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RESUMEN: Describimos, en forma general, 1la fenomenologia de 1las
fulguraciones solares a traves de diversos aspectog: una revieion
breve de la historia de las observaciones, una descripcion general de
sus caracteristicas observadas y, por ultimeo, una enumeracion de 1los
requisitos basicos que deben satisfacer los modelos de fulguracion. En
segundo termino, resumimos algunos de nuestros resultados recientes
referidos a las caracteristicas de la liberacion de energia observadas
en eventos que abarcan un rango, tanto espacial como energetico, muy
amplio: fulguraciones, microfulguraciones y abrillantamientos de gran
egcala. La base de nuestro analisis es el conjunto de datos, unicos en
su tipo, obtenidos por el Egpectrometro de Imagenes en Rayos X Duros
qQue vVvolo a Dbordo del satelite Mision para el Maximo Solar vy
magnetogramas vectoriales del Centro de Vuelos Espaciales Marshall.
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ABSTRACT: We present, in general, the solar flare phenomenon going
through several aspects: a brief historical survey of solar flare
obaervations, a general description of its observed characteristics
and, finally, an account of the basic requirements set on solar flare
modelsa by the observational data. As a second step, We summarize some
of our recent results on the observed character of energy release in a
vast energetic and spatial range of events: flares, microflares and
large scale brightenings. The base of our analysis ie the unique set
of data provided by the Hard X-ray Imaging ©Spectrometer, that flew
aboard Solar Maximum Mission satellite, and ground-based vector
magnetograms from the Marshall Space Flight Center.

1. INTRODUCTION

1.1 A little history

Sclar flares are energy releasgse transient phenomena, the
most spectacular and violent (> 1032 erg in » 102 - 103 8, in extreme
cases ) form of activity in the sun atmosphere.

On September 1, 1859, R.C. Carrington (1860) and R. Hodgson
(1860) observed for the firet time & white light flare, being this
type of event not  the moet common within theee phenomena. From then
on, and until the launching of the Orbiting Solar Obsevatory (0S5S0)
satellitee, the data were obtained mainly from earth 1in eeveral
wavelengthe. There exiets an overvhelming guantity of obeervations,
mainly in Ha, wWhich have been the basement for general conclusions
about the size, ehape, inteneity, etc. of flares. In particular, these
evente have been claseified according to the area covered and
intensity obsgerved in this wavelength (eee e.g. Svestka, 1976). This
clageification describes quite well the coldeest, region of a flare (T o
6 - 8 103 K) and ite 1levels of 1importance are related to certain
effecte induced in earth, such &ae: geomagnetic estormeg and &auroras.
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However, ae Parker has said: “trying to underetand the basic phyeical
processes at work in flares ueing only Ha data, ie the eame like
trying to describe a dinoceaur looking only at ite footprinte”. In this
line, the analyeie of a hotter (T =2 108 K) emiseion component, that
has come evident in modern obeervatione, has thrown light in the
understanding of the physice of flares.

It i8 known, from long time ago, that almoet all flaree
develop in active regione (ARe) with sunspotes and that they are more
frequent as wmore complex the sunepot group ie (Bell and Glazer, 1959;
Dodeon and Hedeman, 1970). It hae also been obeerved that the evente
that take place in the penumbral part of a sunspot releaee the largest
amounte of energy (see review works by $veetka, 1968, 1981 and etudiee
by Dodson and Hedeman, 1960; Ellieon et ml., 1961; Martres sand Pick,
1962, Neldig, 1977; Dwivedl et &sl., 1984). However, the firet
obgervations showed that flares do not appear in the umbra (Svestka et
al., 1961), being evident that there are other important aspects in
the magnetic configuration beeides the field intensity. With the
advent of the solar magnetograph designed by Babcock in 1953, it was
pogeible to compare directly the photospheric magnetic field and the
region of the Tflare. Its location with respect to the longitudinal
neutral line (Bi11 = 0) was studied by Martree et al. (1966) a&and
Moreton and Severny (1968), who related it with the presence of small

-bright Ha pointe; these appeared &t both eidee of Bi11 = 0 at the

beginning of the event 1in regione of intenee field gradient. Though
the firet data provided information of the longitudinal magnetic field
only, it wae poseible to infer, under certain aseumptions, the
direction of +the transveree component (Zvereva and Severny, 1970).
Zirin and Tanaka (1973) and Tanaka and Nakagawa (1973) were the firset
to discuse the importance of the observed magnetic ehear in the
structure where the events develop. Magnetic shear gives the idea of
the departure of the locml magnetic field from = rpotential
configuration; being the eshear angle, defined by Hagyard et al.
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(1984), the angular difference between the obeserved and the potential
field direction calculated <from longitudinal field measuremente. We
will diecuse thie point in relation to the energy released by indivi-
dual bipolee in the following Section.

There are obgervatione of two types of phenomena that point
out the essential role of the magnetic field estructure and dynamics.
These are: eympathetic and homologoue flaree. Almoet simultaneoue
evente, called eympathetic, are often obeerved in different active
regione (Richardeon, 1936, 1951; Becker, 1958, DMoreton and Rameey,
1960; Valnizék, 1961; Athay &and Moreton, 1961) the interconnecting
loope seem to be the channele through which different typee of
perturbatione can travel from one active region to another giving
place to thie phenomenon. On the other hand, it 1ie frequently eeen
that one event happene in the came place &and preserving the eame
geonmetry ae & previous one. Thie recurring character of flaree was
observed for the first time by Waldmeier (1938) &and ehowe that:
either the non-potential configuration 1ie rebuilt after every event,
or only & part of the stored energy ie released after every event.

It wag during the 60°'e that considerable progreee was made
in the observational area. The data obtained from satellitee gave the
chance of analyzing flaree in wavelengthe not yet detected from earth.
The first soft X-ray obegervations were provided by the inetruments
sboard 0S0-1 (White, 1964). The spectrometers on 0S0-3 (Hudeon et al.,
1969), O0GO-5 (Orbiting Geophysical Obeervatory, Kane and Anderson,
1970) &and 0S0-7 (Datlowe et a&al., 1974a,b) obseerved innumerable
emall eventa between 5 keV to ~ 100 keV. These data were used mainly
for statistical etudies. In the EUV, the first data with spatial
resolution were those of the 1instrument of +the Harvard College
Obeervatory (300-1350 A) aboard 0S0-4 and 0SO-6 (Wood et al., 1972).
Conparing these obsgservations with those obtained esimultaneously in
X-rays by other satellites, Wood and Noyes (1972) concluded that the
EUV emigsion wae & combination of two components: the first associated
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to the non-thermal and impulsive X-ray radiation, that would result
after the injection of accelerated electrone in the denee chrowmosphere
during the flare triggering &and the second related to the thermal
X-ray emieeion, that would come from the indirect heating of the
chromospheric plasma due to & coronal source.

Theee early USA satellite experiments were complemented by
the TD-1A of the European Space Research Organization 1in 1972; 1ite
hard X-ray spectrometer (Van Beek, 1973) obeerved the eolar radiation
between 25 keV and 1050 keV with high temporal resolution. Hoyng et
al. (1976) analyaed thoroughly the data 1in relation to the eource
models for hard X-ray emiseion during flares.

Skylab wag the first manned migeion that obeerved the Sun
(1973 - 1974). Thie space etation had 8 telescopes (Apollo Telescope
Mount, ATM) covering a wide wavelenght range (2-7000 ), which allowed
to obtain information of the different zones in the solar atmosphere.
A review of the obgervations and most important conclusione of ATM can
be found in Zirker (1977), Sturrock (1980&a) &and Orrall (1981);
though, perhape, the outstanding reeult of thie mission wae the
recognizance that the clasgic picture of a homogeneous corona heated
by sound waves is, at most, & minor component.. The golar corona 1is
structured in & vast hierarchy of magnetic loope, playing the magnetic
field &an essential role 1in the heating of the external eolar
atmosphere (see Kuperus et al., 13981 for a review). On the other hand,
regions of open field lines ehow reduced coronal emieeion and are the
sites where the golar wind originates.

Though Skylab was launched during the minimum of the solar
cycle, a substantial leap forward in flare modelling took place sfter
ite high epatial resolution X-ray and UV pictures. In particular,
flares were eeen like very bright coronal loope that could come in two
main claesee, distinguiehed by the global form &and action of the
magnetic field in which they occurred (Pallavicini et al., 1977; Moore
et al., 1980). In one claes, the flare develops within the loops of a
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single bipole, loope that remain closed throughout the event. In  the
other clase, the flare occure in & sheared magnetic arcade as an 1in-
tegral part of the eruption and expulelon of the magnetic field
carried in & filawent, and coronal maee ejection. Moore et al. (1980)
referred to the above two classes &8 “compact” and “two-ribbon”
flares. Following Svestka (1986), we shall call the firet class
“confined” &and the other "ejective”, according in thie laet case
with the terminology in Machado et al. (1988a); we do this so as to
emphagize the egsential differences between both.

After this wmission we <can mention: the Internaticnal Sun
Earth Explorer (ISEE, 1878) and P78-1 (1979) esatellites. The
firet spacecrsaft carried aboard A hard X-ray gpectrometer
observing between 26 and 3170 keV  (Rane et al., 1979); the results
obtained, relevant 4 fLlares, can be found 1in Kane (1983). In
relation with FP78-1, Doeschek (1983a) describes the inetrumentes aboard
and Doschek (1983b) summarizee the conclusione derived from these da-
ta.

Resgides the numerous satellite experiments already
mentioned, a great deal of information was provided during the same
period by imnstrumenta that flew in Dballoons. All these data,
compiied along almost 20 years, were surpassed 1in quality in
sorna caseg and complemented in  others by the cobservations of the
Solar Maximum HMission (SMM). This USA satellite, together with
Hinotori from Japan, were the last two devoted, almost
exclusively, to the cobservation of golar flarea. Kondo (1983) and
Tanaka (1983, 1987) deacribe the intrumentation and the main
results from Hinotori, reaspectively.

oMM was launched on February 14, 1980, near the maximum
of solar cycle No 21. 1In November 1980, the spacecraft attitude
control system failed; being repaired in orbit by the crew of the
Space Shuttle in November 1884, The satellite de-orbited and was
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lost on December 2, 1988 in the Indian Ocean. During 1its useful
life, more than 400 papera based on SMM observations and their
interpretation have appeared in scientific journals. A compilation of
SMM results can be found in Kundu and Woodgate (1986), while Solar
Physics Ro 65 was devoted exclusively to a description of the
instruments aboard.

We ghall now c¢utline briefly the main features of the
Hard X-ray Imaging Spectrometer (HXIS, Van Beek et al., 1980), since
its observations are the basgis of our next analysis. Two dimensio-
nal imaging in hard X-ray of flares became possible for the first
time with HXIS. This ingtrument consisted of an imaging collimator
of ten grid plates divided into 676 sections and a poeition s8ensitive
detector system. The grids formed a coarse field of view (CFOV) 6°
24" " in extent (with 32"~ resolution square picture elements or
"Pilxels”) and a fine field of view (FFOV) of 2° 40°° (with 8 -
resolution pixels). Every pixel waz observed, with time resolution
down to 1.2% 8 and up to 7 8 depending on the operational mode, in
8ix energy bands ranging from 3.5 to 30 keV and arranged in the
following way: Bl 3.5-5.5 keV, B2 5.5-3.0 keY, B3 8.0-11.5 keV, B4
11.5-16.0 keV, BS 16.0-22.0 keV and B6 22.0-30.0 keY. Though HXIS
had only nine months of active operation its data set constitutes a
unigque recerd of solar flares, with a s8patial resgolution never
before achieved at those high energies.

In this survey ws have emphagiszed the observations that
have been more relevant for solar flare theory. At pregent,
several satellite experiments are being prepared to fly during this
solar cycle (82e Rovira, 1990) which «will try to throw 1light in
several points that still rewaln cbscure, not only in relation to
flares but also in many othar aspects of solar physics.
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1.2 Basic description of flare spectrum

In Figure 1 we show the temporal evolution of a typical flare; it
agreement, the light

be seen that, though there exists a general
can completely

curves are different enough 8o that no one

Solar flares emit radiation in a wide range of wavelengths.

describe the event.
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Fig. 1 Inteasity as a function of tise at different wavelengths for a typical flare. We bave indicated
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Some flares may also eject plasma into the corona and
the interplanetary space originating a shock wave. As this
wave travels, it excites plasma oscillations that give place to a
type 1I burst, a drifting radio emission. Part of the electrons
that have been accelerated during the flare stay trapped behind
the shock producing, through gyrosynchrotron radiation, a metric ra-
dio continuum called type IV radio burst. This emission can
be stationary or moving, either if it comes from the electrons that
stay in zones of closed magnetic field lines or from those that are in
the ascending plasma cloud.

The temporal evolution of the observed intensity in
different wavelengths is often divided in phases that are related, in
first approximation, with distinct physical proceseseg. In the X-ray
range (see Fig. 1), we shall talk of: onget, impulsive and gradual
phases (8ee Machado et al., 1988a). The onset phase indicates
the beginning of the event with a slow rise in soft X-rays. This phase
can, eventually, &sppear 1in hard X-rays. Afterwards an impulsive
phade is observed in hard X-rays, during this period the soft X-ray
light curve has not reached its maximum but shows a steep slope.
The gradual phase, that may not be present 1in many events, follows
the impulsive in hard X-rays. In the soft X-ray curve, the period
after the maxismum is often called main phase (B8ee e.Qg. Priest,
1982).

1.3 Basic requireaments for flare models

The theoretical interpretation of solar flares has been
the subject of lorg discussiong in the last years, and the great
nupmber of models that have appeared do not explain the flare
phenomenon in all its aspects. Most of these are qualitative in nature
and agree with observations in a general way. Some of the basic
physical parameters used in models, ag e.g€. the size 8cale of the
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energy release zone, are orders of magnitude smaller than  the
ninimum instrumental gpatial resolution ever achlieved and,
therefore, direct comparison between abservations and theory is
not vyet posaible. On the other hand, the flare observables are the
result of the convolution of the primary energy release
characteristics with those of the environment where the flare
occura, through a combination of plasma instabilities and energy
transport processes. Despite all these constraints, observations
obtained in the last two decades have Dbeen suostantial for flare
theory.

The problem of flare nodel requiremente is not a
completely objective matter, and a discussion giving different
welght to certain aspects of flare phenomenon can be found in
different reviews about solar flare models (Sturroci, 1880Db;
Spicer and Brown, 1881). We point out that the requirements we
enumerate herae, are the basic ones that emerge from the analysis
presented 1in the next Section.

All the hypothesis that are made about the nature of
golar flares give an important role to the magnetic field of solar
active reglons, as can be inferred from the observations
described previcusly. It is accepted, in general, that a solar flare
ig a coronal phenomenon and that the energy released is stored
in stressed (current-carrying) magnetic structures; being the energy
etorage process one of the pointa that has to be considered.

Provided that the coronal and photospheric plasma i8 highly
conducting, the most astraightforward way of increasing the energy
content of a coronal potential configuration, where B <<1 (B8, ratio of
the gas pressure to the magnetic presssure), 1is through the
motion &f the photospheric (8 »>1) footpoints of magnetic loops.
This energy storage can be considered as a slow process along which
the magnetic field evolves through a succesion of force-free

configurations, ending up in a higher energy state (Low, 1982).
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This process seems to be possible &ince the photospheric motions
timescale is of the order of days, while the coronal field would
adjust to this perturbation, with the Alfven velocity, in a
timescale of the qrder of seconds. Figure 2 shows the way in which
the original configuration can be deformed: a whirling velocity field
can twist the footpoints of a loop (upper drawing) or an arcade can be
sheared due to motions tangent to Bii1 = 0 (lower drawing).

t

B
Mg. 2 Schepatic represeatation of  the deformation of potential coronal

sotions: a teisted loop (upper drasing) and a sheared arcade of 1ogps (lower dralggz). flelds due to  footpotat

u :O _—
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McClvmont and Fisher (1989) evaluate the mechanic energy
agsoclated to the turbulent motione of the upper convective zone.
They find out that the energy needed for a flare cannot be

instantaneously provided, but that along ~ 1 day a flux tube would
gtore 1031 erg. In hig model of coronal heating, Parker (1981a,b,

1983a,b) propose3 that footpoint motions continuously drive the

coronal magnetic field into states of dynamical nonequilibrium. In
thise process, many discontinuities (current sheetsg) are
spontaneously formed; in thegas regions the fielQd reconnects
enhancing, thus, Joule dizzipation and simplifying the magnetic

structure. However, Anticchos (1937) shows that for continuous
boundary conditione only contiaucus aclutions are allowed for the
coronal force-fiee flelds: being  thus not proved Parker’s
agsertion. There are alsc coronal heating models based on the
excitation of magnetohvdrodynamic (MHD) turbulence (van
Ballegooijen, 1986: Gomez and Farro Fontan, 1988); according to
them, the energy coming from  photospheric motiong undergoes a
cascade process towards the wmicroscale where it is efficiently
disgipated through Jdoule effect. Theee models are stationary and do
not takes into account an eventual energy storage. At this point,
the problem of explaining through the same process coronal heating
and energy storage for a flare has not yet been solved.

The observation of photospheric magnetic ghear along longitudinal
neutral lines (Krall et al., 1982, Hagyard, 1988) suggestg the
existence of net currents flowing from the photosphere towards the
corcna and, ocn  the other hand, the fact that the longitudinal
magnetic configuration of an active region does not change after
flare (remember sl2o homologous flareg) Iindicates that the energy
reiecased ia energy in =xceass over the potential one. Our resulte.
also suggest that, differences in the energetic evolution oy
independent bipoleg are due to different levele of energy storag.
(Bee next Section).

136 Bol. Asoc. Arg. de Agtr.



Moat of flare models (see however Henoux and Somov, 18987) do
not consider the energy storage procesg and assume that energy is
already available in the coronal loops.

The coronal field deformation, Jjust described, is an ongoing
process. However, it is not expected that the magnetic stressges can
increase indefinitely. HModels that study gequence of force-free
equilibria in arcades (as those shown in Figure 2) find that the

structure eventually reaches a metastable state (Birn and
Schindler, 1981) and infer that, at thies moment and due to some
perturbation, the flare 1ie triggered, the configuration releases

its free energy and returns to a low energy state. The pregence of an
impulsive phase at the beginning of the emiesion in certain
wavelengths shows that the energy release is violent. A flare model
must then consider a flare trigeering mechaniem. Those that propose
that the geometry of the event i3 given by more than one bipole,
asgsume that the 1interaction between them atarts the energy release
(8ee e.g. Heyvaerts et al., 1977); while those that consider that
flares take place within one cloged lcop, propose the development of
some type oif instabilicty (see e.g. Spicer, 1977; Van Hoven, 1976,
1881). Our resulta support both the idea that the interaction betwaen
bipoles, probably through reconnention, occure at the beginning
of most flares and the idea that the bulk of energy release
takes place within the bipolez (gee next Section).

Another problem that flare models have to explain, is that ot
the energy release wmechaniem. In particular, the impulsive phase
seems to be the one that gets the major requirementsg. During thia
period, the obsgervations Indicate the presence of high energy
accelerated particlee and, therefore, the proposed mechaniem hag to be
able of heating the plasma and accelerating particles. For
example, the hard X-ray emigsion reguires, according to the agsumed
gource model, either the presence of zones with T > 108 K (Brown et
al., 1979; ©OSmith and Lilliequiest, 1979) or the acceleration of
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1086 electrons s-1 (Hoyng et al., 1976). Most of modern flare
m;dela consider magnetic reconnection or annihilation in current
sheets as the energy release mechanism, being then the topology of
the reconnecting region what characterizes the model. Excellent
reviews of flare models are those by Sturrock (1980b) and Spicer

and Brown (19881).

2. FLARE AND FLARE-LIKE PHENOMENA IN MAGNETICALLY COMPLEX ACTIVE
REGIONS

In recent works (Machado et al., 1988a,b; Mandrini et al.,
1989; Mandrini and Machado, 1890) we have analized the properties of
flares and other associated phenomena that are determined from HXIS
data and combined ground-based observations of the magnhetic field.
In our analysis we have considered the s8o0oft and hard X-ray
spatiotemporal evolution, the time dependence of the thermal
energy content 1in different magnetic bipoles participating in the
flares and the relationship of the X-ray behaviour to the strength and
observable shear of the magnetic field. Our aim with this study
has been to draw a picture of flares meaningful for the
understanding of the energy release process and the field topology
where they occur, confirming and/or adding to the findings of
previous observations, i.e. those of the Skylab. In this Section we
summarize and illustrate our main results.

We point out that we take as a working premise that the hard
A-ray emission at photon energies ¢ 2 16 keV is intrinsically
asgoclated with the primary energy release procees, irrespective of
whether the bremsetrahlung emieeion at euch energies 1ie thermal
non-thermal or & combination of both. Thie premise is based on the
fact that the higheat energy release powers (erg-! 8) are thoaea
needed to explain the observations during the hard X-ray burst,
whatever the eource of this emission is (see Machado, 1982; Vlahos et
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al., 1986 for reviews). The limit e = 16 keV to the hard X-ray
emission i8 8et only for instrumental reaeons, eince 1t 1e the
inferior boundary of the lowest energy band (BS5) of HXIS that is not
severely contaminated by radiation from the (T o 107 K) soft x-ray
emnitting plasma.

2.1 Confined and ejective eventis

Machado et al. (1988a) included in their analysis of flare
properties 23 events from HXIS data set. Here we describe, in
particular, three flares showing similar morphological characteristics
that developed in AR 2779 (NOAA number) during November 1980, and then
extend our conclusions to some other examples from the original list
(see Table I in Machado et al., 1888a).

In Figure 3 we show the evolution of the overall magnetic
field of AR 2779 between Nov. 6 and 12, 1980. It can be seen that the
positive polarity regione appears split towards the E (central
magnetogram), with reapect to the original configuration (upper
magnetogram), evolving to the situation in which the analyzed events
took place (lower magnetogram). AR 2779 was composed of two main
sunspote with a reversed polarity region between them (see Fig. 3 and
Fig. 4a). In Figure 4c we give a 8schematic representation of the
coronal field lines across the neutral 1lines labelled as A, B and C
(Fig. 4b), plus a large structure D which connects the leading and
trailing spots. Such configuration should have and X-type neutral
point region above the intermediate neutral line A, which we have
encircled in Figure 4c. This line was the region with the largest
observable magnetic shear along the period shown in Figure 3;
according to Hagyard et al. (1884) the maximum shear angle exceeded
70
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Pig. 3 TYesporal evolution of the magnetic field of AR 27178, Longitudimal magmetograa  obtaimed
o&‘ Bov. ;o 1980 tive polarity 1s shown with filled lines and ne{ative with 'ﬁi.n : ,lll-

. ' :ocl s (ups:r
ve). Overlay of loagitudiaal aad tranaverse field smeasurementa of Hov. 8 *celtral figure) asd Nov. 11
0

1080 (lower figure). HNotice that neutral line A (Pig. 4) is a regloa {nteass magaetic shear. Ali
nagnetglrals lerg oblalned at the Harskall Space Plight &en{er (IgIC). o
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Figure 5 depicts the soft and hard X-ray light curves for
the three events, The impulsive phase, marked with a bar,
ija charactarized by the hardest X-ray spectrum (largest flux of high
energy, ¢ > 100 keV, photons) in the Hard X-ray Burst  Spectrometer
(HXRBS, Orwig et al., 1880) data (Dennis, 1887); this indicates the
generation and precipitatlion of high energy electrons (Emslie and
Machado, 1987). After the impulsgive spilke, a gradual phase is
clearly seen in Nov. 11 flare; beling aleo present, though less
intense, in HXRBS data for the other two events. This component has a

gofter spectrum,

1000 600
10 10 5] 200

33 65
22 30keV

N L
\ A
i Vi apa
, ‘ L L'\a/‘j’ A TS 1 1‘! :\/L’ \’1 I 2
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I I T i T s i T P ’;riod“ﬁ. 0 ofbvents. 06" ol tI 0catls upper’ 16l
coracr) correspoid o the soft (top) and bard (below) X-ray ¢ s-1.

Figures 6, 7 and 8 sa8how the spatial development of the
emission seen by the HXIS low energy bands as a function of time;
here we have outlined the neutral lines A and B (see Fig. 4). A
enall and bright zone. labelled F1 in the three cases, 1is observed
over neutral line A. Thie region ig surrounded by other two: one
extending towards the NW (F3) and another, much more elongated,
towarde the E-NE (F2). According to the 1location relative to the
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neutral lines, the identified zones correspond to three independent
bipoles. The earliest flare emission site was located within the
intermediate region (F1) of highly stressed field (see Fig. 3).

F1

'f
20:56:42 21:05:43
- F¥OV  for Norv. flare. Bvery step is equal to 16~ ia the
gli' thg'scoltozfg z::rei.::ﬁl %z:thgo.ﬁlls 25, 10 and 51 of the laxilun number of counts which is

|:=éd eithia BXI§ field. The  number " bdelow ' every figure ie¢  the corresponding UT. Ne bave
superinposed neatral lines A and B (see Fig. 4).

Subsequently, the emission expanded into F2Z and F3 in close
association with the development of the impulsive phase, this suggests
strong interaction between the bipcles. This behaviour is8 seen better
in Figures 89a, 10a and 1la, where we show the soft X-ray light curves
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and the thermal energy (Eth = 3k T Y% V&% [erg], where Y 18 the:
emission measure and V the volume) evolution for the three gtructures.
It can also be noticed (Bee Fig. 6, 7 and 8 too) that at flare maximum
F2 18 the predominant source; note 1in Figure 3 that this structure
extended over a neutral line with observable magnetic shear. Regarding
the hard X-ray (16 - 30 keV) emission, the compact Fl1 bipole is the
most important structure towards the beginning of the impulsive phase;
while the bulk of this emission is concentrated only over F2 durinsg
the gradual phase (see, as an example, Fig. 12).

F1

N
02:46:37 L—.w 02:51:09
'} 134.6cs! F3 ," 13.4¢8]

02:52:42 03:09:02 .

Pig. 7 Ides PFig. 6 for Bov. 12, 02:42 0T flare. Motice the location of the large scale structure D in the
last image.
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) F1
-3 216cs I 228c§w

N

11: 08 :46 17.18:56 D

Pig. § ldes Pig. 6 for Bov. 12, 11:00 UT flare. We bave iadicated the position of D in the last image.

WHe can now compare the characteristics of the hard X-ray
burst emission with the tempogral variation of Eth in every region. As
it can be noticed from Figures 8b, 10b and 11b, Eth for Fl reaches its
maximum and also starts decaying s8lightly before the end of the
impulsive phase. The slopes of theege curves are quite steep at both
gides of their maximum, being this behaviour consistent with the
evolution of the soft X-ray emission within this bipolar structure. In
the case of FZ and F3, the larger values of dEth/dt are observed
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during the impulsive peaks; thig agrees with our previous statement

that this phase is characterized by the apread of the emigsion over
the two structures. It 1is8 however quite clear that after this

initial rise the behaviour of F2 and F3 is clearly different. This is

particularly avident in the case of the Nov. 11 and Nov. 12, 11:00

gsee that Eth(FZ) continues rising ~ 5 m after

the impulsive peak; while Eth(F3) reaches a plateau during this
period. The evolution of the Nov. 12, 02:42 uT event is
slightly more complicated due to the considerable level of preburst
activity (de Jager and Boelee, 1884; Cheng et al., 1985), but s8till

the same type of behaviour can be recognized.

UT flares, where we
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: ] ]
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eek et al., i
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Fig. 10 Nov. 12, 02:42 UT flare. a) and b) idem Fig. 9 a) and b).
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Fig. 11 Bov. 12, 11:00 0T flare. a) Idea Fig. 9 ai. corresponding left vertical axis to F1 and right to
2 and F3. b) lden Fig. 8 b).
Bearing in mind our working premise, the facts that:
F2 is the seat of the gradual phase of the hard X-ray burst,

ite Eth in agreement

energetically predominant

located over a neutral
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extending towards a strong field region, compel the conclusion that
the bulk of the energy release in these flares took place within
this structure. On the other hand, the instability that triggered
the phenomenon seems to start either within F1 or at the
interaction s8ite between bipoles where the X-ray nucleus ie
observed during the onset phase. F1 is the seat of intense magnetic
shear and its hard X-ray emission and Eth dominates during this
period, suggesting that some energy release algso occurs here in
close association with the production of high energy particles.

2.Oc§1

20:53:00 20:54:23
N
w
:
F2
21:02:22
flg. 12 16 - 30 keV images of HIIS FFOV tgrt llo{i 11 tlare. Contours are 80, 75, 50, 25 and 1083 of maximua

intensity.
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While bipole F3, contrary to F1 and F2, has 1little shear and no
appreciable hard X-ray emission indicating that this structure
receives most of its energy from the others rather than from its
own internal content. When internally stored energy 1is released
within a bipole, we call it active and, 1in the opposite case, we
call it passive. According to this, Fl1 and F2 are active egtructures
and F3 1is passive.

A geries of flares that developed from April 7 to 10, 1980
in AR 2372 presented similar characteristics as those just described
(Machado et al, 1983; Machado, 1985; Machado et al., 1988a). The
magnetic configuration of AR 2372 was also composed of two main
spote and a reversed polarity region in between; a sketch as the
one in Figure 4c¢ is also suitable for this region. In this
particular casge, the M5FC coverage during 4 days with little
foreshortening ailowed an accurate egtimate of the evolution of the
transverse field. It wag observed that while the Dbipole over
neutral line A was the site of persistent shear, neutral line
regiond B and C eshowed varying degrees of deformation from
potential with tinme.

HXIS X-ray images show that during this period the energy
release in AR 2372 flares began and spread among the different
bipoles acccording to their relative shear, evolving as the
raelative magnetic stresa did. In all casas the oneet of the X-ray
flare took place at the location of a small bipole; either over
neutral line A from April 7 to 8 or a s8mall 1loop across neutral
line B on April 10, this was c¢lose to the larger 1loops over B
(Machado et al., 19882; Machado and Moore, 1887). The impulsive
rhage was characterized by the expansion of the X-ray emigsion
into bipoles cver neutral lines B and C, being one of these the
most important source during the gradual phase and changing
predominance according to the magneti¢ evolution. During the
impulsive phase chromospheric footpoints were observed in some of the

Bol. Asoc. Arg. de Astr. 149



interacting bipoles, having this component the hardest spectrum;
these facts indicate the presence of energetic electrons. In this case
also Eth(t) for the three structures (s8ee e.g. Fig. 5 for April 8,
02:57 UT event in Machado et al., 1888a) evolved in a similar way as
in the November flares; being the small bipole predominant during the
flare onset phase and dominating one of the other structures the
thermal energy content of the whole flare, while the third behaved as
a passive bipole.

A common characteristic, to both November and April flares,
wag the slow brightening of the global bipole of the active region
(structure D in Fig. 4c¢). Figures 13 and 14 show the spatial evolution
of a large scale structure in HXIS images after the November flares
and the April 7, 05:27 UT event. In a magnetic configuration like the
one of AR 2779 and AR 2372, the natural site for reconnection and
particle injection into different structures is at the X-type neutral
point depicted 1in Figure 4¢ (s8ee theoretical work by Syrovatskii,
1969a,b, 1972, 1982).

Flare associated large scale (> 1010 ¢cm) X-ray brightenings,
the so-called “giant arches”, were discovered in HXIS images hours
after the onset of the ejective flare of May 21, 1980 (Svestka et
al., 1982a). In this and following studies (Svestka et al., 1982b;
5vestka, 1984; Hick and $vestka, 1885, 1987; Hick et al., 1987) it was
shown that giant arches appeared after two-ribbon flares and it was
inferred that both phenomena were due to a common underlying physical
model. In a recent work (Mandrini and Machado, 1990) we have shown
that large scale loop brightenings are observed in a large variety of
situations, of which the events just described are an example, being
not uniquely related to two-ribbon flares. Furthermore, our analysis
shows that when 1large scale structures are observed in association
with ejective events, they appear in a topologically distinct set of
magnetic loops than those that give raise to the classical (post)flare
loops. Our results suggest that this large brightenings, not only in
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confined flarez but alao in aejective flares, are pre-axizting coronal
systems of loops energized by the underlying flare. The observation
of sasimilar phenomena 1in different clasges of flares (confined and
ejective) emphasize the global character of energy releage in the
magnetic structures of an active region.

We have been presenting up to now an scenario for flare
occurrence in which 1impacted bipoles participate in the events,
being the interaction closely associated with the impulsive energy
release, but coming the bulk of the energy from the internal
repository within these gtructures. Other interesting examples
from the original list are the May 9, July 14 and May 21, 1980
flares. The first 18 a confined flare, the second one can be
clasgsified as a composite of confined and ejective and the third is
a typical two-ribbon event.

May 9, 1980 flare from AR 2418 (Doscheck et al., 1981;
Antonucci, 19882; Machado et al., 1988a,b) was compoged of two
interacting bipoles; one wag observed as a compact and bright
feature and the other as a 1large and dim structure. The smaller
bipole was l»ycated over a neutral line showing intense ghear, at
both sides of which chromospheric footpointe appeared during the
impulsive phase. This site was also characterizsed by a strong
total vector field. The large X-ray structure was a egystem of
loops (Bee Fig. 10 in Machado =t al., 1988a) extending from one of the
footpoints of the compact bipole into a region of weak field. Machado
et al. (1988b) detected two X-ray fronts moving from the bright
source along these loops; according to their egdtimates thege
fronts might have Dbeen originated during the strongest hard X-ray
peak. Besides, the analysis of the thermal energy content of each
bipole shows that mest of the flare energy was released within
the small region; while the large loops passively received energy
injected from the X-ray kernel.
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July 14, 19880 flare in AR 2562 also comprised two
interacting bipoles. The X-ray and He development of this flare (Fig.
12 in Machado et al., 1988a) showa a small nucleus and an extended
configuration of two-ribbon type. JThe main difference between this
event and the one mentioned before, is that both structures
present an independent, but quantitatively comparable, thermal energy
evolution. This, along with a filament eruption 1in the large system
of loops, indicates that stored magnetic energy was released in this
structure.

We refer now to the well-studied two-ribbon flare on May 21,
1980 in AR 2456 (see de Jager and Svestka, 1985 for a review) as
another example of interaction between bipoles in a different type of
event. Prior to the flare impulsive phase ( 35 m) new magnetic flux
was observed in the longitudinal magnetograms obtained at the Kitt
Peak National Observatory (Harvey, 1983). Hoyng et al. (1881) proposed
that the emergence of this small bipole was the likely cause of the
destabilization of the AR filament (8ee the emergence flux model,
Heyvaerts et al., 1977). The X-ray emission from this region, which
was the site of a hard X-ray footpoint at the time of the impulzive
peaks (Duijveman et al., 1882), evolved in a different time 83cale
than that of the large bipole above which the filament was located,
showing its individual character. On the other hand, the gradual hard
X-ray component was observed high in the corona at the top of the
growing system of (post)flare 1loops; these dominated the thermal
energy content of the flare (Duijveman, 1983).

The results just described confirm the picture presgented in
the case of more complex evente. More examples and/or more details on
the events in this Section can be found in Table I of Machado et al.
(1988a) and references therein.
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2.2 Microflares

We turn. now to the study of weak flare-like transient
brightenings, often called “microflares”, and then put this in
perspective with the flares analyzed previously. These phenomena,
detected for the first time in HXIS data by Schadee et al. (1983),
are observed frequently and simultaneocusly in active regions. Here, we
describe briefly HXIS observations of AR 2779 along 12 h on Nov. 6,
1980 (Mandrini et al., 19889).

Figure 12 (top) shows approximately the configuration in
which the brightenings took place. This magnetogram was obtained on
Nov. 7, 1880 when foreshortening effects did not render the
magnetic obgervations unreliable. The soft X-ray intensity and the
thermal evolution for the different events are depicted in Figure 15.
The plots in this figure correspond to several 2zones in the AR,
whose location haa been indicated in Figure 16. Here we show HXIS
FFOV stretched in the E - W direction to compensate foreshortening
differences bpetween Nov. 6 (X-ray observations) and 7 (magnetic
data). In Filgure 15 we have omitted the contribution of an ejective
event that developed towards the SE and whose position is shown asg
TRF in Figure 16. The numerous weak brightenings that occurred
during this day had peak intensities of geveral tenths in HXIS
observations (Fig. 1§6). In the HXIS count rate dcale a small to

medium size flare (type B or C in the X-ray classification, see
e.g. évestka. 1976) reaches a maximum of s8everal hundreths to
1000 ¢c 8 , while larger events (type M or X) show peak intensities

above the last value. It can be seen that, 1in 8pite of their
weaknese, T in these zones during microflares are between 10 K and 2
10 K which are typical of more important flares.

In Figure 17 we presgent a get of soft X-ray images in which
the morphology of flares and microflaree can be appreciated. The
three contours in the gecond row show flares in progress. The first
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two correspond to the evolution of the growing system of
(post)flare loops after Nov. 6, 14:44 UT two-ribbon flare; notice
the soft X-ray kernel in A simultaneously. Figure 17f, on the other
hand, is an image of a confined flare that started at 17:25 UT and
which comprises two magnetic structures (Mandrini, 1989): a compact
bipole B and a 1large bipole C, 1in agreement with the general
picture of multiple loop flare topologies as discussed before.

The recurrent pattern of activity observed in the images 1is
particularly remarkable. Regions A and B, along a neutral line with
intense magnetic shear (see Fig. 3), are the s8ites of repeated
X-ray emission of varied intensity. The fact we want to emphasize is
that the shape of the emitting regions is preserved
notwithstanding differences in intensity among events, compare
contours in Figure 17f for the flare with weak brighteninge in 17¢, h
and 1. That is to say, the global morphology of two bipoles does not
change no matter the brightness ratio between flares and
microflares.

We have also found that averaging over the pericod of our
obgservations, the brightenings imply a mean energy input rate of ~1028
erg 8-1 which is enough to heat the active region corona (8ee also Lin
et al., 1884).

The similitude in the X-ray emisgion observed during flares
and microflares suggeets very strongly that both phenomena are
driven by the same basic physical process. That 18 to gay,
interaction between impacted bipoles triggers the event and induces
the release of stored energy. The possibility of a copmon
phenomenology between flares and microflares was discussed by Lin et
al. (1984) and Athay (1984). We have found similar resulte for weak
brightenings in AR 2372 (Hernandez et al., 1980).
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3. DISCUSSION

The obsgervational properties presented in the previous
Section lead us to the following picture. The basic structure of a
flare consists of an initiating closed bipole plus one or more
adjacent bipoles impacted against it. As far as our observations can
tell, the energy release can begin either within the initiating
magnetic structure or at the interaction site between them. There is
ample evidence showing that the Dbipoles interact strongly in
the impulsive phase, during which most of the energy is released
inside one or more structures rather than at the interaction
site. Besides, the strongest and most impulsive particle accceleration
is closely associated with the loop system showing the greatest
magnetic stress. If an adjacent bipole has stored energy (indicated by
the product of the s8patial extent, strength and degree of
deformation from potential of 1its magnetic field) and is
gufficiently unstable, the 1interaction can trigger energy release
within it; on the other hand, if this does not happen or the
structure is sufficiently stable, no energy is released within it
but particles and/or heat can be injected from the interaction

gsite.

The interaction between bipoles suggests the formation of an
external current sheet and reconnection at the interface,
triggering the impulsive production of energetic particles.

Afterwards, our results indicate that the way in which a flare
would evolve is characterized by the internal energy available in
every bipolar region (s8ee Fig. 14 in Machado et al., 1988a). That is
to say, the responsability of releasing the flare energy does not
rest on the external current sheet as in many flare models but on the
loope themselves (see reviews on flare modela mentioned before).
The results derived from the analysis of microflares shows that this
gsame scenario expands over a vast range of energies.
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Our data are, on the other hand, compatible with previous
well-stablished observational flare characteristics (e vection
1.1); mainly those c¢oncerning the association of flare activity
with regions of high field gradient, as well ae strong shear. They
are also consistent with Gkylab picture of coronal loops as the
basic structure of flares, being 1in this case the main new
findings: the importance of bipole 1interactions as the trigger
mechanism for flares and other weak events and the lack of a clear
physical distinction between confined and ejective events. In this
last case we refer not only to common characteristics of energy
release and triggering, but also to the pogsibility that both
clagses of events may encompass global magnetic structures 1in the
active region. Our observations of large scale brightenings,
associated to both types of flares, also ghow the 1importance of
field connections as the building blocks of the energy release

process.

Finally, we want to call the attention to the fact that all
the examples from the original 1list in Machado et al. (1988a), to
which we can add up microflares in AR 2779 (Mandrini et al., 1989)
and in AR 2372 (Hernandez et al., 1990) and also giant arches in
two-ribbon flares (see e.g. Nov. 6, 1980 event in Mandrini and
Machado, 1880), encompasged more than one sygtem of loops; meaning

this that the picture of interacting bipoles seemg to be a COmmon
scenario for these phenomena.

In fact, all these new results show that flares are not
isolated self-contained vhenomena 1in active regions. Their overall
properties span several decades in all basic characteristics like:

total energy output, power, brightness and temporal and length

scale. The flare phenomenon is, thug, much more associated with the
global properties of an active region than what previous regults
led us to believe.
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