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Abstract—We develop three dimensional non stationary modedf

the Forbush decrease (Fd) of the galactic cosmic @R) intensity

for the constant solar wind velocity and the statinary three

dimensional model including the changeable solar wd velocity
and corresponding interplanetary magnetic field (IMF)

components found as a solution of the Maxwell's egtions. We
show that the results of the theoretical modeling ra in good
agreement with the experimental data. Moreover, thehange of
the theoretical rigidity spectrum during the Fd is observed only
due to the increase of the IMF turbulence, while itdoes not
depend on the level of convection of the GCR streanThese
results confirm the possibility to use the temporathanges of the
rigidity spectrum exponent y of the Fd of GCR intensity to
estimate the temporal evolution of the exponem of the power
spectral density of the IMF turbulence.

1.INTRODUCTION

We show that [1]-[3] the changes of the rigiditysBectrum
OD(R)/D(R) O RY of the Forbush decreases (Fd) of the
galactic cosmic ray (GCR) intensity found by nentneonitors
and ground muon telescopes experimental dataadteckwith
the changes of the power spectral density (PSD)thef
interplanetary magnetic field (IMF) turbulence (P80, fis

a frequency); namely the expongntlepends on the exponent
v in the range of frequency f of the IMF turbulentfel,0°Hz -
10° Hz, to which neutron monitors and ground muol
telescopes respond. A relationship between therexy and
the exponenv [1]-[3] exists owing to the dependence of the
diffusion coefficient K of GCR particles on the iddy R as,

K OR?, i.e. that the exponent is proportional to thed.
According to the quasi linear theory (QLT), the fficeent a
depends on the exponenbf the PSD of the IMF turbulence,
as @ =2-V [4]-[7]. Our aim in this paper is twofold; (1) to
study the temporal changes of the rigidity spectamd the
change of the
experimental data, and (2) to develop three dinoeasi(3-D)
non stationary model of the Fd for the constardrsaind

velocity and the stationary 3-D model for the cheatge solar
wind velocity including corresponding componentgtre IMF
obtained as the solutions of the Maxwell's equatB=0.

2.EXPERIMENTAL DATA ANALYSIS

For the analyze we consider the period of 24 August
10 October 2005. In Fig.1 are presented changtedsx, By
and Bz components of the IMF (from ACE), GCR intgnby
Moscow neutron monitor, DST index and solar wineesh
We study the temporal changes of the rigidity spmetof Fd
of the GCR intensity occurred in 9-25 September5200
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Fig.1. Changes of the Bx, By and Bz componentshefIMF (from ACE),

GCR intensity by Moscow neutron monitor, DST indad solar wind speed

(SW) in the period of 24 August — 10 October 2005.

IMF turbulence during the Fd by the
To study Fd we use daily average data of the neutronitors

(Apatity, Calgary, Fort Smith, Thilisi, Thule) andifferent
channels of Nagoya muon telescope(NOVV, N1NN, N4NW)
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D(R) _ AR for R<R,,

D(R) 0 for R>R,,
Where R, is rigidity beyond which the Fd of the GCR
intensity vanishes. The method of calculation iscdibed in
papers [1]-[4].

Fig. 2 (bottom panel) shows that rigidity spectrdaring the
beginning and recovery phases of the Fd is relgtis@ft with
respect to the rigidity spectrum in the minimum amehar
minimum phases of the GCR intensity
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Fig. 2. Temporal changes of the GCR intensity (papel) for Calgary and

Thilisi neutron monitors and Nagoya NOVV muon tetgse and of the
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rigidity spectrum exponeny (bottom panel) for period of 9-20 September

2005.

The temporal changes of the expongnfbottom panel of
Fig.2) we ascribe to the conversion of the strictafrthe IMF
turbulence during the Fd. Particularly, the hardgnof the

rigidity spectrumdD(R)/D(R) O R of the Fd (the exponent

y gradually decreases in the minimum and near mimmu

phases of the Fd) should be observed owing tortrease of

the exponenv of the PSD in the energy range of the IMF

turbulence (18Hz- 10° Hz). First of all, to carry out a study
of the Fd in September 2005, we consider threeogerifirst
one (I: 24 August — 8 September 2005) — beforeFthethe
second one (Il: 9-24 September 2005) —during Fd, the
third one (l1l: 25 September- 10 October 2005)rate Fd.

To estimate a degree of relationyofvith v there is necessary

to find v of the PSD of the Bx, By and Bz components of the

IMF with the acceptable accuracy for the relativejyiet
periods before and after the Fd, and compare tlit tive
results during the Fd (period of disturbances).. Bigshows
that during the Fd (Il period) the exponentsire greater for
By and Bz components of the IMF, than before (liqgudrand
after the Fd (Il period). So, during the Fd is eb&d the
inverse dependence between the changes of the engsan
andy; when the exponenmtincreases the expongntiecreases.
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Fig. 3. Power Spectrum Density of the Bx, By andcBmponents of the IMF
for the periods before (l), during (Il) and aftéf)the Fd in September 2005.
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Fig. 4. Changes of the exponerjt of the rigidity spectrum (triangle),

changes of the exponerit of the PSD of the IMF turbulence (squares)
calculated based on the experimental data andttaeges of the exponent

Vy predicted based on the changes of the exporjenof the rigidity

spectrum from the postulated dependemce 2 - in periods before (1),

after (lll) and during (ll) the September 2005 led By and Bz component of
the IMF.



In connection with this we can consider one backwar A. Non stationary model of the Fd

problem; namely, use the temporal changes of thlity

spectrum exponentof the Fd of GCR intensity to estimate the |n the non stationary models the diffusion coeéfiti
evolution of the IMF’s turbulence (Fig.4). In thegE are K, =K, K)K(RY), were K, = 45x 102 szls,
presented results for twoyEand B components of the IMF.

The turbulence of the By and Bz components of & | (r)=1+ 0_5( r j; herer is heliocentric distancéstime. To
(perpendicular to the radial direction) insert aucgal 1AU

contribution to the scattering of GCR particles ihe show the dependence of the exponeah the exponent, we
heliosphere, although their roles are not equablat The assume the change of the diffusion coefficient \gnas
power of the Bycomponent is significantly greater than theK(R t) = R0 = RZVO  The exponeny in the vicinity

power of the Bzomponent. .
responsible for the Fd changes, as

2. MODEL OF THEFORBUSHDECREASE V(1) = 08+ 355(3‘ - 0-3)15 « Exp(-8* (t - 0.)) (Fig. B).

To describe the Fd of the GCR we use the Parkarisport
equation [10]
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Where N and R are density and rigidity of cosmig ra -4
particles, respectively; jU- solar wind velocity, K -is the %
anisotropic diffusion tensor of cosmic rays, whichthe three 5 3
dimensional IMF has the form [11], [12]: 355
K.=K, [00552 cosyy? + ,/3’(00562 sing? +sind? 3
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_ ['2652+('25'2+ 325)] 0 3 6 9 12
K= K, Isin“dcos ¢ + Bisin® dsin“ ¢ + co days

= sindsiny co —-1)+ £, cosdco Fig.5. Changes of the expected amplitudes of theffide GCR intensity for
Ka K”[ weosy(B-1)x 4, ﬂ//] the rigidity of 10 GV based on the solutions of tmedel of the Fd for
K¢r =K " [COSJSinl//COS//(,B —1)1r ,Blsind'cosjl] different solar wind velocities.
Kyo= K, [singsing cosy(B - 1) B, cosscosy] Method of solution of the non stationary (1) is seeted in
sz K [sinzz//+ﬁco§(//] [13]. We solve (1) for different constant in timelar wind

1

velocities, U= 400, 500, 600, 700 and 800 km/s lideo to

Where3d is the angle between the lines of the IMF and thghow thaty does not depend on the level of convection of the
radial direction in the meridian plang € arctan@, B, )and GCR stream, but depends generally only on the sthtée
turbulence of the IMF.

Changes of the relative density obtained as aisalatf the
spherical coordinate systendy,¢; B and3; are the ratios of transport equation for different solar wind vel@st (U= 400,
the perpendicular K and drift K; diffusion coefficients to 500, 600, 700 and 800 km/s) and the calculated atede
parallel K, diffusion coefficient with respect to the regularpower law R™ rigidity spectrum exponentg of the Fd are
IMF lines (B = Ky/ K| andB, = K4/ K||), respectively. presented in Fig. 5 and Fig 6, respectively. We thaé with

Our aim is to show theoretically a dependence & tHhe increase of the solar wind velocity we obseheeincrease
expected rigidity spectrum exponewtof the Fds on the Of the amplitudes of the simulated Fd (Fig.5). ting so, the
exponentv of the PSD of the IMF turbulence. It should besimilar changes of the rigidity spectra with theverse
observed (according to our thesis), as far theristexa dependence between the changes of the expgnant the
dependence of diffusion coefficient K on the GCRtipkes €Xponent are observed for all considered modélg.6). It is
rigidity R as, K 0R?, i.e. when the QLT is valid (for the in agreement with our thesis anticipating a chaonfehe
rigidity of GCR particles registered by neutronnitors and gidity spectrum of Fd only versus the changes tio¢
muon telescopes). exponentv.

W=arctan¢B, B, for A>0 solar magnetic cycle in the
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Fig. 6. Temporal changes of the expected rigidigctrum exponentand
exponenty of the PSD of the IMF turbulence for model of &

B. Sationary model of the Fd

An applying of the stationary model to describe Hu is
justified, while the amplitudes of the Fd of GCReimsity
generally are rather smalk (5-6% in the energy range of
10 GeV) and duration is reasonably large (10-1Z}dy case
of the stationary models as the model of the Fdovsider the
changes of the expected density versus the hegjiilates (the
value of the heliolongitudes 13.8orresponds to the 1 day).

To investigate in detail the Fd there is necesgatgke into
account the increase of the solar wind velocityirduthe main
phase of the Fd.

Inclusion in the model the change of the solar wiatbcity
and three dimensional IMF (BBy and B, components)
depending on the spatial coordinates requirestestigate a
conservation of divergence free IMF. The equatimBd0 (B
is the strength of the IMF) for the azimuthally dading of
the radial component of the solar wind velocityg(F) is
solved in [8]. The assumed solar wind velocity, @)d By
components of the IMF obtained as solutions ofdfeation
divB=0 are presented in Figs. 7-9, respectively.

In contrast to our assumption in section A, we sigepthat

the exponenv in the vicinity responsible for the Fd changes

as: v(g) = 08+ 05* (cosg) + 0.2) (Fig. 11). At the same time
we assume the changes of the solar wind velogty, a
U(¢,6) = 400" (1+ 5* (- exp(-0.7¢ +80) * cos(L1g) + 0.1)* (02 +sind)),
where the maximal velocity is changing by expenteahe
coefficientd = {1,075 ,050250.1} from 480 to 780 km/s.
(Fig. 7).

Changes of the relative density obtained as aisalaff the
(1) for various profiles of the solar wind velocitlyig. 7) and
the calculated expected power la®R™” rigidity spectrum

exponentsy of the Fd are presented in Fig. 10 and Fig 11,

respectively. We see that the various levels of dblar the
wind velocity, e.g. an increase of it, causes aeiase of the
amplitudes of the simulated Fds (Fig. 10), but withany
influence on the changes of the rigidity spectripomenty,

as it is seen from Fig. 11. This effect also con$irour

assumption that a change of the rigidity spectrdia is
observed only versus the changes of the expanent
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3. The temporal changes of the rigidity spectrum expbn
of the Fd of GCR intensity can be successfully used
estimate the temporal evolution of the IMF turbalerfor
the arbitrary period (sufficient for calculationyf which
is not achievable by the in situ measurementseflif.
4. The proposed models (stationary and non stationary)
reasonably describe the behavior of the expopeting
the Fd; the theoretical calculations are compatilite the
results obtained based on the neutron monitorgemehd
i muon telescopes experimental data and confirms
. i T s T | theoretically a dependence of the expected rigidity
5 Unnax=550 ks **®+* spectrum exponent of the Fds on the exponentof the
map=480kmjs T PSD of the IMF turbulence; at the same tiyndoes not

0 2 4 6 8 12 14 depend on the level of convection of the GCR stream
days

Fig. 10. Changes of the expected amplitudes ofthef the GCR intensity

for the rigidity of 10 GV based on the solutiongioé stationary model of the

Fd for changeable solar wind velocities Authors thank the investigators of neutron monitstiaions,
and Advanced Composition Explorer spacecraft for
possibility to use their data.
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2. The relationship between the expongaind the exponent
v is observed owing to the dependence of the ddfusi
coefficient K of GCR particles on the rigiditR as,
K OR” where according to the quasi linear theory
a=2-v (for rz1GV).



