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Using the field-theoretic renormalization group approach and the operator product expansion technique in
the second order of the corresponding perturbative expansion, the influence of finite-time correlations of the
turbulent velocity field on the scaling properties of the magnetic field correlation functions as well as on
the anisotropy persistence deep inside the inertial range are investigated in the framework of the generalized
Kazantsev-Kraichnan model of kinematic magnetohydrodynamic turbulence. Explicit two-loop expressions for
the scaling exponents of the single-time two-point correlation functions of the magnetic field are derived and it
is shown that the presence of the finite-time velocity correlations has a nontrivial impact on their inertial-range
behavior and can lead, in general, to significantly more pronounced anomalous scaling of the magnetic field
correlation functions in comparison to the rapid-change limit of the model, especially for the most interesting
three-dimensional case. Moreover, by analyzing the asymptotic behavior of appropriate dimensionless ratios
of the magnetic field correlation functions, it is also shown that the presence of finite-time correlations of the
turbulent velocity field has a strong impact on the large-scale anisotropy persistence deep inside the inertial
interval. Namely, it leads to a significant enhancement of the anisotropy persistence, again, especially in three

spatial dimensions.
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I. INTRODUCTION

One of the most interesting consequences of the existence
of anomalous scaling in developed turbulent environments
[1-6], i.e., the existence of deviations from the simple scal-
ing behavior predicted by the classical phenomenological
Kolmogorov-Obukhov (KO) theory [7], is the evidence for the
persistence of various types of symmetry breaking (such as
large-scale anisotropy, which are usually related to the form
of the energy pumping into strongly dissipative systems to
maintain steady state) even deep inside the inertial interval,
where, in accordance with the KO theory, one would expect
full restoration of homogeneity and isotropy of fully devel-
oped turbulent systems in the statistical sense.

Using the field-theoretic renormalization group (RG) tech-
nique together with the operator product expansion (OPE)
[8-12], significant successes were achieved especially in
investigations of the anomalous scaling behavior of single-
time two-point structures or correlation functions of scalar
(temperature, concentration of impurities, etc.) or vector
(e.g., weak magnetic) fields passively advected by given
turbulent environments. In this respect, a systematic inves-
tigation of the influence of large- and small-scale uniaxial
anisotropy [10,13-19], of spatial parity violation (helicity)
[20], and of compressibility of various turbulent environments
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[21-23] on the scaling behavior of structure or correlation
functions of scalar and vector fields was performed in the
framework of the Gaussian rapid-change Kraichnan model
of passively advected scalar fields [24] as well as in the
framework of the analogous Kazantsev-Kraichnan model of
kinematic magnetohydrodynamic (MHD) turbulence [25].
Here, it is worth mentioning that the anomalous scaling of
various passively advected quantities even within simplified
Gaussian models of developed turbulence is more strongly
pronounced than the anomalous scaling of the turbulent
velocity field in genuine models of fully developed turbu-
lence (see, e.g., Refs. [4-6,13,14,26—42] and references cited
therein).

However, very often the lowest first-order (one-loop)
approximation is insufficient and at least second-order (two-
loop) calculations are needed. For example, it is known that
the anomalous dimensions of the leading composite oper-
ators that drive the anomalous scaling of the correlation
functions of the magnetic field in the framework of the
Kazantsev-Kraichnan model of kinematic MHD turbulence
are completely the same as those in the Kraichnan model of
passive scalar advection, although the set of the leading com-
posite operators in this case is completely different [10,13].
But the two-loop calculations performed in Refs. [18,19] have
shown that this equivalence is only an artifact of the one-
loop level of approximation. Moreover, the same is also true
when the corresponding non-Gaussian models driven by the
stochastic Navier-Stokes equation are considered [43—45].
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A similar situation is true when some kinds of symmetry
breaking are considered. For instance, if one wants to inves-
tigate the influence of spatial parity violation (the presence
of helicity) on the properties of a turbulent system, then it is
necessary to analyze it at least in the two-loop approximation
since, due to the symmetry properties of the corresponding
Feynman diagrams, the helicity effects are invisible at the
one-loop level of approximation [20,23,46].

The same is true when one considers the finite-time cor-
relations of the turbulent velocity field. In this case, in the
one-loop approximation, the anomalous dimensions of the
leading composite operators that drive the scaling behavior of
the scalar and vector fields in the corresponding generalized
Kraichnan and Kazantsev-Kraichnan models are completely
the same and, moreover, do not depend at all on the parameters
that control the presence of the finite-time velocity correla-
tions in turbulent environments [40,47]. However, as recently
shown in Ref. [48], where the two-loop corrections to the
leading anomalous dimensions that drive the anomalous scal-
ing in the framework of the generalized Kazantsev-Kraichnan
model are calculated, these anomalous dimensions strongly
depend on the presence of finite-time velocity correlations in
the two-loop approximation and are significantly different in
comparison to those obtained in the generalized Kraichnan
model of passive scalar advection [49].

However, two important questions remain unanswered
here. The first of them is related to the dependence of the
critical exponents of the magnetic field correlation functions
of the model on the parameter that control the presence of
finite-time velocity correlations, i.e., how the presence of
finite-time velocity correlations influences the inertial-range
scaling behavior of the magnetic field in comparison to the
rapid-change limit of the model with §-time correlations of
the turbulent velocity field. The second important but still
open question is related to the problem of the influence of
finite-time velocity correlations on the anisotropy persistence
deep inside the inertial interval. We try to find answers to
these two questions in the present paper. As we see, the strong
dependence of the anomalous dimensions of the leading com-
posite operators on the parameter that controls the amount of
finite-time velocity correlations in the model also leads to the
strong dependence of the critical exponents of the magnetic
field correlation functions on this parameter, especially in the
most interesting three-dimensional case. At the same time,
the performed analysis shows that the anomalous scaling is,
in general, more pronounced in the system with finite-time
velocity correlations than in the rapid-change limit of the
model. Even more interesting is the fact that the presence
of finite-time velocity correlations in the model leads to a
significant enhancement of the anisotropy persistence deep
inside the inertial range.

From the phenomenological point of view, it is known that
the synthetic Gaussian models of turbulent advection ana-
lyzed in the framework of the zero-mode technique allow one
to establish a direct relation between the anomalous scaling
and the statistical conservation laws (see, e.g., Ref. [29] as
well as lectures by Gawedzki in Ref. [50]). Moreover, the
existence of statistical conservation laws was also proven in
Navier-Stokes turbulence [51]. These results allow investiga-
tion of not only the deviations from scaling predicted by KO

theory but also the geometric structures formed in turbulent
flows. Although, in what follows, our aim is to investigate the
influence of finite-time correlations of the velocity field on
the anomalous indices using the corresponding field-theoretic
RG technique, nevertheless the obtained results also allow
us to make some general conclusions about their influence
on the formed geometric structures (regarding the connection
between the language of the statistical conservation laws and
the RG language, see Ref. [52]). First, the fact that the anoma-
lous scaling of the magnetic field is stronger for finite-time
velocity correlations means that one can also expect more
pronounced intermittent geometric structures formed in the
flow. Moreover, since the anisotropy persistence in the in-
ertial range is supported by the finite-time correlations, one
can also expect that the formed geometric structures will be
more anisotropic in the statistical sense under the influence of
finite-time correlations.

Note that although the passive advection of a weak mag-
netic field is considered in the framework of the Kazantsev-
Karichnan model with Gaussian statistics of the velocity field,
nevertheless, we suppose that the obtained results, at least at
the qualitative level, correctly describe the scaling behavior
of weak magnetic fields in electrically conductive turbulent
environments, a complete analysis of which in the frame-
work of the field-theoretic RG analysis of genuine MHD
turbulence is still missing because of its extreme complexity.
Therefore, we suppose that the obtained results not only are
important for a fundamental theoretical understanding of the
intermittency and anomalous scaling in turbulent systems with
finite-time velocity correlations but can also be interesting
from the phenomenological point of view for a potentially
deeper understanding of plasma physics experiments (see,
e.g., Refs. [53-60] and references cited therein) as well as
MHD turbulent phenomena in astrophysics, e.g., such as the
scaling properties of the solar wind (see, e.g., Refs. [61-72]
as well as references cited therein).

For completeness, it is necessary to mention that the very
presence of finite-time correlations of the velocity field vi-
olates the Galilean invariance of the studied model [26].
Therefore, the legitimate and natural question of the survival
of finite-time correlations deep inside the inertial interval
of various turbulent environments arises here. Although this
question is beyond the scope of our analysis, it is worth
mentioning that the first such investigation was performed
recently in the framework of Navier-Stokes turbulence driven
by a random force with finite-time correlations [73] in the
lowest (one-loop) approximation. There, it was shown that,
at the one-loop level of approximation of the corresponding
field-theoretic model, it seems that finite-time correlations
are completely suppressed in the inertial interval. However,
this conclusion cannot be considered the ultimate one since
higher-order corrections can change it.

The paper is organized as follows. In Sec. II, the model
is defined, its field-theoretic formulation is given, and the
already known basic facts are briefly discussed. In Sec. III, the
influence of finite-time velocity correlations on the anomalous
scaling of the magnetic field correlation functions is studied.
In Sec. IV, the anisotropy persistence deep inside the inertial
interval of the model is investigated. Obtained results are
briefly reviewed and discussed in Sec. V.
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II. SCALING IN THE KAZANTSEV-KRAICHNAN MODEL
WITH FINITE-TIME CORRELATIONS

A. Kazantsev-Kraichnan model of kinematic
magnetohydrodynamics with finite-time correlations
of the velocity field

In this paper, we intend to study scaling properties of cor-
relation functions of the magnetic field b = b(x), x = {¢, x}
in the framework of the Kazantsev-Kraichnan model of kine-
matic MHD turbulence with the assumption of finite-time
correlations of the turbulent velocity field and described by
the following stochastic equation:

3b=vpAb — (v- )b+ (b-d)v +f". (1)

Here, fluctuations of the magnetic field b are simulated by the
Gaussian random noise f? = fP(x) with zero mean and the
correlation function in the form

D}(x13x0) = (7)) f7(x2)) = 8(ty — 12)Cij(x/L),  (2)

and the statistics of the turbulent velocity field v(x) of the
electrically conductive environment is also supposed to be
Gaussian with zero mean and with the correlator [40,47]

Dy (x13x2) = (vi(x1)v;(x2))
dwdk g0v3k4’d’28”’
Qm)*H w? + (ugvok>=1)?

X Pij(k)e—i[w(ll —1)—Kk-(x1—x2)] (3)

which simulates the presence of finite-time correlations of the
velocity field.

In Eq. (1), o, =09/0t, 9; =0/0x;, A= 3% denotes the
Laplace operator, vy is the magnetic diffusivity vy =
c?/(4moy), c is the speed of light, and oy is the conductivity
(in what follows, subscript 0 always denotes bare param-
eters of the unrenormalized theory). Moreover, due to the
assumption of incompressibility, both vector fields v and b are
divergent-free (solenoidal), i.e, d -v =09 -b = 0. In Eq. (2),
r = X; — Xp, L represents an integral scale related to the corre-
sponding stirring, and C;; is a tensor function finite in the limit
L — oo that must decrease rapidly for |r| > L. Although, in
what follows, the explicit form of the tensor function C;; is not
relevant, it is worth mentioning that large-scale anisotropy can
be introduced to the system through the correlator, (2), e.g., by
supposing that £ has the form (B - 3)v, where B represents a
constant large-scale (macroscopic) magnetic field (see, e.g.,
Ref. [13] for more details).

Finally, in Eq. (3), d represents the spatial dimension of
the studied turbulent system, P;;(k) = §;; —kikj/k2 is the
ordinary transverse projector, k is the wave vector (the mo-
mentum), k = |Kk|, and govS is a positive amplitude factor,
where the bare coupling constant g, (formally small parameter
of the perturbation theory) is already extracted. The finite-time
correlations of the velocity field are described by the param-
eter ug and by the additional exponent 7 in Eq. (3), which
control the relation between the frequency w and the wave
number k in the form o =~ uguok®™" [29,30,33,47,74,75].
At the same time, the second exponent & controls the en-
ergy spectrum: E (k) ~ k'=2¢. The value & = 4/3 leads to
the Kolmogorov “two-thirds law” for the spatial statistics of

the velocity field or to the “five-thirds law” for the energy
spectrum. Besides, n = 4/3 corresponds to the Kolmogorov
frequency. In addition, the needed infrared (IR) regularization
of the integral in Eq. (3) is reached by the cutoff from below
k = kmin = 1/L, where L is an integral turbulent scale differ-
ent, in general, from the scale L used in Eq. (2). However, this
difference is not important in what follows.

Note that the model defined by Eqgs. (1)-(3) is a gener-
alization of the standard Kazantsev-Kraichnan rapid-change
model [25] with §-time correlations of the velocity field with
the correlator in the form

Dji(xi3x2) = 8t — 1)80Vo

dk —d—2e+n ik-(x1—X2)
x [ saPallok RS, )

obtained from (3) in the limit uyg — oo with g, = go/ u(z) =
const.

On the other hand, in the limit ug — 0 with g = go/uo =
const., one obtains the second nontrivial special case of the
general model, namely, the so-called quenched model with
a time-independent (frozen) velocity field, with the velocity
field correlator

11,2
v . _ &Y% dk 2—d—2¢ ik-(X1—X2)
D}i(x13x) = 5 /(zn)dP,-j(k)k R xi—x) - (5)

B. Field-theoretic formulation and scaling regimes of the model

The stochastic model, (1)-(3), is equivalent to the corre-
sponding field-theoretic model with an additional solenoidal
auxiliary field b’ and with the action functional (see, e.g.,
Ref. [40] for details)

1 —
S(d) = _E/dxldxz Vi) [ D} (15 x2) ] ;)
1
+s / dxidx Bj0e)DY(xi:x)b, (x2)

+ fdx b - [—8,b+ vpAb — (v-3)b + (b - d)v].

(6)

Here, ® = {v, b, b'}, dx = dtd?x, and the correlators Df?j and
Dj; are given in Eqgs. (2) and (3), respectively. Moreover,
the corresponding summations over all dummy indices are
assumed.

As follows from the two-loop RG analysis of the field-
theoretic model described by the action functional, (6), and
performed in Ref. [48], the model is multiplicatively renor-
malizable and, depending on the values of the exponents ¢ and
n, exhibits five IR stable fixed points that drive all possible
asymptotic inertial-range scaling regimes of the model. Two
of them are related to the rapid-change limit of the model—
one trivial with zero fixed-point value of the coupling constant
g and the second one nontrivial with g, > 0 (note that, in what
follows, the index “*” always denotes the fixed-point value of
arbitrary quantity)—and two of them are related to the frozen
limit of the model—again, one trivial with zero fixed-point
value of the coupling constant g’ and the second one nontrivial
with g7 > 0.
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The fifth fixed point, which is the most interesting one
and plays a central role in what follows, describes scaling
properties of the model with finite-time correlations of the
velocity field with arbitrary finite fixed-point value of the
parameter u. In this case, the fixed-point value of the coupling
constant g depends explicitly on the chosen value of u, and,
in the two-loop approximation, is given as [48]

T | d— 12(d +2)(1 + u, )
d 1
Fl1, 1,24 = ——— )é?, 7
X21< +2 (l+u*)2)8 @)

where S; denotes the surface area of the d-dimensional unit
sphere

2mdr?
T Td/)2)
and F(ay, az; b; ¢) is the hypergeometric function. This fixed

point is realized for ¢ = 7 (a detailed analysis of its IR stabil-
ity can be found in Ref. [48]).

®)

Sa

C. Scaling behavior of the magnetic field correlation functions

The existence of an IR stable fixed point of the RG equa-
tions means that various correlation functions of the model
have asymptotic scaling form deep inside the inertial range
with well-defined critical exponents. In what follows, our
aim is to investigate in detail the influence of the finite-time
correlations of the velocity field on the IR scaling behavior
of equal-time two-point correlation functions of the magnetic
field defined as

Bymm(r) = (BN ", 00, X)), r=x—-x|, (9

where b, denotes the component of the magnetic field b di-
rected along the vector r = x — x’ (see, e.g., Refs. [13,40]).
It can be shown [13,40,48] that, using the RG analysis, their
scaling behavior deep inside the inertial interval has the form

By—mm(r) = vy P (/YR (r /L), (10)

where yy_, and y, are the anomalous dimensions of the
composite operators b " and b (taken at the correspond-
ing fixed-point values g, and u,) and the scaling functions
Ry m(r/L) remain unknown in the framework of the standard
RG analysis. However, their asymptotic behavior in the limit
r/L — 0 can be studied using the OPE technique [9].

In the framework of the OPE technique, the scaling func-
tions Ry, (r/L) have the power form

Ryw(r/L) =Y Cr(r/L)(r/L)*", r/L—0, (11)

where the summation is performed over all possible renormal-
ized composite operators F; allowed by the symmetry of the

J

*2) _
N = T ) d — 17 + 2

(d + u)l(d + Dk — 2k;] (
)22F1

d
1, 1;24 —;

problem, A, are their critical dimensions, and the correspond-
ing coefficient functions Cr,(r/L) are regular in r /L. It is clear
from representation (11) that scaling functions Ry ,,(r/L)
can significantly change the IR asymptotic behavior of the
correlation functions, (9), if there exist composite operators
(usually called “dangerous’) with negative critical dimensions
that give singular contributions to the OPE, (11), in the limit
r/L — 0 (see, e.g., Ref. [13] for details). Moreover, if there
exist more composite operators with negative critical dimen-
sions, then the leading contribution to the expansion, (11), is
given by the composite operators with the smallest critical
dimensions. Note also that this behavior is commonly known
as the anomalous scaling and is typical for fully developed
turbulent systems.

In the fully isotropic case, i.e., in the case when even large-
scale anisotropy is not present, the leading role in the scaling
behavior of the magnetic field correlation functions is played
by composite operators

Fy = (b-b)M2, (12)

Then the final asymptotic inertial-range behavior of the corre-
lation functions, (9), has the form

By (1) ~ NV (13)

where y;; for M = N, m, N — m are the fixed-point values of
the anomalous dimensions of the corresponding composite
operators, (12).

On the other hand, in the more general case with the
presence of uniaxial large-scale anisotropy given, e.g., by the
unit vector n = B/|B|, where B is the large-scale magnetic
field discussed above, the leading role in the description of
the scaling behavior of the model is played by the composite
operators [13,17,19,48]

Fy,=[n-bl’(b-b), N =2I+p. (14)
Their fixed-point anomalous dimensions in the general case
of the model with the presence of finite-time correlations
of the velocity field were calculated in Ref. [48] up to the
two-loop approximation and can be written as (we present
their complete form here since they play the central role in
our analysis)

Viip = Vn &+ Vuae? + 0(e%), (15)

where
Wy 2NN —1)— (N — p)d + N +p—2)d +1)
e = 2d+2)d — 1)

(16)
represents the first-order approximation (the one-loop approx-
imation) result and

1 ) B 2du? r'(%)
27 +u))  @+2)d -1 /ar (4

1
X / dx(1 — xz)“z‘x{[(d + Dk — 2k ]X1 + 2(dks — k) (x* — DX,
0

+ i[3((d + ks — 2ka)X3 4 2((d + 2)ks — 3k3)(x” — 1)X4]} A7)

d+4
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is the second-order (the two-loop) contribution, where

ki =N —p)d+N+p-—2),
ky = NN — 1),
ks =N —=2)(N —p)d+N+p—2),

ky = NN — 1)(N —2),
~ Wi 4+ Yo) + WinYs + WisYs + Wis)s

= @ Dl + @ 42020 — 1)
X, = Wor (Y1 + Ya) + War Y3 + Wos¥y + WpuYs
2u(uy — D[+ 42 + 2u,(2x2 = 1)]
X, = Wi (Y1 + o) + WaYs + Wik
; 9u2 (1, — 1)2 ’
—u, (Y1 +Y2) + V3 + u3¥s
X, = ,

3uZ(u, — 1)?

Wi = 2(d — 2)u(1 4+ u)[2x* (1 + 2u,) + u? — 1],

Wiz = 2+ u)[2 + Su, + ul — d(1 + 3u,)]
X [1 4 u? 4 2u, (2x* — 1)],

Wiz = 2(d — 2)(1 — u,)(1 + u,)?
X [1 4 u? 4 u(4x* — 1)],

Wiy = 4(d — 2)ui(1 + uy)x,
War = 2ui(1 — uy — x°),
Wy = 1 4+ u? + 2u,(2x* — 1),
Was = (ui — DI + 14 4 u(4x> = 1],
Wy = —2u>2kx,
Ws1 = u[—7 — 2u, + d (4 + u,) — 4x7],

War = 5+ du, — d(3 + 2u,) + 4x2,

Wiz = u2(9 — 5d + 4x?),
and
o arctan (\/ﬁ) — arctan («/%) |
h arctan (\/%) — arctan (\/%)7
V2 +2u, —x?
. arctan (\/%) — arctan (ﬁ)’
¥, = arctan (\/%) — arctan (%)
V=22

Ys =In2 — In(1 + u,),

(18)
19)
(20)
2y
(22)
(23)

(24)

(25)

(26)

27)

(28)
(29)
(30)
€2y
(32)
(33)
(34)
(35)

(36)

(37

(38)

(39)

(40)

(41)

arctan (—2=%) — arctan (-2
Ys = ( 4"2)4_)62 (=) (42)

As follows from Egs. (15)—(42), in the anisotropic case, for
a given value of N, there are several anomalous dimensions
vw,p for all possible values of p that can contribute to the final
scaling expression for the magnetic field correlation functions.
Of course, the leading one is that with the minimal fixed-point
value. The analysis shows [48] that, at least up to the two-loop
approximation, the following important hierarchy relations
are valid among anomalous dimensions yy ,:

Vlik’,p < ylz;,p’ . p<Vp, (43)
Yno < ¥Ynos N>N, (44)
Yva <VYwi.» N>N, (45)

where relation (44) holds for even values of N and N’ and
relation (45) is valid for odd values of N and N’, respectively.
This means that the scaling behavior of various statistical
quantities deep inside the inertial interval must be driven by
the anomalous dimensions yy , for even values of N and yy
for odd values of N, respectively. Note that this nontrivial fact
is in accordance with Kolmogorov’s local isotropy restoration
hypothesis.

Note also that, as follows from Eq. (16), the scaling prop-
erties of the model do not depend at all on the presence of
finite-time velocity correlations in the model in the one-loop
approximation since the functions y;(l) are independent of the
parameter u,. Thus, it is clear from this fact that it is necessary
to investigate the model at least in the two-loop approximation
to be able to study the influence of the finite-time velocity
correlations on the scaling behavior of the model deep inside
the inertial interval. We investigate this influence in detail in
the next two sections.

III. INFLUENCE OF FINITE-TIME VELOCITY FIELD
CORRELATIONS ON THE ANOMALOUS SCALING OF
THE MAGNETIC FIELD CORRELATION FUNCTIONS

The existence of strict anisotropy hierarchy relations, (43)—
(45), which are valid in the one-loop as well as in the two-loop
approximation, leads to the definite prediction for the asymp-
totic inertial-range behavior of the correlation functions, (9),
in the presence of large-scale uniaxial anisotropy. Its form
depends on the values of N and m [13,17,19], namely,

By (r) ~ rY507 Vom0 ™Yo (46)
for even values of N and m,

By (r) ~ rY807Vom1 "V (47)
for an even value of N and an odd value of m, and

By (r) ~ PN V8-m0 Vi (48)

for odd values of N and m. The fourth possibility, with an odd
value of N and an even value of m, is in fact contained in the
last case.

Now, using the explicit expressions, (15)—(42), for the
anomalous dimensions taken at the fixed point of the model,
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the final scaling asymptotic behavior of the correlation func-
tions By_p,.m(r) in the two-loop approximation can be written
in the general form

(1) 2) 2
BN m, m(r) ~ rINm = rmeS""CN,mS s (49)

where the well-known one-loop result ;(1) has the form
[13,19]

() = _m(jzv;zm) (50)
|

@ _ (d + u.)Dy

= Fl1,1;2
N =21+ udd — D(d + 227 1< "2

when N and m are simultaneously even or odd and

m(N —m)+d+1
Cvn = —3 (51)

for even values of N and odd values of m. On the other
hand, the two-loop corrections ;N) to the exponents ¢y, in
Eq. (49) explicitly depend on the parameter u,, which control
the presence of finite-time velocity correlations and are given
as

2du r(s)
d+2)d - 17 Jar (%)

d 1
27 (1+ u*)2>

! _ 3
x / dx(1 — xz)dzlx{z)lxl + D, — DXo + d—+4[D3X3 + Da(x* — 1)X4]}, (52)
0

where functions X;,i = 1, ..., 4, are defined in Egs. (22)—(25)

and
Dy =2m(N —m), (53)
Dy = 4m(N — m), (54)
D3 = 3m(N — m)(3N +2d — 4), (55)
Dy = 6m(N — m)(N — 4) (56)

for even values of N and m,

Dy =2m(N —m), (57)
Dy = 4m(N —m), (58)
D3 =3(N —m)[m(3N +2d —4) —d — 1], (59)
Dy = 6(N —m)[m(N —4)+ 1] (60)

for odd values of N and m, and
Dy =2[m(N —m) +d +1], (61)
Dy, = 4[m(N —m) — 1], (62)
D3 =3[m(N —m)(BN +2d —4)+ (N —4)d + 1)], (63)

Dy = 6(N —4)[m(N —m) — 1] (64)

for even N and odd m.

Thus, as follows from the explicit two-loop expressions for
the exponents ¢y, the presence of the two-loop corrections
leads to their dependence on the finite-time correlations of the
velocity field (the dependence on the parameter u, appears at
the two-loop level of approximation) and, moreover, the form
of the corresponding expressions for {y, for simultaneous
even and odd values of N and m, which are the same in
the one-loop approximation [see Eq. (50)], become different
when two-loop corrections are taken into account [compare
expressions (55) and (56) to the corresponding expressions
(59) and (60)].

(

The explicit dependence of all scaling exponents ¢y, for
N =2, 3,4, and 7 on the spatial dimension d and on the
parameter u, for the physically most important value & =
4/3 in the two-loop approximation is shown in Figs. 1-7.
As follows from all these figures, the amount of finite-time
correlations of the turbulent velocity field significantly influ-
ences the scaling properties of the magnetic field correlation
functions, i.e., significantly changes the corresponding scaling
exponents, especially for spatial dimensions in the vicinity of
the physically most relevant dimension d = 3. On the other
hand, the role of the finite-time correlations rapidly decreases
when d increases. It is important to stress once more here
that all these scaling exponents are completely independent
of the parameter u, at the one-loop level of approximation.
Therefore, at least two-loop calculations are required to be
able to discuss this nontrivial question.

FIG. 1. Dependence of the scaling exponent ¢, ; on the spatial
dimension d as well as on the parameter u, (the lower surface)
and w, = 1/u, (the upper surface) for ¢ = 4/3 in the two-loop
approximation.
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FIG. 2. Dependence of the scaling exponent ¢3; on the spatial
dimension d as well as on the parameter u, (the lower surface)
and w, = 1/u, (the upper surface) for ¢ =4/3 in the two-loop
approximation.

Moreover, looking at Figs. 1-7, the following general
conclusions about the inertial-range scaling behavior of the
single-time two-point correlation functions of the magnetic
field, (9), can be drawn: (i) All scaling exponents ¢y, exhibit
qualitatively very similar behavior as the functions of the
spatial dimension d as well as the functions of the parameter
u,; (i) in general, the scaling exponent values increase with
increasing parameter u, for all spatial dimensions d > 3, i.e.,
the most anomalous behavior of the magnetic field correlation
functions is pronounced in the frozen limit of the model with

FIG. 4. Dependence of the scaling exponent ¢, on the spatial
dimension d as well as on the parameter u, (the lower surface)
and w, = 1/u, (the upper surface) for ¢ =4/3 in the two-loop
approximation.

u, — 0; (iii) the opposite behavior, in the framework of which
the more anomalous behavior is observed in the rapid-change
limit (4, — 00 or w, — 0) than in the frozen limit of the
model with u, — 0, can be observed only for some scaling
exponents and only in the vicinity of the two-dimensional case
(see Figs. 3, 6, and 7); and (iv) the scaling exponents &y,
decrease as the functions of the spatial dimension d in the
close vicinity of d = 2 but are increasing functions of d for

FIG. 3. Dependence of the scaling exponent {4, on the spatial
dimension d as well as on the parameter u, (the lower surface)
and w, = 1/u, (the upper surface) for ¢ = 4/3 in the two-loop
approximation.

FIG. 5. Dependence of the scaling exponent ¢{;; on the spatial
dimension d as well as on the parameter u, (the lower surface)
and w, = 1/u, (the upper surface) for ¢ = 4/3 in the two-loop
approximation.
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FIG. 6. Dependence of the scaling exponent ¢7 3 on the spatial
dimension d as well as on the parameter u, (the lower surface)
and w, = 1/u, (the upper surface) for ¢ =4/3 in the two-loop
approximation.

d > 3. The only exception to this rule can be observed for the
exponent ¢, ; in the vicinity of the rapid-change model limit
(see Fig. 1).

FIG. 7. Dependence of the scaling exponent ;5 on the spatial
dimension d as well as on the parameter u, (the lower surface)
and w, = 1/u, (the upper surface) for ¢ = 4/3 in the two-loop
approximation.

IV. INFLUENCE OF FINITE-TIME VELOCITY
CORRELATIONS ON THE PERSISTENCE OF
ANISOTROPY IN TURBULENT MHD SYSTEMS

As mentioned in Sec. I, the main aim of the present study
is to investigate in detail the role of finite-time correlations of
the turbulent velocity field for the persistence of large-scale
anisotropy in the behavior of the magnetic field correlation
functions deep inside the inertial interval. For this purpose,
it is suitable to analyze the scaling behavior of dimension-
less ratios of the single-time two-point correlation functions
By _m.m(r) studied in the previous section defined as follows:

_ By-i1 (BN, x)b, (2, X))
=S T baob o ©

Then, using the asymptotic expressions for the corresponding
correlation functions, (10), generalized to the anisotropic case
together with the OPE representation of the scaling functions,
(11), as well as using the anisotropy hierarchy relations, (43)—
(45), for the fixed-point values of the anomalous dimensions
of the leading composite operators of the model, the quantities
Ry can be written as the explicit functions of the ratios r//
and r/L in the form [13,19]

R (T w

for even values of N = 2n and

7\ Voo [ T\ Vanr1a—(+1/2)75,
Ront1 & (7) <Z) ' (67)

for odd values of N = 2n + 1, where various yxfy are the fixed-
point anomalous dimensions of the composite operators, (14),
two-loop expressions of which are given in Eqgs. (15)—(42).

A convenient method for quantitative estimation of the
persistence of anisotropy deep inside the inertial interval is
to investigate the dependence of functions (66) and (67) on
the Pécklet number Pe = (L/l)° obtained in the limit » — /.
In this case, one can write

Ry o Pefv, (68)

where
Son = [n)’z*,o - 722,0]/3’ (69)
&1 = [+ 1/2)y50 — Vanr1.1l/€ (70)

for even and odd values of N, respectively. Finally, in the two-
loop approximation, the exponents &y can be written as

ey =&V +EPe +0(Y), (71)
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where the one-loop expressions are [13]

2n(n—1)
(1)
= —, 72
2n+1 — 2(d+2) ’
and the two-loop corrections are given as
d+u)E d 2du? r4
N = (3 QL 221'71(1,1;24-—; 2)+ 5 (2d)—1
2(1 + ue)y’(d — 1)(d +2) 2 (I +uy) (d+2)d -1 /ar(5)
! d—1 3
X / dx(1 —x2)2x{E1X1 + E(x* — DX, + m[E3X3 + Ey(x* — 1)X4]}, (74)
0

where the functions X;, i = 1,...,4, are again defined in
Egs. (22)—(25) and

Ei =4n(n —1), (75)
E, =8n(n—1), (76)
E; =12n(n — 1)(2n+d), )
Eys=16n(n—1)(n—2) (78)

for even values of N = 2n and
E| =4n* —d -2, (79)
E, = 8%, (80)
Es =6n2n—1)Q2n+d +2), 81)
E,=8n2n—1)(n—1) (82)

for odd values of N = 2n + 1.

The explicit behavior of the two-loop exponents &y up to
N = 8 as functions of the spatial dimension d and the param-
eters u, and w, is shown in Figs. 8—13 for ¢ = 4/3. First, it is

FIG. 8. Dependence of the total two-loop exponent &; on the
spatial dimension d as well as on the parameter u,. (the upper surface)
and w, = 1/u, (the lower surface) for ¢ = 4/3.

necessary to stress that these exponents do not depend at all on
the parameter u, (w,) at the one-loop level of approximation
[see Egs. (72) and (73)], i.e., regardless of the value of u, (w,)
these exponents are the same as in the Kazantsev-Kraichnan
rapid-change model (the curves for w, = 0 in Figs. 8-13).
This is a nontrivial fact that directly requires the two-loop
analysis to be performed in order to be able to estimate, at
least qualitatively, the influence of finite-time correlations of
turbulent velocity fields on the studied statistical properties
of correlation functions of the magnetic field deep inside the
inertial interval.

As follows from all these figures, the presence of finite-
time correlations of the velocity field almost always increases
the value of the exponent &y [the exception is the behavior
of these exponents in the vicinity of two spatial dimensions,
but only for large enough values of N (see Fig. 13)]. At the
same time, the most pronounced enhancement of the values
of the exponents &y, i.e., the most pronounced enhancement
of the anisotropy persistence in the inertial range, can be
seen in the vicinity of the physically most interesting three-
dimensional case. The only exception is observed for the
smallest value of N = 3, where the most pronounced persis-
tence of the anisotropy in the inertial range is demonstrated in
the two-dimensional case (see Fig. 8). The explicit behavior of

FIG. 9. Dependence of the total two-loop exponent & on the
spatial dimension d as well as on the parameter u,. (the upper surface)
and w, = 1/u, (the lower surface) for ¢ = 4/3.
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FIG. 10. Dependence of the total two-loop exponent & on the
spatial dimension d as well as on the parameter u,. (the upper surface)
and w, = 1/u, (the lower surface) for ¢ = 4/3.

the two-loop exponents &y for N = 3, .. ., 8 directly for three
spatial dimensions is shown in Figs. 14—16, where they are
also compared to the corresponding one-loop results that do
not depend on the parameter u, (w,). Here, it is also necessary
to note that, from the persistence of the anisotropy point of
view, the most important is the behavior of the exponents
&y for odd values of N since, as follows from symmetry
considerations, they must be identically equal to O in the fully
isotropic case (see Figs. 8, 10, and 12).

As already mentioned, with the exception of the case
N = 3, the enhancement of the anisotropy persistence in the
inertial interval caused by the presence of the finite-time cor-
relations of the turbulent velocity field is most pronounced
in the vicinity of d = 3. On the other hand, the influence of
the finite-time correlations rapidly decreases with increasing
value of the spatial dimension (see Figs. 8—13). At the same
time, the dependence of the exponents £y on the parameter
u, (w,) disappears completely in the limit d — oo. Similarly,
a significant suppression of the role of finite-time velocity

FIG. 12. Dependence of the total two-loop exponent &; on the
spatial dimension d as well as on the parameter u,. (the upper surface)
and w, = 1/u, (the lower surface) for ¢ = 4/3.

correlations for the persistence of anisotropy deep inside the
inertial interval can also be seen near two spatial dimensions
for all N > 4. Moreover, it seems that for large enough values
of N (see Fig. 13) the presence of finite-time correlations can
even lead to less pronounced anisotropy persistence than in
the case of the rapid-change model. Here, the behavior of
the exponent &3 is completely unique since, only in this case,
the two-dimensional system demonstrates the most significant
dependence on the parameter u, (w.) (see Fig. 8), i.e., the
presence of finite-time correlations significantly increases the
anisotropy persistence observed in the behavior of the func-
tion Rs3.

V. CONCLUSION

In this paper, using the field-theoretic RG analysis of the
generalized Kazantsev-Kraichnan model in the second-order
(two-loop) perturbative approximation, we have performed
a detailed analysis of the influence of the finite-time

FIG. 11. Dependence of the total two-loop exponent & on the
spatial dimension d as well as on the parameter u,. (the upper surface)
and w, = 1/u, (the lower surface) for ¢ = 4/3.

FIG. 13. Dependence of the total two-loop exponent & on the
spatial dimension d as well as on the parameter u,. (the upper surface)
and w, = 1/u, (the lower surface) for ¢ = 4/3.
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"4=3.6=4/3]

FIG. 14. Dependence of the total two-loop exponents & and &,
on the parameter u, and w, = 1/u, for ¢ = 4/3 and for the spatial
dimension d = 3. The one-loop results are represented by the corre-
sponding dashed lines.

correlations of the turbulent velocity field on the asymptotic
scaling inertial-range behavior of the single-time two-point
correlation functions By y_,,(r) of the weak magnetic field
defined in Eq. (9) as well as on the corresponding behavior
of the dimensionless ratios of these correlation functions Ry
defined in Eq. (65). It is shown for the first time that the

6—: d:3,s:4/3:_

FIG. 15. Dependence of the total two-loop exponents &s and &g
on the parameter u, and w, = 1/u, for ¢ = 4/3 and for the spatial
dimension d = 3. The one-loop results are represented by the corre-
sponding dashed lines.

_ =3 e=4/3|

FIG. 16. Dependence of the total two-loop exponents &; and &g
on the parameters u, and w, = 1/u, for ¢ = 4/3 and for the spatial
dimension d = 3. The one-loop results are represented by the corre-
sponding dashed lines.

finite-time correlations of the turbulent velocity fields can
have a nontrivial and, at the same time, significant impact
on the anomalous scaling of the magnetic field correlation
functions as well as on the anisotropy persistence deep inside
in the inertial range of developed turbulent environments. The
two-loop explicit form of the corresponding critical exponents
is found and it is demonstrated that the critical exponents of
the magnetic field correlation functions become more negative
when finite-time velocity correlations are present, i.e., the
anomalous scaling becomes much more pronounced in the
general case with finite-time velocity correlations than in the
rapid-change limit of the studied model. On the other hand,
it is also shown that the exponents, which characterize the
behavior of the ratios Ry of the magnetic field correlation
functions as functions of the Pécklet number, are increasing
functions of the free parameter w, = 1/u, of the model.
This means that the persistence of the anisotropy is more
pronounced in systems with finite-time correlations of the
velocity field than in the rapid-change limit of the model with
w, = 0.

From the phenomenological point of view, the fact that
the anomalous scaling of the magnetic field is more pro-
nounced in the model with finite-time velocity correlations
also means that the intermittency must be more visible in the
formed geometric structures in this case than in the case of
the rapid-change model. A similar conclusion must also be
valid as for the anisotropy persistence in the inertial interval,
namely, since the anisotropy persistence in the inertial range is
enhanced by finite-time correlations, one can expect that the
formed geometric structures will be more anisotropic in the
statistical sense under the influence of finite-time correlations.

Let us emphasize that all studied effects of the presence
of finite-time correlations of the velocity field in the model
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become visible starting from the performed two-loop analysis
only since all studied quantities are independent of the
parameter u,, which directly describes the presence of
finite-time velocity field correlations, at the one-loop level of
approximation.

In conclusion, we suppose that a similar influence of the
presence of finite-time correlations of the velocity field on the
scaling properties of the magnetic field correlation functions
must also be observed in more realistic but also more complex
non-Gaussian models, e.g., in the framework of genuine kine-

matic MHD turbulence with the velocity field driven by the
stochastic Navier-Stokes equation.

ACKNOWLEDGMENTS

This work was supported by the Slovak Research and De-
velopment Agency under Contract No. APVV-17-0020. This
work was also supported by VEGA Grants No. 2/0065/17
and No. 2/0081/21 from the Slovak Academy of Sciences.

[1] A. S. Monin and A. M. Yaglom, Statistical Fluid Mechanics
(MIT Press, Cambridge, MA, 1975), Vol. 2.

[2] W. D. McComb, The Physics of Fluid Turbulence (Clarendon,
Oxford, UK, 1990).

[3] U. Frisch, Turbulence: The Legacy of A. N. Kolmogorov (Cam-
bridge University Press, Cambridge, UK, 1995).

[4] K. R. Sreenivasan and R. A. Antonia, Annu. Rev. Fluid Mech.
29, 435 (1997).

[5] G. Falkovich, K. Gawedzki, and M. Vergassola, Rev. Mod.
Phys. 73,913 (2001).

[6] N. V. Antonov, J. Phys. A 39, 7825 (2006).

[7]1 A. N. Kolmogorov, Dokl. Akad. Nauk SSSR 30, 301 (1941)
[Proc. R. Soc. Lond. A 434, 9 (1991) (reprint)]; 31, 538 (1941);
32, 16 (1941) [reprinted in 434, 15 (1991) (reprint)].

[8] D. J. Amit, Field Theory, Renormalization Group, and Critical
Phenomena (McGraw—Hill, New York, 1978).

[9] J. Zinn-Justin, Quantum Field Theory and Critical Phenomena
(Clarendon, Oxford, UK, 1989).

[10] L. Ts. Adzhemyan, N. V. Antonov, and A. N. Vasil’ev, Phys.
Rev. E 58, 1823 (1998).

[11] L. Ts. Adzhemyan, N. V. Antonov, and A. N. Vasil’ev, The
Field Theoretic Renormalization Group in Fully Developed
Turbulence (Gordon & Breach, London, 1999).

[12] A. N. Vasil’ev, Quantum-Field Renormalization Group in the
Theory of Critical Phenomena and Stochastic Dynamics (Chap-
man & Hall/CRC, Boca Raton, FL, 2004).

[13] N. V. Antonov, A. Lanotte, and A. Mazzino, Phys. Rev. E 61,
6586 (2000).

[14] N. V. Antonov, J. Honkonen, A. Mazzino, and P. Muratore-
Ginanneschi, Phys. Rev. E 62, R5891(R) (2000).

[15] L. Ts. Adzhemyan, N. V. Antonov, V. A. Barinov, Y. S. Kabrits,
and A. N. Vasil’ev, Phys. Rev. E 63, 025303(R) (2001); 64,
056306 (2001).

[16] L. Ts. Adzhemyan, N. V. Antonov, M. Hnatich, and S. V.
Novikov, Phys. Rev. E 63, 016309 (2000).

[17] M. Hnatich, J. Honkonen, M. JurciSin, A. Mazzino, and S.
Sprinc, Phys. Rev. E 71, 066312 (2005).

[18] N. V. Antonov and N. M. Gulitskiy, Phys. Rev. E 85, 065301(R)
(2012); Lect. Notes Comput. Sci. 7125, 128 (2012).

[19] E. Jur¢iSinovd and M. JurciSin, J. Phys. A: Math. Theor. 45,
485501 (2012).

[20] E. JurciSinova and M. Jur¢iSin, Phys. Rev. E 91, 063009 (2015).

[21] E. JurciSinova, M. JurciSin, R. Remecky, and M. Scholtz, Int. J.
Mod. Phys. B 22, 3589 (2008).

[22] E. JurciSinovd and M. JurciSin, Phys. Rev. E 88, 011004(R)
(2013).

[23] E. JurciSinovd, M. Jurcisin, and M. Menkyna, Phys. Rev. E 95,
053210 (2017).

[24] R. H. Kraichnan, Phys. Fluids 11, 945 (1968).

[25] A. P. Kazantsev, Sov. Phys. JETP 26, 1031 (1968).

[26] M. Holzer and E. D. Siggia, Phys. Fluids 6, 1820 (1994).

[27] R. A. Antonia, E. J. Hopfinger, Y. Gagne, and F. Anselmet,
Phys. Rev. A 30, 2704 (1984); K. R. Sreenivasan, Proc. R.
Soc. London, Ser. A 434, 165 (1991); A. Pumir, Phys. Fluids
6, 2118 (1994); C. Tong and Z. Warhaft, ibid. 6, 2165 (1994);
T. Elperin, N. Kleeorin, and I. Rogachevskii, Phys. Rev. E 52,
2617 (1995); Phys. Rev. Lett. 76, 224 (1996); Phys. Rev. E
53, 3431 (1996); Z. Warhaft, Annu. Rev. Fluid Mech. 32, 203
(2000); B. I. Shraiman and E. Siggia, Nature 405, 639 (2000);
F. Moisy, H. Willaime, J. S. Andersen, and P. Tabeling, Phys.
Rev. Lett. 86, 4827 (2001); A. Arneodo, R. Benzi, J. Berg, L.
Biferale, E. Bodenschatz, A. Busse, E. Calzavarini, B. Castaing,
M. Cencini, L. Chevillard et al., ibid. 100, 254504 (2008).

[28] M. Vergassola, Phys. Rev. E 53, R3021 (1996).

[29] D. Bernard, K. Gawedzki, and A. Kupiainen, Phys. Rev. E 54,
2564 (1996).

[30] K. Gawedzki and A. Kupiainen, Phys. Rev. Lett. 75, 3834
(1995); M. Chertkov, G. Falkovich, I. Kolokolov, and V.
Lebedev, Phys. Rev. E 52, 4924 (1995); M. Chertkov and G.
Falkovich, Phys. Rev. Lett. 76, 2706 (1996).

[31] M. Avellaneda and A. Majda, Commun. Math. Phys. 131, 381
(1990); 146, 139 (1992).

[32] A. Majda, J. Stat. Phys. 73, 515 (1993); D. J. Horntrop and A.
J. Majda, J. Math. Sci. Univ. Tokyo 1, 23 (1994).

[33] Q. Zhang and J. Glimm, Commun. Math. Phys. 146, 217
(1992).

[34] R. H. Kraichnan, Phys. Rev. Lett. 72, 1016 (1994); R. H.
Kraichnan, V. Yakhot, and S. Chen, ibid. 75, 240 (1995).

[35] B. I. Shraiman and E. D. Siggia, Phys. Rev. Lett. 77, 2463
(1996); A. Pumir, B. I. Shraiman, and E. D. Siggia, Phys. Rev.
E 55, R1263(R) (1997).

[36] A. Pumir, Europhys. Lett. 34, 25 (1996); 37, 529 (1997); Phys.
Rev. E 57, 2914 (1998).

[37] 1. Rogachevskii and N. Kleeorin, Phys. Rev. E 56, 417 (1997).

[38] A. Lanotte and A. Mazzino, Phys. Rev. E 60, R3483(R) (1999).

[39] I. Arad, L. Biferale, and I. Procaccia, Phys. Rev. E 61, 2654
(2000).

[40] N. V. Antonov, M. Hnatich, J. Honkonen, and M. Jur¢iSin, Phys.
Rev. E 68, 046306 (2003).

[41] M. Chaves, K. Gawedzki, P. Horvai, A. Kupiainen, and M.
Vergassola, J. Stat. Phys. 113, 643 (2003).

[42] H. Arponen, Phys. Rev. E 81, 036325 (2010).

015101-12


https://doi.org/10.1146/annurev.fluid.29.1.435
https://doi.org/10.1103/RevModPhys.73.913
https://doi.org/10.1088/0305-4470/39/25/S04
https://doi.org/10.1098/rspa.1991.0075
https://doi.org/10.1098/rspa.1991.0076
https://doi.org/10.1103/PhysRevE.58.1823
https://doi.org/10.1103/PhysRevE.61.6586
https://doi.org/10.1103/PhysRevE.62.R5891
https://doi.org/10.1103/PhysRevE.63.025303
https://doi.org/10.1103/PhysRevE.64.056306
https://doi.org/10.1103/PhysRevE.63.016309
https://doi.org/10.1103/PhysRevE.71.066312
https://doi.org/10.1103/PhysRevE.85.065301
https://doi.org/10.1007/978-3-642-28212-6_11
https://doi.org/10.1088/1751-8113/45/48/485501
https://doi.org/10.1103/PhysRevE.91.063009
https://doi.org/10.1142/S0217979208048565
https://doi.org/10.1103/PhysRevE.88.011004
https://doi.org/10.1103/PhysRevE.95.053210
https://doi.org/10.1063/1.1692063
https://doi.org/10.1063/1.868243
https://doi.org/10.1103/PhysRevA.30.2704
https://doi.org/10.1098/rspa.1991.0087
https://doi.org/10.1063/1.868216
https://doi.org/10.1063/1.868219
https://doi.org/10.1103/PhysRevE.52.2617
https://doi.org/10.1103/PhysRevLett.76.224
https://doi.org/10.1103/PhysRevE.53.3431
https://doi.org/10.1146/annurev.fluid.32.1.203
https://doi.org/10.1038/35015000
https://doi.org/10.1103/PhysRevLett.86.4827
https://doi.org/10.1103/PhysRevLett.100.254504
https://doi.org/10.1103/PhysRevE.53.R3021
https://doi.org/10.1103/PhysRevE.54.2564
https://doi.org/10.1103/PhysRevLett.75.3834
https://doi.org/10.1103/PhysRevE.52.4924
https://doi.org/10.1103/PhysRevLett.76.2706
https://doi.org/10.1007/BF02161420
https://doi.org/10.1007/BF02099212
https://doi.org/10.1007/BF01054338
https://doi.org/10.1007/BF02102625
https://doi.org/10.1103/PhysRevLett.72.1016
https://doi.org/10.1103/PhysRevLett.75.240
https://doi.org/10.1103/PhysRevLett.77.2463
https://doi.org/10.1103/PhysRevE.55.R1263
https://doi.org/10.1209/epl/i1996-00410-4
https://doi.org/10.1209/epl/i1997-00186-5
https://doi.org/10.1103/PhysRevE.57.2914
https://doi.org/10.1103/PhysRevE.56.417
https://doi.org/10.1103/PhysRevE.60.R3483
https://doi.org/10.1103/PhysRevE.61.2654
https://doi.org/10.1103/PhysRevE.68.046306
https://doi.org/10.1023/A:1027348316456
https://doi.org/10.1103/PhysRevE.81.036325

EVIDENCE FOR ENHANCEMENT OF ANISOTROPY ...

PHYSICAL REVIEW E 104, 015101 (2021)

[43] L. Ts. Adzhemyan, N. V. Antonov, J. Honkonen, and T. L. Kim,
Phys. Rev. E 71, 016303 (2005).

[44] E. Jurc¢iSinovd, M. JurciSin, and R. Remecky, J. Phys. A: Math.
Theor. 42, 275501 (2009).

[45] E. JurciSinovd, M. JurciSin, and R. Remecky, EPJ Web Conf.
226, 02012 (2020).

[46] O. G. Chkhetiani, M. Hnatich, E. Jur¢iSinova, M. JurCiSin, A
Mazzino, and M. Repasan, Phys. Rev. E 74, 036310 (2006); J.
Phys. A: Math. Gen. 39, 7913 (2006); Czech. J. Phys. 56, 827
(2006).

[47] N. V. Antonov, Phys. Rev. E 60, 6691 (1999).

[48] E. Jurcisinovd, M. JurCiSin, and M. Menkyna, Eur. Phys. J. B
91, 313 (2018); Theor. Math. Phys. 200, 1126 (2019).

[49] L. Ts. Adzhemyan, N. V. Antonov, and J. Honkonen, Phys. Rev.
E 66, 036313 (2002).

[50] J. Cardy, G. Falkovich, and K. Gawedzki, Non-equilibrium
Statistical Mechanics and Turbulence, edited by S. Nazarenko
and O. V. Zaboronski (Cambridge University Press, Cambridge,
UK, 2008).

[51] A. Celani and M. Vergassola, Phys. Rev. Lett. 86, 424 (2001).

[52] A. Kupiainen and P. Muratore-Ginanneschi, J. Stat. Phys. 126,
669 (2007).

[53] L. Yang, J. He, C. Tu, S. Li, L. Zhang, X. Wang, E. Marsch, and
L. Wang, Astrophys. J. 846, 49 (2017).

[54] L. Yang, L. Zhang, J. He, C. Tu, S. Li, X. Wang, and L. Wang,
Astrophys. J. 855, 69 (2018).

[55] Y. Yang, M. Wan, W. H. Matthaeus, L. Sorriso-Valvo, T. N.
Parashar, Q. Lu, Y. Shi, and S. Chen, Month. Notices Roy.
Astronom. Soc. 482, 4933 (2018).

[56] A. Mallet, K. G. Klein, B. D. G. Chandran, D. Groselj, I. W.
Hoppock, T. A. Bowen, C. S. Salem, and S. D. Bale, J. Plasma
Phys. 85, 175850302 (2019).

[57] H. Miura, Fluids 4, 46 (2019).

[58] S. S. Cerri, D. Groselj, and L. Franci, Front. Astron. Space Sci.
6, 64 (2019).

[59] P.J. Képyld, M. Rheinhardt, A. Brandenburg, and M. J. Képyl4,
Astronom. Astrophys. 636, A93 (2020).

[60] A. V. Kopyev, A. S. II’yn, V. A. Sirota, and K. P. Zybin, Phys.
Rev. E 101, 063102 (2020).

[61] V. Carbone and R. Bruno, Il Nuovo Cimento 20, 933 (1997).

[62] M. L. Goldstein and D. A. Roberts, Phys. Plasmas 6, 4154
(1999).

[63] C. Pagel and A. Balogh, Nonlin. Proc. Geophys. 8, 313 (2001).

[64] B. Hnat, S. C. Chapman, K. Kiyani, G. Rowlands, and N. W.
Watkins, Geophys. Res. Lett. 34, L15108 (2007).

[65] C. Salem, A. Mangeney, S. D. Bale, and P. Veltri, Astrophys. J.
702, 537 (2009).

[66] Q. Y. Luo, D.J. Wu, and L. Yang, Astrophys. J. Lett. 733, L22
(2011).

[67] W. H. Matthaeus, M. Wan, S. Servidio, A. Greco, K. T. Osman,
S. Oughton. and P. Dmitruk, Phil. Trans. R. Soc. A 373,
20140154 (2015).

[68] R. Bruno, Earth Space Sci. 6, 656 (2019).

[69] A. Beresnyak, Living Rev. Comput. Astrophys. 5, 2 (2019).

[70] T. Alberti, G. Consolini, V. Carbone, E. Yordanova,
M. F. Marcucci, and P. De Michelis, Entropy 21, 320
(2019).

[71] J. He, Y. Wang, and L. Sorriso-Valvo, Astrophys. J. 873, 80
(2019).

[72] T. N. Parashar, M. Cuesta, and W. H. Matthaeus, Astrophys. J.
Lett. 884, .57 (2019).

[73] N. V. Antonov, N. M. Gulitskiy, M. M. Kostenko, and A. V.
Malyshev, Phys. Rev. E 97, 033101 (2018).

[74] M. Chertkov, G. Falkovich, and V. Lebedev, Phys. Rev. Lett.
76, 3707 (1996).

[75] G. Eyink, Phys. Rev. E 54, 1497 (1996).

015101-13


https://doi.org/10.1103/PhysRevE.71.016303
https://doi.org/10.1088/1751-8113/42/27/275501
https://doi.org/10.1051/epjconf/202022602012
https://doi.org/10.1103/PhysRevE.74.036310
https://doi.org/10.1088/0305-4470/39/25/S08
https://doi.org/10.1007/s10582-006-0134-2
https://doi.org/10.1103/PhysRevE.60.6691
https://doi.org/10.1140/epjb/e2018-90511-0
https://doi.org/10.1134/S0040577919080051
https://doi.org/10.1103/PhysRevE.66.036313
https://doi.org/10.1103/PhysRevLett.86.424
https://doi.org/10.1007/s10955-006-9205-9
https://doi.org/10.3847/1538-4357/aa7e7c
https://doi.org/10.3847/1538-4357/aaad04
https://doi.org/10.1093/mnras/sty2977
https://doi.org/10.1017/S0022377819000357
https://doi.org/10.3390/fluids4010046
https://doi.org/10.3389/fspas.2019.00064
https://doi.org/10.1051/0004-6361/201935012
https://doi.org/10.1103/PhysRevE.101.063102
https://doi.org/10.1063/1.873680
https://doi.org/10.5194/npg-8-313-2001
https://doi.org/10.1029/2007GL029531
https://doi.org/10.1088/0004-637X/702/1/537
https://doi.org/10.1088/2041-8205/733/2/L22
https://doi.org/10.1098/rsta.2014.0154
https://doi.org/10.1029/2018EA000535
https://doi.org/10.1007/s41115-019-0005-8
https://doi.org/10.3390/e21030320
https://doi.org/10.3847/1538-4357/ab03d0
https://doi.org/10.3847/2041-8213/ab4a82
https://doi.org/10.1103/PhysRevE.97.033101
https://doi.org/10.1103/PhysRevLett.76.3707
https://doi.org/10.1103/PhysRevE.54.1497

