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ABSTRACT

We present orbital fits and dynamical masses for HIP 113201AB and HIP 36985AB, two M1 + mid-M dwarf binary systems monitored
as part of the SPHERE-SHINE survey. To robustly determine the age of both systems via gyrochronology, we undertook a photometric
monitoring campaign for HIP 113201 and GJ 282AB, the two wide K star companions to HIP 36985, using the 40 cm Remote
Observatory Atacama Desert telescope. Based on this monitoring and gyrochronological relationships, we adopt ages of 1.2 ± 0.1
Gyr for HIP 113201AB and 750 ± 100 Myr for HIP 36985AB. These systems are sufficiently old that we expect that all components
of these binaries have reached the main sequence. To derive dynamical masses for all components of the HIP 113201AB and HIP
36985AB systems, we used parallel-tempering Markov chain Monte Carlo sampling to fit a combination of radial velocity, direct
imaging, and Gaia and HIPPARCOS astrometry. Fitting the direct imaging and radial velocity data for HIP 113201 yields a primary
mass of 0.54 ± 0.03 M�, fully consistent with its M1 spectral type, and a secondary mass of 0.145± M�. The secondary masses
derived with and without including HIPPARCOS-Gaia data are all considerably more massive than the 0.1 M� mass estimated from
the photometry of the companion. Thus, the dynamical impacts of this companion suggest that it is more massive than expected from
its photometry. An undetected brown dwarf companion to HIP 113201B could be a natural explanation for this apparent discrepancy.
At an age >1 Gyr, a 30 MJup companion to HIP 113201B would make a negligible (<1%) contribution to the system luminosity but
could have strong dynamical impacts. Fitting the direct imaging, radial velocity, and HIPPARCOS-Gaia proper motion anomaly for HIP
36985AB, we find a primary mass of 0.54 ± 0.01 M� and a secondary mass of 0.185 ± 0.001 M�, which agree well with photometric
estimates of component masses, the masses estimated from MK– mass relationships for M dwarf stars, and previous dynamical masses
in the literature.
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1. Introduction

Dynamical masses for components of stellar binaries are critical
for benchmarking the computational models used to estimate the
masses and radii of isolated objects based on their luminosities.
While abundant dynamical masses for high-mass and solar-mass
stellar binaries are reported in the literature, fewer dynamical
masses are available for M dwarfs with masses <0.3 M� and
ultracool dwarfs, especially at young (<1 Gyr) ages. In the last
decade, empirical mass-luminosity relationships have been con-
structed for late K dwarf and M dwarf stars. Benedict et al.
(2016) constructed a mass-luminosity relationship for M dwarf
stars via Hubble Space Telescope orbital monitoring of 47 stars
with masses from 0.08–0.62 M�. Mann et al. (2019) derived an
empirical mass-luminosity-metallicity relation for stellar masses
between 0.075 and 0.7 M� by measuring total system masses
from 62 nearby M dwarf binaries.

Many of the dynamical masses in the literature determined
via direct imaging of visual binaries are in fact total masses for
the system. Direct imaging of the motion of a companion relative
to its primary must be combined with either the radial velocity
(RV) or absolute astrometry of the primary in order to deter-
mine individual component masses. Combining Canada France
Hawaii Telescope (CFHT) absolute astrometry with adaptive-
optics-assisted resolved imaging relative to the primary, Dupuy
& Liu (2017) present 38 individual masses for ultracool dwarfs
(spectral type ≥M6), ranging from 30 to 115 MJup, the largest
such sample for substellar objects and ultracool dwarfs in the lit-
erature. A number of low-mass and substellar companions have
been directly imaged after their presence was indirectly noted
via an RV trend (e.g., Crepp et al. 2016). For companions to
relatively bright stars, the combination of Gaia Data Release
2 (DR2) or Early Third Data Release (EDR3) proper motions
with HIPPARCOS proper motions can provide additional abso-
lute astrometry orbital constraints (Kervella et al. 2019). Only
in the last few years have these techniques been fully combined
to determine dynamical masses for a range of stars, substel-
lar objects, and exoplanets (Bowler et al. 2018; Calissendorff
& Janson 2018; Dieterich et al. 2018; Snellen & Brown 2018;
Grandjean et al. 2019; Dupuy et al. 2019; Brandt et al. 2019,
2020). Here we present dynamical mass determinations, com-
bining RV, direct imaging, and Gaia-HIPPARCOS data for all
components of the HIP 113201 and HIP 36985 binary systems.

HIP 113201AB and HIP 36985AB are two M1 + mid-M
binary systems. The existence of these binaries was first sug-
gested via their proper motion anomalies (Kervella et al. 2019)
– slight differences between the proper motions of the primaries
as measured by HIPPARCOS and Gaia suggested the presence
of an additional component in each system. Both binaries have
since been confirmed via direct imaging and RV observations.
HIP 113201B was discovered by Bonavita et al. (2021) in the
course of the SpHere INfrared survey for Exoplanets (SPHERE-
SHINE) survey (Chauvin et al. 2017), a ∼500 star survey tar-
geting young stellar systems using the SPHERE planet-finding
camera (Beuzit et al. 2019) at the Very Large Telescope (VLT)
in order to directly image young giant exoplanets (Desidera
et al. 2021; Langlois et al. 2021; Vigan et al. 2021). The HIP
113201AB system also has undergone extensive RV monitor-
ing with the High Accuracy Radial velocity Planet Searcher
(HARPS). For HIP 36985B, Kammerer et al. (2019) first imaged
the companion via VLT/NaCo kernel phase imaging and direct
VLT/NaCo imaging. Grandjean et al. (2020) confirmed that HIP
36985B was bound and covered a significant fraction of the
companion’s orbit via HARPS RV observations. Bonavita et al.

(2021) provided additional epochs of VLT-SPHERE imaging
of this companion, and Baroch et al. (2021) has recently pub-
lished additional CARMENES and FEROS RV observations.
With preliminary dynamical masses <0.2 M� (Bonavita et al.
2021; Baroch et al. 2021), HIP 113201B and HIP 36985B are
two of the lowest-mass stellar companions imaged as part of the
SPHERE-SHINE survey.

In Sect. 2 we summarize the properties of both stellar sys-
tems and present updated ages for the systems. In Sect. 3 we
describe the parallel-tempering Markov chain Monte Carlo (PT-
MCMC) code used to fit orbits for both systems. Section 4 covers
results from our PT-MCMC fits to both systems. We compare
our derived dynamical masses for all components of both sys-
tems to existing mass estimates in Sect. 5 and summarize our
conclusions in Sect. 6.

2. Properties of the primary stars

2.1. HIP 113201/GJ 4303/BPM 28050

Gaidos et al. (2014) fit the optical spectrum of HIP 113201
and find a best fit spectral type of M1, with best fit values of
Teff = 3693± 82 K, luminosity = 0.038 ± 0.009 L�, radius =
0.49 ± 0.05 R�, and mass = 0.52 ± 0.07 M�. Hawley et al.
(1996) find a similar but slightly earlier M0.5 spectral type from
low-resolution optical spectroscopy using the Cerro Tololo Inter-
American Observatory (CTIO) 1.5 m telescope. We used the
MK-mass relationship for stars with masses between 0.075 and
0.7 M� derived from orbital fits to 62 nearby binaries by Mann
et al. (2019) to estimate a mass of 0.52 ± 0.01 M� for HIP 113201,
matching the Gaidos et al. (2014) spectroscopic mass estimate.
Stellar properties are presented in Table 1.

HIP 113201 was included in the SPHERE-SHINE survey
sample because its kinematics are a reasonable match to both the
Tucana-Horologium and β Pic moving groups. However, using
a variety of age diagnostics, the star appears to be older than
comparable spectral type members in both groups. Its weak H-
alpha emission coupled with a lack of lithium absorption suggest
an age equal to or greater than the Hyades – in other words,
somewhat younger than typical field stars, but not <300 Myr.

To robustly determine the age via gyrochronology, we under-
took a photometric monitoring campaign in October-November
2016 at the Remote Observatory Atacama Desert (ROAD)
located in the Atacama Desert close to the town of San Pedro
de Atacama, Chile. The telescope is a 40 cm f /6.8 Optimized
Dall-Kirkham equipped with a 4K × 4K pixel FLI ML16803
charge-coupled device camera (9 µm pixel size) with a 40′ × 40′
field of view and BVI filters. We observed HIP 113201 for 36
almost consecutive nights spanning a time interval of 40 days.
We collected a total of 179 frames in V filter and 179 frames
in I filter (generally one telescope pointing per night with five
consecutive frames in each filter that were averaged to get
one average magnitude per night and corresponding σ). We
used aperture photometry to extract the magnitudes and com-
puted differential magnitudes of HIP 113201 with respect to
an ensemble comparison consisting of three non-variable stars
(TYC 8453 806 1; CD−539254; TYC 8453 856 1). The photo-
metric precision is 0.007 mag in both the I and V filters. We
performed Lomb-Scargle (LS) and CLEAN periodogram analy-
sis on the average data for the V, the I, and the (V + I)/2 time
series. The analysis of the (V + I)/2 time series provides the
most precise results, which are summarized in Fig. 1. In the peri-
odogram of V-filter data we find a period of 19.9 ± 0.7 days and
a light curve amplitude 0.03 mag. In the periodogram of I-filter
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Table 1. Properties of primary stars.

HIP 113201 HIP 36985 Reference

Spectral type M1 M1 Gaidos et al. (2014)
Effective temperature 3693 ± 82 K 3744 ± 82 K Gaidos et al. (2014)

Radius 0.49 ± 0.05 R� 0.51 ± 0.05 R� Gaidos et al. (2014)
Mass (M�) 0.52 ± 0.07 M� 0.54 ± 0.07 M� Gaidos et al. (2014)
Mass (M�) 0.52 ± 0.01 M� 0.57 ± 0.01 M� Using relationship from Mann et al. (2019)

Parallax (Gaia EDR3) 42.49 ± 0.22 mas 70.27 ± 0.13 mas Gaia Collaboration (2021)
Rotation period 19.6 ± 0.5 days 12.2 ± 0.1 days This paper, Kiraga (2012)

Gyrochronological age 1.2 ± 0.1 Gyr 740 ± 100 Myr This paper

Fig. 1. Summary of periodogram analysis for HIP 113201. Top-left panel: combined V + I-band magnitudes versus HJD (-2457670). Measurements
on each night were taken in both the V band and the I band; the average of the two bands is plotted here. Top-middle panel: LS periodogram.
The horizontal dotted lines show the 99.9 and 98% confidence levels, whereas the red dotted line shows the spectral window function. Top-right
panel: clean periodogram. Bottom panel: light curve phased with the 19.6 d rotation period. Red circles are data points from the first half of the
observations; blue circles are data points from the second half of the observations. The red dotted line is a sinusoidal fit to the phased light curve.

data we find a period of 19.2 ± 0.7 days and a light curve ampli-
tude 0.02 mag. In the periodogram of the combined light curve,
we find a period of 19.6 ± 0.5 days, which we adopt as the photo-
metric rotation period for this star. The rotation period is highly
significant (confidence level >99%) with coverage over multiple
rotation periods. The V and I magnitude variations are correlated
with linear Pearson correlation coefficient 0.6 and significance
99.9%, suggesting that the photometric variability is dominated
by either cool spots or hot spots (faculae).

HIP 113201 was also monitored by the Transiting Exoplanet
Survey Satellite (TESS) continuously over 25 days in both Sec-
tor 1 (2019) and Sector 28 (2020). Visual inspection of the TESS
light curves shows that the Pre-search Data Conditioned Sim-
ple Aperture Photometry (PDCSAP) light curves appear to have
additional trends added by the PDCSAP process, and hence we
adopt the SAP light curve instead. An LS periodogram analy-
sis of the SAP light curve from Sector 1 yields a broad double
peaked periodogram with the peak covering periods from 17 to
23 days and highest individual peak powers at 17.8 and 22.7 days.
The LS periodogram for Sector 28 has a power peak at the

period of 18.1 days. The TESS monitoring only covers ∼1 rota-
tional period for this star, so does not have the time baseline
necessary for a robust period determination. Hence we adopt
the 19.6 ± 0.5 days period from our dedicated ground-based
monitoring campaign.

With a comparatively long rotation period given its spec-
tral type, HIP113201 is on the slow rotator branch. Using the
Delorme et al. (2011) calibration with the 19.6 ± 0.5 days period
yields an age of 1.2 ± 0.1 Gyr for this star. The stellar properties
of HIP 113201 are summarized in Table 1.

2.2. HIP 36985/GJ 282C

With a separation of >50 000 AU, HIP 36985 is one of the widest
known companions, and is a triple component to the K dwarf
binary GJ 282AB (Poveda et al. 2009). Gaidos et al. (2014)
fit the optical spectrum of HIP 36985 and find a best fit spec-
tral type of M1, with best fit values of Teff = 3744 ± 82 K,
luminosity = 0.044 ± 0.01 L�, radius = 0.51 ± 0.05 R�, and
mass = 0.54 ± 0.07 M�. This M1 spectral type is independently
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confirmed by Alonso-Floriano et al. (2015), from low-resolution
optical spectroscopy with the Calar Alto Faint Object Spectro-
graph (CAFOS) at the 2.2 m Calar Alto telescope. Using the
MK-mass relationship for stars with masses between 0.075 and
0.7 M� derived from orbital fits to 62 nearby binaries by Mann
et al. (2019), we estimate a mass of 0.57 ± 0.01 M�, matching
well the mass estimate from spectroscopy.

The X-ray emission of GJ282A and B (individual com-
ponents from ROSAT pointed observations, Schmitt & Liefke
2004) yields log(Lx/Lbol) = −4.62 and −4.57, respectively. These
values are within the distribution of the Hyades members but
slightly above the median values and well below the values
observed for Pleiades and AB Dor MG members (Desidera et al.
2015). The log R

′
HK of GJ282A (−4.39 Wright et al. 2004)

is at the upper envelope of the Hyades members. The activ-
ity indicators then suggest an age slightly younger than the
Hyades.

Lithium can be used as additional diagnostic: Ramírez
et al. (2012) find A(Li) = 0.13± 0.04 for HIP 36985, while
lithium non-detection has been reported by Mishenina et al.
(2012) and Luck (2017). At the color of the star, a lithium
non-detection implies an age older than about 550 Myr. The
spectroscopic analysis in the literature supports a metallicity
close to solar ([Fe/H] = −0.09: Tabernero et al. 2017; −0.12:
Mishenina et al. 2012; +0.01: Ramírez et al. 2012; 0.00: Luck
2017; [M/H] = −0.05, Valenti & Fischer 2005).

HIP 36985 has been monitored photometrically in I and Z by
the All Sky Automated Survey (ASAS; Pojmanski 2002), with
inhomogeneous sampling over a time baseline of >2000 days.
Using these data, Kiraga (2012) and Díez Alonso et al. (2019)
derive consistent rotation periods of 12.2 ± 0.1 days and
12.16 days, respectively. HIP 36985 was also monitored by the
TESS continuously over 25 days. Similarly as for the case of HIP
113201, visual inspection of the TESS light curves shows that
the PDCSAP light curve appear to have additional trends added
by the PDCSAP process. Thus, we again adopt the simple aper-
ture photometry (SAP) light curve instead. An LS periodogram
analysis of the Simple SAP light curve from TESS yields a
periodogram power peak at the period of ∼12.1 days.

With a best rotational period of 12.2 ± 0.1 days from litera-
ture values, HIP 36985 is a relatively fast rotator for its spectral
type. Since the best adopted period is shorter than the period at
the convergence time on the slow rotator branch for this spectral
type, gyrochronological relations such as those from Delorme
et al. (2011) cannot be applied. In this case, gyrochronology can
only indicate that the age of the star is compatible with any age
between 0 and the age of the Hyades. Current best estimates for
the age of the Hyades range from 625 ± 50 Myr (Delorme et al.
2011), 650 ± 70 Myr (Martín et al. 2018), and 750 ± 100 Myr
(Brandt & Huang 2015). Given that the rotation period of HIP
36985 is only slightly shorter than the period at the conver-
gence time for an M1 spectral type, its age is likely similar to
or slighter younger than the age of the Hyades, consistent with
the age estimates from coronal and chromospheric emission.

The two higher-mass components of this system have K
spectral types and are thus actually better targets for gyrochrono-
logical age dating as they are older than the convergence time
for these earlier spectral types. Both were observed as part of
ASAS, but no significant periodicities were found in these data.
GJ 282A and B were covered in TESS Sector 7. An LS peri-
odogram analysis yielded the following periods for GJ 282 A
and B: PA = 13 ± 3.5d and PB = 14 ± 4.0d, of insufficient pre-
cision for an accurate gyrochronological age dating. Given the
inconclusive results from the ASAS and TESS light curves, we

conducted a photometric monitoring campaign for GJ 282A and
B, from January 15 until April 20, 2021, for a total of 75 nights
at the ROAD observatory (see Sect. 2.1 for details). Observations
were collected in the V and B filters and consisted of five con-
secutive frames per filter on each night, totaling 750 frames. The
magnitudes of GJ282A and B were extracted using aperture pho-
tometry together with two nearby stars that served as comparison
(C; BD-03 2003) and check (CK: HD 61723) stars. The compar-
ison and check stars turned out to be constant in flux during the
monitoring with a standard deviation σV = 0.017 mag and σB =
0.012 mag. Both A and B components show a low level of vari-
ability with a standard deviation of their differential magnitude
time series similar to that of the C−CK differential magnitudes
with σVA = 0.017 mag; σBA = 0.013 mag and σVB = 0.015 mag;
σBB = 0.015 mag. The periodogram analysis, carried out with LS
and CLEAN, did not reveal any significant periodicity for the A
component. In contrast, the periodogram analysis of the B com-
ponent showed a significant power peak in both V and B band at
P = 12.10 ± 0.77 days. In Fig. 2, we summarize the results of our
periodogram analysis. To make the phase rotational modulation
more easily visible, we averaged all magnitudes within bins of
0.05 in phase.

Using the gyrochronology relationship from Delorme et al.
(2011) and adopting an age for the Hyades of 625 Myr, the
period of 12.10 ± 0.77 days for GJ 282B implies an age of
740 ± 100 Myr. This is compatible with the gyrochronologi-
cal age limit of the Hyades age or younger that we found for
HIP 36985. Thus, combining this with the age limits placed
by lithium non-detection and activity indicators, we adopted
a system age similar to that of the Hyades for GJ 282AB/
HIP 36985.

The system has been considered for membership in the
∼300 Myr Ursa Major (UMa) moving group in several works
(e.g., Montes et al. 2001). Most recently, Baroch et al. (2021)
recalculated the galactocentric velocity for HIP 36985, finding
25.1, −2.5, and −7.8 km s−1 for the U, V, and W components,
respectively, and suggest that it may be a member of the UMa
moving group. These values are very similar to those of GJ 282A
(U,V,W = 25.20 ± 0.26, −3.07 ± 0.25, −7.65 ± 0.09 km s−1)
listed by Tabernero et al. (2017), further supporting the phys-
ical association of HIP 36985 with GJ 282AB. Montes et al.
(2001) find a mean velocity vector of the UMa nucleus of U,
V, W = 14.9, 1.0, −10.7 km s−1; King et al. (2003) and Mamajek
et al. (2010) find updated mean velocity vectors of U, V, W =
14.2 ± 0.7, 2.8 ± 1.3, −8.7 ± 1.8 km s−1 and U, V, W = 15.0 ± 0.4,
2.8 ± 0.7, −8.1 ± 1.0 km s−1, respectively. Both HIP 36985 and
GJ 272A have velocity vectors close to but significantly outside
the UMa nucleus. Combined with the higher system age we find
from gyrochronology, and consistent with estimates from coro-
nal and chromospheric emission, we conclude that this stellar
system is not part of the nucleus of the UMa group. The stellar
properties of HIP 36985 are summarized in Table 1.

3. Description of the parallel-tempering Markov
chain Monte Carlo orbital fitting code

We used the PT-MCMC ensemble sampler as implemented in
emcee v2.1.0 (Foreman-Mackey et al. 2013) to fit the combi-
nation of RV, direct imaging, and Gaia-HIPPARCOS astrometry
available for each system. The PT-MCMC method runs chains
at different “temperatures” (Earl & Deem 2005), where higher
temperature chains sample large volumes of phase space, while
lower temperature chains sample more precisely a local region
of phase space. At the end of the MCMC run, only the results
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Fig. 2. Summary of periodogram analysis for GJ 282B. Top-left panel: V-band magnitudes versus HJD (-2459000). Top-middle panel: LS peri-
odogram. The horizontal dotted lines show the 99.9 and 98% confidence levels, whereas the red dotted line is the spectral window function.
Top-right panel: clean periodogram. Bottom panel: light curve phased with the 12.15 d rotation period. The red line is a sinusoidal fit to the phased
light curve.

from the lowest temperature chain are retained; however, in
the PT-MCMC implementation, the higher and lower tempera-
ture chains swap information, preventing the lower temperature
chains from becoming trapped in local minima. Thus, the PT-
MCMC method is particularly useful for evaluating multimodal
or complex posteriors.

3.1. Simulating trial orbits

At each step of each MCMC chain, we simulate trial orbits
using the following parameters (including the standard orbital
elements): the orbital period (P) in years; the orbital inclination
(i) in degrees; the orbital eccentricity (e); the RV measurement
offset (γ) in km s−1; the longitude of the ascending node (Ω) in
degrees; the argument of periastron (ω) in degrees; the time of
periastron passage (T0) in Julian days (JD); the distance to the
system (d) in pc; the total system mass (Mtot) in M�; and the
companion mass (M2) in M�.

We constructed simulated orbits following the approach
given in Argyle (2012). Time (t) in JD at each epoch is converted
to mean anomaly (M) via

M =
2π
P

(t − T0). (1)

Mean anomaly (M) is converted to eccentric anomaly (E) by
using the Newton-Raphson method to iteratively solve Kepler’s
equation:

M = E − sin E. (2)

Radial velocity variations were modeled at each epoch t as

V(t) = K[cos(ω) + ν(t)) + e cos(ω)], (3)

where ω is the argument of periastron, ν(t) is the true anomaly at
epoch t, e is the eccentricity, and the true anomaly ν(t) is related
to the eccentric anomaly E by

ν = 2 arctan

√1 + e
1 − e

 tan
(E

2

) . (4)

As the arctan function in python only returns angles from − π2
to π

2 , we adopted the following form for ν to cover the full range
of possible true anomaly values:

ν = 2 arctan 2
((√

1 + e
)

sin
(E

2

)
,
(√

1 − e
)

cos
(E

2

))
. (5)

The K is the RV semi-amplitude, given by

K =

(
2πG

P(sec)

) 1
3 M2 sin(i)

(1 − e)2M
2
3
tot

, (6)

where P(sec) is the orbital period in seconds, M2 is the com-
panion mass, Mtot is the total system mass, e is eccentricity and
i is the inclination of the system. We adopt an additional off-
set parameter γ for each RV data set, to take into account the
systematic errors between instruments.
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Direct imaging relative companion positions (with respect to
the stellar position) were modeled using the Thiele-Innes ele-
ments. The semimajor axis a of the system in AU is calculated
from Kepler’s third law:

a =
(
P2 Mtot

)1/3
. (7)

This is projected onto the sky using the Thiele-Innes elements:

A = a (cos(Ω) cos(ω) − sin(Ω) sin(ω) cos(i)) (8)
B = a (sin(Ω) cos(ω) + cos(Ω) sin(ω) cos(i)) (9)
F = a (− cos(Ω) sin(ω) − sin(Ω) cos(ω) cos(i)) (10)
G = a (− sin(Ω) sin(ω) + cos(Ω) cos(ω) cos(i)). (11)

At a given time (t), mean anomaly (M), and eccentric
anomaly (E), the projected separations (in AU) of the companion
from the primary star in the x direction, y direction, or radially
are given by

X = cos(E) − e (12)

Y =
√

1 − e2 sin(E) (13)

R = a
√

X2 + Y2. (14)

Following a similar approach as Grandjean et al. (2019), the
tangential velocity of the companion at time t is given by

VX = −2 π a2 sin(E)
P R

(15)

VY =
2 π a2 cos(E)

P R

√
1 − e2. (16)

Projecting onto the sky to obtain separations and velocities
in the right ascension (RA) and declination (Dec) directions
then provides the following companion positions and tangential
velocities relative to the primary star:

∆Dec = A X + F Y in AU (17)
∆RA = B X + G Y in AU (18)

∆vDec =
A VX + F VY

a
in AU/yr (19)

∆vRA =
B VX + G VY

a
in AU/yr. (20)

To convert onto the on-sky projection requires a distance mea-
surement, we included a fit to the Gaia DR2 distance in our
likelihood function to help pin the distance of the system to an
appropriate value.

We fit the RV and direct imaging points directly; as epoch
astrometry is not yet available for Gaia, we fit the average
model tangential velocity in RA and Dec to the HIPPARCOS
and Gaia proper motion anomaly measurements. To correctly
compare Gaia and HIPPARCOS proper motion measurements to
our model orbits then requires also taking the (model-dependent)
barycentric motion of the system into account.

3.2. Simulating HIPPARCOS-Gaia proper motion anomalies

For each primary star, the combination of HIPPARCOS and
Gaia data yields three measurements: µH, the proper motion as
measured over the HIPPARCOS mission, µG, the proper motion
measured over the portion of the Gaia mission corresponding
to a Gaia data release (e.g., Gaia DR2 or EDR3), and µHG, the

scaled positional difference between the HIPPARCOS and Gaia
positional measurements over the full ∼25 yr baseline between
both missions (Brandt 2018, 2021; Brandt et al. 2019). In the
case of a single star, all three of these measurements will be
the same. A binary companion tugging on the primary star will
cause deviations in proper motion on the timescale of the orbit of
the companion (see, e.g., Fig. 1 of Kervella et al. 2019). Thus, the
“proper motion anomaly”, the difference between the measured
proper motion at the HIPPARCOS or Gaia epoch and the long-
term proper motion of the photocenter of the system, as defined
in Kervella et al. (2019),

∆µH/G2 = µH/G2 − µHG, (21)

can be an important indicator of binarity and can provide addi-
tional orbital constraints. For both HIP 113201 and HIP 36985,
the significant proper motion anomaly in both cases (Kervella
et al. 2019; Bonavita et al. 2021) strongly pointed to the exis-
tence of the binary companion. For the purpose of orbit fitting,
the proper motion anomaly (an average quantity over a given
mission time span) is compared with either the instantaneous
proper motion from the model at the midpoint of that mission
time span or the mean value of proper motion from the model
over the mission time span. A shorter proper motion monitoring
time will thus provide a proper motion anomaly measurement
that is a better approximation to the instantaneous or mean model
proper motion. If a given mission time span catches a part of the
orbit with particularly high tangential velocity, a believable fit to
the proper motion anomaly for that mission may not be possi-
ble. Thus, in the future, for orbit fitting, it would be preferable
to directly fit epoch-by-epoch measurements. However, epoch
astrometry will not be available until Gaia DR4 and later. For
now, average measurements from astrometry over 1.5–2 yr time
spans, while not entirely accurate, can place valuable additional
constraints on the orbit. Because of this issue, we chose to fit
Gaia DR2 proper motions instead of the more recent Gaia EDR3
proper motions, as Gaia DR2 covers a shorter on-sky period and
hence provides a more “instantaneous” measurement.

The proper motion anomaly is measured relative to the pho-
tocenter of the system (assumed to be the primary star), whereas
model quantities are calculated relative to the barycenter of the
system. Thus, to compare observed and model quantities, we
must account for the barycenter position of the system relative
to the photocenter. At a given time, t, the instantaneous on-sky
tangential velocity (in mas) of the primary (Vprimary) due to the
pull of the secondary (vsecondary) relative to the barycenter of the
system in RA and Dec, respectively, is

Vprimary, RA = − M2

Mtot
vsecondary, RA

1000
d

(22)

Vprimary, Dec = − M2

Mtot
vsecondary, Dec

1000
d

. (23)

However, as epoch astrometry is not available for intermedi-
ate Gaia data releases, what we measure instead is the average
over all the Gaia or HIPPARCOS individual measurement epochs
for each data release. For each model orbit, we calculate this as
the average of the tangential velocities for each of the observed
epochs:

〈Vprimary, RA〉 = − M2

Mtot
〈vsecondary, RA(t)〉 1000

d
(24)

〈Vprimary, Dec〉 = − M2

Mtot
〈vsecondary, Dec(t)〉 1000

d
. (25)
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For HIPPARCOS, we retrieved the observation dates using
the HIPPARCOS intermediate observation app1 and for Gaia, we
used the Gaia Observation forecast tool (GOST)2 to select obser-
vations within the Gaia DR2 observation period, calculated the
instantaneous tangential velocity for each individual observa-
tion, and then adopted the average of these values to compare
against the (averaged) HIPPARCOS or Gaia proper motion.

The tangential velocity calculated from the model gives
the instantaneous motion on the sky due to the orbit of the
secondary, whereas the proper motion anomaly calculated via
Eq. (21) subtracts the long-term proper motion trend from the
“instantaneous” Gaia or HIPPARCOS proper motion to approxi-
mate this same value. However, all Gaia and HIPPARCOS proper
motion values are calculated relative to the photocenter of the
system (assumed to be the primary in this case, as the photo-
metric contribution of the secondary is negligible), while the
average model tangential velocity calculated via Eq. (25) is rel-
ative to the barycenter of the system. Thus, we must correct the
proper motion anomaly measurement to the barycenter of the
system. This correction depends on the masses of both com-
ponents of the binary, and hence, is model dependent. Again,
following Grandjean et al. (2019), the position of the star rela-
tive to the barycenter of the system due to reflex motion from the
influence of the companion is given by

∆Dec∗ = −∆Dec
M2

Mtot d
(26)

∆RA∗ = −∆RA
M2

Mtot d
. (27)

The barycenter proper motion, as calculated from the scaled
HIPPARCOS-Gaia positional difference, is then given by

µbary RA = − M2

Mtot d
〈∆RA∗〉G − 〈∆RA∗〉H

〈tH〉 − 〈tG〉 (28)

µbary Dec = − M2

Mtot d
〈∆Dec∗〉G − 〈∆Dec∗〉H

〈tH〉 − 〈tG〉 . (29)

To compare between model and data quantities, we then
subtracted out the model barycenter proper motion from the
observed proper motion anomaly (in RA and Dec, respectively):

∆µbary = µH/G2 − µHG − µbary. (30)

We can then compare ∆µref in RA and Dec with Vprimary, RA
and Vprimary, Dec. Errors for ∆µref are added in quadrature.

3.3. Likelihood function and priors

Combining direct imaging, RV, and HIPPARCOS-Gaia astrom-
etry, our final combined likelihood function for the PT-MCMC
runs is

L = −1
2

[ NDI∑
i=1

(
xDI

i − f DI
i

σDI
i

)2

+

NDI∑
i=1

(
yDI

i − f DI
i

σDI
i

)2

+

Ninst∑
i=1

NRV∑
j=1

RV j − ( f RV
j + γi)

σRV
j

2

+

(
∆µbary,H,RA − Vprimary,H,RA

σ∆µbary,H,RA

)2

+

(
∆µbary,H,Dec − Vprimary,H,Dec

σ∆µbary,HIP,Dec

)2

+

(
∆µbary,G,RA − Vprimary,G,RA

σ∆µbary,G,RA

)2

1 https://www.cosmos.esa.int/web/hipparcos/
intermediate-data
2 https://gaia.esac.esa.int/gost/

+

(
∆µbary,G,Dec − Vprimary,G,Dec

σ∆µbary,G,Dec

)2

+

(
$DR2 − (1000/d)

σ$DR2

)2 ]
,

(31)

where xDI
i and yDI

i are the direct imaging offsets of the secondary
from the primary position in RA and Dec (∆RA and ∆Dec from
Sect. 3.1), respectively, for each data epoch, f DI

i are the model
predictions for the secondary position relative to the primary at
each data epoch, RV j is the measured RV at each data epoch,
f RV

j is the model prediction for RV at that data epoch, γi are the
instrumental offsets between the model RV and the measured
RV for each instrument i, ∆µbary values are the barycenter cor-
rected proper motion anomaly in RA and Dec for HIPPARCOS
and Gaia, respectively, $DR2 is the measured Gaia DR2 paral-
lax in mas, and (1000/d) is the model prediction for the parallax
of the system (with distance d given in pc). The values labeled as
σ are the respective errors on each measured property. For prop-
erties that combine multiple measurements (e.g., various ∆µbary
values), σ∆µbary has been calculated as the sum in quadrature of
all the constituent measured values. The PT-MCMC fits do not
actually serve to put useful constraints on the distance to the sys-
tem; the fit to the Gaia DR2 parallax is included instead as an
additional prior to weight the PT-MCMC runs to distance values
that are consistent with the measured Gaia parallax.

For all PT-MCMC runs, we adopted the following uniform
priors: for P, 0 to 70 yr; for i,Ω,ω, 0 to 2π radians; for e, 0 to 1; for
γ, 20 km s−1 to 20 km s−1, fit separately for each instrument used;
for T0, uniform between 2 450 000 days < T0 < 2 464 500 days for
HIP 113201 and between 2 454 000 days < T0 < 2 466 000 days
for HIP 36 985; for Mtot, 0–2 M�; and for M2, 0–0.5 M�.

4. Orbital fits

4.1. HIP 113201

For direct imaging points, we fit the VLT-SPHERE astromet-
ric data points presented in Bonavita et al. (2021). HIP 113201
also has multiple years (spanning 2008–2017) of RV monitoring
using the HARPS instrument on the 3.6 m telescope at the La
Silla observatory. We derived RV measurements from all spectra
available on the ESO archive using the SAFIR (Spectroscopic
data via Analysis of the Fourier Interspectrum Radial velocities)
pipeline described in Galland et al. (2005). These measurements
are presented in Appendix A.

We performed PT-MCMC fits to (1) the combination of
direct imaging and RV data by itself, (2) the combination of
direct imaging, RV, and both HIP-Gaia proper motion anoma-
lies, (3) the combination of direct imaging, RV, and only the
HIP proper motion anomaly (still using Gaia astrometry to cor-
rect for barycentric motion and fit for the system distance), and
(4) the combination of direct imaging, RV, and only the Gaia
proper motion anomaly. For most runs, we ran the PT-MCMC
sampler described in Sect. 3 with 15 temperatures, 50 walkers,
and 40 000 steps, and used the final 20 000 steps of the coldest
temperature walkers for figures shown here. For the fit to just the
direct imaging and RV points, the chains did not reach conver-
gence within 40 000 steps, so we reran this fit with 100 walkers.
For all MCMC runs, we inspected the walkers from the cold-
est temperature chain by eye to determine when the chain had
converged.

Best parameters derived from each MCMC run are presented
in Table 2. We adopt the DI+RV+HIPPARCOS fit as the best over-
all fit to the system. Corner plots for all parameters of this fit
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Table 2. HIP 113201 orbital fits.

Parameter DI+RV DI+RV+HIP DI+RV+Gaia DI+RV+HIP+Gaia

P (yr) 27.773+2.290
−1.787 33.440+2.266

−1.707 38.568+1.861
−1.794 38.412+1.811

−1.754

T0 (BJD) 2457239.591+12.328
−11.053 2457265.977+8.977

−7.892 2457278.773+7.398
−8.073 2457278.316+7.331

−7.880

e 0.628+0.022
−0.020 0.678+0.016

−0.013 0.741+0.009
−0.009 0.740+0.008

−0.009

i (deg) 151.893+2.554
−2.547 146.597+1.362

−1.517 137.783+0.434
−0.442 137.810+0.434

−0.437

ω (deg) 317.130+0.426
−0.425 317.507+0.397

−0.400 318.814+0.386
−0.389 318.811+0.383

−0.383

Ω (deg) 205.018+1.212
−1.276 202.943+1.031

−1.081 207.939+1.241
−1.163 207.982+1.211

−1.161

γ (km s−1) 0.431+0.019
−0.021 0.383+0.013

−0.015 0.346+0.009
−0.009 0.347+0.009

−0.009

Mtot (M�) 0.685+0.023
−0.021 0.735+0.020

−0.017 0.935+0.013
−0.013 0.934+0.013

−0.013

M2 (M�) 0.146+0.010
−0.008 0.131+0.003

−0.003 0.125+0.001
−0.001 0.125+0.001

−0.001

M1 (M�) 0.539+0.031
−0.030 0.604+0.022

−0.020 0.809+0.013
−0.013 0.809+0.013

−0.013

are presented in Fig. 3. The best fit orbit, as well as 100 orbits
randomly selected from the posterior probability distribution
function (pdf) are plotted alongside the RV and direct imag-
ing data in Fig. 4. The best fit orbit and 100 randomly selected
orbits from the posterior of the model tangential motion on the
sky compared to the barycenter-corrected HIPPARCOS and DR2
proper motion anomalies are presented in Fig. 5. Similar plots
for the other fits are presented in Appendix B for the fit to just
direct imaging and RV data, Appendix C for the fit to direct
imaging data, RV data, and both Gaia and HIPPARCOS proper
motion anomalies, and Appendix D for the fit to direct imag-
ing data, RV data, and only the Gaia proper motion anomaly.
Unfortunately, the Gaia DR2 epoch caught the orbit in a period
with extreme tangential motion – the averaging technique we
used here to compare the tangential motion of the companion to
the Gaia-HIP astrometry is not appropriate for this epoch, given
the extreme motion on the sky, especially in RA. Forcing a fit
of the high-precision Gaia measurement to the uncertain model
astrometry over the full 1.5 yr Gaia DR2 observation period
drives the period to larger values. Consequently, to compensate
for the longer period from the Gaia constraint, the fit to direct
imaging, RV, and Gaia-HIP astrometry produces an anomalously
high mass for the primary. This dynamical mass is incompatible
with both spectroscopic and photometric mass estimates for this
star (Gaidos et al. 2014; Bonavita et al. 2021; Mann et al. 2019)
– with an M1 spectral type, we do not expect a mass beyond
0.6 M� for HIP 113201A. Hence, we adopt the fit using only the
HIPPARCOS constraint for our final values, as the HIPPARCOS
epochs of observations cover a much more gradual, well-behaved
portion of the orbital motion.

4.2. HIP 36985

HIP 36985 has extensive multi-instrument monitoring available
for both direct imaging and RV observations. For our fits, we
included the 3 VLT-NaCo direct imaging observations presented
in Table 3 of Baroch et al. (2021) and the VLT-SPHERE astro-
metric data points presented in Table 7 of Bonavita et al. (2021).
HIP 36985 has multiple years (spanning 2014–2019) of RV mon-
itoring using the HARPS instrument on the 3.6 m telescope at
the La Silla observatory (Grandjean et al. 2020) and a signifi-
cant proper motion anomaly between HIPPARCOS and Gaia DR2

measurements (Kervella et al. 2019). We again draw astrometry
values from the HIPPARCOS-Gaia Catalog of Accelerations
(Brandt 2018, 2021) to account for systematics on the sky and
ensure all astrometry is in the Gaia DR2 reference frame.
Additional RV monitoring with FEROS and CARMENES is pre-
sented in Baroch et al. (2021). We fit all HARPS, FEROS and
CARMENES data points, taken from Table A.1 of Baroch et al.
(2021). To account for the different RV offsets, we fit 3 offset
terms (γ1, γ2, γ3), one per instrument.

We performed two PT-MCMC fits to combinations of these
data: (1) only direct imaging and RV points and (2) direct
imaging, RV, and the HIP-Gaia proper motion anomalies. In
both cases, we ran the PT-MCMC sampler for 15 temperatures,
50 walkers and 50 000 steps, and used the final 20 000 steps
of the coldest temperature walker for figures shown here. We
inspected 100 walkers from the coldest temperature chain by
eye to determine when the chain had converged. The Gaia DR2
observations for HIP 36985 cover a less extreme part of the
orbital motion than for HIP 113201; thus, we found that includ-
ing both HIPPARCOS and Gaia proper motion anomalies in our
fits improved the overall fit and produced physically consistent
masses for both the primary and the secondary.

Best parameters derived from each PT-MCMC run, as well
as from the fit from Baroch et al. (2021), are presented in Table 3.
We find comparable fits from fitting only the direct imaging and
the RV data and from the fit to all direct imaging data, RV data,
and HIPPARCOS-Gaia proper motion anomalies. Thus, we adopt
the DI+RV+HIPPARCOS-Gaia fit as the best overall fit to the
system. This fit matches well with the model parameters found
using a similar method and the orvara fitting code from Baroch
et al. (2021). This is unsurprising, as we fit nearly the same data
points as Baroch et al. (2021), with a very similar method. Our fit
additionally incorporates three SPHERE-SHINE observations,
providing slightly stronger constraints on the orbital motion.

Corner plots for all parameters of the DI+RV+HIPPARCOS-
Gaia fit are presented in Fig. 6. The best fit orbit, as well as
100 orbits randomly selected from the posterior pdf are plotted
alongside the RV and direct imaging data in Fig. 7. The best fit
orbit and 100 randomly selected orbits from the posterior of the
model tangential motion on the sky compared to the barycenter-
corrected HIPPARCOS and DR2 proper motion anomalies are
presented in Fig. 8.

A145, page 8 of 23



B. A. Biller et al.: Dynamical masses for two M1 + mid-M dwarf binaries

Fig. 3. Corner plot for the PT-MCMC fit to the orbit of HIP 113201AB, incorporating direct imaging, RV, and the HIPPARCOS proper motion
anomaly in the orbital fit.

5. Discussion – Comparison of companion
dynamical masses with existing mass estimates

Before full orbital fitting was possible for these objects, a number
of authors estimated the mass of all components of these sys-
tems via model isochrones. Our dynamical mass measurements
thus provide valuable tests both to photometric estimates of very
low-mass star masses as well as to empirical mass-luminosity
relationships from orbital fitting. Here we compare our dynam-
ical masses to both model estimates based on photometry and
other dynamical mass measurements in the literature.

Bonavita et al. (2021) estimate component masses using BT-
Settl pre-main-sequence isochrones (Allard 2014) with SPHERE

photometry and Gaia EDR3 distances. Their age estimates for
HIP 113201 and HIP 36985 were derived from a mix of kine-
matic and gyrochronological age analysis. Adopting ages of
750 ± 250 Myr and 500 ± 200 Myr, respectively, Bonavita
et al. (2021) find primary and secondary masses of 0.53 M� and
0.10 M� for HIP 113201AB, and 0.58 M� and 0.19 M� for HIP
36985AB.

Mann et al. (2019) derive an empirical MK-mass rela-
tion for stellar masses between 0.075 and 0.7 M� by finding
total system masses from 62 nearby M dwarf binaries. No K-
band photometric measurements are available for HIP 36985B
and HIP 113201B, but using the reddest value ∆mag mea-
surements from Bonavita et al. (2021) and assuming that the

A145, page 9 of 23



A&A 658, A145 (2022)

Fig. 4. Comparison of data to model orbits from the PT-MCMC posterior pdf. Left: RV data versus model comparison for HIP 113201AB. HARPS
data points are plotted as cyan triangles. The best fit orbit from the direct imaging, RV, and the HIPPARCOS proper motion anomaly PT-MCMC run
is plotted as a solid black line; blue lines depict 100 random orbits taken from the final converged PT-MCMC posterior pdf. Right: direct imaging
data versus model comparison for HIP 113201AB. SPHERE data points are plotted as lavender triangles. The best fit orbit from the direct imaging,
RV, and the HIPPARCOS proper motion anomaly PT-MCMC run is plotted as a solid black line; blue lines depict 100 random orbits taken from the
final converged PT-MCMC posterior pdf. The position of the primary is depicted with a black star symbol.

Fig. 5. Model tangential velocity compared to HIPPARCOS and Gaia barycenter-corrected proper motion anomalies for HIP 113201AB. The
tangential velocity in RA is plotted in the left panel, and the tangential velocity in Dec is plotted in the right panel. The best fit orbit from the direct
imaging, RV, and the HIPPARCOS proper motion anomaly PT-MCMC run is plotted as a solid black line; blue lines depict 100 random orbits taken
from the final converged PT-MCMC posterior pdf. HIPPARCOS and Gaia barycenter-corrected proper motion anomalies are plotted as green points
for the same 100 random orbits; because the barycenter correction depends on primary and secondary mass, these vary slightly depending on the
orbit selected. The HIPPARCOS mission lifetime for the 100 random orbits is highlighted in green; the Gaia DR2 observation period is highlighted
in cyan. The small circle points depict the dates at which HIPPARCOS and Gaia measurements were acquired.

companions are uniformly redder than their primaries (i.e., that
∆mag(K) will be less than the ∆mag value we adopt from bluer
SPHERE measurements), we can estimate minimum masses
using the MK-mass expression from Mann et al. (2019). For
HIP 113201B, Bonavita et al. (2021) report 5 ∆J measurements
at different epochs ranging from 3.54 to 4.09 mag. We adopt
the median value of these, and the standard deviation as the
error: ∆J = 3.93±0.31, yielding a minimum mass using the
Mann et al. (2019) relationship of 0.099 ± 0.010 M�. Adopt-
ing ∆H3 = 2.848 ± 0.245 for HIP 36985B from Bonavita et al.
(2021), we estimate a minimum mass using the Mann et al.
(2019) relationship of 0.174 ± 0.021 M�.

Combining existing HARPS RV measurements with
SPHERE astrometry and the HIPPARCOS-Gaia proper motion
anomaly measurement, Bonavita et al. (2021) find a dynamical
mass for HIP 36985B of 0.180 ± 0.007 M�. Using the orvara
orbit-fitting code (Brandt et al. 2020), Baroch et al. (2021) fit
HARPS, CARMENES, and FEROS RV measurements, VLT-
NaCo direct imaging measurements and the HIPPARCOS-Gaia
proper motion anomaly, finding dynamical masses of 0.554+0.058

−0.049
M� and 0.1881+0.0048

−0.0047 M� for the primary and secondary,
respectively.

Our best fit dynamical masses for both primaries agree
well with photometric estimates, the empirical MK-mass
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Table 3. HIP 36985 orbital fits.

Parameter DI+RV DI+RV+HIP+Gaia Baroch et al. (2021)(1)

P (yr) 19.942+0.348
−0.326 18.254+0.116

−0.117 18.045+0.372
−0.485

T0 (BJD) 2459890.444+14.494
−15.525 2459955.121+5.336

−5.365 2460004+90
−91

e 0.225+0.002
−0.001 0.227+0.001

−0.001 0.213+0.010
−0.010

i (deg) 93.070+0.088
−0.088 93.137+0.087

−0.086 93.96+0.55
−0.55

ω (deg) 171.225+1.875
−1.938 181.395+0.738

−0.736 183.0+1.5
−1.4

Ω (deg) 136.472+0.169
−0.168 136.616+0.165

−0.167 136.95+0.46
−0.46

γ1 (FEROS, km s−1) −19.267+0.165
−0.164 −18.544+0.128

−0.128 −18.35+0.11
−0.12 (γ)

γ2 (HARPS, km s−1) 0.242+0.006
−0.006 0.259+0.005

−0.005 −0.20+0.11
−0.12 (γH)

γ3 (CARMENES, km s−1) −0.852+0.006
−0.006 −0.833+0.005

−0.005 0.89+0.11
−0.12 (γC)

Mtot (M�) 0.695+0.012
−0.012 0.724+0.009

−0.009

M2 (M�) 0.187+0.001
−0.001 0.185+0.001

−0.001 0.1881+0.0048
−0.0047

M1 (M�) 0.508+0.011
−0.012 0.539+0.008

−0.007 0.554+0.058
−0.049

Notes. (1)Baroch et al. (2021) define RV offsets, γ, relative to the FEROS observations, while we define a separate offset for each instrument.

relation from Mann et al. (2019), and also existing dynamical
mass measurements in the literature. Both primaries are young
main-sequence stars, and thus their model masses derived from
their luminosity should be insensitive to the age of the star.

A comparison of dynamical masses and model mass esti-
mates for HIP 113201B and HIP 36985B is presented in Fig. 9.
All mass estimates and measurements for HIP 36985B agree on
a mass of around 0.19 M�. There is considerably more diver-
gence between mass estimates for the lower-mass HIP 113201B
companion. Estimates combining photometry and the system age
with model isochrones find a mass of ∼0.1 M�; we find a consid-
erably higher dynamical mass of 0.13–0.15 M�. We only find
a lower limit to mass with the relationship from Mann et al.
(2019), but this is consistent with our dynamical mass estimate.
However, the 750 ± 250 Myr age adopted for HIP 113201B in
Bonavita et al. (2021) is considerably lower than the age of
1.2 ± 0.1 Gyr adopted here. To evaluate whether this is the
source of the divergence between the dynamical mass and the
model mass estimate from Bonavita et al. (2021), in Fig. 10,
we overplot luminosity as a function of age using the Baraffe
et al. (2015) models for objects with masses between 0.1 and
0.25 M� with the bolometric luminosities and age ranges of the
two companions considered in this paper. We estimated bolo-
metric luminosities for HIP 113201B and HIP 36985B using
the J-band bolometric correction from Filippazzo et al. (2015),
with the 2MASS J measurements for each primary stars and the
∆(mag) values in the SPHERE J2 band reported in Bonavita
et al. (2021). We adopted a mid-M spectral type for each com-
panion and used the M6 J-band bolometric correction from
Filippazzo et al. (2015), as this was the earliest spectral type cov-
ered in this paper. The bolometric corrections from Filippazzo
et al. (2015) do not change much between M6–M8 spectral types
and we expect a roughly similar bolometric correction value for
M4–M5 spectral types. At the younger ages reported for both
stars in Bonavita et al. (2021) and the older age ranges adopted
here, both companions have clearly reached the main sequence;
therefore, the mass estimate based on luminosity will be largely
age independent. We then firmly conclude that while all mass

estimates for HIP 36985B agree well, HIP 113201B is anoma-
lously faint given its observed dynamical impacts on its system.
An undetected brown dwarf companion to HIP 113201B could be
a natural explanation for this apparent discrepancy. Adding the
luminosity from a 30 MJup brown dwarf to the luminosity of HIP
113201B as modeled by the 0.1 M� model track from Baraffe
et al. (2015) would make almost no difference to the total lumi-
nosity. From the Baraffe et al. (2015) models, the ∆magnitude in
H band at 1 Gyr between a 0.1 M� star and a 30 MJup companion
would be 5.47 mag, so the total system brightness would change
by less than 1% in H-band. Meanwhile, the presence of such an
unseen companion would bring the total system mass up to 0.13
M�, in line with the dynamical data. Such a companion at a close
separation could easily elude detection in all of the existing data.

6. Conclusions

We present updated ages, orbital fits, and dynamical masses for
HIP 113201AB and HIP 36985AB, two M1 + mid-M dwarf
binary systems monitored as part of the SPHERE-SHINE sur-
vey (Desidera et al. 2021; Langlois et al. 2021; Vigan et al. 2021).
The main results of this work are as follows:

– To robustly determine the age of both systems via
gyrochronology, we undertook a photometric monitoring
campaign for HIP 113201 and for GJ 282AB, the two wide
K star companions to HIP 36985, using the 40 cm tele-
scope ROAD located in the Atacama Desert. HIP 113201
is a slow rotator with a period of 19.6 ± 0.5 days, corre-
sponding to a gyrochronological age of 1.2 ± 0.1 Gyr using
the relationship from Delorme et al. (2011). HIP 36985 is
a wide companion to the K star binary system GJ 282AB
(Poveda et al. 2009). The M1 star HIP 36985 has a rotation
period shorter than the period at the convergence time on the
slow rotator branch for this spectral type, so only an upper
limit on age for this star can be placed from gyrochrono-
logical relations such as those from Delorme et al. (2011).
However, its K star companions have reached convergence;
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Fig. 6. Corner plot for the PT-MCMC fit to the orbit of HIP 36985AB, incorporating direct imaging, RV, and both HIPPARCOS and Gaia proper
motion anomalies in the orbital fit.

hence, we use the rotational periods for the K star com-
ponents of the system to set the gyrochronological age of
the system as a whole. Using the gyrochronology relation-
ship from Delorme et al. (2011) and adopting an age for the
Hyades of 625 Myr, the period of 12.10 ± 0.77 days for GJ
282B implies an age of 750 ± 100 Myr. This is compati-
ble with the gyrochronological age limit of 650 Myr that we
found for HIP 36985. Thus, combining this with the age lim-
its placed by lithium non-detection and activity indicators,
we adopt a system age similar to that of the Hyades for GJ
282AB-HIP 36985. These system ages are sufficiently old
that we expect that all components of these binaries have
reached the main sequence.

– To derive dynamical masses for all components of the
HIP 113201AB and HIP 36985AB systems, we used
the PT-MCMC sampler implemented in EMCEE (Foreman-
Mackey et al. 2013) to fit a combination of RV, direct
imaging, and Gaia and HIPPARCOS astrometry.

– As epoch astrometry is not available yet for Gaia, we did not
fit individual HIPPARCOS and Gaia data points but rather
the proper motion anomaly (Kervella et al. 2019) at both the
Gaia and HIPPARCOS epochs.

– For HIP 113201AB, combining direct imaging, RV, and both
HIPPARCOS and Gaia proper motion anomalies yields an
unphysically large primary mass of ∼0.8 M� given the M1
spectral type of HIP 113201A, as well as a considerably
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Fig. 7. Comparison of data to model orbits from the PT-MCMC posterior pdf. Left: RV data versus model comparison for HIP 36985AB. FEROS
data points are plotted as red squares, CARMENES data points are plotted as green circles, and HARPS data points are plotted as cyan triangles.
The best fit orbit to the direct imaging data, RV data, and both the HIPPARCOS and Gaia proper motion anomalies is plotted as a solid black line;
blue lines depict 100 random orbits taken from the final converged PT-MCMC posterior pdf. Right: direct imaging data versus model comparison
for HIP 36985AB. NaCo data points are plotted as orange circles, and SPHERE data points are plotted as lavender triangles. The best fit orbit to
the direct imaging data, RV data, and both the HIPPARCOS and Gaia proper motion anomalies is plotted as a solid black line; blue lines depict
100 random orbits taken from the final converged PT-MCMC posterior pdf. The position of the primary is depicted with a black star symbol.

Fig. 8. Model tangential velocity compared to HIPPARCOS and Gaia barycenter-corrected proper motion anomalies for HIP 36985AB. The tan-
gential velocity in RA is plotted in the left panel, and the tangential velocity in Dec is plotted in the right panel. The best fit orbit from the direct
imaging, RV, and the HIPPARCOS proper motion anomaly PT-MCMC run is plotted as a solid black line; blue lines depict 100 random orbits taken
from the final converged PT-MCMC posterior pdf. HIPPARCOS and Gaia barycenter-corrected proper motion anomalies are plotted as green points
for the same 100 random orbits; because the barycenter correction depends on primary and secondary mass, these vary slightly depending on the
orbit selected. The HIPPARCOS mission lifetime for the 100 random orbits is highlighted in green; the Gaia DR2 observation period is highlighted
in cyan. The small circle points depict the dates at which HIPPARCOS and Gaia measurements were acquired.

longer period compared to fits of just the direct imaging
and RV data. The proper motion anomaly method averages
over 1.5–2 yr of measurement – we found in the case of
HIP 113201AB that the Gaia proper motion anomaly did
not serve as an appropriate constraint due to the extreme
orbital motion of the companion in RA during the Gaia DR2
observation epochs. Fitting the HIPPARCOS proper motion
anomaly (which still relies on Gaia DR2 measurements to
correct the barycenter motion) alongside the direct imaging
and RV data yields a primary mass of ∼0.6 M�, marginally

consistent with the M1 spectral type of the primary, and a
secondary mass of 0.13 M�. Fitting only the direct imaging
and RV data yields a primary mass of 0.54 ± 0.03 M�, fully
consistent with its M1 spectral type, and a secondary mass
of ∼0.145 M�. The secondary masses derived with and with-
out including HIPPARCOS and Gaia data are all considerably
more massive than the 0.1 M� estimated mass from the pho-
tometry of the companion (Bonavita et al. 2021). Thus, the
dynamical impacts of this companion suggest that there is
more mass in the system than expected from its photometry.
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Fig. 9. Comparison of companion dynamical masses from this paper,
dynamical mass from Baroch et al. (2021), and model estimate and
dynamical masses from Bonavita et al. (2021). Mass values for HIP
36985B have been slightly offset from one other to improve readability.
While all dynamical mass measurements and mass estimates agree well
for HIP 36985B, the dynamical mass measurements and model mass
estimate diverge considerably for HIP 113201B, which is extremely faint
given the observed dynamical effects it produces.

Fig. 10. Best age and Lbol ranges for HIP 113201B (yellow rectangle)
and HIP 36985B (cyan rectangle) overplotted on model evolutionary
tracks for very low-mass stars from Baraffe et al. (2015). Both compan-
ions have reached the main sequence, and hence model mass estimates
for these objects should be age independent for system ages greater than
∼0.6 Gyr.

An undetected brown dwarf companion to HIP 113201B
could be a natural explanation for this apparent discrepancy.
At an age >1 Gyr, a 30 MJup companion to HIP 113201B
would make a negligible (<1%) contribution to the system
luminosity but could have strong dynamical impacts.

– For HIP 36985AB, the dynamical masses found in this work
for both the primary and secondary agree well with the
photometric estimates of component masses, the masses esti-
mated from the Mann et al. (2019) MK – mass relationship,
and previous dynamical masses in the literature (Baroch
et al. 2021).

In the end, the two systems studied here are rare and not exem-
plary of M dwarf multiple systems. HIP 36985AB + GJ 282AB
is an uncommon K+M dwarf quaternary system. In this paper
we have shown preliminary evidence that HIP 113201AB may
comprise an equally rare M dwarf star + brown dwarf triple sys-
tem. Both systems present interesting challenges to formation
mechanisms for low-mass stellar multiple systems.
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Appendix A: HARPS RV measurements for HIP 113201

Table A.1. HARPS RV measurements for HIP 113201.

BJD RV (km s−1) σRV
2454664.942628 -0.126406 0.009298
2455425.617006 -0.176033 0.007683
2455435.695372 -0.169375 0.005741
2455436.701546 -0.16539 0.004445
2455438.813786 -0.188146 0.00451
2455439.815963 -0.177052 0.00633
2455444.740529 -0.182145 0.005319
2455446.700449 -0.174255 0.005969
2455453.726252 -0.156608 0.005474
2455488.638743 -0.163103 0.004592
2455494.646924 -0.170389 0.005191
2455505.541255 -0.148593 0.00565
2455507.545121 -0.173555 0.004206
2455510.524249 -0.182202 0.005202
2455512.531042 -0.169319 0.005213
2455515.53953 -0.16941 0.005647
2455517.555014 -0.164319 0.005198
2455522.569904 -0.156187 0.006022
2455524.572185 -0.165444 0.007246
2455542.539473 -0.173678 0.005523
2455543.535958 -0.208701 0.008258
2455544.558634 -0.181086 0.005247
2455755.921135 -0.141719 0.007519
2455756.894528 -0.137068 0.007811
2455770.899546 -0.145386 0.005521
2455776.799114 -0.168146 0.006999
2455777.778547 -0.157029 0.005795
2455779.767168 -0.14573 0.007128
2455802.853552 -0.121752 0.007428
2455804.793732 -0.146126 0.008218
2455805.688388 -0.15717 0.00733
2455809.742199 -0.1597 0.00502
2455809.742199 -0.160686 0.005017
2455816.712072 -0.165838 0.005475
2455836.701836 -0.135323 0.004697
2455839.715079 -0.170729 0.007837
2455842.591598 -0.146251 0.006444
2455845.66473 -0.15985 0.006158
2455871.555095 -0.13781 0.004719
2455873.579215 -0.149079 0.00553
2455874.589856 -0.16367 0.007273
2455875.552353 -0.131093 0.005773
2455878.579752 -0.184755 0.008848
2455879.564412 -0.159054 0.008728
2455880.545148 -0.145538 0.005418
2455888.585156 -0.137011 0.005362
2455889.599282 -0.167447 0.006516
2455890.595921 -0.144902 0.004693
2455892.595738 -0.061266 0.008363
2455893.564938 -0.126182 0.005129
2455894.575535 -0.129591 0.00521
2456088.860071 -0.120262 0.008209
2456096.892691 -0.13366 0.006298
2456102.944659 -0.081753 0.005298
2456115.875017 -0.091465 0.006876
2456161.76294 -0.077645 0.006753

2457662.708925 1.922066 0.006259
2457666.556159 1.940951 0.004246
2457666.56985 1.93638 0.004319
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Table A.1. continued

BJD RV (km s−1) σRV
2457669.611427 1.951621 0.0039
2457669.625813 1.947327 0.00367
2457712.549426 1.901318 0.006183
2457712.563812 1.881134 0.006266
2457713.558946 1.890442 0.005669
2457713.569616 1.878793 0.006548
2457923.852302 1.671995 0.006387
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Appendix B: HIP 113201 orbital fits – Direct imaging and RV-only fit

Corner plots for all parameters of this fit are presented in Fig. B.1. The best fit orbit, as well as 100 orbits randomly selected from
the posterior pdf are plotted alongside the RV and direct imaging data in Fig. B.2. The best fit orbit and 100 randomly selected
orbits from the posterior of the model tangential motion on the sky compared to the barycenter-corrected Hipparcos and DR2 proper
motion anomalies are presented in Fig. B.3.

Fig. B.1. Corner plot for the PT-MCMC fit to the orbit of HIP 113201AB, incorporating direct imaging data and RV data in the orbital fit.
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Fig. B.2. Comparison of data to model orbits from the PT-MCMC posterior pdf. Left: RV data versus model comparison for HIP 113201AB.
HARPS data points are plotted as cyan triangles. The best fit orbit to the direct imaging data and RV data is plotted as a solid black line; blue lines
depict 100 random orbits taken from the final converged PT-MCMC posterior pdf. Right: Direct imaging data versus model comparison for HIP
113201AB. SPHERE data points are plotted as lavender triangles. The best fit orbit to the direct imaging data and RV data is plotted as a solid
black line; blue lines depict 100 random orbits taken from the final converged PT-MCMC posterior pdf. The position of the primary is depicted
with a black star symbol.

Fig. B.3. Model tangential velocity compared to Hipparcos and Gaia barycenter-corrected proper motion anomalies for HIP 113201AB. The
tangential velocity in RA is plotted in the left panel, and the tangential velocity in Dec is plotted in the right panel. The best fit orbit to the direct
imaging data and RV data is plotted as a solid black line; blue lines depict 100 random orbits taken from the final converged PT-MCMC posterior
pdf. Hipparcos and Gaia barycenter-corrected proper motion anomalies are plotted as green points for the same 100 random orbits; because the
barycenter correction depends on primary and secondary mass, these vary slightly depending on the orbit selected. The Hipparcos mission lifetime
for the 100 random orbits is highlighted in green; the Gaia DR2 observation period is highlighted in cyan. The small circle points depict the dates
at which Hipparcos and Gaia measurements were acquired.
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Appendix C: HIP 113201 orbital fits – Direct imaging, RV, and Hipparcos -Gaia proper motion anomalies

Corner plots for all parameters of this fit are presented in Fig. C.1. The best fit orbit, as well as 100 orbits randomly selected from
the posterior pdf are plotted alongside the RV and direct imaging data in Fig. C.2. The best fit orbit and 100 randomly selected
orbits from the posterior of the model tangential motion on the sky compared to the barycenter-corrected Hipparcos and DR2 proper
motion anomalies are presented in Fig. C.3.

Fig. C.1. Corner plot for the PT-MCMC fit to the orbit of HIP 113201AB, incorporating direct imaging, RV, and both Hipparcos and Gaia proper
motion anomalies in the orbital fit.
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Fig. C.2. Comparison of data to model orbits from the PT-MCMC posterior pdf. Left: RV data versus model comparison for HIP 113201AB.
HARPS data points are plotted as cyan triangles. The best fit orbit to the direct imaging data, RV data, and both Hipparcos and Gaia proper motion
anomalies is plotted as a solid black line; blue lines depict 100 random orbits taken from the final converged PT-MCMC posterior pdf. Right:
Direct imaging data versus model comparison for HIP 113201AB. SPHERE data points are plotted as lavender triangles. The best fit orbit to the
direct imaging data, RV data, and both Hipparcos and Gaia proper motion anomalies is plotted as a solid black line; blue lines depict 100 random
orbits taken from the final converged PT-MCMC posterior pdf. The position of the primary is depicted with a black star symbol.

Fig. C.3. Model tangential velocity compared to Hipparcos and Gaia barycenter-corrected proper motion anomalies for HIP 113201AB. The
tangential velocity in RA is plotted in the left panel, and the tangential velocity in Dec is plotted in the right panel. The best fit orbit to the direct
imaging data, RV data, and both Hipparcos and Gaia proper motion anomalies is plotted as a solid black line; blue lines depict 100 random orbits
taken from the final converged PT-MCMC posterior pdf. Hipparcos and Gaia barycenter-corrected proper motion anomalies are plotted as green
points for the same 100 random orbits; because the barycenter correction depends on primary and secondary mass, these vary slightly depending
on the orbit selected. The Hipparcos mission lifetime for the 100 random orbits is highlighted in green; the Gaia DR2 observation period is
highlighted in cyan. The small circle points depict the dates at which Hipparcos and Gaia measurements were acquired.
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Appendix D: HIP 113201 orbital fits – Direct imaging, RV, and Gaia proper motion anomaly

Corner plots for all parameters of this fit are presented in Fig. D.1. The best fit orbit, as well as 100 orbits randomly selected from
the posterior pdf are plotted alongside the RV and direct imaging data in Fig. D.2. The best fit orbit and 100 randomly selected
orbits from the posterior of the model tangential motion on the sky compared to the barycenter-corrected Hipparcos and DR2 proper
motion anomalies are presented in Fig. D.3.

Fig. D.1. Corner plot for the PT-MCMC fit to the orbit of HIP 113201AB, incorporating direct imaging data, RV data, and the Gaia proper motion
anomaly in the orbital fit.
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Fig. D.2. Comparison of data to model orbits from the PT-MCMC posterior pdf. Left: RV data versus model comparison for HIP 113201AB.
HARPS data points are plotted as cyan triangles. The best fit orbit to the direct imaging data, RV data, and Gaia proper motion anomaly is plotted
as a solid black line; blue lines depict 100 random orbits taken from the final converged PT-MCMC posterior pdf. Right: Direct imaging data
versus model comparison for HIP 113201AB. SPHERE data points are plotted as lavender triangles. The best fit orbit to the direct imaging data,
RV data, and Gaia proper motion anomaly is plotted as a solid black line; blue lines depict 100 random orbits taken from the final converged
PT-MCMC posterior pdf. The position of the primary is depicted with a black star symbol.

Fig. D.3. Model tangential velocity compared to Hipparcos and Gaia barycenter-corrected proper motion anomalies for HIP 113201AB. The
tangential velocity in RA is plotted in the left panel, and the tangential velocity in Dec is plotted in the right panel. The best fit orbit to the direct
imaging data, RV data, and Gaia proper motion anomaly is plotted as a solid black line; blue lines depict 100 random orbits taken from the final
converged PT-MCMC posterior pdf. Hipparcos and Gaia barycenter-corrected proper motion anomalies are plotted as green points for the same
100 random orbits; because the barycenter correction depends on primary and secondary mass, these vary slightly depending on the orbit selected.
The Hipparcos mission lifetime for the 100 random orbits is highlighted in green; the Gaia DR2 observation period is highlighted in cyan. The
small circle points depict the dates at which Hipparcos and Gaia measurements were acquired.
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