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Abstract. We present results from 2.5D numerical simulations of thergence of magnetic flux from the upper convection
zone through the photosphere and chromosphere into theaoRertain regions of the solar atmosphere are féicgntly

low temperatures to be only partially ionised, in particut@e lower chromosphere. This leads to Cowling resisésitrders

of magnitude larger than the Coulomb values, and thus toanjsic dissipation in Ohm’s law. This also leads to loczdis
low magnetic Reynolds numberR{ < 1). We find that the rates of emergence of magnetic field argtlgrincreased by the
partially ionised regions of the model atmosphere, anddkaltant magnetic field is morefflise. More importantly, the only
currents associated with the magnetic field to emerge irgatiiona are aligned with the field, and thus the newly formed
coronal field is force-free.
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1. Introduction Following the work of Parker (1954, 1979) which showed
that the instability of large scale magnetic field at the bafse

The evolution of the solar atmosphere, in particular thecar the convection zone could lead to sunspot formation, thase h

is strongly influenced by the presence of magnetic field. TH§eN @ wealth of theoretical and numerical studies corogrni
coronal field is believed to originate beneath the surfadf€ evolutionof magnetic flux tubes in both the convectiomezo

where dynamo action at the base of the convection zone @&} the atmosphere above.

generate large scale toroidal fields (Spiegel and Weiss,1980 These magnetic fields held in the overshoot region of
Hughes and Proctor 1988, Gilman, Morrow and Deluca 1989e solar interior can be generated to strengths of up to
The instabilities present in these fields gives rise to tre f{qG py dynamo actions and once the field strengths ex-
mation of magnetic flux tubes which are driven by buoyan@sed 168G undular instabilities lead to the formation of

through the convection zone up to the surface and emerggggps which rise up to the surface on time-scales of
to the atmosphere above. This process is known as flux emgenths (Moreno-Insertis 1986, D'Silva and Choudhuri 1993,

gence. Flux emergence is widely regarded as the processdyigari et al 1995, Fan et al. 1994).
which new active regions on the Sun'’s surface are formed. The

emerging fields evolve to form the complex structures wersee |  Emonet and Moreno-Insertis (1998) investigated tiieat
the Sun’s atmosphere, such as coronal |Oops and promineneé§urround|ng flows on the flux tube’s rise to the surface and

and strongly influence dynamic events such as flares and cétgmonstrated that a minimum twist was required in the tubes i
nal mass ejections. order to suppress the conversion of the tube into vortexspair

Fan et al. (1998) investigated flux tubes unstable to thkd m
Emerging magnetic field in the photosphere has bekimk instability in the convection zone. For flux tubes to\gue

measured by MDI. Vector magneto-grams have been ugbd crossing of the convection zone their twist must be large
to reconstruct the resultant 3D magnetic field in the coroeaough to avoid fragmentation but small enough to not be kink
(Berton 2000). Associated with the observed emergenceuatable. This gives a range of twist for flux tubes in ordat th
photospheric levels bright coronal loops are observed én tthey survive the rise though the convection zone. Howeker, t
corona, as detected by the SOHO and TRACE X-ray and EWink instability may also present a mechanism for emergence
instruments. These loops appear to have foot-points ofsifgoothrough the photosphere, once the magnetic field has reached
polarity in the active region below. the top of the convection zone.
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The emergence of magnetic field from the photddere we are operating in the S.I. unit system. These four-equa
sphere into the atmosphere above has also been studied are closed with an equation of state.
extensively in recent years (Matsumoto and Shibata 1992, This paper aims to improve this basic model of flux emer-
Matsumoto et al 1993, Magara and Longcope 200dence in two distinct ways. Firstly the governing equatiaihe
Shibata et al. 1989). These authors studied the emergeimte account the partial ionisation of certain regions ef solar
of magnetic field held at the photosphere by the convectivelymosphere. The lower chromosphere of the Sun’s atmosphere
stable stratification. It was shown that these fields weiepartially ionised, and depending on the local magnetld fie
unstable to mixed modes of the magnetic buoyancy instabilitan be weakly ionised (Khodachenko et al. 2004). This is not
The resulting expansion of magnetic field was shown to mattdken into account in the standard MHD model. Tlfieet of
certain observational data of active regions. Nozawa et #le possible presence of neutrals in a plasma on the gogernin
(1992), and Matsumoto et al. (1993) modified the analysis kguations is investigated, and a new set of equations igedkri
looking at the &ect of convection on the instability, showingto simulate flux emergence through the lower atmospheresof th
how field held beneath the photosphere could emerge into ten. As the presence of neutrals wiflect momentum transfer
atmosphere. due to relative velocities, we expect the emergence andievol
More recent simulations have combined the buoyatibn of magnetic field to beféected by these improvements to
and expansive phases of the emergence process, simuls-model. We present results on the rates of flux emergence
ing rising magnetic flux tubes in the convection zone folnd the nature of emerging flux tubes as they pass through the
lowed by the expansion through the photosphere into tpartially ionised region of the atmosphere, as well as thalre
corona via the magnetic buoyancy instability (Fan 200fant structure of the fields.
Magara and Longcope 2003, Manchester 2001). In these sim-Secondly, we model the heat transfer mechanisms present
ulations an isolated twisted flux tube is inserted into thpeaup in the solar atmosphere that cannot be simulated diredtly. T
part of the convection zone which rises by magnetic buoyanayove equation for energy includes only adiabatic ternm¢re
until it reaches the stable layers of the photosphere. Thétre senting no heat transfer), a Joule heating term from iootiele
ing, predominantly horizontal, expansion leads to the fifam  collisions, and viscous terms. Thus in the current modeds th
of a magnetic layer which is unstable to the magnetic buoyaneaction of the atmospheric plasma to the emergence of mag-
instability and this drives magnetic field into the atmoggehenetic fields is unrealistic in that none of the heating terms,
above. such as radiative losses, thermal conduction and shock diss
Archontis et al. 2004 and Galsgaard et al. 2005 showpdtion of short scale, unresolved acoustic modes are gresen
how this emerging field would interact with a pre-existingeo (Wedemeyer 2004). We present a simple way of modeling
nal field, the formation of current sheets and jets occuraisg these mechanisms which results in a more realistic reaofion
a by-product of reconnection. This reconnection with catonthe atmosphere to flux emergence.
field helps the flux tube to emerge through the lower atmo- The results shown here are for 2.5D simulations. A com-
sphere as field lines from beneath the surface are recomhegiiete treatment must be 3D in order to capture the full dysami
to coronal field lines. associated with the emergence of magnetic fields into ttee sol
All these numerical simulations use a standard modsimosphere. However, the implementation of the methods in-
for the solar atmosphere. The model consists of a&fuded in this work are simpler in 2.5D and act as a prelude to
adiabatically stratified convection zone, isothermal photfuture 3D work. The restricted geometry adopted here it stil
sphergchromosphere, isothermal corona and a transition rapable of demonstrating the importance of partially iedis
gion between the two isothermal regions. Furthermore the silayers and improved energy equation modeling.
ulations are performed under the MHD approximation. Under The structure of the paper is as follows. Section 2 describes
this assumption the atmosphere of the Sun is representedHgy/theoretical basis for this work and the derivation ofgbe-
a fully ionised plasma, consisting of electrons and iong.onkrning equations, for both the partial ionisation of the @m
Under this and other limiting assumptions the governing$etsphere (2.1) and the non-adiabatic terms in the energy equa-

equations are: tion (2.2). Section 3 describes the numerical code (3.1)lém
p menting the equations (3.2 and 3.3), and the model used (3.4)
i =V.(ov) (1) section 4 presents the results, firstly when the non-ad@bat
9 _ heating terms are modelled (4.1), and then for the inclusfon
V) = -V.(ewW) +( AB) - VP +pg+V.S (2) partial ionisation in the model atmosphere (4.2). Sectioars
9B tains summaries and conclusions of the work.
E=V/\(V/\B)—V/\(nj) 3)
%(pf) = —V.(pev) - PV.v + j% + 61;Sij (4) 2 Section2
2.1. Partially ionised plasma in the lower solar

wherep is the mass density, P is the gas pressuigthe inter-
nal specific energy density,is the bulk velocity of the plasma,
B the magnetic field, anidthe current densitg is gravitational The MHD equations given in the introduction are the equation
acceleration, angl is the resistivitySis the stress tenor whichfor a fully ionised plasma consisting of ions and electrdre

has componentS;j = »(sij — 36i;V.v), andg;j = %(aa_;i,- + %) simplified Ohm’s law is used to derive the induction equation

atmosphere
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for the magnetic field. In this paper all equations used arergi is the relative density of neutrals, ants, v'in andy’e, are the

in Sl units unless stated otherwise. effective collisional frequencies defined by
1vAaB 1 / m
E+vAB== = =j 5) V= Vi (14)
* o Mo O'J ) m + Mg
wherej = V A B/uo is the current density and is the conduc- Wherek = ei.l = i,n. Following the example of Spitzer

tivity. This is the one-fluid approach to a fully ionised piess (1962), the coIIilsionaI frequencies of ions and electroiith w
of ions and electrons. The Hall term and electron pressuame tg'euirals are estimated by

have all been neglected. Combining this with Faraday’s law 8KaT
|8Kg

Vin = Mn Zin (15)
oB Min
— =-VAE (6)
ot 8KgT
gives the equation for the evolution of the magnetic field. TMen
5B where
— =VANVAB)-VA(® 7
- (VAB) =V A @) (), = MM (17)

m + My

wheren = 1/0 is known as the resistivity. Eusion of mag- : , -
Co S andKg is Boltzmann’s constant. The collisional frequency of
netic field is assumed to be due to collisions of electrons agpectrons and ions is aiven b

ions. However the lower atmosphere of the Sun, where the tem- 9 y

peraFurg is below the ionisation tgmperatur_e o_f hydrog_;emnt _ 3710° nAZ2 (18)
fully ionised and in some places is weakly ionised. This nseatf = =/ T3/2

that neutrals must be included in the equations descrilbiag t 192 192 _
plasma. (Spitzer 1962)%;, = 5.10 ~“m-andXe, = 10°m* are the ion-

In order to simulate the solar atmosphere the MHD equ!gl(-EUtraI and electron-neutral cross-sections respegtiiereA
tions must be modified to include the possibility of the prese IS tr:e Choulomb I?_gagtgr;. S| 9)th has b
of neutral hydrogen. This involves recasting Ohm’s law to in Int edgenerr(]':\ 'Si mShaW_( )It € pr(_assulre_terlm a;‘:" een
clude the momentum transfer due to collisions with neutrals"€9!€cted, as the chromospheric plasma is relatively '

The generalised Ohm's law for a fluid containing ionsg]e Hall term is also neglected. The Hall term can be dropped

electrons and neutral atoms is given by (Cowling 195 om the generalised Ohm’s law if the plasma is magnetised,
Braginskii 1965) I.e. if the ions and electrons are tightly bound to the maignet

field. Khodachenko and Zaitsev (2002) showed that in the up-
1VAB

per photosphere where the plasma is more weakly ionised the

E+(vAB) = o o ®) positive ions may not be magnetised, i.e. not tightly bound t
E[(VAB)YAB)AB the magnetic field f(_)r certain field strengths. In th.ese.;imlljl
- tions the Hall term is neglected throughout. The justifmati
" e 2 Ho for this approach is shown in section 4, where for a typical
_ lj + &nBo i (9) simulation the Hall term is compared to the other terms in the
o Qn generalised Ohm’s law.

If the plasma is assumed to be entirely composed of hy-
drogen then the expressions can be simplified by taking=

Mh/2, &0 = pn/p resulting in

wherev is the fluid velocity B is the magnetic field, anBy its
magnitudeE is the electric field, and

BA(AB)
jo=—— (10) 1 2 |16keT
- H | | an = SE(L= &) [T Tin (19)
is the component of the current density perpendicular to the
magnetic field. Using the definition for the Cowling conductivity as
The conductivity is defined by o
O¢ = W (20)
1+ én_Bo T
_ nee2 (11) n
Me(V'ei +V'en) and defining the Coulomb and Cowling resistivity;as 1/c
and andnc = 1/o respectively, it is trivial to show that
_ / " én?Bo?
an = MeNeV' en + MNV'in. (12) =0 = - e — 1. (21)
an
The number densities (_)f species (ion, electron, neutral) Fhus equation 9 can be be written as
given byn;, ne, N, respectively, and the massesroy mg, my,.
3 myny, 13 E+ (V A B) = T]J + (UC._ n)JJ_
& = MaNy + MmNy (13) = 1+ 7. (22)
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and the frictional Joule heating term for this plasma The solar chromosphereis notin LTE, hence a simple one-
(Braginskii 1965) is then given by level model for the hydrogen atom is inadequate for these con
Q= (E+(VAB)j plitions (Pottasch and Thomas 1959): Atwo-level model ?sius_e

, - : instead for the hydrogen atom, as this is a good approximatio
=)+ el (23)  to the hydrogen ionisation at chromospheric densities emd t
peratures (Thomas and Athay 1961). Under this approximatio
the ionisation equation (Brown 1973) is

with j, andj; being the components ¢fperpendicular and

parallel toB.
The induction equation (7) now becomes ng_f; _ Z(Cj +Pj+C + P} 31)
0B .
i VANMAB)=-VA®) wheren is the local number density ands the ionisation de-
OV Ame-1)(1) (24) gree.Cj andP; are the ionisation rates from leviedlue to ther-
9B ¢ B mal collisions and local radiation field respectiveB;” and
i VANAB)-VA@) P;* are the ionisation rates by non-thermal particles and exter
t Y A (1) (25) nal radiation field. In the first approximation photoionisat
- cL

from level 2 to level 1 is provided by the external field alone,
The generalised Ohms law used here (equation (22)) se-thatP; = P,* = 0. This external field is simply the photo-
glects the electron pressure and Hall terms. In this appraxi spheric radiation field at temperatufg, diluted by a factow
tion, where ions and electrons are tightly bound to the mag@rown 1973). The ionisation equation can be further simpli
netic field, the only dference to Ohm’s law for a fully ionised fied by noting that thermal collision ionisation is unimgort
plasma is in the resistivities parallel and perpendicuathe When compared to photoionisation (Ambartsuyan 1958). Thus
field. The { A B) A B term corresponds to a genuine increadbe ionisation equation is balanced by photoionisatiomfro
in the resistivity normal to the field, and if the neutral fiea level 2 to level 1 and spontaneous recombination for themetu
is appreciable dominates over the other terms (Cowling JL95ute.
This manifests in the above equation for the evolution of the/x _ P, _p 32
magnetic field. Note that due to the anisotropic nature of tHQSt - - (32)
dissipation mechanism, i.gc >> 7, it is not possible to cast The steady state solution to this equation is given by
the equat|0n_f0r_the evolution of magnet_|c_f|eld, or t_hat fe t (Thomas and Athay 1961)
current density, in the form of a simplefflision equation.

2
Inserting the joule heating into the energy equation (4)n'_ = _f(T) (33)
gives N b(T)
_ (2rmeKgT)? X
%(pe) = —V.(oev) - PV.v (M) = h3 exp- KBT) (34)
+ 77]\|2 +1cj. %+ §ijSij- (26) b(T) = % eXp[mi(—iT(Tl _ 1)] (35)
R B R

Thg t?]quanot_ns ftor t|met_var|at|on t(')f thle bulk _plasmf]\ Velog'tX/hereTR is the temperature of the photospheric radiation field
and the continuity equation (equation 1) remain unchange ‘andw = 0.5 is its dilution factor. Using this equation, the ratio

the system of equations for a hydrogen plasma with any deg{)ef?he number density of neutrals to ions is given by
of ionisation is

dp nm_1 ( 4p/m)
= = - r=—=_2[-1+ 4|1+ 36
%(pv) = —V.(ow) +(j AB)-=VP+pg+V.S (28) and the neutral fractio&, = pn/p is
r
B . =— 37
6{3—t=V/\(V/\B)—V/\(njH) =10 (37)
~ VA (L) (29) wheremy = m, has been used as the atmosphere is assumed to
P T be pure hydrogen. So from the plasma variapleb andB the
—(p€e) = —V.(pev) — PV.v neutral fraction and thus the valuemgfcan be calculated.
at . ., To demonstrate how the profile gt looks for the quiet
+ nj)° + e+ 6ijSij (30)  sun, the solar atmospheric plasma variables given by the VAL

When the plasma is fully ionised there are no neutrals Sgmodel (Vernazza et al. 1981) are used to calculate theaieutr
& = 0,7c = n and the equations return to the standard noﬁactlonfn landnc for a given magne'uc field proﬁ_le as a func-
ideal MHD equations. Where the plasma is not fully ioniseéPn Of height. For this calculation the magnetic field model
we must evaluate.. In order to evaluate the expression for thdS€d is that of a vertical expanding flux tube representing-ma
Cowling conductivityrc an estimate for the neutral fractign netic f|eld_ in _the chromosphere (Martinez-Pillet et al. 1997
is required as a function of density and temperature. Fafigw 1h€ form s given by
the method of De Pontieu (1999) an electro-neutral hydrogen ( o )"

plasma is assumed. 1Bl = Bph oo (38)



Leake and Arber: Flux emergence 5

Cowling Resistivity effects are dficult to include in large scale MHD simulations.
' ' ' ] Although efects such as thermal conductivity could be added
to the governing equations, the undiagnosédats such as
those associated with coronal heating, which are not knoawn e
plicitly would be almost impossible to simulate directly.

For this reason a simplified approach to modeling these
effects is suggested, following the work of Abbet and Fisher
(2003). The non-adiabatic heating terms mentioned abadve ac
to force the temperature profile of the Sun to that which is ob-
served. Rather than include the terms individually it wolodd
simpler to model theirféects, namely that of forcing the tem-
perature to the observed profile, by applying a forcing or re-
: ] laxation term to the temperature profile. Thus when the local
Ot : : : temperature of the plasma deviates form the pre-define@yalu
0 1000 12000 3000 4000 jtis forced back to this pre-defined value, on a time-scalelwh
Height (km) reflects the dferent mechanisms of heatjiegoling present lo-

Fig.1. The Cowling conductivity as a function of height using thé:a|!Y- This can be done by a Simple NeWtO”'COO_“'_WQ equation,
VALC model for density and temperature and a magnetic fiewhgth  Which given in terms of the specific energy densityis

using equation (38) and an exponentof 0.3. _
de _ _e—clo) (40)
dt T
wherer is the time-scale of the relaxation. The equilibrium spe-
with an exponentvalue af = 0.3. The strength falls from 1000 cific energy density, is chosen to be a function of the density
G at 1000 km to 10 G at 3000 km above the surface. The profieThe reasoning for this is related to the nature of theselaimu
of nc is shown in figure 1, it has a maximum of approximateljons. The buoyancy force drives magnetic field in the coavec
40Qmat a height of 2000 km. A typical value gfat this height tion zone upwards into the photosphere, where the field then
is of the order of 10'°Qm (Khodachenko et al. 2004). expands into the atmosphere above. Thus as a parcel of plasma
from the convection zone of densityis moved upwards into
the photosphere, its temperature should be relaxed to its ow
initial temperature, rather than the local plasma tempeeat
The energy equation used thus far (equation 4) has only which is of a diferent density.
cluded the adiabatic terms and the joule heating term. Ta-sim A form for the time-scale of this relaxation is required. For
late the solar atmosphere realistically the many otherthaas- this the approach of Gudiksen and Nordlund (2005) is adopted
fer effects that are present must be included. In simulating coronal heating they chos¢o depend on some
power of the density
De P o s
— =——=VVv+nj"+ncj."+6jSij+ Sh— V. - Lr + H(39) -17
Dt p P
(— ) (412)
The non-adiabatic terms on the right hand side include the Pen
Joule heating, as derived in section 2.1. The other norbatiia so that at the relatively dense photosphere: (o) the time-
terms are viscous heating, shock heating, thermal condscale is about 0.1s and is large enough that ffecebecomes
tion, radiative transfer and the unknown coronal heatimgnte negligible in the sparse corona.
Thermal conduction is given by.q, whereq = «VT is the
heat flux, andk the thermal conductivitySy, is small scale
shock dissipation of acoustic waves present in the chro
sphere. These waves are generated by convective motion$tas specific energy densityfor a partially ionised hydrogen
the top of the convection zone and propagate upwards, giidsma containing ions, neutrals and electrons is given by
due to the stratification, shock, dissipate and heat thd loca -
plasma (Narain and Ulmschneider 1990).represents all ra- € = + X (42)
diative losses. As well as these diagnosed heatifegts there pr=1)  p
are many others associated with the coronal heating problevhereP is the pressurg the densityn; the number density of
which include reconnection, and the propagation and dissighe ions,y; the ionisation energy of hydrogen apds the ratio
tion of MHD waves, represented here Hy of specific heats. Using the ideal gas law for the pressure
All these heating ffects give the observed temperatures _ ., T (43)
in the solar atmosphere, and thus a complete numerical study B
must include them to accurately simulate the emergencevdiere T is the temperature ands the total number density
magnetic flux from the convection zone through the photo-= n; + n, + ne, and using the definition of the neutral fraction
sphere, chromosphere and into the corona. However, simulat Nn
ing these fects directly is extremely problematic. Small scalén = M +n (44)

N W » (o)
o o o o
1 1 1

Resistivity (Ohm-m)

o
1

2.2. The energy equation

T =

nfy3: The equation of state
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equation (42) can be written as with the same definitions as in section 2.
keT Xi In 2.5D the density, specific energy density and magnetic
€= iy =) +(1 —fn)ﬁI (45) field in the ignorable direction (z) are defined at the centre o
mly —

the grid. The velocities are defined at the vertexes, whjle

wereum is the reduced mass. The approximatior min; + is defined on the right hand side edge &ydon the top edge

man, = m(n; + ny) is used as the mass of the electron is smalf the cell. This staggered grid preservé® in the simula-

compared with the protgneutron. tion. The code uses linear and quadratic artificial vis@sit
The MHD equations solve for the state variabteandp to preserve shock structure moving obliquely across the gri

and so at any point in the main update the temperafuaed (Arber et al. 2001).

pressureP must be derived from equation (45). This equation

is actually a formula foiT in terms ofe andp, because the . . . . .

neutral fractiong, is a function ofT andp. Hence, in order 3.2. Implementing the induction equation for a partially

to obtain the temperature, this equation must be solved for ~ ionised plasma
at every step, given the valuesptnde. The pressure at this The components of the current parallel and perpendicutheto

time-step can then be found from magnetic field are calculated at each step by
pkBT

P = nkgT = : 46) -B)B

= (40) 1= (J|B|)2 (51)
Equation (42) contains two terms, the gas pressure ternhand t BA(jAB)
ionisation term. In the photosphere and corona the gas ples= —— 5 — (52)

2
sure term is dominant, but in the partially ionised region of B
the lower chromosphere these terms are comparable, so hetpectively.
terms should be included in a complete simulation. However, The value ofy is calculated from equation 14 is evalu-

the simulations presented here use only the gas term iniequakted at each step as a functionxadndy from the local values
(42) for a number of reasons. Firstly, this approach allows &f density, temperature and magnetic field using the equstio
rect comparison with the previous emergence simulatiotigin for the ionisation degree (equations 34 to 37) and the celati
literature (Magara and Longcope 2001, Archontis et al. 200¢hip between the neutral fraction ang(equation 21).
Shibata et al. 1989), which neglect both thigeet of partial Khodachenko et al (2004) showed that for certain magnetic
ionisation in the equation of state and the increased ifyst fie|d models, and using the VALC model for plasma variables
perpendicular to the field in the induction equation. that the ratioe/n can be orders of magnitude. Thus the value
Secondly, although pressure gradients are importantéor ¥ ;. becomes the dominanffect on the condition for stability

buoyant rise of flux tubes, the emergence of magnetic figdglthe numerical solution to the induction equation
through the atmosphere in these simulations is dominated by

the enhanced dissipation of field through the partially sedi AX? AX?
region, not buoyancy. As a result the exact nature of the présdiff < e < MAX(7, 77¢)
sure calculations is unimportant with regards to the regurk-
sented here, and the pressure term is not included in equawereAX is the minimum cell size in either direction. Given
(42). However, the precisefect of the form of equation (42) typical values for the solar atmosphere, the condition far s
on flux emergence is not known, and future work, which wilpility for the diffusion equation for a partially ionised plasma
include 3D simulations, will quantify thisfkect. is more dominant than the CFL condition for advection associ
ated with the ideal update.

(53)

3. Numerical Method Atgits < Atagy (54)

3.1. Numerical code where

The modified MHD equations (equations 27 to 30) are AX

solved numerically using the Lagrangian remap code LareBthdv < (55)
(Arber et al. 2001). The MHD equations, modified to include
the possible presence of neutrals are presented belowHerec is the maximum local velocity in the system.
Lagrangian form To avoid subjecting the whole scheme to thisfuBion
Dp time-step condition the resistive update for a partiallyised
ot - —pV.v (47) plasma should be done separately from the main update for
Dv 1 1 ideal MHD. To do this the resistive update is sub-cycleddasi
ot = -~VP+-jAB+g+V.S (48) each ideal step. For every ideal step,which is subject tadhe
DB p p vective CFL condition, the resistive step is perfornmgimes,
Bt = BYWV-BVN) =V A Q) -V A(re.) (49) where
D P _ . - At
EE = ——V.V+77]HZ+T]CJJ_2+§”‘S”' . “o(p) (50) n= |NT(Ate_ldV)+1. (56)

t P T dif f
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Now the Lagrangian step is not restricted by the smalludi Initial Stratification
sion limit and this decreases the overall run time of the &mu 10*
tion, but also keeps the resistive update stable. This galing

code was tested against the same code using the minimum 'é¥ [~
both time-step conditions for the entire scheme. There was n
difference in the two sets of solutions and thus sub-cycling i50°
both accurate andigcient. -

10-2
3.3. Implementing the Newton cooling term

1074
The non-adiabatic terms in the energy equation due to mecha- | . |
nisms such as shock heating and thermal conduction are being, | T
modeled by using a Newton-cooling equation for the interna

specific energy density. 10-8 | :
De _ _(e- (o) (57) -20 0 20 40 60
Dt T Height

wherer is the relaxation time-scale and as mentioned in s
tion 2.2 has been chosen to be negligible in the corona
most important at photospheric levels. To apply this reiaxa
to the internal specific energy density this equation must be
solved numerically at each time-step in the code in addition
to the MHD equations. A first order implicit finite dierence
method is used.

qﬁi'a. 2. Distribution of temperature (dashed line), density (stile)
gas pressure (dot-dashed line) all values are normalise

The physical domain simulated extends vertically from -20
(3000 km below the surface) to 80 (12000 km above). The hor-
izontal extend is 50 (7500 km) about the centre of the domain.
o (e -elp)) The initial stratification is a simple 1D model of the tem-

dt T (58) perature profile of the Sun, which includes the upper 3000 km

where the superscript represents the discrete time sequeﬂf:the convection zone, photospheiromosphere, transition

The update for the specific energy density is then given by zone, and corona. The t_emperaturg profile _con5|sts.0f arlinea
polytrope for the convection zone with a vertical gradidriba

4 % (o) (59) critical adiabatic value
1+8 dT _ y-1TdP

The reason for choosing the method shown is that it is uneond y Pdy

tionally stable, Applying the standard Von-Neumman stgbil The temperature in the photosphere and chromosphere is as-
analysis the multiplication factayis always less than unity.  sumed to be constant at 1, as is the temperature in the corona

En+1 _

(61)

1 at a temperature of 150. These two regions are connected by a
g= m <1 (60) transition region of widthw;, = 5.

- TO) = Ton— —S=%y <0 (62)
3.4. Initialisation

- - : o T de T (YY) ]y (63
The modified MHD equations (27 to 30) are normalised by di- = 'ph 2 Wi Y
vision of Sl variables by photospheric values. The basitsuni
are m = %l is the adiabatic index for a polytropgo = 25 is the
height of the coronarl , is the photospheric temperature and
Ypn = 150km Teor = 150.
Vph = 6.5km/s The density and gas pressure are specified by assuming hy-
Pph = 2.7% 104 kg/m? drostatic equilibrium initially
. - . . dP

which gives the derived units & — _pg (64)
Ton = 6420K and the ideal gas law
Peh = 1.2x 10¢Pa P=pT (65)
Bpnh = 1200G.

which is given in normalised form. Figure 2 shows the initial
From here on unless stated all quoted values are inters@htification in the normalised units. The numerical gsidmi-

code variables and should be multiplied by the above vatuesdorm in the horizontal direction and stretched in the veitic

recover the Sl variables. More cells are inserted in the centre of the domain where the
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flux tube emerges into the atmosphere, as this is the areadHofvever below the surface of the Sun, whgris greater than

most interest As the sound speed increases towards the toprofy, magnetic fields cannot be assumed to be force-free. Fo

the domain, larger cells are used to keep the CFL conditithis reason the MEQ method, which assumes a force-free sub-

(equation 55) from unnecessarily slowing the running of treurface magnetic field, is not used in these simulationte#us

code. Using larger cells at the top of the domain is acceptall non-force-free field is used, which leaves two choicedfer t

as there is no magnetic field so the solution is of little iag¢r initialisation, TBL or EET. For simplicity, the TBL approhds

A typical cell size near the flux tube isx = Ay = 0.2. used over the EET. It enables the tube to be made less dense
The evolution of a magnetic flux tube is initiated by inserthan its surroundings and thus initiates buoyant rise irctime

ing a uniformly twisted magnetic field profile in the convecti vection zone.

zone, centred aboyt= -12. The Coulomb resistivity; is calculated from the model
) density and temperature and turns out to be less than round-
B, = By exp(—r—z) (66) off in the code so all simulations are therefore run with 0.
a The viscosity is set to 0.01 (internal units), while the &ne
By = arBr (67) and quadratic shock viscosities are both set to 0.5. As the si

ulation domain has coronal conditions at the top and photo-
L . T spherigconvection zone conditions at the base, the left, right
Fh(tahmagne“;:'?ld compon(?[n_trlr? the_damlalftal]re?lt;n (Zh), Byd and top boundaries are open, allowing the free flow of plasma
IS the azimuthal component. The WIdtn ot the tl2ie chosen 5,4 magnetic flux out of the domain. The lower boundary is

to b_e 2, and th_e strength of the field at the_ centre of the tUIﬁﬁe-tied, so at each step the gradients in magnetic fielusitie
Bo, is 5. Following the approach of Archontis et al. (2004), thgnd internal specific energy density are zero, while thecrelo

value of the twistg, is chosen so that the tube is stable to dra}ges are set to zero. This most accurately represents fiie-si

in the convection zone which would otherwise fragment an Uln in the convection zone, where the plasma beneath is more

twisted tube (Moreno-Insertis and Emonet 1996). In thase si

where r is the radial distance from the centre of the tihes

ulations this corresponds to a valuegpE —1/a. This initial- dense.
isation is a 2D cross-section of the 3D initialisation désel
in Fan (2001) and Archontis et al. (2004). 4. Results
The plasma pressure inside the tubfeds from the field- ) o )
free pressure bpi(r), where 4.1. Evolut/op of the magnetic field in the upper
convection zone and photosphere
dpl(r) 5 —i AB 68 C . . . .
“ar &TIAB (68)  The initially buoyant tube is driven vertically through thdi-

) abatically stratified convection zone. This rise is simitathe
so that the pressure gradient matches the Lorentz force. Bep simulations of Emonet and Moreno-Insertis (1998) and

change in density inside the flux tube relative to the fiele fr‘?\/iagara (2001). The axial field strength decreases as the tube

atmosphere is specified by assuming the tube to be in therg@Jss section increases during the rise, due to flux corti@mva
equilibrium with its surroundings. inside the tube (figure 3).

Po(¥) _ Po(y) + pa(r)
po(y)  poly) +pa(r)

The density inside the tubeftirs from the field-free atmo-

- By PY
B:0%) = Belyo) o1 5 (71)

As the flux tube meets the convectively stable photosphere,

To(y) = (69)

sphere by its vertical motion is halted and horizontal expansion agse
p(r) 20 the flux tube out to form a contact layer with the plasma above
P =315 (70)  (figure 4).

. . L o Now the majority of magnetic field is horizontal,

It is worth noting that this is only one method to initiatg o B,. This layer is holding up denser plasma than
the rise of a flux tube in the convection zone. Other emergengeinere was no magnetic field and is unstable to a
simulations such as Magara (2001), use a force-free field ij?ayleigh-Taylor like instability known as the magnetic
serted into a hydrostatic atmosphere. This equilibriunmésnt buoyancy instability (Archontis et al. 2004, Newcomb 1961,
perturbed by vertical velocities for a short time to inéahe Thomas and Nye 1975, Acheson 1979). Gilman (1970) de-
evolution of the flux tube. This initialisation is given thame  jed criteria for the onset of this instability in an isothel
mechanical equilibrium (MEQ). The method described in thigjiapatic atmosphere. The criteria for onset of the magneti
paper is known as temperature balance (TBL). A third optigfoyancy instability can be regarded as a competition ketwe
as used by Moreno-Insertis and Emnonet (1996) assumes e%@[\;estabilisingféect of the gradient in the magnetic field and
entropy across the flux tube (EET). the convectively stable temperature gradient.

Particular interest in this paper is taken in the nature ef th g4 modes that do not twist field lines the criteria for onset
force-free approximation. This approximation is used bywna ;g given by

authors when dealing with coronal magnetic field, as therati
of gas pressure to magnetic pressprés low so that magnetic g d (B) N2

forces dominate and the equilibrium is given oy B = 0. _stza’ p]” Ca?

(72)
0
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Axial Field Strength whereH, is the local scale height antlis called the super-
6[ ' ' | adiabatic excess, which is theffdirence between the logarith-
mic temperature gradient and its adiabatic value (Stix 2002
and is negative.

The stabilising term, which depends on the plasma Beta
prevents further rise of magnetic field above the contaarlay
After the upper part of the flux tube forms the horizontal mag-
o 2r 7 netic layer at the base of the photosphere, more and more flux
I 1  from the bottom of the tube is pushed up below it. THude-

I | creases and the stabilisinffect of this term becomes less and
0 less important until the instability sets in and magnetidftan
I 1 expandinto the atmosphere above. For the simulationsthere,
| | onset of the instability does occur when the local valug af
-2 L L the contact layer falls below the critical value, and thengho
-20 -10 0 10 rates match that of the 2.5D simulations of Shibata et aB%) 9
Height and Magara and Longcope (2001).

Fig. 3. Axial field strength as a function of height through the cetr

the tube at+0,10,20,30,40. All values are normalised to photospherig. 2. Effect of heating mechanisms in the lower
values.

atmosphere
Field strength Field strength The d_fect of in.cll.Jding _heating phenomgna in the solar atmo-
20 20 spheric model is investigated by comparing the standardeimod
10f ] 10f ] with the model mentioned in section 2.2 which forces the tem-
. . perature in the lower atmosphere to relax to its initial ealu
The dfects are investigated separately from theets of par-

-1of -1of tial ionisation which are undertaken in section 4.3. Thugmh
~20 ~20 investigating the fects of extra heating terms, the models are
oo T 0o me e s 1828 fylly jonised and the only dierence is in the energy equation.

20 Field strength 20 Field strength The simple interchange derivation for the onset of the mag-
o o netic buoyancy instability assumes that as a parcel of gaeso
upwards into its new surroundings, the motion is adiabattt a
-0 -0 no heat transfer occurs. However by attempting to simukate t
—10t —10t effects of various non-adiabatic terms in the energy equation
90 90 the criteria for the instability to occur must be modifiedirn®n
-0 -t0 0 10 20  -20 -0 O 10 20 (1970) applied the same argument as above but instead of as-

suming adiabatic motion, the displaced parcels of gasnnsta
taneously acquire the temperature of their new surrousding
(this corresponds to the thermal conductivity being inéhit
The criteria for the onset of the magnetic buoyancy insitshil
for modes that twist field lines is then

Fig.4. Contours of magnetic field strength at times20,30,35,40
showing the horizontal expansion of the tube as it meets thides
photosphere @0).

while for modes that twist field lines the criteria is 9 EIn(B) k214 |_ . (76)
g d |2 N2 yCs2 dy n2
- 2—In(B)>k2(1+—2)+ 5. (73)
yCs? dy n Ca It can be seen by comparison with equation 73 that the sta-

Here B, p,y have the usual meaning8, is the local Alfvén bilising effect of the convectively stable gradient of the photo-
speed ,ar;dls the local sound speed is the Brunt-Waisala sphere has been destroyed by this instantaneous heaetransf

frequency given by In these simu_Iations, although the he_at transfer is noairiat
neous, there is heat transfer on a finite time-scale, reptede
N2 = giln P (74) by the relaxation term for the energy (equation 40).
vdy \p” It is expected that with the heat transfer present in these

simulations the stabilising term in equation 73 will be reeld

which is a measure of the convective stability of the atm% . . .
some amount, just as for instantaneous transfer it was nul
spherek, | andn are the wave-numbers of the mode wher

. - Iified completely. So the onset of the magnetic buoyancyinst
k is the wave number parallel to the magnetic field. . o ) . : el
L . . bility should occur earlier in the simulation than in theadufitic
The criteria (equation 73) can be rewritten as

case. This is because less magnetic field is needed to decreas
|2

0 2 vy the dfect of the competing stabilising term, which is now less
_Hpalln(B) > k (1+ ﬁ) - 5,86 (75) important.
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Velocities of Magnetic Buoyancy Instability Resulting temperature
12[ T T T ] 1000.00 T T T T T
I i | i
0 X § < 100.00¢ 4
B 1 o
—~ N r
N & 10.00F ~
€ T :
< 2
2 ° 100 .
Q
S £
> © 0.0 -
0.01L . . . . .
-2000 O 2000 4000 6000 8000 10000
Height(km)
800 1000 1200 1400 1600
Time(s) Fig. 6. Temperature as a function of height. The upper solid linevsho

] ) ) the initial profile, the lower solid line line is the resultgorofile at
Fig.S. Plasma velocity at a height of 1500 km above the surface 8§85 for the adiabatic case, and the dashed line is for the aimul

function of time showing the onset of the magnetic buoyamsfa- i, \yhere non-adiabatidfects are included. The temperature is nor-
bility. The solid line is the adiabatic case and the dasheel is the | oised to the photospheric value of 6420K.

non-adiabatic case.

Resulting density

102 T

The magnetic field in the centre bends upwards and drags 10°
flux into the atmosphere. Thus to measure the growth of
instability the vertical velocity at the centre of the dompist 2 102
above the magnetic layer at a height of 10 (1500 km) is plotteltd
as a function of time. Figure 5 shows these plots for both the 10-*
adiabatic case and the non-adiabatic case. As can be seertithe
non-adiabatic atmosphere allows onset of the instabilifgim < 1076
earlier in the simulation. This is because less magnetit fias I
to build up to nullify the stabilising term in equation (73he
growth rates are also fiierent, the one for the non-adiabatic
case being larger. The instability quenches earlier fonthre
adiabatic case. The magnetic field is emerging at a gredeer ra
than the adiabatic situation and so the velocities at thighhte

will decrease quicker to background values as the instgbilFig. 7. Density as a function of height. The lower solid line shows
guenches. the initial profile, the upper solid line is the resultant fieat =75

. . - for the adiabatic case, and the dashed line is for the simnlathere
. As the mqgnetlc buoyancy instability develops magnetl%n-adiabatic #ects are included. The density is normalised to the
field expands into the chromosphere and corona above. As g}‘

1078 .

Density

10-10 1 1 1 I I

—2000 0 2000 4000 6000 8000 10000
Height(km)

. i i _8tospheric value of.2 x 10 *kg/m?.
happens cold dense plasma is brought up. Associated wéth thi

expansion is a cooling of the plasma, brought on byRNev

term in the energy equation. Without any non-adiabatic $erm

such as heat conduction and radiative heating to counter thi As can be seen from figure 7, dense plasma is still being

rapid cooling the resulting atmosphere would be unphysicbrought up into the atmosphere in both simulations. However

By modeling the &ect of these non-adiabatic terms a more ravhen the ects of non-adiabatic heating are modeled this

alistic atmosphere during emergence can be achieved. dense plasma is heated to its original temperature rather th
Figure 6 shows the vertical temperature profile up the céging cooled as it expands. This is not only important irifitse

tre of the domain at={75 in the simulation, representing thédut as will be shown in later sections, this is important fo t

final stratification. Also shown is the initial profile fromeh calculation of other parameters in the simulations, sudhes

model. In the adiabatic case the cold dense plasma brough@@wling resistivity which depends on local valuespadnde.

with the magnetic field has expanded and cooled to tempera-

tures an order of magnitude lower than the initial photosighe

temperature. By modeling the non-adiabatic terms usinggthe

laxation method, the photospheric temperatures remaittesimThe efect of including a partially ionised atmosphere when

to the initial values as the heat transfer relaxes the teatper simulating flux emergence is investigated by comparingltesu

to its quasi-equilibrium. for two simulations. The first is where the model is a fully

4.3. Effect of a partially ionised atmosphere
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F‘ux Emergemce 00 Field lines 00 Field lines
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g Fig. 9. Field-lines in x and y given by contours A&y whereB = VAA.
g’ The left panel is the FIP model, the right is the PIP model hBubts
S use the same contour levels.
2
©
©
lower height the flux emerging for the FIP model (crosses) and
O Lot ‘ the PIP model (solid) are almost identical, as at this height
40 50 60 70 80 p. = 0. At 2500 km the flux emerging is greatly increased by

Time the presence of the filisive layer in the PIP model (crosses)
Fig. 8. Total unsigned flux at constant heights as a function of time fompared to the FIP model (solid line). As the magnetic field
the simulation. The two plots on the left are at heights 500kma the passes through this layer it isfilised on a time-scale
two plots on the right are at 2500km above the surface. The koés 2
are for the FIP model and the crosses are for the PIP model. ty = Lo (78)
Mc
whereL is the vertical extent of the region. The profilergfis
ionised plasma (FIP). This meamsis zero and so the standardchanging during the simulation as the plasma variablesgan
MHD equations apply. The second is where the model contaldsing the maximum values of; in these simulations, gives
the partially ionised plasma in the chromosphere (PIP)eHe# diffusive time-scale ofy ~ 5s which compares to the lo-
the ionisation level ang. are evaluated as functions of the lo<al transit time of flux across this region gf~ 500s. Hence
cal density, temperature and magnetic field strength. the magnetic field takes manyfiisive time-steps to transit the
For a partially ionised plasma dissipates cross-field cur-partially ionised layer. Hence, locally, the magnetic Relgs
rents. As the simulation progresses the local density amd tenumber (usingy. rather than the standard definition of resistiv-
perature change and thus so does the local valyg. df sec- ity) is well below unity, even though the majority of the dama
tion 4.2 it was shown that by modeling th&exts of various is high Reynolds number.
heat transfer mechanisms, the atmosphere reacted to tig-eme The resultant magnetic field structure is therefoféedent
ing plasma without the vast cooling seen when tiieats were for the two models. Figure 9 shows 2D field-linesxrandy
ignored. Thus the changeig during the simulation representgor the two diferent models. The field-lines are given by the
a realistic variation during the formation of an active cegi contours inA; whereB = V A A. The resultant field is more

For all following simulations, the Newton-cooling apprbacdiffuse in the PIP model, and the field-lines extend higher into
described in section 3.3 is applied. the atmosphere, which is as expected when an exfiastie

layer is added. The inclusion of the presence of neutralsen t
simulation of emerging flux yields more rapid emergence and
a greater amount of flux in the corona.

4.3.1. Emergence of magnetic flux

The profile ofn (figure 1) represents aftlisive region of ap-

proximately 10 scale heights. As the magnetic buoyancyedrivy 3 2. Cross-field and field-aligned currents

magnetic flux and plasma through the model chromosphere and

into the corona, the presence of &dsive layer in the chromo- Observations of magnetic fields in the solar atmosphere
sphere shouldftect the rate of emergence of this flux. By comsuggest that the solar corona is predominantly force-free
paring the amount of flux emerging through various heights ggeorgoulis and Labonte 2004). The Igwplasma of the solar
the atmosphere for the two models, the importance of thiarlayzorona is magnetically dominated, and the pressure and grav
can be evaluated. This is done using the amount of unsigr&derms in the momentum equation (equation 28) are small in

vertical flux comparison to the Lorentz force. The equilibrium equat®n i
then given by
f [Byldx ) i aB=0. (79)

where the integral is over the vertical extent of the domaifihis is equivalent to saying that the current is aligned it
Figure 8 show the total flux emerging at twdfdrent heights magnetic field || B, or that there are no cross-field currents,
for the two models, as a function of time. The lower height = 0.

is 500 km, in the photosphere below thdfdsive layer, and Beneath the surface the plasgia much greater than unity,
the upper height is 2500 km, above théasive layer. At the and therefore pressure forces dominate magnetic forces. Th
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Cross—field current Field—aligned current
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Fig. 11. Total parallel current across the domain as a function afttei
for the FIP model (dashed line) and the PIP model (solid liAd])
values are given in normalised units.

Fig. 10. Total perpendicular current across the domain as a funofion
height for the FIP model (dashed line) and the PIP modelddioie).
All values are given in normalised units.

e : . Figure 10 shows this as a function of height at%, for
field in th'_s region cannot be assumed to be fqrce-free. If 'Both the fully ionised model (dashed line) and the PIP model.
d_eed, actlv_e regions are the product of emerging sub-mrf%e fully ionised plasma does not destroy cross-field ctisren
field as evidence suggests (Zwann 1977), then the force-flggy oy are allowed to emerge into the corona with the mag-
coronal field must be formed from non force-free fields. This.. field, giving a non force-free configuration. However,

raises an important question. _How is the magnetic figld of SLWhen the field emerges through a partially ionised plasma,
surface flux tubes converted into force-free magnetic C"ﬂiro'?learly all of the cross-field current is destroyed, which- cor

field? ] ) ] o responds to a force-free magnetic field. Figure 11 shows the
As stated in section 2.1, for a partially ionised plasma, trpﬁa[egrm

current is not dissipated isotropically. The Coulomb rtiasis

ity n acts parallel to the field, ang. acts perpendicular to it .

(equation 25). However, it has been shown that for the so[%y) - f“ 1% y)|dx, (81)

chromosphere/n can be orders of magnitude. In fagtis ) _

less than numerical roundfahroughout the whole domain for S & function of height a&5 for both models.

these simulations. So the approximatipr= O is reasonable. ~ Althoughy = 0, there is a dference inJ;(y) for the two

This means that as the magnetic field emerges through the fFApdels. The equation fgf andj, are coupled to each other,

tially ionised region of the model atmosphere, the only cor@nd as the two models haveferent values ofy, itis expected

ponent of the current to be dissipated directly is the cfizd- that the amount ofy emerging will difer slightly. Evidently,
current. the presence of a partially ionised region in the solar atmo-

This gives a mechanism for the formation of force-free cupPhere has destrpyed the cross-field current but gllowed the
rent during flux emergence. As magnetic field is driven thougi ™€ amount of field-aligned current to emerge as in the case
the partially ionised layer by the magnetic buoyancy intab or a fully ionised pla}sma._Hence the field has .been converted
ity, the energy of cross-field currents are dissipated byche from a general configuration to one approaching a force-free
neutral interactions. While the field-aligned currentsraotdi- state.

rectly afected. Hence if the value gf is large enough the field Calc_uIaFions of the force-free nature of atmos.pheric
that emerges through the partially ionised region will hage Magnetic field have been made based on observations us-
cross-field currents and will therefore be force-free. ing MDI (Georgoulis and Labonte 2004, Metcalf et al. 1995).
By comparing the amount of cross-field current emerginvggcmr magneto-grams have been extrapolated to recohstruc
into the corona for the two models, théieiency of this mech- C ronal field. Estimates of the height at which the field beesm
anism in forming force-free currents can be investigated. Iﬂrge-Trﬁe_arr]? ftyp;;:]ally 4(.)0'1|0:.)0 kmbabozj/e th]? phot(igphﬁrr]e
measurement of the amount of cross-field current is obtair]ga'ca eight forthese simuiations based on figure 19 1smuc
by performing the integral arger than this, around 2000 km. This discrepancy may lie in
the 2D nature of the simulations, and further 3D work will be
) performed to better diagnose the height at which field besome
Ju(y) = fUL(X, y)ldx, (80) force-free. However, these results show that in 2D at I¢hast,
emerging field is not force-free unless the partially iodise-
over the horizontal extent of the domain. gions of the atmosphere are included in the models.
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Terms in Ohm's law of these simulations, the model temperature profile. This wa
10°f ' ' ' {  done by a Newton-cooling like term in the equations.
I By modeling these heatifgpoling mechanisms, we
_ 100 ] showed that the criteria for onset of the magnetic buoyancy
) i instability was modified. The onset of the instability, winic
(j 10-5F . drives flux into the corona, occurred earlier. Also the resul
) ] tant rate of expansion of magnetic field into the corona was
; 10-10[ b larger for this new model. More importantly the reactiontu t
= i ] plasma to the expansion was much more realistic. In the adi-
E i ] abatic case, there was no competing terms to the cooling of
107131 ] plasma fromPV.v expansion. This lead to vastly lower tem-
[ ] peratures of the photospheric plasma, which is unrealBtic
10-20L R - - ] including heatingcooling dfects, the expansion of the plasma
—4000 —-2000 0 2000 4000 as the magnetic buoyancy instability develops did not lead t

Height (km) unrealistic cooling when dense plasma was brought up tfroug
Fig.12. Vertical profile of terms in Ohm’s law in the centre of thethe phOtOSphere' The resultant temperature was moretiealis
horizontal domain at=75. The solid line is the advection term, thdOr this new model.
dashed line is the Hall term, and the dash-dot line is tfeslie term As stated in section 2.3, the equation of state used here does
due to ion-neutral collisions. notinclude the ionisation term in the equation of state &tign
(42)). A simpler equation of state was used to allow direat€o
parison with the literature, which are ideal MHD simulatipn
and use no resistivities in their simulations. The mainltesf
Throughout these simulations the Hall term has been nfis paper, concerning flux emergence and current dissipati
glected from Ohm’s law. Figure (12) shows the magnitudefiould be unfiected by the choice in equation of state, as they
of the Hall term [%I), the advection term|{ A B|) and the are not directly fected by pressure gradients.
diffusive term for ion-neutral collisiongngj.[), as functions The next set of simulations investigated theeet of the
of height at the centre of the horizontal domain for a Simm%'artially ionised regions of the solar atmosphere. The-rela
tion run at £75. These plots represent typical values for thely low temperatures in the chromosphere mean that the fu
entire domain. The Hall term is always orders of magnitudgnised approximation used in standard MHD is not valid ev-
lower than the advection term. Figure (12) also shows thet trywhere in the simulation domain. The model was modified
magnetic Reynolds number for the partially ionised plasama cyg jnclude the fects of a partially ionised region. Assuming a
reach values less than unity. pure hydrogen plasma, we derived ionisation and neutred fra
tions. The MHD equations were then modified using a three-
fluid approach to Ohm'’s law.

For a partially ionised plasma, the Coulomb resistivjty

2.5D simulations of the emergence of magnetic flux into the scts parallel to the magnetic field, and the Cowling restgtiv
lar atmosphere have been performed. The standard model uke@Cts perpendicular to the magnetic field. Using the model
was that of a weakly twisted flux tube inserted into an adi¥@lues for density and temperatureand . were evaluated
batically stratified convection zone. The atmosphere osime l0cally. n was dfectively zero throughout the whole simulation
was modeled by two isothermal layers, representing the pifmain, whereag. was largest at heights of 1500 km above
tosphergchromosphere and corona, separated by a transitfhg surface.
region. The flux tube evolution was initiated by dropping the We investigated theffect on the emergence of magnetic
density inside to start a buoyant rise to the surface. Tha-redlux for the fully ionised (FIP) and partially ionised (PIP)
tant evolution agrees with previous work of flux tubes in thelasma models. The profile gf represented a largeftlisive
convection zone (Magara and Longcope 2001, Fan 2001). region, and as the magnetic field expanded throughout this re
Having briefly investigated the emergence mechanism, @n, the field became moreffiise than the FIP case, where
then added to the standard model tifeets of heatingooling 7c = 0. The resultant field structure wasférent, with field-
mechanisms in the solar atmosphere. Rather than simuléies extending further into the model corona for the PIP etod
these @ects (such as radiative heating, thermal conductio®s the field was diused more then the FIP magnetic field.
and shock heating) directly in the model equations, we used As already mentioned, coronal field is predominantly force-
a simple approach to model theiffects. Direct simulation of free, due to the low value @ the ratio of gas pressure to mag-
these €ects is dfficult in large scale models, and as stateaetic pressure. However, field originating in the hjglton-
not all heating mechanisms are known well enough to simection zone is not necessarily force-free. The main thofist
ulate directly. All these mechanisms, both known and uthis work was to provide a mechanism for the conversion of
known, give the temperature we observe through emissies limon-force free sub-surface field into force-free coronéd fi€o
(Vernazza et al. 1981). Thus, a simple ad-hoc approach isdmthis we examined the amount of cross-field current emerg-
relax the temperature to these observed values, or in thee dag as the field expanded into the corona. For the FIP model,

5. Conclusions
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substantial cross-field currents emerged into the solamzor Gilman, P.A., Morrow, C.A., DeLuca, E.E., 1989, ApJ, 338852
However, in the PIP model less cross-field currents emergedzoodman, M.L., 2000, ApJ, 533, 501

The presence of neutrals in the PIP model lead to a larfgediksen, B.V., Nordlund, A., 2005, ApJ, 618, 1020
resistivity . perpendicular to the field, and so reduced thdughes, D.W., Proctor, M.R.E., 1988 Annu.Rev.Fluid.Mee, 187
amount of cross-field currents emerging. Conversely 0 Khodachenko, M.L., Zaitsev, V.V., 2002, Ap&SS, 279, 389
meant that similar amounts of field aligned current emerggaodachenko, M.L., Arber, T.D., Rucker, H.O., Hansimefer,2004,

in both the FIP and PIP models. We suggest that the prese%%frz’ #0723001 ApJ, 549, 608

of ne.utrals in a partia_llly ion_wise_d model of the atmospherg WPagara, T., Longcope, D.W., 2001, ApJ, 559, 55
very important when investigating the nature of the emeygifagara, T., Longcope, D.W., 2003, ApJ, 586, 630
magnetic field. The ion-neutral collisions in the plasmaseaumanchester, W., IV, 2001, ApJ, 547, 503
an increased resistivity perpendicular to the field. Thizs 8- Manchester, W., IV, Gombosi, T., DeZeeuw, D., Fan, Y., 208g/,
able mechanism for the conversion of a general field configura 610, 588
tion to one approaching force-free as it preferentiallgigiates Martinez-Pillet, V., Lites, B.W., Skumanich, A., 1997, Ag¥4, 810
cross-field currents. Matsumoto, R., Shibata, K., 1992, PASJ, 44, 167

The work presented here is a first attempt at simulatif¢ptsumoto, R., Tajima, T., Chou, W., Okubo, A., Shibata, 3493,
flux emergence through a partially ionised solar atmosphere ApJ, 414, 3,57 ,
The initial stratification is an over simplified model of therg Meti:gléfl, TR., Jiao, L., McClymont, A.N., Canfield, R.C., % 439,
vyith no pre-existing convection be_neath _the surface. m'adﬂ/loreno-lnsertis, F.. 1086, AA, 166, 291
tion these results are f_ro_m 2.5D simulations. To fully UHd_el(/loreno-lnsertis, F., Emonet, T., 1996, ApJ, 472, L53
stand flux emergence it is necessary to work in 3D. The ifarain, U., Uimschneider, P., 1990, SSRv, 54, 377
portance of shear forces and plasma draining in rising fltewcomb, W.A., 1961, Phys. Fluids, 4, 391
tubes has already been shown to be important for flux emmbzawa, S., Shibata, K., Matsumoto, R., Sterling, A.C.jriaj T.,
gence (Manchester 2001 Manchester 2004), as has the interUchida, Y., Ferrari, A., Rosner, R., 1992, ApJS, 78, 267
action with pre-existing coronal field (Archontis et al. 200 Parker, E.N., 1954, ApJ, 121 491
Future work will have to include all these along with the mettParker, E.N., 1979, ApJ, 230, 905
ods applied in this work. Also theffect of joule heating, as Pottasch, S.R., Thomas, R.N., 1959, ApJ 130, 941

given byncj;2, needs to be investigated relative to the oth&iPata. K., Tajima, T., Steinolfson, R.S., 1989, ApJ, B8
dynamics and thermatiects involved. Spiegel, E.A., Weiss, N.O., 1980, Nature, 287, 616

Spitzer, L., 1962, Physics of fully ionised gases (New York:
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