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published here as well as our previous work (Dupuy & Liu 2012b; Dupuy et al. 2015), totally 115 parallax measurements with
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Lurie et al. 2014); the optical USNO CCD program (Monet et al. 1992; Dahn et al. 2002; Dahn et al. 2008; Reid et al. 2003b;

Gizis et al. 2015); and the optical PARSEC program (Andrei et al. 2011; Marocco et al. 2013). Other smaller individual samples

of ground-based infrared parallaxes are plotted as a group, including results from NTT/SOFI (Tinney et al. 2003), Calar Alto

3.5-m/Omega-2000 (Schilbach et al. 2009; Manjavacas et al. 2013; Zapatero Osorio et al. 2014), UKIRT/WFCAM (Smart et al.

2013), and Magellan/FourStar (Tinney et al. 2014). Note that the extremely high precision parallaxes from Sahlmann et al.

(2014), with σπ = 0.06–0.14 mas at J = 11.1–12.7 mag, lie outside the plotted area.
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CFHT/WIRCam discovery of a wide “planet”



b Pic b

2MASS J0249 c
(Dupuy, Liu et al. 2018)

2MASS J0249AB
BD binary in b Pic

Credit: Keck Imaginarium



Pan

https://exoplanets.nasa.gov/alien-worlds/exoplanet-travel-bureau/
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Are models accurate in a relative sense?!

used the individual masses and in the case where we used the
total mass assuming coevality (Table 5).

4.1. System Age

One of the fundamental predictions of substellar evolu-
tionary models is how luminosity changes with age for a given
mass (or changes with mass at a given age). Thus, by
measuring the component masses and luminosities of
SDSS J1052+4422AB, we can test whether models success-
fully give the same age for the two components. (By a typical
field age of ∼1–10 Gyr, even large differences in formation
time of a few Myr would result in binaries that are coeval to
∼0.001 dex.) We can also assume that the age is the same and
use the individual luminosities and total mass, ignoring our
mass ratio, to derive a single best-matching model-derived age.

First, we test the widely used, fully cloudy models for
coevality. Given our individually measured masses and
luminosities, Lyon Dusty models give ages of �

�1.01 0.17
0.15 and

�
�0.66 0.12

0.10 Gyr for the primary and secondary of SDSS J1052
+4422AB, respectively. Accounting for the covariance in
distance and mass ratio, the age difference is
% � otlog 0.19 0.10 dex, 2.0σ discrepant with being coeval.
The SM08 cloudy models give similar ages to Lyon Dusty but
somewhat more coeval with % � otlog 0.16 0.10 dex (1.6σ
different from coeval). In contrast to both of these cases, the
SM08 hybrid models give ages consistent with coevality at
0.9σ, % � otlog 0.09 0.12 dex.

The more realistic assumption of SM08 hybrid models that
clouds disappear as temperatures cool from 1400 to 1200 K
results in higher luminosities at a given mass and age during
the transition. This higher luminosity is not simply due to less
cloud opacity. The difference in entropy between a cloudy
1400 K brown dwarf and a cloudless 1200 K brown dwarf is
greater than the entropy difference of two brown dwarfs at
those temperatures that are both cloudy (Saumon & Mar-
ley 2008). Therefore, luminosity evolution should appear to
slow down as brown dwarfs cool through the L/T transition
because it takes longer to shed this excess entropy, causing a

phase of increased luminosity compared to either cloudy or
cloudless models. This means that the mass–luminosity relation
at a given age becomes shallower in the L/T transition, so that a
given luminosity ratio could correspond to a mass ratio further
from unity, like the one we measured directly (0.78± 0.07,
Section 3.2). Therefore, it is not surprising that the SM08
hybrid models give ages in better agreement with coevality for
SDSS J1052+4422AB.
If we force coevality by ignoring our measured mass ratio,

then we find single best-matching model-derived ages of
�
�1.11 0.20

0.17 Gyr (SM08 hybrid) and �
�0.84 0.15

0.10 Gyr (Lyon Dusty).
Figure 7 shows the mass–luminosity relation predicted by
models at these respective coeval ages, illustrating the
fundamental difference in the predicted luminosity evolution
between these two models. Over the mass range 40–50 MJup,
the Lyon Dusty isochrone has a power-law slope of
% % �L Mlog log 3.1bol . In contrast, for the SM08 hybrid
models this slope is only 1.3. Our directly measured masses for
SDSS J1052+4422AB imply a power-law slope
% % � �

�L Mlog log 0.6bol 0.8
0.6 over the same ≈40–50 MJup

mass range. Thus, we find a mass–luminosity relation in the L/
T transition that is in much better agreement with SM08 hybrid
models than fully cloudy models. In fact, our slope seems to be
even shallower than the hybrid models and is even nominally
consistent with an inverted relation (% % �L Mlog log 0bol )
within the 1σ uncertainty.
Finally, we note that another way of framing the coevality

test is to compare the model-derived mass ratios with our
observed value of 0.78± 0.07. When using just our total
dynamical mass and individual luminosities, both cloudy
models give similar mass ratios of �

�0.94 0.06
0.05 (SM08) and

0.94± 0.05 (Lyon). These are much closer to unity than we
observe because the steeper mass–luminosity relation predicted
by cloudy models gives a very small difference in mass for a
correspondingly small difference in observed luminosity
(% � oLlog 0.07 0.07bol dex). In comparison, SM08 hybrid
models predict a mass ratio of �

�0.87 0.09
0.11 that is somewhat larger

than but consistent with our measured value at 0.9σ.

Figure 7. Our directly measured individual masses and luminosities for the components of SDSS J1052+4422AB compared to predictions from SM08 hybrid (left)
and Lyon Dusty (right) evolutionary models. Model tracks are shown for the single coeval system age that best matches the total mass and individual luminosities.
The unexpectedly shallow mass–luminosity relation implied by our data is better described by the SM08 hybrid models that show a slowing of luminosity evolution
for objects in the L/T transition, while Lyon Dusty models are inconsistent with coevality at 2.0σ. (Note that we do not plot a confidence range for models as that
would effectively be double-plotting our errors, since the age of the plotted isochrone is derived from our observed total mass and component luminosities.)
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This allowed us to perform the first test of the mass—luminosity relation for 
substellar objects in the process of losing their clouds.  Evolutionary models 
that do not account for changing clouds (e.g., Dusty) do not match our data, 
but “hybrid” models adopting a simple, ad hoc prescription for cloud clearing 
agree well (right).  Age is a free parameter for this field binary system.!

We have measured the first direct, individual masses for a substellar binary in 
the L/T transition by combining high-precision astrometry from Keck LGS AO 
(resolved, relative) and CFHT/WIRCam (unresolved, absolute).!

3.2. Dynamical Masses

Combining our measured parallactic distance with the total
semimajor axis and orbital period gives a precise total system
mass for SDSS J1052+4422AB of 88± 5 MJup (6% error). We
can also compute the mass ratio and thereby individual
component masses by considering the photocenter motion
seen in our integrated-light CFHT data. We found that the ratio

of the photocenter semimajor axis to the total semimajor axis
was B � � oa 0.164 0.008. This ratio is set by the flux ratio
and mass ratio of the binary, such that B C� �a f . The first
parameter is the ratio of the secondaryʼs mass to the total mass,
� �f M M M( )B A B , and the second parameter is the ratio of

the secondaryʼs flux to the total flux, C � �L L L( )B A B . Our
J-band flux ratio measured from Keck is % � � oJ 0.45 0.09
mag, which corresponds to C � o0.602 0.020. Solving for f

Table 3
Derived Orbital and Parallax Parameters for SDSS J1052+4422AB

Parameter Best Fit Median 68.3% c.i. 95.4% c.i.

Visual Binary Orbital Parameters

Orbital period P (yr) 8.614 8.608 8.583, 8.632 8.560, 8.658
Semimajor axis a (mas) 70.59 70.67 70.43, 70.91 70.20, 71.16
Eccentricity e 0.1387 0.1399 0.1376, 0.1422 0.1354, 0.1445
Inclination i (°) 62.0 62.1 61.7, 62.4 61.4, 62.7
PA of the ascending node Ω (°) 126.7 126.8 126.5, 127.2 126.2, 127.5
Argument of periastron ω (°) 186.5 187.3 185.6, 188.9 184.0, 190.5
Mean longitude at 2455197.5 JD M ref (°) 113.4 113.4 112.9, 113.8 112.5, 114.2

Additional Integrated-light Astrometric Parameters

R.A. −163.0566182 (mas) 0.0 –0.3 −1.6, 0.9 −2.8, 2.1
� �Decl. 44.3821006 (mas) 0.0 0.1 −0.5, 0.7 −1.1, 1.3

Relative proper motion in R.A. NR.A ., rel (mas yr−1) 24.51 24.56 24.36, 24.77 24.16, 24.97

Relative proper motion in decl. NDecl ., rel (mas yr−1) −133.96 −133.91 −134.14, −133.69 −134.37, −133.45

Relative parallax Qrel (mas) 36.87 36.67 36.06, 37.29 35.42, 37.90
Photocenter semimajor axis α (mas) −11.7 −11.6 −12.2, −11.0 −12.8, −10.5

Note. For each parameter we report the value corresponding to the best fit (i.e., the lowest D2 in the MCMC chain, D � 50.7min
2 , 59 degrees of freedom) along with

the median of the posterior distribution and the shortest intervals containing 68.3% and 95.4% of the chain steps (i.e., 1σ and 2σ credible intervals). The time of
periastron passage corresponding to these M ref and ω posteriors is � oT 55,842 130 MJD (2011 Oct 7 UT). For clarity, the R.A. and decl. zero points are reported
relative to their best-fit values. R.A. and decl. zero points are reported at equinox J2000.0 and epoch 2010.0. Without resolved radial velocities there is a
180° ambiguity in Ω, ω, and M ref .

Figure 3. Left: Keck AO relative astrometry for SDSS J1052+4422AB along with 100 randomly drawn orbits from our MCMC analysis individually plotted as thin
lines. Error bars for the data points are smaller than the plotting symbols. The short-dashed line indicates the time of periastron passage, the long-dashed line shows the
line of nodes, and small open circles show predicted future locations. Right: measurements of the projected separation and PA of SDSS J1052+4422AB. The best-fit
orbit is shown as a solid line. The bottom panels show the observed minus computed ( �O C) measurements with observational error bars.
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Keck LGS AO!

gives 0.438± 0.022 and thus a mass ratio of
w � oq M M 0.78 0.07B A . This in turn gives individual

masses of 49± 3 MJup for SDSS J1052+4422A and 39± 3
MJup for SDSS J1052+4422B. Therefore, we validate for the
first time that the assumed primary component in a J-band flip
system is indeed more massive, and the mass ratio is
surprisingly low. We also directly determine that both
components are unambiguously substellar (� 75 MJup; Chabrier
& Baraffe 1997).

3.3. Spectral Types

In order to fully characterize the SDSS J1052+4422AB
system and aid in computing bolometric correction (BC) for
the components, we have determined the component spectral
types through decomposition of its integrated-light spectrum.
Burgasser et al. (2008) published a SpeX prism spectrum of
SDSS J1052+4422 in integrated light ( �R 120), which we
obtained from the SpeX Prism Libraries.9 We performed
spectral decomposition analysis using the method described in
Section 5.2 of Dupuy & Liu (2012). Briefly, we started with all
possible pairs of the 178 IRTF/SpeX prism spectra from the
library of Burgasser et al. (2010). For each template pairing we
determined the scale factors needed to minimize the D2

compared to our observed spectrum. This resulted in a set of
J-, H-, and K-band flux ratios for each pairing, which we
compared to the flux ratios we measured from our Keck AO
images (% � � oJ 0.45 0.09 mag, % � oH 0.06 0.07 mag,
and% � oK 0.52 0.05 mag). We excluded template pairs that
disagreed significantly with our measured flux ratios,

D �p ( ) 0.05phot
2 , and then examined the ensemble of template

pairs that provided the best spectral matches.
The best match to our spectrum was provided by the

templates SDSSp J010752.33+004156.1 (L6) and
SDSS J175024.01+422237.8 (T1.5), where we use the infrared
types reported by Burgasser et al. (2010). This best-fit spectral
template match is shown in Figure 5. The next best matches use
primary templates with types ranging from L4.5::
(2MASSW J0820299+450031, typed in the optical as L5 by
Kirkpatrick et al. 2000) to L8.5 and secondary templates with
types ranging from T0: (SDSS J015141.69+124429.6, typed in
the infrared as T1 by Burgasser et al. 2006) to T2.5. We

therefore adopt types of L6.5± 1.5 for SDSS J1052+4422A
and T1.5± 1.0 for SDSS J1052+4422B.

3.4. Bolometric Luminosities

By combining our Keck flux ratios with published MKO
system photometry for SDSS J1052+4422AB (Chiu
et al. 2006) and our CFHT parallax, we are able to estimate
the component luminosities. Given the fact that the flux ratio
flips between J and K bands, we first consider the bolometric
luminosity (Lbol) implied by each bandpass separately. We
used the polynomial relations between spectral type and BC
from Liu et al. (2010). To determine the uncertainty in the BC,
we allow for spectral type uncertainties in a Monte Carlo
fashion, compute the rms, and then add the published rms
scatter about the polynomial relation in quadrature. In J band
we find BC of 1.50± 0.16 and 1.94± 0.24 mag for the primary
and secondary, respectively. This BC difference exactly
compensates for the fact that the secondary is brighter in J
band, resulting in nearly identical luminosities of

� � o☉L Llog( ) 4.62 0.07bol and −4.62± 0.10 dex, respec-
tively. Similarly, in H band where our photometry is consistent
with the two components having equal flux, the BC
compensates and gives � � o☉L Llog( ) 4.59 0.04bol and
−4.64± 0.04 dex. We find comparable results using K band of

� � o☉L Llog( ) 4.57 0.05bol and −4.63± 0.06 dex.
We chose to use the luminosities derived from our K-band

photometry because it is the least likely to be affected by the
variability observed by Girardin et al. (2013) in J band, and we
have many more K-band flux ratio measurements than at J or H
bands. Our K-band flux ratio has the smallest uncertainty, and
the scatter in the BCK relation (0.08 mag) is almost as small as
for BCH (0.07 mag). We note, however, that the Lbol estimates
in all bands are consistent within the uncertainties.
Table 4 provides a summary of all of the directly measured

properties of the SDSS J1052+4422AB system. Figure 6 shows
the components of SDSS J1052+4422AB on a color–magni-
tude diagram in comparison to other field L and T dwarfs with
measured distances.

4. MODEL-DERIVED PROPERTIES FOR SDSS J1052
+4422AB

With a precisely determined total dynamical mass (6%),
component masses (7%), and component luminosities (15%–
20%), we can derive all other physical properties (Teff , glog ,

Figure 4. Left: CFHT/WIRCam integrated-light astrometry for SDSS J1052+4422AB (blue circles) along with the best-fit model incorporating proper motion,
parallax, and photocenter orbital motion (dotted line). Middle, Right: same astrometry except with the best-fit proper motion and orbital motion removed, leaving just
the parallax (top), and with the best-fit proper motion and parallax removed, leaving just the orbital motion of the photocenter (bottom). Error bars are plotted in all
panels, but they are typically only visible in the plots displaying orbital motion.

9 http://pono.ucsd.edu/∼adam/browndwarfs/spexprism
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Fig. 4.— Probability distributions of the di↵erence between the system masses measured dy-

namically and those derived from evolutionary models using component luminosities and system

gyrochronology ages for the brown dwarf binaries Gl 417BC (violet) and HD 130948BC (blue).

Multiplying these two distributions gives the joint constraint (black). For both systems, the di-

rectly measured masses are systematically lower than predicted by all three models. This is an

alternative way of viewing the same discrepancy shown in Figure 3, caused by model-predicted

luminosities that are too low at this mass (⇡45–60 MJup) and age (⇡800 Myr).
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Fig. 1. Our Keck LGS AO data combined with discovery and
archival data from 5 to 10 years ago enables precise orbit deter-
minations for ultracool binaries. Top left: HD 130948B and C are
companions to a young solar analog (G2V, 0.8±0.2 Gyr), making
them the first field brown dwarfs (L4+L4) with a well-determined
age and masses (Mtot = 0.109 ± 0.003 M⊙; [10]). Top right:
2MASS J1534−2952AB is the first T dwarf binary with a dynam-
ical mass (T5+T5.5, Mtot = 0.056 ± 0.003 M⊙), revealing incon-
sistencies between the atmospheric model-derived temperatures,
evolutionary model H–R diagram, and measured mass [14]. Bot-
tom left: LHS 2397aAB (M8+L7, Mtot = 0.146±0.014 M⊙) is the
first dynamical mass benchmark at the L/T transition, showing
consistency between temperatures estimated from atmospheric
and evolutionary models and supporting the idea that the temper-
ature of the L/T transition is surface gravity dependent [11]. Bot-
tom right: 2MASS J2206−2047AB (M8+M8) is a pair of stars
at the bottom of the main sequence that have J-band colors 0.2–
0.3 mag redder than predicted by evolutionary model tracks for
objects of their measured masses [9]. This implies that masses
and/or ages inferred from model color–magnitude diagrams will
be in error for such objects.

(1) We have re-analyzed archival HST images from 5 to
10 years ago, improving astrometric errors by a factor of
2 to 8 compared to published values, and this has proved
critical for accurate orbit determination (e.g., [11], [14]).

(2) We have developed a novel Monte Carlo technique to
determine the orbital period probability distribution from
motion observed between discovery and our first Keck data
obtained ! 5–10 years later (Figure 2). This has enabled
us to accurately gauge target priorities and thus measure
dynamical masses faster with a limited amount of tele-
scope time. The orbital period, and thus the monitoring
priority, of a visual binary is very uncertain from a sin-
gle observation. In order to estimate the period probability
distribution from a single observation, one must assume
both a total mass and eccentricity probability distribution,
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Fig. 2.We have developed a novel Monte Carlo technique to de-
termine the orbital period probability distribution from orbital
motion observed between only two epochs. Left: For the ultra-
cool binary 2MASS J1728+3948AB, the relative positions of the
A and B components are shown at the discovery epoch and ∼6
years later from our Keck LGS AO program (filled symbols). Us-
ing the approach described in the text, we randomly drew orbits
that pass through the two observed positions at the appropriate
epochs (multi-colored lines). Right: The orbital period distribu-
tion of the randomly drawn orbits (red) compared to the estimated
period distribution using only the discovery epoch (black), fol-
lowing the method of Torres [19], with ±1σ confidence limits
shaded gray. Although the two-epoch distribution appears at face
value to be broader and thus less precise, it is actually strongly
preferred as it is free of the somewhat arbitrary assumptions re-
quired by the single-epoch estimate (i.e., a uniform eccentricity
distribution between 0 < e < 1 and a total mass of 0.135 M⊙).
In the case of 2MASS J1728+3948AB, we found that the orbital
period is on the longer side (P > 26 years, 68.3% c.l.) of the
original estimate (10–43 years, 68.3% c.l.), reducing its priority
in our orbital monitoring program.

and even with these assumptions the ±1σ confidence lim-
its span a factor of ∼4 in orbital period [19]. Our method
utilizes the two positions and two times of two observa-
tions taken several years apart to eliminate 4 of the 7 or-
bital parameters (the two “geometrical” parameters semi-
major axis and eccentricity; and the two “time” parameters
period and time of periastron passage). This leaves only
3 parameters (inclination, argument of periastron, and po-
sition angle of the ascending node), which are just view-
ing angles that we conservatively assume to be distributed
randomly according to appropriate distributions. We use a
Monte Carlo approach that results in an ensemble of or-
bits that pass through the two observed positions at the ob-
served epochs. The distribution of periods of these orbits
is the period probability distribution. This method can, but
does not necessarily, result in a narrower range of orbital
periods; however, this method always results in a more ac-
curate estimate of the period because it does not require an
assumption about the eccentricity or total mass.

(3) Finally, andmost importantly, we have been conducting
an infrared parallax program at the Canada France Hawaii
Telescope (CFHT; Figure 3). Precisely measured distances
are critical for dynamicalmasses from visual binaries given
the strong dependence of Mtot ∝ d

3. Only about 1 in 4 of
the shortest period ultracool binaries have previously pub-
lished parallaxes, so our program targeting ∼30 binaries
enables a greatly expanded sample of masses.
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Fig. 1. Our Keck LGS AO data combined with discovery and
archival data from 5 to 10 years ago enables precise orbit deter-
minations for ultracool binaries. Top left: HD 130948B and C are
companions to a young solar analog (G2V, 0.8±0.2 Gyr), making
them the first field brown dwarfs (L4+L4) with a well-determined
age and masses (Mtot = 0.109 ± 0.003 M⊙; [10]). Top right:
2MASS J1534−2952AB is the first T dwarf binary with a dynam-
ical mass (T5+T5.5, Mtot = 0.056 ± 0.003 M⊙), revealing incon-
sistencies between the atmospheric model-derived temperatures,
evolutionary model H–R diagram, and measured mass [14]. Bot-
tom left: LHS 2397aAB (M8+L7, Mtot = 0.146±0.014 M⊙) is the
first dynamical mass benchmark at the L/T transition, showing
consistency between temperatures estimated from atmospheric
and evolutionary models and supporting the idea that the temper-
ature of the L/T transition is surface gravity dependent [11]. Bot-
tom right: 2MASS J2206−2047AB (M8+M8) is a pair of stars
at the bottom of the main sequence that have J-band colors 0.2–
0.3 mag redder than predicted by evolutionary model tracks for
objects of their measured masses [9]. This implies that masses
and/or ages inferred from model color–magnitude diagrams will
be in error for such objects.

(1) We have re-analyzed archival HST images from 5 to
10 years ago, improving astrometric errors by a factor of
2 to 8 compared to published values, and this has proved
critical for accurate orbit determination (e.g., [11], [14]).

(2) We have developed a novel Monte Carlo technique to
determine the orbital period probability distribution from
motion observed between discovery and our first Keck data
obtained ! 5–10 years later (Figure 2). This has enabled
us to accurately gauge target priorities and thus measure
dynamical masses faster with a limited amount of tele-
scope time. The orbital period, and thus the monitoring
priority, of a visual binary is very uncertain from a sin-
gle observation. In order to estimate the period probability
distribution from a single observation, one must assume
both a total mass and eccentricity probability distribution,
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Fig. 2.We have developed a novel Monte Carlo technique to de-
termine the orbital period probability distribution from orbital
motion observed between only two epochs. Left: For the ultra-
cool binary 2MASS J1728+3948AB, the relative positions of the
A and B components are shown at the discovery epoch and ∼6
years later from our Keck LGS AO program (filled symbols). Us-
ing the approach described in the text, we randomly drew orbits
that pass through the two observed positions at the appropriate
epochs (multi-colored lines). Right: The orbital period distribu-
tion of the randomly drawn orbits (red) compared to the estimated
period distribution using only the discovery epoch (black), fol-
lowing the method of Torres [19], with ±1σ confidence limits
shaded gray. Although the two-epoch distribution appears at face
value to be broader and thus less precise, it is actually strongly
preferred as it is free of the somewhat arbitrary assumptions re-
quired by the single-epoch estimate (i.e., a uniform eccentricity
distribution between 0 < e < 1 and a total mass of 0.135 M⊙).
In the case of 2MASS J1728+3948AB, we found that the orbital
period is on the longer side (P > 26 years, 68.3% c.l.) of the
original estimate (10–43 years, 68.3% c.l.), reducing its priority
in our orbital monitoring program.

and even with these assumptions the ±1σ confidence lim-
its span a factor of ∼4 in orbital period [19]. Our method
utilizes the two positions and two times of two observa-
tions taken several years apart to eliminate 4 of the 7 or-
bital parameters (the two “geometrical” parameters semi-
major axis and eccentricity; and the two “time” parameters
period and time of periastron passage). This leaves only
3 parameters (inclination, argument of periastron, and po-
sition angle of the ascending node), which are just view-
ing angles that we conservatively assume to be distributed
randomly according to appropriate distributions. We use a
Monte Carlo approach that results in an ensemble of or-
bits that pass through the two observed positions at the ob-
served epochs. The distribution of periods of these orbits
is the period probability distribution. This method can, but
does not necessarily, result in a narrower range of orbital
periods; however, this method always results in a more ac-
curate estimate of the period because it does not require an
assumption about the eccentricity or total mass.

(3) Finally, andmost importantly, we have been conducting
an infrared parallax program at the Canada France Hawaii
Telescope (CFHT; Figure 3). Precisely measured distances
are critical for dynamicalmasses from visual binaries given
the strong dependence of Mtot ∝ d

3. Only about 1 in 4 of
the shortest period ultracool binaries have previously pub-
lished parallaxes, so our program targeting ∼30 binaries
enables a greatly expanded sample of masses.
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Fig. 1. Our Keck LGS AO data combined with discovery and
archival data from 5 to 10 years ago enables precise orbit deter-
minations for ultracool binaries. Top left: HD 130948B and C are
companions to a young solar analog (G2V, 0.8±0.2 Gyr), making
them the first field brown dwarfs (L4+L4) with a well-determined
age and masses (Mtot = 0.109 ± 0.003 M⊙; [10]). Top right:
2MASS J1534−2952AB is the first T dwarf binary with a dynam-
ical mass (T5+T5.5, Mtot = 0.056 ± 0.003 M⊙), revealing incon-
sistencies between the atmospheric model-derived temperatures,
evolutionary model H–R diagram, and measured mass [14]. Bot-
tom left: LHS 2397aAB (M8+L7, Mtot = 0.146±0.014 M⊙) is the
first dynamical mass benchmark at the L/T transition, showing
consistency between temperatures estimated from atmospheric
and evolutionary models and supporting the idea that the temper-
ature of the L/T transition is surface gravity dependent [11]. Bot-
tom right: 2MASS J2206−2047AB (M8+M8) is a pair of stars
at the bottom of the main sequence that have J-band colors 0.2–
0.3 mag redder than predicted by evolutionary model tracks for
objects of their measured masses [9]. This implies that masses
and/or ages inferred from model color–magnitude diagrams will
be in error for such objects.

(1) We have re-analyzed archival HST images from 5 to
10 years ago, improving astrometric errors by a factor of
2 to 8 compared to published values, and this has proved
critical for accurate orbit determination (e.g., [11], [14]).

(2) We have developed a novel Monte Carlo technique to
determine the orbital period probability distribution from
motion observed between discovery and our first Keck data
obtained ! 5–10 years later (Figure 2). This has enabled
us to accurately gauge target priorities and thus measure
dynamical masses faster with a limited amount of tele-
scope time. The orbital period, and thus the monitoring
priority, of a visual binary is very uncertain from a sin-
gle observation. In order to estimate the period probability
distribution from a single observation, one must assume
both a total mass and eccentricity probability distribution,
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Fig. 2.We have developed a novel Monte Carlo technique to de-
termine the orbital period probability distribution from orbital
motion observed between only two epochs. Left: For the ultra-
cool binary 2MASS J1728+3948AB, the relative positions of the
A and B components are shown at the discovery epoch and ∼6
years later from our Keck LGS AO program (filled symbols). Us-
ing the approach described in the text, we randomly drew orbits
that pass through the two observed positions at the appropriate
epochs (multi-colored lines). Right: The orbital period distribu-
tion of the randomly drawn orbits (red) compared to the estimated
period distribution using only the discovery epoch (black), fol-
lowing the method of Torres [19], with ±1σ confidence limits
shaded gray. Although the two-epoch distribution appears at face
value to be broader and thus less precise, it is actually strongly
preferred as it is free of the somewhat arbitrary assumptions re-
quired by the single-epoch estimate (i.e., a uniform eccentricity
distribution between 0 < e < 1 and a total mass of 0.135 M⊙).
In the case of 2MASS J1728+3948AB, we found that the orbital
period is on the longer side (P > 26 years, 68.3% c.l.) of the
original estimate (10–43 years, 68.3% c.l.), reducing its priority
in our orbital monitoring program.

and even with these assumptions the ±1σ confidence lim-
its span a factor of ∼4 in orbital period [19]. Our method
utilizes the two positions and two times of two observa-
tions taken several years apart to eliminate 4 of the 7 or-
bital parameters (the two “geometrical” parameters semi-
major axis and eccentricity; and the two “time” parameters
period and time of periastron passage). This leaves only
3 parameters (inclination, argument of periastron, and po-
sition angle of the ascending node), which are just view-
ing angles that we conservatively assume to be distributed
randomly according to appropriate distributions. We use a
Monte Carlo approach that results in an ensemble of or-
bits that pass through the two observed positions at the ob-
served epochs. The distribution of periods of these orbits
is the period probability distribution. This method can, but
does not necessarily, result in a narrower range of orbital
periods; however, this method always results in a more ac-
curate estimate of the period because it does not require an
assumption about the eccentricity or total mass.

(3) Finally, andmost importantly, we have been conducting
an infrared parallax program at the Canada France Hawaii
Telescope (CFHT; Figure 3). Precisely measured distances
are critical for dynamicalmasses from visual binaries given
the strong dependence of Mtot ∝ d

3. Only about 1 in 4 of
the shortest period ultracool binaries have previously pub-
lished parallaxes, so our program targeting ∼30 binaries
enables a greatly expanded sample of masses.
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Fig. 2.— Left: Relative astrometry for Gl 417BC along with our best-fit orbit. Error bars for the

data are smaller than the plotting symbols. The short dotted line indicates the time of periastron

passage, the long dashed line shows the line of nodes, and small empty circles show predicted future

locations. Right: Measurements of the projected separation and P.A. of Gl 417BC. The best-fit

orbit is shown as a solid line. The bottom panels show the observed minus computed (O � C)

measurements with observational error bars.
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Are models accurate in an absolute sense?!

best-fit isochrone: 1.11 Gyr! best-fit isochrone: 0.84 Gyr!

Take-away #1!
Clouds strongly influence the substellar mass—luminosity relation, and 
this is not reproduced in widely used evolutionary models, like Dusty.!

To test the accuracy of evolutionary models in an absolute sense requires 
binary systems of known age.  We now have determined dynamical masses 
for two such substellar binaries that are companions of young, solar-type stars 
having very similar gyrochronology ages of ≈800 Myr.!

Substellar evolutionary models " Estimated masses!

Keck LGS AO orbital monitoring " Dynamical masses!

Testing Substellar Evolutionary Models!
with Dynamical Masses!

Trent Dupuy (UT Austin), Michael Liu (IfA/Hawaii), Michael Ireland (ANU) !

Take-away #2!
Without dynamical mass information, masses estimated from substellar 
evolutionary models likely harbor large (≈25%) systematic errors.  These 
errors could be even larger for young planets or L/T transition objects.!

References # Dupuy, Liu & Ireland (2014ApJ...790..133D) # Dupuy, Liu, Leggett, Ireland, Chiu & Golimowski (2015ApJ...805...56D)!

HD130948BC: Mtot = 116� 2 MJup

Dupuy et al. (2009)

Kepler

(a / AU)3

Mtot = 
(P / yr)2

Relative Astrometry Gives Total Mass



absolute orbit

a1 a2

Mtot = a 3/P 2

M1 = Mtot (a2 / a)
M2 = Mtot (a1 / a)

relative orbit 
(AO data)

Mtot = a 3/P 2

a = a1 + a2



AO imaging



WIRCAM imaging



aphot

=                 +M1+M2

M2 aphot
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from adaptive optics
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à First individual masses for field L & T dwarfs



SDSS J1052+44AB
(Dupuy et al. 2015)

“cloudy” “partly cloudy”

+= SpT = T1.5

log(Lbol) = -4.6

SpT = L6.5

log(Lbol) = -4.5

Keck LGS AO CFHT IR astrometry

51 +/- 3 MJup 42 +/- 3 MJup



The mass-luminosity relation is shallow 
at the L/T transition. 

Dupuy, Liu & Ireland (2015)
Dupuy & Liu (2017)

1052A 1052B1052A 1052B

First direct evidence that cloud 
dispersal changes the bulk 

luminosity evolution. 
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coefficient parameters given in Table 6 for n 5= . We applied the
relation to each of the 124 component stars in our binary sample
to compute their predicted individual masses and then summed
the masses of each component in a system to obtain total masses
(Mtot,pre) for each of the 62 binary systems. We compared these to
the dynamical total masses (Mtot,dyn), computing a 2cn value over
all 62 systems. Our 2cn computation accounted for errors in KS

magnitudes, parallaxes, and orbital parameters. The final 2cn from
this comparison was 1.7. Adding a missing error term of 1.6% in
the output M* values from the relation yields 12cn � , somewhat
smaller than our σe estimates from the MCMC analysis. The
difference arises because the χ2 method fails to fully account for
correlations between MKS and Mtot,dyn. Adopting a larger 5%

uncertainty yielded a 0.62c =n , which has a <0.2% chance of
occurring given the number of degrees of freedom. This rules out
a significantly larger intrinsic scatter in our fit and confirms that
our 2%–3% uncertainties are consistent with the data.
Some systems land >10% outside the relation in Figures 9

and 10; however, all of these targets have similarly large
(>10%) uncertainties in Mtot,dyn. If we restrict our sample to the
47 binaries with uncertainties on Mtot,dyn<10%, the rms for
the fit residuals is only 4.3%. Similarly, the rms is 2.6% for the
28 binaries with <5% mass uncertainties and 2.0% for the 13
systems with <2% total mass uncertainties, confirming the
2%–3% precision for the derived MKS–M* relation.
While the values in Table 7 can be used to estimate mass

uncertainties arising from using our given MKS–M* relation, a

Figure 9. Absolute KS-band magnitude as a function of mass for targets in our sample. Stars indicate systems with total dynamical mass uncertainty 5%< , while those
with larger uncertainties are shown as circles. All points are color-coded by their estimated metallicity. The black dashed line indicates the best fit (highest likelihood)
from our MCMC analysis. To provide an estimate of the scatter in the relation as a function of mass, we show 100 randomly selected fits from the MCMC chain in
gray. Note that our orbit fits only provide Mtot,dyn; we used the mass ratios derived from the best-fit MKS–M* relation here, and this figure should be considered for
display purposes only. Figure 10 shows the comparison between Mtot,pre (from our MKS–M* relation) and Mtot,dyn (from Equation (3)), which is more reflective of how
the MCMC fit is done.

Figure 10. Predicted total (system) mass from the MKS–M* relation (Mtot,pre) as a
function of the total dynamical mass determined from the orbital fits (Mtot,dyn).
Ellipses represent ;1σ distribution of values for each point, accounting for
parallax errors common to both the predicted and dynamical mass. Predicted
masses (Y-axis) also account for errors arising from σe and correlated uncertainties
in the ai values. Color-coding by [Fe/H] matches that of Figure 9.

Figure 11. Median of the mass posteriors at each MKS using fits of varying
order (n) to Equation (4) compared to the empirical values for the lowest-mass
stars in our sample (black points). The inset shows objects with M<0.1 Me,
where the disagreement between different orders is largest. A high order
(n 5= ) is required to reproduce objects below 0.085 Me as the relation
becomes increasingly nonlinear. The systematic offset seen between the low-
mass sample and the best-fit relation can be seen in the coefficient posteriors
and the best-fit relation (i.e., the distribution of fits is systematically high).

20

The Astrophysical Journal, 871:63 (41pp), 2019 January 20 Mann et al.

Mann, Dupuy, et al. (2019)

Mass−Magnitude−Metallicity Relation
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Figure 5. Our astrometry and orbit determination for WISE J0720�0846AB. In all panels, the best-fit orbit is a thick black
line, and 100 orbit solutions drawn randomly from our MCMC posterior are thin lines colored according to the dynamical total
mass. Top left: Relative astrometry from Keck LGS AO imaging (red diamonds). The times corresponding to the observation
epochs with CFHT/WIRCam are marked by open blue circles. The lines of nodes is indicated by a dashed line, and a dotted
line connects the primary star to the point along the orbit corresponding to periastron passage (almost exactly overlapping
with the SW node here). Top right: Relative astrometry as a function of time with the lower subpanels showing residuals
from the best-fit orbit. Bottom: Integrated-light astrometry from CFHT/WIRCam as a function of time. Upper subpanels
show the parallax curve that remains after subtracting proper motion and orbital motion (errors are plotted but too small to
be visible). Lower subpanels show the orbital motion that remains after subtracting proper motion and parallax. This is for
display purposes only, as our analysis jointly fits all three (proper motion, parallax, and orbital motion) simultaneously.

was based on catalog astrometry from DSS, SSS, DE-
NIS, CMC and WISE , and 165 ± 30mas from Ivanov
et al. (2015), which was based on combining their data
with the Scholz (2014) astrometry. WISE J0720�0846
has photometry reported by Gaia but no proper motion
or parallax solution in DR2, possibly due to its multi-
plicity or very red color.
Analysis of the absolute orbit was performed by Bur-

gasser et al. (2015a) based on their two initial epochs of
NIRC2 imaging from 2014 and 2015 as well as RV mon-
itoring from the Lick/Hamilton and Keck/NIRSPEC
spectrographs. They concluded that the orbit was quite
eccentric (e = 0.77+0.02

�0.04) and nearly edge on (i =

93.�6+1.6
�1.4) with a quite short period (P = 4.1+2.7

�1.3 yr).
Our eccentricity (e = 0.234+0.009

�0.010) is highly inconsistent
with the analysis of Burgasser et al. (2015a), and our in-
clination and orbital period are larger by 7.5� and 1.4�,
respectively. The explanation for this disagreement is
their 2014 Jan 19 UT epoch of astrometry, which was the
original candidate detection. We did not use this data
point in our orbit fit, and our MCMC posterior predicts
a separation of 103 ± 5mas and PA of 4� ± 8� at that
epoch. This di↵ers from the astrometry of the candidate
source identified by Burgasser et al. (2015b), which was
at a separation of 139 ± 14mas and PA of 262� ± 2�.
Our predicted separation at that epoch is much tighter

New Science Enabled with 
Extended Time Baseline 

large CFHT/WIRCam wobble relative to Keck AO orbit
à T dwarf companion is massive

Keck AO resolved orbit

UH CFHT LP
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Figure 5. Our astrometry and orbit determination for WISE J0720�0846AB. In all panels, the best-fit orbit is a thick black
line, and 100 orbit solutions drawn randomly from our MCMC posterior are thin lines colored according to the dynamical total
mass. Top left: Relative astrometry from Keck LGS AO imaging (red diamonds). The times corresponding to the observation
epochs with CFHT/WIRCam are marked by open blue circles. The lines of nodes is indicated by a dashed line, and a dotted
line connects the primary star to the point along the orbit corresponding to periastron passage (almost exactly overlapping
with the SW node here). Top right: Relative astrometry as a function of time with the lower subpanels showing residuals
from the best-fit orbit. Bottom: Integrated-light astrometry from CFHT/WIRCam as a function of time. Upper subpanels
show the parallax curve that remains after subtracting proper motion and orbital motion (errors are plotted but too small to
be visible). Lower subpanels show the orbital motion that remains after subtracting proper motion and parallax. This is for
display purposes only, as our analysis jointly fits all three (proper motion, parallax, and orbital motion) simultaneously.

was based on catalog astrometry from DSS, SSS, DE-
NIS, CMC and WISE , and 165 ± 30mas from Ivanov
et al. (2015), which was based on combining their data
with the Scholz (2014) astrometry. WISE J0720�0846
has photometry reported by Gaia but no proper motion
or parallax solution in DR2, possibly due to its multi-
plicity or very red color.
Analysis of the absolute orbit was performed by Bur-

gasser et al. (2015a) based on their two initial epochs of
NIRC2 imaging from 2014 and 2015 as well as RV mon-
itoring from the Lick/Hamilton and Keck/NIRSPEC
spectrographs. They concluded that the orbit was quite
eccentric (e = 0.77+0.02

�0.04) and nearly edge on (i =

93.�6+1.6
�1.4) with a quite short period (P = 4.1+2.7

�1.3 yr).
Our eccentricity (e = 0.234+0.009

�0.010) is highly inconsistent
with the analysis of Burgasser et al. (2015a), and our in-
clination and orbital period are larger by 7.5� and 1.4�,
respectively. The explanation for this disagreement is
their 2014 Jan 19 UT epoch of astrometry, which was the
original candidate detection. We did not use this data
point in our orbit fit, and our MCMC posterior predicts
a separation of 103 ± 5mas and PA of 4� ± 8� at that
epoch. This di↵ers from the astrometry of the candidate
source identified by Burgasser et al. (2015b), which was
at a separation of 139 ± 14mas and PA of 262� ± 2�.
Our predicted separation at that epoch is much tighter
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Figure 5. Our astrometry and orbit determination for WISE J0720�0846AB. In all panels, the best-fit orbit is a thick black
line, and 100 orbit solutions drawn randomly from our MCMC posterior are thin lines colored according to the dynamical total
mass. Top left: Relative astrometry from Keck LGS AO imaging (red diamonds). The times corresponding to the observation
epochs with CFHT/WIRCam are marked by open blue circles. The lines of nodes is indicated by a dashed line, and a dotted
line connects the primary star to the point along the orbit corresponding to periastron passage (almost exactly overlapping
with the SW node here). Top right: Relative astrometry as a function of time with the lower subpanels showing residuals
from the best-fit orbit. Bottom: Integrated-light astrometry from CFHT/WIRCam as a function of time. Upper subpanels
show the parallax curve that remains after subtracting proper motion and orbital motion (errors are plotted but too small to
be visible). Lower subpanels show the orbital motion that remains after subtracting proper motion and parallax. This is for
display purposes only, as our analysis jointly fits all three (proper motion, parallax, and orbital motion) simultaneously.

was based on catalog astrometry from DSS, SSS, DE-
NIS, CMC and WISE , and 165 ± 30mas from Ivanov
et al. (2015), which was based on combining their data
with the Scholz (2014) astrometry. WISE J0720�0846
has photometry reported by Gaia but no proper motion
or parallax solution in DR2, possibly due to its multi-
plicity or very red color.
Analysis of the absolute orbit was performed by Bur-

gasser et al. (2015a) based on their two initial epochs of
NIRC2 imaging from 2014 and 2015 as well as RV mon-
itoring from the Lick/Hamilton and Keck/NIRSPEC
spectrographs. They concluded that the orbit was quite
eccentric (e = 0.77+0.02

�0.04) and nearly edge on (i =

93.�6+1.6
�1.4) with a quite short period (P = 4.1+2.7

�1.3 yr).
Our eccentricity (e = 0.234+0.009

�0.010) is highly inconsistent
with the analysis of Burgasser et al. (2015a), and our in-
clination and orbital period are larger by 7.5� and 1.4�,
respectively. The explanation for this disagreement is
their 2014 Jan 19 UT epoch of astrometry, which was the
original candidate detection. We did not use this data
point in our orbit fit, and our MCMC posterior predicts
a separation of 103 ± 5mas and PA of 4� ± 8� at that
epoch. This di↵ers from the astrometry of the candidate
source identified by Burgasser et al. (2015b), which was
at a separation of 139 ± 14mas and PA of 262� ± 2�.
Our predicted separation at that epoch is much tighter

à find companions via WIRCam astrometric wobble

proper motion 
in the past

proper motion today

New Science Enabled with 
Extended Time Baseline 
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Fig. 3.— Simulated sensitivity of WIRCam as-
trometry to planetary-mass companions around
a 30 MJup primary at 12 pc, as detected by a
deviation from linear motion over 8 yr. Darker
shading shows a higher detection fraction, and
the colorbar shows how the shading varies 0%–
100% linearly. The red dashed line shows the
inner resolution limit of JWST aperture mask-
ing interferometry, which is well matched for fol-
lowup of companions detectable from WIRCam
astrometry.

2.2. Astrometric Binaries

Even more sorely needed than distances are direct mass measurements for planetary-mass objects.
Mass is the fundamental parameter that governs the life history of a substellar object. Neither the free-
floating coolest brown dwarfs nor the directly imaged planets have any direct mass determinations, ham-
pering our ability to develop a robust theoretical understanding for them. CFHT/WIRCam is uniquely
positioned to find planetary-mass objects for which dynamical masses will be possible. Current facilities
do not have the ability to spatially or spectrally resolve tight (∼<3 AU) planetary-mass companions to brown
dwarfs with orbital periods short enough for astrometric orbit determinations on a ∼<10 yr timescale. How-
ever, future facilities like aperture masking interferometry with JWST will reach contrasts of ≤10mag at
separations of ≥75mas at 4–5µm where planetary-mass objects emit most of their flux. For objects within
20 pc, this will allow characterization of companions within <1.5AU and orbital periods ∼<10 yr. Any such
tight, faint companions would readily be detectable in CFHT/WIRCam astrometry with a time baseline of
several years, even though they will be nearly invisible based on their near-IR flux.

We propose to revisit our earliest observed T dwarfs to search for astrometric perturbations due to
unresolved ∼1–10MJup companions. Over the 2–3 yr time baseline of our original observations, any pho-
tocenter motion due to orbits would be essentially linear and thereby absorbed in the proper motion fit.
Revisiting these objects many years later can detect unseen companions by unexpected deviations in the
proper motions. We have performed simulations of the orbital motion expected in the center of light for a
full range of viewing angles and eccentricities from 0.0–0.6, where we consider a companion detectable if
the proper motion deviates by>4mas yr−1 (∼>3σ for our typical proper motion uncertainty of 1.3mas yr

−1).
We find that we will be highly sensitive over a wide range of the companion parameter space that will

be accesible to direct detection by JWST (Figure 3). Combining our unresolved WIRCam orbital data with
followup JWST single-epoch imaging would enable the first dynamical mass measurements for planetary
mass objects. We therefore propose to obtain new monitoring data for all 26 of the T4.5–Y0 dwarfs we
first began observing with WIRCam in 2007–2011, extending the time baselines to 8–12 years. This unique
survey for astrometric perturbations is enabled by our nearly decade-long use of WIRCam for high-precision
infrared astrometry platform (e.g., as highlighted by our orbit determination for an L/T transition binary
based on 7 years of CFHT data; Dupuy et al. 2015) and cannot be done with any other existing facility.
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CFHT LP targets the coldest 
BDs to find ~1–10 MJup

companions at 1 – 3 AU. 
(Ideal for JWST+AMI !)
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WIRCam is the leader in IR astrometry thanks to 
image quality, queue scheduling, stability & baseline.

CFHT Infrared Parallax Program

Continues to play a leading role in the connection 
between BDs and exoplanets, discovering planetary-

mass objects, and measuring dynamical masses.

WIRCam astrometry is a unique resource that offers 
multiple synergies with Gaia and JWST science.


