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Abstract

Recent results on various aspects of solar energetlic particles are reviewed
A possible grain component of the polar particles s discussed tn brief The plasma compo
nent namely the solar wind and the solar energeltc paiticle composttion s evaluated
Composttion studics of solar wmd are revtewed The soler energetic particle flares
are separgted wte lmge and small flare composition Ilemental and 1sotopte compostiion
are listed so as to compaie with the olher measurements Present status of theoretical
studies 15 rcviewed Long term vartations are also mentioned

I Introduction

Particle emission from the Sun has three po sible components namely, a) Groins,
b) Sotar Wind and c©) Solwr Unergetic Parlicles Qf those, Lhe firsl componet 1 only
suggested to be originaling from the oun and clear oxperimontal evidence of its oolar
origin 1s yut Lo bo established The olher Lwo componenis ire the pla.ma companent of
the solar particlcs They are magnetically aceelerated from the sun and ddtalled studies
over the pa t lwo docades hive revealed some important clues ahout then composiLion,
origin and accelcration They have also bean studied 1n order to get clues tu Lhe undet
standing of various proces & of the sun We shall discuss each of these componenls below
In this roviow we restrict ourselves Lo the various experimental results in the field Inter
pretation of tlus dala 1n terms Lo attempted slsewhero (Vahia, 1988)

Il General INeatures of Solar Particles
II1 Possible grain compone nt

There have been various studies of Lhe interplanetary gramns of 10 * to 10 Bg in
near earth as well as intorplanetary space (for an extensive review soe eg M:l;- annsall,
1978, Walker, 198, Wood et al 1985) These studies have shown that below 10 ""g thero
exists a dislinct component of the greins which comes from Lhe direction of the sun These
grains with their age less than 10* years have fluxes mgher than the interstellar fluxes
by an order of magnitude They are suggested to originate from Lhe 5Sun {Direcl studies
of Lhewr composition by Hemenway et al (1972) have shown that they have an oxcess of
high atomic weight material and 8 deficiency of low atermic weight malerial Isobe et al
{1985) have made polarisation studies of the outer corona during a total solar eclipse in
spectalised wavelengths to study the light scattering by the gramns They have concluded
that a distinct grain ring exists around the sun between 4 and 5 solar radi

All these studies indicate that there exists a distinct component of interplenetary
grains which probably originates from the sun | lowever, detailed studies of time variablll
ties and othor properties of the gratns is needed before any definite statement can
be made
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1.2 Solar Wind

Solar wind const ts of purely diffusing perticles that have mean kinetic erergy
greater than the required escape energy from the solar surface It consist of low energy
streams with velocity between ~ 300 800 kms/sec {energy ~1 10 KeV/n) Two to four
major high speed and low speed streams typiecally sweep past the earth during each solar
rotation At 1 AU from the sun their density generally varies between 1 and 20 protons/ce
(with p alpha 10 005) 1n rough anticorrelation with the speed l.ocal density peaks are
commonly observed on the leading edges of the high speed streamers The proton tempe
rature usually varies between 10" and 5 x 10°K roughly in phase with the speed variation
The thermal speeds correspending to these temperatures are about a factor of 10 smaller
than the flow speeds so that the solar wind protons form a fairly well collimated 1on beam

The electron beam distribution 18 most successfully characterised by the superposi
tion of two thermal populations, the major component has the temperature of 125 x 105K
and the minor component has the temperature of about 8 x 10°K

The heavy element composition studies have been made only for a few olemonts
hke He C, O and Ne and it has been found that their relative abundances are similar to
the low energy (~1 5 MeV/n) solar energetic particle compo 1tion (Bochsler et al 1986)
There have alsg been some preliminary 1sotopic composition measurements which agree
with the spectroscopically determined ratios for the solar corona (cf Mewaldt and Stons,
1987)

The solar wind 18 a magnetised plasma Because of the high electrical conduclivity,
the solar magnetic Fleld 18 frozen into the expanding corconal plasma to form the inter
planetary magnetic field The fiteld magmtude usually in the range of | to 20 x 10 3Gauss
The azimuth angle between the radial vector and the stream (also called the Parker
Spiral angle} commaonly fluctuates between 135 deg and 315 deg with the field pointing
out of (135 deg) ar towards (315 deg) the sun along the Parker spiral

A detailed discussion of various aspects of the solar wind can be found 1nNeugebauer
(1981), Steimtz and Eymi {1980 and Eym and Stewmtz (1981)

I3 Solar Cnergetic Particles

with Lhe peak flux around 1 ta 5 MeV/n, this 18 a mare cnergetic component of
the solar particles The solar energetic particles are s periodic and widely varyming in
intensity The emusston 15 usually well correlated with electromagnetic disturbances such
as H (alpha) flares etc Thus these are often referred to as solar flare particles However
an observation of an electromagnetic dl turbance is neither necessary nor sufficient for
the emission of solar energetic particles

Unlhike the solar wind, they carry with them an appreciable flux of heavy elements
of Z >1 Since magnetic disturbances are known to exist 1n the reguon of solar paticle
emissions, these particles become sensitive tools for the study of flare conditions (Vahig,
1988) These particles mainly provide three kinds of informations 1) Properties of the
interplanetary space like the magnetic field configuration and field perturbation, 2) the
accelgration processes In solar flares and 3) paiticle abundances on the solar surface

The most interesting realisation of these studies has been the identification of two
kinds of solar energetic particle events called small events and large events The main
distinguishing feature between the two s the fact that the former are low flux events
accompanied by litlie or no electromagnetic activity The ncrease over the ambient flux
is also by small amounts In the former case caompared to several orders of magnitude
increases 1n the fluxes and extensive electromagnetic activity that sccampanies the
large flares We discuss each of these below
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1i.31 Small Flares Since the advent of satellites and continuous monitoring of the solar
particle , a new component of the solar energetic particles has been 1dentified (see
eg McGuire et al 1981} This component, studied mainly for 1ts heavy ion fluxes has
shown distinct pecuharities For example, compared to large flares the He'/He" ratio
in such flares can be enhanced by upto a factor of 1000 Unhke the large flares the
absolute fluxes n such events are small However, the cbundence pecubarities may
continue over several days and abundances of verious elements show differing behaviour
{figure 1) In particular, unlike in the case of large flares, in the small flares the relative
abundances of vartous elements do not reach the photespherte value even at high snergies
(figure 2) This has been attributed to possible special selectivilie that effect the
particle composition at 1sotopic levels because of their varying charge to mass ratio (cof
Ramadural 1988) There have also been studies of olher heavy 10ns in such flares and this
shows an increase 1N large flare to small flare component with nuclear charge (figure 3)
(Mason et al, 1986) Various mechanisms have been sugge tcd for their origin 1nvolving
various aspects of magnetohydrodynamics Ramadurar (1988) has discussed the e problems
elsewhere 1n this volume and we shall not discuss these further over hers

Hovesladt et al (1984) have altempted to measuwe dircetly the charge states of
the 04 Lo 1 MeV/n particles 1n small flares using elcitrostatic deflectors They have
found that whtle He has charge states that correspond to an amblent temperature less

than 8 x61[] K O and I'e show charge siales corresponding to an ambient temperature
~ 2 x 10" K

132 Large Mares  Large flare emission 18 characterised by 2 to 5 arders of magmtude
rise 1n paticle fluxes within & short time apan of & faw minutes They have been assocla
ted with laige electromagnetic events on Lhe solar surface and Lhe flux increases typiloally
8 to 12 hour aftor the electiomagnellc event Detalled compositional studies have ldenl
fled differenl mechanlsms that cperate on the election, proton, slpha particles and
heavy 1on8 in accelelating them

Vartous stuches of the problem and alpha particle spectra have shown that Besasl
function and exponenlial apectrum 1n rlgidity best Fit the observations (Formann et
al, 1986) The eisctron spectrum on the othor hand shows a break at around 100 KeV
and can be well fitled by Lwo power laws in energy with Index of 11 and 3 6 below and
above 100 KeV respectively This is probably the effect of higher susceptibitity of elec
trons to various energy loss processes (Formann et al, 1986)

The acceleratlon patterns in heavy 1ong are much more complex due to the fact
that heavy 1ons can show varying charge stakes depending on the number of electrons
gssoclated with the nucloi A standard method of studying the heavy lona Is to study
the relative abundances of various elements with respect to oxygen (or silicon) at specific
energtes One can then compare the relative sbundances of various elements to the
relative abundances of the sun This is a very powerful way of analysing the changes in
the abundances at various energies and Lhe causes for the samc The energies are also
usually defined on per nucleon basis so Lthal at a glven energy ell particles \ndependent of
their mass would have the same velocity In figure 4 (Biswas et al, 1983) the varlatlon
of enhancoment factor (relative abundances in an aveni al a specific energy normahsed
to the relative sbundances in the photosphere)with energy is plotted for various elements
The most striking feature of such a study 1s lhat while at low energies the relative
gbundances may be different, at energies sbove ~ 25 x MeV/n they tend to have values
stmtlar to the photaspheric abundances (1 e enhancemonts = 1) However, for some
elements the relative abundances tend to remain similar to Lhe photospheric value
right from low energles uplo high energies This can be understood in terms of variations
of cherge stales with energy Empirical studles on the variation of charge states with
energy In a plasma show that particles tend to loose all their orbiting electrons by
the energy of ~25 MeV/n Hence sbove this energy varlous species with similar charge
to mass ratio are accelerated In similar quantities and hence show the same abundance
patterns as the ambient medium One consequence of this has been to attempt to derive
abundance patterns of solar energetic particles based on the first ionisation patentlsl of
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nucler (cf Meyer, 1985 and refeiences therein) This has shown that the elemenls with
the first terugation potential less then 9 eV tend to be enhanced by varying degiee while
those with the first 1omsation potential higher than 9 eV are not enhanced However,
since even at the photaspheric temperatures the mean charge states are greater than I,
such correlations are only an approximation of the real situation The importance of
clasaifying the enhancements an charge states 1s discussed elsewhere (Vahia 1987 1988)

In large flares 1sotopes of He, C, N, O, Mg and Ne have been mcasured hetweon
04 to 1 MeV/n (Mewaldt and Stone, 1987) These results show that the isotopic abundances
for Ne (Ne?2/Neg?®) are about a factor of two higher than tho e found 1n solar wind
while other 1sotopic ratios are similar to solar wind abundances

There have heen various studies to measure the charge ststes of cosmic solar
energetic paticles (ef Hovestadt et al, 1984, Luhn et al, 1985) These studies u tng electro
static field, a proportional counter end & positive sensitive solid state detector have been
restricted to energies below about 1 MeV/n The.e studies have found that for the large
flares there exist two components of temperatures around 2 x 10 K and 7 x 10° K The
implications of this are discussed elsewhere (Vahia, 1988)

Various attempts have heen made to theoretically understand particle acceleration
in solar flares These have mainly concentrated on various a pects of magnelic field
effects on charged particle Biswas and Vahia (1985) have reviewed some of the models
in brief de Jager (1986) has extensively reviewed various aspects of solar flare parlicle
acceleration from electromagnetic as well as parliele characteristics Recontly, Vahia
{1986) has shown that betatron mechantsm 1s very efficlenl 1 accelerating particles
to high energies Droge and Schlickeiser (1986) have studied stochastic resonant scatlering
by hydrodynamic waves to accelerate particles Lee and Ryan (1986) have attempted
to analytically study the time dependent coronal shock acceleralion of solar energetic
particles However, none of the models are in a position te allow detalled comparison
with experimental results and therefore, selection of the most likely model 1 not possible
yet

M. Long Term Variations

Over and above the studies of the solar energetic paticle events, there 15 a general
trend and wvariability in the number of solar energetic particle events (deduced indireetly
from the sunspot records and C'" dating) 1n various time interval in the past Since 1714
AD the variations in solar activity as measured by the records of the sunspot observations
are known to follow en 11 year cyele along with the solar activity cycle Supporting evl
dence for this can be found {n anclent records of Aurgral light observations, rock sedi
mentations and polar cap Ice depositions (see eg White, 1977 and Stuiver and Quay, 1980)
Such studies give the Solar energetic particle flux variations over a period of time The
main outeome of this has been that while the Soler activity cycle has been a continuous
feature slnce 1714 AD, there were prolonged periods of solar quiet and extensive solar
activity In earlier times There wers at least thres -narked periods of solar quists
called the Mounder Minimum (1654 to 1714 AD), Sporer Mintmum (1416 to 1534 AD) and
Wolf Mimimum (1282 to 1342 AD) named after the scientists who first identified them The
cause of these solar variations are stlll not understood and they are apparently related to
the problems of the origin of stellar magnetic fields
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