Astron. Astrophys. 345, 203-210 (1999) ASTRONOMY
AND
ASTROPHYSICS

Interferometric insight into ~ Cassiopeiae long-term variability

P. Berio', Ph. Stee, F. Vakili ', D. Mourard !, D. Bonneau, O. Chesneadi, N. Thureau®, D. Le Mignant?, and R. Hirata3

! Observatoire de la@e d'Azur, Departement Fresnel, CNRS UMR, F-06460 Saint Vallier de Thiey, France
2 Observatoire de Grenoble, BP53X, F-38041 Grenoble cedex 9, France
3 Department of Astronomy, Kyoto University, Kyoto, 606-01, Japan

Received 9 December 1998 / Accepted 5 February 1999

Abstract. We present spectrally resolved interferometry of thiea 650nm continuumg 8.5R,. in HF and17R,. in Ha emitting
Be stary Casin’'88,'91, '93 and '94, obtained with the GI2T in-regions. The striking result of this study is that the 16678
terferometer. The analysis of high spatial resolution data acressitting region is smaller than the overall continuum source.
the Hu line reveals azimuthally asymmetric variations which  Whilst the global geometry of Be envelopes seems to be
are correlated with those of V/R of thenHprofile. This corre- well settled now, the long-term variability in the ratio of the
lation supports a prograde one-armed oscillation precessingnitensities of the violet and red Balmer emission peaks (the so-
the equatorial disk of Cas due to the confinement by a radiacalled V/R variations) could indicate a global modificationyof
tive effect. We examine the occurrence of such oscillations @as’s envelope geometry. This quasi-periodic V/R variation is
the context of the latitude dependent radiative wind model deharacterized by the shift of the whole emission line towards the
veloped for previous GI2T interferometric observations of thisavelength of the V or R component which is the weakest (Mc
star. We find that this enhanced equatorial density pattern maughin[1961) Cas also keeps these characteristics (Doazan
be located at 1.5 stellar radii from the stellar surface. We fadt al.[1983). Mc Laughin argued that this behavior cannot be
low its possible rotation through the99kms™!, +92kms™!, explained by the expanding/contracting axially symmetric ring
+140kms! and +41kms! iso-velocity regions which re- (disk) and supported the elliptical ring (disk) with Keplerian
sults in approximate stellar longitudes: 2242, 1532 and motion, which was originally proposed by Struve (1931). The
18# for '88, '91, '93, '94 epochs respectively. Thug,Cas is one-armed global oscillation model, where a thin non-self grav-
the second Be star afterTau for which interferometric obser-itating Keplerian disk is distorted through a density wave (m=1),
vations directly evidence a prograde one-armed oscillationsi®fh modernized version of this elongated disk and provides the
its equatorial disk. physical basis if the disk obeys Keplerian motion (Kato 1983,
Okazaki1991). The non-spherical potential due to the rotation-
Key words: techniques: interferometric — stars: circumstellally flattened central star produces the precession of the global
matter — stars: emission-line, Be — stars: individualCas — oscillation with periods on the order of ten years (Papaloizou et
stars: winds, outflows al.[1992). More recently, Okazaki (1997) found that for Be stars
around BO-type it is the radiative effect that is important for the
confinement of the one-armed oscillations. The rotational effect
plays a minor role for these stars. Based on this model, Telting
1. Introduction & Kaper [1994), Hanushik et al_(1995) have examined a global

Be stars are charaterized by emission lines which originatepdification ofy Cas’s envelope geometry. _ _

a dense, cool, expanding and rotating envelope. Among these I N€ binary model proposed by Harmanec & K(iz (1976) is
starsy Cas (BO.5e, HD5394, HR264), discovered by Padre S@@other view where thg companion star deforms the disk into an
chi more than one century ago, is the most studied Be star am&#igptical disk through tidal interactions. In caseo€as, Kubo
its class. The detailed physics and geometry Gfas envelope gt al. (1998) have recgntly '|nterpreted its Xjray characteristics
have been studied in recent years by optical long baseline lfs.lerms of the accretion disk around a white dwarf based on
terferometry (Stee et 4. 1995, Quirrenbach efal. 1997). THt¢ ASCA observations, and proposed the binary system with
envelope is a flattened disk with a major axis of 17 stellar radf]® Separation less than 389 and a possible binary periods of
(i.e ~ 4 mas) and an axial ratio of 0.72 (see Stee étal. 1995 fb0 days (see also Smith etlal. 1998 for another view in terms
more details). More recently, Stee et al. (1998) investigated®! Stéllar corona with magnetically generated structures).
Cas’s envelope in the continuumgHHq and HelA6678 lines. In a recent paper, Vakili et al. (1998) reported the first in-

They found that the envelope size increases following the dgrferometric detection of a prograde one-armed oscillation in
quence.3R. in Hel \6678,2.8R.. in 480nm continuung.5 R, the equatorial disk of the Be staiTau. The present paper aims
to study the long-term variation af Cas envelope using spec-
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Table 1.Journal of obsevations from 1988 to 1994. B is the projectgabsition at the north (south) of the central star. The accuracy of
baseline in meters on the sky plane. The last row corresponds to tthe phase determination which allows to measure a position can

observation of the reference staCep. be better than the actual resolution of the interferometer, but is
restricted to the case where the envelope remains unresolved

Star  Date B (in meter) or partially resolved. Of course the super-resolution power of

~Cas 88/29/12 (T1) 21.05 cross-spectral density method applies as long as the star is par-
91/21/8 (T2)  49.90 tially resolved (Chelli & Petrov_1995). In Figl 1 we present
93/8/11(T3)  20.70 Cas relative phase as a function of Doppler-shift acras$dd
93/16/11 28.0 different epochs of observation in '88, '91, '93 and '94. The
93/24/11 39.8 same diagram for the reference staCep observed in 1994
93/25/11 51.0 is plotted in Figl.2 showing nearly a constant relative phase in-
93/28/11 29.65 dependent of the radial velocity and is in agreement with the
94/5/9 27.7and 39.6 case of an unresolved objet. The error on phase measurements
gjﬁ g;g (T4) 25:25 and 33.7 ggb is g(_aperally dominate(_j by the GI2T’s detector geomgtrical

o Cep  94/7/9 99 05 instabilities at its recombined focal plane. In order to give an

external error estimate of the relative phase, we have computed
its dispersion in continuum/continuum cross-spectrg @fas

de la Gte d’Azur in France (Mourard et a1, 1994). Although th&S well as on the reference stars. This error was found to attain
Keplerian disk has not yet proven directly from our interfergZ® = 5° in general.

metric observations and the binary model cannot be excluded at

present, we examine our observational results in terms of oRe2. The spectral density data reduction

armed oscillation model, since this model could provide fruitful i _ )
results as already mentioned. The spectral density method gives the modulus of the spatial

The following section describesCas observational mate-POWer spectrum ofy Cas once its raw visibilities have been
rial for '88, '91, 93 and '94, and their analysis following crossCalibrated on a reference source. In practice we normalize H

spectral and spectral density methods (Mourard €t al. 19yipibilities on the visibility of the continuum next to it: a mean

Vakili et al.[1997). In Sect. 3, we present the interferometric ri? access to the extent of Cas at a wavelength with a given
sults and their interpretation in correlation with /R long termjP€ctral bandwidth. Figl 3,d3p'CtS ,the auto-calibrated fringe vis-
variations of v emission profile. In Sect. 4, we discuss thiilities of  Cas between '88 and '94 at different baselines and

implications of our findings on the two-component radiativiKen over a spectral bandwidthdgnm corresponding to the

wind model proposed for Cas by Stee et all (1995) in re|a_total Ho emission. Note that calibrations were also made using

tion with the theory of one-armed oscillations of its equatori§PMtinuum bandwidths df.2nm. By inspecting Fid.B, we note
disk. Finally, we summarize our conclusions and examine fthat the visibility curves are flattened for baselines longer than

ture routes to progress in the understanding 6fs and the Be 30m. This suggests that for those baselines, the visibility is dom-
phenomenon in general. inated by the unresolved photosphere. Indeed, possible changes

in the visibility at different epochs can be due to changes in the
. ) size of the disk itself or to changes in the equivalent width of
2. Observation and data reduction the Hy emission line. However, our spectral density data are
The~ Cas observations were carried between 1988 and 1g accurate enough to disentangle between these two explana-
using the GI2T interferometer in southern France. The jourr{@ns. Therefore, we have decided to interpréas long term
of observations is given in Tab@E 1. All baselines are in thériability from the phase data alone.
north-south direction.

3. Interpretation of interferometric measurements

2.1. The cross- ral r ion . . —
e cross-spectral data reductio The shape of relative phase diagrams shown in[Fig. 1 reveals

The cross-spectral method has already been applied for studythig kinematics in the equatorial disk 9fCas. For a rotating-

the LBV star P Cyg (Vakili et al. 1997). For the present worlexpanding envelope with azimuthal symmetry ($tee 1996), the
the relative phase of the fringe signal between narrow sp@itase diagram is strictly an odd function of Doppler shift across
tral channels acrossddand its neighbouring continuum wasHa around the Radial Velocity RV=0knt.$. Any deviation
computed on an average for bandwidth® dfvm and3nm re- from such ashape, e.g. position of the zero phase on the Doppler-
spectively. We swept theddspectral region from the blue to theshift axis or the difference between the amplitudes of the neg-
red wings by steps df.2nm. We remind that the relative phaseative and positive parts of the phase diagram, implies asym-
measured in this way provides the spatial location (projected mtrical morphological structures in the equatorial diskyof
the GI2T North-South baseline) of iso-radial velocity region8as. This is exactly what is withessed by the phase diagrams
emitting at a given Doppler-shift with respect to th€as con- of Fig.[ for different epochs of GI2T observations: whenever
tinuum source. A positive (negative) relative phase indicates #R <1 (see also Tablel 2) the zero value of the relative phase
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+2.5°,

occurs at negative radial velocities, whilst for \¥R in '88 it  tions of V/R variations fory Cas are available in the literature
occurs at a positive radial velocity. for HG only until 1990 (Figl#). In order to infer the V/R values
It is worth carrying out a qualitative comparison of thesat the time of GI2T observations we fit an amplifying-damped
morphological variations in relation with V/R variations ofine wave to the values given by Horagushi etlal. (1994) from
Balmer line emission profiles. Regular and systematic observeiich we extrapolate V/R. We find Vi > 1 between 1985
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and 1990, and V/Rg < 1 between 1990 and 1996. Now temTable 2. Radial velocity of the zero relative phase for our different

poral lags may occur betweenstand Hy V/R and have been observation epochg).

reported for a few Be stars (Kogure & Suzlki 1986), but to our

knowledge no such effect occurs ferCas. Therefore and in Observation ~ Zero phase VIR

the followings we assume a covariant V/R variations far H radial velocity

and H3. This hypothesis is confirmed using few low resolutiog, (1988) +92kms’! V>R

Ho and H3 spectra obtained with the GI2T (see for instancg (1991)  —99kms™ V<R

Fig.5in Stee et al. 1995; Fig. 1 in Mourard et/al. 1989 and Stgg (1993) —135kms' V<R

et al[1998). T4(1994) —38kms! V<R
Telting & Kaper [1994) have explained th& R variations

of v Cas as resulting from global one-armed oscillations of its

equatorial disk (Okazaki 1991). Such cyclic oscillations creaggially symmetrical positions around the central star. Accord-

low and high density precessing regions inside the disk Wiy to this picture, the wind particles in the enhanced-density
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regions approach the observer for epochs whgrB > 1, and Table 3.Position of the high density pattern for our different observa-
recede whel¥/R < 1. In order to compute the center of gravitytion epochs
of given iso-radial velocity regions of the disk (i.e. those parts

which emit at a same Doppler-shift acrosa)Hone must also Observation  High density Projected VIR
take into account the perturbations introduced in the density pattern longitude  velocity

structure patterns. Assuming that these centers of gravity CO}-(1088) 208 4 5° _99kms! VSR
cide with the photometric centers of emitting regions we camp (1991) 42 +5° +92kms ! V<R
assert that the presence of a high density region shifts the pig{1993) 153 + 5° +140kms?! V<R
tocenter of the corresponding iso-radial velocity region away (1994) 184 4+ 5° +41kms! V<R

from the central star, whereas a low density region shifts the
corresponding photocenter towards the central star.
Naturally the location of these photocenters follow the Preion measurements92 km s' _99kms!, _135kms’,

cession of the d_ensny patterns gxpla|n|ng the relative phaseéiﬁa —38kms! are related to the location of the low density
agram for the different observations.

For different epochs of GI2T observations we find th&)[attern, we first compute the low density pattern iso-velocity

the zero of the phase diagrams occurt@2kms ! in '8 regions which was found respectively at44 5°, 222 + 5°,
_99kms-lin'9l —135kms-tin’93 and—38 kms-L in ,94’ 333 + 5° and # + 5°. Where the uncertainty in the longitude

pattern location oft 5°

In conjunction with the V/R cyclic variability, these radial ve- . . . . .
- : . In Fig.[8, we plot the projected velocity of a high density pat-
locities and their temporal sequence occurrence are conss}ant

with the precession of a low density pattern having precessed at 1.5, from the stellar surface (the "sine wave” shape),
X precessio yp gp S‘f?om the model by Stee et al. (1995), as a function of the stellar
in the equatorial disk of Cas.

longitude (Ois assumed to be on the line of sight of the observer
and the central star). Since the high density pattern is symmet-
4. One-armed oscillations in the context rically opposed (i.e at 180with respect to the star) to the low

of Stee & Araujo radiative wind model density pattern, we find that for the stellar longitudes224%°

. _ , (T1:1988), 42 + 5° (T2:1991), 158 + 5° (T3:1993), 184 +

In order to push further our investigation, we hereafter interprgt (T4:1994), the corresponding iso-radial velocities are respec-
our interferometric evidence of a one-armed oscillations in tlﬂ@ely —99kms !, +92kms!, +140kms ! and+41kms!
context of a radiative wind model. In a recent paper, Okaza(lgiee TablgB).

(1997) shows that the radiative effect is the dominant mecha- |, ;ider to test the effect of changing the location of the

nism to confining m=1 oscillations in discs around BO-type Bgo iy pattern, we have modified its distance from the stellar
stars. The rotational effect, as predicted by Papaloizou et §htace 'starting from 0.5 to 58,.. For all the distances other

(1992) coming from the central star's distortion due to its high 2, 1 5r_ it was not possible to find solutions that follow both
rotational velocity, is minor for these early type stars. Moreovef,o phase of the visibility and thecHV/R.

Okazaki (19977) studies the confinement of one-armed oscilla- |t \va assume that the precession velocity is constant be-

tionsc_by a large number of optically thin lines. In Stee et alyeen two observations, we find that the pattern rotation period
(1995) we also found that, in order to fit our high angular resoli j yeasing from 5.3 to 7.4 and 7.9 years. At first order it is

tion observations and to obtain a 200 ki gquatorial terminal consistant with the mean value of 7 years found by Hirata &

velgcity, th? W_ind iny Cas ?quatorial region.s must be driven,bﬁubert-Delplace (1981). Nevertheless, this increasing period

o_p'ucally thin lines. Following the parametric form of the radiaz,, he due to an outward shift of the precessing pattern. This

tive force proposed by Chen & Marlborough (1994), thg M=dftect has been foreseen by Papaloizou efal. {1992) who predict

oscﬂlauon; require a rad|at|ve.effect as Iarge;as_zl 4. 10_2' that the pattern period could increase-&&, which implies in

In our radiative wind modele is in the rangel0™ " 10 10%, 5\ cage that the pattern has shifted outwards by less than one

which is enough to confine the one-armed oscillations ©8s  g;q|1ar radius from 1988 to 1994,

equatorial regions. ) i . In order to test the influence of the one-armed oscillations
Therefore henceforth, we suppose that in the inner regigp e velocity fields we have computed the iso-velocity regions

of the dense, cool and slowly expanding equatorial region; |, ding the perturbation of the angular and radial components
one-armed mode is confined within the disk. In this region, 8% Okazaki’s model fory Cas.

it can be seen in Figl5, the kinematics is dominated by the Thus we used:
Keplerian rotational velocity field. At first we assume that the N
perturbation in the disk kinematics does not significantly modi
the velocity field of the radiative wind model. We will use thig’” (r.0,0) = Vo) + [Voo(6) — Vo (6)] (1 B )
velocity field to determine the absolute location of the density +AV,(r, ¢) (1)
patterns detected in the phase diagrams. 1/2 1/2

During its precession, the density pattern produced by tbg(r’ 0,0) = X(GM(l_F)) Smg(R>
one-armed oscillation must cross different iso-velocity regions R r
of the envelope. Due to the fact that our zero relative phase po- +AVy(r, ¢) 2



208 P. Berio et al.: Interferometric insight irfoCassiopeiae long-term variability

400 [T T T T T T T T T T T T T T T T T T T T

(kn/s)

Fig. 5. Velocity fields (in kms*) as

| afunction of stellar radius used in the

model developed by Stee et al. 1995

o for v Cas. Thick line: rotational ve-

ol v L L L L locity field (Keplerian), dotted line:
stellar radius expansion velocity field.

Density pattermn position
400 : : " T : :

d=1.5 Rx* 4

=200
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— =200

where the left part of Eq. (1) and Eq. (2) is taken from Stee et akcording to GI2T observations. The longitude of the pattern is
(1995) and the perturbation (right part of Eq. (1) and Eq. (2)) isdicated for different observation epochs.
taken from Okasaki’'s one-armed oscillations calculation.

From Fig[T it can be seen that the perturbation modifigs conclusion and discussion

slightly the projected velocity field. For instance, the dashed . )
line with the density pattern located at a stellar longitude of 4¥ter ¢ Tau (Vakili et al [ 1998); Cas is the second Be star for

° decreases the projected velocity by 60 kr at a stellar lon- which interferometric observations evidence the presence of a
gitude of 150°. The global “sine wave” shape is unchanged arf®iowly prograde rotating density pattern in the star's equato-
thus the global period of the oscillation remains about 7 yeaf@! disk. This prograde precesssion agrees W'_th the Qkazakl’s
For the stellar longitudes determined without any perturbatiffedel (1997) of the one-armed (m=1) oscillation confined by
(see Table 3) the changes in projected velocities are less tHhgradiative effect. We have investigated the possibility of such
10kms!. Neveretheless the fact that the density perturbati@ﬁcmation to occur within the equatorial regions of a latitude
position around the star did not change drastically our resuft@Pendent radiative wind model developed by Stee &ifora
indicates that the exact location of the pattern is out of reatk294). In this model the star is rotationally distorted due to its
of this study. In that context the conclusion about our possidigh rotation. The centrifugal force makes the effective gravity
detection of a precession period increase may not be very cl@&d the brightness temperature decrease from pole to equator
We have to compute thedine profile, the intensity maps angand thus the corresponding radiative force will depend on the
thus the visibility in modulus and in phase as a function of th_%tellar latitude. Finally the star has a fast wind of high ionization

pattern position if we want to obtain strong constraints on it8 the polar regions and a slow wind of low ionization, with a
exact positions. high density near the equator. Inthe inner{0R.), cool, dense

Fig[8 is a top-view representation piCas one-armed pre- €quatorial regions the kinematics is dominated by the Keplerian

thus the one-armed oscillations develop. In order to determine
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Density pattern position Fig. 7. Thick line: projected veloc-
400 ‘ ‘ ‘ ! ‘ ‘ ‘ ity of an unperturbed circumstel-
lar region at 1.5R, from the stel-
lar surface as a function of the
stellar longitude (Bis supposed to
— be in front of the observer). The
b horizontal dotted lines are the ve-
R locities —99kms™*, +92kms™*,
R +140kms* and+41 kms ! of the
_| regions with the high density pattern.
i The vertical lines are the longitude
of this pattern for the '88 (T1):224
'91 (T2):42,'93 (T3):153 and '94
(T4):184 observations respectively.
Dotted line: pertubated projected ve-
locity with an oscillation phase =
224, dashed line: osillation phase
oo | = 42 °, dash dot: oscillation phase

o 200 ‘ ‘ ‘ Zoo =153, dash dot dot dot: oscillation
Stellar longitude (degree) phase =182

200

Projected velocity (km/s)

—200
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Fig. 8. Schematic representation of
~ Cas one-armed precessing oscilla-
tions, confined inits equatorial plane
‘ T2 (42°) at 1.5R.. according to GI2T obser-
i o° vations. The longitude of the pattern

is indicated for different observation
High density pattern in y Cas equatorial disk epochs.

the approximate location of the resulting high density pattern Since, we are aware that the present scenario proposed to

we have followed the iso-velocity regions crossed by the oniaterpret the long-term variability of Cas may not be unique,

armed oscillation. For fitting the visibility phases and the V/Rie hope to obtain a complete simulation of both the lihe

variations of the K line profile the high density pattern mustprofile V/R variations and the visibility in phase and modulus in

be located close to 1.8, and at longitudes 22442°, 153 and the near future. Nevertheless, our interferometric measurements

184 in '88, '91, '93, '94 respectively. Finally the mean periodule out spherical models and our scenario is the first one that

of the precession is about 7 years but seems to increase agraes well with both spectroscopic and interferometric obser-

function of time, which can be interpreted as an outward shifations ofy Cas long-term variability.

of the density pattern. In order to test the influence of the one- ) _ )

armed oscillations on the velocity fields we have computed thE<"oWledgementsiVe thank A. Quirrenbach for his constructive ref-

. . . . . . ereeing of the paper.
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