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Fig. 17. Surface gravity as a function of the effective temperature predicted for several ages (black solid curves) and companion masses (dashed
curves) by the models COND, the models of Saumon & Marley (2008) for two treatments of the clouds, and the models of Burrows et al. (1997).
For comparison, the parameters derived from the atmospheric fits are shown (colored rectangles, Sect. 5.2).

Figure 16 shows the estimated bolometric luminosity (from
the K -band magnitude), effective temperature, and age of
HD 19467B with the predictions from the models COND
(Baraffe et al. 2003), of Saumon & Marley (2008) (for two treat-
ments of the clouds, hybrid and no clouds), and of Burrows et al.
(1997) assuming for the companion mass 741’3 M; (Sect. 4.4).
The hybrid cloudy model of Saumon & Marley (2008) intends
to model the disappearance of the clouds at the L/T transition by
increasing the cloud sedimentation parameter with decreasing
Teg. The evolution model was computed assuming for the atmo-
sphere model a combination of cloudless and cloudy atmosphere
models. We consider for the effective temperature the constraints
from the petitCODE fit with patchy clouds (Sect. 5.2). We could
not test the recent models of Baraffe et al. (2015) because they
do not extend to effective temperatures below ~1600 K for the
age range of HD 19467B. The measured bolometric luminosity,
age, and dynamical mass of the companion are better reproduced
by the models of Burrows et al. (1997). The other models tend
to overestimate its luminosity or equivalently to underestimate
its cooling. When considering the effective temperature instead
of the bolometric luminosity, the properties of the companion
are compatible with more models, but are better reproduced by
the models of Burrows et al. (1997) and the cloudless models of
Saumon & Marley (2008).

Dieterich et al. (2018) find that evolutionary models tend
to underpredict the cooling rate of € Ind C and that evolution-
ary models employing model atmospheres with lower molecular
opacities reproduce its measured mass better. Brandt et al.
(2019a) find that when assuming an age older than 5 Gyr the
models of Burrows et al. (1997) reproduce the measured mass
of GJ 229B better. Brandt et al. (2019b) find for GJ 758B that
the models COND, the models of Burrows et al. (1997), and the
models of Saumon & Marley (2008) without clouds and a hybrid
cloud model are compatible with its measured mass for an age
older than 6 Gyr.

Saumon & Marley (2008) discuss the differences between
their models and the models COND and of Burrows et al. (1997).
Briefly, the main differences between the cloudless models of
Saumon & Marley (2008) and COND relevant to the case of
an old and massive brown dwarf such as HD 19467B reside
in the surface boundary condition provided by the atmosphere
and the noninclusion in the former model of the electron con-
duction in the core of the object (which is a dominant energy
transport mechanism). The noninclusion of the latter effect pro-
duces lower luminosities. For a 10-Gyr brown dwarf of 0.06 M,
Saumon & Marley (2008) find a difference in bolometric lumi-
nosity of ~0.1 dex compared to the COND model. This value
agrees with the luminosity shift found by Chabrier et al. (2000)
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Fig. 18. Flux ratios outside and inside a methane absorption feature in the H band (/eff) and in the K band (right) as a function of the effective
temperature of HD 19467B (star symbol) and GJ 758B (red square). The evolution predicted by the model of Baraffe et al. (2015) for an age of

5 Gyr is also shown (solid curve).

when including this effect. The main differences between the
cloudless models of Saumon & Marley (2008) and the models
of Burrows et al. (1997) are the use in the latter model of a lower
value for the helium abundance (0.25 vs. 0.28 dex; the proto-
solar value is 0.2741 = 0.0120, Lodders 2003) and a less opaque
atmosphere. Both a lower helium abundance and a less opaque
atmosphere result in lower luminosities.

Figure 17 compares the results from our atmospheric fits
to the predictions of the four evolutionary models tested above
in the effective temperature vs. surface gravity plane. We
show model relations between these two parameters for several
ages and companion masses. Only the atmospheric parameters
derived from the petitCODE patchy fit are consistent with an
object of the age of HD 19467B, when assuming the models
COND and of Saumon & Marley (2008). For the models of
Burrows et al. (1997), the predicted ages are too young, because
for given age and T.g the surface gravities predicted by this
model are higher than those by the other models. The Exo-REM
and Morley 2012 fits suggest too young ages and too low masses,
whereas the petitCODE cloudy and clear fits suggest ages which
are too young and too old, respectively. However, the temper-
ature and surface gravity derived from the petitCODE patchy
fit indicate a mass range slightly smaller (~57-66 M) than the
mass range suggested by the orbital fit.

Finally, we compare in Fig. 18 the measured CHy flux ratios
in the IRDIS narrow-band filters and the estimated effective tem-
perature to the expectations from the model of Baraffe et al.
(2015). We selected the model curve for an age of 5 Gyr, but we
checked that the model curve for an age of 10 Gyr is very simi-
lar for the temperature range of HD 19467B. We computed flux
ratios Fpo/Fpz= 2.36fg'3 and Fx/Fxy= 4.37t8'ﬁ. The CHy4
flux ratio in the K, band is ~1.9 times larger than the CH,
flux ratio in the H band. The measured CH4 flux ratio in the
H band is close to the predictions given the effective tempera-
ture of HD 19467B estimated in our spectral analysis (Sect. 5.2),
whereas the measured CH, flux ratio in the K band is larger than
predicted.

The underpredicted bolometric luminosity by ~0.5 dex of
evolutionary models with respect to the measured bolometric
luminosity found in Wood et al. (2019) is due to a combination
of slightly older age, brighter bolometric luminosity, and smaller
dynamical mass estimated from the RV acceleration compared to
our results.
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7. Conclusions

We have presented VLT/SPHERE and VLT/NaCo observations
of the benchmark T-type brown dwarf HD 19467B to further
characterize its orbital and spectral properties. We have also
refined the properties of the host star using archival data from
ASAS, HARPS, and UVES. Our direct rotation period measure-
ment indicates a gyrochronological age of 5.6 + 0.8 Gyr, which is
older than the range of 3.1-5.3 Gyr derived in Crepp et al. (2014)
from an indirect rotation period estimate from chromospheric
activity indicators. Our isochronal analysis suggests an older age
of 9.3 + 1.6 Gyr. The chemical abundances and kinematics of the
star suggest an age younger than 10 Gyr and a possible member-
ship to the thin disk population, which would set an upper age
limit of ~8 Gyr. Considering potential biases in the gyrochrono-
logical and isochronal methods at low metallicities and/or ages
older than the Sun, we estimated an age of 8.0ff:8 Gyr. By fitting
the SPHERE and NaCo data, archival RV data from HARPS and
HIRES, literature imaging measurements from Keck/NIRC2,
and HIPPARCOS-Gaia data, we derived constraints on the orbital
parameters of HD 19467B and a dynamical mass of 65-86 M.
We have further constrained the latter to 65-77 M; using a
theoretical limit on the hydrogen-burning mass limit. Our new
photometric data extend the SED of the companion to the K and
L’ bands and confirm that the companion has a cool atmosphere.
The spectrophotometric data of the companion are best fitted
with model spectra of atmospheres with no clouds or very thin
clouds for temperatures of 971-1118 K and high surface gravities
of 5.25-5.42 dex. Finally, we have found that the measured bolo-
metric luminosity and dynamical mass of HD 19467B are better
reproduced by the evolutionary models of Burrows et al. (1997),
whereas the models of Baraffe et al. (2003) and the models of
Saumon & Marley (2008) tend to underestimate the cooling of
the companion.

Further precise monitoring of the companion with both
HARPS and high-contrast imaging in the coming years will
be critical to measure at high significance an orbital curva-
ture and place more robust upper limits on its dynamical mass.
Spectral measurements at higher resolutions and/or at longer
wavelengths will help to better constrain its atmospheric prop-
erties and chemical abundances. Finally, a more precise age
estimate from asteroseismology will improve the comparison of
the companion properties to model predictions and help to better
distinguish them.
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Appendix A: Orbital fit on the imaging data
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Fig. A.1. Sample of 100 orbits (gray curves) fitted on the imaging data
(colored data points). The yellow star indicates the position of the star.

We fit the imaging data of HD 19467B using a custom imple-
mentation of the Bayesian rejection sampling approach Orbits
For The Impatient (Blunt et al. 2017; Maire et al. 2019). We cor-
rected the Keck and NaCo data for the systematics measured
with respect to the SPHERE data in Sect. 4.3. We assumed

Table A.1. Orbital parameters derived using the imaging data.

2

Parameter Unit Median + loo x; .
P yr 3902 1324
a au 52? ; 119
021
e 0.43755 0.20
i ° 12747 112
Q ° 88+%3 120
w ° 7483 142
Ty AD 2096433, 1674

uniform distributions in e, cosi, w, and Ty. Figure A.l1 shows
a sample of fitted orbits. Figure A.2 and Table A.l1 show the
derived orbital parameters based on the statistics of 27 374 fit-
ted orbits. The longitude of the node and the argument of the
periastron are restrained to the interval [0, 180) deg to account
for the ambiguity on the longitude of the node inherent to the
fitting of imaging data only.

Compared to the constraints derived in Bowler et al. (2020),
our constraints agree given the uncertainties but are broader.
We confirm that the orbital eccentricity of the companion is
below 0.8. The most significant difference is for the longitude
of the node. Our distribution for this parameter extends to values
smaller than 60°, whereas no such values are found in Bowler
et al. (2020).
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Fig. A.2. Posterior distributions of the orbital parameters obtained by fitting the imaging data. The diagrams displayed on the diagonal from rop
left to lower right represent the 1D histogram distributions for the individual elements. The off-diagonal diagrams show the correlations between
pairs of orbital elements. The linear color-scale in the correlation plots accounts for the relative local density of orbital solutions. In the histograms,
the green solid line indicates the best y? fitted solution, the red solid line shows the 50% percentile value, and the red dashed lines represent the

interval at 68%.

Appendix B: Orbital fit on the imaging and RV data

We fit the imaging and RV data of HD 19467B using a simi-
lar MCMC approach to Sect. 4.3. We sampled the parameter
space of our 17-parameter model assuming 20 temperatures for
the chains and 100 walkers. The first 8 parameters are the same
as for the imaging-RV-astrometry fit in Sect. 4.3. We assumed
similar priors. The next two parameters are the parallax and
total mass of the system. We used the same prior on the par-
allax as in Sect. 4.3. We drew the system mass around a guess
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value of 1.015 M, considering a host star mass of 0.95 M,
(Sect. 2) and a companion mass of 0.065 M, and assuming
a Gaussian distribution with a half width at half maximum of
0.025 M. We included the prior information on the host star
mass (0.95 +0.02 M) in the likelihood function instead of the
system mass (by computing the difference between the fitted
system mass and the companion mass derived from the binary
mass function using the fitted orbital parameters). The remain-
ing parameters and the associated priors are the same as in the
imaging-RV fit.
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Table B.1. Orbital parameters and dynamical mass of HD 19467B from
the imaging-RV fit.

Parameter Unit Median + 1o Best fit
Fitted parameters
” 6
a 16523; " 1376
Vecosw -0.32+0.06 -0.19
\esinw —0.69f8:(1]§1g -0.75
i ° 13Of$2 140
Q ° 135+5 145
To BID 2510 135f%§‘;§% 2500799
KA ms™! 263*%) 210
T mas 31.23+0.12 31.05
System mass My M 1.024f8:832 1.046
ZPyARPS ms”! 12.8+0.7 12.8
ZPyirEs ms™! -4.0+0.9 -3.7
O HARPS IIlS_1 149t8}§ 1.39
O HIRES m S_1 39t8§ 3.5
Sep. scaling fonire2 0.995570003¢  1.0023
PA offset APANIRC2 022j822 0.16
PA offset APANaco ° —O.73f8:§‘5‘ -0.90
Computed parameters
M, M 0.95 +0.02 0.99
M, M; 74’:53 63
M,/M, O.O74J_’8:8%(3) 0.061
P yr 3813?1 288
a au 52+1¢ 43
e 0.58f8:{; 0.60
w ° 65f$ 76

We ran the MCMC analysis for 125 000 iterations and veri-
fied the convergence of the chains with the integrated autocor-
relation time. Figure B.1 shows the posteriors on the parameters
obtained after thinning the chains by a factor 100 and discarding
the first 75% of the chains as the burn-in phase. Table B.1 gives
the median values with 1o uncertainties and the best-fit values.
Figure B.2 shows a sample of fitted orbits.

Compared to a fit on the imaging data only (Appendix A),
we note significant improvements on the derived parameters,
especially the longitude of the ascending node, argument of the
periastron, and eccentricity. For the eccentricity, values smaller
than ~0.19 are excluded, whereas for the imaging fit circular
orbits are possible. The longitude of the ascending node and
the time at the periastron do not show bimodal distributions.
The longitude of the ascending node is restrained to values of
130-140° at 68%. The argument of the periastron is also better
constrained to values of 58-71° at 68%. We also note correla-
tions between parameters, with longer periods associated with
smaller eccentricities, lower inclinations with respect to the line
of sight, and larger RV semi-amplitudes.

Figure B.3 shows the posterior distributions for the masses of
HD 19467 A and B as well as for the RV offsets and jitters. The
mass posterior for HD 19467B exhibits a tail toward unphysically
large masses beyond the hydrogen-burning mass limit, because
the current data do not show a clear curvature.
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Fig. B.1. MCMC samples from the posteriors of the orbital parameters and of the mass of HD 19467B from the imaging-RV fit. See also Fig. 7.
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Fig. B.2. Sample of 100 model orbits (gray curves) fitted on the HD 19467B data points (colors) from imaging (left) and RV (right). In the left
panel, the yellow star marks the position of the star and the black dots show the median predicted position for a few epochs in the future.
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Fig. B.3. Same as in Fig. B.1, but for the masses of HD 19467 A and B (left) and for the RV offsets and jitters (1: HARPS, 2: HIRES) and the

imaging offsets (1: Keck, 2: NaCo) (right).

Appendix C: Construction of the color-magnitude
diagrams using narrow-band photometry

To build the diagrams shown in the top row of Fig. 9, we used
spectra of M, L, and T dwarfs from the SpeX-Prism library
(Burgasser 2014) and from Leggett et al. (2000) and Schneider
et al. (2015) to generate synthetic photometry in the SPHERE
filter passbands. The zero points were computed using a flux-
calibrated spectrum of Vega (Hayes 1985; Mountain et al. 1985).
We also considered the spectra of young and/or dusty free-
floating objects from Liu et al. (2013), Mace et al. (2013), Gizis
et al. (2015), and of young companions (Wahhaj et al. 2011;
Gauza et al. 2015; Stone et al. 2016; De Rosa et al. 2014;
Lachapelle et al. 2015; Bailey et al. 2014; Rajan et al. 2017,
Bonnefoy et al. 2014, 2018; Patience et al. 2010; Lafreniere et al.
2010; Chauvin et al. 2017b; Delorme et al. 2017b; Cheetham

et al. 2018). The colors and absolute fluxes of the bench-
mark companions and isolated T-type objects were generated
from the distance and spectra of those objects in Appendix
B in Bonnefoy et al. (2018). To conclude, we used the spec-
tra of Y dwarfs published in Schneider et al. (2015), Warren
et al. (2007), Delorme et al. (2008), Burningham et al. (2008),
Lucas et al. (2010), Kirkpatrick et al. (2012), and Mace et al.
(2013) to extend the diagrams in the late-T and early Y-dwarf
domain. We used the distances of the field dwarfs reported
in Kirkpatrick et al. (2000), Faherty et al. (2012), Dupuy &
Kraus (2013), Tinney et al. (2014), Beichman et al. (2014),
and Luhman & Esplin (2016). We considered those reported in
Kirkpatrick et al. (2011), Faherty et al. (2012), Zapatero Osorio
et al. (2014), and Liu et al. (2016) for the dusty dwarfs. The
companion distances were taken from van Leeuwen (2007) and
Ducourant et al. (2014).
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