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Supervisor’s Foreword

This thesis has two parts, each based on an application of the Wilson renormal-
ization group (RG). In the form developed by Wilson in the 1970s, the RG pro-
vides the means for determining various quantities that characterize systems
spanning many length and time scales. Originally used for the calculation of
critical exponents and equations of state in critical phenomena, applications of the
RG have broadened to many other branches of physics, including dynamical
systems and chaos, fractals, and disordered systems, and has become a standard
topic in the undergraduate curriculum.

A RG transformation is comprised of two steps: coarse graining, based on the
systematic elimination of short wavelength fluctuations, followed by a rescaling to
restore the system to its original size. The result of the RG transformation is a
similar system, but with “renormalized” coupling constants, whose changes can
be represented by a trajectory as these transformations are repeated. Fixed points
of these trajectories are of particular interest, as they represent scale-invariant
states of the system. There are three types of variables associated with transfor-
mations near fixed points: relevant, which are driven away from the fixed point and
represent experimental quantities which must be set to their critical values, irrel-
evant, which are driven toward the fixed point, and marginal, which are neither
relevant nor irrelevant. Marginal variables, though comparatively rare, play an
important role in the RG analysis in the second part of this thesis.

There are various formulations of the Wilson RG, including closed-form dif-
ferential generators and diagrammatic expansions. Generators can be expanded to
obtain the terms that contribute to the RG transformation, while diagrammatic
methods are useful for identifying such terms directly. Part I of this thesis is an RG
analysis of the d-dimensional Coulomb gas, a classic problem that has been
studied from many perspectives. The analysis carried out in this thesis is based on
the generator formulation of the Wilson RG. This necessitates a functional rep-
resentation of the thermodynamic behavior of the system, in this case, the grand
canonical partition function, which was derived from a regularized model of
charges placed on a hypercubic lattice. The goal of this analysis was (1) to
determine the trajectories of the coupling constants under the iterative application
of the RG, and therefore (2) to see if the Wilson RG could provide input into
particle-in-cell simulations in plasma physics, which are the main family of
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simulation methods used in this field. The role of the RG was to identify the effect
of coarse graining on the coupling constants as a function of the infrared and
ultraviolet cutoffs, which are the lattice spacing and system volume, respectively.
The RG calculations reproduced established results, but in a more concise and
transparent form, motivated a somewhat generalized form of the original func-
tional, and determined closed-form expressions for the Debye screening length as
functions of the cutoffs.

The main part of this thesis is the application of the dynamical RG to mag-
netohydrodynamic (MHD) turbulence. Turbulence is a widespread phenomenon in
the dynamics of fluid flow which is often studied through the Navier—Stokes
equation for electrically neutral fluids. The onset of turbulence is characterized by
the Reynolds number £, a dimensionless constant expressed as the ratio of inertial
forces which act on the fluid to the viscous forces responsible for energy dissi-
pation from the fluid. When the viscous forces are much smaller than the inertial
forces, i.e., Z > 1, large-scale excitations are formed in the fluid, which then
cascade to ever smaller excitations to the scale where the energy is dissipated.

This cascade is a characteristic feature of turbulence. MHD turbulence is
characterized by non-linear interactions between fluctuations of the magnetic field
and the flow velocity over a range of spatial and temporal scales, and plays an
important role in several plasma phenomena, such as heating, the transport of
energetic particles, and radiative transfer. MHD turbulence is also a key aspect of
space and astrophysical plasmas.

The basic RG procedure is the same as for the d-dimensional Coulomb gas, but
the evaluation of the pertinent terms is more involved because of the vector nature
of the equations, which are an amalgamation of the Navier—Stokes and Maxwell
equations, and the presence of stochastic stirring terms. The properties of quasi-
neutral fluids governed by stochastic MHD equations are investigated with a
method based on the diagrammatic representation of the Martin—Siggia—Rose
field-theoretic formulation of stochastic dynamics. After the transformation to
Elsasser variables, which is a symmetrization of the original equations, the solu-
tion is represented as a functional integral. The Jacobian resulting from the change
of field variables was shown to reduce to a field-independent constant, which
could, therefore, be omitted from the analysis. The coarse graining of the func-
tional integral—involving a heroic bout of algebra—and its subsequent rescaling
were cast differential equations for the analysis of RG trajectories.

The RG calculation identified an infinite set of diagrams which are marginal in
the RG sense, that is, they neither grow nor decay under the action of the RG, as
described above. The same problem arises for the randomly stirred Navier—Stokes
equation. The marginal variables can be suppressed by working near equilibrium,
where stochastic forcing results from thermal fluctuations, which enables the
imposition of the fluctuation-dissipation theorem. Although such restrictions mean
that the couplings in the Navier—Stokes equation remain at their microscopic
values, for MHD, the effective diffusivity and viscosity tend to non-trivial values.
Most importantly, these calculations demonstrate that, within this framework,
marginal terms can be ignored, together with all higher-order corrections.
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A non-zero correction to the three-point vertex was also computed, which
introduces new structure: the kinetic equation is renormalized, while the induction
equation is not. A consistent methodology for self-checks at this order would
require the Ward-Takahashi identities, which provide relations between three-
point vertices. This does not appear to have been reported in the literature. Since
there is no small expansion parameter in the RG analysis, the effect of higher order
terms, which need not be small, must be thoroughly analyzed near a fixed point
before any physical predictions can be made. At least in the case of equilibrium
fluctuations, such an analysis seems to be possible. An analysis with a more
general spectrum for a more realistic model of turbulence is of paramount
importance to justify the use of the RG.

A consistent description of MHD far from equilibrium is still absent, but this
thesis highlights several aspects of the functional integral formulation with regard
to the symmetries of the system and proposes possible ways to study this system
non-perturbatively.

London, March 2014 Prof. Dimitri D. Vvedensky



Abstract

In this thesis we investigate properties of equilibrium and non-equilibrium
systems by means of renormalization group (RG) analysis. In the study of the
d-dimensional Coulomb gas, we have formulated a continuum model from the
underlying hypercubic lattice and employed the irreducible differential formu-
lation of the Wilson RG. We have identified a Thouless—Kosterletz transition in
d = 2 and found no non-trivial fixed points for d > 2. As an example of a non-
equilibrium system, we have investigated properties of quasi-neutral plasmas
which are governed by stochastic magnetohydrodynamic (MHD) equations. The
present method is based upon the Martin—Siggia—Rose field-theory formulation
of stochastic dynamics. We develop a diagrammatic representation for the theory
and carry out a momentum-shell RG of Wilson—Kadanoff type. An infinite set of
diagrams is identified which are marginal in the RG sense. We have shown, in
accordance with the previous literature, that the same problem arises for the
randomly forced Navier—Stokes equation. The problem of marginal variables can
be suppressed by working near equilibrium, where stochastic forcing represents
thermal fluctuations. In a similar manner, we have considered regimes when
MHD equations are subject either to kinetic or magnetic forcing only. In such
models, the macroscopic limit can be taken such that all marginal terms are
irrelevant and the dynamics is governed by linear equations. Furthermore, non-
trivial fixed points are identified in such regimes and limiting values of either
kinematic viscosity or magnetic diffusivity are derived. A consistent description
of MHD dynamics far from equilibrium is still absent. We highlight some of the
aspects of the functional integral formulation with regard to the symmetries of
the system and propose possible ways in which the system can be studied non-
perturbatively.
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Chapter 1
Introduction

1.1 Historical Overview

1.1.1 Quantum Field Theory

The search for unifying principles of quantum mechanics with special theory of
relativity began at the end of the 1920s. However, it had been realized from the
beginning that relativistic quantum field theory was plagued by the insuperable dif-
ficulty of the ultraviolet (UV) divergences. As is now well known, the search for a
solution to the problem of subtraction of UV divergences, lasting from the 1940s
to the 1970s, led to the establishment of a consistent theoretical and mathematical
formulation called the renormalization group (RG). The idea of the RG was orig-
inally formulated by Stuckelberg and Peterman in 1953 [1], and independently by
Gell-Mann and Low in 1954 [2]. At the beginning of the 1970s a number of UV
subtraction schemes were available and were proven to be equivalent. As such the
RG expressed the invariance under different procedures of making the theory finite.

The discovery of the Dirac equation in 1928 has allowed a more precise descrip-
tion of electromagnetic interactions with charge particles. This framework, which
consists of quantum and relativistic mechanics to describe such interactions, is known
as quantum electrodynamics (QED). At the time, it was known that the rest mass
of an electron in the classical relativistic framework, which is treated as a sphere
of radius R, was divergent in the point particle limit. As such, it was hoped that
quantum mechanics would reconcile the problem. In 1934 Weisskopf carried out a
first consistent calculation which established that a contribution to the mass of the
electron is also divergent (logarithmically). This was attributed to interactions with
virtual photons of arbitrarily high momentum due to the absence of the small scale
cut-off in QED. It was understood that these infinities are of profound importance
and form the essence of the theory. Subsequent research into the nature of infinities
established that logarithmic divergences persisted in the calculation of other physical
quantities. It was noticed that by forming particular combinations of such physical

E. Barkhudarov, Renormalization Group Analysis of Equilibrium 1
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2 1 Introduction

quantities the infinities would cancel. The lack of a deeper understanding into the
problem made it difficult to interpret these results.

Following experimental measurements of the Lamb shift in 1947 by Lamb and
Retherford [3] and subsequent theoretical calculation, which was in a good agreement
with the experiment, reassured the methodology behind reshuffling the infinities
between physical quantities. The general idea of the method is the following. The
initial theory is characterized by bare parameters such as electron mass and charge,
{mo, ep}. One then introduces a momentum cut-off, which renders the integrals finite
but otherwise arbitrary. Then, the observed quantities are calculated as a function of
the bare parameters and the cut-off to a given order. If one then inverts the resultant
relations to express the bare quantities as a function of the cut-off and the observed
parameters, then upon substitution of those into observable/measurable quantities, the
infinities which are carried by the cut-off cancel. Most importantly, these quantities
are then insensitive to the cut-off, so by taking the limit A — oo, they remain finite.

This procedure led to remarkable agreements with the experiment, but it lacked
a physical interpretation. One of the attempts to justify renormalization was given
by Bogoliubov and others [4], which linked the problem of infinities in the bare
parameters to a mathematical problem of a correct definition of singular products of
distributions. A more physical interpretation consisted of the fact that the introduction
of A meant that quantum field theories give a correct picture up to a given scale,
beyond which some unknown physics take place. Renormalizable theories then were
thought off as those which are insensitive to this unknown behavior.

In 1950s it was noted that massless theories have another peculiar property. In
massive theories electric interactions can be defined through the Coulomb force
between particles at rest. In massless theories, such a definition is no longer feasible
and one seeks to introduce an arbitrary energy (mass) scale with respect to which one
can define renormalized charge. Since this scale is arbitrary one can define another
scale and, hence, an effective charge which would give the same physical results.
The transformation from one set of parameters to another, which would not alter the
physics, were then called the RG transformation.

Renormilizability gradually emerged as new law of nature, namely that all phys-
ical theories are renormalizable. Application of RG methods led to the triumph of
quantum field theory. Subsequent development in non-Abelian gauge theories led to
the construction of theories of combined weak and electromagnetic interactions. In
1973 Wilczek and Politzer [5-7] discovered asymptotic freedom using RG methods.
Thus, by the mid-1970s a complete quantum field theory (QFT) description of all
fundamental forces except gravity was proposed, which formed the Standard Model.
The RG was an indispensable tool in this development.

1.1.2 Statistical Mechanics

In the context of critical phenomena the RG was developed as a tool to understand
systems in which fluctuations persist to a macroscopic scale. The theory of critical
phenomena primarily deals with second order-phase transitions. Examples include
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Fig. 1.1 The spins are correlated over a finite length, the correlation length. Kadanoff argued that
by regarding a set of spins within the region of the correlation length as a single block spin, it may
be a plausible to derive an effective theory of long interactions. This marked the beginning of the
renormalization group in the context of statistical mechanics. As depicted in the diagram one begins
by dividing the lattice into blocks with spacing b. By prescribing some sort of coarse-graining rule,
the individual blocks of size b are assigned a spin. Since the lattice spacing now differs from the
original lattice all linear scales are reduced by a factor of b. One then obtains are coarse-grained
version of the original model

liquid-vapor or magnetic transitions. These phenomena fall into a class of problems
where fluctuations penetrate all length scales of the system. Such problems are diffi-
cult to treat mathematically as there are many coupled degrees of freedom. The first
attempts to understand such phenomena relied on the assumption that the system
can be described by the means of a few macroscopic variables and the microscopic
structure, such as atom spacings and the range of interactions, are not relevant for
the macroscopic description. Intuitively this means that physics on very different
scales decouples. As an example consider classical mechanics, where it is implic-
itly assumed that the atomic level interactions are irrelevant for, say, a description
of terrestrial body dynamics. These considerations lead to the mean field theory
description of critical phenomena (Fig. 1.1).

A characteristic feature of second order phase transition is that near the transition
quantities of interest, such as the correlation length, diverge. Other physical quantities
of interest either vanish or diverge as one approaches the transition point. The success
of the mean field theory (MFT) description was seriously questioned by numerical
and experimental studies. It failed to correctly predict the exponential behavior of
physical quantities near the transition. The concept of universality predicted by MFT,
namely that quantities diverge by the same exponents, regardless of the microscopic
picture, still survived, but in a more limited sense. Universality properties seemed to
depend on dimensions and symmetries of the system.

Such phenomena, namely, the coupling of different scales was new to physicists
at the time and posed a great conceptual difficulty. Predictions of MFT have shown
that there are systems where such decoupling of degrees of freedom is not always
appropriate. Thus, it seems that the problem of infinities, which were first encountered
in QFT found their way back into the theory of critical phenomena. Recall that, in
QFT, it is the microscopic scale which when send to zero caused such divergences,
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whereas in critical phenomena the problem is due to the fact that a macroscopic scale,
namely the correlation length, went to infinity.

A conceptual break through was made by Kadanoff [8], which was later formalized
by Wilson [9-12]. Kadanoff’s formulation argued, in the context of the Ising model,
that near criticality averaging over groups of spin (microscopic variables) assigns to
the original system another corresponding physical system having the same behavior
at long distances.

This transformation can then be iterated. If this procedure generates an effective
interaction whose asymptotic form is independent of the initial microscopic behavior
one then finds a mechanism to explain universality. This is manifested by the existence
of fixed points of this iteration procedure. At this point we would like to spend some
time to explain the Wilson-Kadanoff RG in some more detail, as it forms the basis
of our analysis in this thesis.

1.2 Wilson-Kadanoff Renormalization Group

1.2.1 Definition of a Renormalization Group Transformation

The basic idea is to study large-scale properties of a theory by partial elimination of
short-scale degrees of freedom. The change in the effective theory through elimina-
tion of degrees of freedom and subsequent rescaling can be visualized as a dynamic
flow in the space of theories with a fixed cutoff. Scaling behavior can be identified
with the existence of fixed points in the dynamic flow. The concept of universality
is then understood from the properties of the manifold in the proximity of a fixed
point. Our discussion will closely follow [13, 14] (Fig. 1.2).

In the context of dynamical problems, the RG acts on the space of dynamic
probability distributions, which are characterized by the equations of the form:

av (X, 1)
ot

—K(v)=f(x,1), (1.2.1)

where v is a physical field, K (-) is some functional of the physical field variable
and f is the noise term. These are most conveniently described in a path-integral
representation using the Martin-Siggia-Rose action [15]. For hydrodynamics driven
by random noise, the generating functional is:

% = / 2] 2 [v] e SIVVAL (1.2.2)

where S is the action which depends on the physical field v, the conjugate noise field
v and the cut-off A and has the following form:
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Stable fixed point

Unstable fixed point

Fig. 1.2 The diagram depicts the flow of couplings in the parameter space under the action of RG
transformation. The relevant variables are those which direct the flow away from a fixed point while
irrelevant variables drive the flow towards a fixed point

S[v. 9] =/ddxdt€'(x,t)~F(x—x’,t—t’) Y (x,1)

—i—i/ddxdtff(x, 7 - (W —K(v)). (12.3)

In Fourier space, a cut-off is introduced to render the integrals finite in the UV region.
Note that, in the context of critical phenomena, the existence of a cut-off is natural.
Its origins can be traced to lattice models, which have an intrinsic minimum scale.
The quantity F (x — x’) carries the information about the noise statistics. The field
variables are separated into a low and high wave number components:

VX, D)=V (X,0)+ V" (x,1), (1.2.4)

such that the field is projected onto [Ab_l, A] and [O, Ab_l] wave numbers,
respectively. Projections onto [Ab_l, A] represent microscopic degrees of freedom,
which we seek to eliminate. The parameter b measures the degree of filtering, with
1 < b < oo. The probability distribution for the low-pass filtered fields remains
unchanged by integrating out high-pass filtered fields, i.e. the large-scale properties
of the systems are not altered. The generating functional for the effective theory then
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takes the form:

ﬁf=/9[v<]@[0<]eseff(v<’°<). (1.2.5)

In general, the form of Sef (V< , ‘7<) would be different and involve new interactions
which were not present in the original formulation. The next step in the RG program
isrescaling. We seek to restore the cut-off. The rescaling operation includes rescaling
of both the space and time variables and the fields:

V< (X, 1) — by (b_lx, b_zt) . (1.2.6)

The scaling exponents « and z are to be determined. Note that, the above operations
do not alter the probability distribution, which describes large-scale properties of the
theory. Although we have restored the cut-off to its original length, we have reduced
the density of points in Fourier space, so the number of degrees of freedom in the
effective action has been reduced. Collectively all these manipulations form the RG
transformation, which can be visualized as a map which transforms one probability
distribution into another, or equivalently one action into another:

Rp:S— S, (1.2.7)

where S’ is the effective action. As we have mentioned, the RG transformations can
be visualized as a flow in the parameter space. Given the action, the probability
distribution is completely specified by the coupling constants, which form a set of
parameters j:

w= (U, uy,...,uy). (1.2.8)

The RG transformation can be thought of as a transformation from one set of
parameters to another:
Rpp = 1, (1.2.9)

where 1’ is a set of parameters which are coefficients in front of field variables in
S’. The coefficients strongly depend on the cut-off, as it describes the scale to which
a given description in terms of u is valid. The necessity to restore the cut-off then
becomes apparent as it allows direct comparison between the two sets u and u/,
since both are dependent on A.

So far, the elimination of small-scale degrees of freedom was considered over
the[Ab’l, A] shell in momentum space. By successively eliminating the degrees
of freedom further, we observe that the RG transformation obeys the following rule
(closure):

Ry (Fpi) = Zp2 1, (1.2.10)

which results in the peculiar form of field rescaling. However, since there is no inverse
of the %}, it does not form a group but a semi-group. A fixed point under %}, in the
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parameter space satisfies:
™ = ™. (1.2.11)

In general this would be a non-linear equation. However, if the presence of a fixed
point can be established, the above equation can be linearized in its vicinity. Formally
we can write u = u* + §u. The RG operator can then be linearized if we ignore
corrections of order & (8 ,u2) and higher. The fixed point equation reduces to an
eigenvalue problem:

RS =811, (1.2.12)

The solution can be written in its most general form as a linear combination of the
eigenvectors:
S = erbyfej, (1.2.13)
J

where b% is an eigenvalue of e;. Depending on the sign of y;, the variables, being
either positive, negative or zero, Wilson classified them as relevant, irrelevant and
marginal, respectively. A subspace ¢, where y; < 0V e¢; € ¥ defines a critical
surface.

Points on & will be pushed towards the fixed point, while points defined not on
the critical surface with y; > 0 will drive away from the fixed point. In case of
the marginal variables, when y; = 0, the situation becomes more complicated since
nothing can be inferred about the behavior of the variable in a linear approximation.
As has been emphasized by Wilson [9-12], the terms which can be neglected in the
RG analysis crucially depend on the irrelevancy of these variables. A resolution of
such cases usually requires a higher-order analysis (e.g. higher-order loop expansion).

The quantities of interest such as critical exponents can be explicitly calculated
in the vicinity of a fixed point. A concept of a manifold in the parameter space ¢
allows one to introduce the idea of universality in a natural manner. Theories which
share the same relevant variables near a fixed point will have the same large-scale
properties. Therefore, all such theories will have the same critical exponents.

1.2.2 Renormalization Group in Field Theory and Statistical
Mechanics

In statistical mechanics the divergence of the correlation length is responsible for the
difficulty of analyzing the system near a phase-transition. To be more specific we
consider a loop integral which one encounters in the ¢* theory [16, 17]:

dd
Isv = [ ——. (12.14)
§°+yq
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At the critical point the correlation length goes to infinity, therefore the behavior of
the integral I is completely determined by the dimensionality of the system:

d > 2 convergent,
glim Isyy = 1d =2 logarithmically divergent, (1.2.15)
— 00

d < 2 divergent.

The divergence comes from the infra-red (IR) region. For d = 1 we observe that the
integral behaves as:

A
lim Igy = / g %dq / s, (1.2.16)
&£—o00

0

where [ dS2 is an integral over the surface of a unit sphere. Analogous integrals are
encountered in QFT. However QFT is formulated to have the Lorentz metric so
formally the integrals are analogous once QFT is re-written to have a Euclidean
metric by means of a Wick rotation. More importantly the integral reads:

A dd
Iorr = lim /2—‘1 (12.17)
A—o00 J mg + q2

where my is a particle’s mass, which we assume is non-zero. The integral behaves as:

d > 2 divergent,
Iorr = yd =2 logarithmically divergent, (1.2.18)
d <2 convergent.

The divergence comes from the UV region. The two integrals behave very differently.
While in QFT it is the UV cut-off which is responsible for the divergence of the loop
corrections in statistical mechanics the correlation length plays the role of the IR
cut-off. In the first case the theory does not posses an intrinsic minimum scale so one
naturally looks to send A — 00. On the contrary, in statistical mechanics the cut-off
is natural but one is interested in properties of the system near a phase transition when
the IR cut-off goes to zero. In that sense we can see that RG program implemented
in QFT is rather different from the Wilson-Kadanoff scheme.

In this work we will be only concerned with lowering the cut-off, as opposed
to increasing the cut-off, as one would do in QFT. Note that, in the RG procedure,
the cut-off is lowered incrementally A — Ab~' — Ab™2 — ..., so the loop
corrections which are generated:

A
I —/ “a_ (1.2.19)
SM — %__2+qz ’ REadd
Ab~!
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Fig. 1.3 A hypothetical x(2)
solution to the differential
equation is represented by

a black curve. The value of
the function, at some time

t > 1" > ¢, is independent of
whether we choose to specify
the function at ¢’ or ¢’

are finite at every stage of the RG program. It follows that the divergence occurs as
a result of the iteration of the RG. The study of such iterations of equilibrium and
non-equilibrium models will be the main focus of this thesis.

1.2.3 Applications of Renormalization Group in Mathematical
Physics

RG methods can be very useful in branches of physics other than high-energy physics
and statistical mechanics. For instance, it can be used to solve partial differential
equations (PDE) [18, 19]. Here, we would like to outline the general principle behind
the method (Fig. 1.3).

Group theory has been an indispensable tool in analyzing symmetries of
various PDE encountered in mathematical physics. If the equation admits a sym-
metry, together with the boundary conditions, the solution can be constructed in
terms of the invariant of this symmetry group. Further, one can re-express the origi-
nal PDE in terms of the canonical variables which can simplify the resultant equation
to an ordinary differential equation. The foundations of this method have been laid
by Sophus Lie and it is a well established methodology.

However, there exists another symmetry which is not of the actual equation but
of the solution itself. Consider a transformation which leaves the solution invariant
under a change in the initial condition. Such a symmetry is called a renormalization
group. The mathematical aspects are very similar to those employed in QFT [20, 21].
The RG symmetry is an exact symmetry of the solution and some boundary values.
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The difference between the blocking concept of Wislon-Kadanoff RG lies in the fact
that the latter is an approximate semi-group.

The sole purpose of the method is to form additional differential equations which
complement the original one. In the trivial case these additional equations simply
reduce to the original differential equation and nothing can be inferred from the
analysis. In non-trivial cases these additional RG equations are different and can
be solved, providing a solution to the original equation. Let us illustrate the above
concepts with a particular trivial example from [18]. Consider an equation:

d—x—V() (1.2.20)
d[_ X). L.

The solution is invariant under a time shift, so the solution will generally depend on
two initial parameters #y and xp. Thus, we can write:

x () =X (t—19,x9) suchthat X (0,xg) = xp. (1.2.21)
The last equation is simply the re-statement of the initial condition. Consider now
that we want to choose an initial condition at some later instant in time #; > fg such
that the initial position, x1, lies on the same trajectory:
x1 =X (t1 — 19, x0) - (1.2.22)
Then, we can readily deduce the following:
x(t) =Xt —1ty,x)=X({t—11,x1), (1.2.23)
or more generally we can write (9 = 0):

X (t,x0) =X (t — 7, X (1, x0)) . (1.2.24)

The above relation is a condition of functional self-similarity. The above transfor-
mation obeys the axioms of a group. Thus a transformation:

t=>th=t—1, g=g=/(1,8 (1.2.25)
obeys the group composition law:

Q=f(+7.¢=f(7.a1). (1.2.26)

the identity element corresponds to t = 0 and the inverse by —t. However, one
often encounters the multiplicative version of the above transformations by changing
variables to# = Inx and T = In A. As such, the statement of functional self-similarity
reads:

Flx,g9)=F (xrl,F A, g)) . (1.2.27)
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From the above equation one can derive a differential equation satisfied by F (x, g):

—xi +B(2) i] F(x,8) =0, (1.2.28)
ax g

which follows from taking a derivative of the function with respect to A and then
setting A = 1. The B-function is:

OF (A, 8)

B (g = o

(1.2.29)

r=1

The resulting equation is the well known Callan-Symanzik equation [22—24] derived
in the QFT context, while in the Soviet literature the equation goes by the name of
Ovsyannikov’s compensation equation [25, 26]. The g-function, which is referred
to as the Gell-Mann-Low or the Wilson function, plays a central role in the further
analysis. Given the B-function the equation can be solved by the method of char-
acteristics. If we parametrize the function F (x (s) , 7 (s)) such that it stays invariant
along the characteristic we have:

dF(s) _ Fde  Fdg _

-2 = _ 1.2.30
ds x ds g ds ( )
It follows that along the characteristics we have:
dx (12.31)
_— = —x, V4N
ds
dg
e B(g). (1.2.32)
s
Thus, the characteristic has the form:
d d
_Eo 8 (1.2.33)
x B

Upon integration, this is the celebrated Gell-Mann-Low formula. The values of the
B-function such that:

B (g+) =0, (1.2.34)

form the basis of the search for the asymptotic solutions of the RG equation since the
main contribution to the integral in the above equation comes from the region when
B (gx) = 0. Note that our derivation did not make any explicit reference to QFT as
such, while it is precisely the machinery used in the field theory. In this sense RG
has a much wider range of applications. To give an example, consider the following
equation [19]:

ou(x, 1) o a ou(x, 1)

m
- 1t 3
o1 oxt WD Ty

(1.2.35)
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which is often encountered in mathematical physics. For instance, for m > 1 the
equation is referred to as the equation of porous medium. From the symmetry argu-
ment of the differential equation it can be shown [19] that the solution has a general

form:
CRT ] (1.2.36)
u(x,1) =u _ —, 2.
Jotouy o

where ug = u (xp, t9), To is a temporal time scale, which is introduced through a
boundary condition 0;u|, ;) = to:- The property of functional similarity requires
the following relationship to be satisfied:

X t X—x1 t—1
u(x,t)=u — — |=u —_—, . 1.2.37
. ) Qf(,/arou(’)” To) Lf(,/arlu’l" 71 ) ( )

Through a number of algebraic manipulations and use of the boundary conditions,
the requirement of functional self-similarity translates into the following functional
relation:

£ = Enf (€ =60 Ve G G, (=10 ELn).
(1.2.38)
the parameters &; and 1 play the role of the free parameter t in our previous trivial

example. The function ¢ is:

o= s (1.2.39)
an

We do not intend to give full account of the above result but merely to illustrate the
principle of the use of the RG in mathematical physics. The Gell-Mann-Low-like
equations are derived by taking derivatives with respect to the free parameters &
and n;. Since we have looked at the problem using additive properties rather than
multiplicative, the parameters £; and n; are set to zero, not one. The resulting two
differential equations are not equivalent to the original equation and form additional
conditions which supplement the original PDE. We will not go into any more details
but simply state the solution which follows from the solutions of the RG equations:

uC,t) =uy(1+ B’y ( /Gb%x a1+ Bz)—<’"”+”/2), (1.2.40)
0

where B and b are some parameters, which are specified by the boundary conditions.

This non-trivial result is a great example of how RG can be implemented in
branches of physics other than QFT and SM. In addition it illustrates a deep
mathematical concept of an exact symmetry of the solution with respect to the choice
of the initial condition. We believe that the above presentation of the RG as it stands
is more transparent than if one is to understand RG solely from the QFT perspec-
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tive. In connection with the Kadanoff-Wilson picture we would like to paraphrase
E. V. Teodorovich [18] “...one should not identify the RG method solely with
Kadanoft’s procedure for reducing the number of modes in a multi-mode system by
sequential averaging ...”. There are purely mathematical differences between the two
which have to do with the group structure etc., and conceptually the self-similarity
property is an exact symmetry of the solution while Wilson-Kadanoff RG is a trans-
formation between various models which share the same large-scale properties.
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Part 1
Equilibrium Statistical Mechanics:
Coulomb Gas



Chapter 2
d-Dimensional Coulomb Gas

2.1 Introduction

As was discussed in the previous chapter, renormalization group serves as a very
powerfull tool in the study of strong interactions and fluctutations, which occur near
continuous phase transitions. This powerful method presents a conceptual framework
which allows for capturing complex natural phenomena in terms of a few mesoscopic
variables. In this chapter we will consider an equilibrium system of charges, however,
the concept can also be applied in the context of dynamic critical phenomena, which
will be the subject of later chapters.

The d-dimensional Coulomb gas is a statistical mechanical problem where parti-
cles of equal or opposite charge interact through the Coulomb potential. The model
has been extensively studied in the past and forms one of the classical problems in
field theory [1].

To this end, most of the theoretical investigations have been centered around the
particular case of two dimensions. In this regime the model undergoes the celebrated
Kosterlitz-Thouless phase transition [2]. The integer-charged particles interact via
a logarithmic potential. Alternatively, the charges can be viewed as vorticies which
carry integer vorticity. At low temperature these vorticies are bound in pairs and
carry zero vorticity and thus form an insulating state. At higher temperatures the
binding of vorticies decreases until at some critical temperature, 7, the vorticies are
completely unbound, thereby forming a conducting state.

The special property of the Kosterlitz-Thouless phase transition is the behavior
of the correlation functions. In the metallic state one observes screening because the
charges are unbound. As a result, the correlation function decays exponentially fast.
In the insulating phase the correlation function decays algebraically, meaning that
charge fluctuations are correlated over infinite distances, hence the correlation length
is divergent throughout the insulating phase. By contrast, in the Ising model and
other second-order phase transitions, the correlation function, above and below some
critical temperature, T, decays exponentially fast and only at the critical temperature
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the correlation functions decays algebraically. For that reason the insulating phase
is referred to as a phase of quasi-long-range order.

The two-dimensional Coulomb gas falls into the same universality class as other
statistical mechanical models such as the XY-model and the two-dimensional sine-
Gordon model [1, 3]. Such mappings provide a relationship between seemingly
different physical systems and provide an efficient tool for analyzing two dimensional
problems in statistical mechanics [4, 5].

A part from the connection of the Coulomb gas to other physical systems, the
d-dimensional Coulomb gas can be used as a model of a classical one-component
plasma [5, 6]. Such plasmas are found in astrophysical systems such as white dwarfs,
for example. In this thesis we will be primarily concerned with the plasma charac-
teristics of the Coulomb gas rather than its connections to other physical models.
Although the system does not undergo a phase transition for spatial dimensions
d > 2, a renormalization group analysis can be utilized to study the role of the
intrinsic length scales of the system in the behavior physical quantities such as the
Debye length. Such calculations can be important in numerical simulations of plasma
[7]. In the next section we will give an overview of renormalization group (RG) tech-
niques used so far in the study of the Coulomb gas, before we present the Coulomb
gas model formally and analyze it using a somewhat simpler RG method.

2.1.1 Renormalization Group Methodologies

If we go back to the particular case of d = 2, it must be stressed that while the argu-
ment in favor of Kosterlitz-Thouless phase transition can be relatively easily demon-
strated by means of a perturbative RG analysis, the extrapolation of the behavior of
the correlation function to the whole phase-space has proved to be a difficult task [1].
So, here we acknowledge some of the rigorous results which have been established
for the d = 2 Coulomb gas [8]. Consider the metal-insulator phase space diagram:

Consider the red region in the Fig. 2.1, which represents the region of phase space
sufficiently far from the critical line. It has been shown by [9] that the correlation
function does indeed follow a power law decay for any z. For the opposite region,
shaded blue, which is also sufficiently far from the critical line a somewhat similar
result, but slightly weaker, consists of a proof that the correlation function decays
exponentially for |z| > 0, subject to a specific boundary condition [10]. A num-
ber of other results which are concerned with rigorous proofs on the behavior of
the correlation functions in different regions of the phase-space can be found here
[8, 9, 11]. In this thesis we will not be concerned with these matters any further. Our
analysis will be limited strictly to the vicinity of critical points.

As we have established in the first part of the thesis, there are a number of tech-
niques to execute the RG program. One by means of field theory methods and the
other by using the Wilson-Kadanoff style of RG. An extensive RG study of the
Coulomb gas in two dimensions using the formalism of field theory is given by Amit
[12]. In their detailed chapter the authors computed higher-order corrections in the
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Fig. 2.1 Phase-space diagram of the d = 2 Coulomb gas. The two parameters of the system are z,
the fugacity, and B, the inverse of the temperature. The thick line represents a critical line. To the
right of the critical line, the low temperature regime, the system is in an insulating state. Vorticies
are bound together, with the net vorticity being zero. To the left of the critical line charges are
unbound which forms a metallic state

flow equations, to those originally derived by Kosterlitz [2], and have shown that
vorticies with multiple charges are irrelevant in the RG sense. This investigations did
not consider any other dimensions other than d = 2.

A version of real-space renormalization group RG has been given by [13]. In
this chapter the RG flow has been derived for all physical dimensions. The coarse-
graining of the action in the momentum space has received most of the attention in
the literature. A paper exploiting the Wegner-Houghton [14] approach, for example,
is [15]. A detailed calculation which exploits a standard cumulant expansion is [16].

In this thesis we present yet another RG scheme, which, to our knowledge, has not
been used in the literature in the context of d-dimensional Coulomb gas. It is based
on irreducible differential formulation of the Wilson-Kadanoff RG and has been
successfully applied in the past to other models in statistical mechanics [17]. As
suggested by the word irreducible, the object of interest is the vertex function or the
Legendre transform of the free energy. The RG is formulated in terms of the integro-
differential equation which describes the infinitesimal change of the vertex function
under sequential mode averaging. Once compared to earlier mentioned calculations,
we believe that this approach has distinct advantages in terms of conciseness and
simplicity of the resultant integrals.

In the next section we will introduce the Coulomb gas model formally and derive
the continuum theory in order to facilitate the Wilson-Kadanoff style of RG.
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2.2 Functional Integral

2.2.1 Lattice Model

We begin by considering a d-dimensional Cartesian lattice whose spacing is a and
with a total volume of V. Charges e can occupy the sites iy of this lattice and there
is a Coulomb interaction between these charges. For d = 3, the lattice Coulomb
potential between sites i; and iy is

1

Uj=——.
Y dmali — iyl

2.2.1)

There are two main reasons for putting the system on a lattice. First, the lattice
avoids the singularity of the Coulomb potential at the origin, which would otherwise
necessitate introducing a short-range cut-off. This issue arises when we take the
continuum limit, but for the moment there are no short-range singularities. The other
advantage of a lattice formulation is that we can develop a field-theoretic formulation
for the partition function, which facilitates the identification with mean-field limits
and perturbations therefrom.

The canonical partition function 2y for N charges g; = =e at positions iy, for
k=1,...,N,is

1 B / o
Zy= 2, apew| =5 D aUG) i |, 22.2)
i ik
(qk{:k}ie) lijl,kﬁN

where the factor N! is to ensure correct Boltzmann counting, 8 = 1/kpT, kp is
Boltzmann’s constant, 7 is the absolute temperature, the prime on the summation
indicates that the terms j = k are excluded, and the factor of 1/2 is to avoid double
counting. The associated grand canonical partition function E is

(0.¢]
= > MNa"2y, (2.2.3)
N=0
where z = ef* is the fugacity and p is the chemical potential.

The evaluation of E proceeds by using the Hubbard—Stratonovich transformation,
which is a standard operating procedure for such Hamiltonians. Based on the identity

o0
p2y2 1/2
exp( 52 ) = (5= / e 2aXHbY gy (2.2.4)
2a 2
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the Hubbard-Stratonovich transformation for a symmetric N x N matrix A with real
eigenvalues is

1 1 172 1 —1 N
e 2ij AijSisi — [—|A|(2n)N] / . / o2 Zij (A ijdidj+ 2 disi Hd¢i ,

i=1

(2.2.5)
where |A| is the determinant of A. This identity is used to represent E as
p 1 B / -
Iy = Z NP3 Zk:qu(lj’ i) qk
(,,k(l:k)ie) lglf,yng
_ 1 i Z L/.../e_%ﬂ_lij¢ij(u_l)jk¢ik+iZk¢ik‘1k lN_[d¢7
[U|2m)N — NI ey
lig) k=1
{q ==e}
(2.2.6)

in which U is the matrix with entries given in Eq. (2.2.1) and the factor of i on the right-hand
side is necessary for consistency of signs in Egs. (2.2.5) and (2.2.6).

2.2.2 Continuum Limit

Consider first the determination of U™!. In the case of continuous variables, we have the
definition [18]

/ U '(x, y)U(y, 2)dy = §(x — z), 2.2.7)

in which §(x) is the Dirac delta-function. Since, according to Eq. (2.2.1),

1

Ux,y) = ——,
x,y) P m—

(2.2.8)

Equation (2.2.7) is seen to be the definition of the fundamental solution for Poisson’s
equation:

VUK —x)=—-8(x—X). (2.2.9)
Hence,

U lx,y) = —8(x — y) V2. (2.2.10)
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Thus, in the continuum limit, the first term in the exponential on the right-hand side of
Eq. (2.2.6) becomes

1 1
ﬁjzk@,(U_l)jk@k - ﬁ//d)(x) U~ l(x,y) (y) dxdy

_ 2
= —2/3/¢(X)V ¢ (x) dx. (2.2.11)

The summation over the g; on the right-hand side can now be carried out:

N N N
S oo o) = 3 et =T e
ig) k=1 lix) k=1 {ix) k=1
{qg==%e} {qr==e}
N
= Z H[z cos(edy,) ]
{ix} k=1
N
= [chos(equ)] . (2.2.12)
ik

In the continuum limit, the summation becomes an integral and this term simplifies to

N | N
Z exp(iZd),-qu) = (a—d/ZCos[w)(x)]dx] . (2.2.13)
k=1

{ig}
(g =+e}

Carrying out the summation over N in Eq. (2.2.3) yields the continuum limit of the
grand canonical partition function E:

1 1/2 1 ) 00 NaNd (] N
2= S /exp[ﬁ/¢>v ¢dx:|NZ_;) N {a—d/ZCos[e¢(x)]dx} D[]
1 1/2 !
= Oi@" /exp[ﬁ/¢vz¢dxi| exp[z/Zcos(e(b) dx]D[qb]
1 1/2 T,
~ luieny / "”’[./ [ﬁ"’v ‘f’“ms(e«w] dx]D[m (2.2.14)

The right-hand side of this equation is the functional integral for the Debye problem. The first
term represents a ‘kinetic energy’, which results from the Coulomb interaction, and the second
term a ‘potential energy’, which arises from the Hubbard—Stratonovich transformation. The
prefactor is not important for calculating thermodynamic averages, and will be omitted in what
follows. A somewhat more concise form of this representation is obtained by introducing a new
field variable ¢ = @+/B, in which case we obtain
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= /exp{/[%gon(p +2z cos(ot(p)] dx}D[go], (2.2.15)

with o =e/VkpT.
There are several advantages to the functional integral representation of a statistical mechan-
ical problem over other formulations:

1. Alarge class of problems can be represented as functional integrals, ranging from equilibrium
statistical mechanics, as the Debye problem, to non-equilibrium statistical dynamics. The
Ising model serves as the canonical example for this approach, and the expression obtained
in Eq. (2.2.15) has several formal similarities with the functional integral for the Ising model.

2. Mean-field limits are straightforward to identify, for example, as Gaussian field theories,
corrections to which can be evaluated with various expansions. For the case at hand, the
mean-field limit corresponds to the Debye—Hiickel theory. This will shown explicitly in the
next section.

3. Renormalization-group calculations can be carried out using either the Wilson or field-
theoretic formalism. Time-dependence, vector fields, and other degrees of freedom enter
such calculations simply as summations/integrals in the evaluation of individual terms. The
structure of the RG expansion is determined by the polynomial terms in the functional
integral.

4. An alternative form of the functional integral in Eq. (2.2.15) is obtained by performing an
integration by parts on the first term:

E= /exp{—/[%(V@)z —ZZcos(ot(p)] dx}D[go]. (2.2.16)

In writing this expression, we have neglected the surface term, which is a finite constant and
so does not affect our subsequent calculation.

2.3 Mean-Field Approximation

The simplest evaluation of the functional integral (2.2.15) is to expand the cosine function and
retain terms only to quadratic order:

(p)?

St (2.3.1)

cos(ap) =1 —

which yields a Gaussian field theory,

[
Il

® /CXPI%/[W% +4z - 2z(a<p)2] dX]D[w]

ezZV/exp[%/((pvzw —572(/)2) de|D[(p], 2.3.2)

where V is the volume of the system and &2 = 2za%. We will again neglect the constant
prefactor, since we are interested only in averages.
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The functional Gaussian integrals in Eq. (2.3.2) are carried out by transforming to a Fourier
representation of decoupled modes. For a finite volume V, the Fourier transform ¢k of ¢(x) is

oK = / p(x)e K ¥ dx, (2.3.3)
1%
where, since ¢(x) is real, we have that ¢_k = ¢y. The inverse Fourier transform is
1 .
X) = — ek X, 234
o) =+ > ok (2.3.4)
k

The largest wavevector in this summation is A = 27 /a, where a is the lattice constant on our
Cartesian lattice, and the smallest is 277/L, where V = L> is the volume of the system and
which approaches zero as L — oo. These are referred to as ultraviolet and infrared cutoffs,

respectively. Critical quantities should not depend on the values of these cutoffs. Since there is
one wavevector per volume (277/L)? in k-space, summations over k are converted into integrals

according to
L\ dk
%::/dk(h) v [ o (2.3.5)

This transcription is exact only in the thermodynamic limit (V' — o0). The transformed grand
canonical partition function thereby reads

1
& = / [Taex exp[—ﬁ > +s*2)|¢k|2] (2.3.6)
k k

Consider now the evaluation of the two-point correlation function (¢(q)@(q')) which, in the
limit V — o0, is calculated as

A
(p@e@)) = = / Do(k) w(q)tp(Q) exp[ / =y (k2+s*2)|<p(k)|2]
0
S(q+q
_ q’(qur ; 3 (2.3.7)

Performing the Fourier transform yields the real-space correlation function

dq ef"q'r efr/i:

{p()p(0)) = Oy P TER T (2.3.8)

The quantity
2 _ 2262

- = (2.3.9)
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is seen to correspond to a screening length. To obtain an explicit expression for this quantity,
we need an expression for the fugacity z. This can be obtained from the following two standard
statistical mechanical relations for the grand canonical partition function

1 o0
(N) = = Z NZ¥aN %y = 7 P (2.3.10)
N=0
ﬂ — o l 2 =2 2
T InE=2zV +1In [/ exp[z/((pv w—E"g )dx]D[(p]], (2.3.11)

where P is the pressure of the system and we have used Eq. (2.3.2) in the second equation.
We now consider the high temperature limit, in which case £ 2 is small. Since the second term
on the right-hand side of Eq. (2.3.11) is the only term with an explicit z-dependence, this limit
suppresses the contribution from this term in the derivative in Eq. (2.3.10), leaving

(N) = 22V, (2.3.12)

or

2 = ﬂ‘) — o (2.3.13)

where ny is the average particle density. Hence, the decay length reduces to

172
£= (kBT) : (2.3.14)

noe?

which is the standard result for the Debye length [6]. The validity of this results rests on the
assumption that the cos(ag) is a slow varying function of position, which is certainly true at
high temperatures.
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Chapter 3
Renormalization Group Analysis

3.1 Coarse-Graining of the Partition Function

The renormalization-group (RG) transformation of the functional integral in
Eq.(2.2.15) will be performed by carrying out an infinitesimal form of a loop expan-
sion, which subsumes irreducible terms in the usual diagrammatic representation [1].
With the grand canonical partition function in Egs.(2.2.15) and (2.2.16) written in
the form

E= /eXP[—A({w(k)})} Dlp(k)], (3.1.1)
where

: dk 2 dk ik-x
A= 5/ (Zn)dk Qﬂ(k)ﬁl)(—k)—ZZ/cos a/me (k) |dx, (3.1.2)

the coarse graining part of the RG transformation within this formulation can be
expressed in closed form as a differential equation with respect to the renormalization
parameter £,

aA 1 dQ dp dp/ »
=5 ama|Aa-a— [ 57 | 57 AapApy Av—a | (.13
a0¢ 2 (27[)(1 n|: q,—q (Zﬂ)d (2ﬂ)d Q@.P “Cp,p P4 ( )
in which
A oA (3.1.4)
kk = T o N
Sp(k)dgp(K')

is the second functional derivative of A with respect to the Fourier components of
the fluctuating field, the integrals of p and p’ are over the range 1 < p, p’ < A, the
integral of 2 is over the unit sphere in d-dimensions which, in our case, is d = 3.
The second functional derivatives in Eq. (3.1.4) are
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82A

- K%K +K)+ K +K), 3.15
5o (K30 (K) ( )+ f( ) ( )

where we have introduced the notation

f&"+K) = 2za2/cos|:a/

The functional derivatives in Eq. (3.1.3) are therefore given by

dk H . " ’
L elk'x(p(k)j|el(k HROX x| (3.1.6)
T

Ag—q =1+ f(0), (3.1.7)
Agp = flq+p), (3.1.8)
App =P8@+pP)+fP+DP), (3.1.9)
Apq=fP—9q. (3.1.10)

The remaining required quantities, A; ! are the elements of the matrix inverse of the
coefficients in Eq. (3.1.9). Since we Wfﬁ carry out the coarse-graining transformation
only to order f2, which is already accounted for by Agq.p and Ay _g, we require only
the leading term in this quantity, which is

1
_1 —_— — / .« ..
Ay = p S(p+p)+---. (3.1.11)

Substituting the expressions in Egs.(3.1.7), (3.1.8), (3.1.10), and (3.1.11) into
Eq.(3.1.3) gives

—dQ Inf 1 0 dp dyp’ 18 / /
/<zn)d “[ R (2ﬂ)d/(2,,)df<q+p>? ®+p)/® —q)]

_ [ _ds2 _ [ dp fl@+pf(-p—-9@
_/(2n)d ln[l—i—f(O) / 3 ]

) P
_ [ _de 1200 dp f@+pf-p-a
= | Gy [f O =270~ | ey P2 " ]
_ ) _ [ 9 dp_f@+pf=p-9 ,
=[f® 270K~ | 553 | Gy = +o

(3.1.12)

inwhich Ky = S;/(2m)? and Sy is the surface area of the unit sphere in d dimensions.
The term f(0), according to Eq.(3.1.6), is given by

£(0) = 2za2/cos[a¢(x)]dx. (3.1.13)

Similarly, £2(0) is
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£2(0) = 4z%a* / cos[ap(x)] dx/ cos[ap(x)] dx’
= 422a4/dx/dx’ cos[ap(x)] cos[ap(x)]. (3.1.14)
By invoking the trigonometric identity
COSXCOSy = %[cos(x + y) + cos(x — y)], (3.1.15)

this integral can be written as

£2(0) = 27%a* / dx / dx' cos{afpx) + ¢(x)]}
+ 212a4/dx/dx/ cos{a[p(x) — o(x)]} (3.1.16)

The approximate evaluation of the integrals on the right-hand side of this equation
can be carried out by introducing relative and average coordinates [2, 3],

E=x—-%, p= %(x—i—x’), (3.1.17)
in terms of which we have
() =9+ 38), () =90 — 3. (3.1.18)

If we now use the fact that after several RG transformations ¢ becomes a slowly-
varying function of its argument,

o+ 38 ~ o) £ 36-Vo), (3.1.19)

from which we obtain
P(x) +o(x) = o+ 38 + o(n — 3&) ~ 20(n), (3.1.20)
P(x) —o(X) = o(n + 3&) — o(n — 36) ~ &-Vo(n) . (3.121)

By using these results and the transformation in Eq. (3.1.17), we obtain

£2(0) = 2%« /d‘;‘/cos[2ag0(n) dn + 2%« /dn/cos aé-Vo(n)]dé
(3.1.22)
The integral over & in the first term on the right-hand side of this equation is the
volume V of the system. Hence,

2z2a4/d§/cos[2a<p(1})] dn :212014V/cos[2a<p(n)]dn. (3.1.23)
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Then, by expanding the cosine function in the second integral and retaining only the
first two terms, we obtain

22%! / dn / dg{1 - 4[ag - Vo]'} =220 V2 - 21, / Vo)V dn,
(3.1.24)

in which we have defined

I :/gzdg. (3.1.25)
Thus,

£20) = 2z%a*V? + 2z2a4V/cos[2a<p(n)] dn — 221 / Vo(m)-Ve@)dy.
(3.1.26)

The evaluation of the remaining integral on the right-hand side of Eq. (3.1.12) pro-
ceeds by writing

ds dp flq+pf(-p—q
@myd ) @m)d p?
= 472 (zdﬂg)d (;Tp)d %[/cos[aup(x)]ei(q“’)'X dx]{/cos[aq)(x/)]eﬂ(%pw dx’'
42 / , A2 iq.x—x) dp ePxX)
=4da"z /dx/dx cos[ago(x)] cos[wp(x )]/7(27[)(16 a2
(3.1.27)
The integrals over q and p will be represented as
a . /
Lx—x) = We“ﬂx—x ), (3.1.28)
dp eiP'(X—X,)
Lhx—-x)= | — ————. 3.1.29
x-x) = [ o2 p2 (3.129)

Again invoking the trigonometric identity in Eq.(3.1.15) enables us to write

/dx/dx/ cos[ag(x)] cos[ap(x) ] L (x — XY 3(x — X)
B %/ dx/ dx’ cos{afp() + (X} 2(x = XN 13(x = x)

+ %/dx/ dx’ cos{a[p(x) — o(xX) |} h(x — X 3(x — X).
(3.1.30)
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Using these results and the transformation (3.1.17) in the integrals on the right-hand
side of Eq. (3.1.30) then yields

/ dn / cos[2ap ()] L(E)3(§) d§ + / dn / cos[aé - Vo) ]L(E) 13 (§) dé
(3.1.31)

The first term may be written as

[ / Iz@)ls(s)ds] / cos[2a¢(m)] d . (3.1.32)

Upon expansion of the cosine function in the second integral and retaining only the
first two terms, we obtain

/dn/ds [1=3[at-vem "} n® L@
_ / dn / b)) dE — 5 / dn / [0k - Vo) 21 15(&) dé
2
_v / 1) 15(E) d§ — “7[ / 3212@)13(&)@] / Vo) -Vemdy. (3.1.33)

Thus,

d2 dp f(q+pf(-p—q)
Qmyd | @)l p?

= 2072 AV — af7? /[V¢(n)]2dn + 20(4Z2A/cos[2a<p(17)]d17, (3.1.34)

where we have defined

A= / L)) dE. B = / E2 L) 15(E) dE (3.1.35)

By collecting the results in Egs. (3.1.13), (3.1.26), and (3.1.34) and substituting into
Eq.(3.1.12) yields the coarse-graining transformation to one-loop order:

dA
=" 122 V2K — o' AV + zade/cos[ago(x)] dx
2
+ 1z oe°lle/[Vso(n)] dn + 7% B/[Vgo(n)] dy

- —Z a4VKd/cos[2a(p(n)] dg — z a4A/Cos[2a<p(n)] dn. (3.1.36)
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3.2 Differential Scale Transformations

The first two terms on the right-hand side of Eq. (3.1.36) are constants and represent
the effect of the integrated modes on the grand canonical partition function. These
terms are important for the direct calculation of E [1], but will not be considered
here. The remaining terms represent the effect of coarse graining on the terms in A
in Eq. (3.1.1), with the last two terms representing corrections to the ‘bare’ form of
A. Therefore, the lowest order effect of coarse graining is given by the following
subset of terms on Eq. (3.1.36):

% = %zza(’(% + B)/[Vgo(x)]zdx +zo¢2Kd/cos[ozg0(x)]dx. (3.2.1)
This equation must be supplemented by two additional operations to obtain the
complete recursion relations: the rescaling of k to restore the original ranges of
integration, and the rescaling of ¢ to maintain the coefficient of the quadratic term in
A. The latter operation is necessary to maintain the spatial range of the fluctuations
under the RG transformation [cf. Eq.(2.3.2) et seq.]. The rescalings of the wave
vector and the field are given by:

kK = bk, (3.2.2)
e~ k) = T2 (k) (32.3)

where b = ¢%¢. Denoting the rescaling operator by 2, the change in A induced by
the scale changes is defined as

Ao )] +aa({¢' (K) = 2A de ) . (3.24)

After applying the transformations set by Egs. (3.2.2) and (3.2.3) we obtain:

dk/ / / /
oL (*)? ¢' )¢ (—K)

dk/ B -
- 2zbd/cos|:abl_d/2/ Welk x w/(k/)] dx’ .
T

By considering an infinitesimal transformation and taking the limit of §¢ — 0 yields
the differential rescaling of A

A—A
lim %— = ZZd/cos[aq)’(x’)} dx’

se—~0 &L
: / / / / d /
+2z/sm|:ago (x ):|ot(p (x) (1 - 5) dx’ .

1
FA (0 ) = 5 /
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3.2 Differential Scale Transformations

Thus, the total change in A is
0A
98 1,246

o =3 (%—FB)/[V(p(x)fdx—Zz(d—

+ ZZ/sin[afp(x)}ago (x) (1 — %) dx.

The recursion relations can now be written:

o?
2

dp 1, o(LiKg

> _ ——2 4 B)o,
ac 25\ tP)e
d 2

de 2

d (xg) d

:a(p 1—— .

de 2
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Kd)/cos[ozgo(x)] dx

(3.2.5)

(3.2.6)

(3.2.7)

By demanding the invariance of the kinetic term under RG transformation, we restrict
the phase space to the flow in the coupling phase space only. The resultant recursion

relations are

dz 2K
ﬁzz(d_“zd), (3.2.8)
ﬁ =« ((1 5) 32 Q (T + B)) . (329)

3.3 Recursion Relations and Fixed Points

In the differential equations derived in the previous section we noted that the cut-off
dependence is incorporated into the limits of the integrals such as /3 (x). This is due
to the fact that we have considered the change in the Hamiltonian due to eliminating
integrating the Fourier mode around |k| = 1 shell. Themodesintheshell 1 < |k| < A

were averaged out using a saddle point approximation.

331d=1

The differential form of the recursion relations is:

d 2
—Zzz d—aKd ,
de 2

(3.3.1)
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Fig. 3.1 Renormalization
group trajectories for 1D z
Coulomb gas. The non-trivial
fixed point (z4;a4), is a
saddle point. There is only
one trajectory which takes
the couplings to this fixed
point, depicted in red. Any
perturbations away from this
line will eventually drive the
system away from that fixed
point

da I_ 2l (I, + 27 B) (3.3.2)
— = _— T . .
de 2 8z !

By considering 7 = @ = 0, we can determine the critical points. Apart from the
trivial fixed point (zo; ¢o) = (0; 0) , there are four non-trivial points (z+; @+) =
(:I:JT2 (I + 27 B)’% ; :t\/E) However we are only interested in the flow in the
positive quadrant of the phase space, so we only have to investigate the stability of
two points: (zo; &) and (z4; o). By linearizing the equations around a fixed point,
7 = zx + € and @ — «ay + &, its stability is determined. Thus, the trivial point is
characterized by the following linear differential equations:

%(3)%32)(2) (33.3)

The matrix is diagonal therefore its eigenvectors and the corresponding eigenvalues,
A1 and Aj, can be determined immediately. Since A1, A, > 0, we conclude that the
point (zo; ) is unstable. By linearizing around (z; o) the dynamics is governed
by the following coupled differential equations:

()0 -5 (¢
(080

The associated eigenvalues are A1 > = —% + %«/ 9 + 47. We conclude that (z4; o)
is a saddle point. The phase space diagram associated with 1D Coulomb gas is
depicted in Fig.3.1.
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This result qualitatively agrees with the previous study carried out by Kosterlitz
[4], where the author used real-space renormalization group technique. The phase-
space diagram suggests that in d = 1 the Coulomb gas undergoes a metal-insulator
phase transition. If the initial parameters of the system are to the left of the red line
then the system is driven towards the infinite termperature regime where charges are
unbound. This forms a metallic state. The system defined to the right of the diagram
is driven towards the low temperature regime where it behaves as an insulator.

332d=2

Itis known that in 2D, the Coulomb gas undergoes the Kosterlitz—Thouless transition.
We can use the equations derived in the previous section to reproduce the well
known phase-diagram describing the Kosterlitz—Thouless transition. Consider the
phase space trajectories near the critical line.

dz 1 )
= (8;1 p )z, (3.3.5)
d I
d_‘z e (ﬁ + B) . (33.6)
Make the substitution:
y=—8r +a’, (3.3.7)

which leads to the following set of equations:

dz 1

== ——yz, 3.3.8
dt = ag’t (3.3.8)
dy 2 4 I

— =—-72(8 — +B). 3.3.9
70 ZZ @B +y) (4n+ ) ( )

Close to the transition temperature, y < 1, so terms involving y of order 1 should
be retained. The resultant equations are:

dz? yz2
= == 3.3.10
de 47 ( )
dy’ 2 af I
- =— 8 —+B). 3.3.11
T yz© (8m) i T ( )
These equations can now be written:
dz? dy? 1
=c——, wherec= ——5F——— (3.3.12)

de — de’ (87)* (I + 47B)’
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Fig. 3.2 Renormalization

group trajectories for 2D z
Coulomb gas.The thick line of

constant gradient is the critical

line below which the system is

in an insulating state. Above

the critical line the system is

in a metallic state and acts as

a good conductor

which allows us to solve it. The solution is a hyperbola:

22 — ¢y? = const. (3.3.13)

By rescaling the y variable the phase space flow is depicted in Fig.3.2. The critical
temperature is found along the trajectory z> — cy? = 0.

333d=3

Itis known that in 3D Coulomb gas there is no phase transition. This happens because
in the first term in the differential equation for « there is a sign change ford > 3. Thus,
unless we are prepared to accept imaginary fugacity, there is no phase transition for
dimensions above d = 2. This result agrees with the study carried out by Kosterlitz
[4], where the author arrives at the same conclusion. The phase space flow is depicted
in Fig.3.3. The RG equation are:

dz a?

dz= _ (32", 33.14
de ( 4;12)Z (3:3.14)
da a > 6f N

@ _ 2 ~L 1 B)). 33.15
e 2(“‘”(4#4r )) (3-3.15)

There is no phase transition and trajectories are driven towards the high temperature
regime. The system is in a metallic state throughout. Despite the fact that no transition
takes place at d > 3, we can exploit renormalization group equations to study
the behavior of other quantities such as the Debye length. We recall the definition,
£2 = 2za%. Hence
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£2

Z

Fig. 3.3 The a—z plane illustrates the renormalization group trajectory for 3D Coulomb gas. The
blue surface represents the Debye length as a function of two variables, £ 2 (z, ) = 2za%. The
behavior of the Debye length under RG is depicted by the red curve which lives on the £ =2 (z, &)
surface

dg=2 K d LK
i—e =20 (d — a27d) 7+ 4za” ((1 - 5) - %ZZO{6 (Td + B)) .
(3.3.16)
The behavior of the Debye length is depicted by a red line in Fig. 3.3. Our renormal-
ization group equations are valid for up to the second order in z and the definition
of the Debye length is valid in the limit of the Debye—Hiickel-Bjerrum theory (high
temperature limit). So we choose a particular subspace of the phase-space where
these two regimes hold. Coincidently, this regime corresponds to the phase-flow in
the proximity of the trivial fixed point (z4, @x) = (0, 0). Thus, ind = 3, Eq.(3.3.16)
gives a correct description of the behavior of the Debye length under coarse-graining:

d _¢ “Ki _, +O[2 g (3.3.17)

de 272 263 \ 472 ' "
The cut-off dependence is incorporated in the B integral. If we choose A — oo, the
integral simplifies and becomes a function of the volume only. In order to study the
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behavior of the Debye length as a function of the UV cut-off we would require to
modify our RG equation. Thus, in principle one could investigate variations of the
Debye length as a function of the system size. Alternatively, one could investigate
similar variations but with respect to the cut-off which is a linear scale associated
with the lattice spacing of the original lattice model.

3.4 Conclusions and Remarks

The 3D result for the behavior of the Debye length can find an application of the RG
analysis of the Coulomb gas to plasmas. We have in mind, in particular, the so-called
particle-in-cell (PIC) method [5—7], which has become a powerful technique for the
simulation of plasmas. In the PIC method, the positions and velocities of the particles
are defined continuously, fields are defined at discrete spatial points, but both fields
and particles are defined at discrete times. Particles and fields are advanced sequen-
tially in time using fields interpolated from the discrete grid to the continuous particle
locations. Source terms for the field equations are accumulated from the continuous
particle locations to the discrete mesh locations. The fields are then advanced one
time step, whereupon the loop repeats. The accuracy of the PIC method depends on
the discretization in time and space. While the consequences of temporal discretiza-
tion for a particular scheme, such as leap-frog method, are relatively straightforward
to identify, the effect of spatial discretization is much more difficult to quantify [5].
Deviation from spatial continuity towards discretization induces noise into the the
dynamics of the system. Moreover physical quantities which characterize plasma
would also be expected to be affected by spacial discretization.

By drawing on the similarity of the Coulomb gas on a lattice and a specific
realization of the PIC scheme, one can investigate the effect of changing the scales
of the system on the physical parameters of the system. The lattice spacing and the
system size enter naturally into the RG approach, as the the ultraviolet and infrared
cut-offs, respectively. The RG equations for the Debye length with the effect of the
length scales incorporated into the equations, which allows us to quantify how the
coupling constants of the coarse-grained system are affected by particular choices
of the system size and how this is reflected in the RG trajectories.
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Part 11
Non-Equilibrium Statistical Mechanics:
Randomly Stirred Magnetohydrodynamics



Chapter 4
Turbulent Flows

4.1 Introduction

Turbulence is a widespread phenomenon in the dynamics of fluids. For decades, it
has stimulated scientific research across various fields of mathematics, engineering
and physics. Turbulent motion can be made visible by observing cloud formation in
the atmosphere, for example. An overwhelming number of possible patterns in the
motion underlies the complexity of this phenomenon. Turbulence is a state of a fluid
which, in the case of neutral fluids, is governed by the Navier-Stokes equation. The
problem of turbulence lies in the difficulty of describing a solution to the dynamical
equation.

Turbulent motion can be characterized by its ability to stir fluids and dissipate
kinetic energy. It is composed of eddies which are irregular zigzag patterns in the
flow which can be visualized as a random swirling of the fluid, which typically arises
when the speed of the flow exceeds a particular threshold. Understanding turbulent
motion is of great importance in science. In engineering applications, for example
in aerodynamics, a solid grasp of the phenomenon can improve the maneuverability
of jet fighters or improve fuel efficiency for commercial airlines [1]. On the other
hand, in internal combustion engines, turbulence enhances the fuel mixing with the
oxidizers to augment efficiency [1]. There are even biological applications, which
include studies of abrupt blood flows in heart’s ventricles [1].

From the experience of our terrestrial world it is not apparent why one may
want to study charged fluids, as oppose to the neutral fluids, since all electrical
conductors are mainly solids. However, most of the universe is in the plasma state
that can interact with magnetic fields which penetrate it [2]. Such systems often
can be conveniently described by magnetohydrodynamics (MHD), which unifies the
fields of electromagnetism and fluid mechanics. The scope of various phenomena
which can be described by MHD is vast. Much research has gone into understanding
solar systems, for example [3, 4]. In geophysics, MHD equations are applicable to
conduction cores of the planets where the magnetic field is generated by dynamo
action [5].

E. Barkhudarov, Renormalization Group Analysis of Equilibrium 43
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MHD turbulence is intimately related to hydrodynamic turbulence, in the sense
that often the formalism developed for the former can be generalized to the latter.
The study of turbulence can be taken along two different lines: one, which focuses
on practical applications of turbulence and treats it as a technical problem. and the
other, which treats turbulence more as a physical phenomenon and tries to develop
tools towards its understanding. Over the past decades, with the development of
computer power, numerical simulations have become an indispensable tool in turbu-
lence research and often is the only way to check the validity of analytical models.
However, numerically attainable Reynolds numbers are still too small to understand
real turbulence and, thus, studies of high Reynolds number turbulence are of a more
academic nature [6]. In fact, numerical simulations are of even greater importance
to MHD turbulence, since there do not exist any practical laboratory set ups for such
systems.

In this thesis we aim to study turbulence in charged systems using analytical tools.
There exists a number of different approaches, each with its strengths and limitations.
In order to appreciate the wealth of techniques which exist to date it is instructive to
proceed towards a more quantitative description of the problem.

4.2 Mathematical Formulation

In order to facilitate a quantitative discussion of turbulence in neutral and charged
flows, we begin with an introduction to the basic equations of motion. The dynamics
of neutral fluids is governed by the Navier-Stokes (NS) equation [7, 8]:

ov 1 » 1
— 4+v-Vv=—-Vp+1vViv+ —F, 4.2.1)
ot P P

where v is the velocity field, p is the density of the fluid, which can be a function of
both position and time, v is the kinematic viscosity, and F represents any additional
external forces which act on the fluid. The specification of this force is subject
to the problem at hand. The NS equation can be seen to express the conservation
of momentum. Physical flows should also satisfy the continuity equation, which
represents conservation of mass in the flow:

7]

9P V. (pv) =0. 4.2.2)

ot
In our analysis we will be concerned primarily with incompressible flows, where pisa
constant. Thus, the continuity equation translates to the condition of incompressibility
of the flow:

V.v=0. 4.2.3)
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This means that the form of the velocity field is solenoidal, meaning that the
divergence of the field v is zero at all points in space. Further specification of the prob-
lem must include boundary conditions. We are primarily concerned with unbounded
flows where the appropriate boundary condition is:

B
v 0. X0 Vi as  x— oo. (4.2.4)
Xi

To appreciate the role of various terms in the NS equation it is convenient to re-write
it in a dimensionless form. This can be achieved by the following transformations:

L x=x, L'Ur=¢, U W=v, plU?p=p. (4.2.5)

For the moment we assume that F = 0. Then, by substituting the above relations in
to the dynamical equation, we get:

N VoYY =V 4+ LY. (4.2.6)

Thus, we naturally derive a useful dimensionless quantity, the Reynolds number:

LU

14

R 4.2.7)

The dimensional quantities L and U are generally chosen so that they reflect the
global geometry, such as the size of the apparatus, and the mean flow of the fluid.
The Reynolds number measures the relative strength of the linear term and the non-
linear interaction. The Reynolds number is a single parameter which determines the
character of the flow in a particular geometry and its value can be used to measure
the onset of turbulence. This suggest the following physical interpretation:

B~ ir'lertial forces . 42.8)
viscous forces
When viscous forces are dominant the flow is smooth. Such flows can be well treated
analytically. As the Reynolds number increases the inertial forces dominate the
dynamics. The smoothness of the flow is lost through the appearance of rapid and
irregular fluctuations in the velocity field.
The equation of motion for electrically conducting fluids are more complicated
because they must accommodate the effect of electromagnetic fields. The effect of
electromagnetic interactions is fully captured by Maxwell’s equations:

V xB P4 el (4.2.9)
x B = —-—, 2.
ni+ 5=

V-B=0, (4.2.10)
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OB
VXxE=——, 42.11
X By ( )
v.E="2, (4.2.12)
€0

where B is the magnetic field, E is the electric field, 19 magnetic permeability, €
permitivity of free space, c is the speed of light, and p,, is the charge density. Further,
we would like to make some simplifying assumptions. We only consider electromag-
netic variations which are non-relativistic [2], which affects the form of Ampere’s
law. From Eq.(4.2.11) we have E/L ~ B/T, where, as before, the quantities denote
typical values. Using this we can asses the magnitude of the displacement current,
which gives:
E
a7 A C—2|V><B|, (4.2.13)
where V is the ratio L/ T. It follows that when electromagnetic variations are much
smaller that the speed of light, the displacement current is negligible.
Plasmas which move with non-relativistic speed are subject to magnetic and elec-
tric fields, which exert force on the moving fluid. This relationship is captured by

Ohm’s law:
j=0E+vxB), (4.2.14)

where j is the current density and o is the electric conductivity. The above two
equations are now sufficient to derive the induction equation:

OB 1
— =Vx(vxB)——Vx(VxB). (4.2.15)
ot oo

Application of vector identities and the solenoidal property of the magnetic field
finally lead to the expression:

OB
5;=Vx(vxm+mvw, (4.2.16)

where n = 1/pugo is the magnetic diffusivity. If of interest, quantities such as j and
E can be determined once the problem is solved for the magnetic and velocity fields.

‘We now have to consider the form of the force F in Eq. (4.2.1), which arises from
the electromagnetic interaction of the fluid element. The force exerted on the charge
q; is the Lorentz force g; (E + v; x B). The force exerted on the fluid element is
the sum of forces exerted on each charge in the fluid element. A fluid element is a
macroscopic quantity and at this point we make another assumption that the plasma
is quasi-neutral. This means that the fluid element is effectively neutral and we can
ignore the effect of E because the total charge of the fluid element is approximately
zero, dg ~ 0. It follows that the Lorentz force acting on the fluid element is:

F, =j x B, 4.2.17)
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Bringing all the equations together we end up with a set of four equations:

ov 1 2 1

— =—=Vp+vVv—v-Vv+4+ — (V xB) xB, (4.2.18)

ot p P10

OB 2

o =V x (v x B) +nV~-B, (4.2.19)
V.v=0, (4.2.20)
V-B=0. 4.2.21)

These are our defining equations of MHD. At this point it is appropriate to introduce
new dimensionless quantities which are absent in hydrodynamics. When the induc-
tion equation is re-written in a dimensionless form, the relative strength of non-linear
and linear terms is weighted by the magnetic Reynolds number:
LV
Ry = —. (4.2.22)
Ui

Clearly, a combination of dimensionless number is also a dimensionless quantity.
One such combination which may be of interest is the magnetic Prandtl number,
which is the ratio of the magnetic Reynolds number to the Reynolds number:

=Y (4.2.23)
1

This quantity measures the relative effects of viscous versus magnetic diffusion rates.
The importance of these dimensionless quantities in analytical studies is two fold:
various limits can simplify the defining equations, for example note that, in the
limit when %, < 1, the induction equation reduces to the diffusion equation and
P can be used as an expansion parameter in perturbation treatments. Further, in
computational studies, for example in hydrodynamics, the Reynolds number provides
the scale of the mesh resolution for accurate modeling [6].

Our further analysis will be centered around Eq. (4.2.1) and Egs. (4.2.18)—(4.2.21).
Eventually we will introduce random forcing into Egs. (4.2.18) and (4.2.19) to model
sustainable turbulence, but the motivation for that will become clear from our later
discussion on the renormalization group and its applications to hydrodynamics and
MHD. To this end we have simply introduced the MHD equations. Various methods
of analysis is the subject of the next section.

4.3 Methods to Study Turbulence

In this section we aim to briefly touch upon various methods used to date to analyze
turbulence. Most of the discussion will be in the context of the NS equation. Because
this equation has been studied to a much greater extent, an elementary presentation
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Fig. 4.1 Consider some com-
plicated path depicted on the
right. The black line represents
the trajectory in space traced
out by a hypothetical particle.
The trajectory is highly irregu-
lar and the small-scale details
are analogous to the eddies
in a turbulent flow. If such a
trajectory is reproducible, like
in a stationary jet flow, these
paths can be superimposed
to give a smoother trajectory
such as the one shown on the
right. The red line represents
a precise smooth trajectory,
while the cloud represents
statistical variations from the
red line

of various methods can be more compactly presented using the NS equation only.
Extensions to MHD are often rather straightforward but the algebraic form of the
resultant equations becomes much more complicated. The various topics discussed
in this section by no means form an exhaustive list in the field of turbulence studies.
On the contrary, it can be viewed as rather subjective. As guiding principles, we have
selected topics which, on an elementary level, can give either useful and important
results, or present the problem in a new light.

4.3.1 Closure Modeling

Solving the NS equation with realistic boundary conditions in fully developed tur-
bulence has proved to be a very difficult task. The profound problem lies in the
non-linear interaction of many degrees of freedom across all length and time scales.
One is then naturally led to look for other ways to quantify the complexity of the
exact solutions. For instance, if we have a look at the flows from jets, it is apparent
that there is some detail on every observable scale in the form of ever smaller eddies.

Perhaps, sometimes this is too much information for practical purposes and maybe
we can get away with a more blurred image of these flows. Thus, we wish to sacrifice
detail for solvability. Inevitably we are led to invoke a statistical description. The
irregularities in the flow occur at random and, therefore, once reproducible, can
be subject to a statistical description. In the case of stationary jet flows we can
take multiple copies of the flow at different times and compute the average [6]. The
average flow will be a smooth function with a better hope for an analytical description
(Fig. 4.1). In practice, however, this is not very useful, since the main task of any
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theory is to be able to make predictions without a priori knowledge of the exact flow.
In other words, we would like to start with the full NS equation and try to model the
behavior of the averaged flows from it. A natural starting point is to break down the
velocity field into the average/mean flow and fluctuations:

vix,)=UX,t)+u(x,t), “4.3.1)

where U is the average flow and u are fluctuations. Upon substitution into the NS
equation we obtain:

(U +u)

5 +(U+u)-V(U+u)=—%V(P—i—ﬁ)—i—z/Vz(U—i-u). (4.3.2)

If we now take the average of the above equation we have:

ouU 1 )
57 HU- YU+ (Vi) = VP 4+ VU, (4.3.3)
p

which follows from the fact that (U) = U and (u) = 0 by definition. The equation
now has an extra term (u - Vu), which requires a knowledge of a higher order moment
of the unknown probability distribution. To this end we have one equation and two
unknowns in the form of the average field and the second moment. Any attempt to
derive the dynamics of the (u,-u j) will inevitably introduce a third moment and the
problem will persist. This is known formally as a closure problem [7]. Its origin lies
in the non-linear term of the NS equation and is a general feature of any non-linear
equation.

One possible solution to the problem is to postulate relations between statistical
moments, since in principle an equation of the form

U=/ (). (4.3.4)

would render the set of equation closed. Such closure relations are neither exact
nor derivable and can have a very limited range of applications. Such attempts to
solve turbulence problem are usually met in engineering applications. With growing
computer power more elaborate models emerge and it remains an active field of
research [6].

4.3.2 Direct Numerical Simulations

An alternative to closure modeling is to try to solve the NS equation directly, such
methods are known as direct numerical simulation. As can be anticipated this is a
very challenging task, since turbulent flows span across large temporal and spacial
scales. As with any direct simulation method it requires the system to be discretized
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on a grid or a mesh. It should be small enough to capture the smallest eddies in the
flow, yet big enough to incorporate the largest eddies [6]. By calling these two scales
7 and L respectively, the number of grid point should roughly satisfy:

N> L/n. (4.3.5)

This ratio of length scales is in fact related to the Reynolds number L /5 ~ %3/, By
including appropriate resolution across time scales the overall expense of modeling
3D turbulence goes as Z''/* which, considering that turbulent flows are characterized
by large Reynolds number of order 10° and larger, such modeling is computationally
expensive. Despite the expense of such computations, current numerical simulations
can handle large numbers of grid points for isotropic and homogeneous turbulence
[6]. Another feature of direct numerical simulation, not necessarily in the context
of turbulence, is numerical dissipation or heating. This is an effect due to numerical
approximations which artificially dissipates energy from the system. Sometimes such
effects are favorable in a simulation, since the associated discretization methods are
more stable. However, in the context of turbulence this effect should be minimized,
since high numerical dissipation can over-damp flow fluctuations, leading to the
spurious decay of turbulence [6].

Over the past decades with the development of computer power numerical sim-
ulations have become an indispensable tool in turbulence research and often is the
only way to check the validity of analytical models. However, numerically attainable
Reynolds numbers are still too small to understand real turbulence and, thus, studies
of high Reynolds number turbulence are of a more academic nature.

4.3.3 Analytical Studies

4.3.3.1 Dynamical systems

Perhaps a rather natural framework to study turbulence is in the context of dynamical
systems, since the NS equation falls precisely into the class of problems addressed by
this field [8]. Conceptually this is very helpful, as the emergence of unpredictability of
a deterministic equation can be explained through chaos. For an illustrative example
consider a toy model for the NS equation:

Vil —vi == —v, +1, vo=w, t=0,1,2,.... (4.3.6)

The first, second and third terms of the right-hand side can be associated with a non-
linear term, the viscous term and the forcing of the true NS equation respectively. The
important property of this map is that it displays sensitivity to the initial condition
which is a reminiscent of chaotic behavior. Furthermore, this equation is simply a
fancy way to write the so called tent map, which is defined as follows:
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2x; forO < x

Xi+1 =
2 —2x; for% <x

<1
-2 (4.3.7)
<1

This has another important property, namely, the invariance of the measure
(Lebesgue). For if, we consider the initial condition x( to be uniformly distributed,
then the image of the tent map will also follow a uniform distribution. The fact that
the initial condition is chosen at random rather than being deterministic is almost
irrelevant as a result of Birkhoff’s ergodic theorem, which states that the time aver-
age of some integrable function along the trajectory from a given initial condition is
equal to the ensemble average with the invariant measure.

The lesson to take from the above oversimplified example is this: the analysis
of dynamical systems provides a natural framework for a statistical description of
turbulence and exploits chaos to explain the non-predictability of the flow. However,
apart from these qualitative features little has been done in the field to understand
turbulence. The application of traditional machinery in the form of Lyapunov expo-
nents, attractors etc. is hard to implement for systems with many degrees of freedom
such as the NS equation [9, 10]. This has served as the main obstacle to progress in
this direction [8].

4.3.3.2 Phenomenological Models

Phenomenological theories are based on non-rigorous plausible hypotheses, together
with dimensional arguments, to analyze turbulence. Perhaps surprisingly, such an ap-
proach has given one of the greatest insights into the nature of turbulence. This
methodology allows one to calculate energy spectrum functions, count degrees
of freedom etc. Considerable work on phenomenology is based on the work of
Kolmogorov [11, 12]. These studies were primarily concerned with hydrodynamics,
with the arguments being extended later to MHD. In this section we will outline only
a few results, while more complete reviews can be found in the original papers or
standard textbooks [7, 8, 13, 14].

Together with statistical insight, dimensional analysis can be used to derive the
energy spectrum in turbulent flows. The idea of energy cascades was first put forward
by Richardson [6]. The mechanism of energy transfer in turbulent flows is explained
via local interactions of large eddies, which carry the kinetic energy down to the
smallest eddies, where energy is dissipated through viscous forces. The intermediate
range between the largest eddies and the smallest eddies is called the inertial range.
This idea can be exploited further, for if we make two assumptions, namely, scale-
invariance within the inertial range, and strictly local interactions, then we could
argue that, in fully developed turbulence, we can identify two relevant length scales:
a typical size of the largest eddies, &, which is comparable to the system size, while
viscosity sets a lower bound 7 on the size of the smallest eddies. Let us assume
that 7 < ¢. Large-scale eddies are generated by the shear stresses in the flow and
the small scales are being dissipated by viscosity. It is reasonable to conclude that
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there is a mechanism through which there is an energy transfer from large scales,
where energy is being produced, to small scales, where it is dissipated. Moreover
this would require an intermediate or inertial range where energy is neither produced
or dissipated. Then, in equilibrium, the energy flux through the inertial range should
be equal to the rate at which the energy is dissipated. Hence, the energy cascades
across the inertial range, from large to small scales.

The inertial range is shared by both the large-scale energetic regime and the small-
scale dissipative regime. Large-scale eddies are not directly affected by viscosity.
Hence, since the inertial and energetic regions overlap, the energy distribution cannot
be affected by viscosity. On the other hand, small-scale eddies are universal, all the
information about the original geometry is lost, so in the proximity of 7, the inertial
range cannot depend on the large-scale structure §. The energy distribution across
different size eddies in the inertial range should in principle depend on all relevant
scales of the flow:

E=E@U,v,re), (4.3.8)

where ¢ is the rate of the energy dissipation and r is the typical eddie size. However,
as we have argued, the large-scale and small-scale structures should not influence
the inertial range, thus:

E=E(re). 4.3.9)

On the grounds of dimensional analysis we can postulate the simplest possible func-
tional relation between the two such that the result has dimension of energy. It follows
that the energy spectrum is:

E « (er)?3. (4.3.10)

This is known as Kolmogorov’s energy spectrum. This is more commonly written
as a —5/3 law in Fourier space. Today it is believed that Kolmogorov’s spectrum is
correct [6].

In the 1960s, the first phenomenological model of MHD turbulence was put for-
ward by Kraichnan [18]. He proposed a different exponent to Kolmogorov’s spec-
trum, namely:

E (k) oc k=32, (4.3.11)

This was attributed to an interaction of localized modes with an external magnetic
field, which is irrelevant in hydrodynamics.

Kolmogorov’s energy spectrum is a very powerful result. However, it is
immediately evident that phenomenological models cannot account for the full
description of turbulence. To determine proportionality constants one has to fall back
onto experiments and the theory offers no means of computing them explicitly. As
such, phenomenological models must be used in combination with other analytical
methods.
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4.3.3.3 Functional methods

Turbulent flows are necessarily statistical in nature. Thus, it is natural to consider
probability distribution functions which govern such flows. This leads us to the
concept of functional integration methods, which are concerned with averaging over
such probability measures in function space. This functional formalism was initiated
by Hopf [15] when he derived the governing equation of the probability functional,
known as the Hopf equation for the NS equation. The Hopf equation enabled the
evaluation of correlation functions at a single moment in time [16]. Later, the method
was generalized to compute multi-point correlation function at different times. This
is based on work of Lewis and Kraichnan [17] and, in view of its generality, we
outline their methodology.

Consider the generating functional ® [Z (x,?)] of a probability distribution
Plv(x, )]

D[Z(x,1)] = (exp([Z-V])), 4.3.12)

where the dot product denotes:
Z~VE/dx/dtZ x,1)-v(x,t). (4.3.13)

Functional differentiation of ® [Z (x, 7)] with respect to Z,, (x/ t ) generates an
average of the velocity field over the probability distribution functional:

SD[Z(x,1)]
§Z0 (X', 1))

=i(ve (X, 1')). (4.3.14)
7=0

The goal is to write the evolution equation for the generating functional using the
NS equation. Thus, consider the quantity:

a< SO [Z] ]_i<8va(x,t)

ot | 6Za (x, 1) 5 Pl [Z-V])>- (4.3.15)

Using the NS equation, the above relationship can be written as:

o [ so1zl | _ [ {vsxnvaxn}  dp  Pvax1) .
6[62()]_<(_ e " owa T apax, )SRUEND)

(4.3.16)

It follows that the above manipulations transform a non-linear problem in v to a
linear problem in @ [Z (X, t)]. The only task now is to express the pressure term
as a functional derivative of ® [Z (x, t)]. This can be readily achieved for the NS
equation. The equation can be written as:
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a[ 5P [Z] } 9 [ 52d [Z] ] 52 [ 5P [Z] } o1

0 | 0Za )|~ 0x5 |0Za %0025 1) | Oxpixs | 6Za (xu1) ] Oxa’
(4.3.17)
Here, we follow [17]. Let us introduce a solenoidal dummy field Y, which satisfies:
Y3 (x, t
My _ (4.3.18)
(Q)X/j

and Y3 (x, 1) — O as |[x| — oo. We multiply Eq.(4.3.17) by Y,, (x, ) and integrate
over all space:

B o[ dD[Z] .0 52 [Z)
O_/dXY“(X”)[E[aza(x,r)]_’a_m[aza(x,z)ézﬂ(x,t)”

o2 5 [Z] on
—/dew (x, 1) [”axgaxﬂ [52& ® t)] - a_xa]' (4.3.19)

Using integration by parts the last term vanishes:

/dea (x. 1) w = —/dxl'[ o1y e &0 (4.3.20)

el Oxq

because the dummy field Y is solenodial. Since the test field Y, (x, t) is otherwise
arbitrary, the equation should be valid for any realization of this field. It follows that
the term in the brackets must satisfy:

a[ 5 [Z] ] .0 [ 5@ [Z] ] o? [ 5@ [Z] ]
— = i =0
ot |6Z, (x,1) Oxg (0Zo (X,1)0Z3 (X, 1) 0Zy (X, 1)
(4.3.21)
By further differentiation with respect to Z-, a hierarchy of cumulants can be derived.
The sole purpose of the above reformulation is to present the problem of turbulence
in a new light. To this end the Hopf equation serves as an elegant and rigorous
formulation of the problem. It can also provide new approximation schemes which
are not evident from Eq. (4.2.1) [8].

B V@xgaxﬁ

4.3.3.4 Renormalized Perturbation Theories and Direct Interaction
Approximation

Perturbation methods have been widely used in the context of statistical mechanics
when one is faced with an equilibrium system with weak interactions. A primitive
perturbation series then consists of an expansion with a weak coupling as an expan-
sion parameter. However, one is often interested in the behavior of a system in the
thermodynamic limit where the number of particles N and the volume of the system
V both go to infinity, while the ratio N/ V is kept constant. As an example, for a dilute
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neutral gas [19] which interacts via a Lennard-Jones potential, the thermodynamic
limit results in an inhomogeneous expansion, namely the expansion parameter to a
given order has a variety of different dependences on N/ V. To overcome this prob-
lem, one effectively re-shuffles the perturbation theory to express it as a power series
in N/ V. Then, by assuming a low density regime, such a series can be truncated at
low orders and systematic corrections can be made. In practice this amounts to sum-
ming over an infinite sub-series of the original expansion. This formalism naturally
leads to the introduction of graphs as means of representing algebraic terms in a se-
ries whose topological structure is in one-to-one correspondence with the algebraic
structure of a particular term.

The extension of the above methods to turbulence is a non-trivial task. Turbulence
is a non-equilibrium many-body problem with strong interactions. It is characterized
by a high Reynolds number, so any primitive expansion in this parameter would
necessarily lead to strongly divergent series. As an attempt to improve the behavior
of such a perturbation expansion, one considers so-called renormalized perturbation
theory. In effect this amounts to a re-arrangement of the initial series. We do not wish
to go into technical details here, in part since they are quite involved and eventually
will closely resemble our own calculation. Some of the original work on the subject
can be found in Refs. [20, 21].

The technique of renormalized perturbation theories amount to the following
steps. Starting with a randomly stirred NS equation, an expansion in the non-linear
term is performed. This generates a series expansion for v. Quantities of inter-
est are correlation and response functions. Using the initial expansion for v one
can construct a corresponding series expansion for these functions as well. By
re-expressing the series in terms of graphs, a structure emerges, namely, that the
exact series expansion for either the correlation or the response functions can be
formed by re-defining/renormalizing the bare propagator and the vertex, which are
the building blocks for the former series. This fact substantially reduces the number
of terms/diagrams required in the description. However, this is simply a method and
does not constitute a physical theory. The advantage of the above procedure is that the
initial divergent series has been replaced by one with unknown properties. It might
be convergent or not, or be asymptotic. Inevitably, the series for the renormalized
quantities still have to be truncated at a point where it is still analytically tractable.

A particular truncation scheme which has been used in the context of hydrody-
namic turbulence, as well as MHD, is known as the direct interaction approximation
(DIA). This pioneering work was due to Kraichnan [18]. The approximation amounts
to going to the second order in the number of verticies, with the propagator being
renormalized to second order as well. The three-point vertex is not renormalized in
this scheme which, in effect, is the direct interaction approximation. In the context
of a perturbation expansion, this is an ad hoc truncation scheme.

An important consequence of the DIA is that it predicts an energy spectrum which
follows a —3/2 power law. This is attributed to the non-local effects of sweeping,
which are excluded from Kolmogorov’s considerations. Today, it has been estab-
lished experimentally that the inertial energy spectrum follows more closely the
Kolmogorov —5/3 power law. Despite that, the DIA is still of considerable interest.
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The major strength of the DIA lies in the fact that it is a physically realizable the-
ory. In contrast, other approximation schemes lead to the unphysical prediction of a
negative energy spectrum for the theory.

Renormalized perturbation theories are in a good agreement with simulations at
low Reynolds number [8]. However, the application of these methods to inhomoge-
neous flows has posed great difficulty.

4.4 Application of Renormalization Group to Hydrodynamic
and Magnetohydrodynamic Turbulence

Following success of RG method in the theory of critical phenomena, applications
extended to the study of evolution equations with appropriate extensions of RG
group methods, which is known as the dynamic RG. Traditional RG applications
were intended to compute scaling laws. However, as follows from Kolmogorov’s
phenomenological theory, in turbulence, scaling exponents can be computed based
on simple dimensional and statistical arguments (in the inertial range). Thus, to
this end the RG method, as applied to turbulence, should offer something more in
order to justify itself. For example, Kolmogorov’s energy spectrum is primarily a
proportionality relation, so if the RG method is to make some non-trivial predictions
it must predict such coefficients.

The mathematical complexity of treating the full NS equation with realistic bound-
ary conditions has proved to be extremely hard. A lot of present research is centered
around a somewhat simpler problem, namely, statistically homogeneous and isotropic
turbulence. All of the discussion which follows will be in the context of this sim-
pler problem. We will focus on unbounded fluids. Thus, to sustain turbulent flows,
random stirring forces are introduced, which play the role of an energy input and
provide a statistically stationary state. The statistics of the stirring forces is often
chosen to follow a Gaussian distribution, such that the second moment is white-
in-time and follows a power-law spectrum. The power-law form of the spectrum is
needed to establish the self-similarity property of the stirring forces which are used
in RG methods, with further specification subject to individual studies. With these
specifications the NS equation takes a form of a Langevin equation.

Langevin equations have proved to be very useful in many physics applications.
The most elementary use of these equations goes back to Einstein [22] in 1905 and
his quantitative theory of Brownian motion. Application of RG methods to Langevin
equations was initiated by Ma and Mazenko [23] in 1975. They employed essentially
a Wilson-Kadanoff-style RG.

4.4.1 Hydrodynamics
In 1977, following Ma and Mazenko [23], Forster and others [24] applied RG methods

to the randomly stirred NS equation. All of the above considerations used to simplify
the problem apply to their work, and all other problems discussed here, unless stated
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otherwise. They considered a number of different spectra which specify the stirring
forces. To model the fluid near equilibrium, often referred to as Model A, the forcing
spectrum has the form:

Dok?  for |k| < A,
DM@=[° or k] < 441

0 otherwise,

where A is the short scale cut-off. This forcing can be associated with molecular
randomness in the flow. In addition they considered another spectrum, known as
Model B:
D for |k A,
DM@:[O or [k < (4.4.2)

0 otherwise.

Note, that when k — 0 the spectrum is non-vanishing, Dp (k) - 0. The stirring
persists to the size comparable to the system size. A physical interpretation of this
forcing spectra is to think of shaking the fluid as a whole. In a more realistic bounded
flow, say fluid in a vessel, this would correspond to shaking the vessel. A third model,
referred to as Model C, corresponds to a spectrum:

Dy for A < |k| < A
Dd@=i° or A < k| <A, (4.43)

0  otherwise.

This forcing implies that energy is injected only in a certain spatial range, which
corresponds to (1_\, A) in Fourier space. The objective of this paper is to study the
long-time properties of the correlation function subject to different forcing.

For model A, it has been found that a non-trivial fixed point exists in d > 2.
Analysis near the fixed point shows that long-time properties of the viscosity are in
agreement with previous literature. In d = 2, there is a logarithmic correction to
conventional hydrodynamics. The energy spectrum function is found to be E (k)
k%=1 Ind < 2, the hydrodynamic description breaks down, though it is unclear
what this model could be below d = 2 in the first place. A similar analysis is carried
out for model B. It is found that a hydrodynamic description breaks down for d < 4.
Logarithmic corrections follow at d = 4, and the long-time properties of viscosity
can be computed for d > 4. The energy spectrum is not the same as in Model A
and is very different depending on dimensionality of the problem. This is associated
with the shaking aspect of the fluid. An important result of this paper is that Model
A and C in fact display the same asymptotic behavior. Note, model C can be thought
of as a type of Model B, where the consecutive elimination of degrees of freedom is
partial. In this case the forcing spectrum is dominated by k> behavior in the limit of
small k and, therefore, closely resembles model A and is attributed to universality in
the sense we have discussed in the previous chapter.

In 1979, de Dominicis and Martin, published their paper [25] on asymptotic
properties of the long-wavelength fluctuations using field-renormalization-group
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techniques. This calculation closely resembles methods applied in QFT. They have
used the following form of the energy spectrum:

4—d

W. (4.4.4)

D (k) o« Dy

The quantity m plays a role of the infrared cut-off of the stirring forces. The forcing
domain is my < k < A. The cut-off, A, is introduced at the intermediate stages
of the calculation but eventually is send to infinity. The results of [24] are recovered
in this framework. In addition, Kolmogorov’s energy spectrum is recovered by an
appropriate choice of y, namely y — 47, and d > 2. Although this has been very
reassuring, the central question of why this particular form of energy spectrum should
be observed in experiments has not been addressed, as was stressed by the authors
themselves. So far there has been no attempt to predict the proportionality coefficients
for the scaling laws. In fact, by this time it was argued by Kraichnan [21], that RG
methods are not superior to any other closure schemes. As we have pointed out, the
ability to predict the energy spectrum rests solely on dimensional grounds. Perhaps,
one could argue that at this stage RG provided at least a conceptual framework to
understand universality, as was demonstrated in [24].

To counter Kraichnan’s point, in 1983 Fournier and Frisch [26] carried out a
calculation, this time Wilson-Kadanoff style, to relate Kolmogorov’s constant to the
energy input rate of the random force. The coefficient is shown to have a universal
property, the context being that they are independent of viscosity and small-scale
forcing. Following this, in 1986 Yakhot and Orszag [27] exploited RG applications
even further. There are two sides to their work: on one hand, they have used RG
methods to compute proportionality constants (explicit numerical values), which are
in a reasonable agreement with some experiments; on the other hand, as it appears
from numerous articles [28-31] which review their work, that there are many flaws
with regards to their use of the RG. An important ingredient of their analysis is
the e-expansion. This is a small parameter which is introduced through the noise
spectrum exponent. By choosing € — 0, the effect of additional interactions which
are produced by the RG can be studied. They have shown that it is possible to neglect
some non-linear effects which are generated by the RG in this limit. However, to
consistently reproduce Kolmogorov’s spectrum it is required that ¢ = 4. Thus, a
simple self-consisted analysis seems to be feasible around ¢ — 0, but the physics
dictates that the appropriate regime is around € = 4. Extrapolation from ¢ — 0 to
€ = 4 is not obvious. Further, Eyink [28] argued that even in the limit € — 0, those
terms which were termed to be irrelevant, are in fact marginal by power counting.

As review articles suggest [20], all of the above issues are still open. Our pur-
pose is to investigate these matters for ourselves in the slightly more generalized
framework of MHD turbulence. To this end, RG applications to MHD are even more
controversial.
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4.4.2 Magnetohydrodynamics

We begin our discussion of the renormalization group analysis of magnetohydro-
dynamics with a 1981 paper by Fournier et al. [32]. The authors used a dynamic
renormalization group technique [23] and worked with the original field variables,
{v, B}. Note that this is a new feature of MHD equations, since one can choose
to work with Elsasser variables [33] instead. The stochastic driving of the kinetic
and magnetic equations are assumed to be independent, zero-mean and Gaussian
random functions, with different exponents. Accordingly, they identified regimes
under which the RG procedure generates k> corrections to the noise covariance. The
relevance/irrelevance of these corrections is discussed. Another important result of
their work is the fact that the vertex associated with the Lorentz force in the ki-
netic equation is renormalized, while other vertices are not. In dimensions d > 2
they identified two non-trivial regimes. Vertex renormalization plays an important
part in their analysis and leads to predictions which differ from other analytical tech-
niques used in the study of MHD turbulence (the direct interaction approximation, for
example). Further, the vertex renormalization is an additional complexity which is
not present in NS turbulence. The NS equations are invariant under Galilean transfor-
mations, which prevents renormalization of the vertex. However, as has been shown
by McComb and Berrera [34, 35] amore careful analysis of these ideas is required. In
[35] vertex invariance under RG transformations was shown using Ward-Takahashi
identities. This demonstrates an advantage of working in a functional integral repre-
sentation of a stochastic partial differential equation.

A paper by Camargo and Tasso [36] used a slightly different approach by working
with Elsasser variables. By the virtue of their approach, they weighted the Lorentz
force and the inertial term in the same way. Consequently, they derive the renor-
malization flow equations for the couplings, kinematic viscosity and resistivity. An
investigation of the flow equations in two and three dimensions is given with a focus
on asymptotic properties of the couplings and the Prandtl number. Our main criti-
cism of this work stems from the fact that no discussion is given about the vertex and
noise renormalization. In this sense their work is reminiscent of the DIA approach
of truncating the series expansion. Further, we would expect that regardless of how
the non-linearities are weighted, the differential RG equations should reduce to the
NS differential RG equation, which we could not establish. Also, as has been es-
tablished for the NS case [28], the RG procedure generates new terms and the only
systematic way of establishing their effect is by using scaling relations near a fixed
point. The problem of marginal variables is clearly established for the NS case and it
seems natural that an adequate discussion of such terms, for the MHD case, should
be present. After all the NS equation is a subclass of the MHD equations.

More recent papers on the subject include [37]. The formal set-up of the problem is
identical to [36], however the RG treatment is performed using the functional integral
formalism. The RG calculation is carried out by successive integration over the small
scales i.e a Wilsonian style calculation. Arguably, this is a more natural framework for
the RG methods, since other field theoretic tools such as Ward-Takahashi identities,
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Slavnov—Taylor identities, etc. can be conveniently derived [38]. In this work the RG
equations derived are different to those in [36]. This already raises some questions
about the validity of the analysis performed in the three papers discussed above.
The resultant equations do reduce to the known results in NS studies. Further, the
exponent, which is used to define noise correlation function, is adjusted to fit either
the Kolmogorov or the Kraichnan energy spectrum in the vicinity of a non-trivial
fixed point. However, the purpose of doing so is not clear. The RG procedure is a
local transformation of equations and cannot account for any non-local effects such
as sweeping. A discussion about vertex renormalization is given, where it is found
that it is not renormalized. To one-loop order, a regime is chosen where the noise
covariance is not renormalized and there is no discussion about the characterization
of new terms which are generated at one-loop order.

In [39] a classical field-theoretic treatment of MHD turbulence has been given
through the identification of the primitively divergent vertex functions. The study
was restricted to two dimensions and the existence of a non-trivial fixed point was
established. Further shortcomings in RG applications to MHD turbulence were re-
ported by [40]. They have managed to reproduce the RG coefficient functions to
one-loop order, which can be conveniently reduced to those equations obtained via
the Wilsonian RG [32]. A kinetic fixed point, which is associated with the Kol-
mogorov scaling regime, was identified for d > 2.

We believe that, in view of the foregoing remarks, a consistent treatment of MHD
turbulence is lacking in the framework of Wilsonian RG. This serves as a starting
point for our own work.

4.5 Functional Integral

4.5.1 Elsasser Transformation

4.5.1.1 Dynamic Equations

The equations which describe MHD have been derived in the previous section. By
using standard vector identities the defining equation can be written in a different
form that is more convenient for subsequent analysis. They form a set of coupled
stochastic partial differential equations:

ov

1 1 1
+ (V- V)v=—-VP+— B -V)B— -V BP*)+vViv+¢ (45.1)
ot P np 2

OB 5
5, =B V)V (- V)B4 V7B 4 W, (45.2)
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It is convenient to re-write them in a more symmetric form using Elsasser variables

[33]. This is a two-step transformation. First, we rescale the magnetic, pressure and
the magnetic noise fields:

b= — p=-—r b= —. (4.5.3)

This transformation sets the magnetic and the velocity fields on the same footing in
terms of their dimensionality:

ov 1 5 5
5 T VV=—Vp (b V)b Vb +rVPy 4, (4.5.4)
5 =BV (V)b Vb g, (4.5.5)

The second step is to introduce the transformation:
P=v+b, Q=v-—b, (4.5.6)
which leads to the equations:

opP 1
5 H@Q V)P=-V (p +5 |b|2) + VP +VIQ L+, (457)

%—? +®P-V)Q=-V (p + % |b|2) +y-VP+ 4, VIQ+E—1,  (458)

where we have defined: |
Y+ = 3 (vxup). (4.5.9)

We want to eliminate the pressure term so the equation is expressed solely in terms
of P and Q fields. It is useful to define a scalar function:

1
g=p+5 b (4.5.10)
If we take divergence of the MHD equations in Elsasser variables, all the linear
terms in the field vanish, because of the incompressibility condition and Maxwell’s
equation. This leaves us with a relationship:

V- (Q-V)P) = Vg, (4.5.11)

V.(P-V)Q) = —Vig. (4.5.12)
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In the index notation, the left-hand side of the equations are:
0i (QrOk Py) = 0;0k (Qi Py) , (4.5.13)

and
0; (PO Qi) = 0,0k (Qi Pr) . (4.5.14)

Hence, we can express the scalar function g formally as:
g =V (0P Q). (4.5.15)

where V™2 is an inverse of the Laplacian operator. Thus the MHD equations can be
written as:

oP; _

E + {aj(ski -V 28i8j8k} Pij = ’y+V2Pi + ’Y_VzQi + & + i, (4.5.16)
9Qi  u—2a.A. o 25 2h e
7+{ak6,/—v a,a,ak}PkQ, — V2P + V20 + & — . (45.17)

These equations are remarkably similar to the equations of hydrodynamics. The
apparent symmetry of the fields allows for a simpler application of the diagrammatic
technique.

4.5.1.2 Noise Statistics

The statistics of the noise fields is specified using moments of the functional probabil-
ity distribution. Since we are dealing solely with Gaussian fluctuations it is sufficient
to specify the first and the second moments of the distribution. Thus, we have:

(&G kw & (@)=Dk) 60 K+ bW+ Q). (4.5.18)

In general, the noise covariance D, can depend on powers of the gradient operator.
We assume that the mean of the fluctuations is zero. However, the space of all possible
functions which represent the noise has to be further reduced due to the condition of
incompressibility:

V-£=0. (4.5.19)

This can be conveniently achieved through functional integral representation of the
probability functional:

ZE]l = Zrl&l= Z[E16[V - €] (4.5.20)

In other words we want to calculate:
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(& x,0& (@, T))=/9[£]£i x,0)& (¥, 7) PGV - €], (4.5.21)

The functional probability distribution is:

1
P [€] o exp (——/dx dy&(x)I'™ (x, y)f(y)) , x=(x,1), (4.5.22)

where I is the noise covariance matrix. In the formalism of functional integrals we
do not keep track of field-independent normalization constants since we are primarily
interested in average quantities such as:

[21€1¢) Z €]

N TGV

(4.5.23)

where such normalization constants cancel. Even when they are infinite, as they often
are in condensed-matter-theory problems, we can still ignore them. A more detailed
analysis will be given in a later section.

For now we seek to compute the second moment for the reduced probability
distribution defined above. At this stage it is useful to introduce a representation of
the Dirac J-functional:

SV - €] =/@[¢] exp (i/dx¢(x)V~§(x)). (4.5.24)

Further, we make our first use of the notion of the generating functional for correlation
functions. Consider a functional:

ZIN=n"" / D €] Pg [Elexp ( / dz J(z) - ,(z)), (4.5.25)

where .4 is the normalization factor. By differentiation the above expression with
respect to the source fields J we obtain moments of the distribution:

6" (exp ([dzJ (2) - € (2)))p
(5.],'1 (xl) N 5],‘" (x,,)

(&) (1) ... &, (o)) = (4.5.26)

J=0

The source fields are set to zero once all the necessary differentiation has been done.
Collecting all of the above results together we can specify the second moment in
a form amendable to a direct computation:

(6 (k1. 11) &) (xa. 12)) = /@E@mﬂm

0J; (X1)5J (x2)
X exp (/ dx[J(x)+ip(x)V]-& (x)) . (4.5.27)
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The above are simply Gaussian functional integrals which we can compute. After
some algebra we arrive at:

(6 (1) €5 (koo 12)) = (8 = V720,0;) D1 = x) 001 —12) . (4:5.28)

Under Elsasser transformations we can define new noise fields with modified ampli-
tudes. Further, as a consequence of the transformation, the newly defined fields have
a cross correlation. These new fields are:

f=¢+y, g=¢—7. (4.5.29)
Their statistics are:
(f; xi.10) f; (x2,12)) =2(A+ B)P;;D (V)0 (x1 —%2) 6 (11 —12),  (4.5.30)
(& 1,1 g, (x2,0)) =2(A+ B)P;;D (V) I (x1 —%2) 6 (11 —12),  (4.5.31)
(fi x1,0) g, (x2,2)) =2(A=B)P;;D (V)6 (x1 =X2) 6 (11 — 1), (4.5.32)
where we have defined the projector operator as
Py = (6 — V20.9;). (4.5.33)
This insures that noise fields are now compatible with the incompressibility condition
and Maxwell’s equations. We can also define another operator which enters the
dynamic equation:

Rijik = 0;Pix. (4.5.34)

4.5.2 Functional Integral Formulation

We seek to re-write the MHD equations in terms of functional integrals. A detailed
review on the properties of functional integrals can be found in [41]. Our analysis
closely follows the technique described in [43], yet a more detailed analysis can be
found in [42].

Let us introduce a compact notation for the equations of motion, namely, we write
them symbolically as:

FOPQI=f, i=1,....4d (4.5.35)
Fi(2) [Q7 P] = gi, l = 1, ceey d (4536)
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We make the assumption that the problem is well-defined, namely, that there exists a
unique solution in terms of P and Q which satisfies the above equations. We denote
the solution as (Py, Qy). Now we make use of the following identity:

1= / ZP1Z[QI5[P — P,15[Q — Qi]. 4537)

Itis convenient to substitute the argument of the Dirac §-functional by the correspond-
ing equation of motion. Such a transformation introduces a Jacobian determinant:

d
1= / 2121 [[5[F" .01~ £]s[FP1Q.P1-&] 7. @538)

i=1

The specific form of the Jacobian determinant will be the subject of the next section.
It will be shown that it can be dropped because it is field independent, so we drop
it for the rest of our discussion. Let us now consider an arbitrary functional of the
fields P and Q. We wish to compute some average properties of such a functional.
Evidently, we have to take averages over different realizations of the noise:

®=/9m@MHR@9Ed, (4.5.39)

where & is the functional probability distribution of the noise fields in Elsasser
variables. We can now insert the identity Eq. (4.5.37) into the above equation:

®=/@m9M9m@mwmm9@g
d
[Ts[r"®.01- £]s[FP QP —&]. (4.5.40)
i=1

At this point we can choose two different approaches. Both are equivalent and is a
matter of personal preference. We can integrate out the noise fields, then the dynamics
will be captured in &2. Such an approach would give a functional integral solely in
terms of physical fields. For this reason it is sometimes referred to as the “minimalist”
approach [43]. Alternatively we could introduce two auxiliary vector fields through
the functional integral representation of the Dirac J-functional. This is the method we
choose to follow, partially because this formalism offers a slightly more convenient
starting point for the RG calculation.

We have already come across functional representation of the Dirac d-functional
in the previous section, so we can write:
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) =/@[f]@[g]9[P]@[Q]F[P, Q #[f.¢]

x / 7 [hexp (i / dx (FVP.Q1 = fi 0) hy (x))
x / 2 [n]exp (i / dx (Fl@ [Q,P] — g (x)) n; (x)). (4.5.41)

Here we assume summation over repeated indicies. The summation over the indicies
comes from the product of d—functionals. The auxiliary fields are now coupled to
the noise fields. The advantage of the above formulation is that the statistics of the
noise is coupled to these new auxiliary fields rather than the equation of motion, like
in the minimalist approach.

The functional probability distribution is specified as follows:

1
7 [f.g] =exp [—Q/dxdy (feo ri' @y fo) +g0-r7! (x,y)~g(y))]

x exp [— / dxdyg ()T (x, y) £ (y>] . 45.42)

We only need to integrate over the real noise fields. The above is just a Gaussian
integral so we obtain:

(F) =/@[P]9[Q]9[h]@[n]F[P, QJexp [—/dxdyn (x)-T—(x,y) ~h(y)]
1
X exp [—E/dxdy (h(x)-Ty(x,y)-h(y)+n(x) Ty (x,y) -n(y))}
X exp [i / dxFV [P, Qlh; (x) +1i / dxF? [Q, P]n; (x):|. (4.5.43)

Finally, we can make a special choice of F such that it behaves as a generating
functional. We have encountered the idea of the generating functional in the previous
section, so here we simply state the form of F that we seek:

Fliricdg]=eo| [i" P+ [i 0+ [¢ns [ ).

(4.5.44)

We have suppressed the argument of the functions for compactness, but it is un-
derstood that the integrals run over the space-time arguments. This completes the
specification of the functional integral for the MHD equations. By taking functional
derivatives with respect to the source fields of F we obtain correlation functions of
the theory.
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4.5.3 Jacobian of the Transformation

4.5.3.1 Ordinary Calculus

To understand why we require a Jacobian upon a change of variables in the argument

of the Dirac J-functional we consider a simple example from ordinary calculus.
The Dirac J-function can be defined in terms of a Gaussian function in the limit

of the standard deviation approaching zero:

6 (x) = lim 6 (x). (4.5.45)

where

50 () = — (f) (4.5.46)
a(x)—aﬁexp -3 S.

Using this representation we can try to compute the integral:

o]

L= / dxd (f (), f @)lymy = 0. (4.5.47)

—00

We assume that the solution to f (x) = 0 is unique. We can generalize to the case
of multiple solutions in a simple manner. For now we stick to a single solution case.
A standard way of solving the integral is to change variables x — f and integrate
over f. We would like to present an argument which is perhaps more in the spirit of
field theory. Let us re-write the integral / using the Gaussian representation. We will
eventually recover the limiting case by taking a — 0:

17 f ()?
Il’a—m/dxexp(— a2 ) (4548)

We assume that f is a well behaved analytic function and therefore it can be Taylor-
expanded around xo:

1 2
fx)?= [(x = x0) ' (x0) + o (x = x0)* " (x0) + - - } : (4.5.49)

The first term in the Taylor expansion is zero by definition. Let us make a change of
variables:
y =X — X0, (4.5.50)
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then

7 1 1 2
Iig= adn / dyeXp(—a—2 [yf’ (x0) + 2—!y2f” (x0) +} ) (4.5.51)

The expansion can be grouped into a quadratic part and the rest:

1 1 2 pr 2 1
Ilyaz/dx exp —a—zy [ (x0)” ) exp —a—2V(y) . (4.5.52)

a\/m

Importantly, V (y) is of order y> and higher. Perform another transformation of
variables:

r=2 (4.5.53)
a
Iy = / di— exp (—t2 1 (x0)2) exp (V' (1)). (4.5.54)
B ﬁ

All the dependence on the parameter a has shifted into V' (r). However, as we have
noted, terms in V (y) are of order y* and higher. Hence, after the transformation
t = y/a, the contribution V' (¢) is a polynomial in positive powers of a. When we
take the limita — 0, all terms in V' (r) go to zero. In field theory a similar technique
exists. When one tries to perform a loop expansion, say in ¢* theory, instead of a
one has Planck’s constant & [45]. It does not make sense to take the limit A — 0,
instead it is used as a small parameter for a systematic expansion.
After taking the limit of a — 0 we are left with a Gaussian integral:

1
I =1liml, = / dt— exp (—t2 £ (xo)z) . (4.5.55)
a—0 ﬁ

This is a straightforward integral to evaluate, so we read our final result:

o0

/ dxs (f () =

—00

1
_— 4.5.56
S’ (xo0) ( )

The role of the Jacobian is thus to normalize the Dirac §-function upon a change of

variables:
o0 o0

/ dxd (x — xp) = / dxé (f (x)) f/ (x). (4.5.57)

—0o0 —0o0
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The above considerations can be further generalized to multiple integrals. Let us
consider the same problem but in 2D. The argument of the Dirac J-function is now
a two-component vector function:

fx) = (fi(x,y), f2(x, ). (4.5.58)

We want to solve the integral:

o]

L= / dxdyd (£ (%), £ ®|xy=(xo.v0) = O- (4.5.59)

—0o0
We assume that there is a unique solution to f (x) = 0 and it is an analytic function

in both variables. By the vector argument of the Dirac J-function it is understood
that:

O x) =0d(fi (x,y)(f2(x, ). (4.5.60)

Once again we make use of the Gaussian representation of the Dirac §-function:

1 T 1 5 5
ho=m= [ dxayen (- (AP + peo?)).  @sen
asm a

Let us expand both components of f around the point (xq, yo):

f1(x,y) =0y f1(y — yo) + Ox fi(x —x0) + -+, (4.5.62)
f2(x,y) =0y f2(y — y0) + Ox f2(x — x0) + -+ - . (4.5.63)

The integral can be grouped into two contributions: one which is quadratic in variables
x and y and the rest. Upon a shift of variables:

t=Xx—X0, Z=Y—)0, (4564)
we can write:

1 T 1
b= = / dtdz exp (_a_2 ([(%f]]zzz +[0x il 12 +2[0y £10: 1] tz))

—0o0

1 1
X exp (—a—2 ([ayfz]2 22+ [0 212 12 + 2 [0y f20x 5] tz) - EV (t, z)) )
(4.5.65)
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where the contribution V (z, ¢) contains all the higher order terms. After rescaling

the variables z and ¢ by a and taking the limit @ — 0, only the quadratic part of the
integral is non-vanishing. We are left with a 2D Gaussian integral:

ot s (i ot )

X exp (— ([c?yfz]2 410 L1 12 +2[0) 20, 2] tz)) . (45.66)

Further, the above expression can be more conveniently written in terms of matrices:

_ [axfi]2 [0y £] [0« 1] ’
" _([5yfi] .51 [0 ) '°© {1.2}. (4.5.67)

We define the following matrix:
M =M, + M, (4.5.68)
and we arrive at the expression:
1 oo
== / dx exp (—xT ‘M- x) . (4.5.69)
s
—0o0
The matrix M is symmetric, so the last integral can be calculated by diagonalization.
The result of the final integration reads:
I = (detM)~ /2. (4.5.70)

With a little bit of algebra it can be shown that:

1
[0 /1110y 2] = [0x 2] [0y 1]

The denominator is in fact the familiar Jacobian determinant. Thus, the value of the
integral K is:

(detM)~1/2 = (4.5.71)

i TN ayfl)
/ dxdys (£ (x)) = Y /_det( oty 01)o (4.5.72)

—00

From the above example the generalization to arbitrary dimension follows, however
the algebraic manipulations become more involved. We can state the general result:
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/ddxé (f (x)) = /ddx/—la(x—xo). (4.5.73)

A more general case of multiple solutions to the equation f (x)[y—y, = 0, requires
making a Taylor expansion around every x;. The result is then a sum of Jacobian
determinants evaluated at every X;.

4.5.3.2 Functional Jacobian

Often, it is convenient to think of functional integrals as ordinary integrals which are
generalized to an infinite number of variables. In particular this is often the way one
interprets Gaussian functional integrals.

N
K = /quﬁiexp = GiAjidx
I

“00 i=1

— / 2 o] exp (— / dxdyo (x) A (X,y) ¢ (y)) . (4.5.74)

The normalization factor is often dropped. In the continuum limit it generates an
infinite contribution. However, one is primarily concerned with average quantities
so these infinities do not contribute.

In this respect the method of the Dirac d-function representation through Gaussian
integrals serves as a convenient tool for constructing functional Jacobian determi-
nants. In particular, using the above analogy we can write:

u/@mswwn=/@www—¢A/”, (4575)
where the functional Jacobian determinant is
OF [¢ (X)])
=det| ————*). 4.5.76
S = et ( 6o (y) ( )

The meaning of the above expression is best understood if we go back to the dis-
cretized case, then the Jacobian matrix is specified by the following matrix elements:

_ SF[p )]

OF,
Jij= (—)J(X,y)—w

1
90, 4.5.77)
Upon discretization the continuous variable ¢ (x) is substituted by ¢;, where i denotes
the lattice site of which suppose there are N. The constraint F [¢] = O turns into
N equations for each ¢;. Thus, the result turns into an integral with N variables,
which can be calculated using the usual rules of calculus. A rigorous discussion on
the points made above can be found in [42].
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4.5.3.3 MHD Jacobian Determinant
With regards to the MHD equation in Elsasser variables, the Jacobian determinant

is a generalization of the above ideas to functional integrals with two vector field
variables, which is a determinant of a 2 x 2 block array:

O —v+V2) 0jk + Pk Q10 —v-V*8i +PjOk P,

= det (O =7+ J J / SRR ) (x —xT).

s ( —Y_V28k 4+ PjnOk On (0r — 74 V?) + Pjx PO, ( )
(4.5.78)

Formally, we can manipulate the Jacobian matrix by means of the identities:

detA =exp(TrInA) and det (AB) = det (A)det (B). (4.5.79)

Let us define the Jacobian matrix as follows:

(SFL] (SFlyj
J=01+M, M= ( f}}j gFng«j ) (4.5.80)
0Pr 00k
then:
F =det(J)
00 1 n
_ - —1
— det (9;) exp (Z} Tr (at M) ) (4.5.81)
n=

At this stage it is important to specify what we mean by 0, ! It is the inverse of the
operator 0; and hence it can be viewed as a Green’s function such that:

G (t,1")y=06(t—1"), (4.5.82)
with the Green’s function being:
G(t.i)=0(-1). (4.5.83)

To proceed we also need to clarify what we mean by trace, Tr, when dealing with
functionals. In the context of the MHD it is:

Tr= >0 / dxdydtdt's (x —y)d (t — 1) . (4.5.84)
ij

The sum runs over the diagonal element of the matrix M in the usual sense. Each
diagonal element of M is a continuous representation of a discrete matrix in the sense
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of the Eq.(4.5.77). Thus, summing each diagonal element of these matricies in the
continuum limit is represented by integration.
We can try to evaluate the trace part in the exponential term by term:

Tr (G (1. 1')M) = Zéij/dxdydtdt’é x—y)6(t—1)O(t—1)M;(x,y)
ij
= 0(0) Z/dtdxdyé x—y)M;; (X, 1, Y, 1)

=00 > / diTrpaceMi; (X, 1, ¥, 1) . (4.5.85)
i

The quantity ® (0) is ill-defined. It is in fact specified by the particular description
we choose when we put a continuous equation of motion on a lattice with finite time
steps. This issue is discussed in more detail in [42, 46]. To put the above statement
into context let us define the Heaviside step function as follows:

X

®(x) = / d(zy(y ) dy. (4.5.86)

—0oQ
We now make use of the general definition of a derivative:

r O (y+ 2tsy) — 0 (v + 2515
@(x):/(slyiino b+ y)(;y b+ y)dy. (4.5.87)

—00

Assume that 6y — 0%, then:
a+1

2

00) = (4.5.88)
It is clear from the above that the definition of the step function at zero depends on
the discretization method.

The Heaviside step function appears in the equations only with the time arguments.
Thus it is the way we discretized the time variable only, which dictates the choice of
® (0). A convenient choice can be @ = —1, then the Jacobian determinant is simply
an irrelevant constant which can be dropped. However, such an asymmetric choice
of discretization breaks coordinate invariance in field space [43]. For this reason one
usually sticks with a symmetric scheme, which leads to:

®0) = % (4.5.89)
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It follows that the first term in the exponential, Eq. (4.5.81) can be written as:
_ 1
Tr (a, 1M) =3 Z / i TrgpaceMy; (X, 1, Y. 1) . (4.5.90)
L

Conveniently, all other terms in Eq.(4.5.81) vanish. To see this we consider the
second term in the exponential:

Tr (G (¢, 1) M)2 = /dtdt”G (t.1")G (t”,t)/dxdzf (x,1,2,1")

= /dtdt”@ (t—1")O (" —t)/dxdzf (x,1,2,1")

0. (4.5.91)

The function f contains all of the information about the matrix M2, but its exact form
does not matter in the above argument. The product of Heaviside step functions kills
the above contribution. Analogously one sees that higher order terms would exhibit
the same property [43] and therefore we retain only the first term in the expansion
in Eq. (4.5.81).

We can state the final form of the Jacobian determinant in the following form:

1
7 = det(@,)exp(zz / di TrgpaceMi; (X, 1, Y, t)). (4.5.92)

Note, the prefactor of the exponential is field independent. As we have argued with
the normalization of Gaussian functional integrals, the prefactor can be dropped from
the formulation of the problem, since we are only interested in average quantities
with respect to the functional probability distribution. For this reason the prefactor
in Eq. (4.5.92) can also be dropped.

Finally we make the following observation about the matrix M:

M;j = M;j6 (x—y) 6 (t —1'), (4.5.93)

which follows from a direct computation, Eq. (4.5.78). Then, we can write:
1 A
7 =exp EZ drdxdys (x —y) Mi; (x,1,y, )5 (x—y) 6 (1 —1')
i

= exp (d/dtdxdy6 (x—y) (—7+V2> S(x—y)o(r— t/))

1
X exp (E / dtdxdyd (x —y) (Pik 0;0; + Pic P,O)) 616 (x —y) § (t — t/)) )
(4.5.94)
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The first part is field independent, so we can safely ignore it despite the presence of
an ill-defined object such as ¢ (0) [44, 47]. The second contribution requires a little
bit more work to be done with it. Sum over repeated indicies is assumed. Consider
the quantity:

H= /dtdxdy5 X —Y) Pk Qi (x,1) s (x—y) 6 (1 —1'). (4.5.95)

The time-dependent delta-function can be integrated over. The projector operator
when summed over the diagonal elements is:

P =d — 1. (4.5.96)

Therefore we have:
H=(d- 1)/dy (/ dxé (x —y) Q; (x,1) 00 (x — y)) ) (4.5.97)

The integral over x can be performed by parts:

/dx[é(x—y) 0 (x,t’)]&ﬂ(x—y) = —/dx&(x—y)@; [5(x—y) 0, (X,t’)].

(4.5.98)
Note, because V - Q = 0, it follows:

/dx5 x—y) O (x, )OS (x—y) = —/dxd(x -0 (x, 1) a5 (x—y).
(4.5.99)

The surface term vanishes because of the condition on the fields we have imposed
earlier. We conclude that this contribution to the Jacobian is zero since the relationship
of the form A = —A implies A = 0. From the above we can see that the Jacobian
determinant is field independent, so we can ignore this diverging contribution in
the same manner as we have ignored infinite normalization in functional Gaussian
integrals. For the remaining discussion we simply drop the Jacobian determinant
from our formulation.

4.6 Free Theory

The functional integral formulation of the MHD equations can be understood solely
in terms of the Gaussian integrals. In fact, a Gaussian theory forms the starting point
for any perturbative analysis of the problem. To see how this comes about, let us split
the equations of motion into linear and non-linear components:
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1 1 1
FV[P,Ql=F} [P.Ql+ F}, [P.Ql. (4.6.1)

FP1Q,P1= F Q. P+ F ) [Q,Pl. “46.2)

We can split the generating functional accordingly:

Z= /@[P]@[Q]@[hlg[n] exp [—/dxdyn (x)-T- (x,y)~h(y)}

1
X exp *E/dxdy(h(X)TJr(x,y)~h(y)+n(X)-F+(x,y)~n(y))}

X exp i/dxF,.("L) [P, Q] h; (x)+i/dxF,.fi> [Q.Pln; (x)i|

X exp /dij x)-Px)+ /dij x) - Q)+ /dxgh (x) -h(x) +/dxg" (x)-n(x)]

X exp i/dxl’ifir)ll [P, Q1A (x)+i/dxFif};[ [Q, P]n; (x)]. (4.6.3)

Let us write the interaction term as a series expansion of the exponential. For book-
keeping purposes we introduce a parameter A, which labels the non-linear terms:

o0 n
L =2y N (/ dxF{}) [P, Qh; (x) + / dxF ) [Q.Pln; (x)) .
n=0
(4.6.4)
The prefactor 2 stands for the part of the functional integral which is quadratic in
the field. The series expansion forms a polynomial in the fields. These in turn can be
expressed as derivatives with respect to the source fields. Thus we can write:

gziiw /dxF,(l) USRS
~ i,Int 6jP’ 5jQ 5glh (x)

) b
dxFV | — — | ——— ) % i, j% ¢". ¢"|. 4.6.5
+/ XL} Int |:5jQ 6jpi|6gln ()C)) 0[.] J°, 8 g] ( )

Thus, the generating functional of the linear theory forms the central object from
which we can calculate the correlation function of the complete theory to the desired
accuracy.

The generating functional of a free theory consists solely of Gaussian integrals, so
we can integrate out all the fields. At this point it is convenient to work in the Fourier
representation of the MHD equations. Furthermore, since our goal is to perform a
Wilsonian RG calculation we are obliged to work in Fourier space.

The equations of motion can be conveniently written as follows:

D (PO (O v o [de0i @) Pk~ g)
G (k)(Qz(k))_(gz(k)) A’R“"(k)(f dqﬂ(q)Qk(k—q))’ (4.66)
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where we have defined:

-1 _ iw—+ ’Y+k2 ’}Lkz
Gy (k) = ( R e ) 4.6.7)

kik,
Ryik (K) = k; (5lk - %) . (4.6.8)

To make the equation more tractable we introduce further notation, using higher
dimensional vectors:

_(? _(h _ (i (g (T4 T
k=(g) n=(2) =(fc) e=(%) m=(rr:)
(4.6.9)
Using the above notation the generating functional can be written as:
% =/9[R]@[H] exp [—%/dkqu (k)M (k, ) H (q) +/de(—k)H(k)}
X exp [i / dkH" (—k) G ()R (k) + / dkJ (—k)R(k)] (4.6.10)

In this notation the Gaussian integral is more transparent. By performing the above
integrals we obtain:

= exp (% / dkJ (—Kk) Go (=) M (k) Go (k) J (k))
X exp (i / dkG (—k) Gy (k)J(k)). 4.6.11)

We recover the correlation functions by differentiating 2, with respect to corre-
sponding source field:

(ihi (p) Pj (@) = (ini (p) Qj () = Cf (1) S (p + )., (4.6.12)

{ini (p) P (@)) = (ihi () Qj () = C;; (P I (p+4q), (4.6.13)

where the propagators are:

1 1 1
i =5 |- + - 5ij, (4.6.14)
1 2 \iw+vp?  iw+ppr)

—_

1 1
C- = — — Oii. 4.6.15
ij (P) 2 (iw+z/p2 iw+pp2) " ( )
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and
(P (p) Py @) = (01 (1) Q5 @) = GE (1 6 (p+ ). 4.6.16)
GF (p) = 2Ip| " P ( 4, B ) 4.6.17)
ij NP2 "t ) 0
(P (p) Q) @) = (0 () P; @) = G5 (1 6 (p+ ). 4.6.18)
G- (m=20p Py (- L (4.6.19)
ij I\ F 27 2t ) 0

These propagators are all we need to know. By means of Wick’s theorem [47], all
the non-linear terms in the series expansion of the interacting part of the action can
be represented as combinations of these four propagators. The factor of 2 in the
physical fields propagators is a commonly used convention, which we adopt for later
comparison of our results with the literature.

Note, the propagators of the form (Qi (p) Q; (q)) can be calculated directly from
the dynamic equations which is in fact a much simpler calculation. On the contrary,
the propagators which involve auxiliary fields can be directly read-off in the func-
tional integral formulation and are non-trivial if one is to compute them from the
equations of motion.

4.7 Renormalization Group Transformations

4.7.1 Coarse Graining

The first step in the RG program is coarse graining, where we systematically remove
small scale fluctuations. It is natural to introduce the smallest scale into the system;
call it A. The fluid description has a minimum length beyond which it breaks down.
For example, in turbulent flows such a scale is given by the viscosity. All of the
relevant physics is captured between this dissipation scale and the macro-scale. Thus,
we can think of A as the scale at which the energy is dissipated in the system by
viscosity. Note, we refer to A as a length scale in Fourier space, so the corresponding
physical length is of order A~

By separating the small scale fluctuations we effectively separate out the Fourier
modes of order A:

[0, A] — [o, Ab—l] U [Ab—l, A] , 4.7.1)

where b is a parameter such that b > 1. Due to the presence of non-linear terms in
the action only the linear term can be factorized upon such mode splitting:

% = (/@[R<]9[H<]e%<) (/ 7R @[H>]e%>) R B>
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Let us symbolically write the non-linear part of the action as follows:

o [R,H] = i\ / dx (Ff};t [P, Q1% (x) + F\1, [Q. Pln; (x)). (4.7.3)

Thus, we can write:
¥ = /@[R<]@[ _le% (/Q[R 12 M.]e% +@“I[R“]) (4.7.4)

The expression cannot be evaluated exactly. However we can make use of the notion
of the functional average with respect to the fast modes free theory:

>

¥ =% /.@[R 19 [H_]e% < WI[RH]> , (4.7.5)
where we have defined the functional average as:
[H ] e@%) +471[R,H]

(et} _JZR]17H. . (4.7.6)
> [2R1Z[H.]e%

This can be written in yet another way by exponentiating the average:
2 =2 [ 7RAZHIew (o +infexp (4 RHD).).  @7)

The above expression is the central equation from which we proceed and form the
cumulant expansion. Note that formally we end up with a partition function which
describes a theory on the scale [0, Ab_l]. To manage the calculation in a more
compact manner we employ diagrammatic techniques.

In order to proceed we need to define some diagrammatic rules. There are two
types of non-linear terms which we can identify:

hz

ARi(=p1)6(p1+ p2+p3)

=~

n
N
P1

X

/\."\4 ARk (—=p1)6(p1+p2+p3)

Note, the difference between the two is the order in which physical fields are con-
tracted. We need to keep track of such indices’s throughout the calculation. Further,
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we have identified four types of free propagators in our theory. For each, we also
write a special diagrammatic symbol:

+ +
Ci(p)= O, Gh(p) = j—— (4.7.8)

Using the above representation, we are now in a position to calculate corrections to
the free theory from fast modes elimination by means of combining and permuting
the diagrams [48]. The detail of the analysis can be found in the Appendix B.

4.7.2 Rescaling

At this stage we also need to address a question of how various quantities scale under
spatial and temporal transformations. In contrast to the usual RG scaling procedure
we have used in the Coulomb gas problem, in the dynamic RG we have to introduce
an additional temporal exponent. Thus, the scaling transformations is defined as
follows:

p =bp, W =bh'w. (4.7.9)

Then, we can write for the fields:
P (bilp/, bfzw/) — php’ (p/’ w/) , 0 (bilp/, bfzw/) — an/ (p/, w/) )
(4.7.10)
n (b0 o) =6 (L) (TR = b (0 ).
(4.7.11)
We determine the scaling behavior of the coefficients by demanding that equations

of motion remain invariant under such transformation. For example, the linear part
of the action then transforms as

p—d—z / dpdwb®h (—p) (ib_zw +.b72 pz) b"P (p) . (4.7.12)

We demand that the first order time derivative of the action remains invariant. This is
true of any dynamical system governed by a first order time derivative since we can
always rescale this term such that its coefficient remains at one. Thus we can write:

E+n=d+2z (4.7.13)
This allows to write for the coefficients:

Vi =b""ys. (4.7.14)

Similarly we can derive the scaling relations for A:



4.7 Renormalization Group Transformations 81
N = petIiN, (4.7.15)
These considerations become handy when we aim to restore the cut-off of the large-

scale theory from Ab~! to A. The detailed examination of this step can be found in
the Appendix E. This step completes the series of steps involved in the RG program.

4.7.3 Differential RG Equations

After calculating explicitly all the loop integrals together with differential scale trans-
formations we arrive at the following set of equations:

d NTAg (d>—y—4 Bo( y +d?
—=lz-2+— |5 |7 )+5|=F—
de v [v2 \2d(d+2) p? \2d (d+?2)

AN

@ -2 (A B\ ,4.0] Sa )
— =4+ =) A —C A ), 4.7.16

- 2d(d+2)(1/2+u2) Jam™)” (4716
m A2A€ [A(d—l) B(d—3)] Sa )
—=(z-2+ = +— , 4.7.17
de (Z pw+p Ly d pod leni)" ( )
d\ NAS Sy T 1 m ]
—=(n—d-1- A +
de (77 dd+2)em)d Lw@w+p 12w+ p?

A2ZA€ Sy 1 1 v
g Sd gl + A (4718
d(d+2) 2m)? [2u3 pv (v +p) (V+M)2]) i

dA
T; = (~d — 2+ 26+ y) Ao, (4.7.19)
dBy
T (—d —z+2£+y) Bo, (4.7.20)
dAs XN d2—2 | AN BN S -
L= -d-z+2e-24 = A° ) A,
de ( A a2 T B | 2
(4.7.21)
dB> XNd-2 |:2A (A) B (A)] Sa )
— =|—-d—-z+26-2+ — A¢) By, (4.7.22
dt ( 2+ 2% B, d | vnw+m |@nS 2 (4.7.22)

where we have used the following definitions:
e=d—y—4, é=d—-2y—6. (4.7.23)

These equations form the main result of this part of the thesis. The equations
describe the behaviour of the coefficients under an infinitesimal change of spatial
and temporal scales together and an infinitesimal reduction of degrees of freedom.
While some parts of these equations can be reduced to the results that can be found
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in the literature, which will be the subject of the next section, the equation for \ is
new. In our calculation the correction to \ is of order A\2. Some methods, such as
DIA, do not go to that order [20], others simply stop at A% [36], since the correction
is a result of including all 1-loop corrections. Therefore there is no way of checking
this result with previous studies. In what follows, we will focus on the regimes where
such corrections are not important however further investigation into the nature of
such higher order corrections is required and calls for a separate study. This will be
touched upon in the upcoming sections.

4.7.4 Consistency Check

The differential RG equations look rather complicated, so it is useful to invoke at
least a partial consistency check. For this reason we consider a particular regime,
namely we restrict the exponent y to simplify the above equations. Note, the choice
of y > —2 makes the coefficients A, and B; irrelevant near a fixed point i.e. the RG
flow along these variables always points towards a fixed point. So in this regime we
can ignore noise corrections.

Further, let us now consider how we would reduce our original coupled set of
equations to pure NS equation. Simply by looking at the MHD equations we could
set b = 0, but by looking solely at the transformation of coefficients we cannot do
that. Instead, we can try to take the limit ;1 — oco. What does this limit mean for the
solution b? Consider first a regime p >> 1, which in effect means that the magnetic
Reynolds number is very small, %,, < 1. The role of the Reynolds number is to
measure the competition between linear and non-linear terms. In our regime, the
induction equation is dominated by the linear term in the above case. The equation
now has the form of a diffusion equation, which in dimensionless form is:

B _ L ey 4724
o 0T (4.7.24)

We can switch off the noise by setting the amplitude of the noise covariance to zero,
B = 0. Then we are left with:

aB 1 2"’
— = —V-“B. 4.7.25
ot % ( )

The fundamental solution of this equation can be computed by Fourier transforms.
More importantly, the quantity %, !, plays the role of the diffusion constant. Finally
if we set u — oo, then %,, — 0 and Z,, I' 5 o0, which in turn sets the solution
B — 0.

Taking the above effects into account we conclude that the RG equations for the
pure noisy NS equation are:
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dv AN (d®—y—4\ Si ..

— =(z-2+ = A ) v, (4.7.26)
de 3 \2d(d+2)) @)

d\

L m—d-1)\, 4727
7 (n ) ( )
dA

= (—d —z 426+ y) A. (4.7.28)

This set of equations is identical to that obtained previously [24].

References

1. M. Parviz, K. John, Tackling turbulence with supercomputers. Sci. Am. 276(1), 62 (1997)
2. E.R. Priest, A.W. Hood, Advances in Solar System Magnetohydrodynamics (Cambridge Uni-
versity Press, Cambridge, 1991)
3. T. Ogino, R.J. Walker, M. Ashour-Abdalla, A three-dimensional MHD simulation of the inter-
action of the solar wind with Comet Halley. J. Geophys. Res. 93(A9), 9568 (1988)
4. K.G. Powell, A.F. Nagy, Global MHD simulations of space plasma environments: heliosphere,
comets, magnetospheres of planets and satellites. Astrophys. Space Sci. 274, 407 (2000)
5. R.D. Simitev, EH. Busse, A.G. Kosovichev, Turbulent 3D MHD Dynamo Model in Spherical
Shells: Regular Oscillations of the Dipolar Field, eprint arXiv/1102.1092 (2011)
6. P.A. Durbin, B.A. Pettersson Reif, Statistical Theory and Modelling of Turbulent Flows
(Wiley, Chichester, 2011)
7. W.D. McComb, The Physics of Fluid Turbulence (Oxford University Press, Oxford, 1990)
. U. Frisch, Turbulence (Cambridge University Press, Cambridge, 1995)
9. D.Ruelle, Chaotic Evolution and Strange Attractors (Cambridge University Press, Cambridge,
1989)
10. M.J. Vishik, A.V. Fursikov, Mathematical Problems of Statistical Hydrodynamics (Kluwer,
Dordrecht, 1988)
11. A.N. Kolmogorov, The local structure of turbulence in incompressible viscous fluid for very
large Reynolds number. Dokl. Akad. Nauk SSSR 30, 9 (1941)
12. A.N. Kolmogorov, On degeneration of isotropic turbulence in an incompressible viscous liquid.
Dokl. Akad. Nauk SSSR 31, 538 (1941)
13. A.N. Kolmogorov, Dissipation of energy in locally isotropic turbulence. Dokl. Akad. Nauk
SSSR 32, 16 (1941)
14. A.N. Kolmogorov, On logarithmically normal law of distribution on the size of particles under
pulverization. Dokl. Akad. Nauk SSSR 31, 99 (1941)
15. E. Hopf, J. Ration. Mech. Anal. 1, 87 (1952)
16. H.H. Shen, A.A. Wray, Stationary turbulent closure via the hopf functional equation. J. Stat.
Phys. 62, 33 (1990)
17. R.M. Lewis, R.H. Kraichnan, A space-time functional formalism for turbulence. Commun.
Pure Appl. Math. 15, 397 (1962)
18. R.H. Kraichnan, The structure of isotropic turbulence at very high Reynolds numbers. J. Fluid
Mech. 5, 497 (1959)
19. G.F. Mazenko, Equilibrium Statistical Mechanics (Wiley, New York, 2000)
20. Y. Zhou, Renormalization group theory for fluids and plasma turbulence. Phys. Rep. 488(1),
1-49 (2010)
21. R.H. Kraichnan, Hydrodynamic turbulence and the renormalization group theory. Phys. Rev.
A 25,3281 (1982)
22. A. Einstein, Uber die von der molekularkinetischen Theorie der Wirme geforderte Bewegung
von in ruhenden Fliissigkeiten suspendierten Teilchen. Ann Phys 17, 549 (1905)

oo



84

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

4 Turbulent Flows

S. Ma, G.F. Mazenko, Critical dynamics of ferromagnets in 6-¢ dimensions: general discussion
and detailed calculation. Phys. Rev. B 11, 4077 (1975)

D. Forster, D.R. Nelson, M.J. Stephen, Large distance and long time properties of a randomly
stirred fluid. Phys. Rev. A 16, 732 (1977)

C. de Dominicis, P.C. Martin, Energy spectra of certain randomly-stirred fluids. Phys. Rev. A
19, 419 (1979)

J.D. Fournier, U. Frisch, Remarks on the renormalization group in statistical fluid mechanics.
Phys. Rev. A 28, 1000 (1983)

V. Yakhot, S.A. Orszag, Renormalization group analysis of turbulence. Phys. Rev. Lett. 57,
1722 (1986)

G.L. Eyink, The renormalization group method in statistical hydrodynamics. Phys. Fluids 6,
3063 (1994)

L.M. Smith, W.C. Reynolds, On the Yakhot-Orszag renormalization group methods for deriving
turbulence statistics and models. Phys. Fluids A 4, 364 (1992)

X.H. Wang, F. Wu, One modification to the Yakhot-Orszag calculation in the renormalization-
group theory of turbulence. Phys. Rev. E 48, R37 (1993)

M.K. Nandy, Symmetrization of the self-energy integral in the Yakhot-Orszag renormalization-
group calculation. Phys. Rev. E §5, 5455 (1997)

J.-D. Fournier, P.-L. Sulem, A. Pouquet, Infrared properties if forced magnetohydrodynamic
turbulence. J. Phys. A: Math. Gen. 15, 1393 (1982)

W.M. Elsisser, The hydromagnetic equations. Phys. Rev. 79, 183 (1950)

W.D. McComb, Galilean invariance and vertex renormalization in turbulence theory. Phys.
Rev. E 71, 037301 (2005)

A. Berera, D. Hochberg, Galilean invariance and homogeneous anisotropic randomly stirred
flows. Phys. Rev. E 72, 057301 (2005)

S.J. Camargo, H. Tasso, Renormalization group in magnetohydrodynamics turbulence. Phys.
Fluids B 4(5), 1199-1212 (1992)

A. Berera, D. Hochberg, Asymptotic Properties of Turbulent Magnetohydrodynamics,
arXiv/cond-mat/0103447 (2006)

A. Berera, D. Hochberg, Gauge symmetry and Slavnov-Taylor identities for randomly stirred
fluids. Phys. Rev. Lett. 99, 254501 (2007)

C.-B. Kim, T.-J. Yang, Renormalization-group analysis on the scaling of the randomly-stirred
magnetohydrodynamic plasmas. Phys. Plasmas 6(7), 2714-2720 (1999)

M. Hnatich, J. Honkonen, M. Jurcisin, Stochastic magnetohydrodynamic turbulence in dimen-
sions d > 2. Phys. Rev. E 64, 056411 (2001)

R.J. Rivers, Path Integral Methods in Quantum Field Theory (Cambridge University Press,
Cambridge, 1987)

R. Pythian, The functional formalism of classical statistical dynamics. J. Phys. A: Math. Gen.
10, 777 (1977)

D. Hochberg, C. Molina-Paris, J. Pérez-Mercader, M. Visser, Effective action for stochastic
partial differential equations. Phys. Rev. E 60, 6343 (1999)

D. Hochberg, C. Molina-Paris, J. Perez-Mercader, M. Visser, Effective Potential for the Mass-
less KPZ Equation, arXiv/cond-mat/9904391v1 [cond-mat.stat-mech] (1999)

D.J. Amit, Field Theory, the Renormalization Group, and Critical Phenomena (McGraw-Hill
Inc., London, 1978)

D. Homeier, G. Miinster, Renormalization Group Analysis of Turbulent Hydrodynamics,
arXiv/1012.0461 (2010)

M. Le Bellac, Quantum and Statistical Field Theory (Oxford University Press, Oxford, 1991)
R.D. Mattuck, A Guide to Feynman Diagrams in the Many-body Problem, 2nd edn. (McGraw-
Hill International Book Company, New York, 1976)



Chapter 5
Recursion Relations and Fixed Point Analysis

5.1 Hydrodynamics

We begin our discussion of the RG equations by considering neutral fluids with no
magnetic interactions. A detailed study can be found in [1, 2]. Our aim is to remark
on the results, primarily found in [1] and proceed to a more careful analysis of new
terms which are generated under RG.

5.1.1 Model A

5.1.1.1 Differential RG Equations
Consider a randomly forced NS equation with the forcing spectrum:

D(k) = Dok*> k| < A
=0, otherwise. (5.1.1)

By following the notation in [1] we refer to such a model as Model A. By making an
appropriate choice of the noise amplitude, chosen in accordance with the fluctuation-
dissipation theorem:

Do = LkpT, (5.1.2)
0

the forcing in the Model A represents a fluid near equilibrium subject to random
fluctuations due to the molecular noise. In our prescription of the noise spectrum
Model A corresponds to the choice:

Ay =0 V n>2 and n=0. (5.1.3)

E. Barkhudarov, Renormalization Group Analysis of Equilibrium 85
and Non-equilibrium Charged Systems, Springer Theses,
DOI: 10.1007/978-3-319-06154-2_5, © Springer International Publishing Switzerland 2014
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The RG equations for this model are:

dv - (A*DyA°®
=2+ () )y, 5.1.4
T, (Z + d( 3 )) v (5.1.4)
d* —(n—d—1x (5.1.5)
ac ’ "
dD - [A2DyAc
SO _(cd—z 26 —249 | 2220 ) Dy, (5.1.6)
de v3

where we have identified A = Dg and

. Sq d* -2
Ay = Hg——, = ————. 5.1.7
4= oy 1= dd+ .1.7)
This set of differential equations can be conveniently re-written using a reduced
parameter:

x = ADYPAPv 32, (5.1.8)

By re-writing differential equations in terms of the flow of the reduced parameter x

we can eliminate the exponents z (£), n(£) and & (¢). This is advantageous because

we do not their values at the intermediate stages of the flow, only at fixed points.
The differential equation for x takes the form:

%:%(Z—d)x—ddx3. (5.1.9)
The behavior of the solution crucially depends on the sign of the linear term. In fact
we have already observed the importance of the dimension in determining the phase-
space portrait in the study of the d-dimensional Coulomb gas. It is a general feature
of all RG calculations. The spatial dimension d = 2 is the critical dimension of the
system. It separates two regions: when d > 2 the solution is driven to zero and when
d < 2 the system is driven to a stable fixed point:

lim x () =0 for d > 2, (5.1.10)
L— o0

1/2
lim x (¢) = [ — for d < 2. (5.1.11)
£—00 242{2—5

The latter case of d < 2 is rather problematic for a description of a fluid. As a result
the d = 1 Burger’s equation is often studied in this region. We will not pursue this
study here and focus solely on d > 2. Although the above finding follow directly
from the Eq. (6.1.9) they can also be extracted from the analytic form of the solution:
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xpel/2et

x () =

) (5.1.12)
- et~ 1/2

(1420023 50)
where ¢ = d — 2. The above solution clearly displays the behavior in Egs. (5.1.10)
and (5.1.11) .! The decay of the solution is exponentially fast for d > 2. Atd = 2

the solution falls as:

X0

= (1 + 2427;1)6%@)1/2.

(5.1.13)

Once we have established the behavior of the effective coefficient in the limit of
¢ — oo, we are in a position to consider values of the scaling exponents. From the
Eq. (5.1.4) it follows that, at a fixed point, the dynamic exponent behaves as:

lim z(¢) =2 for d > 2, (5.1.14)
{—00

which is a consequence of the fact that:

d
d—z =0 ata fixed point. (5.1.15)

Analogous statements can be made about the values of other exponents. At this point
it is important to asses the role of other terms which are generated at 1-loop order,
which we will explore in the next section.

5.1.1.2 The Role of the Fluctuation-Dissipation Theorem

Model A can be thought of as a description of a fluid near equilibrium. This connection
is then supplemented by the fluctuation-dissipation theorem which requires [1]:

Do = LkpT. (5.1.16)
o

From the differential RG equations, Egs. (5.1.4)—(5.1.6), we have shown that the
reduced coupling x (£) — 0 as £ — oo, where the definition of this coupling is:

X (€)= 1 (&) DY* () AP (0. (5.1.17)

By requiring the fluctuation-dissipation to hold at any point of the coarse-graining
step, i.e. for all ¢, the reduced coupling should approach its limiting value through

I The solution in Eq. (5.1.12) differs from [1]. In their chapter the solution is given as

~ el 1/2
xge'l/2et (l + Z.Qfdxgw) , which differ from our result by a sign of the power 1/2.
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changes of A (£), while Do (¢) and v (£) should remain at their initial values
throughout the RG trajectory. In order to keep Dy and v fixed at their initial val-
ues we make the following choice for the dynamic exponent:

2(0) =2 — Agx* (), (5.1.18)

With the above choice for z (¢) we have Dy = v = 0, given we use the scaling
relation:

1
§=z+d. (5.1.19)

Further, we have to show that under such a choice the perturbation parameter A does
go to zero. The differential RG equation for A is:

dxr ()
——=m—d-Dxr@. (5.1.20)
dae
With the above choice for z and arestriction that the noise coefficient does not change,
we have to conclude that, together with d 4+ 2z = & + n, we can write:

ar@) (. d 2
TR (1 > Agx (Z))A(E). (5.1.21)

We can solve this differential equation for A:

Zd) Ay [ X2l

A0 =k0el( ) (5.1.22)

Already, we observe that A goes to zero exponentially fast for d > 2. In fact, we can
integrate x? (£) exactly to obtain a complete solution:

jdl sge !
(1+2x3 el — 2x0 .y |e| ! e lell)
0

1
—— I (1 +2x3ey el ™" — 2x2aty o] ! e—'slf) , (5.1.23)
2.0y

For ¢ > 1 the exponential term can be dropped and for d > 2 we have:

(2-d/2)t

MV for d > 2

W = | gy T
- A0 _

for d =2.

(1+2:2.40)'

We observe that A (£) — 0 as £ — oo in exactly the same way as x (£), which is to
be expected given above considerations. Note that each RG step does not alter the
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large-scale behavior of the system. Therefore, we can calculate the desired large scale
properties in the form of correlation functions either from the bare theory or from
the renormalized theory, the answer would be the same. However, as we have shown,
at the macro-scale description the effective parameter A goes to zero, meaning that
the effective theory is described by a linear equation. All terms proportional to A",
where n > 1, become irrelevant [3] and the dynamics is governed by the equation:

v = vV3v + 1. (5.1.24)

5.1.1.3 Homogeneity Relation and Energy Spectrum

An important quantity of interest in fluids is the energy spectrum. Consider the total
energy density of the system. It is related to the correlation function via the following
equation:

E 1T/ d’k _d'q_, 42 (v; (k. ) v; (q. ) (5.1.25)
=-Tr | ———— v; (K, w)v; (q, , 1.
2 (27T)d+] (27T)d+1 @ ! W) vj q

where the trace runs over the indices. This can be conveniently expressed in terms
of the correlation functions:

(vi (k,0)vj (4, Q) =Gij (k,®)§(k+q)8(w+RQ), (5.1.26)
which gives:
1 d?k

We can now define the energy spectrum density as:
— g4Iy / dwGij (k, w) . (5.1.28)
b

We are interested in how does this energy spectrum density scale with k. To
investigate that we consider how the correlation function behave under fast modes
elimination. The RG transformation does not alter the behavior of the long wave
modes. Thus, we can calculate the correlation function either from the bare theory or
from the renormalized theory with renormalized coefficients. Mathematically, this
statement is equivalent to saying that the correlation function is homogeneous:

Gij (k. w, ) = b X OG,; (e‘k, IO (e)) . (5.1.29)

We can derive the scaling rules for the correlation function by considering the
following:
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/ dqd$2 (v; (k, w)v; (q, Q) = b7 / dq'd (v (b7'K, b%) v; (b7'q, b))
=2t [agasfu (€. ) 4. 2)

= 170Gy ('K, D, 3.0)). (5.1.30)

The last line follows from the rescaling of the fields and re-expressing the correlation
function in terms of rescaled variables. We can exploit some of the scaling relations
used in the previous section to arrive to the following equation:

74 / / _
Gij (k, w, ho) = el 2()4¢ G, (e‘k, PLIOMSY (6)) . (5.1.31)

The correlation functions scales like the frequency exponent, therefore up to the
leading order in k we have that the energy spectrum goes as:

E (k) oc k471, (5.1.32)

This result holds for d > 2.

5.1.2 Galilean Invariance

So far we have concluded that the asymptotic form of the equation of motion is a
linear equation:
v =vV3v 41, (5.1.33)

which is a consequence of a fluctuation-dissipation theorem. However, the above
equation does not preserve the symmetry of the original Navier-Stokes equation, the
Galilean symmetry. It will be shown, based on the work of [4, 5], that, in general,
the Galilean symmetry does not put any constraints on the vertex renormalization (the
non-linear term) because, as in the Model A case, one often is interested in velocity
fluctuations around the mean value of the velocity field. The velocity fluctuations are
in fact velocity differences, so they are invariant under the Galilean transformation
from the outset.

5.1.2.1 The Symmetry of the Equation of Motion

Consider the Navier-Stokes equation with the pressure term explicitly present:

Vi +V ovi op + V3V, V.V=0 (5.1.34)
— i— = ——— 4V i -V=0. 1.
ar  ox; T oy 0
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Taking divergence of the above equation leads to:

32
VP = — T (V;Vi). (5.1.35)
ey

The Galilean transformation is a transformation of variables of the form:
X =x'(x,1), t'=t(x1), (5.1.36)

such that
X =x—xet, t' =t. (5.1.37)

The derivatives in the equation of motion then transform:

0 0 d 0
— =—ACi— + — (5.1.38)

=8 .
“ax'i ot

dx; g ax;.’ ot

In order to preserve the equation of motion under such transformation we require
that the field transforms as

Vi (x', 1) =V; (X' + Aet’, 1) — Acy. (5.1.39)
By explicitly performing the transformation we arrive at the result:

V) Vi) W) V)

—X Vi(x',t +
I ar i (1) ox’ € o
ap’
=—— +wVV/ (x,1). (5.1.40)
Bxi

Now, by setting A = 1 we obtain the transformed equation in a new reference frame:

aVi/(X/’t/) ! (! 4! aVi/(X/’t/) _ P’ 2 ! (! 4
— TtV (X,I)T}——axg + Ve (V) (x.1)). (5.1.41)

The equation is invariant under a Galilean transformation. From the above
considerations we conclude that if under the RG transformation the coefficient of the
non-linear term changes then the Galilean invariance will be broken.

5.1.2.2 Reynolds Decomposition
The linear equation which results from a repeated RG transformation appears to

violate Galilean invariance. However, recall that Model A is a theory formulated to
describe equilibrium fluctuations of the fluid. Thus, the equation derived expresses
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the fluctuations of the velocity field around some mean value. This point was heavily
emphasized by [4]. Here, we would like to explicitly illustrate this idea.
Consider expressing the velocity field V in terms of its mean value and fluctuations
around the mean:
V=U+u, (5.1.42)

such that
(V) ="0. (5.1.43)

The (-) is an ensemble average. Analogously we decompose the pressure:
P = P, + p. (5.1.44)

Now, consider field transformation under Galilean transformation while taking into
account Reynolds decomposition:

U (X, 1)+ u) (X, 1) = Ui (X' 4+ ret’, 1)) +u; (X + ret’, 1)) —ci. (5.1.45)

We can derive how each part of the decomposed velocity field transforms by taking
the ensemble average of the above expression. We conclude:

U/ (X', 1) =U; (X' + xet', 1) — i, (5.1.46)

which implies:
u (x/, t’) = u; (x/ + ret, t/) ) (5.1.47)

The above is a field transformation for the fluctuating part of the velocity field. If we
assume that the mean part is a constant in space and time we can write the equation
of motion for the fluctuations:

ou; du; 0 (uju;) op

UV § P AT AP A SRS VA 5.1.48
ot jax] ox; 0x; v ( )

This equation is Galilean invariant under:

0

u: (X/,t/)=ui (X/—i-)\.ct/,l‘/), Ui/=Ui—Ci, E=_61W+W
i

(5.1.49)

Further note that if we move into the co-moving frame of reference the second term
in Eq. (6.1.49) can be eliminated to give:

8ui ad (ujui) ap 2
A AN T 5.1.50
or | ox; ax, TV ©:10)
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It must be noted that now, the equations are already Galilean invariant and there is no
way of directly testing it without moving away from the co-moving frame. The key
is to note that Eq. (5.1.34), our original equation of motion, bears the same form.
However they represent two different fields and therefore they do not transform in
the same way.

5.1.2.3 Vertex Renormalization

Consider the Galilean transformations in Fourier space, where we define the Fourier
transform as:

fk, 1) = /dxf (x, 1) e kX, (5.1.51)
The fields are transformed as
V/ (k1) = ™RV (k1) — ci6 (). (5.1.52)
while the pressure term transform as:
P (x' +xet’, i) =P (X,1). (5.1.53)
Hence, in Fourier space we have:
P (k1) =™ P (k,1'). (5.1.54)

The Navier-Stokes equation in Fourier space takes the form from:

awvi (k1) / dq - .
——— 2 4iki | —=Vi(q.)Vi(k—q,1
97 +1 j (27[)(1 j(q ) l( q )
= —ik;P (K, 1) — k*voV; (K, 1). (5.1.55)

Consider how fields transform under Reynolds decomposition in wave number space:
Vi(k ) =U; (k. t') +ii; (k. t). (5.1.56)

It follows that the transformation rules are:
Ul (k, 1) = ™'y (k1) — ;8 (), (5.1.57)

and o
i, (k,t') = ™, (k1) (5.1.58)

1
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The equation of motion for the fluctuating fields can be readily obtained (assuming
constant average velocity independent of space-time coordinate U; (k, t) = K;§ (k)):

aﬁi(k’t)—l—'kl(~(kz‘)—i—'k/ dq_. (q,)u; k—q,1)
7 ikiK i (K, ik ——— i (q, 1) i ,
a1 JA U Jj (2 )d i q i q

= —ikip (K, t) — k*voit; (K, 1) . (5.1.59)

At last we can concentrate on the consequences of the Galilean invariance on RG
in the laboratory frame. Let us split the fluctuating field into fast and slow Fourier

components:
i (k, 0y =a; (k1) +i; (k). (5.1.60)

Substitute this into the equation of motion:

au= (k,t
—ik;p=(k, 1) — kzuoﬁf (K, 1) = % +ik;Kji; (k1)
_ dq . N
+ ik;o (k= ab~") [/ (;)duf (@i k—q.0)

dq
+ik-/7ﬁ? Du-(k—aq,t
j (zﬂ)dl(q)l( q.7)

q

. d ~< ~>
+ lkj-/muj (q.t)ia; (k—q,t)
+'k/ o> 0. ni” r)] (5.1.61)
ik; | ——u~ (q,t)u: —q, . .
T] @emyd 40 B

We assume that we have come up with some procedure which would give us a coarse
grained description of slow modes. This would generally include corrections to the
viscosity and the vertex:

da; (k1) dq
dt @n)d
= —ik; p= (K, 1) — k2v (K) it (K, 1) . (5.1.62)

<

ik K (e, 0) + ik (K - Ab*‘)x(k)/ F@ 0T k-q.0

The way our equation transforms puts no restriction on the vertex renormalization
as they are still Galilean invariant. The additional term introduced from the time
derivative is canceled by transformation of K ;.

The above considerations illustrate that the linear theory which governs macro-
scopic fluctuations in an equilibrium fluid is consistent with the original symmetries
of the problem. Further, one should not invoke Galilean symmetry to justify non-
renormalizability of the vertex function. In fact, the above considerations can be made
more rigorous using the functional integral formulation by studying consequences
of continuous symmetries.
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5.1.2.4 Ward-Takahashi Identities and Field-Theoretic Approach

In the field theory formalism continuous symmetries of the system provide a natural
mechanism to study relationships between verticies [6, 7]. The resultant equations
are valid to all orders in perturbation theory. Here, we would like to touch upon such
a development in the context of the Navier-Stokes equation [5, 10].

By definition, a symmetry operation implies that the action remains invariant under
the transformation. A continuous symmetry can be made infinitesimally small, so
let us consider what this means for the Galilean transformations. The generating
functional can be readily derived from the full MHD generating functional. It has
the form:

Z1J, 2] =/.@[u]@[a]exp (—S[u,a] +/dxdtJ'u
+/dxdtJ~K+/dxdt2 ~cr), (5.1.63)

where the action is defined as:

S [u, o] :/dx/dt |:%/dya,- (x, 1) Dij (x—=y)oj(y,1)

N L du 9 (uiuj) 2
—ior| SE 4 Ko+ Ao Py (V)——UOV w ). (5.1.64)
Jat 8 ax;

K is just a constant which represents the average fields and u; are fluctuations
about it. Under a symmetry transformation the action remains invariant by definition.
The only change comes from the products of physical fields with the source fields.
Consider infinitesimal transformations of the field under the action of the Galilean
transformation:

u; (x+dc¢t,t) =u; (X, 1) +6¢;tVju; (x,1), (5.1.65)
o (X +6ct,t) =o0; (X,t)+5CjthUi (x,1). (5.1.66)
This would generate an infinitesimal change in the generating functional:

§ZF[), 2] = </ dxdt [J; (8¢;tVu; (x,1)) — 8¢; J; + Z;8¢;tV o (x, t)]> =0

(5.1.67)
which can be re-written as

5 5
/dxdt [u Nisian "t VJ(SZ—()} Z[J,£1=0, (5.1.68)
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by exploiting the fact that 27 [J, 3] is a generating functional and therefore all the
fields can be expressed as derivatives with respect to the corresponding source field.
An important detail is that the mean field K is treated on equal grounds with u and
hence they have the same conjugate field. So if we try to compute the average field
(V) we would obtain K, which is consistent with the Reynolds decomposition.

To this end we have derived a functional equation which provides us with an
infinite number of relations relating various correlation functions. These are gen-
erated by taking various derivatives of Eq. (5.1.68). The set of equations gener-
ated as a result are referred to as Ward-Takahashi identities. However, as it stands,
these equations are cumbersome since, by working with the generating functional
Z [J, ], we would generate all kinds of Feynman graphs: connected, disconnected,
1-particle-reducible and 1-particle-irreducible. Instead of working with 2 [J, X],
one can work with a “free energy” analogue. Consider the quantity:

F11,2]1=mnZ][] Z]. (5.1.69)
The new functional satisfies:
8F[J, X] §F ), X]
dxdt |tJiVi———— — J; +t%;V,—— | =0. 5.1.70
/ X [ Nisn e TS xn (5.1.70)

Even though we have reduced the number of graphs we have to consider, this is
still not the most convenient form to use because both 1-particle-reducible and
1-particle-irreducible diagrams are generated. Instead one chooses to work with the
Legendre transform of .7 [J, £] [8, 9]. It allows us to work exclusively in terms
of 1-particle-irreducible diagrams. Further, this form is the most useful to us since
under RG the leading corrections to the vertex renormalization A and to the viscosity
v are represented by I-particle-irreducible diagrams. The connection between the
two is most conveniently expressed through the Legendre transform of .%, which is
also known as the vertex function.
To introduce the Legendre transform we begin by defining new field variables:

ar
SFILEl g g FUEL_ (5.1.71)
8J; 8%

Then we define a functional:
FrNu+K,o]=-%1J, 2] +/dx/dt J-@+K)+X-.0), (5.1.72)

ST[E+K.5 STU+K. &
fut®ol_, Mu+rRoal 5 (5.1.73)
8 (u+ K); 3o
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These sets of definitions implies that I" satisfies the equation:

/d atli—Y v @+ k1 v or 0. (5.1.74)
X —V, (u; ; —Vjo,———— | =0. (5.1
s@t Ky TR T T T Sa+ K,

Consider differentiation the above expression with respect to (u + K); (y, r )
This results in an expression:

8’1 _
0 z/d"d’a G+ Ko @K ) D

+/dxdt or Vidid (x —y) 8 (1 — 1)
S@+ K) (x,0) K y

82
dxdt V;o;
+/ e s+ Ky y.1) 7

2
—/dxdt - L . (5.1.75)
S+ K (y, 1)+ K);(x,1)

Further, let us differentiate the last expression with respect to W As with other
generating functionals we set the fields o and (# + K) to zero at the end of the
desired calculation. Note setting (# + K) = 0 to zero corresponds to the isotropic
homogeneous flow i.e. no symmetry breaking, while (« + K) = K, corresponds to
a broken symmetry case, since the flow has a preferred direction K. As we have
established in the previous section, in order to be able to test for Galilean invariance
one has to be out of the co-moving frame of reference, the laboratory frame. Hence we
choose to consider the relationships in a broken symmetry case. The final relationship
reads:

83r
0=—4c¢ / dxdt — p—
Sog (z,1") 8 (U + K)i (v, 1) 8 (u; + K;) (x, 1)

, 81
—1t'éc- Vy —
dos (2,1") 8 (u+ K)y (y, 1)
" 82F
—t'8§c - V,—— — . (5.1.76)
S+ K), (y,t') 6o (z,t")

In effect we have expanded the vertex function around the mean flow. We can further
simplify the above expression to have an exact correspondence with [5] by noting that
the vertex function is translationally invariant as a consequence of the assumption
that we are in a homogeneous flow. Consider a more compact notation:

2
6T _ plLn (Z
80y, (z,1") 6 (us + Ky) (y, 1) " ’

"y, 1), (5.1.77)
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then it follows from translational invariance that:

Pz, "y, t) = T (z+a, " + Ty +a,0/ + 7). (5.1.78)
By choosing a = —z and T = —t” we observe:
iz, "y, o) = Tl 0,00y —z, ¢/ —1"). (5.1.79)

Hence, the vertex function is a function of temporal and spatial difference only. It
follows:

Sc; /dxdtl"‘g}(’iz] (y—zit —t";x—z,1—1")= (" —1") éc- VYFE}C’” (y—z1 —1").
(5.1.80)
The above result is valid to all order in the perturbation theory. In other words, it is
exact. Further, we can clearly exploit the connection between the two-point and a
three-point vertex from the above example which is what was done in [5]. In practice
one often chooses to work in Fourier space since the problem of diverging integrals
is more apparent through Fourier modes. Thus, in Fourier space,one derives:

0

—k;
ow

ri -k, —w) = T2 (k, 0; q, Q). (5.1.81)
We stress that these results are exact, so one can exploit them at any order of the
perturbative expansion. As a consequence of the identity Eq. (5.1.82), it can be shown
that vertex corrections are only partially constrained. Specifically, only in the case
of zero momentum transfer, as a consequence of the Galilean symmetry, the vertex
does not renormalize.

An important aspect of the above derivation of the Ward identities is the fact
that the action is formulated explicitly in the laboratory frame of reference, whereby
the mean flow velocity is explicitly present. As was pointed out by McComb [4],
in order to establish Galilean invariance one has to be out of the co-moving frame.
This is exactly the reason for formulating the functional integral through Reynolds
decomposition.

5.1.3 Relevant, Marginal and Irrelevant Variables

5.1.3.1 Higher Order Corrections in External Momentum

The first aspect which we would like draw attention to are the loop corrections
themselves. We have performed an expansion in external momentum and kept only
the lowest order terms. To asses the role of higher order terms let us go back to a
graphical representation of our results. Up to 1-loop order the corrections to the noise
covariance can be expressed diagramatically:
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Fig. 5.1 Corrections to noise covariance up to 1-loop order
J U
= fo+ P>+

q

Fig. 5.2 Taylor expansion of the loop in the external momentum

Figure 5.1 refers to Elssaser variables. In the limit of the Navier-Stokes equation,
the loop correction is identical in the last two terms, which accounts for the symmetry
factor of 2. Consider the Taylor expansion of the loop in the external momentum:

Every term in this Taylor expansion is proportional to:

1

A
fai o Doxo / k4 3dk v ief0,1,...} (5.1.82)
)

A

The above proportionality relation identifies regimes where the perturbation theory
is applicable. This crucially depends on the dimension. For d > 2 the integral is
convergent in the limit of » — oo. For d = 2 perturbation theory diverges logarith-
mically. Consider what happens upon rescaling of the cut-off and the corresponding
rescaling of the fields and other variables. The left-hand side of the diagrammatic
equation in Fig. 5.2 can be written in terms of its scaling factors as:

D (k) = b=+ (Dg 4 fo (Do, x0) + b~k fo (Do, x0) + -+ ),
(5.1.83)
where Dy is a 0-loop order coefficient of the noise covariance. Dj, denotes a general
form of the noise covariance after a shell of thickness b of fast Fourier modes has been
eliminated. By explicitly looking at the loop integrals, one observes that it depends
only on the effective coupling and Dy. Consecutive mode elimination leads to:

pbo+h) k) = b(n+1)(—d—z+2§‘—2)k2Dg (1 + fo (xp) + b_2k2f2 (Xp) + - - -
(5.1.84)
By looking at a fixed point solution to lowest order in the expansion, we can asses the
role of higher order terms. A fixed point would correspond to the following equation:

D = b DAL "D Do (1 4 fo(x,)) Y n. (5.1.85)
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+ other combinations

Fig. 5.3 Corrections to y4 coefficient in Elssaser variables up to 1-loop order

We have shown that x (£) — 0 which in turn suggests that fy (x,,) — 0as £ — oo.
Thus, at a fixed point, the following relationship must hold:

26=2+d+z. (5.1.86)

As a consequence, higher-order corrections are irrelevant. In particular, terms of the
form p* and higher powers of p in the noise covariance are irrelevant. Also note that
even at d = 2 although fj goes as Inb as b — 00, the effective coupling goes as
1/€ which cancels the integral. In that sense higher-order terms decay even faster
(Fig.5.3).

Similar considerations can be applied to the response function:

By considering the Taylor expansion of the loop integral, after rescaling we can
write:

Y (k) = b*2y0 (k2 + g0 (x0) K2 + 22 (x0) k4+), (5.1.87)

where go + g2k? + - - - is a Taylor expansion in external momenta of all combined
loop diagrams. It is apparent that on the basis of the discussion of the noise covariance,
higher-order terms are irrelevant near a fixed point. The same is true of higher-order
corrections to A. All of the above considerations are simplified by the fact that we
have a single effective coupling on which the behavior of a loop diagram depends.
Also, in both cases, for y+ and A, the loop diagram is once again proportional to
xo [ 1(\ b1 k4=3dk to all orders in the external momentum. So everything remains
finite when we take the limit b — oo.

5.1.3.2 Connected Graphs

Our formalism within the RG calculation allowed us to ignore terms which are
disconnected because they all cancel. Within the diagrammatic expansion tech-
nique there exists one further classification of diagrams into 1-particle-reducible and
1-particle-irreducuble diagrams. For example, consider a diagram:

We can cut the middle line to break the diagram into two irreducible diagrams.
The effect of such terms has to be assessed within our RG framework.

The graphical representation in Fig.5.4 represents a multiplicative noise term.
There are no loops present, so we do not have to carry out any integration over fast
Fourier modes. We are only concerned with restoring the momentum cut-off to A.
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Fig. 5.5 A term which is generated under RG at 1-loop order

Under such rescaling transformation the graph scales as b~*2, which means that
in the regime d > 2 this term is irrelevant as £ — oco. However, at d = 2 this term
is marginal. We cannot asses its magnitude and without higher order analysis we
cannot establish whether x (¢ — o0) = 0 is a true fixed point.

Consider a reducible diagram which is generated under the RG in Fig.5.5. Under
the scale transformation this graph scales as b° for all values of d. As has been
mentioned, the effect of marginal terms cannot be assessed without analyzing higher-
order terms. This strategy is fine as long as there is a finite number of marginal terms
in the expansion. However as has been shown by [3] there are infinitely many such
terms even at the level of 1-loop.

To extend the scaling argument for the marginal terms to all order in A, consider
how an arbitrarily large graph of order A" behaves under scaling [3]. In general we
can write how various components of the diagram depicted in Fig. 5.6 scale:

Scaling of integrals = —2n (d + z),
Derivatives = —n,
Correlation function = (n — 1) 2 +d + z),
Physical fields = (n + 1),
Noise = &.

By adding all the scaling contributions one can convince himself that they add
up to zero, which means that there are infinitely many marginal terms generated in
our expansion. This has a destructive effect on the whole RG procedure, since a
simple higher order analysis is impossible and therefore we cannot truly establish
the existence of fixed points in our analysis and would require us to consider an
infinite parameter space to specify the action. In the context of the randomly-forced
Navier-Stokes equation, the existence of infinitely many marginal terms, under a
particular choice of exponents, was first pointed out by [3]. Inspite of this apparent
difficulty, the scaling which is motivated through the fluctuation-dissipation theorem,
such terms are irrelevant.
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i

Fig. 5.6 A marginal term of order A" which is generated under RG at 1-loop order

Y

(X0

5.1.3.3 Terms of Higher Order in A

It is worth reminding the reader that our calculation is done within a loop
approximation. Thus, we should consider all terms which are generated at 1-loop
order. This requires us in principle to go to arbitrary large order in A. We have already
seen such an example of 0-loop term, Fig.5.6. For the Model A we have identified
the effective expansion coefficient x (¢), which goes to zero for d > 2. It therefore
follows that correction of higher order in A" are negligible in the limit of £ — oo for
the Model A analysis.

5.2 Magnetohydrodynamics

5.2.1 RG Equations

The RG equations we have derived are (y = —2):

dv A od>-2 (A B\ Si
—=(z-2+4"—— S+ =) —A2)y, 52.1
de (Z T a2 (v2+u2)(2n)d )v 62D
du e [A(d—l) B(d—S)} Sy d_z)
-2+ = = A , (522
ae ( Loty 4 w4 Jans o 5:22)

di AATZ sy, 1 w
— = n-d-1- - A + 5
dat d(d+2) (2r) pv v+ 2w+ p)

L 2AT S B[l I DA (5.2.3)
dd+2) emy?® 203 wev+w  p2e+w?l) T T

94 _(g—zq2e g M2 [A BT Sijaa),
= . A2dd+2) |V 2] on) ’
(5.2.4)

x%z-z[ 2AB ]Sd

d—B—(—d— +26 -2+ —
B ‘ vie (v +p) ] @)

A42) B. 2.

In the description of randomly forced MHD equations we have mentioned in the
previous chapters that the flow is characterized by a set of dimensionless couplings.
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If we consider the above equations to order A> then we can identify three such
effective couplings:

A2A »’B v
== V==, =-. (5.2.6)
0 u

These quantities represent the effective Reynolds number, magnetic Reynolds
number and the Prandtl number, which measures relatives strength of dissipative
forces. Without loss of generality the cut-off has been set to unity, A = 1. For the
moment let us consider the equations :

2
dv = (z—2)v+zQ{dx2v+;afdy—v 5.2.7)
dl 72
du A2 [d-1 S 2 [W@d-3) S
—=G@-2u+ 7 3 7| ®
de 2411 4 @ 2+1L 4 @
(5.2.8)
di
— =mn—-d-1Dxr 5.2.
= m—d=na. (5.2.9)
6,4
A = 426 —2) A+ A+ g A, (5.2.10)
de x?
dB X2 [d—2 8y
— =(-d—z+2-2)B . 5.2.11
R Rt EEL I L (5.2.11)
Note, the choice of y = —2 once again corresponds to a fluid near equilibrium, so

the fluctuation-dissipation theorem must hold once again. Consider re-writing the
equations in terms of the reduced variables:

dx 1 1 Oyt y?
— = -xQ2—d) — x> + —yx [ = -3 ), 5.2.12
T, 2)6( ) — Hax” + 3 dX( ) 2 ( )
dy 1 yxZzt 393
— =-y2—-d By — ————%, 5.2.13
T, 2y( )+Z2+1 d=5a 0 ( )
dz 1 5, 1 y* 1 75x? 1 zy?
o iy — &y — ——— %y, (5.2.14
TR RO S-S oy LU Py I
where we have defined the following quantities:
o d2—-2 Sy P _(27441) Sy _d=3) 84 . d-1) Sy
Y@+ o0t T4\ T2d ) ond YT Td amd YT T d end)
(5.2.15)

Now we can investigate a number of different regimes.
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5.2.1.1 Kinetic Regime

Consider a model where the stochastic noise enters only the NS equation. It would
feed into the induction equation through the non-linear term in the NS equation which
couples it to the magnetic field. Such a regime would correspond to a choice when
B = 0. Using the equations for the reduced couplings, the so called kinetic regime,
would be described by a set of equations:

dx 1

ﬁ =r@—d) - yx, (5.2.16)
dz 1 5, 1 2x?

T = E;z{dx 7 — Ezz n léad. (5.2.17)

We have previously solved the equation for x. The solution reads:

erl/2£Z
x(0) = (5.2.18)
(1+ 203 22)
The equation for z is separable which allows us to write:
z(6) d : [/ et g
b4
%13 — %Z == / T (5.2.19)
2(to) o (1 2% )
The RHS admits a compact form upon integration:
1 tae 1
5 | Ty = a1 2 e 2t e ).
o (1 + dexo T) d
(5.2.20)

Solution to the LHS is more involved. Although it admits an exact analytic solution,
the resultant equation does not permit a simple rearrangement into a solution of the
form z = f (€), where f is some function. For that reason we will not attempt to
write the explicit form here. The fixed point value of z can be readily deduced directly
from the differential RG equation:

dz 4 D\ oy
=0, st 0= —(24) 2 (22). 5221
il S 4 (Cg,d ) Z (5? ( )

Recall that because we are looking at the regime where kinetic fluctuations occur in
the system near equilibrium the fluctuation dissipation theorem must hold. In that
case we have that x (£) goes to zero as A (£). This means that in the macroscopic
limit, as £ — oo, the non-linear terms are suppressed and the resultant equations are
linear. In this case, both the induction equation and the NS equation are linear. We can
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safely ignore all the corrections proportional to A. For that reason the exclusion of
the corrections of A3 and higher order terms is justified within our framework.

We can make a particular choice for the dynamic exponent consistent with the
fluctuation dissipation theorem:

72(0) =2 — x> (0). (5.2.22)

While under this particular choice the viscosity and the noise covariance remain at
their initial value, the magnetic diffusivity behaves as follows:
1 d dpn
,u dar

4
2
( g+ &y +1)x @), (5.2.23)

This allows as to deduce the limiting value of p either by a direct computation:

14
) — & 2 (p! ’
(u(ﬁo)) /( %Jrg"z?(e/)ﬂ)x (¢)ae, (5224

o

or by noting that once we know the limit of the Prandtl number and the fact that
viscosity does not vary along the RG trajectory:

v (ﬁo)

*

Zlim n®) = (5.2.25)
All of the above considerations are valid for d > 2. The marginal terms which are
generated under the RG transformation are suppressed and, therefore, can be safely
dropped. Note that the limiting values depend on the dimensionality of the problem
as one can see from the phase-space diagram for d = 2 and d = 3 (Fig.5.7).

The kinetically driven model has a stable fixed point at d = 2. In this case the
effective Reynolds number decays slowly enough, namely as £~!/2, which permits
the RG trajectory to terminate at (z4; 0). In d = 3 the effective Reynolds number
dominates over the Prandtl number and therefore the limiting value of z (¢) strongly
depends on the initial values of these parameters (z (£o) ; x (£o)).

The macroscopic behavior of the kinetically driven MHD equations is described
by two linear equations:

8P,‘ off eff
o = (y+ P +yZ Ql) + &, (5.2.26)
aaQtl v2 (yeffP n yeff Qi) +&, (5.2.27)

where

eff _ {Vi (z (o) ; x (€o)) for d >2, (5.2.28)

= v+ (24) for d = 2.
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Fig. 5.7 The qualitative difference between d = 2 and d = 3 stems from the fact that the higher
the dimensionality of the problem the faster is the decay of x (¢) — 0 as £ — oo. Despite the
fact that z admits a stable fixed point at d = 2 and d = 3, the behaviour for small x (¢) and z (£)
ind > 3 is completely dominated by the expoential character of x (£)

The scaling properties of this model are the same as those for the original
Model A.

5.2.1.2 Magnetic Regime
We can study the properties of MHD equations when the noise enters the system

through the induction equation. Such a model would correspond to setting A = 0.
The equations governing the magnetically driven system are:

dy 1 3y

L yQ2-d) - ———%,, 5.2.29
a0 2y( ) S ( )
dz 1  y2 1 zy?

e/ E 6. 5.2.30
de 274, T2 ( )

Equations take a particularly simple form in d = 3 because 6;—3 = 0. In turn this
allows us to solve them exactly:

y () =y ) eV, (5.2.31)
1/2
2(0) = (z2 (€0) + 274y (€o) e~ V/20 — 2.0,y (zo)e”/”) . (5232)
The behavior of the solution suggests that the effective coupling goes to zero

exponentially fast while z (¢) goes to a value which is determined by the initial
conditions. This is depicted below (Fig.5.8):
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Fig. 5.8 RG trajectories for magnetically driven MHD equations ind = 3

From the solutions to the RG equations we observe that there exists a non-trivial
limit for z, which strongly depends on the initial conditions:

1/2
lim 7 (€) = (z2 (€0) + 2.4 (zo)e—l/%) . (5.2.33)
L— 00

The application of the fluctuation-dissipation theorem to this model is a non-trivial
task. Recall that in previous studies we chose the dynamic exponent in such a manner
so that the theorem holds. An important consequence of the theorem was to render
the macroscopic theory linear while all of the non-linear terms could be consistently
ignored. This is necessary because otherwise we generate terms which are marginal.
Higher order analysis is problematic as there are infinitely many such terms in our
expansion. Thus, we require some other mechanism which would suppress such
terms in a consistent manner. The differential RG equations governing magnetically
forced MHD equations are:

dv y2

7 (z—=2)v+ szfdz—zv, (5.2.34)
du

— =(@-2u, 5.2.35
70 = ¢ ) ( )
di

—=Mm—-d-12, (5.2.36)

dt
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Fig. 5.9 A marginal term in the NS RG calculation

d—B— d 26 —-2)B 5.2.37
de—(——z-i—é—). (5.2.37)

By explicitly solving the equations for the reduced couplings we have obtained:

22 (€0) B (Lo) 4

A2 () = TN ) B~ () e ", (5.2.38)

In order to drive all the marginal terms to zero we have to make a choice for the

scaling exponents such that:

z(0) =2, §W)=z)+d/2, VL. (5.2.39)

These exponents remain constant throughout the RG trajectory and A — 0

exponentially fast. While the magnetic noise and magnetic diffusivity remain con-
stant, the kinematic viscosity, v, tends to a fixed point value:

Jlim v (0) = (v2 (£o) + 274 (€0) A (€o) 2 (£o) BZ (zo)e*‘/%)l/z. (5.2.40)

The equations governing the macroscopic behavior are linear, with the effective

coefficients determined by the above equations. For d = 2 the theory is unstable in
the sense that both the Prandtl number and the effective magnetic Reynolds number
blow up to infinity. This is a consequence of the change of sign in the coefficient,
6i<3 < 0.

5.2.2 The Problem of Marginal Variables

Having studied both the magnetic and the kinetic regimes it would be natural to
consider the cross-over regime when both stirring forces are switched on. The prob-
lem with this regime is that it is not clear how one would incorporate the fluctuation
dissipation theorem and whether or not it would allow us to consistently suppress
terms which are otherwise marginal. In fact the problem of marginal terms is more
severe for the MHD equations. While in the turbulent NS we had to worry about a
graph such as the one depicted below (Fig.5.9):
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Fig. 5.10 A marginal term in the NS RG calculation

In MHD we have many more such graphs (Fig.5.10):

Since the scaling argument is the same, the MHD system has marginal terms to
all orders in A, which makes a higher-order analysis problematic. To this end our
analysis is limited to situations when the system is near equilibrium. In what follows
we discuss possible directions in which the study of MHD turbulence can be taken.

5.2.3 Non-perturbative Methods

5.2.3.1 Galilean Symmetry

Similar to the NS equation, the Galilean transformation is a symmetry of the MHD
equations. Consider the following transformation:

X =x(x, 1), ' =1t (x,1), (5.2.41)

such that

/

X =x—ct, t' =1, (5.2.42)

where c is a constant. It follows that differential operators transform as:

L (5.2.43)
ax,' Y 8)61'7 -
9 U
L 5.2.44
a0 = ax Tar (249

We have already established that the NS equation is invariant under the above
transformation given we transform the velocity field as:

v (X, 1) = v (X + et 1) — . (5.2.45)
In addition we require the magnetic field which enters the NS equation to transform as:

b (X, 1) = b; (X +ct', 7). (5.2.46)
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The kinetic equation is then invariant. Given the above field and operator transfor-
mations, the coupling term in the induction equation generates a term:

Vx(Eexb=c(V-b)—=b(V-¢)+(b-V)c—(c-V)b. (5.2.47)

The first term vanishes because of the incompressibility condition. The second and
the third term are zero because the differential operator acts on a constant c. The last
term survives but cancels the contribution which comes from the temporal differential
operator under the transformation:

ob; _ ob b}

— = —. 5.2.48
ot ax; ot ( )

= Ci

Therefore, the MHD equation are invariant under the Galilean transformation.

5.2.3.2 Ward-Takahashi Identities

The Galilean transformation is a continuous symmetry. It therefore follows that we
can consider infinitesimal transformations by treating ¢ as an infinitesimal quantity.
As a consequence of the symmetry, the MHD action must remain invariant and
infinitesimal changes induced into the action by the transformation must vanish.

As we have stressed in the previous discussion of the Galilean transformation, it
is instructive to use Reynolds decomposition. In this case the propagator is explicitly
Galilean invariant. However it is advantageous, in the context of MHD, to work with
Elssaser variables, because the equations take a particularly symmetric form. Recall,
the MHD action is:

< [P,Q,h, n] :/dxdt [%/dyh,' X, 1) Ajj X=Yy)hj(y, 1)

1 1
+ E/dynl— %, 1) Aij (X — y)n; (y,z>+§/dyh,- % 1) Biy X~ ¥)n; (1. 1)

. aP; dP; Ok
— ihi | = AP = =y VAP — 1 V2O,
Jat dxy
a0 AP Q;
— in; ( aQtl + AP;; 8/;QJ - )/+V2Qi - V+V2Pi)] . (5.2.49)
[’

Reynolds decomposition breaks down the field variable into an average and a fluc-
tuating part:

P =P, +p, (5.2.50)
Q=0Quw +q. (5.2.51)
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Thus, the generating functional takes the form:

Q{)[J,G,J,g]Z/dMeXp[*y+/dXdl‘(J(ng+P)+jh+G(ng+q)+gn)i|,

(5.2.52)
where we have used a shorthand notation:
dp =[2p][24q] [Zh] [Zn]. (5.2.53)
Under the co-ordinate transformations:
X =x—ct, =t (5.2.54)
all fields transform according to the rule:
F,, = Fu —c, (5.2.55)
' (x, )=t (x,1)+1'sc- VI (X, 7). (5.2.56)

Under the Galilean transformation the generating functional for the correlation func-
tions transforms as:
Z — Z+5Z. (5.2.57)

Because it a symmetry transformation we require:

8% =0. (5.2.58)

This condition translates into an integro-differential equation:

) 1)
0= | dxdt|J; t)y{téc-V—— —d¢; G; t)y{téc-V—— — dc¢;
/ X |: i (X, )( C 5.]1' x. 1) Cz) + G (x, )( Cc (SG,’ x.1) Ct)

+Ji (x, 1) t8¢ - VL +g x,1)t8c-V (5.2.59)

)
8ji (x,1) 8gi (x, t)] '

The most convenient form to explore properties between correlation functions is
found by making a Legendre transformation, which we define below:

r e n ! = -7 [1.G.j.g] -I—/dxdt (4-p" +6 g+ h +g-n),
(5.2.60)
where the fields are defined as
8F cl 8T cl 8T cl 8F cl
_ _ 0T _ 7 _

OF _pd 0T _ cl. cl. 5261
sr;, P oSG, T i T g T ( )
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As in the usual Legendre transform, when we re-express information in terms of
derivatives, here we re-express the theory in terms of average realizations of the field.
The equation which relates correlation function is then transformed into a statement
relating various loops:

sT T
O=/dxdt — (tse - Vpl(x,t) —8c;) + ——- (t8¢- Vg (x, 1) — Sc;
{519?1 (x,t)( P ) 3q;" (x,t)( o )
cl 2 cl
+————t1éc - Vh (X, 1) + ————18¢- Vni (x,1) | . (5.2.62)
8h' (x, 1) ont (x, 1)

By succesively taking derivatives with respect to classical fields we form an infinite
hierarchy of equations relating loop diagrams. For instance we find a relationship
which relates the propagator loop with the three-point vertex:

82r 82r

0=1t8c-Vy— . +1"8¢ -V, — -
Y 8hg! (z, 1) 8p¢! (y, 1) Shel (z,1") 8pSt (y, ')

83T 8T
+d¢; [ dxdt ; + 7 .
. Shel (z,1") 8pgt (y. 1) 8qf" (x, 1) Shgl (z,1") 8p§' (x, 1) 8p&t (y.1')
(5.2.63)

This is a non-perturbative technique and is, therefore, valid to all orders in the per-
turbation theory. It is instructive to check the validity of this results to zero order in
the number of loops. To zero order the last term is zero, since there is no term of
this form present in the action. In addition, the above relation is more instructive in
Fourier space. First, we make use of translational invariance and approximate the
relation to zero order. This would have the form:

se- (1" —1") V},Fgc,pd 0,0,y —z, 1" —1")

= d¢; /dX dtrgﬁlpglq;” (0, 0; y—2z, t— l‘”; X —7.t— t//) (5.2.64)
By transforming the above relationship into Fourier space, we obtain:

d
—ki%r‘gz,p;., k, w; —k, —0) = rgz,pglq;,, 0,0;k, »; =k, —w).  (5.2.65)

By substituting the functions explicitly the identity clearly holds.

ad

ki e (iw —i0 - k+ y+k2) Py, = —ikiPyn. (5.2.66)
w

This is, in fact, a rather trivial modification of the NS result. The vector O is a

constant drift field, which enters the equations as a consequence of the Reynolds

decomposition. However, as we increase the number of loops, the verification of
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the above identities becomes a non-trivial task. Consider corrections up to one loop.
Then we can write:

F;l#pg,qd ©,0: k, 0; —K, —w) = — ikiPyy + A1 (k, ), (5.2.67)
r;ﬁ,pg,p?, ©,0: Kk, 0; —k, —w) =As (k, »). (5.2.68)

It follows that A 1, which is an additive correction from the 1-loop RG, does not have
to vanish, like in the NS case, and we have the following identity:

At (4, v— A, B) = —As (v4, v—, A, B). (5.2.69)

This is a consequence of the fact that other loop corrections enter the equations.
In our analysis, despite the fact that we have computed non-trivial corrections to the
vertex, we have focused solely on the regime where non-linear terms are irrelevant
in the macroscopic limit and therefore did not affect our analysis. It remains to be
shown that the correction to the three-point vertex, computed in our calculation, is
consistent with Ward-Takahashi identities. Such investigations can form the basis
for future studies of the problem.

5.2.4 Future Research

There are many interesting problems associated with the functional integral
formulation of stochastic differential equations such as RG analysis, non-locality
of the action and symmetry considerations which can be extended to MHD from the
existing literature on the NS equation. We will outline them in the next section to
demonstrate potential directions in which future research can be taken.

5.2.4.1 BRS Symmetry and Gauge Fixing in the Functional
Integral Formulation

Symmetry considerations are extremely useful, as they often allow us to simplify a
problem in question. As we have just seen, the Galilean transformation, for example,
provides relationships between various vertex function which could not be estab-
lished otherwise. However, there are cases when a continuous symmetry can com-
plicate matters at hand.

We first consider a simple problem in combinatorics when we wish to count a
number of non-equivalent realizations of placing n identical/indistinguishable objects
into m boxes (n < m). First we count how many ways there are of placing n objects
into m boxes, this is given by:

C= L‘ (5.2.70)

T m=n)!
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Since all n are identical we are in fact over-counting by a factor of n!, which is
a number of ways we can permute n objects. So we conclude that to count all
non-equivalent realizations we have to compute:

m!
m (5.2.71)

Note, we have divided through by the number of identical realization.
Now, let us look at a slightly different example: consider a 2D action in ordinary
calculus which is a function of two variables:

S=S(x,y). (5.2.72)

Suppose the action is invariant under rotations and, therefore, is a function of r only.
We can think of the action as follows: for every r, S specifies a physical system, while
a rotation would relate two equivalent physical systems. Since we are interested in
counting all non-equivalent physical states, in this case we are again over-counting.
In the context of statistical mechanics, we would be looking at an expression of
the form:

Z= / dxdye StV (5.2.73)

Due to the rotational symmetry of the action we can write:

2

o0
Z= / do / rdre 50, (5.2.74)
0 0

To count all non-equivalent realization we have to factor out 277, which can be thought
of as the volume of the symmetry group. Thus, we have:

Znon—equiv = (277)_1 Z. (5.2.75)

Dividing through by either a number of equivalent realizations or a volume of the
symmetry group works as long as this quantities are finite. This method fails if we
are to consider problems with translational invariance or Galilean invariance, for that
matter, since the volume of these symmetry groups is infinite.

The method which does not have an explicit division by the symmetry group
volume requires us to introduce the formalism of Grassmann variables [8]. It is
appropriate to introduce this formalism here with a number of results because it will
form the basis for other discussions in the next sections.

Grassmann algebra. A Grassmann algebra <7 is an algebra constructed from a
set of generators 6; and their anti-commuting products:

0,0, +6,6,=0 V i, j. (5.2.76)
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The consequence of the anti-commuting property of Grassmann variables is that an
arbitrary analytic function defined on this algebra is a first degree polynomial in each
element. For example:

f(0:.0;) = ao + a16; + a20; + az6;0;. (5.2.77)

Differentiation is defined in the same way as for complex variables, with the exception
that the order of differentiation matters. Using the general function defined above

we observe:
P?f 2 f

396,00;  096,06;

(5.2.78)

While differentiation is analogous to the definition with ordinary variables, integra-
tion over Grassmann variables does not correspond to Riemann integrals. Instead, the
operation of integration is defined so that it resembles the fundamental property of
an ordinary integral over the exact differentials of functions which vanish at infinity.
As a consequence we have:

/d@ =0, (5.2.79)

because 1 is an exact differential of 0. Further, one defines:
/9d9 =1. (5.2.80)

Since 6 is not a derivative of 1/ 262 in Grasmann algebra, the usual notion of exact
differentials fails. Instead, the integration can be viewed as a linear mapping onto
the positive real numbers. This definition is made precise by following the standard
convention.

The above results are now sufficient to appreciate some of the more complicated
computations. For our purposes we are interested in Gaussian integrals defined on
the Grassmann algebra 7. It is instructive to appreciate how to change variables in
Grassmann integrals. Consider:

/d@f ©®) = /d9 (ap + a10) . (5.2.81)
Let us perform a change of variables:
6 =bo + bn. (5.2.82)

The value of the integral remains unchanged, however a Jacobian of the
transformation must be introduced:

/d@f ) — b;l/dnf (bo + bin) = aj. (5.2.83)
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The result is very different from ordinary calculus where the Jacobain determinant
would have been b .

Let us go back to the problem of degenerate states. In the context of the randomly
stirred NS equation, the first realization of the problem caused by the Galilean trans-
formation is due to [10]. Here, we would like to go through the points made in this
chapter and propose further investigation of the matter in the context of MHD.

Galilean transformation is a continuous symmetry which relates velocity fields
when viewed from different frames of reference. The functional integral

Z = / PV Z[o]exp(—=SI[V,ol), (5.2.84)

where the action is defined as:

SV, o] :/dx/dt [%/dyo,- X, ) Dij (x—=y)oj(y,1)

o 3 (Vivj) )
—iop | — + APy (V) ———= —w V7V , (5.2.85)
ot 0X;

is invariant under such transformation and, therefore, over counts physical states
by an infinite factor. This is similar to over-counting of the orbits in our previous
example, however, here this over-counting is not finite and cannot be factored in a
simple manner. As a result one seeks first to choose a representative of the physical
state by fixing an inertial frame. Formally this is referred to as fixing the gauge. For
instance one can choose to fix the drift term, which in Fourier space would correspond
to the zero mode component of the velocity field:

Z = /@ [VIZ[o]6[Vo—blexp(—SI[V,o]), (5.2.86)
This can be formally re-written as follows:
7 = / 2 [V] @[o]/dba [Vo — b]exp (—S[V, o] — %) (5.2.87)

Both choices are equivalent. We have suppressed all field independent prefactors, but
motivated by our previous discussion on Jacobian determinants in ordinary calculus,
in the limit of £ — 0, one indeed recovers the §-function. Thus, we end up with the
expression:

(5.2.88)

¥ = /@[V]@[o]exp (—S[V,a] - VO'VO).

28
This can also be viewed as follows, instead of giving a sharp cut-off in the form

of the é-function, we assign a Gaussian weight to different inertial frames, which
is a lot smoother. Such tricks also take place in a slightly different context [11], to
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which we will come back. To this end we have fixed the gauge, however the Galilean
transformation is explicitly broken by the last term. There exists a mathematical
construct which allows to identify another symmetry of the system, which is not
physical. Consider multiplying the generating functional by some field independent
factor:

Vo - Vo

¥ = /@[V]@[a]/dedéexp (—S[V,o] — +ié.9)(5.2.89)

where 6 is a Grassmann vector and 6 is a complex conjugate. This may seem like an
ad hoc step, however, the rational behind it is to bring the determinant, which in our
case is 1, into the action. For if we have made a more complicated choice to fix the
gauge, we would have inserted a factor of unity of the form:

= det (‘SFi (X)) S[FIV]] (5.2.90)
Vo) . 2.

This is where the Grassmann variables become very handy. We have seen that the
change of variables in Grassmann integrals is different to ordinary integration rules,
in particular the multi-dimensional Gaussian integral then reads:

I (a) /d@ldél...dendénexp > 6iaijb;
i

deta. (5.2.91)

Introduction of Grassmann fields simply lifts the Jacobian of the transformation into
the action. Finally, the resultant action:

- VO . VO .
S=S[V,o]+ T (5.2.92)
posses a new symmetry:
Vo= Vo—ct (6+0), (5.2.93)
0 =0 — ;—Voc;, (5.2.94)
0 =0+ ;—Vocg, (5.2.95)

while the non-zero modes of the remaining fields transform as before, with the
boost velocity substituted ¢ — ¢¢ (9_ + 9), where ¢ is a constant with dimensions
of velocity. This new symmetry is a mathematical artifact, rather than physically
meaningful symmetry, so the problem of degenerate physical states does not arise.
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Further, one can exploit the newly defined symmetry, known as Becchi-Rouet-Stora
(BRS) symmetry [12], to derive Ward-Takahashi identities.

Such considerations clearly can be extended to the MHD equations. It is necessary
for a well-defined functional integral formulation of the problem. The relations,
which result from symmetry considerations, are analogous to the Slavnov-Taylor
identities in QFT [10] and to our knowledge, to date, no such calculations have been
carried out for the randomly stirred MHD.

5.2.4.2 Further Extensions

Similar symmetry application can be applied to a number of other field transforma-
tions. For instance, the condition of incompressibility can also be treated by using the
same formalism of Grassmann variables [11]. Recall, we have implemented this con-
dition through the functional Fourier transform of the é-function, while one could,
using ideas we have talked through in the previous section, treat it through Grass-
mann variables. As we have mentioned such methods have an advantage over the
strict definition of the §-function, as one has a free parameter which, when non-
zero, suppresses fluctuations from the strict incompressibility condition by Gaussian
weight. This is analytically better behaved and one chooses such approach when
attempts to solve problems numerically.

It would be interesting to use Grassmann fields, known as ghosts [8], in the context
of MHD determinant. Direct computation of the functional determinant should be
completely equivalent. The former however presents the problem through Feynman
diagram and it would be useful to carry out such computations for completeness.

Another important point, which should be kept in mind in order to investigate the
MHD system numerically, is the non-local nature of some of the terms in the action
[11]. These terms are proportional to V=2, which in Fourier space are proportional
to k~2. The cost of re-writing such terms in terms of local interaction comes at the
cost of an introduction of new fields. The basic idea is as follows. Consider the term
of the form:

KV7L (5.2.96)

One can insert a field independent factor into the action:
I = / (2v] e*fW(Xl,11)Vziﬂ(xz,tz)Xmddelldtz' (5.2.97)

where ¥ is a non-physical, auxiliary field. Then, through an introduction of the
following transformation:

. A
o=y +27'V2K + EV—ZL, (5.2.98)

the action is transformed into the following form:
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-2 7727 -2 -2 1 2 -2
KV™L —yVYy x =2 "“KV™"K — ZX LV™°L + local terms. (5.2.99)

The remaining two terms are still non-local but they can be transformed in a similar
manner, via introduction of other auxiliary fields. In effect this is like doing a Gaussian
integral with a source backwards.

Such manipulations are important if one uses Wegner-Houghton integro-
differential equation to carry out RG analysis for example [11, 13]. Since it
cannot be evaluated exactly, schemes like a derivative expansion can be implemented
to compute lowest order corrections. We note that we are not aware of any attempts to
study randomly forced MHD equations via integro-differential RG equations. As we
have seen in our study of the Coulomb gas, integro-differential RG equations, which
depict infinitesimal change in the action, as a result of the RG, in a form of a differ-
ential equation can offer a simpler analysis. For instance, the irreducible differential
formulation of Wilson RG, has fewer graphs. All of the disconnected and reducible
Feynman diagrams are not present in the formalism. This can be advantageous for
the study of turbulence because this means reducible diagrams, will not be generated
at all. The flow of the action at the intermediate stages of the RG should be smooth
and the presence of marginal terms would be manifested by the initial discontinuity
of the flow i.e. at £ = 0.

Application of Wegner-Houghton formalism has been carried for the
Navier-Stokes turbulence [11]. As a result the above transformation into local inter-
actions were carried out to implement a derivative expansion. Such calculations are
very cumbersome as the number of graphs is very large. In particular, the effect of the
discussed transformation increases the the order of the derivatives acting on the phys-
ical fields, as aresult the derivative expansion has to be carried out to higher order. The
authors report that they have implemented computer algorithms to correctly account
for all possible diagrams. Unlike the irreducible differential formulation of Wilson
RG, Wegner-Houghton equation generates both reducible and irreducible graphs,
which makes it a difficult method to implement to models such as turbulence.

We have not been able to track the treatment of marginal terms. However, regard-
less of that, it is apparent that similar analysis of the MHD equations is very cumber-
some. In that sense the irreducible differential formulation of Wilson RG should be
the method of choice as it offers computational advantages. We are not aware of any
calculations of that sort for the MHD and it would be an interesting to investigate
this matter further.
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Chapter 6
Conclusion

6.1 Coulomb Gas

In the context of equilibrium statistical mechanics we have successfully applied
an irreducible RG method to the d-dimensional Coulomb gas. The lattice model
serves as a convenient starting point for the functional integral formulation of the
problem. By studying the properties of differential RG equations we have established,
in accordance with previous literature, that in d = 2 the system undergoes the
celebrated Kosterlitz-Thouless phase transition. While for dimensions d > 3, there
are no physically acceptable fixed points the RG equations can be used to investigate
properties of other physical quantities, such as the Debye length. In particular, by
drawing analogies with PIC simulations and the underlying lattice model, RG method
provides a quantitative tool to study the effects of lattice’s linear scales, such as
lattice spacing and the system size, on the physical quantities. As an example we
have considered the behavior of the Debye length under RG, where such linear scales
are incorporated into the differential equation. Eventually one requires an explicit
algorithm which would closely resemble the lattice structure formulation in order to
be able to make more quantitative predictions which could be directly checked via
simulation. This could be a subject for further investigations.

6.2 Randomly Stirred Fluids

Our investigation of non-equilibrium charged systems led us to stochastic partial
differential equations which govern extraterrestrial plasmas, the MHD equations. In
order to facilitate the RG group analysis we have chosen to work in the functional
integral formulation. This introduced a new feature, which was absent in the Coulomb
gas problem, namely the Jacobian determinant. Our analysis has shown that by
exponentiating the Jacobian determinant and considering term by term in the resultant
expansion, the resultant contribution is a field independent constant and therefore can
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122 6 Conclusion

be dropped. Alternatively, one could use Grassmann fields to analyze the determinant.
To our knowledge such considerations have not been treated in the MHD literature
and could serve as an interesting problem for future investigations.

We have analyzed MHD equations using symmetric variables which aided our
diagrammatic analysis. Through coarse-graining we have generated a number of
connected reducible diagrams, which were found to be marginal in the RG sense
unless the scaling exponents are chosen in accordance with the fluctuation dissipation
theorem. In fact we have shown that for MHD equations there are infinitely many such
diagrams at the tree level. In practice this means that we cannot asses the behavior of
such terms in the macroscopic limit, as they could either grow, decay or stay finite.
This has a destructive effect on the RG analysis in general. In the case of a neutral
fluid, we have looked at a particular regime, when velocity fluctuations are subject to
thermal fluctuations. Such a system is in equilibrium and, as such, obeys equilibrium
thermodynamics. By means of the fluctuation dissipation theorem which must hold,
we have chosen the scaling exponents along the RG trajectory in such a way that
the non-linear coupling is zero at a fixed point. As a result all non-linear effects are
driven to zero. By considering various extensions of to Navier-Stokes, namely, MHD
with kinetic and magnetic driving separately, we have limited our analysis to terms
up to A2. The tree level terms are treated in a similar manner, by making a particular
choice for the scaling exponents along the RG trajectory all non-linear effects can
be driven to zero in the macroscopic limit. This justifies our choice of working with
equation up to A2 only. Such choices for scaling exponents may seem artificial, and
the question is whether or not physical systems resemble the linear behavior we
predict perhaps can be best answered through numerical simulations. In any case,
we are primarily concerned with the controlling tree level diagrams in our expansion
and our treatment, at the very least, allows us to systematically avoid them.

Although, within our framework terms of order A3 are irrelevant, we believe that
there is still a lot of worth studying. For one thing, we have shown that the loop
correction to the three-point vertex introduces a new structure. The kinetic equation
is renormalized while the induction equation is not. This is in partial agreement with
[1], and disagrees with other calculations [2, 3]. A consistent methodology for self
checks at this order would be the use of Ward-Takahashi identities, which provide
relations between various three-point vertices. We have derived a particular example
of that in the previous chapter, but in order to check the consistency of the third order
results a more thorough study is needed. To our knowledge no such investigations
has been done.

In any case, the problem of the reducible diagrams limits the scale of applica-
tions of our RG equations. Any alternative mechanism imposed on the couplings to
suppress such terms would almost inevitably lead to a linear theory. The problem is
ultimately linked to the fact that we work with reducible diagrams, which not only
increase the complexity but, as in our case, represent problematic terms. Perhaps an
alternative formulation, using irreducible representation, would solve the problem.
There are no such calculations to date and this would most certainly be an interesting
problem to look at. Alternatively, it would be interesting to apply the RG method
which is often employed in QFT. The limitation of the method is that it does not
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predict phase-flows across the whole phase-space, but on the other hand it is a well
established strict algorithm.

The application of RG techniques to turbulence remains an interesting field of
research. Even though there are reports and papers which recover the Kolmogorov
spectrum in fluid turbulence [4, 5] in one form or another, there is still no general
consensus on the matter.
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Appendix A
Integral Identities

A.1 Standard Integrals

A.1.1 Multi-Dimensional Surface Integrals

Throughout our calculation of the loop integrals we come across a number of surface
integrals which, due to their frequent occurrence, is useful to list. Consider a d-
dimensional integral:

I :/ddx. (A.1.1)

We can split it into a radial part and a surface integral over a sphere:

R
/ddx=/rd—1dr/dsz, (A.12)
0

where
b4 2
/ dQ = / sin? = (@1) sin? 7 ($2) ... sin (Pa—2) dp1drd a2 / dga-1.
0
(A.1.3)
Throughout, we will denote the surface integral as follows:
/dQ = Sy, (A.1.4)
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where S; is a surface of the d-dimensional unit sphere. Then, we can write the
following two identities:

. S
/m% _ 5, (A.1.5)
p Id
4i4,9x4 Sa
/dQ—’ fq4 = = (8i8km + Sik8jm + SimS k) dd+2) (A.L6)

A.1.2 Contour Integrals

The frequency integrals in the loop corrections are usually calculated by the residue
method. Here we state the key integrals used through out the calculation:

o]

1 1 1
— | 4 = , A.17
2mi “G—ia) (24+b%)  2b(a+b) ALD
—00
1 T 1 2b
_./dz R (A.1.8)
2mi (z—ia) (2 +b2)° 407 (b+a)
—00
1 T 1 1
2 / Z(Z2+a2) (z2+b2)  2ab(a+D) (A-19)
—0o0
Throughout we assume thata > 0 and b > 0.
A.1.3 Heaviside Step Function and Symmetrization of Loop
Integrals
Through out the calculation we come across the following integral:
I = / 99 —y-a4id;dk (A.1.10)
(2n) q°

>

The domain of integration is restricted such that:

Ae™" < q < A, (A.1.11)
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and
Ae™" < |kK—q| < A. (A.1.12)

Using the second inequality, we can write the restriction in domain of integration to
any order in k:
k—q|~qg—cosyk+... (A.1.13)

Thus to first order in k our inequalities are more restrictive:
Ae™" +cosyk <qg <A, cosy >0, (A.1.14)
Ae™" <q < A+cosyk, cosy <O. (A.1.15)
The volume integral is then split according to the above inequalities;

e "+cos yk

/dq_/dq/dQ— / /dm— / /dsz, (A.1.16)

A+cos yk

The contribution to the integral / comes from the split domain d<2.. This is one way
of doing the above integral. The result in the literature [1] we quote:

1 Sa
[=—— A (e — 1) (kiSjk + kjdik + kidij) - A117
2d (d +2) (27‘[)d (e )( i0jk + KjOik + Kk lj) ( )

An alternative way of calculating 7 is to insert the step functions explicitly to restrict
the domain of integration [2]:

dq  _,_ 4qlq/qk

"=] Gny

0" (@) 0" (k—gql), (A.1.18)

where we identify

1 Ae™" <gqg <A,
0T (@) =0(q—Ae")0(A—q)=112 Ae" =g, (A.1.19)
0  otherwise.

We then simply expand the step function in powers of k:

k-
9+(|k—q|)=9+(q)+7q{5(A—q)e(q—Ae_r) —s(g—Ae ) OA -} +...
(A.1.20)
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We substitute the above into the volume integral:

. dQ2 qiqjqk
I=[q%*7d U [t (g) 0t
/q ) Brwevia [07 (@) 67" (@)

K-
+ 9+(q)7q{6(A —)0(g—Ae)—5(q—Ae )0 (A —q)}]
(A1.21)

The first term vanishes. The second terms gives:

4y d? qiqiqxk _
1=pm/q" 4 >dq/—‘”’q#0+<q>a<z\—q>e(q—Ae 2

(@)
~ P / g4 rag [ L G0 gt 45 (g~ Ae )0 (A - g)
en? g
=p Ad*4*y/d_9w9+ (A6 (A — Ae*r)
" @ q*
_nd—d—y d2 qiqiqkqm . . _, _r
— Ae™" ——————0" (Ae”") 0 (A — Ae
pu (e [ SR AU (07 (1~ A7)
_4— _\d—4—
AT (M) T AR qiqiqkgm
=DPm y A (A.1.22)
2 em)® g
The last integral is a well known identity []:
A qiq;qeam _ (8ij8%m + 8ik8jm + 8im8jk) Su (A123)
et q* d(d+2) )¢’ o
Hence, we end up with the result:
Ad—4—y _ Ae" d—4—y S,
= ¥ (t(i n 2)) (Zn)d (pk5,'j +pjidjm+ p,'Sjk) . (A.1.24)

Using the notation in the literature:

1= O (b + i+ pidi) (A.1.25)
T T T2d@12) @m)d \PROUT Pi%im T PiCjk) 1.

where ¢ = 4 + y — d. Although Camargo and Tasso did not manage to prove the
above result for an arbitrary dimension [1] the above method clearly provides an
advantage, since we work in arbitrary d from the outset.

Another advantage of keeping track of the step functions explicitly is when one
tries to symmetrize the momentum distribution in the loop. Consider the second order
graph, under a transformation:
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q— q+ =k, (A.1.26)

then:

1
2Pt q

(A.1.27)
Under such a transformation of the integration variable the domain of integration is
restricted to:

1 1
6% (la) 0" (k — ql) — 6+ (‘q N 5kD ot (‘q _ 5kD L Al128)

As a result there is no first order correction in k since upon a Taylor expansion it
vanishes. Therefore there is no correction to integrals of the form:

d? qiq;qk
emnd ¢

(A.1.29)

so they can be safely ignored. However, it is important to keep in mind that this
follows only once the transformation q — q + %k has been used, otherwise the
above integral does contribute. This point has been more thoroughly explored in the
context of Navier-Stokes RG [2] calculation but can be clearly an issue in MHD
calculation as well.

The point on symmetrization of the loop integrals has been a source of numerous
errors [3, 4] in the loop corrections of the Navier-Stokes equation. Since, the appli-
cation of the Wilson-Kadanoff RG to MHD has provided inconsistent results in the
past, we believe it is necessary to re-enforce the above strategy for clarity.



Appendix B
Second Order Loop Integrals

B.1 Noise Corrections

A typical graph, which contributes to noise corrections proportional to A + B is
computed from terms of the form:

h< h<
Pl\ i> Pl\ _1_'
}/\I\/ .

(B.1.1)

We have only included the connected diagrams. In the cumulant expansion all
the disconnected diagrams are canceled. The expression on the RHS can be written
mathematically as:

/dPRnk( P) RS, (@) h (p)hg (=p) L (p), (B.1.2)

<

where L (p) is the loop correction. The above contribution is of order p?, so we are
only interested in the zero order contribution from the loop integral. After taking the
limits p, 2 — 0, we obtain:

dq _
=/(2n)d+l( (—=9) Gy (@) + G, (=) G, (@)

oo
dq do A B 2
=4 | —2_P;. (—q)P i y
/(Zn)d it (=) P (q)/ Ll (w2+v2q4+a)2+,u,2q4)

+4/dP<>P()/ a2 (-2 EY
Q) m TV Tk P2 2t prgt)

(B.1.3)
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The integral over the frequency domain is performed by standard methods of contour
integration. We can define the following contribution from the frequency integration:

A? B2 2AB
de=\—=5+5+t—). (B.1.4)
v iz vie (v + u)

Thus, we have:

dq —2y—6
L=d Y=Pi; (—q) P
+/(27[)d lq] t (=) Pm (@)

>

dq 5, 6
o | —— YO P (—q) P . B.1.5
+ / oala (—q) Py (@) (B.1.5)

Next, we make use of the definition of the projector operators to write them down
explicitly:

k i ] k
Pit (—) P (@) = 818t — S1p Todt — gy, 290 L91Tm = (B.1.6)
q q q
q qidm | Gi99%9
Pim (—@) Pir (@) = 8imbks — Sim—— — Sk~ + ——g (B.1.7)
q q q
This leads to the expression:
dq 5, 6 [ ( qkGm qiq9r | 9i9:9k9m
L= [ —1 g7 o, (8:8km — 81 2L _ 5, 140 4 Tid19Kdm
(Zﬂ)dq + \ %it0km it 6]2 m q2 q4
+ o (aimakf Bt T o %)] . (B.18)

By making use of standard identities in Appendix A.1, the above expression can be
integrated over fast Fourier modes to give:

d*—3 1 Sy Af .
L = 8i(8m | P2 = (1-pF). ®19
ok [ tdd+o d(d+2)](2n)d 7 ( ) (B.1.9)
F=d—2y—6. (B.1.10)

By substituting this result to the original expression we obtain our final contribution:

1
e —EAZL/dPPZst (P hi (p)hs (=p). (B.1.11)

<
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The factor of a half comes as a result of the cumulant expansion. Since it is a second
order term, it has such a prefactor. In the above form is how this term appears as a
new contribution to the action.

Further, we must to calculate cross-correlations between conjugate fields. First,
corrections of such form appear at the second order in A. The diagrammatic repre-
sentation of a typical term is:

hy ny-
P > PR Q> B
P3 P2 py P2
>
k,> k,>

It is clear that the loop contribution is identical to the one we have already calcu-
lated with the only difference that we have interchanged 7 <> </_ . Thus, we can
immediately write the contribution as:

- 2L / dpp®Pis (p) i (p)ns (=p), (B.1.12)
where
- d*> -3 1 Sy Af -
L = 68;:8km | Z— o, —(1-p7¢ B.1.13
o [ dd+2 " +d(d+2)](2n)d = ( ) @11

Note, there is an additional factor of 2, which cancels the half. This is a consequence
of the fact that at the second order in A all of the non-identical terms pick up a factor
of 2 from the quadratic expansion.

The terms which have been generated as a result of coarse graining are proportional
to p2, where, the original part of the action which contains the noise matrix is
proportional to p~7. Unless we set y = —2, we cannot write the above contribution
as a correction to the noise amplitude in closed form. We can interpret the appearance
of this new term within the RG framework naturally as a new interaction which
appear upon coarse-graining. We have started with a theory which had this particular
interaction switched off and then generated it upon coarse-graining. Accordingly, if
we were to include this interaction from the outset we would be able to write down
a closed form expression for the correction to the noise amplitude. At the same time
we could identify a boundary condition for this new term such that it is zero before
we coarse-grain the system and thereby formally retain the problem as it is originally
formulated.

Hence, we proceed by a redefinition of the noise amplitude:

Ak = A (k) = (Ao T k2+>‘A2) K, (B.1.14)
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Bk~ — B (k) = (Bo + k2+y32) K (B.1.15)

Upon this substitution the loop integral is:

dq —2y—6
L= Gy 14D Il Py () P @

dq —2y-6
o Y OPim (—q) P . B.1.16
+ / - lab (—a) Py (@ (B.1.16)

>

Such integral would not change any angular integrations. In fact, upon a Taylor
expansion of the integral in radial direction around A we obtain:

d*> -3 1 Sy =
L =6;;8 Ay (A) ——— + A (A) ————— | —— A6, B.1.17
,,km[+<>d(d+2) ()d(d+2)](2n)d (B.L.17)
and, for the cross correlation, we can write:
Sa

Afse,  (B.1.18
2)? ( )

L =58 o Aﬁ o A;
= Ojt km|: —( )d(d+2)+ +( )d(d+2)]

where we have defined:

(A + A2 Ay)? . (Bo + A2V By)?

Ay (N) = 3 3
L2 (Aot AT A) (Bo + AT By) (B.1.19)
v (v + @)
We have made use of the following definition:
b=~ 1480+ ... (B.1.20)

Having re-defined the noise we have generated a closed-form corrections to the noise
amplitudes.

B.2 Corrections to y

Corrections to the coefficient y is given by the following contributions:
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Fl = +
(B.2.1)
P> J U~
1—~2 — h1_<_k t + hf_ m t
i s k s
q q
(B.2.2)
The first contribution reads:
Iy =—i /dpRstm (=p) hs (p) P (—p) y1 (p, 2 — 0), (B.2.3)
where the loop correction is:
Y= / dqRiix (=) [GF; (p — @) Cif, (@) + G, (p — q) C; (@)]
>
—/d Riik (—q) Pim ( ) g ( ) o : :
- qRNiik qQ) Fim (P q) 8 \p q) oit ia)+vq2 ia)+uq2

>

X( Alp—q9)  B(p—9 )
P +2(p—q)* @ +u?(p-q*

1 1
dqRyix (—q) Pi; (p — —q)3
+/ qRiik (@O Pir (p —q) g (p — q) lm(iw+vq2+iw+,u612)

>

X( A(p—q) N B(p—q) ) (B.2.4)

2+ (p—q)* P +p2(p-q)*

The correction to the coefficient is of the order p2, thus we seek to expand the above
expression in orders of p to extract the leading order contribution from the coarse-
graining. We come across a frequency integral which is evaluated using the method
of residues:

[ 5 1
27 (iw + pg?) (0? + 12 (p — @)%

1 1 v+ pP-q
= — B.2.5
614(2V(V+M)+v(v+u)2(612 ))+ (523
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After algebraic manipulations the contribution from y; can be compactly written
using the following notation:

P A+B L] A+B (B.26)

== \2 u? 2w+ \v )’ o
3 2 3 2

%i:A(TiLﬂg)w(_ziL”z). (B2.7)
4vs v (v 4u” v+ )

d
Vi =/ qd [Rzik (=@ Pin (p—q)g(p—q) g™ (% + ¢~ (p q))
J 2m) q
+ Riik (—@) Pit (p— ) & (P — @) Simq ™ (%@ + %, (pq q))} . (B2.8)

Note that the coefficients Z4 and €+ also carry momentum dependence through
A(p —¢q) and B (p — q). We have omitted this dependence for compactness. We
proceed by expanding the projector operator and the function g in powers of p. The
projector operator can be written to first order as:

Pim (P —q) =Pim (@) + Omi (P, @) + ... (B.2.9)

The second term is of order p, explicitly it has the form:

1 P-q
Oni (p.q) = P (piqm +qipm — qz-qm2q—2) ; (B.2.10)

and
=y P-q
gp—qh =g¢ 1+yq—2+... : (B.2.11)

It follows that:
- qr9kqdm4 j
Riik (@) Pim (P —) g (P —q) =q~” (—p;%) +o0 (B212)

The above expression follows from properties of the projector operator and the fact
that we have solenoidal fields. A similar analysis leads to an analogous contribution

in the second term:

Ruit @ Py (p—q) g (p — q)

qdmYk

- dmqkq:4;
=4 y(Pt o) — Smk Pt — —m &

+ Sk ,q;?) . (B213)
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An important fact about the above expansions is that they are of order p and hence
we do not need to go beyond the zero-order expansion of the other terms. The
contribution from the graphs then reads:

dq 4, [( Imdk dmqrq:4; 99,
V1=/ a7 p —8mkPt — Pj——— + kP —5~
@) gr " T " g2

>

By (q) — p;%%_ (q)] . (B.2.14)

The surface integrals are evaluated by means of identities we have identified earlier.
After some algebra we obtain:

3—d? 1 S
=4 B (N ———— —B_(A) ———— | —— A8, (B.2.15
v mkp,[ LW T ()d(dH)Lzﬂ)d (B.2.15)
e=d—4—y. (B.2.16)
The second correction to the coefficient y. is:
I = —i/dPRszm (=p) hs (p) Pi (=p) 2 (p, 2 — 0), (B.2.17)

where the loop correction is:

1 1
= [ dqRjix (—q) P - —q)4
2 / qRiik (=) Pk (p — q) 8 (p — @) 81t (iw+vq2+iw+uq2)

>

X( Alp—q)  B(p—9q) )
P2 +2(p -t P+u(p-9*

1 1
+/dqRuk (P (p—49) g (P —q) bim (l.w+vq2 - iw+uq2)

( A(p—q) B(p—q) )
X .

(B.2.18)
2+ (p—q)* 0+ p2(p—q)*

Once again we introduce two definitions to write the frequency integrals in a compact
manner:

Go_L(A_BY, 1 A B (B2.19)
=3 \2 u? 2w+ \v  uw)’ o
3 2 2
@ :A(%iL“z) —B(izj:va). (B.2.20)
v v+ 4u (v 4w



138 Appendix B: Second Order Loop Integrals

It follows that the loop contribution can be written as:

d
Y2 :/ qd [Rzik (@ Pen (p—4) 8 (p— @) b11q ™" (%‘+ + 6, (p zq))
J (@m) q

+ Riig (—@) P (p = 9) 8 (p — @) S1mg ™ (%’_ +6- (pq q))} - (B221)
We proceed by expanding the projectors:

Riik (=) P (p —q) 8 (p — q) s

=_q—y[ tqiqzm qquqz Ut qlqchtqm] (B.2.22)
q q*
and
—y [ amarqi qiqkq919
Riik (@) Pk (p —9) g (P — ) 8im = q y[ (4 y)
(B.2.23)

We substitute these results into the momentum integral:

dq _,_ qigm q qi 9k 9t 4 - 5 4iqkq:q
1’2=—/ dq Y 4|:( ik (1+)’)P ’ 4 = '%-'r_(g-l-pk : 4 =
J (2m) q* q q

dq _,_
+/ qdq y 4[(1+y)p Whdiin g | ‘bq}catQm]
J (@m) q* q

n / (2‘:') g q’"qqz’ ai [93_ n %] . (B.2.24)
>

We have written the last term separately because it requires a little bit more attention.

We have to do a Taylor expansion around the momentum shells as well as expand the

coefficients Z_ and Z_to first order on p. We have gone through how to evaluate the

above integral upon momentum shell expansion in Appendix A. So here we solely

focus on expansion of the coefficients. First, note:

B+ By > pE

= _l(A(p—q)_B(p—q)) (B.2.25)
= 2.

As we Taylor expand this expression to first order in p, we have:

A B Arg*tY  Bpg*ty
g_+%+_2( (@ (q)) (2+)( 297 Bag

P-q
B.2.26
v2 202 2u? ) q? ( )
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Now we substitute that back into our expression for the loop integral:

dq 4 [( qiqm qm‘]t‘]l QiQthqm
na=- g - — 4y e
2m) " 4 :
B —Copy Qi‘Zth‘Im:|
q
d .
a4 [(qm%qz it p QIQkZIQm)
(2m) q? q
P +Cp Qi‘IkZIQm:|
2 A, B ;
_ +y) d - (_j__i) kaCIIZtCIk' (B2.27)
(271) v 2 q

The coefficients %+ and €+ in the first two lines are evaluated to the zeroth order in
p and the first order contribution is captured by the last line. Upon integration of the
surface integrals and a Taylor expansion of the integral in radial direction the final
results read:

e S [ @d+6—y) = d=2+y o 1 x5 5
yz_p’s”"(zn)dw\[ dd+2 Htaary” Taa+y ((g““g—)]
a2 |_d+4-2y) 5 _4+2y
+ pié tm(2 )dSEA |: 2dd+2) ( )+2d(d+2)j A)
_1 (e 5 L CEY) (s e
t ragy (G w) - (@++ﬁ,)] (B.2.28)

We have calculated all relevant corrections to y4. Note that all our graphs contributed
to corrections which are proportional to the 2 and P fields. An Analogous calculation
would follow for graphs whose external legs are n and Q. From the diagrammatic
construction it is clear that the corrections are identical.

B.3 Corrections to y_

The diagrammatic representation of the terms which contribute to corrections of
y_ is:

(B.3.1)
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P34 P34
hy ; hy
@2 — l/ l__ + l/ (.
[ m I t
q q
(B.3.2)
The first two diagrams when expressed mathematically are:
Q) = _i/dpRstm (=p) hs (p) Qi (=p) 1 (p, 2 — 0), (B.3.3)
where the loop correction is:
¢1 = / dqRyik (—q) Pk ( )8 ( )8 : :

>

X( A(p—q) B(p—q) )
P+ (p -t o+ p2(p—g)*

1 1
dqRyix (—q) P - —-q)9
+/ qRyik (=) P (p —q) 8 (P — ) Sim (iw+vq2+iw+uq2)

A(p—q) B(p—q) )
_ ) B.3.4
X(w2+v2(p—q)4 o +pu2(p—q)* B39

Integration over the frequency integral is the analogous to the calculation for y»
coefficient. The result reads:

d -
n=/ "d[Rnk(—qwkm (P—9)8(p— @) bng™ (% L4 (p q))
J (@m) q’

+ Rk (@ P (p— ) g (p — 4) Sima ™ (% +é, (pq q))] . (B3.5)

Note that the projector operators have the same index dependence as in the I'p
contribution. The only difference is that we have swapped frequency integrals Z, <>
A_ and €4 < €_. Thus we can write:

B_ — (g:pk

dq _,_ qiq mq:9qi q qi
v y 4|:( . l2m mqtqi (l+ )
J (2m) q q*

d - . . ~ - .
+/ qdq_, 4[(%6]2:% 4y kaquatqm)e%++(g+pk%qkatq”l:|
(27) q q q

(2+y) (A2 B qm4q19iqk
(zﬂ)d (sz—p>pk7q’4 : (B.3.6)

ql qkqtqm qiqkqiqm
g4 4

¢ =—
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We can immediately state the final result:

o Se o[ dH6—y) oy d=2+y = o0 20
1 =pidim ) SgOLA [ a2 -taary? T iary (%++<g*)}
- Sa a2 | @d+4-2y) - d+2y -,
+ prb Lot [ S B W+ 5 B ()
) ) _CHY) (e
tTdTy (€2 ) +%2 ) i@y (93++93_)]. (B3.7)

The second contribution is ®, has the algebraic form:

®y = —i / PRy (—p) hy (p) Ok (—p) 2 (B, 2 — 0. (B3.8)

where the loop correction is:

1 1
= [ dqRyix (—q) Pim (p — —q)é
$2 / qRiix (=) Pim (p —q) g (P — q) lt(l.a)+vq2+iw+uq2)

>

X( Alp—q) B(p—q) )
@+ (p—q)t @+ (p-g)*
1 1
dqRiix (—q) P; - —q) dim —
+/ qRiik (=) Pis (p —q) g (p — q) & (iw+vq2 iw+uq2)
A(p— B(p—
5 ( (P —9q) . (P —q) 4). (B.3.9)
@ +v2(p—q)* @+ pr(p—q)
After performing the frequency integral we obtain:
d .
#2 =/ qd |:Rlik (=@ Pin (P —@) g (P — @) Suq ™" («%’Jr + %y (p—;l))
J 2m) q
—4 P-q
+ Riik (@) Pir (p —q) 8 (P — ¢) Simq (%_ + ¢~ (q_Z))] .
(B.3.10)

This is exactly the same expression we have had for y;, only we have swapped
By < PB_ and €y < E-. Hence, we obtain

AfS8C.  (B.3.11)

3—d? 1 Sy
By (A
+( ) :| (27‘[)d

@2 = Sk Pt [% A) dd+2) 1d+2)



Appendix C
Third Order Loop Integrals

C.1 Corrections to A

We begin by considering all graphs which form a correction to the vertex:
hy
*\
SN i
3 P2
k

To account for all possible graphs we need to form combinations of one-loop
graphs from the following five terms:

. 7 h n
PR 0> PN k> PR i< P k<
or — or
3 P2 D P3 P P2 )2 P3
k,< i,< k,> i,>
hy:
AN i,>
P/\J\ﬁz
k>

We choose either of the two terms which come in pair and combine it with either
of the terms in the second pair. The third term is fixed, as there is only one graph
of its kind. For any given triplet of terms we choose to combine we generate eight
graphs. This number arises simply from counting all possible ways we can contract
any given triplet.

E. Barkhudarov, Renormalization Group Analysis of Equilibrium 143
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However, we would always generate two graphs which would be proportional
to the noise propagator, which is zero as can be seen by the explicit form of the
generating functional for the free theory. Thus, we are left with six graphs generated
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by each triplet. All together we have twenty four graphs. Consider the first eighteen
graphs (see previous page). These diagrams all have the same property, namely, they
vanish purely because of the way the indicies are distributed in the loop integral. This
is only true in the limit of when the external momentum goes to zero. The presence
of the dashed leg in all the diagrams signifies that all of these graphs are proportional
to:

Ryjijky (=p1) hyy (p1) s (C.1.1)

which means that third order one-loop corrections are only required to the zeroth
order in the external momentum. For this reason we can simply consider the projector
operators along the loop. Consider the first loop in the list of eighteen diagrams:

b ﬂz

o< Rlzizkz (q) Rl3i3k3 (q) Pi2k3 (Q) 5i|l3 81{]12

Note that

qi,Piri; (@) = 0, (C.1.2)
so the contribution of this graph is zero. The same observation can be made explicit
about the remaining seventeen graphs.

This is a tremendous simplification. We have to deal only with six diagrams.
Consider the first graph:

1 - -
W = (7) / dprdqrdisRiige, (—p0) his (1) P (Ks) Q75 (@2)
X /dP23d¢7|3d1212Rlzizk2 (—f(l) Rizisks (=) 19317 Piyis (43) 811581115

x 8 (p1+p2+p3)d(q +Q2+(I3)5(/21 +/;2+1€3)5(/;1 +p3)5(/;2+t13)5(p2+q|)

¢ (k) 6™ @) C™ @ (C.1.3)
We proceed by integrating over momentum:
v = (=1 [ apragadisry,; hi (p1) P (k3) OF (92) 8 k
1=\—3 P1dqadk3Ry ik (=p1) by (p1) Py ( 3) 0y, (q2) (p1+fJ2+ 3)

X /dq_”Rlzizkz (fi3 - Q3) Ryzisks (—Pl —k3 + Q3) la31™ Prois (43) 8k,1,8i,15

x C~ (—/;3 +q3) G (q3)C™ (m +k3 — 613) : (C.1.4)
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The last two lines form the loop correction. Note, the contribution is of order pi,
so we require a zero order correction in external momentum from the loop integral.
This simplifies to:

V= /dq3R12i2k2 (—a3) Ryzisks (@3) 14317 Prys (@3) 85,0,8:,,C (93) G (93) C~ (—q3) .
(C.1.5)

‘We can now contract the indices’s to obtain:

= — / dq 141 40 Prota (@ Piks (@) Proks (@) €~ (@) G~ (@) €™ (—q)

>

=- /dq lal™ 4i,9i3Pryiy (@ C™ (@) G () C (—q). (C.1.6)

<
Moreover, consider the frequency integral and the momentum integral separately:

= / ¢ dg / A8 P @ / L @) 6 @) C ()
2y i2qi3 ki 7

>

d—3—y dQ da) _ _ _
=/4q dq W‘]izqis%q%l EC @G (@C (=q). (C.L7)
>
Finally, we need to calculate the frequency integral:

/.dwci()Gi()Ci( )_/’dw 1 1 1 1
2 a4 a4 V=] 2% io+vg? iw+ug?) \-io+vg? —iw+ ug?

><( A B ) (C.1.8)

o +2¢% T o + gt

We make use of the identities:

/E; _ b (C.1.9)
27 (22 4 vz)z 43 o
dz 1 1
dz _ , C.1.10
/ 27 (22 4+v2) (2 +p?) 2w (v +wp) ( )

[ 5o WAt
27 (z—iv) (z+ip) (2+v2) ) 27 (z —iv)? (z+ip) (z+iv)
1 1

= — , (C.1.11
L+ —pw H2-—p ( )

We define the following quantity:
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1 1 2 1
—A|— -~
Y [41}3 + 2Ly (V4 ) (w4v)2 v —p) * 212 (U—M)i|

1 1 2 1
— B|—+ - + -
|:4,u,3 2uv(w+p)  (w+v)(u—v)  2p?(n— V)i|

(C.1.12)
Thus,
_s5— dQ qirqi39K i
= / d—5 Yd 29139k 91
Iﬂl + q q (Zn)d q4
>
:@_,_AE(SZ Sa (8i2i38i1k1 +8i2k1 8[31'] +8i2i18i3k|) . (C.1.13)

)¢ d(d+2)
Subsequent analysis requires us to consider the remaining 5 graphs.
W, = (—%) / dpidazdksRii, (=P his (1) Py (K3) €75 (a2)
x /dP23d413d/€12R12i2k2 (_f(l) Rusisks (—=q1) 163177 Piyky (43) 8k,1, k15

X5(P1+P2+P3)5(41+q2+q3)5(1€1+/§2+1€3)5(/€1+p3)8(172+q3)5(/52+41)

x € (k) 6™ (@) €™ @) (C.1.14)

Integrate over momentum:

Y2 :/dCBRlzizkg (l~<3 +q+ Q3) Risisks (@2 + 43) 193177 Py (43) 8k, 80015

x 8 (p1+a+k)C (< —a2—43) 67 (@) C (~a2— ).
(C.1.15)

Taking the limit of external momentum going to zero we obtain:

Yo = /dq3ngi2k2 (@3) Risisks (@3) 193177 Piyiy (@3) 8k,1,000,C ™ (—q3) G~ (@3) C™ (—q3) .
(C.1.16)

This is then followed by index contraction:

== [ag® I g ¢ (6@ . (L)
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The frequency integral then reads:

d—wC_ G (@9C~ _ [de : :
/27r =) @ )= / 2 (—ia)+ vg? B —iw+uq2)

1 1 A B
X — X —
—iw+vg?  —iw+ pg? D+ 2% T 2+ gt
(C.1.18)

Evaluation of each integral frequency integral can be compactly written using the
following quantity:

,%”—A(l ad ) B(l Y ) (C.1.19)
S8 202 (v 4 p)? 8 2u2(w+p?/) o

Then, we can conclude:

Sd (6i2i38i1k1 + 8i2k18i3i1 + 8i2i15i3k1)

— 2 ASE
v 271)? dd+2)

(C.1.20)

Next, we move onto the third contribution:

N\ [ . .
U3 = (—5) / dp1rdqadksRy ik, (—p1) by (p1) P (k3) 07 (92)
X /dP23df]l3d£12Rlzi2kz (—&) Riyizks (—a1) [P3 17 Piyky (03) 831581105
x8(p1+p2+p3)dq+a+q3)s (151 +/§z+153)5 (p3 +1€z)8 (121 +qs)8(pz +q1)

< (k)G (€ (an. (C.1.21)

Integrate over the momentum:

W3 :/dq3Rlzi2kz (43) Risizhs (—p1 —ks + q3) ’113 - %‘ ’ Piiks (123 - (13) Sk312 i1
x5 (p+a+h)C (G (B—a3) ¢ (p+Fs—a3). (C.1.22)

Take the limit of external momentum going to zero:

W3 = /dquzika (Q) R13i3k3 ((I) |(I|7y Pklkz (Q) 81(3[281'1[3(:7 (—Q) G~ (—CI) c- (—Q) .
(C.1.23)
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We contract the indicies:
V3 :/dCICIiZC]i3Pi1k1 @Ilq™C  (=q9) G~ (=q)C™ (—q)
qir49i349i 9k oy e _ _
=—/dq% ld ™ CT (=) G (=) C™ (—=q).  (C.1.24)

This contribution is identical to ¥,:

Sd (8i2i3 (Si]k] + 8i2k1 6i3i1 + 8i2i1 8i3k1)

— — 2 ASSE
Vi=—2A 27r)? dd+2)

(C.1.25)
Consider the fourth graph:

1 - -
Wy = (—5) / dprdqrdksRie, (—p0) hi; (1) P (ks) O35 (@2)
X /dP23df]13d£12Rlzigkz (*121) Riyizks (—a1) P31 ™ Pryiy (03) 8ip30i10

X8 (p1+p2+p8 @ +ar+an)d (Fi+ka+8) 8 (ps+ a8 (R +a1) 8 (p2+F)

x G* (p3) €™ (@) C* (k). (C.1.26)
Contract the momentum integrals:
(2 :/dQ3Rlzi2k2 (g3 — p1) Rizizks (_Pl +aq3 - 123) 19317 Piyis (A3) Skyt38i11
x5 (p1+k +a2) G* (=45 € (1 = a3 +3) € (1 —g3). (C.1.27)
Take the limit of external momentum going to zero:
2 =/dqqz-zqi3Pi1k1 @14 CT (=) GT (=) CT (=q)
ik
=- /dqq’zq’;# 47 CT () Gt () CT (—q).  (C.1.28)

The frequency integral is:

[52e coctcoct o= [ 52 (— :
27 1 1 V=] 2m —iw+vg?  —iw+ pg?

1 n 1 A n B
X X .
—iw+vg? | —iw+ pg? 2+ 2% T 2+ gt
(C.1.29)

We define the quantity:



150 Appendix C: Third Order Loop Integrals

%—A(l 1 )+B(l 1 ) (C.1.30)
T \8 e+ w?) 8 2uw+w?t) h

We finally conclude:

A Sa

Ya = — w5t d+2) 2n)?

(8i2i38i1k1 + 8i2k18i3i1 + 8i2i18i3k1) . (C131)

Second to last contribution:
_ 1 ' " . < <(r <
s = 5 dp1dqrdk3Ry, ik, (—p1) hyy (p1) Py \k3) QF (92)
X /dP23dQI3d/€12Rlzizkz (*1}1) Risisks (—q1) 14317 Prois (@3) 8k,158i10

x 8 (p1+p2+p3)d(q +Q2+613)5(121 +/22+/23)5([73+671)5(122+613)3(172+121)
x C* (a6~ @ c* (k). (C.1.32)

Momentum integration yields:

¥s :/dq3Rlzi2k2 (—Q3 + l~(3) Rpsisks (_Pl +q;3 — 123) 431 Prois (A3) 8k,158i11
X & (pl +q +/;3) ct (Pl —q3+ 123) G (g3C* (% - /23) . (C.1.33)
Take the limit of external momentum going to zero:
Vs = / dq4irqisPi, @ 141 C* (=9) G~ (@) C* (@)

Qi ko B
= / dq% 4™ Ct (=) G~ (@) CT (@) . (C.1.34)
The frequency integral reads:
dow do 1 1
—CT (—=q)G™ (@) CT (q) = / —
/ 2= O W@ 21 \—iw+ vg? * —iow+ pg?

1 L 1 A B
X X — .
io+vg?r o+ ug? w? +12¢% 0?4 pulgt
(C.1.35)
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Lets us identify this contribution by the following notation:

1 I 2 1
W =A|— -
[41)3 e RS O, ZVZ(V—M)]

1 1 2 1
_B|— — .
[4u3 VY O SRR w—v)}

(C.1.36)
The whole contribution then reads:
9i,9i39i,9k —y—
vs =@_/dq% g
—U NSO Sd . (8i2i38i1k1 + 8i2k18i3i1 + 81'2['181'3](1) ' (C137)
(27) d(d+2)

At last we arrive at our final expression:

1 - -
Ve = (_5) /dpldqzdk3R11i1k1 (=p1) hy; (p1) P (k3) 07 (92)
X / dpaadqi3dkiaRui (—1:11) Riyizks (—a1) [P21™ Pryiy (02) 8ky130k30

X8 (p1+p2+p) 8@ +ar+an)b (i +ka+8) 8 (ps +and (a3 + k1) 8 (B2 + p2)

x C* (€ (ki) G* (p2). (C.1.38)

We proceed by contracting the momentum integrals:
W6 z/dqulzizkz (—(II - (IZ) R13i3k3 (—‘Il) |‘I1 —P1 |7y szil ((II - Pl) 8k1138k312

x5 (p1+a:+K) Ct @) C™ @1+ G (@1 — p). (C.1.39)

We take the limit of external momentum going to zero:

]/,6 :/dquzizkz (—Q) Rl3i3k3 (—Q) szi] (Q) |Q|7y 8k1[38k3lzc+ (Q) c- (CI) G+ (q)

__ / dqiq”q’;‘i“qkl 4™ C* (@) C™ (@) G* (q). (C.1.40)
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The frequency integral reads:

[ @6 @= [ 52 (it
2 a i V=] 2 io+vg? o+ pg?

1 1 A n B
X — X .
io+vg? o+ ug? w? +v2g% " w2 + p2gt
(C.141)

Denote a quantity:

1 1 1 1
U =A\—+———)+B|—+——-+—). C.1.42
- (8v3 v+ p)? 2v> (8M3 v+ )2 2u) (142

The end result reads:

92939119k —y—
s == [ dg BTG g

Sd (5i2i38i1k1 + 8i2k15i3i1 + 8i2i15i3k1)
n)4 d(d+2) :

— — UL A°SC (C.1.43)

Combining all these contributions from the frequency integrals we obtain the fol-
lowing factor:

1 2 } [ 1 1 v ]
A + - B|55+ +
[MV Wv+u 2w+’ 23w w4 2w+ p)?
(C.1.44)

We now need to compute the numerical factors in front of this coefficient. A factor of
six comes from the binomial expansion at a cubic order. All of the third order diagrams
however have a prefactor of 1/3! from the cumulant expansion, which cancels the
binomial factor of six. Third order terms all carry a minus sign as a consequence
of a minus a half factor from the loop and a factor of A3. All together this gives a
correction:

e (] ol e )
2 po(+p) v p)? 23 T wwwHp) o p2 w4 p)?
Sa (5i2i38i1k1 + 5i2k| ‘Si;il + (Sizil 553k1)

x A85¢
n)4 d(d+2)

(C.1.45)

Further we note that a correction which is proportional to ;,;;8;,x, vanishes, where
as the last two combinations do not.

Correction to the vertex nP Q is identical. This can be seen first of all from
the overall symmetry. Alternatively we see that by considering the non-vanishing
diagrams which arise from the contraction of the following terms:
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> >
n; h;

Pl\\ k> PI\\ i<

—
P2 P3 ) P2

i<

AN v

i>

Effectively we only interchange the indicies i1 <> k; in the bottom vertex. Since
the loop is symmetrical under this interchange and this does not affect frequency
integrals we can conclude that the correction is identical.



Appendix D

Transformation of the RG Corrections
to Original Variables

The following transformations relate y; and y_ back to viscosity v and magnetic
diffusivity w:
V=yr Y-, k=Y — Y- (D.0.1)

D.1 Corrections to Viscosity

By collecting the results from Appendix C, we have:

S, d+6—y) -y d—2 8 I
sv = —L_5eA* [—( +6-9) g0 Y g0 (42 +2°)
@n) 2d (d +2) 2d (d +2) d(d+2)
@+6—y) 50  d=2+4Y 5 1 20 0
- B B O+ ¢
2d (d +2) ++2d(d+2) ’+d(d+2)( +F *)
3—d? 1 3—d? 1
0 0 0 0
, — # - A
thiary  Traary T da o +d(d+z>]
S, d+4-2y) - d+2y -
+ 24 sepd2 _u@i_,_iii
@n)¢ 2d (d +2) 2d (d +2)
1 = = 2+y) ~ ~ d+4-2y) - d+2y -~
- (62 7 2\ _ %2 352 _ K%Z ,%2
+d(d+2)( 147) d(d+2)( L+ Wd+2 - T aa+rn
3—d? 1 3—d? 1
B — B Vi .y
+ tdd+2) ‘d(a’+2)+ “d(d+2) tdd+2)
1 2 o C+y (- ~
- (¢?+¢?%) - B+ 5)|. D.1.1
+d(d+2)( T +62) d(d+2)( i+ ) (D-1.)

Where we have split the loop contribution in the same way we have split noise
covariance:
A= Ag+ Ayk*HY. (D.1.2)
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Now, we exploit the definitions of frequency integrals:

1 (A(A) B(A
93+(A)+%’_(A)=5( 52) ( )), (D.1.3)

112
3 . 1 (AA) B(A
B (M) + B (N) = 5(%_%) (D.1.4)
3 - 3(A(A)  B(A
G (A) +C- (A):E( (2)_ (2)). (D.1.5)
v I

After a little bit of algebra we obtain:

S RV {@(y+4—d2) By (y+d2)}

V=
2m)d v2 2d(d+2) p22d(d+2)
Sa d—2 Ay B 2 —d?
AN =) —— D.1.6
Ty (vz +;L2)2c1<d+2> (10

We can partially check the above result. Recall that the noise amplitude is:
A (k) = (Ao + A2k2+y) K (D.1.7)

Therefore, by setting either Ag = 0, or, A, = 0 and y = —2, we should obtain the
same result for the correction to viscosity. Our result clearly satisfies this requirement.
In addition it is in agreement with previous calculations for Navier-Stokes [5].

D.2 Corrections to Resistivity

Following the procedure we have performed to viscosity we can write:

Sd @+6-y) o  d=2+y = 0 L 0
S = 1= B B 0+ &
"= ey [ 2dd+2) * T 2dd+) *+d(d+2)(++ )
@+6—y) 0 d=2+y ~ ! 20 0
5 — i 4+ ¢
2dd+2) - 2dd+2) d(d+2)( 2+2)
3—d> 1 3—q?
@0 _@0 _//0 %0
+ Tdd+2) “d(d+2) ‘d(d+2)+ td(d+2)
+ Sa SEAI2 _d+4-2y) o M@z
@n)¢ 2dd+2) "t 2dd+2)7 "

1 2 o) CEY) (o oo\ @42y o dt2y o
tad+ (g++g‘) d(d+2) (%++g‘")+ 2d (d +2) 7~ 2dd+2)7F
o 3-d> 5 1] wr 3-d> |, 1

Tdd+2) “dd+2) T Tdd+2 T Tdd+2)
_ 1 ) C+Y) (0 2
) (c@+<€,)+d(d+2) (35++%,)] D.2.1)
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After some algebra we arrive at the following expression:

su =(25T")dam8 [_ (# - 2) 3+ (# - 2) %}

i (2?)11 seAt [_ (# - #) é +(#-2) ¥} (D22

By combining the coefficients we obtain:

1 A B
By (N) — B_ (A) = —— (— + —) , (D.2.3)
v+ \V "
By (N) — B_ (A) = ! (é - E) ) (D.2.4)
v+ \v "
Thus, we get:
Sg  Af AN (1—d) B (B—=d)
S = 0 . D.2.5
H Qm)? v+ ) [ v a T w d ] ( )
D.3 Corrections to the Noise Amplitudes
From our calculation we have derived that:
d*> -3 1 Si :
8(Ak) 4+ B(k)) = k* | oy (A) ———— + A (A) ———— A%Se,
(A(k) + B(k)) [+()d(d+2)+ ()d(d+2)}(2n)d
(D.3.1)
d> -3 Si
8(A(k) — B(k)) = k* | o/ (A) ——— + o (A) ———— %S¢,
(A(k) (k) [ ()d(d+2)+ +()d(d+2)}(2n)d
(D.3.2)
Let us make use of the following relations:
Ao+ A2 A,)°  (Bo+ APV B)?
o (M) + i () = 20 — ) B — ) b3y
4(Ag+ A>TV Ay) (B + ATYB
Ay (A) — o (A) = (Ao + 2) (Bo + ). (D.3.4)

v (v + )
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Then, it follows that corrections to the noise amplitudes are:

A%Se,
3 w3 d(d+?2) (2r)!
(D.3.5)

2(Ag+ ATV Ay) (By+ A*TYBy)\d—2 S :
5B (k) = k2 (4o 2) (Bo 2) 4_A%st. (D3.6)
v (v + ) d (2m)

SA(K) = k2((A0 + A2+yA2)2 . (BO + A2+y32)2) 22 s, g

More specifically

2 2 2 _ )
8A2=(A(A) +B(A)) =2 Si_,zg, (D.3.7)

v3 w3 d(d+2) ) ’
2AMB(M\d—2 Si -
5By = ( (4) B ( )) 1 A%se, (D.3.8)
vie (v + @) d (Qm)
where
A(A) = Ag+ AV Ay, (D.3.9)
B (A) = By + A*1VB,. (D.3.10)

D.4 Corrections of the Non-Linear Terms

To appreciate how non-linear terms are modified under RG we have to transform the
field variables P and Q to v and b. The correction to A is given by third order loop
integral:

N E(A[ Lo ] B[LjL Lo, ])
fibisk =75 ) w2+ p? 23w+ o+ p)?
a5t BikBiiy + B Biski) (D.4.1)
@n)? d(d+2)

Consider now how this term appears in the action:

- / ()"Rllilkl (_p) hl<1 (P) Pll< (k) Qk<1 (Q) + 8)\ri1i2i3k1Rllilkl (_p) hl<1 (p)
P (k) Q5 (@) 8 (p+q+k)
+ / (ARy iy (—P) i (p) P~ () O (@) + ki Riyiy (—P) i ()

PS (k) QF (@) 8 (p+q+k),
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where the integration over all space-time variables is implied. To appreciate the
meaning of this correction it is helpful to transform the field variables. Recall:

P=v+b, Q=v-—bh. (D.4.2)
ho= £+ ¢, (D.4.3)
n=£— g, (D.4.4)

For compactness we define:
8Ai1i2i3k| = A (8i2k18i3i1 + 8i2i18i3k|) . (D.4.5)

Then, we can transform the above term:

_>/2 ()‘- + 28}‘) Rl[i[k] (_P) S[i ([7) [Uil (k) Uk, (‘1) - bil (k) bk] (CI)] ) ([7 + q + k)

+/2?»R11k1i1 (=) V[, () [biy (k) vry (@) — viy (k) by (] 8 (p+q + k).
(D.4.6)
From the above construct we can see that only non-linear terms in the Navier-Stokes

equation are renormalized by 25A. On the other hand, the non-linearity in the induc-
tion equation is not modified.



Appendix E
Rescaling and Differential RG Equations

E.1 Spatial and Temporal Transformations

The aim is to restore the cut-off featuring in the effective theory of large-scale inter-
actions, namely Ab~! — A, by means of temporal and spatial transformations:

p=bp, o =ho. (E.1.1)

At this point we consider each term in the action separately. Consider the time
derivative term:

i / dpdwh (—p, —w) iwP (p, w) — b4~ 2+6+n; / dp'do'l’ (—p/, —o')ie/ P’ (p, ')
(E.1.2)
By convention we set this term to be invariant under such transformation because all

of the theories governed by first order time derivative dynamics have the same form,
namely:

af
- E.1.3
” ( )
This means that the exponents have to satisfy the following equation:
d+2z=§+n. (E.1.4)

The next term is of the form:

i [ dpdon (.- v p?P (.0) > b R [ adah (<8 o) 2P (0 ).

(E.1.5)
In terms of the way the coupling y scales we can write:
—d— -2
vy = b Ty, (E.1.6)
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Using the limiting form and the identity we have established earlier this can written
as follows: J
v+
— =(z2—2) y+. E.1.7
70 (z—2)yx ( )
Both couplings y4 and y_ scale identically. The non-linear term scales in the fol-

lowing manner:
A s ap2d2etE-lin (E.1.8)

Once again we can exploit the identity for the scaling exponents and consider the

hmlt Ofb — 1 to Write:

Finally, we have to consider how do the noise amplitudes scale. It is sufficient to
consider a term of the form:

/dpdwhi (=p, —w) (Ao + Azp2+y) IpI ™ Pij (p) hj (p. ). (E.1.10)
Under spatial and temporal transformations we obtain:

— prdTA Y / dpdwh; (—p, —w) (Ag + A2b™27 p*™) Ip| ™ Pij (p) hj (p, @) -

(E.1.11)
Hence, we conclude:
dAo
T (—d —z+2& +y) Ao, (E.1.12)
dA>
T —(—d — 7428 —2) Ay (E.1.13)
de
Evidently, it follows:
dv
— =(z=2 E.1.14
T, (z—=2)v, ( )
i _ ,_2 (E.1.15)
0= Z “. 1.

This scale transformation is now complemented by loop corrections we have calcu-
lated. This leads to the final set of equations:
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d d*—y—4 B d>
l 7 — 2+ 0 7)) +70 L
de 12 \2d(d+2) w2 \2d (d +2)

- 2) A B d—Z] Sd 8)
+ +—=)A A , E.1.16
e @+2) ( uz) e )’ (B0
2A8 _ —
du _ . AZA [A(d ) Bd 3)] Sy ) ELI7)
de w W+ ) d w d @m)?
dx A2AE 1
— =(n-d- de [ I 2} (E.1.18)
de Cdd+2) 2m) wy (w4 v+ )
AEAE Sy [ 1 1 v D
4+ - B| — + + A, (E.1.19
dd+2) em)? " [213 T v+ 2w+ p)? ( )
dA
d7° =(—d — 7+ 25+ y) Ao, (E.1.20)
dB
= =(d =2+ 2% +) B, (E.1.21)
dA, 22 dr—2 AN B Sy -
o —d—z 426 -2+ AP )A
T, ( z+2& +A2d(d+2) |: 3 + P 2y 2,
(E.1.22)
dB, 22d—-2[24(A)B (A):| Sa )
L (a7 426 —24 2 A®) By, (E.1.23
dr ( i+ B, d [ v+ | o) 2. (B123)
We have used the following notation:
A(A) = Ao+ A>TYAs,  B(A)= By+ A*TVB, (E.1.24)
and
e=d—-4—y &e=d-2y—6. (E.1.25)
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