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Figure 12. Residual line profile variations in Nd III 6145.07 Å for the 32 time series bins, with rotation phase increasing to the right and downwards, each
subtracted from the average spectrum (shown on top of each panel) of that bin. Pulsation phase increases downwards in the middle panels. The standard
deviation of each bin series is shown in the bottom of the panels. The colour codes are −0.01 (black) to +0.01 (white) in normalized intensity. Note the clear
line doubling for the rotation phases in the top row, observed near the time of magnetic quadrature.

hand, because the Nd III spots are large, there is a component of
pulsation in the direction of the line-of-sight for purely vertical
pulsation. A simple integral over the half of the visible hemisphere
in which a spot is seen (see e.g. Parsons 1972 for the simpler case

of Cepheid pulsation) indicates that for purely vertical pulsation
velocities we will still expect to see an amplitude about 2/3 that
seen at pulsation maximum when the spot is closest to the line-of-
sight. This is what we do see in Fig. 11, hence there is no obvious
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Figure 12 – continued

evidence of a horizontal component to the velocity field. We will
model this in more detail in a future publication to put limits on the
horizontal component. As mentioned in Section 1.3, the horizontal
motion goes to zero at the magnetic poles (see e.g. Saio 2005). For
large abundance spots, it may still be possible to detect horizontal
motion, but the best strategy for detecting such motion may be
through the study of abundance spots not centred on the pulsation
poles.

Fig. 12 shows the line profile variability in Nd III 6145.07 Å for all
32 1-h bins that we divided the spectra into. Each subpanel shows the
average spectrum at this rotation phase, the residual variability for
the spectra phased with the pulsation phase progressing downwards.
The lower insert of each panel is the standard deviation for the
individual series of spectra, pixel-by-pixel. Flux is in all cases in
units of normalized flux of the stellar continuum. The figures show
a π rad pulsation phase reversal from rotation phase ϕrot = 0.0 to
0.5 (seen as a colour inversion) that can be seen to progress with
the stellar rotation.

Recently, Shibahashi et al. (2008) have interpreted blue-to-red
running wave features in the line profile variability in the roAp star

γ Equ as a manifestation of an upper atmospheric shock wave. Sim-
ilar blue-to-red features are also seen in the line profile variations
of other roAp stars (see e.g. Kochukhov et al. 2007). However, up
to now observations have generally been made for short time-spans
of typically 2 h and do not cover different rotational phases. An
important exception to this is the pioneering study of line profile
variability in the roAp star HR 3831 by Kochukhov (2006; see his
figs 2 and 3), which shows similarities in the behaviour to that seen
in Fig. 12 for HD 99563.

We see in Fig. 12 the line profile variations of a spectral line
simply shifting in wavelength without a change of shape at phases
near pulsation maximum when the pulsation axis is closest to the
line-of-sight, as is expected for a dipole pulsation mode at this
aspect. This is clear in the top row of the figure at phase, e.g. ϕrot =
0.046 and other phases near it, and again in the bottom right panel
of the figure at phase ϕrot = 0.501. Yet remarkably at magnetic
quadrature when the Nd III line is doubled and we can examine the
individual components seen at an aspect angle near 90◦, there is a
clear blue-to-red running wave component visible. Note particularly
in Fig. 12 (continued) the upper row of panels and, e.g. ϕrot = 0.733.
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3D study of the photosphere of HD 99563 339

This same behaviour was reported first for HR 3831 by Kochukhov
(2006) (who also reported red-to-blue features which we possibly
see for HD 99563 at some rotation phases, e.g. 0.146 in Fig. 12) and
is clearly important for our understanding of these running wave
features seen both here and in other roAp stars.

Further interpretation of these features for Nd, as well as for
other lines and for other stars, requires modelling of the pulsations,
which is work now in progress. Whatever the cause of the blue-to-
red running wave line profile variations – whether shock waves as
proposed and modelled by Shibahashi et al. (2008), or some other
cause – the fact that they are aspect dependent with rotation in
HD 99563 and HR 3831 is an important characteristic that needs to
be explained.

3.4 Europium

This element shows a highly inhomogeneous surface distribution in
the Doppler imaging map seen in Fig. 13. Two circumpolar patches
are viewed most favourably near the line-of-sight around ϕrot = 0.45
and 0.95; the third spot is rather concentrated and appears nearest
the line-of-sight at ϕrot = 0.65.

Figure 13. Doppler imaging map for Eu II 6645.06 Å. The abundances are
on a scale of log NH = 12; the solar abundance of Eu is 0.48 on this scale
(Asplund et al. 2005). Thus, the highest overabundance of Eu II in the spots
rises to 107 times solar at the centres of the three spots, two of which are
offset from the magnetic and pulsation poles, and the third which is isolated
at longitude 290◦. The white colour below latitude −44◦ represents the part
of the star that is never visible because of the i = 44◦ rotational inclination.

Figure 14. Line region in the vicinities of Eu II 6437.64 Å (left) and
Eu II 6645.06 Å (right) shown for all spectra sorted according to rotation
phase of HD 99563. Absorption features appear darker and in black. Four-
phase intervals were not covered by fast spectroscopy and are shown as
smooth dark grey bands. Two-line features relate to dominant surface patches
of high Eu concentration. These are referred to as A (rotational phases 0.2–
0.8) and B (0.7–1.3). A third, much more shallow feature is seen at rotational
phases 0.7–0.8.

3.4.1 Observed line profile variations

In the sequence of spectra in Fig. 14, the two strongest Eu lines
Eu II 6437.64 Å and Eu II 6645.06 Å show three moving features
which are identified in the figure as A, B and C.

Table 4 shows the results of frequency analyses of three elements,
Nd, Eu and Ca. The radial velocities were measured with Gaussian
fitting or the CoG procedure (for Ca) to the full line profiles in
all spectra. To avoid spectra with mixed contributions, some ∼40
spectra around the magnetic crossover phase (ϕ = 0.75) were not
used. Detrending for low frequencies was performed with first- and
second-order polynomial fitting to spectra dominated by the A or B
features separately (third- and fourth-order polynomials for Eu and
Ca) and up to three low frequencies were prewhitened. The results
indicate that Nd requires a nonuplet solution and thus has a high dis-
tortion to the oblique dipole modulation, while Eu has little power
left after a triplet fit. Ca may, however, require at least a quintuplet
pattern, but as it has a very low amplitude of a few hundred km s−1

(Elkin et al. 2005), the frequencies are not significant when fitting
the full nonuplet solution. These results are consistent with the abun-
dance distributions of these elements. The small A and B spots of
Eu do not sample much of the visible hemisphere of the star, except
near the poles, so they are fitted well by a simple dipole model. That
means that the distortions to the dipolar pulsation that give rise to
the other members of the nonuplet for Nd come from regions further
from the poles than the Eu samples. These differences may eventu-
ally be exploited for more detailed models of the pulsation velocity
field. The high 5 km s−1 amplitude seen for Eu is consistent with
its concentration towards the poles, and may also indicate that it is
radiatively stratified to high levels in the atmosphere where the pul-
sation amplitude is higher. The phase differences (relative to equa-
tion 6) of the two main multiplet sidelobes of Eu in Table 4 are, such
as shown for Nd, at least partly due to different surface distributions
than H.
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Table 4. Pulsation amplitudes and phases (ϕ) fitted to frequencies calculated relatively to a slightly revised ν and to νrot in Table 2. The data were detrended
for low-frequency trends and low frequencies. The radial velocities were measured using Gaussian fitting, except for lines of calcium where the CoG procedure
was used. Note the high amplitude of the Eu lines.

Id. Amplitude ϕ S/N Amplitude ϕ S/N Amplitude ϕ S/N
(ms−1) (rad) (ms−1) (rad) (ms−1) (rad)

Ca I 6439.07 Å Eu II 6645.06 Å Eu II 6437.64 Å
ν 190 ± 139 −1.39 ± 0.72 1.4 452 ± 419 −1.65 ± 0.91 1.1 264 ± 585 1.46 ± 2.21 0.5
ν − νrot 409 ± 143 1.46 ± 0.35 2.9 2631 ± 466 −1.59 ± 0.17 5.6 2292 ± 656 −1.18 ± 0.28 3.5
ν + νrot 342 ± 144 2.90 ± 0.42 2.4 1996 ± 453 −1.09 ± 0.23 4.4 1931 ± 646 −1.41 ± 0.34 3.0
ν − 2νrot 240 ± 100 1.97 ± 0.41 2.4 377 ± 320 0.29 ± 0.85 1.2 488 ± 447 −2.58 ± 0.92 1.1
ν + 2νrot 120 ± 99 1.36 ± 0.82 1.2 292 ± 321 0.66 ± 1.10 0.9 941 ± 447 0.10 ± 0.48 2.1
ν − 3νrot 263 ± 91 2.62 ± 0.34 2.9 289 ± 275 −0.10 ± 0.94 1.0 271 ± 385 0.69 ± 1.42 0.7
ν + 3νrot 95 ± 91 −0.58 ± 0.95 1.1 215 ± 274 2.90 ± 1.27 0.8 784 ± 384 2.38 ± 0.49 2.0
ν − 4νrot 203 ± 88 −2.24 ± 0.44 2.3 802 ± 278 2.01 ± 0.34 2.9 120 ± 383 −1.99 ± 3.22 0.3
ν + 4νrot 11 ± 88 3.14 ± 8.28 0.1 422 ± 276 1.25 ± 0.66 1.5 689 ± 386 −2.62 ± 0.55 1.8
2ν 95 ± 37 −0.10 ± 0.39 2.6 141 ± 114 −2.85 ± 0.81 1.2 279 ± 160 0.33 ± 0.58 1.7
2ν − 2νrot 40 ± 37 −0.10 ± 0.92 1.1 299 ± 114 1.25 ± 0.38 2.6 46 ± 161 2.34 ± 3.50 0.3

Nd III 5102.41 Å Nd III 6145.07 Å Nd III 6327.24 Å
ν 281 ± 68 −0.29 ± 0.24 4.2 367 ± 186 −0.95 ± 0.51 2.0 267 ± 83 −0.99 ± 0.31 3.2
ν − νrot 1000 ± 78 2.78 ± 0.08 12.7 1339 ± 193 −2.89 ± 0.14 6.9 1439 ± 86 −2.73 ± 0.06 16.7
ν + νrot 530 ± 78 2.64 ± 0.15 6.8 778 ± 196 1.72 ± 0.25 4.0 282 ± 89 1.52 ± 0.32 3.2
ν − 2νrot 318 ± 57 1.16 ± 0.18 5.5 597 ± 132 0.33 ± 0.22 4.5 456 ± 60 0.42 ± 0.13 7.6
ν + 2νrot 472 ± 57 −2.43 ± 0.12 8.2 974 ± 134 −1.70 ± 0.14 7.3 480 ± 59 −1.37 ± 0.12 8.1
ν − 3νrot 194 ± 47 −1.40 ± 0.24 4.2 339 ± 121 −0.89 ± 0.36 2.8 381 ± 54 −1.44 ± 0.14 7.1
ν + 3νrot 242 ± 47 −1.40 ± 0.19 5.2 450 ± 123 −0.67 ± 0.27 3.7 286 ± 54 −0.91 ± 0.19 5.3
ν − 4νrot 25 ± 50 0.78 ± 1.97 0.5 305 ± 117 2.49 ± 0.38 2.6 346 ± 52 2.84 ± 0.15 6.6
ν + 4νrot 208 ± 50 0.66 ± 0.24 4.2 575 ± 121 1.75 ± 0.21 4.8 340 ± 55 1.96 ± 0.16 6.2
2ν 146 ± 19 1.05 ± 0.13 7.6 113 ± 49 0.33 ± 0.44 2.3 59 ± 22 −0.04 ± 0.37 2.7
2ν − 2νrot 147 ± 19 0.83 ± 0.13 7.6 144 ± 49 2.77 ± 0.34 2.9 160 ± 22 1.39 ± 0.14 7.3

3.4.2 Pulsation properties from abundance patches

Angular phase-amplitude variation was studied for the Eu A and B
features in the same manner as done for Nd. The phase differences
between Nd and Eu of the A and B features in Figs. 11 and 15
indicate different surface distributions such that different parts of
the pulsation geometry are mapped, consistent with the Doppler
imaging maps.

The Eu C spot was also studied for angular phase-amplitude
variation, but the amplitude was found low and rather constant.
This is not surprising, since the C spot (see Fig. 13) lies about 40◦

away from the longitude of the pulsation pole where significantly
lower pulsation amplitude is expected for a dipole mode.

4 C O N C L U S I O N S

We have performed a first analysis of the pulsation of HD 99563
based on one of the most comprehensive spectroscopic efforts on a
roAp star so far. We show that the pulsation is well described by a
single distorted oblique dipole mode, with different distortion terms
for different elements. In the future, we will use these differences
to make further inference concerning the pulsation velocity field –
ultimately in 3D. By using Doppler imaging maps of the surface
distribution of Nd and Eu, we have identified two relatively con-
centrated spots near the magnetic poles. During rotation phases at
magnetic crossover, line doubling in absorption features of these
elements (with each component relating to a spot) is considerable,
and we show that the stellar photosphere at opposite sides of the
star have mutual π rad offset, again supporting the oblique dipole
rotator geometry. These spots allow the study of the pulsation mode
for only parts of the visible hemisphere of the star, and from vary-

ing aspect, an opportunity only possible for roAp stars. Remarkably,
blue-to-red running wave features were found only near the rotation
phases where the lines were doubled and the spots were seen at high
aspect angle.

Our study included a short data set we also obtained with UVES
on the VLT 3 yr earlier (Elkin et al. 2005), which after a minor
revision of the pulsation frequency showed amplitudes and phases
for H, Nd and Eu that in general are consistent with the new data.
Some roAp stars exhibit short lifetimes of pulsation modes – in the
most extreme case, HD 60435, the mode lifetimes are less than a
week. The stability of HD 99563 over a 3-yr time-span simplifies
the interpretation of the pulsations. This also suggests that it will be
possible to merge future observations of the rotational phases not
covered by our data for a more detailed study.

We found a clear rotational variation in the radial velocities of the
Hα line in addition to the pulsational variations which we interpret to
be the first observational evidence of hydrogen overabundance at the
magnetic/pulsational poles, as expected theoretically as a result of
helium depletion. While we prefer this interpretation, alternatively,
we found the first planet orbiting a roAp star, a hot Jupiter with a
mass of 26 times the mass of Jupiter. In future work, we will model
the Hα line radial velocity variations in detail to test our preferred
hypothesis of hydrogen spots.
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Figure 15. Amplitude and phase variations for features A (closed circles)
and B (open squares) for Eu II 6437.64 Å (top) and Eu II 6645.06 Å (bottom).
The line profile fitting was performed using the CoG procedure which gives
a lower amplitude than with Gaussian fitting (such as in Fig. 12), but the
amplitude exceeds that of Hα. The superposed triplet dipole model was
fitted to the radial velocities of the strongest Eu line, Eu II 6645.06 Å. The
feature C (not shown) was also studied, but had very low amplitude and a
high scatter in phases (consistent with its longitude) and has been excluded
in this figure for clarity.
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