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ABSTRACT

Context. IRC+10420 is a massive evolved star belonging to the group of yellow hypergiants. Currently, this star is rapidly evolving
through the Hertzprung-Russell diagram, crossing the so-called yellow void. IRC+10420 is suffering from intensive mass loss which
led to the formation of an extended dust shell. Moreover, thedense stellar wind of IRC+10420 is subject to strong line emission.
Aims. Our goal was to probe the photosphere and the innermost circumstellar environment of IRC+10420, to measure the size of its
continuum- as well as the Brγ line-emitting region on milliarcsecond scales, and to search for evidence of an asymmetric distribution
of IRC+10420’s dense, circumstellar gas.
Methods. We obtained near-infrared long-baseline interferometry of IRC+10420 with the AMBER instrument of ESO’s Very Large
Telescope Interferometer (VLTI). The measurements were carried out in May/June 2007 and May 2008 in low-spectral resolution
mode in theJHK bands using three Auxillary Telescopes (ATs) at projected baselines ranging from 30 to 96 m, and in October
2008 in high-spectral resolution mode in theK band around the Brγemission line using three Unit Telescopes (UTs) with projected
baselines between 54 and 129 m. The high-spectral resolution mode observations were analyzed by means of radiative transfer
modeling using CMFGEN and the 2-D Busche & Hillier codes.
Results. For the first time, we have been able to absolutely calibrate the H- and K-band data and, thus, to determine the angular
size of IRC+10420’s continuum- and Brγ line-emitting regions. We found that both the low resolution differential and closure phases
are zero within the uncertainty limits across all three bands. In the high-spectral resolution observations, the visibilities show a
noticeable drop across the Brγ line on all three baselines. We found differential phases up to -25◦ in the redshifted part of the Brγ line
and a non-zero closure phase close to the line center. The calibrated visibilities were corrected for AMBER’s limited field-of-view
to appropriately account for the flux contribution of IRC+10420’s extended dust shell. From our low-spectral resolution AMBER
data we derived FWHM Gaussian sizes of 1.05 ± 0.07 and 0.98 ± 0.10 mas for IRC+10420’s continuum-emitting region in the
H and K bands, respectively. From the high-spectral resolution data, we obtained a FWHM Gaussian size of 1.014± 0.010 mas
in the K-band continuum. The Brγ -emitting region can be fitted with a geometric ring model with a diameter of 4.18+0.19

−0.09 mas,
which is approximately 4 times the stellar size. The geometric model also provides some evidence that the Brγ line-emitting region is
elongated towards a position angle of 36◦, well aligned with the symmetry axis of the outer reflection nebula. Assuming an unclumped
wind and a luminosity of 6× 105L⊙, the spherical radiative transfer modeling with CMGFEN yields a current mass-loss rate of
1.5− 2.0× 10−5M⊙yr−1 based on the Brγ equivalent width. However, the spherical CMFGEN model poorly reproduces the observed
line shape, blueshift, and extension, definitively showingthat the IRC+10420 outflow is asymmetric. Our 2-D radiative transfer
modeling shows that the blueshifted Brγ emission and the shape of the visibility across the emissionline can be explained with
an asymmetric bipolar outflow with a high density contrast from pole to equator (8–16), where the redshifted light is substantially
diminished.

Key words. Techniques: high angular resolution — Techniques: interferometric — Circumstellar matter — Stars: individual:
IRC+10 420 — Stars: mass–loss — Stars: supergiants — Stars: Wolf-Rayet

⋆ The low-spectral resolution data have been obtained as partof the
Guaranteed Time Programme for VLTI/AMBER (program ID: 079.D-
0356(B)), while the high-spectral resolution data were obtained in
the context of science verification observations (program ID: 60.A-
9053(D)).

1. Introduction

Due to its distance (d= 4-6 kpc; Jones et al. 1993), the relatively
high wind velocity (40 kms−1), and the remarkable photomet-
ric history, IRC+10 420 (= V 1302 Aql = IRAS 19244+1115)
is most likely not a post-AGB star evolving through the proto-
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planetary nebula stage as suggested earlier (e.g. Fix & Cobb
1987; Hrivnak et al. 1989; Bowers & Knapp 1989; Trammell
et al. 1994), but a yellow hypergiant (L ∼ 5× 105 L⊙, see Jones
et al. 1993; Oudmaijer et al. 1996). Such extremly luminous stars
are extremely rare, and only a dozen are known in the Galaxy
(Clark et al. 2005). Yellow hypergiants (YHG) have high mass-
loss rates (10−5 − 10−3M⊙yr−1) and are in a short, transitional
evolutionary stage, thereby rapidly crossing the so-called “yel-
low void” in the Hertzsprung-Russell diagram (Humphreys etal.
2002). Their link to other advanced evolutionary phases of mas-
sive stars such as Luminous Blue Variables and Wolf-Rayet stars
is still an open issue in stellar evolution theory.

Because of its large number of remarkable observational fea-
tures, IRC+10420 has been subject to extensive studies over the
last 30 years. The spectral type of IRC+10420 has changed from
F8 Ia+ in 1973 (Humphreys et al. 1973) through A5Ia in the mid
90s (Oudmaijer et al. 1996; Klochkova et al. 1997) to A2 in 2000
(Klochkova et al. 2002). Correspondingly, the effective tempera-
ture has changed by more than 3000 K in the last two and a half
decades. This makes IRC+10420 a unique object for the study
of stellar evolution since it is one of the very rare stars believed
to be in the rapid transition from the Red-Supergiant stage to the
Wolf-Rayet phase.

HST/WFPC2 images of IRC+10420’s surrounding nebula
(Humphreys et al. 1997) revealed a variety of structures in-
cluding condensations or knots, ray-like features, and several
arcs or loops within 2

′′

from the star, plus one or more distant
reflection shells. All these features suggest frequent episodes
of high mass loss during the past centuries. Castro-Carrizo
et al. (2001) found thermal SiO emission in a huge hollow
shell around IRC+10420, with a typical radius of∼ 1017 cm
(=6680 AU=1.′′34 at a distance of 5 kpc), a shell width smaller
than half of the radius, and an expansion velocity of 35 kms−1.
Castro-Carrizo et al. (2007) mapped IRC+10420 ’s nebula in the
12CO J= 2-1 and 1-0 transitions and found that the nebula shows
an approximately spherical, extended halo surrounding a bright
inner region, with both components clearly presenting smaller
aspherical features. The CO nebula expands isotropically with
an expansion rate similar to the SiO shell.

The chemical composition of IRC+10420’s nebula is domi-
nated by O-rich chemistry as suggested by several observations
(e.g. the OH maser emission by Reid et al. 1979), and is sim-
ilar to O-rich AGB stars as recently found by Quintana-Lacaci
et al. (2007). IRC+10420 is also among the brightest IRAS ob-
jects and one of the warmest stellar OH maser sources known
(Giguere et al. 1976; Mutel et al. 1979; Diamond et al. 1983;
Bowers 1984; Nedoluha & Bowers 1992). Ammonia emission
has been reported by McLaren & Betz (1980) and Menten &
Alcolea (1995). From CO observations, high mass-loss rates
of the order of several 10−4 M⊙yr−1 (Knapp & Morris 1985;
Oudmaijer et al. 1996; Castro-Carrizo et al. 2007) have beende-
rived.

As inferred by many studies, the structure of the inner cir-
cumstellar envelope (CSE; spatial scale of milliarcseconds) of
IRC+10420 appears to be as complex as that of the outer nebula,
and numerous scenarios have been proposed to explain its ob-
served features. These models include a rotating equatorial disk
(Jones et al. 1993), bipolar outflows (Oudmaijer et al. 1994), in-
fall of circumstellar material (Oudmaijer 1998), wind blowing
in a preferential direction (Humphreys et al. 2002), and even
the simultaneous presence of inflowing and outflowing matter
(Humphreys et al. 2002).

Despite very intensive observing campaigns, the overall
geometry of IRC+10420’s CSE is still a matter of debate.

Humphreys et al. (2002) obtained HST/STIS spatially resolved
spectroscopy of IRC+10420 and its reflection nebula. They sug-
gested that given the stellar temperature and the high mass-loss
rate, the strong stellar wind of IRC+10420 must be optically
thick and, thus, the observed variations in the apparent spec-
tral type and temperature are due to changes in the wind and
do not reflect an interior evolution on short timescales. Thede-
tection of a nearly spherical CSE by Humphreys et al. (2002)
is in marked contrast to other observations that reveal a rather
axis-symmetric wind geometry in IRC+10420, such as the ear-
lier HST images (Humphreys et al. 1997), integral-field spec-
troscopy (Davies et al. 2007), or recent spectropolarimetry (Patel
et al. 2008). These latter observations suggest a symmetry axis
at a position angle of 45◦ ± 15◦.

Infrared interferometric and coronographic observationsof
IRC+10420 were reported by, e.g., Dyck et al. (1984), Ridgway
et al. (1986), Cobb & Fix (1987), Christou et al. (1990), Kastner
& Weintraub (1995), Blöcker et al. (1999), Sudol et al. (1999),
Lipman et al. (2000), and Monnier et al. (2004). Blöcker et al.
(1999) presented diffraction-limited 73 masK-band bispectrum
speckle-interferometry observations of IRC+10420’s dust shell.
They found that theK-band visibility steeply drops to a plateau-
like value of≈ 0.6 at 6 m baseline and, thus, concluded that
40% of the totalK-band flux comes from the extended dust
shell. The best radiative transfer model found by Blöcker et al.
(1999) to simultaneously explain the spectral energy distribu-
tion (SED) andK-band visibility contains a two-component
shell composed of silicate dust with an inner rim at 69 stellar
radii where the dust temperature is 1000 K. Moreover, Blöcker
et al. (1999) found that a phase of heavy mass loss with mass-
loss rates approximately 40 times higher than the currentṀ =
1.4×10−5 M⊙yr−1× (dkpc−1) must have ceased roughly 60 to 90
yrs ago.

Monnier et al. (2004) obtained bothK-band aperture-
masking observations of IRC+10420 using the Keck I telescope
and long-baseline interferometric observations with the beam-
combiner instrument FLUOR at the IOTA interferometer (e.g.
Traub 1998). While the aperture masking observations basically
confirmed the results of the speckle observations of Blöcker et al.
(1999), i.e. a sharp visibility drop for baselines shorter than 2 m
and a plateau-like visibility of∼0.6 up to a 8 m baseline, from
the IOTA measurements Monnier et al. (2004) found aK-band
visibility of ∼0.7, from which they concluded that the compact
stellar component is not resolved at baselines as long as∼35 m.

Recently, de Wit et al. (2008) presented the first near-infrared
long-baseline interferometric observations of IRC+10420 ob-
tained with the AMBER instrument at ESO’s Very Large
Telescope Interferometer (VLTI). The observations presented by
de Wit et al. (2008) were carried out in medium spectral resolu-
tion mode (λ/∆λ = 1 500) around the Brγ emission line. de Wit
et al. (2008) resolved the Brγ line-emitting region and derived a
Gaussian FWHM size of 3.3 milliarcseconds (mas), but due to
calibration problems, the size of the continuum-emitting region
could not be constrained.

In this paper, we present the first VLTI/AMBER observa-
tions of IRC+10420 in theH andK bands in low-spectral res-
olution mode and the first AMBER measurements of its Brγ-
emitting region with a spectral resolution ofλ/∆λ = 12 000
(high-spectral resolution mode of AMBER) and baselines up to
128 m. From these new AMBER observations, the size of the
continuum-emitting region in several spectral channels across
the H and K bands could be derived and, by comparison of
the high-spectral resolution AMBER data with 2-D gas radiative
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transfer models, details on the size and geometry of the Brγ line-
emitting region could be obtained.

The observations presented here are the first step of an ob-
serving campaign to better constrain the geometry of the inner
wind region of IRC+10420 at a scale of a few stellar radii.

The paper is structured as follows. In Sect. 2 we will present
the AMBER observations of IRC+10420 and discuss the data
reduction. In Sect. 3.1 we discuss the implications of AMBER’s
limited field-of-view for the observations of the very extended
object IRC+10420. In Sect. 3.2 and 3.3, the absolute calibration,
radiative transfer modeling, and interpretation of the AMBER
data will be discussed. The paper closes with a summary and
conclusions in Sect. 4.

2. Observations and data reduction

2.1. General remarks on the data reduction process

In the following two subsections we describe our VLTI/AMBER
observations of IRC+10420 in low (LR) and high spectral res-
olution (HR) mode. AMBER is the near-infrared closure-phase
beam combiner of ESO’s VLTI, simultaneously operating in the
J, H, andK bands. This instrument is capable of interfering the
light of either three 1.8 m Auxiliary Telescopes (ATs) or three of
the 8.2 m Unit Telescopes (UTs) located on Paranal. A detailed
description of the AMBER instrument and its optical design is
given in Petrov et al. (2007) and Robbe-Dubois et al. (2007).The
AMBER data presented here were reduced using version 2.2 of
the data reduction packageamdlib 1. The reduction software is
based on the so-called Pixel-to-Visibility-Matrix (P2VM)algo-
rithm, which is described in Tatulli et al. (2007).

Following previous experiences with the reduction of low
and high-spectral resolution AMBER data (e.g. Weigelt et al.
2007; Wittkowski et al. 2008), the data selection was carried
as follows: As primary selection criteria we used the signal-to-
noise ratio (SNR) of the fringe signal. For the LR data, we kept
20% of the data with the highest fringe SNR, while for the HR
data taken with the fringe tracker FINITO (e.g. Gai et al. 2003;
Le Bouquin et al. 2008) we kept 80% of the data with the high-
est fringe SNR. In both cases, the optimal fringe SNR selec-
tion value was found by increasing the fraction of discardeddata
frames from 0 to 80%. A stronger selection than given above
only led to an increase of the noise; i.e., finally there was only
a decrease of the data quality rather than a significant improve-
ment. In addition to the fringe SNR selection, to ensure a proper
deselection of all frames which are far from zero optical path
difference, we also discarded in the low- as well as high-spectral
resolution data all frames with a piston of more than 10µm. For
the high-spectral resolution data, this seems to be a too strong se-
lection, since in this case the coherence length is of the order of
λ/∆λ × λ ≈ 2 cm, but due to the use of FINITO the piston vari-
ation is typically much small than 100 micron in the HR data.
Since it turned out that the HR results do not show a strong vari-
ation with piston selection, we finally decided to use the same
piston selection criteria for both the HR and LR data.

Concerning the error estimates of our AMBER measure-
ments, we were facing the problem that for each observation
only one suitable calibrator measurement was available. Thus, in
addition to the statistical error of the observables calculated from
the average over all frames of a given data set, it was problem-
atic to address also any systematic error sources. Therefore, to

1 This software package is kindly provided by the
Jean-Marie Mariotti Center and publicly available from
http://www.jmmc.fr/dataprocessingamber.htm.
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Fig. 1. (u, v) coverage of the VLTI/AMBER observations of
IRC+10420 in low (LR) and high (HR) spectral resolution mode
presented in this paper.

account for systematic uncertainties of the absolute calibration
process, we looked up previous AMBER measurements taken
under similar weather conditions. From these comparisons,we
concluded to add an absolute error of 0.03 to all visibility data
and 3 degrees to all phases to account for the systematic uncer-
tainties.

2.2. The low-spectral resolution data

The low-spectral resolution (hereafter LR) AMBER obser-
vations of IRC+10420 were obtained with the Auxiliary
Telescopes (ATs) in May/June 2007 and May 2008 using the lin-
ear baseline configurations E0-G0-H0 and A0-D0-H0. A sum-
mary of the LR observations is given in Table 1. As this table
as well as the (u, v) coverage in Fig. 1 shows, the total base-
line and position angle ranges covered by the LR observations
of IRC+10420 are 15 to 94 m and 69 to 75◦, respectively, i.e.
the observations were essentially carried out in the same direc-
tion on the sky. All measurements were made under sub-average
to average seeing conditions (see Tabs. 1 and 2). For the cal-
ibration of all LR AMBER data on IRC+10420 we used the
calibrator HD 190327. A record of the calibrator observations is
also provided in Table 1.

Unfortunately, due to technical problems during the obser-
vations, from the measurements carried out in June 2007 reli-
able data could only be retrieved from one of the three baselines.
Thus, in this case only one visibility instead of a triplet was ob-
tained. Due to unfavorable weather conditions and limitations
of the technical performance, reliable differential and closure
phases from the LR observations could not be derived for any
of the 2007 observations, but only for those from May 2008.

The results of the AMBER LR observations of IRC+10420
are shown in Fig. 2. The panels in the left and middle column
show the AMBERK-band visibilities as a function of wave-
length for the three epochs covered by our study, the top right
panel shows the the AMBERH-band visibilities as a function of
wavelength, and the bottom right panel illustrates the differential
and closure phases in theJ,H, andK bands obtained from the
May 2008 observations of IRC+10420.

Two main results can be seen in Fig. 2. First, both theH-
and K-band visibilities show only a weak wavelength depen-
dence, and the visibility change with baseline for a given wave-
length is only moderate. This corresponds to the fact that even
with the shortest baselines of our AMBER observations, the ex-
tended dust shell of IRC+10420 is already fully resolved, and
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Fig. 2. VLTI /AMBER observations of IRC+10420 in low-spectral resolution mode. The panels in the left and middle columns show the calibrated
K-band visibility as a function of wavelength for the observations listed in Table 1. The top right panel shows the calibrated H-band visibility of
IRC+10420 as a function of wavelength from the May 2008 observations. As will be outlined in 3.1 in more detail, all visibilities suffer from a
strong field-of-view effect. Finally, the bottom right panel presents the differential phase in theH andK bands (left y-axis scale) and the closure
phase (right y-axis scale) in theJ, H, andK bands as a function of wavelength for the observations carried out in May 2008.

Table 1. Summary of the AMBER low-spectral resolution observations
of IRC+10420 and the calibrator star HD 190327. UTC is the time
stamp (Universal Time) corresponding to the start of fringetracking,
Bp is the projected baseline, and PA denotes the position angleof the
observation. The seeing value given in the last column corresponds to
the DIMM seeing at the time of the corresponding observation. Each
measurement consists of 5000 frames with an exposure time of50 ms.
The calibrator HD 190327 has spectral type K0III,K = 3.2m (Cutri
et al. 2003), and a uniform-disk diameterd = 1.10±0.01 mas (Richichi
et al. 2005).

date UTC AT Bp PA seeing
configuration [m] [◦] [ ′′]

IRC + 10420
2007− 05− 17 08 : 11 : 53 A0− D0− H0 31− 93 75 1.0
2007− 05− 17 09 : 18 : 51 A0− D0− H0 32− 96 72 1.4
2007− 06− 18 08 : 09 : 22 E0−G0− H0 15− 48a 69 0.7
2008− 05− 21 08 : 12 : 14 A0− D0− H0 31− 94 74 0.8

HD 190327
2007− 05− 17 08 : 48 : 23 A0− D0− H0 31− 93 74 1.2
2007− 06− 18 08 : 39 : 13 E0−G0− H0 16− 47 70 0.6
2008− 05− 21 08 : 48 : 41 A0− D0− H0 32− 95 74 0.7

a Due to technical problems during the observations, visibilities
could only be obtained for the intermediate baseline (Bp = 31 m).

thus, AMBER probes the compact stellar component, i.e. the
continuum emission from the central star and the dense circum-
stellar wind. The second result from the calibrated LR observ-
ables shown in Fig. 2 is that both the differential and closure
phases show zero phase signals across all three near-infrared
bands within the uncertaintly limits. Thus, in the LR AMBER
data which mainly probe the continuum emission IRC+10420
does not show detectable deviations from point symmetry.

Table 2. Summary of the AMBER observations of IRC+10420 and
the calibrator star HD 232078 in high-spectral resolution mode from
Oct 14, 2008 using the UT telescope configuration UT1-UT2-UT4. All
measurements were carried out using the fringe tracker FINITO and
with an exposure time of 3 s. The uniform-disk diameter of HD 232078
(spectral type K3IIp),dUD = 0.74 ± 0.1 mas, was taken from the
CHARM2 catalogue (Richichi et al. 2005).Nframes is the total number
of recorded frames. For the meaning of the other columns, seeTable 1.

object UTC Nframes Bp PA seeing
[m] [ ◦] [ ′′]

IRC + 10420 00 : 26 : 40 125 54− 129 36− 75 0.9
HD 232078 00 : 03 : 59 125 51− 130 37− 78 1.1

2.3. The high-spectral resolution data

In addition to the low-spectral resolutionH- and K-band
AMBER observations of IRC+10420 presented in the previ-
ous section, we also obtained the first AMBER measurement
of IRC+10420 in high-spectral resolution mode (spectral res-
olution λ/∆λ = 12 000). The observations were carried out in
October 2008 under average seeing conditions as part of an
AMBER science verification run in order to test the performance
of AMBER using the UTs and the fringe tracker FINITO. In
the context of this science verification run, a single measure-
ment of IRC+10420 and the calibrator star HD 232078 was car-
ried out in theK band, centered around the Brγ emission line
(λc = 2.166µm), with an exposure time of 3 s. Due to this long
exposure time, a window covering 512 pixels, i.e. all spectral
channels of the AMBER detector, could be read out, correspond-
ing to a wavelength coverage between∼ 2.145 and∼ 2.19µm.

It should be noted that a second measurement of IRC+10420
with an exposure time of 1 s was discarded for two reasons.
First of all, the data quality of this second measurement is lower
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than that with the longer detector integration time (DIT), sim-
ply because the SNR is lower. Second, there is no correspond-
ing calibrator measurement with the same DIT close in time to
the science target measurement. From the ESO data archive, we
found two other calibrator measurements with DIT=1 s from dif-
ferent science programs in the same night, but these measure-
ments of the calibrators HD 902 and HD 13692 were taken 1
and 2 hours after the observations of IRC+10420. Since cur-
rent high-spectral resolution AMBER data suffer from a time-
variable high-frequency beating introduced by the VLTI Infrared
Image Sensor IRIS (Gitton et al. 2004), we decided to discard
these additional measurements because a proper calibration of
the science target data turned out to be impossible. This seems
to be a general problem for observations in high-spectral res-
olution mode if the time span between the science target and
calibrator measurement becomes longer than approximately30-
45 minutes. For the same reason, we also discarded two other
calibrator data sets with the same exposure time (DIT=3 s) as
the measurement of IRC+10420 presented here since these cal-
ibrator observations were carried out∼ 5.5 and 8 hours after
the IRC+10420 observations. To further reduce the effect of the
IRIS fringes in our data, we spectrally binned our final visibil-
ities and phases with a bin size of 7 and a step size of 1. To
avoid a loss of spectral resolution across the Brγ line, this bin-
ning was only performed in the continuum region, i.e. for wave-
length channels withλ < 2.1660µm orλ > 2.1677µm. A sum-
mary of the HR observations discussed in this paper is given in
Table 2.

The calibrated observables of the AMBER high-spectral res-
olution measurements are presented in Fig. 3. The panels in the
three left columns show (from left to right) the visibilities, dif-
ferential phases, closure phases (top), and the spectrum (bot-
tom) for the full wavelength range covered by the observations.
All panels in the three columns on the right-hand side of Fig.3
show the same quantities as the corresponding panels in the three
left columns, but only for a small wavelength range close to the
Brγ emission line. For the sake of clarity, in each panel, only a
single averaged error bar is shown on the right-hand side.

The wavelength calibration of the HR data was performed
by comparison of the AMBER raw spectra of both IRC+10420
and the calibrator HD 232078 with high-spectral resolution
(λ/∆λ = 60 000) telluric spectra kindly provided by the Kitt
Peak Observatory2. The vertical dashed line shown in all pan-
els on the right-hand side of Fig. 3 marks the zero velocity with
respect to earth, assuming a radial system velocity of 73 kms−1

as given by Humphreys et al. (2002), and a heliocentric correc-
tion of -26 kms−1 for the time of the observations. The spectrum
shown in Fig. 3 is the average over the photometric beams from
the three single telescopes and the interferometric signal.

The calibration of the high-spectral resolution AMBER mea-
surements is more uncertain compared to the low-spectral reso-
lution data shown in Sect. 2.2 for two reasons. First of all, for
the HR data, we had only one calibrator measurement instead of
three as in the case of the LR data. Second, the HR data were
recorded with the fringe tracker FINITO. Since the performance
of FINITO depends on, e.g., a target’s correlated flux and the
weather conditions at the time of the observations, the finalcal-
ibrated observables obtained from AMBER+FINITO observa-
tions can be biased either due to a significant brightness differ-
ence between science target and calibrator and/or due to differ-

2 The spectra are retrievable from
http://www.eso.org/sci/facilities/paranal/instruments/isaac/tools/spec-
troscopicstandards.html#Telluric.

ent weather conditions (seeing, coherence time, wind) during the
science target and calibrator measurements.

In the case of the HR measurements of IRC+10420 pre-
sented in this paper, the calibration relies on only a singlecal-
ibrator measurement of HD 23078 which is approximately 0.5
magnitudes fainter in theK band than IRC+10420 (KHD23078=

4.2m; KIRC+10420 = 3.65m). From the weather data3, we can
see that at the time of the calibrator and science target mea-
surements the seeing was varying between 0.′′85 and 1.′′15, and
the wind speed on the ground was steadily declining from 9 to
7.5 ms−1. Thus, there is a noticeable, but not dramatic change in
the weather conditions between the calibrator and IRC+10420
observation. Together with the 0.5 magnitude brightness differ-
ence, this might explain why, for instance, the calibrated visi-
bility at the shortest baseline (see Fig. 3) is slightly larger than
unity. In fact, when using data from other calibrators of the
same night (HD 25680; HD 33833) which were taken several
hours later and with a seeing of 1.′′4, the calibrated visibility of
IRC+10420 reaches values> 1.2.

While the weaker emission peaks seen in the full AMBER
spectrum of IRC+10420 in Fig. 3 are telluric artifacts of the
calibration process and therefore do not indicate real emission
features, the spectrum clearly shows a strong Brγ emission line
arising from IRC+10420 which contributes approximately 50%
to the total flux atλ = 2.1666µm. The Brγ line is clearly
blueshifted withv = −25 kms−1 with respect to the systemic ve-
locity, in agreement with previous findings by, e.g., Oudmaijer
et al. (1994) (v = −30 kms−1) and Humphreys et al. (2002)
(v = −22 kms−1). From theλ-calibration process of our data,
we estimate that the uncertainty of the wavelength calibration is
of the order of 10 kms−1. The equivalent width of the Brγ line
in the AMBER spectrum is−6.7 Å, in good agreement with
the value found by de Wit et al. (2008) from medium-spectral
resolution AMBER observations in June 2006. The Brγ line is
slightly asymmetric in the sense that the redshifted tail ofthe
line is more pronounced with velocities up to∼ 120 kms−1 com-
pared to∼ 80 kms−1 on the blueshifted side.

At the wavelengths of the Brγ emission, the visibilities on all
three baselines show a strong decrease, indicating that theline-
emitting zone is clearly resolved by our AMBER observations
and more extended than the continuum-emitting region. At the
longest baseline, the visibility in the center of the Brγ line is as
low as 0.14. It should be noted here that similar to the LR data
presented in Sect. 2.2 the HR data also suffer from a strong field-
of-view (FOV) effect as will be discussed in more detail in the
next section.

The differential phases in the region of the Brγ -emission
line show a clear non-zero signal within the uncertainty limits.
On all three baselines, we obtained the strongest phase signal in
the redshifted wing of the Brγ -emission line, with phases up
to φi j = −20◦ on the two shorter baselines andφ13 = −26◦

on the longest baseline. The closure phaseΦ, on the other
hand, is in good agreement with the differential closure phase
Φdiff = φ12 + φ23 − φ13. Φ also shows a strong signal in the red-
shifted wing of the Brγ -emission line (∼ −18◦) and the strongest
non-zero signal (∼ −27◦) at the line center.

3 Apart from the information provided by ESO with the raw data
itself, the ambient weather conditions during an observation can be
looked up at http://archive.eso.org/asm/ambient-server.
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Fig. 3. VLTI /AMBER observations of IRC+10420 in high-spectral resolution mode around the Brγ emission line. The two left panels show the
calibrated visibility and differential phase as a function of wavelength for all three two-telescope baselines, while the panels on the right show the
calibrated closure phase (top) and the normalized spectrum, i.e. the spectrum of IRC+10420 divided by the calibrator spectrum and normalized
to peak intensity. While the top panels show the observablesacross the full wavelength range covered by the AMBER measurements, all bottom
panels show the same quantities in a wavelength region closeto the Brγemission-line in more detail. The visibilities and phases in the continuum
region (λ < 2.1660µm andλ > 2.1677µm) have been spectrally binned to reduce the high-frequencybeating introduced by IRIS. The absolute
wavelength calibration was performed by comparing the raw spectra of all data sets with telluric spectra from the Kitt Peak Observatory, which
were convolved to match the spectral resolution of the AMBERmeasurements.
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3. Results and discussion

3.1. The field-of-view effect

Since VLTI/AMBER is a single-mode fiber instrument, the field-
of-view (FOV) is limited to the Airy disk of the telescope aper-
ture. Therefore, for AMBER observations with the 1.8 m ATs of
the VLTI, the FOV is 250 mas in theK band, while for AMBER
observations with the 8.2 m UTs, the FOV is only∼ 60 mas.
Thus, when observing an object as extended as IRC+10420 with
AMBER, it is of great importance to take AMBER’s limited
FOV into account, since a non-negligible fraction of the total
flux will be located well outside the FOV of the observations.

To account for the FOV effect in the AMBER data of
IRC+10420, we used the dust radiative transfer model of
Blöcker et al. (1999). This radiative transfer model was devel-
oped with the code DUSTY (Ivezic & Elitzur 1997; Nenkova
et al. 1999, 2000) to simultaneously explain the spectral energy
distribution (SED) andK-band speckle-interferometric observa-
tions obtained with the SAO 6 m telescope.

The azimuthally averagedK-band visibility of Blöcker et al.
(1999) is shown in the top-left panel of Fig. 4 as a function of
baseline length. As one can see, the steep visibility drop ends in
a plateau at a visibility level of∼60%. The plateau itself is asso-
ciated with the unresolved stellar component plus the densestel-
lar wind of IRC+10420, which can be probed by interferometry
with baselines longward of approximately 10 m. On the other
hand, the extended dust shell is fully resolved already witha few
meter baseline. According to the best-fitting model of Blöcker
et al., as a result of its heavy mass loss IRC+10420 is sur-
rounded by an optically thick dust shell composed of silicate
dust, which contributes approximately 40% to the totalK-band
flux of IRC+10420. The inner boundary of the dust shell which
marks the dust sublimation radius is located at 69R⋆ ≈ 69 mas
and exhibits a dust temperature of 1000 K. Moreover, Blöcker
et al. found that in addition to the steady stellar wind a phase
of enhanced mass loss (superwind) that ceased roughly 60 to
90 yrs ago is required to explain both theK-band visibility and
the SED. In the intensity profiles shown in Fig. 4b, this tem-
poral superwind phase results in the bump seen at an angu-
lar displacement of∼ 170 mas. Thus, according to Blöcker et
al. IRC+10420 ’s dust shell comprises two components: An
outer shell resulting from the previous superwind phase and,
directly adjacent to this outer shell, an inner shell resulting
from the present-day mass loss which followed the superwind
phase. During the superwind phase, the mass-loss rate was ap-
proximately 40 times higher than the current mass-loss rateof
1.4× 10−5 M⊙yr−1.

Since the speckle data of Blöcker et al. were taken with a
comparably large FOV (∼ 14′′), the infinite FOV of the DUSTY
model was well suited for the speckle data analysis. In the con-
text of our AMBER observations, we re-examined the final ra-
diative transfer model of Blöcker et al. as follows. We usedthe
radialH- andK-band intensity profiles of their final model (see
the top-right panel in Fig. 4) and calculated the visibilities from
the intensity profiles, which were truncated to match a given
FOV. We note that it would have been more precise to convolve
the intensity profiles with the corresponding telescope aperture
before the truncation, but the effect of the convolution on the
final result is only weak and, therefore, has been omitted here.
The H- andK-band visibilities resulting from our FOV correc-
tion are shown in the middle panels of Fig. 4 for the FOVs given
by the plot labels. As expected, the smaller the FOV, the higher
the plateau value of the visibility, since an increasing fraction of

the extended dust shell lies outside the FOV and will, therefore,
no longer contribute to the flux and visibility, respectively.

In the bottom right panel of Fig. 4, the AMBER visibility
correction for IRC+10420 is shown as a function of wavelength
across theH andK bands. This wavelength-dependent correc-
tion has to be subtracted from the measured visibility in order
to correct AMBER’s finite FOV when observing with the ATs.
The figure reveals that the visibility correction decreaseswith
increasing wavelength from approximately 0.42 at 1.45µm to
0.1 at 2.45µm. This decrease reflects the decreasing flux con-
tribution of the dust shell (scattering+ thermal emission) with
increasing wavelength (see upper right panel in Fig. 4). Forin-
stance, at 1.5µm the contribution of the attenuated stellar flux
to the stellar flux is only 35%, while it is almost 60% at 2.2µm.
Correspondingly, the FOV correction is stronger in theH band
than in theK band. At the center of theH andK bands the visi-
bilities of the unresolved stellar component in the model with a
250 mas FOV are approximately higher by 0.18 and 0.35 com-
pared to the DUSTY model with an infinite FOV. For a 60 mas
FOV, the effect is even more dramatic. Here, almost the complete
dust shell is truncated due to the small FOV, and the visibility
approaches unity, since mainly the compact stellar component
contributes to the total flux. According to Fig. 4, we can expect
that only∼ 6% instead of the originally 40% of flux from the
extended dust shell remains, if the FOV is as small as 60 mas.

3.2. The low-spectral resolution data

As discussed in the previous section, the AMBER visibilities
of IRC+10420 obtained with both ATs and UTs are highly af-
fected by the limited FOV of the observations. From the radia-
tive transfer model of Blöcker et al. (1999), we estimated the
effect of AMBER’s limited FOV on theH- andK-band visibil-
ities for baselines which start to resolve the stellar component
and its dense wind. We lowered all LRH- andK-band visibili-
ties shown in Fig. 2 according to the wavelength-dependent vis-
ibility correction shown in the bottom panel of Fig. 4. Figure 5
shows the rescaledK-band AMBER visibilities from May 2007
and May 2008 (top panels) and the rescaledH-band AMBER
visibilities from May 2008 (bottom left panel) which would be
obtained in the case of an infinite AMBER FOV.

As the bottom-right panel in Fig. 5 illustrates, the rescaled
AMBER K-band data atλ = 2.11µm (red bullets with er-
ror bars) are in good agreement with the visibilities from the
speckle-interferometric observations by Blöcker et al. (1999)
(blue bullets) within the uncertainties of both measurements.
The solid green curve in Fig. 5 shows a Gaussian fit of the com-
pact stellar component, assuming a fully resolved dust shell with
an a priori unknown flux contribution. As indicated in the plot,
a two-parameter fit with stellar diameterd⋆ and the fractional
flux contribution of the dust shell asfdust free parameters gives
a Gaussian FWHM diameter ofd⋆ = 0.98 ± 0.16 mas and a
dust shell flux contribution offdust = 0.35± 0.02. The fitted di-
ameter is in agreement with the stellar diameterd = 1.01 mas
derived for a bolometric flux of 8.2 × 10−10 Wm−2, a distance
of 5 kpc, and a central star effective temperature of 7000 K (see,
e.g., Blöcker et al. 1999).

After rescaling all AMBERH- andK-band visibilities, we
fitted all visibility points for a given wavelength with the simple
two-component model described above (Gaussian stellar com-
ponent+ infinitely extended dust shell). The result of the fit pro-
cedure is shown in Fig. 6, where the fit parameters are displayed
as a function of wavelength for theH- (bottom panel) andK-
band data (top panel). As the figure reveals, within the errorbars
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Fig. 4. Top row: a: Azimuthally averagedK-band visibility (λ = 2.11µm) of IRC+10420 obtained from speckle-interferometric observations with
the SAO 6 m telescope (Blöcker et al. 1999, blue bullets witherrorbars). Up to the cutoff-frequency, the visibility drops to a plateau value of∼0.6.
The red solid line shows the best-fitting radiative transfermodel of Blöcker et al. (1999) obtained with the 1-D code DUSTY. This model is able
to reproduce both the spectral energy distribution and theK-band visibility.b: Near-infrared intensity profiles of the best-fitting DUSTYmodel of
Blöcker et al. (1999) The profiles are shown forλ = 1.25, 1.65, and 2.2µm, corresponding to the central wavelengths in theJ, H, andK bands. All
curves show a characterstic limb-brightening at the inner edge of the dust shell. The dashed vertical lines indicate AMBER’s field-of-view (FOV)
in the case of observations with the 1.8 m-AT telescopes (±125 mas). Note that for the high-spectral resolution AMBER observations with the UT
telescopes, the FOV is only±30 mas.c: Relative contributions of attenuated stellar flux (red), scattered light (green), and thermal dust emission
(blue) as a function of wavelength as inferred by the final DUSTY model of Blöcker et al. (1999) for an infinite FOV.Bottom row: d,e: Visibility
from the best-fitting DUSTY model of Blöcker et al. (1999) asa function of spatial frequency forλ = 2.11 (panel d) and 1.65µm (panel e). The
different curves show the visibility obtained with different FOVs (see labels).f: AMBER visibility correction for IRC+10420 as a function of
wavelength across theH andK bands according to the DUSTY model of Blöcker et al. (1999).The correction is given for a 250 mas FOV, which
corresponds to AMBER observations with the ATs. See text forfurther discussions.

we essentially obtained both a wavelength-independent contin-
uum diameter and a wavelength-independent flux contribution
from the extended dust shell across theK band. On the other
hand, a slight decrease of the dust shell’s flux contributionis seen
across theH band from fdust ≈ 0.64 at the lower band edge to
fdust≈ 0.54 at the upper band edge. A comparison with the lower
left panel in Fig. 4 shows that the wavelength dependence and
the absolute level of the stellar flux contribution derived from the
AMBER data is in basic agreement with the predictions from the
DUSTY model of Blöcker et al. (1999). In this model, the atten-
uated stellar flux amount to approximately 0.58 in theK band
with only a moderate wavelength dependence, while the stellar
flux contribution rises from approximately 0.32 to 0.5 across the
H band.

Averaged over allK-band data, for IRC+10420 we de-
rived a stellar continuum diameter ofdGauss= 0.98± 0.10 mas
(dUD = 1.65± 0.14 mas assuming a uniform disk) and a frac-
tional flux contribution of 1− f⋆ = fdust = 0.41± 0.05 from the
dust shell. From theH-band AMBER data, we founddGauss=

0.99±0.07 mas (dUD = 1.63±0.12 mas) andfdust= 0.44±0.01.

3.3. The high-spectral resolution data

3.3.1. FOV effect correction

To account for the larger uncertainties in the absolutely cali-
brated data, we used a slightly different strategy to correct the

HR AMBER data for the FOV effect described in Sect. 3.1.
Looking at Fig. 4e we see that for AMBER+UT observations
with a FOV of ∼ 60 mas, the fractional flux contribution of
the dust shell in theK band is only of the order of 6%. On
the other hand, from the fit of our LR AMBER data, we found
that IRC+10420’s K-band continuum diameter is 0.98 mas.
Therefore, we corrected our HR AMBER visibilities in the fol-
lowing way: For a given baseline, we first rescaled the visibility
as a function of wavelength to match the value expected for a
single, compact component with 0.98 mas diameter. Then, we
globally lowered the rescaled visibilities by 6% to accountfor
the diffuse, extended flux contribution of the dust shell.

The final result of this rescaling process in order to take the
FOV effect into account is shown in the upper panel of Fig. 7.
Here, we show for a small wavelength range around the Brγ line
theK-band visibilities one would retrieve for IRC+10420 in the
case of an infinite AMBER FOV. As the figure reveals, the con-
tinuum visibilities are now∼ 0.9 for the shortest baseline, 0.83
for the intermediate baseline, and 0.68 for the longest baseline.

3.3.2. Simple geometrical model

Attempting to get a first idea of the size of the Brγ line-emitting
region and disregarding a possible deviation from spherical sym-
metry, we fitted a spherical Gaussian to all continuum data for a
given wavelength withλ < 2.1660µm andλ < 2.1667µm, tak-
ing into account the 6% flux contribution from the extended dust
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Fig. 5. VLTI /AMBER observations of IRC+10420 corrected for the field-of-view effect.Top: The two panels show theK-band AMBER visibilities
as a function of wavelength for two of our LR measurements in May 2007 and May 2008, corrected for the limited FOV, as discussed in Sect. 3.1.
Bottom left: AMBER H-band visibilities as a function of wavelength from our LR observations in May 2008, corrected for the limited FOV.Bottom
right: AMBER K-band visibilities atλ = 2.11µm corrected for AMBER’s limited FOV (red bullets) and visibility from the speckle-interferometric
observations of Blöcker et al. (1999, blue bullets) as a function of baseline. As the figure reveals, after correction for the FOV effect the speckle
and long-baseline observations are in good agreement, showing the fully resolved dust shell and the nearly unresolved stellar component. The
solid green line is a two-component fit of a compact Gaussian representing the stellar component and a fully resolved dustshell. The fit reveals a
Gaussian FWM diameter ofd⋆ = 0.98± 0.16 mas and a flux contribution offdust= 0.35± 0.02 from the dust shell.

shell. Averaged over all spectral channels (approximately490
channels), we obtained a FWHM Gaussian size ofdcontinuum =

1.014± 0.01 mas for the continuum-emitting region. We note
that the error given here includes not only the the pure fitting
error, which is only of the order of 0.001 mas, but also reflects
the uncertainties of the overall calibration process, including the
FOV-related rescaling of the data.

To derive the size of the Brγ line-emitting zone, we fitted
the visibilities in the spectral channels with noticeable Brγ line-
emission in the spectrum, i.e. for 2.1660µm <∼ λ <∼ 2.1667µm,
with a three-component model. For the sake of simplicity, inthis
simple model, we neglect likely deviations from a sphericalor
even point-symmetric distribution of the Brγ line-emitting re-
gion. de Wit et al. (2008) convincingly argued that the Brγ line-
emitting region cannot have a spherical shape, but is most likely
elongated towards a position angle of 20◦. Unfortunately, as in
the case of the study of de Wit et al. (2008), also our single mea-
surement with a position angle coverage of∼ 40◦ is only of
limited use to put reliable constraints on the shape of the emis-
sion zone. Nevertheless, we studied the emission region also in
the context of a 2-D radiative transfer model as will be shown
in more detail in the next section. However, independent from a
more sophisticated modeling, qualitatively we can conclude that
the clear non-zero detection in the differential and closure phases
across the Brγ line in our AMBER HR measurement shows that
the geometry of the line-emitting region deviates from a point-
symmtric configuration. On the other hand, in the center of the
Brγ line the differential and closure phases are of the order of
<∼ 10◦. Thus, in order to determine the typical size of the Brγ -

emitting zone with the simple model approach discussed here
we decided to neglect the non-zero phases.

Our simple three-component model consists of the following
components: (a) a fully resolved, infinitely large dust shell with
a fixed fractional flux contribution of 6%, (b) the stellar contin-
uum, approximated by a Gaussian with a fixed size of 0.98 mas
according to our continuum fit, and (c) the Brγ line-emitting re-
gion, which is represented in our simple model by a ring with
infinitely thin thickness (∆r = 0). The total visibility can then be
written as

Vtotal = fdust× Vdust+ fcont× Vcont+ fring × Vring (1)

with

fdust+ fcont+ fring = 1.0 and fdust= 0.06 (fixed), (2)

Vdust= 1 for Bp = 0 and Vdust= 0 elsewhere, (3)

Vcont = exp



















−

(

πdcontBp/λ
)2

4. × log(2.)



















(4)

with dcont = 0.98 mas (fixed) and

Vring = J0(πdringBp/λ). (5)

Bp is the projected baseline,J0 is the Bessel function of 0th
order, anddring is the diameter of the infinitely thin ring repre-
senting the Brγ line-emitting region. As can be seen from the
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Fig. 6. Stellar diameterd⋆ (red: Gaussian; green: uniform disk) and
fractional stellar flux contributionf⋆ (blue curve; right y-axis scale) as
a function of wavelength resulting from two-component fits (star+ very
extended dust shell) of the AMBER LR data of IRC+10420 in theK
(top) andH (bottom) bands. Averaged over all wavelength channels, we
find a Gaussian FWHM stellar diameterdGauss= 0.98± 0.10 mas (uni-
form disk:dUD = 1.64± 0.16 mas) in theK band andf⋆ = 0.60± 0.02.
From the AMBERH-band data, averaged over all wavelength channels,
we find a diameter ofdGauss= 1.05± 0.07 mas (dUD = 1.72± 0.13 mas)
and a fractional flux contribution offdust = 0.55± 0.02 from the dust
shell. The derived flux contribution of the central star and its wavelength
dependence is in basic agreement with the predictions from the DUSTY
model of Blöcker et al. (1999).

above equations, our fit procedure contains two free parame-
ters: the ring diameterdring and the fractional flux contribu-
tion from the Brγ line-emitting region of IRC+10420’s optically
thick stellar wind,fring. In principle, one could also fixfring and
f⋆ = 1− fring− fdust according to the spectrum shown in Fig. 3, if
the continuum emission is interpolated across the Brγ line. For
instance, a linear interpolation from the spectral channels mea-
suring pure continuum emission would givef⋆ = 0.415 and
fring = 0.525. But since it is not clear a priori to which extent
photospheric absorption is present (which is probably not un-
likely for an A-type star, see discussion in de Wit et al. 2008),
we decided to keep the fractional flux contribution from the stel-
lar wind component as a free parameter.

Our best-fit result for the central wavelength channel in the
Brγ line is shown in the middle panel of Fig. 7. Here, the visibil-
ity according to Eqs. (1)-(5) is plotted as a function of baseline
for λ = 2.16664µm. The blue bullets with error bars are the three
AMBER data points, and the three curves visualize the best fit
model and its tolerance. We found that our AMBER data in the
center of the Brγ emission line can be well fitted with a ring with
a diameter ofdring = 4.18+0.19

−0.09 mass≈ 4.12× d⋆, whose frac-
tional flux contribution isfring = 0.58+0.02

−0.04. We note that the size
of the Brγ line-emitting region obtained from our fit is in gen-
eral agreement, although slightly larger than the 3.3 mas found
by de Wit et al. (2008) from a single-component Gaussian fit
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Fig. 7. Top: HR AMBER visibilities of IRC+10420 around the Brγ -
emission line as a function of wavelength. The data have beenrescaled
according to the procedure described in Sects. 3.1 and 3.3 toaccount for
AMBER’s 60 mas FOV. The strong decline of the visibilities across the
Brγ line illustrate that the Brγ line-emitting region is fully resolved by
our observations.Middle: AMBER HR visibilities forλ = 2.16664µm
(red bullets with error bars) and a corresponding three-component
fit (dust shell+ stellar continuum+ line-emitting region; solid blue
line with tolerance fits represented by dashed blue lines) according to
Eqs. (1)-(5). From the fit, we find that the diameter of the line-emitting
region isdBrγ = 4.18+0.19

−0.09 mas= 4.12× d⋆. See Sect. 3.3 for further de-
tails. Bottom: Polar diagram showing Gaussian FWHM ring diameters
fitted to the three AMBER visibilities atλ = 2.16664µm (red bullets
with error bars) together with an ellipse fit (blue solid line). As the figure
illustrates, the fit supports the idea that the region of the Brγ emission
is elongated towards a position angle of 36± 11◦, but due to the very
limited amount of data, this result might be biased and has tobe taken
with care.

of the line data. Fromfring, we directly obtainf⋆ = 0.36+0.02
−0.04;

i.e., from our best fit, we indeed find a photosperic absorption
in the Brγ line of the order offabs = ( f⋆,cont − f⋆,line)/ f⋆,cont =

(0.415− 0.36)/0.415= 0.13.
Despite the limited amount of data and the limited posi-

tion angle coverage, we also briefly addressed the question of
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an aspherical shape of the Brγ line-emitting region in the con-
text of our simple model fits. For this study, we used the three-
component model described above and fixedfring to the value
found from the 1-D fit (fring = 0.58) of theλ = 2.16664µm
data. Then, we first fitted all three data points with the three-
component model with onlydring as free parameter, and finally,
we fitted an ellipse to the three ring diameters as a function of
position angle. The result is shown in the bottom panel of Fig. 7,
where the fitted ring diameters and the ellipse are displayedin
a polar diagram. As the figure shows, the position-angle depen-
dence of the ring diameter can be fitted with an ellipse with ma-
jor and minor axes of 4.32± 0.44 mas and 3.86± 0.37 mas, re-
spectively, and a position angle of the major axis ofΦ = 36±11◦.
Interestingly, the major axis is nearly aligned with the elongation
of the outer reflection nebula of IRC+10420 seen in the HST
images of Humphreys et al. (1997, PA= 33◦) and the symmetry
axis of the Hα emission as inferred by Davies et al. (2007).

3.3.3. Radiative transfer modeling of the Brγ line emission

A simple geometrical model as presented in the previous section
cannot explain the AMBER observations in detail. Thus, a more
physical model is required to interpret, for instance, the blueshift
of the Brγ emission, the visibility across the emission line, and
the non-zero phases. Therefore, in a second step of our analysis
we interpreted the AMBER data of IRC+10420 using the itera-
tive, spherical symmetric, full line-blanketed, non-LTE radiative
transfer code CMFGEN (Hillier & Miller 1998).

The radiative transfer code In CMFGEN, a spherically-
symmetric outflow in steady-state is assumed, and line and con-
tinuum formation are calculated in a non-LTE regime. Each
model is specified by its effective temperatureTeff , luminosity
L⋆, effective gravity geff, mass-loss ratėM, wind terminal ve-
locity v∞, and chemical abundancesZi of the included species.
Moreover, a velocity law must be adopted, since the momen-
tum equation of the wind is not solved. CMFGEN can only han-
dle monotonically increasing velocity laws and, therefore, no in-
flows can be analyzed using this code. The velocity structurev(r)
is parameterized by a beta-type law, which is modified at depth
to smoothly match a hydrostatic structure atR⋆. We define the
hydrostatic radius as the radius where the wind velocity is equal
to one third of the sonic velocity (v = vsonic/3), in order to avoid
any effect of the dense wind on the determination ofR⋆. Close
to and belowR⋆, the hydrostatic equation is iterated in order to
produce a quasi-hydrostatic structure which extends inwards to
the inner model boundary (at a Rosseland optical depth of 100).
The effective temperature is defined as the temperature where
the Rosseland optical depth is 2/3, i.e.,Teff = T (τRoss= 2/3).

While CMFGEN can handle the effects of clumping via a
volume filling factorf , we decided to assume a unclumped wind
(i.e. f = 1) since no strong electron scattering wings are present
around the Brγ line. The strength of such electron scattering
wings is sensitive to the amount of wind clumping (Hillier 1991),
and even assuming an unclumped wind model (which produces
the maximum strength possible in the electron scattering wings),
no detectable electron scattering wings are seen in Brγ .

Line blanketing affects the ionization structure of the wind
and, consequently, the spectrum. CMFGEN employs the concept
of super-levels to include thousands of spectral lines in non-LTE,
making it feasible to solve the equations of statistical equilib-
rium and radiative transfer simultaneously. The atomic model
used for IRC+10420 included lines of H, He, C, N, O, and Fe.

Although CMFGEN handles only spherical-symmetric out-
flows, the wind asymmetry was also analyzed using a recently
developed modification in CMFGEN to compute the emerging
spectrum in two-dimensional geometry (Busche & Hillier 2005).
We refer the reader to Busche & Hillier (2005) for further details
about the code, and to that paper and Groh et al. (2006, 2008) for
additional details about applications of the BH05 code. In the
following, we briefly describe the main aspects of the code.

As input the BH05 code requires several quantities (energy-
level populations, ionization structure, temperature structure,
emissivities, opacities, and specific intensityJ) calculated by
the original, spherically-symmetric CMFGEN model in the co-
moving frame. Latitude-dependencies of the wind density and
wind terminal velocity can then be taken into account using any
arbitrary latitude-dependent density/wind terminal velocity vari-
ation. Due to our very limited amount of data, we restricted the
analysis to changes only in the wind density, using oblate and
prolate density parameterizations as follows,

oblate : ρ2D ∝ ρ1D{1+ [a(1− cos2θ)b]} (6)

prolate : ρ2D ∝ ρ1D(1+ a.cosbθ) , (7)

whereθ is the latitude angle (0◦=pole, 90◦=equator). A scal-
ing law is used to ensure that the 2-D model has the same mass-
loss rate as an equivalent spherically symmetric model.

The scaling laws given above are applied only for distances
greater than that where the wind velocity is equal to the sonic
velocity. For smaller distances, no scaling was applied. The 2-
D source function, emissivities, and opacities are then calcu-
lated, assuming that these quantities depend only on the new
values of the scaled density. Appropriate scaling laws are used
for different physical processes (e.g. density-squared scaling for
free-free and bound-free transitions, and linear-densityscaling
for electron scattering). Finally, for a direct comparisonwith the
AMBER observables the spectrum in the observer’s frame and
intensity maps for all wavelengths of interest are computed. In
our analysis, we first considered a spherically symmetric model
and then a model with a prolate/oblate wind structure.

Spherical model The stellar and wind parameters of our best-
fitting spherically symmetric CMFGEN model are presented in
Table 3. Our CMFGEN model has a luminosity ofL⋆ = 6 ×
105 L⊙, in good agreement with previous determinations (e.g.,
L⋆ ∼ 5 × 105 L⊙, Jones et al. 1993) Together with an assumed
mass ofM = 20 M⊙, we find log geff = 0.8. Since IRC+10420
has already lost about half of its initial mass (Humphreys etal.
1997), it is likely that the He content is enhanced on the surface
compared to the solar value. Thus, apart from solar metallicity
our model assumes a He abundance of He/H=0.4 (by number).
Finally, we assumed a distance of 3.5 kpc.

The AMBER high-resolutionK-band spectrum covers only
a short wavelength region around Brγ , and does not provide
enough diagnostic lines to derive a precise value for the effec-
tive temperature of IRC+10420. However, the absence of Hei
2.16137µm and Hei 2.16474µm lines imply an upper limit for
Teff of about 10500 K. Since Klochkova et al. (2002) obtained
Teff ≃ 9200 K for the observations of IRC+10420 in 2000 and
an annual increase inTeff of ∼ 120 K, we assume in our models
Teff = 9600 K. We note that conclusions of the present paper
such as the evidence for wind asymmetry in IRC+10420, are
only weakly affected by reasonable changes inTeff.

Our model requires a mass-loss rate ofṀ = 1.7 ×
10−5 M⊙yr−1 in order to reproduce the equivalent width of the
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Fig. 8. Upper row: Monochromatic images of IRC+10420 predicted by the spherical CMFGEN model with the physical parameters given in Table
3. The panels show (from left to right) model images in theK band continuum (at a velocity−218kms−1, i.e. well outside the line), the blueshifted
Brγ emission atv = −58 km s−1, the center of the Brγ emission, and the redshifted Brγ emission atv = 41 km s−1. The color scale represents the
intensity projected on the sky in units of erg/cm2/s/Hz/steradian and is normalized to the maximum intensity of eachimage.Bottom row, left to
right: Continuum-normalized AMBER spectrum and visibilities ofIRC+10420 (black solid line) around Brγ compared to the spherical CMFGEN
model with physical parameters given in Table 3 (red dotted line). For comparison, a spherical model with the same parameters but an increased
mass-loss rate oḟM = 5× 10−5 M⊙yr−1 is also shown (blue dot-dashed line). Note that the observedBrγ emission of IRC+10420 is blueshifted
compared to the spherical models. Moreover, in disagreement with the observations, spherical models globally predictzero differential and closure
phases.

observed Brγ line in IRC+10420 (−6.7Å, Fig. 8). A wind ter-
minal velocity ofv∞ = 70 km s−1 andβ = 1.5 were used in or-
der to roughly reproduce the Brγ line width. However, the Brγ -
emitting region of such a model is rather compact, not reproduc-
ing the spatial extension of the Brγ emitting region as measured
by AMBER. As a consequence, this model fails to reproduce
the observed visibilities (see red curves in the lower panels of
Fig. 8). Moreover, while the observed spectrum is blueshifted
relative to the systemic velocity, the CMFGEN model spectrum
is slightly redshifted (∼ 10km s−1). The redshift in the model is
caused by the turbulent velocity field of the wind (Catala et al.
1984; Hillier 1987, 1989), which was parameterized using a mi-
croturbulent velocity of 10 km s−1.

An additional model with the same parameters as the model
described above, but witḣM = 5 × 10−5 M⊙yr−1, was calcu-
lated in order to analyze the effects of a largerṀ on the fit of
the AMBER observables. As expected, the increase inṀ re-
sults in a larger Brγ-emitting region, but while such a model with
an increased mass-loss rate is now able to reasonably reproduce
the observed visibilities (see blue curves in the lower panels of
Fig. 8), it also predicts a much higher amount of Brγ line emis-
sion compared to the observations (lower left panel in Fig. 8).
On the other hand, lower turbulent velocities provide slightly
lower Brγ redshifts. However, as a general result we conclude
that spherically symmetric wind models are intrinsically unable
to reproduce the observedblueshifted Brγ line. Moreover, a rea-
sonable simultaneous fit of both the observed Brγ spectrum and
the corresponding visibilities with a spherical model could not
be obtained.

2-D modeling of the AMBER data around the Brγ line -
evidence for wind asymmetry In the previous paragraph we
showed that spherical models are unable to simultaneously re-
produce the observed AMBER visibilities and the Brγ spectrum

of IRC+10420 and, in particular, the blueshift of the Brγ emis-
sion. Thus, one can conclude that a non-spherical outflow must
be present. This is supported by the fact that non-zero differential
and closure phases have been measured with AMBER. Thus, in
order to obtain insights on the wind asymmetry of IRC+10420,
we calculated 2-D axisymmetric radiative transfer models using
the Busche & Hillier (2005) code described above.

Due to the limited amount of spatial frequencies and position
angles sampled by our data, in our analysis we gave highest pri-
ority to the simultaneous reproduction of the observed amount
of Brγ line emission compared to the continuum, the blueshift
of this emission, and the wavelength dependence of the visibil-
ity. Given the limitations of our 2-D model and the likely three-
dimensional nature of IRC+10420 ’s outflow, a full analysis
of the wavelength dependencies of the differential and closure
phases are deferred to a future paper. Nevertheless, we believe
that the modeling results presented in the following are crucial
for constraining the parameter space in future studies using more
sophisticated 2-D radiative transfer models such as ASTAROTH
(Zsargó et al. 2008).

We analyzed both prolate and oblate density enhancements
and found that, in general, both geometries require a remarkably
large density contrast (a ∼ 7 − 15) in order to reproduce the
low visibility detected within the Brγ line. Interestingly, the ob-
served blueshift of the Brγ emission could only be reproduced
by models in which the receding part of the wind, which is
responsible for the major fraction of the redshifted Brγ emis-
sion, is blocked. For a given density contrast, oblate models
provided less projected separation on the sky between the red-
shifted and blueshifted hemispheres than prolate models, mak-
ing it challenging for oblate models to produce a blueshifted Brγ
line with a similar strength and spatial extension as the observa-
tions. Therefore, the preferred geometry to fit the observations
is prolate and the blocking of the redshifted hemisphere could
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Table 3. Physical parameters of the CMFGEN models for IRC+10420 .

spherical model
log L⋆/L⊙ Teff log geff Ṁ v∞ β He/H

(K) (M⊙yr−1) (km s−1) (number)
5.78 9600 0.8 1.7× 10−5 70 1.5 0.4

two-dimensional model
Density distribution a b i PA Ṁ

(◦) (◦) (M⊙yr−1)
Prolate 15 2 45 60 3.5× 10−5

possibly be caused either by an optically-thick disk, a putative
binary companion, or by the wind being ejected by specific parts
of the stellar surface.

The best fit to simultaneously reproduce the observed
amount of Brγ line emission with respect to the continuum, the
line blueshift, and the wavelength dependence of the visibility
was obtained by using a prolate model with a density contrast
of ∼ 16 from pole to equator (see Fig. 9) oriented at PA= 60◦.
The optimal fit to the line’s blueshift was obtained by starting
the blocking of the redshifted emission at a projected offset dis-
tance from the center of the star of∆RA=-0.3 mas and∆DEC=-
0.3 mas (Fig. 9). As Fig. 9 reveals, while the 2-D models can
basically resemble the AMBER spectrum and visibilities across
the Brγ line and, in the the case of the blocked model, also the
observed blueshift of the emission, neither the unblocked nor
the blocked model is able to reproduce the observed wavelength
dependence of the differential and closure phases. Both models
predict much stronger phase signals across the line, especially
in the blueshifted wing of the emission line. As noted above,a
consistent fit of all AMBER observables including the phasesis
beyond the scope of this paper and will be subject to a more de-
tailed analysis which also includes follow-up AMBER oberser-
vations of IRC+10420 which will help to better constrain the
2-D model.

Compared to our spherical model presented before, the
mass-loss rate of the 2-D model had to be increased toṀ = 3.5×
10−5 M⊙yr−1, since a fraction of the Brγ emission is blocked.
Lower polar density enhancements did not provide enough ex-
tension of the Brγ line-emitting region, while higher mass-loss
rates provided a stronger Brγ emission line than observed with
AMBER. The value of PA= 60◦ is admittedly biased by the vis-
ibility measurement of the longest baseline, which had an orien-
tation on the sky of 60.6◦. Different PAs provide a worse fit to
the Brγ visibilities and the differential and closure phases have
less amplitude than the model with PA= 60◦. Interferometric
measurements using baselines oriented at different PAs on the
sky are urgently needed to better constrain the position angle of
IRC+10420 ’s prolate wind.

An intermediate inclination angle ofi = 45± 15◦ is required
in order to provide enough separation between the projectedred-
shifted and blueshifted lobes and the star. In this case, thered-
shifted part of the line emission can be efficiently blocked and,
thus, the observed blueshifted Brγ emission can be reproduced
and yet produce sufficient spatial extension on the sky to also fit
the AMBER visibilities. Models withi > 60◦ provide too much
redshifted emission even if one of the hemispheres is completely
blocked, while even for a polar density enhancement of 16 mod-
els with i < 30◦ do not provide enough spatial extension of the
Brγ emission region on the sky due to projection effects. If the
inclination angle of the line-of-sight to IRC+10420 is less than

30◦, we estimate that a very large density contrast between pole
and equator of> 30 is required, which seems unlikely.

To summarize, from the 2-D modeling of our AMBER data
we conclude that the wind of IRC+10420 has a significantly
non-spherical geometry, and the viewing angle and the physical
conditions must be such that a large fraction of the redshifted
Brγ emission is blocked from our view.

4. Summary and conclusions

We presented the first VLTI/AMBER observations of the yellow
hypergiant IRC+10420 in low-spectral resolution (LR) mode
covering theJ, H, andK bands and the first AMBER observation
of IRC+10420 around the Brγ emission line in high-spectral res-
olution (HR) mode with a spectral resolution of 12 000 and pro-
jected baselines between 54 and 129 m.

From the low-spectral resolution observations carried out
with two linear AT arrays (baselines ranging from 15 to 96 m),
we were able to extractH- and K-band visibilities at spatial
scales which probe the stellar continuum emission. Differential
and closure phases could be derived from the LR data for
two near-infrared bands (differential phases) and all three near-
infrared bands (closure phases) covered by AMBER. Within
the error bars, all LR phases turn out to be zero. We cor-
rected all visibilities for AMBER’s limited field-of-view (FOV
= 250 mas for AT observations) to account for the truncation of
IRC+10420’s extended dust shell. From the visibilities we de-
rived FWHM Gaussian diameters of IRC+10420’s stellar com-
ponent of 1.05± 0.07 mas and 0.98± 0.10, averaged over all
spectral channels in theH- andK-bands, respectively. The stel-
lar flux contribution in the case of an infinite FOV was found to
be 0.55± 0.02 in theH band and 0.60± 0.02 in theK band.

On the other hand, we carried out high-spectral resolu-
tion AMBER observations of IRC+10420 centered around the
Brγ emission line and combining three UTs. We found that
the Brγ emission is blueshifted withv = −25 kms with re-
spect to the systemic velocity and that the Brγ emitting-region
of IRC+10420’s dense stellar wind contributes roughly 50% to
the total flux at the peak wavelength of the nearly symmetric
emission line. The equivalent width of the Brγ line is−6.7Å, in
agreement with recent findings (e.g. de Wit et al. 2008). The HR
visibilities of IRC+10420 show a strong decrease at the wave-
length of the Brγ -line emission, indicating that the region in the
wind of IRC+10420 where the Brγ emission arises is fully re-
solved by our observations and considerably more extended than
the continuum-emitting region. In addition, the HR AMBER ob-
servation of IRC+10420 revealed non-zero differential and clo-
sure phases with absolute values up to∼ 30◦ for several spec-
tral channels covering the central and redshifted wing of the
Brγ -emission line. This finding indicates that the shape of the
Brγ line-emitting region is not point-symmetric.
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Fig. 9. First row: Monochromatic images of IRC+10420 predicted by the unblocked prolate CMFGEN model with the physical parameters given
in Table 3. From left to right, the panels show images in theK-band continuum (at a velocity−218kms−1, i.e. well outside the line), the blueshifted
Brγ emission atv = −58 km s−1, the center of the Brγ emission, and the redshifted Brγ emission atv = 41 km s−1. The color scale represents the
intensity projected on the sky in units of erg/cm2/s/Hz/steradian and is normalized to the maximum intensity of eachimage.Second row: Same
as the first row, but for a model where the light from the southwestern redshifted lobe blocked. For the blocking, a fully opaque screen covering
the redshifted lobe and starting at an offset position of∆RA=-0.3 mas and∆DEC=-0.3 mas was assumed.Third row, left to right: Continuum-
normalized AMBER spectrum and visibilities of IRC+10420 (black solid line) around Brγ compared to a prolate CMFGEN model with physical
parameters as given in Table 3 without any blocking (blue dot-dashed line) and with the redshift part of the emission blocked (red dotted line). Note
that the model with the blocked redshifted-lobe reproducesthe observed Brγblueshift.Fourth row, left to right: Differential and closure phases of
IRC+10420 around Brγas observed with AMBER (black solid line) compared to the predictions of the prolate CMFGEN model with physical
parameters given in Table 3 without any blocking (blue dot-dashed line) and the model where the redshifted Brγ emission is blocked (red dotted
line).

The HR data of IRC+10420 around the Brγ emission line
have been analyzed by simple geometrical models as well as 1-D
and 2-D gas radiative transfer models using the code CMFGEN.
From simple geometrical models, we found a size of the stellar
continuum-emitting region comparable to our LR observations
(d⋆ = 1.014± 0.01 mas). Approximating the line-emitting re-
gion with an infinitely thin ring, we founddring = 4.18+0.19

−0.08 mas,
i.e. dring = 4.12× d⋆. The size of the line-emitting region is in
basic agreement, although slightly larger than the value 3.3 mas
found by de Wit et al. (2008) from AMBER observations in
medium-spectral resolution mode (λ/∆λ = 1 500). The differ-

ence between the two results can be explained by the differences
in the details of the two modeling approaches and the different
spectral resolution of the data, but probably mainly reflects the
overall calibration uncertainties.

To get a first idea of the deviation from sphericity, we fit-
ted an elliptical Gaussian ring to the 3 AMBER visibility data
points at the central wavelength of the Brγ emission. From this
fit, we find that the Brγ line-emitting region is elongated, with
major and minor FWHM ring diameters of 4.32 ± 0.44 and
3.85± 0.37 mas, and an elongation towards a position angle of
36± 11◦, perfectly aligned with the elongation axis of the outer
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reflection seen from HST images. Follow-up observations with
higher redundancy, a more robust calibration, and a better posi-
tion angle coverage are indispensable to confirm this result.

Apart from simple geometrical models, we also analyzed the
AMBER HR data of IRC+10420 around the Brγ emission line
by comparison with 1-D and 2-D gas radiative transfer mod-
els obtained with the code CMFGEN. We found that spherical
models definitely fail to reproduce the observed blueshift of the
Brγ emission while they can well reproduce the amount of line
emission. Spherical wind models also fail to reproduce, at the
same time, the amount of line emission and the wavelength de-
pendence of the visibility across the emission line and, hence, the
extension of the Brγ line-emitting region. On the other hand, we
found that 2-D models with a prolate wind structure can simulta-
neously reproduce the amount of Brγ emission, the wavelength
dependence of the visibility across the line and, in addition, the
observed blueshift of the Brγ emission, but only if a substan-
tial fraction of the redshifted Brγ emission is blocked. A model
without any diminishing of the redshifted emission cannot ex-
plain the blueshift of the emission whilesimultaneously repro-
ducing the amount of line emission and the spatial extensionof
the line-emitting region. In our best-fitting model, the outflow
exhibits a strong density enhancement towards the poles with a
pole-to-equator density ratio of 16, and the outflow is oriented
towards a PA of 60◦and inclined by 45◦. Since the uncertainty
of the position angle of the best-fitting model is approximately
20◦, we find that the orientation of the symmetry axis of our ra-
diative transfer model is in rough agreement with the orientation
of the elongation derived from our simple elliptical ring model
(φ = 36± 11◦, see Sect. 3.3.2). Nevertheless, it should be noted
that both results might be biased towards the derived valuesdue
to the sparse position angle coverage of our measurements.

Interestingly, our best-fitting model gives a temperature of
1500 K at a radial distance of 100 mas from the central star,
assuming a distance of 5 kpc for direct comparison with the
Blöcker et al. (1999) results. In their best model, based on
speckle-interferometric observations from 1998, the inner dust
shell boundary with a dust temperature of 1000 K is located at
a radial distance of∼ 70 mas. Thus, our gas-radiative transfer
model nicely fits the previously developed dust-shell model, es-
pecially if we believe that we indeed see an outward shift of the
inner dust shell boundary which is driven by the noticeable in-
crease of the stellar effective temperature within the last decades.

The signature of the differential- and closure-phase signal
of IRC+10420 detected with AMBER is totally different from
what would be expected, for instance, for a rotating circumstel-
lar disk (e.g. Meilland et al. 2007). On the other hand, we find
that the wavelength dependence of both differential and closure
phases shows some qualitative similarities to measurements ob-
tained for the Luminous Blue Variableη Carinae (Weigelt et al.
2007). In the interpretation of theη Car AMBER data, the phase
signature was associated with enhanced mass loss of the rapidly
rotating, massive primary star in polar direction, and the ob-
server is basically looking towards the blueshifted part ofthe
outflow. The qualitative similiarty of the phase signals between
IRC+10420 and Brγmotivates the assumption that also in the
case of IRC+10420 rapid rotation drives a non-spherical and
polar enhanced mass loss as inferred from theoretical consider-
ations (e.g. Owocki et al. 1998). This would be in line with the
fact that IRC+10420 is a massive star in a highly evolved evo-
lutionary stage and would also qualitatively fit to the observed
blueshift of the Brγ line. However, the major difference between
the differential and closure phases ofη Car and IRC+10420 is
that in IRC+10420 the phase signal in stronger in the redshifted

wing of the Brγ emission and not in the blueshifted wing as in
the case ofη Car. This makes the modeling of the IRC+10420
data more puzzling and probably indicates that the complexity of
the overall structure of the innermost wind region IRC+10420
goes well beyond the capabilities of a 2-D modeling as carried
out in this paper.

Nevertheless, our modeling indicates that a substantial frac-
tion of the redshifted line emission does not reach the observer.
Since our modeling is restricted to an axisymmetric outflow ge-
ometry, the fact that we were not able to reproduce all AMBER
observables simultaneously (in particular the phases) might in-
dicate the following:

• The mass outflow from IRC+10420 is indeed intrinsically
highly asymmetric. In this case, one of the hemispheres
(which is pointing towards us and, thus, emitting blueshifted
Brγ ) has a much higher mass-loss rate than the other hemi-
sphere (responsible for the redshifted light). We can only
speculate on the reason for such a strong asymmetry in the
outflow but, in principle, such asymmetries could be con-
nected to large-scale asymmetries in the surface structureof
the central star (e.g., hot spots) which lead to preferred direc-
tions of mass ejection (Humphreys et al. 2002). In this con-
text, it is interesting to note that recent CO measurements
(Castro-Carrizo et al. 2007; Dinh-V.-Trung et al. 2009) de-
tected a flux deficit in the CO shells in the south-western
direction. Thus, IRC+10420 seems to exhibit an asymme-
try in the same direction as found in our study also on much
larger spatial scales, indicating that this asymmetry might be
of a long-term nature.
• The wind of IRC+10420 is axisymmetric, but the redshifted

light is blocked by an optically-thick disk which would also
explain the strong phase signal in the redshifted part of
the Brγ emission. Interestingly, such a disk has to be lo-
cated very close to the star (∼ 5 mas) in order to block
the Brγ emission, and would have to be formed of mainly
neutral+molecular gas in order to effectively absorb the red-
shifted light, since the presumed dust sublimation radius is
located much farther out, at scales of∼ 100 mas. An yet un-
detected binary companion could also cause the presence of
an equatorial disk.
• IRC+10420 exhibits an inflow rather than an outflow, or

maybe matter infall and outflow are present at the same time
(Humphreys et al. 2002), for example in terms of an equato-
rial infall and a polar outflow. Such an equatorial infall could
lead to the formation of an optically thick disk.

Of course, the above scenarios are not mutually exclusive, and
both could contribute to explain the peculiar properties seen in
IRC+10420 .

The study presented here has illustrated AMBER’s great po-
tential to probe the innermost circumstellar gas environment of
evolved stars with spectral resolutions up to 12 000. New ob-
servations of IRC+10420 covering more baselines and position
angles, which are foreseen for forthcoming observing periods,
will undoubtably provide a much clearer picture of the geom-
etry of IRC+10420’s inner wind zone. For instance, new ob-
servations will help to support or disprove the model accord-
ing to which IRC+10420 is exhibiting a prolate wind structure
with a substantial shielding of the redshifted emission. Thus,
further AMBER observations probing the inner wind zone of
IRC+10420 will help to answer long-standing questions on the
physical conditions and the mass-loss processes of this outstand-
ing, rapidly evolving object and shed more light on the question
of the mass-loss conditions in highly evolved massive stars.
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