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ABSTRACT  Recently, one of the rapidly oscillating Ap stars, HR
3831, has been found to have an equally split frequency septuplet, though
its oscillation seems to be essentially an axisymmetric dipole mode with
respect to the magnetic axis which is oblique to the rotation axis (Kurtz
et al. 1992; Kurtz 1992). In order to explain this fine structure, we in-
vestigate oscillations of rotating magnetic stars by taking account of the
perturbations due to the magnetic fields and the rotation. We show that
the magnetic field on axisymmetric dipole modes distorts the dipole os-
cillation pattern to have axisymmetric octapole components so that the
frequency pattern becomes a septuplet rather than a triplet, and that the
additional effect of the rotation leads the frequency pattern to be asym-
metric. The formula allows us to get information about the magnetic
fields, the rotation, and the geometrical configuration of the star from
the oscillation data.

The rapid oscillations of Ap (roAp) stars are multi-periodic and then they
can provide us with much information about the inside of these stars. The Ap
stars themselves are unique objects in the sense that the oscillations in these
stars are influenced by strong magnetic fields. These fields are thought to play
an essential role of chemical peculiarity of these stars. Seismic investigation of
these stars is expected to provide us with some information about their mag-
netic fields, and hence asteroseismology of the roAp stars is worth of doing to
understand physics of the Ap phenomena. For more details, see reviews (Kurtz
1990; Matthews 1991; Shibahashi 1991).

The amplitudes of the rapid oscillations of some roAp stars vary definitely
synchronously with the magnetic field strength of the star. Hence the oscillations
are interpreted as axisymmetric dipole modes with respect to the magnetic axis
which is oblique to the rotation axis of the star [the oblique pulsator model of
Kurtz (1982)]. According to this model, the change of the aspect angle of the
oscillation induces a triplet fine structure in the frequency spectrum; each of
the side components is separated exactly by the rotation frequency of the star
from the central frequency component. The oblique pulsator model has been
theoretically refined. It now explains the asymmetry of the amplitudes of the
triplet fine structure, from which information about the magnetic field can be
deduced (Dziembowski and Goode 1985, 1986; Kurtz and Shibahashi 1986).

However, Kurtz et al’s (1992) recent observations of HR 3831 show that
the fine structure so far thought to be a triplet is in reality a part of a septu-
plet. The discovery of a septuplet fine structure destabilized the fundamentals
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of the oblique pulsator model, and we have been faced many difficulties. In
this situation, Kurtz (1992) tried to decompose the oscillation pattern in terms
of spherical harmonics of degrees I = 0, 1, 2, and 3, and succeeded to get
some reasonable fits. However, his approach is phenomenological, and needs
physical justification. In this paper, we outline our formulation of the nonra-
dial oscillations of rotating magnetic stars to derive a septuplet fine structure
in the frequency spectrum (Shibahashi and Takata 1992; in preparation). Our
approach is refinement of the oblique pulsator model, and we show the model
explains well the observations.

We suppose that the star is rigidly rotating and that the magnetic field is
a dipole field. We treat the effects of the rotation and of the magnetic field
as perturbations. In doing so, we suppose that the rotation of the star is slow
enough so that the effect of the rotation on oscillations is smaller than that of the
magnetic field. Hereafter, we consider the oscillation mode which is principally
represented by axisymmetric dipole with respect to the magnetic axis. That is,
the zero-order eigenfunction is represented by the main component of (I,m) =
(1,0).

After some manipulation, the eigenfunction £ is expressed by

£ ~ (Eprotarénagtaaéni
+Bn-1,30€n-130 + Brn-131€0-131 + Bn-13,-1€n-13-1)
x exp{i(w(® + wM)t}, 1)
where the suffixes of £, @, and f represent the radial order n, the degree I, and
the azimuthal order m with respect to the magnetic axis, respectively. Here, we

set the temporal dependence of eigenfunctions as exp(iwt) in the rotating frame,
and the coefficients are

Coriolis Force (o Q) @)
Lorentz Force (x B?)’

Q41 X

Lorentz Force («x B?)
Gas Press. + Grav. Force’
Coriolis Force (« ) @)
Gas Press. + Grav. Force’

It should be noted that the previous theoretical works on the oblique pulsator
mode] (e.g. Dziembowski and Goode 1985, 1986; Kurtz and Shibahashi 1986)
discarded the first-order components represented by the coefficients # and the
octapole components and took account of only the zero-order components ex-
pressed by the coefficients o and the dipole components. It is these octapole
components that are responsible for the observed septuplet fine structure of the
amplitude spectrum.

The spherical harmonic Y;™(0p, ¢p) expressed by the spherical coordinates
with respect to the magnetic axis (6p,$g) is written in terms of (2! + 1) spher-
ical harmonics of the same degree ! with respect to the spherical coordinates
(61,41) measured from the line-of-sight. Hence the dipole components (¢, ;
and €, ; 1) of the eigenfunction £ are observed as a triplet fine structure of the
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frequency spectrum (w—Q,w,w+Q) and the octapole components (§,,_; 30 and
€n-1,3+1) are observed as a septuplet (w — 3Q,...,w + 3Q) overlapping with the
triplet. That is, the observable luminosity variation is formally expressed as

1 3
L= 3 ALV explifw - m"@)t]+ Y AU expli(w - m"Q)t).  (5)

mii=-1 m=-3

The fine structure is asymmetric with respect to its central frequency be-
cause of contamination due to the non-axisymmetric components &, ; +; and
€.-13+1- Thesefeatures are qualitatively consistent with Kurtz et al’s (1992) re-
cent observational results, and provide theoretical justification of Kurtz’s (1992)
decomposition of the amplitude spectrum of HR 3831 by a series of spherical
harmonics.

After some manipulation, we derive the theoretically expected frequency
pattern and relations, which are dependent of only the geometrical configuration
and the ratio of the Coriolis force and the Lorentz force, among the fine structure
amplitudes AY,. The degree of asymmetry of the fine structure is independent

e
on the g(_eomeTﬁca.l configuration but depends on the ratio of the Coriolis force

and the Lorentz force. The relative contributions of the dipole and the octapole
- components depend on not only the geometrical configuration and the magnetic

field strength but also the limb darkening effects. These relations among AS,II),,
allow us to get information about the magnetic fields, the rotation, and the
geometrical configuration of the star from the oscillation data, and hence they
are promising asteroseismological tools. We are now going to apply the present
formulation to Kurtz et al.’s (1992) observational data of HR 3831.
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