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ADVANCES IN CORONAL PROPAGATION OF SOLAR PARTICLES

J. Pérez-Peraza
Instituto de Feoffsica, UMAM, 04510 - C, U. MF¥ICH 20, P, F,

lao- IFTRODUCTIOM. It is wall known that the study of the transport of
solar particles is not only related to the knowledre of the ohenomenon
itself, but may infer also in the study of the dynamics of charaed par-
ticle motion throuch electromacnetic fields, and in the knowledoe of

the traversed coronal and interplanetary maanetic field configurations.

For studying solar particle transport, we dispose of observatio-
nal elements that make possible to locate the site, and time of solar
particle production, in association with solar flares or specific ac~-
tive centers on the solar disk, as well as the time, the location and
their arrival directions when they are detected, either at earth or in
spacecrafts. What it is not subject to direct observations is what
happens between their generation and detection. |In fact all observa-
tional characteristics of solar particle events, such as time-intensity
profiles, longitudinal distributions, anisotropies and eneray spectra,
as we see at the point of observation is a combination of processes of
different nature takine place since their production till their detec-
tion. tHowever, it is not easy to know exactly the number of processes
involved in particle transport, nor the relative role of each one, at
least we could perform enouoh specific observatiors of different kind
in order to separate the effects of each involved process. Thouch solar
particles leavina the source environment need to travel tkrounh two dif=-"
ferent mannetic field topolonies, those of the corona and the interpla-
netary space, primary works were directed to particle transnnrt throuch
the interplanetary magnetic field, under the assumotion of impulsive
ejection of particles from the source to the base of the internlanetarv
maonetic field lines, such that, particle profiles, anisotronies, lonci -
tudinal distributions and modulation of the enerny spectrum, were exclu-
sively determined by interplanetary transport. At present, it is reall
zed that gradual particle release and particle control by coronal! maone-
tic fields may become of fundamental importance in quite a hioh number
of solar particle events. In particular, there appears now to be an
established consensus, that the azimuthal distribution of solar parti-
cles relative to the flare-observator connectine field line takes place
mainly in the corona, and not durino interplanetary transport.

The aim of this invited talk is to give a sumary of the main ad-
vances in connection with the phenomenon of coronal transport of solar
particles. Due to the lack of elements for absolute discrimination
amona different effects | will designate, in an arbitrary form, for co
ronal transport all processes involved during coronal particle propaca-
tion, eventual staces of particle storace and particle escape into the
interplanetary space.

I1.- CORONAL VERSUS IMTERPLANETARY PROFASATIN! FOR AZIMUTHAL PARTICLE
TRAMSPORT. Measurements of mannetic field irrecularities allow

to determine the relative size of the parallel x, and oerpendicular Ky
diffusion coefficlents for particle transport In the Interplanetary space,
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however , these measurements are not always encugh confidents to declide
about the ratio (k,/x,), and in addition, there is still some contover-
sy about the validity of the employed theory to calculate the coeffi-~-
cients from magnetic field fluctuations. MNevertheless, from other kind
of sources, it has been concluded that interplanetary propagation Is ba-
sically carried out the long of the magnetic fleld lines, through a dif-
fusive-type transport in the interplanetary magnetic field irreqgulari-
ties (e.qg. Coleman, 1966), where the transversal diffusion coefficient
to the mean interplanetary macnetic field is quite smaller in relation
to the parallel diffusion coefficient (x,/k, << 1). This assumotion is
based on the followinging features:

1. Strona anisotropy (50-100)% in the initial phase of solar narti-
cle events aligned with the sun-observator field line of connec-
tion (e.o. 0'Gallagher and Simpson, 1966; McCracken et al 1267;
McCracken and Kao, 1970; Raoc et al., 1971). This feature is ob-
served .in hiah eneray protons (Duacal et al. 1971) and in elec-
trons {e.c. Allum et al., 1871). In the case of low energy pro-
tons, anisotrooy may last some days up to the end of events
(Krimiais et al., 1971).

2. In order that solar corrotating events may subsist for several
rotations (e.a. Mc Donald and Desai, 1971), it Is needed that
Ky << Ky, otherwise the flux would be azimuthalv dispersed and
lost (McKibben, 1973).

3. The strona temporal difference between the onset arrival times
of particle fluxes observed in different spacecrafts, placed very
close of each other, indicating that transport is performed
within 'magnetic flux tubes', in a very independent form between
adyacent flux tubes, and implying that the properties of fluxes
only depend on the way they were injected onto the root of the
interplanetary field lines (Krimiqis et al., 1971).

b, The aleatory motion of Interplanetary field lines (Jopikii and
®arker, 1969), is not enough efficient to produce azimuthal dis-
persion of flare particles, and can only explain smal) changes
in the direction of the anisotropy (Roelof and Krimigls, 1973).

5. Cross-field diffusion may play only a minor role in transportino
particles from one field line to the next one in Lono-Lived-events
(Cold et al., 1977).

On the other hand, there are many solar particle events observed
at earth, which are associated to solar flares in all the visible and in-
visible solar disk, indicating that very often the acceleration reglon
is very far away of the root of the sun-earth connectina fleld line lo-
cated at 60° W (Bukata et al, 1972). So particles need to undergo consi-
derable azimuthal dispersion to reach the base or that field lines, If
particles have to be seen at earth., Since thls pronanation In hello-
longitud cannot take place in the interplanetary space, for the above
arquments , the longitudinal shifts must occur before the bulk of particle
ascape into the interplanetary space (where thelr propagation Is basical-
ly of unidimensional character in the direction of the magnetic field).
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Convencing evidence has been provided by Reinhard and Wibberenz (1974)
and Roelof (1973), that azimuthal transport of solar particles takes
place in the solar corona as opposed to perpendicular diffusion in the
Interplanetary space. Some Inferences supporting coronal transport
before particle escape, though model-dependents, are however interes-
ting to be mentioned:

o The observational intensity profiles of low energy particles at
1 A.U., are better reproduced by theoretical profiles, if injec-
tion is assumed to be finite In time (llke storage or azimuthal
propagation in the corona) Instead of impulsive liberation into
the Interplanetary space (e.g. Feit, 1973; Gombosi et al., 1979).

2. Exponential decay of fluxes in the last phases of events may be
explained without assuming an escape frontier, or, a fast varia-
tion with radial distance of the diffusion coefficient, if a
temporal profil simulating coronal propacation and continuos
leakage is superposed to interplanetary propacation (Wibbkerenz
and Reinhard, 1975).

Amata et al., (1975) have noted that in some events, associated
to flares very near the sun-observator field line of conection,
there is a delay in the arrival of particles, what can be unders-
tood if particles are first distributed in the corona and then
injected into the interplanetary space.

o
N

., By means of the potential approximation, Mewkirk (1973) made cal-
culations of the magnetic field topolooy of some solar flares for
which magnetic fleld had been measure, and then compare the lon-
gitudinal extension of the open maanetic field line confiqurations
associated to a certain surface or Injection, for those flares
that produced particle events, with the extension of the longitud
of detection, and he found no agreement, but the detection range
of longitudes is wider. This argues in favour of coronal azimu-
thal transport,

5. A compton-Getting transformation to determine the anisotropy in the
co-movine frame ,from that the observed in the spacecraft frame,
reveals a long lasting residual anistotropy in the co-moving frame,
with protons streaming from the sun, what was used to argue
against impulsive ejection in some events (e.q. October 1972)

(Gold et al, 1975).

Once that the existence of a certain amount of solar particle pro-
pagation in the solar atmosphere is established, it is necessary to
know the properties of such propacation in order to develop physical mo-
dels for interpreting observational data. The first studies of longitu~
dinal displacements were carried out without payina much importance to
the place where such dispersion occurred, hut rather !imited to measure
azimuthal gradients and temporal evolution of events from different
heliolongitudes of detection; however the conception of two stages of
propagation (coronal and interplanetary) had been considered lono ago
by LUst and Simpson (1957) in association with the particle event of
February 23, 1956,



I11. OBSERVATIOMAL PROPERTIES OF COROMAL PROPAGATIOM. To separate co-
ronal of interplanetary transport and establish the properties of azimu-
thal transport, observations have been carried out in two different
forms:

1. Observations from one unique point in the Interplanetary Space (the
earth for instance) of several flare particle events taking place
at different sites through the Solar disk.

2, Observations of individual particle events simultaneously, with
several spacecrafts located at different heliclonnitudes and
helioradii (e.g. Kunow et al., 1981; McGuire et al., 1983a;
Lockwood and Debrunner, 1984).

The statistical study of these data furnish the most common beha-
vior of particle coronal propagation. It is worth to mention that
transport of flare particles in the solar corona is not only azimu-
thaly but also radially, however the kind of information that we can
draw from data is not enough to evidence the characterisrics of such a
radial propaaation. Primary work in this direction with multiple space-
craft observations (McGuire et al,, 19£3a) seems to indicate that the
magnitud of any radial effect Ts small compared to the lonaitudinal ef-
fects. Obviously the observational information concerns the last sten
of coronal propanation, when particles are !iberated. but what happen
between the time of acceleration and the time of cscape remalns masked
to direct observations, and we only observe the final effects. Even the
data obtained from this last step is not of absolute precisness, becau-
se the limitations of corrective techniques for Interplanetary effects;
that is, the time~-dependet azimuthal distribution of particles at the
time of corcnal liberation, may in principle be deduced from the
time-intensity profiles measured in different longitudes at the level
of the earth orbit, after substracting effects of Interplanetary propa-
gation. However, in that case It is necessary to make certains sup-
positions about interplanetary propagation, and so the obtained results
depend on the validity of the adopted model. The most common technique
has been the mapping of the measured fluxes back to the sun, by simple
proyection of particle intensity the long of the magnetic field line,
connecting the observator with the solar corona. To do so, It is as-
sumed what we have previously emphasized, that interplanetary propaca-
tion is basically the long of the magnetic field lines. However, here
aoain 1t is needfull to adopt a mode! for the interplanetary maanetic
field; generally it is assumed the Extrapolation Quasi Radial! Hiper-ve-
locity model of Notle and Roelof (1973), with account of time-dependent
solar wind velocities. The mapping method was first used by Bukata et
al.,(1972) ;Roelof and Krimigis (1972); Gold et al., (1273). In parti-
cular, the later authors were able to isolate spatial and temporal va-
“fations. Using multispacecraft observations at four different helio-
lonoitudes, Bukata et al.(1972)studied the particle events of
March-April 1962 and found that flare particles were detected over the
360° of hellolongitud with a strone influence of azimuthal gradients on
the temporal evolution of fluxes. By mapoing back fluxes to the sun,
they were able to locate the flare site of events occured on the hidden
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hemisphere of the sun, under the assumption that the point of major emis-
sion should concur with the flare position. This however is not always
true, since It has been seen that In some events, the major flux inten=-
sity is injected in a far longitud from the source flare (Gold et al.
1977). In addition this mapping technique is mainly valid in the ini-
tial phase of events, when particles arrive with very few dispersions
through the irreqgularities of the field, in the magnetic flux tubes of
their propagation; for later times it Is rather valid for very high e~
nergy particles, or even low energy particles if the spacecraft are
very near to the sun, as for instances the Helios spacecrafts (Kunow et
al, 1977), in which case Interplanetary propagation plays a minor role.
Nevertheless in spite of the limitations of observational techniques,

it has been possible to deduce the following properties of coronal
transport:

a) The onset time of the event and the time of peak intensity in-
crease (or at least remain constant) with the azimuthal separa-
tion between the observant and the flare site (Fan et al., 196E;
Reinhard and Wibberenz, 1974; Van Hollebeke et al., 1975; Ma Suna
et al,, 1975; Datlowe, 1975; Mc Kibben ,19272; Simnett, 1971, 1972;
Barouch et al., 1871; Sakurai, 1971; Lanzerotti, 19773).

(b) The time-intensity profile widens with the lonaitudinal separa-
tion between the observant and the flare site (e.a. Reinhard and
\litberenz, 1974), and the maximum intensity Is greatly reduced
(McCracken et al., 1867; McCracken and PRac, 1970, Van
Hollebeke et al., 1275).

{c) The azimuthal distribution of flare particles tends toward
uniformity for long times during the decay phase of events
(e.g. McCracken et al., 1971; McKibben, 1972).

(d) Azimuthal coronal transport takes place at two different rates:
a fast propagation process, covering in one hour a longitudinal
extension of about 60° - 100° around the flare site, the so
called fast propagation region (FPR), with an average velocity
of < 5u°/br >, and a slower propagation process, outside of
the FPR, where transport is performed at a rate of (24°-913°)/day
(Fan et al., 196€; Ducgal and Pomerantz, 1973; Reinhard and
Wibberenz, 1973, 1974; Ma Sung et al., 1971; Duggal, 1275). Si-
milar results were found by Anderson and Lin (1966) and Lin (1970)
in relation with non-relativistics electrons,

(e} On statistical orounds, the azimuthal propagation of low energy
particles is both rigidity and energy independent (McKibben,1972;
Lanzerotti, 1973; Relnhard dnd VWibberenz, 1973; Ma Suna et al.,
1975; Roelof et al., 1975; Cold et al., 1977; Perron et al. ,1978;
Combos! et al,, 1979). A fine structure of the azimuthal propa-
cation behevior shows rhat the traveling time, over a cert.in
longitudinal distance is slioktly velocity~dependent , as
v=?.3%5% (Ma, Suna, 1977) and nractically rigidity-indenendent,
R=".%7 (Ma Sunqg and Earl, 1278). On the other hand, azimuthal
transport of hiaoh enerny orotons (> 170 MeV) tends to behave In
energy and rinidity deoendent manner (Razllevskaya and
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(f)

(o)

Vashenyuk, 1979, 1961; Kecskemety et al., 1981). There are
however other results supporting that coronal tranport of low
energy particles may show a stronaer velocity dependence, or

even an energy or rigidity behavior: for Iinstance, in assoclation
with coronal diffusion coefficients (e.g. Gombosi et al., 1977;
Kunow et al., 1981; Lockwood and Debrunner, 1984), or in relation
with variations of the spectral index as a function of lonaitudi-
nal distance (Mc Cracken et al., 1°271; Van Hollebeke et al., 1975;
Conlon et al., 1979). HNevertheless, such an eventual behevior
micht be attributed to the last steps of coronal transport. i.e.,
particle escape, or, propagation out of the FPR. Therefore, what
can be drawn from the aneneral consensus is the following:

(1) For observational points connected with field lines near the
flare site, such that only interplanetary propacation Is
important, the ohenomenon of veloclity dispersion [s observed
(vlm B, 2 AU, , where t is the time of maximun intensity).

(2) For observational points connected to the sun far from the
flare site, vt is not a constant, but increases with parti-
cle velocity.

The azimuthal propagation is controled to a certain extent by the
unipolar field sectors of the large-scale photospheric field. Par-
ticle fluxes crossing two sectors of opposite polarity are strong-
ly modulated: fFlux intensity decreases and the onset and peak

time increase. This has been observedin low enerqy particles
(Gold et al., 1973; Roelof and Krimigis, 1973; Roelof et al., 1975;
Gold and Roelof , 1979; Reinhard, 1975; Kunow et al., 1277;
Reinhard et al., 1977) as well as in high enerqy particles
(Vashenyuk et al., 1977). The frontiers of unipolar sectors seem
to be associated to the coronal extensions of chromospheric neu-
tral lines, or, the dark filaments of the low corona. Unipolar
sectors behave as extended regions of preferential liberation
(Reinhard et al., 1977), and determine large azimuthal gradients
among them. Van Hollebeke et al., 1975 Infered preferred-connec-
tion longitudes of ~ 60° of extension, In agreement with the ave-
rage dimension of chromospheric unipolar region (Mc Intosh, 1972).

Besides property (c), the point of peak intensity moves in longi-
tud to the west, out of the flare site, up to same definite dis-
tance (e.g. ~ 100° for the april 10, 1962 event) where there is
no more displacement, as if there were a localized zone of ore-
ferential liberation, or, a strono maocnetic barrier: in some
events, the major intensity may be injected at a different lonai-
tud of that of the flare site (Keath et al,, 1971; Reinhard and
\'ibberenz, 1973; Gold et al,, 1277: Relnhard et al,, 1977)

These seven properties are more or less common to most of solar

flare particle events. Obviously, the first three look like typical
properties of diffusive transport, thouoh the time of maximum intensity
increases linearly with azimuthal distance, instead of a quadratic incr-a-



se as it Is expected from pure diffusion (Reinhard and Wibberenz, 1973).
There are however other features that seem not to be general propertlies
of coronal transport, but rather peculiar properties of some specific
particle events, or alternatively, there is no consensus because the
dispersions of results without a definite tendency.

(h) The spectral index y, of the power low enerqy spectra, at ener-
gies higher than n 15 MeV, increases with azimuthal distance In
the initial phase of events (Van Hollebeke et al., 1975; Conlon
et al., 1979), whereas in others y remains constant (McKibben,
1972; Perron et al., 1978) bur it may decreases with longitudinal
distance during the decay phase of some events (McCracken et al.,
1971). In Fig. 1, this property has been schematized. This is a
highly controversial point where the effects of azimuthal displa-
cement are hardly separable from those of coronal particle escape,
or even from energy degradation during particle storace, or, an
eventual participation of continuous acceleration with a spatial
and temporal dependent source strength. At any event, this pro-
perty seems to be ineluctably associoted with properties (d),(e),
{a) and the diffusive behavior during coronal transport.

(i) McKibben, (1972) reported two phases of particle decay in some
events , where the time-decay constant abruptly increased for a
factor of 2 - 3 from one phase to the other. Stronag azimuthal
oradients were observed in the flirst phase, and low longitudinal
gradients with longer time decay occured in the second phase.
The abrup transition were simultaneously observed at two space-
crafts very separated In heliclonaitud. Particles of the second
component were uniformely distributed in lonaltud, whereas the
first component are rather concentrated to a shorter lonnltudi-
nal emission extension,

(J) In some events particle emission last lonner than the needed ti-
me for propagation If particles were simply advancing azimuthally
while escaping, and emission may even prolong for several days
after the flare, Particle storage has been evoked for Interpre-
ting this delay (e.g. Simnat and Holt, 1S71; Benz and Gold, 1971;
.Zeldovich et al., 1977, Hellos group, 1979). This is supported
by radio-waves and X-rays emissions (e.q. Lin, 1970; Simnet,
1971). However, for the survival of low energy particles agalinst
collisional losses, a continuos acceleration process must be ope-
rating along with particle storage (Krimigis, 1973; Roelof and
Krimigis, 1973; McDonald and Desai, 1971).

(k) At least in the particular case of corrotating solar particle
events, where a regimen of continuos emission is established,
the time decay of low enerqy particles is lonaer than for hiah
eneray particles, Indicatina that azimuthal cradients are hinher
for low eneray than for hinh eneray particles (Rac, et al.,1971).

Finally, another restriction that should be consldered in modela-
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tina coronal transport, is the occasional occurence of a preliminary
peak in the intensity-time profile of nonrelativistic protons, before
the peak of the bulk of the flare particle radiation (personal com-
munication of the GSFC group, 1978). This seems indicate that parti-=
cles are impulsively liberated in a step of different nature of the
subsequent gradual escape.

To conclude the description of the observational points that a
suitable model of azimuthal transport of solar flare particles should
be able to explain, let emphasize again that it is not yelt possible
to categorically determine which are the characteristics of the lonqgi-
tudinal injection profiles that depend on the process of longitudinal
propagation, or, on the escape mechanism. For instance, the azimuthal
gradients may be used as indicators of the magnetic field structure,
since particle escape Is controled by the magnetic field: the points
of major detection of particles would be indicative that the coronal
magnetic field have open field lines in the connection site with the
observant ,whereas. minor particle fluxes should be injected from
magnetic structures with closed field lines, where particle escape is
more difficult. Alternatively, the site where the flux is weak could
have open field line configuration, but the number of narticles ar-
riving to that point may be small due to particular conditions of pro-
pagation since the place of production, such as the crossina of a neu-
tral sheet separatina two sectors of opposite polirity. Therefore, It
is not easy to know if the delay in particle escape, or, the low par-
ticle intensity in some point is due to the mechanism of propagation,
or, the mechanism of escape, by measuring only the lonaitudinal distri-
bution of particle fluxes, since as it was already mentioned, by mapina
the observational fluxes back to the sun, to obtain the lonaitudinal
injection profiles, it is only obtained information about the last step
of coronal transport, but the involved intermediate processes rest
masked,

IV.  MODELATION OF SCLAR FLARE PARTICLE CORONAL TRANSPORT. \'ith re-
gard to the modelation of coronal transport, models should be able to
explain both qualitatively and quantitatively observational features:
for one side to describe the physical processes involved in coronal
transport, and on the other hand, to give an adequate mathematical des-
cription of the effect of these processes on the particle fluxes, such
that the auantitative prediction could be compared with observations.

At present there is not mode! able to satisfacorely cover both aspects,
and to give a global description of the observational features |isted

in section 11]. Due to the lack of knowledge about all the processes
taking place since particle production till thelr detection, several
proposals for coronal transport have been given in a free manner in

the literature, that cannot be definitively approved or disapproved:

in fact, observational effects seem not to be of general nature, but
rather to change from event to event, and even amona those properties
that may be think that are of more general character, there is still

a quite amount of controversyaround them, accordina to different
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authors. So, this leads to such a situation that many models at pre-
sent have been developed with the aim of explaining particle trans-
port for one particular solar event, or,specific kind of a serie of
pecul iar events. However, it seems to me that the adequate methodolocy
to understand solar particle transport is to develop first a alobal
description of the physics involved in the overall phenomenon of par-
ticle transport, and then from such a rlobal model try te understand
the intrinsic peculiarities of specifle particle events.

Historically, the first models for coronal transport were deve-
loped in a quantitative manner: by solvina transport equations the
basic parameters of each models are matched such to reproduce the ob-
servational time-intensity and anisotropy nrofiles, with the aim of
deducina the ceneral features of the transnort processes. The common
feature of those models is that they are adressed to aive account of
the shift of the times of onset and maximum Intensity with lonaitudi-
nal distance, as well as the widening of the profile with azimuthal
separation, the trend toward uniformity of lonaitudinal distributions
for long times and the exponential decay of Flux intensity in the late
phase of particle events. The most basic assumptions usually employed
consist of an initial diffusive propacation In the corona, characteri-
zed by a diffusion coefficlent and an escape time, followed by a second
step of diffusion along the interplanetary field lines. Some of them
have included other effects at the coronal level, such as particle e~
nergy losses, collective motions, particle acceleration and disturban-
ces by shock waves and solar wind streams. In fact those oricinal
models , did not take into account modern observations, such as the e-
xistence of a FPR, and the energy and rigidity independent nature of
the transport process of the major component of solar particles
(< 100 MeV) as well an the very slight velocity dependence of the trans-
port process. On the other hand , most of recent models are rather of
qualitative nature and mainly adressed to describe the involved physi-
cal processes for explaining these new observational properties, (d)
and (e), and consequently, very often they do not cenerate results of
particle fluxes that may be compared with observations,

A. Precursor Models. Sekido and Murakami (1955) proposed the existen-
ce of two different magnetic field confiaurations where particles were
confined. The first one, was a sphere around de Sun of v 100 Re of

radil, where particles were dispersed and then emitted from any point
of the sphere surface into the extern maanetic field, that would be
weaker but of largest extension. In this way, the first stage would
distribute particles independently of the flare position. LUst and
Simpson (1957) suongested in connection with the February 23, 1956,
event, a diffusion reaion around the Sun (v 30 R.), that they called
the solar envelope, where there was much more di?fuslon than outside it.
Once particles escape from that envelope, propagation was more 'free'
the long of a preferential direction, determined for the magnetic field
line where they leave the envelope. In this way they interpret the
strong anlsotropy decree of that particular event. In fact, these pre-
cursor models, that introduce particle propagation around the sun, were
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not specifically adressed to explain azimuthal transport observations.

0.

72

Models Based on a Transport Equation (quantitative results compa-

rable to ohservational data).

Reid, (1964), developed a two dimensional mode! where flare parti-
cles underqgo isotropic diffusion in a very narrow layer (< lRe)

before escaping into maonetic flux tubes of the interplanetary
space, where there is practically no more dispersion, such that
the observed time profil at the earth orbit represents the nomber
of injected particles from the solar atmosphere, without any
modification fFor interplanetary transnort., For the September 28,
1961 event, this model is able to describe the early phase of the
event. For lona times, interplanetary oropacation nlayed an im-
portant role. The model may explain properties (a),(b),(c) and
{q), of secction |11.

Axford, (1965), superpose Lo the coronal diffusion model of PReid
and anisotropic interplanetary diffusion of the type proposed by
Krimigis (1965), where only parallel propacation to the magne-
tic Field Is considered. By adjusting five parameters he is able
to produce fits to the data of Bryant et al., (1962). The model
is able to reproduce observational properties (a), (b) and (c).

The main difference between models (1) and ,2) is that the time
evolution of particle intensity is of different nature: in the mo-
del of Reid, the profile is determined by the change of connection
longitudes between the sun and the observant, as the sun is rota-
ting, whereas in the Axford model the interplanetary diffusion Is
predominant , such that particle gradients take place in a same
flux tube. Though the coronal diffusion coefficients do not de-
pend in explicit form of particle velocity, however a small de-
pendence is introduced by using slighthy differente values, for
different eneray ranges. So these models do not contradic pro-
perty (e).

Burlana, (1970), quentified the scenario of List and Simpson
{1957) In an unidimensional model where the concentration of dis-
persion centers Is higher near the Sun than in the interplaneta-
ry space. However, since propagation is basicaly in the radial
direction, it does not account for any kind of azimuthal parti-~
cle motion.

Enalade, (1971), considered along with particle diffusion, col-
lisional energy losses durino particle stay in the corona. Here
it is assumed an explicit eneray dependence of the diffusion
coefficient {x ~ E9) and of the escape rate (B ~ EQ). For the
late phase of the event the coronal injection profiles are su-
perposed to diffusive interplanetary transport, including con-
vection and adiabatic deceleration. For the initial phase, Im=
pulsive injection is considered, Mo comparisions are made with
observational data of specific events, but it is adressed to re-
produce the several features of the time profiles, energy spec-



tra and anisotropies observed at the earth ortit., \Vith the con-
sideration of coronal enerqy losses it is attemnted to explain
the decrease of the spectral Index of low enercy particles in

the initial phase of events, that cannot be explained by velocity
dispersion. This mode! explains observational properties (a),
(b), and (c), though it does not contradict the others features.
In particular the energy independenze of coronal transport may be
imposed by setting q roo.

Reinhard and Wibberenz, (1773, 1974): Reinhard and Roelof (1973)
developed a two dimensional model for solar particle transport
outside of the FPR. Based on the fact that the maximum intens!|-
ty of the flare particles it is often not observed at the flare
site, they deduce a deterministic process (lonnitudinal drift at
a rate of 1°=4°/h) actinn along with an stochastic process (lon-
gitudinal diffusion paralle! to the solar eouator), which is ce-
nerally observed by the fact that time intensite profiles of
eastern hemisphere events are much wider than those of western
hemisphere events. By assuming impulsive injection through a
region of preferential longitudes cf release of about 60° of ex-
tension, the solution of the transport equation becomes dependent

of two basic parameters, the longitudinal drift time 1E and a

characteristic diffusion time Ty that are determined by the

onset time and the time of maximum intensity of the coronal in-
Jection profiles, at the connection longitud with the observant.
From the analysis of 50 proton events, they found that, in avera-
ge, particle drift dominates diffusion in particle transport. By
introducing long lasting injection (Wibberenz and Reinhard, 1975)
with a characteristic escape time T they are able to explain

whether Tt can be observed or not flare particle events that take
place far of the connection longitud with the observant, in terms

of the relative importance of T and e when T is longer than

Tes particle lost is relatively small and the peak intensity will

move far by coronal drift, whereas when 1_ > T the particle

E
lcst becomes so important, that no particle observations are ex-
pected at observational points far from the flare site. The in-
terplanetary profiles are obtafined by convolution with the solu-
tion of the model of Krimigis (1965), and it s shown that the
exponential decay shape of the time Intensity profile is exolai-
ned by finite energy-indenendent solar injection. So, this model
predicts energy independent coronal! transport on baslis to the a-
verage values of the model parameters

(tg =0.56 h/deg, 71, =0.22 h/dea? . T, =23 h). Any velocity

dispersion appears from the interplanetary diffusion coefficient
(¢ v v). Therefore, in addition of explaining the exponential
decay of flare particle events, this model is consistent with
properties {a), (b), (c), (g) and potentially (e), though does
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not consider the small velocity dependence of low eneray parti-
cles and energy dependence of high eneray protons, Also, there
are not explicit assumptions concerning the fransport process in
the FPR, across the first * 60° of longitudinal transport, after
which the drift and diffusion processes are considered.

Mo and Gleeson, (1976), develop a model for coronal diffusion ba-
sed on the model of Reid (1964), that they solve in spherical
coordinates for an Impulsive injectlon. As in the mode! of Reid,
they also consjder corrotation of the magnetic flux tubes, such
that narticles are distributed amona different flux tubes. This
mode! predicts energv-independent transport of low eneray parti-
cles, because the coronal diffusion coefficient and the escape
rate are both enerqy-independents. |t leaves open the possibili-
ty of a ohenomenological incorporation of the FPR within the
quantitative description. The coronal injection profile is taken
as a frontier condition for an unidimensional interplanetary
process, with consideration of corrotation of field lines convec-
tion and adiabatic deceleration. The predicted intensity decay
is much slower than in the model of Reid, what is closer of the
observational behavior. This mode!l is able to explain features
(a), tb), (c) and potentially (d) and (e).

Another derivation of the model of Reid (1554) was developed by
Kunow et al., (1981), which is convoluted with the interplaneta-
ry model of Owens (1979), and that is able to reproduce proper-
ties {a), (b), (c) for low energy particles, thouch a divergence
with observational data is obtained for the lates time of events.

Bazilevskaya and Vashenyuk, (1972, 19€1), developed an analysis
of the inyection function of high enerqy protons (> 100 MeV) into
the interplanetary space on basis to rhe following assumptions:
flare particles fill an acceleration volume of . 60°-80° of
lonoitudinal extension, while escaping exoonentialy to the in-
terplanetary space, following a faster propagation step to the
foots of the interplanetary field lines, than it is predicted by
coronal diffusion, The escape and the fast propacation processe
are cnerqy dependents. For comparisons with observational time
intensity and anisotropy profiles, the exponential injection
function is convoluted with the formulation for Interplanetary
transport of Schulze et al., (1977). So the main result of this
analysis is, that almost the entire coronal transit time of hich
eneray particles Is related to the escape, independently of so-
lar longitud, from a volume of about the same size of rhat of
the FPR.

This result make think In a similar situation of that of low
energy particle transport to the comecticrn longitudes which are
near the flare site: i.e., those particles rhat are injected
without undergoing the slow second step of coronal propagation,
bur only the fasr first step. The difference with that situa-
tion is that escape of high eneray protons show a definite



energy-dependence.

McGuire et al., (1983b), developed a mode! which includes coro~
nal diffusion, exponential escape and initial acceleration of
local coronal particles over a finite width ¢, = 10°-30°, cen-
tered about the flare site. The Initial distribution is a
Gaussian of width ¢, that Lroadens with time at a rate that de-
pends on the amount of diffusion, and drop in intensity at a
rate that depends on the e- foldina escape time. Particle dis-
tribution remains Gaussian, as far as the diffusion coefficient
and escape time are not functions of longitude. Coronal injec-
tion profiles are convoluted with the addition of corrotation
effects. The effect of corrotation is translated in an asyme-
try of the predicted profils about the flare site, in aareement
with observational data. The estimated coronal diffusion coef-
ficients and escape time are energy-independent. This model is
able to explain properties (a), (b), (c), and (a).

Lockwood and Debrunner, (1983, 1984), studied the May 7, 1978
flare particle event, by means of two dimensional model of coro-
nal transport, of the type of those of Relid and Axford previous-
ly mentioned. Given the high degree of anisotropy of the event,
it assumed that the detected profiles within the first our of
the event represent closely the solar injection profiles, even
at energies as low as 50 MeV, such that by tracing back the ob-
served fluxes to the Sun they describe the coronal particle

time profiles. Data from two spacecrafts were employed in this
study: one at the earth orbit, (IMP), which connecting line to
the Sun is longitudinaly separated by 15.7° from the flare
site, and ather very near the Sun (Helios), which connecting
line is separated by the opposite side, 32°, from the flare site.
Though the rate of transport is not explicitely calculated, to
deduce if there are two different propagation processes, howe-
ver , the fact that the measure fluxes are very differents at
15.7°, in one side of the flare, to the fluxes at 32° on the
other side, leads to conclude that the fast propagation reglion
cannot extend more of + 25° from the flare. At any event, only
one kind of coronal transport process Is considered, characteri-
zed for a velocity dependent (E°-%) diffusion coefficient
between 30 and 350 MeV, and an average constant value for the
escape rate. In this way a velocity-dependent coronal trans-
port is predicted even for low energies. The behavior of these
two basic parameters of the model are obtained by fitting the
deduced coronal profiles with the calculations. This model is
able to explain features (a), (b}, and (c).

It is interesting to note that if the FPR for this event would
extend symmetricaly v + 25°, therefore the difference between
the observed fluxes in Helios from those of IMP, could be in-
terpreted in terms that the particle fluxes seen in Helios have
undergone two steps, of coronal propagation, the 2nd one with
a slower rate of transport,out of the FPR, whereas particles
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secn at IMP have only undergone propagation within the FPR.

The common feature of these nine prototypes of coronal transnor”
mudels fs that thev do not furnish a physical scenario for the phe-
nomenon ,and scarcely specify the nhysical processes and coronal
structures that give place to particle diffusion, drift, escape

and eventual acceleration, but they generally reduce to determi-

ne the values of the parameters of those processes, by adjustino
predictlons with observational data. It is currently assumed in
Astrophysics that a comoiet, model should include a physical
scenario and a mathematical description that reproduces suitably
the observational features.

i Caronal Transport Models Based on Physical Scenarios. Most of
the models that attempt to oive an explanation to the ohysical process
are of gqualitative nature, and limited to some specific properties of
coronal transport; for instance, the first proposed models did not take
into account the rigidity and enerqy-independent behavior of low ener-
qy particle transport, Among the several models, it can be mentioned
the following proposals:

1. The open maanetic field topology models of Fan, Lina and Wang:
Fan et al., (1968) proposed a FPR of 100° of extension for pro-
tons of 13-70 MeV associated with an open Fan-Shaped topolony
over the active region of the flare, whose ‘ield lines are con-
nected to the Interplanctary field, Vithin that extended FPR,
particles would undergo such a peculiar anisotroricdiffusion
process, that the onset and peak intensity times are practically
independent of longitud of the flare, according to observations,
Lin (1970) attempted to explain the rapid acces of flare elec~
trons to the wide ranae of longitudes, by means of an extended
source that may be assocliated with shock wave acceleration. The
occuped region by the shock waves would be sourounded by field
lines directly connected to the interplanetary field. This open
extended reaion was denominated the open cone of propagation,
such that impulsive electron events would proceed from this re-
gion, A similar idea was extended by Wang (1972) in the sense
that open field lines should allow for electron escape from a
very wide renion in longitud. |n all those proposals oropaga-
tion inside and outside the reqion of rapid acces to the inter-
planetary medium, would be energy-dependent. These models may
explain pronerty (d), though before a flare takes place, it is
more common to find closed maanetic field configurations, than
open field topologies, which are more often created after the
flare , by the abrupt heatinc of solar plasma,

2

The coronal transport model for prompt events of McCracken and
Rao (1570): the studies of solar flare particle events of
HeCracken and Rao esrablished that azimurhal gradients in de-
layed events were considerable higher than in prompt events.
This leads to these authors to the assumption that azimuthal
transpart were less important in delayed than, in prompt events.
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So, they develop a diffusion model for prompt events in a thin
layer O.SR9 above the photosphere, where the maanetic field is

commonly highly disturbed by the same flux of magnetohydrodinamic
waves that dissipate heat into the corona. So particles diffuse
transversaly through the magnetic irrecularities induced by the
MHD waves. Above that layer, magnetic fields are more ordered, a-
zimuthal diffusion becomes neglialble and transport is basically
in the radial direction. It may be noted that this model fits

the mathematical description of the phenomenon aiven by Reid
(1964) and Axford (1965), however, this kind of particle diffu-
slon is enerqy and rigidity dependent, throuah properties (a)

to (c) could be explained.

The two emission-phase models of Simnet and McKibben: Simnet,
(1971, 1972) proposed that flare protons and relativistic elec-
trons are emitted in two components, a prompt and a delayed. It

is assumed In this mode! that when a flare takes place, the coro-
nal magnetic field is disturbed by the heated plasma that escapes
from the magnetic field influence toward the interplanetary space.
The irreqularities produced from that disturb may act as scatter
centers of the flare accelerated particles. Behind that plasma
there is an hydromagnetic shock wave that keeps the accelerated
particles behind the shock front, until a high for above of 3Re

where particles begin to escape, to give rise to the prompt com-
ponent. Particles that were produced in the flare after the
shock wave have sweeped the region f.3Rs' remain confined in the

strong magnetic fields of the low corona, where they diffuse in
the longitudinal direction, to reach the extern corona and inter-
planetary medium. This component would produce the delayed com-
ponent, and may even create in some events a corrotating regimen,
as in often seen with particles of low eneray. For explaining the
emission of low energy particles in some events, before the bulk
of flare particles, Simnet assumed that previous a flare, there
is a ponulation of trapped energetic particles produced in prece-
dent solar flares. So, when a new flare occurs, some of them are
1iserated, and others remain confined within the active region,
whire they are accelerated by the flare process to very hich e-
neraies. Amona the |iberated particles, in some cases, only low
enerqy electrons would be detected previously to the bulk of
flare particles, due that the velocity of electrons is higher
rhan that of orotonsof the same eneray, so the low enerqy protons
would mix with the main flare particles and would arrive to the
detection point by the same time. To support his hiphotesis,
Simnet (1972) points out that the first event following a period
of low solar activity,very often does not present a very high e-
nergy component, because there were not trapped particles previous-
ly accelerated.

For explainning property (1), McKibben (1973) proposed that when
particles are accelerated in the flare process, some of them may
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were similarly efficient for all particles.

Gold et al.,, (1977) gave a qualitative proposal for explaining
the shift in longitud of the peak intensity of 4pril 10, 1969
event. They suagest that the hot plasma which is ejected by the
flare, blows open the field lines over the flare site allowing
for the escape of the energetic particles and even emissicn of
enhanced solar wind. Since the flare is within an active center,
the maanetic fleld is quite strong, so that after a short time It
closes, avoidino easy escape to those particles that are beina
produced in the flare after the closure. Therefore, particles
need propagage in longitud while they are gradually liberated. In
their way, they find localized regions of weak field or with open
field |ines, where they escape esasily, giving rise to the shift
of the peak intensity. At a distance of about 100° there is

one of such regions beyond the which particle transport becomes
strongly restricted, such that particles end for escape at that
site. This mode! explains properties (b) and (g).

Since in a static magnetic field the higher the particle energy
the faster the propagation is, the only option that does not
depend on particle energy is the drift by an electric field: ho-
wever , if there were an azimuthal electric field through the so-
lar plasma, also thermal particles would move in absence of
flares, at least that such electric fields appear around the
site of flare ocurrence, and disappear some time after the flare.
On the other hand, for a diffusion process to be Independent of
particle velocity, the mean free path, A, must behave as * a v'!;
therefore, though the above possibilities cannot be completely
rejected, it seems scarcely probable that static magnetic fields
may explain property (e). The most promisina possibility for
that goal s to evoke the dynami¢al behavior of solar maanetic
fields; i.e. that the magnetic fields themselves, move carryina
with them particles of all eneroies, at the same rate. The fol-
lowino model!s were developed in that direction -

The bird-cace model of Newkirk and Wentzel: by analogy with bird
cages, it is assumed a row of cages with no direct connection
amona them, that is, with closed doors. In the central caace
there are enclosed birds of all kinds; suddenly the doors of

both sides are open, allowing the birds to go into the lateral
cages, whose contiquos doors are open, but their doors of the op-
posite side remain closed. When the slower birds have entered
into those cages, their open doors close and the doors of the
other extreme become open, such that birds go into the next cages
and, so on. A single cage is never connected for both sides, but
only one at a time. In this way all kinds of birds will travel
the long of the row at the same effective velocity. Now, If
instead of birds and cages we have energetic particles and mag-
netic archs, and since the archs roots are in stochastic motion
due to photospheric motion, Newkirk and Wentzel, (1978), propo-
sed that when the roots of two magnetic archs get In touch,
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there is a topoloaical inestability that leads to field line
reconnection, allowing the interchange of particles between the
two archs during a short time, before, they separate aocain. The
restrictions of such a transport are that the particle transmit-
tal time must be shorter than rhe reconnection time, and the

last one must be shorter than the diffusion time for the stochas-
tic process that may brino them in touch, in order that no more
of two archs might be simultaneocusly connected. In this way the
transport process is highly efficient, with a propaaation velo-
city which is energy-independent. During this transnort process,
particles may escape by aradient and curvature drifts that de-
pend on the particle eneray, but this eneray-dependent escaoe

is limited by a threshold in enerqy, imposed by the diameters

of the archs, below the which particles cannot drift within

their remain time in a single arch. So, this model is able to
explain property (e) for both'low and high energy particles, if
the diameter of the archs is of the order of 10'%m, However,

it seems difficult to realize that the reaquired conditions may
fortuitously be satisfied in every solar particle event: a high
number of magnetic flux tubes simultaneously present over a large
longitudinal extension, that reconnections continuosly take place
and only two arch at each time.

The magnetic bottle model of Schatten and Mullan: based on the
fact that magnetic bottles expanding with velocities of several
hundreds of km/s seems to be a general phenomenon associated

to solar flares (e.g., Sakurai, 1965, 1973; Schatten, 1970),
which azimuthal expansion may be infered from the Moreton wave
associated to burst of type-Il, Schatten and Mullan, (1977),
proposed a two-step coronal transport model , where the dynami-

cal behavior of the maanetic field during the first step pro-
duces similar azimuthal transport for particles of all eneraies.
Therefore, when a flare takes place in the closed magnetic field
confiquration of active centers, the field lines are pushed out

of that reaion, because the kinetic eneroy of the superheated
ejected plasma is higher than the maanetic eneray. The flare ac-
celerated particles remain trapped in the top of the expandina
bottle, while bouncina in the photospheric roots of the field
lines. The external plasma of the expanding bottle is compressed
as the bottle expands more and more, whereas the Vnternal plasma
becomes less and less dense. In this way, an instability of the
Raleigh-Taylor type appears, due to the gravity force, that
produces interchange between the external and the internal plasma.
The external field lines become deformed alloving particle escape,
whereas the internal field lines undergo reconnection bv the to-
pological instability, with the subsecuent escape of particles.
Particles of energy E > 3 GeV may drift out of the bottle before
Its opening. The onset time for the trigger of the Raleigh-Taylor
Instahllltv is of the order of (10~1000)s and for the bottle to

be completely open it takes about (100~ -2000)s more, such that all
particles are convected with the same expansion velocities for an



interval of ~ (5-50) min (averane of 10°s) before their release.
According to the model, there are two ponulation of enercgetic
particles, the first one is trapped inside the bottle for a fi-
nite time, while continuosly accelerated to balance adiabatic
losses, and it Is liberated at the bottle opening; the second
population is accelerated in the very reconnection process, du-
ring the bottle openina. The relativistic electrons associated
with type IV emission would be accelerated in this last process.
The occurence of a particle event depends on whether the condi-
tions are oiven or not for the bottle openina, which in turn de-
pends on whether the duration of the flare induced coronal shock
are larger or not that the Raleigh-Taylor instability grow time.
Therefore, when the bottle opens and particles leave this kind
of FPR, at the level of the top of the bottle, some of them es-
cape directly into the interplanetary space and others undergo a
2nd step of coronal transport outside of the FPR. For this last
step, Mullan and Schatten (1979) propose that particles travel
through the large scale coronal field with a2 superposition of
scatter centers, that they identify with the network of bril-
lant points that are seen in X-rays through all the solar disk,
and that presumably represent localized enhancements of magnetic
field. They carried out numerical calculations of particle tra-
Jectories in this static magnetic field, and found that the
transport is performed by azimuthal drift guided by the general
solar magnetic field, and diffusion through the assumed network
of scatter centers, as proposed previously by Reinhard and
Wibberenz, (1973); but whereas in the previous model the trans-
port is velocity-independent and eneray-independent, here both
the drift rate and the diffusion coefficient are eneroy-indepen-
dents but velocity-dependents. Diffusion dominates at low ener-
ales and drift becomes dominating at hiah enerales. So, the
propagation time of low energy particles since acceleration until
particle escape is composed of two parts, t ~ t, + A/B, where the
first term represents the time that particles remain in the
bottle, and the second one the diffusion time, such that the
composition glves a weaker velocity dependence than v™!, as was
found by Ma Sung (1977). This model is able to explain proper
ties (a), (b), (¢}, (d) and (e) in a qualitative manner. It is
predicted that the drift motion change of direction with the so-
lar cycle., The predicted time scale of this mode! has been
critizised by Cliver et al., (1982), and further consistently
answered by Mullan, (1983).

Finally, it must be pointed out that given the deqree of incerti-
tude with respect to some of the |listed coronal transport properties
and that we are not yet able to unamblquosly separate propagation ef-
fects from escape effects, it is not possible to judge a olven model In
the adequate form, that allows to prove or disapprove it in a definiti-
ve manner. Nevertheless, with the aim of goinn deep into the study of
coronal transport, we have developed a model based in several emission
phases , that e have tried to describe as quantitatively as possible.
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V. THE MULTI-EMISSION PHASE MODEL OF PARTICLE CORONAL TRANSPORT.
Taking properties (d) and (e) as depart plataform, we assume that the
coronal magnetic field must play an active role in the transport of
solar flare particles; i.e., the fields must be dynamics, otherwise If
static magnetic fields were prevalent anywhere, the coronal injection
profiles would present a characteristic velocity dispersion, energy

and rigidity dependence, that is not observed in the main particle po-
pulation (< 100 MeV). With dynamic fields, it is possible to search
for situations where all kind of particles be constrained to a similar
transport; but because according property (e) there is a slight de-
pendence on velocity in the tranmsport process, it is probably that
dynamics fields be no present through all the traversed reglons, since
particle acceleration till particle injection into the interplanetary
space. A possiblllty is that propagation, may be of different nature
through different coronal regions: we know from property (d) that
particle transport within the FPR is carried out with a different rate
than outside that region. Since most of cbservable events are associa-
ted with flares whose connections with the observator are located
within the range of longitudes of the FPR, and the energy and rigidity
independence Is observed in most of particle events, It i5 usually as-
sumed that the velocity independent transport is a property of the FPR,
whereas the slight velocity dependence of low eneray particles Is
acquired out of that region. Furthermore, since properties (a), (b),
(c) look like the result of a diffusive~!ike-process, and according to
property (g) the peak intensity may shift in heliographic longitud

from the flare site, it seems natural to infer that any velocity-depen-
dent process occurs out of the FPR, Therefore, following Schatten and
Mullan, (1977), we assume that transport in the FPR 1s performed In
association with a dynamic magnetic field where the particles are cons-
trained ,and on the other hand, according to Reinhard and Wibberenz,
(1974) , that the transport outside the FPR is dominated by drifts and
diffusion. It is attempted here to give a global model for explaining
general features of coronal transport, instead of the particular beha-
vior of solar particles in an specific solar flare event.

A, Qualitative description of the involved physical processes. The
temporal and spatial sequence of different emissions during a Solar
Flare have driven to a widely accepted description of the flare pheno-
menon in four main steps: the pre-flare phase, the impulsive phase,
the flash phase and the main phase (e.g. Priest, 1981). The microwave
impulsive burst and hard-X-rays are evidences of energetic electron
production during the impulsive phase. On the other hand, there are
inferences that high energy protons (even Multi-GeV protons) are alrea-
dy present In flare regions at the begining of the flash phase (Chupp
and Forrest, 1982), and that the injection of protons of (4-80) MeV
may be instantaneous within the time scale of the flash phase (e.g.

Ma Sung et al., 1975). Therefore, it seems that a first acceleration
stage takes place during the impulsive phase, by a deterministic ac-
celeration process.

According to Pérez-Peraza et al., (1977, 1978), if the impulsive

a2



process [s associated with neutral current sheet acceleration,
multi-GeV protons can be obtained in some seconds. Therefore, we as-
sume that the flare process is initiated most of times in a closed
magnetic field configuration: the flare energy is so large, that
within the time scale of the impulsive nhase the energy density of the
plasma and accelerated particles may be higher than the magnetic energy
density (B > 1). According statistical studies of Hudson (1978) and
Belovskli and Ochelkov (1980), B > 1 is the situation In quite a high
number of solar flares. Under this situation, it is enough than

g >0.1 -0.3, for the magnetic trap to be destructed by the effect of
an MHD-Instability, or, due to the absence of equilibrium (e.q.

Parker and Stewart, 1967; Meerson and Sasarov, 1981). In this case, an
appreciable amount of plasma with energetic particles and frozen-in
magnetic fields is ejected from the magnetic trap on a time scale,

Ty L/Va. where L is the characteristic size of the trap and Ua the

Alfvén velocity. Therefore, if the flare region is found, for ins-
tance, at a height of (0.005 - 0.05) R9 above the solar surface, and

has on average longitudinal size ~ 10°, it means L ~ 10*° cm, In such
a way that assuming hydromagnetic motions of ~ (1000 - 2000)km/s it is
obtained 1, " (50-100) s, which is just of the order of the time
scale of tﬁe impulsive phase., After that time, the field |ines may
close again, since magnetic field strength is usually very high in
those active centers. The particle release in this phase, while de-
pending on the energy density of the accelerated particles, Is inde-
pendent of their energy. Later, in the course of the flash and main
phases of the flare, more hot plasma of very high conductivity is
created, such that the frozen plasma and field expand outward as the
kinetic pressure in the interior of the closed loops Increases. Now,
the conditions are such that g8 < 0.1 - 03, In which case according to
Meerson and Sasarov, (1981), the magnetically trapped particles excite
strong Alfvén wave turbulence of small transverse scale. According
Pérez-Peraza, (1975), small scale turbulence of linear dimensions

v (1 - 10) Km may account for effective stochastic acceleration up to
some GeV, In a time scale of about ~ 20s, If this second acceleration
stage has place at chromospheric levels, If the second step has place
at the coronal level, according to Mullan (1976, 1983) a high pressure
piston is formed which drives a shock within the closed field configu-
ration: magnetized turbulent cells of scale size of ~ 100 Km remaln
bounded In the wake of the '"bottled up' shock wave. Since the shock
wave velocity is higher than the expansion velocity of the magnetic
bottle, the statistical Fermi acceleratlion overcome the 1st order
Fermi process (adiabatic losses) due to the expansion of the bottle;
this 2n acceleration stage initiated in the flash phase prolongs until
the shock wave dissapears, or, the coinfinement of particles in the
bottle Is no longer effective. Though there Is a time Iinterval
between the onset of the first acceleration and the onset of the second
acceleration stages, however, it may be cases where they are almost
continous, or, even a superposition of both stages may ocurr; i.e. the
2nd stage may have initiated before the end of the first one. In the
case that the flare magnetic configuration is broken in the impulsive
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phase, some of the energetic particles are impulsively ejected into
the Interplanetary space and others remain in the environment of the
active region., In this way, at the beginning of the particle event
there is a strong anisotropy aligned with the interplanetary field
lines, that are connected to the heliographic longitudes of the cone
which is displayed by the open lines, 1. e. the azimuthal distribution
is determined by the extension of the fan-type-cone of open lines. The
accelerated electrons reach lower energies than protons because they
are strongly decelerated in the source medium. In fact, while protons
only lose energy by col|isional losses and energy degradation by p-p
collisions, electrons lose energy by collisional losses, gyrosincro-
tron, Bremstrahlung and Compton inverse effect; however, for a glven
energy, electrons arrive faster to the detection point than protons,
because their higher velocitles. It Is predicted in the case of oc~-
curence of this first emission phase, that the maximum peak intensity
will be seen at the flare site, even If the peak Intensity shifts later
during a later emission phase. The energy spectrum of electrons will
show a definite change of slope at a certain energy (v 100 KeV) in some
events indicating two different populations; those of the primary
process accelerated in a dense medim, and those of the secondary ac-
celeration In a less restricting medium. For protons the change of
slope may take place at some MeV, however, the break In the spectrum is
not very hard because low energy protons of the first emission mix
with the first released protons of the 2nd emission in the connecting
longitudes with the flare site, arriving by the same time at the obser-
vation point.

In the case that the flare conditions are such that the magnetic
trap is not destructed In the impulsive phase (8 < 0.1-03), the popu-
lation of the first acceleration process mix within the loop with the
population of the secondary acceleration, remaining confined In the
expanding magnetic bottle, In which case not a noticeable change In
slope is predicted In particle spectra, and the maximum peak Intensity
will not necessarily occur at the flare site. In such a case it is not
expected an early flux of low energy electrons. Obviously, in the case
that the conditions for the opening of the expanding bottle are not
remplished as discussed by Mullan (1983), only the impulsive component
emitted during the impulsive phase wi!l be observed, as an event with a
small emission cone; In addition, if also the conditions of the break
down of the primary source configuration during the impulsive phase
were not given, no particle event s expected.

A.1. Velocity Independent Transport of Low Energy Particles in the FPR,
Among the particles that are impulsively ejected Iin the
first emission phase, we said before that some of them reach directly
the interplanetary field lines, and so, only interplanetary propagation
is important, and others remain trapped in the local fields where they
may be reaccelerated to high energies during the 2nd acceleration stage,
in the course of the flash and main flare phases. The stored particles
and the new accelerated component in the expanding bottle might be
scattered by Alfvén wave turbulence and precipitate into the dense at-
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mospheric layers as a consequence of the cyclotron instability (Kennel
and Petschek, 1966). This instability arises due to anisotropy of lon-
gitudinal and transverse pressures of high energy particles with res-
pect to the magnetic field in the bottle. However, according to
Meerson and Rogachevskil, (1983), particle precipitation does not oc-
cur if the characteristic life time of particles in the trap is longer
than the wave-passage time (Tw = h/va), where h Is the height of the

arch, f.e., that the characteristic time of particle diffusion be
longer than 1 , in which case particles remain stored for long time,
and do not prgclpltate into dense regions. The conditions for storage
is reduced to B < #,, where B, is a value that increases with dis-
tance from the photosphere. Since B decreases with height above the
photosphere, as the internal density decreases with the expansion of
the bottle, it entails that as the bottle expands particles have less
probability of being lost in the dense layers of the solar atmosphere.

The longitudinal and radial expansion of the magnetic bottle, as
well as the subsequent opening by a Raleigh-Taylor instability, fol-
lowed by field line reconnection have been widely described by
Schatten and Mullan, (1977), and Mullan, (1983). Such an expansion
produces the convective particle transport in an independent manner of
energy and rigidity: however, particles of E > 100 MeV may ocasionl-
ly escape of the trap by drifts from magnetic field gradient and cur-
vature, which are velocity-dependents, Ud-(Yme/chH)(mf + v2/2),

where m, q and Y, are the particle mass, charge and Lorentz factor res-
respectively, Rc is the radius of the bottle, H is the fields strength

vy and v, are the parallel and perpendicular components of particle
velocity to the magnetic field. Combining v, and vy into an effective
total velocity v, we have for 100 MeV protons v =1.285 x 10'% em/s.
According to Mullan, (1983), the radius of the bottle at the time of
opening is (0.05 - 0.5) RO' so, it can be shown that high energy par-

ticles may drift before that opening: for instance, if we take R=0.0!
for the case that the bottle opens at 0.05 Re and Rr0.1 when it opens

at 0.5 Hg. we have that 100 MeV protons escape after t= (0.5 = 5§) min

if H = (1-10) gauss respectively in the first case, and H = (0.1 -1)
gauss In the second case. When the bottle is near its opening
Rc " (0.05 - 05) RB' particles are still able to escape by drifts after

a time of about 13 min. (If the bottle has not open yet), when the
fields are of 1 gauss and 0.1 gauss respectively. Therefore, it is
expected that particle escape of high energy protons be definitively
energy-dependent, in some particle events. Meanwhile, the net transport
of the bulk of particles Is that of the expanding reglon with a relati-
vely high veleocity. At the end of the convective motion, particles
have completely filled the top of that FPR, such that when the bottle
opens, the next transport step Initiates at the coronal level of the
bottle opening, for those particles that do not escape directly.

A.2. Velocity=dependent Transport out of the FPR. Once partirl~-




leave the bottle, transport Is accomplished by drifts and diffusion,
while particles escape as they found preferentlal sites of open field
lines, according to the field topology behavior in each partlcular
event. The basic motion of particles Is along the north-south general
magnetic field of the Sun; so, the gradient and curvature drifts of
particles traveling along that fleld are in the azimuthal direction,
depending on ihe charge, mass and velocity of particles. For the dif-
fusion process, it must be realized that alternatively of the possible
static scatter centers associated with X-rays bright polnts, also the
flare disturbance may affect the solar corona at heights so extended
as 1 Ry so, the coronal magnetic fields are disturbed, at least for
some time after the flare, and such irregularities may act as dif-
fusion centers, making possible the azimuthal transport in addition to
drifts. However, at heights far above 1 R., the fields must be more

ordered and transversal diffusion may be negligeable In relation to
radial motion. Therefore, the propagation region is composed of a
background of ordered magnetic fields, superposed of magnetic irregu-
larities of all scale sizes. According to Parker, (1963), particle
transport in disorder flelds is described by means of two transport
geometries, the thick and thin geometries if the particle gyroradii
are smaller, or, larger respectively than the average size of fleld
irregularities, and a drift geometry in ordered magnetic fields, The
diffusion coefficients in thick and thin geometries and the drift rate
may be generalized in the following expression

(q*/A)RE & (2/q)8"

where L =1, 2 an 3 correspond to the thick, drift and thin geometries
respectively. R is the magnetic rigidity, A an 2 are the atomic mass
and atomic number, g* v  [1 - exp ( -130 B/2%:%%)) 1s the particle
effective charge and B Is the particle velocity in terms of the light
velocity. Assuming that the average magnetic field strenght of the
field concentrations at ™ | Rg is of 10 gauss (or 1 gauss), and their

diameter of ~ 1.3 Km (or ~ 13 Km), therefore protons with energies
lower than n 100 MeV move in a thick geometry (K1N.B), whercas protons

of £ 2 100 MeV move in a thin geometry (x3m.63). According to obser-

vational properties (a), (b), (c), the azimuthal transport shows a ty-
pical bebavior of diffusive propagation. However, if azimuthal trans-
port were exclusively accomplished by diffusion, the traveling time
would present a velocity dependence of the form t ~ 1/v; on the other
hand, according to property (g) a colective motion of particles fluxes
seems to be superposed with diffusion, producing a shift of the peak
flux. Assuming that.a drift of particle fluxes may be Infered from
that coherent shift, as proposed by Reinhard and Wibberenz, (1973),
therefore the transport time in the LPR, since particles leave the
magnetic bottle until they escape, can be written as the sum of the
two following components:
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dr
which is similar to the conclusion of Mullan and Schatten (1979): dif-
fusion with a velocity=-independent mean free path is dominant at low
energies, whereas drifts are the dominant transport processes at high
energies, that Is, high energy protons are transported toc longer dis-
tances from the flare site than low energy protons. The superposition
of diffusion and drift of low energy protons glves, as we have seen, a
veloclty-dependence of the form t ~ v*', however, according to pro-
perty (e) their velocity dependence during coronal transport is of the
form t & v~ %55, Nevertheless, this may be conclliated from our pre-
liminary assumption, that transport in the FPR is velocity-independent
such that the resultant veloclty dependence from the combination of
both propagation regions is

- L | “q
ty tFPR+tLPRﬂconst.+(v +v™') v v T with {0<q<1) and (1<P<2)

which is just what Is claimed in property (e) for low energy protons.
This is illustrated in Figure 2. For high energy protons we have

+t n const. + v2 v P with (1<p<2)

by = 'rpr ¥ tLpr
Therefore, azimuthal transport of high energy protons is quasi=~energy
and rigidity dependent, because for a given field geometry the drift
velocity scales as Vd 4" (YLc/q) m vP,

It is worth to mention the general features of the spectral
shape behavior as described in property (h): in some events when
there is the first emission phase of narrow emission cone, particles
of all energies are concentrated in that cone around the flare site,
in such a way that there are relatively more high energy particles
within the corresponding narrow cone of detection, than some minutes
later, when the magnetic bottle opens and high energy particles are
found distributed over a much more wider emission cone, of at least
the longitudinal extension of the opened bottle. For this reason
there are relatively less high energy particles far of the flare site
in the initial phase of particle events. In additlon, there is the fact
that protons of E > 100 MeV have occasionally escaped in an energy-de-
pendent manner before the bottle opens. Furthermore, it may be expec-
ted a high concentration of low energy particles during the 2nd ac~
celeration stage In the bottle due to adiabatic losses, These are the
predicted reasons why the energy spectrum becomes steeper with longi-
tudinal distance from the flare site. However, in events where there
Is not first emission phase, it Is not expected a noticeable increase
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of the spectral index with azimuthal distance, in the Initlal phase of
the particle event, at least for energies lower than 100 MeV. In the
decay phase of the event, the decrease of the spectral index with dis-
tance from the flare is due to the drift effect that takes preferen-
tially the high energy protons to long distance, such that after long
times there are more high energy particles far from the flare than
around the FPR where they were |iberated.

Propagation out of the FPR is not completely uniform through all
the solar disk, but the fluxes are modified when particles pass from a
region of a given magnetic polarity to a region of opposite polarity.
In fFact, according the description of Svalgard et al. (1974) of the
coronal magnetic field structure over sector boundaries, there is a
neutral current sheet lying along the sector boundary. Therefore, the
diffusion coefficient and drift rate are modified when particle fluxes
reach a sector boundary due to a drift-1ike-process along the neutra)
sheet, similar to the process suggested by Fisk and Schatten (1972).

B. Quantitative Predictions of the Model. Assuming that the propa-
gation of the impulsively ejected particles, in the first emission
phase, during the impulsive phase of the flare, is purely interplane-
tary propagation, therefore, we will concentrate in the second emis-
sion phase, when particles undergo azimuthal coronal transport. We
have already mentioned that velocity-independent :ransport in the FPR
Is associated with a convective process produced by flare phenomena,
such as an expanding magnetic loop, or alternatively, with the expul-
sion of an hydromagnetic shock (the flare blast wave) keeping particles
under acceleration behind the front shock, until it reaches a height
of (0.5 - 1) R,, where there is not any more a very high concentration
of closed magngtlc field archs, and where changes in the thermodinami-
cal parameters, and thus in the conductivity, may lead to the defre-
ezing of field lines, and liberation of the constrained energetic
particles. Meanwhile, the net transport of all particles is that of
the expanding region; so, we assume a convective |ike process where
particles propagate coherently at a definite velocity VC. The evolu=-

tion of the number density of particles at a point X and time t within
the FPR is expressed in unidimensional coordinates, by the condition
of particle conservation (Pérez-Peraza and Martinell, 1981).

aN N
3 " Ve th

for the task of mathematical simplicity we have neglected collisional
and adiabatic losses, as well as the 2nd acceleration process rate,
under the rough assumption, that there is an equllibrium between energy
gains and losses. We also assume that eq. (1) concerns mainly the

bulk of flare particles (< 100 MeV), because for higher energies an’
additional term for the energy~dependent escape rate should be included.
A similar analysis in spherical coordinates has been previously deve-
loped by Martinell and Pérez-Peraza (1981). The solution of eq, (1)
gives a coherent pulse of particles in azimuthal direction X of the



form
N
N (X, ¢) neit 8.(X - Xg =V t) (2)
Xo

where Ha is the number of accelerated particles, X, the FPR extension

and xf the flare extension assumed symetric with respect to a locall-

zed origin. Since the coherent motion takes place in all directions,
the convected energetic particle flux distributes uniformely al) over
the top of the FPR, so that the initial conditions for transport out-
side the FPR are

f

HBIXQ

N(X,0)= { (3)
0 [X] >+ Xo/2

Xol2 < X < Xo/2

\
Once particles abandon the FPR volume, they are conveyed by dif-
fusion with a diffusion coefficient Kz. and by drift at a velocity

Vy4» and are lost Into the interplanetary space at a rate T (e.g.

Reinhard and Roelof, 1973). The corresponding transport equation,
neglecting energy losses, corrotation and flux depletions for changes
through different unipolar magnetic sectors Is

N _ . 3N N
Bt K, FTa Vd X TN (4)

It must be pointed out that eq. (4) also applies to the helio-
graphic longitudes located over the top of the FPR; the difference
with eq. (1) is that they operate at different heights In the corona
and at different times. The analytic solution of eq. (4) is

(x-vdt)’-{x.lz}’ (X-V,t)Xo/2
N(X,t)=2.5 Nexp| -Tt - axp | ———— +
BKEt hKiq
(X-V ,t-X./2)? XV t=X,/2 XV t4X./2)  (X=V t+X,/2)
d d d d
+ orff ————— Q~exp |- + -
akz: (“th) tht 8K1t
X=V t+X/2
erf | ————— (5)
(“Kﬂ-tjo's

It can be appreciated from eqs. (3) and (4) that the solution (5) does
not depend on the convective velocity Vc and the source location Xf.

Assuming that the FPR liberates the flare particles at a height of



0.8 Ro above the solar surface, we have translated the linear coor-

dinates into angular coordinates by the relationship
Y = (X/1.8 R0)57'295' In accordance with previous studies of coronal

transport , we have assumed a coronal drift velocity Vd-ﬁXIoﬁcm!s.

Kp = 2X10*7cm®*/s for protons of E 2 50 MeV and U = 4x10%cm/s,

Ky = 2X10%%cm?/s for protons of E < 50 MeV. For the loss rate we

used I' = 3600 s, but the mode!l is weakly sensitive to variations of
I' within a factor of 100. The results shown on the next figures are
given in terms of N(X, t)/Né Fig. 3 shows the azimuthal distribution

of particles in the corona given by eq. (5): on the upper panel we
considered high energy protons and a FPR extension ¥, = 92°, while
the low panel corresponds to low energy protons and ¥, = 60°. It

can be noted that according to property (c), the angular distribution
tend to be uniform for very long times, as well as certain shift of
the peak Intensity out of the flare site (normalized at ¥ =0°) as
indicated by property (g): this East-West drift is seen In panel (a),
for high energy protons and relatively large times, however the shift
is less noticeable at low energies, indicating how the relative im-
portance between drift and diffusion changes with velocity. On Fig.
4 it Is shown the coronal injection time profiles of high energy
protons, for two different heliographic longitudes; one above the FPR,
and the other just outside of the FPR extension, for ¥, = 92°, It
can be appreciated that in the LPR, at a longitud ¥ = 50.4°, the
intensity-time profile is typical of the diffusive-type, whereas above
the FPR, just at the center of the flare site, ¥ =0, the profile is
quite different. Also it may be noted that according to property

(a) the peak Intensity is shifted to longer times with azimuthal
distance; according to property (b) the profile widens with separa-
tion from the flare site, and according to property (c) the intensity
tends to be equal at both locations for large times. Fig, 5, shows a
similar behavior of the coronal injection profiles of high energy
protons for a FPR extension ¥, = 100°, and two different locations,
one of them within the FPR at ¥ = 40°, and the other ocutside the FPR
at ¥ =55°, Therefore, these results represent particle distributions
reaching the roots of the interplanetary field lines, but not the
observed fluxes. To reproduce the observational fluxes at the earth
orbit, we must incorporate interplanetary effects. Since interplane-
tary transport is along field !ines, the longitudinal distributions
at the escape from the corona remain basically unaltered, So, with
the aim of Illustrating the translation of the injection profiles at
the leve! of the earth orbit, we have chosen the simplest diffusion
description along magnetic flux tubes, with a constant magnetic dif-
fusion coefficient K: according to Parker (1963), particles that are
impulsively ejected from the Sun, distribute in the interplanetary
space in the following form
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U {r, t) "E;;E§;37E exp (-r*/4Kt) {6)

where N is the number of impulsively ejected particles and r = 1,2 A.U.
is the distance from the upper corona along an interplanetary fleld
line. When ejection is not Impulsive, but gradual, the observed time
profile is obtained from the convolution of eq. (6) with the Injection
profile given by eq. (5). So, the observed particle profile Is

t
Wry,t) =[ N¥,t-1)U(r,n)dt (7)
0

where T is the interplanetary travel time, and t - T the coronal
travel time. Taking K =5 X 10%cm?®/s, we show in Fig., 6, the results
of this convolution, for the two profiles of Fig, 4. Similarly in
Fig. 7, it is shown the convolution for the profile of Fig., 5, (for a
location ¥ =55°, with ¥, =100°). In both figures we have plotted
for comparaison the profile of pure Interplanetary propagation, as If
particles were Impulsively injected. It should be appreciated that
though the shape of the coronal profiles are lost (what Is more noti-
ceable for longitudes located within the FPR, at ¥ =0° for Instance),
however , the shifts of the onset, the peak intensity and the broadening
of the profile with azimuthal separation, 1.e., properties (a), (b)
and (c) are conserved through interplanetary propagation, and are
larger relative to Impulsive ejection: similar results are obtained
with low energy protons, but with a delay in time scales. Obviously,
for particles of the first emission phase, during the flare impulsive
phase , eq. (7) represents their time~intensity profile.

B.1. Prompt Particle Fluxes. |f we adopt the magnetic bottle model
of Schatten and Mullan, (1977), we can predict according to the
property mentioned at the end of the list of chapter 111, the presence
of prompt particles before the flare particles can escape of the
bottle. We have said before, that only protons of E > 100 MeV may
occasionaly drift out of the expanding bottle, before (ts opening,
when some restricted conditions are remplished, As It was stated by
Mullan, (1983), the release of the flare population takes between

5-50 min, with a most probably value around ~ 10%®s., Therefore, ac-
cording to our model, the low energy proton population (< 100 MeV)
which Is ocassionally seen In the interplanetary space before the bulk
of flare particles, cannot be flare particles. For explaining their
origin, we propose the following phenomena (Pérez-Peraze and Martinel!,
1981): the expanding magnetic bottle finds Itself within an active
region of complex magnetic structure, populated of magnetic archs. So,
during Its expansion it can get In touch with adyacent fleld |ines of
opposite polarity, forming a neutra! point that rapidly evolves In a
neutral current sheet as the bottle expands (Fig. 8). In this sheet,
the long of which there Is an electric current, a tearing-mode insta-
bility may be developed due to the fact that, though the coronal plas-
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ma conductivity is very high, it Is not Infinlti: magneﬁl field lines
around the neutral sheet are reconnected, transfering t eir energy

excess to the local thermal particles. So, according to Furth et al.,
(1963) the grow rate of the instability is given as

w = (fc?/4%0 ){2s/qu)?/%s™!, where f takes a value between 0 and 1,

a =x a™~ 0.2, where x Is the wave number and @ is the width of the neu-
tral current sheet, ¢ is the coronal conductivity,

s = (49/p)°"3( oH/c?), with p the plasma density, H the field strenght
and c the ll?ht veloclity. Takln? H = 3 gauss,

o =10* s and p =1,6 X 10-%¢ gr/cm’, as typical coronal values
below ~ 1 R,, the grow rate becomes w =2,77 X 10° a=®/% s~ Now, as-
suming an eapanslon velocity of the form V =V.e-t/te, the current

sheet width decreases as a =d e-t/te. where d is the initia) width of
the sheet, te =d/V, is the esponential compression time and V, is the

bottle velocity when the archs get together. For calculations, we make
the following assumptions: since a certain time Interval has elapsed
when the expanding bottle finds a magnetic loop of opposite polarity,
the velocity V, must be lower than the Initial expansion velocity; lets
take V, = 1000 Km/s, so, In Fig. 9, we have plotted the grow time for

the Instability, w~!, versus the evolution of the width &8 for two

reasonable values of the initial sheet width d, 0.01 Re and 0.02 RG'

The intersection of each of these curves gives the grow time and the
width of the neutral sheet corresponding to those times. |t can be
seen that these turn to be t = 31.5 s witha =2,19 X 10" cm and

t =64.5 s with a = 3.41 X 10" cm for the specific Initlal conditions
respectively. To these times we need to add the time elapsed since

the expansion of the bottle til]l the formation of the neutral sheet; as
we said before, the magnetic loops that may interact with the expanding
bottle must find in the same active region. Consecuently, thelr dis~
tance to the magnetic bottle cannot be larger than the dimensions of
the active reglons, which are typically of the order of 0.1 Ro, thus,

the time that the bottle last to reach a magnetic arch, If the initial
expansion velocity is ~ 1200 Km/s is at the most of the order

t =0.1 R,/1200 Km/s =1 min. Therefore, we obtain that a particle
popuiatlon may be accelerated out of the flare site after (1.5 - 2) mi-
nutes of the Initial magnetic bottle expansion, which are clearly
chorter times than the liberation times from the bottle (5 - 50 min).

The electric fleld produced by the change of magnetic field
structure around the neutral layer appears from the Faraday law as
€ =wHL/c, where L is the length scale of the electric field, w™* Is
the time for change of the magnetic fleld structure, that can be con-
sidered as the grow time for the Instability. Taking the length of
the neutral sheet of 0.05 RG' so, since the electric fleld appears in

the parallel direction to the neutral sheet, we can consider this
length, as the scale L. Therefore, for a magnetic fleld H = 1 gauss
around the neutral sheet, we have € = 3.7 x 10~? statvolt/cm for

w™? =m31.5s and € =1.8 X 10”* statvolt/cm for w™! = 64.5 5. The
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obtained energy from this dissipation magnetic energy process, in the
volume L2a of the neutra) sheet are 1.46 X 10*7 ergs and 5.38 X 10%°
ergs respectively. Clearly, this liberated energy is at least [ Rt
times lower than the liberated energy In the flare, but is enough for
producing a bunch of particles of energies as high as € = gcl=3.7
GeV and 1.81 GeV respectively. Some of these accelerat®d” particles
are Impulsively ejected, and others may undergo azimuthal propagation.

It should be noted that we have refered to three different
emission phases within the frame of this model: the impulsive phase
of primary flare particles, the emission of stochastically accelera-
ted particles, and the emission of prompt particles out of the flare
magnetic bottle. We should mention, according to Mullan, (1983), an
additional particle emission, up in the corona, from acceleration in
the reconnection processes during the bottle opening, giving rise to
relativistic electrons.

Now, let sumarize the model by making a balance of our results:
by evoking the dynamical behavior of the flare magnetized plasma, It
is explained property (d) for a FPR, where particles are convected at
the expansion rate of the magnetic structure, with an average velocity
that may varie from event to event: for Instance, If the average expan-
sion velocity Is of 10' Rn/s and opens at 1 Ra above the solar surface,

the rate is & < 150°/h >, whereas If < Vc > = 350 Km/h and opens at
0.8 Rg, the transport rate Is ~ < 60°/h > ., In this form it is satis-

fled property (e) of velocity and energy independence of low energy
particles , whereas high energy particles drift from the confining
structure with a velocity-dependent rate. Particle transport of low
energy particles out of the FPR Is dominated by a diffusive thick
geometry, Introducing a slight velocity-dependence , while high energy
particle behavior is energy-dependent through a drift-type-transport.
The strong anisotropy observed in some events In the Injtial phase of
events, is explained by the impulsive ejection of particles during a
first emission phase taking place during the flare Impulsive phase.
This allows also to explain the arrival of low energy electrons before
protons of the same energy, because the later mix with the population
of the secondary acceleration stage which are liberated several minutes
later. On the other hand, the location of the maximum peak Intensity
in many events over the flare site Is also a consecuence of the impul-
sive emission phase, The absence of this first emission phase favouri-
zes an occasional shift of the maximum peak intenslity to other prefe-
rential )iberation reglons, and the observation of a wide cone of anil-
sotropy at the begining of the event, instead of a marrow one, as in
the case previously mentioned. The Increase of the slope with azimu-
thal distance in the initial phase of some particle events, or Its
constancy in other events depends on whether the first emission phase
takes or not place. The characteristic change of slope In particle
energy spectra ( around 100 KeV for electrons) Indicates the occurence
of the first and second emlission of solar flare particles. The spectral
slope decrease with longitud, In the decay phase of events, Is attribu-
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ted to preferential drift of high energy particles relative to low e~
nergy particles. Property (f) concerning the modulation of particles
fluxes when they traver form one unlipolar sector to another of opposite
polarity Is only described quallitatively in terms of fluctuations of

Kg and Vd. when particles find quasi-equilibrium neutral sheets (very

low rate of field line diffusion)that do not generate intense accelera-
ting electric fields, but only act as particle propagation modulators:
in order to quantify this effect, It should be Included in the calcula-
tions some reliable perturbations on the two propagation parameters,
i.e., the drift velocity and the diffusion coefficlent.

Observational features (a), (b), (c) and (g) have been quantita-
tively reproduced by means of transport equations within the frame of
the model. The eventual presence of prompt protons, of all energies,
before the bulk of flare particles has been quantitatively predicted
by an additional emission phase In a conpressed coronal neutral sheet.
Relativistic electrons associated to type~IV bursts may appear from
reconnect ion processes during the bottle opening (Mullan, 1983),

Perspectives for going deep into the understanding of solar par
ticle azimuthal transport are undoubted!y associated with futur
multi-spacecraft observations, making possible a fine structure in the
temporal and spatial behavior of particle fluxes, azimuthal and radial
effects, for different solar ions and electrons, simultaneously with
other flare emissions and measurements of magnetic flelds, solar wind
and local physical parameters. This will allow for a better discrimi-
nation between particle coronal propagation and escape from the coronal
magnetic flelds. In particular, the '"out of the ecliptic' spaceprobe
experiments will bring new lights in the phenomena of coronal trans-
port of flare particles. From the theoretica) point of view, it Is
Interesting to search for specific functions of the escape rate,

r(y), that allows, at least, for preferential liberation at some defi-
nite longitudes and escape inhibition at other longitudes, while it is
not yet established a plausible time and velocity dependence of the
escape process. This may be done, in principle, by new detalled nu-
merical calculations of particle trajectories in a suitable coronal
magnetic fleld topology. This, however, needs of further information
about the behavior and evolution of magnetic fields In the course of a
solar event. Very outstanding advances may be expected in the deter-
mination of the complete coronal vector magnetlc fleld from the simul-
taneous application of the Hanle effect for two emission lines, that
makes possible to determine in an unambiguos manner the three compo-
nents of the field, as any other method can give unti! present (e.q.
Bommier et al., 1981).

Finally, | would like to point out, that in spite of the even-
tual falacies of the proposed model in confrontation with specific
solar particle events, the main goal of such a proposal is to emphasize
the importance of the particle multi~emission phase character of the
flare phenomenon, though the number of phases and their relative im-
portance may vary from event to event.
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