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Astrophysical topics covered by “binary”

•Multiplicity (complement RV + AO)

• Massive stars, young stars, active stars

• Faint companions, low mass stars and planets

•Dynamical masses (SB2 + astrometry)

• All stars (massive, low mass, young, old, MS...)

•Shaping of environment

• Evolved stars: shaping of PN and disk

• Young stars: shaping of proto-planetary disk

• Be stars: relation with the disk (generation, distortion, dissipation...)

• Interacting binaries

• Evolved stars: mass transfer

• Massive stars: wind-wind collision, X-ray emitters
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Multiplicity: large surveys
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Survey of massive stars at high angular resolution
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ABSTRACT

Aims. We present the results of the first optical long baseline interferometric survey of Galactic massive stars.
Methods. We observed a sample of 107 O-stars with the PIONIER instrument installed at the Very Large Telescope Interferometer.
Observations are sensitive to the detection of binaries in the angular separation regime between 1.5 mas and 50 mas with relatively
bright companions (∆H < 3.2). Our survey perfectly complements existing observations with classical telescopes which are sensitive
to binaries with separation larger than 30 mas.
Results. Our observation reveal 47 binaries: 9 pairs were already known from single-dish observations ; we spatially resolve 18
systems known to be multiple from spectroscopy (15 are resolved for the first time) ; finally 21 detections are new binaries previously
unknown.
Conclusions. This result contributes to the multiplicity statistics of O-stars by bridging the gap between spectroscopic and adaptive
optics and visual binaries.

Key words. Binaries: close - Stars: formation - Stars: massive - Techniques: high angular resolution - Techniques: interferometric

1. Introduction

Angular separations < 30 mas requires the use of long baseline
interferometry. Until now, it has been impossible to observe a
sufficiently large sample with the VLTI because of the low lim-
iting magnitude allowing one to access a limited number of ob-
jects and because of the typically large execution time needed to
provide a reasonable detection rate (i.e. to sufficiently cover the
uv plane). The advent of PIONIER at the VLTI literally opens
a new window in the 1.5 − 40 mas angular resolution regime by
providing improved sensitivity and detection efficiency.

2. Observations

2.1. The initial sample

The size of the sample defines the precision at which one will
constrain the multiplicity rate. The statistical uncertainty (σ f )
on the measured multiplicity fraction ( f ) in the considered range
depends both on f and on the sample size (Sana et al 2008).
Considering a goal of σ f � 5%, it is mandatory to observe about
100 objects.

The limiting magnitude of PIONIER witb the small spectral
dispersion is H = 7.5. The limiting magnitude from the fast

Send offprint requests to: J.B. Le Bouquin
e-mail: jean-baptiste.lebouquin@obs.ujf-grenoble.fr
� Based on observations collected under program 189.C-0644 with

the PIONIER instrument at the European Southern Observatory,
Paranal, Chile.
�� Postdoctoral Researcher F.R.S.-FNRS (Belgium)

guiding systems of the auxiliary telescopes (STRAP) allowing
for a good injection of the beams into the instruments fibers is
V = 11. The range of accessible declination (δ < 0o) is limited
by observability constraints of the auxiliary telescopes in the in-
termediate and large configurations. The Galactic O star cata-
logue from Maíz-Apellániz et al. (2004) lists 146 O-type stars
fulfilling these criteria. Rejecting the Orion stars that have al-
ready been observed by the VLTI, we are left with 140 possible
targets.

2.2. Instrumentation and calibration

All interferometric data were obtained with the PIONIER com-
biner (Le Bouquin et al. 2011, 2012) and the four auxiliary
telescopes of the Very Large Telescope Interferometer (VLTI,
Haguenauer et al. 2010). We used the largest configurations of-
fered by the auxiliary telescopes: A0-K0-GI-I1 in period P89
and A0-K0-G1-I3 in period P90. Data were dispersed over three
spectral channels across the H band (1.50 - 1.80 µm), providing a
spectral resolution R ≈ 15. This is the best compromise between
sensitivity and the size of the interferometric field-of-view (see
Sec. 2.3).

Data were reduced and calibrated with the pndrs package
described in Le Bouquin et al. (2011). Each observation block
(OB) provides five consecutive files within few minutes. Each
file contains six square visibilities V

2 and four phase closure φ
dispersed over the 3 spectral channels. When possible, the five
files were averaged together to reduce the final amount of data
to be analysed. The statistical uncertainties typically range from
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Fig. 4. Plot of separation (ρ) in milli-arcsecond vs. flux ratio ( f ) for
pairs observed. The filled red symbols represent the pairs discovered
in this survey. The open red symbols are objects for which we prob-
ably spatially resolved for the first time a known SB pair. The open
blue symbols are the pairs already resolved by Mason et al. (2009) with
single-dish observation. The solid lines indicate the median sensitivity
of our survey and its typical variation between the objects.

already a conservative approach since our deepest detection is at
∆H = 3.5. This local density was then converted into a probabil-
ity of contamination by assuming that the PIONIER observations
are sensitive to separations up to 0.2 as:

Pcont = N ×
�

0.2
120

�2
(7)

We found that Pcont is alway smaller than 0.001%. Consequently
our survey is virtually free from background or foreground con-
tamination: all the detections presented in this study are physi-
cally bound objects.

3.4. The binary fraction

All the objects of our sample except HD 164438, HD 93403,
HD 94910, µ NOR and V393 SCO have been observed by Ma-
son et al. (2009). Their study is sensitive to companions at sepa-
ration larger than 30 mas.

Our sample contains 42 stars resolved with PIONIER. Ac-
counting for the stars flagged as SB or visual binary in Mason
et al. (2009), we obtain a total of 80 binaries for an initial sam-
ple of 104 stars. The binary fraction is 75%. We note that this
number is only 64% if we discard our detections.

4. Note on individual objets

4.1. Detections of known binary from Mason et al

16 Sgr = HD 167263 Wide binary signal at f ≈ 0.57, ρ ≈
79 mas and θ ≈ 155 deg. Flux ratio is obviously f > 0.5 and
the order of magnitude of the separation is reliable (say within
±20 mas). The position angle is not constrained (and±180) since

the phase closure is poorly fitted. Most probably the companion
found by Mason et al. (2009): 2006.1946, θ = 149.7deg, ρ =
69 mas, ∆Vmag = 2 ( fVmag ≈ 0.16). The much higher flux ratio in
the H-band can help to constrain the type of the secondary.

HD 152623 Companion in IRIS at 1.5 as with f ≈ 0.05.
Mason et al. (2009) reported a companion at ρ = 238 mas,
θ = 307.4 deg, ∆Vmag = 1.3 ( fVmag ≈ 0.3). The best fit model of
the PIONIER data is a binary with ρ = 28.24 mas, θ = −75 deg,
f = 0.43 plus a background contribution of bck = 0.15. This
background can be the companion from Mason, especially when
accounting for the coupling losses due to its separation. But this
would be a strange, poorly hierarchical triple or quadruple sys-
tem.

HD 152723 It is a large binary at f ≈ 0.18, ρ ≈ 80 mas and
θ ≈ −50 deg. Quality of the fit is poor because the separation is
larger than the OWA. Most probably the one reported by Mason
et al. (2009): ρ = 98 mas, θ = 125.6 deg, ∆Vmag = 1.7 ( fVmag ≈
0.21). Strikingly the position angle is almost opposite but it is
impossible to obtain a decent fit with a position angle compatible
with Mason et al.

HD 155889 It is a large binary at f ≈ 0.48, ρ ≈ 115 mas and
θ ≈ −98 deg. Quality of the fit is poor because the separation is
larger than the OWA. Most probably the one reported by Mason
et al. (2009): ρ = 189 mas, ∆Vmag = 0.6, θ = 282.2 deg ( fVmag ≈
0.57).

HD 168076 It is a large binary at f ≈ 0.27, ρ ≈ 120 mas and
θ ≈ −49 deg (observed twice). Most probably the one reported
by Mason et al. (2009): θ = 314.0 deg, ρ = 144 mas, ∆Vmag = 0.7
( fVmag = 0.52). The smaller flux ratio in H-band is striking.

τ CMA = HD 57061 It is a large binary at f ≈ 0.6, ρ ≈ 120 mas
and θ ≈ 140 deg, observed twice. The position angle is not reli-
able (and ±180) since the closure phase is not well fitted. Most
probably the one reported by Mason et al. (2009): θ = 125.2 deg,
ρ = 128 mas, ∆Vmag = 0.4 ( fVmag = 0.69).

HD 93129A Well constrained binary at ρ = 38 mas, f = 0.28
and θ = 9.6 deg, observed once. Most probably the compan-
ion reported Mason et al. (2009) at θ = 10.1 deg, ρ = 43 mas,
∆Vmag = 0.9 ( fVmag = 0.44). The difference in flux ratio (strik-
ingly higher in V-band) and separation can be explained by de-
generacy in the speckle observations, which are at the limit of
the spatial resolution.

4.2. Detection of known SB component

δ Cir = HD 135240 ρ = 3.78 mas, f = 0.20, observed once.
Penny et al. (2001) performed tomographic decomposition and
found a triple system, with an eclipsing inner pair (P = 3.9 days,
a sin i = 11.44 R⊙, aapp < 0.1 mas) and a RV-stable third com-
ponent. We probably resolved this last component. No outer
companion at ρ > 30 mas (Mason et al. 2009).

HD 123590 Marginally resolved, best fit formally for f = 0.8
at ρ = 0.7 mas. We may have detected the P = 60 days SB1
reported by Gamen et al. (2008) which has aapp = 0.4 mas as-
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Multiplicity and faint companion
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ABSTRACT

Aims. We search for low-mass companions in the innermost region (<300 mas, i.e., 6 AU) of the β Pic planetary system.
Methods. We obtained interferometric closure phase measurements in the K-band with the VLTI/AMBER instrument used in its
medium spectral resolution mode. Fringe stabilization was provided by the FINITO fringe tracker.
Results. In a search region of between 2 and 60 mas in radius, our observations exclude at 3σ significance the presence of companions
with K-band contrasts greater than 5×10−3 for 90% of the possible positions in the search zone (i.e., 90% completeness). The median
1σ error bar in the contrast of potential companions within our search region is 1.2 × 10−3. The best fit to our data set using a binary
model is found for a faint companion located at about 14.4 mas from β Pic, which has a contrast of 1.8 × 10−3 ± 1.1 × 10−3 (a
result consistent with the absence of companions). For angular separations larger than 60 mas, both time smearing and field-of-view
limitations reduce the sensitivity.
Conclusions. We can exclude the presence of brown dwarfs with masses higher than 29 MJup (resp. 47 MJup) at a 50% (resp. 90%)
completeness level within the first few AUs around β Pic. Interferometric closure phases offer a promising way to directly image
low-mass companions in the close environment of nearby young stars.

Key words. stars: individual: β Pic – planets and satellites: detection – techniques: interferometric – planetary systems

1. Introduction
The young (∼12 Myr, Zuckerman et al. 2001), nearby (19.3 pc),
and bright (K = 3.5) A5V-type star β Pictoris (HD 39060) is sur-
rounded by one of the most famous extrasolar planetary systems,
consisting of a recently detected planetary companion (Lagrange
et al. 2009a, 2010) inside an optically thin debris disk seen edge-
on (Smith & Terrile 1984), which has been resolved at various
wavelengths. Several asymmetries have been identified in the de-
bris disk, including a warp at ∼50 AU (Heap et al. 2000) that is
now understood to be the result of the dynamical influence of a
massive body (a few Jupiter masses) on an eccentric orbit around
the central star (Freistetter et al. 2007). The 9-MJup companion
discovered by Lagrange et al. (2009a) may be the cause of this
warp. We note that the planetary nature of this companion was
not easy to ascertain (Lagrange et al. 2009b), because the com-
panion was located at a projected distance smaller than the inner
working angle of VLT/NACO (335 mas for 9 MJup) between the
discovery observations in 2003 and the confirmation observa-
tions in late 2009.

Long-baseline optical interferometry is a promising tech-
nique to search for faint companions at angular separations
smaller than the diffraction limit of a single aperture. In
particular, closure phase measurements on a closed triangle of
baselines are very sensitive to asymmetries in the brightness

! Based on observations collected at the ESO La Silla Paranal
Observatory under program IDs 084.C-0566 and 384.C-0806.
!! FNRS Postdoctoral Researcher.

distribution of the source, and can be used to detect faint com-
panions. Closure phases have the added advantage of being in-
sensitive to telescope-specific phase errors (unlike visibilities
and phases), including atmospheric turbulence effects (for a re-
view of closure phases, see Monnier 2003).

The interferometric detection of extrasolar planets (hot
Jupiters in particular) has already been attempted by a few
groups, using in particular precision closure phase measure-
ments. Despite the exquisite accuracy that has already been
reached (e.g., 0.◦1 stability in the CHARA/MIRC closure phases,
Zhao et al. 2008), no extrasolar planet has yet been detected.
Differential phase techniques have not been more successful be-
cause of atmospheric and instrumental limitations (e.g., Millour
et al. 2008; Matter et al. 2010). Higher sensitivities to faint
companions can be reached when closure phases are obtained
on fully resolved stellar photospheres (e.g., Lacour et al. 2008;
Duvert et al. 2010), but this is unfortunately not the case for
most main-sequence stars with currently available interferomet-
ric baselines. In this Letter, we perform a deep interferomet-
ric search for faint companions at short angular distances from
the unresolved young main sequence star β Pic (θLD = 0.85 ±
0.12 mas, Di Folco et al. 2004), based on closure phase mea-
surements with VLTI/AMBER.

2. Observations and data reduction
Observations of β Pic were performed on four different nights
from 2010 January 24 to 28 with the AMBER instrument, used
in its medium resolution mode (R & 1500 from 1.93 to 2.27 µm)
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Fig. 4. Sensitivity curves showing the 3σ upper limit to the contrast of
off-axis companions as a function of the angular separation for 50%
and 90% completeness, computed across annular fields-of-view with
10% relative width. Equivalent masses were computed using the COND
model of Baraffe et al. (2003), for an age of 12 Myr. The companion dis-
covery zones of radial velocity measurements (Galland et al. 2006, left
of the blue dash-dotted line) and of AO-assisted coronagraphic imaging
(Boccaletti et al. 2009, right of the green dash-dotted line) are shown
for comparison.

to retrieve the companions with a contrast of 3.0× 10−3 in about
50% of the cases (although with a formal significance gener-
ally between 2 and 3σ), and the companions with a contrast of
5.0 × 10−3 in all cases. These tests confirm the validity of our
contrast upper limits based on the χ2

r analysis.
Sensitivity limits can also be computed as a function of an-

gular separation, by building χ2
r maps on annular fields-of-view

of increasing size. This is illustrated in Fig. 4, where annuli
10% in relative width have been used. This figure shows that
VLTI/AMBER reaches its optimum sensitivity in the 2−60 mas
region, where a median contrast of 3.5 × 10−3 (5.0 × 10−3) can
be reached at a 50% (90%) completeness level using the ATs.
Beyond 60 mas, the effect of time smearing on the closure phase
signal of potential companions becomes significant, reducing the
sensitivity. For larger separations (>200 mas), the sensitivity de-
grades more rapidly because of the decreasing off-axis transmis-
sion of the single-mode fibers. The inner working angle of our
interferometric study is about 1 mas, where the sensitivity drops
to a few percent in contrast (e.g., 5 × 10−2 at 90% complete-
ness) because of the limited angular resolution provided by our
baselines.

4. Discussion

To compare our sensitivity limits with other studies, it is useful to
express them in terms of companion masses. The first step is to
convert contrasts into absolute magnitudes, taking into account
the K magnitude and distance of β Pic. Absolute magnitudes are
then converted into masses using the COND evolutionary mod-
els of Baraffe et al. (2003), assuming an age of 12 Myr. The
result is illustrated in Fig. 4, where mass upper limits are repre-
sented by dotted lines. In the 2−60 mas region, the median upper
limit to companion masses is 29 MJup (47 MJup) for 50% (90%)
completeness.

These upper limits should be compared with the main planet
search methods around nearby main-sequence stars: radial ve-
locity (RV) monitoring and direct (single-pupil) imaging. State-
of-the-art RV measurements obtained with HARPS on β Pic

(Galland et al. 2006) have reached an accuracy of 180 m s−1

(after correction for its pulsations), which provides a typical sen-
sitivity of 10 MJup for a semi-major axis a = 1 AU. The sensi-
tivity then scales as a−2. The largest semi-major axis that can
be reached depends on the timescale of the RV monitoring: to
cover most of our interferometric search region (up to 6 AU in
semi-major axis), β Pic should be surveyed for about 5 years.
For this time coverage, the only companions that could be de-
tected by our interferometric search and not by the RV mon-
itoring would be those located at orbital distances larger than
6 AU, which would by chance be at projected angular sepa-
rations smaller than 300 mas at the time of our observations.
K-band direct imaging observations using a Four Quadrant
Phase Mask (FQPM) coronagraph on VLT/NACO have yielded
an upper limit of 2.5×10−4 to the contrast of off-axis companions
at projected distances >335 mas (Lagrange et al. 2009b), and can
reach a contrast of 1.3 × 10−2 at the FQPM inner working angle
of 70 mas (Boccaletti et al. 2009). In practice, the NACO-FQPM
sensitivity becomes superior to that of AMBER for angular dis-
tances larger than ∼100 mas, so the two techniques can be con-
sidered complementary.

Although our detection limits are promising and would al-
low brown dwarfs to be detected around bright young stars such
as β Pic, they are insufficient to detect the planetary companion
discovered by Lagrange et al. (2009a), which has an estimated
K-band contrast of 2.5×10−4. The accuracy of our measurements
needs to be improved by at least a factor of 10 to reach this
level of performance. The same improvement in measurement
accuracy would be required to bring our sensitivity down to the
realm of hot-Jupiter type planets. It is expected that the next gen-
eration of interferometric instruments at the VLTI (PIONIER,
GRAVITY, and eventually VSI) could provide the necessary im-
provements in instrumental stability and sensitivity to achieve
this performance.
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Measuring stellar masses and distance
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ABSTRACT

Aims. A close companion of ζ Orionis A was found in 2000 with the Navy Precision Optical Interferometer (NPOI), and shown to
be a physical companion. Because the primary is a supergiant of type O, for which dynamical mass measurements are very rare, the
companion was observed with NPOI over the full 7-year orbit. Our aim was to determine the dynamical mass of a supergiant that, due
to the physical separation of more than 10 AU between the components, cannot have undergone mass exchange with the companion.
Methods. The interferometric observations allow measuring the relative positions of the binary components and their relative bright-
ness. The data collected over the full orbital period allows all seven orbital elements to be determined. In addition to the interferometric
observations, we have analyzed archival spectra obtained at the Calar Alto, Haute Provence, Cerro Armazones, and La Silla obser-
vatories, as well as new spectra obtained at the VLT on Cerro Paranal. In the high-resolution spectra we identified a few lines that
can be associated exclusively to one or the other component for the measurement of the radial velocities of both. The combination of
astrometry and spectroscopy then yields the stellar masses and the distance to the binary star.
Results. The resulting masses for components Aa of 14.0 ± 2.2 M" and Ab of 7.4 ± 1.1 M" are low compared to theoretical expecta-
tions, with a distance of 294 ± 21 pc which is smaller than a photometric distance estimate of 387 ± 54 pc based on the spectral type
B0III of the B component. If the latter (because it is also consistent with the distance to the Orion OB1 association) is adopted, the
mass of the secondary component Ab of 14±3 M" would agree with classifying a star of type B0.5IV. It is fainter than the primary by
about 2.2± 0.1 magnitudes in the visual. The primary mass is then determined to be 33± 10 M". The possible reasons for the distance
discrepancy are most likely related to physical effects, such as small systematic errors in the radial velocities due to stellar winds.

Key words. techniques: interferometric - binaries: spectroscopic - stars: supergiants - stars: fundamental paramaters - stars: individ-
ual: Zeta Orionis A

1. Introduction
Studies of double-lined eclipsing binaries have been very suc-
cessful in measuring masses of stars on the main sequence
(Torres et al. 2010) with high enough accuracies to challenge
stellar evolution models. The latter have held up well even for
O-type stars (Gies 2003). However, even though O-type super-
giants have also been found in eclipsing binaries, the observa-
tional selection bias that favors closer systems over wider ones,
would indicate a high probability that the components in these
systems have interacted and therefore would not be described by
single-star evolution models.

High-angular resolution techniques based on optical long
baseline interferometers have overcome this limitation and have
contributed significantly to the stock of precise stellar mass mea-
surements. Here we report on our attempt to make the first such
determination for a supergiant in a detached system, excluding
any mass transfer.

Hummel et al. (2000) found a companion 40 mas from
the O9.5 Ib component A (HR 1948) of the wide dou-

! Based in part on observations collected at the European Southern
Observatory, Chile (Prop. No. 076.C-0431, 080.A-9021, 083.D-0589,
285.D-5042)
!! Correspondence: chummel@eso.org

ble ζ Orionis AB, and detected orbital motion over the
course of a few months. Using the Navy Precision Optical
Interferometer(Armstrong et al. 1998), we continued observa-
tions over the 7.3 year orbital period in order to determine the
orbital elements. Component B (HR 1949) showed slow motion
relative to A by increasing the position angle 9.6 degrees over
the past century, and by decreasing the separation by 116 mas
at the same time. It is currently 2.40 arcsec away from the pri-
mary at a position angle of 165 degrees (Washington Double Star
Catalog). We interpret this as orbital motion in a common proper
motion physical pair.

A detailed spectroscopic study of ζ Orionis A was carried out
by Bouret et al. (2008), who determined an effective temperature
of Teff = 29500 ± 1000 K for component Aa (the secondary,
Ab, was not taken into account) and log g = 3.25 ± 0.10 with
normal abundances. The rotational velocity (of the primary) was
determined to be v sin i = 110± 10 km/s, and the rotation period
to seven days, implying an inclination of the rotation axis of 40◦.

Meanwhile, we were able to identify photospheric lines of
both the primary and secondary components in archival spectra
obtained with HEROS and FEROS at La Silla, Chile, with BESO
at Cerro Armazones, Chile, FOCES at Calar Alto, Spain, and
new observations with UVES at the VLT. This allowed us to
determine a dynamical mass and distance to ζ Orionis A.
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Fig. 4. Orbit of ζ Orionis Ab around Aa (center). The line indi-
cates the secondary Ab at periastron. A few selected epochs are
marked.

Fig. 5.Themeasured RVs of both components. The green (filled)
symbols denote the primary (He ii 4542), the red (open) sym-
bols the secondary (O ii 4943). Triangles pointing down de-
note FEROS/HEROS measurements, triangles pointing up de-
note BESO. Squares denote ELODIE, and the diamond is for
UVES. The dashed lines are for the model based on the pho-
tometric distance (see discussion; the derived velocity semi-
amplitudes are K1 = 11.6 km/s and K2 = 26.8 km/s).

binary with a period of less than a decade, and Hipparcos mea-
suring over three years, a five-parameter solution, i.e. without
taking orbital acceleration into account, is probably not suffi-
cient. However, in the new Hipparcos reduction (van Leeuwen
2007), ζ Ori data was solved with five parameters only for a
distance of 225+38

−27 pc. For this reason we discard the Hipparcos

parallax for determining the distance. A distance measurement
to ζ Ori derived from the Ca iiH+K equivalent width, which
gives 297 ± 45 pc (Megier et al. 2009), is potentially problem-
atic, because the short distance makes it sensitive to localized
density fluctuations. Despite the apparent agreement of these re-
sults with our distance estimate, we take an alternative approach
in the following.

The distance can also be estimated photometrically, in par-
ticular since all components contributing to the integrated light
are known now with some certainty. Strömgren photometry was
taken from Hauck & Mermilliod (1998). These data, V = y =
1.75mag, are measurements of the combined flux, i.e. includ-
ing components Aa, Ab, and B. Worley (1969) lists the mag-
nitude difference between A and B as ∆V(A−B) = 2.08mag,
Edwards (1976) gives ∆V(A−B) = 2.1mag, and Murphy (1969)
∆V(A−B) = 2.2mag, however referring to older sources from
the first half of the 20th century. In the following, Worley’s
value is used. The magnitude difference between Aa and Ab of
∆V(Aa−Ab) = 2.2mag is derived from fitting the interferometric
data. With these values, the individual component magnitudes
are VAa = 2.08mag, VAb = 4.28mag, and VB = 4.01mag, while
VAa+Ab = 1.93mag.

The colour excess is given as E(B−V) = 0.06 by Lee (1968).
Although this excess was derived by assuming a single star, since
all three stars in the system are well within the Rayleigh-Jeans
tail of their SED, any correction for the presence of the two B
stars would be very small. Since Lee notes that in the outer areas
of Orion, explicitely including the “northwestern regions”, the
extinction would be normal with R " 3.0, the photometric fluxes
were dereddened with the usual RV = 3.1; i.e., AV = 0.19mag.

Component B is well known to be a B0 III star, which is also
confirmed by our spectrum. The B2 III classification by Edwards
(1976) comes from a photometric classification scheme utilizing
the magnitude difference, but assuming the combinedmagnitude
of the Aa+Ab subsystem is due to component Aa alone. Since
Ab was not known then, this introduced a bias.

Assuming an absolute magnitude for a B0 III star of MV =
−4.12mag (Loktin & Beshenov 2001; Nieva 2013) and the
above values for VB and AV , the distance modulus becomes
7.94mag. Taking 0.3mag as combined uncertainty for the dis-
tancemodulus fromMV ,mV , and AV , the photometric distance to
the ζ Ori system is d = 387± 54 pc, i.e. the photometric parallax
is πphot = 2.6+0.4−0.3 mas. This value is only marginally consistent
with the orbital parallax.

3.2. Stellar parameters

We note that for the photometric distance the absolute magni-
tudes for components Aa and Ab would point to spectral types
of O9.5 Iab and B0.5 IV, in good agreement with the spectro-
scopic evidence. As the photometric distance is based on a reli-
able spectral classification of a non-supergiant for which recent
calibrations of the absolute magnitude exist Nieva (2013), we
regard the photometric distance as more robust than the orbital
parallax, which is based on rather low velocity amplitudes. We
therefore fit the stellar masses to the combined interferometric
and spectroscopic data under the condition that the results are
consistent with the photometric distance. The results are given
in Table 4. The mass estimates are now significantly higher than
those given in Table 3, but in particular for the secondary to be
more in line with what is expected for a star of its type and
luminosity class (Torres et al. 2010). As far as the mass of the
supergiant, no previous dynamical measurements of O-type su-
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Fig. 2. The SB2 composite spectrum of ζ Ori Aa+Ab. The
panel shows He ii 4542, presumably originating from the pri-
mary alone. The three HEROS and three FEROS spectra are off-
set in increasing order of time from the bottom up. As a guide,
the RV difference between the bottom two spectra is 14.3 km/s.

Table 3. Orbital elements and system parameters

Orbital period 2687.3 ± 7.0 d
Periastron epoch JD 2452734.2 ± 9.0
Periastron long. 24.2 ± 1.2◦
Eccentricity 0.338 ± 0.004
Ascending node 83.8 ± 0.8◦
Inclination 139.3 ± 0.6◦
Semi-major axis 35.9 ± 0.2mas
Systemic velocity 28.3 ± 0.5 km/s
Orbital parallax 3.4 ± 0.2mas
Visual magnitude difference 2.2 ± 0.1
MAa 14.0 ± 2.2M"
MAb 7.4 ± 1.1M"
K1 (derived) 10.1 km/s
K2 (derived) 19.6 km/s

3. Results and discussion
3.1. Orbital elements and distance

We fit the seven orbital elements, the systemic velocity, and the
stellar masses, to the astrometric positions and RVs. Initial esti-
mates of the elements of the apparent orbit were obtained using

Fig. 3. The SB2 composite spectrum of ζ Ori Aa+Ab. The panel
shows the weak O ii 4943 lines from the secondary and the com-
posite He i 4922 line. The three HEROS and three FEROS spec-
tra are offset in increasing order of time from the bottom up. As a
guide, the RV difference between the bottom two spectra is 25.8
km/s.

the Thiele-Innes method. Thanks to the high precision of the as-
trometric orbit, the elements in common with the spectroscopic
orbit did not change much after including the RV data. The lat-
ter mostly constrained the mass estimates. The reduced χ2 of
the fits was about 0.5 for astrometry and 1.0 for spectroscopy.
No significant offset between the systemic velocities for primary
and secondary was found (at a level of 1 km/s). The results are
summarized in Table 3, and Figs. 4 and 5 show the fit to the
measurements. An orbital parallax of 3.4± 0.2 mas was derived,
corresponding to a distance of d = 294 ± 21 pc and a distance
modulus of 7.4. ζ Orionis is a member of the Orion OB1 associ-
ation, more specifically of the OB1b subgroup which is centered
on the belt stars (Bally 2008). The Orion star forming regions are
typically assumed to be at about 400 pc. Menten et al. (2007) de-
rived a distance of 414±7 pc fromVLBA astrometry to the Orion
nebula cluster, confirmed by Kraus et al. (2009), who obtained
an orbital parallax from one of its members. Our measurement
here of ζ Ori comes in low and would indicate a location on the
near side of the association.

Apart from themore general criticism of Hipparcos distances
of O-stars expressed by Schröder et al. (2004), there are reasons
particular to the ζ Ori system to be careful. As an astrometric
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2. Observations and data reduction
2.1. Interferometry

Observations prior to 2000 were described in Hummel et al.
(2000). While these and the observation in 2000 used the three-
way beam combiner, subsequent observations used the six-way
beam combiner described by Armstrong et al. (1998). In Table 1
we list the dates and stations used (along with astrometric results
described later). For a given combination of stations (“configura-
tion”, per spectrometer), the signals of all baselines thus realized
were decoded and Fourier-transformed to yield complex visibil-
ities as described by Hummel et al. (2003). For the observations
in the years of 2004 and later, fewer than the maximum num-
ber of stations were allowed to illuminate a spectrometer owing
to crosstalk between the fringe signals at different modulation
frequencies.

The data were reduced as described by Hummel et al.
(2003). Additional “incoherent” scans away from the fringe
packet were executed for each star and each station con-
figuration in order to precisely determine the visibility bias.
Calibration was performed using interleaved observations of
ε Orionis adopting a limb-darkened diameter of 0.9 mas
(Mozurkewich et al. 1991), for each configuration separately.
Calibration uncertainties based on scan-to-scan variations in the
calibrator visibility range from a few percent up to 20%, and in
the closure phase up to a few degrees. Since channel-to-channel
variations of the visibility amplitude spectra are much lower in
value, we allowed the calibration of each spectrum to float dur-
ing the astrometric fits rather than applying the larger calibration
uncertainties. The (limb-darkened) diameter of ζ Orionis Aa was
determined to be 0.58 mas by Remie & Lamers (1982) based on
the infrared flux method, and measured to be 0.48± 0.04mas by
Hanbury Brown et al. (1974) using an intensity interferometer.
The latter group already noticed the presence of a third com-
ponent in the ζ Ori AB system, and even predicts a magnitude
difference of about 2mag. However, they state that the stellar
diameter derived from intensity interferometry should be taken
as trustworthy for component Aa, since the contributions from
the additional components would be much smaller than the un-
certainty. We computed an additional estimate of the diameter
based on a B0I template SED fit to archival photometry, giving a
value of 0.40 ± 0.02 mas. We therefore adopted a “mean” value
of 0.48 mas, but such a diameter is mostly unresolved by our
interferometric observations.

As an example, we show visibility spectra of all six baselines
in a full four-station observation in Fig. 1. The full coverage of
the sinusoidal visibility variation demonstrates that the precision
of the astrometric fits should in fact benefit from a floating cali-
bration.

We determined the separation, ρ, and position angle, θ, of
the binary components for each night from the visibility data,
starting with estimates derived from images made using standard
phase self-calibration and deconvolution methods (see examples
in Hummel et al. 2000). This procedure enabled unambiguous
identification of the global minimum of χ2 corresponding to the
best fit values of ρ and θ to the visibility data. The astrometric fit
results are also listed in Table 1. The uncertainty ellipses corre-
spond to one-seventh of the synthesized beam, which has been
shown to give realistic estimates of the astrometric accuracy of
NPOI multi-baseline observations. Using the orbit determined
with these measurements (as described below), a simultaneous
fit to all visibility data determined the magnitude difference to
be 2.2 ± 0.1 over the NPOI band width (0.70± 0.15µm) without
significant color changes.

Fig. 1. Calibrated (squared) visibility amplitudes plotted versus
wavelength for 2002 Dec 20 on the E-E2(a), E2-W(b), E2-N(c),
E-W(d), E-N(e), and N-W(f) baselines at 7:45 UT. The solid line
shows the model prediction for a fit with component separation
ρ = 24.6mas and PA θ = 87.7◦. The amplitude of the quasi-
sinusoidal amplitude variation is fit with a magnitude difference
∆m = 2.2.

2.2. Spectroscopy

Spectroscopic observations were taken with various echelle in-
struments. In 1995, 1997, and 1998 spectra were obtained with

Table 1. Observation and result log. Columns 1 and 2 give the
date and Julian year, col. 3 the stations (astrometric stations C, E,
W, and N, as well as imaging stations E2, E6, and W7), columns
4 and 5 separation (mas) and position angle (deg), respectively,
and columns 6 to 8 major and minor axes and postion angle of
the uncertainty ellipse for the derived relative position of binary
components.

Feb 13 1998.12 CEW 42.1 276.3 0.60 0.13 175
Feb 14 1998.12 CEW 42.1 276.4 0.60 0.13 176
Mar 03 1998.17 CEW 42.5 275.1 0.58 0.13 175
Mar 20 1998.21 CEW 43.0 273.9 0.58 0.15 176
Nov 19 1998.88 EW 46.7 260.0 2.40 0.11 163
Nov 26 1998.90 CEW 46.8 258.8 0.56 0.16 178
Feb 13 1999.12 CW 47.3 254.6 2.20 0.19 155
Feb 17 1999.13 CW 47.2 254.2 2.13 0.18 155
Feb 18 1999.13 CW 47.2 254.0 1.65 0.20 153
Feb 23 1999.14 CEW 47.0 253.8 0.58 0.14 176
Mar 29 1999.24 CEW 47.1 251.7 0.58 0.19 179
Mar 30 1999.24 CEW 47.1 251.6 0.55 0.16 177
Oct 18 2000.80 CEW 37.3 214.1 0.64 0.11 177
Jan 09 2002.02 EWNE2 26.2 154.7 0.25 0.13 146

CWE2W7
Jan 12 2002.03 EWNE2 26.1 153.8 0.25 0.15 146

CWE2W7
Dec 20 2002.97 EWNE2 24.5 87.7 0.20 0.15 176

CWE2
Mar 11 2004.19 CE, CW 23.5 332.2 0.49 0.28 178
Mar 12 2004.19 CE, CW 23.6 332.5 0.48 0.29 6
Feb 24 2006.15 CEN 46.4 261.5 0.28 0.15 23

CWE6
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Fig. 4. Orbit of ζ Orionis Ab around Aa (center). The line indi-
cates the secondary Ab at periastron. A few selected epochs are
marked.

Fig. 5.Themeasured RVs of both components. The green (filled)
symbols denote the primary (He ii 4542), the red (open) sym-
bols the secondary (O ii 4943). Triangles pointing down de-
note FEROS/HEROS measurements, triangles pointing up de-
note BESO. Squares denote ELODIE, and the diamond is for
UVES. The dashed lines are for the model based on the pho-
tometric distance (see discussion; the derived velocity semi-
amplitudes are K1 = 11.6 km/s and K2 = 26.8 km/s).

binary with a period of less than a decade, and Hipparcos mea-
suring over three years, a five-parameter solution, i.e. without
taking orbital acceleration into account, is probably not suffi-
cient. However, in the new Hipparcos reduction (van Leeuwen
2007), ζ Ori data was solved with five parameters only for a
distance of 225+38

−27 pc. For this reason we discard the Hipparcos

parallax for determining the distance. A distance measurement
to ζ Ori derived from the Ca iiH+K equivalent width, which
gives 297 ± 45 pc (Megier et al. 2009), is potentially problem-
atic, because the short distance makes it sensitive to localized
density fluctuations. Despite the apparent agreement of these re-
sults with our distance estimate, we take an alternative approach
in the following.

The distance can also be estimated photometrically, in par-
ticular since all components contributing to the integrated light
are known now with some certainty. Strömgren photometry was
taken from Hauck & Mermilliod (1998). These data, V = y =
1.75mag, are measurements of the combined flux, i.e. includ-
ing components Aa, Ab, and B. Worley (1969) lists the mag-
nitude difference between A and B as ∆V(A−B) = 2.08mag,
Edwards (1976) gives ∆V(A−B) = 2.1mag, and Murphy (1969)
∆V(A−B) = 2.2mag, however referring to older sources from
the first half of the 20th century. In the following, Worley’s
value is used. The magnitude difference between Aa and Ab of
∆V(Aa−Ab) = 2.2mag is derived from fitting the interferometric
data. With these values, the individual component magnitudes
are VAa = 2.08mag, VAb = 4.28mag, and VB = 4.01mag, while
VAa+Ab = 1.93mag.

The colour excess is given as E(B−V) = 0.06 by Lee (1968).
Although this excess was derived by assuming a single star, since
all three stars in the system are well within the Rayleigh-Jeans
tail of their SED, any correction for the presence of the two B
stars would be very small. Since Lee notes that in the outer areas
of Orion, explicitely including the “northwestern regions”, the
extinction would be normal with R " 3.0, the photometric fluxes
were dereddened with the usual RV = 3.1; i.e., AV = 0.19mag.

Component B is well known to be a B0 III star, which is also
confirmed by our spectrum. The B2 III classification by Edwards
(1976) comes from a photometric classification scheme utilizing
the magnitude difference, but assuming the combinedmagnitude
of the Aa+Ab subsystem is due to component Aa alone. Since
Ab was not known then, this introduced a bias.

Assuming an absolute magnitude for a B0 III star of MV =
−4.12mag (Loktin & Beshenov 2001; Nieva 2013) and the
above values for VB and AV , the distance modulus becomes
7.94mag. Taking 0.3mag as combined uncertainty for the dis-
tancemodulus fromMV ,mV , and AV , the photometric distance to
the ζ Ori system is d = 387± 54 pc, i.e. the photometric parallax
is πphot = 2.6+0.4−0.3 mas. This value is only marginally consistent
with the orbital parallax.

3.2. Stellar parameters

We note that for the photometric distance the absolute magni-
tudes for components Aa and Ab would point to spectral types
of O9.5 Iab and B0.5 IV, in good agreement with the spectro-
scopic evidence. As the photometric distance is based on a reli-
able spectral classification of a non-supergiant for which recent
calibrations of the absolute magnitude exist Nieva (2013), we
regard the photometric distance as more robust than the orbital
parallax, which is based on rather low velocity amplitudes. We
therefore fit the stellar masses to the combined interferometric
and spectroscopic data under the condition that the results are
consistent with the photometric distance. The results are given
in Table 4. The mass estimates are now significantly higher than
those given in Table 3, but in particular for the secondary to be
more in line with what is expected for a star of its type and
luminosity class (Torres et al. 2010). As far as the mass of the
supergiant, no previous dynamical measurements of O-type su-
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Fig. 2. The SB2 composite spectrum of ζ Ori Aa+Ab. The
panel shows He ii 4542, presumably originating from the pri-
mary alone. The three HEROS and three FEROS spectra are off-
set in increasing order of time from the bottom up. As a guide,
the RV difference between the bottom two spectra is 14.3 km/s.

Table 3. Orbital elements and system parameters

Orbital period 2687.3 ± 7.0 d
Periastron epoch JD 2452734.2 ± 9.0
Periastron long. 24.2 ± 1.2◦
Eccentricity 0.338 ± 0.004
Ascending node 83.8 ± 0.8◦
Inclination 139.3 ± 0.6◦
Semi-major axis 35.9 ± 0.2mas
Systemic velocity 28.3 ± 0.5 km/s
Orbital parallax 3.4 ± 0.2mas
Visual magnitude difference 2.2 ± 0.1
MAa 14.0 ± 2.2M"
MAb 7.4 ± 1.1M"
K1 (derived) 10.1 km/s
K2 (derived) 19.6 km/s

3. Results and discussion
3.1. Orbital elements and distance

We fit the seven orbital elements, the systemic velocity, and the
stellar masses, to the astrometric positions and RVs. Initial esti-
mates of the elements of the apparent orbit were obtained using

Fig. 3. The SB2 composite spectrum of ζ Ori Aa+Ab. The panel
shows the weak O ii 4943 lines from the secondary and the com-
posite He i 4922 line. The three HEROS and three FEROS spec-
tra are offset in increasing order of time from the bottom up. As a
guide, the RV difference between the bottom two spectra is 25.8
km/s.

the Thiele-Innes method. Thanks to the high precision of the as-
trometric orbit, the elements in common with the spectroscopic
orbit did not change much after including the RV data. The lat-
ter mostly constrained the mass estimates. The reduced χ2 of
the fits was about 0.5 for astrometry and 1.0 for spectroscopy.
No significant offset between the systemic velocities for primary
and secondary was found (at a level of 1 km/s). The results are
summarized in Table 3, and Figs. 4 and 5 show the fit to the
measurements. An orbital parallax of 3.4± 0.2 mas was derived,
corresponding to a distance of d = 294 ± 21 pc and a distance
modulus of 7.4. ζ Orionis is a member of the Orion OB1 associ-
ation, more specifically of the OB1b subgroup which is centered
on the belt stars (Bally 2008). The Orion star forming regions are
typically assumed to be at about 400 pc. Menten et al. (2007) de-
rived a distance of 414±7 pc fromVLBA astrometry to the Orion
nebula cluster, confirmed by Kraus et al. (2009), who obtained
an orbital parallax from one of its members. Our measurement
here of ζ Ori comes in low and would indicate a location on the
near side of the association.

Apart from themore general criticism of Hipparcos distances
of O-stars expressed by Schröder et al. (2004), there are reasons
particular to the ζ Ori system to be careful. As an astrometric
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ABSTRACT
We present the first resolved images of the eclipsing binary b Lyrae, obtained with the CHARA Array

interferometer and the MIRC combiner in the H band. The images clearly show the mass donor and the thick
disk surrounding the mass gainer at all six epochs of observation. The donor is brighter and generally appears
elongated in the images, the first direct detection of photospheric tidal distortion due to Roche lobe filling. We
also confirm expectations that the disk component is more elongated than the donor and is relatively fainter at
this wavelength. Image analysis and model fitting for each epoch were used for calculating the first astrometric
orbital solution for b Lyrae, yielding precise values for the orbital inclination and position angle. The derived
semimajor axis also allows us to estimate the distance of b Lyrae; however, systematic differences between the
models and the images limit the accuracy of our distance estimate to about 15%. To address these issues, we
will need a more physical, self-consistent model to account for all epochs as well as the multiwavelength
information from the eclipsing light curves.
Subject headings: binaries: eclipsing — infrared: stars — stars: fundamental parameters —

stars: individual (b Lyrae) — techniques: interferometric

1. INTRODUCTION

Interacting binaries are unique testbeds for many important
astrophysical processes, such as mass and momentum transfer,
accretion, tidal interaction, etc. These processes provide infor-
mation on the evolution and properties of many types of objects,
including low-mass black holes and neutron stars (in low-mass
X-ray binaries), symbiotic binaries, cataclysmic variables, no-
vae, etc. Although these types of objects are widely studied by
indirect methods such as spectroscopy, radial velocity (RV),
and sometimes eclipse mapping, very few of them have been
directly resolved because they are very close to each other and
far away from us. Thus, directly imaging interacting binaries,
although very challenging, will greatly help us to improve our
understanding of these objects.

The star b Lyrae (Sheliak, HD 174638, HR 7106; V p
, ) is a well-known interacting and eclipsing binary3.52 H p 3.35

that has been widely studied since its discovery in 1784 (Good-
ricke 1785). According to the current picture (Harmanec 2002),
the system consists of a B6–B8 II Roche lobe filling mass-losing
star, which is generally denoted as the donor or the primary, and
an early B-type mass-gaining star, which is generally denoted
as the gainer or the secondary. The donor, which was initially
more massive than the gainer, has a current mass of about 3

, while the gainer has a mass of about 13 . It is thoughtM M, ,

that the gainer is completely embedded in a thick accretion disk
with bipolar jetlike structures perpendicular to the disk, which
creates a light-scattering halo above its poles (Wilson 1974; Har-
manec 2002, and references therein). The orbit of the system is
highly circular (Harmanec & Scholz 1993) and is very close to
edge-on (Linnell 2000). Recent RV study on the ephemeris of
the system gives a period of 12.94 days (Ak et al. 2007). The
period is increasing at a rate of ∼19 s yr!1 due to the high mass
transfer rate, yr!1, of the system.!52 # 10 M,

The primary eclipse of the light curve (i.e., at phase 0)
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corresponds to the eclipse of the donor. In the UBV bands, the
surface of the donor is brighter than that of the gainer, and
therefore the primary minimum is deeper than the secondary
minimum. At longer wavelengths, however, the studies of Ja-
meson & Longmore (1976) and Zeilik et al. (1982) suggest
that the relative depth of the secondary minimum in the light
curve gradually deepens and becomes deeper than the primary
minimum at wavelengths longer than 3.6 mm.

Light-curve studies and theoretical models have shown that, at
the distance of 296 pc (van Leeuwen 2007), the estimated sepa-
ration of the binary is only 0.92 milliarcseconds (mas; 58.5 ).R,

The angular diameter of the donor is ∼0.46 mas (29.4 ), andM,

the disk surrounding the gainer is only ∼1 mas across (e.g., Linnell
2000; Harmanec 2002). The goal of directly imaging b Lyr, there-
fore, requires the angular resolution only achievable by today’s
long-baseline interferometers. Recently, Schmitt et al. (2008) used
the NPOI interferometer to image successfully the Ha emission
of b Lyr, an update to the pioneering work of Harmanec et al.
(1996). Also, radio work using MERLIN found a nebula sur-
rounding the secondary but could not resolve its bipolar shape
(Umana et al. 2000). Despite recent progress, the individual objects
of the system have not been resolved yet, putting even a simple
astrometric orbit beyond our reach.

In this study, we present the first resolved images of the
b Lyr system at multiple phases, obtained with the CHARA
Array and the MIRC combiner. We give a brief introduction
to our observations and data reduction in § 2. We present our
aperture synthesis images with simple models in § 3. In § 4
we discuss our astrometric orbit of b Lyr, and we give the
outlook for future work in § 5.

2. OBSERVATIONS AND DATA REDUCTION

Our observations were conducted at the Georgia State Uni-
versity (GSU) Center for High Angular Resolution Astronomy
(CHARA) interferometer array along with the MIRC instru-
ment. The CHARA array, located on Mount Wilson and con-
sisting of six 1 m telescopes, is the longest optical/IR inter-
ferometer array in the world (ten Brummelaar et al. 2005). It
has 15 baselines ranging from 34 to 331 m, providing reso-
lutions up to ∼0.5 mas at H band and ∼0.7 mas at K band.
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Fig. 1.—Telescope spatial coverage of b Lyr on UT 2007 July 4, using the
W1-W2-S1-E1 configuration of CHARA. The symbols stand for different base-
lines. The longest projected baseline in this observation is 328.5 m, corre-
sponding to a resolution of 0.52 mas in the H band. The actual UV coverage
is similar to this spatial coverage, but each point spreads over eight wavelength
channels.

Fig. 2.—Reconstructed images and two-component models of b Lyr. The
left, middle, and right columns show the MACIM, BSMEM, and model images,
respectively. Darker colors indicate higher intensity. The darker component is
the donor. The contours in the images correspond to 0.3, 0.6, and 0.9 of the
peak intensity. Observing dates and corresponding phases (from the ephemeris
in Ak et al. 2007) are labeled in the first column. The best-fit x2/dof of each
image is labeled in the bottom left corner. The resolution of the reconstructed
images is 0.69 mas for the first epoch and 0.52 mas for the other five epochs,
and the corresponding beams are shown in the first and second epochs in the
middle panels, respectively. Due to lack of enough resolution and the com-
plexity of the radiative transfer at the first epoch when the star is behind the
disk, no reliable model is available for our limited data.

TABLE 1
Observation Logs for b Lyr

Date (UT) Mean MJD Telescopes Nblk
a Calibratorsb

2006 Oct 16 . . . . . . 54,024.17 W1-W2-S2-E2 1 29 Peg, u And
2007 Jul 3 . . . . . . . . 54,284.25 W1-W2-S1-E1 3 g Lyr, u Peg, u And
2007 Jul 4 . . . . . . . . 54,285.26 W1-W2-S1-E1 3 g Lyr, u Peg, u And
2007 Jul 7 . . . . . . . . 54,288.22 W1-W2-S1-E1 3 g Lyr, u Peg, j Cyg
2007 Jul 9 . . . . . . . . 54,290.25 W1-W2-S1-E1 3 g Lyr, u Peg
2007 Jul 12 . . . . . . . 54,293.26 W1-W2-S1-E1 3 g Lyr, j Cyg

a Nblk p number of data blocks
b Calibrator diameters (mas): 29 Peg p , u And p1.017 ! 0.027

, j Cyg p (A. Merand 2008, private commu-1.098 ! 0.007 0.542 ! 0.021
nication); g Lyr p (Leggett et al. 1986); u Peg p0.74 ! 0.10 1.01 ! 0.04
(Blackwell & Lynas-Gray 1994).

The Michigan Infra-Red Combiner (MIRC) was used here
to combine four CHARA telescopes together for true interfer-
ometric imaging in H band, providing six visibilities, four clo-
sure phases, and four triple amplitudes simultaneously in eight
narrow spectral bands (Monnier et al. 2004, 2006). Specifically,
the b Lyr system was observed on six nights in 2006 and 2007
using array configurations optimized for good imaging (equal
Fourier coverage in all directions) and following standard ob-
serving procedures (M. Zhao et al. 2008, in preparation; Mon-
nier et al. 2007). A typical baseline coverage of our obser-
vations is shown in Figure 1. In short, we observed our target
along with two or three calibrators on each night; a complete
observing log is listed in Table 1.

The data reduction process follows the pipeline outlined by
Monnier et al. (2007). In brief, after frame co-adding, background
subtraction, and Fourier transform of the raw data, fringe am-
plitudes and phases are used to form squared visibilities and
triple products. Photometric calibrations are estimated using shut-
ter matrix measurements and partial beam chopping. Finally,
calibrators with known sizes (see Table 1) are used to calibrate
the drifts in overall system response before obtaining final cal-
ibrated squared visibilites and complex triple amplitudes.

3. SYNTHESIS IMAGING AND MODELING

For imaging with optical interferometry data, we employed
two independent applications: Markov-Chain Imager for Op-
tical Interferometry (MACIM) (Ireland et al. 2006) and the
maximum-entropy–based BSMEM (Buscher 1994). Further de-
scription and a detailed comparison of these algorithms on
simulated data appear in Lawson et al. (2004, 2006). Both of
these algorithms benefit from use of prior information, gen-
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TABLE 2
Orbital Positions of b Lyr

Date Phase

MACIM BSMEM Model

Sep.
(mas)

P.A.
(deg)

Sep.
(mas)

P.A.
(deg)

Sep.
(mas)

P.A.
(deg)

Flux Ratio
(Donor/Gainer)

2007 Jul 3 . . . . . . . 0.132 0.811 255.4 0.853 253.7 0.701 ! 0.091 256.3 ! 4.0 1.01 ! 0.11
2007 Jul 4 . . . . . . . 0.210 0.891 253.3 0.886 254.4 0.852 ! 0.045 254.2 ! 2.1 1.16!0.20

"0.15

2007 Jul 7 . . . . . . . 0.438 … … … … 0.338 ! 0.105 250.8 ! 7.3 3.51 ! 1.27
2007 Jul 9 . . . . . . . 0.595 … … 0.675 73.9 0.454 ! 0.042 77.9 ! 1.4 2.43 ! 0.28
2007 Jul 12 . . . . . . 0.828 0.842 72.3 0.783 69.6 0.754 ! 0.063 73.2 ! 0.8 1.32!0.67

"0.27

Note.—Sep. p separation. Some positions are omitted for images whose centroids cannot be separated.

Fig. 3.—The best-fit relative orbit of b Lyr (solid line). The donor is indicated
as a filled dot in the center. Positions of each epoch are shown by the open
dots, surrounded by their error ellipses in dashed lines. The upper part of the
orbit is located toward the observer.

erally based on lower resolution data. For b Lyr we began each
image reconstruction with a two-component Gaussian model
that mainly acts to limit the field of view of the image. The
final images do not resemble the priors except in general extent;
i.e., the final positions, relative sizes, and relative brightnesses
are not dependent on the priors. The final reconstructed images
from both methods are shown in Figure 2. The MACIM and
BSMEM images are consistent with each other, although they
use very different algorithms, giving confidence to the image
fidelity. Any differences, such as the more Gaussian shapes for
BSMEM compared to the more “flat-top” profiles for MACIM,
illustrate the limitations of our data set. We present here results
from both algorithms in lieu of image “error bars” that are
notoriously difficult to define in aperture synthesis imaging.

The six epochs span all phases of the orbit, changing from
middle primary eclipse (phase p 0.035) to nearly maximum
elongation (phase p 0.210 and 0.828) and secondary eclipse
(phase p 0.438). The system is well resolved into two separate
components at phases close to the maximum elongation. Since
the primary eclipse is still the deeper one in the H band (Ja-
meson & Longmore 1976), we can conclude that the object
with higher surface brightness is the mass donor star (i.e., the
component moving from left to right in the 2007 July se-
quence). The donor is partially resolved and appears elongated
at all epochs except at phase 0.035, when it is blocked by the
disk, directly confirming its Roche lobe filling picture. The
thick disk surrounding the gainer is also resolved and appears
elongated. At the first epoch (phase p 0.035), we see mostly
the emission from the disk superposed with a small amount of
light from the poles of the donor.

We can extract further information by constructing a simple
two-component model to determine the separation and position
angle for each epoch. We assume that the donor and gainer can
be modeled as uniform ellipses. Other models, such as two trun-
cated Gaussian ellipses, a raindrop-shaped Roche lobe filling star

with a truncated Gaussian disk, etc., were also considered and
gave equivalent results due to limited resolution. Therefore, for
simplicity and to minimize the degrees of freedom of the model,
uniform ellipses are adopted. The free parameters in the models
are the semimajor and semiminor axes of the two components,
their individual position angles, the separation and position angle
of the system, and the flux ratio of the donor and the disk. We
used ephemeris data from Ak et al. (2007) to fix which component
was in front during modeling. Due to degeneracies in the separation
and the dimensions of the blocked component when the two are
overlapping with each other, the size of the blocked component
is fixed to the average from the two separated epochs, 2007 July
4 and 2007 July 12. The best-fit models for all epochs are presented
in the third column of Figure 2, and the resulting positions and
total flux ratios from the models are listed in Table 2, along with
the results obtained from the image centroids where separating
the two components is possible. Errors of the positions are esti-
mated from the x2 surfaces of each parameter where or2Dx p 1
from the scatter in fits within each night, whichever is larger.

The models confirm that the smaller and more circular com-
ponent, i.e., the donor, has higher surface brightness and total
flux than the more elongated disk around the gainer. The ellipse
size of the donor from the models, when averaged over all the
epochs, is mas along the major axis and0.62 ! 0.16 0.52 !

mas along the minor axis, which confirms the images that0.14
the donor is elongated but slightly larger than that from the
theoretical models (Harmanec 2002). The averaged size of the
disk surrounding the gainer is mas along the major1.04 ! 0.11
axis, consistent with the size of the images of the first epoch
as well as theoretical models (Harmanec 2002) and the Ha
disk of Schmitt et al. (2008). The minor axis of the disk is

mas, larger than that expected in theoretical mod-0.63 ! 0.07
els (Bisikalo et al. 2000; Linnell 2000), implying that this ex-
tended structure is perhaps from the electron scattering and/or
free-free emission from the halo above the poles of the gainer
(Jameson & Longmore 1976; Zeilik et al. 1982).

We also compared the flux ratios from our models with those
obtained from H-band light curves. The light curves from lit-
eratures6 give a value of , where , , and( f ! f )/f p 1.86 f f1 2 p 1 2

are the fluxes of the donor, the disk of the gainer, and thefp

flux at the primary eclipse. Because the donor is not completely
eclipsed by the disk at primary eclipse (Linnell 2000), f pp

, where a is the fraction of the donor flux that goesf ! af2 1

through. Therefore, we can infer that , consistentf /f 1 0.861 2

with our flux ratios derived from the models at phase 0.210
and 0.828, i.e., 1.16 and 1.32. In addition, taking the average

6 The light curve of Zeilik et al. (1982) at the H band gives a "0.61 mag
difference between the total magnitude of the system and the magnitude at
primary eclipse. Interpolating the J- and K-band light curves of Jameson &
Longmore (1976), we can obtain an H-band magnitude difference of "0.74.
Taking the average of the two, we get a difference of 0.675 mag, corresponding
to a value of 1.86.(f ! f )/f1 2 p
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ABSTRACT

Context. Determining the mass transfer in a close binary system is of prime importance for understanding its evolution. SS Leporis,
a symbiotic star showing the Algol paradox and presenting clear evidence of ongoing mass transfer, in which the donor has been
thought to fill its Roche lobe, is a target particularly suited to this kind of study.
Aims. Since previous spectroscopic and interferometric observations have not been able to fully constrain the system morphology
and characteristics, we go one step further to determine its orbital parameters, for which we need new interferometric observations
directly probing the inner parts of the system with a much higher number of spatial frequencies.
Methods. We use data obtained at eight different epochs with the VLTI instruments AMBER and PIONIER in the H and K bands.
We performed aperture synthesis imaging to obtain the first model-independent view of this system. We then modelled it as a binary
(whose giant is spatially resolved) that is surrounded by a circumbinary disc.
Results. Combining these interferometric measurements with previous radial velocities, we fully constrain the orbit of the system.
We then determine the mass of each star and significantly revise the mass ratio. The M giant also appears to be almost twice smaller
than previously thought. Additionally, the low spectral resolution of the data allows the flux of both stars and of the dusty disc to be
determined along the H and K bands, and thereby extracting their temperatures.
Conclusions. We find that the M giant actually 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. We finally rise the possibility for an enhanced mass loss from the giant,
and we show that an accretion disc should have formed around the A star.

Key words. stars: AGB and post-AGB – accretion, accretion disks – binaries: spectroscopic – stars: fundamental parameters –
techniques: interferometric – binaries: symbiotic

1. Introduction

Symbiotic stars are interacting binaries composed of a hot star
accreting material from a more evolved red giant companion.
They are excellent laboratories for studying a wide spectrum
of poorly understood physical processes, such as the late stage
of stellar evolution, the mass loss of red giants, and the mass
transfer and accretion in binary systems (Mikołajewska 2007).
Their study has important implications for a wide range of ob-
jects, like type Ia supernovae, barium stars, the shaping of plan-
etary nebulae, and compact binaries like cataclysmic variables
(Podsiadlowski & Mohamed 2007).

SS Leporis (17 Lep; HD 41511; HR 2148) is a prime exam-
ple of such a long-period interacting system, even though it does
not belong to the most common symbiotic systems, because the
hot star is not the usual compact white dwarf. As such, SS Lep
is a symbiotic system in the first phase of mass transfer, while
most symbiotic stars are in their second episode of mass trans-
fer, following the first one that produced the white dwarf.

SS Lep has been known for many decades to present
symbiotic features, and its optical spectrum shows at least three

! Based on observations made with the VLTI European Southern
Observatory telescopes obtained from the ESO/ST-ECF Science
Archive Facility.
!! Appendix A is available in electronic form at
http://www.aanda.org

components (Struve & Roach 1939; Molaro et al. 1983; Welty
& Wade 1995). The spectral lines of an A star are largely oblit-
erated by shell features that dominate at shorter wavelengths,
while an M star spectrum becomes increasingly obvious at
longer wavelengths. Welty & Wade (1995) estimated an M4 III
spectral type for the cool companion, while even earlier types
have been estimated by previous authors. The shell is absorb-
ing light primarily from the A star, indicating some mass loss
from the hotter star. The system, however, presents the so-called
Algol paradox, as the most evolved star is also the least massive,
which implies that the cool star must have lost a large quantity
of matter and that the hot companion has accreted part or most
of it. Moreover, the regular “outbursts” (Struve 1930; Welty &
Wade 1995) and the UV activity (Polidan & Shore 1993) of the A
star shell are clear testimony to ongoing mass-transfer episodes.
From interferometric observations, Verhoelst et al. (2007) in-
ferred that the mass transfer occurs because the M giant fills its
Roche lobe.

The binary system is additionally surrounded by a large
circumbinary dust disc and/or envelope (Jura et al. 2001).
Interferometric observations confirmed this fact by revealing its
presence in the inner part of the system (Verhoelst et al. 2011),
further noticing that the structure must be in a disc-like geome-
try to be compatible with the low extinction towards the central
star. Jura et al. (2001) suggest that the circumbinary disc con-
tains large grains that are formed by coagulation and, based on
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Fig. 2. Model-independent image reconstruction of SS Lep obtained during the PIONIER runs P1, P2, and P4. The resolved M giant and the A star
are clearly identified. The images are centered on the center of mass (central cross) as determined from Sect. 5.2. The distortion of the giant in
the image is most certainly due to an asymmetric PSF rather than to a definite tidal effect. Three faint artefacts are visible on the periphery of the
image.

especially true with AMBER for which the (u,v)-coverages were
relatively poor.

3. Image synthesis

With its four telescopes, PIONIER provides six visibilities and
four closure phases simultaneously, which allows a reliable im-
age reconstruction for the four observations. We used the MIRA
software from Thiébaut (2008). MIRA proceeds by direct min-
imisation of a penalised likelihood. This penalty is the sum of
two terms: a likelihood term that enforces agreement of the
model with the data (visibilities and closure phases), plus a reg-
ularisation term to account for priors. The priors are required
to lever the possible degeneracies due to the sparseness of the
spatial frequency sampling. We use here the “total variation”
regularisation associated with positivity constraint as recom-
mended by Renard et al. (2011). The pixel scale is 0.25 mas
and the field-of-view is 200 × 200 pixels. The starting point is
a Dirac function in (0, 0). We set the hyper-parameter to a low
value of 100, so that the weight of the regularisation term is kept
small with respect to the fit to the data. It brings some super-
resolution, at the cost of an improved noise level in the image.
We combined all the spectral channels to improve the (u, v)-plane
coverage. That the image is indeed “grey” over the H-band is
demonstrated in the next section. The reconstructed images for
runs P1, P2, and P4 are presented in Fig. 2. Each image shows
the binary nature of SS Lep, the separation being slightly smaller
than 5 mas. From one observation to the next, we can observe the
rotation of the system.

The A star and its shell have an expected spatial extension
of 0.5 mas (Verhoelst et al. 2007) so that we do not expect to
resolve them with our VLTI baselines. Therefore, the size of the
spot corresponding to the A star more or less defines the point
spread function (PSF) of the image, about 1 mas large. Because
the M giant is the most luminous component of the system in
the H-band, we identify it in the image as the darkest spot. With
respect to the A star, we clearly see that it is spatially resolved
and measures approximately 2 mas in diameter. We expect the

distortion observed in the image to come from an asymmetric
filling of the (u, v)-plane (implying a non-circular PSF on the
reconstructed image) rather than to a real tidal distortion. As a
matter of fact, the tidal distortion would be around 5 ∼ 7%,
i.e. less than seen in the image. Additionally, its orientation in
the image corresponds well with the asymmetry observed in the
corresponding (u, v)-planes. It was actually not possible to im-
age the circumbinary disc because of the lack of data with short
baselines.

4. Modelling

Our observations clearly show that SS Lep is a spatially resolved
binary whose M giant is actually resolved for all observations.
We built a geometrical model to determine the characteristics of
the individual components. The M giant and the A star are mod-
elled as uniform discs, and the circumbinary material is mod-
elled as a Gaussian envelope. We tried to detect a possible tidal
distortion of the giant or matter escaping from its atmosphere by
modelling it with an elongated uniform disc. Results were not
persuasive and, similar to the image reconstruction, we cannot
conclude anything about this because we lack the longest base-
lines able to measure distortion of a few percent. The spatial
resolution of 1 mas was also not sufficient to resolve the putative
shell or an accretion disc around the A star, which agrees with
the 0.5 mas size estimated from the spectral energy distribution
(SED) in Verhoelst et al. (2007). We therefore fixed its diameter
to 0.5 mas.

The model we used to fit the interferometric data (visibilities
and closure phases) therefore comprises six degrees of freedom:
the relative flux contribution of two components of the system,
the binary separation and its orientation, the size of the M giant,
the size of the circumbinary envelope. Our data sets are perfectly
suited to spectral analysis. To properly fit the data it appeared
necessary to consider the fluxes to be wavelength-dependent.

The data and the results of our fits are presented in the
Appendix. Starting from the PIONIER images, we are able to
measure the binary separation and orientation for each dataset
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Fig. 3. SS Lep best orbit (dashed line) obtained by combining previ-
ous radial velocities (Welty & Wade 1995) with our astrometric mea-
surements. The central dot indicates the A star. AMBER and PIONIER
points are respectively presented by the red and blue crosses represent-
ing the 3-σ error bars. The corresponding points on the best orbit are
indicated by the short segments originating in each point.

independently. The relative flux of the three components could
be recovered between 1.6 and 2.5 µm, with a dispersion of 3%
between the different epochs. The relative flux ratios are al-
most constant over the H-band, which validates the “grey” ap-
proach used in Sect. 3. We tried to measure a chromatic diam-
eter for the giant but results were not consistent between the
different epochs. Finally, despite the relatively long period be-
tween AMBER and PIONIER observations (almost two orbital
periods), we note rather good consistency of results within error
bars, indicating that the system is relatively stable.

We were not able to extract much information about the large
circumbinary disc because of the lack of very short baselines.
The disc is almost totally resolved with the smallest projected
baselines of 15 m. We were only able to roughly determine its
full width at half maximum (FWHM) for only two observations
out of eight (A1 and A4), and its relative flux for 6 of them (A1,
A3, P1 to P4). We measured an FWHM of 12.2 ± 0.2 mas in
agreement with the estimation of Verhoelst et al. (2007) in the
near-IR. The disc has been observed in the mid-IR by Verhoelst
et al. (2011), who measured a Gaussian FWHM of 26 mas.
Obervations with the 10-metre baselines of the Keck Segment-
Tilting Experiment at 10.7 µm did not resolve it (Monnier et al.
2009) and indicate that it should not be larger than 200 mas in
the mid-IR.

5. Characteristics of the individual components

5.1. The orbit of SS Lep

To compute the most reliable orbit possible, we combined our
eight astrometric positions of the binary with the radial veloc-
ities of the M star obtained by Welty & Wade (1995)1. We
deduced the orbital parameters from a global χ2 minimisation
of these data. The best-fit orbit is shown in Fig. 3, and the or-
bital parameters are listed in Table 3. Uncertainties on the or-
bital elements are estimated via Monte-Carlo simulations. The
1 We discarded the A star radial velocitites that were not convincing.

Table 3. Orbital parameters of SS Lep obtained by combining pre-
vious radial velocities (Welty & Wade 1995) with our 8 astrometric
measurements.

Semi major axis a 4.492 ± 0.014 mas
Linear semi major axis a 1.26 ± 0.06 AU
Inclination i 143.7 ± 0.5◦

Eccentricity e 0.005 ± 0.003
Longitude of the ascending node Ω 162.2 ± 0.7◦

Argument of periastron ω 118 ± 30◦

inclination angle of 143.7◦ and the non-significant eccentricity2

confirm the previous measurements of Welty & Wade (1995) of
a quasi-circularised orbit observed with an inclination angle be-
tween 28◦ and 38◦. The circularised orbit is not a surprise for an
evolved symbiotic system, with an M giant in a short orbit. For
instance, Fekel et al. (2007) find that 17 of the 21 (i.e. 81%)
red symbiotic systems with periods P ≤ 800 days have circular
orbits.

This result definitely invalidates the periastron-passage mass
transfer scenario of Cowley (1967), which required a significant
eccentricity (e = 0.134) to explain the regular “outbursts” of
the system. Finally, given the almost null eccentricity, ω is also
poorly constrained.

5.2. The masses

Combining our value for the inclination with the binary mass
function obtained by Welty & Wade (1995), we can estimate
the individual mass of the stars, hence the mass ratio. The main
source of uncertainty in this estimation resides in the distance,
as determined by Hipparcos. Using the distance and the angu-
lar separation of the two stars, we obtain a = 1.26 ± 0.06 AU,
and thus, through Kepler’s third law, the total mass of the sys-
tem is estimated as 4.01 ± 0.60 M#. We then derive MA =
2.71 ± 0.27 M#, MM = 1.30 ± 0.33 M#, and 1/q = MA/MM =
2.17± 0.35. The mass ratio is thus much greater than previously
thought. While the A star still has a mass in the range 2−3 M#,
the mass of the M giant is now much higher than estimated ear-
lier, and this implies that less matter was transferred into the
system than previously guessed. We come back to this later.

5.3. The M star

Averaging over all the epochs, we measure an apparent diame-
ter for the M star θM,UD = 2.208 ± 0.012 mas, where the error is
computed from the dispersion of the eight estimations. The er-
ror bars do not include systematic effects like, for instance, tidal
distortions, which could increase error bars by a few percent. It
was also not possible to identify a dependence in the giant size
as a function of the wavelength. The previous VINCI observa-
tions of Verhoelst et al. led to a higher value of 2.94 ± 0.3 mas,
most likely because theirs was the result of a one-year survey of
the source, without any phase information in the interferometric
data. This involved modelling the system as a symmetric object,
so that it was impossible to disentangle the signatures of the ro-
tating binary from the resolved giant one.

2 The astrometric points alone lead to an eccentricity of 0.004± 0.008,
compatible with a circular orbit.
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Fig. 4. Flux of the M giant (red), the A star (blue), and the envelope
(magenta). The grey curve is the M star MARCS spectrum. In black is
the sum of the three components adjusted to the 2MASS magnitudes in
the H- and K-bands. The dots are the data plus the error bars, and the
solid lines are the models for each of the components.

The conversion factor from the uniform disc to a limb-
darkened one differs by a few percent depending on the authors3.
We adopt a value of 1.04, which leads to a limb-darkened diam-
eter equal to θM,LD = 2.296±0.013 mas. These results agree with
the limb-darkened diameter estimated from the SED of Verhoelst
et al. (θM,LD = 2.66 ± 0.33 mas). Taking the uncertainty on the
distance into account, the M giant radius is RM = 66.7 ± 3.3 R!,
which is 40% smaller than previously obtained. This leads to a
surface gravity log g ∼ 0.9.

Dumm & Schild (1998) provide measurements of radius for
(non-Mira) M star, showing that with a radius around ∼65 R!,
the M star spectral type should be M1/M2. Given the orbital pe-
riod, Mürset & Schmid (1999) agree by deriving a spectral type
between M0 and M1. From the table of these authors, stars with
similar luminosities to the one estimated for the M giant of SS
Lep all have a radius between 42 and 67 R!.

Based on the dependence of the nuclear time scale on stel-
lar mass, the M star must have an initial mass at least 20%
higher than its companion to have evolved on the AGB, while
its companion is still in the phase of central hydrogen burn-
ing. Because the initial mass of the system was probably greater
than its current value, this implies an initial mass of the giant
MM,0 > 2.2 M!4. Finally, stars with such masses (unless much
larger) never go through a stage with large radii when on the
RGB – with the maximum radius reached of the order of 30 R!
– which indicates the M star is more likely on the early-AGB
phase.

3 Verhoelst et al. calculate a factor of 1.058. Using the results of
Hanbury Brown et al. (1974) and Claret (2000), we find a conversion
factor of 1.044, and with the method of Davis et al. (2000), it is equal
to 1.030 (van Belle et al. 2009).
4 Since we expect the M star to have had an initial mass at least
20% higher than the A one q0 = MM,0/MA,0 > 1.2, and therefore
MM,0 + MA,0 > 1.85MM,0. Finally, because the system was most likely
more massive initially, we get 1.85 MM,0 > MA + MM, that is, MM,0 >
0.55(MM + MA) # 2.2 M!.

Table 4. Stellar parameters extracted in this study.

M star A star
Mass [M!] 1.30 ± 0.33 2.71 ± 0.27
Apparent diameter [mas] 2.208 ± 0.012 0.6 ± 0.05
Linear radius [R!] 66.7 ± 3.3 ∼18
Temperature [K] 3500 ± 200 ∼9000

5.4. Temperature of individual components

The modelling presented in Sect. 4 allows us to estimate the
relative flux of the three components between 1.6 and 2.3 µm
(see Appendix). These measurements can be used to constrain
the temperature and the size of the individual components. We
impose that the M giant diameter is 2.2 mas as estimated pre-
viously. We model its SED with a MARCS model whose de-
pendencies are the temperature and the metallicity (Gustafsson
et al. 2008). The A star is in the Rayleigh-Jeans regime: it is
impossible to fit simultaneously its temperature and size. We
leave its diameter free and model its SED by a KURUCZ model
at 9000 K (Castelli & Kurucz 2003). The disc is modelled by
a Gaussian whose FWHM and blackbody temperature are left
free. We use the absorption law of Cardelli et al. (1989) with
RV = 3.1 and AV = 0.7 mag (Verhoelst et al. 2007; Malfait
et al. 1998). Additionally, we force the total SED (M giant +
A star + disc) to be compatible with the 2MASS measurements
(Skrutskie et al. 2006). The lack of an absolute spectrum makes
difficult a more realistic modelling. The best fit is presented in
Fig. 4. Our estimation of the stellar parameters are summarised
in Table 4.

The M star temperature is found to be around 3500± 200 K.
We also confirm that the A star is apparently larger than expected
from its spectral class (θA = 0.6 ± 0.05 mas, or a linear radius of
about 18 R!). For the disc, we found a blackbody temperature
of 1700 ± 100 K and an FWHM of 8.0 ± 0.5 mas. Interestingly,
this is incompatible with the 12 mas derived from the fit of vis-
ibility curves in Sect. 4. We see this inconsistency as a hint that
a Gaussian geometry is probably too simple to model the cir-
cumbinary environment.

6. The mass transfer process

As explained above, SS Lep shows evidence of mass transfer be-
tween the M giant and the A star, and this mass transfer is not
completely conservative. We now revisit the possible physical
foundations for this mass transfer according to the new parame-
ters of the system derived in previous sections.

The observations suggest that the mass transfer is driven by
a wind-Roche Lobe overflow (wind RLOF; Podsiadlowski &
Mohamed 2007). We indeed show here that the current state of
the system seems to require an enhanced mass loss from the gi-
ant and that this wind possibly fills the Roche lobe and makes the
mass transfer almost conservative. We also show that it is quite
possible that an accretion disc formed around the A star, which
may explain its abnormal luminosity.

6.1. Mass transfer by Roche Lobe overflow from the wind

Our results indicate that the M giant only fills around 85±3% of
its Roche lobe (Fig. 5). This contradicts the results of Verhoelst
et al. (2007) . The reasons of this difference are threefold.

1. Our more precise interferometric measurements led us to es-
timate a smaller giant radius than in previous studies.
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HD 97253
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Some important aspect of the observation

•Achievable spatial resolution

•Achievable dynamic

•Unambiguous field-of-view

•Smearing and outer-working-angle
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Spatial resolution: (1) easy
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Spatial resolution: (2) getting closer
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Spatial resolution: (3) too compact

(fixed)
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Spatial resolution: (3) too compact

(fixed)
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Spatial resolution: (3) too compact

(fixed)
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Spatial resolution: (4) back to resolved
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Spatial resolution: (4) back to resolved
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Achievable dynamic: (1) a 30% contrast detection
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Achievable dynamic: (1) a 5% contrast detection
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Achievable dynamic: (2) a 5% contrast non-detection

 40  60  80
0.0

0.5

1.0

 65  70  75  80  85
−4

−2

 0

 2

 4

−20−10 0 10 20
−20

−10

 0

 10

 20

PLASKETT (2013−01−24)

0

1

2

3

4

5

<−  East (mas)

N
or

th
 (m

as
)  
−>

vis2 t3Phi

PLASKETT
mjd=56316.161 

min(chi2)=1.3 
r=0.05 

dE=8.23mas* 
dN=−5.40mas* 

!=9.85mas 
"=123.3deg
#={1.38mas,0.64mas,128deg} 

2013−01−23_SCI_PLASKETT_oiDataCalib

arg{V } ≈ 2π
�Bp

λ
�p

�p =

�
I(�s)�s dΩ�
I(�s) dΩ

I = δ(�x) + r δ(�x− �ρ)

V =
1 + r e−2iπ

�B
λ �ρ

1 + r

�B

λ
�ρ = 0.5

111− r

1 + r
> σV

13

If you want to have good chance 
to detect r, you need a precision:

If you have this precision, you 
cannot fully discard a binary of 
ratio r  =>  “blind spots”.

If you have plenty of baselines
=> no more “blind spots”, the 
achievable dynamics r  is given by:

1− r

1 + r
> σV

1− r

1 + r
< σV

1− r

1 + r
≈ σV

14

Monday, October 7, 2013



Achievable dynamic: (3) eta Carinae
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Unambiguous FOV: (1) multiple solutions
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Smearing: (1) loss of V2 at high baseline
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Smearing: (2) extreme case = flat V2
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Some concluding words... what you should remember

It does work:
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Some programs could 
be nice “backup fillers”:

• Very simple signal, easy to check for self-consistency 
= robust to calibration = good for bad conditions
• Short pointing are useful (at least with 3+ telescopes)
• But easy programs generally need long baselines

But several aspects of 
observational interferometry 
should not be overlooked...

•Use existing tools.
•Read papers to know how to do things
•Collaborate with people.

Monday, October 7, 2013



Wish you all “nice fringes”...
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