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ABSTRACT

We analyzed the three-dimensional structure of the linear force-free magnetic field. A longitudinal
magnetogram of Active Region NOAA 8375 has been used as the photospheric boundary condition. The
1998 November 5 2B/M8.4 two-ribbon flare can be explained in the framework of quadrupolar recon-
nection theory: the interaction of two closed magnetic loops that have a small spatial angle. The energy
derived from soft X-ray telescope (SXT)/Yohkoh data (3—6 x 10%° ergs) is 1 order of magnitude higher
than the lower limit of flare energy predicted by Melrose’s model. The latter estimation was made using
the linear force-free extrapolation. It was suggested that, taking into account the nonlinear character of
the observed magnetic field, we can increase the lower limit of the magnetic energy stored in the studied
magnetic configuration. The revealed magnetic configuration allows us to understand the observed loca-
tion and evolution of the flare ribbons and the additional energy released during the gradual phase of
the flare, as well. Besides, reconnection of closed magnetic loops can logically explain the connection
between a two-ribbon flare and a giant X-ray postflare arch, which usually is observed after the flare
onset. We emphasize that unlike the Kopp and Pneuman configuration, the model discussed here does

not necessarily require destabilization and opening of the magnetic field.
Subject headings: Sun: flares — Sun: magnetic fields

1. INTRODUCTION

It is generally accepted that a two-ribbon flare (TRF) is
due to a reconnection process that happens in a previously
open magnetic field (Sturrock 1968 ; Hirayama 1974; Kopp
& Pneuman 1976). It suggests that rising prominences
and/or fast expanding coronal loops are triggers of the
TRF. After magnetic field destabilization and eruption, the
stretched magnetic field lines become open and reconnect.
This process is accompanied by type III and IV radio
bursts.

On the other hand, it has also been shown that there is no
direct link between filament eruption and TRFs (Forbes
1992). Out of 16 studied two-ribbon flares with preexisting
dark filament, in 10 cases filaments erupted, and 5 filaments
remained undisturbed (Hirayama 1974). In an earlier study
by Smith & Ramsey (1964), about half of the major flares
were found to be associated with active region filaments and
preceded by their sudden eruption.

Ogir (1967) revealed that some TRFs are not followed by
type IV radio bursts and their appearance in radio waves is
rather weak. Moreover, those TRF's without radio emission
are different from ones that gave a radio signal. The latter
type originated as one narrow chromospheric ribbon, which
some minutes later split up into two narrow, parallel
ribbons showing a large separation, while flare ribbons in
TRFs without radio emission were separated at the very
beginning of the flaring process.

A simple study of Ho images of major solar flares shows
that we deal with two kinds of TRFs. The first one consists
of flares with nearly parallel and straight ribbons located on
opposite sides of the neutral line. Also, footpoints of the
postflare loop (PFL) system cover the entire flare ribbons
(Fig. 2 in Schmieder 1992; Fig. § in Rust & Bar 1973), and
the PFL system itself is in a potential state (Roy 1972) or
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has a more complicated structure (Rust & Bar 1973). One
prominent feature of this kind of flare is the ribbon separa-
tion. Direct measurements show that the speed of the
apparent expansion falls between 10 and 60 km s~ ! (Ogir
1967; Hirayama 1974; Loughhead, Chen, & Wang 1984;
Gu et al. 1992; Korobova & Sajdalieva 1993). Such TRFs
might be well described by the Kopp & Pneuman configu-
ration (Fig. 1 in Kopp & Pneuman 1976).

Another kind of TRF may be described as follows. The
flare ribbons are curved and are not located opposite each
other. Footpoints of the postflare loop system cover only
part of the flare ribbons (Fig. 5 in Heinzel, Schmieder, &
Mein 1992; Figs. 2 and 3 in Tang 1985; Figs. 2 and 3,
present paper). The flare ribbons do not show any signifi-
cant separation in the course of the flare, and at the very
beginning they are situated far from the active region
neutral line (de la Beaujardiere et al. 1995). One of the flare
ribbons may reach the leading sunspot and cover it par-
tially (Fig. 2 in Lin, Zhang, & Zhang 1993; Fig. 1 in Gu et
al. 1992).

Any flare model must explain not only how and where
magnetic energy is released, but also a location, a shape,
and a topological link between all flare ribbons and remote
brightenings seen in the course of a two-ribbon flare.

The Hard X-ray Imaging Spectrometer aboard the SMM
mission discovered extensive postflare coronal arches
(Svestka et al. 1982). The arches appeared to be connected
to the occurrence of two-ribbon flares. The loops reached
altitudes in excess of 150,000 km in the solar corona and
could be seen in X-ray for 10 hr or more (Svestka 1984).
These arches either were rising in the corona or were sta-
tionary. Rising arches are related to coronal mass ejections
(CMEs), while stationary ones are not (Svestka et al. 1995;
Farnik et al. 1996). To explain the observed phenomena,
Kopp & Poletto (1990) introduced a complex magnetic con-
figuration that consists of two different systems of field lines
that open and reconnect, producing a postflare loop system
and a giant coronal arch. Simberova, Karlicky, & Svestka
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Fi1G. 1.—GOES X-ray time profile of 1998 November 5 flare

19:43:35 UT

(1993) also showed that the 1973 August 13/14 soft X-ray
Skylab postflare arch was formed by interactions of large-
scale loops present above the flaring active region. This
result does not seem to support the Kopp & Pneuman
(1976) model, which invokes the reconnection of the open
magnetic field lines. To the contrary, the coexistence of a
giant X-ray postflare arch and a postflare loop system in the
course of a two-ribbon flare can be a sign of a single recon-
nection event in a simple magnetic system of closed coronal
loops.

For the famous, well-studied 1981 May 16 two-ribbon
flare, Vrsnak et al. (1987) established that the site of energy

20:18:35 UT

F16. 2.—Ha images of the two-ribbon flare obtained on 1998 November 5. The images are from 65 cm telescope; the field of view is 200” x 200”.

L]

Fi1G. 3—Ha off-band images of the two-ribbon flare on 1998 November 5. The image at 20:56:35 UT is a contrast-enhanced image. The flare ribbons

appear

brighter than when it was observed.
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release was located at the loop’s top in a closed magnetic
configuration. They also conjectured that, in the studied
flare, a process of driven reconnection between neighboring
loops took place.

Gorbachev & Somov (1988) were the first to quantitat-
ively investigate the magnetic topology in an active region.
Analyzing the potential field created by four charge points
located below the photosphere, they found that the location
of observed flare ribbons is in agreement with the simula-
tions. Since then, many studies have shown that chromo-
spheric Ha kernels were found to be on the intersection of
the separatrices (surfaces that separate volumes of different
magnetic connectivity) with the photosphere. But only rela-
tively few studied in detail the magnetic topology in two-
ribbon flares (Gorbachev & Somov 1988; Demoulin et al.
1994b; Mandrini et al. 1995; Yurchishin 1997). Both the
magnetic configuration and the Ha brightenings are found
to be qualitatively different and more complex than those
proposed in models with open magnetic fields. The studies
concluded that the flares under consideration result from
the interaction of closed large-scale magnetic structures,
and not from an internal instability happening within a
twisted flux tube.

Recently, Wang et al. (1999) analyzed the full set of
ground- and space-based observational data and came to
the conclusion that in many aspects two-ribbon flares are
different and they may represent different energy-release
events: eruption of sheared loops and interaction of two
loops. The major morphological difference is that the
former event is associated with opening of the field and the
latter is not.

In this paper, we use the Big Bear Solar Observatory
(BBSO) high-resolution observation of the longitudinal
magnetic field and Ha and Yohkoh images of Active Region
NOAA 8375, as well as a numerical method for reconstruc-
tion of the linear force-free field (LFFF), and we show that
the 2B/M8.4 two-ribbon flare on 1998 November 5 was a
result of many reconnection processes between closed mag-
netic loops.

2. OBSERVATIONAL DATA AND MAGNETIC FIELD
RECONSTRUCTION

BBSO observations completely covered the 1998 Novem-
ber 5 flare, which occurred in AR NOAA 8375. High-
resolution Hy images were obtained by the 65 cm reflector,
with a 0.25 A bandpass Zeiss filter. The cadence was 30 s
with a 0”3 pixel resolution. High-resolution, line-of-sight
magnetograms were obtained by the 25 cm refractor. The
pixel resolution was 0”5 and the cadence 30 s. The tempo-
ral integration of each image was 4 s.

In our analysis, we also used the All filter Yohkoh soft
X-ray data (which cover the lower temperature range). The
pixel size of soft X-ray telescope (SXT) images was 5”.

Figure 1 shows a GOES soft X-ray 1-8 A flux plot of the
1998 November 5 flare as a function of time. This long-
duration event lasted for several hours. The flare started
shortly after the very impulsive short-lasting M1.9 flare. No
filament was present in this active region prior to onset, so
this event is not associated with a filament eruption. Figures
2 and 3 show Ha images obtained at the center and at the
red wing of the spectral line. As one can see, it was a large
flare that extended over the whole active region. The post-
flare loop system connected flare ribbons “B” and “C” and
showed apparent growth. The off-band images reveal a
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strong downflow at the loop footpoints. Further details on
this event may be found in Wang et al. (2000).

To reconstruct the coronal three-dimensional magnetic
field above the active region, we used a numerical method
for the LFFF calculation proposed by Abramenko & Yur-
chishin (1996). We used the line-of-sight magnetogram of
AR 8375 as the photospheric boundary condition. The
magnetogram was recorded on 1998 November 5 at 18:18
UT, before the flare onset. The numerical solution was
obtained for a three-dimensional volume of size
204" x 204" x 204". The size of a grid cell was 2743 x 2743
x 2"43. We obtained a set of numerical solutions with a
different o parameter, and then, for each solution, we calcu-
lated the set of field lines. Using high-resolution BBSO Ha
images, as well as soft X-ray images from Yohkoh (Fig. 10in
Wang et al. 2000; Figs. 2 and 6, present paper), we chose the
numerical solution (« = 0.013 arcsec™!) that best fits the
observed magnetic configuration before the flare.

3. RESULTS

In our analysis, we used a simple method that allowed us
to define magnetic links between the flare ribbons in this
two-ribbon flare. First, we calculated the lines of force that
originate within the leading spot. The field-line calculations
covered the whole sunspot area, and the spatial resolution
(i.e., the distance between the two closest footpoints of lines
of force) was 2743 in both directions. Then, considering each
line, we located both of its footpoints. Doing so, we could
distinguish three different magnetic flux tubes. All the lines
of force that originate in the area marked with “a” have
their ends at the flare ribbon marked with “B” (Fig. 4, line
I). All the field lines starting from area “b” ended at flare
ribbon “A” (Fig. 4, lines 2 and 3), while field lines coming
out from area “c” went southeastward and ended at the Ha
brightening marked “D” (Fig. 5). Any two close magnetic
field lines that originated correspondingly in areas “a” and
“b,” near the border between them, have their second ends
separated and rooted in different distant magnetic elements
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of northern polarity. Thus, the boundaries of these “a,
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FiG. 4—AR NOAA 8384, 1998 November 5. Location of Ha flare
ribbons (dashed area) superposed on a contour map of the longitudinal
magnetic field (solid lines: N polarity; dashed lines: S polarity). Contour
levels are 100, 200, 400, and 800 G. Solid lines 1, 2, and 3 denote calculated
field lines (« = 0.013 arcsec ™ !) connecting areas “a” and “b” with the flare
ribbons “A” and “B.”
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Ha+0.75A 20:56:35 UT

Fic. 5—Ha + 0.75 A image taken at 20:56:35 UT. Dark loops at
upper right: growing postflare loops system. Solid lines denote calculated
field lines connecting area “b” with flare ribbon “ A.” Dashed lines: calcu-
lated field lines (¢ = 0.013 arcsec ™ !), which connect area “c” with the flare
ribbon “D.”

“b,” and “c” areas are the intersection of separatrices with
the photosphere. In other words, following the definition by
Demoulin et al. (1996), these boundaries are places where a
drastic change in the field-line linkage occurs. Discontin-
uities in the field-line linkage at the boundary are at the
origin of the formation of current sheets. It has been found
that observed flare kernels are located at these discontin-
uities (Demoulin et al. 1996 and references therein). Our
calculations show that, in the case of the 1998 November 5
flare, Ho brightenings are also located at places where rapid
changes in the field linkage above the photosphere take
place. According to this, we are able to clear up the mag-
netic configuration in the two-ribbon flare as well as indi-
cate magnetic fluxes that took part in the energy-release
process.

We suggest that there were at least three large-scale
events of energy release. This comes from analysis of the
GOES light curve (Fig. 1), Ha images of the active region
(Fig. 2), and the calculated structure of the coronal magnetic
field. The first and major energy-release event happened
about 19:35 UT (Fig. 1). The Hoa image taken at 19:43:35
UT (Fig. 2) shows three well-developed flare ribbons, also
marked on Figure 4 with letters “A,” “B,” and “C.” We
suppose that this energy release was due to the reconnection
of two magnetic fluxes, during which the connectivity of the
magnetic field was exchanged between four loop footpoints.
The first magnetic flux is represented by a line of force
marked “1,” which connects area “a” and the flare ribbon
“B,” as shown in Figure 4. The second one is a magnetic
flux that leaves the leading sunspot in area “b” and goes to
flare ribbon “A” (lines 2 and 3). The reconnection will
create new magnetic loop systems (see also schematic repre-
sentation of the magnetic configuration in Fig. 8). The first
one, the Ha postflare loop system, connects area “b” and
flare ribbon “ B ” (Fig. 4), while the second one, a large-scale
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loop system, connects area “a” and flare ribbon “ A.” This
large-scale loop might correspond to a well-known giant
X-ray postflare arch (Svestka et al. 1982). Figure 6 shows
the off-band Ha image (the same as in Fig. 3) with an over-
lapped SXT/Y ohkoh image. One clearly sees the presence of
both the low-lying Ha postflare loop system (dark loops)
and the overlying hot X-ray giant coronal arch (white loop
with contours at the top right corner). The Ha loops are
located just below the hot X-ray loop, with their tops
almost tangential to it. The postflare loop system connects
the leading sunspot and the flare ribbon “ B, ” and the large-
scale X-ray arch has its footpoints at the sunspot and the
flare ribbon “A.” This kind of magnetic connection corre-
sponds to that predicted by the model. Figure 7 shows the
same Yohkoh image with the giant postflare arch with over-
plotted calculated lines of force. The parameter « was equal,
in this calculation, to 0.001 arcsec™!. Thus, the observed
magnetic configuration entirely supports the inferences
obtained from the modeled representation of the magnetic
field in the active region.

Both the postflare loop system and the giant X-ray post-
flare arch exhibit apparent growth (Poletto & Svestka 1992;
Schmieder et al. 1995; van Driel-Gesztelyi et al. 1997) as the
flare is in progress. Thus, because of the evolution of newly
formed loops, a disturbance of the preexisting overlying
magnetic field will take place. This, in turn, might provoke
the subsequent reconnection of the newly formed loops with
the loop system, which connects area “c” and flare ribbon
“D” (Fig. 5). If we are correct, this second-step reconnec-
tion should start a bit later than the main phase of the
energy release. This might be seen in Ha images taken at
19:43 UT and 20:18 UT (Fig. 2). One may see that when
the eastern ribbon (marked with “A” in Fig. 2) has faded,

X-ra

ot il T 2Y ﬂa}nt Arch

Ha+0.75A 20:56:35 UT + SXT/YOHKOH 22:58 UT

FiG. 6.—Ha + 0.75 A image overlapped by a soft X-ray Yohkoh image
shows the magnetic configuration after the flare. The resulting configu-
ration consists of the low-lying postflare loops system (dark loops) and the
overlying giant X-ray postflare arch. The crosses denote the hottest parts
of Ho and X-ray loops and might locate the site of the reconnection.
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SXT/YOHKOH 22:58 UT

Fi1G. 7—Soft X-ray Yohkoh image and the lines of force of the linear
force-free field. Parameter o = 0.001 arcsec™ .

the southeast ribbon (marked with “ D ) becomes brighter.
Also, according to Figure 1, at 20:30 UT, after the X-ray
flux reached its maximum, the GOES light curve has broken
its gradual decrease and has formed a plateau, which might
imply that an additional source of energy has turned on.
This second reconnection event creates a new loop system
connecting area “c” with flare ribbon “A” and “b” with
“D” (Fig. 5) and explains the evolution of the flare ribbons.

It follows from Figure 8c that there is also a possible third
reconnection process that involves magnetic loops aA and
bD. After all these steps, the reconnection will be completed,
the magnetic field configuration will consist of new disjoint
loops (Fig. 8d) and the magnetic field will have a lower
amount of energy than it did in the preflare state. The
observed evolution of the flare ribbons seems to support the
proposed scenario.

A specific feature of this type of reconnection is the
exchange of the connectivities of opposite magnetic pol-

Fic. 8.—Sketch of possible sequence of events that occurred in the 1998
November 5 two-ribbon flare. The cross marks the site of reconnection.
The letters denote the loop footpoints and the flare ribbons according to
observed picture (see Figs. 3 and 4).
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arities without a significant change in the longitudinal field.
Analysis of the longitudinal magnetograms supports this
theoretical assumption since no large-scale magnetic flux
cancellations at, or around, the flare site were observed
(Wang et al. 1999).

4. DISCUSSION AND CONCLUSION

The reconnection model of Heyvaerts, Priest, & Rust
(1977) suggests a reconnection of oppositely directed fields.
Nevertheless, it has been pointed out (Hanaoka 1996) that
the observed, interacting flare loops were not necessarily
oriented in an antiparallel direction. Moreover, the null
points are presented in the magnetic field above the photo-
sphere only when the parasitic bipole is nearly parallel to
the large-scale overlying magnetic field (Demoulin, Henoux,
& Mandrini 1994a), which can produce a simple loop flare
(Heyvaerts et al. 1977). However, configurations without
the nulls above the photosphere level could also produce
flares (Demoulin et al. 1994a). In the absence of the null
point in the magnetic field configuration, Berger (1988),
Priest (1988), and then Priest & Forbes (1992) have pro-
posed that the three-dimensional magnetic reconnection
may occur at the separatrix layers (Demoulin et al. 1996;
Longcope 1996). The typical configuration consists of a pair
of two unequally sized loops. The closer footpoints share
the same magnetic polarity while the loop planes make
some angle in space (Hanaoka 1996, 1997; Nishio et al.
1997; Aschwanden et al. 1999). The magnetic configuration
in this interaction can be described in terms of the quadru-
polar configuration (Aschwanden et al. 1999). The only pos-
sible way of relaxing the preexisting magnetic field is to
exchange the connectivities of opposite magnetic polarities.
The resulting configuration will consist of two disjoint mag-
netic loops and will be simplified with reduced differential
shear (Schmieder et al. 1996; Abramenko & Yurchishin
1998). This process is in agreement with our present under-
standing of the evolution of an active region as a continual
distortion of an existing equilibrium of the magnetic field
with a subsequent fast relaxation to a new neighboring
equilibrium (Heyvaerts & Priest 1984; Longcope 1996).

Recently, Aschwanden et al. (1999) studied in great detail
quadrupolar magnetic reconnection in solar flares. One
finding is that out of 10 studied solar flares six are found
with almost collinear interacting loops (the angle between
these loops was less than 16°). Another interesting result is
based on Melrose’s flare model (Melrose 1997). It has been
estimated that only a self-inductance of the largest magnetic
loop involved in reconnection is relevant for the free mag-
netic energy. The amount of the energy depends, to the first
order, on the length of the largest loop and the current ratio
I,/I, of two interacting loops. The angle between inter-
acting magnetic field lines and their relative distance was
found to be of much less importance. The flare energy esti-
mated on the basis of Melrose’s model closely matches the
energy inferred from the GOES soft X-ray (SXR) flux and
hard X-ray telescope (HXT) hard X-ray flux (Aschwanden
et al. 1999).

The radiative energy from the SXR-emitting plasma for
the 1998 November 5 flare can be estimated by

AESXT = 3kTn, fV
or

AESXT = 3kT/fVEM ,
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where T is the plasma temperature, n, and V are the elec-
tron density and the emitting volume correspondingly, f is
the filling factor of the SXR loops, f < 1, and k is the Bolt-
zmann constant. EM is the emission measure of the plasma,
which can be expressed as EM = | n?V. The plasma param-
eters can be determined from GOES two-channel diagnos-
tics and the loop morphology observed by SXT and
TRACE.

The maximum temperature of the hot plasma was
recorded as 20 MK, and the emission measure (EM) of the
SXR plasma was 1 x 10°° cm~3. The length and width of
the SXR loops can be estimated from SXT and TRACE
images, and the thickness of the loop(s) is taken the same as
the loop width; hence the emitting volume V is estimated to
be 9 x 10?7 cm?. Taking the filling factor as 1, the electron
density of the loops was about 1 x 10!'! ¢m™3. The radi-
ative energy contained in the SXR plasma is, thus, obtained
as 4-7 x 10° ergs if the filling factor is chosen to vary
between 0.3 and 1.

To estimate the lower limit of the energy released in the
1998 November 5 flare, we made use of our extrapolated
field and Aschwanden et al.’s adoption (Aschwanden et al.
1999) of Melrose’s quadrupolar current-loop model. It sug-
gests that the energy released in the flares is due to a redis-
tribution of electric currents and the magnetic flux above
the photosphere. The maximum transferable flare energy is
defined as

AE~ L2} myomer( T2 )L Vo
\p) ¥ 10° em \ 1011 4) &%

where r, and I, are the radius and the current of the large-
scale field line involved in the reconnection (Aschwanden et
al. 1999). From Figure 4, we estimated the radius r, as half
the distance between flare ribbon “A” and area “b,” and it
is equal to 40” =3 x 10° cm. Unfortunately, we do not
have transverse magnetograms for this active region. To
estimate the lower limit of the current I, flowing in the
large-scale loop, connecting area “b” and flare ribbon “A,”
we used a linear force-free field transverse magnetogram.
Thus, we have obtained the value of the current I, equal to
5 x 10'°4. These parameters gave us the value of
AE = 7.5 x 10?° ergs, which is 1 order lower than the
observational estimates based on the Yohkoh/SXT irradia-
tion. The estimation was made assuming the linear force-
free magnetic field with « = constant. In this case, the net
current I is equal to the total current I, of some sign
(depends on sign of «) flowing in the coronal loop. However,
taking into account the nonlinear character of observed
solar magnetic fields and the small-scale structure of the
coronal electric currents, it is straightforward to assume
that stronger currents are present in coronal loops. Indeed,
let us consider a coronal loop that has a nonlinear internal
structure with an oscillating o parameter (parameter of the
nonlinear force-free field « takes positive and negative
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values inside the loop). The net current I = I; + I, flowing
in a coronal loop defines its large-scale structure, in particu-
lar, the location of both its footpoints. Then, we can
increase or decrease, to some extent, total positive and
negative currents I and I, keeping the net current I con-
stant. It would give us unchanged shape of the coronal loop
and the constant location of its footpoints, while the inter-
nal structure would be more twisted or relaxed. That is the
one possible way to increase an amount of currents in a
coronal loop. For instance, if we increased the I; or I,
current only by factor of 2, the flare energy AE would be
equal to 3 x 10°° ergs, which is exactly what we have
obtained from the Yohkoh observations.

As inferred from LFFF modeling, the two-ribbon flare on
1998 November 5 was a product of a multiple reconnection
process between interacting loops, which make a small
angle in space. Calculations presented here explore only the
large-scale magnetic field structure in the active region.
However, taking into account a possible filamentation of
the solar magnetic field, this flare could be considered as a
superposition of many small-scale reconnection events. In
this case, one would expect a variety of angles between
small-scale magnetic fluxes, which would bring up the addi-
tional energy for the flare (Aschwanden et al. 1999). Another
possible scenario is that the self-organized criticality model
could be realized with the avalanche process of small-scale
energy releases (Lu & Hamilton 1991; Georgoulis & Vlahos
1996).

The magnetic configuration, revealed here, naturally
explains the location and the shape of the flare ribbons and
the location of the postflare loop system, as well as the
magnetic connection between the Ha brightenings. Multiple
magnetic reconnection also allows us to explain the evolu-
tion of the flare ribbons and the additional energy release
during the gradual phase of the flare.

The interaction of closed magnetic loops in a two-ribbon
flare can also explain the origin of the giant X-ray coronal
arch observed after the two-ribbon flare onset (Svestka et al.
1982). This result also meets the conclusion of Simberova et
al. (1993) that the giant arch is the result of progressive
reconnection of elementary flux tubes of two (or more)
interacting loops.

We would like to emphasize that unlike the Kopp &
Pneuman (1976) configuration, the model discussed here
does not necessarily need destabilization and eruption of
the active region filament. The filament eruption, even if it
accompanies a two-ribbon flare, could be one of many
equal possibilities to trigger a solar flare.

We acknowledge the referee’s comments and suggestions
that helped us improve the presentation. This work was
supported in part by NSF-ATM (97-14796) and NASA
(NAG5-4919) grants.
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