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Quasi-periodic changes of galactic
cosmic ray anisotropy and intensity

The 27-day variations of galactic cosmic ray (GCR) anisotropy and intensity
are studied based on the neutron monitors data for the A > 0 and the A < 0
polarity periods of solar magnetic cycles (for the A > 0 polarity period of the
solar magnetic cycle lines of the interplanetary magnetic field (IMF) are
directed outward from the northern hemisphere, while for the A < 0 polarity
period the opposite situation takes place). It is shown that the amplitudes of
the 27-day variation of GCR anisotropy are greater in the A > 0 polarity period
than in the A < 0 polarity period of the solar magnetic cycles being in good
correlation with the similar changes of the amplitudes of the 27-day variation
of GCR intensity. These changes in the amplitudes of the 27-day variations of
galactic cosmic ray intensity and anisotropy are caused by the alternating radial
component of the drift stream S, of galactic cosmic rays in different polarity
periods of the solar magnetic cycles. In the A > 0 polarity period the stream
S, is directed outward from the Sun, while in the A < 0 polarity period of the
solar magnetic cycle the stream S, has vice versa direction.

KBA3IITEPIOQHUYHI 3MIHH AHI30TPOIIII TA IHTEHCHBHOCTI IA-
JAKTHYHHUX KOCMIYHHX NPOMEHIB, Ickpa K., I'iie A., Modsenesco-
ka P., Ananis M. B. — Jdocaioxyromoscs 27-00008i eapiauli eanakmuyHux
kocmiunux npomenie (I'KIT) 3a Oanumiu HEUMPOHHUX MOHIMOPIE C8iMosoL
Mmepexi 0as. no3umuenux (A > 0 — cunosi JiHil MIXAAAHEMHOZ0 MAZHIMHOZO
noast euxodsime i3 nienivnol niexyai Comyst) i neeamuenux (A < 0 — cunogi
Jinil 6x00same y nieniuny niekyro Conyst) nepiodie macnimnoeo yuxiy Conuyst.
Hoxkaszano, wo amniaimyou 27-00008ux eapiauiii anizomponii 0iibuli 015 nepio-
dy A > 0, Hix Ons nepiody A < 0, i 3Haxo0smMvbcst y MICHII Kopeasyii 3
nodibHumy 3miHamu amnaimyod 27-000oeux eapiauiii inmencuséHocmi I'KII.
Beaxaembvces, wio 3minu amnaimyd 27-00006ux eapiauiii inmeHcugHocmi ma
aunizomponii noé’ sa3ami i3 3MiHamu padiaibHOi cKkaad080i Opelldhosozo0 NOMOKY
I'KIT y pisni nepiodu maenimuozo yukiy Conysi. ¥ nepiodo A > 0 Opeiigposuii
nomix Hanpamaenuil 6i0 Conus, modi ax y nepiod A < () nomok HanpsmieHui
NPOMUNEKHO.

KBABHIIEPHOJHYECKHE HU3MEHEHHS AHH30TPOIIHH H HHTEH-
CHBHOCTH TAJTAKTHYECKHX KOCMHYECKHX JIYYEH, Hckpa K.,
Tune A., Moodzenescka P., Ananuss M. B. — Hccnedyromess 27-0HesHole

© K.ISKRA, A. GIL,R. MODZELEWSKA, M. V. ALANIA, 2006

413



K. ISKRA et al.

gapuayuy earakmuyeckux kocmuveckux syweil (I'KJI) no 0anHulm HellmpoHHbLX
MOHUMOPO8 MUPOBOU cemu 01 noJoXumenbHolX (A > 0 — cunogvle aunuu
MEXKXNAAHEMHO20 MACHUMHOZ0 NOASL 8blX00am U3 cegdepHoeo noayutapust Coan-
ua) u ompuuamenvnvlx (A < 0 — cunogvle JAUHUU GXO0IM G cedepHoe
nosywapue Coanuya) nepuodogé maznumnoeo uukaa Coanua. Iloxazano, wmo
amMnaumyobl 27-0He6HblX éapuayull anusomponuu 6oavuie ons nepuoda A > 0,
yem O nepuoda A < 0, u Haxodsmcest 6 xopouiell Koppeasyuu ¢ noOOOHbIMU
UaMeHeHusMu amnaumyo 27-OHegHulx @apuauuil unmencueHocmu I'KJI. Ilo-
JAzaemcst, 4mo U3MeHeHUuss amnaumyo 27-OHesgHblX Gapuayull UHMeHCUGHOCMU
U GHUSOMPONUU CESL3AHBL C USMEHSIIOulelicss paduaibHOUL KOMNOHEHmOoU Opeli-
¢oeozo nomoka I'KJI 6 pasnvie nepuodvt macHumuoeo uukiaa Coaxya. B
nepuod A > 0 Opeiighosoii nomok Hanpasien om CoOaHUa, 8 MO 6peMst KaKk &
nepuod A < 0 nomox HanpaseieH NPOmUGONOJIOXHO.

INTRODUCTION

The 27-day variations of the GCR intensity and anisotropy were studied by
Dorman [9], Fan, et al. [10], Bazilevskaya and Charakhtchyan [8], Alania and
Shatashvili [6], Naskidashvili and Shatashvili [15]. Richardson et al. [18]
found that the recurrent cosmic ray modulation is ~ 50 % larger during the
A > 0 polarity period than during the A < O polarity period of solar magnetic
cycle. Kota and Jokipii [14] based on the numerical solution of the three-
dimensional model of GCR transport showed that cosmic-ray ions should be
more sensitive to any north-south asymmetry of the heliosphere in the A > 0
polarity period of solar magnetic cycle. Alania et al. [5, 7], Gil and Alania [11 ],
Vernova et al. [20] found that the amplitudes of the 27-day variation of the
GCR intensity are greater in the A > 0 polarity periods than in the A < 0
polarity periods of the minima and near-minima epochs of solar activity based
on the neutron monitors experimental data and on the numerical solutions of
the Parker’s three-dimensional transport equation including the heliolongi-
tudinal asymmetry of the solar wind velocity. The 27-day variation of GCR
anisotropy has been studying less intensively up to day. The reliable mani-
festation of the 27-day variation of GCR anisotropy is not easy based on the
relatively small amplitudes of the diurnal variations of the GCR intensity
(= 0.3—0.4 %) which are undergone to the significant dispersions during the
Sun’s rotation period [6]. Alania et al. [4] found that the 27-day variation of
GCR anisotropy observed in the minimum period of solar activity, in general,
must be related with the drift of GCR particles in the well established 27-day
changes of the sector structure of the IMF. A relation of the 27-day variations
of GCR anisotropy with the A > 0 and the A < 0O polarity periods of solar
magnetic cycles are not investigated up to present. The purpose of this paper is
to study the features of the 27-day variation of GCR anisotropy in relation to
the similar changes of GCR intensity for the A > 0 and the A < 0 polarity
periods of the solar magnetic cycles.

EXPERIMENTAL DATA
AND METHODS OF INVESTIGATION

The experimental data on neutron monitors and tilt angles of the heliospheric
neutral sheet (HNS) were used to study the features of the temporal changes
of the amplitudes of the 27-day variations of the GCR intensity and anisotropy
versus the A > 0 and A < 0 solar magnetic cycles. The amplitudes of the 27-day
variation of the GCR intensity were calculated by means of the daily data of
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the different neutron monitors using the harmonic analyses method. The
amplitudes of the 27-day variation of the GCR anisotropy were found by two
ways. In the first manner, there were calculated the radial A, and tangential
A, components of the solar daily variations by means of the hourly data of
neutron monitors using the harmonic analyses method. After, using again the
harmonic analyses method there were calculated the amplitudes 4,,; and
A7, of the 27-day variation of the radial A, and the tangential A, components
of the solar daily variations. Then, for each Carrington rotation of the Sun
amplitude of the 27-day variation of the GCR anisotropy, A,,4 was found as:

Ny 3
Ayia = VAion + Aoy

In the second method, after finding the radial A, and tangential A,

components of the solar daily variations (as for the first case) the amplitudes
A, of the daily variations were calculated, as follows:

Ag=VAZ+ AL

Then, the amplitudes of the 27-day variation of the anisotropy were
calculated by means of the daily variations amplitudes A, using the method of
harmonic analyses. The comparison of the results obtained by two different
methods shows that the superiority must be return to the first method. In this
case the amplitudes of the 27-day variation of the GCR anisotropy A,,, are
methodically correctly calculated as far the changes of the phase of the each
daily anisotropy is taken into account for the determination of the 27-day
variation of the GCR anisotropy.

Table 1 gives are presented the average amplitudes of the 27-day variation
of the GCR intensity for the A > 0 (1975—1978 and 1995—1998) and for the
A <0 (1964—1967 and 1985—1988) polarity periods during the minima and
near-minima epochs of solar activity based on the Kiel and Roma neutron
monitors data. It is seen from Table 1 that the amplitudes of the 27-day
variation of GCR intensity are greater in the A > 0 polarity periods than ones
in the A < 0 polarity periods of the solar magnetic cycles [11, 12]. Table 2 lists

Table 1. Average amplitudes of the 27-day variation of GCR intensity

Average amplitudes of the 27-day variation of GCR intensity
Cut off for the 4 > 0 and A < 0 solar magnetic cycles, in %
Station rigidity in
GV 1964—-1967, 1975-1978, 19851988, 19951998,
A<0 A>0 A<0 A>0
Rome 6.32 0.18+0.01 0.36+0.02 0.21+0.01 0.29+0.02
Kiel 2.29 0.28+0.03 0.54+0.03 0.34+0.04 0.45+0.04

Table 2. Average amplitudes of the 27-day variation of GCR anisotropy

Average amplitudes of the 27-day variation of GCR anisotropy
Cut off for the A > 0 and A < 0 solar magnetic cycles, in %
Station rigidity in
GV 1964—-1967, 1975-1978, 19851988, 19951998,
A<0 A>0 A<0 A>0
Rome 6.32 0.045+0.001 0.086=0.001 0.033+0.001 0.064+0.001
Kiel 2.29 0.051+0.001 0.079+0.001 0.03+0.001 0.063+0.001
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Fig. 1. Distribution of amplitudes of the 27-day variation of GCR intensity A,7; vs two ranges of the
tilt angles 8 of the HNS for Kiel neutron monitor data (approximation lines: a — Ay7~
=0.02016 + 0.377; b — A,7; = 0.00310 + 0.8074)
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Fig. 2. Distribution of amplitudes of the 27-day variation of GCR anisotropy 4,74 vs two ranges of
the tilt angles 6 of the HNS for Kiel neutron monitor data (approximation lines: @ — Ay74 =
= 0.00086 + 0.1326; b — A574 = 0.00030 + 0.1347)

the average amplitudes of the 27-day variation of the GCR anisotropy for the
A >0 (1975—1978 and 1995—1998) and for the A < 0 (1964—1967 and
1985—1988) polarity periods of the minima epochs of solar activity based on
the Kiel and Roma neutron monitors data. One can see from Table 2 that in
just the same way as for the amplitudes of the 27-day variation of GCR
intensity the amplitudes of the 27-day variation of GCR anisotropy are greater
in the A > 0 cycles than those in the A < 0 polarity periods of the solar magnetic
cycles. Figures 1 and 2 show the distributions of the amplitudes of the 27-day
variations of GCR intensity and anisotropy versus the two ranges of the tilt
angles. The first range (0—30°) corresponds to the solar activity minima and
near-minima epochs of solar activity (Fig. 1, @ and Fig. 2, a); the second range
(31—80°) corresponds to the moderate, maxima and near-maxima epochs
(Fig. 1, b and Fig. 2, b) of solar activity.

For the both ranges of the tilt angles there were excluded few solar
Carrington rotations when the amplitudes of the 27-day variation of the GCR
intensity were more than 1 % for minima and near-minima epoch and 2 %, for
maxima and near-maxima epoch caused by the Forbush effects. It is clear from
Figures 1 and 2 that the amplitudes of the 27-day variations of GCR intensity
and anisotropy do not show any remarkable dependences versus the tilt angles.
Therefore, one can conclude that a topology of the HNS changing versus solar
activity does not play any role in the creation of the 27-day variations of the
GCR intensity and anisotropy.

416



QUASI-PERIODIC CHANGES OF GALACTIC COSMIC RAY

THEORETICAL MODELING

In order to calculate the theoretically expected amplitude of the 27-day
variations of GCR anisotropy, the Parker transport equation was used [16]:

of 1 R’
L= VieVy) — V) + 50 R (v, M
where f and R are the omnidirectional distribution function and rigidity of GCR
particles, respectively, U, is the solar wind velocity and ¢ denotes time.
Generalized anisotropic diffusion tensor «; of GCR for the three-dimensional
interplanetary magnetic field (IMF) has the form [2, 31]:

K1, = k[cos®dcos’y + a(cos’dsin’y + sin’0) ],

Ky, = /c”[sinécosécoszw(l —a) — asiny |,
K13 = K [sinycosdcosy(c — 1) — a;sindcosy 1,
Ky = /c”[sinécosécoszw(l —a) + asiny |,

2

Ky = Kk [sin’dcosyp + a(sin’dsin’y + cos0) ],

K53 = K [sindsimpcosy(a — 1) + o, cosdcosy |,

k31 = & [cosdsinycosy(a — 1) + a;sindcosy |,

K3, = K [sindsinycosy(c — 1) — a cosdcosy 1,

K33 = Kk [sin’y + acos™y |,
where 9 is the angle between magnetic field lines and radial direction, ¥ =
= arctan(— B,/B,, 0 is the angle between magnetic field lines and radial
direction in the meridian plane, 6 = arctanB,/B,, in spherical coordinate system
(r, 0, ) for the A > 0 polarity period of the solar magnetic cycle; « = &, /&,
ay = k4/k), where &, k,, k, are parallel, perpendicular and drift diffusion
coefficients of GCR in the regular IMF, respectively. The Eq. (1) in spherical

three-dimensional coordinate system (o, 8, ¢) for stationary case (9f/dt = 0)
takes the form:

9%n 9%n ?’n 9%n 9%n

9%n on on on on
+Ag 7 —— ERYr + Ay o~ EP +As o + Ao o 20 +Apn + Ay o5 =0, 3

where n = n_g/ng g is the relative density of the GCR particles for the given
rigidity R, n g = 47R’f and n, = 47R’f, are densities in the interplanetary
space and in the interstellar medium, respectively; f, is the omnidirectional
distribution function of GCR particles in the interstellar medium; p = r/ry is
the dimensionless distance, r, denotes the size of the modulation region and r
is a distance from the Sun; A,, A,, ..., A;; are the functions of p, 8, ¢ and R.

We consider a model of GCR diffusion in interplanetary space and assume
that the stationary 27-day variation of GCR intensity in the minima epochs of
solar activity is generally caused by the heliolongitudinal asymmetries of the
solar wind velocity and diffusion coefficient. The solar wind velocity is altering
as Uy(l + psing), where # = 0.15 and U, = 400 km/s throughout the
heliosphere. The parallel diffusion coefficient x| changes versus the spatial
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Fig. 3. Radial changes of amplitudes of the 27-day variation of GCR intensity obtained as solutions
of equation (3) for different cases (see in text)

coordinates (o, 0, ¢) and the rigidity R of GCR particles as « =
kok(P)k(0, P)k(R), where ko = Agv/3 = 2x10*2 cm?/s, k(p) = 1 + aw, oy = 50,
v is the velocity of GCR particles, x(6, ¢) = 1 + {sing, k(R) = (R/(1GV))°*® and
¢ =-0.15. So, the parallel diffusion coefficient for the GCR particles of 10 GV
rigidity equals, ;= 10>> cm?/s for ¢ = 0, = 90° and p = 0.01 (at the Earth’s
orbit). For # = 0.15 the Parker spiral lines of the IMF (corresponding to the
solar wind velocities U, and 1.15U,) intersect at a radial distance of ~8 AU on
the Sun’s equatorial plane. Therefore, to exclude an intersection of the IMF
lines, the dependence U = U,(1 + 0.13sinp) takes place only up to a distance
of ~ 8 AU; then U, = 400 km/s remains throughout the heliosphere up to the
boundary of modulation region [12]. This assumption must be considered as a
minor destruction of the IMF in the negligibly small part of the whole
heliosphere (0.05 %), which does not cause any changes neither of the strength
nor of the numbers of the magnetic field lines. So, for the restricted at ~8 AU
heliolongitudinal asymmetry of the solar wind velocity a condition for the IMF
being the divergence free could be considered fulfilled in the whole heliosphere.
The heliolongitudinal asymmetry of the solar wind velocity is disappeared from
a distance of ~8 AU, and then U, = 400 km/s throughout the heliosphere up
to the boundary of the modulation region. The flat HNS is considered as far
according to our finding (Fig. 1, @,  and 2, a, b) the amplitudes of the 27-day
variations of the GCR intensity and anisotropy do not depend on the tilt angles
of the HNS. The neutral sheet drift was taken into account according to the
boundary condition method [13]. Eq. (3) was reduced to the linear algebraic
system of equations by finite difference scheme and then was numerically solved
using the iteration method [17] for one rotation period of the Sun, i.e., for
instant state of the heliosphere, when the distribution of the GCR density is
determined by the time independent parameters included in Eq. (3). The
normalized expected amplitudes of the 27-day variation of GCR intensity (for
the 10 GV rigidity) obtained as the solutions of the Parker transport equation
(3) with the heliolongitudinal asymmetry of solar wind velocity for different
cases: a) the IMF is two-dimensional, B, = 0, B, =0, B, # 0 (Fig. 3, a); b)
the IMF is three-dimensional, B, # 0, B, = 0, B, = 0 (Fig. 3, b) and ¢) the
IMF is two-dimensional B, # 0, B, = 0, B, # 0 (Fig. 3, ¢, but diffusion
coefficient has the opposite phase of the heliolongitudinal asymmetry (£ =
= —0.15) with respect to the heliolongitudinal asymmetry of solar wind velocity.
The solid line denotes the A > 0 polarity period of solar magnetic cycle and
dashed line is for A < 0.

The expected amplitudes of the 27-day variation of GCR intensity A,;; for
the both cases are greater for the A > 0 polarity period than for the A < 0
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polarity period of solar magnetic cycle as it was found before [11]. This
distinction is eliminated versus the distance (Fig. 3, @) due to the restriction of
the heliolongitudinal asymmetry of the solar wind velocity stipulated in the
GCR transport equation. However, when the unrestricted (versus the distance)
diffusion coefficient is additionally included in the Eq. (3) the distinction
between the amplitudes of the 27-day variation of GCR intensity for the 4 > 0
polarity period and for the A < 0 polarity period of solar magnetic cycle is kept
far away from the Sun (Fig. 3, ¢). The expected amplitudes of the 27-day
variation of GCR anisotropy A,,, were calculated for the first case, namely
based on the solutions of the Eq. (3) for the Parker type IMF (6 = 0 in the
expression (2) for the tensor ;) and for the heliolongitudinal asymmetry of the
solar wind velocity, Uy(1 + 0.135sing) as follows:

Ay = VA + Af + A2,
where

Ar = — % [CU, — k,Vin * g Vinsing + (k) — &)V, nsinycosy |,

Ay == [ kaVinsing + &, Vin + k,Vincosy ], 4

< |

AZ = — % [(x ) — x )V nsinypcosy + k,Vincosy — k,,V, nl.

The signs «+» and «—» correspond to away and toward-polarities of IMF,
respectively; v = ¢ is the cosmic ray particles velocity, C = 1.5 is the

. . . . _lon _lon
Compton-Getting factor, U is the solar wind velocity; V,n = o Vo= o

v,n = 1. on denote radial, heliolatitudinal and heliolongitudinal gradients,
nrsin® dp

respectively [1, 19]. The radial changes of the expected A,,, for the A > 0 and
A < 0 polarity periods are presented in Fig. 4. The A,,, at the Earth’s orbit
(r =1 AU) is greater in the A > 0 polarity period than in A < O polarity period
of solar magnetic cycle. It is in a good agreement with the similar changes of
A,z Despite, the considered 3-dimensional model of GCR modulation is
relatively simple, it satisfactorily describes the peculiarities of the 27-day
variations of GCR intensity and anisotropy observed by neutron monitors in the
A > 0 and A < 0 polarity periods of solar magnetic cycle for the minima and
near-minima epochs of solar activity. We believe that the differences between
the amplitudes of the 27-day variations of GCR intensity and anisotropy for the
A > 0 and A < 0 polarity periods of solar magnetic cycles in different minima
and near-minima epochs of solar activity are generally related with the
heliolongitudinal asymmetry of the solar wind velocity.

Axrn, %

. . . A<0
Fig. 4. Radial changes of amplitudes of the 27-day s -
variation of GCR anisotropy e

A>0
| | | | |
1 2 3 4 1 AU



K. ISKRA et al.

CONCLUSIONS

1. The amplitudes of the 27-day variations of GCR intensity and anisotropy
do not depend on the tilt angles of the HNS throughout the 11-year cycle of
solar activity.

2. The amplitudes of the 27-day variations of GCR anisotropy are greater
in the minima and near-minima epochs for the positive period than those for
the negative period of solar magnetic cycles according to the neutron monitors
experimental data and the theoretical modeling based on the Parker transport
equation. These results are in good correlation with the similar changes of the
amplitudes of the 27-day variation of GCR intensity. A general motivation of
these features is the direction alternating radial component of the drift stream
S, of GCR in different periods of solar magnetic cycles. In the positive period
the stream S, is directed outward from the Sun, while in negative period of solar
magnetic cycle it has the opposite direction.
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