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disconnection.
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Full disk magnetogram from KPNO
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The Thin Flux Tube Model

 Thin flux tube approximation:

a << H ,, all physical quantities are averages over the tube cross-
section, solve for the mean motion of each tube segment under
the relevant forces:

dv ~ 0 (32) B?
_|_

Pe | (Vrel)J_ | (Vrel)J_
=9 Q — 0 )€ +1 k-C
s p(VvX82)+(p—pe)gesr + 55 | 3r D

A 7(®/B)/?

 Results:

— Field strength of the toroidal magnetic field at the base of SCZ is
of order 10°G

— Tilt of the emerging loop: active region tilts, Joy’s law
— Asymmetric inclination of the two sides of the emerging loop
— Asymmetric field strength between the two sides of the loop
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MHD Simulations in Local Cartesian Geometries

* The dynamic effects of field-line twist:

— Maintaining cohesion of rising flux tubes
Fan et al. (1998) Abbett et al. (2001)

untwisted

untwisted twisted

twisted

-1/2

For 2D horizontal tubes: twist rate ¢ > (// ,a)” '~ , where ¢ =B, /rB. (e.g.
Moreno-Insertis & Emonet 1996, Fan et al. 1998; Longcope et al. 1999).

For 3D arched flux tubes: necessary twist may be less, depending on the initial
conditions (e.g. Abbett et al. 2000; Fan 2001)...
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Fan (2001)

Apex cross-section

t= 6‘\.0

T T T

200 F

150 F

100

a0

0 50 100 150 200 250

Q 50 100 150 200 250

NCAR



The dynamic effects of field-line twist (continued):

— Becoming kink unstable when the twist is sufficiently high = formation of flare-
productive delta-sunspot regions (e.g. Linton et al. 1998, 1999; Fan et al. 1999):

Fan et al. (1999)

twist rate ¢ >, where ¢ = B, /rB. (Linton et al. 1996)
q
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Anelastic MHD Simulations in a Spherical Shell

e In the bulk of the solar convection zone:

d <1, where § =V -V, with V=dInT/dlnpand V,q = (dInT/dInp),qg,
thus v/c, ~ 672 < 1.

B>1,v,/cs < 1.

e Anelastic Equations :

V- (pov) = 07

) 1
00 la_:+(VV)V] :2p0VXQ—Vp1+p1g+E(VXB)XB’

d
00T [ﬂ +(v-V)(so+s1)| =0,

Ot
V-B=0,
0B
— =V x(vxB),
5 (v x B)
pr_p_ T
po po Ty

si_h _v=1p
Cp Ty Y Po ’
where

so(r), po(r), po(r), To(r): the time-independent reference state of a hydro-
static, nearly adiabatically stratified spherical shell. JCD’s solar model is
used.

v, B, s1, p1, p1, T1: the dependent variables to be solved that describe the
changes from the reference state.



Anelastic MHD Simulations in a Spherical Shell

We solve the above anelastic MHD equations in a spherical shell representing the solar
convective envelope (which may include a sub-adiabatically stratified stable thin overshoot
layer):

— staggered finite-difference
— two-step predictor-corrector time stepping

— An upwind, monotonicity-preserving interpolation scheme is used for evaluating the
fluxes of the advection terms in the momentum equations

— A method of characteristics that is upwind in the Alfven waves is used for evaluating
both the Lorentz force term and the V x B term in the induction equation (Stone &
Norman 1992).

— The constrained transport scheme is used for advancing the induction equation to
ensure that B remains divergence free.

— Solving the elliptic equation for 2, at every sub-time step to ensure Ve (p,v) =0
* FFT in the @ -direction - a 2D linear system for each azimuthal order m

» The 2D linear equatoin (in »,0 ) for each azimuthal order m is solved with the
generalized cyclic reduction scheme of Swartztrauber (NCAR’s FISHPACK).
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Anelastic MHD Simulations in a Spherical Shell

e Simulation domains:

r= [0'722R®7 0977R®]7 0= [Oa 7T/2]7 (75 = [Oa 7T/2]
e grid: 256 x 512 x 512

e Reference state: JCD’s solar model is used for po(r), po(r), To(r), g(r), and
assuming § = 0, or so(r) = 0 (marginally stable for convection).

e Initial conditions: A twisted toroidal flux tube is placed at the base of the
model convective envelope. The initial magnetic field is given by:

A(Ta 9) n n
B=Vx <m¢> + B¢(’)", 0)¢
with . 2( 0
3 w?(r,
A(r,0) = 599 B; exp (_a—2>
_aBy w?(r,0)
By(r,0) = rsin 6 “xP (_ a?

w = (r? +r3 — 2rrqg cos(f — 6?0))1/2

where ¢ is the rate of twist (angle per unit length), a is radius of the tube, r¢ is

the r position of the initial tube, and 6 is the initial 6 position of the tube.

An initial sinusoidal variation of entropy is imposed along the toroidal tube,
such that the mid-point of the toroidal tube is buoyant, and the two ends are
approximately in neutral buoyancy.
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Case1: B,=10°G, ¢=03a"' A=15°
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 Asymmetries: t=24H IV,
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* Origin of field strength asymmetry: asymmetric stretching due to the Coriolis force
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» Dependence on latitude:

B,=10°G, ¢=03a"' A=30°




* Dependence on latitude:

B (G)
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* Dependence on field strength:
B, =5x10°G, ¢=03a" A=15°




* Dependence on field strength:
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» Dependence on twist:

B,=10°G, ¢=0 A=15°




» Dependence on twist:
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The observed systematic twist in solar active regions

Pevtsov et al. (1995)
20 R

a | Assume thin flux tubes (Longcope

and Klapper 1998, Longcope et al.
1998):
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Can o, determined from photosphere vector magnetic fields be used to
determined the true twist of active region flux tubes ? (leka et al. 2005)

* Thin flux tube assumptions:

abest = 2q
T — ql — ‘TEd abest
2 2

« However, flux tubes at photosphere are not thin.
consider e.g. the simple Gold Hoyle flux tube:

B. =B, /(1+q°r")
BB = quz
a(r)=2q/(1+ qzrz)

« a,,, corresponds to an average of a and tends to under-estimate 2q
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Post Emergence Evolution of Active Region Flux Tubes

= Establishment of hydrostatic equilibrium along the field lines of the emerged flux tube will
cause the flux tube to lose pressure confinement (i.e. B - 0) at some depth below the surface
depending on the field strength at the base of the convection zone (e.g. Fan, Fisher &
McClymont 1994; Moreno-Insertis et al. 1995)

dpi _ 0
dz Pig
dp. _ =) L
dz Peg \E_E/ 50 _
B2 e I
De — D 8_7'(‘ "é_' 7
= 2 100 .
g L
d (1) 14T =
dz \ 8 H, T, %
9 ) 150 1
where 8 = p./(B*/8n), éT =T, — T;. & —
Adiabatic flux tube: ? e
i 103 10% 10° 108
8T (z) = 6T(0) —/ “—}é’(V—vad)dz B (G) at the base of SCZ
0
1
pi(0) = pe(0) = 6T(0) = - Te(0)

B(0)

Therefore given 1/3(0) at the base of the convection zone, the height variation
of 1/8(z) is determined.
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Post Emergence Evolution of Active Region Flux Tubes

The dynamic disconnection of sunspots from their magnetic roots
(Schuessler and Rempel 2005, A&A, in press)
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— Consider a sequence of hydrostatic, self-similar flux tube solutions that evolve quasi-statically under
the influence of near surface radiative cooling, convective energy transport, and the pressure buildup
due to an inflow of high entropy plasma from the lower boundary of the model flux tube.

— The combination of pressure build up by the upwelling of high entropy plasma combined with the
cooling of the top layers due to radiative losses at the surface lead to a progressive weakening of the
flux tube field strength at a depth of several mega-meters, and thus result in a **dynamic
disconnection’’ of the emerged surface sunspots from its interior roots.

— Disconnection takes place in a depth between 2 to 6 Mm and in a time scale of less than 3 days.
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Summary and Conclusions

Preliminary 3D anelastic MHD simulations of the buoyant rise of Q-shaped flux tubes in a
rotating spherical model solar convective envelope show:

* Tubes with 50 — 100 kG field rise nearly radially to the surface, developing tilt angles
consistent with Joy’s law

* A field strength asymmetry develops with a stronger field strength for the leading side of
the emerging tube, due to the asymmetric stretching of the flux tube by the Coriolis force
induced motion. The asymmetry is more significant for flux tubes with weaker initial field
strength. For 50 kG flux tube the following tube cross-section is significantly more spread
out and deformed compared to the compact leading cross-section.

» Untwisted flux tube becomes too severely fragmented to be inconsistent with the
emergence of solar active regions.

Quantitative calculations of a sequence of self-similar magneto-static flux tube solutions show that
after the flux tube has emerged to the photosphere, the radiative cooling near the surface,
combined with the upflow of high entropy plasma from below as the tube plasma establishing
hydrostatic equilibrium along the field line cause a catastrophic weakening of the field strength at
about 2-6 Mm depth in a time period less than 3 days, leading to a dynamic disconnection of the
sunspot from its interior magnetic root.
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Future work

- Self-consistently model the formation and rise of buoyant flux tubes
from the base of the solar convection zone, incorporating results
from the mean-field dynamo models as input:

— What are the instabilities that can lead to the formation of active
region scale flux tubes, e.g. magnetic buoyancy instabilities
(modified by solar rotation)?

— What determines the twist of the magnetic flux tubes that form,
given the current helicity of the magnetic fields generated by the
dynamo?

— Properties of the emerging tube.

* Incorporating convection into the simulations.
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