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ABSTRACT

The orbital motion of non-contact double-lined spectroscopic binaries (SB2), with
periods of a few tens of days to several years, holds unique accurate informations on
individual stellar masses, that only long-term monitoring can unlock. The combination
of radial velocity measurements from high-resolution spectrographs and astrometric
measurements from high-precision interferometers allows the derivation of SB2 com-
ponents masses down to the percent precision. Since 2010, we observed a large sample
of SB2 with the SOPHIE spectrograph at the Observatoire de Haute-Provence, aim-
ing at the derivation of orbital elements with sufficient accuracy to obtain masses of
components with relative errors as low as 1% when the astrometric measurements of
the Gaia satellite will be taken into account. In this paper we present the results from
six years of observations of 14 SB2 systems with periods ranging from 33 to 4185 days.
Using the TODMOR algorithm we computed radial velocities from the spectra, and then
derived the orbital elements of these binary systems. The minimum masses of the 28
stellar components are then obtained with a sample average accuracy of 1.0+0.2 %.
Combining the radial velocities with existing interferometric measurements, we derived
the masses of the primary and secondary components of HIP 61100, HIP 95995 and
HIP 101382 with relative errors for components (A,B) of respectively (2.0, 1.7) %, (3.7,
3.7)%, and (0.2, 0.1) %. Using the Cesam2k stellar evolution code, we could constrain
the initial He-abundance, age and metallicity for HIP 61100 and HIP 95995.

Key words: binaries: spectroscopic, stars: fundamental parameters, stars: individ-
ual:HIP 61100, HIP 95995, HIP 101382

1 INTRODUCTION tate a confrontation to extremely accurate masses of stars.
Non-contact binaries have the exclusive advantage to pro-
vide mass measurements of two separate objects with differ-
ent masses but with the same age. They could thus provide a
strong constraint on stellar models (Torres et all |2012). To
that end, we proposed in paper I (Halbwachs et all [2014)
to combine the high-resolution spectroscopy of the Spectro-
graphe pour I’Observation des PHénomeénes des Intérieurs
* based on observations performed at the Observatoire de Haute— Stellaires et des Exoplanétes (SOPHIE; Observatoire de

Provence (CNRS), France Hautes-Provence) to the high-precision astrometry of the
1 E-mail: flavien.kiefer@iap.fr

Following the work of papers I-III (Halbwachs et all 2014,
2016; Kiefer et all 12016) we propose to measure masses of
stars with an accuracy better than 1%. The loosely con-
strained single stars stellar evolution models still necessi-
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Gaia satellite on high-contrast large-period and bright spec-
troscopic binaries. SOPHIE provides radial velocities with
an accuracy of a few tens of m s™', and Gaia will soon de-
liver photocenter positions with an accuracy of a few tens of
microarcseconds. The combination of both will allow achiev-
ing better than 1% accuracy on binary masses.

In paper I (Halbwachs et all[2014), we selected a sam-
ple of 68 SB2s for which we expect to reach that level of
precision. We have been observing these stars since 2010
with SOPHIE. A first result of our program was the detec-
tion of the secondary component in the spectra of 20 bina-
ries which were previously known as single-lined (paperI).
A second result was the determination of masses for two
particular SB2s with accuracy between 0.26 and 2.4 %, cou-
pling astrometric measurements from PIONIER and radial
velocities from SOPHIE (paperII; Halbwachs et al. 2015).
In a third paper (paper III; Kiefer et al. 2016), we derived
projected masses (M sin®4) with precision better than 1.2%
for the two components of 10 binaries, and the masses of
the binary HIP 87895 with an accuracy of ~1% thanks to
additional astrometric data.

Here, we present the accurate orbits measured for 14
SB2s (Table [Il) with periods ranging from 33 to 4185 days.
After 8 years of observations with SOPHIE, we collected a
total of 203 spectra of these stars. A large number of pre-
viously published measurements is also available for each
of these binaries in the SB9 catalog (Pourbaix et all[2004).
Four of these targets were identified as new SB2s in paper
I. We combined the radial velocity (RV) measurements and
existing interferometric data for HIP 61100, HIP 95995 and
HIP 101382, to derive the masses of their components. This
will enable us to validate the masses derived from our RVs
and from Gaia astrometry, when the Gaia astrometric tran-
sits will be available. Meanwhile, in the present paper, these
masses are confronted to evolutionary models.

The observations are presented in Section The
method of measurements of radial velocities from SOPHIE’s
observations is explained in Section [3] We derive the or-
bital solutions in Section @ The derivation of the masses of
HIP 61100, HIP 95995 and HIP 101382 is presented in Sec-
tion Bl Finally, in Section [6]l we examine how they compare
to stellar evolution models.

2 OBSERVATIONS

The observations were performed at the T193 telescope of
the Haute-Provence Observatory, with the SOPHIE spec-
trograph (Perruchot et all [2008). SOPHIE is dedicated to
the search of extrasolar planets, and, its high resolution
(R~T75,000) enables accurate stellar radial velocities to be
measured for SB2 components. Since the beginning of the
programme, we have accumulated 49 nights of observations
in visitor mode. Before each observation run, ephemerides
were derived from existing orbits provided by the SB9 cat-
alogue (Pourbaix et al!2004), and priority classes were as-
signed on the basis of the orbital phase and of the observa-
tions already performed. In addition, we obtained observa-
tions in service mode for a total duration of 7 nights; these
observations were essentially used to complete the phase cov-
erage of short-period binaries.

The spectra were all reduced through SOPHIE’s

Table 1. The SB2s analyzed in this paper.

Name Alt. name Vv Period® Nspec b Span® SNR4
HIP/HD HD/BD (mag.) (day) (period)
Previously published SB2

HIP 9121 BD 441379 9.01 695 16 3.1 48
HIP 21946 HD 285970 9.86 56 11 34 54
HIP 38018 HD 61994 7.08 552 12 3.9 96
HIP 61100 HD 109011 8.10 1284 13 2.8 98
HIP 77122 HD 141335 8.95 4290 12 0.54 48
HIP 95995 HD 184467 6.59 494 14 4.3 145
HIP 100046 HD 193468 6.73 289 18 7.5 136
HIP 101382 HD 195987 7.09 57 18 45 101
HIP 116360 HD 221757 7.22 348 15 9.8 97
HD98031 BD+132380 8.40 271 15 7.9 48

SB2s identified in paper I, previously published as SB1s

HIP 7143  HD 9312 6.81 37 16 59 143
HIP 12472 HD 16646 8.10 329 13 6.7 90
HIP 48895 HD 86358 6.46 34 17 87 140
HIP 72706 HD 131208 7.61 84 13 18 97

@ The period values are taken from the SB9

catalogue (Pourbaix et all(2004). Except HIP 3818 and

HIP 61100 (Halbwachs et all[2003).

b Nspec gives the number of spectra collected with SOPHIE.

¢ Span is the total time span of the observation epochs used in
the orbit derivation, counted in number of periods.

4 SNR is the median signal-to-noise ratio of all the SOPHIE
spectra of a given star at 5550 A.

pipeline, including localization of the orders on the frame,
optimal order extraction, cosmic-ray rejection, wavelength
calibration, flat-fielding and bias subtraction.

Among all the observed SB2s, we have selected those
which were satisfying two conditions:

e They were observed over, at least, the part of the phase
where the RVs of the components may be derived. Except
for HIP 77122, a binary with a period of more than 11 years,
the observations covered more than one period.

e They received a minimum of 11 observations. This limit
was set for statistical reasons (see e.g. paper I1I): Although
an SB2 orbit could be derived in principle from only 6 of
those observations, a minimum of 5 degrees-of-freedom on
each component are needed for a reliable rescaling of the
RV errorbars to the stochastic noise level, as explained in
Section [l

Table [Il summarizes this information.

3 RADIAL VELOCITY MEASUREMENTS

The radial velocities of the components are derived using
the TwO-Dimensional cross-CORrelation algorithm TOD-
COR (Zucker & Mazeh [1994; [Zucker et all 2004). It calcu-
lates the cross-correlation of an SB2 spectrum and two best-
matching stellar atmosphere models, one for each compo-
nent of the observed binary system. The radial velocities of
both components are measured at the optimum of this two-
dimensional cross-correlation function (CCF). More specifi-
cally we employed the multi-order version of TODCOR that is
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named TODMOR (Zucker et al![2004). We redirect the read-
ers to our preceding articles (paper I-IIT) for more details on
this algorithm.

All SOPHIE multi-orders spectra were first corrected
for the blaze using the response function provided by
SOPHIE’s pipeline; then for each of them, the pseudo-
continuum was detrended using a p-percentile filter (paper
I1, [Hodgson et all[1985). Finally, before deriving the RVs, a
best-matching model spectrum is determined for both SB2
components of each star.

3.1 Optimizing the model spectra

The theoretical spectra from the PHOENIX stellar at-
mosphere models (Husser et all [2013) optimized for best-
matching of the components of all 14 SB2s are given in Ta-
ble[2l Contrary to the method presented in previous papers,
instead of optimizing the CCF for all orders, we minimized
the x? of the selected spectra compared to the PHOENIX
models around the CaTl line at ~6120 A (order 33). This line
is particularly sensitive to Teg and log g if conditions are
close to LTE (Drake [1991; IMashonkina et all [2007). More-
over being on the red side of the spectrum it offers the best
conditions with respect to signal-to-noise and strength of
the second component. We used the full order # 33, which
also incorporates a few Fe lines. Compared to the previous
method explained in paper III, which consisted in optimiz-
ing the CCF, the above method led to more reliable values
of stellar parameters, with in particular less biased values
of metallicity. We verified that the two methods give con-
sistent, and equally satisfying, results on radial velocities
measurements.

We optimized the values of effective temperature Teg,
rotational broadening wvsini, metallicity [Fe/H], surface
gravity log(g), and flux ratio at 4916 A, a=Fy/F;. For bi-
naries on the main sequence, if « is too low (a<0.1) and
the secondary log g cannot be properly derived, we fixed its
value with respect to Teg, following the empirical relation
logg = 12 — 2log Tesr, as derived from Fig. 1 of |Angelov
(1996). Each theoretical spectrum is convolved with the in-
strument line spread function, here modeled by a Gaussian,
and pseudo-continuum detrended with the same techniques
employed for detrending the observed spectra.

The values of the stellar parameters, and their uncer-
tainties, given in Table[2 are the average and standard devi-
ation of the individual estimations. The 1o uncertainties do
not include known systematics, see e.g. [Torres et all (2012).
To give a point of comparison, we measured the Sun’s pa-
rameters on SOPHIE spectra of Vesta and Ceres in Table 21
Metallicity was found to be off by —0.12 dex, ATeg,o~60 K,
and Alog(g)o~0.1. Given their small amplitude, and lack-
ing an exhaustive analysis of benchmark stars spectra with
this method, these errors could be considered as more real-
istic minimum uncertainties on Teg, log(g) and [Fe/H], than
the values given in Table[2l Furthermore, the uncertainty on
the effective temperatures is actually larger than this, since
varying by hand metallicity in a £0.1 dex range for a few
targets, we found an amplitude of variations of Tug on the
order of 100-200 K.

© 2017 RAS, MNRAS 000, [THI5]
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Table 2. The stellar parameters of the 14 SB2, determined by
X2 optimization around the Cal line at 6121 A. Sun’s parameters
derived with the same protocol are given in the last row.

HIP Tegg,1 blog g1 €V siniq d[Fe/H) o
HD Tott,2 log g2 Vo sin ig
(K) (dex) (km s~ 1) (dex) (flux ratio)
HIP 7143 5367 4.30 4.7 0.03 0.063
+166 +0.13 +0.6 +0.03 +0.013
5150 4.6M8 <8
+228
HIP 9121 5789 4.40 2.7 0.11 0.083
+21 +0.03 +0.3 +0.01 +0.010
4544 4.89 <2
+164 +0.10
HIP 12472 6253 4.4v8 10.5 -0.86 0.037
+82 +0.3 +0.12 +0.012
4802 4.6\18 <4
+292
HIP 21946 4680 4.72 4.0 -0.13 0.035
+21 +0.05 +0.4 +0.03 +0.004
4164 4.8Ms <10
+110
HIP 38018 5585 4.46 3.5 -0.04 0.069
+13 +0.04 +0.2 +0.06 +0.011
4484 4.7\s <5
+110
HIP 48895 6186 4.30 74.1 -0.59 0.253
+152 +0.09 +2.5 +0.08 +0.010
5697 4.69 21.4
+79 +0.10 +1.0
HIP 61100 5105 4.75 5.7 -0.14 0.229
+21 +0.10 +0.1 +0.10 +0.004
4175 4.8 5.1
+35 +0.1 +0.4
HIP 72706 4524 3.27 4.3 -0.13 0.099
+8 +0.03 +0.4 +0.01 +0.023
5272 4.50 2.9
+280 +0.11 +1.1
HIP 77122 5638 4.22 <4 -1 0.195
+45 +0.24 +0.060
5035 4.60 <3
+131 +0.31
HIP 95995 5114 4.62 2.7 -0.33 0.524
+11 +0.05 +0.3 +0.01 +0.083
4705 4.67 2.7
+101 +0.05 +1.0
HD 98031 6018 4.55 2.4 -0.13 0.236
+8 +0.07 +0.7 +0.04 +0.001
5095 4.86 <3
+19 +0.07
HIP 100046 6069 4.28 26.2 -0.71 0.585
+53 +0.21 +1.0 +0.06 +0.016
5623 4.36 13.7
+43 +0.21 +0.5
HIP 101382 5296 4.71 3.9 -0.38 0.156
+19 +0.03 +0.3 +0.01 +0.005
4360 4.97 <2
+87 +0.04
HIP 116360 6227 4.37 4.3 -0.21 0.624
+68 +0.09 +0.4 +0.02 +0.026
5915 4.49 3.5
+10 +0.09 +1.1
Sun 5836 4.58 4.9 -0.12
+40 +0.10 +0.2 +0.04

“Minimum systematic uncertainties on Tggp are about 100 K.

YThe MS subscript indicates that the log g did not converge to a realistic
value (> 5) and was fixed to be on the Main Sequence following

logg = 12 — 2log Tegr (Angelov [1996).

“When the V sini is compatible with zero, we give the upper bound at the
1o limit; V sini=0 is used to derive the RVs.

4Given the systematic error on [Fe/H]sun, a more reliable value of
uncertainty on [Fe/H] should be at least 0.1dex.
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3.2 Deriving radial velocities

We then applied TODMOR to all multi-order spectra of each
target and determined the radial velocities of both compo-
nents discarding all orders harboring strong telluric lines,
following the method of paper III.

In the cases where the S/N ratio and the secondary-to-
primary flux ratio were large enough (SNR>90 and a>0.1),
we incorporated an enhancement on the 2D-CCF calcula-
tion. We employed the first-derivative of the spectra, rather
than the spectra themselves. Using first derivative is equiv-
alent to applying a linear filter on the spectra, filtering out
low frequency components (like e.g. the continuum). Un-
fortunately, it enhances high frequency noise, and for that
reason cannot be used on low S/N ratio spectra. We found
that it greatly reduces systematics on RV measurements of
those binaries with strong blend.

Final velocities for each component are displayed in Ta-
ble Bl They are used to derive the orbital solutions for the
14 SB2s in the next section.

4 THE SB2 ORBITS

The orbits derived from the RVs in Table [3 have too large
residuals in relation to uncertainties. This is clear when the
F> indicator of the goodness-of-fit (GOF) is calculated (see
paper II, equation 1): the values are too large to obey a
normal distribution, because the uncertainties were under-
estimated. This results in underestimating the uncertainties
of the parameters of the orbit, but also in assigning erro-
neous weights to the RVs of each component. Deriving an
SB2 orbital solution necessitates attributing realistic errors
to each dataset properly. The correction process was already
used in paper III, we refer the reader to that paper for expla-
nations. The corrected errors express as follow with respect
to initial errorbars oryv:

corr __ 2 2

ORV,1 =1 X y/Opy + €7 (1)
corr __ 2 2

ORV,2 = P2 X \[Ogy o T &5 (2)

The correction terms @1, @2, €1 and €2 are given in
Table [l The references of previously published RVs are
also displayed in this table, as well as the related correc-
tion terms.

The orbital solutions of the 14 SB2s were derived twice:
from the SOPHIE RVs alone, and also combining them with
the previously published RVs. The results are presented on
Table

Only the period, P, the time of periastron passage, To,
and the SOPHIE offset d,,—, were taken from the combined
solution, since P and Ty are more accurate than in the SO-
PHIE solution. The eccentricity e, the center-of-mass veloc-
ity ~, the periastron longitude w, the RV amplitudes K
and K> and the deducted minimum masses and minimum
semi-major axes were all taken from the SOPHIE solution.
The primary offset d2—1 also refers to this solution. The sec-
ondary component velocities are often shifted by up to a few
100 m s~! compared primary’s velocities (paper II-111). This
d2—1 incorporates such shift as an additional parameter to
the RV fit.

5 MASSES AND PARALLAXES OF HIP 61100,
HIP 95995 AND HIP 101382

When a visual orbit can be derived properly, an SB2 system
with measured RV can be fully determined. Especially, the
inclination can be evaluated and allows deriving the abso-
lute mass of the system and of its components. Moreover
with measurements independent of the Hipparcos 2 cata-
logue (van Leeuwen [2007) it also allows verifying and cor-
recting the Hippacos parallax taking into account the or-
bital motion. We found a visual orbit for 3 of the 14 SB2s
presented in this paper; namely HIP 61100, HIP 95995 and
HIP 101382.

5.1 HIP 61100

Our RV measurements were combined to the speckle
and interferometric observations used by [Schlieder et al.
(2016), which are summarized in Table [l The uncertain-
ties of the interferometric measurements were corrected
by 0.71 in order to obtain a visual orbit with a GOF
F> = 0. These measurements are combined with our RV
measurements and led to the orbital elements given in
Table [[l The apparent orbit and its residuals are pre-
sented in Fig. Bl Our results are not really different from
the preceding ones of |Schlieder et al! (2016), but slightly
more accurate, with masses M;=(0.834£+0.017) My and
M2=(0.640£0.011) M, improving the mass measurement
accuracy for these stars by a factor of 2.5 compared
to Masda et all (2016).

Our estimation of the parallax in Table [ is more ac-
curate, but compatible, with that given by the Hipparcos
2 catalogue: w = (39.84 + 1.07) mas. However, this value
was derived ignoring the orbital motion. A correction of the
Hipparcos parallax was derived from the elements in Ta-
ble [l and from the residuals of the Hipparcos astrometric
solution. The new value is then o = (40.75 &+ 1.24) mas, in
reasonable agreement with our result. No Tycho-Gaia Astro-
metric Solution (T'GAS hereafter; see Michalik, Lindegren &
Hobbs 2015; |Gaia Collaboration 2016) is available for this
star, probably because of its orbital motion.

5.2 HIP 95995

This star is the close visual binary MCA 56. IMasda et al.
(2016) combined RV measurements and the interferometric
measurements provided by the Fourth Catalog of Interfer-
ometric Measurements of Binary Stard] (Third catalogue:
Hartkopf et all 2001) to derive the masses of the compo-
nents: M;=(0.89£0.08) Mg and M2=(0.83+0.07) M. We
found that the less accurate measurements in the “Fourth
Catalog” were also the less reliable ones, since their errors
are much larger than their uncertainties; therefore, we de-
rived the visual orbit taking into account only the measure-
ments with uncertainties smaller than 2 mas. These mea-
surements are presented in Table Bl We applied to these
uncertainties a correcting factor of 0.81 in order to get the
apparent orbit with the GOF F> = 0. The combination of

1 http://www.usno.navy.mil/USNO /astrometry/optical-TR-
prod/wds/int4
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Table 3. New radial velocities from SOPHIE and obtained with TODMOR. The uncertainties must still be corrected as explained in
Section @ Outliers are marked with an asterisk (*) and are not taken into account in the analysis.

HIP 7143 HIP 9121
BJD RV} oCRV1 RV; orya O1—C; Os—Cy BID RVi  oRvi RV, orys O1 —Cp Og —Ch
-2400000 kms™! kms ' kms ! kms ! kms ! kms~!  -2400000 kms™!' kms™! kms™!' kms™! kms™! kms!

2455440.5949  -28.6137 0.0087  39.5047  0.0869 -0.0112 -0.2463 2455440.6065 -4.4125 0.0097 15.9387 0.0857 -0.0110 0.3651
2455532.3039 29.9337 0.0088 -36.9342 0.0868 -0.0103 0.0246 2455532.3126 20.1786 0.0097 -17.2062 0.0868 -0.0138 0.0057
2455783.6041 17.3891 0.0087 -20.3808 0.0806 -0.0093 0.1403 2455605.3068 18.1418 0.0109 -14.5813 0.0939 -0.0412 -0.0481
2455864.4055 30.4795 0.0089 -37.6110 0.0869 0.0215 0.0213 2455864.4267 0.1595 0.0102  8.4879  0.0950 -0.0357 -0.9579
2456148.5899 16.4093 0.0087 -19.2077 0.0891 -0.0247 0.0498 2456147.5908 -3.7162 0.0089 15.0394 0.0794 0.0164 0.3576
2456243.3400 -25.1332 0.0087  35.2395 0.0865 0.0346 -0.0113 2456243.3503 24.8212 0.0098 -23.5053 0.0845 0.0156 -0.1438
2456323.2855 -32.9010 0.0091 45.6786  0.0881 -0.0284 0.3327 2456323.3008 14.9387 0.0099 -10.3337 0.0958 0.0112 -0.1404
2456525.5388% -6.8752* 0.0087* -26.1124* 0.1173* -29.9263* 1.8151* 2456525.6005 1.4133 0.0100 7.5680 0.0781 -0.0094 -0.2414
2456525.5489 23.0257 0.0087 -28.0582 0.0882 0.0047 -0.1701 2456618.4926 -1.6987 0.0099 11.8527 0.0976 0.0128 -0.1348
2456526.5759 19.7230 0.0087 -23.4145 0.0856 0.0054 0.1453 2456913.4916 16.2085 0.0099 -12.0895 0.0840 0.0032 -0.1928
2456619.4717 -7.1678  0.0088 11.3499  0.0840 -0.0101 -0.3033 2456919.4382 19.2128 0.0106 -15.7803 0.0949 -0.0096 0.1384
2456889.5967 26.0816 0.0089 -31.9416 0.0877 0.0086 -0.0546 2457009.3471 16.0572 0.0093 -11.9517 0.0823 0.0135 -0.2704
2457009.3357  -20.1976 0.0088  28.8898  0.0874 0.0199 0.1252 2457073.2958 9.4184 0.0103 -1.5753 0.1178 0.0239 1.2421
2457414.3022  -35.4380 0.0109  48.4965 0.1051 0.0110 -0.2250 2457295.6294 -1.1549 0.0095 11.0601 0.0913 0.0282 -0.2231
2457602.5998  -26.8715 0.0087  37.4743  0.0842 -0.0264 0.0259 2457414.3261 -4.2774 0.0176 15.4326 0.1592 -0.0186 0.0493
2457635.5346  -38.7686 0.0087  53.2214  0.0843 0.0135 0.1327 2457603.5503 13.7650 0.0098 -8.4294 0.0887 -0.0101 0.2277

HIP 12472 HIP 21946

BJD RV} oRV1 RV, orva O1 —Cp Oz —Ch BJD RV} ORV1 RV, ogya O1 —Cp Oy —Ch
-2400000 kms™! kms ' kms™! kms™! kms™! kms™! -2400000 kms™!' kms™! kms™!' kms™! kms™! kms™!
2455532.4082  1.6055 0.0441 -14.5375 0.0810 -0.0746  0.4260 2455864.5931 30.9873 0.0119 -9.4994 0.1903  0.0049  -0.0450
2455605.3484  6.6888  0.0809 -22.8412 0.1327 0.0108  0.0023 2456243.5337 22.6048 0.0129 2.1410 0.2291  0.0031  -0.2630
2455783.6130  -13.7153 0.0469  9.2047 0.0741 -0.0131 -0.0843 2456323.4334 26.0735 0.0130 -2.6027 0.1837 -0.0138 -0.0747
2455864.5337  2.5696  0.0443 -16.3092 0.0803  0.0459  -0.0156 2456619.5802 -5.5830 0.0129 42.5907 0.2249 -0.0007  0.3067

2455933.2717  6.7945  0.0901 -23.0360 0.1543 -0.0399  0.0543 2457009.4399 11.3879 0.0126 18.2601 0.1442 -0.0030 -0.0070
2456148.6166* -8.1223* 0.0412* 2.5239* 0.0800* 0.1609* 1.7787* 2457014.5018 -4.8917 0.0128 41.3349 0.2290 -0.0147  0.0489

2456243.3940  9.0360 0.0451 -26.7895 0.0804 0.0032  -0.2332 2457020.4023 -21.7157 0.0124 64.5834 0.2309 0.0133  -0.5478
2456525.5750  3.4028  0.0455 -18.0037 0.0779  0.0256  -0.3644 2457073.3398 -14.1075 0.0134 55.1816 0.2816 -0.0206  0.8638

2456618.5243  0.6876  0.0438 -12.7734 0.0642 0.0213  0.5918 2457295.6463 -0.8778 0.0125 35.4673 0.2188  0.0024  -0.1632

2456889.6184  9.0899  0.0443 -26.7878 0.0744 0.0123  -0.1609 2457699.5165 -18.9958 0.0149 60.8245 0.2310 -0.0132  -0.4207
2457009.3760 -11.9803 0.0427 6.2414  0.0842 -0.0057 -0.3238 2457761.3441 4.5465 0.0131 28.4629 0.2285 0.0065  0.5018

2457603.5777 0.9406 0.0407 -12.9910 0.0671 -0.0580 0.8981
2457721.5573  -15.4946 0.0431 12.2045 0.0737 -0.0072 0.1008

HIP 38018 HIP 48895
BJD RV; ORV1 RVy oryvae O1 —C1 Oz —Co BJD RV; ORV1 RVy ocrve 01 —Cp Oz —Co
-2400000 kms™! kms ' kms ' kms ! kms™! kms?! -2400000 kms™! kms™! kms™! kms™!' kms™! kms™?!
2455605.4554 -15.8212 0.0080 -31.6573 0.0610 -0.0658 -0.0322 2455966.4971 41.4163 0.1379 27.6481 0.0794 -2.7001 3.7556
2455966.3859 -29.6282 0.0076 -10.8293 0.0617  0.0218  -0.0811 2456243.6398 51.9407 0.1321 5.7655 0.0789 -0.3817 -2.0201
2456034.3241 -36.0742 0.0115 -1.1332 0.1010 -0.0046 -0.0305 2456323.5312 26.0378 0.1738 59.6220 0.0749  1.6606 -3.0149
2456243.6090 -15.3134 0.0076 -32.0804 0.0613 0.0189 0.1804 2456414.3350 51.5298 0.1408 13.2361 0.0804 2.6904 -1.3861
2456324.3742 -17.3822 0.0075 -29.3241 0.0780 0.0105 -0.1591 2456619.6215 46.9870 0.2076 26.1839 0.0769 5.5179 -2.9049
2456619.6080 -31.0369 0.0075 -8.7959 0.0653  0.0025 -0.1352 2456701.4324 25.4852 0.1369 63.5982 0.0748  0.4116 2.3281
2456700.4676 -16.2770 0.0084 -31.0950 0.0668  0.0377  -0.3103 2456764.3623 22.6437 0.1384 67.3399 0.0753  0.6953 -0.0644
2457009.5244 -23.9774 0.0072 -18.7759 0.0526 -0.0100 0.5106 2457009.5859 35.7275 0.1334 40.4026 0.0801 -2.0947 4.1557
2457073.3764 -29.7104 0.0062 -10.6737 0.0518 0.0035 -0.0214 2457073.4027 26.4163 0.1506 59.2057 0.0701 -0.9983 2.5305
2457159.3587 -34.2367 0.0087 -3.9517 0.0743 -0.0118 -0.0772 2457160.3757 37.5641 0.1408 32.6651 0.0771 -0.2168 -3.6628
2457728.6301 -30.3165 0.0072 -9.8280 0.0596 -0.0067 -0.0711 2457505.3652 20.7102 0.1568 66.4075 0.0792 -1.5991 -0.2883
2457734.6292 -28.5850 0.0070 -12.1420 0.0588 -0.0027  0.2105 2457759.6114 53.2215 0.1481 5.0854 0.0833  0.0073 -0.9498

2457792.3706 52.3538 0.1550 6.4234 0.0860 -1.0702 0.8000
2454845.6013 23.3993 0.1296 66.5367 0.0702 0.6445 0.7153
2454846.6471 23.7001 0.1339 65.2222 0.0700 -0.3565 1.9559
2454847.6167 24.5010 0.1368 61.5615 0.0692 -1.2396 1.6006
2454848.6314 23.7993 0.1569 58.3759 0.0726 -4.1640 2.7777
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Table 3. Continued.

HIP 98031 HIP 61100
BJD RVy OCRV1 RV, orve O1 —C1 Oz —Csy BJD RVy ORV1 RV orve O1 —C1 O —Csy
-2400000 kms™! kms™! kms™! kms™!' kms™! kmsT?! -2400000 kms™! kms™! kms™! kms ! kms ! kms™?!
2455692.3492 72.8755 0.0109 64.6313 0.0348 0.0058 0.2213 2454124.7212 -2.1884 0.0123 -19.3714 0.0703 0.0204 0.0195
2455933.6379 74.1453 0.0179 62.9888 0.0565 -0.0012 0.0166 2454889.6065* -14.1818* 0.0147* -4.7802* 0.0840* -0.0628* -0.9102*
2455966.5107 72.7083 0.0107 64.8335 0.0326  0.0266 0.2119 2455306.4091 -4.0880  0.0110 -16.6121 0.0709  0.0729 0.2349
2456324.4501 62.7036 0.0129 75.7316 0.0386  0.0783 -0.2146 2455605.5531 -4.1704  0.0095 -16.9148 0.0623 -0.0524 -0.0118
2456414.3490 70.9941 0.0109 66.2017 0.0307 -0.0852 -0.2245 2456243.6803 -16.1346  0.0096 -1.3190 0.0642 -0.0225 -0.0463
2456619.6559 60.5365 0.0104 78.3963 0.0308 0.0011 0.0967 2456323.5971 -18.8578  0.0095 2.4018 0.0570 -0.0414 0.1503
2456700.5552 72.8220 0.0106 64.6617 0.0330 -0.0164 0.2165 2456413.3839 -21.4210 0.0121 5.7921 0.0727  -0.0032 0.1504
2456763.4017 73.6712 0.0104 63.6086 0.0334  0.0479 0.0473 2456619.6953 -2.9770  0.0095 -18.4678 0.0569  0.0052  -0.0846
2457009.6140 74.2814 0.0104 62.6262 0.0324  0.0175 -0.2138 2456700.5934 -2.2159  0.0096 -19.3730 0.0534  0.0059 0.0011
2457159.3958 60.6343 0.0136 78.2756 0.0403 0.0247 0.0597 2456763.5299 -2.6145 0.0109 -18.9232 0.0639 0.0107 -0.0748
2457160.3675 60.5873 0.0109 78.3338 0.0325 0.0103 0.0811 2457505.4205 -15.4310 0.0093 -2.6677 0.0635 0.0064 -0.5160
2457436.6010 60.5133 0.0104 78.4542 0.0308 -0.0138  0.1452 2457759.6959 -18.4149 0.0092  1.8460  0.0559 -0.0069 0.1266
2457471.5766 65.6334 0.0133 72.2121 0.0384 -0.0192  -0.3250 2457767.6521 -17.3820 0.0088  0.4519  0.0530  0.0041 0.0643

2457505.3820 71.8385 0.0108 65.6050 0.0305 -0.0450 0.0844
2457819.5101 74.2800 0.0102 62.6705 0.0316  0.0109 -0.1636

HIP 72706 HIP 77122
BJD RV} TRV RV, ory2 O1—C; O —Cy BID RV} oRV1 RV, orve O1—C1 Og—Cy
-2400000 kms™' kms™! kms ! kms ! kms™! kms~!  -2400000 kms™' kms™! kms™! kms ! kms ! kms!

2456033.5020 -61.2850 0.0075 -25.7871 0.1070 -0.0192 0.1112 2455306.5079* -49.1723*% 0.0097* -44.2639* 0.0300* -0.4494* -0.5203*
2456147.3536 -19.4972 0.0073 -79.3190 0.1022 0.0474 0.1668 2456033.5194 -53.1250 0.0125 -38.9871 0.0349 0.0055 -0.2407
2456324.5831 -26.9623 0.0074 -70.0314 0.0976 -0.0366 -0.0260 2456148.3858 -54.7882  0.0124 -37.0043 0.0349 0.0060 -0.1444
2456414.4587 -32.8521 0.0073 -62.4272 0.1031 -0.0029  -0.0302 2456324.6472 -60.8632 0.0117 -30.0466 0.0327 -0.0091 -0.0572
2456700.6800 -60.4920 0.0073 -27.0406 0.1136 -0.0494 -0.0850 2456413.5714 -78.1954 0.0120 -10.2543  0.0345 0.0058 0.0674

2457073.6330 -24.3145 0.0067 -73.3307 0.0989 -0.0167 0.0499 2456414.4769 -78.2975 0.0119 -10.1390 0.0331 -0.0017 0.0754

2457159.4832 -26.5475 0.0072 -70.5603 0.0951 -0.0049 -0.0631 2456525.3381 -36.6294 0.0119 -57.4821 0.0337 0.0001 -0.0273
2457470.6254 -68.1682 0.0082 -16.7236 0.1115 0.0102 0.2961 2456764.5216 -39.7897 0.0115 -53.8866 0.0328 -0.0018 -0.0126
2457475.6035% -49.3856™ 0.0154* -43.8833" 0.1826* 0.0671* -2.8120* 2457073.6595 -41.6506  0.0108 -51.5984 0.0312 0.0179 0.1433

2457505.5470 -37.3135 0.0072 -56.6873 0.1064 -0.0023 -0.0213 2457159.4975 -42.0369 0.0112 -51.2538 0.0320 0.0088 0.0604

2457542.3640 -65.4462 0.0146 -21.0450 0.2545 -0.0316  -0.4755 2457505.5611 -43.2999 0.0115 -49.8530 0.0337 -0.0202 0.0621

2457542.4266 -65.4616  0.0077 -20.7041 0.1106 0.0008 -0.1960 2457602.3944 -43.5835 0.0118 -49.5196 0.0359 -0.0104 0.0628

2457550.5131 -70.0817 0.0076 -14.6032  0.1050 0.0109 -0.0421

2457819.5824 -19.7787  0.0072 -79.2520 0.1005 -0.0295 -0.0292

HIP 95995 HIP 100046
BJD RVy CRV1 RVy  orya O] —Cp Oy —Ch BJD RVy ORV1 RV, orva O1—Cp; Og—Cy
-2400000 kms™! kms ! kms ! kms™! kms™! kms ! -2400000 kms™!' kms™! kms™! kms™! kms™! kms !
2455440.3925 14.1543 0.0130 9.6101 0.0166 -0.0109  -0.0654 2455440.3983 -2.7679 0.0647 -32.9372 0.0372 -1.1721 -0.1793
2455693.5801 14.9946 0.0122 8.8627 0.0158 -0.0041  0.0420 2455693.5912 -10.4280 0.0563 -24.0270 0.0345 -0.8709  0.0598
2455784.4255 17.5962 0.0115 6.1163 0.0152 -0.0029  -0.0379 2455864.2976 -30.1345 0.0683 -0.9387 0.0389  0.7532  -0.0845
2456034.6088 0.4528 0.0115 23.7456 0.0151 -0.0055  0.0139 2456034.6180 2.4505 0.0598 -37.1059 0.0326 -0.0083  0.0681
2456243.2705 17.0740 0.0116 6.7064 0.0153  0.0032  0.0105 2456147.4411 -31.6547 0.0562 0.5238  0.0309  0.5029  -0.0051
2456414.5806 15.0522 0.0122 8.8434 0.0159 0.0010  0.0765 2456414.5964 -37.1051 0.0567 5.3736  0.0328 -0.4000 -0.1083
2456525.3813 1.0363 0.0114 23.1434 0.0150 0.0034  0.0009 2456525.4010 -16.3540 0.0549 -16.7767 0.0341 -0.1247  0.0429
2456618.3725 8.9973 0.0123 14.8330 0.0160 0.0057  -0.1480 2456619.3099 4.4352  0.0994 -38.9722 0.0569  0.3452  -0.0215
2456890.4648 15.9419 0.0118 7.9785 0.0157 0.0063  0.1185 2456890.4961 -1.6800 0.0535 -33.6484 0.0312 -0.7823 -0.1301
2457295.3224 17.6864 0.0114 6.0110 0.0151  0.0012  -0.0548 2456940.3394 6.2028  0.0551 -40.5074 0.0332  0.5430  0.1531
2457295.3224 17.6864 0.0114 6.0110 0.0151  0.0012  -0.0548 2457159.5328 -6.9649 0.0548 -28.4290 0.0332 -1.2451 -0.1627
2457505.6066 2.5417 0.0113 21.5832 0.0148 -0.0038 -0.0081 2457295.3591 -34.1782 0.0474 2.6393 0.0291  0.0230 -0.1154
2457525.5532 -0.6032 0.0115 24.8503 0.0149 -0.0002  0.0303 2457505.6238 9.5644  0.0521 -43.9000 0.0317  0.9413  -0.0121
2457556.4625 0.1786 0.0114 24.0395 0.0147 -0.0016  0.0225 2457511.5904 9.7700  0.0514 -44.1377 0.0300 0.8712  0.0506

2457539.5993 -30.5416 0.0526 -0.3724 0.0314  0.4782 0.3380
2457542.4749 -34.3064 0.0557 2.8589  0.0337 -0.1168 0.1167
2457563.5620 -38.9690 0.0490 7.1852  0.0301 -0.7511 0.0556
2457602.4760 -29.7396 0.0512 -1.1213 0.0315 0.8755 0.0298
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Figure 1. The spectroscopic orbits of the 14 SB2; the circles refer to the SOPHIE RVs of the primary component, and the triangles to
the secondary. For each SB2, the RVs are shifted to the zero point of the SOPHIE measurements of the primary component.
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Figure 2. The residuals of the RVs obtained from TODMOR for the 14 SB2s. The circles refer to the primary component, and the triangles
to the secondary component. For readability, the residuals of the most accurate RV measurements are in filled symbols.
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Table 3. Continued.

HIP 101382 HIP 116360
BJD RVy CRV1 RVy orpy2 O1—C; O —Co BID RVy TRV1 RVy orye O1 —C1 Og —Co
-2400000 kms™ ! kms™! kms™! kms ! kms™! kms?! -2400000 kms™! kms™! kms™! kms™!' kms™! kms™?!
2455306.6279* 27.4215* 0.0056* -48.4736™ 0.0279* -0.5988* -0.7284* 2454339.5767 15.9868 0.0096 37.7172 0.0119 -0.0488 -0.0609
2455440.4752 -16.0573  0.0065 8.1802 0.0339 -0.0550 -0.0675 2454345.4505 15.7252 0.0107 38.0853 0.0130 -0.0111 -0.0142
2456147.4603 -23.0348 0.0069 17.0744  0.0350  0.0072  -0.1270 2454408.3317 15.4871 0.0096 38.3689 0.0118 -0.0028  0.0047
2456243.2796 -16.4840  0.0068 9.0005 0.0344  0.0097 0.1278 2454852.2873 31.2565 0.0198 21.3992 0.0241 -0.0501  0.0261
2456525.4373 -7.2323 0.0064 -2.7826 0.0362 0.0153 0.1050 2455784.5553 15.0810 0.0119 38.8450 0.0147 0.0180 0.0222
2456889.4781* -24.9314* 0.0604* 18.7325™ 0.3251* -0.0833* -0.7662* 2456147.5212 15.4694 0.0122 38.4331 0.0150 0.0177 0.0278
2456890.5346 -24.3951 0.0065 18.8520 0.0332 -0.0102 -0.0576 2456525.4971 17.2681 0.0116 36.4516 0.0140 0.0056 -0.0084
2456906.5610 7.4644 0.0066  -21.5996 0.0337 -0.0098  0.0128 2456618.4151 45.4494 0.0117 6.1845 0.0144 -0.0116  0.0170
2456914.4368 32.1885  0.0062 -53.0538 0.0316 -0.0126  0.0088 2456889.5524 18.9561 0.0111 34.6675 0.0136 -0.0164  0.0445
2456922.2759 6.8794 0.0065 -20.9364 0.0328 -0.0106 -0.0670 2456962.3075 42.7728 0.0077 9.0399 0.0095 -0.0214 0.0075
2457159.5648 -15.0283 0.0065 7.0422 0.0331 0.0041 0.0282 2456990.3484 55.6703 0.0113 -4.7991 0.0138 0.00001 0.0007
2457160.5553 -16.6925 0.0065 9.1756 0.0331  0.0054 0.0433 2457295.4256 34.3595 0.0097 18.0903 0.0119 -0.0182  0.0164
2457295.3722 -21.7360 0.0058 15.6240  0.0282  0.0032 0.0795 2457295.4256 34.3595 0.0097 18.0903 0.0119 -0.0182  0.0164
2457568.5135 -23.8142 0.0066  18.2184  0.0341  0.0142 0.0166 2457603.5447 21.8455 0.0108 31.5873 0.0131  0.0589  -0.0127
2457571.5894 -25.1569 0.0091 19.9035 0.0466 0.0011 0.0106 2457732.2988 32.4490 0.0109 20.1658 0.0134 0.0062 0.0133
2457602.4876 32.1200 0.0066 -52.9594 0.0333 -0.0002 0.0005
2457606.3739 22.0613  0.0122 -40.1714 0.0607  0.0035 -0.0100
2457883.6019 18.4379  0.0065 -35.5057 0.0317  0.0264 0.0179

Table 4. Correction terms applied to the uncertainties of the previous and of the new RV measurements. The composition of these
terms into a uncertainty correction is set out in Section M egs. [l and Bl When the original publication provides only weights for the
previous measurements, ¢1,p and 2, are the uncertainties corresponding to W = 1, for the primary and for the secondary component,

respectively.

HIP/HD Reference of previous RV~ Correction terms for previous measurements  Correction terms for new measurements
€1,p $1,p €1,p $2.p €1,n P1,n €2.n P2.n
km s~1! km s~! km s~! km s~ !

HIP 7143 Katoh et al. (2013) 0.017 1 .. . 0.0129  0.947  0.1768 0.947
HIP 9121 Goldberg et al. (2002) 0 0.599 0 3.962 0.0232 0.937  0.5146 0.937
HIP 12472 CGG95* 0 0.674 .. . 0 1.049  0.2515 1.049
HIP 21946 HMU12¢ 0 1 0 1 0.0068 1.116  0.2676 1.116
HIP 38018 DM88* 0 1 b b 0.0338  0.921 0.2519 0.921
HIP 48895 Griffin (2006)¢ ... e 0 1.409 1.4918 1.054  0.6993 1.054
HD 98031 Griffin (2005b) 0 0.316 0 0.822 0.0233  0.961 0.2224 0.961
HIP 61100 Halbwachs et al. (2003) 0 0.7359 1.467 1 0.0196 1.021 0.1965 1.021
HIP 72706 Massarotti et al. (2008) 0 1 .. e 0.0267 1.208 0 1.208
HIP 77122 Goldberg et al. (2002)¢ 0.770 1 3.416 1 0.0085 1.083  0.0993 1.083
HIP 95995 Pourbaix (2000) 0 1.070 0 1.060 0 0.489  0.0736 0.953
HIP 100046  Griffin (2005c)¢ 0 0.471 0 0.404 0.7031 1.060  0.0905 1.060
HIP 101382  Torres et al. (2002) 0 0.316 0 1.422 0.0206  0.938  0.0658 0.938
HIP 116360  Griffin (2005a) 0 0.325 0 0.433 0.0272 0.982 0.0238 0.982

¢ CGGY5 = |Carquillat, Griffin inested (1999), HMU12 = [Halbwachs, Mayor & Udryl (2012), DM88 = Duquennoy & Mayod (1988)

b The secondary component was marginally detected by DMS88, but these measurements were so inaccurate that we prefer to ignore

them.

< |Griffin M) derived the orbit of the secondary component, but not of the primary. He detected the primary component four times,
but he didn’t take these measurements into account in the derivation of the orbit.

4 We have discarded the primary RV obtained by |Goldberg et al (@) for the epoch BJD=2 446 604.810.

€ The components of ) are in the reverse position.

the relative positions with our RVs leads to the parameters
in Table[fl The apparent orbit and its residuals are presented
in Fig. @l We found the masses M1=(0.833+0.031) M and
M2=(0.812+0.030) Mg

We found the parallax @ = (56.10 & 0.81) mas, which
is slightly different from that given in the Hipparcos 2 cata-
logue: w = (58.96+£0.65) mas. This is due to the orbital mo-
tion with a period close to one year: Correcting the Hippar-
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cos parallax for this motion leads to w = (57.15+0.31) mas,
in acceptable agreement with our result. The parallax from
TGAS (Michalik et all 2015; [Gaia Collaboration [2016) is
w = (58.37 £ 0.54) mas; the difference probably comes from
the fact that the orbital motion was ignored in the calcula-
tion of TGAS.
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Table 5. The orbital elements of the 14 SB2s. Apart for HIP 77122, P and T were derived from the previously published RV measurements
and from the new ones, but the other elements correspond to the new RVs alone. The radial velocity of the barycentre, Vp, is in the
reference system of the new measurements of the primary component. The minimum masses and minimum semi-major axes are derived
from the true period (Piruye = P X (1 — Vo /c)). The numbers in parentheses refer to the previously published RV measurements

HIP P To(BJID) e Vo wq Ky My sin® i aj sini Ny dn—p c(01 —Cq)
HD/BD Ky  Mysin®i ag sini Ny dy_1  o(Oz — Ca)
(d) 2400000+ (km s—1) (°)  (kms71 (Mg) (Gm) (km s™1) (km s—1)
HIP 7143 36.519182  56614.6542 0.14321 0.7726  203.418 34.9715 1.0971 17.3808 15 -2.7542 0.012
HD 9312 +0.000031 +0.0057  +0.00018 +0.0040  +0.073 +0.0057 +0.0033  +£0.0028  (12) +0.0085 (0.019)
45.821 0.8373 22.773 15 0.490 0.173

+0.065 +0.0014 +0.032 +0.049
HIP 9121 694.613 56921.910 0.56841 4.1302  313.220 15.108 1.003 118.725 16 0.338 0.020
BD +41 379 +0.022 +0.069  40.00054 +0.0068  +0.081 +0.012 +0.020 +0.082  (40) +0.097 (0.517)
20.14 0.7524 158.3 16 0.070 0.452
+0.19 +0.0080 +1.5  (39) +0.135 (3.52)
HIP 12472 328.800 56891.43 0.1451 -4.929 354.28 12.341 0.6478 55.19 11 0.076 0.031
HD 16646 +0.020 +0.72 +0.0021 +0.021 +0.84 +0.022 +0.0089 +0.10  (67) +0.102 (0.861)
19.44 0.4112 86.94 11 0.383 0.274

+0.12 +0.0034 +0.53 +0.102
HIP 21946 56.44365  56964.6923 0.35377 14.2337  191.221 26.7000 0.7515 19.3823 11 0.427 0.010
HD 285970 +0.00016 +0.0079  +0.00024 +0.0064  +0.067 +0.0084 +0.0077  +£0.0066  (38) +0.081 (0.404)
37.78 0.5312 27.42 11 0.011 0.406
+0.18 +0.0030 +0.13 (3) +0.135 (5.17)
HIP 38018 553.206 57163.64 0.4276 -22.194 222.21 10.549 0.4676 72.54 12 0.400 0.024
HD 61994 +0.037 +0.19 +0.0012 +0.011 +0.22 +0.015 +0.0067 +0.11  (17) +0.115 (1.26)
15.85 0.3112 108.98 12 0.243 0.215

+0.10 +0.0026 +0.70 +0.078
HIP 48895 33.71218 56574.65 0.0565 37.02 310.2 15.82 0.2373 7.32 17 -1.845 1.569

HD 86358 +0.00091 +0.77 +0.0087 +0.40 +8.9 +0.51 +0.0070 +0.24 +0.381
31.06 0.1209 14.37 17 0.776 0.576
+0.26 +0.0067 +0.12  (32) +0.465 (1.67)
HD 98031 271.265 56637.63 0.2216 68.664 213.63 6.8751 0.04309 24.996 14 -0.650 0.020
BD +13 2380 +0.017 +0.37 +0.0019 +0.014 +0.63 +0.0088  40.00083 +0.033  (65) +0.050 (0.301)
7.742 0.03827 28.15 14 0.482 0.202
+0.072  +0.00039 +0.26  (65) +0.064 (1.13)
HIP 61100 1284.11 56493.58 0.5119 -9.722 244.75 9.615 0.5186 145.94 12 0.343 0.016
HD 109011 +0.14 +0.37 +0.0012 +0.011 +0.20 +0.013 +0.0069 +0.16  (35) +0.065 (0.361)
12.530 0.3980 190.2 12 0.122 0.203
+0.078 +0.0029 +1.2  (35) +0.065 (2.44)
HIP 72706 83.52955 56474.385 0.49100 -46.056 275.75 25.308 0.6218 25.328 12 0.107 0.022
HD 131208 +0.00085 +0.036  £0.00058 +0.023 +0.14 +0.019 +0.0020 +0.014  (16) +0.091 (0.388)
32.506 0.48411 32.532 12 0.622 0.123

+0.050  =40.00099 +0.048 +0.062
HIP 771229 4185.42 56423.36 0.94077 -46.5890 239.00 21.363 0.8507 416.92 11 0.111 0.011
HD 141335 +0.55 +0.20  40.00021 +0.0061 +0.11 +0.018 +0.0047 +0.48  (54) +0.108 (0.816)
24.221 0.7503 472.7 11 0.426 0.112
+0.055 +0.0031 +1.1  (55) +0.038 (3.42)
HIP 95995 494.313 56549.487 0.38926 11.8933  180.300 9.4911 0.14399 59.424 13 0.592 0.0045
HD 184467 +0.012 +0.046  £0.00030 +0.0018  +0.043 +0.0026  40.00076 +0.015  (36) +0.106 (0.596)
9.733 0.14041 60.94 13 0.112 0.067
+0.026  =40.00038 +0.16  (36) +0.021 (0.860)
HIP 100046 289.4669 56661.48 0.5704 -16.52 83.28 23.90 1.078 78.13 18 -1.410 0.750
HD 193468 +0.0076 +0.13 +0.0013 +0.18 +0.24 +0.24 +0.011 +0.79  (70) +0.311 (1.57)
26.031 0.990 85.11 18 0.017 0.079
+0.040 +0.020 +0.11  (70) +0.188 (0.809)
HIP 101382 57.32176  56627.3786 0.30514 -5.4108  357.195 28.8519 0.8088 21.6578 15 0.411 0.017
HD 195987 +0.00010 +0.0075  40.00025 +0.0057  40.064 +0.0077 +0.0012  40.0056  (73) +0.038 (0.322)
36.697 0.63590 27.547 15 0.187 0.063
+0.025  40.00058 +0.019  (73) +0.020 (1.41)
HIP 116360 348.0437 56641.395 0.43503 26.4670  359.664 20.362 1.0271 87.734 14 -1.147 0.023
HD 221757 +0.0054 +0.050  £0.00036 +0.0086  +0.068 +0.014 +0.0015 +0.057  (52) +0.048 (0.307)
21.874 0.9561 94.251 14 0.105 0.025
+0.013 +0.0015 +0.055  (52) +0.013 (0.452)

@ The elements were derived fixing P to the value obtained taking the measurements of |Goldberg et _al. (129112) into
account.

© 2017 RAS, MNRAS 000, [HIF
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Figure 3. The visual part of the combined orbit of HIP 61100.Up-
per panel: the visual orbit; the circles are the positions from Ta-
ble[8 the node line is in dashes. Middle panel: the residuals along
the semi-major axis of the error ellipsoid. Lower panel: the resid-
uals along the semi-minor axis of the error ellipsoid.

5.3 HIP 101382

For this system, [Torres et all (2002) already derived the or-
bital elements from the combination of observations made
at the Palomar Testbed Interferometer, with RV measure-
ments. Unfortunately, they did not provide the positions
of the secondary component with respect to the primary,
so we cannot compute a combined orbit as for the two
preceding binaries. However, comparing the elements of
their “full fit” with those derived from our RVs, it ap-
pears that, expressed in unit of uncertainties, the discrep-
ancies for period, periastron epoch, eccentricity and pe-
riastron longitude are -0.41, 0.91, 1.81 and 0.69 respec-
tively. These values are all between -2 and +2, indicat-
ing a nice agreement between their elements and our so-
lutions. With the inclination derived from their ”full fit”,
we found the new masses: M1=(0.8420+0.0014) My and
M2=(0.662014+0.00076) M, improving the accuracy on
these masses by a factor of 10 compared to [Torres et al.
(2002).

© 2017 RAS, MNRAS 000, [THI5]
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Table 6. The interferometric measurements of HIP 61100, taken
from Schlieder et al. (2016) and adapted to our purpose. X is
oriented to North and Y to East. o, and o} are the semi-major
axis and the semi-minor axis of the ellipsoid error, respectively;
they are corrected as explained in the text. 6, is the position
angle of the major axis of the ellipsoid error. X, Y and 6, are for
equinox 2000.

T-2,400,000 X Y Oq ap O
(BJD) (mas) (mas) (mas) (mas) ©)
52367.9% 41.031 -57.944 1.425 0.706  125.3
52978.4 -115.245  -25.349 2.053 1.425 102.4
53456.7 -19.661  -73.413 2.138 1.604 75.0
53460.6 -20.835  -75.166 2.138 2.031 74.5
53872.8 55.760 5.181 1.425 0.969 5.3
55344.1 -75.230 19.436 0.499 0.285 165.5
56405.2 64.134 -8.537 1.041 0.143 82.4
56653.2¢ -85.120 13.605 1.390 0.285 80.9

% We have merged two measurements performed at the same
epoch.

Moreover, we evaluated a new measurement of the par-
allax w = (46.131 £ 0.084) mas. For comparison, the Hip-
parcos 2 catalogue gives (45.35 £ 0.43) mas, which becomes
(45.31 £ 0.44) mas when our orbital elements are applied
to the residuals of the Hipparcos astrometric solution. The
Hipparcos 2 parallax is thus marginally compatible with
ours, although slightly underestimated. The parallax from
TGAS (Michalik et all 2015; |Gaia Collaboration [2016) is
w = (46.61 £ 0.83) mas, in good agreement with our result,
although the orbital motion was not taken into account in
the calculation.

6 INITIAL STELLAR PARAMETERS OF
HIP 61100 AND HIP 95995

Having derived very accurate masses for HIP 61100 and
HIP 95995 allowed us to characterize the two compo-
nents of these binaries in terms of initial helium content
and age. For that purpose, we modeled the two compo-
nents following the stellar model optimisation method de-
scribed in [Lebreton & Goupil (2014). We adopted the ref-
erence set of stellar input physics described in that paper
and the Cesam2k stellar evolution code (Morel & Lebreton
2008). The observational constraints considered for the
models are the masses of the two components herebe-
fore determined, their effective temperatures and lumi-
nosities, and the present metallicity of the primary com-
ponent. We point out that we decided not to model
HIP 101382 because this binary system is enriched in a-
elements, with [a/Fe]=0.36 (Torres et all 2002). As dis-
cussed by [Torres et all (2002), a proper modeling would re-
quire to calculate new opacity tables which is beyond the
scope of the present paper.

In support of the previous estimation of stel-
lar parameters given in Table 2] we used the code
iSpec (Blanco-Cuaresma et all 2014) to verify the primary
stellar parameters. Results for HIP 61100 and HIP 95995 are
discussed below and appended to Table [
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Table 7. The combined VB+4+SB2 elements of HIP 61100, HIP 95995 and HIP 101382. For HIP 61100 and HIP 95995, the elements are
derived from a combined VB+SB2 solution. For consistency with the SB orbits and with the forthcoming astrometric orbit, w refer to

the motion of the primary component.

HIP 61100 HIP 95995 HIP 101382
P (days) 1285.31 + 0.27 494.307 £ 0.012 57.32176 + 0.00010%
T (BJD-2400000) 56492.13 + 0.35  56549.505 4 0.043  56627.3786 + 0.0075%
e 0.51130 £ 0.00093  0.38933 = 0.00029  0.43503 =+ 0.00036%
Vo (km s~ 1) -9.7113 & 0.0096  11.8932 + 0.0018 -5.4108 =+ 0.0057¢
wi (°) 244.50 + 0.16 180.325 =+ 0.041 357.195 & 0.064%
Q(°; eq. 2000) 355.83 + 0.24 245.72 + 0.13 334.960 4 0.070°
i (°) 58.63 & 0.46 146.15 4 0.46 99.364 =+ 0.080°
a (mas) 102.19 81.03 15.378 4 0.027°
M1 (Mg) 0.834 + 0.017 0.833 + 0.031 0.8420 = 0.0014
Ms (Mg) 0.640 4 0.011 0.812 4 0.030 0.66201 4 0.00076
@ (mas) 38.82 & 0.23 56.10 & 0.81 46.131 =+ 0.084
do—1 (km s™1) 0.097 & 0.064 0.112 4 0.021 0.187 £ 0.020%
O(o—c) vB (mas) 1.04 0.673 -
O(o—cy RV (km s™1) 0.019, 0.202 0.0049, 0.066 0.017, 0.063%
M, (mag) 4.06 £ 0.25¢ 5.98 &+ 0.02¢
Mp (mag) 4.77 £ 0.274 6.24 + 0.03¢
Y 0.245 — 0.27 0.245 — 0.279
age (Gyr) 0.4¢ 22-179
[Fe/H] (dex) -0.17 -0.33 — -0.17

@ From Table

b From the “Full Fit” solution of [Torres et all (2002).
¢ Age of the UMA Group (Jones et alll2015)

d K-band magnitude

¢ V-band magnitude

Table 8. Same as Table[d] but for HIP 95995. Only the positions
more accurate than 2 mas are selected from the Fourth Catalogue
of Interferometric Measurements of Binary Stars.

T-2,400,000 X Y Ca o 0
(BJD) (mas) (mas) (mas) (mas) ©)
51097.8 -2.366 -49.944 1.628 0.497 87.3
51478.0 78.322 35.032 0.236 0.163 114.1
51865.3 52.047 99.172 0.814 0.472 62.3
52185.5 -46.283 44.203 0.993 0.814 46.3
52185.5 -45.654 46.268 1.009 0.814 44.6
53303.2 28.382  106.275 1.628 0.464 75.0
53896.0 73.586 73.492 0.814 0.586 44.9

6.1 HIP 61100

To derive the luminosities of the components, we pro-
ceeded as follows. First, we used the system K band
magnitude, K=5.6624+0.020 from 2MASS (Cutri et al.
2003), the magnitude difference of the two compo-
nents in the K band, AK=0.711+0.02 (Schlieder et al.
2014), and the spectroscopic parallax derived in the
present study. We obtained the absolute magnitudes
Mg, 4=4.06£0.25 and Mk p=4.77+£0.27 mag. Then, in the
calculation of the stellar models, we derived the luminos-
ity using the bolometric corrections BCk (Test, log g, [Fe/H])
of [Casagrande & VandenBerg (2014).

The  iSpec  derivation gave Top=5049+43K,
log g=4.524+0.15dex, and [Fe/H]=-0.13£0.10, as con-
sistent with what derived in Table Therefore, we

constrained the stellar models with the effective temper-
atures of Table The choice of the metallicity is more
delicate. We therefore considered three possible values of
the metallicity ([Fe/H]=-0.13, -0.18, -0.33 dex) covering the
range reported in the literature displayed in the SIMBAD
database (Wenger et al. 2000)..

We further assumed that the stars have a common
origin and therefore share the same initial metallicity, he-
lium abundance and age. Their initial helium abundance
in mass fraction should be higher than the primordial
value Y,~0.245 (see e.g. [Peimbert, Peimbert, & Luridiana
2016; Izotov, Thuan, & Guseva|2014). Furthermore, accord-
ing to[King et all (2003), the system is a bona-fide member
of the UMA Group nucleus. Therefore, we assumed that the
common age of the components is 400 Myr, i.e. the age of
the UMa group (Jones et all|2015).

The model optimisation provides the initial helium
abundance for each star. The results are shown in Fig.

We first note that low wvalues of the metallicity
([Fe/H]=-0.33dex) can be excluded because they would
lead to a sub-primordial initial helium abundance of the sys-
tem. On the other hand, considering also the constraint that
the two components have the same initial helium abundance,
we find good compatibility with models on the higher metal-
licity case, with [Fe/H] ~ —0.15, provided that the primary
mass is on the lower bound and secondary mass on the upper
bound of their confidence interval. Finally, we also explored
the possibility that the stars have an age of 500 Myr, as
assumed by [Schlieder et al! (2016) but did not find any sat-

© 2017 RAS, MNRAS 000, [THI5I
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Figure 4. The visual part of the combined orbit of HIP 95995.Up-
per panel: the visual orbit; the circles are the positions from Ta-
ble[8 the node line is in dashes. Middle panel: the residuals along
the semi-major axis of the error ellipsoid. Lower panel: the resid-
uals along the semi-minor axis of the error ellipsoid.

isfactory solution with the subsolar [Fe/H] values considered
here.

6.2 HIP 95995

To derive the luminosities, we took the parallax derived
here, the system V band magnitude (V=6.607+0.010) from
Tycho 2 ), and the magnitude difference
of the two components in the V band (AV=0.261+0.03)
which we calculated as the mean of interferometric val-
ues listed in Table 2 of [Masda et all (201d), but keep-
ing the values with given error bars only. We ob-
tained the absolute magnitudes My, 4=5.984+0.02 and
My, p=6.2440.03 mag. Then, we applied the bolometric cor-
rections of (2014). We did not
include extinction, since it is usually expected to be very
small for a star at less than 20 pc.

The primary stellar parameters derived from iSpec
are Top=4972+32 K and [Fe/H]=-0.4540.27, in reasonable

© 2017 RAS, MNRAS 000, [THI5]
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Figure 5. Initial He abundance of the primary and secondary
components of HIP 61100 inferred from different sets of optimized
models. Different symbols correspond to different assumptions
on the measured metallicity [Fe/H], as found for the same star
HIP 61100A in the literature. Independent iSpec derivation of
HIP 61100 metallicity gives [Fe/H]=-0.134+0.10 dex. Each symbol
is separated in two, primary star on the left side and secondary on
the right. Each mass is varied on its confidence interval, leading
to different estimation of the He abundance.

agreement with those derived in Table 2. Therefore, we con-
strained the stellar models with the effective temperatures
of Table Bl Since [Casagrande et all (2011) rather derived
[Fe/H]=-0.17, we performed two sets of models, one with
the metallicity determined here ([Fe/H]=-0.33) and one with
[Fe/H]=-0.17.

In the case of HIP 95995, we do not have constraints
on the age. However, the star is classified as inactive by

) which is not in favor of young ages. More-
over, |Casagrande et al QZQLH) gives a rough estimation of
the age of this system, 13.846 Gyr.

To model the system, we first optimized models of the
primary component, adjusting the age, initial helium abun-
dance and metallicity; and then we searched for a model of
the secondary component by fixing its age and initial compo-
sition equal to those of the primary. Unfortunately, despite
the improvement on the mass, the stellar model of HIP 95995
remains rather poorly constrained, due to possible misesti-
mation of the secondary’s stellar parameters. We thus even-
tually discarded the secondary’s constraint and only consid-
ered the contribution of the primary in the following.

No acceptable solution (Y>Y primordial and age>1 Gyr)
is found for the upper part of the mass confidence interval
(M4a>0.833 M), and decreasing or increasing the metal-
licity still leads to reject the models. At M 4=0.833 Mg, the
best models stand around [Fe/H]=-0.17; they lead to an age
range ~2.2-5.3 Gyr and initial helium abundance Yy=0.250-
0.265. Finally, for M 4<0.833 M, the most suitable models
have ages in the range 2.4-7.9 Gyr, initial helium abundance




14  F. Kiefer et al.

in the range 0.245-0.279, and metallicity between -0.17 and
-0.33.

7 SUMMARY AND CONCLUSION

Thanks to new SOPHIE spectra of 14 SB2s, four of which are
newly identified SB2 (paper I), and the use of the TODMOR
code, we derived new better accurate orbital solutions to the
RV measurements of these binaries. The projected masses
M sin® i were calculated for all 14 SB2s, with an average ac-
curacy of 1.0+0.2 %, with extreme cases such as the rapid ro-
tator HIP 48898 with o (M sin®4)~4 %, or HIP 101382 with
o(Msin®i)~0.12 %.

For HIP 61100, HIP 95995 and HIP 101382, archival
interferometric measurements allowed us to fully con-
straint the systems and derive masses for components
(A,B) with accuracies respectively (2.0, 1.7) %, (3.7,
3.7) %, and (0.2, 0.1)%. The stellar evolution code
Cesam2k (Morel & Lebreton2008) applied to HIP 61100 and
HIP 95995, led to constrain their age, metallicity and ini-
tial helium content. HIP 61100 was found slightly overabun-
dant in He with respect to primordial helium abundance,
with [Fe/H] ~ —0.15 dex and an age close to 400 Myr, while
HIP 95995 was harder to constrain, assuming a relatively old
star with age>1 Gyr, and using only primary star’s mass and
stellar parameters, led to a possible overabundance in He,
with -0.33<[Fe/H]<0.17.

Although we could not calculate stellar evolution mod-
els of HIP 101382, the masses of the SB2 components that
we derived reached the level of 0.1 % accuracy. In the future,
this star will likely become a reference for validating masses
derived from Gaia.

Added to the systems already published in papers II
and III, we have now 6 binaries observed with SOPHIE and
interferometric instruments which may be used to verify the
masses that will be derived from Gaia. This number will
continue to increase until the completion of the programme.
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