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Abstract

We present 63 new multi-site radial velocity (RV) measurements of the K1III giant HD 76920, which was recently reported to host the most
eccentric planet known to orbit an evolved star. We focused our observational efforts on the time around the predicted periastron passage
and achieved near-continuous phase coverage of the corresponding RV peak. By combining our RV measurements from four different
instruments with previously published ones, we confirm the highly eccentric nature of the system and find an even higher eccentricity
of e =0.8782 £ 0.0025, an orbital period of 415.891‘_*8:83 d, and a minimum mass of 3.13fg:3§ Mj for the planet. The uncertainties in the
orbital elements are greatly reduced, especially for the period and eccentricity. We also performed a detailed spectroscopic analysis to derive
atmospheric stellar parameters, and thus the fundamental stellar parameters (M., R, L), taking into account the parallax from Gaia DR2,
and independently determined the stellar mass and radius using asteroseismology. Intriguingly, at periastron, the planet comes to within 2.4
stellar radii of its host star’s surface. However, we find that the planet is not currently experiencing any significant orbital decay and will not
be engulfed by the stellar envelope for at least another 50-80 Myr. Finally, while we calculate a relatively high transit probability of 16%, we
did not detect a transit in the TESS photometry.
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1. Introduction Satellite (TESS) (Ricker et al. 2015) also rely on ground-based
RV follow-up observations to confirm their planet candidates, to
determine their masses and hence densities, and to search for
additional planets in these systems.

Slowly rotating solar-type and late-type stars are ideal targets
for Doppler planet searches, as their spectra exhibit numerous
sharp absorption lines. However, main-sequence stars more mas-
sive than about 1.5 My are generally not suitable for precise RV
measurements, due to their high temperatures and fast rotation
rates (e.g. Galland et al. 2005). Consequently, the occurrence
rate and distribution of planets as a function of stellar mass and
metallicity for intermediate-mass stars are not as well established
compared to planets around lower-mass stars (e.g. Johnson et al.
2010; Reffert et al. 2015; Jones et al. 2016; Wittenmyer et al.
2017a). In order to learn more about planetary systems around
these intermediate-mass stars, several planet search programmes
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Since the first detection of a planet around a main-sequence star
more than two decades ago (Mayor & Queloz 1995), thousands of
planetary systems have been found with astonishing diversity. The
transit method has produced the most planet discoveries to date,
mostly due to the overwhelming success of NASA’s Kepler mis-
sion (Borucki et al. 2010). Yet, a significant fraction of all planets
has been found using the radial velocity (RV) technique, includ-
ing many longer-period planets, for which ground-based Doppler
searches have a natural advantage over short-lived space missions.
The RV method also remains a valuable tool for the detection
and characterisation of planets, as it yields the minimum mass
of a planet and therefore nicely complements the transit method,
which yields the size of a planet. Space-based transit searches such
as Kepler (Borucki et al. 2010) or the Transiting Exoplanet Survey
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Kepler (e.g. Quinn et al. 2015), all of these have been discovered
via the RV technique. Notably, the first planet found to orbit a
giant star, ¢ Drab, also happens to be on a very eccentric orbit with
e=0.71 (Frink et al. 2002; Kane et al. 2010). More recently, planets
on even more eccentric orbits were found around the K3III giant
BD-+48 740 (HIP 12684) with e = 0.76 (Adaméw et al. 2012, 2018),
and around the K1III giant HD 76920 with e = 0.86 (Wittenmyer
et al. 2017b). The latter currently claims the title of being the
most eccentric planet orbiting an evolved star and is the subject of
this work.

Orbits with certain combinations of high eccentricities and lon-
gitudes of periastron produce RV curves that are essentially flat for
the majority of the orbital period and only exhibit a narrow peak
near periastron passage. However, because nearly all the informa-
tion needed to determine the orbital parameters, including the
RV semi-amplitude and thus the minimum mass of the planet,
is contained in this short phase of the orbit, it is rather difficult
from an observational point of view to obtain a good orbital solu-
tion for such systems. In their discovery paper, Wittenmyer et al.
(2017b) pointed out that the periastron passage of HD 76920 b still
needed better observational sampling in order to sufficiently con-
strain the orbital elements and minimum mass of the planet. We
therefore planned a multi-site observing run and successfully filled
in the gap in the phase coverage near periastron passage with RV
measurements.

In this paper, we present the results of our observational
campaign. We describe our multi-site observations and RV mea-
surements in Sections 2 and 3, respectively. We then present newly
computed stellar parameters in Section 4. In Section 5, we describe
the orbit-fitting process and present our improved orbital solu-
tion. We also present an upper mass limit for HD 76920b in
Section 6, followed by a discussion of our findings in Section 7.

2. Observations

Between January and March 2018, we acquired 63 observations of
HD 76920 using four different instruments. Firstly, 39 were taken
at the University of Canterbury Mt John Observatory (UCMJO) in
Lake Tekapo, New Zealand, using the 1-m McLellan telescope in
conjunction with the HERCULES spectrograph (Hearnshaw et al.
2002). Of these, 19 were taken with a 100-pwm core diameter fibre
(‘fibre I’), corresponding to a resolving power of R ~ 41 000, and
another 20 were taken with a different 100-um core diameter fibre
with a 50-pum micro-slit attached to its end (‘fibre 3°), correspond-
ing to a resolving power of R~ 70000. These observations are
referred to below as MJ1 and MJ3, respectively.

A further eight observations were obtained with the CHIRON
spectrograph (Tokovinin et al. 2013) attached to the 1.5-m tele-
scope at Cerro Tololo Inter-American Observatory (CTIO) in
Chile. These new spectra were obtained using the ‘slit mode’,
which delivers a resolving power of R~ 95000 and a total sys-
tem efficiency of ~ 2%. Both HERCULES and CHIRON employ
the iodine-cell technique (e.g. Butler et al. 1996; Endl, Kirster, &
Els 2000), that is, during the observations a gas absorption cell
containing molecular iodine (kept at a constant temperature of
50.0 £ 0.1 °C) is placed in the light path for wavelength calibration
and for modelling of the instrumental profile.

Finally, we also obtained 15 spectra using FIDEOS (Vanzi et al.
2018) and one new spectrum using FEROS (Kaufer et al. 1999).
These two high-resolution (R~ 43000 and R ~ 48 000, respec-
tively) spectrographs are located at La Silla Observatory in Chile
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and are attached to the ESO 1-m and 2.2-m telescopes, respec-
tively. In addition, they are both fed by multiple optical fibres,
allowing a simultaneous ThAr wavelength calibration during the
science exposure for precision RVs.

3. Radial Velocities

Raw-reduction of the HERCULES observations was performed
with the latest version (v5.2.9) of the HERCULES Reduction
Software Package (HRSP; Skuljan 2004) and the pipeline described
in Bergmann (2015). From the reduced spectra, we derived RVs
using our version of the AUSTRAL Doppler code described by Endl
etal. (2000). We used a high S/N, iodine-free spectrum of the K11II
star v Octantis as a template (Ramm et al. 2016). While this set-up
has proven to deliver long-term RV precisions of about 4.5 ms™*
(with short-term precision of < 3 ms™!) for bright solar-type stars
(Bergmann 2015; Bergmann et al. 2015), the fainter magnitude of
HD 76920 (V =7.8) combined with poor seeing conditions for a
majority of the nights resulted in single-shot uncertainties of typi-
cally 14.5ms™! for the higher-resolution fibre, and 16.5ms™! for
the lower-resolution fibre, which was preferred if the seeing was
worse than about 3 arcsec.

The CHIRON spectra were reduced with the observatory cus-
tomised pipeline, which provides order by order extracted and
wavelength-calibrated spectra for CHIRON users. The RVs were
computed following the method described in Jones et al. (2017).
We note that the new CHIRON velocities have larger uncertainties
compared to those in Wittenmyer et al. (2017b), as the new spec-
tra were obtained in ‘slit mode’, rather than in ‘fibre-slicer mode’
(R~ 80000). As a consequence, although the new data were taken
at a slightly higher resolving power, the efficiency is drastically
reduced (by a factor of ~ 3), when compared to ‘fibre-slicer mode’,
directly translating into lower S/N data, and thus leading to larger
RV uncertainties. We have also recomputed the ‘fibre-slicer mode’
CHIRON RVs published in Wittenmyer et al. (2017b), including
the new data, which resulted in small but non-negligible changes.

Finally, both FIDEOS and FEROS data were processed with
the CERES code (Brahm, Jordan, & Espinoza 2017a), including
a re-reduction of the eight FEROS observations published in
Wittenmyer et al. (2017b). CERES performs a standard échelle
spectra reduction including bias subtraction, order tracing, opti-
mal extraction, and wavelength calibration. The RVs for the two
instruments were obtained from the cross-correlation function
(CCF; Tonry & Davis 1979). In the case of FIDEOS, the tem-
plate used for the CCF corresponds to a numerical binary mask
as explained in Brahm et al. (2017a), while in the case of FEROS
data we use a high S/N template, which is built by stacking all
of the individual observed spectra (Jones et al. 2017). The final
velocities are obtained after correcting for the night drift (from the
simultaneous calibration fibre) and barycentric velocity. Note that
the newly computed FEROS RVs are superior to those presented
in Wittenmyer et al. (2017b), where a much lower S/N template
was used. All RVs used in this work and their corresponding
uncertainties are summarised in Table A.1.

4, Stellar parameters

4.1. Spectroscopy

We computed the atmospheric parameters of HD 76920 using
the ZASPE code (Brahm et al. 2017b). For this purpose, we first


https://doi.org/10.1017/pasa.2021.8

Publications of the Astronomical Society of Australia

Table 1. Stellar parameters of HD 76920

Parameter Value Method/Source
B (mag) 8.83 £0.02 Tycho-2
V (mag) 7.82+£0.01 Tycho-2
G (mag) 7.5144 4 0.0003 Gaia
J(mag) 5.95 4 0.02 2MASS
H (mag) 5.41 4 0.04 2MASS
K (mag) 5.25+0.03 2MASS
W1 (mag) 5.187 +0.197 WISE
W2 (mag) 5.097 & 0.062 WISE
W3 (mag) 5.201 4 0.014 WISE
Tef (K) 4664 +53 ZASPE
logg 2.71£0.04 ZASPE + Gaia
[Fe/H] (dex) —0.19+0.06 ZASPE
vsini(kms™1) 25+0.3 ZASPE
R. (Rp) 8.33+0.56 ZASPE + Gaia
9.07 £0.63 Asteroseis. + TESS
L. (Lo) 29.5 113 ZASPE + Gaia
M, (Mo) 1.0+£0.2 PARSEC
1.29+0.17 Asteroseis. + TESS

combined all of the individual FEROS spectra. The co-added mas-
ter spectrum is then compared to the ATLASY grid of stellar
models (Castelli & Kurucz 2004), in carefully selected regions
that are more sensitive to changes in the atmospheric parame-
ters. This procedure is performed iteratively until we obtain the
effective temperature (Teg), the surface gravity (log g), the stellar
metallicity ([Fe/H]), and the projected rotational velocity (v sin 7).
Using these derived parameters, we then computed the corre-
sponding spectral energy distribution (SED). For this, we used the
BT-Sett1l-CIFIST models (Baraffe et al. 2015). From the SED,
we computed synthetic magnitudes and we compared them to the
observed ones, which are listed in Table 1. During this process, the
stellar radius (R,) and the visual extinction (Ay) are derived, and
thus the stellar luminosity (L,).

Finally, to obtain the stellar mass and evolutionary status of
HD 76920, we compared the derived atmospheric parameters to
the PARSEC evolutionary models (Bressan et al. 2012). We found
that HD 76920 has a mass of M, = 1.0+ 0.2 M, and that it is
ascending the red-giant branch (RGB) phase. Figure 1 shows the
position of HD 76920 in the HR diagram. For comparison, two
different PARSEC isomass evolutionary tracks are overplotted. As
can be seen, HD 76920 is located midway on its RGB ascent and is
reaching the luminosity bump region. We note that no horizontal
branch track (i.e. Helium burning core) crosses its position in the
HR diagram. All derived atmospheric and physical parameters are
listed in Table 1.

4.2. Asteroseismology

As an independent method, we used asteroseismology to derive
the stellar mass from the TESS (Ricker et al. 2015) photometric
data. The TESS mission observed HD 76920 in the long-cadence
mode (30 min) in sectors 9, 10, and 11, adding up to a total
of 3492 individual photometric measurements. To obtain the
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Figure 1. HR diagram showing the position of HD 76920. The solid and dashed lines
correspond to PARSEC models with M, =1.0 M, for [Fe/H] = —0.24 and —0.14 dex,
respectively.
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Figure 2. Normalised and detrended TESS photometry of HD 76920.

light curve, we used the Python tool tesseract (Rojas et al,, in
preparation) using the autoap aperture. We removed the most
deviant outliers using the clean. py tool and normalised each sec-
tor data independently by its median value. We also detrended
the light curve using a linear fit, achieving a dispersion of 494.6
ppm. Figure 2 shows the resulting normalised TESS photome-
try of HD 76920. Then, we ran a generalised Lomb-Scargle (GLS,
Zechmeister & Kiirster 2009) routine to obtain the power spec-
tral density and search for asteroseismic power excess in order to
measure Vp,, and Av. We also corrected the background using
a very wide Gaussian profile kernel. After this correction, we
followed the method presented in Jones et al. (2018), which con-
sists of convolving a Gaussian profile with a o =12 wHz kernel
around the power excess in order to find the peak that corre-
sponds to V.. To obtain Av, we convolved a Gaussian profile
with a 0 = 1 wHz kernel and we ran an autocorrelation routine.
Using this procedure, we obtained vy, = 54.01 £ 2.75 wHz and
Av =5.64 £ 0.24 wHz. From these values, and following the scal-
ing relations presented in Kjeldsen & Bedding (1995), we obtained
amass of M, =1.29+0.17 Mg and aradius R, =9.07 £ 0.63 Rg,.
The corresponding 1-o error bars were obtained from a bootstrap
analysis. The asteroseismic mass and radius are in reasonably good
agreement with the spectroscopic values.

5. Orbital solution

Wittenmyer et al. (2017b) published 37 RV's of HD 76920 obtained
with three different spectrographs. Of these, 17 were taken with
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Table 2. Best-fit orbital solution and derived quantities for HD 76920 b

C.Bergmannetal.

Element emcee RVLIN Wittenmyer et al. (2017b)
P(d) 415.89170:9%3 415.886 + 0.047 41544022
To (BJD — 2450000.0) 4812477539 4812.52+0.36 4813.42£0.24
e 0.8782 % 0.0025 0.8847 £ 0.0028 0.856 £ 0.009
w(©) 12410 16+12 35297735
K(ms™) 178.17%1 181.1+3.7 186.8+7.0
a (AU) (spec) 1.09175:9%8 1.090 +0.103 1.149 4+0.017
mp sini (M) (spec) 3.1374 3114042 3.937012
a (AU) (seis) 1.18775:9%9 1.187£0.074 -
mp sini (M) (seis) 3711503 3.68+0.33 -
RMS about fit (ms—1) 14.11 13.79 9.74
Weighted RMS about fit (ms™1) 11.71 11.26 —
Zero point (AAT) (ms™1) 3.1%21 25+4.4 -
Zero point (CHIRON) (ms 1) -68.4132 ~742+55 -
Zero point (FEROS) (ms ™) ~13.0£3.0 ~18.8+54 -
Zero point (FIDEOS) (ms™!) -93.97473 941473 -
Zero point (MJ1) (m l) -33.6752 —37.547.0 -
Zero point (MJ3) (ms™1) —54.3733 —61.6+£8.1 -
lnst jitt. (AAT) (m 2 _2) 324'81';;?2'7 - -
Ot jite. (CHIRON) (m?s~2) 56.91 50 - —
Tinst. jitt, (FEROS) (m ’s72) 14.6733% - -
02t jit, (FIDEOS) (m?s72) 473.011587 - -
lnstjltt (MJ1) (m?s2)" —225.74357 - -
Tinst. jitt, (MJ3) (m ’s72) 1532155 - -

A negative value for the square of the instrumental jitter indicates that the formal internal errors are overestimated and that the
fitted instrumental jitter needs to be subtracted in quadrature in Equation (1).

UCLES (Diego et al. 1990) installed at the 3.9-m Anglo-Australian
Telescope (AAT), 12 were taken with CHIRON at the 1.5-m tele-
scope at CTIO, and 8 were taken with FEROS installed at the 2.2-m
telescope at La Silla.

We combined our 63 new RV measurements with the 12 re-
reduced CHIRON RV, the 8 newly reduced FEROS RVs, and the
remaining 17 UCLES RVs from Wittenmyer et al. (2017b) and fit-
ted a single Keplerian model to the combined dataset consisting of
a total of 100 RVs. We used the emcee 2.2.1 package (Foreman-
Mackey et al. 2013), a pure-Python implementation of the Affine-
Invariant Markov chain Monte Carlo (MCMC) Ensemble sampler
(Goodman & Weare 2010), to obtain the best-fit parameters. We
used logarithmic priors for P, Ty, and K, that is, we fit in terms
of log P, log T, and log K, and used uniform priors for all other
parameters.* We deployed 32 walkers and ran 3 000 steps for the
first burn-in phase until the walkers had explored the parameter
space sufficiently. At the end of the first burn-in phase, walkers
are re-sampled around the most probable position to reject bad
samplings. We then continued with a second burn-in phase for
another 3000 steps. All parameters have clearly converged after

*For T, which is technically allowed to assume negative values, this choice of param-
eterisation introduces an unintentional, but weak informative prior on the parameter.
However, as the occurrence of T, is periodic in uniform space, if fitted with a uniform
prior, the posterior distribution may look bimodal if the initial value is not optimal. Having
a logarithmic prior makes the walkers converge to the optimal value quickly, as a lin-
ear change in log (7o) results in an exponential change in T,. Because Ty, is periodic, one
positive solution is enough to derive all other solutions.
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the second burn-in phase. Finally, we collected the samples from
the last 10000 steps to calculate the maximum likelihood set of
parameters and estimate the uncertainties. The random zero-point
offsets between the different instrumental set-ups were included as
additional free parameters in the fitting process. For consistency
with the work of Wittenmyer et al. (2017b), we also added 7 ms™!
of stellar jitter in quadrature to the error bars, as is appropriate for
this type of star (Kjeldsen & Bedding 1995), and as explained in
Wittenmyer et al. (2016). Finally, following the method described
by Baluev (2009), we also included an ‘instrumental jitter’ term
in the fitting, which acts to ensure that the uncertainties from
the different instrumental set-ups do not introduce a spurious
weighting of the RV points. This can happen if the internal error
bars are overestimated or underestimated for some instruments.
In our case, the internal error bars of the AAT and FIDEOS data
seem to be substantially underestimated as indicated by the large
positive values of the square of their instrumental jitter terms in
Table 2, whereas the MJ1 error bars seem to be somewhat over-
estimated as indicated by the negative value of the square of their
instrumental jitter term in Table 2. The total uncertainty for each
RV measurement is thus given by:

_ /.2 2 2
o= \/ Oint T Ogtjitt. T Tinstijitt. > (1)

where o7y is the internal error as reported in Table A.1, o jiy. is
the stellar jitter, and oinsjir. is the instrumental jitter. The RMS
around the combined fit is 14.1 ms™!, and the weighted RMS is
11.7 ms™". Figure 3 shows all data points together with our best-fit
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Figure 3. All available RV data together with our best-fit Keplerian orbital solution for
HD 76920 b. The black points are the AAT data from Wittenmyer et al. (2017b), the
red points are the re-reduced CHIRON and FEROS data, and the blue points are the
CHIRON, FEROS, FIDEQOS, and HERCULES data taken for this work. Error bars represent
the total uncertainty given by Equation (1). The RMS about this fitis 14.1 ms~1.
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Figure 4. Same as Figure 3, but phase-folded on the orbital period. Data from differ-
ent instruments/set-ups are shown in different colours: AAT— black, CHIRON— cyan,
FEROS— green, FIDEOS— orange, MJ1— red, MJ3— blue.

orbital solution, Figure 4 shows a phase-folded version of that plot,
and Figure 5 shows a close-up view of the RV peak near perias-
tron passage (again phase-folded with the orbital period). A corner
plot of the posterior probability distributions of the parameters,
generated from the last 10000 steps and demonstrating that all
parameters are well constrained, is shown in Figure A.1 in the
appendix.

In order to confirm our MCMC results, we also fitted a single
Keplerian orbit using the IDL package RVLIN (Wright & Howard
2009). Here, we estimated the corresponding uncertainties in
the orbital parameters via the bootstrapping algorithm from the
BOOTTRAN package (Wang et al. 2012) using 100 000 steps. Because
the extra instrumental jitter term cannot be set as a free parame-
ter, we used the modified error bars given by Equation (1) as input
to the fitting. While the uncertainty estimates derived with the
bootstrapping method are somewhat larger, the two sets of best-fit
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Figure 5. Close-up view of the RV peak near periastron passage. Colour-coding is the
same as in Figure 4.
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Figure 6. Residuals from the best-fit orbital solution. Error bars represent the total
uncertainty given by Equation (1). Colour-coding is the same as in Figures 4 and 5.

parameters are in good agreement. Both best-fit single-Keplerian
orbital solutions and the corresponding parameter uncertainty
estimates are summarised in Table 2.

For the calculation of the semi-major axis and minimum mass
of the planet, we give the values using both the spectroscopic
stellar mass of M, = 1.0 + 0.2 M, (see Section 4.1), as well as the
asteroseismic mass of 1.29 £ 0.17 M, (see Section 4.2). For the rest
of this work, we will adopt the spectroscopically derived stellar
mass and radius unless otherwise mentioned. Note that the uncer-
tainty in the semi-major axis is completely dominated by the
uncertainty in stellar mass, which to a lesser extent also affects
the uncertainty in the minimum mass of the planet. Note that
Wittenmyer et al. (2017b) used a mass of 1.17 & 0.20 Mg, which
has a comparable relative error. This leads us to believe that their
uncertainty estimate for mp sin i is underestimated and may not
include the uncertainty in stellar mass.

We also searched for periodic signals in the residuals (Figure 6)
but did not find any significant power, as can be seen in the GLS
periodogram shown in Figure 7.
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Figure 7. GLS periodogram of the residuals from the best-fit orbital solution shown in
Figure 6.

6. Companion Upper Mass Limit

6.1. Astrometric limit

To better constrain the mass of HD76920b, we applied the
method presented in Jones et al. (2017) (which is based on
Sahlmann et al. 2011), to derive the orbital inclination angle, and
thus its dynamical mass. To do this, we combined the orbital ele-
ments derived here with the Hipparcos Intermediate Astrometric
Data (HIAD) obtained in van Leeuwen (2007b). This dataset com-
prises a total of 106 one-dimensional abscissa measurements (see
Section 2.2.2 in van Leeuwen 2007a), with a mean uncertainty of
1.9 mas. For this purpose, we first attempted to directly obtain a
full 7-parameter orbital solution, solving for the inclination angle
i and the longitude of the ascending node €2, while keeping fixed
the five parameters derived from the Keplerian fit (P, e, o, K, Ty),
and correcting for the five single-star parameters solution (a*, §,
We+> Ms> @ ). Unfortunately, due to the small astrometric signal,
in part due to the relatively small parallax (correspondingly large
distance) of HD 76920 (e = 5.41 = 0.03 mas; Gaia Collaboration
et al. 2018), and also because of the high eccentricity (a significant
astrometric perturbation occurs only close to periastron passage),
no significant solution was obtained. This basically means that
the orbital solution does not improve the standard Hipparcos
5-parameter solution. However, we could still compute an upper
mass limit for the companion by injecting synthetic astrometric
signals induced by the companion at different inclination angles
(the smaller the value of i, the larger the astrometric signal).
Briefly, we generated synthetic datasets, keeping fixed the time of
the individual epochs of the HIAD and computing the expected
astrometric signal induced by the companion by propagating the
orbital solution to the epoch of the HIAD observations. This was
performed at decreasing inclination angles, while randomly select-
ing € in the range 0-360°. For each synthetic dataset, we added
Gaussian-distributed uncertainties with standard deviation equal
to the median abscissa error (1.9 mas in this case). Then, we solved
the 7-parameter solution to the synthetic datasets until we recov-
ered the simulated (i, €2) pairs. Figure 8 shows the resulting (i, £2)
values for a total of 100 synthetic datasets, with an input inclina-
tion angle of 0.6°, which corresponds to an angular semi-major
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Figure 8. Upper panel: Inclination angles recovered from the 100 simulations, as a
function of synthetic © values. The horizontal dashed line corresponds to the input
value of i=0.6 deg. Lower panel: same as the upper panel, but this time for the Q
values. The dashed line corresponds to the one-to-one correlation.

axis of 1.9 mas. As can be seen, for such a low i-value, we are
capable of recovering most of the synthetic signals with relatively
good accuracy. We obtained a median of i =0.54° with a stan-
dard deviation of 0.37°. We also note that only in eight cases
we obtained a reduced y?-value larger than for the Hipparcos
5-parameter solution. For comparison, we repeated this analysis
for an inclination angle of 0.8° (corresponding to a = 1.5 mas). We
obtained a standard deviation of 0.73°, and already in 17% of the
simulations the reduced x? of the synthetic solution is larger than
for the Hipparcos 5-parameter solution, showing how rapidly the
detectability drops with the astrometric amplitude. In fact, only
at inclination values of i < 0.3° we obtained reduced x2-values of
the synthetic solution lower than for the Hipparcos 5-parameter
model in > 99% of the cases. Based on this analysis, we might
adopt alower i-value of ~ 0.4-0.6°, which corresponds to an upper
mass limit for HD 76920 b of ~ 0.4-0.6 M. Finally, we note that
by considering an orbital inclination angle of 90° (edge-on orbit),
the astrometric semi-major axis is only 20 pas, which is compara-
ble to the Gaia precision (Gaia Collaboration et al. 2016). It would
thus be very challenging to significantly detect such a small signal
even in the Gaia data.

6.2. Geometric limit

The method described in Section 6.1 does not place very stringent
upper limits on the mass of the planet. It is therefore interesting to
note that we can put a much lower limit on the planet’s mass from
simple geometry. While the inclination is unknown, we know that
there is no preferred orientation of the orbital plane with respect
to the line of sight, in other words the inclination has an isotropic
probability density function (pdf). This corresponds to a pdf that
is flat in cos i, which makes it easy to draw from for a Monte Carlo
simulation using random inclination angles. We used a sample
size of 10® and found a 3-0 (99.73% confidence) upper mass limit
of 42.6 Mj, corresponding to an inclination of 4.2°. Results for a
number of confidence levels are summarised in Table 3.

7. Summary and Discussion

We obtained 63 new RV measurements of HD 76920 from four
different instruments around the time of the predicted periastron
passage. The unusually high eccentricity of HD 76920 b means that
~90% of the peak-to-peak RV is traversed up and down in only
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Table 3. Geometric upper mass limits and corresponding inclinations
for HD 76920 b for different confidence levels

Confidence level (%) Upper mass limit (M) Inclination (°)
99.73 42.6 4.2
99 22.2 8.1
95 10.0 18.2
90 7.2 25.8
450
FIDEOS

400 4 CHIRON

oM
350 4 b ‘ bom3
300 - H ‘

8130.0 81325 8135.0 8137.5 8140.0 8142.5 8145.0 8147.5 8150.0
BJD - 2450000.0

Figure 9. Comparison of the best-fit model RV curve from this work (solid grey line)
with the one from Wittenmyer et al. (2017b) (dashed grey line). The periastron passage
happened about 3 days later than predicted by the orbital elements from Wittenmyer
etal. (2017b).

~ 14% of the orbital period, and the RV curve is approximately flat
for the remaining ~ 360 days of the orbital period, making it dif-
ficult to determine precise orbital elements from an observational
point of view. However, in order to constrain the orbital elements,
it is essential to have good sampling of the non-flat parts of the
orbit where the RV changes rapidly over time. As the orbital phase
near periastron passage was not very well covered in their initial
work, Wittenmyer et al. (2017b) suggested follow-up observations
be carried out during the next periastron passage. Flexible schedul-
ing of observing time during periastron passage on telescopes with
high-resolution spectrographs is an effective way of confirming
the nature of highly eccentric planets and determining their orbital
properties and minimum mass to high precision. For example,
HD 37605 b with an eccentricity of e = 0.74 or HD 45350 b with an
eccentricity of e = 0.76 has been confirmed in this way (Cochran
et al. 2004; Endl et al. 2006).

We were fortunate enough to be granted access to the
HERCULES, CHIRON, FEROS, and FIDEOS spectrographs dur-
ing that period and hence managed to obtain near-continuous
coverage of the corresponding RV peak. In hindsight, getting
enough telescope time either side of the predicted periastron pas-
sage was particularly important because the periastron passage
actually happened about 3 days later than predicted, or about
3.7-0 when we calculate the uncertainty on the time of peri-
astron passage via bootstrapping based on the orbital elements
given by Wittenmyer et al. (2017b) (see Figure 9). This high-
lights the importance and scientific value of small-to-medium size
telescopes with high-resolution spectrographs to the exoplanet
community (e.g. Swift et al. 2015; Addison et al. 2019), as it would
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have been near impossible to get enough time on larger telescopes
at such short notice.

Our best-fit orbital solution to the combined dataset from
a total of five instruments (and six different operating modes)
yielded an even higher than expected eccentricity of e = 0.88 and
an orbital period 0f415.9 d. We also found a RV semi-amplitude of
178 ms™" and a semi-major axis of 1.09 AU. The new orbital solu-
tion corresponds to minimum mass of 3.1 M; for the planet that is
about 20% lower than that reported by Wittenmyer et al. (2017b),
mainly owing to our new lower stellar mass estimate. Formally,
the RMS of the residuals from our fit is larger than in Wittenmyer
et al. (2017b), partly because the individual uncertainties in and
the scatter of the HERCULES data are about three times larger
compared to the other instruments, and partly because we have
effectively given different weights to the RV measurements during
the fitting via the error treatment described in Section 5. In partic-
ular, note that the RMS of the AAT residuals from our best fit is
now 17.0 ms™!, which is of course expected as they now carry less
weight compared to Wittenmyer et al. (2017b). More importantly
though, due to the much improved phase coverage near periastron
passage, the uncertainties in the orbital elements are now signifi-
cantly reduced. Notably, the uncertainty in the orbital period was
reduced by a factor of 5, and the uncertainty in the eccentricity
was reduced by more than a factor of 3. In addition, we also esti-
mated an upper mass limit of 0.4-0.6 M, for the companion from
Hipparcos astrometry, and a 3-0 upper mass limit of 42.6 M; from
geometric considerations.

7.1. Star-Planet interactions

Note that our value of the semi-major axis is slightly smaller than
the one given by Wittenmyer et al. (2017b), while our eccen-
tricity is slightly larger. However, this seemingly small difference
means that the planet actually comes to within 2.4 £ 0.3 stellar
radii from its host star’s surface at closest approach, or about one
stellar radius closer than estimated by Wittenmyer et al. (2017b).
Naturally, this makes the system a prime target for studies of
star—planet interactions. Also note that we calculate the same value
for the planet’s distance from the stellar surface at periastron in
units of the stellar radius, independent of whether we use the
spectroscopic or the asteroseismic stellar parameters.

The orbital evolution is determined by the combined effect of
tidally induced orbital decay and mass-loss-induced orbital expan-
sion. Following the same procedure as in Villaver et al. (2014) and
Wittenmyer et al. (2017b), we determined the planet’s orbit and
eccentricity evolution as the star evolves up the RGB, and the tidal
dissipation is dominated by motions in the star’s convective enve-
lope (Zahn 1977). We have updated both the planetary and stellar
parameters since Wittenmyer et al. (2017b). We use SSE stellar
models (Hurley, Pols, & Tout 2000) with the asteroseismic mass
of 1.3 Mg and a Solar metallicity. We furthermore consider two
values for the Reimers 7 mass-loss parameter (Reimers 1975): a
standard value of n = 0.6 and an extreme case of n = 0.0 (no mass
loss). The latter means that the planet experiences only tidal decay
on its orbit, not any orbital expansion owing to mass loss, and
hence represents an optimal case for a maximum orbital decay
owing to tidal forces.

In each case, the planet’s orbit undergoes only very minor decay
before the planet is engulfed in the stellar envelope: for both n =
0.6 and n = 0.0, the orbital eccentricity decays by only about 0.002
before the star engulfs the planet. With no stellar mass loss (n =
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Table 4. Predicted windows for potential past and future transits of HD 76920 b

Ingress Mid-transit Egress

[JD -2400000.0] UT date (mid-transit)
58559.43 +£0.63 58560.55+0.54 58561.66 4 0.63 18 Mar 2019
58975.32+0.66 58976.44+0.58 58977.56 4 0.66 06 May 2020
59391.21 £0.68 59392.33+0.61 59393.45+0.68 26 Jun 2021
59807.10+0.71 59808.22+0.64 59809.34+0.71 16 Aug 2022
60222.99+0.75 60224.114+0.68 6022523 +0.75 06 Oct 2023

0.0), the semi-major axis decays by 0.01 AU, while with mass loss
(n =0.6) the semi-major axis increases by 0.003 AU. The planet
enters the stellar envelope when the star has grown to a little over
three times its present radius, some 50 Myr hence. Adopting the
spectroscopic stellar mass of 1.0 M, does not qualitatively change
the future evolution: the eccentricity decay is a little larger (0.004-
0.005) and the remaining lifetime a little longer (~ 80 Myr), but
there are still no large changes to the orbit expected.

7.2. Transit probability

Our updated orbital solution also leads to an even higher transit
probability than the 10.3% reported in Wittenmyer et al. (2017b).
From the emcee best-fit orbital elements listed in Table 2, it fol-
lows that at inferior conjunction, which happens at a true anomaly
of 88.8° and 5.06 d after periastron passage, the star—planet sepa-
ration is 0.245 AU, and the azimuthal component of the orbital
velocity is 60.7 kms~'. In order to calculate the probability, depth,
and duration of a potential transit, we must first have an estimate
of the planetary radius. We used the mass-radius relationship
for the Jovian regime in form of the power law Ry oc mp" as
given by Chen & Kipping (2017), with which we calculated the
planet’s radius to be 0.96 R;. With that in hand, we calculated
a relatively high transit probability of 16.0%, using Equation (5)
from Kane & von Braun (2008), with a duration of 2.2d and
a transit depth of 0.013% or 130 ppm, assuming an inclination
of i=90° and ignoring limb-darkening effects. While the large
stellar radius increases the transit probability, unfortunately it
also decreases the transit depth, requiring a level of photometric
precision that is extremely challenging for ground-based tran-
sit searches, albeit perhaps not impossible (e.g. Tregloan-Reed
& Southworth 2013). However, TESS can technically achieve the
required precision for a star of this magnitude (Ricker et al.
2015). HD 76920 has ecliptic coordinates of about A = 202.5° and
B = —73.2° and therefore lies about five degrees outside the south-
ern TESS continuous viewing zone. However, by pure coincidence,
this placed HD 76920 inside the sector that TESS was observing
at the time of the next potential transit (sector 9), which we pre-
dicted to occur approximately between JD2458559.43 + 0.63 and
JD2458561.66 + 0.63 (UT 16.93-19.16 March 2019). We list pre-
dicted mid-transit times, as well as ingress and egress times for
potential future transits in Table 4.

Unfortunately, due to it being an evolved star, HD 76920
presents a photometric variability at the 500-ppm level, which
is significantly larger than the expected transit depth. However,
before searching for a potential transit signal, we corrected the
light curve using a Gaussian process (GP), following a similar
procedure to that described in Jones et al. (2019). The fit was per-
formed with the Juliet code (Espinoza, Kossakowski, & Brahm
2019) using a Matérn kernel. To model the asteroseismic signal, we
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Figure 10. TESS light curve around the expected transit time, which is highlighted in
light blue. The yellow line represents the Gaussian process fit.
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Figure 11. GP-corrected TESS light curve of HD 76920. The expected transit time is
highlighted in light blue.

used a Gaussian prior with mean equal to the period correspond-
ing to Vimay, as derived in Section 4.2. Figure 10 shows the TESS
light curve and the GP model.

Finally, to determine if the planet transits on the predicted
date, we compared the Bayesian evidence between a transit model
and a non-transit model. As we found no significant difference,
we assumed the simpler model, that is, the non-transit model.
The GP-corrected light curve around the expected transit time is
shown in Figure 11.

7.3. Origin of the high eccentricity

The origin of Hot Jupiters and/or highly eccentric planets is
usually explained via the Kozai-Lidov mechanism, whereby
perturbations caused by a massive third body (i.e. a stellar com-
panion) can cause oscillations between the planet’s eccentricity
and inclination as long as its angular momentum component par-
allel to the orbital angular momentum of the two stars remains
constant (Lidov 1962; Kozai 1962). However, as already noted by
Wittenmyer et al. (2017b), there are no indications for additional
massive companions in the RV data. Also, while the Gaia DR2
catalogue (Gaia Collaboration et al. 2016, 2018) lists two faint
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(G ~ 21 mag) stellar objects (Gaia DR2 IDs 5224124753994137984
and 5224127812011479808) with compatible parallaxes within 5
arcmin from HD 76920, corresponding to a physical separation of
< 55000 AU at a distance of d = 184 pc (Bailer-Jones et al. 2018),
their respective proper motions and B — R colours are very dif-
ferent from the corresponding values for HD 76920, which rules
them out as physically close companions. Furthermore, as also
noted by Wittenmyer et al. (2017b), in the Kozai-Lidov scenario,
planets like HD 76920 b are readily being engulfed by their host
stars as they move up the RGB (Frewen & Hansen 2016), and,
according to simulations by Parker, Lichtenberg, & Quanz (2017),
free-floating planets are almost exclusively captured into much
wider orbits (a > 100 AU). This leaves planet-planet scattering
as the most likely explanation for the highly eccentric orbit of
HD 76920b (e.g. Chatterjee et al. 2008). In this scenario, a second
planet of comparable mass would have either been ejected from
the system as the result of a close encounter with HD 76920 b or at
least pushed outwards into a long-period orbit that is beyond our
current detection limits. A third option is that the second planet
disappeared from the system because it was thrown towards the
star and engulfed by it.

7.4. Additional considerations

The very high eccentricity of HD 76920b not only makes it the
most eccentric planet known to orbit an evolved star by some
margin but also puts it in fifth place among all known exo-
planets.” Its eccentricity is only surpassed by HD4113Ab (e=
0.90) (Tamuz et al. 2008), HD 7449 Ab (e=0.92) (Dumusque
et al. 2011; Wittenmyer et al. 2019a), HD 80606b (e=0.93)
(Naef et al. 2001; Moutou et al. 2009), and HD 20782b (e =0.97)
(Jones et al. 2006; O’Toole et al. 2009; Kane et al. 2016), all of which
are gas giants orbiting solar mass main-sequence stars.

Several studies have highlighted the possibility that a RV curve
produced by two low-eccentricity planets can be misinterpreted
as being caused by one planet with medium to high eccentric-
ity, especially for low signal-to-noise ratios K/o, poor sampling,
and/or if the two planets are in resonant orbits (e.g. Shen & Turner
2008; Rodigas & Hinz 2009; Anglada-Escudé, Lopez-Morales, &
Chambers 2010; Wittenmyer et al. 2012, 2013, 2019a, b). However,
given the large K/o ratio, the dense sampling we have achieved
around periastron passage, and the very high eccentricity (which
is well outside the ‘danger zone’ as identified by Wittenmyer et al.
(2019b), that is, the range of eccentricities that can be most easily
mimicked by two near-circular planets), we are very confident that
the results presented in this paper remove any possibly remaining
doubts about the RV variations being caused by a single planetary
companion in a highly eccentric orbit.
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A Radial Velocity Data
B Corner plot of the fit parameters
Table A.1. Radial velocities for HD 76920. Note that the velocities shown have

instrument-specific zero points, which are included in the fitting process and are
given in Table 2. The AAT data were taken from Wittenmyer et al. (2017b).

BJD - 2450000.0 RV (ms™1) oRrv,int (Ms™1) Instr.
4867.07428 17.9 22 AAT
5226.21880 269.5 5.3 AAT
5227.20104 303.4 3.7 AAT
5318.89227 1.0 1.9 AAT
5602.04422 6.1 1.9 AAT
5880.22005 —55.3 2.3 AAT
5906.11204 —31.3 1.8 AAT
5907.19640 —28.1 2.6 AAT
5969.07596 —155 2.1 AAT
6088.86366 54,1 3.8 AAT
6344.02991 -3.1 2.7 AAT
6374.98803 —16.4 2.4 AAT
6376.95955 —14.1 2.4 AAT
6377.96197 —25.2 2.6 AAT
6399.96882 —185 3.1 AAT
6530.31941 11.0 3.0 AAT
674498572 -7.3 2.4 AAT
7306.82769 264.5 4.4 CHIRON
7324.78909 —16.0 45 CHIRON
7365.78945 —66.0 4.1 CHIRON
7433.69902 —97.2 3.6 CHIRON
7433.71312 —99.6 3.4 CHIRON
7433.72722 —94.7 3.4 CHIRON
7458.68833 —90.4 3.3 CHIRON
7458.70243 —95.2 3.7 CHIRON
7458.71651 —98.4 3.6 CHIRON
7478.64626 —76.3 4.1 CHIRON
7478.66036 —79.6 3.7 CHIRON
7478.67445 —71.2 3.7 CHIRON
8132.74057 60.5 8.0 CHIRON
8133.75634 81.7 6.2 CHIRON
8134.73750 95.1 5.0 CHIRON
8135.72967 120.3 7.0 CHIRON
8136.74525 143.4 18.1 CHIRON
8144.69957 68.5 6.0 CHIRON
8145.80543 36.0 6.9 CHIRON
8146.73179 20.7 5.3 CHIRON
7641.91298 —40.6 4.0 FEROS
7643.90565 —25.6 5.1 FEROS
7700.84513 20.7 5.4 FEROS
7702.87010 19.1 43 FEROS
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Table A.1. (continued) Table A.1. (continued)
BJD - 2450000.0 RV (ms™1) orv,int (Ms™L) Instr. BJD - 2450000.0 RV (ms™1) orvjint (Ms™1) Instr.
7703.79908 334 45 FEROS 8140.904009 261.4 18.3 MJ1
7705.85500 36.7 43 FEROS 8140.926304 265.6 18.4 MJ1
7894.56042 —38.1 42 FEROS 8140.948490 245.1 18.3 MJ1
7895.46977 —-35.7 3.8 FEROS 8140.970459 257.5 19.7 MJ1
8123.84502 30.5 41 FEROS 8140.993368 280.5 18.4 MJ1
8101.764230 —91.1 6.4 FIDEOS  8141.920501 226.1 17.5 MJ1
8111.810817 —75.7 5.9 FIDEOS  8141.940818 220.8 18.9 MJ1
8113.812973 —74.9 76 FIDEOS  8141.968963 221.5 18.3 MJ1
8144.796552 6.0 7.2 FIDEOS  8141.990759 226.9 15.7 MJ1
8145.804861 38.7 6.9 FIDEOS  8142.013180 206.3 17.4 MJ1
8145.811483 38.0 6.8 FIDEOS  8131.973084 77.4 14.4 MJ3
8145.818042 38.2 7.3 FIDEOS  8131.995427 59.8 12.4 MJ3
8145.825082 53.7 7.1 FIDEOS  8135.979715 166.9 17.1 MJ3
8146.795174 385 6.3 FIDEOS  8136.002019 131.8 16.6 MJ3
8146.802702 42.0 6.2 FIDEOS  8137.019531 170.2 13.7 MJ3
8147.748904 5.8 6.4 FIDEOS  8137.041852 181.2 13.3 MJ3
8147.756478 19.0 6.6 FIDEOS  8137.064108 168.3 13.8 MJ3
8148.710383 -9.9 6.6 FIDEOS  8137.089041 192.7 14.5 MJ3
8148.718152 —-9.4 6.2 FIDEOS  8137.919896 235.7 14.3 MJ3
8148.725379 —-19.2 73 FIDEOS  8137.974526 232.1 11.8 MJ3
8132.894243 101.3 16.4 MJ1 8138.133998 240.0 13.5 MJ3
8132.916154 94.8 16.6 MJ1 8138.922459 269.9 16.4 MJ3
8133.082251 89.7 16.1 MJ1 8138.944974 303.4 16.7 MJ3
8133.104068 91.0 15.6 MJ1 8138.969931 300.3 14.2 MJ3
8133.129350 103.0 17.4 MJ1 8139.032653 285.9 14.2 MJ3
8133.985792 112.8 15.5 MJ1 8139.912303 274.3 12.9 MJ3
8134.008329 119.8 15.5 MJ1 8139.944173 268.1 13.2 MJ3
8134.142827 103.6 15.7 MJ1 8139.966157 262.9 13.5 MJ3
8134.165035 110.1 15.7 MJ1 8142.931486 155.6 20.3 MJ3
8142.975638 149.0 17.9 MJ3
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FigureA.1. er plot of the posterior probability distributions of the 17 free parameters used in the emcee fitting. All numerical values shown are rounded to two decimal places.

https://doi.org/10.1017/pasa.2021.8 Published online by Cambridge University Press


https://doi.org/10.1017/pasa.2021.8

	
	Introduction
	Observations
	Radial Velocities
	Stellar parameters
	Spectroscopy
	Asteroseismology
	Orbital solution
	Companion Upper Mass Limit
	Astrometric limit
	Geometric limit
	Summary and Discussion
	Star"2013`Planet interactions
	Transit probability
	Origin of the high eccentricity
	Additional considerations
	A Radial Velocity Data
	B Corner plot of the fit parameters

