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ABSTRACT

We report the discovery of five white dwarf + ultracool dwarf systems identified as common proper motion wide binaries
in the Gaia Catalogue of Nearby Stars. The discoveries include a white dwarf + L subdwarf binary, VVV 1256—62AB, a
gravitationally bound system located 75.61’{:2 pc away with a projected separation of 13751“22 au. The primary is a cool DC
white dwarf with a hydrogen dominated atmosphere, and has a total age of 10.53:? Gyr, based on white dwarf model fitting.
The secondary is an L subdwarf with a metallicity of [M/H] = —0.7270% (i.e. [Fe/H] = —0.81 & 0.10) and Ty = 229873 K
based on atmospheric model fitting of its optical to near infrared spectrum, and likely has a mass just above the stellar/substellar
boundary. The subsolar metallicity of the L subdwarf and the system’s total space velocity of 406 kms~! indicates membership
in the Galactic halo, and it has a flat eccentric Galactic orbit passing within 1 kpc of the centre of the Milky Way every ~0.4 Gyr
and extending to 15-31 kpc at apogal. VVV 1256—62B is the first L subdwarf to have a well-constrained age, making it an ideal

benchmark of metal-poor ultracool dwarf atmospheres and evolution.

Key words: binaries: general —brown dwarfs — stars: Population I —subdwarfs — white dwarfs.

1 INTRODUCTION

The L dwarf spectral classification (Kirkpatrick et al. 1999a; Martin
et al. 1999) was established to classify brown dwarfs (BDs) and
extremely low-mass stars (ELMS) with effective temperature Tes
~ 1200-2300K (Kirkpatrick et al. 2021). L dwarfs are difficult
to characterize individually because of the mass-age degeneracy at
the boundary between stars and BDs, and are composed of ELMS,
transitional BDs (Zhang et al. 2018a, hereafter, Primeval 1II), and
degenerate BDs (Zhang et al. 2019a, hereafter, Primeval VI). All of
these source initially cool and dim over their first Gyr as they dissipate
initial heat of formation (e.g. fig 8 in Burrows et al. 2001). Stars with
mass < 0.1 Mg, ultimately reach a steady luminosity at late-M/early
L spectral types, while transitional BDs (e.g. GD 165B; Kirkpatrick,
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Henry & Liebert 1993; Kirkpatrick et al. 1999b) are massive enough
to have long-lasting, low-intensity hydrogen fusion that can slow
down their cooling. Degenerate BDs (e.g. Gl 229B, Nakajima et al.
1995; Kelu-1; Ruiz, Leggett & Allard 1997) comprise the majority
of BDs and have no hydrogen fusion, and thus cool over the entire
lifetimes.

L subdwarfs are the subsolar metallicity counterparts of L dwarfs
(Burgasser et al. 2003; Burgasser 2004), and like M subdwarfs
are classified into three metallicity classes: subdwarfs (sdL, [Fe/H]
< —0.3), extreme subdwarfs (esdL, —1.7 < [Fe/H] < —1.0), and
ultra subdwarfs (usdL, [Fe/H] < —1.7) (Zhang et al. 2017a; here-
after, Primeval I). L subdwarfs exhibit distinct spectral features
from L dwarfs, and have bluer optical to near infrared (NIR)
colours (Gizis & Harvin 2006; Burgasser, Cruz & Kirkpatrick 2007;
Kirkpatrick et al. 2010; Zang et al., 2018b, hereafter, Primeval
IV). L subdwarfs are 200-400 K warmer than field L dwarfs with
the same subtype (e.g. fig. 4 in Primeval 1II). The esdLs, usdLs,
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and a small fraction of sdLs are kinematically associated with
the Galactic halo (e.g. fig. 23 in Primeval IV). Most sdLs are
associated with the Galactic thick disc and L dwarfs with the
thin disc.

L subdwarfs are composed of metal-poor ELMS (e.g. J0452—36B,
Zhang 2019, hereafter, Primeval VII) and transitional BDs (e.g.
J0532+-82; Burgasser et al. 2003, 2008). Metal-poor degenerate BDs
are not within the L subdwarf sequence because after ~10 Gyr they
have already cooled to T or Y (sub)dwarf temperatures Primeval VI.
L subdwarfs have a wider T.; range but squeeze into a narrower mass
range. Mid- to late-type L subdwarfs have a declining low rate of
hydrogen fusion and are associated with a substellar transition zone
Primeval 1II. With a metallicity of [Fe/H] ~ —2.4, SDSS J0104+15
(Zhang et al. 2017b, hereafter, Primeval II) is the most metal-poor L
subdwarf in the substellar transition zone known to date.

Field L dwarfs have diverse ages reflecting the Galactic disc
population, spanning ~0.5-8 Gyr (Reddy, Lambert & Allende Prieto
2006). L subdwarfs likely have similar ages as other stars in the
Galactic thick disc or halo (~8-14 Gyr, e.g. Kilic et al. 2017).
However, we cannot directly measure the age of an individual field L
(sub)dwarf. Benchmark L (sub)dwarfs with known age are needed to
test atmospheric and evolutionary models. L (sub)dwarfs with wide
white dwarf (WD) companions serve as ideal benchmarks in this
capacity, as the age of the L companion is constrained by the WD’s
cooling age and progenitor’s lifetime. Eight WD + L/T/Y dwarf
binaries are currently known (Becklin & Zuckerman 1988; Steele
et al. 2009; Day-Jones et al. 2011; Luhman, Burgasser & Bochanski
2011; Deacon et al. 2014; Meisner et al. 2020; Zhang et al. 2020;
French et al. 2023), all of which belong to disc population given
the absence of metal-poor features in the companion. No WD +
L subdwarf wide binaries have yet been reported. J0452—36 AB
(esdM1 + esdL0) is the only currently known star + L subdwarf
wide binary Primeval VII, but the difficulty in inferring the precise
ages of M (sub)dwarfs (e.g. Burgasser & Mamajek 2017) implies
this system is not a viable age benchmark.

The evolution of WDs is a well-understood cooling process in
which the degenerate WD radiates its progenitor’s core thermal
energy directly to space. The atmospheric parameters of WDs (Zcs
and log g) can be measured with high precision with spectra, or both
accurate photometry and parallax, and can be used to infer masses
and cooling ages from WD cooling models (Althaus et al. 2010). The
mass of the WD remnant can then be related to the progenitor mass via
the semi-empirical initial-to-final-mass relation (e.g. Cataldn et al.
2008), which in turn provides the progenitor lifetime and the total
age of the system. If the WD cooling age dominates the total age,
as expected for old WDs, relatively accurate system ages can be
inferred.

The Milky Way’s halo population is expected to host the oldest
WDs, which can reach relatively low temperatures (T << 3000 K)
and thus exceedingly low luminosities (L < 107 Lg; Calcaferro,
Althaus & Coérsico 2018). The spectra of many WDs (e.g. DC
spectral type), are featureless, making it difficult to measure their
radial velocities (RVs), required to calculate UVW space velocities
and assess halo membership. It is also not possible to directly infer
the metallicity of a WD’s progenitor. However, if a WD has a wide
stellar/substellar companion, it is possible to determine the systems’s
RV, Galactic kinematics, and metallicity from the companion (e.g.
Raddi et al. 2022).

This is the eighth paper of a series titled Primeval very low-mass
stars and brown dwarfs, which presents discoveries, classification,
characterization, and population properties of L and T subdwarfs. In
this paper, we present the discovery of five WD + ultracool dwarf
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(UCD) wide binaries, including the first halo WD + L subdwarf
binary system VVV 1256—62AB, discovered in the Gaia Catalogue
of Nearby Stars (GCNS; Gaia Collaboration 2021). Section 2
presents the selection of wide binaries from GCNS and criteria
leading to the five discoveries reported here. Section 3 analyses
four of the WD + UCD binaries, while Section 4 focuses on VVV
1256—62AB. Our conclusions are presented in Section 5.

2 WIDE BINARY SELECTION

Precise proper motions (PM) of nearby stars measured by Gaia (Gaia
Collaboration 2016, 2023) provide a powerful tool to identify wide
binaries in the solar neighbourhood (e.g. El-Badry, Rix & Heintz
2021). We searched for UCD (spectral types >M7; masses <0.1 M)
wide companions to WDs within the GCNS (331,312 sources). We
constrained our search to systems with separations § < 1arcmin,
with robust PMs (i > 2mas yr~' and [t/pleror > 4.5) and tight
constraints on common PM:

|liraL — praz| < 1 mas yr~! (1)

|ipect — Mpeca| < 1 mas yr™' )

We identified 3199 common PM pairs with separation between 3 and
60 arcsec. Figs 1 and 2 show the H-R diagrams and PMs of these
systems. To narrow our sample to potential WD + UCD binaries, we
used the Ggp — Ggp versus Mg H-R diagram (Fig. 1a) to select WD
components, using criteria:

Mg > 3(Ggp — Grp) +8 (3)

GBP — GRP <2.0 (4)

UCDs are better detected in the Gaia G and Ggrp bands compared
to in Ggp band. Therefore, we used the G — Ggp versus Mg H-R
diagram (Fig. 1b) to select UCD components using criteria:

Mg > 15 5)

G — GRP > 1.4 (6)

Only five of the 3199 common PM pairs satisfied all of these criteria.
Table 1 lists the Gaia astrometry, separation, and spectral types of
these pairs, while Fig. 3 shows their optical to infrared spectral energy
distributions (SED).

3 WIDE WD + M DWARF/SUBDWARF BINARIES

3.1 A WD + sdM9.5 wide binary

The white dwarf primary Gaia DR3 1321738565727229056 (WD4
in Table 1), aka SDSS J155516.954-315307.2 (SD1555+31A) is
classified as a DA WD by Kilic et al. (2020). It has a mass M
= 0.553+£0.008 Mg, Ter = 6546 + 28K, and log g = 7.936
4 0.010 according to Gentile Fusillo et al. (2019). SD1555+31A
is at a distance of 59.84+0.3 pc. The UCD companion, Gaia DR3
1321738561431758592 (UCD4), i.e. SDSS J155517.364+315316.8
(SD1555+31B) is separated by 10.86 arcsec from SD1555+31A at
an equivalent distance of 59.11’}:(1) pc, corresponding to a projected
separation of 649 + 3 au.

The optical spectrum of SD1555+31B was observed by the Sloan
Digital Sky Survey (SDSS; York et al. 2000) on 2011 July 6.
Fig. 4 shows this spectrum compared to SDSS spectra of the M9.5
dwarf SDSS J083646.34+052642.6 (SD0836+05; West et al. 2008),
the sdLO subdwarf SDSS J134749.74+4-333601.7 (SD1347+33,
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Figure 1. The H-R diagrams of 3199 common PM pair with separations § < 1 arcmin in the GCNS. Four WD + late M dwarf binaries are highlighted with
filled diamonds (WD) and filled circles (M dwarf). VVV 1256—62AB is highlighted with five-pointed stars. DA WD cooling tracks with masses of 0.3, 0.4, 0.5,
0.6, 0.8, 1.0, 1.2 Mg, (from upper right to lower left) and isochrones at 0.3, 1, 2, 5, 7, 9 Gyr (from upper left to lower right) are over plotted in the left diagram
(Althaus, Miller Bertolami & Cérsico 2013; Camisassa et al. 2016, 2019) assuming a pure hydrogen atmosphere (Tremblay et al. 2013).
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Figure 2. The PMs of 3199 common PM pairs with separations § < 1 arcmin
in the GCNS (grey dots). The difference in PM between components is less
than 1 mas yr~!, ten times smaller than the symbol size. The five WD + UCD
pairs are indicated by crosses, with VVV 1256—62AB specifically labelled.

Primeval I), and SDSS M9 and LO dwarf templates from Bochanski
etal. (2007). SD1555+31B has similar spectrum to the SDSS M9 and
LO templates. The strength of its 745 nm VO absorption, an indicator
of spectral type M/L (sub)dwarfs boundary (Kirkpatrick et al. 2014)
is intermediate between these templates. Indeed, SD1555+431B
matches well with the M9.5 dwarf SD08364-05 at 745 nm VO band
and at the 800-840nm peak, which indicates a spectral type of
M9.5. However, SD1555+31B has a relatively deep 863 nm CrH
absorption and stronger CaH (690 nm) and TiO (715, 775, 850 nm)
bands, all signatures of mildly metal-poor UCDs (Burgasser et al.
2007; Primeval I). The spectral profile of SD1555+-31B matches well
with the sdLLO SD1347+33, but has more flux in the 734-759 nm
region, suggesting a slightly earlier spectral type. The optical and
NIR photometric SED of SD1555+31B (Fig. 4) is also similar to
that of the sdLO SD13474-33, with significant suppression in the

MNRAS 533, 1654-1669 (2024)

NIR compared to the M9.5 SD08364-05 likely driven by enhanced
Hj; collision induced absorption (Linsky 1969; Burgasser et al. 2003).
This is again consistent with a subsolar metallicity; hence, we classify
SD1555+431B as an sdM9.5 subdwarf.

3.2 Three additional WD + late M dwarf wide binaries

The other three UCD companions (Table 1) are all late M dwarfs. The
UCD candidate, Gaia DR3 4757030327366948608 (J0529—63B)
was photometrically classified as an M8 dwarf based on opti-
cal and NIR photometry (Reylé 2018). Its primary Gaia DR3
4757030391 786232 576 (J0529—63A), is listed as a WD in Gentile
Fusillo et al. (2019) with a mass M = 0.52-0.56 M, and T, = 4983—
5042 K. J0529-63A is the second faintest of the five WD primaries
in Fig. 1 with Mg = 14.78. Its optical and NIR SED (Fig. 3) is
consistent with a cool WD.

The two UCD candidates Gaia DR3 3004346257963119872
(JO610—10B) and Gaia DR3 2056440275586819456
(J2025+4-35B) both have photometric spectral types of MS.5
estimated from their i — z, z — y, i — y colours of the Panoramic
Survey Telescope and Rapid Response System (Pan-STARRS,
Chambers et al. 2016) and colour - spectral type correlations
(Best et al. 2018). The WD primary of the first source, Gaia DR3
3004346292322852096 (JO610—10A) has a mass M = 0.65-0.7 Mg
and T = 19571-20247 K (Gentile Fusillo et al. 2019). The WD
primary of the second source, Gaia DR3 2056440344314369280
(J20254-35A) has a mass M = 0.55-0.61 My and T = 8315-
8509 K (Gentile Fusillo et al. 2019).

4 A HALO WD + L3 SUBDWARF WIDE BINARY

The WD Gaia DR3 5863122429179888000 and its UCD companion
Gaia DR3 5863122429178232704 (VVV J125641.09—620203.8)
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Table 1. Gaia Astrometry of five WD 4+ UCD common PM pairs.

Gaia DR3 Other name Separation Distance ILRA MUDec SpT Ref.

(arcsec) (pc) (mas yr_l) (mas yr")

4757030391786232576 GALEX J052933.2—635653 712 +£1.0 166.1 £ 0.3 —4.94+0.2 WD (@)
4757030327366948608 2MASS J05294026—6357091 47.92 70.8 £1.3 166.0 + 0.4 —4.0+0.3 Mg (2)
3004346292322852096 2MASS J06100403—1031036 100.8 £0.6 —4.0+0.1 —25.1+0.1 WD 3)
3004346257963119872 2MASS J06100078—1031393 59.95 93.33'15‘9 —37+12 —25.1+1.1 M8.5° 4
5863122429179888000 VVV J125644.42—620208.1 75.6f}:g —1124.0+0.3 24.1£0.3 DC WD 4.5)
5863122429178232704 VVV J125641.09—620203.8 18.20 70.41:? —1123.8+1.0 246 +£1.7 sdL3 (6)
1321738565727229056 GALEX J155516.9+315307 59.8 £0.3 82.0£0.1 95.3+0.1 DA WD (7
1321738561431758592 SDSS J155517.36+315316.8 10.86 59.1f}:(1) 822+0.3 94.6 £0.3 sdM9.5% 4
2056440344314369280 TPHAS J202533.214-351509.6 91.1 £0.6 —18.9+0.1 —69.4+0.1 WD 3)
2056440275586819456 2MASS J20253351+3515035 7.40 92.2:2:? —18.6+0.4 —70.0+0.5 M8.5° 4

Note. References. (1) Gentile Fusillo et al. (2019); (2) Reylé (2018); (3) Jiménez-Esteban et al. (2018); (4) This paper; (5) Gentile Fusillo et al. (2021) (6)

Primeval V; (7) Kilic et al. (2020).
“Photometric spectral type based on Gaia photometry.
bPhotometric spectral types based on Pan-STARRS photometry.
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Figure 3. Optical to infrared SEDs of the five WD + UCD wide binaries in Table 1 based on Gaia, Sloan Digital Sky Survey (SDSS; York et al. 2000), DECaPS
(Schlafly et al. 2018), Two Micron All Sky Survey (2MASS, Skrutskie et al. 2006), VISTA VVV (Minniti et al. 2010), UKIRT Hemisphere Survey (UHS, Dye
et al. 2018), and WISE (Wright et al. 2010) photometry. WD SEDs are show in the left panel, UCD SEDs are shown in the right panel. Note Gaia photometry
is not quite accurate for faint UCDs (e.g. scattered Ggp — GRrp colours of known L dwarfs in Fig. 1). SD1555+4-31B and VVV 1256—62B have spectroscopic

confirmations and are discussed further in Sections 3.1 and 4, respectively.

have the highest PMs among all 3199 common PM pairs iden-
tified in this study (Fig. 2). Fig. 5 shows the NIR field of the
pair, which are separated by 18.2arcsec, from the Visible and
Infrared Survey Telescope for Astronomy (VISTA) Variables in
the Via Lactea (VVV; Minniti et al. 2010) over the time-scale
2010 to 2015. Their PM over a baseline of ~5yr is significant
and visible by eye. VVV 1256—62B was originally identified from
the VVV Infrared Astrometric Catalogue (VIRAC; Smith et al.
2018) as a high PM source (1.1arcsecyr™') and classified as an
sdL7 by Smith et al. (2018) based on a low signal-to-noise ratio
infrared spectrum. Zhang, Burgasser & Smith (2019b, hereafter,
Primeval V) subsequently reclassified this source as a sdL.3 subdwarf
based on higher quality data from the X-shooter spectrograph

(Vernet et al. 2011) on the Very Large Telescope (VLT), shown in
Fig. 6.

4.1 Photometric observations

VVV 1256—62A and B have optical and NIR photometric observa-
tions from the Gaia mission, the DECam Plane Survey (DECaPS;
Schlafly et al. 2018; Saydjari et al. 2023), the VVV (Table 2), and
CatWISE2020 (Marocco et al. 2021); the VVV images in Fig. 5
show that VVV 1256—62B was blended with a brighter background
object in the 2010 images. The WD companion VVV 1256—62A
has poor Ks band detections in the VVV; it was next to a brighter
background object and likely not detected in the 2012 Ks band image,
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Figure 4. Left: The SDSS spectrum of SD1555+31B compared to SDSS M9 and LO templates (Bochanski et al. 2007), the SDSS spectra of SD1347+33
(sdLO, Primeval I) and SD0836+-05 (M9.5; West et al. 2008), and a BT-Settl model spectrum (Allard 2014) with T = 2450 K, [Fe/H] = —0.5, log g = 5.5.
The spectra of SD1555+31B and SD08364-05 are smoothed by 3 pixels. Right: The optical to NIR SED of SD1555+31A&B (rescaled by the same factor)
compared to those of SD1347+33 and SD0836+-05, and a BT-Settl model spectrum as in the left panel.

and was barely detected in 2013 and 2015 Ks-band images. It was
therefore not picked up VIRAC which is based mainly on VVV K-
band observations, and its magnitude was not reported in the VISTA
Science Archive (VSA; Cross et al. 2012). The K s-band magnitude
(18.162) of VVV 1256—62A in Table 2 is from the 2010 image.

The optical and NIR photometric SEDs of VVV 1256—62A and
B and the X-shooter spectrum of VVV 1256—62B are all shown in
Fig. 6. The WD primary is brighter in the optical bands (gri), while
the L subdwarf companion is brighter in the NIR bands (ZY J H K s).
The Gaia G and Ggp photometry of VVV 1256—62A is slightly
fainter than the DECaPS SED profile, which may be due to blending
with background sources or unresolved spectral features present in
the broad Gaia filters. The VVV Y- and J-band magnitudes of VVV
1256—62A measured in 2010 are slightly brighter than those in 2015,
which is likely due to blending with nearby objects. The 2015 VVV
SED profile is more consistent with the DECaPS SED profile, and
the combined profile indicates that VVV 1256—62A is a cool WD;
indeed, the faintest in Mg in our sample (see Fig. 1).

4.2 GMOS spectroscopy of VVV 1256—62A

VVV 1256—62A was observed as part of a programme GS-2021A-
FT-108 (PI: Schneider) with the Gemini Multi-Object Spectrograph
(GMOS; Hook et al. 2004) on the Gemini South telescope. We used
the longslit mode with the R400 grating and a central wavelength
of 764 nm and the 1 arcsec slit with 2x2 binning. We obtained four
spectra, one on 2021 May 09 and three on 2021 May 11, each with
an exposure time of 900 s.
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The data were reduced using the Gemini package DRAGONS
(Labrie et al. 2020) and the GMOS specific reduction routines for
spectroscopy that perform the bias, flatfield and bad pixel corrections
as well as determining the wavelength solution and response function
before reducing the science frames and producing a 1D spectrum.
The combined spectrum of VVV 1256-62A is plotted in Fig. 6.

4.3 Physical properties of the L subdwarf companion

The physical properties of VVV 1256—62B were inferred by fitting
its spectrum to six sets of low-temperature atmospheric models
that include subsolar metallicities' and are contained in the SpeX
Prism Libaries Analysis Toolkit (Burgasser & Splat Development
Team 2017): Burrows, Sudarsky & Hubeny (2006), Drift (Witte
et al. 2011), BT-Dusty (Allard 2014), Sonora Bobcat (Marley et al.
2021) and EIf Owl (Mukherjee et al. 2024), and Spectral ANalog
of Dwarfs (SAND; Alvarado et al. 2024). We combined the optical
and NIR spectra of VVV 1256-62B, resampled to a resolution of
A/AX = 250 over the wavelength range 0.85-2.4 pm, and scaled
to the absolute VVV J magnitude based on the parallax of the
WD primary. The atmosphere models were also resampled. Because
the atmosphere models are scaled to surface fluxes, the relative
normalization between models and observed absolute fluxes ()
provides an estimate of the source radius.” We used a x? goodness-

IThe LOWZ model set (Meisner et al. 2021) was excluded here as its model
parameter range does not extend to Tesr > 1600 K.
2The conversion to radius is R = \/ax 10 pc = 2.255x 10~ /& R.
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Figure5. The VVV Z, J, and K images of the field around VVV 1256—62A
and B, indicated by the vertical bars (6 arcsec in length) below each source.
All images have a size of 1 arcmin with north up and east left. The filter name
and observation dates in yyyymmdd format are labelled at the bottom of each
image. Note that the primary is significantly fainter than the secondary in all
bands.

of-fit statistic to identify the best-fitting model, first among the
individual models in each of these grids, and then using this as
an initial guess to a Metropolis—Hastings Monte Carlo Markov
Chain (MCMC) fitting algorithm (Metropolis et al. 1953; Hastings
1970) the sampled the model parameter space around the best-fitting
parameters through linear interpolation of the log fluxes of the models
(further description is provided in Burgasser et al. in preparation).
Table 3 summarizes the resulting fit parameters, while Figs 7
and 8 display the best-fitting spectrum and parameter distribution
for the SAND and BT-Dusty models, which provided the best
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overall fits. Both of these models provide a good overall match
to the overall near-infrared spectral shape of VVV 1256—62B, and
primarily deviate in reproducing spectral structure near the 1 pum
FeH Wing—Ford band and Nal and KT line strengths in the 1.1-
1.25 wm region. The mean parameters from these two model sets are
consistent in 7. and log g, and notably yield statistically equivalent
measures of subsolar metallicity, [M/H] = —0.7270% and —0.87+0-8
for SAND and BT-Dusty, respectively. There is also evidence of
significant alpha abundance enhancement for the SAND models.
The mean [Fe/H] of the SAND models is —0.81 £ 0.10 according
to [M/H] ~ [Fe/H] + log10(0.694 x 10/Fl +-0.306) (Salaris &
Cassisi 2005). The a-enhancement looks marginal for the BT-Dusty
models. This is because the [M/H] indicated in the BT-Dusty models
are actually [Fe/H] accounted for o-enhancement, [a/Fe] = 4-0.2 is
adopted for [Fe/H] = —0.5 and [«/Fe] = +0.4 is adopted for [Fe/H]
< —1.0 (also see Zhang et al. 2017b, hereafter, Primeval II). Finally,
both models yield flux-scaled radii that are equivalent and in line
with expectations for evolved ELMS (R ~ 0.09 Rg; Baraffe et al.
1997).

With T = 229873K and [Fe/H] = —0.81£0.10, VVV
1256—62B lies just above the stellar/substellar boundary in the Tes
versus [Fe/H] space (see fig. 9 in Primeval II). Both parameters are
very sensitive to mass near the hydrogen burning limit, and we infer
a mass of 0.082 £ 0.001 M, based on the 10 Gyr iso-mass contours
(Burrows et al. 1998) of low-mass objects in the 7.5 versus [Fe/H]
space.

4.4 The age of cool white dwarf primary

The WD companion, VVV 1256—62A is located at the bottom right
of the WD cooling sequence in the H-R diagram (Fig. 1), consistent
with being an old, low-mass WD (Raddi et al. 2022). By fitting the
Gaia EDR3 photometry of this WD, Gentile Fusillo et al. (2021)
estimated a Tor &~ 4560 K and log g &~ 7.9, inferring a mass of about
0.52Mg. Gaia DR3 blue photometer (BP) and red photometer (RP)
spectra (De Angeli et al. 2023; Montegriffo et al. 2023) are available
for this source, but are rather noisy as expected for a faint object.

We re-evaluated the physical parameters of VVV 1256-62A by
analysing its DECaPS and VVV photometric SED that combines its
DECaPS (Schlafly et al. 2018) and VVV photometry (Fig. 9). We
favoured the DECaPS photometry over Gaia DR3 photometry and
BP/RP spectra due to the poorer quality of the latter. We employed
state-of-the-art synthetic spectra of cool WDs with hydrogen- or
helium-dominated atmospheres that include collision-induced ab-
sorption effects (Kowalski & Saumon 2006; Tremblay, Bergeron
& Gianninas 2011; Tremblay et al. 2013; Cukanovaite et al. 2021)
to compute synthetic photometry in the observed band-passes. Our
fitting routine minimizes the x2 between the observed and synthetic
photometry. We scaled the synthetic photometry to the mass—radius
relations of cooling models for hydrogen-dominated atmospheres
(Althaus et al. 2013; Camisassa et al. 2016) and hydrogen-deficient
atmospheres (Blouin, Dufour & Allard 2018; Bédard et al. 2020).
We also considered a mass—radius relation for hydrogen-dominated
WDs with metal-poor progenitors (Z = 0.001; Serenelli et al. 2002;
Althaus et al. 2015), which may be more appropriate given the
subsolar metallicity of the L subdwarf companion. The Gaia parallax
provides a distance prior, and at just 75.6pc from the Sun we
expect interstellar extinction to be small (Ay = 0.005 mag) based
on distance-reddening relations (Lallement et al. 2019).

The best-fits for our hydrogen-dominated and hydrogen-deficient
models (Fig. 9) are numerically consistent, with reduced x? values
close to unity. The hydrogen-dominated atmosphere model may
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VVV 1256-62A (GMOS)
VVV 1256—62A (SED)

VVV 1256—62A (not fit)

Normalized flux (F,)

VVV 1256-62B

VVV 1256-62B

Wavelength (nm)

Figure 6. The X-shooter optical to NIR spectrum of VVV 1256—62B Primeval V normalized in the 1100-1300 nm region. DECaPS (Schlafly et al. 2018) and
VVV (2015 ZY J H and 2010 K s) photometry of VVV 1256—62A (filled diamonds) and B (open circles) are plotted and re-scaled by the same factor. GMOS
optical spectrum of VVV 1256—62A is scaled to its SED. Note telluric absorptions (indicated with grey bands at the bottom) are corrected for the X-shooter
spectrum, and not corrected for the GMOS spectrum. Open diamonds are Gaia and VVV (2010) photometry of VVV 1256—62A. DECam, VISTA, and Gaia
filter profiles are plotted at the bottom, with filter names labelled at their effective wavelength.

be more realistic given the apparent decline in the near-infrared
photometry that is not correctly captured in the models due to
current uncertainties in the treatment of the H,—He collision-induced-
absorption in cool WD atmospheres (Blouin et al. 2018). Our inferred
atmosphere parameters of T = 4440 + 250K and logg = 7.86 £
0.05 dex for the hydrogen-dominated model, or T = 4550 + 250K
and log g = 7.88 & 0.05 dex for the hydrogen-deficient model, yield
similar masses of 0.51 = 0.03 Mg, and these results are compatible
with those obtained by Gentile Fusillo et al. (2021).

For its present-day temperature and mass, we estimate a cooling
age for the solar and sub-solar metallicity hydrogen-dominated
evolutionary models of 6.25 4 1.30 and 8.90 £ 1.35 Gyr, respec-
tively. The hydrogen-deficient model yields a cooling age of
6.75 £ 0.80 Gyr. However, there is a problem with this solution
as the semi-empirical initial-to-final-mass relation (IFMR; Cataldn
et al. 2008) applied to the present-day mass of VVV 1256—62A,
0.51 £0.03 Mg, yields a progenitor mass of 0.84 Mg. The Main
Sequence lifetime of such a low-mass progenitor, ~15 Gyr, would
result in a total age that exceeds the age of the Universe.

VVV 1256—62A is at the end of the WD cooling sequence where
evolutionary tracks turn toward the blue. In this region, photometric
estimates of WD masses are known to be systematically smaller
with respect to the average mass of ~ 0.6 Mg of the broader WD
population (O’Brien et al. 2024, and references therein), which
is expected to be independent of temperature for a population of
WDs evolving through single-star evolution (Tremblay et al. 2016).
One proposed hypothesis is that cool low-mass WDs could be
unresolved binaries; however, such a situation would require an
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unrealistically high fraction of binaries at low temperatures (O’Brien
et al. 2024). Another hypothesis, taken into account by O’Brien et al.
(2024), is that optical opacities in WD atmospheres are presently
underestimated (e.g. associated with the red wing of Ly «; Caron et al.
2023). These authors provide an ad-hoc correction that preserves
an average WD mass at cool temperatures (equations 1, 2, and
3; O’Brien et al. 2024). Applying this correction, we obtain a
corrected mass of 0.62 £ 0.04 My which shifts the cooling ages
to 8.0 == 1.9 and 8.5 £ 1.9 Gyr for the solar and subsolar metallicity
hydrogen-dominated models, and 7.0 =+ 0.8 Gyr for the hydrogen-
deficient model. More importantly, the corrected WD mass implies a
progenitor mass of 1.9 & 0.4 M which has a main-sequence lifetime
of 2.0748 Gyr based on the [Fe/H] = +0.06 dex evolutionary tracks
by Hidalgo et al. (2018), where the uncertainties reflect 16 per cent
and 84 per cent quantiles. These values yield a total age of 101’%} Gyr.
For the hydrogen-deficient WD model, the total age is ~ 1 Gyr
shorter. For the subsolar metallicity hydrogen-dominated model,
the theoretical IFMR of Romero, Campos & Kepler (2015) with
Z = 0.001 yields a lower progenitor mass of 1.5 £ 0.3 Mg, which
in turn implies a progenitor age of 2.0t§;§ Gyr based on -enhanced
[Fe/H]= —0.81 dex evolutionary models (Pietrinferni et al. 2021).
These results yield a total age of 10.53:? Gyr. Given that metallicity
of the L subdwarf companion most supports the subsolar metallicity
hydrogen-dominated model, we adopt this last total age estimate for
the VVV 1256—62AB system (Table 2).

Despite the reliability of cooling processes in WDs, there are
several sources of uncertainty that can further influence the inferred
age of this system due to the complex processes occurring in
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Table 2. Properties of VVV J12564163—6202039AB wide binary systems.

Parameter VVV 1256—62A VVV 1256—62B Ref.
Gaia DR3 5863122429179888000 5863122429178232704 )
Spectral type DC WD sdL3 (2,3)
a (2016) 12h56™43%49 12"56™40597 (1)
5 (2016) —62°02'08"1 —62"02™03%9 1)
Ggp 20.22 4+ 0.04 21.8+0.2 )
G 19.581 + 0.003 20.701 + 0.009 1)
Grp 18.90 & 0.03 19.24 +0.05 )
RUWE 1.034 1.259 1
g (DECaPS) 20.407 + 0.008 - “)
r (DECaPS) 19.429 + 0.003 22.99 +0.39 “)
i (DECaPS) 19.12 +0.02 19.68 + 0.03 “)
z (DECaPS) 19.00 £ 0.02 18.20 £ 0.01 “)
Y (DECaPS) 18.96 + 0.02 17.77 £ 0.03 “)
Zv (2010.24) 18.47 £ 0.03 - 5)
Yv (2010.24) 18.27 £ 0.05 - 5)
Jyv (2010.18) 18.13 £ 0.06 - 5)
Hy (2010.18) 17.96 +0.11 - 5)
K sy (2010.18) 18.03 +0.26 - 5)
Zy (2015.32) 18.46 £ 0.05 17.93 £ 0.03 5)
Yv (2015.32) 18.38 + 0.06 17.04 + 0.02 5)
Jy (2015.40) 18.21 £ 0.07 16.13 £ 0.01 5)
Hy (2015.40) 18.00 + 0.14 15.94 + 0.02 5)
K sy (2015.40) - 15.78 £0.03 5)
W1 (CatWISE) - 14.56 + 0.02 ©6)
W2 (CatWISE) - 14.59 £ 0.03 (©6)
w (mas) 13.24 £0.33 14.20 +1.36 %))
Distance (pc) 75.671% 704773 )
ura (masyr—') —1124.0+03 —11238+1.0 )
UDec (masyr™h) 241+03 246+ 1.7 1
RV (kms™!) - —464+19 3)
Toi (K) 4440 + 250 2298193 (3,7
log g 7.86 £ 0.05 5431046 3,7
R (R) - 0.08970 003 3.7
[M/H] - —0.72008 (3.7)
[/ Fel - +0.131042 (3.7
[Fe/H] - —0.81+0.10 (3.7
Mass (M@) 0.62 & 0.04 0.082 % 0.001 3)
Teool (Gyr) 85+1.9 - A3)
Tprog. (Gyr) 20753 - 3)
Tiout (Gyr) 10.557 - 3)
Separation (arcsec) 18.2 (@)
Proj. sep. (au) 1375133 )
Period (yr) X 6 x 10* 3)
Proj. sep. (ry)* 5.56 x 1073 3)
—U () 6.5 x 103 3)
Vian (kms™1) 4034+ 10 1)
U? (kms™!) —361.3+8.3 3)
V (kms™1) —183.6+5.6 3)
W (kms~!) 162403 3)
Viotal (kms™1) 406 + 10 3)

Note. References: (1) Gaia DR3 (Gaia Collaboration 2023); (2) Gentile Fusillo et al. (2021); (3) This paper; (4) DECaPS DR2 (Schlafly et al.
2018; Saydjari et al. 2023); (5) Vista VVV (Minniti et al. 2010); (6) CatWISE2020 (Marocco et al. 2021); (7) SAND atmosphere models

(Alvarado et al. 2024).

“ry is the Jacobi radius, the boundary where the Galactic tidal field exceeds the gravitational attraction of a wide binary (Jiang & Tremaine

2010).

bpositive toward the Galactic centre.

cool atmospheres, most notably strong collision-induced absorption
effects (Blouin et al. 2018). Additionally, a cooling delay or even
speed-up can occur depending on the onset of crystallization in
WD cores (Bauer et al. 2020; Camisassa et al. 2024). Nevertheless,
our final age estimate is relatively insensitive to the specific white

dwarf type (hydrogen-dominated versus hydrogen-deficient), and is
compatible with the ages of Galactic thick disc and halo stars as
indicated by the kinematics of this source (see Section 4.5).

For the sake of completeness, we also investigated the hypothesis
that VVV 1256—62A could be an unresolved WD binary based on its
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Table 3. Physical parameters of VVV 1256—62B from atmosphere model fits.

Model Tete log g [M/H] [a/H] or C/O Radius sz

(K) (cms™2) Rp) (Rel. Prob.)*
SAND 229874 5431038 —0.7275% +0.1370.5 0.08970:007 5.8 (1.0)
BT-Dusty 2220155 51703 —0.8710:08 +0.0315.98 0.09610.0%% 7.9 (0.12)
EIf Owl 224518 4.8104 ~0.857929 C/0 = 0.62753) 0.094+0:-006 17 (1075)
Burrows06 2001157 5421709 < —0.50 - 0.11275:5% 24 (107%)
Bobcat 2345146 5.37+0.13 031103 C/0 = 10753 0.087+0-002 26 (107%)
Drift 24401112 52910 —0.54710:13 - 0.078F9:-008 28 (10719

“Relative probability among the best-fitting models computed as—In P = sz — MIN({ XVZ}).
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Figure 7. (Top panel) The smoothed X-shooter spectrum of VVV 1256—62B calibrated to absolute flux densities compared to the best-fitting models from
SAND (top) and BT-Dusty (bottom). Each panel lists the Tef, log g, and [M/H] of the best fit interpolated model, and weighted means and uncertainties are
listed in Table 3. The bottom panels display the difference between observed and computed spectra (black line) compared to the spectral uncertainty (grey band).

position on the H-R diagram. We employed the same minimization
routine using two hydrogen-dominated WD models. We obtained a
slightly improved best fit with smaller residuals (Fig. 9 right). The
two WDs would have masses of 0.62 £ 0.03 and 0.72 4+ 0.03 Mg,
with cooling ages of 13.6 £ 1.1 and 9.8 £ 1.4 Gyr. The estimated
total ages of 15.47 ] and 10.57 Gyr are discrepant by ~ 5 Gyr, but
compatible within 2 0. While this situation is implausible for a binary
system whose components should have formed at the same time, the
cooling age delays noted above and the relatively large uncertainties
could resolve the incompatible age estimates in a binary. None the
less, there is no clear evidence that VVV 1256—62A could be an
unresolved double WD, and the small Renormalized Unit Weight
Error (RUWE: 1.034) from Gaia DR3 for this source further argues
agains the binary hypothesis.

4.5 Kinematics

We measured the heliocentric RV of VVV 1256—62B from its
X-shooter spectrum (Fig. 6) using the cross-correlation technique
(e.g. Gélvez et al. 2002). The spectra of the target were cross-
correlated using the routine fxcor in the Image Reduction and
Analysis Facility (IRAF; e.g. Tody 1993), against spectra of a radial
velocity standard, DENIS-P J144137.3—094559 (DE1441, Martin
etal. 1999), an L0.5 with known radial velocity (—27.9 & 1.2kms™!
(Bailer-Jones 2004). We derived the radial velocity from the position
of peak of the cross-correlation function (CCF) and calculated
uncertainties based on the fitted peak height and the antisymmetric
noise as described by Tonry & Davis (1979). Areas affected by
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prominent telluric lines were excluded when determining the mean
velocity.

Using the RV from the L subdwarf and the Gaia DR3 astrometry
from the WD, we calculated the Galactic velocities® (UV W) of VVV
1256—62AB using the BANYAN X interface (Gagné et al. 2018).
Fig. 10 compares these velocities to the other WD + M (sub)dwarf
companions in our sample and esdM and usdM subdwarfs compiled
in Zhang et al. (2013). The velocity components of this system are
extreme even among M subdwarfs, with very large tangential ve-
locity (403 4= 10km s~!) and total space velocity (406 £ 10km s7h,
confirming its halo membership.

We integrated the Galactic orbit of VVV 1256—62AB assuming
a static three-component potential that is representative of the
Milky Way’s baryonic and dark matter components (the MWPo-
tential2014 of the galpy module for python; Bovy (2015)
for details). We accounted for the uncertainties of the velocity
components be examining both the median trajectory and *+lo
variants. A visual representation of the Galactic orbit and the time
evolution of the cylindrical radial and vertical coordinates are shown
in Fig. 11. As reported in Primeval V, this orbit is highly eccentric
(e ~0.9), prograde (L; ~ 600kpckms™'), and moving radially
away from the Galactic centre. VVV 1256—62AB passes close to
the inner radius (~1kpc) of the Milky Way, making dynamical

3These velocity components are defined such that U is positive toward the
Galactic centre, V is positive in the direction of Galactic rotation, and W is
positive toward the North Galactic Pole.
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Figure 8. T, logg, [M/H], [a/Fe], and radius distributions for the SAND MCMC model fits for VVV 1256—62B. Plots along the diagonal axis show the
marginalized posterior distributions for each parameter, with 16 per cent, 50 per cent, and 84 per cent quantiles indicated as vertical dashed lines. The remaining
contour plots display two-dimensional distributions of parameter pairs in the posterior solutions, highlighting parameter correlations. The lines and filled circles

indicate the parameters of the single best-fitting model.

interactions with the Galactic bar likely. VVV 1256—62AB also
spends about 2/3 of its time at R > 20kpc, a region dominated by
outer halo population (Carollo et al. 2007). Its low-inclination orbit
is not unexpected for a source within a few hundred parsecs away
from the Sun, and is likely a selection effect of its proximity. Overall,
this source exhibits kinematics and orbital properties consistent with
halo membership, as has been found for other WDs in the solar
neighbourhood (Zubiaur, Raddi & Torres 2024).

4.6 Stability of the wide binary

The lifetime of a wide binary, which has resisted disruption from
perturbations due to passing field stars, is proportional to the

average relative velocity (Vi) between the binary system and
perturbers and inversely proportional to the number density (n*)
of field stars (Weinberg, Shapiro & Wasserman 1987, equation 28).
VVV 1256—62AB passes through the Galactic bulge, coming as
close as ~1kpc to the Galactic centre, where the stellar number
density is approximately 10 times higher (Valenti et al. 2016).
These higher densities should dissolve wide systems; however,
Vil 1s also about 10 times higher for VVV 1256—62AB com-
pared to other stars in the solar neighbourhood. Thus, the bi-
nary lifetime of this system is comparable to similarly separated
wide binaries near the Sun, and is thus expected to be stable
even during its passage through the denser regions of the Milky
Way.
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obtained by using two synthetic spectra of hydrogen-dominated atmospheres. The bottom subpanels display the residuals between observed and synthetic

photometry.
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Figure 10. Space velocities of five WD 4 UCD wide binary systems compared to esdM and usdM subdwarfs (grey dots; Zhang et al. 2013). The circles from
right to left are 1o (dashed) and 2o (solid) velocity dispersions of the Galactic thin disc, thick disc, and halo, respectively (Reddy et al. 2006). Three systems
(diamonds) with error bars indicate uncertainties caused by RV variations for thin disc objects (—100, 0, 100kms~!; e.g. fig. 4 of Zhang et al. 2013). The error
bars for SD1555 AB (filled circle) and VVV 1256—62AB (filled square) are smaller than the symbol size.

One approach to quantifying the stability of VVV 1256—62AB
is through the tidal or Jacobi radius (ry), the boundary at which the
Galactic tidal field becomes stronger than the gravitational attraction
between the components of a wide binary. This scale is used to
separate stable and unstable wide binaries. The Jacobi radius in the
solar neighbourhood can be quantified as (equation 43 in Jiang &
Tremaine 2010):

M, +Mz)”3 .

=1.70
Ty pe < Mg

For VVV 1256—62AB, r; = 1.2pc or 2.5 x 10° au. Hence, this
system’s projected separation of 137532 au at a distance of 75.6 pc
corresponds to 5.56 x 1073 ry, well within the limit at which the
Galactic tidal field is unable to disrupt the system. It is therefore
logical that VVV 1256—62AB has survived as a bound wide binary
over its 10 Gyr lifetime.
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5 CONCLUSIONS

‘We have reported the discovery of five widely separated white dwarf
+ ELMS binary systems in the Gaia Catalogue of Nearby Stars
(Gaia Collaboration 2021). Three of these systems are composed of
WD + M dwarf pairs, one (SD15554-31AB) is composed of a WD
+ sdM09.5 subdwarf pair, and one (VVV 1256—62AB) is composed
of a WD + L subdwarf pair. All five systems are confirmed by
the common PM and equal parallactic distance, and span projected
separations of 650-6000 au.

VVV 1256—62B is the first L subdwarf identified as a companion
to a WD, and hence the first L dwarf age benchmark at subsolar
metallicities. We confirmed the subsolar metallicity of this source
through atmosphere model fits, finding [M/H] = —O.72fgj?g([Fe/H]
—0.81 £0.10), in agreement with its metallicity classification and
with prior analysis in Primeval V. We were also able to determine
its radial velocity, which combined with the precise astrometry of
VVV 1256—62A from Gaia DR3 yields space velocities that confirm
kinematic membership in the Galactic halo.
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Figure 11. Integrated Galactic orbit of VVV 1256—62AB over an interval of 4 Gyr. The thick blue and red curves, corresponding to past and future motion,
represent the average orbit based on the Gaia measurements of VVV 1256—62A and the RV of VVV 1256—62B. The grey curves represent four orbits that
account for the =10 and +20 variation in the orbital trajectory due to propagation of measurement uncertainties. (Top left): the orbit in Galactic Cartesian
coordinates. The Sun is placed at X,Y, Z = (—8.178, 0, 0.021) in kpc (Bennett & Bovy 2019; GRAVITY Collaboration 2019), the Galactic rotation is
clockwise. The black dot at (—8.136, —0.063, 0.022) in kpc representing the current location of the system. (Top right:) the orbit in Galactic cylindrical
coordinates. (Middle:) the Galactocentric radius as a function of time. (Bottom:) the vertical displacement as a function of time.

VVV 1256—62A is a cool, likely hydrogen-dominated WD whose
total age (cooling and progenitor) of 10.53? Gyr is also consistent
with halo membership. Combined, these measurements yield a
consistent picture of the VVV 1256—62AB system as a metal-poor,
wide halo binary, and a unique benchmark for testing both UCD and
WD atmosphere and evolutionary models. We also validate VVV
1256—62AB is a stable bound system despite a Galactic orbit that
takes it from within the Galactic bulge to 25-35 kpc from the Galactic
centre.
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The X-shooter spectrum of VVV 1256—62B underlying this article is
available in Primeval V at https://dx.doi.org/10.1093/mnras/stz659.
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The optical spectrum of SD1555+31B is available in the SDSS
database at https://skyserver.sdss.org/. The GMOS optical spectrum
of VVV 1256—62A and a video of VVV 1256—62AB orbiting the
Milky Way are available online.
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APPENDIX A: VVV 1256-62AB’S ORBIT
COMPARED TO THE MILKY WAY

To better visualize the Galactic orbit of VVV 1256—62AB we
compared its average orbit to the face-on spiral structure of the
Milky Way based on Gaia DR3 in Fig. Al. The edge-on orbit view
in [Y, Z] space shows VVV 1256—62AB have very flat orbit with
a diameter to thickness ratio of about 28. We also made a video of
VVV 1256—62AB’s orbital motion which is available online (e.g.
Fig. A2).
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Galactic Orbit of VVV1256-62AB

Figure A1. VVV 1256—62AB’s average orbit from the past 2Gyr (cyan curves) to the future 2Gyr (red curves) compared to the spiral structure of the Milky
Way (based on Gaia DR3; Credits: ESA/Gaia/DPAC, Stefan Payne—Wardenaar, CC BY-SA 4.0 IGO). Its current location is indicated with a white circle near
the Sun. The edge-on orbit view in [Y, Z] space is plotted on the same scale and shown at the bottom.
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The first age benchmark L subdwarf

2.00 Gyr

Figure A2. The orbital motion of VVV 1256—62AB (represented with a filled circle) from the past 2Gyr (cyan curves) to the future 2Gyr (red curves) in [X,

Y] (upper panel) and [Y, Z] (lower panel) space. The location of the Sun is indicated with a five-pointed star.
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