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Surface Impact of the Radiative Dynamics Context @

The radiation zone dynamics : Quick Overview
98% Mg

¥ The solar internal rotation

Eff-Darwich et al. (2008); Mathur et al. (2008)

Garcia et al. (2007); Turck-Chiéze et al. (2010)
# Tachocline : seat of a strong transition

: b P Internal waves ? (Talon & Charbonnel, 2005
between the two rotation regimes

+ cf. Stéphane Mathis talk)
# Angular momentum transport

in th I diati P Large scale magnetic field ?
B N O EOTD (Eggenberger et al., 2005; Garaud, 2008)
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Context

The radiation zone dynamics : Quick Overview

¥ The solar radiation zone : ORIGINS of a possible “fossil” magnetic field

® Dynamo field penetrating from the upper
convection zone? Garaud (1999)

® Dynamo at work within the radiation zone?

Braithwaite (2006)
Zahn et al. (2007)

® Flux conservation of a seed magnetic field, of
primordial origin ?

® Heritage of a dynamo having occured
during early stages of stellar formation
(totally convective) ? Browning et al. (2009)

Convective Star V374 Peg;
Donati et al. (2006); Morin et al. (2008)
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Surface Impact of the Radiative Dynamics

Context @ 0 @®

The radiation zone dynamics : Quick Overview

¥ The secular MHD Transport :

coupling meridional circulation, differential rotation and magnetic field

microscopic
diffusion

Y

chemical
elements

penetration,
overshoot

turbulent
transport

meridional
circulation

magnetic
field

L= e > convection

rotation

Mathis & Zahn, 2004; 2005

external torques
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> Will the magnetic field be

an efficient enough agent
of angular momentum tranport?

» How would it interact with the
overlying dynamo field?



Surface Impact of the Radiative Dynamics

Il. The fossil
magnetic field
model
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Surface Impact of the Radiative Dynamics The magnetic configuration @

¥ On the track of magnetic configurations

P Purely toroidal fields and purely poloidal ones are well known to be unstable
(since works by Tayler, Markey, Wright in the 1970s)

poloidal

Spruit (1999);
Brun (2007)

P The only stable configuration known up to date :
twisted field found in a numerical experiment
-> a quasi-axisymmetric MHS equilibrium is observed.

P> We assume the field to be the result of a relaxation;
it is in axisymmetric MHS equilibrium.

Braithwaite (2004; 2006)

The most likely to act over secular timescales
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Minimum energy
solution (for a given
helicity):

U(r,0)=v,+¥,
' b .
=sin? @ x L i ()\"'
{ ~ 141 1 Rsup
O,i I?:.np
- i T i =
i (0 ) [ | (85 ) peae

— o Bo Ay
0 _ - _
s Eon (8 ) o)
Ring sup

) CH? (cosb)

Rsup
Rsup R»sup

B,, ¥/V¥, isocontours

— s

)
(]
L~
Q
()]
U
(3}
S
=
o
~N
<ﬂ
o3
=5
g
<=
~J
S
X
o3
N
(3)
=
Qa

«non force-free»
(owing the stratification
of the radiation zone).

Here we assume a
confined field




Surface Impact of the Radiative Dynamics

A stable equilibrium

8 3D MHD simulation : inputs

Initial polytrope with index n =3

Enhanced magnetic diffusivity (Spitzer, 1962) ;
Quasi-potential boundary conditions ;

White noise perturbations, 1% in density.
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Good candidate as an initial condition for
the secular magneto-rotational transport.

As a non force-free field, it influences the
stellar structure.
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1.

Surface impact of
the radiation zone
dynamics
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Surface Impact of the Radiative Dynamics Surface Impact @

A semi-analytical, static approach

Magnetic pressure weak in
front of gaseous pressure

Perturbative treatment possible

Perturbations relatively to the sphere :

Byeay (r,0) = @ (r) + &) (r,0) = Bo(r) + > &y(r) P, (cos6) P(r,0) = Ro(r)+ PU (r,0) = Py (r) + Y _ P (r) P (cosb)

120 120
p(r,0) = po(r)+ oV (r,0) = po (r) + Y _ 5i (r) Pt (cos ) T (r,0) =To(r) +TW (r,0) = To (r) + Y _ Ti (r) Pl (cos )
(20 =0
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Surface Impact of the Radiative Dynamics

€ 4. Method

Surface Impact @@

= Luminosity perturbations :
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Surface Impact of the Radiative Dynamics

¥ 2 Results: large-scale magnetic field

- Surface perturbations (young Sun); Bo =2 MG

Perturbation to the luminosity Young Sun
Lohm 6.59 x 10%

Lpoynt 2.12 x 10%*

T 6.73 x 1026

Lot 2.93 x 10*3

Duez, Mathis & Turck-Chiéze, MNRAS, 2010, 402,271-281

Luminosity perturbations (erg.s)

FO perturbation Young Sun SO perturbation Young Sun
% 4.57 x 10-2 B 904 X 10~
Po 9.78 x 1073 P -1.93 x 1073
Ty 521 x 1073 T, —1.03 x 1073
co 1.73 x 106 ca —3.42 x 1077
1% *

Surface Impact @@@®
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Surface Impact of the Radiative Dynamics Surface Impact @0@®

$ 3, Comparison with rotation-induced perturbations

<0 PR R Tar = RS =)
i _— e Tl e T |
-\ TERRR FIEE L
3™ |
g\ ==3
@ 1000, 4"'..‘_. f
hen p ——
:‘h o2 @ . @ o 1‘Q
§
- — o :
% %i %s:g:m:%
g’m §
- N -—
[ . -
R, - Using the same method, we find a
T — 980 < By . a a :
-\ % m%m% quadrupolar gravitational moment
i’m — E% (In total agreement with Roxbugh, 2001)
S \ = -
=\ 2:21 >l 0= 0040 (el
an —
=0
% ea  as _ es e e => Will SODISM be able to bring some constraints ?
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IV. Perspectives
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Surface Impact of the Radiative Dynamics Perspectives @@ ®

¢ 1. Surface impact of the magnetic cyclic variability
in the convection zone

Lorentz force coefficients
from the 2D STELEM Code

Latitude

Semi-analytical perturbative

treatment

Latitude

Radius perturbations,
J) ...

Time (Years)
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Surface Impact of the Radiative Dynamics Perspectives @@®

e magnetism ;

SJ - - - H H H | |
¥ 2. Secular evolution, involving :  * differential rotation ;
e meridional circulation ;

e shear-induced turbulence.

A first step : implementation of a static magnetic
field in the stellar evolution code CESAM

1 temporal step ) Evolution until 4.6 Gyr

(Solar model
parameters following

Couvidat et al., 2003)
Perturbation Ilstimestep ewolution evolution until actual solar age Elément Sans champ magnétique Avec champ magnétique Différence
7o = 3.210%x10"= 5.790 x 10~* 'H 7.365359793668 x 10~ 7.365337409678 x 101  3,03909 x 10~°
Po X (3 5% (il 3.080 x 107 2H 1.840619143064 x 10~17  1.840604262519 x 1017
B, 9.706 x 10~8 —92.025 x 10~8 SHe 7.967990778229 x 1075 7.968048038889 x 10~°
T —9.108 x 10~7 9511 x 10~7 ‘He 2.459754994785 x 1071 2.459776212934 x 107! 8.626 x 10~°
Ly 5.254 x 1011 2.325 x 107
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Mathis & Zahn, 2005

Surface Impact of the Radiative Dynamics

¥ 2. Secular evolution, involving :

U (r,0) +Up(r,6)] x B

Induction equation :

Angular momentum transport :

{ pd‘(rZQ) - —

p% (rZQz) - pr_lr [2V2 — aU3z] = —10pv4 s + 12

(pr QUZ) =19, (pvvr“a,m + fﬁ. (r)
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BN, de 7y o)
Fﬁ (r,0)|= rsmoj; = Lo = ;=Eo [';(r)sin“ 8 P;(cos )

Perspectives @ @@

e magnetism ;

¢ differential rotation ;

e meridional circulation ;

¢ shear-induced turbulence.

Thermal wind equation :
Lorentz force

Temperature 1 "
fluctuations Gd
oh =, = D@y + y’ et
Al {= s . —
.................. 2 T dr P
Mean  molecular ..~ )

weight fluctuation

Differential rotation

Towards a complete*)
||~ picture of the solar interior

evolution along secular

(climatic) timescales.

(%) Axisymmetric, spectral models : 2D
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Thank you for your attention.
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