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A B S T R A C T 

We present the disco v ery and multiwavelength characterization of VVV J1438-6158 AB, a new field wide-binary system 

consisting of a 4 . 6 

+ 5 . 5 
−2 . 4 Gyr and T eff = 9500 ± 125 K DA white dwarf (WD) and a T eff = 2400 ± 50 K M8 ultracool dwarf 

(UCD). The projected separation of the system is a = 1236 . 73 au ( ∼ 13 . 8 arcsec ), and although along the line of sight towards 
the Scorpius–Centaurus stellar association, VVV J1438-6158 AB is likely to be a field star, from a kinematic 6D probabilistic 
analysis. We estimated the physical and dynamical parameters of both components via interpolations with theoretical models 
and evolutionary tracks, which allowed us to retrieve a mass of 0 . 62 ± 0 . 18 M � for the WD, and a mass of 98 . 5 ± 6 . 2 M Jup 

( ∼ 0 . 094 ± 0 . 006 M �) for the UCD. The radii of the two components were also estimated at 0 . 01309 ± 0 . 0003 R � and 

1 . 22 ± 0 . 05 R Jup , respectively. VVV J1438-6158 AB stands out as a benchmark system for comprehending the evolution of 
WDs and low-mass companions given its status as one of the most widely separated WD + UCD systems known to date, which 

likely indicates that both components may have evolved independently of each other, and also being characterized by a large-mass 
ratio ( q = 0 . 15 ± 0 . 04), which lik ely indicates a formation pathw ay similar to that of stellar binary systems. 

K ey words: bro wn dwarfs – stars: binaries, evolution – white dwarfs – infrared: stars. 

1

B
o
b
e
d  

(
B
c  

f  

K  

s  

e  

o  

b  

�

h  

r  

&
a
p

c
o  

a  

g
i
e

 

l
L
1  

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/527/4/10737/7480273 by U
niversity of H

ertfordshire user on 02 February 2024
 I N T RO D U C T I O N  

inary systems involving a white dwarf (WD) and a companion 
f extremely low-mass, such as an ultracool dwarf (UCD) or 
rown dwarf (BD), present a unique opportunity to investigate the 
volution of low-mass stars and substellar objects. The working 
efinition and distinction between BDs ( T eff ≤ 2200 K), and UCDs
 T eff ≤ 2700 K) are based on their masses and temperatures. 
oth surpass the planetary threshold for deuterium burning in their 
ores ( ∼ 14 − 16 M Jup ; Spiegel, Burrows & Milsom 2011) , but BDs
all short of initiating hydrogen nuclear fusion ( ∼ 80 − 85 M Jup ;
umar 1963 ; Burrows et al. 2001 ). In the upper span of their mass

pectrum ( � 60 M Jup ), their sizes are predominantly regulated by
lectron-de generac y pressure, alike WDs, while at the lower limit
f this range ( ∼ 14 − 20 M Jup ), their sizes are mainly determined
y Coulomb pressure (Basri & Brown 2006 ). WDs, on the other
 E-mail: thiago.dossantos@yale.edu 
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and, are remnants of stars with masses in the main sequence
anging from 0.8 to 7 . 5 M � (Weidemann 1968 ; Saumon, Blouin
 Tremblay 2022 ), composed primarily of degenerate matter, and 

re supported against gravitational collapse by electron-de generac y 
ressure. 
Significant progress has been achieved in the investigation of cata- 

lysmic variable stars (CVs) involving stellar remnants and substellar 
bjects (e.g. Longstaff et al. 2019 ; Zorotovic & Schreiber 2022 ,
nd references therein), ho we v er, man y of these systems are distin-
uished by their close proximity, often leading to common envelope 
nteractions and profound influence on each other component’s 
volution. 

VVV J1438-6158 AB was disco v ered from the investigation of
ow-mass stars and free-floating planets (FFPs) towards the young 
ower Centaurus–Crux stellar association (LCC; de Zeeuw et al. 
999 ) by Mej ́ıas et al. ( 2022 ). Differing from previously known
D + UCD/BD binaries (e.g. Farihi & Christopher 2004 ; Farihi,

ecklin & Zuckerman 2005 ; Schmidt et al. 2005 ; Steele et al.
009 , 2013 ; Casewell et al. 2012 ; Beuermann et al. 2013 ; Catal ́an
is is an Open Access article distributed under the terms of the Creative 
h permits unrestricted reuse, distribution, and reproduction in any medium, 
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Table 1. Gaia DR3 astrometric measurements and derived parameters for VVV J1438-6158 AB. Note : Component A (first row) corresponds to the WD, while 
component B (second row) corresponds to the UCD. 

Gaia DR3 ID α δ π μα cos δ μδ RUWE � 

(deg) (deg) (mas) (mas yr −1 ) (mas yr −1 ) (pc) 

5877522801734482432 219 . 624 ± 0 . 0387 −61 . 9806 ± 0 . 0446 11 . 162 ± 0 . 066 −14 . 975 ± 0 . 062 −31 . 019 ± 0 . 060 0.956 89 . 6 ± 0 . 5 
5877522797372878208 219 . 628 ± 0 . 2409 −61 . 9840 ± 0 . 2704 11 . 545 ± 0 . 389 −14 . 231 ± 0 . 378 −29 . 604 ± 0 . 372 1.180 86 . 6 ± 2 . 9 
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013 ; Littlefair et al. 2014 ; Longstaff et al. 2019 ), and also from
he first BD disco v ered by the VISTA Variables in the Via Lactea
VVV) surv e y not belonging to a binary system (VVV BD001;
eam ́ın et al. 2013 ), in terms of orbital separation, VVV J1438-
158 AB resides at the opposite end of the spectrum, exhibiting
 notably loose configuration wherein both components appear to
a ve ev olved independently from one another, i.e. without e x erting
ny discernible influence on each other’s evolutionary paths. Its
ignificance relies upon the scarcity, albeit non-absence, of systems
ith well-established ages similar to it. A similar WD + UCD binary

ystem, WD0837 + 185, was also disco v ered within the Praesepe
luster (Casewell et al. 2012 ), however, it differs from the system
eported here with its much closer projected separation of ∼ 0 . 006 au
nd age of 625 Myr, which likely implies interaction, making unlikely
he independent evolution of its components. As of the current
riting, there are eight known WD + UCD/BD binaries, spanning a

ange from relative proximity between the components ( a < 100 au ;
teele et al. 2013 ), or exhibiting an intermediate configuration (e.g.
ecklin & Zuckerman 1988 ; Meisner et al. 2020 ; French et al.
023 ), to loose separations ( a > 1000 au ; e.g. Day-Jones et al.
011 ; Luhman, Burgasser & Bochanski 2011 ; Rodriguez et al. 2011 ;
eacon et al. 2014 ). 
In this paper, we present the characterization of VVV J1438-

158 AB, a new WD + UCD binary system towards the young
corpius–Centaurus (Sco–Cen) stellar association. In Section 2 , we
escribe the observational data used in the analysis, focusing on the
ulticolour photometry obtained for both components: G , BP , and
P magnitudes from Gaia DR3 (Gaia Collaboration 2021 ), grizY 

agnitudes from DECam Plane Surv e y (DECaPS; Schlafly et al.
018 ), and ZY J H K s magnitudes from the VVV surv e y (Minniti
t al. 2010 ). In Section 3 , we present the physical parameters of
D and its companion, including ef fecti ve temperatures, masses,

adii, surface gravities, and ages from interpolation with theoretical
odels. In Section 4 , we briefly discuss the likelihood of membership

o Sco–Cen by VVV J1438-6158 AB. A light-curve analysis of the
ystem in the VVV- K s pass-band is discussed in Section 5 , and in
ection 6 , we present our conclusions, summarizing the key findings
rom our analysis. 

 OBSERVATION S  O F  V V V  J 1 4 3 8 - 6 1 5 8  A B  

VV J1438-6158 AB was identified by El-Badry, Rix & Heintz
 2021 ) as a comoving pair with a small chance alignment probability
 = 3 . 015 × 10 −5 , who classified it as a comoving pair composed

f a WD and a main-sequence (MS) star. Independently, we classified
he system as a field binary consisting of a WD and a UCD towards
he Sco–Cen stellar association from data of the VVV surv e y and
aia DR3. In the absence of radial velocity measurements for both

omponents of VVV J1438-6158 AB, we cannot estimate the 3D
pace velocity, nor the difference, for the system. Nevertheless,
he high-bound probability assumption for the system relies on
 � 0 . 1, which corresponds approximately to ≥90 per cent bound

robability (e.g. El-Badry, Rix & Heintz 2021 ). Table 1 presents
NRAS 527, 10737–10747 (2024) 
he Gaia DR3 measurements for both components, encompassing
ocations, parallaxes, proper motions in equatorial components, the
enormalized unit weight errors (RUWEs), and distances derived
rom the parallax measurements. 

We adopt a distance of 89 . 6 ± 0 . 5 pc for this system based on
he more accurately measured parallax value of the WD component,
hich has an uncertainty of 0.07 mas. Its Galactic space velocities

omponents are U = −0 . 508, V = 4 . 392, and W = −1 . 569 km s −1 

rom Torres et al. ( 2019 ), which suggests that the system belongs
o the thin disc. The tangential velocity of both components,
 t = 4 . 74 × μtotal × � , was estimated at V t, WD = 14 . 62 ± 0 . 02 and
 t, UCD = 17 . 87 ± 0 . 15 km s −1 . The projected separation between

he WD and UCD is 13 . 8 arcsec , which corresponds to a physical
eparation of ∼ 1240 au at that distance, and note that the RUWE
alues for both components are relatively low, which indicates reli-
ble astrometric estimations from Gaia (Lindegren et al. 2021 ), and
hat both components do not likely possess close stellar companions
Fitton, Tofflemire & Kraus 2022 ). 

Although the WD companion was too faint to be detected during
bservations of the 2MASS surv e y (Two Micron All Sky Survey;
krutskie et al. 2006 ), the UCD was detected (source ID 2MASS
14383082-6159022). For both components, ho we ver, near-infrared
IR) ZY J H K s photometry was obtained by the VVV surv e y (Minniti
t al. 2010 ). The y are situated within the o v erlapping re gion of the
alactic disc VVV tiles d014 and d015, and despite the crowded
ature of the field, the optical and near-IR images suggest that they
emain relatively uncontaminated (see Fig. 1 ). 

Fig. 2 depicts the optical and near-IR colour–magnitude (CMD)
nd colour–colour diagrams (CCD) of the surrounding field (5
rcmin of the central location of the WD) containing the targets. In
oth diagrams, the two components are separated. Solar metallicity
sochrones 1 (PARSEC v1.2S and COLIBRI S 35 tracks; Chen et al.
014 ; Pastorelli et al. 2019 ) for ages of 1 − 10 Gyr, extinctions
 V ranging from 0 − 8 mag, shifted to the distance of the Galactic

entre, ≈ 8 . 7 kpc (Vanhollebeke, Groenewegen & Girardi 2009 ),
re o v erlaid to the CMDs and CCD. VVV J1438-6158 AB is
ocated in a region of relatively high reddening, 2 with a measured
olour excess E(B − V) SFD = 1 . 75 ± 0 . 06 mag, and visual extinction
 V , SFD = 5 . 42 ± 0 . 19 mag (Schlegel, Finkbeiner & Davis 1998 ;
chlafly & Finkbeiner 2011 ), while the colour excess at the distance
f the system [E(B − V) � 

] is 0 . 012 ± 0 . 017 mag and the visual
xtinction also at the distance of the system ( A V ,� 

) is 0 . 037 ± 0 . 052
ag (Capitanio et al. 2017 ). 3 

Table 2 presents the photometric data for the WD and UCD
btained from various optical and near-IR catalogues, including the
aia DR3, DECaPS, VVV, and 2MASS (Skrutskie et al. 2006 ). The

bsolute magnitudes in Gaia −G , and VVVX −J /K s bands, assum-
ng a distance of � = 89 . 6 pc for this system, are provided in the

http://stev.oapd.inaf.it/cgi-bin/cmd
https://irsa.ipac.caltech.edu/applications/DUST/
https://stilism.obspm.fr/
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Figure 1. Near-IR finding charts from the VVV DR5 of the WD (component A; circle on the left), and its UCD companion (component B; centre of the 
figures) in ZY J H K s pass-bands in 2010. Despite the crowded nature of the field, the binary components are well-separated (13 . 8 arcsec ), and visibly, the UCD 

is brighter than the WD at longer near-IR wavelengths. All images have the same orientation as indicated in the first panel. 

Figure 2. Optical Gaia G versus BP − RP (first panel), near-IR VVV K s versus J − K s CMD (second panel), and J − H versus H − K s CCD (third panel) 
diagrams for a 5 arcmin field centred on the WD + UCD binary pair. The WD is shown with a blue circle and the UCD with a red circle. Evolutionary tracks for 
distinct A V in each panel are from PARSEC v1.2S + COLIBRI S 35 . 

Table 2. Optical and near-IR photometry of VVV J1438-6158 AB binary. 

Surv e y Filter WD (A) UCD (B) 

Gaia DR3 (Vega) G 17 . 05 ± 0 . 01 19 . 51 ± 0 . 01 
Gaia DR3 (Vega) BP 17 . 12 ± 0 . 01 21 . 43 ± 0 . 22 
Gaia DR3 (Vega) RP 16 . 93 ± 0 . 01 17 . 76 ± 0 . 01 
VVV (Vega) J 16 . 94 ± 0 . 03 15 . 43 ± 0 . 02 
VVV (Vega) H 16 . 87 ± 0 . 03 14 . 87 ± 0 . 02 
VVV (Vega) K s 16 . 89 ± 0 . 03 14 . 55 ± 0 . 02 
2MASS (Vega) J − 15 . 38 ± 0 . 02 
2MASS (Vega) H − 14 . 74 ± 0 . 03 
2MASS (Vega) K s − 13 . 93 ± 0 . 05 
DECaPS (AB) g 17 . 05 ± 0 . 01 23 . 34 ± 0 . 10 
DECaPS (AB) r 17 . 13 ± 0 . 01 21 . 47 ± 0 . 05 
DECaPS (AB) i 17 . 24 ± 0 . 01 18 . 43 ± 0 . 01 
DECaPS (AB) z 17 . 40 ± 0 . 01 17 . 25 ± 0 . 01 
DECaPS (AB) Y 17 . 49 ± 0 . 01 16 . 88 ± 0 . 01 

Gaia DR3 M G 12 . 28 ± 0 . 07 14 . 76 ± 0 . 07 
VVVX (Vega) M J 12 . 17 ± 0 . 08 10 . 65 ± 0 . 07 
VVVX (Vega) M K s 12 . 47 ± 0 . 08 13 . 66 ± 0 . 07 
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ast ro ws. Conserv ati ve errors were considered, primarily influenced 
y the measured parallax difference between both components. It 
s worth noting the absence of near-IR excess in the WD’s colours,
hich suggests the absence of an additional close companion, or a 

ircumstellar disc. Moreo v er, a thorough e xamination of the near-IR
CD diagram presented in Steele et al. ( 2011 ) (refer to their Fig. 1 ,
hich also relies on the findings of Wellhouse et al. 2005 ), confirms

hat the WD occupies a distinct position within the solitary WD 

egion. 
 SPECTRAL  E N E R G Y  DI STRI BU TI ON  (SED)  
NALYSI S  

e integrated the observed fluxes from the optical ( λmin = 

673 . 24 Å) to IR-region ( λmax = 21376 Å) using the Virtual Ob-
ervatory Spectral Energy Distribution (SED) Analyser 4 web tool 
VOSA; Bayo et al. 2008 ) to estimate the physical and atmospheric
arameters of both components of VVV J1438-6158 AB system. 
ig. 3 depicts their multifrequency SED collected from the Gaia ,
ECaPS, and VVV surv e ys, and Table 3 summarises the main
roperties of both components of VVV J1438-6158 AB binary 
ystem. 

.1 WD’s characterization 

n the Gaia EDR3 catalogue, VVV J1438-6158 A is classified 
s a WD with 99.47 per cent probability (Gentile Fusillo et al.
021 ), and have 79.3 per cent probability of being a DA-type WD
with a predominantly hydrogen rich atmosphere; Jim ́enez-Esteban 
t al. 2023 ). Pure hydrogen and pure helium atmospheric models
rom Gentile Fusillo et al. ( 2021 ) yielded ef fecti ve temperatures of
 eff, H / He = 9588 . 61 ± 123 . 51 / 9405 . 41 ± 128 . 14 K, surface gravi-

ies at log ( g) H / He = 7 . 98 ± 0 . 04 / 7 . 89 ± 0 . 04, and masses M H / He =
 . 58 ± 0 . 02 / 0 . 51 ± 0 . 02 M �. 
The best-fitting to the available photometric measurements of 

VV J1438-6158 A (Table 2 ) was obtained with the WD spectra
nd atmosphere model library presented in Koester ( 2010 ), yielding
n ef fecti ve temperature of T eff = 9500 ± 125 K and surface gravity
MNRAS 527, 10737–10747 (2024) 

http://svo2.cab.inta-csic.es/theory/vosa/
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Figure 3. SED fitting of VVV J1438-6158 AB pair. The circles correspond 
to the observed flux for both components (red for the UCD and blue for 
the WD), while the dashed lines plus crosses correspond to the respective 
best-fitting models. 

Table 3. Fundamental properties of VVV J1438-6158 AB binary retrieved 
with SED analysis. 

Value Description 

White Dwarf 
Sp. T. DA Spectral type 
T eff (K) 9500 ± 125 Ef fecti ve temperature 
log ( g) (cgs) 8 . 00 ± 0 . 12 Surface gravity 
L bol (L �) (1 . 257 ± 0 . 005) × 10 −3 Bolometric luminosity 
M (M �) 0 . 62 ± 0 . 18 Mass (Solar units) 
R (R �) 0 . 01309 ± 0 . 0003 Radius (Solar units) 
R (R ⊕) 1 . 42 ± 0 . 03 Radius (Earth units) 
τ (Gyr) 0 . 74 + 0 . 09 

−0 . 06 Cooling age 
	 (Gyr) 4 . 6 + 5 . 5 −2 . 4 WD’s total age 
	 

′ (Gyr) 3 . 8 + 5 . 6 −2 . 5 Main-sequence age 
M init (M �) 1 . 37 + 0 . 63 

−0 . 32 WD progenitor’s mass 

Ultracool Dwarf 
Sp. Type M8 Spectral type 
T eff (K) 2400 ± 50 Ef fecti ve temperature 
log ( g) (cgs) 5 . 21 ± 0 . 04 Surface gravity 
L bol (L �) (5 . 60 ± 0 . 02) × 10 −4 Bolometric luminosity 
M (M �) 0 . 094 ± 0 . 006 Mass (Solar units) 
M (M Jup ) 98 . 47 ± 6 . 28 Mass (Jupiter units) 
R (R Jup ) 1 . 22 ± 0 . 05 Radius (Jupiter units) 
R (R �) 0 . 1253 ± 0 . 005 Radius (Solar units) 
ρ (g cm 

−3 ) 67 . 25 ± 9 . 31 Density 

P orb (yr) (141 . 85 ± 4 . 52) × 10 3 Orbital period (years) 
� (au) 1236.73 Projected separation 
R 3 . 015 × 10 −5 Chance alignment prob. 

l  

b
0  

a  

F  

W  

u  

Table 4. VVV near-IR photometry of VVV J1438-6158 AB pair. The 
full version of this table is available in the supplementary material, where 
VVV ID 11846281028924 stands for the WD companion, and VVV ID 

11846281000738 stands for the UCD companion. 

VVV ID MJD Filter Magnitude σ /mag 

11846281028924 55260.349798 K s 16.781 0.1271 
11846281028924 55260.350439 K s 16.933 0.1365 
11846281028924 55283.213633 Y 16.821 0.0148 
11846281028924 55283.215090 Y 16.818 0.0159 
11846281028924 55283.218185 Z 16.826 0.0128 
11846281028924 55283.219530 Z 16.844 0.0138 
11846281028924 55288.357982 H 16.854 0.0354 
11846281028924 55288.359438 H 16.865 0.0296 
11846281028924 55288.362746 K s 17.007 0.0886 
. . . . . . . . . . . . 

11846281000738 55260.349798 K s 14.528 0.0191 
11846281000738 55260.350439 K s 14.583 0.0311 
11846281000738 55283.213633 Y 16.043 0.0081 
11846281000738 55283.215090 Y 16.052 0.0079 
11846281000738 55283.218185 Z 16.955 0.0192 
11846281000738 55283.219530 Z 16.936 0.0169 
11846281000738 55288.357982 H 14.877 0.0126 
11846281000738 55288.359438 H 14.872 0.0083 
11846281000738 55288.362746 K s 14.551 0.0357 
. . . . . . . . . . . . 
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og ( g) = 8 . 00 ± 0 . 12, with χ2 
ν = 1 . 38 (11 free parameters). The

olometric luminosity for the adopted distance is L bol = (1 . 257 ±
 . 005) × 10 −3 L �, and applying the Stefan–Boltzmann law led to
n estimation of the object’s radius as R = 0 . 01309 ± 0 . 0003 R �.
rom the best-fitting surface gravity and estimated radius, the
D’s mass was determined as M = 0 . 63 ± 0 . 18 M �. Within their

ncertainties, these WD parameters appear to be similar to what
NRAS 527, 10737–10747 (2024) 
as been derived for similar objects (e.g. Chandrasekhar 1935 ;
chwarzschild 1958 ; Landau & Lifshitz 1969 ). Alternatively, a
irect blackbody fit resulted in T eff, BB = 9900 ± 25 K, and L bol , BB =
 . 257 × 10 −3 ± 1 . 6 × 10 −6 L �. 

.1.1 WD’s a g e and pro g enitor mass 

o estimate the age of VVV J1438-6158 A, we used the wdwarfdate
oftware (Kiman et al. 2022 ), which adopts a Bayesian approach
or thick hydrogen (DA) and non-DA layer, taking into account the
emnant’s ef fecti ve temperature and surface gravity. This approach
llowed us to estimate the final mass of the WD and the initial mass
f its progenitor. For a DA WD, the main-sequence age and mass
ere derived as 	 DA = 3 . 88 + 5 . 57 

−2 . 51 Gyr and M init, DA = 1 . 37 + 0 . 63 
−0 . 32 M �,

espectively, from an initial-final mass relation model of Cummings
t al. ( 2018 ), a cooling model from B ́edard et al. ( 2020 ), and
volutionary tracks from Choi et al. ( 2016 ) and Dotter ( 2016 ). 

Fig. 4 depicts the optical G versus G BP − G RP CMD for nearby
bjects presented in the Gaia catalogue, and the positioning of VVV
1438-6158 A in such a diagram. Overlaid to the CMD are indicated
volutionary cooling tracks 5 for pure-hydrogen DA- and pure-helium
B-type WDs with log ( g) = 7 . 5 − 9 . 0 from Holberg & Bergeron

 2006 ) and B ́edard et al. ( 2020 ). 
With WDWARFDATE we obtained a cooling age of τDA = 0 . 74 + 0 . 09 

−0 . 06 

yr, resulting in a total age of 	 

′ 
DA = 4 . 6 + 5 . 44 

−2 . 43 Gyr for VVV J1438-
158 A. The derived final WD’s mass using this approach was
 DA = 0 . 61 + 0 . 05 

−0 . 04 M �, which is consistent within its uncertainties
ith previous findings. Furthermore, the results obtained from the
ED analysis agree with this estimate, indicating that the WD likely
elongs to an older population of stars, formed from a relatively
ow-mass progenitor, and has undergone a rapid cooling process
ince its formation (e.g. Segretain & Chabrier 1993 ; Chabrier et al.
000 ; Isern et al. 2000 ). For the non-DA WD case, we obtained

https://www.astro.umontreal.ca/~bergeron/CoolingModels/
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Figure 4. Optical Gaia absolute G versus BP − RP CMD diagram for ap- 
proximately 370.000 nearby ( π < 100 −1 mas) sources with high-significance 
parallax ( π/σπ > 100; grey-coloured background). VVV J1438-6158 A is 
indicated as the red dot. The blue and green dashed lines indicate evolutionary 
cooling tracks for DA-type (blue) and DB-type (green) WD stars with 
surface gravity ranging from log ( g) = 7 . 0 (top) to log ( g) = 9 . 0 (bottom; 
δ log ( g) = 0 . 5). 
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imilar values for the aforementioned parameters: 	 nDA = 4 . 36 + 5 . 54 
−2 . 88 

yr, M init, nDA = 1 . 3 + 0 . 6 
−0 . 3 M �, τnDA = 0 . 79 + 0 . 09 

−0 . 07 Gyr, 	 

′ 
nDA = 5 . 17 + 5 . 48 

−2 . 83 

yr, and M nDA = 0 . 60 + 0 . 05 
−0 . 04 M �. 

.2 UCD’s characterization 

rom the available photometric measurements of VVV J1438-6158 
 (Table 2 ), the best-fitting was obtained with the AMES-DUSTY 

odel (Chabrier et al. 2000 ; Allard et al. 2001 ), yielding an
f fecti ve temperature of T eff = 2400 ± 50 K. For the system’s
istance, its bolometric luminosity was estimated as L bol = 

5 . 60 ± 0 . 02) × 10 −4 L �, and applying Stefan–Boltzmann’s law,
VV J1438-6158 B radius was estimated as R = 1 . 22 ± 0 . 05 R Jup .
ithin its uncertainties, and since we know precisely the distance 

f the object, those values are consistent with objects of its
ind (e.g. Hayashi & Nakano 1963 ; Kirkpatrick et al. 1999 ;
urrows et al. 2001 ; Luhman 2012 ). The UCD’s age is unknown,
specially due to the de generac y in the mass-age relationship for
ubstellar objects, therefore, assuming that VVV J1438-6158 B was 
ormed at the same time as its companion, VVV J1438-6158 A 

 	 = 4 . 6 + 5 . 5 
−2 . 4 Gyr ), the mass of the companion was estimated to be

 UCD = 0 . 094 ± 0 . 006 M � ( = 98 . 5 ± 6 . 3 M Jup ), and its surface
ravity was consequently estimated at log ( g)[cgs] = 5 . 21 ± 0 . 04,
uggesting an L/M dwarf nature (Reid & Ha wle y 2005 ; Pecaut &
amajek 2013 ; Wang et al. 2022 ). Moreo v er, we estimated the

pectral type of VVV J1438-6158 B as M8 from the empirical stellar
pectra library of Kesseli et al. ( 2017 ) within VOSA’s framework. 

While we designate VVV J1438-6158 B as an UCD, we observe 
hat its mass falls 2 σ within the hydrogen burning main-sequence 
dge mass (HBBM) of 0 . 075 − 0 . 092 M � ( ∼ 78 . 5 − 96 . 3 M Jup ;
habrier & Baraffe 1997 ; Burrows et al. 2001 ; Auddy, Basu
 Valluri 2016 ), in similarity to other known low-mass BDs at

imilar ef fecti ve temperatures (e.g. Teide 1; M = 55 ± 15 M Jup and
 eff = 2 . 584 ± 150 K; Leech et al. 2000 ). Spectroscopic observa-
ions of VVV J1438-6158 B make itself necessary for its accurate
haracterization and classification. 

Using Kepler’s third law, by considering the masses of the WD and
CD along with their projected separation and face-on orientation, 
e estimated a minimum orbital period of the VVV J1438-6158 AB

ystem as 141 ± 4 Kyr. Despite the lengthy orbital period, the system
s expected to remain gravitationally bound, with a comparison with 
g. 7 of Mu ̌zi ́c et al. ( 2012 ) – stating empirical limits for the stability
f a sample of binary systems – which in turn is based on Burgasser,
heppard & Luhman ( 2013 ), supporting such a conclusion. 

 O N  T H E  MEMBERSHI P  L I K E L I H O O D  O F  

V V  J 1 4 3 8 - 6 1 5 8  A B  TO  T H E  S C O – C E N  

SSOCI ATI ON  

o assess the likelihood of VVV J1438-6158 AB pair being a member 
f the Sco–Cen stellar association, we used the BANYAN � algorithm
ased on a 6D XYZUVW kinematic analysis (Gagn ́e et al. 2018 ),
pplying both to the LCC stellar association, the Upper Centaurus–
upus (UCL), and Upper Scorpius (US); branches within the Sco–
en group. This analysis indicates a null probability for the system

o belong to the LCC group or any substructures within it (see Fig.
 ). This conclusion is also supported by the fact that the inferred
ges of the WD component (as shown in Table 3 ) do not align
ith the ages typically associated with the LCC stellar association; 
revious studies, for instance, by Goldman et al. ( 2018 ) and Pecaut
 Mamajek ( 2016 ) suggest ages of 10 and 17 Myr, respectively. 
Unlike massive stars that evolve into WDs within a few million

ears, the formation of a WD from relatively low-mass star pro-
enitors generally requires a significant amount of time for a star
o exhaust its nuclear fuel, shed its outer layers, and gradually cool
own (Kippenhahn, Weigert & Weiss 2013 ). This process typically 
akes billions of years, making it improbable for a WD like VVV
1438-6158 A to have an age as young as 17 Myr. This inconsistency
etween the estimated ages and the established age range adds to
vidence that contradicts VVV J1438-6158 AB’s association with 
he LCC, supporting that the system is likely to be a field object. 
MNRAS 527, 10737–10747 (2024) 
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M

Figure 6. Observed K s −band near-IR light curves for the WD (top panel) 
and UCD companions (bottom panel) spanning 10 yr. The red dots depict the 
mo ving av erages for 500 d of steps. 
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 NEAR-IR  V V V  L I G H T  C U RV E S  

oth targets are situated in the o v erlapping areas of two VVV tiles
d014, centred at l = 314 . 40 ◦, b = −1 . 64974 ◦, and d015, centred
t l = 315 . 83 ◦, b = −1 . 64972 ◦), yielding almost twice as many
bservations concerning single-tile objects. However, in some of
hese images, the targets are too close to the edge, rendering
mpossible photometric measurements. Consequently, the final K s 

and light curves consist of 115 photometric data points for the
D (46 in d014 and 69 in d015), and 285 for the UCD companion

104 in d014 and 181 in d015), respectively. In addition, there are 7
easurements in the Z− and Y −bands for both components, plus

1 in the J −band and 6/5 measurements in the H −band for both the
D/BD (see Table 4 ). The VVV K s −filter light curves for the UCD

nd WD are presented in Fig. 6 . 
We examined periodic patterns in the VVV K s −band light curves

f both the companions of the VVV J1438-6158 AB pair within
 range of 0.1 d up to half of the full baseline with the generalized
omb–Scargle ( GLS ; Zechmeister & K ̈urster 2009 ), Box-fitting Least
quares ( BLS ; Kov ́acs, Zucker & Mazeh 2002 ), Phase Dispersion
inimisation ( PDM ; Stellingwerf 1978 ), and Multi-Harmonic Anal-

sis of Variance ( MHAOV ; Schwarzenberg-Czerny 1996 ) algorithms
hrough the ASTROBASE software (Bhatti et al. 2021 ). 

VVV J1438-6158 A displays variability with a median absolute
ariation of 0.08 mag and root-mean square of 0.13 mag at a
ean magnitude of 16.88 mag. The period search analysis reveals a

rominent modulation at 0.112 d ( ∼161.2 min) with the GLS method,
hich could be associated with periodic patterns caused by surface
agnetic variations on the WD that become visible as it rotates,

.g. Kilic et al. ( 2015 , 2021 ) and Williams, Hermes & Vanderbosch
 2022 ). The other period-search algorithms yielded similar periods
f 0.126 and 0.109 d for the PDM and BLS algorithms, while for the
HAOV a prominent 2.076-d period was found. Given the relatively
oisy nature of the resulting periodograms (see Appendix A ), further
nvestigation is needed to unveil the nature of these modulations. For
VV J1438-6158 B, slight variability was noticed in the K s −band,

uggesting two potential modulation periods: 1.288 d with the LS

ethod and 1.729 d with the PDM method. None of these appears
NRAS 527, 10737–10747 (2024) 
ignificant given the noisy nature of the resulting periodogram (see
ppendix A ) and no clear sine-like variations at these periods. The
CD phase diagram reco v ered with MHAOV at a period of 7.73 d
oes not exhibit any discernible temporal variation, while applying
he BLS algorithm, a modulation period of P BLS , UCD = 0 . 111 d was
eco v ered, albeit also with low-significance due to inherent noise in
he periodogram. These observed modulations might be influenced
y various factors, such as errors in measurements or issues with
he measuring instruments, resulting in stochastic fluctuations in the
ata. We also note the possibility of false periods in the periodogram,
otentially arising from systematic effects introduced during the data
indowing process, which could involve hidden periods or non-

tationary behaviour. Further investigation is also needed to unveil
he nature of these modulations. 

 DI SCUSSI ON  A N D  C O N C L U S I O N S  

e present the characterization of VVV J1438-6158 AB, a wide-
inary system consisting of a WD and a UCD first disco v ered with
VV/VVVX data analysis during searches for companions to UCDs,
Ds, and FFPs towards the Sco–Cen/LCC stellar association El-
adry, Rix & Heintz ( 2021 ) and independently by Mej ́ıas et al.
 2022 ). The SED analysis of this system has been conducted from
ata of the Gaia DR3, VVV, and DECaPS surv e y within VOSA,
o derive the physical, atmospheric, and dynamical parameters of
oth components. Space velocities demonstrate that the system
elongs to the thin disc and is gravitationally bounded from the
onsiderably small chance alignment probability. The DA-type WD
as an ef fecti ve temperature of 9500 ± 125 K, a surface gravity
cgs) of 8 . 00 ± 0 . 12, a mass of 0 . 62 ± 0 . 18 M �, and a radius of
 . 01309 ± 0 . 0003 R �. The M8-type UCD, on the other hand, have
n ef fecti ve temperature of 2400 ± 50 K, surface gravity (cgs) of
 . 20 ± 0 . 04, mass of 98 . 5 ± 6 . 2 M Jup , and radius of 1 . 22 ± 0 . 05 R Jup .
hese parameters are consistent with the expected characteristics
f objects of their respective kinds. Spectroscopic confirmation for
oth members of the VVV J1438-6158 AB pair is encouraged and
ecessary, especially to accurately determine the spectral type of
VV J1438-6158 B beyond its photometric classification, and to

ssess its precise age. 
VVV J1438-6158 AB stands out as a benchmark system for

omprehending the evolution of WDs and their low-mass companion
bjects gi ven se veral notable features, along with the scarcity of such
eported binary types. Considering the WD’s nominal mass to present
 . 62 M �, the mass ratio ( q ≡ M UCD /M WD ) of VVV J1438-6158 AB
an be estimated as 0 . 15 ± 0 . 04, which suggests a binary-like forma-
ion scenario for this system, i.e. the two objects form independently,
nd their masses might not be closely related (Chabrier et al. 2014 ;
owler, Blunt & Nielsen 2020 ). The co-natal status of the pair, as
ell as for other WD + UCD/MS and low-mass double binaries –
oth wide and close – contingent upon their gravitational binding
nd co-mobility, remains a subject of ongoing debate and will be
nvestigated in a future study. Nelson et al. ( 2021 ), for instance,
emonstrated that ∼ 73 per cent of the far (2 × 10 5 − 10 7 au; 31
airs) co-moving MS + MS binaries are co-natal, which is inline with
heoretical predictions from Kamdar et al. ( 2019 ). The total age
f VVV J1438-6158 A was estimated at 4 . 6 + 5 . 5 

−2 . 4 Gyr (cooling age
f 0 . 73 + 0 . 09 

0 . 06 Gyr), and given the long orbital period of the system
141 . 8 ± 4 . 5 Kyr) plus loose separation ( ∼ 1236 . 73 au ), it indicates
 detached coexistence, with minimal perturbations or interchanges,
nviting further scrutiny into the intricate interplay of forces that
o v erns the evolution of WD + UCD/BD/MS evolution. 
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Figur e A1. Lomb-Scar gle (first and second panels) and Box Least-Squares (third and fourth panels) periodograms of the VVV K s time-series of the VVV 

J1438-6158 B and VVV J1438-6158 A, respectively. 
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Figure A2. Multi-Harmonic Analysis of Variance (first and second panels) and Phase Dispersion Minimisation (third and fourth panels) periodograms of the 
VVV K s time-series of the VVV J1438-6158 B and VVV J1438-6158 A, respectively. 
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Figure A3. Spectral Window Function for VVV J1438-6158 B and VVV J1438-6158 A observ ations, respecti vely. The green vertical line marks the prominent 
modulation period found with the LS and BLS for both the WD and the UCD components. 
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