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A B S T R A C T 

We report the disco v ery of fiv e white dwarf + ultracool dwarf systems identified as common proper motion wide binaries 
in the Gaia Catalogue of Nearby Stars. The disco v eries include a white dwarf + L subdwarf binary, VVV 1256 −62AB, a 
gravitationally bound system located 75.6 

+ 1 . 9 
−1 . 8 pc away with a projected separation of 1375 

+ 35 
−33 au. The primary is a cool DC 

white dwarf with a hydrogen dominated atmosphere, and has a total age of 10 . 5 

+ 3 . 3 
−2 . 1 Gyr, based on white dwarf model fitting. 

The secondary is an L subdwarf with a metallicity of [M/H] = −0 . 72 

+ 0 . 08 
−0 . 10 (i.e. [Fe/H] = −0 . 81 ± 0 . 10) and T eff = 2298 

+ 45 
−43 K 

based on atmospheric model fitting of its optical to near infrared spectrum, and likely has a mass just abo v e the stellar/substellar 
boundary. The subsolar metallicity of the L subdwarf and the system’s total space velocity of 406 km s −1 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 II – subdwarfs – white dwarfs. 
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 I N T RO D U C T I O N  

he L dwarf spectral classification (Kirkpatrick et al. 1999a ; Mart ́ın
t al. 1999 ) was established to classify brown dwarfs (BDs) and
xtremely low-mass stars (ELMS) with effective temperature T eff 

1200–2300 K (Kirkpatrick et al. 2021 ). L dwarfs are difficult
o characterize individually because of the mass-age de generac y at
he boundary between stars and BDs, and are composed of ELMS,
ransitional BDs (Zhang et al. 2018a , hereafter, Prime v al lII ), and
egenerate BDs (Zhang et al. 2019a , hereafter, Prime v al VI ). All of
hese source initially cool and dim o v er their first Gyr as they dissipate
nitial heat of formation (e.g. fig 8 in Burrows et al. 2001 ). Stars with

ass � 0 . 1 M � ultimately reach a steady luminosity at late-M/early
 spectral types, while transitional BDs (e.g. GD 165B; Kirkpatrick,
 E-mail: zz@nju.edu.cn 
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enry & Liebert 1993 ; Kirkpatrick et al. 1999b ) are massive enough
o have long-lasting, low-intensity hydrogen fusion that can slow
own their cooling. Degenerate BDs (e.g. Gl 229B, Nakajima et al.
995 ; Kelu-1; Ruiz, Leggett & Allard 1997 ) comprise the majority
f BDs and have no hydrogen fusion, and thus cool over the entire
ifetimes. 

L subdwarfs are the subsolar metallicity counterparts of L dwarfs
Burgasser et al. 2003 ; Burgasser 2004 ), and like M subdwarfs
re classified into three metallicity classes: subdwarfs (sdL, [Fe/H]
−0 . 3), extreme subdwarfs (esdL, −1 . 7 < [Fe/H] ≤ −1 . 0), and

ltra subdwarfs (usdL, [Fe/H] ≤ −1 . 7) (Zhang et al. 2017a ; here-
fter, Prime v al I ). L subdwarfs exhibit distinct spectral features
rom L dwarfs, and have bluer optical to near infrared (NIR)
olours (Gizis & Harvin 2006 ; Burgasser, Cruz & Kirkpatrick 2007 ;
irkpatrick et al. 2010 ; Zang et al., 2018b , hereafter, Prime v al

V ). L subdwarfs are 200–400 K warmer than field L dwarfs with
he same subtype (e.g. fig. 4 in Prime v al lII ). The esdLs, usdLs,
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nd a small fraction of sdLs are kinematically associated with 
he Galactic halo (e.g. fig. 23 in Prime v al IV ). Most sdLs are
ssociated with the Galactic thick disc and L dwarfs with the 
hin disc. 

L subdwarfs are composed of metal-poor ELMS (e.g. J0452 −36B, 
hang 2019 , hereafter, Prime v al VII ) and transitional BDs (e.g.
0532 + 82; Burgasser et al. 2003 , 2008 ). Metal-poor degenerate BDs
re not within the L subdwarf sequence because after ∼10 Gyr they
ave already cooled to T or Y (sub)dwarf temperatures Prime v al VI .
 subdwarfs have a wider T eff range but squeeze into a narrower mass

ange. Mid- to late-type L subdwarfs have a declining low rate of
ydrogen fusion and are associated with a substellar transition zone 
rime v al lII . With a metallicity of [Fe/H] ≈ −2 . 4, SDSS J0104 + 15
Zhang et al. 2017b , hereafter, Prime v al II ) is the most metal-poor L
ubdwarf in the substellar transition zone known to date. 

Field L dwarfs have diverse ages reflecting the Galactic disc 
opulation, spanning ∼0.5–8 Gyr (Reddy, Lambert & Allende Prieto 
006 ). L subdw arfs lik ely have similar ages as other stars in the
alactic thick disc or halo ( ∼8–14 Gyr, e.g. Kilic et al. 2017 ).
o we ver, we cannot directly measure the age of an individual field L

sub)dw arf. Benchmark L (sub)dw arfs with known age are needed to
est atmospheric and evolutionary models. L (sub)dwarfs with wide 
hite dwarf (WD) companions serve as ideal benchmarks in this 

apacity, as the age of the L companion is constrained by the WD’s
ooling age and progenitor’s lifetime. Eight WD + L/T/Y dwarf 
inaries are currently known (Becklin & Zuckerman 1988 ; Steele 
t al. 2009 ; Day-Jones et al. 2011 ; Luhman, Burgasser & Bochanski
011 ; Deacon et al. 2014 ; Meisner et al. 2020 ; Zhang et al. 2020 ;
rench et al. 2023 ), all of which belong to disc population given

he absence of metal-poor features in the companion. No WD + 

 subdwarf wide binaries have yet been reported. J0452 −36 AB
esdM1 + esdL0) is the only currently known star + L subdwarf
ide binary Prime v al VII , but the difficulty in inferring the precise

ges of M (sub)dwarfs (e.g. Burgasser & Mamajek 2017 ) implies 
his system is not a viable age benchmark. 

The evolution of WDs is a well-understood cooling process in 
hich the degenerate WD radiates its progenitor’s core thermal 

nergy directly to space. The atmospheric parameters of WDs ( T eff 

nd log g) can be measured with high precision with spectra, or both
ccurate photometry and parallax, and can be used to infer masses
nd cooling ages from WD cooling models (Althaus et al. 2010 ). The
ass of the WD remnant can then be related to the progenitor mass via 

he semi-empirical initial-to-final-mass relation (e.g. Catal ́an et al. 
008 ), which in turn provides the progenitor lifetime and the total
ge of the system. If the WD cooling age dominates the total age,
s expected for old WDs, relatively accurate system ages can be 
nferred. 

The Milky Way’s halo population is expected to host the oldest 
Ds, which can reach relati vely lo w temperatures ( T eff � 3000 K)

nd thus exceedingly low luminosities ( L � 10 −5 L �; Calcaferro,
lthaus & C ́orsico 2018 ). The spectra of many WDs (e.g. DC

pectral type), are featureless, making it difficult to measure their 
adial velocities (RVs), required to calculate UVW space velocities 
nd assess halo membership. It is also not possible to directly infer
he metallicity of a WD’ s progenitor . Ho we ver, if a WD has a wide
tellar/substellar companion, it is possible to determine the systems’s 
V, Galactic kinematics, and metallicity from the companion (e.g. 
addi et al. 2022 ). 
This is the eighth paper of a series titled Primeval very low-mass

tars and brown dwarfs , which presents disco v eries, classification, 
haracterization, and population properties of L and T subdwarfs. In 
his paper, we present the disco v ery of five WD + ultracool dwarf
UCD) wide binaries, including the first halo WD + L subdwarf
inary system VVV 1256 −62AB, disco v ered in the Gaia Catalogue
f Nearby Stars (GCNS; Gaia Collaboration 2021 ). Section 2 
resents the selection of wide binaries from GCNS and criteria 
eading to the five discoveries reported here. Section 3 analyses 
our of the WD + UCD binaries, while Section 4 focuses on VVV
256 −62AB. Our conclusions are presented in Section 5 . 

 W I D E  BI NARY  SELECTI ON  

recise proper motions (PM) of nearby stars measured by Gaia (Gaia
ollaboration 2016 , 2023 ) provide a powerful tool to identify wide
inaries in the solar neighbourhood (e.g. El-Badry, Rix & Heintz 
021 ). We searched for UCD (spectral types ≥M7; masses � 0.1 M �)
ide companions to WDs within the GCNS (331,312 sources). We 

onstrained our search to systems with separations δ < 1 arcmin, 
ith robust PMs ( μ > 2 mas yr −1 and μ/μerror > 4 . 5) and tight

onstraints on common PM: 

 μRA1 − μRA2 | < 1 mas yr −1 (1) 

 μDec1 − μDec2 | < 1 mas yr −1 (2) 

e identified 3199 common PM pairs with separation between 3 and
0 arcsec. Figs 1 and 2 show the H-R diagrams and PMs of these
ystems. To narrow our sample to potential WD + UCD binaries, we
sed the G BP − G RP versus M G H-R diagram (Fig. 1 a) to select WD
omponents, using criteria: 

 G > 3( G BP − G RP ) + 8 (3) 

 BP − G RP < 2 . 0 (4) 

CDs are better detected in the Gaia G and G RP bands compared
o in G BP band. Therefore, we used the G − G RP versus M G H-R
iagram (Fig. 1 b) to select UCD components using criteria: 

 G > 15 (5) 

 − G RP > 1 . 4 (6) 

nly five of the 3199 common PM pairs satisfied all of these criteria.
able 1 lists the Gaia astrometry, separation, and spectral types of

hese pairs, while Fig. 3 shows their optical to infrared spectral energy 
istributions (SED). 

 W I D E  W D  + M  D  WARF/SUBD  WA R F  BINARIES  

.1 A WD + sdM9.5 wide binary 

he white dwarf primary Gaia DR3 1 321738565727229056 (WD4 
n Table 1 ), aka SDSS J155516.95 + 315307.2 (SD1555 + 31A) is
lassified as a DA WD by Kilic et al. ( 2020 ). It has a mass M
 0 . 553 ± 0 . 008 M �, T eff = 6546 ± 28 K, and log g = 7.936
0.010 according to Gentile Fusillo et al. ( 2019 ). SD1555 + 31A

s at a distance of 59.8 ±0.3 pc. The UCD companion, Gaia DR3
 321738561431758592 (UCD4), i.e. SDSS J155517.36 + 315316.8 
SD1555 + 31B) is separated by 10.86 arcsec from SD1555 + 31A at
n equi v alent distance of 59.1 + 1 . 1 

−1 . 0 pc, corresponding to a projected
eparation of 649 ± 3 au. 

The optical spectrum of SD1555 + 31B was observed by the Sloan
igital Sk y Surv e y (SDSS; York et al. 2000 ) on 2011 July 6.
ig. 4 shows this spectrum compared to SDSS spectra of the M9.5
warf SDSS J083646.34 + 052642.6 (SD0836 + 05; West et al. 2008 ),
he sdL0 subdwarf SDSS J134749.74 + 333601.7 (SD1347 + 33, 
MNRAS 533, 1654–1669 (2024) 
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M

Figure 1. The H-R diagrams of 3199 common PM pair with separations δ < 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 M � (from upper right to lower left) and isochrones at 0.3, 1, 2, 5, 7, 9 Gyr (from upper left to lower right) are o v er plotted in the left diagram 

(Althaus, Miller Bertolami & C ́orsico 2013 ; Camisassa et al. 2016 , 2019 ) assuming a pure hydrogen atmosphere (Tremblay et al. 2013 ). 

Figure 2. The PMs of 3199 common PM pairs with separations δ < 1 arcmin 
in the GCNS (grey dots). The difference in PM between components is less 
than 1 mas yr −1 , ten times smaller than the symbol size. The five WD + UCD 

pairs are indicated by crosses, with VVV 1256 −62AB specifically labelled. 

P  

e  

L  

o  

i  

m  

a  

M  

a  

b  

2  

w  

r  

N  

t  

N  

H  

T  

S

3

T  

U  

w  

c  

4  

F
5  

i  

c
 

(  

(  

e  

S  

C  

(  

3
a  

p  

(
8

4

T  

G  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/533/2/1654/7727815 by U
niversity of H

ertfordshire user on 05 Septem
ber 2024
rime v al I ), and SDSS M9 and L0 dwarf templates from Bochanski
t al. ( 2007 ). SD1555 + 31B has similar spectrum to the SDSS M9 and
0 templates. The strength of its 745 nm VO absorption, an indicator
f spectral type M/L (sub)dwarfs boundary (Kirkpatrick et al. 2014 )
s intermediate between these templates. Indeed, SD1555 + 31B
atches well with the M9.5 dwarf SD0836 + 05 at 745 nm VO band

nd at the 800–840 nm peak, which indicates a spectral type of
9.5. Ho we ver, SD1555 + 31B has a relati vely deep 863 nm CrH

bsorption and stronger CaH (690 nm) and TiO (715, 775, 850 nm)
ands, all signatures of mildly metal-poor UCDs (Burgasser et al.
007 ; Prime v al I ). The spectral profile of SD1555 + 31B matches well
ith the sdL0 SD1347 + 33, but has more flux in the 734–759 nm

egion, suggesting a slightly earlier spectral type. The optical and
IR photometric SED of SD1555 + 31B (Fig. 4 ) is also similar to

hat of the sdL0 SD1347 + 33, with significant suppression in the
NRAS 533, 1654–1669 (2024) 
IR compared to the M9.5 SD0836 + 05 likely driven by enhanced
 2 collision induced absorption (Linsky 1969 ; Burgasser et al. 2003 ).
his is again consistent with a subsolar metallicity; hence, we classify
D1555 + 31B as an sdM9.5 subdwarf. 

.2 Three additional WD + late M dwarf wide binaries 

he other three UCD companions (Table 1 ) are all late M dwarfs. The
CD candidate, Gaia DR3 4 757030327366948608 (J0529 −63B)
as photometrically classified as an M8 dwarf based on opti-

al and NIR photometry (Reyl ́e 2018 ). Its primary Gaia DR3
757030391 786232 576 (J0529 −63A), is listed as a WD in Gentile
usillo et al. ( 2019 ) with a mass M = 0.52–0.56 M � and T eff = 4983–
042 K. J0529–63A is the second faintest of the five WD primaries
n Fig. 1 with M G = 14 . 78. Its optical and NIR SED (Fig. 3 ) is
onsistent with a cool WD. 

The two UCD candidates Gaia DR3 3004346257963119872
J0610 −10B) and Gaia DR3 2 056 440 275 586 819 456
J2025 + 35B) both have photometric spectral types of M8.5
stimated from their i − z, z − y, i − y colours of the Panoramic
urv e y Telescope and Rapid Response System (Pan-STARRS,
hambers et al. 2016 ) and colour - spectral type correlations

Best et al. 2018 ). The WD primary of the first source, Gaia DR3
 004346292322852096 (J0610 −10A) has a mass M = 0.65–0.7 M �
nd T eff = 19 571–20 247 K (Gentile Fusillo et al. 2019 ). The WD
rimary of the second source, Gaia DR3 2056440344314369280
J2025 + 35A) has a mass M = 0.55–0.61 M � and T eff = 8315–
509 K (Gentile Fusillo et al. 2019 ). 

 A  H A L O  W D  + L3  SUBDWARF  W I D E  BINA RY  

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

Gaia DR3 Other name Separation Distance μRA μDec SpT Ref. 
(arcsec) (pc) (mas yr −1 ) (mas yr −1 ) 

4757030391786232576 GALEX J052933.2 −635653 71 .2 ± 1 . 0 166 . 1 ± 0 . 3 −4 . 9 ± 0 . 2 WD (1) 
4757030327366948608 2MASS J05294026 −6357091 47.92 70 .8 ± 1 . 3 166 . 0 ± 0 . 4 −4 . 0 ± 0 . 3 M8 a (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 .3 + 11 . 9 

−9 . 5 −3 . 7 ± 1 . 2 −25 . 1 ± 1 . 1 M8.5 b (4) 
5863122429179888000 VVV J125644.42 −620208.1 75 .6 + 1 . 9 −1 . 8 −1124 . 0 ± 0 . 3 24 . 1 ± 0 . 3 DC WD (4,5) 
5863122429178232704 VVV J125641.09 −620203.8 18.20 70 .4 + 7 . 3 −6 . 1 −1123 . 8 ± 1 . 0 24 . 6 ± 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 .1 + 1 . 1 −1 . 0 82 . 2 ± 0 . 3 94 . 6 ± 0 . 3 sdM9.5 a (4) 
2056440344314369280 IPHAS J202533.21 + 351509.6 91 .1 ± 0 . 6 −18 . 9 ± 0 . 1 −69 . 4 ± 0 . 1 WD (3) 
2056440275586819456 2MASS J20253351 + 3515035 7.40 92 .2 + 3 . 8 −3 . 5 −18 . 6 ± 0 . 4 −70 . 0 ± 0 . 5 M8.5 b (4) 

Note . References. (1) Gentile Fusillo et al. ( 2019 ); (2) Reyl ́e ( 2018 ); (3) Jim ́enez-Esteban et al. ( 2018 ); (4) This paper; (5) Gentile Fusillo et al. ( 2021 ) (6) 
Prime v al V ; (7) Kilic et al. ( 2020 ). 
a Photometric spectral type based on Gaia photometry. 
b Photometric spectral types based on Pan-STARRS photometry. 

Figure 3. Optical to infrared SEDs of the five WD + UCD wide binaries in Table 1 based on Gaia , Sloan Digital Sk y Surv e y (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 G BP − G RP colours of known L dwarfs in Fig. 1 ). SD1555 + 31B and VVV 1256 −62B have spectroscopic 
confirmations and are discussed further in Sections 3.1 and 4 , respectively. 
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ave the highest PMs among all 3199 common PM pairs iden- 
ified in this study (Fig. 2 ). Fig. 5 shows the NIR field of the
air, which are separated by 18.2 arcsec, from the Visible and 
nfrared Surv e y Telescope for Astronomy (VISTA) Variables in 
he Via Lactea (VVV; Minniti et al. 2010 ) o v er the time-scale
010 to 2015. Their PM o v er a baseline of ∼5 yr is significant
nd visible by eye. VVV 1256 −62B was originally identified from
he VVV Infrared Astrometric Catalogue (VIRAC; Smith et al. 
018 ) as a high PM source (1.1 arcsec yr −1 ) and classified as an
dL7 by Smith et al. ( 2018 ) based on a low signal-to-noise ratio
nfrared spectrum. Zhang, Burgasser & Smith ( 2019b , hereafter, 
rime v al V ) subsequently reclassified this source as a sdL3 subdwarf
ased on higher quality data from the X-shooter spectrograph 
Vernet et al. 2011 ) on the Very Large Telescope (VLT), shown in
ig. 6 . 

.1 Photometric obser v ations 

VV 1256 −62A and B have optical and NIR photometric observa-
ions from the Gaia mission, the DECam Plane Surv e y (DECaPS;
chlafly et al. 2018 ; Saydjari et al. 2023 ), the VVV (Table 2 ), and
atWISE2020 (Marocco et al. 2021 ); the VVV images in Fig. 5

how that VVV 1256 −62B was blended with a brighter background
bject in the 2010 images. The WD companion VVV 1256 −62A
as poor Ks band detections in the VVV; it was next to a brighter
ackground object and likely not detected in the 2012 Ks band image,
MNRAS 533, 1654–1669 (2024) 
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M

Figure 4. Left: The SDSS spectrum of SD1555 + 31B compared to SDSS M9 and L0 templates (Bochanski et al. 2007 ), the SDSS spectra of SD1347 + 33 
(sdL0, Prime v al I ) and SD0836 + 05 (M9.5; West et al. 2008 ), and a BT-Settl model spectrum (Allard 2014 ) with T eff = 2450 K, [Fe/H] = −0.5, log g = 5.5. 
The spectra of SD1555 + 31B and SD0836 + 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. 
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nd was barely detected in 2013 and 2015 Ks-band images. It was
herefore not picked up VIRAC which is based mainly on VVV Ks-
and observations, and its magnitude was not reported in the VISTA
cience Archive (VSA; Cross et al. 2012 ). The Ks-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
 and the X-shooter spectrum of VVV 1256 −62B are all shown in
ig. 6 . The WD primary is brighter in the optical bands ( gri), while

he L subdwarf companion is brighter in the NIR bands ( ZY J H Ks).
he Gaia G and G RP photometry of VVV 1256 −62A is slightly

ainter than the DECaPS SED profile, which may be due to blending
ith background sources or unresolved spectral features present in

he broad Gaia filters. The VVV Y - and J -band magnitudes of VVV
256 −62A measured in 2010 are slightly brighter than those in 2015,
hich is likely due to blending with nearby objects. The 2015 VVV
ED profile is more consistent with the DECaPS SED profile, and

he combined profile indicates that VVV 1256 −62A is a cool WD;
ndeed, the faintest in M G in our sample (see Fig. 1 ). 

.2 GMOS spectroscopy of VVV 1256 −62A 

VV 1256 −62A was observed as part of a programme GS-2021A-
T-108 (PI: Schneider) with the Gemini Multi-Object Spectrograph
GMOS; Hook et al. 2004 ) on the Gemini South telescope. We used
he longslit mode with the R400 grating and a central wavelength
f 764 nm and the 1 arcsec slit with 2 ×2 binning. We obtained four
pectra, one on 2021 May 09 and three on 2021 May 11, each with
n exposure time of 900 s. 
NRAS 533, 1654–1669 (2024) 
The data were reduced using the Gemini package DRAGONS

Labrie et al. 2020 ) and the GMOS specific reduction routines for
pectroscopy that perform the bias, flatfield and bad pixel corrections
s well as determining the wavelength solution and response function
efore reducing the science frames and producing a 1D spectrum.
he combined spectrum of VVV 1256–62A is plotted in Fig. 6 . 

.3 Physical properties of the L subdwarf companion 

he physical properties of VVV 1256 −62B were inferred by fitting
ts spectrum to six sets of low-temperature atmospheric models
hat include subsolar metallicities 1 and are contained in the SpeX
rism Libaries Analysis Toolkit (Burgasser & Splat Development
eam 2017 ): Burrows, Sudarsky & Hubeny ( 2006 ), Drift (Witte
t al. 2011 ), BT-Dusty (Allard 2014 ), Sonora Bobcat (Marley et al.
021 ) and Elf Owl (Mukherjee et al. 2024 ), and Spectral ANalog
f Dwarfs (SAND; Alvarado et al. 2024 ). We combined the optical
nd NIR spectra of VVV 1256–62B, resampled to a resolution of
/�λ = 250 o v er the wav elength range 0.85–2.4 µm, and scaled

o the absolute VVV J magnitude based on the parallax of the
D primary. The atmosphere models were also resampled. Because

he atmosphere models are scaled to surface fluxes, the relative
ormalization between models and observed absolute fluxes ( α)
rovides an estimate of the source radius. 2 We used a χ2 goodness-
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Figure 5. The VVV Z, J , and K s 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. 
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f-fit statistic to identify the best-fitting model, first among the 

ndividual models in each of these grids, and then using this as
n initial guess to a Metropolis–Hastings Monte Carlo Markov 
hain (MCMC) fitting algorithm (Metropolis et al. 1953 ; Hastings 
970 ) the sampled the model parameter space around the best-fitting
arameters 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 
nd 8 display the best-fitting spectrum and parameter distribution 
or the SAND and BT-Dusty models, which provided the best 
 v erall fits. Both of these models provide a good o v erall match
o the o v erall near-infrared spectral shape of VVV 1256 −62B, and
rimarily deviate in reproducing spectral structure near the 1 µm 

eH Wing–Ford band and Na I and K I line strengths in the 1.1–
.25 µm region. The mean parameters from these two model sets are
onsistent in T eff and log g, and notably yield statistically equi v alent
easures of subsolar metallicity, [M/H] = −0 . 72 + 0 . 08 

−0 . 10 and −0 . 87 + 0 . 08 
−0 . 08 

or SAND and BT-Dusty , respectively . There is also evidence of
ignificant alpha abundance enhancement for the SAND models. 
he mean [Fe/H] of the SAND models is −0 . 81 ± 0 . 10 according

o [M / H] ≈ [ Fe / H] + log 10 (0 . 694 × 10 [ α/ Fe ] + 0 . 306) (Salaris &
assisi 2005 ). The α-enhancement looks marginal for the BT-Dusty 
odels. This is because the [M/H] indicated in the BT-Dusty models

re actually [Fe/H] accounted for α-enhancement, [ α/Fe] = + 0.2 is
dopted for [Fe/H] = −0.5 and [ α/Fe] = + 0.4 is adopted for [Fe/H]
−1.0 (also see Zhang et al. 2017b , hereafter, Prime v al II ). Finally,

oth models yield flux-scaled radii that are equi v alent and in line
ith expectations for evolved ELMS ( R ∼ 0.09 R �; Baraffe et al.
997 ). 
With T eff = 2298 + 45 

−43 K and [Fe/H] = −0 . 81 ± 0 . 10, VVV
256 −62B lies just abo v e the stellar/substellar boundary in the T eff 

ersus [Fe/H] space (see fig. 9 in Prime v al II). Both parameters are
 ery sensitiv e to mass near the hydrogen burning limit, and we infer
 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 T eff versus [Fe/H]
pace. 

.4 The age of cool white dwarf primary 

he WD companion, VVV 1256 −62A is located at the bottom right
f the WD cooling sequence in the H-R diagram (Fig. 1 ), consistent
ith being an old, low-mass WD (Raddi et al. 2022 ). By fitting the
aia EDR3 photometry of this WD, Gentile Fusillo et al. ( 2021 )

stimated a T eff ≈ 4560 K and log g ≈ 7 . 9, inferring a mass of about
.52 M �. Gaia DR3 blue photometer (BP) and red photometer (RP)
pectra (De Angeli et al. 2023 ; Montegriffo et al. 2023 ) are available
or this source, but are rather noisy as expected for a faint object. 

We re-e v aluated the physical parameters of VVV 1256–62A by
nalysing its DECaPS and VVV photometric SED that combines its 
ECaPS (Schlafly et al. 2018 ) and VVV photometry (Fig. 9 ). We

a v oured the DECaPS photometry o v er Gaia DR3 photometry and
P/RP spectra due to the poorer quality of the latter. We employed

tate-of-the-art synthetic spectra of cool WDs with hydrogen- or 
elium-dominated atmospheres that include collision-induced ab- 
orption effects (Kowalski & Saumon 2006 ; Tremblay, Bergeron 
 Gianninas 2011 ; Tremblay et al. 2013 ; Cukanovaite et al. 2021 )

o compute synthetic photometry in the observed band-passes. Our 
tting routine minimizes the χ2 between the observed and synthetic 
hotometry. We scaled the synthetic photometry to the mass–radius 
elations of cooling models for hydrogen-dominated atmospheres 
Althaus et al. 2013 ; Camisassa et al. 2016 ) and hydrogen-deficient
tmospheres (Blouin, Dufour & Allard 2018 ; B ́edard et al. 2020 ).
e also considered a mass–radius relation for hydrogen-dominated 
Ds with metal-poor progenitors ( Z = 0 . 001; Serenelli et al. 2002 ;
lthaus et al. 2015 ), which may be more appropriate given the

ubsolar metallicity of the L subdwarf companion. The Gaia parallax 
rovides a distance prior, and at just 75.6 pc from the Sun we
xpect interstellar extinction to be small ( A V = 0 . 005 mag) based
n distance-reddening relations (Lallement et al. 2019 ). 
The best-fits for our hydrogen-dominated and hydrogen-deficient 
odels (Fig. 9 ) are numerically consistent, with reduced χ2 values 

lose to unity. The hydrogen-dominated atmosphere model may 
MNRAS 533, 1654–1669 (2024) 
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Figure 6. The X-shooter optical to NIR spectrum of VVV 1256 −62B Prime v al V normalized in the 1100–1300 nm region. DECaPS (Schlafly et al. 2018 ) and 
VVV (2015 ZY J H and 2010 Ks) 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 ef fecti v e wav elength. 
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e more realistic given the apparent decline in the near-infrared
hotometry that is not correctly captured in the models due to
urrent uncertainties in the treatment of the H 2 –He collision-induced-
bsorption in cool WD atmospheres (Blouin et al. 2018 ). Our inferred
tmosphere parameters of T eff = 4440 ± 250 K and log g = 7 . 86 ±
 . 05 dex for the hydrogen-dominated model, or T eff = 4550 ± 250 K
nd log g = 7 . 88 ± 0 . 05 dex for the hydrogen-deficient model, yield
imilar masses of 0 . 51 ± 0 . 03 M �, and these results are compatible
ith those obtained by Gentile Fusillo et al. ( 2021 ). 
For its present-day temperature and mass, we estimate a cooling

ge for the solar and sub-solar metallicity hydrogen-dominated
volutionary models of 6 . 25 ± 1 . 30 and 8 . 90 ± 1 . 35 Gyr, respec-
ively. The hydrogen-deficient model yields a cooling age of
 . 75 ± 0 . 80 Gyr. Ho we ver, there is a problem with this solution
s the semi-empirical initial-to-final-mass relation (IFMR; Catal ́an
t al. 2008 ) applied to the present-day mass of VVV 1256 −62A,
 . 51 ± 0 . 03 M �, yields a progenitor mass of 0.84 M �. The Main
equence lifetime of such a low-mass progenitor , ∼15 Gyr , would
esult in a total age that exceeds the age of the Universe. 

VVV 1256 −62A is at the end of the WD cooling sequence where
volutionary tracks turn toward the blue. In this region, photometric
stimates of WD masses are known to be systematically smaller
ith respect to the average mass of ≈ 0 . 6 M � of the broader WD
opulation (O’Brien et al. 2024 , and references therein), which
s expected to be independent of temperature for a population of

Ds evolving through single-star evolution (Tremblay et al. 2016 ).
ne proposed hypothesis is that cool low-mass WDs could be
nresolved binaries; ho we ver, such a situation would require an
NRAS 533, 1654–1669 (2024) 
nrealistically high fraction of binaries at low temperatures (O’Brien
t al. 2024 ). Another hypothesis, taken into account by O’Brien et al.
 2024 ), is that optical opacities in WD atmospheres are presently
nderestimated (e.g. associated with the red wing of Ly α; Caron et al.
023 ). These authors provide an ad-hoc correction that preserves
n average WD mass at cool temperatures (equations 1, 2, and
; O’Brien et al. 2024 ). Applying this correction, we obtain a
orrected mass of 0 . 62 ± 0 . 04 M � which shifts the cooling ages
o 8 . 0 ± 1 . 9 and 8 . 5 ± 1 . 9 Gyr for the solar and subsolar metallicity
ydrogen-dominated models, and 7 . 0 ± 0 . 8 Gyr for the hydrogen-
eficient model. More importantly, the corrected WD mass implies a
rogenitor mass of 1 . 9 ± 0 . 4 M � which has a main-sequence lifetime
f 2 . 0 + 1 . 8 

−0 . 8 Gyr based on the [Fe / H] = + 0 . 06 dex evolutionary tracks
y Hidalgo et al. ( 2018 ), where the uncertainties reflect 16 per cent
nd 84 per cent quantiles. These values yield a total age of 10 + 2 . 7 

−2 . 1 Gyr.
or the hydrogen-deficient WD model, the total age is ≈ 1 Gyr
horter. For the subsolar metallicity hydrogen-dominated model,
he theoretical IFMR of Romero, Campos & Kepler ( 2015 ) with
 = 0 . 001 yields a lower progenitor mass of 1 . 5 ± 0 . 3 M �, which

n turn implies a progenitor age of 2 . 0 + 2 . 3 
−0 . 8 Gyr based on α-enhanced

Fe/H] = −0 . 81 dex evolutionary models (Pietrinferni et al. 2021 ).
hese results yield a total age of 10 . 5 + 3 . 3 

−2 . 1 Gyr. Given that metallicity
f the L subdwarf companion most supports the subsolar metallicity
ydrogen-dominated model, we adopt this last total age estimate for
he VVV 1256 −62AB system (Table 2 ). 

Despite the reliability of cooling processes in WDs, there are
everal sources of uncertainty that can further influence the inferred
ge 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 5 863122429179888000 5 863122429178232704 (1) 
Spectral type DC WD sdL3 (2,3) 
α (2016) 12 h 56 m 43 . s 49 12 h 56 m 40 . s 97 (1) 
δ (2016) −62 ◦02 ′ 08 . ′′ 1 −62 h 02 m 03 . s 9 (1) 
G BP 20.22 ± 0.04 21.8 ± 0.2 (1) 
G 19.581 ± 0.003 20.701 ± 0.009 (1) 
G RP 18.90 ± 0.03 19.24 ± 0.05 (1) 
RUWE 1.034 1.259 (1) 
g (DECaPS) 20.407 ± 0.008 – (4) 
r (DECaPS) 19.429 ± 0.003 22.99 ± 0.39 (4) 
i (DECaPS) 19.12 ± 0.02 19.68 ± 0.03 (4) 
z (DECaPS) 19.00 ± 0.02 18.20 ± 0.01 (4) 
Y (DECaPS) 18.96 ± 0.02 17.77 ± 0.03 (4) 
Z V (2010.24) 18.47 ± 0.03 – (5) 
Y V (2010.24) 18.27 ± 0.05 – (5) 
J V (2010.18) 18.13 ± 0.06 – (5) 
H V (2010.18) 17.96 ± 0.11 – (5) 
Ks V (2010.18) 18.03 ± 0.26 – (5) 
Z V (2015.32) 18.46 ± 0.05 17.93 ± 0.03 (5) 
Y V (2015.32) 18.38 ± 0.06 17.04 ± 0.02 (5) 
J V (2015.40) 18.21 ± 0.07 16.13 ± 0.01 (5) 
H V (2015.40) 18.00 ± 0.14 15.94 ± 0.02 (5) 
Ks V (2015.40) – 15.78 ± 0.03 (5) 
W1 ( CatWISE ) – 14.56 ± 0.02 (6) 
W2 ( CatWISE ) – 14.59 ± 0.03 (6) 
� (mas) 13.24 ± 0.33 14.20 ± 1.36 (1) 
Distance (pc) 75.6 + 1 . 9 −1 . 8 70.4 + 7 . 3 −6 . 1 (1) 
μRA (mas yr −1 ) −1124.0 ± 0.3 −1123.8 ± 1.0 (1) 
μDec (mas yr −1 ) 24.1 ± 0.3 24.6 ± 1.7 (1) 
RV (km s −1 ) – −46.4 ± 1.9 (3) 
T eff (K) 4440 ± 250 2298 + 45 

−43 (3,7) 
log g 7.86 ± 0.05 5.43 + 0 . 26 

−0 . 15 (3,7) 
R ( R �) – 0.089 + 0 . 004 

−0 . 003 (3,7) 
[M / H] – −0 . 72 + 0 . 08 

−0 . 10 (3,7) 
[ α/ Fe] – + 0.13 + 0 . 02 

−0 . 02 (3,7) 
[Fe / H] – −0 . 81 ± 0 . 10 (3,7) 
Mass (M �) 0.62 ± 0.04 0.082 ± 0.001 (3) 
τcool (Gyr) 8 . 5 ± 1 . 9 – (3) 
τprog . (Gyr) 2 . 0 + 1 . 8 −0 . 8 – (3) 
τtotal (Gyr) 10 . 5 + 3 . 3 −2 . 1 – (3) 
Separation (arcsec) 18.2 (1) 
Proj. sep. (au) 1375 + 35 

−33 (1) 
Period (yr) > ≈ 6 × 10 4 (3) 
Proj. sep. ( r J ) a 5 . 56 × 10 −3 (3) 
−U (J) 6 . 5 × 10 34 (3) 
V tan (km s −1 ) 403 ± 10 (1) 
Ub (km s −1 ) −361 . 3 ± 8 . 3 (3) 
V (km s −1 ) −183 . 6 ± 5 . 6 (3) 
W (km s −1 ) 16 . 2 ± 0 . 3 (3) 
V total (km s −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 ). 
a r J is the Jacobi radius, the boundary where the Galactic tidal field exceeds the gravitational attraction of a wide binary (Jiang & Tremaine 
2010 ). 
b Positi ve to ward the Galactic centre. 
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ool atmospheres, most notably strong collision-induced absorption 
ffects (Blouin et al. 2018 ). Additionally, a cooling delay or even
peed-up can occur depending on the onset of crystallization in 

D cores (Bauer et al. 2020 ; Camisassa et al. 2024 ). Nevertheless,
ur final age estimate is relati vely insensiti ve to the specific white
warf type (hydrogen-dominated versus hydrogen-deficient), and is 
ompatible with the ages of Galactic thick disc and halo stars as
ndicated by the kinematics of this source (see Section 4.5 ). 

For the sake of completeness, we also investigated the hypothesis 
hat VVV 1256 −62A could be an unresolved WD binary based on its
MNRAS 533, 1654–1669 (2024) 
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Table 3. Physical parameters of VVV 1256 −62B from atmosphere model fits. 

Model T eff log g [M/H] [ α/H] or C/O Radius χ2 
r 

(K) (cm s −2 ) (R �) (Rel. Prob.) a 

SAND 2298 + 45 
−43 5.43 + 0 . 26 

−0 . 15 −0 . 72 + 0 . 08 
−0 . 10 + 0.13 + 0 . 02 

−0 . 02 0.089 + 0 . 004 
−0 . 003 5.8 (1.0) 

BT-Dusty 2220 + 42 
−30 5.1 + 0 . 3 −0 . 4 −0 . 87 + 0 . 08 

−0 . 08 + 0.03 + 0 . 06 
−0 . 03 0.096 + 0 . 003 

−0 . 004 7.9 (0.12) 

Elf Owl 2245 + 83 
−67 4.8 + 0 . 4 −0 . 2 −0 . 85 + 0 . 20 

−0 . 15 C/O = 0.62 + 0 . 31 
−0 . 12 0.094 + 0 . 006 

−0 . 007 17 (10 −5 ) 

Burrows06 2001 + 167 
−41 5.42 + 0 . 09 

−0 . 21 < −0.50 – 0.112 + 0 . 005 
−0 . 016 24 (10 −8 ) 

Bobcat 2345 + 46 
−60 5.37 + 0 . 13 

−0 . 11 −0 . 31 + 0 . 25 
−0 . 18 C/O = 1.0 + 0 . 5 −0 . 4 0.087 + 0 . 005 

−0 . 003 26 (10 −9 ) 

Drift 2440 + 112 
−111 5.29 + 0 . 19 

−0 . 22 −0 . 54 + 0 . 13 
−0 . 06 – 0.078 + 0 . 008 

−0 . 006 28 (10 −10 ) 

a Relative probability among the best-fitting models computed as − ln P = χ2 
r − MIN ( { χ2 

r } ). 

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 T eff , 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). 
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osition on the H-R diagram. We employed the same minimization
outine using two hydrogen-dominated WD models. We obtained a
lightly impro v ed best fit with smaller residuals (Fig. 9 right). The
wo WDs would have masses of 0 . 62 ± 0 . 03 and 0 . 72 ± 0 . 03 M �,
ith cooling ages of 13 . 6 ± 1 . 1 and 9 . 8 ± 1 . 4 Gyr. The estimated

otal ages of 15 . 4 + 1 . 9 
−1 . 4 and 10 . 5 + 1 . 9 

−2 . 0 Gyr are discrepant by ≈ 5 Gyr, but
ompatible within 2 σ . While this situation is implausible for a binary
ystem whose components should have formed at the same time, the
ooling age delays noted abo v e and the relatively large uncertainties
ould resolve the incompatible age estimates in a binary. None the
ess, there is no clear evidence that VVV 1256 −62A could be an
nresolved double WD, and the small Renormalized Unit Weight
rror (RUWE: 1.034) from Gaia DR3 for this source further argues
gains the binary hypothesis. 

.5 Kinematics 

e measured the heliocentric RV of VVV 1256 −62B from its
-shooter spectrum (Fig. 6 ) using the cross-correlation technique

e.g. G ́alvez et al. 2002 ). The spectra of the target were cross-
orrelated using the routine f xcor in the Image Reduction and
nalysis Facility (IRAF; e.g. Tody 1993 ), against spectra of a radial
elocity standard, DENIS-P J144137.3 −094559 (DE1441, Mart ́ın
t al. 1999 ), an L0.5 with known radial velocity ( −27 . 9 ± 1 . 2 km s −1 

Bailer-Jones 2004 ). We derived the radial velocity from the position
f peak of the cross-correlation function (CCF) and calculated
ncertainties based on the fitted peak height and the antisymmetric
oise as described by Tonry & Davis ( 1979 ). Areas affected by
NRAS 533, 1654–1669 (2024) 

p

rominent telluric lines were excluded when determining the mean
elocity. 

Using the RV from the L subdwarf and the Gaia DR3 astrometry
rom the WD, we calculated the Galactic velocities 3 ( UV W ) of VVV
256 −62AB using the BANYAN � interface (Gagn ́e et al. 2018 ).
ig. 10 compares these velocities to the other WD + M (sub)dwarf
ompanions in our sample and esdM and usdM subdwarfs compiled
n Zhang et al. ( 2013 ). The velocity components of this system are
 xtreme ev en among M subdwarfs, with v ery large tangential v e-
ocity (403 ± 10 km s −1 ) and total space velocity (406 ± 10 km s −1 ),
onfirming its halo membership. 

We integrated the Galactic orbit of VVV 1256 −62AB assuming
 static three-component potential that is representative of the
ilky Way’s baryonic and dark matter components (the MWPo-
ential2014 of the galpy module for python ; Bovy ( 2015 )

or details). We accounted for the uncertainties of the velocity
omponents be examining both the median trajectory and ±1 σ
ariants. A visual representation of the Galactic orbit and the time
volution of the cylindrical radial and vertical coordinates are shown
n Fig. 11 . As reported in Prime v al V , this orbit is highly eccentric
 e ≈ 0 . 9), prograde ( L Z ≈ 600 kpc km s −1 ), and moving radially
way from the Galactic centre. VVV 1256 −62AB passes close to
he inner radius ( ∼1 kpc) of the Milky Way, making dynamical
ositi ve to ward the North Galactic Pole. 
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Figure 8. T eff , log g, [M/H], [ α/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. 
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nteractions with the Galactic bar likely. VVV 1256 −62AB also 
pends about 2/3 of its time at R > 20 kpc, a region dominated by
uter halo population (Carollo et al. 2007 ). Its low-inclination orbit
s not unexpected for a source within a few hundred parsecs away
rom the Sun, and is likely a selection effect of its proximity. Overall,
his source exhibits kinematics and orbital properties consistent with 
alo membership, as has been found for other WDs in the solar
eighbourhood (Zubiaur, Raddi & Torres 2024 ). 

.6 Stability of the wide binary 

he lifetime of a wide binary, which has resisted disruption from
erturbations due to passing field stars, is proportional to the 
v erage relativ e v elocity ( V rel ) between the binary system and
erturbers and inversely proportional to the number density ( n ∗)
f field stars (Weinberg, Shapiro & Wasserman 1987 , equation 28).
VV 1256 −62AB passes through the Galactic bulge, coming as 

lose as ∼1 kpc to the Galactic centre, where the stellar number
ensity is approximately 10 times higher (Valenti et al. 2016 ).
hese higher densities should dissolve wide systems; ho we ver, 
 rel is also about 10 times higher for VVV 1256 −62AB com-
ared to other stars in the solar neighbourhood. Thus, the bi-
ary lifetime of this system is comparable to similarly separated 
ide binaries near the Sun, and is thus expected to be stable

ven during its passage through the denser regions of the Milky
ay. 
MNRAS 533, 1654–1669 (2024) 
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M

Figure 9. Best-fitting models reproducing the DECaPS and the VVV photometry of VVV 1256 −62A. The GMOS spectrum of this source is also plotted 
for comparison. Synthetic models (black curves) and fifty random draws corresponding to the estimated uncertainties (gre y curv es) are shown for hydrogen- 
dominated (left) and helium-dominated (middle) atmospheres. The right panel shows the best-fitting model for an unresolved double white dwarf system, 
obtained by using two synthetic spectra of hydrogen-dominated atmospheres. The bottom subpanels display the residuals between observed and synthetic 
photometry. 

Figure 10. Space velocities of five WD + UCD wide binary systems compared to esdM and usdM subdwarfs (grey dots; Zhang et al. 2013 ). The circles from 

right to left are 1 σ (dashed) and 2 σ (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, 100 km s −1 ; 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. 
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One approach to quantifying the stability of VVV 1256 −62AB
s through the tidal or Jacobi radius ( r J ), the boundary at which the
alactic tidal field becomes stronger than the gravitational attraction
etween the components of a wide binary. This scale is used to
eparate stable and unstable wide binaries. The Jacobi radius in the
olar neighbourhood can be quantified as (equation 43 in Jiang &
remaine 2010 ): 

 J = 1 . 70 pc 

(
M 1 + M 2 

2M �

)1 / 3 

. (7) 

or VVV 1256 −62AB, r J = 1.2 pc or 2 . 5 × 10 5 au. Hence, this
ystem’s projected separation of 1375 + 35 

−33 au at a distance of 75.6 pc
orresponds to 5.56 × 10 -3 r J , well within the limit at which the
alactic tidal field is unable to disrupt the system. It is therefore

ogical that VVV 1256 −62AB has survived as a bound wide binary
 v er its 10 Gyr lifetime. 
NRAS 533, 1654–1669 (2024) 
 C O N C L U S I O N S  

e 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
D + M dwarf pairs, one (SD1555 + 31AB) is composed of a WD
 sdM9.5 subdwarf pair, and one (VVV 1256 −62AB) is composed

f a WD + L subdwarf pair. All five systems are confirmed by
he common PM and equal parallactic distance, and span projected
eparations of 650–6000 au. 

VVV 1256 −62B is the first L subdwarf identified as a companion
o a WD, and hence the first L dwarf age benchmark at subsolar
etallicities. We confirmed the subsolar metallicity of this source

hrough atmosphere model fits, finding [M/H] = −0 . 72 + 0 . 08 
−0 . 10 ([Fe/H]

0 . 81 ± 0 . 10), in agreement with its metallicity classification and
ith prior analysis in Prime v al V . We were also able to determine

ts radial velocity, which combined with the precise astrometry of
VV 1256 −62A from Gaia DR3 yields space velocities that confirm
inematic 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 ±1 σ and ±2 σ 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. 
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VVV 1256 −62A is a cool, likely hydrogen-dominated WD whose 
otal age (cooling and progenitor) of 10.5 + 3 . 3 

−2 . 1 Gyr is also consistent 
ith halo membership. Combined, these measurements yield a 

onsistent picture of the VVV 1256 −62AB system as a metal-poor, 
ide halo binary, and a unique benchmark for testing both UCD and
D atmosphere and evolutionary models. We also validate VVV 

256 −62AB is a stable bound system despite a Galactic orbit that
akes it from within the Galactic bulge to 25–35 kpc from the Galactic
entre. 

C K N OW L E D G E M E N T S  

ased on observations collected at the European Organisation for 
stronomical Research in the Southern Hemisphere under ESO 
I  
rogramme 0101.C-0626. Based on observations (Program ID: GS- 
021A-FT-108; PI: Schneider) obtained at the international Gemini 
bservatory, a program of NSF NOIRLab [processed using the 
emini IRAF package (DRAGONS, Data Reduction for Astronomy 

rom Gemini Observatory North and South)], which is managed 
y the Association of Universities for Research in Astronomy 
AURA) under a cooperative agreement with the U.S. National 
cience Foundation on behalf of the Gemini Observatory partnership: 

he U.S. National Science Foundation (United States), National 
esearch Council (Canada), Agencia Nacional de Investigaci ́on 
 Desarrollo (Chile), Ministerio de Ciencia, Tecnolog ́ıa e Inno- 
aci ́on (Argentina), Minist ́erio da Ci ̂ encia, Tecnologia, Inova c ¸ ˜ oes e
omunica c ¸ ˜ oes (Brazil), and Korea Astronomy and Space Science 

nstitute (Republic of Korea). This work has made use of data
MNRAS 533, 1654–1669 (2024) 
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rom the European Space Agency (ESA) mission Gaia ( https:
/www.cosmos.esa.int/gaia ), processed by the Gaia Data Processing
nd Analysis Consortium (DPAC, ht tps://www.cosmos.esa.int /web
gaia/dpac/consortium ). Funding for the DPAC has been provided
y national institutions, in particular the institutions participating
n the Gaia Multilateral Agreement. DECaPS is based on observa-
ions at Cerro Tololo Inter-American Observatory, National Optical
stronomy Observatory (NOAO Prop. ID: 2014A-0429, 2016A-
327, and 2016B-0279; PI: Finkbeiner), which is operated by the
ssociation of Universities for Research in Astronomy (AURA)
nder a cooperative agreement with the National Science Foundation.
ased on observations obtained as part of the VIKING surv e y from
ISTA at the ESO Paranal Observatory, programme ID 179.A-2004

nd 179.B-2002. Data processing has been contributed by the VISTA
ata Flow System at CASU, Cambridge and WFAU, Edinburgh. The
ISTA Data Flow System pipeline processing and science archive

re described in Irwin et al. ( 2004 ), Hambly et al. ( 2008 ), and Cross
t al. ( 2012 ). This publication makes use of data products from the
ide-field Infrared Survey Explorer , which is a joint project of the
niversity of California, Los Angeles, and the Jet Propulsion Lab-
ratory/California Institute of Technology, funded by the National
eronautics and Space Administration. Funding for the SDSS and
DSS-II has been provided by the Alfred P. Sloan Foundation, the
articipating Institutions, the National Science Foundation, the U.S.
epartment of Energy, the National Aeronautics and Space Adminis-

ration, the Japanese Monbukagakusho, the Max Planck Society, and
he Higher Education Funding Council for England. The SDSS Web
ite is http:// www.sdss.org/ . Funding for SDSS-III has been provided
y the Alfred P. Sloan F oundation, the P articipating Institutions, the
ational Science Foundation, and the U.S. Department of Energy
ffice of Science. The SDSS-III web site is http:// www.sdss3.org/ .
his publication makes use of VOSA, developed under the Spanish
irtual Observatory project supported from the Spanish MICINN

hrough grant AyA2008-02156. This publication makes use of
he SpeX Prism Libraries Analysis Toolkit, maintained by Adam
urgasser at https:// github.com/aburgasser/ splat. 
ZHZ acknowledges the supports from the Fundamental Research

unds for the Central Universities in China (14380034), the fun-
amental research programme of Jiangsu Province (BK20211143),
he Program for Innov ati ve Talents, Entrepreneur in Jiangsu
JSSCTD202139), and the science research grants from the
hina Manned Space Project with NO. CMS-CSST-2021-A08.
R acknowledges support from Grant RYC2021-030837-I funded
y MCIN/AEI/10.13039/501100011033 and by ‘European Union
extGeneration EU/PRTR’. This work was partially supported by

he AGAUR/Generalitat de Catalunya grant SGR-386/2021 and
y the Spanish MINECO grant PID2020-117252GB-I00. MCG-
 acknowledges financial support from the Agencia Estatal de

nvestigaci ́on (AEI/10.13039/501100011033) of the Ministerio de
iencia e Innovaci ́on and the ERDF ‘A way of making Europe’

hrough project PID2022-137241NB-C42. BG is supported by the
olish National Science Center (NCN) under SONATA grant No.
021/43/D/ST9/0194. YVP’s investigations were carried out under
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SCA4Ukraine, which was funded by the European Commission.
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he X-shooter spectrum of VVV 1256 −62B underlying this article is
v ailable in Prime v al V at https://dx.doi.org/10.1093/mnras/stz659 .
NRAS 533, 1654–1669 (2024) 
he optical spectrum of SD1555 + 31B is available in the SDSS
atabase at https:// skyserver.sdss.org/ . The GMOS optical spectrum
f VVV 1256 −62A and a video of VVV 1256 −62AB orbiting the
ilky Way are available online. 
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PPENDI X  A :  V V V  1 2 5 6  −6 2 A B ’ S  O R B I T  

O M PA R E D  TO  T H E  M I L K Y  WAY  

o better visualize the Galactic orbit of VVV 1256 −62AB we
ompared its average orbit to the face-on spiral structure of the
ilky Way based on Gaia DR3 in Fig. A1 . The edge-on orbit view

n [Y, Z] space shows VVV 1256 −62AB have very flat orbit with
 diameter to thickness ratio of about 28. We also made a video of
VV 1256 −62AB’s orbital motion which is available online (e.g. 
ig. A2 ). 
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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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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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