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ABSTRACT

We report the discovery of three new substellar companions to solar-type stars, HD 191806, HD 214823, and HD 221585, based on
radial velocity measurements obtained at the Haute-Provence Observatory. Data from the SOPHIE spectrograph are combined with
observations acquired with its predecessor, ELODIE, to detect and characterise the orbital parameters of three new gaseous giant and
brown dwarf candidates. Additionally, we combine SOPHIE data with velocities obtained at the Lick Observatory to improve the
parameters of an already known giant planet companion, HD 16175 b. Thanks to the use of different instruments, the data sets of
all four targets span more than ten years. Zero-point offsets between instruments are dealt with using Bayesian priors to incorporate
the information we possess on the SOPHIE/ELODIE offset based on previous studies. The reported companions have orbital periods
between three and five years and minimum masses between 1.6 MJup and 19 MJup. Additionally, we find that the star HD 191806 is
experiencing a secular acceleration of over 11 m s−1 per year, potentially due to an additional stellar or substellar companion. A search
for the astrometric signature of these companions was carried out using Hipparcos data. No orbit was detected, but a significant upper
limit to the companion mass can be set for HD 221585, whose companion must be substellar. With the exception of HD 191806 b, the
companions are located within the habitable zone of their host star. Therefore, satellites orbiting these objects could be a propitious
place for life to develop.

Key words. planetary systems – techniques: radial velocities – stars: individual: HD 221585 – stars: individual: HD 16175 –
stars: individual: HD 191806 – stars: individual: HD 214823

1. Introduction

As the baselines of radial velocity surveys move from years
to decades, it becomes possible to probe regions progressively
farther away from the targeted stars. With over 20 years of ra-
dial velocity observations under the belt, this has in fact already
been achieved for giant planets. As of December 2015, the ex-
oplanets.org database (Han et al. 2014) listed over a hundred

? Based on observations collected with the SOPHIE spectrograph
on the 1.93-m telescope at Observatoire de Haute-Provence (CNRS),
France by the SOPHIE Consortium (programme 07A.PNP.CONS to
15A.PNP.CONS).

planets detected with semi-major axes larger than 2 au. Most
of these orbit solar-type stars and, with two notable excep-
tions, namely HD 10180 h (Lovis et al. 2011b) and HD 204941 b
(Dumusque et al. 2011), all of these planets have masses larger
than Saturn.

The discovery of giant planetary companions on long-period
orbits is important for a number of reasons: firstly, probing the
architecture of extrasolar systems out to the ice line and be-
yond provides strong constraints on planet formation and evo-
lution. Secondly, it allows us to put our own solar system in con-
text. Thirdly, these giant planets are likely to play an important
role in the short-term dynamics of the systems. For example, an
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unseen massive companion in an outer orbit can bias the mass
determinations obtained via transit timing variations of small-
mass planets in close-in compact systems, the likes of which
have been abundantly discovered by the Kepler mission (e.g.
Rowe et al. 2014). Finally, the discovery of these companions
is important on account of the role of Jupiter in the impact rate
on Earth of asteroids and comets, and the consequent effect on
habitability (see Laakso et al. 2006; Horner & Jones 2008, 2010,
and references therein). Additionally, although gaseous planets
are most likely incapable of harbouring life, they could be or-
bited by rocky satellites that are analogous to the Galilean satel-
lites of Jupiter or larger. If the giant planet orbits in the hab-
itable zone of its star, these moons would constitute a suitable
place for life to develop (Williams et al. 1997; Porter & Grundy
2011; Heller et al. 2014; Heller & Pudritz 2015). Therefore, es-
tablishing whether a gaseous planet is in the habitable zone
(Kasting et al. 1993; Kopparapu et al. 2013b) bears importance
for future astrobiological studies.

Two factors act as the main limitation to the endeavour of
unveiling such planets. Firstly, no single unmodified RV in-
strument has observed uninterrupted for 20 years; ELODIE
(Baranne et al. 1996) was replaced with SOPHIE in 2006
(Perruchot et al. 2008; Bouchy et al. 2009a). In turn SOPHIE
was upgraded in 2011 (Bouchy et al. 2013; Perruchot et al.
2011). The HIRES instrument was upgraded in 2004 (Vogt et al.
1994), and CORALIE was upgraded in 2007 and 2014
(Queloz et al. 2000; Ségransan et al. 2010). The planet search
programme at the 2.4-m telescope of the McDonald Obser-
vatory went through three instrumental phases, the latter of
which started in 1998 (Hatzes et al. 2000; Endl et al. 2004).
Even HARPS, which remained untouched for over ten years,
has recently been upgraded (Mayor et al. 2003; Lo Curto et al.
2015). This implies that instrument offsets have to be treated
cautiously to avoid introducing spurious signals that pass for
long-period giant planets. This is particularly important when
no overlap between the instruments exist, as is the case for most
of the examples cited above.

Secondly, many solar-type stars, even the most inactive, ex-
hibit activity cycles or variations with typical timescales be-
tween a few years and a couple of decades (Baliunas et al.
1995; Lovis et al. 2011a). Long-term activity variations are
related to global changes in the convective pattern of
the star (Lindegren & Dravins 2003; Meunier et al. 2010;
Meunier & Lagrange 2013), and produce radial velocity sig-
nals clearly correlated with activity proxies such as log (R′HK)
(Noyes et al. 1984) and the width and asymmetry of the mean
spectral line (Dravins 1982; Santos et al. 2010; Lovis et al.
2011a; Dumusque et al. 2011; Díaz et al. 2016). These signals
can be mistaken with long-period planets, and if not fully cor-
rected, can contaminate the radial velocity time series at higher
frequencies.

In this article, we tackle these issues by modelling radial ve-
locity time series using a Bayesian approach. Information such
as the calibrations of instrument offsets are incorporated into the
model through the use of Bayesian priors. We report the detec-
tion of three new long-period giant companions around solar-
type stars based on data obtained with the ELODIE and SOPHIE
spectrographs. One of these companions has a minimum mass
of around 19 MJup and may in fact be a brown dwarf. Addition-
ally, we improved upon the orbital and physical parameters of a
known giant planet candidate by combining the original discov-
ery data with new measurements from ELODIE and SOPHIE.
The paper is organised as follows: in Sect. 2 we describe the ob-
servations and the techniques used to reduce the data. Section 3

describes the stellar hosts, their basic physical properties and
their activity level over the time span of our observations. We
discuss the presence of activity cycles here. Section 4 presents
the results of the analysis of the bisector of the stellar mean line,
and in Sect. 5 we describe our model and the technique to sample
the posterior distribution of the model parameters. The results
are presented individually for each target in Sect. 6. We study
the position of the candidates with respect to the habitable zone
and the habitability of potential satellites in Sect. 7 and, finally,
we give a summary of the results in Sect. 8.

2. Observations and data reduction

The targets were observed as part of the volume-limited SOPHIE
survey for giant planets (sub-programme 2, or SP2; Bouchy et al.
2009a). SOPHIE is a fibre-fed, cross-dispersed echelle spectro-
graph mounted at the 1.93-m telescope of the Haute-Provence
Observatory. Its dispersive elements are kept at constant pres-
sure and it is installed in a temperature stabilised environment
(Perruchot et al. 2008) to provide high-precision radial velocity
measurements over long timescales. Observations of SP2 targets
are carried out in the high-resolution mode of the instrument,
which provides resolving power R = 75 000. In addition to the
target fibre, a second fibre monitors sky brightness variations,
particularly because of the scattered moonlight.

Sub-programme 2, targets 2300 dwarf stars at dis-
tance <60 pc and with B − V between 0.35 and 1.0. Most
of these stars (about 1900) have already been observed
with SOPHIE (Hébrard et al. 2016). The programme employs
medium-precision measurements (around 3 m/s) that permitted
the detection of around 50 substellar companions, including gi-
ant planets in multi-planetary systems (e.g. Hébrard et al. 2010;
Moutou et al. 2014) and brown dwarf companions (Díaz et al.
2012; Wilson et al. 2016). The observing strategy consists in
acquiring spectra with a constant signal-to-noise ratio (S/N) of
around 50 to minimise the effects of the charge transfer inef-
ficiency (Bouchy et al. 2009b). This is usually achieved in a
few minutes of integration time, but as the SP2 is also used
as a backup programme for the SOPHIE programmes that re-
quire more precise measurements, some exposures during poor
weather conditions are much longer.

The spectra were reduced using the SOPHIE pipeline de-
scribed by Bouchy et al. (2009a). The radial velocity (RV) was
measured by weighted cross correlation of the extracted two-
dimensional echelle spectra with a spectral mask corresponding
to the spectral type of the observed star (Baranne et al. 1996;
Pepe et al. 2002). A Gaussian curve was fitted to the cross-
correlation function (CCF) averaged over all spectral orders to
produce the RV measurement. Additionally, we obtained the bi-
sector velocity span of the CCF as described by Queloz et al.
(2001). The measurements are listed in Tables B.1 through B.41.

One of the main systematic effects in SOPHIE data was due
to insufficient scrambling of the fibre link and the high sensi-
tivity of the spectrograph to illumination variations. As a con-
sequence, seeing changes at the fibre input produced changes
in the measured radial velocity. This so-called seeing effect is
described in Boisse et al. (2010, 2011a), Díaz et al. (2012), and
Bouchy et al. (2013). The seeing effect can be partially corrected
for by measuring the RV on each half of spectral orders and using
the difference of the obtained velocities to decorrelate the veloc-
ity measured with the entire detector (see Bouchy et al. 2013).

1 These tables contain the raw measurements. The offset between the
instrument zero-points was not included (see Sect. 5.1).
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Table 1. Basic characteristics of the ELODIE, SOPHIE, and SOPHIE+ observations of the four target stars.

Target Instrument N Dates Time span 〈σRV〉

start end [yr] [m/s]
HD 16175 ELODIE 3 2004-10-03 2004-11-24 0.14 9.0

SOPHIE – – – – –
SOPHIE+ 25 2011-09-02 2015-09-03 4.0 4.5

HD 191806 ELODIE 6 2004-09-26 2006-08-12 1.9 12.9
SOPHIE 28 2006-12-23 2011-04-08 4.3 4.0
SOPHIE+ 18 2011-09-02 2015-05-11 3.7 4.7

HD 214823 ELODIE 5 2005-08-04 2006-08-13 1.0 21.2
SOPHIE 13 2008-07-20 2011-05-21 2.8 6.0
SOPHIE+ 11 2011-08-03 2015-06-30 3.9 5.8

HD 221585 ELODIE 10 2004-09-28 2006-07-16 1.8 9.0
SOPHIE 5 2008-08-16 2010-08-21 2.0 3.1
SOPHIE+ 20 2011-08-17 2015-08-24 4.0 3.4

Notes. N is the total number of spectra. The average uncertainty due to photon noise and calibration error, 〈σRV〉, is also provided.

This correction was applied to all data obtained with SOPHIE
before June 2011. The seeing effect was dramatically reduced in
June 2011 (BJD = 2 455 730) with the introduction of octagonal-
section fibres in the fibre link. The new fibre may have caused a
zero-point shift, which is not yet fully characterised. In this arti-
cle, we treat SOPHIE data obtained after June 2011 as if it were
from a different instrument, which we refer to as SOPHIE+. In
spite of an important improvement in the SOPHIE RV preci-
sion, some systematic zero-point offsets are still observed. They
are probably related to an incomplete thermal isolation and are
corrected for as described by Courcol et al. (2015).

All of the targets were already observed with the ELODIE
spectrograph (Baranne et al. 1996), which is the predecessor of
SOPHIE. However, they were not included in SOPHIE sub-
programme 5, which follows up velocity trends and incom-
plete orbits identified with ELODIE (Bouchy et al. 2009a, 2016;
Boisse et al. 2012). The ELODIE RVs were also obtained by
cross correlation with a numerical spectral mask. A velocity off-
set between ELODIE and SOPHIE exists and has been calibrated
by Boisse et al. (2012) as a function of colour index B − V us-
ing a sample of around 200 stars. These authors mentioned that
a dependence on stellar metallicity must exist, but they claimed
the effect is small and decided to neglect it.

Table 1 lists the main characteristics of the ELODIE,
SOPHIE, and SOPHIE+ data sets. The data sets are plotted in
Fig. 1. In all cases, clear RV variations exist, which are due to
substellar orbiting companions, as we show below. The mea-
sured orbital and physical parameters are listed in Table 4.

3. Stellar parameters

The atmospheric parameters (stellar effective temperature Teff ,
surface gravity log (g), and metallicity [Fe/H]) of the four ob-
served targets were computed from the combined SOPHIE
spectra. The method is described in Santos et al. (2004) and
Sousa et al. (2008). Stellar masses M? are then derived from
the calibration of Torres et al. (2010) with a correction follow-
ing Santos et al. (2013). Errors were computed from 10 000 ran-
dom draws from the posterior distribution of the stellar param-
eters, assumed Gaussian, and free of correlations. The stellar
ages are derived by interpolation of the PARSEC (Bressan et al.
2012) tracks as described by da Silva et al. (2006). The obtained
parameters are listed in Table 2. The statistical uncertainty in the

stellar masses obtained by this method is known to be underesti-
mated. Instead, we used a conservative 10% error in all compu-
tations requiring the stellar mass, such as the minimum masses
of the companions. For HD 16175, a number of determinations
of the stellar parameters exist in the literature (Peek et al. 2009;
Santos et al. 2013; Sousa et al. 2015; Jofré et al. 2015). They all
agree within the error bars. We decided to retain the determina-
tion by Sousa et al. (2015) because they used the same method
that we employed for the remaining stars.

Using the Hipparcos parallaxes, and the measured apparent
magnitudes, we obtained the absolute magnitudes in the V band,
MV . With these absolute magnitudes, along with the bolomet-
ric correction tabulated by Cox (2000) and the self-consistent
value adopted for the absolute bolometric magnitude of the Sun,
Mbol,� = 4.61 (Torres 2010), we can compute the stellar lumi-
nosity in solar units. The obtained values are listed in Table 2,
and the uncertainties are propagated assuming a negligible error
for the bolometric correction. In Fig. 2 the position of the target
stars in the effective temperature – luminosity plane is compared
with the PARSEC theoretical tracks (Bressan et al. 2012). We
notice that all stars have evolved away from the zero-age main
sequence, which is represented by the bottom points of each
track. The most evolved star is HD 221585, whose age is esti-
mated at 6.2 ± 0.5 Gyr. The remaining stars are around 3 Gyr in
age. Their evolution can be quantified using the evolution metric
from Wright (2005), ∆MV , which measures the magnitude dif-
ference in the V band between the star and the main sequence.
This metric is given in Table 2 and confirms that HD 221585 is
the most evolved star in our sample, followed by HD 214823.
Also, the stellar masses estimated using the Torres et al. (2010)
calibration do not generally agree with those that would have
been obtained from interpolating the PARSEC tracks. This jus-
tifies the use of a 10% error in the stellar masses for the com-
putation of the derived quantities. A similar discrepancy is seen
for the ages of the stars, also hinting at a systematic uncertainty
unaccounted for in the error bars listed in Table 2.

Finally, we used the SOPHIE CCF to estimate the projected
stellar rotational velocities, v sin I∗, using the calibration by
Boisse et al. (2010). The value of the projected rotational veloc-
ity of the star determined spectroscopically by Peek et al. (2009)
for HD 16175, v sin I∗ = 4.8 ± 0.5 km s−1 , is in agreement with
the value obtained from the SOPHIE CCF.
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Fig. 1. Radial velocity data and model fits. The green points represent
ELODIE data, and the red empty and filled circles represent SOPHIE
and SOPHIE+ data, respectively. The empty black points are Lick Ob-
servatory data. In the upper panel of each plot, the solid thick black
curve is the maximum a posteriori physical model. The blue curves are
the 95% highest density interval (HDI) for the complete model, com-
puted as described in Díaz et al. (2016) and Gregory (2011). The model
posterior mean is represented by solid thin grey curve. The stellar drift
or systemic velocity is shown as a thick grey line with the 95% (HDI)
shown with dotted grey lines.

3.1. Activity indexes

The classical activity index, based on the Ca II H and K lines,
log (R′HK), cannot be obtained from the ELODIE spectra because
the H and K lines are not included in the wavelength range. Also
the log (R′HK) proxy is not easily exploitable from the SOPHIE
spectra of these targets due to a poor instrumental response and
typically low flux level in this region of the stellar spectrum. As a
consequence, the SOPHIE log (R′HK) time series are usually very
noisy. In contrast, the average log (R′HK) is probably a good in-
dicator of the mean activity level of the star and, therefore, of
the expected RV jitter (e.g. Santos et al. 2000; Wright 2005) and
stellar rotational period (Mamajek & Hillenbrand 2008). The RV
jitter level estimated using the prescription of Wright (2005) is
expected to be of a few m s−1, which is comparable with the pho-
ton noise error listed in Table 1. The estimated rotational periods
are listed in Table 2, where the error bars correspond to the dis-
persion originated in the log (R′HK) measurements. As expected,
stars showing a higher mean value of log (R′HK) (HD 16175 and
HD 214823) also present higher rotational velocities.

The Hα line is formed at a lower altitude in the stellar at-
mosphere than the Ca II H and K lines, but it was shown to be a
good chromospheric indicator (e.g. Mauas & Falchi 1994) and is
used frequently (e.g. Pasquini & Pallavicini 1991; Montes et al.
1995; Cincunegui et al. 2007b,a; Robertson et al. 2013, 2014;
Neveu-VanMalle et al. 2016). Furthermore, at the spectral loca-
tion of the Hα line SOPHIE and ELODIE have a much higher
instrumental response and, therefore, the activity index based on
the Hα transition line can be readily computed. The activity in-
dex is defined as the ratio between the flux in the Hα line and a
reference flux near the continuum level. We chose a 10.76 Å win-
dow centred at 6550 Å and a 8.75 Å window centred at 6580 Å
for the reference windows. We used 0.68 Å window centred at
6562.808 Å2 for the line flux measurement. The Hα activity in-
dex cannot be used to compare the activity level of different stars,
since the flux ratio used in its definition depends not only on ac-
tivity level, but also on the spectral type of each star. The index
can be corrected as carried out by Cincunegui et al. (2007b) by
subtracting an estimation of the photospheric flux. In the scope
of this paper, we are interested exclusively in the relative activ-
ity changes of each star and, therefore, we did not correct the Hα
index.

The Hα measurements are plotted in the upper row of Fig. 3.
The lower row presents the periodogram computed using only
the SOPHIE and SOPHIE+ measurements. The ELODIE mea-
surements were excluded from the frequency analysis because
an offset is expected between ELODIE and SOPHIE Hα mea-
surements, but has not yet been calibrated. The position of the
highest peak in the periodogram is in agreement with the ex-
pected stellar rotational period obtained based on the log (R′HK)
indicator (see Table 2) for HD 214823 and HD 221585. For
HD 16175 and HD 191806, power is seen at the expected rota-
tional period (∼20 days), but the highest peak is elsewhere. For
HD 16175, if we remove the observation with the lowest S/N, 31,
compared to the mean of 53, the highest peak shifts to 12.1 days,
which is close to the expected rotational period of 19.7±5.5 days.

The periodogram of the Hα time series of HD 191806 shows
a prominent peak at around 1600 days, similar to the period of

2 This is narrower than the 1.5-Å window used by Cincunegui et al.
(2007b) to compute the Hα index in medium resolution spectra and
also than the 1.6-Å window employed by Gomes da Silva et al. (2014).
We believe that such large windows are at the base of the variability in
correlation between the Hα index and Ca II H & K index reported by
these authors. A thorough analysis is needed.
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Table 2. Stellar parameters.

Parameters HD 16175 HD 191806 HD 214823 HD 221585
Right Ascension (J2000) 02:37:01.9 20:09:28.3 22:40:19.9 23:32 54.0
Declination (J2000) +42:03:45.48 +52:16:34.79 +31:47:15.33 +63:09:19.73
Spectral type(1) G0 – G0V G8IV
V (2) 7.291 ± 0.011 8.093 ± 0.014 8.078 ± 0.013 7.474 ± 0.011
B − V (1) 0.66 0.64 0.63 0.77
MV

• 3.48 ± 0.08 3.89 ± 0.08 3.13 ± 0.14 3.68 ± 0.08
π(3) [mas] 17.28 ± 0.67 14.41 ± 0.50 10.25 ± 0.68 17.40 ± 0.60
L/L�• 3.22 ± 0.25 2.23 ± 0.16 4.35 ± 0.58 2.64 ± 0.18
∆MV

•,(4) 1.38 ± 0.08 0.84 ± 0.08 1.53 ± 0.14 1.83 ± 0.08
Teff [K] 6022 ± 34(5) 6010 ± 30• 6215 ± 30• 5620 ± 27•

[Fe/H] [dex] +0.37 ± 0.03(5) +0.30 ± 0.02• +0.17 ± 0.02• +0.29 ± 0.02•

log (g) [cgs] 4.21 ± 0.06(5) 4.45 ± 0.03• 4.05 ± 0.10• 4.05 ± 0.04•

〈log R〉•, (6) [dex] −4.77 ± 0.15 −4.85 ± 0.21 −4.79 ± 0.14 −4.86 ± 0.13
Prot

•, (7) [days] 19.7 ± 5.5 20.6 ± 6.9 17.5 ± 4.5 33.3 ± 7.2
v sin I∗•, (8) [km s−1] 5.1 3.3 5.7 3.7
M? [M�] 1.34 ± 0.14(5) 1.14 ± 0.12• 1.22 ± 0.13• 1.19 ± 0.12•

Age•, (9) [Gyr] 3.3 ± 0.5 2.9 ± 0.4 2.7 ± 0.2 6.2 ± 0.5

References. (•) This work; (1) Hipparcos catalogue (ESA 1997); (2) Tycho catalogue (Høg et al. 2000); (3) van Leeuwen (2007); (4) Wright
(2005); the errorbar does not include uncertainties in the parametrisation of the main sequence; (5) Sousa et al. (2015); (6) Mean value and
standard deviation obtained from SOPHIE spectra; (7) Using the calibration by Mamajek & Hillenbrand (2008); (8) Computed from the SOPHIE
CCF using the calibration by Boisse et al. (2010); uncertainty estimated to be 1.0 km s−1; (9) Obtained by interpolation of the PARSEC stellar
evolution tracks using the method described by da Silva et al. (2006).

Table 3. Results of the bisector analysis for SOPHIE and SOPHIE+
data. χ2 statistics under the null hypothesis of no bisector variation.

Target SOPHIE SOPHIE+

χ2 p-value χ2 p-value
HD 16175 – – 34.86 0.07
HD 191806 24.45 0.55 20.75 0.19
HD 214823 14.28 0.28 4.11 0.94
HD 221585 3.303 0.51 8.27 0.98

the detected companion. However, the correlation between ve-
locities and Hα measurements is weak (Pearson’s coefficient
<0.3), and when a sinusoidal model with this frequency is fit
to the Hα data, the amplitude is compatible with zero3. Further-
more, we computed the Bayes factor between this model and a
model without variation. Using the estimator of Perrakis et al.
(2014) we found that the simpler model is 86.1± 0.2 times more
probable than the sinusoidal model. In contrast, when the period
of the putative signal is allowed to vary, we obtained a Bayes
factor of 2.2 ± 0.2 for the sinusoidal model. This is considered
mild evidence against the null hypothesis and “not worth more
than a bare mention” (Kass & Raftery 1995). We conclude that
the peak observed at this frequency is not significant. Therefore,
none of the target stars exhibit activity variations with periods
larger than ∼1000 days. The activity level of HD 214823 seems
to be decreasing on a timescale that is much longer than the cur-
rent time base. Unfortunately, the precision of the log (R′HK) mea-
surements is not sufficient to detect a similar variability.

4. Bisector analysis

The stellar RV signature of a planetary-mass companion can be
mimicked by blended stellar systems and nearly face-on stellar

3 Precisely, the 95% HDI of the amplitude distribution contains zero.
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Fig. 2. Position of the four target stars in the luminosity-effective tem-
perature plane. The PARSEC theoretical tracks (Bressan et al. 2012) are
plotted using shades of grey for different initial stellar masses labelled
in solar units at the bottom of each track. The corresponding isochrones
are plotted as dotted lines and labelled in light grey.

binaries (e.g. Santos et al. 2002; Díaz et al. 2012; Wright et al.
2013). However, while the reflex motion produced by a
planetary-mass companion induces a shift of the stellar spectral
lines without changing their shape, blended stellar systems and
unresolved companions induce some level of variation because
of the presence of an additional set of lines. This variation is re-
flected, in principle, in the bisector velocity span (BVS) obtained
from the CCF. However, it may be too small to be detected, es-
pecially when the star is a slow rotator (see Santerne et al. 2015).
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Fig. 3. Top row: time series of the Hα activity index. The green points correspond to ELODIE observations, and red empty symbols and red filled
symbols are for SOPHIE and SOPHIE+, respectively. The same scale is used for all stars to ease comparison. Bottom row: generalised Lomb-
Scargle periodogram for the SOPHIE and SOPHIE+ Hα index. It was assumed that no offset exists between the index measurement of SOPHIE
and SOPHIE+. The red vertical dotted lines signal the position of the highest peaks whose periods are annotated, the blue shaded areas represent
the 2σ intervals for the stellar rotational periods listed in Table 2, and the green vertical dashed lines corresponds to the maximum a posteriori
orbital period of the orbiting companions.

Stellar activity is also known to produce variations in the BVS
over the timescale of the rotational period of the star (see e.g.
Boisse et al. 2011b) and also throughout stellar activity cycles
(see e.g. Díaz et al. 2016).

We searched for significant variations in the SOPHIE BVS
(Queloz et al. 2001), as well as correlations between the bisec-
tor velocity span and RV measurements. The SOPHIE and SO-
PHIE+ measurements were considered separately, since the in-
strument upgrade may have induced changes in the instrumental
line profile. The results are presented in Table 3, where we list
the p-value of the χ2 statistic under the null hypothesis (i.e. no
BVS variation) for each star, assuming the photon noise on the
BVS is twice that of the RV measurement (Santerne et al. 2015).
No p-value is below the customary limit of 0.05. In view of the
excessive tendency of p-value analysis to reject the null hypoth-
esis (see e.g. Sellke et al. 2001), we conclude that no significant
variation is seen in the bisector time series, and that, therefore,
the variations seen in the RV time series are produced by orbiting
substellar companions.

5. Data analysis

5.1. The model

The stellar RV data of instrument k ({vi} with i = 1, ...,Nk)
were modelled as originating from independent normal distri-
butions with mean f (ti, θ) and standard deviation σ. The mean
f (ti, θ) is the physical model for the RV variations at time ti (with
parameter vector θ), which we describe below. The variance can
be written σ2 = σ2

i +σ(k) 2
Ji , where σi is the internal photon noise

and calibration error of the RV measurement at time ti and σ(k)
J is

the additional noise introduced in the model to represent activity

jitter and instrument systematics, which could in principle also
be a function of time. The term σ(k)

Ji depends on the instrument
under consideration, hence the index k. The likelihood for this
model then is the product over all of the instruments {k} with
k = 1, ...,Ninst and all velocity measurements for each instrument
as follows:

L(θ)=

Ninst∏
k=1

Nk∏
i=1

1
√

2π
√
σ2

i + σ(k) 2
Ji

exp

− (vi − f (ti, θ) − γ(k))2

2(σ2
i + σ(k) 2

Ji )

, (1)

where the additional parameter γ(k) represents the zero-point
level, which changes between instruments. In practice we fixed
γ to zero for one instrument and fitted the relative offset of the
remaining instruments, δ(kk′)

RV = γ(k) − γ(k′). When possible, we
chose SOPHIE (before the upgrade) as the reference instrument,
since there is some prior information on the SOPHIE/ELODIE
offset (see below).

The physical model f (ti, θ) at time ti is

f (ti, θ) = dm(ti, θ) +
∑

j

κ j(ti, θ), (2)

where κ j, with j ≥ 0, are Keplerian curves representing the reflex
motion produced by an orbiting companion to the host star or the
magnetic activity effect, usually appearing at the rotational fre-
quency of the star and its harmonics (Boisse et al. 2011b). The
Keplerian curves were parametrised using the orbital period (P)
and eccentricity (e), velocity amplitude (K), argument of peri-
astron, (ω) and mean longitude at a given epoch (L0). The term
dm(ti, θ) is a mth-degree polynomial representing secular acceler-
ations, which are known as stellar drifts. In principle, the physi-
cal model could contain an additional term representing the long-
term stellar activity effect (i.e. the effect of stellar cycles) as done
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Table 4. Parameter posteriors mean and uncertainties.

Orbital parameters HD 191806 HD 214823

Orbital period, P• [day] 1606.3 ± 7.2 1877 ± 15
Orbital period, P [year] 4.398 ± 0.020 5.138 ± 0.042
RV amplitude, K• [m s−1] 140.5 ± 2.1 281.4 ± 3.7
Eccentricity, e• 0.259 ± 0.017 0.154 ± 0.014
Argument of periastron, ω• [deg] 4.0 ± 4.2 125.9 ± 6.7
Time of periastron passage, Tp [BJD – 2 455 000] 14 ± 18 652 ± 34
Time of inferior conjunction, Tc [BJD – 2 455 000] 269 ± 13 513.6 ± 9.1
e1/2 cos(ω) 0.506 ± 0.018 −0.228 ± 0.035
e1/2 sin(ω) 0.035 ± 0.037 0.315 ± 0.034
Mean longitude at epoch, L0

• [deg] 36.5 ± 1.8 144.1 ± 1.2
Epoch [BJD – 2 455 000] 158.6766 747.1753
Systemic velocity, γ(SOPHIE)• [km s−1] −15.3597 ± 0.0030 −44.5038 ± 0.0060

RV offset, δ(ELODIE SOPHIE)
RV

• [m s−1] 100 ± 11 24 ± 19

RV offset, δ(SOPHIE+ SOPHIE)
RV

• [m s−1] −8.4 ± 7.6 −4.8 ± 6.2
Linear drift• [m s−1/yr] 11.4 ± 1.7 –
Semi-major axis of relative orbit, a [AU] 2.80 ± 0.10 3.18 ± 0.12
Minimum mass, M sin i [MJup] 8.52 ± 0.63 19.2 ± 1.4

Noise model‡

SOPHIE+ noise at activity minimum, σJ |
(SOPHIE+)
min

• [m s−1] 3.0 ± 2.2 [7.6] 4.6 ± 3.6 [12.3]

SOPHIE noise at activity minimum, σJ |
(SOPHIE)
min

• [m s−1] 11.3 ± 3.1 16.0 ± 5.8
Slope, αJ

• [km s−1] 0.69 ± 0.48 [1.60] 1.08 ± 0.86 [3.03]
ELODIE additional noise, σ(ELODIE)

J
• [m s−1] 14 ± 11 [37] 39 ± 25 [96]

ELODIE rms(O−C) [m s−1] 14.7 ± 1.8 21.1 ± 2.6
SOPHIE rms(O−C) [m s−1] 14.62 ± 0.55 17.6 ± 2.8
SOPHIE+ rms(O−C) [m s−1] 6.07 ± 0.84 7.5 ± 2.1

Orbital parameters HD 221585 HD 16175

Orbital period, P• [day] 1173 ± 16 995.4 ± 2.8
Orbital period, P• [year] 3.212 ± 0.044 2.7251 ± 0.0077
RV amplitude, K• [m s−1] 27.9 ± 1.6 103.5 ± 5.0
Eccentricity, e• 0.123 ± 0.069 [0.24] 0.637 ± 0.020
Argument of periastron, ω• [deg] −6.8 ± 28† 221.5 ± 2.2
Time of periastron passage, Tp [BJD – 2 455 000] 50 ± 93† 801.4 ± 2.6
Time of inferior conjunction, Tc [BJD – 2 455 000] 328 ± 28 649 ± 14
e1/2 cos(ω) 0.29 ± 0.12 −0.597 ± 0.025
e1/2 sin(ω) −0.05 ± 0.14 −0.528 ± 0.021
Mean longitude at epoch, L0

• [deg] 338.2 ± 3.1 42.6 ± 1.8
Epoch [BJD – 2 455 000] 1178.7064 1302.4068
Systemic velocity, V0

• [km s−1] 6.4332 ± 0.0046 21.8348 ± 0.0023
RV offset, δ(ELODIE SOPHIE)

RV
• [m s−1] 91.2 ± 5.5 –

RV offset, δ(SOPHIE+ SOPHIE)
RV

• [m s−1] 1.7 ± 4.6 –

RV offset, δ(ELODIE SOPHIE+)
RV

• [m s−1] – 72.8 ± 8.3

RV offset, δ(LICK SOPHIE+)
RV

• [km s−1] – 21.7935 ± 0.0027
Semi-major axis of relative orbit, a [AU] 2.306 ± 0.081 2.148 ± 0.076
Minimum mass, M sin i [MJup] 1.61 ± 0.14 4.77 ± 0.37

Noise model‡

SOPHIE+ noise at activity minimum, σJ |
(SOPHIE+)
min

• [m s−1] 2.1 ± 1.4 [4.5] 3.4 ± 2.7 [8.6]

SOPHIE noise at activity minimum, σJ |
(SOPHIE)
min

• [m s−1] 7.8 ± 5.1 [19.8] –
Slope, αJ

• [km s−1] 0.66 ± 0.48 [1.64] 0.89 ± 0.41

ELODIE additional noise, σ(ELODIE)
J

• [m s−1] 7.5 ± 5.6 [19.2] 14 ± 12 [47.6]

LICK additional noise, σ(LICK)
J

• [m s−1] – 6.9 ± 1.4
LICK rms(O−C) [m s−1] – 9.07 ± 0.22
ELODIE rms(O−C) [m s−1] 10.6 ± 2.4 2.27 ± 0.04
SOPHIE rms(O−C) [m s−1] 6.7 ± 1.3 –
SOPHIE+ rms(O−C) [m s−1] 4.04 ± 0.40 10.4 ± 1.0

Notes. Quoted uncertainties correspond to the 68.3% equal-tailed confidence interval. Where the 95%-Highest Density Interval (HDI; defined
as the interval containing 95% of the posterior mass such that the any point inside the interval has density higher than any point outside of it)
includes the inferior prior limit, the upper 95% HDI limit is quoted within square brackets. (•) MCMC jump parameter. (†) Parameter essentially
unconstrained for this nearly-circular orbit. (‡) For SOPHIE and SOPHIE+ the additional noise for measurement i is σJi = σJ |min + αJ · (Hαi −

min({Hα})) (see Eq. (3)).
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by Díaz et al. (2016). As no cycle was detected for any of our
stars, this term is not included in the current model description.

Following the procedure described in Díaz et al. (2016), σ(k)
J

was allowed to increase linearly with activity level, measured by
the Hα index for SOPHIE data. The value of the additional noise
for measurement i, σ(k)

Ji takes the form

σ(k)
Ji = σJ |min + αJ · (Hαi −min({Hα})), (3)

where σJ |min is the additional noise at activity minimum, which
includes the systematic instrumental noise, and αJ is the sensi-
tivity of the noise to activity level. This model has two additional
parameters: σJ |min and αJ . In contrast, as ELODIE velocities are
more concentrated in time, a constant jitter term was used.

The parameter priors are presented in Table A.1. The
prior distributions chosen for the zero-point offset between
ELODIE and SOPHIE come from the calibration presented by
Boisse et al. (2012) using the B − V value listed in Table 2. Be-
tween SOPHIE and SOPHIE+, we chose a zero-centred normal
distribution with a standard deviation of 10 m s−1. This comes
from preliminary work done on the SOPHIE data, which in-
dicates that once corrected for the seeing effect, the zero-point
offset introduced by the upgrade is insignificant.

5.2. Posterior sampling

We sampled the posterior distributions of the model parame-
ter using the Markov chain Monte Carlo (MCMC) described in
Díaz et al. (2014). We obtained the starting point of the MCMC
algorithm using a genetic algorithm included in the yorbit pack-
age (Ségransan et al. 2011; Bouchy et al. 2016). Ten indepen-
dent samplers were run for each system for 500 000 iterations
and these results were combined as described in Díaz et al.
(2014). In this way, we obtained over 20 000 independent pos-
terior samples for each target.

5.3. Astrometric analysis

We analysed the available Hipparcos astrometry (ESA 1997)
of the four targets stars. The new Hipparcos reduction
(van Leeuwen 2007) was employed to search for signatures of
orbital motion in the Intermediate Astrometric Data (IAD). The
analysis was performed following Sahlmann et al. (2011), where
a detailed description of the method can be found.

Using the parameters of the radial velocity orbit (Table 4),
the IAD was fitted with a seven-parameter model, where the free
parameters are the inclination i, the longitude of the ascending
node Ω, the parallax, and offsets to the coordinates and proper
motions. A two-dimensional grid in i and Ω was searched for its
global χ2-minimum. The statistical significance of the derived
astrometric orbit is determined with a permutation test employ-
ing 1000 pseudo-orbits.

We did not detect significant orbital signal in the Hipparcos
astrometry for any of the four planets. Because none of the or-
bital periods of the planets is fully covered by Hipparcos mea-
surements, we are unable to set upper limits to the companion
masses as we did in the past (e.g. Díaz et al. 2012). The only ex-
ception is HD 221585b, for which Hipparcos observed 94% of
the orbit and where the non-detection of an astrometric signature
excludes a stellar mass for the companion.
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Fig. 4. Posterior distributions of the additional noise terms (upper pan-
els) and instrument offsets (lower panels) for HD 191806 under two
competing models: with (right column) and without (left column) a sec-
ular acceleration term (order m in Eq. (2)). In the upper panels, we
depict the posterior distribution of additional noise at activity minimum
for SOPHIE and SOPHIE+ (see Sect. 5.1) and the amplitude of the
(constant) additional noise for ELODIE. In the lower panels, the dotted
curves correspond to prior distributions.

6. Results

In this section we discuss the results of the modelling of the
RV data. The RV measurements are plotted together with the
fitted models in Fig. 1. A summary description of the posterior
distribution is given in Table 4, where the posterior mean and
the equal-tailed 68.3% confidence interval is given. We also re-
ported the 95% highest density interval (HDI) limit when the
lower limit of the 95% HDI was at the limit imposed by the priors
listed in Table A.1.

6.1. New companions

6.1.1. HD 191806

The model used to fit the HD 191806 RV data consisted of a sin-
gle Keplerian curve plus a linear trend (i.e. j = 1 and m = 1 in
Eq. (2)). The presence of a long-term trend is not obvious in the
original data set and depends on the values taken by the instru-
ment offsets. However, the model without a secular acceleration
(m = 0) results in a worse fit to the data because its posterior dis-
tribution for the SOPHIE/SOPHIE+ offset peaks near –50 m s−1,
i.e. far from the prior centre (see Fig. 4, left column). In other
words, the model without acceleration requires an unrealistically
high value of this parameter to fit the data reasonably well. As
a consequence, the Bayes factor, which is computed using the
techniques of Perrakis et al. (2014) and Chib & Jeliazkov (2001)
(see also Díaz et al. 2016), shows that the model with the accel-
eration term is 280 ± 75 times more probable than the simpler
model despite the use of additional parameters. Incidentally, un-
der the model without linear drift, the amplitude of the additional
noise at activity minimum, σJ |min, for SOPHIE+ has a posterior
distribution similar to that of SOPHIE (Fig. 4). This would only
be expected if the activity jitter dominates completely over the
instrumental noise, which is not expected for this star. However,
this excessive jitter term for SOPHIE+ is not punished in the
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Bayes factor computation because we chose flat priors for this
parameter. When the m = 1 model is used, the posterior distri-
butions of the jitter term and the offsets are as expected (Fig. 4,
right column). We conclude that the velocity of HD 191806 ex-
hibits a secular acceleration.

Under the model with a linear trend, the velocity modulation
has an amplitude of 140 m s−1 and a period of 1606.3 ± 7.2 days
(4.4 years). The frequency spectrum of the Hα time series of
HD 191806 exhibits a peak with the same period as the RV mod-
ulation. However, as discussed in Sect. 3.1, this periodicity is
not significant. The data favour a model without activity varia-
tion at this period. Furthermore, no significant variation of the
bisector span was detected. It seems unlikely that stellar activity
is able to produce a 140 m s−1 RV modulation without producing
a variation in the line bisectors. We therefore conclude that the
RV variation is due to a companion in orbit around HD 191806.
Nevertheless, we remain cautious concerning the accuracy of our
parameter determination, which can potentially be affected by
activity. Long-term follow-up of this target should permit us to
better understand the Hα variability and its effect on the system
parameters.

Additionally, we detect a significant eccentricity of e =
0.259 ± 0.017. The companion around HD 191806 has therefore
a minimum mass of 8.52 ± 0.63 MJup. The linear trend has an
amplitude of 11.4 ± 1.7 m s−1 yr−1.

6.1.2. HD 214823

The RV data of HD 214823 are adequately reproduced by a
model with j = 1 and m = 0, i.e. a model with a single Ke-
plerian curve, with an amplitude of around 280 m s−1and a pe-
riod of 1877 days (5.1 years). The orbit is fully covered by the
SOPHIE and SOPHIE+ data, but the ELODIE measurements
help constrain the period. The velocity offset between ELODIE
and SOPHIE (24 ± 19 m s−1) is in agreement with the value
expected from the calibration of Boisse et al. (2012), which is
57 ± 23 m s−1(see Table A.1), but the precision is improved. In
contrast, the offset between SOPHIE and SOPHIE+ is compati-
ble with zero, as expected.

The activity level of HD 214823 seems to be decreasing
(Fig. 3). Although some power is seen in the frequency spec-
trum of the Hα index at the period of the Keplerian curve, this
is most probably due to long-term activity evolution. The high-
est peak in the Hα periodogram (13.1 days) agrees with the
expected rotational period of the star based on the calibration
by Mamajek & Hillenbrand (2008). Additionally, there are no
significant signals in the bisector velocity span (Table 3). We
conclude therefore that the detected radial velocity variation
originates from a companion with a minimum mass mc sin i =
19.4 ± 1.4 MJup. HD 214823 b is therefore a brown dwarf candi-
date on a mildly eccentric orbit, e = 0.154 ± 0.014.

6.1.3. HD 221585

HD 221585 exhibits RV variations with an amplitude of around
28 m s−1 and a period of 1173 days (3.2 years) under the model
with no secular acceleration and a single Keplerian curve. The
final orbital fit of HD 221585 was only possible after the ad-
dition of the last few SOPHIE+ measurements. The reason for
this is the relatively small number of SOPHIE measurements,
which impeded a correct determination of the velocity offset be-
tween instruments and allowed for the presence of secular ac-
celerations in a preliminary analysis. Here again, the posterior

velocity difference between SOPHIE and SOPHIE+ is compati-
ble with no offset, and the SOPHIE/ELODIE offset agrees with
the expected value and is determined with improved precision
(see discussion below).

The activity level of HD 221585 has remained unchanged for
over ten years, as seen in the time series of the Hα measure-
ments. However, we interpret the peak at 35-day period in the
periodogram of the activity indexes as an indication of the stel-
lar rotational period, which is in agreement with the expectation
from the activity level measured in the Ca II H and K lines. No
power is seen at periods close to that of the Keplerian curve and,
furthermore, the bisector velocity span does not show any sig-
nificant variability. These facts lead us to conclude that the RV
variability is produced by an orbiting companion with minimum
mass of mc sin i = 1.61 ± 0.14 MJup.

The amplitude of the reflex motion of HD 221585 is the
smallest among the stars studied here. The eccentricity is there-
fore determined less precisely and did not lead to a significant
detection. The eccentricity 95% upper limit is 0.24. The com-
panion is at a distance of 2.3 au from its star, and is therefore
unlikely that the circularisation of the orbit has occurred through
tidal interaction.

6.2. Orbit update

6.2.1. HD 16175

A companion to HD 16175 was discovered by Peek et al. (2009)
based on RV measurements obtained at Lick Observatory. They
reported a companion on an eccentric (e = 0.59 ± 0.11), 990-
day orbit with a minimum mass of 4.40 MJup. The host star is an
evolved, metal-rich G0 subgiant.

We combined the Lick data with the ELODIE and SOPHIE+
data to improve the orbital and physical parameters of the sys-
tem. We used a constant additional noise term for the Lick data.
As we do not have any information on the velocity offset be-
tween the Lick and ELODIE or SOPHIE measurements, we used
a flat prior spanning 400 m s−1 (see Table A.1). Fortunately, one
Lick measurement overlaps in time with the ELODIE measure-
ments (Fig. 1) and, therefore, the offset is constrained by the data
with a precision of 2.7 m s−1.

Our results are in agreement with those of Peek et al. (2009),
but the precision is improved by a factor ranging between 2 and
7 for the orbital parameters. We found a period P = 995.4 ±
2.8 days, and eccentricity e = 0.637 ± 0.020, which is slightly
higher than the value reported previously, and a velocity ampli-
tude, K = 103.5 ± 5.0 m s−1. Since no variation in the activity
index nor in the bisector is seen, we conclude that this varia-
tion is due to a companion with a minimum mass of mc sin i =
4.77 ± 0.37 MJup.

7. Giant planets in the habitable zone

The stellar effective temperatures and luminosities computed
as described in Sect. 3 can be used to estimate the location
of the habitable zone (HZ) around each star. This is done us-
ing Eqs. (2) and (3) of Kopparapu et al. (2013b) and the erra-
tum Kopparapu et al. (2013a) for different habitable zone limits.
They are listed in Table 5. Following Kopparapu et al. (2013b)
the inner edge of the HZ is taken as the distance where runaway
greenhouse effect takes place. Although this is more liberal
than choosing the “moist greenhouse” limit for stars hotter than
around 5500 K (see their Fig. 8), the candidates presented here
are closer to the outer edge of the habitable zone. For the outer
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Observer

HD191806
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HD214823
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Observer

HD221585

Fig. 5. Schematic view of the systems. The orbital plane is represented. The maximum a posteriori companion orbits are indicated with the empty
black points that are equally spaced in time over the orbit. The orbital movement is counter-clockwise and angles are measured counter-clockwise
from the negative x-axis. The semi-major axis of the orbit is shown as a thin grey line. The host star is at the centre and the area of the orange circle
is proportional to its luminosity. The concentric circles are labelled in astronomical units and the black thick arrow points towards the observer.
The filled green area is the habitable zone comprised between the “runaway greenhouse” limit and the “maximum greenhouse” limit, according to
the model of Kopparapu et al. (2013b). The red area corresponds to the increased habitable zone if the outer edge is defined by the “early Mars”
limit.

Table 5. Habitable zone location and average incident flux.

Inner edge Outter edge
Target RGH MoGH MaGH EMA 〈F 〉/F⊕
HD 16175 1.74 1.76 2.97 3.11 0.91 ± 0.10
HD 191806 1.44 1.47 2.47 2.58 0.30 ± 0.03
HD 214823 1.99 2.03 3.40 3.55 0.44 ± 0.07
HD 221585 1.61 1.62 2.78 2.91 0.50 ± 0.05

Notes. Distances are given in au. RGH: runaway greenhouse; MoGH:
moist greenhouse; MaGH: maximum greenhouse; EMA: early Mars.

edge, we chose the “maximum greenhouse” limit, where the
heating effect of the greenhouse is outweighed by the Rayleigh
scattering by CO2. The more liberal “early Mars” expands the
outer edge only slightly (see Fig. 5).

A schematic view of the results is provided in Fig. 5. On
account of their orbital eccentricity, the majority of the de-
tected companions make excursions outside of the HZ through-
out their orbit. The exception is HD 221585 b, whose entire or-
bit is spent within the HZ. In contrast, HD 214823 b, spends
around 23% of its orbit outside the HZ. The situation is more
critical for HD 191806 b, which spends 68% of its orbit outside

the HZ. The situation of HD 16175 b is even more extreme
with 21% of its orbit spent within the inner edge of the HZ
and more than 38% spent outside the outer edge. However,
Williams & Pollard (2002) argued that long-term climate stabil-
ity is dictated by the mean incident flux throughout the orbit and
not the length of time spent in the HZ. The mean incident flux
over an orbit with respect to the mean flux received by a planet
at 1 au orbiting the Sun (F⊕) is

〈F 〉

F⊕
=

L
L�

1
a2(1 − e2)1/2 , (4)

where L is the stellar luminosity and a is the semi-major axis of
the orbit (in au). The average incident flux is listed in Table 5.

In Fig. 6 (inspired by Fig. 8 of Kopparapu et al. 2013b)
we place the resulting average incident fluxes with respect to
the limiting HZ fluxes for stars with different effective tem-
peratures Teff . The filled region is the HZ enclosed by the
“moist greenhouse” limit and the “maximum greenhouse” limit,
which correspond to the same region indicated in the orbit plots
(Fig. 5). The solid black curve is the locus of the runaway green-
house limit. We see that all candidates but HD 191806 b lie well
within the HZ of their star. Even HD 16175 b, with its very ec-
centric orbit, receives an average flux that would allow liquid wa-
ter to exist in the surface of a hypothetical rocky moon provided
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that the satellite is capable of maintaining a relatively constant
temperature throughout the orbit, despite the change in insola-
tion of a factor [(1 + e)/(1 − e)]2 ∼ 20. Hypothetical rocky
satellites orbiting HD 221585 b and HD 214823 b have good
prospects for habitability.

However, as mentioned above, all the target stars evolved at
least slightly from their primitive position in the main sequence.
Therefore, the positions of their companions in Fig. 6 are not rep-
resentative of the positions during the main-sequence lifetime.
Using the PARSEC tracks, we estimated the effective tempera-
tures and effective incident fluxes when the stars were 1 Gyr of
age. For this, we used the values of the stellar masses and metal-
licities listed in Table 2 and assumed that the companion orbits
have not evolved. The past positions obtained under this hypoth-
esis are indicated with plus signs in the diagram of Fig. 6 and
connected to the current positions by straight lines. Because the
stars were less luminous in the past and we assumed unchanged
orbits, the companions move to the right in the diagram as we
move to the past. HD 214823 b and HD 221585 b were located
outside the HZ when the stars were 1 Gyr old; in contrast, the
companion around HD 16175 is in the “continuously habitable”
zone. This computation is, however, extremely dependent on the
current stellar parameters (ages and masses) and on the stellar
models used to trace the position of the stars into the past. The
evolution shown in Fig. 6 does not correspond to the evolution
one would guess by following the closest evolution track shown
in Fig. 2 across the isochrones. This is mainly due to the dis-
crepancy in the mass determination mentioned above. This un-
derlines the need for accurate stellar masses and ages and the
importance of the space mission PLATO (Rauer et al. 2014).

8. Summary and discussion

We detected three new companions to solar-type stars on long-
period orbits and an updated orbit for the Jupiter-mass can-
didate HD 16175 b, which was first reported by Peek et al.
(2009). The position of the companions in the mass-period
diagram is not atypical (Fig. 7). HD 214823 b, with a min-
imum mass of 19 MJup , is a brown dwarf candidate that
bears resemblance to HD 168443 c (Marcy et al. 2001) and
HD 131664 b (Moutou et al. 2009). The host stars are slightly
more massive than the Sun and seem to have started evolving
away from the main sequence. The most evolved star studied
here is HD 221585. An interpolation using the PARSEC tracks
(Bressan et al. 2012; da Silva et al. 2006) gives an age of 6.6 Gyr
and a radius of 1.7 R�. All four stars are metal rich with metal-
licities, [Fe/H], ranging between +0.17 and +0.30.

We combined data from the ELODIE, SOPHIE, and SO-
PHIE+ spectrographs along with observations from the Lick
planet search. We took a Bayesian approach to model the ra-
dial velocity variations to include a priori knowledge on the in-
strument velocity offsets, whenever it was available. The case of
HD 191806 illustrates the importance of including this informa-
tion in the analysis. Indeed, had the SOPHIE / SOPHIE+ off-
set been left free, the model without an acceleration term would
have resulted in a good fit, albeit with an unrealistically high
value for this parameter.

To account for the noise induced by stellar activity and in-
strument systematics, the model included an additional white
noise term. For SOPHIE data, the amplitude of the additional
noise term was allowed to vary linearly with activity level. For
SOPHIE+, the 95% HDI of the noise amplitude at activity min-
imum includes zero, which means that no additional noise is
actually measured. This is probably because of the relatively
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the maximum greenhouse limit and on the left by the moist green-
house limit. The solid black curve represents the position of the runaway
greenhouse limit. The position of the candidate planets are marked with
different symbols, as indicated in the legend. The straight lines connect
the current positions of the candidates with the positions they had when
their host stars were 1 Gyr old (indicated by plus signs), according to the
PARSEC evolution tracks (see text for detail). The grey points are giant
planets (M sin i > 0.1 MJup) orbiting non-evolved stars (∆MV < 2.0;
Wright 2005).
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Fig. 7. Position of the new companions in the mass-period diagram.
The grey points are giant planets (M sin i > 0.1 MJup) reported in the
literature (Han et al. 2014) with orbital period P > 500 days orbiting
non-evolved stars (∆MV < 2.0; Wright 2005). Note that the error bars
for our detections are smaller than the symbols.

low precision of the SP2 measurements (see Sect. 2); the scatter
of the SOPHIE+ measurements is dominated by photon noise.
HD 221585 is the least active star in our sample (〈log R〉 =
−4. 86) and exhibits the lowest base-level jitter for SOPHIE+:
only 2.1 ± 1.4 m s−1 (upper limit 4.5 m s−1). On the contrary,
for SOPHIE data taken before the upgrade, noise level in ex-
cess of the photon noise was detected. The only exception is
HD 221585, which was observed only five times before the up-
grade. Additionally, for all stars except for HD 16175, the most
active of the sample, the slope of the error model is compatible
with zero at the 95% level. This means that the additional noise
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term is compatible with a constant jitter. The precision improve-
ment between SOPHIE and SOPHIE+, which is evident from
the residual plots in Fig. 1, can be quantified using the poste-
rior distributions of the additional noise term: the mean value is
lower by a factor of around 3.6. As expected, the dispersion of
the residuals is positively correlated with the mean activity level
of the stars, 〈log R〉.

One attractive feature of the Bayesian analysis performed
here is that it teaches us about the instruments in use. For exam-
ple, the offset between ELODIE and SOPHIE was calibrated by
Boisse et al. (2012) based on a sample of around 200 stars. They
obtained a relationship between the offset and colour index B−V
of the stars, which we used as prior information for our analy-
sis. The posterior distributions of the SOPHIE/ELODIE offsets
are in all cases narrower than the prior distribution, i.e. the cur-
rent data constrain the offset better than the simple calibration.
For example, in the case of HD 221585, the dispersion of the
posterior distribution is only 5.5 m s−1compared to the 23 m s−1

used for the prior (Table A.1; see also Boisse et al. 2012). This
is expected because the Boisse et al. (2012) calibration exhibits
a dispersion in excess of the typical error of the individual mea-
surements used to derive it. Performing the type of analysis we
presented here on a large number of stars could serve as the ba-
sis for an improved calibration (for example, allowing for a de-
pendence on stellar metallicity). Similarly, we see that when the
SOPHIE data are corrected as described in Sect. 2 the velocity
difference between SOPHIE and SOPHIE+ is compatible with
zero. This is in agreement with the chosen prior information.
However, there is a hint of a dependence on colour index B − V;
the offset posterior distribution for HD 221585, the reddest star
in our sample, peaks at higher values than for HD 191806 and
HD 214823. To verify this dependence an analysis on a larger
number of stars is warranted.

Three of the companions studied are currently in the hab-
itable zone of their host star, which would make hypothetical
rocky satellites orbiting around them a suitable place for life to
develop. The best technique to find satellites of giant planets is
probably the transit method (e.g. Kipping et al. 2012), however,
the times of inferior conjunction of these companions are only
known to a precision of between 9 and 30 days (see Table 4).
Therefore, a ground-based search is likely unfeasible. On the
other hand, these stars will certainly become prime targets for
the follow-up space mission CHEOPS (Broeg et al. 2013) that
will search for transits of these giant planets and of potentially
habitable exomoons (Simon et al. 2015). An issue arises con-
cerning the time the candidate has spent in the habitable zone
during its lifetime. Indeed, all the stars studied here are slightly
evolved, which means that the environment at the candidate or-
bital distance has changed in the recent past. Out of the four
candidates reported here, only HD 16175 b would be, accord-
ing to estimates based on the PARSEC stellar evolution model
and the measurement of the stellar masses and metallicities in
the so-called “continuously habitable” zone. The remaining can-
didates were not inside the habitable zone during their early
main-sequence lifetimes. However, this conclusion is strongly
dependent on the current age of the system, which is presently
very uncertain. This stresses the importance of the space mission
PLATO (Rauer et al. 2014) and the accurate determination of the
masses and ages of exoplanet hosts.
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Appendix A: Prior distributions

Table A.1. Parameter prior distributions.

Orbital parameters Prior distribution
HD 16175 HD 191806 HD 214823 HD 221585

Orbital period, P [days] ←− J(1, 104) −→
RV amplitude, K [m s−1] U(0, 200) U(0, 200) U(0, 400) U(0, 200)
Eccentricity, e ←− B(0.867, 3.03) −→
Argument of periastron, ω [deg] ←− U(0, 360) −→
Mean longitude at epoch, L0 [deg] ←− U(0, 360) −→
Systemic velocity, V0 [km s−1] U(21.75, 21.94) U(−18.65,−12.08) U(−44.56,−44.47) U(6.41, 6.46)
Linear drift [m s−1/yr] – U(−1, 1) – –

Noise model
ELODIE additional noise [m s−1] ←− U(0, 150) −→
SOPHIE noise at activity minimum [m s−1] – U(0, 50) U(0, 50) U(0, 50)
SOPHIE+ noise at activity minimum [m s−1] ←− U(0, 50) −→
LICK additional noise [m s−1] U(0, 50) – – –
SOPHIE/SOPHIE+ slope, αJ [km s−1] ←− U(0, 10) −→

Instrument offsets
ELODIE/SOPHIE offset [m s−1] – N(166, 40) N(57.22, 23) N(112.5, 23)
SOPHIE+/SOPHIE offset [m s−1] – N(0, 10) N(0, 10) N(0, 10)
ELODIE/SOPHIE+ offset [m s−1] N(69.98, 33) – – –
LICK/SOPHIE+ offset [km s−1] U(21.6, 22.0) – – –

Notes. Arrows indicate that the same prior applies to all stars. U(xmin; xmax): uniform distribution between xmin and xmax. J(xmin; xmax): Jeffreys
(log-flat) distribution between xmin and xmax. N(µ;σ): normal distribution with mean µ and standard deviation σ. B(a, b): beta distribution.

Appendix B: Radial velocity tables

Table B.1. Radial velocity measurements of HD 16175.

BJD RV σRV BIS Hα σHα Instrument
–2 453 000 (km s−1) (km s−1) (m s−1)

281.5892 21.7943 0.0079 +0.00 0.1120 – ELODIE
332.4859 21.7839 0.0111 +0.00 0.1080 – ELODIE
334.4619 21.7889 0.0080 +0.00 0.1130 – ELODIE

2806.6450 21.6988 0.0047 –6.30 0.1173 0.0018 SOPHIE+
2811.5974 21.7307 0.0077 –22.30 0.1171 0.0029 SOPHIE+
2817.5225 21.7641 0.0046 +14.80 0.1121 0.0016 SOPHIE+
2818.4970 21.7572 0.0046 –29.70 0.1133 0.0017 SOPHIE+
2827.6225 21.7897 0.0046 –2.50 0.1123 0.0017 SOPHIE+
2835.5595 21.8074 0.0027 +10.80 0.1080 0.0009 SOPHIE+
2842.5673 21.8141 0.0047 –5.80 0.1130 0.0017 SOPHIE+
2875.5144 21.8581 0.0045 –18.50 0.1040 0.0016 SOPHIE+
2877.4684 21.8733 0.0047 –14.50 0.1109 0.0017 SOPHIE+
2903.2755 21.8845 0.0039 –6.00 0.1101 0.0013 SOPHIE+
2968.2855 21.9006 0.0049 –2.70 0.1068 0.0016 SOPHIE+
3149.6295 21.8830 0.0022 +5.20 0.1082 0.0007 SOPHIE+
3263.6168 21.8715 0.0048 +30.00 0.1107 0.0016 SOPHIE+
3297.3102 21.8709 0.0051 +6.00 0.1085 0.0018 SOPHIE+
3317.3927 21.8547 0.0072 –20.50 0.1163 0.0025 SOPHIE+
3583.5268 21.8179 0.0047 +4.80 0.1089 0.0017 SOPHIE+
3696.2663 21.7496 0.0035 +12.20 0.1090 0.0012 SOPHIE+
3871.5878 21.8903 0.0043 –8.20 0.1143 0.0014 SOPHIE+
3887.5898 21.8765 0.0027 +5.50 0.1103 0.0009 SOPHIE+
3907.6589 21.8667 0.0042 –0.30 0.1144 0.0016 SOPHIE+
4000.4483 21.8859 0.0042 +11.80 0.1072 0.0015 SOPHIE+
4002.4649 21.8812 0.0042 –11.30 0.1100 0.0014 SOPHIE+
4076.2874 21.8813 0.0047 +10.70 0.1067 0.0016 SOPHIE+
4089.2898 21.8796 0.0038 –2.00 0.1101 0.0012 SOPHIE+
4268.5851 21.8485 0.0042 +7.80 0.1124 0.0016 SOPHIE+
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Table B.2. Radial velocity measurements of HD 191806.

BJD RV σRV BIS Hα σHα Instrument
–2 453 000 (km s−1) (km s−1) (m s−1)

275.3780 –15.3677 0.0117 +0.00 0.1130 – ELODIE
277.3547 –15.3837 0.0091 +0.00 0.1190 – ELODIE
549.5873 –15.3973 0.0093 +0.00 0.1120 – ELODIE
934.4769 –15.5600 0.0124 +0.00 0.1090 – ELODIE
936.4564 –15.5960 0.0140 +0.00 0.1100 – ELODIE
960.4783 –15.5660 0.0207 +0.00 0.1120 – ELODIE

1306.4979 –15.4853 0.0048 +69.30 0.1077 0.0018 SOPHIE
1307.5544 –15.4802 0.0034 +38.80 0.1107 0.0012 SOPHIE
1308.4603 –15.5049 0.0032 +39.80 0.1100 0.0012 SOPHIE
1309.4760 –15.5015 0.0030 +30.50 0.1094 0.0011 SOPHIE
1310.4984 –15.4896 0.0039 +33.50 0.1081 0.0014 SOPHIE
1311.5065 –15.4723 0.0031 +31.20 0.1121 0.0011 SOPHIE
1312.4696 –15.4838 0.0035 +45.20 0.1099 0.0013 SOPHIE
1313.5716 –15.4811 0.0029 +36.50 0.1093 0.0010 SOPHIE
1314.4775 –15.4879 0.0034 +34.50 0.1101 0.0012 SOPHIE
1328.5718 –15.4754 0.0044 +22.80 0.1108 0.0014 SOPHIE
1330.4228 –15.4815 0.0049 +48.20 0.1099 0.0020 SOPHIE
1338.4397 –15.4890 0.0033 +40.50 0.1128 0.0012 SOPHIE
1350.5303 –15.4741 0.0027 +41.80 0.1081 0.0009 SOPHIE
1352.3593 –15.4681 0.0025 +43.80 0.1087 0.0009 SOPHIE
1430.2529 –15.4558 0.0025 +35.70 0.1068 0.0009 SOPHIE
2041.4830 –15.2115 0.0044 +32.70 0.1063 0.0016 SOPHIE
2042.3868 –15.1920 0.0045 +26.20 0.1068 0.0015 SOPHIE
2042.5606 –15.1949 0.0046 +26.30 0.1098 0.0017 SOPHIE
2092.3896 –15.2056 0.0042 +33.80 0.1093 0.0015 SOPHIE
2401.4313 –15.3552 0.0047 +25.50 0.1113 0.0018 SOPHIE
2403.4084 –15.4023 0.0046 +30.70 0.1138 0.0017 SOPHIE
2428.4663 –15.3728 0.0041 +46.30 0.1120 0.0015 SOPHIE
2435.3729 –15.3948 0.0047 +28.70 0.1098 0.0018 SOPHIE
2443.4975 –15.3994 0.0034 +43.30 0.1115 0.0012 SOPHIE
2495.4067 –15.3919 0.0047 +52.70 0.1111 0.0017 SOPHIE
2527.2413 –15.4542 0.0083 +11.70 0.1132 0.0033 SOPHIE
2659.6502 –15.4690 0.0046 +45.70 0.1141 0.0017 SOPHIE
2807.3832 –15.4279 0.0087 +61.30 0.1203 0.0033 SOPHIE+
2820.3930 –15.4381 0.0040 +15.20 0.1108 0.0015 SOPHIE+
2877.3723 –15.4226 0.0047 +17.50 0.1085 0.0016 SOPHIE+
2994.6887 –15.4092 0.0055 +2.80 0.1151 0.0020 SOPHIE+
3106.5175 –15.3854 0.0034 +38.00 0.1077 0.0012 SOPHIE+
3155.4027 –15.3637 0.0047 +30.70 0.1102 0.0017 SOPHIE+
3218.4269 –15.3382 0.0047 +39.20 0.1081 0.0017 SOPHIE+
3426.5652 –15.2181 0.0024 +36.00 0.1065 0.0008 SOPHIE+
3486.5425 –15.1750 0.0047 +18.50 0.1116 0.0016 SOPHIE+
3612.2511 –15.1229 0.0054 +8.50 0.1129 0.0019 SOPHIE+
3622.2372 –15.1220 0.0046 +38.50 0.1077 0.0016 SOPHIE+
3643.2640 –15.1354 0.0037 +37.80 0.1101 0.0013 SOPHIE+
3793.6204 –15.2053 0.0043 +20.50 0.1146 0.0015 SOPHIE+
3884.4642 –15.2776 0.0042 +30.30 0.1095 0.0015 SOPHIE+
3903.5775 –15.2705 0.0049 +19.70 0.1128 0.0013 SOPHIE+
4150.5838 –15.3645 0.0042 +15.80 0.1108 0.0015 SOPHIE+
4153.6009 –15.3735 0.0042 +24.70 0.1101 0.0015 SOPHIE+
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Table B.3. Radial velocity measurements of HD 214823.

BJD RV σRV BIS Hα σHα Instrument
–2 453 000 (km s−1) (km s−1) (m s−1)

586.5866 –44.4791 0.0273 +0.00 0.1120 – ELODIE
934.5516 –44.8000 0.0207 +0.00 0.1120 – ELODIE
935.5938 –44.7740 0.0169 +0.00 0.1130 – ELODIE
936.5818 –44.8330 0.0149 +0.00 0.1120 – ELODIE
960.5884 –44.8050 0.0262 +0.00 0.1170 – ELODIE

1667.6133 –44.4108 0.0051 +11.70 0.1115 0.0016 SOPHIE
2065.5018 –44.2597 0.0050 +13.80 0.1083 0.0016 SOPHIE
2066.5028 –44.2559 0.0059 +29.70 0.1071 0.0018 SOPHIE
2078.5658 –44.2532 0.0056 +62.30 0.1064 0.0017 SOPHIE
2079.4718 –44.2396 0.0074 +37.20 0.1071 0.0022 SOPHIE
2079.4766 –44.2157 0.0097 +16.00 0.1068 0.0029 SOPHIE
2081.5076 –44.2476 0.0055 +10.30 0.1086 0.0017 SOPHIE
2402.5997 –44.4194 0.0048 +18.80 0.1086 0.0015 SOPHIE
2403.5624 –44.3842 0.0059 +18.30 0.1083 0.0018 SOPHIE
2466.4048 –44.4696 0.0058 +26.50 0.1123 0.0018 SOPHIE
2557.2851 –44.6110 0.0060 +12.80 0.1136 0.0018 SOPHIE
2583.2928 –44.6219 0.0063 +26.00 0.1120 0.0016 SOPHIE
2702.6084 –44.7645 0.0054 +23.50 0.1098 0.0015 SOPHIE
2776.6010 –44.7816 0.0059 +27.80 0.1119 0.0018 SOPHIE+
2848.3610 –44.8006 0.0051 +16.50 0.1107 0.0015 SOPHIE+
2969.2450 –44.7824 0.0064 +12.50 0.1069 0.0016 SOPHIE+
3058.6237 –44.7454 0.0060 +18.00 0.1082 0.0017 SOPHIE+
3136.5924 –44.6834 0.0067 +9.50 0.1103 0.0020 SOPHIE+
3314.2602 –44.5371 0.0058 +32.70 0.1083 0.0016 SOPHIE+
3495.5916 –44.4194 0.0058 +31.70 0.1077 0.0017 SOPHIE+
3610.3853 –44.3440 0.0057 +17.80 0.1070 0.0017 SOPHIE+
3850.5699 –44.2546 0.0059 +8.80 0.1060 0.0017 SOPHIE+
3990.3415 –44.2506 0.0054 +23.70 0.1062 0.0015 SOPHIE+
4203.5919 –44.3272 0.0052 +13.50 0.1053 0.0016 SOPHIE+
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Table B.4. Radial velocity measurements of HD 221585.

BJD RV σRV BIS Hα σHα Instrument
–2 453 000 (km s−1) (km s−1) (m s−1)

277.4772 6.3213 0.0078 +0.00 0.1110 – ELODIE
280.4344 6.3193 0.0077 +0.00 0.1160 – ELODIE
337.3191 6.3239 0.0078 +0.00 0.1150 – ELODIE
625.4868 6.3475 0.0090 +0.00 0.1140 – ELODIE
627.5011 6.3345 0.0076 +0.00 0.1130 – ELODIE
641.4412 6.3365 0.0078 +0.00 0.1120 – ELODIE
749.2843 6.3581 0.0108 +0.00 0.1420 – ELODIE
751.2521 6.3561 0.0131 +0.00 0.1150 – ELODIE
755.2365 6.3491 0.0081 +0.00 0.1150 – ELODIE
932.5780 6.3980 0.0103 +0.00 0.1140 – ELODIE

1694.5785 6.4305 0.0033 –25.80 0.1185 0.0016 SOPHIE
1725.5496 6.4214 0.0032 –16.20 0.1130 0.0015 SOPHIE
1726.4688 6.4267 0.0029 –11.30 0.1174 0.0015 SOPHIE
1767.3362 6.4260 0.0032 –4.00 0.1168 0.0015 SOPHIE
2429.5960 6.4153 0.0031 –16.80 0.1139 0.0015 SOPHIE
2790.6300 6.4103 0.0020 –13.50 0.1105 0.0009 SOPHIE+
3115.6051 6.4547 0.0019 –12.70 0.1102 0.0008 SOPHIE+
3174.5607 6.4651 0.0031 –21.00 0.1143 0.0015 SOPHIE+
3314.2690 6.4501 0.0033 –22.70 0.1119 0.0015 SOPHIE+
3329.2560 6.4607 0.0033 –17.80 0.1103 0.0015 SOPHIE+
3466.5940 6.4407 0.0024 –21.70 0.1122 0.0011 SOPHIE+
3518.6086 6.4323 0.0033 –14.70 0.1122 0.0016 SOPHIE+
3519.5768 6.4310 0.0033 –25.80 0.1137 0.0016 SOPHIE+
3520.5308 6.4348 0.0032 –19.50 0.1115 0.0016 SOPHIE+
3587.3201 6.4221 0.0033 –29.20 0.1124 0.0015 SOPHIE+
3612.2785 6.4208 0.0058 –15.00 0.1122 0.0027 SOPHIE+
3612.2849 6.4230 0.0089 –33.00 0.1123 0.0040 SOPHIE+
3612.3122 6.4166 0.0033 –28.00 0.1130 0.0016 SOPHIE+
3847.5669 6.4095 0.0030 –22.20 0.1105 0.0015 SOPHIE+
3941.2882 6.4056 0.0030 –21.20 0.1157 0.0014 SOPHIE+
4026.2424 6.4126 0.0028 –31.70 0.1101 0.0014 SOPHIE+
4053.2945 6.4214 0.0030 –25.70 0.1113 0.0013 SOPHIE+
4184.6013 6.4421 0.0028 –14.20 0.1142 0.0012 SOPHIE+
4202.5927 6.4359 0.0020 –21.80 0.1109 0.0009 SOPHIE+
4259.4879 6.4463 0.0033 –22.70 0.1148 0.0016 SOPHIE+
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