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Abstract. We report results of the spectroscopic monitoring of the roAp star v Equ with the ESO 3.6-m telescope.
During 1.5 hours of observations a series of very high-resolution and high S/N spectra was obtained for this star
in the 6138-6165 A spectral region. Short exposure times allowed us to resolve changes of v Equ line profiles due
to the rapid pulsations and to follow profile variations over 5 oscillation cycles. From this unique observational
material information on amplitudes and phase shifts of radial velocity (RV) variations was extracted for 29 lines
of 17 individual ions. We confirmed that spectral lines of rare-earth elements (REE) have the largest pulsation
amplitudes, reaching up to 0.8 kms™'. Moreover, we detected a phase shift between RV variations of singly and
doubly ionized REE, discovered significant RV shifts of weak NaT1 lines and analysed line profile variations of Pr 111
and Nd 111 spectral features. This rich observational material opens a possibility to obtain a detailed picture of the
vertical stratification of chemical elements and extract the main characteristics of the pulsational mode(s). In our
observations we did not find support for the existence of the unique dependence of RV amplitude on line strength
suggested in earlier spectroscopic studies of roAp stars. Instead, we argue that the individuality of the variations
of all ions is a result of the complex interplay between inhomogeneous vertical and horizontal distributions of
chemical elements and individual pulsation modes of v Equ. We show that the extra line broadening observed in
~v Equ spectrum is most likely caused by pulsations. A detailed analysis of Pr 111 and Nd 11t line profile variations
resulted in the estimate of £ =2 or 3, m = —f or —¢+ 1 and v, ~ 10 kms™* for the p-mode of the main pulsation

frequency.
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1. Introduction

Since the discovery of the short-period light variations in
cool Ap star HD 101065 (Kurtz & Wegner 1979) this phe-
nomenon became an object of interest for many studies.
At present the group of rapidly oscillating Ap (roAp) stars
consists of 32 members. These stars oscillate with peri-
ods in the range of 4-16 min and very low amplitudes
(AB < 15 mmag). v Equ is the second brightest roAp
star. The latest extensive analysis of its light variation
from multi-site observations (Martinez et al. 1996) pro-
vides support for p-modes with four pulsation frequen-
cies corresponding to periods from 11.68 to 12.45 min.
Libbrecht (1988) was the first who found radial velocity
variations with an amplitude of 42 ms~! and with two out
of four photometric periods: 12.20 and 11.68 min. Kanaan
& Hatzes (1998) performed an extensive study of the ra-
dial velocity variations due to pulsations in v Equ based
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* Based on observations obtained at the European Southern
Observatory, La Silla, Chile.

on high-precision echelle spectroscopy with an iodine cell.
They found RV amplitudes ranging from 30 to 1000 ms~*
as measured from individual lines and concluded that the
pulsational amplitudes depend on chemical species and are
higher for weaker lines of the same element. Practically
at the same time Malanushenko et al. (1998) published
results of RV analysis of the individual lines in the 6112—
72 A spectral region. They discovered the highest RV am-
plitudes, up to 800 ms~!, for the lines of Pr i1 and Nd 111,
while most other strong and weak lines in this region did
not show amplitudes exceeding the accuracy of the RV
measurements (=100 ms~!). Malanushenko et al. (1998)
found that the main frequency of RV pulsations, 1365 uHz
(12.21 min), coincides with one of the photometric fre-
quencies. Later Savanov et al. (1999) showed that some
lines from the spectral regions for which Kanaan & Hatzes
(1998) found large RV variations were not identified prop-
erly and in reality belong to singly and doubly ionized Pr
and Nd.

~v Equ is the slowest known rotator among Ap stars.
Its rotational period, P = 77 4+ 10 yr, was determined
from published longitudinal magnetic field measurements
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Fig.1. A comparison between spectrum synthesis calculations (thin curve) and average spectrum of v Equ (thick curve) is
shown in the upper panel. The middle panel displays the difference between individual and average observed spectra. The
profiles of the consecutive pulsation phases are shifted in the vertical direction by 0.02; the lower panel shows the standard

deviation for each pixel of the observed spectrum.

by Leroy et al. (1994). Due to its extremely low rotational
velocity we cannot observe any line profile variations con-
nected with the surface abundance inhomogeneity typical
for Ap stars. However, the short-term spectroscopic vari-
ability of v Equ may be caused by non-radial oscillations.
We obtained time-series of high-resolution high S/N spec-
tra of v Equ to study in detail the line profile variations
due to stellar pulsations.

The observational data and reduction procedure are
described in Sect. 2. Line identification and spectrum syn-
thesis details are discussed in Sect. 3. We present the re-
sults of RV measurements in Sect. 4, while an analysis
of REE line profile variations and an attempt of mode
identification are given in Sect. 5. In Sect. 6 we discuss
the pulsational broadening of the time-averaged v Equ
spectrum.

2. Observations and spectra reduction

The observations of v Equ were collected in July 1999 in
the backup programme of an observing run devoted to the
investigation of magnetic fields on M-dwarf stars. We used
the Very Long Camera of the Coude Echelle Spectrograph,
fibre-linked with the Cassegrain focus of the ESO 3.6-m
telescope. The combination of the third (highest resolu-

tion) CES image slicer and ESO CCD#38 provided a re-
solving power of A\/AX ~ 170000. The observations of
v Equ were carried out for 1.5 hours. During that time we
obtained 31 60° exposures of a 26 A spectral region cen-
tred at A 6152 A. The first spectrum was obtained at the
heliocentric Julian date HJD; = 2451381.783444, while
the last one was acquired at HJD3; = 2451381.823897. A
signal-to-noise ratio of 130 was achieved in each individual
exposure. A Th-Ar comparison spectrum was registered
immediately before and after the observations of v Equ.

The basic steps of spectra reduction (bias subtraction,
flat field correction, extraction of 1D spectra and wave-
length calibration) were performed with the set of IDL-
based routines, specially adapted for the reduction of CES
spectra. We used 12 emission lines in each of the Th-Ar
comparison spectra in order to establish the wavelength
scale. The positions of the emission lines were determined
by fitting a Gaussian to the line profiles. Then a second
order polynomial was used to fit the pixel-wavelength re-
lation. This procedure allowed us to establish the wave-
length scale with an internal accuracy of ~5x 107> A. We
found a shift of 22 ms™! between Th-Ar spectra taken
before and after observations of v Equ. By comparison,
during 1.5 hours of observations the heliocentric radial
velocity of the observing site changed by 113 ms™! in the
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Fig. 1. continued.

direction towards the star. However, in order to simplify
the spectroscopic analysis, no correction for the drift of
the zero velocity point was made at this stage of the re-
duction, and an average dispersion relation was used for
all 31 spectra. Instead we took into account the linear drift
of the spectrograph reference frame when fitting radial ve-
locity variations of the individual spectral lines (Sect. 4).

The average instrumental profile was determined from
the same 12 Th-Ar emission lines that were used for the
construction of the wavelength scale. The instrumental
profile is well approximated with a Gaussian, correspond-
ing to a resolving power of A/AX = 166 000. We found
no evidence for a temporal variation of the instrumental
profile or a systematic change in the dispersion direction.

In the final stage of the spectrum reduction special
care was taken in order to achieve a consistent continuum
normalization of the individual spectra. With the help of
spectrum synthesis we selected a subset of spectral re-
gions, free of strong lines, and then iteratively fitted a
cubic polynomial through the continuum points, rejecting
points with a large deviation from the provisional contin-
uum level. Then we inspected the difference between each
individual and the average spectrum (Fig. 1) and modi-
fied the selection of the line-free regions until large-scale
deviations of individual spectra from the average were re-
moved.

6160

3. Spectrum synthesis and line identification

For the purpose of line identification and determination
of the mean stellar RV we computed a synthetic spectrum
of v Equ in the 6140-6166 A spectral region. Model at-
mosphere parameters, an approximate model of the mag-
netic geometry, and elemental abundances were adopted
from Ryabchikova et al. (1997). All relevant atomic pa-
rameters were extracted from the VALD database (Kupka
et al. 1999). The oscillator strengths of Ca1 6162.17,
6163.76 A lines and Si1 6142.48, 6145.02, 6155.13 A lines
were further tuned by fitting the solar atlas of Kurucz
et al. (1994). For the spectral lines of Pri oscillator
strengths were kindly provided to us by D. Bord (pri-
vate communication). Synthetic spectra were calculated
with the Synthmag magnetic spectrum synthesis code
(Piskunov 1999), which makes it possible to obtain an ac-
curate numerical solution of the polarised vector radiative
transfer equation, and evaluate local Stokes profiles for a
number of limb angles. Then an external IDL subroutine
was used to obtain disk-integrated normalized spectra for
a given macroturbulent and rotation velocity under the
assumption of a homogeneous surface magnetic distribu-
tion. Although the latter simplification is generally not
adequate for the explanation of the polarisation proper-
ties and variability of the radiation from Ap stars, it still
provides a robust estimate of the Zeeman effect in the
unpolarised line profiles of the slowly rotating Ap stars.
The line identification in 6140-6166 A region is fairly
complete. The only relatively strong unidentified spectral
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feature is located at A 6148.86 A and probably belongs to
the singly or doubly ionized REE (see Savanov et al. 1999
and Sect. 4). The Nd 111 6145.07 A line is blended with the
line of Si1 6145.02 A and the latter may contribute up to
25% to the total intensity of the observed feature.

A comparison between the spectrum synthesis and
the average observed spectrum of v Equ (S/N =~ 700)
is illustrated in Fig. 1. In the calculations we assumed
that the atmosphere of the star is locally stabilized by
the magnetic field, and therefore no micro or macro-
turbulent broadening was introduced into the spectrum
synthesis. Similarly, rotational broadening of the v Equ
spectra should be negligible due to the very long rotation
period of the star. Thus, the only broadening effects
that we expect are due to the magnetic field and the
finite instrumental resolution. Nevertheless, the upper
panel of Fig. 1 shows that the synthetic spectrum,
convolved with a Gaussian profile (FWHM = 37 mA) to
account for the instrumental broadening, still possesses
much sharper spectral features than those seen in the
observed spectrum. This excessive broadening cannot
be ascribed to real macroturbulent or microturbulent
motions, or to spurious instrumental smearing!. In
fact, we did not find any combination of these effects
that could simultaneously fit wide wings of the strong
lines (such as Bat 6141.71 A, Ndmr 6145.07 A, and
Car1 6162.17 A) and not wipe out the partially resolved
Zeeman structure of the weaker lines (Lair 6146.52 A,
Criu 6147.14 A, and Fer 6151.62A). On the other hand,
the separation of the Zeeman components of
Ferr 6149.26 A is well reproduced in our calculations.
This suggests that the discrepancy between observations
and spectrum synthesis cannot be explained by an
underestimate of the mean field modulus in our model of
the magnetic topology.

Stratification of chemical elements in the stellar atmo-
sphere is one of the effects that may be responsible for the
peculiar shape of the line profiles in the spectrum of v Equ.
Diffusion theory (Michaud 1970), which is the leading the-
oretical framework for the explanation of the abundance
anomalies of Ap and related stars, predicts that in stellar
atmospheres, stabilized by kilogauss magnetic fields, ra-
diation pressure and gravitational settling will gradually
build up a superficial layer with a peculiar chemical com-
position. Detailed diffusion calculations by Babel (1992)
suggested that strong vertical abundance gradients can be
expected within the line forming regions. In particular, el-
emental concentrations of Ca and iron-peak elements fea-
ture similar vertical distributions consisting of the layer
with enhanced abundance, located at the bottom of the

1 Admittedly the average spectrum of v Equ was constructed
by direct coaddition of the individual exposures, without tak-
ing into account small relative shifts of the individual spectra
due to the Earth motion and spectrograph drift. However, the
RV shift of 135 ms™' between the first and the last exposure
corresponds to only 2.8 mA and is negligible in comparison
with FWHM of the instrumental profile.
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atmosphere, and the layer with solar (or even less than
solar) abundance above optical depth log 75000 = —1. In
this scheme the spectral lines of stratified chemical ele-
ments will tend to have weaker cores and wider wings
relative to line profiles calculated under the assumption
of an homogeneous vertical distribution.

Numerical tests confirmed that introducing vertical
stratification can in principle improve the fit to the ob-
served line profiles. It also allows us to achieve consis-
tency in the abundances, derived from the spectral lines
of different ionization stages of the same elements as well
as weaker and stronger lines of the same ions. However,
in our preliminary calculations we could not find a unique
vertical chemical abundance distribution that can account
for both abnormal profiles and strength of doubly ionized
REE lines. This has to be confirmed by detailed quanti-
tative investigation of the vertical stratification in v Equ
which is outside the scope of the present paper.

An effect of stellar pulsation on line broadening will
be discussed in Sect. 6.

From the shift between the synthetic and average ob-
served spectrum we found that the mean radial velocity of
~v Equ is —16.87 kms™!, which is in good agreement with
other recent determinations (Mkrtichian et al. 1998).

4. Analysis of radial velocity variations

In the first step of the analysis of pulsational changes in
~v Equ line profiles we computed the difference between
the average and 31 individual spectra and determined a
standard deviation for each pixel of the observed spectral
region. Prominent variations of Nd 111 6145.07 A and Prim
6160.24 A are immediately seen in the difference spectra
(middle panel in Fig. 1). This is the first clear detection
of metal line profile variability due to the rapid oscillation
in a roAp star. Analysis of the standard deviation (lower
panel in Fig. 1) reveals weaker variability in other spec-
tral lines, such as Ba11 6141.71 A, unidentified features at
6148.86 and 6150.62 A, and a complex blend at 6157.8 A,
containing several spectral lines of REE. The shape of
the standard deviation profiles for Nd 111 and Pr1i1 spec-
tral lines is very similar to the variability of spectral fea-
tures in non-radially pulsating § Scuti and 5 Cep stars
(Mantegazza 2000).

We took a closer look at the variability of v Equ
spectral lines by measuring the radial velocity shifts of
each individual spectral feature. The positions of the spec-
tral lines were determined with the help of the center-of-
gravity method:

M= M= =), (1)
where ff is the residual flux in the ith pixel of the
normalized spectrum and the index j refers to the tem-
poral sequence of our observations (j = 1,...,31). Then
the wavelength shifts were transformed to the RV scale
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RV determined in this way proved to be stable and ac-
curate characteristic of spectral line position. An alter-
native method, such as fitting analytical profiles to the
lines in the observed spectra, is not applicable for the
analysis of the complex profiles of spectral lines altered
by magnetic broadening or splitting. On the other hand,

(2)

measuring RV shifts by cross-correlation with the average
spectrum reduces to the problem of finding the maximum
or center-of-gravity of the cross-correlation function and
therefore is equivalent to the direct analysis of individual
spectral lines. Besides, centroid RV has the advantage of
being a special case of a more general moment technique
(see Sect. 5.1), which proved to be very useful in the spec-
troscopic analysis (in particular mode identification) of
non-radially pulsating stars.
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Table 1. Radial velocity variations of individual spectral lines.
Phases ¢ are expressed in units of the period. Arabic numerals
mark the main components of unresolved blends.

Ton Alab K OK %2 Ty P
ms~! ms~!

Fer  6141.10 <120

Ban  6141.71 93 16 0.899 0.031 2.3

Si1 6142.48 <90

Celr  6143.38 296: 60 0.915: 0.034 2.1

Ndmr  6145.071 470 21 0.159 0.007 2,1

Si1 6145.02"

Latt  6146.52 216: 49 0.944: 0.039 2.3

Cril 6147.14 <60

Ferr  6147.74 72: 16 0.674: 0.037 34

Prii 6148.24 348 96 0.886 0.048 2

uncl.  6148.86 736 30 0.060 0.006 2

Ferl  6149.26 64: 14 0.667: 0.036 34

Ferr  6150.10 89: 35 0.473: 0.073 4,3

uncl.  6150.62 557 44 0.141 0.044 32

Fe1 6151.62 <75

Ybu  6152.57 377: 95 0.881: 0.045 4,3

Nal  6154.23 364 72 0.893 0.032 34

Si1 6155.13 <70

Smil  6156.92 320 50 0.953 0.025 2.3

Fel 6157.732  209: 17 0.039: 0.013 2,3

Ndun  6157.822

Crin 6158.11° 184 31 0.564 0.027 1,2

Criu  6158.183

01 6158.182

Call  6158.57* 137 47 0.056 0.052 1,2

Cri 6158.62*

Fel 6159.38° <100

Cr1 6159.48°

Priur  6160.24 788 37 0.169 0.007 1,2

Nal  6160.75 320 30 0.958 0.016 34

Prio 6161.18%° 339 33 0.151 0.016 1,2

Priur  6161.22°

Cal 6161.30°

Cal 6162.17 <30

Cal 6163.76 <35

Smiu  6164.537 446 56 0.926 0.022 1,2

Cemnt  6164.417

Fel 6165.36 <50

For the measurements of line positions we usually se-
lected the unblended part of the profiles. RV shifts of
a few weak lines (Ferr 6141.10 A and Na1 6160.75 A),
situated in the wings of strong spectral features, were
also determined. The resolved Zeeman components of
Ferl 6149.26 A were analysed separately and the re-
sults were averaged, but for all other weaker features
with partially resolved Zeeman structure (La11 6145.52 A,
Cru 6147.14 A, Ferr 6150.10 A, and Fer 6151.62 A) we
determined common line centers.

The errors of centroid RV measurements were found
from a formal error estimate, which follows from Eq. (1)

3)
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where the uncertainty o(f;), ascribed to the ith pixel of
normalized spectrum, is found from the Poisson photon
statistics. In addition, a useful independent estimate of
0%(Ve.) was found by simulating the process of center-of-
gravity measurements. This was done by adding random
noise to the average spectrum and determining A.. The
whole procedure was repeated 30—40 times with different
noise realisations and the resulting standard deviation for
Ac was determined. Both the formal error estimate (3) and
Monte-Carlo simulations gave typical uncertainty of 20—
50 ms~! for RV measurements of strong lines, while errors
in the RV determination reach 100-200 ms~! for weak
lines. These error estimates agree well with the standard
deviation of individual radial velocity measurements from
the best-fit cosine curves.

From the time-series of radial velocity measurements
we computed periodograms using the method of Horne &
Baliunas (1986). Since spectroscopic monitoring of v Equ
was carried out for only 1.5 hours and we had 31 consec-
utive RV measurements for each spectral line, we could
not determine the pulsation period with good accuracy
and distinguish pulsation frequencies found in previous
photometric studies of v Equ (Martinez et al. 1996).
Nevertheless, useful information about the probability of
variation with a certain frequency was obtained from the
periodogram analysis (right panels in Fig. 2).

For each line we fitted RV variations with a combina-
tion of a linear term (to account for spectrograph drift
and Earth motion) and a cosine curve
VI = Vo + Vit! + K cos[2n(t? /P + )], (4)
where K is the semi-amplitude of RV variations, ¢ is the
phase shift, ¢/ is the time interval between the first and
the jth exposure, V) and V; are constants, and P is the
adopted period of pulsations. The constant V; was de-
termined in the reduction procedure (Sect. 2) and was
fixed at 3.863 x 1072 ms~2, while Vo, K, ¢ and their
errors were found with the help of the non-linear least-
squares Marquardt method (Bevington 1969). A least-
squares fit was carried out for each of the pulsation periods
determined by Martinez et al. (1996) (P1 = 12.45, P, =
12.20, P; = 11.93, P, = 11.68 min). The results of the
analysis of RV variations are summarised in Table 1. For
each spectral line or unresolved blend we give the identifi-
cation, laboratory wavelength, semi-amplitude and phase
of RV variation, as well as the corresponding error esti-
mates. Although our observational data did not allow us
to distinguish photometric pulsation frequencies on the
basis of periodogram analysis, we found that fitting RV
curves with different photometric periods resulted in dif-
ferent x? of the fit. In particular, for lines with well defined
RV curves the fit with the best out of four photometric pe-
riods resulted in a y? which was a factor of 2-3 smaller
than the value derived by adopting the worst period. Thus,
we felt it useful to indicate in the last column of Table 1
the photometric period that corresponds to the lowest x?
of the fit. If x2 of the two best-fit periods did not differ
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by more than 30%, we listed both periods in order of in-
creasing x2. For some spectral lines only upper limits of K
could be determined, while for other spectral features K
and ¢ strongly depend on the selection of the part of the
line profile used for RV measurements, hence we marked
these results as uncertain. Figure 3 displays the ampli-
tudes and phases of RV curves for variable spectral lines.

Figure 2 shows examples of RV curves and peri-
odograms, computed for Nd 111 6145.07 A, an unidentified
feature at 6148.86 A, Pr111 6160.24 A, Na16160.75 A, and
Ca1 6162.17 A. Savanov et al. (1999) already mentioned
that the 6148.86 A line shows high amplitude RV vari-
ations, and they proposed it belongs to the second ions
of REE from the similarity of the RV amplitudes. Our
detailed analysis of both RV amplitudes and phase shifts
shows that the line may belong either to singly or to dou-
bly ionized REE.

For the two strongest lines of doubly ionized REE we
tried to determine the pulsation period directly by a non-
linear fit of a sinusoid to the RV curve. We found P =
12.25 4 0.05 min for Nd 111 6145.07 A and P = 12.35 +
0.05 min for Pr111 6160.24 A, while pulsational amplitudes
and phase shifts did not change significantly in comparison
with the values given in Table 1.

5. Profile variations of Nd 11l and Pr il spectral
lines and mode analysis

5.1. Moments of line profiles

The variability of Nd 111 and Priir spectral features can
be conveniently quantified by considering time variations
of a few low-order moments of a line profile. This obser-
vational material can then be used to identify frequencies
and modes of non-radial stellar oscillations. The moment
technique was first developed by Balona (1986a, 1986b),
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then Aerts et al. (1992) extended and applied this method
to line profile variations of the monoperiodic 3 Cep star
0 Ceti. The moment method turned out to be the best
mode identification technique for non-degenerate slowly
rotating pulsators, and therefore it seems especially suit-
able for roAp stars.

To measure the first four moments we transformed the
wavelength scale A\ into velocity units v relative to the
center-of-mass velocity, which is the zero point of the vari-
ation of the first moment. Then the nth order moment was
computed as

(V™) = Syl /W,
3
W =S ®)
K3

where the zeroth order moment W) is just the equiva-
lent width of the line and v/ is the flux in the ith pixel
of the jth spectrum, normalized to the continuum and
subtracted from unity (y/ = 1 — f/). In order to obtain
complete information about line profile variations we car-
ried out the summation over the whole variable part of
Nd 111 6145.07 A and Priin 6160.24 A line profiles, as de-
termined from the standard deviation plot in the lower
panels of Fig. 1.

Formal errors of the moment measurements were de-

rived by applying the error propagation laws to for-
mula (5):

2

Ay = [—gyy L= )| ©)

)

where o(yg ) is the uncertainty of the flux in the ith pixel
of the jth spectrum.

Figure 4 illustrates the variations of the line profile
moments of doubly ionized REE lines. Similar to the
analysis of the centroid RV variations (Sect. 4), we used
non-linear least-squares sinusoid fitting to find the ampli-
tudes, phases and constant terms of the moment varia-
tions. Time-series of each moment were fitted with

(V™I = (V) + K, cos(2mt! /P + py,), (™

where the moments are defined in such a way, that (V")
is non-zero only for the even moments. K,, and ¢,, deter-
mined for each moment are listed in Table 2. According
to the results of Sect. 4 we fixed the period P in the least-
squares fit at P, = 12.20 min for Nd 111 6145.07 A and at
Py = 12.45 min for Pru 6160.24 A.

From the theoretical expressions for the variation of
the moments of line profiles of non-radially oscillating
stars (Aerts et al. 1992) we expect the oscillation frequen-
cies 2/ P and 3/ P to be present in the variation of the sec-
ond and third moments. For v Equ the rotation frequency
Q is negligible in comparison with the pulsation frequency
w. In this case the expressions of Aerts et al. (1992) for
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Fig. 4. Variation of the equivalent width
and first three moments of Nd 111 6145.07 A
and Primn 6160.24 A spectral lines. Thick
line shows the fit by a cosine curve (7),
while thin line on (V?) and (V?) panels
illustrate the fit with formula (8).

the variation of the first three moments of a monoperiodic
pulsation are given by:

(V) = Apsin(wt +9),
(V2) = Azasin(2wt + 2¢ + 3T)

+ Az sin(wt + 9 + ) + Az, (8)
(V3) = Az 3sin(3wt + 3¢)

+ A3 2 sin(2wt + 20 4+ 3T) + Ay 1 sin(wt + ).

In these formulas v is the phase constant and the parame-
ters Ay i depend on the type of the pulsation mode (¢ and
|m| numbers), projected rotation velocity vesini, pulsa-
tion velocity vy, the angle between pulsation axis and line
of sight and intrinsic stellar profile. The functions A, ;, can
be used to identify pulsation mode and are usually esti-

mated by considering periodograms of the three moments
(Aerts et al. 1992). The small number of v Equ observa-
tions precluded us from using this approach, instead we
directly fitted the variations of all three moments with ex-
pressions (8) using the Marquardt method. Figure 4 com-
pares this fit with the observations and a simple cosine
approximation of the moment curves. The best-fit am-
plitudes A,, , and their formal errors are summarised in
Table 2. Apparently variations of all four first moments of
Nd I and Priir lines are dominated by the fundamental
pulsation frequency and our data do not give unambigu-
ous support for the presence of the first and second har-
monics of the main pulsation frequency in the variations
of (V2) and (V3). Thus, amplitudes Ao, A3 2 and As 3,
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Table 2. Variation of the moments of doubly ionized REE
lines parametrised by a cosine curve (7) (parameters K, and
©n) and by expressions (8) (parameters A, ). Amplitudes K,
(n > 0) and A, are given in units of (ms™*)", where n is
the moment order, while Wy variations are given in mA units.
Phases ¢, are expressed in units of the period.

Amplitude  Nd1i1 6145.07 A Prim 6160.24 A
zeroth moment: W
Ko 1.90 £+ 0.16 089 + 0.22
o 0342 £ 0.013 0253 =+ 0.039
first moment: (V')
K 0452 £ 0.022 0.784 £+ 0.028
1 0.187 £ 0.007 0.143 £ 0.006
A1 0452 £ 0.020 0.784 £+ 0.024
second moment: (V?)
K> 33 £ 0.19 299 £ 022
P2 0.416 £ 0.009 0377 =+ 0.011
Az0 4759 £ 015 30.12 £+ 0.16
Az 3.03 £ 022 263 £ 024
Az 052 + 0.23 030 + 024
third moment: (V?)
K3 7149 +£ 470 86.76 £ 2095
P3 0.197 £ 0.009 0.146 =+ 0.006
Az 7115 +£ 470 86.11 £+ 291
Az 13.15 £+ 4.53 1.77 £ 312
Az 022 + 441 633 + 294

given in Table 2, should be considered as the upper limits
of these parameters. Longer and preferentially multi-site
spectroscopic time-series are required for improving the
phase curves of the second and third moments.

With the exception of Ndiir 6145.07 A and Pri
6160.24 A there are no other lines in the 6140-6166 A
spectral region that are suitable for accurate moment mea-
surements. The other REE lines are weak and blended,
while relatively unblended strong lines of lighter elements
(Bam 6141.71 A, Fenr 6147.74 A, Ca1 6162.17 A, and
Ca16163.76 A) do not exhibit profile changes. Equivalent
width variations at the level above 2 mA are also absent
for these spectral lines.

5.2. Amplitudes and phases across line profiles

During an oscillation cycle the flux at every pixel of the
line profile varies with the same period(s). Therefore one
can apply the usual time-series analysis to the variations
of the fluxes in individual pixels. In particular, Fourier fre-
quency analysis with the CLEAN algorithm (e.g. De Mey
et al. 1998) helps to extract periodicities present in the
pulsation spectrum. For moderately and rapidly rotating
non-radial pulsators such line profile analysis is also the
only way to detect pulsation modes with high ¢ numbers,
since these modes cancel out in disk-averaged observables
such as centroid RV or brightness.

Limited time-series of profile variations (similar to out
~v Equ data) are not well suited for the period determina-
tion, but can be efficiently analysed with the least-squares
algorithm described by Mantegazza (2000). In this method
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variation of the ith pixel is approximated by the super-
position of n sinusoidal components, corresponding to n
detected frequencies

n

fl=F+ Z D; 1, cos(27t? | Py + i k), (9)
k=1

where F;, D; 1, and v; , are free parameters, optimized by
the least-squares method assuming fixed set of periods P.

In the analysis of line profile variations of
Ndmr 6145.07 A and Prim 6160.24 A we assumed
that variations with a single period (P for Nd 11 and
Py for Prim) are present and derived the estimate of the
average line profile F'()\) together with the variation of
the pulsation amplitude D(\) and phase ¥(\) across the
line profiles. Figure 5 shows these functions and their
formal errors.

5.3. Mode identification

Unfortunately elaborate modelling techniques developed
in recent years for the spectroscopic analysis of non-radial
oscillations of normal stars are not directly applicable and
cannot be easily adapted for roAp pulsations. In most of
the studies of line profile variations in non-radially pulsat-
ing stars the pulsation axis is assumed to be aligned with
the rotation axis. Therefore an inclination angle is one of
the important parameters. In roAp stars a general model
describing stellar pulsations is the oblique pulsator model
(Kurtz 1982). According to this model the pulsation axis
is aligned with the magnetic rather than the rotation
axis. Hence, we have to use an inclination of the mag-
netic axis to the line of sight (angle a) instead of the
usual inclination angle. As the star rotates the angle «
varies and therefore the pulsation amplitudes are modu-
lated with rotation period. This effect has to be properly
taken into account in the analysis of rapidly rotating roAp
stars, but with the extremely slow rotation of v Equ we
do not expect to see any rotational modulation of the pul-
sations and can treat the star as if it were a & Scuti-type
variable observed at inclination angle ¢ = «. Besides vari-
able orientation of the pulsation axis, a strong magnetic
field, which is present in the atmospheres of many roAp
stars, alters the pulsation velocity field (e.g. Bigot et al.
2000) and simultaneously introduces Zeeman broadening
and splitting of spectral lines. The latter effect makes a
Gaussian approximation of the local line profile (Aerts
et al. 1992; Schrijvers et al. 1997) highly questionable.
Despite all these ambiguities, in this section we try to
identify the pulsation mode of v Equ applying methods de-
veloped for normal non-radial pulsators to the variation of
Prin and Nd 111 spectral lines. This semi-qualitative anal-
ysis should be regarded with caution and it by no means
aspires to reach any definite conclusions about the pulsa-
tion velocity distribution in the atmosphere of v Equ.

In principle diagrams that show the behaviour of the
phases of each mode across the line profiles (Fig. 5)
are able to discriminate between pulsation modes with
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Fig. 5. Behavior of amplitudes (left panels) and phases (middle panels) across the profiles of Nd 111 6145.07 A and Prim 6160.24 A
spectral lines. The bars are formal 1o errors derived in a least-squares analysis of the profile variation. Phases 1(\) are given in
degrees, while amplitudes D(\) are in units of the continuum flux. The right panels show an estimate of the average line profile.

different ¢ and m. Telting & Schrijvers (1997) determined
linear relations between the observed phase difference and
mode parameters ¢ and |m| for non-radially pulsating
rotating stars. It is not correct to apply directly these
relations for v Equ because they were obtained for a
rapidly rotating star, which is not fulfilled in our case.
However we expect to get a lower limit for ¢ using the
proposed method. From Telting & Schrijvers’ Eq. (9) we
get £~ 0.10 + 1.09|A¢pg| /7, where At)g is the blue-to-red
phase difference for the variations with the main pulsa-
tion frequency (middle panels in Fig. 5). For both Priix
and Nd 111 lines Ay =~ 300° or 1.677, therefore ¢ 2 2.

A consideration of the shape of the amplitude and
phase diagrams for individual spectral lines opens another
possibility for mode identification. In particular, the simi-
larity of our pixel-by-pixel amplitude and phase diagrams
to those derived for 5.31 d~! mode of § Scuti-type variable
HD 2724 (Mantegazza & Poretti 1998), for which ¢/ = 2+1
and m = 241 was obtained, allows us to propose £ ~ 2+1
and |m| = 241 for the mode identification of the v Equ RV
pulsations. The sign of m depends on the angle o between
line of sight and pulsation (magnetic) axis. This angle can
be determined from the parameters of the v Equ magnetic
model suggested by Leroy et al. (1994). They found that
published longitudinal and broadband linear polarisation
magnetic observations can be fitted with a dipolar field
B4 = 5.5 kG and two combinations of inclination angle

1 and angle 8 between the magnetic and rotation axes
(1 = 150°, 8 = 80° and i = 80°, 8 = 150°). These two
models yield the same a:

cos o = cosi cos 3 + sinisin 3 cos P, (10)

where ® is rotational phase. Assuming that the epoch of
our v Equ observations roughly corresponds to ® = 0.8 +
0.1 (see Leroy et al. 1994; Scholz et al. 1997), we find
a = 132°410°. This value of « together with the positive
slope of the () curves allows us to conclude that v Equ
pulsates in prograde mode (negative m).

An alternative possibility of mode identification comes
from moment analysis through the comparison between
the observed moment amplitudes and calculations for a set
of parameters £,m,i = o, vp and variance o of the intrin-
sic Gaussian stellar profile (Aerts et al. 1992; Aerts 1996).
The most probable combination of (I,m,«, o, v,) can be
defined as the one for which the weighted squared differen-
cies between observed and calculated moment amplitudes,

Q= (AP} — AT o (A%, (11)
n,k

reaches its minimal value. We calculated theoretical mo-

ment amplitudes Afrf}f using the code of Aerts (1996) and

compared them with amplitudes A%‘f‘,ﬁ of the first three mo-
ments determined for Nd 111 and Pr 111 lines in Sect. 5.1 (see
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Table 3. Estimate of the width of Gaussian profile o, pulsa-
tional velocity v, (both are given in kms™"') and angle a (in
degrees) for the three best-fit pulsation modes of v Equ.

Nd 111 6145.07 A Pri 6160.24 A
L |m|| o Up e o Up e
3 3 |56 814 130-160 | 4 7-8  120-130
2 2 6 10-11 160 35 5-14 140-160
3 2 6 7 100-160 | 3-4 79  110-150

Table 2). For the projected rotation velocity we adopted
value vesini= 0.003 kms™!, estimated from the rota-
tional period of 77 yr assuming the rigid rotation of v Equ.
Since angle « is relatively well constrained by the pub-
lished model of the magnetic topology, we considered only
the values of & = 130° + 30°. The variance of the intrin-
sic Gaussian profile is another parameter required for the
moment amplitudes calculation. The lower limit of this
parameter (non-magnetic broadening effects) can be esti-
mated from the width of the resolved Zeeman components
of Fell 6149.26 A: both lines give og149 = 2.6 kms~1. On
the other hand the magnetic contribution to ¢ should be
of the order of the separation of magnetic o components,
which for Nd 111 and PriiI lines amounts to an additional
Omag =~ 3 kms™!. Thus we adopted o ~ 4 + 2 kms~! for
the calculation of the weighted sum (11). Table 3 sum-
marises the parameters o, v, and o which give the low-
est Q(Nd 11)+Q(Prir) within the errors of the observed
amplitudes A%‘?,i for the three best-fit modes. Despite the
relatively large scatter of v, and « these results gener-
ally support a pulsational velocity v, ~ 10 kms™! and are
consistent with the mode identification suggested above.
Thus we conclude that the most probable parameters of
the p-mode in v Equ are { =2 or 3 and m = —f or —¢+1.

6. Pulsational broadening of spectral lines

As we mentioned in Sect. 3 there exists an unexplained
extra broadening of spectral lines in v Equ. The pulsa-
tions themselves may introduce such a broadening. Hao
(1998) noticed that the average line profile in the spec-
trum of pulsating stars is wider than in the spectrum
of non-pulsating stars. M. Montgomery (private commu-
nication) calculated the line profile for £ = 1, m = 1,
vp= 10.5 kms™! in the spectrum of the § Scuti-type
variable FG Vir. This line profile corresponds to a syn-
thesized one in a non-pulsating star with a macroturbu-
lent broadening of 10 kms~! (Mittermayer 2000). Figure 6
shows a comparison between the observed and computed
~v Equ spectrum for two values of macroturbulence: 2 and
10 kms~!. A macroturbulence of 10 kms~! is required to
fit the Nd i1 and Priir lines, while we need much lower
macroturbulence to fit most of the other lines. Our pulsa-
tional velocity v, ~ 10 km s~!, estimated from the Prii
and Nd 111 lines, is in a good agreement with the macrotur-
bulent velocity inferred from these lines. The lower macro-
turbulence for other lines is consistent with the lower
observable RV amplitudes. Of course, this effect should
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be investigated for a larger number of roAp and related
stars, but we may conclude that a study of differential
macroturbulent-like line broadening may give us impor-
tant information on RV pulsation amplitudes.

Non-radial RV oscillations can introduce a line broad-
ening in the average spectrum through two main effects.
First, in the process of coaddition of the line profiles
with different RV shifts one produces an average spec-
trum which is somewhat wider than the individual line
profiles. However, careful inspection of our v Equ obser-
vations showed that the time-resolved profiles of Nd IiI
and Pri1I lines are not significantly sharper in comparison
with the average spectrum. We suggest that the second
broadening effect related to non-radial oscillations is re-
sponsible for the large observed width of doubly ionized
REE lines. At any given pulsation phase the individual
line profiles contain information about the velocity distri-
bution on the stellar surface. If this velocity distribution is
sufficiently inhomogeneous and the influence of the rota-
tional Doppler broadening is negligible, individual time-
resolved line profiles will appear broader in comparison
with a non-pulsating star. Note that for a given pulsa-
tional velocity non-radial modes with lower £ numbers will
produce higher amplitudes of RV variations, since in the
case of slow rotation RV shifts due to higher ¢ modes will
tend to cancel out more efficiently in the disk-integrated
profiles. Thus, the very fact of significant broadening of
Nd i1 and Prii lines together with the value of the most
probable pulsational velocity (vp~ 10 km s~1) and high
RV amplitudes indicates that v Equ pulsates in a domi-
nant low-¢ non-radial mode.

We performed a rough study of the influence of non-
radial oscillations on the shape of average line profiles us-
ing the code lnprof2 developed by Balona (2000). This
programme makes it possible to calculate line profile vari-
ations of non-radially pulsating star due to the changes
in local RV, temperature and gravity under the assump-
tion of a constant intrinsic local line profile. This simpli-
fication is definitely not correct for roAp stars for which
we expect the local line profile to undergo strong changes
from one point on the stellar surface to another due to
the variations of the local elemental abundance as well
as magnetic field strength and direction. These compli-
cations associated with the nature of magnetic Ap stars
preclude us from directly fitting the line profile variations
using 1nprof2. Nevertheless, Balona’s code is useful to il-
lustrate the pulsation broadening of average line profiles
described above. In the lower panels of Fig. 6 we com-
pare high-resolution observations of Nd 111 and Pr 111 lines
with average synthetic line profiles computed by 1nprof2
for sectoral modes with £ = 2 and ¢ = 4, a = 130°
and v, = 10 kms~!. For the intrinsic local profile we
adopted synthetic disk-average Synthmag spectra (dashed
line in lower panels of Fig. 6) broadened by Gaussian
with FWHM = 1.8 kms~! to take into account instru-
mental effects. Figure 6 shows that including non-radial
pulsations allows us to improve the agreement between
spectrum synthesis and observations. (The discrepancy
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Fig. 6. The upper panel shows a comparison between observations (dots) and synthetic spectrum calculations for two macro-
turbulent velocities: 2 kms™" (thin line) and 10 kms™" (thick line). The lower panels illustrate the effect of pulsations with
sectoral £ = 2 (thin line) and ¢ = 4 (thick line) modes as seen in the average profiles of doubly ionized REE lines. The observed
spectrum is shown by dots, while the dashed line corresponds to the synthetic profiles in the absence of pulsations.

between observations and synthetic spectra seen in the
blue wing of Nd 11 6145.07 A line is due to the blending
by Si1 6145.02 A, which cannot be included in the local
intrinsic profile and broadened by v, = 10 kms™! because
we do not observe strong RV variations for other Sit lines.)
In general we found that the width of the average profiles
broadened by pulsations is rather insensitive to the pul-
sation mode, but shows strong dependence on v, and ¢,
which again supports the idea that vypacro, required to fit
doubly ionized REE lines in v Equ spectrum, provides a
useful estimate of the pulsation velocity amplitude.

7. Discussion

Based on high-resolution high S/N observations we con-
firmed earlier results obtained by Savanov et al. (1999),

who discovered strong RV variations of doubly ionized
REE lines in the spectrum of v Equ. In addition to refining
the measurements of variations of the third REE ions, we
were also able to obtain precise radial velocity amplitudes
and phases for singly ionized REE. Our data give an indi-
cation for the existence of a phase lag of ~80° between RV
variations of singly (average phase (@) = 0.935 £ 0.053)
and doubly ionized ({¢) = 0.160+£0.009) REE. The lines of
all other elements but Na1 do not show RV variations with
amplitudes greater than 100 ms~!. Below this threshold
some RV variations are possible for Fe Il lines and are def-
initely present for Balr line (which varies in phase with
singly ionized REE), while strong CaT lines are stable to
within 30-50 ms~!. These amplitudes are consistent with
earlier RV analyses (Libbrecht 1988; Kanaan & Hatzes
1998).
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Fig. 7. Amplitudes of RV variations of spectral lines shown as
a function of equivalent width. Filled symbols correspond to
unblended lines of Fe (circles), Cr (triangles) and Ti (squares)
from the study of Kanaan & Hatzes (1998), while open circles
represent results of our study for all lines except Bail, Nar
and REE. The solid line shows a weighted least-squares fit by
a straight line Amp = a- EW + b (a = —0.14 £ 0.07, b =
39.66 £ 5.31, x? = 69.6). The low x> probability of this linear
fit (P(x?) = 18.5%) together with the value of the weighted
linear correlation coefficient » = —0.16 and the relatively high
false-alarm probability P(r) = 20.1% indicate the absence of
significant correlation.

We did not confirm a correlation of the RV amplitudes
with the line intensity found in the latter paper. Looking
through the line list published by Kanaan & Hatzes we
found that many spectral lines with high RV amplitudes
were not identified properly and in reality belong to
REE lines in different ionization stages. We performed a
careful spectral synthesis of all lines published by Kanaan
& Hatzes (1998) with the best atmospheric abundances
of v Equ to check for blending effects. First, blends with
REE lines were removed from Kanaan & Hatzes’ list of
Ti, Cr and Fe lines. Next, a few lines were found to be too
strong or shifted in wavelength for the proposed identifica-
tion (AX 5151.84, 5566.00, 6044.50, 5379.00 A). The first
two unidentified lines are very strong in the famous, ex-
tremely REE-rich, Fe-weak Przybylski’s star (HD 101065
— see line identification list from Cowley et al. 2000), which
provides additional evidence for their wrong identification
by Kanaan & Hatzes. Finally 54 out of 70 lines of Ti, Cr
and Fe were chosen as unblended or partially blended by
the same species. We add 8 lines of Ca, Cr and Fe from our
study and plot RV amplitudes versus equivalent widths in
Fig. 7. There is no statistically significant correlation be-
tween line intensity and pulsational amplitude.

Taking into account our results we looked through RV
pulsational analyses of a Cir (Baldry et al. 1998a, 1999)
and HD 83368 (Baldry et al. 1998b; Baldry & Bedding
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2000). Low resolution spectra were used for both stars.
There are 24 spectral regions in a Cir with RV amplitudes
higher than 150 ms~! and exceeding three individual rms
estimates. The lines of doubly ionized REE are identified
in 9 of them. Two telluric bands, 6864-6881 A and 6903—
6920 A, used as a fiducial reference for Ho RV analysis,
contain rather strong Pr111 lines, 6866.73 A and 6910.15 A.
The influence of the last line on RV analysis is easily seen,
because a phase of the band (263°) is close to the phases
of the bands with other Pr1i1 and Nd 111 lines (e.g. band 18
with Priir 6195.63 A and band 33 with Nd 11 6327.27 A
lines, see Table 3 in Baldry et al. 1998a). Strong RV vari-
ations of REE lines may also be responsible for producing
small phase difference between light and Ha RV variations
found by Baldry et al. (1998b) for HD 83368. A presence
of strong Nd 11 6550.33 A line in the blue wing of Ha
is the most probable reason for the jump in amplitude
and phase near the intensity 0.8 of Ha in o Cir (Baldry
et al. 1999). Our knowledge of the second spectra of the
REE is very scarce, therefore it will not be surprising if
their future identification will explain a significant part of
the observational features of the roAp stellar pulsations.
A weak correlation between line intensity and RV pulsa-
tional amplitude found by Baldry et al. (1998a) in « Cir
can be easily explained by the low spectral resolution of
their observations.

The fact that the lines of the second ions of Pr and
Nd show the highest pulsational amplitudes in roAp stars
was supported by the recent time-series analysis of another
roAp star HD 83368 (Baldry & Bedding 2000). Six out of
eight spectral bands with metallic lines presented in their
Table 4, which show the highest amplitudes of RV pulsa-
tions (Nos. 13, 14, 18, 33, 54, 90), contain known spectral
lines of Priir and Nd1i1. It is important to note that RV
amplitudes are higher for those bands where Priir and
Nd 111 lines contribute more than 60% to the total band
intensity (Nos. 18 and 33), while RV amplitudes of the
bands where contribution of Priir and Nd 111 lines is less
than 30% (Nos. 13, 14, 54) are smaller. Rather strong lines
of iron-peak elements with low RV amplitudes in these
bands decrease the net value of the RV amplitude derived
by cross-correlation analysis of low resolution spectra.

Weiss et al. (2000) and Ryabchikova et al. (2001) anal-
ysed Priil and Nd11I lines in the spectra of a dozen roAp
and non-pulsating Ap stars and found that for roAp stars
elemental abundances obtained from Pr 111 and Nd 111 lines
are up to two orders of magnitude higher than abundances
derived from the lines of singly ionized Pr and Nd. In non-
pulsating Ap stars the same anomaly is marginal if present
at all. Ryabchikova et al. (2001) proposed that REE are
concentrated in the uppermost atmospheric layers where
a transition from singly to doubly ionized REE occurs due
to a pressure drop. Unfortunately no quantitative diffusion
calculations are available for the REE. However, qualita-
tively, proposed REE distribution is supported by diffu-
sion calculations for another heavy element, Hg (Michaud
et al. 1974). An analysis of the abundance stratification
in the atmosphere of v Equ and the distribution of the
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pulsational amplitudes will be given in a separate pa-
per. The phase shifts of RV variations (cf. Nal, singly
and doubly ionized REE) as well as the amplitude differ-
ence may be connected with inhomogeneous surface and
vertical abundance and pulsation amplitude distributions
or indicate non-adiabatic pulsations. The extremely slow
rotation of v Equ does not allow us to investigate the
distribution of the different elements over the surface of
the star and correlate it with pulsation amplitudes, but
at least two other roAp stars, HD 24712 (Ryabchikova
et al. 2000) and HD 83368 (Polosukhina et al. 2000), are
known to be spotty pulsators. The latter star is of par-
ticular interest for simultaneous time-resolved photome-
try and spectroscopy over the rotational period due to its
substantial rotation.

An application of the relation between velocity and lu-
minosity amplitudes for the solar-like p-mode oscillations
to § Scuti and roAp stars was discussed by Kjeldsen &
Bedding (1995). If we adopt the pulsational amplitude of
approximately 100 ms~! in the atmosphere of v Equ, as
it follows from the lines of iron-peak elements, SiI and
Baii, and effective temperature of 7700 K (Ryabchikova
et al. 1997), we get a prediction for the light variation am-
plitude of about 1.3 mmag at 440 nm (Johnson B) using
Eq. (5) of Kjeldsen & Bedding (1995). This value agrees
reasonably well with the semi-amplitude of 0.5-1.3 mmag
observed for v Equ by Kurtz (1983). But if we apply the
pulsational amplitude of 500 to 800 ms~"! as derived from
Nd i and Priir lines then the expected light variation
amplitude would be greater than 6.0 mmag. Either the re-
lation between velocity and luminosity amplitudes is not
valid for roAp stars or high amplitude RV pulsations oc-
cur in the atmospheric layers whose contribution to the
total luminosity is negligible.
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