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Abstract Solar cosmic rays are energetic particles generated

in flare related processes on the Sun, In the high cnergy

domain solar cosmic rays mainly consist of protons. These

relativistic solar protons (RSP) have energies from units to

tens GeV, the same as the maximal part of cnergetic

spectrum of galactic cosmic rays (GCR). The sources of

GCR are so remotc from Earth that one can only suppose

possible acceleration mechanisms of these particles. On the

contrary, the probably sources of solar cosmic rays: flarcs,

reconnecting loops of coronal magnetic ficld, CME and

shocks arc observable. That enables to trace processes of

solar particle acceleration up to relativistic cnergies in

natural conditions and analyse action of this or that concrete

generation mechanism, Results of this study may be used for

revelation  inaccessible to observations mechanisms of

generation of GCR,

The main instruments for study both GCR and RSP are
ground based neutron monitors which register sccondary
neutrons gencrated by high-energy cosmic ray protons in
atmosphere., The data of worldwide network of neutron
monitors in combination with modeling technique enables to
obtain energetic (rigidity) spectrum, and characteristics of
RSP anisotropy in interplanctary space. As an example the
analysis of RSP event of 29.09.1989 the most powerful for
the last 56 years have been considered. Using data of 42
neutron monitors distributed over the globe and technique of
mathematical optimization the parameters of spectrum, pitch-
angle distribution and anisotropy of relativistic solar protons
(RSP) for 17 moments of time during the event have been
obtained. It allowed to construct the intensity profiles in
different ranges of energy and to study the energetic spectrum
dynamics in detail, The event has been shown to comprise the
carly, rigid impulsc-like intensity increase (prompt
component, PC) and late gradual increase with a soft
spectrum (delayed component, DC). The spectrum of prompt
component was exponcntial in rigidity and softened with
time. The DC spectrum had a variable slope which did not
change during almost an hour in the latc phase of event,
Based on those results, we suggest a combined model of
generation of two RSP components in a system "reconnecting
current sheet - coronal mass ejection (CME)". The PC
particles are suggested to be accelerated by electric field
arrsig i the—Tevommection process in a tailing part of
ascending CME. The DC particles are probably due to the

acceleration by plasma turbulence in the flare or by a CME-
driven shock wave, %

1. Introduction

Large solar event of 29 September 1989 has been
extensively studied during past 10 years, and at present
more than 200 appropriate publications are available (as a
review see Miroshnichenko ct al. (2000)). In particular, it
was shown (Vashenyuk at al., 1997; Vashenyuk and
Miroshnichenko, 1998) that a number of the peculiaritics
observed in the cvent can be explained by two-fold ejection
of relativistic protons from the Sun. Just at the early stage of
this event very hard particles have been ejected with a
strong anisotropy outward the Sun. At the second cjcction
that occurred about | hour later the spectrum of RSP has
become softer, and a bi-directional anisotropy was found
(Vashenyuk at al., 1997; Vashenyuk and Miroshnichenko,
1998; Vashenyuk and Pchelkin, 1998) to exist in this latter
casc. By the methods of a computational modeling the event
0of 29 September 1989 has been analyzed by several research
groups (Dvornikov and Sdobnov, 1997; Lovell et al., 1998;
Vashenyuk and Pchelkin, 1998). Those researchers have
cstimated the parameters of primary flux of solar protons for
threc (Lovell et al,, 1998; Vashenyuk and Pchelkin, 1998)
and four (Dvornikov and Sdobnov, 1997) moments of time,
In the present paper the modeling has been accomplished for
17 moments of time, that allowed us to trace the flux
dynamics of RSP in more detail.

2. Modeling technique

Modeling procedure of the event of 29 September 1989 by
the Earth's surface data included the normalization of data to
a standard barometrical pressure (1000 mb) was carried out
by the two attenuation length metod (Mc Cracken, 1962;
Kaminer, [968). The attenuation lengths due to solar
protons were taken from (Ahluwalia and Xue, 1993).
Determination of asymptotic viewing cones of the 42 NM
stations under study based on the particle trajectory
calculation in thc model of geomagnetic field by
Tsyganenko-89 (Tsyganenko, 1989). A trajectory was traced
up to the boundary of the magnetosphere. The direction
opposite to the NM viewing direction corresponds to the
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asymptotic direction of particle approach at given rigidity.
Then the responses of all the 42 neutron monitors have been
computed. Details of these computations are in (Pchelkin
and Vashenyuk, 2001). By these computations the following
forms of rigidity spectrum and pitch-angle distribution were
used. J(R) = JoR is a rigidity spectrum of RSP flux in the
direction of anisotropy axis. ¥ monotonically increases in
rigidity and Ay is an increase per 1 GV(Cramp et al, 1993),
F(O(R ))~ exp(-8°/C) is a pitch-angle distribution (PAD) of
primary protons in the IMF (Shea and Smart, 1982), O(R)
defines an angle between the direction of maximum
intensity of particles and asymptotic direction of approach at
a given rigidity. Unknown parameters of solar proton flux
are six quantities: normalisation constant of the spectrum Jo,
direction of the anisotropy axis (GSE coordinates, & and &),
two constants in the relations for the rigidity spectrum, y and
Ay, and a constant of pitch-angle distribution C=20". These
parameters are determined with the optimization methods
(Dennis and Schnabel, 1983) by resolving a system of
constrained equations. Then, we solved, in essence, a
nonlinear lcast-square problem that was reduced to search a
minimum of the function SN at the optimal set of
parameters:

SN = 3 ((ANN)jeio- (ANN) jowerd” = min (1)
J

Inscriptions in the indexes in the relation (1) correspond to
calculated and observed amplitudes of GLE at the j-th
cosmic ray station,
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3 The results of modeling

The combinations of mentioned parameters of RSP have
been obtained for the 17 moments of time between 12:00
and 16:00 UT. In Table 1 we summarize the results of
determination of RSP parameters at the 17 selected
moments of time. The quantity & is a residual error.

Figure | shows intensity-time profiles at four ncutron
monitors (Hobart, Apatity, Irkutsk and Inuvik) derived by
the results of modeling at the 17 subsequent moments of
time (solid lincs). Real (observed) values of intcnsity are
shown by triangles. In total, in this way we reconstructed 42
profiles (accerding to a nungper of neutron monitors
involved). The character of visible discrepancics is typical
for such kind of modeling.

Time profiles of differential intensity at RSP rigidities of
1.5, 2, 7 and 10 GV are given in Figure 2. It is scen that at
high rigidity, only one pcak of RSP intensity was observed
carly in the cvent. At lower rigiditics an increase starts some
later and corresponds to the sccond ejection of relativistic
protons in this event (Vashenyuk et al.,, 1997, Vashenyuk
and Miroshnichenko, 1998).

Figure 3 shows the pitch-angle distributions of RSP
during the early phase of event as well as during the second
maximum and late phase. It is secn that the prompt RSP
component has pitch-angle distribution more narrow than at
late phase. And during the second maximum of GLE the
PAD becomes bidirectional what may be rclated with
possible loopelike IMF structure and injection solar particles
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Fig.l. Modelled (solid lines) and observed (triangles) intensity-time profiles of ground-level increases on 29 September 1989
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at a number of neutron monitor stations.
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Fig.2. Derived differential intensity-time profiles of solar protons

for different rigidities outside the Eart’s magnetosphere.

into the both ends of the loop rooted on the Sun
(Vashenyuk et al,, 1997). The similar modelled PAD were
obtained also by Lovell et al.,(1998).

Figure 4a shows the energy spectra of RSP, obtained for
several subsequent moments of time. Thin lines mark the
spectra observed after the first cjection from the Sun, solid
line at 13:47 UT corresponds to the spectrum related to the
second peak,

For the four moments of time after the first sjection we
have constructed also the rigidity spectra of RSP (Figure
4b). These spectra display an exponcatial dependence on
rigidity, this feature being characteristic for particle
accelcration by DC electric ficlds (e.z. Dorman and
Miroshnichenko (1968)). At the same time, the spectrum
slope is scen to increase in time. It should be noted that the
spectrum of second ejection did not undergo considerable
changes within the time interval 13:17 - 14:07 UT,

4 Discussion

Our modeling results clearly demonstrate two components
of RSP, prompt and dclayed ones (Vashenyuk et al., 1997;
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Fig.3. Derived solar proton pitch-anfle distributions in the different
moments of time of the 29 Scptember 1989 GLE.

Vashenyuk and Miroshnichenko, 1998), that, supposedly,
have been accelerated on 29 September 1989 at coronal
heights (Vashenyuk et al., 2000). Subsequently, they have
been released from the Sun with a shift in time. Possible
mechanism of gencration of prompt component may be an
acceleration of particle in DC (disruption current) electric
ficld arising in the process of reconnection of opposite
magnetic fields high in the corona (Perez-Peraza ct al.,
1977, 1992). As to the delayed component, a corresponding
mechanism of RSP generation in the cvent under study may
be a stochastic acceleration by plasma turbulence in the flare
volume or its vicinity (Gallegos-Cruz and Percz-Peraza,
1995). On the other hand, Lovell ct al, (1998) advocated a
shock wave acceleration as a generation mechanism of solar
cosmic rays in the 29.09,1989 cvent.

A model of RSP generation providing with two
mechanisms of acceleration and release of accelerated
particles into interplanetary space may be related to a
configuration of a coronal mass ejection (CME) that appears
at the separation surface of magnetic polarities in the solar
corona (Kahler, 1996). Then, the generation of PC particles
is due to the acceleration in DC clectric fields arising in the
process of reconnection of opposite magnetic fields in the
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Fig4a. Derived cnergy spectra of
relativistic solar protons outside the
Earth's magnetosphere at different
moments of time on 29 September
1989, for the first and second
intensity peaks (thin and thick lines,
respectively),

Figd4b. Dynamics of rigidity
spectra during the first intensity
increase in the GLE of 29
September 1989, Note an exponen-
tial form of the spectrum and its
softening with time.



trailing part of the CME (Litvinenko and Somov, 1995).
Exponential form of the rigidity spectrum for thc prompt
component of RSP (Figure 4b) gives an evidence of particle
acceleration by DC  electric field (Dorman and
Miroshnichenko, 1968). The rcgular softening of the prompt
component spectrum with time may be due to shift of the
reconnecting layer higher in the corona where magnetic
ficld strength (main factor influencing the RSP spectrum
rigidity (Perez-Peraza et al., 1977, 1992) is weaker.

Particles of the delayed component (DC), originally being
trapped in magnetic arches in the lower corona, supposedly
arc accelerated by stochastic mechanism in the process of
interactions with MHD turbulence in expanding flare plasma
(Gallegos-Cruz and Perez-Peraza, 1995). This accelerated in
the low corona population of particles may be carried out to
the upper corona by arising CME and injected then into
interplanetary space. The invariability of the delayed
component spectrum in course of more then two hours since
13:47 (Fig. 4a) speaks for this mechanism.

The questions of modeling of the RSP spectra in the
sources that have given rise to the cvent of 29 Scptember
1989 are discussed in a scparate paper (Vashenyuk et al,,
2000). [n the same paper the cstimates of source parameters
for the prompt component are given. As a whole, howcver,
after 10 years of intensive study of the event no generally
accepted acceleration scenario exists (Miroshnichenko ct al.,
2000). Apparently, detailed modeling cfforts will be still
required to construct a comprehensive picture of this historic
event,

5 Summary

The responses of 42 ncutron monitors of the worlwide
network during the GLE have been computed to obtain by
methods of mathematical optimization the parameters of
relativistic solar proton spectra, anisotropy and pitch-angle
distribution in interplanctary space for 17 moments of time.
It is shown existence of two distinct particle populations, the
prompt and delayed onc in the flux of relativistic solar
protons, The prompt component was remarkable by the
relatively short duration, hard exponential rigidity spectrum,
and narrow pitch angle distribution, Possible generation
mechanism of PC is the acceleration by an electric ficld in
reconnecting magnetic current sheets. The delayed
component has appeared ~1 hour later and had a gradual
intensity profile, softer spectrum and a wide pitch angle
distribution. Its possible source can be related with
acceleration by plasma turbulence in low coronal heights
during initial phase of the flare. Accclerated particles are
transported then to the upper corona inside an expanding
magnetic bottle and are released after the bottle is destroyed.
Another possible source of the delayed component can be
the coronal shock wave propagating ahead of an crupting
transient, Our analysis give a consistent and credible picture
of the gencration of relativistic solar cosmic rays during
outstanding but in general rather typical solar flare event.

In our Galaxy there arc about 100 billions stars and majority
of them can produce flares much mor energetic than our

Sun. So it is rather plausible that significant (if not
detcrminant) contribution into the summary cosmic ray flux
give the flares at stars rather then the widely believed source
from supemovac cxplosions. The occurrence rate of latter in
the Galaxy is only 2 or 3 in a century.
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