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Outlines

• Why distance measurements for Binary stars are 
important?


• What is the main question we tried to answer in this 
field?


• What is the steps we followed to answer this main 
question (the methodology)?


• Presenting some of the main results and non-
expected issues


• What are our future steps to take to answer the new 
questions and the first ones?

1. What are stellar global pulsations ( and Asteroseismology)?


2. What are the type of pulsations I’m interested in (  Dor -  Scuti ) 


3. What are the type of the binary stars that I considered for my studies 
(Eclipsing, SB2)


4. Some case studies: (KIC 6048105 & KIC 8975515)


• Why these individual targets are important?


• Where the data (spectroscopy, photometry) comes from?


• The method for driving stellar parameter


• The most important results
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Distance measurements 
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Why do I care about studying binary stars?
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• Fraction of multiple systems (MF) in main sequence 
population: (e.g. from solar type to high mass) varies 
from 44 2% to 60% ± ≥

• The formation of first stellar systems (multiplicity)

• If we understand their evolution, we understand how 
mass is apportioned among younger stars from old 
multiple systems

• Some events are the production of a binary star 
evolution: e.g. Supernovae of type Ia, the most 
massive stars …

• Eclipsing/SB2 binaries can be used to determine 
precise, model-independent mass and radius 
measurements compared to normal/single stars

• We get the opportunity to study the influence of binarity: 


• possibility of spots (magnetic fields), 


• mass transfer (in Algols),


•  tides (in short-period binaries)


•  synchronization (rotation and spin)


• etc …


         on stellar evolution and the excited oscillation modes.
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The challenge of Distance 
measurements  

for binary stars (Gaia DR2)

Section I
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We want binaries for the Masses

SB2 —> RVs (high precision) —> orbital elements

 vsini —> projected semi-major axis asini

Hence SB2 with mass ratio only yield projected masses! 
M1,2sin3i

EBs —> lift the degeneracy of the masses & semi-major axis
EBs accurate radii —> Roche geometry   

==>  photometric mass ratio

1-2% precision

 Photometry   : precision: 1-2.  

                  & LC: well detrended

Spectroscopy:  precision: S/N   & spectra 

free of systematic errors

+ adequate stellar modeling codes 

We have radii and the Mases of stars!



Binary stars and the precise stellar parameters

Aug. 20, 2020               anya.samadi@mail.udp.cl               Departamento de Astronomía de la Universidad de Chile 

~1/3 all variable stars are EBs
So Gaia’s Binaries (EBs) can make so much advance in astrophysics

 Luminosities 
calibrated temperatures


 absolute magnitudes <== Parallaxes <== good quality photometry

correct for interstellar reddening ==> precise intrinsic brightness of the star 
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Finally ages stellar evolutionary tracks and so on
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Evaluating the uncertainties in distance measurements 
for binary/multiple systems 

 in comparison to  
single stars,  

from large spectroscopic surveys (Gaia DR2)  

By employing the  
least model-dependent spectroscopic method 

 for  determination of stellar distances (Twin method) 
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   > 11,000 targets of RAVE DR5 /
Gaia DR2 with high RV uncertainties 

But parallax measurement 
uncertainties better than 20% 

Binary stars

   > 90,000 targets of RAVE 
DR5 /Gaia DR2 with lower RV 

uncertainties (than Binary 
stars) 

Single stars

> 6,000,000 Gaia DR2 
targets with 

 RV calculations (n_RV) >4

       > 300,000 targets of RAVE 
DR5 spectroscopic survey 

Their parallaxes has driven 
(Jofre+2017MNRAS) by: 

Twin method (Jofre+2015MNRAS)

• RAVE, the Radial Velocity Experiment, is a 
spectroscopic astronomical survey of stars 

• The data from the spectrograph with R∼7500 
•  is delivered for 10 years from 2003 to 2013. 
•  The wavelength coverage 841.0  to  879.5  nm, 
•  gives  spectra  of  more  than  520000  star
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> 50% of RAVE targets have TGAS parallaxes from Gaia DR1
For the other half either:
- without parallax  values 
- with  lower  parallax  precision  (uncertainties larger than 20%.) —> Twin method

RAVE catalog using t-SNE approach
(t-student stochastic  neighbor  embedding) 

This approach clusters the stars with the same spectrum 
morphology in the same region on a 2D map.

m1 − m2 = − 5 log(ϖ2/ϖ1)
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The parallax values from two 
methods show larger scatter for 

binary stars!
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Comparison tools


Δ =
ϖTwin − ϖGaia

ϵ2
ϖTwin

+ ϵ2
ϖGaia
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The parallax differences distribution for both of 
binary and single stars is the the SAME (for ~70% of 

each sample)! 

Most of the targets that have very larger discrepancy 
between two parallaxes (‘Offset sample’) are flagged 

as SB2 or chromospherically active stars by RAVE 
DR5.

• What is the source of “5  difference” in 
overall value of two methods? 


Colors zero points, distance of the 
reference stars ,…


• What is the nature of the stars for which 
spectroscopic distances and Gaia 
parallaxes differ significantly?


Biased observations and cuts in 
catalogues


Clear evidence of stellar 
chromospheric activity , SB2 
flagged in RAVE

σ
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 PHASE 2 

1. Repeating Twin 
method for these 
targets by using 

Gaia DR2 
parallaxes, AG and 

G for the 
reference stars 

2. Check the 
performance of G, 
AG from Gaia DR2
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Asteroseismology  
of A/F-type Binary stars

Section II



What are stellar global pulsations?
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What do they look like?  

in a 3D spherical star             the vibration modes of a 1D string


How are they excited? 

perturbed from equilibrium        a resorting force takes it back to equilibrium


Driving mechanism

energy fed into the pulsation via driving mechanisms 

  

• Heat engine (e.g.  mechanism)


 Converting thermal energy to mechanical energy 

• Stochastic driving 
Convective motions near stellar surface  reaches speeds 

close to that of the sound excites normal modes of the star to 
the observed amplitudes 

• Convective blocking 
Luminosity perturbation is blocked at the base of the 

convection zone leading to heating in phase with 
compression

κ

,     ,   


Frequency, Amplitude, number of the nodes (overtones)

f A n

looks like

non-radial oscillations 
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fluid elements displacement from 
their equilibrium position 





: symmetric axis of the modes

ξ(ξθ, ξϕ, ξr) ∝ Ylm(θ, ϕ) → Pm
l (θ, ϕ)

ϕ

Indicating the nodes of a non-radial mode





:  Number of the node lines on the stellar surface 

: Number of nodes line on the stellar surface which 
pass through symmetry axis

(n, l, m)
l

m

Pulsating Stars, Lamers, Henny J.G.L.M. and M. Levesque, Emily (2017)
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Asteroseismology of A/F-type Binary stars

• The resorting force is gravity 
(buoyancy)


• Internal gravity waves


•  varies mostly close to the core


• Low-frequency

ξr
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• The resorting force is pressure 
gradient


• Acoustic waves


•  varies close to the surface


• High-frequency modes

ξr

 modes g

 modesp

• Toroidal normal modes only become nonzero in a 
rotating star


• Rossby waves


• Low-frequency modes


• Frequencies below the rotation frequency 


• The period spacing of consecutive radial order 
(n-1, n, n+1) increases with increasing mode 
period (1/ )
f

Coriolis force 

(rotation) 

& 

Lorentz force 

(magnetism)

 modes r

+

ConsideredIgnored

Spheroidal modes Toroidal modes
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FIG. 1 A Hertzsprung-Russel diagram (HRD) showing the position of di↵erent classes of pulsating stars. The abbreviation of
the classes follows the nomenclature adopted in Aerts et al. (2010, Chapter 2), to which we refer for extensive discussions on the
properties of all the indicated classes in terms of the excitation mechanisms of the oscillations, along with their typical periods
and amplitudes. The hatching pattern used inside the ellipses marks the dominant type of oscillation mode in each class: //
for gravity modes and \\ for pressure modes. The thick black lines and the black dotted line represent standard evolutionary
model tracks as discussed in the text. Their birth masses and evolutionary time scales are indicated with gray labels. The
borders of the classical instability strip are plotted with dark gray dotted lines, while the lighter gray dotted line represents the
zero-age main sequence (ZAMS). Early versions of this figure were made by Jørgen Christensen-Dalsgaard, Aarhus University
and by Pieter Degroote, KULeuven. This version was reproduced from the PhDThesis of Péter Pápics (Pápics et al., 2013)
with permission of KULeuven.
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FIG. 3 Excerpts of 110 days duration (of the total ⇠ 1500 days) extracted from the Kepler long-cadence (⇠ 30 minutes per
point) light curves (in black dots) of seven slowly pulsating B stars (cf. Fig. 1) indicated with their Kepler input catalogue
identification (KIC) number. The amplitude spectrum obtained from a Fourier transform of the full Kepler light curves is
indicated in red. As revealed by the frequencies with dominant amplitudes, these stars exhibit nonradial gravity modes with
individual mode periods of the order of a day. The light curves reveal a gallery of diverse beating patterns among the modes
and a gradual shift in maximum amplitude from lower to higher frequency as their rotation frequency changes from lower in
the top panel to higher in the bottom panel. Despite their large amplitudes of several to above ten ppt, none of these stars
were known to have nonradial oscillations prior to the Kepler mission; it is notoriously di�cult to detect modes with such
periodicities from ground-based data, given their similarity with the rotation period of the Earth. Figure based on data from
Pápics et al. (2017), by courtesy of Péter Pápics, KULeuven.

as single-epoch spectroscopy or color indices or interfer-
ometry). It is then clear that the combination of high-
cadence time-series data covering the overall pulsational
variability cycle, along with observables representing the
position in the HRD (Te↵ , L/L�) and surface abundances
from spectroscopy, constitute the optimal starting point
for asteroseismic modeling. Nowadays, precise values
for the averages of the star’s luminosity, L/L�, or the
stellar radius, R?, of low- and intermediate-mass stars
can be obtained from Gaia astrometry (Gaia Collabora-
tion, Brown et al., 2018) and from interferometry, respec-
tively. Following the extensive review paper on how to
optimally bridge asteroseismology and interferometry by
Cunha et al. (2007), this synergy turns out to be very
successful for the brightest pulsators with space astero-
seismic data, as highlighted by North et al. (2007), Bazot

et al. (2011), Huber et al. (2012), and White et al. (2013).

In conclusion of this subsection, nonradial oscillations
occur all over the HRD. This o↵ers the exciting oppor-
tunity to perform asteroseismology for members of the
classes indicated in Fig. 1 and to couple the conclusions
into a coherent picture across stellar evolution. Such a
picture has recently been formed for asteroseismic esti-
mates of the interior rotation of low- and intermediate-
mass stars, leading to the conclusion that the theory of
angular momentum transport in stellar interiors needs
improvements already at the earliest stages of stellar evo-
lution and that its predictions are an order of magnitude
o↵ from reality across stellar evolution (Aerts et al., 2019,
Fig. 4). We come back to this lack of understanding in
Sect. III but stress here that a global perspective of stel-
lar evolution across all life phases proved to be necessary

Aerts, C. 2019
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• Mar. 2009 - 
Nov. 2018


• Photometry 
data (ppt) 


• Light curves 
are provided 
for each 
quarter (~93 
days)


• White band 
(430–890 nm)
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•  : 6900-8900 K


• : 1.5 to 2.5 M   


• Mode driving mechanism: heat engine (  
mechanism: opacity of H-He ionization layers) 


• low-degree (l = 1 − 3) and low-radial order (n = 
0,1,2,3,…)  modes


• Typical pulsation periods: 0.01 to 0.25 d 

Teff

M ⊙

κ

p

 Scuti variablesδ  Dor variablesγ
• : 6700-7400 K


• M:1.5-1.8 M  


• Mode driving mechanism: Convective flux 
blocking 


• low-degree (l  4) and high-radial order (20
n︎ 120)  modes


• Typical pulsation periods: 0.3 to 3 days 

Teff

⊙

≪ ≤
≤ g

classical A/F-type pulsators

 Dor -  Scuti pulsations

Together


If intermediate- to fast-rotators

 modes


may also appear

γ δ

r

Hybrid stars

•  modes       occur in the radiative zones close to the stellar core  reflecting chemical gradient of the different near-core 
convective structures


•  modes        excited near the surface and reflect the physical properties of the stellar envelope


• Studying their rotation  information on their differential rotation (core-to-surface) and the angular momentum transport 
between the layers 

g ⇒

p

⇒
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Individual targets: KIC 8975515

July 15, 2020                                anya.samadi@mail.udp.cl                            Joint ALMA/ESO colloquium            

HERMES spectra: (Lampens+ 2018 A&A) 

• Two components of (Kmag=9.5mag):


•  similar Teff (~7400 K)


•  similar mass (q = 0.83 0.05) 


• dissimilar rotation velocities


 (  = 32 1, 162 2 km/s)  

•  Long-period, eccentric orbit 


 (Porb = 1603 9 d, e = 0.41 0.01)                                         


Kepler light curves (4 year):  

• Q0-Q17: 1407 d (LC) 

• Q2,Q5: 122 d (SC) 

• The system has hybrid pulsations

±

v sin i ± ±

± ±

What we know of this target

• A double-lined spectroscopic 
binary system: SB2 

• Detached 
• The companions are twins  
• one/both of companions 

Hybrid pulsations

• Different rotation velocities: 
How the rotation affects the 
the pulsations?


• Twin companions: Are both 
pulsating? Are both Hybrid 
pulsators? 
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theory is obvious from this figure, which also illustrates
how important the asymptotic description based on the
Cowling approximation is to identify the modes.

Equation (52) is based on the dominant term in the
asymptotic representation of low-order p modes. The
second-dominant term in the expansion leads to the so-
called small frequency separation, given by

�⌫nl ⌘ ⌫nl � ⌫n�1 l+2 ' �(4l + 6)
�⌫

4⇡2⌫nl

Z
R

0

dcs

dr

dr

r
,

(54)
where cs(R?) ' 0 was assumed to arrive at this approxi-
mation. From this expression, it is clear that �⌫nl probes
the sound-speed gradient in the deep stellar interior. For
stars in the core-hydrogen burning stage of their life,
such as exoplanet host stars, dcs/dr is highly sensitive
to the hydrogen and helium composition profiles, which
are directly impacted by the nuclear fusion according to
Eq. (41). It is then readily understood that �⌫nl is of ma-
jor diagnostic value to estimate the age of the (exoplanet
host) star by comparing its observed values with predic-
tions of this quantity based on background equilibrium
models. In the case of 16CygA, as can be seen from
Fig. 10, �⌫nl can be measured with high precision from
the radial and quadrupole modes. This, and more sophis-
ticated diagnostics for additional modes, have been used
by Bellinger et al. (2017) to find an asteroseismic esti-
mate of ⌧ = 6.9± 0.4Gyr. This is in excellent agreement
with other methods for this well-characterized bright ex-
oplanet host binary (Maia et al., 2019).

The similarity of the nonradial oscillations of 16CygA
to those of the Sun as illustrated in Fig. 10, is representa-
tive of all low-mass stars with convective envelopes. This
observational finding is of key diagnostic importance
to estimate stellar masses, radii, and ages, as will be
discussed further in Sect. IV. For evolved red giants, �⌫nl

provides asteroseismic ages as input to the research field
of galactic archeology.

High-order g modes. For high-order low-degree axisym-
metric g modes, ! << N over most of the mode cavity
(cf. Fig. 8). Let us denote with r1 and r2 the inner and
outer positions of the g-mode cavity. In this case, the
asymptotic analysis based on the Cowling approximation
by Tassoul (1980) led to

Pnl =
⇧0p

l(l + 1)
(|n| + ↵l,g) , (55)

where

⇧0 ⌘ 2⇡2

✓Z
r2

r1

N
dr

r

◆�1

. (56)

This ⇧0 could be called the characteristic g-mode period
of the star (as inverse of a frequency, it is expressed in
the unit of time). In this case, therefore, the mode pe-
riods are asymptotically equally spaced in the order of

FIG. 11 Top: Observed amplitude spectrum (black) in terms
of period for the �Dor star KIC 11721304 from its light curve
observed with the Kepler satellite. The mode periods with
dominant amplitude have been indicated with red dashed
vertical lines to guide the eye. Bottom: the period spacing
pattern deduced from the dipole sectoral prograde modes of
consecutive radial order n, indicated in the top panel. Fig-
ure based on data in Van Reeth et al. (2015) by courtesy of
Timothy Van Reeth, KULeuven.

the mode and the period spacing value decreases with
increasing l. The phase term ↵l,g depends on whether
the star has a radiative or a convective core.

Long before space asteroseismology, g-mode period
spacing patterns have been extensively exploited for pul-
sating white dwarfs, based on photometric data assem-
bled with the Whole Earth Telescope (Winget et al.,
1991, 1994). The short periods (a few to tens of minutes)
of the g modes in these compact remnants at the end of
the evolution of low- and intermediate-mass stars imply
beating patterns in the light curves of only a few days,
while the modes may have high amplitudes of percent-
age level. This led to the detection of tens of dipole and
quadrupole modes that are subject to strong mode trap-
ping in the outer thin H and He layers of these objects,
where N(r) experiences spikes due to strong changes in µ.
In the context of white dwarfs, polytropes can be taken as
background equilibrium models, leading to analytical ex-
pressions for ↵l,g that allow detailed interpretation of the
mode trapping in terms of the chemical composition and
mass of the outer layers of such pulsators (Brassard et al.,
1992, for a seminal paper). Ground-based asteroseismol-
ogy was therefore highly successful for white dwarfs al-
ready in the early 1990s.

For applications to SPB stars and � Dor stars, which
are both core-hydrogen burning g-mode pulsators with a
convective core (cf. Figs 1 and 8), ↵l,g = ↵g turns out
to be independent of the mode degree l and one gets
�P ⌘ Pnl � Pn�1l = ⇧0/

p
l(l + 1). Smeyers & Moya

(2007) provided more sophisticated asymptotic analyses

Period spacing of the high radial-order 
low-degree g modes 

In the absence of the rotation (& 
magnetic activity)
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An 11 day of the light curves with two 
different samplings Fourier spectrum of the full light curves



Pulsation Study: the effect of rotation
Individual targets: KIC 8975515
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g modes 

 influenced by Rotation—> their period spacing 






: stellar rotation frequency


             is the Ledoux constant for  modes 


m>0 modes traveling in the direction of rotation: 
prograde


m<0 modes traveling in the opposite direction of the 
rotation: retrograde

Δνn,ℓ,m = m(1 − Cn,ℓ)Ω

ΔΠn,ℓ ∝
Π0

ℓ(ℓ + 1)
n

Ω/2π

Cn,ℓ g ∝ ℓ

If rotation (& magnetic activity)
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theory is obvious from this figure, which also illustrates
how important the asymptotic description based on the
Cowling approximation is to identify the modes.

Equation (52) is based on the dominant term in the
asymptotic representation of low-order p modes. The
second-dominant term in the expansion leads to the so-
called small frequency separation, given by

�⌫nl ⌘ ⌫nl � ⌫n�1 l+2 ' �(4l + 6)
�⌫

4⇡2⌫nl

Z
R

0

dcs

dr

dr

r
,

(54)
where cs(R?) ' 0 was assumed to arrive at this approxi-
mation. From this expression, it is clear that �⌫nl probes
the sound-speed gradient in the deep stellar interior. For
stars in the core-hydrogen burning stage of their life,
such as exoplanet host stars, dcs/dr is highly sensitive
to the hydrogen and helium composition profiles, which
are directly impacted by the nuclear fusion according to
Eq. (41). It is then readily understood that �⌫nl is of ma-
jor diagnostic value to estimate the age of the (exoplanet
host) star by comparing its observed values with predic-
tions of this quantity based on background equilibrium
models. In the case of 16CygA, as can be seen from
Fig. 10, �⌫nl can be measured with high precision from
the radial and quadrupole modes. This, and more sophis-
ticated diagnostics for additional modes, have been used
by Bellinger et al. (2017) to find an asteroseismic esti-
mate of ⌧ = 6.9± 0.4Gyr. This is in excellent agreement
with other methods for this well-characterized bright ex-
oplanet host binary (Maia et al., 2019).

The similarity of the nonradial oscillations of 16CygA
to those of the Sun as illustrated in Fig. 10, is representa-
tive of all low-mass stars with convective envelopes. This
observational finding is of key diagnostic importance
to estimate stellar masses, radii, and ages, as will be
discussed further in Sect. IV. For evolved red giants, �⌫nl

provides asteroseismic ages as input to the research field
of galactic archeology.

High-order g modes. For high-order low-degree axisym-
metric g modes, ! << N over most of the mode cavity
(cf. Fig. 8). Let us denote with r1 and r2 the inner and
outer positions of the g-mode cavity. In this case, the
asymptotic analysis based on the Cowling approximation
by Tassoul (1980) led to

Pnl =
⇧0p

l(l + 1)
(|n| + ↵l,g) , (55)

where

⇧0 ⌘ 2⇡2

✓Z
r2

r1

N
dr

r
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This ⇧0 could be called the characteristic g-mode period
of the star (as inverse of a frequency, it is expressed in
the unit of time). In this case, therefore, the mode pe-
riods are asymptotically equally spaced in the order of

FIG. 11 Top: Observed amplitude spectrum (black) in terms
of period for the �Dor star KIC 11721304 from its light curve
observed with the Kepler satellite. The mode periods with
dominant amplitude have been indicated with red dashed
vertical lines to guide the eye. Bottom: the period spacing
pattern deduced from the dipole sectoral prograde modes of
consecutive radial order n, indicated in the top panel. Fig-
ure based on data in Van Reeth et al. (2015) by courtesy of
Timothy Van Reeth, KULeuven.

the mode and the period spacing value decreases with
increasing l. The phase term ↵l,g depends on whether
the star has a radiative or a convective core.

Long before space asteroseismology, g-mode period
spacing patterns have been extensively exploited for pul-
sating white dwarfs, based on photometric data assem-
bled with the Whole Earth Telescope (Winget et al.,
1991, 1994). The short periods (a few to tens of minutes)
of the g modes in these compact remnants at the end of
the evolution of low- and intermediate-mass stars imply
beating patterns in the light curves of only a few days,
while the modes may have high amplitudes of percent-
age level. This led to the detection of tens of dipole and
quadrupole modes that are subject to strong mode trap-
ping in the outer thin H and He layers of these objects,
where N(r) experiences spikes due to strong changes in µ.
In the context of white dwarfs, polytropes can be taken as
background equilibrium models, leading to analytical ex-
pressions for ↵l,g that allow detailed interpretation of the
mode trapping in terms of the chemical composition and
mass of the outer layers of such pulsators (Brassard et al.,
1992, for a seminal paper). Ground-based asteroseismol-
ogy was therefore highly successful for white dwarfs al-
ready in the early 1990s.

For applications to SPB stars and � Dor stars, which
are both core-hydrogen burning g-mode pulsators with a
convective core (cf. Figs 1 and 8), ↵l,g = ↵g turns out
to be independent of the mode degree l and one gets
�P ⌘ Pnl � Pn�1l = ⇧0/

p
l(l + 1). Smeyers & Moya

(2007) provided more sophisticated asymptotic analyses
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theory is obvious from this figure, which also illustrates
how important the asymptotic description based on the
Cowling approximation is to identify the modes.

Equation (52) is based on the dominant term in the
asymptotic representation of low-order p modes. The
second-dominant term in the expansion leads to the so-
called small frequency separation, given by
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where cs(R?) ' 0 was assumed to arrive at this approxi-
mation. From this expression, it is clear that �⌫nl probes
the sound-speed gradient in the deep stellar interior. For
stars in the core-hydrogen burning stage of their life,
such as exoplanet host stars, dcs/dr is highly sensitive
to the hydrogen and helium composition profiles, which
are directly impacted by the nuclear fusion according to
Eq. (41). It is then readily understood that �⌫nl is of ma-
jor diagnostic value to estimate the age of the (exoplanet
host) star by comparing its observed values with predic-
tions of this quantity based on background equilibrium
models. In the case of 16CygA, as can be seen from
Fig. 10, �⌫nl can be measured with high precision from
the radial and quadrupole modes. This, and more sophis-
ticated diagnostics for additional modes, have been used
by Bellinger et al. (2017) to find an asteroseismic esti-
mate of ⌧ = 6.9± 0.4Gyr. This is in excellent agreement
with other methods for this well-characterized bright ex-
oplanet host binary (Maia et al., 2019).

The similarity of the nonradial oscillations of 16CygA
to those of the Sun as illustrated in Fig. 10, is representa-
tive of all low-mass stars with convective envelopes. This
observational finding is of key diagnostic importance
to estimate stellar masses, radii, and ages, as will be
discussed further in Sect. IV. For evolved red giants, �⌫nl

provides asteroseismic ages as input to the research field
of galactic archeology.

High-order g modes. For high-order low-degree axisym-
metric g modes, ! << N over most of the mode cavity
(cf. Fig. 8). Let us denote with r1 and r2 the inner and
outer positions of the g-mode cavity. In this case, the
asymptotic analysis based on the Cowling approximation
by Tassoul (1980) led to

Pnl =
⇧0p

l(l + 1)
(|n| + ↵l,g) , (55)

where

⇧0 ⌘ 2⇡2
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This ⇧0 could be called the characteristic g-mode period
of the star (as inverse of a frequency, it is expressed in
the unit of time). In this case, therefore, the mode pe-
riods are asymptotically equally spaced in the order of

FIG. 11 Top: Observed amplitude spectrum (black) in terms
of period for the �Dor star KIC 11721304 from its light curve
observed with the Kepler satellite. The mode periods with
dominant amplitude have been indicated with red dashed
vertical lines to guide the eye. Bottom: the period spacing
pattern deduced from the dipole sectoral prograde modes of
consecutive radial order n, indicated in the top panel. Fig-
ure based on data in Van Reeth et al. (2015) by courtesy of
Timothy Van Reeth, KULeuven.

the mode and the period spacing value decreases with
increasing l. The phase term ↵l,g depends on whether
the star has a radiative or a convective core.

Long before space asteroseismology, g-mode period
spacing patterns have been extensively exploited for pul-
sating white dwarfs, based on photometric data assem-
bled with the Whole Earth Telescope (Winget et al.,
1991, 1994). The short periods (a few to tens of minutes)
of the g modes in these compact remnants at the end of
the evolution of low- and intermediate-mass stars imply
beating patterns in the light curves of only a few days,
while the modes may have high amplitudes of percent-
age level. This led to the detection of tens of dipole and
quadrupole modes that are subject to strong mode trap-
ping in the outer thin H and He layers of these objects,
where N(r) experiences spikes due to strong changes in µ.
In the context of white dwarfs, polytropes can be taken as
background equilibrium models, leading to analytical ex-
pressions for ↵l,g that allow detailed interpretation of the
mode trapping in terms of the chemical composition and
mass of the outer layers of such pulsators (Brassard et al.,
1992, for a seminal paper). Ground-based asteroseismol-
ogy was therefore highly successful for white dwarfs al-
ready in the early 1990s.

For applications to SPB stars and � Dor stars, which
are both core-hydrogen burning g-mode pulsators with a
convective core (cf. Figs 1 and 8), ↵l,g = ↵g turns out
to be independent of the mode degree l and one gets
�P ⌘ Pnl � Pn�1l = ⇧0/

p
l(l + 1). Smeyers & Moya

(2007) provided more sophisticated asymptotic analyses
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theory is obvious from this figure, which also illustrates
how important the asymptotic description based on the
Cowling approximation is to identify the modes.

Equation (52) is based on the dominant term in the
asymptotic representation of low-order p modes. The
second-dominant term in the expansion leads to the so-
called small frequency separation, given by
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where cs(R?) ' 0 was assumed to arrive at this approxi-
mation. From this expression, it is clear that �⌫nl probes
the sound-speed gradient in the deep stellar interior. For
stars in the core-hydrogen burning stage of their life,
such as exoplanet host stars, dcs/dr is highly sensitive
to the hydrogen and helium composition profiles, which
are directly impacted by the nuclear fusion according to
Eq. (41). It is then readily understood that �⌫nl is of ma-
jor diagnostic value to estimate the age of the (exoplanet
host) star by comparing its observed values with predic-
tions of this quantity based on background equilibrium
models. In the case of 16CygA, as can be seen from
Fig. 10, �⌫nl can be measured with high precision from
the radial and quadrupole modes. This, and more sophis-
ticated diagnostics for additional modes, have been used
by Bellinger et al. (2017) to find an asteroseismic esti-
mate of ⌧ = 6.9± 0.4Gyr. This is in excellent agreement
with other methods for this well-characterized bright ex-
oplanet host binary (Maia et al., 2019).

The similarity of the nonradial oscillations of 16CygA
to those of the Sun as illustrated in Fig. 10, is representa-
tive of all low-mass stars with convective envelopes. This
observational finding is of key diagnostic importance
to estimate stellar masses, radii, and ages, as will be
discussed further in Sect. IV. For evolved red giants, �⌫nl

provides asteroseismic ages as input to the research field
of galactic archeology.

High-order g modes. For high-order low-degree axisym-
metric g modes, ! << N over most of the mode cavity
(cf. Fig. 8). Let us denote with r1 and r2 the inner and
outer positions of the g-mode cavity. In this case, the
asymptotic analysis based on the Cowling approximation
by Tassoul (1980) led to

Pnl =
⇧0p

l(l + 1)
(|n| + ↵l,g) , (55)

where

⇧0 ⌘ 2⇡2
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This ⇧0 could be called the characteristic g-mode period
of the star (as inverse of a frequency, it is expressed in
the unit of time). In this case, therefore, the mode pe-
riods are asymptotically equally spaced in the order of

FIG. 11 Top: Observed amplitude spectrum (black) in terms
of period for the �Dor star KIC 11721304 from its light curve
observed with the Kepler satellite. The mode periods with
dominant amplitude have been indicated with red dashed
vertical lines to guide the eye. Bottom: the period spacing
pattern deduced from the dipole sectoral prograde modes of
consecutive radial order n, indicated in the top panel. Fig-
ure based on data in Van Reeth et al. (2015) by courtesy of
Timothy Van Reeth, KULeuven.

the mode and the period spacing value decreases with
increasing l. The phase term ↵l,g depends on whether
the star has a radiative or a convective core.

Long before space asteroseismology, g-mode period
spacing patterns have been extensively exploited for pul-
sating white dwarfs, based on photometric data assem-
bled with the Whole Earth Telescope (Winget et al.,
1991, 1994). The short periods (a few to tens of minutes)
of the g modes in these compact remnants at the end of
the evolution of low- and intermediate-mass stars imply
beating patterns in the light curves of only a few days,
while the modes may have high amplitudes of percent-
age level. This led to the detection of tens of dipole and
quadrupole modes that are subject to strong mode trap-
ping in the outer thin H and He layers of these objects,
where N(r) experiences spikes due to strong changes in µ.
In the context of white dwarfs, polytropes can be taken as
background equilibrium models, leading to analytical ex-
pressions for ↵l,g that allow detailed interpretation of the
mode trapping in terms of the chemical composition and
mass of the outer layers of such pulsators (Brassard et al.,
1992, for a seminal paper). Ground-based asteroseismol-
ogy was therefore highly successful for white dwarfs al-
ready in the early 1990s.

For applications to SPB stars and � Dor stars, which
are both core-hydrogen burning g-mode pulsators with a
convective core (cf. Figs 1 and 8), ↵l,g = ↵g turns out
to be independent of the mode degree l and one gets
�P ⌘ Pnl � Pn�1l = ⇧0/

p
l(l + 1). Smeyers & Moya

(2007) provided more sophisticated asymptotic analyses
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FIG. 12 Same as Fig. 11, but for the �Dor star KIC 12066947 exhibiting both prograde dipole gravito-inertial modes with
(k,m) = (0,+1) and retrograde Rossby modes with (k,m) = (�2,�1). In contrast to the case of KIC 11721304 shown in
Fig. 11, the errors in the period spacing pattern are smaller than the symbol size. Figure based on data in Van Reeth et al.
(2015) by courtesy of Timothy Van Reeth, KULeuven.

FIG. 13 Same as Fig. 11, but for the �Dor star KIC 6425437
exhibiting retrograde Yanai modes with (k,m) = (�1,�1).
In contrast to the case of KIC 11721304 shown in Fig. 11, the
errors in the period spacing pattern are smaller than the sym-
bol size. Figure based on data in Van Reeth et al. (2015) by
courtesy of Timothy Van Reeth, KULeuven.

seismic probing of the properties of the interior physics
has yet to be investigated and exploited, given their re-
cent discoveries.

III. PRINCIPLES OF ASTEROSEISMIC MODELING

As already mentioned several times, the term astero-
seismology refers to the interpretation of measured prop-
erties of identified resonant (non)radial oscillation modes
in terms of the physical properties of the star’s interior.
The current theory of nonradial oscillations as outlined in
the previous Section rests on the assumption of linearity.

This implies that the theory is not capable to predict the
amplitudes of the nonradial modes, because that requires
a nonlinear treatment. Thus, the interpretation done in
asteroseismology at the current stage relies completely
on the properties of the mode frequencies.

After having derived the frequencies of the modes and
their uncertainty from data, ! and �!, interpretations
in terms of the theory of nonradial oscillations computed
from perturbing stellar structure models in equilibrium
(cf. Sect. II) can only be done if the modes’ identifications
have been achieved. This means that we must be able to
label the radial order, the degree and the azimuthal order
of each of the modes corresponding with the measured
oscillation frequencies: !

obs
nlm

.

Should our knowledge of stellar structure and evolution
theory and of nonadiabatic nonradial oscillation theory
be excellent – that is up to the level of the precision of the
data – we could in principle predict which of the modes
get excited by the various excitation mechanisms. If we
then in addition would be capable to translate these the-
ories into appropriate computer codes to make proper
numerical predictions of all the excited mode frequen-
cies, !

theo
nlm

, we could identify the values of (n, l, m) from
the pool of available excited modes. For none of the
classes of nonradial pulsators indicated Fig. 1 have we
reached this stage. Mode identification therefore can-
not rest on theoretical predictions alone but necessarily
requires a data-driven approach. The latter is usually
based on the recognition of patterns relying on the the-
ory of rotational splitting or on the asymptotic theory of
adiabatic nonradial modes as outlined above in Sect. II.
Confrontation of predicted patterns with detected ones
as those shown in Figs 10, 11, and 12 can then be fed
with the “wisdom” of the applicant to identify (n, l, m).
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Prot = 2.385 d

Prot = 0.604 d

Slowly rotating:  Veq = 
46 km/s


Fast rotating : Veq = 182 
km/s


(  = 32 1, 162 2 km/s) v sin i ± ±

Individual targets:  KIC 8975515



Pulsation Study: I. High-frequency region
Individual targets:  KIC 8975515
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1. Both companions are pulsating 
2. And have  Scuti pulsations 
3. And we could say which modes are 

coming from which companion

δ
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Pulsation Study: II. Low-frequency region
Individual targets: KIC 8975515
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1.647 ± 0.0001 d−1 ≃ frot(1.654 ± 0.018 d−1) Samadi-Ghadim+ 2020 A&A



Pulsation Study: II. Rossby modes
Individual targets: KIC 8975515
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Saio, H.+2018 MNRAS

νin
rm < mνrot

• |k| : Even and odd symmetries with respect to the equator 


• even if |k| is zero or an even number


• odd if |k| is an odd number


• For r modes k≤−1, while for g modes k≥0 


• period spacings of r modes —> increase with period 


• period spacings of g modes —> decrease with period




Pulsation Study: II. Low-frequency region
Individual targets: KIC 8975515
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Individual targets: KIC 8975515
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• A double-lined spectroscopic 
binary system: SB2 

• Detached 
• The companions are twins  
• They were only different in 

rotation  
• one/both of companions 

Hybrid pulsations

Rotational frequency splitting of  g & p modes 
Period spacing of g modes

Fast-rotating star: a Hybrid + Rossby modes 

Slow-rotating star: a  Scuti 

We could also detect the rotational 
frequency of the fast rotating

δ



Prospective
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• Where and how theory fits to the 
observation (seismic modeling)…


• Some clues about the detected 
unknown modes …


• How rotation influences a pair of twins…


• Making the sample of fast rotating SB2 
stars larger with the similar targets

Saio, H.+2018 MNRAS
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Take home messages
• Rotation is very helpful in detecting the mode origins in twin binary stars.


• Seismic modeling is needed to join observations in order to  understand how rotation can change the pulsation 
scenario of a pair of twin stars in a binary system.


• Tidal forces in close binary stars influence the high frequency modes very strongly (tidal splitting).


• For the close binary systems with the short period it is necessary to subtract the contribution of the binary from 
light curve to detect the stellar pulsations.


• We detected that excited r modes as a result of fast rotation in stars are agree well with what theory expects 
however we are far from  understanding exactly what is the limit of rotation  rate to excite or not excite r modes


• There is a difference between Gaia calculated distances and Twin distances that is Twin distances are shorter.


• The scatter in distances (parallaxes) from two methods is 61% larger for binary stars than for single stars


• For ~3.4% of both binary candidates and 2.6% of single stars Gaia and Twin parallax show very larger discrepancy 
(The “offset” sample). 


• We detected star which mostly flagged as Chromospherically active stars and SB2, among the both single and 
binary offset samples.


