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The polar wind of the fast rotating Be star Achernar
VINCI/VLTI interferometric observations of an elongated polar envelope
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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 preser
of episodic hydrogen emission lines. The geometry of these envelopes is still uncertain, though it is often assumed that they are formed by
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 YWMATI beam combiner in thed andK bands,

using various telescope configurations and baseline lengths with a large 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 at the presence of an asymfiietddGBE elongated along the polar
direction of the star. We fit to our data 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 detect a CSE elongated along the polar axis of the star, as well as the rotational flattening of the stellar photosphere.
For the uniform-ellipse photosphere we derive a major ax#pf 2.13 + 0.05 mas and a minor axis 6f, = 1.51+ 0.02 mas. The relative

near-IR flux measured for the CSE compared to the stellar photosphiere &7 + 0.3 %. Its angular dimensions are loosely constrained by

the available data giq = 2.7 + 1.3 mas angby, = 17.6 + 49 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 Domiciano de Souza et al. (2003, hereafter DO3) measured
L . the apparent rotational flattening of Achernar using the Very

The southern star Achernaw Eridani, HD 10144) is the | 56 Telescope Interferometer (VLTI). They showed that the

brightest of all Be stars (= 0.46 mag). Depending on theqaitening ratio measured on this star cannot be explained in the
author (and the technique used) the spectral type of Acherggjone approximation, especially when taking into account the
ranges from B3-B4llle to B4Ve (e.g., Slettebak 1982, Balongy, 7einel afect. Recently, thisféect was revealed in two other

et al. 1987). The estimated projected rotation velowiini 541y rotating stars thanks to interferometric observations:

ranges from 220 to 270 kimand the ffective temperaturer  ajajr (A7V; Ohishi, Nordgren & Hutter 2004, Domiciano de

from 15000 to 20000K (e.g., Vinicius et al. 2006, Riviniugg, ;4 et al, 2005) and Regulus (B7V: McAlister et al. 2005).
priv. comm, Chauville et al. 2001). The fliculty in deriving

more precisely these parameters is a direct consequence of th&Rapid rotation and gravity darkening seem to be impor-
rapid rotation of Achernar. Such rapid rotation §0% of the tant keys to explain the two-component circumstellar environ-
critical velocity) induces mainly twoflects on the star struc-ment (CSE) of Be stars: (1) a dense (particle densiiles
ture: a rotational flattening and a gravity darkening, that can be** — 10'? cm3), high mass-lossx{ 108 M/yr) and low ra-

described by the von Zeipeftect (von Zeipel 1924). dial velocity (= 10 — 100 knys) equatorial envelope and (2)
a rarefied N =~ 10° cm™3), low mass-loss¥ 1070 M./yr)
Send gfprint requests toP. Kervella and fast £ 1000 knjs) polar wind (e.g. Damineli Neto & de

Correspondence tdPierre.Kervella@obspm.fr Freitas Pacheco 1982; Waters, E&tLamers 1987; and refer-
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ences therein). This picture of a two-component CSE is badathty on these wavelengths (0.2 %) is negligible compared

on many observations of Be stars performed in the last féarithe accuracy of our measurements.

decades. For example, optidR data have shown emission

lines and IR excesses that probe essentially the denser regions

of the CSE (e.g. Waters 1986; Dougherty et al. 1994), while UX.2. Data processing and calibration

resonance lines of highly ionized species can probe regions of

lower density (e.g. Snow 1981; Peters 1982). Gehrz, Hackw€&he raw data processing has been achieved using a wavelet-

& Jones (1974) showed that the near-IR excess measured irbBsed algorithm, integrated in an automated data reduction

stars is due to free-free radiation. pipeline (Kervella et al. 2004a). The general principle is sim-
The disk-like shape of the dense equatorial CSE has bél# to the original FLUOR algorithm (Cowddu Foresto et

directly measured by interferometric observations in the radi 1997), but instead of the classical Fourier analysis, we im-

and opticaliR (e.g. Dougherty & Taylor 1992; Stee et al. 1995plemented a wavelet-based time-frequency analygigrédisan

Quirrenbach et al. 1997). In a recent work, Tycner et al. (2008) al. 1999). The output of this pipeline is a single value of the

have explored the relationship between the angular size of g@iared coherence factof for each series of 500 interfero-

Ha emitting region (measured by interferometry) and the ngtams and the associated bootstrapped error bar. We obtained

Ha emission measured spectroscopically of seven Be stadotal of 49 500 interferograms of Achernar in tiéand and

They found an interesting correlation between the two qua®500 in theH band, among which 32394 and 3029 were re-

tities, that they attribute to an optically thick emission propogluced by the pipeline, respectively. The smaller proportion of

tional to the &ective area of the emitting disk. Because therocessed interferograms in theband is explained by the fact

equatorial disks are denser 100 times) than the polar winds,that only one interferometric output is available in the IONIC

and because the free-free emissivity is proportional to the dé@mponent, instead of two for the MONA beam combiner. In

sity squared, the equatorial disk dominates the near-IR conta@th cases, two photometric outputs are present. This resulted

uum emission when it is present. in a total of 99 squared visibility measurements in khband,
However, it is still not clear if this free-free radiation come&nd 19 in thed band, with their associated statistical and cali-

only from the equatorial envelope or if it can also be forme&ration uncertainties.

at least partially, in the polar wind. Modern high angular reso- e have used a number of calibrators taken mainly from
lution techniques have the resolving power and sensitivity fg¢re Borde et al. (2002) catalogue, that is an adaptation of the
quired to map the spatial distribution of the near-IR emissiogohen et al. (1999) catalogue for interferometric observations.
In the present paper we investigate this issue by using all avgihe observations obtained on these stars were used to estimate
able interferometric Observations Of ACheI‘nal‘ Obtained W|th tlﬂ% point source response of the interferometer |mmed|ate|y be_
VINCI/VLTI near-IR instrument (Sect. 2). These observationgre or after the Achernar observations. Their properties are
were performed during a phase where the equatorial disk Waged in Tables 1 and 2. The choice of the calibrators is an
nearly absent. The adopted analytical model is presenteqiportant step in the preparation of interferometric observa-
Sect. 3 and our results are discussed in Sect. 4. tions, as significant departures of their actual visibilities from
the expected model can propagate into biases on the calibrated
visibilities of the scientific target. Among the possible reasons

2. Interferometric observations for such departures, binarity (or multiplicity) and deviations
] from sphericity (due for instance to fast rotation or gravita-
2.1. Instrumental setup and observations tional interaction) are the most critical. All stars in the Beoet

E}l. (2002) catalogue were carefully scrutinized by these authors

European Southern Observatory's VLTI (Glindemann et a}or the presence of companions, and are currently regarded as

2000, 2004) is operated on top of the Cerro Paranal, in NortheEn : . o
S . . _Single stars. With respect to fast rotation, the values sihi
Chile since March 2001. For the observations reported in this . .
. . . are generally low for all our calibrators. Spectroscopic mea-
paper, the light coming from two test siderostats (0.35 m aper-

) ; erements of the projected rotational velocities are missing for
ture) or two Unit Telescopes (8 m aperture) was recombing ; .
some of our calibrators, but as they are giant stars, we assume

coherently in VINCI, the VLT INterferometer Commissionin :
Instrument (Kervella et al. 2000, 2003). We used eithé¢ a%hat they are small, and therefore that the deformation of these
stars can be neglected.

band @ = 20 - 24um) or H band @ = 1.4 — 1.8um) fil-
ter, depending on the beam combiner. In khband, we relied One of our calibratorgy PsA (Fomalhaut), is a moderately

on the MONA beam combiner, based on fluoride glass optidakt rotating dwarf (A3V,\v sini ~ 85knys, from Glebocki,
fibers, while in theH band, we employed the IONIC integratedsnacinski & Stawikowski 2000). We have considered carefully
optics beam combiner (Berger et al. 2001, Kervella et al. 20Q8¢ visibilities that were computed using this calibrator, and
Lebouquin et al. 2004). A total of nine VLTI baselines weréhey show no deviation from the other measurements, in partic-
used for this program, including five out of the six possiblelar those calibrated b§yPhe that were obtained on the same
Unit Telescope baselines. Considering the transmission of theeseline. Moreover, Di Folco et al. (2004) have measured the
instrument and the averagéfertive temperature of Achernar,angular diameter of this star along the same projected baseline
the dfective wavelength of our observations wias 2.175um azimuth as during our observations of Achernar. Therefore, we
in the K band, andl = 1.631um in theH band. The uncer- do not expect any ffierence in terms of angular diameter. In



P. Kervella & A. Domiciano de Souza: The polar wind of Achernar 3

Table 2. Relevant parameters of the calibrators used for VINCI obsérable 3. Squared visibilities of Achernar in th¢ band from VINCI,

vations of Achernar (continued from Table 1). The references are threlered by increasing azimuth angle of the projected baseline. The cal-

same as in Table 1. ibrators are named using their HR number, when no Bayer designation
is available. The stated Julian date,J®JID-2.452 1. The azimuth

Name €Ind A a Cet vCet is counted in degrees clockwise from North € 0 deg,E = 90 deg),

HD number  HD 209100 HD 18884 HD 12274 andB is the projected baseline in meters. The squared visibilities are
my 4.7 25 4.0 followed in subscript by the statistical and calibration uncertainties.
Mk 2.2 -1.7 0.0

Sp. Type K4.5vV ML1.5lla  Kavolli JDy Cal. Stations B(m) Az V2 (%)

Terr (K) 4500 3730 -

548.551 aPsA B3-MO 139.44 7.3 A4B.15.41
546.558 aPsA B3-MO 139.48 7.9 4Z.44.33
548.555 aPsA B3-MO 139.46 8.7 4B.15.42
548.560 aPsA B3-MO 139.48 10.2 44.15.40
547.595 aPsA B3-MO 139.61 20.2 48.51.38
) 545.604 aPsA B3-MO 139.69 21.2 56.16:24
& The angular diameter ofInd A was measured by Kervella et 547 600 o PsA B3-MO 139.63 21.8 46.51.s7

al. (2004b). _ 545.608 aPsA  B3-MO 139.70 22.6 58.16.25
b The uniform disk angular sizes afCet andv Cet were taken from 547.605 aPSA B3-MO 139.65 23.3 4B.55.35

Dyck et al. (1998) and Richichi & Percheron (2005), respectively.gs5 613 o PsA B3-MO 139.72 24.0 5L1:5+2:5

216.589 1318 U1-U3 95.29 24.2 87i1.05

216.592 1318 uU1-u3 95.15 24.8 661305
545.622 aPsA B3-MO  139.72 26.7 4%.15.24

logg 45 - -
v sini (knys) 1 - -
6o (mas} 1.89+ 0.02 - -
fup (mas¥ 184+0.02 116+040 53+05

SRREE A T ; 545.626 «@PsA  B3-MO 139.72 28.0 48.,7.53
: : : : : : : : 534.712 yPhe  U1-U2 4461 296 &hic.04
777777777777777777777777777777777777777777777777777777777 545.632 «oPSA  B3-MO 139.70 29.9 53.57.04
oy, : : 534.714 yPhe  U1-U2 4456 30.1 8%i6.04

‘ ‘ ‘ ‘ &@ : ‘ : : 575.637 37,2305 U1-U3 9334 313 .Z3g.3
e b bt o200 (g tn e L L : 213654 yPhe  U1-U3 9122 369 7Boois
: : : X 3 3 3 3 213.655 yPhe  U1-U3  91.12 372 js.is
X N, % : 213658 yPhe  U1-U3  90.79 37.9 7R;z.15

o ?‘WID AP B SR : 213.660 yPhe  U1-U3  90.62 383 T7Bg.i6
| | | oo N | 8 | 534.749 yPhe  UL-U2 4354 387 SB1.04
3 3 3 K9 } 3 | v (East) 213663 yPhe  U1-U3 9028 39.0 T20.1s
wog W Fo R, 0 a0 534750 yPhe  UL-U2 4348 391 8&is.04
: ; 1, }‘o @ € 3 ; : 534.752 yPhe  U1-U2 4340 39.6 85.6.04
SR % B G B A | 556.635 G§Phe  B3-MO 139.20 39.8 5®,1.:7
‘ ‘ : : X : : : 214.664 1318  U1-U3  89.89 39.9 68 7.5
,,,,,,,,,,, %.ﬂ. 534.755 yPhe Ul-U2 4332 402 8R17.04
@ ® | | | 214.667 1318  U1-U3  89.60 405 @6i6.05

: : "~ Qg © : : : : 556.642  §Phe B3-MO 139.02 417 5B40.16
R R AESAAREEREEEEE EEERERE EEERERE : 213.675 yPhe  U1-U3  88.92 418 T&z0.15
: : : : 1 1 1 1 214.675 1318 U1-U3  88.69 422 201705
7777777777777777777777777 ol 556.646 oPhe  B3-MO 138.88 42.9 53.35.16

213.691 yPhe U1-U3 87.05 451 W25

Fig. 1. Coverage of they,v) plane for the VINCI observations of

Achernar. TheK band observations (MONA beam combiner) are rep- o

resented using circles (open for siderostat observations, solid for theModel fitting

Unit Telescopes), and thgl band observations are represented usirg 1. Polar and equatorial visibilities

crosses. The scales are in unitsBgfl, expressed in cyclgarcsec.

In order to define a plausible model for the light distribution

of Achernar, we examine in this Section the shape of the polar

and equatorial visibility functions. The orientation of the minor

axis of Achernar on the plane of the sky relative to the North

was obtained 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
The resulting calibrated squared visibilities are listed iminor axis of Achernar (assumed to be the polar axisyq#

Tables 3, to 6. For each measurement, the calibrator is list88+ 1° east of North.

No systematic deviation of the visibility was observed for any To visualize the polar visibility function of Achernar, we

of our calibrators at adt level. extracted the interferometric measurements with azimuth an-

any case, we have considered a conservaiv87 mas £3 %)
uncertainty on the asumed angular diametear BEA.
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Table 1. Relevant parameters of the calibrators used for VINCI observations of Achernar (continued in Table 2).

Name aPsA xPhe HR 1318 aInd HR 37 HR 2305 §Phe

HD number ~ HD 216956 HD 12524 HD26846 HD196171 HD787  HD44951  HD 9362
my 1.2 5.2 4.9 3.1 5.3 5.2 4.0

Mk 1.0 1.3 2.3 0.9 1.8 2.3 1.7

Sp. Type A3V K5l K3l Kolll K5Il K3l KOlllb

Ter (K)2 8760 3780 6210 4720 3780 4250 4660
logg? 4.2 1.9 2.2 2.6 1.9 2.4 2.9

v sini (km/sy 85 - 20 - 2 20 -

6o (Mas} 223+007 277+003 186+002 328+003 252+003 181+003 224+0.02
6up (mas? 219+007 269+003 181+002 320+003 245+003 176+003 218+0.02

@ From Cohen et al. (1999) or Bagcet al. (2002), except PsA which angular size was measured by Di Folco et al. (2004).
b Linear limb darkening cd@cients from Claret, Diaz-Cordovez & Gimenez (1995) or Claret (2000).
¢ The projected rotational velocities were taken from the catalogue compiled by Glebocki, Gnacinski & Stawikowski (2000).

Table 4. Squared visibilities of Achernar in th€ band from VINCI
(continued from Table 3).

Table 5. Squared visibilities of Achernar in th€ band from VINCI
(continued from Table 4).

JDy Cal. Stations B(m) Az V2 (%) JDy Cal. Stations B(m) Az V2 (%)
533.711 €lInd Ul-U4 129.75 457 43,1514 533.786 xPhe U2-u4 88.91 85.2 63.06:11
533.713 €lInd Ul-U4 129.70 46.1 A40.09:14 533.788 yPhe U2-U4 88.83 85.8 62.05:11
533.715 «€lInd Ul-U4 129.64 46.8 A40.09:14 555.802 & Phe B3-M0 117.78 85.9 5828110
533.717 €lnd Ul-U4 12957 474 A42.09:14 579.754 ¢Phe B3-MO 113.06 91.2 52, 40:08
550.685 ¢Phe B3-MO 137.86 49.2 48.34:14 579.759 ¢ Phe B3-MO 111.82 92.6 52, 40:08
550.688 ¢§Phe B3-MO 137.64 50.3 5336.15 629.580 aCet B3-C3 7.37 93.1 9857100
550.697 ¢Phe B3-MO 137.09 525 HBi6.14 579.763 ¢ Phe B3-MO 110.48 94.0 52.43:08
534.898 yPhe U2-u3 39.87 547 8854.04 629.585 «Cet B3-C3 7.31 94.7 102.34.00
534.900 yPhe U2-U3 39.68 550 8Rigi04 544.865 yPhe B3-MO 108.80 95.8 5P).38:24
534.902 yPhe U2-U3 39.44 554 81504 544,869 aPsA B3-MO 107.50 97.2 49,535,904
534.904 yPhe U2-u3 39.18 559 Ahig.o4 544873 aPsA B3-MO 106.17 98.6 48.34.23
556.696 ¢Phe B3-MO 135.77 56.9 555,14 535.631 yPhe EO-G1 43.57 1115 8846:05
556.701 ¢Phe B3-MO 135.32 58.2 5B.1.13 535.642 yPhe EO-G1 4532 114.0 57205
556.705 ¢Phe B3-MO 134.87 595 5Lj5.14 538.646 yPhe EO-G1 47.10 116.7 85,47:04
550.733 §Phe B3-MO 13355 62.6 5PRjg.15 538.651 y Phe EO-G1 47.74 117.7 61104
590.625 ¢Phe B3-MO 133.37 63.0 S3.0s:13 535.673 xPhe EO-G1 49.58 120.7 B304
550.736 ¢Phe B3-MO 133.15 635 23515 535.678 yPhe EO-G1 50.24 121.8 8604
590.629 ¢Phe B3-MO 132.83 64.2 4Bg7.12 662.575 «Cet EO-GO 18.82 1221 10R43:53
550.741 ¢6Phe B3-MO 13255 64.7 5B.1s:15 535.686 y Phe EO-G1 51.24 1236 1B46:04
569.691 ¢Phe B3-MO 13225 653 48.71.12 662.579 wvCet EO-GO 18.65 123.6 1(Msgo:25
945.621 aPsA EO-GO 1595 654 R35.01 528.781 yPhe EO-G1 58.21 140.2 Alos.06
590.634 ¢Phe B3-MO 132.12 65.6 48812 528.785 yPhe EO-G1 58.49 141.1 Mis.06
554735 aPsA B3-MO 13185 66.1 48.;4.20 528.790 yPhe EO-G1 58.76 142.1 165 4.06
569.695 ¢Phe B3-MO 13158 66.6 4B.j1.1> 528.820 yPhe EO-G1 60.41 149.0 o007
945.625 aPsA EO0-GO 1593 66.7 B.33.01 528.824 yPhe EO-G1 60.60 150.0 TRs8.07
590.639 ¢ Phe B3-MO 131.41 66.9 S0g:13
569.700 §Phe B3-MO 130.94 67.8 48.17.1>
579.677 ¢6Phe B3-MO 130.22 69.1 5&.44:11
579.682 ¢Phe B3-MO 12941 70.4 4B.4s5:10
579.687 SPhe B3-MO 12857 71.8 4B47.10 gles between T0and 70, i.e.~ +30° from the sky-projected
555.761 o6Phe B3-MO0 127.04 74.1 4B.igu10 polar axis of the star. As shown on Fig. 2 (left), it appears that
555.765 oPhe B3-MO 126.16 75.4 4B.33.10 the distribution of the measured visibilities does not follow that
577.707 sPhe B3-MO 125.74 759 SD34.13 of a uniform disk, there is a clear deficit of visibility at low spa-
577.712 6Phe  B3-MO 124.67 774 ABsss tial frequencies. Fitting a simple uniform disk model (through
577.717 5Phe  B3-MO  123.75 786 SBjs3 a classical least squares minimization) to these data leads to
552.786 aPsA  B3-MO 12347 79.0 4%.45.56 6up = 1.78 mas, but the reduced of 6.2 is characteristic of
533.781 xPhe U2-u4 89.03 84.0 68.59:10 . .. L . ..
533783 yPhe U2-U4 88.98 845 Oocurs a poor fit. The deficit of visibility at low spanal frequencies is
555.798 6Phe B3-MO 118.90 84.6 4Bac.io typical of the presence of an extended, incoherent source that

is resolved by the interferometer already on the short baselines.
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Table 6.Squared visibilitiess of Achernar in thé band from VINCI, Using a simple uniform ellipse model is naturally a very

equipped with the IONIC integrated optics beam combiner. simplified approximation of the photospheric light distribution
of Achernar. In reality, the rapid rotation of the star causes
JDy Cal.  Stations B(m) Az. V2 (%) a significant brightening of the polar caps of the star, as a
475861 alInd EO-GL 5248 126.0 18uzis consequence of its flattening. Though numerical models can
475.870 alind EO-G1 53.39 127.8 7Tlgus predict accurately the distribution of light on the photosphere
477.781 «alInd EO-G1 42.26 109.7 T78.39:17 of uniformly rotating stars (see e.g. Domiciano de Souza et
477785 alind EO0-G1 4298 110.7 TZ37.17 al. 2002), the underlying Roche approximation is not necessar-

479.941 «Ind  EO0-G1  59.78 146.1 68i52.14 ily verified for Achernar. In particular, Jackson, MacGregor &
479.944 «ind  EO-GL  59.95 146.8 6B.54.14 Skumanich (2004) have shown that stellar models of Achernar

479.949 « Ind EO-G1 60.19 147.9 63,#5.111.4
482.791 «alInd EO-G1 4598 1150 76.73.17
482.824 «Ind EO-G1 50.39 1221 7R.70.16

including diferential internal rotation result in a better agree-
ment with the interferometric profile obtained by D03. Though

482.827 aind EO-G1  50.80 1228 78.1.is ther_e are good pr_ospects thaﬁ"elient_ial rotation can be con-
483.718 «lind EO-G1 3405 98.7 80.44uis strained observationally by spectro-interferometry (Domiciano
483.722 aind EO-G1 34.83 99.7 T7B.41.17 de Souza et al. 2004), the current uncertainties on the light dis-
483.727 aind EO-G1 3578 101.0 8D.4e.1- tribution of the photosphere lead us to prefer the simple ap-
483.831 alnd EO-G1 5156 1242 797217 proach of a uniform ellipse. We also make the hypothesis that
483.835 «alInd EO-G1 52.05 125.1 78.38.17 the axes of the envelope are aligned with the principal axes
483.839 alind EO0-G1 5251 126.0 7Qu2:17 of the stellar photosphere. Due to the limited coverage of our
484.767 «Ind  EO-G1 4317 1109 78414 data set in terms of azimuth angle at intermediate baselines, we
484771 aInd  EO-G1  43.72 1117  T8:57.14 choose this approach in order to reduce the number of fitted

485887 yPhe EOG1 57.36 1375 RMesuo parameters, and therefore improve the stability of the conver-

gence of thg/? minimization.

In other words, a diuse and extended envelope appears to be
present along the polar axis of the star. 3.3. Photospheric visibility function

The equatorial visibility function can be evaluated by re-
stricting our sample to the visibility measurements obtained The visibility function of a uniform ellipse can be derived from
the azimuth range; = 129+30°. As shown in Fig. 1, we do not the classical visibility function of a circular uniform disk with
have as many measurements at high spatial frequencies al@ngngular diameteip:
this range of azimuth, due to limitations of the available VLTI
baselines during commissioning. Fig. 2 (right) shows the d%D(u, V) = 231(x) 1)
tribution of squared visibilities observed in this azimuth range, X

as a function of the spatial frequency. In this case, the fit of a VETZ wi _
simple uniform disk model witldup = 2.38 mas produces sat-Wherex = xup Vu? + v2, with u andv the spatial frequency

isfactory results, with a reducad of only 0.6. In this case, we coordinates in units oB/A. In order to obtain the visibility

conclude that we do not detect any significarfiutie envelope function of the ellipse, we use a rotation of the\) axes and
along the equatorial plane of the star. a scaling of they, v) variables:

U = U cosa; +V Sinag V = —U Sinay + V CoSay (2)
3.2. Star-envelope model description

As discussed in Sect. 3.1, it appears that ffude envelope The visibility of the uniform ellipse with a major axiq, a
' ’I%inor axisfpol, and a major axis orientation relative to the

confined to the direction of its polar axis, is present arou di is therefore:
Achernar. In order to study the flux contribution of this envéXISat IS theretore:

lope, we need to define a simple model to fit the observed visi- 23:(X)
bility data. For this purpose, we have considered the followingtadU, V. feq, fpol, @1) = — 3)
components:

— The stellar photosphere is represented by a uniform ellip¥§1erex = [ 62qu? + 65, v'2.
The parameters are the equatorial and polar angular sizes
feq and byq1, and the azimuth orientation of the equatori
axis on the skyr;.

— The difuse envelope is represented by a bidimensional gmilarly to Sect. 3.3, we can obtain the visibility function of an

liptical Gaussian. It is parametrized by its full widths at halg|liptical Gaussian brightness distribution from the circularly
maximum (FWHM) along the polar and equatorial axes @fymmetric case for which we have:

the starppo andpeq, and its integrated flux relative to the

stellar flux f. We make the assumption that its principal (np m)Z

axes are aligned with the principal axes of the stellar phoz,, .(u,v) = exp| -~———~ (4)
tosphere. 41n2

a§.4. Envelope visibility function
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Stellar polar direction I Stellar equatorial direction I

0.8 0.8

0.6

0.6

0.4 0.4

Best model \/? along the equator
02 m VLTIVINCI V*K band (100° < Az. < 160°)
| % VLTIVINCI V*H band (100° < Az. < 160°)

Calibrated squared visibility v?
Calibrated squared visibility v?

02 L Best model VV* along the pole ]
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0.0 0.0 . 1 \ 1 ) 1
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Spatial frequency Bpmj/}v (cycles/arcsec) Spatial frequency Bpmjl}u (cycles/arcsec)

Fig. 2. Left: Squared visibilities/? measured on Achernar and corresponding to projected baseline azimuth angles around the polar direction
(values between 2Gand 70). Right: V2 corresponding to projected baseline azimuth angles around the equatorial direction (values between
100 and 160). The solid squares and crosses reprekeandH band data, respectively. The solid curves represent theorgficabng the

pole (left) and the equator (right) obtained from the 2D fit of our two-component model (Sect. 3) to all me&%(ifables 3 to 6). Note also

the V2 outliers along the polar direction, which were not included in the fit (see text for details).

wherep is the FWHM. In the elliptical case, we therefore obTable 7. Best fit parameters (and corresponding uncertainties) of our
tain: simple model consisting in a Gaussian elliptical envelope superim-
posed on a uniform ellipse representing the central star. The fit was

(” /pgqu,z + P;230|V'2)2 computed on our completé andK band data set.
®)

41n2 feq 213+0.05mas stellar equatorial angular size

O 151+ 0.02mas stellar polar angular size

ay 1316+ 1.4deg azimuth of the stellar equator

2.7+ 1.3 mas envelope FWHM along stellar equator

Venv(us V, Peq Ppols Ql) = exp|—

with the same expression aof andv’ as in Sect. 3.3, as we

assume that the axes of the Gaussian envelope are aligned Wj)’ﬂjl 176+49mas  envelope FWHM along stellar pole

the axes of the photosphere. The indexes "eq” and "pol” refelf 47+03% relative (envelope to star) total near-IR flux
to the equator and pole of the central star.

3.5. Extracted parameters

Combining the visibility expressions presented in Sect. 3.3 and
3.4, we obtain the following expression for our simple model of

; ; ; ; . The minimumy?2 , of 0.79 is reached for the parameters
an elongated ellipse with a superimposed Gaussian envelope: ' red i o
9 P P P F1|sted in Table 7. This small value is characteristic of a good
Vstar+  Veny

correspondence of our model to the interferometric data. The
1+ f ©) best-fit visibility function is a two-dimensional?(u, v) map.
Figure 2 shows the cuts of this best¥i(u, v) map along the

llar pole and the equator (solid curves). Note that the rapid
visibility decrease observed at low spatial frequencies in the
polar direction is well reproduced by the presence of the elon-
gated polar envelope in the model.

Vmode(u’ v, eeq’ epoh Peag» Ppol> X1, f) =

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

2
VZ-V2 (Ui, ...)
d 15 Vi
thot(geq, Opols Pegs Ppol> A1, f) = Z [ : e 62 ] )

i i A graphical representation of the star and its polar enve-

. N lope based on the best-fit parameters is presented in Fig. 3. We
whereV? is one of the VINCI squared visibility measurementsemphasize that this figure is not a true image of the star, but

2 i i i - . . Lo . .
andoj’its associated total variance. The expression of the Igsy e representation of the best-fit light distribution with the

2 -
ducedy” is: a priori hypothesis that the star can be described by a uniform
v ellipse surrounded by an elliptical Gaussian envelope aligned
X = ﬁ (8) with its principal axes. This intensity distribution reproduces
obs —

well the observed visibilities, but several others could also fit.
whereNgps is the number of individual observations and éof In particular, we cannot determine if the envelope is symmetric
6 the numbers of degrees of freedom, considering that we fitedatively to the star, due to the baseline orientation ambiguity
total of six parameters. of 180°.
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Fig. 3. Graphical representation of the best-fit model intensity distri-
bution 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.

Residual VZoss - V2model (0V2 units)

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 4). With a po- ; ‘ ‘ ‘
sition angle of~ 46 deg for the projected baseline, they corre- 0 50 100 150
spond to a measurement almost aligned with the pole of the star
(ap = 416 + 1.4 deg). Though 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 CSE model, and the residuals of the fit present satisfactory
statistical 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 discriminate these measurements from the restof ]
our data, we chose to publish them altogether for homogene- s : : ‘
ity reasons. A possible astrophysical cause for these low vis- 0 50 . 100 150
ibilities would be a stellar eruption, that could have suddenly Aamuth (degrees)
increased the CSE brightness Andangular extension. Fig. 4. Residuals of the visibility fit, in units of V2 standard devia-
tion o, as a function of azimuth angle, for a uniform disk (top), a
uniform ellipse (middle) and our uniform ellipse with CSE model
. (bottom). The H band data are shown with crosses. The four out-
the fit liers (open diamonds) were not included in the fit. The dashed and

In order to assess the level of adequation of our+&ESE dot-dashed lines represent respectively the polar and equatorial
jrections of the models including a uniform ellipse.

model to the data, we have also tried to fit them with tw%
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 an-
gle.We obtain in the first case a uniform disk angular diametét values:6.q = 2.31 masfpo = 1.68 mas, andr; = 1357°.

of yp = 1.78 mas, with a Iarggrzed of 4.9, characteristic of a Again, theXfed of 3.2 shows a poor agreement of this model to
bad fit. Fitting a uniform ellipse results in the following besteur data. It thus appears that our st@aussian CSE model is

Residual VZoss - VZmodel (GV2 Units)

3.7. Comparison with other models and residuals of
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CSE model at small angular scales. For instance, the presence
of clumps in the CSE could create such an apparent instabil-
ity of the visibility function. However, our data set is still too
limited to constrain significantly their properties.

; ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Sy ST | Y

il ig xR Ce &i—— | 4. Nature of the CSE of Achernar

. LA § X > ° ° & )

0 IO I S 4.1. Total extension

I As listed in Table 7, the angular sizes of the axes of the pho-

L tosphere ellipsedg, and 6,0) are well constrained, as is the
B PR flux ratio f = 4.7 + 0.3% between the star and the polar en-
; B o velope. However, the angular dimensions of the envelope itself

0 50 100 150 are poorly constrained. In particular, as visible in Fig. 2, we are

lacking very short baseline measurements to estimate the total
extension of the envelope in the polar direction. Considering

I Uniform-ellipse with CSE- our data, it could be much more extended than the derived
6 Ppol = 17.6 + 4.9 mas, which should be considered as a lower
- B limit. The angular extension of the envelope in the equatorial
Nf S direction is also rather poorly constrained by our data, but ap-
221y &y e pears to be small, and could be of the order of the size of the
Sl i " ;E i star itself.
baloe oR I LI
Sofobo L , o
B g 4.2. Photospheric flattening ratio
8.4 4 L o
B R R PEE From the fit of our two components model, we obtain a photo-
Sl e spheric major- over minor-axis ratio 6f/6po = 1.41+ 0.04,
-8 : ° : : while D03 measured a value of5b + 0.05, using part of the
150 350 550 750 950 1150 current data set. The Zr3difference between these two values

Julian date - 2 452 000 (days) . . .
o g can be explained by thefirence in adopted model between

Fig. 5. Residuals of the visibility fit as a function of projected base- these two approaches. DO3 estimated the uniform disk equiva-
line length (top) and date of observation (bottom). The symbols lent angular diameter for each available azimuth and fitted an
are the same as in Fig. 4. ellipse on the resulting values. In the present work, we directly
fitted our two-components model to the visibilities in tlewv)
plane. In addition, DO3 used a single disk model, that does not
a much better fit to our data sqtf(gd = 0.79) than the models take into account the presence of the envelope.
without CSE. Both approaches are valid, and have their limitations and
As shown on Fig. 4 (bottom), the residuals of our s@BE advantages. The important point when the main objective con-
fit appear to be homogeneous with respect to azimuth anglerns the study of the flattening of the star is to compare the re-
Similarly, we do not detect any significant residual either sults with a physically realistic model including (at least) rota-
with respect to projected baseline length or time (Fig. 5). tional deformation and gravity darkening, as was done by D03.
The H andK band data sets do not show any systematic dé-a future work we intend to perform a complete astrophysical
viation, and this justifies posterioriour combined treatment analysis of the available interferometric and spectroscopic data
of these two data sets. Due to the relatively small number @t Achernar, including rotationatfects (flattening and gravity
measurements in thie band and their lower accuracy comdarkening) as well as the CSE both in the polar and equatorial
pared to thé&k band, their influence on the best-fit parameters @hrections.
very limited. However, they are overall in excellent agreement
with the best-fit model, with a specific reducgtiof only 0.2.
Considering the limited ammount &f band data, we currently
cannot investigate the wavelength dependence of the CSE pieymm the measured flattening ratio, the polar temperature of
erties, but additional observations with the AMBER instrumewtchernar could be higher than 20 000 K. In this context, the ra-
of the VLTI in the J andH bands will soon allow such stud-diation pressure reaches very high values. As was demonstrated
ies. It should be noted that interferometric observations of thethe case of the luminous blue variable sj&arinae by Van
bright BOIVpe staty Cas in the visible have shown that the apBoekel et al. (2003), a stellar wind ejected from the poles can
parent size of this star can vary considerably with wavelendthve a detectable signature in the interferometric visibilities in
(Stee et al. 1998). The scatter appears to be slightly larger al¢ing near infrared. Recently, Meilland et al. (2006) showed that
the polar direction than along the equator of the star (Fig. &) elongated polar wind should be included in addition to a
top). This could be caused by deviations from our simple stahin disk in order to explain the near-IR VI/AMBER (e.qg.,

4.3. Infrared free-free emission



P. Kervella & A. Domiciano de Souza: The polar wind of Achernar 9

Petrov et al. 2003) observations@Arae, another Be star very Chile. These data have been obtained under an unreferenced P70
similar to Achernar (rotation velocity, spectral type). Althoughhared-risk programme, and during the technical commissioning of
the central stars are similar, one importanfatience is that the interferometer. This work has made use of the wavelets data
a Arae presented hydrogen lines in strong emission during tf@cessing technique, developed by [2g&nsan (Observatoire de
interferometric observations, while they were absent from tfRe™Ve) and integrated in the VINCI pipeline. Observations with
spectrum of Achernar. Both stars show an elongated polar wijg VLT! are only made possible through théaets of the VLTI

responsible for a free-free and free-bound near-IR continutﬁeam’ for which we are grateful. The VINCI public commissioning
P J&a reported in this paper have been retrieved from the/&E50

emsspn, while only one of thero Arae) shows a dense eq_uaECF Archive (Garching, Germany). This research has made use of
torial disk (resolved by VLTIAMBER) where hydrogen emis- {he sjMBAD and VIZIER databases at CDS, Strasbourg (France), and
sion lines are formed. This indicates that a significant (in term@sAs Astrophysics Data System Bibliographic Services. We thank
of size and near-IR emission) polar wind exists independentlys. O. Chesneau and J.A. de Freitas Pacheco for their enlightening
if the star is in a normal B or in a Be phase, i.e., the polar wirkdiggestions.
does not seem to be completely related to the existence of a
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