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8 ABSTRACT

== Aims. We aim to study the geometry and kinematics of the disk ardbede staw Arae as a function of wavelength, especially across the
1 Bry emission line. The main purpose of this paper is to answenlstion about the nature of the disk rotation around Bsstar
Methods. We use the VLTIAMBER instrument operating in the K band which provides anday a factor 5 in spatial resolution compared
N to previous VLTIMIDI observations. Moreover, it is possible to combine thighhangular resolution provided with the (medium) spectral
C resolution of AMBER to study the kinematics of the inner pzirthe disk and to infer its rotation law.
O Results. We obtain for the first time the direct evidence that the diskni keplerian rotation, answering a question that occursesthe
*= discovery of the first Be star Cas by father Secchi in 1866. We also present the global gepmithe disk showing that it is compatible
e with a thin disk+ polar enhanced winds modeled with the SIMECA code. We fotiatithe disk around Arae is compatible with a dense
@ equatorial matter confined in the central region whereadax pand is contributing along the rotational axis of the tahstar. Between these
= two regions the density must be low enough to reproduce tige laisibility modulus (small extension) obtained for twbtbe four VLTI
~baselines. Moreover, we obtain thatArae is rotating very close to its critical rotation. Thisesario is also compatible with the previous
0O MIDI measurements.

(o)
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o
o
CID 1. Introduction strong Balmer emission, have put very strong constraints on

®) the parameters of its circumstellar disk. Independentlthef
The stara Arae (HD 158427, HR6510, B3Ve), one of the,,4e| they have obtained an upper limit of the envelope

closest (é74 pc, Hipparcos, Perryman et al. (1997)) Be starS;,o in the N band Ofhmax= 4 Mas, i.e. 14 R if the star

(O was observed with the VLIMIDI instrument at 10um in g o¢ 74 pc according to Hipparcos parallax or 20 iRthe

June 2_003 and its circumstellar environment was unresolvgd; is at 105 pc as suggested by the model presented in paper |
even with the 102m baseline (Chesneau et al. (2005), hereaft

paper 1).« Arae was a natural choice as first target due _ ) _
to its proximity but also its large mid-IR flux and its high They finally propose a scenario where the circumstellar
infrared excess among other Be stars, e.g. E(VAL3 and environment remains unresolved due to an outer truncafion o

E(V-12um)~2.23. These first IR interferometric measuremenijge d'sclgﬁ an unsee?l co:jnpan]lcon. Neverthheless, th'_s' ﬁompan-
indicated that the size of the circumstellar environmeng w" Wou e too small and too far away to have any influence

smaller than predicted by Stee (2003) for the K band. TRE the Be phenomenon itself.

fact thate Arae remain unresolved, but at the same time had
In order to study the inner part of this circumstellar

Send offprint requests to: anthony.meilland@obs-azur.fr truncated disk we have taken advantage of the higher spatial
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resolution by observing at zm with the VLT/AMBER parameteresult value
instrument in February 2005. It provides a gain by a factor Spectral type B3Ve
5 in spatial resolution compared to VI/MIDI observations. Ter 18000K
We present in this paper these measurements showing, for the RNzla?jisjs i‘%'\ﬂ)
first time, a fully resolved circumstellar envelope in theyBr Luminosity 5 8.16%
emission line and a clear signature of a Keplerian rotatiakg d Inclination angle i ' 45 ©
arounda Arae. We also discuss the cha!lenglng ques.tlon on Photospheric density o) 1.2 10%2g cnr3
the nature of the geometry of the Be disks and particularly  photospheric expansion velocity 0.07 ki s
their opening angle since it is still an active debate. Equatorial rotation velocity 300 knTs
Equatorial terminal velocity 170 knts
Following the Wind Compressed Disk model (WCD) by Polar terminal velocity 2000 knt$
Bjorkman & Cassinelli (1993), most authors have considered Polar mass flux 1.7 18Mg year* srt
geometrically thin disks (half opening angle of 2-5 degyees ml 0.3
even if Owocki et al. (1996) have found that the equatorial m2 0.45
wind compression féects are suppressed in any radiatively c1 300
driven wind models for which the driving forces include a Mass of the disk 2.3 10°Mo
g 1
Mass loss 6.0 10Mg year

significant part from optically thick lines. Moreover, they .
found that gravity darkeningfkects can lead to a reduced maskable 1. Model parameters for the Arae central star and its
loss, and thus a lower density in the equatorial regions. Acumstellar environment obtained from paper |

wind compressionféect is, however, not required to produce

small opening angle of the disk. The investigation of acoret

disks has shown that discs in hydrodynamical equilibriuch agions from these first spectrally resolved interferometréa-
Keplerian rotation will not have much larger opening anglesurements of a Be star apn.

since their scale height is governed by the vertical gaspres

only. For a disk to be thicker, either additional mechanisms

have to be assumed, or it might not be in equilibrium at the

radii in question (Bjorkman & Carciofi 2004). 2. VLTI/AMBER observations

On the other side, Stee et al. (1995; 1998) claimed that o observz_itions_ ol Arae were acquired_during a Science
disks must be more ellipsoidal in order to reproduce thmgtroFsgﬁgrs;rg%%g Tlljn;iig(stlr?(;r) Arl\lerI;'EoF? fr?setrzlr’rggtnst %fnzti:r%ﬁ
IR excess observed and interpret the possibility for a Betsta . . T :

P P v medium-resolution mode ERL500). On the night of 24

change its spectral type from Be to B, and more rarely Be b the ob i de with two UT tel

Be-Shell type, i.e. where the disk is dense enough to proaluc_ee ruary, the observations were made wi ° elescopes

strong "shell” absorption. I.e. one interferometric baseline only, and consist of sipce
sure files, each containing 500 frames of 100 ms. On the fol-

wing night, three telescopes were used and three-baselin
parameters for the modeling af Arae, e.g. the central star ata were taken in a serie of three exposure files and another

and its circumstellar envelope used in paper | and sumnearize € of two, each c_ontamm_g 590 frames of 70ms. Without
in Table 1. Following the polarization measurementstP6% a fringe tracl_<e_r, _the Integration time per frame_nju_s_t be tshor
and Position Angle (PA) of 172y McLean&Clarke 1979 and enoughto minimize the smearing of the fringe visibility dlue
Yudin 2001 the disk major-axis orientation is expected to Bﬁe beams jitter, while still having enough photons ove

at about PA- 82° (Wood et al. 1996a, 1996b, Quirrenbach dpentary exposure. .Its specific vglue is chosen dependirfgaont
al. 1997). Assuming a stellar radius of 4.8 Rnd an &ective atmospheric conditions. Immediately after observingyae, a

temperatur@ s = 18 000K, the photospheric angular diamer—]earby calibrator object was observed.

ter is estimated to be 0.7 mas (Cohen et al. 1998, Chauville et

al. 2001). For the distance of 74 pc and a baseline of 60mztReduction of the interferometric Data
2 um, Stee (2003) predicts the visibility ef Arae to be lower
than 0.2, i.e. fully resolved.

In the following we adopt, as a starting point, the san4

The data has been reduced using the “ammyorick” package de-
velopped by the AMBER consortimThe principles of the

The paper is organized as follows. In Section 2 and 3 VMBER data reduction have been described by Millour et al
present the interferometric AMBER observations and tha d4¢00%)- In addition to the tools furnished by the defaultkpac
reduction. In Section 4 we try to obtain a first estimate &€, some s_p§C|f|c treatment have bgen added for reac_hmg an
« Arae’s envelope geometry using very simple "toy” modelQPtimal precision on the_ interferometric obs_erv_a_bles.\Tare
Section 5 describes briefly the SIMECA code. In Section 6 vi!S Steps are the following. For each of the individual expes
present the best model we obtain with SIMECA that fits boff@Mes: the complex visibilities are extracted from theous
the Bry line and the visibility modulus and phase as a funér_\terferometrlc channels and calibrated using the photame
tion of wavelength which allows us to infer the disk kinernati ! see: httpy/www—laog.obs.ujtgrenoble.ffhebergegmber
and its rotational velocity. Finally, Section 8 draws thaclo- /article.php3?idarticle=81
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Date Timeobs Baselines Length P.A. Calibrator ¢ca,
(UTC) (m) €) (mas)
24/12/2005 08:46 uUT2-4 (B 80.9 39 HD124454 52+0.02
UT2-3(B) 46.4 19
UT3-4 (B,) 52.5 81
25/12/2005 09:40 uUT2-4 (B 84.6 52 HD124454 52+ 0.02

Table 2. Observation log, with the projected baseline lengths amgean The diameter for the calibrator used is taken from the
CHARM catalogue (Richichi & Percheron 2002).

channels and some internal calibration files. The pistdre-
tween the beams is first estimated from the slope of the fsinge
with wavelength, and a correction phaser is applied on each I 1
frame. From this, the color-fierential phase and visibility are 20 -
calculated, for a given spectral channmelwith respect to a I o 1
set of reference channel(s). We chose the reference chtannel
consist in the whole spectral bandwidth except the consdler
channell. Due to the jitter of the beams and to the subsequent
variations of output flux after the optical fibers of AMBER,
not all the frames contain good quality fringes. A selection
and weighing of the best frames above a given threshold is
made based on a fringe quality criterion. This yields ouocol
differential estimators of phase and visibility with an optimal
precision. For both the science source and its calibrdtersta- I |
tistical deviation of the dferential phases over the frames serie ol e e e e ]
is about 0.01 rad per spectral channel. The deviation ofdine n ¢ Y avelongth (mimen) 1
malized diferential visibility is about (6%. These numbers are

similar for all the baselines. Fig. 1. @ Arae (unresolved star uniform disc) model upper
limit diameters (in mas), as a function of wavelength, frém t
2005 MIDI data described in paper | for the June, 16 (plai@)lin
and June, 17 nights (dotted line). Note that the large valbes
{5thed for larger wavelengths are essentially due to a paler ¢
bration and large error bars rather than a true physttate

2T B B B B L L L L

Diameter upper limit (mas)

The scaling of the dierential visibilities to “absolute” vis-
ibilities is done through a best adjustment of the “sciertzga
to the one measured on the calibrator star, whose thedret
visibility is known. For this, the histogram of the squaresiv
bilities from all the science frames (with enough flux abdwe t
detector noise) is fitted, by a scaling factor, to the hisiogr
of the calibrator star. With the data we have, this fit has been
done globally, by integrating the spectral channels togyettr  4-1. Envelope extension
each frame. Therefore, some possible bias bgtwegn theaxlpeglt_l_l_ Extension in the continuum at 2.1 zm
channels would not be suppressed by the calibration process

Assuming that the visibility we measure in the continuiy,

In the present case, the observations of the nominal calibf@only due to the central star and its circumstellar disk & ¢
tor for « Arae were of poor quality, and another calibrator, gite:

some distance on the sky 85°), had to be used. This does not
seem to #ect the calibration, though. The scaling fit betweep_ _ VecFeo + VicFyc (1)
the histograms of the science and calibrator objects esult Frot

0 N :
an error of about 5% on the visibilities, on every baseline. where \le and e are respectively the envelope visibility and

flux in the continuum , \; and K. the star visibility and flux
in the continuum and = Fec+F,c. Since \{ is the measured
visibility, in order to only estimate the envelope visibjliVec,
we can rewrite Eq. 1 :

4. Study of the envelope morphology using simple ,__ VeFror = VacFue @
models Fec

The total flux is normalized, i.e.if=F«+F.c=1. Since the
In this section we present the new AMBER data with the pre\dtar is almost unresolved &6,<0.7 mas which corresponds
ous MIDI data already presented in Paper | in order to obtain@0.98< V,.<0.99 for the longest baseline at ufn, we as-
first estimate ofr Arae’s envelope geometry using very simplsume in the following that \;=1. In order to estimate ¥ we
"toy” models. still have to determine the star and envelope contributtons
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the 2.1um flux continuum. Since the envelope continuum flurather than a true physicaffect. For "classical” Be stars mod-

in the visible and in the UV is negligible we have fitted thels, where the density is slowly and regularly decreasing as
blue part of the SED using af;=18000 K black body for the function of the distance from the central star, we predict an
central star in order to deduce the envelope emission afarincreasing size as a function of wavelength as shown by Stee
wavelength. At 2.4m we found that the star emission is stil(2001). A possibility to keep the same angular size between 2
~1.5larger, i.e. 0.44 magnitude brighter, than the envetope and 13um, may be a disk truncation by an external physical
tribution thus, following k.=1.5 R, we obtain k:=0.6 and effect as proposed in paper I.

Fe=0.4. Equation 2 can now be rewritten as: . . .
& d Using FEROS spectroscopic data and the fact that their

(3) VLTI/MIDI data are showing a nearly unresolved envelope
they propose a possible disk truncation by a unseen compan-
The continuum visibilities and envelope extensions we olpn at a radius of about 154jRassuming a circular orbit for
tained following Eq. 3, assuming a uniform disk model, anée companion with negligible mass. Wik, = 4.8 R, this
given in table 3. corresponds to about 32 stellar radii, i.e. 6.4 mas, whigh is
agreement with their estimate based on the YMIDI data
for a disk truncated at 25,Ri.e. 4 mas somewhat smaller
than the companion orbit. This is also in agreement with what
We can define the same equation as Eq. 2 for the envelope wis-have obtained with AMBER, i.e. an envelope extension at
ibility in the Bry line following: 2.1um around 7 mas which may appears larger than the 4 mas
they obtained. Nevertheless, we must keep in mind that they
- ViFr - VeFua (4) estimate their extensions using a uniform disk for thestesk
Fer emission whereas we use a unresolved staruniform disk
where \f and F are respectively the measured visibility an@nly for the circumstellar envelope leading to a larger size
fluxin the Bry line. Ve and ko are the quantities previously de- Finally, we have verified that our best model described in

fined and \4 and Fy are the visibility and flux only due to the gection 6 was compatible with the MIDI data obtain in 2003
envelope, i.e. without the stellar contribution. We obtagng showing a nearly unresolved envelope.

the Bry emission line profile £=0.5 and F=1.5 at the center
of the line. The values of ¥ we obtain using Eq. 4 assuming a
uniform disk model, are given in Table 3.

Globally, we obtain that, using a simple uniform disk model e
for each measurement, thejBemission in the line and the ! ‘ | | 1
nearby continuum at 2 /m have the same extension about 7-8 I . 0N e JN ]
mas along the UT2-UT3 (Band UT3-UT4 (B) baselines and N X

about 5 mas for UT2-UT4 (B and~ 4 mas for UT2-UT4 (B) 5sp ¢
(which was measured at a slightlyfiirent PA).

Ve =25V - 15

4.1.2. Extension in the Bry line

Ver

(mas)
T

4.2. Comparison between MIDI and AMBER
extensions

In order to compare the extensions we obtain with AMBER at L | N

2.1 um (see Table 3) with the MIDI data presented in paper . | RN

I, we have calculated the envelope extension in the contmuu I \ \ ]

between 7 and 13m following Eq. 2, assuming a uniform disk 1 !

for each measurement. Unfortunately, these MIDI obsesuati P

were conducted under unfavorable conditions with thinusirr (mas)

passing, and the data were reduced with one of the first versio

of the software available. This led to error bars between 886 aFig. 2. o Arae (unresolved sta¥ uniform disc) model di-

18%, insuficient to measure a significant change of the visimeters (in mas) dependence on the baseline position angle.

bility and thus of the diameter between 7 andud8. Despite Full line: AMBER measurements in the continuum at 2.

these limitations, these measurements have roughly ginenashed lines: MIDI measurements. The length of the plot cor-

upper limit value of the envelope extension around 10 masresponds to the values of the error bars (note the very large e

the N band (see Fig. 1) and are compatible with our AMBERars for the MIDI data).The dotted line is the direction of th

measurements. major-axis of the envelope estimated from polarization mea
Moreover, the extension af Arae circumstellar environ- surements (PA172) obtained by McLean & Clarke (1979)

ment seems to be almost independent on the wavelength whackl Yudin et al. (1998)

puts strong constraints on the density law within the emlo

The large upper limit values obtained for larger waveleagth

are essentially due to a poor calibration and large erros bar
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Fig. 3."Toy” models used in order to fit the AMBER and MIDI measurertgeihe 4 upper pictures are a cut of the circumstellar
disk in a plane defined by the observer line of sight and tHast®tational axis (the observer is on the right for eaattynie),

the corresponding projections into the sky-plane with guetted the interferometric data points from MIDI and AMBREare

the central pictures whereas a "3D artist view” is plottet ithe lower raw for each model.

Base fi 0 1 2 3 4.3. Envelope geometry
Description| UT2-4 UT2-3 uT3-4 uT2-4
Length (m) | 80.9 46.4 525 84.6 The envelope extensions presented in Table 3 are veryisensit
P.A. () 39 19 81 52 to the sky-plane baseline orientation. This is particylabvi-
Ve 0.84 0.80 0.72 0.73 ous from Fig. 2 where we have plottedArae’s (unresolved
Vi 0.63 0.70 0.59 0.55 star+ uniform disc) model diameters as a function of the sky-
Vee 0.60 0.50 0.30 0.33 plane baseline position. In the following sections we pnése
7 \gr?]as) 3 gfi 5 6(;'306 5 gji 4 52'013 very simple models in order to constrain the geometry of the
oo (mas) | 5320 6814 7321 512 circumstellar envelope by fitting the data obtained (see Big

—— - : Note also that we present here models for the light distribu-
Table 3. Visibilities measured in the continuum at ufhh (Vc)  tjon on the sky, not "physical” models which will be presemnte
and the By line (V) and deduced for the envelope contributioRgreafter.

only, using a uniform disk model respectively in the contirnmu

(Vec) @and in the By line (Ve ). The corresponding angular di-

ameters obtained for the envelope are given in the continudn3.1. Equatorial disk perpendicular to the polarization

¢ec and in the lingpe.
Our starting pointis the equatorial plane position of thiewin-
stellar environment o Arae deduced from the polarization
measurement done by McLean et Clarke (1979) and Yudin et
al. (1998). The polarization angle measured is PIX2 and
any flattened envelope model should have a semi-major axis
perpendicular to this direction, i.e. around*82
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In the following we consider simple axi-symmetric disk mod-
els, presented in Fig. 3, with 3 free parameters:

1. The inclination angle] between the observer and the polar
axis (i=0° corresponds to pole-on).

2. the opening angley of the disk.

3. the disk extensioraj in mas.

The shape of the projection of the disk onto the sky-plane
depends only on the two first free parameters,iiaada. For
all these "toy” models the observer is on the right for the 4
upper pictures in Fig. 3. The corresponding projections int
the sky-plane with over-plotted the interferometric daténfs
from MIDI and AMBER are the central pictures whereas "3D
artist views” are plotted into the lower row for each model.

The ratio between the projected major-axég énd the
minor-axis p) of the envelope is given by:

flatness ratio (a/b)

20f T T T

1.8

1.0

Model 2 and 4

N Model 1

P S R

Q

40 60 80
opening angle (degrees)

a 1

a_ Fig. 4. Flatness ratio of the projected envelope versus opening
b cosi+2singsin( - 4

angle calculted with our simple disc model foffdrent incli-

) . o nation angle. Horizontal lines show flatness from model 1 and
We assume that the major-axis of the envelope is oriented qde| 2

P.A= 82° (i.e. perpendicular to the polarization angle). Since

B, is oriented at 81it is supposed to be a good estimate of

the disk major-axis extension. In Fig. 4 we have plotted tfie the minor-axis of the envelope (i.e. along the stellaapol

ratio @b as a function of the disk opening angle foffdient axis). Thus, our model 3 with=45°, @ = 120° anda=7.7 mas

inclination angles between 3and 60. This angle range wasis a very thick disk as shown in Fig. 4 with the polar axis close

determined following the inclination angle of 4%or « Arae 10 Bo and B but thick enough to go through thg Bnd B data

determined from the fit of the circumstellareHHB and B points. This model is in fact very similar to the one presénte

emission lines in paper I. From Fig. 4 it is obvious that & paper | but in this case it maybefii¢ult to obtain a polar-

precise determination of the inclination angle is mandaitor ization large enough to be measured with a&PA&'2 since the

order to obtain an accurate opening angle estimation. major-axis of this "disk” is not perpendicular to the pofzi
tion direction. Nevertheless, the polarization was mesbim

Our first disk model 1 withi=45°, @ = 25° anda=7.7 mas the visible, and since it originates from the inner part & th

corresponds to a projected ellipse with/h eatio of 1.2. The disk, this model cannot be totaly excluded.

agreement with the observed data is good excepted for the B

and B baselines which present a smaller extension than pr, o1 :

dicted. In order to fit the data for thesBind B baselines we £33, Equatorial disk + polar enhanced winds

define a model 2 with=57°, « = 2° anda=6.5 mas, i.e. smaller One of the shortcomings of the previous models is that they

and very thin compared to model 1. In this latter case theaa cannot reproduce simultaneously the two main envelope

tio is 1.85 which allows to fit the Band B; baselines and MIDI characteristics : the polarization angle at=H&2 and the

data but not the Band B, baselines. As shown in Fig. 4 modesmallest extension along the PA39* whereas for the other

(2), with a very thin disk, is not compatible with an inclitat AMBER baselines the disk is clearly more extended.

angle of 45 and we were obliged to use a larger inclination

of 57°. From Fig. 4 we can see that for an inclination angl@ur last simple model 4 try to take into account these observa

of 45° the largest &b ratio for a extremely thin disky( ~ 0°) tional characteristics by considering an equatorial disgted

is only 1.41, i.e.V2. Moreover, changing the inclination anperpendicular to the polarization angle and flatened etougt

gle will change the shape of theaiHB and B line profiles to reproduce the ffierence between the extension measured

which were used to infer the value of 46btained in paper along the B and B directions. Moreover, in order to fit the

I. Finally, using a simple disk model with various extensipnextensions measured for the Baseline, we have added polar

opening and inclination angles failed to fit simultaneoubly enhanced winds perpendicular to the disk as shown in Fig. 3.

AMBER and MIDI data especially for theBand B baselines Thus, seen into the sky plane it is also possible to fit all the

which show a smaller extension along the BB and 52 interferometric MIDI and AMBER data points. Nevertheless,

sky-plane orientation. due to the fact that the disk is geometrically very thin=

2°) and for the same reasons already explain for our model 2

the inclination angle must be around 57Moreover, the po-

lar enhanced winds must be very extended in latitude (with an

Since the extension obtained along theaBd B; baselines are opening angle about 8pand dense enough in order to fit the

the smallest ones we may consider that these baseline®aee d8; measurement.

(5)

4.3.2. Polar-axis along the B3 baseline orientation
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4.4. Conclusion about the “toy story”

Finally it seems that using very simple "toy” models we fdile

to reproduce the élierent extensions of the envelope as a func-
tion of the baseline projection onto the sky-plane. Thushe
following section we will use as a starting point our model 4,
i.e. geometrically thin disk polar enhanced winds which was
the one with the better agreement with both AMBER data and
polarization direction. Moreover, the formation of georiet
caly very thin disk, with a few degree for the opening angle
seems to be the best scenario up to now, at least for the tentra
Keplerian disk around Be stars.

log Flux ( W/m2/um)

5. The SIMECA code: a brief description L

—16l e N

In order to constrain the physical parameters of the cir¢ceins -2 -
lar environment ofr Arae, we have used the SIMECA code.

This code, described in previous papers (see Stee & Aragjgy 5 , Arae’s Spectral Energy Distribution (SED) from var-
1994; Stee et al. 1995; Stee & Bittar 2001), has been devglis sources in the literature (see text). Dashed line: -emis
opped to model the environment of active hot stars. SIMECAon from the central star only assuming a black body with
computes line profiles, Spectral Energy Distributions (SE[.)R*=4-8R9, Ter1=18000K and 105 pc. Fit of the SED with
and intensity maps, which can directly be compared to higfjjecA taking into account the envelope free-free and free-

angular resolution observations. The envelope is supp@seq,,,nd contribution (plain line) between 0.3 and20
be axi-symmetric with respect to the rotational axis. Noidier

ional circulation is allowed. We also assume that the plsysic

the polar regionsis well represented by a CAK type stellaidwi

model (Castor et al. 1975) and the solutions for all steitir | a more physical scenario for this star. Thus, in order to ob-
tudes are obtained by introducing a parameterized modehwhiain a SED which can be used to constrain our model we have
is constrained by the spectroscopic and interferometria.decollected photometric measurements from the largest splect
The inner equatorial region is dominated by rotation, tferee range available, i.e. from UV to mid-IR. We used UV mea-
being quasi Keplerian. The ionization-excitation equadiare surements from Jamar (1976), Thompson (1978), U magni-
solved for an envelope modeled in a 410*90*71 cube. tude from Johnson (1966), BVRIJHK magnitudes from Ducati

The populations of the atomic levels are strongly alter¢d002), ISO data, MIDI SED measurements (2003) between
by non-LTE conditions from their LTE-values. For computa7z-13 um and IRAS data. Of course, using non contemporary
tion, we start with the LTE populations for each level, aneith data for a variable star may be questionable but this is a good
compute the escape probability of each transition, obiginistarting point especially for the shorter wavelengthsteglao
up-dated populations. By using these populations as irglut \the central star which is supposed to be stable, contratyeto t
ues for the next step, we iterate until convergence. Thecbasircumstellar disk which may appear and vanish with a typi-
equations of the SIMECA code are given in detail by Stee et ahl time-scale of a decade and should modify drasticallyfhe
(1995). excess of the SED.

To take into account the photospheric absorption line, we The SED we obtain from these various sources is plotted
assume the underlying star to be a normal B3 V star wiih Fig 5. The SED is dominated by the emission of the cen-
Ter = 18000K andR = 4.8R, and synthesize the pho-tral star for wavelengths smaller thaprit which is assumed
tospheric line profiles using the SYNSPEC code by Hubelty be a black body with the following parameters from paper I
(Hubeny 1988; Hubeny & Lanz 1995). The resulting line praR,=4.8R,, Tef1=18000K and 105 pc. We already discuss in
file is broadened by solid-body rotation and might be furth@aper | the fact that we were obliged to use a distance of 105 pc
altered by absorption in the part of the envelope in the lihe imstead of the 74 pc obtained from Hipparcos measurements to
sight towards the stellar disk. fit the SED. Without considering any reddening, and keeping

the Hipparcos distance, the radiuscoArae would be unreal-
. . istically low (below 3.5 R) or the photosphere unrealistically
6. Using SIMECA for the modeling of a Arae cold (Tet ~ 15000 K) thus we use the 105 pc determined from
circumstellar environement paper | in the following. The free-free and free-bound emis-
. sions from the envelope produce an IR-excess and dominate
6.1. Fit of the SED the SED for wavelengths larger thanl um but the envelope
Thanks to the previous study we have now a good starting paiamains optically thin. This emission depends mostly on the
for the estimation of the global geometry of the disk arountumber of free electrons and on the temperature law in the cir
a Arae. Nevertheless, we want to use the SIMECA model alumstellar envelope. As the envelope is almost fully iodjze
ready described in paper | and in section 3 in order to obtaire can consider that the global IR excess is only proportiona

0
log A (um)
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to the mass of the disk. In Fig 5 we present our best fit of the
SED using a temperature law in the envelope with &(ry%/4
and a mass of the envelope of 4:1@.5) 101° M,

The mass of the disk in SIMECA depends on six param-
eters: three of them are related to the stellar mass loss mas
flux at the pole, € and m. The three other ones are related
to the envelope kinematics: terminal velocity at the pai¢ha
equator and m
The mass flux in SIMECA is given by:

(em™)

star

log(NH) at 10 R

D(6) = Dpoe[1 + (C1 - 1) sid™(6)]. (6)

whereml is the first free parameter which describes the varia-
tion of the mass flux from the pole to the equator, and C1 is the
ratio between the equatorial and polar mass flux:

4 | | |

| | | | |
0 10 20 30 40 50 60 70 80 90

Latitude (degree)

Deq
Cl= . " _. N

Dpole Fig. 6. Example of the SIMECA density distribution as a func-

tion of the stellar latitude from the polé € 0°) to the equator
The expansion velocity field is given by: (0=90)at10R.
R

Vi (1, 8) = Vo(6) + [Veo(6) = Vo(OI(1 — =), (8) o A

400 E

We usedy = 0.86 which is a typical value for early Be <
stars (Poe & Friend (1986); Aralijo & Freitas Pacheco (1989):

)

00|

%
Terminal Velocity (km

Owaocki et al. (1994)). i
with H - sl

06) Dogell + (CL— 1) sid™(6)] M | DY
Vo (0) = ( ) = poe . (9) ° ® Lothude (degree) ® ® ° » Lotude (degree) ® =

PO PO
Fig. 7. Left: rotational velocities as a function of the stellar lat
The second free parameteR is introduced in the expressionitudes from the poled= 0°) to the equator = 90°) at various
of the terminal velocity as a function of the stellar latiéud stellar radii (over-plotted on the graph). Right: termiwaloc-
ity as a function of the stellar latitudes.

Vao(0) = Voo (pol€) + [Voo(€9) — Vo (pole)] sin™(6). (10)

The shape of the terminal velocity law as a function of the g 2. visibility modulus in the continuum

stellar latitude is plotted Fig. 7 as well as rotational velaity
for various stellar radii. In order to fit the visibility measurements described in isect

4.2 we simulate a thin disk- polar enhanced winds with

Finally the density distribution in the envelope is giventbg SIMECA with a dense equatorial matter confined in the central
region whereas a polar wind is contributing along the rotsl
axis of the central star. Between these two regions the gensi
(o) must be low enough to reproduce the large visibility modulus
— (11) (small extension) obtained for theyBnd B VLTI baselines.
(R (r,6) Sincep « £ (see Eqg. 11) we can build a model satisfying

the above conditions by tuning both the mass flux and the
The mass of the disk is obtained by integrating Eq. (11). It &pansion velocity in the envelope. The expansion velatity
possible to obtain a combination of these six parametetdithathe equator should be very small, i.e. a few kth.svhereas
the SED but the solution may of course not be unique. In ordarthe pole it can reach larger values up to 500-2000 ¥m.s
to discriminate between all the possible solutions we needThe density ratio between the equator and the pole must be
put more constraints on our modeling, namely try to fit the visaround 10-100 to fit the data. The parameters we obtain for
ibility measurements in the lines and in the continuum fer trour best model are given in table 4 and the Zufrbintensity
various VLTI baseline orientations. map obtained in the continuum is plotted Fig 8. The largest

equation of mass conservation (see Fig. 6):

p(r,6) =
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parametgresult value
vsini 375 km st
Inclination angle i 55
Photospheric density fnot) 1.0 10%g cnt3
Equatorial rotation velocity 470 knT
Equatorial terminal velocity 1knrs
Polar terminal velocity 1000 knT$
Polar mass flux 7 18Mg year?! srt
m1l 0.5
m2 100.0
C1l 0.03
Mass of the disk 4.1 18°M¢
Mass loss 1.3 16Mg, year!

Table 4.Best model parameters for theArae central star and
its circumstellar environment obtained from this work. (g
for the other parameters that have not changed are listdd Tab
and are from paper .

discrepancies between these parameters and those from pRige 8. Intensity map in the continuum at 2. 4B obtained with
| are that the star is now rotating close to its critical vélpoc SIMECA for our best model parameters. The inclination angle
(v=470 kms?, the disk is very thin but denser (by a factor 10)js 55°, the central bright region is the flux contribution from
and the expansion velocity is only 1 kms The continuum the thin equatorial disk whereas the smoother regionsratgi
map is seen with an inclination angle of*5%he central bright from the stellar wind. The brightness contrast between igle d
region is the flux contribution from the thin equatorial disland the wind is globally 30 but can reach 100 if you compare
whereas the smoother regions originate from the stelladwirthe inner region of the disk with the outer parts of the wind.
The brightness contrast between the disk and the wird38
but can reach 100 if you compare the inner region of the disk
with the outer parts of the wind. This density contrast iregli
that we use a C1 parameter smaller than 1, i.e. 0.03, in avder t
keep a sfficient density contrast equafpole and a negligible and only the By line was contemporary to our AMBER in-
equatorial expansion velocity (1 k3. terferometric observations. Knowing thatArae is a variable
star exhibiting line variations with typical time scalesaofew
The fit of the visibility in the continuum basically con-months, we will only use the global shape of these line p®file
straints two parameters : the outer radius of the equatutiskl in order to constrain the kinematics within the disk. We wilk
which will modify the visibilities for all the projected bas try to fit simultaneously the intensity of all these lines whis,
lines and the inclination angle which have a strong influenogoreover, not possible as shown in paper I. In our new model
on the flattening of the projected equatorial disk into thg skthese emission lines originate from the dense and thin eguat
plane. The outer radius of the equatorial disk for our besteho rial disk and thus a fit of the shape of these lines will putrsgro
was set to 33 Rwhich is larger compared to the 25 Round constrains on the disk kinematics which is supposed to only
in Paper | but still in agreement with the 32, Rbtained for rotate around the central star. Again, this is a quitéedént
the companion orbit. Moreover, the inclination angle we olscenario compared to paper | where we used an expanding and
tain with our best model is 5%° which is also larger but in rotating nearly spherical envelope to fit the lines.
agreement with the inclination angle of 4% found in paper The observed Br line profile is not showing a double-
I peaks structure due to the medium (1500) AMBER spectral
resolution mode used for these first interferometric oletéa
since the high (10000) AMBER spectral resolution mode was
not available at this time. Nevertheless, we can see in Higt9
In order to put additional constraints on our modeling we alsifter a convolution with a 15 A gaussian, corresponding ¢o th
try to fit emission line profiles with SIMECA, namelydilHB AMBER spectral resolution, the agreement with the modeled
and P@. These lines were also used in paper | but followingrofile (lower row, right profile, dashed line) and the AMBER
a quite diferent scenario: a nearly spherical expanding and ranes (plain line) is satisfying. For the other lines the fitlo#
tating envelope versus a thin diskpolar wind in this paper. peaks separation is in agreement with the keplerian rotadis
Moreover, we also used in this paper theyBamission line already discussed in paper I, we recall that between the 1999
which is accessible to AMBER. We remind that the ldnd observations (ki and H3 profiles), the 2003 (B3 and 2005
Hg line profiles were observed in April 1999 with the HERO$Bry) observations, we have decreased the density at the base
instrument at la Silla (Chile), the Barofile was recorded in of the stellar photosphere by 25 % in order to fit the line inten
August 13, 2003 at the Observatorio do Pico dos Dias (Brasi}y.

6.3. Line profiles
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Fig. 9. Line profiles modeled with the SIMECA code using % _
a thin disk+ polar wind scenario. Modeled profiles are dot- e

ted lines whereas observed ones are in plain line. Fprvigr  Fig. 10.Differential visibility across the Brline profile for the
have convoluted the modeled profile (dotted line) obtaimwiBo, B1, B> and B baselines. The first picture from the top is
SIMECA with a 15 A gaussian, corresponding to the AMBERhe Bry line profile. The plain line are the fits we obtain with
spectral resolution of 1500. The convoluted Brrofile we ob- SIMECA from our best model whereas the VIAMBER data
tain is the dashed line superimposed with the observed d@fe the points with error bars.

(plain line).

H

0 L L L o L L L z
1278x107  1.280x107  2eexio?  lzeaxio’  tzaexto®  zisex1o?  2ieexio?  21s6x107  zdeexio?  z.ivoxiof Z
A(Angstrom) Mangstrom) ]

g

5
T

©
2l
3
g

20

T BO E
s SolroorTrorlogr - YH\I{ HHH HH}HIH
Compared to paper |, the agreement between the modeg‘gm IiHﬂiHi*iiIMﬂ I

a

(dotted line) and observed (plain lineptine profile in Fig.9is " _,
not as good. We are not able to reproduce the broad line wings "~
which were mainly due to the nearly spherical expandingdgstel ¢ .= B1 i
wind used in our previous model. In our new scenario the ged-- WW%%TE&H%H
metrically thin and rotating equatorial disk produces amaer <™= .
Ha line profile. In order to obtain larger line widths we should
have taken into account multipleftiision that occurs preferen- _ = B2
tially in the line wings as shown by Poeckert & Marlborought ,
(1979). This is especially true forddand P@ but less pro- i-o- -
nounced for I8 and Bry. Nevertheless, we concentrate our- %
selves to the double-peaks separation which is very semsiti =

. . . ¥, 00 B3 E

to the rotational velocity law used and as already mentipnesl £ _1 P
. . . o F A A A A e Y R A A O R A
the agreement we obtain was better using a keplerian rgtatip e ! T

law within the disk.

Wavelength (micron)

2.160 2470 2.180

_ o Fig. 11.Phase of the visibility across the-Bline profile for the
6.4. Differential visibility modulus across the Bry Bo, B1, B, and B; baselines. The plain line are the fits we obtain
emission line with SIMECA from our best model whereas the VIAMBER

The diterential visibilities curves are plotted Fig. 10 for thg B data are the points with error bars.

B1, B, and B baselines. The agreement between the modeled

visibility (plain-lines) and the VLT/AMBER data is very good.

Moreover, it was possible to reproduce the visibility dase disk direction, the B and B baselines close to the equatorial
across the By line profile mainly due to the variation of thedisk, the curves, with a global "U” shape, present a vidipih-

flux ratio between the unresolved star and the partiallylvesb crease at the center of the line. This meansdhatae observed
circumstellar environment but also its shapes as a funationwithin a narrow spectral bandwidth of 15 A appears smaller at
wavelength. For the Bbaseline mainly along the equatoriathe center of the emission line compared to its extensiondn t
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Fig. 14.y? from our models and the AMBER data plotted as a
Fig. 13. parameter as a function of the equatorial velocity takanction of thes parameteyy 2, - is the minimum value obtained
ing into account the stellar photosphere deformation dutstofor a model with3=0.48 which is very close to the Keplerian
fast rotation. The plain line corresponds to physicallygiole rotation (3=0.5).
cases whereas the dashed line corresponds to rotational val
ues larger than the "breakup” velocity. The dash-doteddise
corresponds to unrealistic values but in this case we hate no

taken into account the stellar photosphere distortiorefatiian 1€ A 1aw and still want to fit the double-peaks of theyBr
1.5 R, at the equator.n=351 kms? corresponds to the min- €Mission line profile you need to simultaneously modify the

imum vsini found in the literature for this star, i.e 288 krhs equatorial rotational velocity of the star since the innat pf

by Uesugi & Fukuda (1970) with55° the disk, supposed to be in contact with the star’s photagphe
. ' rotates at the same velocity. Thus we were obliged to take int

account the shape of the star photosphere and its distaitien
to its fast rotational velocity as shown by Domiciano de $ouz

et al.(2003) for the Be star Achernar which was rotatinge&los

nearby emissiop line yvings as seen in Fig.12. Qn the (,:o,m_trq@'its critical velocity and thus exhibit a flattened photospe
for the B, baselme_ oriented along the polar-axis the_v's'b'l'%ith an equatorial vs polar radius ratio of 1.5. In Fig. 13 we
curve present a S'”Q'e V" shape de_creasg at t_he_lme Ce_nf’%{\‘/e plotted the "beta” law versus the equatorial rotationa
These EeCtS_ are mainly due to the kinematics W'th'n,the_‘,j's\ifelocity that fit the double-peaks of the-Bline emission line
and are con_flrmed by the shapg of the phase of the V'S'b'"tyfi\%ﬁle, assuming a purely circumstellar rotating disk with
we will see in the following section. expansion. This figure shows that if we assume that the stella
rotation is betweengy, corresponding to the smaller measured

6.5. Differential phase across the Bry emission line vsini=288 kms* by Uesugi & Fukuda (1970), with=55°,

] ) e Vmin= 350 kms?! and vy, corresponding to the critical
The shape of the fierential p.hase across the)Bine _proflle IS velocity for this star, i.e. Mx=503 kmsZ; the 8 parameter
related to the photocenter displacement of the object as@ fu st lies between 0.33 and 0.54. This last value is in better
tion of_wavelength and is very sensitive to fhiaw used in the agreement with the upper value of the measured ¥8iFb
modeling as already shown by Stee (1996). For our best moglg|-1 by Bernacca & Perinotto (1970) with55°, i.e. v=457
we used a keplerian rotation within the disk and the resyilti o1 at the equator which may be a good indication that
visibility phases as a function of wavelength for thg B1, B2 Arae is rotating very close to its critical velocity.
and B; baselines are plotted Fig. 11. Again, the agreement be-

tween the modeled phases and the VBMBER datais very  \jqreover, in order to be more quantitative we have com-
good which is thdirst direct evidence of the keplerian ro- puted the total? from our best model as a function of tge
tation within a Be circumstellar disk. Nevertheless, in Orderparameter. The results are plotted Fig.14 and we clearly see

to know if this agreement is unique we have teste.fﬁe(.h'ant that the better agreement? ) is obtained for a rotating law
models with diferent disk rotational velocities following: very close to the Keplerian rotation, i), =0.48+0.04.

. (R
Vy(r, 0) o sna(?) , (12) 6.6. Is the geometrically thin and rotating disk

. . scenario unique ?
with B between the constant rotatiog & 0) and the q

angular momentum conservatigh € 1.0), respectively=0, Since our Keplerian disk- polar enhanced winds scenario
0.3,0.4,0.45, 0.5, 0.55, 0.7 and 1. Nevertheless, if youifpodseems to successfully reproduce all the available obskewab
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Fig. 12.Intensity maps across theBline profiles within spectral channels of 15 A from which thferential visibility modulus
and phase are estimated. Note that in order to increase #geigontrast the central star and the continuum emissiohdes
subtracted.
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Fig. 15.a Arae diferential visibilities (left) and phases (right) across Brg line profiles for the B, B;, B, and Bs baselines.
The plain line are the fits we obtain with SIMECA from a rotatiand expanding scenario decribed in section 6.6 whereas the
VLTI/AMBER data are the points with error bars

(i.e. photometric, spectroscopic, polarimetric and figiermet- corresponding dierential visibilities and phases we obtain are
ric) we may wonder if this scenario is really unique, esplgcia plotted Fig. 6.5. In this case, the decrease of theedintial
due to the number of parameters used in the SIMECA cogdhase amplitude variations is due to the smaller value used
Thus, we have tested two other scenarios, the first one isibafe the rotating component. If the envelope was only in
on the same global geometry of our best model, but we hasgherical expansion due to a spherical stellar wind, theg@ha
now added an expansion component produced by an equataralation across the Brline would be zero since there is no
stellar wind. photocenter displacement for a spherically symmetricaiglo
field. On the contrary, if you have a purely rotating disk, the
Since the peaks separation of the line profiles depends photocenter displacement will follow the projection of the
both components of the velocity field, i.e. expansion arsb-velocities regions and will produce a typical “S-shape
rotation, we have to decrease the rotational velocity usedds shown Fig. 11. Thus, a decrease of the rotational velocity
our best model to keep the same observed peaks separafield component regarding the expansion component produces
Remembering that the lowest possible value of the rotaltiortobally a smaller dferential phase amplitude variation shown
velocity is 351kms® we can only use a maximum value ofFig. 14. The amplitude of the fierential visibilty across the
100knT?! for the expansion equatorial terminal velocity. Théine remains almost the same since it is less sensitive to the
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The plain line are the fits we obtain with SIMECA from the mo@etlecribed in section 4.3.2 and section 6.6 whereas the
VLTI/AMBER data are the points with error bars

kinematics within the disk but rather to a global geometri¢. Discussion

change of the circumstellar environment and to a changeein th

star versus envelope flux ratio in the line and the continuum

which remains unchanged by modifying the velocity fieldd.his study point out three important results touching jveé-
Nevertheless, the shape of théfeiiential visibility is strongly bated issues:

modified and presents now a “V” shape as already mentioned

in section 6.4. This shape variation is due to the fact that th
expansion versus rotation ratio is increasing in the egqisto
region and the dierence between the pole versus equatgr
kinematics is less pronounced when adding an equatorial
expansion component. This analysis exhibit the importarice.
spectrally resolved interferometric measurements fosthdy
of the kinematics within circumstellar disks.

1. Keplerian rotation

There were already some indications that the disk may fol-
low the Keplerian rotation by other theoretical studies,ifo
stance the results obtained by Hanuschik (1995) regardily s
lines produced within a Keplerian disk in hydrostatic eitpdil
rium. Hanuschik (1996); (2000) also investigate the geemet
rical structure of the emitting part of circumstellar eros
The second scenario is based on a quasi-spherical modedmaind Be stars and found a good agreement with spectro-
the model 3 already described in our “toy story” section. Thezopic data using a thin disk in vertical hydrostatic and-hor
kinematic used is very close to our thin diskpolar enhanced zontal centrifuginal equilibrium, similar to a Kepleriancxe-
winds model, (i.e. Keplerian rotation with a 1kMequatorial tion disk. These results were confirmed by Rivinius (1999)
terminal velocity) but in this later case the disk is ratheog presenting high resolution echelle spectra for 6 B-typessta
metrically thick. Again, the correspondingfiirential visibil- supposed to be seen edge-on and in good agreement with
ities and phases we obtain are plotted Fig. 15. Since the kianuschick’s models for the formation of shell lines in airc
matics remains mostly unchanged the fits of thedential stellar disks with Keplerian rotation. In a more recent pape
phases are as good as for our best model but since the geonRivinius (1999) propose a scenario where the disk is no more a
of the disk is dfferent the agreement with thefidirential visi- completely stationary structure but rather a successiautf
bilities is not as good. Again, thanks to the same disk kitemaéursts which may form rings. But even within this scenario,
ics the shape of the filerential visibilities is very similar but part of the ejected matters attainffisiently high angular mo-
their amplitudes are not well reproduced. Neverthelegseh mentum to form a roughly Keplerian disk, at least for the im-
differences remain very small for an inclination angle of 5%nediate times of outbursts. Finally, another indirect argnt
and it is very hard to put an upper limit for the disk opening ain favor of a Keplerian disk is the success of the global ¢scil
gle using this method, especially regarding the actuatewn tion modeling already outlined in the paper review by Pogter
the AMBER absolute calibrated visibilities. On the othetesi Rivinius (2003). Thus, our results may be the way to put a final
this study clearly shows that the equatorial regionis a &&ph exclamation mark regarding the widely accepted fact tirat
rotating disk rather than an expanding wind. cumstellar disk around Be stars are in Keplerian rotation.
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7.2. Stellar rotation 2. We found that the disk aroundArae is compatible with

a dense equatorial matter confined in the central region
whereas a polar wind is contributing along the rotational
axis of the central star. Between these two regions the den-
sity must be low enough to reproduce the large visibility
modulus (small extension) obtained for two of the four
VLTI baselines. This new scenario is also compatible with

As already mentioned in section 6.5 we found ih&trae must

be rotating very close to its critical velocity since we obtain

% ~ 91%. This value is far above the conservative estimates
of ~ 75 % usually found in the literature for Be stars. The fact
that Be stars may be rotating much closer to their critical ve

I_I<_)cmes thdant|t I'S gggjrallﬁ%ppozedls\;\gzs z%ll_rhe_ady Olftlmft(_j the previous MIDI measurements and the fact that the outer
ownsend et a '.( ) an WocK (. ). This hearly @ttic part of the disk may be truncated by a unseen companion at
rotation has quite profound implications for dynamical mod 2R,

els of Be disk formation and may be the clue for the Be ph%,—

nomenon. It may bring sticient energy to levitate material in is in Keplerian rotation, closing a debate that occurs since

a strong gravitational field or at least help other physical p the discovery of the first Be starCas by father Secchi in
cesses such as pulsation or gas pressure to provitieiesot 1866

energy and angular momentum to create a circumstellar di
Moreover, observational evidences of this nearly criticah-
tion are growing such as the results obtained by Domiciano gt
al. (2003) using interferometric VLIVINCI data of Achernar.
They measured a rotationally distorted photosphere witipan
parent oblateness of 1.56 which cannot be explained using th
classical Roche approximation. This scenario follows ttigi-o
nal picture by Struve (1931) of a critically rotating stgecting
material from its equatorial regions. Acknowledgements. This research has made use of SIMBAD
database, operated at CDS, Strasbourg, France. We tharksvért
and J.M. Clausse for their help in the data reduction throtigh
7.3. Polar wind enhancement JMMC. We acknowledge the useful comments of the referee Bsom
Rivinius who really help to improve the discussion in thipea

. We obtain for the first time the clear evidence that the disk

Séh' We found that that Arae must be rotating very close to its
critical velocity.

These observations were done using the medium (1500)
spectral resolution of the VLTAMBER instrument and are
very promising for the forthcoming AMBER high spectral
resolution observational mode (10000) and the coupling of
the Auxiliary Telescopes (ATs) on the VLTI array.

Our interferometric measurements are evidencngpolar
wind enhancement(see Fig. 8) which was already predicted
for almost critically rotating stars. For instance, Cranée References
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