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ENERGY SPECTRUM OF FLARE PARTICLES FROM AN IMPULSIVE ACCELERATION PROCESS

J. Pérez-Peraza, M. G&lvez and R. Lara A.
Instituto de Astronomia,
Universidad Nacional Auténoma de México
México 20, D.F.

Abstract. Energy spectra of non-relativistic solar particles accelerated in neutral current
layers and magnetic flux loops are derived from the establishment of particle motion equations
within these configurations. The same general spectral shape is obtained for different current
sheet configurations. Current disruption models furnish an inverse power law spectrum. Among

the several current sheet models analysed, the best representation of solar particle spectra
either of delayed or prompt events is given by the PRIEST'S configuration for both the coronal
and chromospheric levels. The acceleration spectrum from the ALFVEN-CARLQVIST model may support
better coronal production in delayed events, ‘

l.-Introduction. The feasibility of a given flare theory which can describe the kind of phename-
na most likely to occur at the source, may be evaluated by the rapidity of local energy conver-
sion to flare energy within the time scale required, the appropriate spatial and temporal se-
quence of events, etc. Given that most of the optical and corpuscular manifestations of the

flare phenomenon seem to be directly associated with solar suprathermal particles, we believe
that the ability of a model to predict the adequate energy spectrum of particles is another use-
ful tool to test flare models and to draw inferences about the physical conditions of flare re-
gions. At present it is widely spread the concept that solar cosmic rays, Type IV and probably
Type IT bursts, appearing in some high energy prompt events, are generated in a second accelera-
tion steep of preliminarily accelerated particles. Impulsive events like hard x-rays and microwave
bursts are attributed to a faster primary acceleration stage, narrowly associated with the local
instability that triggers the flare process itself. The secondary acceleration which rises par-
ticles up to sub-relativistic and relativistic energies, in the way that is usually required in
several flare theories (e.g.Wentzel 1963,196k;Sturrock 1966,1968;Sakurai 1965;Smith 1975), is
attributed to a stochastic process (e.g.Pikelner and Tystovich 1975). The study of energy spectra
of particles accelerated by a stochastic process has been previously attempted for Multi-GeV pro-
ton events (Pérez-Peraza and Galindo T. 1975 a,b). However, most of prompt events do not produce
relativistic protons but a great amount of low energy particles. Thus, following the same line of
work, we derive in this paper source energy spectra of non-relativistic particles generated in an
impulsive primary process, where acceleration is mainly due to displacement currents or space
charges rather than statistic fluctuating electric fields. Therefore, instead of solving a Fokker:
Planck equation, as is usually made in cosmic ray physies (e.g.Tsytovich 1966;Heristchi et al.
1976) we have developed analytical expressions for the spectrum of flare particles from inherent
features of each model. The analysis of energy spectra of the low energy component of prompt
events may furnish fruitful information about the primary process of particle acceleration, the
configuration and structure of the source, and thus to serve as a guide to discriminate among the
several hypothetical assumptions of flare theories in order to delineate more realistic models.
Concerning flare models, a considerable number of proposals have been developed, so that their
examination may be done under different classifications: the energy source, the associated local
instability, the magnetic field configuration, etc. (e.g.Schmidt 1969;Sakurai 197L;Svestka 1975).
Since magnetic.energy seems to be the most likely source of flare energy, we shall concentrate
our analysis on flare models where the magnetic field plays the chief role. Following Svestka
(1975)and Priest (1976) we can distinguish flare models in two categories according to the magnetic
field configuration: (a) neutral current sheets, and (b) magnetic flux tubes. Therefore, analyti-
cal expressions for the differential energy spectrum of particles accelerated in these kind of
configurations are obtained in this work and inter-comparaison with experimental spectra will be
reported elsewhere. In this preliminary approach we do not consider energy losses as in the pre-
vious work (Pérez-Peraza &nd Galindo 1975 b). Such a refinement must be introduced when the com-
bined analysis of theoretical and observational spectra allows to select a promising candidate
configuration.

2.- Energy spectrum from the acceleration region. The obtention of energy spectra of partlcles
accelerated in & definite magnetic field configuration has been previausly attempted in a. numeri-
cal approach for the Petschek's model configuration (Friedman 1969), and analytically for the
Syrovatsky's configuration (Bulanov and Sasarov 1975). Since the accelerating force proceeds from
a Coulombian force field, the final energy distribution of particles depends on their random
initial positions within the acceleration region., Thus according to Bulanov and Sasarov (1975),

‘the differential energy spectrum by unit time and unit length of the configuration may be

written as: .
N(E)dEdz= Jo|%‘| dEAZ (1)
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where x denotes the initial particle position and J; is the particle density by unit time
flowing"at the boundary of the acceleration region. The modulating factorldxo- /dE| of the local
flux J, determines the manner, as particles once accelerated in a given configuration are dis-
tributed according to their final energies. Particles which spend more time in a region of con-
stant electric field, or whose initial positions are-previligiated within a region of varying
electric potential, reach the highest energies and conversely. Therefore, it follows that in
order %0 establish |dX,/dE| it is necessary to study the behaviour of particles in the eléctro-
magnetic field inherent to each model.

3.- General equations of particle behaviour in current sheets. The astrophysical problem of

neutral current sheet configurations has been studied from several points of view: the energy
dissipation process (homogeneous, by resistive instabilities, by a wave mode, etc.) the geometric
configuration (open and closed sheets), stationary and non-stationary process, compressible and
incompressible media, etc. We have limited our analysis to those solar models that propose a
explicit magnetic field configuration, which turns generally necessary in antiparallel and hiper-
bolic topologies of opposite magnetic-fields to determine particle trajectories within the accel-
eration region (Table 1). This means that for some important flare models we have been unable to
derive energy spectra (e.g.Sturrock 1966,1968, etc.). The analysis of particle trajectories in
this kind of configurations has been carried out by AstrBm (1956), and Weiss and Wild (196L);

“ here we shall follow the procedure developed by Speiser (1965) and Bulanov and Sasarov (1975),to
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Table 1.- Magnetic field configurations of different
models; B, is the input magnetic field strength inte
the emergent field after re-

the diffusion region, B;
conection;$ is the half-width and L the length of the

sheet. M =v/V with v and V the diffusion-and Alfven
velocities respectively. The induced electric field

is given by €.

.derive analytical expressions of the motion equa-
,tions. Let us consider the individual behaviour of

particles; therefore, the electromagnetic force
acting on particles is given by the Lorentz equa-

&e@+%ﬁxm (2)

‘where e is the electronic charge, c the light

yelogity and u is the particle velocity. €= (17c)
L]
sheets appears mainly from spatial variations of
the magnetic field B=(By,By,0) when field lines
diffuse inward with velocity v; thus, according to
Faraday and Gauss laws € is a constant. At time
t=0, before field line diffusion occur, particles
have initial positions (X,,Y,,0)within the sheet
and the velocity of the local plasma. Once dif-
fusion starts the general particle motion equa-
tions are from Eq. (2)

X= (-e/mc)ZBy (3)
Y= (e/me)%Bx (4)
7= (e/m)e+(ghm¥iﬂy—YBx) (5)

integration of (5) gives
Z= (e/m)et+F (6)

where the contribution of the magnetic field
components is represented by F=F(X,Y,Xq,Yq,Bp,D)
with D denoting the geometrical dimensions of the
sheet. It is systematically found that F becomes
negligible with respect to the first term of (6)
while t increases as we shall illustrate later
for the Sweet-Parker model, where the sheet
dimensions are the largest. After an elapsed time
t' particles leave the diffusion region with a
final energy:

2

E=(m/2)(i2+i2+izjae;$ £12 (1)

where the energy due to cyclotronic velocities has been neglected. The time t' can be obtained
from the circular drift in the XY plane when the particle is at the boundary of the sheet of

radius &

X2(t')+Y% (¢ )= 62

(8)
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to evaluate X(t') and ¥(t')it can be seen that given the shape of configurations of Table 1,
the substitution of (6) in (3) and (4) leads to the following kind of relations

X= *CXt; Y= #Cyt (9)

where C is a constant which differs according to the model configuration. The solution of a equa.
tion of type X*Cxt= 0 be obtained by performing the following variable changes C= T=3;R(t)=
t/T,X= R¥ s and o= (2?§¥R3!, leading to a differential equation of the form w?(d%s/dm?)+(ds/dw):
(m2+1/9)5§ 0 which solution is a Bessel function of order (-1/3), either of an ordinary or modi-
fied kind, according to the sign of its third term; i.e., depending on whether the: field compo-
nents (Table 1) are taken negative or positive with respect an established origin, the solution
is given by the modified or the ordinary function respectively, such that evaluated under bound-
ary conditions (X=X, at t=0) we have X(t)= anRUEJ(Mlqm or X(t)= xopR"ZI_ug(m), with p=T'(2/3)3%.
The solution-of order (-1/3) is preferred to the solution of order (1/3) because it entails a
longer duration of particles within the region where acceleration takes place. Since we are
interested in the behaviour of particles in the diffusion region as time elapses, the asymptotic
behaviour of Bessel functions as t increases is considered

| =M1 * ¥
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Table 2 The spectrum parameters for TNCOMPres sible and compressible flare mdels: VeB,/(4mn m)?is the Alfven
velocity; m and M are the proton and electron mass respectively T, and T are the ionic and eloc{mnl.c temperatu-
res respectively (T {‘re:o.lh k is the Boltzman constant. i * .

* The constant has ﬁaan arbitrarily chosen as unit.

However, when the field configuration has components which are null or constants the solution of
(3) and (4) takes the trivial forms X(t')= Vt+Xo, or X(t')= (C/6)t’+Vt+X, where V is the Alfven
velocity. Since the exponential of time increases faster than either a cubic function of time or
a trigonometric functibtn of time, the solution of (3) or (4) is basically given by the modified
Bessel function, which is also true when perturbations in the position appearing from perturba-
tions in the magnetic field are considered, as in the model of Sonnerup (1970). This leads sys-
tematically to found that one of the left terms in Eq. (8) is negligible with respect to the
other one, so that the following expression for the time is generally obtained.

t'= (1.5 ea[(w¥2/T(2/3)e= T/ 12 3¥8)(8/x,)]} %2 (11)
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with the exception of regions II and III of Petschek's current sheet where acceleration is
provided by fluctuating electric fields. Therefore from (7) the particle energy when it leaves
the acceleration region is E= (e?e2T7?/m)[0.89%n 1.36(6/X,)]"" and thus :

Xo= 1.368 exp[-1.12(E/E,)¥] (12)

where E, = e?eszm is a characteristic energy, which value depends on inherent features of each
model, Taking the derivate of (12) and introducing it in (1) a general expression for the dif-
ferential spectrum of particles acceleratéd in current sheets is obtained

N{E)dEdeﬂ(Eon]'mexp[-l.la(E/En)aj"] dEdZ (13)

where A=K nv8/E,, with K= WIPEHJIZ/F(2/3}21"3u6= 1.1436. It is then clear that the current
density J,= nv depends on individual model through the incoming velocity and on the compressibi-
lity or incompressibility ©f the plasma sheet. For the incompressible case we hawve considered
the local density (i.e., n=nu). In Petschek's model particles are effectively continuous ac-
celerated in regions II to V, two or which are the superposition of adjacent configirations.
Among these configurations, three of them are populated by fluctuating electric fields and
stochastic acceleration becomes predominant in two regions. If the electric field is considered
as roughly constant within the regions of magnetic discontinuities, the particle energy spectrum
from Petschek's configuration takes the following form

N(E)dEazZ=A{(E/E, }f”‘exp(—e.eh(E/Ea)31")+{E./Eu)"“‘exp{—l.lz(E/Eu}’I“] } aEaz (diffusion regions)
N(E)dEdZWKQKE}Efqz+(5§/2€h£“)q2Elﬂ+l]dEdZ (stochastic regions) (1k)

it follows from (13) or (14) that the evaluation of energy spectra of particles accelerated in
current sheets require the characteristic values 6, v and E, that we have summarized in Table 2
for the incompreﬁﬁib%? and gompressible cases for an arbitrary set of parameters: n=1011cnra,
B= 500 gauss, 0=10 "5~ ,Te= 10°°K and L= 10° em. As can be seen from the characteristic value E,
(Table 2), with the exception of the Priest and Yeh-Axford models, expressions (13) and (14) are
not able to describe solar particles, because at E<1 KeV there is an extremely abrupt fall of
many decades in particle intensity in an energy decade,becoming practically null at higher ener-
gies. A similar behaviour is obtained varying nz 10°-10'%m-? B= 100-500 gauss,Te= 10°-107°K and
o= 10'*-10" s-!. Therefore, we have illustrated in Fig. 1 the behaviour of energy spectra obtain-
ed with the two models that seems to be valuahle in describing solar particles (Yeh-Axford and
Priest models). On Table 3 we have summarized the relevant parameters of spectra in Fig. 1,
together with Epg,= eEL=({e/c)vBL in ‘each case. It must be mentioned5 however, that the Priest-
Raadu model may also give a valuable spectrum for &> 10 cm and vv10° cm s~!. For the rest of mQd-
els analysed in this work, we should assume a turbulent conductivity 0210571 ,B>500 gauss and
L>10° em in order to obtain a valuable description of solar particle spectra.

[ T T T11 v
h|c w—.) 10]' 'D'll lol‘ 10 Ty
8 =
) 3.4x10”7 0.107 0.341 1.07
o -
& (ems™h 2.6x10"  @.3x10°  2.6x10°  8.3x107 3 1EST
d - - H
o e 3.7x10°  @.0%10°  3.7x10'  1.7x10° 2 PRIEST 11
3 _(Mev) <
e A - E
2| (ems evi! 2.7x107  1.28x10°  2.7x10'  5.9x10" L il AT
p <
5| Fmax  1.3x10" a4.oxt0'  1.3x10°  417.0 < PrIEST 1y
3 = H
{cm) 1.1x10"% ©.363 1.15 3.63 :
v
o tem s™Y 6.2x107  1.9x107  6.2x10°  1.9x10®
5 E :
= _(Mev) 461.0 99.4 21.4 4.6
A
4 =
(cmsev)"'1.5x10”  8.2x10%  4.7x10'!  1.7x10'?
a anx
(Gev) In 28 31 9.8
Table 3. The Priest and Yeh-Axford spectra :
; parameters
for B=500 gauss;L=10%cm,0=10"%e~', Set I is given with

o=10'"g-1,

EIMEV)

L.-Magnetic flux tubes. Among the magnetic flux loops models of flares there are several funda-
mental differences concerning the energy storage process, the basical configuration (force-free
twisted tubes or sheared force free fields,e.g., Svestka 1975) we have analysed those models
where the impulsive electromagnetic field is given explicitly, therefore, disregarding models
where acceleration is performed by fluctuating electric fields (e.g.,Wentzel 196k;Sakurai 1965;
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Pnewman 1967;Piddington 197L). One of the most popular concepts in flux loop models is electric
current disruption in the solar atmosphere (Heyvaerts 19Th), as for instance the model proposed
by Alfven and Carlqvist (1967), and Carlqvist (1969) where the space charge region for particle
acceleration is assifmilated to a vacuum diode. Let us discuss the particle spectrum from this
model: since the problem is considered,one-dimensional, the potential difference in the space
charge region may be expressed as U= DZ#2°, with D= 1.6|X10'7n°’f3 (M.K.S.). Assuming that the
initial velocities Z¢= 0, we obtain from the energy conservation law that particles leave the ac-
celeration region with velocity Z= (EeDfm)y“Z, where Z= d-Z, is the traversed distance of parti-
cles with initial position Z, to leave the space charge reglon of length d. Therefore the final
energy of particles is E= (2/m)¥2(Ke)¥ (a-2,)2%and thus (dZ,/dE)= 1.3%10*2n,"Y*E-¥2; making use
of the boundary flux furnished by the model J,= (2e/m)1ﬂ(0.826€oed2)Ugf ==l.lh¥10?nnaﬁ, we ob-
tain from Eq. (1) d

N(E)dEdz= A E-Y2dEdZ (cm-ls-lev-1) o (15)

where A= 2.35X10""n,. The high energy cutoff of this model when Z,=0 and d= 2x10%cm is Ep,,=3.7hx
lOzno(ev); therefore, it follows that either n06107cnrsor d<2x10%cm at the solar source. Assum-
ing that the same instability and space charge region may occur within the loop configuration
proposed by Heyvaerts (197h), a similar spectral shape to (15) is obtained. In fact, due to the
low conductivity perpendicular to the field lines, a right path of particles may be assumed and
thus the energy conservation law is enough to derive the energy distribution of the accelerated
particles.  Other interruption circuit models as those of Takakura (1971) and Kaburaki (1975)
leads also to spectral shapes of the form “ETY, when the potential and electric fields are trans-
formed to depend on the radial coordinates of the current filaments. However these two models are
mainly important in the production of low energy particles: i.e., in the Takakura's model we have
Epax= 1.3%10-% (nj/Te)d (eV), such that taking the model parameter d= 4x107 cm, we obtain in the
corona (nj/Te= 1017 )Epayx=5.2 KeV and %@a ~5.2 MeV in the chromosghere (ni/Te=1013); whereas in
Kaburaki's model Epay= T.7x10-!% (Tn,)"a(ev) with d= 5.9%x107 no¥*(cm), such that for ny=10!cm~3
and T= 105°K, Ep~ll KeV, and even lower in the chromosphere. Nevertheless these models may be
considered in relation with the thermal phase of flares, where the particle spectrum may only be
indirectly known from the electromagnetic radiation emitted. Another flux loop configuration of
considerable interest is that of Gold and Hoyle (1960) model, however due perhaps to the fact
that the electric field in theinterpenetration region is not always constant,we have obtained an
incongruous spectral distribution. The problem is in reconsideration and results will be report-
ed elsewhere.

s.-Discussion. In spite of the rough approximations carried out to obtain the particle trajecto-
ries and acceleration time, we have derived energy spectra from an impulsive process in current
sheets which have similar shape than that obtained from a stochastic process by solving a Fokker-
Planck equation (Pikelner and Tystovich 1975), as N(E)V(E/E,)~Ylexp(-y»(E/E,)Ys , differing in
the values of Y,oY and y_. Therefore it can be drawn from this preliminary analysis, that
particles accelérafed in meutral current layers leave the source with a spectral distribution of
the general shape shown above. Concerning the kind of approximations performed through this work,
let us discuss the negligence of the second term at right in Eq. (6), taking as illustration the
Sweet-Parker model. In this case, Eq. (6) may be rewritten as %= (e/m)[et+B, /2¢8) (y2-y,2)] where
€= (Bofc)[c(V)20)ip] is such that taking the extreme supposition of x*-x3~ §%, Eq. (6) may be
reduced to %= Bus/LU)u2(t+L/2V). Therefore it can be seen that it is enough to consider times

>5 s (for B= 500 gauss, L€10%cm andnug101§mr3} to justify the mentioned approximation. In
relation with the conclusions that can be obtained from this preliminary analysis, we believe
that they can be discussed in terms of the parameters Eg and Ep,. (Tables 2 and 3): according to
the values of 0 and L used in our evaluations, the field configuration which seems to be the more
appropriate to describe solar particle groduction is that of the Priest model when no>101%m' 5
although the value of E, for nu=1011-10 Zem=? may be considered as typical observational values,
the predicted Epa, value is very high in comparaison with' observational evidences (Heristchi

et al. 1976). The same argument may be extended to the Yeh-Axford model, added to the fact that
the E, values are extremely far above the observational values. However, it is clear that a re-
duction in the value of o' and L would lead to reasonable values of E; and E ; at any event,
with regard to E; this model would be operative only at chromospheric levels (nn}lGl em=?), and
with regard to Ep,,, the value of L should be reduced to 1€107 cm to explain only high energy
particle events. Turning back to the more promising configuration (Priest 1973), which spectrum
does not depend explicitly on temperature, but basically on (B,L,nn), it can be seen from Table
that from the point of view of the parameter E;, the spectrum is able to describe non-relativis-
tic events when noalollcm’a, however this is not true with regard to Epsy in which case L should
be reduced to 107-10%cm to explain only high energy spectra. For lower densities (ny= 10°-
10'® cm-®) in addition to the consideration of taking L quite lower, the field must be weaker
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(B<100 gauss) in order to describe high energy prompt events. In order to describe delaxed
,events (low energy parti¢les) L should be reduced to "10° em for B< 100 gauss and n<l0
alternatively B 500 gauss with n>10'!'em=?. Therefore this model seems to be operative at both
chromospheric and coronal levels for both non—relat1v1stic prompt events and delayed events.
Examination of Fig. 1 shows that acceleration in current sheets can explain particle production
in Multi GeV events if acceleration occurs in a hl%h density medium {nn>lollcm 3 in the Priest's
configuration), whereas a very high density ngz 10 em~? must be assumed in the Y-A model. In
fact Bulanov and Sasarov (1975) predict a very flat spectrum for relativistic particles ac-
celerated in neutral layers. Therefore, because the scarcity of Multi-Gev events we prefer the
picture of acceleration‘at coronal levels, with isotropic injection, such that occasionally when
the appropriate conditions exist, reacceleratlon at chromospheric levels by an stochastic
process rises particles up to relativistic energies. With regari to filux tube models we infer
from section 5, that these cenfiguration may be easily associated with particle acceleration in

_delayed events (e.g. recurrent events, where typical spectra are very flat); for the time being

a deep analysis is performed and results will be reported posteriorly.
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