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ABSTRACT

This paper reports the observation and interpretation of the ultraviolet spectrum variations of nine helium-
strong stars: HD 36485, 37017, 37479, 37776, 58260, 60344, 64740, 96446, and 133518. A unified model is
developed to account for the observed correlation among three stellar properties: the line profile character-
istics of the C 1v and Si 1v resonance doublets, the variations in the strength of these lines, and the inferred
magnetic field geometry. We propose that circumstellar plasma is trapped in the stellar magnetosphere near
the magnetic equator or is channeled to form jetlike outflows from the magnetic polar regions. These results,
together with those of our previous study of the helium-weak sn stars, show that both helium-weak and
helium-strong stars can possess magnetospherically trapped plasma, notwithstanding their different photo-
spheric properties. We also present new results for radii and temperatures of the helium-strong stars in Ori
OB 1 and for HD 64740 from low-dispersion IUE spectra.

Subject headings: stars: circumstellar shells — stars: magnetic — stars: peculiar A — ultraviolet: spectra

I. INTRODUCTION

The helium-strong stars comprise a relatively small group of
early B stars (B1V to B3V) which show unusually strong
helium lines for their optical colors. Osmer and Peterson (1974)
demonstrated that, in contrast to the hydrogen deficient stars
and subdwarfs, they are unevolved objects, and suggested that
they represent a high-temperature extension of the Ap/Bp
stars. Subsequent observations have supported this interpreta-
tion.

Four of the helium-strong stars are members of the well-
studied Orion OB 1 association: HD 36485, 37017, 37479, and
37776. Most are spectrum and photometric variables, showing
both helium line and continuum variations (Walborn 1983;
Hunger 1986). Although most are rapid rotators, with v sin i
between 100 and 200 km s~ !, there is a subset with low
observed rotational velocities. The rapid rotators are consis-
tently variable in the optical, while the (apparently) slow rota-
tors are typically constant.

Early theoretical work on the helium-strong stars addressed
the origin of the helium abundance anomaly in the context of
the diffusion model for the chemically peculiar stars, originally
developed by Michaud (1980). Vauclair (1975) was the first to
present the model of a stellar wind levitating atmospheric
helium, which is supported in a cloud at small optical depth.
Montmerle and Michaud (1976) showed that the diffusion is
counteracted by electrical fields when the He/H ratio is of
order unity. Peterson and Theys (1981) developed an alterna-
tive model in which radiative acceleration alone can support
the helium at the magnetic equator through the effect of the
magnetic field.

Shore (1978, 1987) showed that an additional effect of a
magnetic field is to produce an anisotropic stellar wind. Naka-
jima (1985) argued that the hydrogen Balmer emission arises
from a trapped, corotating magnetosphere above the magnetic
equator and modeled the line profiles. A similar model has

! GHRS Science Team/CSC, Goddard Space Flight Center.

2 DEMIRM, Observatoire de Meudon.

3 Department of Astronomy, University of Washington.

* Guest Investigator, International Ultraviolet Explorer Satellite (IUE).

665

been adapted by Groote and Hunger (1982) for HD 37479;
Landstreet and Borra (1978) and Borra and Landstreet (1979)
have also employed magnetospherically trapped plasma to
model the hydrogen line variations.

The phenomenology of these stars involves a complex inter-
action of radiative, magnetic, and centrifugal processes.
Accordingly, large and diverse archives of data are required to
characterize the magnetic, photometric, and spectroscopic
behavior of these stars. Synoptic photometric observations of
the He 1 44026 have been obtained for most stars in this class
(Pedersen and Thomsen 1977; Pedersen 1979). Zeeman polari-
metric observations by Landstreet and his collaborators have
produced complete magnetic curves for most of the brighter
members of the class, recently supplementing the standard Hf
magnetic measurements with He 1 15876 polarimetry for four
of the stars (Bohlender et al. 1987; see also references therein).

The magnetic phenomenology of the stars is diverse. One,
HD 37776, is the only confirmed case of a dominantly quadru-
polar stellar magnetic field (Thompson and Landstreet 1985).
Five stars show dominantly dipolar fields with a considerable
range in strength. Repeated measurements of HD 60344 and
HD 133518 have revealed no significant effective field at the
level of a few hundred gauss, while HD 58260 and HD 96446
show constant fields of approximately 2 kG.

The helium-strong stars have been studied at centimeter
wavelengths by Drake et al. (1987). Among the helium peculiar
stars, HD 37017 and 37479 show the strongest radio emission,
which is interpreted as nonthermal radiation from trapped
magnetospheric electrons emitting gyrosynchrotron radiation.
VLBI observations by Phillips and Lestrade (1988) have
resolved the magnetosphere of HD 37479 and confirmed that
the radio emission is nonthermal in origin, with brightness
temperatures exceeding 10° K at 6 cm. Although the plasma
heating and acceleration mechanisms are not currently under-
stood, these observations suggest that the UV spectroscopic
variations of all helium-strong stars may be the result of magne-
tospherically trapped circumstellar plasma.

The first report of ultraviolet line profile variations in the
helium-strong stars was made nearly a decade ago (Shore and
Adelman 1981, p. 429). This first IUE study concentrated on
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the C 1v and Si 1v resonance lines, demonstrating that the
profiles in HD 37017, 37479, and 37776 varied on the rotation
timescale. Subsequent work by Barker et al. (1982) delineated
the phenomenology of the resonance line profiles in the
helium-strong stars. They found that the profile morphologies
could be divided into three general types: (1) variable, but
always in absorption; (2) constant, strong absorption; (3) con-
stant, asymmetric, redward-shaded emission. The variable pro-
files are associated with rapidly rotating stars, and the constant
profiles are typically associated with slow rotators.

During the past seven years, a considerable archive of high-
dispersion ultraviolet spectra has been accumulated. It is now
possible to derive from these data a comprehensive model for
the UV line profiles and their relation to the overall properties
of the helium-strong stars. The purpose of this paper is to
present the details of this behavior and to show how they can
be understood in terms of a unified model, in which the UV
resonance lines are formed in circumstellar material trapped
above the magnetic equator and in jetlike outflows occurring
above the magnetic poles, collimated by the magnetic field.

II. OBSERVATIONAL DETAILS

All observations presented in this study were obtained,
between 1979 and 1984, with the International Ultraviolet
Explorer satellite (IUE) at high dispersion, using the short-
wavelength primary (SWP) camera. While some spectra were
exposed through the small aperture, most were obtained using
the large aperture for which the flux calibration is better deter-
mined. The journal of observations is contained in the tables,
which present tabulated results for the ultraviolet line
strengths.

The spectra were reduced using standard programs at the
Regional Data Analysis Facility (RDAF) at Goddard Space
Flight Center (GSFC). These were supplemented with special
routines tailored to the analysis discussed in this paper and in
our studies of the helium-weak stars (Shore, Brown, and Son-
neborn 1987, 1988; Shore et al. 1990). Synthetic photometry of
the C 1v 141548, 1550 lines and of the Si 1v 111394, 1403 lines
was obtained by forming the indices a(C 1v) and a(Si 1v)
described in Shore et al. (1987). The bandpasses are centered at
1542, 1548, and 1562 A; each is 2 A wide. The C v 41550 line is
blended with iron peak lines which compromise the direct
measurement of equivalent widths. The one alteration is that,
as in Shore et al. (1990), we have adopted the revised conven-
tion that these indices are positive for absorption. For HD
37479, a similar index has been formed for the Al m1 doublet at
AA1856, 1863 using continuum points 441853.0 and 1856, with
the line filter placed at 1854.5 A; all bandpasses are rectangular
profiles of 1 A width. These measurements are included for
completeness, since equivalent width measures have been pre-
viously published by Shore and Adelman (1981) for ¢ Ori E.
Radial velocities have been measured by cross-correlation
using the procedure CRSCOR (available at the GSFC RDAF).

While the quasi-photometric method is not a substitute for
direct profile modeling, it provides a reproducible measure of
the equivalent widths for the C 1v and Si 1v lines. Most impor-
tant is the fact that it is insensitive to the placement of the
continuum. The characteristics of the bandpasses from which
a(C 1v) and a(Si 1v) are constructed were empirically deter-
mined to maximize their reproducibility in our study of the
helium-weak sn stars. The individual bandpasses are made nar-
rower than the widths of the lines to ensure that only the
strongest portion of the line core is sampled. Their placement
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discriminates against the abundant Fe m1 lines which are
strongly blended with the lines of interest, notably C 1v A11550.

Radial velocity measurements of our helium-strong stars
have revealed no significant variability for any of these lines
(see § III below). The resonance line profiles of all the stars in
our sample are stable to far greater precision than the 390 km
s~ width of the bands from which a(C 1v) is formed. We have,
therefore, retained the previous definitions of a(C 1v) and
a(Si1v) in order to produce a consistent data set embracing
these two varieties of the helium-peculiar stars.

Four of our helium-strong stars exhibit photometric or spec-
troscopic variations for which periods are known. One addi-
tional star, HD 96446, has a probable short photometric
period (see below). We have used the magnetic field measure-
ments of Landstreet and his collaborators (Borra and Land-
street 1977; Thompson and Landstreet 1985; Bohlender et al.
1987). Photometry is available for a few of these stars, notably
HD 37479 (Hesser, Moreno, and Ugarte 1977). He 1 14026 line
variations have been studied for these stars by Pedersen and
Thomsen (1977) and Pedersen (1979). In a few cases discussed
below, the data presented here are sufficient to allow checks of
the published periods using the codes previously described in
Shore et al. (1987).

III. OBSERVATIONAL RESULTS: ULTRAVIOLET LINE VARIATIONS

All the stars in this study have been extensively described in
the literature; we refer the interested reader to Bohlender et al.
(1987) for a summary of the relevant papers. Table 1 sum-
marizes the observed physical properties of these stars relevant
to our discussion.

a) HD 36485 = 6 Orion C

Table 2 gives the values of the line strength indices deter-
mined from the available spectra. Although the stellar rotation

TABLE 1
SURVEY HELIUM-STRONG STARS: BASIC PROPERTIES

Period vsin i B Extrema
Star (days) (km s~ 1)

HD 36485........ 32 — 3400, constant
HD 37017........ 0.901195 <9s5° —350 to —2170
HD 37479........ 1.19081 170* +2810 to — 1490
HD 37776........ 1.53869 95 +2540 to —2180
HD 58260........ ... <30° + 2300, constant
HD 60344 ........ <30 Below detection
HD 64740........ 1.33026 160 +490 to —890
HD 96446 ........ ... <30 — 1650, constant
HD 133518....... <30 Below detection

Notes.—Cols. (2) and (4): Bohlender et al. 1987; Col. (3): Walborn
1983.

® Bolton et al. 1986 give 162kms™*.

b Bohlender et al. 1987 quote
communication).

© Bohlender et al. 1987 give <18 km s~ ! for this star.

Bolton (1987, private

TABLE 2
HD 36485: C 1v AND Si 1Iv MEASUREMENTS

SWP JD a(C 1v) a(Si 1v)
5362.604 —0.043 0.258
5363.715 0.103 0.296
5364.770 0.093 0.315
5365.701 0.101 0.306
5392.728 0.071 0.315
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e ' i ’ TABLE 3
2 HD 37017: C 1v AND Si 1Iv MEASUREMENTS
o SWP D aC1v)  aSiw)
7538....... 4241.747 0.235 0.546
E-11 7557....... 4243.390 0.134 0.451
7562....... 4243.663 0.300 0.546
e 7585....... 4245.276 0.217 0.489
] 7591....... 4245.578 0.442 0.650
et 4245674 0317 0.607
4247.505 0.282 0.529
L2l 4 4247551 0267 0530
4247.656 0.170 0.447
ol | 4247758 0136 0396
4953.659 0.289 0.513
2 | 4953.713 0.240 0.551
enr 4953.759 0.274 0.558
_‘ N ) ) 15756....... 4953.804 0.308 0.540
E-11s40 1545 1550 1555 1560 15758....... 4953.849 0.415 0.557
Wavelength () 15777....... 4955.717 0.452 0.690
FiG. 1.—HD 36485. Overplot of five observed C 1v profiles, each smoothed 15779....... 4955.765 0.460 0.641
to three points. 15781 ....... 4955812 0316 0.581
15808....... 4958.599 0.209 0.501
. . .. 15810....... 4958.654 0.139 0471
period is unknown, Bohlender et al. (1987) report v sin i = 32 15812, ... 4958.705 0.147 0412
km s~ ! and argue that 7.4 days is an upper limit. The disper- 15814....... 4958.751 0.171 0.409
sion of a(C 1v) suggests a modest amplitude of variation, while 15816....... 4958798  0.141 0479

the a(Si 1v) values are consistent with constant equivalent
width. Figure 1 shows the range of observed C 1v line profiles
and contains all available spectra.

For HD 36485, as for the other three helium-strong stars in
the Ori OB 1 association, we have been able to independently
determine additional physical properties using IUE data. We
have obtained low-dispersion, large-aperture short-wavelength
primary (SWP) and long-wavelength primary (LWP) and
redundant (LWR) spectra of this and the other helium-strong
stars, described below. A recent study by Bohlender (1989)
provides a temperature, determined from optical data, of
19,000 K. Low-dispersion IUE spectra newly obtained for this
project, SWP 38185 and LWP 17356, have been measured
between 1150 and 3400 A to provide an integrated UV contin-
uum flux Fyy = 1.09 x 1077 ergs cm~2 s~ !, Applying the
reddening correction given by Warren and Hesser (1977, 1978)
of E(B—V) = 0.052 gives F{% = 1.61 x 1077 ergs cm ™2 s~ 1.
Since the distance is known for this star (480 pc), we can deter-
mine the radius directly. We have used interpolated models
from the Kurucz (1979) atmospheres grid to determine the UV
flux, hence the radius. For HD 36485, this procedure gives 3.8
R, independent of any assumptions of period.

b) HD 37017

Table 3 gives the data for the variations in the C 1v and Si 1v
line strength observed with IUE. Figure 2 shows the variations
of a(C 1v), a(Si 1v), and effective magnetic field, plotted on the
magnetic period of 09901195 (Bohlender et al. 1987), but with
an arbitrary initial epoch of 2,443,000.0.

The He 1 44026 photometry of Pedersen (1979) shows that
the helium is strongest at the magnetic pole. The C 1v and Si 1v
variations are clearly in phase with one another and in anti-
phase with the B.;. Both lines are strongest at the phase of
magnetic equatorial traverse across the line of sight. The
strength of C 1v absorption, measured by a(C 1v), is the weakest
of the C 1v spectrum variables in the sample; only the nonvari-
able HD 36485 shows weaker absorption. The profiles remain
fairly symmetric throughout the cycle of variation.

Because HD 37017 is a known spectroscopic binary, we have

searched carefully for radial velocity variations of and between
C 1v and Si 1v. Each line was measured separately on each
spectrum using cross-correlation relative to spectrum SWP
7538. We find no significant indication of differential radial
velocity between these lines; for C 1v, {Av 4> = —1.6 + 19.4
km s~ !, while for Si 1v {(Av,,> = +8.1 + 7.7 km s~ *. The
mean difference between the radial velocities of the Si 1v and

C1vlinesis (vraq.crv — Vrag.sitvy = —6.2 + 124kms™ L.
o;]'fcﬁ'r"*lﬂ—""'|I"|"'f
i il :
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FI1G. 2—HD 37017. Variations of (a) B, (b) a(C 1v), and (c) a(Si 1v). Notice
that C 1v and Si Iv minima coincide with the maximum of B,.
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We have used the same UV flux procedure for HD 37017 as
described for HD 36485 using archival spectra. The results are
Fyy =180 x 1077 ergs cm~2 s~ !, Using E(B—V) = 0.062
gives Fi% = 2.88 x 107 ergs cm~2 s~ !. Model atmosphere
fitting gives 22500 < T, < 25,000 K, so that we obtain
34 < R < 4.2 Rg. Bohlender et al. (1987) quote a rotational

velocity of <95kms™1.

¢) HD 37479 = ¢ Orion E

The ultraviolet line data are provided in Table 4 for C 1v,
Si 1v, and Al m. The latter resonance line, Al m A1855, has
previously been discussed for this star by Shore and Adelman
(1981) and is included here for comparison. The variation of
ultraviolet line indices and effective magnetic field are plotted
in Figure 3, together with the photometric He 1 14026 index,
R(He) (Pedersen 1979). The ephemeris is that based on the
photometric period (Hesser et al. 1977):

JD(uvby minimum) = 2,442,778.81863 + 1°19081E . (1)

The variation of R(He) is roughly in antiphase with that of
a(C 1v): the strongest He 1 coincides with the weaker of the two
C 1v minima at the phase of strongest (positive) effective field.
The C 1v line profile remains substantially symmetric during
the variation, and there is no significant radial velocity varia-
bility in any of the UV resonance lines.

HD 37479 is unique among the helium-strong stars for the
close correspondence between the variations of its UV reson-
ance line indices and its uvby light curves. C IV is strongest
around the photometric minima, which have been shown to
correspond to the magnetic equatorial crossings of the line of

TABLE 4
HD 37479: C 1v, Si 1v, AND Al m

SWP JD a(C 1v) a(Si 1v) a(Al 1)
4840....... 3966.743 0.528 0.877 0.204
6116....... 4094.222 0.498 0.719 0.354
7529....... 4241.206 0.821 0.893 0417
7532....... 4241.419 0.651 0.780 0.280
7534....... 4241.536 0.702 0.936 0432
7536....... 4241.651 0.779 0.972 0.534
7537....... 4241.694 0916 0.939 0.348
7553....... 4243.194 0.337 0.537 0.151
7555....... 4243.290 0.351 0.439 0.217
7556....... 4243.340 0.378 0.481 0.204
7558....... 4243.442 0.491 0.613 0.350
7560....... 4243.569 0.821 0.830 0.561
7583....... 4245.141 0.758 0.966 0.391
7587....... 4245.378 0.453 0.828 0.297
7589....... 4245476 0.420 0.731 0.244
7607....... 4247.322 0.574 0.811 0.310

15751....... 4953.690 0.755 0.901 0457
15753....... 4953.739 0.807 1.013 0.492
15755....... 4953.783 0.693 0973 0.432
15757....... 4953.828 0.654 0.993 0.407
15759....... 4953.853 0.549 0.898 0.364
15774....... 4955.617 0.699 0.718 0434
15778....... 4955.744 0.754 0.807 0.378
15780....... 4955.792 0.621 0.793 0.291
15782....... 4955.838 0.598 0.711 0.358
15785....... 4956.601 0.320 0.481 0.238
15786....... 4956.624 0.361 0.485 0.225
15787....... 4956.650 0.382 0.481 0.194
15811....... 4958.685 0.494 0.856 0.381
15813....... 4958.731 0439 0.759 0.306
15815....... 4958.778 0.501 0.759 0.310
15817....... 4958.824 0.366 0.669 0.268
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FiG. 3—HD 37479. Variations of (@) B, (b) a(C 1v), (c) a(Si 1v), and (d)
R(He 1) 24026 (Pedersen 1979) for HD 37479. See text for phasing.

sight (Borra and Landstreet 1979; Groote and Hunger 1982).
The scatter in the ultraviolet line indices shown in Figure 3 is
small, indicating that the configuration of the trapped plasma
is stable on a time scale of years.

HD 37479 is also the strongest Ha emitter among the
helium-strong stars (Walborn 1983), the strongest nonthermal
radio source, and the only star among the magnetic peculiar
stars for which VLBI measurements of the extent of the
trapped plasma are available (Phillips and Lestrade 1988).

The lower bound on the radius is given by the rotational
velocity and period, so that R > 3.8 R,. Archival IUE spectra
give Fyy=1809x10"7 ergs cm™? s”!, and with
E(B—V) = 0.060 we obtain F{% = 2.93 x 10~ 7 ergscm 25~ 1,
For a temperature of 24,000 K, which is the best fitting inter-
polated model, we obtain R = 4.2 R, (see discussion of HD
64740, below).

d) HD 37776

HD 37776 is known to possess a quadrupole magnetic field
(Thompson and Landstreet 1985), the only such case verified
for a chemically peculiar main-sequence star. It is a rapidly
rotating star with a short period, 1.53869 days.

The variations of the ultraviolet line indices and of the effec-
tive magnetic field (Thompson and Landstreet 1985) are
plotted in Figure 4; the values of a(C 1v) and a(Si 1v) appear in
Table 5. The Si Iv variations are poorly correlated with those
of C1v, and their amplitude is somewhat smaller.

Many IUE spectra have been obtained for HD 37776, pri-
marily because of its complicated magnetic and photometric
behavior. They permit exceptional phase coverage of the C 1v
and Si 1v variations. As first noted by Barker et al. (1982), the
variation in the resonance line equivalent widths is not large. A
periodogram analysis of the a(C 1v) data independently yields
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TABLE 5

HD 37776: C 1v and Si Iv MEASUREMENTS

SWP D aCwv)  aSiv
7535....... 4241601 0635 0.774
7539....... 4241793 0.407 0.590
7554....... 4243233 0346 0.640
7559....... 4243514 0268 0.467
7561....... 4243613 0.441 0.631
7584....... 4245225 0344 0.667
7586....... 4245328 0244 0.617
7588....... 4245428 0358 0.771
7590....... 4245524 0350 0.746
7592....... 4245625  0.186 0.688
7608....... 4247360 0300 0.605
7610....... 4247455 0274 0.533
7613....... 4247601 0298 0.533
7615....... 4247708 0634 0.763
7675....... 4255855 0413 0.501
7694....... 4257878 0344 0.729

19102....... 5362.565  0.519 0.708
19105....... 5362.669  0.151 0.717
19107....... 5362736 0.106 0.604
19109....... 5362803  0.156 0.693
19117....... 5362615 0.269 0478
19119....... 5363.683  0.382 0.512
19122....... 5363782 0.501 0.645
19131....... 5364.538  0.339 0.546
19134....... 5364671 0358 0.539
19136....... 5364740  0.580 0.724
19145....... 5365517  0.364 0.708
19152....... 5365763 0312 0.701
19333....... 5392561 0457 0.653
19338....... 5392.698  0.401 0.588
19440....... 5404555 0324 0.526

TABLE 6
HD 58260: C 1v AND Si 1Iv MEASUREMENTS

SWP JD a(C 1v) a(Si 1v)

14441....... 4796.182 —0.234 0.076
14458....... 4798.158 —0.215 0.073
14471....... 4800.149 -0.239 0.079
14490....... 4802.147 —0.263 0.046
14507....... 4804.167 —0.212 0.158
14658....... 4822.013 —0.279 0.027
15775....... 4955.643 —0.248 0.072

the magnetic period, but the details of the C 1v line profile
changes are complex and appear to be only weakly determined
by the peculiar magnetic geometry. Thus, the details of the
distribution and stability of the magnetospheric plasma of HD
37776 remain poorly determined by these data. Since the mag-
netic geometry of this star is unique in our sample, we are
tempted to speculate that it also has an unusually complicated
plasma environment.

Given the complexity of the observed variation, an attempt
was made to set upper limits to the radial velocity variation of
C 1v in HD 37776. Spectra were cross-correlated against SWP
7535; we find no evidence for radial velocity variation at the
level of 10 km s~ . As for HD 37017, this limit is small com-
pared with the rotational velocity of the star. For HD 37776 we
have measured archival IUE spectra as in the previous cases of
the Ori OB 1 stars to obtain Fyy = 1.25 x 1077 ergs cm 2
s~ 1. The reddening for this star is somewhat higher than for
the other Orion stars, E(B— V) = 0.081, yielding a corrected
flux F§& =231 x 1077 ergs cm~2 s~ 1. A best fitting atmo-
sphere yields an effective temperature of 22,500 K, which gives
R = 3.7 Ry. This agrees very well with the value quoted by
Thompson and Landstreet (1985) of 3.8 R,

e) HD 58260

The data are listed in Table 6, and the line profiles for C 1v
are shown in Figure 5. The C 1v is consistently in emission,
while the Si 1v is only weakly seen in absorption. The disper-
sion in a(C 1v) is the smallest observed for any helium-strong
star, and is consistent with constancy. The C 1v line profiles are
always seen in redward-shaded emission with no hint of a blue-

1.5
E-10

FLUX
m
L
(=]

0 1 Il L
1540 1545 1550 1555 1560
Wavelength (A)

F1G. 5.—HD 58260. Overplot of all seven available C 1v profiles, smoothed
to three points.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990ApJ...365..665S

J. 22365, J66550

AR

rt

Normalized Flux

670

TABLE 7
HD 60344: C 1v AND Si Iv MEASUREMENTS

a(C 1v)

2127
1.602

D a(Si v)

4156.827
4255.905

1.722
1.543

ward extension on the emission profile. There is, however, a
hint of weak absorption on the blueward side, suggestive of
interstellar absorption.

He 1 14026 photometry led Pedersen (1979) to suggest a
possible period of 19657 + 09004 for HD 58260, but this
ephemeris is not sufficiently precise to provide an unam-
biguous phasing for our observations. We have too few spectra
with which to support an independent period determination.
The 10 magnetic observations of this star (Borra and Land-
street 1979; Bohlender et al. 1987) are consistent with a con-
stant effective field of 2.3 kG; we assume this simplest
interpretation in the following discussion.

Bohlender (1989) has recently performed a detailed optical
analysis of HD 58260 (see next section). He obtains T,y =
19,000 K. There are no low-dispersion spectra available from
IUE, nor is the distance known for this star. We are, therefore,
unable to compare this star directly with the Ori OB 1 helium-
strong stars.

f) HD 60344

The ultraviolet line indices are given in Table 7 and the C 1v
profiles shown in Figure 6. The two a(C 1v) values demonstrate
that the C 1v doublet in this star is the strongest observed in
any helium-peculiar star. The differences in both C 1v and Si 1v
between the two spectra are suggestive of variation. But
because the spectra were taken through different apertures
during the first two years of IUE operations, this apparent
variation is suspect.

g) HD 64740

The data on the C 1v and Si 1v lines are provided in Table 8.
The variations of the line indices and the effective magnetic
field are shown in Figure 7, phased using the period of 1933026

08 |

06 |

04 [

02 [

I 1
1550 1555
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F1G. 6-HD 60344. Overplot of both available C 1v profiles, smoothed to
three points.
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from Bohlender et al. (1987) and an arbitrary initial epoch JD
2,443,000.0. The field reverses sign, varying between +0.5 and
—09kG.

The IUE spectra for this star show that the C 1v profile
varies with two nearly equal maxima separated by 0°4. The
weakest C 1v absorption, consistent with a(C 1v) = 0, occurs at
strongest (negative) B. The strongest C 1v occurs when the
magnetic equator transits the line of sight. The character of the
magnetic field and C 1v variations is strikingly similar to that

TABLE 8
HD 64740: C 1v AND Si IV MEASUREMENTS

SWP D a(C 1v) a(Si 1v)

5817....... 4071.000 0.642 1.000
14459....... 4798.185 0.133 0.719
14472....... 4800.176 1.056 1.187
14491....... 4802.174 0.133 0.683
14508....... 4804.192 1.231 1.286
14659....... 4822.051 0.113 0.617
14686....... 4824.243 1.194 1.308
15760....... 4853.898 0.208 0.738
15809....... 4958.628 1.052 1.262
19101....... 5362.528 0.986 1.246
19104....... 5362.638 0.816 1.153
19106....... 5362.704 0.700 1.025
19108....... 5362.769 0.688 1.081
19118....... 5363.645 0.240 0.758
19121....... 5363.752 0.511 0.932
19123....... 5362.817 0.813 1.086
19132....... 5364.576 0.186 0.792
19135....... 5364.707 0.088 0.642
19138....... 5364.808 0.100 0.664
19146....... 5365.553 1.076 1.176
19149....... 5365.666 1.258 1.317
19151....... 5365.733 0.929 1177
19153....... 5365.815 0471 0.996

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990ApJ...365..665S

J. 22365, J66550

AR

rt

No. 2, 1990

TABLE 9
HD 96446: C 1v AND Si Iv MEASUREMENTS

SWP JD a(C 1v) a(Si 1v)

5765....... 4064.819 —0.106 0.261
14443....... 4796.239 -0.110 0.241
14460....... 4798.212 —0.161 0.264
14473....... 4800.199 —0.203 0.299
14492....... 4802.197 —-0.161 0.235
14509....... 4804.218 —0.121 0.281
14660....... 4822.081 —0.204 0.278
15776....... 4955.676 —0.145 0.344

reported recently for the significantly cooler helium-weak star
HD 5737 = a Scl (Shore et al. 1990), although the amplitude of
the a(C 1v) variation in this star is roughly 3 times greater, and
the rotation period roughly 15 times shorter, than in its
helium-weak counterpart.

In a recent optical study of HD 64740, Bohlender and Land-
street (1990) have derived an effective temperature of 25,000 K
and log g = 4.0. They quote a derived radius of R = 6.3 + 1.8
R and give E(B— V) = 0.02 and a distance of 350 pc. We have
used recent archival IUE low-dispersion trailed spectra, SWP
32568 and LWP 12335, to independently determine the tem-
perature and radius. The best fitting Kurucz (1979) model is
25,000 K. For comparison, we computed several helium-strong
models, using recently calculated opacity distribution func-
tions from Kurucz (1989, private communication). The most
extreme model, T, = 25,000 K, log g = 4.0, and He/H = 0.83,
agrees with a normal model to within 1% over the entire IUE
range of the ultraviolet. We obtained F§% = 2.05 x 10~ ergs
cm~ 2 s~ ! which, when compared with the calculated UV flux
from the model atmosphere, gives R = 6.1 R, in excellent
agreement with Bohlender and Landstreet’s (1990) result.

h) HD 96446

The C 1v and Si 1v line data are given in Table 9, and the C 1v
line profiles are plotted in Figure 8.

HD 96446 and HD 58260 are the only helium-strong stars
which systematically display C 1v emission. The C 1v profile in
HD 96446 is consistently truncated on the blueward side, with
no absorption trough (as in a P Cyg line profile) and displays a
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FiG. 8—HD 96446. Overplot of all eight available C 1v profiles, each
smoothed to three points.
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TABLE 10
HD 133518: C 1v AND Si 1Iv MEASUREMENTS
Swp JD a(C 1v) a(Si v)
5816....... 4070.940 1.015 0.695
14662....... 4822.142 1.234 0.900
14684....... 4824.187 1.166 0.862

redward-shaded emission. The Si 1v profile is weak and in
absorption. There is only weak evidence for variability of
either line; no period can be determined from the present
observations.

i) HD 133518

There are three archival SWP images of this star, all of
which show extremely strong C 1v absorption (a(C 1v) > 1).
The profiles are nearly symmetric, completely saturated, and
strongly resemble those of HD 60344. The data are provided in
Table 10, and line profiles are plotted for C1v in Figure 9.

IV. INTERPRETATION OF OBSERVATIONAL RESULTS: OBLIQUE
ROTATOR MODELS

In this section, we use the theory developed by Shore (1987)
to analyze the C 1v variations of the helium-strong stars in our
sample. The immediate motivation for our approach arises
from the successful interpretation of similar C 1v resonance line
variations in three helium-weak stars (Brown et al. 1985; Shore
et al. 1987, 1990). Two of these stars possess trapped magneto-
spheric plasma near the magnetic equatorial plane, while the
third exhibits only a collimated outflow from one magnetic
pole. Curiously, the rotation periods of the stars that possess
trapped circumstellar plasma differ by one order of magnitude,
while the amplitudes of their magnetic curves differ by a factor
of 2.3.

As documented above, the relative phases of a(C 1v) and B¢
variations in these stars are apparently consistent with the
assumption that hot plasma is trapped above the magnetic
equator and is rigidly corotating in the oblique magnetic
frame. Our goal is to determine whether the models based on
this assumption are consistent with other available observa-
tions of these stars. Such oblique rotator models are param-
eterized by the obliquity of the magnetic axis to the rotational

FLUX

0 L L 1
1540 1545 1550 1555
Wavelength (A)

F1G. 9—HD 133518. Overplot of the three available C 1v profiles, each
smoothed to three points. The continuum flux of the small aperture image,
SWP 5816, has been matched to that of the large aperture images at 11542.
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pole, B, and the inclination of the rotation axis to the line of
sight, i. For a symmetric distribution, the separation in phase
of the two maxima of the C 1v, which are produced by the
magnetic equator crossing the observer’s line of sight, is given
by

A® = 2 cos™ ! (cot i cot f), )]

(Shore 1987) so that the observation of two maxima requires
that i + f > 90°. In most cases, the rotation period and stellar
radius allow the determination of i so that the unknown factor,
B, can be obtained from the C 1v variations. Effective magnetic
field measurements (Bohlender et al. 1987) usually provide an
independent determination of §.

a) HD 36485

The appearance of the C 1v lines in d Ori C is consistent with
that expected for a nearly aligned (oblique) rotator. The line
profiles are similar to those observed at the weakest line phase
of HD 37017: intermediate between those of HD 58260 or
96446 and those of the spectrum variables. The low observed
vsin i suggests that the rotation and magnetic axes are
roughly coincident and lie nearly in the line of sight. While
more details of this configuration will be discussed below (see
HD 58260 and HD 96446), we argue that the low rotational
velocity and high field strength observed in 6 Ori C are best
understood in the context of the oblique rotator model. The
parameter values implied are thus i &~ 0° and f =~ 0°.

Bohlender (1989) has modeled the profiles of He 1 144121,
4168, and 4437 and of Si 11 A1 4567, 4574 using a line synthesis
program that incorporates the effects of a magnetic field and
nonuniform abundances. He proposes that i &~ 10° and § =~ 0°.

b) HD 37017

The magnetic measurements by Bohlender et al. (1987) give
23° <i<37° and 42° < f<59°. We obtain i< 27°. The
single waveform of the a(C 1v) variation and the fact that the
equator appears to cross the line of sight imply that
i + B~ 90°, consistent with the effective magnetic field results.
The Si 1v and C 1v variations are strictly in phase, indicating
that the high-temperature plasma is uniquely located near the
magnetic equator. There is no evidence for higher harmonics in
the variations.

¢) HD 37479

The parameters listed by Bohlender et al. (1987) are
78° < i <90° and f much larger than 0°, but otherwise inde-
terminate. Using our determination of the radius,
R = 4.1 + 0.1 Ry, along with the published rotational velocity
and period yields i = 70° + 5°. Since the IUE results show that
there are two C 1v maxima, we determine f using equation (2)
to be approximately 56°.

The maxima are coincident with the phases at which Groote
and Hunger (1982) report deepest sharp line cores on the
higher Balmer lines and Bolton et al. (1986) report Hx maxima.
The optical helium line strength maximum occurs at the transit
of the stronger magnetic pole, the weakest phase of C 1v and
Si1v.

The simplest explanation of these data is that scattering and
absorption in the optically thick magnetospherically trapped
plasma produces the observed line strength variations in the
Balmer line cores and the visual photometric variations.
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d) HD 37776

Given the quadrupolar field configuration of this star, it is
not surprising that the relationships among its optical and
ultraviolet spectra and its effective magnetic field are complex.
We assume that, as in the cases of dipolar field geometry, the
line-forming plasma is trapped in regions of horizontal field
lines. It appears that C 1v absorption is weakest at the phase of
the broad negative magnetic field extremum, consistent with
this assumption. No other characteristic of the C 1v and B
variations suggests such a straightforward interpretation. In
contrast to the cases of HD 64740 and HD 37479, the Si1v and
C 1v variations are poorly correlated.

The rotational velocity for this star and its radius, R =~ 3.7
R, yields an inclination of i & 47°. However, f is indetermi-
nate for this quadrupolar field.

e) HD 58260

HD 58260 possesses a constant effective field of 2300 G and
vsini=18 + 2 km s~ 1. We therefore consider it an aligned
rotator for which the magnetic field and the stellar rotational
axis are projected nearly into the line of sight: i ~ 0° and
B =~ 0°. This geometry implies that the C 1v—emitting plasma,
located near the magnetic equator, always lies nearly in the
plane of the sky.

Bohlender’s (1989) synthesis of He 1 and Si 1 lines yields a
best fit for i &~ 40° with f =~ 0° but all values in the range
10° < i < 50° yield approximately comparable fits (Bohlender
1990, private communication).

f) HD 60344

The four null magnetic measurements of this star strongly
suggest that B, < 500 G, while v sin i < 30 km s~ . The two
available C 1v line profiles, while possibly variable, are the
strongest observed in any helium-strong star and show no hint
of emission. We therefore take this star to be an example of a
nearly orthogonal rotator: i & 0° and § ~ 90°. The magnetic
equator is always in the line of sight, thus always projected
across the stellar disk, accounting for the extremely strong
absorption.

g) HD 64740

Bohlender et al. (1987) give i >41° and g < 76°. The
presumed stellar radius is 32 <R/Ry <64 and
vsini~ 160 + 15km s~ ! (Walborn 1983). We can now refine
this analysis using the radius determined from UV spectra of
6.1 R,. We find i = 43°. The separation of the C 1v maxima is
A® =~ 073 so that f = 61°, which agrees well with the magnetic
determination.

) HD 96446

Like HD 58260, and unlike all other helium-strong stars in
our sample, HD 96446 displays strong emission at C 1v; like
HD 58260, it exhibits a strong and approximately constant
effective magnetic field. The available upper limit on v sin i is
consistent with the poorly determined 23 + 6 day period pro-
posed by Pedersen and Thomsen (1977) for the low-amplitude
4026 A photometric variations, but Matthews and Bohlender
(1988) have recently detected UBV photometric variations
which yield a period of roughly 0.85 days, leading them to
propose that i < 8° and f > 60° (Bohlender 1990, private
communication).

The discovery of a short period accords with our interpreta-
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tion of all low rotational velocities among the helium-strong
stars as inclination effects. The proposed large obliquity,
however, requires some additional comment. The emission in
HD 96446 is weaker in all spectra than observed for HD 58260.
The absence of C 1v absorption constrains the obliquity of the
magnetic field to be small compared with 90°, but the precise
value depends on the outer radius of the magnetosphere and
on the latitudinal extent of the trapped plasma. From fits to
C 1v variations in HD 64740 (as with HD 5737, see Shore et al.
1990), the latitudinal extent of the C 1v line forming region is
about 20° to 30°; here we assume that the plasma is distributed
as cos” 0 in magnetic latitude, with n =4, 6. Thus § < 70°,
consistent with the results obtained from both the photometric
variations and magnetic field. While the a(C 1v) values may be
consistent with variability, the currently available period is too
imprecise to accurately phase these data.

i) HD 133518

Each of our three spectra for HD 133518 exhibits very
strong absorption at both C 1v and Si 1v; we find no evidence
for variation. Five magnetic observations at two epochs imply
an upper limit of roughly 500 G for B,. We propose that, like
HD 60344 and in contrast with HD 58260 and HD 96446, HD
133518 is a nearly orthogonal oblique rotator for which the
magnetospheric plasma is always seen projected against the
stellar disk and the magnetic pole is never in the line of sight:
i~ 0°and g ~ 90°.

V. UNIFIED OBLIQUE ROTATOR MODEL: DISCUSSION

The determination of oblique rotator parameters for the
stars in our sample gives concrete expression to the following
summary of the ultraviolet phenomenology. The stars with
large equatorial velocities and short periods show strongly
variable C 1v and Si 1v, while the stars which show low project-
ed rotational velocities all show constant line profiles. Addi-
tionally, the stars with weak effective magnetic fields and low
rotational velocity show the deepest absorption at Si 1v and
C 1v, while those with no strong effective magnetic fields show
constant emission at C 1v and extraordinarily weak Si 1v lines.
This leads to the conclusion that the slowly rotating helium-
strong stars are likely seen rotation pole-on. Indeed, the data
can be explained on the parsimonious assumption that there
are no anomalously slowly rotating magnetic stars among the
upper-main-sequence helium-strong stars of this sample.

The magnetic fields of the spectrum variable helium-peculiar
stars are typically highly oblique (Borra, Landstreet, and
Thompson 1983; Bohlender et al. 1987). In the two cases of
helium-strong stars for which null effective field measurements
have been reported, the ultraviolet observations suggest highly
oblique magnetic geometries viewed approximately pole-on. In
two other cases, the presence of emission lines in the UV serves
as a strong link between shell phenomenology and magnetic
geometry. The stars which show strong, approximately con-
stant magnetic fields, HD 58260 and HD 96446, are the only
helium-peculiar stars seen to show emission at the C 1v line.
This is clearly true emission, coming above the stellar contin-
uum.

No radial velocity variability of the C 1v lines has been
detected for any of the stars in this sample. Similarly, the Si 1v
lines appear to be constant. The He 1 optical lines also do not
show large v,,4 variations, especially the best studied star HD
37479 (Groote and Hunger 1982). The line shape variations are
qualitatively consistent with those expected if the lines are
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formed in an extended region trapped at the magnetic equator,
which slides over the line of sight as the star rotates.

At the effective temperatures typical of the helium-strong
stars, C 1v and Si 1v should show strong photospheric com-
ponents (Walborn 1983; Kamp 1982). It is difficult to remove
such components from the observed profiles in order to
address detailed questions regarding the structure of the pro-
posed circumstellar plasma or to search for contributions from
jetlike outflows.

This entanglement of photospheric and circumstellar contri-
butions is most severe among the intermediate obliquity stars.
These do not show emission at C 1v and never display absorp-
tion at C 1v and Si 1Iv as strong as the orthogonal rotators.
Therefore, the observed resonance line variations are more
difficult to model unambiguously. Since we expect that both a
polar outflow and magnetosphere are present, and that they
are in antiphase with one another, it is likely that some com-
bined effect should be seen. The absorption from a magneto-
sphere is continuous over the surface of the star, so that for two
equally black regions (magnetosphere and jet) the total C 1v
absorption should be in the ratio of the solid angle subtended
by the two. Thus, the magnetosphere should always dominate
the profile by about one order of magnitude in equivalent
width, all else being equal, and should obscure the presence of
the jet. Hence, the currently available data are not inconsistent
with the presence of multiple line-forming regions.

None of the stars in our sample exhibit compelling evidence
for a polar jet of the sort discussed by Shore (1987) and seen in
HD 21699 (Brown, Shore, and Sonneborn 1985; Shore, Brown,
and Sonneborn 1987). But two stars (HD 58260 and HD
96446) represent orientations for which the polar cap is always
approximately in the line of sight, whereby it is possible that
the polar outflow could contribute to part of the observed C 1v
line. The profiles observed in these stars are peculiar in that
they are cut off on the blueward side, although their widths are
consistent with having rotation out to the Alfvén surface. That
is, they have redward extensions which are consistent with
rotational velocities about 10 times that of the stellar photo-
sphere and observed at small inclination. Most of the addi-
tional width of the profile is likely due to partial redistribution
of the scattered radiation. If a polar jet were present in these
stars, however, it would be seen purely in absorption against
the disk and would terminate the blueward edge of the profile.
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FI1G. 10—Proposed decomposition of the HD 96446 C 1v profiles, using
HD 21699 as the model for the jet profile (see text).
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We have attempted a simulation of this effect by removing
the only observed jet profile, that of HD 21699 (Brown et al.
1985) from the line profile of HD 96446. The strongest jet
spectrum (SWP 21081) of HD 21699 was overplotted, without
normalization, on the spectrum of HD 96446 (SWP 15776); the
actual fluxes are almost identical. The differenced profile was
smoothed by a five-point filter. The Fe 11 lines at A41557, 1558
are not the same, nor are the Fe 11 lines near 11550, but overall
the agreement between the two spectra is very good. The
resultant emission-line profiles are nearly symmetric and in the

HD 60344,
HD 133518

HD 58260,
HP 96446

Line of sight

SHORE AND BROWN
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expected ratio of oscillator strengths. We show the comparison
between the two spectra in Figure 10. While this exercise is not
definitive, it should serve as a “proof of concept.” More
detailed calculations are not currently available, although
model calculations by Kunacz (1984) are consistent with this
type of profile for a jetlike outflow. Such a flow produces no
emission component and does not look like a normal stellar
wind. The combined effect could produce the profile observed.
For the high-obliquity/low-inclination objects, for which the
magnetic equator is continually in view, the emission from the

FiG. 11b

F1G. 11.—(a) Cartoon illustrating the geometry of the proposed model for the constant helium-strong stars. (b) Cartoon illustrating the geometry of the proposed

model for an oblique rotator of intermediate obliquity.
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TABLE 11
DERIVED OBLIQUE ROTATOR PARAMETERS
Star i B

HD 36485 ........ ~0° nearly aligned
HD 37017........ <25 <65°
HD 37479 ........ 72 56°
HD 37776........ x52 unknown
HD 58260........ =0 nearly aligned
HD 60344 ........ ~0 nearly orthogonal
HD 64740........ 43 61°
HD 96446 ........ ~0 intermediate
HD 133518....... ~0 nearly orthogonal

polar jet is so reduced that it does not contribute to the final
profile. Unless seen in absorption against the disk, the effect
would not be noticeable.

The currently available archive of high-resolution IUE
spectra spans more than 1000 rotations for each of the stars of
known period. The ultraviolet resonance lines show no detect-
able variation except that identified as rotational modulation.
Thus, the magnetospheres appear to be stable. The best studied
cases are HD 37017 and HD 37479, for which the scatter in the
C 1v line is small, about the same as that observed for HD 5737
(Shore et al. 1990). The profile variations over a span of 4 or 5
yr are consistent with the scatter (about 10%) expected in the
a(C 1v) index from the accuracy of the SWP camera.

It is worth emphasizing that a detailed model of the ultra-
violet resonance lines in the helium-strong stars will require a
fully self-consistent treatment of the radiative coupling
between photosphere and trapped circumstellar plasma.
Without such a treatment, we cannot expect our model to
account for such fine details as the comparison between the
line profiles of HD 36485 and HD 58260 or HD 96446.

Finally, on the basis of our unified picture for the helium-
strong stars, we venture a prediction. We have specifically
excluded one other well-observed helium-strong star, HD
184927, from our sample. This star is a well-known optical
spectrum and photometric variable (see, e.g, Levato and
Malaroda 1979). However, the proposed period of 9.54 days
does not phase together the optical spectra, effective magnetic
field, and UV line variations, and may well be severely aliased.
For this reason, we cannot phase the relative variations on a
consistent period in order to apply the model. Given the simi-
larity in phenomenology of UV resonance line, optical spectro-
scopic, and optical photometric variability between HD
184927 and the rapid rotators in our sample, we strongly
suspect that this star is a member of the rapidly rotating class,
observed at small inclination and intermediate obliquity such
that i + f < 90°. The magnetic variations are similar to those
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of HD 37017 in showing only one magnetic pole and present-
ing a transit of the magnetic equator. This is not to imply that
there is anything in the model which specifically excludes
intrinsically slow rotation for this or any helium-strong star,
merely that the behavior of the group can be quite consistently
understood without this assumption.

VI. SUMMARY

The primary result of this study is the demonstration that
the variations of the UV resonance lines in the helium-strong
stars can be understood on the basis of a single, essentially
geometric, model. This model invokes the existence of a dense
circumstellar trapped corotating plasma whose axis of sym-
metry is that of the magnetic field, which is in turn inclined to
the rotation axis. In short, the UV variations of these stars are
completely consistent with the oblique rotator model required
to understand the longitudinal magnetic field variations.

Several important physical questions need now to be
addressed. First, what is the mechanism by which the plasma is
supplied to the magnetosphere? Is it the same as that hypothe-
sized for the helium-weak stars (Shore et al. 1990) possessing
centrifugal winds? What is the relation between the trapped
plasma and the radio-emitting electrons?

In the context of this model, we are able to discern a striking
consistency among the helium-strong stars in their resonance
line properties. This stands in distinct contrast with the case of
the helium-weak stars. The three helium-weak sn stars which
have been found to exhibit rotationally modulated C 1v appear
to be more similar to each other than to the helium-strong
stars. Yet two of these show C 1v variations very similar to
those reported here, while a third shows only a polar outflow
(Shore et al. 1990). None of the helium-weak stars which are
rapid rotators and/or possess strong magnetic fields show the
same C 1v and Si 1v variability. The challenge with which we
are now faced is the creation of a unified physical model for the
helium-peculiar stars of the upper main sequence.

We wish to thank our long-time collaborators Tom Bolton,
Paul Barker, and George Sonneborn for important discussions
and comments on aspects of this work. Thanks go as well to
Nolan Walborn for challenging discussions and to the referee,
John Landstreet, for stimulating the clarification of several
important points in the paper. We are grateful to David Boh-
lender for communicating results in advance of publication.
We especially thank Rosalic Ewald, Keith Feggans, Holly
Abraham, Carol Grady, and members of the IUE Observatory
and GSFC/RDAF staff for their skillful assistance. This work
has been supported by NASA through contracts to CWRU,
NMIMT, and University of Washington.

REFERENCES

Barker, P. K. 1986, in 1AU Colloquium 87, Hydrogen Deficient Stars and
Related Objects, ed. K. Hunger, D. Schonberner, and N. Kameswaran Rao
(Dordrecht: Reidel), p. 277.

Barker, P. K., Brown, D. N, Bolton, C. T., and Landstreet, J. D. 1982, in
Advances in Ultraviolet Astronomy: Four Years of IUE Research, ed. Y.
Kondo, J. M. Mead, and R. D. Chapman (NASA CP-2238), p. 589.

Bohlender, D. A. 1989, Ap. J., 346, 459.

Bohlender, D. A., Brown, D. N., Landstreet, J. D, and Thompson, 1. B. 1987,
Ap. J., 323,325,

Bohlender, D. A., and Landstreet, J. D. 1990, preprint.

Bolton, C. T., Fullerton, A. W., Bohlender, D. A., Landstreet, J. D., and Gies,
D. R. 1986, in IAU Colloquium 92, The Physics of Be Stars, ed. A. Slettebak
and T. P. Snow (Cambridge: Cambridge University Press), p. 82.

Borra, E. F., and Landstreet, J. D. 1977, Ap. J., 228, 809.

. 1979, Ap. J., 228, 809.

Borra, E. F., Landstreet, J. D., and Thompson, 1. B. 1983, Ap. J. Suppl., 53, 151.

Brown, D. N,, Shore, S. N., and Sonneborn, G. 1985, 4.J., 90, 1354.

Drake, S. A, Abbott, D. C,, Bastien, T. S., Bieging, J. H., Churchwell, E., Dulk,
G., and Linsky, J. L. 1987, Ap. J., 322, 902.

Groote, D., and Hunger, K. 1982, Astr. Ap., 116, 64.

Harris, A. W., and Sonneborn, G. 1987, in Exploring the Universe with the IUE
Satellite, ed. Y. Kondo (Dordrecht: Reidel), p. 729.

Hesser, J. E., Moreno, H., and Ugarte, P. P. 1977, Ap. J. (Letters), 216, L31.

Hesser, J. E., Walborn, N. R., and Ugarte, P. P. 1976, Nature, 262, 116.

Hunger, K. 1986, in Upper Main Sequence Stars with Anomalous Abundances,
ed. C. R. Cowley, M. M. Dworetsky, and C. Megessier (Dordrecht: Reidel),
p. 257.

Kamp, L. W. 1982, Ap. J. Suppl., 48, 415.

Kunacz, P. B. 1984, Ap. J., 276, 677.

Kurucz, R. L. 1979, Ap. J. Suppl., 40, 1.

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990ApJ...365..665S

J. 22365, J66550

AR

[I9

676 SHORE AND BROWN

Landstreet, J. D., and Borra, E. F. 1978, Ap. J., 224, LS.
Lester, J. D. 1972, Ap. J., 178, 743.

. 1976, Ap. J., 210, 153.

. 1979, Ap. J., 233, 664.

Levato, H., and Malaroda, S. 1979, Pub. A.S.P., 91, 789.
Matthews, J., and Bohlender, D. A. 1988, Internat. Bull. Var. Stars, Nr. 3226.
Michaud, G. 1980, 4.J., 85, 589.

Montmerle, Th., and Michaud, G. 1976, Ap. J. Suppl., 31, 489.
Nakajima, R. 1985, Ap. Space Sci., 116, 285.

Osmer, P., and Peterson, D. M. 1974, Ap. J., 187, 117.
Pedersen, H. 1979, Astr. Ap. Suppl., 35, 313.

Pedersen, H., and Thomsen, B., 1977, Astr. Ap. Suppl., 30, 11.
Peterson, D. M., and Theys, J. 1981, Ap. J., 244, 947.

Phillips, R. S., and Lestrade, J-F. 1988, Nature, 334, 329.
Shore, S. N. 1978, Ph.D. thesis, Univ. of Toronto.

Shore, S. N. 1987, A.J., 94, 731.

Shore, S. N., and Adelman, S. J. 1981, in Upper Main Sequence Chemically
Peculiar Stars (Liége: Institut d’Astrophysique).

Shore, 8. N., Brown, D. N., and Sonneborn, G. 1987, 4.J., 94, 737.

Shore, S. N., Brown, D. N, and Sonneborn, G. 1988, in 4 Decade of Ultraviolet
Astronomy with IUE (vol. 1) ed. E. Rolfs (ESA SP-281), p. 339.

Shore, S. N., Brown, D. N., Sonneborn, G., Landstreet, J., and Bohlender, D.
1990, Ap. J., 348, 242.

Thompson, I. B, and Landstreet, J. D. 1985, Ap. J. (Letters), 289, L9.

Vauclair, S. 1975, Astr. Ap., 45,233.

Walborn, N. R. 1983, Ap. J., 268, 195.

Walborn, N. R., and Hesser, J. E. 1976, Ap. J. (Letters), 205, L87.

Warren, W. and Hesser, J. E. 1977, Ap. J. Suppl., 34, 116.

. 1978, Ap. J. Suppl., 36, 497.

DouGLas N. BRowN: Department of Astronomy, FM-20, University of Washington, Seattle, WA 98195

STEVEN N. SHORE: Code 681, Laboratory for Astronomy and Solar Physics, NASA/Goddard Space Flight Center, Greenbelt,

MD 20771

© American Astronomical Society ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/1990ApJ...365..665S

