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Statistical theory of turbulence in viscid incompressible fluid, described by the Navier-Stokes equation driven
by random force, is reformulated in terms of scale-dependent fields u,(x), defined as wavelet-coefficients of the
velocity field u taken at point x with the resolution a. Applying quantum field theory approach of stochastic
hydrodynamics to the generating functional of random fields u,(x ), we have shown the velocity field correlators
(ug, (x1)...u04,(x,)) to be finite by construction for the random stirring force acting at prescribed large scale L.
The study is performed in d = 3 dimension. Since there are no divergences, regularization is not required, and
the renormalization group invariance becomes merely a symmetry that relates velocity fluctuations of different
scales in terms of the Kolmogorov-Richardson picture of turbulence development. The integration over the scale
arguments is performed from the external scale L down to the observation scale A, which lies in Kolmogorov
range /| < A < L. Our oversimplified model is full dissipative: interaction between scales is provided only
locally by the gradient vertex (uV )u, neglecting any effects or parity violation that might be responsible for
energy backscatter. The corrections to viscosity and the pair velocity correlator are calculated in one-loop
approximation. This gives the dependence of turbulent viscosity on observation scale and describes the scale

dependence of the velocity field correlations.
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I. INTRODUCTION

Statistical theory of hydrodynamic turbulence has a long
history, which stems from the work of Osborne Reynolds
[1], which suggested that turbulence should be described
statistically rather than by the equations of laminar hydro-
dynamics. This practically implies statistical averaging over
all possible trajectories, same as the Feynman’s functional
integral does in quantum field theory. There is a standard
list of topics in turbulence theory: the stability of solutions
of hydrodynamic equations, the instability of laminar flow,
the origin of intermittency, and so on. This paper deals with
only one of these topics—the description of fully developed
homogeneous isotropic turbulence in an incompressible fluid.
The detailed description of the problem can be found in
classical monographs [2—4].

Turbulent flows occurring in various liquids and gasses
at high Reynolds numbers reveal a number of general as-
pects: cascade of energy, scaling behavior of correlation func-
tions, statistical correlation laws. However, the prediction of
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characteristic features of turbulent flow using basic equations
of fluid dynamics still remains a challenge.

Starting from phenomenological theory of Kolmogorov-
Obukhov [5-8], derived from simple dimensional considera-
tion, it is well known that the probability distribution function
of the velocity field fluctuations in fully developed turbulence
is determined by two basic scales: the microscopic energy
dissipation scale / and the macroscopic integral scale L,
where the energy is injected into the fluid; and also by the
energy dissipation rate per unit of mass ¢. The experimental
measurements show systematic deviations from Kolmogorov
scaling for higher-order velocity correlation functions [3,4,9].
This should be explained from microscopic principles.

In this paper we consider the Navier-Stokes equation,

ou
ot

where u(t, x) is velocity field, vy is the kinematic viscosity of
the fluid, and p is the pressure, describing an incompressible
fluid stirred by random force f (¢, x).

The observation scale a is not present in the micromodel
Eq. (1) explicitly: the fields u and p are square-integrable
functions formally defined in each point (#, x). However, we
know that the Eulerian velocity u(z, x) is meaningful only
in case it is the velocity of fluid averaged over a volume

4+ (u-V)u=yyAu — Vp +1£(t, x), (1)
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8%, where § is not less than a mean free path, to allow for
hydrodynamic approximation. So, to introduce the resolution
into mathematical consideration of a fluid dynamics problem
as an extra coordinate x — (a,x) we extend the space of
square-integrable functions L>(R¢*+!) by means of continuous
wavelet transform performed in a spatial variable x. This
trick is quite common in the numerical studies of turbulence
[10-12].

The new feature of this paper is that we combine wavelet
transform with the methods of quantum field theory, including
the method of renormalization group, to study the statistical
momenta of turbulent velocity fields at different scales.

The remainder of this paper is organized as follows. In
Sec. II we review the quantum field theory approach to fully
developed homogeneous isotropic turbulence. In Sec. III we
reformulate the quantum field theory approach in terms of
scale-dependent velocity fields u,(#, x). The dependence of
turbulent viscosity v, (k), which affects the scale components
u, (k), calculated in the developed framework, is presented
in Sec. IV. Having calculated the second order statistical
momenta {(u,(w, K)u, (o', k’)) in one-loop approximation,
in Sec. V we present the energy spectrum of the turbulent
velocity field fluctuations as a function of dimensionless
observation scale £ = A/L. In Sec. VI we summarize the
applicability of our theoretical results to the studies of tur-
bulence. Technical details of calculations are presented in the
Appendices.

II. QUANTUM FIELD THEORY APPROACH
TO STATISTICAL HYDRODYNAMICS

Similarity between hydrodynamic turbulence and critical
phenomena [13,14] made different authors cast the turbulent
velocity field generating functional in a form of quantum
field theory, and then apply renormalization group technique,
see, e.g., Refs. [15-19]. This approach is valid for the
stirred Navier-Stokes description of hydrodynamic turbulence
Eq. (1), supplied by the equality condition between the energy
injection by random force and the viscous energy dissipation.

The generating functional of the velocity field can be
written in the form

G[A] = "4 = /exp <S[d>] +fddxth®>D©, )

where the field ® = (u, u’) is the doublet of the Eulerian
velocity field u(f,x) and the Martin-Sigia-Rose auxiliary
field u’(¢, x), introduced to exponentiate the delta-function
of the equations of motion [20] (with functional Jacobian
of the equations of motion with respect to velocity field
being dropped due to appropriate redefinition of the Green
functions [16], or using ghost fields [21]). The argument
A(t,x) = (A,, Ay) is an arbitrary functional source. The
“action” functional itself takes the form

S[®] = %/u/f)ou/ +/u’[—8,u +voAu — (u - Vul,
3)

where Do(x — x') = (f(x)f(x')) is the random force cor-
relator. Integration over the space-time arguments x = (¢, X)
is tacitly assumed. The pressure term is eliminated from the

field theory Egs. (2) and (3) by the imposed incompressibility
conditions V-u =V -u' = V - f = 0. The incompressibility
is ensured by multiplication of all lines of the Feynman graphs
of the field theory Eq. (2) by the orthogonal projector

kik;

K

where k is the momentum of the line.

The perturbation expansion is performed by separating the
action Eq. (3) into a free quadratic part Sy[®] and the cubic

interaction term V[®]:
0 & + L
K = ~ A
(_at +L DO )’

PKP
~ |
L =vA, V[P]= —Eu,- [Siij + Si.ij]ujuk.

Pij(k) =é;j —

So[®] = —

The inverse of the matrix K is the matrix of bare propagators.
The potential V[P] gives the interaction vertex

vijk = =580V 4 8;; Vil

Within the model Eq. (1) the pumping power is related
to the spectral power of the stirring force dr(k). For the
stationary isotropic turbulence, stirred by random force f,
assumed to be §-correlated in time,

/o / dk 1k(x—x'
(fitt,x) fi(t',x)) =68(t —1 )/ Wpij(k)dF(k)e Ko,
4)

the equality of energy injection by random force f to the
viscous energy dissipation per unit of mass ¢, according to
Kolmogorov hypotheses [5,6,22], gives

d—1
E =
2(2m )4

In this paper we are concerned with the dimension d =3 for
isotropic homogeneous hydrodynamic turbulence.

The field theory of fields ®(x) € L*(R4+!y determined
by the action functional Eq. (3) is UV divergent [14,17]. To
derive quantitative predictions for correlation functions the
theory should be renormalized using the standard method of
e-expansion, used in quantum field theory, and the theory
of phase transitions [13,23]. The difference from standard
quantum field theory renormalization consists in the role of €:
in hydrodynamic theory it turns to be the spectral parameter of
the stirring force rather than the deviation from the dimension
of the space-time. The choice of the correlator Do(x — x')
for the stirring force f in the Navier-Stokes Eq. (1) is a
long-standing problem, having been discussed at least since
Ref. [15]. Most of the papers exploiting quantum field theory
approach to turbulence use stirring force of IR-type, i.e., that
concentrated on large scales. This corresponds to shaking
the “container with turbulence” as a whole [15], although a
UV-type noise can be also introduced by “statistical filtering”
procedure of Eyink [24], which separates fluctuations into
large-scale and small-scale parts in a way somehow similar
to the discrete wavelet transform.

The main requirements for the stirring force f are the ade-
quate description of the large-scale behavior of the turbulence
and the compatibility with the renormalization procedure.

/ dkdr (k).
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A simple power-law choice,
dp (k) = Dolk[*~'7*,

in Ref. (4) will suffice these requirements at “realistic” value
of € = 2, which makes the dimension of the constant D, equal
to that of the mean energy dissipation per unit of mass .
The correlator dr (k) can be generalized to [k|*~?—2¢h(m /k),
where  is a certain fairly smooth function with 2(0) = 1 [19]:

(fit, ) f(t, K)) = 8(t — 1) P (k)2 )89 (k + k')
x Dolk|[*" "% h(m/ k).

For convenience of e-expansion the formal expansion
parameter gy = Do/v3 is introduced. The renormalization
procedure looks as follows. The original action Eq. (3), which
depends on two parameters (go, Vo), is declared a “bare”
action, which yields divergences in the perturbation series
for the velocity correlators. For realistic value of the space
dimension d = 3, the new renormalized action,

Sr[®] = %fu’f)u’ + / w'[—0u+ Z,vAu — (u - V)ul,
)]

is derived from the bare action by means of multiplicative
renormalization,

Vo = \)ZU, D = D().

The renormalization constant Z,, which might be formally
infinite, is chosen so that it adsorbs the divergences, emerging
as poles in € in the perturbation expansion of the velocity field
correlator. The renormalized parameters (g, v) are declared
the actual parameters of the perturbation expansion, so that
all poles in € are subtracted from the perturbation expansion
keeping its finite part intact.

The goal of renormalization procedure is to eliminate the
divergences appearing in the velocity field correlators. The
finite part of the renormalization constant Z, is not fixed by
this procedure and therefore may be scheme-dependent. The
most convenient is the minimal subtraction (MS) scheme [25].
To keep the renormalized coupling constant g dimensionless
for an arbitrary value of € an extra parameter p of the
dimension of inverse length is introduced:

g0 = Z,gi’*,

with the formal coupling constant renormalization defined
as Zg := Z,* to keep the force correlator invariant under
renormalization:

V380 = v gu’c. (6)

In the space of point-defined functions [L?(R¢*")] the only
way to reveal the scale dependence of (u(x)u(x’)) is to study
the dependence of observed velocity correlators on |x — X/,
or alternatively on |k| in Fourier space. The dependence
on the extra parameter of the dimension of length (1/u) is
an artifact of quantum field theoretic averaging procedure
supplied with subtraction of divergences. The parameter 1/u
can be qualitatively understood as the size of the domain over
which the averaging is performed. But this is a qualitative
consideration based on similarity of the roles played by the

noise dispersion in chaotic systems and the Planck constant in
quantum field theory models [14].

To get more physical insight into the problem, we need
to use the Kolmogorov self-similarity ideas: the turbulence
measured at different scales looks more or less similar. The
space of square-integrable point-defined functions is too weak
to encompass enough details required for more rigorous math-
ematical consideration of self-similarity properties.

At the assumptions on the stirring force mentioned above,
the renormalized action Eq. (5) is constructed using a single
counterterm, resulting in viscosity renormalization Z,. The
hydrodynamic field theory Sy thus has two “charges,” g and
v, the evolution of which with the normalization scale u is
determined by a single renormalization constant Z,. In one
loop approximation its value is [16]

a
Z,=1-2 1 0(. @)

2¢
with a = ﬁ in d = 3 dimension. The B-function, which

determines the evolution of the coupling g with the change
of scale , is derived from the equality Eq. (6),

9
Bg) = u—

3 g =8(=2¢+3n), ®)
I

V0,80

where y, 1= ,u% In Z,,. In one-loop approximation Eq. (7) the
B-function,

B(g) = —2eg + 3ag*, 9)

has a IR-stable fixed point g, = g—; which determines the

properties of turbulence in large-scale asymptotics.

Since the fields (u, u’) are not renormalized, any renormal-
ized n-point correlator of velocity field Wy, is invariant under
RG transform:

0 0 ad
— — =V — |Wg =0. 10
[Mau +ﬂ(g)ag 1z (g)vav} R (10
This means, the statistical momenta can depend only on
invariant charges g, b — the first integrals of the RG Eq. (10)
normalized so that g(s = 1, g) = g at the normalization scale,

s =k/u.
The dependence of the invariant charge g on the invariant
scale s = k/u is implicitly given by the integral of the inverse

ﬁ—fullction:
1IlS - . _( ). (11

The invariant viscosity ¥ = ¥(s, g) is the second invariant of
RG Eq. (10):

_ § dx gV’ 173 gova’ 3
v:vexp[‘/; VV(X),B(X)]:<E) =<@> )

At the presence of the IR-stable fixed point B(g,) =0 in
Eq. (9), the turbulence behavior at large scales is determined
by the value of invariant viscosity at fixed point g,:

D, (k) = vo(—0> k5. (12)
8x
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The pair correlator of velocity field C = (uu) that satisfies RG
Eq. (10) has the form,

C =9’ “R(g,72),

where R(-) is some function of the invariant coupling constant
g and the invariant frequency z = 37;. (More details and
the incorporation of IR scale parameter m into consideration
can be found in Ref. [19].) The equal-time pair correlator is
obtained by integrating C over the frequency argument:

d
Cy = / 22 = P R(3). (13)
2

The substitution of the viscosity Eq. (12) into Eq. (13) ate =
2,d = 3 yields the IR asymptotics of the Kolmogorov type:
C,y k=5 . Further discussion on anomalous scaling, differ-
ent from the Kolmogorov regime, the effects of anisotropy,
compressibility, and finite correlation time effects can be
found, e.g., in Ref. [26].

III. MULTISCALE THEORY OF TURBULENCE
IN WAVELET BASIS

Kolmogorov (K41) hypotheses [5] assume statistically ho-
mogeneous and isotropic turbulence. This justifies the eval-
uation of velocity field correlations in wave-number space,
but does not provide any rigorous mathematical definition of
the “fluctuation of scale a.” They are tacitly assumed in the
literature as Fourier components of velocity field with wave
numbers equal to the inverse scale: k|~ 27” Such nonlocal
definition meets global characteristics of the homogeneous
isotropic turbulence, but is hardly applicable to nonlinear
phenomena such as coherent structure formation.

To analyze the local properties of turbulent velocity field at
a given scale a, same as in quantum field theory [27,28], the
wavelet decomposition u(¢, x, -) — u,(t, X, -) was performed
by many authors, see, e.g., Refs. [11,29-33]. Among those,
the wavelet transform was applied to the iterative solution of
the stochastic Navier-Stokes equation [34].

To perform wavelet decomposition of the velocity field we
need some aperture function g(x) € L>(R9), called a basic
wavelet, which satisfies an admissibility condition,

© _ ,da
Ce = 1g(a)]"— < oo, (14)
0 a

so that the original (“no-scale”) field u(z, X, -) can be recon-
structed from the set of its wavelet coefficients u, (b, -):

1 *®d 1 —b
u(x, ) = —/ —a/ —dg<x )ua<b, )d’D,
CoJo a Jraa a

1 _(x—
I/ta(b, .)Z/Rd Fg<

The wavelet coefficients u,(b, -) can be considered as the
scale components of the velocity field # measured with the
aperture function g. To keep the fields u and u, the same
physical dimension the L! norm is used in wavelet transform
Eq. (15) instead of the traditional L? norm [27,35].

In contrast to “statistical filtering” procedure of Ref. [24],
which is also given by convolution with a filtering func-
tion G;(x) :=1"9G(x /1), the continuous wavelet transform

b)u(x, )dx.

Eq. (15) is invertible. Usage of basic wavelet that satisfies
the admissibility condition Eq. (14) makes our theory signif-
icantly different from “statistical filtering.” The difference is
briefly as follows. The statistical filtering operator G, projects
the velocity field onto the space of functions F; with wave
vectors less or equal to a given value k ~ 1/1. Thus, G; is a
low-pass filter:

vi(x) := Gy xv(x).

The projection L2(R?) G Fi is ahomomorphism. The details
lost by this projection are given by the high-pass filter H;, so
that

Gi(k) + Hy(k) = 1.

Statistical filtering applies the low-pass and high-pass filters
only once, and then treat large-scale and small-scale modes
[24]. The Kadanoff blocking procedure [36] applies it sequen-
tially to coarser and coarser scale, each time increasing the
size of the block by an integer factor and loosing some details
on each step. The renormalization group can do it gradually,
integrating over the difference space,

Dy ak := Fi \ Fi—nk (16)

on each step. Since ... Fy_oaxr C Fr—ar C Fi, the spaces
Eq. (16) allow for an evident decomposition,

Fi = Di,ak ® Di—pik,ak ® Di—opnkak ® - .. a7

To study the behavior of a function on a ladder of scales
k,k — Ak, k —2Ak, ... it is sufficient to project it onto a set
of the difference subspaces Eq. (17), with no need to keep the
whole set {F};. The decomposition Eq. (17) is exactly what
wavelet transform does, if discretized in an orthogonal basis;
see, e.g, Ref. [37]. So, in our approach we separately treat
the fluctuations concentrated near each given scale {u;(x)};,
rather than all fluctuations concentrated above the given scale
[, as G.Eyink does. Thus integrating from external size of the
system L down to the observation scale A we can reconstruct
velocity field in the sense of Eq. (17). No need to say that the
Gaussian filtering cannot be used for wavelet decomposition
for it does not satisfy the admissibility condition Eq. (14),
and therefore the original function v(x) cannot be uniquely
reconstructed from the set of its coefficients v;(x).

Referring the reader to general textbooks in wavelet anal-
ysis [37,38] for more details on the continuous wavelet trans-
form Eq. (15), we assume for simplicity the basic wavelet g(x)
to be isotropic function of x, having fairly good localization
properties; it may be a derivative of Gaussian, for instance,
Refs. [4,11]. In Fourier space the convolution becomes a
product: i, (k) = g(ak)ii(k).

The stirring force can be represented by its scale compo-
nents f,, Gaussian random functions with zero mean, con-
centrated at a fixed large scale L. The correlator of the stirring
force scale components can be taken in the form

(Fui (1, %) forj (1 K)) = 8(t — 1) P;j(K)gova Co(2m)?
x 84k + K)ad(a — a')d(a — L),
(18)
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where g is formal dimensionless strength of forcing. The ran-
dom force Eq. (18) in our approach simulates random initial
and boundary conditions, and also the effect of external forces
injecting energy from large scales comparable to the size of
the turbulent domain. The delta-function-type correlator is of
course an approximation that enables analytical calculations
of the diagram expansion. A random force concentrated on a
narrow range of gross scales would be more realistic, but is
hard for analytical calculations. We follow the Kolmogorov-
Richardson scenario of turbulence development: the kinetic
energy injected at large scale by external forcing is transferred
to smaller and smaller scales until it reaches the scale [, where
it is dissipated by viscosity. We do not consider the effect of
small scales close to Kolmogorov dissipative length / on the
dynamics of larger eddies. In this respect there is a difference
from the approach [24], where the random force is split into
a large-scale part f and the high-frequency noise acting on
molecular scales.

In our model the molecular noise and the subgrid effects
below the observation scale A are neglected for they do not
seriously affect the large-scale motion. The reason is that our
consideration is concerned with a homogeneous isotropic sta-
tionary turbulence with no parity violation, i.e., with the mean
helicity assumed to be zero (u-curl u) = 0. We have only
two inviscid invariants: the kinetic energy and the helicity.
The inverse energy cascade can be induced by the presence
of extra topological invariant—the conservation of enstrophy
the Z = 1 [ curl’u [2,4]. In a fully three-dimensional turbu-
lence the enstrophy is not conserved and the inverse energy
cascade is not significant in the inertial range of scales. In
our simple model we consider isotropic basic wavelets. The
quasi-two-dimensional turbulence, with one dimension being
much less than the others, causing inverse energy cascade
[39], can be hardly handled analytically in our framework.
Our consideration may be not true for helical turbulence, but
this is not the subject of this paper, keeping it for future
research.

The basic objects of our model are the correlation
functions of the of the velocity field scale components
(Dg, (x1) ... D4, (x,)). They can be evaluated from the gen-
erating functional,

G[A] = V14 = /Dq)a(x)esm]ﬁ AW - (]9)

which is different from its classical counterpart Eq. (2) only
by making the integration measure dx = dtd’x into dtddzﬂ
for each space-time argument, and substituting the interac-
tion vertex v;j; by its wavelet transform. The substitution of
wavelet transform Eq. (15) into the action functional Eq. (3)
yields the action functional of the scale-dependent fields,

S[®Pa] =

l [ dxdadx'da o
2 ua(x)Daa’(x —X )Ma’(x )

a/

dxda
+/ o UaO=0tta (X) + voAuta () + Valul],
(20)

where V,[u] is an integral nonlinear operator, obtained by
wavelet transform of the cubic interaction term u'uVu.

We use the first derivative of the Gaussian as a basic
wavelet g. The equality between the energy injection and the
energy dissipation then defines the bare coupling constant go:

’%
_ gov(j 3
&= [d g 21)
See Appendix A for details.

The functional derivatives are taken with respect to the

formal source A, (¢, X):

@ ) @ _ S"WIA]
( al(xl ce a,,(xn»c = SAal(xl)-nSAa,,(xn) A:O-

Integration over all scale arguments fooo ‘{‘i would certainly

drive us back to the known divergent déscription of fully
developed turbulence, in case we substitute the force corre-
lator Eq. (18) by wavelet image of a wide-band correlator
power-law correlator [40].

Taking into account that statistical properties of fully de-
veloped turbulence are determined by the energy flux from
large scales to small scales, we apply the following rule for
the calculation of any Feynman graph for the correlation func-
tions (P4, (x1)... P4, (x,)). Let A =min(ay,...,a,), then
the integration in all internal lines is to be performed within
the range f:o “;—‘f The theory defined in this way is finite
by construction [27,28,41]. In contrast to standard means of
regularization, such as introduction of cutoff momenta, our
method provides an exact conservation of momentum in each
vertex.

IV. ONE-LOOP CORRECTIONS TO VISCOSITY

Bare Green functions of the field theory Eq. (2) are de-
termined by the linear part of the Navier-Stokes operator.
In multiscale theory the bare response function between the
scales « and B is obtained by multiplication of ordinary one
by the wavelet factors:

gak)Z(Bk)
—1ko 4+ vok?
One loop contribution to this Green function is graphically
shown in Fig. 1. For the simplicity of calculations, same as in

Ref. [27], we have chosen the first derivative of the Gaussian
as the basic wavelet. Its shape naturally resembles a localized

GOy (k) =

@i P;; (k).

2
wave. Its Fourier transform is g (k) = —1ke™ ', with Ce = %

k/2+q

k/2—q

FIG. 1. One-loop contribution to the Green function. Primed
lines denote the u’ fields incident to the vertices. Crossed line denotes
the stirring force correlators. Latin letters indicate vector indices,
Greek letters stand for the scale arguments of external lines.
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Due to the limited range of integration over the scale variables

f:o dg—‘/‘_", bounded from below, all internal lines will contribute

a cutoff factor fgz(Ak), where k is the momentum of the line,
and f,(x) = CLg fxoo @da; for g; wavelet cutoff factor is
fa(x) = e’xz; see Refs. [27,28] for details.

To calculate one-loop contribution to viscosity coming

from large-scale turbulent pulsations we consider 1PI dia-
grams for the two-point vertex function I'®:

r® =T0 + Zup, (22)

where — X4 is the value of the diagram shown in Fig. 1. The
explicit equation for the “self-energy” X,g(k) is (the details
are presented in the Appendix C):

oo ,,2
By = — VOgOkL/ YAy wrpaaied
‘ o @m)?
e—(kL)2y0056

x/ dosin®Lys(k, p*, p ) T——5——— (23)
0 ity —inpe

where we have introduced a dimensionless scale & = % and
the dimensionless momentum y = Il(z_l for integration in R3.

The one-loop tensor structure of the diagram shown in Fig. 1
is

. Sus[(pFR)pTPT) _
+ __Jas M A F 7
Las(kvp 7p )_ 4[ p+2 (kp )
pip; [Tl (p~k)(ptp7)
+ 2 2 12
2 pr p=p
4 p=| &P _ TR T
atl's p_2 2p_2p+2
kapy . ., PTPT  pik
— ke —— — 22 (24
5 T rak 1+ 4 (24)

with p* = £ & ¢, and all scalar products taken in R*. For the
isotropic turbulence, the tensor structure of the “self-energy”
diagram Eq. (23) may depend only on the direction of vector
k. It can be written in the form

kaks
Yas = V08028k2<5as - ) ) + l)OgOE)Lkaks' (25)

After standard algebraic manipulations this gives

kL foo y2dy e(kL>2<1+452><1+y2)/1
0 —

25
2 1 w
128C, ) Z+y2_12v0_k2

dp
1

(1 — uH)Bu?y* + u@By* — 10y) +4y* + 1)
(m+y—m(5+ry+n)

> e*(kL)2yu’

where © = cos6, with 0 being the polar angle between k
and q.

In our model the “self-energy” contribution to viscosity is
finite by construction. It determines the relation between the
viscosity measured at certain reference scale, and the viscos-
ity at the observation scale A. Following the Kolmogorov-
Richardson scenario of turbulence development [42], we sum
up all fluctuations from the large stirring scale L up to the

measuring scale A, where £ = A/L < 1, but still much above
the Kolmogorov scale A > [ = (v3/g)!/4. Similar settings
were used for renormalization group studies of the general
case of helical turbulence, where the dependence of energy
spectra on observation scale was shown to be significant only
on the edges of of the energy-containing range by means of
affecting the stability of RG fixed points [43,44].

Measuring all lengths in units of L we rewrite renormal-
ization of viscosity in the form

v(E)=vrZ,, Z,=1-g T%E&). (26)

Equation (26) works fairly well if the difference between the
observation scale A and the stirring scale L is not too big,
otherwise we need to solve RG equations to determine g; and
v, as functions of the microscopic parameters go and vy.

The RG equations may be obtained by iterating Eq. (26)
over the set of scales,

/
=& > & >$L—2>--->$0=z,
& = &%, §>1.
In continuous limit this leads to the RG equation,
dlnv (&)
= —, 27
dInE 8() s (27

see Appendix E 1 for the derivation.
Evolution of the formal coupling constant g(£) is deter-
mined by the scale corrections to the stirring force correlator,

gEW (&)
—7
In one-loop approximation, the renormalization of stirring
force correlator is given by
dinD  K(§)
dlng ~  Ins’
where K (&) is one-loop contribution to the stirring force
correlator, see Appendix D for details. Making use of RG
Egs. (27) and (28), and since Ing(§) =InD(§)—InL —

3lnv(€), we get the RG equation for the formal coupling
constant g(&€):

D(§) =

(28)

ding K() %)
= —3g(6)=—2 2
dIng ms 575 29
which has the solution
Sk
e n
g(&) = 8L (30)

/ 1 d ’
1= 3g1 [, F RNl T

where we have setIn§ = 1.
In view of K (&) « 1, the value of D(&) is utmost scale-
invariant and we can use the equality,

gEW (&) = govy = g1},

to evaluate v(&) for the known values of g(§).

The solution of the RG Eq. (27) in the IR region, calculated
for a fixed normalization momentum x, = 4, is presented
in Fig. 2. The renormalized viscosity v (k) is a counterpart
of renormalized viscosity in the action of ordinary theory
(5). The difference is that vg(k) is taken not in IR-stable
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FIG. 2. The dependence of turbulent viscosity v4(k) on the ob-
servation scale £ = A/L and the dimensionless momentum x = kL.
Calculations were performed in the IR region using the equation (30)
at the assumption of invariant g4v3 = g.v3, i.e., small K (&), and
normalization momentum x, = 47 used to evaluate g,, in accor-
dance to k = 2 energy injection limit in simulated turbulence from
John Hopkins Turbulence Database.

fixed point, and therefore describes the asymptotic behav-
ior of large-scale eddies, but is taken at a fixed observa-
tion scale A =&L. In terms of the scale-dependent action
Slug, u,] ve (k) can be understood as a viscosity acting on the
wavelet-type pulsations of the velocity field u,(x) measured
at scale A. The wave vector k of such perturbations can take
arbitrary values.

In this paper we neither aim to construct a turbulent stress
tensor, as is presented in statistical filtering theory [24] for the
wave vectors less or equal to 1/a, nor we construct statistical
closures for scale-dependent fields u, (x) for it would result in
integral equations. Instead, since what is really measured in
turbulence are the n-point correlation functions, we consider
the Fourier transform of such functions (i, (k1) ..., (k,)),

J

FIG. 3. Feynman diagrams used for evaluation of the pair corre-
lator of velocity field.

where the wave vectors k; are responsible for the separation
between the observation points, while the scale arguments a;
are responsible for the observation scales.

V. ENERGY SPECTRA

The full kinetic energy of homogeneous isotropic turbu-
lence can be expressed in terms of scale components of the

velocity field: E = 1 [(Ji,(k)[*) é;’;, C%%“ We evaluate the
equal-time pair correlator C(k, &) = (iia(t,K)itao(¢, —Kk)) of
velocity field wavelet coefficients according the diagram rule
shown in Fig. 3. The first term, the bare correlator integrated

over the frequency and two internal scales, is equal to

1 1)3 2
CO = — B0 (Lppe B jg(AbPPuk). (1)
V0k2 L
The next contribution comes from the symmetric diagram
in first line of Fig. 3, integrated over the frequency arguments.

This gives

2 ALK (+22) A4y (1 2

C(Z) B l gO‘)g L2K3 |~(Ak)|2 ARV (K yzdy e 2Lk (14+287)(5 +y )(Z +y )
- g f( ) lk( ) 2 2 1/1 2
Y2)vok? (1 +3(3 +¥?))

2\2¢, ) 161

Qr)*4(% +

f . (1 — uH)Buy? +4y2 + 1)
(+2—yu) (3 +y2+yn)
(32)

where f(Ak) = e~ are wavelet filters in the legs of diagram. 1/2 before the whole equation is a topological factor.
Two last diagrams in Fig. 3 contribute equally to the correlation function. Their joint contribution is

3
80V

201 = — 2Py (K)|g(AK) [ f2(Ak) 1
8

|§(Lk)|

e~ (LK (146 (5 +y)

> 8okL / y4dy
128C, J 27 200k 2[1 +2(% + y2)]

(1 — B2y + 2uy(4y* = 5)+4y* + 1) 100,
x [ du ; : > e TH
(5 +02 =) (3 + 22 +yu)

(33)

The common sign minus stands for the fact ¥? is equal to minus diagram.
The final equation, without common wavelet factor §(kA)g(kA) on the legs of each diagram, calculated with g, wavelet is

given by

3 3\2
Ck, &)= 80Y%0 ; ~wh? (80v5) (ak)Le,zgz(Lk)Z/w
vu (k) 128 (k) o

yZdy 672(kL)2(1+2EZ)(%+y2) fl (1 _ MZ)(SMZyZ +4y2 4 1)
(2m)? _

n
L35G+ Ja o Gy =) (G +y2+yw)

yidy e~ *LYP(IH4EDG+YY)

2
(g0v3) (UC)Le_(L1<)2(1+252>/‘OO
32 Vi) 0

Qr2 1+2(1+)?)
(n? — D(Bu2y? + 2uy(dy? —5) +4y* + D —arrm

1
x/du
—1

(5457 —yu)(3 + 57 +ym)

(34)
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The coupling g is related to the mean energy dissipation
rate per unit of mass & by the energy balance equation e L* =
govg x[gl, where x[g] is numeric factor, which depends on
the shape of basic wavelet Eq. (21). For the g; wavelet used
in this paper x[gi] = 87:—3/2

The obtained function Eq. (34) can be used to study
the dependence of the turbulent pulsations energy spectrum
E(x, &) = 4wk>C (k, &), which is assumed to be Kolmogorov
spectrum, if there is no dependence on the observation scale
E=A/L.

We have compared our results with the 1024* grid simula-
tions of homogeneous isotropic turbulence presented in John
Hopkins Turbulence Database (JHTDB) and described, e.g.,
in Ref. [45], with the following parameters of simulation: cu-
bic domain of size L = 2w, Kolmogorov length [ = 0.0028,
dissipation rate ¢ = 0.103, viscosity vy = 0.000185.

In traditional theory of turbulence the dependence of re-
sults of measurements, viz. the fields vs := 5%, f v(x)d?x and
their statistical momenta, on the averaging scale § is usually
considered as an artifact of inappropriate choice: if § is too
small, say is close to the mean free path, we may get out of
applicability of hydrodynamic approximation; alternatively, if
it is too large, that is of the same order as the system size
L, we get out of the limits of the Kolmogorov theory. Thus,
the “legitimate” choice of observation scale lies deeply inside
the Kolmogorov range of scales: | « § < L. Experimental
processing of turbulence data stepped a little further when the
wavelet transform was used to study turbulence behavior in
(k, a) plane [32]. The study of distributions in (k, a) plane
gives more information than that in £ only: the window width
(a) for each mode (k) may tell whether this mode originates
from the small or from the large-scale dynamics.

In the limit of large observation scales a < L there is
no need for pulsations u,(k) to obey Kolmogorov’s laws.
The energy of such pulsations decreases with the increase of
resolution @ — L. The analytic tools, based on continuous
wavelet transform, we propose in this paper may be useful in
analytical computations of correlations of velocity pulsations
measured at different spatial resolution.

As we can see from Fig. 4, the slope of the curves E(k, &)
depends on the observation scale &£. The curves A = 0.1, 0.2,
corresponding to small observation scales, i.e., those more
than an order of magnitude less than external scale L, have

the slopes close to the Kolmogorov k3 regime. In contrast,
the larger observation window A = 0.5, 1.0, i.e., only one
order less than L, results in a steeper falloff of the energy
curves. Same thing happens with the dependence of energy
on the dimensionless wave vector x = kL. Our analyzing

~ @h? . ..
wavelet g(ak) ~ (ak)e‘( 2~ is mostly sensitive to the wave

numbers k ~ é, hence the observation scale A ~ 0.1 results
in dimensionless wavevectors of the order x ~ % ~ 63, and
similar for other curves, which qualitatively agrees with that
observed in Fig. 4.

The spectral index is close to the Kolmogorov value
—% for the values of observation scale in the middle of
the inertial range &) < & <« 1, but becomes steeper when
approaching the dissipation scale &j. Since our correlation
functions Eq. (34) represent only partial energies of the given

scale £ = A/L fluctuations, only the slopes can be compared.

10
10°
10”

10—3 |

E(x)

10

—o 00
Cownio—

10—5 |

> > > >

&
—y
jan

10° :
10 100
x=kL

FIG. 4. One-dimensional energy spectra. Calculated for the set
of parameters of the John Hopkins Turbulence Database for the
isotropic turbulence grid simulations. The curves show the spectra
for observation scales A =0.1,0.2,0.5,1.0. The E(k) numerical
energy spectrum, obtained for the 128% decimation of the original
JHTDB 1024° data, is shown by dashed line. The normalization
scale x, = 47 corresponds to the k = 2 energy injection limit. All
quantities are normalized to (277)* volume.

The integral over all scales should give a “no-scale” energy
spectrum. Since we are interested in the dependence of the
energy spectra on the observation scale & in Fig. 4 we
present the graphs of such spectra and the standard “no-scale”
spectrum (shown in dashed line) obtained from numerical
simulations [46].

VI. CONCLUSION

We conclude, that using the multiscale representation of
fields in field-theoretic calculations of turbulent velocity cor-
relations we can obtain more information on the statistics of
turbulent pulsations, than by standard spectral methods. Pre-
sented formalism is more relevant to experimental studies: any
measured statistics of turbulent pulsations is always obtained
at certain observation scale by averaging velocity fluctuations
over the measuring volume. This volume should be somehow
taken into account by theoretical description of turbulence.

It should be noted that our method of renormalization,
acting from larger scales to smaller scales, ignores any effects
of inverse energy cascade. This is significant simplification.
The authors think, however, that a rigorous approach to the
effect of small-scale fluctuations on large-scale fluctuations,
which remains a chalenging problem, would involve more
complicated description than just the forced Navier-Stokes
equation itself. First of all the parity breaking effects and the
inviscid topological invariants should be taken into account
[44]. The complexity of the problem can be seen for instance
from the recent paper [47]. We can hardly foresee such theory
of an incompressible fluid flow capable of analytic calcula-
tions in the nearest future. The incompressibility itself is also a
simplification. Wavelets might be of some use here as well, but
up to the best authors knowledge their use in studying inverse
energy cascade is limited to numerical simulation [48].

From experimental point of view the dependence of the
energy spectra on the observation scale A becomes important
when that scale approaches the Kolmogorov dissipative
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length [. In this limit the really observed steepness of the
energy spectra should significantly exceed the Kolmogorov
value of —5/3. In the opposite case, if the observation
scale A approaches the system size L, the steepness also
increases for a large-scale aperture can hardly resolve the
energy-containing range fluctuations. If the observation scale
belongs to the inertial range, the steepness is utmost equal to
the Kolmogorov value, and does not significantly depend on
scale [49].
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APPENDIX A: LARGE-SCALE STIRRING FORCE

According to the Kolmogorov hypotheses, the energy in-
jection should be equal to viscous energy dissipation per unit
of mass. For stationary turbulence, to justify that the rate of
energy dissipation per unit of mass,

_d %)
Tdr 2

is compensated by the stirring force f, we chose the random
force correlator by defining the correlation function of its scale
components:

<fai(t’ k)fa’j(t/’ k/)>
=8(t—1")P;(k)govyCo(2m)* 8% (k+k )ad(a—a")d(a—L),

= (i (1, X)u; (1, X)), (AL)

where go is formal dimensionless strength of forcing, to be
used for the perturbation expansion [19]. The § functions in
scale arguments ensure that fluctuations of different scales a
and a’ are uncorrelated, and the work is exerted over the fluid
only at large scalea = L.

Reconstruction of Eulerian velocities u; from their scale
components u,; by means of inverse wavelet transform gives

(i (1, X)u; (1, X))

1
= C2 explix(k; + ka)1g(aki)g(arky)( fa,i (2, k1)
ddk1 da1 ddkz daz
(2r )d 611 Q) a

D
/ 2P (2 ot

where factor (d — 1) comes from the trace of orthogonal
projector, and the factor % is the value of the 6 function at
the discontinuity. For particular case of

gi1k) =

X / Fai (T, k2)d7)

_ gOVO (d
T Ld+1

(A2)

—1ke K2

wavelet in d = 3 dimensions, we get

2
C, = L /myze,yz%y dy 3 xlal
0

2 873  16m2 T 2
Substituting this integral into Eq. (A2), one gets

gy 3
LA 8732

(A3)

APPENDIX B: FEYNMAN DIAGRAM TECHNIQUE

Using the generating functional Eq. (19) with the action
Eq. (20) we can easily derive the Feynman diagram technique
for the scale-dependent fields &,

The correlation functions are given by functional deriva-
tives

8"WI[A]

(P (x1) - 5Aq (x1) - 8Aq, (i) | 41—

q)a,, (xXp))e =

The difference is that each spatial integration measure dx is
substituted by the integration measure over affine group d“’“
with functional derivatives taken with respect to this measure.
Using the Fourier transform,
d‘kdw

_ 1(kx—wt)
ux) = /e u(k)—(zy-[)dﬂ’

of the fields in Eq. (20) we make each convolution with basic
wavelet g into a multiplicative factor g(ak). In this way we
obtain the following diagram technique:

(1) Each external line is labeled by a pair (a,k)
(scale,momentum) and a vector index ().

(2) The integration in each internal line is performed over
do _d'k da 1
27 Q) a

(3) There are two type of lines: (a) Green functions (uu )
and (b) correlation functions (uu); the auxiliary field u” has
zero moments (u'u’) = 0. These Green functions are given by
propagator matrix K ~! multiplied by wavelet factors g(ak)
on each leg.

(4) Each line carrying momentum k is proportional to
orthogonal projector P;;(k), where i and j are vector indices
of the line, i.e.,

the measure

g(@k) Py (k)Z(BK)

G(O)
—1w + vok?

ia, jﬂ(k) =

for the Green function, and

govp &(@k)|g(kL)I*g(Bk)

=Pk
i€ )CgL | — 1w + vok?2|?

for the bare velocity pair correlation function.

(5) Each vertex of the diagram is given by mp.(k) =
’E(k;,SaC + k.845), multiplied by 3 wavelet factors of adjusted
lines.

(6) We consider the observation scale A to be much
bigger than the viscous dissipation scale [ and to belong
the Kolmogorov range: £ = A/L « 1. For this reason we
assume the statistical momenta of the turbulent velocity field
are determined by direct energy cascade. At the language of
Feynman diagrams this means it should be no scales a; in
internal lines less than minimal scale of all external lines.
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APPENDIX C: ONE-LOOP CONTRIBUTIONS
TO THE GREEN FUNCTIONS

The scale dependence of the viscosity is given by renor-
malization of the Green function (P, (x)®g(x’)) by means
of loop corrections. In Fourier space the value of the Green
function ij.) ps(k), shown in diagram Fig. 1, can be evaluated
from the above mentioned expressions for the vertices and
the Green functions after the integration over internal line
scale arguments. The upper line of the diagram Fig. 1, (p™),
contains the random stirring force correlator, the bottom line
(p7) is the Green function.

The frequency integration in the loop integral can be done

explicitly
> dgo k 2 lk
“lGal = Gol = —
/700 oy o<2 +61> ol5 4
1 1
23(5 +a) i+ 5 20
where

Golh) = ——— .
o(®) —1ko + vok2

3 2
d
_%, (k) = 5% / 2D Gn60d0dpLa k. p*. p)

C,L Q2n)?

The loop tensor structure Ly, (k, p*, p~) Eq. (24) is given
by the convolution of

Lk, p*, p™) = mape(K)m s15(p ™) Pu(p ) Pes(p7), (C1)

where

! k
Mape(k) = 5 (Kpdac + kedap),  p* =7 £4,

over repeated indices. The explicit equation for tensor struc-
ture is Eq. (24).

Let A = min(«, 8) be the minimal scale of two external
lines of the diagram Fig. 1. The lower line (p~) contributes
two identical g; wavelet factors

1 /wr( R
1 aom)2%e
Cg A glap a

—\2
e~ (AP

so the factor e=2(4P" ) will be prescribed to the bottom line,
and similar factor e=24P")” will be prescribed to the upper
line.

Introducing the dimensionless momentum q = [k|y, with
the polar angle between q and k measured from the k di-
rection, we can write the whole one-loop integral in d = 3
dimension in the form

1 1 1
vok* 1 4+2y2 +2ycosf 4 +2y2 —

tko
vok2

% (Lk)2 H + yz +y Cose]e—<Lk)2[;+y2+y cosH]e—Z(Lk)ZEZ[%-Q—yz—ycosG]e—Z(Lk)ZEZ[%-ﬁ-yz-chos9].

This can be simplified to

gQUSCglLk yzdy

— s (k) = 4])5 (27.[ )3

Sined@d(p[‘as(ka P+ P—) 1
4

1

2 _ ko "
2vk?2

The sign —X is introduced for the value of one-loop integral is equal to minus “self-energy” contribution.
In view of the existence of only one preferred direction, that is the direction of Kk, the integrals of L,; should depend upon

two scalars only:

Ty =TrLy, T = %Las, (C2)
T — _(TRtpT? | thetpT) Tk
2(pt)(p)? (p™)? 2
T _ TGP (pTR(TR?  (pt(petp R (pTk) P
T e 2(p PR 202 ke P
Assuming
Zaw = w0 E80k” + v0go ko, = = [ Luudu(y.0), (©3)
we get

@2+ 2T =~ / Tidu(y,0) = —k*I;, (X +21)k* = —/ Tdu(y,0) = —k*I,

where d =3 is the space dimension. So, we need to calculate /; and I,. From where

L -1
2 9

8 =

sT=—- -3 =

3L -1
-
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The substitution q = ky, (kq) = kyu, with u = cos 6, gives:

—Py + 207yt +py? =2yt 8K (e — (4 DRy — p)y?

Ty = TrL,, = k?

kaks 2_“’3)}5 + My

Th=—-Ly=k

2[(4 +5?)" = 2]
— ity Pyt = 2yt Lty — fuy?

@y —dyp+ DA +dyp+ 1)’

5,24 —%szz-l'éyz

= DG+ Dy + 8y

k2 2(1/4+yu+y2)(1/4—yu+y2)
—12y* —2uy+1) ,

(4y? —4yp + D)(4y2 +4yu + 1)

El

n-T _ kz(uz — Dy*Bu?y* + n(8y* — 10y) +4y* + 1)

2 2(4y2 —4dyu + D(Ey? +4yu + 1)
3 =T _ o = Dy?4uy? + n(24y’ — 14y) — 20y° +3)
2 2(4y* —4yp + DEy* +4ypn + 1)
After standard algebraic manipulations, this gives
(1= pHBu?y? + pBy” — 100 + 4y +1) _rpy,

Y = /°° V2dy e~ kLY (IH4EDG+Y7) /1
= 128C, Jo (2m)? -+y 2k0 »

(1 — u?)(24py* + (24y° — 14y) — 20y* 4 3)

(i +y—m)(g +y+n
(C4)

T kL foo y2dy e(kL>2<1+452)<1+y2>/1d
TTIsC, Jy enp Ty 2 )M

where i = cos 6 determines the polar angle between k and q.
Since the velocity field is transversal, it is natural to present
the self-energy as a sum of transversal and longitudinal terms:

aks
s = ng‘S(am 7 )kz + vgXlk.ky,  (CS5)

where &/ = X8 + 7.

APPENDIX D: ONE-LOOP CONTRIBUTION
TO STIRRING FORCE CORRELATOR

The one-loop contribution to stirring force correlator is
shown in Fig. 5 below. The tensor structure of this diagram
has the form

Cus(k, p*, p7) = —mapc(K)myp (k)PP (pH) P (p7),

(D1)
or explicitly:
_ (p*k)? (p‘k)z} kaks
Cus(k, pT, = 8o | k> — —
“por) [ s " apr) T
pjpf[ Pk ]
4 L(p)A(pHh)? (p+ )
+papx[ (k) ]
4 L )*ph)?r ()7
_ _ P (p k)(p~ k)
k
— (kapi + Pk ((p +))2
_ . (p7hk)
—(kap~s+p k)4( 5

(kL)zyu’
(4y+y M)(4y+y+”’)

(

The corresponding invariants the tensor structure can depend
on are

3 (p7k)?*  (pFk)?
C,=TrC, = —k* — -
S M e R P
n (pTk)(p~k)(ptp™)
20pt(p7)r
kk* (p~ k)  (pTk)?*  (p k)Y (ptk)?
Cr=—Cu=k>— - )
TR (P2 (ptP  (pHHpT)?

In dimensionless variables

2k (u? — 1)y*(12y* + 1)

C = — ,
1 (4y? —4ypu + 1)(4y? +4ypu+ 1)
co— 16k?(u? — 1)*y*
2T @2 —dyp+ D@2 + Ay + 1)
Ci—C K@ =1y @y’ +4y* +1)
2 Gy —dyu+ D@ +4yu+ 1)
3C, —C1 K(u* — 1)y*Q4y*u® — 12y> + 1) D)
2 @Y —dyu+ D@ +Aypu+ 1)
k/2+q
k -k
o S §
k/2—q

FIG. 5. One-loop contribution to the correlation function. Greek
letters « and B denote scale arguments.
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The total symmetric contribution to the 1PI correlation function has the form
2
2 _ (8% d*q 1Z(LpHPfA(ApT) 18(Lp )P f*(Ap7)
Afls)z 4 212 212 as(kp p )
LC, @)t | =10t +vo(p* ) [—1w™ + vo(p7)?|

In case the nonzero frequency ko # 0,

2
dqo 2 k S | L' 1 1
/ 2 Go 2 Go 2 4 - 4_3 k? 2 210 ; 2ko K 2 K2 2 ’ (D3)
” w5+ )5+ —3) K+ +ke +a’—kg
In the case of the zero frequency ko = 0, this turns out to be
f dqu(k >2G<k )2 11 1 1 O
0 ol=—q)| =-— S . )
2n Wi +a K +ad+kqg K +a’—kg
The 6 function in scale variables results in square of wavelets in both upper and lower parts of the loop
k P piarea(K T
B(LpPIR(Lp I = L2(5 + q) e T L2(5 - q) e
The angle arguments in the exponents are canceled due to symmetry. The filter factors for g; wavelet are
f(Api) — e—(Ak)2(1/4+y2iycos0).
After integration over the loop frequency variable f _oooo % ... we get
3\ 2 2 k2 2
1 21,2y 1 - +q
A®) — (80V0> (kL)“/ (_ n y2> N P Z :
LC, 4 Wi (5 + @20 ( + a2 - 13)
1 1 —4E2(LEP (L 4y? _ qqu .
X : e Ik, ptLp7) sin6d#.
S+ +kq ¥ +q>—kq ' (2m)?
After algebraic simplification we get
2 _
@) govy \ L? [ q’dq e 2AROGNC, (K, pt p (Y @)
AL k)= = 5 sin 9d0 1 e T
2C, vO (27) (7+q +ZW)(T+q — V_o)
In view of isotropy, using Eq. (D2), we get
kak
_ T Kaks
Cas = C80s + €T 5
with
2 _ 2
CS(L b = <g0U3> L2K3 / y4dy " 2(Lk)*(1+2¢* )( +y? )( +y ) (11— IuZ)(gyZMZ +4y2 +1) (DS)
2C, ) 16v; J (@my ( +y2hms) (30 —ms) (3 - (G + )

APPENDIX E: RENORMALIZATION GROUP EQUATIONS

1. Renormalization of viscosity

We use the following set of scales / = Ag < A} < A < ... < AL = L. In terms of dimensionless variable & = A/L this
corresponds to & = R, £1,&,....,&, =1, where R =L/I > 1. If we use the iteration from the Kolmogorov dissipation
scale [ to the macro scales, we would get the following chain of equations:

v =vo[l + goX(60)], va=vi[l +g1ZED]L vk = well + g X&)

If we go from large scales to smaller scales the proposed inversion formulas are

vo 2 vi[l —g1Z@Go)l, vi Rl —gXED], v 2 wll — g E(-1)], (E1)
where g, = g(&). The iteration scheme above can be written in a form of difference equation
Vik—1 — Vk
T —8 () E (k1) (E2)
For the equal scale steps A, = A¢8¥, & = £8%, Aln& = In§Ak, we get
Alnv dlnv (&)

N g&)X(&), or Y =g() s
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2. Renormalization of stirring force

The one-loop contribution to the stirring force correlation function is shown in Fig. 5.
Since the stirring force acts on large scales only, its yield on smaller scales will be the sum of correlator itself and the one

loop correction

D;_y=D; + Di * OneLoopK (§1—1) (E3)
with D(§) = g(§)v*(£)/L, hence
D;_1— Dy
————— = Dy * OneLoopK (§1,—1).
Dy
In differential form the latter difference equation yields
dinD K
__KGE )’ (28)
dné& Iné
where
(kLY [ y'dy e L AREGON (L4 y2) (1 p?)8y i’ + 42+ 1)
K(&)= 16 / (27 ) A T L 2k (1 1 w2 T w2 : (E4)
(3 + 02+ ) (3 + 07 =) (3 +07 =) (5 +7 + i)
The value of K (&) is typically a few orders of magnitude less than X(&).
APPENDIX F: FREQUENCY INTEGRALS THAT CONTRIBUTE TO VELOCITY PAIR CORRELATOR
The bare correlation function, being integrated over the frequency, contains the integral
*® dw 1 1 )
Ly = — = —, A=k (F1)
oo 2T | — 1w+ A2 2A

The integral coming from 1PI correlation function multiplied by two conjugated correlation functions from the legs of the

diagram has the form

1 1,

/ _/Ooda) 1
T e 1w+ AR B4 2P 4

Substituting C = ATB, we get

B=1iy2 (F2)

A 1

, _/OOde2 1 1
T 2m 4 0+ A2+ CE

8CU+O) a1+ 55+ 7))

The third integral comes from two conjugated diagrams with self-energy multiplied by correlator and propagator

1 1

foo dw 1 1 2A
[lw = .

2T+ A2 o+ A 4C—1w 2A(A+4C)  20k2[1+2(2 +2)]

This integral contributes twice for there are two conjugated diagrams, shown in the lower part of Fig. 3.
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