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ABSTRACT

We have discovered that SDSS J105213.51+442255.7 (T0.5± 1.0) is a binary in Keck laser guide star adaptive
optics imaging, displaying a large J- to K-band flux reversal (D = - J 0.45 0.09 mag,D = K 0.52 0.05 mag).
We determine a total dynamical mass from Keck orbital monitoring (88± 5 MJup) and a mass ratio by measuring
the photocenter orbit from CFHT/WIRCam absolute astrometry ( = M M 0.78 0.07B A ). Combining these
provides the first individual dynamical masses for any field L or T dwarfs, 49± 3 MJup for the L6.5±1.5 primary
and 39± 3 MJup for the T1.5±1.0 secondary. Such a low mass ratio for a nearly equal luminosity binary implies a

shallow mass–luminosity relation over the L/T transition (D D = -
+L Mlog log 0.6bol 0.8

0.6). This provides the first
observational support that cloud dispersal plays a significant role in the luminosity evolution of substellar objects.
Fully cloudy models fail our coevality test for this binary, giving ages for the two components that disagree by
0.2 dex (2.0σ). In contrast, our observed masses and luminosities can be reproduced at a single age by “hybrid”
evolutionary tracks where a smooth change from a cloudy to cloudless photosphere around 1300 K causes slowing
of luminosity evolution. Remarkably, such models also match our observed JHK flux ratios and colors well.
Overall, it seems that the distinguishing features SDSS J1052+4422AB, like a J-band flux reversal and high-
amplitude variability, are normal for a field L/T binary caught during the process of cloud dispersal, given that the
age ( -

+1.11 0.20
0.17 Gyr) and surface gravity ( glog = 5.0–5.2) of SDSS J1052+4422AB are typical for field ultracool

dwarfs.

Key words: astrometry – binaries: close – brown dwarfs – parallaxes – stars: fundamental parameters – stars:
individual (SDSS J105213.51+442255.7)

1. INTRODUCTION

Perhaps the most important but uncertain process to model
for substellar objects is the formation, growth, and dispersal of
condensate clouds. When present in the photosphere, clouds
are a dominant opacity source and thereby control basic
observable properties like broadband colors, magnitudes, and
spectra. In brown dwarfs, clouds appear to grow in influence
going from early- to late-type L dwarfs and then begin
dispersing with early-type T dwarfs, resulting in drastic
changes in near-infrared spectra. The most prominent features
of this transition are that JHK colors become significantly bluer
(e.g., Leggett et al. 2002) and J-band fluxes become brighter
(e.g., Dahn et al. 2002) going from late L to early T dwarfs.
Early analysis of such observations indicated that the L/T
transition occupies a narrow range of effective temperature
(Teff), although the underlying physical process explaining the
brightening at J band was debated. For example, rapid changes
in cloud sedimentation efficiency (Ackerman & Marley 2001;

Knapp et al. 2004) or breakup caused by convection
(Burgasser et al. 2002) could reproduce the J-band brightening
at a single Teff , while Tsuji & Nakajima (2003) suggested that
mass/age spreads in the population of field brown dwarfs were
responsible, not changes in the cloud themselves.
The discovery of binaries at the L/T transition in which one

component was directly observed to be brighter at
1.0–1.3 μm (Y or J) but fainter at other wavelengths (I, H, or
K; Gizis et al. 2003; Liu et al. 2006; Looper et al. 2008)
provided the first unambiguous evidence that the J-band
brightening must occur along a single isochrone. Such flux
reversals require a significant flux redistribution as brown
dwarfs cool, most likely brought on by changes in cloud
opacity. Recent discoveries of large-amplitude variables at
near-infrared wavelengths, so far only reliably detected in the
L/T transition (e.g., Artigau et al. 2009; Radigan
et al. 2012, 2014), support the idea that cloud clearing is
spatially heterogeneous in the photosphere. However, without
well-determined masses and/or ages for any systems that
display a J-band flux reversal or weather, the alternative
possibility of unusual cloud properties, e.g., due to surface
gravity, exists. In fact, there still remains only one object in the
L/T transition with a precise dynamical mass measurement
(LHS 2397aB, photometric spectral type estimate of L7; Dupuy
et al. 2009c).
For nearly all substellar objects found to date, evolutionary

models are the sole means for estimating their physical
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properties, typically by using the observed luminosity and an
adopted age to yield a model-dependent mass (and tempera-
ture, radius, and surface gravity). Such models require an
assumption for the photosphere opacity as a boundary
condition, and one of the key challenges is the treatment of
condensate clouds. The formation, growth, and settling of dust
condensates likely occur at many different levels in the
atmosphere and would thus also be influenced by both the
local physical conditions and the bulk motions of the gas via
convection (Freytag et al. 2010). There are numerous
approaches to modeling these complex processes and para-
meterizing them so that they can be incorporated into one-
dimensional atmospheric models (e.g., see recent reviews by
Helling & Casewell 2014; Marley & Robinson 2014). How-
ever, the currently available evolutionary models assume one of
two limiting cases for treatment of the dust. Either dust exists in
chemical equilibrium with the gas, resulting in thicker clouds at
cooler temperatures (Chabrier et al. 2000), or the grains rapidly
fall out of the photosphere as soon as they form, leaving behind
dust-free gas (Burrows et al. 1997; Baraffe et al. 2003).
Attempting to match the observations described above that dust
clouds disperse over a narrow range of Teff , Saumon & Marley
(2008) computed evolutionary models where the atmosphere is
interpolated between the fully cloudy and cloud-free limiting
cases as objects cool from 1400 to 1200 K. Despite the
limitations of these various simplifying assumptions, current
models are at least broadly in accord with the observed
substellar sequence in open clusters (e.g., Lodieu et al. 2014;
Bouy et al. 2015) and in the field (e.g., Tinney et al. 2003;
Saumon & Marley 2008), although discrepancies are obvious
in regimes where photospheric condensates play a more
significant role, especially the L/T transition.

More stringent tests of the theoretical models are now within
reach. The past decade saw a growing number of substellar
visual binaries with dynamical masses measured via astro-
metric monitoring (e.g., Lane et al. 2001; Bouy et al. 2004; Liu
et al. 2008; Dupuy et al. 2009a, 2009b, 2009c, 2010; Kono-
packy et al. 2010). The most powerful tests to date come from
brown dwarf binaries in a hierarchical triple with a main-
sequence star, where the subtellar binary orbit gives its
dynamical total mass and the primary star gives the system
age from gyrochronology. For the two known systems where
this is possible, the models seem to predict luminosities that are
systematically 0.2–0.4 dex lower than observed (Dupuy
et al. 2009b, 2014). However, without individual masses the
mass–luminosity relation is unconstrained, and thus a com-
plementary test would be to obtain masses and luminosities for
a coeval binary system, even in the absence of an age
determination. Previous work has resulted in individual masses
for late M dwarfs, showing broad agreement with the mass–
luminosity relation as models approach the substellar bound-
ary.7 Further tests of evolutionary models are sorely needed,
especially in the L/T transition where they are routinely
employed to characterize planetary-mass discoveries, e.g.,
2MASSW J1207334–393254b (Chauvin et al. 2004),

HR 8799bcde (Marois et al. 2008, 2010), and
PSO J318.5338–22.8603 (Liu et al. 2013).
We present the discovery of a new J-band flux reversal

binary, SDSS J105213.51+442255.7AB (hereinafter
SDSS J1052+4422AB), along with high-precision dynamical
masses of the individual components based on resolved orbital
monitoring from Keck and absolute astrometry from the
Canada–France–Hawaii Telescope (CFHT). SDSS J1052
+4422 was originally discovered by Chiu et al. (2006). They
determined an integrated-light spectral type of T0.5± 1.0
according to the Burgasser et al. (2006) indices (T0.0± 1.0
according to Geballe et al. 2002 indices). More recently,
Girardin et al. (2013) found that SDSS J1052+4422 is a high-
amplitude variable with peak-to-peak variations of up to
0.06 mag in J band, although their integrated-light observations
could not determine which component was responsible for the
variability. Our mass determination for SDSS J1052+4422AB
is therefore the first for a J-band flux reversal binary and the
first for a brown dwarf displaying significant weather. More
generally, our results are also the first individual mass
measurements for any field L or T dwarfs. This is distinct
from the aforementioned results on dynamical total masses, as
the only individual masses in this spectral type range are for
two substellar companions to stars measured from absolute
astrometry (Gl 802B; Ireland et al. 2008), or relative astrometry
combined with radial velocities (HR 7672B; Crepp
et al. 2012). There are also a number of stellar model-
dependent mass determinations for brown dwarfs in eclipsing
systems (Deleuil et al. 2008; Anderson et al. 2011; Bouchy
et al. 2011a, 2011b; Johnson et al. 2011; Siverd et al. 2012;
Díaz et al. 2013; Montet et al. 2014). However, all of these
companions lack the spectral information available for field L
and T dwarfs that enables the strongest tests of substellar
models.

2. DISCOVERY AND ASTROMETRIC MONITORING OF
SDSS J1052+4422AB

2.1. Keck/NIRC2 LGS AO

We observed SDSS J1052+4422 on 2005May 1 UT with the
then recently commissioned laser guide star adaptive optics
(LGS AO) system at the Keck II telescope (Bouchez
et al. 2004; van Dam et al. 2006; Wizinowich et al. 2006).
We used the facility near-infrared camera NIRC2, obtaining
five dithered images in K′ band. SDSS J1052+4422 appeared to
be marginally resolved (peanut shaped) in these images,
indicating that it was likely a binary. In follow-up imaging on
2006May 5 UT, SDSS J1052+4422 was more obviously
resolved because it had moved to a wider projected separation
of 70 mas, as compared to 42 mas in 2005. We obtained data in
the Mauna Kea Observatories (MKO) J, H, and KS photometric
bandpasses (Simons & Tokunaga 2002; Tokunaga et al. 2002)
and discovered that while the western component was brighter
in KS and perhaps H band, the eastern component was in fact
brighter in J band. In keeping with the convention with
previous J-band flux reversal binaries (e.g., Liu et al. 2006;
Looper et al. 2008), we will refer to the component brighter in
KS band as the primary (SDSS J1052+4422A).
We continued Keck AO monitoring of SDSS J1052

+4422AB in order to determine its orbital parameters and
thereby a total dynamical mass. Our observations are a
combination of normal imaging and data taken with the nine-

7 Individual masses have been determined for two field late M dwarf systems:
one from resolved radial velocities and relative astrometry (Gl 569Bab;
Zapatero Osorio et al. 2004; Simon et al. 2006; Konopacky et al. 2010), and
one from absolute astrometry (LHS 1070BC; Seifahrt et al. 2008; Köhler
et al. 2012). The young brown dwarf eclipsing binary
2MASS J05352184–0546085AB (M6+M6) in the Orion Nebula Cluster also
has well-determined individual masses (Stassun et al. 2006).
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hole non-redundant aperture mask installed in the filter wheel
of NIRC2 (Tuthill et al. 2006). On some nights we obtained
data using the natural guide star (NGS) AO system, because
the tip-tilt star is bright enough ( »R 14.6 mag) and close
enough to the target (19″ away) that it can sometimes be used
as an NGS. The analysis of our data was the same regardless of
whether we observed in NGS or LGS mode.

Our procedure for reducing and analyzing NIRC2 imaging
data is described in detail in our previous work (Dupuy
et al. 2009a, 2009b, 2009c, 2010). To summarize briefly, we
measure binary parameters using a three-component Gaussian
representation of the point-spread function. We derive
uncertainties by applying our fitting method to artificial binary
images constructed from images of single stars with similar
FWHM and Strehl ratios, as well as by checking the scatter
between individual dithered images. We use the NIRC2
astrometric calibration from Yelda et al. (2010), which
includes a correction for the nonlinear distortion of the camera
and has a pixel scale of 9.952± 0.002 mas pixel−1 and an
orientation for the detectorʼs +y-axis of + ◦ ◦0 .252 0 .009 east

of north. Analysis of our masking data was performed using a
pipeline similar to that used in previous papers containing
NIRC2 masking data (e.g., Ireland et al. 2008; Ireland &
Kraus 2008) and is described in detail in Section 2.2 of Dupuy
et al. (2009c).
A summary of our Keck AO observations is given in

Table 1, including the binary separation, position angle (PA),
and flux ratio, as well as the FWHM and Strehl ratio of our AO
images at each epoch. Contour plots of our imaging data are
shown in Figure 1, and images of our masking interferograms
are shown in Figure 2. At the two epochs where we have data
in more than one bandpass our derived binary parameters are
consistent within the errors. However, unlike previous binaries
we have monitored (e.g., Gl 417BC; Dupuy et al. 2014), our
flux ratios for SDSS J1052+4422AB are not always consistent
between epochs. The small variations we observe at J and H
bands are consistent with variability at the »0.10 mag level as
implied by the integrated-light variability of 0.06 mag reported
by Girardin et al. (2013). In the following analysis we use the
weighted average flux ratio for each bandpass, assuming an

Table 1
Relative Astrometry and Photometry for SDSS J1052+4422AB from Keck/NIRC2 AO

Date Airmass Filter FWHM Strehl Ratio ρ PA Dm
(UT) (mas) (mas) (°) (mag)

2005 May 1 1.342 K′ 53 ± 2 0.27 ± 0.02 42.4 ± 0.7 81.1 ± 1.7 0.51 ± 0.03
2006 May 5 1.544 J 57 ± 7 0.045 ± 0.008 69.2 ± 0.9 112.2 ± 0.7 −0.61 ± 0.11
2006 May 5 1.572 H 51 ± 3 0.11 ± 0.02 70.5 ± 1.4 112.2 ± 0.7 0.00 ± 0.13
2006 May 5 1.274 KS 54 ± 2 0.32 ± 0.06 70.3 ± 0.7 112.2 ± 0.7 0.49 ± 0.05
2006 Dec 19 1.099 K 66 ± 6 0.16 ± 0.05 79.8 ± 1.9 124.5 ± 1.4 0.49 ± 0.15
2007 Mar 8 1.102 K′ 59 ± 5 0.20 ± 0.04 80.3 ± 0.5 125.4 ± 0.6 0.45 ± 0.06
2007 Mar 25 1.102 J 52 ± 6 0.049 ± 0.016 80.9 ± 0.5 128.1 ± 1.0 −0.36 ± 0.05
2008 Apr 1 1.582 K 69 ± 2 0.16 ± 0.05 72.2 ± 1.7 142.3 ± 1.2 0.42 ± 0.07
2008 Nov 3 1.373 H 57 ± 4 0.08 ± 0.02 55.2 ± 1.0 160.2 ± 2.1 −0.01 ± 0.07
2008 Dec 22 1.132 K′ K K 50.3 ± 0.7 162.4 ± 0.9 0.51 ± 0.03
2010 Jan 10 1.188 H K K 34.4 ± 0.5 234.9 ± 1.1 0.14 ± 0.03
2010 Jan 10 1.169 K K K 33.1 ± 0.6 235.1 ± 1.2 0.57 ± 0.05
2010 May 22 1.316 K K K 39.9 ± 0.7 261.0 ± 1.1 0.56 ± 0.04
2011 Apr 21 1.212 K K K 58.9 ± 0.3 297.91 ± 0.29 0.545 ± 0.016
2014 May 10 1.326 K K K 54.9 ± 0.9 97.2 ± 1.0 0.51 ± 0.04

Note. For the Keck imaging data, Strehl ratios and FWHM were computed using the publicly available routine NIRC2STREHL. Masking observations have no
FWHM and Strehl listed.

Figure 1. Contour plots of our Keck AO images from which we derive astrometry and flux ratios (Table 1). Contours are in logarithmic intervals from unity to 10% of
the peak flux in each band. The image cutouts are all the same size and have the same native pixel scale, and we have rotated them such that north is up for display
purposes.
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additional 0.10 mag error added in quadrature to account for
variability. This gives D = - J 0.45 0.09 mag,
D = H 0.06 0.07 mag, and D = K 0.52 0.05 mag. The
only other ultracool binary known to have such a large J-band
flux reversal is 2MASS J14044948–3159330AB
(D = - J 0.54 0.08 mag; Looper et al. 2008; Dupuy &
Liu 2012).

2.2. CFHT/WIRCam Astrometry

We have been monitoring SDSS J1052+4422AB as part of
the Hawaii Infrared Parallax Program at the CFHT in order to
measure the precise distance needed for a dynamical mass
determination. Our methods for obtaining high-precision
astrometry from the facility near-infrared wide-field imager
WIRCam (Puget et al. 2004) are described in detail in Dupuy
& Liu (2012). We have obtained a total of 427 J-band images
centered on SDSS J1052+4422AB over 21 epochs spanning
6.79 yr. At each epoch, we measured the position of
SDSS J1052+4422AB in integrated light along with 30 other
stars in the field having signal-to-noise ratios (S/N)> 23. The
subset of 26 stars that appear in the Sloan Digital Sky Survey
(SDSS) DR9 catalog (Ahn et al. 2012) were used for the
absolute astrometric calibration of the linear terms (pixel scales
in x and y, rotation, and shear). We simultaneously fit for the
proper motion and parallax of all stars in the field and found no
other sources co-moving with SDSS J1052+4422AB down to
=J 18.2 mag. The median and rms of the seeing was
  0. 59 0. 09 over our observations, and the S/N of
SDSS J1052+4422AB ranged from 80–160. The absolute
positions of SDSS J1052+4422AB measured from our CFHT
data are listed in Table 2.

Given the 6.8 yr time baseline of our CFHT observations and
the 8.6 yr orbital period of SDSS J1052+4422AB that we
determine from our Keck astrometry (Section 3.1), significant
orbital motion might be expected to be observed in our
integrated-light astrometry. Indeed, we saw an orbital arc in our
CFHT residuals that caused a very poor c = 428.82 (37
degrees of freedom) in our initial parallax and proper-motion fit
to the data. Thus, we must combine our resolved orbital
analysis from Keck with our CFHT astrometry in order to
accurately retrieve the parallax of SDSS J1052+4422AB.

3. MEASURED PROPERTIES OF SDSS J1052+4422AB

3.1. Orbital Parameters and Parallax

We performed a joint analysis of our two astrometric data
sets for SDSS J1052+4422AB: resolved measurements from
Keck AO and integrated-light positions from CFHT/WIRCam.
All but one of the seven visual binary orbit parameters are
shared in common between the Keck and CFHT data. Since our
Keck data only give us the position of one binary component
relative to the other, we fit for the total semimajor axis
( = +a a a1 2) that is the sum of the individual componentʼs
semimajor axes about the center of mass. In our CFHT data, we
only see the motion of the photocenter, the amplitude of which
depends on the flux ratio and mass ratio of the binary. We
therefore fit for a photocenter semimajor axis (α) that we will
later use to derive the system mass ratio. We also fit for the five
usual parameters needed for our CFHT parallax data: R.A. zero
point and proper motion, decl. zero point and proper motion,
and parallax. Therefore, there are a total of 13 parameters in the
joint fit of our Keck and CFHT data.

Figure 2. Keck/NIRC2 images of the interferograms produced when observing SDSS J1052+4422AB with the nine-hole aperture mask. The binary can be seen by
eye as an elongation or double peak in the center of the point-spread function in all but one epoch. In data from 2010 May 22 UT the binary is very tight
(39.9 ± 0.7 mas), and the elongation is instead along the elevation axis (205°) caused by atmospheric dispersion given the modest airmass (1.32) of the observation.
These image cutouts are all the same size, have the same native pixel scale, have been rotated such that north is up, and are shown with a square-root stretch.
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To determine probability distributions for the orbit and
parallax parameters, we performed a Markov Chain Monte
Carlo (MCMC) analysis. Unlike our previous work, we used
the Python implementation of the affine-invariant ensemble
sampler emcee v2.1.0 (Foreman-Mackey et al. 2013). This
allows for more efficient exploration of our 13-dimensional
parameter space than our own custom MCMC tools that used a
Metropolis–Hastings jump acceptance criterion with Gibbs
sampling. We adopted uniform priors in the logarithms of
period and semimajor axis ( Plog , alog ), eccentricity (e),
argument of periastron (ω), PA of the ascending node (Ω),
mean longitude at a reference time (lref), and the ratio of the
photocenter semimajor axis to the total semimajor axis (a a).
The reference time is =t 2,455,197.5ref JD (2010 Jan 1
00:00 UT), which is related to the time of periastron passage

l w= - ´ -T t P ( ) 3600 ref ref °. We assume randomly dis-
tributed viewing angles by adopting an inclination prior
uniform in icos . We adopt uniform priors in the proper
motion and R.A. and decl. zero points and a uniform spatial
volume prior in the parallax. The latter is justifiable as
SDSS J1052+4422 was discovered well above the magnitude
limits of SDSS ( - »m M 3.5lim mag). The effect of this
discovery bias on the parallax prior was considered by Dupuy
& Kraus (2013, see their Figure S3), and we find that
SDSS J1052+4422 would be well within the uniform space
density regime. Regardless, we note that because of the high
precision of our measured parallax this choice of prior has an
indistinguishable effect on the credible interval of this
parameter (⩽0.1%). In other words, the observational con-
straints dominate over the prior in determining the posterior
distribution of the parallax. We used 103 walkers of 104 steps
each, saving only every hundredth step and discarding the first
10% of steps as the burn-in time for each walker.

The best-fit parameters and credible intervals derived from
our MCMC posterior distributions are given in Table 3. We
found an orbital period of 8.608± 0.025 yr (0.29% error) and
total semimajor axis of 70.67± 0.24 mas (0.34% error), and

accounting for the slight covariance between these parameters
results in an uncertainty in the dynamical total mass of 1.1%
from our orbit determination alone. As a check on our new
MCMC methods, we performed a separate MCMC analysis on
just the Keck data using our own Metropolis–Hastings code
(Dupuy et al. 2014). The resulting 1σ credible intervals for the
seven visual binary parameters were consistent to within a
fraction of 1σ. The resolved orbit of SDSS J1052+4422AB is
shown in Figure 3 along with our Keck astrometry.
The additional parameters we fitted to our integrated-light

CFHT data provide the proper motion and parallax relative to
our grid of astrometric reference stars, as well as the size of the
photocenterʼs orbit8 (a = - 11.6 0.6 mas). This best-fit
solution is shown in Figure 4. In order to compute the distance,
we derived a correction to account for the mean parallax of our
reference grid from the Besançon model of the Galaxy (Robin
et al. 2003). We found p p- = 1.7 0.3abs rel mas, where the
uncertainty corresponds to the statistical variance in sampling
30 stars in the J-band magnitude range of our images,
according to the much larger modeled Besançon population.
Adding this to the relative parallax results in an absolute
parallax of 38.4± 0.7 mas, corresponding to a distance of
26.1± 0.5 pc. Similarly, we computed additive corrections to
our proper motions of mD = - 6 3R.A. mas yr−1 and
mD = - 7 3Decl. mas yr−1. As a check, we input our absolute

proper motion and parallax to the BANYAN II v1.3 web tool
(Malo et al. 2013; Gagné et al. 2014) but found no linkage to
the seven kinematic associations in their solar neighborhood
model.

Table 2
Integrated-light Astrometry for SDSS J1052+4422AB from CFHT/WIRCam

Date R.A. Decl. s dcosR.A. sDecl. Airmass Seeing
(UT) (deg) (deg) (mas) (mas) (arcsec)

2008 Feb 17 163.05659646 +44.38217395 1.8 2.3 1.100 0.55
2008 Feb 23 163.05659550 +44.38217470 1.6 2.8 1.099 0.59
2008 Apr 19 163.05658483 +44.38216886 2.1 1.5 1.104 0.60
2008 Apr 28 163.05658379 +44.38216735 2.4 2.0 1.100 0.53
2009 Apr 15 163.05659324 +44.38213225 1.1 2.0 1.101 0.59
2009 Jun 6 163.05658999 +44.38212290 2.6 2.8 1.160 0.62
2010 Mar 24 163.05660297 +44.38209950 1.6 1.7 1.107 0.90
2010 Apr 21 163.05659864 +44.38209535 1.4 1.6 1.100 0.62
2010 May 5 163.05659707 +44.38209378 1.2 1.5 1.099 0.59
2011 Feb 12 163.05662003 +44.38206551 1.5 2.3 1.118 0.62
2011 Mar 20 163.05661377 +44.38206406 3.2 2.3 1.128 0.67
2011 Apr 15 163.05660884 +44.38206101 2.3 3.0 1.122 0.83
2011 May 18 163.05660425 +44.38205434 2.1 3.8 1.125 0.66
2011 Dec 9 163.05663748 +44.38202911 2.0 1.9 1.099 0.55
2012 Jan 2 163.05663574 +44.38202885 2.1 2.2 1.107 0.59
2012 Apr 4 163.05662005 +44.38202585 1.6 2.1 1.114 0.63
2013 Apr 27 163.05663104 +44.38198416 2.2 2.9 1.112 0.58
2013 Dec 25 163.05666361 +44.38195306 2.7 2.1 1.107 0.66
2014 May 10 163.05664133 +44.38194490 1.5 1.8 1.116 0.54
2014 Dec 2 163.05667169 +44.38191431 2.5 1.8 1.104 0.57
2014 Dec 3 163.05667208 +44.38191378 2.6 2.5 1.121 0.55

8 We quote the photocenter semimajor axis as a negative value because the
photocenter motion is the opposite of what is seen in typical pairings of stars,
brown dwarfs, or planets. Normally, the less massive component is fainter and
thus the center of light follows the brighter, more massive componentʼs motion.
In the case of SDSS J1052+4422AB, the center of J-band light follows the
secondary component. This can be seen when comparing Figures 3 and 4,
where, e.g., in 2007 the secondary is seen in Keck data to be southeast of the
primary and in CFHT data the photocenter shift is also to the southeast.
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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 a = - a 0.164 0.008. This ratio is set by the flux ratio
and mass ratio of the binary, such that a b= -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, b = +L L L( )B A B . Our
J-band flux ratio measured from Keck is D = - J 0.45 0.09
mag, which corresponds to b = 0.602 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 l 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. mR.A ., rel (mas yr−1) 24.51 24.56 24.36, 24.77 24.16, 24.97

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

Relative parallax prel (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 c2 in the MCMC chain, c = 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 l ref and ω posteriors is = T 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 l 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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gives 0.438± 0.022 and thus a mass ratio of
º = q 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 c2

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 (D = - J 0.45 0.09 mag, D = H 0.06 0.07 mag,
andD = K 0.52 0.05 mag). We excluded template pairs that
disagreed significantly with our measured flux ratios,

c <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

= - ☉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 = - ☉L Llog( ) 4.59 0.04bol and
−4.64± 0.04 dex. We find comparable results using K band of

= - ☉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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age, etc.) by invoking evolutionary models. Only one set of
models currently incorporates cloud dispersal at the L/T
transition, which is particularly relevant for SDSS J1052
+4422AB. SM08 “hybrid” models assume that the photosphere
smoothly transitions from cloudy to cloudless as objects cool
from effective temperatures of 1400 to 1200 K. Because
SDSS J1052+4422A is expected to be cloudy based on its late
L spectral type, and SDSS J1052+4422B likely still possesses

some cloud opacity at the photosphere, we also consider the
SM08 fully cloudy ( =f 2sed ) and Lyon Dusty (Chabrier
et al. 2000) models.
To derive model properties from the individual masses and

luminosities only requires a straightforward bilinear interpola-
tion of model tracks. But this could result in very different ages
if models do not accurately predict the mass–luminosity
relation for our objects. Because we are also interested in
deriving properties under the assumption of coevality, we also
use our (more precise) total mass and individual luminosities,
ignoring our measured mass ratio, to derive properties from
evolutionary models in the same fashion as in our previous
work (Liu et al. 2008; Dupuy et al. 2009b). In this coeval
analysis, at each point on a log(age) grid we use the luminosity
of each component to calculate their model-predicted mass, T ,eff

surface gravity, radius, lithium abundance, and near-infrared
colors. This is done in a Monte Carlo fashion such that we use
103 values for a componentʼs Lbol, resulting in 103 mass
estimates at each age. We then step through each of these 103

Lbol pairs, considering the full range of ages for that pair, sum
the component masses as a function of age, and determine the
age that matches the measured total mass by interpolating the
curve. This is also done in a Monte Carlo fashion by repeating
this step 103 times using randomly drawn values for the
measured Mtot from our MCMC posterior. This results in 106

model-derived values for every parameter and accounts for the
errors in both Lbol and Mtot while appropriately tracking their
covariances via the common uncertainty in the distance.
We report the median, 1σ, and 2σ credible intervals of the

model-derived parameter distributions in the case where we

Figure 5. Integrated-light spectrum of SDSS J1052+4422AB (black) and best-
matching component templates (colored lines). The bottom subpanel shows the
observed J-, H-, and K-band broadband flux ratios used to constrain the
decomposition (filled black circles with errors) and the resulting flux ratios
computed from the best-matching template pair (open colored squares).

Table 4
Measured Properties of SDSS J1052+4422AB

Property
SDSS J1052
+4422A

SDSS J1052
+4422B Ref.

d (pc) 26.1 ± 0.5 1
Semimajor axis (AU) -

+1.84 0.03
0.04 1

Mtot (MJup) 88 ± 5 1

ºq M MB A 0.78 ± 0.07 1

Mass (MJup) 49 ± 3 39 ± 3 1, 2

Spectral type L6.5 1.5 T1.5 1.0 1
J (mag) 16.89 ± 0.06 16.44 ± 0.05 1, 2
H (mag) 15.81 ± 0.05 15.87 ± 0.05 1, 2
K (mag) 14.99 ± 0.04 15.50 ± 0.04 1, 2
-J H (mag) 1.08 ± 0.08 0.57 ± 0.07 1, 2
-H K (mag) 0.82 ± 0.06 0.37 ± 0.06 1, 2
-J K (mag) 1.90 ± 0.07 0.94 ± 0.06 1, 2

MJ (mag) 14.81 ± 0.07 14.36 ± 0.06 1, 2
MH (mag) 13.73 ± 0.06 13.79 ± 0.06 1, 2
MK (mag) 12.90 ± 0.05 13.42 ± 0.06 1, 2
BCK (mag) 3.25 ± 0.10 2.91 ± 0.13 1,3
log( ☉L Lbol ) −4.56 ± 0.05 −4.63 ± 0.06 1

D log(Lbol) 0.07 ± 0.07 1

Parallax (mas) 38.4 ± 0.7 1
mR.A. (mas yr−1) +19 ± 3 1

mDecl. (mas yr−1) −140 ± 3 1

Note. All near-infrared photometry is on the MKO system. Parallax and proper
motion have the following additive offsets applied to correct for the mean
motion of our astrometric reference grid: pD = 1.7 0.3 mas,
mD = - 6 3R.A. mas yr−1, mD = - 7 3Decl. mas yr−1.

References. (1) This work, (2) Chiu et al. (2006), (3) Liu et al. (2010).

Figure 6. Color–magnitude diagram showing the components of SDSS J1052
+4422AB (yellow stars) along with field L and T dwarfs with measured
distances (open circles). Both components have typical colors and magnitudes
for their spectral types (L6.5 ± 1.5 and T1.5 ± 1.0). Photometry is on the
MKO system. Field dwarf data were obtained from the Database of Ultracool
Parallaxes (http://www.as.utexas.edu/~tdupuy/plx/; Dupuy & Liu 2012), and
we only plot objects with uncertainties <10% in parallax and <0.10 mag in
color.
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Table 5
Evolutionary Model-derived Properties for SDSS J1052+4422AB

Saumon & Marley (2008) Hybrid SM08 Cloudy ( =f 2sed ) Lyon Dusty (Chabrier et al. 2000)

Property Median 68.3% c.i. 95.4% c.i. Median 68.3% c.i. 95.4% c.i. Median 68.3% c.i. 95.4% c.i.

Using Individual Masses and Luminosities

tA (Gyr) 1.22 0.99, 1.43 0.82, 1.69 0.95 0.79, 1.07 0.69, 1.30 1.01 0.84, 1.16 0.72, 1.36

tB (Gyr) 0.99 0.79, 1.17 0.63, 1.39 0.66 0.55, 0.77 0.45, 0.90 0.66 0.54, 0.76 0.45, 0.90

tlog( yr)A 9.09 9.01, 9.17 8.93, 9.24 8.98 8.91, 9.04 8.86, 9.12 9.01 8.94, 9.08 8.87, 9.14

tlog( yr)B 9.00 8.92, 9.09 8.82, 9.16 8.82 8.75, 8.89 8.67, 8.96 8.82 8.74, 8.89 8.67, 8.97

D tlog (dex) 0.09 −0.03, 0.21 −0.15, 0.33 0.16 0.06, 0.26 −0.03, 0.36 0.19 0.09, 0.29 −0.01, 0.39

T Aeff, (K) 1340 1310, 1370 1280, 1400 1320 1280, 1360 1250, 1400 1360 1320, 1390 1280, 1430

T Beff, (K) 1270 1230, 1300 1200, 1330 1240 1190, 1270 1160, 1320 1260 1220, 1300 1180, 1340

DTeff (K) 70 30, 110 −10, 150 90 40, 140 −10, 180 100 50, 150 0, 190

glog( )A (cgs) 5.14 5.10, 5.18 5.05, 5.22 5.12 5.07, 5.16 5.03, 5.21 5.15 5.10, 5.20 5.05, 5.24

glog( )B (cgs) 5.00 4.96, 5.05 4.92, 5.09 4.96 4.91, 5.01 4.86, 5.05 4.99 4.94, 5.03 4.89, 5.08

RA (RJup) 0.947 0.929, 0.965 0.912, 0.983 0.970 0.953, 0.987 0.934, 1.004 0.939 0.923,0.957 0.901, 0.973

RB (RJup) 0.972 0.950, 0.991 0.934, 1.017 1.023 1.003, 1.041 0.985, 1.063 0.991 0.972, 1.010 0.955, 1.030

(Li/Li0)A K K K K K K 0.947 0.930, 0.986 0.545, 1.000

(Li/Li0)B K K K K K K 1.0 1.0, 1.0 1.0, 1.0

-Y J( )A (mag) 1.205 1.200, 1.212 1.187, 1.214 1.201 1.194, 1.212 1.176, 1.215 K K K
-Y J( )B (mag) 1.182 1.165, 1.206 1.134, 1.215 1.16 1.13, 1.18 1.12, 1.21 K K K
-J H( )A (mag) 1.04 0.94, 1.14 0.86, 1.21 0.98 0.90, 1.13 0.71, 1.16 2.51 2.41, 2.61 2.31, 2.71

-J H( )B (mag) 0.73 0.57, 0.91 0.37, 1.02 0.55 0.32, 0.69 0.26, 0.92 2.78 2.68, 2.90 2.56, 3.00

-H K( )A (mag) 0.71 0.56, 0.87 0.44, 0.99 0.62 0.48, 0.87 0.26, 0.94 2.05 1.96, 2.15 1.85, 2.25

-H K( )B (mag) 0.29 0.09, 0.50 −0.12, 0.65 0.09 −0.17, 0.22 −0.18, 0.53 2.33 2.26, 2.42 2.14, 2.48

-J K( )A (mag) 1.8 1.5, 2.0 1.3, 2.2 1.6 1.4, 2.0 1.0, 2.1 4.56 4.36, 4.75 4.16, 4.96

-J K( )B (mag) 1.0 0.7, 1.4 0.2, 1.7 0.6 0.1, 0.9 0.1, 1.5 5.11 4.93, 5.32 4.69, 5.48

- ¢K L( )A (mag) 1.25 1.21, 1.29 1.18, 1.34 1.28 1.22, 1.32 1.18, 1.39 1.92 1.82, 2.03 1.72, 2.13

- ¢K L( )B (mag) 1.36 1.29, 1.42 1.25, 1.50 1.42 1.35, 1.50 1.28, 1.57 2.23 2.12, 2.35 1.98, 2.44

Using Total Mass, Individual Luminosities, and Assuming Coevality

Age (t, Gyr) 1.11 0.91, 1.28 0.76, 1.49 0.81 0.69, 0.91 0.60, 1.04 0.84 0.69, 0.94 0.61, 1.09
tlog( yr) 9.04 8.97, 9.12 8.89, 9.18 8.91 8.85, 8.97 8.79, 9.02 8.92 8.86, 8.99 8.79, 9.05

MA (MJup) 47 43, 51 40, 55 45.8 42.8, 48.6 40.3, 51.7 45.5 42.6, 48.2 40.0, 51.5

MB (MJup) 41 38, 44 35, 48 42.6 39.7, 45.2 37.5, 48.4 43.1 40.4, 45.9 37.6, 48.7

ºq M MB A 0.87 0.78, 0.98 0.67, 1.09 0.93 0.87, 0.98 0.83, 1.06 0.94 0.89, 0.99 0.85, 1.05

T Aeff, (K) 1330 1300, 1360 1270, 1400 1310 1270, 1340 1240, 1380 1340 1300, 1370 1270, 1410

T Beff, (K) 1270 1240, 1310 1200, 1350 1250 1210, 1290 1170, 1340 1280 1230, 1320 1200, 1370

DTeff (K) 60 0, 100 −50, 160 60 20, 120 −50, 160 60 10, 120 −50, 170

glog( )A (cgs) 5.10 5.06, 5.15 5.01, 5.19 5.06 5.02, 5.10 4.98, 5.14 5.09 5.04, 5.13 5.00, 5.18

glog( )B (cgs) 5.04 5.00, 5.09 4.95, 5.13 5.03 4.98, 5.06 4.95, 5.11 5.06 5.02, 5.10 4.97, 5.14

RA (RJup) 0.958 0.940, 0.974 0.924, 0.993 0.991 0.975, 1.007 0.959, 1.022 0.958 0.939, 0.969 0.930, 0.993

RB (RJup) 0.960 0.942, 0.977 0.927, 0.997 0.998 0.983, 1.013 0.967, 1.027 0.963 0.944, 0.975 0.934, 0.997

(Li/Li0)A K K K K K K 0.977 0.968, 1.000 0.943, 1.000

(Li/Li0)B K K K K K K 0.992 0.984, 1.000 0.960, 1.000

-Y J( )A (mag) 1.205 1.200, 1.213 1.185, 1.215 1.200 1.191, 1.214 1.171, 1.216 K K K
-Y J( )B (mag) 1.184 1.167, 1.206 1.138, 1.214 1.17 1.14, 1.19 1.12, 1.21 K K K
-J H( )A (mag) 1.01 0.90, 1.13 0.80, 1.20 0.92 0.81, 1.08 0.65, 1.14 2.57 2.47, 2.67 2.37, 2.76

-J H( )B (mag) 0.77 0.60, 0.95 0.38, 1.07 0.64 0.40, 0.81 0.29, 1.01 2.73 2.62, 2.85 2.48, 2.96

-H K( )A (mag) 0.67 0.48, 0.83 0.38, 0.98 0.54 0.36, 0.73 0.18, 0.89 2.10 2.01, 2.20 1.91, 2.29

-H K( )B (mag) 0.3 0.1, 0.6 −0.1, 0.7 0.18 −0.10, 0.37 −0.17, 0.65 2.26 2.16, 2.36 2.03, 2.44

-J K( )A (mag) 1.7 1.4, 2.0 1.2, 2.2 1.5 1.2, 1.8 0.8, 2.0 4.67 4.48, 4.87 4.28, 5.03

-J K( )B (mag) 1.1 0.7, 1.5 0.3, 1.8 0.8 0.3, 1.2 0.1, 1.7 5.0 4.8, 5.2 4.5, 5.4

- ¢K L( )A (mag) 1.26 1.22, 1.30 1.18, 1.35 1.29 1.24, 1.34 1.20, 1.40 1.99 1.89, 2.09 1.78, 2.18

- ¢K L( )B (mag) 1.35 1.28, 1.41 1.23, 1.50 1.40 1.33, 1.49 1.25, 1.55 2.16 2.04, 2.27 1.91, 2.37
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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
D = tlog 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 D = tlog 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, D = tlog 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
D D =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
D D = -

+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 (D D <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
(D = Llog 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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4.2. Effective Temperature and Surface Gravity

Combining evolutionary model radii with a measured
luminosity and mass readily produces estimates of effective
temperature ( µ - -T L Reff bol

1 4 1 2) and surface gravity
( µ -g MR 2), respectively. There are only small differences
between the radii predicted at a given age by the models
considered here (3%), resulting in differences of1% in Teff
and 0.03 dex in glog . More important to the model-derived
radii is whether we force coevality, in which case the secondary
is predicted to be only slightly larger (⩽0.5%) than the primary.
When the two components are allowed to have different ages
but correct masses, the model-derived age of the secondary is
0.1–0.3 dex younger (1σ range), so its predicted radius is
3%–6% larger. Therefore, we adopt the coeval model-derived
temperatures and surface gravities of SDSS J1052+4422AB,
using the SM08 hybrid models that are most consistent with
coevality.

The model-derived temperature of the L6.5± 1.5 spectral
type primary is 1330± 30 K, while the T1.5± 1.0 secondary is

-
+1270 30

40 K. Their predicted surface gravities are glog =

-
+5.10 0.04

0.05 and -
+5.04 0.04

0.05 dex, respectively. Interestingly, the
mean evolutionary model-derived temperature of the two
components (≈1300 K in both coeval and non-coeval cases)
is in excellent agreement with the atmospheric model fitting
results of the integrated-light 1–14.5 μm spectrum of
SDSS J1052+4422AB from Stephens et al. (2009), who found

=T 1300eff K (acceptable range of 1200–1400 K) and glog
= 5.5 dex (5.0–5.5 dex). A similar agreement between
evolutionary and atmospheric model temperatures has been
seen for the only other L/T transition brown dwarf with a
dynamical mass determination (LHS 2397aB,

= T 1430 40eff
evol K and =T 1400eff

atm K; Dupuy
et al. 2009c). Finally, we note that the model-derived
temperatures for SDSS J1052+4422AB align very well with
the assumption made in SM08 hybrid models that the L/T
transition occurs over the temperature range 1200–1400 K.

4.3. Near-infrared Colors

We have independently measured the JHK colors of the
components of SDSS J1052+4422AB by combining our Keck
flux ratios with the photometry from Chiu et al. (2006). All
colors agree within 1σ of the predictions of the SM08 hybrid
models whether we enforce coevality or not, although there is
somewhat better agreement when deriving colors directly from
the individual masses and luminosities (non-coeval). This
agreement is remarkable as all other ultracool dwarfs with
dynamical mass determinations to date have typically shown
0.3 mag disagreements with models (e.g., Liu et al. 2008;
Dupuy et al. 2009b, 2010, 2014). For example, the Lyon Dusty
models predict ≈3–4 mag redder -J K colors for the
components of SDSS J1052+4422AB, which is not surprising
given their assumption of maximal dust clouds. The reason that
the SM08 hybrid models agree with our observed JHK colors is
because these evolutionary models also predict a J-band flux
reversal for a system like SDSS J1052+4422AB. The model-
derived flux ratios from the individual masses and luminosities
are D = - -

+J 0.50 0.17
0.15 mag and D = -

+K 0.27 0.25
0.23 mag, which are

quite similar to our measured values (D = - J 0.45 0.09
mag, D = K 0.52 0.05 mag). Figure 8 shows our observed
colors and magnitudes for SDSS J1052+4422AB compared to
SM08 hybrid evolutionary model tracks.

4.4. Lithium Depletion

According to Chabrier et al. (1996), most of the initial
supply of a ⩾0.06 ☉M brown dwarfʼs lithium is destroyed via
fusion by an age of ⩽0.26 Gyr, and 99% is destroyed by
⩽1.00 Gyr. The component masses of SDSS J1052+4422AB
are 0.047± 0.003 ☉M and -

+0.037 0.003
0.002, so the Lyon models

predict that they should have retained almost all of their lithium
( ⩾Li Li 0.550 at 2σ for the primary). However, even if both
components of SDSS J1052+4422AB are lithium bearing, they
may not possess a significant amount of atomic lithium that
would be readily detectable via the Li I doublet at 6708 Å. At
temperatures 1500 K, most lithium in the photosphere
(≈1 bar) is predicted to be locked up in molecular LiCl
(Lodders 1999). Thus, given the 2σ upper limit on our model-
derived temperature for SDSS J1052+4422A ( <T 1390eff K),
it is theoretically expected that both components of
SDSS J1052+4422AB are chemically depleted in their atomic
lithium. On the other hand, a homogeneous analysis of L and T
dwarf optical spectra by Kirkpatrick et al. (2008) found that the
occurrence of lithium absorption is highest at L6–L7 spectral
types, overlapping with the L6.5± 1.5 spectral type of
SDSS J1052+4422A. Moreover, Faherty et al. (2014) detected
lithium absorption in WISE J104915.57–531906.1B (T0.5;
Burgasser et al. 2013), which is now the only T dwarf known
to possess lithium. Notably, King et al. (2010) do not detect
lithium in ϵ Indi Ba (T1), although this may be due to the fact
that it is massive enough to have depleted its lithium (Cardoso
et al. 2009). Thus, it is unclear whether SDSS J1052+4422AB
would show evidence for atomic lithium in its integrated-light
spectrum. High-resolution optical spectroscopy of SDSS J1052
+4422AB would provide a unique, joint test of the theoretical
lithium-fusing mass limit and atmospheric model predictions of
the chemical depletion of lithium.

5. CONCLUSIONS

We have discovered that SDSS J1052+4422AB (L6.5+T1.5)
is a J-band flux reversal binary. We present precise individual
dynamical masses by combining resolved Keck AO orbital
monitoring spanning 9.0 yr with integrated-light CFHT/WIR-
Cam astrometric monitoring spanning 6.8 yr, the first such
masses for any field L or T dwarfs. Despite spectral types that
are similar and luminosities that are indistinguishable within
the errors, we find a surprisingly low mass ratio of
= q 0.78 0.07. The only ultracool dwarf binary with a more

precise mass ratio is LHS 1070BC (0.92± 0.01; Köhler
et al. 2012), also measured from astrometry, which highlights
the greater potential of astrometry for measuring precise
individual masses as compared to radial velocities. For
example, our mass ratio is based on a total of only 2.4 hr of
integration time on a 4 m class telescope, yet it is more precise
than the = -

+q 0.71 0.13
0.19 measured for the ≈5 mag brighter binary

Gl 569Bab from numerous resolved spectroscopic observations
from Keck (Zapatero Osorio et al. 2004; Simon et al. 2006;
Konopacky et al. 2010). Combining our CFHT mass ratio and
Keck AO total mass gives component masses of 49± 3 MJup

for SDSS J1052+4422A (L6.5± 1.5) and 39± 3 MJup for
SDSS J1052+4422B (T1.5±1.0).
This is the first J-band flux reversal binary or high-amplitude

variable with a dynamical mass measurement, providing a
precise benchmark for the cloud dispersal phase of substellar
evolution. We validate that the component fainter in J band is
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in fact more massive and that both components are unambigu-
ously substellar (<75 MJup). Perhaps the most striking result is
the shallow mass–luminosity relation in the L/T transition
implied by our data (D D = -

+L Mlog log 0.6bol 0.8
0.6 over

≈40–50 MJup). This disagrees with the mass–luminosity
relation predicted by fully cloudy models, providing the first

direct observational support that cloud dispersal plays an
important role in luminosity evolution. We quantify this as a
coevality test using our measured individual masses and
luminosities to derive an age from evolutionary models for
each component and test if the models successfully give the
same age for both components. Lyon Dusty models give ages
that are different by 0.19± 0.10 dex, a 2.0σ discrepancy. In
comparison, hybrid models from Saumon & Marley (2008), in
which the dispersal of clouds causes a slowing of luminosity
evolution, gives component ages different by 0.09± 0.12 dex
and thus consistent at 0.9σ.
In fact, these SM08 hybrid evolutionary models paint a

remarkably self-consistent picture for the properties of
SDSS J1052+4422AB. The models assume that clouds disperse
as temperatures cool from 1400 to 1200 K. From our measured
luminosities and SM08 model-derived radii we find

= T 1330 30eff K for the L6.5±1.5 primary and -
+1270 30

40

K for the T1.5±1.0 secondary. SM08 hybrid models also
accurately predict the JHK colors of the components, including
the reversal in flux ratio observed between J and K bands. In
addition, the Teff of 1300 K found for SDSS J1052+4422AB by
Stephens et al. (2009), who used the same atmospheres in their
spectral synthesis modeling as are used by SM08 evolutionary
models, is in excellent agreement with our temperatures
derived from luminosities and model radii. We note that
without an independent measurement of the age of SDSS J1052
+4422AB, we cannot rule out a constant systematic offset in
the SM08 hybrid model luminosities, as our coevality test only
constrains slope of the mass–luminosity relation. For example,
mid-L dwarfs appear to be 0.2–0.4 dex more luminous than
predicted by models at a given mass and age (Dupuy
et al. 2009b, 2014). If this holds true for L/T transition objects,
then the age we derive from SM08 models would be
underestimated by a factor of ≈2–3.
Overall, it seems that the distinguishing features SDSS J1052

+4422AB, like a J-band flux reversal and high-amplitude
variability, are normal for a field L/T binary caught during the
process of cloud dispersal. SDSS J1052+4422ABʼs model-
derived age of -

+1.11 0.20
0.17 Gyr is typical of field brown dwarfs

(e.g., Zapatero Osorio et al. 2007), and the component surface
gravities are correspondingly unexceptional, glog
= 5.0–5.2 dex. The one unexpected physical property is the
low mass ratio. To determine if this is a typical feature of L/T
transition binaries, especially for J-band flux reversal systems,
will require more individual mass measurements for late L to
early T type brown dwarfs. Fortunately, such masses will likely
be available in the near future as our CFHT astrometric
monitoring continues. Orbit determinations typically require
≈30% coverage of the orbital period, and we have been
obtaining CFHT data on our Keck dynamical mass sample for
≈8 yr. Thus, L/T binaries with orbital periods 20 yr should
soon have photocenter semimajor axis measurements that will
enable precise individual dynamical masses to further map out
the substellar mass–luminosity relation.
Our results lend further support to the growing evidence that

clouds have a significant impact on the luminosity evolution of
substellar objects. A shallow mass–luminosity relation in the L/T
transition suggests that even when the age and luminosity of an
object are constrained, its mass may be difficult to estimate
precisely. This adds another obstacle to estimating masses for
directly imaged extrasolar planets in this spectral type range (e.g.,
HR 8799b; Bowler et al. 2010; Barman et al. 2011). The L/T

Figure 8. Measured colors and absolute magnitudes of the components of
SDSS J1052+4422AB compared to predictions from SM08 hybrid evolu-
tionary models. Model tracks are shown for the coeval system age that best
matches the total mass and individual luminosities (solid) and ages at ±1σ of
this value (dotted). Unlike previous generations of evolutionary models, the
predicted colors and magnitudes of SM08 hybrid match our observations
remarkably well.
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transition corresponds to the breakup of mostly silicate and iron
clouds. At cooler temperatures, clouds composed of sulfides
emerge ( T 900eff K; Morley et al. 2012), as well as water-ice
clouds possibly at 350K (Morley et al. 2014). Even though
sulfide clouds are expected to be thinner, in principle they could
impact luminosity evolution in a comparable way as we have
now observed for silicate clouds, implying similar alterations to
the mass–luminosity relation for much colder brown dwarfs.
Directly measured individual masses for late T and Y dwarf
binaries should be able to test this idea.
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