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Context

Angular momentum in the radiative zone of stars
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Figure: Left: Rotation profile at constant latitude in the sun [Brown et al.
1989]. Right: Numerical simulation for the radiative zone of the sun, with
and without magnetic field, compared to observations [Eggenberger et al.
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Seismic constraints on the radial dependence of the internal rotation
profiles of six Kepler subgiants and young red giants (Deheuvels 2014)

Stor 8) Kicse89820

KIC12508433 (Stor A)

on:

Deheuvels et al 2014

Observations correspond qualitatively to what is expected by the conservation of AM:
spin-up of the core results from its contraction. . .i.e. emergence of differential rotation
in radiative zones.

Ceillier et a/ 2013

The core rotation rate is 200 times
lower than predicted by 1D models
of stellar evolution (Zahn 1992
formalism).

Conclusion: need for an additional efficient physical mechanism (a missing transport process) or better understanding

turbulence in stably-stratified rotating spherical shells (radiative zones).
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Evolution of the rotation profile for late evolutionary phases

Rotation profile in subgiants:
Need for an efficient transport of angular momentum
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Fig. 3. Rotation profile of the sclected model at the end of the evolu- 3 4 5 6 8 10 12 15
tionary track (solid line). The two dashed lines correspond to the core R/Re

and the surface rotation rates derived by Deheuvels et al. (2012).

Ceillier et al 2013. ) . Mosser et al 2012 . .
Stellar evolution models predict strong shear layers at different life

phases that are not observed by asteroseismology.
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Massive and intermediate-mass stars
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o Strong dipolar fields would result from
initial conditions (Fossil fields).

@ A MHD instability (MRI?) could explain
the observed magnetic desert.

@ Vega-like fields could result from
dynamo action ? in which layers ? In
this case, what is the dynamo
mechanism ?
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A simple numerical model for radiative zones with the main physical
ingredients

@ A Boussinesq fluid in a rotating
spherical shell with
* constant kinematic viscosity v
* constant thermal diffusivity
* constant magnetic diffusivity n

@ The rotation rates of the spheres are
maintained (Spherical Couette Flow).

Boundary conditions

@ fixed temperature AT

@ no-slip for the flow

@ conducting inner core and insulating
outer sphere
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Systematic parameter studies (anelastic models)

Six control parameters

Number Symbol Sun
Rayleigh number ~ Ra  29ATC <1013 10%
mag Prandtl Pm v/n 02<Pm<25 107*
Prandtl Pr v/x 01 10
Ekman E v/(QL%) 107*=E=10"" 107'°
aspect ratio X ri/ro 0.35

The relevant parameter in rotating stably-stratified spherical shells
2
seems to be Q = Pr(Qﬂo) = E2Ra

Results obtained by using the PaRoDy code.
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Stably-Stratification affects the geometry of the angular velocity

Parameter study with Pr =0.05
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Stabilizing effects of stratification on the shear instability Ro.

AQI’[I’e .
v k)

Reynolds number Re =
E=107% Pr=01

10° 4
O) // 10°
%
A

@ S
104 A «
e
e
.k v stable 1071
M A unstable
————— Re.
103
108 107 108 10° 10%
Ra

Evolution of the critical Reynolds number Rec (or Rossby

number Rog) as a function of stratification (the Rayleigh

number Ra). When Re exceeds Rec (red upwards triangles),

non-axisymmetric modes are maintained over time.

Petitdemange et al submitted to A& A
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This behaviour corresponds to
Ri < 1/4 (Richardson number).

9/26



Magnetic field topology depends on the level of stratification (Ra)

stars: Emag,toro > 0.8Emag ; Circles: dipolar dynamos

x 1.0
Ra = 1010 TS dynamos I
=g Ho ko
© 103 4
£ f**k-* o
I': Hemispherical dyn ¥ 5o
w0 0.6 m
12 10—4_ !i
- :
2 0.4 o
2 :
E10°° 02
- |
0.0

E=107°% Pm=1

When stratification is low, results are similar to Unstratified dipolar
dynamos (Guervilly & Cardin 2010).
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Different magnetic topologies in simulated dynamos with £=10"°

Dipolar fields: regardless the initial magnetic field with Q =0.001
(Ra=107) ; a bistable regime exists with Q = 0.01 (Ra=108).
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Typical axisymmetric
sections for dynamo
solutions obtained
with different levels of
stratification.

Petitdemange et al submitted to A&
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Different magnetic topologies in simulated dynamos with £=10"°

Strong toroidal fields generated when Q = Pr(N/Qq)? = E?Ra=0.1
(Ra=109)
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Petitdemange et al submitted to A& A.
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Tayler-Spruit dynamos: Secondary growth

102F

Turbulent dynamo

Tayler's local
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Timeseries of the magnetic energy (measured by the Elsasser number
A= [B?/popoQn ) for E=1075, N/Q=1.24, P,=0.1, Ro=0.78 and
varying Pm=[0.35;0.42;0.5; 1], in resistive timescales. [Petitdemange et
al. 2023].

13/26



Tayler instability with cylindrical coordinates (s, ¢, z)
Instability conditions (Spruit 1999)
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Stabilizing effects: rotation, diffusion and
stratification. Using heuristic arguments:

1/2 1/4
2> (7] x-ow

Q Q
war  (NY2( x \1/4 my1/2
ala) (za) () @

and spherical symmetry (shellular) wa = Va/r.

m=0 Z E
Ba
d _b - ™ decreasing
tﬁ B . .
<—> = gy, Increasing
=1 (kink)

decreasing

- f\[ o
2up L\/ -— m increasing
il

14/26



Tayler-Spruit dynamo: theory (in short), Spruit 2002

Spruit’s predictions are based on
analytical approximations. Their
robustness have to be confirmed by
numerical and/or experimental
studies. One of them is the
existence of an effective resistivity
ne resulting from the Tayler

instability.
Neo =r 9(6) (N) (%)
and
L wAZQ‘/2 x \1/2
n=ro(3) (5] (7w
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Mean-field concept

Decomposition into a
mean part and a
fluctuating part:

v=V+v B=B+B'.
Under some assumptions:

B - —
aa—t:Vx(c‘;'+v><B—anB)

Vx(VxB) = (B-V)V—(V-V)B

w-effec: stretching of field
by shear.
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Bifurcation diagram with Q=0.1, E=10°, Pm=1, Pr=0.1
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Development and saturation of TS-dynamo in our DNS
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Typical axisymmetric sections at a given time

Varying the level of stratification (Ra or Q) with E=10°.
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Initial conditions for The Tayler-Spruit dynamo

Routes to the Tayler-Spruit dynamo
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Initial conditions for The Tayler-Spruit dynamo

Routes to the Tayler-Spruit dynamo

100 By=1m=0 = A(r — i/ (2ro))(r — o)

10

0.1}

A=0.1
0.01
0 1000 2000 3000 4000 5000 0 500 1000 1500 2000
time Dimensionless time
Ro=0.79 Ro=0.57: no primary instability

Tayler-Spruit dynamos can be obtained when the toroidal field strength is
sufficiently high. The primary instability is not necessary!
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Field strength

Magnetostrophic force balance
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Angular momentum transport

The magnetic torque Gmag as a function of the spherical radius r is
Grmag = f f r3sin? 0V, VagdOde = (4rr®sin? 0 Va, Vag) 9)

where V4 is the Alfven speed. The angular momentum conservation is

0Uuprsin@)y 1 0 0Q
L.;__ r2<(uru¢ —Var VA¢)sin9r+vr2sin205 +Qor25in29ur

ot r2 or

(10)

0{Ugprsin0)
———+V-F= 11
T 0 (11)

From Spruit’s theory:
BrOquO 20 13 Q 4

- _ i = 12
So= g2 =p02rd (3] x=0 (12)
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Radial distribution of anular momentum fluxes

Radial angular momentum fluxes

as
Fluxes
JRe=<rsinf vy >
L - JM=-<rsing BB, >
J,=<rsin?0 d 0>
: J

o

Fluxes
Fluxes

Radial angular momentum fhuxes
Fluxes

° ——JRe=<rsind v,v,>

- Mag=-<rsini BB >

J =< sin?0 d 0>
* J

o T oz a5 o4 05 s o7 o5 o8 1 o i oz w5 s o5 s o7 o5 o8 1
radius radius
Pm=0.35 Pm=1
inner boundary
— Bk =107 l
| Ek=10"% |
| 6000 ‘
| |
s ]
1 = 4000 e
-0. 1% Eb— 10 Q(]:};]\ o bulk shear flow
! Ek=10"° ] &
-0.14} ‘
! 0 N
04 710 0.7 1 04 0.7 1
r N

The measured shear rate g = kUp /Q where k= N /yp/B(b =21/ A1, is the radial wavenumber for the Tayler instability.
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Spruit’s prediction for the magnetic torque G4
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Spruit's prediction: Br By, /1= or202g3 (%] corresponds to our results when g ~ kUg /Q = Br By, /jt o p(Uoﬂ)s/z/N.

Gmag =N = pr;

Un)3/2
5/2 % Dimensionless torque (14)
Nv2

B ~0.1is an adjustable parameter.
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Conclusion

@ Tayler-Spruit (TS) dynamo seems to be now supported by Direct
Numerical Simulations.

@ Subcritical behaviour: hidden magnetic fields trigger MHD
turbulence that transport angular momentum.

@ Stratification enables the development of TS dynamos in DNS.
@ In progress:

e Exploring different parameter regimes.

e Determining the transport coefficients and the dynamo
properties.

e Considering a more realistic model for the radiative zone.

o Link with observations. . .

@ The Tayler-Spruit dynamo at different evolutionary phases. ..
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