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ABSTRACT

Context. The long-term ongoing HARPS radial velocity survey of extra-solar planets initiated in 2003 provides a unique data set with
a 19-yr baseline that allows the detection of long-period exoplanets, brown dwarfs, and low-mass binaries.

Aims. Our aim is to detect and characterise long-period companions around main sequence stars (spectral types late F to early M).
Only 6% of the planets discovered so far have periods longer than 3 yr; we are probing this still largely unknown population.
Methods. We use the radial velocity method to search for exoplanets around stars. The radial velocity variations are measured with
HARPS at the ESO 3.6 m telescope. Difficulties in characterising long-period exoplanets arise from the entanglement of the radial
velocity with the stellar magnetic cycle. We thoroughly examined the stellar activity indicators to rule out magnetic cycles as the
source of the observed variation. The true mass and inclination of our heavier companions are provided by astrometry, for which we
use proper motions from HIPPARCOS and Gaia.

Results. Five Jupiter-mass exoplanets are reported to orbit HIP54597, BD-210397 (x2), HD 74698, and HD 94771 with 8.9 yr, 5.2 yr,
17.4 yr, 9.4 yr, and 5.9 yr orbits, and to have minimum masses of 2.01 + 0.03, 0.7 = 0.1, 2.41’(1):;, 0.40 = 0.06, and 0.53 + 0.03 M;
respectively. HD 74698 also hosts a highly irradiated Neptune in a 15 day orbit with a minimum mass of 0.07 + 0.01 M;. The mass
and inclination of the exoplanets cannot yet be well constrained by astrometric measurements. Only HIP54597 b, HD 74698 c, and
BD-210397 ¢ have weak constraints. The mass of HIP54597 b can maximally increase by 10%—30%, the minimum mass of HD 74698 ¢
is likely equal to its true mass, and BD-210397 ¢ has a mass of 2.667)$; M;. HD 62364 hosts a brown dwarf with a true mass
of 18.77"0% M; in an orbit of 14 yr. The mass of HD 62364 b is around the limit of the masses of brown dwarfs, but its orbit is
highly eccentric (e = 0.607 £ 0.005), which is more common among brown dwarfs than exoplanets. HD 56380B, HD 221638B, and
HD 33473C have minimum masses within the brown dwarf limits, in orbits of 8.9 yr, 16.6 yr, and 50 yr respectively; however, astro-
metric measurements reveal them to be stellar binaries, with masses of 375.3755, 110.03, and 271.0733 M;. The orbits of the stellar
binaries HD 11938 and HD 61383 are incomplete. The preliminary result for HD 61383 is a 0.190 M, binary in a 39 yr orbit. The sec-
ondary of the binary system HD 11938 has a mass of 0.33 M,,, which is confirmed by a secondary peak in the cross-correlation function,
and a preliminary period of 35 yr. The origin of the 3.0 yr radial velocity signal of HD 3964 is uncertain as it shows entanglement with
the magnetic cycle of the star. We finally report one more star, HD 11608, with a magnetic cycle that mimics a planetary signal.
Conclusions. We present the discovery of six exoplanets, one uncertain exoplanet candidate, one brown dwarf, and five stellar binaries
around main sequence stars. We also improve the orbital solution of the stellar binary HD 33473C thanks to long-term monitoring.

Key words. planetary systems — techniques: radial velocities

1. Introduction

Of the currently more than 5300 known exoplanets, only 6%
have periods of longer than 3 yr, and less than 3% have periods

* Based on observations made with the HARPS instrument on the ESO
3.6-m telescope at La Silla Observatory (Chile), under GTO programme
ID 072.C-0488, and its continuation programmes ID 085.C-0019,
087.C-0831, 089.C-0732, 090.C-0421, 091.C-0034, 092.C-0721, 093.C-
0409, 095.C-0551, 096.C-0460, 098.C-0366, 099.C-0458, 0100.C-0097,
0101.C-0379, 0102.C-0558, 0103.C-0432 106.21R4.001, 108.222V.001,
183.C-0972, 192.C-0852 and 196.C-1006.

longer than 10 yr'. The radial velocity (RV) method, one of the
leading methods in providing long-period exoplanet detections,
was responsible for most of them. Long-term RV surveys using
precise spectrographs made this accomplishment possible,
including but not limited to: the over 12-yr historical ELODIE
program initiated in 1994 (Mayor & Queloz 1995; Naef et al.
2005), the SOPHIE large program started in 2006 (Bouchy et al.
2009), the Anglo-Australian Planet Search launched in 1998

! See The Extrasolar Planets Encyclopaedia, http://exoplanet.eu
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(Tinney et al. 2001), and the HARPS? volume-limited survey,
from which the observations in this paper originate. From these
different RV surveys, Jupiter analogues and long-period com-
panions were discovered and their properties scrutinised (e.g.
Boisse et al. 2012; Moutou et al. 2014; Wittenmyer et al. 2016;
Rey et al. 2017; Bryan et al. 2019; Feng et al. 2019; Kiefer et al.
2019; Dalal et al. 2021; Demangeon et al. 2021; Sreenivas et al.
2022). The HARPS volume-limited survey (up to 57.5 pc) started
as part of the HARPS Guaranteed Time Observations (GTO) in
2003 (Mayor et al. 2003) and is targeting low-activity, solar-type
dwarf stars with spectral types from late F to early M (Lo Curto
et al. 2010). The baseline of the survey, which is over 19 yr,
allows the detection of long-period signals, including gas giants
beyond the ice line. The detection of lighter planets and other
long-period companions such as brown dwarfs is also possible,
although these targets are not the direct aim of the program.

The detection of long-period planets, and in particular of
‘cold-Jupiters’ (M > 0.3 My, a > 1 AU), strongly correlates with
the presence of inner super-Earths; more specifically, Zhu &
Wu (2018) quote a conditional probability of super-Earths of
90% =+ 20%. Rosenthal et al. (2022) are probing a different class
of outer planets with semi-major axis a in the range 0.3 to 3 AU
and in their recent publication present a value of 32ﬁ‘6‘%; as they
are looking at different samples, this is effectively not in contrast.

In any case, the host stars to our detected long-period planets
are potential sources of yet-undetected super-Earths. Our survey
is not designed to detect these super-Earths, and our precision
and sampling are not optimal. Outer giant planets might stabilise
planetary systems, as for example shown by the Nice model
(Morbidelli 2018) in which the gas giants are believed to shield
the inner planets from collisions; Jupiter and Saturn for instance
could be responsible for the existence of Earth and the other
inner planets in their current orbits.

Hot giant planets tend to orbit metal-rich host stars, a corre-
lation known as the giant planet-metallicity correlation (Fischer
& Valenti 2005; Osborn & Bayliss 2020). As the metallicity of
the host star is representative of the metallicity content in the
protoplanetary disc, this result is an important piece of observa-
tional evidence in support of the core-accretion scenario (Pollack
et al. 1996). In this formation scenario, a large metal core, which
is expected to be more easily formed in a metal-rich disc (i.e.
more planetesimals), efficiently accretes gas to form a gas giant.
While hot Jupiters are more frequent around metal-rich stars,
for longer-period giant planets this is not necessarily the case.
Adibekyan et al. (2013) showed that planets (from ~0.03 M
to ~4 My) formed in metal-poor systems generally have longer
periods than those formed in metal-rich systems. These authors
suggest a metal-poor disc may form the giant planets further out
and/or formation may start later, which would mean the plan-
ets undergo less migration. Short- and long-period giant planets
may have the same formation but different migration histories
(Osborn & Bayliss 2020). More data are needed to further con-
strain the formation and evolution of long-period giant planets.
With this research, we are probing this still largely unknown
population of exoplanets.

The RV method observes the stellar wobble induced by
the gravitational pull of the companion orbiting its host star.
Stellar activity can mimic this wobble and create false-positive
detections. As our program focuses on finding Jupiter-mass
long-period companions, it does not require high precision
and is not hampered by the short-period (~minutes) p-mode
oscillations. For long-period planets, the greatest difficulties
stem from the entanglement of the RV with the stellar magnetic

2 High Accuracy Radial velocity Planet Searcher.
A173, page 2 of 22

cycle and the RV-induced signal from binary stars (or multiple-
star systems). Although the magnetic cycle can inconveniently
dominate the RV variation, the signal induced by the magnetic
cycle correlates well with the stellar activity indices. The
correlation can therefore be used to determine whether or not
there is entanglement with the magnetic cycle and then be fitted
and removed if the long-term activity index evolves smoothly
(Dumusque et al. 2011).

In search of gas giants, we discuss 12 stars in this paper.
Each signal is thoroughly examined to ensure the variation is not
caused by stellar activity. Section 2 contains information on the
observations. In Sect. 3 we present the stellar parameters of the
host stars. In Sect. 4, we discuss one magnetic cycle and derive
the orbital solutions for each star from the RV observations. In
Sect. 5, we present the combination of astrometric measurements
from HIPPARCOS and Gaia with RVs in order to constrain the
mass and inclination of the heaviest companions. Our results are
discussed in Sect. 6.

2. Observations

The observations used in the present study were carried out using
the HARPS spectrograph at the ESO 3.6-m telescope at La Silla
Observatory, Chile (Mayor et al. 2003). The presented signals
are part of a long-term ongoing exoplanet survey that started in
2003 as part of the HARPS GTO program (Mayor 2003) and is
still continuing today (Lo Curto 2010). In May 2015, the fibre
link of HARPS was upgraded (Lo Curto et al. 2015). With the
upgrade, the instrumental profile was changed significantly. As
this might induce an offset, we considered the data before and
after the fibre upgrade as coming from two independent instru-
ments. The magnitude of the offset varies for different stars and
affects the CCF-FWHM as well.

The RVs result from version 3.5 of the HARPS data reduc-
tion software (DRS), which cross-correlates each spectrum with
a numerical stellar template, matching its spectral type. The
pipeline derives several cross-correlation function (CCF) param-
eters: the RVs, the full width at half maximum (FWHM), the
bisector span, and the contrast. Other results are the Mount
Wilson S-index, the chromospheric emission ratio log Ry, and
the activity indices based on the Na, Ca, and He lines.

The number of measurements and the basic characteristics
of the measurements are summarised in Table 1. Our program is
targeting mainly Jupiter-mass planets and therefore requires only
a moderate RV precision of ~3ms~!, which corresponds to a
signal-to-noise ratio (S/N) of about 40. As this goal is not always
obtained, we include observations with an S/N of larger than 25.
This limit is used as additional quality control (QC); because
the exposure times are defined for an S/N of 40, values below
25 indicate a poor observation (bad seeing, bad weather, etc.).
The total number of measurements Np.,s €xcludes the observa-
tions with a S/N below 25 and observations that did not pass
the DRS QC. The DRS QC checks for the reliability and accu-
racy of the data obtained by verifying the instrumental stability,
data-reduction process, and consistency with known calibration
sources (ESO 2019). The public HIRES (Vogt et al. 1994) RV
data are added to the analysis of BD-210397, and CORALIE
observations (Queloz et al. 2001) are added to the study of
HD 61383.

3. Stellar properties

All stars presented in this paper are main sequence stars, like our
Sun. Table 2 summarises the parameters of the stars analysed
in the present paper. The spectral type, V, and B — V values
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Table 1. Characteristics of the observations of the target stars.

Nieas T'in Tmax Span <texp> @ (TRV) (S /N)s5500m @
) ()  (ms™
HD 11608 42 2004-09-23  2022-10-13 18.1 448 1.6 52
HD 3964 65 2004-09-23  2022-12-08 18.2 250 2.0 54
HD 94771 125 2004-02-15 2023-01-07 18.9 180 1.6 67
HIP54597 64 2004-02-22  2022-03-14 18.1 575 2.0 46
BD-210397 101®)  2005-01-03  2022-12-07 17.9 554 1.9 52
HD 74698 131 2004-02-12  2023-01-08 18.9 182 2.0 56
HD 62364 62 2004-02-12  2023-01-05 18.9 178 2.9 71
HD 56380 92 2004-01-04 2022-11-13 18.9 364 2.1 50
HD 221638 60 2005-11-21  2022-12-07 17.0 223 4.0 68
HD 33473A 57 2004-01-11  2023-01-05 19.0 181 1.7 81
HD 11938 25 2004-07-16  2022-12-13 18.4 538 2.1 44
HD 61383 86 2001-02-17  2022-12-30 21.9© 179 3.1 68

Notes. @Excluding non-HARPS data. ®Including public HIRES observations. “Including CORALIE data.

originate from the HIPPARCOS catalogue (ESA 1997), where
the magnitudes are dereddened by Gomes da Silva et al. (2021).
The parallax with the derived distance is taken from Gaia
DR3 (Gaia Collaboration 2023). The spectroscopic analysis of
Delgado Mena et al. (2017) provides logg (corrected by
Gomes da Silva et al. 2021), Tet, and [Fe/H] for all stars,
except BD-210397 (Yee et al. 2017) and HIP54597 (Sousa
et al. 2011), which are too cold for the parameter estimation by
Delgado Mena et al. (2017). The parameters My, L, and R,
are determined from the above values using the bolometric
correction from Flower (1996). The age and mass estimates are
obtained by Delgado Mena et al. (2019), apart from HIP54597
and BD-210397, which are calculated via theoretical isochrones
(Bressan et al. 2012).

The average FWHM is obtained from the HARPS data from
before 2015 and cross-correlated with G2 masks, as the vsini
approximation adapted from Santos et al. (2002) is calibrated on
the same data period and spectral type. The FWHM uncertainty
is the standard deviation and is therefore an indicator of activ-
ity in the RV signal. The average chromosphere emission ratio
log Ry, results from the Noyes et al. (1984) method. The rota-
tional period is averaged and estimated from the activity-Rossby
relations described by Mamajek & Hillenbrand (2008), imple-
menting the convective overturn time from Noyes et al. (1984).
These relations are defined for stars with (log Ry, > —5.0). Here,
we use the same method for relatively quiet stars to get an
approximation of the rotational period. Long-term companions
have periods that do not coincide with the rotational period of
the stars and we therefore do not require a very precise value. We
use the standard deviations of log Rj;, and P as an estimate of
their uncertainties.

4. Radial velocity data and orbital solutions

The RV variations are examined using tools provided by the Data
and Analysis Center for Exoplanets (DACE)>. We use the data
obtained before the fibre upgrade in 2015 as the reference sys-
temic velocity, which we denote as g3 and introduce an offset
constant for the data obtained after the fibre upgrade, which we
denote as y;s. To ensure the observed RV variation is caused

3 https://dace.unige.ch

by a companion, its correlations with the stellar activity indi-
cators and the bisector span are inspected. Delisle et al. (2018)
describe the computation of activity cycles as part of a detrend-
ing process to remove systematic effects from RV data. A model
is fitted to the systematic effects — including activity cycles —
and is subtracted from the RV data to improve the sensitivity
with which planets are detected. As our main focus is on long-
period companions, inspection of the correlations is sufficient.
For periods shorter than a few months, the RV variation is also
compared to the rotational period of the star and the bisector
span to infer whether the signal might originate from starspots or
plages. After fitting away the activity signals detected in the peri-
odograms, further periodic RV variations in the data are searched
for using the false alarm probability (FAP) of the periodogram
as an indicator of the statistical significance of the candidate sig-
nal. The Keplerian model is computed as described in Delisle
et al. (2016). The values of the FAP are calculated analytically
following (Baluev 2008). When fitting multiple Keplerian solu-
tions, the stellar activity indicators are again examined before
each new fit. An MCMC is used to specify the orbital solution
and its uncertainties, the algorithm for which is defined in Diaz
et al. (2014, 2016).

A magnetic cycle is discussed in Sect. 4.1, as an example of
how to distinguish stellar activity from long-period exoplanets.
In Sect. 4.2 we present the uncertain solution of HD 3964, where
the magnetic cycle hinders the accurate determination of the RV
amplitude. The orbital solutions of the exoplanets without strong
entanglement with the star’s magnetic cycle are presented in
Sect. 4.3, while those of the brown dwarf candidates and binaries
are presented in Sects. 4.4 and 4.5. For all solutions presented,
we fixed the HARPS instrumental error to 0.75 ms~!. This value
is close to some of the lowest residual RMSs we obtain from
the literature; see e.g. Lovis et al. (2006). The true mass and
inclination derived from astrometry in Sect. 5 classify some of
the brown dwarf companions as stellar binaries; we therefore
introduce these as candidates.

4.1. Magnetic cycle of HD 11608

HD 11608 was part of our analysis because the RVs show a
prominent peak above 0.1% FAP at ~3950 days in the peri-
odogram. However, after inspecting the stellar activity correla-
tion values, we find that it is more likely activity induced.
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Table 2. Stellar parameters of the stars presented here.

Parameter HD 11608 HD 3964 HD 94771 HIP54597 BD-210397 HD 74698
SpType K1/K2V G5V G3/G5V K5V K7V G5V

14 (mag)  9.307+0.010 8383+0010 7.361+0.010 9.836+0.010 9.84+0.015@ 7.760 +0.010
B-V (mag) 0988+0.006 0.675+0002 0.749+0.015 1.072+0.015 1.346+0.007@ 0.658 +0.010
n (mas)  23.200 +0.020 20.541+0.025 17.356+0.018 25.286+0.015 42.123+0.017 19.285 +0.014
d (pc)  43.103 £0.038 48.684+0.060 57.618 +0.061?) 39.547 +0.023 23.740 +0.009 51.854 +0.039
My  (mag)  6.13+001  4.95+0.01 3.56+0.01 6.85 + 0.01 7.96 + 0.01 4.19 +0.01
BC.  (mag) ~0.413 ~0.089 ~0.109 ~0.407 ~1.050 ~0.079

L (L) 0.405+0.005  0.89 +0.01 328+0.04  0.208+0.002 0.135+0002  1.79 +0.02
T (K) 4788 £50.8  5729+19.0 5631 +21.0 4799 + 90 4051+239 5783 +19.0
R, (Rs)  0925+0.021 0962+0009 1.903+0.019 0.660=0.025 0.747+0.088 1.333+0.012
loglg) (cms™2) 439+0.18  4.37+0.04 3.94+0.03 443+0.18  4.67+006  4.12+0.02
[Fe/H] (dex) 024+0.04  0.05+0.01 022+0.02  -022+006  0.12+0.10  0.07+0.02
M,  (My)  0833+0.021 1.005+0032 1.200+0.024 0.69+0.02© 0.679+0.017© 1.039 +0.025
Age  (Gyr)  8334+4559 2501+2.175 5733+0391  69+45© 62+47© 7847+ 1.191
FWHM (kms™') 7.004+0.014 6.896+0.013 7.624+0.009 6937+0.023 7.203+0.022 7.222+0.011
log Ry ~498+007 -487+0.11  -520+0.09  —4.89+0.07 - ~5.03 +0.09
vsini  (kms™)  1.5+05 1.5+0.5 32405 <1 <1 22+05
P (days) 50+5 24+4 49+6 4545 - 30+3
Parameter HD 62364 HD 56380 HD 221638 HD 33473A HD 11938 HD 61383
SpType F7V G8V F6V G3V K4/K5V G3V

Vv (mag)  7.293+0.010 9.180+0.010 7.530+0.010 6.743+0.010 9.854+0.010 7.572 +0.010
B-V (mag) 0529+0.004 07330002 0.503+0.006 0.659+0.006 1.117+0.009 0.601 +0.010
n (mas)  18.881+0.023 18.822+0.087 19.160+0.027 18.188 +0.024 24.760 +0.080 18.822 +0.024
d (pc)  52.963 £0.064 53.128+0.244 52.192+0.073 54.981 +0.074 40.388 +0.131 53.130 = 0.068
My  (mag)  3.67+001  555+0.02 3.94+0.02 3.04 +0.01 6.82+0.02  3.95+0.01
BC.  (mag) ~0.015 ~0.189 ~0.005 -0.087 ~0.568 -0.091

L (L) 271+0.04  0.56+0.01 2.09 +0.03 518+0.07  0.248+0.005  2.26+0.03
Tt (K) 6255+260  5317+220  6360+50.0  5740+13.0  4547+109.1 5716+ 14.0
R, (Ro) 1401 +0.015 0.884+0.012 1.192+0.020 2.300+0.019 0.802+0.039 1.533 +0.013
loglg) (cms™2) 4.14+004  4.38+0.04 4.16 +0.08 3844002  441+032  4.08+0.02
[Fe/H] (dex)  —0.11+0.02 -042+002 -021+0.04 —0.13+0.01  0.08+0.06  —0.49 +0.01
M,  (My)  1.157+0.028 0.768=0011 1.123+0.040 1.248+0.020 0.752+0.019 0.871 +0.013
Age  (Gyr)  3.901+0.699 12.153+1.128 2228+1378 4.189+0.155 5.530+4.719 12.071 +0.371
FWHM (kms™') 8.615+0.010 6444+0016 9.407+0.018 7.393+0.009 7.539+0.018 6.821 +0.011
log R}y -502+006 -503+0.18 -487+0.65 -512+0.10 -455+003 -5.05+0.10
vsini  (kms™!)  38+05 <1 4705 26+0.5 <1 <1

Pt (days) 14+1 38+ 6 10+2 325 22 24

Notes. @Original (not dereddened) value from HIPPARCOS (ESA 1997). ®Originally within the defined volume limit (57.5 pc), the new Gaia
parallax places it slightly outside of the sample. “Calculated via theoretical isochrones (Bressan et al. 2012).

The observations show high (>0.5) correlations with many
activity indicators, such as the S-index, Ca-index, and log R}
(see Fig. 1), which all have peaks in the periodogram above
0.1% FAP at ~3300 days. After detrending for log R}, with a
Gaussian low-pass filter (timescale 0.5 yr) the peak reduces to
below 10% FAP. When using a longer timescale of 1 yr, the
peak remains above 1% FAP, but the residuals correlate with the
CCF-Contrast, with a coefficient of —0.21. When subsequently
detrending the CCF-Bissector, all correlation coefficients fall
below 0.1 and the RV peak stays above 10% FAP, as visible
in Fig. 2. The corresponding Keplerian solution has either an
unlikely offset between the two datasets (21 ms~") or, when fix-
ing the offset to 11 ms~' — which is a more plausible offset for
K1/K2V (Lo Curto et al. 2015) — does not converge and finds
a highly eccentric orbit with a period of decades. As neither
solution is convincing, we conclude that the RV variations of
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HD 11608 are most likely caused by stellar activity. If there is a
companion present, its RV signal is heavily entangled with its
magnetic cycle.

4.2. Uncertain orbital solution of HD 3964

HD 3964 is a relatively quiet star (log Ry, =—4.87). The log Ry
periodogram has a peak at 23.5 days, which corresponds to the
stellar rotation period (see Table 2). The RV variation shows a
significant correlation with He, as is visible in the correlation
values in Fig. 3. The Ha-index has a peak in the periodogram
around 1150 days, which is similar to the detected long-period
RV variation at 1086 days. There is a clear magnetic cycle visible
in the RV variation of HD 3964, but we cannot exclude a dis-
tant companion as well. After detrending for the Ha-index, the
RV variation peak in the periodogram remains above 0.1% FAP
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Fig. 1. Correlation between log R}, and the RV values of HD 11608.
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Fig. 2. Periodograms of the RV data of HD 11608 before (top) and after
(bottom) detrending for log R}, and the CCF-Bissector with a Gaussian
low-pass filter (timescale 1 yr). The horizontal lines are the 10%, 1%,
and 0.1% FAP levels.

level at a period of 1086 days, as is visible in Fig. 4, where the
first periodogram is before and the second is after detrending the
Hea-index. The two other strong peaks (both above 10% FAP
before detrending) are the aliases of the 1086 day period. As
the periods of the magnetic cycle and possible companion are
similar, there is no way to accurately determine the RV ampli-
tude. Therefore, we present the orbital solution of HD 3964 b
with caution.

If the magnetic cycle is not intertwined with the compan-
ion signal, the detected long-period variation at 1086 days can
be attributed to the presence of a distant Jupiter-like planet of
0.58 Mj minimum mass. The period of the RV variation does
not correspond to the rotational period of the star. Figure 5 shows
the RV variation of HD 3964 with the proposed orbital solution
versus time; the residuals (O-C) are included.

The residuals show a correlation with the CCF-
Bissector with a correlation coefficient of ~0.3. However, the
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Fig. 3. Correlation between Ha and the RV values of HD 3964.
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Fig. 4. Periodograms of HD 3964 for the initial RV data (up) and the
RV data detrended for Ha (down). The horizontal lines are the 10%,
1%, and 0.1% FAP levels.

CCF-Bissector does not show any peaks above 10% FAP in its
periodogram. The average variation in RV signal changes after
the 2015 fibre upgrade (6.2ms~! before, 9.8 ms™! after), which
is also visible in Fig. 5. The stellar jitter of the model is equal to
3.1ms™! and the 0(0-C) is 3.49 ms~!.

A drift does not improve the model; therefore, if there is a
second companion, it should be at a short period. More extensive
RV follow-up observations could provide more insight into the
origin of the remaining fluctuations. Complementary RV mea-
surements in the near-infrared (NIR) may help to disentangle
stellar activity using the chromaticity of stellar active regions.

4.3. Planetary systems

4.3.1. HD 94771

The observations of the quiet relatively evolved (1.9 Ry) star
HD 94771 reveal no strong correlation with stellar activity
indicators. However, there is a strong periodic RV variation
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Fig. 5. Radial velocity observations of HD 3964 versus time and the
residuals to the best-fit model after detrending. HARPS data from before
the fibre upgrade in 2015 are shown in blue and those from after the
upgrade are shown in orange.

above FAP 0.1% for 2164 days plus its 1 day and 1 yr alias. The
Keplerian solution corresponds to a companion with a minimum
mass of 0.53 Mj. There is no strong suggestion of a second
companion in the current data: adding a drift does not improve
the model and the 2.2ms™! stellar jitter is towards the lower
limit for a 1.2 M, star with log(g) ~4 cm s~ (Luhn et al. 2020).
We conclude that neither stellar activity nor the rotational period
of HD 94771 induces the observed RV variation. The signal is
caused by a giant exoplanet. The low stellar jitter might imply
the rotation of the star is seen pole on; if the whole system is
misaligned, the mass is much higher. In combination with the
eccentric orbit, this suggests HD 94771 b is potentially a brown
dwarf. However, it is also possible that the star is in a quiet
part of its cycle. As mentioned in Sect. 5, there is no strong
astrometric signal visible for HD 94771 b, and so we favour the
latter explanation. The observations cover three periods of the
orbit of HD 94471b, as visible in Fig. 6.

4.3.2. HIP54597

HIP54597 is a relatively quiet star. Only one observation shows
excessive activity in comparison to the others. Therefore, after
the pre-selection of the S/N > 25 and the DRS QC, this obser-
vation was excluded from the analysis. Stellar activity indicators
S-index, Ha-index, log R}, and Py suggest a modulation above
10% FAP level at a slightly shorter period (~2825 days) than the
RV variation (3250 days), and have correlation coefficients of
approximately —0.25.

However, after detrending for the S-index and the CCF-
FWHM, the RV signal stays above FAP 0.1% (see Fig. 7);
moreover, the detrending does not significantly affect the peri-
odogram, and there are only some minor changes in the model
(A/\/fed = 0.01). The correlation is small enough and the differ-
ence in periods large enough to conclude that the observed RV
variation is not caused by stellar activity or the rotational period
of the star, but by a companion with a minimum mass of 2.01 M.
The Keplerian solution is shown in Fig. 8. There are no strong
indications of an additional companion, a drift does not improve
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Fig. 6. Radial velocity observations of HD 94771 versus time and the
residuals to the best-fit model. Line colours are as in Fig. 5.
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Fig. 7. Radial velocity periodogram of HIP54597 after detrending for
the S-index and the CCF-FWHM. The horizontal lines are the 10%,
1%, and 0.1% FAP levels.

the model, and 2.4 ms™! stellar jitter is relatively low for a KSV
star (Luhn et al. 2020). The correlations suggest that there may
be a magnetic cycle at play.

4.3.3. BD-210397

There are 83 HARPS observations of the late K star BD-210397
that pass the DRS QC. One data point was re-reduced with a
K5 mask to match the rest of the observations. The HARPS
observations show a negative correlation with the Ha-, Ca-, Na-,
and S-index, but their periodicity (respectively ~5800, ~5500,
~5400, and ~5250 days) is not similar to the RV variation (1891
and 6360 days). After detrending for the S-index, the correlation
coefficients are reduced to below 0.1 and the two RV variations
remain visible in the periodogram (see Fig. 9). We conclude that
the mentioned correlations are not the origin of the RV variation.
We include 18 public HIRES (Vogt et al. 1994) observations to
the analysis for better convergence of the fit.

There are two long-period RV variations visible in the obser-
vations, which are attributed to a companion with a minimum
mass of 0.7 My and a period of 1891 days (BD-210397 b) and
another companion (BD-210397 c) of 2.4 M; minimum mass
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Fig. 9. Radial velocity data periodogram of BD-210397 after detrend-
ing for the S-index. The horizontal lines are the 10%, 1%, and
0.1% FAP levels.

and a period of 6360 days. When fitting BD-210397 c first, the
peak of BD-210397 b reduces from above 0.1% to below 10%
FAP. However, the model including only BD-210397 ¢ comes
with an unrealistic offset (14 ms™") between the HARPS data
before and after the fibre upgrade Lo Curto et al. (2015) and
a stellar jitter of 10ms~'. When including BD-210397 b, the
stellar jitter reduces to 8.9 ms™!, the offset is more plausible at
19ms~!, and the sze 4 improves from 25 to 17 (without includ-
ing stellar jitter). The ¢1-periodogram (Hara et al. 2017), also
finds the presence of the 1891 day signal after fitting the 6360-
day signal. The ¢1-periodogram is a variant of the Lomb-Scargle
periodogram, but instead of minimising the {2 norm (sum of
squares), it minimises the £1 norm (sum of absolute values). This
allows the €1 periodogram to be less sensitive to outliers and
non-Gaussian noise.

The model is presented in Table 3, and the solution is
visible in Fig. 10. The period of BD-210397 c is not well con-
strained; more observations are required. As the log Ry value
of BD-210397 is undefined, we cannot directly conclude as to
whether or not the high stellar jitter (8.9ms™!) is caused by
activity; although heavily uncertain, the age (6.2 + 4.7 Gyr) sug-
gests it is not. However, the standard deviation of the FWHM
(+0.022 kms™!) is large in comparison to the other targets pre-
sented in this paper, which indicates that BD-210397 might be on

the more active side. Combining the S -index amplitude with the
stellar mass 0.679 M, and log(g) = 4.67 cms™', the stellar jitter
is expected to be within the range of 3-9 ms~! (Luhn et al. 2020).
The stellar jitter found is high but within the expected range.
Another explanation for the stellar jitter could be a very
short-period companion. The periodogram indeed shows a
~0.5-day signal below 10% FAP level, with its aliases also
present. When adding this signal, the jitter is reduced from
~89ms™! to ~7ms~!. A short-period companion helps to
reduce the jitter, but there are not enough data points to be
sure. To determine whether the high stellar jitter is caused
by another companion, by sampling or by aliasing effects,
follow-up measurements with short time intervals are required.
The HIRES and HARPS O-C values are visible in Fig. 10.
Where for HARPS the average (absolute) O-C is 8 ms~!, HIRES
on average varies from the model by 10ms~!. The HIRES data
do agree with the model found but cover a very limited time span.

4.3.4. HD 74698

The RVs of the quiet star HD 74698 do not show a high correla-
tion with stellar activity indicators apart from the CCF-FWHM
(0.26), which has a period ~8500 days, and disappears when
changing the offset between the two datasets. This is even more
evident when binning the data every 60 days. As it is depen-
dent on offset, the CCF-FWHM is not detrended and the offset is
fixed to 15 ms~!. This value is expected for a G5V star (Lo Curto
et al. 2015), reduces the correlation between the RV and CCF-
FWHM to almost zero, and is the best-fit offset found by the
binned data. There are two signals above 0.1% FAP level visi-
ble in the RV periodogram, P, = 15.017 days (K, = 5.8ms™')
and P. = 3449 days (K. = 53ms™). After adding the first
Keplerian model, the correlations with the stellar activity indi-
cators remain low, indicating that both periods do not originate
from activity. There is a third signal visible in the periodogram
at ~1000 days (K ~ 6.5ms™"); it does not correspond to any
activity indicator. Apart from DACE, we used two independent
programs: KIMA (Faria et al. 2018) and the ¢;-periodogram
(Hara et al. 2017), to verify the model. Both programs also
suggest the presence of the 1000 day signal. KIMA finds the
three-planet solution to be the most likely, and ¢;-periodogram
finds all three periods but does not suggest the 1000-day signal as
a prominent one. As the 1000 day signal is below 10% FAP level
in the DACE periodogram and strongly depends on the offset
between the two datasets, it does not appear sufficiently robust
to be included in the analysis.

¢1-periodogram is also used to calculate the periodograms of
the stellar activity indicators, none of the stellar activities cor-
respond to Py, P, or the possible 1000 day signal. Figure 11
shows the best-fit model, Fig. 12 the phase-folded solution for
HD 74698 b, and Table 4 the corresponding orbital parameters.
Neither signal originates from stellar activity or the rotational
period. We conclude that HD 74698 b and c are exoplane-
tary companions. There are large variations still visible in the
residuals, which are potentially caused by a 1000-day period
companion. Additional observations can provide more insight
into this compound system, for which there is substantial evi-
dence of a third companion. As the minimum masses of the two
found signals are in the range from Neptune to Saturn, this star
is a very interesting target for follow-up observations.

4.4. Brown dwarf candidates

The mass limits of brown dwarfs, are subject to debate; between
~13 Mj (limit of deuterium fusion) and 80 M; (limit of hydrogen
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Table 3. Orbital and physical parameters for the exoplanet companions presented in this paper.

Parameter HD3964b@  HD94771b HIP54597b , BD-210397b BD-210397 ¢
P (days) 1086, 216472} 3250+ 17 | 1891%3% 636075260
Tp (rBJD)  55785*13¢ 55485*4 549947264 56 49072 574792900
e 0.1370.98 0.3970:03 0.04 +0.02 | 0.1 +0.1 0.1%02

w ©) 110%4 90 +8 24528 . =557 6+103

K (ms™h) 11+1 8.0+0.4 35106 14+2 34+12
my sin i (My) 0.58+0:06 0.53 +0.03 201£003 ! 070l 2.4%13
my sin i (Mg) 18319 169 +9 639 + 11 2143 759+485
a (AU) 2.07 +0.02 3.48 +0.03 3814002 | 2.63+0:06 59134

S Se) 0.207 +0.005 0.271+0.006  0.0143 +0.0002 | 0.020 +0.001  0.0039*3004>
Yo3 (ms™")  -11825+1 211172+03 51751.8+0.5 1 319173,

Yis (ms™')  —11807+1 211309+05 51763.1+0.7 | 32107

YHIR (ms™h) - - - : -3+£3

Jitter (ms™1) 3.1%02 2.2%03 24£04 8.9198

oc(0-C) (ms™hH 3.49 2.84 2.97 | 8.29

X 1.16 1.17 1.21 ! 1.21

Notes. Errors are 1o- Monte Carlo uncertainties. 0(O—C) is the residual noise after orbital fitting the observed drift with time. “The orbital solution
is presented with caution, as it comes with a magnetic cycle with a similar period.

s BD-210397
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Fig. 10. Radial velocity curves for BD-210397, with blue and orange
indicating HARPS data before and after the fibre upgrade in 2015,
respectively (right). The public HIRES data are labelled in yellow in
the left panel.

fusion) is the generally applied range (Spiegel et al. 2011;
Chabrier & Baraffe 2000). However, Sahlmann et al. (2010,
2011b) suggest that planet masses can go up to 25 Mj. Here we
apply the commonly used limit of 13 Mj in order to differentiate
brown dwarfs from massive planets. The eccentricities of
brown dwarfs are usually larger than those of exoplanets. As
they are faint, they are difficult to detect by direct imaging;
here, long-term RV surveys like ours provide a means for their
detection. The orbital solutions are presented in Table 5.
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Fig. 11. Radial velocity observations of HD 74698, including two sig-
nals: the 3530-day period planet with a minimum mass of 0.38 M; and
a 15.017-day period planet with a minimum mass of 0.08 M;. HARPS
data from before and after the fibre upgrade in 2015 are marked in blue
and orange, respectively.

4.41. HD 62364

The observations of the low-metallicity star HD 62364 reveal a
strong high-eccentric RV variation. With a 5138 day period, this
signal corresponds to a companion with a minimum mass of
12.7 M;. The minimum mass of HD 62364 b is at the edge of the
range of brown dwarfs, but since its mass is higher with the incli-
nation found (see Sect. 5) and high eccentricity is more common



Frensch, Y. G. C,, et al.: A&A proofs, manuscript no. aa46203-23

HD74698 b
20 } }
10 -
)
E Or
2
=10 +
20|
1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
¢

Fig. 12. Phase-folded RV curves for HD 74698 b after subtracting
HD 74698 c. HARPS data before and after the fibre upgrade in 2015
are marked in blue and orange.

Table 4. Orbital and physical parameters for the exoplanet companions
of HD 74698.

Parameter HD 74698 b HD 74698 ¢
P (days) 15.017 +0.002 34493?8
Tp (rBJD) 55499%3 57457+6%
e 0.1+0.1 O.ngf

w ®) 143f§2 103‘:}36
K (msh) S.ngzg 53+0.8
my sin i (My) 0.07 +£0.01 0.40 + 0.06
my sin i (Mg) 23+3 126 + 19
a (AU) 0.121 £ 0.001 45+02
S Se) 123 +£2 0.088 + 0.008
Y03 (ms™h) 388199+ 0.6

y15@ (ms™h) 38834.9

Jitter (msh) 49+04

a(0-C) (ms™) 5.11

X2 111

Notes. Errors are 10 Monte Carlo uncertainties. 0(O—C) is the residual
noise after orbital fitting the observed drift with time. “Fixed difference
between ;5 and 3 of 15ms™.

among brown dwarfs, we conclude that this companion is proba-
bly a brown dwarf. The HARPS spectra cover the entire phase of
HD 62364 b, as is visible in Fig. 13. There is no strong correla-
tion with any stellar activity indicator and the rotational period
is too short to create the observed fluctuation. There is no drift
present and the remaining 3.0ms™! stellar jitter is within the
expected range for a 1.2 M, star with log(g) ~4 (Luhn et al.
2020).

4.4.2. HD 56380

The inactive star HD 56380 exhibits a strong RV variation above
0.1% FAP level at 3254 days, corresponding to a 33.2 M; min-
imum mass companion, without strong stellar activity indicator
correlations. The phase is well covered, as is visible in Fig. 14.
We conclude that the RV variation is not caused by activity or
the star’s rotational period but by a companion. The 1.2ms™!
stellar jitter of the Keplerian model is low for a 0.8 M, star with
log(g) ~ 4.5 and a drift does not enhance the fit.
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Fig. 13. Radial velocity curves for HD 62364, with blue and orange
indicating HARPS data before and after the fibre upgrade in 2015,
respectively.
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Fig. 14. Radial velocity curves for HD 56380, with blue and orange

indicating HARPS data before and after the fibre upgrade in 2015,
respectively.

4.4.3. HD 221638

The relatively quiet star HD 221638 shows an RV variation with
a period of ~2 days that correlates with the CCF-FWHM with a
coefficient of 0.43 and with the S-index with a coefficient of
0.20. None of the periods come close to the RV variation at
6064 days, which stays above 0.1% FAP level even after detrend-
ing the CCF-FWHM. The long-period RV variation corresponds
to a companion with a minimum mass of 53 Mj. Adding a linear
drift to the orbital parameters improves the fit by A)(fe 4 = 0.08,
implying the presence of a companion with an even longer
period. After detrending the CCF-FWHM and adding a drift,
there is no remaining stellar jitter. The phase is fully covered
and shown in Fig. 15.
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Table 5. Orbital and physical parameters for the brown dwarf candidates presented in this paper.

Parameter HD 62364 b HD56380B  HD221638B  HD33473C
P (days) 51382 3254.0 £ 0.5 6064+17 18236+11%
Tp (rBID) 57575+£5  55738.1+04 54013*8 5485919

e 0.607 £0.005  0.6507 + 0.0005  0.694+0.94 0.567092

w ©) 1.2+0.8 23.83+0.98 200*} 108+

K (ms™h) 170 +2 650.5 = 0.8 758+)! 308j§

my sini (My) 12.7+0.2 33.2+0.2 531 38.3+07
my @ (My) 18.77+0:4 375.375¢ 110.0*39 271039
i@ ©) 137.3413 5.96 +0.10 30.68+052 170.79%0-12
a (AU) 6.1570% 4.17 +0.01 6.87 + 0.08 14.7+9¢

S (So) 0.072 £0.001  0.0322 +0.0006  0.044 +0.001  0.024 + 0.002
Yo3 (ms™h) 35509.2*9%  90952.7 0.3 1119*3 44265+
Yis (ms™h) 355261  90964.8 0.4 11304 44279®)
Jitter (ms™h) 3.0£0.5 1.2+04 - 3.2+0%
Drift (ms~'yr ) - - 4+ -
o(0-C)  (ms™h 3.70 2.53 3.33 3.47

Xy 1.06 1.30 1.28 1.25

Notes. Errors are 1o- Monte Carlo uncertainties. 0(O—C) is the residual noise after orbital fitting the observed drift with time. ’Results from

astrometric solution; see Sect. 5. ®’Fixed difference between s and yg3 of 14ms™".
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Fig. 15. Radial velocity curves for HD 221638, with blue and orange

indicating HARPS data before and after the fibre upgrade in 2015,
respectively.

4.4.4. HD 33473A

The companion of the evolved star* (2.3 R,) HD 33473A was
discovered by Moutou et al. (2011). However, the Keplerian solu-
tion was incomplete as the observations covered a small fraction
of the period and assumed an additional long-term drift.

The increased number of observations allows us to present
a significantly improved orbital solution (A)(fe = 2.25). As
the phase is not fully covered and the model has difficulties

4 Though given as a dwarf in Table 2, the log(g) and R suggest it is
evolved, and the spectral type is a HIPPARCOS value and does not take
into account the more recent parameters from Gaia and/or others.
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Fig. 16. Radial velocity curves for HD 33473A, which was originally
discovered by Moutou et al. (2011). Blue and orange colours indicate
HARPS data before and after the fibre upgrade in 2015, the light blue
line is the orbital solution as found by Moutou et al. (2011), and the
black line is the orbital solution as proposed in this paper.

converging when the offset is allowed to vary, we fix the off-
set between the two datasets to 14 ms~!. This offset corresponds
to an approximation for its spectral type G3V, derived from
the values mentioned for G2V and G4V in Lo Curto et al.
(2015). When excluding one observation with excessive activ-
ity (AlogRy ~ —0.4), the RV variation correlates with the
CCF-Contrast with a coefficient of 0.44 (no period above 10%
FAP) and with the CCF-FWHM with a coefficient of —-0.49. The
CCF-FWHM shows a long period below 10% FAP, which
appears to be increasing outside of the range of the span of the
observations.
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Fig. 17. Averaged CCF residuals of HD 11938 for different radial
velocity shifts. The deepest peak (orange curve) occurs for a shift cor-
responding to a mass ratio of 0.44.

After detrending the CCF-FWHM, the strong signal of 50 yr
remains visible in the periodogram. This period corresponds
to a companion with a minimum mass of 38.3 Mj, which is
significantly heavier than initially thought (7.2+0.3 M;). The
rotational period of the star (32 days) cannot account for the sig-
nal, nor can HD 33473B, the stellar companion at a separation
of 10 arcsec (Chanamé & Ramirez 2012). Though a stellar com-
panion justifies the inclusion of a long-term drift in the Keplerian
model, we decided not to include one, as a linear drift does not
improve the model. The phase is still not entirely covered, as
shown in Fig. 16; more observations could further improve the
orbital solution. We refer to HD 33473C as the companion to
HD 33473A, which was previously designated as HD 33473A b
by Moutou et al. (2011).

4.5. Binaries

Long-term RV monitoring allows the detection of binaries not
yet resolved by direct imaging because they are too faint and their
separation is too small. However, as their periods are on the order
of decades, the phases of the binaries are not always fully cov-
ered. To confirm the origin of the RV variation, we searched for a
second component in the CCFs, and resolve binaries as SB2; see
Bouchy et al. (2016) for an in-depth explanation of the applied
method. Briefly, the CCFs are recomputed with an M mask
to optimise the detectability of the low-mass companion. The
CCFs are shifted to the systemic velocity V and their average
is subtracted to remove the first component. The expected radial
velocity of the second component is defined by the radial veloc-
ity of the main component Vj, the systemic velocity V), and the
mass ratio ¢ = My /M. The residual CCFs are shifted to this
expected value and again averaged. Consequently, the secondary
is expected to be at V. We inspected various combinations of
Vo and g; by searching for the deepest peak at the varying loca-
tion of Vjy, we found which combination best matches the CCFs.
The range of Vj is defined by what is feasible according to the
RV model. In this section, we present the finding of one stellar
binary (HD 11938) confirmed using this method, and constrain
its inclination i. The other presented stellar binary (HD 61383)
cannot be confirmed this way due to the blending of the primary
and secondary peaks in the CCF.

4.5.1. HD 11938

There are 25 observations of the active star HD 11938 that pass
the DRS quality control and have S/N > 25. One measurement
was reduced with a G2 mask instead of a K5 mask and was
therefore reprocessed. As there are only 25 observations that
do not fully cover the phase of HD 11938B we fixed the off-
set between the HARPS data before and after the fibre upgrade
to 15ms™! as suggested by Lo Curto et al. (2015) for K4/5V

Table 6. Orbital and physical parameters for the binaries presented in
this paper.

Parameter HD 11938B HD 61383B
P (yr) 35.0137 391703
Tp (rBJID) 53864+ 6202345,
e 0.23+0:03 0.35+0.01
w ©) -22+4 169.0 + 0.6
K (ms™) 2413+ 1887+70,
mysini (Mo)  0.21+0.01 0.18+001
M), CCF (M) 0.33 £ 0.03 -

ICCF ©) 39.33 + 0.07 -

ny @ (M) 0386 +0.007  0.190 + 0.003
i« ©) 64.0129 86.2+2.9
a (AU) 10.6 + 0.8 11.7401
Yo3 (ms™") 40729 +200® 51775
yis (ms™) 40744 © 51789 @
YCor (ms™h) - 51734 +3
Jitter (ms™") 9+ 29+04
o(0-C) (ms™) 6.04 3.85
Xoed 133 1.01

Notes. Errors are 100 Monte Carlo uncertainties. 0(O—C) is the resid-
ual noise after orbital fitting the observed drift with time. “Results from
astrometric solution; see Sect. 5. ®Offset as found by second compo-
nent in CCF. “Fixed difference between y;5 and 3 of 15 ms™'. Fixed
difference between 5 and g3 of 14ms™.

spectral types. There is a clear signal in the periodogram of 35 yr.
The stellar binary is also visible in the CCFs, where the best solu-
tion is at a Vjy of 40.7 + 0.2kms™! (= Y03). The mass ratio g in
that case is 0.44 + 0.03, corresponding to a secondary mass of
0.33 + 0.03 M. Figure 17 shows the average CCF residual for
this Vy and g combination in red.

HD 11938 is an active star (logR},, ~ —4.5) with correlations
with all stellar activity indicators, but none have periodical sig-
nals above 10% FAP level in the periodogram. This strong RV
variation signal, with an amplitude of 2.41 km s~!. is therefore
not caused by activity. We fix yp3; to the found systemic velocity
and its error margins Vy = 40.7 = 0.2kms™! in three iterations
(i.e. 40.5, 40.7, and 40.9 kms™!). The model presented in
Table 6 corresponds to 40.7 km s~!, and the presented errors
correspond to the models found for 40.5 and 40.9kms™!. This
is done because the MCMC model drifts away from the found
systemic velocity when using a prior. We note that the period
is heavily dependent on the systemic velocity. The solution is
visible in Fig. 18. The found minimum mass msini = 0.21 Mg
corresponds to an inclination of 39.33° + 0.07°. The model
does not include detrending or a drift, as both do not improve
the model. The relatively large 9ms~' stellar jitter agrees
with an active star (without detrending). We conclude that the
rotation period cannot account for the signal nor can the stellar
activity. The RV variation belongs to a stellar binary companion,
separated by 262 mas from its host star. The Gaia archive does
not show a secondary within this distance range.

4.5.2. HD 61383

There are 66 HARPS observations of the metal-poor quiet star
HD 61383 that pass the DRS QC. The average photon noise is
3.1ms~!. To increase phase coverage, the analysis also includes
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Fig. 18. Radial velocity curves for HD 11938, with blue and orange indi-
cating HARPS data before and after the fibre upgrade in 2015.

20 observations from CORALIE (Queloz et al. 2001) with an
average photon noise of 6.3 ms™!. The CORALIE instrumental
error is fixed at 5.0ms~!. The phase of the data is not fully cov-
ered; this would require at least 20 more years of observations, as
is visible in Fig. 19. Due to the incomplete coverage of the phase,
the model has difficulties converging. We fix the offset between
the HARPS data to 14 ms~!, as HD 61383 is a G3V star. There is
a strong peak visible in the periodogram at 39.1 yr corresponding
to a minimum mass of 0.18 M.

The HARPS observations weakly correlate with almost all
stellar activity indicators and though there are some with long-
term trends, the amplitude of the RV variation is too large to
be caused by stellar activity. The binary is barely visible in the
CCFs as a secondary peak, but the amplitude is small in compar-
ison to the noise, as it is in most CCFs blended with the primary
peak. With the currently available data, we present the orbit, as
shown in Table 6 and Fig. 19.

5. True mass and inclination from astrometry

Astrometry is a promising technique for measuring the incli-
nations of our systems, and the single measurement precision
of Gaia in particular should allow such measurements (10 pas,
based on Gaia EDR3; Gaia Collaboration 2021). The S/N
reached by Gaia can be estimated by combining the astrometric
signal (approximately My M;'ayd™" for My < M,) with the
single measurement precision and the number of Gaia measure-
ments from the Gaia Observation Forecast Tool’. All presented
targets have an expected S/N of above 6.2, the minimum value
needed to retrieve an astrometric orbit from combined astrom-
etry and radial velocity data (Sahlmann et al. 2011a). However,
it is not certain that Gaia covers the full orbit, and as the pre-
sented periods are on the order of several years, depending on
the companion mass, the signal might get included in the proper
motion. The Gaia excess noise values and their significance are
an indication of the astrometric signal. For all presented tar-
gets, the excess noise significance is larger than 2, meaning

5 http://gaia.esac.esa.int/gost/
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Fig. 19. Radial velocity curves for HD 61383, with purple indicating
CORALIE data, and blue and orange showing HARPS data before and
after the fibre upgrade in 2015.

there is a significant astrometric signal seen by Gaia (Lindegren
et al. 2012).

As the individual Gaia observations have not yet been
released, we are limited to the currently available proper motion
and RA/Dec positions. To derive the true mass and inclination,
we use the Python package orvara (Brandt et al. 2021), which
can fit Keplerian orbits by utilising a combination of radial veloc-
ity, relative astrometry, and available absolute astrometry data.
Here we combine the radial velocity observations presented in
this paper and the absolute astrometry data that comes from
the HIPPARCOS-Gaia Catalog of Accelerations (HGCA; Brandt
2021). In addition, we use an extension of orvara that allows
priors on orbital periods and semi-major axes®, and fix the off-
set between the radial velocity data to the offsets presented in
Sect. 4, as orvara otherwise finds values outside of the expected
offset range. See Appendix A for the resulting corner plots, and
Appendix B for the proper motion plots.

For most of the exoplanets, the amplitude and period are
too low to properly fit the HIPPARCOS-Gaia proper motions.
Apart from HIP54597 b, HD 74698 ¢, and BD-210397 c, the
mass and inclination of the exoplanets cannot be constrained.
For HIP54597 b, the constraint is weak and varies between an
inclination of 120° and 60°. This might increase the mass of the
planet by 10%-30% but not significantly more. The constraint
of BD-210397 c is slightly better, with peaks at 50° and 130°,
favouring the former, and a mass of 2.7 Mj. The inclination of
HD 74698 ¢ is 90° + 33°; though this is not well-constrained,
it shows the minimum mass is likely equal to its true mass.
For HIP54597 b, HD 74698 ¢, and BD-210397 ¢, the inclination
is not well-constrained. Their orvara results are therefore not
included in Table 3. However, we do conclude that their com-
panions have masses in the planetary range. The convergence
is better for our more massive companions, and with the found
models, three of the four brown dwarf candidates are found to
be stellar binaries (HD 56380B, HD 221638B, and HD 33473C).
HD 61383 has an edge-on orbit (i = 86.2°), and its true mass is
very close to the minimum mass. For HD 11938, orvara finds

6 https://github.com/nicochunger/orvara/tree/
period-prior
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Fig. 20. Overview of the discovered companions, including the uncertain planetary signal HD 3964 b (white star). Star markers indicate companions
discussed in this paper, and colours differentiate between short-period (black) and long-period giants (green), brown dwarfs (orange), and stellar

binaries (yellow). Arrows indicate the true masses as found by orvara.

Round markers are previously detected (using the RV method) exoplanets

and brown dwarfs with well-constrained (>30) masses and periods from the exoplanet.eu archive. The grey shaded regions indicate the RV
precision detection limits 50 cms™' and 5ms™! for 1 M. The giant planets (0.3 My < M < 13 M) are highlighted where the difference between
the short-period (blue-shaded) and long-period (green-shaded) objects is defined at 100 days. The brown dwarf region is shaded orange.

an inclination of 64.0°, corresponding to a mass of 0.386 M,
which is slightly higher than the mass found by the secondary
peak in the CCF. Orvara does not find the same RV orbital
parameters as the simple RV analysis, which causes discrepan-
cies between all presented minimum masses and true masses.
For the vast majority of our stars, the difference is negligible. For
HD 11938, on the other hand, orvara finds a different systemic
velocity. This stems from the fact that the orbit is incomplete
and in the RV model the systemic velocity is fixed to the value
found by the second component in the CCF. When the systemic
velocity is let free, the period can increase up to 41 yr and the
minimum mass increases to 0.30 My, which corresponds better
to the model found by orvara.

The true masses found are in agreement with the Gaia renor-
malised unit weight error (RUWE) values, which are expected to
be 1 for well-behaved single-star solutions. Values significantly
greater than 1, with a limit generally placed at 1.4, either indi-
cate the star is not a single star or is otherwise problematic. All
presented stars have RUWE values below 1.4, except HD 56380
(1.8348), which corresponds to one of our most massive compan-
ions (0.36 M,). The other massive companion HD 11938B does
not present a large RUWE, probably due to its very long orbital
period (35 yr).

Considering that HD 56380B is our second most massive
companion, we decided to reinspect the CCF following the
method described in Sect. 4.5 and identified a second component
compatible with a massive companion. However, considering
that both components are always blended (within 2kms™"), the
method does not allow us to derive a precise mass ratio.

6. Discussion and conclusions

In this paper, we discuss the RV variations of 12 stars. We
present the discovery of six exoplanets, one uncertain exoplanet

candidate, one brown dwarf, four stellar binaries and the
improved orbital solution of the stellar binary HD 33473C dis-
covered earlier by Moutou et al. (2011). An overview of the
detections is presented in Fig. 20.

The biggest difficulty for long-period companions arises
from the RV signal entanglement with the star’s magnetic cycle.
Therefore, for all proposed companions, we discuss the possibil-
ity of the RV variation originating from activity. For comparison,
we also present an activity-induced signal (HD 11608) and a
possible exoplanet signal with strong entanglement with its
magnetic cycle (HD 3964). These two stars show the strength
of investigating the correlation with stellar activity indicators.
Detrending reduces the activity-induced component but makes
it difficult to constrain the orbital period. As HD 3964 has an
RV period (1086 days) similar to the He-index period (1150),
there is no way to accurately determine the RV signature of the
possible companion.

HD 56380 and HD 61383 are relatively old (>12 Gyr). In
principle, this is not inconsistent with their average lifetime, but
it is uncommon to get so close to the upper age limit for these
spectral types. A possible explanation could be that the light of
the secondary was blended in the observations, causing the age
of the primary star to be overestimated. The ages originate from
Delgado Mena et al. (2019), who use isochrones based on T,
[Fe/H], and V magnitudes. The latter is sensitive to blending. As
HD 56380 and HD 61383 are binaries, and given that we find that
the secondary peak in the RV CCF is blended with the primary
peak for both sources, the age could indeed be influenced by the
secondary.

After determining the orbital solutions, overlap with transit
data was examined for all companions as expected by the
combination of the period and time of periastron. There are no
CHEORPS light curves for the presented stars, and the TESS light
curves have no superposition with the potential transits. The
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only companion to have superposition with the TESS sectors
is HD 74698 b, which does not show a transit or periodicity of
15 days: the orbit is not well-aligned with our line of sight. As
the potential transits have uncertainties on the order of months,
and for some of our targets even on the order of years, we also
used a more general approach and looked at the Lomb Scargle
periodograms of the TESS light curves. Again, no periodicities
were found, meaning there are no observed transits for our
targets, but also that there are no activity-induced signals with
the same periods as our companions.

Long-period companions provide interesting systems for
follow-up observations. HD 3964 has a remaining RV signal
of 4ms~!, which is likely caused by activity given that the
CCF-Bissector is correlated to the residuals, but this could be
better constrained by follow-up observations. HD 94771 does
not show any strong signs of multiple companions and has a
relatively high eccentricity, making the stability of a potential
multi-planet system less likely. For HIP54597, there is no sig-
nificant evidence of additional planets, but there is for both
BD-210397 and HD 74698. As BD-210397 includes a high jitter
and HD 74698 shows a 1000 day period in the periodogram, both
targets are very interesting targets for follow-up observations.
Apart from BD-210397, none of the exoplanet’s Keplerian mod-
els show a high jitter. For BD-210397, the activity is unknown,
but according to the S-index, stellar mass, and surface gravity,
the jitter falls within the expected range (Luhn et al. 2020). If
the jitter is caused by a companion, it is a very short period
signal (~0.5 days); this can be verified by observations at short
time intervals.

It is common for brown dwarfs to have higher eccentricities
than exoplanets. According to the NASA exoplanet archive, 94%
of the confirmed exoplanets’ have eccentricities e < 0.5, versus
69% of the brown dwarfs. For e < 0.3, this value decreases to
84% for the exoplanets and to 56% for the brown dwarfs. Brown
dwarfs are less likely to have eccentricities below 0.3 than exo-
planets. Our results are in agreement. Only one of the proposed
exoplanets (HD 94771 b) has an eccentricity of larger than 0.3,
while HD 62364 has a high eccentricity (0.607). When com-
paring long-period giant planets to short-period giant planets,
placing the limit at 100 days (see also Fig. 20), a similar trend
occurs: 90% of the short-period giant planets have eccentricities
e < 0.3, versus 72% of the long-period giant planets.

According to the planet-metallicity correlation, host stars
with higher metallicities are more likely to host a giant planet
(Fischer & Valenti 2005), which is particularly true for hot
Jupiters (Osborn & Bayliss 2020). The short-period giant plan-
ets (<100 days) have parent stars with an average metallicity of
0.11 dex. This value is 0.04 dex on average for stars hosting
long-period giant planets, a similar value to our small sample
of presented stars hosting (long-period) giant planets (0.05 dex).
This is in agreement with the findings of Adibekyan et al. (2013):
giant planets orbiting metal-poor stars have longer periods than
those in metal-rich systems. The findings of (Santos et al. 2017)
highlight the possibility that stars with massive giant planets
(M = 4 Mjy) do not follow the same metallicity trend as stars with
lower mass giant planets. The stars hosting massive giant planets
are on average more metal-poor. Though all planets discussed in
the present paper have minimal masses of below 4 Mj, this may
indicate that HIP54597 b ([Fe/H] = —0.22, m, sini = 2.01 Mj)
falls in the massive giant category; however, the results from
orvara show this is unlikely.

7 Defining ‘confirmed’ as companions with well-constrained masses
and periods (>30).
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The discovery of very long-period companions requires years
of observations. With the present research, we probe a region of a
largely unknown population. The current baseline of 19 yr allows
us to detect Saturn-mass companions with periods of 10 yr and
brown dwarfs and stellar binaries with periods of up to 50 yr.
Though the RV observations do not cover the full phase of the
found stellar binaries, we are able to constrain the orbital param-
eters and confirm the origin of HD 11938B using the secondary
peak in the combined CCFs, and of HD 62364 b, HD 5680B,
HD 221638B, HD 33473C, HD 11938B, and HD61383B via
absolute astrometry. As by-products of this survey, the brown
dwarfs and binaries demonstrate the effectiveness of a long base-
line. The impact of continuing with observations is made clear
by the difference between the orbital solution of HD 33473C
found by Moutou et al. (2011) and the solution for this object
presented here. Incomplete orbits are prone to errors. Following
indications by Rosenthal et al. (2022) and Zhu & Wu (2018), the
long-period Jupiters detected in this work are prime targets for
the detection of low-mass inner planets.
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Appendix A: Orvara corner plots
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Fig. A.1: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
HD 3964 b. There are no strong constraints on the secondary mass or inclination.
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Fig. A.2: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
HD 94771 b. There are again no strong constraints on the secondary mass or inclination.

A173, page 16 of 22



Frensch, Y. G. C,, et al.: A&A proofs, manuscript no. aa46203-23

Mg (Mo) = 0.689:+5.921

Msec (Myup) = 2.22%533
0
5 I
2
= g
g
s
2° a (AU) = 3.797+3.938
o
,;) 4
,g;
3
<9
© o
,5’\
o] @
I e =0.036*391
& AJJiL‘
Qb
L © .
S
K
QQ"’ s
L i() = 98438
» { @ (@5
SRRN g
oS . . nll-u
R g
o
0@ th © & é\@ PSS N 40 ’;\9 4’@ ‘;;o ’&e & Q@ Qpb wsb B R
Mpri (Mo) Msec (Myup) a (AU) e i)

Fig. A.3: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
HIP54597 b. Though the mass and inclination are not well-constrained, the inclination varies between 120° and 60°. The mass of
the planet might increase by ~10%-30% but not significantly more.
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Fig. A.4: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
BD-210397 c. The inclination peaks at 50° and 130°, favouring 50°. The found mass is 2.7 M. This corner plot is for the long-period
(7063 d) planet; the fit also includes BD-210397 b.
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Fig. A.5: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination
of HD 74698 c. The inclination is not well-constrained at 90° + 33°; the true mass is equal to the found minimal mass. The fit also
includes HD 74698 b.
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Fig. A.6: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
HD 62364 b. The mass and inclination are well-constrained.
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Fig. A.7: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
HD 56380B. The mass and inclination are well-constrained.
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Fig. A.8: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
HD 221638B. The mass and inclination are well-constrained.
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Fig. A.9: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
HD 33473C. The mass and inclination are well-constrained.
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Fig. A.10: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination
of HD 11938B. The mass and inclination are well-constrained.
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Fig. A.11: Corner plot with the orvara-derived primary star mass, companion mass, semimajor axis, eccentricity, and inclination of
HD 61383B. The mass and inclination are well-constrained.

Appendix B: Orvara proper motion plots
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Fig. B.1: Proper motion measurements from HIPPARCOS and Gaia (grey markers) and fitted proper motions in right ascension and
declination. The black line is the orbit with the highest likelihood and the 50 coloured lines are randomly drawn orbits from the
posterior distribution, where the colour corresponds to the mass of the companion. The bottom figure shows the difference between
observed and calculated astrometry.
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