5 pc, that WD 0222−291 is
indeed more consistent with a helium-dominant
atmosphere with the CIA being due to trace
amounts of hydrogen in this mixed atmosphere.
However, we do not arrive at a satisfactory fit
using any of the currently available models. The
object is overluminous compared to predictions
and, thus, could be a double degenerate or the
current models are inadequate (or both). There-
fore, we refrain from listing any physical parame-
ters for this WD. In that regard, WD 0222−291
can serve as an important empirical test case for
future atmospheric models.

We note that our parallax error is uncharacter-
istically large and we attribute this to three causes.
First, this object is exceptionally faint so that the
signal-to-noise of our CTIO 0.9m astrometry im-
ages is quite low. Second, long integration times
(∼15 minutes per frame, on occasion), produced
images with less-than-circular contours because of
imperfect guiding. Third, fewer frames were col-
lected because of the costly integration times and
their impact on the rest of the parallax program.
Nonetheless, the parallax result shows no indica-
tion of systematics resulting from these effects and
the error is slightly better than 10% of the parallax
measured. Indeed, over the 6+ years that parallax
data were collected, the parallax value stabilized
such that new data did not change the result, in-
dicative of a robust determination.

WD 0311−649 was classified as a DA by Sub-
asavage et al. (2008) for which they estimated a
distance of 21.0 pc. The trigonometric parallax
presented here implies a significantly greater dis-
tance such that the implied mass, assuming a sin-
gle star, is remarkably low. This object is likely
an unresolved double degenerate.

WD 0322−019 is shown by Zuckerman et al.
(2003) to be a double degenerate where both com-
ponents show metal lines and are thus DAZ spec-
tral types. In addition, Farihi et al. (2011) identify
a magnetic field of ∼120 kG and model the system
using a preliminary parallax from USNO of 58.02
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± 0.44 mas. The updated parallax presented here,
which includes several years of additional data, is
entirely consistent.

WD 0326−273 was confirmed by Zuckerman
et al. (2003) to be a double degenerate based on
radial velocity variations of Hβ. In addition, they
find Ca II lines, but attribute the source as being
interstellar given the discrepant radial velocities
compared to Hβ.

WD 0552−041 is a weak DZ. However, as dis-
cussed in Giammichele et al. (2012), the sharp Ca
II H & K lines indicate a hydrogen-rich atmo-
sphere. If the atmosphere were helium-rich, the
atmospheric pressure would be greater, and thus
the Ca II line profiles would be much broader and
shallower. Therefore, we utilize a pure-H model to
derive the physical parameters in Table 4.

WD 0802+387 has a recent trigonometric
parallax determination by Gianninas et al. (2015)
of 47.6 ± 1.0 mas. Thus, their measure adds this
target to the 25 pc sample, bringing the number
of reliable member systems to 126 prior to this
work. Our trigonometric parallax presented here
is entirely consistent and is included in our num-
ber counts as an updated measure. The weighted
mean of these two measures is used to calculate
physical parameters shown in Table 4.

WD 0851−246 was first discovered to be a
high proper motion star by Luyten (1974) (LP
844−26; LHS 2068, Luyten 1979b) with µ = 0.′′630
yr−1 at position angle 78.0◦. It has a common
proper motion companion (LHS 2067) whose spec-
tral type is listed as sdM in Kirkpatrick et al.
(1995). The WD component was first spectroscop-
ically identified by Ruiz & Bergeron (2001), named
CE 51 by those authors, during a follow-up spec-
troscopic campaign targeting proper motion ob-
jects detected in the Calán-ESO survey (Ruiz et
al. 2001). They determine that the WD is very
cool (2730 K), old (11.9 Gyr), and nearby (14.7 ±
0.3 pc). Silvestri et al. (2002) conducted a radial
velocity survey of wide binaries with WD compo-
nents, including this system, and found a Vrad =
0.0 ± 15.8 km/sec for the sdM. Based on the WD’s
location in the H-R digram (Figure 3), it is ex-
pected that CIA is present and likely results from
collisions with molecular helium, thus, is a mixed
atmosphere He+H. The physical parameters pre-
sented in Table 4 are derived from a mixed at-
mosphere model with the fit shown in Figure 4.

This is the coolest WD presented here for which
we were able to derive reliable atmospheric param-
eters. Notably, the mixed atmosphere fit results in
a significantly higher Teff (3490 K) than that found
by Ruiz & Bergeron (2001).

Additionally, Kilic et al. (2009) observed this
system with Spitzer in the IRAC bandpasses, but
stated that contamination from a nearby bright
star makes the photometry questionable. As dis-
cussed in Section 2.1.2, we obtained JHKs pho-
tometry using NEWFIRM on the CTIO Blanco
4-m. The SED clearly shows excess in the near-
IR indicative of a cool, very red tertiary compan-
ion. Follow-up observations, in particular, near-IR
spectroscopy, are required to characterize the ter-
tiary companion. The mixed atmosphere fit shown
in Figure 4 excludes the JHKs values; the opti-
cal magnitudes are not affected by this very red
unseen companion.

WD 1008+290 is a peculiar DQ WD with
exceptional Swan band absorption such that the
measured V magnitude, whose bandpass encom-
passes a portion of this absorption, is affected
and appears fainter than if the absorption was not
present. Additionally, the V − I color is inflated
for the same reason resulting in the WD’s displace-
ment in Figure 3. We adopt a pure-He model at-
mosphere simply because there was no satisfactory
agreement with the SED, regardless of model used;
thus, the atmospheric parameters are likely unre-
liable.

WD 1036−204 is another peculiar DQ WD
with exceptional Swan band absorption. We adopt
a pure-He model atmosphere simply because there
was no satisfactory agreement with the SED, re-
gardless of model used, thus, the atmospheric pa-
rameters are likely unreliable.

WD 1237−230 was first discovered to be a
high proper motion star by Luyten (1972) (LP
853−15; LHS 339, Luyten 1979b) with µ =
1.102′′ yr−1at position angle 219.9◦. It was first
classified as a DA WD by Liebert & Strittmatter
(1977). Subasavage et al. (2007) obtained optical
V RI photometry and combined it with JHKS

from 2MASS to model the SED and derive physi-
cal parameters. One significant discrepancy is the
distance estimate derived (26.9 ± 4.5 pc) com-
pared to the trigonometric distance determined in
this work (39.4 ± 3.6 pc). The recent spectro-
scopic analysis of Kawka & Vennes (2012) showed
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this object to be a single-lined binary, and they
identify this object to be a candidate halo WD
based on the estimated distance. Our trigonomet-
ric parallax further strengthens the case for halo
membership, as it has an extreme tangential ve-
locity of 202.4 km sec−1. We see no evidence for
photocentric motion in the astrometric dataset,
leaving open two possibilities: (1) a system with
two roughly equal-mass, equal luminosity compo-
nents, or (2) a system with a period short enough
(P ∼< 1 year) to evade detection in our astrometric
data. Given the overluminosity in the optical (see
Figure 3), such that the components are of similar
brightnesses, coupled with the single-lined radial
velocity variation, the system is likely composed
of a DA and a non-DA pair of WDs.

WD 1241−798 was classified as a DQ/DC
by Subasavage et al. (2008) without further ex-
planation. The ambiguous spectral classification
arises because the authors obtained a red spec-
trum from the Blanco 4-m at CTIO using the R-C
Spectrograph. With a blue cutoff of ∼5500 Å,
no sharp features were present, yet there were de-
pressions very close to where the C2 Swan bands
are expected but the detection is marginal. To
remove this discrepancy, we acquired a confirma-
tion spectrum using SOAR + Goodman during
an engineering night on 2017.28 UT and as de-
scribed in Section 2.2. While undulations exist
in the spectrum, they correlate with the internal
quartz lamp used for flat fielding such that this
object is of spectral type DC as shown in Figure
1. This object is similar to WD 0000−345 in that
a pure-H model better fits the SED over a pure-
He model, yet no Balmer features are seen in the
spectrum. Thus, we use a pure-He atmospheric
model to characterize this object.

WD 1242−105 was first classified as a hot
subdwarf (sdB) by Kilkenny et al. (1988) and later
identified as a DA WD by Vennes & Kawka (2003)
who estimated a photometric distance of 18 ± 4
pc. It was then placed on the parallax program to
confirm proximity. With a trigonometric parallax
distance of 41.1+2.63

−2.33 pc, we suspected this object
to be an unresolved double star.

During a spectroscopic campaign using the
SOAR telescope with the Goodman spectrograph
briefly described in Section 2.2, we were assisting
with the commissioning of a 2100 lines-per-mm
VPH grating and chose to observe this object

Fig. 5.— SOAR + Goodman stacked spectra for
WD 1242−105 (top panel) and the calibrator star
(bottom panel). The dashed vertical line denotes
the location of Hβ. These spectra cover roughly
half of the orbital period of WD 1242−105.

as a test case. The observations were taken on
2011 July 22 and a slit width of 0.′′84 was used
to optimize spectral resolution and throughput.
Spectral coverage was 3700−4400 Å with a spec-
tral resolution of 0.8 Å pixel−1. The long slit
was oriented so that a bright calibrator (2MASS
J12445203-1049037) was also in the slit to serve as
a check for any wavelength calibration systematic
uncertainties (though it was not known a priori
if this calibrator was radial velocity stable). The
targets were observed for ∼2 hours, taking re-
peated exposures of 150 seconds each. After every
seven exposures, arc lamps were taken to ensure
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Fig. 6.— Trailed spectrogram of the Gemini-
South + GMOS data for WD 1242−105 around
the Hα region (left panel) as well as a noiseless
model spectrogram using our derived radial veloc-
ity solution (right panel).

accurate wavelength calibration. Spectroscopic
reductions were performed using standard IRAF
routines in the Specred package. Once wavelength
calibration was performed on each spectrum (us-
ing the arc lamp taken closest in time), each block
of seven spectra was stacked to increase S/N, thus
resulting in a cadence of roughly 25 minutes. For
consistency, the calibrator spectra were stacked in
an identical manner. See Figure 5.

Once it was evident that the system was
a double-lined double degenerate with rapidly
changing relative velocities, we requested the use
of the Gemini Multi-Object Spectrograph-South
(GMOS-S) to better characterize the orbital pe-
riod. Spectroscopic data were taken on 2012.31
UT using the R831 G5323 grating, centered at
6720 Å, with a slit width of 0.′′25. We opted for
a central wavelength somewhat distant from the
targeted Hα absorption line at 6563 Å because the
GMOS-S central detector suffered from a bad col-
umn just blueward of center (since been replaced).
With a full wavelength coverage of 5540−7640
Å and a ∼700 Å span within each detector, the
Hα region was amply sampled within the central
detector (to avoid the gaps between detectors).
The observing sequence consisted of a target ac-
quisition on the slit followed by a block of five
spectroscopic observations, each of 300 seconds
integration. This block of five exposures, followed
by an arc lamp, was repeated four times. Then, a
re-acquisition was performed to ensure the target
was centered in the narrow slit and the observing
sequence was repeated. The observations span
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Fig. 7.— Component radial velocity curves for
WD 1242−105 as a function of time. Open circles
and filled circles correspond to measures for the
more massive component and less massive com-
ponent, respectively. The horizontal dashed lines
represent the γ values with the difference between
the two being a result of differing gravitational
redshifts. Supplemental data file of these radial
velocity measurements is available in the online
journal.

nearly four continuous hours and resulted in 40
science spectra. Data were reduced using the ex-
ternal IRAF package Gemini Version 1.11 and,
in particular, the suite of routines in the GMOS
subpackage. Science spectra were wavelength cal-
ibrated with the arc lamp taken nearest in time
to the science spectra.

Spectral line fitting was performed as follows.
The Hα absorption lines were fit at maximum
separation using pseudo–Gaussian profiles to de-
termine individual profile shapes (line depths and
widths). The profile shape was then fixed and ap-
plied to all other spectra with the only free param-
eter being the pseudo–Gaussian centroid. Syn-
thetic Hα spectra were then created using these
best-fitting models, with the same resolution, to
generate the noiseless model trailed spectrogram
and compared to the data as shown in Figure 6.

These data, once fitted, revealed a double de-
generate with a 2.85-hour period. The component
radial velocity curves as a function of time are
displayed in Figure 7. The differences in the ap-
parent systemic velocities for each component are
because of differences in component gravitational
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redshifts. The vital parameters for this system are
summarized in Table 5 and agree very well with
those determined by Debes et al. (2015), as does
our parallax determination compared to those au-
thors’ trigonometric parallax.

WD 1314−153 was shown to be, most likely, a
young halo WD by Kawka & Vennes (2012) based
on kinematics that include radial velocity mea-
surements as well as tangential motions assuming
a distance of 58 pc. Our trigonometric parallax
distance of 58.1 pc is entirely consistent with their
distance estimate and the space motions are con-
firmed.

WD 1339−340 was shown to be a strong halo
candidate with a nearly polar Galactic orbital mo-
tion by Lépine et al. (2005). They estimate a dis-
tance of 18 pc for their analysis, entirely consis-
tent with our trigonometric parallax distance of
21.0 pc. With a Vtan = 255.0 km sec−1, this ob-
ject has the largest tangential velocity of the 25
pc WD sample. Thus, space motions and strong
halo candidacy are confirmed.

WD 1447−190 was first spectroscopically
identified as a DA WD by Kawka & Vennes (2006).
The photometric distance estimate of 29.1 ± 4.9
pc (Subasavage et al. 2007) is significantly dis-
crepant from its trigonometric parallax distance
of 47.4 ± 2.0 pc. Thus, we expected this system to
be an unresolved double degenerate and it served
as a second target for the commissioning of the
SOAR + Goodman spectrograph using the 2100
lines-per-mm VPH grating. It was observed on
three separate nights; 19 July 2011, 22 July 2011,
and 6 September 2011. The instrument setup is
similar to that used for the observations of WD
1242−105 and has the same wavelength cover-
age. The first two nights of observations used a
0.′′84 slit width with the slit oriented such that
a brighter star, 2MASS J14500516-1912509, was
also included in the slit to act as a calibrator. The
observing sequence for the first two nights con-
sisted of four 300 second integrations followed by
an arc lamp as a single block of exposures. This
sequence was repeated eight, and seven times,
respectively, for the first two nights. The data
showed no short-period variations over the course
of each night so all data for a night were stacked
into a single spectrum (see Figure 8, top two spec-
tra in each panel). The third night’s data set was
smaller as these observations were taken between

Fig. 8.— SOAR + Goodman stacked spectra for
WD 1447−190 (top panel) and the calibrator star
(bottom panel). The dashed vertical line denotes
the location of Hβ.

core commissioning tasks. The instrument setup
consisted of a 0.′′46 wide slit oriented to include
the same calibrator star. Pairs of 600 second ex-
posures were taken followed by an arc lamp. This
sequence was repeated twice. All data from this
night were stacked into a single spectrum though
are noisier than the previous two nights’ spectra.

A clear single-lined radial velocity variation is
seen in the WD and is shown in Figure 8. The
period is unconstrained with these data but the
multiplicity is confirmed. We hope to obtain spec-
troscopic follow-up and better characterize the or-
bital parameters of this system.

WD 1814+134 was first discovered by the SU-
PERBLINK survey as a high proper motion star
(µ = 1.′′207 yr−1, Lépine et al. 2002) and later
spectroscopically classified as a DA10 (Lépine et
al. 2003). A trigonometric parallax of 70.3 ± 1.2
mas was measured by Lépine et al. (2009) from
data taken between 2005.48 and 2007.72. The
NOFS trigonometric parallax (presented here) of
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Fig. 9.— CTIOPI nightly mean astrometric resid-
uals of WD 1814+134, once parallax and proper
motion are removed, that show a long-period as-
trometric perturbation.

66.05 ± 0.28 mas was measured from data taken
between 2008.29 and 2012.47 and only marginally
agrees with the previous trigonometric parallax at
the 3-σ level. A third trigonometric parallax of
68.25 ± 0.96 mas was measured by CTIOPI (also
presented here) and includes data taken between
2003.52 and 2015.40, albeit with a gap from 2005
to 2010 because of the different V filter used (see
Section 2.3.1). The CTIOPI dataset shows a clear,
long-period astrometric perturbation, largely in
the right ascension axis, though notable in the
declination axis at the earliest epochs (see Fig-
ure 9). This perturbation is likely the cause
for the discrepant parallax determinations from
data acquired during different phases of the or-
bit. This target remains on the CTIOPI program,
and has been re-added to the NOFS astrometric
program to better characterize the perturbation.
A weighted mean parallax using all three measures
has been adopted for the analysis. Given that the
trigonometric distance is entirely consistent with
atmospheric modeled distance estimates for a sin-
gle WD (e.g., Lépine et al. 2003; Subasavage et al.
2007), and there is no noticeable near-IR excess,
the companion is likely to be very low-luminosity.

WD 2028−171 is a newly discovered nearby
WD that was targeted for spectroscopic followup
based on a trawl of the NLTT Catalog. As dis-
cussed in Section 2.2, we obtained an optical spec-
trum of this object and find it to show Ca II H

& K lines (DAZ) indicative of metal pollution by
recent/ongoing accretion. Follow-up observations
are necessary to better characterize this candidate
remnant planetary system.

WD 2057−493 is a newly discovered nearby
WD using the SUPERBLINK database and dis-
cussed in Section 2.2. It is also a common proper
motion companion to red dwarf WT 766 (ρ = 64.′′3
at P.A. 340.3◦, epoch = 2015.55951 – measured
from CTIOPI astrometry frames) for which an in-
dependent trigonometric parallax was measured
via CTIOPI. WT 766 shows a clear astrometric
perturbation in the residuals consistent with a pe-
riod of less than two years. The residuals were fit
to an orbital model, and while most orbital pa-
rameters (e.g., eccentricity, semi-major axis) are
poorly constrained with an orbital inclination near
90◦, the period was well determined to be 1.648
± 0.018 years. The orbital fit is plotted over the
residuals in Figure 10 and removed from the astro-
metric analysis to enable a refined trigonometric
parallax. The parallax determinations for WT 766
and WD 2057−493 agree very well, and thus this
is a new triple system within 15 pc.

WD 2159−754 is flagged as an ultramassive
WD by Kawka et al. (2007) with a mass of 1.17
M�. They assume a distance of 14 pc for their
analysis. Our trigonometric parallax distance of
19.9 pc results in a slightly lower mass (though
still massive) of 0.97 M�.

WD 2226−754AB is a widely separated dou-
ble degenerate pair consisting of two cool, fea-
tureless DC WDs, originally discovered by Scholz
et al. (2002). While the tangential velocity of
this pair at ∼135 km sec−1 is only marginally
consistent with halo kinematics, the calculated
space motion (assuming zero tangential velocity as
none has been measured) is more convincing with
V ∼ −112 km sec−1 (positive in the direction of
Galactic rotation). Coupled with the WD cool-
ing ages and masses for each component (A: ∼6.5
Gyr and 0.50 M�; B: ∼7.4 Gyr and 0.51 M�),
we nominally classify this system as a strong halo
candidate.

WD 2307−691 is a common proper mo-
tion companion, found at J2000 coordinates
23:10:22.96 -68:50:20.2 (epoch 2011.6966) to HIP
114416 (GJ 1280, LTT 9387), yet has not been
characterized in the literature. It was brought to
the authors’ attention by Brian Skiff (private com-
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Fig. 10.— Nightly mean astrometric residual plots
for WT 766, a common proper motion companion
to WD 2057−493. The upper panel (a) shows the
raw residuals and the best-fit orbital solution while
the lower panel (b) shows the residuals once the or-
bital solution is applied. In both plots, the open
circles represent data for which only one frame was
taken on that night. The astrometric solution pre-
sented in Table 2 for WT 766 accounts for the or-
bital solution.

munication) as a blue companion to a Hipparcos
star within 25 pc. We note that the recent work of
Holberg et al. (2016) has also identified this object
as a WD based on its colors but does not have a
spectrum and instead assumes it to be a DA WD.
We obtained an identification spectrum with the
SOAR + Goodman spectrograph as described in
Section 2.2. The spectrum, shown in Figure 1, in-
dicates the object is a relatively cool DB WD and
its companion distance via Hipparcos & TGAS of

21.1 ± 0.1 pc is adopted for this WD making it a
new member of the 25 pc WD sample.

WD 2326+049, better known as G29−38, is a
variable ZZ Ceti WD (Shulov & Kopatskaya 1974)
with significant IR excess (Zuckerman & Becklin
1987) and one of the first WDs found with metal
pollution (Koester et al. 1997). Thus, the spectral
classification is DAZV. The previous trigonomet-
ric parallax from YPC of 73.4 ± 4.0 mas is sig-
nificantly larger than our measure of 56.83 ± 0.39
mas. This distance discrepancy will have an im-
pact on the implied surface gravity and, thus, on
settling times for the accreted metals. The abun-
dance analysis performed by Xu et al. (2014) notes
that the implied surface gravity of 8.4 dex from the
previous parallax measurement produced inconsis-
tent model spectroscopic line profiles from those
observed, suggesting that a lower surface gravity
is likely. Indeed, our updated parallax suggests
a log g = 8.00 ± 0.03. Because the IR excess
affects the near-IR HKs photometry, these mea-
sures have been excluded from the model fit.

5. Discussion

5.1. 25 pc White Dwarf Sample

Prior to the CTIOPI effort to obtain a volume-
limited sample of WDs within 25 pc, whose first
WD results were published in 2009 (Subasavage
et al. 2009), a total of 112 systems, of which 99
had robust trigonometric parallax determinations
(i.e., better than 10%), were known. The contribu-
tions to the 25 pc sample, both prior to 2009 and
since, are tabulated in Table 6. Prior to this work,
the 25 pc WD sample consisted of 137 systems,
of which 126 systems have robust trigonometric
parallax determinations. The trigonometric paral-
laxes presented in this work consist of 23 new sys-
tems from CTIOPI, 19 new systems from NOFS,
one new system measured by both programs, as
well as seven of the eleven systems with poor pre-
vious trigonometric parallax determinations, i.e.,
worse than 10%. Two additional systems, one
new (WD 0148+641) and one with a poor previ-
ous parallax determination (WD 2117+539), have
parallax determinations from NOFS and are also
included in the recently published TGAS cata-
log with measurements confirming 25 pc sample
membership. Finally, we spectroscopically con-
firm that WD 2307−691 is a WD companion to
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Fig. 11.— Cumulative distribution plot for the 25
pc WD sample. New additions presented in this
work are highlighted by sub-sample as shown in
the legend. The black points represent the 25 pc
WD sample prior to 2009 and serve as an indicator
of the progress made since. The numbers to the
right of the curves (99, 179 and 297) represent the
number of systems at 25 pc prior to 2009, now,
and that expected at 25 pc, respectively, indicat-
ing ∼40% incompleteness currently. The “kink”
described in Section 5.1 is identified with an ar-
row.

HIP 114416, with a Hipparcos+TGAS trigonomet-
ric parallax distance of 21.0 ± 0.1 pc. The fi-
nal number of members added by this work is 53
systems, thereby increasing the sample complete-
ness by 42% to 179 systems. The measured lo-
cal WD density is then 2.7 × 10−3 pc−3 based
on this sample. This value is considerably lower
than that found by Holberg et al. (2016) of 4.8
× 10−3 pc−3, because those authors include the
expected incompleteness based on a complete 13
pc sample. As shown in Figure 11, assuming a
constant density and that all WD systems within
10 pc are known, we expect this sample to be
incomplete at the ∼40% level even after the ad-
dition of the new members presented here. Ac-
counting for this expected incompleteness, we ar-

rive at an expected local WD density of 4.5 ×
10−3 pc−3, very similar to that found by Holberg
et al. (2016). Another curiosity seen in the fig-
ure is the “kink” in observed systems around 15
pc, thus implying a dearth of WD systems at that
distance. While a few new systems were found
at and within that distance, pure incompleteness
from single field WDs is not likely a significant fac-
tor. There is the possibility that new WD systems
will be identified as companions to bright main-
sequence primaries (the so-called “Sirius-like” sys-
tems) that may reduce the dearth.

Gaia is a cornerstone mission in the science
programme of the European Space Agency (ESA)
that will deliver unprecedented astrometric accu-
racy for one billion stars in the Milky Way. A
description of the mission is given by Gaia Collab-
oration et al. (2016b). While Gaia will effectively
complete the 25 pc WD sample and beyond (Sil-
votti et al. 2015, estimates effective WD complete-
ness by Gaia out to ∼55 pc), the DR1 released in
2016 (Gaia Collaboration et al. 2016a) only in-
cludes trigonometric parallaxes for Hipparcos and
Tycho stars and thus, did not contain new sample
members beyond the two mentioned above.

5.2. Sky Distribution

Traditionally, the southern hemisphere has
been undersampled relative to the north simply
because there are more observing assets in the
north. In particular, as nearby stars tend to be
identified via proper motion surveys, it is only
recently that proper motion surveys in the south
(e.g., Lépine & Shara 2005; Boyd et al. 2011) have
pushed to sufficiently low proper motions to better
identify nearby, slow movers. With the samples
presented here, we have effectively removed the
bias towards northern targets (see Table 7) as
there are now almost identical numbers, 90 and
89 in the northern and southern hemispheres, re-
spectively. An Aitoff projection of the 25 pc WD
sky distribution is shown in Figure 12.

6. Conclusions

With respect to individual systems presented
here, we find four that are very strong halo candi-
dates (WD 1237−230, Vtan = 202.4 km sec−1; WD
1314−153, Vtan = 191.7 km sec−1; WD 1339−340,
Vtan = 255.0 km sec−1; and WD 2226−754AB,
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Vtan = 135.3 km sec−1) based on kinematics alone
and they often have other supporting evidence col-
lected by other researchers. Two of these systems
are mere interlopers that happen to be within the
25 pc volume at present (WD 1339−340 and WD
2226−754AB). As discussed in Section 4.2, WD
1237−230 is an unresolved double degenerate so
our mass estimate is incorrect. For the three other
halo candidates, the masses are entirely consistent
with old total ages, i.e., when the main-sequence
progenitor lifetimes are taken into account (see
Bergeron et al. 2005, their Figure 9) expected for
halo membership.

We find two very cool WDs that display
CIA such that they appear relatively blue (WD
0222−291 and WD 0851−246). Additionally,
near-IR photometry collected during this effort
shows WD 0851−246 to have excess in JHKS

suggesting a red unseen companion to the WD
which is, itself, a common proper motion compan-
ion to a widely separated cool, old subdwarf.

We spectroscopically identify a metal-rich DAZ
WD (WD 2028−171) and confirm it to be within

the 25 pc volume. Follow-up observations will en-
able a thorough analysis of this remnant planetary
system signature.

Our sample contains at least three systems
that appear overluminous (WD 1237−230, WD
1242−105, and WD 1447−190) and, thus, are
likely unresolved multiples. We conducted follow-
up spectroscopic observations for two (WD 1242−105
and WD 1447−190) and find that WD 1242−105
is a short-period double degenerate, confirming
the independent work of Debes et al. (2015), and
that WD 1447−190 is a single-lined spectroscopic
binary with a radial velocity variation over a few
days, but have not constrained the orbit. Radial
velocity work by Kawka & Vennes (2012) confirms
that WD 1237−230 is a single-lined binary. Two
WDs are marginally overluminous (WD 0233−242
and WD 1817−598); however, they are both spec-
troscopically featureless DC WDs that prohibit
radial velocity analyses for confirmation. We see
no astrometric perturbations for either of these
two systems.

Two of our objects do show astrometric pertur-
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bations. WD 1814+134 shows a long-period resid-
ual that has gone unrecognized in short baseline
astrometric datasets but is visible from the ∼13-
year baseline of the CTIOPI astrometric data.
WD 2057−493 is a newly identified nearby WD
that we spectroscopically identified in this work
and has a main-sequence common proper motion
companion (likely an early M-dwarf though no
spectral confirmation was acquired). Astromet-
ric data were collected on both members of the
system and the main-sequence star shows a clear
astrometric perturbation with a period of 1.648
years. The astrometric dataset encompasses ∼3
full periods and, given that the astrometric so-
lution for the WD companion used an identical
reference field and shows flat residuals, the per-
turbation detection is robust.

Of the 107 systems whose trigonometric par-
allaxes are presented here, 50 are new members
of the 25 pc WD sample. In addition, two sys-
tems (WD 0148+641 and WD 2117+539) have re-
cently determined trigonometric parallaxes from
the TGAS catalog with which our trigonometric
parallaxes agree and confirm sample membership.
Finally, we spectroscopically confirmed a newly
identified WD companion (WD 2307−691) to Hip-
parcos star HIP 114416 with a trigonometric par-
allax within 25 pc that we adopt for the WD com-
panion. Thus, a total of 53 new 25 pc WD systems
have been added to a sample of 126 prior systems
with robust distance determinations resulting in
a 42% increase. Between the CTIOPI and NOFS
parallax programs overall, a total of 70 new WD
systems have been added to the 25 pc WD sam-
ple – a 64% increase to the sample. It is expected
that Gaia will largely complete this sample upon
release of its final catalog (if not in one of the
early data releases), save for, perhaps, in regions
near the Galactic plane where crowding will cause
greater incompleteness. This 25 pc sample rep-
resents the pre-Gaia collection of knowledge for
the sample and will serve to clearly demonstrate
the (most likely) significant contribution that Gaia
will make in this arena.
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Table 5

WD1242−105 Vital Parameters

Spectroscopic Results

Period (days) . . . . . . . . . . . . . . . . . . . . 0.11885 ± 0.00056
q . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 0.685 ± 0.013
K1 (km s−1) . . . . . . . . . . . . . . . . . . . . . 184.6 ± 2.3
K2 (km s−1) . . . . . . . . . . . . . . . . . . . . . 126.5 ± 1.9
γ1 (km s−1) . . . . . . . . . . . . . . . . . . . . . 28.3 ± 1.7
γ2 (km s−1) . . . . . . . . . . . . . . . . . . . . . 44.8 ± 1.9
∆γ (km s−1) . . . . . . . . . . . . . . . . . . . . 16.5 ± 2.2

Table 6

Contributions to the 25 pc WD Sample

Parallax Program All π πerr ≤ 10% Refs.

Yale Parallax Catalog 104 91 1
Hipparcos 5 5 2,3,4,5
Torino Observatory Parallax Program 2 2 6
Ducourant and Collaborators 1 1 7

Pre-2009 Sample 112 99

Allegheny Observatory Parallax Program 4 4 8
Lépine and Collaborators 2 2 9
Gianninas and Collaborators 1 1 10
TGAS 2 2 11
Hipparcos Companion 1 1 12
CTIOPI 47 47 12,13
NOFS 20 20 12
CTIOPI and NOFS 3 3 12

Total 183a 179

aAs poor trigonometric parallax determinations, i.e., parallax error > 10%, are updated
with robust determinations, their counts are removed from this total. At present, only four
WD systems still have poorly constrained parallaxes.

References. — (1) van Altena et al. 1995, (2) van Leeuwen 2007, (3) Gould & Chanamé
2004, (4) Mugrauer & Neuhäuser 2005, (5) Chauvin et al. 2006, (6) Smart et al. 2003, (7)
Ducourant et al. 2007, (8) Gatewood & Coban 2009, (9) Lépine et al. 2009, (10) Gianninas
et al. 2015, (11) Lindegren et al. 2016, (12) this work, (13) Subasavage et al. 2009.
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Table 7

25 pc WD Sky Distribution

Declination # of # of New
Range Systems Systems

+90◦ to +30◦ . . . . . . . . . . . . . . . . . . 33 9
+30◦ to +00◦ . . . . . . . . . . . . . . . . . . 37 11

Total (North). . . . . . . . . . . . . . . . 90

−00◦ to −30◦ . . . . . . . . . . . . . . . . . . 28 13
−30◦ to −90◦ . . . . . . . . . . . . . . . . . . 28 20

Total (South). . . . . . . . . . . . . . . . 89
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