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Simulations of stellar dynamos in spherical geometry

@ success: oscillatory dynamos with
equatorward migration of
toroidal magnetic fields ]

@ problems with real stars: ¢ [yr)
extremely different timescales, high density contrast

here simulations considered with:

@ spherical wedge geometry: 15° polar cones

@ fast rotation: Q =5Q,

@ moderate density contrast: < 20

@ various boundary conditions: blackbody vs. fixed T

@ various Prandtl numbers: % =0.2...25, XSVGS =05...1
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Mean-field modeling

deals with evolution of averaged magnetic field B
for spherical bodies: azimuthal average (default)
spherical-harmonic filtering (problematic)
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@ descriptive level:

e qualitative understanding of dynamo
by identification of crucial effects

e correlation of specific effects and phenomena
axisymmetric vs. non-axisymmetric modes
equatorially symmetric vs. antisymmetric vs. hemispherical
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multiple timescales, grand minima
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Mean-field modeling

deals with evolution of averaged magnetic field B

for spherical bodies: azimuthal average (default)
spherical-harmonic filtering (problematic)

Objectives

@ descriptive level:
e qualitative understanding of dynamo
by identification of crucial effects

e correlation of specific effects and phenomena
axisymmetric vs. non-axisymmetric modes
equatorially symmetric vs. antisymmetric vs. hemispherical
equatorward vs. poleward migration
multiple timescales, grand minima

@ predictive level:

e growth rates, eigenfunctions of kinematic modes (doable)
e long-term simulations, producing grand extrema or random
polarity reversals by intrinsic nonlinearities (not doable now)
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Mean-field modeling

Reynolds decomposition

B=B+b, U=U+u =
Mean-field induction equation
HB=nV?B+V x (UxB+§)

closure requires modeling of mean electromotive force

E=uxb
in terms of B, e.g. by ansatz
E=a-B+b-VB a b functionals of U, u

@ analytical with approximations — strongly limited
@ by testfield method
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@ solve
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Testfield method

for determination of a, b
@ solve

" — nV2bK — ¥ x (U x b + (u x b¥)') = V x (u x B¥)

for given u, U and N test fields BX, k =1,...,N

@ calculate £ = u x b*

© obtain aj, bj by inverting
Ek=a. B+b -VBK
solution unique, if

@ N chosen appropriately
@ test fields independent
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Testfield method for axisymmetric mean fields

= in spherical coords (r, 0, ¢):
B = B(r,0)e, + By(r,0)eq + By(r,0)e,

OBy - 10B,

gﬁ_aﬁ)\B)\+bh)\r (9 +bh)\9r 06 5 Hw)\:raea(f)
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Testfield method for axisymmetric mean fields

= in spherical coords (r, 0, ¢):

E = Er(l’, H)er + E@(l’, 9)99 + E@(r, 9)9(3

==
0By -~ 10B, L
Ex =8B\ +bor—2 57 +bm9r 50 Ky A=1,0,0

27 independent coefficients !

“effect-wise"

E=a-B+~yxB—-p -culB-§ XCUI‘]E—R-(VB)(Sym)
7 7 i
turbulent  turbulent "Qx J"

pumping diffusivity  effect

a, B — symmetric, kK — symmetric in 2nd and 3rd indices
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Testfields

simplest choice: linear, e.g.

No. 1 2 3 4 5 6 7 8 9

B 1 00 r 00 6 00O
B, 01 0 0r 0O 06O
B, 001 00 r OO0

Schrinner et al. 2007
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Testfields

simplest choice: linear, e.g.

No. 1 2 3 4 5 6 7 8 9
BB1 00 r 00 0 00
B, 01 0 0r 0 060
B, 001 00 r OO0

Schrinner et al. 2007

@ some irregular or not solenoidal
@ violate boundary conditions
@ yet suitable

@ within class of linear functions:
result independent of choice
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Equatorial symmetries in coefficients

3 special solutions of full MHD problem:

. . symmetric
U, p, s equatorially symmetric, B y _ _ —
antisymmetric
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Equatorial symmetries in coefficients

3 special solutions of full MHD problem:

. . symmetric
U, p, s equatorially symmetric, B { y. _ —
antisymmetric

@ diagonal components of a, a4, 79 antisymmetric
all other symmetric

@ diagonal components of 3, 3,4, 69 Symmetric
all other antisymmetric
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Time-averaged components of o and - (normaiized by v/, /3)

<Oy <O0e>y <Ag>y <Ye>t <Y~ <Qgg>t
4.45 0.7
0.00 0.0
—4.45 -0.73
<y,>0 <Opg>y <Otge>y <G>y Q/Qq
0.47 0.6
0.00 0.0
—-0.47 -0.682
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Time-averaged components of 3 and 6 (normalized by /2 /3)

Tms

<Brr>y <Bro>t <ﬁr¢ t o

-0.52

<6 >L <696>t <ﬁ5¢>t
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Time-averaged components of 3 and 6 (normalized by /2 /3)

Tms

<Brr>y <Bro>t <ﬁr¢ t

0.5 0.10

0.0 0.0

-0.52 —0.10 —0.28 -0.28
<6,>, <Pes>: <ﬁ5¢>t

@ oy dominating «

@ next ayy, loosely similar to ax
@ (3,4 dominating 3, next 3,

@ close to pure parities

@ signatures of tangent cylinder
(cf Q profile !)

0.24 0.17
0.00 0.0
-0.24 -0.17 -0.17
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Results

Time-averaged components of & (normalized by ru/2 /3)

<Kot <Kpg>t <Kyt <K,ga~1 <Krg>1

274 0.63 o.12 1.00 0.52

2.00 0.00 0.00 0.00 0.00

2.74 -0.63 -0.12 -1.00 -0.52
<Kgrr>t <Kgrg>1 <Kgrg>t <Kagg>+ <Kpgg>t

2.34 0.44 0.17 0.53 0.17

2.00 0.00 0.00 0.00 0.00

2.4 -0.44 -0.17 -0.53 -0.17
K>y >y <Kgrg>t <Kga>1 <Kpog>

2.31 0.60 o.12 0.23 025

2.00 0.00 0.00 0.00 0.00

2.31 -0.60 -o0.12 -0.23 -0.25
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Main drivers of B evolution

at maximum of “typical cycle”:
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Cyclic modulation of transport coefficients

over “typical cycle”, o’ = a — (a); etc:
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Cyclic modulation of transport coefficients

over “typical cycle”, o’ = a — (a); etc:

@ typical modulation by 2.y
@ g pop> low latitudes: only by fcyclc
@ conflict with quadratic Lorentz force?
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Signature of small-scale dynamo action?

consider primary magnetic turbulence, i.e. b /- 0 for B =0
= small-scale dynamo (ug, by)
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Signature of small-scale dynamo action?

consider primary magnetic turbulence, i.e. b /- 0 for B =0
= small-scale dynamo (ug, by)

mean EMF:

Eg=Uyxbg+ugxby+ugxbg
consider lowest order of B in transport coefficients
fluctuating Lorentz force:

curl B x by + curlby x B— ug linearin B
fluctuating induction term:
Ug x B+ ug x B— bg quadraticin B

— Uy x by quadratic in B — coefficients linearin B
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@ plausible turbulent transport coefficients found
@ influence of small-scale dynamo action detected
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Conclusions

@ plausible turbulent transport coefficients found
@ influence of small-scale dynamo action detected
@ next steps:

@ use in a mean-field model — verification (?)
e investigation into role of individual mean-field effects

e extension to scale-dependent coefficients
— non-local EMF

@ farther away:

e transport coefficients for momentum & heat transport
e identification of the B dependence —> predictive models
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