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A B S T R A C T 

F i l a m e n t s and flares occur in sheared m a g n e t i c 
structures as a result of radiative cooling and resistive 
r e c o n n e c t i o n , r e s p e c t i v e l y . A new integrated theory of 
these two unstable processes is d e s c r i b e d , which includes 
the relevant effects of m a g n e t o h y d r o d y n a m i c s and energy 
transport. The normally dissociated thermal and tearing 
phenomena are coupled together by a t e m p e r a t u r e - d e p e n d e n t 
Coulomb r e s i s t i v i t y . As a result, the f i 1 a m e n t a t i o n and 
flaring i n s t a b i l i t i e s of a sheared field may coexist, as 
is familiar from the solar e x a m p l e . 

The growth rates and spatial s t r u c t u r e s of these two 
modes are detailed h e r e . The much faster r a d i a t i v e 
instability is shown to provide significant m a g n e t i c 
r e c o n n e c t i o n , p a r t i c u l a r l y at shorter w a v e l e n g t h s . The 
l o n g - w a v e l e n g t h r e c o n n e c t i o n mode is found to be abetted by 
the r e s i s t i v i t y increase caused by the d o m i n a n c e of cooling 
at the X point, in contrast to its n o n r a d i a t i v e b e h a v i o r . 
Implications of these results for the d e v e l o p m e n t of coronal 
activity are d e s c r i b e d . 

I N T R O D U C T I O N 

It is well k n o w n , as exemplified by the development of 
solar a c t i v i t y , that increasing m a g n e t i c - f i e I d shear or 
stress gives rise to the formation of filaments (Chiuderi 
and Van H o v e n , 1979) and to flares (Van H o v e n , 1 9 7 9 ) . 
T h e ories of the former m e c h a n i s m (Field, 1 9 6 5 ) , which is 
driven by a r a d i a t i o n ouput that d e c r e a s e s with t e m p e r a t u r e , 
have usually ignored the resistive m a g n e t o - h y d r o d y n a m i c 
effects of the r e s u l t i n g , very c o l l i s i o n a l , relatively low-
temperature p l a s m a . T r e a t m e n t s of the latter 
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reco tinec t ion 
K i l l e e n , and 
is catalyzed 
have usually 
c o n s e q u e n c e s 

i n s t a b i l i t y (Furth, 
R o s e n b l u t h , 1963), which 
by finite c o n d u c t i v i t y , 
ignored the e n e r g y - f l u x 
of the resulting m a g n e t i c 

energy release. S i n c e , in 
a s t r o p h y s i c a l s i t u a t i o n s , radiation is 
a strong effect and the relevant 
r e s i s t i v i t y is the t e m p e r a t u r e -
dependent Coulomb v a l u e , these two 
dynamic processes should be treated in 
a unified way (Van H o v e n , S t e i n o l f s o n , 
and T a c h i , 1983). This paper 
d e s c r i b e s the outcome of such a 
coup 1ed-instabi1ity study, in which 
the relevant linearized equations are 
solved n u m e r i c a l l y over a range of 
p a r a m e t e r s , and i n t e r p r e t s the most 
important r e s u l t s . 

Figure 1 
forc e-f r ee 

Sheared 
field . 

F O R M U L A T I O N 

We model a c u r r e n t - c a r r y i n g 
s h e a r e d - f i e l d form 

volume of plasma by the 

B = B [e t a n h ( y / a ) + e s e c h ( y / a ) ] o o x ~ z (1) 

shown in Fig. 1, which is force-free and thus consistent 
with an initially uniform temperature and d e n s i t y . We 
d e s c r i b e the temporal development of this system by using 
the resistive MHD e q u a t i o n s , relating flow v e l o c i t y to 
m a g n e t i c i n d u c t i o n , 

P dv/dt = J x B ( M J = V x B ) 

dB/dt = (B-V)v + (n(T)/u ) V 2 B , 

(2) 

(3) 

along with the i n c o m p r e s s i b l e e n e r g y - t r a n s p o r t equati on 

K'pdT/dt = V• [B K B 2 ( B » V ) T ] - R p Z T r + n ( T ) J 2„r (4) 

The notation here is the same as that in Van H o v e n , 
S t e i n o l f s o n and Tachi ( 1 9 8 3 ) , except that K' is B o l t z m a n n ' s 
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constant per unit mass, divided by y-1. These equations are 
solved by assuming sma11-amp 1itude perturbations of the form 
(dictated by symmetry) T^(r,t) = (y,t)exp(ikx), for 
example, where T^ << T Q , the equilibrium value. 

If we temporarily ignore the underlined resistive terms 
in (2) - (4), we obtain two uncoupled dynamic systems. The 
first, from (2) and ( 3 ) , describes the frozen-in-field 
condition, and^variations on the hydromagnetic time scale 
x = a(u P ) /B . The second, from ( 4 ) , provides h m , . o o o ... j • • i • unstable, incompressible, radiative cooling at 

T = ft"1 = [- rRp T r ~ 1 / K 1 ] " 1 , when r < 0 so that the ra P o o 
radiation falls with temperature (Hildner 1974). This 
unstable cooling only occurs, however, in the center of the 
magnetic-shear layer y = 0, where B•V = ikB = 
ikB tanh(y/a) = 0, so that the much stronger parallel (to B ) 
thermal conduction is ineffective (Chiuderi and Van Hoven, 
19 79 ) . 

Let us now restore the underlined resistive terms to 
- -3/2 

(2) - (4), using the Coulomb value n(T) = nT (Spitzer, 
1962) as the relevant form for astrophysical applications. 
This added level of fidelity has two important coupling 
effects, beyond the superposition of ^^ s^- o w^ resistive 
diffusion on the time scale T ~ u a /n. First, as is well 

r e o 
known (Furth, Killeen, and Rosenbluth, 1963; Van Hoven, 
1979), Eqs. (2) and (3) now exhibit a new reconnection, or 
magnetic-tearing , excitation which grows on the hybrid time 

v 1 — v 
scale T ~ x x , where 2/5 < v < 2/3 (Steinolfson and t e hm r e 
Van Hoven, 1983). The tearing mode, as with the radiative-
cooling perturbation of ( 4 ) , exists primarily in the layer 
y w 0, where the usually dominant first term on the right 
of (3) is ineffective. This local frustration of the normal 
frozen-in-fieId constraint allows the magnetic field to 
reconnect into a topology from which it can release its 
magnetic energy (Van Hoven, 1979). [For completeness, the 
resistive terra has no significant influence (for 
astrophysical conditions) on the radiative phenomena 
described by (4) alone.] 

The second primary effect of a temperature dependent 
resistivity is the coupling together of the magnetodynamic 
system (2,3) and the energy transport of (4) through the 
underlined Ohmic diffusion/heating terms. The consequences 
of this new interaction form the principal topic of this 
paper. 
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RESULTS 

The coupled dynamic system (2) - (4) exhibits two, 
growing, small-amplitude excitations, a (mainly) radiative 
mode and a tearing-like mode. We solve the linearized 
equations by using a finite-difference scheme (Killeen, 
1970), with the addition of variable grid spacing 
(Steinolfson and Van Hoven, 1983) to resolve the sharp 
central gradients which arise in this problem. The growth 
rate w is measured from 9T^/T^3t, when this quantity becomes 
uniform throughout the x-y grid, at which time various 
eigenfunction profiles and topographic plots are produced. 

The input parameters and output quantities are 
expressed in normalized terms. These include the wavenumber 
a = ka, the magnetic Reynolds number T /T . and the ratio 

r e h m 
of the equilibrium radiation to Ohmic heating 
e = RP 2T r / n J 2 = - 3ft x /3r (with Y = 5/3 and 3 the ratio o o o o P re 
of plasma to magnetic pressures). 

Growth rates w are given either in terms of the 
hy dr omagne t ic time, p = G 0 T

n m » o r °f the resistive time, 
p *«*T , convertible by a factor of J^. The magnetic 
Rey no s number S is artificially scaled (Van Hoven, 
Steinolfson, and Tachi,1983) by the coefficient n of the 
Coulomb resistivity, with the equilibrium temperature T Q 

held constant. Thus, S = S n / n , where the subscript _c_ 
denotes the _c_lasjical (or _correct) value. Since the 
parameter e « n ,it also varies as e S/S . 

c c 
An^i1lustrative run of growth rates p vs S, for 

a = 10 is displayed in Fig. 2. Under conditions of large 
_S_(S g = S c is the classical _so lar coronal value), the 
radiative fi1amentation) mode grows ~100x more quickLy than 
the tearing (flare) mode, and the character of the 
eigenfunctions (B,T,v) is quite different, as 
described in what follows. As the value of S 
ratio of radiation loss to Ohmic heating falls to unity with 
£, and^ 3 t a e m°de profiles become quite sir 
S * 10 " , where the curves meet, the growl 
complex. 

A more general plot of the growth rate, normalized to 
the resistive-diffusion time, is shown in Fig. 3, where the 
a (wavenumber) dependence is emphasized. [The physical 
conditions here, which can affect the normalized magni
tudes, are T = 10 6K, n = 1 0 1 0 , B = 83G and a = 1 0 7 cm.] 
The solid curves specify the growth rates of the tearing 
mode, and the dashed line segments those of the radiative 

wi 11 be 
drop s , the 

s to unity 
ar . Below 
rates are 
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7 T 

RADIATIVE 6 

L O G A 
Fig ure 2 . 

a = 0.1. 
Growth rates Figure 3. Growth rates 

vs wavenuraber. at 

mode (Van Hoven, Tachi and Steinolfson, 1983). The growth 
of the latter mode is dispersion1ess over this range of 
(relatively long) wave-lengths and so is not shown in 
detail. [For solar coronal parameters, the growth rate is 
independent of parallel (to B) heat flow and does not drop 
until ex ~ 10 where perpendicular thermal conduction becomes 
important.] The cross-hatched area is the regime of 
strongjr^diative-to-tearing mode coupling (as in the 
S < 10 range of Fig. 2 ) , in which the growth rate 
becomes complex. 

o 
For S values above 10 , the tearing mode growth is 

unchanged from the normal (non-radiative) case. That is, 
p ~ S , where v = 2/3 for (fixed) a to the left of the peak, 
v = 1/2 at the peak values of a, and v = 2/5 to the right 
(Steinolfson and Van Hoven, 1983). The growth rate of the 
radiative mode can be expressed as p a -2 (y-1) r e/3, which 
is equivalent to the well-known result w « ft (Chiuderi and 
Van Hoven, 1979). P 

Some of the more interesting aspects of this coupled 
reconnection/radiation system arise when one looks at the 
structure of the eigenfunctions (Steinolfson and Van Hoven, 
1984). Figure 4 shows a situation in which each of the two 
modes (at S^) has individually (orthogonally) grown to a 
level in which nonlinearity would just start to become 
important, [The sum of the nonlinear terms, computed but not 
used in the dynamic equations, is a fixed fraction of the 
largest linear terra; this measure of equivalency is 
approximately the same as that of equal linear energy 
content.] The plots of Fig. 4 refer to the coordinate 
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system of Fig. 1, and show the x-y halfpiane (on its side) 
as seen from the z direction. The horizontal (x) scale is 
linear and^shows one wavelength, and the vertical scale 
(y/a = 10 at the top) is expanded near the origin to 
better show the details in this narrow layer. 

The top plot (a) of Fig. 
4 shows the magnetic flux 
function, or B^-B field 
lines, artificia amplified 
by a factor of 1 0 2 so that 
the fine structure can be 
appreciated. On the left is 
the well-known X-point field 
pattern of the tearing mode 
(Furth, Killeen, and 
Rosenbluth, 1963). A new 
result is shown at the right. 
At an equivalent Figure 4. Mode structures 
energy level, the fast at equivalent levels. 

radiative mode provides 30% as much magnetic reconnection as 
the tearing mode, with a similar potential for magnetic 
energy release. Part (b) displays the _zj-directed current 
density which, when multiplied by n , provides the parallel 
(to B) electric field intrinsic to ?he reconnection 
process. The peak levels shown (with respect to J Q ) are 
small, at this amplitude, but the radiative-mode E^ field is 
relatively 35x larger. 

Part (c) of Fig. 4 shows the isotherms of the perturb
ations, with the dotted curves indicating negative values. 
The strong temperature reduction in the center of the 
radiative mode was expected, but the moderate cooling of the 
X point of the tearing mode is significant. This behavior 
is opposite to that in the absence of radiation (Tachi, 
Steinolfson, and Van Hoven, 1983), when the locally 
concentrated Ohmic dissipation heats the plasma and can 
reduce the level of Coulomb resistivity which catalyzes the 
reconnec t ion. 

DISCUSSION 

This paper has described the first unified treatment of 
the resistive fi1araentat ion/radiation and flare/reconnection 
instabilities. The growth rates and excitation structures 
of the coupled linear modes in a sheared magnetic field (Van 
Hoven, Steinolfson, and Tachi, 1983), as determined from 
numerical computations, have been detailed. [An alternative, 
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approximate, analytic calculation of the growth rates has 
been given by Steinolfson (1983)]. 

The growth-rate results show a strong coupling of the 
modes below a minimum value of the magnetic Reynolds number. 
However, for solar coronal _S_ conditions, the growth rates 
are similar to their uncoupled values, which are separated 
by a factor of order^lO , with the radiative mode being the 
faster 9. ^orQT = 1 0 K, B = 10 G, a = 10 cm and 
n = 10 - 10 , the growth time of the radiative mode is 
3 - 1 5 minutes (Van Hoven, Tachi, and Steinolfson, 1983). 

Although the growth behavior is not much modified under 
high-S, sheared-fieId, astrophysical conditions, the 
individual mode structures are significantly changed. The 
tearing-1 ike mode, as shown in Fig. 4, exhibits a negative 
temperature perturbation at the X point. This is the result 
of the strong radiation dominance at high J>_, and indicates 
that the nJ heating accompanying tearing cannot lower the 
local Coulomb resistivity. Thus, the magnetic reconnection 
can proceed to higher levels, and further energy release, 
without the se1f-quenching or slowing-down that a thermally 
reduced resistivity would provide. 

What is more important is the fact that the radiative 
mode has a previously unknown magnetic-reconnection 
component (Steinolfson and Van Hoven, 1984). This cooling 
mode is 30x times faster than, and provides 30% of the flux 
reconnection of, the normal tearing mode. This radiative 
excitation, therefore, has the potential of providing 
magnetic energy release on a much shorter time scale than 
previously believed possible. 

The results of this paper show that there is a more 
fundamental connection between filaments and flares than the 
fact that they occur at the same magnetic-fieId site in the 
central (k*B = 0) layer of Fig. 1. Radiative filament 
formation can lead directly to magnetic energy release and 
thus to flares. Normal resistive flare reconnection is also 
aided by radiative cooling, so that it may go beyond the 
limitations due to self heating. The final characterization 
of the connection between these two instabilities must come 
from nonlinear computations, which are under development. 

*This research was performed in c o l l a b o r a t i o n with R. S. 
S t e i n o l f s o n , whose c o n t r i b u t i o n s are g r a t e f u l l y 
a c k n o w l e d g e d , and was supported in part by the At m o s p h e r i c 
Sciences Section of NSF and the the S o l a r - T e r r e s t r i a l Theory 
Program of NASA. 
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DISCUSSION 

Mahajan: In the presence of tearing modes, sharp gradients can build 
up. In that case can one justify using the simple Ohm's law E = nJ? 
Anomalous viscosity could be a very important term, and is shown to be 
so in Tokamaks. In your range of parameters, what are the effects of 
viscosity? 

Van Hoven: We have included viscosity in other calculations. The 
effects on the growth of the modes are small (factors of 3) and only 
occur at the shorter wavelengths. 

Sturrock: What solar phenomena do you attribute to this radiatively 
enhanced reconnection process? 

Van Hoven: The answer to this question will come from the nonlinear 
behavior. Radiative reconnection may initially favor short wavelengths 
(compressibility effects indicate this) and thereby merely provide the 
smaller-scale, transverse, magnetic fields observed in prominences. Such 
excitations would saturate early, as is known from the tearing mode, 
because of the free energy invested in bending the nearby frozen fields. 
Then, after a time of continuing shear increase, a long-wavelength radi
ative reconnection mode would take off, which would have much better 
access to the stored magnetic energy (again, by analogy with normal 
tearing) and thus provide the energy release of a flare. These possi
bilities require, I must emphasize, a nonlinear leap of the imagination. 

Priest: If the electric field is 3 times bigger in the radiative 
mode than in the tearing mode, how do the magnetic energy releases 
compare? 
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Van Hoven: The parallel electric field in the radiative mode is 250 
times larger (the value given below Fig. 4 did not include the resis
tivity perturbation). The reconnected fluxes (or island widths) differ 
by a factor of 3 which, in this linear calculation, is the ratio of the 
magnetic-energy perturbations. A proper evaluation of the energy release 
requires a nonlinear computation. 

Priest: You are modelling an arcade or loop magnetic configuration 
by a field that varies with one variable alone and are taking boundary 
conditions along a second direction. What are the boundary conditions 
in the third direction? Would not thermal conduction along the field in 
that direction be important? 

Van Hoven: For the formation of a filament, conduction must be 
suppressed so that one requires the distance (£) to the boundary in the 
z direction to satisfy l2 » R£ 2T r~ 1/Kj.. 

Migliuolo: What is the role playea by compressibility in radiative 
and tearing modes? 

Van Hoven: The compressibility influence on tearing modes is 
negligible; the radiative growth is increased by a factor of 2 (for 
coronal parameters) for ka > 1, before it falls at ka > 10 2 because of 
perpendicular thermal conduction. 
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