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Statistical symmetry restoration in fully developed turbulence:
Renormalization group analysis of two models
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In this paper we consider the model of incompressible fluid described by the stochastic Navier-Stokes equation
with finite correlation time of a random force. Inertial-range asymptotic behavior of fully developed turbulence is

studied by means of the field theoretic renormalization group within the one-loop approximation. It is corroborated
that regardless of the values of model parameters and initial data the inertial-range behavior of the model is
described by the limiting case of vanishing correlation time. This indicates that the Galilean symmetry of the
model violated by the “colored” random force is restored in the inertial range. This regime corresponds to the only

nontrivial fixed point of the renormalization group equation. The stability of this point depends on the relation
between the exponents in the energy spectrum € o k'~ and the dispersion law @ oc k*~". The second analyzed
problem is the passive advection of a scalar field by this velocity ensemble. Correlation functions of the scalar
field exhibit anomalous scaling behavior in the inertial-convective range. We demonstrate that in accordance

with Kolmogorov’s hypothesis of the local symmetry restoration the main contribution to the operator product
expansion is given by the isotropic operator, while anisotropic terms should be considered only as corrections.

DOI: 10.1103/PhysRevE.97.033101

I. INTRODUCTION

The very important phenomenological concept in the theory
of fluid turbulence is the concept of statistical symmetry
restoration [1,2]. The Navier-Stokes (NS) equation describing
fluid dynamics possesses a number of symmetries: transla-
tional and rotational covariance and covariance with respect
to Galilean transformation. Some of these symmetries are
violated inevitably by the experimental setup or, speaking
mathematically, by initial and boundary conditions. Moreover,
some of the remaining symmetries can be broken sponta-
neously as the Reynolds number Re increases; see Refs. [1,2]
for detailed discussions and examples.

However, for fully developed turbulence (Re > 1) these
symmetries can be restored in the statistical sense, that is,
for various correlation or structure functions and in a proper
range of scales (inertial interval). This concept dates back to
Kolmogorov’s idea of locally isotropic turbulence [3-6] and
is intuitively explained by the idea of the Richardson cascade
[7]. According to Richardson the energy fed into the system at
very large scales is transferred down scales through numerous
fractions of turbulent eddies. Thus, eventually, at small scales
the system “forgets” about details of the energy pumping; see
Refs. [8—13] and review paper [14] for some examples of such
behavior.

In spite of their great value, phenomenological theories
might appear to be inaccurate or even incorrect. Nowadays it is
widely accepted that, due to the phenomenon of intermittency,
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correlation functions of developed turbulence depend on the
integral (external) scale L, which is in disagreement with the
classical Kolmogorov K41 theory. In particular, the equal-time
structure functions of the velocity field or those of the advected
scalar field are described by an infinite set of independent
anomalous exponents; see Refs. [1,2] for detailed discussion
and references.

Thus, it is desirable to test predictions of phenomenological
theories on the basis of certain specific models and by means
of some analytical tools. An example of such a simplified
but very fruitful model is provided by Kraichnan’s rapid-
change model, where the existence of anomalous scaling was
demonstrated by several approaches, and the corresponding
exponents were calculated both numerically and analytically,
within controlled approximations and regular perturbation
expansions; see Ref. [15] for a review and references.

The effective approach to the discussed problem is the field
theoretic renormalization group (RG); see the monographs
[16—-18] and review paper [19]. Kraichnan’s model allows one
to construct a controlled expansion for anomalous exponents,
which is similar to the famous epsilon expansion in the
theory of critical state [20,21]. The practical calculations were
performed up to the third (three-loop) order [22]. What is
more important, the model can be generalized to the more
realistic cases: finite correlation time and non-Gaussianity
of the advecting velocity field [23-28], strong anisotropy
[29-32], compressibility [33-36], helicity [37-40], and so on
[41-44]. Admittedly, in application to the NS equation itself
the RG method has so far had restricted success [45].

In this paper, we study two analytic examples of statistical
symmetry restoration in fully developed turbulence, based
on the stochastic NS equation. The fluid is assumed to be
incompressible. As it is standard for the RG approach, we con-
sider the NS equation subjected to an external stirring random
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force with the prescribed Gaussian statistics. In the majority
of studies, the random force is & correlated in time (“white
noise”), which is dictated by the Galilean symmetry. Here,
we do not assume this symmetry in advance and choose the
force with finite correlation time (“colored noise”). This gives
much more freedom for the form of the correlation function.
For definiteness, we take the random force as the variant of
the Ornstein-Uhlenbeck process [46,47]. Such statistics were
used earlier in Ref. [48] for generation of the velocity field
itself. In our case, however, the velocity field is not described
within a certain statistical ensemble but is determined by the
real nonlinear NS equation. Various aspects of finite correlation
time of a random noise in stochastic dynamics were discussed
earlier, e.g., in Refs. [49-53].

The model can be reformulated as a multiplicatively renor-
malizable quantum field theory. It is well known that in such
case the possible large-scale, long-distance asymptotic regimes
are associated with infrared (IR) attractive fixed points of
the RG equations. We perform the leading-order (one-loop)
calculation and show that the only nontrivial IR attractive fixed
point corresponds to the § correlated force. From a physical
point of view this means that the Galilean symmetry is restored
immediately in the IR range, which is in accordance with the
general concept.

The second problem is the passive advection of a scalar
quantity (temperature, density of a pollutant, etc.) in a tur-
bulent fluid. The latter is described by the previously studied
stochastic NS field. In view of the aforementioned result, the
random force is taken to be § correlated in time. The scalar
field is governed by the standard advection-diffusion equation
with a random force. The latter maintains the steady state and
is a source of a large-scale anisotropy. The corresponding field
theory is renormalizable and possesses the only IR attractive
fixed point. It is well known that correlation functions of the
scalar field demonstrate anomalous scaling, so that the K41
theory does not hold; see Ref. [54] for two-loop calculation
in the isotropic case. In the RG approach, the anomalous
exponents are identified with scaling dimensions of certain
composite fields (“composite operators” in the quantum-field
terminology). For the anisotropic case, it is natural to expand
the structure functions in spherical harmonics Y;,,, where [ can
be viewed as a degree of anisotropy of the given contribution.
In the present model, a special anomalous exponent can be
assigned to any contribution.

In this paper we restrict ourselves to the pair correlation
function and calculate anomalous exponents in the one-loop
approximation for all /. It turns out that these exponents exhibit
a kind of hierarchy: they increase monotonically with /. As a
result, turbulence becomes less and less anisotropic in the depth
of the inertial range, and the leading-order term is given by
the isotropic contribution. Similar effect was observed earlier
in the models of scalar and vector advection by “synthetic”
Gaussian velocity fields; see Refs. [23,55-57] and literature
cited therein.

The paper is organized as follows. In Sec. II a detailed
description of the stochastic Navier-Stokes equation for an
incompressible fluid is given. Section III is devoted to the
field theoretic formulation of the model and the correspond-
ing diagrammatic technique. In particular, possible types of
divergent Green’s functions are discussed. In Sec. IV the

renormalizability of the model is proven. One-loop explicit
expressions for the renormalization constants are presented
and RG functions (anomalous dimensions and 8 functions) are
derived and analyzed. In Sec. V the IR asymptotic behavior,
obtained by solving the RG equations, is discussed. It is shown
that, depending on two exponents y and 7 that describe the
energy spectrum and dispersion law of the velocity field, the
RG equations exhibit two nontrivial fixed points, but only one
of them is stable in the IR region. This means that the Galilean
symmetry of the model violated by the colored random force
is restored in the inertial range. In Sec. VI the corresponding
scaling dimensions of the fields are presented.

In Sec. VII an advection of a passive scalar field by the
incompressible velocity field which obeys the NS equation is
analyzed. The field theoretic formulation of the full model is
presented. The existence of a scaling regime in the IR range is
established. In Sec. VIII the operator product expansion for the
pair correlation function is carried out. Section IX is devoted to
the renormalization of composite operators. An inertial-range
behavior of the correlation functions is studied. It is shown that
the leading terms of the inertial-range behavior are determined
by the contributions which correspond to the isotropic terms.

Section X is reserved for conclusions. The main one is that
the Galilean symmetry and isotropy, broken by introducing
the external stochastic force with finite correlation time and by
distinguished direction, are restored in the statistical sense (for
measurable quantities) in the inertial range of fully developed
turbulence.

Appendix A contains detailed calculations of the diagrams,
needed to perform multiplicative renormalization of the model
of incompressible fluid. Appendix B contains all calculations
related to the renormalization procedure and calculation of
anomalous dimensions of the composite operators of the
advected field.

II. DESCRIPTION OF THE MODEL

One of the possible approaches to model fully developed
turbulence within the framework of some microscopic model
is to study the stochastic Navier-Stokes equation with arandom
external force [1,2]. It has the form

v + (Vid)ve + g = 100 Ve + P, 2.1)

where v;(x) is a transverse (owing to the incompressibility)
velocity field, x = {t,x}, 9, = 9/9t, 9; = 9/dx;, vy is the
molecular kinematic viscosity, 8> = 9;9; is the Laplace op-
erator, p = —372(8;v))(dv;) is the pressure per unit mass, and
¢ is the external force per unit mass. Since the field v;(x) is
incompressible we may use special units in which the density
o(x) = 1. The turbulence is modeled by the force ¢, which
is assumed to be a random variable. In stochastic formulation
of the problem it mimics the input of energy into the system
from the outer large scale L. Without loss of generality the
correlations of the random force ¢ in Fourier space read [3]

(9i(w.k) ¢j (' k")) < 8(w + )8(k + k') P;j(k) Dy (w, k),
(2.2)
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where P;;(k) = &;; — kik;/ k* is the transverse projector
and two § functions are consequences of the translational
invariance.

The Galilean invariance for the model requires the func-
tion Dg(w,k) in Eq. (2.2) to be § correlated in time [45].
Nevertheless, it is very intriguing to consider such a model
with a colored noise, i.e., with finite and not small correlation
time, which is much more realistic from the physical point of
view. In the general case this modification breaks the Galilean
invariance, so the main question of the paper is the following:
is this symmetry restored in the statistical sense for relevant
measurable quantities?

The random force ¢; is simulated in the present paper
by the statistical ensemble being a particular case of the
Ornstein-Uhlenbeck process: it is assumed to be Gaussian
and homogeneous, with zero mean and correlation function
[46-48]

(#i(t,x)9;(t",x"))

dw dk L k3—d=0+2m
=Dy | 22 P,
0/ 27 ,/k>m (2m)d i )a)2 + v3udkt—2n

ik-(x—x")—iw(t—t")

X e (2.3)

Here k = |k| is the wave number, Dy > 0 is an amplitude
factor, d is an arbitrary (for generality) dimension of x space,
and 1/m is the integral turbulence scale, related to the stirring.
The function (2.3) involves two independent exponents y and
n. The first one describes the energy spectrum of the velocity
in the inertial range £ o< k'~>. The second exponent is related
to the dispersion law: the correlation time of the momentum k
scales as k~>*". In the RG approach these two exponents play
the role of two formal expansion parameters. A parameter i is
introduced here for dimensionality reasons. Such an ensemble
was employed in some systems, studied in Refs. [23-25]. It was
shown that depending on the values of the exponents y and 7 the
model reveals various types of inertial-range scaling regimes
with nontrivial anomalous exponents, which were explicitly
derived to the first [23] and second [24] orders of the double
expansion in y and 7.

Depending on the parameter u, the function (2.3) demon-
strates two interesting limiting cases: if uy — 0, the situation
corresponds to the independent of time (“frozen”) random
force, and the case uy — oo corresponds to the zero-time
correlated model. The relations

y+2n
b

Do/vgu(z, =gy X A ug o< A" 2.4)

define the coupling constant gy, which plays the role of
the expansion parameter in ordinary perturbation theory, and
the characteristic ultraviolet (UV) momentum scale A. The
parameter u( introduced in Eq. (2.3) is written in the first
expression for calculation reasons; in particular, it is convenient
in the case of large u.

III. FIELD THEORETIC FORMULATION OF THE MODEL

According to the general theorem [16-18], the stochastic
problem (2.1) and (2.3) is equivalent to the field theoretic model
with a doubled set of fields & = {v],v;} and the De Dominicis-
Janssen action functional, which can be written in a compact

’U4|—v’ VvV —— v

FIG. 1. Graphical representation of the bare propagators in the
model (3.1).

form as

So(®) = 20Dy, + vp[—9 — (0:3) + 00 Tue. (3.1

Here D;; is the correlator (2.3) and we employ a condensed
notation, in which integrals over the spatial variable x and the
time variable 7, as well as summation over the repeated indices,
are omitted and assumed implicitly:

d
V0 = Z/dt/dx v (1,X)3, 0 (1,%),
k=1

d
v Dyvy = Y /dtfdt’/dx/dx’ v;(,%)

i.k=1

x Dip(t — t',x — x)vi(t',x)). (3.2)

Since the auxiliary field vj, is transverse, i.e., v, = 0, the
pressure term in expression (3.1) can be eliminated using
integration by parts:

VO = —pdv, = 0. (3.3)

Expression (3.3) means that the field v, acts as a transverse
projector and selects the transverse parts of the expressions
with which it is contracted.

The field theoretic formulation (3.1) means that various
correlation and response functions of the original stochastic
problem are represented by functional averages over the full set
of fields with the functional weight exp S, (®), and in this sense
they can be interpreted as the Green’s functions of the field
theoretic model [16—18]. The perturbation theory of the model
can be constructed according to the well-known Feynman
diagrammatic expansion. Bare propagators are read off from
the inverse matrix of the Gaussian (free) part of the action
functional, while a nonlinear part of the differential equation
(2.1) leads to the interaction vertex —uv; (v; d; )vx. The propaga-
tor functions in the frequency-momentum representation read

J8—d—=(y+2m) P;:(k)
iUj = D Y N 34
<U U])O 0 (1)2 T Ugu(z)k4_2n a)2 T U§k4 ( )

, Pij(k)

V) = ——————— 35
(vivilo i+ k2 (3.5)

the triple vertex corresponds to the expression
Vijt = i(8uk; + 8ijk). (3.6)

Due to incompressibility the derivative in the vertex can be
moved onto the field v, hence k; is the momentum of the field
v;. Graphical representations of the propagator functions and
interaction vertex are depicted in Figs. 1 and 2, respectively.
From now on, the end of a solid line without a slash denotes
the field v;, and the end of a solid line with a slash denotes the
field v!.

The analysis of UV divergences is based on the analysis of
the 1-irreducible Green’s functions. In the case of dynamical
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FIG. 2. Graphical representation of the interaction vertex in the
model (3.1).

models [17] two independent scales (the time scale T and the
length scale L) have to be introduced:

[F]~ [T %[L]%, (3.7)

where d% and d% are frequency and momentum dimensions of
the quantity F, respectively. The normalization conditions are
df = —d* =d°=—-a” =1,

t

df=d =d? =d° =0. (3.8)

Based on d% and d¢ the total canonical dimension dr = d% +
2d{ can be introduced, which in the renormalization theory of
the dynamic models plays the same role as the conventional
(momentum) dimension does in the static problems.

The canonical dimensions for the model (3.1) are given in
Table I, including the renormalized parameters (without the
subscript “0”"), which will be introduced later. The parameters
0,6, k, and w are connected with the problem of the advection
of scalar field and will be used in Secs. VII-IX. From Table I it
follows that our model is logarithmic (the coupling constants
go ~ [L]™” and uy ~ [L]™" are simultaneously dimension-
less) at y = n = 0, so in the minimal subtraction (MS) scheme,
which we use in this paper, the UV divergences in the Green’s
functions manifest themselves as poles in y, n and their linear
combinations.

The total canonical dimension of an arbitrary 1-irreducible
Green’s function I'y, = (® ... ®) is given by the relation

dr =d +2— ZN¢d¢ =d+2— Nydy — Nyd,. (3.9)
[

Here Ngy = {N,, N/} are the numbers of corresponding fields
entering the function I' and dg is the corresponding total
canonical dimension of a field ® [16-18]. The superficial UV
divergences whose removal requires counterterms might be
present only in the functions I for which the formal index
of divergence dr (being the value of dr in the logarithmic
theory) is a non-negative integer. Dimensional analysis should
be augmented by the following considerations.

(1) In any dynamical model of the type (3.1) all the 1-
irreducible functions without the response field v; necessarily
contain closed circuits of retarded propagators similar to (3.5).

Therefore, such functions vanish identically and do not require
counterterms.

(2) Using the transversality condition of the field v; we can
move the derivative in the vertex —v; (v; 9; )vx from the field vy
onto the field v. Therefore, in any 1-irreducible diagram it is
always possible to move derivatives onto external “tails” v;,
which reduces the real index of divergence: dj. = dr — N,.

From Table I and Eq. (3.9) we find that

dr =d+2—dNy — N,. (3.10)

From this expression we conclude that forany d > 2 superficial
divergences can be present only in the 1-irreducible functions
of two types. The first example is the function (v, vg)i.ir,
for which the real index of divergence is dr = 2. Another
possibility is the function (v, vgv,, ) 1ir Withdr = 1. This means
that all the UV divergences in our model can be removed by the
counterterms of the form v;3%v; and v, (v;8;)vg. The Galilean
invariance which holds in case of the § correlated in time func-
tion Dg(w, k) forbids the divergence of the vertex (v, vgvy ) 1.ir,
which we have in our case of the colored noise (2.3). Ford = 2
an additional UV divergence arises in the function (v, v;g) Leirs
and a counterterm v; a%; should be included [58]. This case
requires a special treatment, and in the following we assume
d> 2.

The model (3.1) is multiplicatively renormalizable with
two independent renormalization constants Z; and Z,; the
renormalized action functional has the form

SUR(Q) = %U;DUU]/( + v,’([—al —Z1(v;0;) + szaz]vk.
3.11)

Here g, v, and u are the renormalized counterparts of the origi-
nal (bare) parameters; the function D, is expressed in the renor-
malized parameters using the relation goviu3 = g’ *1v3u?;
the reference scale u is an additional free parameter of the
renormalized theory.

The renormalized action (3.11) is obtained from the original
one (3.1) by the renormalization of the fields v — Z,v, v/ —
Z,v" and the parameters

80 = g[,Lng, Uo = Lt/J,nZu, Vo =VvZ,. (3.12)

The renormalization constants in Eqs. (3.11) and (3.12) are
related as

Zy=2, Zu=25", Z,=2}725°, Z,=2,'=7Z.
(3.13)

The renormalization constants are found from the requirement
that the Green’s functions of the renormalized model (3.11),
when expressed in renormalized variables, have to be UV
finite and can depend only on the completely dimensionless
parameters g,u,d,y, and 1.

TABLE I. Canonical dimensions of the fields and parameters in the model (3.1).

F v v 6 o’ M,m,u, A V,V, K, Ko u,ug g0 g, W, Wo
de ~1 1 —1/2 1/2 0 1 0 0 0
dt d+1 -1 0 d 1 -2 n y 0
dr d—1 1 —1 d+1 1 0 n y 0
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IV. RENORMALIZATION OF THE MODEL
AND RG FUNCTIONS

Let us consider the generating functional of the 1-
irreducible Green’s functions:

[(®) = Sp() + T'(D), 4.1)

where S, (®) is the action functional (3.1) and F(CD) is the sum
of all the 1-irreducible diagrams with loops.

Hence, one-loop approximation for the l-irreducible
Green’s functions that require UV renormalization provides

(VL ug)1ir = (iw — v9p?) Pug(P) + Seps (4.2)

<U;Uﬂvy>l—ir = V{xﬂy + (AI + Ax + A3) (43)

J

Z =

g
Sdd+Dw+17y

FIG. 3. The one-loop approximation of the 1-irreducible response
function (v,,vg)1.ir. Greek letters denote external (free) indices of the
diagram; Latin letters correspond to internal indices of the vector
fields with implied summation.

Here, P,4(p) is the transverse projector; Xz is the self-energy
operator, graphical representation for which is depicted in
Fig. 3; Vg, is the vertex factor (3.6); the diagrams Aj, A,,
and Aj; are depicted in Figs. 4(a)—4(c).

The calculation of the renormalization constants Z; and Z,
in the one-loop approximation gives

u 1

4.4)

Zy=1—
2 Sdd+2)

Here, we redefined coupling constant g — gS;/(2m)¢ with
Sa being the surface area of the unit sphere in d-dimensional
space; see Appendixes A 1 and A 2 for details. The corrections
of orders g? and higher are neglected.

The relation between the initial and renormalized action
functionals S(®,e9) = S®(Zo®,e, ), where e is the complete
set of parameters, yields the fundamental RG differential
equation:

{Dy+ Noyy + Nyyu} GReyt, ... ) =0, (4.6)

where G = (@ - - - ®) is the correlation function of the fields ®;
N, and N, are the numbers of the renormalization-requiring
fields v and v’, respectively, which are the inputs to G; the
ellipsis in the expression (4.6) stands for the other arguments
of G (spatial and time variables, etc.). Further, D, is the
differential operation ud, taken for fixed ey and expressed
in the renormalized variables:

~

D,=D,+ By 0y + Budy — YvDy.

Here and below we have denoted D, = x 9, for any variable x.
The anomalous dimension yr of a certain quantity F (a field
or a parameter) is defined as

vi = Z;'DyZr =D, In Zp.

4.7

(4.8)

The g functions for the two dimensionless coupling constants
g and u are

By = 5Mg =g(=y — V)s

Bu = Dyu = u(=n — 1), (4.9)

where the latter equations result from the definitions and the
relations (3.12).

From the definitions and expressions (4.4) and (4.5) for the
renormalization constants Z; and Z, one finds

1 u

=A@y *+10)

1

1 wddd—1)+3u?dd—1)+2u@®*—d+2) 1

A+ 1)3 y *

1 wddd — )+3ud(d — )+2u(d® —d +2)

=8 a2 A + 1)
4.11)

and from the relations (3.13) it follows that
Be =8(=y =21 +3y), Bu=ul=n+y) (412

Equations (4.12) give us the full set of g functions defining
fixed points, which are responsible for asymptotic behavior of
correlation and structure functions.

V. IR ATTRACTIVE FIXED POINTS

One of the basic RG statements is that the asymptotic
behavior of the model is governed by the fixed points {g*,u*},
defined by the equations 8, = 0, B, = 0. The type of a fixed
point (IR/UV attractive or a saddle point), i.e., the character of
the RG flow in the vicinity of the point, is determined by the
matrix Q;; = 9f;/dgy at a given point, where g; is the full set
of B functions and g is the full set of couplings. For an IR
attractive fixed point, the matrix €2 has to be positive definite,
i.e., the real parts of all its eigenvalues have to be positive.

FIG. 4. The one-loop approximation of the 1-irreducible function
(v, vgvy, ) 1. Greek letters denote external (free) indices of the
diagram; Latin letters correspond to internal indices of the vector
fields with implied summation.
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a=1/3+a*

§ correlated
model

a=1/3

FIG. 5. Domains of the existence and IR stability of the fixed
points for the model (3.1) in the plane (y,n); a* = m Gray
areas correspond to the regions where the trivial and 8 correlated
model fixed points are IR attractive; hatched areas which are lying
inside the gray ones correspond to the regions where another nontrivial
(saddle type) point exists; in white areas there is no IR attractive fixed
point.

A direct analysis of the 8 functions reveals the existence of
the three fixed points: the trivial one and two nontrivial ones.
The free Gaussian fixed point, for which all interactions are
irrelevant and no scaling and universality are expected, has the
coordinates

¢ =0, u*=0 (5.1)

and is IR attractive if both y and 7 are negative.
Let us define o = n/y [see Eq. (2.3)]. If parameter «
satisfies the inequalities
1 1 4/3

—<ua<

3 §+3d(d—1)+2’

the system possesses the fixed point {g*,u*} with the coordi-

nates
/ 16(a—1)
N —-3+,/1- dd—1)(Ba—1)

u = .

2
(u* +1)33a—1
2

(see Fig. 5). However, it turns out that one of the two
eigenvalues of the matrix 2 for this point is negative. This
means that this fixed point is a saddle one, i.e., for any values
of y and 7 it is IR attractive only in one of the two possible
directions. This fixed point exists for all d except the limit
d — 00, where the inequality (5.2) has no solution (see details
below).

Another case to be considered is u* — oo. From Egs. (2.3)
and (3.4) it follows that this case corresponds to the previously
studied model with the § correlated in time random force [59].
Therefore, one should obtain the well-known fixed point of
this model. This is indeed the case. To prove this statement it
is convenient to pass from the variable u to a variable x = 1/u.
The limit # — oo corresponds now to the limit x — 0; the

(5.2)

(5.3)

¢ = d(d+2) (5.4)

function for the newly introduced parameter x is

~ 1
B = Dux = _ﬁﬁu- (5.5)

If u* — oo anomalous dimensions have the following simple
form:

y1 =0, (5.6)
_d-—1 5.7)
=84d+2) '
Therefore, we obtain the set of 8 functions
3(d—1)
=g|— —, 5.8
Be g[ y+g4(d+2)} (5.8)
Be = d-1 (5.9)
AT S a2 '

From Egs. (5.8) and (5.9) it follows that the system possesses
the fixed point with the coordinates

4(d + 2)
3(d — 1)

which coincides with the results of Ref. [59] and is IR attractive
fory > 0andn > y/3.

An interesting situation corresponds to the limit d — oo.
The study of the large d behavior of fluid turbulence is not
only an academic interest: one can hope that in this case the
intermittency and anomalous scaling disappear or acquire a
simple “calculable” form and finite-dimensional turbulence
can be studied within the expansion around this “solvable”
limit, hence the idea of expansion in 1/d, considered in
Refs. [60-63]. If d — oo the set of the 8 functions (4.12)
reads

* *
X =0V,

(5.10)

. 3u(u + 2)
ﬁg—g[—y+g—4(u+1)2] (5.11)
_ u(u +2)
Bu _“[_”+g—4(u+1)z] (5.12)

Therefore, the system 8, = 0, B, = 0 admits several possible
solutions. The trivial one is g* = u™ = 0, which corresponds
to Egs. (5.1) at finite d. Another solution is an infinite fixed
point:

=0, g =3, (5.13)

where x = 1/u (see above) and f, is given by expression
(5.5). This point is IR attractive for y > 0 and n > y/3 and
corresponds to Egs. (5.10). Furthermore, there is one more
solution of the system (5.11)—(5.12):
*
(u*+2) 'y
— ===, 5.14
Sz 3" >-19)
where both g* and u* are undefined separately. This case
corresponds to the saddle type point (5.3)—(5.4), but with one
significant difference: if d — oo, two eigenvalues of the matrix
Q are

u(Bu? + 9u + 8)

M =0; A= .
: 2 Au+173 |,

(5.15)
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Equations (5.14) and (5.15) are in agreement with the results
(5.3)—(5.4) for finite d. If d — o0, there is no solution for in-
equality (5.2), and two hatched triangles, denoting the possible
areas of existence of this point, degenerate into one line n = %
(see Fig. 5). At the same time one of the two eigenvalues, which
was negative at finite d, tends to zero. This means that we have
not a point but aline n =  with zero velocity along it, which is
(and was at finite d) IR attractive in the perpendicular direction.
It is a very intriguing phenomenon. On the one hand, there is a
continuous limit from finite d to the case d — 0o. Moreover,
the expression limy_ o A1 = 0 can be checked directly from
the original g functions at the fixed point (5.3)—(5.4). On the
other hand, the saddle type point, which can be reached only
if the initial data (both position and velocity) are very specific
and allow it, transforms into an IR attractive line, which will
be achieved for any initial data.

The results presented in this section are based on the
explicit form of the 8 functions (4.10)—(4.12) derived within
the leading one-loop approximation. They exhibit a very fine
structure and can well appear to be sensitive to inclusion of
higher-order corrections. This interesting issue lies beyond
the scope of our discussion and will be a subject of further
investigation.

VI. CRITICAL DIMENSIONS

In the leading order of the IR asymptotic behavior, the
Green’s functions satisfy the RG equation with the substitution
g — g* and u — u*. This property together with canonical
scale invariance gives us the critical dimensions of the fields
in the model, which, in fact, govern the asymptotic behavior
of arbitrary correlation functions:

Ap = dlfp + ALdy + yp, where A, =—-A,=2—1y).
(6.1)

Here, Ar denotes the critical dimension of the quantity F,
while A; and A, are the critical dimensions of time and
frequency. The symbol y; denotes the value yr at the fixed
point.

If u* — oo one obtains the exact answers (with no correc-
tions of orders y? and higher)

Ay,=1—y/3, Ay =d—1+y/3, (6.2)
which are in agreement with Ref. [59].
The saddle fixed point (5.3)—(5.4) gives
Ay=14+1"2 Av,=d—1+%. 6.3)

The latter dimensions have higher-order corrections y"n™
with n +m > 2. Evaluation of these corrections requires
consideration beyond the one-loop approximation.

VII. ADVECTION OF PASSIVE SCALAR FIELDS

Let us consider a passive advection of a scalar field 6(x) =
0(t,x), which satisfies the stochastic differential equation

3,0 + 3 (v:0) = k0d20 + f,. (7.1)

Equation (7.1) describes the advection of a density field,
e.g., density of a pollutant. The advection of a tracer field

) =—F ¢ ) =——— ¢

FIG. 6. Graphical representation of the bare propagators (66'),
and (66).

(temperature, specific entropy, or concentration of the im-
purity particles) differs from this case by the transformation
0;(v;60) — (v;0;)0 on the left-hand side of Eq. (7.1). Therefore,
in case of an incompressible carrier flow (i.e., if 9;v; = 0) both
density and tracer fields are described by the same equation.

The coefficient k in Eq. (7.1) is the molecular diffusivity,
02 = 9;0; is the Laplace operator, v;(x) is the velocity field
which obeys Eq. (2.1), and fy = fy(x) is a Gaussian noise
with zero mean and given covariance

(fo) fo(x") =81 —t)C(r/Ly), r=x—x.

The function C(r/Lg) in Eq. (7.2) is finite at (r/Lg) — 0O
and rapidly vanishes when (r/Ly) — oo. The expression (7.2)
brings about another external (integral) scale Ly, related to
the noise fp, but henceforth we will not distinguish it from
its analog L = m~! in the correlation function of the stirring
force (2.3). The noise simulates effects of initial and boundary
conditions of the system.

If the velocity v; obeys the stochastic Navier-Stokes equa-
tion (2.1), the problem (7.1)—~(7.2) is tantamount to the field
theoretic model of the full set of fields & = {6",0,v;,v;} and
the action functional

(7.2)

S(®) = S5(6',6,v;) + Su(v], i), (7.3)

where the advection-diffusion component
Sp(0',0,v;) = %O’Dfe’ +0'[—8,60 — 8;(v:0) + Kkd*0]
(7.4)

is the De Dominicis-Janssen action for the stochastic problem
(7.1)—(7.2) at fixed v;, while the second term is given by (3.1)
and represents the velocity statistics; D s is the correlation func-
tion (7.2), and all the required integrations and summations
over the vector indices are assumed; see explanations (3.2).

In addition to the expressions (3.4)—(3.6), the diagrammatic
technique in the full problem involves a new vertex —6'9;(v;6)
and two new propagators:

1

090 = = s (1.5)
Ck
W%=&fép 7.6)

In the frequency-momentum representation the new vertex
reads

vi(k) = ik;, (1.7)

where k is the momentum carried by the field 6'.

A graphical representations of the newly introduced prop-
agator functions and vertex are depicted in Figs. 6 and 7,
respectively. From now on, the end of a double solid line
without a slash denotes the field 0, and the end of a double
solid line with a slash denotes the field 6’.
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FIG. 7. Graphical representation of the interaction vertex V;.

The model (7.3) was considered earlier in Ref. [64] in case
of the zero-time correlation function

(d)i(t’x)d)j(t/ax/))
L~ dk
=6 —t )DO/ —_—

k>m (2)

where 50 = Dy/ vgu%. Here, we consider the Navier-Stokes
equation (2.1) with the colored random force (2.3). As it was
shown above the only IR attractive fixed point (5.10) of this
system corresponds to the model with zero-time correlations.
This means that the Galilean symmetry broken by colored
noise is restored and we take advantage of the previous study,
namely, the fact that the full model (7.3) is multiplicatively
renormalizable and possesses the IR attractive fixed point
{g*,w*} in the full space of couplings:

= 3(d_l)y+0(y ), wiw*+1)=
Here, we have introduced the dimensionless variable wg =
ko/vo with vy from Eq. (2.1) and its renormalized analog w.
The critical dimensions of the advected field 6 and additional
field 6’ are

A9=—1+y/6, A9/=d+1—y/6

and have no corrections of the orders y? and higher.

P (k)k* =47y ok x=x) - (7.8)

2(d +2)
— (7.9)

(7.10)

VIII. OPERATOR PRODUCT EXPANSION FOR THE PAIR
CORRELATION FUNCTION AND LARGE-SCALE
ANISOTROPY

Let us consider the influence of large-scale anisotropy,
introduced into the system at the large scale L through the
correlation function of the random noise (7.2), on the inertial
range behavior of the pair correlation function (0(z,x)6(t,x’)).
The goal is to check Kolmogorov’s local symmetry restoration
hypothesis, which states that the spatial symmetries of the
system are restored in the measurable statistical quantities.

We start our consideration with the structure functions of
the following form:

Su(r) = ([6(2,%) — 6(t,x")]™"). 8.1

Dimensionality considerations together with the RG equations
give the asymptotic expressions in the region ur > 1:

Sa(r) = () " (ur) "4 ¢ (mr),

where » = |x’ — x|, m = L™!, the critical dimensions of the
fields are given by Eq. (7.10), and ¢ are certain scaling
functions [20].

We assume that the function C(r/Ly) in Eq. (7.2) depends
additionally on a constant unit vector n = {n;} that determines

(8.2)

a certain distinguished direction. Thus, the operator product
expansion (OPE) in the irreducible composite operators [16]

[6(t,x)—0(t,x)]*" :Z Cr(mr)F(t,x), x=(x+x)/2,
F

(8.3)

which is valid for r — 0, provides the expansion in the
irreducible representations of the SO(d) group. Since in order
to identify all critical dimensions it is sufficient to consider
uniaxial anisotropy, Eq. (8.3) gives rise to the d-dimensional
generalizations of the Legendre polynomials P;(cos ¢) (which
are the basis of such representation), where ¥ is the angle
variable between the vectors r and n. The structure functions
(8.1) are obtained by averaging (8.3) with the weight exp Sk,
where Sg, is the renormalized action functional (7.3). The mean
values (F(x)) o (mr)™F appear in the right-hand side.

The main contribution to the “shell” with a given rank [ is
determined by the /th rank operator with the lowest critical
dimension. The expansion that takes into account only the
leading term in each shell has the form

2n
Sy = P20 N " Amr) Pi(cos ©) (mr)Aerh -+, (8.4)
=0

where we omit the dimensional factors v and p and the ellipsis
stands for the contributions with / > 2n, which contain more
derivatives than fields; A;(mr) are the coefficient functions ana-
lytical in mr. The dimensions A, ;) are the critical dimensions
of the operators

n,l K
F'") = 8,0...9,60(0,60,0) + -, (8.5)

l]...i[

which are constructed solely of the gradients of the passive
scalar field and have the lowest canonical dimension (i.e.,
contain the minimal number of the derivatives). Here, [ is
the number of the free vector indices (i.e., the rank of the
tensor) and n = [ + 2s is the total number of the fields 6
entering a given operator. The ellipsis then represents the
subtractions with Kronecker’s delta symbols that make the
operator irreducible (so that the contraction with respect to
any pair of the free tensor indices vanishes). For example,
F2?Y =,00,0 — %f (30 30). (8.6)
For the pair correlation functions, the full analog of the

expression (8.4) can be presented in the form that includes all
the shells:

0(1,x)0(t,x")) = r=24 Z A;(mr) Pi(cos ®) (mr)™. (8.7)
=0

This is a consequence of the expression

F(x)0G(x) = —G(x)0F (x) + o[F(x)G(x)] (8.8)
for the operators F(x) and G(x) of the form
Fii(x) = 0(x)9, -+ 9;,0(x) + -, (3.9)

where the ellipsis stands for the subtractions with Kronecker’s
delta symbols that make the operator irreducible. It is clear
that for the pair correlation function the leading term of the
Ith shell is determined by the single operator (8.9) with two
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fields 6 and [ tensor indices. From Eq. (8.8) it follows that
this operator is unique up to derivatives, which have vanishing
mean values and do not contribute to the quantities of interest;
see Secs. IV C and VC in Ref. [35] for detailed discussion.
The critical dimensions A; in Eq. (8.7) are dimensions of the
composite operators (8.9).

Furthermore, from the relation (8.8) it follows that for odd
[ the operator (8.9) itself reduces to a linear combination of
the derivatives. In the following, we will be interested only in
the operators which are not reducible to derivatives and will
consider only even values of /.

IX. INERTTIAL RANGE ASYMPTOTIC BEHAVIOR
OF THE PAIR CORRELATION FUNCTION

In general, a local composite operator is a polynomial
constructed from the primary fields ®(x) and their finite-order
derivatives at a single space-time point x = {f,x}. Due to a
coincidence of the field arguments, additional UV divergences
arise in the Green’s functions with such objects [16,17].
The total canonical dimension of an arbitrary 1-irreducible
Green’s function I’ = (F @ ... ®) thatincludes one composite
operator F and an arbitrary number of the primary fields & (the
formal index of UV divergence) is given by the relation

dr =dr =) Nods, ©.1)
P

where Ng is the number of the fields ® entering I', do is
the total canonical dimension of the given field @, and dp is
the canonical dimension of the operator. In the process of the
renormalization, operators can mix with each other:

Fi = ZZifFJR’
J

where Z;; is the renormalization matrix.

We are interested in the scaling dimensions of the operators
(8.9), which are given by the eigenvalues of the matrix A [see
(6.1)] calculated for the mixed operators. Since the original
stochastic equation (7.1) is linear in field 6, the necessary
diagrams for a calculation of the matrix Z;; do not contain the
propagator (99)¢ from Eq. (7.6). Hence, all the calculations
can be performed directly in the model without the random
noise in Eq. (7.1), i.e., in the SO(d) covariant model, where
the irreducible tensor operators with different ranks cannot
mix in renormalization procedure. The only possibility to mix
during the renormalization is mixing within the operator’s
own “family” of derivatives: the operators with additional
derivatives or with the fields " and v; have too high canonical
dimensions, the appearance of a field v; is forbidden by
the (restored) Galilean symmetry, and additional fields 6 are
forbidden by the linearity of the model. Herewith, relation (8.8)
shows that all the other operators obtained the same rank differ
from (8.9) by a total derivative and, therefore, give the same
contribution into the OPE. This means that the matrix A is
in fact triangular and the composite operators (8.9) can be
treated as multiplicatively renormalizable, F) = Z, ) F, ,({"[) ,
with certain renormalization constants Z, ;, denoted later for
simplicity as Z;.

Let us introduce I',(x;0), the 6" term of the expansion
in 6(x) of the generating functional of 1-irreducible Green’s

9.2)

FIG. 8. The one-loop approximation of the function I',(x;6).
Latin letters i and j denote the internal indices of the velocity field
with implied summation.

functions with one composite operator F(x) and any number
of the fields 6:

[(x:0) = / dxy - / dxy (FCIO(x1) - - -0000))

x 0(x1) - 0(xp). 9.3)

The renormalization constants Z; are determined by the re-
quirement that the 1-irreducible functions (9.3) are UV finite
in the renormalized theory.

The one-loop approximation for the 1-irreducible function
[, (x; 6) can be formally written as

T(x;6) = F(x) + 34, ©4)

where the first term is the tree (loopless) approximation, Ais
the one-loop graph depicted in Fig. 8, and 1/2 is the symmetry
coefficient of the given graph. The dot with two attached lines
in the top of the diagram denotes the operator vertex, i.e., the
variational derivative:

V(x;x1,x2) = 82 F(x)/860(x1)80(x2). 9.5)

The contribution of a specific diagram into the functional (9.4)
for any composite operator F' is represented in the form

I=VxIxf...0, 9.6)

where V is the vertex factor given by Eq. (9.5), I is the diagram

itself, and the product 6 . . . 6 corresponds to the external tails.
The calculation of the renormalization constant Z; and

anomalous dimension y; (see Appendix B 1 for details) gives

g 1
Zi=1—————8/d), 9.7
I W+ )y 1(d) 0.7
8
=—8/@). 9.8
"= s @ ©.8)
The factor S;(d) in Egs. (9.7) and (9.8) denotes the double sum
S(d) B s+mX+:2<l (_1)5+n125C;+n1+2(s +m +2)‘
T L dd+2) . 1d+2s +m) +2]
2w? \"
— . 9.9
<(57) ©9)

This sum can be calculated for any given /:

=DJ w?+1
4z I+z-1

Si(d) =

w? w?
Fil1,2-1;2 ; , (9.10
12 1( +z w2+1)} (9.10)
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5/2)

0.2

0.1

M 24 6 8
FIG. 9. The graph of the function S;(3/2) as a function of /.

where z = d/2 and , F] is the hypergeomeric function, defined
for [t] < 1 as

oo [k—1
@+Db+0| ,
2Fi(abye;t) =1+ [ —} 9.11)
kZ:,: ,1:!(1+l)(6+l)

(see Appendix B 2 for details).
The critical dimension of the operator (8.9) is obtained using
the relations (6.1) and (7.10):

where y;* is the value of y; at the fixed point. For the realistic
values of the parameters d = 3 and w* & 1.393 [see Eq. (7.9)],
we get

v~ 0.5665,(3/2) x ¥ (9.13)

with the higher-order corrections in scaling exponent y. The
factor 5;(3/2) is given by the expression
(-1 |: 2.94

Si3/D=—¢ I+1/2

—0.776 . F1(1,2 — l;7/2;0.66)}

(9.14)

and depends on/ as depicted in Fig. 9; the same type of behavior
is valid for any spatial dimension d > 3.

It is important that S;(3/2) > 0 for [ > 1: this leads to a
monotonical increase of A; as [ — 00; see expression (9.12).
Moreover, Ay < 0. The quantity of the spatial derivatives [
illustrates the degree of anisotropy: the larger [ the higher
the degree of the anisotropy; see Eq. (8.7). Thus, there is a
hierarchy of the anisotropic contributions in the inertial range
asymptotic behavior of the pair correlation function (8.7), and
the leading term is given by the scalar operator 62

This fact has a clear physical interpretation: in the inertial
range, the leading contribution is given by the isotropic shell
I = 0 and coincides with the scalar isotropic model, while the
terms with / > 2 provide only corrections which become in-
significant as mr — 0. Moreover, the corrections become less
pronounced with increasing [, i.e., with increasing degree of
the anisotropy. This effect confirms Kolmogorov’s hypothesis
of the local isotropy restoration.

It is worth mentioning that an analogy exists between the
present hierarchy and the well-known multipole expansion
in ordinary classical electrostatics which can also be written
as an expansion in spherical harmonics [65]. The multipole
expansion can be viewed as a series with progressively finer
angular features. The initial isotropic term, corresponding to
the potential of a pointlike charge, gives the leading contribu-

tion at large distances. The other terms are anisotropic (they
involve angular dependence) and give corrections that decay
faster and faster as the “degree of anisotropy” / increases.

This is not just a superficial analogy. It becomes especially
clear if one applies the zero-mode approach to the advection
problem in Kraichnan’s rapid-change model (or in some
analogous model, in which turbulent flow is simulated by
some Gaussian statistics); see, e.g., Ref. [55]. Employing
the zero-mode approach terminology, the individual terms
of the spherical harmonics expansion in electrostatics are
the homogeneous solutions (the so-called zero modes) of
the Poisson equation. If we are interested in the asymptotic
behavior at small or large distances, only the zero modes re-
stricted at the origin or at infinity should be taken into account,
respectively. The difference with electrostatic problems is that
for the turbulent advection the differential operator is more
complicated. Moreover, since we are interested in the inertial
range behavior (i.e., behavior in the interval, restricted by
both large and small scales) it is not so simple to choose the
right solution from two possible zero modes. Nevertheless,
the result is similar to the electrostatic case: the leading
term corresponds to / = 0 and is isotropic, while the other
(anisotropic) contributions provide the decaying corrections
and obey the hierarchy with respect to the value of /.

X. CONCLUSION

In this paper incompressible fluid is studied using the
field theoretic approach. We have considered the stochastic
Navier-Stokes equation with colored noise (i.e., the model with
arbitrary finite correlation time of the velocity field) to describe
fluid dynamics. The second problem considered is the advec-
tion of the passive scalar field by this turbulent flow. The critical
dimensions of the fields are calculated for both problems.

Within the one-loop approximation the only nontrivial
regime of the long-distance (IR) behavior is found to be
reduced to the limiting case of the rapid-change type behavior.
This regime is realized for y > 0, n > y/3, where y and n
describe the energy spectrum &€ oc k'~ and the dispersion
law @ ~ k>7" of the velocity field. The second nontrivial
fixed point, existing if % < f—] < % + ﬁ, is a saddle type
point. The fact that the only nontrivial IR attractive fixed point
corresponds to vanishing correlation time means, in particular,
that the Galilean symmetry, violated by the colored stochastic
force, is automatically restored in the IR limit. As it should be
for the case of rapid-change behavior, the calculated critical
dimensions of the fields coincide with the results obtained for
the zero-time model which was considered earlier in Ref. [59].

The inertial-range behavior of the correlation function of
two composite operators constructed from the advected fields 6
was studied using the OPE. Existence of the anomalous scaling
(singular powerlike dependence on the integral scale L) was
established. From the leading-order (one-loop) calculations
it follows that the main contribution into the OPE is given
by the isotropic term corresponding to / = 0, where [ is the
number of the Legendre polynomial entering the expansion of
the correlation function and signifies a degree of the anisotropy;
all other terms with / > 2 provide only corrections.

These two facts (the restoration of the Galilean symmetry
and isotropy restoration) give a quantitative illustration of
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the general concept that the symmetries of the Navier-Stokes
equation, broken spontaneously and by initial or boundary con-
ditions, are restored in the statistical sense for fully developed
turbulence [1-6].
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do dk
Eaﬂ = Dy E Vaab(p)vdcﬁ(p + k)Pac(p + k)Pbd(k)

@2m)?

APPENDIX A: CALCULATION DETAILS FOR THE
MODEL OF INCOMPRESSIBLE FLUID

This section contains detailed calculations of the diagrams,
defining the renormalization constants Z; and Z, (see Sec. IV).
All calculations are performed in the analytical regularization
and MS scheme.

1. Calculation of the self-energy operator

Let us start with the graph presented in Fig. 3. The analytical
expression for it reads

kS—d—y—Zn

(02 + v3udk*=21) (0? + v3k*) (—iw + vol p + k[?)

(AL)

Here and below V;«(p) is the triple vertex (3.6); Greek letters « and 8 and Latin letters a—d denote the vector indices of the
propagators (3.4) and (3.5) with the implied summation over the repeated indices. Since the index of divergence for this diagram
dr = 2, we have to calculate only the terms proportional to p?, where p denotes an external momentum.

Let us consider the expression (4.2). Taking trace of both sides of it one obtains the scalar equation

MH=iw—vp?+3, (A2)

where we have introduced for brevity

Y = ZupPog/(d — 1). (A3)

The calculation of the (scalar) index structure J of the quantity X yields

J = Vaar(P)Vaes(P + K Pac(p + k) Poa(k) Pog(p) = (A - p) + Bp* + O(p>). (Ad)

The vector coefficient A and scalar coefficient B are

A =2k, (AS)

B = sin* ¢ — 3sin’ g cos? ¢ + (2 — d) sin” ¢, (A6)

where ¢ is the angle between the external momenta p and internal momenta k.
The integration over the frequency w in the expression (A1) gives

dw
/ 27 (? + viudk*=21)(0? + vEk*)(—iw + vol p + kI?)

1 uok* "+ k> + |p + k|?
= — . (A7)
2vg uok?k>=1(k? 4 uok> =) (uok>=" + | p + k|)(k* + | p + k|?)
Combining the expression (A4) with the numerator of the expression (A7) gives
dk A+B
PI e / + . (A8)
Q) uok*=1(k? + uok?=")(uok*" + |p + k|*)(k* + |p + k|?)
Here, the coefficients A and B denote the quantities proportional to p? and p, respectively:
A = p*(uok®™" + 2k*)A + 2B(p - k)p, (A9)
B = B(uok®>™" + 2k%)p, (A10)

with the vector A and scalar B defined in the expressions (AS5) and (A6).

The integration over the internal momenta k can be simplified in the MS scheme, in which all the anomalous dimensions
1.2 are independent of the regularizers like y and n. Hence, we may choose them arbitrarily with the only restriction that our
diagrams have to remain UV finite; see Ref. [24] for detailed discussion. The most convenient way is to put n = 0, so expanding
the denominator of (A8), combining it with (A9) and (A10), and taking into account that we are interested only in the term
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proportional to p for B and to p° for A one obtains

1 dk 1 ) 2 2(“0 + 2)(“0 + 3) ) 2 .
Yap X 2(u0 1 ) @y 2 [A(uo +2) —4sin“ @ cos” ¢ + T sin” ¢ cos” ¢ |; (A11)
the coefficient A is defined in Eq. (AS5).
In order to integrate over the vector k we need to average the expression (A11) over the angles:
oo
/ dk f(k) = Sq / dk k'~ (f (o)), (A12)
m

where (- - - ) is the averaging over the unit sphere in the d-dimensional space, S, is its surface area, and k = |k|. To average the
function (A11) over the angles in the orthogonal subspace we use the relations

(cos? @) = 5, (cos* ) = ﬁ (A13)
This gives
2 1
x p? — (chrk)d - (Al4)
where
X = L[u%d(d— 1) + 3uod(d — 1) + 2d* — 2d + 4]. (A15)
d(d+2)
Combining the expression (A1) with the expressions (A3), (A7), and (A14) and expression (2.4) for the amplitude Dy we find
Sup =~ pPgon—0—x [ AL (A16)
4 (wo+ 13 J,, @Qm)dkdty

Taking into account the multiplier (d — 1)~ coming from (A3), after the integration of the expression (A16) over the modulus k
one obtains
1,  uddd—1)+3udd(d — 1)+ 2upd* —d +2)

Y=
P 8ovo d(d + 2)(uo + 13

.
c,t (A17)
y

where Cy = S,;/(2m)?. Combining this expression with Eq. (4.2) from Sec. IV one immediately obtains the renormalization
constant Z, = Z,,.

2. Calculation of the vertex diagrams

Let us start with the graph presented in Fig. 4(a). The analytical expression for it is

/ (2 )d Ve (PWVan—K)Vepy (p + )

Py (k) Pye(p + k) Ppp(q — k) (q — k)3—4=y=2n
(iw + vok?)(—iw 4+ vo| p + kI?) (? + v3lq — k|*)(w? + viudlq — k|*27)

(A18)

Here and below p and ¢ are the external momenta, and k denotes an internal (loop) momenta; the index of divergence for
this diagram dr = 1, therefore we need to calculate only the terms proportional to p' or g!. Since A o V,eq(p), we may set
q = p = Oin all the other multipliers. This observation significantly simplifies the expression for the divergent part of Eq. (A18):

Ar=D f / (D) (—I0) Vg () — 2B e Py () L (A19)
1 0 2n )d Vaca(p apb efy (iw+ vokz)(—l(u + kaz) (a)2 + v§k4)(w2 4 v2u2k4 271)
Integration over the frequency at = 0 leads to
d 1 2
/ o i ; 2 2,2 = ?0 - : (A20)
27 (iw + vok?)(—iw + 1)0l<2)(a)2 + vok“) (a)2 + U0u0k4—2’1) 4kOv3ug(u + 1)?
The calculation of the index structure J! «py Of the quantity A, is straightforward:
/1 v : (p - k)kq
wpy = Vacd(P)Vapp(—k)Very (k) Pac(k) Pae(k) Py (k) = 2i —T a2 kgky . (A21)
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In order to integrate the expression (A21) over the vector k we employ the relations similar to Egs. (A13):
kik; _ Sij  [kikjkikp _ 8ijSim + 8i18jm + Simdji
k2 d’ k4 dd+2)
Taking into account the expressions (A20)—(A22), for the divergent part of the diagram A one obtains

(A22)

uo(uo +2) (d + D padpy — Ppday — Pydup C m™Y
2uo + 1)2 d(d +2) Ty

The analytical expression for the graph presented in Fig. 4(b) is

Ay =igo

(A23)

/ )d Ved(P)Vain(p — K)V (g — )

ac(p - k)Pde(k)th(q - k) k8=d=y=2n
(io+wlp —k)io+ vlg — k) (0 + vik*) (w? + vGughk*=21)”

(A24)

Like in the previous case, since A, « V,.4(p) we may set ¢ = p = 0 in all the other multipliers:

Py (k) Py (k) Py (k) k8—d—y—2n
o WRP (o O+ )

d
=y [ 52 (2 )d Ve (D)Va )V oy (K) (A25)

The integration over the frequency w at n = 0 leads to the expression
/ dw 1 uo(ug +3)+ 4

aw = ) A26
27 (iw + vok?)*(w? + vik?*) (0? + viudk*=21)  8k'Ovjug(ug + 1)3 (426)

The calculation of the index structure J?2

upy ives

Jgﬁy = acd(p)vuﬁb(k)ery(k)Pac(k)Pde(k)be(k) = _2ipcPca(k)k,3ky' (A27)

Taking into account the expressions (A26) and (A27), the integration of the expression (A25) over the momenta k gives

A= i gouo(u% + 3uy + 4) (d + D)pabpy, — Ppbay — Pydap Cdm‘y. (A28)
4uo + 1)3 d(d+?2) y
The analytical expression for the divergent part of the graph presented in Fig. 4(c) coincides with the expression (A25). Thus,
A3 = Aj and it is also given by the expression (A28).
Using the transversality condition d;v; = 0 together with the expression (3.6) and moving the derivative in the vertex from the
field v’ onto the field v we conclude that the term proportional to a momentum p,, gives no contribution, therefore for the sum of
the three triangle diagrams A, A;, and A3 [see Eqgs. (A23) and (A28)] one obtains

Uo pﬁaay + py‘sozﬁ m™Y
wo+ 12 dd+2) “y

Combining this expression with Eq. (4.3) from Sec. IV one immediately obtains the renormalization constant Z| = Z,.

A +M+A3=ig (A29)

APPENDIX B: CALCULATION DETAILS FOR THE MODEL OF PASSIVE ADVECTION

This section contains detailed calculations of the diagram, defining the renormalization constant Z;, and the double sum S;(d),
entering in the expression for the anomalous dimension y; (see Sec. IX). The calculation of renormalization constant is performed
in the analytical regularization and the MS scheme.

1. Calculation of the diagram with insertion of the composite operator

The only graph A which is required for the critical dimensions of the correlation functions (8.7) is presented in Fig. 8. To
simplify the process of calculations it is convenient to contract the operator (8.9) with a constant vector A = {A;}. As a result one
obtains the scalar operator

F=00:3)60+---, (B1)

where the terms, denoted by the ellipsis, necessarily involve the factors of A2. The appearance of A> means that the corresponding
initial operator contains 32, i.e., its canonical dimension is too high. Therefore, we should omit the terms with A2. The vertex
factor (9.5) in this case takes the form

V(x5 x1,02) = 8(x — x1)(2;8)'8(x — x2) + {x1 < x2}. (B2)
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Let us choose the external momentum p to flow into the diagram through the left lower vertex and to flow out of the diagram
through the right lower one. Since the divergence of the graph A is logarithmic, the external momentum flowing through the
operator vertex and all the external frequencies are set equal to zero. We are interested in the value of the anomalous dimension at
the fixed point, therefore we may perform the substitutions g = g*, w = w* [see Eq. (7.9)], and u — oo from the very beginning;
furthermore, the limiting case u — oo means that (uovy)> > w?, so the propagator function (3.4) reads

4—d—y
(viv;)0 = govp maj(k). (B3)

Thus, the core of the diagram takes the form

Az / de f dk_itgr . qy SEVK 2 gy ! (B4)
frd l . — l . l . .
PiPi | 5 o (24 V= Wy w2v2g*
Here the factor p; p; comes from the vertices V; [see Eq. (7.7)] and from the observation that in the case of incompressible
carrying fluid the derivative can act directly on the field 6; the factor 2i'(A - q)' comes from the vertex (B2) for even [ [for odd [
the two terms in Eq. (B2) would cancel each other], the factors depending on k represent the velocity correlation function (B3),
and the last factor comes from the propagators (6'6); the momentum k flows through the velocity propagator, so thatqg = k + p.
In order to find the corresponding renormalization constant it is sufficient to retain in the result for the counterterm only the
terms of the same form, i.e., the terms of the form (A - p)l , and drop all the other terms containing A2 or pz. Thus, the structure
with P;;(k) is simplified and takes the form

pipiPijk) = —(p - k)* /K. (BS)

The integration over the frequency w in Eq. (B4) is straightforward:

Rz gt [ ppraa) (B6)
=—gp’i . q) 5=
S0 e @ P Ry
Expanding all the denominators in the integrand of Eq. (B6) in p together with dropping all the terms with p? gives
! ! I o (=2 (p -k
—~ = — , B7
q> kK+2p-k) kK ; k2 ®7)
1 1 1 = (=D)"™p -k 2w? "
2 N _ Sy (2w )" ®5)
kK +wiq? B!+ D+2wip k) (w?+ DR £~ k2 w? + 1
Expanding the numerator of (B6) using Newton’s binomial formula (note that ¢ = k + p) one obtains
1
g =) CA-k'M-p) . (BY)

n=0

Combining the expressions (B7)—-(B9) one obtains threefold series over n,m, and s:

1 [} m
1 1 B (_l)m(_z)c(p . k)ﬂH—H—Z(x . k)n 2w2
2-aq) = crn - p)" , B10
@-q) g2(k2 + w2q?) — k*w?2+1) ; 1A p) m§0 Jk2(s+m) w2+ 1 (B10)

in which we need to collect only the terms proportional to (A - p)'. This leads to the restriction n = s + m + 2 and hence to the
finite double sum

s+m~+2<I —m—s— m+s s+m m
- q = S ireayepe P p RGP (2wt T
qz(kz 4 wzqz) k4(w2 +1) . ! k2(s+m) w? 4+ 1
Substitution of this sum into the expression (B6) gives rise to the integrals
dk ki .. ki,
L .i,,(m) = ,/1;>m 2m) k Y kT (B12)
withn = s +m 4 2 > 2. They can be found using the expressions
.6 + all permutations

Sio 8
Ii 0 — 1l 12n—112n I , B13
i 1) dd+2). drm—2 ™ (B13)

where I (m) is the scalar integral:

1) / dke_ 1 _ o m™” (B14)
m)—= == .
k>m (27T)d kd+y d y
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The sum over all the possible permutations of 2z tensor indices in the numerator of Eq. (B13) involves 2n — 1)!! = (2n)!/2"n!
terms, but we have to keep only the terms that give rise to the structure (A - p)" after the contraction with the vectors A and p in
the expression (B11). Hence, there are only n! such permutations.

Collecting all the factors for the core (B4) leads to the expression

~ 1 w\’ 1
A=—i'\-plg—-—Cyl =) =Si(d), B15
i( P)g(w2+1) d(m)yl() (B15)
where
s+m~+2<1 m
S s+m2scs+m+2 N1 2 2
Sy= Y 1) L GAm D 2w (B16)
= dd+2)...[d+2(s +m)+2]\ w2 +1
For ! = 0, sums (B11) and (B16) contain no terms, so that Sy(d) = 0.
Thus, expression (9.4) for the functional (9.3) reads
y
g w1
r = F l————(— ) =Si(d)], B17
2(x) z(x)[ 2(w2+1)(m) y 1( )] (B17)

where F;j is the operator (B1) and the substitution g — gCj is implied. For the renormalization constant Z; in the MS scheme
one obtains

g 1
- Sy S (B18)

According to Sec. VIII the parameter / defining the composite operator (B1) counts the Legendre polynomials entering in the
OPE for correlation functions.

Z =1

2. Calculation of the double sum S;(d)

It turns out that the double sum S;(d) in Egs. (9.9) and (B16) can be reduced to a simpler onefold sum. Let us pass from the set
of variables s and m to the variables k and m, where k = s 4+ m, and substitute the explicit expression for the binomial coefficient
CF? =11/(k +2)!(I — k — 2)!. This gives

k+2<1 k wz m (—Z)k
Sid) =1 kg; Lﬂg(wz“) }(l—k—2)!d(d+2)...(d+2k+2)' (B19)

The internal summation over m gives

k wz m , w2 k+1
Z;)<w2+1> = +1)|:1_<w2+1) ]; (B20)

m=

changing now the summation variable k — k 4 2 one obtains

5 ! (_2)k—2 w2 k=1
Si(d) = 1! 1 1-— . B21
Hd) = 1w+ )kX:;(l—k)!d(d+2)...(d+2k—2) <w2+1> (B2D)
Substitution z = d /2 allows us to construct the expression with the ratio of two factorials:
l k-1
(=Dfz — 1! w?
Six) =11 (w* + 1 1— : B22
ey =i+ );4(l—k)!(z+k—l)! w41 B
which can be calculated for any given /:
(—D[ w?+1 w? w?
Si(z) = — Fil12-0L24+z2,—— ) |- B23
1(2) 4z [l+z—1 417! Tz w? + 1 B23)

Here , F; denotes the hypergeomeric function, defined for |#| < 1 as

oo [k—1

a+nDb+D| ,

2WFiabin =1+ [| |—]t . (B24)
1L e+

The explicit expression (B23) allows us to analyze the dependence of the anomalous dimensions y; over / being in the present
context the degree of the anisotropy.
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