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Introduction Context

Large amount of data

Kepler (2009-2018)

Credits: NASA

PLATO (2026-. . . )

Credits: CNES

Several hundreds of thousands of pulsating stars!
⇒ Unique opportunity for seismology: precise t, M , and R
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Introduction Context

Take advantage of the data

Large amount of very precise data!

⇓
• Need for precise methods

¬ WhoSGlAd: Main-sequence stars
(Farnir et al. 2019,2020)

 EGGMiMoSA: Sub- and red giants
(Farnir et al. 2021)

CHAPTER 3

The WhoSGlAd method
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Figure 3.1: The WhoSGlAd logo.

The present chapter describes the WhoSGlAd (Whole Spectrum and Glitches Adjustment) method
that provides the numerical means to carry a robust and fast adjustment of the oscillation spectra of
main-sequence low-mass stars. This method was presented in an article (Farnir et al. 2019, see also
Sect. 3.D). We here provide a slightly different and more detailed approach to the presentation of the
method. The application of the method to observed stars will be detailed in the next chapter (Chap. 4).

3.1 Context

3.1.1 Motivation

Up to recent years, quality seismic data were only available for our Sun, owing to its proximity. Many
programs were indeed dedicated to its observation (e.g. GONG Harvey et al. 1988, BiSON Brookes
et al. 1978, SOHO Domingo et al. 1995). A wealth of pulsation modes were observed (over a thousand)
that allowed us to put tight constraints on the solar structure and to raise relevant questions concerning
theories of stellar structure and evolution (for a review, see for example Buldgen et al. 2019). Such data
provided the scientific community with the means necessary to test the models at hand.

Lately, thanks to the CoRoT (Baglin et al. 2009) and Kepler (Borucki et al. 2010) space telescopes,
seismic data of unprecedented quality has been made available for a large sample of stars, allowing
asteroseismology to thrive. Some asteroseismic studies use a very classical approach, constraining stellar
models in the forward modelling scheme via individual oscillation frequencies or frequency separations
(e.g. Miglio & Montalbán 2005; Deheuvels et al. 2016). Others use inversion techniques to provide precise
constraints on the variations of physical quantities (e.g. density, entropy,...) along the whole depth of the
star (e.g. Elliott 1996; Buldgen et al. 2016a). This enables them to stray from the parameter space of
models and constrain the missing physical ingredients. Finally, some account for the signatures of acoustic
glitches (e.g. Monteiro et al. 2000; Basu et al. 2004; Mazumdar et al. 2014; Verma et al. 2014; Farnir
et al. 2019). This is another way to pinpoint the shortcomings of stellar models. An acoustic glitch is the
faint signature left in the oscillation spectrum by a sharp variation – compared to the wavelength of the
oscillating mode – in the stellar structure. Such glitches mainly carry two pieces of information: their
amplitude, which is directly linked to the strength of the sharp variation in the stellar structure, and their
period, which is proportional to the acoustic depth at which it occurs. Because of their low amplitude,
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https://github.com/Yuglut/WhoSGlAd-
python

CHAPTER 5

The EGGMiMoSA method
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Figure 5.1: The EGGMiMoSA logo.

As we have seen, as a consequence of the contraction of their core and expansion of their envelope, red-giant
and subgiant stars display mixed-mode oscillation spectra (Sects. 2.1.4 and 2.2.4). These modes represent a unique
opportunity to probe the entire stellar structure of evolved solar-like stars, unveiling the future of our Sun. A
method accounting for such information was therefore necessary, this is why EGGMiMoSA (Extracting Guesses
about Giants via Mixed-Modes Spectrum Adjustment) was developed. This has been presented in an article
(Farnir et al. 2021, accepted for publication in A&A, see also Sect. 5.A). In the present chapter, we present notable
results of the technique.

5.1 Introduction

Owing to their large luminosities, red-giant stars can be observed at large distances. Furthermore, such stars cover
a wide range of stellar masses and compositions. Combined with precise positions and velocities, obtained for
example with the GAIA mission (Perryman et al. 2001), they constitute key elements to the characterisation and
understanding of our host galaxy, the Milky-Way. This is the topic of galactic archaeology, which aims at studying
the Milky-Way’s dynamical and chemical evolution (e.g. Miglio et al. 2013; Noels et al. 2016). However, galactic
archaeology strongly relies on precise ages and composition measurements. This was enabled by the detection of
non-radial oscillation modes (De Ridder et al. 2009). Among these were also detected modes of mixed pressure
and gravity characters (Bedding et al. 2010). This is an important breakthrough for asteroseismology, allowing us
to retrieve such precise ages and compositions, but also to probe the structure of these stars from their surfaces to
their cores.
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WhoSGlAd Oscillations

Solar-like oscillation spectra
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WhoSGlAd Principle

WhoSGlAd: Principle

WhoSGlAd - Whole Spectrum and Glitches Adjustment
(Farnir et al. 2019,2020)
https://github.com/Yuglut/WhoSGlAd-python

Consider the frequencies vector space:

¬ Build orthonormal basis of functions (Gram-Schmidt);
• From regular functions: pk

• Build orthonormal functions: qk =
pk−

k−1∑
j
〈pk|qj〉qj∥∥∥∥∥pk−k−1∑

j
〈pk|qj〉qj

∥∥∥∥∥
• With the scalar product: 〈x|y〉 =

N∑
i

xiyi
σ2
i
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WhoSGlAd Principle

WhoSGlAd: Principle

 Independent ν projections: ak = 〈νobs|qk〉
⇒ νfit =

K∑
k

akqk ;
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WhoSGlAd Principle

WhoSGlAd: Principle

® Combine independent ak into indicators as
uncorrelated as possible;

• ∆l = al,1R
−1
l,1,1,

• r̂0l =
a0,0R

−1
0,0,0−al,0R−1

l,0,0

a0,1R
−1
0,1,1

+ nl − n0 + l
2 ,

• ∆0l =
al,1R

−1
l,1,1

a0,1R
−1
0,1,1

− 1,

• AHe = ‖δνHe‖ =
√∑

a2
He,

• . . .

with R−1
l,k,j the transformation matrix: ql,k =

∑
j≤k

R−1
l,k,jpl,j
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WhoSGlAd Seismic indicators

Seismic indicators

Smooth:
• r̂0l → Composition and evolution (∼ Roxburgh &

Vorontsov 2003)
• ∆0l → Overshooting (See also Deheuvels et al. 2016)
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WhoSGlAd Seismic indicators

Glitch indicators

Glitch:
• AHe → Helium content
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WhoSGlAd Seismic indicators

Glitch indicators

Glitch:
• AHe → Helium content
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WhoSGlAd Seismic indicators

Glitch indicators

Glitch:
• AHe → Helium content
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WhoSGlAd Seismic indicators

Glitch indicators

Glitch:
• AHe → Helium content
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WhoSGlAd Results

Application to 16 Cygni

Fitting only ∆, r̂01, r̂02, and AHe:
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Seismology alone cannot discriminate models
(Farnir et al. 2020

See also Bulden et al. 2021)
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EGGMiMoSA Mixed-modes

Sub- and red giants: Mixed-Modes

Pressure and gravity character
⇒ Probe the whole structure!

Mixed modes
Mixed modes in a red giant

p-modes

g-modes

Credits: Grosjean (Thesis, 2015)

H-shell vs. core-He burning
(Montalbàn et al. 2010, Bedding et al.

2011)

p2
A

p2

2

2

p2
A2A

R

2

p2

p2 2

2

2

A

2

2

2

2A

A
A

2

p2

2

2

2
2

A

22

2

p2

2

R

A
A

2

p2

2

p2
p2

A
A

2
2

2

2

p2
2

A
A p2

A

2

A

2

p2

2

A 2A

2

2

2

A

2

2
2

2

2

A

2

2

2

R

p2

2

2

2

2

2

A

2
2

p2 2

2

A

R

A
p2

2

2
p2

p2

2

A

A

?

2

p2
2

R

R
R

2

2
A

2

A
A 2

2

2
2

2

2
A

p2
2

2p2

A
A

p2

2

R

A

R

A
A

2

R

A 2

2

R

A
2

p2

A 2

2

R

2

A
2

p2

R

R

p2

R

R

p2

A A

p2

2

R

p2 2

A

R
R

p2

p2

22
p2

2
2

p2

R

A

R

A AA

A

A

RR

2p2 p2

A

R

f

A 2
2

R

A

R R

2

R

2

R

A
2

p2

R

A

R

A

R

R R

A
p2

R

R

A2
A2A

R

R

C
C 2

C
C

2

p2

R
R

R

C

R

2

R
R

R

C

R

C

C

C
C

R R

R

R

R

C

R

C 2

R R

RRR

C

R

R

C

R

R

R

C

?

C

RR

2

R

R

R

f

R

C C

R

p2

C

f
C

R

C

C

p2

C C

C

C
C

R

C

R

RR
R

R

C

A

R R

R
RR

C

R
R

R

R

f

C

R

R

C

R

R

C

R

C

f

C
C

R

R

C

R
R

C

R

R

C

R

R

R
R RR

C

R

C

R

C

R
R
R

R R

A

R
R

C

f

C

R
R

C
C

CC

R
R

C CC

R

R

R

C
CC

C

C

C
C

R

C

f

f

R

CC

C

C

R

C

R

C

R

C

R

R

C

R

C

R

C

RR

C

C
C

RR

R

R
R

C C

C

R

C
C

R

R

C

C

C
C

R

CC

R

C
C

R
R

C
C

R

C

RR
R

C
C

CCC

R

S

C

RR
R

C

C
C

R

R

R

C

C
C

R

C

R

C
C

C

RR
RR

C

R
R

R

R

C

C
C

RR

C
C

C

CC
C

R

R

R

R

f

R

C

R

C

f

C

C

R

C

R

C

R

C
C

R
R

R

S

C
C

RR

C

R

R

C

C
C

C

R

C

R

C

R

C

C

R

C

S

R

R

R
R

C

R

C

C

R

f

C

RR

A

C

f

R

C

R

C

R

R
RR

R

C

C
C

C

R

R

C C

R

C

R
R

R

CC

R

R

R

C

C

R

CCC

R

R

CC

R

CC

R

R

R

C

CC

R

CC

A

C

S

C

CC
C

R

R

R

R

R

f

R

C

C

R

C

R

C

R

C

RR

C

R

C
C

R R
R

R

R

R

R

R

A

C CCC

R

C

R

C

R

C

CC

C
C

C

A

C

R

A

S

C

C

R

C
C

A

R
R

C
C

R

C
C

C

C

C
C

C
C

C

RR

R

R

R
R

C

R
R

C

C

R

R
R

R

C
C

C

R

C C

R

A

C

R

R R

S

R

A

R

R R

C

C

C

R

A

C

R

C

R

C

R

C

C

C

S
C

R

S

R

C

R

A

C

R

R

R

C

R
R

C

R

R RR

C
C

R

S

R

C

R

R

CC

S

R

C

C

S

C

S

R
R

R

C

CC

C

C

C

C

R

R

C

A

C

R

A

R

CC C

R
R

R

R

C

R

A

C

R

R

C C
C

CC

R

C

R

CC
C
C

R

S

R

R

C

C C

R

C

S

C

C

C

R

R

R

R
R

R

C

C
C

C

C
C

R

C

R

C

S

C

C

R

C
S

R

S

C
C

C

R
R

R

C

R

S

C

R

C

C

R

C

C

R

S

R

RR

C

C

C

R

R

C
C

R

CC

R R

C
C C

C

S

C

S

C
C

C

R
R

C

A

C
C

C

R

C
C

C

RR

CC C

S

C

R

S
C

CC
C

S

f

R

C

C

C
C

CCCC

R

C

C

C C

R

C

S

C

R

C

CC

R

CC C

R

C

CC

R

C

C

R

R

C

R

S

C
C
C
CC

C
CC S

R

C

A

R

CC

R

C

C

C

R

C

C

C

C

R

S

C

C

S

C
C

C
S

C

C

R

C
C

C

C

C
C

S

C

C

S

C

C

C

C

R

A

C

C
CC

C

C
CCC CC

R

C

CC C
CC C

C

S

C

C

C

C

R

C
CCC
C

C
CC
C

C

S

C
C

C

C C

A

S

C

C

CCC

C

C
C

C

C

C

C

C

C
CCC

CC

C

R

C
C
C
C
C
CC

C

CC

A

S

C

A

C

A

R

C
C

f

C
C

R

C
C

AA

C

C
C

C

A

C

S

A

C
C

C

C
C

R

C
C

C

R

CC

R

A

CC

A

C
C

S

C

A

C C
C C

C

A

CC
C C

A

A

R

C C
CC

C

R

R

C

R

C
C

C
C

C
C C

C

C
C

C

C

C

CCC

C CC
C

CC
CC

C

C
CCC

C

C

C

A

A

C

CC

CC
C

C
C

C

C

A
C

Credits: Mosser et al. (2014)

∆π1: Period spacing
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EGGMiMoSA Mixed-modes

EGGMiMoSA

EGGMiMoSA:
Extracting Guesses about Giants via Mixed-Modes
Spectrum Adjustment (Farnir et al. 2021)

Info on mass, radius, and age
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Conclusions

Conclusions

• Two methods to probe most of the evolution of
solar-like pulsators;

• Fast (< 1s per star) and automated;
• Robust indicators for stellar modelling;
• Well suited candidates for the analysis of the PLATO

data.

CHAPTER 3

The WhoSGlAd method
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Figure 3.1: The WhoSGlAd logo.

The present chapter describes the WhoSGlAd (Whole Spectrum and Glitches Adjustment) method
that provides the numerical means to carry a robust and fast adjustment of the oscillation spectra of
main-sequence low-mass stars. This method was presented in an article (Farnir et al. 2019, see also
Sect. 3.D). We here provide a slightly different and more detailed approach to the presentation of the
method. The application of the method to observed stars will be detailed in the next chapter (Chap. 4).

3.1 Context

3.1.1 Motivation

Up to recent years, quality seismic data were only available for our Sun, owing to its proximity. Many
programs were indeed dedicated to its observation (e.g. GONG Harvey et al. 1988, BiSON Brookes
et al. 1978, SOHO Domingo et al. 1995). A wealth of pulsation modes were observed (over a thousand)
that allowed us to put tight constraints on the solar structure and to raise relevant questions concerning
theories of stellar structure and evolution (for a review, see for example Buldgen et al. 2019). Such data
provided the scientific community with the means necessary to test the models at hand.

Lately, thanks to the CoRoT (Baglin et al. 2009) and Kepler (Borucki et al. 2010) space telescopes,
seismic data of unprecedented quality has been made available for a large sample of stars, allowing
asteroseismology to thrive. Some asteroseismic studies use a very classical approach, constraining stellar
models in the forward modelling scheme via individual oscillation frequencies or frequency separations
(e.g. Miglio & Montalbán 2005; Deheuvels et al. 2016). Others use inversion techniques to provide precise
constraints on the variations of physical quantities (e.g. density, entropy,...) along the whole depth of the
star (e.g. Elliott 1996; Buldgen et al. 2016a). This enables them to stray from the parameter space of
models and constrain the missing physical ingredients. Finally, some account for the signatures of acoustic
glitches (e.g. Monteiro et al. 2000; Basu et al. 2004; Mazumdar et al. 2014; Verma et al. 2014; Farnir
et al. 2019). This is another way to pinpoint the shortcomings of stellar models. An acoustic glitch is the
faint signature left in the oscillation spectrum by a sharp variation – compared to the wavelength of the
oscillating mode – in the stellar structure. Such glitches mainly carry two pieces of information: their
amplitude, which is directly linked to the strength of the sharp variation in the stellar structure, and their
period, which is proportional to the acoustic depth at which it occurs. Because of their low amplitude,
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CHAPTER 5

The EGGMiMoSA method
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Figure 5.1: The EGGMiMoSA logo.

As we have seen, as a consequence of the contraction of their core and expansion of their envelope, red-giant
and subgiant stars display mixed-mode oscillation spectra (Sects. 2.1.4 and 2.2.4). These modes represent a unique
opportunity to probe the entire stellar structure of evolved solar-like stars, unveiling the future of our Sun. A
method accounting for such information was therefore necessary, this is why EGGMiMoSA (Extracting Guesses
about Giants via Mixed-Modes Spectrum Adjustment) was developed. This has been presented in an article
(Farnir et al. 2021, accepted for publication in A&A, see also Sect. 5.A). In the present chapter, we present notable
results of the technique.

5.1 Introduction

Owing to their large luminosities, red-giant stars can be observed at large distances. Furthermore, such stars cover
a wide range of stellar masses and compositions. Combined with precise positions and velocities, obtained for
example with the GAIA mission (Perryman et al. 2001), they constitute key elements to the characterisation and
understanding of our host galaxy, the Milky-Way. This is the topic of galactic archaeology, which aims at studying
the Milky-Way’s dynamical and chemical evolution (e.g. Miglio et al. 2013; Noels et al. 2016). However, galactic
archaeology strongly relies on precise ages and composition measurements. This was enabled by the detection of
non-radial oscillation modes (De Ridder et al. 2009). Among these were also detected modes of mixed pressure
and gravity characters (Bedding et al. 2010). This is an important breakthrough for asteroseismology, allowing us
to retrieve such precise ages and compositions, but also to probe the structure of these stars from their surfaces to
their cores.
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Convection Zone Glitches
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WhoSGlAd: Basis Elements

We selected the basis functions:

• Smooth
¬ p0(n) = 1
 p1(n) = n
® p2(n) = n2

• Glitch
He pHeCk(ñ) = cos (4πTHeñ) ñ−k

pHeSk(ñ) = sin (4πTHeñ) ñ−k

with k = 5, 4, ñ = n+ l/2
CZ pCC(ñ) = cos (4πTCZñ) ñ−2

pCS(ñ) = sin (4πTCZñ) ñ−2
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WhoSGlAd: r̂01

WhoSGlAd
r̂01 = ν0−ν1
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WhoSGlAd: r̂02

WhoSGlAd
r̂02 = ν0−ν2
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WhoSGlAd: ∆0l & Overshooting
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Credits: Deheuvels et al. 2016

• a0: mean r01(n)

• a1: slope in n of r01(n)
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WhoSGlAd: ε and surface effects
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WhoSGlAd: Helium and Γ1 toy model
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WhoSGlAd: Metallicity and Γ1 toy model
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WhoSGlAd: Application to the Kepler LEGACY
sample

• Overshooting
∆αov/∆M = 0.2± 0.1,
αov,0 = −0.1± 0.2

1.1 1.2 1.3 1.4 1.5 1.6
M (M�)

0.00

0.05

0.10

0.15

0.20

0.25

α
ov

Metal

Seismic

Fit

• Galactic enrichment
∆Y/∆Z = 1.92± 0.79,
Yp = 0.26± 0.01

0.01 0.02 0.03 0.04
Z0

0.20

0.25

0.30

0.35

Y
0

Metal

Seismic

Over

No over

Fit

Free param.: t, M , X0, (Z/X)0, and αov;
Seismic: Models with only ∆, r̂01, r̂02, ∆01, and AHe;
Metal: Models with only ∆, r̂01, r̂02, ∆01, and [Fe/H].

Martin Farnir Solar-like pulsators asteroseismology 26



Appendices

Mixed-modes

• Modes of mixed p and g character
→ pressure and gravity cavities coupled via evanescent
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EGGMiMoSA: Formalism

EGGMiMoSA:
Extracting Guesses about Giants via Mixed-Modes
Spectrum Adjustment (Farnir et al. 2021)

Asymptotic coupling between p- and g-cavity:

tan θp = q tan θg

where:

θp = π
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]
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No further simplifications⇒ adapted to red and subgiants
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EGGMiMoSA: Fit examples
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EGGMiMoSA: Fit examples
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EGGMiMoSA: Fit examples
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