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ABSTRACT

More than 40 years of ground-based photometric observations of the ¢ Sct star 4 CVn revealed 18 independent oscillation frequencies,
including radial as well as non-radial p-modes of low spherical degree £ < 2. From 2008 to 2011, more than 2000 spectra were
obtained at the 2.1-m Otto-Struve telescope at the McDonald Observatory. We present the analysis of the line-profile variations,
based on the Fourier-parameter fit method, detected in the absorption lines of 4 CVn, which carry clear signatures of the pulsations.
From a non-sinusoidal, periodic variation of the radial velocities, we discovered that 4 CVn is an eccentric binary system, with an
orbital period P,;, = 124.44 + 0.03 d and an eccentricity ¢ = 0.311 = 0.003. We firmly detect 20 oscillation frequencies, 9 of
which are previously unseen in photometric data, and attempt mode identification for the two dominant modes, f; = 7.3764 d™
and f>» = 5.8496 d~!, and determine the prograde or retrograde nature of 7 of the modes. The projected rotational velocity of the
star, v, sini ~ 106.7 km s7!, translates to a rotation rate of Veq/Verit = 33%. This relatively high rotation rate hampers unique mode
identification, since higher-order effects of rotation are not included in the current methodology. We conclude that, in order to achieve
unambiguous mode identification for 4 CVn, a complete description of rotation and the use of blended lines have to be included in

mode-identification techniques.
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1. Introduction

In the Hertzsprung-Russell diagram the group of ¢ Sct pulsators
is located in the classical instability strip. They are on or slightly
= above the main sequence moving toward the giant branch after
the hydrogen in their cores is depleted. This evolutionary stage
makes them interesting from an astrophysical point of view and
important objects for asteroseismic studies, since their interior
- = structures undergo large changes. Comprehensive reviews on
— 5 Sct stars and on asteroseismology are given by Breger (2000a),
'>2 and Aerts et al. (2010), respectively.
New advances in the field of A- and F-type stars were
EB achieved by space-based telescopes, such as MOST (Walker
et al. 2003), CoRoT (Auvergne et al. 2009), and most recently
Kepler (Borucki et al. 2010) that provide high-precision time
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series photometry. For example, see Antoci et al. (2011), who
reported the first detections of solar-like oscillations in a ¢ Sct
star, and Murphy et al. (2013), who presented a detailed as-
teroseismic study of an SX Phe star in a binary and also de-
rived masses for both components. Grigahcene et al. (2010)
and Uytterhoeven et al. (2011, and references therein) found that
v Dor/¢ Sct hybrids are a much more common phenomenon than
expected from ground-based observations. Nevertheless, exten-
sive ground-based observing campaigns are still necessary. They
can reveal phenomena which are hidden in white-light photo-
metric data of space missions that are comparatively short-lived,
such as variations occurring on very long time scales of years
and decades, as well as differences between different passbands.
High-precision spectroscopic observations allow us to study the
features of stellar oscillations in line-profile variations (LPVs)
and give important information on the abundances of stellar pho-
tospheres. In this paper we present the results of long-term spec-
troscopic observations of 4 CVn, one of the best studied § Sct
stars.

The star 4 CVn (V = 6.04 mag, T = 6800 + 150 K, log g =
3.34 £ 0.20, log L/Lo = 1.550 + 0.070, v, sini > 120 kms™;
Lenz et al. 2010; Castanheira et al. 2008) has been observed
photometrically for more than 40 years. The analysis of the ex-
tensive data set by Breger et al. (1999); Breger (2000b); Breger
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Table 1. Photometric frequencies and amplitudes, and preliminary
mode identification of 4 CVn.

Frequency  Amplitude | £ m
y filter
d! mmag
v 8595 15.3 11
v 1.375 11.6 1 -1
vz 5.048 10.7 1 -1
vy  6.117 9.2
vs  5.851 10.1 2 1
ve  5.532 6.4 2
v;  6.190 5.7
vg  6.976 5.0 0 0
vo 4749 32
Y10 7.552 33 1
V11 6.750 0.9
V12 6.440 1.6
viz  5.986 0.8
via 1.896 0.8
V15 5.134 0.8
vie 5.314 0.8
vi7  6.404 0.4
vig 6.680 0.2

Notes. Frequencies and amplitudes taken from Breger et al. (1999). The
¢ values are based on multicolor photometry by Lenz et al. (2010) and
the m values are the preliminary results of the spectroscopic mode iden-
tification of the 2008 data set by Castanheira et al. (2008), ignoring the
binarity of the pulsator.

et al. (2008) led to the discovery of a complex pulsation pattern
consisting of 18 independent pulsation modes (Table 1). The
main range of pulsation frequencies lies between 4 and 10 d~'.
Additional combination frequencies have been detected in lower
and higher frequency ranges. Almost all modes show variations
in amplitude and frequency that occur over several years and
decades. Amplitude variations have been observed in many ¢ Sct
stars. With sufficient frequency resolution, modes with varying
amplitude and phase can be resolved as two close frequencies,
which produce a beating pattern (Breger & Bischof 2002; Breger
& Pamyatnykh 2006). Correlations between the amplitude and
phase shifts can confirm a beating of two close, intrinsic modes
as opposed to true amplitude variability of a single mode. For
4 CVn the frequencies 6.1170 d~! and 6.1077 d™! are confirmed
to be intrinsic modes producing amplitude variations and phase
shifts through beating (Breger 2010). However, for frequencies
with amplitude and phase variability on time bases longer than
one year, the coverage of the beating cycle is incomplete. It can
thus not be ruled out that they are single modes with true ampli-
tude variability.

Mode identification can be achieved by interpretation of
spectroscopic LPVs. The expansion and contraction of the star
as well as displacements of stellar-surface elements, caused by
the oscillations, lead to periodic Doppler shifts in the profiles
of absorption lines. By comparing the observed properties of
LPVs to theoretical predictions, the harmonic degree £ and the
azimuthal order m of the mode can be derived. Moreover, fit-
ting with synthetic line profiles allows the determination of other
stellar parameters and line-profile parameters, such as the pro-
jected rotational velocity v,, sini, and the inclination i (the an-
gle between the pulsation axis and the line-of-sight; we assume
that the pulsation axis coincides with the rotation axis). Unlike
brightness or radial velocity, which are values integrated over the
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Table 2. Observation log of obtained spectroscopy of 4 CVn

Season Start date End date nights N
2008  2008-Jan-19  2008-May-20 33 874
2010  2010-Feb-18 2010-May-26 33 767
2011  2010-Dec-14  2011-Jun-21 20 488
Total ~ 2008-Jan-19  2011-Jun-21 86 2129

Notes. Nights denotes the number of nights observed in each specific
year; N is the number of scientific spectra taken of 4CVn. Not all
spectra were used in the analysis due to cosmic-ray hits or very low
S/N.

stellar surface, LPVs are less prone to partial cancellation effects
and therefore allow for the detection of high-degree modes (for
details see Aerts et al. 2010, Chapter 6).

Spectroscopic data has been gathered at the McDonald Ob-
servatory in Texas, USA from January 2008 until June 2011 (see
Sect. 2). Preliminary results of the frequency analysis and mode
identification of the season of 2008 were published by Castan-
heira et al. (2008). They assigned ¢ and m values to five dif-
ferent modes previously detected in photometry, summarized in
Table 1. No high-degree modes were found. Furthermore, they
measured v,, sini > 120 kms™' for 4CVn.

A subsequent analysis by Breger (2010) revealed correla-
tions between the frequency variations and the azimuthal orders
of the modes. While the prograde modes of 4 CVn show an in-
creasing frequency followed by a decline after the year 1991,
its retrograde modes have a decrease in frequency with a rising
value after 1991. Radial modes, on the other hand, show no or
very little frequency variations. Breger (2010) interpreted this
contrary behavior of prograde and retrograde modes as a change
in rotational splitting.

For this paper we analyzed the complete data set of spec-
troscopic observations. First of all, we discovered the star to
be a spectroscopic binary. After orbital subtraction, we per-
formed mode identification by applying the Fourier-parameter
fit method (Zima 2006) to the LPVs present in metal absorp-
tion lines in the 4 CVn spectrum (see Fig. 1). Additionally, we
present an abundance analysis and confirm the solar-like metal-
licity of the star.

2. Data and observations

The Sandiford Echelle Spectrograph (McCarthy et al. 1993) is
an instrument mounted on the 2.1-m Otto-Struve Cassegrain re-
flector telescope at the McDonald Observatory, Texas, USA. It
has a resolving power of R = 60000 and is therefore ideally
suited to observe the relatively bright star 4 CVn (V = 6.04 mag)
with a high signal-to-noise ratio (S/N) and a high spectral res-
olution. Depending on the atmospheric conditions we chose
an integration time of 600 to 900 s, leading to a mean S/N of
~ 200 at a temporal resolution of 4% and 10% for the two
main modes present in the photometric data, v; = 8.594 d~! and
v, = 5.048 d™!, respectively (see Table 1). The instrument pro-
vides a continuous wavelength coverage in the observed range of
4200 A to 4700 A. In total, 2129 spectra were obtained through-
out 86 nights in the period of January 2008 until June 2011 (see
Table 2) leading to a time span of AT = 1248 d and thus to a
frequency resolution of 1/AT = 0.0008 d™'. For precise wave-
length calibration, comparison frames of a Th-Ar lamp were ob-
tained after each exposure.

Standard IRAF routines for the reduction of échelle spectra
were used to carry out the data reduction and wavelength cali-
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Fig. 1.  Line-profile variations in the Fe line at 4508.288 A. The

flux is normalized to 1 and is displayed with an offset. Shown are 29
spectra from the night of 31% of March, 2010. The vertical, dashed lines
mark the metal lines Tin at 4506.743 A (~102.81 kms™") and Fen at
4509.735 A (96.29 kms™), respectively.

bration. Subsequently, the spectra were normalized in a similar
manner as described by Papics et al. (2012), i.e., by fitting a
cubic spline to manually chosen continuum points. They were
then cut around a suitable line for further analysis. This line, an
absorption feature of Fem at 4508.288 A, was carefully chosen
from the available spectral range, as explained below.

2.1. Line selection

Certain criteria have to be fulfilled for the selection of an ab-
sorption line for the analysis of the LPVs, such as a sufficient
depth and sharpness. For sharp lines, the pulsational broaden-
ing is dominant over other line-broadening mechanisms across
the whole profile. It is also important that the line is unblended
and does not overlap with any other atomic line. Metal lines
are therefore better suited for mode identification from LPVs
than hydrogen or helium lines (for more details see Aerts et al.
2010, Chapter 6). Different spectral lines originate from differ-
ent layers in the atmosphere and thus probe different pulsation
modes. Therefore, the signatures of the oscillations might be
smeared out in the line profiles of blended lines. Moreover, the
displacement of the line-forming regions by the pulsations leads
to slight variations of the local temperature, which in turn lead to
equivalent-width (EW) variations. This will affect the outcome
of the mode identification and has to be taken into account.
Castanheira et al. (2008) found a projected rotational veloc-
ity of vy sini > 120 kms~! for 4CVn, which means that the
star is a moderately fast rotator. This aggravates the situation
of dense blue spectra of F stars with only very small continuum
regions, as each absorption line is rotationally broadened. To
select suitable lines for our study, we calculated an atmospheric
model with effective temperature T.g¢ = 6800 K, surface gravity

log g = 3.32, and solar metallicity (Breger & Pamyatnykh 2002;
Lenz et al. 2010), using the LLmopEL code (Shulyak et al. 2004).
With the SyntHV (Tsymbal 1996) code we computed a synthetic
spectrum and checked each line separately. The Fe 1 line around
4508.288 A is the only line which is unblended except for two
contributions in the line wings of Tim at 4506.743 A (27.2% of
the line depth of Fe 1) and Fe1at 4509.735 A (39.8%). The posi-
tion of the two blending features are marked by vertical, dashed
lines in Fig. 1.

Additionally, Castanheira et al. (2008) used another Fe 11 line
around 4549.474 A for mode identification of the 2008 data set
of 4CVn in their analysis. We refrained from using this line,
since it turned out to be heavily blended by at least five other
absorption features, of which Fer at 4549.466 A and Tin at
4549.617 A give the strongest contribution to this line blend.

3. Binarity and radial velocity variations

After the spectra were corrected for the barycentric velocity
shift, a dominant non-sinusoidal variation was visible in the first
moment of the line, which represents the radial velocity (for a
definition, see Aerts et al. 1992). This periodicity can be ex-
plained by a binary component and the movement of the primary
around the center of mass of the system. No spectral features of
the secondary could be detected in the data. This is further dis-
cussed in Sect. 4.

Since the first moment of the line depends somewhat on the
wavelength range within which it is calculated, we created five
different data sets with different dispersion ranges. We then fitted
a Keplerian orbit to each data set. The best solution and errors
of the parameters were estimated with a Markov Chain Monte
Carlo (MCMC) method implemented in the package emcee
(Foreman-Mackey et al. 2013). To account for the scatter due
to pulsations, we assumed an uncertainty of ogy = 2.8 km s
(the RMS value of the residuals after subtraction of the binary
model, see Table 3) for each radial velocity measurement. To
account for the dependence of the radial velocities on the disper-
sion range, we fitted all five data sets combined. All five models
are consistent within the uncertainties of each solution. Figure 2
shows the orbital model fitted to the radial velocities obtained
from the dispersion range —128.0 kms™! to 106.0 kms~! and
the residuals after subtraction of the mean orbit. The results are
shown in Table 3.

Due to the binary motion of the pulsating star we expect the
frequencies to show a periodic shift at the base of the orbital
period (for an explanation of the Doppler shift of oscillation fre-
quencies, see Shibahashi & Kurtz 2012). For the observed pho-
tometric frequencies a shift of ~ 0.0002 d~! to ~ 0.0004 d~! can
be estimated. Since the analyzed data set has a frequency reso-
lution of 0.0008 d~!, we cannot resolve the expected frequency
shifts due to the binary motion. We also did not detect a vari-
ation based on the orbital period of the times of maxima in an
(O — C) diagram of the first moment.

From the mean binary orbit, a correction value was calcu-
lated for each spectrum to shift the data to the reference frame of
the primary. The frequency analysis and mode identification of
the pulsations was subsequently performed on the data corrected
for the binary motion.

4. Revision of fundamental parameters

Since the data gathered at McDonald Observatory are limited in
wavelength range, we obtained additional observations with the
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Fig. 2. Upper Panel: The observed radial velocities (open circles)
fitted with the orbital model (solid line) with the parameters displayed in
Table 3 and phased with the orbital period P,,, = 124.4 d. Lower Panel:
Residuals after subtracting the binary model with an RMS of 2.8 kms™".
The pulsation signal (see Table 6) is visible on top of the variation due
to binarity and remains present in the residuals. The vertical, dashed

lines mark the beginning and the end of one phase.

Table 3. Orbital Parameters of 4 CVn.

P,.;, (days) 124.44+0.03
T (JD) 2454605+10.3
e 0.311+0.003
w (deg) 70.2+0.7
K, (kms™h) 13.24+0.05
y (kms™) -10.44+0.03
RMS (kms™ ") 2.8

HERMES spectrograph (Raskin et al. 2011), a high-resolution
spectrograph (R = 85 000) mounted at the 1.2-m Mercator tele-
scope at La Palma, Spain. We obtained three spectra equally
spread over the night of the 3" of February, 2013. The reduction
was performed by the HERMES pipeline and normalization was
done in the same way as for the McDonald spectra, i.e., by fit-
ting a cubic spline to the continuum region (Pépics et al. 2012).
We extracted a wavelength range of 4500 A to 6000 A from the
data.

For the analysis of the average spectrum of 4 CVn, we used
the GSSP program package (Tkachenko et al. 2012; Lehmann
et al. 2011). The code relies on a comparison between observed
and synthetic spectra computed in a grid of T.g, log g, micor-
turbulence &, metallicity [m/H], and v,, sini, and finds the opti-
mum values of these parameters from a minimum in y?. Individ-
ual abundances of chemical elements are adjusted in the second
step, by fixing the metallicity to the above determined value but
keeping the other atmospheric parameters free. The errors of
measurement (1-o- confidence level) are calculated from the y?
statistics using the projections of the hypersurface of the y? from
all grid points of all parameters onto the parameter in question.
For a more detailed discussion on the estimation of the uncer-
tainties, see Tkachenko et al. (2013a). Strong LPVs detected in
the spectrum of 4 CVn, as well as possible contributions from the
secondary component, are an additional source of uncertainties
which are not taken into account in the spectral analysis. Our
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Table 4. Fundamental and atmospheric parameters of 4 CVn.

Te(K) 6875 + 120¢
log g (dex) 3.30+0.35%
[m/H] (dex) -0.05+£0.15*
Veg sini (km s7h 109 + 32

£ (kms™h) 4.00+0.45*
ST F2 III-1v?
7 (mas) 10.51+0.40
log L/Lg 1.47 £0.05°
Radius (Rp) 3.7-4.1°
Mass (Mg) 1.0-2.0°

Notes. @ Parameters derived via spectral analysis.
® Parameters based on combined photometric and spectroscopic obser-
vations.

Table 5. Abundances of individual chemical elements of 4 CVn.

Element Value Sun | Element Value Sun
dex dex dex dex

Fe -4.69(15) -4.59 Cr -6.47(20) -6.40
Mg -4.41(25) -4.51 Mn -6.65(40) -6.65
Ti -7.24(30) -7.14 Si -4.41(40) -4.53
Ni -5.82(20) -5.73 C -3.64(40) -3.65
Ca -5.84(25) -5.73 Ba -9.52(50) -9.87

Sc -8.57(50) -8.99

Notes. Error bars are given in parenthesis in terms of last digits. Solar
values are those derived by Grevesse et al. (2007).

analysis is based on the grid of atmosphere models computed
using the most recent version of the LLMobELs code (Shulyak
et al. 2004). For the calculation of the synthetic spectra, we used
the SYNTHV code (Tsymbal 1996), and information on atomic
lines has been extracted from the Vienna Atomic Line Database
(VALD, Kupka et al. 2000).

Table 4 lists the atmospheric parameters of 4 CVn we de-
rived. The individual abundances of some chemical elements are
given in Table 5. The spectral type and the luminosity class have
been computed using an interpolation in the tables published by
Schmidt-Kaler (1982). Figure 3 compares the observations with
the best fit synthetic spectrum in a 300 A wide wavelength range
including the Hg spectral line.

Moreover, we used the Hipparcos parallax of 10.51 mas
(van Leeuwen 2007) in combination with 2MASS and Geneva
photometry to compute the luminosity and the radius of the
star. We used a grid-based method, which also includes in-
terstellar reddening as a free parameter, as described by Deg-
roote et al. (2011). By using the radius and the spectroscopic
log g we are able to estimate the mass. We find an extinction
E(B - V) = 0.02 mag. Despite this value being close to zero,
adding extinction to the calculations is important for the consis-
tency of our estimated parameters, mass and radius. The results
of the photometric analysis are summarised in Table 4.

We also used the above analysed observed spectrum to com-
pute a mean profile with a high S/N by means of the Least-
Squares Deconvolution technique (LSD) (Donati et al. 1997;
Kochukhov et al. 2010). Figure 4 shows the LSD profile of
4 CVn, the line mask was pre-computed based on the parame-
ters listed in Table 4. Besides clear “bumps” in the center of
the profile (dip) of the star, there is also an indication of another
broad spectral line at RV ~ 280 kms™'. Whereas the former is
connected to the intrinsic variability of the star in terms of (high-
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Fig. 4. Average line profile of 4 CVn computed by means of the LSD
technique.

degree) non-radial pulsations, the latter might be a signature of
a (very) faint stellar companion.

Given the measured semi-amplitude of the primary K;
1324 kms™' and the measured systemic velocity y
—10.44 kms™!, a radial velocity of ~ 280 kms™! of the sec-
ondary at orbital phase ¢ = 0.64 would lead to a mass ratio
of ¢ < 0.05. The line strength of the spectral feature around
RV ~ 280 kms™! in the LSD profile is ~ 0.2%. If we assume a
minimum contribution of ~ 0.2% of the secondary to the system
luminosity log L/Ly = 1.47, we estimate L, ~ 0.06 Ly, which
corresponds to an early M-type main-sequence star of ~ 0.6 Mg
(Carroll & Ostlie 2006, Appendix G). A mass ratio of g < 0.05
would then give a primary mass of ~ 12 Mg, which is too mas-
sive given the observed spectral type F2III-IV.

The additional spectral contribution is so faint that it could
also be an effect of continuum normalization. As the spec-
tral lines of 4CVn are broadened by fast rotation (v, sini =
109 kms™'), a continuum is not present everywhere in the
wavelength range. Thus, inaccurate continuum normalization
is a more likely explanation for the spectral feature at RV ~
280 kms™! than a secondary signal.

5. Frequency analysis

Before starting the analysis of the data we inspected each spec-
trum by eye. We rejected 93 observations, due to weak cosmic-
ray hits within the line or poor S/N, leaving 2036 (797 in 2008,
758 in 2010, and 481 in 2011) good spectra. Since the peri-
odogram of 4 CVn is characterized by amplitude variations on
short and long timescales, we split the whole data set in three
parts, studying each season separately. Otherwise the variability
of the oscillation pattern would lead to disturbing side peaks in
the Fourier spectra and to uncertainties between real frequency
peaks and aliasing.

To search for significant periodicities in the LPVs we em-
ployed the Fourier-parameter fit method (FPF), which was de-

veloped by Zima (2006) as an advancement of the pixel-by-pixel
method (Mantegazza 2000). It is implemented in the software
package FAMIAS (Zima 2008). For each bin in the dispersion
range of the line a Fourier transform is performed and a Lomb-
Scargle periodogram (Lomb 1976; Scargle 1982) is calculated.
An optimisation of the mode parameters is done by applying a
least-squares fitting algorithm to the original spectra, again, for
each bin separately and thereby computing zero point, ampli-
tude, and phase across the line profile. Subsequently, these pa-
rameters are used for mode identification (see Sect. 6). A Monte-
Carlo perturbation approach has been used to calculate the errors
on the amplitudes, assuming a Gaussian distribution of the noise
of the amplitude profiles. The S/N of each frequency is calcu-
lated from the mean periodogram, prewhitened with the signif-
icant frequency peaks. Thereby, the noise (o) is calculated
as the mean amplitude in a range of 10 d~! (covering most of
the frequency spectrum) around the frequency peak in the peri-
odogram. We have adopted a significance criterion of A > 40
(Breger et al. 1993). The results of our analysis are summarized
in Table 6.

5.1. The Feu line at 4508.288 A

The increase in noise towards low frequencies in the peri-
odograms (see Figs. 5, 6, and 7) can be explained by instrumen-
tal effects or imperfect subtraction of the binary orbit. Given
that the spectrograph is mounted at the telescope and not placed
in a remote room where pressure and temperature could be kept
constant to avoid spectral drift, some long-term variations are
unavoidably present in the data. The high noise level can also be
caused by instrumental noise and correlations of different noise
sources. Residual variability on the basis of the binary orbit
would cause frequency peaks around 0.008 d~!. For those rea-
sons, we discarded all low-frequency peaks below 2 d~! as being
not trustworthy. Furthermore, the daily gaps due to the night-day
rhythm led to significant one-day aliasing, which is visible in
the spectral window of each season (see inset in the top panel of
Figs. 5, 6, and 7 for season 2008, 2010, and 2011, respectively).
To overcome these obstacles a prewhitening of each frequency
was performed, before carrying out another Fourier transform.

Figures 5, 6, and 7 display the mean of the periodograms that
were computed for each bin and for the seasons 2008, 2010, and
2011, respectively. Different stages of prewhitening are shown
and the 7 dominant frequencies are marked. We found 6 frequen-
cies that are confirmed by photometric studies and are present in
the periodograms of the whole data set and in all three seasons
separately as well. These are f; = 7.3764 d™', f> = 5.8496 d"!,
f3 =50481d7", f, = 85942 d7!, f5 = 5.5315d7!, and f; =
8.6552 d~! (Breger, Lenz & Pamyatnykh, in prep.). Other pho-
tometrically significant frequencies could be detected in some
seasons, while their amplitude was below the detection limit in
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Table 6. Spectroscopic frequencies and amplitudes of 4 CVn.

Frequency Aghole set  A2008 A0 A1
d-! kms™'  kms! kms!' kms™!

+0.0008 +0.009 +0.015 +0.014 =+0.016

h 7.3764 0.953 0.95 0.98 1.00

b 5.8496 0.869 0.87 0.90 0.88

f 5.0481 0.550 0.48 0.53 0.59

fa 8.5942 0.444 0.48 0.51 0.33

fs 5.5315 0.389 0.38 0.39 0.44

fo 8.6552 0.389 0.31 0.40 0.51

fi 8.16874 0.379 0.33 0.41 0.48

s 6.6801 whole set, 2010, 2011

fo 4.0743*  whole set, 2010, 2011°¢

fio 6.1171 whole set, 2010

Jin 6.975° 2008

fiz 10.1702*  whole set, 2010, 2011

S13 6.1910 whole set, 2011

fia  12.4244*  whole set, 2010, 2011

fis 9.4113*  whole set, 2008, 2010, 2011

fis 9.7684*  whole set, 2008, 2010

fiz 10.0372*  whole set, 2008

fis 6.4030  whole set

fo 13388 2008

fro  10.016* 2011

Notes. Amplitudes Aypole set from the frequency analysis of the whole
data set compared to the amplitudes of the different seasons A»gos, A2010»
and Aygy;. The amplitudes have an average error of 0.009 kms™" for the
whole data set, and of 0.015,0.014, and0.016 kms™' for the seasons
2008, 2010, and 2011, respectively. The frequency resolution 1/AT is
0.0008 d~! for the whole data set and 0.009, 0.01, and 0.005 d~! for the
seasons 2008, 2010, and 2011, respectively.

@ Frequencies not detected in previous photometric studies.

® Photometric radial mode (Lenz et al. 2010).

© Alias peak of frequency detected.

other subsets. The frequency f;; = 6.975d"!, for example, could
only be detected in 2008. Breger, Lenz & Pamyatnykh (in prep.)
confirm a rapid, steady decrease in amplitude for this frequency
from 2008 to 2012. Also fz = 6.6801 d~!, fip = 6.1171d"!, and
fi3 = 6.1910 d™! appear to be varying in amplitude, since they
have only been detected in either the season of 2010 or 2011, or
in both. However, the amplitude variability we detected for fs,
fi0, and fi3 does not agree with the amplitudes derived from the
photometric data set. Since these frequencies have a low S/N,
their amplitude could also be below the detection limit in other
seasons.

Additionally, we found several frequencies, which were
not detected in previous photometric studies by Breger et al.
(1999); Breger (2000b); Breger et al. (2008), among them f; =
8.1688 d', fo = 4.0743 d”', fis = 94113 d”!, and fi =
9.7684 d~!. The frequency f; can be firmly detected with a com-
paratively high amplitude (A > 0.3 kms™') in all sets and sub-
sets. Frequencies fy, fis, and fj¢ have much lower amplitudes,
and the amplitudes of fy and fi¢ even lie below the detection
limit of seasons 2008 and 2011, respectively. The consistency
of the detection in the separate seasons and the sufficient S/N
for these frequencies in the merged data of the three seasons led
us to the conclusion that they correspond to real oscillation fre-
quencies. The fact that these frequencies were not detected in
photometry suggests that they are either high-degree modes with
¢ > 2 or are varying in amplitude and reached detectable ampli-
tudes in the last five years.
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Fig. 5. Mean of the Lomb-Scargle periodograms per bin of the season
of 2008. From top to bottom: mean Fourier spectra of the original data
set, and after prewhitening of 3 and 14 frequencies, respectively. The
red, solid lines mark the highest peak in each periodogram, while red,
dashed lines mark the respective one-day aliases. Highest peaks are
fi = 7.3764 d~! (upper panel) and f; = 5.0481 d~! (center panel). The
inset in the upper panel displays the spectral window for the 2008 data
set.

Breger et al. (1999) could identify peaks above 10 d~! as
combination frequencies of the main modes between 4 and
10 d~'. The frequencies fio = 10.1702 d™!, fi; = 12.4244 d7!,
fir = 100372 d7!, fiy = 13.388 d”!, and fop = 10.016 d™!
lie in this high frequency range, but could not be confirmed to
be combinations of any of the detected frequency peaks with
4 < f < 10d7'. The amplitude and the phase profiles across
the line of a mode offer an additional diagnostic to distinguish
between noise peaks and real frequencies. If those profiles show
a significant trend and not just random scatter, the frequency is
likely to be a real pulsation mode. In Appendix A the amplitude
and phase profiles across the line are displayed for the frequen-
cies fg to foo. While the amplitude profiles of fi», fi4, fi7, fio,
and f>y are rather noisy, the phase profiles of these peaks do
resemble those of real mode frequencies, i.e., increasing or de-
creasing from the blue to the red edge of the line. They were
thus added to Table 6.

In order to test the influence of the line-cutting limits, we
did a frequency analysis using different dispersion ranges for the
Fer line 4508.288 A, as explained in Sect. 3. All different val-
ues of frequency and amplitude for all five dispersion ranges are
consistent within the 1o error bars.

5.2. Analysis of LSD profiles

Due to the high rotation rate of the star, we only found one ab-
sorption line to be suitable for performing mode identification.
In order to test the potential of using more information from
the other spectral lines, we calculated LSD profiles for the Mc-
Donald spectra obtained in 2010 with the method by Kochukhov
et al. (2010); Tkachenko et al. (2013b). We made use of the line



V.S. Schmid et al.: Discovery of binarity, spectroscopic frequency analysis, and mode identification of the ¢ Sct star 4 CVn

——r————————
original 1
2010 ]

— ——
|

original-2

residuals ]

Mean amplitude across line (rel. cont. units x10°%)

Frequency (d 1)

Fig. 6. Same as Fig. 5 for the season of 2010. From top to bottom:
mean Fourier spectra of the original data set, and after prewhitening of
2 and 17 frequencies, respectively. The highest peaks marked by the
red, solid lines are f; = 7.3764 d~! (upper panel) and f; = 5.0481 d~!
(center panel).
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Fig. 7. Same as Figs. 5 and 6 for the season of 2011. From top to
bottom: Fourier spectra of the original data set, and after prewhitening
of 4 and 16 frequencies, respectively. The highest peaks marked by the
red, solid lines are f; = 7.3764 d™' (upper panel) and f; = 8.1687 d~!
(center panel).

mask, which was computed for Sect. 4, to calculate a standard
LSD profile from all the lines in the line mask, as well as an LSD
profile of the Fe lines only, using the multi-profile technique, in
order to take the blending of Fe-lines into account. Figures B.1,
B.2, and B.3 in Appendix B show the mean profile, the standard

0'004'5"'I"'I"'I"‘I"'l"‘l"'l‘

0.0030 |- .

0.0015 .

Mean amplitude (rel. cont. units)

ooooo bt o o o 1
0 2 4 6 8 10 12 14

Frequency (d!)

Fig. 8. Mean of the Lomb-Scargle periodogram per bin in the season
of 2010 for the Fe n line 4508.288 A (grey) and the standard LSD pro-
files for all lines in the line mask, rescaled to the depth of the Fen line
(black).

deviation, and a 2D color image of the LPVs, phase folded onto
the frequency f; = 7.3764 d~!, for the Fen line at 4508.288 A,
the standard LSD profiles, and the Fe-LSD profiles, respectively.

The shape and depth of an LSD profile depends on the line
mask which is used for the computation. As it can be considered
as an average of several lines (weak and strong lines of different
elements), the depth will typically be less than that of a strong
single line, such as Fe i at 4508.288 A. Also the overall shape of
the LSD profile can differ from that of a single line. All these ef-
fects can be seen in the Figures in Appendix B. Note that the am-
plitude scales in Fig. B.1 (single Fe 11 line) are different from the
amplitude scales in Fig. B.2 (standard LSD profiles) and Fig. B.3
(Fe-LSD profiles). The uneven structure in the continuum re-
gion in the lower panels of Figs. B.2 and B.3 is a consequence of
the continuum normalization, which is complicated by the high
Vg sini = 109 kms™' of 4 CVn. We did not detect any feature in
the LSD profiles that is moving according to the orbital period
and could be connected to the companion of 4 CVn.

As already explained in Sect. 2.1, different lines can be more
or less sensitive to stellar pulsations. It is therefore possible that
the pulsation signal is smeared out in an LSD profile. This can
affect the phase, but also the amplitude of the pulsation modes.
Figure 8 depicts the mean amplitude spectra for the Fen line
4508.288 A (grey) and for the standard LSD profiles (black).
In order to compare the two periodograms, we had to rescale
the LSD profiles to match the amplitude of the Fem line, as the
pulsation amplitudes are expressed in units relative to the con-
tinuum of the line. The noise level in the periodogram of the
rescaled LSD profiles is only lower in the low-frequency range
and it contains less pulsation signal than the periodogram of the
single line. This is reflected in the number of detected frequen-
cies. While we could detect 14 significant (A > 407) frequen-
cies in the LPVs of Fen (Table 6), we could only find 8 of them
in the LPVs of the LSD profile. The frequencies detected in the
LSD profiles had a lower S/N, and the amplitudes dropped by
almost 30% for f; and by ~ 7% for f;.

The results are similar for the LSD profiles based only on
the Fe lines. The noise level in the mean periodogram of the
Fe-LSD profiles is slightly higher than in the mean periodogram
of the standard LSD profiles, since less lines were used for the
computation of the profiles. Consequently, the amplitudes and
S/N of the detected frequencies are even lower than the values
found from the analysis of the standard LSD profiles.
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As the LSD profiles do not yield any improvement to the
single line, we conducted the further analysis on the Fe line
4508.288 A. It was already stressed by Aerts et al. (2010, Chap-
ter 4) that line-profile analysis works best on one carefully se-
lected, isolated line, if available.

6. Mode identification
6.1. Fourier-parameter fit method

During the frequency analysis (see Sect. 5) the observed Fourier
parameters zero point Z,, amplitude A,, and phase ¢, across
the line were obtained for each oscillation frequency. For mode
identification the observed profiles are compared to theoretical
profiles. Possible solutions can be compared by calculating a re-
duced y?. The theoretical values are computed from synthetic
line profiles, which result from an integration over a surface grid
divided into 10000 segments. The intrinsic profile of each sur-
face element is assumed to be Gaussian, and the local variations
of flux arise from variations of temperature and surface gravity.
Temperature variations, which lead to a varying equivalent width
EW, are neglected in a first approximation. Thus, we can also
neglect the dependence of equivalent width on temperature and
assume a constant EW. The method is described in detail by
Zima (2006, 2008, and references therein).

To obtain accurate mode identification, the FPF method re-
quires the input of stellar parameters, such as mass, radius,
metallicity, temperature, and surface gravity. Besides giving a
solution for (£, m) it also allows us to derive parameters of the
line that are independent of pulsation, like, equivalent width EW
(only in first approximation), the width of the intrinsic Gaus-
sian profile o, and the velocity offset dZ, which is a measure of
radial velocity. Additionally the inclination angle between pul-
sation axis and line-of-sight as well as the projected rotational
velocity can be derived.

We recall that the method is most powerful to determine the
m-values and not so much the ¢-values (Zima 2008).

6.2. Mode identification of f; = 7.3764 d! and
f, = 5.8496 d”!

Mode identification has been carried out for the two dominant
frequencies f; = 7.3764 d™! and 5 = 5.8496 d~!. We folded
the series of spectra on the phase of f; and f>, respectively, and
smoothed the LPVs in 50 phase bins. In this way we remove
the signal of the several other p-modes which are excited with
very low amplitudes and whose frequencies are hard to distin-
guish from noise and can therefore not be extracted from the
data. Hence, we are able to treat the star as a mono-periodic pul-
sator during the mode identification. The zero point, amplitude,
and phase profiles across the line obtained from the phase-folded
data set are displayed in Figs. 9 and 10 for f; and f>, respectively.

We found the solution (¢;,m;) = (3, -2) for fi. For f>, mode
identification was ambiguous; (£,my) = (3,3) and (6, mp) =
(2,2) are the best fits to f, depending on the stellar input parame-
ters. However, other solutions cannot be excluded for both f; and
f», since the y? differs by only a few percent. Furthermore, we
receive a high y? (y> > 28) for all £ and m combinations, which
means that no solution provides a good fit to the observations.
This will be discussed in Sect. 7. All results are summarized in
Appendix C, in Tables C.1, C.2, and C.3. Figures C.1, C.2, C.3,
C.4, C.5, and C.6 show the observed amplitude and phase pro-
file of f; fitted with the modes (3, -2), (3,-3), (3,-1), (2,-2),
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Fig. 9. Zero point (upper panel), amplitude (center panel), and phase
(lower panel) across the line of the f;, calculated with the phase-folded
data set. Observations are shown as the blue, solid line, while the errors
of the observations are the green, dashed lines.
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Fig. 10. Zero point (upper panel), amplitude (center panel), and phase
(lower panel) across the line of the frequency f>, calculated with the
phase-folded data set. The colors and lines have the same meaning as
in Fig. 9.

(2,-1), and (1, —1), respectively. The fits to the observed ampli-
tude and phase profile of f, with the modes (3, 3), (3,2), (3, 1),
(2,2), (2,1), and (1, 1) are shown in Figs. C.7, C.8, C.9, C.10,
C.11, and C.12, respectively.

6.2.1. Line-profile parameters

Before fitting amplitude and phase across the line to identify
the modes, the pulsation-independent line-profile parameters,
projected rotational velocity v,, sini, equivalent width EW, the
width of the intrinsic Gaussian profile o, and the velocity offset
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Table 7. Line-profile parameters used for the mode identification of
4CVn.

Central wavelength (A) | 4508.288
Veg Sini (km s7h 106.0-107.3
EW (kms™) 15.0-15.25
o (kms™) 8.0-9.5
dZ (kms™) -0.05-0.5

Notes. The ranges of the line-profile parameters contain the best fits of
the different sets of stellar parameters and the frequencies f; and f.

of the line center at 0 kms™' dZ are constrained by fitting the
zero-point profile with a non-pulsating model. However, these
parameters varied when fitting the pulsation modes and were
therefore left as free parameters during the mode identification.
The ranges within which the fits were computed are summarized
in Table 7.

6.2.2. Three sets of stellar input parameters

The photometric and spectroscopic analysis, presented in
Sect. 4, suggests that the mass of 4 CVn lies between 1 and 2
Mg, while the radius is between 3.7 and 4.1 R,. The effective
temperature of the star T.q = 6875 + 120 K, the surface gravity
log g = 3.3 + 0.35 dex, and the metallicity is near solar.

Breger & Pamyatnykh (2002) computed a model with the 18
photometrically observed frequencies of 4 CVn, assuming M =
24 Mg, logL/Ly = 1.76, Teg = 6800 K, logg = 3.32, Vit =
82 kms™', and solar metallicity. The luminosity of this model is
a factor of 2 higher than our deduced value log L/L, = 1.47
0.05.

Since the stellar parameters are not well constrained, we cal-
culated the mode identification for three different sets of param-
eters, which are summarized in Table 8. The values of set 1 and
set 2 lie within the ranges of the results of our spectroscopic and
photometric analysis, while the values for set 3 are based on the
model by Breger & Pamyatnykh (2002). The inclination angle,
i, was fitted within the range 23° < i < 90°. We adopted a lower
limit i ~ 23°, as it is the critical value, where the star rotates at
the break-up velocity (v ,;; = VGM.,/R,., where R, is the equa-
torial radius; Townsend et al. 2004). The critical velocity v,
which depends on the stellar mass and radius, is also given for
each set in Table 8.

It is not possible to distinguish between the three sets of stel-
lar parameters. The best solutions of all three sets lie within 10%
of y? and are therefore equally possible. For fi, the best fitting
(€1, m) combination is always a (3, —2) mode. The solution for
/>, however, shows a dependence on the stellar input parameters
and differs for the three different sets (see Tables C.1, C.2, C.3).

6.2.3. Inclination angle

For our computations, we assume that the pulsation axis coin-
cides with the rotation axis. The inclination angle i is then the
angle between this axis and the line-of-sight. It is thus not phys-
ically possible that f; and f, are observed at a different i. How-
ever, in Tables C.1, C.2, and C.3 it can be seen that the value
of i varies between the solutions for the different sets of stellar
parameters and the two frequencies. This is also illustrated in
Fig. 11. Displayed are, from top to bottom, the y? distribution
of i for set 1, set 2, and set 3 of stellar parameters, respectively.
The minimum y? value is shown for each 3° bin in inclination

Table 8. Stellar input parameters for the mode identification of 4 CVn.

Set 1* | Set2? [ Set3P
Mass (Mp) 2.0 1.5 2.4
Radius (Rg) 3.72 3.75 5.6
Ter (K) 7050 | 6950 6800
log g (dex) 3.6 345 3.32
[m/H] (dex) 0 0 0
Verir (kms™1)° 320.3 | 276.3 | 286.0
Inclination (deg) 23-90

Notes. @ Values based on our spectroscopic and photometric analysis
(see Sect. 4).

® Values based on Breger & Pamyatnykh (2002).

© The critical velocity is given by v.,;; = VGM,/R,.
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Fig. 11.  The x? distribution of the inclination angle i for f; (blue
squares) and f> (green diamonds) and for set 1 (upper panel), set 2 (cen-
ter panel), and set 3 (lower panel) of stellar parameters, respectively.

for f; (blue squares) and f, (green diamonds) in each panel. For
set 3 the frequencies f; and f, show an opposite behavior. While
/1 favors higher inclination values around ~ 60° to ~ 90°, mode
identification for f, yields i < 50°. Set 1 and set 2 give a more
consistent result for i, where f; and f, follow the same trend.
On the other hand, there is also no clear minimum visible in Xz’
neither for f; nor for f, in any of the three sets. The inclina-
tion is highly degenerate with the degree £ and the order |m| of
the oscillation mode, as it determines the visibility of a certain
mode. Mode identification was ambiguous for f; and f, and cer-
tain effects hamper us from drawing clear conclusions, as will
be discussed in Sect. 7. Thus, we can also not find a consistent
inclination for 4 CVn.
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Table 9. Identification of the azimuthal order for the seven dominant
frequencies.

Frequency
d- 1
fi  7.3764  retrograde
f» 5.8496 prograde
f3  5.0481 retrograde or axisymmetric
fi 5.5315 prograde
s 8.5942 prograde
fo 8.6552  prograde
fr 8.1688 high-degree, prograde

6.2.4. Temperature and equivalent-width variations

So far we ignored variations of temperature in a first approxima-
tion and assumed a constant EW; thus, d(EW)/d(Teg) = 0.

To improve the fits of the amplitude and phase profiles we
varied the parameter d(EW)/d(T.x) and other parameters re-
lated to the temperature dependence of the flux variation; at first
within a very broad range, and gradually narrowing down the
range. However, the parameters did not converge and the min-
imum in y? varied with each iteration, without improving the
overall y” significantly. The final solution therefore had to be
calculated with d(EW)/d(T.¢) = 0, neglecting temperature vari-
ations.

6.3. Azimuthal order of the 7 most-dominant frequencies

Mode identification has also been attempted for the frequencies
f3, f14. f5. fo, and f7. However, the amplitude of f; decreases by
almost 40% compared to f> and the amplitudes of the other fre-
quencies are even lower. Therefore, phase folding of the spectra
on the respective frequencies and smoothing the LPVs in phase
bins did not remove the signal of the two most-dominant fre-
quencies sufficiently. A consistent mode identification can thus
not be achieved.

However, as the FPF method is sensitive to phase, the slope
of the phase profile across the line allows us to distinguish be-
tween prograde (i.e., a wave traveling in the direction of rotation;
positive m, following the definition by Zima 2008), retrograde
(negative m), and axisymmetric (m = 0) modes. Our results are
displayed in Table 9.

We also attempted mode identification for fj, = 6.975 d-l
Our results do not contradict the solution presented in Lenz et al.
(2010), who reported that it is a radial mode.

The very complex amplitude and phase profiles of f7, i.e.,
containing many bumps, suggests that it is a high-degree mode,
with £ > 3. For modes with a high ¢ value, partial cancellation
would lead to very low amplitudes in photometric observations,
where the brightness variation integrated over the stellar disk is
measured. This mode was not detected in photometric data be-
fore, which supports our hypothesis of a high ¢ for f;.

7. Discussion
7.1. Mode visibility and rotational splitting

The mode identification we attempted for the star 4 CVn did not
yield unambiguous results. The y? statistics give several possible
solutions for f; and f>, depending on the stellar input parameters.
For frequency f; = 7.3764 d™! the best solution yields ¢; = 3 and
for frequency f> = 5.8496 d™!, £, = 2 or £, = 3. Theory predicts
that modes with degree { = 3 cancel out almost completely in
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photometric observations (Aerts et al. 2010, Chapter 6). How-
ever, both f; and f, were detected with significant amplitudes
in photometric data (see Table 1), which contradicts the results
of our mode identification. The solutions (£;,m;) = (2,—-2) and
(€2,my) = (2,2) would be in best agreement with the current
theory and our results.

We, therefore, tested the hypothesis that f; and f, are the
outer parts of a rotationally split quintuplet. Rotational splitting
(Ledoux 1951) describes the shift of frequencies of modes of
same degree ¢ and different order |m| (0 < |m| < €) due to the
Coriolis force. It is dependent on |m| and the rotational period of
the star. With set 3 of stellar parameters and i > 80° it would be
possible that we are observing rotational splitting in 4 CVn (see
Table C.3 and Fig. 11).

7.2. Rotation rate

We conclude that 4 CVn rotates at a significant fraction of its
critical velocity. We measured a projected rotational velocity
Vegsini =~ 106.7 km s7! for the star. Thus, its equatorial ve-
locity v, is at least ~ 33% of its critical velocity v..;. Since
the inclination angle i and the stellar mass and radius are poorly
constrained, it is possible that it rotates at up to almost ~ 70%
of v.,;;. Tables C.1, C.2, and C.3 display the possible ranges of i
and veg /Verir-

Reese et al. (2013) showed that even a moderate rotation rate
Veg/Verir = 0.3 has large effects on the visibility of oscillation
modes. While partial cancellation makes £ = 3 modes almost
not detectable in photometric data for slow rotation (Veg/Verir <
0.2), their amplitudes are as high as the amplitudes of modes
with £ < 2 if vey/veie = 0.3 (see Fig. 7 of Reese et al. 2013).
This would mean that our results of £ = 3 for f; and f, do not
contradict the mode amplitudes observed in photometric light
curves. However, fast rotation also alters the geometry of the
modes (Reese et al. 2009). Since higher-order effects of rotation
are not yet included in the methodology for mode identification,
this could be an explanation for the poor fits we obtained. If
this is the case, the amplitude and phase profiles across the line,
as well as the amplitude ratios of multi-color photometry would
have to be revisited, with a methodology that includes the effects
of rotation on the pulsation modes.

8. Summary

In this work, we analyzed the line-profile variations of the § Sct
star 4 CVn based on the spectroscopic observations obtained
between January 2008 and June 2011 at McDonald Observa-
tory, Texas, USA. We discovered that the star is the primary
component of an eccentric binary system with an orbital period
P,p = 124.44 + 0.03 d and eccentricity e = 0.311 + 0.003. No
signal of the secondary could be detected in our data. The fre-
quency analysis revealed 20 oscillation modes, 11 of which were
already detected in photometric data sets by Breger et al. (1999);
Breger (2000b); Breger et al. (2008).

By phase-folding the series of spectra onto the two dominant
frequencies f; and f>, respectively and smoothing the LPVs in
phase bins, we removed the signal of other periodicities to pre-
pare the data for mode identification. The best solution for fre-
quency fi is an (£1,m;) = (3, —2) mode, while the best solution
for f, was either (£,,my) = (3,3) or (€, m;) = (2,2) depending
on the stellar input parameters. For the calculations of the syn-
thetic LPVs we used three different sets of stellar parameters:
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1. M =20M,, R
[m/H]=0.

2. M =15Mg, R =3.75 Ro, Teyr = 6950 K, log g = 3.45, and
[m/H]=0.

3. M =24M,, R
[m/H]=0.

3.72 R, Teg = 7050 K, logg = 3.6, and

5.6 Ro, Tegr = 6800 K, log g = 3.32, and

Set 1 and 2 are based on the spectroscopic and photometric anal-
ysis we performed to revise the stellar parameters. Set 3 is based
on a model calculated by Breger & Pamyatnykh (2002). No set
of stellar parameters can be excluded, based on the )(2 statistics.

Relying on previous results by Castanheira et al. (2008),
Breger (2010) claimed a relationship between the frequency
variations of 4 CVn and the azimuthal order m of the modes, and
especially the direction of the running wave (retrograde, pro-
grade or axisymmetric/radial modes). The FPF method is most
sensitive to the sign of m. Our results in Table 9 are in agreement
with the directions of the waves used by Breger (2010).

The star is a fast rotator with a projected rotational velocity
Veg sini =~ 106.7 km s~'. Depending on the stellar input parame-
ters and the inclination angle i (which could not be constrained),
the star is rotating at > 33% of the critical velocity v;. The
higher-order effects of rotation were not taken into account in
our analysis, since they are not yet included in the methodology
for mode identification.

A further limitation from the methodology is that unblended
metal lines have to be used for mode identification. However,
our observed spectral range (4500 to 4700 A) is a very dense
spectral region with many absorption lines and very little con-
tinuum for F stars, and almost all absorption lines are (heav-
ily) blended. In an attempt to solve this problem, we calculated
LSD profiles from the McDonald spectra, obtained in the season
2010. We found that the pulsation signal is smeared out in the
LSD profiles, as the number of significant oscillation modes de-
tected in the LPVs of the LSD profiles is less than for the single
Fe line. Also the amplitudes and the S/N levels of these modes
are reduced significantly. To improve our analysis a method to
identify the modes in blended lines would have to be developed.
Also, observations in a wider spectral range could help solve the
problem of blended lines. The lines that Zima et al. (2006) used
for their analysis of the ¢ Sct star FG Vir, lie outside the observed
spectral range of the McDonald data. Observing a wider spectral
range with a stable, high-resolution spectrograph would allow to
follow up on the additional spectral feature detected in the LSD
profile of 4 CVn (see Fig. 4), and could possibly lead to identifi-
cation of the origin of the latter.

Accurate mode identification of many observed frequencies
is a crucial input for successful modeling of stellar oscillations.
Analyses of LPVs are important as they can constrain the az-
imuthal order m of the pulsation modes. However, current short-
comings in the methodology prevent unambiguous and accurate
mode identification for 4 CVn. Including a complete description
of rotation and the use of blended lines into mode-identification
techniques will make this possible in the future.
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Appendix A: Amplitude and phase profiles
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Fig. A.1. Amplitude (upper panel) and phase (lower panel) across the
line for frequency f3 = 6.6801 d~'. Observations are shown as the blue,
solid line and errors of the observations are shown as the green, dashed
line.
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Fig. A.2. Same as Fig. A.1 but for frequency f, = 4.0743 d°'.
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Fig. A.3. Same as Fig. A.1 but for frequency fjo = 6.1171 d™".
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Fig. A.4. Same as Fig. A.1 but for frequency fi; = 6.975 d.
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Fig. A.5. Same as Fig. A.1 but for frequency f, = 10.1702 d'.
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Fig. A.6. Same as Fig. A.1 but for frequency fj3 = 6.1910 d™".
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Fig. A.7. Same as Fig. A.1 but for frequency fi, = 12.4244 d'.
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Fig. A.8. Same as Fig. A.1 but for frequency f5s = 9.4113 d™". Fig. A.11. Same as Fig. A.1 but for frequency fig = 6.4030d™".
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Fig. A.9. Same as Fig. A.1 but for frequency fs = 9.7684 d~!.
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Fig. A.10. Same as Fig. A.1 but for frequency fi; = 10.0372 d~'.
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Appendix B: Comparison of LSD profiles and 1.00 £
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| Fig. B.3. Same as Fig. B.1 for the LSD profiles calculated from all Fe
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Fig. B.1.  Upper panel: Mean profile of the Fe line at 4508.288 A
in the season 2010. Center panel: Standard deviation of the Fen line.
Lower panel: Color image of the LPVs of the Fe i line, phase folded on
the frequency f; = 7.3764 d™!. The amplitude is color coded and can
be read off from the color bar.
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Fig. B.2. Same as Fig. B.1 for the standard LSD profiles calculated
from all lines in the line mask.
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Appendix C: Results of the mode identification of
fi=173764d7 1 and f, = 5.8496 d~!
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Table C.1. Results of the mode identification using set 1 of stellar parameters (M = 2.0 Mg, R = 3.72 Rg, log g = 3.6, and Tx = 7050 K).

fi=73764d" f>=5.8496d "
(fl s ml) i Veq sini Veq Veq/vcrit /\,/2 (62’ mZ) i Veq sini Veq Veq/vcrit X2
(deg) (kms™") (kms™) (deg) (kms™") (kms™)
g g

(3,-2) | 663 106.5 116.3 036 286 | (3,3) | 61.0 1060 1222 038 29.0
(3,-3) | 889 1067 1067 033 297 || 3,2) | 362 1068  180.8 0.56 30.8
(3,-1) | 415 106.6  160.9 050 346 || 3,1) | 515 1066 1362 043 353
2,-2) | 515 1066 136.2 043 383 || (2,2) | 44.1 1068  153.5 048 39.6
@-1) | 383 1065  171.8 054 477 || @, 1) | 35.1 1067  185.6 0.58 656
(I,-1) | 436 1066  154.6 048 687 || (1,1) | 246 1067 2563 0.80 683

Notes. The results are ordered by increasing x°. The critical velocity v,y = 320.3 km s7h

Table C.2. Results of the mode identification using set 2 of stellar parameters (M = 1.5 Mg, R = 3.75 Ry, log g = 3.45, and T.x = 6950 K).

i =73764d" F = 5.8496 d !
(51 5 ml) i Veq sini Veq Veq/vcrit Xz (52’ m2) i Veq sin i Veq Veq/vcrit /\/2
(deg) (kms™') (kms!) (deg) (kms™') (kms™")

(3,-2) | 615 106.7 121.4 044 287 (3,3) 38.3 106.9 172.5 0.62 304
(3,-3) | 90.0 106.8 106.8 0.39 305 (3.2) 34.1 107.0 190.9 0.69 30.8
(3,-1) | 43.0 106.7 156.5 0.57 36.0 2,2) 36.7 106.9 178.9 0.65 36.8
(2,-2) | 583 106.8 125.5 045 385 3, D 48.9 106.6 141.5 0.51 39.1
2,-1) | 430 106.6 156.3 0.57 477 2,1 34.1 106.8 190.5 0.69 64.0
(1,-1) | 43.6 106.7 154.7 0.56 69.1 (1,1) 23.0 106.7 273.1 0.99 669

Notes. The results are ordered by increasing y>. The critical velocity v,;; = 276.3 kms™".

Table C.3. Results of the mode identification using set 3 of stellar parameters (M = 2.4 My, R = 5.6 R, log g = 3.32, and T = 6800 K).

i =73764d" F = 58496 d !
(€1, my) i Veg SiN i Veg Veg/Verit X* (62, my) i Veg Sin i Veg Veg/Verit X*
(deg) (kms™') (kms™') (deg) (kms™') (kms™)

(3,-2) | 694 106.8 114.1 040 29.7 (2,2) 31.5 107.0 204.8 0.72 31.6
(3,-3) | 879 107.0 107.1 0.37 31.6 (3,2 79.4 106.5 108.3 0.38 34.0
3,-1) | 420 106.8 159.6 0.56 374 (3,3) 23.0 107.2 274.4 0.96 438
2,-2) | 578 106.9 126.3 0.44 38.7 3. 1) 40.9 107.0 163.4 0.57 443
2,-1) | 44.1 106.8 153.5 0.54 485 2,1 30.9 107.0 208.4 0.73 574
(1,-1) | 43.6 106.9 155.0 0.54 69.1 (1,1) 23.0 107.0 273.8 096 61.7

Notes. The results are ordered by increasing y2. The critical velocity ve,;, = 286.0 kms™.

Article number, page 16 of 18



V.S. Schmid et al.: Discovery of binarity, spectroscopic frequency analysis, and mode identification of the ¢ Sct star 4 CVn

3 ol 3 ooosf
S 0.006 | g 0.006 |
Py i e A - ] P i
S 0.003} = 1 3 o003}
=i [ ] S [
<E[ 00007 .\ §; 0.000 |
— E —~ 1.6
53 = 5
o o H
3 . ® osf
© © L
£ | £ |
0.0 " 1 P R S B B 0.0 1 N R R S R
-100 -50 0 50 100 -100 -50 0 50 100
Velocity (km s ) Velocity (km s™!)

Fig. C.1. Fit of the amplitude (upper panel) and phase (lower panel) Fig. C.4. Same as Fig. C.1, but with a (¢, m) = (2, -2) mode. The fit
across the line of the frequency f; with a (£,m) = (3,-2) mode. The has a y? of 38.3.

observed profiles are calculated from the phase-folded data set. Obser-
vations are shown as the blue, solid line, the errors of the observations
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dashed line. The fit has a y? of 28.6. =
()
g 0.003 | .
0.006 | B 3
[ 1S ]
g 0.000 I
1.6

0.003 ' NS .

Amplitude (r.c.u.)

0'000-:::::::}:::::::::::::_-

Phase (27)
o
(o]

o ¢
<)
—T

RN NS T ST SN SR N TR AT ST S (NN T TN S W S S—
=50 0 50 100
Velocity (km s !)

1

—100

Phase (27)

oobL¥ . . . Fig. C.5. Same as Fig. C.1, but with a (£,m) = (2,—1) mode. The fit
-100 -50 0 50 100 has a y? of 47.7.

Velocity (km s )

Fig. C.2. Same as Fig. C.1, but with a (£, m) = (3, -3) mode. The fit 3 0.006 3
has a y? of 29.7. = i
@ [
_ S 0.003 |
ST <
2 0006} € 0.000 |5
[ [ < 1.6 '
S 0.003 T MO0
=] i S [
a [ ) i
E 0. & 0.8
2 0.000 o ;
—_ 0- L 4
& ook~ . . .y o
o -100 -50 0 50 100
%)
-:C: [ Velocity (km s™!)
004 ., . . ... . ... ... 1.7 Fig.C6. Sameas Fig. C.1, but with a (€,m) = (1,—1) mode. The fit
-100 -50 0 50 100 has a y? of 68.7.

Velocity (km s™!)

Fig. C.3. Same as Fig. C.1, but with a (£,m) = (3,—1) mode. The fit
has a y? of 34.6.
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Fig. C.7. Fit of the amplitude (upper panel) and phase (lower panel)
across the line of the frequency f> with a (€,m) = (3,3) mode. The
observed profiles are calculated from the phase-folded data set. Obser-
vations are shown as the blue, solid line, the errors of the observations
are shown as the green, dash-dotted line, and the fit is shown as the red,
dashed line. The fit has a y? of 29.
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Fig. C.8. Same as Fig. C.7, but with a (£,m) = (3,2) mode. The fit
has a y? of 30.8.
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Fig. C.9. Same as Fig. C.7, but with a (¢,m) = (3,1) mode. The fit
has a y? of 35.3.
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Fig. C.10. Same as Fig. C.7, but with a (£,m) = (2,2) mode. The fit
has a y? of 39.6.
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Fig. C.11. Same as Fig. C.7, but with a (£,m) = (2, 1) mode. The fit
has a y? of 65.6.
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Fig. C.12. Same as Fig. C.7, but with a (£,m) = (1, 1) mode. The fit
has a y? of 68.3.



