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POWER SPECTRA OF COSMIC RAY VARIATIONS
IN THE REGION OF 3x107°—107* Hz')

M. STEHLIK?), K. KUDELA?), Kosice

The power spectral density of cosmic ray (CR) fluctuations observed at ground level
during the years 1978—1981 has been calculated. The investigated frequency range
consists of two parts, with a transient region of ~1 -6.-10~° Hz. In the range of higher
frequencies, the CR intensity fluctuations are directly connected with the pulsations of
the turbulent interplanetary magnetic field. On the other hand, the low-frequency
fluctuations of CR intensity are caused by the diffusion fluxes of particles, which is
defined by the asymmetric part of the diffusion tensor (e.g. drift fluxes). Against this
“background” CR fluctuations are observed, which contribute to aperiodic phenomena
of the CR distribution (e.g. the Forbush decreases). It is indicated that for the computing
of power spectra it is necessary to use the cross covariance analysis in order to eliminate
the fluctuations connected with either local differences or differences of apparatus.

SHEPTETHYECKHM CIIEKTP BAPHAIIMN KOCMHIECKHX IYYEN
B YACTOTHOYI OBJACTH 3.10*—107*I'n

B pa6oTe HccleRyeTcs CHEKTpanbHas IIOTHOCTD nykTyaluit MHTEHCHBHOCTH KOC-
MHUECKUX JTydeii MO HA3eMHbIM M3MEPEHUAM B TICPHON 1978 — 81 rr. IToka3aHo, 4TO
HCCHELYEMYIO 00NacTh MOXHO MOAPA3AEHUTL Ha JBE obnacTd ¢ 30HOH pa3sfiena NpH
wacrotax 1076 — 1075 I'y. B o6nacTu Golee BBICOKHX HacToT hAyKTyaLHy HHTCHCHBHOC-
T KOCMMUECKMX Nydeil HEeMOCPEefICTBEHHO CBA3AHBI C MYALCALUAMHU TypOyneHTHOTO
MEXKIUTaHETHOTO MarHuTHOTO TonsA. C Ipyro#i CTOPOHLI, auddy3HOHHEIC NOTOKH Yac-
TH1L, ONpefienAeMble HECHMMETPUIECKOH cocTapnsioliieit Tensopa M y3nu, ABIAIOTCH
npuyuHO# ¢uykTyanuu B o6nacTh uM3Kux 4acror. Ha atom «dose» nyxTyaupi
KOCMHYECKHX Jyyeii HaGmionaeTcs BKIaf, OGYCNOBNCHHLIA ANEPHOAMICCKUMH  SB-
neHusMH B ¥x pacnpefeneruy. [Toka3aso, 4To sl HCKMIOUCHAA nykTyaumit, CBA3aH-
HBIX C MECTHBIMY WIH ANAPATYPHbIMH 3deKTamH, Heo6XORMMO HCTIONb3OBATH BMECTO
ABTOKOPPEMAITHOHHOTO KPOCC-KOppeNAUMOHHbIN aHAH3.

1) Contribution presented at the International Symposium on Acceleration and Propagation ‘of
Energetic Particles in the Heliosphere in Smolenice, September 27 — October 1, 1982.

?) Institute of Experimental Physics, Slov. Acad. Sci., Solovjevova 47, 04001 KOSICE, Czechos-
lovakia.
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1. INTRODUCTION

In recent years many experimental works concerning the investigation of nOmeo
ray (CR) intensity fluctuations in the large range of frequencies from 3 X :.vu E.N
to 10~® Hz have appeared [1—6]. The processes of the generation of fluctuations in
the large range of frequencies include a variety of physical phenomena connected
with both the spreading CR particles in the heliospheric magnetic field and its
scattering caused by inhomogeneities of the interplanetary magnetic field [7].

Because of the anisotropy of pulsations of the interplanetary magnetic field (with
the chosen direction parallel to the regular component Of the magnetic field, which
acquires the form of the Archimedial spiral in the interplanetary space [8]), there
are observed the CR intensity fluctuations in dependence on the acceptance
direction of the detector. Apart from these, there can appear suplementary effects,
which deform the shape of the power spectrum as the function of the frequency
[9—12], and which are consistent with the existence of the asymptotic &a.onmo: of
detected particles (on the Earth’s surface). In the present work we investigate the
CR fluctuation power spectrum dependence on the frequency in the range of
moderate and low frequencies, by using classical methods of both autocovariance
and crosscovariance analyses [13]. We illustrate the preference of the cross=
covariance analysis based on the data of the pair of near stations (detectors).
Theoretical predictions, concerning the frequency dependence of the CR fluctua-
tion power spectrum are compared with experimental data.

" IL.METHOD

CR intensity fluctuations are investigated by using experimental data, detected
by neutron supermonitors at four stations (see Table 1). The power spectra were
calculated from daily means of pressure-corrected neutron data for the period
1978—1981 (1416 days), the period around the maximum of the solar activity. For
calculating the high-frequency power spectrum, we confined ourselves to hourly
data for the period of May 1st, 1979 — July 31st, 1979 (2208 hours), when the CR
intensity showed no large aperiodic changes.

In order to conserve the exact form of power spectra as the function of the
frequency, (i.e. to have the possibility to calculate the power mvoo::.:.i an
arbitrary amount of points), we have used the :.E&RQ.: method of ..uoancczm (in
spite of its small effectivity). This method, mnnoa_n.m to ergodic z_oo_‘v.N for
stationary random functions, is based on the computation of the autocovanance
function estimate:

>3nm~n|~.ME:c+s.. i=0,1,2, ..., m, €]

76

where N is the full number of points, m the maximum time lag and I(j) is the j-th
point of the given series of equispaced data — the CR intensity. Analogically there
is defined the cross-covariance function

CO =g & OB+, @

where I, and I, are two given series of data. (Of course, the computation of the
even and the odd part of the crossvariance function is necessary.) Then the estimate

Table 1
. . . . R. Counting rate
Station Fm:.ﬂcan Longitude Altitude GV Hour~'
Apatity AP 6355N 3333E 177 0.65 4.63%x10°
Jungfraujoch JU 4655N 798E 3570 4.48 5.90x 10°
Lomnicky stit LS 4920N 2022E 2632 4.00 7.80x 108
Vostok VO 7847S 106.80E 3488 0.00 3.50x 10°

P (f) of the power spectral density (the power spectrum) is the Fourier transform of
A (i), i.e.

qal—
mSnNT §+NM§..V>S§§:...| i, 9
i=1
where W is the Tukey spectral window [13].
In the computation of the power spectrum, relative data (in percents of the
counting rate) were used, with the meéan computed in the interval cosidered. In

formula (3) we have used the Tukey spectral window. The maximum time lag
m =200.

"YIL RESULTS

First of all it has to be mentioned that the power spectrum estimates vary with
the considered periods. In Fig. 1 the power spectra of two following periods are
shown, the first from May 1st — July 31st, 1979 and the second from August 1st

— October 31st, 1979. The former can be characterized by relatively quiet

conditions in the heliosphere. The neutron supermonitor at Lomnicky Stit has
registered only two decreases: June 6—7 (=5%) and July 7 (6%). No
significant increase either of the particle emission at the Sun, or of the K,-index
was observed [14]. But in the period from August 1st — October 31st, 1979 the
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network of the neutron monitors registered a few long-time and great decreases of
the cosmic ray intensity, which were caused by the frequent perturbations in the
heliosphere. The K,-index achieved the value 5—6 four times, and the value 3—4
cially the first two months of this period were characterized by the
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Fig. 1. Power spectra at Lomnicky §tit, pressure-corrected neutron hourly data for the two periods May
1st— July 31st, 1979 and August 1st — October 31st, 1979.
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great helio-longitudinal asymmetry in the distribution of solar activity, which was
manifested by the great 27-day variation in the cosmic ray intensity. From the
power spectrum of the second period it follows that the diurnal variation is more
«gcattered” and the semidiurnal variation is absent. But there is observed an

F.& 2 5 __% 2 5 b& ‘?u
Fig. 2. Power spectra of Apatity (AP), Vostok (VO) and Lomnicky tit (LS) for the period May 1st
d —July 31st, 1979.

.
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increase of the power spectrum in comparison with the first period, within nearly
the whole range of frequencies. Especially a significant increase is observed at
frequencies which correspond to the periods of 2.5; 4 and more than 8 days.

The power spectra of Vostok, Apatity and Lomnicky $tit neutron monitor
stations are compared in Fig. 2. The CR fluctuations for f=1.3 X 10~° Hz have
approximately the same level at all stations, while for f<10~° Hz the power
spectrum of the polar station Vostok significantly prevails. This fact may be
connected either with the higher level of the low frequency fluctuations for
particles coming from directions perpendicular to the plane of the solar equator, or
it can characterize the particles of lower rigidities registered at the Vostok station.
The value of the diurnal peak depends on the asymptotic latitude of the station [9,
12, 14].

The power spectrum for the CR intensity of arbitrary stations is disturbed by the
noise and variations of a local character. These can be eliminated if we use the
cross-covariance function amplitude for the calculation of the power spectrum [15].
In Fig. 3 there are drawn power spectra (heavy line) of the stations at the
Jungfraujoch and Lomnicky Stit, which have similar characteristics (see Table 1).
There are shown also power spectra of individual stations for comparison. One can
see that the problem of the supplementary noise is relevant already at frequencies
above 3 X 10~° Hz and this has a great influence for frequencies below 3 X 107° Hz,
although the level of the Poisson noise is about one order lower.

When the method of the crosscovariance function is used only those frequencies
remain, which are observed in the CR fluctuations simultaneously at both stations.
A high covariance is observed, for example, at the frequency of 2.32%x10° Hz
(semidiurnal variation), 1.45X 10~% Hz, and, of course, at the frequency of
1.16 x 10~° Hz (diurnal variation).

The theoretical investigation of the CR fluctuations for f<107° Hz is in the
previous contribution [16]. The low-frequency fluctuations are caused by diffusion
fluxes of particles, which is defined mainly by the asymmetric part of the diffusion
tensor if the power spectrum of the inhomogeneous interplanetary magnetic field
takes the constant value at these frequencies. By [16], the power spectrum of the
CR fluctuations is :

P(f)=A {1+(f/f)} 4)

where B
AT+ @D

In these relations B=5X10° (%)’ Hz™'; fo= 10°Hz; fi=2x10"°Hz.
From (4) one can obtain for f<f, that

P.(f)=B {1+ (f/fo)’}, (6)
P.(f)=Bfi/f* for f<fo fi.

or
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Functions (4) and (6) are represented in Fig. 4. There are given also the power
spectra for Jungfraujoch and Lomnicky $tit, which were calculated from both the
autocovariance and the crosscovariance functions in the period 1978—1981. One
can see that in the “background” CR fluctuations (4) there are additional peaks
caused by frequent perturbations in the interplanetary medium (because of the
solar activity maximum) [14]. Some effects connected with solar rotation, like for
example corotating structures [17], cause an increase of the power spectrum at the
frequency range of (2+5) % 10-7 Hz. The increase at frequencies of 6 X 107"—2 X
10~¢ Hz can be caused by the Forbush decrease. In [10] a computation was
presented of the contribution of the Forbush decreases to the power spectrum, and
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Fig. 3. Power spectra of the J ungfraujoch (JU) and Lomnicky $tit (LS) computed by the autocovariance
method. The heavy line indicates the power spectrum computed by the crosscovariance method
(LS$—1JU). The period is the same as in Fig. 2.
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it was shown that the effects connected with the Forbush decreases can provide the
observed value of the power spectrum. ,

A more complex picture is presented in Fig. 5. There are power spectra
computed only by the crosscovariance method, using both the daily means data (for
the frequencies below 2 X 10~¢ Hz) and the hourly data (above 107° Hz). The
curves overlap, however, one differs from the other in the range of (1+2)X
10~ Hz, because of the choice of m =200. The thick curve corresponds to formula

~
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f[Hz] "
Fig. 4. Power spectra as in Fig. 3 computed from the daily means for the period January 1st, 1978
—- November 16th, 1981. The curve corresponds to the theoretical prediction by the formulae va ; the
dashed curve corresponds to the prediction by (4)—(5). ’
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(4). The dashed curves correspond to the predications, which do not take into
account the non-field-aligned diffusion of CR particles (curve a) or the power
spectrum magnetic field dependence on the frequency (curve b). From an asympto-
tic behaviour of the CR power spectra it follows that the spectral index @t of the CR
fluctuations is equal to 2 in the range of low frequencies and p =V (v is the spectral
index of the interplanetary magnetic field) in the range of high frequencies (in our

case we put v=2). )

ceee LE-1U (1978-B981)
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Fig. 5. The comparison of the theoretical predicted and the observed power spectra (see text).

Here we must mention that the relatively high value of p= 2 for high frequencies

can be connected with the non-threedimensioned turbulence of the magnetic field
in interplanetary space. In that case the value v canbe smaller (v=1, for example)
[18]. . ,
By theory [16] the value p changes with the ratio fi/fo in the “transient” range.
In our case it would be by the minimal value min=1.65. Because of the amount of
perturbations in the period 1978—1981 pu=1.95 in this range, and the real
transient range is shifted toward the lower frequencies.

83



Let us remark further that in the period 1978—1981 the increase of the power

mumnﬂcammocmn?oamzro?oncmcnw iEo:oo:omno:%noum.mamwmm:mngna-
ance with [17, 19]. "

IV. DISCUSSION AND CONCLUSIONS

In the present work we have analysed the observed CR intensity fluctuations by
using the method of both the autocovariance and crosscovariance analysis. The
whole frequency range of the power spectrum changes can be divided into two
parts. The low-frequency range with the dependence ~ f~2 [16] results due to the
diffusion “waves”, but the frequent perturbations in an interplanetary medium
(and consequently, the changes in the distribution of CR fluxes), which are not
taken into account in the theory [16, 20}, influence the shape of the power spectra.
It concerns the frequency range 5 x 107—2 x 107° Hz [10].

The power spectrum in the high frequency range is directly determined by the
turbulent interplanetary magnetic field. The asymptotic shape at high frequencies
depends on the type of the turbulence and its spectral index v. In our case it is
~f7.

The mutual consistency of the asymptotic curves needs a further analysis in the
transient range and depends on the value of both fo and f,. The shift between these
asymptotic curves decreases when f and f, are approaching (f; <fo). The smaller fo
would mean that the magnetic field power spectra increase in the range below
f=10"% Hz (which is more probable in a 3-dimensional scheme). On the other
hand, the greater f; would mean the smaller value of the diffusion coefficient.

An examination of the auto- and cross covariance methods shows the necessity
of using the crosscovariance method in a protess of the power spectrum computa-
tion for two stations with sufficiently close characteristics. In this way it is possible
to effectively eliminate the influence of both the local and the apparatus perturba-
tions (variations) on the true power spectra of the CR fluctuation in interplanetary
space. :

Concluding it is necessary to emphasize that the changes of the spectral index of
the CR fluctuations ‘are caused by the contribution of additional frequencies
(connection with the diurnal or 27-day variations, for example), or by various
aperiodic phenomena in the wider range of the frequency (the Forbush decreases,
for example). Consequently, the value of u depends on the choice of limits of the
frequency range investigated and this can acquire the value 1<u<2.5. For
defining the spectral index of the background fluctuations it is necessary to refer
the index p to a sufficiently great frequency range (at least 3 orders).
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