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Temporal changes of the rigidity spectrum of the recurrent Forbush
effect (16-30 June, 2003) have been studied using the data of the worldwide
network of neutron monitors. The rigidity spectrum is soft at the beginning
and at the end phases of the recurrent Forbush effect, and it is hard in the
minimum phase. The steady-state model based on the Parker’s transport
equation is able to explain the changes of the rigidity spectrum of the
recurrent Forbush effect of the galactic cosmic ray intensity. An increase of
the power spectral density in the lower frequency area of the energy range
of the interplanetary magnetic field turbulence (~ 107~ 1075 Hz) causes
the hardening of the rigidity spectrum of the recurrent Forbush effect of
the GCR intensity.

PACS numbers: 96.40.Cd, 96.50.Ci, 96.50.Fm

1. Introduction

The transient disturbances in the interplanetary space, usually are ac-
companied by the short period decreases — Forbush effects of the galactic
cosmic ray (GCR) intensity [1-5]. Generally, two types of the Forbush effects
of the GCR intensity are distinguished — sporadic and recurrent. The spo-
radic Forbush effects are characterized with a rapid decrease phase during
the one-two days and by a subsequent recovery phase lasting for few days.
They are caused by the transient disturbances associated with the powerful
solar flares. Recurrent Forbush effects have the approximately symmetric
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decrease and recovery phases and last 8-12 days; they are caused by the ro-
tating disturbances in the interplanetary space associated with the long-lived
active heliolongitudinal zones on the Sun. Normally, the amplitudes of the
recurrent Forbush effects are lower than the amplitudes of the sporadic For-
bush effect. The Forbush effects give an information about the processes in
the Sun’s atmosphere and in the interplanetary space both for the short pe-
riods (few days) and for the 11-year cycles [2,5]. It was assumed [2| that the
11-year variation of the GCR intensity could be the result of the accumu-
lation of a few Forbush decreases caused by the transient disturbances in
the interplanetary space. The Forbush effect of the GCR intensity is a non
stationary process and for its modeling the Parker’s time-dependent trans-
port equation should be used. Several theoretical papers are devoted to
the problems of the Forbush effect’s time profile, dependence of the ampli-
tudes and the duration of the Forbush effect versus the distance. Nishida [6]
solved one dimensional (1D) non stationary model without adiabatic cool-
ing suggesting an enhanced scattering of GCR particles behind the moving
interplanetary shock. 1D time-dependent model with an adiabatic cooling
was considered by Perko [7] who used a radial independence diffusion co-
efficient in the transient disturbances. On the other hand, to model the
Forbush effect Chih and Lee, [8] and Lockwood et al. [9] suggested weak-
ening disturbances in the interplanetary space. Kadakura and Nishida [10]
solved two dimensional time-dependent model with the enhanced scattering
and convection, and the enhanced magnitude of the interplanetary mag-
netic field behind the shock front. Le Roux and Potgieter [11] developed an
axially-symmetric time dependent drift model with a simulated wavy neu-
tral sheet assuming that Forbush effects were caused by propagating regions
of enhanced scattering and diminished drift. An important information is
obtained from the temporal changes of the rigidity spectrum of the Forbush
effect. Elsewhere, [12-15] it was shown that the change of the rigidity R
spectrum dD(R)/D(R) of the Forbush effects of the GCR intensity is re-
lated with the changes in the energy range of the interplanetary magnetic
field (IMF) turbulence. The similar dependence of the rigidity spectrum on
the IMF’s turbulence was obtained in papers [16] for the 11-year variation
of the GCR intensity. Put differently, a quasi-linear theory of cosmic ray
propagation is a satisfactory approximation for the interplanetary space for
both the short and long period modulation of the GCR intensity. In this
paper we model the recurrent Forbush effect of the GCR intensity suppos-
ing that the diffusion coefficient alternates only due to the variations of the
IMF’s turbulence during the recurrent Forbush effect. To show this relation-
ship uniquely we consider the model of the isotropic diffusion of the GCR
in the interplanetary space, i.e. a modulation of GCR is determined by the
processes — convection, diffusion and energy changes of the GCR particles.
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We assume that the diffusion coefficient changes wversus the heliolongitudes
and heliolatitudes only due to the variations in the energy range of the IMF
turbulence in the vicinity of the interplanetary space, where the recurrent
Forbush effect takes place. We compare theoretically expected results with
the experimental data of the recurrent Forbush effect of the GCR intensity
registered by neutron monitors.

2. Experimental data and methods

To study the temporal changes of the rigidity spectrum of the recurrent
Forbush effect of the GCR intensity the daily average experimental data of
the neutron monitors for the period of 16-30 June 2003 were used.

The daily average intensity for each neutron monitor during 14-16 June
was accepted as a reference level (100%). The amplitudes 0.J;/J; of the
GCR intensity variation were calculated, as: §J;/J; = (N; — Np)/No, where
N; is daily average count rate of the i-th neutron monitor. In Fig. 1 the
temporal changes of the GCR intensities, smoothed over three days running
period (amplitudes of the Forbush effect) as observed by Irkutsk (I), Kiel
(K) and Rome (R), neutron monitors for 16-30 June 2003, are presented.
The rigidity spectrum of the Forbush effect was assumed [3,17].

D(R)

D(R) { AR™, R < Ruax, "

0, R > Rpax,

where Rpy.x is the upper limiting rigidity beyond which the Forbush effect
of GCR intensity vanishes and A is the amplitude of the Forbush effect in
the heliosphere. The amplitude §.J;/J; of the GCR intensity variation at any
point of observation (by i-th neutron monitor) with the geomagnetic cut off
rigidity R; and the average atmospheric depth h; is defined as [3,17].

16-06 21-06 26-06

-2.6

.3.6 AFL%]

Fig.1. Temporal changes of the GCR intensities for period 16-30 June 2003,
Irkutsk (I), Kiel (K) and Rome (R).
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where W;(R, h;) is the coupling coefficient. The expression (2) for the power
type rigidity spectrum type (1) can be rewritten in the form of

Rm ax

=4 / RWi(R, hy) dR. (3)
R;

The amplitude A; of the Forbush effect in the heliosphere must be the same
for the arbitrary neutron monitor in the scope of the accuracy of calculations.

In order to find the temporal changes of the rigidity spectrum expo-
nent v of the recurrent Forbush effect a minimization of the expression
¢ =", (A; — A)? was performed [13-15]. Here A represents an average
amplitude, A = %Z?:l A; calculated for n neutron monitors with differ-
ent cut-off rigidities R;. The values of the integral | }2 " RTYWi(R, hy) AR
for different magnitudes of Ry (from 30 GV up to 200 GV with a step of
10GV) and v (from 0 to 2 with a step of 0.05) were found using the method
presented by Yasue et al., [17]. The minimization of ¢ were carried out with
respect to v and Ry ax using the daily amplitudes of the recurrent Forbush
effect for eight(n = 8) neutron monitors with different geomagnetic cut-off
rigidities. These were: Apatity of rigidity 0.65 GV, Climax — 3.03GV,
Irkutsk — 3.66 GV, Kiel — 2.29 GV, Moscow — 2.46 GV, Oulu — 0.81 GV,
Thule — 0GV and Yakutsk — 1.7GV. We found that a minimum of the
function ¢ for each day’s amplitude of the recurrent Forbush effect (16-30
June, 2003) for the particular value of v is reached at Rpax > 90-100 GV.
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Fig.2. Temporal changes of the rigidity spectrum exponent 7 of the recurrent
Forbush effect of 16-30 June 2003.



Features of the Rigidity Spectrum of Galactic Cosmic Ray Intensity ... 1671

Based on that, the upper limiting rigidity beyond which the Forbush effect of
GCR intensity vanishes is accepted, Rmax = 100 GV. Results of calculations
of Yexp for Rmax = 100 GV are presented in Fig. 2.

Fig. 2. shows that the rigidity spectrum is softer at the beginning and
at the end phases of the Forbush effect (7 ~ 1.5) in comparison with the
minimum phase of the Forbush effect (y ~ 0.9).

3. Theoretical model and discussion

The amplitudes of the recurrent Forbush effects of GCR intensity are
rather small (< 3-4% in the energy range of 10 GeV) and their duration is
relatively long (10-12 days). Therefore, in order to describe the recurrent
Forbush effect of the GCR intensity we use the steady-state approximation
(ON /0t = 0) of Parker’s transport equation [18|:

Vi(KijV;N) = Vi(U;N) + é%(NR)(ViUi) =0, (4)
where N and R are density and rigidity of cosmic ray particles, respectively;
K;; is the anisotropic diffusion tensor of cosmic rays, U; — solar wind veloc-
ity. We set up the dimensionless density f = N/Ny and distance p = r/ry.
N and Ny are density in the interplanetary space and in the local interstel-
lar medium (LISM), respectively; r is the distance from the Sun and rg the
region of the modulation. The density Ny of GCR is Ny = 4nljy, where the
intensity Iy in the LISM [19] has the form:

_ 211728
14 5.857-122 4 1,187 254"

Iy

Here T stands for kinetic energy in GeV, T = v/ R? + 0.9382 — (0.938.
Eq. (4) for the dimensionless variables f and p in the spherical coordinate
system (p, 0, ¢) can be written as:

0% f 0% f 0% f 0% f 0% f 0% f
Al —= Ay—5 +As—= + A A A
o2 T 0 T892 T Ma000 T P ae0p T om0,
of of af of
A7~ + Ag— + Ag—— + A A== =0.
+ 78p+ 890 T 98¢+ wf+ 1155 =0 (5)
The coefficients Aj, Ao, ..., A11 are functions of the spherical coordinates

(p, 0, ) and rigidity R of GCR, particles.

The disturbances responsible for the recurrent Forbush effect rotate
around the Sun during 27 days with the linear velocity of ~ 400km/s at
the Earth orbit, which is much greater than the linear orbital velocity of
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the Earth, ~ 30km/s. Both velocities have the same directions. In effect,
the disturbances, due to the rotation, reach the Earth and a relative mo-
tion of the Earth in the disturbances is a reason of the recurrent Forbush
effect. Duration of the recurrent Forbush effect depends on the size of the
disturbances. The change of the density of GCR wversus the heliolongitudes
at 1 AU (in the disturbed vicinity of the interplanetary space) is a supposed
steady-state model of the recurrent Forbush effect of GCR (one day corre-
sponds to 13.33 degrees of ¢). In papers [12-15] we have shown that the
temporal changes of the rigidity R spectrum 0D(R)/D(R) of the Forbush
effect, found based on the theoretical modeling and the neutron monitors
experimental data, are related to the temporal changes in the energy range
of the IMF turbulence (107% < F < 1075Hz). In order to delineate the
relationship between the changes of the rigidity spectrum and the IMF’s
turbulence we consider the model of the isotropic diffusion of GCR in the
interplanetary space, i.e. a modulation of GCR is determined by the pro-
cesses — convection, diffusion and energy changes of GCR. particles. We
assume that the diffusion coefficient changes versus the heliolongitudes and
heliolatitudes only due to the changes in the energy range of the IMF turbu-
lence in the vicinity of the interplanetary space, where the recurrent Forbush
effect takes place. According to the quasi-linear theory [20,21] the diffusion
coefficient K among the spatial coordinates depends on the rigidity R of the
cosmic ray particles as, K o« R®, where 0 < a < 2. The parameter « is
equal to 2 — v; v is an exponent of the power spectral density (PSD) of the
IMF turbulence (PSDx F~%, F is a frequency). We assume the dependence
of the diffusion coefficient on the spatial coordinates to be:

K = KoK(r)K(R,¢),
Ko = 4.5 x 102cm?/s,

)
K(r) = (H 1AU> )
K(R,a(r,p)) = RO0)

—0.01
a(r,p) =1.240.35 (cos p — 0.2) exp _pOT ,

U =400km/s.

The expression «(r, ¢) describes the changes in the energy range of the IMF’s
turbulence in the vicinity of the interplanetary space being responsible for
the recurrent type of the Forbush effect of the GCR intensity. In the adopted
model the disturbed vicinity in the interplanetary space is restricted by the
angles ¢ € (80°,280°) and # € (60°,120°) with respect to heliolongitudes
and heliolatitudes, correspondingly, and gradually vanishes with the distance
r < 10AU.
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In Fig. 3 the changes of the diffusion coefficient K wversus the radial
distance r and heliolongitudes ¢ are presented. Fig. 3 shows that the change
of the diffusion coefficient versus the heliolongitudes is about 3-times and
according to our model it is responsible for the recurrent Forbush effect of
GCR intensity.

Fig. 3. Changes of the diffusion coefficient K for the rigidity of 10 GV wversus the
radial distance and heliolongitudes.

The differential Eq. (5) was transformed to the algebraic system of equa-
tions using the finite difference scheme; then this algebraic system was solved
numerically by the iteration method. The number of equations in the lin-
ear algebraic system is equal to N x M x L = 57 x 79 x 360 = 1621080,
i.e. there are: 57 steps in the distance r (r = i x hy, h; is an alternating
step and i = 1,2, ..., N), 79 steps in the zenith (f) angle (0 = j X ho,
hg is an alternating step and j = 1, 2,..., M) and 360 steps in the az-
imuthally () direction (¢ = k X hg, hs is the constant step of one degree
and k =1,2,...,L). A grid is denser in the distances less than 10 AU and
near the helioequatorial regions. The algebraic system was solved for the
boundary conditions as:

Nlr=100av =1,

oN 0N
90 6=0° — 90 6=180°

N|r=100cv =1,

=0,

ON ON
%|§0:4P1 = %hOZSDL«H )
ON ON

%|80=<P—1 = D |so=<pL_1 )
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In Fig. 4 the expected change of the density of GCR wversus the helio-
longitudes at the distance of 1 AU (Earth orbit) is presented. The expected
amplitude of the Forbush effect is about 3% for rigidity 10 GV of GCR and
is comparable with the neutron monitors experimental data (Fig. 1).

-2.8
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Fig. 4. Changes of the expected amplitude of the Forbush effect (AF[%]) for rigid-
ity 10GV.

In Fig. 5 are shown the changes of the a(r, ¢) at the distance of 1 AU, the
expected rigidity spectrum exponent y calculated by the experimental data
(dashed line, the same results shown in Fig. 2) and based on the numerical
solution according to the expression:

OD(R) = 14 xR77.

D(R) ~ fdR

— ?
a -2
- mL
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Fig. 5. Changes of the expected exponent yiheor (solid line) and calculated, from the
neutron monitor experimental data, exponent Yexp (spotted line, the same results
shown in Fig. 2) of the rigidity spectrum of the recurrent Forbush effect and the

function a(r, ¢) (dashed line) versus the heliolongitudes.
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There is a good correlation between a(7, ¢), Ytheor and Yexp. The dashed
curve (changes of the exponent ey, corresponding to the experimental data
of neutron monitors) shows the similar changes as the exponent Yipheor. In
other words, an expected rigidity spectrum exponent ~ is proportional to
the a(r, ) when the recurrent type Forbush effect is formed by the changes
of the IMF’s turbulence; diffusion coefficient depends on the cosmic ray
particles rigidity wversus the heliolongitudes, as R*"™%). Then, as far as
a(r,p) = 2 —v(r,p), the increase of the exponent v(r, ) of the PSD of
the IMF turbulence (in the range of ~ 1079 — 1075 Hz) causes the decrease
of the exponent ipeor, @-€. the rigidity spectrum of the Forbush effect is
hardening. Thus, the proposed steady-state model is able to explain the
relationship between the changes of the rigidity spectrum of the recurrent
Forbush effect of GCR. intensity and the condition of the IMF turbulence.

4. Conclusion

1. The rigidity spectrum of the recurrent Forbush effect of the GCR inten-
sity (16-30 June, 2003) is soft at the beginning phase (Yexp ~ 1.5£0.05)
and gradually becomes relatively hard (7Yexp ~ 0.9 4 0.1) at the mini-
mum phase; then it again steadily becomes soft (Vexp =~ 1.5 £0.09) at
the end phase of the Forbush effect.

2. The changes of the exponents vineor and Yexp are in good correlation
among themselves and with the changes of the parameter «. In effect,
the proposed steady-state model describing the recurrent Forbush ef-
fect of the GCR intensity due to changes in the energy range of IMF
turbulence is well-suited to explain the behavior of the rigidity spec-
trum found from the neutron monitors experimental data.
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