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2Independent researcher
3Space Telescope Science Institute, 3700 San Martin Drive, Baltimore, MD 21218, USA
4Institute for Astronomy, University of Edinburgh, Royal Observatory, Blackford Hill, Edinburgh, EH9 3HJ, UK
5Center for Astrophysics and Space Science, University of California San Diego, La Jolla, CA, 92093, USA
6Instituto de Astrof́ısica de Canarias (IAC), Calle Vı́a Láctea s/n, E-38200 La Laguna, Tenerife, Spain
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ABSTRACT

The binary nature of the M8.5 dwarf DENIS J063001.4−184014AB (DE0630−18) was discovered with astrometric

monitoring from the ground, which determined the unresolved photocentric orbit and the trigonometric parallax

of the system. Here we present radial-velocity monitoring and resolved observations in the near-infrared with Keck

aperture masking that allow us to measure the system’s relative separation and brightness. By combining all available

information, we determine the individual dynamical masses of the binary components to be M1 = 0.052+0.009
−0.008 MSun

and M2 = 0.052+0.005
−0.004 MSun, both firmly in the substellar regime. These masses are surprising given the object’s

M8.5 optical spectral type and equivalent absolute magnitude, and the significant difference in brightness between

the components (∆K = 1.74±0.06 mag). Our results suggest that DE0630−18 is a relatively young system (∼200

Myr) with a secondary component that is itself a potentially unresolved binary.

Key words: brown dwarfs – astrometry – binaries: visual – parallaxes – stars: individual: DE0630−18

1 INTRODUCTION

The masses of ultracool dwarfs, i.e. very low-mass stars and
brown dwarfs, are difficult to measure precisely; yet they are
necessary to refine our theoretical understanding of these ob-
jects and their physics (e.g. Zapatero Osorio et al. 2004; Liu
et al. 2008). The monitoring of binary star motions that are
governed by gravitational interaction give us the opportunity
to determine the components’ masses. Astrometric measure-
ments of both the ‘absolute’ positions in the sky and ‘rel-
ative’ positions of the two components to each other give
direct access to the individual masses, which can be further

? Based on observations made with ESO telescopes at the La Silla

Paranal Observatory under programme IDs 086.C-0680, 088.C-
0679, 090.C-0786, 092.C-0202.
† E-mail: jsahlmann@sciops.esa.int (JS)

constrained with radial velocity monitoring. Such determina-
tions have so far been made for a few dozen ultracool and
brown dwarfs (e.g. Garcia et al. 2017; Dupuy & Liu 2017)
and recently for the directly-imaged giant extrasolar planet
β Pic b (Snellen & Brown 2018; Dupuy et al. 2019; Nielsen
et al. 2020).

DENIS J063001.4−184014 (hereafter DE0630−18) was dis-
covered as a late-type object by Phan-Bao et al. (2008) and
classified as an M8.5 dwarf from its optical spectrum. It is
part of a long-term astrometric monitoring campaign that
makes use of the FORS2 optical camera mounted on the Very
Large Telescope (Sahlmann et al. 2014). The discovery and
characterisation of the binary orbit with an orbital period of
3.067±0.006 years is described in Sahlmann et al. (2015a). Its
proximity (∼20 pc) and expected orbital separation should
make it possible to resolve the components with infrared (IR)
adaptive optics (AO) facilities on 10m-class telescopes. We

© 2020 The Authors
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2 Sahlmann et al.

therefore initiated corresponding follow-up observations in
2014.

Here, we present a detailed characterisation and dynamical
mass determinations for the components in the DE0630−18
binary, made possible by a newly-obtained relative position
measurement complemented by radial-velocity monitoring.

2 OBSERVATIONS AND DATA REDUCTION

2.1 Very Large Telescope/FORS2 astrometry

Here we do not present new FORS2 measurements, but we
improve the accuracy of prior measurements by accounting
for the updated camera calibrations presented in Lazorenko &
Sahlmann (2017) and Lazorenko & Sahlmann (2019). These
improvements include the use of Gaia catalogues (Gaia Col-
laboration et al. 2016) for external astrometric calibration
and accounting for the subtle changes in the camera’s CCD
chip locations.

For the conversion of our differential astrometric measure-
ments to ICRS we used Gaia DR2 and applied the trans-
formation procedure similar to that which we described in
Lazorenko & Sahlmann (2018). As the comparison epoch,
we adopted the average epoch T̄ = 56249.955966 MJD. Ap-
plying different polynomials for the transformation between
FORS2 and DR2 and different criteria for elimination of out-
liers we derived solutions with different samples of common
stars whose number varied between 21 to 57, just sufficient
given the number of coefficients between 10 and 28 per axis.
We derived an RMS of 4 mas for the ’FORS2-DR2’ differ-
ence in positions, which exceeds its expected value of about
1 mas. Such a large RMS value is probably due to the different
scale and relative rotation of the chips in the FORS2 detec-
tor, which was not introduced in the transformation model
whereas the difference in zero points was taken into account
as discussed in Lazorenko & Sahlmann (2019).

This transformation quality is however acceptable for the
purpose of presenting the FORS2 positions in the ICRS after
elimination of the geometric field deformation, its rotation,
and the calibration of the pixel scale.

Table 1 contains the measured photocentre astrometry,
which is given relative to the reference position α0 =
97.507229262◦, δ0 = −18.672554677◦ at time T̄ . We esti-
mated that the actual accuracy of the reference position is
∼5 mas, however the relative positions are about an order of
magnitude more accurate.

2.2 Keck/NIRC2 LGS AO

We first observed DE0630−18 with the laser guide star
adaptive optics (LGS AO) system at the Keck II telescope
(Bouchez et al. 2004; Wizinowich et al. 2006; van Dam et al.
2006) on 2014 Mar 14 UT. We obtained data using the 9-hole
non-redundant aperture mask installed in the filter wheel of
NIRC2 (Tuthill et al. 2006) and analyzed these data using
the same pipeline as in our previous work (e.g. Dupuy et al.
2009, 2015; Dupuy & Liu 2017). Interferograms taken in both
the H and K bands, from the standard Mauna Kea Obser-
vatories (MKO) filters (Simons & Tokunaga 2002; Tokunaga
et al. 2002), showed a significant detection of a binary. Fit-
ting the closure phases derived from the higher-quality K-

band data gave a separation of 48 ± 3 mas, position angle
(PA) of 302◦ ± 3◦ and flux ratio of 1.88 ± 0.13 mag, where
errors were computed using a Monte Carlo method that ac-
counted for the measured closure phase errors. We observed
DE0630−18 again on 2017 Mar 20 UT, this time in the MKO
KS band with a PSF calibrator observed immediately after
the science target. This allowed us to measure more accurate
binary parameters with a separation of 36.6± 1.3 mas, PA of
291.◦5± 1.◦2, and flux ratio of 1.74± 0.06 mag (Table 2).

The PA measured from the 2014 data (Table 3) is highly
inconsistent (≈10◦ off, see Figure 5) compared to the pre-
diction from the absolute astrometric orbit from FORS data.
Such a discrepancy is unprecedented in our experience with
other data obtained for similar binaries, even accounting for
the lack of a PSF calibrator in 2014. Ultimately, we choose
to exclude the 2014 measurements from our analysis, and the
source of the PA discrepancy remains unknown.

2.3 High-resolution infrared spectroscopy

DE0630−18 was observed with the Keck II Near InfraRed
Spectrometer (NIRSPEC; McLean et al. 2000) on four nights:
2016 November 16, 2017 February 6, 2017 March 22 and 2017
December 7 (UT). For each observation we used the N7 order-
sorting filter and 0.′′432-wide slit to obtain 2.00–2.39 µm spec-
tra over orders 32–38 with λ/∆λ= 20,000 (∆v = 15 km/s)
and dispersion of 0.315 Å pixel−1. Two dithered exposures
of 1000 s (2016 Nov) or 600 s (2017 Feb, Mar and Dec) each
were obtained, along with observations of the nearby A0 V
star HD 49529 (V = 8.09). Flat field lamp, arc lamp and dark
frame exposures were obtained at the start of each night for
calibration. The NIRSPEC data were reduced and forward-
modeled as described in Burgasser et al. (2015), Triaud et al.
(2020) and Hsu et al. (in prep.), using a modified version
of NIRSPEC Data Reduction Pipeline for reduction (Tran
et al. 2016), telluric absorption models from Moehler et al.
(2014), and the BT-Settl solar-metallicity atmosphere mod-
els (Allard et al. 2011) for the target spectrum. The analysis
of the NIRSPEC data focused on the order 33, which cov-
ers both the CO ν = 2-0 band at 2.29 µm and telluric CO
and H2O absorption used to refine the wavelength solution.
Our forward-modeling method first fits a associated A0 V
star spectrum to measure the instrumental line-spread func-
tion (LSF) modeled as a Gaussian broadening kernel, air-
mass, and precipitable water vapor (pwv). We then fit the
stellar spectrum to a nine parameter model using a Markov
Chain Monte Carlo (MCMC) algorithm, including four stel-
lar parameters (effective temperature Teff , surface gravity
log g, projected rotational velocity v sin i, and radial velocity
RV), two meteorological parameters (airmass and pwv), and
three nuisance parameters (flux and wavelength offsets, and a
noise scale factor). The rotational broadening profile assumes
a limb-darkening coefficient of 0.6 (Gray 1992). We also fit
out a 10th-order polynomial continuum correction at the end
of each MCMC step. The MCMC was run with 50 walkers
and 2,000 steps, with a sigma-clipping mask threshold of 2.5
σ used to reject outlying pixels beyond the 1,000 step (less
than 2% of the pixels were removed). Final fit parameters
were determined from the mean and distribution of values in
the final 800 steps, and a barycentric correction was applied
to the inferred RV. We also re-evaluated the UVES data from
Sahlmann et al. (2015b) following similar methods, focusing

MNRAS 000, 1–10 (2020)



Individual masses of DE0630−18 3

Table 1. Individual FORS2 astrometric measurements of DE0630−18 for illustration. The complete table is available in electronic format.

E is the epoch number and ∆α?m and ∆δm are the offsets in frame m relative to the reference position α0, δ0 at time T̄ . The four f
coefficients are required to model DCR, as explained in Section 3.3.

E m tm ∆α?m σα?
m

∆δm σδm f1,x,m f2,x,m f1,y,m f2,y,m
(MJD) (mas) (mas) (mas) (mas)

1 1 55537.27016 -496.105 0.738 841.776 0.825 0.08339 0.10735 0.10616 0.13666

1 2 55537.27077 -496.548 0.915 841.982 1.020 0.08701 0.11004 0.10635 0.13450
1 3 55537.27138 -496.512 0.865 842.772 0.960 0.09060 0.11259 0.10652 0.13237

1 4 55537.27200 -496.613 0.769 842.034 0.850 0.09418 0.11501 0.10667 0.13027

1 5 55537.27261 -495.803 0.749 842.397 0.847 0.09774 0.11732 0.10681 0.12820

Table 2. Results of Keck aperture masking (10 March 2017).

Sep. (mas) 36.6± 1.3
PA (◦) 291.5± 1.2

∆KS (mag) 1.74± 0.06

Table 3. Results of Keck aperture masking (13 March 2014).

These data were not used in the analysis.

H Ks

Sep. (mas) 48.1± 2.7 51.8± 2.2
PA (◦) 302.0± 2.4 304.3± 3.2

∆Mag (mag) N/A 1.88± 0.13

∆Mag (mag) 1.87± 0.19 N/A

on the 819 nm Na I doublet, which falls in a relatively high
S/N = 34 region of the observed data.

Table 4 summarizes the resulting atmospheric parame-
ters and radial and rotational velocities determined by this
analysis, while Figure 1 displays fits for one epoch each of
the UVES and NIRSPEC data. Both the effective temper-
ature (Teff = 2634±44 K for UVES, 〈Teff 〉 = 2750±13 K
for NIRSPEC) and rotational velocity measurements (v sin i
= 9.3±1.1 km/s for UVES, 〈v sin i〉 = 10.6±0.7 km/s for
NIRSPEC) of DE0630−18 are consistent across all epochs.
The surface gravity shows a full dex discrepancy between
the UVES (log g = 4.54±0.11) and NIRSPEC (〈log g〉 =
5.49±0.01) data, an issue previously noted in optical and in-
frared spectral modeling of the young eclipsing brown dwarf
binary SPEC J1510−2828AC (Triaud et al. 2020). The radial
velocity measurements, which also vary significantly between
epochs, is fortunately insensitive to the atmospheric param-
eters. We obtain statistically identical results if we constrain
the fits to either the low or high values of log g inferred.

3 DATA ANALYSIS

3.1 Parallax correction

In the pre-Gaia work of Sahlmann et al. (2014) we determined
the correction from relative to absolute parallax on the basis
of a Galaxy model. Here, we can improve this by deriving the
offset ∆$ for our relative parallaxes $F using the absolute
Gaia DR2 parallaxes $G (Gaia Collaboration et al. 2018).

As described in Lazorenko et al. (2014), the astrometric re-
duction was made with different values of the model parame-
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Figure 1. Forward model fits to the UVES spectrum (top) and

NIRSPEC spectrum (bottom) of DE0630-18. Both panels show the
data in black, the best-fit model in blue, and the difference spec-

trum in magenta (overlapping the 1σ uncertainty range in grey.

The dashed lines in the UVES plot indicate masked-out telluric
absorption features, while the green line in the NIRSPEC plot

shows the model without telluric absorption included.

ter k, which determines the degree of the bivariate polynomial
used to map individual frames to each other, and correspond-
ing radii R of the reference field (up to ∼2′ for k = 16). The
final solution is taken as the weighted average of these indi-
vidual solutions. Accordingly, we derived the parallax correc-
tion ∆$ using varying values of k and R by cross-matching
the FORS2 stars and Gaia DR2 sources.

Many of the FORS2 reference stars lie at or beyond the
faint end of Gaia DR2, thus were not used. For k = 10 and
k = 14 we matched 32 and 63 reference stars, respectively,
and derived ∆$ as the simple arithmetic average of differ-
ences $G −$F . After rejecting a few Gaia sources with ab-
normally large parallax uncertainties, we obtained corrections
of ∆$ = 0.355 ± 0.076 mas and ∆$ = 0.331 ± 0.059 mas,
respectively. These estimates are in good agreement and we
adopted their average value of ∆$ = 0.343 ± 0.068 mas as
the final estimate, which is also compatible with the initial
estimate of 0.42± 0.04 mas in Sahlmann et al. (2014).

MNRAS 000, 1–10 (2020)



4 Sahlmann et al.

Table 4. Radial and Rotational Velocities from UVES & NIRSPEC Observations.

Instrument MJD Median Teff log g RV v sin i

S/N (K) (cm/s2) (km/s) (km/s)

VLT/UVES 56568.36294 34 2634±44 4.54±0.11 −10.13±0.71 9.3±1.1

Keck/NIRSPEC 57708.49016 33 2735±7 5.49±0.02 −9.65±0.27 11.2±0.7
Keck/NIRSPEC 57790.27401 68 2758±7 5.49±0.01 −7.48±0.17 10.4±0.7

Keck/NIRSPEC 57834.22386 50 2750±5 5.49±0.01 −5.90±0.14 10.9±0.8

Keck/NIRSPEC 58094.49858 52 2752±5 5.49±0.01 −7.82±0.15 10.2±0.6

4 3 2 1 0
MKOKS

6

4

2

0

I FO
RS

2

Figure 2. Synthesised magnitude differences in IFORS2 and

MKOKS
and the corresponding linear fit (dashed line).

3.2 Converting MKO K-band magnitude difference
to the FORS2 I-band

To convert the photocentric FORS2 astrometry into barycen-
tric astrometry a measurement of the magnitude difference
in the FORS2 filter (∆IFORS2) is required. The Keck aper-
ture mask observations yield a measurement of ∆K, which
we needed to convert to ∆IFORS2. We used the https:

//github.com/BDNYC/BDNYCdb database of ultracool spectra
and the spectral energy distribution (SED) tool available
at https://github.com/hover2pi/sedkit (Filippazzo et al.
2015) to generate synthetic magnitudes in the IFORS2 and
KS bands for a library of 141 M and L dwarfs, which in-
cludes 75 field objects and 66 low-gravity objects. For every
source synthetic magnitudes were computed from its SED.

The 1230 pairwise combinations of sources with spectral
types between M6 and L8 were used to estimate the magni-
tude differences shown in Figure 2. The relationship is well
approximated by a straight line and we used the coefficients
of the linear fit (not accounting for individual data point
uncertainties) to convert the measured ∆KS to ∆IFORS2,
and we added the residual RMS of the fit (0.53 mag) in
quadrature to the uncertainty in ∆KS . The measured value
of ∆KS = 1.74 ± 0.06 mag (Table 2) is then converted to
∆IFORS2 = 2.82± 0.53.

3.3 Combined astrometric model

The astrometric measurements of the target are α?m =
αm cos δ and δm, corresponding to Right Ascension and Dec-
lination, respectively, in frame m at time tm relative to the

reference frame of background stars. These are modeled with
seven free parameters ∆α?0,∆δ0, µα? , µδ, $, d, and ρ as:

α?m =∆α?0 + µα? tm +$Πα,m− ρ f1,x,m− d f2,x,m
δm =∆δ0 + µδ tm +$Πδ,m + ρ f1,y,m+ d f2,y,m,

(1)

where ∆α?0,∆δ0 are the coordinate offsets, µα? , µδ are the
proper motions, and the parallactic motion is expressed as
the product of relative parallax $ and the parallax fac-
tors Πα,Πδ. The atmospheric differential chromatic refrac-
tion (DCR) is modelled with the free parameters ρ and d (La-
zorenko et al. 2011; Sahlmann et al. 2014) and the coefficients
f1 and f2, where the latter are fully determined as a function
of zenith angle, temperature, and pressure (Lazorenko 2006;
Sahlmann et al. 2013, 2016). The DCR treatment does not
involve the estimation of source colours, instead ρ and d are
empirical free model parameters that correspond to the ef-
fective colour of the target relative to the average reference
star.

The Keplerian orbit model adds an additional seven free
parameters to the model. These are the eccentricity e, the ar-
gument of periastron ω, the orbital period P , the longitude of
ascending node Ω, the orbital inclination i, the time of perias-
tron passage TP, and the semi-major axis of the photocentre
orbit aphot. Since we estimated the magnitude difference be-
tween the components in the filter bandpass in Section 3.2,
we can relate the photocentre orbit size to the barycentre or-
bit size a1 of the primary, similarly to Sahlmann et al. (2020).
In the photocentre astrometry model that is applied to the
FORS2 data we also include the astrometric nuisance pa-
rameters sα and sδ which can account for excess noise in the
astrometry (Sahlmann et al. 2013).

The five available radial velocity measurements of the pri-
mary (Table 4) were modelled in a standard way. As discussed
in Sahlmann et al. (2015b) we do not expect significant off-
sets between the UVES and NIRSPEC instruments and can
therefore model those data jointly. Since the radial velocity
variation of the primary is fully characterised by the orbital
parameters above, the inclusion of radial velocities adds only
the systemic velocity γ as free parameter.

Finally, we included the relative astrometric measurement
from the resolved Keck aperture mask observation (Table 2).
This allows us to determine model-independent masses be-
cause we can now directly adjust the primary and compan-
ion mass as free parameters (M1 and M2) instead of aphot or
a1. Apart from that, this step does not introduce any new
parameters because the relative orbit is fully determined by
the orbital parameters and the component masses.

MNRAS 000, 1–10 (2020)
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3.4 MCMC analysis

We used the astrometric and orbital parameters from
Sahlmann et al. (2015a) and reasonable guesses for the com-
ponent masses and systemic radial velocity as starting values
for a Markov Chain Monte Carlo (MCMC) analysis similar to
that described in Sahlmann et al. (2020). We used the emcee

package (Foreman-Mackey et al. 2013) to implement the
MCMC and expressed the binary model using pystrometry

(Sahlmann 2019)1 with the parameter vector θ composed of
∆α?0, ∆δ0, $, µα? , µδ, ρ, d, P , e, ω, TP , sα, sδ, M1, M2, i
and Ω, γ.

The magnitude difference ∆IFORS2 and the parallax correc-
tion ∆$ are incorporated as Gaussian priors in the MCMC
(see Sahlmann et al. 2020). Finally, the reference time TRef

and the absolute coordinates enter the model as constants.
The full model has 18 free parameters and two additional
parameters constrained by priors.

3.5 Results

In our analyses we are always using all the individual frame
data for the model fitting. For better visualisation of the re-
sults, however, we display only the epoch averages in the
figures. Figure 3 shows the photocentric orbit of the binary
in the sky and Figure 4 shows the same as a function of
time. Figures 5 and 6 show the relative orbit with the Keck
aperture mask measurement and Figure 7 shows the radial
velocity curve from the UVES and NIRSPEC measurements.

Table 5 lists the adopted solution parameters determined as
the median of the posterior distributions with 1 σ-equivalent
confidence intervals. The results are unexpected in the sense
that the primary mass of 0.052+0.009

−0.008MSun is very low for
an M8.5 dwarf and that the companion has essentially the
same mass as its host. For comparison, the mean of seven
dynamical masses for M8–M8.5 dwarfs measured by Dupuy
& Liu (2017) is 0.090MSun, within 1σ of the total mass of
the DE0630−18 system 0.104+0.013

−0.012,MSun.
To estimate the dependency of this result on the empir-

ically constrained ∆mag parameter, we repeated the same
analysis with larger magnitude differences, i.e. ∆I ′FORS2 =
∆IFORS2 + 1.5 mag and ∆I ′′FORS2 = ∆IFORS2 + 10 mag. The
results are reported in Tables 6 and 7, respectively, and we
concluded that our main results do not depend on the exact
value of the magnitude difference, because the derived masses
agree within the uncertainties.

The overall fit quality (photocentre motion, relative sepa-
ration, RV) is comparable and cannot be used to identify the
more likely scenario among the following cases:

• Nominal ∆IFORS2: This case corresponds to the ‘nomi-
nal’ optical flux ratio derived from the measured K-band flux
ratio and the empirical relationship from Section 3.2. The
primary mass and the companion mass are identical to each
other within the errors. The observational data appear not
to be fully compatible with the prior on ∆IFORS2 (=2.8±0.5
mag) since the corresponding posterior is shifted towards a
higher value (the median deviates by +0.7 mag).
• ∆I ′FORS2 = ∆IFORS2 + 1.5 mag: The primary is

marginally more massive than the companion (Table 6). The

1 https://github.com/Johannes-Sahlmann/pystrometry

Table 5. Solution derived from the MCMC.

Parameter Value

∆α?0 (mas) 574.59+0.17
−0.17

∆δ0 (mas) −902.60+0.08
−0.08

$abs (mas) 51.34+0.09
−0.09

µα? (mas yr−1) 326.74+0.05
−0.05

µδ (mas yr−1) −502.65+0.03
−0.03

ρ (mas) 19.91+0.71
−0.72

d (mas) −26.21+0.60
−0.60

P (day) 1135.14+1.67
−1.74

P (yr) 3.108+0.005
−0.005

Ω (◦) 111.65+0.12
−0.12

γ (m s−1) −10689.43+119.15
−123.47

λref (◦) −176.94+0.21
−0.20√

e sinω () −0.31+0.01
−0.01√

e cosω () 0.29+0.01
−0.01√

M2 sin i (MJup) 7.35+0.32
−0.30√

M2 cos i (MJup) −0.35+0.02
−0.02

sα (mas) 0.22+0.08
−0.10

sδ (mas) 0.16+0.10
−0.11

e () 0.183+0.007
−0.008

ω (◦) −46.76+1.80
−1.72

i (◦) 92.71+0.15
−0.15

TP (day) 56660.70+5.49
−5.17

aphot (mas) 23.55+0.06
−0.06

a1 (mas) 25.46+0.80
−0.61

arel (mas) 51.42+2.05
−1.99

arel (AU) 1.00+0.04
−0.04

M2 (MJup) 54.11+4.81
−4.36

Mtot (MSun) 0.104+0.013
−0.012

M1 (MSun) 0.052+0.009
−0.008

M2 (MSun) 0.052+0.005
−0.004

Priors

∆$ (mas) 0.34+0.07
−0.07

∆IFORS2 (mag) 3.54+0.43
−0.40

prior on ∆I ′FORS2 (=4.3± 0.5 mag) is better fulfilled and the
posterior’s median deviates only by +0.3 mag.
• ∆I ′′FORS2 = ∆IFORS2 + 10 mag: In this case the compan-

ion is essentially dark and photocentre and barycentre mo-
tion coincide. Table 7 tabulates the median posterior values.
The secondary is slightly less massive than in the previous
case and the primary mass remains unchanged. The prior on
∆I ′′FORS2 (=12.8± 0.5) is fulfilled.

4 DISCUSSION AND INTERPRETATION

4.1 Absolute Magnitudes and Colour

The 2MASS KS-band magnitude of DE0630−18 is
11.46±0.03 mag (Cutri et al. 2003). Our absolute paral-
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Table 6. Results with ∆I′FORS2 = ∆IFORS2 + 1.5 mag

Parameter Value

γ (m s−1) −10552.14+95.51
−100.11

aphot (mas) 23.55+0.06
−0.06

a1 (mas) 24.31+0.41
−0.29

arel (mas) 51.36+1.96
−1.90

arel (AU) 1.00+0.04
−0.04

Mtot (MSun) 0.104+0.012
−0.011

M1 (MSun) 0.055+0.008
−0.007

M2 (MSun) 0.049+0.004
−0.004

∆I′FORS2 (mag) 4.56+0.50
−0.47

Table 7. Results with ∆I′′FORS2 = ∆IFORS2 + 10 mag

Parameter Value

γ (m s−1) −10447.03+87.16
−90.73

aphot (mas) 23.54+0.06
−0.06

a1 (mas) 23.54+0.06
−0.06

arel (mas) 51.17+1.85
−1.88

arel (AU) 1.00+0.04
−0.04

Mtot (MSun) 0.103+0.011
−0.011

M1 (MSun) 0.055+0.008
−0.007

M2 (MSun) 0.047+0.003
−0.003

∆I′′FORS2 (mag) 12.81+0.53
−0.52

lax implies a distance of 19.478 ± 0.034 pc, for a system
absolute magnitude of MKS = 10.01±0.03 mag. Applying
our measured relative magnitude of 1.74±0.06 mag in the
Keck/NIRC2 KS-band filter, we infer component absolute
magnitudes MKS = 10.17 ± 0.03 mag for the primary and
MKs = 12.04± 0.11 mag for the secondary.

The primary is thus pretty much spot on for an M8.5. The
secondary is 1.7 mag fainter in K, thus faint enough that it
could correspond to an L5-L6 dwarf.

While the absolute brightness of DE0630−18 is consistent
with expectations, the near-infrared colour and spectrum of
this source are unusual. Its 2MASS J−Ks = 1.22±0.16 mag
is relatively red compared to optically-classified M8 dwarfs
(〈J − Ks〉 = 1.03 ± 0.17 mag; Schmidt et al. 2015). This
is clearly apparent in low-resolution near-infrared spectral
data of DE0630−18 from Bardalez Gagliuffi et al. (2019),
which has a consistent spectrophotometric color of J − Ks

= 1.26 and diverges from the M8 dwarf standard VB 10 be-
yond 1.3 µm (Figure 8). We found even worse agreement
with intermediate-gravity (INT-G or β) and very low-gravity
(VL-G or γ) M8 standards, consistent with the field gravity
classification based on the methods of Allers & Liu (2013).

4.2 Spectral binary fit

The most obvious explanation for this deviation is the contri-
bution of secondary light to the blended-light spectrum. We

200010000100020003000
Offset in Right Ascension (mas)

1000

0

Of
fs

et
 in

 D
ec

lin
at

io
n 

(m
as

)

201001020
Offset in Right Ascension (mas)

0

10

Of
fs

et
 in

 D
ec

lin
at

io
n 

(m
as

)
Figure 3. Best fit model of FORS2 parallax/proper motion (top)
and photocentric orbit (bottom). The black circles indicate the

epoch-averaged FORS2 measurements with uncertainties that are

smaller than the symbol size.
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Figure 4. Top: Best fit model of FORS2 photocentric orbit as a

function of time. Bottom: O-C residuals. The fit quality (0.27 mas

RMS) is marginally deteriorated compared to the astrometry-only
fit of Sahlmann et al. (2015a, Fig. 4, 0.24 mas RMS).

compared the spectrum of DE0630−18 to three sets of bi-
nary templates constructed from data drawn from the SpeX
Prism Library (Burgasser 2014). We created two “field” tem-
plate sets, using high signal-to-noise spectra (S/N ≥ 100)
of 285 M7-M9 dwarfs for the primaries, and either S/N ≥
75 spectra of 215 L1–L5 dwarfs (“early-type secondary”) or
S/N ≥ 30 spectra of 79 L5-L9 dwarfs (“late-type secondary”)
for the secondaries. We created a third “young” binary tem-
plate set by combining S/N ≥ 70 spectra of 104 M7-M9 and
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S/N ≥ 30 spectra of 78 L3-L7 intermediate-gravity dwarfs.
The gravity classifications of all templates were confirmed us-
ing the index-based scheme defined in Allers & Liu (2013).
The spectral components of all template binaries were scaled
to match the observed ∆Ks = 1.74 mag from the aperture
masking observations. The bottom three panels in Figure 8
show that field-gravity and intermediate-gravity binary tem-
plates reproduce the spectrum of DE0630−18 significantly
better than the single standards. The field template binaries
provide better fits than the intermediate-gravity template,
which shows low-level deviations across the 0.9–1.3 µm re-
gion, likely arising from mismatches in FeH band and atomic
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Figure 7. Top panel: RV measurements (black symbols; the UVES

data are from ∼2014 and the remaining data are from NIRSPEC)
and the best-fit orbit (solid curve). The grey area corresponds to

the 1-sigma equivalent range of RV values filled by random draws
from the posteriors. The systemic velocity is shown by the hori-

zontal dashed line. Bottom panel: O-C residuals.

line strengths. The field templates with early-type secon-
daries (∼L2) and late-type secondaries (∼L7) provide similar
agreement, so these fits are insufficient to firmly determine
the classification of the secondary, although the latter case
would be consistent with an unresolved secondary compo-
nent (see Section 4.5).

4.3 Moving group membership

Using our proper motion, parallax, and RV determinations
of DE0630−18 we probed kinematic membership in known
moving groups using the BANYAN tool2 (Gagné et al. 2018),
which yielded a 99.9 % probability that DE0630−18 is a field
object, thus there is no indication that it belongs to any of
the considered young moving groups.

4.4 Lithium

Despite the low masses in the system, we do not find signs of
lithium absorption in our UVES spectrum (Sahlmann et al.
2015a). We could place an upper limit of ∼1Å on the Li I
equivalent width (pEW) by visual inspection of simulations
that consisted of injecting a spectral signature in the observed
spectrum.

At ages younger than 200 Myr, the lithium depletion
boundary is located at MKs < 10.0 mag (Dahm 2015) and
consequently the lack of lithium detection in the primary in-
dicates an age older than 200 Myr for the system. Should
the age of the system be older than 200 Myr but younger
than 700 Myr, the secondary could have preserved its initial
lithium content. Considering for example the case that the
secondary would have a similar LiI equivalent width as that
of Hya12, an L4 member in the Hyades cluster with a pEW

2 http://www.exoplanetes.umontreal.ca/banyan
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Figure 8. From top to bottom, comparison of DE0630−18’s near-

infrared spectrum (black lines) to various spectral templates (ma-
genta lines): the M8 dwarf standard VB 10 (data from Bardalez
Gagliuffi et al. 2014), the intermediate-gravity M8β standard
2MASSI J0019262+461407 (data from Bardalez Gagliuffi et al.

2019), the best-fit blended-light spectrum composed of a field grav-
ity late-M primary (green line) and early-L secondary (blue line),
the best-fit blended-light spectrum composed of a field gravity

late-M primary (green line) and late-L secondary (blue line), and
the best-fit blended-light spectrum composed of an intermediate-

gravity late-M primary (green line) and L dwarf secondary (blue
line). The blended-light templates are all scaled to a relative mag-

nitude of ∆Ks = 1.74. All panels show the ±3σ uncertainties of
the DE0630−18 spectrum (grey region) and difference spectrum
(black line) at a median value of zero.

of 8.5 Å and an age of 650 Myr (Mart́ın et al. 2018). If the
primary contributes only flux, and no lithium absorption at
all, the lithium feature from the secondary would be diluted
by a factor of 15.8 considering a magnitude difference of 3 at
670.8 nm. The lithium feature in the secondary could then
appear as a moderately weak absorption with pEW of about
0.54 Å, which could not be detected in our UVES spectrum.

We note that a diluted lithium feature from the secondary
could be clearly detected in a reasonable exposure time of
about 1 hour with a similar instrumental setup as that
used for observing Hya12 with OSIRIS at the 10.4-meter
Gran Telescopio de Canarias. It would be interesting to at-
tempt such observation in the future in order to derive addi-
tional constraints on the age of the system. DE0630−18 may
thereby become a member of the exclusive club of brown
dwarf binaries for which dynamical masses and lithium de-
pletion factors can be determined for each component, joining
systems such as GJ 569B (Zapatero Osorio et al. 2005).

4.5 Interpretation

We have shown that no matter what the true ∆I is, the
primary mass remains very low. Assuming the primary is
single, its MKs ∼ 10.0 mag implies logLbol ∼ −3.3 dex,
and a mass of 0.055 Msun implies an age of ∼150 Myr from
the SM08 models. This is quite young for being FLD-G, but
not unprecedented (Aller et al. 2016). The problem is the
companion. If it is single, its inferred MKs ∼ 12 mag im-
plies logLbol ∼ −4.1 dex, and thus would have a mass of
∼0.030 Msun according to the SM08 models. This is incon-
sistent with the measured component mass, as well as the
combined mass of the system. ∼0.104 Msun. Moreover, an
equal mass system is in tension with the distinct spectral
morphologies inferred from the blended light infrared spec-
trum.

The empirical mass-MKs relationship of Mann et al. (2019)
for MKs ∼ 10.0 mag predicts a primary mass of 0.086 Msun

(±3%), which is also well above the astrometric mass mea-
sured here. Even if this higher mass is correct, the total mass
of the system we require a secondary mass of only 0.030 Msun,
again below its measured astrometric mass and consistent
with a ∼150 Myr-old system based on evolutionary models.

One scenario that could resolve these discrepancies is for
DE0630−18 to be a young triple system with an unresolved
binary secondary. For an age of ∼150 Myr, a primary of mass
0.055 Msun and an unresolved secondary with components
each of mass ∼0.025 Msun would be consistent with all ob-
servations. These include the measured masses, the relative
K-band magnitudes and component types (primary Teff ≈
2400 K, secondary Teff ≈ 1400 K), the absence of strong
intermediate-gravity features in infrared spectra, and the lack
of Li I in the combined-light optical spectra. Substellar triples
are already been identified in both the field and young mov-
ing groups (Bouy et al. 2005; Radigan et al. 2013; Dupuy &
Liu 2017; Triaud et al. 2020), and DE0630−18 may represent
such a system at an early stage of evolution.

5 CONCLUSIONS

We presented individual mass determinations of the compo-
nents in the DE0630−18 system on the basis of photocentre
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astrometry monitoring, one relative position determination,
and a five radial velocity observations. The results indicate
two components with nearly identical masses firmly in the
substellar regime. This result does not depend on the precise
value of the components’ magnitude difference in the optical,
which is the only quantity that we did not measure directly
but that we had to determine empirically.

Given the object’s M8.5 optical spectral type and absolute
magnitude, but lack of Li I absorption, this suggests that
DE0630−18 is a relatively young system (∼200 Myr). The
measured relative magnitude and distinct spectral compo-
nents inferred from analysis of its combined-light spectrum
are at tension with the mass measurements, but can be re-
solved if the secondary of DE0630−18 is itself an unresolved
binary.

Additional observations, e.g. a second relative separation
measurement and spectroscopy targeting the diluted lithium
signature from the secondary, would be beneficial in clarifying
the properties of DE0630−18.

ACKNOWLEDGEMENTS

This research made use of the databases at the Cen-
tre de Données astronomiques de Strasbourg (http://
cds.u-strasbg.fr); NASA’s Astrophysics Data System
Service (http://adsabs.harvard.edu/abstract_service.
html), the paper repositories at arXiv; the SpeX Prism
Libraries (http://www.browndwarfs.org/spexprism); and
ASTROPY, a community-developed core Python package
for Astronomy (Astropy Collaboration et al. 2013). The au-
thors also made use of SCIPY (Jones et al. 2001), NUMPY
(Oliphant 2007), IPYTHON (Pérez & Granger 2007), and
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