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ABSTRACT

Young M-type binaries are particularly useful for precise isochronal dating by taking advantage of their extended pre-main sequence
evolution. Orbital monitoring of these low-mass objects becomes essential in constraining their fundamental properties, as dynamical
masses can be extracted from their Keplerian motion. Here, we present the combined efforts of the AstraLux Large Multiplicity Survey,
together with a filler sub-programme from the SpHere INfrared Exoplanet (SHINE) project and previously unpublished data from
the FastCam lucky imaging camera at the Nordical Optical Telescope (NOT) and the NaCo instrument at the Very Large Telescope
(VLT). Building on previous work, we use archival and new astrometric data to constrain orbital parameters for 20 M-type binaries.
We identify that eight of the binaries have strong Bayesian probabilities and belong to known young moving groups (YMGs). We
provide a first attempt at constraining orbital parameters for 14 of the binaries in our sample, with the remaining six having previously
fitted orbits for which we provide additional astrometric data and updated Gaia parallaxes. The substantial orbital information built
up here for four of the binaries allows for direct comparison between individual dynamical masses and theoretical masses from stellar
evolutionary model isochrones, with an additional three binary systems with tentative individual dynamical mass estimates likely to
be improved in the near future. We attained an overall agreement between the dynamical masses and the theoretical masses from the
isochrones based on the assumed YMG age of the respective binary pair. The two systems with the best orbital constrains for which
we obtained individual dynamical masses, J0728 and J2317, display higher dynamical masses than predicted by evolutionary models.
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1. Introduction

The study of the multiplicity of stars is a useful diagnos-
tic for obtaining insight into their formation and dynami-
cal evolution, as it allows for important properties such as
binary fraction, semi-major axis distribution, and mass ratios
to be constrained (e.g., Burgasser et al. 2007). Since low-mass
M-dwarf stars form a natural link between the substellar brown
dwarfs and the solar-type stars, and the multiplicity frequency
tend to decline with lower masses and later spectral types
(Duchóne & Kraus 2013; Moe & Di Stefano 2017; Winters et al.
2019), it becomes even more crucial to discover and characterise
low-mass M-dwarf multiples. Hence, a rigorous understanding
of the multiplicity characteristics and their evolution within this
transitional mass-region that is made up of M dwarfs is vital for
constraining formation scenarios of low-mass stars and brown
dwarfs. Astrometric monitoring of such binary systems allow
for dynamical masses to be derived, which become essential in
the efforts of empirical calibrations of fundamental properties
such as the mass-luminosity relation and evolutionary models
(Dupuy & Liu 2017; Mann et al. 2019; Rizzuto et al. 2020). This
becomes even more important at the lowest stellar masses for
which the current theoretical models have been shown to sys-
tematically underestimate M-dwarf masses below M ≤ 0.5 M�
by 5−50% (e.g., Hillenbrand & White 2004; Montet et al. 2015;
Calissendorff et al. 2017; Biller et al. 2022). Since M dwarfs
evolve slowly and remain in their pre-main sequence phase for
∼100 Myr (Baraffe et al. 1998), M-dwarf binaries become valu-
able benchmark targets for astrophysical calibrations comparing
dynamical masses from observational data to isochronal models
(e.g., Janson et al. 2017). As such, groups and associations of stars
that can be expected to have originated from the same mutual
cluster or region, commonly referred to as young moving groups
(YMGs), have seen an increase in interest of late (e.g., Torres et al.
2008; Malo et al. 2013). Thus, M dwarfs residing in YMGs can be
isochronally dated, and binaries with estimated dynamical masses
can also be used to robustly test the coevality of the YMGs.

Motivated by these arguments for binary characterisation
and low-mass multiplicity studies, the AstraLux Large M-dwarf
Multiplicity Survey systematically studied over 1000 X-ray
active M dwarfs with the lucky imaging technique, identify-
ing ≈30% as multiple systems, many of which are known
YMG members (Bergfors et al. 2010; Janson et al. 2012, 2017).
Although most of these binaries have separations which corre-
spond to orbital periods of several decades to hundreds of years,
some have periods short enough so that they can already be
mapped out after a few years of monitoring.

The SpHere INfrared Exoplanet (SHINE) project utilis-
ing the Spectro-Polarimetric High-contrast Exoplanet REsearch
(SPHERE; Beuzit et al. 2019) instrument at the Very Large Tele-
scope (VLT) is surveying 500 stars with the purpose of directly
detecting substellar companions to the stars in order to better
understand their formation and early evolution (Chauvin et al.
2017b; Vigan et al. 2021). As an auxiliary result from the sur-
vey, several low-mass binaries that coincide with the AstraLux
survey sample (Desidera et al. 2021) have been observed with
high-contrast imaging which provides high quality precision
measurements (Langlois et al. 2021), which are excellent for
astrometry and useful for constraining orbital motion.

Here we present the latest results from the combined effort of
the AstraLux M-dwarf multiplicity monitoring programme and
the SHINE M-dwarf filler programme. We have identified the 20
most prominent systems for fundamental properties to be charac-
terised from the AstraLux Large Multiplicity Survey which have

sufficient orbital coverage with which first-hand constraints can
be made from orbital fitting routines. Out of these 20 systems,
eight have strong indicators to place them in YMGs and thereby
have their ages constrained.

The paper is divided up into the following sections that
cover the following areas: Sect. 2 where we go into detail on
how the target sample was collected from the different surveys
we combined, and the observations taken along with how data
were reduced. In Sect. 3 we explain the orbital fitting proce-
dures and present the main results and discussions in Sect. 4
where dynamical masses are compared to theoretical isochronal
models. Finally we provide a summary and conclusions in
Sect. 5. The collected astrometric data are given in Appendix A,
together with the resulting orbital fits for the binaries in
Appendix B.

2. Observations and data reduction

2.1. Sample selection and observations

The target list was created from a sample of known binaries
and higher hierarchical-systems from the AstraLux M-dwarf
multiplicity survey (Janson et al. 2012), consisting of over 200
M-dwarf multiple systems with separations within 0.08′′−6.0′′,
and the extended AstraLux sample (Janson et al. 2014a) of ≈60
multiples with spectral types M5 and later. We selected 20 sys-
tems for which we had identified to either have sufficient orbital
coverage that dynamical masses could be robustly constrained,
or undergone enough monitoring that ≥25% of the orbit can be
mapped out to provide some useful information. We present here
new observations from our survey and some previously unpub-
lished observations of the targets.

We compared the space velocities and positions of the tar-
gets with those of known YMGs and associations using the
BANYAN Σ-online tool (Gagné et al. 2018), the LACEwING
code (Riedel et al. 2017) and the GALEX convergence tool
(Rodriguez et al. 2013). Unless otherwise specified, parallaxes
and proper motions were obtained from the Gaia archive
(Gaia Collaboration 2016), both Gaia Data Release 2 (DR2;
Gaia Collaboration 2018) and Gaia Early Data Release 3
(EDR3; Gaia Collaboration 2021). Spectral types presented
in Table 1 were derived by Janson et al. (2012), using the
(i′ − z′) photometry obtained from the AstraLux observa-
tions and following the methods by Daemgen et al. (2007).
Some of the systems have additional information from the
resolved near-IR medium resolution spectra from SINFONI
which Calissendorff et al. (2020) used to derive near-IR spectral
types from the JHK bands and surface-gravity sensitive emis-
sion lines.

As the systems we present in this survey are binaries, we
refer to the distance to the systems from us as d in pc, and the
separation between the binary components as s, either in pro-
jected separations of milliarcseconds (mas) or physical as AU.
The target binaries all have designated Two Micron All-Sky
Survey (2MASS) identifiers, and we abbreviate them by their
first four to six digits as Jhhmm(ss). The target systems are
presented in Table 1. The YMGs of interest and their adopted
ages are shown in Table 2, and the target parallaxes and space
velocities shown in Table 3 which were used to derive member-
ship probabilities for each source. Not all YMGs and associa-
tions are included in each of the YMG membership probability
tools, and we did not introduce additional YMGs to the existing
code.
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Table 1. Target binary systems.

2MASS ID Alt. Name SpT (±0.5) SpT (±0.6) J H K
(i′ − z′) Near IR mag mag mag

J00085391+2050252 GJ 3010 M4.5+M6.0 8.87 ± 0.03 8.26 ± 0.03 8.01 ± 0.02
J01112542+1526214 GJ 3076 M5+M6 M3.1+M9.6 9.08 ± 0.03 8.51 ± 0.04 8.21 ± 0.03
J02255447+1746467 LP 410-22 M4+M5 10.22 ± 0.02 9.60 ± 0.02 9.33 ± 0.02
J02451431−4344102 LP 993-116 M4.0+M4.5 8.06 ± 0.02 7.53 ± 0.04 7.20 ± 0.02
J04373746−0229282 GJ 3305 M0+M3 7.30 ± 0.02 6.64 ± 0.05 6.41 ± 0.02
J04595855−0333123 UCAC4 433-008289 M4.0+M5.5 M1.7+M4.5 9.76 ± 0.02 9.20 ± 0.03 8.91 ± 0.02
J05320450−0305291 V* V1311 Ori M2.0+M3.5 7.88 ± 0.02 7.24 ± 0.04 7.01 ± 0.02
J06112997−7213388 AL 442 M4.0+M5.0 M2.9+M5.2 9.55 ± 0.02 8.96 ± 0.03 8.70 ± 0.03
J06134539−2352077 HD 43162B M3.5+M5.0 8.37 ± 0.03 7.79 ± 0.04 7.53 ± 0.02
J07285137−3014490 GJ 2060 M1.5+M3.5 M1+M3 6.62 ± 0.02 5.97 ± 0.04 5.72 ± 0.02
J09075823+2154111 UCAC4 560-047663 M2.0+M3.5 9.36 ± 0.02 8.72 ± 0.04 8.55 ± 0.02
J09164398−2447428 LP 845-40 M0.5+M2.5 8.70 ± 0.03 8.05 ± 0.03 7.83 ± 0.02
J10140807−7636327 [K2001c] 27 M4.0+M5.5 M2.9+M5.2 9.75 ± 0.02 9.16 ± 0.03 8.87 ± 0.02
J10364483+1521394(†) UCAC4 527-051290 M5.0+M5.0 M5.8+M4.3 9.97 ± 0.03 8.97 ± 0.03 8.73 ± 0.03
J20163382−0711456 TYC 5174-242-1 M0.0+M2.0 8.59 ± 0.03 7.96 ± 0.05 7.71 ± 0.02
J21372900−0555082 UCAC4 421-138878 M3.0+M3.5 8.78 ± 0.02 8.22 ± 0.03 7.91 ± 0.02
J23172807+1936469 GJ 4326 M3.0+M4.5 8.02 ± 0.02 7.41 ± 0.02 7.17 ± 0.02
J23261182+1700082 UCAC4 536-150368 M4.5+M6.0 9.36 ± 0.02 8.80 ± 0.03 8.53 ± 0.02
J23261707+2752034 UCAC4 590-138502 M3.0+M3.5 8.46 ± 0.02 7.87 ± 0.02 7.64 ± 0.02
J23495365+2427493 UCAC4 573-135909 M3.5+M4.5 M4.1+M5.2 9.91 ± 0.02 9.31 ± 0.02 9.06 ± 0.02

Notes. (†)J10364483+1521394 is a resolved triple system. Here we only consider the outer binary pair referred to as the BC components in the
literature. The photometry for the BC components are based on SINFONI observations from Calissendorff et al. (2020).

Table 2. Young moving groups.

Group name Acronym Age [Myr] Reference

βpic BPMG 24 ± 3 B15
AB Doradus ABDMG 149+51

−19 B15
Argus ARG 45 ± 5 Z18
Carina CAR 45+11

−7 B15
Carina-Near CARN ∼200 Z06
Columba COL 42+6

−4 B15
Hyades HYA 750 ± 100 BH15
Octans OCT 35 ± 5 ML15
Tucana-Horologium THA 45 ± 4 B15
TW Hydrae TWA 10 ± 3 B15
Ursa-Majoris UMA ∼400 J15

References. B15 = Bell et al. (2015); BH15 = Brandt & Huang (2015);
J15 = Jones et al. (2015); ML15 = Murphy & Lawson (2015); Z06 =
Zuckerman et al. (2006); Z18 = Zuckerman (2019).

2.1.1. AstraLux

The AstraLux Large Multiplicity Survey has been ongoing for
over a decade, collecting data of numerous visual binaries by
applying the lucky imaging technique. The survey primarily
employs two principle instruments; AstraLux Norte on the 2.2m
telescope in Calar Alto, Spain (Hormuth et al. 2008), as well
as AstraLux Sur at the 3.5m New Technology Telecope (NTT)
at La Silla, Chile (Hippler et al. 2009). The full frame field
of view for the respective AstraLux instrument is ≈24′′ × 24′′
for Norte and ≈15.7′′ × 15.7′′ for Sur, although typical obser-
vations utilise subarray redouts in order to minimise readout
times. AstraLux observations are mainly carried out in the SDSS
z′- and i′-bands, with a preference towards the z′- band due to its

smaller susceptibility to atmospheric refraction compared to the
i′-band (Bergfors et al. 2010).

Our observations typically consisted of 10 000–20 000 short
exposures of just 15−30 ms each, adding up to a total of 300 s
integration time. Both AstraLux Norte and AstraLux Sur data
were reduced with the real-time pipeline at the time of the obser-
vations, producing a final image from each observation where
a subset of 1−20% of the best frames taken were kept. Gen-
erally images where 10% of the frames were kept provided a
decent trade-off between sensitivity and resolution. Occasionally
for closely separated binaries of similar magnitudes the pipeline
would centre the frames on the secondary instead of the primary
star, leading to a false stellar ghost to appear at the same separa-
tion but shifted at a 180◦ from the real secondary (Bergfors et al.
2010).

We performed calibrations for the astrometric measure-
ments with AstraLux by comparing observations of the Orion
Trapezium Cluster and M15 to reference observations of
the same fields from McCaughrean & Stauffer (1994) and
van der Marel et al. (2002). The calibrations were performed by
measuring the positions of bright stars within the same field that
were recognisable and easily identified. We employed between
5–14 reference stars for the calibrations depending on the quality
of the point spread function (PSF) and brightness. We assigned
the brightest star in the field of view as the main reference, for
which we calculated the relative separation and positional angle
to for all other reference stars. We then compared the separa-
tions and positional angles for our AstraLux measurements to
those of the reference observations, taking the average ratio of
the separation as the plate scale and the standard deviation as its
uncertainty. Correction for True North was performed in simi-
lar manner where the average difference in positional angle was
used and standard deviation from the average assigned as the
uncertainty. The final AstraLux astrometric calibrations calcu-
lated here and those obtained from earlier literature are listed

A16, page 3 of 33



A&A 666, A16 (2022)

Table 3. Young moving group membership probabilities.

Name Parallax pmRA pmDEC BANYAN Σ LACEwING Convergence
[mas] [mas/yr] [mas/yr] YMG Prob. YMG Prob. YMG Prob.

J0008 (a) 55.26 ± 0.76 −48.64 ± 1.63 −260.19 ± 1.54 Field Field Field
J0111 (b) 58.00 ± 7.30 192 ± 8 −130 ± 8 BPMG 99.7 BPMG 84 BPMG 79.0
J0225 (b) 31 ± 1.9 185 ± 8 −39 ± 8 ARG 44 TWA 18 CARN 92.6
J0245 (c) 87.37 ± 1.33 24.0 ± 12.1 −366.1 ± 9.4 Field Field Field
J0437 36.01 ± 0.48 54.78 ± 0.50 −47.31 ± 0.39 BPMG 98.2 ARG 60 COL 94.6
J0459 22.26 ± 0.63 69.71 ± 0.55 38.13 ± 0.43 Field HYA 97 CARN 38.3
J0532 27.22 ± 0.58 10.10 ± 0.53 −40.12 ± 0.39 BPMG 99.2 BPMG 36 ABDMG 99.1
J0611 (a) 17.57 ± 0.41 22.58 ± 0.90 62.89 ± 0.73 CAR 97.7 COL 49 CARN 66.8
J0613 59.38 ± 0.41 −36.87 ± 0.32 124.76 ± 0.43 ARG 85.5 ARG 100 CARN 0.1
J0728 64.14 ± 0.47 −112.74 ± 0.43 −160.97 ± 0.48 ABDMG 99.6 ABDMG 100 ABDMG 8.5
J0907 27.39 ± 0.70 −56.98 ± 0.70 −187.22 ± 0.50 Field ABDMG 25 THA 46
J0916 23.02 ± 0.24 −194.86 ± 0.22 77.94 ± 0.21 Field Field CARN 38.5
J1014 (d) 14.5 ± 0.4 −47.2 ± 1.7 30.6 ± 3.6 CAR 92.5 CAR 91 CARN 99.9
J1036 49.98 ± 0.09 110.21 ± 0.10 −78.94 ± 0.08 Field Field Field
J2016 29.20 ± 1.20 42.34 ± 2.00 39.95 ± 1.65 Field Field CARN 2.8
J2137 (e) 62.1 ± 18.6 19 155 Field Field Field
J2317 60.77 ± 0.76 352.05 ± 0.73 −131.06 ± 0.59 Field Field THA 18.2
J232611 46.18 ± 0.45 125.91 ± 0.37 −43.93 ± 0.37 Field Field THA 74.8
J232617 38.76 ± 0.40 −42.38 ± 0.43 −42.88 ± 0.32 Field Field Field
J2349 21.11 ± 0.6 121.78 ± 0.55 −48.08 ± 0.46 Field OCT 16 TWA 99.8

Notes. Parallax and proper motions were obtained from the Gaia EDR3 catalogue with the exceptions: (a)Gaia DR2; (b)Dittmann et al. (2014);
(c)Riedel et al. (2014); (d)Malo et al. (2013); (e)Lépine & Gaidos (2011).

in Table 4. For two epochs, February and April of 2015, we
did not have proper reference fields to calibrate the astrometry
to with AstraLux Norte, and we assumed a mean pixel scale
and correction for True North from the other AstraLux Norte
epochs with proper calibration. This only affected two observa-
tions of the J1036BC binary and we assumed that the instrument
had not changed significantly at this time compared to our other
observed epochs. An alteration in plate scale from our smallest
to largest calibration values would only change the resulting pro-
jected separation for the binary by ∼1 mas.

2.1.2. NaCo

We downloaded the NaCo data from the ESO archive together
with their associated calibration files and performed basic reduc-
tions using custom scripts with Python. These basic reductions
included corrections for bias, dark, flatfield division and combi-
nation of multiple frames.

We applied the astrometric corrections from Chauvin et al.
(2010) using plate scales 27.01 ± 0.05 mas pxl−1 for observa-
tions in the L′-band and 13.25±0.05 mas pxl−1 for shorter wave-
lengths. We do not correct the observing frames here for True
North, but instead add a factor of ±0.20 deg to the uncertainty
for the positional angle of each astrometric data point given by
NaCo data, which is in line with the True North corrections
obtained by Chauvin et al. (2010).

2.1.3. NOT FastCam

The Lucky Imaging FastCam is an instrument at the Roque
de los Muchachos Observatory on La Palma in the Canaries,
Spain, designed and capable of obtaining high-resolution images
in optical wavelengths from medium-sized ground-based tele-
scopes at the observatory (Oscoz et al. 2008). The instrument

features a 512×512 pixels L3CCD from Andor Technology, and
a special software package that reduces images in parallel with
the data acquisition at the telescope, so that a small fraction of
images with minimal atmospheric turbulence can be evaluated
in real-time. For our observations, the FastCam instrument was
mounted at the 2.56-m Nordic Optical Telescope (NOT), and the
observations were carried out in August and November of 2016
using the I-band at 820 nm.

The astrometric calibrations were made in a similar way
to our AstraLux astrometric calibrations, comparing reference
fields of the M15 stellar cluster with images taken by the
Hubble Space Telescope. We obtained a platescale of 30.6 ±
0.1 mas pixel−1 for the 2016.63 epoch in August, and a platescale
of 30.5 ± 0.1 mas pixel−1 for the November epoch of 2016.87.
The corresponding corrections for True North were +3.64 ±
0.01◦ and −1.54 ± 0.1◦ respectively.

2.1.4. SPHERE

The SPHERE data were collected as part of a sub-programme for
the SHINE survey (Chauvin et al. 2017a). The filler programme
from which our observations was taken were devoted to astro-
metric monitoring of tight visual binaries, many of which had
been discovered in the AstraLux survey.

The observations were taken with the instrument operating
in field-tracking mode without any coronograph. Observations
were carried out in the IRDIFS-EXT mode, which enabled for
simultaneous observations with the integral field spectrograph
(IFS; Claudi et al. 2008; Mesa et al. 2015) and the dual-band
imaging sub-instrument IRDIS (Dohlen et al. 2008; Vigan et al.
2010). The IFS instrument operated in wavelengths between
0.96−1.64 µm in the Y to H bands, while IRDIS observations
were predominately performed with the K1 (λc = 2.110 ±
0.102 µm) and K2 (λc = 2.251 ± 0.109 µm) bands, as well as
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Table 4. Astrometric calibration for AstraLux observations.

Date Plate Scale True North Reference
[mas/pxl] [deg]

2008.03 23.58 ± 0.15 −0.319 ± 0.18 J12
2008.88 23.68 ± 0.01 0.238 ± 0.05 J14b
2009.13 23.55 ± 0.17 0.224 ± 0.20 This work
2015.17 15.23 ± 0.13 2.87 ± 0.26 This work
2015.90 15.20 ± 0.12 −2.09 ± 0.39 This work
2015.99 15.20 ± 0.11 −2.41 ± 0.30 This work
2016.38 15.27 ± 0.19 2.64 ± 0.22 This work
2018.39 15.26 ± 0.19 3.43 ± 0.41 This work
2018.63 15.13 ± 0.49 −3.40 ± 0.39 This work

References. J12 = Janson et al. (2012); J14b = Janson et al. (2014b).

the H2 (λc = 1.593±0.052 µm) and H3 (λc = 1.667±0.054 µm)
bands.

All SPHERE data, both IRDIS and IFS modes, were down-
loaded and reduced using the SPHERE data centre (Pavlov et al.
2008; Delorme et al. 2017). The reductions carried out by the
automated pipeline included basic corrections for bad pixels,
dark current, flat field, as well as corrections for the instru-
ment distortion (Maire et al. 2016a) and rotation. Calibrations
of the platescale and for the True North angle were performed
in accordance to Maire et al. (2016b), with typical corrections
of ≈12.267 mas pixel−1 for IRDIS and ≈7.46 mas pixel−1 for IFS
observations, with a True North of ≈−1.75◦. The specific plate
scale and True North corrections handled by the pipeline are
stated for each individual observing data point.

From the astrometric measurements described in Sect. 2.2
we also obtained accurate flux-ratios for the components in each
system. We summarised the resulting contrast magnitudes in the
SPHERE dual-band images in Table 5. Not all observed epochs
had separate dual-band images available and thus missing from
the table.

We did not use the IFS data to perform any spectral anal-
ysis of the targets here, some of which have superseding
spectral information from the SINFONI observations instead
(Calissendorff et al. 2020). Instead, we collapsed the data cubes
and performed astrometry on a single frame from the IFS data.

2.2. Astrometry

Astrometric positions were calculated with the same procedure
as described in Calissendorff et al. (2017, 2019, 2020). Con-
cisely, a grid in x and y positions was constructed where we
scaled the brightness of a reference PSF, placing two of them
on the grid which were sequentially shifted in positions to match
the observed data. A residual was then calculated by subtract-
ing the constructed model from the observed data, and the pro-
cedure was iterated while scaling the brightnesses and shifting
the positions of the model until a minimum residual could be
found. The basic workflow of the astrometry extraction proce-
dure is illustrated in Fig. 1 where we used the J1036BC binary
and our AstraLux data from April 2015 as an example.

The astrometric extraction was performed in the same man-
ner for all observations and instruments considered here. Gener-
ally we would try to obtain a good PSF reference from the same
or close to the same epoch as the observation we were extract-
ing astrometry from. In previous AstraLux observing campaigns,
designated PSF reference in the form of single stars have been

Table 5. Contrast in magnitudes for dual band SPHERE observations.

Target Obs. Date Band ∆ mag
yyyy-mm-dd

J0611 2017-02-06 K1 0.28 ± 0.03
J0611 2017-02-06 K2 0.29 ± 0.01
J0611 2019-03-05 K2 0.28 ± 0.01
J0728 2016-03-27 H2 1.07 ± 0.02
J0728 2016-03-27 H3 1.08 ± 0.01
J0916 2018-01-27 K1 0.44 ± 0.07
J0916 2018-01-27 K2 0.44 ± 0.04
J0916 2018-02-25 K1 0.45 ± 0.07
J0916 2018-02-25 K2 0.42 ± 0.05
J0916 2019-03-06 K1 0.27 ± 0.05
J0916 2019-03-06 K2 0.30 ± 0.04
J1014 2018-05-06 H2 0.04 ± 0.01
J1014 2018-05-06 H3 0.06 ± 0.01
J1014 2019-03-09 K1 0.05 ± 0.01
J1014 2019-03-09 K2 0.06 ± 0.01
J1036 2018-04-17 K2 0.02 ± 0.01
J2016 2015-09-24 K1 0.36 ± 0.01
J2016 2015-09-24 K2 0.32 ± 0.01
J2317 2015-09-25 K1 1.22 ± 0.01
J2317 2015-09-25 K2 1.17 ± 0.01
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Fig. 1. Astrometric extraction example for the J1036BC binary. The
upper plots display the observed AstraLux data for the binary pair and
a PSF reference. The lower plots show the constructed model using
two brightness-scaled and position-shifted PSF models, and the residual
after subtracting the model from the observed data. The plots here have
been normalised to the peak value of the observed data, are scaled lin-
early in the plots. The colour-bar markers indicate the peak and bottom
values for the observed data. The residual for the AstraLux is typically
of the order of ±15%, whereas with SPHERE the residual is more com-
monly around ±1%.

procured (Janson et al. 2012, 2014a). However, that was not the
case for later epochs. Instead, we identified which binaries or
higher hierarchical systems had large relative separations or iso-
lated components, which we then used as PSF references. For
AstraLux, FastCam and SPHERE we had access to the primary
in the triplet 2MASS J10364483+1521394 system for several
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epochs, which was close to an ideal PSF reference for our
intended purposes given the similar M-dwarf spectral type of the
component to the rest of our target sample and that it was avail-
able for most out of our observed epochs. The primary compo-
nent in the system has a projected separation of ≈1′′ to the outer
binary pair and can be viewed as a single star-proxy in this con-
text. Another benefit from using the primary of J1036 was that
whatever aberrations afflicted the observations, altering the PSFs
of the binary, would also be seen in the reference PSF so that
they could be accounted for. Nevertheless, to increase the sta-
tistical certainty of the astrometric measurements we typically
used between 3–10 different reference PSFs depending on target
quality and instrument applied. We then calculated the mean sep-
aration and positional angles, using the standard deviation as the
error which we added quadratically together with the instrumen-
tal errors (plate scale and True North errors) to the uncertainty.
We did not try to mix PSF references from observations taken
with different instruments or settings.

Due to the larger field of view and smaller plate scales for
the VLT instruments NaCo and SPHERE, we could with ease
isolate single components and use them as PSF references. For
the AstraLux observations we had the advantage of having a
plethora of multiple systems to choose from in the AstraLux
Multiplicity Survey. The FastCam observations however did not
have quite the same luxury, as the coarser plate scale made it
more cumbersome to isolate single components. As such, we
mainly used the primaries from the J0111 observations taken in
August and the J1036 observations taken in November as PSF
references. We also included three additional references for our
FastCam astrometry; J0103, J0916 and J1641, which are known
tightly bound binaries but appeared as unresolved single sources
in the FastCam observations.

Since SINFONI was not calibrated for astrometry we added
an extra uncertainty term. We checked the consistency between
the SINFONI astrometry presented in Calissendorff et al. (2020)
and our SPHERE astrometry for the binaries which were
observed at similar epochs and found no large discrepancy
between the two. We therefore included the SINFONI data
points into the fitting procedure when they were believed to aid
in constraining orbital parameters.

2.3. Radial velocities

The orbital motion from the two components in the binaries
make them subject to Doppler shifts which can be measured and
useful for constraining the orbital motion further. We searched
the literature and uncovered unresolved radial velocity (RV)
observations for 16 binaries in our sample, which we included
into our MCMC fitting to aid the orbital fitting procedure. How-
ever, the RV data in the literature is mostly compromised of
unresolved measurements in which the two lines from the two
components in the binary are blended together. As the strength
of these lines are dependent on the spectral template used and
fitting method for deriving the RV measurement, which differs
from authors and instruments, most RV data were deemed unus-
able for our the orbital fitting. Hence, only the RV data for seven
systems was used in the final orbital fits, listed here in Table 6
and shown in their respective fit in Fig. 2, where targets with too
few RV observations or lack of baseline were omitted.

For the seven instances where RV data were available and
useful, we included two additional parameters to the MCMC
code which evaluated the probability density functions (PDFs)
of the offset velocity v0 and RV amplitude K. In the adopted for-
malism which assumed a Keplerian orbit, the radial velocity can

Table 6. Radial velocity data.

Target MJD Instrument RV [km s−1]

J0437 53707.288 FEROS 20.40 ± 0.09
55203.146 FEROS 24.25 ± 0.09
56912.331 FEROS 23.04 ± 0.09
56979.236 FEROS 22.89 ± 0.08
57059.095 FEROS 22.89 ± 0.08
57290.319 FEROS 22.21 ± 0.08
57291.257 FEROS 22.46 ± 0.10

J0459 55942.000 MIKE 43.33 ± 0.21
56912.344 FEROS 43.17 ± 0.21
56980.125 FEROS 43.03 ± 0.17
57060.127 FEROS 43.00 ± 0.19
57291.272 FEROS 42.80 ± 0.19

J0532 55526.282 FEROS 24.26 ± 0.13
55615.041 FEROS 24.24 ± 0.12
56164.407 FEROS 24.80 ± 0.14
56645.000 DuPont 25.58 ± 0.65
56980.258 FEROS 24.82 ± 0.14
57059.134 FEROS 25.23 ± 0.13

J0613 55522.312 FEROS 21.28 ± 0.21
56168.403 FEROS 22.07 ± 0.25
56402.000 CRIRES 22.90 ± 0.20
56700.142 FEROS 22.90 ± 0.19
56980.335 FEROS 22.91 ± 0.23
57058.209 FEROS 23.11 ± 0.23

J0728 53421.159 FEROS 29.93 ± 0.10
53423.153 FEROS 30.09 ± 0.10
54168.043 FEROS 28.31 ± 0.10
55526.355 FEROS 27.74 ± 0.11
56173.407 FEROS 28.08 ± 0.10
56980.349 FEROS 28.91 ± 0.12
57058.295 FEROS 28.74 ± 0.12
57166.001 FEROS 28.90 ± 0.13
57853.031 FEROS 28.15 ± 0.08
57855.144 FEROS 28.29 ± 0.10

J0916 56746.000 DuPont 22.85 ± 0.70
56984.343 FEROS 21.21 ± 0.12
57059.297 FEROS 20.43 ± 0.15
57060.209 FEROS 20.54 ± 0.15
57166.015 FEROS 19.66 ± 0.16

J2317 54995.000 DuPont −1.04 ± 0.84
56432.000 ESPaDOnS 4.40 ± 0.20
56912.207 FEROS −0.06 ± 0.14
56979.091 FEROS −0.79 ± 0.13

Notes. FEROS (3500−9200 Å) data from Durkan et al. (2018);
DuPpont (3700−7000 Å), ESPaDOnS (3700−10 500 Å) and
MIKE (4900−10 000 Å) from Schneider et al. (2019); CRIRES
(15 306−15 688 Å) from Malo et al. (2014).

be described as

vrad = K
cos(θ + ω) + e cos(ω)√

1 − e2
+ v0, (1)

which amplitude for pure SB1 binaries is deduced from the mass
fraction of the secondary component mB/mtot as

K =
2π
P

mB

mtot
a sin i. (2)

In principle, the RV data allows for fractional mass and
thereby individual masses for the binary components to be
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Fig. 2. Radial velocity fits from the data gathered in Table 6 used to constrain dynamical masses for the binaries. The binaries are listed from left
to right in the figure as J0437 and J0459 on the first top row; J0532 and J0613 on the second row from the top; J0728 and J0916 on the third row
from the top; and J2317 on the bottom row. The shades of grey represent the first, second and third sigma intervals of the values predicted by the
fit for each epoch, where sigma is the standard deviation.

derived. However, that is when considering pure SB1 binaries,
which is a questionable assumption for the relatively high flux-
ratios (and mass-ratios) in our target sample. Therefore, we
applied the same method as in Rodet et al. (2018), proposed by
Montet et al. (2015), and assumed the sum of two flux-weighted
individual RVs to be the considered RV measured. The orbital fit

could then fit the RV amplitude as

K = (1 − F)KA − F KB (3)

=
2π
P

a sin i
(
(1 − F)

mB

mtot
− F

mA

mtot

)
(4)
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Table 7. Flux ratios for radial velocities.

FEROS 3500−9200 Å
AstraLux i′ 6689−8389 Å

Target i′-band flux ratio
J0437 0.03 ± 0.01
J0459 0.19 ± 0.01
J0532 0.24 ± 0.02
J0613 0.20 ± 0.01
J0728 0.21 ± 0.01
J0916 0.30 ± 0.04
J2317 0.17 ± 0.02

with F = LV
B/(L

V
A+LV

B) being the fractional flux, LV
A and LV

B being
the luminosities in the visible spectrum for each component, and
KA and KB the respective RV amplitude.

The majority of the RV data were obtained from the
Fiber-fed Extended Range Optical Spectrograph (FEROS)
instrument at the ESO-2.20m telescope (Kaufer et al. 1999),
with a wavelength coverage of λ 3500−9200 Å and resolving
power of R = 48 000. We did not perform the RV observations or
any reanalysis of the data here, using only the values stated from
the given literature cited in Table 6. We estimated the flux ratios
from the magnitude difference in the i′-band from the AstraLux
observations, as the i′ span the wavelength λ ∼ 6700−8400 Å,
thereby encompassing the most similar wavelength range as the
FEROS RV data. For the J2016 system we did not posses any
flux-ratio in the i′-band and applied the flux-ratio in the I-band
from the FastCam/NOT observations instead, which has a ref-
erence wavelength of λref ∼ 8200 Å. The flux ratios used in
our calculations are shown in Table 7. The reported uncertain-
ties of the flux-ratios are likely underestimated due to the differ-
ent wavelength coverage by the photometric bands and that of
FEROS.

This approach of weighing RV signals by the flux-ratio
proved to have some limitations, where some estimated flux-
ratios resulted in fractional-masses with higher dynamical mass
for the secondary component B compared to the primary A com-
ponent. We kept the results we obtained from our calculations,
but highlight the caveat of the method not being fully reliable
for our target sample, mainly serving as a first-order method.
In order to disentangle the two lines for more precise estimates
require more refined methods, for example tracing back individ-
ual RVs (e.g., Czekala et al. 2017).

3. Orbital fitting

For the orbital fitting procedure we fit the relative orbit of the
fainter component in the binary, typically denoted as B here,
with respect to the brighter A component. We assumed Keplerian
orbits projected on the plane of the sky, so that in the chosen for-
malism the astrometric position of the companion B could be
written as:

x = ∆Dec = r(cos(ω + θ) cos Ω − sin(ω + θ) cos i sin Ω) (5)
y = ∆Ra = r(cos(ω + θ) sin Ω + sin(ω + θ) cos i cos Ω) (6)

with ω being the argument of the periastron, θ the true anomaly,
Ω the longitude of the ascending node and i the inclination. Here,
r = a(1 − e2)/(1 + e cos θ) is the radius with a being the semi-
major axis and e the eccentricity. The orbital fits were then per-
formed using the observed astrometries to derive the most likely

seven orbital parameters; a, e, ω, Ω, i, period P and time of peri-
astron tp.

In order to derive and constrain orbital parameters for our
target binaries we applied two complementary approaches and
codes. Initially, we applied a grid-search of the seven orbital
parameters, the same as described in Calissendorff et al. (2017)
and (Köhler et al. 2008, 2012, 2013, 2016). The procedure deter-
mined Thiele-Innes elements for points in a grid by solving a lin-
ear fit to the astrometric data utilising singular value decompo-
sition. The grid-search was then repeated until a minimum was
found and refined for a smaller grid step size. The best-fitted
parameters were then determined by comparing the reduced χ2

from the resulting orbit obtained from the fitted parameters and
the relative astrometry for the binary components as

χ2
ν =

χ2

2Nobs − 7

with

χ2 =
∑

i

( sobs, i − smod, i

σs,i

)2

+

(
PAobs, i − PAmod, i

σPA, i

)2 ,
where 7 is the number of orbital parameters fitted (9 parame-
ters for systems where RV measurements were applied), s and
PA are the separation and positional angles respectively, and
σ their uncertainty. The algorithm is based on a Levenberg-
Marquardt χ2 minimisation (Press et al. 1992), and relies heavily
on the starting values which may bias certain orbital parameters
if given insufficient orbital coverage or poor initial conditions.
We stress that a low χ2

ν-value is not necessarily a good indicator
for a good orbital fit by itself, rather that the measured astromet-
ric data points are well fitted to the calculated orbit. As such, a
high χ2

ν value is not inevitably a bad orbital fit, but could indi-
cate for the uncertainty in the measured astrometric data points
to be underestimated, and therefore also the uncertainty in the
derived orbital parameters and resulting dynamical mass esti-
mate. In order to address the underestimation of the uncertainty
we scaled the astrometric errors for orbits in the grid by

√
χ2
ν and

refitted the orbits while ensuring that the χ2
ν was equal to 1.

For the second approach for constraining the orbital param-
eters we employed an Monte-Carlo Markov chain (MCMC)
Bayesian analysis technique (Ford 2005, 2006), the same as
used in Rodet et al. (2018). From the MCMC code we obtained
the PDFs for the parameters. A sample of 500 000 orbits were
randomly picked following the convergence criterion of the
applied Gelman-Rubin statistics in the fitting. The sample was
assumed as representative of the PDFs of the orbital elements
given the initial priors, which were chosen to be uniform in
p = (ln a, ln P, e, cos i,Ω + ω,ω − Ω, tp). In this way, any orbital
solution with the couples (ω,Ω) and (ω + π,Ω + π) yield the
same astrometries, and thus the algorithm fits Ω + ω and ω − Ω
to avoid this degeneracy. Nevertheless, due to how the (Ω, ω)
pair is defined, some degeneracy remains and the MCMC occa-
sionally found two families of solutions for some orbits, which
is interpreted as a ±180 ◦ ambiguity by the routine. The actual
uncertainty is more centred upon the probability peak for each
family of solutions. Therefore, for systems which lack RV and
are subjected to this degeneracy we cut 90◦ around the most
probable peak and computed the error around that single inter-
val, allowing for a well-defined uncertainty when the distribution
is clearly peaked. The introduction of RV breaks the degeneracy
of the (Ω, ω) couple, so that unique values for these variables
could be derived for the systems which had sufficient RV data.
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The observations with associated astrometric measurements
gathered in this work are listed at the end of the paper in the
Appendix A, where s is the separation between the binaries in
mas, PA the positional angle in degrees. In the table we also
listed the deviation between the orbital fit from the grid-method
and the observations as |∆s|/σs and |∆PA|/σPA, which were cal-
culated as

√
(obs − fit)2/σobs. The χ2 is then related as the sum

of the squares of the deviations.
The resulting orbits from the grid-search orbital fitting pro-

cedure are shown in Figs. B.1–B.20 together with their associ-
ated best-fit parameters, and the 68% confidence interval around
the probability peak for the MCMC. The astrometric measure-
ments are included in the figures as black dots, with grey ellipses
representing their associated uncertainty at the 1-σ level before
scaling, and blue lines connect their expected positions from the
fit. Most epochs are labelled with their date of observations, but
some plots feature less explicitly spelled out dates to avoid clut-
tering the figure. The semi-major axis a and total system mass
Ms are listed in both AU and solar masses, as well as in units
of mas and mas2 yr−3 in order to give the values without distance
measurements and uncertainties incorporated. The (ω,Ω) couple
which have confidence intervals defined with a ±180◦ degener-
acy for systems that lack RV measurements are marked with an
asterisk (∗). The results from the MCMC with associated proba-
bility peaks and orbits are given in Appendix B.1 for the previ-
ously unpublished constraints of the J0613, J0916 and J232617
systems.

We noted that the minimised χ2
ν-value was not sufficient

alone to objectively disclose the robustness of a given orbital
fit. Instead, we adopted a custom-made grading system loosely
based on the orbital fit grading criteria from Worley & Heintz
(1983) and Hartkopf et al. (2001) in order to quantitatively
assess how well-constrained each orbital fit was. A direct com-
parison to the grading criteria from Worley & Heintz (1983)
could not be made, as for example it does not account for the
additional RV data we possessed for some of our systems, nor
did we weight the observations or literature epochs when esti-
mating our grades. For each orbit we calculated a value from a
linear combination of the largest gap for the positional angle and
phase1 coverage for the observed epochs of the orbit, divided
by the number of orbital revolutions and observed epochs. The
values for all systems were sequentially scaled between 1 and
5 from lowest (best, J0008) to highest (worst, J0611) value,
effectively creating five equally sized bins. The details of the
calculations are outlined in Appendix C, with final grades pre-
sented in Table C.1. Because the grid-search method included
more astrometric data points and to be consistent with the
method used for the main results, we employed this strategy
for the orbits obtained from the grid-search approach only, and
adopted the following grading scale: reliable (1), the orbit is
well-constrained; good (2), only minor changes to the orbital ele-
ments are expected; tentative (3), no major changes are expected
for the orbit; preliminary (4), substantial revisions for the orbit
are likely; indetermined (5), the orbital elements are not reliable
or necessarily approximately correct.

One of the important factors allowing for constrained
dynamical masses in our survey is due to to the updated par-
allaxes from the Gaia mission, as the distance to the system is
typically the main contribution to the uncertainty. With that in
mind, it is worth noting that the current Gaia data releases are

1 The phase coverage is calculated from the time of periastron and
the period of the orbit, and used to better represent orbits with high
inclination where the positional angle does not change much.

not yet optimised for handling binaries as they are not photo-
metrically resolved, and further improvements are expected to
follow in future releases. The impact of the Gaia parallax mea-
surements is more thoroughly explained for the individual sys-
tems in Appendix D.

4. Results and discussion

We were able to derive individual dynamical masses for the
binary components for seven systems in our target sample. Fur-
thermore, we were able to procure luminosities from the resolved
observations and age estimates from their adopted YMG mem-
bership for the respective systems, which together with their
dynamical masses we compared to pre- main sequence (PMS)
evolutionary models, probing their accuracy.

Although many evolutionary models exist in the literature,
here we adopted the evolutionary models from Baraffe et al.
(2015, hereafter BHAC15), as they are well-suited for lower
mass stars and younger ages, reflecting our target sample. The
dynamical mass estimates for the binaries with individual masses
are plotted against stellar isochrones from the BHAC15 mod-
els in Fig. 3 in a mass-luminosity diagram. The individual mass
data-points with distances to the respective system, correspond-
ing absolute magnitudes, their approximate associate age, and
estimated theoretical mass from the BHAC15 models are listed
in Table 8. The age-ranges listed in the Table 8 show the ages
of the isochrones used to calculate the theoretical mass, and not
the given age-range of the respective YMG shown in Table 1.
The absolute magnitudes were calculated from the unresolved
2MASS K-band magnitudes of the systems, together with the
K-band flux-ratios from our SPHERE observations or from
previous SINFONI observations (Calissendorff et al. 2020). We
therefore prescribe K′ name convention for the absolute magni-
tude in the fourth column of Table 8 in in order to highlight this
difference.

Overall we found a good consistency between the dynami-
cal mass estimates and the theoretical mass from the models in
Fig. 3. Most systems have dynamical masses which correspond
well with the ages from their respective YMG according to the
isochrone tracks. We found two outliers from the prediction of
the isochrones in the mass-magnitude diagram, J0459 and J0532.
The space velocities for J0459 does not suggest it to belong to
any known YMG or association, albeit the binary components
are placed amongst the younger isochrones at around ≈40 Myrs
in the mass-magnitude diagram in Fig. 3. Nevertheless, the orbit
for the system is not constrained to such a degree that stringent
dynamical masses could be procured, and it is likely that our
estimate is low. A higher mass would bring the system more in
line with an older age. For J0532 we found a tentative orbital
fit, displaying some degeneracy in the period-separation space
which caused large uncertainties on the dynamical mass. Even
with the large formal error bars we found a higher dynamical
mass compared to what was expected by the model isochrones
for the given young age. This discrepancy is likely attributed to
the uncertain method of using the flux-ratio for the RV signals to
derive the mass-ratio, but could also potentially be explained by
the the individual components being unresolved binaries them-
selves, causing the observed source to appear underluminous for
its mass. Nevertheless, such unseen companions would have to
be in close-in orbits of less than one AU to avoid detection from
our SPHERE observations.

The RV data for the J0916 system aided in constraining the
orbit, and was consistent with a Keplerian orbit. However, the
flux-weighted approximation for inferring mass-fraction did not
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Fig. 3. Mass-magnitude diagram of the individual
components for the targets we were able to resolve
and derive dynamical masses for. The filled areas
display isochrones with ages ranging from 10, 20,
30, 50, 120 to 400 Myr from the BHAC15 mod-
els. Each binary pair is represented by a differ-
ent set of symbols, with the secondary compo-
nent being slightly faded out and having dashed
lines for the uncertainty. For J1036 the masses and
brightnesses are equal and the two components
are overplotted on top of eachother. Magnitudes
here are shown as absolute magnitudes, which are
also listed in Table 8 together the distances and
corresponding theoretical masses for the approxi-
mate age-range of the associated YMG.

Table 8. Dynamical masses for individual binary components.

Target Dynamical. Mass Distance App. Mag. Age Theoretical Mass
[M�] [pc] [K′] [Myr] [M�]

J0437A 0.52 ± 0.02 27.77 ± 0.37 6.79 ± 0.04 20–30 0.60–0.69
J0437B 0.40+0.03

−0.02 27.77 ± 0.37 7.72 ± 0.03 20–30 0.32–0.41
J0459A 0.19+0.03

−0.11 44.93 ± 1.26 9.22 ± 0.06 >500 0.47–0.49
J0459B 0.07+0.09

−0.01 44.93 ± 1.26 10.43 ± 0.03 >500 0.28–0.29
J0532A 0.59+0.09

−0.08 36.74 ± 0.78 7.50 ± 0.05 20–30 0.56–0.66
J0532B 0.42+0.08

−0.07 36.74 ± 0.78 8.12 ± 0.05 20–30 0.37–0.48
J0613A 0.36+0.29

−0.09 16.84 ± 0.12 7.85 ± 0.03 30–50 0.17–0.23
J0613B 0.21+0.12

−0.04 16.84 ± 0.12 9.02 ± 0.03 30–50 0.07–0.10
J0728A 0.52 ± 0.08 15.59 ± 0.11 6.09 ± 0.01 120–200 0.60–0.61
J0728B 0.55 ± 0.09 15.59 ± 0.11 7.06 ± 0.03 120–200 0.43–0.46
J1036B 0.17 ± 0.01 20.01 ± 0.03 9.46 ± 0.01 300–500 0.19
J1036C 0.17 ± 0.01 20.01 ± 0.03 9.50 ± 0.01 300–500 0.18–0.19
J2317A 0.34 ± 0.02 16.46 ± 0.21 7.46 ± 0.03 >500 0.41
J2317B 0.27 ± 0.02 16.46 ± 0.21 8.74 ± 0.02 >500 0.22–0.23

Notes. The age ranges listed were used to calculate theoretical masses in the last column predicted by the models for the given absolute magnitude
in 2MASS K-band. The magnitudes listed in the fourth column are derived from the unresolved 2MASS K-band magnitudes of the system and
the flux ratios in the SPHERE or SINFONI K-bands, and the name convention of K′ is applied to mark this difference. For J0437 we used the flux
ratio from the Keck/NIRC2 K-band observations from Montet et al. (2015).

seem to apply for this particular system, where we obtained
a mass-fraction �0.5 for the fainter companion. As such, we
omitted the system from the mass-magnitude altogether. The
flux-weighted approach also seemed dubious in other instances
as well, including J0437, and to some extent J0728 where the
mass-fraction suggested a slightly higher companion mass than
primary, but well within the 68% confidence interval and con-
sistent with the results from Rodet et al. (2018) as well as with
the isochrones, confirming the inferred age-range for the system
belonging to the AB Doradus moving group of 120–200 Myr.
We did not find the same mass-discrepancy as Rodet et al.
(2018), however, our method of testing dynamical against the-
oretical mass only consisted of the K-band and the age range

120−200 Myr for a single theoretical model. For a younger age
of 50 Myr we obtain the same discrepancy of ≈15% missing
mass, with the models underpredicting the total mass of the
system compared to the dynamical mass. Rodet et al. (2018)
explored the possibility for an unseen companion to explain
the missing mass, which could remain hidden and stable if it
were closer in than 0.1 AU from one of the other components.
From our flux-weighted RV analysis of the system we obtain a
slightly higher mass-fraction for the secondary component than
the primary, which is also something that would be expected
from a higher order hierarchical system such as a triplet.
Resolved spectroscopic data could potentially discover such a
companion.
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No RV data were available for the J1036 binary that could
aid the orbital fit. Regardless, since the system is a known triplet
we could take advantage of the orbit of the outer binary pair
around their common centre of mass along their path on their
common orbit around the primary A component in the system.
This was previously done in Calissendorff et al. (2017) and we
adopt their results of the outer binary being of equal mass. Given
the new parallax measurements for the system provided by the
Gaia EDR3, the uncertainty in the distance to the system was
reduced. In turn, our dynamical mass estimate for the system is
the most robust in our sample. The new dynamical mass from the
improved orbit and distance is also well aligned with the predic-
tion from the theoretical model isochrones, thus also abolishing
the former discrepancy reported by Calissendorff et al. (2017).

The recent efforts by the Gaia mission made it possible to
provide updated dynamical masses and absolute magnitudes for
some of these systems which previous distance measurements
remained somewhat uncertain. In principle, Gaia astrometry
could also help to further constrain the orbits of binaries from
exploiting the instantaneous acceleration in proper motions,
for example by comparing to Hipparcos measurements (e.g.,
Calissendorff & Janson 2018; Brandt 2018; Brandt et al. 2019).
However, only one system in our sample, J0728, exists in
both the Gaia and Hipparcos catalogues, and the baseline of
24.5 years between Hipparcos and Gaia far exceeds the orbital
period of the system of ≈7.8 years, causing some degener-
acy when including proper motion acceleration into the orbital
fit. Nonetheless, future data releases from Gaia may provide
more advantageous information for binary systems with tenta-
tive orbital constraints that are unresolved by the space tele-
scope itself. At the same time, one of the troubles for Gaia
is to properly identify the photo-centre for unresolved bina-
ries (Lindegren et al. 2018), which the ground-based astrometry
could remedy to some extent.

Some systems exhibit a discrepancy in mass when compared
to the evolutionary models. A portion of this may be attributed
to undetected close-in companions, and given our sample of
20 Mdwarf binaries with the expected multiplicity frequency of
≈25% and companion rate≥30% (Winters et al. 2019), it is likely
that some of these systems contain yet unknown companions. Fur-
thermore, systems which contain more mass, and thereby have
faster orbits, are of notable interest for orbital monitoring pro-
grammes as the orbits can be mapped out in relatively shorter
period of time, and the sample could be afflicted by a selection bias
due to this. Observations with for example interferometry that can
achieve smaller angular resolutions could place more stringent
constraints on the parameter space for a potential visual compan-
ions, while spectroscopic monitoring could rule out spectroscopic
companions at very low separations.

5. Summary and conclusions

We considered 20 systems of astrometric M-dwarf binaries for
which we present over 75 previously unpublished astrometric data
points from AstraLux Norte/CAHA, AstraLux Sur/NTT, Fast-
Cam/NOT, NaCo/VLT and SPHERE/VLT. The new astrometric
data allowed us to constrain Keplerian orbits and derive dynami-
cal masses for the binaries. We constructed our own relative scale
for grading the orbital fits in an attempt to obtain a more objec-
tive assessment of the results, with improving grades based on the
positional angle and phase coverage as well as revolutions made
and number of epochs observed. Provided our modest sample of
20 binaries used for our grading criteria, is likely to be skewed
and not directly comparable to the orbital grading system demon-

strated on the &900 binaries by Worley & Heintz (1983). The
grades provided some quantitative measurement of the orbital fit
as a whole, but did not always reflect the uncertainties of the indi-
vidual orbital parameters or dynamical mass estimate. For exam-
ple, the orbit for J0459 was labelled as grade 4 (preliminary) but
showed low errors for the dynamical mass. Thus, the grades can be
interpreted as how well the orbital fit can be trusted, and whether
we expect small or large improvements to be made for the orbit,
not how stringent the uncertainties are. We summarised the infor-
mation on the orbital period, semi-major axis, total dynamical and
theoretical masses from both orbital fitting methods, along with
grades for each orbit in Appendix E.

This was the first time orbital constraints were attempted
and reported for 14 of our targeted systems. We found good
orbital constraints for three systems that had not previously been
published, J0613, J0916 and J232617. The PDFs for the orbital
parameters obtained from the MCMC fitting procedure for three
of these systems together with their associated orbit predictions
and mass-distributions are presented in Appendix B.1.

Six systems, J0008, J0437, J0532, J0728, J1036 and J2317
all had previous orbital parameters, and our additional data
mainly confirmed the earlier results, with a slight improve-
ment for J0437 and J0728 with updated Gaia parallaxes. J1036
and J2317 had previously more uncertain dynamical mass esti-
mates due to the lack of good distance measurements, which we
redressed here in this work. The improved dynamical mass esti-
mates for J1036 and J2317 now stand among the most robust in
our sample. The remaining 11 systems still require further mon-
itoring to provide reliable dynamical masses, and our new data
pave the way for future orbital constraints for these systems.

Out of the 20 binaries in our sample, the four systems J0008,
J0728, J1036 and J2317 received reliable orbital constraints. We
determined tentative orbits for six systems; J0111, J0245, J0907,
J0916, J1014 and J232611, which are expected to yield more
robust orbital parameter constraints in the near future if addi-
tional astrometric measurements can be procured. Six systems,
J0459, J0532, J2016, J2137, J232611 and J2349, only had their
orbits constrained to a preliminary level, which may help to indi-
cate an approximate period to some degree, while most of the
orbital parameters are yet too uncertain to place robust dynam-
ical masses. For the J0225 and J0611 systems the orbits were
completely undetermined.

We searched the literature for RV data for the target sample
presented here, finding RV measurements that were consistent
with Keplerian orbits for seven of our binaries. Since the bina-
ries were not of pure SB1 single lined spectroscopic binaries we
assumed a flux-weighted method to infer individual dynamical
masses. The method proved unreliable for the J0916 binary, and
dubious at most for J0437. We therefore argue that only their
total dynamical masses are reliable, and that a different approach
is necessary to disentangle the individual lines and masses.

When we compared the derived individual dynamical masses
with theoretical masses from the BHAC15 model isochrones
we found an overall good consistency between the empiri-
cal and theoretical masses. The largest discrepancy was found
for J0459, for which the isochrones predict ages between
10–50 Myr, but Bayesian membership probabilities suggest the
system more likely to be belonging to the field and no known
young association or group, thus expected to be much older.
We could explain this discrepancy from the degeneracy in
the orbital fit, and it is possible that the period is overesti-
mated while the semi-major axis underestimated. The near-IR
spectral type for the primary being an earlier M1.7 ± 0.6 does
also suggest the system to be older and more massive than what
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our derived dynamical-mass advocates. However, spectral anal-
ysis by Calissendorff et al. (2020) shows a discrepancy between
the near-IR bands, where the J-band suggest a lower surface-
gravity, and thereby younger age, compared to the other bands.
Our grid-search method suggested a greater mass and confidence
interval than the MCMC orbital fit for this system, and we are
likely to see further improvements to the orbit with just a single
more astrometric data point in the future, which may also aid to
constrain the age of the system through isochronal dating.

Out of our sample of 20 low-mass binaries, eight have strong
indicators of being young and members of YMGs and associa-
tions (excluding J1036 which has uncertain Ursa-Majoris affilia-
tion and it is questionable whether the age estimate of ∼400 Myr
can be considered young in this context). These systems will
continue to prove to be important calibrators for evolutionary
models, and as orbital monitoring continues, better estimates for
important formation diagnostics such as semi-major axis and
eccentricity distributions will be acquired. With the increasing
sample size of young binaries with stringent orbital parameter
constraints, we will soon achieve a set of empirical isochrones,
which can then be utilised to evaluate more precise ages of
nearby young moving groups.
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Appendix A: Astrometric data

Table A.1. Observations and astrometry.

Target Epoch s PA |∆s| |∆PA| Instrument Filter Contrast Reference
2MASS [mas] [deg] σs σPA [∆mag]

J00085391+2050252 2001.60 111 ± 5 169.9 ± 0.5 0.58 0.62 CFHT H 0.46 B04
2003.94 138 ± 4 37.0 ± 1.1 0.84 0.93 NaCo NB1.64 0.28 ± 0.04 This work
2007.56 110 ± 1 167.1 ± 2.5 1.40 0.23 NaCo H 0.81 ± 0.08 This work
2012.02 133 ± 5 271.9 ± 1.7 0.80 0.11 AstraLux z′ 1.20 ± 0.07 J14a
2012.02 AstraLux i′ 1.59 ± 0.10 J14a
2014.61 147 ± 2 97.5 ± 1.0 0.24 5.03 AstraLux z′ J14b
2016.63 130 ± 3 351.3 ± 1.5 0.72 2.02 FastCam I 0.19 ± 0.09 This work
2016.87 122 ± 4 325.1 ± 2.6 1.59 3.10 FastCam I 0.17 ± 0.24 This work
2019.54 111 ± 1 154.4 ± 0.2 0.59 0.70 HRCam I 0.0 T21‡

2019.86 123 ± 1 130.04 ± 0.2 0.25 1.54 HRCam I 0.3 T21‡

2020.83 152 ± 1 77.5 ± 0.5 0.99 1.62 HRCam I 0.0 T21‡

2020.92 151 ± 1 74.2 ± 1.2 0.39 0.05 HRCam I 0.2 T21‡
J01112542+1526214 2000.62 409 ± 3 147.2 ± 0.3 0.59 1.13 CFHT K 0.69 B04

2006.86 309 ± 3 186.1 ± 0.3 0.79 1.63 AstraLux i′ z′ J12
2007.01 304 ± 3 188.0 ± 0.3 0.18 0.47 AstraLux i′ z′ J12
2008.03 297 ± 3 197.3 ± 0.4 1.50 0.93 AstraLux i′ z′ J12
2008.64 292 ± 3 203.1 ± 0.3 1.49 1.45 AstraLux i′ z′ J12
2008.88 289 ± 3 205.1 ± 0.3 0.97 0.43 AstraLux z′ 1.11 ± 0.11 J12
2008.88 AstraLux i′ 1.23 ± 0.10 J12
2011.85 303 ± 5 231.5 ± 0.5 1.83 4.34 AstraLux i′ z′ J14a
2012.65 308 ± 4 238.4 ± 0.3 1.11 7.89 AstraLux i′ z′ J14a
2012.89 327 ± 15 241.1 ± 0.8 1.34 2.13 AstraLux z′ 1.71 ± 0.86 J14a
2012.89 AstraLux i′ 1.46 ± 0.15 J14a
2014.61 340 ± 4 256.8 ± 0.2 0.91 3.91 AstraLux z′ This work
2015.98 367 ± 1 266.9 ± 0.4 3.64 5.05 AstraLux z′ 1.12 ± 0.08 This work
2016.63 369 ± 2 272.9 ± 0.3 3.67 14.21 FastCam I 0.89 ± 0.03 This work
2018.73 412 ± 1 275.2 ± 0.9 2.97 4.49 HRCam I 0.4 T21‡
2018.98 416 ± 5 279.5 ± 1.4 0.58 0.62 SINFONI K′ 0.63 ± 0.05 C20
2020.84 441 ± 1 284.6 ± 0.3 0.53 12.19 HRCam I 0.3 T21‡

J02255447+1746467 2008.63 106 ± 1 269.0 ± 2.0 0.00 0.92 AstraLux i′ z′ J12
2008.87 98 ± 1 278.2 ± 1.9 3.74 2.17 AstraLux z′ 1.27 ± 0.05 J12
2008.87 AstraLux i′ 1.17 ± 0.24 J12
2014.61 145 ± 5 135.0 ± 2.6 0.86 1.04 AstraLux z′ This work
2015.91 178 ± 8 139.9 ± 3.4 0.50 0.99 AstraLux z′ 1.34 ± 0.06 This work
2015.98 174 ± 3 146.9 ± 1.6 0.32 1.95 AstraLux z′ 0.94 ± 0.10 This work
2016.87 188 ± 5 150.1 ± 0.2 0.75 1.12 FastCam I 0.07 ± 0.09 This work

J02451431-4344102 2008.88 254 ± 3 214.4 ± 0.3 0.03 0.77 AstraLux z′ 1.12 ± 0.07 B10
2008.88 AstraLux i′ 0.87 ± 0.03 B10
2010.09 362 ± 4 184.2 ± 0.3 1.72 3.00 AstraLux z′ 0.75 ± 0.03 J12
2010.09 AstraLux i′ 0.84 ± 0.04 J12
2010.81 429 ± 4 175.2 ± 0.3 2.03 0.28 AstraLux z′ J14b
2012.01 505 ± 5 162.5 ± 0.3 2.43 2.99 AstraLux z′ J14b
2015.91 460 ± 1 134.3 ± 0.4 2.47 8.13 AstraLux z′ 0.55 ± 0.01 This work
2018.63 342 ± 1 97.0 ± 0.5 1.39 12.32 AstraLux z′ 1.59 ± 0.13 † This work

K01 = (Köhler 2001); B04 = Beuzit et al. (2004); D07 = Daemgen et al. (2007); K07 = Kasper et al. (2007) ; B10 = Bergfors et al. (2010); D12
= Delorme et al. (2012); J12 = Janson et al. (2012); J14a = Janson et al. (2014a); J14b = Janson et al. (2014b); M15 = Montet et al. (2015); R18
= Rodet et al. (2018); T19 = Tokovinin et al. (2019); C20 = Calissendorff et al. (2020); T20 = Tokovinin et al. (2020); T21 = Tokovinin et al.
(2021); T22 = Tokovinin (2022) † Photometry subjected to lucky imaging ghosts and therefore contrast magnitudes overestimated. ‡ Not included
in the MCMC fitting.
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Table A.1. continued.

Target Epoch s PA |∆s| |∆PA| Instrument Filter Contrast Reference
2MASS [mas] [deg] σs σPA [∆mag]

2019.54 335 ± 1 72.6 ± 0.2 1.76 0.31 HRCam I 0.6 T20‡

2019.86 339 ± 1 66.1 ± 0.1 2.12 1.02 HRCam I 0.6 T21‡

2019.95 341 ± 1 64.4 ± 0.2 2.52 0.10 HRCam I 0.6 T21‡

2020.83 364 ± 1 48.1 ± 0.1 2.28 1.34 HRCam I 0.6 T21‡
J04373746-0229282 2001.91 286 ± 1 198.1 ± 0.1 5.13 0.49 NIRC2 H2 1.00 ± 0.02 M15

2002.16 275 ± 2 197.9 ± 0.2 1.27 0.42 NIRC2 H 1.02 ± 0.02 M15
2003.05 225 ± 5 195.0 ± 1.0 1.57 1.81 NaCo K 0.94 ± 0.05 K07
2003.20 217 ± 1 196.8 ± 0.1 7.72 1.98 NIRC2 H 0.99 ± 0.01 M15
2004.02 159 ± 2 194.0 ± 1.0 7.22 1.09 NaCo L′ D12
2004.95 93 ± 2 189.5 ± 0.4 5.26 4.72 NaCo L′ 0.88 ± 0.28 K07
2008.88 218 ± 2 20.3 ± 0.3 3.56 3.99 AstraLux z′ 1.39 ± 0.16 B10
2008.88 AstraLux i′ 2.57 ± 0.05 B10
2009.13 231 ± 2 19.2 ± 0.3 2.97 6.39 AstraLux z′ i′ J12
2009.90 269 ± 3 18.6 ± 1.0 2.55 1.58 NaCo L′ D12
2009.98 272 ± 3 19.2 ± 1.0 2.52 0.89 NaCo L′ D12
2010.10 280 ± 3 18.3 ± 0.6 3.71 2.78 AstraLux z′ 1.34 ± 0.01 J12
2010.10 AstraLux i′ 3.73 ± 0.01 J12
2010.81 297 ± 3 19.4 ± 0.3 2.61 0.29 AstraLux z′ i′ J14
2011.67 303 ± 3 18.1 ± 1.0 0.81 0.50 NaCo L′ D12
2011.87 295 ± 4 18.5 ± 0.3 1.56 0.20 AstraLux z′ i′ J14b
2012.01 307 ± 3 18.2 ± 0.3 1.92 0.43 AstraLux z′ i′ J14b
2014.63 244 ± 1 16.8 ± 0.1 1.11 8.93 NIRC2 Brγ 0.92 ± 0.01 M15
2014.75 240 ± 1 16.3 ± 0.3 0.37 1.80 DSSI R 1.89 ± 0.04 M15
2015.65 199 ± 1 15.6 ± 0.2 1.26 5.93 NIRC2 K 0.93 ± 0.01 M15
2015.98 186 ± 4 19.3 ± 0.6 0.55 9.23 AstraLux z′ 1.25 ± 0.07 This work
2016.88 105 ± 25 15.2 ± 2.8 1.21 1.44 FastCam I 1.31 ± 0.11 This work
2017.93 75 ± 1 2.6 ± 0.1 1.15 9.53 HRCam I 1.3 T19‡

2020.11 57 ± 2 214.4 ± 0.2 5.95 6.88 HRCam I 1.3 T21‡

2020.84 98 ± 1 208.2 ± 0.1 5.85 HRCam I 1.2 T21‡
J04595855-0333123 2009.13 130 ± 15 294.0 ± 2.5 0.56 1.59 AstraLux z′ i′ J12

2010.08 139 ± 1 302.5 ± 0.7 0.58 2.26 AstraLux z′ 1.42 ± 0.05 J12
2010.08 AstraLux i′ 1.55 ± 0.07 J12
2012.01 141 ± 1 321.9 ± 0.4 0.83 1.49 AstraLux z′ i′ J14b
2015.98 138 ± 10 10.6 ± 3.3 0.50 1.55 AstraLux z′ 1.18 ± 0.10 This work
2016.88 133 ± 6 16.7 ± 4.1 1.50 0.35 FastCam I 1.25 ± 0.26 This work
2017.92 141 ± 1 26.4 ± 0.2 0.99 2.25 SPHERE H 0.89 ± 0.02 This work
2018.95 138 ± 1 40.3 ± 0.4 0.78 3.97 SPHERE H23 0.93 ± 0.04 This work

J05320450-0305291 2009.13 232 ± 4 34.9 ± 0.7 0.84 0.47 AstraLux z′ i′ J12
2010.09 213 ± 3 40.8 ± 1.1 0.13 0.43 AstraLux z′ 1.05 ± 0.01 J12
2010.09 AstraLux i′ 1.28 ± 0.02 J12
2010.82 202 ± 2 46.6 ± 0.3 0.37 0.51 AstraLux z′ i′ J14b
2011.86 192 ± 2 55.6 ± 0.7 1.32 1.18 AstraLux z′ i′ J14b
2012.01 189 ± 2 55.8 ± 0.3 0.69 0.89 AstraLux z′ i′ J14b
2012.90 179 ± 6 61.6 ± 2.5 0.08 1.05 NaCo L′ 0.68 ± 0.16 This work
2015.12 157 ± 8 86.2 ± 1.3 0.97 1.12 NaCo L′ 0.62 ± 0.05 This work
2015.98 161 ± 1 99.5 ± 0.6 0.87 3.25 AstraLux z′ This work
2018.63 131 ± 6 131.1 ± 5.8 0.66 0.40 AstraLux z′ 1.64 ± 0.03 This work
2019.19 99 ± 1 146.7 ± 0.1 0.79 0.35 SPHERE K12 0.61 ± 0.04 This work
2021.80 158 ± 7 291.3 ± 2.4 0.39 0.70 HRCam I T22‡

2021.89 166 ± 7 293.3 ± 2.3 0.61 0.76 HRCam I T22‡

2021.96 171 ± 7 292.9 ± 2.2 0.56 0.91 HRCam I T22‡
J06112997-7213388 2010.11 162 ± 2 316.4 ± 0.3 0.33 0.33 AstraLux z′ 1.21 ± 0.04 J12

2010.11 AstraLux i′ 1.16 ± 0.08 J12
2015.17 153 ± 2 270.6 ± 0.8 0.64 0.62 AstraLux z′ This work
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Table A.1. continued.

Target Epoch s PA |∆s| |∆PA| Instrument Filter Contrast Reference
2MASS [mas] [deg] σs σPA [∆mag]

2015.98 153 ± 3 268.8 ± 0.9 1.38 5.74 AstraLux z′ 0.93 ± 0.11 This work
2017.10 165 ± 1 253.9 ± 0.1 0.81 0.39 SPHERE K12 0.30 ± 0.01 This work
2018.81 179 ± 2 240.9 ± 0.7 HRCam I 0.0 T21‡
2018.91 178 ± 3 239.8 ± 0.4 1.43 1.45 SINFONI K′ 0.26 ± 0.03 C20
2019.17 186 ± 1 238.7 ± 0.1 0.54 0.31 SPHERE K12 0.30 ± 0.01 This work
2019.93 196 ± 6 233.2 ± 6.1 0.06 0.11 HRCam I 0.1 T20‡

J06134539-2352077 2010.10 143 ± 2 319.8 ± 0.5 2.80 0.12 AstraLux z′ 1.37 ± 0.02 J12
2010.10 AstraLux i′ 1.49 ± 0.04 J12
2010.81 171 ± 2 302.3 ± 0.7 0.19 0.10 AstraLux z′ i′ J14b
2012.01 203 ± 2 276.2 ± 0.5 0.40 0.56 AstraLux z′ i′ J14b
2015.18 300 ± 3 240.1 ± 0.3 0.71 0.22 AstraLux z′ i′ This work
2015.98 312 ± 2 234.1 ± 0.2 0.93 0.67 AstraLux z′ This work
2016.88 301 ± 1 224.3 ± 0.3 1.82 2.17 FastCam I 0.42 ± 0.02 This work
2018.25 281 ± 1 216.5 ± 0.2 0.54 0.41 HRCam I 1.4 T19‡
2018.29 276 ± 1 216.0 ± 0.1 0.14 0.71 SPHERE K12 1.25 ± 0.01 This work
2019.86 121 ± 1 187.7 ± 0.2 0.12 0.45 HRCam I 1.5 T20‡

2020.11 74 ± 1 166.4 ± 2.4 1.08 0.72 HRCam I 1.3 T21‡

2020.84 114 ± 1 30.4 ± 2.0 0.54 0.04 HRCam I 1.4 T21‡
J07285137-3014490 2002.99 425 ± 4 180.3 ± 0.2 0.71 1.99 NIRC2 Kp J14b

2005.83 175 ± 11 143.7 ± 1.5 0.84 1.55 NIRI H 0.44 ± 0.30 D07
2005.83 NIRI Ks 0.44 ± 0.42 D07
2008.86 479 ± 5 169.7 ± 0.3 1.10 3.39 AstraLux z′ 1.29 ± 0.11 B10
2008.86 AstraLux i′ 1.50 ± 0.18 B10
2010.08 458 ± 5 176.2 ± 0.3 1.10 1.99 AstraLux z′ 1.20 ± 0.02 J12
2010.08 AstraLux i′ 1.47 ± 0.03 J12
2010.81 423 ± 4 181.1 ± 0.3 0.66 0.69 AstraLux z′ J14b
2012.01 294 ± 3 191.6 ± 0.3 0.27 1.59 AstraLux z′ J14b
2012.90 69 ± 5 232.3 ± 3.0 0.67 1.10 NaCo H J14b
2014.92 377 ± 1 160.6 ± 0.1 0.30 1.36 SPHERE K12 1.01 ± 0.01 This work
2015.09 393 ± 1 161.8 ± 0.1 0.21 0.56 SPHERE K12 0.94 ± 0.01 R18
2015.17 400 ± 4 162.5 ± 0.5 0.04 0.38 AstraLux z′ R18
2015.75 439 ± 4 166.3 ± 0.2 0.43 1.67 NIRC2 Kc R18
2015.88 447 ± 4 167.1 ± 0.2 0.16 1.99 NIRC2 Kc R18
2015.91 449 ± 1 166.9 ± 0.1 0.13 0.31 SPHERE H23 0.98 ± 0.01 R18
2015.98 452 ± 1 167.2 ± 0.1 0.45 0.54 SPHERE H23 0.93 ± 0.01 R18
2015.98 454 ± 2 167.5 ± 0.2 0.78 1.23 AstraLux z′ R18
2015.99 453 ± 1 167.3 ± 0.1 0.09 0.08 AstraLux z′ R18
2016.24 463 ± 1 168.6 ± 0.1 0.11 0.40 SPHERE H23 1.01 ± 0.01 R18
2016.87 445 ± 6 169.8 ± 0.2 5.22 10.08 FastCam I 0.67 ± 0.07 This work
2017.10 477 ± 1 173.1 ± 0.1 0.10 1.53 SPHERE K12 0.90 ± 0.01 R18
2018.09 456 ± 1 178.0 ± 0.1 1.03 0.54 HRCam I 1.4 T19‡

2019.79 295 ± 1 191.1 ± 0.1 0.73 0.62 HRCam I 1.2 T20‡

2020.11 237 ± 1 196.4 ± 0.2 0.77 1.31 HRCam I 1.2 T21‡
J09075823+2154111 2008.88 106 ± 1 192.3 ± 1.1 0.61 1.62 AstraLux z′ 0.92 ± 0.10 J12

2008.88 AstraLux i′ 1.08 ± 0.09 J12
2009.13 108 ± 1 201.9 ± 1.1 1.01 1.75 AstraLux i′ z′ J12
2015.18 135 ± 3 128.4 ± 1.9 0.25 1.93 AstraLux z′ This work
2015.98 148 ± 6 137.1 ± 1.9 1.42 0.70 AstraLux z′ 1.38 ± 0.12 This work
2015.99 139 ± 1 135.9 ± 0.1 0.40 0.09 SPHERE H23 0.12 ± 0.01 This work
2016.87 125 ± 12 143.0 ± 8.2 0.32 0.73 FastCam I 1.01 ± 0.13 This work

J09164398-2447428 2010.08 75 ± 12 160.3 ± 1.5 0.49 2.30 AstraLux z′ 0.92 ± 0.07 J12
2010.08 AstraLux i′ 0.90 ± 0.21 J12
2012.01 60 ± 3 103.4 ± 1.8 3.42 2.72 AstraLux z′ J14b
2015.17 73 ± 2 33.2 ± 2.1 3.88 0.55 AstraLux z′ This work
2015.24 81 ± 1 34.4 ± 1.3 1.23 1.20 SPHERE K12 This work
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Table A.1. continued.

Target Epoch s PA |∆s| |∆PA| Instrument Filter Contrast Reference
2MASS [mas] [deg] σs σPA [∆mag]

2018.07 83 ± 2 169.7 ± 0.4 0.17 0.14 SPHERE K12 0.56 ± 0.01 This work
2018.15 83 ± 2 168.1 ± 0.3 0.14 0.27 SPHERE K12 0.56 ± 0.02 This work
2019.18 79 ± 1 146.0 ± 0.1 1.59 0.33 SPHERE K12 0.53 ± 0.01 This work

J10140807-7636327 1996.25 91 ± 7 259.6 ± 6.5 0.03 0.04 SHARP K 0.57 ± 0.11 K01
2010.10 223 ± 2 107.9 ± 0.5 2.50 2.71 AstraLux z′ 1.45 ± 0.05 J12
2010.10 AstraLux i′ 1.76 ± 0.05 J12
2010.15 242 ± 6 111.0 ± 1.6 2.22 1.15 NaCo Ks 0.15 ± 0.42 This work
2011.23 252 ± 3 108.0 ± 0.8 3.28 0.97 NaCo Ks 0.18 ± 0.40 This work
2015.17 277 ± 3 103.2 ± 1.0 0.57 1.70 AstraLux z′ This work
2015.99 283 ± 2 101.0 ± 0.5 0.40 1.05 AstraLux z′ 1.05 ± 0.09 † This work
2016.22 287 ± 4 100.8 ± 0.9 0.49 0.67 NaCo Ks 0.04 ± 0.16 This work
2016.38 282 ± 2 101.4 ± 0.5 1.95 2.80 AstraLux z′ 1.27 ± 0.14 † This work
2016.95 292 ± 5 99.5 ± 0.9 0.68 0.21 NaCo Ks 0.01 ± 0.05 This work
2017.36 292 ± 8 98.7 ± 1.4 0.21 0.09 NaCo Ks 0.01 ± 0.37 This work
2018.09 293 ± 2 97.5 ± 0.9 0.12 0.53 NaCo Ks 0.03 ± 0.08 This work
2018.25 296 ± 1 97.4 ± 0.4 2.78 0.96 HRCam I 0.1 T19
2018.34 293 ± 1 97.8 ± 0.1 0.45 1.14 SPHERE H23 0.04 ± 0.01 This work
2018.39 287 ± 2 98.5 ± 0.5 3.29 1.74 AstraLux z′ 0.90 ± 0.07 † This work
2018.98 296 ± 1 96.4 ± 0.3 1.20 1.86 HRCam I 0.0 T19‡
2019.18 294 ± 1 96.6 ± 0.1 1.22 1.24 SPHERE K12 0.06 ± 0.01 This work

J10364483+1521394 2006.38 189 ± 2 310.6 ± 0.14 1.34 2.55 NIRI H 0.05 ± 0.02 D07
2006.38 NIRI Ks 0.03 ± 0.02 D07
2008.03 170 ± 9 348.2 ± 1.1 0.04 1.06 AstraLux z′ 0.12 ± 0.03 J12
2008.88 151 ± 4 13.8 ± 2.6 0.13 0.34 AstraLux z′ 0.06 ± 0.05 J12
2008.88 AstraLux i′ 0.00 ± 0.15 J12
2009.13 144 ± 4 16.4 ± 0.7 0.37 10.02 AstraLux z′ 0.00 ± 0.03 J12
2015.16 185 ± 3 316.4 ± 0.7 0.34 1.89 AstraLux z′ 0.01 ± 0.03 C17
2015.18 183 ± 3 316.2 ± 3.0 0.98 0.23 AstraLux z′ 0.10 ± 0.04 C17
2015.33 185 ± 4 319.0 ± 0.2 0.08 0.63 AstraLux z′ 0.05 ± 0.04 C17
2015.90 182 ± 3 330.2 ± 7.2 0.57 0.25 AstraLux z′ 0.30 ± 0.05 C17
2015.99 179 ± 2 335.8 ± 1.3 0.08 1.30 AstraLux z′ 0.05 ± 0.02 This work
2016.01 181 ± 1 334.4 ± 0.1 2.10 1.94 SPHERE K12 0.01 ± 0.01 This work
2016.38 170 ± 6 343.7 ± 2.1 0.56 0.01 AstraLux z′ 0.04 ± 0.02 C17
2016.88 159 ± 1 355.8 ± 1.8 5.01 0.83 FastCam I 0.36 ± 0.14 This work
2017.11 161 ± 1 4.3 ± 0.1 1.88 2.23 SPHERE K12 0.02 ± 0.01 This work
2018.29 130 ± 1 47.8 ± 0.1 0.12 0.69 SPHERE K12 0.06 ± 0.01 This work
2018.39 125 ± 3 54.0 ± 1.5 0.70 1.07 AstraLux z′ 0.03 ± 0.04 This work
2019.15 100 ± 3 98.6 ± 1.7 1.43 1.30 SINFONI K′ 0.00 ± 0.03 C20
2019.18 105 ± 1 98.6 ± 0.1 1.63 0.73 SPHERE K12 0.02 ± 0.01 This work
2019.95 86 ± 1 166.0 ± 0.7 4.43 0.25 HRCam I 0.1 T20‡

2021.00 132 ± 1 237.9 ± 0.4 3.04 3.24 HRCam I 0.1 T21‡
J20163382-0711456 2008.44 107 ± 7 352.4 ± 2.1 1.28 2.33 AstraLux z′ 0.63 ± 0.15 J12

2011.85 176 ± 2 320.7 ± 0.7 2.16 0.82 AstraLux z′ J14b
2014.61 187 ± 1 303.3 ± 0.9 0.35 2.63 AstraLux z′ This work

A16, page 16 of 33



P. Calissendorff et al.: Binary M-dwarf orbital constraints

Table A.1. continued.

Target Epoch s PA |∆s| |∆PA| Instrument Filter Contrast Reference
2MASS [mas] [deg] σs σPA [∆mag]

2015.73 192 ± 1 293.2 ± 0.1 3.65 2.56 SPHERE K12 0.36 ± 0.01 This work
2016.63 194 ± 4 284.8 ± 0.5 1.16 3.58 FastCam I 0.36 ± 0.12 This work
2016.87 191 ± 4 280.5 ± 0.7 0.32 6.30 FastCam I 0.20 ± 0.06 This work
2017.92 188 ± 1 277.4 ± 0.1 3.73 2.33 SPHERE H23 0.49 ± 0.01 This work
2018.36 193 ± 1 274.1 ± 0.1 0.15 5.37 SPHERE H23 0.43 ± 0.01 This work
2018.39 189 ± 3 275.7 ± 0.8 1.31 1.58 AstraLux z′ 0.92 ± 0.05 † This work
2018.63 196 ± 1 274.2 ± 0.7 2.38 1.98 AstraLux z′ 1.14 ± 0.14 † This work
2018.71 193 ± 1 272.9 ± 0.1 0.76 6.21 SPHERE K12 0.39 ± 0.01 This work

J21372900-0555082 2008.63 245 ± 2 170.2 ± 0.3 2.38 0.23 AstraLux z′ i′ J12
2008.88 219 ± 2 172.0 ± 0.3 1.65 0.45 AstraLux z′ 0.33 ± 0.15 J12
2008.88 AstraLux i′ 0.55 ± 0.09 J12
2014.61 245 ± 1 318.5 ± 0.4 0.70 3.37 AstraLux z′ This work
2015.74 292 ± 1 322.8 ± 0.1 0.85 0.81 SPHERE K12 0.21 ± 0.01 This work
2018.39 238 ± 5 336.6 ± 0.6 0.28 2.76 AstraLux z′ 0.85 ± 0.13 † This work
2018.46 235 ± 1 335.3 ± 0.1 0.01 1.06 SPHERE K12 0.18 ± 0.01 This work
2018.63 225 ± 6 343.3 ± 1.3 0.20 5.15 AstraLux z′ 1.84 ± 0.25 † This work

J23172807+1936469 2001.59 142 ± 10 209.0 ± 1.0 0.19 1.00 CFHT J 1.17 B04
2003.94 232 ± 2 39.3 ± 0.3 0.33 0.03 NaCo NB1.64 J14b
2004.73 308 ± 3 34.5 ± 0.3 0.72 0.10 NaCo NB1.64 J14b
2008.59 293 ± 3 19.2 ± 0.3 0.28 2.44 AstraLux z′ 1.50 ± 0.12 J12
2008.59 AstraLux i′ 1.70 ± 0.15 J12
2010.70 91 ± 3 347.2 ± 0.3 0.98 1.81 NaCo H 1.18 ± 0.12 J14b
2012.65 145 ± 2 220.2 ± 3.5 0.64 0.67 AstraLux z′ J14b
2014.61 109 ± 4 55.8 ± 2.9 0.56 0.75 AstraLux z′ This work
2015.73 259 ± 1 37.9 ± 0.4 0.05 1.17 SPHERE K12 1.25 ± 0.02 This work
2015.91 277 ± 2 36.7 ± 0.4 0.27 0.95 AstraLux z′ 1.33 ± 0.10 This work
2018.39 364 ± 2 27.2 ± 0.4 0.48 1.10 AstraLux z′ 1.47 ± 0.03 This work
2018.79 357 ± 1 25.3 ± 0.1 0.02 1.07 SPHERE H23 1.31 ± 0.01 This work

J23261182+1700082 2008.63 195 ± 2 51.8 ± 0.7 0.02 0.19 AstraLux z′ 1.57 ± 0.09 J12
2008.63 AstraLux i′ 1.90 ± 0.12 J12
2011.85 273 ± 4 1.7 ± 0.3 4.62 3.71 AstraLux z′ J14b
2014.61 253 ± 3 334.5 ± 0.2 3.53 6.90 AstraLux z′ This work
2015.74 223 ± 1 315.6 ± 0.1 3.24 1.93 SPHERE K12 This work
2015.91 221 ± 9 312.9 ± 1.0 0.93 0.36 AstraLux z′ 1.67 ± 0.15 This work
2016.62 181 ± 3 295.6 ± 0.9 1.33 0.81 FastCam I 0.79 ± 0.18 This work

J23261707+2752034 2008.59 151 ± 2 14.1 ± 0.3 0.68 0.29 AstraLux z′ 0.52 ± 0.10 J12
2008.59 AstraLux i′ 0.47 ± 0.10 J12
2011.86 109 ± 2 328.7 ± 0.6 0.58 0.73 AstraLux z′ J14b
2014.61 128 ± 1 130.4 ± 1.1 0.03 0.67 AstraLux z′ This work
2015.82 116 ± 1 102.2 ± 0.2 0.90 0.03 SPHERE Y J 0.06 ± 0.01 This work
2016.62 103 ± 7 73.1 ± 3.2 0.89 2.31 FastCam I 0.53 ± 0.18 This work

J23495365+2427493 2008.59 132 ± 5 316.9 ± 0.7 0.25 2.33 AstraLux z′ i′ J12
2008.63 135 ± 3 317.9 ± 1.0 1.51 1.11 AstraLux z′ i′ J12
2008.88 129 ± 1 324.4 ± 1.6 0.25 1.49 AstraLux z′ 1.13 ± 0.04 J12
2008.88 AstraLux i′ 1.23 ± 0.08 J12
2011.86 141 ± 2 359.3 ± 1.8 6.07 0.50 AstraLux z′ J14b
2014.61 156 ± 1 28.9 ± 0.2 1.64 3.96 AstraLux z′ This work
2015.91 162 ± 5 28.1 ± 1.1 2.59 8.66 AstraLux z′ This work
2016.63 177 ± 4 41.0 ± 0.6 1.88 1.88 FastCam I 0.59 ± 0.03 This work
2019.15 213 ± 2 53.7 ± 0.5 0.57 2.42 SINFONI K′ 1.07 ± 0.02 C20
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Appendix B: Orbital fits

Orbital element Grid MCMC
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Fig. B.1. Orbital parameters and fit for J0008. The right panel show the best fit from the grid approach, with black dots representing the astrometric
data and the grey ellipses their uncertainty. The periastron is represented with the dashed line, with the dotted line the line of nodes. The blue lines
connect the observations with their expected fitted values. The orbital solution from the MCMC are given in Appendix A. The asterisk (∗) next to
ω and Ω values for the MCMC indicate the pair to be defined with a ±180◦ degeneracy.
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Fig. B.2. Orbital parameters and fit for J0111.

Orbital element Grid MCMC
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Fig. B.3. Orbital parameters and fit for J0225.
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Orbital element Grid MCMC
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Fig. B.4. Orbital parameters and fit for J0245.
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Fig. B.5. Orbital parameters and fit for J0437. Not all epochs are explicitly labelled to avoid cluttering.

Orbital element Grid MCMC
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Fig. B.6. Orbital parameters and fit for J0459.
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Orbital element Grid MCMC
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Fig. B.7. Orbital parameters and fit for J0532.

Orbital element Grid MCMC
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Fig. B.8. Orbital parameters and fit for J0611.
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Fig. B.9. Orbital parameters and fit for J0613.
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Orbital element Grid MCMC
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Fig. B.10. Orbital parameters and fit for J0728.
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Fig. B.11. Orbital parameters and fit for J0907.
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Fig. B.12. Orbital parameters and fit for J0916.
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Orbital element Grid MCMC
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Fig. B.13. Orbital parameters and fit for J1014.

Orbital element Grid MCMC

tp (JD) 2019.69 +0.01
−0.01 2019.70 +0.04

−0.04

Period P (years) 8.56 +0.02
−0.02 8.47 +0.02

−0.02

a (mas) 146 +2
−2 148.8 +1

−1

a (AU) 2.92 +0.03
−0.03 2.98 +0.03

−0.03

e 0.34 +0.01
−0.01 0.36 +0.01

−0.01

ω (◦) 53.7 +0.7
−0.4 51.6 +5.4

−5.6
∗

Ω (◦) 89.4 +1.9
−0.6 94.6 +5.8

−5.6
∗

i (◦) 23.9 +0.9
−1.6 28.9 +1.2

−1.2

MS (10−5mas3/year2) 4.24 +0.01
−0.01 4.59 +0.11

−0.09

MS (M�) 0.34 +0.01
−0.01 0.37 +0.01

−0.01

Grade 1 Reliable
0.150.100.050.000.050.10

RA [arcsec]

0.10

0.05

0.00

0.05

0.10

0.15
DE

C 
[a

rc
se

c]
2006.38

2008.03

2008.88
2009.13

2015.16
2015.92016.012016.88

2017.11

2018.29

2018.39

2019.15

2019.95 2021.0

Fig. B.14. Orbital parameters and fit for J1036.
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Fig. B.15. Orbital parameters and fit for J2016.
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Fig. B.16. Orbital parameters and fit for J2137. The parallax measurment to the system is dubious with a ≈ 30 % uncertainty.
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Fig. B.17. Orbital parameters and fit for J2317.
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Fig. B.18. Orbital parameters and fit for J232611.
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Fig. B.19. Orbital parameters and fit for J232617.
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Fig. B.20. Orbital parameters and fit for J2349.
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Fig. B.21. Distribution and correlations of each of the orbital element fitted by the MCMC algorithm for J0613. The blue lines depict the probability
peak, with the shaded light-blue area encompassing the 16 − 84 % confidence interval.
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Fig. B.22. J0613 orbits and mass-distribution from the MCMC algorithm. For the left panel, we randomly picked one hundred orbits from the
MCMC solutions represented by the grey lines, and plotted the astrometry with the errorbars in blue. The black line represent the Maximum A
Posteriori (MAP) estimate, i.e. the most likely solution. For the right panel the blue lines depict the peak probability and corresponding dynamical
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Fig. B.26. J232617 orbits and mass-distribution from the MCMC algorithm. For the left panel, we randomly picked one hundred orbits from the
MCMC solutions represented by the grey lines, and plotted the astrometry with the errorbars in blue. The black line represent the Maximum A
Posteriori (MAP) estimate, i.e. the most likely solution. For the right panel the blue lines depict the peak probability and corresponding dynamical
mass, with the shaded light-blue area encompassing the 16 − 84 % confidence interval.
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Appendix C: Evaluating orbits

The grades for the orbits were calculated in a similar manner to
that of Worley & Heintz (1983) and Hartkopf et al. (2001), but
scaled according to our sample of 20 binaries here only. We did
not include any extra weight or uncertainties for any given sys-
tem depending on the quality of the observations. We determined
the grade value for each orbit as

Grade =
PAgap + tgap

Nrev Nobs
,

where the positional angle coverage gap PAgap is calculated as
the maximum gap between observed epochs in positional angle
PAi − PAi−1, the phase coverage gap tgap is the maximum gap
in phase coverage calculated from the period and difference
between time of periastron and observed epoch (t0 − tobs)/P, the
number of revolutions Nrev is the time between the last and first
epochs divided by the orbital period (tlast − tfirst)/P, and the num-
ber of observed epochs Nobs.

The values were then scaled between 0 and 5 logarithmically
with base 10, going from lowest to highest value as best to worst
for the systems J0008 and J0611 respectively, and we designated
orbits with values between 0 and 1 as grade 1, values between 1
and 2 as grade 2 etc. The resulting grades for our systems are
presented in Table C.1.

Table C.1. Orbital grades

Name χ2
Grid χ2

MCMC Grade

J0008 3.6 4.11 1
J0111 24.1 9.75 3
J0225 6.7 3.53 5
J0245 21.5 6.14 3
J0437 23.3 3.78 2
J0459 5.5 4.2 4
J0532 1.3 1.62 4
J0611 5.9 11.31 5
J0613 1.4 17.39 2
J0728 4.8 1.18 1
J0907 2.8 4.24 3
J0916 6.5 4.87 3
J1014 3.2 3.23 3
J1036 6.7 3.99 1
J2016 13.0 15.26 4
J2137 8.2 8.50 4
J2317 1.2 1.52 1
J232611 22.6 17.98 4
J232617 2.9 4.52 3
J2349 18.0 15.19 4

Orbital grades: (1) Reliable, (2) Good, (3) Tentative, (4) Preliminary,
(5) Indetermined.

Appendix D: Individual systems

2MASS J00085391+2050252 was first reported as a binary by
Beuzit et al. (2004) and has been monitored for almost 20 years,
thus far exceeding the estimated period of P = 5.94+0.02

−0.01 years,
making it the binary with the shortest period in our sample. It
is presumably a field binary that is unlikely to belong to any
known young moving group or association. The orbital fit is the
most robust in our sample according to our grading scale criteria,

receiving the grade 1 (Reliable). Vrijmoet et al. (2022) reported
an orbital period of P = 5.9 years and 2.6 semi-major axis for
the system, corresponding to a total system dynamical mass of
Mtot = 0.5, consistent with our results. We found no resolved
spectral analysis of the system.

2MASS J01112542+1526214 does not have its parallax or
proper motions measured by Gaia yet, and we obtained the dis-
tance of d = 17.24 ± 2.17 pc from Dittmann et al. (2014) and
proper motions from the fourth US Naval Observatory CCD
Astrograph Catalog (UCAC4; Zacharias et al. 2013). All three
YMG-tools agreed that the system is a likely BPMG mem-
ber. We noted that the astrometric data point for J0111 in
Calissendorff et al. (2020) was reported for the wrong spatial
scale for the instrument. They reported on a spatial scale of
125× 250 mas/pixel, which overestimated the astrometry for the
data point. We corrected for this error here and recalculated the
separation at the SINFONI epoch using the 50 × 100 mas/pixel
spatial scale which was used during the J0111 observations and
obtained a projected separation of 416 ± 5 mas which we used
into our orbital fitting. We found a few radial velocity measure-
ments for the system in the literature, but they were spread across
several different instruments and exhibiting a large jitter, and
thus not useful for aiding with constraining the orbit in this case.
We found the orbit to be of grade 3 (tentative), and is likely to
see some improvements in the coming years, especially with the
better distance-measurements which uncertainty propagates to
the dynamical mass estimate. The estimated spectral types dif-
fer largely between optical photometry and near-IR spectra for
the two components, with the secondary component being of
much later type than expected from the photometric estimate.
This could be an effect of the secondary component being an
unresolved binary itself, or an effect of the spectral type rela-
tion derived in Calissendorff et al. (2020) from the relation in
Rojas-Ayala et al. (2014) not being adequately constrained for
young M dwarfs.

2MASS J02255447+1746467 lacks Gaia parallax and
proper motions, and we adopted the distance measurement of
d = 31 ± 1.9 pc from Dittmann et al. (2014) along with UCAC4
catalogue proper motions. The BANYAN Σ−tool suggested
YMG memberships of 36.7 % for Carina-Near and 44 % for
Argus, while the convergence point tool implied a 92.6% prob-
ability for Carina-Near. Zuckerman (2019) estimates the 40-50
Myr old Argus group to have a mean distance from Earth of 72.4
pc, which could imply the system to more likely be associated
with the ∼ 200 Myr old Carina-Near which shares similar UVW
values but is located closer to Earth at ∼ 30 pc (Zuckerman et al.
2006) and the adopted distance of the binary system. The orbit
received a grade of 5 (indetermined) and is likely to be much bet-
ter constrained with additional epochs. Both methods preferred
orbits which insinuated a total dynamical mass of 0.09−0.17 M�
for the system, which is extremely low for the observed spectral
types when compared to the rest of our sample. If we restrain the
orbital period to be shorter than 30 years we obtained a best-fit
χ2
ν which was four times larger than for the longer periods (c.f.
χ2
ν = 1.5 and 6.3), but with dynamical masses more compati-

ble with the expected from the theoretical models. More likely
is that the distance to the system is inaccurate, and a distance of
d ≈ 55pc would bring both the dynamical and theoretical masses
closer together, as well as be more in line with the expected mass
from the derived spectral types.

2MASS J02451431-4344102 is a likely field binary accord-
ing to all three YMG tools applied. We mainly sampled the
orbit around the periastron and despite the small uncertainty
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in dynamical mass we obtained a grade 3 (tentative) for the
orbit, which has more than half of its path yet uncharted. The
MCMC method did not include the astrometric data points from
2019-2020 which explains the difference in orbital parameters
determined by the two methods. The RV data in the literature
(Durkan et al. 2018) had too short baseline to aid the orbital fit-
ting and does not match the astrometry in this case and was there-
fore excluded from the fitting procedure. The spectral types are
similar to that of the J0008 system which had a reliable orbital fit,
also belonging to the field and having similar dynamical mass.
This could suggest that the orbit we obtained for J0245 is actu-
ally better constrained than expected from our grading criteria.

2MASS J04373746-0229282 has have its orbit constrained
previously by Montet et al. (2015), obtaining a dynamical mass
of M = 1.11 ± 0.04 M�. We found a good orbital fit for the
system, obtaining a grade 2 on our scale, and a slightly lower
mass of M = 0.92 +0.06

−0.04 M�. This discrepancy is explained by the
different distance measurements adopted for the system, where
Montet et al. (2015) resorted to using the Hipparcos distance to
the comoving system 51 Eri of 29.43 ± 0.30 pc (van Leeuwen
2007) while we had access to the Gaia EDR3 parallax corre-
sponding to a distance of 27.77 ± 0.37 pc. The RV measure-
ments for the system allow for individual dynamical masses to
be derived for the system, where we scaled the flux accord-
ing to the relative brightness of the components. However, the
flux ratio between the two components show additional discrep-
ancies. Indeed, we obtainad a ratio of FB/FA = 0.03 in the
i′-band (Janson et al. 2014a) corresponding to a mass-ratio of
MB/Mtot = 0.44. Given the magnitude difference displayed in
other bands (e.g. Figure 2 in Montet et al. 2015), the flux ratio is
more likely to be FB/FA = 0.2±0.1, which translated to a mass-
ratio of MB/Mtot = 0.62. As a comparison, Montet et al. (2015)
found a mass-ratio of ≈ 0.4. However, they find that the sec-
ondary B component is missing mass when compared to evolu-
tionary models, which could be attributed to an unseen compan-
ion. Such a companion could also be the cause for the oddity in
mass-ratio being higher for the secondary than the primary com-
ponent that we see. While all three of the YMG tools suggest dif-
ferent groups for the system, shown in Table 3, the LACEwING
tool also produced a ≈ 37 % probability for BPMG membership,
with most of the literature agree that the system is a member of
the BPMG.

2MASS J04595855-0333123 received a grade 4 (prelimi-
nary) from our orbital fitting. The MCMC orbital fitting did not
exclude the low probability of a high-mass system, and we cut
the mass-distribution at ≤ 2 M�. The BANYAN Σ-tool suggests
the system to be in the field while LACEwING proposes the
system to be a HYA member, which regardless places the sys-
tem as old in comparison to the younger systems in our sam-
ple. Although the system is likely belonging to the field, the
isochrones in the theoretical models predict a much higher mass
for the system, which further alludes to the poor orbital con-
straints and that more information is necessary to obtain a bet-
ter mass estimate. The models could however explain the lower
dynamical mass if the age of the system was ≤ 50 Myrs. Nev-
ertheless, the optical spectral types are similar to that of J0008
and J0245, which should indicate for similar masses given their
approximate ages. The near-IR spectra on the other hand implies
an earlier spectral type for the primary state, and its mass could
potentially be heavily underestimated.

2MASS J05320450-0305291 is part of a higher hierarchi-
cal sextuple system (Tokovinin 2022) and a strong candidate of

being a member of the BPMG according to the BANYNA Σ-
tool, but also a potential member of ABDMG according to the
convergence point tool. The orbital fit is still preliminary accord-
ing to our grading scale, receiving a grade of 4 (preliminary),
with most of the orbital phase not yet observed. Despite the poor
orbital constraints, we obtained low minimised χ2

ν, grid = 1.3 and
χ2
ν,MCMC = 1.6, suggesting that the astrometry is a good for the

orbital fit. However, we find some degeneracy and the estimated
period ranges from 20 to 100 years, where the shorter periods
would suggest dynamical masses above 2 M�, and thus dubious.
A longer period of ∼ 80 is more consistent with the results from
Tokovinin (2022), where they provide two potential orbital solu-
tions for either P = 80 or P = 143 years. We did not include
the astrometric epochs from (Tokovinin 2022) in the MCMC fit
which explains the discrepancy compared to the grid model.

2MASS J06112997-7213388 received the worst grade of
the orbital fits in our sample, and is assigned as undetermined.
The system is however likely young, with its highest probabil-
ity being a CAR member according to the BANYAN Σ-tool,
with LACEwING suggesting either a COL or CAR member with
the same probabilities. The convergence point tool however sug-
gests the system to be a CARN member, which is likely just
because the tool does not include CAR in its calculations. The
spectral types derived from optical photometry and near-IR spec-
tra are consistent with each other. The secondary component is
estimated to move close to its apastron in its coming years and
expected to show limited motion in its orbit.

2MASS J06134539-2352077 is a likely ARG member, sup-
ported by both the BANYAN Σ and LACEwING tools. The
astrometric data from the epochs between 2019-2020 were only
included in the grid-search approach, which explains the dis-
crepancy in the orbital parameters obtained for the two meth-
ods and the different masses obtained. However, both procedures
obtained masses greater than that of the evolutionary model, sug-
gesting that perhaps there is some missing mass and an unseen
companion in the system. The SPHERE observations should
have been able to detect massive companions of ∼ 0.2 M�, or at
least a non-uniform PSF, down to ∼ 0.5 AU, which is not appar-
ent from the only epoch taken with SPHERE for the system. The
orbit from the grid-search method obtained a grade 2 (good) on
our scale.

2MASS J07285137-3014490 is a well-studied system in the
ABD moving group, for which we mainly contributed by adding
additional astrometric data points and an updated distance par-
allax compared to the previous results in Rodet et al. (2018).
The updated Gaia EDR3 parallax measurement helped to con-
strain the distance uncertainty to the system by a factor of ≈ 4,
resulting in a more precise mass estimate. Our results were con-
sistent with those of Rodet et al. (2018) for most part, with the
exception of a slightly higher mass-fraction in our case of MB

Mtot
=

0.51 +0.10
−0.08 compared to MB

Mtot
= 0.46 ± 0.10 inRodet et al. (2018),

where we applied the same flux ratio of 0.2 ± 0.01. The miss-
ing mass in the secondary B component that Rodet et al. (2018)
found is accounted for in our case, which potentially could
be caused by the different distances adopted, but the discrep-
ancy in mass-fractions we found instead could also be explained
by the same argument of an unseen companion. The system
also possesses a notably high eccentricity of e = 0.90 which
points towards significant dynamical interactions. Nevertheless,
the existence of a third unseen companion is likely uncorre-
lated with the eccentricity, and the close encounters required to
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dynamically enhance the eccentricity would make the configu-
ration of the system unstable (Rodet et al. 2018).

2MASS J09075823+2154111 is a likely field binary, with
no consensus of YMG membership from the different tools
applied. Despite the astrometric data covering almost an entire
period of 10-11 years, most of the data points are spread over
a small change in positional angle of ≈ 70◦, resulting in only
a grade 3 (tentative) orbital fit. The MCMC method found a
reasonable total mass of the system, whereas the grid-search
method obtained an orbit corresponding to a dynamical mass
above 14 M�, which we rule out based on the spectral type and
photometry of the system. There is nothing obvious in the Gaia
EDR3 data that would elude to something being wrong with the
estimated parallax to the system that could explain the high mass
obtained from the grid-search orbital fit, and it would require a
distance of ≈ 14 pc to reduce the dynamical mass estimate from
the grid-search to the same value as for the MCMC method. The
astrometric data has rather large uncertainties compared to the
rest of the sample, especially so for the epochs observed with
NOT/FastCam. We are likely to see improvements for the orbit
and better dynamical mass-constraints for the system in the com-
ing years, the period is well-known and just a few or single new
epoch would greatly benefit new orbital parameter estimations
for the system.

2MASS J09164398-2447428 received a grade of 3 (tenta-
tive) on our grading scale for its orbit, and we have astromet-
ric epochs that cover more than one full revolution, allowing
for a more accurate period estimation. The binary is likely to
belong to the field rather than any known YMG. The RV data
were consistent with a Keplerian motion and the orbit, but the
adopted flux-ratio suggested a much greater mass for the sec-
ondary component compared to the primary, with a mass ratio
of MB

Mtot
= 0.79 +0.06

−0.07. The total mass of the system was consistent
with the prediction from the theoretical models, with a slight
overestimation of photometric mass, which could imply that the
system is actually younger than anticipated. However, since the
RV-weighted flux-ratio was too dubious we excluded the system
from the mass-magnitude diagram in Figure 3.

2MASS J10140807-7636327 is a likely CAR member
according to the YMG tools, where the convergence point tool
suggested CARN but does not include the CAR group in its cal-
culations which is an approximate neighbour. The optical pho-
tometric and near-IR spectral types were consistent with each
other, with a slight preference towards earlier types according to
the near-IR spectra. The astrometric data spans over 20 years, but
the orbital period is expected to be much larger and we obtained
a grade 3 (tentative) for our orbital fits for the system, with the
main uncertainties stemming from the period and the distance to
the system. The dynamical mass was however consistent with the
photometric mass obtained from the evolutionary models when
adopting the age of the CAR moving group as suggested by the
YMG tools. The system does not have a measured Gaia paral-
lax, and instead we adopted the distance of d = 69 ± 2 pc from
Malo et al. (2013) based on group member statistics, which is
greater than the spectroscopic distance measured by Riaz et al.
(2006) of d ≈ 14 pc. Our orbital fit favoured the greater dis-
tance which corresponded to a higher mass, as the brightness and
spectral types of the binary are incompatible with the dynamical
mass estimated using the smaller distance, with the mass being
well below the Hydrogen burning limit in such case. We did not
assume any distance to the system when assessing YMG mem-
bership probabilities. However, the BANYAN Σ-tool places the

system in the field if assuming the shorter distance of d ≈ 14 pc
from Riaz et al. (2006).

2MASS J10364483+1521394 is a well-studied triplet sys-
tem which previous dynamical mass estimate depict a ≈
30 % discrepancy between dynamical and photometric masses
(Calissendorff et al. 2017). Only the outer BC binary pair was
considered for our orbital fit here, which was well-constrained
and obtained the grade 1 (reliable). The orbit of the outer binary
around the main primary A star is likely over hundreds of years
and thus not ready for orbital constraints yet. We found no obvi-
ous YMG membership for the system according to the YMG
tools utilised, however studies have suggest the system to be a
UMA candidate member, and we therefore adopted the age of
400 ± 100 Myrs for the system. We did not procure RV data for
the system, however Calissendorff et al. (2017) previously mea-
sured the mass-ratio between the B and C components from the
relative motion around the common centre of mass for the pair
on the orbit around the primary, revealing the outer binary to
be of both equal brightness and mass. The previous mass esti-
mate had most of its error budget dominated by the uncertainty
in the distance to the system, which has now been remedied
by Gaia EDR3 parallax. The updated distance also reduced the
mass-discrepancy observed in Calissendorff et al. (2017). The
near-IR spectral types of the individual components derived in
(Calissendorff et al. 2020) were surprisingly off by more than
1−σ from each other for the BC pair, but still within the error of
the optical photometric spectral types from Janson et al. (2012).
The discrepancy in the near-IR spectral types could be due to
one of the components being close to the edge of the detector
and the PSF not fully sampled.

2MASS J20163382-0711456 received a grade 4 (prelimi-
nary) orbital fit and is poorly constrained. The system has an
entry in Gaia EDR3, but the parallax is dubious with a dis-
tance above 1374 pc. An older entry in Gaia DR2 suggested
the system to be at a distance of d = 34.25 ± 1.41 pc which
we adopted for our calculations. Photometric spectral type anal-
ysis in the optical indicated for early M0 and M2 types for the
binary pair, which suggests that our dynamical mass estimate
is underestimated, and also in agreement with the photometric
mass which is about 2-3 times higher than the dynamical mass
from the preliminary orbital fit. RV data exists for the system
but was not helpful for constraining the orbit, exhibiting high
jitter.

2MASS J21372900-0555082 had no Gaia parallax available
and we adopted the photometric parallax from Lépine & Gaidos
(2011) for the system, which has a corresponding distance-
uncertainty of 30 %. The orbital fit grade was 4 (preliminary)
and the dynamical mass estimate has its uncertainty budget dom-
inated by the distance-error. It is likely that the orbital parameters
are not constrained well enough, as the dynamical mass is lower
than expected from the photometric mass from the models, but
within the errors because of the uncertain distance. A distance
of ≈ 18 pc would bring the dynamical and photometric masses
closer together. All three YMG tools suggested the system to be
part of the field.

2MASS J23172807+1936469 has previously been sug-
gested to be part of the BPMG (Malo et al. 2013; Janson et al.
2014b), but updated space velocity parameters with the
BANYAN Σ-online tool suggest it to be a field system. The con-
vergence point tool gave some low indication for a possibility of
the system being part of the THA group. Our orbital fit of the sys-
tem was one of the more robust in our sample, receiving a grade 1
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(reliable) on our scale, and the resulting orbital parameters were
consistent with the previous orbit fitted in Janson et al. (2014b).
The earlier results did not have access to Gaia parallaxes, and
the distance estimate by Lépine (2005) of d = 11.6 ± 2.4 pc
to the system was insufficient for precise mass estimates, which
uncertainty would convert the mass error to 50 % of the total
mass. The two new astrometric data points included here did
not change the results from the previous orbital fit, but here we
also incorporated RV data into the fit and had access to the Gaia
DR2 parallax which allowed for robust dynamical masses to be
derived.

2MASS J23261182+1700082 displayed a discrepancy
between the two orbital fitting procedures employed, where the
grid-search favoured higher masses. We estimated the grade of
the orbit as 4 (preliminary), which showed surprisingly small
uncertainties in mass despite the two masses from the two meth-
ods being so different. The mass from the MCMC orbit was more
in line with with photometric mass from the evolutionary models
compared to the grid-search that predicted a ≈ 30 % higher total
dynamical mass in the system. Most of the YMG tools agreed
that the system is more likely in the field, except for the conver-
gence point tool which gave some probability for it being a THA
member. If we were to assume the system to have the same age
as the THA group of 45±4 Myrs, the photometric mass would be
reduced 0.19 − 0.27M�, intensifying the discrepancy. The opti-
cal photometric spectral types were similar to that of J0111, and
we would expect J232611 to have a mass not too dissimilar from
it. New observations would greatly aid to reduce the large upper

uncertainty in the orbital period that the grid-search obtained for
the system.

2MASS J23261707+2752034 is likely belonging to the field
according to all three YMG tools. The system has the fewest
amount of observed epochs of just five observations in our sam-
ple, and the orbital fit received the grade 3 (tentative), which span
almost an entire orbital revolution. The evolutionary models pre-
dicted higher total mass than our dynamical mass estimates, and
it is possible that we overestimated the field age for the system.
New observations closer to periastron could help constrain the
orbital parameters further.

2MASS J23495365+2427493 receivied a grade 4 (prelimi-
nary) for its orbital fit, and it remains too uncertain to determine
whether the observed epochs are close to periastron or apastron,
causing a large uncertainty in the fitted orbital period. The sys-
tem had previously been estimated to be part of either the BPMG
or Columba (Malo et al. 2013; Janson et al. 2014b), but updated
Gaia EDR3 parameters and the BANYAN Σ-online tool suggests
the system to belong to the field instead. The convergence point
tool suggests the system to be a strong TWA candidate member
however. The dynamical mass from the grid-search and MCMC
differed for the system, where the grid-search preferred higher
masses and the MCMC lower masses compared to the photomet-
ric mass from the theoretical models. If we adopted the young
TWA age of ≈ 10 Myrs however, the photometric mass is simi-
lar to the mass obtained from the MCMC method. Nevertheless,
the orbit was only constrained to a preliminary level and not yet
good enough to make an adequate comparison.
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Appendix E: Summary

Table E.1. Summary

Namegrade P [yrs] a [AU] Mtot [M�] [MB/Mtot]
Grid MCMC Grid MCMC Grid MCMC Theoretical

J00081 5.92 ± 0.01 5.94+0.02
−0.01 2.60 +0.05

−0.04 2.61 ± 0.01 0.50 ± 0.02 0.50 +0.04
−0.03 0.45 − 0.53

J01113 41 +20
−10 56 +1

−15 7.8 ± 1.0 7.5 +1.2
−1.1 0.28 +0.10

−0.11 0.15 +0.11
−0.05 0.11 − 0.20

J02255 20 +20
−3 49 +43.6

−14.5 4.8 ± 0.3 6.94 +3.36
−1.75 0.27 +0.05

−0.06 0.12 +0.04
−0.03 0.22 − 0.26

J02453 30 ± 2 69 +43
−19 7.7 ± 0.2 14.22 +0.73

−0.55 0.51 ± 0.03 0.55 +0.04
−0.03 0.53 − 0.60

J04372 26 +6
−1 29.4 +0.5

−0.4 8.6 +0.1
−0.2 9.3 ± 0.2 0.92 +0.06

−0.04 0.93 ± 0.04 0.91 − 1.09 0.44 ± 0.02
J04594 28 +6

−16 32 +1
−5 6.0 +0.4

−0.3 6.38 +0.27
−0.72 0.28 +0.05

−0.03 0.26 +0.06
−0.04 0.75 − 0.78 0.24 +0.29

−0.04
J05324 87 +12

−4 26 +15
−7 19.7 ± 0.5 13.92 +2.65

−2.02 1.01 ± 0.07 1.87 +0.10
−0.49 0.93 − 1.14 0.41 +0.05

−0.04
J06115 121 +3304

−99 57 +41
−21 54 +5635

−40 19 +8
−5 11 +11

−8 1.1 +0.60
−0.39 0.78 − 0.93

J06132 13.2 +0.2
−0.4 11.56 +0.90

−0.73 4.62 +0.06
−0.04 3.91 +0.83

−0.11 0.57 ± 0.02 0.42 +0.38
−0.15 0.28 − 0.34 0.37 +0.06

−0.05
J07281 7.79 ± 0.03 7.76 ± 0.02 4.03 ± 0.04 3.99 ± 0.01 1.08 ± 0.03 1.06 ± 0.03 1.05 − 1.11 0.51 +0.10

−0.08
J09073 10.2 +2.0

−0.8 10.8 +0.8
−0.6 11.3 +0.3

−0.7 4.64 +1.36
−0.81 14 ± 1 0.78 +0.60

−0.35 0.69 − 0.85
J09163 8.6 +0.1

−0.2 8.76 +0.09
−0.08 4.24 +0.12

−0.11 4.27 +0.06
−0.17 1.02 +0.08

−0.07 1.01 +0.12
−0.09 1.12 − 1.13 0.79 +0.06

−0.07
J10143 48 +24

−9 48.5 +16.3
−6.5 13.5 +1.3

−0.6 13.59 +1.72
−0.41 1.10 ± 0.10 0.87 +0.20

−0.13 0.83 − 1.12
J10361 8.56 ± 0.02 8.47 ± 0.02 2.92 ± 0.03 2.98 ± 0.03 0.34 ± 0.01 0.37 ± 0.01 0.37 − 0.38 0.50 ± 0.02
J20164 41 +4371

−26 36 +26
−13 9 +13

−3 8.43 +3.15
−1.48 0.45 +0.10

−0.09 0.32 +0.09
−0.07 0.97 − 1.03

J21374 44 ± 8 69 +29
−16 9 +11

−3 13.04 +6.97
−6.00 0.4 ± 0.4 0.40 +0.38

−0.37 0.53 − 0.56
J23171 11.53 +0.05

−0.03 11.55 ± 0.02 4.32 +0.05
−0.06 4.32 +0.08

−0.06 0.60 ± 0.02 0.61 ± 0.03 0.63 − 0.64 0.45 ± 0.03
J2326114 20 +34

−10 16.4 +3.1
−1.9 6.3 +0.4

−0.6 5.18 +0.70
−0.59 0.63 +0.12

−0.09 0.49 ± 0.04 0.42 − 0.49
J2326173 11.0 ± 0.2 10.95 +0.16

−0.11 4.33 ± 0.06 4.33 +0.13
−0.14 0.67 ± 0.03 0.68 +0.06

−0.05 0.77 − 0.87
J23494 49 +8

−31 40 +26
−13 11 +1

−2 8.53 +2.28
−1.10 0.52 +0.07

−0.05 0.23 +0.17
−0.04 0.42 − 0.44

Orbital grades: (1) Reliable, (2) Good, (3) Tentative, (4) Preliminary, (5) Indetermined.

A16, page 33 of 33


	Introduction
	Observations and data reduction
	Sample selection and observations
	AstraLux
	NaCo
	NOT FastCam
	SPHERE

	Astrometry
	Radial velocities

	Orbital fitting
	Results and discussion
	Summary and conclusions
	References
	Astrometric data
	Orbital fits
	MCMC

	Evaluating orbits
	Individual systems
	Summary

