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Abstract. A new relation has been given in order to calculate the intensity of the green line of the
solar corona at 5303 A as a function of the number of proton events N, and the I,(R) index of solar
activity. This relation is available for the 19th and 20th solar cycles. Moreover there is given a theoretical
justification of this relationship taking into account as a new parameter the evolution of the coronal
magnetic field during the solar cycle.

1. Introduction

The existence of two maxima in the sunspot activity during an 11-year solar cycle
was first shown by Gnevyshev (1967) for the period 1954-1962. He also showed
similar maxima in other indices of solar activity. In our days the study of different
solar phenomena has confirmed the fact that the 5303 A coronal line intensity,
which reveals a basic feature of solar activity, has indeed two distincts maxima with
different physical properties for every 11-year solar cycle (Gnevyshev and Antalova,
1965; Gnevyshev and Krivsky, 1966; Gentilli et al., 1966; Waldmeier, 1971;
Cuperman and Sternlieb, 1972; Pathak, 1972; Antonucci and Svalgaard, 1974;
Leroy and Trellis, 1974a; Rusin et al., 1979; Rusin, 1980, etc.).

Many investigators have attempted to find relations between the coronal green
line intensity and the classical indices of solar activity, i.e. the relative Wolf number
(Leroy and Trellis, 1974a), areas index (Xanthakis, 1969), etc., in order to estimate
the values of the coronal green line intensity when data of this intensity are not
available.

Xanthakis (1969) has found the following empirical relationship between the
coronal green line intensity Is303, the areas index I, and the number of proton
flares Npr for the time interval 1954-1964:

Is303 :I0+KIa(1+‘/N—PF), (1)
where K =0.165 and I, is the intensity of the green line corresponding to the

epoch of the quiet Sun (I, = 14). For this relationship three months data of the
Is305 intensity of the Pic-du-Midi station have been used. The computed values
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of Is30s by this relation were close to the measured ones during the 19th solar
cycle, as Xanthakis (1969) has shown.

Later, Leroy and Trellis (1974a) have established the following relation between
the coronal green line intensity Is30; and the Wolf number R:

R _
I5303=<1+ﬁ6)28><10 81@, (2)

where Is3o3 is the integrated annual intensity of the coronal green line of the
Pic-du-Midi observatory for the solar cycles 18, 19, and 20 and [ is the intensity
of light of solar disk. The intensities computed with the relation (2) present
significant deviations from the measured ones especially near the secondary
maximum of 5303 intensity (see Figure 1).
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Fig. 1. Time dependence of the Is303 intensity in 19th and 20th solar cycles. The curve A (continuous

line) gives the semiannual values of Is30; intensity measured at the Pic-du-Midi Observatory and the

curve A’ (dashed line) the semiannual values calculated by the relation (4) (smoothed values). The

curve B presents the variation of the term 0.155(1+\/NP)IQ(R). The curve P presents the variation

of the periodic term P(f). The curve C gives the calculated by the Equation (2) values of the term
[1+(R/110)] (Leroy and Trellis, 1974a) (smoothed values).

In this work we propose a more correct formula for the intensity Is3o3, the index
I, (R) (see Section 2) and the number of proton events Np which can be applied
for the time interval of 19th and 20th solar cycle, namely the years 1954-1972.
Also a theoretical justification of this empirical relation is given taking into account
the evolution of the coronal magnetic field during the solar cycle.
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2. Data Analysis and Results

The coronal green line intensity data used in the present analysis have been obtained
at the Pic-du-Midi station for the period 1954-1972. Also the number of the most
important proton events, Np, measured in polar caps (Shapley et al., 1977, 1979)
has been used for the same period.

It is noted that instead of the areas index I, which Xanthakis (1969) had used
in relation (1), we have used the index I,(R) because data of the sunspots and
faculae areas from the Greenwich Observatory are not available after the year
1966. So it was not possible to compute the index I, for the time interval of 20th
solar cycle. The new index I,(R) is a successful approximation of the index I, as
Xanthakis and Poulakos (1978) have shown and can be computed by the following
relation:

L(R)=56—-3(18—vR) coszé%R, (3)
where R is the relative number of Zurich.
Data of the index R are taken from the tables of the IAU Quarterly Bulletin on

Solar Activity. Half-year values of the above-mentioned data over the whole period
1954-1972 are given in Table I.

Examining in detail all these data we give the following interesting relation for
the two solar cycles, 19 and 20:

Is303 = C +0.155(1+VNp) L (R)+P(t), (4)

where C; =12 for the years of the solar minimum 1954 and 1963(I)-1966(I) and
C, =17 for the other years 1955(I)-1962(II) and 1966(I1)-1972(II).

P(t) is a periodic term with a period of three years which has the same phase
for the ascendant branches of solar activity and inverse phase for the descendant
branches:

P(t)=:i:7sing67zt (t=0,1,...,6) (5)

—1954(I1)-1957(11)
+1960(1)-1963(1)
—1968(11)-1971(11).

The values of Is303 intensity computed by the relation (4) are given in Table 1.
The standard deviation between observed and calculated values of Is303 intensity
isoc==+348.

The values which are given in parentheses (Table I) are the 15393 values smoothed
by the method (n;_1+2n; +n;.1)/4. These data are presented in Figure 1. The good

agreement betweeen the observed values (continuous line A) and those calculated
by the relation (4) (dashed line A’) is obvious. It is interesting to note that the
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computed values of Is3o3 are very close to the measured ones, even in the region
of the secondary maximum of solar activity. The standard deviation calculated by
the smoothed data from Table I is +1.93. For comparison the smoothed result of
the term [1+ (R/110)] of Equation (2) (Leroy and Trellis, 1974a) is also shown
in Figure 1.

3. Theoretical Formulation of the Empirical Estimation of Is39; Intensity

The intensity of an emission line I; of the solar corona spectrum is given by the
following equation (Dollfus, 1971):

_ - N, a
I=KT: 2, W/KTZJV_N:-F ’ (6)
0

where

N, isthe local electron density,

T. the electron temperature,

Ny the total number of the atoms of the element,
N, the population of the upper level,

W the transition energy,

K the Boltzman constant,

K, a constants, and O=a <1.

The coefficient « in the region of the corona has values between 0.5 and 1
(Dollfus, 1971). For the intensity of the coronal green line at 5303 A Zirker (1971)
estimated that the coefficient @ had the value 0.62, while Fisher (1977) found that
the coefficient « was 0.67. These values of a are found by the theory of Unsold
(1970) in which the variation of the coronal magnetic field with time is not
considered.

According to Equation (6) the intensity of coronal green line for one observed
line is given (Leroy and Trellis, 1974b; Leroy et al., 1973) by the relation:

+0o0

Is303 = J' A(Te)Nfle dx, (7)
where A(T,) is a distribution function of the electron temperature which is estimated
theoretically by Equation (6).

In order to express the intensity Is3g3 in terms of I,(R) and Np the following

assumptions have been taken into account:
(1) The function A(T,) can be given by the following expression:

A(T.)=L.(R)F(T.), (8)

where F(T,) is « function of the electron temperature that can be obtained by the
relation (6).
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This assumption is based on the fact that the mean yearly electron temperature
of the corona has the same behaviour with the index of solar activity R (Trellis,
1957; Leroy and Trellis, 1974b). Moreover the better correlation which was found
from our data analysis between Is303 and I, (R) (719 cycie = 0.940, r,0=0.911) than
that between Is39;3 and R (r19 = 0.849, ry0 = 0.890) justifies the above assumption.

(2) The electron density of corona is proportional to the solar magnetic field.
However, also the production of proton flares is proportional to the magnetic field
so that the following relation can be adopted:

Ne =NPNe(t)
and
ANe=Ne_Ne=NPANe(t)’ (9)

where N.(¢) is a function of time, N, is the electron density of the corona for a quiet
Sun, and AN, (¢) = N..

The electron density of corona shows large condensations over the period of the
second maximum of 5303 (Leroy and Trellis, 1974b), which corresponds for the
second maximum in the number of proton flares (Gnevyshev, 1967, 1977), because
the dynamic lines of the coronal magnetic field are closed (Yoshimura; 1977a, b, )
during that period. The electron density has also minimum values about the minima
of Is303, which corresponds to the observed ‘coronal holes’ at that time interval.
Linear relations have been established between the area of the ‘coronal holes’ and
the intensity Is303 (Nolte, 1976; Simon, 1979).

With the help of the relations (8) and (9) Equation (7) becomes

+ 00

Iso = | LORF(TINE™ (1+Np)™ dx (10)
which is an analytical expression of Is3o; with the indices Np and I,(R). If the

binomial is developed in series, the variation of Is393 (415303 = 15303 — 1) is given
by the sum of three terms:

+00

Isz03=Io+(1+a),(R)(1+N$) J AF(T)N " dx —
+00
—al,(R) J AF(T,)N.™™ dx, (11)
where I is the intensity of Is303 during the quiet Sun.
In this equation, for example, a value of coefficient &« = 0.65 is adopted that is

the mean value of the two theoretical values calculated by Zirker (1971) and Fisher
(1977). Also it is assumed that Np =N %65 =V Np with a maximum error of 20%
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for the maximum of Np= 14 (Table I). So, by identifying this equation with the
relation (1) it is found that

—+o0

J AF(T,)N* dx=0.1 (12)

—Q0

and the last term of the relation (11) which has a coefficient 0.065 has been neglected.

4. Coronal Magnetic Field as Parameter

In order to give a more correct formula for the intensity of coronal green line 5303
it will be useful to take into account variations of the function F(7T,) with the
coronal magnetic field intensity.

It is known that the evolution of the magnetic field intensity does not change by
Stark effect the profile of coronal green line intensity, but changes only the electron
temperature and density of corona (Unsold, 1970). So, the coronal magnetic field
intensity can be used as a parameter for the study of the variations of Is3g3.
According to this the variation of the function F(7,) can be given by the relation

AF(Te)zFl(Te)FZ(Te) ’ (13)
where
dF (T, dB
F1(T6)=[%J and Fz(Te)zj‘dT dTe.

This assumption is based on the measurements by Dollfus (1971) who has found
no displacement of the line 5303 A for a long time of observations.

According to Yoshimura (1977c) the coronal magnetic field intensity B can be
considered as the sum of two components: The toroidal component B(49, ¢) and
the radial one B,. The radial component can be developed into a series of Legendre
polynomials, normal-modes (Stix, 1977):

B=B(S,¢)+B,=B(®,¢)+ Y (A+S), (14)
i=0

‘where A; are the axisymmetric and with respect to the equator antisymmetric parts

of the field (E-W asymmetry) and S; are also axisymmetric but symmetrics with
respect to the equator (N-S asymmetry).
Taking into account the above assumption the relation (11) can be written as

Is303 = Io+(1+a)(1+VNpL(R)F*(T,) +
+[(1+a)(1 +VNp) — ]I, (R)[A(0) + 5:(0) — aF*(T,)] +
+[(1+a)1+VNp) —a]L(R)[A,+S,], (15)
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where

+00

FYT,)= j FUT)N™B'(9, ¢) dx,

—00

A,0) = j Fi(T,)N'A) dx,

+00

$:(0) = j Fi(T,)N'**S) dx,

“+00

A,= j Fi(T)N™ (AL +Ab+- - ) dx,

+0o0

S,= J F(T)N*(S1+S5+- ) dx.

—00

Comparing the empirical relation (4) with the theoretical formula (15) we find for

a =0.55 (a value which is in agreement with the theoretical values given by Dollfus
(1971)):

F(T.,)=0.1,
Cr o= TIo+(1+1.55VNp[A1(0)+S:(0)— 0.055]L.(R) ,
and
P=(1+1.55VNp)[A>+S,]L.(R) . (16)

For the time interval when solar activity takes minimum values (1954(I), 1963(I)-
1966(I1)) we have calculated the mean value C.=11.5 by using the data of the
Table I and taking into account that (A1(0)+m) =0 (Yoshimura, 1977c). This
value is very close to the value C; =12 that has been calculated by the empirical
relation (4). For the other time interval if it is taken C, =17, it can be estimated
an upper limit of TAT((_)/)JrfS’l\(O') =0.01. This value is in good agreement with the
values computed by Stix (1977).

The normal modes (Ai, A,,...S1,5,...), as Stix (1977) has shown, have
significant values for the time interval 1960-1963 and 1969-1972. For these time
intervals the function P(¢) has been calculated by using the values of Np and I, (R)
of Table I and the A; and S; theoretical values given by Stix (1977). It is found
that this function can be fitted by the expression P(¢) = F7 sin (277/6)t. It is interest-
ing to note that for the same time intervals the E-W asymmetry of Is3p; for the
measured values of Pic-du-Midi is very small. This asymmetry is expressed in
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relation (15) by the normal modes A;, A,,... A, which have also small values
(Stix, 1977). On the other hand, the N-S asymmetry of 5303 has important values
(Rusin, 1980) during these time periods and can be expressed by the Si, S, ... S
normal modes (Stix, 1977). It is noteworthy that for these years the N-S asymmetry
of Is3o3 and the term (1+ 1.55\/Np)§21a (R) change phase simultaneously. It has
been found that the N-S asymmetry changes polarity for the years 1956 and 1970
as P(t) does in the empirical relation (4) (Fracastoro, 1978).

5. Conclusions

From all the above it is concluded that the new empirical relation (4) can successfully
be used for computing the intensity of coronal line at 5303 A. The calculated values
from this relation are in good agreement to the measured ones during the 19th
and 20th solar cycles even near the second maximum of them. This good agreement
is obtained because we have taken into account not only the solar activity index
I, (R) but also the index Np, that has two maxima for every solar cycle.

It is interesting to note that the two maxima of Is303 intensity can be interpreted
by taking into account the evolution of the coronal magnetic field. The intensity
of this field can be considered as the result of two components: One due to the
poloidal field which exists on the solar surface without any direct relationship to
the solar proton events and another due to the convection of the toroidal field into
poloidal or radial fields through the formation of proton events and through
subsequent penetration of the magnetic field into the corona. The first component
is independent of the v Np in relation (15); the second one is dependent on this
factor. In fact, superposition of the two fields can explain the two maxima of the
coronal activity.

Th~ empirical relationship (1) is an approximation of the relation (4) where the
evolution of the magnetic field intensity is not taken into account. This relation
can be used to compute the intensity of Is39; for a small time interval of one solar
cycle (19th). This expression gives two maxima for this cycle, in spite of the relation
(2) (Leroy and Trellis, 1974a) which gives only one maximum (the solar activity
index R has only one maximum).

Summarising it is noted that the second part of the relation (4) is an index of
coronal activity with two variables, Np, which has two maxima, and I, (R). Different
solar and terrestrial phenomena that present two maxima for every solar cycle can
be correlated with this solar index. Some of them are: The distribution of the
chromospheric flares (Kopecky, 1973), the number of flares with radio emission
IT or IV (Dodge, 1975, Papagiannis et al., 1972; Fritzova and Svestka, 1973), the
Bartel index Ap (Gnevyshev, 1977; Simon, 1979), the frequency of the aurora lays
(Pokorny, 1973), the intensity of the cosmic radiation (Kfivsky and RuziCkova-
Topolova, 1978), and the intensity of the interplanetary magnetic field (Simon,
1979).
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