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Physical Questions Concerning
Flux Emergence

» How does toroidal magnetic flux at the base of the solar
convedion zone destabilizes and form buoyant flux
tubes?

* How do buwyant flux tubes rise in areasonably cohesive
manner through the solar convedion zone to the surface?

» How do adive region flux tubes emerge into the solar
atmosphere?
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Flux emergence simulations

Effects of Twist

» Maintaining cohesion of buoyantly rising flux tubes:

— 2D simulations show a minimum twist needed (e.g. Longcope,
Fisher, & Arendt 1996 Moreno-Insertis & Emonet 1996 Emonet
& Moreno-Insertis 1998; Fan, Zweibel, & Lantz 1998):

-1/2
VAD >Vrise , or q > (H pa)
— 3D arched tubes may require less twist (e.g. Abbett, Fisher, & Fan
200Q Fan 200))

o Causes atilt (writhe) of tube axis:
— Kink urstable if twist is sufficiently high (e.g. Linton et al. 1996:

gza’

Where = B, /1B,

Fan, Zweibel & Lantz (1998)
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Flux emergence simulations

Abbett, Fisher, & Fan (2000)

* Rise of kink-unstable tube & a mechanism of delta-spot formation:
(Linton et al. 1996 1998, 1999 Fan et a. 1998 1999):
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Destabilization of Toroidal Flux at the
Base of SCZ

M agnetic buoyancy instability of a horizontal magnetic
field B = B(z)x embedded in a vertically stratified plasma
with constant gravity —gz (Newcomb 19%1; Hughes &
Proctor 1983):

— Unstable to general 3D modes if:

2 2
d_p>—p_g or Va dInB<_iE
dz yp C? dz c, dz
— Unstable to 2D interchange modes if:

2 2
d_p>_—p 92 or V_azi gn B <—iE
dz yp+B“/4m CZdzp Hp c, dz
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» Simulations of the magnetic buoyancy instabili ty and the
formation of buoyant flux tubes:

— Initial equilibrium magnetic layer that supports atop-heavy density
stratification:
e.g. Cattaneo & Hughes (1983); Cattaneo, Chiueh, & Hughes (1990);
Matthews, Hughes, & Proctor (1999
— Most unstable modes are the 2D interchange modes.
— 2D simulations $ow formation of strong vartices which rapidly destroys the
coherence of the buoyant flux tubes and prevent the rise of magnetic flux.

— 3D simulations $ow that the flux tubes formed by theinitia 2D interchange
instabil ity become ungtable to 3D motion in the non-linear regime as aresult
of interaction between vortex tubes — formation of arched tubes.

— 2D simulations of sheared magnetic layer show formation of twisted tubes
which are abletorise whesively.

Cattaneo & Hughes (1988
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Flux emergence simulations

Matthews, Hughes, & Proctor (1995

PLATE 35

— Simulations of 3D undulatory instability of a neutrally buoyant
magnetic layer (Fan 2001):

Initial equilibrium is unstable to 3D undulatory modes, but is stableto 2D
interchange modes:

Initial equili brium profil es

1.0 % T 0.35F
B = o{z)/p(0) E
<
oel — p(z)/p(0) o30f
Br T{z) /T(0) :
[ o —— — - B%(z)/Bnp(0) ] b
0.6 H E
r ~ % 0.20¢
[ * s = 5
[ . < 015
04 . ) F
r '\w e c -
X Ny -~ 0.10fF
0.2 . T F
r e 0.05F
L s el £
0.0 7 . , 0.00L . L .
0.5 1.0 1.5 0.0 0.2 0.4 0.8 0.8
z (Hy) k (5,

Y uhong Fan, HAO (I TP Solar Magnetism Conf 1/17/02)




Flux emergence simulations

(sl t= 00

(bl t= 185

0.20

<=pig/pe> (Vao'/H,)

100 200 300 100 500
x
T T -
* g
. ]
* E
E * E
E * 3
2 & 3
% E
#* E
#F E
L L E
15 20
b (He/ V)

3.0
4
E % : buoyancy o 810 .
| tensi S
© ¢ —tension * *
o5l ]
% 2.5 * SX104 ]
E N ~
* * n
* | #* -
£ ¥ 20 B/p yX g 4xi0t ]
0<><)O r%** <
o o =
o Loy ] et
E 5 l1sF g 2410 1
oo B/o" thin flux tube
o .
L % K K BT S000 Bk borcteerriok S KK K XK K K K K K
es800 . . 1.0 0 5 5 T
0 5 o 15 20 04 06 08 10 12 14 16 18 15%10 1010 5.0%10
t (He/Vio) z (H,) Depth (km) surface -

Y uhong Fan, HAO (I TP Solar Magnetism Conf 1/17/02)




Flux emergence simulations

Intensification of Magnetic Field by

Conversion of Potential Energy
(Rempel & Schuessler 2001)

¢ Weak flux tube rising through the superadiabaticaly stratified CZ can experiencea
sudden lossof presaure equilibrium (“explosion”) — intensfication of
submerged field at base of CZ:  Z,y =H ,C,/ B As

Flux Emergence into the Solar Atmosphere

» Magnetic buoyancy instability is a mechanism through which
magnetic flux reading the photosphere can expand dynamicaly into
the stably stratified solar atmosphere:

e.g. Shibata et a. 1989

e 2D and 3D simulations of flux emergenceinto the solar atmosphere:

e.g. Shibata et a. 1989; Nozawa et al. 1992; Matsumoto et al. 1993 1996;
Manchester 2001; Magara 2001; Fan 200QL; Magara & Longcope 2001
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2D simulations of the emergence of
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twisted flux tubes (Magara 2001):
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2D simulations of the emergence of twisted flux tubes (Magara 2001)
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Flux emergence simulations

The Role of Nonlinear Alfven Waves in Shear Formation During Solar Magnetic Flux
Emergence (Manchester 2001)
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Emergenceof a Twisted Q-Tube (Fan 200))
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Flux emergence simulations

o

—1.0-05 00 5 1.

1
=20

|
=40

20k

—zol

E
I

0.0

D B O g g s
ek al- ol al el - ol

an

20

200

a0l

20

—20

G402 00 0z D4

Vz

-0

—20

28O

o TN

—1D-05 08 G5 16 '

20

—20

-0

80
A

(a)

28.0

it

-
o3
Lt i 740_/7\,1

alfal &

24

o

11

Y uhong Fan, HAO (I TP Solar Magnetism Conf 1/17/02)
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Sigmoid Structure of an Emerging Flux Tube (Magara & Longcope 2001)

Flux emergence into the atmosphere driven by interior calculation of rising flux tube
(Abbett & Fisher 2001)

Y uhong Fan, HAO (I TP Solar Magnetism Conf 1/17/02)

12
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Future Works

® Subsurface @olution:
— Spherical geometry
—Origin of twisted flux tubes
—Effeds of Coriolis force
— Effeds of Convedion

® Flux Emergenceinto the solar atmosphere

— Energy equation
Photosphere-Chormosphere: thermal rdaxation T, < Temg
Heating mechanisms?
— Interaction with pre-existing coronal field
—Couplingto interior cdculations of rising flux tubes
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