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Plan Part I:

- Stellar Convection

- Stellar rotation and large scale mean flows

- Dynamo main concepts and application to stellar rotating
convection zone (alpha-omega vs Babcock-Leighton)

- Mean field 2-D dynamos vs 3-D convection dynamos

- Role of dynamo families on stellar activity

- Sunspot Dynamo Paradox

Dr. A.S. Brun - Ecole CNRS Soleil-Etoiles — Banyuls - Mai 2018
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Echelles Spatio-Temporelles dans la Zone Convective Solaire

Plasma= gaz chaud (ionisé)
4eme etat de la matiere

L’ Ordre dans
le Chaos!

Grosses structures:

Eruptions, .

T P Cellules Géantes? |
TOous coronaux, 3

Ozmm 2004+ Mm

10-20 jours

Supergranulation:

30-50 Mm
20 heures A , ‘“IWP by
o k \
Mesogranulation? Granulation: Petites structures:
w-ho ZE 1-2 Mm Lignes Intergranulaires,
. 5 mins Points magnétiques

brillants, diffusion



Le Diagramme d’Hertzsprung-Russell
Most Figures from: |_|_\_®Ow._Q Cm

The Cosmic
Perspective,
Bennett et al. 2003,
ed. Pearson or

ESA, NASA. : \/,m.c PERGIANTS

Canopus Botelgouse

‘k Arares

Polaris

diagramme de

Hertzsprung-Russell e gy \\\ 0 Gice 72 1
ou I'on représente le . R e
type spectral de I'étoile [ R Er .
en fonction de sa oy R

luminosité




Zones Convectives dans les Etoiles

Transition between envelope and core convection:

dwarfs

pp-chain

5 6 7 8 9 10
T (10" K)

A
\ 4

pp chain CNO Cycles



Criteres de Stabilité

s d d
Te Ts pe = pe +dr A%v ps = ps +dr Alnv
Dm Ps r e &ﬁ S
dp dp dp dp
e — Fs — d 5 — \ 5 5 — \ 75 1
() ()]0 (3, () o0
. Equation d’ etat: p=p(P,T,u) Echelle de pression
P @ b dp _ AP ST | du 1 dhP
o ps” p P T  Tp Hy dr
Dm |Dm = 5 | . & | PET I_I —_ & | - T v o
Pdr ), Tdr ), Pdr ), Tdr ), pdr )
P.=P,etP =P du nul pour I" élément
o dInT dInT ¢ (dlnp
Multiplions par Hp: Tn P < Tn P T s\amp
8 5 € g Stable

Ve et Vaa sont similaires en ce sens que les deux décrivent la variation de température
d’ un gaz subissant une variations de pression. V,aaq €t ﬂt par contre décrivent le
variation spatiale de T et u du milieu.



Critéeres de Stabilité de Schwartzschild et de Ledoux

Considérons une atmosphére dans laquelle I’ énergie est transportée par radiation
(ou conduction) seulement. Alors  \/ =V, ,; - Testons la stabilite de cette
atmosphére et considérons que I’ élément se déplace adiabatiquement: V.=V,

" atmosphére est stable si:
¢ Gaz parfait: P=R p T/ u

Critére de Ledoux Virad < Vad + wﬂ: > 0=5=¢=1

S’ il n’ a pas de variation de composition ou d’ ionisation:
Critére de Schwarzschild  Viyad < Vg

Péclet number: Pe= vL/x
Pe >> 1 (Soleil) -> change stratification
Pe ~1 , extended overshoot

Vad ar=r, If a heavy sinking convective parcel
penetrates into a subadiabatic layer,
F.=0 Y < Vad when the temperature fluct changes

sign, parcel is neutrally buoyant but
continues to sink by virtue of inertia
until the Buoyancy force reverses the
direction of its motion.

ov Zahn 1991



Criteres de Stabilité de Schwartzschild et de Ledoux

dinT
dln P

/\/

N...»o?i

Péclet number: Pe= vL/x
Pe >> 1 (Soleil) -> change stratification
Pe ~1 , extended overshoot

If a heavy sinking convective parcel
penetrates into a subadiabatic layer,
when the temperature fluct changes
sign, parcel is neutrally buoyant but
continues to sink by virtue of inertia
. until the Buoyancy force reverses the
0 Ly 2 direction of its motion.

/

N/
>
=
G e S
=

Zahn 1991



Fluid Equations

0
o = V(o) (1)
ov
5 —p(v-V)v—VP+pg
— M\QSOX<|<.MUv AMV
0S
T — 5 —pT'(v-V)S+ V. (krpcpVT)

+ 2pv T@.m& —1/3(V - 3& + pe,(3)

Tenseur visqueux:
D;; = —2pv|e;; — 1/3(V - v)é;,],

Dr. A.S. Brun, Master Modélisation et Simulations, ENSTA — 25/10/07



Diffusivity in the Sun

Reference Sun

B 1 v v 1 _\\...._ll..../. 1
=
2
£
2,
%)
D
>
[72]
£
Q
v | vmol + vrad N
= Vmol | - viscosité moléculaire N
— — — — vmg| viscosité radiative 3

ol — - ] diffusivité magnétique (gaz H ionisé) b i

10°1 —o—-e kma | diffusivité radiative \

| L L L | L L L | L L L | L L I | __

0.0 0.2 0.4 0.6 0.8 1.0
ﬁ\m*
__ 4q T __2.210°1575/2 11 —3/2
Vrad = 15¢ 2y Vmol = “na - N = 52101 InAT™3/

= X — 4 _acT3
rad PCp 3 bmo@ﬁ%g See Zeldovich et al. 1983, for a discussion of the formula of v, n, k



Prandtl & Roberts numbers

Prandtl (Pr), magnetic Prandtl (Pm)

& Roberts (Q) numbers

Reference Sun

ﬂON | T T T 1 T 1 T T T 1 —0_
——— Pr=v/kaqg Pr=v/ Kyad p
(| T~ Pm=vh Pm=v/n 5..,_
||||||| q=1n/Krad O' \. _
10°F Ij\ Krad _L
1
- T ™ = .\- -
.NO.M -
o S
10° : 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

\\m*



Deriving a criteria for convection with dissipation processes: Rayleigh number

To

( end Temp gradient is being homogenized in convection layer
d start creating thermal boundary layers

Ty + AT

Bubble is less dense than medium and rise at vertical speed w but as to “fight” against
viscous drag:
dpg=vAw~vw/d?=> w=35pgd?/ v .

With an ideal gas we can relate density fluctuation to temperature variation AT via
thermal expansion factor a., e.g. op = a AT

sow=aATgd?/ v

While it rises and since it is hot it radiates away its heat. So in order to retain its buoyancy
Rise time < thermal time < d/w < d?%/x

=>1<aATgd3/ vk =Ra & (Ra>1)
(in this back of the envelope derivation)



Plane Layer Convection

Rayleigh Number:
Plane layer conv (cf. Chandrasekhar’ s book in 1961)

3
. o gaATd
RV
To-AT/2
e, e e, Si Ra est suffisament
i ¢ L i Ll 1 4 & ;. grand alors la convection
LY S se deéeclenche. La difféerence
e Avec le critere de

Schwatzschild vient du fait
Fig. 17.1: Rayleigh-Bernard convection. A fluid is confined between two horizontal surfaces

. .
separated by a vertical distance d. When the temperature difference between the two plates AT is QC ICl ON U—.@DQ en OOB_U._HQ
increased sufficiently, the fluid will start to convect heat vertically. The reference effective pressure | m._n_um._” Qmm Q_._n_ucm_<_._”®m

P and reference temperature T are the values of P’ and 7' measured at the midplane 2z = 0.
Conditions aux limites stress-free top & bottom: Ra_. = 658

stress-free top & no slip bottom: Ra. = 1100
no slip top & bottom : Ra_, = 1708

With a vertical magnetic field pervading the system:

BC’ s stress free top & bottom for V, radial field BC’ s for B: Ra, depends on Hartman
number, i.e Ha >> 1, alors Ra, = n?(Ha)? o B2 d?

pv

Ha =
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Solar Internal Rotation
(GONG, MDI data)

Helioseismology
Results
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Taylor-Proudman Theorem & Thermal Wind

—_ —_

The curl of the momentum equation gives the equation for vorticity o=V x v :

l o L ‘— .
W|“~+<.<E|E.<<n<< W+—VpAVp (a)
p

Taylor-Proudman Theorem:
In a stationary state, the ¢ 003_8:9: of (a) can be simplified to:

20— -0 =
02z

the differential rotation is cylindrical (Taylor columns) and the flows quasi 2-D.

Thermal Wind:

The presence of cross gradient between p and p (baroclinic effects) can
break this constraint (as well as Reynolds & viscous stresses) :

IV, 1 . _. 1 [on - S
M<U><_u = = <m>IDQ = % o
oz ) o PCp ° "“p 56

20




Baroclinicity

(Brun & Toomre 2002, ApJ, 570, 865)

¢

<e dV /dz cst*dS/do difference b-c

e b — o — — — — — —

e ———— e ———

—165. 0 270. m s ~1.0e—-06 '0 1.0e—06 s™*

The thermal wind contributes for some but not all of the non cylindrical differential
rotation achieved in our simulation.

Reynolds stresses are the dominant players confirming the dynamical origin of Q



Baroclinicity

Entropy Temperature

6

'r/. Specific Entropy Temperature
f?q@ Periods 400} 3 D, 8.78 Periods
4 F
1”.‘!/
_g o~
erg/K/g T 200
w2 —_
471. i [~
= sl
: :
: 3
||||||||||||| 0 Tt Tt =
: : :
nm m ot
A 3
-
L
-
%
2 —z00}
w

—441.

—4001

.____.._.._.._._. |&..
—50 0 50

—50

A variation of few degree K between the equator (cold) and the poles (hot) is
established for a contrast of Q of 30%

50



"._.:m::m_ BC'’s Influence

No imposed S,.i  S(Fbot,0) =

180
nHz

390.
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Miesch, Brun & Toomre 2006
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log,, AD (rad.day™")
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Trends in Differential Rotation with Q & Mass (Teff)

Weak trend with Q AQ increases with M.

3000 3500 A000 <500 5000 5500 S000 G300 F000 F500

l0g,, 0 (rad.cay™") Effective Temperature (K)

Collier-C 2007
In Donahue et al. 1996: AQ propto Q07 oflier--ameron

Confirming these observational scaling is key



Mass increases ->
177 133 1.23 236 .\

81

Ro=1.29 Differential Rotation
In G & K stars

., Matt et al. 2011
1770 S0F Brun et al. 2015, 2017

22
483

. a13

Rossby nb
Ro=w/2Q2,
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Rotation
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Rossby Nb: Solar vs Anti-solar Diff Rot - A.8.Brun (CEA-Saclay)
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Brun et al. 2015, 2017




Scaling Law for AQ

Matt et al. 2011, 2013

DRKE [erg.cm™]
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LATITUDE
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Magnetic Fields in Various Objects

Most Figures from: The Cosmic Perspective, moderately rapid rotation

Bennett et al. 2003, ed. Pearson
or ESA, NASA.

a This photo shows how a bar

magnet influences iron filings (small s 3 : 5 % TRs

black specks) around it. The magnetic b A similar magnetic field is created o kel ot /A

field lines (red) represent this influ- by an electromagnet, which is essentially Sieclioally CoRguching g it

ence graphically. a coiled wire attached to a battery. The c A planet’s magnetic field also arises from the motion
field is created by the battery-forced of charged particles. The charged particles in a terrestrial
motion of charged particles (electrons)  planet are in a molten metallic core, and their motion
along the wire. arises from the planet's rotation and interior convection.

__ R?
Champ magnétique B, décroit en un temps Ohmique: q:d — n
Ce temps est long sauf en laboratoire et dans les petits
corps célestes comme les satellites naturels (lunes) ou planétes, donc la présence de B dans

les planétes et la variabilité de B dans certains corps (étoiles, galaxies) => effet dynamo



Maxwell’'s Equation (cgs)
V- -E = 4nmp, (4)
10B
V x E g (5)
c Ot
V- B 0 (6)
V xB

. 10E
RN, o 7
C ¢ Ot (7)

Remarque: 3 types de matériaux magnétiques (B=uH, B champ magnétique):
(perméabilité magnétique u<1): la plus part des matériaux sont diamagnétiques
('eau par ex) (répulsion limitant le champ extérieur imposé) (couches électronique pleines)
(u >1): attraction faible (couches électroniques non pleines) (aluminium par ex)

(u >>1): attraction forte, existence de domaines magnétiques par
orientation favorable des spins électroniques, magnétisation résiduelle (hysteresis) (le fer par ex).

Dr. A.S. Brun, Master Modélisation et Simulations, ENSTA — 25/10/07



Induction Equation

A partir des équations de Maxwell (5) et (7), en négligeant le courant de
déplacement (valable si v << c):

@”|Q<XH®&H”%A4X~WV“
@w 41

et de loi d’Ohm, pour un fluide conducteur en mouvement a la vitesse v

v X B

J=0cE4

C

on peut déduire I'équation d’induction:

Dr. A.S. Brun, Master Modélisation et Simulations, ENSTA — 25/10/07



Induction Equation

@ — IQQXM”IQXA&I<XWv
ot o

Ao

.
IQXA 4xw|<xwv

%Hﬂx?xwvlﬂxasﬂxwv (8)

avec n = c¢?/4no la diffusivité magnétique,

B
WHQXA<XWV+JDW. Si n = cst.

Dr. A.S. Brun, Master Modélisation et Simulations, ENSTA — 25/10/07



MHD Equations

Continuity, Navier-Stokes, Internal Energy (+ Lorentz force + Ohmic diffusion):

dp
9~ v (), 1
L (ov) (1)
ov
5 = —p(v-V)Vv—-VP+ pg — 206 XV
— V-D+|;(VxB)xB| (2)
bﬂ% = —pT'(v-V)S+ V. (krpcpVT) A hquw
+ 2pv T&@& —1/3(V - 3& + pe, (3)
plus induction:

wlwudx?xwv|<x34xwv (8)



The Dynamo Effect what is it exactly?

The main source of magnetic filed in the Universe is the due to dynamo action:

This is intrinsically a tri dimensional effect, there is for exemple an anti-dynamo
Theorem (Cowling’s theorem) forbidding purely axisymmetric dynamos

a-effect
() -effect

e, /' © % \, Babcock-

Leighton
effect




Few Remarques on Induction Equation

ww V x(vxB)+nAB

If the fluid is at rest, induction equation becomes: AWHW — JDHUV

This is a diffusion equation, the magnetic field
B in a uniform sphere of radius R mw

in a Ohmic i le: Tn —
in a Ohmic time scale M ﬁ.wd

In laboratory, T, Is small (10 s for a 1m copper sphere),
but in cosmic conductors it can be huge (> 100 yr)

By opposition if the fluid is in motion (and its resistivity negligible),

the equation becomes: OB __
27 = V x (v X B)

This mean that magnetic field lines are « frozen » in the fluid
(cf. E. Pariat’s talk)



Few Remarques on Induction Equation

The magnetic Reynolds Rm=vL/n allow us to know in which state the system
under study is, it is usually small in laboratory experiments (Rm ~1 et < 50) &

very large in cosmic bodies. You can expect (fast) dynamo action to occur if
Rm is sufficiently large.

This means that in laboratory experiments electic currents and mainly
determined by the conductivity o, whereas in a cosmic body ¢ n’a as little
influence on the amplitude of currents and B. In these objects conductivity is
used to determined the electric fielf E (weak) needed to have these currents
(Cowling 1957).

Remarque: First term of induction equation can be slipt in 3 parts,

Vx(vxB) =B -V)v—-(v-V) B4+BV . v

one term (1st) about and of B, one term
and last term linked to of the fluid (null if Div v =0).



2-D vs 3-D Models: Pro’s and Con’s

«  Solve for axisymmetric induction - Solve full MHD equations
equation => add alpha effect - Dynamical regime, feed back on
- alpha effect, toroidal -> poloidal the flow
*  orsurface source term (Babcock- - Models with or without convection
Leigthon), toroidal -> poloidal including all transport processes
- Assume Dfferential rotation profile - Nonlinear Dynamo action
=> Omegaefiect (pol->tor) + Some models impose tachocline
- Kinematic regime (no feed back on others don’ t
flow)
- prescribe meridional circulation or Pros: Dynamical, all effects are self-
turbulent pumping consistent, 3-D modulation
Pros: Fast so large parameter space Cons: slow so small parameter space
study. study, still in the “building block”
Fine tuning of effects possible approach, no full models yet, but
Cons: Kinematic, no convection, getting there.....
prescribe ingredients that are not Comparison to magnetic
self-consitant with one another observations less easy

=> Need both approaches



Kinematic Mean Field Theory
Starting point 1s the magnetic induction equation of MHD:

6B
Saa Vx(uxB)+7V’'B,

where B 1s the magnetic field, u 1s the fluid velocity and 1 1s the
magnetic diffusivity (assumed constant for simplicity).

Assume scale separation between large- and small-scale field
and flow:

B=B,+b, U=U, +u,

where B and U vary on some large length scale 7, and u and b
vary on a much smaller scale /.

(B)=B;, (U)=U,,

where averages are taken over some intermediate scale / « ¢ « L.



For simplicity, ignore large-scale flow, for the moment.

Induction equation for mean field:

where mean emf 18

& = (uxb).

This equation 1s exact, but 1s only useful if we canrelate & to B, .

Consider the induction equation for the fluctuating field.:

Where G =uxb-{uxb).

““pain in the neck term”

If, G is small, then (mean emf), can be expanded around <B>¢ as:

< & >p=< (uxb); >p= Qi < mu. > |_|Qs,ia

0 < mu. V@ _
mmﬁ\& ...



BASIC PROPERTIES OF THE MEAN FIELD EQUATIONS

Add back 1n the mean flow U, and the mean field equation becomes

ici o et 3
considérés

isotropes

Now consider simplest case where o = oy cos 6 and Uy =U; s 6 ¢,

In contrast to the induchion equation, this can be solved for axisymmetric
mean fields of the form B, = By e, +Vx(4;ze,)

The Q effect
Conversion of poloidal to toroidal field by

differential rotation. Q The o effect
. - . Regeneration o loidal
N e it
\
A

field from toroidal by cyclonic
b /// /L

evernts in rotating convection.




Transport & generation of toroidal field Btor

Omega effect (2): winding up of magnetic field lines

_magnetic

" field line

differing
-/ rotation
U, rates

K 3
S,
.0¢m~9. 7

time

Magnetic fields
trap gas.

sunspots
T=4,500K

T=5,800K

convection
cells

T= 5,800 K

v

@%@

Magnetic fields of sunspots suppress convection
and prevent surrounding plasma from sliding
sideways into sunspot.

Copyright ©2004 Pearson Educetion, publishing as Addison Weslay

Jouve & Brun 2007, 2009, 2013, 2017

Long = 22.9 deg

Vr and Bphi

time=0.203 d




3-D Magnetic Convection & Dynamo

Radial
component of B

stretching and

Brt=0.00d. shearing of B

2000 TTR00.G (folding too)




Dynamo Effect — Magnetic Energy
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Lorentz force feedback
on Differential Rotation

MHD solution in red
vs HD solution in black

Clear reduction of the differential
rotation contrast in MHD cases (for Ro < 1)

A S
R s m_l st
. IR
4 i -
~

L st 11 i
.. q. "
anf E 000 1 _
L o T o T
(¢) M 094z (d) M1las

Varela, Strugarek, Brun 2016, AdSpR
see also Karak et al. 2015, Guerrero et al. 2016

(e) MOT, (f) M09,



Angular Momentum Balance in Presence of B

x.,.w Angular Momentum
29 Transport by:

_ Reynolds
[—— stresses

Convective
Zone

Viscous
AN orques

i T e |

. 3
Tachocline .

——— Large-scal
Magnetic
Torques

Radiative | T some coupling
Interior I to interior
- via the tachocline

Brun, Solar Physics, 2004
Brown et al. 2010, 2011
Varela et al. 2016

> Eq.

r/R

The transport of angular momentum by the remains at the origin of
the equatorial acceleration. The seeks to speed up the poles.



Solar Type Stars (late F, G and early K-type)

-08|
T4 - : a.2+
/ 3 % H .22
75 (0 (0 + g
: \\ g} n 0,20
it #i i | 0A70F 0.18
S v . 0.160 0.16
e 64, m.W\ 1980 1970 1980 1990 2000 1980 1970 1980 1990 2000
2 Al \\ *ga |
= -0 o t i
e .
/ °97 .-
Y o
Sicea A
L Aes 16
| 1 14
-0.4 -0.3 -0.2 1980 1970 1880 1590 ZO000D 1980 1970 1980 1990 2000 1980 1970 1980 1530 Z000
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Noyes et al. 1984 CallH & K lines , <R’y«>
In stars activity depends on rotation
& convective overturning time Over 111 stars in HK project (F2-M2):
via Rossby nb Ro=P,/t 31 flat or linear signal

<R’,>=Ro" , _usau_U au.mmt-o.m 77 29 irregular variables
51 + Sun possess magnetic cycle
Wilson 1978
Baliunas et al. 1995

More recently the Pcyc vs Prot relationship has been questionned!

Strugarek et al. 2017, Egeland et al. 2017, Reinhold & Gizon 2017



Few Points We Must Address

Source of variability (chaos, intermittency,...)

Can we reproduce the trend P, ~ P " (n ~1+/-
0.2)

Can we reproduce the increase of the toroidal
vs poloidal component

Which « solar model» is best to explain stellar
data”

BL mean field
models

\lc.m:.lﬁ.u.,.‘_a.I:.:ﬂ.|..,.:.:.w
Peye = g SQ ] {1,

Strong dependancy on meridional flow amplitude



Kinematic 2-D model of the solar dynamo

* Distributed dynamo: fails

* Interface dynamo:
1) alpha-omega aw
2) Babcock-Leigthon (flux transport)
3) mixed of both! (best model so far)



o—Q vs Babcock-Leighton dynamo mechanisms

a-effect

Q-effect

Courtesy: S. Sanchez (ApJ B, tistbamitic

Figure 1. Sketch of the main processes at work in our solar dynamo model. The Q-effect (left) depicts the transformation of a primary poloidal field into a toroidal
field by means of the differential rotation. The poloidal field regeneration is next accomplished either by the a-effect (top) and/or by the Babcock-Leighton mechanism
(bottom). In the a-effect case, the toroidal field at the base of the convection zone is subject to cyclonic turbulence. Secondary small-scale poloidal fields are thereby
created, and produce on average a new, large-scale, poloidal field. In the Babcock-Leighton mechanism, the primary process for poloidal field regeneration is the
formation of sunspots at the solar surface from the rise of buoyant toroidal magnetic flux tubes from the base of the convection zone. The magnetic fields of those
sunspots nearest to the equator in each hemisphere diffuse and reconnect, while the field due to those sunspots closer to the poles has a polarity opposite to the current
one, which initiates a polarity reversal. The newly formed polar magnetic flux is transported by the meridional flow to the deeper layers of the convection zone, thereby
creating a new large-scale poloidal field.



2D Mean Field models: Babcock-Leighton
1 single cell per hemisphere
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Zhao et al. 2013

Multi-cellular
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2D Mean Field models: Babcock-Leighton
2 cells in latitude, 2 in radius per hemisphere
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Mean Field Dynamo

(A) no radial shear

00
@]

(2]
o

Latitude (degree)

t (year)

F1G. 4—Three toroidal field butterfly diagrams resulting from various
numerical “ surgical ” experiments. The format is the same as in Fig. 3a. (a)
Solution where the radial shear was artificially shut off, with only the
latitudinal shear left to contribute to the generation of toroidal fields. (b)
Opposite experiment, i.e., the latitudinal shear has been artificially shut off.
For these two solutions all parameter values are otherwise identical to the
reference solution of Figs. 2 and 3. (¢) Solution where the meridional
circulation has been turned off. The resulting butterfly diagram bears a
striking resemblance to that produced by mean field interface dynamos
(see text).

Butterfly Diagram Dynamo can be
cyclic (solar or anti-

solar) or stationnary

Ty

MAX o [m/s
N
)

]

\

of amoov. .

0.0 1.0 1.9
MAX U™ [m/s]

\

Fig.11. The different types of solution found for varying
strengths of the a-effect and the flow speed. The terms solar
type and anti solar refer to equatorward and poleward drifting
field belts, respectively, while stationary refers to a stationary
field. The magnetic diffusivity always has a value of 10 cm?/s.

(Stix 1972, Choudhuri et al. 1995, Charbonneau et Dikpati 2001,
Kuker et al. 2002, .....)



Earth’s Magnetic Field Reversal

Leonhardt Matuyama -> Bruhnes -780,000 yr

& Fabian 2007 Dominant multipole over

dipole

Matuyama
1 m +004 T

1E+003}

1E+002

Energy [(1T)]

1E+001

(Eanth’s surface)

Reversal takes about , With a precursor of ~2.5 kyr, a

reversal of ~1 kyr and rebound of ~2.5 kyr (Valet et al.
2008-2012)



Solar Reversals
SC21

SC22

SC23
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Quadrupole vs Dipole Strenght

dipolar ratio

gquadrupolar vs.

SSN

SC22 o>(C23

1980 1990 2000 2010
year

Derosa, Brun, Hoeksema 2012



I | Axisymmmetric
12 2¢ . Modes

= | ,
©2 ol )
O = -
o8 -2f m j

; . Quad ~ 25% Dip
—4F - Except at reversal

where it dominates.

1980 1990 2000 2010
year

Fig. 10.— [XXX Energy in the first 3 odd (/ = {1,3,5} are
{dark red, red, light red}) and even (¢ = {2,4,6} are {dark
blue, blue, light blue}) axisymmetric (1m=0) degrees ( as a

function of time for Wilcox.]
Derosa, Brun, Hoeksema 2012



Assessing Symmetries of Induction Equation

OB S
|xH4XA<X_WV+:.Vw
(
Knowing that vectorial product and curl change vector parity, but Laplacian retains it:
If V is symmetric: VS x BA-> CS so V x CS — DA
VS x BS -> CA so V x CA - DS

=> (Generates fields of same family => Uncoupled Dynamo solutions (families)

If V is anti-symmetric: VA x BA->CA so V't CA U.w.
VAxB®>C° so VxCs—D4

=> Generates field of the opposite family => Coupled Dynamo solutions

In current Babcock-Leigthon dynamo models ingredients yields uncoupled families

Gubbins & Zhang 1993, DeRosa, Brun & Hoeksema 2012, ApJ
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Trois parametres : agr o mwmu Nombre dynamo, taux de croissance
5 du champ magnétique
Tt

Nombre de Prandtl magnétique,
rapport entre viscosité et diffusivité
magnétique

V=W+uvs
SHQUm+€

Nombre de Reynolds, amplitude de
la circulation méridienne

Mt




Intermittent Dynamo States in Mean field Dynamo

Dynamo

alpha-omega.:

Bushby 2006

see also

Brun et al. 2018, sub.
Moss & Brooke 2000
Covas et al. 2005

Toroidal Magnetic Energy: Magnetic Prandtl Number = 1.0
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Figure 6. The time-dependence of the magnetic energy in the toroidal field
for = 1.0(top panel), T = 0.1 (middle panel) and = = 0.025 (bottom panel).
The dynamo number is fixed at D = —2.5 x 10°. The modulation becomes
more pronounced and more chaotic for smaller values of the magnetic Prandt]
number.

Toroidal Magnetic Energy: Dynamo Number = -1.5 x 10"6
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Figure 7. The time-dependence of the magnetic energy in the toroidal field
for D = —1.5 x 10° (top panel), D = —2.0 x 10° (middle panel) and D =
—3.0 x 10° (bottom panel). The magnetic Prandtl number is fixed at t =
0.05.



Energy reservoirs in a Magnetized Convection Zone

Lrad
Internal Energy Potential Energy
A
Lrad
Qn Qv Wg
Wp Kinetic
Energy
Wm Influence of Rotation:
Slow rotation:
Qn: Ohmic heating Lorentz z.>a<mo=o:. Emag ~ Eke
Qv: Viscous heating Magnetic Fastrotation:
Wg:Buoyancy work Energy Laplace ~ Coriolis, Emag > Eke

Wp:Pressure work

Wm: Lorentz force work |
(Brandenburg et al. 1996, Brun et al. 2004)



Various Dynamo Regimes and Scalings

Equilibrium field : By, ~ sqrt( 8n P,,) ~ sqrt(p.)

If magnetic Reynolds number Rm ~1 , v=n/L, then

Laminar (weak) scaling: Lorentz ~ diffusion =>
wNémmx ~ D<J\ L2

Turbulent (equipartition) scaling: Lorentz ~ advection =>
WMES ~ D<m - DJN\_IN & _WEmmx_l _WEG_ _UBA\N

Magnetostrophic (strong) scaling: Lorentz ~ Coriolis =>
wNm:oso ~ pLn

With p density, v kinematic viscosity, 1 magnetic diffusivity, Q rotation rate,
v, L characteristic velocity & length scales, P,, = v/n the magnetic Prandtl nb

Fauve et al. 2010, Christensen 2010, Brun et al. 2015



Kinematic vs dynamic (nonlinear) Dynamo

If Lorentz force can be neglected in Navier-Stokes equation, we call it a
kinematic dynamo, I'instabilité est linéaire avec une
croissance exponentielle

Dans le cas contraire (ce qui arrive pour des champs B d’amplitudes finies),
on parle de dynamo dynamique, il y a rétroaction de la force de Laplace sur
les mouvements, I'instabilité sature et le champ magnétique atteint une
amplitude finie. L’énergie magnétique ME=B2/8r est proche de I'équipartition
avec I’énergie cinétigue KE=0.5pv? des mouvements fluides.

Remarque: la force de la Laplace peut se décomposer en 2 parties,

1 1
F=-JxB = —(VxB)xB
C A7
_ 1 2 1
= |-8:VB? +|3:(B V)B|
Une (terme a) perpendiculaire aux lignes de champ

magnétique et une (terme b) le long de celles-ci.



GHIZARU, CHARBONNEAU, & SMOLARKIEWICZ

Getting Cycle
in similar Models
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Effect of Stratification on Dynamo Wave Propagation

Kapyla et al. 2014, 2016 Caveat: | |
Relative High Rotation (4 times solar)

Ty IRE

T
Ap=5 “I?
h -y A ;,.C,... Wt ey < & > .uﬁﬂh»w.;
T 0 200 400 800 8O0 1000 1200
B8, T U By B,/ 8, t by K
Fig. 4.— Same as Figure 3 but for Runs B1 (top) and B2 (bottom).
1.00 L8a
80
40
L2 "
DD — 30 a0 e ool Off
—20
—40
—80 3
=1 0 500 1000 1500 2000 2500 8000 %
BBy t Uiy, By By/8,

Fig. 5.— Same as Figure 3 but for Runs C1 (top panel) and C2 (bottom). Note the difference in
cycle frequency between early times when the frequency is similar to that of Run B2 (Figure 4)

and late times.

Higher stratification: Modify locations of Omega and alpha effects



Cyclic Nonlinear Stellar Dynamo
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Strugarek et al. 2017, Science




In kinematic theory the propagation direction of such a wave
is given by the Parker-Yoshimura rule (e.g., Parker 1955;
Yoshimura 1975) as

Q
S=-XapXV—, (19)

Qo
where A = rsinf and @ =—7,(v' - w’) /3. Thus @ depends on
the convective overturning time 7, and the kinetic helicity.

Latitude (deg)

Time (years)

Parker-Yoshimura Rule

uncorrect sign




Correct sign

Non-linear dynamo wave |
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Figure 11. Coevolution of the mean toroidal magnetic field (B, ) at 0.92Re
over the average magnetic polarity cycle with (a) the magnitude of the mean
angular velocity gradient Ro|V(2| /€2 and (b) latitudinal velocity (v4) of the
evolving meridional circulation in units of ms~!. Here (By) is overlain with
positive magnetic field as solid lines and negative field as dashed lines, with
the contours corresponding to a 1 kG strength field.

Interaction between
Shear and Bphi

Augustson
et al. 2015



Non-linear dynamo wave ||

B ow=(Q—(0,) /), at r=0.72R,
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STELLAR ACTIVITY

Reconciling solar and stellar
magnetic cycles with nonlinear
dynamo simulations

A. Strugarek,”>* P. Beaudoin,' P. Charbonneau,® A. S. Brun,> J.-D. do Nascimento Jr.>*

Strugarek et al. 2017, Science
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Getting Maunder like minimun

8

Latitude (deg)
(=)

Quadrupole dominates over
Dipole during reversal and
Grand minimum phase

20 50 60 70 80
Augustson, Brun et al. 2015, ApJ Time (years)
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" Where are the spots in
- 3-D MHD simulations?

Brun & Browning LRSP, 2017



Babcock-Leighton Mechanism
and Polar Cap Reversal

tilt angle (degrees)
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E. E. Benevolenskaya: Polar magnetic flux on the Sun in 1996-2003 from SOHO/MDI data

CR 1914 B=129442G
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How important
IS it to get the 11yr
dynamo?
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Magnetic Wreath and Intermittency yielding flux emergence

Magnetic « nuggets » source
of buoyant Omega-loop (see next slide)

+20

Latitude
(=)

+20

0
Longitude

Figure 17. Three-dimensional volume renderings of isosurfaces of
magnetic field amplitude in case S3. Blue surfaces have amplitudes
of 10 kG, green surfaces represent 25 kGG, and red surfaces indicate
40 kG fields. Grid lines indicate latitude and longitude at 0.72
R as they would appear from the vantage point of the viewer.
Small portions of the cores of these wreaths have been amplified to
field strengths in excess of 40 kG while the majority of the wreaths
exhibit fields of about 10 kG or roughly in equipartition with the
mean kinetic energy density (see Figure 2).

Mean close between 4 models
But not extreme values!

Most turbulent case S3

is 35% more intense
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Figure 2. Probability distribution functions for unsigned By at
mid-convection zone for cases D3 (purple), D3a (green), D3b (red),
and S3 (blue) showing the surface area covered by fields of a given
magnitude. Distributions are averaged over about 300 days when
fields are strong and as steady as possible. Dashed vertical lines
show the field-strength at which equipartition is achieved with the
maximum fluctuating kinetic energy (FKE) at mid-convection zone
for each case. Case D3b shows a deficit of field in the 10 kG range,
but an excess of surface area covered by extremely strong fields
above 25 kG range, as well as higher peak field strengths. Case S3
shows significantly greater regions of fields in excess of 20 kG than
all other cases.

Nelson et al. 2013, ApJ



Wreaths can generate Buoyant Loops

Evolution of Omega-loops

(a) t=680days (b) t =680 days (c) t=684days

o —
—— " —
——

Nelson et al. 2011, 2013, 2014

Towards getting first “spot-dynamos”...




