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ABSTRACT

A statistical analysis of solar flare X-rays and interplanetary
particle fluxes, measured onboard VENERA-13, i4 Spacecraft, was per-
formed. The correlation of fluences for different manifestations of
solar flares 1s strong, especlally for fast electrons and hard and
soft X-ray emissions. Frequency dependence on fluence value €3 for
practically all Kinds of solar flare emission can be described by
power law v (e>eg)~e~0 45t0.15 ywnich does not change significantly
with solar activity. For different Hyq flare importances the values
of €; were obtained. It is proposed that appearance of certain
energy flare frequency is strongly dependent on some scale factor.

1. INTRODUCTION.

Complex experiments have been carried out during the last few years
measuring various flare manifestations in a wide range of wave
lengths. It was shown that the full energy impacted in the flare
volume by fast electrons with Kinetic energy above 25 KeV can be
comparable with the total emission energy of the low and high tem-
perature flare regions. These results are very important and new.
But one should remember that only for seven flares such experiments
have been done, which is not enough to draw general conclusions (1).

But there is another way to solve the problem For different
kind of solar flares emissions the maximum burst amplitude (P),
its duration (AT) and total photon numbers or fluence ( € ) can
be easily obtained from experiment. If we disregard the peculiari-
ty of each event, we can obtain statictics for these features, which
can be measured in a large number of experiments,

As a result of a statistical procedure we can obtain the frequ-
ency of the phenomena with Known fluence and some size distribution
functions. This statistical approach allows us to obtain i1f not
precise then at least proper gquantitative ratios, which relate
the different emissions among themselves. These relations can be
used to obtain the energy balance during the flare for determina-
tion of the role of fast electrons and construction of a phenome-
nological model of the flare process.

The present work summarizes our statistical 1investigations based
on measurements of solar flare hard X-ray and energetic particles
fluxes in the interplanetary space, which were carried out onboard
the VENERA-13, 14 Spacecraft in 1981-1983 [2-10]. The main results
will be described below.

2. CORRELATION ANALYSIS..
As a result of measuring N solar flares events we get the following
values: Pxh = X-ray peak flux for Exh > 55 KeV; Pxt - peak flux
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for 0.5 ¢ Ex < 5 KeV; PHa = Ha peak flux which is proportional to
Ha importance, Pe = electrons peak flux; eyn, Extr €g = the

total gquanta number or burst’s fluence for Xh, Xt, Ha - emission
and so on. For some couples (X.y) of these values we calculated
the correlation coefficients. Some of these correlation diagrams

are shown on Fig. . K
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Fig. l1a. Correlation diagrams of the electron peak flux Pe with Ee>70

KeV versus the X-ray with Ex > 50 KeV fluence ey (and for Ee>170 KeV

versus ExX > 125 keV). The vertical and horizontal lines show Pe and

txn values, within which selection effects exist.

Fig ib. Scatter plots of the X peak flux Pxt versus the Xh (Ex>50 KkeV)

fluence eyn.

By correlation analysis it was shown that if the number of events
N exceeds 50, formally all of the correlation coefficients take the
values: roxy > 0.5, and are "high-significant”.

A 1ist of results for strong correlations coefficients with
roxy >0.75 1s shown in Table i, In this table we can see arrays X,Y,
value of royy and the value of N for each of cross correlations.
Table 1. The results of cross-correlation analysis: y-a+bx.

No | X | Y I roxy | N IReferencel|
| | | 1 |
1. | 1g Pxt |1lg €yn | 0.79 1106} [9] |
2. | 1g Puv |18 exn | O. 84 1104} [t} |
3. 1 1g €¢ llg ex¢ | 0.80 -1 (11} |
4. | 1g exn |lg Pe | 0.87 | 871 [8] |
5. | 1g exy Ilg Pp | 0.83 | 551 [4] |
6. | lg Pp llg Pe | 0.94 I 541 [10] |
7. | 1g Pe llg eg | 0. 84 | 631 [10) |
8. | lg Pp ll1g eg | 0.82 I 531 [10] |
| | | I |

We include in Table 1 the results of Crannel (i, 11].

3. QUANTITATIVE RELATIONS BETWEEN SOLAR FLARES EMISSIONS.

Multiple regression analyses have allowed us to establish quantita-
tive relations between Ha flare importance and the most likely va-
lue of the energy in optical, hard and soft X-ray emissions and the
Kinetic energy of the accelerated electrons [1,9,11] (see Table 2).
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Table 2. Estimates of solar flare emissions energy.

The emission Ha importance }

I
form I SN ! SB S I 1B I
I I ] I I
€Ha 1 (2-6). 1027 (0. 4-1.5). 1088 (2-5). 1088 (0. 4-1.5). 1029
€opt ! 1.1028) 2. 1028 1.1029) (2-3). 1029
Ext 1(2-3). 1028} (0.8-2). 1089 (2-4). 1029 (2-5). 1029
ce (>25 KeV) |(3-9).1028) (1-2). 1029} (2-3). 1089 (3-10). 1029

| | | | |
Ha importance

The emission

| ]

form [ 2N | 2B | 3B |

! ! [ I

£Ho | (2-5). 1029 | (0.5-1.5), 1030 | (0.3-2). 1031 |
€opt 1 (1.5-2.5).1030 | (3-5). 1030 (3-5). 1031
€yt 1(0.4-1.7).1030 | (0.9-3).1030 (1-4).1031
ge (25 KeV) | (1-3).1030 (2-4).1030 (1-3). 103t
I I [ f

These quantitative relations were obtained in usual models of
emission generation and the movement of charged particles,

4. DEPENDENCE OF THE NUMBER OF EVENTS ON THE FLUENCE were found for
different Kinds of flare emission (Fig.2). All the dependence can be
described by power law with an exponent g = 1.45 + 0.15 for wide
range of fluences. Only for extremely high fluences the spectra
become steeper with g = 1.9-2.0.

T

T T T T

Fig. 2. Frequency dependence (diffe-
E rencial spectra) on fluence values:
(1/N) (dav/de) for different Kinds of
solar flare emissions
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5. DISCUSSION.

5.1. The total energy of the fast electrons in the impulsive phase
of the flare and the energy of the hot plasma at the end of the
impulsive phase, when the plasma temperature reaches its maximum,
are practically functionally related: ro = 0.8 [1,9,11].

6.2. The X-ray fluence ( &xp) and electrons flux (Pe) are linearly
connected (b:z0.9 t 0.10) in such events, where hard X-ray bursts
and high energy interplanetary electrons are observed [8). (Peak
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flux Pe ~ Ne - total electrons escaping number in the interlane-
tary space in all particles propagations models). One can explain
such ratio if the total number of: hard quanta (NxX) and escaping
electrons (Ne) are both proportional to the total number of the
accelerated electrons (Ni). Electron escaping efficiency from the
source into interplanetary space 1s described by the ratio Ke =
Pe /€yn. This value Kg can be obtained directly from experiment
without any additional suppositions (see Fig. ia).

5. 3. There 1s a strong correlation between the number of accelera-
ted electrons (Ni) and protons (Mi) in the flare. The escape con-
tidions into the interplanetary space are seemingly analogous [10].

The conclusion of the multifunctional correlation analysis 1is that
the energy emmitted in the soft and hard X-ray range, the photons
energy in the optical range of wave length and the energy of accele-
rated particles are a proportional measure of the total flare energy.
From Table 2 can be seen that the energy inserted into the flare
volume by energetic particles 1s comparable to the total emission
energy of the low and high temperature plasma regions.

However for the continious spectrum of the accelerated electrons
in their energy range Ee<10 KeV [14], the true value for te must be
higher. Nearly the same energy can be inserted into the chromosphere
by the accelerated protons with Ep>100 KeV [15].

5.4, Table 3 shows the exponents of integral spectra obtained in
different experiments during last 15 years. There is no reason to
relieve that the spectra vary significantly in time.

Table 3. Summary of g values for different solar flares emissions.

Emission, | Spectral|Reference || Emission, |Spectral |Reference |
energy | _index | || _energy {index | ]

electrons [N |
Ee>0. 1TKeV| 0.5+0.2 | [16] Il Rp bursts {0.49+0,15] {4, 19) |
Ee>0. 45KeV| 0.5+0.2 | [17] I X-ray l |
Ee>0. TOKeV|0. 35+0, 15| [8 1 |1 Ex 1-6KeV 10. 4440, 15| [4,12,13])1
Ee>500KeV |0.46+0, 15| [17] |1 Ex>30KeV 10.45+0. 2 | [20} |

protons |1 Ex>55KeV 10. 44+0. 15| [4 ] |
Ep>i0OMeV 0. 15+0.1 | [18]) |1 Ex>300KkeV 10. 560+40. 15| [3,4,21]1
Ep>10MeV |0, 4540, 15] [17] | iOptical band | |
Ep>25MeV |0, 3540, 15| 4 1] | lof wavelength|O. 80+0. 10| [22} |

| | I | | |
Flare frequency with fluence higher than €0, has a simple depen-
dence upon this energy v (€ > €45) =~ €p , With rather narrow g range.
For extreme values of flares energy g increases up to 0.9-1.5,
This universal relation shows the existence of some deep and common
objective regularities. These regularities demonstrate that the
appearance of certain energy flare frequency 1s strongly dependent
on some scale factor, .

Pustilnik suggested [23] a possible explanation of this relation.
In existing theories of stars convection the turbulence velocity
Viurp 1S described by usual relation: :

Viurp(l) ~ 1°S, 1 - the size of turbulence cell.
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The spectrum index s varies within rather small values: from s:=1/2
(for convection with magnetic field) and s - 1/3 (for Kolmogorov’s
turbulence) to s = {/4 (spectrum of acoustic’s and Alfven’s waves
turbulence, Kaplan). As a result Pustilnik obtained the dependence on
flare frequency with energy higher than Eo:

g-1.0+s/2 . g -(0.88-0.75) (a)
Vflare (E>E0) ~
E-0.66+s/3 , g -(0.5-0.58) (b)
a) - fast magnetic field decrease with increasing altitude.
b) - slow magnetic field decrease with increasing altitude.

Thus we naturally come to distribution function of flare frequency
Viiare (E>E0)~Eo~8,with index g which corresponds well to experimental
data. This i1s not the only possible interpretation of solar (star)
flare appearance frequency dependence. However, the possibility of
obtaining experimental data which can give us information about the
internal solar structure, maKe accumulation of such Kind of data
very important
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