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Abstract. We present a model for the Be star «y Cassiopeiae
which is based on spectroscopic and interferometric data col-
lected with the Grand Interférometre a 2 Télescopes (GI2T)
in southern France. Our model assumes a standard radiation-
driven wind in the polar regions. Using a parametrized and axi-
symmetric scheme we deduce the wind for other stellar latitudes.
The comparison of computed and observed Ha profiles during
October and November 1993, together with the interferometric
measurements, allows us to constrain both the density and ve-
locity relationships present in the equatorial plane. For the first
time we have shown that a model of a radiative wind driven
by optically thin lines can account well for our angular/spectral
resolution data.

Key words: stars: circumstellar matter — stars: Be — stars: indi-
vidual (v Cas) — lines: profile — stars: mass loss ~ techniques:
interferometric

1. Introduction

~ Cas is certainly one of the best studied Be stars of the northern
hemisphere. Since the ad-hoc scenario extensively developed
by Poeckert and Marlborough (hereafter PM, 1978), numerous
models which attempted to reproduce isolated characteristics of
Be stars have been proposed (Waters & Marlborough 1992, and
references therein). A few of these models are physically consis-
tent in the sense that they start from the hydrodynamic equations
in order to provide the density distribution and the velocity fields
throughout the envelope. Most of the other models are ad-hoc
and try to fit a few observable features by constraining as many
free parameters as possible. In this paper we propose a strategy
which lies between these two different approaches for solving
the problem of the too large terminal speeds of winds driven by
strong lines (see also Stee & Aradjo 1994; hereafter SA).

Send offprint requests to: Ph. Stee

1.1. The Be phenomenon

The Be phenomenon is characterized by the presence of emis-
sion lines in the optical to the near IR region of the spectrum.
This emission originates in an extended and fast moving atmo-
sphere around the star. The high luminosity of the star produces
a hot stellar wind responsible for the spectacular broadening
of both optical and UV lines and displaces their central wave-
lengths. In addition, the fast stellar rotation strongly broadens
the photospheric lines. Unsurprisingly, the line formation re-
gions are not spherically distributed around the star. It seems
that the UV lines are absorbed in a medium where the hydrogen
density is low and which expands with velocities as high as 2000
kms~!. This is called the “polar wind” because it probably orig-
inates from the polar regions (e.g. Marlborough 1987). On the
other hand, the equatorial region seems to be more dense and is
characterized by a lower radial expansion (i.e. 100-200 kms™)
and a high rotation where the Balmer lines are produced (PM,
Waters 1986; Waters et al. 1987; Waters & Marlborough 1992).
The third major characteristic of the Be phenomenon is related
to the variability of these stars. This variability can be spectro-
scopic (Slettebak & Snow 1978; Dachs et al. 1986; Doazan et al.
1987; Floquet et al. 1992; Hubert 1994), photometric (Walker
1953; Doazan et al. 1986; Pavloski 1987; Hubert 1994) or mor-
phologic (Percheron et al. 1994); the time scales range from
hours to years. Detailed reviews are given by Doazan (1982)
and Slettebak (1988). Furthermore a Be star can undergo dif-
ferent phases exhibiting normal B star features (i.e. the absence
of emission lines) or Be-shell profiles. The links between these
different aspects are as yet not clear. Following the model of PM,
a number of authors have developed ad-hoc models in order to
explain various observational characteristics of Be stars. For in-
stance Telting et al. (1993) try to explain V/R variations and the
slope of the IR continuum in terms of an expanding/contracting
spherical shell model or a non-axisymmetric disc model. Telt-
ing & Kaper (1994) used a one-armed oscillation in order to
explain periodic variability in UV absorption lines. Neverthe-
less, there is no physical model which can produce this kind of
variability, primarily because of the complexity of developing
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a three dimensional non-stationary hydrodynamic model.

Owing to the high luminosity of the underlying star the equa-
torial and polar regions are almost fully ionized and produce
free-free and free-bound emission corresponding to an IR ex-
cess. The free electrons are also responsible for the high intrinsic
linear polarization observed in many Be stars. This polarization
is direct evidence for the oblateness of the envelope, also called
the*“equatorial disc”. Using long baseline interferometry in the
visible, Mourard et al. (1989) found that the data roughly agree
with the PM disc model of a rotating envelope. More recently
Quirrenbach et al. (1994) concluded that the MKIII data rules
out any spherical or nearly spherical models (Doazan 1987).

During the last decade many authors have tried to model
the physics of Be star envelopes in the context of radiatively
driven wind. Poe and Friend (1986) used the pionnering work by
Castor et al. (1975; hereafter CAK). Aratdjo & Freitas Pacheco
(1989) developed a two-dimensional treatment of the wind in-
cluding viscosity and the effects of the stellar rotation. More re-
cently Bjorkmann & Cassinelli (1993) proposed a model where
a meridional flow compresses and confines the equatorial ma-
terial in a very thin disk. Owocki et al. 1994 qualitatively con-
firmed their results in a non-stationary hydrodynamical simu-
lation. The compression which occurs in their model is large
enough to produce a shock which heats the flow and super-
ionizes the wind. This temperature enhancement can explain
observations of EUV and soft X-ray emission and indicates that
the CIV ions are concentrated towards the equator. Neverthe-
less, such a thin disk with an opening angle of a few degrees
is unlikely to produce strong emission profiles, especially the
shell features often observed among the Be stars.

A challenging problem which has yet to be solved for most
radiative wind models is the excessive width of the Balmer emis-
sion line profiles. Recent quantitative computations by SA, who
found a separation of 2000 kms~! between the V and R peaks
of Ha, reinforce this conclusion. In order to overcome this dif-
ficulty, SA suggest the possibility of a flow which is essentially
driven by a large number of optically thin lines in the equato-
rial region (see also Lamers 1986; Marlborough 1987; Boyd &
Marlborough 1991). Such a wind would have a lower terminal
velocity and would produce emission line profiles that were less
broadened. This hypothesis is supported by IUE spectra of Be
stars which show a very large number of optically thin lines. Re-
cently Chen & Marlborough (1994) presented a wind driven by
optically thin lines. But due to numerical problems, they could
not directly obtain a solution when the radiative parameter force
a was smaller than 0.3. Therefore they used a parametric form
for the radiative force. We recall that the o parameter represents
the fraction of optically thick lines in the total number of driving
lines.

In this paper we adopt the following approach. First we pre-
sume that the physical conditions in the“polar-wind” are well
represented by a CAK-type wind model. Subsequently we intro-
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Table 1. Parameters for v Cassiopeiae

~ Cas

Spectral type B0.5IVe
Effective temperature 25000 K
Mass 16 M,
Radius 10 R(?
Luminosity 3.510°Lg
Vsini 230 kms ™'
Inclination angle % 45°

duce a parametrized model for other stellar latitudes. By choos-
ing adequate parameters, we obtain Ha line profiles, intensity
maps in Ho and at different Doppler-shifts across Ha which
agree with the data obtained from the Grand Interférometre a
2 Télescopes (GI2T) observations. Finally we have reproduced
the equatorial terminal velocity and mass flux by using more
recent results of a wind model driven by optically thin lines
(Aratgjo 1994).

1.2. v Cassiopeiae

The following parameters, summarized in Table 1, have been
adopted for v Cas (HD 5394, B0.5IVe, m, = 2.25): vsin¢ is
about 230 kms™! (Sletteback 1982), the effective temperature,
mass, and radius are respectively 25000 K, 16 M(;; and 10 R,.
The most frequently used value for the inclination angle is 45°
(Clarke 1990; Quirrenbach et al. 1993). This choice of parame-
ters means -y Cas rotates at 60% of its critical velocity (i.e. 540
kms™!). This implies that -y Cas is a fast rotator but does not spin
close to the breakup limit. The aim of this paper is to build for
~ Cas a possible scenario mainly based on spectrally-resolved
interferometric data and to interpret this scenario in the context
of radiative wind models.

The presentation of the paper is as follows. In Sect.2 we
present the journal of observations and outline the data reduc-
tion procedure. This reduction provides spectroscopic and in-
terferometric data at the same time. In Sect.3 we present our
hydrodynamic equations for the polar axis and the resulting ve-
locity and density that we have obtained on this axis. On the
basis of the polar values, we introduce in Sect. 4 a parametrized
scheme for all stellar latitudes. Section 5 presents the “best”
model used to build up a possible scenario for v Cas. In Sect. 6
we compare our results with the data from the GI2T interfer-
ometer; the model also predicts the continuum emission and
the corresponding visibility. In Sect. 7 we examine the effect of
changing the value of model parameters on predicted observ-
ables from high angular resolution data. In Sect. 8 we show that
a wind driven by optically thin lines can produce the physical
conditions that should be present at the equator. In the last sec-
tion we summarize the main results of our study and discuss the
future application of our approach to the understanding of the
Be phenomenon.
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Table 2. Journal of observations of v Cassiopeiae with the GI2T in
November 1993. The first two columns give the number of observation
and the gregorian date. The third gives the mean Universal Time for
each run. The fourth gives the julian date, the sixth the baseline pro-
jected on the sky in meters and the last gives the spatial frequency in
cycles/arcsec for the Ha spectral domain.

N Date uT D Base HaSF
1 93/10/29 21:57 2449290 1540 145.1
2 93/11/07 21:22 2449299 1540 145.1
3 93/11/08 21:18 2449300 20.70 1954
4 93/11/11  21:06 2449303 20.70 1954
5 93/11/16 20:47 2449308 28.00 263.7
6 93/11/24 20:11 2449317 37.80 356.1
7 93/11/25 20:07 2449318 51.04 480.8
8 93/11/28 19:55 2449321 279.3

29.60

2. Observations and data analysis
2.1. Instrumentation

The present study uses spectrally resolved interferometry car-
ried out with the GI2T. The GI2T, which was recently described
by Mourard ét al. (1994a), is a long-baseline optical interferom-
eter operated at visible wavelengths using apertures of 1.5 meter.
It provides spectra with interference fringes. The correspond-
ing angular resolution approaches 1 milliarcsecond, including
a spectral resolution of about 0.1 nm. It therefore makes it pos-
sible to study the dynamics of Be star envelopes by comparing
the interferometric signals across emission lines and the nearby
continuum. This unique property enabled Mourard et al. (1989)
to reveal the rotation of the envelope of v Cas by comparing
the GI2T data to the existing model of PM. The interpretation
of these initial observations was somewhat hampered by the
lack of appropriate envelope models. By appropriate, we mean
models which produce observables, as intensity maps and their
corresponding two dimensional Fourier transforms, that can be
directly compared to interferometric data.

2.2. Observations

We observed v Cas during 8 nights in October and Novem-
ber 1993 (Table 2.) We used 6 different interferometric base-
lines ranging from 15 to 51 meters. The interferometric signal
was recorded on average for 1 hour at each baseline around the
meridian transit. Because the GI2T baseline has a fixed north-
south orientation, we obtained the spatial power spectrum of ~y
Cas on 6 different samples in the almost north-south directions
only. The data were recorded with the CP40 photon counting
detector (Blazit 1987; Foy 1988) and later processed. The differ-
ent steps of raw data correction and spectral calibration follow
the procedures described by Vakili et al. (1994).
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2.3. Data reduction

We reduced the GI2T data following the spectral density method
developed for large aperture interferometry (Mourard et al.
1994b). Three different processing routines have been used on
the v Cas data.

2.3.1. Autocorrelation method

We compute the ensemble average autocorrelation of short ex-
posures. Each short exposure is a spectrally dispersed inter-
ferogram containing both spectroscopic and angular resolution
information. Each interferogram is divided into 2 spectral chan-
nels: one is centred on the Ho line and the other on the blue
or redward continuum next to the line. The visibility in each
channel is then measured by Fourier transforming separately
the resulting autocorrelation. If we denote V; and V to be the
visibilities in the line and in the continuum, our measurement
M, can be expressed as
¥, M
c

where M, is the line visibility referenced by the continuum
visibility. This quantity is in principle independent of seeing
and instrumental noise and its standard deviation is given by:

v, dV,
dMa—Ma.<vl+ ‘/c)

2.3.2. Cross-correlation

M, =

@)

We cross-correlate a wide spectral channel taken in the contin-
uum with a channel centered on the line. By using flat-fielded
spectra around He, we determine the total width of the emis-
sion line. We set the line channel for the cross-correlation to
this width. In order to calibrate this visibility, noted V;, we also
compute the cross-correlation between two continuum bands
having the same width as for the cross correlation of continuum
versus line. It can easily be shown that:

Vi=VVeViand Vo =/ Ve Ve =V, 3)

In order to obtain the same measurement as previously, we

have to compute
AN dvi _dvy

== == =2.M,. [ — +— 4
M, (VZ) V. with dM, 2M°<V, +V2 4)

2.3.3. Spectral analysis of the complex visibility

In this case, we compute the cross-correlation of a wide con-
tinuum channel with a series of narrow channels through the
emission line. However we leave a spectral gap between these
continuum and line channels. Next we shift both channels red-
ward by a spectral step equal to the line channel width. Thus we
obtain a series of cross-correlations between the continuum and
narrow channels across the line. The analysis of the complex
Fourier transform of this integration gives us both the modu-
lus of the visibility as in the previous case but also the phase
difference between the two channels.
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Table 3. Visibility measurement obtained on the Ha line from the
GI2T. N is the number of observation given in Table 2, SF is the spatial
frequency in cycles/arcsec and M, and M. are the measurements as
described in Sects. 2.3.1 and 2.3.2.

N SF M, AM, M. AM.
1 1451 0.681 0.096 0.786 0.161
2 1451 0674 0.106 0.663 0.200
3 1954 0568 0.045 0.690 0.149
4 1954 0616 0.154 0.663 0.290
5 2637 0535 0.167 0526 0.206
6 3561 0531 0132 0495 0.150
7 480.8 0477 0.097 0499 0.140
8 2793 0527 0.135 0498 0.152

2.4. Discussion on the results from interferometry

The visibility measurements for the Ho domain are given in Ta-
ble 3 as a function of the spatial frequency. We used the methods
of data analysis described in Sects. 2.3.1 and 2.3.2 for estimat-
ing the visibility moduli as a function of baseline (Fig. 10). Er-
ror bars per visibility point are quoted by measuring the noise
level from power or cross-spectra of interferograms averaged
over the entire set of data per baseline. The average error is on
the order of 15% to 20% per visibility point. Note that short
baselines are not sampled with the GI2T, essentially due to
the physical size of the telescopes and the width of the cen-
tral beam combination laboratory. As it will become clear in
Sect. 7 the problem of this spatial frequency gap is overcome
using the properties of our modelling approach of the visibility
function. Table 4 corresponds to the results from the processing
described in Sect. 2.3.3. Since the cross-spectrum analysis be-
tween the continuum and narrow spectral bands across the Ho
line is handicapped by the small number of photons in the latter
it is indispensable to select a set of data with the higher signal
to noise ratio. We choose the 20.7 and 37.8 meter baselines for
this purpose (see Fig. 15 and Fig. 16).

3. Physics in the polar axis

As already emphasized in Sect. 1.1, we assume that the physics
of the polar wind is well represented by a CAK-type stellar
wind model. This implies that we must solve both the expansion
equation in the polar direction,

ov,

10P GM(QO-D) 1
Ut ot

-F' =0,

p Or r? p )

and the continuity equation,
® = rpu,. 6)
In these expressions P is the gas pressure, M is the stellar

mass, G is the gravitational constant and I is the ratio between
electronic radiative acceleration and gravity. F* is the radiative
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Table 4. Visibility measurement across the Ha line profile for the 20.7
and 37.8 meter baselines from the cross spectrum analysis. ) is the
central wavelength of the narrow bandwidth (4 A), M1 and M2 are the
corresponding modulii of the visibilities and A M1 and A M2 are the
error bars for respectively the 20.7 and 37.8 meter baselines.

A Ml AM1I M2 AM2
6538 1. 0.165 - -

6542 0980 0.171 0960 0.258
6546 0.883 0.149 1.020 0.278
6550 0.828 0.148 0.756 0.241
6554 0.828 0.140 0.722 0.201
6558 0.688 0.119 0422 0.148
6562 0.462 0.091 0240 0.099
6566 0.624 0.104 0422 0.148
6570 0.810 0.129 0.722 0.204
6574 0921 0.148 1.040 0.287
6578 0921 0.150 0.864 0.248
6582 0940 0.150 - -

6586 0940 0.153 - -

line force and @ is the mass flux per unit of solid angle. F* may
be expressed as (Friend & Abbott 1986) :

F! oL
p  4mer?

B g0, 20, ™
Here ¢ represents an optical depth variable (t = o pvth[%]*l)
and k and « are the radiative parameters : « gives the relative
contribution of optically thin to optically thick lines and k is
proportional to the total number of driving lines. The function
g(r,v, %) takes into account the size of the radiating source
(“finite disk correction”). All other symbols have their usual
meaning: L is the star’s luminosity, c is the velocity of light,
o is the electron scattering coefficient and vy, is the thermal
velocity.
The temperature relationship is of the form,

R

T(ry =T, . (7)2U ®)

where R is the stellar radius. The resulting equation for the ex-
pansion is

2 2v 2 2w+l
. 1-1) _
o= 2 (2) 7| %=+ SMY=D 2814 0)(2) 7 4

Uy T

+

®

e

where ay is the photospheric speed of sound, C'is an eigenvalue
of the equation and is related to the mass flux by the expression

I'GME

- ———— . 10
(oevin®)™ (19)

In order to obtain a solution for Eq. (9) one must impose a
boundary condition. We have taken the value of the photospheric
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density pp = 2.0 - 107!" g.cm™3 . Such a value is suggested
by the analysis of Waters et al. (1991). The influence of vary-
ing boundary conditions is analysed elsewhere (Aratjo 1994).
Concerning the radiative parameters we have adopted a = 0.5
and k£ = 0.3. These are typical values for early Be stars (Poe
& Friend 1986; Aradjo & Freitas Pacheco 1989; Owocki et al.
1994). Our numerical solutions yield @, = 1.7 - 10~° Mg
yr~!sr=land V5 =0.11kms™'. Using a*y-law” velocity profile
of the type:

R
vp(r, 8 = 0) = V5(0) + [Voo (0) — Vo(0)I(1 — 7)7 an
leads to a terminal velocity of V,(0) = 2016 kms~! and
~ = 0.86. The implication of this result will be described in the
following section.

4. The parametrized model

To obtain solutions at all stellar latitudes we introduce a
parametrized model which is constrained by data from the GI2T.

Our main hypothesis is that the envelope is axi- symmetric with
respect to the rotational axis. For a detailed discussion of this as-
sumption see Telting et al. (1993) and our discussion in Sect. 6.5.
No meridian circulation is allowed.

4.1. Velocity and hydrogen density distribution

In order to compute the velocity field and the hydrogen density
distribution throughout the envelope we start our calculation
with the polar (i.e. 8 = 0) values.

The hydrodynamic code gives us:

q’pole
up(r, 0) = V,(0) + [Voo(0) — Vo(O)1(1 — £)

—_ q)pole
P 0) = mim

‘We now make the hypothesis that the photospheric density does
not depend on the stellar latitude,
P(R,0) = p(R, 6) = po. (12)
This condition leads to optical depths that increase from the pole

to the equator (see also Koninx & Hearn 1992; Blomme et al.
1991).

Furthermore we adopt the following expression for the mass
flux:
B(0) = Bpote + [(Req — Dpote) sin™ ()], (13)

where m1 is the first free parameter which describes the varia-
tion of the mass flux from the pole to the equator.

223

We now introduce the ratio between the equatorial and polar
mass flux:

®
Cl=2. 14

onle ( )
The values of C1 are typically between 10! and 10* (Lamers &
Waters 1987).

Thus Eq. (13) can be rewritten as:

®(0) = Dpote[1 + (C1 — 1)sin™ (9)]. (15)
The expansion velocity field is given by:

07, ) = Vol6) + Vool ®) ~ Vo1 — 7, 16)
with

Vo) = 2O _ Bpotell +(C1 - Dsin™ (O)] a7

Po Po

We set the value of the equatorial terminal velocity to be typi-
cally (Janot-Pacheco et al. 1987; Waters et al. 1988):
Voo(eq) ~ 100 — 500kms—!. (18)

The second free parameter m?2 is introduced in the expression
of the terminal velocity as a function of the stellar latitude:
Voo(8) = Vo (pole) + [Vio(eq) — Vio(pole)] sin™(@).  (19)

Finally by combining Egs. (15) (16) and (17) we obtain the ex-
pression of the radial component of the velocity

ve(r, 0) = ‘I>pole[1+(Cl—1)sin"”(6)]+
T - PO
+(Voo(pole) + [Vio(eq) — Vio(pole)] sin™(8)—

_ Ppotel1 +(C1 = 1sin™ (0)]
Po

1— E)W. (20)
T

)(

Note that Eq. (20) combines C1, V,(eq) and the two free pa-
rameters m1 and m2.

The rotational velocity field throughout the envelope is assumed
to be Keplerian according to:

GM@1 -T)\V/2 _ _sR\1/2
vg(r, ) = X(——%) sm@(—) , 21
where Y is the ratio between rotational and critical “break-up”

velocities.

Finally the density distribution in the envelope is given by the
equation of mass conservation:

29

0) = ————.
0= )

(22)
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4.2. The statistical equilibrium

The envelope of v Cas is assumed to be formed by pure hydro-
gen atoms which have six bound levels. We have computed the
ionization-excitation equation by using Sobolev’s approxima-
tion (Sobolev 1960):

i—1 oo
i AirBri + Bickic) = D i ArilBir + n2Ci(Te),  (23)
k=1 k=i+1

where the escape probability G is given by:

1 °
B = o / B5.(1 — e~ /85y, (24)
with
1dv 1
o - W 1 25
ﬁzk 2U ds aik b ( )

where u is the mean thermal velocity of atoms, -‘fi—’sf is the line of
sight velocity gradient and o is the absorption coefficient of

the line.

The notation employed in the statistical equilibrium equa-
tion is the usual one, for more details see SA. The recom-
bination coefficient C;(7.) which appears in the ionization-
excitation equation depends on the temperature distribution. We
have adopted:

R
T(r) = Ten()'/%, 26)
with Tege = 25000 K.
In Sect. 7.5, we consider briefly an isothermal model for the

envelope to illustrate how the properties of the envelope depend
on the assumed temperature structure.

The solutions for the envelope were found from a model-
grid of 170 x 90 x 71 points (respectively for the radial, latitudi-
nal and azimuthal directions) which corresponds to a maximal
extent of 40 stellar radii. For each point we use a standard calcu-
lation method. We start with the LTE populations for each level
and we update populations until we achieve convergence (For
more details also see SA).

4.3. Discussion on the Sobolev approximation
used in our modelling

One of the major limitation of our modelling is the use of the
Sobolev approximation. Since, the problem of radiative wind
was treated in the CAK framework the Sobolev approxima-
tion was naturally used for modelling both the transfer and line
formation. We know that in a spherically symmetric, rapidly ex-
panding wind, the Sobolev approximation for the treatment of
line formation is a good one. It is not obvious that the same ap-
plies to our system, especially in the equatorial regions and close
to the star where the rotation dominates and where the density
is large. In these regions there can be multiple resonance points
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along a given ray, so that absorption of line radiation produced
upstream can occur at a distant point downstream. This effect
can be aided by the finite width of the local absorption coefficient
due to thermal motions. Furthermore, in a differentially rotating
flow, where the rotational speeds are supersonic, turbulence of
some form will be generated. The cascade of the energy in this
turbulent flow to smaller scales will lead ultimately to an even
wider absorption coefficient, and thus more overlap in veloc-
ity or frequency space of widely separated points on the same
ray through the envelope. Nevertheless, we cannot determine
the magnitude of these effects in our model without doing a
completely different calculation.

5. The “best model” for v Cas
5.1. The method for fitting the free parameters

In order to find the best values for the equatorial to polar mass
loss C1, the equatorial terminal velocity V.(eq), and the pa-
rameters m1 and m2, we first start with a mass loss which is
in good agreement with the values given by Lamers & Waters
(1987). They have suggested mass loss rates in the range of 10~°
to 107" M, yr~!. Next we reproduce the Ho line profile and
compare it to the profile measured by the GI2T. Finally we re-
fine the model by comparing the theoretical visibility curves to
those obtained from GI2T data following the visibility reduction
described in Sect. 2.3.

5.2. The values obtained

The ratio C1 was found to be 30 which corresponds to an equa-
torial mass flux of 5.1- 1078 M, yr=! sr~! and taking m1 = 6.0,
then leads to a global mass loss rate of M = 3.2-1077 M, yr~!.
This large value compares well with those given by Lamers &
Waters (1987) who found M between2.5-10~8 and 5- 10‘7M®
yr~! for  Cas. This value of m1 = 6.0 corresponds essentially
to a mass flux enhancing close to the stellar latitude of 35°. (m2
= 0.3) producing a very rapid decrease of the radial velocity
from the pole to the equator. Such a value is pertinent for ob-
taining a Ha full width at half maximum (FWHM) which fits
the Ha line profile measured by the GI2T. The equatorial ter-
minal velocity Vo (eq) was found equal to 200 kms™~! needed
to simulate a lower expansion at the equatorial latitude. The
effects on the expansion and rotational components of the ve-
locity, the mass flux, and the hydrogen density are depicted in
Fig. 1. The observable effects of changing the parameter value
will be discussed in more detail in Sect. 7. The choice of these
parameters enabled us to select the “best” a for the radiative
line force. With o = 0.05 and k£ = 10.5 we were able to obtain
an hydrodynamical solution for the equator which results in a
terminal velocity of 201 kms™! and an equatorial mass flux of
4.9-1078M¢ yr~! sr~1. In Sect. 8 we will describe the effects
of changing values of o and k£ on our modelling.
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6. Comparison between our model and the GI2T data
on ~ Cas

From the parametrized model described above we were able
to obtain the hydrogen density distribution across the whole
envelope. From Fig. 2 we can see that the hydrogen envelope is
markedly flattened towards the equator.

We found that the envelope is almost fully ionized. The
population of atomic levels are rapidly increasing from pole to
equator (see Fig. 3 and Fig. 4) but most of the hydrogen atoms
remain in the fundamental state. Detailed explanation of the
dependence of atomic levels with stellar latitude is given by
SA.

6.1. Line profiles

Figure 5 shows the computed (solid line) and measured (dotted
line) Ha line profiles. These profiles are normalized to the con-
tinuum value (Ic). In our line calculation the continuum emission
originates from the underlying star which was assumed to radi-
ate as a 25000 K blackbody and also by the continuous emission
in the region around Ho from the ionized gas (see Sect. 6.3). The
extended wings are mainly due to kinematical effects. The emis-

sion of the blue wing seems to be too strong and the V/R < 1
ratio more pronounced than observed. However, it must be kept
in mind that self absorption of the envelope due to a complex
(rotating and expanding) velocity field has not been taken into
account in our model. Presumably this will reduce the emission
from the region projected on the star and will produce an ab-
sorption in the blue wing of the emission line. The computed
line strength is about 3.7 Ic which is in good agreement with
the observed value. We must emphasize that we have verified
and compared the Ha line profile obtained with the GI2T with a
high resolution profile recorded with the Ondrejov 2 meter tele-
scope (Harmanec & Stefl, private communication) at the same
epoch of our interferometric runs. These profiles, albeit using
different spectral resolution, were found to be quite similar. The
computed HJ line profile is also shown in Fig. 6. Its emission is
smaller and the photospheric absorption line broadening by the
stellar rotation is more noticeable. The computed H/ intensity
from our model is equal to 1.42 Ic. The derived Balmer decre-
ment is 2.6, which agrees well with the measured value of 2.26
from the GI2T spectra.
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Fig. 2. Hydrogen isodensity curves seen equator on. The axes are in
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6.2. Ho intensity map and visibility

The measured visibility by the GI2T, as already mentioned in
Sect. 2, corresponds to the ratio of the visibility in Ho to the
visibility in the nearby continuum. Therefore, in order to com-
pare our model with the data we must first compute the intensity
maps in the line and in the continuum.

Next we must Fourier transform these maps independently
and compute the ratio of the visibilities for a given spatial fre-
quency. This spatial frequency is obtained by scaling the visibil-
ity grid in such a way that one pixel corresponds to the angular
diameter of the central star of v Cas. Figure 7 depicts the theoret-
ical Ha map plotted in iso-intensity levels. The map resembles
an ellipsoid with a ratio of minor to major axis of 0.72 for the
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Fig. 5. The profile of the Ho line normalized on the local continuum.
Solid line: our model, dotted line: GI2T data

level 0.5 which corresponds to 5 - 10™3 of the maximum level.
This maximum level comes from the stellar emission which is
assumed to radiate as a 25000 K black body. The maximum ex-
tent of the lower contour is about 80 stellar radii and the major
axis of the 0.5 contour corresponds to 17 stellar radii, i.e. ~4
mas. This result agrees well with the data of Quirrenbach et al.
(1993) who found a ratio of 0.74 from their best model fitting.
Our major axis is 12.5 % larger than theirs. The Ho emitting
regions are very close to the star and this is due to a hydrogen
density which rapidly decreases as a function of the stellar dis-
tance. In less than 10 stellar radii the emission drops by a factor
0f 200. The map was turned to the east by 20° with respect to the
north- south direction (which is the vertical axis) in order to fit
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Fig. 7. Ho intensity map of + Cas from the “best model”. Contour
levels are respectively 100, 50, 10, 5, 1, 0.5, 0.1, 0.05, 0.01. The axes
are in units of 0.075 stellar radius. Note that contour levels 50, 10 and
5 are very close and appeared superimposed in a single “wider ring”

the results of 21 +5° found by Quirrenbach et al. (1993) and its
inclination angle was set to 45° with respect to the rotation axis.
Figure 8 depicts the corresponding visibility curve. This curve
is a cut of the modulus of the 2D Fourier transform of the Ho
intensity map in the north-south direction. The rapid decrease
of the visibility curve at low spatial frequencies (i.e. down to
0.5) is due to the resolution of the Ha envelope as a function
of increasing baseline. The slight decrease for baselines longer
than 20 meters is probably due to a partial resolution of the
star. We recall that the angular diameter of y Cas photosphere
is taken as 0.45 mas (Ochsenbein & Halbwachs 1982).
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Fig. 8. The computed visibility curve of v Cas in the He line as a
function of the GI2T baseline (in meters)
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Fig. 9. The intensity map of -y Cas in the continuum. Contours levels are
respectively 100, 50, 10, 5, 1, 0.5, 0.1, 0.05,0.01, six pixels correspond
to one stellar diameter, i.e. 0.45 mas. Note that contour levels 50, 10,
5 and 1 are very close and appeared superimposed in a single “wider

. ”»

ring

6.3. Continuum intensity map

By using the electron density derived from the resolution of
the ionization-excitation equation, we have computed the con-
tinuum emission at 0.65 um. We took into account free-free
and free-bound emissions and absorption mechanisms due to
free-free and scattering. We find that the envelope contribution
to continuum represents 17% of the total flux (star and enve-
lope). Figure 9 depicts the continuum intensity map with the
same conventions as for the Ha map. The extension is less im-
portant and most of the continuum emission originates within
3-4 stellar radii. We did not simulate the polarization of the
photospheric flux by the envelope in the continuum. We might
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reasonably speculate that our flattened envelope should pro-
duce a significant linear polarization. Recall Waters and Marl-
borough’s conclusion (1992) which established that the bulk of
the linear polarization is produced within 2 or 3 stellar radii.
Figure 10 shows the visibility curve of the continuum enve-
lope in the north-south direction. From this curve we see that
the envelope continuum visibility contributes to 20% of the total
visibility curve at large baselines. This is a significant effect and
the usual interferometric calibration methods which assume ~
Cas as a “point-like” source in the continuum are perhaps not
appropriate for this star.

6.4. Relative visibilities

By computing the ratio between the visibility in the Ha line and
the visibility in the continuum, we obtain a pseudo-normalized
visibility M, (see Sect.2.3.1), which is not an estimate of the
absolute visibility at a given spatial frequency. Rather it is a
relative visibility in which the effects of atmospheric and in-
strumental noise have been removed. This is easily understood
because the reference visibility in the continuum might corre-
spond to a partially resolved source at high spatial frequencies
(i.e. large interferometric baselines). This visibility can be di-
rectly compared to the one observed. From Fig. 11 we see that
the agreement is better for large baselines than for the two short
baselines. This indicates that our model envelope is larger than
the observed envelope. It means that although from a purely
spectroscopic point of view our “best” model correctly approx-
imates the observed Ha emission profile, the agreement of the
corresponding simulated visibility is not as good. A long series
of trials for separating the effects of temperature and veloc-
ity field structure throughout the envelope could not settle this
matter. It would be clarified if we could reach lower spatial fre-
quency visibilities while observing v Cas. In Sect.9 we will
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Fig. 11. Visibility curve of v Cas in the Ha line referenced to the
visibility in the continuum. Solid line: model, Crosses: GI2T data

discuss in more detail how to overcome the limitation of the
short baselines.

6.5. Doppler-shifted intensity maps across the Ha line profile

Due to the structure of the velocity field in the envelope, its
morphology must strongly depend on the central observational
wavelength and bandwidth (see also SA). We have computed
intensity maps across the Ha line in order to obtain the change
in visibility as a function of wavelength. Each map in Fig. 6.4,
Fig. 6.4 and Fig. 7.3 is computed within a bandwidth of 4 A. This
is a minimum bandwidth to obtain a correct signal-to-noise per
spectral channel from actual data of the GI2T. The apparent ge-
ometry of vy Cas is the same as the one described in Sect. 6.2.
From these maps we first note that the emitting region increases
in size as a function of Doppler-shift from the blue continuum
towards the central wavelength of Ho. For instance at 6532 A
the stellar emission is just visible (Fig. 6.4 upper left) while at
6562 A the maximal emission extension is observed. The photo-
center of each Doppler-shifted map moves along the rotational
axis when starting from 6532 A and ending at 6592 A. This
means that the expansion velocity field plays a major role in the
dynamics and also in the morphology of the envelope. For in-
stance if the rotational velocity field was the dominant velocity
field, the photocenter would move perpendicularly to the rota-
tional axis when observing from the blue to the red part of the
line.

The maps are symmetrical around the central wavelength
due to the fact that, as already mentioned, our model is axi-
symmetric. A comparison with the visibility obtained from these
maps and the GI2T data is shown in Fig. 15 and Fig. 16 for two
different baselines. The agreement is good within errors bars of
the data but we note a systematic “plateau” present in the data
around 6552 A. This “plateau”, which corresponds to a visibility
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Fig. 12. Intensity maps across the He line. Each map was computed for a bandwidth of 4 A but centered at different Doppler-shift across the
line. Upper left to lower right maps centered respectively on: 6532, 6542, 6546, 6550 A

lower than the predicted one, could suggest that the envelope is
not axi-symmetric with respect to the central wavelength. The
envelope size in the blue part of the line seems to be systemati-
cally larger than in the red part. Such an effect can be produced if
a larger density region with higher emission moves towards the
observer. Presumably this effect could be related to the material
bulk enhanced by a one-armed oscillation in the equatorial disc
as suggested by Okazaki (1991) and recently used by Telting &
Kaper (1994) for the interpretation of the long-term variability
of y Cas. Another interpretation may be that there is an elliptical
envelope which is not exactly centered on the central star.

7. Influence of the model parameters

The aim of this section is to examine the range of constraints
brought by both the Ha line profiles and the visibility curves
on free parameters of our model. This study was conducted by
computing a series of different models where we changed one
parameter at a time whilst all the others were set to the “best”
model. We recall that the best model corresponds to m1=6.0,
m2=0.3, C1=30, V5,=200km/s.

7.1. The ml1 parameter

The parameter m1 defines the variation of the mass flux from
the pole to the equator. For instance a larger m1 enhances the
mass flux towards the equator making the envelope more disk-
like. Figure 17 and Fig. 18 illustrate the mass flux and hydrogen
density distribution for m1=25.0. From Fig. 19 it can be seen
that although the FWHM of Ha remains almost unchanged for
m1=1.0 and m1=25.0, the emission strength is notably differ-
ent. For m1=25.0 arelatively small range of latitude contributes
to the line emission and the intensity appears fainter. More-
over, the profile appears double-peaked with V/R <1 more pro-
nounced. Finally the continuum emitting regions are smaller
and the envelope contribution to the continuum is only 10% of
the total continuum flux. As a result the plateau (Fig. 20) of the
visibility curve is higher because the projected Ho emitting re-
gion appears smaller and the stellar contribution to the total Ho
emission is larger (see Fig. 20). Finally for m1=25.0 the model
produces a lower mass loss of 1.83 - 1077 M yr~!

On the other extreme, a smaller m1 leads to a more spheroidal
envelope and the mass flux increases closer to the polar latitudes.
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Fig. 13. Intensity maps across the Ho line. Each map was computed for a bandwidth of 4 A but centered at different Doppler-shift across the
line. Upper left to lower right maps centered respectively on: 6554, 6558, 6562, 6566 A

The Ha line profile has a larger intensity with significantly ex-
tended wings (Fig. 19). This is due to a relatively large range of
latitude from the pole to larger latitudes, which dominates the
emission at line center. The most important effect is an increase
of the envelope continuum emission which represents more than
40% of the total continuum emission. This results in a relative
visibility curve which increases at higher spatial frequencies
(longer baselines) (see Fig. 20).

7.2. The m2 parameter

The m2 parameter has an effect primarily on the envelope kine-
matics. When m2=1.0 the expansion velocity decreases more
slowly with increasing stellar latitude (Fig.21). This produces
an effect on the Ha line profile so that it appears with a double-
peaked shape and extended wings up to 1000 kms~!. This is
purely a kinematical effect: there is more matter which moves at
large velocities and due to the Doppler-effect contributes to the
emission in the wings of the line. A smaller m2 value produces
a very fast decrease of the expansion velocity and also a line
profile with very steep edges and a larger FWHM. We can no-

tice from the profile (Fig. 22), the presence of the photospheric
absorption line broadening by the stellar rotation. Both the en-
velope continuum and He intensity maps remain unchanged for
m2=0.1 or m2=1.0

7.3. The C1 parameter

Cl is not really a free parameter because it is constrained by the
mass loss inferred from IR observations which, as already men-
tioned, lies between 2.5 - 1078 and 5 - 1077 M, yr~! (Lamers
& Waters 1987). With C1=60, we obtained a too large mass loss
of 6.2- 10" M, yr~". The line profile is similar to the m1=1.0
case and is due, in both cases, to the larger contribution of the
polar regions (Fig.23). It also produces a higher visibility but
quite different from the m1=1.0 case (Fig. 24). We must stress
the importance of this. It shows, that from a spectroscopic point
of view, computed Ha lines with roughly similar profiles can
be either obtained from two distinct physical effects: polar to
equatorial mass flux which starts to increase close to the polar
latitude, or a larger mass flux ratio. From the interferometric
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Fig. 14. Intensity maps along the Ha line profile. Each map was computed with a bandwidth of 4 A. Upper left to lower right respectively: 6570,

6574, 6578, 6582 A

measurement it is clear that the emitting object and correspond-
ing visibility curves of these cases are quite different.

7.4. The terminal velocity parameter

As for the C1 parameter, the terminal velocity is not a totally
free parameter. Janot-Pacheco et al. (1987) and Waters et al.
(1988) found a terminal velocity around a few hundred kms~!.
From our model we find that the terminal velocity must be close
to 200 kms ™! in order to fit the Ho line profile measured by the
GI2T. A higher terminal velocity produces a line profile which is
excessively broadened, while a velocity of 100 km/s produces
a line profile both narrower and more intense than the observed
profile (Fig.25). Again the visibility curves are not sensitive to
the terminal velocity.

7.5. An isothermal model

In order to examine the influence of the temperature distribution
we have computed a model with a constant temperature distri-
bution of 0.8 T¢ ¢ ¢, i.e. 20000 K. The other parameter values are
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Fig. 15. Visibilities corresponding to the Doppler- shifted maps across
the Ha line profile for the 20.7 meter baseline. Solid line: model,
crosses: actual data from the GI2T
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taken from the “best” model. We found that the population of
the levels is, for a given stellar radius, lower by a factor 10 com-
pared to the “best” model. In fact this is due to the ionization
which increases with increasing temperature and also makes the
number of neutral hydrogen atoms lower. This produces a lower
intensity of the Ho line profile but does not change the visibility
curve.

Table 5 summarizes the different range of parameters esti-
mated from our modelling of v Cas, as discussed in this section.

Table 5. Ranges allowed for the parameters values

Parameter best” model  Allowed range
ml 6. 3.<ml1<9.

m2 0.3 0.1<m2<0.8

Cl1 30. 15.<C1<50.
Voo 200. 150.< Vo <250.

8. The physics of the equatorial plane

It is generally believed that Be stars exhibit a slow radial ex-
pansion in the equatorial plane. On the other hand most authors
infer a large mass loss in this region on the basis of the IR ex-
cess (see Waters 1986). Our results confirm this high mass loss
for v Cas. From a detailed reconstruction of He line profile and
visibility curve we obtain an average terminal velocity of Vo, ~
200km s~ ! and a mass loss rate of ® ~ 5- 1078 Mg yr=!sr~1.
The question which arises naturally is which mechanism may
produce an expansion with such characteristics. Classical radia-
tive wind models (driven mostly by optically thick lines) seem
ruled out since they lead to terminal velocities of the order of a
thousand kms~!. In addition these high velocities are attained
within a few stellar radii.

A few years ago it was suggested that a radiative wind driven
essentially by optically thin lines is more appropriate for the
envelope of Be stars: Lamers (1986); Boyd & Marlborough
(1991); Lamers & Pauldrach (1991). Recently Aragjo et al.
(1994) developed a “latitude-dependent” model, in which the
relative contribution of optically thick lines decreases from the
pole to the equator. However, due to numerical difficulties, they
could not obtain solutions for values of the radiative parame-
ter o lower than 0.4. (Recall that « = 0.0 for a wind driven
uniquely by thin lines and & = 1.0 for an expansion driven
entirely by thick lines). In a recent work Chen & Marlborough
(1994) encountered similar difficulties.

More accurate solutions, for all values of the o parameter,
have been obtained recently by Aratjo 1994. In Table 6 and
Fig. 26 we show the results of this work applied to v Cas (Ta-
ble 1). Acceptable values for the terminal velocity (Voo ~ 200
kms~!) require o ~ 0.05. This indicates a wind driven almost
solely by optically thin lines. On the other hand, the large mass
flux implies a value of the k& parameter of about 10. This is
an extremely large value, well above those normally estimated.
When a = 0.0, k gives simply the ratio between the force due to
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Fig. 17. Mass flux as a function of stellar latitude for the m1=25 case

thin lines and that produced by free electrons. Therefore a thin
line wind model can well reproduce the equatorial expansion of
~ Cas, providing the contribution of these weak lines is about
ten times greater than the force produced by the free electrons.

Figure 26 displays the equatorial expansion velocity as a
function of stellar radii for different values of « and k. Globally,
the velocity increases more slowly with decreasing values of
a. The terminal velocity decreases from 2016 kms™! to 144
kms~! for o = 0.5 and « = 0.05 respectively. In a future paper
we shall discuss in more detail the numerical resolution of the
hydrodynamical equations for a wind driven mainly by optically
thin lines.
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case, six pixels correspond to one stellar diameter, i.e. 0.45 mas
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Fig. 19. Modeled and observed Ha line profile. Dotted:actual profile
from the GI2T, solid: model profile for m1=25.0, dashed: m1=1.0

9. Summary and conclusion

We have described the Be star v Cassiopeiae in the context of a
radiatively driven mechanism for the wind. In order to reproduce
both the spectroscopic and interferometric measurements from
the GI2T optical interferometer, we have computed a model in
which the polar regions are dominated by optically thick lines
whereas the wind in the equatorial regions is dominated by op-
tically thin lines. This is the first time that a complete hydrody-
namical solution has been obtained for very small values of the
radiative parameter o without the usual numerical difficulties.

The computed expansion velocity field is shown to attain a ter-
minal velocity of 2000 kms™! in the polar regions whilst not
exceeding 200 kms™! in the equatorial regions. The rotational
velocity field in the envelope is assumed to be Keplerian. The
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temperature distribution of the form ~ 7~ produces a popu-

lation of the levels which allows us to obtain quite correct line
profiles and an almost fully ionized envelope. The resulting elec-
tron distribution is responsible for an envelope continuum flux
which contributes to 17% of the total continuum emission at
red wavelengths. In our case the envelope continuum emission
contributes to 20% to the visibility for large baselines. This is
an important effect which rules out the the usual interferometric
calibration method considering the continuum source as “point-
like” (Thom et al. 1986; Mourard et al. 1989) at least for y Cas.
Finally, 90% of the Ha emission originates from an ellipsoid
with a ratio of minor to major axis of 0.72. This major axis is
about 17 stellar radii which corresponds to ~ 4 mas assuming
a stellar diameter of 0.45 mas for the stellar photosphere. This
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Fig. 22. Modeled and observed He line profiles. Dotted:actual profile
from the GI2T, solid: model profile for m2=0.1, dashed: m2=1
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Fig. 23. Modeled and observed He line profiles. Dotted: actual profile

from the GI2T, solid: model profile for C1=60 , dashed: m1=1
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value is in the same range but larger than those of 3.25 mas
found by Thom et al. (1986) and 3.2 mas by Quirrenbach et al.
(1993). Unfortunately, due to the limited shortest baseline of
the GI2T (11 meters) it is difficult to distinguish between a fast
or slowly decreasing of the visibility curve at low spatial fre-
quencies. A possible alternative would be to assume a smaller
angular diameter for the photosphere of v Cas. This is gener-
ally estimated as 0.45 mas which corresponds to a distance of
200 parsecs. By taking an angular photospheric diameter of 0.3
mas we simply change the scale of the relative visibilities as a
function of spatial frequency without changing the morphology
of -y Cas computed by our “best” model. Thereby the fit of our
theoretical relative visibilities to the data would improve.
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Fig. 24. Normalized visibility curve. Solid line: C1=60, dashed line:
ml=1., Cross: GI2T data
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Fig. 25. Modeled and observed Ha profiles. Dotted: actual pro-
file from the GI2T, solid: model profile for Vo,=100km/s , dashed:
Veo=400km/s

The visibility curves along the Ha profile are in good agreement
with the computed ones. However our data shows a larger emit-
ting region in the blue part of the line, which our axi-symmetric
model cannot reproduce.

For the first time a model that agrees well with both spectro-
scopic and interferometric measurements in the Balmer lines
and the continuum is proposed. Nevertheless it needs further
improvements in order to account for non-axisymmetrical fea-
tures, emission in UV lines, other spectral regions, and polar-
ization.
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Table 6. Mass fluxes and terminal velocities as a function of o and k
values

0 o k () Voo
(Mg /ysr)  (km/s)

0 05 03 171077 2016

90 05 03 29107 1545
04 03 3610710 1064
04 06 2010° 1071
03 06 121071 753
03 15 26107° 761
02 15 561071 517
02 35 3810° 524
01 35 5010712 304
01 70 4910°° 312
005 7.0 161071 189
005 90 24107° 194
0.05 105 4910°°% 201
0.03 110 3310°°% 144

Expansion velocity
e e e

2500 7

2000

1500

V_r(km/s)

1000

500

1.0
Log(stellar radii)

Fig. 26. Expansion velocity as a function of stellar latitude. The values
of a and k are respectively (from top to bottom):

Polar latitude: solid line:a=0.5,k=0.3

At the equator: dotted:0.5, 0.3; dashed:0.4, 0.6; dash dot:0.3, 1.5; dash
dot dot dot:0.2, 3.5; solid thick:0.05, 10.5; long dashes:0.05, 9.0
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