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increased ilo..l\ whie hohdine the fooitpoint sepa ration t-i\ ed Tillie \olltlhon ,I the loo p', and the mae neiih

enere, :on\erted '.ia drag heating are presented Results are also presented to loop, Aith relathCIN 51rone

current. The results are discussed in the conlest of the solar en.irkinnient Iu.-it4tf: it appears that the

toroidal ftorces an lead to a idc ranec ot plasna iotion Fhc a, . tonp;n,inu drag heatiIIng :t!i take pla c

%It 1 correpi ,,, i,L.jL: t rates

D F- JUN 9i___l,_____--



CONTENTS

1. IN T R O D U C T IO N ...... .... .. .. ........ . . . ....................... ......... ...........

II. DYNAM ICS OF M ODEL CURRFNT LOOP ................................................. 4

A . C u rv atu re F o rc es .................................... ........ ...... . .................... 4...... ... ... 4
B . D ~ narn ica l Ins a h ihit .......................... . . . . ....... . ... ... ................. ...... . 8
C . The Behavior of an Exapnding Current Loip ........................................ ....... 15

III. EVOLUTION OF MODEL CURRENTS LOOPS .............................

IV. PHYSICAL IM PLICATIONS AND DISCUSSION ....................................... 20

A C K N O W L E D G E M E N T S ......................... ................... 2............ .......... .... ... 26

R E F E R E N C E S .......... 7....................... . .............. . ...................................... ... . . 2 7

lF

iii

li in I-In



DYNAMICAL PROPERTIES OF SOLAR CURRENT LOOPS
WITH LINE-TIED FOOTPRINTS: EFFECTS OF

TOROIDAL FORCES

INTRODUCTION

In an earlier paper (Chen, 1987), the dynamical behavior of a current

loop Linder the action of curvature ("toroidal") forces was studied. The

model loop is immersed in an ambient plasma such as the corona and is

characterized by twisted magnetic field lines. The magnetic field and

current density have toroidal and poloidal components. The model assumes

that the current conservation is established iii ol below " l hotosphete.

The calculation showed that if the apex position of an equiIibl iur loop is

perturbed, the loop can expand. The condition for instability to stich
expansion was given in terms of a parameter E: /= vThete ct is the

magnetic flux enclosed by the loop above the photosphere and 4'T is the

total flux of the entire cu rent structure including the subphotospher ic

current. Although the subphotospheric flux ot current stt, ctu re is no.,

measur able in reality, it is a physically meaningful quantity. The
-1

analysis used an integral form of f c I I. B Vp to dc ri he the center

of-mass motion of the apex. The drag between expanding loops and ambient

gas was included using a simple model. This allowq release of magnetic

energy via drag heating. A less developed piedecessor of this model 'as

discussed by Xue and Chen (1 o0) in the context of a magnet i c en ergy

release mechanism.

The main results arc the following. (1) Thele exists a. criticol value

Ec r which depends only on phys ical paiameter s above the photospheie stuh

that an equilibrium loop with c < c c F > c ) is unstable (stable). (2)

An unstable loop can expand and somet imes reach a "second" equilibi h iu

following a period of damped small oscillation. A loop initially in

equilibrium typically expands at subsonic velocities. Thi. cotesponds to

slow drag heating of the ambient gas. (3) Foi a loop which is not

initially in equilibrium (peihaps due to loss of equilibrium) with moderate

to large current and magnetic ficlds, tI.c apcx Can h" drivon supet soni ally
S

through the ambient gas. For a loop with -2()C; initially at a i c h, t P)1

kin, the aoex can attain velocities of t oughl, 12(10 km , oI t o K (it

-iruttes, dissipating up to 1032 erg via diag heating (also qlhociK heating in

the supersonic case). During the expansion of loops , thp .otentz foice can

do work so that the magnetic energy can he dissipated. Thus, a vide tange

of apex velocities and magnetic energy release iales ate pos.--ible within

the context of the model.

Manuscript appr-,ed June 3. 19xx



CurvatULre forces are a pat ticulat form of Lorentz and press ire forces

which occur in curved segments of current-carrying plasmas and act along

the local radius of curvature. (A similar force also occurs in metallic

current hoops.) In the labo~atoy, these forces are well-understood.

However, laboratory plasmas are typically surrounded by vacuum which in

turn is enclosed in rigid metallic containers. it, addition, magnetic

fields are applied by external coils to balance the curvature forces

(sometimes referred to as the "hoop stress"). In the solar and

astrophysical environments, magnetic structures are usually embedded in

plasmas and are not surroni ded hy metallic containers. The curvature

forces in such environments have not been fully investigated.

The model desctibed above was simplified in order to elucidate the

basic physics underlying c ur.atute forces and their effects in solar and

ast rophysica l environments. O(ne simplification is that the initial

geometry of the loop is a half t or;s OL unitorm aspect ratio R/a, where R

is the major radius and a is the minor Ladius and that the loop expands (if

unstable) maintaining the half-totus geometry. The uniform aspect ratio

approximdtion is riot expected t, r eIu t in a ser ious er-ror since the

curvature forces depend on the local aspect ratio R/a as ln(8R/a), a

relatively mild dependence. However. in a realistic current loop, the

footpoints are expected to be essentially immobi le compared with the apex

on the relevant time scate of tens of minutes (the so-called photospheric

"line tying") and the loop does riot remain a half torus . In the ideal MHD

approximation, the footpoint magnet field is tied to tie "infinitely"

condouc t ing photospher i c (and ,0ibpho tosphet i c ) plasma which is much denser

than the coronal plasma. Ii. this paper. we achieve stationary footpoints

without invoking the ideal MHD line tying because of the small fractional

ionization in the photosphere (perhaps lO 3 to 10 4). However, the ionized

component of the photospheric plasma is coupled to the magnetic field lines

that enter the photosphere. The ionized particles in turn are coupled to

the neutrals via collisions on the relevant time s cale. if the magnetic

flux st ructure extends deepen down, tie f ac t i ona I i on i za t ion i s expected

to increase. Thus, any motion of the footpoints would be resisted by drag

fortceq which scale as np V (eq. 1 10) iee i is the photospheric density

and Vf is the footpoint velocity. Since n is t much greater than the

coronal density i , the footpoint motion due to similar forces m-1 be

slower by (n./nD) in comparison wi',h possible motions of the apex. if

wc estimate n 1 O9  cm 3 and in 10 cm - , then (11 /np -- 10
p cp



In the present paper. we will use a simple model geometry that

explicitly takes into account the immobile footpoints. The basic physics

is the same as that of the earlier paper (Chen, 1987). Because the more

realistic geometry requires extensive modification of equations, it seems

desirable to document the calculation in detail. We therefore repeat the

analysis with immobile footpoints. However, the interested reader is

referred to the earlier paper for a more general discussion of curvature

forces in the solar environment and a more co~nprehensive reference li't.

We will start with a model current loop which is initially in

equilibrium and calculate its time-dependent behavior in response to

perturbations of the apex height (Sec. II). The theoretical framework will

be first presented, followed by a numerical calculation of the long-time

evolution of loops including the drag force due to the ambient gas (Sec.

III). Curvature forces are not limited to equilibrium loops. As an

example, we discuss the behavior of a loop carrying a relatively large

current, which may not be in equilibrium initially. Although no attempt to

model specific observation will be made, we will discuss the potential

relevance of the results to plasma activities in the corona (Sec. IV). it

will be shown that a cutrent loop acting under the influence of cut ,ature

for-es can exhibit a range of behavior (expansion velocitv, energy release,

etc.) compatible vi th certain mot ion IeLted effects in the solar

environment.



II. DYNAMICS OF A MODEL CURRENT LOOP

In this section, we consider the evolution of an isolated loop with

twisted magnetic field lines which is initially in equilibrium. Figure I

shows schematically a model loop which has a toroidal magnetic field Bt and

poloidal magnetic field B with a poloidal and toroidal current densityP

components J and Jt, respectively. The apex of the loop is at a height of

Z from the photosphere, R is the local radius of curvature (major radius)

and a is the minor radius. The aspect ratio R/a is taken to be roughly 5

to 10. The loop is embedded in a field-free plasma of pressure pa In

order to satisfy current conservation, we allow the current to close in or

below the photosphere where the plasma is simply assumed to be much denser

than the coronal plasmas. The footpoints are separated by a distance 2s0

and are assumed to be essentially immobile because of the dense

subphotospheric plasmas. No particular current distribution will be

specified below the photosphere.

The ambient plasma above the photosphere is assumed to decrease

exponentially with a scale height H. In the corona, H can be given by

2k T
aH - 1mig

where P is the Bol t"man constant. T a is the ambient plasma temperature. m.a 1

is the ion mass and g is the gavitat ional acceleration which is 2.7:10 4 cm

sec at the su face. At the base of the corona, H is roughly 10 km.

A. Curvature forces

Corva tore forces can occur in any curved segments of current-carrying

plasmas and depend on the local major radius R and local minor radius a.

In a solar loop configuration, we expect the apex region, say, one third of

the loop about the apex, to e.:lIi 1)i t Ih( gi (atelst degree of miot ion because

it is fart hes t from the tnea.i y immobi , i e o I points. The ntion of the ape>:

region, schematically shown iii Figut e 1 as e region between the t,o

dashed lines, is determi ned by the lot ent z fo ce, Ai ich consists of both

the magnetic iens ion and )i es oe fo (,o and It. The local fotice density

f acting on a plasma elenient is, gi -t Ii,,

f - I J x B Vp, (la)

4
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with the usual equation relating thle cur.rent and magnet ic f ieldi

J= -LVx B. (lb)
- r n- -.

In this paper, the displacement Currtent is neglected. Each plasma element

moves according to f. However, thle motion of the cenLer of mass of each

segment of the loop is determined by the force integrated over thle given

segment. In considering the motion ot the loop apex, ye -ail] refer to th~s

center-of-mass motion. The center of mass of a s~lice of the loop lies onl

the dash-dot line along thle loop. In order to integrate t over segments of

the loop, we make a geometr ical simpli if i-at ioii that the loop above thle

photosphere is a part of ctoroidal plasma which is inter sectled by thle

pho tosphere with a foot point separation of 2s . Th I'e tit t ent in 01 he Iov

the photosphere, which conserves cuitrret. will not be sZpecified in detai .

For such configurations, y e s ee, from Biot-Savai t lay that IIhe coilt I i ht ion

to thle magnetic field neai the ap)e x due to the Ctii renit s;egment heloy thle

photosphere scales as (a/B )'T vhiie e isz thle angle bet veen heI( yeni , ial

anid the line ckojine-rti ng a footlpinrt to( thet( axis ofn thtIe t ot it, ( see F ig. I

and the def ini t ion o f 6 t()iow loving eq. 11I]). ]in , vi e of t h is

simplification, ve wii g eneria I co rnsiderp lop ,Itjch atI laigei tha-n

half -toruLs foi. a given se anT '.s 0 Then, 0/ r1 is, I ess thanl I .Becaus e ye

consider R/a in the range of 5 to 10), a;'R << 1. As the ape-: height

increases, the loop b c co mes sotI e tor- Io i da I 'i It d ecr eas4i ng () TT << 1.

reduIcing the correctiont term. The t Iea tmen t is ex pec I ed I o b)e m o s

accutrate for curvature for ces tiear the a pe x h Aiich Iema ins neat 1; sem i

t o ro idalI . This approxiniat ion is similar t o thla t osed by Anset, ( IQ?7H and

Van Tend (1979). Th is geometry i s art ove-s impIi f icat i on butI i t hlas thle

advantage that we can analytically calIcoulateP thle IforIces act i ng onl egmevntIs

of the loop near thle a pex and inluItde t le i mpoit tauIt featIn I th Ia It te

footpoints are immobile. Fot anl i mp! oved i:7omet I. I sos; r, (It csamTp I ( , In

and Poland (1979). Note that tile integial fLu" ) I tal-I iii I, ,; 1 1!

curved geomet ry i n a ta to!i alI way.

In order to detenimine thle !Tot i on ofI ti I('pf f(i.i t ur

mass), we integrate f over a ,ectI i on oft tin, to ii' at tit( aipx. III doing

.so, we must impose settain 1(n t ioits: I he( loop i i I I ouiiiiid ii. a p) l'ma

of pressutre 1)a (tto metallic cotitaintt it t 1 o01ii i ii tIlie loop) atnd tic(

magnetic field vanishes at in f in it y. A technique fot integfral ingoe

toroidal plasmas was developed pieviortsiy (Shtafianov, 1Q66), originially fl



application to laboratory plasmas, and the analysis will not be reprodued

here. Using the same analysis but with the above conditions (as opposed to

the laboratory conditions), integration of f over a section of the toruS

yields the equation of motion for the center of mass of the apex

t 8R1 Bt -

FR= c2t ln(a 2-6p 2 B 2  , (2)

P

- 2 2 2-where F Md Z/dt with M = a nm. . Here FR is the intpgrated force
along the major radius per unit length of the loop. As the apex moves,

the minor radius a also changes. 'This evolution can be described by

2 12
da t t
2~2 -73- r-,2p

dt nc a nm. B
1 p

Note that, for the simplified geometry, the major radius R is telated to

the height of the apex Z by

4 S
2

2Z (4)

This equation expresses thE constraint that the footpolnts are immobile.

Here I t is the t tal toroidal current defined by

a
I 2Tf dr LJ .

The quantity B is defined by

SPa

B /8n(
p

where p is the average internal pressure o the loop, Pa i, the ambient

pressure and B = B (a) is the poloidal magnetic field at the outer edge ofP P
the loop (r a). The quantity . is the internal inductance,

characterizing the minor radial current distribtition, and i ranges from !0

for a surface distrihution to 1/2 for a uniform current distribution. Notc

that the curvature effects are relatively insensitive to the assumption of

uniform R/a because of the logarithmic dependence. In equation (2), mass

flow along the loop, orthogonal to major radial expansion, is also

6



neglected because the curvature forces occur with or Li thout such flow.

Moreover, mass flow is important only if the flow velocity is comparable to

the Alfven speed in the loop.

By choosing to use the integrated form ot the force equations, we

sacrifice the description of each plasma element. However, this is not a

serious disadvantage. In fact, if we were to obtain a local solution for

each plasma element, we would integrate the result to determine quantities

such as the center-of-mass motion in order to compare with observation.

The integrated result would then 1ake on the form of equations (2) and (3).

The detailed structure enters through quantities such as p and {. I his

technique allows one to obtain the integrated form without first finding a

detailed point-wise solution. The fact that MHD is amenable to global

integrated representations has proved useful for various problems (e.g.,

energy pitiiiciples, vitial t'i oiem. etc).

In Se--. 1i1 , we will integi ate these eq uationi s numer ically. In this-

section, we wi I first Iise a simplified version, applicable to reai

equilibrium cases, in ordei to t udy the linear behavior and gain insight

for the later results. No te that if the loop is nealy i in equii hi ium.

force balance along thIe mino; radius , da 'di 0, gives

O I B 2/B. )
pt 1)

Substi tut ing this exp-esion into equrat ion (2) e ot air,

F _ It Il n ( I R g p 6 1 - .

which describes the force per unit length of the loop acting on the center

of mass if the loop is near equilibrium. As the initial configuiation, we

will adopt a model loop of the type discussed in Xue and Chent (1981. For

this class of equilibrium loops, tIhe ItIIvatui e force' aIe epi 11 i l

balanced. Her-e, we give a hi ief IIImaiv of eqlui i i hiium poperli (-. In

equilibrium, the force densitv t act i ng on each element of the 1001) 1

zero. Therefore, we have F 0 e:a t Iv. This equatioi then gives

p (,a,

7



Since /2 is generaliy the smallest term, ye will adopt, for coiiveii -i & -,

a stir face cut-Lent model and set i ( () henceforth. For R/a of the order oI

1(, we see that P < 0 in equilibrium. This particular equilili in

condition arises from the absence of ambient magnetic field. This point

and some modifications due to the piesencm of ambien t fields 'i i]I be

discussed briefly in Sec. IV. However, tlie essential physics oft _kiva tui i (-

forces is not limited to this class of equilibria or by this condi tion. It

is convenient to define the total poloidal current b '

a
I I " ,J dr-P f P

,here the integrati ,n is over the minor radius. Foi the surface curre-nt

model, -ye hxae

t p

cith f 3 ari p p irrsiri the loop. roisti;de the loop, wc have

PP
B -

p C t

i rh B t all' p ja arid I i- m :ed alonor the mino iadius from h,-

cente of tohe (i I 1,ia r I oss 0(( t (iil. In the above e:.:pie :sionS, tih

ro, r ection teIms o f the 1(o1o (a'R) 0/n die to he geomet i j

miip ification are neglected.

The above exprezslion.s are appropriate toir current carrying plasma.:

embedded in an ambient plasma wit h no metallic containers. As notcd

before, this is an impor tant di f ference from such laboratory 5't ems a,

tokamaks. Incidentally, this (lass nf equilibria properly satisfies the

requirements of the Viria theo em (SIat I r l ' I QI1 1 ).

B. Dynamica I Inst abi lity

In this soc t ion, we i irves t iFa Ic tie ;tah i~ ty prope, ties ' ire

eqi i i r 1UM loop w'ith respect Ilo per t o Krtiots of the apex height. In ,'

Ill. we will consider rore f eneral cass e .,. tir larger iv lo tries. Ii the_

piesent paper, we will assume for simplicity that R/a is unifform. We nole

that the curvature forces depend on the local aspect ratio as ln(8R/a).

whi ch is tather mild dependence, so that the essential phys5ics of



cur va t i re ftot ces shoulId not depend sensitively on t h. plVOX i mat ion. As

the apex is displaced from its initial equilibrium, thle forces experien,2ed

by thle apex region be given by linearizing equation (7) which is val id for

small deviation away from equilibritum;

-'8Z t dR Zda d (8)

dt 2 c 2MR Z ad cl Z*

Here M -nTa 2p is the mass per unit length of the loop, 8a is the change inl

the minior radius and p is the average mass densit", inside the loop. Thle

(I illnt i tY 80 1 is obtained from eq. (5):

60 8)- 81) a 0 81B

1) B H TT p

0 p is tite change inl hie 1%-eiage internal prss, ure and

vi e H i t IO ir gao-. i ta11t i ona t 5:( alIe lie gh t . Beaue;e as;sume thla t t hei c-

no mlass tloy along t he loop, the total mhass M, ot the loop alhove( the

plho t os Jfhee is cons'tanlt inl timle Tle t

M - 1 - TORM .

St 11 M g ivenl a bove. liet c , t he f unc t i on C is g iven hy

Ri Z <

nT 0

whet e s in (t R ') lnd f nOR 1 t Itlo I ong t h) o i I he Iloop a hoe.( t i

photosphete. lIn this, pape1 we v c I i ma it I s y7 > B Be' ne

the ititegi ated s olti on i atber th11ant t I locualI (ui fficint ial ) soIlol ti onl,

'iluea nulmbel o)I gl obalI cond it ions" to 'ons' t Iiil to ltaica 'i

Wve assulme that , oil the tim11 a s cal of tit( 1(01)) evolllil 11 poss iii c

in the fluxes ate small . For the toroidal flux, we ssm



r2

B ta2  constant (12)tt

and for the poloidal flux, we assume

LTIt T = constant. (13)

Here, it is the total poloidal flux and L is the total self-inductance of
T

the current distribution including the submerged part (Figure 1). Note

that current conservation requires only that there be some current. Given

a current, the total flux PT and inductance LT can be unambiguously defined

(albeit not necessarily measurable) without specifying details of the

underlying current structure. The submerged Structure is included in the

calculation via the inductance. We can define the inductance L associated
P

with the poloidal flux above the photosphere by

L =-P
p I

where the total poloidal flux is 4T ,P + t " Then, we define at time tp s

4, P- P (14)(T L T "

This quantity C is a rough measure of the relative "size" of the loop above

the photosphere and the entire current structure. If thle current is closed

near the photosphere, then c 1. If the submerged current structure is

much larger than the loop above, then c << 1. Note that the initial flu:

;, , thus the initial inductance of the submerged current, is not

calculated. It is used as a parameter to characterize the submerged

cur lent structure. Note also IhaI we do not requ i r 4, and 4, to hp 5
separately constant since flux emergence appeaiq to be common.

We have described the essential iilgredient. of the model. We v, ill no'

attempt to calculate more specific pi operties. For the dynamics of the

loop inter-iot, we assume that the adiabatic expansion law is valid:

p - constant

where y is the adiabatic index and where V = 2n 2 a2 OR is the volume of the

1 0



loop. Then, we have

1 da I dR z (15)
6p y (2a-dZ RdZ + TZ )dZ

From equations (4) and (11), we obtai,,

z2 2z- s
ZdP o

RdZ Z2 2
0

and
2s

dO 1 o
dR rt Z 2  2

+ 2
0

Next, from toroidal flux conservation, equation (12), we obtain

8B
__ a(16)

B t ata

From the definition of B , we findp

8B 81 8t -a (1?)
B I ap t

In calculating 81 t , we assume that the submerged current stiuctule,

whatever it is, remains unchanged on the relevant time scale in the much

denser plasma. This assumption is consistent with equation (4). the

immobile footpoints. Then, the changes in LT are primarily due to changes

in the loop above the photosphere and we have

8 LT 8L .

From equation (13), we obtain

(t) 8L

-t p

For a partial-toroidal plasma of majoi iadius R and minot tadiuts a (R.'a >>

1), the inductance is (Bateman, 1978)

II



L = 1R [In (J 2] (19)

with 0 = . Substituting the variation of Lp into equation (17), we find

t 1 dLR .- 1 1 1 da 1 dOE"

i1 [RdZ dZ a dZ dZIt

where L = In(8R/a) - 2. In order to determine da/dZ, we must related the

changes in the pressure to changes in the field. From equations (6), (16)

and (17), we obtain

[ V (1 RdZ - 1 dO 1-1 1ap d ,LZ + + a dZI

Equating this expression to the right hand side of equation (9) and using

equations (10), (15) and (17), we can solve for da/dZ. After some

straightforward algebra, we find

dR - 2ZB 2 a Z 0d

= a -P

B

For the parameter values to be used later, this quantity ranges from 0.01I

to 0.1. This means that the minor radius expansion is generally much

slower than the i#ex motion. Using these results in equation (8), we

finally obtain the linearized equation for the height of the apex:

d2(Z) = r(t)lZ,

dt
2
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where

~~~M - d1z~L~ L-~ T da

r~t) c2MRU p)R pB - 1a dZ

) } (21)-

2-
Here M = Fla nmi is the mass per unit length. If we set c 0 ((t >> t

the right hand side is positive, indicating that the perturbation grows.

If we set C = 1 (the current is closed in the photosphere), the right hand

side is negative so that the displacement is restored. Thus, there exists

a quantity c with
c r

0 < C <1 (2,)
c r

such that the d2 (Z)/dt 2 = 0 for C r" By setting r(t=0) equal to zero

and after some algebra, 
we find

£cr R[ql R - (17 - n] Z t1) x1L

- T7 4 ' ) q OjjIJ Z q 4V (23)

Here we have defined tj a (8rt/B a)(ZiH)P ' (l - (1 , p) , 1/2(l 1 26 )P, q,

1/2(1 - 20 ), q3  (1--( 20 )' 2(1 a' )4,, and q (1 )L . Note

thtp p p ot
that cr is a function of equilibrium quantities above the photosphere

only. A current loop with C < C iz unstable to perturbations and a loop

with c > c is stable. For solar current loop parameters (e.g., Z -I05

k, a -10 ki, pa a few dynes cm- 2), C is typically (.2 to ().4 (Sec.

III). The quantities c and c have the folloving physical inteipretation.
Ct

For c < ccr << 1, the loop above the photosphere is a small tiaction of the

entire current distribution. As the loop expands, !he changes in the loop

magnetic field and average internal pressure are relatively s.mall in

comparison with the changes in the ambient piessuie. in pai ticulat, i 6 p >

0 so that the loop is unstable. For z > Ec the loop is a larger frac tion

of the total current. The magnetic field and internal pressure decrease
more rapidly in such a way that the displacement is restoied. In a more

formal sense, the present time-dependent problem requires specification of

i 3

mo e r p d y i 
u h a w y t a h d s l c mns r s o e . I o



initial conditions. Given a loop above the photosphere, the quantity

c(t=O) parametrizes the initial configuration according to the submerged

current structure. This basic behavior depends on the existence but not

the details of the submerged current structure which behaves differently

from the loop above (i.e., much less mobile).

For the unstable case, equation (21) yields the exponential growth

time T is given by

-1/2
[r(O)] (24)

-l

It is significant to note that T - I t  so that unstable loops with larger

I t linearly grows faster. For the stable case, the loop can oscillate

about the equilibrium position.

At this point, it is useful to consider the energy budget of a current

loop and provide a more transparent meaning for the terms in equation (7).

Assuming, for simplicity, that the loop is a half-torus, the total magnetic

energy of the semi-toroidal loop above the photosphere is the sum of the

poloidal magnetic energy E and toroidal magnetic energy Et where
p

E L1 (25)
p 2 p t,

where L given by equation (19), andp

B2

E t _ (T 2 a2 R (26)Et 8 8--

Using the principle of virtual work, we find

2
F t [in (8L - I] (27)p c2 ',a )

and

2

t 2 t ( p-I), (28)

where F and F t are the major radial forces acting on the entire loop due

to JtBp and JpB , respectively. It is straightforward to show that the

total pressure force in the major radial direction is

14



2

F . (29)2c P

Figure 2 shows the various local force components. Locally, the two

components of the Lorentz force are both along the minor radius as shown.

However, when these forces are integrated over the toroidal volume, we see

that J B contr'bution points outward along the major radius (eq. 1271) andt p

JPB t contribution points inward (eq. 1281). This is entirely due to the

curvature of the current distribution. Adding the three forces and

dividing the sum by nR to get the total force per unit leng~h, we recover

equation (7), providing a heuristic derivation. The expression for FP
shows that as the major radius expands, the B component does work on thep
loop, losing energy to the loop. At the same time, the loop does work on

the B, component so that the B, component gains energy as the loop expands.

Because the minor radius expands, the internal gas and B do work against

the ambient pressure and lose energy. (I balance, there is a net loss of

poloidal magnetic energy to the kinetic energy of tire loop. A fraction of

this energy is then converted to thermal energy via diag heating.

C. The Behavior of an Expand ing Current loop

In the preceding section, we have desct ibed the near equ iIi hr i urn

behavior of a model current loop embedded in a background plasma. In this

section, we will considei the I onig time scaling behavioi which will he

useful for interpreting the numerical results to be obtained.

As the loop expands, the velocity of the apex incieases and the drag

on the ambient gas becomes impotant. As a simple model, we write

Fd  cd (1ami a . ( a ") )

where F is the drag force pet unit l'ngth, V d Z dI ist lhe -el wi ty oCt
d

the loop (i.e., the apex), n is the local amhient delnsit, and is the

drag coefficient. An or der -of - magn i tude esstimate fI I the uhaliact ( i Sl it

terminal velocity in the nonli near e-:pansion phase can he ohtainled h.

equating F to the driving force F given by equati o ("). 'Ic then obtaill
d

VA It (cdMic n a aR Y

15



1/2
Equation (31) shows that V, is proportional to It /na If we

10 9 -3 5
estimate V, by taking I - 5 x 10 A, n = 4 x 10 cm , R 10 km, a
4 21

10 km and using cd = 1, we find V, - 2 x 10 km sec . It is of interest

to compare this value to the estimated sound speed Cs in the corona:

Cs =i

6 2 1

For T - 2 x 106 K and Y = 5/3, C = 2.3 x 102 km sec - . Although the

actual expansion velocity depends on c, the above comparison indicates that

the peak expansion velocity can be comparable to the sound speed under the

action of curvature forces alone. It will turn out that equilibrium loops

of the type used here can only produce subsonic expansion. However, if a

loop is allowed to be out of equilibrium initially, carrying a sufficiently

Iarge It (e.g., loss of equilibrium at t = 0), then it may be driven

supersonically (or super- Alfvenically for magnetized ambient plasmas).

16



III. EVOLUTION OF MULEL CURRENT LOOPS

In the preceding sections, we have discussed in dptail the linear

(8Z/Z << 1) behavior of a model current loop in a background plasma. Th'

description of the long-time behavior has been limited to scaling laws. We

will now attempt to provide a more quantitative discussion of the nonlinear

behavior by numerically integrating the equations of motion. Numerical

examples are given to illustrate the range of behavior under the action of

curvature forces using parameters compatible with the solar environment.

The basic physics, however, is not limited to the sun.

As the apex rises with in-creasing velocity, equation (7) will no

longer be adequate. In addition, the drag due to the ambient plasma gas
may become significant. We will incorporate this effect by a simple drag
model, equation (30). Adding Fd to equation (2), we obtain

2 1s 2 1  1 2anm.
dcZ a t In SR L 1 t c ai V2t2  2 ( z p - -- (d

2-
where M = Tia p. Higher order contLibutions are neglected fot simplicity.

We have directly integrated the set of equations (2) and ( 1)) for a variety

of loop parameters. As stated in connection with equation (20), da/dt is

typically one tenth of dZ/dt or Iesq so that the minor radius is neat ly in

equilibrium for small to moderate dZ/dt. We have found equation (6) to be

nearly true even for velocity V tip to ().C . Thi just i fies, a posteriori,

the use of equation (6) in the linear perturbation analysis.

The drag term in equation (32) is the force which the expanding loop

experiences in displacing the ambient gas. The drag coefficient c d is the

coupling coefficient between the loop and the ambient medium. In our

model, we adopt a simple cd based oi a straight cylinder transverse to the

flow in a compressible gas. Foi the ubsonic iegime ,.,,ith a Reynold: numiber
R of 106 to 108, cd is I.5 to 1 (Trtton 1977). At Mach I , c attains : a

maximum value of approximately 2 and decreases rapidly fto laiger Mach

numbers. The supetsonic drag coefficient is obtained fri Hoernci (1951).

In our calculation, the ambient plasma has no ba kgiound field. It

there are ambient magnetic fields, the drag coefficient c d must be modified

and, for super-Alfvenic motion, MHD shocks are generated. We do not treat

shocks per se. The physical picture is simply that if the apex is driven
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supersonic or super-Alfvenic, then shocks are generated. We believe that

this treatment is a reasonable one unless the ambient fields are comparable

to or exceed the loop fields (-20G for the supersonic examples). The

results are to be interpreted as order-of-magnitude estimates.

Figure 3(a) shows the velocity of the apex for a loop with the initial

equilibrium height Z0 = 105km, a0  = 2 x 104km and It = 4.5 x 10 I0 A.

corresponding to B = 4.5G and B = 8.1G. This loop is half a torus (Z=p t 5
so) with the footpoint separation of 2s = 2xlO km. This is a case with

relatively weak magnetic fields. The ambient pressure is taken to be p a

2 dyn cm 2 at T = 2 x 10 6K so that the number density is n = 4 x 109 cm

For this loop, we have cc 0.28 (eq. [231). The values of t

significantly smaller than c should give rise to instability. Curves 1

and 2 correspond to c(t-0) - 0.01 and c(t=O) = 0.05, respectively. The

velocity is normalized to the sound speed C s 2.4 x 102 km sec - . Theses

curves describe two loops of apparently identical appearance above the

photosphere with different init ial conditions E()) corresponding to

difterent submerged structures. For Curve 1, the flux enclosed by the

ent i c Current di st r i but ion is one hundred t imes what is above the

photosphere and for Curve 2, the total flux is 20 times what is above.

Because of the low current and weak magnetic field, these loops do not

expand rapidly. Although not shown here, these loops continue to expand

slowly even after one hour with the major radius reaching 1.5 to 2 times

the initial values. The expansion is nearly exponential for the first 20

minutes. In Figure 3(b), the height of the loop apex is show. In general,

with other parameters being equal, loops with smaller values of E < Ccc

expand more rapidly expand more rapidly to larger values of Z, and in cases

where loops can attain "second" equilibrium (see Fig. 4 for an example),

they do so later and at larger values of Z. Also, as a loop expands, the

expansion tends to slow:, down because the current and magnetic field

decrease aind £(t) increases, sometimes reaching a second equilibrium. The

dashed line describes a(t)/a, showing that the minor radius expansion is;

much less than the increase in the apex height.

Figures 4 shows the behavior of a smallet loop with an initial height

of ZO = 104 km and R - 7.2x>103km with Z /s n 1.5. The footpoint

separation is 2s 1. .3xlO km with 0/n - H.374. The aspect ratio is taken

to le 5 so that a 0 - 1.4 x 10 3km. The current is I t  3.3 x 10 9A with B

4.5G and B t = 8.1G. For this loop, we find ctr = 0.05. In this example,

we have used E = 0.03 and the loop is only mildly unstable. The apex

li ix



velocity reaches a maximum of -0l. iC with a rise tie of 7 minutes. The

velocity then decreases until the height reaches Z z 6.5xlO km.

Subsequently, the apex executes damped oscillation with a period of: -5 min.

Preceding examples show model loops W.hich are fairly "tall", i.e.,

with Z° > so; Z = s for Figure I and Z°  1.5s ° for Figure 4. Flatter

equilibrium loops (Z < s ) are also easy to find. It seems intuitively
0 0

reasonable (perhaps necessary) that flatter loops should be able to slowly

evolve to taller configurations if small changes in parameter.s ate made.

This is in fact the case. In Figure 5, we use a loop with Z D) tki,
4 40

1.25x10 km, R = 1.28xlO km, R /a = 5 and c(t=O) 0 0.05. The cutleilt 's9 0 0

i 6x10 9A with B 4.52( and B t 8.1C in equilibi ium. At I - ,€t p

increase the current I t from the above equ iIi bi i Lint value by 1% . This , of

cou rse, corresponds to increasing the magnetic f ie]d tvist-l ight]I. (Note

that the eqs. (3) and (32) are not limited to equilibrium.) 'Fie res ul

shows that the apex ri ses and exec it t es damnped osr i Ia i i o a ht

I.16x10 km. 'rhe expansion velocity is small, nevei cx:ceed iiig - . C

Analogous ly , it the cur ren t is deoreased slightly, the heiglht can detica ;

slowly followed by small a11p it ude d dnped osc ill at ion. ThIhi behltz: oit

suggests that a curtent loop can evolve tn a taller ( Ic Ic loop itt a

quasi equilibrium mannet if the current increases (decreased) -io,1,.

In general, with all other quant i t iec: being eqlal. ailet ,i ntisablc

loops, have shotter e- folding times (eq. [:1') be(ause o the e dulced

inertia. Unstable loop: vi th largei cIrret I al-o ha:o -holtl e

folding times because of the iIcrea Od I (tlt" tot , . III . igoru e ,i, -, "lhov

an example with larger cul ents. The lo p i.- not in equ i hi i tim i iii t ia II;.

This example may be relevant to a loop vhich siffet s hIss of equi I ili ItIit.

The pat ameters used are Z - i(5 ki, 7 - s , at - )4 km and I - li l A co
that B 20G and B 21C. Ciurve I corresponds to () - ().() and the

pt
loop attains Mach 3 in less than one mintite. At t =1 min, the apex

velocity is approximately V/C - 5 or V 120(t km F and tlhe apex has

risen to Z - 2) x I) km. tubeqIIe1t I . I ie e : ai 1(11 , oo slov v

decreases over tens of minutltes v a 1h(l loop ex pa)1d (oIf ye o- ) }I li m i

c( 0) (.5 and the configurat ion i; slow lo a t lh tha1 deoot ihd by (',lll , 1.

The apex attains Mach 3, the ma:-:immn "- lo( Iv', i11 a boul 'm l tiuItt - I also

with a sharp 1 ise neaI I (I . The ,,', i ,i"v tlo :lo .?lv dt'( ca -o i tImaril h

in about () mintut es as the, loop e-:pa nds . PFi I tUl i tnt i , Tie

velocities are smaller. Frot Figures I 6, it is clear tiat cutival.t tIc

force can produce a wide range of behavior.
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IV. PHYSICAL IMPLICATIONS AND DISCUSSION

We have described the dynamics of the apex of a model current loop

embedded in a background plasma. The structure is such that the semi-

toroidal section of the loop is in the upper tenuous plasma while the

remainder of the current distribution is embedded in a much denser plasma.

The dynamical properties obtained are most applicable to the apex of the

semi-toroidal loop. We reiterate that the objective is not to model

specific phenomena but to understand the basic effects of curvature forces.

For this purpose, we have constructed the model in such a way that the

model loop behavior is primarily determined by the curvature forces. In

the preceding sections, we have given theoretical and numerical results.

Although the results cannot be applied directly to observed solar phenomena

because of simplifying assumptions, it is useful to determine the range of

expected behavior using parameters compatible with the solar environment.

(ibset vat ionally. it is not always easy to determine the magnetic

stl itile or its motion. However, Signature- of motion v may he mani fested

as beat ing of coronal gas and moving gaseous material. Here, we will

examine some possible ohseir.ational implications. For this purpose, it is

useful to consider the rate at which the magnetic energy is conveited to

thermal energy via drag. We have calctilated the quantity

dt- Fd

for the model loops described in the preceding section. teie, Fd is the

drag fnce given by equation ( 30) and dE/dt is the rate at which the

ambient gas is heated by drag due to the apex motion. In calculating this

qilantity, we have assumed that only one third of the semi-tor-us around the

apex is effective in drag heating. As the above expression indicaes, the

heating rate is proportional to V 3 . We have also computed the time-

integiated total energy which the magnetic field lov-es in the form of loop

plasma 1<inetic energy and drag beating. Thi s quant ity is essent iallly equal

to the time-integral of dE/dt plus the loop kinetic energy. As pointed out

before, the minor radial expaus ion is found to be much sIower than the ape:

mot ion so that it is neglected in comparis5on it i the majol radial

expan'sion.

Figure 7 shows the energy release rates due to drag for the loop

descr ibed in Figure 3. For F - 0.01 (Curve 1), the rate reaches 10 25 ergI 126 -1
s at t = 20 min and increases to 10 erg s at t 30 min. Dluring this
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, II , - - -

time, the major radius increases from 1.15Z to I. oR . Before t 20 min,

the loop exhibits only slow motion and insignificant energy output. For F

= 0.05 (Curve 2), the loop motion is less pronounced with ihe energy
-q1

release rate in the range of l2'- erg s during t - 20 min to t - 10 min.

Figure 7(b) shows the time-inlegiated energy converted from tire magnetic

field to thermal and kinetic eneig,. For = ().(1 (Curve 1), the total

amount of magnetic energy teleased in W0 minutes 's - 1.5 x 1029 erg while,

for 6 0.05 (CutrVe 2), it is 1T)2V erg. For both cases, rolighly one half

of the energy is in the foi m ot ther ma eneIgy. In Figuie 8. we g iv e tire

energy output profile tot the loop deoer ibPd in Figuie 6. For thiv loop,

the magrietic t ield componeni a dI -- .'' and the ape,: ('al he dti ivei,

supersonic with (or re.oponding] ," gi eateri magnet i e! ner gy r elease, tto'e.,er

as discussed before, ti is I oop ic lot iii Hiallv' ill equi i ithim ill Ihe

con text of tie present model. "i-o ('II.I 1 1 (0c - .01 ?), the maximu1i1 eir -oI;

release rate is roughly ,, :.: lTo , 1 with , t isP(, i n t , ated roral of
: ( e.r, in ,1 i in t t,.

<  
('tIi', c I ), Iiw'.,- all e:ee v oilIpt

pI ofile in ', li t1 t fit peal- hIle irt iit I o' I ill 't r at ali(i (,f I i- 71K illut : with a

long decay phase l,i;t itri, for e o rliilit-<. 1h, t ,tli ,,ow-i <; itleased is

t Ighly 3 x 113 k gI< 11 . i il es. Il t 2"0 I ii, ( ill , * l l It ( -

puss it i I i t of st I i),i 'Jlio 1-- h(' t i nl . No e 11 i 'I ,h a I, ( I I I ll(i ry I ()I1'.(i 1 'Ii%,i

takes place o1n tie ' He .ii t ltnl f ii ! ' I. T i , I f (11fi i ,

release can- have a wide i age. lThi:' 1Tpe of "dvliamical" - i l i gneol'

release mechani sm ha-. Ifo n ii liggtI -d el ea Ii 'I ( AIIJ ('hell., I1l8 ). ,

men t ioned eat I ier, th1e i MioI t ali( (' of 1 -(i hi ii i l 1 eni, I g-," rol t L! i i 1 t t I ur

energy budget has been ii u.<-iiS:,-f (eIih ot al . I. 118 ). . , , , it I lr )2l,

ntimlbe- of loops r elease erloig ; at - : rat,.-, tl-. T 11( ', , :1 iI'rl l 1, 0l)1

violent themal erergy input to the , oria

It is of interest to estimate the t I-lipeIat tre of thK a!i.T:th g:ls Illf

is heated by the supersornic motion !of the ape::. For t oig qho, l-. th

temperatuie T. behind the sIio- f r o il a ill he I imiIt L'

a (M , I "

l,ardati and L, i fshi rz, 1959) 'diei e M i )totll- Ma h idiuhu of I lhti chi ili]l I

is tile ambient tempelatviie. lakirg M - (Fig. 6(a)) arid y 5 1, we findl

T, 3. 7 T . Using T 2 x 106 K, we find T, - 7.4 x 1) 6 K. Foi Iageiv a a t e
values oif M, the temper atulre ii higher . Th'inr, ill tis parliuar e>:aiiple
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(Curve 2), the coronal gas in the vicinity of the apex could be heated to

approximately 107 K and the heated gas might be seen to travel away from
-l

the sun with a peak value of - 800 km see_ This phase can last for tens

of minutes with the velocity and heating diminishing with time. For Curve
-i

1, the velocity is considerably higher (a peak value of - 1200 km s ).

These calculated apex velocities are similar to those associated with

certain dynamical effects. For example, the sources of moving type IV
-1

bursts are quoted to have velocities in the range of roughly 200 km s to
-1 -1

150M km s with typical velocities around 400 km s (e.g., Svestka,

198(1)). For coronal mass ejection events, Gosling et al. (1976), fot

example, reported speeds ranging from less than lO) km s to more than
-1 1

1200 km, s- 1 with the average being roughly 500 km s . They also reported

association of type I radio butsts with events moving faster than about
-I

4(1 km s Note that we do not attempt to "explain" these phencmena here.

Mouschovias and Poland (1978) and Anzer (1Q78) have described loop-

type (as opposed to "bubble") transient models. in auzer 's work, poloidal

ciiirn; density J and plasma pre-ssure are neglected. effectively treatingP
the loop as a metallic wile. The loops are not not iln equilibrium

init ial ly. Ir addi tion, the ambient plasma is negler ted . Nevert eless,

the under lying physics is similar to that of out model in that both mndels

use o entz curvature forces to drive cutrent leops. Here, although the

pi esenit model is not specifically for coronal tvansients, - e make i

qa 1 i tat i'vo comparison with the work of Anzer . in Aner's ,o i k. i t was

formitd that magnet ic fields of IG can dtive ovnnal transient s. In our

model. ':e- estimate the necess-ary magnetic fields to he grea t er. This can

hc ulidi(n tood in the following way. In Anzer's model, the poloidal cu-rent

dell: itv I and ptesstre gradient ale neglected. In the toroidal geometrty,

the it, I e Jp B acts to counter the expansion of tie apex. Furthermore, the

ambient material which also acts to oppose The expansion is neglected.

The urn 1 ,'r etaicding force is gravitv. In our present model, we include the

polo da culitlent and plasma, pI ' it f . Fol the none( i 1 i i ium e:ample,-:

(Fijr: . f) and 8), the magn tic Ii,Id mpoinen t s are 10 .tcI5; ini the ]-er

on Mnia co that gavi tv is un important (s'ee belo ). Thu', Aner ': m-odl

tend: to require stmaller magnl i' f icldt thanl oul model to dt ive ciulicit

10o01 to a given velo it',;. In addit i on. he" (i rent loop,: used by Anser

at ior t large , 1itial ly -- 1 n. l i or tIdcl , the magnetic field is

also weaker at comparable altitutes. Taking, for example, Curve 1 of
Figiie 6, we find that at t - ramn, 7o , the magnetic field

W m ll 0 IR 8 an



( II o lttleIt s- atIe I gly, I tI ;. Po I (i :e . at t i will, Z. ZR w lie

t i tC f ielId eottponlelts al e Ioughl I Y We atti ihute the numer icalI

d et ences p)1i Inar I j t o Ihe neglIec t ot 1p)olIoidaI curr ent and plasma

preSSu.te. InI add i t ionil. thet, inclus i on oft ambient cuotiona I gas a1I :ow,';

c on ve I-s,;i onl o f magne I i (-c one igy t o t her mal enerigy i n our modelI

C it i ng the i -zilIt oft Algi.-e -I 19 78) Carl1qv 1st and Al I 'venl ( 1980)

suggested that expanding tur I ent loops may contr.ibute to the acceleratiton

of Solar wind part i' les By vii lto of inc:luding both toroidal and polni dal

Current copon-ent. 1) 1l!I w pti (<)1 o C anIid amientI g a. ou1r model c all be

extended to give a io I ent ial by et tei dvCip1t in Of 10oop s tlrlcttui 111(

d Y iam i s beyond the i mlto d ia Ic- ' i iit I t t,-of Itic i n . ( A I-- it inlde Pq. - I 2j

i f grav tv i s i npoltanlt .1 ) e it(,t t- thaiit I e t and Bull Iaga (198'2) cepoi ttcl

0 ~~obsqetva t j otal I : -deuce o t saig n et i I otids at 1 AlU ucsi sten t vIl tb b

greometry of magnetic: .uop.s . ft hi, been ii sto ('o,-conij et al .. I ') I3;

(;1 d TQ ), 1')0.) that the( ilagno r ' )1 I d Ii t o f i:ta'i) t 1 i - c-I o Id Inay, b

ainchoi ed ini t lie siun. II(, e j rvot , t !p- (0 1- 1 agno't i, tt Oct Ut e anvldyn

of magneti I riC I+ n tu 11 1 11 ', k1 4 ))a, h'i nIot bken lli I I

llid(I itltood. t Ic ptsv ibo1 ( tli t si ii .t itl I cye I t nt a
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F'1 Fill atat Bli ti1,1 1 1 1 ugoe' teld haIt kvt I 1 n1 i f f ( I ellt ypes, o)f olids

7illV Ilk, di t f (, I t t" i p o l tl 1o l i Iur I;; oIt itl1

Ch 1) (I OiII 1

I~~ ~ ~ ~ Itt I Il 1, ,IIl )1 1,1

I lt (3I I t 1tIt o I t t i i I t tli ' t ct ~ tt t I I I I t i i

t f t



If n > na (e.g., coronal mass ejections), FG is downward. It n < aii , then

the structure is buoyant and FG is upward. For magnetic fields of 10

20G, the curvature forces dominate the gravitational force. For example,
9 - ,

for the supersonic loop depicted in Figure 6 with a density of 109cm -, the
l1dy -1

curvature forces are of the order of 10 dyn cm while FG is of the ordet
8 - 1 l4

of 10 dyn cm . The basic tenets of curvature effects remain qualitatively

k valid with the addition of gravity.

In summary, we have theoretically studied the behavior of a simple

semi toroidal current loop under the action of curvature forces. It has

been shown that such loops are capable of exhibiting a wide range of

dynamical behavior. Starting with MHD equilibria with the curvature forces

explicitly balanced and with the footpoints of the loop remaining

stationary, loops can expand with a wide range of subsonic velocities,

giving rise to a correspondingly wide range of magnetic energy output.

Some loops can attain second equilibria. Loops may also evolve, in a

qouAii C(uilibrium manner, from "flat" to "tall" loops if the cuIlrent is

i i ed slowly. The typical time scales for motion and energy release

ale tens of minutes. Given loops ini tially in equi librium wi th no ambient

mgn nti, tields, the suhsequent motion seem.: to be subsonic with relatively

slio-. oat ing of the colonal gas. If we start with nonequi I i titsm loops

"i th lti ge currents. possi bly as a lesil t of loss of equi I ibrium. they can

attain hIighly supersonic (or super Alfvenic in magnetized ambient plasmas)

e:.:piti,ion veloci ties tith rapid heat ing dUe to shock heating. Thus, it

appeal' that expansion of magne t i c loops can con t i hut e ene rgy to the

Ot I gas,. along wi th other possible mechanisms, with a wide range of

,nci,' ielease rates.

A novel hut somewhat unconventional featur e of the model is the

inuloi on of submerged cur ent distributions in the dynamics of the loop.

As po it ed out previously, the present model depends on the existence but

liot any details of the submerged Cutrent dist rifilt ions. The submerged

ci 'lltr is parametri7,ed by the quantity F, the I at in of [I :-es. del i ned hv

eqta ion (14) . Although not measrirable i r real i ty, this, is a phro i a I I

mean i Iu),t i I quan it y. The condition for ins tabi Ii ty is found to be gi ,'en v

< c It is of interest to speculate on how such an equilhib ikm loop

Can hn manufactured hy the suln since a loop which is observed to exist lot

ar e:.:tcnded period of time (perhaps a few days) is presumably ir stable

equ i I i hr i rim. For example, if a flux loop .,.,.rges through the photosphere,

it expands until it reaches an equilibrium for which E > Ec. Recall that
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E depends only on p)hysio:a Iparametets above the photosphere while E
cr
1) /f . It is possible within the context of this model that a stable loop

can become unstable if fincreases (smaller ). This may occur due to

topological changes in the subphotospheric tr~gnetic flux structure to .liich

thle loop is connected. There need not he significant changes in the loop

parameters or coronal conditions prior to the onset of expansion.

Ini our model, the current loop above the photosphere is connected to

the submerged structure via flux tubes going through the photosphere. Thle

f lux tuibes serve as a conduit for electromagnetic and other processes. ' ;e

have not addressed i S SuLeS COnceIIiig the details of po ss iblIe flIux-.

S truLlC tuLres below the phttosphei-e and poss i hi e dy'nam ics of arid t ranspot

mechanisms iii suich current or flux sti uctures inl subphotospher ic reg ioric

It appears that these Properties call influence the dynamics of the ciii rent

loop above. Thus, in a more complete model, the parameter c -vili coni iin

much more physical et fects. Inr our calculat ion, y e kept only onie aspectI

ri.,tire retative tflux anid thle i iic t ive e ff ec t S, t o i ILi.,;tIa t e cc- Ii ai

basic physical properties. Ani adeqluate dincrssion of thes e snoecs I CI it I._

more unders,-tanding of snlhphotospierW i ( fi e Id, anid plasmia proper ties, troth

iriside arid otscide of poss;ihii tclii:: shtin ictines_. A i rst ,teji, ye have-

included thle submterged (:iii renlt tI lv titrC ((ily as "I parI a illet er

Nevertlheless(z, the has4ic I. orrc hIus mu oi at Itie behra-. i r of curlt enit l oopsl can

d -eendo on subt)m erIg edo cu Iren -,IIt s truc f tillc is r ,i ot1,1 baed onI detaIe d a s Irmpn 1)111

aind seemts virtlrY of morte doctai lcd Lens, ido-r at in.

As; a star t irig poirt tot stIrily iig T lic c f tet (I (I :a I to I f o i(t5 we

have u150(1 a s imple mlodei(l systemr inl t it( I is it -(,o( hackgr ruind s1aglr i

f ield. Al though these eq iIi IiihrI ia < ~ l b K , Ia he .cau I t tO o ITail

c tIitrc ttIIrrs qi Ihr 1 as 11iiuuoi l o o ps' " i tl a1 pi esoir (' d efic(.itI irroi de- e.gI.-.

Foirkal 1970; tChiiirlr i et 'Il . I 9 Hood ant Pi t~ PIP) marry of ! lie

obscue ved loops, ar e i k e l t o 'or I t,? uud to the > 0 cale . Inl an tipcom inrg

paper , w.e wi I I recpor t oui loop qi I 1 it ia .Ij th lroii2' no bat kyz onnd magrielj

fit> I &u s strci h I1a 1 > 1). l( Pri es n .11ni Iv. i -ill .11)1)1 ji I Ill 'is

ii a s i i lan: vay . it>l HifIIo 1 ( t <c t hat yi'at lioi 11 1 Ie t :i e

sirppor t ed iii ei i Ilihi i iini aid! a o Iue I aIr II ( e pan I I n iio In (n Iho5 1

exii 1) i t ed hiy equi I ib Liurm I reli. I It( hi t> i eft t t of (rtit t> o

rrot liiiitedi to1 thre pira fictirlarIi ' io (-ijuiiIihiia li l ill flio 1aptII



Throughout the paper, the emphasis and the objective have been to

isolate the essential physics of curvature forces and to describe the range

of possible behavior that may be exhibited by current loops. The results

are to be taken in an order-of-magnitude sense. The effects of various

approximations and different types of equilibria should be studied for a

more complete understanding. In this paper, we do not claim to explain any

particular observed phenomena. The precise role and the relative

importance or unimportance of curvature forces in any observed phenomenon

must be evaluated in future research. Our reference to observations is

limited to pointing out the possible relevance to the soiar environment.

Nevertheless, it appears that current loops under the action of curvature

forces can exhibit a range of motion (velocities, energy dissipation, etc.)

in the iight "ball park" in the -criext of dynamical solar phenomena.
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CORONA

V V

B

Bt \ Rt

SFig. 1 Schematic draying of amodel curn opembedded in the ona

Components of thle current density J and magnetic field are shown.

The subscripts "t" and "p" refer to the toroidal and poloidal

directions, respectively. The radius£ of curvature is R and the

apex height from the photosphere is Z. The footpoint separation

is 2s o . The segment between the dashed lines is the "apex<

00

region", taken to be 1/3 of the loop for numerical calculations

(Sees. III and IV). If the apex region were devided into thin

slices, the center of mass of each slice would lie on the dash-dot

line. No particular structure is specified below the photosphere.
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a/ao ala0 _ - - --
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TIME (MINUTES)

Fig. 3 Behavior of a model loop initially in equilibrium with Z = 10 km,0

Zo = s and a = 2 x 104 km. Ccr = 0.28 (eq. 1231). I t

4.5x10 A, B = 4.5G and B :: 8.1G. For both figures, Curve I isp t

c(t=O) = 0.01 and Curve 2 is c(t=O) = 0.05. (a) Velocity profile
2 -1I

normalized to the sound speed C s 2.4 x 10 km sec (b) Apex

height. The dashed line shows a(t)/a 0 corresponding to Cur ve 1.
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Fig. 4 Behavior of a model loop initially in equilibrium with A °0=10 m

s o0 = Z o0 / 1 . 5 and ao0 = 1.4xlO 3k1m. I t = 3.3x109 A, Bp = 4.5G and Bt =

8.1G. C = 0.05 and c(t=O) = 0.03. (a) Velocity profile. (b)
or

Apex height.
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TIME (MINUTES)

Fig. 5 Height of the apex of a quasi-equiibi ium model lonp 'ith Z 1I
kmn, '3 = ().8s dith s -4.2 .l 4 km and a 2.(x1:' kn.

0m, Z I 1

6x10A, B 4.5(, and B Pt.1G. The cui -e corteqpnnds to (hi)p t

0.05.

33



(a 11

4- 
a

32

15-

~10-

N

5
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TIME (MINUTES)

Fig. 6 Behavior of a nonequi Iibrium model loop with Z 0 s 105kmi and

a -- 10 4km. Curve I is c = 0.01 and Curve 2 is c 0.05. The
0 11

quantity C. does not apply to0 nonequ iihr iutm loops. It 1 () A,

Sp - 20C and B - 21C,. (a) Velocity profile. (b) Apex height.
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TIME (MINUTES)

Fig. 7 Magnetic energy released by the model loop of Fig. (R - l(1- km

and a - 2 x 104 kin). C&.jrve 1 ic n- .01 and n, ve E 7 I'.5.

(a) Rate of drag heating near the apex. (P) Time integiated

magnetic energy released as drag heating and kinetic energy. [ ag

heating is roughly one-half of the total energy released.
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F~ig. R Magnetic energy released by the nonequilibrium loop of Fig. 6 (R

105 km anld a -2 x 10 ) kin). Curve 1 is c 0.01 and Curve 2 ic E:

-0.01. (a) Rate of drag heating near the apex. (h) Time

integrated magnetic energy released as drag h-ating and kinetic

energy.
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