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STOCHASTIC VARIATIONS OF GALACTICCOSMIC RAYS�Mihael V. AlaniaInstitute of Mathematis and Physis of Podlasie University3 Maja 54, 08-110 Siedle, PolandInstitute of Geophysis Georgian Aademy of Sienes, Tbilisi, Georgiae-mail: alania�ap.siedle.pl(Reeived February 6, 2002)The generalized anisotropi di�usion tensor, streams and drift veloitiesof Galati Cosmi Rays (GCR) for the three dimensional InterplanetaryMagneti Field (IMF) have been analysed. Stohasti and regular hangesof GCR, espeially 11-year and 27-day variations have been studied. It isstressed that in seventies the generalized anisotropi di�usion tensor hasbeen rarely used due to lak of the diret evidene of the latitudinal om-ponent of the IMF. However, now this tensor must be largely used as faras the experimental data and theoretial investigations show the existeneof the latitudinal omponent of the IMF, i.e. heliospheri magneti �eld isthree-dimensional. The nature of the 11-year variation of GCR is ritiallyonsidered. It is onluded that the general mehanism of the 11-year vari-ation of GCR must be the hange of the struture of the stohasti IMF.Partiularly the e�etive size of the irregularities of the IMF responsible forthe di�usion of GCR inreases in the minima epohs of solar ativity withrespet to the maxima epohs. Thus, the di�erent harater of the di�u-sion of GCR in di�erent epohs of solar ativity is the general mehanismof 11-year variation of GCR. The temporal hanges of the energy spetrumof the 11-year variations of GCR versus the solar ativity, namely soft en-ergy spetrum in the maxima epohs and hard one in the minima epohs,onform this onlusion. The modelling and experimental investigationsshow that the amplitude of the 27-day variations of GCR is greater about1.5 times in the period of the qA>0 solar magneti yle than in the periodof the solar magneti yle qA<0, whih is not yet well explained aordingto the modern theory of GCR modulation.PACS numbers: 96.40.Cd, 05.40.Ca� Presented at the XIV Marian Smoluhowski Symposium on Statistial Physis,Zakopane, Poland, September 9�14, 2001.(1149)



1150 Mihael V. Alania1. IntrodutionAn expansion of the solar wind plasma (the orona of the Sun) into theinterplanetary spae aused an extension of the lines of the fore of the gen-eral solar magneti �eld and there is reated the Interplanetary MagnetiField (IMF) (Parker, (1958), (1963)). Aording to Parker(1958) a magneti�eld that is onveted radially outward with the solar wind and is stronglyonneted with the rigidly rotating Sun will exeute the spiral pattern. Thestrength H(r; t) of the IMF and the solar wind veloity U(r; t) were on-sidered as the sums of two omponents. The regular parts, H0 and U0 andthe stohasti omponents, H1(r; t) and U1(r; t). Thus, the averages of thestrength hH(r; t)i of the IMF, and the solar wind veloity hU(r; t)i an berepresented as hH(r; t)i = hH0i+ hH1(r; t)i and hU(r; t)i = hU0i+ hU1(r; t)i.The angle brakets denote averaging over the statistial ensembles of thestrength of the IMF and the solar wind veloity. The average values of thehH1(r; t)i and hU1(r; t)i equal zero, hH0i = H0; hU0i = U0, so hH(r; t)i = H0and hU(r; t)i = U0. Stohasti parts of the solar wind veloity and of theIMF strength are the soure of the short and large sale inhomogeneities(irregularities) in the interplanetary spae responsible for the sattering ofGalati Cosmi Rays (GCR), while H0 is responsible for the drift andanisotropi di�usion and U0 � for the onvetion and energy hange of GCR.Regular, quasiregular (with di�erent periods) and stohasti hanges of GCRintensity in the large energy range are onneted with similar hanges of thesolar ativity and solar wind parameters. An important parameter for themodulation of GCR is a tensor of di�usion ontaining unertainties due tothe vaguely known stohasti struture of the IMF. In spite of the availibityof the diret measurements of the parameters of the interplanetary medium(of ourse in di�erent points in spae), the parameters haraterizing notonly the stohasti parts of the IMF, but also the regular part of the IMF,are not well known. Partiularly, it is of interest how the regular latitudinalomponent of the IMF in�uene on the di�erent lasses of GCR variations inwhole of the inner and outer heliosphere. In this paper we review our reentinvestigations onerning the problem of the tensor of anisotropi di�usionof GCR involving the latitudinal omponent of the IMF, i.e. for the threedimensional IMF and study peuliarities of 11-yar and 27-day variations ofGCR intensity.2. Anisotropi di�usion tensor of GCR for one, twoand three dimensional IMFIn order to obtain the anisotropi di�usion tensor of GCR for the three-dimensional IMF the Maxwell�Boltzmann equation for plasma state in thephase spae (e.g. Huxley and Crompton, (1977)) has been adjusted to the



Stohasti Variations of Galati Cosmi Rays 1151distribution of GCR partiles (protons) as in Alania (1980),�F�t + V �F�r + q �E + V �B � �F�P + Fst = 0 ; (1)where, F = nf and V; p; q; n are veloity, momentum, harge and densityof GCR partiles, respetively,  is speed of light, Fst represents the hange ofthe distribution funtion due to ollisions of GCR partiles with the magnetiirregularities of solar wind, f is a distribution funtion in the veloity spae,t is time, E is eletri �eld and B is the indution of the IMF. Taking intoaount that B is onsidered as a �frozen� in the high ondutivity solar windplasma, one an assume, that E = �1 (Usw �B), where Usw is a veloity ofsolar wind, equation (1) an be written:�F�t + V �F�r + q [(V � Usw)�B℄ �F�P + Fst = 0 : (2)Equation (2) an be simpli�ed assuming that:(a) Usw = 0 (a motion of partiles is onsidered in a frame of referenerigidly onneted with the lines of the IMF);(b) a distribution funtion f is axially symmetrial with respet to theazimuthal angle ' in the veloity spae, f(r; V; �; '; t) � f(r; V; �; t),and an be represented as the onverging series:f (r; V; �; t) = f0 (r; V; t) + 1Xk=1fk (r; V; t)Pk(os �) ; (3)where Pk(os �) are Legendre polynomials;() for the ase of isotropi sattering, Fst � �f1, where � is the frequenyof sattering of GCR partiles on the magneti irregularities of solarwind, and(d) there exists a stream of GCR partiles with the average veloity U dueto the weak disturbanes of the distribution funtion of the partilesand drift in the regular IMF equalling to �f1=3f0 (U = �f1=3f0).Taking into aount all above-mentioned assumptions the equation (2)an be written (Huxley and Crompton, (1977)) for GCR protons (Alania,(1980)) in the form: �F0 + ! � F0U = �V 23 gradF0 ; (4)



1152 Mihael V. Alaniawhere F0 = nf0, ! = qB=m, (m is mass of GCR partiles), B is theindution of the three dimensional IMF (Bx, By, Bz). It is lear that theequation (4) is simpli�ed, but good enough (as it will be shown below)to obtain the anisotropi di�usion tensor of GCR in the frame of refereneonneted with the lines of the IMF and in the helioentri frame of referenefor the two and three dimensional IMF. The system of the salar equationsobtained from the vetor equation (4) has the form:F0 (�Ux � !zUy + !yUz) = �V 23 �F0�x ;F0 (!zUx + �Uy � !xUz) = �V 23 �F0�y ;F0 (�!yUx + !xUy + �Uz) = �V 23 �F0�z ; (5)where !2 = !2x + !2y + !2z (!x = qBx=m; !y = qBy=m; !z = qBz=m)System of the equations (5) an be rewritten in matrix form:kMkF0U = �V 23 gradF0 ; (6)where kMk = 0� � �!z !y!z � �!x�!y !x � 1A :A stream of GCR due to the weak disturbanes of the distribution fun-tion f and drift of GCR partiles in the regular IMF an be representedas: I = �F0U = �kMk�1 V 23 gradF0 ; (7)where kMk�1 = 1� (!2 + �2) �Æij�2 + "ijk!k� + !i!j� (8)and "ijk is the unit skew symmetri tensor.The expressionKI;J = kMk�1 V 23 (I; J = x; y; z) (9)an be onsidered as the anisotropi di�usion tensor of GCR in the inter-planetary spae. The expressionsV 23� (!2 + �2) �Æij�2 + !i!j� (10)



Stohasti Variations of Galati Cosmi Rays 1153and V 23� (!2 + �2)"ijk!k� (11)are the symmetri and antisymmetri omponents of the di�usion tensor (9)for the three dimensional IMF in Cartesian oordinate system, respetively.For the frame of referene onneted with the regular magneti �eldB(1; 0; 0), i.e. Bx = B, By = Bz = 0, and !x = !, one an obtain from (8):kMk�1 = 1� (�2 + !2) 0� �2 + !2 0 00 �2 �!0 ��! �2 1A : (12)The expression (9) an be rewritten:KI;J = 0� Kk 0 00 K? Kd0 �Kd K? 1A (13)where Kk = V 23� , K?= V 2�3 (!2 + �2) and Kd = V 2!3 (!2 + �2) are parallel, per-pendiular and drift di�usion oe�ients of GCR in the regular IMF, re-spetively.The expression (13) an be represented as:KI;J = Kk0� 1 0 00 � �10 ��1 � 1A I; J = 1; 2; 3 ; (14)Kk = ��=3, � = K?=Kk = 11 + !2�2 , �1 = Kd=Kk = !�1 + !2�2 , whereaording to relationships: V=�/� and �= 1/� (� is the free path and� � the time between two sequene ollisions of GCR partiles with thesolar wind irregularities).The expression (14) is the anisotropi di�usion tensor for GCR in theframe of referene of the regular IMF. This type of tensor was obtained byChapman and Cowling (1960) for the desription of the ionized gas behaviorin the regular magneti �eld.For long time the IMF (heliospheri magneti �eld) has been onsideredas an Arhimedes spiral, having only the radial and heliolongitudinal om-ponents. The anisotropi di�usion tensor for the two dimensional Br andB' of the IMF in spherial oordinate system (r; �; ') was obtained, e.g.



1154 Mihael V. Alaniaby Dorman (1968) as a transformation of type (AKI;JAT), where A is therotational matrix and AT is the transposed one of the matrix AA = 0� os 0 sin 0 1 0� sin 0 os 1A : (15)The anisotropi di�usion tensor for the two dimensional (Br and B�)IMF has the form:Kij = Kk0� os2  + � sin2  ��1 sin (�� 1) os sin �1 sin � �1 os (�� 1) os sin ��1 os � os2  + sin2  1A(i; j = r; �; ') ; (16)where  is the angle between the lines of the IMF and radial diretion fromthe Sun.In seventies there was not yet any expliit indiations about the ex-istene of the regular latitudinal omponent of the IMF exept the dataof the IMF, King (1977) and some papers, e.g. Slavin and Smith (1983)showing that there exists a sign alternating nonregular latitudinal ompo-nent, B�. However, in our papers Alania (1978), (1980) the existene ofthe regular latitudinal omponent B� of the IMF was assumed and the gen-eralized anisotropi di�usion tensor, expressions for the omponents of thedrift veloity and stream of GCR for the three-dimensional IMF have beenobtained. The generalized anisotropi di�usion tensor of GCR for the three-dimensional IMF was obtained as a transformation of type (CKijCT), whereKij is the anisotropi di�usion tensor of GCR for the two-dimensional IMF;C is the rotational matrix and CT is the transposed one of the matrix C.C = 0� os  � sin 0sin os  00 0 1 1A (17) is the angle between the lines of the IMF and radial diretion from theSun in the meridian plane.



Stohasti Variations of Galati Cosmi Rays 1155The anisotropi di�usion tensor of GCR for the three dimensional IMFin the Cartesian oordinate system B (Bx, By, Bz) has the following form:{11 = V 23�(�2+!2) ��2 + !2x� ; {21= V 23�(�2+!2) (!x!y � �!z) ;{12 = V 23�(�2+!2) (!x!y + �!z) ; {22= V 23�(�2+!2) ��2 + !2y� ;{13 = V 23�(�2+!2) (!x!z + �!y) ; {23= V 23�(�2+!2) (!y!z + �!x) ;{31 = V 23�(�2+!2) (!x!z + �!y) ;{32 = V 23�(�2+!2) (!y!z � �!x) ;{33 = V 23�(�2+!2) ��2 + !2z� : (18)The anisotropi di�usion tensor of GCR for the three dimensional IMF({ij = Ki;j i; j = 1; 2; 3) in the spherial oordinate system B (Br, B�,B') orresponding to the anisotropi di�usion tensor of GCR in Cartesianoordinate system (18) has the following form:{11 = Kk �os2  os2  + � �os2  sin2  + sin2 �� ;{12 = Kk �sin os os2  (1� �)� �1 sin � ;{13 = Kk [sin os  os (�� 1)� �1 sin os ℄ ;{21 = Kk �sin os  os2  (1� �) + �1 sin � ;{22 = Kk �sin2  os2  + �1 �sin2  sin2  + os2 �� ;{23 = Kk [sin sin os (�� 1) + �1 os  os ℄ ;{31 = Kk [os  sin os (�� 1) + �1 sin os ℄ ;{32 = Kk [sin sin os (�� 1)� �1 os  os ℄ ;{33 = Kk �sin2  + � os2  � ; (19)where  = artan(B�=Br) and  = artan(�B'=Br) in the spherial oor-dinate system for qA>0 solar magneti yle.The importane of the anisotropi di�usion tensor for the three dimen-sional IMF was �rst mentioned at the ICRC in Kyoto (1979) (e.g. Alaniaand Dorman, (1979); Alania and Japiashivli, (1979)) and has been used forthe alulation of the role of the heliolatitudinal omponent B� of the IMFin GCR modulation by Alania et al. (1982).At the beginning of the eighties the observations of the IMF by spaeprobes in the heliosphere on�rm, on average, that the IMF losely followsthe predited Parker spiral. However, it has been found that the IMF hasa signi�ant latitudinal omponent and the Arhimedean spiral harater of



1156 Mihael V. Alaniathe IMF an be violated in high heliolatitudes, Slavin and Smith (1983),Smith et al. (1995). First attempts to modify the Parker's spiral �eld havebeen done by Nagashima et al. (1986). Then Jokipii and Kota (1989) re-examined the struture of the IMF in the polar regions and found that themagneti �eld may depart signi�antly from the struture inferred from ap-pliations of the Arhimedean spiral. Fisk (1996) stressed that a signi�antorretion needs to be made to the Parker spiral pattern, for the simplereason that the Sun does not rotate rigidly, but rather rotates di�erentially,with the solar poles rotating on the order of 20% slower than the solar equa-tor. Aording to the experimental data, e.g. Smith et al. (1995) and thetheoretial investigation (e.g. Fisk (1996), (2001); Giaalone, (2001)) it anbe stated that there exists the polar (heliolatitudinal) omponent of the he-liospheri magneti �eld, and more, the Arhimedean spiral harater of theIMF is signi�antly violated in the high heliolatitude regions (Fisk, (2001)).Thus, the generalized anisotropi di�usion tensor for three-dimensional IMF(19) must be used in modelling of GCR propagation in the interplanetaryspae.3. Streams and drift veloities of GCR in the interplanetary spaeThe expeted three-dimensional streams indued weak disturbanes ofthe distribution funtion of GCR in interplanetary spae and the GCR par-tile's drift in the regular IMF (gradF0 6=0) an be represented as:I = � V 23� (�2 + !2) �Æij�2 + "ijk!k� + !i!j� gradF0 (20)orI = � V 2�3� (1 + !2�2) �Æij + !i!j�2� gradF0 � V 2�3� (1 + !2�2) "ijk!k� gradF0 :(21)The expression (21) an be represented as the sum of two di�erent streamsI = I1 + I2, where:I1 = � V 2�3 (1 + !2�2) �Æij + !i!j�2� gradF0 ; (22)I2 = � V 2�3 (1 + !2�2) "ijk!k� gradF0 : (23)Di�usion stream I1 of GCR exists due to the symmetri part of thedi�usion tensor and the drift stream I2 due to the antisymmetri part ofthe anisotropi di�usion tensor in the three dimensional regular IMF. Using



Stohasti Variations of Galati Cosmi Rays 1157the expressions of GCR streams (22) and (23) it is possible to alulate theexpeted three omponents of the anisotropy of GCR.The radial (UD;r), latitudinal (UD;�) and azimuthal (UD;') omponentsof drift veloity of GCR for the three dimensional IMF B (Br,B�,B') in thespherial oordinate system an be expressed as:hUD;ri = {0r sin � ��� (��1 sin � sin ) + {0r sin � ��' (��1 os sin) ;hUD;�i = {0r ��r (r�1 sin ) + {0r sin � ��' (�1 os os ) ;hUD;'i = {0r ��r (r�1 sin os ) + {0r sin � ��� (��1 sin � os  os ) : (24)These generalized omponents of drift veloity an be used for modellingof GCR propagation in three-dimensional magneti �eld. All spatial ompo-nents of the stream of GCR in the three dimensional IMF only due to drifte�et are (Alania, (1978)):Ir = ��1 sin rn� � �1 sin os rn' ;I� = ��1 sin rnr � �1 os  os rn' ;I' = ��1 sin os rnr � �1 os  os rn� ; (25)where rnr ; rn� ; rn' are spatial gradients of GCR density n. Thus, taking ad-vantage of the assumptions (3) and others aepted above, the equation (2)was redued to the equation (4), whih is simple but at the same time goodenough to obtain the orret expressions for the tensor of anisotropi di�u-sion for the one, two and three dimensional IMF. This generalized anisotropidi�usion tensor an be largely used in solving of the Parker's transport equa-tion for di�erent types of three-dimensional IMF (Parker, (1958); Jokipi andKota, (1989); Fisk, (1996), (2001))4. 11-year and 27-day variations of GCRTo study stohasti and regular harater of the di�erent lasses of GCRvariations Parker's transport equation obtained based on the equation (2)and on the solar wind theory (Parker, (1958), (1963), (1965)) inluding theooling of GCR in the expended solar wind (Singer et al., (1963)) has beenused �N�t = ri ({i;jrjN)�ri (UiN) + 13R2 � �R3N��R (riUi) ; (26)where N , and R are density (in interplanetary spae) and rigidity of GCRpartiles, respetively; in the right side of the equation (26) the �rst term



1158 Mihael V. Alaniadesribes di�usion due to the symmetri part and drift due to the antisym-metri part of the anisotropi di�usion tensor {ij; the seond term desribesonvetion and third one a hange of the energy of GCR partiles due tointeration with solar wind. Ui is the solar wind veloity and t is time. Krym-ski (1964), Dorman (1965), Axword (1965), Gleeson and Axford (1968), Dol-ginov and Toptigin (1968) have ontributed signi�antly to the developmentof the theory of GCR modulation. Papers of Jokipii (1971), Jokipii et al.(1977), Isenberg and Jokipii (1979), Jokipii and Kopriva (1979), Jokipii andThomas (1981) and Jokipii and Kota (1983), Potgieter and Moraal (1985)and late Burger and Potgieter (1989) were the signi�ant ontributions in thenew understanding of the role of drift in the regular heliospheri magneti�eld for the modulation of GCR. It is obvious that in the drift theory of GCRmodulation the spatial struture of the regular interplanetary magneti �eld(IMF) must play very important role, i.e. the using of the generalized ten-sor for the three dimensional IMF is vital one in solving Parker's transportequation inluding drift.4.1. 11-year variations of GCRFor a long time muh e�ort has been put to explain features of GCR mod-ulation in the large energy range, inluding anomalous omponent. Conve-tion, di�usion, drift and energy hanges of GCR due to the interation withthe solar wind (adiabati ooling or aeleration of osmi rays dependingon the harater of the solar wind veloity hanges) are the general reasonsof GCR modulation. Earlier, Parker (1958), (1963), (1965), Dorman (1963),Krymsky (1969), Jokipii (1971), then Fisk (1976), Levy (1978), Jokipii etal. (1977), Jokipii and Kopriva (1979), Wibberenz (1979), Jokipii and Kota(1983), Palmer (1982) and relatively late, Jokipii (1986), Burger and Potgi-eter (1989), Kota and Jokipii (1989), (1998), Bieber et al. (1994), Potgieterand Roux (1992), Fisk (1996), Bieber, Wanner, Matthaeus (1996), Bieberand Matthaeus (1997) have made muh ontribution in the understanding ofGCR modulation. Among the problems of GCR modulation the fundamen-tal one is the 11-year variation. The great part of GCR intensity hangesis falling to the 11-year variation whih generally is related with the similarvariation of solar ativity, Dorman (1963), Nagashima and Morishita (1980),Alania and Dorman (1981), Le Roux and Potgieter (1991), Bazilevskaya,et al. (1993), Belov, et al. (1993), Bazilevskaya and Svirzhevskaya (1998),MKibben (1998).
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1958 1968 1978 1988 1998Fig. 1. Changes of the relative sunspot numbers (solid urve, sale on the left ordi-nate axis) and the intensity of galati osmi rays by Mosow's neutron monitorstation (dotted urve, sale on the right ordinate axis) for the period 1958�1998The hanges of the relative numbers of sunspots and observations of GCRintensity on the Earth by Mosow and neutron monitors for the period of1958�1998 are plotted in �gure 1. The question is whih of the parametersor the group of parameters of solar ativity and of solar wind are responsi-ble for the 11-year variation of GCR. In order to answer to this question itis neessary to estimate separately the roles of all these proesses: onve-tion, di�usion, drift and energy hanges of GCR due to the interation withthe solar wind ausing a modulation of GCR. In onnetion with this it isneessary to make some important remarks:1. To asribe the mehanism of 11-year variation of GCR, for instane, tothe solar wind veloity as to a soure of the onvetion is not justi�ed.Diret observations show that in the minima epohs of solar ativitythe solar wind veloity inreases almost twie at the middle and highheliolatitudes with the weak tendenies to inrease at the low heliolat-itudes (Simpson, (1998); Lazarus et al., (1998), Suess et al., (1998)).So, if the solar wind veloity had been onsidered as an importantsoure of the observed 11-year variation of GCR due to onvetion,there would be observed some derease of GCR intensity in minimaepohs of solar ativity, ontrary to the signi�ant inrease whih infat is observed. It is true that in onnetion with the hanges of theaverage solar wind veloity versus the solar ativity one an state thatthese hanges are not signi�ant near the helioequator region. Thus,the role of onvetion of GCR intensity during the 11-year yle ofsolar ativity in other equal onditions is weakly hangeable.



1160 Mihael V. Alania2. Under the ondition that the solar wind veloity is pratially onstantat the low latitudes versus the solar ativity, there must not be anotieable distintion between the energy hanges of GCR due to theirinteration with the solar wind in di�erent epohs of solar ativity,i.e. a divergene of the solar wind veloity pratially is onstant indi�erent epohs of solar ativity.3. Drift e�ets of GCR whih exist due to the gradient and urvatureof the IMF and the Heliospheri Neutral Sheet (HNS) should play aspei� role in the hanges of the harater of the pro�les (rounded orlevelled) of 11-year variation of GCR for the di�erent magneti halvesyles (qA>0, qA<0) of the Sun in the minima epohs of solar ativity(Fig. 1). Due to the drift e�et an amplitude of 11-year variation ofGCR is greater for the period of 11-year yle when qA<0, than for theperiod of qA>0 (Fig. 1). Nevertheless, in the hanges of the amplitudeof 11-year variation of GCR in the di�erent 11-year periods (qA>0,qA<0) a drift e�et is not a deisive one. In equal other onditions,as it is seen from the �gure 1, the role of a drift an be estimated as15�20% of the whole amplitude of 11-year variation of GCR.4. Thus it is lear that the hange of the harater of the di�usion versusthe level of the 11-year yle of solar ativity must play an importantrole in the reation of the 11-year variation of GCR. However, if itis the ase, it is neessary to �nd what fator is responsible for thehanges of the harater of the di�usion versus the solar ativity, orin other words, what is the mehanism of 11-year variation of GCRfor the energy larger than 1 GeV? We think that neither the sunspotsnumbers presented in �gure 1, nor other parameters of solar ativityand solar wind widely used for the haraterizing of the solar ativityare diretly responsible for the 11-year variation of GCR, Alania andIskra (1995); Alania, et al. (1997).In fat, a modulation of GCR takes plae in regions of inner and outerheliosphere where temporal �utuations of the spetral density of the IMFstrength responsible for the di�usion of GCR are signi�antly di�erent,Burlaga, (1995), Burlaga and Ness, (1998). The 11-year modulation of GCRobserved at the Earth's orbit is the result of the ontinuous ation of thewhole heliosphere (`�lled' with stohasti and regular magneti and eletri�elds) on the GCR partiles in the ourse of theirs motion from the bound-ary of the heliosphere to the point of observation. So, it is obvious that it ishardly possible to �nd one to one quantitative orrespondene between thetemporal hanges of the power spetrum exponent, n of the IMF strength�utuations near the Earth's orbit and the observed amplitude of 11-year



Stohasti Variations of Galati Cosmi Rays 1161variation of GCR. The formation of the energy spetrum of 11-year variationof GCR whih is observed at Earth orbit (soft one in the maxima epohsand hard one in the minima epohs of solar ativity) takes plae in the largevolume of interplanetary spae with the radius muh greater than a few As-tronomial Unites (AU). The above-mentioned statement, of ourse, doesnot exlude the existene of the ertain diret relationship between the ob-served the IMF strength �utuations and 11-year modulation of GCR at theEarth's orbit. One an onlude that in the interplanetary spae there mustbe a signi�ant di�erene in the struture of the irregularities of solar windin the minima and maxima epohs of solar ativity (e.g. Burlaga, (1995)),i.e. that the e�etive sizes of the inhomogeneities of solar wind, on whihGCR partiles with the energy about 1 GeV are sattering, are greater in theminima epohs than in maxima epohs of solar ativity (Alania and Iskra,(1995)).Thus, the strutural rearrangement of the large sale �utuation of theIMF strength from the minima to the maxima epohs of solar ativity, i.e.the radial hanges of the e�etive sizes of the inhomogeneities of solar windwhih ause the various di�usion (hange of the di�usion oe�ient) of gala-ti osmi rays in the minima and maxima epohs of solar ativity, is thegeneral mehanism of the 11-year variation of GCR for the energy morethan 1 GeV. 4.2. 27-day variations of GCRThe 27-day variation of GCR is generally stohasti phenomenon. How-ever, not even mentioning the minima epohs, during the maxima epohs ofsolar ativity there are observed numerous ases when the amplitude of the27-day variation of GCR is relatively onstant for the period of 4�5 rotationsof the Sun. Thus, in order to show a dependene of the amplitude of the27-day variation of GCR on the distanes from the Sun in di�erent solarmagneti yles of the qA>0 and the qA<0, a steady-state ase an be on-sidered. Negleting the term �N=�t and taking into aount that di�usionoe�ients Kr� = �K�r and K�' = �K'�, the equation (26) in spherialoordinate system r; �; ', an be written:A1 �2n�r2 +A2 �2n��2 +A3 �2n�'2 +A4 �2n�r�'+A5 �n�r +A6 �n�� +A7 �n�'+A8 �n�R +A9n = 0 :(27)In the equation (27) the relative density, n = N=N0 (where N0 is densityof GCR in the interstellar medium aepted as, N0 / R�4:5 for the rigiditiesto whih neutron monitors are sensitive; the dimensionless distane r = �=r0,where r0 is the size of the modulation region and � is the distane from theSun; A1, A2,. . . ,A9, are the funtion of r; �; ', and R. Parameters beingresponsible for the 27-day variation of GCR have the following expressions:



1162 Mihael V. Alania1. the heliolongitudinal asymmetry of the solar wind veloity hanges as,U = U(1 + 0:2 sin(')) : (28)The IMF lines orresponding to the solar wind veloity 1:2U0 reahesto the IMF lines orresponding to the solar wind veloity U0 at theradial distane of 7�8 AU. So, in order to exlude an intersetion of theIMF lines in spae the dependene of U on the heliolongitudinal angle' takes plae only up to the distane of 7 AU on the Sun's equatorialplane. This distane hanges with the heliolatitudes aording to theParker's IMF's spiral rule.2. The parallel di�usion oe�ient, Kk is represented in the followingway: Kk = K0K(r)K(r; �; ')K(R) ; (29)where K(r) = 1 + �0r�; K(R) = R , andK(r; �; ') = 1 + 0:5 sin' sin(3�) exp(��2r)K0 is equal to the 2� 1022 m2S�1 for the energy of 10 GeV.The existene of the heliolongitudinal asymmetries (HA) of the di�usionoe�ient and of the solar wind veloity in the range of the heliolatitudes60Æ � � � 120Æ(�30Æ with respet to the solar equatorial plane) are de-termined by the sin(3�), whih equals zero at the � = 60Æ and at the � =120Æ. For heliolatitudes of the range of 0Æ � � < 60Æ and 120Æ < � � 180Æ ,K(r; �; ') = exp(��2�), K(r) = 1 + �0r�, and K(R) = R (in units of GV);the radius of the modulation region is 100 AU and the solar wind veloityU equals 4� 107m/s. The ratio � of the perpendiular K? and parallel Kkdi�usion oe�ients (� = K?=Kk) is assumed as:(1) � = (1 +!2t2)�1. It is assumed that for the energy of 10 GeV !� = 3and then it hanges depending on the spatial oordinates aording tothe Parker's spiral magneti �eld. At the boundary of the modulationregion � tends to 1.(2) � = 0:1 and it is a onstant for the whole heliosphere and(3) � = 0:1 near the helioequatorial region and enhanes in the solarpolar diretion. The equation (2) has been solved numerially usingthe di�erene grid method taking into aount drift due to the gradientand urvature of the IMF and the HNS drift.
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(a) (b)Fig. 2. Radial hanges of the amplitudes of the 27-day variation of GCR (a) in theexistene and (b) in absene of the radial deay of the HA for onstant �; solid line(qA>0), dashed line (qA <0).The solutions of the equation (27) for the rigidity of 10 GV of GCR arepresented in �gures 2(a) (b) for the solar magneti yles, qA>0 (solid line)and qA<0 (dashed line) taking into aount the above-mentioned expressionof the solar wind veloity (28), di�usion oe�ient (29), di�erent ratios of �of the perpendiular K?and parallel Kk di�usion oe�ients (� = K?=Kk),for the onstant values of the oe�ients, �0 = 100, � = 1,  = 1, and fordi�erent values of �1 = 0 (an absene of the radial deay of the HA, Fig. 2(b))and �1 = 0:07 (an existene of the radial deay of the HA, Fig. 2(a)).In the both �gures 2(a) (b), � = 0:1 near the helioequatorial region andthen enhanes in the solar polar diretions as,� = 0:2� 0:06�; for 0 � � < �=2and � = 0:1 + 0:06(� � �=2); for �=2 � � � � :It is seen from the �gure 2(a), (b) that the amplitudes of the 27-dayvariations of GCR for the both solar magneti yles of the qA>0 and qA<0are greater when the radial deay of the HA is absent. The amplitudes of the27-day variations of GCR near the Earth's orbit is greater in the qA>0 solarmagneti yle than in the qA<0 yle for the both ases when the radialdeay of the HA is absent, and when the radial deay of the HA exists. Fordistanes less than 5 AU the amplitudes of the 27-day variations of GCRfor the ase of qA>0 are greater than in the qA<0 ase. This results quali-tatively oinide with the experimental data observed by neutron monitors,Alania et al. (2001).



1164 Mihael V. Alania5. Conlusion1. The generalized anisotropi di�usion tensor, streams and drift velo-ities of GCR for the three dimensional IMF obtained before by thepresent author have been reonstruted and omprehensively analysed.It is stressed that the generalized anisotropi di�usion tensor shouldbe largely used in solving of the Parker's transport equation as far a-ording to the experimental data and theoretial investigations the he-liospheri magneti �eld must be onsidered as the three-dimensional.2. Stohasti and regular hanges of GCR, espeially 11-year and 27-day variations have been studied. It is onluded that the generalmehanism of the 11-year variation of GCR must be the hange of thestruture of the stohasti IMF ausing the di�erent harater of thedi�usion of GCR in di�erent epohs of solar ativity.3. The amplitude of the 27-day variations of GCR is greater at the Earth'sorbit (about 1.5 times ) in the period of the qA>0 solar magneti ylethan in the period of the qA<0 solar magneti yle, whih is not yetwell explained aording to the existed modulation theory of GCR.Author ordially thanks Ms A. Wawrzynzak for her help in preparingof this paper. REFERENCESAlania, M.V., Modulation of Cosmi Rays, Proeedings of the Institute ofGeophys. Georgian Aademy of Sienes, p. 5, Tbilisi, 1978, in Rus-sian.Alania, M.V., Japiashvili T.V., XVI ICRC, 3, p. 19, Kyoto, Japan 1979.Alania, M.V., Dorman, I.L., XVI ICRC, 3, p. 57, Kyoto, Japan 1979.Alania, M.V., Variation of Cosmi Rays, Georgian Aademy of Siene, Meniereba, Tbilisi, p. 11, 1980, in Russian.Alania, M.V., Dorman, I.L., The Spatial Distribution of the Density andStream of Galati Cosmi Rays, Tbilisi, Meniereba 1981, in Russian.Alania, M.V., et al., VIII, ECRS, A.3.7, Rome 1982.Alania, M.V., Bohorishvili, T.B., Iskra K., Adv. Spae Res. 19, 925 (1997).Alania, M.V., Iskra, K., Adv. Spae Res. 16, 241 (1995).Alania, M.V., et al., Adv. Spae Res. 27, 619 (2001).Axford, W.I., Planet. Spae Si. 13, 115 (1965).Bazilevskaya, G.A., Svirzhevskaya, A. K., Spae Si. Rev. 85, 431 (1998).
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