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Using the field theoretic renormalization group technique and the operator product expansion, the systematic
investigation of the influence of the spatial parity violation on the anomalous scaling behavior of correlation
functions of the weak passive magnetic field in the framework of the compressible Kazantsev-Kraichnan
model with the presence of a large-scale anisotropy is performed up to the second order of the perturbation
theory (two-loop approximation). The renormalization group analysis of the model is done and the two-loop
explicit expressions for the anomalous and critical dimensions of the leading composite operators are found
as functions of the helicity and compressibility parameters and their anisotropic hierarchies are discussed.
It is shown that for arbitrary values of the helicity parameter and for physically acceptable (small enough)
values of the compressibility parameter, the main role is played by the composite operators near the isotropic
shell in accordance with the Kolmogorov’s local isotropy restoration hypothesis. The anomalous dimensions
of the relevant composite operators are then compared with the anomalous dimensions of the corresponding
leading composite operators in the Kraichnan model of passively advected scalar field. The significant difference
between these two sets of anomalous dimensions is discussed. The two-loop inertial-range scaling exponents
of the single-time two-point correlation functions of the magnetic field are found and their dependence on the
helicity and compressibility parameters is studied in detail. It is shown that while the presence of the helicity
leads to more pronounced anomalous scaling for correlation functions of arbitrary order, the compressibility,
in general, makes the anomalous scaling more pronounced in comparison to the incompressible case only for
low-order correlation functions. The persistence of the anisotropy deep inside the inertial interval is investigated
using the appropriate odd ratios of the correlation functions. It is shown that, in general, the persistence of the
anisotropy is much more pronounced in the helical systems, while in the compressible turbulent environments
this is true only for low-order odd ratios of the correlation functions.
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I. INTRODUCTION

During the few last decades, a great interest has been
devoted to the theoretical investigation of the possible devia-
tions from the classical Kolmogorov-Obukhov (KO) theory [1]
suggested by both natural and numerical experiments (see, e.g.,
Refs. [2-5] and references cited therein). It means that the aim
of the theory is to verify the validity of the basic principles of
the KO phenomenological theory in the framework of a well-
defined microscopic model and to identify and understand
possible deviations from its predictions. According to the
basic conclusions of the KO theory [1-4,6-8], which are
standardly formulated in the form of the famous first and
second Kolmogorov hypotheses, the statistical properties of
various random fields deep inside the inertial interval [ <
r < L of a given turbulent environment are independent of
the integral scale L (a typical scale of the energy pumping into
the system) as well as of the viscous scale [ (a typical scale
on which the energy begins to dissipate intensively). Under
these assumptions, a simple dimensional analysis immediately
leads to the prediction of the scaling behavior of correlation
functions of the model with exactly defined scaling exponents.

To be more concrete, let us apply the KO theory to the
inertial-range behavior of typical correlation functions of the
velocity field v which are usually measured and analyzed in
experiments, namely, to the so-called single-time structure
functions of the velocity field defined as follows:

Sn(r) = (v (t.x) — vt x)1Y), r=Ix—x] (1)
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where v, denotes the component of the velocity field directed
along the vector r = x —x’ and N is an arbitrary natural
number. In this case, the corresponding dimensional analysis
together with the assumption of validity of the first and second
Kolmogorov hypotheses predict the following scale-invariant
inertial-range form of the structure functions (1):

Sy(r) = const x (ér)N/3, (2)

where € is the mean dissipation rate.

However, as was already mentioned, both natural experi-
ments and computational simulations, but also pure theoretical
investigations, show the existence of deviations from the
predictions of the KO theory which manifest themselves
in the significant dependence of the correlation functions
on the integral scale L even deep inside the inertial inter-
val in contradiction with the first Kolmogorov hypothesis
[2,4,5,9,10]. The existence of such deviations, which are
usually referred as anomalous or nondimensional scaling,
mean that the corresponding correlation functions must be
singular functions of the ratio of the distance r and the integral
scale L in the asymptotic inertial-range limit /L — 0 and, as
a consequence, for example the simple scaling representation
for the single-time structure functions given in Eq. (2) must be
replaced by the following one:

Sn(r) = €r)N3Ry(r/L), 3)

where Ry are unknown scaling functions. The assumption that
they have a powerlike asymptotic behavior in the region» <« L
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in the form
Ry(r/L) ~ (r/L)™, “4)

with singular dependence on L in the limit L — oo and
nonlinearity of the exponents gy as functions of N, is called
“anomalous scaling” and is usually explained by the existence
of strong developed fluctuations of the dissipative rate known
as intermittency (see, e.g., Refs. [2-5,9]).

It is necessary to stress that a complete theoretical under-
standing of the intermittency and anomalous scaling in the
fully developed turbulence on the fundamental microscopic
level does not exist yet. At the same time, a significant progress
has been achieved in the understanding of the problem of
the anomalous scaling in the framework of the investigation
of the scaling properties of various single-time correlation
functions of passively advected scalar (e.g., the temperature
field or an impurity field) or vector (e.g., the magnetic field)
fields especially in the models with a Gaussian statistics of the
velocity field. There are at least two reasons why such kind
of models were and still are so attractive for theoretical study.
First of all, it is the fact that the investigation of the scaling
properties of correlation functions of passively advected scalar
or vector fields (including their anomalous scaling) is usually
considerably easier than the genuine problem of the scaling
behavior of the velocity field in the framework of the Navier-
Stokes turbulence. It is worth mentioning that this is usually
true even in the case when the corresponding passive field
is advected by the velocity field driven by the stochastic
Navier-Stokes equation. The second reason for their intensive
investigation is the fact that the anomalous scaling, i.e., the
deviations from the predictions of the KO theory, is even more
strongly pronounced for various passively advected quantities
than for the velocity field itself (see, e.g., Refs. [5,8,9,11-19]
and references cited therein). In this respect, the central
role was and still is played by the well-known Kraichnan
rapid change model of a passive scalar field advected by a
self-similar Gaussian §-correlated in time velocity field [20] as
well as by the corresponding Kazantsev-Kraichnan kinematic
model of a passive magnetic field in a conductive turbulent
environment [21] and by a number of their extensions. Here,
it is also worth to mention that even very simplified models of
passive advection based on a Gaussian statistics of the velocity
field lead to the anomalous scaling behavior of correlation
functions which describe many features of the real turbulent
advection (see, e.g., Refs. [11,22-27] as well as survey papers
[8,9]). Namely, in the framework of the Kraichnan model the
systematic theoretical analysis of the anomalous exponents
was performed for the first time on the microscopic level by
using the so-called zero-mode technique where the anomalous
exponents are found from the homogeneous solutions (zero
modes) of closed equations for the single-time correlations
[22-24] (see also survey [9] and references cited therein).

There exists, however, another powerful method which
allows one a systematic investigation of the self-similar scaling
behavior, namely, the renormalization group (RG) technique,
especially in the field theoretic approach [28-30], which can
also be applied for analysis of fully developed turbulence
[31,32], of the passive scalar admixture in turbulent environ-
ment [33], of the magnetohydrodynamic (MHD) turbulence
[34], and many others [7,30].

PHYSICAL REVIEW E 95, 053210 (2017)

During the last two decades, the field theoretic RG
technique together with the operator product expansion (OPE)
was also intensively used for investigation of the problem of
anomalous scaling in turbulent systems. In this respect, in
Refs. [35,36] the anomalous scaling of a passive scalar field
in the framework of the Kraichnan model was investigated
in the second and the third orders of approximation of
the corresponding perturbative expansion, respectively. Note
that, in the field theoretic RG approach, the anomalous
scaling is related to the existence of composite operators in
the studied model with negative critical dimensions (such
operators are usually called “dangerous” operators) in the OPE
(see, e.g., Refs. [7,8,30] for details). Thereafter, various (more
realistic) generalizations of the simple Kraichnan model with
finite time correlations of the Gaussian velocity field [37],
compressibility [38], small-scale anisotropy [39], spatial parity
violation (helicity) [40,41], and their various combinations
[42,43] were investigated in the first-order approximation
(the one-loop approximation in the field theory language) as
well as in the second-order (two-loop) approximation (except
for models with the presence of the small-scale anisotropy
where only one-loop calculations exist). The most important
general conclusion of all these investigations is the fact that the
anomalous scaling behavior which is present in the Kraichnan
model remains the basic feature of all generalized models.
Note that a few studies were also devoted to the problem of the
anomalous scaling of a passive scalar field in the Navier-Stokes
turbulence [44].

Thus, it means that the scaling properties of passive scalar
fields advected by various turbulent environments are quite
well known. On the other hand, the systematic field theoretic
RG investigation of the problem of the anomalous scaling
of various vector fields (e.g., the weak magnetic field) in
developed turbulent systems is still only in beginnings, al-
though some nontrivial results were obtained in the framework
of the kinematic Kazantsev-Kraichnan model, an analog of
the Kraichnan rapid change model for the passive magnetic
field [21]. For a long period, using the field theoretic RG
technique and OPE, the scaling properties of the vector fields
in various turbulent environments with Gaussian statistics of
the velocity field or even in the Navier-Stokes turbulence were
investigated only at the lowest order of approximation (the
one-loop approximation) [16-18,45,46] which is, however,
usually insufficient for complete understanding of the role
which is played by the internal tensor structure of the advected
field as well as for the understanding of the role of the violation
of various symmetries of the corresponding turbulent system
for scaling properties of a studied model. In this respect, a
typical example is the spatial parity violation (helicity) of
turbulent environments, the effects of which on the anomalous
scaling of various quantities can be studied starting only from
the two-loop approximation [40,41]. Only quite recently a few
papers have appeared which are devoted to the systematic
two-loop field theoretic RG investigation of the anomalous
scaling of the passive vector fields in turbulent environments
[47-50]. Although all of them are devoted to the investigation
of the anomalous scaling of the passive magnetic field in
the framework of the simple kinematic Kazantsev-Kraichnan
rapid-change model, the obtained results are, however, very
interesting.
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First of all, in Refs. [47,48] it was shown that the two-
loop corrections to the anomalous scaling in the Kazantsev-
Kraichnan model are much more important and lead to the
significantly more pronounced anomalous scaling than in
the Kraichnan model of a passively advected scalar field.
It means that the intermittency and the anomalous scaling
of the fluctuations of the magnetic field in the conductive
turbulent environments, i.e., in the magnetohydrodynamic
(MHD) turbulent environments, are sufficiently more strongly
pronounced than in the ordinary fluid turbulence. Note that this
pure theoretical result is in agreement with real measurements,
numerical experiments, as well as various phenomenological
models (see, e.g., Refs. [51] and references cited therein).
At the same time, in the subsequent brief studies [49,50], the
serious impact of the compressibility [49] and the spatial parity
violation [50] of the corresponding turbulent environments on
the critical dimensions of the relevant composite operators,
which drive the scaling properties of the magnetic field
correlation functions, was reported but without a detailed
analysis. Maybe the most interesting and, at the same time,
important conclusion was obtained in Ref. [50] where it
was shown that the conductive turbulent environment with
the spatial parity violation leads to the significantly more
pronounced anomalous scaling. This result is, on one hand,
qualitatively different from the analogous problem in the
framework of the Kraichnan model where it was shown that
the presence of helicity has no impact on the scaling properties
of passively advected scalar field and, on the other hand,
it is qualitatively in accordance with conclusions of recent
measurements [52].

The aim of this paper is twofold. First, we intend to perform
adetail analysis of the separate influence of the compressibility
and the spatial parity violation on the anomalous scaling of the
correlation functions of the magnetic field in the framework
of the Kazantsev-Kraichnan model and, second, our aim is
also to investigate the simultaneous nontrivial influence of the
compressibility and helicity of the turbulent environment on
the asymptotic scaling properties of the passively advected
weak magnetic field. It is worth to mention that in this
respect, as far as we know, this paper represents the first
such field theoretic study at all and, as we shall see, the
compressibility together with the helicity exhibit nontrivial
impact on the anomalous scaling of the magnetic field as well
as on the persistence of the large-scale anisotropy deep inside
the inertial interval of the model. In this respect, let us note
once more that, as it was shown in Ref. [40] in two-loop
approximation, the presence of the spatial parity violation in
the turbulent environment has no impact on the anomalous
scaling of passively advected scalar field. Finally, let us also
note that, although the results of this paper are obtained in the
framework of the model with a simple Gaussian statistics of
the velocity field, nevertheless, we believe that the obtained
results, at least at the qualitative level, are also relevant for the
real kinematic MHD turbulence with Navier-Stokes velocity
field.

The paper is organized as follows. In Sec. II, the com-
pressible Kazantsev-Kraichnan model with the spatial parity
violation of the passively advected weak magnetic field is
introduced. The field theoretic formulation of the model is
given in Sec. III. The RG analysis of the model is performed
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in Sec. IV. In Sec. V, the anomalous dimensions of the
leading composite operators of the model are found as
functions of the compressibility and helicity parameters in the
two-loop approximation and, in Sec. VI, they are compared
with the corresponding anomalous dimensions of the leading
composite operators in the Kraichnan model of passively
advected scalar field. In Sec. VII, the anomalous scaling of
the single-time two-point correlation functions of the magnetic
field in the compressible and helical environment is discussed
in detail. The persistence of the large-scale anisotropy deep
inside in the inertial interval is investigated in Sec. VIIL.
Finally, obtained results are briefly reviewed and discussed
in Sec. IX.

II. COMPRESSIBLE KAZANTSEV-KRAICHNAN MODEL
WITH SPATIAL PARITY VIOLATION

As was discussed in the Introduction, in this paper
we shall investigate statistical properties of the solenoidal
magnetic field b = b(z,x) (3;h; = 0) in the framework of
the so-called Kazantsev-Kraichnan model of the kinematic
MHD turbulence, where the magnetic field is considered as a
vector admixture passively advected by a compressible random
velocity field v(x) = v(¢,x) (9;v; # 0) and which is described
by the following stochastic advection-diffusion equation (see,
e.g., Refs. [16-18] for details):

B,b,- = U()Ab,‘ — aj(vjbi) + bja,‘l},‘ + f, (5)

Here, the following standard notation is used: 9, = 9/9¢, 9; =
8/dx;, A = 3% is the Laplace operator, vy = c2/(4mop) is the
magnetic diffusivity (in what follows, a subscript 0 will denote
bare parameters of the unrenormalized theory), c is the speed
of light, oy is the electrical conductivity.

The main role of the random force f(x) = f(z,x) in Eq. (5),
which is also transverse, i.e., we suppose that 9; f; = 0, is
to maintain the steady state of the system. It represents the
source of the fluctuations of the magnetic field and is taken
in the Gaussian form with zero mean and with the correlation
function

D} (x15:x2) = (fi(x1) fj(x2))
= 8(t1 — )Cij(|x1 — X2|/L). (6)

Here, L is an integral scale related to the corresponding
stirring, and C;; is a function finite in the limit L — oo. Its
detailed form is unimportant in what follows and the only
condition which must be satisfied by C;; is that it must decrease
rapidly for |x; — X3| > L. In more realistic formulation, the
noise f; in Eq. (5) can be replaced by the term (B;d;)v;, where
B is a constant large-scale magnetic field, the source of the
large-scale anisotropy (see, e.g., Ref. [16] for more details).

In the framework of the Kazantsev-Kraichnan model, the
random velocity field v(x) obeys the Gaussian statistics, §
correlated in time, with zero mean and with the following pair
correlation function:

Djj(x15x2) = (vi(x1)v(x2))
dk .
=8(t) —t)Dy | —— R;;(K)k ¢k ®1=x2),
(t — 1) 0/(2n)d (k) e

(7
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where d denotes the spatial dimension of the system, R;;(k)
describes geometric properties of the velocity correlator (its
explicit form will be specified a little bit later), k is the
momentum (wave number), and Dy > 0 is a positive amplitude
factor. The interval of possible values of parameter ¢ is 0 <
& < 2. However, usually the interval 0 < ¢ < 1 is considered
in the Kazantsev-Kraichnan model, where the existence of a
steady state of the magnetic field (without dynamo effects)
is guaranteed (see, e.g., Ref. [12]). The exponent ¢ can also
be considered as a kind of Holder exponent for measuring
of the roughness of the velocity field. For convenience, it
is usually appropriate to introduce the coupling constant
g0 = Dy/vo >~ A®, where A is a characteristic ultraviolet (UV)
momentum scale related to the inner turbulent length/ = 1/A.

As was already mentioned, the geometric properties of
the velocity fluctuations are described by the tensor R;;(k)
in correlator (7). The fact that we intend to investigate
the influence of the compressible stochastic environment on
properties of the model defined in Eqs. (5)—(7) is expressed
explicitly in the form of the second-rank tensor R;;(k), namely,
it is taken in the form of a linear combination of a transverse
projector T;;(k) (its form will be specified below) and the
longitudinal projector L;;(k) = k;k;/ k>

Rij(K) = Ty (k) + akik; /K, ®

where o > 0 is the compressibility parameter which charac-
terizes the deviation of the turbulent environment from the
incompressible case. [Strictly speaking, it characterizes the
amount of deviation of the tensor R;;(k) from its transversal-
ity.] Here, the value o = 0O corresponds to the divergence-free
(incompressible) velocity field. Note that although the value
of the parameter o in Eq. (8) is formally unrestricted, i.e.,
from pure mathematical point of view it can be arbitrarily
large, from consistent physical point of view, however, it must
be considered to be close to zero only, i.e., it is necessary to
realize that, in fact, parameter « must be restricted by condition
o K 1 or, at least, o < 1. This pure physical restriction on
the compressibility parameter is related to the fact that our
formulation of the model is suitable for investigation of the
properties of the system only near the incompressible limit,
i.e., in the situation where the system is only slightly deviated
from the incompressible state with small density fluctuations
of the environment.

On the other hand, our aim is also to study the impact of the
spatial parity violation (the presence of the helicity) of the
compressible velocity field on the statistical properties of
the magnetic field. To this end, the transverse part 7;;(k) of
the tensor R;;(K) in Eq. (8) is taken in the form of the sum of the
ordinary transverse projector P;;(k) = §;; — k;k;/k*, which
describes fully symmetric isotropic turbulent environment, and
the helical tensor H;;(k) = ie¢;j;k;/|k| which responds for the
presence of the spatial parity violation in the system:

T;j(k) = 8;; — kik; /K> + ipe;jiki [ |k|. 9)

Here, €;; is the Levi-Civita’s completely antisymmetric tensor
of rank 3 and the real parameter 0 < |p| < 1 determines the
“amount” of the helicity in the system. Setting p = 0 means
that no violation of the spatial parity is present in the system.
On the other hand, | p| = 1 describes the system with maximal
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spatial parity violation. Physically, the nonzero helical part
expresses the existence of nonzero correlations (v - rotv) in
the turbulent environment.

Thus, in what follows, the final form of the tensor R;;(k) in
correlator (7) is taken to be

Rij(k) = P;j(K) + pHy;(K) + orLij (k)
= 8y — kik; /K +ipesika /K| + akik; /K2, (10)

which describes simultaneously the compressible and helical
turbulent environment.

Finally, note also that the necessary infrared (IR) regu-
larization in integral (7) is given by the cutoff from below
k = kmin = 1/L, where L represents the integral turbulent
scale. This scale is, in general, different from the stirring scale
L introduced in Eq. (6) but, in what follows, this difference is
unimportant.

III. FIELD THEORETIC FORMULATION OF THE MODEL

According to the well-known theorem [53], the stochastic
problem defined by Egs. (5)—(7) can be rewritten in the form
of the corresponding field theoretic model of the set of three
fields ® = {v,b,b’} with the following action functional:

1

(@) =—3 / dxy dxy vi(x0) Dyj (x15.x2)v; (x2)
1

+5 [ b Dh it e

+/dx b;[—a,b,- + V()Ab,’
—0j(vib;) + (b;0,)v;], (11)

where b’ is a solenoidal auxiliary field necessary for the
field theoretic formulation of the problem, D}’j and D;; are
the correlators (6) and (7), respectively, dx = dt dx, and
the required summation over dummy indices is assumed.
Note that the second and the third lines in Eq. (11) represent the
DeDominicis-Janssen action of the studied stochastic problem
at fixed velocity field v and the first line represents the Gaussian
averaging over the velocity field v.

The free (i.e., quadratic in fields) part of the action
functional (11) defines the set of all nonzero bare propagators
of the model in the framework of the Feynman diagrammatic
technique of the perturbation theory, namely (in the frequency-
momentum representation),

(Blb)o = (bib): = A (12)
1510 = Wi jo_ia)k—i-vokz’
Cii(k
(bib;ho = /) (13)

(—iw + vok?)(iwg + vok?)’

and the bare propagator (v;v;)o for the velocity field is given
directly by the correlator D;;(x;x’) in Eq. (7). Function
Cij(k) in Eq. (13) represents the Fourier transform of the
function C;;(|xq — xz|/L) from Eq. (6). In what follows, only
propagators (b;b;)o = (b;b;); and (v;v;)o are important and
their graphical representation is given explicitly in Fig. 1. On
the other hand, the only interaction vertex of the model has the
form bj[—9;(v;b;) + b;d;v;] = b;V;;;bjv;, where the vertex

053210-4



SIMULTANEOUS INFLUENCE OF HELICITY AND ...

(Bibl)o = |

(vvjlo= ——————-—- -~

FIG. 1. Graphical representation of the important propagators of
the model. The end with a slash in the propagator (b;b;), corresponds
to the field b’ and the end without a slash corresponds to the field b.

factor V;j; in the frequency-momentum representation is given
as follows

Vijt = i(ki8;j — k;jdir). (14)

The graphical representation of the interaction vertex is shown
explicitly in Fig. 2, where the momentum k is flowing into the
vertex via the auxiliary filed b'.

Note that the formulation of the stochastic problem given in
Egs. (5)—(7) through action functional (11) allows one to use
standard field theoretic means, namely, the field theoretic RG
technique, to analyze the problem. In the framework of the
field theoretic approach, the statistical averages of random
quantities in the stochastic problem are replaced with the
corresponding functional averages with weight exp S(®) (see,
e.g., Ref. [30] for details).

IV. RENORMALIZATION GROUP ANALYSIS
OF THE MODEL

It is not necessary to discuss all details of the RG analysis
of the present model because it can be performed in the similar
manner as, e.g., in Ref. [16]. At the same time, the general RG
analysis of various field theoretic models can be found, e.g.,
in Ref. [30]. Therefore, here it is enough to summarize only
basic facts and results of the corresponding RG analysis which
will be important in what follows.

Standardly, the RG analysis of the field theoretic model de-
fined in Eq. (11) is based on the analysis of the UV divergences
of the l-irreducible Green’s functions. On the other hand,
the identification of the divergent Green’s functions is based
on the corresponding analysis of the canonical dimensions
of the model. The canonical momentum d’é, frequency d9,
and total dp dimensions of all fundamental quantities Q
(parameters and fields) of the present two-scale model are
summarized in Table I, where also the canonical dimensions
of the renormalized parameters are shown. Thus, it is evident
that the studied model is logarithmic at ¢ = 0, for which the
coupling constant g, is dimensionless and the dimensional
analysis shows that the only superficially divergent function
of the model is the 1-irreducible Green’s function (b}b;);_;,.

FIG. 2. The graphical representation of the interaction vertex of
the model.
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TABLE I. Canonical dimensions of the fields and parameters of
the model under consideration.

o v b b’ m, A, p Vo,V 8o g.a,p
db -1 0 d 1 -2 P 0
dg 0 0 1 0 0
dy 1 0 d 1 0 € 0

This divergence can be removed multiplicatively by the only
counterterm b;Ab;. At the same time, the renormalization
of the model can be explicitly expressed in the form of
multiplicative renormalization of the bare parameters gy and
Vo, namely (see, e.g., Ref. [16] for all details),

vo=vZ,, g0 =8nZy Zo=2", (15)
where the dimensionless parameters g and v are the
renormalized counterparts of the corresponding bare ones,
1 is the renormalization mass (a scale setting parameter), an
artifact of the dimensional regularization, and Z,(g,e,d,o,p)
and Z,(g,e,d,a, p) are the so-called renormalization constants
of the model, where we have written explicitly all parameters
which the renormalization constants can, in principle, depend
on.

Here, it is necessary to stress that, strictly speaking, this
conclusion is completely true only in the nonhelical case
(p = 0) of the present kinematic Kazantsev-Kraichnan model,
which represents an approximation of the problem of real
MHD turbulence. It is related to the fact that in the helical
case of the present model with p # 0, the linear divergences
in the form b’ - rotb can appear in the 1-irreducible Green’s
function (b}b;);_;, in the same way as in the field theoretic
model of the genuine helical MHD turbulence (see, e.g.,
Refs. [54] for details). A term of this form, however, is not
present in the action (11). In this case, the simplest way to
make the model multiplicatively renormalizable is to modify
the action functional of the model (11) by introducing the
corresponding term and start with the investigation of the
obtained enlarged model. However, the presence of such a
term in the model leads to the instability that causes the
exponential growth in time of the response function (b}b;).
It means that the direct insertion of such a term into the
action functional does not solve the problem. On the other
hand, in the framework of the field theoretic approach to
the genuine MHD turbulence, the problem of the existence
of the linear divergences is solved through the appearance
of the homogeneous large-scale magnetic field generated by
a kind of the spontaneous symmetry breaking mechanism.
However, the proper realization of this mechanism in the
framework of the genuine MHD turbulence is possible only
due to the presence of the so-called Lorentz force term in the
corresponding enlarged form of the Navier-Stokes equation
[54]. Therefore, it is immediately evident that this technique
cannot be used in the framework of the Kazantsev-Kraichnen
model studied in this paper where the statistics of the velocity
field is given a priori by the explicit form of the correlator
(7). This is the reason why we shall leave the problem of the
linear divergences untouched in this paper knowing that the
existence and stability of the IR scaling regime can be studied
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/ A\

Eb/,ibj - I ! I \

FIG. 3. The only self-energy Feynman diagram which contributes
to the UV renormalization of the model.

without considering the linear divergences. At the same time,
it is necessary to be aware of the fact that the completely
consistent analysis of the problem with the presence of the
helicity can be performed only in the framework of the genuine
MHD turbulence described by the stochastic MHD equations.

Thus, bearing in mind the above discussion, i.e., forgetting
about potential linear divergences, from the third relation in
Eq. (15) it is evident that the model is multiplicatively renor-
malized by only one independent renormalization constant Z,,
which, in fact, does not depend on the helicity parameter p
and which, in the framework of the minimal subtraction (MS)
scheme [29], has the following exact one-loop form [16,18,49]:

S d—1+ag
Q2m)? 2d e

Here, S; =2n%2/T(d/2) denotes the surface of the d-
dimensional unit sphere. Note that the expression (16), given
by the calculation of the only one-loop self-energy Feynman
diagram which is shown explicitly in Fig. 3, is the exact result
of the perturbation expansion, i.e., it has no corrections of
orders g",n > 2. It is related to the fact that all two- and
higher-loop diagrams contain at least one close loop of retarded
propagators, i.e., all such diagrams vanish (they are identically
equal to zero) [30].

Using the explicit form of the renormalization constant Z,,
given in Eq. (16) the RG functions (the 8 and y functions) of
the model are immediately obtained, namely,

zZ,= (16)

By = 1ndug = g(=e+ 1), (17)
Y = udyInz,, (18)
where the explicit exact expression for function y, is
S d—1+4+a«a
= —————&. 19
1% Qi 2d 8 (19)

Then, the inertial-range scaling behavior of various correla-
tions functions of the model is driven by the exact one-loop IR
stable fixed point of the RG equations [16,18,49], namely,

Qn)  2de
ST TS d—1+a
which is obtained by the requirement of vanishing of function
B defined in Eq. (17). This fixed point is IR stable for ¢ > 0
and corresponds to the so-called kinetic regime in the genuine
MHD turbulence.

Note that while the IR fixed point of the model given in
Eq. (20) depends explicitly on the parameter which controls
the compressibility of the system, namely, the value of g,
decreases as function of parameter «, it is independent of the
parameter p, i.e., at this stage of the RG analysis the model is

(20)
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absolutely helicity blind (it does not feel the presence of the
parity violation in the given turbulent environment).

Besides, let us also note that the fact that the form of the
Be in Eq. (17) is exact means that the value of the anomalous
dimension y, at the IR fixed point g, is also exact, namely,

vy =¢. 21

In what follows, we will be interested in the scaling behavior
of the single-time two-point correlation functions built solely
of the magnetic field (see, e.g., Refs. [16,48]), namely,

By_mm(r) = (b) 7", 0D (t,X)), r=|x=X| (22)

where b, denotes the component of the magnetic field
directed along the vector r = x — x'.! It is an example of a
general multiplicatively renormalizable single-time two-point
correlation function G(r) which has the following general IR
asymptotic scaling form for »/I >> 1 and any fixed r/L:

G(r) ~ vl 1% (r/ 1y~ R(r/L), (23)

which is given by the existence of the IR stable fixed point of
the RG equations (20). Here, d and dg are the corresponding
canonical dimensions of the function G, which can be obtained
easily using the basic canonical dimensions of the model
givenin Table I, [ = 1/A, L = 1/kmin, and Ag is the critical
dimension defined as follows:

A =dE + Apdl + Vg (24)

Here, y( is the fixed point value of the anomalous dimension
vc = 10, InZg, where Zg is the renormalization constant
of the multiplicatively renormalizable quantity G, i.e., G =
ZcGR[30],and A, =2 — y,; is the critical dimension of the
frequency with y,° given in Eq. (19) taken at the fixed point,
ie., ¥, = ¢ exactly. It means that the critical dimension of
frequency is also known exactly, namely, A, = 2 — ¢, as well
as the critical dimensions of the fields:

Ay=1—¢ Apy=0, Ay=d. 25)

Finally, the function R(r/L) in Eq. (23) is the so-called scaling
function, which cannot be determined by the RG equations
(see, e.g., Ref. [30] for all details).

"For completeness, let us note that from the experimental point of
view more convenient are the equal-time structure functions of the
magnetic field Sy(r) = ([b,(¢,X) — b,(t,x')]V), which are important
in the analysis of inertial-range properties of the MHD turbulence.
Nevertheless, from the theoretical point of view it is enough to study
much simpler quantities, namely, the equal-time two-point correlation
functions By_,, »(r) defined in Eq. (22). The reason is twofold:
first of all, the above defined structure functions are given by linear
combinations of the correlation functions (22), hence, the scaling
behavior of the structure functions is immediately given by the scaling
behavior of the correlation functions (22). At the same time, there is
no special need to investigate the structure functions, which are more
complex quantities, instead of their building blocks, the correlation
functions (22), as a result of the fact that contrary to the passive scalar
advection by the velocity field the stochastic equation for the vector
field b is not invariant under the shift b — b + by, where by is a
constant vector.
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Thus, applying the general scaling representation for the
equal-time two-point quantity G(r) given in Eq. (23) to the
correlation functions (22) one obtains

By mm(r) = vy P/ DR Ry /L), (26)

where yy_,, and y,. are the anomalous dimensions of the
composite operators b¥ " and b taken at the fixed point
value g, and the corresponding scaling functions Ry, (r/L)
are unknown in the framework of the standard RG analysis.

On the other hand, the systematic investigation of the
asymptotic behavior of the scaling functions Ry ,, (/L) deep
inside the inertial interval, i.e., in the limit /L — 0, can be
performed by using the OPE technique (see, e.g., Ref. [29]), in
the framework of which it is assumed that the scaling functions
have the following form:

Ry w(r/L) =Y Cr(r/L)r/L)*", r/L—0. (27)

Here, the summation is performed over all possible renormal-
ized composite operators F; allowed by the symmetry of the
problem with critical dimensions A, and the corresponding
coefficient functions Cr,(r/L) are regular in r/L. Note that
the very existence of the nontrivial anomalous scaling in the
model is related to the existence of the so-called “dangerous”
composite operators with negative critical dimensions which
give singular contributions to the OPE (27) in the limitr /L — 0
(see, e.g., Ref. [16] for details). The leading contribution to the
expansion (27) is given by the composite operators with the
smallest critical dimensions and, in our case, is given by the
operators constructed solely from the magnetic field b(x) in
the following form [39,46,48]:

FNspz[nb]p(bb)l, N:21+p (28)

which is also suitable for taking into account of the uniaxial
anisotropy effects represented here by introducing the constant
unit vector n (e.g., n = B/|B|, where B is a large-scale
magnetic field discussed in Sec. II).

First of all, consider the simplest case when it is supposed
that the system is fully isotropic. In this case, there is no specific
direction and the set of all composite operators of the form (28)
is reduced to the only one composite operator, namely,

Fyo=(b-b)N?2 (29)

Now, using the explicit expression for the critical dimensions
given in Eq. (24), one obtains the final asymptotic inertial-
range behavior of the correlation functions (22), namely,

Br—mm(r) 2= vy V() 1TV (LY

~ TR Y (30)

where y;; (M = N,m,N — m) are the anomalous dimensions
of the composite operators Fj o given in Eq. (29) which will
be discussed in detail in the next section.

Note that in the strictly isotropic case N and m must be even
natural numbers and one immediately finds that for m = 0 or
m = N the correlation functions By_y, ,(r) are reduced to a
constant, namely,

BN,O = BO,N ~ I)O_N/z. (31)
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On the other hand, in the anisotropic case, the situation
is usually more complicated due to the fact that in this
case, the asymptotic inertial-range behavior of the correlation
functions (22) is determined by the set of critical dimensions
which correspond to the composite operators which are mixed
during the renormalization. The leading contribution to the
asymptotic behavior of the correlation functions is then given
by the corresponding smallest critical dimension. In the next
section, we shall investigate this issue in more detail in
the case when the large-scale anisotropy is present in the
model in the framework of the two-loop approximation. Our
aim is to find the explicit form of the critical dimensions
for needed composite operators (28) which is necessary for
determining the explicit form of the inertial-range behavior
of the single-time correlation functions By_,, ,, defined in
Eq. (22) in the compressible case with the presence of the
spatial parity violation in the given turbulent system.

V. CRITICAL DIMENSIONS OF THE COMPOSITE
OPERATORS Fy, ,: TWO-LOOP APPROXIMATION

Thus, to be able to discuss the scaling behavior of the single-
time two-point correlation functions of the magnetic field
defined in Eq. (22) itis necessary to perform the corresponding
RG analysis of the composite operators (28) at a given level
of the perturbation approximation to obtain needed explicit
expressions for their anomalous and critical dimensions. In
this paper, we shall find their explicit dependence on the
parameters which characterize the compressibility of the
stochastic environment as well as its spatial parity violation
in the two-loop approximation.

Detailed RG analysis of the composite operators in the
framework of the Kazantsev-Kraichnan model can be found,
e.g., in Refs. [16,48], therefore, it is not necessary to repeat
it here. Instead of that, here we shall discuss only basic
conclusions of this analysis which are important in what
follows.

Analysis of the composite operators defined in Eq. (28)
shows that the composite operators with different values of N
are not mixed in the process of renormalization. In addition, in
our case, when only the presence of the large-scale anisotropy
is considered in the system, the matrix of the renormalization
constants for given value of N, Zn pyn, 1, s in fact triangular,
therefore the anomalous dimensions of the basic operators (28)
are directly given by the diagonal elements of the matrix of
the renormalization constants Zy, , = Zn, p|in, p]> Namely,

YNp = M0, InZy . (32)

Besides, their critical dimensions defined by the general
expression (24) are

Ay, = dj;N_p + Awdﬁw +VYNp- (33)

Now, using the fact that df = 0 and d{’ = 0 (see Table I) one
immediately obtains that

Anp =Y, (34)

i.e., the critical dimensions of the composite operators (28) are
equal to their anomalous dimensions taken at the fixed point
given in Eq. (20).
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FIG. 4. The Feynman diagrams for the function I'y ,(x;b) in
the two-loop approximation. The Feynman rules are the same as in
Sec. II. The black circle denotes the vertex of the composite operator
Fy p.

Thus, to proceed further it is necessary to calculate the
renormalization constants Zy_ , defined through the following
relation between the unrenormalized and the corresponding
renormalized composite operators

Fyp=ZnpFy, (35)

and, as it is discussed in detail, e.g., in Ref. [16], to find
the explicit form of the renormalization constants Zy , it is
necessary to analyze the Nth-order term with respect to the
magnetic field b of the expansion of the generating functional
of one-irreducible Green’s functions with one composite
operator Fy , and any number of fields b. This term has the
following form [16]:

1
Iy p(x;b) = ;/dxl .../dx,, bi,(x1)...bi,(xn)

X(Fy,p(x) by, (x1) . . . by (xn))

and in the framework of the two-loop approximation it can be
written as follows:

(36)

1—ir

Typ=Fy,+Ty,+T%,. 37)

where terms T )p and I'{ )p represent the corresponding one-
and two-loop contributions, respectively. In the framework of
the standard Feynman diagrammatic technique they are given
graphically by diagrams shown in Fig. 4, where the black
circle on the top of each diagram is the vertex related to the
composite operator Fy , which is defined as follows:

8k Fy
8b,‘l ()C]) e 8b,-k(xk) ’

Vinin X1, -0 x) = (38)

where k denotes the number of attached lines. It represents the
only additional Feynman rule needed for analytic investigation

PHYSICAL REVIEW E 95, 053210 (2017)

of the diagrams in Fig. 4. All the other Feynman rules were
already defined in Sec. III.

Finally, the analysis of the UV divergences of the diagrams
in Fig. 4 gives the anomalous dimensions yN [as well as the
critical dimensions Ay, given in Eq. (34)] in the the second-
order approximation (the two-loop approximation) which can
be written as follows (all technical details can be found, e.g.,
in Ref. [48] and in references cited therein):

Vg = Ve + vaae + 0@, (39)
where yN » represents the one-loop contribution to the anoma-
lous dimension yy, » and yjf,f?
correction.

The one-loop contribution yN( p) does not depend on the
helicity (see also Ref. [50]) and its dependence on the
parameter of compressibility « has the following explicit form
(see also Refs. [17,18] for details):

il = (N =p)d+N+p-2d+1+a)
+ N(N = Dld*a = 2(1 + o)1}/
[2(d +2)(d — 1 + a)]. (40)

Note that in the incompressible case, i.e., for « = 0, one
comes to the one-loop result obtained, e.g., in Ref. [16],
namely,

wy . (N=p)d+N+p=2)d+1)=2N(N -1
N = 2d +2)d - 1) :

is the corresponding two-loop

(41)

On the other hand, the two-loop contribution y;i) depends
explicitly on the helicity parameter p as well as on the
compressibility parameter « and has the following form:

#(2) Sa-1 d

N T TS - Dd+2)d— 1+ ay
1
x/ dx(l — x)T (V1 — x2
0

X [(d — 2)C1 (W1 Y| + 2p%834Y3) + C, W, Y]
—2C3 W5 + CaWa)Y2/(d + 4)}, (42)

where
=(d+1)(N—p)Xd+N+p—2)—2N(N —1), 43)
Co=—(N—p)d+N+p—2)+dN(N —1), (44)
C; = (N —2)Cy, (45)

Ci=N-=2[-3(N—-—pd+N+p-2)
+ (d+2)NN —1)] (46)
and

W) =2+a—a? 47)

Wy = 2(1 — x?) + ald(d — 3) + 4x?]
— &?ldd - 1) =21 = x)], (48)
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Wi = (1 — x2)(9 — 5d + 4x?)
+a[9(1 — 2x?) + x2(d* + 8x%) + 5d(1 — x?)]
—a?(10 = 3d — 11x% + 4x%), (49)
Wi = =2(1 — x»? + 4a(1 — x>)(d — x?)
+ o?[d*(d + 1 — x?) = 2(1 — x%)?
+d(2x* = 3)]. (50)

In addition,

Y| = x|:arctan (i) — arctan <i>i| oy
T NiErs V-]

and

Y; = 7w — arctan ( (53)

1+x ) . < 1—x )
—— ) —arctan | —|.
V1 —x2 V1 —x2
Note that the presence of the Kronecker delta 63, in the helical
term in Eq. (42), i.e., in the term proportional to ,02, means
that it plays role (it has sense) only for the spatial dimension
d=3.

It is now an easy task to show that in the incompressible

and nonhelical case, i.e., when o = 0 as well as p = 0, one
has

Sa_ 2d ! “
i = / dx(1 —x*)7
0

S; (d—13d+2)

X{[ijﬁ_szz]yl

V1 —x2
_ [(9—5d + 4x2)C3 —2(1 — xz)C4]Y2 }’ (54)
d+4

which is equivalent to the result obtained in Ref. [48] [see
Eq. (86) in Ref. [48]].

Let us also note that in the framework of the so-called
zero-mode approach [9], the critical dimensions for N = 2,
i.e, Ay and A, are known exactly in the incompressible
nonhelical case [12-14]. Their expansion up to the second
order in ¢ is

o 2d-2), X
Bog = =6 = Za e 4 06, (55)
_ 2
T d-Dd+2)"

2d +4)d>—d—4
(du—zF —)im +2y ‘2106, 56)

Ars

and for d = 3 one has

2

Ago = —&— % + 0@, (57)
g 7&2

Ary = = + — + O(). 58

22 5+375+ (&”) (58)
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Itis an easy task to show that these zero-mode results are in full
agreement with results given in Egs. (41) and (54) for N =2
(see also Refs. [47,48]).

Before we shall proceed in the general investigation of the
simultaneous influence of the compressibility and helicity on
the anomalous scaling in the framework of the Kazantsev-
Kraichnan model, let us stress that although, at first sight
[see Eq. (42)], it seems that the effects of compressibility and
helicity on the anomalous dimensions at the two-loop level of
approximation are given by a simple sum of the contributions
of the compressibility and of the helicity the dependence is in
fact more complicated (nonlinear) due to the existence of the
common factor 1/(d — 1 + «)? in Eq. (42) which is reduced to
1/(2 + a)? for d = 3 (remind that the spatial parity violation
has sense only in three-dimensional space). It means that there
exists a nontrivial influence of the helicity contribution by the
compressibility, namely, the importance of the contribution
of the helicity decreases when compressibility of the system
increases.

In addition, in the case when the presence of a large-scale
uniaxial anisotropy in the system is assumed, to identify and
investigate the leading contribution to the anomalous scaling
of phenomenologically interesting and important quantities,
e.g., of the single-time two-point correlation functions of the
magnetic field defined in Eq. (22), which are the main object
of interest in this paper, it is necessary first to identify and
analyze various hierarchy relations which are usually valid
among the critical dimensions Ay, , with different values of
N and p. In our case, because Ay , = yy , [see Eq. (34)],
the hierarchies among the critical dimensions are directly
given by the corresponding hierarchies among the fixed point
expressions for the anomalous dimensions. In Refs. [47,48],
it was shown that in the incompressible and nonhelical case,
ie., when o = p =0, the anomalous dimensions yy , in the
two-loop approximation obey the following hierarchies:

YNp <VNp» P<D\ (59)
Yno < Yo N> N/, (60)
Yvi <VYwa» N>N, (61)

which are valid for arbitrary spatial dimension d > 2 as well
as for all values of ¢ from the interval 0 < ¢ < 2. Note
that hierarchy (60) is valid for even values of N and N’
and (61) is valid for odd values of N and N’, respectively.
It means that, in the two-loop approximation and, at least,
in the incompressible and nonhelical case, the asymptotic
scaling behavior deep inside the inertial interval (r/L < 1) of
various statistical quantities, e.g., of the single-time two-point
correlation functions of the magnetic field (22), is given by
the anomalous dimensions yy , for even values of N and
by yy , for odd values of N. Note also that these properties
of the anisotropic anomalous dimensions are in accordance
with the well-known Kolmogorov’s local isotropy restoration
hypothesis.

The question is whether the hierarchy relations (59)-(61)
remain valid when the studied system is helical and/or
compressible. In this respect, it was shown in Ref. [50] that the
assumption of the spatial parity violation in the incompressible
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FIG. 5. Dependence of the two-loop correction yz"j(oz)

parameters of compressibility o and helicity p for d = 3.

on the

model does not change the anisotropic hierarchies (59)—(61).
It means that even in the helical case the scaling properties
of various quantities are again driven by the anomalous
dimensions yy , for even values of N and by yy , for odd
values of N. On the other hand, as was shown in Ref. [49],
the situation in the case when the compressibility of the model
is assumed can be much more complicated. It was shown in
Ref. [49] that in the framework of the two-loop approximation,
the anisotropic hierarchies (59)—(61) are surely fulfilled only
for small enough values of the parameter of compressibility
«. However, as it was discussed in Sec. II, the present model
correctly describes the properties of the compressible system
close enough to its incompressible limit only, i.e., only when
one supposes that ¢ < 1 or at least ¢ < 1. In this respect, we
can consider the violation of anisotropic hierarchies (59)—(61)
in the model with strong enough compressibility as an artifact
of the approach in the framework of which the compressibility
is introduced into the model. Anyway, in what follows, we
shall analyze the properties of the model only in the case with
o < 1 and relatively small values of N (N < 7) for which the
hierarchy relations (59)—(61) are always valid for all values of
& from physically relevant interval 0 < & < 2.

In Figs. 5,7, 9, 11, 13, and 15, the explicit dependence of
the two-loop corrections y,q for N =2, 4, and 6 and y;
for N =3, 5, and 7 given in Eq. (42) to the correspondiﬁg
leading total two-loop anomalous dimensions yy , and yy | of
the composite operator Fy o and Fy j, respectively, which are
defined in Eq. (39), on the parameters of compressibility and
helicity is shown for spatial dimension d = 3. All these figures

show that the two-loop corrections y;%) (for even values

of N) and y;}(zl) (for odd values of N), which are negative
in the incompfessible nonhelical case (¢ = p = 0), become
even more negative, i.e., they decrease, when the system is
helical. But, on the other hand, they increase significantly
when compressibility of the system is assumed and become
even positive for large enough values of . This behavior of the
two-loop corrections y;\k,%) (for even values of N) and y,f,le) (for
odd values of N) to the corresponding anomalous dimensions
¥n.oand yy | withrespect to the parameter « is valid regardless
of the value of the parameter p, i.e, for all |p| € [0,1].

PHYSICAL REVIEW E 95, 053210 (2017)

FIG. 6. Dependence of the total two-loop anomalous dimension
5o on the parameters of compressibility & and helicity p for d =3
and ¢ = 1.

At the same time, in Figs. 6, 8, 10, 12, 14, and 16, the
corresponding dependence of the total two-loop anomalous
dimensions yy , for N =2, 4, and 6 and 7’;\7,1 for N =3, 5,
and 7 on the parameters of compressibility and helicity is
shown for d =3 and ¢ = 1. As it is evident from all these
figures, there is rather strong dependence of the anomalous di-
mensions on the parameter of helicity p, namely, the presence
of helicity in the system leads to the significant decreasing
of the leading total anomalous dimensions toward negative
values and therefore to the more pronounced anomalous
scaling of the correlation functions of the magnetic field (see
Sec. VII). This situation is radically different from the situation
which we have in the framework of the Kraichnan model
of passively advected scalar quantity where the anomalous
dimensions of the corresponding leading composite operators
are helicity blind [41] (see also the next section), i.e., they
do not depend on the helicity parameter at all (at least at
the two-loop level of approximation) which leads to the fact
that the scaling properties of various single-time two-point
correlation functions of the passively advected scalar field are

FIG. 7. Dependence of the two-loop correction y;(f) on the
parameters of compressibility o and helicity p for d = 3.
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1.01.0

FIG. 8. Dependence of the total two-loop anomalous dimension
3, on the parameters of compressibility & and helicity p for d =3
and e = 1.

also independent of the presence of the spatial parity violation
in the turbulent environment [41].

It is also evident from Figs. 6, 8, 10, 12, 14, and 16
that when the small enough compressibility of the turbulent
system is assumed, i.e., when a <« 1, then the leading total
anomalous dimensions yy , (for even values of N) and
Yn.; (for odd values of N) also decrease when « increases.
However, this is true only for small and moderate values of
the parameter |p|. On the other hand, when the spatial parity
violation is large enough, i.e., when |p| ~ 1, the situation is
opposite, namely, even small compressibility of the system
increases the values of the helical two-loop leading total
anomalous dimensions. It is also important to stress that
while the small compressibility (¢ < 1) of the system leads
to the decreasing of the leading two-loop total anomalous
dimensions (at least in the nonhelical case p =0 as well
as in the cases when the spatial parity violation is small
enough), the compressibility seriously increases the values
of the total two-loop anomalous dimensions independently of

1.0 1.0

FIG. 10. Dependence of the total two-loop anomalous dimension
Y40 on the parameters of compressibility & and helicity p for d =3
and e = 1.

the value of the helicity parameter starting from N = 4 (see
Figs. 10, 12, 14, and 16). As for the leading total two-loop
anomalous dimensions Vzﬁjo and y3’f1, the situation is a little bit
different (see Figs. 6 and 8), namely, here the compressibility
of the environment decreases the values of these anomalous
dimensions for all values of « from the interval 0 < o < 1 for
small enough absolute values of the parameter p.

The simultaneous dependence of the total two-loop anoma-
lous dimensions yy , (for even values of N = 2, 4, and 6) and
y;\“,’l (for odd values of N = 3, 5, and 7) on the parameter of
compressibility o and on the spatial dimension d > 2 is shown
in Figs. 17-22 for p = 0 (let us note once more that the helicity
of the system has sense only ford = 3)and e = 1. Asitfollows
from these figures, the leading total two-loop anomalous
dimensions increase with increasing o for N > 2 for spatial
dimensiond = 2 (for N = 2itis a constant, namely, y;/, = —1
for d = 2). As for the three-dimensional case, the situation is
more complicated as was already discussed above, namely, for
small enough values of the parameter of compressibility « all

FIG. 9. Dependence of the two-loop correction y:(oz) on the
parameters of compressibility & and helicity p for d = 3.

FIG. 11. Dependence of the two-loop correction y;(lz) on the
parameters of compressibility « and helicity p for d = 3.
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FIG. 12. Dependence of the total two-loop anomalous dimension
s, on the parameters of compressibility & and helicity p for d =3
ande = 1.

leading total two-loop anomalous dimensions decrease when
o increases. However, for given value N > 4 there exists the
value o from the interval 0 < o < 1 starting from which the
corresponding leading total two-loop anomalous dimension
increases. On the other hand, the leading total two-loop
anomalous dimensions decrease with increasing o < 1 for all
spatial dimensions d > 4 (atleastup to N = 7).

VI. COMPARISON OF THE KAZANTSEV-KRAICHAN
MODEL WITH THE KRAICHNAN MODEL OF PASSIVELY
ADVECTED SCALAR FIELD

It is also instructive to investigate the properties of the
anomalous dimensions of the composite operators (28) which
play the central role in the investigation of the anomalous
scaling of the correlation functions of the magnetic field in the
framework of the Kazantsev-Kraichnan model studied in the
previous section in comparison to the corresponding two-loop
anomalous dimensions of the important composite operators

PHYSICAL REVIEW E 95, 053210 (2017)

FIG. 14. Dependence of the total two-loop anomalous dimension
Yoo On the parameters of compressibility & and helicity p for d =3
and e = 1.

in the Kraichnan model of a passively advected scalar quantity
[35,36,43].

In contrast to the Kazantsev-Kraichnan model of the passive
magnetic field in the framework of which the central role in the
investigation of the anomalous scaling properties of the model
is played by the composite operators (28), i.e., by the operators
built directly from the magnetic field, in the framework of
the Kraichnan model of a passively advected scalar field the
crucial role in analysis of the anomalous scaling is played by
the composite operators built solely of the gradients of the
scalar field 6(x) [35], namely,

Fy,=0,0...9,0000-30), N=2I+p. (62)

Note that the anomalous dimensions of these operators are
known up to the three-loop approximation but only in the
incompressible and nonhelical case [36]. It is also known
that the anomalous dimensions of the operators (62) in the
framework of the Kraichnan model do not depend on the
helicity at least up to the two-loop approximation [41]. In

FIG. 13. Dependence of the two-loop correction ygf E)z) on the
parameters of compressibility o and helicity p for d = 3.

FIG. 15. Dependence of the two-loop correction y;(lz) on the
parameters of compressibility « and helicity p for d = 3.
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FIG. 16. Dependence of the total two-loop anomalous dimension
5, on the parameters of compressibility & and helicity o for d =3
and e = 1.

addition, the dependence of the two-loop anomalous dimen-
sions of the composite operators (62) on the compressibility of
the turbulent environment in the framework of the Kraichnan
model was studied in Ref. [43].

The general two-loop expressions for the anomalous di-
mensions of the operators (62) can be written in analogy with
Eq. (39), namely,

YN o = Vg € T Vi £ (63)
where we have used the prime to denote the fact that the
expressions are related to the composite operators (62) in
the framework of the Kraichnan model describing passive
advection of a scalar quantity. Here, the one-loop contribution

1%

yN’(;) has the following form (see, e.g., Ref. [43] for details):

Y = —((N = p)d + N+ p = 2(d + D(d — 1 + )
—2a]+2N(N — 1)(d — D)(a — 1)}/
[2(d +2)(d — D(d — 1 + )], (64)

FIG. 17. Dependence of the total two-loop anomalous dimension
Y5 on the parameter of compressibility o and on the spatial
dimensiond for p =0and e = 1.
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FIG. 18. Dependence of the total two-loop anomalous dimension
y3; on the parameter of compressibility o and on the spatial
dimensiond for p =0and ¢ = 1.

which depends explicitly on the compressibility parameter «.
In the incompressible case « = 0 one obtains

v =N —p)d+N+p—2d+1)
—2N(N = D}/[2(d +2)(d — D]. (65)

It is evident that the expression (65) is equal to the

. . . . *(1)
corresponding expression for the one-loop contribution y,
to the anomalous dimensions yy,, for the composite operators

(28) given in Eq. (41), i.e., we have
*(1 (1
Yoy =Yhy (66)
for @« = 0. However, this equality between the anomalous
dimensions of the two sets of completely different com-
posite operators in the Kraichnan and Kazantsev-Kraichnan
model, respectively, is valid only at the one-loop level of

approximation in the incompressible case. As it was shown in
Refs. [47,48], this “universality” of the anomalous dimensions

FIG. 19. Dependence of the total two-loop anomalous dimension
Vio on the parameter of compressibility o and on the spatial
dimensiond for p =0and ¢ = 1.
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FIG. 20. Dependence of the total two-loop anomalous dimension
Y5, on the parameter of compressibility & and on the spatial
dimension d for p =0and e = 1.

is destroyed starting from the second-order approximation
even in the incompressible case. As was already mentioned, the
two-loop corrections Vz/v*, (13) to the anomalous dimensions of the
composite operators (62) in the framework of the Kraichnan
model with compressibility was found in Ref. [43]. Here, we
present them in a little bit different representation, namely,
in an integral representation, which is suitable for direct
comparison with the corresponding two-loop contributions to
the anomalous dimensions of the composite operators (28) in
the framework of the Kazentsev-Kraichnan model. Thus, in
the integral representation we have

w2 Sd-1 2d

T T TS W= DA+ d — ey

1
x / dx(1 — x3)T{C, W)Y,
0

+(C3W;5 +2C4W)Y,/(d + 4)}, (67)

FIG. 21. Dependence of the total two-loop anomalous dimension
Yeo On the parameter of compressibility o and on the spatial
dimensiond for p =0and ¢ = 1.

PHYSICAL REVIEW E 95, 053210 (2017)

FIG. 22. Dependence of the total two-loop anomalous dimension
y;, on the parameter of compressibility o and on the spatial
dimensiond for p =0and ¢ = 1.

where C;, C3, and C4 are given in Egs. (44)-(46), Y| and Y,
are defined in Egs. (51) and (52), respectively, and

Wy =+1-x21—x—a(l - 2x%) —a’x’],  (68)

Wi = (1 —x*)(7 — 3d — 4x?) — a[15 — 26x* + 8x*
+d2 + x*)] — (2 + 11x? — 4xY), (69)

and

W, =1 —x%? = 2a(1 —xH)Q2 — x?)
—o?2 +2x* —xh. (70)

Looking at the expressions given in Eqs. (42) and (67), it is
clear that at the two-loop level of approximation the anomalous
dimensions for composite operators (28) in the framework
of the Kazantsev-Kraichnan model of a passively advected
vector (magnetic) field and the anomalous dimensions of the
composite operators (62) in the framework of the Kraichnan
model of a passively advected scalar field are different even in
the incompressible and nonhelical case as it was discussed in
detail in Ref. [48].

Here, we shall concentrate our attention on the behavior
of the one- and the two-loop expressions for the anomalous
dimensions yy , and YN » as functions of the compressibility
parameter «. In this respect, in Figs. 23-28 the explicit depen-
dence of the leading one-loop and total two-loop anomalous
dimensions, i.e., y;f:))e, yﬁ‘(ol)e, ¥Yn.0- and yy', for even values

of N and y*(]l)s, )/1:7(11)8, ¥n.1»and yy | for odd values of N, on

the parameter « is shown ford = 3, p = 0, and ¢ = 1 and for

values of N up to N = 7. Let us note also that in the case with

¢ =1, the one-loop anomalous dimensions y,’\}fi))e and y,’\,*y(;) €

are equal directly to y;fi,) and y,(;" (;), respectively, for arbitrary

values of N and p. Therefore, for simplicity, in Figs. 23-28
we have written yf\}(;) and y,'\f’ (;) with corresponding N and p

. . 1 1
instead of more correct expressions y;( p) & and y](,*. (p)e.
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FIG. 23. Dependence of the one-loop anomalous dimensions
(1) (1) . . N

y2 o € and y, ;¢ and total two-loop anomalous dimensions y;', and

Y5 on the compressibility parameter & ford =3, p =0,and e =1,

i.e., here ;e = 5 and yy3"e =y 3",

Now, looking at Figs. 23-28 one can immediately see
rather significant difference between behavior of the leading
anomalous dimensions in the Kraichnan model and in the
Kazantsev-Kraichnan model in the one-loop as well as in the
two-loop level of approximation in the most interesting case
(at least from the physical point of view) with d = 3. First of
all, as it follows from Eq. (66), the leading one-loop anomalous

dimensions yN( )¢ for even N and y*(l)e for odd N are equal

to y,\;" (01)8 and y,, *(1)5 respectively, in the incompressible case,

i.e., when a = O. However, the compressibility of the cor-
responding turbulent environments destroys this universality
of the anomalous dimensions even at the one-loop level of
approximation (see the dashed curves in Figs. 23-28) and it is

1.2 . 1 . 1 . 1 . 1

164 . ——— N

'2.8 T T T T T T T T

00 02 04 06 08 10

FIG. 24. Dependence of the one-loop anomalous dimensions
*(1) (1)

y3 ) ¢ and y;, "¢ and total two-loop anomalous dimensions y;’, and
¥ on the compressibility parameter & ford =3, p =0,and e =1,
i.e., here ;e = ;" and ;" Ve = yy".
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FIG. 25. Dependence of the one-loop anomalous dimensions
(1) (1)

y4 0 ¢ and y, ;¢ and total two-loop anomalous dimensions y,’, and
¥4 on the compressibility parameter o ford =3, p =0,ande =1,
i.e., here ;e = y;1) and 3,5 e =y5".

evident that the dependence of the leading one-loop anomalous
dimensions y; g and y 8 on the compressibility parameter
« in the framework of the Kazantsev Kraichnan model is much
more pronounced than in the case of the anomalous dimensions
yj/\;k (0])8 and yy *(])8 in the framework of the Kraichnan model
of a scalar admixture. More precisely, the leading one-loop
anomalous dimensions for the Kraichnan model as well as
the corresponding leading one-loop anomalous dimensions
for the Kazantsev-Kraichnan model decrease (they become
more negative) when the parameter of compressibility o
increases [except for the anomalous dimension yz/*él) & which
remains constant (see Fig. 23)], however, the decreésing of the

anomalous dimensions y 1 )8 and y*(l)e of the vector model

o4
{d=3,p=0,e=1

-3 e -

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 26. Dependence of the one-loop anomalous dimensions
(1) (1)

y5 1 ¢ and y5, ¢ and total two-loop anomalous dimensions y5', and
4 on the compressibility parameter o ford =3, p =0, and e = 1,
i.e., here yo e = y51" and y5\e = yi1".
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FIG. 27. Dependence of the one-loop anomalous dimensions
(1) (1) . . N

y6 o € and y¢, ¢ and total two-loop anomalous dimensions y;', and

Ys.o on the compressibility parameter & ford =3, p =0,and e =1,

i.e., here yGE)l)s = y(,*(o) and y’*él)e =yl

as function of « is considerably faster than the decreasing of
the anomalous dimensions y ' e and y| e important in the
case of the scalar admixture.

However, the fundamental difference between the leading
anomalous dimensions of the composite operators (28) and
(62) becomes apparent at the two-loop level of approximation.
As it follows from Figs. 23-28, there is an essential difference
between the leading two-loop anomalous dimensions yy; , and
Yn.1» Which are crucial for the analysis of the Kazantsev-
Kraichnan model, and the corresponding two-loop anomalous
dimensions yy, and yy,, which play the central role in
the analysis of scaling properties in the framework of the
Kraichnan model, even in the incompressible case. At the

2 L 1 L 1 L 1 L 1
1d=3,p=0,e=1

00 02 04 06 08 10

FIG. 28. Dependence of the one-loop anomalous dimensions
*(1) 7#(1)

y7 N ¢ and y; | "¢ and total two-loop anomalous dimensions y;; and
y5' on the compressibility parameter & ford =3, p =0,and e =1,
i.e., here ;e = ;" and ;" Ve = 7",
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FIG. 29. Dependence of the total two-loop anomalous dimen-
sions yy , (solid curves) and 1249 , (dashed curves) for N =2 and
p = 0,2 on the compressibility parameter « for d = 3, p = 0, and
e=1.

same time, when the compressibility of the corresponding
turbulent systems is considered, while the two-loop anomalous
dimensions yy', and yy', given in Eq. (63) are increasing
functions of o [again except for the two-loop anomalous
dimension y;%, which remains constant (see Fig. 23) and except
for 3% Wthh slightly decreases as the function of « for
small enough values of «] the leading two-loop anomalous
dimensions yy , and yy ; are decreasing functions of «, at
least for small enough values of o (@ <« 1), for all values of
N > 2. Note that for given value of N and for large enough
values of «, the two-loop anomalous dimensions yy , and
¥y 1 become increasing functions of o as in the case of the
two-loop anomalous dimensions ¥n o and yy . However, this
behavior cannot be considered as decisive for us because, as
was discussed in Sec. II, the physically relevant region of the
compressibility parameter is o < 1.

It is also instructive to demonstrate graphically the validity
of the anisotropy hierarchies (59)-(61) among the two-loop
anomalous dimensions (39) of the composite operators (28) in
the compressible case and compare them with the correspond-
ing hierarchies which are valid among the two-loop anomalous
dimensions (63) of the composite operators (62). The validity
of the hierarchies is shown explicitly in Figs. 29-34 for
various values of N up to N = 7. From all these figures it
is evident that the anisotropy hierarchies (59)—(61) discussed
in the previous section are really valid (at least when the
parameter of compressibility is not too large, i.e., o < 1).
It means that the main role in the analysis of the scaling
properties of the correlation functions of the magnetic field
(see the next section) will be really played by the anomalous
dimensions yy , for even values of N and by yy ; for odd
values of N in accordance with the incompressible case studied
in Refs. [47,48].

Finally, for completeness, let us also show explicitly the
simultaneous dependence of the leading two-loop anomalous
dimensions y}, for even N and yy, for odd N of the scalar
Kraichnan problem on the spatial d1mens1on d and on the
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FIG. 30. Dependence of the total two-loop anomalous dimen-
sions yy , (solid curves) and 1249 , (dashed curves) for N =3 and
p = 1,3 on the compressibility parameter « for d = 3, p = 0, and
e=1.

compressibility parameter « (remind that they do not depend
at all on the helicity of the turbulent environment, i.e., on the
parameter p) to compare them to the corresponding behavior
of the two-loop anomalous dimensions yy , and yy ; shown
in Figs. 17-22 for various N up to N = 7. The behavior of
the two-loop anomalous dimensions yy, for even N and
Vz/vf , for odd N, respectively, as functions of d and « is
shown in Figs. 35-40 for N =1, ...,7. Direct comparison
of Figs. 35-40 with the corresponding Figs. 17-22 again
demonstrates an essential difference in the behavior of the
leading two-loop anomalous dimensions yy, and y', of the
composite operators (62) in comparison with the leading two-
loop anomalous dimensions yy, , and yy ; of the composite
operators (28). , ’

N=4,d=3,p=0,e=1 |

FIG. 31. Dependence of the total two-loop anomalous dimen-
sions yy. » (solid curves) and 7’1(7, » (dashed curves) for N = 4 and
p = 0,2,4 on the compressibility parameter « ford = 3, p = 0, and
e=1.

PHYSICAL REVIEW E 95, 053210 (2017)

N=5,d=3,0=0,c=1

FIG. 32. Dependence of the total two-loop anomalous dimen-
sions yy , (solid curves) and 1249 , (dashed curves) for N =5 and
p = 1,3,5 on the compressibility parameter « ford = 3, p = 0, and
e=1.

The most visible difference is observed between Figs. 17
and 35 for N =2 and p = 0. As it follows from Fig. 35, the
two-loop anomalous dimension y,% does not depend at all
on the compressibility as well as on the value of the spatial
dimension of the turbulent system studied in the framework of
the Kraichnan model of a passively advected scalar quantity.
On the other hand, the situation is completely different in the
case of the two-loop anomalous dimension y;', which strongly
depends on the parameter of compressibility « as well as on
the spatial dimension d (see Fig. 17). Let us note, however,
that for the spatial dimension d = 2 the anomalous dimension
Vz*,o is independent of «, i.e., it is a constant, and is equal to
¥~ This observation demonstrates the known fact that in two
dimensions the magnetic field behaves formally as a scalar

N=6,d=3,0=0,¢=1 |

-10 T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
a

FIG. 33. Dependence of the total two-loop anomalous dimen-
sions yy , (solid curves) and 124 ,» (dashed curves) for N =6 and
p = 0,2,4,6 on the compressibility parameter « for d =3, p =0,
and e = 1.
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FIG. 34. Dependence of the total two-loop anomalous dimen-
sions yy , (solid curves) and 1249 , (dashed curves) for N =7 and
p = 1,3,5,7 on the compressibility parameter « for d =3, p =0,
ande = 1.

field, the fact which is represented here by equality of the
corresponding anomalous dimensions and therefore is valid
for all anomalous dimensions with arbitrary values of N and

p,i.e.,
Vi@ = v (@), d=2. (71)

There is also a significant difference in the behavior of the
anomalous dimensions y5'; (Fig. 18) and y;* (Fig. 36), namely,
while the anomalous dimension y;* is strictly increasing
function as the function of the spatial dimension d for arbitrary
value of 0 < o < 1 the behavior of the anomalous dimension
Y31 is much more complicated (see Fig. 18). Of course, it is
easy to check that y;'; = y;* for d =2 in accordance with
general relation (71).

FIG. 35. Dependence of the total two-loop anomalous dimension
Y5 on the parameter of compressibility & and on the spatial
dimension d for e = 1.

PHYSICAL REVIEW E 95, 053210 (2017)

2 0.0

FIG. 36. Dependence of the total two-loop anomalous dimension
y3*, on the parameter of compressibility o and on the spatial
dimension d for ¢ = 1.

Further, starting from N > 4 the behavior of the anomalous
dimensions y,", for even N and y, for odd N becomes
qualitatively Véry similar as is demonstrated in Figs. 37-40
for N =4, 5,6, and 7 but different from the “universal”
behavior of the corresponding anomalous dimensions yy
and yy , demonstrated in Figs. 19-22. In this case, maybe the
most visible difference between the behavior of the anomalous
dimensions yy, and yy | and the anomalous dimensions yy ,
and yy | is the fact that while the anomalous dimensions yy
and yy, weakly depend on the parameter of compressibility
for large enough values of the spatial dimension (in the
limit d — oo they become constants), the dependence of
the anomalous dimensions yy , and yy, on the parameter
o become very strong for large enough values of d, namely,
they become linearly decreasing functions of the parameter o

2 00

FIG. 37. Dependence of the total two-loop anomalous dimension
¥, on the parameter of compressibility o and on the spatial
dimension d for ¢ = 1.

053210-18



SIMULTANEOUS INFLUENCE OF HELICITY AND ...

2 0.0

FIG. 38. Dependence of the total two-loop anomalous dimension
ys" on the parameter of compressibility o and on the spatial
dimension d for ¢ = 1.

(see Figs. 19-22). Note that this difference is also valid for the
anomalous dimensions with N = 2 and 3 (compare Figs. 17
and 18 with Figs. 35 and 36). In addition, again, in accordance
with the general relation (71), the leading two-loop anomalous
dimensions yy o and yy  of our vector problem are equal to
the corresponding anomalous dimensions y,, and y;, of the
scalar problem for d = 2 regardless of the value of .

This behavior of the total two-loop anomalous dimensions
Yn.0» Yao (for even values of N) and yy ,, vy, (for odd
values of N) in the limit d — oo is related to the fact that in
this limit the two-loop corrections y:,(?) as well as y;f @ vanish
regardless of the values of N and p as well as regérdless of
the value of «. It means that, in this case, the total anomalous
dimensions yy. ,and 1449 , of the composite operators (28) and
(62) are completely determined by the one-loop corrections

FIG. 39. Dependence of the total two-loop anomalous dimension
Y60 on the parameter of compressibility & and on the spatial
dimension d for ¢ = 1.

PHYSICAL REVIEW E 95, 053210 (2017)

FIG. 40. Dependence of the total two-loop anomalous dimension
y; on the parameter of compressibility o and on the spatial
dimension d for ¢ = 1.

y;fi,) and y; (;) given in Eqgs. (40) and (64), namely,

YNy = Vhp €= — b (72)

which is evidently independent of ¢, and

. *(1) N—p NN-1)
yN,pzyN,p‘g:_ D) B o

}:, (73)

which is an explicit linear function of «.

VII. ANOMALOUS SCALING OF THE SINGLE-TIME
CORRELATION FUNCTIONS OF THE MAGNETIC FIELD
IN THE COMPRESSIBLE AND HELICAL TURBULENT
ENVIRONMENT

As was discussed in Sec. IV, our main aim is to investigate
the scaling properties of the single-time two-point correlation
functions of the magnetic field defined in Eq. (22) and to
find their dependence on the parameters o and p which
represent compressibility and spatial parity violation of the
turbulent system described by the Kraichnan-Kazantsev model
defined in Sec. II. In the strictly isotropic case, the asymptotic
inertial-range behavior of the correlation functions (22) is
given in Eq. (30) and is defined by the anomalous dimensions
vy of the isotropic composite operators (29). In the two-loop
approximation, these isotropic anomalous dimensions are
equal to the anomalous dimensions yy , for p = 0 which are
given in Eq. (39) with (40) and (42). Note that in the isotropic
case N is always an even number (see the corresponding
discussion in Sec. IV).

On the other hand, in the anisotropic case the asymptotic
inertial-range behavior of the correlation functions (22) again
has the formal form (30) valid in the isotropic case, but now all
anomalous dimensions yy; must be replaced by the anomalous
dimensions y,’f,’ Do with corresponding values of pp,;, which
give the minimal values of y,’f,’ » (see, e.g., Ref. [16] for details).
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Note also that in the anisotropic case N can be an even as well
as an odd number.

Thus, using the hierarchy relations (59)—(61), which are
valid in our model at the one-loop as well as at the two-loop
level of approximation at least for not very large values of the
compressibility parameter « (see Figs. 29-34 as well as the
corresponding discussion in Ref. [49]), one can immediately
write the final general asymptotic expressions for the inertial-
range behavior of the correlation functions By_, »(r) (22):

By —mm(r) ~ rYvo=Yiv-no Vo (74)
which holds for even values of N and m,

BN—m,m(r) ~ rV[tV,O]iy[,;V—m,l]iy[tn,l]’ (75)
which is valid for even value of N and odd value of m, and

By (r) ~ Y™ Vivmo ™V (76)

for odd values of N and m. The remaining (the fourth)
possibility with odd value of N and even value of m is already
included in the last case, therefore, it is not necessary to write
it separately.

Now, using the explicit fixed point expressions for the one-
and the two-loop corrections to the anomalous dimensions (39)
given in Egs. (40) and (42), one can write (at the two-loop level
of approximation)

6] @2 2
B () ~ 1O = pn )

where the one-loop corrections ¢ 1(\,1),” are

o m(N —m)(d — D[1 + a(d + 1)]
R T
for even values of N and m as well as for odd values of N and
m, and
o) d—D{mN —m)[1+ad+ D] +d+1+a}
N =~ @+2)d—1+a)

(78)

)

(79

which is valid for even values of N and odd values of m. On
the other hand, the two-loop corrections ¢ 1(\,2 )m in Eq. (77) have
the form

@ _ Si- d

N = Sy (d+2)d—-1+a)?
1
x/ dx(1 — x)T (/1 —x2
0

x [(d — 2)D1(W Y1 + 2p%834Y3) + DaW» Y]
—2(D3W3 + DaWa)Y2/(d + 4)}, (80)

where functions W;,i = 1,...,4and Y;, i = 1,2,3, are given
in Egs. (47)—(53) and

D, = 2m(N — m), (81)

D> = 2m(N — m), (82)

D3 =m(N —m)(3N +2d — 4), (83)
Dy =3m(N — 4)(N — m) (84)

PHYSICAL REVIEW E 95, 053210 (2017)

FIG. 41. Dependence of the total two-loop scaling exponent &, ;
on the parameters « and p for spatial dimension d = 3 and fore = 1.

for even values of N and m,

Dy =2[m(N —m)+d + 1], (35)

Ds = 2[m(N —m) — 1], (86)

Dy =m(N —m)3N +2d —4)+ (N —4)d + 1), (87
Dy = 3(N — H[m(N —m) — 1] (88)

for even N and odd m, and

Dy =2m(N —m), (39)

D, = 2m(N — m), (90)

Dy=(N —m)mGN +2d —4)—d—1], (1)
Dy = 3(N —m)[m(N —4) + 1], (92)

which are valid for odd values of N and m.

The behavior of all independent scaling exponents ¢y, up
to N = 7 for the single-time two-point correlation functions
BN_m.m (22) as functions of the parameters o and p is shown
explicitly in Figs. 41-52 for d =3 and ¢ = 1. Looking at

FIG. 42. Dependence of the total two-loop scaling exponent 3 ;
on the parameters « and p for spatial dimension d = 3 and fore = 1.

053210-20



SIMULTANEOUS INFLUENCE OF HELICITY AND ...

FIG. 43. Dependence of the total two-loop scaling exponent &4 |
on the parameters « and p for spatial dimensiond = 3 and fore = 1.

these figures, one can immediately conclude that the spatial
parity violation of the turbulent environment (represented by
the parameter p) has strong impact on the scaling properties of
the correlation functions By_,, ,,, namely, the corresponding
scaling exponents become essentially more negative, i.e., the
scaling behavior of the functions By _, ,, become significantly
more anomalous. Note that this behavior is in agreement
with recent experimental measurements presented in Ref. [52]
where it was shown that the intermittent behavior of the
magnetic field increases with the injected helicity. On the other
hand, when compressibility of the system is considered, the
situation seems to be more complicated. It is evident from
Figs. 41-52 that there is a significantly different behavior of
the scaling exponents ¢y ,, for small values of N, namely, for
N =2, 3,4, and 5, in comparison to the scaling exponents
for N > 6. Let us discuss it in more detail.

First, looking at Fig. 41 one can see that for small
enough values of the parameter p the scaling exponent ¢, ;
is decreasing function of the parameter « in the whole
interval 0 < o < 1. However, in the case when the helicity

PHYSICAL REVIEW E 95, 053210 (2017)

FIG. 45. Dependence of the total two-loop scaling exponent s
on the parameters « and p for spatial dimension d = 3 and fore = 1.

of the turbulent system approaches its maximal absolute value
|p| = 1, the compressibility begins to increase the value of the
scaling exponent ¢, i, i.e., makes the scaling behavior of the
function B, ; less anomalous even for small values of «.

A little bit different behavior can be seen in the case of the
scaling exponent ¢3,; which describes the scaling behavior of
the correlation function B;; (see Fig. 42). Here, the scaling
exponent {3 | is decreasing function of « for all possible values
of p if the parameter « is small enough. Only for large enough
values of « as well as for large enough value of p (p — 1),
the scaling exponent 3 ; increases as the function of «. This
behavior is rather specific because it is the only case when
a scaling exponent ¢y , decreases as the function of « for
the system with the maximal violation of the spatial parity
(pl=1).

A decreasing of the scaling exponents ¢y ,, as the functions
of the compressibility parameter « for small enough absolute
values of the helicity parameter p can also be seen in the cases
with N = 4 and 5, i.e., for the correlation functions B3 1, B> 2,
B4, and B,3 (see Figs. 43-46). As it follows from these
figures, this behavior is valid, however, only for small enough
values of «. For relatively large values of «, these scaling

FIG. 44. Dependence of the total two-loop scaling exponent 4 »
on the parameters « and p for spatial dimensiond = 3 and fore = 1.

FIG. 46. Dependence of the total two-loop scaling exponent s 3
on the parameters « and p for spatial dimension d = 3 and fore = 1.
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FIG. 47. Dependence of the total two-loop scaling exponent &g |
on the parameters « and p for spatial dimension d = 3 and fore = 1.

exponents become increasing functions of « regardless of the
absolute value of p. At the same time, when |p| tends to 1,
then these scaling exponents become increasing functions of
« for all its values.

Finally, looking at Figs. 47-52 it is evident that the scaling
exponents ¢y, for N =6 and 7, i.e., for the correlation
functions Bs,j, B4, B33, Bs1, Ba3, and B, 5, are always
increasing functions of « for all absolute values of the helicity
parameter p. Note that the similar behavior is also valid for all
scaling exponents {y ,, with N > 8.

In the end, let us note that the smallest values of the
scaling exponents ¢y, are always obtained for ¢ = 0 and
|p] = 1. There is, however, one exception from this general
rule, namely, the scaling exponent ¢3; for the correlation
function B, (see Fig. 42), for which the minimal value is
obtained for | p| = 1 and a nonzero value of the compressibility
parameter «.

FIG. 49. Dependence of the total two-loop scaling exponent &g 3
on the parameters « and p for spatial dimension d = 3 and fore = 1.

VIII. PERSISTENCE OF LARGE-SCALE ANISOTROPY AT
SMALL SCALES IN COMPRESSIBLE AND HELICAL
TURBULENT SYSTEM

To complete our analysis, let us also discuss the problem
of isotropy restoration in the presence of an anisotropy of
the turbulent system, namely, in our case, the presence of the
large-scale anisotropy. As was shown in Ref. [48], the two-
loop corrections to the incompressible and nonhelical form of
the present model, i.e., in the model with @« = p = 0, lead to
more pronounced persistence of the anisotropy in the inertial
range in comparison with the corresponding one-loop analysis
[16], especially in the phenomenologically most interesting
three-dimensional case. Here, our aim is to find the impact
of the presence of helicity as well as compressibility of the
turbulent environment on the persistence of the large-scale
anisotropy deep inside the inertial range and, to this end (see,
e.g., Ref. [16] for all details), we shall study the behavior of the
dimensionless ratios of the single-time two-point correlation

FIG. 48. Dependence of the total two-loop scaling exponent s »
on the parameters « and p for spatial dimensiond = 3 and fore = 1.

FIG. 50. Dependence of the total two-loop scaling exponent ¢7;
on the parameters « and p for spatial dimension d = 3 and fore = 1.
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FIG. 51. Dependence of the total two-loop scaling exponent 7 3
on the parameters « and p for spatial dimensiond = 3 and fore = 1.

functions of the magnetic field By_,, » (22), namely,

_ By (b,N‘l(t,X)br(t,x/))

o _ .
YT (b (. x0b (X)) V2

93)

Now, using the generalization of the asymptotic expression
given in Eq. (30) to the anisotropic case together with the
hierarchy relations discussed in Sec. V, one can immediately
write the explicit dependence of Ry on the ratios v/l and /L,

namely,
r —Y2n.0 r Vans11—(+1/2)y5,
Rops <;> (Z) RO

which is valid for odd values of N = 2n + 1 and

r —Vinii r Vins20—(1+DY3g
Rony2 & (;) (Z) ; 95)

valid for even values of N = 2n + 2 [16], where, in our
case, various y. represent the corresponding two-loop
expressions for the anomalous dimensions given in Egs. (39),
(40), and (42).

FIG. 52. Dependence of the total two-loop scaling exponent 7 5
on the parameters « and p for spatial dimensiond = 3 and fore = 1.

PHYSICAL REVIEW E 95, 053210 (2017)

To estimate the persistence of the anisotropy deep inside the
inertial range, it is convenient to write the dependence of the
ratios (94) and (95) on the Péclet number Pe = (L/[)® which
is formally obtained by substituting / instead of r in Eqgs. (94)
and (95) [24]. One obtains

Rons1 Pe[(n+l/2)yz*,o—yz*,,+1,1]/8, (96)
Ronsn Pe[(n+1)y2,io_y2*n+20]/87 (97)

and, in the two-loop approximation, we have

Rony1 o Pefst = Pefuti e (98)
£ E(l) +E(Z) e
Ry, n o Pet?+2 = Pefani2Tom+2 (99)
where
2n + 1
n o _ 1 1
%-Z(n-&-l =" Vz*,E)) - 2*rf+)l,l
_(d—D[@n* —d —2)(1 + ) + 4adn®] (100)
- 2(d+2)d—1—«a) ’
[0 #(1) *(1)
S =+ D20 = Vanino
2 Hd - D[1 d—+1
_ 24 D@Dl te@+ ]

d+2)d-1—a)

represent the one-loop expressions which explicitly depend on
the compressibility parameter & and which are reduced to the
known one-loop incompressible results discussed in Ref. [16]
in the limit « = 0, namely,

1) 4n2_d_2

_ , 102
'§2n+1 2(d + 2) ( )
2nin+1)
[©]
Eontr = TR (103)

On the other hand, the two-loop corrections are given as
follows:

@ _ Sd-1 d
NSy (d+2)d -1 +a)

1
x/ dx(1 — xz)%{\/l — x2
0

x [(d — 2)E\(W1 Y1 + 2p%834Y3) + E2Wa Y]

—2(E3W5 + EsWy)Y,/(d + )}, (104)
where functions W;, i = 1,...,4,and Y;, i = 1,2,3, are given
in Egs. (47)—(53) and

E\=4n*—d -2, (105)
E, = 4n?, (106)
Es; =2n2n — 1)2n +d +2), (107)
Eys=4n(n —1)(2n —1) (108)
for odd values of N = 2n + 1 and
E, =4n(n+1), (109)
E; =4n(n+1), (110)
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FIG. 53. Dependence of the total two-loop exponent &; on the
parameters « and p for spatial dimension d = 3 and for ¢ = 1.

E; =4n(n+ 1)2n +d + 2),
Es =8n(n*—1)

(111)
(112)

for even values of N =2n + 2. It is an easy task to show
that in the limit « = p = 0 one comes to the two-loop results
obtained in Ref. [48] [see Egs. (115) and (116) in Ref. [48]].
In Figs. 53-57, the behavior of the exponents &y for N =
3,..., 7 as functions of « and p is shown at the two-loop level
of approximation for real spatial dimension d =3 and for
& = 1. From the point of view of persistence of the anisotropy
in the inertial range, the most interesting is the behavior of
the exponents £y for odd values of N, i.e., the exponents for
the odd-order quantities (93). Note that these quantities are
identically equal to zero by symmetry when the system is
isotropic and their behavior in the helical and compressible
system with large-scale anisotropy is shown in Figs. 53, 55,
and 57 for N = 3, 5, and 7, respectively. However, looking at
these three figures one can observe immediately that there is

FIG. 54. Dependence of the total two-loop exponent &; on the
parameters « and p for spatial dimension d = 3 and for ¢ = 1.
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1.0 0.0

FIG. 55. Dependence of the total two-loop exponent &5 on the
parameters « and p for spatial dimension d = 3 and for ¢ = 1.

essentially different behavior of the corresponding exponents
as functions of « and |p| for these three cases. Let us discuss
it in detail.

First, let us look at Fig. 53, where the behavior of the
exponent &; is shown explicitly. For « = p = 0, in two-loop
approximation, one obtains & = —0.0235 (for ¢ = 1) which
was found in Ref. [48]. It means that, in the two-loop
approximation, the function R; decreases for Pe — oo in the
incompressible and nonhelical case but much slower than in
the one-loop approximation for which one has 53(1) = —0.1
[16] [see also Eq. (102) for d = 3 and n = 1]. Now, when
the spatial parity violation of the system is assumed, as it
is evident from Fig. 53, the exponent &; decreases as the
function of the parameter |p|, i.e., it becomes more negative,
and one can conclude that the persistence of the large-scale
anisotropy becomes less pronounced in the helical system,
at least, if the function Rj3 is studied. On the other hand,
when the compressibility of the turbulent system is supposed,
the situation is opposite, namely, the exponent &; is rapidly
increasing function of ¢ and it acquires positive values already

1.0 0.0

FIG. 56. Dependence of the total two-loop exponent & on the
parameters « and p for spatial dimension d = 3 and for ¢ = 1.
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FIG. 57. Dependence of the total two-loop exponent &; on the
parameters « and p for spatial dimension d = 3 and for ¢ = 1.

for relatively small values of the parameter «. It means that
the persistence of the anisotropy in the inertial range is much
more pronounced in the compressible systems than in the
incompressible ones, at least, as for the behavior of the function
R;. It is interesting that this behavior of the exponent &; as
the function of « and |p| is exceptional because all the other
exponents behave completely in a different way.

As it follows from Figs. 55 and 57, the exponents &5 and &;
are increasing functions of the absolute value of p. It means
that functions Rs and R as the functions of Pe increase more
rapidly when turbulent system is helical in contrast to the
corresponding behavior of the function R3. Note that the same
behavior is also valid for all other functions with odd values
N > 9. On the other hand, there is little difference between
the behavior of the exponents &5 and &; as for their dependence
on the compressibility parameter . While the exponent &s is
at the beginning an increasing function of « for small enough
values of | p| and then, starting from some value of o, becomes a
decreasing function of « (see Fig. 55) the exponent &; is always
a decreasing function of « regardless of the value of p (see
Fig. 57). Atthe same time, the exponent &5 also becomes purely
decreasing function of « for large enough absolute values of
0. Note that the behavior of all the other functions &y with odd
values of N > 9 as functions of the parameter « is similar to
the behavior of the exponent &;. Finally, looking at Figs. 55 and
57, it is evident that the most pronounced persistence of the
large-scale anisotropy is demonstrated in the behavior of the
functions Ry with odd values of N > 5 in the incompressible
turbulent system (o = 0) with maximal spatial parity violation
|p| = 1. However, this is not true for the function R; for
which the persistence of anisotropy deep inside the inertial
range is the most pronounced in the nonhelical system with an
appropriate value of the parameter of compressibility. Here,
however, it is necessary to bear in mind that our results can be
taken seriously only for small enough values of the parameter
o (see discussion in Sec. II). Anyway, we can conclude that,
depending on the studied function Ry with given odd value
of N, one can see that large-scale anisotropy persistence in
the inertial range increases in compressible and/or helical
turbulent environment.

For completeness, in Figs. 54 and 56 the explicit behavior of
the exponents &, and &g, which drive the asymptotic behavior of

PHYSICAL REVIEW E 95, 053210 (2017)

the functions R4 and Rg, respectively, in the limit Pe — oo, is
shown as functions of the parameters « and | p|. It is evident that
the behavior of the exponent &, is similar to the corresponding
behavior of the exponent &5 and the behavior of the exponent
& matches the corresponding behavior of the exponent &;.
However, the exponents &y with even values of N are not
crucial for the analysis of the problem of the persistence of the
anisotropy in the inertial range of the turbulent system because
the corresponding functions Ry are nonzero even in the pure
isotropic case.

IX. CONCLUSION

In this paper, we have investigated the scaling properties of
the single-time two-point correlations functions of the passive
weak magnetic field in the framework of the compressible and
helical Kazantsev-Kraichnan model of the kinematic MHD
turbulence in the presence of the large-scale anisotropy by
using the field theoretic RG technique and the OPE in the
second-order (two-loop) approximation. First of all, it is shown
that the IR asymptotic behavior of the model deep inside the
inertial interval has scaling form which is driven by the IR
stable fixed point of the corresponding RG equations [see
Eq. (20)] which depends explicitly on the parameter related to
the description of the compressibility of the studied turbulent
environment but is independent of the presence of the spatial
parity violation (helicity) in the system. Note that the present
model has an important feature, namely, that the IR stable fixed
point is exactly defined by the one-loop calculations (by the
first-order approximation in the corresponding perturbation
expansion), i.e., it has no higher-loop contributions.

On the other hand, it is shown that the single-time two-point
correlation functions of the magnetic field defined in Eq. (22)
exhibit the anomalous scaling behavior related to the nontrivial
singular asymptotic behavior of the corresponding scaling
functions which is investigated by using the OPE technique.
In this respect, the influence of the compressibility and
the helicity of the turbulent environment on the anomalous
dimensions of the leading composite operators in the OPE
(28) with the smallest (the most negative) critical dimensions
is analyzed up to the second-order approximation. The general
two-loop analytic expression for the anomalous dimensions
is found as an explicit function of the parameters which
characterize the compressibility and helicity of the system [see
Egs. (39), (40), and (42)—(53)] and their anisotropic hierarchies
are discussed. It is shown that for physically acceptable values
of the compressibility parameter (o« < 1) as well as for all
possible values of the helicity parameter (0 < |p| < 1), the
hierarchy relations (59)—(61) are valid in accordance with the
Kolmogorov’s local isotropy restoration hypothesis.

Further, the properties of the anomalous dimensions of the
composite operators (28) important for our vector model are
compared to the corresponding properties of the anomalous
dimensions of the leading composite operators (62) which play
the central role in the Kraichnan model of a passively advected
scalar field. It is shown that there is a significant difference
between the scaling properties of the passively advected scalar
and vector (magnetic) fields, i.e., that the internal tensor
structure has nontrivial impact on the scaling properties of
passively advected quantities. This difference, which takes
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place already in the incompressible and nonhelical case (see
Ref. [48]), is even more pronounced when the compressibility
and/or spatial parity violation of the turbulent environment
are supposed. First of all, it is shown that while in the case
of the Kraichnan model of passively advected scalar quantity
the anomalous dimensions of the leading composite operators
are helicity blind, the anomalous dimensions of the composite
operators relevant for the Kazantsev-Kraichnan model strongly
depend on the helicity parameter (see Figs. 5-16). It is also
shown that there is also a nontrivial difference between them
as for their dependence on the compressibility parameter
(see Figs. 23-28 as well as Figs. 17-22 and 35-40). As it
follows from Figs. 23-28, while the total two-loop anomalous
dimensions of the composite operators (28) always decrease as
functions of the compressibility parameter when its values are
small enough, the leading total two-loop anomalous dimen-
sions of the composite operators (62) of the scalar model are
increasing functions of the compressibility parameter (the only
exceptions are the anomalous dimensions for N = 2 and 3).
The calculated two-loop anomalous dimensions of the
composite operators (28) are then used for analysis of the
dependence of the scaling exponents of the single-time two-
point correlation functions (22) of various orders on the
compressibility parameter as well as on the helicity parameter.
Itis shown that, at least in the two-loop order of approximation,
due to the validity of the anisotropy hierarchies among
the anomalous dimensions of the composite operators (28),
the asymptotic scaling behavior of the correlation functions
(22) inside the inertial interval is driven by the anomalous
dimensions of the operators from the isotropy shell (when the
operator has even order) and of the operators that are the closest
to the isotropic shell (in the case of the operators with odd
orders) for all physically acceptable values of the compress-
ibility and helicity parameters. It is found (see Figs. 41-52)
that the presence of the spatial parity violation in the turbulent
environment can significantly decrease the scaling exponents
of the magnetic correlation functions (22). It means that
the negative scaling exponents of these correlation functions
become even more negative under the influence of helicity, i.e.,
the intermittent behavior of the fluctuations of the magnetic
field in the conductive turbulent environment is more strongly
pronounced when the mirror symmetry is broken in the system.
Note that this pure theoretical result is in agreement with recent
experimental observation obtained in an MHD plasma [52]. On
the other hand, the influence of compressibility on the inertial-
range scaling behavior of the single-time correlation functions
of the magnetic field is more complicated. For small order cor-
relation functions, namely, for By 1, By1, B3 1, B2, B4, and
Bs 5, the corresponding scaling exponents decrease as func-
tions of the compressibility parameter, at least for small enough
values of the compressibility parameter, for small spatial parity
violation in the system (see Figs. 41-46). However, for higher
correlation functions, the corresponding scaling exponents be-
come increasing functions of the compressibility parameter re-
gardless of the value of the helicity parameter (see Figs. 47-52,
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where the critical dimensions for the correlation functions
Bs 1, B4yz, B3,3, Bﬁ’l, By 3, and B5’2 are shown explicitly).

In addition, we have also performed a detail analysis of
the influence of compressibility and spatial parity violation of
the turbulent environment on the persistence of the large-scale
anisotropy deep inside the inertial interval. For this purpose,
the explicit asymptotic dependence of dimensionless ratios
of the magnetic correlation functions defined in Eq. (93) on
the Péclet number is established. Note that relevant functions
for analyzing of the anisotropy persistence in the inertial
range are the odd-order ratios of the correlation functions
which are identically equal to zero when exact isotropy of
the system is supposed. The corresponding exponents are
found as explicit functions of the compressibility parameter
as well as of the helicity parameter up to the two-loop
approximation [see Eqs. (98)—(112)]. It is shown that, up to
the one exception, namely, the odd ratio with N =3 (see
Fig. 53), the presence of the helicity in the system leads to
most pronounced persistence of the large-scale anisotropy, i.e.,
the corresponding exponents are increasing functions of the
helicity parameter (see Figs. 55 and 57). On the other hand,
the exponent &3 is an increasing function of the compressibility
parameter (at least for physically relevant small values of
the compressibility parameter) regardless of the value of the
helicity parameter (see Fig. 53). At the same time, the exponent
&s is increasing function of the compressibility parameter only
near the nonhelical limit of the system and only for very
small values of the compressibility parameter (see Fig. 55).
Finally, the compressibility always leads to the decreasing
of the exponents &y for N > 7, i.e., to the less pronounced
persistence of the anisotropy.

The analysis performed in this paper indicates that various
symmetry violations in the turbulent environments can have
a nontrivial impact on the asymptotic scaling properties
of physically important quantities (such as the single-time
correlation functions of the magnetic field studied in the paper).
Although, in this paper, we have analyzed the influence of the
compressibility and the spatial parity violation of the turbulent
system on the statistical properties of the passive magnetic
field in the framework of the Kazantsev-Kraichnan model
where the statistics of the turbulent velocity field is assumed
to be Gaussian, nevertheless, we suppose that they correctly
describe the properties of real systems at least qualitatively.

ACKNOWLEDGMENTS

The authors gratefully acknowledge the hospitality of the
Bogoliubov Laboratory of Theoretical Physics of the Joint
Institute for Nuclear Research, Dubna, Russian Federation.
M.J. also gratefully acknowledges the hospitality of the TH di-
vision in CERN. The work was supported by the VEGA Grant
No. 2/0065/17 of Slovak Academy of Sciences and by the
realization of the Project ITMS No. 26220120029, based on the
supporting operational Research and Development Program
financed from the European Regional Development Fund.

[1] A. N. Kolmogorov, Dokl. Akad. Nauk SSSR 30, 301 (1941)
[reprinted in Proc. R. Soc. London, Ser. A 434, 9 (1991)]; 31,

538 (1941); Dokl. Akad. Nauk SSSR 32, 16 (1941) [reprinted
in Proc. R. Soc. London, Ser. A 434, 15 (1991)].

053210-26


https://doi.org/10.1098/rspa.1991.0075
https://doi.org/10.1098/rspa.1991.0075
https://doi.org/10.1098/rspa.1991.0075
https://doi.org/10.1098/rspa.1991.0075
https://doi.org/10.1098/rspa.1991.0076
https://doi.org/10.1098/rspa.1991.0076
https://doi.org/10.1098/rspa.1991.0076
https://doi.org/10.1098/rspa.1991.0076

SIMULTANEOUS INFLUENCE OF HELICITY AND ...

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

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

[4] U. Frisch, Turbulence: The Legacy of A. N. Kolmogorov
(Cambridge University Press, Cambridge, 1995).

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

[6] L. Ts. Adzhemyan, N. V. Antonov, and A. N. Vasil’ev, Phys.-
Usp. 39, 1193 (1996).

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

[8] N. V. Antonov, J. Phys. A: Math. Gen. 39, 7825 (2006).

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

[10] R. A. Antonia, B. R. Satyaprakash, and A. K. F. Hussain,
J. Fluid Mech. 119, 55 (1982); F. Alselmet, Y. Gagne, E.
Hopfinger, and R. A. Antonia, ibid. 140, 63 (1984); C. Meneveau
and K. R. Sreenivasan, Phys. Rev. A 41, 2246 (1990); M. S.
Borgas, Phys. Fluids A 4, 2055 (1992); V. R. Kuznetsov and
V. A. Sabel’nikov, Turbulence and Combustion (Hemisphere
Publishing, New York, 1990).

[11] 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); M. Holzer and E. D. Siggia,
Phys. Fluids 6, 1820 (1994); A. Pumir, ibid. 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 (London) 405, 639 (2000); F. Moisy, H.
Willaime, J. S. Andersen, and P. Tabeling, Phys. Rev. Lett. 86,
4827 (2001); A. Arneodo et al., ibid. 100, 254504 (2008).

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

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

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

[15] 1. Arad, L. Biferale, and 1. Procaccia, Phys. Rev. E 61, 2654
(2000).

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

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

[18] N. V. Antonov, M. Hnatich, J. Honkonen, and M. JurCiSin,
Phys. Rev. E 68, 046306 (2003).

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

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

[21] A. P. Kazantsev, Zh. Eksp. Teor. Fiz. 53, 1806 (1967) [Sov.
Phys.—JETP 26, 1031 (1968)].

[22] K. Gawedzki and A. Kupiainen, Phys. Rev. Lett. 75, 3834
(1995); D. Bernard, K. Gawedzki, and A. Kupiainen, Phys. Rev.
E 54, 2564 (1996); M. Chertkov, G. Falkovich, I. Kolokolov,
and V. Lebedev, ibid. 52, 4924 (1995); M. Chertkov and G.
Falkovich, Phys. Rev. Lett. 76, 2706 (1996).

[23] 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 (1997).

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

PHYSICAL REVIEW E 95, 053210 (2017)

[25] M. Avellaneda and A. Majda, Commun. Math. Phys. 131, 381
(1990); 146, 139 (1992); A. Majda, J. Stat. Phys. 73,515 (1993);
D. Horntrop and A. Majda, J. Math. Sci. Univ. Tokyo 1, 23
(1994).

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

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

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

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

[30] A. N. Vasil’ev, Quantum-Field Renormalization Group in the
Theory of Critical Phenomena and Stochastic Dynamics (CRC
Press, Boca Raton, FL, 2004).

[31] C. De Dominicis and P. C. Martin, Phys. Rev. A 19, 419 (1979).

[32] L. Ts. Adzhemyan, A. N. Vasil’ev, and Yu. M. Pis’mak,
Theor. Math. Phys. 57, 1131 (1983).

[33] L. Ts. Adzhemyan, A. N. Vasil’ev, and M. Gnatich, Theor. Math.
Phys. 58, 47 (1984).

[34] L. Ts. Adzhemyan, A. N. Vasil’ev, and M. Gnatich, Theor. Math.
Phys. 64, 777 (1985).

[35] L. Ts. Adzhemyan, N. V. Antonov, and A. N. Vasil’ev, Phys.
Rev. E 58, 1823 (1998); Theor. Math. Phys. 120, 1074 (1999).

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

[37] N. V. Antonov, Phys. Rev. E 60,6691 (1999); L. Ts. Adzhemyan,
N. V. Antonov, and J. Honkonen, ibid. 66, 036313 (2002).

[38] L. Ts. Adzhemyan, and N. V. Antonov, Phys. Rev. E 58, 7381
(1998).

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

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

[41] O. G. Chkhetiani, M. Hnatich, E. Jurc¢iSinova, M. JurCiSin, A.
Mazzino, and M. Repasan, Phys. Rev. E 74, 036310 (2006).

[42] N. V. Antonov, Phys. D (Amsterdam) 144, 370 (2000);
Zap. Nauchn. Semin. LOMI 269, 79 (2000); M. Hnati¢, E.
Jurcisinova, M. Jur¢iSin, and M. RepaSan, J. Phys. A: Math. Gen.
39, 8007 (2006); E. JurciSinova, M. Jurdisin, R. Remecky, and
M. Scholtz, Int. J. Mod. Phys. B 22, 3589 (2008); E. Jurc¢isinova
and M. Jur¢iSin, Phys. Rev. E 77, 016306 (2008); N. V. Antonov
and A. V. Malysheyv, J. Stat. Phys. 146, 33 (2012).

[43] N. V. Antonov and J. Honkonen, Phys. Rev. E 63,036302 (2001).

[44] L. Ts. Adzhemyan, N. V. Antonov, J. Honkonen, and T. L. Kim,
Phys. Rev. E 71, 016303 (2005); E. JurciSinova, M. JurciSin,
and R. Remecky, ibid. 80, 046302 (2009); A. V. Gladysheyv, E.
JuréiSinovd, M. Jurcisin, R. Remecky, and P. Zalom, ibid. 86,
036302 (2012); N. V. Antonov and M. M. Kostenko, ibid. 90,
063016 (2014).

[45] L. Ts. Adzhemyan, N. V. Antonov, and A. V. Runov, Phys.
Rev. E 64, 046310 (2001); M. Hnati¢, M. Juréisin, A. Mazzino,
and S. Sprinc, Acta Phys. Slov. 52, 559 (2002); S. V. Novikov,
J. Phys. A: Math. Gen. 39, 8133 (2006); E. JurciSinovd, M.
Jur¢iSin, R. Remecky, and M. Scholtz, Phys. Part. Nucl. Lett.
5, 219 (2008); E. Jurcisinovd, M. JurciSin, and R. Remecky,
J. Phys. A: Math. Theor. 42, 275501 (2009); N. V. Antonov
and N. M. Gulitskiy, Theor. Math Phys. 176, 851 (2013); L.
Ts. Adzhemyan, N. V. Antonov, P. B. Gol’din, and M. V.

053210-27


https://doi.org/10.1146/annurev.fluid.29.1.435
https://doi.org/10.1146/annurev.fluid.29.1.435
https://doi.org/10.1146/annurev.fluid.29.1.435
https://doi.org/10.1146/annurev.fluid.29.1.435
https://doi.org/10.1070/PU1996v039n12ABEH000183
https://doi.org/10.1070/PU1996v039n12ABEH000183
https://doi.org/10.1070/PU1996v039n12ABEH000183
https://doi.org/10.1070/PU1996v039n12ABEH000183
https://doi.org/10.1088/0305-4470/39/25/S04
https://doi.org/10.1088/0305-4470/39/25/S04
https://doi.org/10.1088/0305-4470/39/25/S04
https://doi.org/10.1088/0305-4470/39/25/S04
https://doi.org/10.1103/RevModPhys.73.913
https://doi.org/10.1103/RevModPhys.73.913
https://doi.org/10.1103/RevModPhys.73.913
https://doi.org/10.1103/RevModPhys.73.913
https://doi.org/10.1017/S0022112082001268
https://doi.org/10.1017/S0022112082001268
https://doi.org/10.1017/S0022112082001268
https://doi.org/10.1017/S0022112082001268
https://doi.org/10.1017/S0022112084000513
https://doi.org/10.1017/S0022112084000513
https://doi.org/10.1017/S0022112084000513
https://doi.org/10.1017/S0022112084000513
https://doi.org/10.1103/PhysRevA.41.2246
https://doi.org/10.1103/PhysRevA.41.2246
https://doi.org/10.1103/PhysRevA.41.2246
https://doi.org/10.1103/PhysRevA.41.2246
https://doi.org/10.1063/1.858375
https://doi.org/10.1063/1.858375
https://doi.org/10.1063/1.858375
https://doi.org/10.1063/1.858375
https://doi.org/10.1103/PhysRevA.30.2704
https://doi.org/10.1103/PhysRevA.30.2704
https://doi.org/10.1103/PhysRevA.30.2704
https://doi.org/10.1103/PhysRevA.30.2704
https://doi.org/10.1098/rspa.1991.0087
https://doi.org/10.1098/rspa.1991.0087
https://doi.org/10.1098/rspa.1991.0087
https://doi.org/10.1098/rspa.1991.0087
https://doi.org/10.1063/1.868243
https://doi.org/10.1063/1.868243
https://doi.org/10.1063/1.868243
https://doi.org/10.1063/1.868243
https://doi.org/10.1063/1.868216
https://doi.org/10.1063/1.868216
https://doi.org/10.1063/1.868216
https://doi.org/10.1063/1.868216
https://doi.org/10.1063/1.868219
https://doi.org/10.1063/1.868219
https://doi.org/10.1063/1.868219
https://doi.org/10.1063/1.868219
https://doi.org/10.1103/PhysRevE.52.2617
https://doi.org/10.1103/PhysRevE.52.2617
https://doi.org/10.1103/PhysRevE.52.2617
https://doi.org/10.1103/PhysRevE.52.2617
https://doi.org/10.1103/PhysRevLett.76.224
https://doi.org/10.1103/PhysRevLett.76.224
https://doi.org/10.1103/PhysRevLett.76.224
https://doi.org/10.1103/PhysRevLett.76.224
https://doi.org/10.1103/PhysRevE.53.3431
https://doi.org/10.1103/PhysRevE.53.3431
https://doi.org/10.1103/PhysRevE.53.3431
https://doi.org/10.1103/PhysRevE.53.3431
https://doi.org/10.1146/annurev.fluid.32.1.203
https://doi.org/10.1146/annurev.fluid.32.1.203
https://doi.org/10.1146/annurev.fluid.32.1.203
https://doi.org/10.1146/annurev.fluid.32.1.203
https://doi.org/10.1038/35015000
https://doi.org/10.1038/35015000
https://doi.org/10.1038/35015000
https://doi.org/10.1038/35015000
https://doi.org/10.1103/PhysRevLett.86.4827
https://doi.org/10.1103/PhysRevLett.86.4827
https://doi.org/10.1103/PhysRevLett.86.4827
https://doi.org/10.1103/PhysRevLett.86.4827
https://doi.org/10.1103/PhysRevLett.100.254504
https://doi.org/10.1103/PhysRevLett.100.254504
https://doi.org/10.1103/PhysRevLett.100.254504
https://doi.org/10.1103/PhysRevLett.100.254504
https://doi.org/10.1103/PhysRevE.53.R3021
https://doi.org/10.1103/PhysRevE.53.R3021
https://doi.org/10.1103/PhysRevE.53.R3021
https://doi.org/10.1103/PhysRevE.53.R3021
https://doi.org/10.1103/PhysRevE.56.417
https://doi.org/10.1103/PhysRevE.56.417
https://doi.org/10.1103/PhysRevE.56.417
https://doi.org/10.1103/PhysRevE.56.417
https://doi.org/10.1103/PhysRevE.60.R3483
https://doi.org/10.1103/PhysRevE.60.R3483
https://doi.org/10.1103/PhysRevE.60.R3483
https://doi.org/10.1103/PhysRevE.60.R3483
https://doi.org/10.1103/PhysRevE.61.2654
https://doi.org/10.1103/PhysRevE.61.2654
https://doi.org/10.1103/PhysRevE.61.2654
https://doi.org/10.1103/PhysRevE.61.2654
https://doi.org/10.1103/PhysRevE.61.6586
https://doi.org/10.1103/PhysRevE.61.6586
https://doi.org/10.1103/PhysRevE.61.6586
https://doi.org/10.1103/PhysRevE.61.6586
https://doi.org/10.1103/PhysRevE.62.R5891
https://doi.org/10.1103/PhysRevE.62.R5891
https://doi.org/10.1103/PhysRevE.62.R5891
https://doi.org/10.1103/PhysRevE.62.R5891
https://doi.org/10.1103/PhysRevE.68.046306
https://doi.org/10.1103/PhysRevE.68.046306
https://doi.org/10.1103/PhysRevE.68.046306
https://doi.org/10.1103/PhysRevE.68.046306
https://doi.org/10.1103/PhysRevE.81.036325
https://doi.org/10.1103/PhysRevE.81.036325
https://doi.org/10.1103/PhysRevE.81.036325
https://doi.org/10.1103/PhysRevE.81.036325
https://doi.org/10.1063/1.1692063
https://doi.org/10.1063/1.1692063
https://doi.org/10.1063/1.1692063
https://doi.org/10.1063/1.1692063
https://doi.org/10.1103/PhysRevLett.75.3834
https://doi.org/10.1103/PhysRevLett.75.3834
https://doi.org/10.1103/PhysRevLett.75.3834
https://doi.org/10.1103/PhysRevLett.75.3834
https://doi.org/10.1103/PhysRevE.54.2564
https://doi.org/10.1103/PhysRevE.54.2564
https://doi.org/10.1103/PhysRevE.54.2564
https://doi.org/10.1103/PhysRevE.54.2564
https://doi.org/10.1103/PhysRevE.52.4924
https://doi.org/10.1103/PhysRevE.52.4924
https://doi.org/10.1103/PhysRevE.52.4924
https://doi.org/10.1103/PhysRevE.52.4924
https://doi.org/10.1103/PhysRevLett.76.2706
https://doi.org/10.1103/PhysRevLett.76.2706
https://doi.org/10.1103/PhysRevLett.76.2706
https://doi.org/10.1103/PhysRevLett.76.2706
https://doi.org/10.1103/PhysRevLett.77.2463
https://doi.org/10.1103/PhysRevLett.77.2463
https://doi.org/10.1103/PhysRevLett.77.2463
https://doi.org/10.1103/PhysRevLett.77.2463
https://doi.org/10.1103/PhysRevE.55.R1263
https://doi.org/10.1103/PhysRevE.55.R1263
https://doi.org/10.1103/PhysRevE.55.R1263
https://doi.org/10.1103/PhysRevE.55.R1263
https://doi.org/10.1209/epl/i1996-00410-4
https://doi.org/10.1209/epl/i1996-00410-4
https://doi.org/10.1209/epl/i1996-00410-4
https://doi.org/10.1209/epl/i1996-00410-4
https://doi.org/10.1209/epl/i1997-00186-5
https://doi.org/10.1209/epl/i1997-00186-5
https://doi.org/10.1209/epl/i1997-00186-5
https://doi.org/10.1103/PhysRevE.57.2914
https://doi.org/10.1103/PhysRevE.57.2914
https://doi.org/10.1103/PhysRevE.57.2914
https://doi.org/10.1103/PhysRevE.57.2914
https://doi.org/10.1007/BF02161420
https://doi.org/10.1007/BF02161420
https://doi.org/10.1007/BF02161420
https://doi.org/10.1007/BF02161420
https://doi.org/10.1007/BF02099212
https://doi.org/10.1007/BF02099212
https://doi.org/10.1007/BF02099212
https://doi.org/10.1007/BF01054338
https://doi.org/10.1007/BF01054338
https://doi.org/10.1007/BF01054338
https://doi.org/10.1007/BF01054338
https://doi.org/10.1007/BF02102625
https://doi.org/10.1007/BF02102625
https://doi.org/10.1007/BF02102625
https://doi.org/10.1007/BF02102625
https://doi.org/10.1103/PhysRevLett.72.1016
https://doi.org/10.1103/PhysRevLett.72.1016
https://doi.org/10.1103/PhysRevLett.72.1016
https://doi.org/10.1103/PhysRevLett.72.1016
https://doi.org/10.1103/PhysRevLett.75.240
https://doi.org/10.1103/PhysRevLett.75.240
https://doi.org/10.1103/PhysRevLett.75.240
https://doi.org/10.1103/PhysRevLett.75.240
https://doi.org/10.1103/PhysRevA.19.419
https://doi.org/10.1103/PhysRevA.19.419
https://doi.org/10.1103/PhysRevA.19.419
https://doi.org/10.1103/PhysRevA.19.419
https://doi.org/10.1007/BF01018658
https://doi.org/10.1007/BF01018658
https://doi.org/10.1007/BF01018658
https://doi.org/10.1007/BF01018658
https://doi.org/10.1007/BF01031034
https://doi.org/10.1007/BF01031034
https://doi.org/10.1007/BF01031034
https://doi.org/10.1007/BF01031034
https://doi.org/10.1007/BF01017957
https://doi.org/10.1007/BF01017957
https://doi.org/10.1007/BF01017957
https://doi.org/10.1007/BF01017957
https://doi.org/10.1103/PhysRevE.58.1823
https://doi.org/10.1103/PhysRevE.58.1823
https://doi.org/10.1103/PhysRevE.58.1823
https://doi.org/10.1103/PhysRevE.58.1823
https://doi.org/10.1007/BF02557413
https://doi.org/10.1007/BF02557413
https://doi.org/10.1007/BF02557413
https://doi.org/10.1007/BF02557413
https://doi.org/10.1103/PhysRevE.63.025303
https://doi.org/10.1103/PhysRevE.63.025303
https://doi.org/10.1103/PhysRevE.63.025303
https://doi.org/10.1103/PhysRevE.63.025303
https://doi.org/10.1103/PhysRevE.64.056306
https://doi.org/10.1103/PhysRevE.64.056306
https://doi.org/10.1103/PhysRevE.64.056306
https://doi.org/10.1103/PhysRevE.60.6691
https://doi.org/10.1103/PhysRevE.60.6691
https://doi.org/10.1103/PhysRevE.60.6691
https://doi.org/10.1103/PhysRevE.60.6691
https://doi.org/10.1103/PhysRevE.66.036313
https://doi.org/10.1103/PhysRevE.66.036313
https://doi.org/10.1103/PhysRevE.66.036313
https://doi.org/10.1103/PhysRevE.66.036313
https://doi.org/10.1103/PhysRevE.58.7381
https://doi.org/10.1103/PhysRevE.58.7381
https://doi.org/10.1103/PhysRevE.58.7381
https://doi.org/10.1103/PhysRevE.58.7381
https://doi.org/10.1103/PhysRevE.63.016309
https://doi.org/10.1103/PhysRevE.63.016309
https://doi.org/10.1103/PhysRevE.63.016309
https://doi.org/10.1103/PhysRevE.63.016309
https://doi.org/10.1007/s10582-006-0134-2
https://doi.org/10.1007/s10582-006-0134-2
https://doi.org/10.1007/s10582-006-0134-2
https://doi.org/10.1007/s10582-006-0134-2
https://doi.org/10.1088/0305-4470/39/25/S08
https://doi.org/10.1088/0305-4470/39/25/S08
https://doi.org/10.1088/0305-4470/39/25/S08
https://doi.org/10.1088/0305-4470/39/25/S08
https://doi.org/10.1103/PhysRevE.74.036310
https://doi.org/10.1103/PhysRevE.74.036310
https://doi.org/10.1103/PhysRevE.74.036310
https://doi.org/10.1103/PhysRevE.74.036310
https://doi.org/10.1016/S0167-2789(00)00089-0
https://doi.org/10.1016/S0167-2789(00)00089-0
https://doi.org/10.1016/S0167-2789(00)00089-0
https://doi.org/10.1016/S0167-2789(00)00089-0
https://doi.org/10.1088/0305-4470/39/25/S14
https://doi.org/10.1088/0305-4470/39/25/S14
https://doi.org/10.1088/0305-4470/39/25/S14
https://doi.org/10.1088/0305-4470/39/25/S14
https://doi.org/10.1142/S0217979208048565
https://doi.org/10.1142/S0217979208048565
https://doi.org/10.1142/S0217979208048565
https://doi.org/10.1142/S0217979208048565
https://doi.org/10.1103/PhysRevE.77.016306
https://doi.org/10.1103/PhysRevE.77.016306
https://doi.org/10.1103/PhysRevE.77.016306
https://doi.org/10.1103/PhysRevE.77.016306
https://doi.org/10.1007/s10955-011-0399-0
https://doi.org/10.1007/s10955-011-0399-0
https://doi.org/10.1007/s10955-011-0399-0
https://doi.org/10.1007/s10955-011-0399-0
https://doi.org/10.1103/PhysRevE.63.036302
https://doi.org/10.1103/PhysRevE.63.036302
https://doi.org/10.1103/PhysRevE.63.036302
https://doi.org/10.1103/PhysRevE.63.036302
https://doi.org/10.1103/PhysRevE.71.016303
https://doi.org/10.1103/PhysRevE.71.016303
https://doi.org/10.1103/PhysRevE.71.016303
https://doi.org/10.1103/PhysRevE.71.016303
https://doi.org/10.1103/PhysRevE.80.046302
https://doi.org/10.1103/PhysRevE.80.046302
https://doi.org/10.1103/PhysRevE.80.046302
https://doi.org/10.1103/PhysRevE.80.046302
https://doi.org/10.1103/PhysRevE.86.036302
https://doi.org/10.1103/PhysRevE.86.036302
https://doi.org/10.1103/PhysRevE.86.036302
https://doi.org/10.1103/PhysRevE.86.036302
https://doi.org/10.1103/PhysRevE.90.063016
https://doi.org/10.1103/PhysRevE.90.063016
https://doi.org/10.1103/PhysRevE.90.063016
https://doi.org/10.1103/PhysRevE.90.063016
https://doi.org/10.1103/PhysRevE.64.046310
https://doi.org/10.1103/PhysRevE.64.046310
https://doi.org/10.1103/PhysRevE.64.046310
https://doi.org/10.1103/PhysRevE.64.046310
https://doi.org/10.1088/0305-4470/39/25/S23
https://doi.org/10.1088/0305-4470/39/25/S23
https://doi.org/10.1088/0305-4470/39/25/S23
https://doi.org/10.1088/0305-4470/39/25/S23
https://doi.org/10.1134/S1547477108030175
https://doi.org/10.1134/S1547477108030175
https://doi.org/10.1134/S1547477108030175
https://doi.org/10.1134/S1547477108030175
https://doi.org/10.1088/1751-8113/42/27/275501
https://doi.org/10.1088/1751-8113/42/27/275501
https://doi.org/10.1088/1751-8113/42/27/275501
https://doi.org/10.1088/1751-8113/42/27/275501
https://doi.org/10.1007/s11232-013-0072-7
https://doi.org/10.1007/s11232-013-0072-7
https://doi.org/10.1007/s11232-013-0072-7
https://doi.org/10.1007/s11232-013-0072-7

E. JURCISINOVA et al.

Kompaniets, J. Phys. A: Math. Theor. 46, 135002 (2013); N. V.
Antonov and N. M. Gulitskiy, Phys. Rev. E 91, 013002 (2015);
92, 043018 (2015); N. V. Antonov and M. M. Kostenko, ibid.
92, 053013 (2015); N. V. Antonov and N. M. Gulitskiy, EPJ
Web Conf. 108, 02008 (2016).

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

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

[48] E. JurciSinovd and M. JurciSin, J. Phys. A: Math. Theor. 45,
485501 (2012).

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

[50] E. JurciSinovda and M. JurciSin, Phys. Rev. E 91, 063009
(2015).

[51] L. F. Burlaga, J. Geophys. Res. 96, 5847 (1991); 97, 4283
(1992); E. Marsch and S. Liu, Ann. Geophys. 11, 227 (1993); V.
Carbone, Phys. Rev. Lett. 71, 1546 (1993); R. Grauer, J. Krug,
and C. Marliani, Phys. Lett. A 195, 335 (1994); G. Einaudi,

PHYSICAL REVIEW E 95, 053210 (2017)

M. Velli, H. Politano, and A. Pouquet, Astrophys. J. 457, L113
(1996); E. Grauer and C. Marliani, Phys. Scr. T 67, 38 (1996);
C. Pagel and A. Balogh, Nonlin. Proc. Geophys. 8, 313 (2001);
C. Salem, A. Mangeney, S. D. Bale, and P. Vetri, Astrophys. J.
702, 537 (2009); P. D. Mininni and A. Pouquet, Phys. Rev. E
80, 025401(R) (2009).

[52] D. A. Schaffner, A. Wan, and M. R. Brown, Phys. Rev. Lett. 112,
165001 (2014); D. A. Schaffner and M. R. Brown, Astrophys.
J. 811, 61 (2015).

[53] P. C. Martin, E. D. Siggia, and H. A. Rose, Phys. Rev. A 8, 423
(1973); C. De Dominicis, J. Phys. (Paris), Collog. 37, C1-247
(1976); H. K. Janssen, Z. Phys. B 23, 377 (1976); R. Bausch, H.
K. Janssen, and H. Wagner, ibid. 24, 113 (1976).

[54] L. Ts. Adzhemyan, A. N. Vasiliev, and M. Gnatich, Theor. Math.
Phys. 72, 940 (1987); M. Hnatich, The Cosmic Dynamo, IAU
Symposia 157 (Kluwer, Dordrecht, 1993), p. 243; M. Hnatich,
M. Jurcisin, and M. Stehlik, Magnetohydrodynamics 37, 80
(2001); B. A. Shakhov, M. Jurcisin, E. Jurcisinova, and M.
Stehlik, Kinemat. Phys. Celest. Bodies 28, 225 (2012).

053210-28


https://doi.org/10.1088/1751-8113/46/13/135002
https://doi.org/10.1088/1751-8113/46/13/135002
https://doi.org/10.1088/1751-8113/46/13/135002
https://doi.org/10.1088/1751-8113/46/13/135002
https://doi.org/10.1103/PhysRevE.91.013002
https://doi.org/10.1103/PhysRevE.91.013002
https://doi.org/10.1103/PhysRevE.91.013002
https://doi.org/10.1103/PhysRevE.91.013002
https://doi.org/10.1103/PhysRevE.92.043018
https://doi.org/10.1103/PhysRevE.92.043018
https://doi.org/10.1103/PhysRevE.92.043018
https://doi.org/10.1103/PhysRevE.92.053013
https://doi.org/10.1103/PhysRevE.92.053013
https://doi.org/10.1103/PhysRevE.92.053013
https://doi.org/10.1103/PhysRevE.92.053013
https://doi.org/10.1051/epjconf/201610802008
https://doi.org/10.1051/epjconf/201610802008
https://doi.org/10.1051/epjconf/201610802008
https://doi.org/10.1051/epjconf/201610802008
https://doi.org/10.1103/PhysRevE.71.066312
https://doi.org/10.1103/PhysRevE.71.066312
https://doi.org/10.1103/PhysRevE.71.066312
https://doi.org/10.1103/PhysRevE.71.066312
https://doi.org/10.1103/PhysRevE.85.065301
https://doi.org/10.1103/PhysRevE.85.065301
https://doi.org/10.1103/PhysRevE.85.065301
https://doi.org/10.1103/PhysRevE.85.065301
https://doi.org/10.1007/978-3-642-28212-611
https://doi.org/10.1007/978-3-642-28212-611
https://doi.org/10.1007/978-3-642-28212-611
https://doi.org/10.1007/978-3-642-28212-611
https://doi.org/10.1088/1751-8113/45/48/485501
https://doi.org/10.1088/1751-8113/45/48/485501
https://doi.org/10.1088/1751-8113/45/48/485501
https://doi.org/10.1088/1751-8113/45/48/485501
https://doi.org/10.1103/PhysRevE.88.011004
https://doi.org/10.1103/PhysRevE.88.011004
https://doi.org/10.1103/PhysRevE.88.011004
https://doi.org/10.1103/PhysRevE.88.011004
https://doi.org/10.1103/PhysRevE.91.063009
https://doi.org/10.1103/PhysRevE.91.063009
https://doi.org/10.1103/PhysRevE.91.063009
https://doi.org/10.1103/PhysRevE.91.063009
https://doi.org/10.1029/91JA00087
https://doi.org/10.1029/91JA00087
https://doi.org/10.1029/91JA00087
https://doi.org/10.1029/91JA00087
https://doi.org/10.1029/91JA03027
https://doi.org/10.1029/91JA03027
https://doi.org/10.1029/91JA03027
https://doi.org/10.1103/PhysRevLett.71.1546
https://doi.org/10.1103/PhysRevLett.71.1546
https://doi.org/10.1103/PhysRevLett.71.1546
https://doi.org/10.1103/PhysRevLett.71.1546
https://doi.org/10.1016/0375-9601(94)90038-8
https://doi.org/10.1016/0375-9601(94)90038-8
https://doi.org/10.1016/0375-9601(94)90038-8
https://doi.org/10.1016/0375-9601(94)90038-8
https://doi.org/10.1086/309893
https://doi.org/10.1086/309893
https://doi.org/10.1086/309893
https://doi.org/10.1086/309893
https://doi.org/10.1088/0031-8949/1996/T67/008
https://doi.org/10.1088/0031-8949/1996/T67/008
https://doi.org/10.1088/0031-8949/1996/T67/008
https://doi.org/10.1088/0031-8949/1996/T67/008
https://doi.org/10.5194/npg-8-313-2001
https://doi.org/10.5194/npg-8-313-2001
https://doi.org/10.5194/npg-8-313-2001
https://doi.org/10.5194/npg-8-313-2001
https://doi.org/10.1088/0004-637X/702/1/537
https://doi.org/10.1088/0004-637X/702/1/537
https://doi.org/10.1088/0004-637X/702/1/537
https://doi.org/10.1088/0004-637X/702/1/537
https://doi.org/10.1103/PhysRevE.80.025401
https://doi.org/10.1103/PhysRevE.80.025401
https://doi.org/10.1103/PhysRevE.80.025401
https://doi.org/10.1103/PhysRevE.80.025401
https://doi.org/10.1103/PhysRevLett.112.165001
https://doi.org/10.1103/PhysRevLett.112.165001
https://doi.org/10.1103/PhysRevLett.112.165001
https://doi.org/10.1103/PhysRevLett.112.165001
https://doi.org/10.1088/0004-637X/811/1/61
https://doi.org/10.1088/0004-637X/811/1/61
https://doi.org/10.1088/0004-637X/811/1/61
https://doi.org/10.1088/0004-637X/811/1/61
https://doi.org/10.1103/PhysRevA.8.423
https://doi.org/10.1103/PhysRevA.8.423
https://doi.org/10.1103/PhysRevA.8.423
https://doi.org/10.1103/PhysRevA.8.423
https://doi.org/10.1051/jphyscol:1976138
https://doi.org/10.1051/jphyscol:1976138
https://doi.org/10.1051/jphyscol:1976138
https://doi.org/10.1051/jphyscol:1976138
https://doi.org/10.1007/BF01316547
https://doi.org/10.1007/BF01316547
https://doi.org/10.1007/BF01316547
https://doi.org/10.1007/BF01316547
https://doi.org/10.1007/BF01312880
https://doi.org/10.1007/BF01312880
https://doi.org/10.1007/BF01312880
https://doi.org/10.1007/BF01312880
https://doi.org/10.1007/BF01018300
https://doi.org/10.1007/BF01018300
https://doi.org/10.1007/BF01018300
https://doi.org/10.1007/BF01018300
https://doi.org/10.3103/S0884591312050066
https://doi.org/10.3103/S0884591312050066
https://doi.org/10.3103/S0884591312050066
https://doi.org/10.3103/S0884591312050066



