2BAS] - D12 ZTO0HD

I'I_

Bull. Astr. Soc. India (1984) 12, 109-151

The Be star phenomena
II. Spectral formation and structure of envelopes

Ryuko Hirata and Tomokazu Kogure
Department of Astronomy, Faculty of Science, University of Kyoto, Kyoto 606, Japan

Received 1983 September 19

Abstract. In succession to the general considerations in Paper I, a review of
the spectral formation and the structure of envelopes are presented.

An overall theoretical discussion of the envelope dynamics and the
radiation field as the basic processes in the cool envelopes of Be stars is first
given.,

The formation of continuous spectrum is considered in terms of the
volume emission measure and the optical thickness in the continuum. As
for the emission lines, it is shown that the emission equivalent width of the
Hu line, Wa, and the Balmer decrement Ha/HB, as the spectral-type depen-
dence, can be qualitatively explained by both the static- and moving-envelope
approaches, provided the constant optical thickness of envelopes in the
Lyman continuum along the spectral sequence of Be stars. Paschen decre-
ment Pn/P14 (n = 11-24) can be explained if the envelopes are optically
thin for the Paschen lines higher than about n = 15. The peak separation
ve of the double-peaked emission profiles is given as a good indicator of the
outer equatorial radius of envelopes. The significance of the (Ha/HB — Wa)
diagram is emphasized as a tool for the diagnostics of cool envelopes.

In the analysis of shell absorption lines, the curve-of-growth method
and the central-depth method are presented with some critical arguments.
A possibility of explaining the Balmer progression by pure absorption pro-
cess is pointed out.

Importance of the diagnostics of envelope structure is emphasized.
Some arguments on the flatness, detachedness, elongation, inhomogeneity,
and velocity field are presented from this point of view.

Finally the structure and origin of hot regions are briefly reviewed
with particular attention to the geometrical rélationship between cool and
bot envelopes. Supporting arguments for the bidimensional arrangement
consisting of a cool equatorial disc and a hot spherical region are given.

Key words : Be stars—shell stars—continuous spectrum—emission lines—
shell absorption lines—cool envelopes—hot regions
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1. Introduction

In Paper I (Kogure & Hirata 1982) we reviewed Be stars and Be-star phenomena,
mainly on the basis of their statistical properties. It has been shown that there is
no essential difference in stellar parameters between B and Be stars except in the
average rotational velocities and in the formation of cool envelopes around the
stars. Thus the study of Be-star phenomena is principally directed towards obtain-
ing an understanding of cool envelopes in their structure, origin, stabilities, and of
their relationship to the hot expanding regions which are observable both in B
and Be stars.

In this paper we begin with a brief review of the envelope dynamics and radia-
tion field as the basic processes in the cool envelopes of Be stars. Then we proceed
to discuss the spectral formation of the continuum radiation, emission lines and
shell absorption lines. Comparison between observations and theories has been
made for some of these spectral features. In the next part we consider the structure
of cool envelopes and hot expanding regions. Importance of diagnostics for the
structure of cool envelopes is emphasized, though the methods are not yet fully
developed. Our considerations are mainly focused to pick up star candidates
having special behaviour of cool envelopes in their flatness, detachedness, elonga-
tion, inhomogeneity, and internal velocity field. For the hot regions the relation-
ship between cool envelopes and hot expandingregions in the geometrical and physical
structure will be briefly considered.

2. Basic physical processes

The study of Be star phenomena principally aims at understanding coolenvelopes in

the radiation process as the origin of spectral features and in the dynamical process
by which the envelopes are formed and maintained. In both processes the rapid
rotation of central stars may have important effects. In this section we give an
overall insight into these problems from a theoretical point of view.

2.1. Be stars as rapidly rotati‘ng stars

Rapid rotation is a basic characteristic of Be stars. If a rotating star is in
hydrostatic and radiative equilibrium, then the total flux wF(= cT‘:") must be pro-

portional to the local effective gravity gerr (von Zeipel 1924). This means that the
effective temperature Terr decreases from star’s pole to its equator in a rotating star.
This is the so-called rotationally induced gravity-darkening and it may affect obser-
vational behaviour of Be stars and other rapidly rotating stars.

Collins & Sonneborn (1977), in their extensive calculations of model atmospheres,
have suggested that the rapid rotation pushes a main-sequence star up in its colour-
magnitude diagram. Slettebak et al. (1980), on the basis of same model atmospheres
and calculation of absorption lines, have found that the spectral type of rapid
rotator seen equator-on shows a shift to later type as compared with non-rotating
stars, supporting the above conclusion. .

The effect of gravity darkening becomes more apparent when we compare the
ultraviolet and visible regions, since the difference of effective temperature gives
rise to different spectral behaviour in both regions. Kodaira & Hoekstra (1979)
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made a comparison of continuous spectra for pole-on stars. Heap (1976) found
that in the case of ¥ Tau the photospheric lines are narrower in the ultraviolet
region than in the visible region by a factor of two or three in velocity unit.

Heap’s result has stimulated theoretical considerations of Hutchings (1976),
Sonneborn & Collins (1977), Collins & Sonneborn (1977), Hutchings ez al. (1979),
and Ruusalepp (1982). If the ultraviolet lines are formed in hot polar regions,
the difference in line widths of ultraviolet and visible lines makes possible, in
principle, to separate the equatorial rotation velocity ¥, and the inclination angle
i from observed value of V, sin i in two spectral regions. Hutchings et al. (1979)
and Ruusalepp (1982) have made their effort along this line. However, as pointed
out by Marlborough (1982), the procedure depends upon the adopted models and
underlying assumptions, so that it is still difficult to reliably separate the values of
Ve andi. In view of the importance of this separation in the study of Be stars,
further development both in observation and theory will be highly appreciated.

Concerning the origin of Be stars, Sackmann & Anand (1970), Endal & Sofia
(1979) and Endal (1982) have investigated the effect of the evolution of rapidly
rotating stars. According to them, stars rotating faster than 509, and 709 of
ZAMS critical velocity for 10 and 5 M@ stars respectively, can reach the critical
rotation before reaching the state of hydrogen exhausion. According to Endal
(1982) the statistics of Be-star frequency does not contradict this theoretical predic-
tion. It is, however, to be mentioned that the critical rotation is not a condition
for a star to be a Be star. Actually most of Be stars are rotating much slower than
their critical velocities, especially early-type Be stars (section 4 of Paper I). Late-
type Be stars are rotating faster, and are nearer critical velocities, so that appre-
ciable effects of gravity darkening and of stellar evolution could be expected in
these stars.

2.2. Envelope dynamics

The physical parameters which regulate the dynamical state of Be envelopes include
rotation, radiation pressure, magnetic field, non-radiative heating, and probably
inflow of matter in case of binary systems. The evaluation of these factors is a
basic procedure toward the understanding of envelope dynamics.

From the dynamical point of view, the most outstanding feature is the equatorial
extension of cool and dense gas over several stellar radii, as will be shown later
(section 6). The concept of plane-parallel stellar atmospheres in hydrostatic
equilibrium obviously breaks down for such extended envelopes. Itis then inevi-
table to introduce some additional pressure forces (direct support), or effective
reduction of gravity by centrifugal force over the whole envelope (centrifugal
support).

Historically, Limber (1964) first investigated the hydrostatic configuration of
rotating envelopes, according to which a temperature of a few or ten million Kelvin
is required for supporting the envelope. This situation remained unaltered when
rotationally-forced stellar wind was introduced (Limber 1967). In this case, though
the critical sonic point of stellar wind is located at a radius well separated from
the star (~ 10 R,), the existing steep velocity gradient in the subsonic region
severely reduces the gas density and confines the envelope to a small extension.
The inclusion of radiation pressure (Marlborough & Zamir 1975) could not change
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the situation. After a survey of supporting mechanisms, Limber & Marlborough
(1968) concluded that the most probable one is the centrifugal support maintained
by either magnetic or turbulent viscosity.

An alternative view of direct support in a rapidly rotating star with magnetic
field has been advocated by Morozov (1973), Saito (1974) and Limber (1974), as an
extension of Weber-Davis’ (1967) formalism. In these models we can see several
aspects of behaviour favourable to the situation of Be envelopes : (a) Low gradient
of radial velocity, which is visualized due to essentially azimuthal configuration of
magnetic field, allows a large ecxtension of envelopes, along with low terminal
velocity. (b) The break-up velocity of stellar rotation is not a necessary condition.
(¢) The strength of magnetic field required is less than a few hundred Gauss at the
bottom, which is below the upper limit of present-day observations (Landstreet
1980; Scholz 1981). In this case the circular velocity is essentially given by the law
of angular momentum conservation (vg o< 1/r) except in the innermost part of the
envelope. Barker (1982) has found that the circular velocity is reduced even below
the 1/r law in the inner part of envelope when steep acceleration due to radia-
tion pressure is introduced.

Weber-Davis formalism has been further discussed by Nerney (1980), Barker
& Marlborough (1982); and a time-dependent model has been investigated
by M. Saito & Y. Saito (1983, personal communication) in an attempt to explain
Pleione’s shell episode. According to a current view, it is the magnetohydrody-
namical model of stellar wind that most favourably reproduces the dense and
extended envelopes around Be stars on a suitable scale.

Concerning the vertical structure of envelopes, Limber (1967) and Kvn; (1979a)
suggested a hydrostatic configuration, according to which the envelope is confined
near the equatorial plane of the star. In actual cases, Be envelopes reveal a large
variety in their vertical extension (see section 6). This means that the hydrostatic
condition is often violated for some reasons. One possible reason is that the area
of mass-ejecting region on the stellar photosphere extends up to a certain latitude
in both sides of star’s equator.

The binary hypothesis provides a different picture for the envelope dynamics
(Harmanec 1982). Inflowing gas from the secondary brings mass and excess angular
momentum, making an accretion disc or ring around the primary B star, where the

circular velocity is Keplerian. K;é (1982) has considered the physical processes in
the accretion discs, along with the fate of excess angular momentum. The binary
hypothesis is very attractive at least for some Be stars. Although the relation-
ship between single-star origin and binary interaction is not clear at present, it is
highly desirable to develop the hydrodynamical simulation for well-known binary
systems. :

2.3. Radiation field

An envelope of Be star, which is relatively cool and exposed to strong ultraviolet
radiation of the central star, has two distinct optical properties in general. First, it
is rather optically thin for the continuous radiation in the visible region, as we can
see the stellar line spectrum through the envelope. Second, it is optically thick for
the hydrogen Balmer lines. because strong shell absorption lines are observable in
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shell stars and observed Balmer decrements exhibit a large variation from star to
star and from time to time.

These two properties characterize the radiation field of Be envelopes as an inter-
mediate type between stellar photospheres which are essentially in LTE and
planetary nebulae. In the latter, the so-called Rosseland cycle is effectively opera-
ting, i.e., the photoionization from the ground state by stellar ultraviolet radiation
is followed by recombinations and subsequent cascade transitions to form a pure
emission-line spectrum. In contrast, the Be-type radiation field is basically charac-
terized by the importance of photoionization from the second energy level of
hydrogen atoms, as first suggested by Sobolev (1947) and Miyamoto (1949). The
intermediate character of the Be-type radiation field may be roughly seen in
table 1.

Table 1. Comparison of radiation fields

Typical field Stellar Be-envelope Planetary
photosphere nebula
Gas density (cm™3) 1013-1018 1010-1012 10%-108
Dilution factor ~1 1071-1073 10-14-10"1€
Deyviation from LTE Nearly LTE Non-LTE Non-LTE
: Incomplete Effective
Rosseland cycle Rosseland cycle

The theory of radiation field of Be envelopes has been developed historically by
two methods of approach, i.e., static and moving-envelope approaches.

In the static approach the equations of radiative transfer are coupled with the
equations of statistical equilibrium for atomic level populations, and solved under
the situation of no velocity gradient. The three-level problem for hydrogen atoms
was first solved by Miyamoto (1949) and 4-to 7-level problems by Miyamoto
(1952a, b), Kogure (1959a, b, 1961, 1967) and Pottasch (1961). The difference
between Miyamoto’s and Kogure’s treatments lies in the assumption of optical
thickness for the Paschen and higher series of hydrogen, i.e., optically thick in
Miyamoto’s and transparent in Kogure’s treatment. Pottasch (1961) has added the
effect of collisional transition processes. All have calculated the Balmer decre-
ment Ha/HB as a function of the geometrical dilution factor W. Typical cases of
their calculations are shown in figure 1. One may notice that the theoretical
decrement sensitively depends on the assumption of line opaqueness and the effect
of collisional processes. Kogure (1969a) has applied his method to the calculation
of HP emission profiles of Be stars, by dividing the envelope into a suitable number
of equal line-of-sight velocity zones.

The second approach is the method of moving envelope, originally proposed by

Sobolev (1947) and developed by many authors (see Briot 1981a; K;‘lé 1973). In
this method the solution of transfer problem is practically replaced by the calcula-
tions of photon escape probabilities due to existing velocity gradient. Inserting the
calculated probabilities into the equations of statistical equilibrium for a sufficient
number of energy levels, we can calculate the emission line intensities and line
profiles. Application to the Be envelopes bas been made by Doazan (1965),

Lacoarret (1965), and, recently by erlvz (1979a, b). Briot (1981a) has examined the
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Figure 1. Balmer decrement Ho/HB as function of the dilution factor W calculated in the static
envelope approach. The curves designated by M, K, P indicate the cases of Miyamoto (1952),
Kogure (1959b, case V), and Pottasch (1961), respectively. The temperature is T = 20,000 K in all
cases and the electron density is Ne = 10t ¢m—2 in case of Pottasch (1961).

relative intensities of the Paschen and Balmer emission lines and pointed out some
problems (section 4.2).

Recent extensive model calculations of Poeckert & Marlborough (1978a, b) are
based on the method of Marlborough (1969, 1970), which essentially uses the static
approach. Based on modified nebular radiation fields, this method takes into
account the line opaqueness in the form of optical depth perpendicular to the
equatorial plane, thus without solving the equations of radiative transfer.

Finally we show the values of b,, the deviation factor from LTE for the nth
energy level, as functions of the radial distance from the central star, in order to see
the characteristic feature of radiation field over an entire region of Be envelope.
In figure 2 the theoretical values of ba (n = 1, 2, 3, 4), calculated' by Poeckert &

Marlborough (1978a) and KI“IlZv (1979b) are shown. The adopted envelope para-
meters are '

Te = 20,000 K, Ne, = 3.33 x 10'3 cm—? ,
(Poeckert & Marlborough 1978a)

and
Te = 20,000 K, Ne = 1 x 10'° cm™ (= const) (Kriz 1979b),

where Ne,, indicates the electron density at the stellar surface. The former. treats
denser envelopes than the latter. In figure 2 broken line gives b, = 1/W, whjf:h an
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Figure 2. The deviation factor b,(n = 1,2, 3 and 4) of hydrogen atom in recent model calcula-
tions. The values in the equatorial plane are shown as a function of distancer = R/R,. The n value
is indicated in each line. Solid line represents the result of Poeckert & Marlborough (1978a).

The dotted line shows the result of eri; (1979b). The broken line correponds to 1/W, where W is
the dilution factor.

essential result of Miyamoto (1949). We also notice that b, is given by b; ~ et/W
in the frame of modified Saha equation (Sobolev 1947), where = denotes the optical
depth ia the Lyman continuum. General coincidence of bp-factors with the 1/W
law in the inner part of envelopes may be apparent, whereas the values of b, and b,
decrease in the outer region, tending toward those of planetary-nebula solution
(Poeckert & Marlborough 1978a). Optically thin nature of the outer region may
bear the decrease of b; and b,:
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From these calculations we can conclude that the radiation field in Be envelopes
consists of two parts: the inner field which is typical of Be-type radiation field and
the outer field which is essentially the nebular type field. Practically the outer

field has no effect on the formation of emission lines and continuum because of low
gas density in the outer regions.

3. Continuam radiation

3.1. Summary of observational behaviour

We first summarize the general properties of observed continuum radiation of Be
stars which are to be interpreted consistently by the existence of cool envelopes.

(i) Infrared excess is often detected (e.g. Allen 1973; Gehrz et al. 1974; Schild
1976; Feinstein 1982), in as many as 609, of Be stars (Mendoza 1982). There is a

tendency that infrared excess is higher when Hax-emission is stronger (Neto &
Pacheco 1982; Feinstein 1982), and strong infrared excess is accompanied by the
Paschen lines in emission (Briot 1977). The near-infrared excess of Be stars has
two main types: one can be explained by optically thin free-free radiation from cool
envelopes, and the other is due to re-radiation from circumstellar dust (Allen 1973).
The latter case is mostly detected in the late-type Be to Ae stars. When infrared
excess is interpreted as free-free emission, the envelope is oftea optically thick in
the spectral region of A = 8 um (Gehrz et al. 1974).

(ii) A large fraction of Be stars exhibits brightness variations with a typical

amplitude of 0m.1-0™.4 (Feinstein 1968, 1975; Feinstein & Marraco 1979). In early-
type Be stars, the brightening in ¥ band is usually accompanied by the reddening in
B—V colour, Late-type Be stars with large values of V, sin i exhibit just inverse cor-
relation (Nordh & Olofsson 1977; Hirata 1982a; Hirata & Hubert-Delplace 1981).
Parallel and anti-parallel relations are both found between brightness and E/C
variations (section 8 of Paper I).

(iii) Irtrinsic linear polarization up to 29, is a general characteristic of Be stars.

Between polarization degrees and rotational velocities there is an apparent correla-
tion in the sense that Be stars with larger values of V, sin i can reach higher
polarization degree (see section 6). A marked behaviour of linear polarization is
its strong wavelength dependence, i.e. the polarization degree increases with
decreasing wavelength toward the hydrogen series limits (e.g. Coyne 1976; Poeckert
et al. 1979; Jones 1979).

(iv) The ultraviolet flux of Be stars is generally deficient in the wavelength region

A 1650-2500 A as compared with normal B stars (Beeckmans & Hubert-Delplacc

1980). Decrease of the ultraviolet flux has also been observed in the shell phase

of some Be stars stch as 59 Cyg (Beeckmans 1976) and 28 Tau (Golay & Mauron
1982).

(v) Thirteen-colour photometry by Alvarez & Schuster (1982) shows remarkable

variations of energy distribution in the spectral region 0.33-1.1 pm. Figure 3
illustrates examples of such variation in three stars, X Per, HD 184279 and 28 Tau.
X Per (Ope) has declined in brightness from 1977 to 1979. The minimum varia-
tion was observed at about 4000 A, whereas larger amplitude variations occurred

in the Balmer and Paschen continua, suggesting the predominant role of hydrogen
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Figure 3. Variations of energy distribution in the 13-colour photometric system for three Be stars
'(Alvarez & Schuster 1982). Magnitude difference is expressed referring to the magnitude at the
epochs of 1978 October for X Per, 1977 August for HD 184279, and 1966 September for 28 Tau.

bound-free radiation as emission or as absorption. HD 184279 (B0.5 IVe) has
shown rather flat variation in 1977-1978 in the Paschen contingum. This implies
that electron scattering is acting as a .maia source of opacity. Spectroscopic
behaviour in these epochs is reported by Ballereau & Hubert-Delplace (1982).
Finally, 28 Tau (B8 IV —Vpe) has shown a remarkable decrease of the Balmer
continuum in shell phase (1979) from its pre-shell phase (1966), implying the
effect of bound-free absorption in the Balmer continuum. Small amplitude
variations and its wavelength dependence in the Paschen continuum are notable in
HD184279 and in 28 Tau. This is ia contrast with that in X Per.

3.2. Formation of continuous spectrum

We proceed to an interpretation of observed behaviour of continuous spectrum
such as summarized in the previous sectjon.
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Sonneborn (1982), using his model atmospheres of rotating stars, confirmed the
earlier conclusion (see Coyne 1976) that the observed linear polarization in Be stars
does not originate from stellar photospheres. Then the most probable way is to
attribute it to the electron scattering in non-spherical envelopes (see Coyne 1976).
The observed wavelength dependence of polarization suggests the strong contriba-
tion of hydrogen recombination and/or bound-free absorption in the Balmer and
Paschen continua. Time variations in the energy distribution such as displayed in
figure 3 are also attributable to the combined effect of electron scattering and
bound-free transitions. Although we have no sufficient observational data on ths
relationship in variations between polarization and brightness or other spectral
features (e.g. Coyne & McLean 1982), it may be reasonable to suppose that the
linear polarization and the continuous radiation are formed in the same non-
spherical cool envelopes, which are also identical with the regions responsible for
the formation of emission and shell absorption lines.

For simplicity let us assume an envelope of cool hydrogen plasma and examine
its optical properties. When this plasma is isothermal and optically thin, the
emitted energy distribution can be expressed by aey, where ey denotes the emissi-
vity of free-free and free-bound radiatian per electron, and « the volume emission
measure. The latter is defined by

@ = [ N® d V|(=R2),

where N, denotes the electron number density, V the total volume of plasma, R,
the stellar radius. Then the product wes yields the energy distribution emitted
from this plasma and expressed per unit stellar surface, i.e. the value of ey can be
compared with stellar flux. Calculation has been made in two cases of 7, = 10* K
and 2 x 10% K for hydrogen atoms with 10 discrete energy levels and for an adopted
value of @ = 10%¢. The results are shown in figure 4 in magnitude scale, together
with stellar energy distribution F¥* and the blackbody radiation By(T). The

stellar energy distributions are taken from Kurucz (1979) for 3 sets of effective
temperature with log g = 4.0.

In figure 4 we can examine the relative contribution of stellar flux and envelope
emission in a wide spectral region. Incase of « = 10%, infrared excess appears in
the region of A > 2 ~ 3 um. In order that the envelope emission becomes appre-
ciable in the Paschen continuum, the value of « must be larger than 10%. Gehrz
et al. (1974) obtained « = 10% ~ 103® from observed infrared excesses. If we
adopt a disc model of constant vertical thickness of ~ R, and of average electron
density of Ne ~ 3 X 10, these values of « yield the equatorial outer radii of
2~ 6R,.

When the envelope is optically thick, we have to integrate the source function
over whole envelope with a weight of exp (— =v), where vy is the optical depth at
frequency v. If the envelope becomes completely opaque in all spectral region at
its extreme end, then the envelope emission can be approximated by ByW(T) X S,
where S denotes the projected area of the envelope seen from the observer. In this
case, as shown in figure 4, the contribution of envelope emission becomes remar-

kable, if the projected area S is comparable or larger than the stellar surface =R -
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Figure 4. Comparison of the stellar flux and continuous emission of optically thin hydrogen plasma.
Solid lines show stellar flux Fy* for Tesr = 3 % 10%, 2 X 10* and 1.25 x 10* K with log g = 4.0.
The broken and broken-dot lines represent the continuous emission from the optically thin hydrogen
plasma, aey, for Te = 2 X 10* and 10* K, respectively, where €y is the emissivity per electron and
is the volume emission measure. TFhe blackbody radiation, By(T) for T =2 x 10*and 10* K
(dotted line) is also shown.

Figure 4 also shows that the envelope emission contributes towards reddening the
photospheric radiation and to decline the polarization degree toward longer
wavelength in each spectral band between series limits. These trends are confirm-
ed by observations.

In the next place, let us consider the absorption feature of an isothermal hydrogen
plasma in LTE, adopting a typical case of Ne ~ 3 X 10" cm3, 7o ~ 0.1 (the
optical depth for electron scattering), Te == 104 K and 2 x 10* K. These figures
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give an effective geometrical thickness of 7.2 R@, a typical value for a Be star.
Figure 5 illustrates the wavelength dependence of the optical thicknesses for free-
free (1) and bound-free (tbr) absorptions, besides te. It is seen that te > Tt = 71y
for most of spectral range, and ti¢ > ot & 7e in the infrared region (A > 2 ~ 3 um).

Since te o< Ne and ty1, Tpt o< Nﬁ , the role of bound-free and free-free absorptions

increases with increasing electron density. These absorption processes destroy
the polarized light and then act to decrease the polarization degree in the longer
wavelength region. In addition, if these opacity sources diminish the starlight in
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Figure 5. Optical thickness of hydrogen gas in LTE. Electron number density is Ne = 3 x 10
cm™ and the length R = 7.2 R, which yields the-optical thickness for electron scattering v =
0.1. The optical thicknesses for bound-free and free-free apsorption are shown for T, = 20,000 K
(solid line) and T. = 10,000 K (broken line). :
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front of the stellar disc, the colour will become bluer This absorption behaviour
is- generally consistent with observations.

- Im.actual cases of Be envelopes, it is obvious that the non-LTE effects become
essential and overall effects of scattering, emission and absorption will yield a wide
variety of resultant energy distribution and the wavelength dependence of polariza-
tion in some complicated way. Further study well coordinated from a wide
spectral region in polarimetry and photometry is highly desirable.

" 4, Emission lines

4.1. Emission mechanisms

The emission lines in lower members of the Balmer series of Be stars are, as seen
in section 2.3, generally formed through the incomplete Rosseland cycle in their
cool envelopes. Be stars often reveal emission components in lines other than
Balmer lines; Fen and Hel lines are also explained by similar a Rosseland cycle
(Wellman 1952a, b, ¢, 1955).

In contrast, the emission line of O1 A8446 has been attributed to the Bowen
fluorescence mechanism in hydrogen Lyman B radiation, since the correlation bet-
ween emission intensities of O1 A8446 and of lower Balmer lines is well established
(see Briot 1981b and references therein). Bruhweiler ez al. (1982) have also pro-
posed the Bowen mechanism for the Mg doublet at A2800, which often appears in
emission in early Be stars.

For the Can infrared triplet AA8498, 8542 and 8662 A, the emission mechanism
is not yet clear. Polidan & Peters (1976) and Polidan (1976) found no correlation
between emission intensities of this triplet and any parameters of Be stars, and
they suggested the possibility of binary interaction as the reason. Briot (1981b)
found that the Be stars showing emission lines in this_ triplet exhibit infrared excess '
“slightly higher than the stars without Can emission.

4.2. Emission line intensities

Briot (1971) and Briot & Zorec (1981) have derived a well established relation
between emission intensities of Balmer lines and the spectral types of Be stars, in
the sense that the emission equivalent width of the Ha line decliaes while the
Balmer decrement increases, on average, along the spectral sequence. Their
results are summarized in table 2.

Table 2. Observed Balmer emission intensity (Briot 1971)

Spectral type BO — B1 B2 B3 B5 — B6 B7 — B8
Emission equivalent width of Ha ' ,
Wa (A) 32(7) 30(12) 24(16) 20(11) 13(9)
Balmer decrements
Ha/HB 2.1 (7y 3.3 (12) 3.9 (16) 52 (11) 8.19)
Hy HB 0.66(6) 0.56(10) 0.53(7) 0.33(5) -
H&/HB ) 0.60(4) . 0.27(4) 0.36(5) .= —
He/HB 0.55(2) 0.09(1) - 0.22(2) - -

Note : The figure in the parenthesis denotes the number of stars for which the values are averaged.

© Astronomical Society of India * Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1984BASI...12..109H&amp;db_key=AST

2 BAS) T T.C12T CIO9HD

I'I_

122 Ryuko Hirata and Tomokazu Kogure

Theoretical predictions of the Balmer decrement Ha/HB based on the static and
moving-envelope approaches are shown in figure 6, together with the observed
average values in table 2. Relative level population Ny/N, in the LTE state is also
illustrated for comparison.

As an example of static approach, figure 6 gives the theoretical curves of Kogure’s
(1959b) case V, in which a constant optical thickness for the Lyman continuum is
assumed. One may see that observed values distribute along a constant value of
the dilution factor W, i.e., the average dimension of envelopes relative to the stellar
radii do not vary appreciably along the spectral sequence. The emergent flux of
He calculated in this case can also explain the spectral dependence of W« in table 2.

Moving-envelope approach of Sobolev (1947) can also qualitatively reproduce
the spectral dependence of W« and Ha/HB. Some of the theoretical decrements, -

Ha/HB

(B)

4
Toge/10

Figure 6. (A) Balmer decrements He/HpP along the spectral sequence calculated by the static
(Kogure’s case V) and moving-envelope (Lacoarret 1965) approaches. Filled circles show the
average observed decrements taken from table 2. (B) Relative level population N,/N, in the LTE
state is illustrated for comparison.
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calculated by Lacoarret (1965) by this approach, are shown in figure 6, where the
parameter x denotes B,s/W, B, being the escape probability of the La photons.
Then, if the velocity gradient does not vary among Be stars, the curves in figure 6
again correspond to the case of constant optical thickness for the Lyman continuum
as in case of Kogure (1959b).

The Balmer decrement Ha/HB is roughly expressed in Sobolev’s method by

16 () (0l 16 (v ) @
HB ~ n* \vay/ (NyfNp) ™ n2\vas) (Ny)

This expression is also applicable to the static approach, since Hn/H is essentially
given by the ratio of source functions for the corresponding lines. In this sense
we can transform the Balmer decrement into the respective population ratio and
can compare with LTE-values which are also given in figure 6 under the assumption
of Te = 0.75 Tetr (Gehrz et al. 1974). It is seen that the LTE population ratio
increases toward later spectral type by a factor of about 1.6 from 0.8 at Test
= 29000 K to 1.27 at Terr = 12500 K. Since the non-LTE effects give rise to over-
population in the lower level, the spectral dependence of Balmer decrements in
theory and observations suggests that the non-LTE effects tend to increase toward
late type Be stars.

Another implication from figure 6 is the question: Why nearly constant optical
thickness for the Lyman continuum is realized along the spectral type of Be stars ?
Such constant optical thickness requires the condition that the electron density of
envelopes in early type Be stars should be one order of magnitude higher than in
late type Be stars, if the envelope dimensions are not so different from each other,
i.e., the dilution factor W is nearly constant. ~

We next consider the Paschen decrement Pn/P14 (11 << n < 24) and Paschen-
Balmer relative intensities P14/HB, based on Briot’s (1981a) data, according to
which the values of P14/Hp are generally much higher than those predicted by the
Sobolev theory, except for B0e — Ble stars. The Paschen decrements appear rather
insensitive to the spectral sequence in her data.

In the frame of Sobolev expression, we can write the Paschen decrements as

rén‘ (Nn )* An;a\'a,n

% bia \ Ny A14,3v3,14’
Pn _ Nodn,sBonhvem (for optically thin case) (4-2)
P14 N14A14,363,14h\'3,14 'I @_(1_4)2 (ED;)* (!3;111 )4

! n Ny vara/)

14
L (for optically thick case)

where (Vn/Ny,)* denotes the LTE value. Here we notice that the deviation factors
by nearly take the LTE value (bn ~ 1) for n 2 10, according to the model calcula-

tions by Kriz (1979b) or Poeckert & Marlborough (1978b). In figure 7 are shown
the Paschen decrements Pn/P14 for both cases of optically thin and thick, together
with the observed values by Briot (1981a). Good agreement with observations is
remarkable in the optically thin case. This result implies that the Be envelopes
are optically thin for the Paschen lines higher than n = 15. '
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1 1 1 L] . 1 ¥ L ¥ L | |
Pn/P14 - : o
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b = o b o S =SSO
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3.0 L L !
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Figure 7. Paschen decrements Pn/P14 (n = 11 ~ 24). The mean observed decrements are shown
by filled circles with the scatter around the mean, and the numbers of stars used for taking the
average are also shown. Theoretical predictions are illustrated in the cases of optically thin (solid
line) and optical thick (broken line) for both of which b, = 11is assumed. One may notice that the
optically thin case well coincides with observations.

- Then, if we adopt the optically thin case, the Paschen-Balmer relative intensities
Pn/HB can be written as

Pr ba(Ne)*

HB b4 N4 3 (4-3)

where the level populations with asterisk denote the LTE values. In the frame of
this expression, strong Paschen lines should be attributed to strong enhancement in
the b,-factor relative to b,-factor, possibly due to the opaque nature of Be envelopes
in the Lyman and Balmer continua. In fact, Be stars having Paschen emission
lines are characterized by strong Ha emission (Briot 198]a).

Finally we present the (Wa — Ha/HB) diagram, which was calculated by Kogure,
Hirata and Suzuki (1975, personal communication) using the method of Kogure
(1969b). An example of their calculation is illustrated in figure 8. In the calcula-
tion the envelope is assumed to be a disc or ring of constant vertical thickness 2R,
and with equatorial extension from R; (inner radius) to R, (outer radius).

The parameters adopted in the calculations of theoretical curves in figure 8 are
as follows: Tuv = 30,000 K (stellar temperature in the Lyman continuum region),
Tert = 24,000 K (effective stellar temperature in the optical region), Te = 24,000 K
(electron temperature in the envelope), ¥V, = 400 kms? (stellar equatorial rotational
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7 b= Ha /HB BO-B2
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Figure 8. Correlation between Balmer decrement Ha/HB and Ha emission equivalent width W, for
early type Be stars. The observed values are taken from Briot (1971) (open circles) and from
our observations at the Okayama Astrophysical Observatory (filled circles). The same stars
observed by different observers or observed at different epochs are connected by thin lines. The
theoretical curves (thick lines) are those calculated by Kogure ef al. (1975). The adopted parameters
are given in the text. The outer radii R,/R, marked in each of theoretical curves show the values
in case of j = 1 (case of angular momentum conservation).

velocity), Tre = 1.0 (optical depth of the whole envelope in the Balmer continuum).

H = 2R, (total height), R, = R, (disc case)and i = 0°, 30°,60°, 90° (inclination angle
of the rotational axis). The calculated values of W« and the decrement Ha/H are
given as a function of R,/R, for each case of inclination angle /. The values of
Ry/R, are marked on the calculated curves in figure 8. If the envelope has a ring-
like structure, i.e., R;/R, > 1, then the theoretical curves will shift upwards
giving a steeper Balmer decrement with smaller emission equivalent width Wa.

In figure 8, observed values for BOVe — B2Ve, are taken from Briot (1971) and
from our observations at the Okayama Astrophysical Observatory. The same stars
observed by different observers or observed at different epochs are connected by
thin lines. Although a large scatter is seen in the distribution of stars, most of
the scatter can be explained by the variety of parameters i, H, R,, Ry and 7 se.
The significance of figure 8 as a tool of diagnostics of Be envelopes will be given
later (sections 6.2, 6.3).

4.3. Emission line profiles

The emission lines of Be stars are typically characterized by symmetric double-
peaked profiles, including, as special cases, single peaks (pole-on stars) and double-
peaks with central shell absorption (shell stars).
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We first consider the profile formation in an illustrative case of axially symmetric,
purely rotating thin envelope. This envelope is extending from r, = Ri/R, (inner
radius) to r, = R,/R, (outer radius) in the equatorial plane and is seen from an
inclination angle i(i 7= 90°). Let B(r) and {(v) be the surface brightness and the
intrinsic line-broadening function, respectively, where r = R/R, and v denote
the relative radius and the radial velocity inside a profile, respectively. Then the
emission line profile E(v) can be written as

ra +mw
E(v) = ;f Iw dé dr.r B(r) (v — v; (r, ¢)), (4-4)
-
where v,(r, ¢) denotes the line-of-sight velocity at the point (r, ¢). We also assume
that the function {(v) is independent of the position in the envelope, and that the
occultation of the envelope by the star is negligible.
For simplicity we approximate the circular velocity v¢(r) and the surface bright-
ness B(r) by the following power law functions

v§(r) = ve(1) r=4, B(r) = Byr™, (4-5)

where j and m are constant, The values of j = 1 and 1/2 correspond to the cases

of angular momentum conservation and the Keplerian motion, respectively. When

Jj=1/2, vs(1) should be the break-up velocity, JGM +/Rs, and, when the circular

velocity is smoothly linked to the stellar rotation, we have vg(1) = V.
Introducing new variables and orthogonal systems as

Z = ri, u= v/[vg(l)sini],

__sin¢ __Cos ¢
n= A E_,— 7 s

we can transform equation (4-4) into the form

+1/2, ;
B =22 | aw i — @-6)
-1/Z,
where
(]/Z% —p2)ie
AQ) = [ (€2 + ¥)? dg, @-7)
52(71)
p=2;j”’+1,zn=r,’, =12 @)
‘and
0, for +<|nl <o o
Eil) — ’ Z, SIS 7 (“9)

LVYZT =& for|n| < 1/Z,
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The first implication of equation (4-6) is that the resultant profile E(u) is comple-
tely determined by the parameters p, Z, and Z,, except for the proportional
constant. That is, the same profile is obtainable by different combination of j and
m, if the values of p, Z, and Z; are kept unchanged. This property has been first
proved in more general case by Huang (1972). It is probably by this property that
the observed profiles could be fitted with theoretical ones which are deduced under
different value of j. Actually, Hutchings (1970, 1971) and Kogure (1969a) assumed

j =1, whereas Marlborough & Cowley (1974), Marlborough (1976) and an
(1976b, 1979b) adopted j = 1/2.

We consider the emission line profiles and peak separation ve on the basis of
equation (4-6). The latter is defined as the half separation of blue and red peaks
in velocity unit. Furthermore, let us assume that the intrinsic broadening is
negligibly small, i.e., we have {(u — %) = 3(u — y), & being the Dirac function.
Then equation (4-6) can be reduced to

E() = Z;E; A). | (4-10)

Figure 9 illustrates the profiles A(x) for non-detached (Z, = 1) and infinitely
extended (Z, - oo) envelopes with p = 0,1,2 and 3. Incasesof p = 1 and 2 the
profiles for Z; = 2 and 3 are also shown. One may see that, when p (> 0) is fixed,
the emission intensity is getting stronger and the peak separation smaller as the
outer radius Z, increases. It is also evident that the peak separation is given by

ur‘ = l/Zg,
or

ve = vg(1) sin z'/r; = vg(rp) sin i. (4-11)

If the intrinsic broadening function {(v) has a half-width exceeding the peak
separation ve; the resultant profile turns into a single-peaked one.

Equation (4-11) mdlcates that the peak separation ve is 2 good measure of the
outer radius r, in the sense that, if we know the circular-velocity law, i.e: the value
of j, we can estimate the value of r, from the measurements of ve_and vg(1) sin i.
The latter is ordinarily regarded as ¥V, sin i, though the break-up velocity must be
used in principle in the case of Keplerian motion, i.e. j = 1/2. This general relation
also holds in cases of equator-on view (i = 90°) (Sobo]ev 1947, 1960), and of
elliptical rings (Huang 1972, 1973).

The emission line proﬁles are characterized by some widths such as the half
total-w1dth ve, the half half-width, v, and the peak separation, ve. If the broa-
dening of emission lines is purely rotational and vg(l) = V,, we should have:
rr § ¥V, sin i, reflecting the structure (disc or ring) of envelopes, since the wing
parts of profiles are usually formed in the inner regions of envelopes. The measure-
ments of vr for lower Balmer lines which have been made by Doazan (1970),
Slettebak (1976) and Andrillat & Fehrenbach (1982) reveal a large scattering against
the values of V* sin i. Thus, a considerable fraction of Be stars exhibit extended
wings (vz » V, sin §), particularly in He and Hp, suggesting the existence of some
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Figure 9. The emission line profile A (), calculated for axisymmetric, rotating, thin and non-
detached disc in case of p = 0, 1, 2 and 3. The solid line corresponds to the infinite outer radius,
and the broken lines illustrate the profiles in case of finite envelope for Zy(= r,’) = 2.0 and 3.0
foreachof p = 1 and 2.

other broadening agency such as electron scattering (Marlborough 1969; Poeckert
& Marlborough 1979). At the same time, there are also stars showing narrow
lines (v < ¥, sini). A natural explanation is that they have detached envelopes,
i.e. rings. 4

The difference vr — vp may be a measure of the equatorial extension, r, — ry,
since ve gives the information about r,. In many cases, values of r, — ry thus
estimated are not small as compared with the stellar radius R* even in case of

ring-like structure. This conclusion is consistent with that of KI‘lZ (1979b).
The distribution of stars on the (ve — V, sini) diagram also exhibits large
scattering in the region beneath the line of ve = ¥V, sini. According to equation

(4-11), this scatter is attributable to that of r;, i.e. to the difference in the outer

© Astronomical Society of India ¢ Provided by the NASA Astrophysics Data System '


http://adsabs.harvard.edu/cgi-bin/nph-bib_query?1984BASI...12..109H&amp;db_key=AST

2 BAS) T T.C12T CIO9HD

I'I_

The Be star Phenomena 129

radii of envelopes. It isalso to be mentioned that the observed peak separation
in various lines discloses a kind of stratification, since the values of ve generally
increase in the order of Ha, HB, ..., He1 and Mg A4481 (Hutchings 1970, 1971).
The values of ve in Her and Mg A4481 are often close to ¥ sin i, thus indicating
a stratified and wide extension of Be envelopes on the equatorial planes.

Finally we remark on the peak separation of shell stars, because strong shell
absorption component might broaden the peak separation of emission components.
In this context, we can notice that, even in shell stars, the peak separation is
smaller in the lower Balmer lines where the opacity is larger. As another example,
we can see the variation of peak separations of Balmer emission lines observed in
Pleione in the recent shell phase, that is, the peak separation has decreased as the
development of shell characteristics (Hirata & Kogure 1977). In this way we can
conclude that the arguments on peak separation of ordinary Be stars also hold in
shell stars as they are.

5. Shell absorption lines

5.1. General appearance

It is generally accepted that the shell absorption lines of Be stars are formed in the
part of cool envelopes extending in front of the stellar discs. Depending on the
structure of cool envelopes, shell lines appear in the Balmer lines as well as in
metallic lines in a wide variety of forms.

For the Balmer shell lines the values of »;, the last principal quantum number of
visible shell lines, may be a measure of the development of shell line spectra. Thus
the stars are sometimes called weak shell stars when », is small as in, say, ¢ Per
(n, = 10 ~ 12), and are called strong (or developed) shell stars when n; is large as
in EW Lac (n, = 35 ~ 40). It is also to be noticed that many Be stars sometimes
show the shell absorption cores in lower Balmer members (Hubert-Delplace &
Hubert 1979; Jaschek et al. 1980; Slettebak 1982).

The shell lines other than’hydrogen are visible in many species covering a wide
range of excitation stage. Their appearance in line widths, profiles, and radial
velocities is generally similar to the hydrogen shell lines. In table 3 the number of
shell lines identified in the spectral range AA3550-4855 A are given for EW Lac
(B3: IV: e-shell, V, sin i = 300 km s~3, Slettebak 1982) at the epoch 1965/7 (Kupo
1969) and 1978/9 (Poeckert 1980), and for Pleione (B8 (V:) e-shell, ¥V, sin i
= 320 km s72, Slettebak 1982) in 1977 (Ballereau 1980). The atoms and ions are
scparately given according to their ionization stage and ionization potentials
(I.P. = 10eV in peutral atoms, and I.P. (I - II) = 10 eV in singly ionized ions).
The linear dispersion of spectrograms used is 15 and 30 A mm~* in Kupo (1969),
6.7-9.7 A mm~! in Poeckert (1980), and 12 A mm— in Ballereau (1980). One
should notice that almost all metallic lines arise from the metastable levels.

In table 3 one may see the general appearance of metallic shell lines, .along with
their marked time variation in case of EW Lac. Itis seen that the shell spectrum
of EW Lac in 1965/7 was fully developed, showing high stage of ionization, while
the ionization stage decreased in 1978/9 almost to that of Pleione. In any case the
ionization and excitation state is lower than that of photospheric spectrum in a
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Table 3. Number of shell absorption lines detected in the spectral range A3550-24855 A, except
Hydrogen .
1. Neutral atom |
Z Atom EW Lac . Pleione
1965/7 1978/9 1977 )
Kupo (1969) Poeckert (1980) Ballereau (1980)
LP. < 10eV a
11 Nar’ 0 0 1
12 . NgI 3 3 4
13 All 2 1 1.
20 Car 9 0 6
21 ~ Scr1 . -0 1 0
22 Ti1 0 ] 0
23 Vi 0 6 0
24 - Cr1 1 -9 2
25 Mn1 0 1 0
26 Fe1l 157 47 105
27 Co1 0 3 0
28 Ni1 4 5 0
38 Sr.1 0 1 0
40 Zr1 1 1 Y
LP.>10eV
2 He 1 5 0 0
8 01 0 0 1
10 Ne 1 1 0 0
18 . Ara 5 0 0
2. -Singly ionized ions
Z Ton ’ ‘EWLac : Pleione
1965/7 : - 1978/9 : - 1977
LP.{U=>ID<1)éV' =~ . ) ' ‘
5 B 1 0 0
12 Mgu . 3 1 3
137 Al 4 0 0
14" = Sin 4 5 7
19... K . _ 1 0 0
200 Camn 1 2 3
2+ - Sem -, 0 ‘ : 5 16
22 Ti 29 ; 52 66 .
23 Vi ] 29 . 19 33
‘24 Cruo- Co 24 \ . 42 41
- 25 - Mn 1 . (1} . : 6 2
26 . Fen . 26 ‘ 74 85
27 - Con ' 0 0 1
28 Nin . .. 0 4 9
38 Srn ’ 0 2 2
39 Yu -~ . 0 0 16
40 - Zru . 1 0 9
42 ° Mo 0 0 5
LP.(I->1I)<I10eV
6 Ci 1 0 0
7. Nu .5 0 0
8 O 30 1 0
9 Fu 1 0 -0
10 Ne 11 ' 5 0 -0
15 Pu 1 0 0
16 Su 19 0 0
17 Clu 11 0 0
18 Ar i1 13 0 0
3. Doubly ionized ions
16 Six , o 2 k 0 . 0
20 Ca 1 0 ‘ 0
26 Fe 1 : : 5 : ‘ 0 ' 0
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majority of shell stars, except some ones which exhibit ionization state comparable
to that of the photosphere, e.g. 27 CMa (B3I1I(e) p-shell, V, sin i = 150: km s,
Slettebak 1982) and HD 184279 (BO.5, Jaschek et al. 1980, V, sin i = 200 km s-* in

new Slettebak system). In this sense the envelopes are cool, though the excitation

temperature can vary in some range as seen in EW Lac. A wide range of ioniza-
tion state in a star also suggest the stratification existing inside the envelope.

5.2. Curves of growth

The curve of growth provides one of the basic tools in the spectrophotometric
studies of normal stellar spectra. Though the envelopes of Be and shell stars are
different in their non-LTE nature from the normal stellar atmospheres, the method
of curve-of-growth has been applied to the analysis of shell absorption lines since
the first work of Underhill (1949). Since then, Underhill (1952, 1954), Ozemie
(1967), and others have applied this method mainly aiming to deduce the excitation
temperature Tex and turbulent velocity vy inside the envelopes. The derived values
of Tex mostly fall in a range of 8000-10000 K, reflecting the coel nature of
envelopes. In contrast, the values of vy exhibit rather large scatter from several
to several tens km s~ for different ions (Ozemre 1967), or for different epochs of
observations (Underhill 1954).

In figure 10 is illustrated an example of curve of growth constructed by Higurashi
& Hirata (1978) for Pleione, and table 4 gives a part of their derived parameters.
The excitation temperature thus found scatters in a range of 8000-13000 K

-’? =8 «7

2.0 |-

1.5 |

Fe 11 (1975)
1.0 |

105 — : /

1.0 |

0.5 ] i |

-3
Figure 10. Curve of growth of the Fem and Fe1 lines of Pleione in 1975 (Reproduced from
Higurashi & Hirata 1978).
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Table 4. Physical parameters of Pleione derived from the curve-of-growth analysis (Higurashi &
Hirata 1978)

Epoch - Ion n Tox(K) log( NI) vy(km s72)
1975 Fel 24 8400 15.4 3.8
Tin 31 10500 15.9 4.5
Fenr 28 10080 18.0 57
Cru 21 13260 15.9 57
1976 Fe1l 31 7520 15.7 39
Tin 33 9880 16.1 4.7
Vi 8 10950 15.7 3.8
Fen 38 9000 18.3 6.0
Cri 21 12000 16.1 6.0

Note : n, total number of lines used; T,,, excitation temperature; <Nl>, column density in. cm™2;
v;. microscopic velocity.

with the weighted mean of 9900 4 400 K for 1975 and 9100 4 400 K for 1976.
It is also noticed that the excitation temperature is definitely lower in neutral iron
than in singly-ionized metals. Similar tendency can be seen in turbulent velocities.
In addition they derived the column densities of ions log (N/) in cm~2, from which
they estimated the mass of envelope in the order of 10~ M.

In this way the curves of growth enable us to deduce several physical parameters
expressing some average state of envelopes. -However, one should recall the basic
assumptions of the curve-of-growth technique, which has been developed in case
of normal stellar atmospheres. When we apply this technique to the shell lines, it
is inevitable to assume the same degree of metastability, that is, the same values of
deviation factor bn for all metastable states and for ground state. Usually one
assumes b, = 1/W by an implication from the modified Saha equation. If this
assumption be valid, the linear part of a curve of growth yields the values of mean
column density averaged over the stellar surface and of mean excitation temperature
in ion formation region concerned.

However, the turbulent velocity v thus derived does not give the true turbulent
velocity, since the existing velocity gradient makes the lines desaturate and hence -
makes the apparent turbulent velocity larger (Abhyankar 1964; Arakelyan 1969;
Mihalas 1979). Continuous emission of the envelope also obscures the true equiva-
lent widths, contributing to the vertical shift of the curves of growth in question
(Underhill 1949). If a stellar disc of its fractional area g is occulted by the envelope,
as seen in the next section, then the observed equivalent widths will be reduced
by the same fraction 8. All these factors mentioned above will affect the
apparent turbulent velocity, and make the interpretation of vy difficult.

5.3 Central depths

Let B be the fractional area of the stellar disc occulted by the envelope and 7. be
the mean optical depth of the envelope at the line centre of the He line. If there
appears no appreciable Balmer progression, the central depths of the Balmer shell
lines as the function of the series number 7 provide a technique to deduce the values
of § and v« (Kogure 1969b). If we define the central depth Rn = 1 — ra/r% where

r¥ and ra denote the residual intensities of the photospheric and shell absorption
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lines, respectively, relative to the adjacent continuum, then the value of Ra for the
Hn line can be expressed (Kogure et al. 1978), as

Ra = B{l — exp [— wamal}), - ' (5-1)

where wn = (Banvan)/(Bigves), Ban, By, being the Einstein coefficients and vaa, vy, the
frequencies of respective 2n-, 23-radiations. Plotting observed central depths on
the (Ra — log wy,) diagram, and adjusting the theoretical curves (5-1) so as to fit with
observations, we can get the values of g and va. ' 7

This method has been applied to EW Lac by Kogure (1975) and to Pleione by
Hirata & Kogure (1977, 1978). Hirata & Kogure (1977) have extended it to the
case where the envelope can be approximated by two sublayers with different optical
depths 7a; and fractional areas Bi(i = 1,2). Figure 11 illustrates an example of
the fitting in case of Pleione. An extension to the metallic shell lines has been made
by Higurashi & Hirata (1978). ) ‘

5.4. Balmer progression

When the radial velocity va at the centre of shell line Hn varies along the series
number 7, i.e., when a gradient dvs/dn = 0 exists, we call this phenomenon the
Balmer progression. There are at present two opposite points of view to interpret
the Balmer progression. One is to attribute it to an effect of Balmer reemission,
while the other is to attribute it to an absorption process.

The former explanation was used by Marlborough & Gredley (1972) who calcu-
lated the line profiles based on Marlborough’s (1969) method. Their theoretical
prediction, however, was unsuccessful to reproduce the observed Balmer progression
which appeared in Pleione in 1938-1954. Similar effort has been made by
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Figure 11. Fitting of central depths of the Balmer shell-absorption lines for Pleione in 1975. The
broken lices denote the theoretical curves for two sublayers with different optical depth 7, and
fractional area . The full line gives the composite theoretical curves to be compared with observed
points which are plotted by dots. (Reproduced from Hirata & Kogure 1977).
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Peraiah (1982) by showing that the higher members of the Balmer lines are formed
in a region where the velocity gradient is steep. In this case, the next step should be
taken to see how Balmer progression can be predicted by such differential reemission.

The second explanation, of absorption process, is based on the fact that contrary
to the cases of supergiants and P Cyg stars the progression in Be stars occurs also in
higher Balmer members, for which no emission component is expected. We present
here a simple prediction as an application of the central-depth method given in
section 5.3. Let Rn(v) be the depth of Hn-line profile at the radial velocity v, then the
value of Rn(v) can be written as

Ru(v) = B(v) {1 — exp [~ wnta(W)]}, (5-2)

where B, T« have the same meaning as in equation (5-1), except that they depend on v.

The appearance of Balmer progression can be shown by a simple example. Let
us consider two radial velocities w(i = 1, 2, and v, > v,), and draw the depth Rn(vi)
as a function of n, for the constant values of vi. Figure 12(a) illustrates schematic

(a) (R, - log ™) diagram

1.0

(b) Profiles of Hn and Hn' lines

V2. V'l v

Figure 12. (a) Schematic (R, — log w,) diagram in two particular velocities v, and vy(vy, > vg)
inside the shell absorption profiles of the Balmer series.

(b) Schematic profiles of shell absorption lines in the Hn and Hn'(n’ > n), which exhibit the Balmer
progression in a type of dv,,/dn < O.
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curves of the (R, — log wa) relation for v, and v,, where B(v;) > B(v;) and 1a(v;) <
Ta(v2) are assumed. If we consider the profiles of two different lines of Hn and Hn'
(n" > n), the expected profiles of these lines may be such as schematically shown in
figure 12(b).

Figure 12(b) predicts for Balmer progression dva/dn < 0. The problem is then
how to find the velocity field which gives the Ra(v) curves such as shown in
figure 12(a). Using this idea, Hirata (1982b) has searched for possible velocity field
which gives rise to typical cases of Balmer progression, and found two possible
cases of (i) precessing elongated disc and (ii) decelerating outflowing envelope.
These considerations are efforts to find the simplest geometry and velocity field to
yield observed progression. Another possibility is an introduction of multilayers, by
which multiple maxima in te(v) are realized. In fact, Merrill & Sanford (1944)
originally introduced the rapid and slow decrements for the progression in 48 Lib.
Although detailed examination is not yet finished, these examples suggest a possible
way to explain the Balmer progression in terms of pure absorption process. It is
also possible that the emission process may play some role in the occurrence of Balmer
progression in the lower Balmer members.

6. Structure of cool envelopes

6.1. Diagnostics of the structure

In the previous sections we have separately considered the spectral formation of the
continuum, emission and shell absorption lines. The next step isto construct
reliable ad-hoc models for individual stars and for Be stars in genmeral. Although a
number of ad-hoc models has so far been proposed, most of them are based on some
particular picture of envelopes such as rotating thin discs or vertically expanded
shells. Before proceeding to the modelling of envelopes, it is obviously desirable to
make a sufficient diagnostic on the global picture of envelopes which often show
their indications in their spectral behaviour. In spite of its importance, the coordi-
nated diagnostics has not yet been fully developed.

In this section we consider the following structural properties: (a) Are the
envelopes really flattened or vertically expanded ? (b) Are the envelopes disc-like or
ring-like ? (¢) Are the envelopes circular or elongated ? (d) Do the envelopes exhibit
inhomogeneities or multiple structure ? And, (¢) what circular-velocity law prevails
in envelopes ?

The present purpose of diagnostics is limited to pick up the candidate stars having
special behaviour. However, if we combine the results, we can expect to obtain a
reliable picture of Be-star envelopes for individual stars or in average, even in the
present state of diagnostics.

6.2. Flattened or vertically expanded ?

(i) Polarization

Most of Be stars exhibit intrinsic linear polarization often variable and of typically
19, in the optical continuum. In figure 13 is shown the spectral-type dependence
of the intrinsic polarization, P(%)). The polarization data are taken from those
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Figure 13. Distribution of the intrinsic linear polarization P (%) along the spectral type. The
filled circle indicates the shell stars (defined as Be stars which showed well-developed shell spectra or
showed frequently the shell spectra in past). The open circle denotes non-shell stars. The bar
under the mark means the upper limit of P.

compiled by McLean & Brown (1978). The effective wavelength of passband is
4250 A. Spectral types are adopted from Slettebak (1982). One may notice that
the upper boundary of P(%,) is appreciably higher in early-type stars thaninlate-type
stars. Metz (1982) has examined the possibility of spherical shell model around
the deformed star rotating nearly at its break-up velocity. Even if we admit that
the intrinsic polarization is formed in the deformed star (see section 3.2), this model
hardly explains the low polarization in late-type Be stars, since late-type stars are
generally rapid rotators, nearer their break-up velocities than early-type Be stars
(see figure 4 of Paper I).

Since the first work of Coyne & Kruszewski (1969), the intrinsic linear polariza-
tion has been attributed to the electron scattering in the flattened envelope (Coyne
1976; Coyne & McLean 1982). Thus, it offers an important tool of diagnostics on
the flatness of the envelopes. In case of a point source and an optically thin, purely
scattering, axisymmetric envelope, Brown and McLean (1977) derived the expression,

P = 2%x(1 — 3y)sin? i, (6-1)
where 7 is the mean Thomson-scattering optical thickness averaged over solid angle
and v is a shape factor measuring the flatness of the envelope. The value of %

depends on the density, size of envelope and shape of the envelope, while the shape
factor becomes zero for a thin equatorial disc and one third for a spherically
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symmetric envelope. Expression (6-1) tells us that the shape factor y cannot be
separated from 7 in general. Jones (1979) has developed a more elaborate model
(finite size of star and inclusion of single scattering of thermal emission created in
the envelope) to interpret the wavelength dependence of polarization in the optical
and infrared regions. Total vertical height of the disc, H, thus derived, is as small
as 0.45 ~ 0.85 R, and the flatness H/(R, — R,) ranges in 0.08 ~ 0.4 in his seven
well-developed Be stars (R, and R, are the inner and outer radii of the envelope).
Though the contribution of emission and absorption processes may play an
important role in the formation of polarization, as suggested in section 2.3, and by
Jones (1979), we here discuss the general trend, based on the expression (6-1) as a
rough guess. The dependence of the polarization on the inclination angle has been
demonstrated by Poeckert & Marlborough (1976), McLean & Brown (1978) and
McLean (1979). McLean & Brown (1978) obtained an inclination-angle free para-

meter k = P/(V, sin i)2 = 2%(1 — 3y)/V2 less than 3 x 1077 (km/s)~2 with a
large scatter in large V, sini. This scatter should be attributed to the scatters in
T, vand V,. o ‘

The distribution of polarization along the spectral type (figure 13) closely resembles
the distribution of the Balmer line intensity (Briot 1971; table 2 in this article).
Balmer line intensity is expected to be an increasing function of . Thus, one may
expect the correlation between the polarization and the Balmer line intensity. In
fact, we can see such correlated variation in = Aqr (Nordh & Olofsson 1977; McLean
1979) and in y Cas (Poeckert & Marlborough 1977; McLean 1979). In figure 14 we
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Figure 14. The correlation between the intrinsic polarization and the Ha emission equivalent width
in BO-B2 stars. The symbols are the same as in figure 13, :
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illustrate the correlation between the polarization degree of McLean & Brown (1978)
and the mean Ha emission equivalent width obtained by Dachs ef al. (1981) and
Andrillat & Fehrenbach (1982) for early type Be stars (B0-B2). It is seen that
the intrinsic polarization of stars with Wa &5 15 A is less than 0.5%, and high
polarization appears in stars with W« 2 20 A. No correlation is found in stars
with W, = 20 A. Similar diagrams were constructed by Poeckert & Marlborough
(1976) and McLean (1979) and show the same tendency. We have also examined
the correlation between the inclination-angle free parameter k& and Wea, but no
correlation is found. These results imply that relatively large v is necessary for
achieving high polarization and the value of v may differ in different Be stars. The
latter possibility is examined in spectroscopic data in the following subsections.

(ii) Central depths of shell absorption lines

For the shell stars with sufficiently large values of ¥y sin i, the central-depth method
given in section 5.3 yields an effective way to pick up stars with vertically thin
envelopes. That is, if the derived value of B is less than unity, the vertical height of
the envelope should effectively be less than stellar diameter, since such a star can be
regarded as equator-on and a part of naked stellar disc can be seen through the
unocculted fractional area (1 — B).

As a typical example we show the development of shell spectrum of Pleione since
the commencement of its recent shell phase in 1972. According to Hirata & Kogure
(1977, 1978), the envelope of Pleione is composed of aroptisally thicker but verti-
cally thinner layer (layer 1) and an optically thinner but vertically thicker layer
(layer 2). Layer 1 may be regarded as the densent part of gas distribution in the
whole envelope. - The time developments of tas and B: for layer i(i = 1, 2) are illus-
trated in figure 15, in which one may see that the recent shell phase of Pleione has
started from the formation of vertically very thin but optically thick envelope, and
then gradually expanded vertically as well as horizontally.

(iii) fhe appearance of shell absorption lines

The condition for a Be star not to exhibit shell lines is that the envelope be optically
thin in the Ha line, provided the value of B is not too small. According to the
central-depth method, shell lines in the Balmer series disappear when <o is less than
about 100, and the emission components in the lower Balmer lines are sufficiently
strong so as to fill up the shell absorptions. These conditions may be fulfilled when
the envelope is vertically expanded.

A typical case is the Be-star phase (non-shell) of Pleione which was observed in
1955-1971 (figure 12 of Paper I). In this period the shell lines faded away while
emission lines remained sufficiently strong. Let us suppose that Pleione has fulfilled
the above condition of shell-line disappearance in this phase. The optical thickness
e is given by Hirata & Kogure (1977) as, if we adopt T' = 12000 K,

R 1
_20 z Eacy

where R, denotes the outer radius of envelope, W the dilution factor at a mid-point
of the envelope, and Ne the electron density. If we insert the value of 7a < 100

for a typical case of R, ~ 5R,, we obtain
Ne 5 8 X 10° cm—3,
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Figure 15. The variation of  and T, in the recent shell phase of Pleione (Reproduced from Hirata
ef al. 1982).

This value gives a total mass of Meqv 5 2 X 1071%M @, if we assume a spherically
symmetric envelope. Thus the envelope mass required for the absence of shell lines
is slightly higher than or comparable in order of magnitude to that in the early shell
phase in 1973-1975 (Hirata & Kogure 1977).

Combining this result with the arguments in figure 11, we can obtain a picture of
Pleione’s envelope as follows. The Be-star phase in 1955-1971 is possibly charac-
terized by optically thin (t« < 100) but vertically expanded (H > R,) envelope. In
the shell phase the envelope is optically thick (T« ~ 4000) but vertically very concen-
trated (H < R,).

According to a long-term monitoring by Hubert-Delplace et al. (1979), ordinary
Be stars which are rotating faster than V,, sin i = 200 km s~* occasionally disclose
shell characteristics in their spectra. In such cases we can suppose that their dense
parts of envelope have expanded vertically. For example, if we adopt an intrinsic
rotational velocity ¥, = 300 km s~ for a typical Be star (section 4 of paper I), and
if a star'with ¥V sin i == 200 km s~ showed shell lines, then the envelope of this star
should expand vertically covering the stellar photosphere up to about 50° in the
star’s latitude. Thus the appearance of shell lines in ordinary Be stars yields star
candidates with vertically expanded envelopes.
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(iv) Emission-line intensities

The (Ha/HB — W) diagram considered in section 4.2, allows us to pick up candidate

“stars having vertically expanded envelopes. That is, if a star is located in figure 8

in the region well below the theoretical curves of i = 0° ~ 90°, the envelope of this
star should be optically thick (e > 1) or vertically expanded (H > 2R,) or both.
X Oph, X Per, and = Aqr in some phase may be such condidates in figure 8.

6.3. Disc or ring ?

In section 4.3 we have shown that the disc-like structure is more prevalent than the
ring-like in the Be envelopes. The ring-like or detached envelopes, however, may
exist as has been often suggested, e.g., by Kogure (1969a) for 11 Cam, and by Jones
(1979) for 48 Lib. We consider this problem in this section.

(i) Emission line widths

The half total-width vr is a good measure of detachedness, provided rotational
broadening among several mechanisms. In this case the inner radius r, relative to
the stellar radius is given by

ve = vg(1) siniry?, ‘ (6-2)

where the notation is as defined in section 4.3. If we admit vg(1) = V,, then the
width vr smaller than V, sin i suggests the ring-like or detached envelope. Actually,
however, emission lines often suffer from broadening by electron scattering, parti-
cularly in the lower Balmer members, so that the values of vr can vary for different
lines. In such cases we have to select the lines showing the narrowest width vr,
which are often faint and difficult to measure accurately. Anyway, stars with
vr < V, sin i and with sufficiently strong emission intensities are the candidates for
detached envelopes. Another comment is that the detachedness found in some lines,
say, in hydrogen, does not necessarily mean the detachedness of the envelope itself,
bccause other lines, say Hel emission lines, might show non-detached envelope
makmg a kind of stratlﬁcatxon.

(i) Emission line intensities

We again consider the (Ha/HB — W,) diagram as given in figure 8. If a star is
located well above the theoretical curves calculated for'a disc model, then the star
should be a candidate for having ring-like envelopes. HD 177648, 1H Cam, and 11
Cam in some epoch, may be such candidates. One may also notice that several stars
exhibit marked time variations. Their loci on the diagram should reflect the struc-
tural changes of envelopes in geometrical (equatorial and vertical extension and/or
detachedness) and in optical properties (values of ts¢).

In this way figure 8 and similar diagrams calculated for other spectral types pro-
vide a good tool of diagnostics of flatness, detachedness, and other structural
behaviour. This advantage may be explained by the fact that the value of Wa is
determined as an integrated effect from all volume of envelope, i.e., depending on
the parameters r,, r,, H and ts¢, whereas the decrement Ha/H is effectively only a
function of dilution factor, independent of H and 7z as seen in figure 1.
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6.4. Axisymmetric or elongated?

The cool envelopes of Be stars are usually supposed to be axisymmetric discs or rings
rotating without showing appreciable radial motions. This is a simple picture
inferred from the symmetric double-peaked profiles of emission lines. This picture
is violated when stars exhibit the V/R variations in their emission line profiles. As
has been-described in section 8.2 of Paper I, two thirds of Be stars exhibit the V/R
variation and a quarter show the quasi-periodic V/R variation. In case of the quasi-
periodic V/R variation, the periods are strongly concentrated at about 7 years, and
differ from those of E/C variation, the latter being presumably expected to be
the activity cycle of Be stars (section 8.2 of Paper I). The statistical nature of V/R
variation in case of temporary variation is not yet known. We here confine our
discussion to the quasi-periodic V/R variation.

Concerning the origin of the quasi-periodic #/R . variation there are in principle
two possible ways of interpretation. One is the pulsational motion in axisymmetric
envelopes, and the other is the precession of the elongated envelopes. As is well
known, purely outflowing envelope forms a P Cyg-type profile. When combined
with rotational motion, the resultant profile gives an asymmetry of V/R < 1 for
outflowing motion, and of ¥/R > 1 for inflowing motion. A simple stellar-wind
model based on the outflow motion can only explain the ¥/R < 1 phase, and is not
adequate for these variables, since no preferential appearance of /R < 1 phase has
been observed (Boyarchuk 1958; Copeland & Heard 1963). The body of emission
line shifts bluewards in the V/R < 1 phase and redwards in the /R > 1 phase
(McLaughlin 1961). McLaughlin (1961) argued that this behaviour cannot be
explained by the pulsation model] and rejected this hypothesis.

Elliptical ring model was originally suggested by Struve (1931) and supported by

McLaughlin (1961) and then developed by Huang (1972, 1973, 1975, 1976) and Krié
(1976a, 1979a, b). The basic idea of this model is that, if gases in an elliptical ring
undergo Keplerian motion, the apocentric region of the ring will be more populated
by gas than the pericentric region. The long-term V/R variation may be explained
by the precession of the elliptic ring. However, the observed profiles and the existence
of V/R-variable shell stars support the view that the ring should be wide in its

equatorial extension, making elongated discs rather than rings (section 6.2; K;xé
1979b). The variation of shell line width in  Tau also supports the elongated disc
(Itoh et al. 1983). Thus, the elongated disc is the most probable candidate to explain
the quasi-periodic V/R variables.

On the formation of elongated discs, there are two ideas; the one is the precession

in the binary potential field (Harmanec & Klylg 1976), and the other is the growth of
one-arm structure in a Keplerian disc around a single star (Kato 1983). Both seem
to explain the period with the order of 7 years. Another mechanism might be of
magnetic nature. As seen in section 2.2, of all the magnetohydrodynamical stellar
wind is the most promising at present. Then it is not unreasonable to attribute the
deformation of envelopes to some effect of magnetic field, though actual process is
not yet understood. ;

In the case of some binary Be stars, the figure of the envelopes is fixed to the
binary potential field (stable orbit). Thus, the revolution of envelopes follows the
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binary period (¢ Per, Suzuki 1980; 4 Her, Suzuki 1983, personal communication).
It seems that the envelope is fully developed and fills the maximum stable orbit.
Marlborough et al. (1978), in their stellar wind model for y Cas, have introduced a
third body of the orbital period of about 4 years in order to interpret its V/R varia-
tion by elongated disc.

It seems that the elongated disc has been well established in £ Tau, ¢ Per and 4
Her, all being shell stars belonging to the binary systems. However, it is still
uncertain whether all V/R variables have elongated discs or not. For example,
behaviour of HD 184279 (BO.5) in spectroscopic and photometric variations seems
not to follow the prediction in the frame of elongated disc (Horn et al. 1982).

6.5. Inhomogencity or multiple components

The emission-line profiles in the lower Balmer series occasionally reveal triple or
even quadruple peaks, as observed, e.g. in { Tau (Delplace 1970), 27 CMa (Hubert-
Delplace et al. 1983), or in some stars in the catalogue of Ha profiles by Andrillat &
Fehrenbach (1982).

In the shell absorption lines, too, we can sece two or even more components in
some stars as in EW Lac (Poeckert 1980). Suzuki (1983) has noticed that such
multiple components are rather prevalent among Be stars and the radial velocities
of absorption components relative to the line centre often exceed several tens km s—2.

These features in emission and shell absorption profiles suggest the existence of
inhomogeneity or multiple-component structure in the envelopes of Be stars. No
explanation has been given for these features and the accumulation of further
observational materials is most desirable.

6.6. Circular velocity law

A long-standing but still unsolved problem in the kinematical structure of Be
envelopes is the circular velocity law inside the envelopes. This problem is very
important not only in the empirical determination of envelope size (section 4.3) but
also in the argument of the origin of Be cool envelopes (section 2.2). At present,
the tool of diagnostics at our hand is only the line-profile analysis, though unique
determination of the circular velocity field is very difficult (section 4.3).

The following three stars present the cases for which the circular velocity law is
seemingly well established.

(@) £ Oph (09.5V, V, sin i = 320 km s}, Slettebak 1982)

This star has shown the emission episodes in 1973-1974 and in 1980 (Ebbets 1981
and references therein). In figure 16 which is constructed from Ebbets (1981) we
show the emission profile of the H« line on 1980 May 28. The photospheric
component is subtracted by making use of the profile observed on 1979 Septem-
ber 28 (no emission phase) and a mean profile of blue and red parts is shown
because of its symmetry. It is noticed that the wing extends to about 550 km s,
exceeding the V, simi value. Moreover, the emission peak separation of the He1

lines, vp, is about 400 km s-! (Ebbets 1981). These facts suggest that the inner part
of the emvelope rotates more rapidly than the star. Discovery of moving features

in HB and He1 lines by Walker et al. (1979, 1981) also supports this view, since the
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Figure 16. The He emission profile (solid line) of £ Oph on 1980 May 28 (Ebbets 1981) and
the function A (u). The abscissa gives the velocity scale in km s~ (lower side) or in normalized
scale u = v/540 (upper side). The ordinate denotes the intensity relative to the iadjacent
continuum (left-hand side) or the normalized intensity to the total intensity (right-hand side).
The function A(#) normalized to the total intensity is shown for cases of p = 1 (cross) and
p = 2 (dot).

V4 sin i value must exceed 500km s if these moving features are supposed to
originate in the photosphere (Ebbets 1981; Walker et al. 1981). In this way, Ebbets
(1981) proposed the Keplerian motion in the envelope, and concluded that the
envelope extends from 1 R, to 4.8 R,, employing Huang’s (1972) disc model.

We note that the circular velocity in the envelope may obey the law of angular
momentum conservation even if the innermost part of the envelope rotates with the
Keplerian velocity. In figure 16, we also show the function A(u) defined by equa-
tion (4-7). Following the argument of Ebbets (1981) and Walker (1981), we adopt
v¢(1) = 660 km s~} (Keplerian velocity) and i = 55°, then vg(1) sin i = 540km s~%.
The observed peak separation is vp = 260 km s~2, thatis, up = 0.48. The scale
u = v[[v4(1) sini] is shown in the upper part of the figure, In the right-hand side
of the ordinate, we show the normalized intensity scale so that the total intensity
becomes unity in the u-space. The function A(u) normalized in the same manner
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is shown for cases of p =1 (cross) and p =.2 (dot). Taking into account
the effect of intrinsic broadening function {(x) and the occultation of the envelope
by the star, we obtain p =2 2. Then, we have m =2 0, rs = 2. 1forj=1,andm = 1,
r, = 4.3 forj = 1/2. Inthe case of angular momentum conservation (j = 1), we
can suppose m > 0, because the envelope is formed through the mass loss from the
central star and the density should be a decreasing functicn of . Thus, we conclude
that j = 1/2 is preferable.

(b) ¢ Per (BL5 (V :) e-shell, V, sini = 400 km s~*, Slettebak 1982; -
spectroscopic binary with a period of 127 days)

Suzuki (1980) interpreted theperiodic variation of the emission and shell lines in
terms of the restricted three-body problem. Later, Poeckert (1981) confirmed the
orbital element derived by Suzuki (1980), by the standard radial velocity measure-
ment of the photospheric lines. Though Suzuki (1980) adopted the ring model, his
result clearly shows that the motion of the envelope gas is controlled by the potential
field in this binary system and suggests Keplerian motion in the inner part near
B star.

(¢) Be component of VV Cep (0O8)

The Be envelope is occulted by the M-supergiant primary. The duration of the
envelope eclipse was 150 days in 1976, which gives 500 R@ for the envelope radius
(Kawabata et al. 1981). Saijo (1981) has succeeded in the Ha profile fitting out of
and during eclipse, and he obtained vg(r) = 350 r~*/2 km s and m = 1.5 in the
notation of section 4.3. Thus, the circular velocity law obeys the Keplerian
form. The absolute value of the circular velocity is much smaller than the Kep-
lerian velocity (540 km s~ at r = 1). He interpreted this difference in terms of
contribution from the radiation pressure (¢f. Kurucz & Schild 1976). The Be
envelope in this system, however, differs from those of the majority of Be stars,
because the Be envelope is huge (~ 40 R,) and the emission intensity is one or two
orders of magnitude stronger than others, if we refer to the Be continuum.

In these cases the Keplerian type of circular velocity has been inferred. However,
it is still uncertain whether these results can be generalized to other Be stars or not.
The study of correlation in the variation between emission intensity and peak
separation in individual stars and the profile analysis, illustrated in the case of { Oph,
for many Be stars may give some hints to the solution of this problem. From
a theoretical point of view, more precise treatment of the non-LTE problem is
desirable.

7. Structure and origin of hot regions

General characteristics of hot regions around Be stars have been considered in
section 6 of Paper I. In this section we further consider superionization and expansion
phenomena detected in the ultraviolet region. One should notice that the super-
ionization is not identical with the hot plasma of T ~ 10° K (Lamers & Snow 1978),
since it can occur in cooler region of T ~ 104 K by the Auger mechanisms, i.e., by
the ionization caused by soft x-rays (Cassinelli & Olson 1979). In the latter case
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the source  of soft x-rays evidently requires the existence of Lot regions somewhere
else. Keeping these arguments in mind, we hereafter use the term hot region for
superionized region. '

7.1. Mass loss phenomena in normal B stars

The mass loss phenomena in B and Be stars are considered in some detail in section
7 of Paper I. In this section we emphasize the importance of mass loss processes
in normal B stars, since B and Be stars bear close resemblance suggesting common
origin.

Table 5 presents mass loss evidence in normal B dwarfs, based on Siiv and
C1v lines in the IUE spectra. It is remarkable in table 5 that all the giant
stars show mass loss evidence, whereas dwarf stars do not, except the brightest
star p! Sco of Myo1 ~ — 6. There secems no clear relation between mass loss
phenomena and stellar rotation, ¥ sin i. This result may be compared with that of
Doazan et al. (1982a) who examined 21 B and Be stars of which 5 are normal B
dwarfs and found that 19 out of 21 stars showed mass loss profiles.

Snow (1982) argues that Be stars are almost indistinguishable from normal B stars
(including supergiants) in the mass loss phenomena in the ultraviolet domain, "with,
at most, slight enhancements in Be stars.

Evidently, further studies for larger sample of normal B dwarfs is required for
clarifying mass Joss and superionization phenomena in normal B dwarfs. And,
further comparative studies of B and Be stars are also desirable.

7.2. Geometrical relation

Poeckert (1982) has illustrated four possible types of geometrical relations between
hot and cool regions around Be stars. Categorically there are two groups. The
one is the one-dimensional arrangement of hot and cool regions such as inner hot
region and outer cool region (Doazan et al. 1981) or vice versa. The other
is the bi-dimensional arrangement conmsisting of cool equatorial disc and hot
expanding region in higher latitude. One may add another possibility of rather

Table 5. Mass loss evidence in normal B stars

Mass loss evidence**

Star name Spectral type Vesini*

(km s~ Siiv Civ
p! Sco B151vV 190 o o
HD 72127 A B21V 170 X X
Yy Peg B21v < 10 X X
HD 74234 B2V 200 X ?
+ Her B3V 10 X X
< Her B51V 30 X -—
D Vel BOIII 300 o 0
v Eri B2III 25 o: o:
HD 166596 B 3111 : 210 o o
8 Per B5III 200 o —
{ Dra BSHI 25 A —_—

*New Slettebak system
**QOpen circle = mass loss profile (P Cyg, blue winged, or blue shifted)
- . Cross = symmetric profile :
Triangle = suspected mass loss profile
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spherical hot expanding region plus cool discrete clouds at the equatorial plane
(Gorbatskii 1975).

Hubert-Delplace et al. (1983) have examined the behaviour of radial velocities of
high-ionization lines in the ultraviolet region and of low-ionization lines in the
visible region in § Tau and 48 Lib, both of which are V/R-variable shell stars. They
found that the negative velocities in Si 1v and C 1v resonance lines were kept cons-
tant while the lines of low ionization showed sinusoidal velocity variations with
positive values. This suggests that the cool and hot regions in these stars should
be uncoupled dynamically. Combining this with the fact that the pole-on stars
also exhibit mass loss phenomena in the ultraviolet region, Hubert-Delplace et al.
(1983) support the view of bi-dimensional arrangement.

If we adopt the bi-dimensional structure, the problem will be the relationship .
between hot and cool regions in their origin and formation. Marlborough et al.
(1978) suggested that a hot region is formed by the shear instability of the
cool equatorial disc. Another view is that the hot region is a hot-expanding wind
region, rather spherical and prevailing among normal B stars. If the density
becomes high in the equatorial plane for some reason, then, cooling process operates
and we obtain a cool equatorial disc. This picture suggests an interpretation for
the time variation observed in 59 Cyg (section 8 of Paper I), in which Siiv and C 1v
lines become enhanced when the Hx emission becomes faint.

7.3. Optical properties

The hot expanding stellar winds around Be stars are complicated by the existence
of cool equatorial discs. Moreover, the expanding regions are generally inhomo-
geneous and often give rise to active phenomena (e.g. Doazan et al. 1982b; Henrichs
1982). These factors make difficult the modelling of hot expanding regions and we
are forced at present to adopt some spherically symmetric wind model for obtaining
their ,global picture.

Snow (1981) has applied Castor & Lamers’ (1979) method to Si mrand Sitv
resonance lines of 22 Be and B stars, and found rather small optical thickness in
these lines in case of Be stars as compared to that of supergiants. Snow (1981)
has also estimated for 59 Cyg the hydrogen column density Nu ~ 108 cm~2 of the
region where Simrand Siiv lines are formed. Snow et al. (1979) found that sharp
Fe mi lines in the ultraviolet region generally show small, negative velocities relative
to the stars. They concluded that these lines are formed at the bottom of the wind
where Nu =~ 10°-2t cm~2. Later on, Hubert-Delplace er al. (1983) have shown
that these sharp Feu lines are also formed in the extended cool envelopes in case
of shell stars. The existence of such doubly ionized iron in cool envelopes is also
expected from Fe 11 emission lines. Hence, if we exclude shell stars from the stars
listed by Snow et al. (1979), the hydrogen column density in the regions of sharp
Fe m1 line formation is Na ~ 10* cm~2, much smaller than that of cool equatorial
envelopes, Nu =~ 102-28 cm~2 (e.g. Boyarchuk 1958; Gehrz et al. 1974).

These optical properties imply that the gas density in hot expanding winds is
much lower than that in cool equatorial envelopes, even if we admit relatively
compact regions for the expanding winds. In spite of such a difference, the derived
mass loss rates from hot and cool envelopes are comparable, of the order of 10-? ~
10~ M@ yr™ (see figure 10 and section 7 of Paper I). The difference in expanding
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velocity and/or in source area of gas ejection on the photosphere might account for
these features.

Finally we shall make a comment on the argument of Persi et al. (1982) on the
spherically expanding region as a source of observed infrared excess. Assuming
that the infrared excess and ultraviolet resonance lines are formed in the same
expanding region, they have derived high mass-loss rates of 5 x 107 ~ 8 x 10—
M@ yr for three x-ray Be stars (HD 245770, ¥ Cas and X Per). These are several
orders of magnitude higher than the figures cited above.

Let us suppose that the infrared radiation is formed in a fully ionized, spherical
envelope, expanding with a constant velocity v. Then the mass loss rate is given by

. Re V7 v e
> ~6 * 0%
MMe/yr) = 1.8 x 10 (IOR@) ( 1000) \/10”

where o denotes the volume emission measure defined in section 3.2, R@ the solar
radius, and v is measured in km s~*. The typical value of « needed for giving
observed infrared excess is 10%% ~ 10 (see section 3.2). Then, so far as we adopt

high expanding velocity of v ~ 1000 km s-1, high mass-loss rate M 2 10 Mo yrt
is almost inevitable. High temperature of ~10° K does not change the value of «
appreciably. It thus becomes clear that the high mass loss rate of Persi et al. (1982)
is a necessary result of high velocity expansion of envelope.

Actually, the observed infrared excess is well explained by the free-free emission
from the cool equatorial envelopes as has been examined in section 3.2. No
additional spherical envelope is needed to explain observed infrared excesses.
Otherwise, spherically expanding hot region makes little contribution to the infrared
excess if we adopt the low mass-loss rate given by Snow (1981).

8. Summary

In Paper I we have considered the general properties of Be stars mainly from the
statistical point of view in an attempt to see what the Be stars or the Be stars pheno-
mena are.

As a sequel to Paper I, we have revicwed in this article the formation of spectral
lines and continuum, along with the structure of circumstellar envelope of Be stars,
particularly of the cool envelopes.

In section 2 theoretical discussion on Be stars as rapid rotators and on envelope
dynamics is presented with an emphasis that the magnetohydrodynamlcal stellar
winds would be, at present, a highly promising model of dense and extended cool
envelopes of Be stars. The basic properties of the radiation field are also
considered from both the static- and moving-envelope approaches.

In sections 3-5, observational features and their theoretical interpretation are
extended for the continuous radiation, emission lines, and shell absorption lines.

Section 6 is devoted to the diagnostics of the structure of cool envelopes.
Table 6 summarizes spectral features to be used for the diagnosis. Single spectral
feature in table 6 is of course insufficient to deduce the structural parameters.
However, if we can combine several spectral features, then an overall picture of
the envelopes will be obtained for individual stars or for Be stars in general.

In section 7 is reviewed the structure and origin of hot regions. A particular
topic is the geometrical relationship of cool and hot regions, Among the
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Table 6. Spectral features to be used for the diagnostics of envelope structure

Spectral feature

Structure
Emission Shell absorption Continuum and ~°~  UV-resonance
lines - . lines polarization " lines
Gas density, - Equivalent Equivalent width IR-excess
volume
Flatness Intensity - Intensity Polarization Profile
(Hoe/HB —Wa)  (Central depth) P%)
Detachedness Line width
(o)
Intensity
(Ho/HB — Wa)
Equatorial Peak separation Line width
extension (vp) (Half half-width)
Elongation Profile Profile
(V/R) (Asymmetry)
Stratification ~ Ionization Intensity IR-excess Tonization
stage (Curve of growth) (Type of excess) stage
. (Central depth)
Line width Profile
(vps V) :
Inhomogeneity Profile Profile Profile
Velocity field Profile Profile Profile
(Asymmetry) (Asymmetry)

Balmer progression

one-dimensional and bi-dimensional arrangments of both regions, supporting
arguments are given for the latter.

In this article, several problems such as line polarization, radio emission, non-
thermal processes, have been left out . However, even within the scope of this
review, we can observe that, on the one hand, the envelopes of Be stars disclose
some definite statistical tendencies against the spectral sequence, the rotational
velocity, or some other physical parameters. On the other hand, the envelopes
reveal a large variety around their average state. The relationship between
individuality and average state is important in the study of Be stars.

Our present knowledge on the structure, origin and activities is very insufficient
and fragmentary both for individual stars and for average picture of Be stars,
Toward a further understanding, following three steps may be advisable :

(a) Case studies of some representative Be stars, including full diagnostics and
sufficient monitoring of variations from a wide spectral range; (b) Non-biased
statistical studies of B and Be stars (in, e.g., BS catalogue); and (c) Refinement of
model calculations on the theoretical side, to include non-LTE and gasdynamical
processes.
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