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Abstract. We use OMNI 1-minute resolution data sets from 1995 through 2017, covering
about two consecutive solar cycles, to investigate the solar cycle dependence of various
turbulence quantities and cosmic ray (CR) mean free paths. We employ quasi-linear
theory (QLT) and nonlinear guiding center theory (NLGC) to evaluate the CR parallel and
perpendicular diffusion. We find that in the ecliptic plane at 1 au (1) the fluctuating magnetic

energy density (zi2), residual energy Ep, and corresponding correlation functions all have an
obvious solar cycle dependence. The residual energy Ep is always negative, which indicates that
the energy in magnetic fluctuations is larger than the energy in kinetic fluctuations, especially at
solar maximum; (2) the correlation length A for magnetic fluctuations does not show significant
solar cycle variation; (3) the temporally varying shear source of turbulence, which is most
important in the inner heliosphere, depends on the solar cycle; and (4) high level turbulence
will increase CR perpendicular diffusion and decrease CR parallel diffusion, but this trend
can be masked if the background interplanetary magnetic field (IMF) changes in concert with
turbulence in response to solar activity. These results provide quantitative inputs for both
turbulence transport models and CR diffusion coefficient models.

1. Introduction
The transport of cosmic rays (CRs) throughout the heliosphere is determined by the large-scale
solar wind (SW) flow and the magnetized turbulence embedded in it. The CR diffusion tensor
is the critical factor in simulating the observed temporal and spatial variation in the CR spectra
and describes the scattering of CRs by fluctuations in the interplanetary magnetic field (IMF)
[1]. Currently, there are several numerical models that couple CR propagation with magnetic
turbulence transport and the background IMF evolution [e.g., 2-4]. It is well established that the
background IMF periodically changes from solar minimum to maximum (~ 11 years). However,
a detailed understanding of the dependence of turbulence quantities on solar activity, which is
another important component of modeling the time-dependent CR modulation, is not yet well
understood.

The evolution of low-frequency turbulent fluctuations in the large-scale radially expanding
SW plasma can be interpreted in terms of magnetohydrodynamic (MHD) theory [5]. Zank et al.
[6] develop a turbulence transport model to describe the evolution of the total energy density in
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forward- and backward-propagating modes, the residual energy, the corresponding correlation
lengths and the cross-helicity provided the plasma beta is large (> 1). Adhikari et al. [7] study
the effect of solar cycle on the evolution of various turbulence quantities based on the Zank
et al. [6] model. The SW velocity, source terms, and inner boundary conditions are treated
as time dependent. They find that the temporal SW introduces a periodic variability in the
magnetic energy fluctuations and correlation length beyond 1 au. Shiota et al. [8] incorporate
the Zank et al. [6] model in a three-dimensional (3D) inhomogeneous SW and find reasonable
agreement with Helios 2 and Ulysses measurements. Recently, Zank et al. [9] have derived a
coupled 2D and slab turbulence model based on the nearly incompressible (NI) MHD theory,
which includes all basic turbulence variables and shows extensive agreement with Voyager 2
observations [10]. It is thought that SW fluctuations are highly anisotropic with respect to the
direction of the large-scale mean magnetic field. Adhikari et al. [11] investigated anisotropy
in magnetic field fluctuations by assuming a 80:20, 70:30, 60:40, and 55:45 initial energy ratio
between 2D and slab turbulence at 1 au. They found that the evolving anisotropy ratios in both
the energy-containing and inertial range are ordered by the inner boundary ratios, and exhibit
similar trends for each initial anisotropy ratio. For slow and intermediate SW in the ecliptic
plane at 1 au as used in our study, 2D turbulence dominants (50% - 85%) in the inertial range
[12, 13]. Since the 2D and slab energy ratio 80:20 is usually used in theoretical work based on
the assumption of a plasma beta ~ 1 or < 1 in SW or solar corona [e.g., 14-17], we employ an
80:20 energy ratio between 2D and slab turbulence at 1 au. For the correlation scale variability
in the SW fluctuation, Weygand et al. [18] suggest that the ratio of slab to 2D correlation scales
is 2.55 £0.76 (with 0.76 the uncertainty) for the slow SW, 2.15+ 0.18 for the intermediate SW,
and 0.71 £ 0.29 in the fast stream. Following prior studies [e.g., 19-21], we assume the ratio of
slab to 2D correlation as 2.0.

Once the turbulence model is determined, the CR diffusion coefficients can be derived from an
appropriate energetic particle diffusion theory. Zhao et al. [22] present a detailed analysis of the
radial and rigidity dependence of the CR diffusion tensor using the Zank et al. [9] two-component
turbulence model. Here, we continue to use quasi-linear theory (QLT, [1]) and nonlinear guiding
center (NLGC, [23]) theory, respectively, to evaluate the CR parallel mean free path (MFP) and
perpendicular MFP at 1 au. More sophisticated CR. diffusion theories have since been developed
[e.g., 24-26], but QLT and NLGC provide simple reasonably tractable expressions that have been
employed in many energetic particle transport studies. For our purpose, they are sufficiently
accurate.

The organization of this paper is as follows: Section 2 presents the data analysis method we
employed. Section 3 presents the temporal evolution of various turbulence quantities from 1995
to 2017. Section 4 illustrates the effect of solar activity on CR mean free paths. The last section
provides a summary and conclusions.

2. Data Analysis Process

In this paper, we analyze OMNI 1-minute resolution data for the magnetic and bulk velocity
fields, from 1995 to 2017, covering about two solar cycles. We first calculate the total fluctuation
energy density in forward- and backward-propagating modes, the residual energy, and the
corresponding correlation functions at 1 au in view of an Elssédsser description. Based on these
turbulence variables, we further obtain the total fluctuating magnetic field variance and the
correlation length as defined in Zank et al. [6, 9], which are essential factors of CR diffusion
coefficients calculation.

The method to find the above-mentioned turbulence quantities is similar to that of Zank et
al. [27]. The various quantities are calculated for the inwardly and outwardly directed magnetic
field separately, because the orientation of the IMF determines whether a mode is forward or
backward propagating. The process of calculating various turbulence quantities is as follows: 2
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hr interval data containing the X, Y, and Z components of the magnetic field and SW velocity, the
proton density, and temperature are taken. The missing data within an interval are discarded,
then we check whether the following criteria are satisfied: (i) the mean square fluctuations of
the magnetic and bulk velocity field should be smaller than the square of the corresponding
mean fields, and (ii) the intervals should contain at least N/2 good data points (N is the total
number of data points in one interval). Criterion (i) is used for all three components of magnetic
and velocity fields, since it excludes intervals with irregular magnetic and velocity fluctuations.
Various features of the SW plasma are speed related. For example, Dasso et al. [12] found that
the anisotropy of SW fluctuations differs in fast and slow SW. Since more than 92% of the SW
velocity is less than 450 kms™! after classification by criteria (i) and (ii) in our study, we do
not consider SW speed bins here. The next step is to find the direction of the background IMF
in each retained interval, which is neither along the radial nor the azimuthal direction in the
ecliptic plane at 1 au. Here, we employ the minimum variance analysis (MVA) technique to
determine the unit vector of the background IMF in each interval from the measured magnetic
field vector data. The detailed theory and derivation of the MVA technique can be found in
Sonnerup and Scheible [28]. The variance ellipsoid [28, 29], given by MVA technique, defines
the variance along an arbitrary chosen direction in the GSE coordinate system. The vector
with the smallest variance is close to the local mean field direction, and assumed to be the
direction of the background IMF in each interval. Since we consider transverse fluctuations,
the observed magnetic field and velocity field components in each interval are projected into
the two directions that are perpendicular to the minimum variance direction. The following
calculation is carried out in these two directions respectively. We first introduce the definition
of the Elsisser variables:

b
T @)

where p is the magnetic permeability, p is the mass density, u is the fluctuating velocity field,

and b is the fluctuating magnetic field. The Elsésser variables z* (z7) represent the forward
(backward) propagating modes with respect to the IMF orientation. We further introduce the

z¥ —u+

following moments of the Elsisser variables z* and the lagged variables 7t [6, 9]:

(z*?) = (2t - 2%) = (u?) + (b*/pop) + 2(u - b/ \/liop); 2)
(=) = (2" -27) = (u®) + (b*/pop) — 2(u - b/\/Hiop); (3)
Ep=(z"-z7) = (u®) — (0" /pop); (4)

Lt = /(z+ : z+!)dr =(zt -z = /\+(z+2); (5)

L™ = /(z_ : z_!)dr =(z -z )\ = /\_(2_2>; (6)
LDE/(z+-Z_!+Z+!-Z_>dTE/\DED. (7)

Here, (z+2) and (z_g) respectively represent the energy density in forward and backward
propagating modes, Ep is the residual energy, LT, L~ and Lp are the corresponding correlation
functions, and AT, A~ and Ap are the corresponding correlation lengths.

According to CR diffusion theory, we need to calculate the 2D and slab turbulence magnetic
energies as input for the CR. diffusion coefficients. Here we first calculate the total fluctuating
magnetic energy (b?) and correlation length A using

(%) + (z7%) — 2Ep
4

(%) = Hop; (8)
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LtT+L —L
D i el B ()
(zt%)+ (2=°) = 2Ep
Then we assume that the total energy in fluctuations can be divided into majority 2D and
minority slab energies with a fixed ratio 80:20, and the slab correlation length A; is assumed to

be twice the 2D correlation scale Aap, thus A = 2A3p = 2.

3. Results

3.1. Solar cycle dependence of turbulence quantities

Figures 1 and 2 show the temporal evolution of the energy density in forward- and backward-
propagating modes (zig) and the corresponding correlation functions L*, the residual energy
Ep, and the corresponding correlation functions Lp. Figure 1 shows the data sets for two solar
cycles for the outwardly directed IMF, and Figure 2 is for the inwardly directed IMF. All of
these turbulence quantities are derived from Equations (2)-(7). From Figure 1 and 2, we can
see that all turbulence quantities vary with solar activity and show solar cycle dependence. It is
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Figure 1. The temporal evolution of (a) the energy density in forward propagating modes
(z+2) and (b) the corresponding correlation function L*; (c) the energy density in backward

propagating modes (z_g) and (d) the corresponding correlation function L~; and (e) the residual
energy Ep and (f) the corresponding correlation function Lp for the outwardly directed IMF.

interesting to notice that the values of the residual energy E'p and the corresponding correlation
function Lp are always negative, which illustrates that the energy in magnetic fluctuations
is larger than the energy in kinetic fluctuations, especially at solar maximum. The energy
densities (ziQ), residual energy |Ep|, and the associated correlation functions L* and |Lp| are
all positively correlated with solar cycle. For example, the energy density in forward-propagating
mode is about 1500 km?s~? during solar maximum while it is about 360 km?s~2 during solar
minimum. The corresponding correlation function is about 9.0 x 108km3s~2 for solar maximum
and is about 1.2 x 108km3s~2 during solar minimum. When calculating correlation functions
in Equation (5)-(7), we assume the maximum time lag ¢ is 1 hour. Most previous studies use
the spatial lag r, where the auto-correlation function of the Elsésser variable becomes 1/e of
the maximum values, to determine the correlation length. Since the auto-correlation function



The 17th Annual International Astrophysics Conference IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 1100 (2018) 012029  doi:10.1088/1742-6596/1100/1/012029

1800 o . o xif
ey, 1600 F 1 ] _ 10t (b) i
a0t @ § InwardIMF <0 gl /!
1200 ) 3 ,,E . .1
= 1000 } i AR 1 57 g [ )
b ] f A
r_;i’\ 2% F i / M‘* I"n\ \ 4 ey +’-——/ 4 AN L“PL’ I'.I ."\ -’xr‘h““ ]
v 400 bt TN J’,v““"'.-,r‘v,,-“"-' 1 | wN ﬁ"‘\"\f"’f’l ]
200 - - ~
800 . 40 :
2 @ j
o 600 K w3 i |
& A, | L & AT
nX 4o © "y ' \h m &2 A .]'w.rJﬁ i h
5 | W W] I M, — y P ]
Y 200 [ J V v'..ﬁ.—m bpw/ MY RTE N Wl e
I I I I I ><I1|]Ei I I I
100 ”E?‘\J«, I I I oF I(f) I I I
& - £ a0 e N e Pl s "
e 00 S f SEERATLY St e 2 " kY PN g AV \'\u\;‘“’“ ]
E W ‘vr A E ""-" rn’m'\ M
=2 300} W 1<, Wl
a 4 o-4r 1
400 F W 14 nm.'
-500 !

96 98 00 02 04 06 OB 10 12 14 16 1B 96 98 00 02 04 06 OB 10 12 14 16 18
Year Year

Figure 2. Same as Figure 1, but now for the inwardly directed IMF.

of Elsdsser variable drops rapidly, a spatial lag at 1/e of the maximum value is closer to zero
lag. Therefore, limiting our analysis to a specified maximum time lag seems reasonable.
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Figure 3. The top panel (a) shows the monthly averaged sunsport number (SSN). Panel (b)
shows the temporal evolution of the critical term AUV2 for the shear source. The black line
represents the result calculated in each 96 hour interval. The green line represents the result
calculated in the time interval determined by start time and end time of each shear interaction
region (SIR) event during for 1995-2009.

plotted as a reference. The complete form of shear source terms that we consider is given by

Zank et al. [9] as

1+ 10| AU|VE

E
S{zi2) = CshT’ SED = Csh

ro| AU|V?
D | ?2| A1 (10)
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where the parameters C:i and CﬁD are parameterized strengths of the shear source of energy

in forward and backward modes and the residual energy, respectively. C’;E #C, >0,and Cng
can be 0, positive, or negative. rg is a reference location. AU is the difference between fast and
slow SW speeds, and V4 is the background Alfven speed. In Figure 3, we calculate the product
AUV?2 in each 96 hr interval to include the structure of streams. The green line is calculated in
the time interval determined by start time and end time of each stream interaction region (SIR)
event during 1995-2009, which were compiled by Jian et al. [30, 31]. Our result agrees well with
the SIR list for 1995-2009, and shows a rather clear solar cycle dependence, which indicates that
the shear source term of turbulence is also correlated with solar activity.

Figure 4 shows the monthly averaged 2D and slab turbulence magnetic energies and the
corresponding correlation lengths respectively calculated from Equation 8 and 9. The red dashed
lines are for inwardly directed IMF, and the blue lines are for outwardly directed IMF. We can
see that there is little difference between inward and outward IMF modes. We have assumed
(b2p) : (b2) = 80% : 20% and A\s = 2Xa2p = 2X. We can see a clear solar cycle dependence
in the turbulence energy. Solar maximum carries more turbulent energy than solar minimum,
which is caused by the frequent generation of shocks that generate turbulence [27]. In contrast,
the correlation lengths show no discernible solar cycle variation. Wicks et al. [32] studied the
spatial correlation properties of solar wind using ACFE and Wind measurements, and found that
the correlation length for components of the magnetic field does not show an obvious solar
cycle dependence, which is consistent with our results. From Figure 4, we notice that the
slab turbulence energy (b?) in year 2003 is four times larger than that in year 2009, and the
correlation length A; in 2003 is two times larger than in 2009. The averaged value of A; is
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Figure 4. The temporal evolution of monthly averaged 2D turbulence magnetic energy (bgD)
(left top) and the corresponding correlation length As2p (left bottom), slab turbulence magnetic
energy (b%) (right top) and the corresponding correlation length s (right bottom). A ratio of
2D and slab energy of 80:20 and A = 2\5p = 2\ has been assumed.

about 0.88 x 10% km. This value is a little smaller than previous studies of correlation lengths
for magnetic field fluctuations in the solar wind. For example, Tu and Marsch [33] gave a
value of the correlation length for the Elsisser variables as A =~ 265Rg ~ 1.7 x 10° km using
single-spacecraft measurements. Matthaeus et al. [34] investigated the value of A using multiple-
spacecraft measurements, and suggested a value of A &~ 1.3 x 10% km. However, these previous
results didn’t consider the effect of solar activity. One can get larger correlation lengths by
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increasing the length of interval. Shiota et al. [8] also have analyzed extensively the effect on
correlation lengths when using longer intervals. They found that a longer interval data set may
not be helpful in determining correlations within the inertial range of SW turbulence. This is
because a longer interval may introduce some structures associated with large scale flows into
the analysis, which then leads to an increase in the correlation functions and correlation lengths.
For our analysis, 2 hours is the most suitable length of interval that yields reasonable correlation
lengths when compared with Voyager 2 observations [10].

3.2. The effects of solar actiwity on CR diffusion

Figures 5 shows the effects of solar activity on CR parallel A (blue line), perpendicular A; (red
line), and radial mean free path Apr (grey line) for a proton with rigidity 445 MV (corresponding
to a 100 MeV proton) for the outward IMF mode. As described in Zank et al. [19], the
parallel mean free path (mfp) based on standard QLT and assuming magnetostatic turbulence
is approximated by

B By® [P\, 7A/9
A||_6.2742@ (?) A2 [1+(q+1/3)(q+7/3) , (11)

where ¢ = 1+32_5?i+332)1/6, A= (145%)%%—1, and s = 0.746834R, /\s. Ry, is the particle Larmor

radius; P is the particle rigidity; By is the mean magnetic field strength. The analytic form of
the perpendicular mfp based on NLGC theory is given by Shalchi et al. [25]

(b2p) 23 1/3
AL = l\/ﬁwaQCé—gAQD] ,\”f , (12)

where a? = 1/3 is a factor related to the gyrocenter velocity. C' = % is a constant

such that v = 5/6 yields a Kolmogorov [36] spectrum. Note that Equation 12 was derived under
the assumption of a specific form of 2D wave spectrum, which is a constant at large turbulence
scales. It means that the 2D turbulence spectrum is independent of wavenumber in the energy
range in Equation 12.
The radial mfp, A, can be expressed as a function of the heliospheric magnetic field winding
angle 1,
Arr = A cos? 1+ A\ sin v, (13)

where tan 1) = g—)‘;, and Bx (By) is the averaged X (Y') component of the magnetic field in each

interval. The winding angle is not therefore a constant in our calculation, but varies with time.
In Figure 5, we employ the monthly averaged 2D and slab turbulence energy and corresponding
correlation lengths shown in Figure 4 to calculate CR mfps in the ecliptic plane at 1 au. In this
figure, we use a mean value of By = 5.5 nT at 1 au to focus on the effects of the small-scale
turbulence quantities on CR. diffusion coefficients. From Figure 5, we can clearly see the solar
cycle dependence of A, Ay, and Ar. The parallel mfp A during solar maximum (i.e., 2003)
is lower than that during solar minimum (i.e., 2009). In contrast, the perpendicular mfp A
in the solar maximum is higher than that in the solar minimum. A is nearly three orders of
magnitude larger than the perpendicular mfp A at 1 au. The radial mfp A,, is dominated by
parallel diffusion A| in the inner heliosphere [22], and also has a positive correlation with solar
activity. Chhiber et al. [21] studied the effect of solar activity on CR parallel and perpendicular
diffusion by varying the turbulence energy amplitude only (normal, half, and double turbulence
energy) at the inner boundary, and found that increasing the turbulence magnitude leads to a
decrease in parallel mfp and an increase in perpendicular mfp, which is in agreement with Figure
5 where we assumed a fixed value of By.
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Figure 5. The temporal evolution of CR parallel )| (blue line), perpendicular A; (red line),
and radial A, (grey line) mean free paths for a proton with rigidity 445 MV (corresponding to
a 100 MeV proton) in the ecliptic plane at 1 au for outwardly directed IMF. For this example,
we have assumed that the background IMF magnitude is constant, By = 5.5 nT.

In Figure 6, we use the solar cycle dependent background IMF magnitude obtained from
OMNI observations to calculate the parallel | (blue lines), perpendicular Ay (red lines), and
radial Arr (cyan lines) mfps for the outwardly directed IMF. 2D and slab fluctuation magnetic
energies and the corresponding correlation lengths are the same as in Figure 5. By considering
the variation of both turbulence quantities and the background IMF magnitude, we find that the
solar cycle dependence of CR mean free paths is reduced, since the background IMF magnitude
By and turbulence energy (b2) (or (b2),)) each have the opposite effect on A (or Ap), as shown
by Equation 11 and 12. For example, for a fixed value of background IMF, an increase in (b2)
leads to a decrease in A|| as shown in Figure 5, while for a fixed (b2), an increase in By leads to
an increase in \. Therefore, when we take into account both effects, the solar cycle dependence
of A is somewhat masked but still identifiable. There is an anti-correlation between the parallel
mfp A and perpendicular mfp A, . In this figure, the averaged value of A is about 0.9 AU, and

the averaged value of A| is about 1.6 x 1073 AU.
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Figure 6. The same as Figure 5, but now for solar cycle dependent background IMF magnitude
obtained from the observation.
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4. Summary
In this article, we present a detailed analysis of various turbulence quantities and CR. mean free
paths from 1995-2017 to investigate the effects of solar cycle. Compared to previous empirical
time-dependent solutions [7], we use OMNI 1-minute resolution data over the last two solar cycles
to study the temporal evolution of various turbulence quantities at 1 au for inward and outward
IMF modes respectively. The fluctuating magnetic energy densities (zi2) and the residual
energy E'p all exhibit an obvious solar cycle dependence. This is consistent with previous studies
[37, 38] that show a solar cycle dependence for magnetic energy density fluctuations within the
inertial range, using Wind and ACE measurements. The value of (z+2) for the inward IMF
mode is approximately equal to (z_2) for the outward IMF mode, and vice versa, which can be
explained from their definitions (Equation 2 and 3). The residual energy Ep, which represents
the energy difference between velocity fluctuations and magnetic field fluctuations (Equation
4), is always negative for both inward IMF and outward IMF modes. This illustrates that the
energy in magnetic fluctuations is larger than the energy in kinetic fluctuations, especially at
solar maximum (Figures 1(e) and 2(e)).

We introduce the correlation function L*, L™, and Lp for the Elsiisser variables z* and the

lagged variables z* to calculate the correlation length A of magnetic field fluctuations through
Equation 9. We find that the correlation functions evolve similarly to the corresponding energy
densities (zig) or the residual energy E'p, and are also correlated with solar cycle. It indicates
that the correlation length A for magnetic fluctuations may not be sensitive to solar cycle. As
shown in Figure 4, the correlation length for slab turbulence Ag (assuming As = 2XAap = 2A),
of which the averaged value is about 0.88 x 10° km, does not show significant solar cycle
variation. Ome can increase the value of the correlation length by using a longer interval
length, but it may introduce some structures associated with large-scale flows [8]. Magnetic
turbulence energy in 2D (b2,)) and slab (b%) fluctuations is positively correlated with solar cycle.
The magnetic turbulence energy (b?) in year 2003 (solar maximum) is almost 4 times larger
than in 2009 (solar minimum), and also 1.5 times larger than in 2015 (weak solar maximum).
There is little difference between inward and outward IMF modes in the evolution of these
turbulence quantities, which illustrates that the small-scale SW fluctuations may not depend on
the direction of the background magnetic field. Finally, the temporally varying shear source of
turbulence, which is most important in the inner heliosphere, also depends on solar cycle.

The above solar cycle dependent turbulence quantities at 1 au can be used as input for both
turbulence transport models, which in turn describe the radial evolution of such quantities,
and CR. diffusion coefficient models. To investigate the solar cycle variation of CR. parallel and
perpendicular diffusion, one should consider the variation of both turbulence quantities and
background large-scale IMF magnitude. We employ quasi-linear theory and nonlinear guiding
center theory to model the CR parallel mean free path (mfp) A and the perpendicular mfp
A1, respectively. The temporal evolution of A, Ay and A in the ecliptic plane at 1 au
over the recent two solar cycles is calculated. The parallel mfp A is about three orders of
magnitude larger than the perpendicular mfp A |, and dominates the radial mfp A, in the inner
heliosphere. When we use a fixed value of the IMF, the CR mfps all have a clear solar cycle
dependence. The parallel mfp A and radial mfp A.» are anti-correlated with solar cycle while
the perpendicular mfp A is positively correlated with solar cycle. This illustrates that high
levels of solar wind fluctuations will increase CR. perpendicular diffusion and decrease parallel
diffusion if the background IMF' strength remains unchanged. However, if the background IMF
changes in concert with turbulence levels in response to solar activity, this trend can be masked.

In this study, we present the effect of solar activity on various turbulence quantities and
the related cosmic ray diffusion coefficients by analyzing magnetic field and bulk velocity field
observed by OMNI from 1995-2017. These results provide quantitative input for both cosmic
ray propagation models and turbulence transport models, and also provide useful insight for
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time-dependent turbulence modeling to understand the long-term cosmic ray modulation which
requires turbulence quantities over at least one solar cycle. The solar cycle influence on the
global properties of turbulence beyond 1 au still needs further investigation.
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