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Fig. 3. Diagram showing the class of orbits consistent with the measured astrometry for HD 206893B (blue orbits) and HD 206893c (red orbits).
The HD 206893B astrometry comes from astrometry obtained in Milli et al. (2017), Delorme et al. (2017), Grandjean et al. (2019a), Stolker et al.
(2020), and Ward-Duong et al. (2021), as well as the recent GRAVITY detections. The right panels are magnifications (50−100x) of portions of
the orbits, highlighting the ∼50−100 microarcsecond astrometric precision.

orbital period (26.2+3.7
−3.6 MJup and 9.7+0.8

−0.4 au when excluding the
RV measurements). More details on the orbit fitting, includ-
ing the orbital alignment parameters (e.g., i, ω, and Ω) can
be found in Appendix A. Similar to the case for HD 206893c,
the mass determination for HD 206893B is consistent with, but
also significantly more precise than, previous estimates (e.g.,
Grandjean et al. 2019a; Meshkat et al. 2021; Ward-Duong et al.
2021; Kammerer et al. 2021) that quoted a mass of 5–30 MJup,
and clearly places HD 206893B in the low-mass BD regime.

3.2. GRAVITY spectroscopy of HD 206893c: Model grid fits
to derive atmospheric parameters

Figure 4 shows our collected spectrophotometry for both
HD 206893B and c. We estimated the primary atmospheric
parameters of HD 206893c (i.e., effective temperature, sur-
face gravity, and metallicity) with the methodology outlined
in Kammerer et al. (2021). We fit the GRAVITY spectroscopy
shown in Fig. 4 with a grid of DRIFT-PHOENIX models
(Helling et al. 2008) using the species toolkit (Stolker et al.
2020). We chose these models to fit the spectroscopy of
HD 206893c for simplicity, as well as to be consistent with the
fits carried out in Kammerer et al. (2021) for the HD 206893B
companion. Moreover, of the three different model grids used
in Kammerer et al. (2021), the DRIFT-PHOENIX grid is the
only one that yields a good fit to the extremely red colors of
HD 206893B without requiring an additional source of redden-
ing. Even if the DRIFT-PHOENIX grid does not fully capture
the full physical picture of the atmosphere, the models fit empir-
ically well and thus are effective for measuring the bolometric
luminosity. We defer a more in-depth characterization of the
atmosphere of HD 206893c, involving a larger class of models,
to a future work.

The best-fit parameters for HD 206893B and c are shown in
Table 3. The best-fit DRIFT-PHOENIX spectra together with our
GRAVITY spectra of both companions, as well as other spec-

trophotometry of B from the literature, are shown in Fig. 4.
We highlight the bolometric luminosities log(L/L�) = −4.23 ±
0.01 dex and −4.42+0.02

−0.01 calculated from the best-fit models for
HD 206893B and c, respectively. We also find a best-fit metal-
licity [Fe/H] = 0.27+0.02

−0.05 and 0.28+0.02
−0.04 for B and c, respectively,

which is notably different from the nearly solar metallicity of
the host star ([Fe/H] = 0.04 ± 0.02; Kammerer et al. 2021).
However, for the purposes of this Letter, the metallicity of the
atmospheric model has a negligible effect on the final calculated
bolometric luminosity, Lbol. Specifically, when the fit is
restricted to solar-metallicity models ([Fe/H] = 0.0), the bolo-
metric luminosity of the best-fit model is negligibly smaller
(by only 0.02 dex, or 5%). A similar difference is seen for
HD 206893B, in which the luminosity determined from solar-
metallicity models would be log(L/L�) = −4.20 dex, only
0.03 dex higher than the value in Table 3.

Our bolometric luminosity for HD 206893c was calculated
by integrating a model that is fit only to the GRAVITY K-band
spectrum at ∼2 � m since there are no photometric measurements
at other wavelengths.To test the reliability of this Lbol estimate,
we calculated the bolometric luminosity for HD 206893B from
a fit only to its K-band spectrum from GRAVITY, ignoring the
other available data. This yields log(L/L�) = −4.26 ± 0.01,
only . 7% smaller than the −4.23 ± 0.01 value from the best
fit to all of the spectrophotometric data at 1−5 � m. Under the
assumption that the spectral shapes of the two objects are sim-
ilar, this suggests that our bolometric luminosity determination
for HD 206893c is robust.

The derived bolometric luminosity depends to some extent
on the chosen atmospheric model. Therefore, there may be addi-
tional systematic uncertainties due to these differences between
models. To estimate these systematics, we fit an ensemble of five
additional theoretical atmosphere models (i.e., AMES-Dusty,
BT-Settl, Exo-REM, and petitCODE, as well as a simple black-
body curve) to the K-band GRAVITY spectrum of HD 206893c.
As expected, the quality of each fit varied from model to model,
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Fig. 4. Combined R ∼ 500 GRAVITY K-band spectra of HD 206893c and B (red and light purple, respectively) together with the best-fit DRIFT-
PHOENIX models (black and light brown). Shown in light orange, green, and blue is archival spectrophotometry of B that was also included in
the fit. For the model spectra, several samples drawn from the posterior distribution are shown with thin lines.

and each fit returned a slightly different value for the bolometric
luminosity. The rough overall standard deviation in log(L/L�)
is 0.20 dex. Thus, for the analysis in this Letter, going for-
ward we adopted a value of log(L/L�) = −4.42 ± 0.20 for
HD 206893c, which should account for systematic uncertainties
between models. Some of the returned radii are clearly lower
than expected (albeit not pathologically so), but these devia-
tions are accounted for in our presented uncertainty. We discuss
the physical implications of this expanded uncertainty more in
Sect. 4.

For the atmospheric model fitting, letting the mass of c be
entirely free leads to a clearly incorrect estimation of the mass,
with the best-fit surface gravity log g and R implying Mc ∼

100 MJup. Therefore, we used the dynamical mass (12.7+1.2
−1.0 MJup;

Table 3) as a prior, and obtain 9.9+1.5
−1.7 MJup, roughly 20% smaller

than the prior. Nevertheless, the dynamical mass should be
treated as much more reliable. For the other atmospheric param-
eters (R, Teff , log g), we find a similar level of variation, of
10−20%, in the values across the models. Nonetheless, the
DRIFT-PHOENIX models are the most consistent with the pre-
vious model fitting in Kammerer et al. (2021), and so we report
their values in Table 3.

3.3. Constraints on the system age and on the cloudiness of
HD 206893c

The dynamical mass determination of HD 206893B, precise to
10%, can be combined with the object’s bolometric luminosity
to derive an age for the system by using cooling tracks. At con-
stant age, the luminosity of hot-start gas giants scales roughly
as Lbol ∼ M2 at intermediate luminosities (Arras & Bildsten
2006; Marleau & Cumming 2014), so the mass ratio MB/Mc ≈ 2
would naively imply a luminosity difference of log(LB/Lc) ≈
0.6 dex. However, the luminosities of HD 206893B and c differ
by only 0.2 dex.

Adjusting the initial entropy (Spiegel & Burrows 2012;
Marleau & Cumming 2014) of either object does not bring their

current luminosities closer. Indeed, an elevated initial entropy
will not increase the luminosity of c at its present age because hot
starts already assume an initial cooling timescale that is much
shorter than the current age (Marleau & Cumming 2014). Simi-
larly, no reasonable lower initial entropy for B could sufficiently
delay the beginning of deuterium burning such that it would be
observed in the rising part of a “deuterium flash” (see Fig. 8
of Marleau & Cumming 2014 or Fig. 13 of Bonnefoy et al.
2014). Given that the mass of HD 206893c is close to the
deuterium-burning limit M ≈ 11.5−14.5 MJup (Spiegel et al.
2011; Mollière & Mordasini 2012), nuclear reactions are a likely
candidate for bringing the luminosity of HD 206893c closer to
that of B, as are clouds, which may play a role in the L–T
transition that low-mass objects experience (Dupuy & Liu 2012;
Liu et al. 2016). Coincidentally, both can occur at similar effec-
tive temperatures (Saumon & Marley 2008), depending on the
mass of the object.

Therefore, we turned to the models of Saumon & Marley
(2008, hereafter SM08). The SM08 models provide luminosi-
ties and magnitudes for objects cooling with a cloudy or a clear
(cloud-free) atmosphere at all ages, which they show is very sim-
ilar to, respectively, COND03 (Baraffe et al. 2003) or DUSTY00
(Chabrier et al. 2000). The cloudiness of the atmosphere influ-
ences the cooling rate and thus the luminosity and radius evolu-
tion of low-mass objects. The advantage of the SM08 models
is that they also provide a “hybrid sequence”, using a transi-
tion from cloudy at high effective temperature Teff ≥ 1400 K
to cloud-free at lower Teff ≤ 1200 K. This is a simplified
model of the L–T transition but has the potential of delay-
ing the cooling differently for HD 206893B and c. Despite the
numerous improvements in opacities since (Saumon & Marley
2008), the recent cloud-free Sonora models (Marley et al. 2021)
have very similar isochrones to SM08 or COND03. Given this,
and since cloudy Sonora models are not yet available, the
SM08 models are a good modeling choice and continue to be
used to model substellar objects (e.g., VHS J1256–1257AB b;
Dupuy et al. 2023).
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