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THE SUN

DOPPLER MAP OF THE SUN

▸ The Sun oscillates with thousands 
of non-radial acoustic (=pressure) 
modes with periods of ~5 minutes. 

▸ They probe the outer layers. 

▸ The Doppler map shows velocities 
of the order of some cm/s. 

▸ Photometric amplitudes of a few 
parts-per-million  
(i.e., 1 ppm = 0.000001 mag)
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THE SUN

THE SUN AS A STAR
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THE SUN

FREQUENCY SEPARATIONS IN THE SUN
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Result: internal sound speed and internal rotation can be 
determined very accurately by means of helioseismic data

Large frequency separation 
Δν 

between frequency  
(n,l) and (n-1, l) 

Small frequency separation 
δν 

between frequency 
(n,l) and (n-1, l+2)



▸ p-modes: equidistant in frequency 
 
ᾶ … constant of order unity 
εnl … small correction ➔ connected to 
   δ𝝂 … small separation 
                                                                                          
   ➔ sensitive to core condensation, i.e., age 
 
Δ𝝂 … large separation = inverse of sound travel  
time for a sound wave from the surface to the core  
and back; c(r) … sound speed 
➔ sensitive to R ➔ good measure of mass

ASTEROSEISMOLOGY

ASYMPTOTIC RELATIONS                                       (TASSOUL 1980, 1990)
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ASTEROSEISMOLOGY

ASYMPTOTIC RELATIONS                                       (TASSOUL 1980, 1990)

▸ g-modes: equidistant in period 
 
𝜫nl … g-mode period 
ε … small constant  
 
𝜫0 is given by 
 
with N … Brunt-Väisälä (buoyancy) frequency: 
   ➔ angular frequency at which a vertically displaced parcel will oscillate  
   within a statically stable environment  
& the integral is over the cavity in which the g-mode propagates 
 
Deviations of the g-mode period spacings are used to diagnose stratification 
in stars (e.g., for γ Doradus pulsators)
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SOLAR-LIKE OSCILLATORS

ASTEROSEISMIC HR (JCD) DIAGRAM

�9

Large frequency separation: measure of sound speed 

Small frequency separation: measure of discontinuities of sound 
speed



▸ Magnetic field 

▸ Evolution of solar dynamo  
with 22-year magnetic cycle 

▸ Flares: eruptive events with  
seconds to hours duration 

▸ Sun Spots 

▸ Activity Cycle of 11 years 

▸ Solar rotation: 27 days 

▸ Solar-like oscillations 

▸ period of ~5min

THE SUN

THE SUN: VARIABILITY TYPES (SO FAR)
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25 

Timescales of Solar Variability 

Solar Cycle (11-years)!

Solar Rotation (27-days)!

XUV 0-7 nm!

H I 121.5 nm!

Flares!

Flares - seconds to hours 
Related to solar solar eruptive 
events due to the interaction of 
magnetic fields on Sun 

Solar Cycle - months to years 
Evolution of solar dynamo with 22-year magnetic 
cycle, 11-year intensity (sunspot) cycle 

Solar Rotation - days to months 
Beacon effect of active regions 
rotating with the Sun (27-days) 
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THE SUN

BUT THE SUN IS JUST ONE SIMPLE STAR…

▸ It does not have a convective core 

▸ It is a slow rotator 

▸ It is relatively unevolved

�11

How do all these results / techniques  
change for other types of stars?



HEAT DRIVEN OSCILLATORS
INTRODUCTION & SELECTED CURRENT 
OPEN QUESTIONS OF



P-MODE PULSATIONS

β CEPHEI STARS
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Stankov et al. (2005)



P- AND G-MODE PULSATIONS

β CEPHEI STARS

▸ spectral types B0.5 - B2 

▸ 7 - 20 solar masses 

▸ Teff from 18 000 - 35 000 K 

▸ periods between 2h and 12h 

▸ low radial order p- and g-modes 

▸ more than 300 members 

▸ dwarfs to giants
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Pamyatnykh, A. (1999)



P- AND G-MODE PULSATIONS

β CEPHEI STARS: 𝛎 ERI
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u
v
b
BRITE B
BRITE R

Handler et al. (2017)

Simultaneous ground-based &
space observations

BRITE and ground-based photometry of ν Eridani 2253

Figure 2. Uppermost panel: spectral window function of the BHr data
only. Second panel: the same, but for the combined red-filter BRITE data.
Third panel: the same, with all red- and blue-filter BRITE data combined.
Fourth panel: spectral window for the ground-based y-filter measurements.
Fifth panel: spectral window for the merged BRITE and ground-based data.

as these are also present in the ground-based data, there is no reason
to doubt their reality.

The final results of the frequency analysis of our ν Eri data, with
the amplitudes determined for the individual filters separately, are
listed in Table 3. This listing contains 40 signals, which is more
than the 32 frequencies pre-whitened in Fig. 3. The additional eight
signals are low-amplitude combination frequencies only. The des-
ignation of the independent frequencies was chosen to be consistent
with JHS and Handler et al. (2004).

The residuals from this solution were searched for other signals
that may be intrinsic to the star. We analysed the amplitude-scaled
residuals in the different filters (whereby the u data were divided by
1.5, the v and B data are divided by 1.05, and the R data are multiplied
by 1.05 to scale them to amplitudes similar to that in the y filter),

and using different combinations of data sets. Even though some
interesting possibilities for further intrinsic pulsation frequencies
offered themselves, we prefer to err on the side of caution and stop
the frequency search at this point.

Nevertheless, it is interesting to note that the residual scatter in
the light curves (6.4 mmag per point in u, 5.2 mmag per point in v,
4.5 mmag per point in y, 5.5 mmag per orbit in B, and 4.2 mmag per
orbit in R) is larger than the precision of the observations. This may
be partly explicable by data reduction imperfections, but residual
intrinsic stellar variability is also likely involved.

4 MO D E ID E N T I F I C ATI O N

BRITE-Constellation was designed to obtain multicolour time
series photometry specifically to provide identifications of the
spherical degree l of the modes of pulsating stars (Weiss et al.
2014). Daszyńska-Daszkiewicz (2008) provided diagnostic dia-
grams to perform such mode identifications from a comparison
of the amplitude ratios and phase shifts between the two BRITE
passbands.

The four strongest modes of ν Eri are, both spectroscopically and
photometrically, uniquely identified (De Ridder et al. 2004; Handler
et al. 2004; Daszyńska-Daszkiewicz & Walczak 2010): the strongest
mode is radial (spherical degree l = 0) and the high-amplitude
triplet consists of dipole modes (l = 1). In Fig. 4, the observed
uvyBR amplitude ratios are compared to theoretical predictions for
the used Strömgren and BRITE passbands for these four modes.

The theoretical amplitude ratios were computed with the method
of Balona & Evers (1999), using the non-adiabatic f parameter
(which is the ratio of the amplitude of the bolometric flux varia-
tions to the radial displacement at the photosphere level) calculated
from theoretical models, and an arbitrary user supplied value of
the pulsational radial velocity variation to be translated to photo-
metric amplitudes. Pulsation modes with non-adiabatic frequencies
between 5.3 and 6.0 d−1 were considered because the amplitude
ratios are sensitive to the radial overtone of the modes. This ap-
proach is in principle the same as that of Daszyńska-Daszkiewicz
(2008), and we have verified that the outcome of our calculations
(based on older model atmospheres) is consistent with hers. The
parameters used for ν Eri are consistent with the seismic models
by Pamyatnykh et al. (2004), i.e. the f parameters were taken from
stellar models of 9.5 and 10 M⊙ in a temperature range of 22000
± 600 K. The results from non-local thermodynamic equilibrium
model atmosphere analysis of ν Eri by Nieva & Przybilla (2012,
Teff = 22000 ± 400 K, log g = 3.85 ± 0.05) are in excellent
agreement with this choice. The ranges in the adopted parameters
translate into the error bars of the theoretical amplitude ratios as
indicated in Fig. 4.

There are no big surprises in the mode identification: the literature
results are confirmed. However, a closer look at the visual amplitude
ratios alone (i.e. excluding the u filter) reveals that for both l = 0 and
l = 1 models predict a steeper increase in amplitude towards shorter
wavelengths than observed. This is better seen in a comparison of
observed and theoretical amplitude ratios and phase shifts for the
optical v/y and B/R filter combinations (Fig. 5) computed with the
same parameters as specified above; we shall discuss this result in
Section 5.

Because of their low amplitudes, identifying the l value of the
remaining modes from our data does not result in an improvement
over results in the literature. We refer to the study by Daszyńska-
Daszkiewicz & Walczak (2010) for observational identifications of
these modes.

MNRAS 464, 2249–2258 (2017)
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P- AND G-MODE PULSATIONS

β CEPHEI STARS: 𝛎 ERI
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Handler et al. (2017)

Total: 40 frequencies 

g-modes: 0.26 - 0.69d-1  

p-modes & mixed modes: 
5.62 - 7.90d-1  

23 combinations: 
f1+f2, f1+f3, f1-f2, f1-f3,…
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Total: 40 frequencies 

g-modes: 0.26 - 0.69d-1  

p-modes & mixed modes: 
5.62 - 7.90d-1  

23 combinations: 
f1+f2, f1+f3, f1-f2, f1-f3,…

BRITE and ground-based photometry of ν Eridani 2257

Figure 5. Identification of the spherical degree of the four strongest pulsation modes of ν Eri from optical filters only. The shaded areas delineate the
theoretically predicted domains of modes depending on their spherical degree (note that some of these are very small), whereas the filled circles with the error
bars are the observed loci of the radial mode f1 and the dipole modes f2–f4.

Moving on to the combination frequencies, our results are mostly
consistent with those by JHS (apart from some amplitude variations)
as far as the first-order combinations are concerned, apart from us
not detecting 2f2, f1 + f5, and f1 − f4, but f1 − f3 instead. We detect
all the higher order combination frequencies as did JHS, and add
five more due to our lower detection limit.

Two δ Scuti-type oscillation frequencies (10.874 and 17.252 d−1 )
originating from the comparison star ξ Eri were reported by JHS;
the lower frequency of them was preliminarily mentioned by Han-
dler et al. (2004). The latter signal can be discerned in our present
ground-based photometry using the same comparison star, but does
not occur at a significant level. We were unable to find the higher fre-
quency variation reported by JHS. We caution that our new ground-
based data are considerably fewer than those reported by JHS, which
may explain these differences.

We reported that the theoretically predicted pulsation amplitude–
wavelength relation in the visual range is steeper than that observed
(Fig. 4). This raises the suspicion that the filter bandpasses we used
for the calculations may be inaccurate. The fact that the effect is
systematic over the visual wavelength range covered by our mea-
surements (4100–6200 Å), i.e. not only one or two filters in the
optical are affected, argues against such an interpretation, however.
The same argument refutes that the problem stems from imperfec-
tions in the data reduction procedure; furthermore, the ground- and
space-based photometry were reduced independently.

Fig. 5 shows the discrepancy more drastically. The comparison
of the theoretical loci of low-l pulsation modes and the observed
ones using combinations of two optical filters only and the observed
positions of the well-identified modes f1–f4 shows some large dis-
crepancies as far as the amplitude ratios are concerned. Using these
diagrams, the radial mode f1 would rather be identified as a dipole,
whereas the l = 1 modes f2–f4 are located where l = 2 modes would
be expected. Since this problem does arguably not originate from
poorly known filter bandpasses, another explanation in physical
terms needs to be sought.

For instance, rapid stellar rotation would change the temperature
and mode amplitude distribution on the stellar surface. Hence, am-
plitude ratios between different filters would become dependent on
the inclination of the rotation axis to the line of sight, the rotation
rate, and the azimuthal order of the modes, and can deviate consid-
erably from the non-rotating case (e.g. Reese et al. 2013). However,
ν Eri is an intrinsically slow rotator (Pamyatnykh et al. 2004) with
a surface rotation period of about 2 months, and such a possibility
can hence be ruled out.

The pulsation amplitudes of ν Eri are relatively high and there-
fore harmonic and combination frequencies are observed. One may
therefore surmise that non-linear effects could modify the ampli-
tudes, which would be unaccounted for by the models used to com-
pute the theoretical amplitude ratios. Indeed, the dominant modes of
another β Cep star with prominent harmonics and combination fre-
quencies, 12 Lac (Handler et al. 2006), also have smaller amplitude
ratios in the optical than theoretically predicted. On the other hand,
stars with weak or no harmonics and combination frequencies with
well-identified oscillations (e.g. IL Vel and KZ Mus; Handler et al.
2003, V2052 Oph, Handler et al. 2012) do not seem to show this
effect, whereas it may be suspected in others (V836 Cen; Dupret
et al. 2004).

Another possibility is that there is a problem with the theo-
retical predictions of the pulsation amplitude versus wavelength
relation. We may, for instance, just have used non-optimal stel-
lar input parameters. However, in such a situation, it would
be hard to understand why the amplitude ratios with respect
to the Strömgren u filter were quite well reproduced. For in-
stance, an incorrectly adopted effective temperature would cause
a systematic change of the predicted amplitude ratios within all
passbands as they are all located in the Rayleigh–Jeans tail of
the stellar spectral energy distribution. We recall that the ef-
fective temperature adopted for our calculations is in perfect
agreement with recent and modern spectral analyses (Nieva &
Przybilla 2012).

MNRAS 464, 2249–2258 (2017)
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Figure 4. Identification of the spherical degree of the four strongest pul-
sation modes of ν Eri. The filled circles with error bars are the observed
amplitude ratios, in order of increasing wavelength u/u, v/u, B/u, y/u, and
R/u. The full lines are theoretical predictions for radial modes, the dashed
lines for dipole modes, the dashed–dotted lines for quadrupole modes, the
dotted lines for ℓ = 3 modes, and the dashed–dot–dot–dotted lines are for
ℓ = 4. The thin error bars delineate the uncertainties in the theoretical
amplitude ratios.

Table 4. Changes in the pulsational amplitudes and frequencies of ν Eri
between the study of JHS and the present one. The values were calculated
as JHS minus present.

ID #f #u #v #y
(10−3 d−1 ) (mmag) (mmag) (mmag)

f1 −0.019 ± 0.012 −4.8 ± 0.3 −2.5 ± 0.2 −2.3 ± 0.2
f2 +0.040 ± 0.015 +1.1 ± 0.3 +0.4 ± 0.2 +0.8 ± 0.2
f3 +0.028 ± 0.017 −0.2 ± 0.3 −0.1 ± 0.2 −0.1 ± 0.2
f4 +0.000 ± 0.019 −0.5 ± 0.3 +0.0 ± 0.2 −0.1 ± 0.2
f5 +1.3 ± 0.4 −2.2 ± 0.3 −1.5 ± 0.2 −1.4 ± 0.2
f6 −0.4 ± 0.3 −1.6 ± 0.3 −0.9 ± 0.2 −1.2 ± 0.2
f7 −1.1 ± 0.2 +0.0 ± 0.3 +0.0 ± 0.2 +0.0 ± 0.2
f8 +1.7 ± 0.4 +0.0 ± 0.3 +0.4 ± 0.2 +0.3 ± 0.2
f9 −0.7 ± 0.4 −0.4 ± 0.3 −0.1 ± 0.2 −0.4 ± 0.2
f10 +0.8 ± 0.4 +0.1 ± 0.3 +0.4 ± 0.2 +0.3 ± 0.2
fA −2.1 ± 0.3 −1.1 ± 0.3 −1.0 ± 0.2 −0.9 ± 0.2

pulsation modes with observational noise, but are intrinsic to the
star. On the other hand, the amplitudes of the f2–f4 triplet appeared
fairly constant, aside from a slight increase of the amplitude of mode
f2 compared to the study by JHS.

We recall that Handler et al. (2004) already argued in favour
of some amplitude variation occurring in the pulsation spectrum
of ν Eri. In this context, it is interesting to note that an amplitude
increase of f1 with respect to the measurements by van Hoof (1961),
analysed by Cuypers & Goossens (1981), had occurred, and that the
relative amplitudes within the f2–f4 triplet had also changed.

As regards the remaining modes, decreases in the amplitudes
of modes f5, f6, and fA are also present at a significant level. The
amplitudes of modes f7 through f10 stayed the same within the errors,
keeping in mind that our error bars likely underestimate the real
uncertainties.

Turning to the independent low frequencies (ν Eri is a hybrid
p- and g-mode pulsator), considerable changes have occurred since
the work of JHS. A previously unknown signal fC now dominates
the low-frequency domain. On the other hand, the low-frequency
signal fB by JHS is no longer detectable at all, and the amplitude
of signal fA has dropped to about 2/3 of its previous value. The
frequency of this signal has also considerably shifted. The biggest
change compared to the results of JHS, however, is the detection of
a total of six new low-frequency independent modes (fC–fH). Had
these signals been present with similar amplitudes in the old data,
most of them would have been detected, as a re-examination of
this data set shows. One may suspect that the appearance of these
g modes may be related to the decrease in amplitude of several of
the p modes, in the sense that the pulsational energy lost by the p
modes became available to raise the amplitudes of these g modes.

The newly detected g modes make it tempting to look for equal
frequency splittings indicative of the rotation rate in the stellar
interior, particular when recalling the result by Pamyatnykh et al.
(2004) that ν Eri rotates some four times more rapidly near the core
than on its surface. However, the theoretically predicted g-mode
frequency spectrum (see, e.g. fig. 6 of Daszyńska-Daszkiewicz &
Walczak 2010) of ν Eri is very dense. Even in the small frequency
region between 0.26 and 0.43 d−1 in which we detected 6 g modes,
models predict 13 radial overtones of l = 1 g modes. Any claim of
rotational splitting in the g-mode domain must therefore remain in
the realm of speculation. On the other hand, it can at the same time
also be speculated that the apparent change in frequency of mode
fA may actually be a manifestation of a different mode present in
the current data set.

MNRAS 464, 2249–2258 (2017)
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star. On the other hand, the amplitudes of the f2–f4 triplet appeared
fairly constant, aside from a slight increase of the amplitude of mode
f2 compared to the study by JHS.

We recall that Handler et al. (2004) already argued in favour
of some amplitude variation occurring in the pulsation spectrum
of ν Eri. In this context, it is interesting to note that an amplitude
increase of f1 with respect to the measurements by van Hoof (1961),
analysed by Cuypers & Goossens (1981), had occurred, and that the
relative amplitudes within the f2–f4 triplet had also changed.

As regards the remaining modes, decreases in the amplitudes
of modes f5, f6, and fA are also present at a significant level. The
amplitudes of modes f7 through f10 stayed the same within the errors,
keeping in mind that our error bars likely underestimate the real
uncertainties.

Turning to the independent low frequencies (ν Eri is a hybrid
p- and g-mode pulsator), considerable changes have occurred since
the work of JHS. A previously unknown signal fC now dominates
the low-frequency domain. On the other hand, the low-frequency
signal fB by JHS is no longer detectable at all, and the amplitude
of signal fA has dropped to about 2/3 of its previous value. The
frequency of this signal has also considerably shifted. The biggest
change compared to the results of JHS, however, is the detection of
a total of six new low-frequency independent modes (fC–fH). Had
these signals been present with similar amplitudes in the old data,
most of them would have been detected, as a re-examination of
this data set shows. One may suspect that the appearance of these
g modes may be related to the decrease in amplitude of several of
the p modes, in the sense that the pulsational energy lost by the p
modes became available to raise the amplitudes of these g modes.

The newly detected g modes make it tempting to look for equal
frequency splittings indicative of the rotation rate in the stellar
interior, particular when recalling the result by Pamyatnykh et al.
(2004) that ν Eri rotates some four times more rapidly near the core
than on its surface. However, the theoretically predicted g-mode
frequency spectrum (see, e.g. fig. 6 of Daszyńska-Daszkiewicz &
Walczak 2010) of ν Eri is very dense. Even in the small frequency
region between 0.26 and 0.43 d−1 in which we detected 6 g modes,
models predict 13 radial overtones of l = 1 g modes. Any claim of
rotational splitting in the g-mode domain must therefore remain in
the realm of speculation. On the other hand, it can at the same time
also be speculated that the apparent change in frequency of mode
fA may actually be a manifestation of a different mode present in
the current data set.
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G-MODE PULSATIONS

SLOWLY PULSATING B (SPB) STARS

�18



G-MODE PULSATIONS

SLOWLY PULSATING B (SPB) STARS

▸ first mentioned by C. Waelkens (1991) 

▸ spectral types B3 - B9 

▸ 2 - 7 solar masses 

▸ multi-periodic variability 

▸ periods ~0.5 - 3d (similar to γ Dors!) 

▸ g-modes of higher order 

▸ need for long time series either from space or from multi-site 
campaigns
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A. Pamyatnykh (1999)



G-MODE PULSATIONS

SPB EXCITATION
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▸ κ-mechanism in the Fe ionization zone 

▸ “Fe opacity bump” at ~200 000K

A. Pamyatnykh (1999)



SPB STARS: EXAMPLE

KIC 10526294 - A KEPLER SPB STAR
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P. I. Pápics et al.: KIC 10526294: rotational splitting of gravity modes in a slowly rotating B star

Fig. 4. Upper panel: zoom-in section showing approximately 1/10th of the reduced Kepler light curve (blue dots, brightest at the top) of
KIC 10526294, and the residuals (grey dots) after prewhitening with a model (red solid line) constructed using all model frequencies – see text for
further explanation. Lower panels from a) to e) The Scargle periodogram of the full Kepler light curve (grey solid line) showing the 346 significant
frequencies (red vertical lines). For clarity reasons, the full frequency range is cut into five di↵erent parts, and the signal from outside the plotted
ranges is prewhitened for each panel. Note the di↵erent scales utilised for these panels.
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ranges is prewhitened for each panel. Note the di↵erent scales utilised for these panels.
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19 equally spaced dipole modes 
with rotationally split tripletsg-modes: almost constant  

period spacing ➔ Prot ~ 190 days

Papics et al. (2014)
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  M = 3.25 ± 0.01 M☉ 

   XC = 0.627 ± 0.001

Moravveji et al. (2015)
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P. I. Pápics et al.: Signatures of internal rotation discovered in the Kepler data of five SPB stars

Fig. 10. Light curves (plotted using grey dots, showing a zoom-in to slightly less than 1/10th of the full data set) and the power spectra (plotted
using red solid lines) of the five SPB stars studied in this paper along with the ones of KIC 10526294 and KIC 7760680 from Pápics et al. (2014,
2015) ordered according to the frequency of maximum power. For further information see Sect. 3.5.

Fig. 11. Histogram of the distribution of frequency pairs in the fre-
quency analysis of KIC 3459297, calculated using a bin width of 2.5/T
taking into account all statistically significant frequencies (grey solid
line), or only a subset of frequencies where weaker signal from within
2.5/T of the stronger peaks was excluded (black solid line). The three
values that are mentioned in the text are marked with black triangles.

that none of the higher amplitude peaks in the low frequency
region were identified as combinations to start with.

3.4.3. KIC 6352430 A

The full reduced Kepler photometry of KIC 6352430 A covers
1459.5 d (compared to the 1141.5 days that were available in
Pápics et al. 2013) and contains 65 478 data points (with a duty
cycle of 91.7%). The Rayleigh limit is 1/T = 0.000685 d�1. The
iterative prewhitening was stopped after the removal of 858 sig-
nificant frequencies, which resulted in a variance reduction of

Table 9. Fourier parameters (periods, frequencies, amplitudes, and
phases) of the two extra possible period series of KIC 4930889.

# p f A ✓ S/N
d d�1 ppm 2⇡/rad

1 2.9324(3) 0.34102(4) 3.4(4) ⇥ 102 0.5(1) 13.2
2 3.1502(5) 0.31744(5) 1.9(3) ⇥ 102

�0.4(1) 8.3
3 3.3806(7) 0.29580(6) 1.2(2) ⇥ 102 0.0(2) 7.0
4 3.660(1) 0.27325(7) 7(1) ⇥ 101 0.2(2) 4.4
5 4.0090(5) 0.24944(3) 4.7(4) ⇥ 102 0.09(8) 17.0
6 4.462(1) 0.22413(5) 1.4(2) ⇥ 102

�0.5(1) 7.1
7 4.983(1) 0.20069(5) 1.7(2) ⇥ 102

�0.4(1) 8.3
8 5.5877(6) 0.17897(2) 9.2(5) ⇥ 102

�0.45(5) 27.5
9 6.4294(9) 0.15554(2) 7.3(4) ⇥ 102 0.02(6) 22.5
10 7.605(2) 0.13149(4) 2.7(3) ⇥ 102 0.2(1) 11.2
11 9.146(4) 0.10934(5) 1.5(2) ⇥ 102 0.4(1) 7.4
12 11.587(4) 0.08631(3) 5.1(4) ⇥ 102

�0.45(7) 17.9
1 2.9896(3) 0.33450(4) 3.3(3) ⇥ 102

�0.4(1) 12.2
2 3.2150(5) 0.31104(5) 1.8(3) ⇥ 102 0.1(1) 8.3
3 3.4847(6) 0.28697(5) 1.5(2) ⇥ 102 0.3(1) 7.5
4 3.7710(8) 0.26518(6) 1.4(2) ⇥ 102 0.2(1) 7.5
5 4.136(1) 0.24175(6) 1.3(2) ⇥ 102

�0.3(2) 7.0
6 4.573(1) 0.21866(7) 8(1) ⇥ 101 0.5(2) 4.8
7 5.173(2) 0.19330(7) 8(1) ⇥ 101 0.1(2) 4.9

Notes. The S/N values shown are calculated in a window of 1 d�1 cen-
tred on the given frequency. Numbers in parentheses are the formal er-
rors of the last significant digit.

99.9%. The average signal levels in the original and residual light
curve are 55.8–52.6–6.2–5.1–4.8 ppm and 5.4–3.6–0.9–0.6–0.3
ppm, measured in 2 d�1 windows centred on 1, 2, 5, 10, and
20 d�1, respectively.
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Fig. 1. Kiel diagram of a sample of B-type stars near the main sequence, for which an in-depth seismic data analysis is available, observed
by CoRoT (circles) and Kepler (squares). The new SPBs from this paper are plotted with diamonds. Stars analysed or revisited in this paper
are labelled using their full names, while for the others we use the following annotations: C1 – HD 48977, C2 – HD 43317, C3 – HD 50230 A,
C4 – HD 50846 A, C5 – HD 182198, C6 – HD 181440, C7 – HD 46179, C8 – HD 174648, C9 – HD 174884 AB, K1 – KIC 4931738 AB, K2 –
KIC 10526294, and K3 – KIC 7760680. The dot-dashed line represents the zero-age main sequence (ZAMS), while the dashed line indicates the
terminal-age main sequence (TAMS). The cool edge of the �Cep instability strip is plotted with a dotted line (for the ` = 0 modes). The thin
grey solid lines denote evolutionary tracks for selected masses. Isochrones from 20 to 28 Myr and isoradii corresponding to integer multiples of the
Solar radius are plotted using thin dashed and dotted grey lines, respectively. The instability strip of SPB stars is defined as the region where the
sum of excited ` = 1 plus ` = 2 gravity modes is at least three, and it is shown in colours ranging from purple (3 excited modes) to bright yellow
(63 excited modes). All model data were taken from Moravveji (2016) for Z = 0.014, the Asplund et al. (2009) mixture, an exponential core
overshoot of fov = 0.02, and opacity enhancement factors for iron and nickel of �Fe = 1.75 and �Ni = 1.75. Di↵erent error bars reflect di↵erences
in data quality and methodological approach.

Table 2. Fundamental parameters and basic observable properties of
KIC 3459297.

Parameter KIC 3459297
Te↵ (K) 13 430 ± 250
log g (cgs) 3.8 ± 0.1
[M/H] �0.14 ± 0.21
v sin i (km s�1) 109 ± 14
⇠t (km s�1) 2 (fixed)
Spectral type B6.5 IV
↵2000 19h40m54s.458
�2000 + 38�3405000.38
Kepler mag. 12.554

Notes. Spectral type were determined based on Te↵ and log g values
using an interpolation in the tables given by Schmidt-Kaler (1982).
Observable properties are from the Kepler Mission Team (2009).

2.1.3. KIC 9020774

Its low brightness (with Kepler mag. = 15.091, the dimmest
source in our GO sample) limited the precision of our analy-
sis, but the fundamental parameters derived from the spectral

synthesis (see Table 4, and Fig. 6) strongly suggest that
KIC 9020774 is a young B star.

2.1.4. KIC 11971405

Spectroscopy of KIC 11971405 revealed that the star is a fast ro-
tator near the middle of the SPB instability strip (see Table 5, and
Fig. 7) with a projected rotational velocity of ⇠240 km s�1, which
is the highest from the stars in our GO sample. Furthermore, the
stellar spectrum shows very weak emission features near the core
of the H↵ line (6563 Å), and changes over time (see Fig. 8). The
emission component in H↵ is extremely weak; it appears only as
two small bumps inside the absorption line around the core and it
is not visible in any other Balmer line. Nevertheless, this grants
the spectral classification of Be (for a review, see Rivinius et al.
2013). We present, in Sect. 3.4.5, that the star showed small pho-
tometric outbursts during the nominal Kepler Mission, which
strengthens this classification. The exposures taken in October
2010 (before the start of the photometric outbursts) show ex-
cess absorption around the Mg ii lines at 4481 Å and 4534 Å
compared to the observations from 2015 (after the start of the
outbursts). These features consist of a broader and narrower ab-
sorption component. We checked whether these features could
be from external contamination (e.g. of telluric origin), but the

A74, page 4 of 21
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HD 261810:
~180km/s
HD 48012:
~225km/s

v sini

Zwintz et al. (2017)



OPEN QUESTIONS

VARIOUS MIXING PROCESSES & THEIR IMPACT

▸ Precision of stellar structure and evolution models for 
massive stars limited by lack of understanding of various 
internal mixing processes 

▸ e.g., core overshooting, chemical mixing, internal differential 
rotation 

▸ significant influence on stellar lifetimes
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▸ 1.2 - 2.5 solar masses 

▸ κ-mechanism in the 2nd partial ionization zone of He 

▸ radial and non-radial pulsations 

▸ mixed modes 

▸ periods: 18 min - 8 h  

▸ subclasses: λ Bootis stars, pulsating Am stars 

▸ anomalous chemical abundances 

▸ thousands of frequencies found with space data 

▸ explanations e.g., granulation, rotationally split frequencies, linear 
combinations…

�29

δ SCUTI STARS

P-MODE PULSATIONS
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E. Poretti et al.: HD 50844: a new look at δ Sct stars from CoRoT space photometry 87

Fig. 2. Examples of the light curve of HD 50844 observed by CoRoT. The lower panel is a zoom-in of a region of the upper panel.

Table 1. Summary of the frequency detection.

Detected Amplitude Residual rms SNR sig
frequencies [mmag]

0 – 13.63 – –
1 15.45 8.14 2060.5 4526.4

20 0.64 2.85 85.5 175.6
60 0.28 2.03 37.4 66.3

100 0.20 1.74 26.7 46.9
200 0.12 1.34 16.0 29.7
300 0.09 1.11 12.0 23.4
500 0.06 0.83 8.0 18.3
750 0.04 0.61 5.3 15.7

1000 0.03 0.48 4.0 12.6

20–30 d−1 region is populated by the frequencies detected after
the first 300.

It is worthwhile investigating how the detection of so many
frequencies modifies the light curves. Figure 5 shows the light
curve of HD 50844 at different stages of prewhitening. The
multiperiodic nature of the original data (first panel) is obvi-
ous. For instance, the sine wave of the predominant frequency
is almost cancelled by interference with other terms between
HJD 2454159.5 and 2454159.6. Variability is still evident af-
ter removing 100 frequencies. This is an important step for-
ward compared to previous ground-based and space observa-
tions. Also long-term oscillations are noticed at this level. After
removing 250 frequencies, the residual light curve shows oscil-
lations whose periods are around 0.05 d (∼20 d−1; third panel).
After removing even more frequencies, the oscillations progres-
sively become more rapid and periods about 0.03 d (∼33 d−1)
are visible in the fourth and fifth panels of Fig. 5. This is another
reflection of the distribution tail observed in the third panel of
Fig. 4. It is quite evident that oscillations are still present after
subtraction of 1000 terms. As shown in the last two columns
of Table 1, after 1000 frequencies the SNR is around 4.0 and the
Spectral Significance parameter (“sig”) of the SigSpec method is

Fig. 3. For comparison purposes, the top panel shows the amplitude
spectrum of the rotational variable HD 292790. This star has been ob-
served by CoRoT simultaneously to HD 50844. The amplitude spectra
of HD 50844 shown in the other panels indicate the extreme richness of
the pulsational spectrum of this δ Sct star: up to 1000 peaks are needed
to make the residual spectrum of HD 50844 comparable to the original
one of HD 292790.

around 12.6. The former is considered the acceptance limit in the
frequency search algorithms such as Period04, while the latter is
still above the threshold of the SigSpec method, i.e., 5.46. In a
conservative way, we decided to stop the frequency search at this
point, as it becomes more and more difficult to resolve new terms
within our frequency resolution.

Poretti et al. (2009)

HD 50844:  
CoRoT Initial Run (T~57.6d)
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E. Poretti et al.: HD 50844: a new look at δ Sct stars from CoRoT space photometry 87

Fig. 2. Examples of the light curve of HD 50844 observed by CoRoT. The lower panel is a zoom-in of a region of the upper panel.

Table 1. Summary of the frequency detection.

Detected Amplitude Residual rms SNR sig
frequencies [mmag]

0 – 13.63 – –
1 15.45 8.14 2060.5 4526.4

20 0.64 2.85 85.5 175.6
60 0.28 2.03 37.4 66.3

100 0.20 1.74 26.7 46.9
200 0.12 1.34 16.0 29.7
300 0.09 1.11 12.0 23.4
500 0.06 0.83 8.0 18.3
750 0.04 0.61 5.3 15.7

1000 0.03 0.48 4.0 12.6

20–30 d−1 region is populated by the frequencies detected after
the first 300.

It is worthwhile investigating how the detection of so many
frequencies modifies the light curves. Figure 5 shows the light
curve of HD 50844 at different stages of prewhitening. The
multiperiodic nature of the original data (first panel) is obvi-
ous. For instance, the sine wave of the predominant frequency
is almost cancelled by interference with other terms between
HJD 2454159.5 and 2454159.6. Variability is still evident af-
ter removing 100 frequencies. This is an important step for-
ward compared to previous ground-based and space observa-
tions. Also long-term oscillations are noticed at this level. After
removing 250 frequencies, the residual light curve shows oscil-
lations whose periods are around 0.05 d (∼20 d−1; third panel).
After removing even more frequencies, the oscillations progres-
sively become more rapid and periods about 0.03 d (∼33 d−1)
are visible in the fourth and fifth panels of Fig. 5. This is another
reflection of the distribution tail observed in the third panel of
Fig. 4. It is quite evident that oscillations are still present after
subtraction of 1000 terms. As shown in the last two columns
of Table 1, after 1000 frequencies the SNR is around 4.0 and the
Spectral Significance parameter (“sig”) of the SigSpec method is

Fig. 3. For comparison purposes, the top panel shows the amplitude
spectrum of the rotational variable HD 292790. This star has been ob-
served by CoRoT simultaneously to HD 50844. The amplitude spectra
of HD 50844 shown in the other panels indicate the extreme richness of
the pulsational spectrum of this δ Sct star: up to 1000 peaks are needed
to make the residual spectrum of HD 50844 comparable to the original
one of HD 292790.

around 12.6. The former is considered the acceptance limit in the
frequency search algorithms such as Period04, while the latter is
still above the threshold of the SigSpec method, i.e., 5.46. In a
conservative way, we decided to stop the frequency search at this
point, as it becomes more and more difficult to resolve new terms
within our frequency resolution.

Poretti et al. (2009)

HD 50844:  
CoRoT Initial Run (T~57.6d)

Large number of formally  
significant frequencies
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Table 2.1: Summary of the characteristics of the CoRoT photometric data set

CoRoT Valid data Duty Total Frequency Nyquist
run points cycle length resolution frequency

LRa05 223 146 87.5% 94 days ⇠ 0.01059 d�1 1320.91 d�1

(a) (b)

Figure 2.2: Two subsets of the CoRoT light curve of HD 41641.

presents and Table 2.1 summarizes the characteristics of the data set, i.e. the name of the
run during which it was obtained, the number of valid points, the duty cycle, the total
length of the data set, T, the frequency resolution (1/T) that it implies and the Nyquist
frequency which will be explained in the next section.

2.3 Frequency analysis

2.3.1 Extraction of oscillation frequencies

The software package Period04 (Lenz & Breger, 2005), which is based on classical Fourier
Analysis Techniques, was used to identify the oscillation frequencies of HD 41641. A har-
monic model function is fitted to the data assuming that the light curve can be described
as a combination of sinusoidal functions. Period04 allows statistical analyses of large time
series and the extraction of individual frequencies by analyzing the frequency spectrum
of the data set.

In the case of photometric data, the light curve is studied in Fourier space and its
spectrum will be observed to present several peaks at frequencies of detected periodici-

Escorza et al. (2016)

CoRoT space observations (T ~ 90d) 
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the end of the list, it can mean the di↵erence between being considered statistically signif-
icant or not. Several box values were tested for the last frequencies but in our particular
case, the first not-included frequency had S/R < 4.0 independently of the box size while
the last frequency that was considered significant was also significant for all the di↵erent
box sizes tested.

In Appendix A, the complete list of extracted frequencies is presented together with
the amplitudes and phases obtained from the least-squares fitting performed with Pe-
riod04. The numbers in brackets indicate the uncertainty associated to the last decimal
digit presented. These were computed with the following formulae (Aerts et al., 2010),

�⌫ =

p
6�N

⇡
p
NAT

, �A =

r
2

N
�N , �� =

�N

⇡
p
2NA

, (2.2)

where N is the number of data points, �N is the average error on those and T is the total
time covered by the data set. It is important to be aware of the fact that these formulae
are only valid for the case of uncorrelated white Gaussian noise and must therefore be
considered as too optimistic when working with real data.

In total, 90 frequencies have S/N > 4.0. After checking that alias frequencies related
to the CoRoT orbital frequency were not present in the list, Figure 2.4 shows a noise-free

Figure 2.4: Power spectrum of the 90 detected oscillation frequencies of HD 41641.

90 significant 
frequencies
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Figure 2.6: Low frequency range of the power spectrum of HD 41641. The fifth peak of the
observed harmonic series is added in red as it was found not to fulfill the significance criteria
(S/N ⇠ 3.0).

was named F24 in the list. There are two important characteristics of the series that
should be mentioned. One is that the peak which appears with the highest amplitude
(7th in amplitude considering the complete list of found frequencies) is the second one
(F7=2*F24) instead of F24 itself. The second one is that the fifth multiple of F24 is
missing probably due to a low signal-to-noise ratio.

As a first step before trying to analyze these low frequencies, the missing fifth peak
was searched. As the expected value is approximately known, in order to look for it in
an e�cient way, the described analysis was repeated but applied only to a range between
0 and 1 d�1. A value of 0.8902 ± 0.0002 was found with S/R ⇠ 3.0 and was included in
red in Figure 2.6.

Low frequencies detected in � Sct stars outside the p-mode range can have di↵erent
explanations. The first one is that they can simply be caused because of combinations
between peaks that are present at higher frequencies. This was checked (see Section 2.3.3)
and relations were not found to explain the presence of all these peaks within the error
bars which were established to perform the analysis. In addition, this situation could
generate random low frequency peaks but it is not probable that they appear as a com-
plete series of harmonics as it happens here. These frequencies could also be g-modes,
typical � Dor frequencies that would make the target to be a hybrid pulsator instead of

CHAPTER 2. COROT SPACE PHOTOMETRY 27

already mentioned, the error estimates presented in Equation (2.2) are lower limits for
these errors. They were hence considered as lower limits for the uncertainties in the search
for regularities.

There is also a theoretical limit for the frequency resolution known as the Rayleigh

criterion. It associates a much bigger error to each frequency that equals the frequency
resolution, �R = 1/T, where T is the total length of the data set (see Table 2.1). This
is just a rough estimate of the reachable accuracy because it does not take into account
the signal-to-noise ratio of the amplitudes and the noise level of the data. Within 1/T,
two di↵erent frequencies could be considered to be the same and many spurious frequency
relations could be detected. For this data set, �R = 0.01059 d�1 while the average error
computed with the Equations (2.2) is about 0.00005 d�1. There is a wide range of pos-
sibilities between these two limits that was carefully inspected in the course of our analysis.

First, combinations of frequency peaks were searched. As it was said, a frequency,
Fi, was considered to appear due to the combination of two (or more) others when the
di↵erence between that frequency and the result of the sum of the others (Fj + Fk) was
smaller than the combination of the errors �F computed by error propagation as indicated
in Equation (2.3):

Figure 2.9: � Sct p-mode frequencies of HD 41641.

p-modes

combination  
frequencies

low frequencies - origin? 

spots, binary, magnetic field?
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Figure 2.11: Study of the amplitude variability of the eight highest peaks.

in Section 2.3.2. Hence, the only frequency peak with completely unknown origin can be
now justified to appear due to the periodic variation of the amplitude of F4. It would be
interesting to have a longer data set to be able to cover more than one period and study
this strong variation.

Amplitude Variability
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p-mode triplets & 
quintuplets

15 g-mode triplets

Prot ~ 100 days
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Kurtz et al. (2014)Period spacings decrease 
as the star evolves 

➔ Measurement of “stellar age”

KIC 11145123:  
TAMS contraction phase
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Figure 2.11: Left-hand side: Echelle diagram of a 2.30 M� star, radius = 2.62 R� without
rotation. Right-hand side: same star with v sin i = 100 km/s, minimum rotational splitting
about 8.7 µHz.

produce a series of frequencies that look like a single multiplet from a minimally-split

` mode, hence the confusion that can abound.

With the above tests and techniques in place, analysis of individual stars can now

proceed.

36

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000

 0  5  10  15  20  25  30  35  40  45

F
re

q
u

e
n

c
y

 (
µ

H
z)

Folded Frequency (µHz)

l=0
l=1
l=2
l=3

 100

 200

 300

 400

 500

 600

 700

 800

 900

 1000

 0  5  10  15  20  25  30  35  40  45

F
re

q
u

e
n

c
y

 (
µ

H
z)

Folded Frequency (µHz)

l=0
l=1
l=2
l=3

Figure 2.11: Left-hand side: Echelle diagram of a 2.30 M� star, radius = 2.62 R� without
rotation. Right-hand side: same star with v sin i = 100 km/s, minimum rotational splitting
about 8.7 µHz.

produce a series of frequencies that look like a single multiplet from a minimally-split

` mode, hence the confusion that can abound.

With the above tests and techniques in place, analysis of individual stars can now

proceed.
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Identification of pulsation modes complicated because of 
‣ amplitude & phase variability 
‣ magnetic field 
‣ rotation 
‣ mode coupling etc.


