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ABSTRACT

Aims. We study the enigmatic B[e] star MWC 300 to investigate its disk and binary with milli-arcsecond-scale angular resolution.
Methods. We observed MWC 300 with the VLTI/AMBER instrument in the H and K bands and compared these observations with

temperature-gradient models to derive model parameters.

Results. The measured low visibility values, wavelength dependence of the visibilities, and wavelength dependence of the closure
phase directly suggest that MWC 300 consists of a resolved disk and a close binary. We present a model consisting of a binary and
a temperature-gradient disk that is able to reproduce the visibilities, closure phases, and spectral energy distribution. This model
allows us to constrain the projected binary separation (~4.4 mas or ~7.9 AU), the flux ratio of the binary components (~2.2), the disk

temperature power-law index, and other parameters.
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1. Introduction

MWC 300 is an enigmatic early-type emission-line star whose
nature and evolutionary state are not well known. Herbig (1960)
classifitd MWC 300 as a pre-main-sequence star since nebu-
losity exists around the star. It is included in several catalogs
of pre-main-sequence stars (e.g., Thé et al. 1994). However,
MWC 300 was also listed as a probable B[e] supergiant (e.g.,
Allen & Swings 1976; Appenzeller 1977; Lamers et al. 1998).
Miroshnichenko et al. (2004, hereafter M04) carried out exten-
sive spectroscopic and photometric studies on MWC 300, and
strengthened the arguments in favor of the supergiant classifi-
cation. M04 suggest that MWC 300 has an effective tempera-
ture of 19000 K, a distance of 1.8 + 0.2 kpc, and a luminosity of
logL/Ls =5.1+£0.1.

Two-dimensional radiative transfer modeling shows that
MWC300 has a flared dusty disk rather than a spherical
dusty envelope (M04). The modeled disk has an inner ra-
dius of ~11 mas and is viewed almost edge-on. Domiciano de
Souza et al. (2008) observed MWC 300 at 11.25 um using the
BURST mode of VLT/VISIR. The obtained diffraction-limited
(~0.3"”) image shows that MWC 300 is partially resolved with an
FWHM diameter of 69 + 10 mas. Monnier et al. (2009) observed
MWC 300 with the Keck telescope and measured a Gaussian
FWHM diameter of 49 + 3 mas at 10.7 um.

MWC 300 exhibits radial velocity (RV) variations that sug-
gest a binary (Corporon & Lagrange 1999). Takami et al. (2003)

* Based on observations made with ESO telescopes at Paranal
Observatory under program ID 083.D-0224(C).

Article published by EDP Sciences

carried out spectro-astrometric observations and studied the ab-
sorption feature of Ha. They detected a positional displacement
of the line-emitting region of 17 +4 mas with respect to the posi-
tion of the continuum. Photospheric line RV variations detected
by M04 also suggest a companion.

Thanks to the development of near-infrared interferometry,
we can now achieve a high spatial resolution of a few mas. It
allows us to directly resolve the MWC 300 system and study
the circumstellar disk structure, as well as the central binary.
In this paper, we present the first near-infrared interferometric
AMBER/VLTI observations of MWC 300. The observations are
described in Sect. 2. In Sect. 3, we present a model consisting of
a binary and a temperature-gradient disk that can reproduce the
visibilities, closure phases, and SED. The results are discussed
in Sect. 4, and conclusions are summarized in Sect. 5.

2. Observation and data reduction

We observed MWC 300 with the ESO Very Large Telescope
Interferometer (VLTI) and the AMBER instrument (Petrov et al.
2007) in the low spectral resolution mode (R = 35) on 18 April
2009 (ID 083.D-0224; PI G. Weigelt). The observation log is
presented in Table 1.

For data reduction, we used the AMBER data reduction
package amdlib' (Tatulli et al. 2007; Chelli et al. 2009). To
improve the calibration, we used 20% of the frames with the
best fringe signal-to-noise ratio of both the target and calibrator

! The AMBER - reduction package amdlib is available at:
http://www. jmmc. fr/data_processing_amber.htm
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Table 1. Observation log of our VLTI/AMBER observation of MWC 300.

Date Time AT configuration  Projected baselines PA  Seeing DIT  Number of frames
(UTC) (m) ©) (")  (ms)
2009-04-18  07:37-07:46 E0-G0-HO 13.90/27.78/41.68  66.2 0.5 200 2400
Visibility Spectral Energy Distribution

A Observed visibility at BL=13.90m
Observed visibility at BL=27.78m

B Observed visibility at BL=41.68m

— Model-predicted visibility at BL=13.90m
Model-predicted visibility at BL=27.78m

— Model-predicted visibility at BL=41.68m
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Fig. 1. Observations and temperature-gradient model (i = 80°) of MWC 300. The upper-left panel shows the observed visibilities and the visibilities
of the best-fitting model; lower-left the model-predicted and observed closure phases, upper-right the different lines refer to the SED contributions
from different components of our model. Black dots are the observed data. The lower-right panel shows the logarithm of brightness distribution
of the model disk. North is up and east to the left. The white point represents the location of the primary star. Our observations were performed
along the PA of 66.2° (red line). The green line refers to the possible locations of the secondary companion.

data (Tatulli et al. 2007) and applied a method for equalizing
of the target and calibrator histograms of the optical path dif-
ferences (Kreplin et al. 2012). The obtained visibilities and clo-
sure phases are shown in Fig. 1 (left two panels). We were not
able to derive visibilities at all H-band wavelengths (see Fig. 1)
because MWC 300 is quite faint in the H band (H = 8.2). The
data were calibrated using the calibrator HD 142669 (diameter =
0.27 + 0.027 mas; Pasinetti Fracassini et al. 2001).

3. Temperature-gradient disk model and binary

The observational data of MWC300 shows strong closure
phases up to 180°, which suggest that MWC 300 is a binary.
Therefore, we have used a model consisting of a temperature-
gradient disk and a binary to interpret the data.

3.1. Model description

Our model consists of a primary star located at the center
of the system, a companion, and a ring-shaped disk with a
power-law temperature distribution. M04 find that the stellar
SED of MWC 300 can be fitted by a single Kurucz O/B-type
model (Kurucz 1994), and they suggest that the companion of
MWC 300 may be either faint (3—4 mag fainter than the primary)
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or an O/B-type companion of a similar (but not identical) bright-
ness. We adopt the latter case here, since it is consistent with
the detected strong closure phase. We assume that the secondary
companion has approximately the same effective temperature as
the primary star and that the total flux from the two stars is ap-
proximately equivalent to a single star fitted by a Kurucz model
with Teg = 19000K and R, = 29 Ry (MO04). The brightness
ratio, «, between the two stars is a free fitting parameter. Owing
to the linear array configuration we used, we can only derive the
projected binary separations rs along the baseline position angle
(PA) of 66.2°.

The measured low visibilities suggest that MWC 300 has a
well resolved extended disk. We assume the disk is geometri-
cally thin and optically thick and that it is emitting as a black-
body. The disk has an inner radius of rj,, outer radius of 7oy,
and a power-law temperature distribution of 7 = Tj,(r/rin)™%,
where Tj, is the disk temperature at i, (Hillenbrand et al. 1992).
Since our interferometric data are measured at only one hour an-
gle with a linear array configuration, we are not able to directly
derive the disk elongation and inclination. M04 suggest that the
disk of MWC 300 is viewed almost edge-on, based on their two-
dimensional radiative transfer modeling. We adopt their inclina-
tion angle of i = 80° as a fixed value in our modeling.
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Table 2. Scan ranges of the model parameters and their values for the best-fitting models with different inclination angles.

il Gdisk2 rin3 rout4 Tin5 0'6 rS7 K8 Xfcduccdg
@) ©) (mas) (mas) (X) (mas)
Scan 1 - 0-180 1-50 rin—300 500-2000 0.0-1.0 1-1000 1.0-5.0 -
Scan 2 - 0-10 10-20 100-300 800-1000 0.5-0.7 1-20 1.0-3.0 -
Results 80 43 16918 200 + 50 89020  0.57*03 44202 22403 2.47
(30.43:3 AU) (360 + 90 AU) (7.9 £ 0.4 AU)
Scan 1 - 0-180 1-50 rin—300 500-2000 0.0-1.0 1-1000 1.0-5.0 -
Scan 2 - 10-30 5-15 100-300 800-1000 0.5-0.7 1-20 1.0-3.0 -
Results 70 17+5 1.8 160 =+ 40 90071 0.58+02 4402  22+02 245
(212718 AU) (288 + 72 AU) (7.9 + 0.4 AU)
Scan 1 - 0-180 1-50 7in—300 500-2000 0.0-1.0 1-1000 1.0-5.0 -
Scan 2 - 2040 5-15 100-300 800-1000 0.5-0.7 1-20 1.0-3.0 -
Results 60 29+7 9.7+0.7 140 + 40 900+ 10 0.58 +0.1 4.4 +0.2 2.2f8f 2.44
(17.5 £ 1.3AU) (252 + 72 AU) (7.9 + 0.4 AU)

Notes. () Disk inclination angle; ® PA of the long axis of the disk; ® inner disk radius; ® outer disk radius;  disk temperature at the inner radius;
© temperature power-law index; "’ projected binary separation along PA of 66.2°; ® flux ratio between the stars;  reduced y? of the best-fitting

model.

Our model has seven free parameters (see Table 2): the inner
disk radius rj,, the outer disk radius ryy, the disk temperature T,
at the inner radius, the temperature power-law index «, the pro-
jected separation ry of the binary, the flux ratio x between the
two stars, and the PA 65 of the major axis of the inclined disk.
The mass center of the binary is expected to be at the center of
the disk. However, since we do not know the mass ratio and in
order to keep the number of parameters small, we assume that
the primary star is located at the center of the disk (for more
discussion, see Sect. 3.2).

The total complex visibility of our model is given by Vg =
fim‘maryvprimary + f:ﬂecondaryvsecondary + fdiskvdisk» where f is the
flux contribution of each component to the total system flux
and V the complex visibility contributed by each component. We
calculated the model-predicted visibilities and closure phases
for each model (Table 2; Sect. 3.2) and compared them with
the observations in order to study if our model can simultane-
ously reproduce all interferometric observations, as well as the
spectral energy distribution (SED). The dereddened SED data
(shown in the upper right panel in Fig. 1) is taken from M04
and Domiciano de Souza et al. (2008), including UBV data from
Wolf & Stahl (1985), JHK data from Skrutskie et al. (2006),
LM data from Bouchet & Swings (1982), NQs data from M04,
and MSX B1B2ACDE data from Egan et al. (2003).

3.2. Results of the temperature-gradient modeling

We searched for the best-fitting model in a large parame-
ter space (see two-step search in Table 2). During each step,
we divided the search range for each of the model parame-
ters into 10—20 intervals and calculated the visibilities, closure
phases, and SEDs of all models that correspond to all combina-
tions of all free model parameter values (~2 X 8 X 107 models;
see Table 2). Then the derived visibilities, closure phases, and
SEDs of all 1.6 x 10® models were compared with the obser-
vations in order to find the best-fitting model with the minimum
overall reduced y?.

Figure 1 and Table 2 show our best-fitting MWC 300 models,
which are able to approximately reproduce the observed wave-
length dependence of the visibilities and the closure phase, along
with the SED. In our first model (Fig. 1 and first three lines in
Table 2), we adopted the inclination angle of i = 80° (M04) as
a fixed value, as discussed above. The flux contributions from

the binary and the disk at different wavelengths (e.g. 1.6 um,
1.9 ym, 2.1 um, and 2.4 ym) are listed in Table 3. This modeling
provided the following parameters. The secondary companion
is 2.2’:8:; times fainter than the primary star and has a projected
separation of 4.4 +0.2 mas or 7.9 +0.4 AU along the PA of 66.2°.
The temperature-gradient disk has an inner radius of ~17 mas
or ~30AU and an outer radius ryy of ~200mas or ~360 AU,
while 7o, cannot be well constrained since the outer (colder)
parts of the disk are faint in the infrared. The disk major axis has
a PA of ~4°. The temperature at the inner disk radius is ~890 K,
and the temperature power-law index is ~0.57 (see Table 2). All
uncertainties correspond to the 5o confidence level.

We also calculated models assuming that the geometric cen-
ter of the binary instead of the primary star is at the center
of the disk. However, these models cannot provide a better fit.
Therefore, in the following, we only discuss the models with the
primary star located at the center of disk.

4. Discussion
4.1. Disk inclination angle

The emission line profile of MWC 300 and strong extinction
along the line of sight suggest an almost edge-on disk (M04).
The value of 80° (i.e., almost edge-on) derived by radiative trans-
fer modeling (M04) is only a rough estimate, so we also investi-
gated models with other inclination angles. The values of param-
eters for the best-fitting models with i = 60° and 70° are listed in
Tabel 2 (lines 4—9). These models can fit the observations with
similar x? values. Our results in Table 2 show that some of our
model parameters (e.g., Tin, @, s, and k) are independent of the
disk inclination angle. However, ry, and 645 strongly depend on
the disk inclination angle and cannot be constrained well. Our
interferometric data do not yet allow us to constrain the inclina-
tion angle since our three visibilities were measured at the same
PA. Therefore, more observations at different PAs are required
in the future to improve the accuracy of the disk parameters.

4.2. Disk size

MO04 modeled MWC 300 with a two-dimensional flared dusty-
disk model and suggest that the inner boundary of the disk has a
radius of ~20 AU and a temperature of ~1120 K. With the same
assumed disk inclination angle of 80°, our best-fitting model
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Table 3. Flux contribution from different components at different wave-
lengths.

1.6um 19pum 2.1um 24um
Forimary 0491 0229  0.124  0.052
frecondary 0223 0.104  0.056  0.024
Jaisk 0.286  0.667 0.82 0.924

suggests a slightly larger and cooler disk, with an inner radius
of ~30 AU and a temperature at the inner radius of ~890 K. This
radius is consistent with the dust sublimation radius of ~35 AU
for 890K and gray dust opacities, but is about 2.5 times larger
than the 1500 K dust sublimation radius of ~12 AU (Monnier &
Millan-Gabet 2002). This large inner disk radius and cool inner
disk temperature may be explained by the existence of the sec-
ondary companion. Considering the minimum binary separation
of 4.4mas (7.9 AU), MWC 300 may have a circumbinary disk,
and the secondary companion may be close enough to the disk
inner radius to interact strongly with the disk (Shi et al. 2012).

4.3. Binarity and B[e] phenomenon

Our interferometric data shows strong closure phases that sug-
gest asymmetries. The asymmetries can be attributed to a bi-
nary or an extremely inhomogeneous disk. However, the ob-
served closure phase signature is too strong to be caused by the
asymmetry of the disk since the disk is only partially resolved
(Monnier et al. 2006). The observed closure phase is therefore
the result of a secondary companion.

Adopting the distance of 1.8 kpc, we obtain a small projected
binary separation of ~7.9 AU. However, due to our one-
dimensional uv coverage, we can only derive the projected
separation of the binary along PA of 66.2° and not its exact
separation. The lower-right hand panel of Fig. 1 indicates the
possible locations of the secondary companion. All companion
positions on the green line correspond to a projected binary sep-
aration of 7.9 AU. The figure shows that MWC 300 may have
a circumbinary disk if the binary separation is small enough
(as, for example, in HD 62623; Plets et al. 1995; Millour et al.
2009). However, considering the AMBER AT'’s field of view, the
binary separation can be large enough (with a maximum value
of 150 mas) for the disk to be a circumprimary disk (as, for ex-
ample, in HD 87643; Millour et al. 2009). More interferometric
observations are required in order to constrain the exact separa-
tion and PA of the binary.

Several other B[e] stars were also found to be binaries:
n Car, MWC349A, HD 87643, V921 Sco, and HD 327083.
In HD 87643 (Millour et al. 2009) and V921 Sco (Kraus
et al. 2012a), circumprimary disks were resolved, whereas in
HD 327083 (Wheelwright et al. 2012) a circumbinary disk was
detected. The n Car binary was found by photometric observa-
tions (Damineli et al. 1997). The binarity of MWC 349A has
not been directly confirmed, but was suggested by Hofmann
et al. (2002). Although the exact role of binarity in the B[e] phe-
nomenon is still an open question, it is possible that the disks are
the result of mass exchange episodes between the stellar compo-
nents of the B[e] stars (Sheikina et al. 2000; Miroshnichenko
2007; Miroshnichenko et al. 2007, 2009; Kraus et al. 2010,
2012b). The slowing down of the radiative wind by the compan-
ion gravitational effect or wind shock may also be an explana-
tion (Plets et al. 1995). Future interferometric observations will
allow us to improve our understanding, since these observations
will be able to determine the orbits of the B[e] binaries and to
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investigate the interaction of the binary companion with the disk
or the wind.

5. Summary

We have presented the first VLTI/AMBER observations of the
enigmatic B[e] star MWC 300. The low visibility values, the
wavelength dependence of the visibilities, and the wavelength
dependence of the closure phase directly suggest that MWC 300
consists of a resolved disk and a binary. To interpret our ob-
servations, we used a temperature-gradient model consisting of
a binary and a ring-shaped disk. The best-fitting model is able
to simultaneously reproduce the wavelength dependence of the
visibilities and the closure phase, as well as the SED. Because of
our one-dimensional uv coverage, we can only derive a projected
binary separation of ~4.4 mas (~7.9 AU) along PA of 66.2°, with
a binary flux ratio of ~2.2 (see Table 2). The increasing number
of detected binaries in B[e] stars suggests that the binarity may
play an important role in the B[e] phenomenon.

Acknowledgements. We thank the ESO VLTI team on Paranal for the excellent
collaboration. The data presented here were reduced using the publicly avail-
able data-reduction software package amdlib kindly provided by the Jean-Marie
Mariotti Center.
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