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Abstract

Based on a series of Coudé spectra taken with the 188-cm reflector of the Okayama Astrophysical
Observatory over an interval of 18 yr, the spectroscopic behavior in the Balmer and Hel A3888 lines of
the binary Be star ¢ Per (orbital period of 126.696 d) is presented. We have confirmed the following
phenomena: (1) the V/R ratio (intensity ratio of violet to red peaks of the double-peaked emission lines)
varies synchronously with the binary phase, and its amplitude is about 2; (2) the shell absorption lines
become very strong at a phase of around 0.1; (3) there is a remarkable hump in the radial velocity curve of
the shell lines near to phases of 0.4 to 0.6; and (4) the peak separations of the emission lines do not vary
with the phase, but remain constant.

It seems difficult to represent the ¢ Per phenomena sited above with the simple envelope models which
have so far been adopted for many Be stars. The difficulties are pointed out for the axisymmetric rotating-
pulsating envelope model and the elliptic disk model with apsidal motion. The formation of a high-density
region around the primary is required for the appearance of a strong shell at a particular phase. The hump in
the radial-velocity curves requires that the envelope around the primary should be elongated perpendicular
to the binary axis. Using the peak separations of the Balmer emission lines, a large extension of the envelope
which overflows the Roche lobe of the primary was estimated. This infers that an envelope really extends
beyond the Roche lobe and thus may be a very complicated one, or that the binary parameters so far
adopted (20 Mg and 4 Mg) are not reliable. The possibility of less massive binary parameters is suggested.
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1. Introduction

¢ Per is a well-known spectroscopic binary Be (shell)
star with the spectral type B2 IVep (Lesh 1968) and a
rapid rotation of V sin i = 450 km s~! (Poeckert 1981).
Since early observations by Campbell (1902), this star
has been extensively observed by Lockyer (1925, 1926),
Hynek (1940, 1944), Hickok (1969), Hendry (1976), and
others.

Suzuki (1980) has studied Hynek’s (1940) radial veloc-
ity data of shell absorptions and of emission peaks by
applying a restricted three-body problem. He concluded
that the masses of the binary components are 20 Mg for
the primary and 4 Mg for the secondary with a separa-
tion of 1.42 AU. On the other hand, Poeckert (1981) has
carried out a series of high-dispersion and high signal-to-
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noise ratio spectroscopic observations, and estimated the
masses of the binary components as being 21 Mg for the
primary and 3.4 Mg for the secondary, based on an anal-
ysis of the radial velocity curves for both components.

Lockyer (1925, 1926) first noticed its V/R variability
synchronized with the orbital phase and the existence of
a strong shell feature in the Balmer series at a particular
phase of 0.05 to 0.15, where the shell absorption feature
is seen up to H23 or so. ¢ Per is generally a weak shell
star, that is, the shell absorption lines that are visible
throughout the binary phase are only the lower'members
of the Balmer series, lower than H7 or so, and the strong
Hel line at A\3888 (2s3S — 3p3P°).

Poeckert (1981) has analysed the emission lines of the
Balmer series, Fell, and Hell as well as the shell lines
of the Balmer series and Hel, and has given a picture
in which the envelope is denser (or more extended) in
the region facing the secondary. With this picture he
explained the observed cyclic V/R variation and a strong
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He1 shell phase (between 0.4 and 0.6) which he has found.

Recently, Brown (1992) studied the photometric vari-
ation of this star, and reported that abrupt minima of
about 0.1 mag exist in the V band at phases of around
0.1 and 0.5. These correspond to the strong shell phases
of the hydrogen and helium lines, respectively.

In this paper we present our new spectroscopic data of
¢ Per obtained at the Okayama Astrophysical Observa-
tory. Our observational data are based on photographic
spectral plates and are not of sufficiently high signal-to-
noise ratio compared to those of Poeckert (1981); we thus
confined our study to some remarkable spectroscopic be-
haviors of the hydrogen and Hel lines. We measured the
radial velocities and line intensities at some characteristic
points of the spectral line profiles.

Based on these measurements we consider the struc-
ture of the envelope around the primary star, with par-
ticular attention to its form and extension as well as
its physical behavior in the strong shell phase. We re-
examine the binary parameters, because the envelope
structure appreciably depends on the mass of the cen-
tral star.

The observational data are presented in the next sec-
tion. The results are given in section 3. We first ex-
amine the radial velocities and discuss the binary model
in section 4. The emission-line profiles are analysed in
section 5 along with some discussion concerning the en-
velope structure. A strong shell phase is considered in
section 6.

2. Observational Data and Measurements

Table 1 lists the 91 spectrograms of ¢ Per which were
obtained between 1968 and 1986 with the Coudé spec-
trograph of the 188-cm reflector of the Okayama Astro-
physical Observatory. All of the observational data were
folded for the orbital period of 126.696 d with an epoch
of Ty = JD 2424473.500 (Hickok 1969) in order to see
the phase dependence of the physical parameters. The
plate number, date of observation, Julian day, emulsion,
spectral region (in Angstrom), and orbital phase (Hickok
1969) are given in table 1. '

The reciprocal dispersions are about 10 A mm™! and
20 A mm™1 for the blue and red regions, respectively, for
the plates labeled by C4, and about 4 A mm™! for the
blue plates labeled by C10.

All of the plates were measured with the PDS (PE) mi-
crodensitometer at the Kwasan Observatory, Kyoto Uni-
versity. With the aid of software developed by one of the
authors, data reductions were processed at the Computer
Center of Kanazawa Institute of Technology and at the
Data Processing Center of Kyoto University.

The radial velocities (RV) and line intensities were
measured at some characteristic points of the profile, as
illustrated in figure 1.

1
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Fig. 1. Schematic diagram of the line profiles represent-
ing how the radial velocities and intensities at differ-
ent points were measured. (a) Balmer line and (b)
He1 A3888 shell line. The interpolated photospheric
profiles are indicated by dashed lines and the mark
O represents the laboratory wavelength of the line
center.

In the case of the Balmer lines, the radial velocities and
intensity values at three different points were measured
(figure 1a). Points 1 and 3 give the emission peak veloci-
ties (RVeb, RVer) and intensities (Iep, Ier). Point 2 gives
the radial velocity (RV,.) and intensity (I,.) for the cen-
tral absorption. The values of I, and I, were measured
as the excess heights from the interpolated photospheric
line (dotted) and I,. was measured from the zero level.
In the case of the Hel A3888 shell line, the radial veloc-
ity for the central absorption at point 2 (RV,.) and the
intensity values at points 1, 2, 3 (Lb, lac, lar) Were mea-
sured (figure 1b). All of these intensities were measured
from the zero level.

The radial velocities are corrected for the heliocentric
values and the intensities were measured in units of the
adjacent continuum. The central parts of the photo-
spheric lines were determined beforehand by an interpo-
lation of the profiles from the wing parts, while consid-
ering the spectral type and projected rotational velocity
of ¢ Per.

3. Results

The results of the measurements are given in tables 2
(Balmer lines) and 3 (HeI A3888). The estimated error
of the measurement for the radial velocity of the shell ab-
sorption is typically 5 km s~! and that for the intensity is
10 percent. These estimations were made with the data
obtaied from the plates observed on the same date (C4-
4919 to C4-4925, cf. table 1). The plate number, phase
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Table 1. List of spectrograms of ¢ Per.
Plate number Date Julian day Emulsion Spectral region Period
2440000+ (Angstrom)

R C4 - 2154 1968 24 08 0093.19 103 a O 3700 — 4600 123.285
2 C4 - 2155 1968 24 08 0093.22 103a O 3500 — 4300 123.285
2 C4 - 2156 1968 24 08 0093.23 103 a F 5500 — 7200 123.285
4o C4 - 2263 1968 05 12 0196.02 103a O 4300 - 5100 124.096
5 T C4 - 2264 1968 05 12 0196.03 103 a O 3850 — 4700 124.096
[ C4 - 2265 1968 05 12 0196.04 103a O 3500 — 4300 124.097
AU C4 - 2266 1968 05 12 0196.05 103 a F 5500 — 7200 124.097
8 e C4 - 2364 1969 28 08 0462.28 103 a O 3500 — 4300 126.198
9 C4 - 2379 1969 30 08 0464.25 103 a O 3700 - 4600 126.214
10 oo C4 - 2441 1969 22 12 0578.02 103 a F 5500 — 7200 127.112
11 C4 — 2442 1969 22 12 0578.04 103 a O 3500 - 4300 127.112
12 C4 — 2443 1969 22 12 0578.05 103 a O 3700 - 4600 127.112
13 oo C4 - 2444 1969 22 12 0578.06 103 a O 4300 - 5100 127.112
1 C4 - 2471 1969 24 12 0579.99 103 a F 5500 — 7200 127.127
15 oo C4 - 2472 1969 24 12 0580.00 103a O 4300 - 5100 127.127
16 oo C4 - 2473 1969 24 12 0580.02 103 a O 3700 — 4600 127.127
17 C4-2474 1969 24 12 0580.03 103a O 3500 - 4300 127.127
18 i C4 - 2475 1969 24 12 0580.05 103 a F 5500 — 7200 127.128
19 oo C4 - 3102 1971 13 08 1177.24 IaOt 3500 — 4300 131.841
20 o C4 - 3103 1971 13 08 1177.25 ITaF 5500 - 7200 131.841
21 oo C4 - 4533 1975 20 11 2736.07 103 a O 3500 — 4300 144.145
22 e C4 - 4534 1975 20 11 2736.08 103 a O 3850 — 4700 144.145
23 e C4 - 4535 1975 20 11 2736.08 103a O 4300 - 5100 144.145
24 L C4 ~ 4845 1976 09 11 3091.96 ITaF 5300 - 6950 146.954
25 e C4 - 4846 1976 09 11 3091.97 103 a O 3500 — 4300 146.954
26 . C4 — 4847 1976 09 11 3091.98 103 a O 3500 — 4300 146.954
27 C4 - 4848 1976 09 11 3091.98 103 a O 4300 - 5100 146.954
28 C4 - 4919 1976 09 12 3121.89 103a O 3700 - 4600 147.190
29 C4 - 4920 1976 09 12 3121.90 103 a O 3700 - 4600 147.190
30 e C4 - 4921 1976 09 12 3121.91 103 a O 3700 - 4600 147.190
1 C4 — 4922 1976 09 12 3121.92 103a O 3700 — 4600 147.190
32 C4 - 4923 1976 09 12 3121.94 103 a O 3700 - 4600 147.190
33 e C4 — 4924 1976 09 12 3121.94 103a O 3700 - 4600 147.190
34 C4 - 4925 1976 09 12 3121.95 103a O 3700 — 4600 147.191
35 C4 - 4929 1976 10 12 3122.95 103a O 3700 - 4600 147.198
36 .. C4 - 4934 1976 10 12 3122.97 103 a O 3700 - 4600 147.199
T C4 - 4935 1976 10 12 3122.97 103a O 3700 - 4600 147.199
38 e C4 - 4936 1976 10 12 3122.98 103a O 3700 - 4600 147.199
39 C10 - 3253 1976 11 12 3123.13 103a O 3800 — 4300 147.200
40 oo C10 - 3254 1976 11 12 3123.13 103a O 3800 — 4300 147.200
41 oo C10 - 3263 1976 12 12 3124.13 103 a O 3800 - 4300 147.208
42 C10 - 3264 1976 12 12 3124.13 103 a O 3800 — 4300  t 147.208
43 L C4 - 5474 1978 15 11 3828.10 IaOt 3500 - 4300 152.764
44 C4 - 5475 1978 15 11 3828.11 IIaO* 3850 — 4700 152.764
45 C4 — 5476 1978 15 11 3828.12 ITIaF 5300 — 6950 152.764
46 ... C4 - 5481 1978 16 11 3828.98 II1aO" 4300 — 5100 152.771
A7 C4 - 5720 1979 29 11 4207.06 IIaOt 3500 - 4300 155.755
48 L C4 - 5784 1980 25 01 4264.09 IIaO"f 4200 - 5000 156.205
49 C4 - 5795 1980 27 01 4266.03 IIaOt 4200 - 5000 156.221
50t C4 - 5800 1980 27 01 4266.06 IIaO* 3600 — 4450 156.221
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Table 1. (Continued).
Plate number Date Julian day Emulsion Spectral region Period
2440000+ (Angstrom)

51 ....... RERERTRERRRERES C4 - 5882 1980 24 11 4567.99 IIaO" 3850 — 4700 158.604
B2 L C4 - 5883 1980 24 11 4568.01 ITIaO 3500 — 4300 158.604
B3 C4 - 5884 1980 24 11 4568.04 ITaO 4300 — 5100 158.604
B4 C4 - 5885 1980 24 11 4568.10 IIaF 5500 — 7200 158.605
Y T C4 - 5886 1980 24 11 4568.10 IIaO 3850 — 4700 158.605
1 TN C4 - 5887 1980 24 11 4568.12 ITaO 3850 — 4700 158.605
Y C4 - 5927 1981 23 01 4627.89 ITaO 3950 — 4800 159.077
B8 e C4 - 5928 1981 23 01 4627.90 I1aO 3950 — 4800 159.077
59 e C4 - 5932 1981 23 01 4627.92 IIaO 3950 — 4800 159.077
60 .o C4 - 6196 1981 11 12 4950.06 IIaO* 4300 - 5100 161.620
6l e C4 - 6207 1981 12 12 4951.05 IIaO" 3600 — 4450 161.627
62 .. C4 - 6208 1981 12 12 4951.09 IIaOt 4200 — 5000 161.628
B3 L C4 - 6223 1981 15 12 4953.99 IIaO" 4200 — 5000 161.651
64 o C4-6224 1981 15 12 4954.00 IIaO" 3700 — 4600 161.651
65 e C4 - 6232 1981 16 12 4955.10 IIaO" 3600 — 4450 161.659
66 . C4 - 6233 1981 16 12 4955.11 IIaO" 4200 — 5000 161.659
67 e C10 - 4050 1982 03 09 5215.31 103a O 3900 — 4400 163.713
B8 i C4 - 6424 1982 01 12 5305.02 I1aO 3500 — 4300 164.421
69 ..o C4 - 6425 1982 01 12 5305.03 ITaO 3500 — 4300 164.421
TO o C4 - 6426 1982 01 12 5305.05 ITaO 3500 — 4300 164.421
Tl o C4 - 6427 1982 01 12 5305.06 ITaO 4300 — 5100 164.422
T2 e C4 - 6428 1982 01 12 5305.07 I1aO 4300 - 5100 164.422
T8 C4 - 6429 1982 01 12 5305.09 II1aO 4300 - 5100 164.422
T4 oo C4 - 6812 1983 21 10 5629.01 IIaO* 3600 — 4450 166.979
T e C4 - 6814 1983 21 10 5629.02 IIaO" 4200 - 5000 166.979
T6 o C4 - 6815 1983 21 10 5629.03 II1aO" 4200 — 5000 166.979
T e C4 - 6816 1983 21 10 5629.04 IIaO* 3600 — 4450 166.979
T8 e C4 - 6817 1983 21 10 5629.05 IIaO" 3600 — 4450 166.979
T C4 - 6829 1983 22 10 5630.22 II1aO" 4200 - 5000 166.988
80 i C4 - 6830 1983 22 10 5630.23 IIaO" 4200 — 5000 166.988
8l i C4 - 6831 1983 22 10 5630.23 I1aO 4200 — 5000 166.988
82 i C4 - 6875 1983 23 12 5692.07 IIaO" 4200 - 5000 167.476
83 C4 - 6876 1983 23 12 5692.08 IIaO" 3600 — 4450 167.476
84 i C4 - 6878 1983 23 12 5692.09 II1aO" 4300 — 5100 167.476
85 C4 - 6894 1983 24 12 5693.00 IIaO" 4300 - 5100 167.484
86 i C4 - 6895 1983 24 12 5693.03 IIaO" 3600 — 4450 167.484
87 C4-17104 1985 26 10 6365.11 IIaoOt 3500 — 4300 172.788
88 L C4 - 7105 1985 26 10 6365.12 IIaO" 4100 — 4900 172.789
89 i C4-7194 1986 22 10 6726.05 103 a F 5000 — 6700 175.637
90 .. C4 - 7195 1986 22 10 6726.10 IIaO% 3600 — 4450 175.638
91 e C4 - 7196 1986 22 10 6726.11 IIaO" 4200 - 5000 175.638

* Represents baked emulsion

without referring to the period, and measured values at
three points (figure 1a) are given in table 2 along with
the logarithmic value of V/R in the last column. The
results for HB are given in table 2-1, for Hy in table 2-
2, and for Hé (without V/R values because of the poor
accuracy) in table 2-3. In table 3, the plate number,
phase, and measured values at three points (figure 1b)
for the Hel line are given along with the equivalent width

(E.W.) and the full width at half intensity (F.W.) of the
shell component. The full width at half intensity was
measured for checking the blending with hydrogen HS8
line.

Photospheric lines are generally so broad and shallow
that the radial velocities for photospheric lines were not
measured on our spectrograms. Poeckert (1981) has de-
termined the radial-velocity curve for the photospheric
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Table 2. Radial velocity data and intensities for the Balmer lines of ¢ Per.
Table 2-1 HB

Plate No. Phase RVep Iy RV, I RV Ier log %—E

R C4 - 2263 0.096 —110 0.72 10 1.04 90 0.66 0.04
2 C4 - 2444 0.112 —-110 0.80 20 1.00 120 0.66 0.08
S J C4 — 2472 0.127 —-95 0.79 10 1.00 115 0.70 0.05
4o C4 - 4535 0.145 —105 0.92 20 0.90 120 0.88 0.02
5 TP C4-5784 0.205 —75 1.01 17 1.00 105 0.60 0.23
6 C4 - 5795 0.221 -90 1.10 25 0.99 120 0.64 0.24
T e C4 - 6427 0.422 —105 0.90 -15 1.32 80 1.00 —0.05
8 e C4 - 6428 0.422 —-95 0.83 2 1.24 90 0.80 0.02
O C4 - 6429 0.422 —95 0.80 —2 1.20 90 0.88 —0.04
10 oo C4 - 6878 0.476 —-110 0.68 -10 1.20 90 1.00 -0.17
11 o C4 - 6894 0.484 —-110 0.66 —-10 1.32 80 1.02 -0.19
12 C4 - 5884 0.604 —130 0.80 -5 1.26 80 1.22 -0.18
13 o C4 - 6196 0.620 —110 0.60 —10 1.26 80 1.10 —0.26
14 o C4 - 6208 0.628 —120 0.60 -15 1.30 70 1.10 —0.26
15 o C4 - 6223 0.651 —120 0.62 —25 1.30 60 1.16 —-0.28
16 oo C4 - 6233 0.659 —-125 0.72 -15 1.24 60 1.40 —0.29
17 C4 — 5481 0.771 —125 0.62 -20 1.22 75 0.92 —0.17
18 C4 - 4848 0.954 —85 0.86 5 1.30 110 0.82 0.02
19 o C4 - 6814 0.979 —110 0.66 10 1.28 105 0.54 0.09
20 i C4 - 6815 0.979 -110 0.76 7 1.26 115 0.64 0.08
21 o, C4 - 6829 0.988 —105 0.88 15 1.36 105 0.66 0.12
22 e C4-6830 . 0.988 —105 0.79 2 1.28 120 0.66 0.08
23 C4 - 6831 0.988 —110 0.72 15 1.30 105 0.59 0.09

* Represents baked emulsion

component of the Balmer and Hel lines, giving a sys-
temic velocity of —8 km s~! and a revolution velocity of
17 km s™! for the primary. We refer to these values for
correcting the orbital motion of the primary Be star.

3.1. Radial Velocity

The radial velocity curves of the Balmer and He 1 A3888
shell lines are shown in figures 2a and 2b, respectively.
In figure 2b, the full width at half intensity in km s™!
for HeI \3888 is also plotted. The radial velocity values
of Hel A\3888 are the same as those of the Balmer lines,
except at phases of around 0.1, where the HeI line shows
higher values. This is mainly due to the blending with
HS8, which is 0.4 A (~ 30 km s!) redward of the Hel
line. Balmer shell lines become very strong at a phase of
around 0.1, as shown later. In fact, the full width at half
intensity of the Hel A\3888 line is larger at these phases
(~ 80 km s71) than others (~ 40 km s™!). Except at
this particular phase, no systematic differences are seen
among the radial velocity curves of HG, Hv, Hé, and of
He1 A\3888.

The radial-velocity curves plotted in figures 2a and 2b
are generally coincident with those of Poeckert (1981). A

hump at a phase of 0.4 to 0.6, which was already noticed
by Hynek (1940), Hendry (1970), and Poeckert (1981),
can be seen in our curve. The amplitude of the curve is
estimated to be about 25 km s~! and the height of the
hump is about 15 km s~ 1.

The radial velocity curves for the Balmer emission
peaks are shown in figure 3. The curves of the red and
violet peaks run parallel, so that the peak separations
are nearly constant through the phase. The amplitude of
the curves is estimated to be about 20 km s

3.2. Emission Intensity

The V/R values for the Hf3 and Hy lines are plotted in
figure 4 as a function of the phase. The V /R variation of
¢ Per is remarkable due to its large amplituHe, as high
as a factor of 2, and by its clear synchronization with the
binary phase, as can be seen in figure 4.

The emission equivalent widths of Ha to H6 were mea-
sured manually as the excess intensities above the inter-
polated photospheric line profiles. The accuracy of the
measurements may be about 10 percent. The results of
Ho and HB are shown in table 4, and are generally coin-
cident with the values of Poeckert (1981), though ours
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Table 2. (Continued)
Table 2-2 Hy
Plate No. Phase RV Ly RV, I RVe Ter log %E
er
1o C4 - 5927 0.077 —115 0.38 0 0.48 95 0.28 0.13
2 C4 - 5928 0.077 —120 0.48 0 0.50 90 0.28 0.23
3. R C4 - 5932 0.077 -90 0.34 0 0.52 90 0.22 0.19
4 o C4 - 2264 0.096 —-110 0.40 5 0.52 115 0.28 0.16
L5 N C4 - 2443 0.112 —125 0.34 20 0.40 105 0.37 —0.04
6 C4 - 2473 0.127 —105 0.28 20 0.44 125 0.28 0.00
T C4 - 4534 0.145 —110 0.42 25 0.40 105 0.32 0.12
8 C4 - 4919 0.190 —95 0.44 25 0.64 160 0.28 0.20
O C4 - 4920 0.190 —110 0.42 25 0.60 125 0.18 0.37
10 oo C4 — 4921 0.190 -90 0.52 15 0.64 130 0.28 0.27
11 o C4 - 4922 0.190 —-90 0.48 15 0.66 110 0.26 0.27
12 o C4 - 4923 0.190 —95 0.44 15 0.68 130 0.28 0.20
13 o C4 - 4924 0.190 -85 0.44 15 0.66 110 0.28 0.20
14 . C4 — 4925 0.191 -85 0.48 15 0.68 135 0.24 0.30
15 o C4 - 4929 0.198 -90 0.50 15 0.70 120 0.26 0.28
16 oo C4 - 4934 0.199 -95 0.38 20 0.72 125 0.24 0.20
17 C4 - 4935 0.199 —-90 0.48 20 0.68 130 0.26 0.27
18 o C4 - 4936 0.199 —55 0.58 15 0.70 125 0.30 0.29
19 o C4 - 2379 0.214 -120 0.32 25 0.66 140 0.28 0.06
20 o C4 - 5795 0.221 —-95 0.38 25 0.66 120 0.20 0.28
21 C4 - 5800 0.221 -110 0.48 25 0.68 115 0.26 0.27
22 C4 - 2154 0.285 —155 0.40 0 0.80 125 0.38 0.02
23 C4 - 6427 0.422 —120 0.34 -5 0.80 80 0.34 0.00
24 .o C4 - 6428 0.422 —-100 0.38 -12 0.84 85 0.44 -0.07
25 C4 - 6429 0.422 —115 0.30 -7 0.86 105 0.36 —0.08
26 .. C4 - 6878 0.476 —100 0.28 -5 0.90 75 0.36 -0.11
27 C4 - 6894 0.484 —130 0.30 -5 0.82 65 0.44 -0.17
28 e C4 - 5882 0.604 -115 0.28 7 0.72 85 0.48 —-0.24
29 C4 - 5884 0.604 —-105 0.32 2 0.80 80 0.62 -0.28
30 o C4 - 5886 0.605 —120 0.26 -2 0.70 85 0.50 —-0.28
3l o C4 - 5887 0.605 —-115 0.30 5 0.72 80 0.52 -0.24
32 C4 - 6207 0.627 —130 0.22 -15 0.84 75 0.42 —0.28
33 C4 - 6208 0.628 —-135 0.24 -20 0.84 70 0.44 —0.26
34 C4 - 7195 0.638 -135 0.18 -15 0.80 80 0.32 -0.25
35 C4 - 7196 0.638 —-135 0.28 -5 0.84 75 0.44 -0.19
36 .. C4 - 6223 0.651 —125 0.24 -17 0.79 70 0.46 —0.28
3T C4 - 6224 0.651 —-130 0.26 -10 0.84 75 0.42 -0.21
38 C4 - 6232 0.659 —115 0.28 -7 0.88 75 0.52 —-0.27
39 C4 - 6233 0.659 -135 0.30 —-25 0.84 70 0.50 -0.22
40 ..o C4 - 5475 0.764 -130 0.20 -20 0.70 90 0.37 —0.27
41 C4 - 5481 0.771 —155 0.38 -25 0.86 75 0.38 0.00
42 C4 - 7104 0.788 —110 0.24 -5 0.90 95 0.30 -0.10
43 C4 - 7105 0.789 —-135 0.22 —25 0.88 90 0.22 0.00
4 C4 — 4847 0.954 —120 0.30 -5 0.80 90 0.32 —0.03
45 C4 - 4848 0.954 -110 0.26 -15 0.86 80 0.38 -0.17
46 ... C4 - 6812 0.979 —-125 0.42 25 0.92 115 0.32 0.12
47 C4 - 6814 0.979 —120 0.30 0 0.84 115 0.26 0.06
48 C4 - 6815 0.979 —115 0.36 0 0.90 120 0.28 0.11
49 L C4 - 6816 0.979 -115 0.36 0 0.88 130 0.30 0.08
50 C4 - 6817 0.979 —130 0.38 5 0.92 110 0.38 0.00
51 o C4 - 6829 0.988 —-125 0.34 25 0.84 105 0.24 0.15
52 C4 - 6830 0.988 —130 0.36 10 0.88 115 0.30 0.08
53 C4 - 6831 0.988 —120 0.40 25 0.86 120 0.28 0.16
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Table 2. (Continued)
Table 2-3 Hé

Plate No. Phase RV, I RV I RVer I,

1o C4 - 5927 0.077 —175 0.16 0 0.52 120 0.08

2 C4 - 5928 0.077 -115 0.14 0 0.56 115 0.10

B 2P C4 - 5932 0.077 ~115 0.18 0 0.59 ... 0.12

4o C4 - 2264 0.096 —135 0.16 7 0.40 115 0.12

5 C4 - 2265 0.097 —120 0.16 10 0.36 115 0.12

6 C4 - 2442 0.112 -135 0.22 20 0.26 115 0.22

A C4 - 2443 0.112 -95 0.16 22 0.30 100 0.14

8 C4 - 2473 0.127 —115 0.14 20 0.40 140 0.08

D C4 - 2474 0.127 -135 0.14 25 0.30 145 0.14
10 o C4 - 4533 0.145 —155 0.16 20 0.40 125 0.08
A C4 - 4534 0.145 —125 0.10 35 0.54 160 0.08
12 o C4 - 4919 0.190 —80 0.08 30 0.66 145 0.07
13 C4 - 4920 0.190 -95 0.28 20 0.70 155 0.06
14 C4 - 4921 0.190 -100 0.18 15 0.70 165 0.10
15 C4 - 4922 0.190 -95 0.20 15 0.78 140 0.08
16 o C4 - 4923 0.190 —120 0.18 10 0.68 115 0.10
17 C4 - 4924 0.190 -85 0.20 15 0.68 165 0.08
18 o C4 - 4925 0.191 -90 0.44 20 0.79 150 0.10
19 C4 - 2364 0.198 -130 0.14 25 0.48 120 0.10
20 o C4 - 4929 0.198 =75 0.22 15 0.72 135 0.10
21 C4 - 4934 0.199 -85 0.24 20 0.70 140 0.10
22 C4 - 4935 0.199 -85 0.18 20 0.78 125 0.08
23 C4 - 4936 0.199 -90 0.22 20 0.90 130 0.18
24 C10 - 3253 0.200 —100 0.18 20 0.70 125 0.12
25 C10 - 3254 0.200 -85 0.18 20 0.66 100 0.08
26 .. C10 - 3263 0.208 -85 0.18 15 0.70 120 0.08
2T C4 - 2379 0.214 —140 0.18 27 0.64 145 0.17
28 C4 - 5800 0.221 —105 0.20 20 0.70 135 0.14
29 L C4 - 2154 0.285 —125 0.18 .. 0.60 125 0.10
30 oo C4 - 2155 0.285 —135 0.20 15 0.80 135 0.22
3l o C4 - 6424 0.421 —100 0.08 15 0.72 120 0.10
32 C4 - 6425 0.421 —115 0.10 -15 0.78 65 0.08
33 C4 - 6426 0.421 -120 0.14 -10 0.79 115 0.12
34 C4 - 6875 0.476 -110 0.08 .. 0.76 80 0.10
35 C4 - 6876 0.476 —140 0.06 -15 0.72 90 0.10
36 C4 - 6895 0.484 —135 0.08 ) 0.78 85 0.14
BT C4 - 5882 0.604 —-125 0.12 -5 0.68 110 0.20
38 C4 - 5883 0.604 —150 0.08 5 0.68 95 0.18
39 C4 - 5886 0.605 -135 0.14 10 0.80 95 0.24
40 oo C4 - 5887 0.605 -125 0.12 5 0.72 100 0.18
41 o C4 - 6207 0.627 .. .. -15 0.80 80 0.18
42 C4 - 7195 0.638 —160 0.08 -5 0.70 105 0.10
43 C4 - 6224 0.651 . .. 0 0.80 60 0.26
44 C4 - 6232 0.659 —150 0.06 -15 0.70 8 , 0.20
45 C4 - 5720 0.755 —165 0.10 -10 0.72 105 0.18
46 ..o C4 - 5474 0.764 -85 0.17 -20 0.70 140 0.20
A7 C4 - 5475 0.764 —135 0.14 -25 0.76 75 0.18
48 C4 - 7104 0.788 -95 0.14 —25 0.80 110 0.08
49 . C4 - 3102 0.841 —135 0.08 -20 0.80 125 0.16
50 o C4 — 4846 0.954 —140 0.17 15 0.80 85 0.16
Sl C4 — 4847 0.954 -110 0.12 0 0.76 100 0.10
52 L C4 - 6812 0.979 —-130 0.02 5 0.70 120 0.04
B3 C4 - 6817 0.979 -115 0.06 10 0.70 120 0.04
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Table 3. Radial velocity data and equivalent widths for the He I A3888 shell line of ¢ Per.
Plate No Phase Iy RV, I Io; EW. F.W.
A) (km s71)
1 ....... REREETERERRTRPLTS C4 - 2264 0.096 0.90 28 0.32 0.80 0.37 85
2 C4 - 2265 0.097 0.90 28 0.34 0.88 0.35 80
3 C4 - 2442 0.112 0.82 55 0.22 0.80 0.38 85
4 e C4 - 2443 0.112 0.84 53 0.28 0.84 0.37 85
5 A C4 - 2473 0.127 0.80 40 0.40 0.82 0.25 80
6 C4-2474 0.127 0.80 40 0.30 0.80 0.37 85
T e C4 - 4533 0.145 0.84 28 0.32 0.84 0.28 70
8 C4 - 4534 0.145 0.80 45 0.26 0.80 0.36 75
O C4 - 4919 0.190 0.84 23 0.40 0.80 0.20 35
10 o C4 - 4920 0.190 0.84 23 0.44 0.84 0.16 50
11 o C4 - 4921 0.190 0.86 25 0.40 0.80 0.17 40
12 C4 - 4922 0.190 0.84 18 0.40 0.80 0.16 35
13 o C4 - 4923 0.190 0.80 18 0.40 0.82 0.13 30
14 ..o C4 - 4924 0.190 0.90 18 0.44 0.88 0.18 45
15 o C4 - 4925 0.190 0.82 18 0.44 0.88 0.18 40
16 oo C4 - 2364 0.198 0.82 48 0.38 0.82 0.25 60
17 C4 - 4929 0.198 0.84 23 0.40 0.86 0.22 35
18 i C4 - 4934 0.199 0.86 23 0.40 0.84 0.20 30
19 oo C4 - 4935 0.199 0.86 28 0.40 0.86 0.20 .30
20 L C4 - 4936 0.199 0.82 23 0.40 0.84 0.21 30
21 C10 - 3253 0.200 0.82 23 0.38 0.80 0.15 35
22 C10 - 3254 0.200 0.82 23 0.28 0.84 0.19 30
23 C10 - 3263 0.208 0.82 23 0.39 0.80 0.19 30
24 L C10 - 3264 0.208 0.92 28 0.30 0.80 0.26 25
25 e C4 - 2379 0.214 0.84 43 0.42 0.84 0.20 65
26 . C4 - 5800 0.221 0.92 23 0.50 0.88 0.23 40
2T C4 - 2154 0.285 0.84 30 0.52 0.80 0.37
28 C4 - 2155 0.285 1.00 30 0.54 1.00 0.37 .
29 C4 - 6424 0.421 0.86 —-12 0.36 0.84 0.17 40
30 i C4 - 6425 0.421 0.84 -12 0.38 0.80 0.14 35
31 o C4 - 6426 0.421 0.84 —-12 0.38 0.80 0.15 35
32 C4 - 6875 0.476 0.82 -7 0.50 0.82 0.12 45
33 C4 - 6876 0.476 0.84 -2 0.50 0.84 0.16 40
34 C4 - 6895 0.484 0.86 -2 0.50 0.86 0.13 45
35 C4 - 5882 0.604 0.80 3 0.44 0.86 0.12 40
36 .. C4 - 5883 0.604 0.84 8 0.44 0.86 0.16 45
37 C4 - 5886 0.605 0.80 8 0.44 0.84 0.14 35
38 C4 - 5887 0.605 0.88 5 0.46 1.00 0.18 35
39 C4 - 6207 0.627 0.86 -9 0.50 0.92 0.15 40
40 . C4 - 7195 0.638 0.84 3 0.58 0.88 . 0.10 45
41 o C4 - 6224 0.651 0.82 -7 0.44 0.86 0.15 35
42 C4 - 6232 0.659 0.80 -7 0.58 0.82 0.08 45
43 C4 - 5720 0.755 0.80 —-17 0.40 0.82 0.13 35
44 o C4 - 5474 0.764 0.84 -17 0.42 0.86 0.17 40
45 C4 - 5475 0.764 0.86 -17 0.46 0.86 0.15 45
46 .. C4-17104 0.788 0.82 -17 0.52 0.82 0.09 40
47 C4 - 3102 0.841 0.88 cee 0.68 0.88 0.11 ces
48 C4 - 4846 0.954 0.80 —-12 0.44 0.80 0.22 45
49 C4 — 4847 0.954 0.82 -7 0.50 0.80 0.19 55
50 o C4 - 6812 0.979 0.84 -7 0.62 0.84 0.16
51 o C4 - 6816 0.979 0.86 -17 0.68 0.84 0.12
52 C4 - 6817 0.979 0.82 —12 0.70 0.80 0.08
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Fig. 2a. Plot of the radial velocity against the phase for the Balmer shell lines. The velocities of H3 are designated by open
circles, Hy by triangles, H§ by diamonds, and those of Poeckert (1981) by asterisks. The solid line represents Poeckert’s

(1981) orbital solution for the primary star.
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Fig. 2b. Radial velocity and line width for the He1 A3888 shell line. Our measurements of velocities are designated by open
circles, and those of Poeckert (1981) by asterisks. The full width at half intensity is shown by a plus sign.

are slightly higher on the average.

3.8.  Shell Intensity

The phase dependence of the highest member of the
Balmer lines traceable as shell absorption is plotted in
figure 5 for our case and that of Lockyer (1926). The
duration of the strong shell phase is almost the same

\l

for both cases, suggesting a stable state for the shell-line
forming region in the envelope. In figure 5 is also marked
the strong shell phase of Hel \4471, which is taken from
Poeckert (1981). The appearance of the strong shell
phase is just opposite for Balmer and Hel lines with each
other.

In figure 5, one may notice that the highest level of
H,, outside the strong shell phase is generally higher in
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Fig. 3. Plot of the radial velocity against the phase for the Balmer emission peaks. The velocities of H3 are designated by

open circles, Hy by triangles, and Hé by diamonds.
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Fig. 4. Plot of the intensity ratio of the violet to red emission peaks (V/R) against the phase. The V/R ratios of HB are

designated by open circles and those of Hy by triangles.

Lockyer’s data (1926) (n ~ 10) than in ours (n ~ 6). If
this difference is true, the envelope must have been more
opaque in the epoch of Lockyer’s data than ours.

3.4. Phase Dependence

When combined with the existing data of Lockyer
(1926), Poeckert (1981), and others, sufficient phase-
locked variations are seen in the following behavior:

(a) The appearance of a hump in the radial-velocity
curves of the Balmer and Hel shell lines at a phase of
0.4 to 0.6.
(b) The V/R ratios in the H3 and H~y emission profiles.
(c) The appearance of a strong shell phase in the Balmer
lines at a phase of 0.05 to 0.15.

A strong shell phase in Hel, which was noticed by
Poeckert (1981), was not confirmed because of a low
signal-to-noise ratio in our spectrograms.
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Table 4. Equivalent widths of the Balmer emission lines.
Ha
Phase ................ 0.097 0.112 0.128 0.285 0.605 0.637 0.764 0.841 0.954
EW.(A) ............. 80 59 49 51 73 51 68 48 62
HB
Phase ................ 0.096 0.112 0.127 0.145 0.205 0.221 0.422 0.422 0.422 0.476 0.484 0.604
EW.(A) ............. 3.8 3.6 3.7 4.5 40 45 4.2 4.1 4.5 4.4 4.1 4.4
Phase ................ 0.620 0.628 0.651 0.659 0.771 0.954 0.979 0.979 0.988 0.988 0.988
EW.(A) ............. 4.0 4.8 4.4 4.5 4.1 4.2 4.1 2.2 3.2 3.9 3.9
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Fig. 5. Plot of Hy, (the highest member of Balmer hydrogen lines seen as shell absorption) against the phase. Our measure-
ments are designated by open circles, and those of Lockyer (1926) by asterisks. The strong shell phase of He1 A\4471

(Poeckert 1981) is indicated by the arrow.

On the other hand, no clear phase dependence has been
found in the emission-equivalent widths and the peak sep-
arations of the Balmer emission lines.

The orbital phase-locked behavior in (a) and (b) are
related to the structure of the absorbing and emitting
envelopes, respectively. The behavior described in (c) is
related to the inhomogeneity inside the envelope. Phase-
independent quantities, such as the emission equivalent
width and the peak separation, indicate that the emitting
envelope is stable in the binary system without showing
a significant change in the volume emission measure as
well as in the size of the envelope.

4. Binary Masses

The mass and mass ratio of the binary components
are the basic parameters used for studying the envelope

structure in binary systems. The size of the envelope and
the motion of gas in the envelope are notably affected
by these binary parameters. Suzuki (1980) and Poeckert
(1981), starting from different methods of approach, have
arrived at similar binary masses, about 20 Mg and 4 Mg
for the primary and the secondary, respectively. Their ar-
guments, however, may have some problems which need
to be re-examined as follows. )

4.1.  Suzuki’s Case

Suzuki (1980) has calculated the periodic stable orbits
of the restricted three-body problem and applied them to
the envelope around the primary Be star in the ¢ Per sys-
tem. The envelope extends perpendicular to the axis con-
necting the primary and secondary in the orbital plane
of the system.

He assumed that the emission and absorption lines
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both originate from ionized gas orbiting in these peri-
odic stable orbits. The hump seen in the radial velocity
curves of the shell lines, as well as the double-periodicity
of the emission edge velocities (Hynek 1940), were both
explained as being the result of a superposition of the
revolutional motion of a non-circular envelope in the sys-
tem, and the rotational motion of the gas in the envelope
around the Be star.

Comparing the theoretical radial velocity curves with
the observed curves derived from Hynek’s (1940) data,
Suzuki has obtained the binary parameters, including the
masses of 20 Mg and 4 Mg for the primary and secondary,
respectively.

However, the radial-velocity curves of Hynek (1940)
both in shell lines and emission edges are to be re-
examined for the purpose of comparing them with
Suzuki’s (1980) model calculation.

First, the radial-velocity curves of the shell lines in
our measurements, which are in good agreement with
those of Poeckert (1981), reveal an amplitude of around
10 km s~! lower than in the case of Hynek (1940). We
measured the velocities of the shell lines at their deepest
core, assuming that the core velocities yield the motion of
the most effectively absorbing layers. Since the shell lines
often exhibit marked asymmetric profiles, the velocity
measurements may depend sensitively on the position of
bisection in the shell line profiles.

Second, Suzuki adopted the radial velocities of Hynek’s
(1940) emission edges by regarding them as being the
values of the emission peaks. The actual emission peak
velocity is much smaller than the velocity at the emission
edge. Our measurements reveal that the emission-peak
velocities are more than 50 km s~! smaller than Suzuki’s
adopted values.

Following Suzuki’s (1980) method, but adopting our
new values for the radial velocities, we have failed to
find any reasonable combination of the binary masses in
his calculations. This is mainly due to the drastically
reduced values of the emission-peak velocity. Extrapo-
lating Suzuki’s (1980) calculations given in his figures,
it is possible that the observed radial velocities can be
explained in the smaller mass binary system.

The emission-peak separation is a good indicator of
the outer radii of the emission envelopes (Hirata, Kogure
1984). Assuming a primary mass of 20 Mg, the observed
small peak separation suggests that the formation region
of the Balmer emission lines extends beyond the inner
Roche lobe. Moreover, since the deformation of this pe-
riodic stable envelope is small, it is difficult to explain
the large V/R values observed in the Balmer lines. For
these reasons, it is not suitable to apply his model in its
original form to determine the binary masses using the
velocities of the Balmer lines.

[Vol. 46,

4.2.  Poeckert’s Case

Poeckert (1981) has derived masses of 21 Mg and
3.4 Mg for the primary and secondary, respectively, based
on the revolution velocities of the binary components. He
used the broad photospheric Balmer and Hel lines for the
primary, and the center of the HeII emission line (A4686)
for the secondary. Though his derived masses are very
close to those of Suzuki (1980), it is not appropriate to
use the HellI lines to measure the revolution velocity of
the secondary. This is because the He Il emission line also
exhibits a V/R variation synchronized to the binary pe-
riod, as Poeckert (1981) himself pointed out. This V/R
variation implies that the envelope of the secondary must
be elongated toward the primary, and that the elongation
causes a shift in the center of the emission line profile in
the same direction as the orbital motion of the secondary.

Then, the real revolution velocity of the secondary
should be smaller than that measured by Poeckert (1981).
If the revolution velocity of the secondary were to be re-
duced by 10 percent from his value, i.e. K, =95 km s7!
and K; = 17 km s™1, the binary masses would be re-
duced to about 15 Mg and 2.5 Mg. If reduced by 20
percent, i.e. Ko =80 km s~! and K; = 17 km s™!, the
masses would be about 10 Mg and 2 Mg. Though the
actual size of the velocity reduction is not known, it is
very possible that the binary masses are smaller than the
current values.

5. Envelope Structure

¢ Per is a typical V/R variable. The V/R ratio shows
a periodic variation with a binary period of 126.696 d.
The curves of the radial velocities of the emission peaks
and of the shell absorption are parallel to that of the V/R
variation, as can be seen in figures 2, 3, and 4, while the
radial-velocity curves of the shell absorption lines show a
hump. When the V/R ratio exceeds unity, i.e. the violet
component is stronger, the radial velocities always shift
towards the positive, and vice versa.

The V/R variation has so far been explained either
in terms of an axisymmetric rotating pulsating envelope,
or in terms of the apsidal motion of an elliptical disk
(Hubert et al 1987; Ballerau, Chauville 1989). We discuss
the envelope structure of ¢ Per based on the following
facts:

(1) The variation of the radial velocities and V/R are
locked in the binary phase.

(2) The V/R variation shows a large amplitude of up to
~ 2.

(3) The amplitudes of the radial velocity curves are rel-
atively small (~ 5 to 10 km s™1).

The observed radial velocities are a combination of the
rotational motion around the primary and the revolu-
tionary motion in the system. When the revolutionary
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Table 5. Elliptic ring parameters (e) and (a) derived from the Balmer emission lines.
Line Blue peak Red peak Peak separation e a
(km s™7) (km s7%) (km s™") (Re)

phase =0.2
HB ... -95 105 200 0.05 382 287 191
Hy oo -105 110 215 0.02 330 248 165
Hé ..o —-110 120 230 0.04 289 217 144

phase=0.7
HE .. —100 95 195 0.03 401 301 201
Hy oo —110 100 210 0.05 347 260 173
Hé ..o —115 110 225 0.02 302 226 151

M,= 20My 15Me 10Me

motion is corrected, using the orbital parameters given
by Poeckert (1981), the amplitudes of the radial-velocity
curves are about 5 km s~! for the emission peaks, and
about 10 km s~! for the shell lines.

Some binary Be stars show binary phase-locked V/R
variations. Among them, HR 2142 (Peters 1972), 4 Her
(Harmanec et al 1976) and 88 Her (Doazan et al 1982a,b)
are well observed, despite their V/R values not being so
large. The V/R ratio ranges from 0.8 to 1.0 for HR 2142,
0.95 to 1.2 for 4 Her, and 0.9 to 1.15 for 88 Her. The
V/R ratio up to 2 observed in the ¢ Per system is then
of a unique nature among binary Be stars.

We first consider the V/R variation observed in the
¢ Per system under the assumption of the elliptic disk
model. If the orientation of the elliptic disk is locked in
the Roche lobe of the primary, the phase-locked behavior
is a natural consequence. We derive the envelope param-
eters based on the elliptical disk model formulated by
Huang (1973) and Mon (1984). According to this model,
the semi-major axis a (a measure of envelope extension)
and eccentricity e (a measure of elongation) were calcu-
lated and are given in table 5.

Their formulation is applicable when the major axis
of an elliptic disk is perpendicular to the line of sight,
corresponding to phases of 0.2 and 0.7 in the ¢ Per sys-
tem. The peak velocities shown in the table are the val-
ues after correcting for the revolutionary motion in the
system. It is to be noticed that the value of the semi-
major axis depends on the mass of the primary compo-
nent. Since the mass of a B2 V star is ordinarily around
10 Mg (Underhill, Doazan 1982) and the primary mass
is possibly smaller than 20 Mg (see section 4), we cal-
culated for three cases of 20 Mg, 15 Mg, and 10 M.
The value of sini was set to be unity because of the large
V sin 4 = 450 km s~ 1.

The calculated e values (0.02-0.05) show that the en-
velope extends slightly farther in the direction facing the
secondary. It is difficult to explain the large values of

V/R ~ 2 using an elliptic disk model with such a small
scale of asymmetry.

Castle (1977) calculated the stability of the elliptic
rings in binary systems, and showed the possible apsidal
motion of these elliptic rings. She has applied the calcu-
lations to the long-term V/R variation in ¢ Tau, finding
a reasonable solution. However, since the phase-locked
variation is ruled out in her calculations, her model is
hardly applicable to the ¢ Per system.

On the other hand, in the frame of a pulsating enve-
lope, a V/R value not equal to unity is due to the asym-
metry of a velocity field introduced by the expanding or
contracting motion. As the amplitudes of the radial ve-
locity of the emission peaks or of the shell absorption
lines, after correcting for the orbital motion of the pri-
mary, are around 10 km s™1, the expanding or contract-
ing motions in the envelope are expected to be of the
same order, that is, several tens of km s~!. The rota-
tional motions in the envelope may be several hundred
km s~! because V sini = 450 km s~1. The asymmetry of
the velocity field caused by this small pulsation velocity
is so small that a large V/R ratio cannot be expected.
According to the calculations carried out by Poeckert,
Marlborough (1978), a profile having a sufficiently large
V/R ratio is formed in the envelope where the expanding
velocity reaches around 100 km s~! or more. Moreover,
the pulsation model needs an additional reason for the
synchronization of the pulsation period with the binary
orbital motion. :

In this way, both the model of an elliptic disk and that
of a pulsating envelope have met with serious difficulties
in consistently explaining the characteristic behaviors of
the V/R variations, (1) through (3) cited above. In order
to overcome these difficulties, the following points should
be emphasized:

(a) The reliable determination of the binary parameters.
(b) Possible effects on the envelope structure, such as
the extension of the whole envelope, mass concentration
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Fig. 6. Fitting of the residual intensities for the plate C4-2442. The dashed lines denote the curves for layers 1 and 2. The
solid curve represents a composite theoretical curve which can be compared with the observed points (open circle). On
the lower abscissa, the points of logw, = 0 for each layer are indicated by O; and O2. The upper abscissa gives the

position of the Hn lines on the log o, coordinate.

inside the envelope, and even the multiple structure in
the system.

Further spectroscopic observations with a higher signal-
to-noise ratio and fully covering the binary phase are re-
quired.

As for the extension of the envelope, the calculated
a values given in table 5 suggest the possibility of its
large extension, exceeding the Roch lobe. Kogure et al
(1992) discussed the envelope extension of several binary
Be stars and obtained the same result for ¢ Per.

The large values of the equivalent width of the He
emission in the range of 40 to 60 A (table 4) are re-
markable when we consider the small optical depth of 7
(Ha) < 100 for the Ha envelope, except in the strong
shell phase in the hydrogen spectrum, which is given in
the next section. The strong emission and small optical
depth of the Ha line imply that the envelope should be
extended vertically above and below the orbital plane of
the binary system (Kogure 1990).

6. Strong Shell Phase

As already noticed, ¢ Per is generally a weak shell star
showing shell absorption features only for lower Balmer
(< Hy) and HeI \3888 lines. Lockyer (1926) first noticed
that the hydrogen shell lines became conspicuous at a
particular phase of 0.05 to 0.15, where the shell absorp-

tion feature can be traced up to Hsg or so. This strong
shell phase is also confirmed in our spectrograms. Brown
(1992) reported an abrupt minima of about 0.1 mag in
the V band at phases of around 0.1 and 0.5, which cor-
respond to the strong shell phases of the hydrogen and
helium lines, respectively. It is apparent from these ob-
servations that there are density enhancements in the
envelope in the regions seen at these particular phases.

6.1. B, T Analysis

We now proceed to the central depth analysis of
Kogure et al (1978) for shell lines in the strong shell
phase, for which we have used 3 plates (C4-2265, C4-
2442, and C4-2474) for the measurements.

There is no significant Balmer progression, as seen in
table 6, for hydrogen shell lines. We therefore adopted
Hirata, Kogure’s (1977) expressions to determine the op-
tical thickness in Ha radiation (7(He)) and the fraction
of the star’s surface screened by the envelope (§),

T
1- r_n = B[1 — exp(~w,7(Ha))], (1)
n*
where 7, and 7, are the central residual intensities of the
shell absorption component and of the broad stellar ab-
Von Bon

sorption of the H,, line, respectively, and w,, = .
V93 Bas

B,,, and Bs3 are the Einstein coefficients.
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Table 6. Radial velocity and central residual intensities of the shell lines of ¢ Per.
C4-2265 C4-2442 C4-2474
H, RV  rp  rae 1% RV  rn rpe 1--% RV 1y e 1--2
Tp* Tp» Tp*
km s7! km s~! km s~!

[ S 20 0.36 0.94 0.61 20 0.24 0.92 0.74 20 0.30 0.88 0.66

T o 10 0.38  0.90 0.57 20 0.22 0.84 0.73 25 0.32 0.86 0.62

9 . 15 0.48 0.92 0.48 30 0.30 0.84 0.64 25 0.42 0.84 0.50
10 ...t 15 0.48 0.92 0.48 20 0.34 0.88 0.61 25 0.54 0.84 0.35
11 ...t 20 0.60 0.98 0.38 30 0.40 0.92 0.56 25 0.58 0.90 0.35
12 ... L. 25 0.70 0.98 0.28 25 0.50 0.98 0.48 30 0.58 0.92 0.37
13 ...l 25 0.72 1.00 0.28 35 0.56 1.00 0.44 35 0.70  1.00 0.30
14 ........... 15 0.72 1.00 0.28 35 0.62 1.00 0.38 27 0.76  1.00 0.24
15 ...oiinn 20 0.79 1.00 0.21 20 0.64 1.00 0.36 27 0.72 1.00 0.28
16 ...l 17 0.68 0.92 0.26 20 0.68 1.00 0.32 35 0.78 1.00 0.22
17 ool 12 0.74 0.98 0.24 25 0.72 1.02 0.29 35 0.72 1.00 0.28
18 ..ot 12 0.78 0.96 0.18 32 0.72 1.00 0.28 37 0.80 1.00 0.20
19 ... 35 0.82 1.00 0.18 27 0.78 1.02 0.23 25 0.84 1.00 0.16
20 ..ol 25 0.88 1.00 0.12 10 0.84 1.00 0.16 e 0.88 1.00 0.12
P2 R 15 0.88 1.02 0.13 25 0.86 1.00 0.14 20 0.82 1.00 0.18
22 ool 30 0.92 1.04 0.11 35 0.88 1.06 0.17 32 0.82 1.00 0.18
23 e 10 0.96 1.04 0.07 10 0.90 1.00 0.10

In the case of ¢ Per, two combinations of (81, 71 (Ha))
and (B2, 2(He)) were applied and 1 (He) > 72(Ha) can
be taken without any loss of generality. We use layers 1
and 2 for the layers characterized by the combination
of 81,71 (He) and Bz, 72(Ha), respectively. Then, equa-
tion (1) is written as

1— :_" = f1[1 — exp(—w, 71 (Ha)))

+ B2[1 — exp(—w,m2(Ha))]. (2)
The results of the measurement for r, and r,+ are
given in table 6, where the radial velocities (RV) of the
hydrogen shell lines are also shown to check that there
is no Balmer progression. An estimation of the 3’s and
7’s in the case of C4-2442 is illustrated in the figure 6.
The estimated values of (81, 71 (He)) and (82, 72(Ha)) are
presented in table 7. Outside the strong shell phase, the
highest number of observed Balmer shell lines is 6 or so,
which means that the optical thickness in Ha is much
smaller than 100.

6.2. Electron Density in the Strong Shell Phase
The optical depth 7(He) is calculated from the equa-
tion

hI/23

T(Ha) = —4}—3231\72(32 - Ry), (3)

where vo3 and Baz denote the frequency and Einstein co-
efficient of the 2-to-3 transition, respectively, Ny the av-
eraged population of hydrogen atoms in the second level

in the envelope, Ry the envelope outer extension, and R;
the inner radius of the envelope assumed to be the stellar
radius R..

For the averaged population Ny, we adopt the formula-
tion given by Kogure (1959). The related physical values
are taken from his table, considering Teg = 22,000 K,
since ¢ Per is a B2 IVep-type star (Gies, Lambert 1992).

Setting Ry to r times R, and assuming that r >> 1,
the electron density (Ne) and the column density (NeH)
at the strong shell phase are expressed as

__ 3.26 x 10" \/7(Ha) 1
N P (- 5) @
and

N.H ~3.26 x 1016\/3_*—”\5_?") (1 - 237) ENG)

We have calculated these values in two cases of the
stellar radius, R, = 15Rg (Poeckert 1981) and R. = 6Rg
(Underhill, Doazan 1982); the results are given'in table 7
for three values of the outer radius.

In the mass-concentrated region, the electron density
takes a value of (1-10) x 10'% cm~3, though it depends
on its extension. This is similar to typical shell stars
(Kogure et al 1978). Outside this strong shell phase, the
electron density is estimated to be 10-times smaller.

It is curious, however, that the effect of this high-
density region is not seen on the V/R variations. There
probably exists another enhanced density region, where
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Table 7. Physical parameters derived from the shell absorption lines.
(a) Column density
Plate Layer B log 7 R. =6Re R. = 15Re
(Ha) r=>5 r=10 r=15 r=3 r=>5 r=7
\ Layer 1 0.30 3.08 2.29(23) 1.97(23) 1.70(23) 3.34(23) 3.62(23) 3.43(23)
C4-2265
Layer 2 0.30 2.31 9.42(22) 8.09(22) 7.00(22) 1.37(23)  1.49(23)  1.41(23)
Layer 1 0.40 3.12  2.41(23) 2.06(23) 1.78(23) 3.49(23) 3.78(23) 3.59(23)
C4-2442
Layer 2 035 234 9.75(22) 8.38(22) 7.24(22) 1.42(23)  1.54(23)  1.46(23)
Layer 1 0.40 3.31  2.98(23) 2.55(23) 2.21(23) 4.34(23) 4.71(23) 4.47(23)
C4-2474
Layer 2 0.30 2.30  9.32(22) 8.00(22) 6.92(22) 1.36(23) 1.47(23) 1.40(23)
(b) Electron density
Plate Layer 8 log 7 R. =6Rg R, =15Re
(Ha) r=5 r=10 r=15 r=3 r=5 r="7
Layer 1 0.30 3.08 1.41(11) 5.26(10) 2.91(10) 1.78(11) 8.90(10) 5.55(10)
C4-2265
Layer 2 0.30 2.31 5.80(10)  2.16(10)  1.20(10) 7.31(10) 3.67(10) 2.29(10)
Layer 1 0.40 3.12  1.47(11) 5.50(10)  3.05(10) 1.85(11) 9.32(10) 5.80(10)
C4-2442
Layer 2 0.35 2.34  555(10) 2.24(10) 1.24(10) 7.57(10)  3.80(10)  2.36(10)
Layer 1 0.40 3.31 1.83(11) 6.85(10) 3.80(10) 2.31(11) 1.16(11) 7.23(10)
C4-2474
Layer 2 030 230 5.74(10) 2.15(10) 1.19(10) 7.23(10)  3.63(10)  2.26(10)

the Hel shell lines are strengthened. How the mass-
concentrated regions are formed and kept in the envelope
and why the strengthened lines are different (HI and HeI)
in the two regions are problems which need to be solved.

In a mass-exchanging binary with an inner Roche lobe
overflow from the secondary to the primary through point
L1, two enhanced density regions in the accretion disk
around the primary are formed according to the calcu-
lations, say, by Matsuda et al (1990). This is very at-
tractive for understanding the two strong shell phases
observed in the ¢ Per system, though there is no clear
evidence of mass transfer.

7. Summary

Based on our newly measured data combined with pre-
vious studies, we have examined the envelope structure
around the primary of the ¢ Per system.

We have measured the radial velocities and line inten-
sities at some characteristic points of the Balmer and

Hel lines. We have thus confirmed the phase-dependent
variation of the V/R ratio and the phase-locked behav-
ior, such as the hump in the radial-velocity curves of the
Balmer and HeI (A3888) shell lines and the strong shell
phase in the Balmer lines. These suggest that the Be en-
velope around the primary is stable in the ¢ Per system.

We have criticized the previous binary models of
Suzuki (1980) and Poeckert (1981). Both models are
found to have respective difficulties in determining the
binary masses, mainly due to the reason that the forma-
tion regions of the Balmer and He II emission lines are not
specified. Our arguments concerning these models sug-
gest that the binary masses are probably smaller than
their values.

Two envelope models have so far been proposed for ex-
plaining the V/R variablities, an axisymmetric rotating
pulsating envelope and an apsidal motion of an elliptical
disk. Both models, however, are found to be unsuccess-
ful in simultaneously explaining the large amplitude of
the V/R variation and the small amplitude of the radial-
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velocity curves of the Balmer lines observed in ¢ Per.

One possibility is to consider a highly efficient emitting
region, say, by mass concentration, in the part of the
envelope facing the secondary. Such a region, if it exists,
must influence the formation of shell lines in the binary
phase around 0.5. It is not certain whether this region
is responsible for the formation of the strong Hel shell
lines given below.

The strong shell absorption lines are observed at lim-
ited phases, which suggests an inhomogeneity in the en-
velope. This is supported by photometric observations
(Brown 1992). In the ¢ Per system, the Balmer lines
are strengthened at a phase of around 0.1 and the Hel
lines at a phase of around 0.5, which poses the question
of the physical conditions in the envelope. The binary
interaction, the mass flow from the secondary, may cause
an inhomogeneity in the envelope around the primary
(Matsuda et al 1990), though no evidence of mass flow
has been reported.

The small amplitude of the radial-velocity curve and
the small peak separation of the Balmer emission lines
suggest the possibility that a common envelope exists
outside the Roche lobe, and also that the envelope around
the secondary may contribute to the formation of Balmer
emission profiles. If so, the resultant profiles may be-
come complicated and possibly show some dependence on
the binary phase. The profiles given by Poeckert (1981)
show, indeed, much fine structure in the Balmer emis-
sion lines as well as in the emission lines of HeI and met-
als. An examination of this fine structure will provide
much information concerning the envelope structure in
the ¢ Per system.

Further spectroscopic observations with a high signal-
to-noise ratio and fully covering the binary phase are es-
sential.
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very much thankful to the Inoue Foundation for Science,
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