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ABSTRACT

Aims. The aim of this work was to use a multi-approach technique to derive the most accurate values possible of the physical param-
eters of the δ Sct star HD 174966, which was observed with the CoRoT satellite. In addition, we searched for a periodic pattern in the
frequency spectra with the goal of using it to determine the mean density of the star.
Methods. First, we extracted the frequency content from the CoRoT light curve. Then, we derived the physical parameters of
HD 174966 and carried a mode identification out from the spectroscopic and photometric observations. We used this information
to look for the models fulfilling all the conditions and discussed the inaccuracies of the method because of the rotation effects. In a
final step, we searched for patterns in the frequency set using a Fourier transform, discussed its origin, and studied the possibility of
using the periodicity to obtain information about the physical parameters of the star.
Results. A total of 185 peaks were obtained from the Fourier analysis of the CoRoT light curve, all of which were reliable pulsat-
ing frequencies. From the spectroscopic observations, 18 oscillation modes were detected and identified, and the inclination angle
(62.5◦+7.5

−17.5) and the rotational velocity of the star (142 km s−1) were estimated. From the multi-colour photometric observations,
only three frequencies were detected that correspond to the main ones in the CoRoT light curve. We looked for periodicities within
the 185 frequencies and found a quasiperiodic pattern Δν ∼ 64 μHz. Using the inclination angle, the rotational velocity, and an Echelle
diagram (showing a double comb outside the asymptotic regime), we concluded that the periodicity corresponds to a large separation
structure. The quasiperiodic pattern allowed us to discriminate models from a grid. As a result, the value of the mean density is
achieved with a 6% uncertainty. So, the Δν pattern could be used as a new observable for A-F type stars.

Key words. asteroseismology – stars: oscillations – stars: variables: delta Scuti – stars: interiors – stars: fundamental parameters –
stars: rotation

� The CoRoT space mission was developed and is operated by the
French space agency CNES, with participation of ESA’s RSSD and
Science Programmes, Austria, Belgium, Brazil, Germany, and Spain.
�� This work is based on ground-based observations made with
the ESO 3.6 m telescope at La Silla Observatory under the ESO
Large Programme LP182.D-0356, and on observations collected at the
Centro Astronómico Hispano Alemán (CAHA) at Calar Alto, oper-
ated jointly by the Max-Planck-Institut für Astronomie and the Instituto
de Astrofísica de Andalucía (CSIC), and on observations made at
Observatoire de Haute Provence (CNRS), France, and at Observatorio
de Sierra Nevada (OSN), Spain, operated by the Instituto de Astrofísica
de Andalucía (CSIC). This research has made use of both the Simbad

1. Introduction

The asteroseismic interest of δ Scuti stars has progressively
grown since it became evident that the detection of excited
modes was limited by observational constraints, such as the
duty cycle and the spectral window. Garrido & Poretti (2004)
showed how the number of detected frequencies increased with

database, operated at CDS, Strasbourg, France, and the Astrophysics
Data System, provided by NASA, USA.
��� Table 6 is only available at the CDS via anonymous ftp to
cdsarc.u-strasbg.fr (130.79.128.5) or via
http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/559/A63
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the refinement of the observational effort, i.e. a step-by-step pro-
cess from single-site sporadic runs to multi-colour multi-site
campaigns. Since the multi-site campaign on FG Vir revealed
75 frequencies (Breger et al. 2005), it was predicted that hun-
dreds of excited modes could be detected from the space moni-
toring of δ Sct stars.

The CoRoT (COnvection, ROtation and planetary Transits;
Baglin et al. 2006) and Kepler (Borucki et al. 2010) space
missions confirmed this prediction. In particular, several hun-
dreds of frequencies were detected in the light curves of the
CoRoT δ Sct stars HD 50844 (Poretti et al. 2009), HD 174936
(García Hernández et al. 2009, hereafter GH09), and HD 50870
(Mantegazza et al. 2012). The debate on their pulsational na-
ture is still open (Mantegazza et al. 2012) since other atmo-
spheric effects such as granulation (Kallinger & Matthews 2010)
have been invoked to explain the very rich amplitude spec-
trum. Nonetheless, pulsating stars seem to have enough energy
to excite such a high number of modes (Moya & Rodríguez-
López 2010). Results on Kepler δSct stars are described by
Grigahcène et al. (2010), Uytterhoeven et al. (2011), and Balona
& Dziembowski (2011).

The usual approach to studying δSct stars is through fre-
quency analysis and mode identification. Other methods have
been explored to extract more information from the observa-
tions. The search for regularities in the Fourier spectrum is one
of the methods typically used to study the frequency spectra of
stars whose modes are in the asymptotic regime, as in the case
for the Sun and solar-like pulsators. The δSct modes are gen-
erally located near the fundamental radial mode and outside the
asymptotic regime, so regularities in their frequency sets were
not expected. However, regular spacings have been claimed for
some δ Sct stars (Handler et al. 1997; Breger et al. 1999). These
works employed two different methods to look for regularities:
through the calculation of the Fourier transform (FT) of the fre-
quency set (Handler et al. 1997) and through a histogram of the
frequency differences (Breger et al. 1999). For a few stars only,
they made marginal detections of periodic structures. Examples
of δSct stars with a high number of modes are needed to confirm
that such spacings are usually present in this type of pulsator.

To find periodicities in the frequency spectrum of
HD 174936, GH09 used the high number of frequencies ob-
tained from CoRoT data. They detected a periodic pattern and
pointed out that this periodicity seems to be caused by a large
separation structure, following its definition asΔν� = νn+1,�−νn,�,
n being the radial order of the mode and � its spherical de-
gree. This method was successfully used to find patterns in other
δSct stars observed from space (Mantegazza et al. 2012; García
Hernández et al. 2013). Nonetheless, in the absence of informa-
tion about the inclination angle of the star, we could not rule out
rotational splitting as the origin behind the pattern.

In the work we present here, we carried out an asteroseismic
analysis of another δSct star observed by CoRoT, HD 174966
(Sect. 2), confirming that a pattern structure in the detected
frequencies is present. In addition, we performed new spectro-
scopic (Sect. 3) and Strömgren photometric (Sect. 4) observa-
tions. We derived the star’s physical parameters, including the
inclination angle and the rotational velocity, and we performed
a mode identification. The identification allowed us to discrimi-
nate between models representative of the star (Sect. 5) and de-
termine other physical quantities, such as the mass and the age.
The analysis became a test for the theories of stellar interiors and
oscillations.

Using the information on the inclination angle, the rota-
tional velocity of HD 174966, and from an Echelle diagram, we

Fig. 1. Spectral window of the short-run CoRoT dataset of HD 174966.
fs is the orbital frequency of the satellite. Amplitude in the ordinate axis
is normalised to the highest peak.

conclude that the most probable origin of the regular pattern
presented in the frequency spectrum is a large separation struc-
ture (Sect. 6). Finally, we analysed the possibility of the peri-
odicity becoming a new asteroseismic observable for δ Sct stars
(Sect. 7).

2. Analysis of the light curve observed by CoRoT

The δ Sct variability of HD 174966 was discovered in the
preparatory work of the CoRoT mission (Poretti et al. 2003).
HD 174966 was observed in the same CoRoT frame as the other
δSct-type star HD 174936 (GH09), during the first short run
SRc01, between April 2007 and May 2007. The time span of the
collected dataset was ΔT = 27.2 days, with a sampling of one
point every 32 s. The final dataset consisted of 66 481 data points
after removal of those points considered unreliable1. The corre-
sponding Rayleigh frequency resolution is (1/ΔT ) = 0.037 d−1,
and an oversampling of 20 corresponds to a frequency spacing
of 0.0018 d−1. This is equivalent to the frequency spacing in
mode “High” in the program package Period04 (Lenz & Breger
2005).

The data were corrected for instrumental drift (Auvergne
et al. 2009) by performing a linear fit to the light curves and were
analysed with Period04 (Lenz & Breger 2005) and SigSpec
(Reegen 2007). The agreement between the two methods was
excellent. This test was also successfully carried out for other
CoRoT targets such as HD 174936 (GH09) with a similar time
series, HD 50844 (Poretti et al. 2009) with ΔT = 56.7 days
and 140 016 data points, HD 49434 (Chapellier et al. 2011)
with ΔT = 136.9 d and 331 291 data points, and HD 50870
(Mantegazza et al. 2012) with ΔT = 114.41 d and 307 570 data
points. In all the cases, Period04 was used to investigate the
first 20, 200, and 500 peaks, respectively.

The spectral window associated with HD 174966 (see Fig. 1)
is typical for all the targets observed by the CoRoT satellite
in the same run. That is, the periodograms show neither the
typical aliases at 1 d−1 nor the power levels that are common
for ground-based data. On the contrary, all the aliases are re-
lated to effects produced by the satellite and its orbital frequency
( fs = 13.972 d−1), and their power levels are much lower than
those usual for ground-based data. In addition, high power peaks
are also produced at 2.005 and 4.011 d−1, which come from the
twice-daily South Atlantic Anomaly crossing.

To avoid problems with power close to the zero fre-
quency, the analysis with SigSpec was carried out in the range

1 Essentially, points flagged by the reduction pipeline: hot pixels de-
tected, the passing through the South Atlantic Anomaly (SAA), inter-
polated points, etc.
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0.05−100 d−1. In the case of Period04, the amplitude signal-to-
noise ratio (S/N) 4.0 is the limit commonly used to consider a
frequency as significant. In the case of SigSpec, the parameter
used for significance is “sig” (= spectral significance), and the
default limit is sig = 5.0. This is equivalent to about S/N = 3.8
(and sig = 5.46 is approximately equivalent to S/N = 4.0;
Reegen 2007; Kallinger et al. 2008). However, we used a much
more conservative limit, namely sig = 10.0, because the corre-
sponding S/N values, determined using Period04 on the resid-
uals, were much lower than expected2. This is probably caused
by a high number of peaks still remaining among the residuals in
the region of interest. This was explained in much more detail in
similar recent works for other CoRoT targets: HD 50844 (Poretti
et al. 2009), HD 49434 (Chapellier et al. 2011), and HD 50870
(Mantegazza et al. 2012).

The limit of sig = 10 was achieved after removing 185 peaks.
This corresponded to a level of about 8 ppm for the smallest am-
plitudes. Table 6 (only available at the CDS) lists the frequen-
cies obtained along with the most relevant parameters. The S/N
values were calculated using Period04 on the residual file pro-
vided by the SigSpec package. Each S/N value was calculated
within a box of width 5 d−1 centred on the corresponding peak,
as is usual for this parameter (Breger et al. 1993; Rodríguez et al.
2006). In addition, columns nine to eleven list the formal error
bars for frequencies, amplitudes, and phases determined using
the formulae by Montgomery & O’Donoghue (1999).

The last column of the table lists possible identifications of
harmonics or combinations as well as some controversial peaks,
which appeared closer than the frequency resolution to another
peak with higher amplitude. The origin of these controversial
peaks could be related to a non-precise pre-whitening of a fre-
quency from the light curve, generating spurious detections in
the following analysis of the residuals.

We investigated harmonics and combinations up to the third
order between the main peaks within a range of ±0.010 d−1. This
study was made taking into account only the first 12 main peaks
of the list (F1 to F12), harmonics until the fifth for F1 to F4, and
combinations considering the first, second, and third orders (i.e.
AFa + BFb being A, B = [1, 3]). The possibility of interactions
with the satellite orbital frequency (assumed as fs = 13.972 d−1,
FS in the table) was also studied for the first four main peaks (F1
to F4) and the four first harmonics of fs ( fs to 4 fs). We also stud-
ied the possibility of remaining peaks (residuals) corresponding
to the sidelobes of the 1 d−1 alias around fs and its harmonics.

A total of 37 possible combinations and harmonics were de-
tected. However, most of them seemed to be coincidences. We
investigated how well a frequency matched its exact theoreti-
cal combination. If a frequency, say Fab, is the result of a non-
linear interaction between two (or more) frequencies, e.g. Fa

and Fb, then its value should be exactly (theoretically speaking)
the linear combination of the parent frequencies: Fab = Fa+b ≡
AFa + BFb (Garrido & Rodriguez 1996). We used the uncertain-
ties in the peak and in the parent frequencies to check whether a
frequency could be a combination. If the difference between the
frequency and its mathematical combination is greater than the
sum of all errors3 within 1σ, i.e. |Fab − Fa+b| > σFab + σFa+b,

2 The S/N obtained on the residuals for a sig = 5.0 was lower than the
expected value S/N = 3.8. We used the limit sig = 10.0 to ensure that
we are above the usual limit of S/N = 4.0.
3 To derive uncertainties in the determination of mathematical combi-
nations, we follow the standard theory on error propagation: |σFa+b | =
|A · σFa | + |B · σFb |. Because no information about the uncertainty in
the satellite orbital frequency is available, it was treated as a constant in
our calculations.
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Fig. 2. Bar plot of the 185 frequencies extracted from the CoRoT light
curve of HD 174966. The amplitude axis is in logarithmic scale and
μmag units, and the frequency is shown in μHz and d−1 units.

Table 1. Specifications of the spectroscopic observation.

Spect. # R N◦ nights Observatory Exp. time (s)

HARPS 104 80 000 12 ESO-La Silla 1200
FOCES 155 65 000 21 Calar Alto 900
SOPHIE 81 75 000 9 Haute-Provence 700

Notes. The columns list the spectrograph used for each observation,
the number of spectrograms (#), the resolving power R, the number of
nights, the observatory, and the exposure time.

then the probability of such a frequency being a combination is
quite low. Finally, 25 frequencies fulfilled this condition, and 19
of them still could be discarded as combinations when a 2σ er-
ror instead was used in the operation. Therefore, only 12 peaks
of the original 37 remained as possible combinations.

This result is quite different from the one obtained for the
CoRoT target HD 174936 (GH09), where no combination fre-
quencies were reliably identified among the main frequency
peaks. In fact, when comparing the periodograms of HD 174966
and HD 174936 we see two main differences: HD 174966 shows
only few high-amplitude peaks, with amplitudes higher than
detected in HD 174936, and overall a smaller number of fre-
quencies is detected (185 significant peaks versus 422 peaks for
HD 174936).

The range of statistically significant detected frequencies for
HD 174966 goes from some value close to zero up to about
77 d−1, i.e. 900 μHz (1 d−1 = 11.57 μHz). But the highest ampli-
tude peaks are grouped around 25 d−1 (300 μHZ, see Fig. 2).

3. Spectroscopic analysis

3.1. Observations

The spectroscopic observations were performed between
June 12, 2009 and August 5, 2009 (not contemporary with
the CoRoT data). They covered a baseline of 53 days
with 341 spectrograms and were performed with three different
high-resolution spectrographs, as reported in Table 1.

The reduced spectrograms were brought to the same resolu-
tion of 65 000; then for each of them a mean profile was obtained
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Fig. 3. Average of the LSD profiles (upper panel). Lower panel: root
mean square (rms) standard deviation of the individual LSD profile with
respect to the average one (black); residual standard deviation after the
fit of the detected terms (red).

by means of the least-squares deconvolution (LSD) technique
(Donati et al. 1997) with values between −300 and +300 km s−1

with a 2 km s−1 step. We used the spectral region between 4140
and 5670 Å when calculating the LSD profiles, taking care to
omit the regions containing hydrogen lines. The median S/N ra-
tios of these profiles, as computed from the dispersion of their
adjacent continua, are 5640, 1004, and 2945 for the HARPS,
FOCES, and SOPHIE spectrograms, respectively.

The weighted average of the LSD profiles and its standard
deviation are shown in the top and bottom panels, respectively, of
Fig. 3. From the first three zeros of the FT of this average profile
it has been possible to determine v sin i = 126.1 ± 1.2 km s−1.

3.2. Physical parameters

The Ground-Based Seismology Working Group (Catala et al.
2006) prepared the GAUDI archive4 (Solano et al. 2005) for
the CoRoT mission, collecting high-resolution spectroscopy and
multi-colour Strömgren photometry. The analysis of the uvbyβ
photometry supplied the (preliminary) parameters: Teff = 7637±
200 K, log g = 4.03 ± 0.20 dex, and [Fe/H] = −0.11 ± 0.20 dex
(Moon & Dworetsky 1985). They were very useful in the ex-
ploratory work for target selection, but the subsequent HARPS
monitoring allowed us to perform a more accurate analysis.

The spectroscopic analysis was performed by using the
set of HARPS spectra rather than the single spectrum taken
with ELODIE at Observatoire Haute Provence available in the
GAUDI archive. To this end, non-linear least-squares fits were
performed on some regions of the very high S/N mean stellar
spectrum by means of the sme code (Spectroscopy Made Easy,
Valenti & Piskunov 1996). In particular, the regions around Hα,
Hβ, Hγ, MgI 5180 triplet, 5300−5340 Å, and 4560−4795 Å
were separately fitted. The Teff , log g, and [Fe/H] values thus
obtained are listed in Table 2 with their internal errors. These

4 http://sdc.cab.inta-csic.es/gaudi/

Table 2. Physical parameters of HD 174966.

Parameter Value Reference

〈V〉 7.698 ± 0.002 1
(b − y)0 0.142 ± 0.001 1

Eb−y 0.006 ± 0.003 1
m0 0.187 ± 0.002 1
c0 0.848 ± 0.007 1
β 2.796 ± 0.001 1

v sin i (km s−1) 126.1 ± 1.2 2
Teff (K) 7555 ± 50 2

log g 4.21 ± 0.05 2
[Fe/H] −0.08 ± 0.10 2
M (M�) 1.70 ± 0.20 2
R (R�) 1.70 ± 0.20 2

L(R,T ) (L�) 8.5 ± 2.0 2

References. (1) GAUDI archive (Solano et al. 2005); (2) this work.

HARPS values agree with those supplied by Strömgren photom-
etry and with those from the ELODIE spectrum (both from the
GAUDI archive) within the respective error bars.

The Teff = 7555 K value was used to compute the bolomet-
ric correction BC = 0.033 mag by means of the formulae given
by Torres (2010). Strömgren photometry from GAUDI archive
allowed us to determine the colour excess Eb−y and, in turn, the
interstellar absorption AV = 0.025 mag. These corrections are
very small with respect to the uncertainty on the Hipparcos
parallax, 7.81 ± 0.66 mas (van Leeuwen 2007), from which
Mbol = 2.16 ± 0.18 and L = 10.7 ± 1.7 L� could be determined.
From Mbol and Teff , a value of R = 1.90 ± 0.19 R� can be ob-
tained and, using the log g value, M = 2.16 ± 0.50 M�. This
mass is higher than that calculated using the evolutionary tracks
(M = 1.68 ± 0.1 M�; Schaller et al. 1992) and the uvby−Hβ
calibration (M = 1.82 ± 0.09 M�; Ribas et al. 1997), but
within the error bars derived from the calibration mean errors.
We finally adopted the self-consistent values listed in Table 2
for the subsequent analysis of the line profile variations (LPV).
A Hertzsprung-Russell (HR) diagram showing a model evolu-
tionary track with those parameters adopted is plotted in Fig. 4.
We also estimated that the fundamental radial mode frequency
is 17.3 ± 2.5 d−1 (Eq. (6) in Breger 2000) and noted that this
value is quite close to F5 = 17.62 d−1 in the CoRoT frequency
list (Table 6).

Before proceeding to the mode identification, we derived
the average line parameters by fitting the mean profile with the
famias software (Zima 2008). We found a barycentric velocity
of 9.1 ± 0.5 km s−1, an intrinsic line width of 8.1 ± 1 km s−1,
and v sin i = 126.2 ± 1.2 km s−1. The latter value is in per-
fect agreement with that obtained from the FT. Assuming R =
1.8 R�, this value corresponds to a break-up rotational velocity
of 424 km s−1, which supplied the important constraint i > 17.5◦.

3.3. Line profile variations

We analysed the LPV of the time series consisting of 341 LSD
profiles using the pixel-by-pixel least-squares approach de-
scribed by Mantegazza et al. (2000) and the pixel-by-pixel
Fourier technique (Zima 2006). In the analysis we considered
the part of the profile between −119 and +135 km s−1.

Among the detected terms there were three low-frequency
ones (0.039, 0.253, and 0.472 d−1) and three high-frequency
ones (46.96, 58.73, and 59.81 d−1). All these terms do not have
photometric counterparts in the CoRoT lightcurve. Moreover,
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Table 3. Results of the mode identification from spectroscopic and Strömgren observations, as well as the values of n and � obtained in the model
fitting (last two columns).

Spectroscopy Strömgren photometry CoRoT photometry Model fit
Freq. (d−1 – μHz) Ampl. S/N � (±1) m(±1) Freq. (d−1) � Freq. (d−1) Ampl. (mmag) � n

6.801−78.72 0.033 6.5 15 −15 − − − − − −
18.131−209.85 0.023 3.8 3 1 − − F8 = 18.135 0.231 3 −2
21.427−248.00 0.031 4.6 1 1 21.421 2, 3, 1&3 F3 = 21.420 2.093 − −
23.152−267.96 0.044 8.2 1 −1 − − − − 2 0
23.192−268.43 0.056 13.0 1 −1 23.195 0, 1 F1 = 23.195 6.290 0 2
24.122−279.19 0.028 5.3 1 −1 − − − − 1 1
25.023−289.62 0.035 7.0 7 5 − − − − − −
26.025−301.22 0.042 11.0 8 8 − − F171 = 26.026 0.0090 − −
26.955−311.98 0.041 7.9 2 1 26.956 0, 1, 2 F2 = 26.958 5.103 2 1
26.982−312.29 0.033 7.7 7 3 − − F46 = 26.962 0.0312 − −
27.535−318.69 0.028 6.4 8 4 − − F172 = 27.543 0.0088 − −
27.709−320.71 0.042 10.7 3 3 − − F4 = 27.715 0.997 − −
27.720−320.83 0.048 11.3 2 2 − − F4 = 27.715 0.997 − −
30.093−348.30 0.027 4.9 2 2 − − F67 = 30.101 0.0221 − −
30.954−358.26 0.028 5.6 7 5 − − F17 = 30.950 0.116 − −
31.171−360.78 0.044 8.9 10 6 − − F61 = 31.178 0.023 − −
32.026−370.67 0.032 7.7 10 5 − − − − − −
32.561−376.86 0.041 7.9 11 9 − − − − − −

Notes. The spectroscopic amplitudes are in continuum units as defined by Zima (2006). Columns 8 and 9 show the corresponding CoRoT photo-
metric frequencies. Spectroscopic frequencies 27.709 and 27.720 d−1 are uncertain.

3.763.783.83.823.843.863.883.93.92
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Fig. 4. HR diagram showing evolutionary tracks for 1.5, 1.6,
and 1.7 M�. Models were computed using [Fe/H] = −0.08 dex, αML =
0.5, and dov = 0.2 from the pre-main sequence phase (dashed line) to
the end of the main sequence (solid line). They included OPAL opacity
tables and Eddington atmospheres. The position of HD 174966 and the
spectroscopic 1σ uncertainty box derived in this work are also shown
(see Table 2).

the behaviour of amplitude and phase curves across the line
profile of the low-frequency terms is not easily interpretable in
terms of pulsation modes; we suspect that they were introduced
in the time series by the merging of data from three different in-
struments. The three high-frequency peaks have the appearance
of low-degree retrograde modes. Taking into account their non-
photometric detection, we suspect that they are aliases above
the pseudo-Nyquist frequency of undetected lower frequency
modes (in the range 20−40 d−1). Since we cannot be sure of

their physical significance, we did not perform any mode identi-
fication for these six terms.

The mode identification was performed by means of the
famias code. Table 3 lists the 18 detected modes in order of in-
creasing frequency. The second column gives their amplitudes,
in continuum units as defined in the famias software. These am-
plitudes are a measurement of the contribution of each term to
the whole line profile variability. We report the S/N ratio, always
as defined in famias, in the third column, and the best-fitting �
and m values in the fourth and fifth columns (negative m values
correspond to retrograde modes).

Some of the spectroscopically detected modes have a photo-
metric counterpart. In this case photometric frequencies and am-
plitudes are reported in the sixth and seventh columns. In partic-
ular, the frequency analysis of the LPV showed a distorted peak
at the fourth photometric term (27.715 d−1). It is probably an un-
resolved bunch of peaks. We could tentatively disentangle it as
a doublet composed of two modes at 27.720 and 27.709 d−1, but
their values remain uncertain because they are at the limit of the
spectroscopic resolution.

For each mode in Table 3, a best fit was performed on its
amplitude and phase behaviours across the line profile, keep-
ing as free parameters the velocity, the spherical degree, the
azimuthal order, the amplitude, the phase, and the inclination.
Then all the modes were fitted together, leaving for each of them
the velocity amplitude as a free parameter and changing each
time the inclination with a step of 5◦ from 20◦ to 90◦. This en-
abled us to obtain a discriminant value for each inclination an-
gle, i, by computing the differences between the observed and
computed LPV, as described in Mantegazza (2000). The case
of HD 174966 is less favourable than others (e.g. Mantegazza
et al. 2000). Indeed, the behaviour of the discriminant shows a
broad minimum centred at 62.5◦, with very similar values in the
interval from 45◦ to 70◦ (Fig. 5). For such an interval the stel-
lar equatorial rotational velocities are within a well-constrained
range, i.e. 135−178 km s−1. The corresponding rotational fre-
quencies are in the 1.48−1.96 d−1 (17−23 μHz) range.
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Fig. 5. Discriminant supplied by the simultaneous fit of all the identified
modes versus the rotational axis inclination.

To proceed in our analysis we assumed i = 62.5◦,
v = 142 km s−1, and a rotational period of 0.64 d (rotational
frequency 1.56 d−1 = 18.07 μHz), and we checked again the �, m
values of each mode. Only slight changes were found for some
of them, all within the uncertainties of the �, m determinations
which are at least of the order of the unity (� values are generally
more reliable than m ones, especially for high m order modes).
The uncertainties of �,m values apply in particular to the close
values of frequencies 23.152, 23.192, and 24.122 d−1, which are
identified by famias with the same �,m couple. This could also
be due to the limited frequency resolution of the spectroscopic
time series, which prevents us from obtaining clear amplitude
and phase behaviours across the line profile in the case of close
frequencies.

The case of the 6.8 d−1 component is interesting from a
methodological point of view. Its phase curve across the line pro-
file is typical for a high-degree prograde mode. However, this is
very unlikely as 6.8 d−1 is much lower than the calculated fun-
damental radial frequency (17.3 ± 2.5 d−1, see Sect. 3.2). The
frequency of retrograde modes is lower in the observer’s frame
since they are travelling against the rotation. If the mode has
a very high m order, the resulting frequency in the observer’s
frame is negative, and we observe its mirrored peak in the posi-
tive plane. This could be the case for this component when con-
sidering m ∼ −15 and the rotational frequency calculated above.

4. Mode identification from Strömgren photometry

We obtained new multi-colour photometric observations for
HD 174966 to perform a mode identification. The observations
were made using the 0.9m telescope at Observatorio de Sierra
Nevada (OSN), Spain, by means of a Strömgren six-channel si-
multaneous photometer (Nielsen 1983). A total of 953 points
were collected in the four uvby bands simultaneously dur-
ing 29 nights in 2007, between May 15 and August 23, and dur-
ing seven nights in 2008, between July 1 and 11. To do the differ-
ential photometry, HD 173369 was selected as comparison star

and HD 181414 as check star. Both stars are close to our object
and, to date, they do not present any sign of variability in our
ground-based observations.

Frequency analyses were carried out using the program
Period04 (Lenz & Breger 2005). The values of the frequen-
cies found in the light curves of the four bands were the same.
The S/N reached in the v and b bands was higher than in the
u and y bands. The u band is the noisiest (Martín & Rodríguez
2000). Table 4 shows the results of the amplitudes and phases for
each frequency in the four bands. The values of the frequencies
correspond to the highest amplitude frequencies detected in the
CoRoT dataset.

We used the amplitude and phase information of each fre-
quency to identify the associated mode. The phase-shift ver-
sus amplitude-ratio diagrams (Garrido et al. 1990) allowed us
to determine the spherical degree, �. To that end, we computed
non-rotating equilibrium and non-adiabatic oscillation models.
We used the evolutionary code cesam (Morel 1997; Morel &
Lebreton 2008) and the pulsation code graco (Moya et al. 2004;
Moya & Garrido 2008) to calculate the equilibrium models
and the non-adiabatic frequencies with � = [0, 3], respectively.
Computations included realistic atmosphere models (Kurucz
1993) to determine the non-adiabatic observables: φT , δTeff/Teff
and δge/ge.

Non-adiabatic processes are sensitive to convection (Dupret
et al. 2003; Daszyńska-Daszkiewicz et al. 2003; Moya et al.
2004). The larger the path travelled by a convective cell, i.e.
the mixing length distance, the more heat is exchanged with its
surroundings. We could then obtain information about the ef-
ficiency of the convection in HD 174966 through the free pa-
rameters αML of the mixing length theory and dov, where over-
shooting was used in every convection zone that appeared in
the modelling, but not in the atmosphere. We used three val-
ues of each one in our computations: αML = 0.5, 1.0, and
1.5, and dov = 0.1, 0.2, and 0.3, and compared the theoret-
ical non-adiabatic observables of the models with the phase-
shifts and amplitude-ratios observed. A main result is that mod-
els with αML = 1.5 did not produce any phase-shift versus
amplitude-ratio diagrams compatible with the observations. This
inefficiency in the convection for δSct stars was previously
pointed out by Daszyńska-Daszkiewicz et al. (2005); Casas et al.
(2006, 2009). Other parameters, like metallicity, were also taken
into account, but the results on the mode identification did
not change.

On the other hand, we are aware that multi-colour pho-
tometry identification predictions should be taken with care
because rotation might have an influence on them (Daszyńska-
Daszkiewicz et al. 2002). In particular, mode identification pre-
dictions depend on the inclination angle of the star and thereby
on the rotation velocity (more exactly, on the deformation of the
star caused by rotation). Here, the uncertainties in the colour in-
dices together with the large range of most probable inclination
angles (cf. Fig. 5) make angle-dependent identification predic-
tions not feasible.

We illustrate the possible effect of rotation on the identifica-
tion of modes using multi-colour photometry through the fre-
quency that poses the most controversial mode identification,
namely the frequency near 21 d−1. As illustrated in Fig. 6, the
phase-shift versus amplitude-ratio diagram of this mode is quite
peculiar. Band b indicates that all the � values are possible, ex-
cept � = 3, whereas band v indicates the opposite.

In order to study the influence of rotation on the identifi-
cation of that frequency, we examined the behaviour of one of
the largest effects on the frequency due to rotation, the mode
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Table 4. Frequencies obtained from Strömgren photometry.

Band Frequency (d−1) Amplitude (mmag) Phase (rad)

u
F1 = 23.19481 ± 0.00004 8.2 ± 0.6 5.17 ± 0.08
F2 = 26.95847 ± 0.00004 6.5 ± 0.6 0.5 ± 0.1
F3 = 21.4209 ± 0.0001 2.7 ± 0.6 1.7 ± 0.2

v

F1 = 23.19481 ± 0.00004 8.7 ± 0.3 4.96 ± 0.03
F2 = 26.95847 ± 0.00004 7.4 ± 0.3 0.24 ± 0.04
F3 = 21.4209 ± 0.0001 3.0 ± 0.3 1.1 ± 0.1

b
F1 = 23.19481 ± 0.00004 7.8 ± 0.3 5.00 ± 0.04
F2 = 26.95847 ± 0.00004 6.8 ± 0.3 0.26 ± 0.04
F3 = 21.4209 ± 0.0001 2.4 ± 0.3 1.3 ± 0.1

y

F1 = 23.19481 ± 0.00006 6.8 ± 0.4 5.02 ± 0.06
F2 = 26.95847 ± 0.00008 5.0 ± 0.4 0.29 ± 0.08
F3 = 21.4209 ± 0.0002 2.1 ± 0.4 1.5 ± 0.2

Notes. The frequencies are consistent in all the bands.
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Fig. 6. Phase-shift versus amplitude-ratio diagram for the frequency
of 21 d−1 and a non-rotating model with M = 1.55 M�, αML = 0.5,
and dov = 0.2. Each box corresponds to a measure with its own uncer-
tainties following the legend; band y is the reference. Every symbol (o,
+, ∗, Δ) represents an � degree (0, 1, 2, and 3, respectively).

coupling or near degeneracy effects (see Soufi et al. 1998;
Suárez et al. 2006b). We computed a small grid of rotating mod-
els in the range of the physical parameters found in this work,
but varying the rotational velocity over the most probable values
obtained from the angle-discriminant figure (Fig. 5). Inclination
values of i ∼ [35, 80] degrees result in rotational velocities be-
tween 200 and 125 km s−1 when considering models used in this
analysis. These velocities imply ratios of Ωrot/Ωkep = 0.47 and

0.30 (with Ωkep =

√
GM/R2

eq and Req being the equatorial ra-
dius), respectively. This range of values can be considered still
below (but close to) the limit of validity of the perturbative ap-
proach, as stated by the test by Suárez et al. (2005) and the com-
parison analysis with the non-peturbative theory (see details in
Sect. 5.1).

Asteroseismic rotating models were computed using the ce-
sam code, taking first-order effects of rotation into account. This

is done by including the spherically averaged contribution of the
centrifugal acceleration, which is included by means of an effec-
tive gravity geff = g − Ac(r), where g is the local gravity, r is the
radius, and Ac = 2/3rΩ2 is the centrifugal acceleration of matter
elements. The non-spherical components of the centrifugal ac-
celeration are included in the adiabatic oscillation computations
(Suárez et al. 2006a). Adiabatic oscillations were computed us-
ing the adiabatic oscillation code filou (Suárez 2002; Suárez &
Goupil 2008). This code provides theoretical adiabatic oscilla-
tions of a given equilibrium model corrected up to the second-
order for the effects of rotation. These include near-degeneracy
effects, which occur when two or more frequencies are close
to each other. In addition, the perturbative description adopted
takes radial variation of the angular velocity (radial differential
rotation) into account in the oscillation equations.

We constrained the models to those fitting the frequency
at ∼21 d−1 within a frequency uncertainty up to the Rayleigh fre-
quency. We used a heuristic method based on the best frequency
fitting. In this method, we considered as best models those with
the lowest values of the χ2 distribution.

All the best models except for one found the mode as non-
coupled with values of (n, �,m) = (1, 2,−1) or (0, 3, 2). Only the
model with also the lowest χ2 showed that the frequency could
be a coupling between the modes (1, 1, 0) and (−1, 3, 0). In any
case, the interesting point here is the value of the rotation for
the best models rather than the identification itself. Due to the
methodology, both the rotation values and the identification are
products of the heuristic but do not interfere with each other.

The best models show rotational velocities around 200
and 130 km s−1, which correspond to the extremes of the most
probable range of inclination angles, i.e. 35 and 76 degrees, re-
spectively. In order to find models with i close to the 62.5 degrees
(the minimum of the angle discriminant in Fig. 5), we had to re-
lax the criteria of Teff, log g from the spectroscopic uncertainty
box to the photometric one (see Sect. 3.2) and frequency match
error (for 21 d−1) to twice the Rayleigh frequency. In short, the
variation of the inclination angle here does not affect the predic-
tions of the rotating models for that frequency.

The results on the identification are shown in Table 3. The
compatible values of the spherical degree for each frequency are
listed in the column �. The ambiguity of the 21 d−1 mode is
not clarified by the rotating model study, which identifies that
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frequency as an � = 2 or 3 multiplet or a possible coupled
mode, in contrast to the spectroscopic results, which predict an
� = 1 mode. Nonetheless, the spectroscopic identification does
not take high rotation into account, i.e. the star is considered
spherical. This is solved in our perturbative approach for the
oscillation frequencies, which takes into account the deforma-
tion of the star due to rotation. In any case, the mode identifica-
tion explained here must be taken carefully since the perturba-
tive approach is close to the limit of validity for HD 174966 (see
Sect. 5.1).

5. Best-fitting model

We used the information of the physical parameters and the
mode identification derived in this work to search for the best
representative models of HD 174966, i.e. those that fulfil all the
constraints derived from the observations. A new and denser grid
of non-rotating models were computed to this aim.

We computed the range [1.25, 2.20] M� in mass with a step
of 0.01 and the range [−0.52, 0.08] dex in [Fe/H] with a step
of 0.2, covering the whole δSct instability strip. We used the
same codes as in the previous section: cesam and graco for the
main-sequence non-rotating equilibrium and oscillation models
respectively. Again, non-adiabatic frequencies were computed.
The models included Eddington atmospheres and the same val-
ues for the convective parameters αML (0.5, 1.0, and 1.5) and dov
(0.1, 0.2, and 0.3). We only considered the range of � = [0, 3], be-
cause the visibility of the modes in the integrated light decreases
with the spherical degree (Dziembowski 1977). The frequencies
with the highest amplitudes in the CoRoT observations will be
mainly low-order modes, so the range of computed �’s must be
enough to describe them.

Around 500 000 models were computed. This grid includes
all the models lying in the HD 174966 uncertainty box (1σ)
obtained from the spectroscopic observations. To efficiently
handle this large number of models, we took advantage of
VOTA (Virtual Observatory Tool for Asteroseismology, Suárez
et al. 2013), a tool designed to easily handle stellar and seis-
mic models, analyse their properties, compare them with ob-
servational data, and find models representative of the studied
stars.

We then selected the models fulfilling the spectroscopic 1σ
uncertainty box determined in this work. A total of 426 mod-
els fulfilled Teff , log g and [Fe/H], which led to the following
physical parameters: M = [1.49, 1.58] M�, R = [1.50, 1.73] R�,
L = [6.47, 8.92] L�, ρ̄ = [0.43, 0.62] g cm−3, and age = [826,
1306] Myr. The value of −0.12 in metallicity of our grid is the
only one compatible with the spectroscopic observations.

Finally, we applied the results to the mode identification.
This included the discriminant obtained from the photometric
observations about the convective efficiency: α � 1.5. The fre-
quencies used for the discrimination in the models were 18.131,
23.152, 23.192, 24.122, and 26.955 d−1 (209.85, 267.96, 268.43,
279.19, and 311.98 μHz, respectively). These frequencies were
selected because their mode identification is the only that could
be compared with the computed modes of our grid of non-
rotating models, i.e. these frequencies have � ≤ 3 modes and
m = −1 or 15. The frequency at ∼21 d−1 was not used because
of its possibly coupled nature.

5 None of the frequencies was identified as m = 0 in the LPV analysis,
which is the only value compatible with non-rotating models. However,
m = 0 is valid for the selected frequencies within the ±1 uncertainty.

To fit models, all the possibilities in the spherical degree
(limited by the error bars and up to � = 3) were taken into ac-
count as valid solutions6. The result is that 21 models fulfilled
all the constraints, giving the same values for the (n, �) pairs (see
last two columns in Table 3). The characteristics of the models
are Teff = [7510, 7592] K, log g = [4.17, 4.19] dex, R = [1.64,
1.69] R�, M = [1.53, 1.56] M�, L = [7.82, 8.37] L�, ρ̄ = [0.455,
0.487] g cm−3, age = [1046, 1186] Myrs, [Fe/H] = −0.12 dex,
Xc = [0.4398, 0.4767], αML = [0.5, 1.0], dov = [0.1, 0.2]. The
values for the mass and the radius are lower than those found
in the spectroscopic analysis, although still within the uncertain-
ties. This could be due to the slightly lower metallicity of our
models. In addition, the limitation of using only the frequencies
as m = 0 modes is a source of inaccuracy.

5.1. Influence of rotation

The methods to determine physical parameters, identify the
modes, and calculate models presented in the previous sections
do not properly account for rotational effects. In the determina-
tion of the physical parameters, the rotational effects are taken
into account through dividing the star into annular regions, each
characterised by a single intensity spectrum, and reducing the
flux spectrum to a one-dimensional sum (Valenti & Piskunov
1996). Therefore, rotational velocity is well determined but only
as a maximum projected value (differential rotation also has an
effect in the determination of the other observables). However,
the resulting quantities of the effective temperature and surface
gravity are a mean value of the integration of the stellar disk.
For rapidly rotating stars, such a value for describing the whole
body is not reliable. Due to the flattening produced by rotation,
these quantities differ from the pole to the equator. In that way,
the formal errors derived from fitting the spectra are too small.

The mode identification efforts are less accurate. For
δSct stars, the problem usually lies in the low number of fre-
quencies observed from the ground, the unknown of the physical
processes involved in the selection mechanisms and the usually
rapid rotation of these objects. The latter is the most complicated
task to resolve because even the perturbative methods reach their
limit of validity to describe pulsations for typical rotational ve-
locities of δSct stars. In recent years, some works have shed light
on this problem, thanks to the full integration of the oscillation
equations in 2D models (see, for example, Lignières et al. 2006;
Reese et al. 2006). The computations showed how the modes
reach a new distribution within the oblate star.

This could impact spectroscopic line variations used in mode
identification. The famias code uses the Fourier parameter fit
method (Zima 2006) and the moment method (Balona 1986a,b,
1987; Briquet & Aerts 2003) to carry out a mode identifica-
tion. Both methods assume oscillations in the limit of linearity
(sinusoidal variations) and slow rotation (neglecting second-
order rotational effects), questioning the obtainment of a reli-
able mode identification for moderate-to-rapidly rotating stars.
Consequently, the mode identification acquired in this work may
be incorrect for some modes: those most affected by rotation. It
is not possible to identify which frequencies are poorly detected
with the tools and methods developed to date.

Rotation effects are also non-negligible in multi-colour
photometry, as discussed in Sect. 4. In this case, the value of the
inclination angle of the star affects φT , δTeff/Teff, and δge/ge.
This implies a dependency of the amplitude-ratios and

6 For example, for the 23.192 d−1 frequency, we searched the closest
mode with the possible � = [0, 1, 2].
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phase-differences on the azimuthal order (Daszyńska-
Daszkiewicz et al. 2002; Casas et al. 2006). Pertubative methods
are able to compute these implications for moderately rotating
stars, but the extreme cases require a special treatment. Reese
et al. (2012), using their code to fully integrate the oscillating
modes, have presented a method to compute amplitude-ratios in
the Geneva photometric system. Although this is a promising
result, their computations did not include non-adiabatic effects,
which are essential for a true determination of the frequencies’
amplitudes.

In addition, the star is no longer spherical and some quan-
tities, like the radius, might not be determined with the di-
rect comparison to 1D non-rotating models (the equatorial ra-
dius is different from the polar radius). These facts introduce a
strong uncertainty and inaccuracy in the physical characteristics
derived for HD 174966 in the previous sections.

Despite these problems, the non-perturbative computations
have shown that some structures, like the large separation and
the rotational splitting, are still identifiable in the frequency dis-
tribution (Lignières et al. 2006, 2010). This is the reason for
searching for patterns and structures within the periodogram of
HD 174966.

6. Quasiperiodic patterns within the frequency
spectrum

To search for periodicities in the frequency set of HD 174966,
we used the same Fourier analysis as in GH09. An ideal peri-
odic pattern is represented as a series of equally spaced Dirac
deltas, i.e. a Dirac comb. The FT of a Dirac comb is another
Dirac comb with inverse periodicity of the original one. So, the
more the FT resembles a Dirac comb, the more confident we are
that the frequency spectrum has a periodicity. A realistic case
can be represented as a Dirac comb, if our function is periodic,
multiplied by a rectangular function (because the number of fre-
quencies is finite):

F(ν) = ΔT (ν) · �(ν) (1)

where ΔT (ν) is the Dirac comb function with a periodicity of T
and �(ν) is the rectangular function. Then, the FT is:

F (t) =
∫ ∞
∞
ΔT (ν) · �(ν) · e−2πiνtdν = Δ1/T × sinc(t). (2)

Due to the rectangular function, the form of the FT is not a per-
fect Dirac comb but a convolution with a sinc function. The side
lobes originated by the sinc function hinder the identification
of the periodicity. In addition, other characteristics of a true fre-
quency spectrum make the identification difficult. A pattern with
an inexact periodicity (quasiperiodic), where frequencies do not
belong to the pattern or some values are missing, would produce
broadened peaks, spurious peaks (“noise” in the FT), and less
powerful sub-multiples.

We applied the method to the frequency spectrum of
HD 174966. In our calculations, we neglected the amplitudes of
the frequencies to avoid biases coming from the unknown mode
selection. The resulting FT is given in Fig. 7. We selected sub-
sets of frequencies, namely subsets with the 30, 60, 112 highest
frequencies, and a subset including all of them, for which we
did not include the close peaks. Each subsequent subset con-
tains the previous one. The main assumption we made is that
the periodicity is due to frequencies with low �. The visibility of
the modes decreases approximately as �−2.5 or �−3.5, depending
whether the � degree is odd or even (Dziembowski 1977). This

1 2 3 4 5 6 7 8

Periodicities in the frequency distribution (d−1)

10 20 30 40 50 60 70 80 90 100
0

0.05

0.1

0.15

0.2

0.25

Po
w

er
 s

pe
ct

ru
m

 n
or

m
al

is
ed

 to
 u

ni
ty

Periodicities in the frequency distribution (μHz)

 

 

 ←
  6

4.
00

 ←
  3

4.
33

 ←
  2

2.
40

 ←
  2

0.
68

30 frequencies
60 frequencies
112 frequencies
168 frequencies

Fig. 7. Fourier transform of various subsets selected by amplitude. The
blue, green, red, and cyan lines correspond to the FT calculated from
the subset including the first 30, 60, 112, and 168 (all the peaks except
the close ones) highest amplitude frequencies, respectively. The peaks
corresponding to the large separation (64 μHz) and its sub-multiples are
labelled (see text).

assumption is supported by the LPV analysis (see Sect. 3.3), de-
spite the possible inaccuracy of the mode identification method.
The periodicity appears, above all, in the FTs of the subsets in-
cluding a relatively low number of frequencies (30 and 60). We
calculated the FT and presented the result in frequency scale to
obtain a value of the periodicity in μHz (and d−1).

We identify a peak as the periodicity of a pattern when the
value and its sub-multiples7 are found. As illustrated in Fig. 7,
we identified a pattern with a periodicity of 64 μHz (5.53 d−1) in
the frequency set. Any of the peaks we used to detect a pattern do
not disappear when the number of frequencies involved in the FT
is increased. Even when we do not use the 12 peaks that might
be combinations, the value of the periodicity does not change
appreciably. These facts ensure that the pattern is real.

6.1. Large separation or rotational splitting structure?

The main question rising from the result in the previous section
is the origin of the periodic pattern. Usually, the presence of a
periodicity has been associated with the so-called large separa-
tion structure, which is common in frequencies that have reached
the asymptotic regime, like those in the solar-type pulsators.
However, it is not expected to appear in the regime where the
δSct stars pulsations locate.

GH09 proposed that the origin of the periodicity could be
linked to the large separation,usually defined as: Δν� = νn+1,� −
νn,�, although out of the asymptotic regime. Figure 4 of GH09
showed a plot of νn,� versus Δν for a non-rotating model: Δν
increases with frequency within the typical range of observed
frequencies in δSct stars, ν ≤ 1000 μHz. However, within the
interval [100, 600] μHz (which depends on the physical charac-
teristics of the star and on the age), Δν comes to a halt and most
of its values are confined within less than 4 μHz. Although it is
not a constant function, the range of variation is small enough to

7 The periodicity of the Dirac comb resulting from the FT is k/T ,
where k is an integer. In the inverse scale of the plot, we will see T/k.

A63, page 9 of 14

http://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201220256&pdf_id=7


A&A 559, A63 (2013)

consider it as a roughly quasiperiodic regime and the FT would
be able to detect it.

On the other hand, the origin of the periodic pattern has been
also associated with the rotational splitting, which, for low ro-
tation rates, forms multiplets with a periodicity equal to the ro-
tational velocity. However, for large rotation values, multiplets
become irregular (see Soufi et al. 1995; Suárez et al. 2006a),
breaking the periodic structure. Nonetheless, in a recent work,
Lignières et al. (2010) searched for patterns within the frequency
set computed with the non-perturbative method. To do that, they
considered a visibility function for the computed frequency set
and calculated its autocorrelation. For some configurations of
the inclination angle of the stellar rotational axis, they found a
peak in the autocorrelation function corresponding to twice the
rotational splitting frequency.

To differentiate between a periodic pattern coming from a
large separation structure or from the rotational splitting, we
have to analyse the case of HD 174966 carefully. First, we have
to note that the FT, as it is defined, is more sensitive to period-
icities rather than other kind of spacings, such as a preferred
randomly distributed frequency difference. In the asymptotic
regime, the large separation has a comb structure and should be
easily discovered with the FT. The large separation structure is
even conserved with high rotational velocities because the struc-
ture is led by the so-called island modes (the new distribution
that appears when non-perturbative theory is applied to pulsa-
tion in fast rotators, Lignières et al. 2006).

Concerning rotational splitting for the high-velocity regime,
modes containing the rotational information are the so-called
chaotic modes. They are irregularly distributed in the frequency
spectrum, as the results of the studies based on ray mechanics
formalism showed (Lignières et al. 2006). One should not ex-
pect to find regular patterns in it. Despite that, the modes have
specific statistical properties, which can be detected with an au-
tocorrelation function. This is the case of the 2Ω pattern showed
in Lignières et al. (2010), a randomly distributed frequency dif-
ference, which is, however, hardly identifiable using an FT.

In addition, using the physical parameters derived in the
spectroscopic analysis for HD 174966, the rotational splitting
should be 18.07 μHz. Twice this value is only half of that found
in the observed frequency set (64 μHz). But even taking into ac-
count the uncertainties about the determination of the inclination
angle (i.e. discriminant value ±0.02) and the worst favourable
case for the radius of the star that we derived from the models,
the rotational splitting would be, at the most, ∼29 μHz.

All this led us to think that the pattern found in HD 174966
is a consequence of the large separation. However, in order to
define definitively the structure of the pattern, we constructed
an Echelle diagram, which can be seen in Fig. 8. In this plot,
the 30 frequencies of highest amplitude of the HD 174966 spec-
trum have been used because they contain the information of
the periodicity; in addition, a spacing of 65 μHz has been used.
The frequencies involved in the pattern are clearly differentiated.
Indeed, there are two groups of frequencies, placed at the left of
the plot, which have an almost identical structure to the solar-
like stars case. The main difference is the range in which the
pattern appears, far from the asymptotic regime but around the
fundamental radial mode value.

There is no doubt that the frequency periodic pattern (indeed,
two patterns) for this object comes from a large separation-like
structure. The question now is whether it is possible to extract
some information related to the interior of the star using this
periodicity.
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Fig. 8. Echelle diagram for the 30 frequencies of highest amplitude of
the HD 174966 frequency spectrum using a periodicity of 65 μHz.

7. The large separation as an observable

There exists a previous attempt to use the large separation in
δSct stars as an observable. Breger et al. (2009) used a his-
togram of differences to search for periodicities. They found a
periodic pattern in three δSct stars and systematized a method
to reduce the uncertainties on the determination of the physi-
cal parameters. However, their method had two main problems.
First, the frequency of the lowest unstable radial mode had to be
identified. This corresponded to a frequency within the cluster of
modes at the lowest frequencies detected from the ground. It was
a cluster because of the assumption of trapped modes. But space
observations of δSct stars showed that in many cases it was dif-
ficult to identify a cluster with the lowest frequency, as can be
seen in Fig. 2 and with HD 174936 (GH09). Second, they took
into account only the radial modes. As shown in Fig. 4 on GH09,
the periodicity in non-rotating models and in models with rapid
rotation (Lignières et al. 2006) is not only formed by the modes
with � = 0. Even more, the large separation is better defined by
the non-radial ones (until the avoided-crossing effects appear).

The aim of this work is to use the large separation found
in the previous sections combined with that present in the non-
rotating models to obtain some information about the internal
structure of the star. This method is supported by the fact that,
although the value of the frequencies globally decreases when
rotation increases and, so, the large separation, Δν is reasonably
conserved up to Ω/ΩK ∼ 0.4 (F. Lignières & D. Reese, priv.
comm.). Because HD 174966 rotates around or below this limit,
we can suppose that the difference in the large separation be-
tween the rotating and non-rotating case is included in the error
bars of Δν.

In Fig. 9, we applied the FT to the frequencies be-
low 600 μHz (to match the observations) of a non-rotating model
representative of the star, i.e. fulfilling the spectroscopic physical
parameters. A similar structure to that found in the observations
can be seen, with the main peak plus the sub-multiples, result-
ing in a periodicity of ∼67 μHz. Following this procedure, the
models and the observations are directly comparable.

However, not all the physical quantities obtained from this
comparison are reliable. As discussed in Sect. 5.1, the physi-
cal parameters could differ from the slow-rotation case to the
fast-rotation one. Fortunately, the work by Reese et al. (2008)
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Fig. 9. Fourier transform, as explained in Sect. 6, of a non-rotating
model (M = 1.55 M�, [Fe/H] = −0.12, αML = 0.5, and dov = 0.2) rep-
resentative of HD 174966. A periodicity of ∼67 μHz is clearly identi-
fiable. The FT was computed using only frequencies below 600 μHz
(51.84 d−1).

suggested that the large separation for the case of rapid rotators
is still related in a simple way to the mean density of the star.
Even more, it suggested that the large separation to mean density
ratio is roughly constant for all the rotation rates they computed.
These results gave us the opportunity to determine the mean den-
sity of HD 174966 using our grid of non-rotating models, even
when the other quantities, such as the radius or the mass, could
not be completely trusted.

As a starting point, we adopted the parameters Teff, log g,
and [Fe/H] from the spectroscopic analysis: Teff = 7555 ± 50 K,
log g = 4.21 ± 0.05 dex, and [Fe/H] = −0.08 ± 0.10 dex (cf.
Sect. 3.2). We used the non-rotating models of our grid cover-
ing the entire 1σ uncertainty box and looked for those with the
same Δν (in the δ Sct pulsation regime) as that found in the ob-
servations. For simplicity, in the models a mean value of Δν is
calculated using only p modes because the large separation is a
property of the acoustic modes. In addition, we used the modes
within the observed range (until n = 8) to be consistent with
the observations. The observed Δν value was taken as an av-
erage of the frequency differences from the two columns that
form the large separation pattern in the Echelle diagram (Fig. 8).
Hence, Δν = 65±1 μHz, with the uncertainty being the standard
deviation.

For comparison, Table 5 summarizes the range in the phys-
ical parameters achieved by the classical methods (photometric
and spectroscopic determination of Teff , log g, and [Fe/H]) and
adds the use of the large separation. We also included the result
obtained in the multi-colour analysis: αML ≤ 1.0. As can be seen,
with the large separation we obtained a precision in the mass, ra-
dius, surface gravity, and, above all, in the density of the star that
has never reached before. As previously discussed, the results in
the radius and mass should be taken with care. It is important
to note that the large separation could not reduce the uncertainty
in Teff . In addition, the uncertainties are a bit constrained by the
fact that our grid did not scan enough of the space defined by the
physical parameters (steps were too large).

The most important advantage of the method described
above is that no assumption about the rotation of the star is

Table 5. Table summarizing the range of validity of the physical quan-
tities of HD 174966 obtained using the different methods discussed in
this work.

Method Photometric box Spectroscopic box Using Δν

Teff (K) [7427, 7847] [7505, 7605] [7505, 7605]
log g [3.82, 4.25] [4.16, 4.26] [4.21, 4.23]

[Fe/H] [−0.32, 0.08] [−0.18, +0.02] [−0.18, +0.02]
αML [0.5, 1.5] [0.5, 1.0] [0.5, 1.0]
dov [0.1, 0.3] [0.1, 0.3] [0.1, 0.3]

M (M�) [1.35, 2.20] [1.49, 1.58] [1.50, 1.53]
R (R�) [1.46, 3.02] [1.50, 1.73] [1.55, 1.61]
L (L�) [5.87, 30.94] [6.47, 8.92] [6.8, 7.50]
ρ̄ (g cm−3) [0.113, 0.61] [0.43, 0.62] [0.51, 0.57]
Age (My) [434, 2244] [826, 1306] [926, 1206]

Xc [0, 0.7373] [0.4105, 0.5676] [0.4835, 0.5352]

needed to derive an accurate value of the mean density (e.g. a
fundamental quantity in the characterisation of a planetary sys-
tem). The main assumption was about the visibility of the oscil-
lation modes and physical parameters taken as starting point in
the analysis.

In the work we present here, we have used the values of
the high-quality spectroscopic measurements, obtaining a value
for ρ̄ with an uncertainty of 6%. Nonetheless, even if the param-
eters from the photometry were used instead and no information
about the Strömgren photometry was used, i.e. about the non-
validity of αML = 1.5, the resulting mean density would be of
ρ̄ = [0.48, 0.59] g cm−3. This is a major improvement because
we obtain a better measurement of the mean density of the star
than that achieved by any spectroscopic observation.

7.1. Towards a reliable mode identification using
the periodicity

At this point we wondered if it is possible to extract more infor-
mation from the large separation pattern. Thanks to the Echelle
diagram, mode identification is feasible in solar-like stars, using
the structure of the pattern and its well-known distribution with
the spherical degree. A direct comparison between one of these
diagrams for the model and for the observation gives a direct
identification of �. While this is a consequence of the asymp-
totic regime, it is not the case for δSct stars. Figure 8 shows that
the frequencies comprising the two columns pattern are below
300 μHz. Plotting an Echelle diagram for our non-rotating mod-
els did not give this structure. It only gave a straight distribution
for some modes, which form the large separation comb used in
the previous section.

We moved to our grid of rotating models, searching for a rep-
resentative one of HD 174966. Following the same procedure of
selecting models fulfilling the spectroscopic parameters, we se-
lected then those with a large separation within the uncertainties
derived in the previous section (65 ± 1 μHz). The large sepa-
ration, in this case, was calculated as an average value of the
frequencies with � = 1 up to n = 8 in order to match the ob-
servations (frequency range below ∼600 μHz). The � = 1 modes
are the best determined in the second-order perturbative approx-
imation compared to the values computed with non-perturbative
methods (Lignières et al. 2006). This indicates that some reliable
conclusions can be obtained from the distribution of the spheri-
cal degrees observing our rotating models.
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Fig. 10. Echelle diagram for a 1.61 M� rotating model of HD 174966,
with ∼135 km s−1. Each couple (� = 0; � = 1,m = −1; � = 1,m = 0;
� = 1,m = 1) is depicted with a different colour (black, blue, red, and
green, respectively) and a symbol (©, �, ×, and �, respectively). A
structure similar to the large separation found in the observations can
be seen for some of these pairs between 200−350 μHz. This structure is
mainly formed by the � = 1 modes.

The six final models selected cover the uncertainty
range of the inclination angle, meaning rotational velocities
from ∼125 km s−1 up to ∼200 km s−1. Coherent with the predic-
tions by Reese et al. (2008), the mean density of these models
discriminated by large separation is [0.54, 0.58] g cm−3, which
is in the same range as for the non-rotating ones (see Table 5).
The masses, however, vary from 1.55 M� to 1.61 M�, slightly
higher than that obtained in the previous section.

We applied the FT procedure to the models to find a period-
icity and used it to construct an Echelle diagram. An example
can be seen in Fig. 10. We only used the lowest spherical de-
grees (� = 0, 1), assuming the same visibility of the mode as in
Sect. 6, and frequencies below 500 μHz to select the range of
the observed Echelle. All the plots showed the same structure:
the � = 0 modes aligned with the � = 1, but only with m = −1
and m = 1, and the � = 1, m = 0 modes form another struc-
ture (indeed, also becoming a pattern, but with a slightly higher
periodicity, typically ∼5 μHz more). The difference between the
azimuthal orders m = −1 and m = 1 appeared to be independent
from the model, although the m = 0 values showed a displace-
ment with rotation. The most different behaviour was found in
the model with the highest rotational velocity.

It is not feasible to say that we are able to do a mode iden-
tification using these models or even to say that the observed
patterns are � = 1 modes. Although the pattern is seen in the
models, it is clear that some gaps exist between the observations
and the theory. First, the columns in the Echelle diagram of the
CoRoT frequencies are closer than any pair of combs in the mod-
els. Second, the frequencies in the observations are more tightly
distributed. Finally, the lowest frequencies in the pattern of the
observations lie below 100 μHz, which is lower than the values
of the patterns in the models.

Maybe these differences could be explained because fre-
quencies at high rotation rates tend to decrease with respect to
their non-rotating values (Lignières et al. 2006). Nonetheless,
this range below 100 μHz typically corresponds to g modes. No
recent works related to pulsations in highly rotating stars showed

the combined analysis of the pressure and gravity modes. It
seems, looking at the observations, that a new regime is also
reached at these velocities around the fundamental radial mode.
It could be useful to note that at 30% of the Keplerian limit an
interesting reorganisation of p modes occurs (Fig. 4 in Reese
et al. 2006). It is not an exaggeration to think that this might be
the case but with the additional effect in the g modes. This study
has not yet been made; therefore, a mode identification is not
possible at this point.

Regardless of this last conclusion, searching for structures
within the frequency spectra of δ Sct stars seems to be one of
the best ways to finally achieve a full understanding of the inte-
rior of this complex type of pulsators. The recent development
of the non-perturbative theory is also needed. However, because
computations are up to now highly time consuming, the compar-
ison with non-rotating models, as shown in this work, could be
the way to characterise a large sample of A-F type stars, such as
those provided by the Kepler satellite.

8. Conclusions

In the present work, we used the most advanced methodol-
ogy available to study the δSct star HD 174966. In particular,
we analysed the CoRoT light curve and performed new high-
resolution spectroscopic and multi-colour photometric ground-
based observations. We carried out an in-depth study of this pul-
sator, comparing the result from every single method and using
all the information to try to derive the most accurate physical
parameters of its interior.

From the CoRoT light curve, we extracted 185 frequencies
above the limit of sig = 10 within the range from a value close
to zero up to about 77 d−1, i.e. 900 μHz. This limit translates to
8 ppm for the smallest peak. We found that 17 of these peaks
were located closer than the limit resolution to others. In addi-
tion, 37 more peaks were identified as possible combinations, al-
though 25 of them seemed to be only coincidences. In summary,
158 peaks could be considered as independent frequencies. This
number is significantly smaller than previous δ Sct stars ob-
served by CoRoT, but we have to take into account the shorter
time baseline.

From the spectroscopic observations, we derived the physi-
cal parameters, including the inclination angle and rotational ve-
locity. We extracted 18 frequencies and performed a mode iden-
tification. Most of them corresponded to the modes extracted
from the CoRoT light curve, and one appeared to be a double
peak not resolved in the CoRoT frequency set.

In addition, the three highest peaks of the 158 CoRoT fre-
quencies were also detected from ground-based uvby photom-
etry. The mode identification from multi-colour photometry is
in good agreement with that from high-resolution spectroscopy.
For the lowest amplitude peak we found a discrepancy, whose
detailed analysis using rotating models indicated an � = 2
or 3 non-coupled mode or a coupling between modes � = 1
and 3, in contrast with the spectroscopic value, � = 1. Another
important result concerns the αML parameter of the convention
theory: αML < 1.5, which is lower than that usually used for
intermediate-mass stars.

We tried to constrain the modelling of the star using the in-
formation from the proposed mode identification. Twenty one
models were found to fulfil all the constraints, and their physical
parameters were slightly lower than those found in the spectro-
scopic analysis, although within the uncertainties. Nevertheless,
these results might not be very accurate because, for instance,
models did not account properly for fast rotation. In particular,
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we need non-perturbative models that properly include the ro-
tational effects, although they are very time consuming. On the
other hand, the fast rotation amplifies the differences between
stellar and observer frames. Two modes with different m could
be unresolved in the observer reference frame. In such a case it
could be very difficult to correctly decipher the resulting ampli-
tude and phase diagrams and provide a reliable mode identifi-
cation. In addition, the LPV method neglects the second-order
rotational effects, so it is not prepared to describe the new order
of the modes showed by non-perturbative computations. These
facts make difficult the comparison between theory and observa-
tions and, consequently, the extraction of accurate information
about the stellar interior.

As in previous cases (HD 174936, GH09, and HD 50870,
Mantegazza et al. 2012), we searched for periodic patterns
within the frequency set of HD 174966, expecting that a rela-
tive measurement could be used to infer useful information from
the spectrum. We found a periodicity of ∼64 μHz (5.53 d−1).
Thanks to the estimate of the inclination angle obtained from
the analysis of the LPV and an Echelle diagram clearly showing
a structure, we were able to discard the rotational origin of the
pattern and identify it as a large separation. We studied the possi-
bility of using Δν as an observable, discriminating non-rotating
models of a grid with the objective of reducing the uncertainty
in the mean density of the star. Through the Echelle diagram, a
tight value of the large separation was obtained:Δν = 65±1μHz.
Using this value, we found that ρ̄ = [0.51, 0.57] g cm−3, which
supposes an uncertainty of 6%, never reached before for a non-
binary δSct star. The main advantage of this method is that no
initial assumptions related to the rotation are needed to find the
periodicity from the observations because its value depends only
slightly on the velocity of the star.

Moreover, comparing the observed Echelle diagram to other
rotating models computed using second-order terms in the per-
turbative theory, we found a similar structure of the large sep-
aration, formed mainly by the � = 1 modes with m = –1, 1.
The pattern observed also seems to include some gravity modes,
which was unexpected and never described in the literature.
Nonetheless, although the models could not be used in this case
to perform a mode identification, we showed that it might be
feasible using the new modelling techniques and that the large
separation pattern is a useful tool in this task even for δSct stars.
Further investigations on the Echelle diagrams of theoretical
models should be done to elucidate the organisation observed
in the pulsating modes.

All these results demonstrate the usefulness of the large sepa-
ration in δ Sct stars. This separation will allow the determination
of the mean density of one object with this kind of pulsation, re-
gardless of its rotational velocity (this assertion will have to be
confirmed for every rotation rate). This is an affordable method
for the precise study of δ Sct pulsators and a major improvement
in the study and characterisation of, for example, planetary sys-
tems hosting A-F type stars.
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Daszyńska-Daszkiewicz, J., Dziembowski, W. A., & Pamyatnykh, A. A. 2003,

A&A, 407, 999
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