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Frequency content 

u  SRc01 = 27 days 
u  1/ΔT = 0.037 d-1 

u  185 frequencies 

u  37 possible 
combinations: 

Fi = Fa+b 

(Fa+b ≡ Afa+BFb) 

è Only 12 possible 
combinations within 1σ 10 20 30 40 50 60 70 80
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¨  Not simultaneous with CoRoT 
¨  53 days with 341 spectrograms: 

¨  Physical parameters: LSD method, SME code, 
FAMIAS code, etc… 

Spect. # R Nº nights Observatory Exp. time 

HARPS 104 80000 12 ESO-La Silla 1200 s 

FOCES 155 65000 21 Calar Alto 900 s 

SOPHIE 81 75000 9 Haute Provence 700s 
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Fig. 3. Average of the LSD profiles (upper panel). Lower panel: r.m.s.
standard deviation of the individual LSD profile with respect to the av-
erage one (black); residual standard deviation after the fit of the detected
terms (red).

Table 2. Physical parameters of HD174966.

Parameter Value Reference
< V > 7.698 ± 0.002 GAUDI
(b ! y)0 0.142 ± 0.001 GAUDI
Eb!y 0.006 ± 0.003 GAUDI
m0 0.187 ± 0.002 GAUDI
c0 0.848 ± 0.007 GAUDI
! 2.796 ± 0.001 GAUDI

v ·sin i 126.1 ± 1.2 This work
Te! 7555 ± 50 This work
log g 4.21 ± 0.05 This work
[Fe/H] !0.08 ± 0.10 This work
M 1.70 ± 0.20 M" This work
R 1.70 ± 0.20 R" This work

L(R,T) 8.5 ± 2.0 L" This work

technique (Donati et al. 1997) with values between !300 and
+300 km s!1 with a 2 km s!1 step. The spectral region between
4140 and 5670 Å was used when calculating the LSD profiles,
taking care to omit the regions containing hydrogen lines. The
median S/N ratios of these profiles, as computed from the dis-
persion 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 top and bottom panels respectively of
Fig. 3. From the first three zeros of the Fourier transform 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
multicolour Strömgren photometry. The analysis of the uvby!
photometry supplied the (preliminary) parameters: Te! = 7637±
200 K, log g = 4.03 ± 0.20 dex and [Fe/H] = !0.11 ± 0.20 dex
(Moon & Dworetsky 1985); very useful in the exploratory work
for target selection, but the subsequent HARPS monitoring al-
lowed 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 stel-
lar spectrum by means of the SME code (Valenti & Piskunov
1996). In particular, the regions around H", H!, H#, MgI 5180
triplet, 5300-5340 Å, and 4560-4795 Å were separately fitted.
The Te!, log g, and [Fe/H] values thus obtained are listed in
Table 2 with their internal errors. These HARPS values agree
with those supplied by Strömgren photometry and with those
from the ELODIE spectrum (both from the GAUDI archive)
within the respective error bars.

The Te! = 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 Te!, 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± 0.1M"; Schaller et al. 1992) and the uvby!H! cal-
ibration (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 sub-
sequent analysis of the line profile variations. An HR diagram
showing a model evolutionary track with the parameters adopted
is plotted in Fig. 4. We also estimated that the radial fundamen-
tal mode frequency is 17.3± 2.5 d!1 (Eq. 6 in Breger 2000) and
we 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 perfect agree-
ment with that obtained from the Fourier transform. Assuming
R = 1.8 R", this value corresponds to a break-up rotational ve-
locity of 424 km s!1, which supplied the important constraint
i > 17.5#.

3.3. Line profile variations (LPV)

We analysed the line-profile variations of the time series consist-
ing of 341 LSD profiles using the pixel-by-pixel Least-Squares
approach described byMantegazza et al. (2000) and by the pixel-
by-pixel Fourier technique (Zima 2006). In the analysis we con-
sidered the part of the profile between !119 and +135 km s!1.

4 http://sdc.cab.inta-csic.es/gaudi/
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i = 62.5º (45º-70º) 

è v = 142 km·∙s-1 (178-134 km·∙s-1) 

Ω/ΩC = [0.21, 0.34] ΩC = (G·∙M/R3)1/2 
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tion and the rotational splitting, are still identifiable in the fre-
quency distribution (Lignières et al. 2006, 2010). This is the rea-
son for searching patterns and structures within the periodogram
of HD174966.

6. Quasiperiodic patterns within the frequency
spectrum

To search for periodicities in the frequency set of HD174966,
we used the same Fourier analysis as in GH09.

An ideal periodic pattern is represented as a series of equally
spaced Dirac deltas, i. e., a Dirac comb. The Fourier transform
(FT) of a Dirac comb is another Dirac comb with inverse period-
icity 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 (be-
cause the number of frequencies is finite):

F(!) = !T (!) · !(!). (1)

Where !T (!) is the Dirac comb function with a periodicity
of T and !(!) is the rectangular function. Then, the FT is:

F (t) =
! "
"

!T (!) · !(!) · e#2"i!td! = !1/T $ sinc(t). (2)

Due to the rectangular function, the form of the FT is not a
perfect Dirac comb, but a convolution with a sinc function. The
side lobes originated by the sinc hinder the identification of the
periodicity. In addition, other characteristics of a true frequency
spectrum make the identification di"cult. A pattern with a non-
exactly periodicity (quasiperiodic), frequencies not belonging to
the pattern or some values missing would produce broadened
peaks, spurious peaks (“noise” in the FT), less powerful sub-
multiples, etc.

We applied the method to the frequency spectrum of
HD174966. 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 subsets
of frequencies, namely subsets with the 30, 60 and 114 highest
frequencies, and a subset including all of them, for which we did
not included the close peaks above 0.2 d#1 = 2.32 µHz (peaks
below this limits should not have important e#ects in the FT).
Each subsequent subset contains the previous one. The main as-
sumption 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 assumption is supported but the LPV
analysis (see Sec. 3.3), despite the possible inaccuracy of the
mode identification method. The periodicity appears, above all,
in the FTs of the subsets including a relatively low number of
frequencies (30 and 60). We calculated the FT and presented the
result in an inverse scale of time, to obtain a value of the period-
icity in µHz.

We identify a peak as the periodicity of a pattern when the
value and its sub-multiples6 are found. As illustrated in Fig. 7,
we identified a pattern with a periodicity of % 64 µHz (5.53 d#1)
6 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.
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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, 150 and 172 (all the peaks except
the close ones greater than 0.2 d#1 = 2.32 µHz) highest amplitude fre-
quencies, respectively. The peak corresponding to the large separation
(% 64 µHz) and its sub-multiples are labelled (see text).

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. And even when we do not use the 12 peaks
which might be combinations, the value of the periodicity does
not change appreciably. These facts assure that the pattern is real.

6.1. Large separation or rotational splitting structure?

The main question arising from the result in the previous section
is the origin of the periodic pattern. Usually, the presence of a
periodicity have been associated to the so-called large separa-
tion structure, that 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
$ Scuti stars pulsations locate.

In GH09 we proposed that the origin of the periodicity
could be linked to the large separation defined as usual: !!# =
!n+1,# # !n,#, although out of the asymptotic regime. Fig. 4 on
GH09 showed a plot of !n,# vs. !! for a non-rotating model.
!! increases with the frequency within the typical range of ob-
served frequencies in $ Scuti stars: ! & 1000 µHz. However,
within the interval [100, 600] µHz (this interval depends on the
physical characteristics of the star and on the age), !! brings 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 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 have
been also associated with the rotational splitting, which, for low
rotation rates, forms multiplets with a periodicity equal to the
rotational velocity. However, for large rotation values, multiplets
become non-regular (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
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¨  Theory: 

¨  Method: 
¤ Visibility of the modes decrease with L (spherical 

degree) 
¤ Subsets of the highest frequencies 
¤  Identify periodicity and multiples 
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tion and the rotational splitting, are still identifiable in the fre-
quency distribution (Lignières et al. 2006, 2010). This is the rea-
son for searching patterns and structures within the periodogram
of HD174966.

6. Quasiperiodic patterns within the frequency
spectrum

To search for periodicities in the frequency set of HD174966,
we used the same Fourier analysis as in GH09.

An ideal periodic pattern is represented as a series of equally
spaced Dirac deltas, i. e., a Dirac comb. The Fourier transform
(FT) of a Dirac comb is another Dirac comb with inverse period-
icity 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 (be-
cause the number of frequencies is finite):

F(!) = !T (!) · !(!). (1)

Where !T (!) is the Dirac comb function with a periodicity
of T and !(!) is the rectangular function. Then, the FT is:

F (t) =
! "
"

!T (!) · !(!) · e#2"i!td! = !1/T $ sinc(t). (2)

Due to the rectangular function, the form of the FT is not a
perfect Dirac comb, but a convolution with a sinc function. The
side lobes originated by the sinc hinder the identification of the
periodicity. In addition, other characteristics of a true frequency
spectrum make the identification di"cult. A pattern with a non-
exactly periodicity (quasiperiodic), frequencies not belonging to
the pattern or some values missing would produce broadened
peaks, spurious peaks (“noise” in the FT), less powerful sub-
multiples, etc.

We applied the method to the frequency spectrum of
HD174966. 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 subsets
of frequencies, namely subsets with the 30, 60 and 114 highest
frequencies, and a subset including all of them, for which we did
not included the close peaks above 0.2 d#1 = 2.32 µHz (peaks
below this limits should not have important e#ects in the FT).
Each subsequent subset contains the previous one. The main as-
sumption 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 assumption is supported but the LPV
analysis (see Sec. 3.3), despite the possible inaccuracy of the
mode identification method. The periodicity appears, above all,
in the FTs of the subsets including a relatively low number of
frequencies (30 and 60). We calculated the FT and presented the
result in an inverse scale of time, to obtain a value of the period-
icity in µHz.

We identify a peak as the periodicity of a pattern when the
value and its sub-multiples6 are found. As illustrated in Fig. 7,
we identified a pattern with a periodicity of % 64 µHz (5.53 d#1)
6 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.
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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, 150 and 172 (all the peaks except
the close ones greater than 0.2 d#1 = 2.32 µHz) highest amplitude fre-
quencies, respectively. The peak corresponding to the large separation
(% 64 µHz) and its sub-multiples are labelled (see text).

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. And even when we do not use the 12 peaks
which might be combinations, the value of the periodicity does
not change appreciably. These facts assure that the pattern is real.

6.1. Large separation or rotational splitting structure?

The main question arising from the result in the previous section
is the origin of the periodic pattern. Usually, the presence of a
periodicity have been associated to the so-called large separa-
tion structure, that 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
$ Scuti stars pulsations locate.

In GH09 we proposed that the origin of the periodicity
could be linked to the large separation defined as usual: !!# =
!n+1,# # !n,#, although out of the asymptotic regime. Fig. 4 on
GH09 showed a plot of !n,# vs. !! for a non-rotating model.
!! increases with the frequency within the typical range of ob-
served frequencies in $ Scuti stars: ! & 1000 µHz. However,
within the interval [100, 600] µHz (this interval depends on the
physical characteristics of the star and on the age), !! brings 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 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 have
been also associated with the rotational splitting, which, for low
rotation rates, forms multiplets with a periodicity equal to the
rotational velocity. However, for large rotation values, multiplets
become non-regular (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
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¨  Inexact pattern: 
¨  missing frequencies 
¨  peaks not in the pattern 

¨  FT with: 
¨  spurious peaks 
¨  less powerful 

submultiples 
¨  broadened peaks 

¨  Inverse scale 
¨  Periodicity = 64 μHz 
¨  Submultiples 
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Periodic patterns: Δν or Ω? 

¨  Δν:
¤  Even at high rotations 

(Lignières et al. 2006) 
¤  Pattern (Dirac comb) 
¤ More sensible for FT 

¨  Ω: 
¤ Multiplets non-regulars 

(Soufi et al. 1995, 
Suárez et al. 2006) 

¤  Frequency spacing 
(Lignières et al. 2010) 

¤ Máx. splitting= 29 μHz 

0 1 2 3 4 5 6

0

10

20

30

40

50

Frequency mod 5.616 d 1

Fr
eq

ue
nc

y 
(d

1 )

0 10 20 30 40 50 60 70
0

100

200

300

400

500

600

Frequency mod 65 µHz

Fr
eq

ue
nc

y 
(µ

H
z)

March 21, 2013 
11th CoRoT Week 

8 

Periodic patterns: a "new" observable for δ Scuti stars?: HD174966 
A. García Hernández 

Echelle diagram 
for the 30 highest amplitude frequencies 
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¨  Reese et al. 2013, private 
communication 

¨  2 M¤ SCF models: 
¤  OPAL opacities 
¤  EOS: Eggleton et al. (1973) 
¤  Nuclear rates: Caughlin & 

Fowler (1988) 
¤  αMLT = 1.9 
¤  Chemically homogeneous 
¤  Uniform rotation 

¨  n = 5-10 
¨  Δν simple function of ρ 
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¨  Δν decreases with Ω	

¨  But only 0.2 d-1 (2.3 µHz) in 

the range [0, 0.4] Ω/Ωc 

➡  We can use non-rotating 
models to derive ρ  
¨  Not R, L, logg… 
¨  M? 
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¨  Model discrimination: Δν = 65±2.5 µHz 
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Table 1. Table summarizing the range of validity of the physical quan-
tities of HD 174966 obtained using the di!erent methods discussed in
this work.

Method Spectroscopic box Using "!
Te! (K) [7505, 7605] [7505, 7605]

log g [4.16, 4.26] [4.19, 4.25]
[Fe/H] [-0.18, +0.02] [-0.18, +0.02]
"ML [0.5, 1.0] [0.5, 1.0]
dov [0.1, 0.3] [0.1, 0.3]

M (M!) [1.49, 1.58] [1.49, 1.55]
R (R!) [1.50, 1.73] [1.53, 1.65]
L (L!) [6.47, 8.92] [6.73, 8.01]

 # (g cm"3) [0.43, 0.62] [0.49, 0.59]
Age (My.) [826, 1306] [906, 1206]

Xc [0.4105, 0.5676] [0.4534, 0.5478]

2

• Model database: 
•  Non-rotating 
•  CESAM eq. models 
•  Non-adiabatic freqs. 

(GRACO) 
• M=[1.25, 2.20] Msol 
•  [Fe/H]=[-0.52, 0.08] dex 
•  αMLT=[0.5, 1.5] dex 
•  dov=[0.1, 0.3] dex 
•  L = [0, 3] 



Δν as an observable 

¨  Mode identification? 
¤  Rotating models (2nd 

order perturbative 
approx., FILOU): 
n  Different range 
n  Not full rotation 
n  “Casual” patterns 
n  Only island modes 

¨  Amplitude ratios (Reese 
et al. 2013A&A...550A..
77R) 

¨  Paparó (following talk) 
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¨  Δν with high precision for δ Sct stars (high rotation) 
¨  Non-rotating models è information about the star 
¨  ρ determination with ~9% uncertainty 

¨  No assumption about Ω of the star (up to ~0.4ΩC) 
¨  Definitely, a complementary observable 
¨  Up to now, non-reliable mode identification 


