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Abstract. Based on more than 3000 high-resolution echelle spectra of 27 early-type Be stars, taken over six years, it is shown
that the short-term periodic line profile variability of these objects is due to non-radial pulsation. The appearance of the line
profile variability depends mostly on the projected rotational velocity vsini and thus, since all Be stars rotate rapidly, on the
inclination i. The observed variability of the investigated stars is described, and for some of them line profile variability periods
are given for the first time. For two of the investigated stars the line profile variability was successfully modeled as non-radial
pulsation with £ = m = +2 already in previous works. Since Be stars with similarly low vsini share the same variability
properties, these are in general explainable under the same model assumptions. The line profile variability of stars with higher
vsini is different from the one observed in low vsini stars, but can be reproduced by the same model, if only the model
inclination is modified to more equatorial values. Only for a few stars with periodic line profile variability the £ = m = 2
non-radial pulsation mode is not able to provide a satisfying explanation. These objects might pulsate in different modes (e.g.
tesseral ones, ¢ # |m|). Almost all stars in the sample show traces of outburst-like variability, pointing to an ephemeral nature
of the mass-loss phenomenon responsible for the formation of the circumstellar disk of early-type Be stars, rather than a steady
star-to-disk mass transfer. In addition to the variability due to non-radial pulsation present in most stars, several objects were
found to show other periods residing in the immediate circumstellar environment. The presence of these secondary periods is
enhanced in the outburst phases. Short-lived aperiodic phenomena were clearly seen in two stars. But, given the unfavourable
sampling of our database to follow rapid variability of transient nature, they might be more common. Only in two out of 27 stars

short-term spectroscopic variability was not detected at all.
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1. Introduction

Classical Be stars are physically understood as rapidly rotating
B stars with line emission arising from an ejected circumstel-
lar disk in Keplerian rotation in the equatorial plane. In stars
of early B subtype periodic line profile variability (Ipv) of the
absorption is nearly omnipresent. The observed periods nor-
mally range from 0.5 to 2 days. Although in later-type Be stars
such Ipv is seemingly absent (Baade 1989), Ipv periods of this
length are present in later B-type stars without emission lines,
the so-called Slowly Pulsating B-stars (Waelkens et al. 1998,
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* Based on observations collected at the European Southern
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National Commission for Astronomy, and on observations with the
Wendelstein 80-cm and the Ondfejov 2-m telescopes, both equipped
with the HEROS spectrograph provided by the Landessternwarte
Heidelberg.

and references therein). The variability of these SPB stars is
generally accepted to be due to g-mode non-radial pulsation
(nrp, see e.g. de Cat 2002).

Also some early-type non-emission line B stars have peri-
ods up to a few days. But upon more careful inspection their
Ipv looks distinctly different than for the majority of Be stars.
These non-Be stars are chemically peculiar objects with large-
scale magnetic fields, so that the period would be the one of the
respective star’s rotation, like in the cases of o OriE, 6! OriC,
or HD 105382 (e.g. Reiners et al. 2000; Briquet et al. 2001).
Other stars of early B spectral subtype may have periods of less
than twelve hours, and the /pv signature is typically that of ra-
dial pulsation or of non-radial p-modes, as in the 8 Cephei type
stars or in € Per.

Although periodic variability is wide spread among all sorts
of B stars, the presence of periodic slow Ipv in early-type
B stars and of circumstellar disks is strongly correlated. This
could mean that the mechanism underlying the /pv and the one
leading to the Be phenomenon are causally related. Because,
even after well over a century of observations, the latter is still
not uncovered, it provides an additional incentive to carefully
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Table 1. The Be star observing campaigns.
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Run Season Telescope Instrument Run Typ. # of Resolving Spectral
name length spectra per power range

[d] night & object [A]
1s95 1995 Feb.-May ESO 0.5 m HEROS 118 1 20000 3450-8620
1s96 1996 Jan.—April ESO0.5m HEROS 103 1 20000 3450-8620
1s96MJ 1996 May/June ESO0.5m HEROS 27 5-10 20000  3450-8620
1s97 1997 Jan.—April ESO0.5& 1.5m HEROS 82 1 20000 3450-8620
1sw97 Fall 1997-Spring 1998 LSW 0.7 m HEROS 150 1-5 20000 3450-8620
ca9d8 1998 Aug.—Oct. CA123m HEROS 62 1-5 20000  3450-8620
1s99a 1999 Jan. ESO1.5m FEROS 7 5 48000  3650-9200
1s99b 1999 Jan.—April ESO0.5m HEROS 71 1 20000 3450-8620
1s99¢ 1999 May/June ESO1.5m FEROS 21 1-2 48000  3650-9200
1s00 2000 Jan. ESO1.5m FEROS 17 4-5 48000  3650-9200
wn00 2000 May—July WN 0.8 m HEROS 67 1 20000 4050-6700
ohpO01 2001 July OHP 1.5 m AURELIE 2 5-10 50000  4450-4600
1s02 2002 Jan. ESO1.5m FEROS 2 60 48000  3650-9200
ond 2000 Aug. (ongoing) Ond 2 m HEROS 700+ 1 20000  3650-8620

identify the nature of the Ipv of Be stars. This is complicated
by the circumstance that the associated periods are equally well
compatible with non-radial g-mode pulsation, rotation (since
Be stars are rapid rotators, see Yudin 2001, and references
therein), or even low Keplerian orbits above the photosphere.

In some single cases, fairly unambiguous evidence in sup-
port of the nrp model for the Be star /pv has been presented
(Rivinius et al. 2001a: uCen; Maintz et al. 2003: w CMa).
However, although the models reproduce the observations in
a stunning diversity of details, they only account for the strictly
periodic part of the variability. While this usually is the domi-
nant part, the unexplained residual variability would leave suf-
ficient room for a hybrid explanation. In fact, several Be stars
exhibit transient periods, which seem to be linked to the (un-
known) mass transfer process from the central star to the rotat-
ing circumstellar disk. Some stars also show short-lived aperi-
odic variability, but for these no relation to the disk formation
has been observed yet.

Studies of individual Be stars, like undertaken with HEROS
and FEROS data of 4 Cen and w CMa, are immensely labor in-
tensive. While such works will be required to answer the above
questions in detail, a generalized picture of Be star /pv might be
obtained best from a study of many objects, using a database as
homogeneous as possible. Inspecting the Be stars in the large
HEROS database (e.g. Kaufer 1998, for an overview), some
promise for such an approach lies in the impression that one of
the parameters influencing the appearance of the /pv the most
is vsini. Since, in Be stars as rapid rotators, vyo¢ covers a much
smaller range than does sini (the photospheric line broaden-
ing points to about 70 to 80% of the critical velocity, see Yudin
2001, and references therein), this would suggest that the view-
ing angle, i, has a large effect.

If so, there might be a standard model that can describe
the periodic, the transient, or both variabilities in a fair frac-
tion of all early-type Be stars. Such a model could, then, be
studied further for possible implications for the explanation of
the Be phenomenon. The first successful results from such a
study of the uniformity of the periodic Ipv, after correction for

inclination angle, was published by Rivinius et al. (2002a). This
paper now continues this work and mines the HEROS/FEROS
database in full for both periodic and transient variability.

A brief overview of the observations leading to our
database, which were described in detail already in previous
publications, is given in Sect. 2. Section 3 then lists the /pv
properties of the individual stars studied, and Sect. 4 introduces
a generalized nrp model for the periodic Ipv of early-type Be
stars, derived from the previous modeling of 4 Cen and w CMa.
The applicability of this model and further consequences are
discussed in Sect. 5, while Sect. 6 presents conclusions and
outlook.

2. Data and analysis method
2.1. Observational database

Over the past eight years more than 3000 spectra of Be stars
were obtained in the framework of the HEROS project and suc-
cessors (Baade et al. 2002a). Except for a few objects selected
because of their well known variability, like 4 Cen and w CMa,
most targets were observed on account of their apparent bright-
ness and celestial position. Shell stars are somewhat under-
represented in the data base. Since their photosphere is seen
always through the disk an unambigiuous interpretation of ob-
served variability is hampered in shell stars.

Most of the data were taken with the instruments
HEROS (*2300 spectra, at various observatories) and FEROS
(700 spectra, at the ESO 1.5 m telescope). Both instruments
are fiber-linked, predispersed echelle spectrographs, providing
a large wavelength coverage over the Paschen continuum (and
partly beyond) at high resolution (Table 1). The observations
aimed ata S/N of 100...150 with HEROS and 200 . ..300 with
FEROS, measured per extracted and rebinned pixel (0.1 A wide
for HEROS and 0.03 A for FEROS) in the stellar continuum close
to HB.

Details of HEROS were given by Kaufer (1998). The data
reduction procedures are described in Rivinius et al. (2001b),



Th. Rivinius et al.: Non-radially pulsating Be stars

231

Table 2. Observed stars. The spectral type and v sin i were either taken from Slettebak (1982) or from works dedicated to individual objects in
detail, listed in Sect. 3. For brevity, only runs in which five or more spectra were obtained are listed for each star. Observed seasons correspond

to the run designations in Table 1.

Name HR HD  Sp. type vsini Observed seasons
[kms™] (obtained spectra)
aEri 472 10144 B4 V(e) 225  1s96MI (5), 1s99a (20), 1s99b (42), 1s00 (44)
DU Eri 1423 28497 BlVe 230  1s00(6)
DX Eri 1508 30076  B2Ve 180  1s00 (42)
AEri 1679 33328 B2Il(e)p 250  1sw97 (8), ca98 (29), 1s00 (44)
w Ori 1934 37490 B2IVe 160  1sw97 (16), ca98 (20)
10CMa 2492 48917 B2Ille 200 1s00(21)
kCMa 2538 50013 B2IVe 220 1s00(82)
wCMa 2749 56139 B2.5Ve 80 1596 (97), 1s97 (127), 1s99a (32), 1s00 (64), 1s02 (127)
FWCMa 2825 58343 B3 Ve 40 1596 (9), 1s97 (87), 1s00 (40)
3642 78764 B2IVe 120 1s99b (6)
4009 88661 B2IVe 220 1s99b(52), 1s00 (66)
4074 89890 B3III 70 1s99c (15)
PP Car 4140 91465 B4Ve 250  1s99b(55)
6 Cen 4621 105435 B2IVe 220  1s99b(36)
4625 105521 B3IVe 130  1s99b (50)
1 Cen 5193 120324 B2IV-Ve 155  1895(97), 1s96 (87), 1s96MJ (115), 1s97 (83), 1s99b (63), 1s99¢c (44)
5223 120991 B2IVe 70 1s99¢ (8)
nCen 5440 127972 B2IVe 350 1595 (46), 1s96 (89), 1s96M1J (202), 1s97 (80), 1s99b (28), 1s99¢ (5)
x Oph 6118 148184 Bl.5Ve 140  1s99b (49)
tAra 6451 157042 B2.5IVe 320  1s99b(38)
a Ara 6510 158427 B3 Ve 250  1s99b (43)
66 Oph 6712 164284 B2IV-Ve 240  ohpOl (5), ond (51)
APav 7074 173948 BI1.51I 170 1s99b(11)
28 Cyg 7708 191610 B3IVe 320  1sw97(107), ca98 (107), wn00 (5), ond (88)
31 Peg 8520 212076 Bl1.5Ve 100 1s99c (11), ohpO01 (14), ond (18)
7 Aqr 8539 217571 BI1HI-IVe 300  1s99c (12), ohp01 (26), ond (11)
o And 8762 217675 B6II 260  ca98 (104), wn00 (6), ond (110)

where also the complete y Cen data is published. FEROS, in-
cluding the reduction, was introduced by Kaufer et al. (1997,
1999). Data from the observing runs at La Silla, both with
HEROS and FEROS, were already introduced by Rivinius et al.
(1998c¢) and Stefl et al. (2003a), assessing instrument stability
and other questions.

The observations at La Silla were typically carried out
in South American late summer with very good weather,
so that the run lengths are almost equal to the number of
nights with observations. For the European observations at
the Landessternwarte Konigstuhl, Calar Alto, and Wendelstein,
only about 30 to 50% of the nights could actually be observed
in. An idea of the sampling can be obtained by combining the
information in Tables 1 and 2 for individual stars. Note that
the typical sampling rates and S/N ratios only exceptionally
allowed to search also for higher modes with shorter periods.

Since August 2000, HEROS is mounted at the 2 m telescope
of the Czech Academy of Sciences in Ondfejov. As part of a
long-term agreement, 50% of the total time is available to our
group, typically in a two-week alternating rhythm.

A few dozen spectra were obtained 2001 by Y. Goranova,
A. Bik, and M. Stuhlinger at Observatoire de Haute-Provence
with AURELIE at the 1.52 m telescope during the 2nd NEON
observing school.

2.2. Period search- and modeling-techniques

Be stars are known to undergo long-term changes due to the
varying amount of circumstellar matter, potentially affecting
the results of period determinations. Echelle spectra, however,
offer the advantage to investigate a large number of lines. At
least some lines can always be found which are known to be
hardly formed in the disk, and thus should be only little af-
fected by these long-term changes. In early type Be stars these
are lines of ions like SiTII, or higher-term HeT lines, e.g. those
at 4026 or at 4388 A. Though it cannot be entirely exluded that
part of the spectra are affected by transiently present periods (in
particular for those objects observed only in a single season),
for most targets the results are ascertained by multi-seasonal
observations and the limitation to uncontaminated lines (see
above).

In these lines, first the mode (position of the line cen-
ter) was measured automatically and a period search using a
Fourier technique based on Scargle’s (1982) algorithm per-
formed. The results were checked against a period search on
the full line profile, i.e. applying the above Fourier technique
to the local intensities across the line width. In objects where
multiple periods were found, these were iteratively removed
using the procedure described by Kaufer et al. (1996). This
procedure is fitting a sine-wave to the data, and repeating the



232

Table 3. Be stars in the sample for which spectroscopic periods could
be established. The error of these periods in frequency space can be es-
timated from the overall observing length in Table 1. The photometric
periods are taken from various sources discussed in detail in Sect. 3.
For photometric periods that agree with the main spectroscopic period
(or one of its aliases) the amplitudes are typeset in italic. The spectro-
scopic [pv is of wCMa type (see Sect. 5.1) in all listed stars, except
for AEri, k CMa, and o And.

Name HR Periods Photom.
Spectr. Photom. amplit.
[d] [d] [mag]

aEri 472 1.291 1.26! 0.020
DU Eri 1423 0.577: 0.654* 0.020
DX Eri 1508 1.267 1.267° 0.015:
AEri 1679  0.702 0.7024 0.010
10CMa 2492 1.338 1.338? 0.007:
kCMa 2538  0.548 1.337%,1.408° 0.015:
wCMa 2749 1.372 1.47,1.37¢ <0.005
FWCMa 2825  0.839 - -

3642 1.130 - -

4009  0.650: - -

4074 2318 - -
PP Car 4140  0.504: - -
¢6Cen 4621  1.139:  1.923%,0.55, 1.17 0.010

4625 1.686 - -
1 Cen 5193 0.503 1.068 <0.005
nCen 5440  0.577 0.64° 0.030
x Oph 6118  0.649: >0.452 0.025
66 Oph 6712 0.452 - -
28 Cyg 7708  0.648 0.6410 0.025
31 Peg 8520  0.724: - -
o And 8762  0.694 1.58,0.79, 0.69'! 0.019

References: ! Balona et al. (1987), 2 Hubert & Floquet (1998), 3 Stefl
& Balona (1996), # Balona et al. (1992), 5 Balona (1990), 6 Stefl et al.
(1999), 7 Percy et al. (2002), ® Cuypers et al. (1989), ° Stefl et al.
(1995), '° Balona (1995), ! Sareyan et al. (1998).

Fourier-transformation on the residuals to find the next period
(which is mathematically equivalent to a CLEAN-type algo-
rithm with gain unity). Besides returning a consistent period
by both techniques (across the full profile), a coherent phase
propagation was required for acceptance as significant period
(for instance, see Figs. 1 and 7 of Rivinius et al. 1998b, also
describing the period search method in detail).

The line profile variations associated to the detected pe-
riods are then compared to a pulsational model, based on
Townsend’s code (1997). This model was shown by Maintz
et al. (2003) to explain the /pv of the prototypical star w CMa
very well, namely with a monoperiodic retrograde sectorial
pulsation mode with indices £ = m = +2. More detailed prop-
erties of this model are given in Sect. 4 and by Maintz et al.
(2003).

3. Individual objects

In the following we summarize findings about the observed
stars, both derived from own data and the literature. For most
of the stars in Table 2 sufficient data were obtained to study
the periodic line profile variability. For many the periodic
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behavior was found in previous studies already. But wherever
possible the period analyses were re-performed on the HEROS
and FEROS data, using the published periods as initial guesses
(Table 3).

Figures 1 to 5 show the phase-sorted residual Ipv of stars
with w CMa like behavior (see Maintz et al. 2003, see also
Sect. 5.1), in order of increasing v sin i. In Fig. 6, the three stars
with different variability are presented. Each star is briefly com-
mented in the following:

a Eri: Balonaetal. (1987) derived a period of 1.26 days from
simultaneous spectroscopy and photometry. Later, Porri &
Stalio (1988) showed spectra displaying asymmetric /puv.
The period derived here, 1.291d, bases on observations
taken from 1996 to 2000. The seasons have been analyzed
both individually and as combined data, all pointing to the
longer period as used here.

Due to its brightness, a Eri became a frequently observed
target also with space experiments. Smith (2001), analyz-
ing the UV spectrophotometric variability observed with
IUE, concluded the stellar continuum to vary with higher
amplitude in the blue part than in the red, but not showing
distinct spectral features that would clearly point to either
nrp or other investigated scenarios causing the variations.

The recent measurement of a Eri’s large equatorial radius
of 12 R, and high rotational flattening, together with the
rotational velocity of at least 225kms~! exclude the Ipv
period to be rotational (Domiciano de Souza et al. 2003).

DUEri: For this star only very few spectra are available,
so that these are sorted only into 8 phase bins instead of
16 (Fig. 3), as with the other figures. The period used to
sort the data is very tentative with 0.577 d. However, the
variable shape of the individual line profiles clearly is of
the same type of variability as for the other pulsating stars
in this sample, i.e. the symmetry of the profile changes
in a low-order fashion. Dachs & Lemmer (1991) found a
double-wave period of 0.65 d, while from HIPPARCOS pho-
tometry a single-wave value of 0.654 d was derived (Hubert
& Floquet 1998). Smith (2001) found DU Eri to exhibit nrp
type spectrophotometric UV variability with a period of
1.2 d, which is about twice the period presented here, while
Peters & Gies (2000) found a period of 0.61 + 0.08 d in the
UV line profiles and 1.2d in the UV wind lines, tentatively
proposing an £ = —m = 2 mode.

DX Eri: Stefl & Balona (1996) investigated this star in de-
tail, deriving a consistent period from both photometry and
spectroscopy of 1.26708d. This period is confirmed by
FEROS observations in 2000. The circumstellar emission
increased somewhat during the two weeks of observations,
but there was no obvious outburst. The period derived from
Hipparcos photometry, 1.383d (Hubert & Floquet 1998),
does not sort the data well and might be an alias, but could
also indicate transient activity, as described in Sect. 5.5.

AEri: The Ipv period was derived in many independent
studies to be 0.702d. Kambe et al. (1993, 1998) car-
ried out an extensive campaign over several seasons and
found not only this period, but a second coherent one of
0.269d and intermittently present ones of 0.6d and 0.75d.
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Fig. 1. Phased main /pvin He 14388 and Mg 114481 of w CMa like Be stars with low vsin i. Note the typical variability of the far wings (beyond
vsini) in antiphase to the core, seen better in metal lines like Mg 14481 than in He I lines. The periods are given in Table 3.
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Fig. 2. Phased main /pv of w CMa like Be stars with intermediate vsini in He 14388 and selected metal lines, in which the variability is well
seen. In stars with variability too weak to be detected in metal lines, a second He I line is shown. The periods are given in Table 3.

The appearance of those intermittent periods is similar to
the transient ones found in w CMa, u Cen and i Cen by Stefl
etal. (1998). A Eri is one of the few stars with clearly differ-
ent /pv than w CMa (Fig. 6). Although the general appear-
ance is that of low-order variation, the /pv shows additional
substructure in particular in the line wings.

Smith (1989) reported a large number of aperiodic small-
scale transient features. Such features are weakly seen also
in FEROS data, but are not detected in the noisier (and less

resolved) HEROS data. The sampling, optimized for phase
coverage of the 0.7 d period, does not trace those features,
and is therefore not suited for their investigation.

o Ori: Although the data is not sufficient to cover the unfa-
vorable period of almost exactly one day, the type of Ipv as
shown by Neiner et al. (2002, their Fig. 16), similar to most
other Be stars, can be confirmed.

10 CMa: Baade (1984b) found periodic /pv and gave a period
of 1.36 + 0.05d. The 21 FEROS spectra taken 2000 confirm
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Fig.4. Phased main /pv of w CMa like Be stars with high vsini. The periods are given in Table 3.

this value, although the latter spectra alone do not suffice
to distinguish between this period and its 1-day aliases.
Dachs & Lemmer (1991) found a photometric 1.34d pe-
riod, later Balona et al. (1992) reported a double wave
period of 2.632d, which is just about twice these values.
HIPPARCOS photometry gives 1.338d (Hubert & Floquet
1998), but Percy et al. (2002) did not confirm this value
and noted a period of 0.5d to be more consistent with the
data.

kCMa: This star was observed intensively with FEROS in
2000. The period that sorts the Ipv best is 0.548 d with no
confusion due to aliasing. The residual /pv is one of the few
that does not resemble the £ = m = 2 patterns derived from
modeling (Sect. 4). Instead of a single low-order bump trav-
eling from blue to red in the line profile, a similar bump is
present, but shows clear substructure in metal lines, as if
two such patterns would follow each other with a separa-
tion of about 0.25 cycles (Fig. 6).
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Fig.5. Phased main /pv of HR3642 and 31 Peg. The period for
HR 3642 was taken from Carrier et al. (2002). For 31 Peg the 1s99¢
data is shown for He 14388, the ohp01 data for Mg 114481 (see Table 1
for notation used for observing runs). The periods are given in Table 3.

x CMa shows also a secondary period of 0.617d with the
typical properties of what Stefl et al. (2003a) called a tran-
sient period in w CMa. Only sparse data were taken in other
observing seasons (1997, 1999, 2002), but already these
few data make clear that x CMa is extraordinarily active
on short timescales. Comparison with the outbursts directly
witnessed in u Cen and w CMa suggests that xk CMa under-
went such outbursts most of the time when it was observed.
Photometric period determinations do not agree with these
spectroscopic values. Percy et al. (2002) confirm the short
periodic behavior found by Hubert & Floquet (1998,
1.337d), while Balona (1990) derived 1.408d from 1988
data, but data obtained 1987 just previous to a photometric
outburst seem to be sorted better with ~1d (cf. his Fig. 5).

w CMa: The periodic [pv of this object has been discussed

in detail already by Stefl et al. (2003b) and modeled by
Maintz et al. (2003, see also Sect. 4). The outbursts of
wCMa are described in Stefl et al. (2003a). During such
outbursts, a secondary period of about 1.47d is apparent.
It is seen only in lines with at least some circumstellar
contribution, but not in purely photospheric lines. There is
only very weak photometric variability, which is not dom-
inated by the photospheric 1.37 d period, but the only tran-
siently present 1.49d period. For a detailed discussion of
the variability and previous investigations the publications
listed above are referred to.

FW CMa: The period of 0.83d has tentatively been pub-

lished already on account of the first HEROS data (Rivinius
1999). Further observations confirmed this period as co-
herent at least between 1996 and 2000. The star is not

HR 4625:

known to show periodic behavior in photometry, but al-
ready Hanuschik et al. (1996) found FW CMa comparable
to w CMa in terms of the emission outburst behavior. This
was confirmed with HEROS and FEROS spectra.

HR 3642: Carrier et al. (2002) detected short-periodic Ipv

with 1.13028d in spectroscopic data, while no such pe-
riod was present in HIPPARCOS photometry. The variabil-
ity shown (their Figs. 13 to 15) looks like the /pv presented
here of objects of similarly low vsini. Ipv is also clearly
present in our few spectra of this star, but only six spec-
tra at a relatively low S /N of 60 do not allow to search for
this period independently or determine the type of the /pv.
Adopting the given period, however, the data is acceptably
sorted (Fig. 5).

HR4009: No period was given for this star so far. A peri-

odic signal in the analysis is very weak, but undoubtedly
present in both observing seasons in 1999 and 2000. Next
to the periodic /pv HR 4009 shows also short-lived aperi-
odic phenomena (Fig. 7), which resemble the ones reported
by Smith (1989) for A Eri.

HR4074: The spectroscopic Ipv found initially by Baade

(1984b) is very similar to the one of w CMa. The star was
classified as a Be star from a spectrum taken in the 19th
century, but currently does not show any traces of circum-
stellar material (Stefl et al. 2002, and references therein),
excluding any interpretation of its variability in terms of
circumstellar matter. Percy et al. (2002) do not find short-
periodic variability in HIPPARCOS photometry.

PP Car: The period analysis performed here indicates a weak

signal, but clearly above the noise at about 1.0d or its 1-d
aliases. Porri & Stalio (1988) published spectra in which
Ipv is apparent, and a period of 0.35d is suggested for the
variability of the full width at half maxima of the He 16678
line. In fact, the extreme red asymmetry of the profiles in
their data (their Fig. 8) repeats on a timescale of slightly
more than a day. In one case, the opposite asymmetry was
observed 0.22d earlier. Computing the phase differences
resulting from the potential period values (1.0, 0.504, and
0.33d), phase differences of 0.21, 0.44 and 0.66 cycles are
derived. Similar to the arguments for u Cen (Rivinius et al.
1998b), a phase difference of 0.44 cycles between these two
spectra (i.e. close to 0.5 for opposite asymmetry) seems
more likely than the others, so we adopt 0.504 d as [pv pe-
riod, but still the one day aliases cannot firmly be excluded
with the current data.

6 Cen: Balona et al. (1992) report a tentative photometric pe-

riod of 1.923 d seen in 1988, but absent in 1990. Percy et al.
(2002) find either 0.55 or 1.1d in HIPPARCOS photome-
try, favoring the shorter value. In the 1999 HEROS spec-
troscopy, also both values are present, 0.532d and 1.139d,
being 1-d aliases of each other, but with a formally some-
what higher significance of the longer period, which is
adopted here.

Unpublished single previous spectra taken by
S. Stefl suggested this star to be a good candidate to
search for periodic Ipv. It was observed intensively with
HEROS in 1999. Over the 2% months of observations no
outburst occurred, but the Balmer emission underwent the
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Fig. 6. Phased /pv of the Be stars which do not show w CMa-like behavior.
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Fig.7. Evolution of three short-lived transients in three different lines of HR 4009 observed with FEROS. The dotted line overplotted to the
lowermost profiles corresponds to the mean of all observations. The structure between —600 and —400kms~! in He16678 is due to detector
blemishes. Time increases towards the top, proportional to the offset. The observations span 95 min.

typical evolution of a relaxation phase, i.e. the wings be-
came narrower while the emission height increased. The
photospheric lines showed typical /pv with a period of
1.69d.

p Cen: This multiperiodic Be star was investigated in detail

by Rivinius et al. (1998b,c). Modeling the short-periodic
Ipv resulted in the same mode properties as for w CMa
(Rivinius et al. 2001a). The spectral data was made pub-
lic by Rivinius et al. (2001b). Only the main period of

0.503 day is shown here. In addition to this period there are
three more periods with very similar values, together called
the “longer period group” by Rivinius et al. (1998b), and
two more periods at 0.28 d which constitute the “shorter
period group”. Similar to w CMa, there are also transient
periods present during outbursts.

From several independent photometric data sets a period
of about 1.06d was derived (Cuypers et al. 1989; Dachs
& Lemmer 1991; Percy et al. 2002). For this reason
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Fig.8. The /pv of HR 5223. The few spectra do not enable a period
determination, but the /pv is of the same type as in FW CMa, which
has a similarly low vsini. The spectra are the two most different ones
observed.

Balona et al. (2001b) favor a 1d double-wave period over
a 0.5 d single wave also for spectroscopy. However, neither
is the photometric period a double wave, nor do the two as-
sumed half-waves for spectroscopy differ from each other,
which in the absence of other evidence, is the only justi-
fication to assume a double-wave pattern. The secondary
period group at 0.28 d, also due to non-radial pulsation, but
in a higher mode, is not seen in photometric data at all.

HR 5223: During the 20 nights spanned by the observations,
the broad Balmer emission wings decreased, while the Ha
peak height rose. This is a usual early post-outburst evolu-
tion, observed in detail e.g. in w CMa, FW CMa, and u Cen.
Low-order Ipv is clearly present in the 8 observed spectra.
The two spectra with the most extreme asymmetry (Fig. 8)
compare well with the typical appearance of asymmetric
phases in other low vsini stars. No period can be derived
from the limited data, however.

11 Cen: The photometric period given by Cuypers et al. (1989)
is 1.927d with a triple-wave shape. Stefl et al. (1995)
took into account both photometric and spectroscopic data
and derived a single-wave period of % of the triple-wave
value, 0.642d, which was confirmed by later works (e.g.
Janot-Pacheco et al. 1999; Balona 1999; Levenhagen et al.
2003). Stefl et al. (1995) also detected traces of a period
at about 0.57d, but due to unfortunate sampling could not
confirm its reality. Such a shorter period was, however, also
found by Janot-Pacheco et al. (1999) and Levenhagen et al.
(2003), in the HEROS data, and by Balona (1999). The latter
author rejected this period as not real, since it was not found
in all spectroscopic lines, but this is similar with the HeT
vs. SiIll lines of e.g. u Cen (Rivinius et al. 1998b). Given
all the detections in independent data, however, n Cen can
be concluded to be a multiperiodic Be star. Taking into ac-
count the obtained results about secondary “transient” pe-
riods in other stars, the photospheric main period should be
the shorter one, which is weaker in photometry, but almost
dominant in HeT lines.

Analysis of the data of all seasons from 1995 to 1999 per-
mits the 0.57d period to be resolved into two with values
of 0.577d and 0.565d. Although the weaker one is also
weaker than the 0.642 d secondary period, it is clearly de-
tected in all stronger He I lines.

Sorting the data with the shorter periods, the patterns are
well comparable to other Be stars (Fig. 4). In fact, both
0.577 and 0.565d have very similar patterns, just like the
group of longer periods present in uCen (Rivinius et al.
1998b). Similar to other high vsini Be stars, these periods
are only very weakly present in metal lines like Si1, but
still detectable in e.g. C114267.

For the secondary period, i.e. 0.642d, which was the
only one taken into account by most previous investi-
gators, striking differences are seen between the Ipv of
Ho, He16678, and He14388 lines (Fig. 15, discussed in
Sect. 5). Also this secondary period is coherently present
through all observing seasons from 1995 to 1999. The same
variability pattern can be identified in Fig. 10 of Balona
(1999), but since the main period of 0.577d and eventual
transient features will not perfectly cancel out during such
a short run of twenty days, the pattern is much less evident.
1 Cen shows line emission outbursts about once every cou-
ple of weeks. This is almost as frequent as in u Cen, but the
outbursts of 7 Cen are less prominent, and detectable only
in data with relatively good spectral coverage and S/N.
The beat frequency of the two main periods (0.565d and
0.577 d) is in the same order of magnitude, 29 d, but the out-
bursts are not regular enough to be explained with just these
two frequencies. The secondary period, 0.642d, is unlikely
to contribute to such a beating mechanism, as it probably is
not associated with photospheric nrp.

x Oph: Hubert & Floquet (1998) reported cyclic behavior of

the HIPPARCOS photometry, but could only constrain the
period to be >0.45d. The spectroscopic HEROS data also
shows a periodic signal, but cannot distinguish between
0.649d and the 1-day alias at 0.393d. Re-investigating
HIPPARCOS data Percy et al. (2002) propose 0.55 d. Taking
into account the results by Hubert & Floquet (1998),
0.649d is adopted for this work.

tAra: There is no Ipv apparent for the available HEROS data.

A period of =0.56d was derived by Cuypers et al. (1989),
switching from single- to double-wave appearance, while
Dachs & Lemmer (1991) published a 0.61d double-wave
period.

From HIPPARCOS data, Hubert & Floquet (1998) deduced
0.565d, not mentioning a double wave nature. If this pe-
riod is present also in spectroscopy, it is below the detec-
tion threshold for HEROS data, which shows the spectrum to
be stable within the limits. The star has not been observed
with FEROS, which would have provided better resolution
at higher S/N.

a Ara: Neither the photometric period reported by Cuypers

et al. (1989), 0.9807d with a double-wave lightcurve,
nor the single wave period of 0.490d found by Hubert
& Floquet (1998) can be confirmed by spectroscopy.
Although these periods are close to one day or half a day,
the phase coverage would almost be complete for both
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Fig.9. The Ha equivalent width of APav. An outburst probably oc-
curred between JD 51 300 and 51 340, confirming the photometric out-
burst behavior of A Pav found by Hubert & Floquet (1998).

Fig.10. w CMa-like spikes in the /pv of 31 Peg observed with FEROS.

31Peg: The period tentatively given here, 0.724d, was de-

of them in our data, so this is not a sampling problem.
However, a slow secular shift in the overall velocity of the
emission lines is apparent, so that @ Ara could be a binary
with a period longer than the run length of 71 d. This would
severely hamper the detection of short periods in data with
one spectrum per night.

66 Oph: A spectroscopic period of 0.45d, together with a
shorter one of 0.25d, was published recently by Floquet
et al. (2002) and ascribed to nrp. While the data available
for the present work are not suited to confirm the shorter
period, the 0.452 d sort the HEROS spectra well.

Stefl et al. (2003c¢) report 66 Oph to be a spectroscopic triple
system similar to o And, where a close pair of late B/early A
type stars is seen in singly ionized metal lines. This pair
orbits the Be star on a very long timescale at large distance,
so that no influence on the Be star is to be expected.

APav: In the spectra Ipv is apparent, but the limited database
of 11 spectra over 70 days does not allow one to determine
a period. The variability is close to the detection threshold,
so that the individual profiles neither permit the variability
type to be derived from them, like in HR 5223. Hubert &
Floquet (1998) give a photometric period of 0.6 d and note
outburst behavior. The Balmer emission during our obser-
vations was highly variable (Fig. 9), comparable to u Cen
in its “flickering” stage (Hanuschik et al. 1993).

28 Cyg: Periodic behavior with 0.7d was initially found by
Spear et al. (1981) in photometry and later confirmed as
0.68 d by Peters & Penrod (1988). Further works agree with
this period, and also found other periods, which were not
present in all data sets, however (Pavlovski et al. 1997, for
a review). The period given here, 0.64 d was found also by
Hahula & Gies (1994). The values ranging from 0.64 d to
0.7 d seem incompatible. But the multiperiodicity with two
close periods around 0.64 d reported by Tubbesing et al.
(2000), based on a subset of the HEROS data presented here,
potentially explains slightly different periods found from
run to run, if these runs are too short to resolve the period
doublet.

rived from the 1s99c and ohpO1 data independently, but both
data sets suffer from 1-d aliasing. No other period determi-
nation was published by now. The presence of rapid Ipv it-
self is, however, clearly seen in the ohpO1 data, which con-
sists of 14 spectra taken in two separate nights.

The Ipv is also obvious in the 1s99¢ data and published data
(e.g. Zorec et al. 1996), and several spectra clearly show
spikes like in w CMa (Fig. 10). Metal line emission was
strong in 1999, but weak in the ohpO1 and ond observa-
tions (see Table 1), with traces of outburst-like activity in
the outer wings of the Balmer lines. Due to this and the lim-
ited number of spectra, the data sets cannot be combined to
better constrain the period.

To give an impression of the 1s99¢ and ohpO1 data, the
He 14388 line is shown from the 1s99¢ run, while the figure
for SiI 4568 was constructed from the ohp01 observations
(Fig. 5).

mwAqr: The star had a very strong emission spectrum be-

fore 1995/96 (Bjorkman et al. 2002). No short-term peri-
odic behavior is known for 7 Agr, but recently Bjorkman
et al. (2002) reported it to be a binary with a period of
84.1d. Our data, obtained during the low emission phase
after 1996 confirms such a timescale in the Balmer emis-
sion lines. Three spectra in October 2001 show a relatively
strong Ha emission filling up the absorption and a peak
height of about 1.1 of the continuum, but by 2002 the emis-
sion had weakened again to the previous value, with peak
heights of about 0.9 of the ambient continuum.

Multiple, very sharp and rapidly variable absorption spikes
are present in all lines normally formed photospherically
(Figs. 11 and 12). They were present in every spectrum
taken. The width of the absorption spike scales with the ex-
pected thermal broadening of the respective element form-
ing the line. No other star in the observed sample exhibits
such strong sharp transients. These features might be due to
similar processes as the line transients described by Smith
(1989) for HeT lines of A Eri and also present in HR 4009
(see Fig. 7). But the ordered behavior and strength, espe-
cially in metal lines, would still be unique.
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Fig.11. The Ipv of mAqr observed in 1999 with FEROS is clearly
of a different type than in most other objects. The individual spectra
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Fig.12. m Aqr observed with AURELIE at the OHP (7, ~ 10 min).
The sharp features clearly propagate across the line profile quickly.
The spacing of the spectra is proportional to time (increasing up-
wards), spanning exactly two hours in total.

oAnd: Being well known for its photometric variability with
highly variable amplitude, this star has the latest spectral
subtype in the sample (B6). The dominant photometric pe-
riod is 1.58 d (double wave). The main spectroscopic period
presented here (0.694 d) is clearly different from this value
and its single-wave equivalent, but also present in the pho-
tometric data as third strongest periodicity (Sareyan et al.
1998). Also the amplitude of the spectroscopic variations
may vary strongly. In spectroscopic data taken in late 1998
no periodic signature could be found at all (Budovi¢ova
et al. 2004). When present, the /pv is different from the one
in most other Be stars because the propagation of a fea-
ture from the blue to the red side of the line takes longer in
phase (about a full cycle) whereas in other Be stars the fea-
ture crosses the line width in about 0.6 to 0.7 cycles (Fig. 6).
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Other periods tested on the data, in particular the dominant
photometric ones, do not sort the spectroscopic Ipv at all.

4. Generalized pulsation model

Maintz et al. (2003) have modeled the variability of w CMa
as nrp in high detail. The stellar parameters of the model by
Maintz et al. (2003) are 6 Ry, 9 M, a polar temperature of
22000 K, and rotating with 350kms~! at the equator, which is
80% of the critical velocity. Depending somewhat on the cali-
bration considered, the fundamental parameters are typical val-
ues for stars in the range of B1-2 V-V, while such a rotational
velocity is believed to be normal for a Be star (see e.g. Yudin
2001). The model is pulsating in an £ = m = 2 g-mode with
a corotating period of 0.92d and an amplitude of 35kms™! as
maximal physical velocity on the stellar surface. These param-
eters reproduce not only the variability, but also the absolute
spectrum of w CMa in quite some detail.

Since w CMa is the Be star with the most pronounced /pv,
however, it is not a priori clear that w CMa is a typical member
of its class. It has been mentioned already that differences in
vsini of individual Be stars are largely due to different inclina-
tion i, as all Be stars are rapid rotators.

If w CMa were typical and could be observed at higher in-
clination, its /pv should not differ from the observations of typ-
ical high vsini Be stars. The differences in the /puvs of low and
high vsini Be stars, however, are quite pronounced, and the
transition between both forms is not explained easily without
modeling:

— The variability, concentrated in the wings in low v sin i stars
becomes more evenly spread over the profile width at high
vsini.

— Ramps exceeding vsini and spikes become less pro-
nounced and finally undetectable at v sin i between 150 and
200kms~! and beyond.

— The variability contrast, generally high and about equal for
He 1and metal lines in low v sin i stars decreases as the incli-
nation becomes more equatorial. The variability becomes
undetectable with our data in metal lines, but remains visi-
ble, though weakly, in He I lines.

The behavior of the pulsational w CMa model at low vsini, i.e.
the formation of spikes and ramps was already discussed by
Maintz et al. (2003) and Rivinius et al. (2001a; 2002b). Using
the above model parameters for w CMa, but changing the in-
clination at which the model star is observed, four pulsating
Be star models were computed for vsini = 40, 80, 160, and
320kms!.

The above listed points, which a model should explain, are
in fact solved by nrp:

Due to projection effects on the pulsational velocity fields
(Maintz et al. 2003; Rivinius et al. 2002b), such g-mode pul-
sation is always seen with about its true physical amplitude,
while the maximal rotational velocity is projected with sini.
This immediately explains the decrease of variability contrast
with increasing inclination.

Also, in high vsini stars the modeled variability exceeds
vsin i, but since the excess is equal to the true physical pulsation
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S 114553 The residual variability overplotted on top of each grey-scale picture gives an impression of the decrease of visible contrast with

increasing v sini.

amplitude, this is much less obvious in more equatorial objects,
so that ramps should only faintly be seen in observed data with
noise contribution, if detectable at all.

The differences between Hel and metal lines arise from
the different intrinsic line width of the species. For metals, the
width is dominated by relatively low thermal broadening, while
He1 and H1 also undergo Stark effects. The smaller this intrin-
sic line width is, the more prominent spikes are. On the other
hand, since the lines with prominent spikes are typically weak
ones, these lines are too shallow to be observable in high v sini
stars.

The Ipv of u Cen and w CMa have been computed quanti-
tatively with physically state-of-the-art line profile and pulsa-
tional velocity-field modeling. Due to the individually different
stellar parameters, like mass, radius, temperature etc., the com-
parison with other objects is comparably qualitative and based
on the phenomenological appearance of the /pv. Nevertheless,

the similarity of Fig. 13 with the observed /pv in Figs. 1 to 4 is
striking.

5. Discussion
5.1. w CMa like Be stars

w CMa is compared to other Be in two steps: First, the observed
Ipv is contrasted to observations of other low vsini stars, then
the high vsini model (see above) is compared to high vsini
Be stars.

Despite the extraordinary strong /pv of w CMa common-
alities with other low vsini stars, exhibiting weaker /pv, can
readily be identified (Figs. 1 to 4): Besides FW CMa, HR 4074,
and HR 4625 also y Oph shows enhanced ramps, though quite
weakly, and for u Cen a detailed modeling resulted in the same
pulsational mode as was derived for w CMa (Rivinius et al.
2001a). In all cases, the phase propagation of the variability A¢
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across the profile is about 0.6 to 0.7 of the full cycle. All the
above mentioned early-type Be stars have vsini < 160kms™.

For the two remaining low vsini stars in Table 3, 31 Peg
and HR 3642, our database is insufficient to investigate the Ipv
(Fig. 5). However, the spikes present in 31 Peg (Fig. 10) and
the published spectra of HR 3642 (Carrier et al. 2002) support
the similarity with w CMa also of these stars.

Since these 8 stars represent a significant fraction of all
early-type low vsini Be stars brighter than 6th magnitude
(Slettebak 1982, lists 31 Be stars with vsini < 150kms~!, of
which 23 are of type earlier than B4), it can be concluded that
early-type low vsini Be stars in general share a common type
of Ipv. The remaining ones not mentioned here have not been
observed in our programme. But there is no reason to assume
principally different behavior for those, since most stars were
selected on account of their brightness and coordinates.

If w CMa is representative of low vsini stars, and the dif-
ference between low and high vsini is mainly the inclination,
w CMa should also look like any high vsini Be star if it could
be observed equator-on. While it is not really feasible to tilt the
star, this can easily be tested with the model (Sect. 4).

Comparing Fig. 13 to Figs. 1 to 4 it becomes apparent
that also most high vsini stars are explained by the model
of wCMa, tilted to appropriate inclinations (DX Eri, 10 CMa,
HR 4009, 6 Cen, a Eri, DUEri, 66 Oph, PP Car, 28 Cyg, and
n Cen).

Of the variability of 20 periodic Be stars listed in addition
to wCMa in Table 3, six low to intermediate vsini stars are
directly comparable to w CMa, ten intermediate to high vsini
ones are explainable assuming the same pulsational parameters
as for w CMa, but different inclination. Two more stars with
scarce data, but sufficient to derive a period, are compatible
with nrp as well. For two stars, HR 5223 and w Ori we could
not give a period, but note that the observed /pv does not con-
tradict an interpretation as w CMa-like nrp. The three remain-
ing objects with periodic /pv unlike w CMa are discussed in
Sect. 5.3.

In addition, the phased Ipv presented in the literature also
suits the presented model well in many cases. This is not only
true for visual comparison of the spectra, like e.g. in HR 3642
(Carrier et al. 2002), or PP Car (Porri & Stalio 1988). But for
stars where mode identifications have been attempted, typically
sectorial modes with similar values of € and m are derived, as
by Neiner et al. (2002) for w Ori (see also Table 5).

The long-term coherency of the observed periods also pro-
vides an upper limit to potential binary effects. Since no pe-
riodic O—C-type variations are found, the Be star must reside
close to the center of mass of any presumable binary system
(unless all such systems would be pole-on w.r.t. the orbital
plane).

5.2. Asymmetric power distributions

The power distribution of the /pv can be strongly asymmetric.
The appearance of such differences of fifty to several hundred
percent between the blue and red sides of the profiles has been
discussed in detail by Rivinius et al. (2001a) for u Cen. It is
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Fig.14. The power across the spectral line connected to the /pv of
w CMa. Shown are two lines for three seasons to illustrate the scale
this asymmetry can take. Note that the detailed behaviour of both lines
seems unrelated, it was also not possible to connect it to the observed
outbursts.

also clearly seen in DX Eri and 6 Cen. The cause of the asym-
metries is not yet identified. Hypotheses proposed include non-
adiabatic effects, wave leakage or other effects of mass-loss re-
lated to pulsation.

Weaker power asymmetries of the order of a few percent
are much more common. They are seen in most stars, including
wCMa (Fig. 14, or Stefl et al. 2003b). While for some objects
such results might have been artificially introduced by sam-
pling effects, there is no doubt that the majority of those asym-
metries are real. Other than for the strong asymmetry discussed
above, both red or blue side might be enhanced. In some stars,
like @ Eri, enhanced variation power is present in the blue wing
of some line (e.g. He15876) and in the red wing of others, like
He16678. M. Smith (priv. comm.) proposed NLTE eftects of
HeT line formation to be responsible for this.

In some stars the effect is stronger in lines with typically
stronger circumstellar contribution. From season to season the
asymmetry may change not only in strength, but even in sign.
It is, therefore, not implausible to ascribe such minor asymme-
tries not to the nrp itself, but to the properties of the emission
in the disk regions close to the stars, reacting to the underlying
photospheric variability.

5.3. Objects with discrepant or no photospheric Ipv

The observed [pv of three objects in Table 2 is not explained by
an nrp model a la w CMa. These are k CMa, A Eri, and o And,
shown in Fig. 6

However, the Ipv of these stars, too, generally looks like
the one one would expect from nrp. So, it might just require
higher values of ¢ and m than for w CMa to explain the ob-
served behavior in terms of nrp. Kambe et al. (2000) in fact
propose tesseral nrp modes, i.e. £ # |m|, to model the Ipv of
AEri, which might also apply to the similar /pv of xk CMa.
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For o0 And the multiperiodicity, observed photometrically
in many different seasons, points to nrp as explanation. The /pv
of o And differs mainly in phase propagation across the profile
from the one of other Be stars, which here is about 1 (meaning
the feature is visible over a full cycle, just disappearing red-
wards when a new one appears on the blue side) as opposed
to typically 0.6 ....0.7 cycles. Some testing with the nrp model
code confirms that such a phase propagation would easily be
explainable by a sectorial mode, i.e. £ = |m|, with higher £. In
a mode with lower ¢, i.e. £ = 1, the phase difference should be
even less. On the other hand, the strongly variable amplitude
was attempted to be explained as an effect of variable magnetic
activity, and Sareyan et al. (1998) favor a rotational activity hy-
pothesis together with differential rotation to explain the multi-
periodicity.

In any case the £ = m = 2 mode explaining the /pv of most
other Be stars cannot readily be applied to these three objects.

Two of the investigated stars, @ Ara and ¢ Ara, did not show
any Ipv, although photometric periods are reported and suffi-
cient spectroscopic data was obtained. If periodic Ipv is present
in these stars, it must be weaker than in the other objects.

For A Pav the data is too scarce for classification, but [pv is
present. The /pv of m Aqr, finally, does not fit any of the above
descriptions (Figs. 11 and 12).

5.4. Photospheric multiperiodicity

For several stars, multiperiodicity was claimed from spectro-
scopic data. For at least part of these stars, the additional peri-
ods are present in the same photosperic lines as the main peri-
ods, meaning they arise from the photosphere as well. This is
in fact another strong and independent argument to ascribe the
Ipv to non-radial pulsation.

In one of the best investigated cases, uCen, six photo-
spheric periods are present, grouped around 0.503d and 0.28d
(Rivinius et al. 1998b), and modelled as nrp in modes with
¢ =m =2and { = m = 3, respectively (Rivinius et al. 2001a).

Tubbesing et al. (2000) found a similar grouping for the
main period of 28 Cyg, using the 1sw97 and ca98 subsets of the
data presented here. A preliminary analysis of the additional
Ondfejov data confirms the two reported periods at 0.64 and
0.62 d. The main period of  Cen could also shown to be dou-
ble, namely 0.577 and 0.565d (see above).

In 66 Oph (Floquet et al. 2002) and A Eri (Kambe et al.
2000) shorter periods with larger phase propagation than the
main one were reported, but due to unfavorable sampling, S /N,
and resolving power we could not confirm them in our data.
From the published properties, however, these periods seem
comparable to the Ipv of the short period group in u Cen.

5.5. Secondary circumstellar (transient) periods

Four stars in the sample exhibit secondary periods within 10%
of their main photospheric ones (Table 4). Taking into account
the lines these periods are seen in, namely ones usually formed
in the upper photosphere and the close circumstellar environ-
ment (e.g. Mg114481, He16678, blue Balmer lines etc., see
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Table 4. Secondary (transient) periods of Be stars.

Main  Secondary
Name  HR period period
[d] [d]
kCMa 2538  0.548 0.617
wCMa 2749 1372 1.470
pCen 5193 0.503 ~0.622
nCen 5440  0.577 0.643

Stefl et al. 2003b), and their typically transient appearance dur-
ing outbursts only, already Stefl et al. (1998) attributed them
to the circumstellar environment. The phase diagrams of the
secondary periods are shown in Fig. 15. For uCen only the
best sampled event is shown. The patterns look rather similar
to each other for non-shell stars, but differs drastically for the
shell star 77 Cen. Other than for the photospheric nrp pattern,
there seem to be little further aspect effects. This also points to
a circumstellar origin of the /pv.

The various short-lived periods in u Cen support an inter-
pretation as orbital timescale of circumstellar matter ejected
shortly before. This is not so easy for the other three objects,
where the secondary variability is phase-coherent at least over
weeks to months (wCMa, xkCMa), and even years (17Cen).
Similar behavior was also observed in A Eri by Kambe et al.
(1998), who called them intermittent periods.

In any case, contrary to the nrp connected to the primary
periods, the secondary periods have to be attributed to pro-
cesses that strongly interact with or reside in the disk. This
would be an additional nrp mode on the stellar surface having
an inhomogeneous temperature distribution

— One might assume that the resulting locally variable photo-
spheric radiation influences the line formation properties in
the disk immediately above the surface. Such “hot spots”
in the inner disk would naturally be phase locked with the
pulsation.

— Also, such an (additional) nrp wave pattern could affect the
disk by mass loss. Regions above the nrp pattern would
have enhanced density. The secondary Ipv of n Cen might
be explained if one assumes such a higher density region
to show emission if seen next to the limb of the star, which
would be at high projected velocities, and in absorption if
in front of the star (Balona 1999).

However, since purely photospheric lines do not show any trace
of the secondary periods, such mechanisms are not very likely.

— Alternatively, the secondary periods could be the rotational
ones of the stars, which interact with the disk through mag-
netic processes. But the nrp modeling results for w CMa
point to a significantly shorter rotation period of about
1.1d, compared to the transient period of 1.47d. On the
other hand, Neiner et al. (2003) recently has found a period
of 1.2d in w Ori in addition to the main photopsheric one of
about 1.0 d, which seems connected to magnetic field mod-
ulation, and thus to be rotational. The period is prominent
only in the UV wind, however, and only hardly present in
optical lines.
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Fig. 15. Ipv phased with transient periods of four Be stars, shown for H§ and two HeI lines. The high scatter in the HeI lines of w CMa is due
to the main period, that is too strong to be completely averaged out in a data string of 45 spectra obtained during the few weeks of the outburst.

The periods are given in Table 4.

— Finally, despite their stability, the secondary periods could
entirely be intrinsic to the inner disk, e.g. as the period of
a density disturbance. The secondary period of n Cen, re-
maining phase-coherent over several years, is hardly ex-
plained by such an interpretation, however.

Although no firm answer can currently be given, the striking
differences in the appearance of the secondary /pv from line
to line, e.g. in nCen (Fig. 15), can hardly be explained with
photospheric line formation properties, but most likely require
NLTE effects to be taken into account.

5.6. Photometric vs. spectroscopic periods

Most of the objects investigated spectroscopically here were
also subject of photometric campaigns. Other than the periodic
Ipv, which is relatively easy to disentangle from circumstel-
lar effects by using different lines, the photometric variations
not only include the periodic photospheric, but also the circum-
stellar variability on all different timescales between hours and
decades, convolved into a single number.

Photometrically determined periods, therefore, have to be
taken with care, especially since transient secondary periods
might additionally be present (Stefl et al. 1999).

Searching the literature for photometric periods of the
21 stars with identified periodic /pv in our sample (Table 3),
we found the following:

— In 8 stars, no photometric period was detected. These stars
typically have low to intermediate v sin i.

— In 5 stars, the periods agree, and no further period is
present. These stars typically have intermediate to high
vsini.

— In 5 stars, the periods do not agree. There is no range in
vsini clearly preferred in these objects.

— In 3 stars, several periods were detected, including the main
spectroscopic one. Since this is not always the one with the
largest light amplitude, identification of the main (meaning
here: photospheric and long-term coherent) period is only
possible if spectroscopic data is taken into account.

On the other hand, there are many later-type Be stars with well-
defined photometric periods, which hardly show any variability
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in spectroscopic data. Some of them were also observed within
the framework of this project, but even with FEROS data
Ipv was not found, confirming again the negative result of
Baade (1989). 0 And, B6 111, the latest-type object we detected
Ipv in, is already an exceptional case.

A spectroscopic study of early-type low vsini Be stars in
NGC 330 in the SMC gave negative results, i.e. [pv was not
found at all, although photometric periods are well established
(Baade et al. 2002b) and the observational data should have
enabled a detection, if the /pv properties were the same as for
Galactic Be stars. This may point to different variability mech-
anisms of Be stars in the Magellanic Clouds than in our Galaxy,
although further data is needed to ascertain these results.

Clearly, photometric studies need to be assisted by spectro-
scopic observations in order to allow for the unambiguous iden-
tification of the photometric variability belonging to the peri-
odic Ipv (see also Sect. 5.7 below). Simultaneous observations
with both techniques are even required to understand the nature
of the additional photometric variability on short timescales.

Only for the objects where the photometric variations con-
nected to the pulsation could be isolated further predictions by
the nrp hypothesis can be tested. Other than for the /pv, which
is Doppler-enhanced at low v sin i, the photometric variability is
measured with a broadband filter in the continuum. Therefore,
the observable amplitudes should decrease with vsini if the
physical amplitudes on the stellar surface are comparable for
individual objects.

To test this prediction, amplitudes were taken from
HIPPARCOS data (Percy et al. 2002) for four stars with con-
sistent main photospheric /pv and photometric periods, and
from Balona et al. (1987) for « Eri. For three more stars with
ambiguous periods, the photometric amplitude for the main
one is given by Stefl et al. (1999 w CMa), Percy et al. (2002
0 Cen), and Sareyan et al. (1998 o And). For the 8 stars without
any period being detected in photometry, zero amplitude was
assumed.

With the exception of three outliers, these stars form a well
defined band from zero amplitude at low vsini to 0.025 mag at
high vsini (Fig. 16). The three outliers are PP Car, 66 Oph, and
HR 4009, having intermediate v sin i of about 200 to 250 km s~
but no detected photometric periodicity. These stars are not the
most intensively observed ones, however. The spectroscopic
Ipv is quite weak, partly only recently detected (see Sect. 3).
Therefore, the assumption of similar physical amplitudes on
the stellar surfaces might not hold for these three stars.

5.7. The rotational modulation hypothesis

This hypothesis ascribed the periodic /pv to circumstellar
clouds slightly above the photosphere, which supposedly are
forced into co-rotation by magnetic effects. The main argu-
ments in favor of this were:

1. The photometric Ipv periods and rotational periods de-
duced from vsini and spectral type are statistically iden-
tical to within o = 7% (Balona 1995). Statistical problems
with this analysis were already addressed by Baade (1996).
In addition, especially for lower v sini the determination of
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Fig.16. The photometric amplitude attributed to the main photo-
spheric period, as derived from spectroscopic data, plotted vs. the
vsini of the star. Since Be stars are rotating rapidly, a low vsini is
due to pole-on inclination, where nrp induced photometric variations
cancel. By contrast to the spectroscopic /pv, they are maximal for stars
seen equator-on.

the main periods by photometry alone is often ambiguous
(see Sect. 5.6 and Table 3). The true rotational velocities
and radii of individual Be stars, used to derive the rotational
periods, are not well constrained, either.

2. The Balmer lines vary on top of the emission, therefore

the variation must be circumstellar. This argument is easily
disproved, since the line profiles of non-shell stars are lin-
ear superpositions of photospheric and disk contribution.
Without cross-checking pure emission and pure absorption
profiles such a claim cannot be made. As Stefl et al. (2003b)
and Maintz et al. (2000, 2003) have shown, the /pv on top
of the Balmer lines of w CMa is well explained by photo-
spheric nrp. Similarly, the residual variability patterns are
easily misinterpreted as due to physical emission or ab-
sorption. Such claims require the undisturbed profiles to
be known. However, the traveling bumps due to nrp are
neither emission nor absorption, but only a redistribution
of the local photospheric equivalent width contributions
from the stellar surface in velocity space. Accordingly,
the undisturbed profiles can only be derived from detailed
modeling.
Independent support against a circumstellar interpretation
of the /pv comes from HR 4074, [pv-wise almost a twin of
w CMa, but without any trace of line-emission for at least
a century (Stefl et al. 2002), eliminating any potential cir-
cumstellar contribution.

3. The complicated appearance of the lpv is not explainable
by nrp. We note that of the seven stars investigated in detail
to support this stance, three are shell objects (£ Tau, Balona
& Kaye 1999; nCen Balona 1999; and € Cap Balona &
Lawson 2001) for which a circumstellar contribution of
the disk to the absorption lines is not surprising. The ex-
ample of nCen above illustrates the difficulties of the
analysis of such objects. For the other Be stars, (w CMa,
Balona et al. 1999; w Ori, Balona et al. 2001a; uCen,
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Table 5. Types of [pv observed. Detections which are uncertain are listed in parentheses, periods taken from the literature but not confirmed
by our data are marked with * (see Sect. 3 for references). A double +/4/ indicates u Cen-like closely-spaced multiperiodicity. Where available,
mode determinations for the main periods derived by other authors are given in the last three columns.

Name HR Line profile variability type
wCMa-like Non-wCMa Stable Aperiodic  Additional ~ Secondary Main mode determ.
period period or N/A short period period by other authors
{=m=+2 4 m ref.

aEri 472 v - - - - - 2 -2 1
DU Eri 1423 v - - - - - 2 -2 1
DX Eri 1508 v - - - - - -
AEri 1679 - v - * * - 2,4 -2,-2 1,2
wOri 1934 #,(1/) - - - - - 2-3 +2 3
10CMa 2492 v - - - - - -
xCMa 2538 - vV - - - Y, -
wCMa 2749 v - - - - v 2 +2 4,5
FWCMa 2825 v - - - - - -

3642 “) - - - - - -

4009 v - - Y, - - -

4074 v - - - - - -
PP Car 4140 v - - - - - -
6 Cen 4621 v - - - - - -

4625 v - - - - - -
1 Cen 5193 Vv - - v v 2 +2 6,7

5223 “) - - - - - -
n Cen 5440 Vv - - - - v 2,1-33 -2,-,—- 1,8,9
x Oph 6118 v - - - - - -
tAra 6451 - - v - - - -
a Ara 6510 - - v - - - -
66 Oph 6712 v - - - * - 2-3 10
APav 7074 - - - v - - -
28 Cyg 7708 Vv - - - - - 2 -2 1
31 Peg 8520 ) - - - - - -
m Aqr 8539 - - - Y, - - -
o And 8762 - vV - - - - -

References: 1: Peters & Gies (2000), 2: Kambe et al. (1998), 3: Neiner et al. (2002), 4: Baade (1982), 5: Maintz et al. (2003), 6: Baade (1984a),
7: Rivinius et al. (2001a), 8: Janot-Pacheco et al. (1999), 9: Levenhagen et al. (2003), 10: Floquet et al. (2002).

Balona et al. 2001b; and A Eri, Balona & James 2002) we
refer to Table 5 and Sect. 3 and the references therein.

Among the objects for which we have enough data for an
independent investigation, only the case of AEri (Balona &
James 2002) clearly withstands an explanation as an w CMa-
like Be star, i.e. as non-radial pulsator in an £ = m = 2 mode.
This is not a principal problem of the nrp hypothesis, however
(Sect. 5.3).

For ¢ Tau and € Cap, we do not have sufficient data to coun-
tercheck the results for these stars in the light of nrp, but none
of the published results seem to pose principal problems, cer-
tainly less than seemingly did 5 Cen.

The dependence of photometric amplitude on inclination
(see above, Fig. 16) and the presence of /pv spanning the full
range of +vsini (and more) would require the circumstellar

clouds to concentrate above the equator. The prominence of the
Ipv in nearly pole-on stars, much stronger than in the equator-
on ones, is not explainable by equatorial corotating clouds, but
requires a velocity field dominating the /pv.

6. Conclusions

A total of 27 early-type Be stars were investigated in this study,
using more than 3000 spectra. Two of the studied objects,
uCen and w CMa, were already previously investigated in de-
tail (Rivinius et al. 1998b,c, 2001a; Stefl et al. 2003a,b; Maintz
et al. 2003).

AEri is sometimes referred to as prototypical for the /pv of
early-type Be stars. However, as the data shows it is in fact a
rather unusual case. Line profile variable Be stars should, there-
fore, not globally be called A Eri-type stars anymore.
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Most of these objects undergo line emission outbursts. In
the case of uCen the outburst timing could be attributed to
the multiperiodic /pv already by Rivinius et al. (1998a,b). Two
more stars with similar multiperiodic properties were identi-
fied, 28 Cyg (Tubbesing et al. 2000) and n Cen (this study),
without being able to establish such a close connection to the
outburst timing as in u Cen, however. Other objects showing
outbursts are equally well observed, but only a single pulsa-
tional Ipv period is present (w CMa: Stefl et al. 2003b, or w Ori:
Neiner et al. 2003, for instance).

Some stars show additional periods during outbursts, lo-
cated in the near circumstellar environment. These secondary,
transient periods might even dominate the photometric behav-
ior. It is not clear whether all observed occurrences of transient
periods can be explained by a single mechanism, like orbital
motion of ejected gas, or some phenomenon phase-locked to
the underlying photosphere. Additional, aperiodic short-lived
phenomena are present in several stars, but the data presented
in this work do not allow to determine their nature.

The analysis and modeling of the periodic line profile vari-
ability of i Cen and w CMa revealed them to be non-radial pul-
sators with £ = m = +2 (Rivinius et al. 2001a; Maintz et al.
2003). In this work, it was tested whether such nrp can explain
other early-type Be stars as well, assuming that the differences
in morphology of the /pv arise almost entirely from differences
in the individual inclination of the objects. This test was per-
formed by

1. comparing the observed variability of wCMa to that of
other low inclination Be stars

2. comparing the nrp model of w CMa, tilted to more equato-
rial viewing angles, to Be stars with higher v sin i.

It turned out that, in addition to ¢ Cen and w CMa, 14 more ob-
jects show periodic Ipv well explainable by nrp with £ = m = 2.
For four more stars this is likely, but the observational data is
not sufficient for a firm conclusion. Three stars exhibit a differ-
ent type of periodic /pv. This does not necessarily exclude nrp
for these objects but probably only requires different modes
than £ = m = 2. Two objects show [pv, but the data is in-
sufficient for any conclusion, and finally two stars were stable
within the detection limits (Table 5).

Summarizing this work, the low-order Ipv seen in the large
majority of early-type Be stars is due to non-radial pulsation,
typically with £ = m = 2.

The relevance of this result for the understanding of the Be
phenomenon still remains to be evaluated; late-type Be stars,
being much less photospherically active, indicate either that
there is no causal link or that early- and late-type Be stars re-
quire different explanations.
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