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ABSTRACT

Context. The search of close (a . 5 au) giant planet (GP) companions with radial velocity (RV) around young stars and the estimate of
their occurrence rates is important to constrain the migration timescales. Furthermore, this search will allow the giant planet occurrence
rates to be computed at all separations via the combination with direct imaging techniques. The RV search around young stars is a
challenge as they are generally faster rotators than older stars of similar spectral types and they exhibit signatures of magnetic activity
(spots) or pulsation in their RV time series. Specific analyses are necessary to characterize, and possibly correct for, this activity.
Aims. Our aim is to search for planets around young nearby stars and to estimate the GP occurrence rates for periods up to 1000 days.
Methods. We used the SOPHIE spectrograph on the 1.93 m telescope at the Haute-Provence Observatory to observe 63 A − M young
(<400 Myr) stars. We used our Spectroscopic data via Analysis of the Fourier Interspectrum Radial velocities software to compute
the RVs and other spectroscopic observables. We then combined this survey with the HARPS YNS survey to compute the companion
occurrence rates on a total of 120 young A − M stars.
Results. We report one new trend compatible with a planetary companion on HD 109647. We also report HD 105693 and HD 112097
as binaries, and we confirm the binarity of HD 2454, HD 13531, HD 17250 A, HD 28945, HD 39587, HD 131156, HD 142229,
HD 186704 A, and HD 195943. We constrained for the first time the orbital parameters of HD 195943 B. We refute the HD 13507
single brown dwarf (BD) companion solution and propose a double BD companion solution. Two GPs were previously reported from
this survey in the HD 113337 system. Based on our sample of 120 young stars, we obtain a GP occurrence rate of 1+2.2

−0.3% for periods
lower than 1000 days, and we obtain an upper limit on BD occurrence rate of 0.9+2

−0.9% in the same period range. We report a possible
lack of close (P ∈ [1; 1000] days) GPs around young FK stars compared to their older counterparts, with a confidence level of 90%.

Key words. techniques: radial velocities – stars: activity – binaries: spectroscopic – planetary systems – starspots –
stars: variables: general

1. Introduction

More than four thousand exoplanets and brown dwarfs (BDs)
have been detected and most of them have been found by tran-
sit or radial velocity (RV) techniques1. The occurrence rates of
these planets are well established for main sequence (MS) and
evolved stars, as are some relations between their occurrence
rates and their host star characteristics.

The MS late-type stars are the most studied in RV (Cumming
et al. 2008; Fernandes et al. 2019; Fischer & Valenti 2005;
? Tables A.1–A.4 are only available at the CDS via anonymous ftp

to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/650/A39
1 exoplanet.eu

Santos et al. 2005), together with the evolved stars (Bowler et al.
2009; Johnson et al. 2010; Jones et al. 2016). On the other side
of the stellar mass range, early-type MS stars are usually avoided
in RV surveys because their optical spectra present fewer spec-
tral lines than late-type stars and because they generally present
higher projected rotation velocities (v sin i) than late-type stars.
One previous survey was carried out on peculiar AF-type MS
dwarfs by Hartmann & Hatzes (2015). A large RV survey of AF-
type MS stars was carried out by Borgniet et al. (2019) with the
HARPS2 and SOPHIE3 instruments. This survey, whose sample

2 High Accuracy Radial velocity Planet Searcher.
3 Spectrographe pour l’Observation des Phénomènes des Intérieurs
stellaires et des Exoplanètes.
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selection criterion was not based on age, contained targets as
young as ∼100 Myr.

These surveys on MS and evolved stars permit us to identify
two correlations between giant planet (GP) occurrence rates and
host stellar characteristics. First, there is a positive correlation
with the star metallicity for MS FGK stars (Fischer & Valenti
2005; Santos et al. 2005). Then, there is a positive correlation
with host star mass. This correlation was observed for evolved
stars in RV (Bowler et al. 2009; Johnson et al. 2010; Jones et al.
2016) and for wide orbit planets around young stars in direct
imaging (Lannier et al. 2016; Baron et al. 2019). These observa-
tions are consistent with the predictions of core accretion models
(Kennedy & Kenyon 2008).

Young stars, however, were poorly studied in RV due to their
high stellar induced jitter (spots, plages, convection, and pul-
sations), which can reach amplitudes of up to a few 1 km s−1

(Lagrange et al. 2013; Grandjean et al. 2020), larger than the
planet’s induced signal. Moreover, young stars are generally
faster rotators than their older counterparts (Stauffer et al. 2016;
Rebull et al. 2016; Gallet & Bouvier 2015). Consequently, sev-
eral false positive detections were reported around young stars
in the past (Huélamo et al. 2008; Figueira et al. 2010; Soto et al.
2015).

One of the remaining questions about planet formation and
early evolution is their migration timescales. These timescales
can be constrained by the study of young stars. GP formation
models predict a formation at a few au (Pollack et al. 1996),
yet migration through disk–planet interactions (Kley & Nelson
2012) or gravitational interaction with a third body can allow
the planet to finally orbit close to the star (Teyssandier et al.
2019). Massive hot Jupiters (HJs; mp sin i ∈ [1, 13] MJup, P ∈
[1, 10] days) are common among exoplanets orbiting solar to
late-type MS stars, representing one detected planet out of five
(Wright et al. 2012), yet their occurrence rate is low (∼1%;
Cumming et al. 2008; Wright et al. 2012). While previous RV
surveys on young stars (<300 Myr) showed no evidence of the
presence of young HJs (Esposito et al. 2006; Paulson & Yelda
2006; Grandjean et al. 2020), three HJs were recently discovered
around such young stars with RV (Johns-Krull et al. 2016) and
with RV derived from spectropolarimetry (Donati et al. 2016;
Yu et al. 2017). Young HJs are also known from transit (Collier
Cameron et al. 2010; van Eyken et al. 2012; Mann et al. 2016;
David et al. 2019; Rizzuto et al. 2020), and from both transit
and RV (Deleuil et al. 2012; Alsubai et al. 2017). In addition, no
BDs with periods shorter than 10 days were discovered with RV
around young MS stars, although one was discovered from tran-
sit (Jackman et al. 2019). The occurrence rates of HJs and short
period BDs still need to be constrained at young ages.

We carried out three RV surveys on young stars from A to
M types with the final aim of coupling RV data with direct
imaging (DI) data, which will allow the computation of detec-
tion limits for each target at all separations and then of GP and
BD occurrence rates for all separations. The first survey was per-
formed with the High Accuracy Radial velocity Planet Searcher
(HARPS; Mayor et al. 2003) on young nearby stars (hereafter
HARPS YNS survey) and its results are presented in Grandjean
et al. (2020). The second survey was performed with the SOPHIE
(Bouchy & Sophie Team 2006) spectrographs on similar young
nearby stars. Finally the third survey was performed with HARPS
on Sco-Cen stars.

We present in this paper the results of our SOPHIE YNS
survey and its combination with the HARPS YNS survey. We
describe our SOPHIE survey sample in Sect. 2 and we describe
the GP, BD, or stellar companion detections along with their

characterizations in Sect. 3. We present the SOPHIE and HARPS
combined samples and its statistical analysis, including the
occurrence rate computation for GPs and BDs, in Sect. 4. Finally,
we present our conclusion in Sect. 5.

2. Description of the SOPHIE survey

2.1. Sample

The initial sample of our SOPHIE YNS survey included 63 stars;
most of the targets are part of the SPHERE4 GTO SHINE5 sur-
vey sample (Chauvin et al. 2017a). The targets were selected
according to their declination (∈ [+0 : +80] degree), bright-
ness (V < 10), age as found in the literature (.300 Myr for
most of them; see Table A.1), and distance (<80 pc) as deter-
mined from HIPPARCOS parallax (van Leeuwen 2007). The
Gaia mission refined the target distances, and one target (HD
48299) is now outside the distance criterion (d = 95.3± 0.4 pc;
Gaia Collaboration 2018). These criteria ensure the best detec-
tion limits for both the SOPHIE RV and SPHERE DI surveys
at, respectively, small (typically 2–5 au), and large (further than
typically 5 au) separations. The declination criterion was chosen
to ensure that the stars’ declinations are close to the Haute-
Provence Observatory’s latitude (+43◦55′54′′). This ensures a
low airmass during most of the observation time, which permits
spectra to be obtained with a good signal-to-noise ratio (S/N).
This criterion also ensures that most of the targets can be stud-
ied with the VLT/SPHERE instrument as the VLT6 can point
up to a declination of +46◦. The V-band apparent magnitude
criterion was chosen to ensure that the stars are bright enough
to obtain spectra with a good S/N. The age and distance crite-
ria were chosen to obtain the best detection limits from direct
imaging; young planets are still warm from their formation, and
are thus brighter than old ones. This lowers the contrast between
them and their host stars. Moreover, nearby stars are better suited
for direct imaging. Binary stars with an angular separation on the
sky lower than 2 arcsec were not selected to avoid contamination
in the spectra from the companion.

Our SOPHIE observations permitted us to measure the pro-
jected rotational velocity (v sin i) of the stars in our sample
(see Sect. 2.3) and nine of them presented a v sin i too high
(>300 km s−1) to allow RV measurement: HD 56537, HD 87696,
HD 97603, HD 116842, HD 126248, HD 159651, HD 177178,
HD 203280, and HD 222439. These stars were excluded from
our analysis. The ages of the stars in the survey were re-evaluated
by the community during the execution of the survey and in some
cases the new estimated age was older than our initial age crite-
rion. However, for most of these cases the new estimated age
was poorly constrained and the associated uncertainties were
huge (up to several Gyr), which does not exclude a low age
for these stars. We then chose to keep the stars for which the
lower limit on the age is under <500 Myr. As a consequence,
five stars were excluded from our analysis due to their old age:
HD 2454 (Aguilera-Gómez et al. 2018), HD 48299 (Casagrande
et al. 2011), HD 89449 (Gáspár et al. 2016a), HD 148387 (Baines
et al. 2018), and HD 166435 (Aguilera-Gómez et al. 2018). Nev-
ertheless, we discuss the RV trend we observe on HD 2454 in
Fig. 3. After these different exclusions, 49 targets were available
for our analysis.

The spectral type of out targets ranges from A1V to K0V
(Fig. 1). Their projected rotational velocities (v sin i) range from
4 Spectro-Polarimetric High-contrast Exoplanet Research.
5 The SpHere INfrared survey for Exoplanets.
6 Very Large Telescope.
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Fig. 1. Main physical properties of our SOPHIE sample. (a) Absolute V-magnitude versus B − V . Each blue dot corresponds to one target. The Sun
is displayed (red star) for comparison. (b) v sin i versus B − V distribution. (c) Mass histogram (in M�). (d) Age histogram.
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Fig. 2. SOPHIE observation summary. (a) Histogram of the number of spectra per target. HD 113337 is not displayed (304 spectra). (b) Histogram
of the number of nights per target. HD 113337 is not displayed (157 nights). (c) Histogram of the time baselines.

1 to 90 km s−1, with a median of 6.9 km s−1 (see Sect. 2.3).
Their V-band magnitudes range between 2.1 and 10.1, with a
median of 7.2. Their masses are between 0.42 and 2.52 M�, with
a median of 1.07 M� (see Appendix B for mass determination).
Our sample includes 13 targets between A0 and F5V (B − V ∈
[−0.05 : 0.52[), 35 between F6 and K5 (B− V ∈ [−0.05 : 1.33[),
and 1 between K6 and M5 (B − V ≥ 1.33). This survey has nine
targets in common with the HARPS YNS survey: HD 25457,
HD 26923, HD 41593, HD 89449, HD 90905, HD 171488, HD
186704 A, HD 206860, and HD 218396.

We present the main characteristics of our star sample in
Fig. 1 and Table A.1.

2.2. Observations

The SOPHIE YNS survey observations were performed between
2013 and 2016. Some stars were previously observed as part of
previous surveys made by Borgniet et al. (2014, 2017, 2019).
Their time baselines extend to 9 yr.

We adopted the observational strategy presented in Borgniet
et al. (2014), which consists in recording two spectra per visit
and observing each target on several consecutive nights. This
strategy permits us to sample the short-term jitter of late-type
stars. For early-type stars the strategy consists in obtaining long
sequences of observations (>1.5 h), in order to sample the pulsa-
tions of these stars. The number of spectra per target and the
number of visits per nights of these stars is then higher than
for the late-type stars. The median time baseline of the sam-
ple is 975 days (mean time baseline of 975 days), with a median
number of spectra per target of 22 (38 on average), spaced on a

median number of 12 nights (15 on average; see Fig. 2). Details
can be found in Table A.2.

2.3. Observables

We used the Spectroscopic data via Analysis of the Fourier
Interspectrum Radial velocities (SAFIR) software to derive the
observables from the SOPHIE spectra: RVs and whenever pos-
sible the cross-correlation function (CCF), the bisector velocity
span (BVS), the star V sin i (from the full width at half maximum
of the CCF), and the log R′HK. SAFIR builds a reference spec-
trum from the median of all spectra available on a given star, and
computes the relative RV in the Fourier plane. The computed
RVs are then only relative to the reference spectrum, hence we
do not compute RVs in heliocentric or barycentric referentials.
The efficiency of this method was demonstrated in the search for
low-mass companions around AF-type MS stars (Galland et al.
2005b,a).

To filter the bad spectra we used the selection criteria used
for the HARPS YNS survey (Grandjean et al. 2020): S/N550 nm

7

∈ [80; 380], sec z < 3, and χ2 < 10 (Galland et al. 2005b). For
faint stars (V > 8.8 mag) we included spectra with S/N550 nm
down to 30 as it was the best compromise to include enough
spectra to perform our analysis without degrading the RV uncer-
tainties. To determine the main source of RV variability of each
star (magnetic activity, pulsations, or companions), we used the
correlation between BVS and RV in addition to the shape of the
bisectors (Lagrange et al. 2009, 2013; Borgniet et al. 2017).
7 S/N per pixel between 554.758 and 555.299 nm, estimated with a
sampling of 1 pixel every 3 pm.
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Fig. 3. HD 2454 periodograms. From top to bottom: periodogram of the
RV residuals of the third-degree polynomial fit, BVS periodogram, time
window periodogram. The 10% false alarm probability (FAP) is shown
as a dotted line and the 1% FAP as a dashed line.

3. Detected companions in the SOPHIE survey

Among the 49 stars used in our analysis, two planets with periods
lower than 1000 days were discovered in the HD 113337 system
(Borgniet et al. 2014, 2019). In addition, 13 stars present RVs
that are dominated by the signal of a companion. We present
their characterizations below.

3.1. RV long-term trends, and stellar binaries

We present here the stars that exhibit a long-term trend, as well
as the stars that exhibit a binary signal in their RVs (single-
lined spectroscopic binary, SB1) or in their CCF (double-lined
spectroscopic binary, SB2). When possible, we characterized
the companion that induces the SB1 binary signal with yorbit
(Ségransan et al. 2011). These characterized SB1 binaries are
presented in Fig. 11, and their companions’ parameters are sum-
marized in Table 18. In addition, we present the stars with a
long-term trend in Fig. 12. For these long-term trends, we esti-
mated the minimum mass needed for a companion to produce the
trend. It corresponds to the minimum mass needed for a compan-
ion on a circular orbit with a period equal to the time baseline
to produce RV variations with an amplitude equal to the drift
amplitude. It represents the limit below which a companion on
a circular orbit cannot explain the observed total amplitude in

8 We provide the uncertainties as given by yorbit, but it should be noted
that they are often underestimated.

Table 1. Orbital parameters of the characterized binaries.

System P e Mp sin i
(yr) (MJup)

HD 39587 ∼14 ∼0.4 ∼150
HD 195943 3.73± 0.03 0.093± 0.004 561± 4

Table 2. Lower limits on periods and masses for the companions that
lead trends.

Star P(yr) Mc(MJup)

HD 2454 >2.2 >16
HD 17520 >0.01 >7
HD 109647 >3.1 >2
HD 112097 >0.01 >52

Notes. We present these limits for the companions whose periods and
masses were not estimated in previous studies.

the RVs. A companion whose period is equal to the time base-
line would produce a signal with visible curvature in our data.
The actual period, and thus the actual mass of the companion, is
therefore significantly greater than this limit. On the other hand,
for a fixed period a companion on an eccentric orbit would pro-
duce an identical amplitude with a lower mass, yet with a more
visible curvature. A longer period and therefore a higher mass
would thus be necessary to produce only a linear trend in the
observational window. We can therefore assume that our limit
closely corresponds to the limit below which a companion can-
not explain the observed total amplitude in the RVs. We present
the lower limits of the masses in Table 2. We also verified that
the slope induced by the secular drift of these stars is negligible
towards the slope of the observed trend. These trends thus cannot
be attributed to secular drift.

3.1.1. HD 2454

HD 2454 is an F5V-type star reported as a spectroscopic binary
by Escorza et al. (2019). This star is known to present magnetic
activity. Rutten (1986) measured a rotation period of 7.8 days
from the Ca II variations, while Olspert et al. (2018) measured
its harmonic at 3.47± 0.01days. We observe a trend with a
slope of 222 m s−1 yr−1 over baseline of 805 days with a sign
of curvature, in addition to a short term jitter. The minimum
mass needed for a companion to induce this trend is 16 MJup.
We attribute this trend to the known binary companion. We
performed a polynomial fit on the RVs to remove the compan-
ion signal (see Fig. 12). We chose a third-degree model as it
presented the best reduced χ2. The residuals have a standard
deviation of 11 m s−1. The (BVS, RV residuals) diagram is ver-
tically spread. However, the star presents a low sign of activity
with a 〈log R′HK〉 of −4.89 (with a standard deviation of 0.08).
In addition, the periodicities present in the residuals between 4
and 10 days (with a maximum at ∼5 days) are also present in
the BVS, while they are not present in the time window peri-
odogram. This indicates that the RV jitter could also come from
stellar activity. According to the star spectral type (F5V) and its
relatively old age (800± 300 Myr; Aguilera-Gómez et al. 2018),
it is difficult to determine if the RV jitter is dominated by mag-
netic activity (spots) or pulsations. Due to the weak correlation
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Fig. 4. HD 13507 RVs fit using two Keplerians, performed with Dpass
(Lagrange et al. 2019) on the combination of the Perrier et al. (2003)
ELODIE RV dataset and our SOPHIE RV dataset.

between the BVS and the RV residuals, we chose to not correct
the RV residuals for this correlation.

3.1.2. HD 13507

HD 13507 is a G5V-type star, with a 7.45-day rotation period
Wright et al. (2011). Perrier et al. (2003) reported a 52 MJup
companion with a ∼3000-day period and an eccentricity of 0.14
from ELODIE RVs. Wilson et al. (2016) refined the orbital solu-
tion using the Perrier et al. (2003) RVs together with ELODIE
additional RVs. They obtained a period of 4890+209

−109 days and
a Mp sin i of 67+8

−9 MJup. We observe a trend in our SOPHIE RVs
with a slope of 26 m s−1 yr−1 over a baseline of 886 days. In order
to constrain the BD companion parameters, we combined our
SOPHIE RV dataset with the ELODIE RV dataset of Perrier et al.
(2003) and we fit them together. For this fit we used our Dpass
tool, which is based on an evolutionary algorithm (Lagrange
et al. 2019), and we took into account an offset between the
two datasets. Our fit does not confirm the Perrier et al. (2003)
and Wilson et al. (2016) solutions, and it clearly shows that the
system is not single. We then considered a two-planet system9,
and found a possible solution including two BD companions of
lower masses, 0.02 and 0.03 M� (21 MJup and 31 MJup, respec-
tively ) orbiting at 4.2 (⇔ 8.3 yr) and 5.4 au (⇔ 12.1 yr), and with
low eccentricities, 0.27 and 0.2, respectively (cf. Fig. 4). Other
degenerate solutions may exist, which prevents us from giving a
proper estimate of the uncertainties on these parameters. We note
that such companions could be detected in high-contrast imag-
ing, and that the orbits are close to 3:2 resonance. We also note
that this solution should be taken with caution, given the limited
number of data points available.

3.1.3. HD 13531

HD 13531 is a G7V-type star, with a 7.49-day rotation period
(Wright et al. 2011), that presents an IR excess (McDonald et al.
2012). The radius of the corresponding warm disk was estimated
at 1.78 au (Gáspár et al. 2016a). We observe a trend in the RVs
with a slope of 37 m s−1 yr−1 over a baseline of 882 days. The

9 No constraint was put on the two companion properties, except on the
eccentricities that were constrained to be lower than 0.3. Both eccentric-
ities were regularized under the arbitrary assumption that eccentricities
follow a normal law (0, 0.1).
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Fig. 5. HD 28495 RV time variations.

minimum mass needed for a companion to induce this trend is
3 MJup. Metchev (2006) discovered a low-mass star candidate
companion by direct imaging with a semimajor axis of 18.6 au
(81 yr) and a mass estimated at 0.19 M�. For circular and edge-on
orbits the total amplitude in RV of this companion is 2.65 km s−1,
and the mean annual variation is 65 m s−1 yr−1, which is on the
order of magnitude of the slope of the trend we observe. We thus
attribute this RV trend to this companion. The residuals of a lin-
ear regression show a jitter with an amplitude of 11 m s−1 (see
Fig. 12). These residuals show a significant correlation between
the BVS and the RVs (Pearson=−0.54, pvalue = 0.1%), which
indicate that the jitter is due to stellar activity (spots).

3.1.4. HD 17250

HD 17250 is known as a hierarchical multiple system composed
of four stars (Tokovinin 2014). The main star, HD 17250 A,
presents an IR excess (McDonald et al. 2012) and a spectro-
scopic binary companion (Tokovinin 2014). We observe a trend
of 1145 m s−1 over 5 days. According to the amplitude of the
signal on a such short timescale, it is unlikely that the signal
is produced by a companion, other than the one reported by
Tokovinin (2014), as it would require the latter to produce a sig-
nal of even greater amplitude over a longer timescale. We thus
attribute this signal to the spectroscopic companion reported by
Tokovinin (2014). Our data are too sparse to study the residuals
of a linear regression on the RVs (see Fig. 12).

3.1.5. HD 28495

HD 28945 is a G0V-type star that was reported as a spectro-
scopic binary by Nordström et al. (2004), then as an astrometric
binary from HIPPARCOS proper motion (Makarov & Kaplan
2005; Frankowski et al. 2007). We observe a variation in the
RVs with an amplitude of 5.3 km s−1 over 500 days with a sign
of curvature. However, this sign of curvature relies on only two
data points (see Fig. 5). We attribute these RV variations to the
known stellar companion, but more data points are needed to
characterize the system.

3.1.6. HD 39587

HD 39587 (χ1 Orionis) has been known as a binary since 1978
from absolute astrometry; it is composed of a solar-like G0V star
and a low-mass star companion on a close and nearly edge-on
orbit (i= 95◦) (Lippincott & Worth 1978). The orbital parame-
ters of the stellar companion were refined by combining radial
velocity and absolute astrometry by Han & Gatewood (2002).
They obtained a period of 5156.7± 2.5 days, an eccentricity
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Fig. 6. HD 39587 RVs best fit with one Keplerian and its residuals.

of 0.451± 0.003, and a mass of 0.15± 0.02 M� for the com-
panion. This companion was then directly imaged in 2002 by
Koenig et al. (2002). We observe the signal of the stellar com-
panion in our RVs. We use yorbit to fit the RVs with one Keple-
rian model. For this fit we adopt a mass of 1.07 M� for the pri-
mary (Tokovinin 2014). We obtain a period of 5600± 3400 days
(6.5 au, 750 mas), an eccentricity of 0.89± 0.15. However, the
Mp sin i is not constrained in this fit. We present this fit in Fig. 6
and the (BVS, RV) diagram of its residuals in Fig. 11). Our solu-
tion is consistent at 1σ with previous literature values in terms
of period, but not in terms of eccentricity. Our solution is more
eccentric, which leads to a lower mass for the companion. We see
a strong correlation between the BVS and the RVs of the spectra
taken after 2014, which indicates that they might be altered by
the activity of the star (spots). This can explain the strong differ-
ence in eccentricity between our values and those found in the
literature.

We then combined our SOPHIE RV dataset with the Lick
Observatory RV dataset of Han & Gatewood (2002) in order
to perform a joined fit with our Dpass tool (Lagrange et al.
2019) using a singular Keplerian model. We also adopted a mass
of 1.07 M� (Tokovinin 2014) for the primary and we took into
account an offset between the two datasets. We added quadrat-
ically 10 m s−1 to the error bars of our SOPHIE RV dataset to
take into account that the stellar origin jitter is badly sampled
after 2014. We present this fit in Fig. 7. We obtain a mass of
0.15 M�, an eccentricity of 0.44, and a period of 5180 days for
the companion, which is similar to the estimation of Han &
Gatewood (2002) on these parameters. However, as other degen-
erate solutions may exist in our fit we cannot make a proper
estimation of the uncertainties on the value of the parameters
we estimate, which prevent us from making a better comparison
between our results and the results of Han & Gatewood (2002).

3.1.7. HD 105963

HD 105963 is a known wide-orbit binary (Lépine & Bongiorno
2007) with a 13.5′′ separation (Durkan et al. 2016). We observe
a double component in the CCF. The field of view of the SOPHIE
fiber is 3′′ (Perruchot et al. 2011), so this component cannot come
from the wide separation companion. We thus report HD 105693
A as a SB2.

48000 50000 52000 54000 56000
JD - 2400000 

2000

1500

1000

500

0

500

1000

1500

R
a
d

ia
l 
V

e
lo

ci
ty

 [
m

.s
1
]

Fig. 7. HD 39587 RVs fit using one Keplerian, performed with Dpass
(Lagrange et al. 2019) on the combination of the Han & Gatewood
(2002) Lick Observatory RV dataset and our SOPHIE RV dataset.

3.1.8. HD 109647

HD 109647 is a K0V-type star that presents an infrared excess
(McDonald et al. 2012). We observe a trend in the RVs with a
slope of 17 m s−1 yr−1 over a baseline of 1147 days. The mini-
mum mass needed for a companion to induce this trend is 2 MJup.
The residuals of a linear regression show a jitter with an ampli-
tude of 22 m s−1 (see Fig. 12). These residuals show a significant
correlation between the BVS and the RVs (Pearson=−0.6,
pvalue = 0.2%), which indicates that the jitter is due to stellar
activity (spots). The age of the system is 412 Myr (Stone et al.
2018), which does not allow us to confirm this companion by
direct imaging with the current instrumentation.

3.1.9. HD 112097

HD 112097 is an A7III-type star. We observe a trend of 8 km s−1

over 3 days. The minimum mass needed for a companion to
induce this trend is 52 MJup. We report thus HD 112097 as a spec-
troscopic binary. Our data are too sparse to study the residuals of
a linear regression (see Fig. 12).

3.1.10. HD 131156

HD 131156 (ξ Boo) is a G7V-type star known to be a visual
binary since 1950 (Muller 1950). Stone et al. (2018) measured
a separation of 4.94′′ (33 au) and estimated the mass of the two
components as m1= 1 M� and m2= 0.7 M�. We observe a trend
with a slope of 35 m s−1 yr−1 over a baseline of 1154 days. The
maximum annual RV variation that HD 131156 B can apply to its
host star is 76 m s−1 yr−1, which is greater than the slope of the
trend we observe. We thus attribute the RV trend we observe
to HD 131156 B. The residuals of a linear regression show a
jitter with an amplitude of 30 m s−1 (see Fig. 12). These resid-
uals show a significant correlation between the BVS and the RVs
(Pearson=−0.88, pvalue < 4× 10−12%), which indicates that the
jitter is due to stellar activity (spots).

3.1.11. HD 142229

HD 142229 is a G5V-type star known to present an IR excess
(McDonald et al. 2012) and a RV trend (Nidever et al. 2002).
Gáspár et al. (2016a) estimated the warm disk radius at 1.94 au
from 24µm Spitzer data. From additional RV data Patel et al.
(2007) estimated a period greater than 16.4 yr and an Mp sin i
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greater than 150 MJup for the companion. We observe a trend
with a slope of 71 m s−1 yr−1 over a baseline of 1111 days. This
trend is compatible with the solution obtained by Patel et al.
(2007), we thus attribute this trend to HD 142229 B. The residu-
als of a linear regression present a standard deviation of 21 m s−1

with a weak correlation between BVS and RV (see Fig. 12).
According to the star spectral type we attribute this jitter to spots.

3.1.12. HD 186704 A

HD 186704 is a known binary system with a companion at
10 arcsec (Zuckerman et al. 2013). Nidever et al. (2002) reported
a trend in the RVs of 88± 8 m s−1 d−1 with a negative curva-
ture based on four observations spaced over 70 days for HD
186704 AB. Tremko et al. (2010) observed a change in the RVs
of 4200 m s−1 in 8682 days on HD 186704 A. Finally, Tokovinin
(2014) reported HD 186704 A as hosting a spectroscopic binary
(SB) companion with a 3990 − day period. We reported in
Grandjean et al. (2020) a trend in the HARPS RVs with a slope
of 275 m s−1 yr−1 over a baseline of 450 days baseline (data taken
between 2014 and 2015). This trend was attributed to the known
SB companion. We observe in the SOPHIE RVs a trend with a
slope of 268 m s−1 yr−1 over a baseline of 1042 days (data taken
between 2013 and 2016). It emphasizes the consistency between
SOPHIE and HARPS data. The residuals of a linear regression
show a jitter with an amplitude of 38 m s−1 (see Fig. 12). These
residuals show a significant correlation between the BVS and the
RVs (Pearson=−0.64, pvalue = 0.2%), which indicates, in addi-
tion to the star’s relatively fast rotation (Prot = 3.511 days; Kiraga
2012) and Ca II H and K activity (〈log R′HK〉=−4.32), that the
measured jitter is likely due to stellar activity (spots).

3.1.13. HD 195943

HD 195943 (η Del) is an A3IV-type star that was reported as a
binary on the basis of HIPPARCOS proper motion (Makarov &
Kaplan 2005; Frankowski et al. 2007). We get a good coverage
of this companion signal in RV. Our best yorbit fit gives a period
of 1363± 11 days (3.73 yr), an eccentricity of 0.093± 0.004, and
a Mp sin i of 561± 4 MJup (0.54 M�). We present our fit in Fig. 8.
For this fit we assumed that the 2.25 M� mass estimated from
an evolutionary model by Zorec & Royer (2012) corresponds
to the primary mass. However, this mass estimation might be
affected by the binary companion. This will thus lead to an over-
estimation of the Mp sin i and an underestimation of the period
in our fit. The residuals of the fit show a vertical spread of the
(BVS, RV) diagram, and can thus be attributed to pulsations
(see Fig. 11).

3.1.14. HD 218738

HD 218738 (KZ Andromedae) is known to be the component
of a common proper motion binary along with HD 218739. HD
218738 is also known as a double line binary with a period of
3.03 days (Bopp & Fekel 1975; Fekel et al. 2017). We observe
this double component in our spectra. However, our data are too
sparse to characterize this binary.

3.2. Giant planets: HD 113337

HD 113337 is an F6V-type star that presents an IR excess (Rhee
et al. 2007). The corresponding debris disk was resolved by
Su et al. (2013). A first planetary companion was discovered

−6000

−4000

−2000

 0

 2000

 4000

6500  6600  6700  6800  6900  7000  7100  7200  7300  7400  7500

−400
−200

 0
 200
 400

R
V 

[m
/s

]

JD − 2450000.0 [days]

O
−C

 [m
/s

]

..

Fig. 8. HD 195943 RVs best fit with one Keplerian and its residuals.

from previous SOPHIE surveys, in addition to a long-term vari-
ation attributed to stellar activity (Borgniet et al. 2014). The
additional data obtained during the SOPHIE YNS survey permit-
ted Borgniet et al. (2019) to discover that the long-term variations
are due to a second companion. The parameters of the two
companions are P1 = 323± 1 days, Mp1 sin i1 = 3± 0.3 MJup and
P2 = 3265± 134 days, Mp2 sin i2 = 6.9± 0.6 MJup.

3.3. Detected companion summary

Over the 49 stars of our analysis a system composed of two plan-
ets with P < 1000 days was discovered (Borgniet et al. 2014,
2019). In addition, we observed ten single-lined spectroscopic
binary systems and two double-lined binary systems, eight of
which were already reported in the literature, while two were
unknown (HD 105693 B, HD 112097 B). Finally, we report a
long-term trend compatible with a planetary companion on HD
109647.

3.4. Known giant planet non-detections

Some of our targets are known to host confirmed or debated giant
planets. We present here the non-detection of these companions.

3.4.1. HD 128311

HD 128311 is a K0V-type star that is known to host two plan-
ets in 2:1 mean motion resonance. The first was detected by
Butler et al. (2003), who estimated its period at 422 days and its
Mp sin i at 2.57 MJup. Vogt et al. (2005) confirmed this compan-
ion and discovered a second one. They estimated their periods
to be 458.6 days and 928 days, and Mp sin i at 2.18 MJup and
3.21 MJup, respectively. They also found a periodicity in the pho-
tometry of the star with a period of 11.53 days. Wittenmyer et al.
(2009) confirmed the two planets with the high-resolution spec-
trograph of the Hobby–Ebberly telescope, and they estimated
their period at 454.2± 1.6 days and 923.8± 5.3 days, and their
Mp sin i at 1.45± 0.13 MJup and 3.24± 0.1 MJup, respectively.
They noted a strong periodicity in the residuals of their two-
Keplerian fit, with a period of 11.5 days, which corresponds to
the rotation period of the star previously measured by Vogt et al.
(2005). Finally, McArthur et al. (2014) combined Hubble Space
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Fig. 9. HD 128311 RV variations (left) and (BVS, RV) diagram (right).
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Fig. 10. HD 128311 periodograms Top: RVs periodogram. Bottom: time
window periodogram. The 10% false alarm probability (FAP) is shown
as a dotted line and the 1% FAP as a dashed line.

Telescope astrometry and additional RVs from the Hobby–
Ebberly telescope spectrograph to constrain the inclination of
the system. They find an inclination of 55.95 ± 14.55◦ and a
true mass of 3.789+0.924

−0.432 MJup for HD 128311 c.
Our data show parallel bisectors and a flat (BVS, RV) dia-

gram (Pearson= 0.09, pvalue = 56%, see Fig. 9), which indicates
the presence of companion. However, we do not recover the two
known companions in our data. The periodogram of our SOPHIE
RVs show a strong signal at 30 days, a weak signal near 450 days,
and a very weak signal near 900 days (see Fig. 10). This 30-
day period could be a multiple of the rotation period seen in
the photometry. We attribute thus this period to magnetic activ-
ity. The periodogram of the time window of our observations
shows a strong signal near 450 days, which explains why we do
not recover HD 128311 b (see Fig. 10). Moreover, our time base-
line is only 1153 days and our data are sparse (41 spectra), which
explains why we do not recover HD 128311 c.

3.4.2. BD+20 1790

BD+20 1790 is a K5V star for which the presence of a giant
planet was refuted. Hernán-Obispo et al. (2010) first reported a

companion with a period of 7.78 days from RV, along with a
2.28 − day period in the photometry of the star. The companion
was then refuted by Figueira et al. (2010) as the star presented a
strong BVS versus RV correlation, which indicated that the RV
signal were dominated by the stellar activity (spots). Hernán-
Obispo et al. (2015) reanalyzed the RV data and found that the
RV variations were composed of three signals: the first with a
period of 2.8 days that was linked to the photometric rotation
period; the second with a period of 4.36 days that was linked to
the synodic period of the star–planet system; and the third with
a period of 7.78 days, which they attributed to the companion.
Gagné et al. (2016) combined the Hernán-Obispo et al. (2010)
and Figueira et al. (2010) data with their CSHELL data, and did
not identify any significant periodicity in them or in any com-
bination of them. Finally, Carleo et al. (2018) used multiband
spectroscopy to show that the RV variations of BD+20 1790 are
chromatic, ruling out the companion.

In our SOPHIE RVs we observe a ∼1 km s−1 amplitude vari-
ation, which is consistent with the previous literature. The BVS
are strongly correlated to the RVs, which is consistent with the
Figueira et al. (2010) analysis. However, we have too few spectra
(10) to permit the characterization of this stellar signal.

4. SOPHIE and HARPS YNS combined survey
analysis

In order to improve the statistics of GPs around young stars, we
combine the SOPHIE YNS survey with the HARPS YNS sur-
vey (presented in Grandjean et al. 2020). This combination is
presented below.

4.1. Sample

The HARPS survey consist of 89 targets, 9 of which are in com-
mon with the SOPHIE survey (see Sect. 2.1), leading to a total of
143 distinct targets in the combined survey.

In this combined survey, 19 spectroscopic binary systems
were highlighted (17 SB1, 2 SB2). Two planets with P <
1000 days were discovered in the HD 113337 system (Borgniet
et al. 2014, 2019). One long-period (P > 1000 days) sub-stellar
candidate was discovered in the HD 206893 system (Grandjean
et al. 2019). Finally, one star presents a trend compatible with a
GP companion signal.

For the targets observed in both surveys we chose to use
the instrument for which we have the larger number of spectra
and the longer time baseline (SOPHIE: HD 89449, HD 171488,
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Fig. 11. Binary star RV analysis. First column: RV time variations (top) and its Keplerian fit residuals. These fits are presented in Fig. 6 for
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versus RV residuals and its best linear model (red dashed line).

HD 186704 A, HD 206860. HARPS: HD 25457, HD 26923, HD
41593, HD 90905). For HD 218396 the SOPHIE and HARPS time
baselines are similar. In this case we favored the number of spec-
tra over the time baseline as it presents a better sampling of the
jitter. We thus used the SOPHIE data for HD 218396 as it presents
twice the number of spectra even though the time baseline is 30%
shorter than for HARPS data.

We do not combine our HARPS and SOPHIE RV data for
these targets, as it is not possible to determine an accurate
value of the offset between the two datasets (as each dataset is
relative to its respective median spectra). Moreover, our detec-
tion limits are based on RVs periodograms (see Sect. 4.4) and
the uncertainty on the offset would lead to a biased combined
periodogram, and thus to biased detection limits.

From the HARPS YNS sample we excluded the targets that
were excluded in Sect. 4.3 of Grandjean et al. (2020). From the
SOPHIE YNS survey we excluded the star excluded in Sect. 2.1.
In addition, we excluded the binary stars for which the compan-
ion signal could not be fitted: HD 28495, HD 105963, and HD
218738. This leads to a total of 120 targets in the combined sur-
vey. All the following figures will present the HARPS targets in
black and the SOPHIE targets in blue.

The targets of our final sample have spectral types that range
from A0V to M5V (Fig. 13). This sample includes 32 targets
between A0 and F5V (B − V ∈ [−0.05 : 0.52[, hereafter AF
sub-sample), 79 between F6 and K5 (B − V ∈ [−0.05 : 1.33[,
hereafter FK sub-sample), and 9 between K6 and M5 (B − V ≥
1.33, hereafter M sub-sample). Their projected rotational veloc-
ity (v sin i) ranges from 1.7 to 120 km s−1, with a median of
7.1 km s−1. Their V-band relative magnitude ranges between 1.2
and 10.1, with a median of 7.6. Their masses are between 0.42
and 2.74 M�, with a median of 1.0 M� (see Appendix B for
masses determination). The AF sub-sample presents a median

mass of 1.62 M� with a standard deviation of 0.38 M�, the FK
sub-sample presents a median mass of 0.93 M� with a standard
deviation of 0.19 M�, and the M sub-sample presents a median
mass of 0.6 M� with a standard deviation of 0.08 M�.

The distances of the stars in our sample range between 3 and
113 pc, with a median of 28 pc (see Fig. 14, Gaia Collaboration
2018).

The median age of the sample is 149 Myr (see Appendix B
for age determination). The uncertainties on the ages range from
several million years to several hundred million years. We chose
two ways to represent them. First, we present a histogram of the
ages in Fig. 15a. We chose the histogram bin to be larger than
the median uncertainty on the age of the star in the survey. This
ensures that the real ages of most of the stars in the survey are
within the range where they were counted. Second, we consid-
ered an alternative way to present the age of the survey that we
call the histogram of the possible age. It is a histogram where we
count in each bin the number of stars for which the bin is within
their errorbars. It represents the ranges of possible values for
the ages of the stars. As the stars are counted several times, this
histogram give only qualitative information. We present the his-
togram of the possible age of the combined sample in Fig. 15b.
We can observe several peaks corresponding to different moving
groups: ∼40 Myr (Tucana/Horlogium, Carina, Columba, Argus;
Bell et al. 2015), ∼130−150 Myr (AB Doradus; Bell et al. 2015),
and 250 Myr (Hercules/Lyraes; Eisenbeiss et al. 2013).

Metallicity measurements are only available for 86 of our
targets. Their metallicities are close to the solar value, with a
median of 0.03 dex (mean of 0.03 dex) and a standard deviation
of 0.14 dex. We observe no statistically significant correlation
between the metallicity and the B − V nor between the metallic-
ity and the stellar mass in our sample. We present the metallicity
of the combined sample in Fig. 16.
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Fig. 12. continued.

The median time baseline is 2621 days (mean time baseline
of 2493 days), with a median number of spectra per target of 25
(92 on average) spaced over a median number of 13 nights (18
on average, Fig. 17).

Details can be found in Tables A.1, A.3, A.2, and A.4
(Tables A.3 and A.4 being updated versions of Tables A.1 and
A.2 presented in Grandjean et al. 2020).

4.2. Stellar intrinsic variability

The jitter observed in the RV time series of our combined sam-
ple is mainly caused by pulsations for early-type stars (from A to
F5V), and by spots and faculae for late-type stars (>F5V). Those
two regimes can be distinguished from each other as stars with

pulsations show a vertically spread (BVS, RV) diagram, whereas
stars with spots present a correlation between BVS and RV
(Lagrange et al. 2009). The main origin of RV jitter is reported
in Tables A.2 and A.4 for each target of the HARPS YNS and
SOPHIE YNS surveys, respectively. The distinction between stars
with pulsations (labeled “P” in these tables) and stars with spots
(labeled “A”) was based on the stellar spectral type, the shape of
the bisectors (Lagrange et al. 2009), and the (BVS, RV) diagram
shape as exposed above.

The stars of the combined survey present a strong jitter. After
the removal of the companion’s signal (see Sect. 3) and the HD
217987 secular drift (see Grandjean et al. 2020), the ratio of the
RV rms to the mean RV uncertainty is between 120 and 1, with
a median at 12. The median of the RV rms is 44 m s−1 (129 m s−1
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Fig. 13. Main physical properties of our combined HARPS and SOPHIE YNS sample. HARPS targets related data are in black and SOPHIE related
data are in blue. The HARPS (black) histogram and the SOPHIE (blue) histogram are stacked. (a) Absolute V-magnitude versus B − V . Each dot
corresponds to one target. The Sun is displayed (red star) for comparison. (b) v sin i versus B − V distribution. (c) Histogram of the star masses
(in M�).
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Fig. 14. Gaia DR2 (Gaia Collaboration 2018) distance histogram of
our combined HARPS and SOPHIE YNS sample. The HARPS (black)
histogram and the SOPHIE (blue) histogram are stacked.

on average). We display in Fig. 18 the mean RV uncertainty ver-
sus B−V , versus v sin i, and versus M∗, of the combined sample.
We also display the RV rms versus B − V and versus age in
Fig. 19. The mean RV uncertainty is strongly correlated with
v sin i (Pearson= 0.78, pvalue < 6× 10−26%). The correlation of
the combined survey is stronger than for the HARPS YNS survey
alone (Pearson= 0.69).

Out of 120 stars in our sample, 110 present variations in
their Ca lines, which confirms the presence of stellar activity
for a large number of targets. The median 〈log R′HK〉 of our sam-
ple is −4.3 with a standard deviation of 0.2. Of these targets,
4 present signs of low activity (〈log R′HK〉 < −4.75), 85 are active
(−4.75 < 〈log R′HK〉 < −4.2), and 21 present signs of high activ-
ity (〈log R′HK〉 > −4.2). The median of the standard deviations of
the 〈log R′HK〉 of the stars of the sample is 0.03 (mean of 0.04).
We present in Fig. 20 〈log R′HK〉 versus B − V .

4.3. RV correction for further analysis

We used the method presented in Grandjean et al. (2020) to cor-
rect the RVs of the SOPHIE stars from their jitter and from their
companion signal: for the stars for which the RVs are dominated
by spots (labeled A in Table A.2), we corrected the RVs from the
(BVS, RV) correlation using the Melo et al. (2007) method. For
the stars that present a trend (see Sect. 3.1), we applied a linear
regression on their RVs. If the residuals presented a correlation
between the BVS and the RVs, we corrected them for this cor-
relation (Melo et al. 2007). For the binary star for which it was

possible to fit the companion signal (see Sect. 3.1), we worked on
the residuals. If the residuals presented a correlation between the
BVS and the RVs we corrected them for this correlation (Melo
et al. 2007).

For the HARPS stars we used the corrected data presented in
Grandjean et al. (2020).

4.4. Detection limits

We used the local power analysis (LPA; Meunier et al. 2012;
Borgniet et al. 2017) to compute the mp sin i detection limits for
periods between 1 and 1000 days in the GP domain (between 1
and 13 MJup), and in the BD domain (between 13 and 80 MJup).
The LPA method determines, for all periods P, the minimum
mp sin i for which a companion on a circular orbit10 with a
period P leads to a signal consistent with the data; this is done
by comparing the synthetic companion maximum power of its
periodogram to the maximum power of the data periodogram
within a small period range around the period P. For a given
star the detection limit is infinite for periods greater than its time
baseline. We made this choice because the high jitter and the
moderate number of spectra per target do not provide a strong
constraint on a companion signal that has a period greater than
the time baseline.

We then computed the completeness function C(mp sin i, P)
of the sample which corresponds, for a given couple (mp sin i, P),
to the fraction of stars in the sample for which a companion
with this mass and period is excluded by the detection limits
(Borgniet et al. 2017). For the computation of the completeness
we excluded HD 113337, for which companions were detected
during the survey. The 40 to 90% search completeness values
are presented in Fig. 21. We also computed the sample search
completeness function CD in this period and mass ranges (see
Table 3). It is over 75% for the AF and FK sub-samples.

4.5. Companion occurrence rates

From our combined HARPS and SOPHIE sample of 119 stars, we
computed the occurrence rates of GPs (1 to 13 MJup) and BDs

10 Assuming a circular orbit in the computation of the detection lim-
its is common in the field of large RV surveys (Cumming et al. 2008;
Lagrange et al. 2009; Borgniet et al. 2017; Grandjean et al. 2020) despite
the slight underestimation of the detection limits it implies for the whole
survey.
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Fig. 15. Age distribution of the combined HARPS
and SOPHIE YNS sample. (a) Age histogram. (b)
Histogram of the possible age. Each bin counts the
number of stars for which the bin is within their
age error bars. The HARPS (black) histogram and
the SOPHIE (blue) histogram are stacked.
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Fig. 16. Metallicity of the HARPS and SOPHIE
YNS sample against B − V (a) and against stellar
mass (b). HARPS targets related data are in black
and SOPHIE related data are in blue.
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Fig. 17. Observation summary of the combined HARPS and SOPHIE YNS sample. (a) Histogram of the number of spectra per target; HD 216956
(Fomalhaut, 834 spectra) and HD 039060 (β Pic, 5108 spectra) are not displayed. (b) Histogram of the number of nights per target. (c) Histogram
of the time baselines. The HARPS (black) histogram and the SOPHIE (blue) histogram are stacked.
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Fig. 18. Summary of the RV uncertainties of the combined survey. Mean RV uncertainty (accounting for the photon noise only) versus B − V(a),
versus v sin i (b) and versus M? (in M�, c). HARPS targets related data are presented in black and SOPHIE related data are presented in blue.
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Our detected planet HD 113337 b is shown as a red dot, while the non-
detected planets in the survey, HD 128311 b and c, are shown as black
dots.

(13 to 80 MJup) around AF-type (B − V ∈ [−0.05 : 0.52[), FK-
type (B − V ∈ [0.52 : 1.33[), and KM-type (B − V ≥ 1.33) stars,
and for different ranges of periods: 1–10, 10–100, 100–1000,
and 1–1000 days. We used the method described in Borgniet
et al. (2017) to compute the occurrence rates and to correct them
from the estimated number of missed companions nmiss derived
from the search completeness. For the range where no compan-
ions were detected in the survey, only the upper limits of the
occurrence rates are available.

The inclusion of the SOPHIE YNS survey targets in the com-
bined sample provided a better constraint on the GP and BD
occurrence rates around young stars in comparison to our pre-
vious study based on the HARPS YNS survey alone (Grandjean
et al. 2020). As an example, the upper limits on the GP and BD
occurrence rates are now 10 to 40% (depending on the period
and mass range) lower than our previous estimate. Moreover, one
GP system with P < 1000 days companions was discovered in
the SOPHIE YNS survey, which permit us to derive the occur-
rence rates of these objects in this period range instead of an
upper limit. We computed an occurrence rate of 1+2.2

−0.3% for GP
with periods under 1000 days. The BD occurrence rate is below
0.9+2
−0.9% in this period range. We present these occurrence rates

for AF, FK, M, and all stars in Table 3, and we present the AF
and FK sub-samples occurrences rates in Fig. 22.

4.6. Comparison to surveys on main sequence stars

In our survey two companions with periods between 100 and
1000 days were detected on the same stars belonging to our AF
sub-sample (HD 113337 b and c; Borgniet et al. 2014, 2019).
However, we may have missed some planets with low masses
and long periods as only 40% of the stars in the survey have
detection limits lower than 2 MJup between 100 and 1000 days
(see Fig. 21).

No HJ was detected in the survey. This non-detection is
robust as 70% of our stars present limits of detection lower than
1 MJup for period lower than 10 days. In consequence only upper
limits on the occurrence rates of HJ can be computed. To com-
pare our results to previous surveys we adopted the same p-value
formalism as in Grandjean et al. (2020). If the p-value of our
non-detection of HJ around young stars is below 10% for a given
occurrence rate on MS stars found in the literature, it indicates
that the occurrence rate might be different between young and
MS stars with a confidence level of 90%.

For the AF stars we computed an occurrence rate of 4.3+9.0
−1.3%

for GP with periods lower 1000 days, which is in agreement with
the 3.7+2.8

−1.1% occurrence rate derived by Borgniet et al. (2019) on
all age AF MS stars. For the FK stars we computed an upper limit
on the occurrence rate of 1.4+3.1

−1.4% for GP with periods lower
1000 days. It is compatible at 1σ with the GP occurrence rate of
4.3± 1% obtained by Cumming et al. (2008) on FK MS stars in
the same period range, but it may be lower. The p-value test is
validated with a confidence level of 90% (pvalue = 3+4

−2%), which
indicates that the occurrence rates of these objects might be
different between young and old FK stars. However, the level of
confidence of this test is not strict, and the probability of observ-
ing such a difference is still about 10%. Moreover, it is puzzling
that we do not observe a similar lack of close GPs around young
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Table 3. GP (mp sin i ∈ [1, 13] MJup) and BD (mp sin i ∈ [13, 80] MJup) occurrence rates around young nearby stars computed from our combined
HARPS and SOPHIE sample.

mp sin i Orbital period B − V Search Detected Missed GP occurrence rate Confidence intervals

interval interval completeness GP systems GP systems 1σ 2σ
(MJup) (day) CD (%) upper limit (%) (%) (%)

1–13 1–10 All 95 0 0.1 <0.9 0–2.9 0–4.9
(GP) [−0.05 : 0.52[ 87 0 0.2 <3.7 0–11.5 0–19.1

[0.52 : 1.33[ 97 0 0.0 <1.3 0–4.2 0–7.1
≥1.33 99 0 0.0 <11.2 0–29.7 0–45.6

1–13 1–100 All 91 0 0.1 <0.9 0–3.0 0–5.1
[−0.05 : 0.52[ 81 0 0.2 <4.0 0–12.4 0–20.5
[0.52 : 1.33[ 95 0 0.1 <1.3 0–4.3 0–7.3
≥1.33 97 0 0.0 <11.5 0–30.4 0–46.6

1–13 1–1000 All 87 1 0.2 1.0 0.7–3.1 0.2–5.4
[−0.05 : 0.52[ 75 1 0.3 4.3 3.0–13.4 1.0–22.1
[0.52 : 1.33[ 91 0 0.1 <1.4 0–4.5 0–7.6
≥1.33 89 0 0.1 <12.5 0–33.0 0–50.7

13–80 1–10 all 99 0 0.0 <0.8 0–2.8 0–4.7
(BD) [−0.05 : 0.52[ 98 0 0.0 <3.3 0–10.2 0–16.8

[0.52 : 1.33[ 97 0 0.0 <1.3 0–4.2 0–7.1
≥1.33 100 0 0.0 <11.1 0–29.4 0–45.2

13–80 1–100 All 97 0 0.0 <0.9 0–2.8 0–4.8
[−0.05 : 0.52[ 97 0 0.0 <3.3 0–10.3 0–17.1
[0.52 : 1.33[ 98 0 0.0 <1.3 0–4.2 0–7.1
≥1.33 100 0 0.0 <11.2 0–29.5 0–45.3

13–80 1–1000 All 94 0 0.1 <0.9 0–2.9 0–4.9
[−0.05 : 0.52[ 94 0 0.1 <3.4 0–10.6 0–17.5
[0.52 : 1.33[ 95 0 0.1 <1.3 0–4.3 0–7.3
≥1.33 94 0 0.1 <11.8 0–31.4 0–48.1

Notes. The parameters are displayed in normal, bold, italic, or bold italic fonts when considering the full star sample, the AF sub-sample, the FK
sub-sample, or the M sub-sample, respectively.

AF stars, as our AF and FK sub-samples are not significantly
different in metallicity and age. A statistical analysis on a larger
number of FK young targets is needed to determine whether the
GP occurrence rate is significantly lower for young FK stars than
for MS FK stars.

Our upper limit on the occurrence rate of HJs (P < 10 days)
around FK-type stars is 1.3+2.9

−1.3%, which is compatible with the
HJ occurrence rate around FK MS stars estimated at 0.46+0.3

−0.3%
by Cumming et al. (2008). We detected 0 companion out of 32
stars; the corresponding p-value is 86+9

−8%.
We note that our upper limit on the GP occurrence rates

around FK stars for periods lower than 1000 days is lower, but
compatible at 1σ, with the occurrence rate we derived for AF
stars on the same period range. If the occurrence rate of these
planets is identical between AF and FK stars, then the p-value
of our non-detection of such planets around our 32 AF stars
will be 25+13

−24%. The apparent difference in occurrence rates
between young AF and FK stars is not likely to be significant,
but a possibility that it is significant remains. The metallicity of
our AF and FK sub-samples are not statically different. On the
other hand, the stellar mass of these two sub-sample is signifi-
cantly different. The occurrence rates of GP around young stars
might then depend on the host star mass in favor of the high
mass. This would be in agreement with the predictions of core
accretion models (Kennedy & Kenyon 2008). It would also be in
agreement with the host star mass-GP occurrence rate positive
correlation observed for evolved stars in RV (Bowler et al. 2009;
Johnson et al. 2010; Jones et al. 2016) and for wide orbit planets

around young stars in direct imaging (Baron et al. 2019). A sta-
tistical analysis on larger and similarly sized young AF and FK
samples is needed to determine whether the GP occurrence rate
for FK young stars is significantly lower than for AF young stars.

Close BDs (P < 1000 days) are known to be rare (Grether
& Lineweaver 2006; Sahlmann et al. 2011; Grieves et al. 2017;
Jones et al. 2017; Borgniet et al. 2019). Our upper limit of
0.9+2
−0.9% on the BD occurrence rate for periods lower than

1000 days is consistent with the literature. A statistical analy-
sis on a larger number of young targets is needed to study the
difference in the BD occurrence rates between young and MS
stars.

5. Conclusion

We carried out a 3-yr SOPHIE survey on 63 young A- to M-type
stars in the search for close GP and BD companions. This survey
allowed the discovery of a multiplanet system around HD 113337
(Borgniet et al. 2014, 2019); two binary companions, HD 112097
B and HD 105693 B; and a long-term trend on HD 109647. We
confirmed numerous binary companions and we constrained for
the first time the orbital parameters of HD 195943 B. No HJ or
short-period (P < 10 days) BD was discovered in this survey.

We then combined our SOPHIE survey with the HARPS YNS
survey that was presented in Grandjean et al. (2020), leading
to a statistical analysis on 120 young stars. We obtained a GP
occurrence rate of 0.9+2.2

−0.3% for periods lower than 1000 days
and an upper limit on the BD occurrence rate of 0.9+2

−0.9% in the
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Fig. 22. Occurrence rates and their 1σ ranges for the period ranges of
1–10, 10–100, and 100–1000 days in the GP domain (1–13 MJup, top)
and BD domain (13–80 MJup, bottom), for the AF sub-sample (red) and
the FK sub-sample (black).

same period range. We observed a barely significant difference
of close GP occurrence rate between AF-type and FK-type stars.
We also observed a significant difference in GP occurrence rates
between young and MS F- to K-type stars with a confidence level
of 90%. An analysis of a larger number of young stars is needed
to determine whether these differences are actually significant.

The forthcoming analysis of our HARPS survey on Sco-
Cen stars will add 50 stars to our analysis. This will permit
us to reduce the uncertainties on the derived occurrence rates
for young stars, and will also help in the search for the possi-
ble impact of system ages on occurrence rates. Moreover, the
Sco-Cen survey is mainly composed of early-type stars, which
will balance our AF and FK sub-samples, allowing a better
comparison of the two sub-sample occurrence rates.
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Appendix A: Combined sample

The tables are available at the CDS.

Appendix B: Age and mass estimations

When available, the ages and masses of the targets of the HARPS
YNS and the SOPHIE YNS surveys were taken from the litera-
ture. When it was possible, the ages and masses were derived
using the methods described in Desidera et al. (2015) and in an
upcoming paper, then on a homogeneous scale with the above
works. Briefly, we considered membership to groups and asso-
ciations (adopting the group ages from Bonavita et al. (2016),
also discussed in the upcoming paper); indirect indicators such
as rotation, chromospheric, and coronal activity; and Li 6708 Å
equivalent width, complemented by isochrone fitting. Preference
was given to the moving group criterion whenever possible (con-
firmed members). For field objects the weight assigned to the
various methods depends on color and/or spectral type and age
range (e.g., saturation of chromospheric activity and coronal
emission versus age below 100–150 Myr, and high sensitivity of
lithium to age for K dwarfs younger than 300–500 Myr, with lim-
its only at older ages). Masses were derived using the PARAM
interpolation code11 (da Silva et al. 2006), as in Desidera et al.
(2015). For the remaining targets the masses were estimated from
the spectral type by using an empirical M∗ = f (B-V) relation (see
page 564 of Lang 1999 and p. 209 of Cox 2000).

11 http://stev.oapd.inaf.it/cgi-bin/param_1.3
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