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Abstract

We identify Gaia 0007-1605 A,C as the first inner brown dwarf-white dwarf binary of a hierarchical triple system
in which the outer component is another white dwarf (Gaia0007-1605B). From optical/near-infrared
spectroscopy obtained at the Very Large Telescope with the X-Shooter instrument and/or from Gaia
photometry plus spectral energy distribution fitting, we determine the effective temperatures and masses of the
two white dwarfs (12,018 £68 K and 0.54 £0.01 M. for Gaia0007-1605A and 4445+ 116K and
0.56 = 0.05 M, for Gaia0007-1605B) and the effective temperature of the brown dwarf (1850 4+ 50K;
corresponding to spectral type L3 £ 1). By analyzing the available TESS light curves of Gaia 0007-1605 A,C we
detect a signal at 1.0446 + 0.0015 days with an amplitude of 6.25 ppt, which we interpret as the orbital period
modulated from irradiation effects of the white dwarf on the brown dwarf’s surface. This drives us to speculate that
the inner binary evolved through a common-envelope phase in the past. Using the outer white dwarf as a
cosmochronometer and analyzing the kinematic properties of the system, we conclude that the triple system is
about 10 Gyr old.

Unified Astronomy Thesaurus concepts: White dwarf stars (1799); Trinary stars (1714); Brown dwarf stars (185)

Depar‘tmento de Astrofisica, Centro de Astrobiologia (CSIC-INTA), ESAC Campus, Camino Bajo del Castillo s/n, E-28692 Villanueva de la Cafiada, Madrid, Spain

1. Introduction

Triple star systems are common, with fractions of ~10% for
F-G stars (Tokovinin et al. 2014) and increasing up to ~50%
for O-B stars (Sana et al. 2014). The majority of triple systems
(=~70%-80%) are believed to interact during their lives
(Toonen et al. 2020). Mass transfer episodes may take place
from one star to another, in which case a common-envelope
phase ensues if the process is dynamically unstable (Web-
bink 2008). Moreover—because the stellar components are
subject to their individual evolutionary paths, thus changing
their masses and radii if they have time to evolve out of the
main sequence—three-body dynamics are expected to modify
the systems, leading to tidal interactions, collisions, or mergers
(Antonini et al. 2017). In this context, a clear example is the
Von Ziepel-Lidov—Kozai oscillations in hierarchical triples,
with the outer component inducing eccentricity oscillations in
the inner binary (Naoz 2016). Tides from the Galactic potential
can also influence the orbits of the stars in triple systems
(Grishin & Perets 2021). These mechanisms may lead to exotic
outcomes, such as blue stragglers (Perets & Fabrycky 2009),
black holes (Antonini et al. 2017), neutron star mergers (Liu &
Lai 2018), Type Ia supernovae (Katz & Dong 2012), or
gamma-ray bursts (Thompson 2011).

Given the variety of possible evolutionary scenarios, triple
systems come in different flavors: main-sequence triples
(Kervella et al. 2017), main-sequence/brown dwarf triples
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(Faherty et al. 2011), brown dwarf triples (Triaud et al. 2020),
giant-star/brown dwarf triples (Lillo-Box et al. 2021), main-
sequence/white dwarf triples (Toonen et al. 2017), main-
sequence/black hole triples (Rivinius et al. 2020), white dwarf
triples (Perpinya-Valles et al. 2019), white dwarf/neutron star
triples (Ransom et al. 2014), etc. Hence, observational studies
of triple systems are not only important for constraining our
understanding of multiple stellar evolutions but also to
elucidate the origin of such exotic objects.

In this work, we identify the first trinary star formed by two
white dwarfs and a brown dwarf. The structure of the system is
hierarchical, with an inner white dwarf-brown dwarf binary
(hereafter Gaia 0007-1605 A,C) and a wider white dwarf
companion (hereafter Gaia 0007-1605 B). Using the outer
white dwarf as a cosmochronometer, we find this unique
system to be nearly as old as the age of the Galactic disk, thus
implying the brown dwarf to be one of the oldest known of
its kind.

2. Identification of Gaia 0007-1605

Gaia 0007-1605 A,C (D 2416481783371550976), also
known as EGGR 509, was identified as an infrared-excess
white dwarf candidate by Rebassa-Mansergas et al. (2019),
who analyzed the spectral energy distributions (SED) of 3733
Gaia white dwarfs within 100 pc with reliable infrared
photometry and Ggp— Ggrp<0.8 mag. We obtained a
spectrum (430 s exposure) for this object with the Very Large
Telescope at Cerro Paranal (Chile) equipped with the
X-Shooter instrument and the 1” slits on the night of
2020December 3, which revealed the infrared excess to arise
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Figure 1. Panel (a): the observed X-Shooter spectrum of Gaia 0007-1605 A,C (gray), the best-fit white dwarf model (blue) and its combination with a 2300 K and 5.0
dex CIFIST model (magenta; corresponding to a star of spectral type M9.5) and a 1900 K and 5.5 dex CIFIST model, i.e., the best fit to the observed spectrum. An
M9.5 companion can clearly be ruled out, which confirms the near-infrared excess to arise from a brown dwarf. The structure at ~14.000 A and ~19.000 A is related
to the residuals of the telluric correction. Panel (b): the same but for the optical range of the spectrum, where the white dwarf dominates the SED. Panel (c): the
combined best it to the near-infrared range of the spectrum. The effective temperature and surface gravity of the brown dwarf are indicated in the top-left corner and
the dashed vertical line indicates the Ky 12 432.27/12 522.14 A absorption doublet from which we measure the radial velocity. Panels (d), (e), and (f): for comparison,
we show the second-best (d), third-best (e), and fourth-best (f) CIFIST models superimposed on the observed near-infrared spectrum. The effective temperatures and

surface gravities are also indicated.

Table 1
Gaia EDR3 Parameters (Riello et al. 2021) for the Inner Unresolved Binary (Gaia 0007-1605 A,C) and the Outer White Dwarf (Gaia 0007-1605 B)
Object RA. Decl. G Ggp Gere PMR A, PMpecl, parallax
(deg) (deg) (mag) (mag) (mag) (mas/yr) (mas/yr) (mas)
(1) @) (3) (€] (5) (©] )] ®) ©
Gaia 0007-1605 A,C  1.895921 —16.09240  16.152 £+ 0.003 16.162 £ 0.004  16.157 £ 0.008 179.23 £0.05 —64.40+£0.04 1234 +£0.04
Gaia 0007-1605 B 1.893281 —16.08726  19.942 + 0.005 20.59 £+ 0.08 19.24 + 0.05 176.36 + 0.61 —64.11 +£ 041 12.53 £ 0.55

due to the presence of a brown dwarf companion’ (see
Figure 1).

The measured Gaia parallax of Gaia 0007-1605 A,C is
12.34 £0.04 mas (Table 1) and the inverse parallax yields a
distance of 81.1 & 0.1 pc. El-Badry et al. (2021) and Rebassa-
Mansergas et al. (2021) report this object as a common proper-
motion pair member with a second white dwarf (ID
2416481779075909376) at the same distance and proper
motions (Table 1). The projected separation between
Gaia0007-1605 A,C and the outer white dwarf
Gaia 0007-1605 B is 1673.11 au (El-Badry et al. 2021), and
the radial separation is 1.2 pc (Torres et al. 2022).

The spectra were reduced/calibrated using the X-Shooter pipeline version
2.11.5. Telluric removal was performed using the Molecfit software.

3. Stellar Parameters of the Three Components

We derived three independent values of effective temper-
ature and surface gravity for the inner white dwarf
Gaia 0007-1605 A from (1) the available Gaia EDR3 G, and
Ggp — Grp colors following the method described in Rebassa-
Mansergas et al. (2021):8 Teis=11,814+ 142K and
logg=7.86+0.02 dex; (2) fitting the entire SED using
VOSA (Virtual Observatory SED Analyser)’ following
Jiménez-Esteban et al. (2018): T.= 12,000+ 125K and
logg =7.84 +0.03 dex; the passbands used in the fit were
GALEX NUV/FUV, APASS BgVi, Pan-STARRS grizy, Gaia

8 Note that the brown dwarf in the inner binary is completely outshined in the

optical by the flux of the white dwarf. Only for wavelengths larger than 8000 A
is the average excess flux contribution from the brown dwarf ~5%. Therefore,
the reported Gaia magnitudes can be safely considered as those arising from the
white dwarf only.

® The VOSA documentation can be accessed via http://svo2.cab.inta-csic.es/
theory /vosa/help/star/intro.
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Table 2

Stellar Parameters and Ages for the Triple System Studied in This Work
Object Type Teotr log g mass teool Total Age Po Method

(K) (dex) M) (Gyr) (Gyr) (days)
@ @ 3 (C)) ® © O] ®) ©
Gaia 0007-1605 A DA 12018 + 68 7.87 +£0.02 0.54 £ 0.01 0.360 £ 0.002 ~10? 1.0446 £+ 0.0015 Phot. /Spect.
Gaia 0007-1605 C L3 1850 £+ 50 0.07° ~10° 1.0446 £ 0.0015 Spect.
Gaia 0007-1605 B pure-H DC* 4445 £ 116 7.96 +0.05 0.56 £ 0.05 82402 ~10° Phot.

Note. The method used to derive the effective temperatures is also indicated. The values and parameters indicated by an.

a . . .
Assumptions and require confirmation.

EDR3 G/Ggp/Ggrp, DENIS 1J, 2MASS JHK, and WISE
wlw2; (3) fitting the optical X-Shooter spectrum with the
updated grid of white dwarf model atmosphere spectra of
Koester (2010), taking into account the 3D corrections by
Tremblay et al. (2013): To=12,131£100K and
logg =7.97 £0.04 dex; the best-fit white dwarf model is
illustrated in Figure 1. The weighted mean yields
Terr=12,018 £ 68 K and logg =7.87 +0.02 dex, which are
our adopted parameters for this white dwarf (Table 2). For the
outer white dwarf Gaia 0007-1605 C, there is no available
spectrum, and, as a consequence, we derived two independent
sets of parameters from the Gaia G,,s and Ggp — Grp colors
(Torr=4121 £304 K and logg =7.8+£0.2 dex) and VOSA
(Tegr=4500 £ 125 K and log g = 8.0 = 0.1 dex; the passbands
used in the fit were Pan-STARRS grizy, Gaia EDR3
G/Ggp/Grp, and WISE wl). Hence, our adopted values are
Ters=4445+ 116 K and log g = 7.96 + 0.05 dex for the outer
white dwarf (Table 2). We then interpolated the adopted
effective temperatures and surface gravities of the white dwarfs
in the cooling sequences of the La Plata group (Althaus et al.
2015; Camisassa et al. 2016, 2019) to obtain their masses
(Table 2).

For the above calculations, we assumed the two white dwarfs
to have hydrogen-rich atmospheres. This is confirmed for the
inner white dwarf (Figure 1) but it has not been tested for
Gaia 0007-1605 C. For this object, Gentile Fusillo et al. (2021)
derives 4500 £400K (assuming either a hydrogen-rich or
helium-rich atmosphere), in agreement with our value. At such
low effective temperature, a spectrum would be featureless (DC
type), hence giving no indications about the atmospheric
composition of this white dwarf.

In order to derive the brown dwarf parameters, we performed
a composite spectral fit. We created a set of composite models
that combine the white dwarf best-fit model with a grid of BT-
Settl (CIFIST; Allard et al. 2013, only at solar metallicity')
low-mass and brown dwarf model spectra and obtained a x>
value between the observed X-Shooter spectrum and each
combined model. The CIFIST grid contained 42 spectra with
effective temperatures in the range 1300-2600 K in steps of
100 K and surface gravities of 4.5-5.5 dex in steps of 0.5 dex.
All models were scaled to the distance of 81.1 pc by assuming a
radius from an effective temperature—radius relation for low-
mass stars and brown dwarfs (Pecaut & Mamajek 2013;
Baraffe et al. 2015) and an effective temperature—radius
relation for white dwarfs from the La Plata tracks. The CIFIST
model associated with the lowest X2 (Xfmn) was that of an

effective temperature of 1900 K and a surface gravity of 5.5

10 We also used low-metallicity NextGen models to evaluate whether the
brown dwarf could be an ultracool subdwarf star but found no good fits in any
of these cases.

dex (Figure 1). Considering all models at a distance of less than
lo from ani , as valid solutions resulted in temperatures in the
range 1800-1900 K with all possible surface gravities (4.5, 5.0,
and 5.5 dex; Figure 1). Therefore, we cannot constrain the
surface gravity of the brown dwarf but we can estimate its
temperature to be 1850 £ 50 K. This corresponds to a spectral
type of L3 + 1 (Nakajima et al. 2004).

4. Observational Clues on the Past Evolution of the Inner
Binary

Gaia 0007-1605 A,C is unresolved by Gaia, which probably
implies it evolved through a common-envelope phase. In order
to test this hypothesis, we searched for available time-series
photometry from the Mikulski Archive for Space Telescopes,
finding that this object was observed by the Transit Exoplanet
Survey Satellite (TESS; Ricker et al. 2015) in Sector 29 as
TIC 289593425, between 2020 August 26 and September 21.
We analyzed the 20 s and 2 and 10 minute cadence data using
standard tools of the 1igtkurve software, finding a peak at
1.0446 £+ 0.0015 days in the Lomb-Scargle periodogram of the
10 minute cadence light-curve (see Figure 2, top panel). This
peak corresponds to a signal amplitude of 6.25 ppt that is just
above the 0.1% false-alarm-probability limit that we computed
as in Hermes et al. (2017), meaning that the detection has a
probability higher than 99.9% of not being caused by noise. In
Figure 2 (middle and bottom panels), we show the folded light
curve for this period. The light curve is clearly noisy; however,
by binning it at every 30 minutes we are able to highlight the
periodic variability detected by TESS. We interpret the signal
at 1.0446 day period as the irradiation of the white dwarf on the
brown dwarf’s surface that becomes visible to us every orbit.

The ratio between the brown dwarf’s flux (Fgp) and the
irradiated flux from the white dwarf on the brown dwarf’s
surface (Fj,) can be expressed as (Rebassa-Mansergas et al.

2013)
4

Fgp  _ (Teff,BD) o ( a )2 )

Fi Terr, wp Rwp
where Terrpp and T wp are the brown dwarf and white dwarf
effective temperatures, Rwp is the white dwarf radius, and a is
the orbital separation. All are known parameters (Section 3;
note that the white dwarf radius can be obtained from the
surface gravity and mass reported in Table 2) except a, which
we derived from Kepler’s third law assuming 1.0446 days as
the orbital period of the binary as well as via adopting a white

dwarf and a brown dwarf mass. The mass of the white dwarf is
known, but the brown dwarf’s mass is not. However, following
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Figure 2. Top panel: Lomb-Scargle periodogram of the TESS light curve. The
strongest signal at 1.0446 + 0.0015 days exceeds the 1 and 0.1% false-alarm-
probability (F. A. P.) thresholds. Middle panel: folded light curve, obtained
from the 1.0446 day period. The black symbols are the binned light curve at 30
minute intervals, and the error bars represent the 1o scatter in each bin. The
blue sinusoidal curve corresponds to the detected periodic signal. Bottom
panel: zoomed panel on the binned light curve.

the spectral type—mass relation of Pecaut & Mamajek (2013),"!
we estimated the mass to be 0.07 M. Given that the white
dwarf’s mass is considerably higher than the brown dwarf’s
mass, the orbital separation does not heavily depend on this
assumption. In fact, using masses between 0.05 and 0.1 M
yielded practically identical orbital separations. The top and
bottom panels of Figure 3 show the flux ratio and orbital
separation as a function of the orbital period, respectively,
which correspond to Fgp/Fi; =40 and a=3.65R. for a
period of 1.0446 days.

Based on the above calculations, the fraction of irradiated
flux from the white dwarf on the brown dwarf’s surface is
~2.5% of the total flux. This percentage should be lower if one
considers the 6000-10000 A range sampled by the TESS
bandpass filter because the white dwarf’s flux peaks in the
ultraviolet. This is in agreement with the amplitude modulation
of ~0.5% in the folded light curve (middle and bottom panels
of Figure 2).

For completeness, we also derived the radial velocity of the
brown dwarf by fitting the K; absorption doublet at 12 432.27/
12522.14 A from the X-Shooter spectrum with a double-
Gaussian profile of fixed separation. To that end we used the
MOLLY software, resulting in 42 + 11 km sfl, which unfortu-
nately did not provide much information because we do not
know the orbital inclination of the inner binary nor the orbital
phase at which the spectrum was taken. For the white dwarf,

' See also http: / /www.pas.rochester.edu/~emamajek/EEM_dwarf
UBVIJHK_colors_Teff.dat.
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Figure 3. Top panel: the ratio between the brown dwarf’s flux (Fpp) and the
irradiated flux from the white dwarf on the brown dwarf’s surface (Fj,) as a
function of orbital period. Bottom panel: the orbital separation as a function of
orbital period. The dashed black lines represent the values for 1.0446 days,
which is assumed to be the orbital period of Gaia 0007-1605 A,C.

radial velocities of 13.14+2.5 and 15.5+1.3km s ' were
measured by the SPY high-resolution survey (Napiwotzki et al.
2020). This implies a minimum orbital inclination of the inner
binary toward the line of sight of >45°.

We conclude that Gaia 0007-1605 A,C likely evolved
through a common-envelope phase and has now an orbital
period of 1.0446 £ 0.0015 days.

5. The Age of the System

Given that two white dwarfs are members of the triple
system studied in this work, we can independently derive two
total ages by summing up the white dwarf cooling ages to the
main-sequence progenitor lifetimes. To that end, we follow the
procedure described in Rebassa-Mansergas et al. (2021), which
considers the La Plata evolutionary tracks taking into account
the full evolutionary path of the white dwarf from the zero-age
main sequence. In these sequences, the mass of the hydrogen
envelope is not fixed but obtained from evolutionary
calculations.

The white dwarf in the inner binary has likely evolved
through a common-envelope phase. As consequence, we can
only derive its cooling age (Table 2) because applying an
initial-to-final-mass relation to derive the progenitor lifetime
would not be adequate. The outer white dwarf is located 1.2 pc
away from the inner binary (Section 2). Hence, it is expected
that it evolved in isolation. Taking into account the
uncertainties in the derived effective temperature and surface
gravity, we obtained a cooling age of 8.2 &= 0.2 Gyr. Therefore,
8 Gyr is the 1o lower limit to the age of the system because we
need to add the progenitor lifetime (which we cannot obtain
because the initial-to-final-mass relation is not well defined for
white dwarf masses under <0.55 M..).

The random forest analysis of the 100 pc white dwarf Gaia
population by Torres et al. (2019) indicates that the white dwarf
in the inner binary is a thin-disk candidate, whereas the outer
white dwarf is a thick-disk candidate. This is mainly due to the
different temperatures (hence cooling ages) of the white dwarfs
(Table 2). Additionally, we performed Galactic orbit integra-
tion for the inner binary and the distant companion by adopting
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either a null value or the brown dwarf’s radial velocity
(Section 4) and using the five Gaia astrometric parameters and
correlations, as we followed the methods outlined by Raddi
et al. (2022). In both cases, the orbital eccentricity and the Z
component of the angular momentum of the two white dwarfs
are in the region of e =0.16 an L, = 1700 kpc km s~ ', which is
at the separation between thin- and thick-disk orbits. This
supports the idea of the triple system being rather old, as
expected from the cooling age we obtained for the outer white
dwarf. If we set the total age limit to ~10 Gyr, which is the
mean age of the thick disk (Sharma et al. 2019), the stellar
parameters for the outer white dwarf that are consistent with
this value within £0.5 Gyr errors are the following: ~4400 K
for the effective temperature, ~8.0 dex of surface gravity, and
~0.6 M, of mass. These values are in agreement with the
estimates of 4500 400K, 8.0 £0.3 dex, and 0.6 £0.20 M,
obtained by Gentile Fusillo et al. (2021) for this white dwarf
assuming either hydrogen- or helium-rich atmospheres. We
thus conclude that the age of the triple system studied in this
work is around 10 Gyr.

6. Conclusions

We have identified and analyzed a remarkable hierarchical
triple system formed by an inner brown dwarf-white dwarf
binary and an outer white dwarf companion, the first of its kind.
The most likely scenario is that Gaia 0007-1605 A and C were
relatively close binaries during the main-sequence stage of
Gaia 0007-1605 A and evolved through a common-envelope
phase, while Gaia 0007-1605B evolved like a single star.
Alternatively, it is possible that Gaia 0007-1605C was
scattered to the current position after Gaia 0007-1605 A
became a white dwarf, through different dynamical interactions
(e.g., O’Connor et al. 2021). Additional modeling is needed to
understand the evolutionary history of this interesting system.

Using the outer white dwarf as a cosmochronometer and
analyzing the kinematic properties of the system, we find that
the trinary star is very old and has an age of ~10 Gyr. Being
nearly as old as the disk of the galaxy, the brown dwarf
Gaia 0007-1605 C is not expected to be magnetically active
nor rapidly rotating unless it is tidally locked by the white
dwarf. Therefore, it could potentially be used as a benchmark
for testing theoretical models of brown dwarfs. In particular,
future observations with the James Webb Space Telescope can
help in improving the measurements of the stellar parameters of
this object.
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