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Abstract. We present a spectroscopic analysis of the
� Scuti star �Pup on the basis of high resolution data
spread over 4 consecutive nights. Despite the clearly si-
nusoidal shape of the radial-velocity curves, cycle-to-cycle
variations are observed. A frequency analysis points to-
wards the already known frequency �0 = 7:098168 c.d�1

assigned to a radial mode and towards two possible sec-
ondary non-radial oscillations at �1 = 7:8 c.d�1 and �2 =
6:3 c.d�1 of much smaller amplitude.

Using the moment method we con�rm that the main
oscillation is a radial mode. The second mode is found
to be axisymmetric, but because of its small amplitude
and our relatively small data set, no more detailed infor-
mation on its pulsation parameters could be derived. The
third frequency, if real, corresponds to a non-axisymmetric
mode.

The running wave e�ect may be present between the
Fe I and H� lines, the latter being late by about 0.5%
of the pulsation period. No evidence is found in our ob-
served pro�les (Ca I, Fe I, H�) for a shock wave mech-
anism as previously suggested by Dravins et al. (1977).
New observations are required to con�rm the presence of
a period-dependent shock wave which should be of weak
intensity.
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1. Introduction

The light variability of �Pup (HD67523, F6 II) was �rst
announced by Eggen (1956), who measured a total am-
plitude of 0.15mag. The author classi�ed this star as a
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� Scuti type variable. It has one of the lowest e�ective
temperatures of all known stars of this class. This star rep-
resents a particular branch of the � Scuti variables, having
a relatively large radial-velocity amplitude (Kurtz et al.
1995). In 1956, Struve et al. showed that the radial veloc-
ity variation had a peak-to-peak amplitude of 10km.s�1

and that the maximum brightness occurred approximately
0.02 days later than the minimum radial velocity. The au-
thors also pointed out that the amplitude and the shape
of the heliocentric radial-velocity curve was probably con-
stant.

Ponsen (1963) analysed a large photometric data
set and found a period P = 0:1408806d. The author
also analysed radial-velocity data and found a period
P = 0:1408814d (corresponding to a frequency �0 =
7:098168 c.d�1), falling within the mean error of the pho-
tometric period value. Despite the fact that some of the
observed light-curves deviated systematically from the
mean curve at certain phases (the largest di�erence is
0.01mag), no superposed periodicity was found by the au-
thor. From low-resolution spectral measurements, Trodhal
& Sullivan (1977) derived night-to-night di�erences in the
amplitude of the temperature variations, but due to their
perfectly periodic light curve, they could not appeal to a
varying pulsation amplitude. One of their conclusions was
that the star might pulsate aspherically.

Dravins et al. (1977, hereafter DLS) suggested that
�Pup, like most other � Scuti variables, had other small-
amplitude variations besides the one with themain period.
They observed a secondary bump on the radial-velocity
curve, occurring near maximum inward velocity. Together
with the presence of transient Ca IIK emission just be-
fore the maximum acceleration, the authors invoked a
shock-wave mechanism as the one usually modeled in the
case of RRLyrae stars. This scenario is compatible with
the radial character of the pulsation mode of the star
(e.g. Campos & Smith 1980). Fracassini et al. (1983) ob-
served permanentUVMgII h and k emissions with a larger
strength near maximum light. They found that the chro-
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mosphere and the photosphere oscillate in phase, while
there is a possible phase opposition if an extended atmo-
sphere is considered. A strati�cation e�ect is also noticed
by Buscombe (1957) who measured some departures of
the radial-velocity curves for lines produced at di�erent
chromospheric levels in the photosphere near the maxi-
mum light. Finally, Yang et al. (1987) observed that all
the radial-velocity curves are in phase, except the one
corresponding to He I �� 8750, which is late by about 4
minutes.

The aim of this paper is to give an up-to-date obser-
vational status of �Pup using high-quality spectroscopic
observations. Our data are described in Sect. 2 and a rough
analysis is given in Sect. 3. The pulsation parameters are
derived in Sect. 4, and strati�cation e�ects associated to a
running wave phenomenon are searched for in Sect. 5. In
Sect. 6, we discuss the shock wave scenario of DLS. Finally,
some concluding remarks are given in Sect. 7.

2. Observations and data reduction

The spectroscopic observations used in this study were
obtained with the Coud�e Echelle Spectrograph (CES) at
the 1.4m CAT telescope at ESO (La Silla, Chile). The
detector used was a CCD LORAL 2048, with 2048� 2048
elements of size 15 � 15�m2. The observations were per-
formed during four nights in February 1995 (21, 22, 23
and 24) and covered three spectral regions: around H�
(�rst and last night), around some iron lines (�� 6393,
second night) and around Ca I (�� 6122, third night). The
resolving power �=�� was around 60 000 for all the consid-
ered spectral domains, leading to a velocity resolution of
about 5 km.s�1. During the two �rst nights, the weather
was not very good, and the exposure time was around
3minutes. The conditions during the last two nights were
better, allowing a decrease of the exposure time down to
1.5minutes. This ensured a signal-to-noise ratio around
200. The star was observed during 4.4 h the �rst night,
while it was observed during 7 h the three other nights.

Each spectrum was corrected for the pixel-to-pixel re-
sponse through division by the mean of 5 at �eld spectra
that were obtained using an internal lamp. This ensures a
good correction since the related optical path is the same
as the stellar one. The wavelength calibration was done
using about 20 lines of a thorium lamp. Then, the spec-
tra were normalized to the continuum by a cubic spline
function. Finally, in order to get them in the heliocentric
frame, they were corrected for the Earth motion using the
BARVEL subroutine (Stump� 1980).

3. Data analysis

3.1. Radial-velocity curves

The radial-velocity curves have been obtained using a
gaussian �t of the whole pro�le except in the case of H�,
which has a broad pro�le with well-marked Stark wings.

In the latter case only the core of the line was considered.
In all cases, the resulting velocity curves show clearly a
sinusoidal shape, as illustrated in Fig. 1 for the H� line. A

Fig. 1. Heliocentric radial-velocity curve as a function of the
heliocentric Julian day (from which 2 449 770 has been sub-
tracted) for the H� line measured on night February 24th, 1995

least-squares sine-�t of the di�erent elements of all nights,
with the imposed frequency �0 = 7:098168 c.d�1 (Ponsen
1963) provided the barycentric average velocity in the he-
liocentric frame v and the peak-to-peak amplitude 2K of
the variation. The results are:

�
v = 47:11� 0:59 km:s�1;

2K = 8:39� 0:76 km:s�1:
(1)

The value of the average velocity is slightly larger than the
one already reported by di�erent authors, which is about
46km.s�1 (Struve et al. 1956), whereas the 2K-amplitude
is somewhat smaller than usually given in the literature
(we found values between 9 and 11km.s�1, Danziger &
Kuhi 1966, Campos & Smith 1980). The values of the two
above parameters associated to a given night or a given
element are found to be slightly variable, mostly within
the error bars. This is partly due to blend phenomena
but can also be caused by the projection factor, which
takes into account the geometrical projection, the limb-
darkening e�ect, and the velocity gradient within the line
forming region (Mathias et al. 1994).

As shown on Fig. 1 (or on Fig. 4d for the Ca I line), the
heliocentric radial-velocity curve does not present any def-
inite secondary bump near the minimum, contrary to what
is concluded in DLS. DLS suggested that this bump could
not be seen in earlier studies due to insu�cient time res-
olution. Our time resolution being the best ever obtained
on this star, the reality of this bump is not supported by
our observations.
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3.2. Frequency analysis

Yang et al. (1987) also reported night-to-night variations
of the radial velocity, and invoked the presence of a low-
amplitude long beat period. The presence of an additional
oscillation should not be surprising since multiple periods
often appear in � Scuti stars. Despite the fact that our
data cover only four consecutive nights, we searched for a
second frequency, using the PDM algorithm developed by
Stellingwerf (1978) and the CLEAN algorithm of Roberts
et al. (1987). We had �rst to de�ne an homogeneous data
set, containing only radial velocities of well-measured, un-
blended lines. We thus used only the H�, Fe I �� 6393
and Ca I �� 6122 lines. The resulting set contains about
330 radial-velocity data. The frequency �0 is easily recov-
ered, with a minimum in the �-statistics of 0.15. After
prewhitening the data with �0, we have computed the �-
statistics and the CLEAN spectrum for the residuals. The
result is shown on Fig. 2. On the PDM analysis, two min-

Fig. 2. a: The �-statistics for the residuals of the radial ve-
locity, after prewhitening with frequency �0 using a (5,2) bin
structure. Note the two minima which correspond to a one-day
alias of each other. b: The CLEAN spectrum obtained from the
same data set. The used gain is 0.5, and 50 iterations were per-
formed. The small graph inside represents the spectral window

ima are found, with a �-value of about 0.6, which are sep-

arated by about 1 c.d�1. They are aliases of each other.
The ambiguity between these two frequencies should be
removed by the use of the CLEAN algorithm. Indeed,
the aliases correspond, on the CLEAN power spectrum,
to two unequal peaks, the largest being centered around
�1 = 7:815�0:087c.d�1. This frequency accounts for 44%
of the variance of the residuals. In order to discriminate
between these two aliases, we performed a sine-�t to the
data prewhitened with the frequency �0 , using both the
�1 and �1 � 1. It appears that the variance fraction corre-
sponding to �1 is about 51% while it is around 19% for
�1 � 1. The latter frequency will thus not be considered
further in this study.

As can be noticed on Fig. 2b, there is an important
secondary peak around �2 = 6:314� 0:073 c.d�1, appear-
ing not so well-marked on Fig. 2a, with a �-value around
0.84. However, this frequency shows a well-de�ned peak
with both methods after prewhitening the data set with
�0 and �1, and it accounts for 18% of the remaining vari-
ance (Fig. 3). The results of the frequency analysis on the

Fig. 3. Same as Fig. 2, but after the data set is prewhitened
with the frequencies �0 and �1

complete data set are summarized in Table 1.
The fact that our data set consists of di�erent lines

that may be di�erently a�ected by the pulsation motion
may limit the accuracy of our frequency search. However,
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Table 1. For the three detected frequencies are given the
2K-amplitude (�0:1km.s�1) together with the fraction of vari-
ance of a sine-�t on our data.

� [c.d�1] 2K [km.s�1] fraction [%]

�0 7.098168 8.6 96.6
�1 7.815 0.8 2.1
�2 6.314 0.4 0.7

such a situation has already been encountered previously
(Mathias et al. 1994) and led to a correct solution in that
particular case. Moreover, the detected periods are of the
order of 3 h, i.e. well inside the length of a typical ob-
serving night (7 h). Finally, the amplitude connected to
the frequency �1 is larger than the dispersion associated
to the sine-�t computed on di�erent lines using the fre-
quency �0 alone (0.2 km.s�1). We are therefore con�dent
that the secondary frequency �1 is real. The reality of �2,
however, remains ambiguous.

The beat-periods with respect to the primary one are
respectively 1.40 and 1.28 d. Since we have only a time-
spread of 4 days, our frequency determination is not very
accurate. Nevertheless, we are able to derive that the three
frequencies are not equidistantly splitted ones.

This multiperiodic behaviour encouraged us to under-
take a re-analysis of Ponsen's (1963) photometric data.
Indeed, these latter are very numerous (about 700 mea-
surements) and well-spread for this purpose: a �rst set was
obtained over three consecutive nights, with an average
of 100 observations per night, and a second set, 70 days
later, over six nights covering nine days, with an average
of 70 observations per night. However, no evidence of any
secondary period was given by both used frequency algo-
rithms. An analysis of the two individual parts leads to
two very di�erent �-statistics and CLEAN spectra, with
no overlapping structure. The amplitude of the secondary
variation is probably too small to be detected photomet-
rically. New data are needed to re�ne the value of the two
secondary frequencies.

3.3. Behaviour of the Ca I line pro�le

Despite the fact that the following results could be de-
rived from other lines, only the Ca I line will be used to
illustrate this section. Indeed, this line is unblended and
strong, and therefore results should be more conclusive.
Figure 4 represents the residual ux (RF), full-width-at-
half-maximum (FWHM) and equivalent-width (EW) vari-
ations together with the heliocentric radial-velocity curve
(HRV). First, it can be noticed that the HRV curve shows
a sinusoidal shape, while the three other variations do not.
The HRV curve presents two equivalent maxima, whereas
the �rst maximum is slightly lower than the second one
for the FWHM curve, and the opposite situation is found

Fig. 4. a: RF, b: FWHM, c: EW and d: HRV variations for
the Ca I �� 6122 pro�le, as a function of the heliocentric Julian
day (from which 2 449770 has been subtracted)

for the RF curve. The FWHM and EW curves vary in the
same way, the second one being slightly late compared to
the �rst one. The two maxima of the RF variation are sep-
arated by about 0.12 d. Whereas the �rst RF maximum
appears before the corresponding FWHM and EW ones
by about 0.09 d, the second maximum is late by about
0.04d. Unfortunately, our data set is too limited to un-
dertake a frequency analysis. But it should be noted that
this apparently di�erent periodic behaviour has already
been encountered in the case of the prototype star of the
�Cephei variables (Aerts et al. 1994). A frequency anal-
ysis of the RF, FWHM, and EW variations of �Cephei
showed that their main detected frequency corresponds to
the third one in the HRV variations. This was at �rst in-
terpreted as due to the fact that the main frequency of the
line parameters other than the HRV is assigned to a non-
radial mode, which a�ects the line parameters more than
a radial mode (Aerts et al. 1994). More recently, Telting
et al. (1997) found that this frequency is the lowest one of
a quintuplet due to magnetic splitting of the main mode
and corresponds to a spherical harmonic (`,m) = (2,2),
which indeed results in larger FWHM variations.
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Thus, the di�erent variations of the line parameters
indicate the presence of at least one non-radial pulsation
mode in �Pup.

4. Application of the moment method

The ratio of the radial-velocity amplitude to the light one
available in the literature ranges from 76km.s�1.mag�1

(Ponsen 1963) to 93km.s�1.mag�1 (Yang et al. 1987).
These values, together with a pulsation constant around
0.04d (Tsvetkov 1984), indicate that �Pup is a radial pul-
sator in the fundamental mode. Only Danziger & Kuhi
(1966) derived a much smaller Q-value, of the order of
0.006d, by means of the parallax of the star. Their value
corresponds to a much higher overtone pulsation. Campos
& Smith (1980) used a line-pro�le-�tting technique to de-
rive that only radial pulsation �ts the spectral variations.

In order to derive more precisely the pulsation parame-
ters, not provided in previous studies, we used the moment
method, �rst introduced by Balona (1986) and further de-
veloped by Aerts (1996, and references therein) on our
data set. Among other properties, this method can give an
indication of the presence of secondary low-amplitude os-
cillation modes (Aerts et al. 1994, Mathias & Aerts 1996).
In order to apply the momentmethod, we need to consider
unblended lines with clean wings. For the �rst and the last
night, we had not much choice in picking a suitable spec-
tral line due to the broad H� wings. We considered the
moments of the Fe I line at 6546.24�A, although this line
is blended with another Fe I line. The spectra of the sec-
ond night are of too low quality to accurately determine
moments, so we did not consider them in our analysis.
For the 23rd of February, we picked out the Ca I line at
6122.21�A.

The �rst three moments of the lines were calculated
and normalised in the usual way (see Aerts et al. 1992).
They are shown as dots in the phase diagrams presented
in Figs. 5 and 6. The full lines are Fourier �ts to the
moments according to their time dependence obtained by
Aerts (1996), i.e. with zero, one, two harmonics of �0 in
respectively < v >;< v

2
>;< v

3
>. The quality of the

moments is slightly better for the third night than for the
�rst and last night. This is due to the blended nature of
the 6546.24�A line, which also results in a larger FWHM
and < v

2
>. For this reason, we used the moments of the

third night to study the mode with frequency �0. For both
sets of moments, we observe a double wave nature in the
second moment. This points towards the presence of an
axisymmetric mode (De Pauw et al. 1993).

We used the discriminant described by Aerts (1996)
to identify the mode with frequency �0. In order to do
so, we need to determine the ratio of the horizontal to
vertical velocity amplitude. This is done by means of the
expression GM=�

2
0R

3 with M = 1:7M� (Trodahl & Sulli-
van 1977) and R = 4R� (Dravins et al. 1977) and results
in 0.039. The linear limb-darkening coe�cient used is the

Fig. 5. The �rst three moments of the Ca I line at 6122.21�A
obtained on Feb. 23, 1995. Phases correspond to the frequency
�0

Table 2. The di�erent minima of the discriminant for �Pup
corresponding to the frequency �0. m` , vp, v sin i, and the
width of the Gaussian intrinsic pro�le � are given in km.s�1.

` jmj 
m

`
vp i v sin i �

0 0 0.08 5.6 - 15.3 6.5
1 1 0.13 10.0 38� 14.8 5.9
2 1 0.17 12.1 64� 16.4 2.2
1 0 0.18 5.0 7� 19.6 1.7
2 2 0.23 15.0 53� 10.3 4.8
...

...
...

...
...

...
...

one appropriate for the e�ective temperature and gravity
of �Pup and amounts to 0.52 for the wavelength region
that we are considering (Wade & Rucinski 1985). The re-
sults of the discriminant are presented in Table 1. We refer
to Aerts (1996) for the interpretation of the parameters in
Table 1. We clearly �nd a radial pulsation with an am-
plitude of 5.6 km.s�1, well in agreement with previously
known results. The v sin i value is found to be 15.3km.s�1

and the intrinsic broadening amounts to 6.5 km.s�1. We
�nd the same result for the main mode if we use the mo-
ments obtained with the blended 6546.24�A line.

In order to investigate the nature of the modes with
frequencies �1 and �2, we have to consider the moments of
the di�erent nights. The �rst moment can easily be added
for all the data shown in Figs. 5 and 6 since it is inde-
pendent of the spectral line considered. The peak-to-peak
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Fig. 6. The �rst three moments of the Fe I line at 6546.24�A
obtained on Feb. 21 and Feb. 24, 1995. Phases correspond to
the frequency �0

amplitudes in the case of a triple periodic solution with
�0; �1, and �2 amount to respectively 6:7� 0:1; 0:9� 0:1,
and 0:7� 0:1 km.s�1. Comparing these values with those
given in Table 1 points out that the �rst moment leads
to a larger amplitude for the two additional frequencies
and a smaller one for the main frequency compared to the
Gaussian �ts to the pro�les. This can be expected when
the modes with frequencies �1 and �2 are non-radial, for
which the variations in the wings are more important than
for a radial mode. Therefore, the di�erences between these
values and those of Table 1 reect only the way the mea-
surements of the velocity are derived from a given line.

Unlike the �rst moment, the higher order moments are
dependent on the intrinsic broadening of the line. For the
second moment, this dependence is limited to the constant
term and therefore we can still easily add all < v

2
>-

data shown in Figs. 5 and 6 by shifting them such that
their constant terms coincide. We then �tted the second
moment by considering only the main frequencies �i and
2�i(i = 0; 1; 2). Such a �t explains 71% of the variance
in the data. The reason for not taking into account all
expected beat- and sum-frequencies (12 in total) is the
too short time spread of our data, which then leads to
inaccurately determined amplitudes. The dependence of
the third moment on the spectral line is more complicated,
but will not be considered here because we found that
the complicated triple-periodic �t to the third moment is
not su�ciently accurate to be of any value for the mode
identi�cation of the small-amplitude modes.

By using the information of the radial mode, v sin i

and �, one may hope to determine the modes belong-

ing to �1 and �2 by considering only the �rst two mo-
ments in the discriminant. The result is that the mode
with frequency �1 is a low-degree axisymmetric mode
(` � 3;m = 0) and the one with frequency �2 is clearly
non-axisymmetric (m 6= 0). We are not able to de�nitely
assign the wavenumbers to these modes, since several pos-
sibilities were found to be equivalent.

5. Search for a Van Hoof e�ect

One of the reasons why we applied for observing time for
�Pup was to detect the wave propagation through the
photospheric layers by looking at lines formed at di�er-
ent altitudes. Van Hoof & Struve (1953) noticed that for
some �Cephei stars the velocity curves associated to each
considered element could have di�erent amplitudes and/or
phases. This phenomenon has been called the Van Hoof ef-
fect and may have di�erent interpretations. In particular,
the Van Hoof e�ect can be the result of the running-wave
character of the pulsation (Mathias & Gillet 1993). In a
previous paper (Mathias & Aerts 1996) we tried to de-
tect the Van Hoof e�ect in the � Scuti star 20CVn. The
result was not conclusive, mainly because of the very low
2K amplitude of this star (2K = 1:24 � 0:02km.s�1) as-
sociated with a non-radial primary pulsation mode. Since
�Pup has one of the largest 2K amplitudes among the
� Scuti stars and a main radial mode, the detection of the
running wave e�ect should be easier in this star.

Following Mathias & Gillet (1993), we constructed sev-
eral velocity-velocity diagrams. No \loop" structure ap-
peared in the phase diagrams, the resulting curves having
a width within the error bars of the velocity. The radial-
velocity curves used here were obtained through a gaussian
�t on the whole pro�le. However, the line is formed along a
certain optical depth, and the gaussian �t hence averages
the velocity of the total line-forming region. If we suppose
that a running wave e�ect is present, it might be non-
detectable if the corresponding line-forming regions over-
lap. This might be the case for the � Scuti stars since their
photosphere is not as extended as those of more evolved
stars (e.g. � Cephei stars). Our results are the same if the
center-of-mass (the �rst moment, see above) of the pro�le
is used.

To avoid this problem, it is necessary to distinguish be-
tween the velocity associated with the deeper line-forming
region (where the line wings are formed) and the one
of the corresponding upper part (where the line core is
formed). We therefore measured the velocity from the line
bisector for di�erent relative uxes. We obtained radial-
velocity curves as those represented on Fig. 7. The consid-
ered ux level inuences the radial-velocity curve and the
data are more dispersed just before the maximum than
before the minimum i.e, just after the maximum radius.
Such an asymmetry does not appear if the same study
is performed on synthetic spectra, issued from computa-
tion of a radial mode with an in�nitely thin line forming
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Fig. 7. Heliocentric velocity curves measured from the line
bisector corresponding to the Ca I �� 6122 line, obtained on
February 23rd, 1995. The di�erent symbols correspond to dif-
ferent line relative uxes: �: 20%, �: 40%, �: 70% and +: 90%.
Note that a value of 100% corresponds to the minimum of the
line, and that 0% corresponds to the continuum

region. In this case, we �nd that, due to the projection ef-
fects, the larger the relative uxes considered for the line
bisector, the larger the corresponding velocity amplitude.
The structure is the same around the minimum and the
maximum of the radial-velocity curve. This asymmetry
e�ect may be connected to the presence of non-radial os-
cillations (Aerts et al. 1994) or to the velocity gradient
within the line forming region.

The velocity-velocity diagram was then drawn using
the values at 90% of the relative ux, considering the H�
line on the one hand, and the two Fe I lines (�� 6546 and
6569) on the other hand. In order to avoid problems due
to the non-reproduction of the velocity curve from cycle
to cycle, only data obtained between HJD 3.645654 and
3.774389 (from which 2449 770 has been subtracted) were
considered. The corresponding diagram is represented on
Fig 8. From this diagram, we can see that the black dots
are slightly above the open circles. Because the diagram
is drawn clockwise (see caption), the variation of the H�
line is late compared to that of the Fe I �� 6546 one. The
width of the structure can then be calculated (Mathias &
Gillet 1993) and the resulting time separation between the
two variations is about 58�19s. Hence, the running wave
e�ect seems present in the pulsation of �Pup, inducing

Fig. 8. The radial-velocity curve of Fe I �� 6546 is represented
versus that of H�. Both curves have been obtained through
the line bisector method, measured at 90% of the relative ux.
Black dots represent the ascending branch of the heliocentric
radial-velocity curve while the open circles stand for the de-
scending branch. Hence, the diagram is drawn clockwise

a propagation time of about 1min to reach the core of
the H� line from that of the Fe I �� 6546 one. The above
results are recovered if we consider the Fe I �� 6569 line.

A larger propagation time should be found if we con-
sider again the velocity curve of the H� line measured at
90% and that of the Fe I �� 6546 line, but measured this
time at, for instance, 50%. Indeed, in this case the wings of
the Fe I line become more important in the determination
of the velocity curve, and since they are formed deeper in
the photosphere, the distance between the two measured
variations is larger, and hence the propagation time as
well. Surprisingly, the deduced propagation time is found
here to decrease with decreasing relative ux percentage.
If the latter is below 70%, we �nd a negative propagation
time, meaning that the deeper photosphere is late com-
pared to the upper one. Such a result calls the following
remarks:

{ First, in our scenario, we postulate that the amplitude
of the pulsation remains small enough to not produce
a very extented and heterogeneous line-forming region.
Indeed, using a theoretical approach, Albrow & Cot-
trell (1996) �nd out that the line function contribu-
tions based on static atmospheric models do not give
a correct formation depth when the pulsation ampli-
tude becomes too large, especially when shock waves
develop within the atmosphere. Thus, we can expect
that our results may be biased if large velocity gra-
dients are present, since many absorption centers can
alter the line pro�le.

{ If a non-radial mode is present, we must expect that
the line pro�le can be appreciably a�ected and causes
an unreal running e�ect when we apply the line bisec-



8 P. Mathias et al.: A spectroscopic study of the � Scuti star �Puppis

tor method. Indeed using the parameters determined
in Sect. 4, and assuming that only a radial mode exists,
no \propagation time" should be measured if we con-
sider the variations obtained from di�erent percentages
of the relative ux. Such an e�ect is, however, present
if we consider a non-radial mode. In this case, the line
bisector technique leads to a non-zero value of the time
di�erence. Thus the latter is not a consequence of a
running wave e�ect, but of the fact that considering a
smaller relative ux value to derive the velocity curve
is equivalent to limiting the integration area on the
stellar disc in the line-of-sight for the computation of
the lines.

We conclude that the line-bisector technique should
be used with particular attention, in order to take into
account all the phenomena which can a�ect the line pro-
�le. In our case, the most secure procedure is to compare
the variations obtained for the same value of the line bisec-
tor (90% here). Because a width of the velocity-velocity
diagram is de�nitely present between the H� line and two
Fe I lines, a running wave seems to be present in �Pup and
shows the classical picture in which the hydrogen lines,
formed in the upper atmosphere, are late compared to the
metal lines if the wave is propagating outward.

6. The shock wave scenario

From medium-resolution spectra (�=�� around 16000,
typical exposure time of 12min), the authors in DLS infer
that a shock wave mechanism is acting in �Pup. Their
conclusion is based on the peculiar behaviour of the Ca II
K line (�� 3934), which shows a transient emission at the
phase of maximum outward acceleration. The shock hy-
pothesis has also been postulated for evolved � Scuti stars
(e.g. Auvergne et al. 1979 and references therein) and is
thought to be equivalent to the same mechanism at work
in other variable classes such as WVirginis, RRLyrae and
classical Cepheid stars (e.g. Fokin, Gillet and Breitfellner
1996). The shock causes emission which is observed for the
hydrogen Balmer-lines in WVirginis and RRLyrae stars,
while it usually occurs in the Ca IIH and K lines in clas-
sical Cepheids (although a weak blue emission component
within the H� absorption pro�le is observed in the longest
periodic Cepheids).

In non-pulsating stars, the emission in the core of the
Ca IIK line is considered as a prominent indicator of the
presence of stellar chromospheres. The detailed compar-
ison of evolution of chromospheric emission pro�les with
non-LTE radiation hydrodynamic codes now provide very
elaborate analysis for atmospheric dynamics (e.g. Carls-
son and Stein, 1997). In their model of the structure of the
solar chromosphere, Vernazza, Avrett and Loeser (1981)
show that the core of the Ca IIK and H� lines are approx-
imately formed in the same atmospheric region (see their
Fig. 1). Thus we can expect that in pulsating stars, these

two lines must be a�ected simultaneously by the pulsa-
tion.

In some pulsating stars such as the classical Cepheids,
the presence of a chromospheric activity is well supported
by permanent Ca IIK and Mg II emission. Moreover Sas-
selov and Lester (1994a) report the �rst unambiguous
detection throughout the whole pulsation cycle of the
He I �� 10830 absorption line in a few classical Cepheids.
Today self-consistent non-linear non-adiabatic pulsating
models exist with an extented atmosphere (e.g. Fokin,
Gillet, Breitfellner 1996). Models of this type including
a chromospheric structure are not yet available. Sasselov
and Lester (1994b) have constructed an atmospheric pul-
sating model including a chromosphere. However, their
pulsation mechanism is modeled by a driving piston in-
stead of being induced by the �- and -mechanisms, so
the results of their model must be treated with caution.
Nevertheless, they put into evidence the three main atmo-
spheric shock waves obtained by Fokin, et al. (1996) during
each pulsating cycle . Consequently, Sasselov and Lester's
(1994b) work seems valid and it shaws that pulsating stars
can have chromospheres heated by acoustic (or magnetic)
wave dissipation in addition to transient heating due to
pulsational shocks depending on their intensity.

In � Scuti stars, and especially in �Pup, it is not ob-
vious that the shock energy is large enough to induce a
transient chromospheric heating because weak shocks are
expected as shown by the very small radius amplitude
�R=R < 1% (it is around 12{13% in classical Cepheids).
Only the construction of a realistic pulsating chromo-
spheric model of �Pup, which seems now possible to real-
ize, would provide relevant informations. However, such a
model is beyond the scope of this paper.

In DLS a weak emission is present in the blue wing
of the Ca IIK line just before the maximum acceleration
phase. Figure 9 shows our H� pro�les around this phase.
The time interval displayed on this �gure is about 1h, well
above the maximum estimated emission duration of less
than 20min given in DLS. It should be noted that this
duration is relatively short compared to the one found in
other classes of pulsating stars. In RRLyr, the duration
of the emission is about 40 minutes (Chadid, private com-
munication). In the case of �Pup, the emission duration
may be of the order of the time separating the middle of
two consecutive observations, which is here about 3min.
Despite the high-quality of our data set, no structure can
be seen on these pro�les. The only one that shows a partic-
ular feature is that corresponding to HJD = 2449773.613
(Fig. 9). This spectrum appears deeper than the others,
but it does not represent a small emission within the large
absorption. The origin of this strange behaviour is not
clear. The error of the normalisation of the continuum be-
ing less than 0.3% in relative ux (while the measured
di�erence, still in relative ux, between this spectrum and
its neighbours is about 3%), and the same mean at-�eld
having been used for all the displayed spectra, this phe-
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Fig. 9. The two sets of H� pro�les corresponding to our two
consecutive cycles obtained on February 24th, 1995 (respec-
tively left and right). The time, running downward, is indicated
on the right hand side of each window and is expressed in helio-
centric Julian days (from which 2 449770 has been subtracted).
Note that the spectra are not �ltered

nomenon may be due to an instrumental e�ect. We also
measured the widths related to the line bisector at di�er-
ent relative ux level. No sudden increase in the FWHM of
the line is noted, as would be expected if a shock emission
was present. Finally, we calculated the di�erential spec-
tra (Fig. 10), but no sudden bump appears visible. Hence,
no appreciable emission is detected at the H� level. We
performed a similar analysis on the spectra corresponding
to the Ca I pro�les (Figs. 11 and 12) but here again, no
structure connected to a possible �lling-in emission has
been detected.

Due to the non-reproducibility of the variations from
cycle to cycle, we were perhaps unlucky to observe the
star at the \wrong moment". Indeed, it is noted in DLS
that, during the cycle following the \emission" one, no
similar phenomenon was seen. This observation cannot be
attributed to the beat period since the secondary oscilla-
tion has a too weak velocity amplitude.

Finally, we conclude that we do not �nd any evidence
to support a shock wave mechanism in �Pup from both
hydrogen and metallic lines during our observed cycles.
The lack of emission detection for H� may be explained

Fig. 10. Same as Fig. 9, but each spectrum has been sub-
tracted from a mean spectrum, calculated using the spec-
tra represented on each corresponding window represented on
Fig. 9

by the fact that the shock wave velocity remains too weak
to provoke H� emission. A self-consistent theoretical ap-
proach would be very helpful but, because the shock wave
velocity is extremely sensitive to the dynamical state of
the atmosphere and vice versa, a de�nitive answer seems
di�cult to obtain in this way. New simultaneous obser-
vations of Ca IIK and H� appear the best direction for
further testing the shock wave scenario.

7. Conclusion

We used new high-quality spectroscopic data to study the
pulsational behaviour of the � Scuti star �Pup. The radial-
velocity curves deduced from di�erent elements have a si-
nusoidal shape and are well reproducedwith the frequency
�0 derived by Ponsen (1963).

Small di�erences are observed between the velocity
curves of di�erent pulsation cycles. This is attributed to
the presence of a secondary oscillation with a frequency
around �1 = 7:8 c.d�1 having a small amplitude, and a
possible third frequency around �2 = 6:3 c.d�1.

The moment method was used to derive the pulsation
parameters. As expected by the di�erent studies available
in the literature, the main mode is radial, with an in-
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Fig. 11. Same as Fig. 9, but concerning the Ca I �� 6122 line

trinsic amplitude of 5.6 km.s�1. The projected rotation
velocity amounts to 15.3 km.s�1. The secondary oscilla-
tion was found to be a small-amplitude low-degree ax-
isymmetric mode, and, if real, the third oscillation is non-
axisymmetric.

The study of the atmospheric dynamics shows that a
running-wave e�ect may be present between the Fe I and
H� line, this latter being late by about 0.5% of the pul-
sation period. The usual picture in which the H� line-
forming region is above that of the metal line, if we con-
sider an outward running wave, is thus valid for this star.

Finally, from our observations of H� and metallic line
pro�les, we have not found any clear evidence for the shock
wave mechanism proposed in DLS. Two reasons, not ex-
clusive, can account for that. First, the intensity of the
expected shock wave is perhaps not strong enough to pro-
duce a H� or metallic emission component while it can
produce Ca IIK emission. Because this latter does not oc-
cur during each pulsational cycle (DLS), the shock in-
tensity must remain weak, at the limit of the excitation
of the Ca IIK line. Secondly, the presence of a transient
emission can �nd its origin in a classical chromospheric
activity which would not be directly connected to the pul-
sational motion and more particulary to the propagation
of shock waves. Evidence of such a situation was given
by Teays et al. (1989), who observed an increase in the

Fig. 12. Same as Fig. 10, but concerning the Ca I �� 6122 line

CaIIK emission near minimum light of the � Scuti star
�Cas.

It is important to note that the DLS scenario is mainly
based on the presence of a single transient emission dur-
ing the phase of maximum outward acceleration occurring
at the maximum light. This is consistent with the obser-
vations of Fracassini et al. (1983) who detected a weak
emission peak in the Mg II doublet near maximum light
in � Pup. Such a coincidence is of course in favor of a shock
wave propagation but it is clear that this well phased emis-
sion occurrence needs con�rmation.

The observational status of �Pup remains not well-
known (e.g. regarding the multiperiodicity), despite its
large-amplitude variations. New data must be obtained
for this object to re�ne the secondary period(s) and to
point out the detailed pulsational behaviour. Especially,
the Ca IIK line should be accurately followed during sev-
eral pulsation cycles in order to con�rm the shock wave
scenario of DLS. Because it is not easy to compute a self-

consistent non-linear non-adiabatic pulsating model in-
cluding a chromospheric activity, an acurate observation
of the Ca IIK line actually seems the best way to verify
the shock wave hypothesis.
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