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Abstract. We present 18 years of high resolution and S/N Hea spectroscopy of the Be shell star o And, obtained between
1985-2002. Spectra taken during late 1985 show a pure photospheric profile, with disc re-formation commencing in 1986; a
process that is found to occur over long timescales (~10° days). Analysis of the evolution of the properties of the Ha shell
profile suggest that the disc kinematics are dominated by rotational motion. It has been shown that disc loss in o And occurs
“inside out”; we find that the disc also appears to be rebuilt in a similar manner, with disc material gradually diffusing to larger
radii. The long timescale for changes in the bulk properties of the disc, domination of rotational over radial velocities and
manner of disc loss and formation are all consistent with the predictions of the viscous decretion disc model for Be star discs.
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1. Introduction

While Oe/Be stars — defined as non supergiant OB stars
which have at one time shown emission lines in their spec-
trum — have been intensively observed for over a century cur-
rently no consensus exists as to the cause of the phenomenon.
Observationally, Be stars are found to have a fast polar wind
with terminal velocities of ~1-2000 kms~1, similar to the radi-
ation driven winds of normal early type stars. However a pro-
nounced near-IR — radio continuum excess and rich recom-
bination line spectrum are also observed. It is assumed that
these arise in a dense equatorially concentrated disc, a hypothe-
sis confirmed by optical and radio interferometric observations
(Quirrenbach et al. 1994; Stee et al. 1995; Dougherty & Taylor
1992); however to date no complete theory for the formation
and dynamics of such discs exists.

One promising avenue of investigation is the treatment of
the equatorial disc as a viscous decretion disc, with angular mo-
mentum and material transported radially outwards. This idea
was first proposed by Lee et al. (1991) and has subsequently
been explored by Porter (1999) and Okazaki (2001). Such a
model appears promising in that it naturally explains the small
outflow velocity and quasi-Keplerian nature of the equatorial
disc (e.g. Dachs et al. 1986; Hanuschik 1989, 1996) and can
also naturally accommodate the cyclical variability observed in
the line profiles of some Be stars as the precession of a one
armed density wave within the disc (Okazaki 1997).

However the weakness of the viscous disc model at present
is that while it describes the dynamics of the circumstellar
disc the input of angular momentum at the stellar surface re-
quired to support the disc is treated on an ad hoc basis. Several
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mechanisms (e.g. magnetic fields, non-radial pulsations) have
been suggested to supply the required angular momentum to
the disc. However, since a few Be stars show extreme pho-
tometric and spectroscopic variability, reflecting disc loss and
re-formation, the physical mechanism for the supply of angu-
lar momentum is apparently transient. Recently, observations
of u Cen by Rivinius et al. (1998a) have revealed a number of
“outbursts”, characterised by rapid variability in the emission
line profiles. They interpret these as rapid discrete mass ejec-
tion events, possibly initiated by non radial pulsations (Rivinius
et al. 1998b) — potentially providing a mechanism for the trans-
fer of both angular momentum and material from star to disc.
Given that under the viscous disc model, changes in the
input of angular momentum significantly affect the evolution
of the radial density gradient, it is to be hoped that by model-
ing the emission from the disc over time it will be possible to
not only test the hypothesis but also infer the properties of the
mechanism by which angular momentum is supplied. Since the
disc is assumed to vary on the viscous timescale — which can
be of the order of 102-10° days — long term monitoring of Be
stars is essential. Here we present the results of such a cam-
paign on the Be shell star 0 And, and a qualitativeinterpretation
of the results under the viscous disc paradigm. Comparison of
the dataset to a detailed hydrodynamical simulation of the cir-
cumstellar disc will reported in a future paper (Porter et al.,

in prep.).

1.1. The Be shell star o And

o And (HD 217675, HR 8762, HIP 113726) is a well stud-
ied, bright (Vv ~ 3.6 m) Be star of relatively late spec-
tral type (B6l1Ipe) that has shown shell-phases. Shell phases,
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characterised by the presence of deep central absorption fea-
tures in the emission lines present have been observed in a
subset of of ~10-20% of classical Be stars (Hanuschik 1996;
Porter 1996 and refs. therein). These are understood as being
due to obscuration of the stellar disc by the circumstellar disc
in systems seen ~equator on. Since this implies that o And is
observed at high inclination, the observed vsini = 200 kms !
(Abt et al. 2002) implies that it rotates at ~50 per cent of its
critical velocity (Porter 1996). We note however, that Abt et al.
(2002) infer the projected rotational velocity using the FWHM
of the He1 4471 A and Mgt 4481 A lines, both of which may
be subject to perturbation from circumstellar material during a
Be shell phases.

o And belongs to a quadruple stellar system (Hill et al.
1988). Okazaki & Negueruela (2001) have demonstrated that
for the Be/X-ray binary systems the presence of the neutron star
in a close eccentric orbit can significantly truncate the circum-
stellar disc via tidal interaction. However the closest compo-
nent in the system orbits 0 And in 4 yrs, so we have confidence
that the circumstellar disc will evolve essentially unperturbed
by any other system components.

Despite the apparent lack of interaction with other system
components, the photometric lightcurve of o And shows con-
siderable variability; indeed, it was the first of the short pe-
riod variable Be stars identified (~1.57 days; Guthnick 1941).
This period was also identified in the long period photometry
of Harmanec (1983; see also Pavlovski et al. 1997), and the
Hipparcos dataset (Hubert & Flogquet 1998; Percy et al. 2002),
suggesting that it is stable over long periods (although with
an evolution in amplitude). Explanations in terms of rotational
modulation and pulsations have been advanced but as yet no
consensus exists on the origin of the short term variability (see
for example Sareyan et al. 1998).

Longer term (~3000 days) variability is also observed in
the lightcurve (Harmanec 1983) which is accompanied with
changes in the colour of the system (Pavlovski et al. 1997).
Similar variability in other Be stars is attributed to a variable
contribution to the continuum from the circumstellar envelope;
indeed Harmanec (1984) claim a similar origin for the vari-
ability in this system. Additional evidence for bulk variability
in the circumstellar envelope is provided by observations of
the H1, He1and metallic lines, which have shown considerable
variability over the last century (summarised in Gulliver et al.
1980; GBP80).

Of particular interest are the number of transitions between
B-normal— B-shell—Be-shell phases (GBP80). The last of the
episodes documented by GBP80 occurred between 1973-78.
While observations during this period are sparse — indeed both
the disc formation and the critical final disc loss phases are un-
sampled in He, sufficient data existed for Poeckert et al. (1982;
PGM82) to construct a model to follow the physical parameter
of the disc during its loss; the conclusions drawn from this will
be returned to in Sect. 3. Subsequent shell episodes have been
reported during 1983, 1988 (Sareyan et al. 1992; note the dates
given are for the reported maxima of each episode rather than
the onset) and 1994 (Harmanec 1994; although it is clear from
the data presented in Sect. 2 that this is a continuation of the
shell episode that began in 1987).
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2. Data reduction and spectra

Observations of the Ha line in o And have been compiled
over a 18 year period between 1985 August—-2002 July, from
the 2.6 m telescope of the Crimean Astrophysical Observatory,
Ukraine with the GEC P8600 CCD array (pre-1995) and the
EEV CCD array (post-1995), mounted at the Coudé focus.
The observations were performed in the first and second or-
ders of a diffraction grating with reciprocal dispersions of 6
and 3 A/mm and corresponding spectral resolutions of 25—
30000. A single exposure typically lasted between 5-30 mins
and resulted in a S/N ratio of 100-200 over the 60 A long spec-
trum. Since o And is a late type B star, given the small wave-
length range of our spectra we were not able to determine the
continuum level free of contamination from the photospheric
profile. Consequently line parameters were measured against
the pseudo-continuum ~14 A (~650 kms 1) from the Ha line
core for all spectra; sufficiently far that contamination from the
emission components of the line profile are negligible.

The equivalent widths (EWs) were measured for the whole
line profile and no attempt was made to deconvolve the profile
into emission and absorption components. The strength of the
central absorption, is also measured against this continuum; in
Fig. 3 we plot the residual (1-1,) intensity. Finally the width
of the central absorption feature and the positions of the emis-
sion peaks were measured directly from the spectra; Gaussian
fits to the profiles were not attempted since there is no a priori
physical reason for assuming that components of the line pro-
file should correspond to Gaussian profiles.

A subset (~30 per cent) of the spectra illustrating the phase
changes and evolution of the circumstellar disc of o And are
plotted in Figs. 1, 2 while in Fig. 3 we present a summary of
the evolution of the properties of the complete dataset.

We also performed limited linear-polarization studies
of o And (Fig. 3) with the 1.25 m Crimean Astrophyical
Observatory telescope using the five-channel U BVRI photome-
ter/polarimeter of Piirola (Korhonen et al. 1983). Since o And
is visually bright (V ~ 3.5 mag) we used a neutral density fil-
ter to reduce the flux from the star. Standard data reduction
procedures were followed, which included correction for in-
strumental polarization and reduction of the zero point of the
position angle to the standard coordinate system, using stan-
dard stars from list of Serkowski (1974) and Hsu & Breger
(1982). These results, along with the more extensive dataset
of McDavid (1999) are presented in Fig. 3.

3. Discussion

Figures 1-3 clearly indicate that the circumstellar disc has
varied significantly between 1985 August—-2002 July, with the
principal variations occurring over long (~10°2 day) timescales.
For the purposes of the discussion we define 3 different phases
for o And, based on the morphology of the Ha line: (i)
B-normal when no trace of line emission or additional absorp-
tion are present (i.e. a pure photospheric profile is present), (ii)
B-shell when additional absorption is present at line centre but
no excess emission is present and (iii) Be-shell when both ad-
ditional absorption and excess emission in the line wings is



J. S. Clark et al.: Long term disc variability in the Be star o Andromedae

T T T
3 3 -
RSN TN 25
02/09,/87 ]
> >
= =
g 2 g 2 -
3 1 3 ]
£ 27/10/86 £ 08/11/87
o T o )
o o
2 2
T 11/11/86 @ B
E1sf a E 15l 26/12/87_]
2 i 2
18/11/86 |
24/11/86 | L 11/06/88 |
1 . 1 o e
19/12/86 | 09/08/88 |
05 — 0.5 —
A T I I

FEETEEN B L
-1000 -500 0 500 1000
Velocity (km/s)

—10(30‘ ‘—500 0 500 ‘ ‘1‘000
Velocity (km/s)

Fig. 1. Representative Ha profiles. Left panel: 1986 July-December,
showing the transition from B-normal to B/Be-shell phases. Right
panel: 1987 June-1988 August, showing the transition from B-shell
to Be-shell phases after an unobserved Be-shell to B-shell transition
during the first half of 1997. Note the superposition of the mean pure
photospheric profile derived from the 5 spectra obtained during the
1985 B-normal phase (dotted line) on the profiles presented.

observed. These definitions allow us to subdivide the long term
spectral behaviour of o And into 3 distinct periods.

During the 104 days of observations between 1985 August
24-December 8 the Ha profile appears to be purely photo-
spheric in origin, implying a B normal phase (Sect. 3.1.1).
Following this, during the 770 days between 1986 July 4-1988
September 9, o And underwent a transition from B-normal to
Be-shell (via B-shell) phase (Sect. 3.1.2). During the remain-
ing ~4350 day period of observations o And was found to be
continually in a Be-shell phase, signifying the continuous pres-
ence of circumstellar material (Sect. 3.1.3). We summarise this
behaviour in Table 1.

3.1. Ha variability
3.1.1. B-normal phase: 1985

During the 1985 observing season o And was observed 5 times
between August 24 and December 12. Throughout this period
the Ha profile was stable, with no evidence for excess emission
or absorption in the line core; a mean of the 5 spectra is over-
plotted (dotted lines) in Fig. 1. To determine if these spectra
corresponded to a B-normal phase, fits to broadened Kurucz
models were made. The results of these fits — Teg = 15 kK,
logg = 3.5 and Vsini = 225 kms™! — were found to be
consistent with the stellar parameters reported in Sect. 1.1 for
0 And. We therefore conclude that the Ha profile during 1985 is
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Fig.2. Representative Ha profiles. Left panel: 1988 October—
1992 December, showing continuous disc growth until 1991
September 26. The pure photospheric profile obtained during disc loss
(1985 mean; dotted line) and a second profile obtained during disc re-
formation (1988 August 20; dot-dashed line) have been over-plotted
on the spectrum obtained on 1991 September 26 to illustrate the ef-
fects of disc growth; an increase in emission in the line wings and in
the strength of the central absorption feature.

consistent with a purely photospheric origin?. To test this con-
clusion Kurucz fits were also made to spectra obtained between
1986-87 that showed no evidence for excess emission. It was
found that the best fit parameters from the spectra obtained in
1986-87 were not consistent with the expectations of a purely
photospheric profile based on the stellar parameters of o And.
In each case the results imply the presence of a more ex-
tended, diffuse atmosphere (with mean results of Teg = 12 KK,
log g = 2.0 and Vsini = 100 kms™! for the spectra obtained
during this period). We attribute this effect to the presence of
circumstellar material contaminating the photospheric profile
at this time and not to a variation in stellar parameters (see
below).

3.1.2. Phase changes: 1986—-1988

Figures 1 and 3 plot the evolution of the Ha profile between
1986-88, which we find to be the genesis of the current Be-
shell phase. The phase transition is first apparent in the spectra
obtained between 1986 July—August, where we find a strength-
ening in the central absorption component of the line profile,
indicating that o And has entered a B-shell like phase. As de-
scribed above, while we find no evidence for excess emission

! Note that we do not try to determine the phyiscal properties of
o And from these data since Ha is a poor choice of transition for this
goal; rather we have the more limited goal of simply demonstrating
consistency between the profiles at this time and the expectations for
a photospheric profile uncontaminated by circumstellar material.
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Table 1. Summary of the timing of the phase changes observed for F R
o And following the definitions in Sect. 3.0. The discontinuities in the C | | 1
start and end dates of consecutive phases are due to lack of data dur- 0.2 0.4 0.8 0.8

ing these periods. Note that between 26/12/87-11/6/88 there is some
evidence for weak emission in the line wings; hence the B/Be-shell
phase classification.

Date Phase
24/8/85—/12/85 B normal
4/7/86-11/11/86 B shell
11/11/86-19/12/86 Be shell
13/6/87-8/11/87 B shell
26/12/87-11/6/88 B/Be shell
9/8/88-4/7/00 Be shell

or an increase in continuum polarisation, Kurucz fits to the pro-
files imply a more extended atmosphere at this time, which
we attribute to the presence of a circumstellar envelope with
a small spatial extent. Subsequently, between 1986 October—
December, weak emission is observed in the line wings,

Central Intensity

Fig. 4. Plot of the intensity of the central absorption trough of the Ha
profile against the FWHM of the feature (top panel) and peak separa-
tion (bottom panel). Open squares correspond to data obtained prior
to 1986 October (i.e. during disc loss), filled squares to data taken
thereafter (i.e. during disc re-formation).

followed by an increase in continuum polarisation. Both obser-
vations are consistent with the continued injection of material
into the circumstellar environment. Since PGM82 find that the
inner regions of the disc (<4 R,) are responsible for polarisa-
tion, the observed increase in V band continuum polarisation
reinforces the suposition of a relatively compact envelope at
this time.

Throughout this initial ~770 day period the Ha profile
appears unstable, with apparently random fluctuations in the
strength of the emission and central absorption components.
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Fig.5. Plot of the intensity of the central absorption trough against
the V band polarisation. Solid squares correspond to pairs of measure-
ments taken <10 days apart, while open symbols correspond to pairs
of data between <40 days apart. The dotted line and the truncated
Julian dates of the latter data indicate the evolution of both parameters.

However, despite these variations, at no stage was o And ob-
served to change directly from B-normal to Be-shell phases
without passing through a B-shell phase (Table 1). Indeed the
continuum polarisation and He line profiles (Figs. 1 and 3) in-
dicate the continued presence of circumstellar material during
this time. Finally, by late 1988 significant emission was ob-
served in the line wings, marking the onset of the current Be-
shell phase.

There appear to be significant differences between the on-
set of the Be phase between early type stars (such as u Cen;
Rivinius et al. 1998a) and late type Be like o And. During disc
formation, variability in early type stars appears to be char-
acterised by short-lived flares where line emission is immedi-
ately seen (i.e. transiting directly from B-normal to Be phases),
whereas in the late type Be stars such outbursts appear to be ab-
sent; indeed o And has one of the latest spectral types for which
outbursts have been observed (Rivinius et al. 2001). Instead,
disc growth in late spectral type Be stars appears to be char-
acterised by a very slow development of the disc, visible first
as a strengthening of the absorption profile (appearing as a
“pseudo” photosphere) and only later producing weak emis-
sion in the line wings.

3.1.3. Disc Growth: 1988 — present

From 1988 onwards o And has remained continuously in a Be-
shell phase. Between 1988 January—1991 September we ob-
served a steady growth in the intensity of the central absorp-
tion feature. This is consistent with the continuous addition
of material to the circumstellar envelope, leading to a greater
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optical depth along the lines of sight that intersect the stel-
lar disc (Figs. 2 and 3). Such a scenario is supported by the
decrease in the peak separation observed at this time, which
is naturally explained by a growth in the radius of maximum
emissivity of the disk in Ha as a result of an increasing disc
density and/or outer radius (under the assumption of a disc
dominated by rotational motion; see below).

Note that due to the interplay between the increasing
strength of the emission and absorption components of the line
profile no simple correlation is observed between the line EW
and these parameters. This suggests that the intensity of the
shell feature (a function of the disc density integrated along the
line of sight) rather than the total EW provides a better indica-
tion of the mass content of the circumstellar disc for o And.

This process continued for ~1300 days until
1991 September, after which both the strength of the central
absorption feature and line emission in the wings decreased
and the separation between the emission peaks in the line
wings increased. This suggests that a loss or redistribution
(see Sect. 3.2) of material occured in the disc at this time
such that material was lost from the outer regions responsible
for both line emission and the shell absorption. However, the
presence of a deep shell profile, transient emission in the line
wings and significant continuum polarisation clearly indicates
the presence of substantial disc material at this time; thus we
are not witnessing a phase transition from Be-shell to either
B-shell or B-normal phases during this time.

This behaviour ceased during a 400 day period between
1995 June and 1996 July (unfortunately, lack of observations
prevent us from providing a more stringent constraint), after
which the increase in the intensity of the shell feature and emis-
sion components of the line suggest a renewed input of material
into the disc that has continued uninterupted to this day

Examination of the spectral dataset reveals that there are
no consistent blue or red asymmetries in the line profiles.
Such asymmetries would be expected if there were signifi-
cant radial motion in the disc (see Sect. 3.4 and PGMO02); we
therefore conclude that a significant radial component to the
disc kinematics is absent during the period of observations.
Furthermore, no evidence for the presence of long period co-
herent variability in the peak ratio was found. Such cyclic V/R
variability is attributed to the precession of a one armed density
wave within the circumstellar disc. We therefore conclude that
the circumstellar disc around o And appeared to be axisymmet-
ric throughout the process of re-formation.

3.2. Comparison to photometric and polarimetric
variability

While variability is clearly present in the V band lightcurve
during the period of the observations we find no correlation
between line and continuum emission (Fig. 3). While a vari-
able optical excess (and associated colour changes) originating
in the circumstellar envelope is seen for some systems (e.g.
HD 245770; Clark et al. 1999), the optical continuum and as-
sociated rapid variability in o And are likely to be photospheric
in origin (e.g. Sareyan et al. 1998).
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Variation in the V band continuum polarisation is also
present during the period of the observations and appears to
be correlated with the development of the circumstellar enve-
lope. In Fig. 5 we plot the strength of the central shell feature
and the V band polarisation and find the 2 parameters to be cor-
related. Given that both are functions of disc density this is not
unexpected and implies a broad correlation between the inner
(polarisation) and outer (shell absorption) disc. A similar cor-
relation between continuum polarisation and 12 micron excess
—which is also expected to sample larger disc radii than polari-
sation measurements —was found for a large sample of Be stars
by Waters & Marlborough (1992).

However close inspection of the evolution of continuum po-
larisation reveals that between 1991 August-1994 May the two
parameters appear to be anticorrelated. This occurred during
the period where reduced emission in the line wings was ob-
served, which we attributed to a reduction in the disc density
at radii responsible for line formation (Sect. 3.1.3). However it
appears clear from these results that the variability at this time
does not represent a simple global reduction in disc density, but
rather a steepening of the density gradient, resulting in an in-
crease in polarisation due to an increase in density in the inner
regions of the disc.

3.3. The timescale of bulk variability.

When combined with previous observations, our spectroscopic
dataset suggest that bulk variability in the properties of the cir-
cumstellar disc in o And occur over very long timescales; of
the order of ~10° days. The transition between Be-shell to B-
normal phases reported by PGM82 occured over 700 days, al-
most identical to the length of time required for the transition
back from B-normal to Be-shell via the B-shell phase. The sub-
sequent development of the present Be-shell phase proceded
over a period of 1300 days, while the reduction in line emis-
sion between 1991-1995 occured over a minimum period of
1400 days. Finally, the recovery from this behaviour has oc-
cured continuously over a period of ~1900 days.

Any theory of disc loss and re-formation for Be stars clearly
must explain these long characteristic timescales. To date the
only theory governing the dynamics of the circumstellar discs
of Be stars to provide such a prediction is the viscous decretion
disc model (Porter 1999; Okazaki 2001). In this theory, bulk
redistribution of material in the disc can only occur as rapidly
as viscous torque can redistribute angular momentum within
the disc. This results in a characteristic viscous timescale for
the variability of Be stars discs.

The viscous timscale for Be star circumstellar discs is ex-
pected to be ~constant across the range of parameters ex-
pected for B stars (Porter, priv. comm., 2002); varying from
73/a — 55/a days for BO — B9 stars (where « charac-
terises viscosity, which we assume does not vary as a func-
tion of spectral type; Shakura & Sunyaev 1973). As expected,
the viscous timescale is highly dependant on «, which is at
present poorly observationally constrained. However Okazaki
& Negueruela (2001) are able to demonstrate that truncation
of the circumstellar discs in Be/X-ray binaries — required to
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reproduce the transient nature of their X-ray emission — re-
quires @ ~ 0.1. Likewise studies of accretion discs in binaries
suggest small values @ < 0.1 are required (e.g. Blondin 2000;
Matsumo 1999). For a value of @« = 0.1 we obtain a charac-
teristic timescale of the order of 700 days for o And, entirely
consistent with the timescale of long term variability observed.

Under the alternative assumption that the Be star disc is a
collimated, outflowing stellar wind with a significant radial ve-
locity component, any changes in the bulk properties of the disc
will occur on the flow timescale of the wind. This is expected to
be >order of magnitude shorter than the viscous timescale (e.g.
PGM82 and Sect. 3.4); therefore the long timescales of varia-
bility observed for o And are inconsistent with such a theory.

Note that the viscous redistribution of material and angu-
lar momentum within the disc is an entirely different physi-
cal process from that which transports material from the stel-
lar surface into the disc in the first place and hence one
should not a priori expect both processes to occur over iden-
tical timescales. Indeed it has been speculated that the rapid
(~few days) transient flaring episodes reported by e.g. Rivinius
et al. (2001) represent the “explosive” injection of material into
the circumstellar disc, although no physical process has yet
been identified with this behaviour.

3.4. Modeling the 1978 shell episode

A combination of spectroscopic and polarimetric data allowed
PGMB82 to investigate the evolution of the disc parameters of
0 And during 1978. Their static model consisted of an axisym-
metric disc with a rotational velocity that was Keplerian in the
inner (r < 8 R,) disc and angular momentum conserving in the
outer disc. The expansion velocity varied with radius and con-
strained the density gradient via conservation of mass, leaving
the base density (and hence mass loss rate) of the disc a free
parameter.

During the Be-shell phase their best fit model suggested the
presence of a disc with a zero or low expansion velocity in the
inner (~3 R,) regions of the disc followed by a rapid radial ac-
celeration, resulting in a terminal velocity of ~few 100 kms !
at large radii (r ~ 20 R,). Without the acceleration too much
emission and too narrow a peak separation was observed due
to the presence of an excess of material in the outer, slowly
rotating regions of the disc.

A reduction in mass loss rate by a factor of 100 was re-
quired to replicate the transition from Be-shell to B-normal
phase. The reduced mass loss rate propagating outwards ini-
tially removed material in the inner regions of the disc respon-
sible for the continuum polarisation. Subsequently Ha emis-
sion was lost and then the shell lines faded as the effect of the
reduced mass loss rate propagated to larger radii, qualatatively
reproducing the observations. However the quantitative timing
of the observed changes could not be reproduced without intro-
ducing a time variable expansion velocity; in particular simply
reducing the mass loss rate resulted in the disappearance of the
shell lines 50 days after the reduction in polarisation — on the
characteristic wind flow timescale — rather than the 700 days
observed (PGM82). Despite the successes of the PGM82 model
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in qualitatively reproducing the behaviour of o And during disc
loss, clearly a model incorporating a substantial radial outflow
velocity results in problems in reproducing both the symmetric
line profiles in the static disc approximation and the timescale
of disc variability.

However, it is instructive to re-examine the results
of PGM82 under the assumption that the disc is governed
by viscous redistribution of angular momentum. As shown
by Porter (1999) and Okazaki (2001) isothermal viscous disc
models are quasi-Keplerian with a rather low expansion ve-
locity (~few kms™) and steep density gradient (p o r=>/?)
without the requirement of a rapid acceleration of disc ma-
terial to reduce the density in the outer disc. The low expan-
sion velocity explains the symmetric line profiles observed and
changes in the bulk disc parameters will occur on a viscous
timescale (Sect. 3.3) rather than the flow timescale of the wind
(~10 s days; PGM82). Finally, once the supply of angular mo-
mentum at the stellar surface required to support the quasi-
Keplerian disc is removed, material begins to reaccrete, a pro-
cess which progressively occurs at larger radii. This produces
a flatter density gradient in the inner regions of the disc which
propagates outwards on the viscous timescale as material is re-
moved (reaccreted) from the disc — exactly the process PGM82
find is required to explain the disc loss in o And.

4. Conclusions

The results of an 18 year (1985-2002) monitoring campaign of
the Be shell star o And have identified the re-formation of the
circumstellar disc following the end of the B-normal phase ob-
served in 1985. This process is found to occur over very long
timescales (~10° days). The initial transition from B-normal to
B-shell phase is marked by an increase in the depth of the cen-
tral absorption profile, suggesting the presence of a very com-
pact circumstellar envelope. Subsequently, emission at large
(projected) velocities (~+300 kms~1) and an increase in con-
tinuum polarisation was observed. These observations serve to
emphasise that the circumstellar disc is rather compact at this
time. The subsequent evolution of the Ha line profiles suggest
that the disc kinematics are rotationally dominated, with the
re-formation characterised by a slow increase in the radius of
maximum emissivity of the disc in Ha (note that this is not
necessarily equivalent to the “outer edge” of the circumstellar
disc). These observations are consistent with the predictions of
the viscous decretion disc model, which suggest that the contin-
uous input of angular momentum (and matter) at the disc/stellar
surface interface will result in a gradual radial diffusion of ma-
terial within the disc to larger radii.

PGMB82 find that disc loss also occurs over similarly long
timescales; some ~700 days separate the initial reduction in
continuum polarisation from the final loss of the shell absorp-
tion features (and reversion to purely photospheric profiles) in
the 1978 disc loss event. They demonstrated that these observa-
tions can be qualitatively understood as a reduction in the den-
sity of the inner regions of the disc which slowly propagates
to larger radii — the disc is effectively lost inside out. Such be-
haviour is also consistent with the expectations of a viscous de-
cretion disc if the supply of angular momentum is “turned oft”
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at the base of the disc. Without the angular momentum required
to maintain disc matter in stable Keplerian orbits, material in
the inner regions of the disc is re-accreted onto the stellar sur-
face, effectively creating a “hole” in the inner disc. As more
material is reaccreted the radius of the hole increases, mirror-
ing the behaviour seen during disc loss in o And.

Therefore, we conclude that the viscous decretion disc
model for Be star discs can qualitatively reproduce the rota-
tionally dominated kinematics, timescale of variability and be-
haviour of the disc during disc loss and reformation in o And.
In a future paper we will present a quantitative comparison of
these data to the predictions of a hydrodynamical simulation of
disc loss and formation (Porter et al., in prep.).

Acknowledgements. JSC gratefully acknowledges PPARC funding.
We wish to thank Chris Sterken, Petr Harmanec, Akos Bakos and
John Percy for their help in the compilation of the long term V band
light curve presented in this paper, and John Porter for many helpful
discussions.

References

Abt, H. A, Levato, H., & Grosso, M. 2002, ApJ, 573, 359

Blondin, J. M. 2000, New Astron., 5, 53

Clark, J. S., Lyuty, V. M., Zaitseva, G. V,, et al. 1999, MNRAS, 302,
167

Dachs, J., Hanuschik, R., Kaiser, D., & Rohe, D. 1986, ApJ, 384, 604

Dougherty, S. M., & Taylor, A. R. 1992, Nature, 359, 808

Gulliver, A. F,, Bolton, C. T., & Poeckert, R. 1980, PASP, 92, 774
(GBP80)

Guthnick, P. 1941, Astron. Ges., 76, 62

Hanuschik, R. W. 1989, Ap&SS, 161, 61

Hanuschik, R. W. 1995, A&A, 295, 423

Hanuschik, R. W. 1996, A&A, 308, 170

Harmanec, P. 1983, in Rapid variability in early-type stars, ed. P.
Harmanec, & K. Pavlovski, Hvar Obs. Bull., 7, 55

Harmanec, P. 1984, Inf. Bull. Var. Stars, 2506

Harmanec, P. 1994, Be Star Newslett., 29, 15

Hill, G. M., Walker, G. A. H., Dinshaw, N., Yang, S., & Harmanec, P.
1988, PASP, 100, 243

Hill, G. M., Walker, G. A. H., Yang, S., & Harmanec, P. 1989, PASP,
100, 258

Hsu, J., & Breger, M. 1982, ApJ, 262, 732

Hubert, A. M., & Floquet, M. 1998, A&A, 335, 565

Korhonen, T., Piirola, V., & Reiz, A. 1983, ESO Messenger, No. 38

Lee, U., Saio, H., & Osaki, Y. 1991, MNRAS, 250, 432

Matsumoto, R. 1999, in Disk Instabilities in Close Binary Systems,
ed. S. Mineshige, & J. C. Wheeler (Tokyo: Universal Academy
Press), 303

Okazaki, A. T. 1997, A&A, 318, 548

Okazaki, A. T. 2001, PASJ, 53, 119

Okazaki, A. T., & Negueruela, 1. 2001, A&A, 377, 161

Pavlovski, K., Harmanec, P., Bozic, H., et al. 1997, A&ASS, 125, 75

Percy, J. R., Coffin, B. L., Drukier, G. A., et al. 1988, PASP, 100, 1555

Percy, J. R., & Bakos, A. G. 2001, PASP, 113, 748

Percy, J. R., Hosick, J. A., Kincaide, H., & Pang, C. 2002, PASP, 114,
551

Poeckert, R., Gulliver, A. F., & Marlborough, J. M. 1982, PASP, 94,
87 (PGM82)

McDavid, D. 1999, PASP, 111, 494

Porter, J. M. 1996, MNRAS, 280, L31

Porter, J. M. 1999, A&A, 348, 512



246

Quirrenbach, A., Buscher, D. F., Mozurkewich, D., Hummel, C. A., &
Armstrong, J. T. 1994, A&A, 283, 13

Rivinius, Th., Baade, D., Stefl, S., et al. 1998a, A&A, 333, 125

Rivinius, Th., Baade, D., étefl, S., etal. 1998b, in Cyclical variability
in stellar winds, ed. L. Kaper, & A. Fullerton, ESO Conf. Ser., 207

Rivinius, Th., Stefl, S., & Baade, D. 1999, A&A, 348, 831

Rivinius, Th., Baade, D., étefl, S., & Maintz, M. 2001, A&A, 379, 257

Sareyan, J. P., Gonzalez-Bedolla, S., Chauville, J., Morel, P. J., &
Alvarez, M. 1992, A&A, 257, 567

Sareyan, J. P., Gonzalez-Bedolla, S., Guerrero, G., et al. 1998, A&A,
332, 155

J. S. Clark et al.: Long term disc variability in the Be star o Andromedae

Serkowski, K. 1974, in Planets, Stars, and Nebulae Studied with
Photopolarimetry, ed. T. Gehrels (Tucson: Univ. of Arizona)

Shakura, N. I., & Sunyaev, R. A. 1973, A&A, 24, 337

Stee, P., de Araujo, F. X., Vakili, F., et al. 1995, A&A, 300, 219

étefl, S., Baade, D., Rivinius, Th., et al. 1998, in A Half Century of
Stellar Pulsation Interpretations ed. P. A. Bradley, & J. A. Guzik,
ASP Conf. Ser., 135, 348

Waters, L. B. F. M., Cote, J., & Lamers, H. J. G. L. M. 1987, A&A,
185, 206

Waters, L. B. F. M., & Marlborough, J. M. 1992, A&A, 256, 195



