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Abstract. Adhikari et al [33] recently developed a theoretical model to study
anisotropy in magnetic field fluctuations using a dimensional analysis relating the
power spectrum of the energy-containing and inertial ranges. We use the Adhikari
et al and Zank et al [31] models to study the evolution of the power anisotropy in
magnetic field fluctuations in the energy-containing and inertial ranges at different
levels of solar activity. We obtain initial conditions at 1 au for the times 2003, 2009,
and 2015 from Zhao et al [37] by assuming an 80:20 ratio between the turbulence
energies, and a 2:1 ratio between the correlation lengths. The years 2003 and 2015
correspond to solar maxima and the year 2009 to a solar minimum. We find that the
anisotropy in magnetic field fluctuations evolves differently during the solar minimum
than during the solar maximum throughout the heliosphere.

1. Introduction

Anisotropy, an intrinsic property of the solar wind, arises due to a presence of a large-
scale magnetic field Bg [1 - 3]. Anisotropy in the presence of By is indicated by unequal
variances in the velocity and magnetic field fluctuations along the direction parallel
and perpendicular to Bg. Anisotropy is an important local property of the solar wind
turbulence. Understanding the anisotropy of solar wind fluctuations may assist us in
understanding solar wind turbulence and the propagation and acceleration of cosmic
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rays [4 - 6]. Several theoretical and numerical methods [7 - 12] have been utilized to
study anisotropy in a magnetized plasma such as the solar wind or a laboratory plasma.
Some studies [13 - 18] investigate the anisotropy by calculating the energy spectrum
of magnetohydrodynamic (MHD) turbulence. Others consider the variance of magnetic
field fluctuations in directions parallel and perpendicular to the large-scale magnetic field
[19 - 21].

The availability of single- and multi-spacecraft measurements has significantly
increased our understanding of anisotropy in solar wind fluctuations [22 - 27]. The
anisotropy of solar wind fluctuations in the fast and slow solar wind [28], and solar
maximum and solar minimum [29] is found to be different. Moreover, the anisotropy may
also depend on helio-latitude. Fluctuations in the fast wind tend to be more isotropic,
while fluctuations in the slow wind are more anisotropic. Zank and Matthaeus [30] (and
other studies [4, 28]) suggested that the solar wind at 1 au contains a majority of 2D
fluctuations with a minority slab component. These studies put forward an 80:20 ratio
between the 2D and slab turbulence, but this ratio can vary due to the dependency of
anisotropy on the fast and slow solar wind, solar maximum and minimum, and higher
and lower latitude.

Zank et al [31] (see also [32, 33, 34]) developed 2D and slab turbulence
transport equations using a nearly incompressible (NI) phenomenology based on the
inhomogeneous MHD model of Hunana and Zank [35]. Zank et al [31], and Adhikari et
al [33] investigated the 2D and slab turbulence intensities using an 80:20 energy ratio
between the 2D and slab turbulence at 1 au. Later, Adhikari et al [34] solved the
2D and slab NI turbulence transport equations throughout the heliosphere using 80:20,
70:30, 60:40, and 55:45 initial energy ratios between the 2D and slab turbulence at 1 au.
Adhikari et al [34] found that the turbulence energies change a little, and the trends are
similar. Adhikari et al [36] using the NI turbulence model of Zank et al [31] presented
the evolution of anisotropy in magnetic field fluctuations in the energy-containing and
inertial ranges throughout the heliosphere. Adhikari et al [36] found that an anisotropy
in magnetic field fluctuations exists within ~ 20 au, but the fluctuations in the outer
heliosphere revert to an almost isotropic state. In this paper, we study the anisotropy in
magnetic field fluctuations for different solar activity levels using the boundary conditions
that Zhao et al [37] derived observationally. Table 2 of Zhao et al shows the values of
the turbulence quantities at 1 au for the years 2003, 2009, and 2015. We note that the
years 2003 and 2015 correspond to solar maxima and year 2009 to solar minimum. The
2003 solar maximum is stronger than the 2015 solar maximum. We present a theoretical
model in Section 2, and discuss our results in Section 3. Finally, we summarize our
results and present conclusions in Section 4.

2. Theory

In this section, we present a theoretical model for the anisotropy in magnetic field
fluctuations in the inertial range. The details of the derivation of the model are described
in Adhikari et al [36]. The variances of the 2D and slab magnetic field fluctuations are
given by [36, 38]

(B2p) = 2r / ?P(ki)dky and (%) = 4dr / g (k) dky (1)
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where k| and k| are the perpendicular and parallel wave vectors. g is a function of the
perpendicular and parallel wave number. We assume a power spectrum g = Ck~! and

g = Dk~/3 in the energy-containing and inertial range, respectively, and C and D are
constants. Suppose ¢2P = ¢2P kll and gleb = Csmbkll ! for the 2D and slab turbulence,

respectively, and then integrate Equation (1) from kinj to kp to obtain [36]

C <B§D>ER and Cstab (bglab>ER
ER = 2D4y—1 slaby— (2)
1 (5=)— 1 (Igte0)—1
0g kan} 0g kan}

where E'R indicates energy-containing range, kin; is a large-scale injection wave number,
ky(~ 1, 1) is a wave number that separates the energy-containing and inertial range, and

IQD Islab

and are the correlation lengths of the variances of the 2D and sla,b magnetic
slab

ﬁeld ﬂuctua,tlons From Equation (2), we obtain the ratio between the C%2 wp and Cp%
as [36],

1 (Uslab) 1)
(0] ~b-
C3 _ (Bip)mr o\
cs"“b (O R 1 ((t%D)—l)

(3)

Equation (3) describes the ratio of the 2D and slab variances of magnetic field
fluctuations in the energy-containing range. Now, we calculate the ratio of the variances
of the 2D and slab magnetic field fluctuations in the inertial range. Since the wave
number kp separates the energy-containing and inertial range, we can write Ck_l| ky =

Dk~5/ 3| ky» Which yields D = Ckw 3 Therefore, the power spectrum for the 2D and
slab turbulence in the inertial range can be written as g2 = C2R(k?P)¥ 3kl5f3 and
¢Sl = (ksz)w 3k_5f 3, respectively. We use ¢2P in Equation (1) and integrate the

equation from kQD to ng , so that we consider the anisotropy in a wave number range
(k2D k2D]. Here, k?P and k3P are arbitrary wave numbers, and the k2P < k2P < k2P
inequality is satisfied. The variance of the 2D magnetic field fluctuations is [36]

kQD
Bip)ir = CHL(kEP)?P |~ k[PPdky,
1
kP (4)
3 _ _
= SCHR(RP)3(K3P) 2/ — (k3P)~23),

where IR denotes the inertial range. Similarly, we obtain the variance of the slab
magnetic field fluctuations as [36]

k;lab
(V2ap) 1R = CHp(ki™)23 k_sladklh
kfk‘b ” (5}

3 _ _
_ §C§ﬁb(kglab)2/3((kflab} 2/3 (kgla.b) 2{3).
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Here, gsgab(k”) = Cﬁﬁb(kf“b)gﬁkiaﬂ is used in Equation (1), and the integral is

integrated from k§®® and k§!% where k{!% and k$§l%° are arbitrary wave numbers such
that kgl“‘b < k§lab < k$lab Now, dividing Equation (4) by Equation (5) yields

(ng)IR CQD ng 2/3 ((k%D)—2;3_ (ng)—zﬁ)
(bgtab)IR Csla.b kgta.b ((kftab)—2{3 _ (kglab)—Qﬁ)’

and by assuming k2D kSMb and kQD kszab we obtain

(B3p)ir _ CER (ng )m ©

2 l b lab
(bslab>IR Cs R kg .

Equations (3) and (6) yield the ratio of the variances of the 2D and slab magnetic field
fluctuations in the inertial range [36],

(gsl‘,ab)—
<32 ) IR (B D)ER lslab 2f310g ( kin;j )
- ) (7}
( Eab) (bslab>ER ( IbD ) log ((EbiD)_l)
inj

We use Equation (7) to study the anisotropy of magnetic field fluctuations in the inertial
range. In Equation (7), the turbulence parameters (B2),)gr, (b%,;)ER, lgl“‘b, and lgD on
the right hand side are associated with the energy-containing range, and are obtained
from the NI turbulence transport model equations of Zank et al [31]. These large-scale

turbulence quantities are calculated as [31]

, and
o 2 an

Ew,* B LE;_O’* +Lcio,* . Loo,*
b (zoo,*+2> + (zoo,*—2> 2E00*’

<BQDs*2> _ (o) 4 (or ) — 2B
(8)

where pg is the magnetic permeability of free space and p is the solar wind density.
In Equation (8), “c0” indicates 2D turbulence, and “*” indicates slab turbulence. The
parameters (ziQ) and E'p are the energies in forward and backward propagating modes,
and the residual energy, and LT and Lp are the corresponding correlation functions
[31]. In Equation (7), kinj ~ 1.07 x 1072 km™!, which corresponds to one solar rotation
(~ 27 days). Moreover, the stream-shear sources of 2D turbulence for the forward and

backward propagating modes, and the residual energy are [31, 33, 39]

CEpr | AUV 2
SED _ sh rrol | A[I1 (9}

r2

CEro| AU|VE, _

r2

S(zx2) =

where rg=1 au, V¢ is the Alfvén velocity at 1 au, and C:;; and CﬁD are stream-shear
driving constants for the forward and backward propagating modes, and the residual
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energy. Similarly, the stream-shear and pickup ion sources of slab turbulence are [31,
33, 39

C*E 7| AU|VE, C*EPro| AUV,

Serny =3 Sep= T (10)
pnUVy
Spur = % exp(—L/r),
SW ' ion

where L (=8 au) is the ionization cavity length scale, fp is the fraction of pickup ion
energy transferred into excited waves, and C*:Skh and C*f’;f are stream-shear driving
constants of the slab turbulence. The parameter n$ (=0.1 cm™3) is the number density
of interstellar neutrals entering the heliosphere, 73 (= 10° s) is the neutral ionization
time at 1 AU, ng, is the solar wind density at 1 AU, and U is the solar wind speed.
Strengths of the stream-shear sources of 2D and slab turbulence, and the pickup ion
source of slab turbulence are shown in Table 3.

3. Results

In this section, we show the ratio of the variances of the 2D and slab magnetic field
fluctuations (B3p)/(b?,;,) in the energy-containing and inertial ranges throughout the
heliosphere from 1 to 75 au. First, we solve the NI turbulence transport equations of Zank
et al [31] using the boundary conditions and solar wind parameter values shown in Tables
1 and 2, respectively, for three cases; i) no source of turbulence, ii) stream-shear sources
of 2D and slab turbulence, and iii) stream-shear sources of 2D and slab turbulence,
and a pickup ion source of turbulence. Table 1 shows the boundary conditions for the
three years 2003, 2009, and 2015, from which we calculate the ratio (Bg n)/ (bgiab) in the
energy-containing and inertial ranges for these three years. The boundary conditions
are obtained from Zhao et al [37], and we assume an 80:20 energy ratio between the 2D
and slab turbulence, and that A* = 2A® for the correlation lengths, where A® is the 2D
correlation length and A* is the slab correlation length.

The ratios of the variances of the 2D and slab magnetic field fluctuations with no
source of turbulence, stream-shear sources of 2D and slab turbulence, and stream-shear
sources of 2D and slab turbulence and a pickup ion source of slab turbulence are shown
in Figures 1, 2, and 3, respectively. In the figures, the blue, red, and green curves
correspond to the boundary conditions for the years 2003, 2009, and 2015, respectively.
Furthermore, the solid curves denote the (B2,))/(b?,,) ratio in the inertial range, and
the dashed curves the (B2,))/(b?%,,) in the energy-containing range.

Figure 1 shows the evolution of anisotropy in magnetic field fluctuations in the energy-
containing and inertial ranges when an interplanetary source of turbulence is not included
in the turbulence transport model equations. The energy-containing range results
(dashed curves) show that the (B2,)/(b?,,) ratio during solar minimum (i.e., 2009)
increases monotonically with distance. However, the (B2,)/(b%,,) ratio corresponding
to the solar maxima (i.e., 2003 and 2015) decreases slightly between ~ 1.2—2 au and then
increases with heliocentric distance. The results indicate that the (B2,)/(b%,) ratio for
the 2009 solar minimum is larger than the two (B2},)/(b%,,) ratios corresponding to the
2003 and 2015 solar maxima. Furthermore, the 2003 solar maximum (B2))/(b%,,,) ratio
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Parameters 2003 2009 2015
(z°?) (km?2s2) 474.98 176.81 303.32
(z°=?%) (km?s72) | 1219.34 290.46 503.85
E% (km?s™?) -346.23 -90.89 -160.94
LT (km3s72) 1.93 x10% | 3.94 x107 | 9.2 x107
Ly (km?s72) | 6.95 x10® | 9.36 x107 | 2.6 x10°
LY (km*s™2) | -4.30 x10® | -7.18 x10” | -1.5 x10®
(z**%) (km2s72) | 118.75 44.2 75.83
(z*~%) (km2s72) 304.83 72.62 125.96
E% (km?s™2) -86.56 -22.72 -40.23
L} (km3s72) 9.64 x107 | 1.96 x107 | 4.6 x107
Ly (km3s72) 3.48 x10® | 4.68 x107 | 1.3 x10%
L% (km®s™2) | -2.15 x10® | -3.59 x107 | -7.5 x107

Table 1. Boundary conditions for the years 2003, 2009, and 2015 at 1 au. These values
are obtained from Zhao et al [37] by assuming an 80:20 energy ratio between 2D and slab
turbulence, and a 2:1 ratio between the correlation lengths for slab and 2D turbulence.

Parameters 2003 2009 2015
n (cm™3) 5.33 6.02 6.96
U (kms™1) 493.31 359.48 412.25
V4 (kms™1) 88.10 43.21 66.86
B (nT) 8.14 4.41 7.42
AUV? (km®s™2) | 1.93 x10° | 2.29 x10° | 8.25 x10°

Table 2. Solar wind parameter values at 1 au (Zhao et al [37]).

Parameters case (i) case (ii) case (iii)
ct 0 0.9 0.9

Cg_h 0 0.9 0.9
cko 0 0.5 0.5
CcHF 0 0.3 0.3
crr 0 0.3 0.3
c*opP 0 -0.17 -0.17
i) 0 0 0.25

b 0 0 0.24

Table 3. Strengths of the stream-shear sources of 2D and slab turbulence, and a pickup
ion source of slab turbulence (Adhikari et al [33]).

is smaller than that of the 2015 solar maximum. Note that the 2003 solar maximum is
stronger than the 2015 solar maximum. The energy-containing range anisotropy is larger
during solar minimum than solar maximum. The energy-containing range anisotropy
is quite sizable throughout the heliosphere, being between ~ 4.5 and ~ 5.5 for all
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solar conditions (maximum and minimum). The inertial range results exhibit similar

2 2
<B20><P b
[4)] ()]

109 10"
R (AU)

Figure 1. Evolution of the power anisotropy in magnetic field fluctuations as a function
of heliocentric distance with no interplanetary source of turbulence. The solid curves
correspond to the inertial range and the dashed curves to the energy-containing range.

characteristics for solar minimum and solar maximum. However, the (B2,)/(b%,,) ratio
for the inertial range decreases beyond 10 au.

Stream-shear and pickup ion sources of turbulence are always present, and drive
solar wind turbulence throughout the heliosphere [39]. Furthermore, these sources of
turbulence depend on heliospheric location in that the stream-shear source of turbulence
is effective within ~ 5 au, and the pickup ion source of turbulence beyond ~ 5 au. Figure
2 shows the evolution of (B2,) /(b%,,) with heliocentric distance when only stream-shear
sources of 2D and slab turbulence are included in the NI turbulence transport model.
Equations (9) and (10) are the stream-shear and pickup ion sources of 2D and slab
turbulence. Zhao et al [37] calculated a form of stream-shear source of turbulence
(AUV?) observationally at 1 au from 1995 through 2017. Zhao et al [37] found that
the stream-shear source of turbulence is stronger during solar maximum than solar
minimum. The bottom row of Table 2 shows the values of AUV2 for the years 2003,
2009, and 2015, which clearly makes the 2D and slab stream-shear sources of turbulence
solar cycle dependent. In this case, the dashed blue, red, and green curves are very
similar, unlike the dashed curves in Figure 1. Similarly, all the solid curves (blue, red,
and green) are also almost identical. The results show that the anisotropy of magnetic
field fluctuations in the inertial range is larger than in the energy-containing range. The
anisotropy is ~ 5.5 for the inertial range and slightly less than ~ 4 for the energy-
containing range throughout the heliosphere if only a shear-driving source is included.
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Figure 2. Evolution of the power anisotropy in magnetic field fluctuations as a function
of heliocentric distance for a stream-shear source of turbulence. The solid and dashed
curves are as in Figure 1.

When a pickup ion source of slab turbulence is also included in the NI turbulence
transport model equations, the evolution of the anisotropy in magnetic field fluctuations
in the energy-containing and inertial ranges with distance is shown in Figure 3. Equation
(10) is a pickup ion source of slab turbulence for our turbulence transport model. The
values of the solar wind speed, the solar wind density, and the Alfvén speed in Equation
(10) for the years 2003, 2009, and 2015 are shown in Table 3. It makes a pickup ion
source of turbulence solar cycle dependent, but a more detailed study is required in order
to understand the dependence of pickup ion source of turbulence on solar cycle. We find
that the (BZ,)/(b%,,) ratio for the energy-containing and inertial ranges decreases with
the inclusion of a pickup ion source of turbulence. However, it is interesting to note that
the solid and dashed red curves associated with solar minimum decrease at a smaller
heliocentric distance than the solid and dashed blue and green curves associated with
solar maximum. Figure 3 indicates that the ratio of the variances of the 2D and slab
magnetic field fluctuations for both the energy-containing and inertial ranges beyond ~ 3
au follow the ordering ((B3p)/(b3q))2008 > ((B3p)/(boap))2015 > ((B§D>/( 2lab))2009;
and within ~ 3 au the ({ 2D)/( 2 »))2000 Tatio is larger than the ((B2,)/(b%,))2003 and
((B2,)/(b%,3))2015 ratios. It clearly shows that the ratio of the variances of 2D and slab
magnetic field fluctuations associated with a solar minimum is different from the ratio of
the variances associated with a solar maximum. Prior to the onset of pickup ion driving
beyond ~ 5 au, the energy-containing and inertial ranges anisotropies are the same as
in Figure 2. With the dominance of pickup ion driving turbulence beyond 10 — 20 au,
the anisotropies for both energy-containing and inertial ranges approach ~ 1.

IOP Publishing
doi:10.1088/1742-6596/1100/1/012001
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Figure 3. Evolution of the power anisotropy in magnetic field fluctuations as a function
of heliocentric distance for both a stream-shear and pickup ion sources of turbulence.
The solid and dashed curves are as in Figure 1.

4. Discussion and Conclusions

In this paper, we investigated the evolution of anisotropy in magnetic field fluctuations
at different levels of solar activity as a function of heliocentric distance. For this we
used the Zank et al [31] NI turbulence transport model equations, the Adhikari et al [33]
model for anisotropy of magnetic field fluctuations, and the boundary conditions from
the Zhao et al [37] observational analysis. We calculated the ratio of the variances of
the magnetic field fluctuations (B2,)/(b?,,;,) for three cases; i) no source of turbulence,
ii) stream-shear sources of 2D and slab turbulence, and iii) stream-shear sources of 2D
and slab turbulence, and a pickup ion source of slab turbulence. We find that the ratios
of the variances of the 2D and slab magnetic field fluctuations in the energy-containing
and inertial ranges during the 2009 solar minimum are different from the ratios of the
variances in the energy-containing and inertial ranges during the 2003 and 2015 solar
maxima.

In the absence of a source of turbulence in the turbulence transport model, we find
that the (B2,)/(b%,,) ratio associated with the 2009 solar minimum in the energy-
containing range increases monotonically with heliocentric distance, while (B2,)/(b%,)
associated with the 2003 and 2015 solar maxima decreases slightly between ~ 1.2 — 2
au, and then increases with heliocentric distance. The ratio of the variances during solar
minimum is larger than the ratio of the variances during solar maximum. Furthermore,
the (B2,)/(b%,,;) ratio in the inertial range during 2009 solar minimum is larger than the
ratios of variances during the 2003 and 2015 solar maxima, in which the (B2,)/(b%.)

8
ratio in the inertial range decreases beyond ~ 10 au. The anisotropies for both
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energy-containing and inertial ranges remain large throughout the heliosphere and the
anisotropy in the inertial range is larger than the anisotropy in the energy-containing
range. In this study, we assumed an 80:20 ratio between 2D and slab turbulence
energies, and a 2:1 ratio between slab and 2D correlation lengths. Depending on the
assumptions related to the turbulence energies and the correlation lengths, the evolution
of anisotropies can be different as suggested by Verdini and Grappin et al [40], who find
that the evolution of turbulent spectrum depends strongly on its initial anisotropy.

With the inclusion of 2D and slab stream-shear sources of turbulence in the NI
turbulence transport model, we find that (B2,)/(b%,,) in the energy-containing and
inertial ranges is less than the (BZ,)/(b%,,) ratio when a source of turbulence is not
included in the turbulence transport model. It indicates that a stream-shear source of
turbulence reduces the anisotropy in magnetic field fluctuations. In this study, a stream-
shear source of 2D turbulence is three times larger than a stream-shear source of slab
turbulence, which is indicated by the chosen stream-shear driving constants shown in
the Table 3. These anisotropies in magnetic field fluctuations results can be different for
different 2D and slab stream-shear driving constants. Adhikari et al [33] calculated the
anisotropy in magnetic field fluctuations in the energy-containing and inertial ranges for
different stream-shear sources of slab turbulence with the same stream-shear source of
2D turbulence, and found that the anisotropy in magnetic field fluctuations decreases
with an increase in the stream-shear source of slab turbulence. The (B2,)/(b%,,;,) ratio in
the energy-containing range during 2009 solar minimum is larger than the (B2,)/(b%.)
ratio during the 2003 and 2015 solar maxima from 1 to 75 au. The (BZ2,)/(b%,;) ratio
in the inertial range for the 2009 solar minimum is larger than that of the 2003 and
2015 solar maxima from 1 to ~ 2 au, after which the three ratios are approximately
similar between ~ 2 — 10 au. Eventually, the ratio during solar minimum becomes larger
than the ratios during solar maxima beyond ~ 10 au. We also find that the ratio of
the variances in the inertial range is larger than the ratio of the variances in the energy-
containing range. The energy-containing and inertial ranges anisotropies are ~ 5.5 and
~ 4, respectively, throughout the heliosphere.

The inclusion of both 2D and slab stream-shear sources of turbulence and a pickup ion
source of slab turbulence in the turbulence transport model yields ratios of (B25)/(bZ.)
in the energy-containing range for solar maxima and minimum that are approximately
similar from ~ 1.2 to ~ 4 au, after which the ratio corresponding to the 2009 solar
minimum decreases beyond ~ 4 au, while the ratios corresponding to the 2003 and
2015 solar maxima decrease beyond ~ 5 au. The ratios of the 2D and slab magnetic
field fluctuations in the energy-containing range from 1 au to ~ 4 — 5 au is ~ 4, which
eventually decreases to ~ 1 at 75 au. The (B3,)/(b?%,,) ratio in the inertial range
during 2009 solar minimum increases sharply initially, then decreases rapidly, followed
by a slight increase from ~ 1.2 to ~ 3 au, after which there is a gradual decrease with
distance. Similarly, the (B2,)/(b%,,) ratio in the inertial range of the 2003 and 2015
solar maxima increases and decreases rapidly within ~ 1.2 au, gradually increases until
~ 4 au, and then decreases with increasing heliocentric distance. The (B2,))/(b?,,,) ratio
in the inertial range for the solar minimum is larger than the (B2,)/(b%_,) ratio for the
solar maxima from 1 to ~ 2 au, and then it reverses in the outer heliosphere beyond ~ 2
au.

10
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