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Abstract We consider the recent, very exceptional, 11-year cycle (2003 -2009) of solar
activity and confirm that the relative amplitude in rigidity spectrum, § D(R)/D(R), which
can be approximated by a power law in rigidity R, of the first three harmonics of the 27-day
variation of the galactic cosmic ray (GCR) intensity is hard in the maximum and soft in the
minimum epochs of solar activity, as was found by neutron monitor data for the period of
1965 —2002. This property is seen not only in separate minimum and maximum epochs but
in individual intervals of a solar Carrington rotation as well: There exist many individual
intervals of solar rotation when the expected rigidity spectrum of the 27-day variation of
the GCR intensity indeed is hard in the maximum epoch of solar activity and is soft in the
minimum epoch. We then construct a three-dimensional model of the 27-day variation of
the GCR intensity based on Parker’s transport equation, by implementing in situ measure-
ments of the changes in heliographic longitude of the solar wind velocity and interplanetary
magnetic field for different epochs of solar activity.

Keywords 27-days variation of the galactic cosmic rays intensity - Epochs of solar
activity - Rigidity spectrum

1. Introduction

In previous papers (Gil and Alania, 2010, 2011) we have shown that the relative amplitude

in rigidity spectrum, § D(R)/D(R), of the first, second, and third harmonics of the 27-day
variation of the galactic cosmic ray (GCR) intensity (R is rigidity and § D(R)/D(R) «x R™7)
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is hard in the maximum epochs and soft in the minimum epochs of solar activity (SA) for
1965 —2002. It is of interest to study whether a similar behavior of the relative amplitude in
the rigidity spectrum of the 27-day variation of the GCR intensity takes place in the period
of 2003 —2009, which includes the recent, very extraordinary minimum epoch of SA (e.g.
Smith, 2011; Leske et al., 2011; Gil, Modzelewska, and Alania, 2012).

Our purpose in this paper is twofold.

i) We wish to study changes of the exponent y of the power-law of the rigidity spectrum,
8D(R)/D(R), of the first three harmonics of the 27-day variation of the GCR intensity
in the period of the recent outstanding 11-year cycle of SA (2003 —2009), and some in-
dividual intervals of a Carrington rotation during maximum, intermediate, and minimum
epochs of SA.

ii) We want to construct a three-dimensional (3-D) theoretical model of the 27-day varia-
tion of the GCR intensity by implementing in situ measurements of the (heliographic)
longitudinal changes of the solar wind velocity and interplanetary magnetic field (IMF)
for maximum, intermediate, and minimum epochs of SA.

2. Experimental Data

We will study a long time series of daily data (1965-2009) from neutron monitors. An
analysis of the long-period changes of the relative amplitude in rigidity spectrum of the
first, second, and third harmonics of the 27-day variation of the GCR intensity needs data
from neutron monitors with a track record of long term steadiness. Regrettably, merely few
neutron monitors suit this condition. To use the data from two neutron monitors for the
estimation of the reasonable rigidity spectrum exponent y, there must be sufficient differ-
ence between the cut-off magnetic rigidity (Rp,). This requirement is acceptably satisfied by
Kiel and Rome neutron monitors which we use in our analysis; for Kiel neutron monitor
R, =2.29 GV and for Rome neutron monitor Ry, = 6.32 GV. Ahluwalia and Fikani (2007)
demonstrated that the median rigidity of the response of a detector can be used as an alter-
native to the cut-off rigidity. The median rigidity for the Kiel neutron monitor is 17 GV and
for Rome it is 23 GV.

Calculations of the rigidity spectrum of the 27-day variation of the GCR intensity har-
monics are based on the method presented in e.g. Dorman (1974) and Yasue et al. (1982),

dD(R) | A(R/10GV)™" when R < Rpax.
DR |0 when R > Rpax,

where Ry, is the upper-limit rigidity beyond which the 27-day variation of the galactic
cosmic ray intensity vanishes, and A is the amplitude of the 27-day variation of the GCR
intensity for R = 10 GV. After Wawrzynczak and Alania (2008, 2010) we take Ry.x =
100 GV, and then estimate the exponent y .

The amplitudes of the first, second, and third harmonics of the 27-day variation of the
GCR intensity in 1965 —2009 are presented in Figures 1a, 2a, and 3a, respectively. Likewise,
the calculated exponent y in the relative rigidity spectrum of the first, second, and third
harmonics of the 27-day variation of the GCR intensity in 1965-2009 are presented in
Figures 1b, 2b, and 3b, respectively. In Table 1 are presented the values of the average
exponents y for all three harmonics of the 27-day variation of the GCR intensity for the
minimum and maximum epochs of SA.
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Figure 1 (a) Temporal changes A27 | [%]
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Table 1 The exponent y of the first three harmonics of the 27-day variation of the GCR intensity.

Epochs of SA First harmonic (27 days) Second harmonic (13.5 days) Third harmonic (9 days)

Maximum y=0.51£0.12 y=0.56=+0.11 y =0.59+0.12
Minimum y=101£0.18 y=097+0.14 y=097+0.19

Figures 1b—3b and Table 1 show that the relative amplitude in the rigidity spectrum of the
harmonics of the 27-day variation of the GCR intensity is soft in the minimum epochs and
hard in the maximum epochs of SA. Moreover, Figures 1 -3 show a good anti-correlation
between the amplitudes and the exponents y for all the three harmonics of the 27-day varia-
tion of the GCR: The correlation coefficients are r = —0.702 4= 0.021, —0.670 £ 0.022, and
—0.696 £ 0.021 for the first, second, and third harmonics, respectively.

In order to construct a consistent model, an implementation of in situ measurements
of solar wind parameters is required. Therefore, we consider some individual intervals of
solar rotation in different epochs of SA. We analyze here the following 27-day intervals in
the maximum, intermediate, and minimum epochs of SA: 23 October — 18 November 1991
(Figure 4), 10 July — 5 August 1994 (Figure 5), and 11 July — 6 August 1997 (Figure 6). The
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Figure 2 (a) Temporal changes A13.51[%]
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Table 2 Correlation coefficients between GCR intensity and solar wind velocity or IMF strength.

Periods GCR intensity vs. solar wind GCR intensity vs. IMF strength
23 October— 18 November 1991 r1 =-0.579+0.114 rp = —0.802 £+ 0.084
10 July -5 August 1994 r3 =—0.8344+0.077 rq4 = —0.708 £ 0.099
11 July —6 August 1997 rs =—0.831£0.078 re =+0.443 £0.149

correlation coefficients between the changes of the GCR intensity / (measured by the Kiel
neutron monitor) and the solar wind velocity, and between [ and IMF strength B for each
considered 27-day interval are presented in Table 2. The values of the exponent y of the
rigidity spectrum of the first harmonic of the 27-day variation of the GCR intensity for those
particular intervals of the solar rotation are y = 0.56 & 0.19 in 1991, y =1.06 £ 0.17 in
1994, and y = 1.48 £0.13 in 1997.

Table 2 shows that both the (heliographic) longitudinal changes of the solar wind velocity
and the IMF strength should be the sources of the 27-day variation of the GCR intensity,
with different contributions depending on the SA levels. It should be stressed that the 27-
day variation of the GCR intensity in the minimum epochs is preferentially related to the
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Figure 3 (a) Temporal changes A9 [%]
of the amplitudes of the third 08 g---
harmonic of the 27-day variation
of the GCR intensity by Kiel
NM. (b) The exponent y of the
rigidity spectrum of the third
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smoothed over 39 Carrington
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of SA marked with gray
rectangles. At two maximum and
minimum points the error bars

i [P —

; i ' CR
are marked in orange. 0.1 : :
1965-01 1975-01 1985-01 1995-01 2004-12
a
Y of A9

Y S S S SO SO SRS SO0 AU SO .
0.4 - i T : i ' T
b 1965 1975 1985 1995 2004

solar wind velocity, while in the maximum epochs it is more related to the IMF strength. In
a moderate level of SA both longitudinal changes of the solar wind velocity and the IMF
strength simultaneously contribute to it. However, taking into account the complexity of the
physical conditions in individual intervals of a solar rotation, there could be observed many
cases which do not merely follow the above-mentioned characteristics.

3. Model of the 27-Day Variation of the GCR Intensity; Results and Discussion

We propose a model of the 27-day variation of the GCR intensity based on Parker’s (1965)
transport equation:

ViV )~ G )+ 2 (iU = ()
1 Klj J 1 1 3 1 1 8 ]nR - 81’ £

where k;; is the anisotropic diffusion tensor for 3-D magnetic field (Alania, 1978, 2002;
Alania and Dzhapiashvili, 1979), f is the omnidirectional distribution function in the in-
terplanetary space, R is the rigidity of the GCR particles, U; = (U,, 0, 0) is the solar wind
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velocity, and ¢ is time. The symmetric part of the tensor «;; describes diffusion in 3-D space,
while the anti-symmetric part describes drift effects.

The general character of diffusion and drift of GCR is defined by the location and con-
figuration of the heliospheric current sheet (HCS) having a complex structure in the course
of the SA. Therefore, a correct implementation of the HCS in the transport equation needs
much carefulness. Furthermore, it is important to take into account time and spatial scaling
of HCS’s configuration depending on the type of GCR variations (e.g. short or long period
variations). Vernova et al. (2003), Alania et al. (2005), and Gil et al. (2005) demonstrated
that the amplitudes of the 27-day variation of the GCR intensity do not depend on the tilt
angle (TA) of the HCS. Therefore, we can consider the HCS as a plane with TA =0, i.e.,
the heliosphere is divided into two symmetric parts (hemispheres) by the HCS coinciding
with the Sun’s equatorial plane. We implement in our model the drift velocities due to the
large-scale curvature and gradient of the average IMF on the HCS, which are represented by
the derivative of the anti-symmetric part of the anisotropic diffusion tensor (Jokipii, Levy,
and Hubbard, 1977; Jokipii and Kopriva, 1979). The ratios of the perpendicular («x,) and
drift (k4) diffusion coefficients to the parallel () diffusion coefficient are assumed to have
the forms B = k) /i) = (1 + 0?3~ and By = ka/k) = 0T (1 +@*1?)~!, where 7 is the col-
lision time and w = g B/mc is the gyro-frequency (¢ and m are particle’s charge and mass,
respectively, and c is the speed of light). We take wt =~ 3, to satisfy acceptable assumptions
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on the values of 8 (8~ 0.1 and B; ~ 0.3) for the GCR particle with rigidity R = 10 GV at
the orbit of the Earth.

The parallel diffusion coefficient takes the form

k) = kok1 (k2 (R, @),

where ko =2 - 102 cm?®s™ !, ki (r) = 1 + 0.5%,r is the radial distance, ro = 100 AU is

the size of the modulation region, and «,(R, ¢) = A(IORGV)“ 1+ /,Lsingo(ﬁ)y]. The

term A(ﬁ)”‘ describes the dependence of the 11-year variation of the GCR intensity
on the rigidity R (Alania, Iskra, and Siluszyk, 2008), which is the background state for
the 27-day variation of the GCR intensity. The term [1 + wsin ga(ﬁ)y] represents the
dependence of the 27-day variation of the GCR intensity as a function of the rigidity R.
The values of coefficients A, &, 4, and y are specified based on the experimental results
(Gil and Alania, 2010) and on our assumptions for different epochs of SA. The solar wind

velocity U, strength B of the IMF according to in sifu measurements, and «, (R, ¢) have the
following expressions.
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Figure 6 Daily changes of (a) | [%] B[nT
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I. In maximum epoch of SA:

11
U=r-Uj- (1.32+0.26-sin<<p+ Tn) -g(p)),

. 3r . 27
B =ryBo( 134+ |0.32sin{ ¢ + = ) +0.20sin{ 29 + — ) | - 8(0) }.(2)

R 1.2 R 0.56
Ro)=3( - ) |14004sing(— ) |.
“2(R.¢) (1OGV> [ + Smgo(lOGV) ]

II. In the moderate epoch of SA:

7 13
U=r;-Up- (1.21 + |:0.12-sin<g0 + Tn) +0.30-sin<2g0 - 2—:>:| -g(,o)),

. T . 4
B =r4-By{0.54+|0.17sin (p—l—a + 0.38sin 2¢—H

3)
—0.04 sin<3(p n %) —0.44 sin4<p:| : g(p)),
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RO\ R\ 106
R =9 —— - | 1+ 0.005 si —_— .
k2(R, ) (10 GV) |: + smgo(lo GV) ]

III. In the minimum epoch of SA:

. 137 . S5
U=rs-Uy-{091+]0.14 - sin go—{—T +0.10 - sin 2(,0—7 -g(p) ],

11 61
B=rs- By (0.93 + |:0.23 sin((ﬂ + %) +0.31 sin<2<p - 6—(7)-[)} -g(,o)), “)

R 038 R 1.48
R =18 —— -1 14+0.001 si —_— .
k2(R, ) <10 GV) |: + s1n<p<10 GV) ]

Here Uy =400 kms™', By = 5.6 nT, and g(p) = e?©01=»/0001 jp Equations (2) - (4).

The pairs of constants (ry, r»), (r3,r4), and (rs, r¢) are correlation coefficients between
the 27-day variation of the GCR intensity on the one hand, and the 27-day variations of
the solar wind velocity (ry, r3, rs5), and IMF (r, r4, r¢) on the other, for three different SA
epochs. The values of the correlation coefficients 1, .. ., r¢ are presented in Table 2; they are
the weights used in Equations (2) —(4). The justification of this procedure comes from the
following motivation: For the period of analyses (23 October — 18 November 1991, 10 July —
5 August 1994, and 11 July — 6 August 1997), only the solar wind velocity and IMF strength
showed relatively explicit quasi 27-day variations. Thus, as a whole, it is natural to ascribe
the 27-day variation of the GCR intensity to the changes in these parameters. Our approach
is not unusual in solving problems like the present case, when it is not possible to identify
explicit causes and effects. Of course, under such circumstances the degree of compatibility
between the theoretical results of modeling of the 27-day variation of the GCR intensity and
the experimental data of neutron monitors is critical. We show below that this assumption is
duly justified.

In order to find a numerical solution, Equation (1) is reduced to a dimensionless form:

Alaz—n+A282—n+A382—n+A4 On + As On + Ag On 78_11
ap? 062 9?2 0006 000¢ dpdg ap
+Asa—n+A9a—n+A10n+A118—n=Alza—n, ©)
00 Rl oR dt
where the coefficients Aj, A,, ..., A, are functions of spherical coordinates (p, 0, @), t,
and R, p =r/ry is the dimensionless distance, and n = “& is the relative density of the

noR
GCR particles for a given rigidity R. Here ngz = 4w R>f(R) is the density and f(R) is
the directional average of the distribution function of GCR particles in the interplanetary
space in terms of R. Similarly we define n = OR = 4w R? fy(R) for GCR particles in the
interstellar medium. The intensity /; of the GCR particles in the interstellar medium (/y =

R? fy) is taken from Webber and Lockwood (2001) and Caballero-Lopez and Moraal (2004)

—2.8 . . . .
as | = 85;’,&_‘; 1157255 Where T is the particle’s kinetic energy.

Equation (5) has been transformed to a set of finite difference equations (e.g. Press et al.,
2002), and the resulting system of algebraic equations was solved using the Gauss—Seidel
iteration method (e.g. Kincaid and Cheney, 2009). The solutions were found for a two-
dimensional IMF (the latitudinal component of the IMF, By = 0). In our model we consider
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Figure 7 Comparison between experimental data (dots) and trigonometric approximation (solid curve) of
the IMF strength (a, c, ) and solar wind velocity (b, d, f) in the maximum (a, b), intermediate (c, d), and
minimum (e, f) epochs of SA, respectively.

changes during one solar rotation. Therefore the distribution of the GCR density is deter-
mined by the time-independent parameters, and thus the stationary state can be considered,
i.e. A;; =0 in Equation (5).

As mentioned above, we used in situ measurements of the solar wind velocity and IMF
strength as sources of the 27-day variation of the GCR intensity. Thus, it is necessary to have
data implementation in the code. For this purpose we use the trigonometric approximation
to get an analytic formula for those experimental data. Figures 7a—7f show comparisons
of experimental data (dots) with trigonometric approximations (solid curves) described by
Equations (2) — (4). The correlation coefficients between those data sets are presented in Ta-
ble 3. The solutions to the transport equation at Earth orbit (at 1 AU) in the equatorial region
(60 =90°) are presented in Figures 8 and 9. Figure 8 shows that the expected rigidity spec-
trum of the 27-day variation of the GCR intensity in the maximum epoch of SA is harder
than in the minimum epoch. The values of y are 0.59 4 0.08 (Figure 8a), 0.79 + 0.01 (Fig-
ure 8b), and 0.98 £ 0.01 (Figure 8c) in the maximum, intermediate, and minimum epochs.
These expected values of y are reasonably compatible with the results obtained by using the
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Figure 8 Changes in the
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experimental data from neutron monitors (Gil and Alania, 2010, 2011). Furthermore, an ad-

ditional argument is given in Figure 9,

which shows that the experimental data of the 27-day

variation of the GCR intensity (daily measured values, squares) are in good agreement with
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Figure 9 Comparison between
experimental data (the GCR
intensity I [%] by Kiel NM,
squares) and the modeling results
(relative density n of GCR
particles as a function of ¢, solid
curve) in the maximum (a),
intermediate (b), and minimum
(c) epochs of solar activity,
respectively, at the orbit of the
Earth.
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Table 3 Correlation coefficients between real and modeled data.

Periods Real data vs. model solar wind Real data vs. model IMF strength
23 October — 18 November 1991 0.928 £0.053 0.905 £ 0.059
10 July -5 August 1994 0.959 £ 0.040 0.938 £0.042
11 July -6 August 1997 0.836 £0.073 0.847 £0.071

the modeling results (relative density of the GCR particles n as a function of ¢, solid curve)
in the maximum (a), intermediate (b), and minimum (c) epochs of SA.

Therefore, we may claim that our approach to use the correlation coefficients between
the 27-day variation of the GCR intensity on the one hand, and the 27-day variations of
solar wind velocity and IMF on the other, for different epochs of SA as the weight values in
Equations (2)—(4), is successful. The values of the power-law exponent y and amplitudes
of the 27-day variation of the GCR intensity expected from the modeling and those obtained
from the experimental data from neutron monitors are compatible within the accuracy of our
calculations (Figures 8 and 9).

4. Conclusions

We show that the relative amplitude in rigidity spectrum, § D(R)/D(R) « R~ of all the
three harmonics of the 27-day variation of the GCR intensity is hard in the maximum epochs
and soft in the minimum epochs of SA for the period of 1965-2009 (see Table 1). We
present the 3-D theoretical model of the 27-day variation of the GCR intensity for the max-
imum, intermediate, and minimum epochs of SA by implementing in situ measurements of
the longitudinal changes of the solar wind velocity and IMF strength. The presented 3-D
model is suitable to explain the experimental results; the expected rigidity spectrum of the
27-day variation of the GCR intensity is hard (y = 0.59 £ 0.08) in the maximum epoch and
soft (¥ =0.98 & 0.01) in the minimum epoch of SA.
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