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ABSTRACT

Context. Be stars show evidence of mass loss and circumstellar envelopes (CSE) from UV resonance lines, near-IR excesses, and the
presence of episodic hydrogen emission lines. The geometry of these envelopes is still uncertain, although it is often assumed that
they are formed by a disk around the stellar equator and a hot polar wind.

Aims. We probe the close environment of the fast rotating Be star Achernar at angular scales of a few milliarcseconds (mas) in the
infrared, in order to constrain the geometry of a possible polar CSE.

Methods. We obtained long-baseline interferometric observations of Achernar with the VINCI/VLTI beam combiner in the H and
K bands, using various telescope configurations and baseline lengths with a wide azimuthal coverage.

Results. The observed visibility measurements along the polar direction are significantly lower than the visibility function of the
photosphere of the star alone, in particular at low spatial frequencies. This points to the presence of an asymmetric diffuse CSE
elongated along the polar direction of the star. To our data, we fit a simple model consisting of two components: a 2D elliptical
Gaussian superimposed on a uniform ellipse representing the distorted photosphere of the fast rotating star.

Conclusions. We clearly detected a CSE elongated along the polar axis of the star, as well as rotational flattening of the stellar
photosphere. For the uniform-ellipse photosphere we derive a major axis of 6, = 2.13 = 0.05mas and a minor axis of 6, =
1.51 £ 0.02 mas. The relative near-IR flux measured for the CSE compared to the stellar photosphere is f = 4.7 £ 0.3%. Its angular
dimensions are loosely constrained by the available data at poq = 2.7 + 1.3 mas and pp,; = 17.6 £+ 4.9 mas. This CSE could be linked

to free-free emission from the radiative pressure driven wind originating from the hot polar caps of the star.

Key words. techniques: high angular resolution — techniques: interferometric — stars: emission-line, Be — stars: mass-loss —

stars: rotation — stars: individual: Achernar

1. Introduction

The southern star Achernar (« Eridani, HD 10144) is the bright-
est of all Be stars (V = 0.46 mag). Depending on the author (and
the technique used) the spectral type of Achernar ranges from
B3-B4llle to B4Ve (e.g., Slettebak 1982; Balona et al. 1987).
The estimated projected rotation velocity v sin i ranges from 220
to 270kms~! and the effective temperature Ter from 15000
to 20000K (e.g., Vinicius et al. 2006; Rivinius, priv. comm.;
Chauville et al. 2001). The difficulty in deriving these parame-
ters more precisely is a direct consequence of the rapid rotation
of Achernar. Such rapid rotation (>80% of the critical velocity)
induces mainly two effects on the star structure: a rotational flat-
tening and a gravity darkening, which can be described by the
von Zeipel effect (von Zeipel 1924).

Domiciano de Souza et al. (2003, hereafter DO3) measured
the apparent rotational flattening of Achernar using the Very
Large Telescope Interferometer (VLTI). They showed that the
flattening ratio measured on this star cannot be explained in the
Roche approximation, especially when taking the von Zeipel
effect into account. Recently, this effect was revealed in two
other rapidly rotating stars thanks to interferometric observa-
tions: Altair (A7V, Ohishi et al. 2004; Domiciano de Souza et al.
2005) and Regulus (B7V, McAlister et al. 2005).

http://www.edpsciences.org/aa

Rapid rotation and gravity darkening seem to be impor-
tant keys to explaining the two-component circumstellar en-
vironment (CSE) of Be stars: (1) a dense (particle densities
N =~ 10'"'-10"% cm™3), high mass-loss (~10% Mg/yr) and low
radial velocity (~10-100 kms™!) equatorial envelope and (2) a
rarefied (N =~ 10° cm™3), low mass-loss (~10710 Mo/yr)
and fast (21000 kms™!) polar wind (e.g. Damineli Neto &
de Freitas Pacheco 1982; Waters et al. 1987, and references
therein). This picture of a two-component CSE is based on many
observations of Be stars performed in the past few decades. For
example, optical/IR data have shown emission lines and IR ex-
cesses that essentially probe the denser regions of the CSE (e.g.
Waters 1986; Dougherty et al. 1994), while UV resonance lines
of highly ionized species can probe regions of lower density (e.g.
Snow 1981; Peters 1982). Gehrz et al. (1974) showed that the
near-IR excess measured in Be stars is due to free-free radiation.

The disk-like shape of the dense equatorial CSE has been
directly measured by interferometric observations in the radio
and optical/IR (e.g. Dougherty & Taylor 1992; Stee et al. 1995;
Quirrenbach et al. 1997). In a recent work, Tycner et al. (2005)
explore the relationship between the angular size of the Ha emit-
ting region (measured by interferometry) and the net Ha emis-
sion measured spectroscopically for seven Be stars. They find an
interesting correlation between the two quantities, which they

http://dx.doi.org/10.1051/0004-6361:20054771



http://www.edpsciences.org/aa
http://dx.doi.org/10.1051/0004-6361:20054771

1060

P. Kervella and A. Domiciano de Souza: The polar wind of Achernar

Table 1. Relevant parameters of the calibrators used for VINCI observations of Achernar (continued in Table 2).

Name a PsA Y Phe AR (318 aInd HR 37 AR 2305 5 Phe
HD number HD 216956 HD 12524 HD26846 HD 196171 HD787  HD44951  HD 9362
ny 12 52 79 31 53 52 7.0
my 1.0 1.3 2.3 0.9 1.8 2.3 1.7
Sp. type A3V K5I K311 KOIII K5I K311 KOIIIb
T (K)° 8760 3780 6210 4720 3780 4250 4660
log g° 4.2 1.9 2.2 2.6 1.9 24 2.9

v sini (kms) 85 - 20 - 2 20 -

Oip (mas)° 223+007 277+0.03 186+0.02 3.28+003 252+003 1.81+0.03 224=0.02
Gup (mas)” 2.19+0.07 2.69+003 1.81+002 320+003 245+0.03 1.76+0.03 2.18=0.02

@ From Cohen et al. (1999) or Bordé et al. (2002), except a PsA which angular size was measured by Di Folco et al. (2004). * Linear limb darkening
coeflicients from Claret et al. (1995) or Claret (2000). © The projected rotational velocities were taken from the catalogue compiled by Glebocki

et al. (2000).

attribute to an optically thick emission proportional to the ef-
fective area of the emitting disk. Because the equatorial disks
are denser (=100 times) than the polar winds and because the
free-free emissivity is proportional to the density squared, the
equatorial disk dominates the near-IR continuum emission when
it is present.

However, it is still not clear if this free-free radiation comes
only from the equatorial envelope or if it can also be formed,
at least partially, in the polar wind. Modern high angular res-
olution techniques have the resolving power and sensitivity re-
quired to map the spatial distribution of the near-IR emission.
In the present paper we investigate this issue by using all avail-
able interferometric observations of Achernar obtained with the
VINCI/VLTI near-IR instrument (Sect. 2). These observations
were performed during a phase where the equatorial disk was
nearly absent. The adopted analytical model is presented in
Sect. 3 and our results discussed in Sect. 4.

2. Interferometric observations
2.1. Instrumental setup and observations

The European Southern Observatory’s VLTI (Glindemann et al.
2000, 2004) has been in operation on top of the Cerro Paranal, in
Northern Chile since March 2001. For the observations reported
in this paper, the light coming from two test siderostats (0.35 m
aperture) or two Unit Telescopes (8 m aperture) was recombined
coherently in VINCI, the VLT INterferometer Commissioning
Instrument (Kervella et al. 2000, 2003). We used either a K band
(4 = 2.0-2.4um) or H band (1 = 1.4-1.8 um) filter, depend-
ing on the beam combiner. In the K band, we relied on the
MONA beam combiner, based on fluoride glass optical fibers,
while in the H band, we employed the IONIC integrated op-
tics beam combiner (Berger et al. 2001; Kervella et al. 2003;
Lebouquin et al. 2004). A total of nine VLTI baselines were
used for this program, including five out of the six possible Unit
Telescope baselines. Considering the transmission of the instru-
ment and the average effective temperature of Achernar, the ef-
fective wavelength of our observations was A = 2.175 um in the
K band and 4 = 1.631 um in the H band. The uncertainty on
these wavelengths (~0.2%) is negligible compared to the accu-
racy of our measurements.

2.2. Data processing and calibration

The raw data processing was achieved using a wavelet-based
algorithm, integrated in an automated data reduction pipeline
(Kervella et al. 2004a). The general principle is similar to the

original FLUOR algorithm (Coudé du Foresto et al. 1997), but
instead of the classical Fourier analysis, we implemented a
wavelet-based time-frequency analysis (Ségransan et al. 1999).
The output of this pipeline is a single value of the squared coher-
ence factor u? for each series of 500 interferograms and the as-
sociated bootstrapped error bar. We obtained a total of 49 500 in-
terferograms of Achernar in the K band and 9500 in the H band,
among which 32 394 and 3029 were reduced by the pipeline, re-
spectively. The lower proportion of processed interferograms in
the H band is explained by the fact that only one interferometric
output is available in the IONIC component, instead of two for
the MONA beam combiner. In both cases, two photometric out-
puts are present. This resulted in a total of 99 squared visibility
measurements in the K band, and 19 in the H band, with their
associated statistical and calibration uncertainties.

We used a number of calibrators taken mainly from the
Bordé et al. (2002) catalogue, which is an adaptation of the
Cohen et al. (1999) catalogue for interferometric observations.
The observations of these stars were used to estimate the point
source response of the interferometer immediately before or
after the Achernar observations. Their properties are listed in
Tables 1 and 2. The choice of the calibrators is an important step
in the preparation of interferometric observations, as significant
departures of their actual visibilities from the expected model
can propagate into biases on the calibrated visibilities of the sci-
entific target. Among the possible reasons for such departures,
binarity (or multiplicity) and deviations from sphericity (due,
for instance, to fast rotation or gravitational interaction) are the
most critical. All stars in the Bord€ et al. (2002) catalogue were
carefully scrutinized by these authors for the presence of com-
panions, and are currently regarded as single stars. With respect
to fast rotation, the values of v sin i are generally low for all our
calibrators. Spectroscopic measurements of the projected rota-
tional velocities are missing for some of our calibrators; but as
they are giant stars, we assume that they are small and, therefore,
that the deformation of these stars can be neglected.

One of our calibrators, @ PsA (Fomalhaut), is a moderately
fast rotating dwarf (A3V, vsini ~ 85km s~! from Glebocki
et al. 2000). We considered carefully the visibilities that were
computed using this calibrator, and they show no deviation from
the other measurements, in particular those calibrated by ¢ Phe
that were obtained on the same baseline. Moreover, Di Folco
et al. (2004) have measured the angular diameter of this star
along the same projected baseline azimuth as during our obser-
vations of Achernar. Therefore, we do not expect any difference
in terms of angular diameter. In any case, we considered a con-
servative +0.07 mas (+3%) uncertainty on the asumed angular
diameter of a PsA.
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Table 2. Relevant parameters of the calibrators used for VINCI obser-
vations of Achernar (continued from Table 1). The references are the
same as in Table 1.

Name elnd A a Cet v Cet
HD number HD 209100 HD 18884  HD 12274
my 4.7 2.5 4.0
myg 2.2 -1.7 0.0
Sp. type K4.5v M1.511Ia K5/MOIII
Ter (K) 4500 3730 -
logg 4.5 - -

v sini (kms™) 1 - -

OLp (mas)® 1.89 £ 0.02 - -

fup (mas)” 1.84+0.02 11.6+040 53+05

¢ The angular diameter of elnd A was measured by Kervella
et al. (2004b). * The uniform disk angular sizes of @ Cet and v Cet
were taken from Dyck et al. (1998) and Richichi & Percheron (2005),
respectively.

The resulting calibrated squared visibilities are listed in
Tables 3a—d. For each measurement, the calibrator is listed. No
systematic deviation of the visibility was observed for any of our
calibrators at a 1o~ level.

3. Model fitting
3.1. Polar and equatorial visibilities

In order to define a plausible model for the light distribution of
Achernar, we examine here the shape of the polar and equa-
torial visibility functions. The orientation of the minor axis of
Achernar on the plane of the sky relative to the North was ob-
tained by D03 using a subset of the data discussed in the present
paper. Using a simplified analysis of the dependence of the
equivalent uniform disk angular diameter with the azimuth of the
projected baseline, they obtained an orientation of the minor axis
of Achernar (assumed to be the polar axis) of ¢y = 39 = 1° east
of North.

To visualize the polar visibility function of Achernar, we ex-
tracted the interferometric measurements with azimuth angles
between 10° and 70°, i.e. ~+30° from the sky-projected polar
axis of the star. As shown in Fig. 2 (left), it appears that the dis-
tribution of the measured visibilities does not follow that of a
uniform disk, and there is a clear deficit of visibility at low spa-
tial frequencies. Fitting a simple uniform disk model (through
a classical least-square minimization) to these data leads to
fup = 1.78mas, but the reduced y? of 6.2 is characteristic of
a poor fit. The deficit of visibility at low spatial frequencies is
typical of the presence of an extended, incoherent source that
is already resolved by the interferometer on the short baselines.
In other words, a diffuse and extended envelope appears to be
present along the polar axis of the star.

The equatorial visibility function can be evaluated by re-
stricting our sample to the visibility measurements obtained in
the azimuth range a@; = 129 + 30°. As shown in Fig. 1, we do
not have as many measurements at high spatial frequencies along
this range of azimuth, due to the limitations in the available VLTI
baselines during commissioning. Figure 2 (right) shows the dis-
tribution of squared visibilities observed in this azimuth range as
a function of the spatial frequency. In this case, the fit of a simple
uniform disk model with yp = 2.38 mas produces satisfactory
results with a reduced y? of only 0.6. In this case, we conclude
that we do not detect any significant diffuse envelope along the
equatorial plane of the star.
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Fig.1. Coverage of the (u,v) plane for the VINCI observations of
Achernar. The K band observations (MONA beam combiner) are repre-
sented using circles (open for siderostat observations, solid for the Unit
Telescopes), and the H band observations are represented using crosses.
The scales are in units of B/A, expressed in cycles/arcsec.

3.2. Star-envelope model description

As discussed in Sect. 3.1, it appears that a diffuse envelope,
confined to the direction of its polar axis, is present around
Achernar. In order to study the flux contribution of this envelope,
we need to define a simple model to fit the observed visibility
data. For this purpose, we considered the following components:

— the stellar photosphere is represented by a uniform ellipse.
The parameters are the equatorial and polar angular sizes g
and 6,01 and the azimuth orientation of the equatorial axis on
the sky a;;

— the diffuse envelope is represented by a bidimensional ellip-
tical Gaussian. It is parametrized by its full widths at half
maximum (FWHM) along the polar and equatorial axes of
the star ppo and peq, and its integrated flux relative to the
stellar flux f. We make the assumption that its principal axes
are aligned with the principal axes of the stellar photosphere.

Using a simple uniform ellipse model is naturally a very sim-
plified approximation of the photospheric light distribution of
Achernar. In reality, the rapid rotation of the star causes signif-
icant brightening of the polar caps of the star as a consequence
of its flattening. Though numerical models can accurately pre-
dict the distribution of light on the photosphere of uniformly
rotating stars (see e.g. Domiciano de Souza et al. 2002), the
underlying Roche approximation is not necessarily verified for
Achernar. In particular, Jackson et al. (2004) show that stellar
models of Achernar including differential internal rotation re-
sult in better agreement with the interferometric profile obtained
by DO03. Though there are good prospects for differential rota-
tion being constrained observationally by spectro-interferometry
(Domiciano de Souza et al. 2004), the current uncertainties on
the light distribution of the photosphere lead us to prefer the sim-
ple approach of a uniform ellipse. We also make the hypothesis
that the axes of the envelope are aligned with the principal axes
of the stellar photosphere. Due to the limited coverage of our
data set in terms of azimuth angle at intermediate baselines, we
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Fig. 2. Left: squared visibilities V2> measured on Achernar and corresponding to projected baseline azimuth angles around the polar direction
(values between 10° and 70°). Right: V? corresponding to projected baseline azimuth angles around the equatorial direction (values between 100°
and 160°). The solid squares and crosses represent K and H band data, respectively. The solid curves represent theoretical V2 along the pole (left)
and the equator (right) obtained from the 2D fit of our two-component model (Sect. 3) to all measured V? (Tables 3a—d. Note also the V? outliers
along the polar direction, which were not included in the fit (see text for details).

Table 3. (a) Squared visibilities of Achernar in the K band from VINCI,  Table 3. (b) Squared visibilities of Achernar in the K band from VINCI
ordered by increasing azimuth angle of the projected baseline. The cal-  (continued from Table 3a).

ibrators are named using their HR number, when no Bayer designation
is available. The stated Julian date JDy is JD — 2.452 x 10°. The azimuth

is counted in degrees clockwise from North (N = Odeg, E = 90 deg), Do Cal. Stations B(m) Az V(%)
and B is the projected baseline in meters. The squared visibilities are 533711 eInd U1-U4 12975 457 413.12.14
followed in subscript by the statistical and calibration uncertainties. 533713  elnd  UL-U4 12970 46.1 41.0400:14
533715 €Ind  Ul-U4 129.64 46.8 41.0.09414

Dy Cal. Stations  B(m) Az V2 (%) 533.717 eInd  Ul-U4 12957 474 424.090.14
548.551 aPsA B3-M0 13944 73  457.15:41 550.685 6Phe  B3-MO 13786 49.2 49.8.34.14
546558  aPsA  B3-MO 13948 7.9 42.7.410s5 550.688 GPhe  B3-MO 137.64 503 53.9.36.15
548555  aPsA  B3-MO 13946 8.7 46.3.15.42 550.697 6Phe  B3-MO  137.09 52.5 51.5.16:14
548560  aPsA  B3-MO 13948 10.2 44.4. 5.4 534.898  yPhe  U2-U3 39.87 547  89.5.24404
547.595  aPsA  B3-MO 139.61 20.2 45.9. .38 534900 xPhe  U2-U3 39.68  55.0  89.9.18:04
545604  aPsA  B3-MO 139.69 212 50.6.16:24 534902 yPhe U2-U3 3944 554  89.3.i5.04
547.600  aPsA B3-MO  139.63 21.8 45.0.51437 534904 xPhe U2-U3 39.18 559  91.0:19:04
545.608 aPsA B3-MO 139.70 22.6 52.6.i6:25 556.696 6Phe  B3-MO 13577 569 50.9.23.14
547.605 aPsA  B3-MO  139.65 233 465,18 556701 ~§Phe B3-MO 13532 582 503.:5.13
545.613  aPsA  B3-MO 13972 24.0 51.7.15.05 556.705 ~6Phe  B3-MO  134.87 59.5 5l.liso.14
216.589 1318 U1-U3 9529 242  679.11405 550.733  6Phe  B3-MO 13355 62.6 52.1.50.15
216.592 1318 U1-U3 95.15 248  66.6.13:05 590.625 6Phe  B3-MO  133.37 63.0 51.6.08:13
545.622  aPsA  B3-MO 13972 267 49.7.15.04 550736 6Phe  B3-MO  133.15  63.5 52.9.i5.15
545626 aPsA  B3-MO 13972 280 48.7.rnrs 590.629 §Phe  B3-MO 13283 642 49.7.07.12
534.712 x Phe U1-U2 44.61 29.6  87.3.16:04 550.741  6Phe  B3-MO 13255 647 53.7.13.15
545.632 aPsA B3-MO 139.70 299 51.3.57.04 569.691 6Phe  B3-MO 13225 653 49.6.11.12
534714 yPhe  UI-U2 4456 30.1 89.3.;e04 945621 aPsA  E0-GO 1595 654 92.5.35.0,
575.637 37,2305 U1-U3 9334 313 732.8.13 590.634  6Phe  B3-MO 13212 65.6 49.5.05.12
213.654  yPhe U1-U3 91.22 369 76.3.20:16 554735 aPsA  B3-MO 131.85 66.1 48.4.19.00
213.655 x Phe U1-U3 91.12 372 774123416 569.695 6Phe B3-MO 131.58 66.6 49.7. .12
213.658  xPhe UL-U3 9079 379 72450415 945.625 aPsA  EO0-GO 1593 66.7  91.5.33:01
213.660 x Phe U1-U3 90.62 383 75.2.i50:16 590.639 6Phe B3-MO 13141 669 50.4.08.13
534749  yPhe  UI-U2 4354 387 88.9.r1.04 569.700 6Phe  B3-MO 130.94 67.8  49.6.17.12
213.663 x Phe U1-U3 90.28 39.0 72350415 579.677 6Phe  B3-MO 13022 69.1 54.8.44:11
534750  yPhe U1-U2 4348 39.1 84.3.15:04 579.682 6Phe B3-MO 12941 704 49.7.45.10
534.752 x Phe Ul1-02 4340 39.6  85.4.16:04 579.687 ¢6Phe B3-MO 12857 71.8 48.7.47.10
556635  6Phe  B3-MO 13920 39.8 59.2.4 1.1 555761  6Phe  B3-MO 127.04 741 48.7.10.10
214.664 1318 U1-U3 89.89 399 68.8.17:05 555765 6Phe  B3-MO  126.16 754 49.7.33.10
534755  xPhe Ul-U2 4332 402 829 704 5717707 6Phe  B3-MO 12574 759 50.li34.13
214.667 1318 U1-U3 89.60 40.5 66.2.16:05 577712 6Phe  B3-MO  124.67 774 49.8.34.13
556.642  5Phe B3-MO  139.02 41.7  55.3.40:15 571717 6Phe  B3-MO  123.75 78.6  50.3.34413
213.675 x Phe U1-U3 88.92 418 72.6.20415 552786 aPsA  B3-MO 12347 79.0 49.7.42.36
214.675 1318 U1-U3 88.69 422  70.2.17405 533781 xPhe  U2-U4 89.03  84.0 64.6.29.12
556.646 & Phe B3-MO  138.88 429 543.38.16 533783 xPhe U2-U4 88.98 845 64.8.25:12

213.691  yPhe  UI-U3  87.05 451 73.5.5.15 555798 6Phe B3-MO 11890 84.6 49.7.3s:10
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Table 3. (¢) Squared visibilities of Achernar in the K band from VINCI
(continued from Table 3b).

Dy Cal. Stations B (m) Az. V2 (%)
533786 yPhe U2-U4 88.91 85.2 63.6126:1.1
533.788 yPhe U2-U4 88.83 85.8 62.9.455:1.1
555.802 6Phe B3-MO 117.78 85.9 50.3128:10
579.754 6Phe B3-MO 113.06 91.2 52.6.440:08
579.759 6Phe B3-MO 111.82 92.6 52.0140:08
629.580 aCet B3-C3 7.37 93.1 98.2.42.7:+00
579.763 §Phe B3-MO 110.48 94.0 52.0143:08
629.585 aCet B3-C3 7.31 947 102.1.34400
544865 yPhe B3-MO 108.80 95.8 50.2:38:04
544869 aPsA B3-MO 107.50 97.2 49.5.35424
544873 aPsA  B3-MO 106.17 98.6 48.2:34123
535.631 yPhe EO-Gl 43.57 1115 88.714.6:05
535.642 yPhe EO0-Gl 4532 1140 89.2:57:05
538.646  yPhe  EO-Gl 47.10 116.7 85.1:47:04
538.651 yPhe EO0-Gl 4774 1177 82.9.6.1:04
535.673 yPhe EO-G1 49.58 120.7 79.8443+04
535.678 xPhe EO0-Gl 50.24  121.8 80.9.8.6:04
662.575 aCet  EO0-GO 18.82  122.1  102.0.43+53
535.686 yPhe EO0-Gl 51.24  123.6 78.7 +4.6:04
662.579  wvCet E0-GO 18.65 123.6  100.9.60+25
528.781 xPhe  EO0-Gl 5821 140.2 81.1:25406
528.785 xPhe EO-G1 58.49 141.1 79.0.41 806
528790 yPhe  EO0-G1 58.76  142.1 761124106
528.820 yPhe EO-G1 60.41 149.0 75.2422407
528.824 yPhe EO0-Gl 60.60  150.0 75.7128+07

Table 3. (d) Squared visibilitiess of Achernar in the H band from
VINCI, equipped with the IONIC integrated optics beam combiner.

IDy Cal.  Stations B (m) Az. V2 (%)
475.861 «alInd EO-GI 5248 126.0  70.8.43:16
475.870  alnd EO-G1 5339  127.8  T71l.1.48:16
477781 «alInd  EO-GI 4226  109.7  78.7139+17
477785 aInd  EO-Gl 4298 1107 77.4us7e1
479941 «aInd EO-GI 59.78 146.1 65.3.57:14
479944 aInd  E0-Gl 5995 146.8 66.0.54:14
479949 «aInd EO-GI 60.19 1479 65.3.51+14
482791 aInd  EO-Gl 4598 1150 76.6.75011
482.824 aInd  EO0-GI 50.39  122.1  72.5i70+16
482827 alnd  EO0-Gl  50.80 122.8 78.4.7 1.5
483.718 «alInd  EO0-GI 34.05 98.7  82.0.144:18
483.722  alnd EO-G1 34.83 99.7  T77.5:i41:17
483.727 «alInd  EO-GI 3578  101.0  80.1.46:17
483.831 aInd EO-Gl 5156 1242  719.7.1+
483.835 «alInd EO-GI 52.05 125.1 70.9.38:17
483.839 «alInd EO-G1 5251  126.0  72.0445417
484767 «alInd  EO-GI 43.17 1109  753.64+14
484771  alnd EO-G1 4372  111.7  79.3.57+14
485.887 yPhe EO-GI 5736 1375 72.3.65:12

choose this approach in order to reduce the number of fitted pa-
rameters, and therefore improve the stability of the convergence
of the y? minimization.

3.3. Photospheric visibility function

The visibility function of a uniform ellipse can be derived from
the classical visibility function of a circular uniform disk with an
angular diameter Gyp:

2J1(x) 1)

Vup(u,v) =
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where x = w 6yp Vu? + v2, with u and v the spatial frequency co-
ordinates in units of B/A. In order to obtain the visibility function
of the ellipse, we use a rotation of the (u, v) axes and a scaling of
the (u, v) variables:

2

The visibility of the uniform ellipse with a major axis ¢y, a mi-
nor axis 6.1, and a major axis orientation relative to the u axis a;
is therefore:

u =ucosa; +v sina v = —u sina; +v cosa;.

2J1(x)

xl

where x' =7 [ 62, u”? + 62 v,
pol

3.4. Envelope visibility function

3)

Vitar(U, U, Oeq, Opol s ay) =

As in Sect. 3.3, we can obtain the visibility function of an ellipti-
cal Gaussian brightness distribution from the circularly symmet-
ric case for which we have

2
(ﬂ'p Vu? + vz)
VGaLlSS(u’ U) = exp T 1A

41n2 @)

where p is the FWHM. In the elliptical case, we therefore obtain

2
2 .2 2 2
(77 JPeqlt + Pl )

41n2

&)

Venv (1, Uspeqsppol’a'l) =eXp|—

with the same expression of u” and v as in Sect. 3.3, as we as-
sume that the axes of the Gaussian envelope are aligned with the
axes of the photosphere. The indexes “eq” and “pol” refer to the
equator and pole of the central star.

3.5. Extracted parameters

Combining the visibility expressions presented in Sects. 3.3

and 3.4, we obtain the following expression for our simple model

of an elongated ellipse with a superimposed Gaussian envelope:

Vitar + f Ven
1+ f

To derive the six free parameters of our model, we proceed
through a classical y?> minimization process, with

(6)

Vimodel (14, v, eeqs epol’,oeq’ppols ay, f) =

5 2
- Vmodel(ui’ Ui, )]

[ 2
thol(geq7 9p0l7peq»ppol» al:f) = Z : 5

i o

(N

where V? is one of the VINCI squared-visibility measurements,
and 0'1‘2 its associated total variance. The expression of the re-
duced y? is:

Xion
Nobs —d.o.f.

where Ny is the number of individual observations and
d.o.f. = 6 the numbers of degrees of freedom, considering that
we fit a total of six parameters.

The minimum sze 4 Oof 0.79 is reached for the parameters
listed in Table 4. This low value is characteristic of a good corre-
spondence of our model to the interferometric data. The best-fit

®)

2 _
Xred =
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Table 4. Best fit parameters (and corresponding uncertainties) of our
simple model consisting in a Gaussian elliptical envelope superimposed
on a uniform ellipse representing the central star. The fit was computed
on our complete H and K band data set.

Ocq 2.13 £ 0.05 mas
Opor  1.51 +£0.02 mas
a 131.6 + 1.4 deg
Peq 2.7 + 1.3 mas
Ppol 17.6 £ 4.9 mas
f

stellar equatorial angular size

stellar polar angular size

azimuth of the stellar equator
envelope FWHM along stellar equator
envelope FWHM along stellar pole

4.7+ 0.3% relative (envelope to star) near-IR flux

Fig. 3. Graphical representation of the best-fit model intensity distribu-
tion of Achernar. The relative flux contributions from the star and the
envelope are not to scale. This illustration should not be considered as
a true image of the star.

visibility function is a two-dimensional V?(u,v) map. Figure 2
shows the cuts of this best-fit V?(u, v) map along the stellar pole
and the equator (solid curves). Note that the rapid visibility de-
crease observed at low spatial frequencies in the polar direction
is reproduced well by the presence of the elongated polar enve-
lope in the model.

A graphical representation of the star and its polar envelope
based on the best-fit parameters is presented in Fig. 3. We em-
phasize that this figure is not a true image of the star, but only
the representation of the best-fit light distribution with the a pri-
ori hypothesis that the star can be described by a uniform el-
lipse surrounded by an elliptical Gaussian envelope aligned with
its principal axes. This intensity distribution reproduces the ob-
served visibilities well, but several others could also fit. In partic-
ular, we cannot determine if the envelope is symmetric relative
to the star, due to the baseline orientation ambiguity of 180°.

3.6. Excluded data points

In the fitting process, we chose to exclude the four data points
obtained on the UT1-UT4 baseline (see Table 3b). With a posi-
tion angle of ~46 deg for the projected baseline, they correspond
to a measurement that is almost aligned with the pole of the star
(g = 41.6 = 1.4 deg). Although they satisfy the data quality cri-
teria that we applied to the other data points, they are located
6—70 away from the best-fit model. It should be noted that the
114 remaining data points are in excellent agreement with our
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CSE model, and the residuals of the fit present satisfactory sta-
tistical properties (see Sect. 3.7).

An instrumental origin for these outliers cannot be formally
excluded, especially as these data points were obtained on the
very first night of VLTI operations of the UT1-UT4 baseline.
However, no particular technical problem was reported, and the
other stars observed on this night showed consistent results. As
we could not distinguish these measurements from the rest of our
data, we chose to publish them all together for the sake of homo-
geneity. A possible astrophysical cause for these low visibilities
would be a stellar eruption that could have suddenly increased
the CSE brightness and/or angular extension.

3.7. Comparison with other models and residuals of the fit

In order to assess the level of adequation of our star+CSE model
to the data, we also tried to fit them with two simpler models:
a circular uniform disk and a uniform ellipse. The residuals for
each of the three models are presented in Fig. 4 as a function
of the projected baseline azimuth angle. We obtained in the first
case a uniform disk angular diameter of 6yp = 1.78 mas, with
the large sze 4 of 4.9 characteristic of a bad fit. Fitting a uniform
ellipse results in the following best-fit values: fq = 2.31 mas,
Opot = 1.68mas, and a; = 135.7°. Again, the szed of 3.2 shows
poor agreement of this model to our data. It thus appears that
our star+Gaussian CSE model is a much better fit to our data set
rze 4 = 0.79) than the models without CSE.

As shown in Fig. 4 (bottom), the residuals of our star+CSE
fit appear to be homogeneous with respect to azimuth angle.
Similarly, we do not detect any significant residual either with
respect to projected baseline length or with time (Fig. 5). The
H and K band data sets do not show any systematic devia-
tion, which justifies a posteriori our combined treatment of these
two data sets. Due to the relatively small number of measure-
ments in the H band and their lower accuracy compared to the
K band, their influence on the best-fit parameters is very limited.
However, they are overall in excellent agreement with the best-
fit model, with a specific reduced y? of only 0.2. Considering the
limited amount of H band data, we currently cannot investigate
the wavelength dependence of the CSE properties, but additional
observations with the AMBER instrument of the VLTI in the J
and H bands will soon allow such studies. It should be noted that
interferometric observations of the bright BOIVpe star y Cas in
the visible have shown that the apparent size of this star can vary
considerably with wavelength (Stee et al. 1998). The scatter ap-
pears to be slightly larger along the polar direction than along the
equator of the star (Fig. 5, top). This could be caused by devia-
tions from our simple star-CSE model on small angular scales.
For instance, the presence of clumps in the CSE could create this
apparent instability of the visibility function. However, our data
set is still too limited to constrain their properties significantly.

4. Nature of the CSE of Achernar
4.1. Total extension

As listed in Table 4, the angular sizes of the axes of the
photosphere ellipse (f.q and 6,01) are well constrained, as is
the flux ratio f = 4.7 + 0.3% between the star and the
polar envelope. However, the angular dimensions of the en-
velope itself are poorly constrained. In particular, as visible
in Fig. 2, we lack very short baseline measurements to esti-
mate the total extension of the envelope in the polar direction.
Considering our data, it could be much more extended than the
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Residual VZoss - Vmosel (GVZ units)
o

0 50 100 150
Azimuth (degrees)
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\ !
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Fig. 4. Residuals of the visibility fit in units of V? standard deviation o,
as a function of azimuth angle, for a uniform disk (fop), a uniform el-
lipse (middle), and our uniform ellipse with CSE model (bottom). The
H band data are shown with crosses. The four outliers (open diamonds)
were not included in the fit. The dashed and dot-dashed lines represent,
respectively, the polar and equatorial directions of the models, including
a uniform ellipse.

derived ppot = 17.6 + 4.9 mas, which should be considered as a
lower limit. The angular extension of the envelope in the equa-
torial direction is also rather poorly constrained by our data, but
appears to be small, and could be approximately the size of the
star itself.

4.2. Photospheric flattening ratio

From the fit of our two-component model, we obtained a photo-
spheric major- over minor-axis ratio of feq/6p01 = 1.41 £ 0.04,
while D03 measured a value of 1.56 + 0.05, using part of the
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Residual VZos = Vmodel (GV? units)
L o

0 50 100 150

Residual VZops - VZmodel (GV? units)
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Julian date - 2 452 000 (days)

Fig. 5. Residuals of the visibility fit as a function of projected baseline
length (fop) and date of observation (bottom). The symbols are the same
as in Fig. 4.

current data set. The 2.30 difference between these two val-
ues can be explained by the difference in adopted model be-
tween these two approaches. D03 estimated the uniform disk
equivalent angular diameter for each available azimuth and fit-
ted an ellipse on the resulting values. In the present work, we
directly fitted our two-component model to the visibilities in the
(u, v) plane. In addition, D03 used a single-disk model that does
not take the presence of the envelope into account.

Both approaches are valid and have their limitations and ad-
vantages. The important point where the main objective con-
cerns the study of the flattening of the star is to compare the
results to a physically realistic model including (at least) rota-
tional deformation and gravity darkening, as was done by DO03.
In a future work we intend to perform a complete astrophysical
analysis of the available interferometric and spectroscopic data
on Achernar, including rotational effects (flattening and grav-
ity darkening) and the CSE, both in the polar and equatorial
directions.

4.3. Infrared free-free emission

From the measured flattening ratio, the polar temperature of
Achernar could be higher than 20000K. In this context, the
radiation pressure reaches very high values. As was demon-
strated in the case of the luminous blue variable star r Carinae
by Van Boekel et al. (2003), a stellar wind ejected from the
poles can have a detectable signature in the interferometric vis-
ibilities in the near infrared. Recently, Meilland et al. (2006)
showed that an elongated polar wind should be included with
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a thin disk in order to explain the near-IR VLTI/AMBER (e.g.,
Petrov et al. 2003) observations of a Arae, another Be star that
is very similar to Achernar (rotation velocity, spectral type).
Although the central stars are similar, one important difference is
that o Arae presented hydrogen lines in strong emission during
the interferometric observations, while they were absent from
the spectrum of Achernar. Both stars show an elongated polar
wind responsible for a free-free and free-bound near-IR contin-
uum emission, while only one of them (« Arae) shows a dense
equatorial disk (resolved by VLTI/AMBER) where hydrogen
emission lines are formed. This indicates that a significant (in
terms of size and near-IR emission) polar wind exists indepen-
dently if the star is in a normal B or in a Be phase; i.e., the polar
wind does not seem to be completely related to the existence of
a denser equatorial envelope.

In the hypothesis that the observed polar CSE near-IR emis-
sion is mostly caused by free-free radiation, we can roughly es-
timate the mean electron density as n, ~ 2—3x 10'°cm™ for the
H and K bands. This value was obtained from the free-free emis-
sivity (e.g. Allen 1973) by considering an electron temperature
of 20000 K (the result does not depend strongly on this value)
and by using the CSE parameters derived in this work (Table 4).

In a recent paper, Vinicius et al. (2006) estimated the
2.2 um continuum emission based on a residual emission de-
tected in the Ha absorption profile measured contemporane-
ously to the VINCI/VLTI campaign on Achernar. They proposed
an explanation for the strong flattening measured on Achernar
(Domiciano de Souza et al. 2003) by adopting the hypothesis
that the residual He emission and the associated near-IR con-
tinuum emission are formed in the remaining equatorial disk.
However, considering the results from the present work, a sig-
nificant fraction of the near-IR emission appears to originate in
the polar envelope.

5. Conclusion

We have detected a diffuse circumstellar envelope around the
bright Be star Achernar, which accounts for approximately 5%
of the flux of the star in the near-IR (H and K bands). This enve-
lope presents clear asymmetry with a significantly larger exten-
sion along the polar direction of the star. The photosphere of the
star itself is distorted by the fast rotation with a larger equatorial
angular diameter. The elongation of the CSE points to a signif-
icant polar wind, most probably powered by the hot tempera-
ture at the stellar poles (von Zeipel effect). Its total extension is
loosely constrained by our observations, and it could reach large
distances from the star. It appears that a complete astrophysical
model able to simultaneously explain all observations (spectro-
scopic and interferometric) of Achernar is required. We are also
confident that spectro-interferometric observations of Achernar
with the VLTI/AMBER instrument will bring new insight into
the gravity darkening, actual shape and relative intensity of the
central star and its immediate circumstellar environment.
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