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Abstract. Line profile variations in y Equ show the classic blue-to-red
travelling bumps of m-modes resolved by rotation, and they have been
identified as £ = 2 or 3, m = —f or —£+1 by characterising the line shapes
using the moment method. The mode identifications cannot be correct,
however, since v Equ is an extremely slowly rotating star (P > 70yr).
We propose an alternative interpretation, according to which the observed
line profile variations are a manifestation of a shock wave in the high
atmosphere near the magnetic polar regions; the oscillation mode is then
still consistent with the photometric observations.

1. Introduction

The rapidly oscillating Ap (roAp) stars are cool magnetic Ap stars with periods
in the range 6-16 min; there are currently 32 known members of the class. In
many cases, the amplitude of the light variations is modulated with the rota-
tional period of the star, as is the apparent magnetic field strength. To explain
this phenomenon, Kurtz (1982) proposed the oblique pulsator model, in which
the pulsation is interpreted as axisymmetric (m = 0) dipole (£ = 1) oscillations,
whose symmetry axis coincides with the magnetic axis which is itself inclined to
the rotational axis.

The amplitude of such axisymmetric modes is large in the polar region
of the symmetry axis. As the star rotates, the aspect angle of the pulsation
(and the magnetic axis) varies; hence the apparent pulsation amplitude varies
synchronously with apparent magnetic strength during a rotational period. This
model has been theoretically investigated and has been refined substantially.
Though the model is still phenomenological, it has explained many photometric
observational features of roAp stars (for reviews see, e.g., Kurtz & Martinez
2000; Shibahashi 2003).

Since the atmospheres of Ap stars are expected to be horizontally chemi-
cally inhomogeneous, it is expected that by using spectral lines of various ele-
ments one can get information on the spatial character of the eigenfunctions and,
hopefully, identify the modes. High-resolution spectroscopic observations are
required for this purpose, and recently some striking new observational results
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have been reported (Savanov, Malanushenko, & Ryabchikova 1999; Kochukhov
& Ryabchikova 2001a,b; Balona & Zima 2002; Kochukhov et al. 2002; Balona
2002; Balona & Laney 2003; Kurtz, Elkin, & Mathys 2003; Kurtz et al. 2003).

Kochukhov & Ryabchikova (2001a) found spectacular line profile variations
(LPV) for yvEqu in lines of NdIIT and PrIIl. Based on an application of the
moment method of quantifying the variability in the line profile (Balona 1986a,
1986b; Aerts, De Pauw & Waelkens 1992), they interpreted the observed line
profile variations as being caused by oblique pulsation modes of £ = 2 or 3 and
m = —f or —¢ + 1. This result is in disagreement with the oblique pulsator
model interpretation that the photometric variations are caused by low-{, ax-
isymmetric modes. The observed LPV move only from blue-to-red as seen in
Kochukhov & Ryabchikova’s (2001a) Fig.1. This common pattern has been
previously observed in rapidly rotating B stars pulsating in sectoral modes (e.g.,
Balona et al. 2002), and it is this feature that led Kochukhov & Ryabchikova
(2001a) to their interpretation.

When a star undergoes nonradial oscillation, different parts of the stellar
surface move at different phases and this kind of motion produces a particular
characteristic variation of line profile when combined with stellar rotation. How-
ever, yEqu has virtually no rotation (Pyo¢ > 70yr; Leroy et al. 1994), hence
there is no significant rotational broadening of the spectral lines for this star,
and the situation is quite different from the case of rapidly rotating B stars.
In the case of a non-rotating star, the modes suggested should show LPV that
move through the line from blue-to-red, then back again, as demonstrated in
Fig.1 for the case of £ = 2. The mode identifications suggested by Kochukhov
& Ryabchikova cannot be correct.

The LPV also cannot be caused by sectoral-like modes resolved by the pul-
sation wave pattern speed for modes such as those envisaged in Bigot & Dziem-
bowski’s (2002) improved oblique pulsator model, since the periods of v Equ are
near 12.4 min, so the wave pattern moves with a speed of about 10*kms~! — far
too high to be relevant here.

2. A new interpretation

The familiar blue-to-red LPV in v Equ cannot have the familiar rotationally re-
solved m-mode explanation. There is no rotation. The problem is thus to explain
why the LPV show such monotonic blue-to-red movement, while the photometric
observations imply axisymmetric dipole oscillations, from which blue-to-red-to-
blue LPV are expected. We propose here an alternative interpretation for the
observed LPV.

Kochukhov & Ryabchikova’s (2001a) Fig. 1 indicates that the NdIIT A 6145
line-forming layer is moving with a maximum speed of 18 kms~! in one pulsation
cycle. This maximum speed is much higher than the radial velocity pulsation
amplitudes so far detected from other spectral lines in other roAp stars — of
the order of 1kms™! or less (Libbrecht 1988; Kanaan & Hatzes 1998). This is
possible if the NdIII X\ 6145 line is formed in a high layer where the density is
very low. Actually, Ryabchikova et al. (2002) estimated that this line is formed
in a thin layer at the very low optically depth 7509 =~ 1078.
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Figure 1.  Theoretically expected LPV due to an £ = 2, m = —1
mode (left) and an £ = 2, m = —2 mode (right) for a non-rotating
star. The pulsation amplitude is assumed to be 10kms~! and the line
profile is assumed to have an intrinsic line width corresponding to a
velocity of 4kms™!. The aspect angle between the pulsation axis and
the line-of-sight is assumed to be 130°. For each mode the LPV for one
pulsation cycle are shown on the left panel, and the difference between
the LPV and the average profile (shown top left) are displayed in the
right panel. Clearly, the LPV move from blue to red and back again,
not just from blue-to-red. The top of the right panel for each mode
shows the standard deviation.

The important point is that this maximum speed seems to be faster than the
sound speed of the atmosphere. The pulsation amplitude in velocity is expected
to increase with the decrease of the density with height. So the amplitude
in velocity naturally exceeds the sound speed at a certain level, and a shock
wave is generated. When this shock wave propagates through the layer under
consideration, the layer is suddenly kicked upward by the shock wave and then
falls down after reaching the peak height, at which the speed of the layer is
zero. This process repeats and the resultant variation in the Doppler shift is
qualitatively in agreement with the observed one in NdIII line of v Equ. The
lack of variation in the standard deviation in the middle of each cycle occurs as
the layer comes to a stop, then falls back.

This picture may also be consistent with the mode identifications from
the photometric observations, which imply axisymmetric dipole modes whose
symmetry axis coincides with the magnetic axis, both being inclined to the
rotation axis of the star. If it is correct, then following are expected: 1)} The
LPYV should be sinusoidal for the spectral lines formed in layers where the wave
motion is subsonic; 2) The LPV should be sinusoidal for chemical elements that
are not concentrated in the magnetic polar regions, so their pulsation velocities
remain sub-sonic; and 3) The LPV should show monotonic blue-to-red motion
only for the lines formed in the high atmosphere near the magnetic polar regions.
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It should also be noted that the photometric observations of many roAp stars
have nonlinear features (Kurtz 1990).

This interpretation can be tested observationally by detailed investigation
of LPV of various spectral lines. High spectral resolution, high time resolution,
high S/N spectroscopic observations are definitely desired. They will certainly
improve our understanding of physics of roAp stars.
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