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Plan Part I:

-
StellarConvection 

-
Stellarrotation and large scale

m
ean

flows
-

Dynam
o m

ain concepts and application to stellarrotating
convection zone (alpha-om

ega
vs Babcock-Leighton)

-
M

ean
field

2-D dynam
os vs 3-D convection dynam

os
-

Role
of dynam

o fam
ilies

on stellaractivity
-

SunspotDynam
o Paradox



All whatI willspeak
about can

be
found

in this
2017 Living Review

in Solar Physics



ESA Proba2

Sun in UV



G
rosses structures:

Eruptions, 
Trouscoronaux,
C

M
Es

Cellules G
éantes?

200+ M
m

10-20 jours
Supergranulation: 
30-50 M

m
20 heures

M
esogranulation?

7-10 M
m

2 heures

G
ranulation:

1-2 M
m

5 m
ins

Petites structures:
Lignes

Intergranulaires,
Points m

agnétiques
brillants, diffusion

L
�O

rdre
dans 

le Chaos!

Échelles
Spatio-Tem

porelles
dans

la Zone Convective Solaire
Plasm

a= gaz chaud (ionisé)
4

em
eetatde la m

atière



Le Diagram
m

e
d’Hertzsprung-Russell 

Théorique
M

ost Figures from
: 

The Cosm
ic 

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

Carte «
m

ichelin
»

des étoiles

diagram
m

e de 
Hertzsprung-Russell
où l'on représente le 

type spectral de l'étoile 
en fonction de sa 

lum
inosité



Sun

A stars
m

assive stars
dwarfs

pp chain
CNO

 Cycles

Transition between envelope and core convection: ~1.3 M
sol

Zones Convectives
dans

les Etoiles
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Fluid E
quations

Tenseur visqueux:



D
iffu

sivity
in

 th
e

 S
u

n

See Zeldovich et al. 1983, for a discussion of the form
ula of n, h, k

diffusivité radiative

viscosité radiative
diffusivité m

agnétique (gaz H ionisé)

viscosité m
oléculaire

nm
ol+ nrad
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Bubble is less dense than m
edium
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2 /  n  .

W
ith

 a
n
 id

e
a
l g

a
s w

e
 ca

n
 re

la
te

 d
e
n
sity flu

ctu
a
tio

n
 to

 te
m

p
e
ra

tu
re

 va
ria

tio
n
 DT via 

therm
al expansion factor a

 , e
.g

. dr
= a

 DT

so
 w = a

 DT
g d

2 /  n 

W
h
ile

 it rise
s a

n
d
 sin

ce
 it is h

o
t it ra

d
ia

te
s a

w
a
y its h

e
a
t. S

o
 in

 o
rd

e
r to

 re
ta

in
 its b

u
o
ya

n
cy

R
ise

 tim
e
 <

 th
e
rm

a
l tim

e
 ó

d
/w

 <
 d

2/k

Þ
1 <

a
 DT

g d
3 /  n k

=
 R

a
  ó

R
a
yle

ig
h
 n

u
m

b
e
r R

a
 m

u
st b

e
 g

re
a
te

r th
a
n
 o

n
e

(R
a
 >

 1
)

(in
 th

is b
a
ck o

f th
e
 e

n
ve

lo
p
e
 d

e
riva

tio
n)

tsta
rt

te
n
d



P
la

n
e

 L
a

ye
r C

o
n

ve
ctio

n

P
la

n
e
 la

ye
r co

n
v (cf. C

h
a
n
d
ra

se
kh

a
r�s b

o
o
k in

 1
9
6
1
)

C
o
n
d
itio

n
s a

u
x lim

ite
s stre

ss-fre
e
 to

p
 &

 b
o
tto

m
: R

a
c
=

 6
5
8

stre
ss-fre

e
 to

p
 &

 n
o
 slip

 b
o
tto

m
: R

a
c

=
  11

0
0

n
o
 slip

 to
p
 &

 b
o
tto

m
 : R

a
c

=
 1

7
0
8

W
ith

 a
 ve

rtica
l m

a
g
n
e
tic fie

ld
 p

e
rva

d
in

g
 th

e
 syste

m
:

B
C
�s stre

ss fre
e
 to

p
 &

 b
o
tto

m
 fo

r V
, ra

d
ia

l fie
ld

 B
C
�s fo

r B
: R

a
c

d
e
p
e
n
d
s o

n
 H

a
rtm

a
n

n
u
m

b
e
r, i.e

 H
a
 >

>
 1

, a
lo

rs R
a

c
=

 p
2(H

a
) 2

R
a
yle

ig
h
 N

u
m

b
e
r:

S
i R

a
 e

st su
ffisa

m
e
n
t

g
ra

n
d
 a

lo
rs la

 co
n
ve

ctio
n
 

se
 d

é
cle

n
ch

e
. L

a
 d

iffé
re

n
ce

A
ve

c le
 critè

re
 d

e
S

ch
w

a
tzsch

ild
 vie

n
t d

u
 fa

it 
q
u
�ici o

n
 p

re
n
d
 e

n
 co

m
p
te

 
l�e

ffe
t d

e
s d

iffu
sivité

s



Convection





O
ur G

 & K star M
odels



Rossby

Rossby

(�
�

)
Rotation

5
1

3

M
asse

0.5

0.7

0.9

1.1

(M
�

)

Effect of Rotation on Convection
M

att,…
,Brun

et al. 2011
Brun

et al. 2015, 2017

Faster flow

slower flow



T
u
rb

u
le

n
t C

o
n
ve

ctio
n
 in

 S
ta

rs

Bessolaz
& Brun

2011



Solar Internal Rotation
(G

O
NG

, M
DI data)TACHO

CLINE

SURFACE SHEAR

Base CZ

Helioseism
ology 

Results



Taylor-Proudm
an

Theorem
 & Therm

al W
ind

Therm
al W

ind:

The curl of the m
om

entum
 equation gives the equation for vorticity w

=            :

p
ρ

ρ 1
ω

v
.

ω
ω

.v
t ω 

2
2

Ñ
Ù

Ñ
+

Ñ
=

Ñ
-

Ñ
+

!
!

!
!

!
!

!
!
!
!

!
n

¶ ¶The presence of cross gradient betw
een p and r (baroclinic

effects) can
break this constraint (as w

ell as Reynolds & viscous stresses) :

[
]

θ Ŝ 
p

rC g
gρ̂

Ŝ
Cρ̂ 1

p̂
ρ̂

ρ̂ 1
z v̂ 

2Ω
φ

p
φ

2
φ

¶ ¶
¶ ¶

=
-

Ù
Ñ

=
Ñ

Ù
Ñ

-
=

!
!

!
!

Taylor-Proudm
an Theorem

:
In a stationary state, the j

com
ponent of (a) can be sim

plified to:

0
=

¶ ¶

z v̂ 
2Ω

φ

v !
!
´

Ñ

the differential rotation is cylindrical(Taylor colum
ns) and the flow

s quasi 2-D.

=> v j
is cstalong z

(a)



Baroclinicity
(Brun

& Toom
re

2002, ApJ, 570, 865)

difference b-c
V
j

dV
j /dz

Reynolds stresses
are the dom

inant players confirm
ing the dynam

icalorigin of W

cst*dS/dq

The therm
al wind

contributes for som
e but not all of the

non cylindricaldifferential 
rotation achieved in our sim

ulation.



Baroclinicity
Entropy

Tem
perature

A variation of few degree K
between the equator (cold) and the poles (hot) is 

established for a contrast of W
 of30%



M
iesch, Brun & Toom

re
2006

Therm
al BC’s

Influence
S(rbot , q ) = a

2 Y
2 0+ a

4 Y
4 0

~ 6 K
~ 3 K, cst S

~ 13 K
~ 10 K

~ 9 K

Best Case
No im

posed
S

bot



Trends in Differential Rotation with W
& M

ass (Teff)

Barnes et al. 2005

Collier-Cam
eron 2007

DW
increases with M

*
W

eak trend with W

In Donahue et al. 1996: DW
propto W

0.7

Confirm
ing these observational scaling is key 



M
ass increases ->

Rotation
Increases

Differential Rotation
In G

 & K stars

5 W W

M
att et al. 2011

Brun et al. 2015, 2017

Rossby
nb

Ro=w/2W
*

0.35

0.16

0.09

0.42

0.17

0.11

0.67

0.28

0.21

Ro= 1.4

0.54

0.34

Ro= 1.29
1.23

1.77



AntiSolar-like
Solar-like

Brun
et al. 2015, 2017

Rossby
Num

ber vs Stellar M
ass and RotationJupiter-like



Scaling Law for DW
1.2, 1.3 M1 M

Brown et al. 2008
Augustson et al. 2012

Sm
aller DW

with sm
aller M

ass

M
att et al. 2011, 2013



Solar Cycle and Rotation

Active

Q
uiet

Sm
all vs Large 

Scale Dynam
os

polar reversal

Equatorial branch

Butterfly Diagram

Q
uadrupole do contribute significantly

Derosa, Brun, Hoesem
a 2012



M
a
g
n
e
tic F

ie
ld

s in
 V

a
rio

u
s O

b
je

cts

Cham
p m

agnétique B, décroit en un tem
ps O

hm
ique:

Ce tem
ps est long

sauf en laboratoire et dans les petits
corps célestes com

m
e les satellites naturels (lunes) ou planètes, donc la présence de B

dans
les planètes et la

variabilité
de B dans certains corps (étoiles, galaxies) => effet dynam

o

M
ost Figures from

: The Cosm
ic Perspective, 

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

ell’s E
quation

(cgs)

Rem
arque: 3 types de m

atériaux m
agnétiques (B=µH

, B cham
p m

agnétique):
Diam

agnétism
e (perm

éabilité m
agnétique µ<1): la plus part des m

atériaux sont diam
agnétiques 

(l’eau par ex) (répulsion lim
itant le cham

p extérieur im
posé) (couches électronique pleines)

Param
agnétique

(µ
>1): attraction faible (couches électroniques non pleines) (alum

inium
 par ex)

Ferrom
agnétique

(µ
>>1): attraction forte, existence de dom

aines m
agnétiques par

orientation favorable des spins électroniques, m
agnétisation résiduelle (hysteresis) (le fer par ex).
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Induction E
quation

A partir des équations de M
axwell (5) et (7), en négligeant le courant de 

déplacem
ent (valable si v << c):

et de loi d’O
hm

, pour un fluide conducteur en m
ouvem

ent à la vitesse v :

on peut déduire l’équation d’induction:
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Induction E
quation

(8)



M
H

D
 E

quations
Continuity, Navier-Stokes, InternalEnergy

(+ Lorentz force + O
hm

ic
diffusion):

plus induction:



The Dynam
o Effectwhatis

itexactly?

A definition: this
is

the property
thata conducting

fluid
possesses

to generate
a m

agnetic
field

B via 
its

m
otions (self-induction) and to sustain

it
againstO

hm
ic

dissipation

The m
ain source of m

agnetic
filed

in the Universe
is

the due to dynam
o action:

This is
intrinsically

a tri dim
ensionaleffect, there

is
for exem

ple an anti-dynam
o 

Theorem
(Cowling’s

theorem
) forbidding

purely
axisym

m
etric

dynam
osa-effect

Babcock-
Leighton 

effect



Few
 R

em
arques

on Induction E
quation

If the fluid
is

at rest, induction equation
becom

es:
This is

a diffusion
equation, the m

agnetic
field

B
decays

in a uniform
sphere

of radius R 
in a O

hm
ic

tim
e scale:

In laboratory, t
h

is
sm

all(10 s for a 1m
 coppersphere), 

but in cosm
ic

conductors
itcan

be
huge

(> 10
10yr)

By opposition if the fluid
is

in m
otion (and its

resistivity
negligible),

the equation
becom

es: 

This m
ean

thatm
agnetic

field
lines

are «
frozen

» in the fluid
(cf. E. Pariat’s

talk)



Rem
arque: First term

of induction equation
can

be
sliptin 3 parts,

one term
(1st) about distortion

and
shearing

of B, one term
advection transport,

and last term
linked

to com
pressibility

of the fluid
(nullif Div

v =0).

The m
agnetic

Reynolds Rm
=vL/h

allow
us to know in which

state the system
understudy

is, itis
usually

sm
allin laboratory

experim
ents

(Rm
~1 et < 50) & 

very
large in cosm

ic
bodies. You can

expect(fast) dynam
o action to occurif 

Rm
is

sufficiently
large.

This m
eans

thatin laboratory
experim

ents
electic

currents
and m

ainly
determ

ined
by the conductivity

s, whereas
in a cosm

ic
body s

n’a as little
influence on the am

plitude of currents
and B. In these

objects
conductivity

is
used

to determ
ined

the electric
fielfE

(weak) needed
to have these

currents
(Cowling

1957).

Few
 R

em
arques

on Induction E
quation



2-D vs 3-D M
odels: Pro’s

and Con’s

•
Solve full M

HD equations
•

Dynam
ical regim

e, feed back on 
the flow

•
M

odels with or without convection 
including

all transport processes
•

Nonlinear Dynam
o action

•
Som

e m
odels im

pose tachocline 
others don

�t

Pros:Dynam
ical, all effects are self-

consistent, 3-D m
odulation

Cons:slow so sm
all param

eter space 
study, still in the �building block

�
approach, no full m

odels yet, but 
getting there…

..
Com

parison to m
agnetic 

observations less easy

•
Solve for axisym

m
etric induction 

equation => add alpha effect
•

alpha
effect, toroidal -> poloidal

•
or surface source term

 (Babcock-
Leigthon), toroidal -> poloidal

•
Assum

e Dfferential rotation profile 
=> O

m
egaeffect (pol->tor)

•
Kinem

atic regim
e

(no feed back on 
flow)

•
prescribe m

eridional circulation or 
turbulent pum

ping

Pros:Fast so large param
eter space 

study. 
Fine tuning of effects possible 

Cons:Kinem
atic, no convection,  

prescribe ingredients
that are not

self-consitant with one another

=> Need
both

approaches





If, G
 is

sm
all, then

(m
ean

em
f), can

be
expanded

around
<B>f a

s:



icia
et b

considérés
isotropes



Transport &
generation

of toroidalfield
Btor

O
m

ega effect(W
): winding

up of m
agnetic

field
lines

Sim
ulations CEA 

projet STARS2

Jouve & Brun 2007, 2009, 2013, 2017



3-D M
agnetic Convection & Dynam

o

Radial 
com

ponent of B

stretching and 
shearing of B
(folding too)

Brun et al. 
2004, 2015



Dynam
o Threshold

around Re
m =Vrm

sD
/h
~300

Dynam
o Effect –

M
agnetic Energy

Re
m ~250

Re
m ~320

Re
m ~600

DRKE

CKE

KE

M
E

Starting from
 a sm

all seed field B the 
m

agnetic energy reach a level of 
~8%

 of KE w
hile keeping a solar like 

differential rotation



Lorentz force feedback 
on Differential Rotation

Varela, Strugarek, Brun 2016, AdSpR
see also Karak

et al. 2015, G
uerrero et al. 2016

M
HD solution in red

vs HD solution in black

Clearreduction
of the differential

rotation contrastin M
HD cases (for Ro

< 1)



The transport of angular m
om

entum
 by the

Reynolds stresses rem
ains at the

origin of 
the equatorial acceleration.The

M
axw

ell stresses seeks to speed up the poles.

Angular M
om

entum
 Balance in Presence of B

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



Solar Type Stars (late
F, G

 and early
K-type)

W
ilson 1978

Baliunas et al. 1995

In stars activity
depends

on rotation 
& convective overturning

tim
e

via Rossby
nb Ro=P

rot /t
<R’HK > =Ro

-1
, P

cyc =P
rot 1.25+/-0.5  ??

CaIIH & K lines
, <R’HK >

O
ver 111 stars in HK project(F2-M

2):
31 flat or linearsignal
29 irregularvariables
51 + Sun possess

m
agnetic

cycle

Noyes et al. 1984

M
uch m

ore
com

ing
in

Asteroseism
ology

Era
(=> PLATO

)

=>

M
ore recently

the Pcyc
vs Protrelationship

has been questionned!

Strugarek
et al. 2017, Egeland

et al. 2017, Reinhold & G
izon

2017 



F
e

w
 P

o
in

ts W
e

M
u

st A
d

d
re

ss

•
S

o
u
rce

 o
f va

ria
b
ility (ch

a
o
s, in

te
rm

itte
n
cy,…

)

•
C

a
n
 w

e
 re

p
ro

d
u
ce

 th
e
 tre

n
d
 P

cyc
~

 P
ro

t n
 (n

 ~
1
+

/-
0
.2

)

•
C

a
n
 w

e
 re

p
ro

d
u
ce

 th
e
 in

cre
a
se

 o
f th

e
 to

ro
id

a
l 

vs p
o
lo

id
a
l co

m
p
o
n
e
n
t

•
W

h
ich

 «
so

la
r

m
o
d
e
l»

 is b
e
st to

 e
xp

la
in

 ste
lla

r 
d
a
ta

?

Strong dependancy
on m

eridionalflow am
plitude

BL m
ean field

m
odels



•
D

istrib
u
te

d
 d

yn
a
m

o
: fa

ils

•
In

te
rfa

ce
 d

yn
a
m

o
:

1
) a

lp
h
a
-o

m
e
g
a
 a
w

2
) B

a
b
co

ck-L
e
ig

th
o
n
 (flu

x tra
n
sp

o
rt)

3
) m

ixe
d
 o

f b
o
th

! (b
e
st m

o
d
e
l so

 fa
r)

Kinem
atic

2-D m
odel of the solardynam

o



a
-W

 vs Babcock-Leighton dynam
o m

echanism
s

Courtesy: S. Sanchez (ApJ
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2D M
ean

Field m
odels: Babcock-Leighton

1 single cellper hem
isphere

Jouve & Brun, 2007 A&A



M
eridionalCirculation

Influence of B 
(active region) 

on M
C

M
ore & m

ore evidence for m
ulti cellular M

C

(Haber et al. 2002)

Svanda et al. 2008

See also Hathaw
ay et al. 1996, G

izon 2004, Zhao 
& Kosovichev 2004, etc…

Zhao et al. 2013

M
ulti-cellular

M
C



2D M
ean

Field m
odels: Babcock-Leighton

2 cells
in latitude, 2 in radius per hem

isphere

Slow down cycle period:
T=exp(22.84)v

0 -0.35h
t -0.68s

0 0.017
For param

eter values 
Identical to 1 cell case, 
find T=45 yr instead of 22

Jouve & Brun 2007, A&A, 474, 239 



M
ean Field Dynam

o
Butterfly Diagram

(Stix 1972, Choudhuriet al. 1995, Charbonneau et Dikpati2001, 
Kukeret al. 2002, …

..)

Influence
on dynam

o
solution of 
changing
various
ingredient
profiles
(shear,
m

eridional
flow)

Dynam
o can

be
cyclic

(solaror anti-
solar) or stationnary



Earth’s M
agnetic Field Reversal

M
atuyam

a -> Bruhnes -780,000 yrDom
inant m

ultipole
over

dipole

Leonhardt 
& Fabian 2007

Reversal takes
about 6

kyr, with
a precursorof ~2.5 kyr, a 

reversal of ~1 kyrand rebound
of ~2.5 kyr(Valet et al. 

2008-2012)



Solar Reversals

Derosa, Brun, Hoeksem
a

2012



Q
uadrupole

vs Dipole
Strenght

Derosa, Brun, Hoeksem
a

2012



Axisym
m

m
etric

M
odes

Q
uad ~ 25%

 Dip
Exceptat reversal
where it dom

inates.

Derosa, Brun, Hoeksem
a

2012



V
Sx B

S-> C
A

so

If V is anti-sym
m

etric: V
Ax B

A-> C
A

so 

Assessing
Sym

m
etries

of Induction Equation

=> G
enerates

field
of the opposite fam

ily
=> Coupled

Dynam
o solutions

=> G
enerates

fields
of sam

e
fam

ily
=> Uncoupled

Dynam
o solutions (fam

ilies)

If V is sym
m

etric: V
Sx B

A-> C
S

so

V
Ax B

S-> C
S

so 

G
ubbins & Zhang 1993, DeRosa, Brun & Hoeksem

a 2012, ApJ 

In current Babcock-Leigthon dynam
o m

odels ingredients yields uncoupled fam
ilies

Knowing that vectorial product and curl change vector parity, but Laplacian retains it:



Initialisation avec un Dipole
Q

uad -> Dip

Initialisation avec 
un Q

uadrupole



Asym
m

etry
of Babcock-Leigthon

term
of 0.1%

 
Could

be
M

eridionalFlow.

Dip + Q
uad !

Derosa, Brun, Hoeksem
a

2012



Interm
ittent State: M

alkus-Proctor B-L dynam
o m

odels



Bushby
2006

see also
Brun

et al. 2018, sub.
M

oss & Brooke 2000
Covas

et al. 2005

Pm
 decreasing

Pm
 fixed, D increasing

Interm
ittent Dynam

o States in M
ean field Dynam

o

Dynam
o 

alpha-om
ega



Energy
reservoirs

in a M
agnetized

Convection Zone

PotentialEnergy



Equilibrium
 field : B

eq ~ sqrt( 8p
P

gaz ) ~ sqrt(r
* )

Lam
inar (weak) scaling: Lorentz ~ diffusion  => 

B
2weak ~

rnh/L
2

Turbulent (equipartition) scaling: Lorentz ~ advection => 
B

2turb ~
r
v

2
~

 rh
2/L

2
ó

|B
w

e
a
k |~

 |B
turb | P

m
1/2

M
agnetostrophic

(strong) scaling: Lorentz ~ Coriolis => 
B

2strong ~
rW

h

W
ith r

density, n
kinem

atic viscosity, h
m

agnetic diffusivity, W
rotation rate, 

v, L characteristic velocity & length scales, P
m

= n/h the m
agnetic Prandtlnb

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

Various Dynam
o Regim

es and Scalings

If m
agnetic Reynolds num

ber Rm
 ~1 , v= h/L, then



Kinem
atic

vs dynam
ic

(nonlinear) Dynam
o

If Lorentz force can
be

neglected
in Navier-Stokes equation, we

call ita
kinem

atic
dynam

o, l’instabilité est linéaire avec une
croissance exponentielle

Dans le cas contraire (ce qui arrive pour des cham
ps B

d’am
plitudes finies),

on parle de dynam
o dynam

ique, il y a rétroaction de la force de Laplace sur 
les m

ouvem
ents, l’instabilité sature et le cham

p m
agnétique atteint une  

am
plitude finie. L’énergie m

agnétique M
E=B

2/8p
est proche de l’équipartition 

avec l’énergie cinétique KE=0.5rv
2des m

ouvem
ents fluides.

Rem
arque: la force de la Laplace peut se décom

poser en 2 parties,

Une pression m
agnétique

(term
e a) perpendiculaire aux lignes de cham

p
m

agnétique et une tension m
agnétique

(term
e b) le long de celles-ci.



G
etting

Cycle
in sim

ilarM
odels

G
hizaru

et al. 2010

M
odel has been run

for severalcenturies

30 yrperiod

Turbulent pum
ping and

shearing in im
posed tachocline



Kapyla
et al. 2014, 2016

Dr
= 5

Dr
= 30

Effect of Stratification on Dynam
o W

ave Propagation
Caveat:
Relative High Rotation (4 tim

es solar)

Higher stratification: M
odify locations of O

m
ega and alpha effects



Strugarek
et al. 2017, Science

Cyclic
NonlinearStellar Dynam

o



3-D cyclic
dynam

o: new nonlinearsolution

Strugarek
et al. 2017, Science



Parker-Yoshim
ura Rule

uncorrectsign



Non-linear dynam
o wave I

Interaction between
Shear and Bphi

Correct sign

Augustson
et al. 2015



Non-linear dynam
o wave II

Strugarek
et al. 2017, Science



G
etting M

aunder like m
inim

um

Augustson, Brun et al. 2015, ApJ

Q
uadrupole

dom
inates over 

Dipole
during reversal and

G
rand m

inim
um

 phase



Spot-Dynam
o Paradox:

W
here

are the spots in 
3-D M

HD sim
ulations?

Brun & Browning LRSP, 2017



Babcock-Leighton M
echanism

 
and Polar Cap Reversal

How im
portant

is it to get the 11yr
dynam

o?
Joy’s Law
Tilt of AR



M
agnetic

W
reaths

vs Turbulence

Nelson et al. 2013a, 2014



M
agnetic W

reath and Interm
ittency yielding flux em

ergence
M

ean
close between

4 m
odels

But not extrem
e

values!
M

ost turbulent case S3
is

35%
 m

ore intense

M
agnetic

«
nuggets

» source
of buoyantO

m
ega-loop

(see
nextslide)

Nelson et al. 2013, ApJ



W
reaths can generate Buoyant Loops

Nelson et al. 2011, 2013, 2014

Towards getting first “spot-dynam
os”…

Evolution of  O
m

ega-loops


