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y Doradus stars

Main driving occurs in the transition region whéne thermal
relaxation time is of the same order as the pulsgieriods
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Flux blocking at the base of the convective envelc

—— Motor thermodynamical cycle
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Flux blocking at the base of the convective envelc

—— Motor thermodynamical cycle
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.. ) M=1.6M,
y Doradus

a=2
Mode (=1, g,

Role of
time-dependent
convection
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Convection — pulsation interactiowork integral

Radiative luminosit Convective luminosit
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.. ) M=1.6M,
y Doradus

a=2
Mode (=1, g,

W, Radial radiative 2e-06
flux term 1.5e-06
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.. _ M=1.6M,
Driving mechanism Terr= 7000 K
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.. ) M=1.6M,
y Doradus

a=2
Mode /=1, g
W, Radial radiative 2e-06
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Driving mechanism

M=16 M,
T = 7000 K
a=2

Mode /=1, g,

W, Radial radiative
flux term

W, Radial convective
flux term

W, Total work
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y Dor g—modesir
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Unstable mode
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Unstable mode

Eigenfunctions of g-modes
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Unstable mode
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Unstable mode

M=l.EMﬂ
n=1.5
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Key point:
Location of the convectiveg
envelope bottom
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Instability region very
sensitive to the effective
temperature and the
description of convection
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vy Doradus %l Fr!F

For hot or smaltr models: |
very thin convective envelope e |
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Stabilization mechanis
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Stabilization mechanis

Radiative damping [ .
In the g-modes cavit
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Instability strips




Instability strips




Comparison d Sct red edge/0, p,)
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Influence of turbulent Reynolds stress perturbe
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Influence of turbulent Reynolds stress perturbe

Work integral
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Influence of turbulent Reynolds stress perturbe

1 d

- 3

0= () * G| R

Vf‘)vhizvh""f - W, = () + c9%
V dr

r

P.b ——— O0 and dR, /dr discontinuous

at the bottom of the convective envelope




Influence of turbulent Reynolds stress perturbe
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Influence of Reynolds stresd/ork integral
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Photometric amplitudes and pha
and mode identification

e Lagrangian displacement > Distortion of the stellar surface

* Thermal equilibrium in the local atmosphere
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Monochromatic magnitude variati
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Spectro-photometric amplitudes and pha
and mode identification

Very sensitive to the non-adiabe

Phase-lag treatment of convection
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Spectro-photometric amplitudes and phz
and mode identification

Very sensitive to the non-adiabe

treatment of convection

Frozen convection

Time-dependent convectign

Re(8F/F)

FC

K-mechanis

Re(SF/F)
TDC

Not allowed by time-dependent convect




Spectro-photometric amplitudes and phz
and mode identification

y Doradus

3 frequencies:f,=1.32098 c/df,=1.36354 c/df,=1.47447 c/d

Balona et al. 1994 >~ Stromgren photometry

~ Simultaneous photometry

Balona et al. 1996 >
and spectroscopy

L» Spectroscopic mode identification{4,, m,;) = (3, 3),




Spectro-photometric phase differen

y Doradus

~ Simultaneous photometry
and spectroscopy

Balona et al. 1996

L» Phase-lag ( Vmagnitude — displacement ):
Observations: A, = -65°£5° A, =-29° £ 8°

Theory: Time-dependent convection Frozen convection
(@=2) A= - 30° A= - 165°




Photometric mode identificatic
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Spectro-photometric amplitudes and phz

9 Aurigae

3 frequencies:f,=0.795 c/df,=0.768 c/d f;=0.343 c/d

~ Simultaneous photometry

Zerbi et al. 1994 -
and spectroscopy

Spectroscopic mode id. : (¢4, [my|) = (3, 1),
Aerts & Krisciunas (1996) (43 IMg]) = (3, 1)




Spectro-photometric phase differen

9 Aurigae

~ Simultaneous photometry
and spectroscopy

Balona et al. 1996

L» Phase-lag ( Vmagnitude — displacement ):

Observations: AQ, =-77°+£12° Ap;=-41°+10°

Theory (a0 =2): TDC A, =-22° A, = - 39°
FC  Ag@ =-156° A, = - 140°




Photometric mode identificatic
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Importance of ultraviolet observatio
(bracketing the Balmer discontinuity)

Influence of the effective temperature
vaﬂfﬂons
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Conclusiong| Priving mechanism and energe

aspects ity Doradus stars

e EXxcitation mechanism: Convective blocking
Time-Dependent convection does not inhibits theharsm

 Mode identification, amplitudes and phases:

Time-Dependent Convection required




Comparison d Sct red edge/0, p)

vy Dor instabllity strip (=1)
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- . ) M=16M,
Stabilization mechanis T = 7000 K

a=2
Mode /=1, g,

W, Radial radiative 2e-06
flux term 1.5e-06




Unstable mode
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Unstable mode
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Non-adiabatic stellar oscillations: utilit

Excitation mechanisms Mode identification

Solar-like oscillation$

A\~ 4

v

Unstable modes: growth rates Observations

Stable modes: damping ratef<—— | Line-widths in the power spectrum

Stochastic excitation mode Amplitudes




Convection — pulsation interacti

3-D hydrodynamic simulations Perturbative approac

All motions are convective ones Separation between convection and pulsation
in the Fourier space of turbulence

In particular the p-modes / \
(present in the solution)

Convective motions: Oscillations:
Nordlund & Stein short wave-lengths long wave-lengths

1. Static solution without oscillations

2. Stability study of this solutio

Gabriel’s theory




Convection — pulsation interactio@abriel’s theor

Hydrodynamic equation

Mean equation*

Perturbation

Equations of linear

non-adiabatic oscillations

equations

Convective fluctuation:

\° X4

Perturbatior

Correlation terms



Convection — pulsation interactio@abriel’s theor

Perturbed correlation ter

Convective flux Reynolds stress anfl Turbulent kinetic
perturbation turbulent pressure energy dissipation
perturbation perturbation

The unknown correlation terms are obtained by pertubing the convective
fluctuation equations. The solutions have the form:

o(AX ) = o(ax ek et

Horizonthal means




Convection — pulsation interactiowork integral

Radiative luminosit Convective luminosit

m 16p"d (5Lg + 6 L)

dm > | Turbulent pressurg

Turbulent kinetic
energy dissipatio




Solar-type oscillation

Difficulties : [| 1. Treatment in the efficient part of convect

_ | Very short wave-length oscillationg
of the eigenfunctions

Local treatment

Re(8LLL) P=0

54 52 5 48 46 44 42 4 38 36
log T




Solar-type oscillation

Difficulties: [ | 1. Treatment in the efficient part of convect

Origin of the problem
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. /
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Wavelength much shorter than the mixing-leng
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Solar-type oscillation

Difficulties: [ | 1. Treatment in the efficient part of convect

Solutions|

/ N\

Non-local (Balmforth 1992 Local (Gabriel 2003b

\ /

Introduction of new free parametefs




Solar-type oscillation

Difficulties: [ | 1. Treatment in the efficient part of convect

Solutions|

N

Local (Gabriel 2003b

Re(3L/L) P=1
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Solar-type oscillation

Difficulties: [ | 2. Treatment of turbulent pressure perturbe

Increases the order Very stiff problem
of the system at the boundaries

N/

Numerical instabilities




Solar-type oscillationsconfrontation to observatio

Models of stochastic excitatic

 The Sun is a vibrationally stable oscillator.
» Excitation of the mode is due to stochastic fayg
coming from turbulent convective motions.

n

Non-adiabatic model$

!

Damping rate: n

Line-widths

Theory

\

Stochastic modelsl;

.

Acoustical noise generation ratd®

V

S

kel
m Ve|OCIty

Observed amplitudeg



Solar-type oscillationconfrontation to observatio

Theoretical damping rates— line-widths observed by BiISON (Chaplin et al. 19
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Solar-type oscillationsconfrontation to observatio

Theoretical damping rates— line-widths observed by BiISON (Chaplin et al. 19
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Solar-type oscillationsconfrontation to observatio
Theoretical damping rates— line-widths observed by BiISON (Chaplin et al. 19
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Solar-type oscillationsconfrontation to observatio

Theoretical damping rates— line-widths observed by BiISON (Chaplin et al. 19
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Instability strips

Radial modes.
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Instability strips
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Photometric amplitudes and pha

Amplitude ratios vs. phase difference - Stroemgrevtquinetry
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Conclusions Convection-pulsation interactic
In solar-like stars

Theoretical difficulties

Efficient part of convective envelo#e

Local treatment

— Spatial oscillations

of the eigenfunctions

— Introduction of a free
parametef in the perturbation
of the closure equations

Perturbation of turbulent press

— Numerical instabilities

Confrontation to observations

Damping rates{ <—> | Line-widths

Stochastig
excitation

s

Amplitudes

|

We found a model fitting the
observed damping rates but







Oscillations de type solai

Mécanisme d’excitation : Excitation stochastiq

‘ Oscillateur vibrationellement stable
forcé stochastiguement par la convec

ion

Taux de d"amortissement confrontables
aux observations (largeurs de raie)

I Contrainte sur les modeles non-adiabatiques
d’intéraction convection-oscillations




Oscillations de type solai

Difficulté des modeles non-adiabatiqu
intéraction convection-oscillations

Grande enveloppe convectivie | Oscillations spatiales non-physiques
Convection efficace (&> t,) des fonctions propres

Re(8LLL) P=0

5 48 46 44 42 4 38 36
log T




Oscillations de type solai

Difficulté des modeles non-adiabatiqu
intéraction convection-oscillations

Oscillations spatiales non-physiques
des fonctions propres

Grande enveloppe convectivie
Convection efficace (&> t,)

Solutions|

SN

Non-locales (Balmforth 1992) Locales (Gabriel 2003)

N /

Introduction de parametr
libres supplémentaires




Oscillations de type solai

Difficulté des modeles non-adiabatiqu
intéraction convection-oscillations

Oscillations spatiales non-physiques
des fonctions propres

Grande enveloppe convectivie
Convection efficace (&> t,)

Solutions|
Re(SLL) P=l \
00 [reveseerseoss o
| : Locales (Gabriel 2003)
-400 1 — - =
600 - As _ 1 1 p&5=—pst PIlseV - olliseV
| | . AT - (0eF,-0-Fy

54 52 5 48 46 44 42 4 38 306

log T



Conclusions

. S Amplitudes et phase
Mécanismes d’excitatio ohotométriques

Asterosismologi |dentification
non-adiabatiqu des modes

|

Astérosismologie
“classique” (fréequences

Bandes d’instabiliteie




Conclusions

. S Amplitudes et phase
Mécanismes d’excitatio ohotométriques
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Coupling between the dynamical and thermal equations

e Equation of momentum « Equation of energy
conservation conservation




Sm = — 2.5 £ P"(cosi)b,, variations

In10
7aInE" 3
[—(6—1)(€+2)cos(at)]{(alnl:” + 21nb, L‘mﬁ cos(at+}

0 INTes 0 |nTeff/
\ \
J

_(dInF; , 9Inb, 1110 ge
\alng ding Qe

Stellar surface W
: orium
Filtggﬁgﬁrﬂ—mfdegntegraﬁon on the pass-band

On. - adiabatic

%




Age (Gy)

0.2 0.6 0.8 1. 1.2 1.4 1.6
13 Unstable modes ]
1k Stable modes / ]
11 p8 ————ama AR AR B R R B —_/ _:
10 p7 _
5 9F Pe — '-
-
— i ]
b 8 ]
I Ps - ]
8 7 p — caul -:
4 ]
6 1
ps — |
5 ]
4 ]
pl llllllll ——_‘“
3 -
8500 8000 7500 7000 6500 6000
T (K)

G tayn

m=

Age (Gy)
0.2 06 08 1. 12 14 1.6
13 - Unstable modes ]
1k Stable modes _
B N o —— E
b Py |
9 p6 PR ]
8 ]
p5 ]
7 D O .
4 = 5
6 LT -
p3 e 888 e ettt bt an sy ee.
5 ]
S — ]
4 ]
pl —————— .
3 -
8500 8000 7500 7000 6500 6000

Tegr (K)




G tyyn

w=

13

12

11

10

02 06 08 1.

14

Unstable modes

Stable modes

P
Ps

Ps
Py

Ps

99

————— At e s A

ooooooooooo

ooooooooo

e
4

8500

8000

7500
Teff (K)

7000

6500

6000

G tyyn

w=

13

12

11

10

Age (Gy)
0.2 0.6 0.8 1. 1.2 14

1.6

Unstable modes

Stable modes

(o P—

. .
.
. .
. earet
.............. ssssraasans aaasnant®
.

Ps

Ps
p2 -
fro

g f -“..-:::..-..----:.°::.::” eens
[

93g4 g5

.
ot
.

Py / L
e

.
0000000

g6 g? gg gg glO

0
. f
........

S
'-. -
-
part
- =
--. TR '. :
. vt . |
* et . ;
ot p o
.o Lot i
- -'. ,‘ -.. -
.
1 - ss " e
. - -t R4 ” -
. et et .-"
. . aettgent
. . :

8500 8000 7500 2000
Teff (K)

6500

6000




[1l. 1. & Scuti stars

0.2 06 08 1. 12 1.4 1.6 0.2 06 08 1. 12 1.4 1.6

13 F : ; : — 13 F : ; : —
Unstable modes Unstable modes

12 E Stable modes . N 12 E Stable modes . .

i Pe J J :
¥ p5 '-. -........--:::: """ ) n

979
8500 8000 7500 7000 6500 6000
Tegr (K)

8500 8000 7500 7000 6500 6000
Tege (K)



Bandes d’instabilit




Bandes d’instabilit




Bandes d’instabilit




Plan de I'expos

1. Introductio

2. Oscillations stellaires non-adiabatiques : @tjlit

3. Modélisation du problen){ « Atmospherg
« Convection

4. Applications| |+ [3 Cephel
Slowly Pulsating B
d Scuti

y Doradus
Type solaire

5. Conclusions




16 Lacertae

High sensitivity of the
non - adiabatic results
to the metallicity

z /7

TA

i i i i i
5.5 5] 5.5 & 45

IDET

[UR=1

08+

o7

08

05

04 r

380

i i i
400 450 5RO

B0
wavelength (nm)

i
&00




HD 129929

Modes excitation

|
S

frequency (c/d)

T ) |
o2
N H f
? |-||||||||||||||.||||r|||||||||||:|:|:|:|:|:|:|11]]:]“]“]]]]1]11]1]]“]“]] 11111111111111111111111111]11111111111Illllllllll’
: = gf' .
g [ NN —

Unstable

Stable




B Cephei :HD 12992€

Contraintes sismiques sur |"overshoot

[aov = 0.1+ 0.05]

frequency (c/d)




0.0002

4]

000015

variation from the center L

12-05

to the surface of the star e |-

M=4 M, |
Z =0.02 g

=] [=-]
i T

Q0005

Te-04

Se-05

—dW/dlogT

-Ge-05 |

Work integral and luminosity <=

BB &3 8 48

IOL/LI




Slowly Pulsating B sta
|dentification photométrique des moc

1 ] 1 1 1 1 ] 1 1 1 1
450 200

Wavelength {nm)




Opacity and thermal
relaxation time from

the center to the surface

Partial ionization
zone of Helium 11

Transition

180 —

140 -
120
100

0.35

025
02r
015

o=
o 2
[ & o —

— kL

L |

7.5 7 6.5 B 5h 5 45 4 35
7 6.5 B L 35

Mombomooh Ao
T T T T T T T

7.5

Iog' T




Work integral and luminosity
variation from the center
to the surface of the star

M=1.8 M,
T = 7480 K
Z=002, a=1

2e-05
1.5e-085
1e-05
Ee-06

—b5e-06
—1e-05
—1.5e-05 -

Se-07 —

—Ee-07
—1e-08
-1.5e-08
—2e—08 |
—-2.5e-08 |
—3e-08 |
—-3.5e-08
—de—06 4

30 +

20 +
15
10 +

_dW/dlogT

7.5 6.5 B LR 45 4 3.5

7.5 6.5 B BEE 45 4 2.5
SL/L|

7.5 6.5 B G 45 4 a5

Ing. T



Modes stables et instab

(=0 -18M-a=15

Convection gelée Convection dépendant du temps

Age (Gy) Age (Gy)
02 06 08 L 1.2 14 1.6 02 06 08 L 1.2 14 1.6
13 I Unstable modes 13 I Unstable modes
12 L Stable modes - ] 12 L Stable modes .
11 F / 1 11k .
10 L p7 srmessmnnenns ] 10 F p7 et aA A A RS SRR
—f B — . waa e st . -
£ Pe— ] £ P —
— —
L e ] L .-
R - o 81 P
8 7¢ ] 8 T N
Py —— Dy —
6 r . 6 1
p3 —— p3 —— b EEET e
5F 1 5r¢
4 r . 4
Py = — Py — —_—
3 30
8500 8000 7500 7000 6500 6000 8500 8000 7500 7000 6500 6000

Tege (K) Tegt (K)




Mécanisme d excitation ?7? Bloguage convectif 2@uzik et al. 2000

Travail intéegré 0.0001 .
9e-05 L
— 8¢-05
M _ 16 IVIO Te-05 +
Teff = 7000 K 6e-05 F
a=2 5e-05
Mode /=1, g, de-05 1
3e-05
. Visc. turb; _—

4




Modes instable

35 ¢

3| :

25 :
. !'
= 2T g i
o [ i i
2 [ %! :
o LS5 |l| :
= il

L

7000 6800 6600 6400 6200 6000 5800

Te (K)




Convection — pulsation interactio@abriel’s theor
Hydrodynamic equatio




Convection — pulsation interactio@abriel’s theor

Mean equations
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Convective fluctuations equatio
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Linear pulsation equatio
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Equation of Energy conservatio
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Convective flux perturbatio
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Turbulent pressure perturbati
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Convection — pulsation interactiotfie Solar ca

Difficulties: [ | 2. Treatment of turbulent pressure perturbe
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The worse numerical case gives Re(1/p¢€)) <0 at the left boundary

the best fits with observations Re(1/p €)) > 0 at the right boundary




Convection — pulsation interactiotfie Solar ca

Difficulties: [ | 2. Treatment of turbulent pressure perturbe
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Convection — pulsation interactiotfie Solar ca

Difficulties: [ | 2. Treatment of turbulent pressure perturbe

Example:

dz _ 2x—-i(l+x?)
= z
dx  (@1-x%)°

l

z(x)—cexp{ 1 - j
1-x* 1-X%°

The worse numerical case gives Re(1/p¢€)) <0 at the left boundary
the best fits with observations Re(1/p €)) > 0 at the right boundary
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Confrontation to observatio

Theoretical damping rates— line-widths observed by GO
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Confrontation to observatio

Theoretical damping rates— line-widths observed by GO

Problem:

This solution fitting very well the observations
IS subject towumerical instabilitiemear the upper
boundary of the convective envelope.

They come from theurbulent pressurperturbation term




Confrontation to observatio

Theoretical work integrals for differeft(mode =0, p,)
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Convection dependant du tem
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Internal physicsf| Propagation cavities
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