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THE LBV HR CAR!

Stars tend to form and live in binaries, with the 
fraction of binary stars being about 50% for solar-
like stars to more than 70% for OB stars. A 
significant fraction of these binary stars will interact 
in one way or another during their evolution.  Mass 
transfer will affect the chemical composition of the 
companion, which can for example become 
polluted in processed elements like in Algols or in 
Barium stars. It also leads to a mass increase of 
the companion, with sometimes strong 
consequences, such as blue straggler stars or 
Type Ia supernovae. Finally, mass transfer has an 
impact on the evolution of the orbital separation. 
The study of binary stars is therefore critical to 
apprehend many of the most interesting classes of 
stars. Moreover, the study of stars in binary 
systems is often our only means of constraining 
stellar properties, such as masses and radii. !
A great fraction of the most interesting binaries are 
so compact that they can be apprehended by high-
resolution techniques only, in particular by 
interferometry. Here are some examples of how 
interferometry allowed us to get important results 
on different classes of stars.!

In anticipation of the Gaia astrometric mission, a 
sample of double-lined spectroscopic binaries is being 
observed with the aim to obtain the masses of the 
components with relative errors as small as 1 %. !
In order to validate the masses derived from Gaia, 
interferometric observations are obtained for three 
SB2s in our sample with F-K components. !

The masses of the six stellar components are derived. !
We note that almost all the derived masses are a few 
percent larger than the expectations from the standard 
spectral-type-mass calibration and mass-luminosity 
relation. Our calculation also leads to accurate 
parallaxes for the three binaries, and the Hipparcos 
parallaxes are confirmed. See refs. [1] and [2].!

Using interferometry, we precisely measure the 
diameters of several symbiotic and related stars. 
These diameters – in the range of 0.6−2.3 milli-
arcsec – are used to assess the filling factor of the 
Roche lobe of the mass-losing giants and provide 
indications on the nature of the ongoing mass 
transfer. We can also use this information to put 
the stars in an H-R diagram. The main limitation in 
our conclusions is the poorly known distances of 
the objects (see refs. [3] and [4]). !

Luminous Blue Variables (LBVs) are massive stars 
caught in a post-main sequence phase, during 
which they are losing a significant amount of 
mass. Interferometric observations spanning two 
years clearly reveal that the LBV HR Car is a 
binary star. It is not yet possible to constrain fully 
the orbit, and the orbital period may lie between a 
few years and several hundred years. Most 
importantly, we constrain the total masses of both 
components, with the most likely range being 33.6 
– 45 M⊙. Our results show that the LBV HR Car is 
possibly an η Car analog binary system with 
smaller masses, with variable components, and 
further monitoring of this object is definitively 
called for (see ref. [6]). !
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Figure 1. The combined orbits of the three SB2 observed with PIONIER. Upper row: the visual orbits; the node line is in dashes,
while the position of the primary is indicated by the cross. Second row: the residuals along the semi-major axis of the error
ellipsoid. Third row: the residuals along the semi-minor axis of the error ellipsoid. Last row: the spectroscopic orbits; the circles refer
to the primary component, and the triangle to the secondary; the large filled symbols refer to the new RV measurements obtained with
HERMES or Sophie. For each SB2, the RVs are shifted to the same zero point.

To verify the uncertainties, the “visual” orbit of the
star is derived. Computing a visual orbit consists in search-
ing seven unknowns: the period, P , the eccentricity, e, the
epoch of the periastron, T0, and the Thiele-Innes elements
A, B, F , G. Therefore, a minimum of eight observations
is needed to derive these terms and to estimate their er-
rors. Since a relative position is a two-dimensional observa-
tion, this corresponds to four interferometric observations.
For the least observed star, which is HIP 20601, we have
six interferometric observations, resulting in five degrees of
freedom in the derivation of the orbit. This is sufficient to
allow the verification of the error estimations.

We derive the orbit of each binary, and we calculate F2,
the estimator of the goodness-of-fit defined in Stuart & Ord
(1994):

F2 =

(

9ν
2

)1/2
[

(

χ2

ν

)1/3

+
2
9ν

− 1

]

(1)

where ν is the number of degrees of freedom and χ2

is the weighted sum of the squares of the differences be-
tween the predicted and the observed values, normalised
with respect to their uncertainties. When the predicted val-
ues are obtained through a linear model, F2 follows the nor-
mal distribution N (0, 1). When non–linear models are used,
but when the errors are small in comparison to the mea-
surements, as hereafter, the model is approximately linear
around the solution, and F2 follows also N (0, 1). We also
used simulations to verify that this property is true even
when the number of degrees of freedom is as small as five.

It appears that, when the uncertainties provided by the
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The visual orbits of the three SB2 observed with 
PIONIER. The node line is in dashes, while the position 
of the primary is indicated by the cross. The derived 
masses are indicated below each panel.!
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the RV of the primary components, for the ancient and for
the new measurements. The systemic velocity, V0, is derived
in the system of the new RV measurements of the primary
component.

For HIP 14157 and HIP 20601, F2 = −0.041 and −0.16,
respectively, indicating that both sets of measurements are
quite compatible. For HIP 117186, F2 = 0.78, since some
discrepancies appear between the SB2 orbit derived from
the new measurements and the preceding one; the most im-
portant is the mass ratio, which is 0.771 ± 0.021 with the
ancient measurements and 0.844 ± 0.012 with our observa-
tions. Nevertheless, The SB2 orbit obtained from both sets
of RVs is nearly similar to that derived from our measure-
ments alone, but the period is much more accurate, thanks
to the extension of the timespan covered by the observations.
The new SB2 orbits are presented in Table 4.

4 THE MASSES

4.1 Derivation of the masses

The masses of the components are directly derived from the
interferometric and from the RV measurements, taken into
account simultaneously. However, we increase the RV un-
certainties of HIP 117186 by 1.088, which would lead to a
SB2 orbit with F2 = 0. This operation increases the relative
weights of the interferometric measurements in the deriva-
tion of the combined orbit. The solution consists in up to 13
independent parameters, which are: the orbital parameters
P , T0, e, V0, ω1, i, Ω1, the masses M1, M2, the trigonomet-
ric parallax ϖ, and also the RV offsets dn−a, da2−1 and dn2−1.
It is worth noticing that we prefer to directly obtain M1,
M2 andϖ, rather than the observational parameters K1,K2

and a, the apparent semi-major axis of the interferometric
orbit. The advantage of this method is that it leads directly
to the uncertainties of the masses and of the parallax, in
place of the uncertainties on K1, K2 and a when the latter
parameters are obtained from the combined interferometric
and spectroscopic observations. The parameters of the com-
bined solutions are presented in Table 5. The uncertainties
of masses range between 0.0019 and 0.034 M⊙, and the rel-
ative errors range between 0.26 and 2.4 %. This is similar to
the accuracies expected using the Gaia astrometry.

4.2 Notes on individual objects

HIP 14157. This system is widely discussed by Fekel,
Henry & Alston (2004), who pointed out that the primary is
a BY Dra variable star with a variability amplitude around
0.02 mag. Due to an inclination almost edge-on, the masses
of the components are close to the minimum masses that
they found. We confirm then that the mass of the K2-K3 V
secondary component is 0.882 M⊙. This is larger than the
canonical value, which is between 0.67 M⊙ (for a K5 V
star), and 0.79 M⊙ (for a K0 V star) according to Cox
(2000). Such discrepancy is not surprising, but known since
a while, since Griffin et al. (1985) and references therein al-
ready pointed out that the real masses of K-type stars are
usually 15 % larger than the canonical values. In a similar
way, we find that the primary component is too heavy for
a K0 V star. The minimum projected separation between

Table 5. The combined VB+SB2 solutions; For consistency
with the SB orbits and with the forthcoming astrometric orbit,
ω and Ω both refer to the motion of the primary component.

HIP 14157 HIP 20601 HIP 117186

P (days) 43.32032 156.38020 85.8238
± 0.00013 ± 0.00026 ± 0.0012

T0 (JD-2400000) 51487.5005 56636.6713 56402.576
± 0.0079 ± 0.0027 ± 0.072

e 0.7594 0.85148 0.32702
± 0.0010 ± 0.00025 ± 0.00068

V0 (km s−1) 30.743 41.623 -19.89
± 0.091 ± 0.014 ± 0.33

ω1 (o) 174.69 202.026 176.07
± 0.17 ± 0.086 ± 0.32

Ω1(o; eq. 2000) 19.141 340.526 16.928
± 0.082 ± 0.058 ± 0.047

i (o) 92.24 103.138 88.054
± 0.18 ± 0.077 ± 0.043

aa (mas) 5.810 11.339 4.677
± 0.034 ± 0.068 ± 0.032

M1 (M⊙) 0.982 0.9808 1.686
± 0.010 ± 0.0040 ± 0.021

M2 (M⊙) 0.8819 0.7269 1.390
± 0.0089 ± 0.0019 ± 0.034

ϖ (mas) 19.557 16.702 8.445
± 0.078 ± 0.037 ± 0.075

nV LTI × 2 20 12 14
σ(o−c) V LTI (mas) 0.035 0.031 0.0084
nRV 1 23+8 63+12 19+7
σ(o−c) RV 1 (km s−1) 0.562, 0.156 0.952, 0.015 2.40, 0.89
nRV 2 23+8 4+12 19+7
σ(o−c) RV 2 (km s−1) 0.646, 0.282 2.54, 0.143 1.11, 0.23
dn−a (km s−1) 0.323 -0.441 0.822

± 0.172 ± 0.111 ± 0.563
da2−1 (km s−1) 0.408 0.436 0.549

± 0.198 ± 1.513 ± 0.606
dn2−1 (km s−1) -0.149 0.077 -0.184

± 0.161 ± 0.135 ± 0.335

a the uncertainty refers to the VB solution

the components is only 0.090 mas, corresponding to 0.99
solar radius. Since Fekel et al. estimated the stellar radii
R1 = 0.99 R⊙ and R2 = 0.76 R⊙, the system is certainly
an eclipsing one.
HIP 20601. The star is a candidate member of the

Hyades cluster (Perryman et al. 1998; de Bruijne, Hooger-
werf & de Zeeuw 2001). Griffin et al. (1985) estimated that
the spectral types of the components are probably G6 and
K5, in good agreement with our estimates of the effective
temperatures. As a consequence, the masses are around 7 %
larger than the canonical values listed in Cox (2000).
HIP 117186. The effective temperatures of the compo-

nents correspond to spectral types around F5, and the
canonical masses are around 1.4. This well corresponds to
the mass of the secondary component, but is around 20 %
percent less than the mass of the primary component.
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We also studied the symbiotic star SS Leporis and 
determined its orbit. We find that the M giant does 
not stricto sensus fill its Roche lobe. The mass 
transfer is more likely to occur through the accretion 
of an important part of the giant wind, which is 
enhanced compared to normal stars. See ref. [5]. !
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the components is only 0.090 mas, corresponding to 0.99
solar radius. Since Fekel et al. estimated the stellar radii
R1 = 0.99 R⊙ and R2 = 0.76 R⊙, the system is certainly
an eclipsing one.
HIP 20601. The star is a candidate member of the

Hyades cluster (Perryman et al. 1998; de Bruijne, Hooger-
werf & de Zeeuw 2001). Griffin et al. (1985) estimated that
the spectral types of the components are probably G6 and
K5, in good agreement with our estimates of the effective
temperatures. As a consequence, the masses are around 7 %
larger than the canonical values listed in Cox (2000).
HIP 117186. The effective temperatures of the compo-

nents correspond to spectral types around F5, and the
canonical masses are around 1.4. This well corresponds to
the mass of the secondary component, but is around 20 %
percent less than the mass of the primary component.
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