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Importance of angular momentum transport in stars
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% Stars: fundamental units of the visible Universe
» Stellar structure and evolution: cornerstone of Astrophysics 5
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e Goal: al
= Understand stars interiors, dynamics, and evolution
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* Key element:
= Transport of angular momentum

8
E; SR
>
= Angular momentum transport impacts: 5 |
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Angular momentum transport shapes the

evolution and the dynamics of stars




Magnetic fields in radiative zones of early-type stars
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O Current angular momentum transport models unable to reproduce asteroseismic observations (Aerts et al. 2019)
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0 One of the best candidates to explain this discrepancy: Magnetic fields in radiative zones

O 2 types of detected magnetic fields at stellar surfaces using spectropolarimety:

= large-scale stable fields with high amplitude
v’ Origin: fossil (Braithwaite & Spruit 2004, Duez & Mathis 2010, Shultz et al. 2019)

= Small-scale fields with low amplitude
v Origin: dynamo action in the thin sub-surface convective layer (Cantiello & Braithwaite 2019) / failed

relaxation (Braithwaite & Cantiello 2013) / resulting from non-axisymmetric instabilities (Auriére et al. 2007)



Strong axisymmetric toroidal magnetic field

(Pitts & Tayler 1985, Spruit 2002, Zahn et al. 2007, Fuller et al. 2019, Petitdemange et al. submitted)
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Possible dynamo action

» Torque exerted by induced Maxwell stresses: very efficient transport of angular momentum
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g-mode pulsators and magnetic field
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_
waves .
> Asteroseismology: only way to probe the
internal structural, chemical, rotational

and magnetic properties
Internal gravity waves Aerts et al. 2019
> <

Rotation and
magnetic fields

Mixed waves:
Magneto-gravito-inertial

(rotation and magnetic fields

] are perturbations Goal: study the signature of axisymmetric
cannot be treated as perturbations) I

toroidal magnetic field

% Magneto- Gravito-inertial (MGI) modes % Acoustic modes driven by:
driven by: v Compressibility:
v" buoyancy: chemical and thermal pressure force (S;)

stratifications (N)

v rotation: Coriolis and centrifugal
accelerations (2£2)

v" magnetic field: Lorentz force (w,)



Period spacing pattern: a window into stars’ interiors
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Traditional Approximation of Rotation (TAR)

=  Goal: Compute the pulsations of MGl modes
= |ssue: Difficulty of performing flexible and intensive seismic modelling with 2D oscillation codes (e.g. Reese et al. 2006)

=  Possible solution: The Traditional Approximation of Rotation (TAR) (e.g. Eckart 1960, Bildsten et al. 1996, Lee & Saio 1997)

«  Strengths:

v separable dynamics
v' tractable formalism / efficient for extensive seismic modelling
v robust predictions for frequencies when compared to 2D adiabatic modes computation

* Assumptions:
4 Strong stratification: 20 < N
4 Low frequency: w <K N
> Neglect the vertical (horizontal) component of the Coriolis acceleration (rotation vector)
adiabatic limit / Cowling approximation
spherical stars / uniform rotation (e.q. Lee & Saio 1997)
v no magnetic field

v
v

«  Weaknesses:
v' Can'’t be used to deal with waves’ excitation, damping, and instabilities (e.g. Mathis et al. 2014)
v Not applicable in convective regions and in very rapidly rotating stars (e.g. Ogilvie & Lin 2004, Dhouib et al. 2021a,b)




Magnetic TAR
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Case of equatorial toroidal field (1/2)
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Case of equatorial toroidal field (2/2)
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Case of hemispheric toroidal field (1/2)
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Case of hemispheric toroidal field (2/2)

Bo=10%G, ro=0.15, d=0.2, n;=2
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and

v’ Derivation of a new generalisation of the TAR

v’ Better magneto-asteroseismic modelling

v Dependency of the detectability of magnetic fields on their configurations
v’ Possible detection of equatorial fields

v’ Signature similar to rotation

v’ Greater difficulty in detecting fields located far from the equator

*» Apply the magnetic TAR to real stars — improve forward modelling?
** Go beyond the asymptotic approach: incorporate the magnetic TAR in GYRE
¢ Go beyond the TAR: 3D MHD oscillation code
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