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Abstract. New model of a magnetically non-neutral reconnect-

ing current sheet (RCS) in the solar corona is developed to in-

vestigate different structures of the RCS and different regimes

of reconnection corresponding to these structures. In this pa-

per (Paper 1) we formulate the mathematical problem and con-

sider mainly the solutions that demonstrate an influence of the

radiative cooling on the RCS structure and reconnection rate.

The solution for low temperatures (T ∼ 104 K) of plasma in

the RCS, when heat conduction is not important, shows that

the radiative losses of energy make the current sheet be thin-

ner, denser, and colder; the velocity of plasma outflows from it

slows down. The transition from the slow regime of reconnec-

tion (with the magnetic field configuration of O-type in a central

region of the RCS) to the fast one (with the configuration of X-

type) is realized at larger rates of reconnection as compared with

the case where radiation is not taken into account. This result

makes more probable the formation of solar prominences via

slow magnetic reconnection in the RCS with magnetic island

in the central region of current sheet. The transition from slow

reconnection to fast one presumably means destabilization of a

quiescent prominence and triggering a flare.

Key words: magnetohydrodynamics – Sun: corona – Sun: mag-

netic fields – Sun: prominences

1. Introduction

It is widely believed that magnetic reconnection plays a key

role in dynamics of astrophysical plasmas, especially in solar

flares (Giovanelli 1946; Hones 1984). Reconnection serves as

a highly efficient engine to convert magnetic energy into ther-

mal and kinetic energies of plasma flows and accelerated par-

ticles (e.g., Syrovatskii 1966; Somov 1994). However, before

the Yohkoh satellite (Ogawara et al. 1991), there were no direct

clear evidence that magnetic reconnection is responsible for the

primary release of flare energy.

Solar hard and soft X-ray observations (Kosugi et al. 1991;

Tsuneta et al. 1991) on board Yohkoh suggest that magnetic re-

connection is responsible for many non-steady phenomena in

the corona (e.g., Uchida et al. 1996). In particular, in many so-

lar flares the reconnection of magnetic field lines takes place.

Reconnection seems to be common to impulsive (compact) and

gradual (large-scale) flares. However, in the interpretation of the

Yohkoh data, ‘the basic physics of the reconnection process re-

mains uncertain’ (Masuda et al. 1994; see also Sect. 8 in Kosugi

and Somov 1997).

Following the two-dimensional (2D) magnetohydrody-

namic (MHD) ‘standard model’ of a two-ribbon flare (Forbes

& Priest 1982, 1983; see also references in Tsuneta 1996), the

reconnecting current sheet (RCS) in flares is considered as a

‘point’ which is responsible to the reconnection process only in

geometrical sense, i.e. the X-type point at which connectivity of

field lines in a 2D plane changes (Masuda et al. 1995; Forbes &

Acton 1996; Tsuneta 1996; Tsuneta et al. 1997). Just like in the

vacuum or in a plasma of very low conductivity, it is supposed

that no energy is converted by this point. External hydrodynam-

ics in the vicinity of the X-type point is discussed and is nu-

merically simulated in terms of slow MHD shock waves. They

convert the energy of interacting magnetic fluxes into thermal

and kinetic energy of fast flows of hot plasma. It means, in fact,

that the well known Petschek model of the reconnection process

(Petschek 1964) is used to explain energetics and dynamics of

plasma flows in solar flares.

According to this model, four slow MHD shock waves de-

part from the X-point. In these waves, the slow flows of plasma

toward the X-point in one pair of opposite sectors are trans-

formed into fast flows away from the X-point in the other pair

of sectors. The immediate vicinity of the X-point is the so-called

‘diffusion region’, in which the magnetic field lines of the two

oppositely directed plasma flows are reconnected.

Contrary to the well established opinion, the Petschek dif-

fusion region differs from the so-called ‘neutral sheet’ or, more

exactly, magnetically neutral current sheet – the RCS without

any internal magnetic field (e.g., Sweet 1969, Syrovatskii 1971)

– in two physical regards. First, the current density at the center
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of the diffusion region is minimal, while that at the center of

the neutral sheet is maximal. Second, as the plasma conductiv-

ity increases, the width of the diffusion region decreases (see

Eq. (20) in Petschek 1964), while the width of the neutral sheet

increases. This difference appears from different mechanisms

of magnetic energy conversion.

Another principal distinction between the neutral sheet and

the Petschek MHD flow lies in the nature of the boundary condi-

tions (Syrovatskii 1976a). Only in recent years has the basic in-

consistency of the Petschek model become apparent (see Sect. 6

in Biskamp 1993; see also Biskamp 1986).

In general, numerical MHD simulations of the mag-

netic reconnection process demonstrate co-existance of a

thin but wide current sheet with fast (or slow) shock

waves attached to the edges of the RCS (e.g., Brushlinskii,

Zaborov, & Syrovatskii 1980; Podgorny and Syrovatskii 1981;

Forbes and Priest 1983) or to the return-current regions (e.g.,

Biskamp 1993; Hesse et al. 1996). Hydrodynamics of the ex-

ternal plasma flows in the RCS vicinity strongly depends, of

course, on the boundary and initial conditions (e.g., Priest and

Lee 1990). That is why we give preference to the physics of

magnetic reconnection – the self-consistent treatment of the

RCS rather than that of the external hydrodynamics.

In the present paper (Paper 1) we investigate the problem

on the structure of the current sheet and look for conditions of

forming a ‘magnetic island’ – region of closed magnetic lines

– in the center of the RCS, and also conditions under which

a magnetic configuration of X-type forms. This model is an

extension of the previous study (Sect. 3.4 in Somov 1992); an

emphasis is placed on the role of radiative losses.

A plan of the paper is as follows. In Sect. 2, we formulate a

mathematical problem: a set of MHD equations is written, some

needful functions are postulated, and boundary conditions are

set. Basic stages of the solving procedure are outlined in Sect. 3

because they are not trivial. Further results of numerical compu-

tations are presented. The model taking into account the radia-

tive losses is compared with that one without losses (Sect. 4).

Discussion of results and comparison them with the previous

works devoted to the current sheet equilibrium and structure are

made briefly in Sect. 5. As an addition, a numerical method used

for solving the system of equations is described in Appendix.

2. Mathematical description of the model

A stationary dissipative 2D MHD problem is considered (see

Fig. 1). We use the following equations (with usual designa-

tions):

(1) the continuity equation

div (ρv) = 0 ; (1)

(2) the equation of energy conservation (with the radiative cool-

ing)

−divG− L = 0 , (2)
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Fig. 1. The model of a thin wide reconnecting current sheet

where

G = ρv (
v2

2
+ w) + S – energy flux density,

w =
5

2

p

ρ
– specific enthalpy,

S =
c

4π
[E ×B] – Poynting’s vector,

L (T, ne, n) – radiative loss function;

(3) the equation of momentum conservation
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where Π
∗

αβ – tensor of momentum flux density,

Π
∗

αβ = p δαβ + ρ vα vβ +
1

4π

(

B2

2
δαβ −Bα Bβ

)

,

δαβ =

{

1, if α = β,

0, if α /= β;

(4) Ohm’s law

j = σ {E +
1

c
[v ×B]} ; (4)

(5) Maxwell’s equations

rot B =
4π

c
j ; (5)

divB = 0 . (6)

Then we assume that the thickness 2a of the current sheet

(Fig. 1) depends only on the coordinate x and remains much

smaller than its width 2b. This approach allows us to consider

the current sheet as a whole along the y direction. Therefore,

the problem becomes quasi-one-dimensional, i.e. all unknown

functions, describing the current sheet, depend on the coordinate

x only.
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Eqs. (1)–(4) are integrated over the thickness of the sheet,

i.e. over the variable y in the limits from−a(x) to a(x). Integrals

of type
∫ a

−a
ρ vx dy are replaced by an approximate value:

a(x)
∫

−a(x)

ρ(x, y) vx(x, y) dy ≈ 2 a(x) ρ̃(x) ṽx(x) , (7)

where ρ(x, y), vx(x, y) – real plasma density and velocity in

the current sheet, ρ̃(x), ṽx(x) – quantities averaged over the

thickness of the sheet.

We assume also that the half-thickness a, the velocity of

plasma inflowing into the sheet v, the y-component of magnetic

field near the current sheet By out, and x- and y-components of

magnetic field inside the sheet Bx in, By in are small values in

comparison with current-sheet half-width b, velocity of plasma

outflowing V , and x-component of magnetic field outside the

sheet Bx out. The quantities a and By out are assumed to change

slowly with the x coordinate:

a � b ,

v � V ,

By out, Bx in, By in � Bx out,

d a

d x
� 1,

d By out

d x
� Bx out

b
.

(8)

Hence we can neglect the terms ∼ a2, v2 and so on.

A set of equations resulting from the integration and the

account of (8) is:

d

d x
(ρ V a) = −ρ0 v, (9)

d

d x

[

V a

(

ρ
V 2

2
+

5

2
p

)]

= −v

(

5

2
p0 +

B 2
x

4π

)

−

−L (T, ne, n) a, (10)

d

d x

(

ρ V 2 a
)

= −a
d p

d x
+
BxBy

4π
, (11)

p = p0 +
B 2

x

8π
, (12)

− cBx

4π a
= σ

(

E0 +
1

c
V By

)

. (13)

Here (9) is the continuity equation, (10) – the equation of en-

ergy conservation; (11) and (12) – the equations of momentum

conservation along x- and y-axis, respectively; (13) – Ohm’s

law. Eq. (11) shows that the hydrodynamic plasma acceleration

inside the current sheet along thex-axis is simultaneously due to

the gas pressure gradient and to the magnetic field line tension.

The five Eqs. (9)–(13) contain the following five unknown

functions: a(x) – half-thickness of the current sheet, V (x) – ve-

locity of plasma outflowing from the RCS, ρ(x) – density of

plasma inside the RCS, T (x) – its temperature, By(x) – trans-

verse component of magnetic field inside the RCS.

We shall consider the first quadrant of the coordinate plane,

assuming the reconnection process to be symmetrical.

For closing the set, the following functions are postulated

to be known. Bx(x) – the x-component of magnetic field on the

inflow sides of the current sheet – as the first approximation,

equals to that in the vicinity of a thin neutral current sheet by

Syrovatskii (1971):

Bx(x) = −h0

√

b2 − x2 . (14)

Here h0 is a gradient of the external magnetic field which is a

hyperbolic neutral ‘point’ – the line along the z axis. Velocity

v(x) of plasma inflowing into the current sheet is postulated as

y-component of the plasma drift velocity to the RCS:

v(x) = c
E0 ×B

B2
≈ c

E0

Bx
ey . (15)

Here c is the light speed, E0 = E0 ez is the external electric

field.

In Eq. (10) the radiative loss function

L (T, ne, n) = nenL(T ), (16)

here ne is the electron number density; n = nH + np – the

total number density, consisting of the number density of neu-

tral atoms and ions of hydrogen (e.g., Shmeleva & Syrovatskii

1973); L(T ) is the ‘normalized’ radiative loss function (Cox &

Tucker 1969; Raymond et al. 1976; Mewe et al. 1986).

The plasma density ρ0 and the pressure p0 outside the cur-

rent sheet are assumed to be constant. The conductivity of

plasma inside the sheet is the ordinary collisional conductiv-

ity

σ = σ0 T
3/2. (17)

The pressure p(x) and the temperature T (x) inside the current

sheet are connected by the ideal gas ratio:

T =
p

2nekB

=
mi

k
B

p

2ρ
, (18)

where mi is the ion mass, k
B

is the Boltzmann constant. For

simplisity, we assume here that mi = mp and Te = Ti =

Tp = T which is reasonable for cold dense current sheets but is

not the case of high-temperature turbulent current sheets (So-

mov 1992).

The boundary conditions for the obtained closed set of

Eqs. (9)–(18) ensue from the problem symmetry and are of the

form:

V (0) = 0, (19)

and

By(0) = 0. (20)

The conditions are compatible with the input set of equations.
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3. Solving the problem

3.1. Dimensionless form of the problem

The set of Eqs. (9)–(13) can be rewritten for dimensionless func-

tions. The only independent variable x and all functions are

devided by their characteristic values, and the dimensionless

variables are marked by an asterisk:

x∗ =
x

b
; (21)

a∗ =
a

a0

, a0 =
c2

4π σ0T
3/2

0 Vd

, Vd = c
E0

B0

; (22)

V ∗ =
V

V
A

, V
A

=
B0√
4π ρ0

, B0 = h0 b ; (23)

ρ∗ =
ρ

ρ0

, T ∗ =
T

T0

; (24)

p∗ =
p

pm

, pm =
B 2

0

8π
; (25)

B∗

y =
By

εB0

, ε =
Vd

VA

; (26)

B∗

x =
Bx

B0

, v∗ =
v

Vd

, L∗ =
L

Lmax

. (27)

Here a0 is the characteristic value of the current sheet half-

thickness; B0, pm, V
A
, and Vd are the characteristic values of

magnetic field, magnetic pressure, Alfvén velocity, and drift

velocity outside the current sheet, respectively; Lmax is the

maximum value of the radiative loss function L(T ), Lmax =

10−21 erg cm3 s−1; T0 is a parameter that will be explained be-

low.

Therefore, the dimensionless equations, that can be obtained

in such a way, depend on four free parameters. Two of them –

dimensionless α and β – are present in the analogous problem

which does not take into account radiative losses (see Sect. 3.4

in Somov 1992).

The first parameter α characterizes the velocity of magnetic

reconnection:

α =
a0

b

V
A

Vd

. (28)

Here Vd is the characteristic velocity of plasma drift to the cur-

rent sheet (see Eq. (22)). In the stationary case under consider-

ation Vd is equal to the velocity of reconnection in the current

sheet. The larger velocity Vd into the RCS, the smaller param-

eter α, and vice versa.

The second parameter β is the ratio of external gas pressure

to magnetic one:

β =
p0

pm

=
8π p0

B 2
0

. (29)

This parameter is small if magnetic field outside the RCS is

strong enough (see Somov and Syrovatskii 1976a).

The other two parameters – the dimensional value T0 and

dimensionless αr – have appeared in connection with radia-

tive losses by introducing the dimensional radiative loss func-

tion L(T ) into the equation of energy conservation (10):

T0 =
B 2

0 mi

16π k
B
ρ0

, K ; (30)

and

αr =
Lmax

L0

, L0 =
σ0T

3/2

0 E 2
0 m 2

i

2ρ 2
0

, erg cm3 s−1. (31)

The characteristic temperature T0 estimates the temperature of

the current sheet without radiative losses. αr evaluates the role

of radiative losses in the modeled current sheet. The larger value

αr, the larger role of radiative losses.

3.2. Input equations

Considering (14), (15), and the boundary condition (19), we in-

tegrate Eqs. (9), (10), and (11). After algebraic transformations,

we have two dimensionless equations:

d V ∗

d x∗
=

1

A2(x∗)V ∗

[

√

1 − x∗2 A (x∗)−

−α (1 − x∗2)V ∗ ρ∗5/2

(

1 + β − x∗2
)3/2

+
x∗A2(x∗)

ρ∗
−

−A (x∗)V ∗2

√

1 − x∗2

]

, (32)

1

αA (x∗)
ρ∗

x∗

∫

0

αr L
∗ ρ∗

A (x∗)

V ∗
d x∗ −

−ρ∗

(

5

2
β + 1 +

x∗

√

1 − x∗2

A (x∗)
− V ∗2

)

+

+
5

2
(1 + β − x∗2

) = 0. (33)

Here A (x∗) ≡ arcsin x∗. The equations contain parameters α,

β, T0, and αr. Using these equations, the functions V ∗(x∗) and

ρ∗(x∗) can be found.

Further, the remaining unknown functions T (x∗), B∗

y (x∗),

and a∗(x∗) can be calculated from the following analytical ex-

pressions:

T ∗(x∗) =
1 + β − x∗2

ρ∗
, T (x∗) = T0 T

∗(x∗), (34)

B∗

y (x∗) = − 1

V ∗
− αρ∗

√

1 − x∗2

A(x∗)T ∗3/2
, (35)

a∗(x∗) =
A(x∗)

αρ∗ V ∗
. (36)
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3.3. Taylor series expansion

The velocity V ∗ of plasma outflowing from the current sheet

is determined from the differential Eq. (32) if the density ρ∗,

needful for the computations, can be found from the integral

Eq. (33). To solve both equations numerical methods are neces-

sary. However the right-hand side of (32) and also some terms in

(33) become the indeterminate forms of type 0/0 when x∗ → 0.

So, direct numerical methods are not applicable in the vicinity

of the point x∗ = 0.

In order to avoid this difficulty, the functions V ∗(x∗) and

ρ∗(x∗) for small x∗ have to be calculated by using the Taylor

series expansion

f (x) ≈ f (0) + f (1)(0)x +
1

2!
f (2)(0)x2 + ... (37)

and for x∗ larger than a certain value x∗

1 – directly from

Eqs. (32) and (33). The coefficients of the expansion V ∗(0),

ρ∗(0), V ∗(1)(0), ρ∗(1)(0), . . . , V ∗(5)(0), ρ∗(5)(0) have to be ob-

tained by the following manner. Eqs. (32) and (33) are succes-

sively differentiated, the indeterminate forms are evaluated by

using Lopital’s rule, and, as a result, equations for the sought

coefficients are derived. These equations have been solved nu-

merically.

4. Numerical results

4.1. Selection of parameters

Numerical computations have been performed for the following

parameters:

α = 0.01, 0.1, 1.28, and 12;

β = 0.1;

T0 = 5 104 and 5 108 K;

αr = 0.1 and 1.

Parameter β is not changed because the solution does not practi-

cally depend on it (Somov 1992). Parameter α values are taken

the same that in (Somov 1992) for convenience of comparison.

Values T0 are chosen so that current sheet temperatures com-

puted are of order 104 and 108 K, i.e. at the boundaries of the

interval over which the radiative loss function is known. The

value αr = 0.1 describes the case when the role of radiative

cooling is small; αr = 1 increases an influence of radiative

cooling.

For each value of the parameter α and for the fixed value

β = 0.1 the following pairs of the parameters, describing the

radiation, are set:

(a) T0 = 5 104 K, αr = 0.1;

(b) T0 = 5 104 K, αr = 1;

(c) T0 = 5 108 K, αr = 1.

These pairs of the parameters correspond to: (a) the ‘cold’ cur-

rent sheet with a small role of radiative cooling, (b) the ‘cold’

current sheet with a large role of radiative cooling, (c) the ‘super-

hot’ current sheet with a large role of radiation but without heat

conduction. The last case might be, in principle, a part of high-

temperature RCS with closed field lines – a ‘magnetic island’.

So, the twelve models could be computed in general.

Variants (a) and (b), corresponding to the ‘cold’ current

sheet (T0 = 5 104 K), are computed without problems. Difficul-

ties appear when the structure of the ‘super-hot’ current sheet

(T0 = 5 108 K) is computed. Formally, in the case (c), solutions

show a sensitivity to changing x∗

1 : small variations of x∗

1 lead

to significant changes in V ∗(x∗) and ρ∗(x∗).

Therefore, only eight variants from twelve mentioned above

are reliable – those (a) and (b) corresponding to the ‘cold’ current

sheet. They will be described in Sect. 4.2. The possible causes

of instability of solutions for ‘super-hot’ current sheet (c) will

be discussed in Sect. 4.3.

4.2. Cold current sheet

(a) The case αr = 0.1 means a small role of radiative losses in

energy balance of the RCS. According to our computations, the

solution of the problem in this case differs only slightly from

the idealized solution (see Somov 1992) when radiative losses

are not taken into account. The deviation is insignificant on a

scale of Figs. 2-4 which show the idealized solution (L(T ) ≡ 0)

by dashed curves. Numbers near the curves indicate the cor-

responding values of parameter α that are the same as in So-

mov (1992) for conveniency of comparison. This allows us to

conclude that the numerical method (see Appendix) under use

works well enough.

(b) The solutions with the parameters T0 = 5 104 K and

αr = 1 are shown in Figs. 2-4 by solid curves.

Fig. 2 shows that the velocity V ∗ of plasma outflowing from

the current sheet is smaller as compared with that in the idealized

case L(T ) ≡ 0. It is associated with the fact that now not all

energy inflowing in the sheet outflows from it as kinetic energy

of plasma, but a part of energy is radiated. As a consequence,

density ρ∗ of plasma becomes larger, especially in the center

region of the current sheet. The temperature T (see Fig. 3) is

smaller than in the idealized case.

Fig. 4 demonstrates that the transverse component of mag-

netic field B∗

y strongly depends on parameter α. For L(T ) ≡ 0

and α > 1.28 (i.e. at small velocities of reconnection), the

transverse componentB∗

y changes the sign from positive to neg-

ative in some point x∗, that is a ‘magnetic island’ – region of

closed field lines – appears in the center part of the current sheet

(Fig. 5b). When radiative losses are taken into account, a ‘mag-

netic island’ appears already at α = 0.1, i.e. there, where it is

absent at L(T ) ≡ 0.

We believe that this solution makes more probable the for-

mation of quiescent prominences as a result of slow magnetic

reconnection in the RCS with magnetic island in the central

region of current sheet. Here the cold dense plasma may be

accumulated creating a large filament.

4.3. Super-hot current sheet

The sensitivity of the solutions obtained for the ‘super-hot’ cur-

rent sheet (T0 = 5 108 K) to changing x∗

1 can be interpreted as

the absence of its stable states under given conditions. Thermal

instability can be a cause of this phenomenon.
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Fig. 2. Velocity of plasma outflowing from the RCS and plasma density

obtained for the ‘cold’ current sheet with the large role of radiative

losses (solid lines) and results for the case when radiative losses are

not taken into account (dashed lines). Numbers near the curves indicate

the values of parameter α

A linear theory of thermal instability was developed by

Field (1965) (see also Somov & Syrovatskii, 1976b). Accord-

ing to this theory, homogeneous medium, which is in thermal

and mechanical equilibrium, is characterized, in particular, by a

certain parameter δ. In the case when: (i) the energy inflowing

per 1 g of substance per 1 s does not depend on temperature and

density, and (ii) cooling is determined by radiative losses (16),

the parameter δ is

δ =
d lnL

d ln T
. (38)

There exist the temperature ranges where small perturba-

tions of the following types are unstable:

1. Perturbations with p = const are unstable in the ranges with

δ < 1; this is the so-called condensation mode of the thermal

instability.

2. Perturbations with constant entropy grow in the temperature

ranges where δ < −3/2; this corresponds to the sound or

wave mode.

3. Perturbations withn = const; they are unstable in the ranges

with parameter δ < 0.

The dependence δ(T ) within the temperature range from

8.5 103 to 1.8 108 K has been computed using function L(T )

Fig. 3. Plasma temperature and thickness of the RCS obtained for

the ‘cold’ current sheet with the large role of radiative losses (solid

lines) and results for the case when radiative losses are not taken into

account (dashed lines). Numbers near the curves indicate the values of

parameter α

from Cox & Tucker (1969). The result is that the parameter

δ < 1 in two temperature ranges: 2 104−3.5 104 K and 9 104−
1.8 108 K. Therefore, the thermal instability can take place in a

‘super-hot’ current sheet with temperature T ∼ 108 K, if heat

conduction is supressed somehow.

Generally speaking, this conclusion seems to be reasonable

for the conditions described above but it is not entirely valid for

the current sheet model considered. First of all, this is because

the plasma inside the RCS is not homogeneous (ρ /= const) and

is not in the statical equilibrium (V /= const) in our problem.

Nevertheless, in the first approximation, the instability obtained

in the computations of the current sheet structure at T ∼ 108 K

may be attributed to the thermal instability. As known, the ther-

mal instability in the RCS can be well stabilized by heat con-

duction (Somov & Syrovatskii 1982). The investigation of this

problem conformably to the model described above will be the

object of the next paper (Paper 2).

5. Discussion and conclusion

Modeling an equilibrium state of the reconnecting current sheet

was the object of the study of many papers starting from Hey-

vaerts & Priest (1976), Syrovatskii (1976b), Smith & Priest
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Fig. 4. Transverse magnetic field in the RCS obtained for the ‘cold’ cur-

rent sheet with the large role of radiative losses (solid lines) and results

for the case when radiative losses are not taken into account (dashed

lines). Numbers near the curves indicate the values of parameter α

(1977). The basic method consists in that the plasma param-

eters inside the RCS (such as an average temperature, density,

pressure, and others) are determined via the parameters of an

external plasma, the external electric and magnetic field strength

by using the steady MHD equations as the order-of-magnitude

relations. For simplicity, the current sheet is supposed to be

magnetically neutral, i.e. the external magnetic field lines are

parallel to the sheet surface, and there is not any magnetic field

inside the RCS. Besides, the current sheet is considered as a

whole, i.e. all the values, characterising it, do not depend on

spatial coordinates.

The main conclusion by Syrovatskii (1976b) is that, under

definite conditions in the external plasma, the temperature of

the RCS becomes equal to certain critical value (≈ 8 104 K). At

this point, the radiative losses cannot balance the Joule heating,

and the temperature of the RCS should rapidly begin to rise.

The RCS evolves towards a new, more hot, equilibrium state.

The rapid heating of the RCS can lead to a chain of kinetic

processes in the plasma: a break of the electron temperature,

development of ion-acoustic or Buneman instability; plasma

becomes turbulent. Because the RCS is not homogeneous in

actual conditions, these processes have a local character. As a
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Fig. 5a and b. Configurations of magnetic field in the reconnecting

current sheet: a X-type – fast regime of reconnection,α � 1; b O-type

(‘magnetic island’) – slow regime of reconnection, α � 1

result, a break of the RCS occurs, that can be identified with the

onset of the explosive phase of a flare.

Current sheets modeled by Heyvaerts & Priest (1976) do not

differ too much from that of Syrovatskii (1976b) at low temper-

atures. The thermal equilibrium of the RCS and its possible

evolution is studied. The RCS is considered which forms be-

tween the new flux emerging from under the solar photosphere

and a preexisting magnetic field. The height of the RCS over

the photosphere increases with time. All parameters of external

plasma are given as functions of height h, i.e. some model of

the atmosphere is adopted. As a result, the current sheet temper-

ature is computed at various heights for two atmosphere mod-

els: weakly convective and strongly convective. A conclusion

is made that with increasing h the RCS heats, remaining nev-

ertheless colder than ambient plasma. However, when it attains

certain critical height, the low-temperature thermal equilibrium

becomes impossible, and the RCS rapidly heats, seeking a new

equilibrium state. During this process current-driven instability

may be triggered, resistivity is enhanced, electric field is induced

that results in generating high-energy particles. The impulsive

phase of solar flares can be interpreted in such a way. As seen, the

conclusion, in general, agrees with that of Syrovatskii (1976b)

but the critical temperature is slightly lower (≈ 104 K).

Smith & Priest (1977) consider the RCS in the lower corona

or upper chromosphere. Movement of the plasma inside and out-

side the RCS is not taken into account. An assumption is also

made that the current sheet is enough thick, so Joule heating

and the heat conduction across it are insignificant. The temper-
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ature of the RCS is calculated as a function of its length L. It

is shown that if the length increases up to certain value Lmax,

then the equilibrium becomes unstable and the RCS cools down

until it achieves a new stable state. In this way, Smith & Priest

demonstrate a possibility of forming the quiescent prominences

by thermal instability in a current sheet. In fact, for the first

time, Smith & Priest argue that quiescent prominences may ‘for

good theoretical reasons’ form in current sheet. All three models

mentioned above do not consider the structure of the RCS.

A model of Milne & Priest (1981) compares favourably with

those mentioned above, first of all because it studies an internal

structure of RCS. More exactly, variations of plasma parame-

ters along the thickness of the sheet at the centre of symmetry

are investigated. As formerly, the current sheet is assumed to

be magnetically neutral, with the temperature T ≤ 106 K. It

appears that the solution depends, in particular, on two dimen-

sionless parameters. The first, β, is equal to the ratio of gas

pressure to magnetic one outside the RCS (see our (29)). The

second, r, is the ratio of the radiative loss term to the convective

term in the energy equation. If β or r is too small, no solu-

tion exists. The spatial profiles of the inflow speed, density, and

magnetic field inside the sheet are computed for various val-

ues of β and fixed r = 1.2 10−2. It has been shown that as β
decreases towards its cut-off value the profiles steepen locally

towards a step function. The results are applied to the emerging

flux model for solar flares. As the current sheet rises through the

solar atmosphere the value β decreases, magnetic field gradient

increases and a threshold value of the current density jcrit, be-

yond which turbulent behaviour ensues, may be exceeded. The

RCS now heats up, seeking a new equilibrium state. The critical

height decreases with increasing magnetic field strength.

We develop a new model of a reconnecting current sheet. It

differs from other analogous models, first of all, in that the mag-

netic field inside the RCS has the transverse component B⊥ /= 0,

i.e. the current sheet is magnetically non-neutral. Moreover, we

study a longitudinal structure of the RCS, i.e. variations of the

plasma parameters along its width.

Our model describes both the slow regime of reconnec-

tion, when the magnetic field configuration of O-type forms

– the so-called ‘magnetic island’ in the central part of the RCS,

and fast regime with configuration of X-type. Particular atten-

tion is given to influence of radiative losses on the current

sheet structure. Models for ‘cold’ (T ∼ 104 K) and ‘super-

hot’ (T ∼ 108 K) current sheets have been computed. The cold

current sheet is found to be thinner, denser, colder, with smaller

velocity of plasma outflowing from it as compared with the case

when radiative losses are not taken into account. Existence of

the slow regime of reconnection may interpret the formation of

quiescent prominences in the solar corona. Indeed, at the low

velocities plasma flows into the current sheet with magnetic con-

figuration of O-type and is found to be practically blocked up in

the magnetic island. Its density increases with time that results

in increasing the radiative losses n2
e L(T ), and consequently in

cooling the plasma. Our general conclusion that prominences

may arise due to magnetic reconnection in current sheets is

in agreement with that of Smith & Priest (1977); however, as

mentioned above, proposed mechanisms of such a process are

different. The transition from the slow reconnection (with the

configuration of O-type) to the fast one (with the configura-

tion of X-type) presumably means destabilization of a quiescent

prominence and triggering a solar flare.

Taking into account radiative losses in the case of the ‘super-

hot’ current sheet leads to absence of its stable states. It can be

related to the development of thermal instability at T ∼ 108 K

under condition when heat conduction is prohibited for some

reason. This may be, for example, the case of high-temperature

‘plasmoid’ formation during a solar flare. As known, the ther-

mal instability of the RCS can be stabilized by heat conduction

(Somov & Syrovatskii 1982). The investigation of this problem

conformably to the model described above will be the object of

the next paper.
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Appendix A: numerical method

(1) For small x∗ the velocity V ∗(x∗) of plasma outflowing from

the RCS and density ρ∗(x∗) are calculated by means of the

Taylor series expansion. So, boundary condition for differential

Eq. (32) may be determined at some point x∗

1 : V ∗

1 = V ∗(x∗

1 ).

(2) For x∗ larger certain x∗

1 the function V ∗(x∗) is com-

puted directly from Eq. (32) by using the Rungue-Kutt method.

This method compares favourably with others. Indeed, let us

consider, as example, an ordinary differential equation:

d y

d x
= f (x, y) . (A1)

Then (i) the method is one-stepped: to obtain ym+1 an informa-

tion only on a previous point (xm, ym) is needful; (ii) calculat-

ing the derivatives of f (x, y) is not required, only a calculation

of f (x, y) is needed. The disadvantage is that to calculate one

subsequent point of the solution, the function f (x, y) has to be

calculated several times for various values x and y. Thus, the

working formulae are

ym+1 = ym +
h

6
(k1 + 2 k2 + 2 k3 + k4), (A2)

where

k1 = f (xm, ym), (A3)

k2 = f

(

xm +
h

2
, ym +

h k1

2

)

, (A4)

k3 = f

(

xm +
h

2
, ym +

h k2

2

)

, (A5)

k4 = f (xm + h, ym + h k3), (A6)
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and h is the step of computation. So, the function y = y(x) can

be determined for any x using known (x1, y1).

(3) Note, that to calculate the right-hand side of Eq. (32),

function ρ∗(x∗) has to be known. Its values are determined from

Eq. (33), where the integral is replaced by the formula of trapez-

ium, namely:

F (xm+1) ≡
xm+1
∫

0

f (x) d x ≈ (A7)

≈ F (xm) +
1

2
[f (xm) + f (xm+1)] (xm+1 − xm).

So, Eq. (33) becomes algebraical and can be solved, for exam-

ple, using method of dividing an segment in half.

(4) To compute the under-integral function

f (x∗) =
L(T )

L0

ρ∗(x∗)
A(x∗)

V ∗(x∗)
, (A8)

the value of tabularly given function L(T ) has to be calculated

in any point T = T (x∗). On this purpose, Eitken’s linear in-

terpolation algorithm is used. Let y(x) be given tabularly in an

irregular grid (x1, y1), (x2, y2), . . . , (xn, yn); x is the point at

which the value y has to be determined. Then two points xa and

xb are chosen so that xa
<
= x <

= xb and y is obtained from the

expression

y =
ya (xb − x) + yb (xa − x)

xb − xa
. (A9)
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