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ABSTRACT

Aims. HD 206893 is a nearby debris disk star that hosts a previously identified brown dwarf companion with an orbital separation of ~10 au.
Long-term precise radial velocity (RV) monitoring, as well as anomalies in the system proper motion, has suggested the presence of an additional,
inner companion in the system.

Methods. Using information from ongoing precision RV measurements with the HARPS spectrograph, as well as Gaia host star astrometry, we
have undertaken a multi-epoch search for the purported additional planet using the VLTI/GRAVITY instrument.

Results. We report a high-significance detection over three epochs of the companion HD 206893c, which shows clear evidence for Keplerian
orbital motion. Our astrometry with ~50—100 parcsec precision afforded by GRAVITY allows us to derive a dynamical mass of 12.7f}:(2) My, and
an orbital separation of 3.53*0:0% au for HD 206893c¢. Our fits to the orbits of both companions in the system use both Gaia astrometry and RVs
to also provide a precise dynamical estimate of the previously uncertain mass of the B component, and therefore allow us to derive an age of
155 + 15 Myr for the system. We find that theoretical atmospheric and evolutionary models that incorporate deuterium burning for HD 206893c,
parameterized by cloudy atmosphere models as well as a “hybrid sequence” (encompassing a transition from cloudy to cloud-free), provide a good
simultaneous fit to the luminosity of both HD 206893B and c. Thus, accounting for both deuterium burning and clouds is crucial to understanding
the luminosity evolution of HD 206893c.

Conclusions. In addition to using long-term RV information, this effort is an early example of a direct imaging discovery of a bona fide exoplanet
that was guided in part by Gaia astrometry. Utilizing Gaia astrometry is expected to be one of the primary techniques going forward for identifying
and characterizing additional directly imaged planets. In addition, HD 206893c is an example of an object narrowly straddling the deuterium-
burning limit but unambiguously undergoing deuterium burning. Additional discoveries like this may therefore help clarify the discrimination
between a brown dwarf and an extrasolar planet. Lastly, this discovery is another example of the power of optical interferometry to directly detect
and characterize extrasolar planets where they form, at ice-line orbital separations of 2—4 au.

Key words. planets and satellites: detection — instrumentation: high angular resolution — instrumentation: interferometers —
techniques: high angular resolution — techniques: interferometric — infrared: planetary systems

1. Introduction believe occurs at 13 Jupiter masses. Identifying objects near this

mass limit will clarify how distinct the boundary between mas-
What distinguishes an extrasolar giant planet (EGP) from a sive planets and BDs really is (e.g., Molliere & Mordasini 2012;
brown dwarf (BD) is still a matter of debate. The current IAU  Bodenheimer et al. 2013). However, what qualifies an object
definition of a planet is an object that is below the mass required as an exoplanet may also be related to its formation mech-
for thermonuclear fusion of deuterium, which we currently anism rather than solely its mass (e.g., Chabrier et al. 2007).
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Hybrid exoplanetary systems that contain both a BD and an
exoplanet, which presumably formed at the same time from
the same protoplanetary disk, are therefore ideal systems for
studying different possible formation pathways using diagnos-
tics such as atmospheric atomic ratios (e.g., C)berg etal. 2011;
Madhusudhan et al. 2014; Mordasini et al. 2016; Molliere et al.
2022) and initial entropy (e.g., Spiegel & Burrows 2012;
Marleau & Cumming 2014). Finding and characterizing plane-
tary mass companions near this deuterium-burning limit (e.g.,
Bowler et al. 2013; Bonnefoy et al. 2014; Hinkley et al. 2013),
or systems that contain both a BD and an exoplanet, will allow
us to clarify how we draw a distinction between these two classes
of objects (e.g., Molliere & Mordasini 2012).

HD?206893 is a nearby (40.707+0.067pc; Gaia
Collaboration 2018) F5V star with a roughly solar metallicity
that ranges from [Fe/H] = -0.07 to —0.05 (Holmberg et al.
2007; Gaspar et al. 2016) to +0.01 (Netopil 2017) and a highly
uncertain age due to the lack of clear membership to any young
kinematic moving groups. Most age estimates of this star have
been in the range 100-300Myr (Zuckerman & Song 2004;
Delorme et al. 2017; Milli et al. 2017; Kammerer et al. 2021).
However, some works have allowed ages as young as 3 or 50 Myr
(Kammerer et al. 2021; Ward-Duong et al. 2021), while another
has quoted an age as high as 2.1 Gyr (e.g., David & Hillenbrand
2015). A substellar companion, HD 206893B, was first identi-
fied in Milli et al. (2017), who determined a projected orbital
separation of ~10au using the VLT SPHERE instrument. The
somewhat uncertain system age, as well as an unconstrained
astrometric orbit, allowed only loose constraints to be placed
on the mass of HD 206893B, initially placing it in the range
24-7T73 My, (Milli et al. 2017). However, this was later refined
to be between ~5 My, (Kammerer et al. 2021) and 30—40 My,
(Delorme et al. 2017; Kammerer et al. 2021; Ward-Duong et al.
2021). This object possesses extraordinarily red infrared colors
and has been characterized in numerous subsequent works
(Delorme et al. 2017; Stolker et al. 2020; Meshkat et al. 2021;
Ward-Duong et al. 2021; Kammerer et al. 2021).

Evidence for an additional, inner companion in the system
has been emerging. Using precise radial velocity (RV) moni-
toring with the High Accuracy Radial velocity Planet Searcher
(HARPS) spectrograph over 1.6yr, Grandjean etal. (2019a)
revealed a significant RV drift that cannot be solely due to
HD206893B, and hypothesized the presence of a ~15 My
companion. Similarly, Kammerer et al. (2021) showed that the
anomaly in the Gaia Early Data Release 3 (EDR3) proper
motion cannot be explained by the B companion alone. They
constrained the parameter space spanned by the mass and
the on-sky position of an additional, hypothesized 8—15 My,
companion.

In this Letter, using optical interferometry over several
epochs, we present the discovery of HD 206893c, a ~12~13 My,
exoplanet orbiting the star at 3.5au. Our study marks the
first direct detection of HD 206893c, providing highly precise
astrometry (~50—-100 parcsec) of the HD 206893c orbit, as well
as medium resolution (R ~ 500) spectroscopy in the K band.

In addition to obtaining a precise dynamical mass for the
HD 206893c exoplanet, our study also provides precise astrom-
etry of the orbit of HD 206893B. This increased precision on
the HD 206893B orbit, combined with its very well-constrained
luminosity, allows us to derive a well-constrained system age
of 155+ 15Myr. This discovery of HD 206893c establishes
HD 206893 as a hybrid planetary system that hosts both an exo-
planet and a BD, and therefore presents itself as a valuable lab-
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oratory for studying possible formation pathways of EGPs and
BDs.

2. Observations
2.1. Precision radial velocities

As described in Grandjean et al. (2019a), HD 206893 has been
monitored for several years, since 2016, with HARPS (La
Silla, ESO) as part of the Young Nearby Stars (YNS) survey
(Lagrange et al. 2013). The Spectroscopic data via Analysis of
the Fourier Interspectrum RVs (SAFIR) software (Galland et al.
2005) was used to compute the RV signal. Figure 1 (left
panel) shows the processed historical RV data sets taken from
Grandjean et al. (2019a) that were used in this study to predict
the semimajor axis of HD 206893c. The residuals between the
RV data points and the posterior curves shown in the figure are
likely due to stellar pulsations. As shown in Table A.1, there is
an additional oy = 40ms™! amplitude best-fit stellar jitter term
not currently represented in the uncertainties on the individual
RV points shown in Fig. 1. However, as discussed in Sect. 3.1,
such residuals in the RV data will not have a significant impact
on the final derived physical parameters for HD 206893c.

2.2. GRAVITY observations and data processing

All the GRAVITY observations presented in this Letter were
acquired using the dual-field, on-axis mode, with medium spec-
tral resolution (R = 500). We closely followed the observ-
ing strategy outlined in GRAVITY Collaboration (2019), where
the science fiber is alternately centered on the star, to obtain
the phase reference, and on the position of HD 206893c. These
observations were reduced using the procedure described in
GRAVITY Collaboration (2020) and Nowak et al. (2020). The
coherent flux was extracted for the on-star and on-planet expo-
sures using the GRAVITY pipeline (Lapeyrere et al. 2014). The
on-planet data were then phase-referenced to the on-star obser-
vations, and the data were fitted with a model that includes both
a planet component and a low-order polynomial (for speckle
deconvolution). The astrometry was obtained by varying the
astrometry of the planet component and looking for the mini-
mum y? or, equivalently, by maximizing the periodogram power.
More details are provided in Sect. 2.3 and Appendix B of
Nowak et al. (2020).

Following the work from Kammereretal. (2021), we
used the previous GRAVITY astrometry of HD?206893B
in combination with the new HARPS observations
(Grandjean et al. 2019a,b) and Gaia Data Release 3 astrometry
(Gaia Collaboration 2016, 2021) to predict a position for
HD206893¢c in August 2021. We used the proper motion
anomaly calculated as the difference between the Gaia EDR3
proper motion and the long-term proper motion as calculated
by comparing Gaia with HIPPARCOS proper motions (labelled
“HG” in Fig. 1). The previous GRAVITY astrometry mea-
surements were particularly useful for constraining the orbit of
HD 206893B and subsequently removing its signal from the RV
data and Gaia astrometry. The RV data allowed us to constrain
the period, and thus the semimajor axis, of HD 206893c, while
the Gaia astrometry provided constraints on its position angle.

On the nights of 27 and 28 August, we used the
VLTI/GRAVITY instrument (GRAVITY Collaboration 2017) to
try to detect the exoplanet. GRAVITY only probes a small cir-
cular region of ~50 mas radius around the position of the single-
mode fiber. We searched for the companion over a region on the
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Fig. 1. Left: RVs and proper motion anomaly: HARPS RVs for HD 206893 (e.g., Grandjean et al. 2019a) along with samples from the posterior
for the model fit to the RVs and proper motion anomalies. Right: posterior distributions for our best-fit model of the predicted proper motion
anomaly (purple histograms), calculated as the difference between the Gaia EDR3 proper motion, and the long-term proper motion, calculated by
comparing Gaia and HIPPARCOS data (labelled “HG” in the figure) and displayed individually in terms of right ascension and declination. The
vertical blue lines show the actual values, with 10~ uncertainties represented by the dashed lines.

Table 1. Observing log of the four nights.

Date

Start/End UT time Airmass 70 Seeing

Target ARA/ADec  NEXP/NDIT/DIT
2021-08-27

01:14:57/03:41:51 1.03-1.35 3.6-7.0ms 0.5-0.9”

HD 206893 A 0/0 mas 6/64/1s

HD 206893B 17/201 mas 4/16/30's

HD 206893 (no det) —20/72 mas 4/32/10s

HD 206893 (no det) —50/54 mas 4/32/10s

HD 206893 (no det) —70/30 mas 4/32/10s
2021-08-28

01:55:39/03:55:29 1.02-1.18 4.8-7.4ms 0.6-0.9”

HD 206893 A 0/0 mas 6/64/1s

HD 206893 (no det) —72/6 mas 5/32/10s

HD 206893 (no det) —70/—20 mas 5/32/10s

HD 206893c —55/-50 mas 5/32/10s
2021-09-28

01:13:14/03:53:59 1.00-1.15 3.9-34ms 0.8-1.2"

HD 206893 A 0/0 mas 10/64/1's

HD 206893c —76/—82 mas 11/32/10s

HD 206893 (no det) —65/—30mas 8/12/30s
2021-10-16

23:41:45/03:07:57 1.00-1.22 1.6-3.3ms 0.4-0.6"

HD 206893 A 0/0 mas 12/64/1s

HD 206893c¢ —76/—82 mas 27/32/10s

Notes. 7o denotes the atmospheric coherence time. The values
ARA/ADec are the placement of the science fiber relative to the
fringe tracking fiber (which is always on the central star). NEXP,
NDIT, and DIT denote the number of exposures, the number of
detector integrations per exposure, and the detector integration time,
respectively.

order of 10000 mas? by offsetting the science fiber of the instru-
ment. At the same time the fringe tracker observed the star to cor-
rect atmospheric turbulence (Lacour et al. 2019). This allowed
an integration time of several tens of seconds. The log of the
observations, as well as the position of the single-mode fibers, is
summarized in Table 1. On the second night, on the last pointing,
a weak signal was detected.

The exoplanet position was confirmed one month later,
in September. A clear detection was obtained during run
ID 1104.C-0651, part of the ExoGRAVITY large program
(Lacour et al. 2020), and confirmed during a dedicated run
(ID 105.20T0.001). In October, a final observation was carried
out, as part of the ExoGRAVITY large program, with the goal
of obtaining a good calibration of the spectrum. Figure 2 pro-
vides examples of the periodogram power maps obtained from
our observations, both for a non-detection (fiber mispointed dur-
ing the search) and for a detection of the planet.

The K-band contrast relative to the host star for
HD 206893c is approximately 8.2x10~>, compared to 1.6x10~*
for HD 206893B. The reliability of this contrast ratio is ensured
since the host star was observed simultaneously using the
GRAVITY fringe tracker, so the ratio of coherent energy was
constantly monitored and was the result of a simultaneous mea-
surement. The main systematic uncertainty that can arise in this
measurement is due to the response of the injection of the sig-
nal into the fiber, defined by the “lobe” of the interferometer,
which can be computed analytically as described in Appendix A
of Wang et al. (2021). Previous calibrations revealed these sys-
tematics to be small.

The astrometry obtained at the three epochs is given in
Table 2. In addition to HD 206893c, we recomputed the astrom-
etry of HD 206893B from Kammerer et al. (2021) and added an
additional position obtained in August 2021. With respect to
the theoretical performance of GRAVITY (10 pas; Lacour et al.
2014), the astrometry accuracy is still a factor of 5 to 20 worse.
The difference on the night of 27 August can be explained by the
mispointing of the science fiber during the search for the exo-
planet. The error bars still do not decrease considerably during
the other runs because of the limitation due to systematics, par-
ticularly the optical aberrations within the fiber injection optics
(GRAVITY Collaboration 2021).

2.3. Statistical significance of the detection

In Fig. 2 we show an example of the periodogram power maps
for three observations of HD 206893c: one in August 2021,
obtained when the fiber was mispointed during the search, and
two obtained in September and October 2021, when the fiber
was properly centered on the planet. Each of the three maps rep-
resents the field of view of the GRAVITY science fiber. A clear
peak with some sidelobes in the periodogram power (not visible
in the August 2021 observation) are characteristic of a successful
detection and give the position of the planet.
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Fig. 2. Periodogram power maps, similar to the one presented in Nowak et al. (2020), obtained for three different observations of HD 206893c:
one resulting in a non-detection during the search for the planet (in August 2021) and two clear detections in September and October 2021.

Table 2. GRAVITY astrometry of HD 206893B and HD 206893c.

EpOCh ARA O ARA ADec O ADec P
[MID] [mas] [mas] [mas] [mas]
HD 206893B
58681.40* 130.73 0.06 198.12 0.06 -0.77
58708.16* 127.06 0.08 199.24 0.15 -0.93
59453.09 20.08 0.08 20580 0.06 -0.87
HD 206893c¢
59454.12 -76.56 0.14 -82.74 0.09 -0.88
59485.11 -72.06 0.06 -8536 0.11 -0.83
59504.06 -69.27 0.06 -86.79 0.07 -0.70

Notes. The astrometry marked with a star are data published in
Kammerer et al. (2021) but reduced with the latest version of the
GRAVITY pipeline. The co-variance matrix has 0%, and o3, on the
diagonal and p X gara X O apec ON the off-diagonal, where p is the cor-
relation coefficient.

3. Results
3.1. Orbital fits

To assess the orbital parameters for HD 206893B and c, we
employed the method presented in Lacour et al. (2021) to per-
form Bayesian parameter estimation with the orbitize! soft-
ware package (Blunt et al. 2020). We jointly fit the orbits of
multiple substellar companions using relative astrometry from
GRAVITY, the stellar RVs described in the previous section,
and HIPPARCOS and Gaia absolute stellar astrometry from the
EDR3 edition of the HIPPARCOS Gaia Catalog of Accelera-
tions (HGCA) (Brandt 2021; Kervella et al. 2022). This method
accounts for shifts in the system barycenter due to multiple plan-
ets in the system, but does not account for planet—planet interac-
tions, which are negligible on these timescales. The covariances
of the uncertainties in RA-Dec due to u—v coverage are also
automatically handled by orbitize!. To find the best-fit orbits
for the HD 206893B and c objects, the parallel-tempered affine-
invariant sampler (Foreman-Mackey et al. 2013; Vousden et al.
2016) was run using 20 temperatures, 1000 walkers per temper-
ature, and 60 000 steps per walker. The walker chains were visu-
ally inspected for convergence, and the last 10000 steps from
each walker at the lowest temperature were used to form the pos-
terior distributions for each parameter.

The results of our Markov chain Monte Carlo orbital fits are
summarized in Table 3, and a depiction of the orbits for both
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Table 3. Orbital and physical parameters for HD 206893c and re-
evaluated parameters of HD 206893B.

HD 206893c¢ HD 206893B
MMyl 127712(11524) 28,0722 (26.237)
a [au] 3.53t8:8§ (3.68f8:(')§) 9.6:'8:‘3‘ (9.7f8:§
e 0.41*903 (0.36700%)  0.14*0:93 (0.13*005)
R [Ryyp] 1.467018 1.257002
Ter [K] 1181.9°20 1429.2+5¢
logg 4.08’_’8:13 4.66:'8:81
log(L/Lo) —4.427002 —4.23+001
[Fe/H] 0.28+02 0.27+002
Contrast 8.2x 1073 1.6 x 1074

Notes. M, a, and e are obtained from the dynamical fits. Values not
listed in parentheses are those that use both the astrometry and RVs dur-
ing the dynamical orbit fit (and are the most trustworthy), while those in
parentheses exclude the RV measurements. R, T, log g, and log(L/Ls)
are obtained from fitting the spectrophotometry. The fits use a grid of
DRIFT-PHOENIX models, assuming no additional dust and using mass
priors of 26 + 2 and 12 + 1 My, for B and c, respectively. The contrast
refers to that measured in the K band. The luminosity uncertainties for
HD 206893c are only the statistical ones within the fits to the DRIFT-
PHOENIX models. Further analyses should instead use the more
appropriate value of 0.2 dex, which reflects the systematic modeling
uncertainties (Sects. 3.2 and 4).

HD206893B and c are shown in Fig. 3. The best estimate of
the mass and semimajor axis of HD 206893c is 12.7’:{:6 My, and

3.53*008 au (~5.7 yr orbital period) for a dynamical fit that incor-
porates the precise RV monitoring from HARPS. Excluding the

RV information from the fit results in values of 1 1.53:‘21 My, and

3.68f8:(1)§ au. These values are largely consistent with, but also
significantly more precise than, the previous estimations of these
parameters for the hypothesized HD 206983c companion of
8-15 Mjyp and <5.6 au (Grandjean et al. 2019a; Kammerer et al.
2021). At the same time, our fits reveal a precise and signif-

icantly nonzero eccentricity, e = 0.41f8:8§, for HD 206893c

(e = 0.36*0:0° when excluding the RV measurements). For com-
pleteness, we also summarize the results of our orbital fit for
HD 206893B. We find a mass and semimajor axis of Mp =
28.0*3% My, and ag = 9.67)4 au, corresponding to a ~26 yr
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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 (26.23:2 My, and 9.7f8:§ au when excluding the
RV measurements). More details on the orbit fitting, includ-
ing the orbital alignment parameters (e.g., i, w, and Q) 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 Myyp,
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 HD206893c (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/Ly) = —4.23 +
0.01 dex and —4.42*0:0% calculated from the best-fit models for
HD 206893B and c, respectively. We also find a best-fit metal-
licity [Fe/H] = 0.27f8:8§ and 0.28f8:8421 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, L. 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 0.02dex, or 5%). A similar difference is seen for
HD 206893B, in which the luminosity determined from solar-
metallicity models would be log(L/Ly) = -4.20dex, 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 um since there are no photometric measurements
at other wavelengths.To test the reliability of this Ly, 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/Ly) = —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 1-5um. 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/Ly)
is 0.20dex. Thus, for the analysis in this Letter, going for-
ward we adopted a value of log(L/Ly) = —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 ¢ be
entirely free leads to a clearly incorrect estimation of the mass,
with the best-fit surface gravity logg and R implying M, ~
100 Myyp. Therefore, we used the dynamical mass (12.7+]:5 Myyp;

Table 3) as a prior, and obtain 9.93:3 Mjyp, roughly 20% smaller
than the prior. Nevertheless, the dynamical mass should be
treated as much more reliable. For the other atmospheric param-
eters (R, T, logg), 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 Lyoy ~ M? at intermediate luminosities (Arras & Bildsten
2006; Marleau & Cumming 2014), so the mass ratio Mg /M, =~ 2
would naively imply a luminosity difference of log(Lg/L.) =
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
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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 HD206893c is close to the
deuterium-burning limit M =~ 11.5-14.5 My, (Spiegel et al.
2011; Molliere & 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 SMO08 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, CONDO3 (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 SMO08 models
is that they also provide a “hybrid sequence”, using a transi-
tion from cloudy at high effective temperature 7.z > 1400K
to cloud-free at lower T < 1200K. 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 CONDO3. Given this,
and since cloudy Sonora models are not yet available, the
SMO8 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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Fig. 5. Isochrones and cooling curves for both HD 206893B and c. Left: isochrones from Saumon & Marley (2008) that match the dynamical
mass and bolometric luminosity of HD 206893B, with the respective age indicated in the legend. The deuterium-burning mass limit, which
depends on bulk planetary properties, is shown as a fuzzy pink region (Spiegel et al. 2011). Right: corresponding cooling curves for the best-fit
masses. The system age of 155 + 15 Myr comes from our isochrone analysis (see text). The thick part of the hybrid cooling curves highlights
1400K > T4 > 1200 K, with cloudy (clear) atmospheres at earlier (later) times.

In Fig. 5 (left panel) we show isochrones for the three vari-
eties of SMO8 models: clear (190 Myr), cloudy (155 Myr), and
hybrid (155Myr). They all pass through the well-constrained
luminosity of B at its dynamical mass, allowing for relatively
tight constraints to be placed on the age of the system. A more
careful statistical assessment is planned for future work, but
isochrones at 155 + 15 Myr (155 + 20 Myr) for hybrid (cloudy)
models pass within one mass error bar of HD 206893B. Figure 5
shows the important finding that both the cloudy and the hybrid
models are able to fit both objects, but that the clear models of
SMOS are somewhat inconsistent (to about one sigma) with the
luminosity of c. This also applies to the CONDO3 models, which
would require an age of 195 Myr, as we verified separately. The
140—170 Myr isochrones that pass through one mass standard
deviation of HD 206893B are also easily consistent with the
luminosity of HD 206893c¢ (not shown).

Figure 5 also displays cooling curves for the three
SMO08-family models, using the best-fit masses. When using
clear atmospheres, the cooling curves of HD 206893c are some-
what underluminous, but are overluminous for HD 206893B.
Deuterium burning barely plays a role near the current age of
the higher-mass object, the nuclear fuel being instead spent at an
earlier age, ~10 Myr (e.g., Burrows et al. 2001). Cloudy atmo-
spheres, whether assumed to be present at all times or only down
to Ter = 1400K (hybrid sequence), change the relative cooling
so as to “pinch” the cooling curves together.

Interestingly, according to the hybrid model of SMOS,
HD 206893c might be in the process of losing its clouds, but
its luminosity would be the same as an object that is still
cloudy. Also, for HD 206893B, the transition from a cloudy to
a clear atmosphere would only significantly change the luminos-
ity compared to a pure cloudy cooling sequence at later ages,
t 2 500 Myr.

4. Discussion

The highly precise astrometry delivered by GRAVITY
(~50-100 parcsec) let us derive dynamical masses for the
objects in the HD 206893 system that are precise at the level of
5—10%. Continued astrometric monitoring of both objects could,

of course, lead to tighter constraints on the derived dynamical
masses, and thus yield a more precise age determination. In com-
bination with SM08 models, the masses and luminosities reveal
that both cloudy models and hybrid cloudy models featuring a
cloudy-to-clear transition describe the cooling of both objects
well, and that a clear atmosphere for both objects is not consis-
tent with the observations.

Thus, the bolometric luminosities, independently of spec-
troscopy, already disfavour the scenario in which both compan-
ions have cooled with a clear atmosphere up to now. However,
while a 140-Myr SMOS8 clear isochrone is overluminous at
the mass of HD206893B, it does match the luminosity of
HD 206893c. Thus, both objects could have different degrees of
cloudiness.

It is unlikely that unknown systematic errors in our dynami-
cal analysis led to calculated values of the mass of HD 206893B
and c that are erroneous. Our calculation of the dynamical mass
uses a combination of stellar astrometry that may have sys-
tematic uncertainties that are not well understood, as well as
RV measurements that are impacted by stellar activity (e.g.,
Grandjean et al. 2019a). However, Table 3 shows that exclud-
ing the RV data from our fits gives very similar calculated values
for the mass of HD 206893c (12.71’{:5 My, versus 11.5’:%:‘21 My
with the RVs excluded). It should be noted that in this analy-
sis we did not model the stellar activity in our orbit fit, which
may contribute to a slight bias. However, it is unlikely that such
unknown systematic errors within our analysis have significantly
biased our calculated masses, especially given that our mea-
sured dynamical mass of HD 206893c is very much consistent
with the predictions presented in Grandjean et al. (2019a) and
Kammerer et al. (2021). At most, these systematics could have
led to underestimated astrometric uncertainties, but this would
not have changed the overall conclusions of this study.

As discussed previously, we compared the spectra from the
different atmosphere model families, including SMO08 (spectra
courtesy of Saumon, 2022), to the GRAVITY data. In several
cases the shape is reproduced only approximately, and the shape
of the SM08 models is not red enough. However, there is a large
amount of correlated noise within the GRAVITY spectrum, pre-
cluding a simple statistical analysis. To address this, taking a
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conservative approach to estimate the systematic modeling error
bar on the luminosity of HD 206893c, we therefore adopted the
scatter in the Ly, value from an ensemble of different models.
We allowed the K-band shape to not exactly match as a way
to account for the detailed physics currently missing from the
atmospheric models, while assuming that they capture the over-
all luminosity evolution. The spectral energy distribution over a
small wavelength range, for instance the K band, is much more
model-dependent than the overall bolometric flux.

Finally, in Appendix C we describe our study of the dynam-
ical stability of the HD 206893 system. Our analysis demon-
strates that while the architecture of this system may resemble
that of the SBPictoris system, the HD 206893 system is much
closer to instability.

5. Conclusions

We have presented the discovery of an inner ~12-13 My, exo-
planet at 3.5 au in the HD 206893 system, making this one of the
first directly imaged “hybrid” planetary systems to contain both
a BD (Milli et al. 2017) and a bona fide exoplanet. This is also
an example of a discovery of an additional companion follow-
ing a previous discovery of an outer one (e.g., Lagrange et al.
2019; Nowak et al. 2020). The highly precise astrometry deliv-
ered by GRAVITY (~50-100 parcsec) has enabled us to derive
precise dynamical masses of 12.73:(2) My, for HD 206893c¢ and

28.03% My, for HD 206893B. The dynamical mass of B, com-
bined with its luminosity, allows us to immediately and unam-
biguously establish a robust age of ~150 Myr for this system.
Further, having both an EGP and a BD in the same system with
a common age, HD 206893 will serve as an extraordinarily valu-
able system for the purpose of furthering our understanding of
planet formation and highlighting distinctions between the for-
mation pathways of EGPs and BDs.

We have used the theoretical atmospheric models from
SMOS, which self-consistently treat deuterium burning in sub-
stellar objects, to show that the bolometric luminosities of both
objects can be well modeled by cloudy or hybrid models; the
models allow us to fine-tune the age value to 155+ 15Myr.
Besides residing in a hybrid exoplanetary system, HD 206893c
is an object that straddles the deuterium-burning limit and thus
is an ideal laboratory for establishing the precise mass at which
this process can occur. In addition to having a dramatic impact
on its evolution, the duration and extent of deuterium burn-
ing in a substellar object may give valuable clues to its ini-
tial conditions and internal structure (e.g., the presence or lack
of a rocky core, initial entropy, and initial deuterium abun-
dance; Spiegel & Burrows 2012; Molliere & Mordasini 2012;
Bodenheimer et al. 2013; Mordasini 2013). Ours is the first
study to begin addressing these questions, and additional related
studies may help craft a more robust discrimination between
EGPs and BDs.

Finally, in addition to being only the second directly imaged
exoplanet whose presence was hinted at using the RV method,
our precise dynamical mass for HD 206893c means that this
effort potentially represents the first discovery via direct imag-
ing of a bona fide exoplanet that partially relies on precise mea-
surements of the host star astrometry from the Gaia mission.
This complements numerous other recent discoveries of substel-
lar companions (e.g., Bonavita et al. 2022; Kuzuhara et al. 2022;
Franson et al. 2023, 2022; Currie et al., in prep.) whose discov-
ery also used Gaia astrometry. Using precise Gaia astrometry
of the host star to point the way to orbiting planets suitable
for direct imaging is expected to be one of the primary strate-
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gies for direct exoplanet detection and characterization going
forward, thereby ending the current era of “blind” direct imag-
ing EGP searches that have had notoriously low detection rates
(e.g., Bowler & Nielsen 2018). Secondly, recent exoplanet direct
imaging surveys have had limited sensitivity (e.g., Nielsen et al.
2019; Vigan etal. 2021) to the peak of the orbital distribu-
tion of giant exoplanets that coincides with the location of the
water ice line at 2—3 au for solar-type stars (e.g., Fernandes et al.
2019; Frelikh et al. 2019; Fulton et al. 2021). However, upcom-
ing interferometric observations using JWST (Ray et al. 2023;
Hinkley et al. 2022) are likely to have the combination of suffi-
cient sensitivity and resolution to reach these orbital zones, pro-
viding complementary characterization at 3—5 um. Until then,
this discovery of an exoplanet at 3.5 au, along with the discov-
ery of BPic c (Lagrange et al. 2019; Nowak et al. 2020), is more
evidence that optical interferometry now enables direct charac-
terization of these planets at the ice-line orbital separations of
2—4 au, where they form.
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Appendix A: Detailed orbit fitting results

We used the default orbital basis in Blunt et al. (2020). The only
difference is that 7, the epoch of periastron after a given ref-
erence epoch in units of orbital period, uses a reference epoch
of MJD 59000. To fit the RV data, we also included two free
parameters to fit for a bulk offset in the RV (ygy) and a jitter
term to inflate the error bars on the RV data to better account
for stellar activity (ogy). We list the median and 68-percentile
credible intervals centered about the median as the error bars
in Table A.1. We also computed orbital periods (Pp and P.) for
both companions as well as the mutual inclination of their orbits;
they are listed in Table A.1.

Table A.1. Full set of fitted orbital parameters for HD 206893B and c,
in Jacobi coordinates, with some derived parameters included.

Quantity Prior Posterior
ag (au) LogUniform(1, 100) 9.6%03
ep Uniform(0, 1) 0.147003
i (°) sin(i) 146.83;3
wg (°) Uniform(0, 27) 183+
Q) Uniform(0, 277) 73.5530
T3 Uniform(0, 1) O.308f8:8§8
a. (au) LogUniform(1, 100) 3.53f8:82
e Uniform(0, 1) 0.41*503
i (°) sin(i) 150.929
w: (°) Uniform(0, 27) 46f§
Q. () Uniform(0, 27) 89.1750
T, Uniform(0, 1) O.687t8:8¥
Parallax (mas)  N(24.5275,0.0354) 2452760058
vry (M/s) Uniform(-5000, 5000) 14071}
ogy (m/s) LogUniform(0.1, 100) 3843
Mg (Myyp) Uniform(1, 50) 28.03%
M, (Myyp) Uniform(1, 50) 12.71’}:3
M, (M) N(1.29,0.10) 1324007
Derived Parameters
Pg (yr) - 25.6f}:§
P, (yr) - 5.74f8:i%
Mutual Inc. (°) - 9.13%

Appendix B: HD 206893 debris structure

HD 206893 also hosts a prominent debris disk, as indicated
by a high fractional luminosity of Lgyg/Lx = 2.3 X 1074
(Moor et al. 2006). The disk was originally identified by ISO
instrument (Silverstone 2000) and subsequently characterized
in greater detail with Spitzer (Chenetal. 2014), Herschel,
and ALMA observations (Milli et al. 2017; Marino et al. 2020;
Nederlander et al. 2021). Marino et al. (2020) imaged the disk
with ALMA, finding that the radial structure is broad, extend-
ing from 30 to 180au, with a 27 au wide gap at 74 au. We
re-analyzed the Spitzer IRS spectrum of HD 206893 to recal-
culate the temperature, 499K, of the warm dust component
found by Chen et al. (2014), finding it to be consistent with the
methods described in Kennedy & Wyatt (2014). Our reconstruc-
tion of the star + disk spectrum using the methods described by
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Yelverton et al. (2019) is consistent with a single dust compo-
nent with a temperature of approximately 50 K. The inner disk
edge is therefore likely consistent with inner truncation through
interaction with HD 206893B. Following the method presented
in Lazzoni et al. (2018), we analytically estimated that the region
cleared from dust due to the presence of the two planets extends
from ~1.5au to ~15.5 au. Since the clearing zone of the plan-
ets cannot cover the outer extent of the gap, detected at 30 au
(Marino et al. 2020), this could imply the presence of a third
smaller planet responsible for shaping the inner edge of the disk.

Appendix C: Dynamical analysis

Various dynamical considerations can be made from the results
of the orbital fit. First, we note that the orbital architecture of
the companions does not exhibit a clear resonant configuration.
Indeed, as can be seen in Fig. C.1, the probability distribution of
the period ratio lies between the 4:1 and 5:1, and favours instead
9:2, which corresponds to a seventh-order mean-motion reso-
nance. Such a high-order mean-motion resonance is not strong
enough to induce the libration of a resonant angle, especially
when the companions are so massive. Thus, we do not expect
resonant capture or phase protection to play a role in the shaping
or the stability of the companions’ orbits.

1.75 4

1.50 1

1.25 1

11:3

1.00

Probability distribution function

3.‘75 4.00 425 450 475 500 525 550
Period ratio Pp/P.

Fig. C.1. Probability distribution of HD 206893B and ¢ period ratios
from the orbital fit.

If the orbital configuration looks very similar at first to that
of the g Pictoris system, the dynamics of the HD 206893 system
is much closer to instability. This is due to the smaller separation
between the two companions, and the higher mass and eccentric-
ity of the inner companion. We randomly sampled 1000 orbital
solutions from the orbital fit and performed N-body simulations
that started from these solutions and lasted for 10° yr. The sim-
ulations were performed using the Mercurius integrator in the
Rebound package (Rein & Liu 2012; Rein et al. 2019), with a
time-step of 0.1 yr. We monitored the eccentricities of both com-
panions and stopped the simulations if one of them reached 1.
The results are displayed in Fig. C.2: the simulations exclude
eg > 0.15 and ap < 9.5 au, and they disfavor the highest masses.
Extending the integration to 10° yr does not significantly change
the results, so we can assume the stable configurations remain
stable for longer than the integration time. The probability that
we are observing the system within 103 yr of a companion’s ejec-
tion is very unlikely given its age; therefore, the system is likely
long-term stable. Despite the relatively large mutual separation,
the system can be considered compact, as the orbits of the com-
panions are close to instability. This suggests that ejection may
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9.0 9.5 10.0
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10.5
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Fig. C.2. Maximum eccentricity reached by either companion in N-body simulations with initial conditions representative of the orbital solutions.

The simulations are performed for 10° yr using the Mercurius integrator.

be a likely outcome of the formation of two massive companions
in planetary-like orbits.

Another important characteristic of this hierarchical three-
body system is its relative coplanarity. Table A.1 shows that the
mutual inclination between both orbital planes is ~15° at most.
This actually reinforces the similarity with the S8 Pictoris sys-
tem and is low enough to keep this system far enough from
Kozai—Lidov resonance (Kozai 1962). That dynamical mech-
anism typically concerns nested orbits of different sizes that
have a sufficiently high mutual inclination (>39° theoretically).
When this occurs, the inner orbit is subject to large-amplitude
eccentricity oscillations that can drive it to very high values,
close to unity. This can lead to direct instability or to a poten-
tial collision with the central star due to a decaying periastron.
The latter fate can be prevented by tides within the inner orbit;
even in that case, however, the orbit does not remain as it was
and, furthermore, shrinks significantly (Fabrycky & Tremaine
2007; Beust et al. 2012). The mutual inclination determination
(Table A.1) shows that there is no risk of Kozai-Lidov reso-
nance here, which reinforces the idea that the system is stable.
This also favors the idea that the debris disk is stable, as disk
particles could be affected by the Kozai—Lidov mechanism as
well.

Finally, we note that the stable configurations are just snap-
shots of a system with complex and evolving dynamics. We
used the approach described in Lacour et al. (2021) to estimate
the secular eccentricity variation and the associated period. We
excluded solutions with eg > 0.15 and a;, < 9.5 au to ensure

0.200 12000
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.

o e
:(?;:J..“u.: .. .
“Vsign

O v .

€p

0.100 9000 1 @

0.075 8000

Secular Period (yr)

0.050
7000

0.025
6000

0.000

030 035 040 045 050 225 250 275

ec Mp (Myup)

30.0 325

Fig. C.3. Secular evolution of the eccentricities of B and ¢ due to their
mutual interaction. Left is the trajectory in (eg, e.) phase space, starting
from the observed values (orange crosses, which are random solutions
to the orbital fit using all available data). We exclude the initial condi-
tions with eg > 0.15 and ag < 9.5 au. The colors represent the corre-
sponding eccentricity evolution period (secular period). The right panel
represents the aforementioned period with respect to the mass of b.

stability. The results are displayed in Fig. C.3. The eccentricity
of HD 206893B can periodically vanish, while e, can reach val-
ues as high as 0.5. These variations are expected to occur over
timescales of ~10% yr. This is important to keep in mind when
discussing the formation of the orbital architecture (as it could
have formed at any point in the secular cycle) or the impact of
the companions on the other components of the system, such as
a debris disk or additional planets.
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