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Abstract

The mean power and rate of optical flares in dMe stars are found to be correlated with their
quiet coronal X-ray luminosity. The mean flare luminosity in the photometric U-band appears
to scale linearly with the X-ray luminosity with a slope of 0-04. This coincidence suggests that
quiet and flare activity in coronae/chromospheres may be related by one and the same flaring
mechanism. We propose that ‘quiet’ activity is due to microflares—a low yield but high frequency
continuation of flares.

1. Introduction

Given Ron Giovanelli’s interest in magnetic activity and reconnection on the Sun,
undoubtedly his attention would have turned sooner or later to what is now called
the solar—stellar connection, i.e. the study of solar-like phenomena in other stars.
Consequently, it is appropriate to present some speculative comments about optical
flares on dMe stars and their relation to their quiet coronae.

2. Analysis

In a landmark paper on flares in dMe stars, Lacy, Moffett and Evans (1976;
here referred to as LME) presented a correlation between the mean flare power or
luminosity YU in the photometric U-band, centred on A 3500 A, and the photospheric
U-band luminosity L. They found that ¥y =~ L%}3. 1 would like to suggest
that their relation reduces to a simpler and more physically meaningful relation if
the quiet coronal X-ray luminosity Lyg is used instead of the stellar luminosity.
This is indicated in Fig. 1 which gives a regression plot between )"U and Lyg. In
addition to the LME data, a dMe star observed by Byrne and McFarland (1980)
has been included. The coronal X-ray data was taken from the published work of
Johnson (1983), Harris and Johnson (1985) and Ambruster et al (1985) and from
unpublished work [J. A. Bookbinder, P. Mayer, L. Golub and R. Rosner (1985,
personal communication)].

The line in Fig. 1 represents the linear relation ¥;; = 0-04 Lyz and was drawn to
represent a reasonable fit to the data.t No effort was made at this stage to make a

* Paper presented at the R. G. Giovanelli Commemorative Colloquium, Part II, Tucson, Arizona,
17-18 January 1985.

t A similar linear correlation between Lyg and Y"U has also been recently proposed (31 January
1985), independent of the present author (see Doyle and Butler 1985).
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Fig. 1. Regression of the average U-band flare power loss or luminosity YU, against the quiet
coronal X-ray power loss Lyg, both in units of 1027 ergs—!. Observed values are indicated by
crosses and the estimated individual star values by dots.
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Fig. 2. Regression of the average flare rate 5 per 10* s against the quiet coronal X-ray power
loss Lyg. Observed values are indicated by crosses, the upper limits by a dot with a vertical bar,
and the estimated individual star values by dots indicated by arrows.
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least squares fit. The two points which significantly deviate represent GLIESE 388
(AD Leo), below the line, and GLIESE 278C, the spectroscopic binary YY Gem.

It is important to consider the effect of duplicity on the regression in Fig. 1. In the
case of binaries with essentially similar stars both of which are active, as for YY Gem,
the effect of considering individual star values is to shift the unresolved observations,
which are plotted by crosses, parallel to a linear regression line, as indicated by
the arrows for YY Gem (upper right corner) and two other binaries. In the case of
binaries with dissimilar stars the effect of going to individual star values would shift
the points for each star, if the YU(LXR) relation is truly linear, by different amounts
parallel to the linear regression line. Thus, I propose that duplicity will not affect the
linear regression indicated in Fig. 1 and need not be considered.

The deviation of GLIESE 388 (AD Leo) below the regression line may be, as LME
have stated, ‘attributed to finite sample effects’, since only nine flares in all were
detected. However, a total of 19 flares were observed on GLIESE 278C (YY Gem).
Without more stars to help define the regression at the upper end we can only
conclude that YY Gem deviates for no known reason.

The fact that one can correlate ¥;; with Lyy coupled with the LME correlation
cited above implies that L correlates with Lyp (or vice versa). Such an effect
is to be expected if one recalls that Rucinski (1984) showed that Lyp/Ly,, where
Ly, is the stellar bolometric luminosity, is essentially a constant in the dMe stars.
I suggest that this is because these stars are, similar to Pleiades and post T-Tauri
(pre-main-sequence) stars, in a ‘saturated’ dynamo state. In this state one can expect
the maximum conversion of turbulent convective energy*—which is fixed by Ly,—
into ‘topological’ magnetic energy, i.e. into fine scale field structure or ‘twist’. It is
the dissipation of this energy in the corona via ‘flaring’ that we have in mind.

In Fig. 2 we consider the regression for the mean flare rate 7 on Lyy. Here 2 is
calculated from the data given by Moffett (1974) and Byrne and McFarland (1980).
The upper limits, indicated by a dot with vertical line attached were calculated from
null results, where it was assumed that the probability p of the null result in a time
interval 6¢, with p = exp(— 718¢), was > 0-5. The straight line shown corresponding
to L;ﬂ%/ % is an approximate representation of a portion of the data. Note, however,
that the points above the line, representing mostly binaries, define a regression line
essentially parallel to the indicated regression.

Here, the issue of duplicity is quite important. Binaries with similar stars,
such as YY Gem, are to be translated as indicated by the arrows to yield the
(identical) individual star data. These then appear to agree with the indicated
regression. In the case of systems with dissimilar stars, such as GLIESE 896AB
(at 7 =2-1x10"*s"!, Lyz = 60x10?7 ergs™!), the points for the individual stars
must be translated in different directions. Only in this case is the partition of 7
between components known. The fainter star (component 896B) contributes 60%
to the observed flare frequency (Rodono 1973). Using the (Ly, Lyg) correlation,
which I derived for these dMe stars, to obtain the individual Lyg values, the results
in Fig. 2 are plotted as dots, indicated by arrows from the original location. It
appears that both components of GLIESE 896 individually agree with the regression
line. The remaining deviant points are GLIESE 285 (YZCMi) (/1 = 3-2x107* s~ 1,
Lyr = 34x10?7 ergs~') and GLIESE 388 (ADLeo) (2= 1-15x10*s7!, Lyp =

100x 10?7 ergs~'). Could either of these be undetected binaries?
* Rotational energy appears to be too small for this purpose (see Rucinski 1984).
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3. Discussion

It appears that the correlation of continuum flare power with quiet coronal X-ray
power represents a basic signature of an underlying common magnetic driver for both
activity factors. Topological magnetic energy is presumably converted via a ‘flare’
mechanism into macro-bursts (seen in X rays as well as in the UV continuum as a flare)
as well as micro-bursts (i.e. frequent and short lived flares) seen as a quiescent X-ray
emission in the corona. It may very well be that quiescent chromospheric emission
also owes its origin to micro-bursts (or micro-flares) and represents a thermally
reprocessed (or degraded) fraction of the primary energy release, namely high energy
electrons.

The suggestion that chromospheric reprocessing of coronal X rays might occur
in dMe stars was made by Cram (1982) and corroborated by the recent results
reported by Skumanich er al (1985). The latter found that the power loss by the
chromosphere in the Balmer-alpha (Ha) line varies linearly with the coronal X
rays, i.e. Ly, = 0-2Lyg, until the weak emission state (=~ 10?7 ergs~!) is reached.
For weak emitters the evidence suggests that coronal X rays decay secularly at a
faster rate than chromospheric emission. Presumably, the opening of closed magnetic
regions plays a more significant role for the corona (vis-a-vis coronal holes) than for
the chromosphere.

There is currently insufficient data to address the question of the effect of secular
evolution out of the saturated dMe state on the relation indicated in Fig. 1. The need
to observe dMe (and dM) stars at the same L;, but with different Ly, would help
to address this question. ,
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Abstract

A requirement for continuous magnetic fields and finite magnetic energy leads to the eigenvalue
approach in magnetohydrodynamics (MHD). Concrete models are developed for sunspots
(return-flux sunspot model), prominences, coronal loops and transients. This approach allows a
classification of a variety of magnetic topologies and reveals the relations between magnetic and
thermodynamic structures. The eigenvalue approach is extended to three-dimensional modelling
of the global solar magnetic field.

1. Introduction

In our approach to modelling solar magnetic structures, as long as the kinetic
energy density is much smaller than the magnetic energy density (%p v? € B?/8m),
we use the force balance equation »

(1/47)YVxB)xB = \VP+pVF, 1)

which describes magnetohydrostatic equilibrium. In equation (1), B is the magnetic
field which obeys the condition

V.B=0, )

while P and p are the gas pressure and density, and F is the gravitational potential.
The magnetic force is balanced by the pressure gradient and gravity. Numerous
attempts to construct magnetohydrostatic models of sunspots, faculae, prominences,
coronal loops and other solar structures have been made since the discovery of
magnetic fields on the Sun.

The magnetic force is represented by a nonlinear term in equation (1), which
makes it difficult to solve the set (1) and (2). The difficulty disappears if potential or
force-free magnetic structures are used as the basis for modelling. For such models,

* Paper presented at the R. G. Giovanelli Commemorative Colloquium, Part II, Tucson, Arizona,
17-18 January 1985.
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the magnetic force is zero and the force balance is simply hydrostatic. Then, there
is no connection between P and p on one side, and B on the other side. However,
all observations show that the magnetic field influences thermodynamic parameters
in the solar atmosphere.

There is another difficulty with potential and force-free magnetic fields: if not
truncated, they represent structures with infinite magnetic energy. Thus, it is
necessary to introduce a boundary surface, which separates the domain with the
potential (or force-free) field from the outside medium without a magnetic field. This
boundary carries surface currents and should be maintained by nonmagnetic forces. In
laboratory plasma experiments, these surfaces are made of metal and are maintained
by mechanical forces, whereas in the solar atmosphere it is not straightforward to
identify these surfaces. Using potential fields, some researchers have identified the
sunspot photometric boundary with the magnetic boundary. However, a clearly
pronounced magnetic field has been found outside the photometric boundary at
distances of up to two sunspot radii [for example, see the magnetogram presented by
Osherovich and Lawrence (1983)].

Basically, it is clear that terms like ‘singular round sunspot’ or ‘quiescent
solar prominence’ refer to a great variety of topologically different configurations
[for those concerning prominences see Leroy er al (1984)]. The eigenvalue
approach in modelling solar magnetic structures represents a systematic way of
obtaining exact magnetohydrostatic solutions, which describe topologically different
magnetic configurations and provide the basis for their classification. This paper
outlines the complete approach, describes the common features of developed two-
dimensional models, and presents a new three-dimensional eigenvalue solution of the
magnetohydrostatic problem. '

2. Requirements for the Magnetic Field

We have two requirements for the magnetic field: (A) the total magnetic energy

must be finite, i.e.
BZ
fff —dV < w;
8w

and (B) the magnetic field must be continuous. These two requirements, taken together,
essentially restrict the class of possible magnetohydrostatic solutions. A potential or
force-free magnetic field cannot satisfy A and B simultaneously. It has been shown
(Osherovich 1975) that these requirements lead to eigenvalue magnetohydrostatic
solutions. By considering the influence of the external potential field on our
configuration, we require a nonpotential part of the field to obey requirements A and B.

3. Two-dimensional Models

Here we consider modelling the solar magnetic field in cylindrical coordinates
(R, z, ), in cartesian coordinates (x, y, z), and in spherical coordinates (7,0, ). A
round singular sunspot can be considered as a magnetic tube, with magnetic and
thermodynamic parameters that depend on R and z. Thus, the azimuthal angle ¢
can be ignored. Then, the requirements A and B reduce to the following:

(al) The magnetic energy density per unit of length of the magnetic tube must
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be finite, i.e.

B2
ff— rdr< o.
8

(b1) The magnetic field must be continuous in the radial direction.

The return-flux sunspot model (Osherovich 1982 a) satisfies (al) and (bl). In this
model a surface, which separates magnetic lines going to infinity from those that
return back to the Sun, is identified with the umbra-penumbra boundary. Calculations
of thermodynamic consequences of this model (FI& et al. 1982) support this concept.
The return-flux sunspot model is based on the ground-state eigenfunction. The
generalization of this model (the double-return-flux sunspot model) developed later by
Osherovich and Lawrence (1983) is based on a linear combination of the ground-state
and first excited state solutions. The double-return-flux model is capable of describing
magnetic lines that return to the Sun twice. Both models also include the self-similar
magnetic field of Schliiter and Temesvary (1958) as a special case when there are no
magnetic lines that return to the solar surface.

The ribbon-like structure of a quiescent prominence with a typical length of
L ~ 2x10° km and horizontal width [ ~ (2-5)x10% km allows two-dimensional
modelling. By considering that in cartesian coordinates, the y direction is along the
filament body, we assume that y can be ignored. Then, the requirements A and B
reduce to the following:

(a2) The magnetic energy per unit length in the y direction must be finite, i.e.

2
ffi dxdz < o .
8

(b2) The magnetic field must be continuous in the x—z plane.

The solar prominence model based on eigenvalue solutions (Osherovich 1985 a)
suggests that, besides a simple magnetohydrostatic solution (ground state) which
corresponds to a one magnetic body configuration, there are solutions (excited
states) that correspond to two-body, three-body etc. configurations. These exact
magnetohydrostatic solutions exhibit different density and pressure excess distributions.
As a result, of course, temperature profiles are also different. For example, for the
ground-state configuration there is a redistribution of density from the lower layer
to the higher layer in the solar atmosphere; i.e. the total mass excess is zero.
In contrast to the ground-state configuration, the first excited state configuration
can maintain a positive mass excess. Much can be learned from studying the
influence of the external (potential) field on these localized configurations, because
their thermodynamic structure is sensitive to the external field. Especially interesting
is the question of the stability of these configurations under the influence of the
external magnetic field.

The concept of a continuous magnetic field with finite magnetic energy has been
applied to coronal loops and transients. In spherical coordinates a class of analytical
axisymmetric MHD solutions that satisfy A and B has been found (Osherovich
1982 b). The simplest solution describes a toroidal configuration with density excess,
concentrated at a certain distance from the centre of the Sun. Observations often
show a few coronal loops. Some transients also have two- or three-loop structure. The
theoretical interpretation is that excited states are multitoroidal configurations. The
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excited states correspond to toroids, which are part of the same magnetic configuration
and move and change in time, interacting with each other; this is an advantage of the
eigenvalue approach. Another advantage is the opportunity to relate local parameters,
such as B_,,, to global parameters, such as the total mass of a transient. The
interaction of toroidal currents (described by eigenfunctions) with global potential
fields has been studied by Gliner (1984), and the results have enabled the construction
of a solar corona model during sunspot minimum (Osherovich et al. 1984). The
pole—equator asymmetry in this model is explained by the interaction of the global
azimuthal current with underlying potential fields. The model is axisymmetric; i.e.
the azimuthal angle ¢ can be ignored.

4. Three-dimensional Models

There is sufficient observational evidence (MclIntosh 1981; Gaizauskas et al. 1983)
that the global solar magnetic field is a well-organized three-dimensional structure.
In other words, the global solar magnetic field depends on r, 6 and ¢. Therefore, the
axisymmetric solutions of the magnetohydrostatic force balance cannot adequately
describe the solar magnetic structure. To describe the longitudinal dependence (on
¢$), we must move to three-dimensional modelling.

We note that without gravity (F = 0), the Lorentz force is a potential vector (equal
to V P). In the gravitational field the additional term p\/ F appears on the right side
of the force balance equation (1). Now the Lorentz force is a linear combination of
a potential vector V P and a quasi-potential vector p\/ F. We have to search for
a magnetic field, which produces the Lorentz force, that is a linear combination of
quasi-potential vectors. It can be shown that the magnetic field which is a linear
combination of two quasi-potential vectors

B=YQ/a+VP/B, (©))

where Q, @, a and 8 are functions of three variables, corresponds to the magnetic
force (1/4m)(V x B) x B, which is a linear combination of quasi-potential vectors
(Osherovich 1985b). For the case when Q, @, a, 8 and P depend only on two
functions (for example on F and @), it is possible to reduce the vector equation
(1) to one partial differential equation and a complementary condition that allows
finding p. The three-dimensional field recently considered by Low (1985) in spherical
coordinates corresponds to a special case (8 = 1, Q = r) of the representation (1).
Using the theory of quasi-potential fields (Osherovich 1985 b) we can obtain the explicit
three-dimensional solution of force balance and discuss the possible applications of
similar eigenvalue solutions. We assume that

D
B=V¢+mvr, 4

where D depends only on the radius. Then, in spherical coordinates, equation (1)
takes the form

1 @ @ (V P)? & 2P
(— 47D or "_)v(p+( 47D | dm D2 W)Vr

O

72

=VP+p

vr. (5
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Thus for P = P(r, @) we have
1 0@ /] oP(r,d)

—_— — — — = 6
47D 3r 4w D? od ©)
and the complementary condition
(VP)? ® AP IP(r, G
(Voy @ 20 ke OMo -
4w D 4w D* or or r

‘Substituting the magnetic field (4) into equation (2) (i.e. V. B = 0), we obtain the
third equation

AD+— — — — — =0. ®)

Equation (8) allows us to separate variables, giving

&(r,0,0) = fF(NY,, &)
as one of the solutions for equation (8), if

df,df\ 1df f dD B
5(’ 5)%57“553“”*‘”‘0’ o

where Y, is a spherical function. Because equation (8) is linear, we have

o®/or = C(n) P, ’ (11)
where C(r) depends only on the radius. Relation (11) allows us to integrate equation
(6), giving

P*(C 1
P=P(r)———=+—=]- 12
- (5 ) (12

Then from (7) we find the density

2 2
o= r [_dPO(r)+(V<I>)2 P*C @ d(C 1)} 13

GMg|~ dr | 4xD ' &nD %z ar\D ' D?
If we choose f(r) and D(r) to satisfy (10), we can calculate C(7). Then, the
expressions (4), (12) and (13) will give us a three-dimensional magnetohydrostatic

solution. We specify f(r), using one of the eigenfunctions of a quantum mechanical
oscillator, namely

f = fo(ir*—1kr*) exp(—kr?), (14)
where f, and k are constants. From (10) we find that

D(r) = 3—2kr?)/(14r—axr®), - (15)
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and from (11), for Y,,, = Y,, = sin?@sin 2¢, we find that
C(r) = (6—4kr’ +-4xr*)/r3—2xr?). (16)

Thus using these expressions for C(7) and D(r), and with
D = fo(%r—%Kr“)exp(—Krz)sinz0 sin 2¢ amn

from (4), we find a three-dimensional magnetic field that is in equilibrium in the
-atmosphere with pressure, as expressed by (12), and density, as expressed by (13).
It is straightforward to check that this magnetic field is continuous everywhere and
has a finite magnetic energy. Thus, modified potential fields, namely the class of
quasi-potential magnetic fields, can satisfy requirements A and B.

5. Discussion

In many theoretical studies of MHD equations a linearization is used as a first
step; for example, this is the usual procedure in the theory of solar oscillations. The
solutions of the linearized system can be found as eigenfunctions. We define the
eigenvalue approach in MHD as a method of finding exact solutions for the original
nonlinear system, without linearizing the equations. The eigenvalue approach has
been proved effective in two-dimensional modelling of solar magnetic structures.

New aspects appear in three-dimensional modelling. The atmosphere with a
three-dimensional magnetic field is no longer spherical. The magnetic field modulates
gas pressure (see equation 12), density (see equation 13) and temperature. The
magnetic field (4) represents magnetic granules, which for a highly conductive plasma
can control plasma motions or be affected by these motions.
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