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Abstract: In this paper, we extend the classical Lie symmetry analysis from partial
differential equations to integro-differential equations with functional derivatives. We
continue the work of Oberlack and Wactawczyk (2006, Arch. Mech. 58, 597), (2013, J.
Math. Phys. 54, 072901), where the extended Lie symmetry analysis is performed in the
Fourier space. Here, we introduce a method to perform the extended Lie symmetry analysis
in the physical space where we have to deal with the transformation of the integration
variable in the appearing integral terms. The method is based on the transformation of the
product y(z)dx appearing in the integral terms and applied to the functional formulation
of the viscous Burgers equation. The extended Lie symmetry analysis furnishes all known
symmetries of the viscous Burgers equation and is able to provide new symmetries associated
with the Hopf formulation of the viscous Burgers equation. Hence, it can be employed as
an important tool for applications in continuum mechanics.
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1. Introduction

1.1. Three Complete Descriptions of Turbulence

Turbulence research knows three complete descriptions of turbulence. In each of these descriptions,
the aim is to calculate the statistics of a turbulent flow by determining the so-called multi-point velocity
correlations or simply multi-point correlations:

(Ul (@) .. Ut ()Y, iy yin = 1,2,3

In this term, U’ is a random vector describing the velocity field in time ¢, and 1, ..., x, are the
positions of different fluid particles in the space occupied by the fluid. U* is given by:

U(x;) = (Uf(x), Us(), Us(x:)) = (Ur(i,t), Us(;, 1), Us(i, t))

In the language of stochastics, the multi-point correlations are the covariances of the velocity components.
We briefly introduce three complete descriptions of turbulence research.

e In the multi-point correlation approach, an infinite dimensional chain of linear, but non-local
differential equations has to be solved. On the n-th level, the unknown (n 4 1)-point correlation is
present. Solving the infinitely many equations directly provides all multi-point correlations. In [1],
the Lie symmetries of the infinite set of multi-point correlation equations are investigated.

e In the Lundgren-Monin-Novikov approach [2], it is assumed that the velocity field U’ admits
probability density functions (PDFs):

L= fivr,..., 0021, ..., Tp)

given in terms of the Dirac delta distribution and describing the correlation of the velocity
components at multiple points in space. To be more precise, f*(vi;x;)dwv; expresses the
probability that the velocity vector U'(x;) = U(x1,t) is contained within the infinitesimal
interval [v;, v; 4+ dw;]. The Lundgren-Monin-Novikov hierarchy is an infinite dimensional chain
of non-local differential equations for the PDFs, where on the n-th level, the unknown (n+1)-point
PDF f!. . = f'(vi,...,V(n41); @1, ..., T(mp1)) is present. Solving the infinitely many equations

provides all PDFs. The multi-point correlations can be calculated by integrating the PDFs via:

t Ut .
<U (x1)...U;, a:n> / / v, fH(vr, . v, . x,) doy L doy,
R3 R3

In [3], the Lie symmetries of the Lundgren—Monin—-Novikov hierarchy are investigated.
e In the Hopf approach, the characteristic functions ¢ of the PDFs f* for n — oo are investigated,

cf. [4]. The n-point characteristic function is defined as:

&(y1, ..., Yn, t) = <ei(ut’y)> :/ / ei(”’y)ft('vl,...,vn;ml,...,wn)dvl...dvn
R3 R3

withd' := (U'(x1),...,U'(x,)). (-,-) is defined as the Euclidean scalar product

) = Z Z Uk; Yk,

k=1 1=1

forv=(vy,...,v,), Y= (Y1,...,yn) Withop, yr ER3, k=1,....n
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In hydromechanics, we assume that the mean free path is negligible; hence, we take the continuum
limit n — oo. Thus, instead of the n velocity vectors v, . .., v,, we consider a continuous set [v(x)],
such that the velocity v is a continuous function depending on the spatial variable x. In the continuum
limit, the probability density function f* becomes a probability density functional, and the function ¢
becomes the functional:

blly(@).t) = (V) = [ W f(o(a)) dfo() 1

In this paper, we pursue the Hopf approach defined in Equation (1). A relation between the Hopf and
Lundgren approach is discussed in [5], where also equations in a Lagrangian multi-particle framework
are investigated.

1.2. Hopf Functional and Multi-Point Correlations

In Equation (1), it is not directly apparent what is meant by (-,-) and how the integration domain
should be chosen. In order to define ¢ = ¢ ([y(x)], t) properly, we introduce the L? space.

Definition 1 (L? space). For G C R3, define

| vi@)-vi@rda = |

L*(G,R?) = {’U G —R?

3
=1

vi(x)v;(x) de < oo}

and equip L*(G,R?) with (-, -) defined by:

©.9):= [ o) yl@)de = [

1

vi(@)yi () de 2)

3
=1
forv,y € L*(G,R?).

If we equip L?(G,R3) with (-, -) defined by Equation (2), it is a Hilbert space; cf. [6].

Definition 2 (Hopf functional, Hopf functional differential equation). Let y € L*(G,R?), and let (-, -)

be the L? scalar product defined by Equation (2). The characteristic functional or Hopf functional is
defined by:

blly(e) )= (<O = [ D (o)) dioe) G

L2(G,R3)

Instead of dealing with an infinite dimensional chain of differential equations, the Hopf approach
works with one scalar functional differential equation (FDE).
An FDE is a generalization of a partial differential equation (PDE). A PDE becomes an FDE if the

number of independent variables tends to infinity. Precisely:
Definition 3 (Functional, functional derivative, functional differential equation).

e Let F be a function space. A functional is a mapping:

¢: F—R
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o Let & = &([y(x)]) be a functional. We define the functional derivative of & as the limit:
0¢([y(z))) b([y(z) + heod(x — 2)]) — d([y(x)])

—————= = lim

Oya(z)dz h—0 h ’

x=1,2,3

Here, ey denotes the «-th unit vector and d denotes the Dirac delta distribution. (In fact, this is
a corollary of the definition of the Gdteaux derivative; cf. [7]. As the presented formula is more
suitable for calculations, we use it as definition.) We denote the functional derivative by:
o o¢
P = Pye)dz
Ya(2)dz Ya(2)
o Let d = &([y(x')], x,t) be a functional. A functional differential equation (FDE) of order q is

an equation F' = 0 where F' is a functional relating & and all its derivatives up to order q, which

can include partial derivatives with respect to t, partial derivatives with respect to x and functional

derivatives with respect to each yq(x'), o = 1,2,3:
F([y(w/)]7w7 t’d)7d1)7d2)7"'7(1)> :O (4)
q

In an FDE, the finite set (y1,...,y,) € (R®)" is replaced by an infinite set [y(z’)] € F with
a continuous parameter &’ representing the continuum analogon of the discrete counting parameter
k =1,...,n. Hence, the dependent variables are functionals, as they depend on functions.

It is important to note that we may obtain all multi-point correlations by differentiating ¢ and
evaluating the derivatives at y = 0 via:

(U8 (@1)-. UL, (@) = 7o) s ton] ®)

Consequently, the Hopf functional ¢ provides the full statistical description of velocity field U?, since
all multi-point correlations can be expressed in terms of ¢ and its functional derivatives.

In order to solve FDEs containing the Hopf functional ¢, so-called Hopf FDEs, we use an extension
of the classical Lie symmetry analysis. The extension is done in [8], where it is shown how the Lie
symmetry analysis is performed with FDEs. The extended Lie symmetry analysis is applied to the Hopf
formulation of the viscous and inviscid Burgers equation in [9].

In order to circumvent the partial derivatives 0/0x appearing both in the viscous and in the inviscid
Hopf-Burgers FDE, in [8,9], the extended Lie symmetry analysis is performed in Fourier space by
considering the Fourier transform of the Hopf-Burgers FDE. In the Fourier space, derivatives with
respect to x become multipliers with ¢k. Hence, in [8,9], £ was not transformed separately, but was
treated as a continuous index. In [9], we also derived invariant solutions for the Hopf equations; however,
due to the restriction of the method (no transformation of k), the solutions contained unknown functions
of k governed by an infinite chain of equations. We note here that the Hopf-Burgers functional was
also considered in [10,11], where, using a numerical integration, scaling in k£ and the decay of energy
was calculated. As far as symmetry methods are concerned, interesting aspects of energy scaling for
turbulence were discovered in [12] based on self-similar solutions of the Leith model.

In this paper, the extended Lie symmetry analysis is performed on the viscous Hopf—Burgers FDE in
the physical space. Hence, we have to deal with partial derivatives with respect to z. There are several

approaches for how to do that. The approaches are introduced in Section 3.1.
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1.2.1. Viscous Hopf—Burgers Functional Integro-Differential Equation

Our primary long-term goal is to investigate the Hopf functional of turbulent velocity, i.e.,
the Hopf-Navier—Stokes FDE. For the sake of convenience, we presently restrict ourselves to the
one-dimensional case, i.e., replace R? by R. Instead of the incompressible Navier—-Stokes equations,
we use the viscous Burgers equation to derive the so-called viscous Hopf—Burgers FDE. We assume that
y, Ut € L*(G,R) with

y=ya), U '=U'(x) = Ula,t),

and that U fulfills the viscous Burgers equation:

out _'_Ut@Ut _V82Ut
ot or  Ox2

which can equivalently by written as

Ut 19U U

% 2 or Vo

By simple rescaling, we may eliminate the factor 1/2. We call the following equation the viscous

Burgers equation:
out  9(Uh)? V6’2Ut

ot * Ox Ox?
We differentiate the Hopf functional (3) with respect to ¢ to get:

0/ iw v\ oUY? | _PUN an
= {10} = () )= (252 ) )

where Equation (6) was inserted in order to eliminate OU*/0t. Using the definition of the characteristic

(6)

functional (1), the following relations can be calculated:

OV iy _ 0 86
(55 ) = St

Ox
O*U e J o
; i(U%y) — . —
W< 922 © > Y o dy(z) V.o

After introducing the above formulas into Equation (7), we finally obtain the viscous
Hopf-Burgers FDE:

$([y(2)],t) = /G Y() (i ay(wyy(x) + VO 2ay(x)) do (8)

with y € L*(G,R). Since ¢ is part of the integrand, the viscous Hopf-Burgers FDE is
an integro-differential equation.

In the following, we want to perform the extended Lie symmetry analysis on the viscous
Hopf-Burgers FDE. Before doing that, we review the extended Lie symmetry analysis developed
in [8,9] and advance it for our purposes.

This paper is structured as follows: In the second section, we present an extension of the classical

Lie symmetry analysis based on the two papers [8,9], which allows us to analyze functional equations
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in physical space. The third section presents the main part of the paper: we apply the extended
Lie symmetry analysis to the viscous Hopf—Burgers functional integro-differential equation. First,
we present three different approaches to perform the extended Lie symmetry analysis on the viscous
Hopf-Burgers FDE. Subsequently, we solve the system of equations for the infinitesimals. Then, we
discuss symmetry breaking restrictions and indicate physically-relevant symmetries. At the end of the
third section, we compare the symmetries of the viscous Hopf—Burgers FDE with the symmetries of the
viscous Burgers equation and calculate the associated global transformations. Finally, a conclusion and
perspectives are given in the fourth section.

2. Extension of the Lie Symmetry Analysis towards Functional Integro-Differential Equations

2.1. One-Parameter Lie Point Transformations

To start with, we introduce some basic notions; cf. [8]. As in this paper we consider the viscous
Hopf-Burgers FDE being of third order, we set ¢ = 3 in Equation (4). Furthermore, as we use the
viscous Burgers equation as the underlying equation for fluid motion instead of the incompressible
Navier-Stokes equations, we replace R® by R. The whole theory can easily be extended to higher
dimensions and to differential equations of arbitrary order q.

In Lie symmetry analysis, we only consider continuous symmetry transformations depending on
a continuous parameter € € S where S is a Lie group. We restrict ourselves to so-called one-parameter

Lie point transformations; cf. [13]:

Definition 4 (One-parameter Lie point transformations of PDEs). Consider the PDE:

F(yla--'aynwxl)'"7xn7t7¢7(]1)7(£7-"7(:1;):O

and let:
E:E(yla'-'7yn7x17'”7xn7t7d)7€)7 i:]-u"wn?
x_i:x_i(yla'")ynyxla"'axnat7d)7€)7 i:]-u"wn?
E:%(yla”'ayn7x17"'7xnat7d)7€)v
6:$(y17'"7yn7w1a"'7$n7ta¢ae)

be the transformed variables. The transformation is called a one-parameter Lie point transformation if

and only if the transformed variables are given by:

Ui=v+&, (Wi, UnsT1, ..., T, t, P)E, i=1,...,n,
Ti=2i + &, (Y1, s Un, T1,y oo Ty b, D)E, i=1,...,n,
t=t+&W1, - Yny T1y o s Ty b, D)E,
=P +MoW1, -y Yy T1y -, Ty t, D)E



Symmetry 2015, 7

1542

In a one-parameter Lie point transformation, the derivatives of ¢ are not transformed separately.

The transformations of ¢, ,..., ¢ are calculated as functions of &, , ...,
1

2 q
We write:

(bt+c (yly-"7yn7x1a"'7$n7ta(ba(11))€7
677 (b +Cyz(yla'-'7yn7xla---7$n7tv¢v?)€7
=¢

Yilj + Cyly](yb oy Yn, Ty . 7xn7t7 (b? ?7 d;)ea

Evyna vala LI Ev:):na‘(—/bnd)'

The functions &, &,,, &, Mg, C.... are called infinitesimals. Notice that we separate indices of C by

a semicolon to distinguish them from derivatives. The transformations are expanded in a Taylor series:

kzk_a_

about €y = 0; hence, the infinitesimals are defined by:

_ 0w _ 0w
b = de| Eai de
e=0 e=0
L 853 85,@
G i= e b G 0e ’
e=0 e=0

We extend this definition to FDEs.

9)

e=0

Definition 5 (One-parameter Lie point transformations of FDEs). Consider the FDE

F([y(x,)]7 :,C, t? d)? ?7 (12)7 (13)) = 07

and let:

y(2)dz = y(2)dz([y(2")], 2, 2, 1, §, €),
T =2([y(@)], =1, d, €),
t=1(y(=)], =1, d,€),

b = d([y()], 2.t d, ),

7,z e,
7 eq,
e,
r e,

be the transformed variables where G C R is an uncountable set. The transformation is called the

one-parameter Lie point transformation if and only if the transformed variables are given by:

y(2)dz = y(2)dz + &y dz([y(2)], 2,2, 1, b)e,

=x+ E.x([y(x/)]v .1, d)e,
t=t+&([y(@)], 2t d)e,

q) = (b +T\¢([?/(37/)]a37>ta (b)€>

sl

7,z €eq,
7 eq,
7 eq,
7 ed
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Again, the derivatives of ¢ are not transformed separately. The transformations of ¢, §, P are
12 3

calculated as functionals depending on &.ydz, &, &, 1. We write:

b7 =by+ Cul[y(a)], z,t, b, PJe. @' € G,
5,y(z1) = by C;y(zl)([y(x/)]> 21, 2,1, §, ?)6, v’z € G,
E,y(zz)y(zﬂ = (b,y(zz)y(zl) + C§y(22)y(31)([y($/)]7 21, %2, %, t, (ba dl)’ ?)67 fﬂ,, 21,22 € G7
The functionals &,.ydz, &, &, Mg, Gy, - .. are called infinitesimals. Again, we separate indices of

¢ by a semicolon to distinguish them from derivatives. The transformations are expanded in a Taylor

series (9) about €y = 0; hence, the infinitesimals are defined by:

_ 0y(2)dz 0T ot 0
Evy(z)dz = e ) Evac = de ’ Et = de y Mo = e )
e=0 o e=0 e=0 e=0
85,5 8(1),1/(2)
C;t = De _07 C;y(z) - de _07

Comparing the notion of one-parameter Lie point transformations of PDEs and of FDEs, one sees that
the considered transformed functions 7;, 7;, £, ¢ are replaced by functionals y(z)dz, 7, f, ¢ depending
on the infinite set [y(z’)]. Notice that we do not transform y(z), but y(z)dz, as

/ y(z) dz is the continuum analogon of Z i
e

=1

Following [14], the variable y(z)dz can be represented as a test series:
y(2)dz = ynha(2)dz (10)
n=1

where {h,,(z)} is a set of orthogonal functions. In this respect, the transformed variable y(z)dz reads:

y(2)dz =Y Taha(2)dz (11)
n=1

A possible approach to extending Lie group analysis would be to account for the transformations
of y, and z, separately. However, due to the presence of functional derivatives in Equation (8), i.e.,
derivatives with respect to y(z)dz, we prefer to consider y(z)dz as a variable to be transformed. Still,
the decomposition (10) will be taken into account in the definitions of infinitesimals in Section 2.3.

An additional option would be to transform y(z) instead of y(z)dz. Then, one has to take into
consideration the transformation of dz. There are two ways that this could be done (c¢f. Section 3.1);
however, we do not pursue those methods here. In order to be consistent, the infinitesimal associated
with the transformation m is called &, (.)dz instead of & (.. The infinitesimal &, dz has to depend
explicitly on z, as it defines a new variable for each z € G. Analogous considerations hold true for the

transformations of the functional derivatives of the dependent variable 5 and their infinitesimals C. .
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2.2. Differential Operators

In the classical Lie symmetry analysis, the variables (y1, . .., Yn, Z1, ..., ZTn, t, d, d, d, d) are treated
1 2 3

as independent variables. Hence, in the extended Lie symmetry analysis, we treat the variables
([y(z")], x,t, b, d, d, d) as independent variables. The Hopf functional ¢ does not depend explicitly on
12 3

x; hence, all derivatives of ¢ with respect to = vanish, except when ¢ is derived first with respect to y(z’)

and then with respect to . Neglecting the vanishing summands and considering the non-commutativity:

0? 02
Oxdy(z)dx 7 0y(x)dxdx

we can define:

Definition 6 (Differential operators for Hopf FDEs). For a Hopf FDE of third order:
F([y(il?l)], Z, ta d)a d1)7 (12)7 (?5)) =0

we introduce:

D 0 0
2 =2 e, ¢+¢tta¢t R e e o
0
+ = dxl— —|—/ wu(pn Al —————
/G‘b’““ 0 mendr S PN G de
/ 1 a
+/ / d),ty(fﬂ”)y(f’)dx dz 8(1) () dl"dl’”’
y(z
D 0
E = / d) xy(x a(b (e / d) ;tty(;r 3(1) ty(.z‘
0
o , "
+ /G d),xzy(x a(b xy(x / / d)afy(x )y(') do'dz Ob )y dx’dx”’
D 8 8 8 0
Dy(o)dz ~ Oy(a)dz T Pag “’W a¢ + [ Suonind 0 yrde T PG,
0
/ (b Al ad) ty(z / d) vyt a(b zy(z

Z // x d d 1!
//d) Yy(z")y(z") AT AT b @y da:’dx”

2.3. Infinitesimals

By means of the differential operators presented in Definition 6, we can calculate the infinitesimals
C.... as functionals of the infinitesimals &, dz, &, &,Mg. For the viscous Hopf—Burgers FDE, we need
the three infinitesimals Ct, C.py(2)y(z) A0 Caay(a)

e In order to calculate C;, we differentiate the transformed Hopf functional 5 with respect to t,

taking into account the decomposition (10):

Dc])_Dd)Dt D¢ Dz / Do Dyn ()07 .
N dxz B (12)

Dt DiDt  DiDt (=)
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Hence, in the definition above, we account for the fact that ¢, = and the infinite set {y,} are
the independent variables. Still, as argued in Section 2.1, in the extended Lie group analysis,
we transform the continuum variable y(z)dx; hence, we will express the last RHS term in
Equation (12) in terms of y(x)dz. This step is crucial for further successful recovery of the
symmetries of the Burgers equation. Using (10) again, the time differential operator applied to

y(z')dz’ can be decomposed into:

Dy(r)dr “DUn., ... ~= Dh,(2)dT
o 2y M@ a3

n= n=1

The second RHS term can be rewritten as:

Dy, ... Dy(x)dxz Dy(x)dxDz
“Yn g, (@)dT = . il 14
; pp n(@dE == Dz Dt (14)

and substituted into Equation (12). Taking into account the fact that ¢ does not depend explicitly
on 7, from Equation (12), we obtain:

D(b Dd) Dt / Dd) Dy Nda! / Do D’ Dy( Nda! (15)
Dy Dy(x

Dt Di Dt y(«/)dz’ Dt Da’

We integrate the last term by parts and assume that ¢ and its derivatives are zero at the boundaries.
This step is necessary, as we further want to introduce Lie point transformations (cf. Definition 5)
for the quantities in the integral. We finally obtain:

D¢ D¢ Di Do Dy( "da! D D Do/ ————
Dt Di Dt /Dy Dt +/GDE (Dy( )dx> Dr y(z')dz (16)

With the one-parameter Lie point transformations (cf. Definition 5), Equation (16) reads:

D(d + en D(t + €&, D(y(x")da' + €&, yda’)
% = (b, + eg)% n /c((b’y(x,) + eCyan) o y(@)
D ! + x! / / /
+ /G((b’xly(x/) —+ €C;I/y(x/))<$Tt€El) (y(l’ )dl’ + €E.y(x/)dl' ) (17)

Evaluating this equation in O(1), we get

Do
o = b

Using this, evaluating in O(e) leads to:

DT]d) D‘Et / Dﬁy(x/)dx’ / Dax/ , ,
_— _— . 70 D — x'y(x! d
T T A e TR A

which constitutes an equation for C:

% Dg't / b Day(l’

Gt =

[ i vt
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Since the appearing infinitesimals &,,)dz’, &,ne do not depend on derivatives of ¢, we

immediately get:

08, é?y/d 08 (o da’
C;t = and)"'q) <%__a)_(¢ 8¢ /d)yx E )I /d) /)q)t E’ )T

op ot ¢
a&x aax’
e In order to calculate C,,(,, we differentiate ¢ with respect to y(x). An analogouscalculation leads
to:
_ Dﬂ(b / ,Dg'y / D‘z-rr’ / /
— aﬂd’ 81’]4) aat aat / :E’
)dl‘+¢y(x)ad) cb,t ( )dl’ tcb d)y(:v)8 [)3
8& dl’ / !

In order to calculate C.(,)y(2), We differentiate d) Wlth respect to y(x). As cl) does depend

on 7, we have:

57 Dam Dt D$W Dy(z')dz’  Dy(z')dz’ Dz’
J— = _"_ S ——
Dy(x)dx Dt Dy(xr)dz  Jg Dy(z)da' \ Dy(x)dz Dx’  Dy(z)dz
Db, Dz
Dz ( )dx

L Y@ /_ Dy
=dw d:zc /q)y(x’)y(x) Dy(z)dz ¢ )v(®) Dy (1 )dx yla')de
+ “’me( IE

If we insert the one-parameter Lie point transformations (cf. Definition 5), we get:

DC D(z—vy (El ngx
Cy@py@) = W by / 2 ;p) ~ Py ) de
DE,
x €T x d
/ b ay(at)y(a) Dy( )dl’ ( )
In order to get C.py(2)y(x)» We differentiate d) O] with respect to x:
DO _ PPimvm D, [ Péimim Dy(@)d’ | P ieyye Dr
Dx Dt Dx Dy(q;/)dxf Dx Dx Dz

- — ( Ndx'  — Dz
—d’zﬁTDx / @ @@ pa T Pav@vep,

If we insert the one-parameter Lie point transformations (cf. Definition 5), we get:

DCy(ayy(a) D¢, DE,yeryda’ DE,
C;a:y(a:)y(m) = T - d),ty(x)y(x)ﬁ - /G d),y(m’)y(m)y(m)T - d),xy(x)y(x)ﬁ (19)
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e In order to calculate (. 2y (x)» We differentiate d) w1th respect to z. We have:

Dé i Py DE N Do Dyl)ds’ Db yg Dz

Dz Dt Dz JgDy()ds Dz Dz Du
Dy(a)da’ — Dz
=é ty(:r / ¢ V@S Py T d)@mﬂ
If we insert the one-parameter Lie point transformations (cf. Definition 5), we get:
DCy( Dét D&y, DE,
Caye) =~ — Pyt /@%wmw v —Qmm5;
In order to get (4 (), We differentiate (1) w1th respect to x:
Dé i DOy DI Do oy Dy(a)da! N Do .1 D
Dr Dt Dz Dy( )daj Dx Dz Dz
= Dy( Nda!  — Dz
- (‘b 1zy(z) . D.I’ d) gy Ty(z) Dx ’EE@D_.T
If we insert the one-parameter Lie point transformations (cf. Definition 5), we get:
DC;my( Déy(z da’ DE,
C;xzy(a:) = Dx Cb txy(:r: / d) (") zy(x Dr - d),:c:r:y(:t)D_x (20)

Applying the differential operators introduced in Definition 6, one can represent the infinitesimals
(19) and (20) as sums of partial and functional derivatives of &, dz, &;, &, Ng; ¢f. Appendix.

2.4. Infinitesimal Generator and the Determining System of Equations for the Infinitesimals

Let F([y(z')],Z,%, &, , d, ) = 0 be a transformed FDE. Consider F as a function depending on
12 3

the group parameter €, and expand £’ in a Taylor series (9) about €y, = 0, i.e., consider the equation:

oF
+_

F
Oe

e+0(€*) =0 21)

e=0

e=0

We calculate:

0 0 0
/ ‘iy(z’ —) + ‘(—737 + Evt + ﬂ¢%

0
. (oAl ————— + | F
+C’tf)d}7t -l—/GC,y( ) xad),y(x/)dxl—i_

and define:
Definition 7 (Infinitesimal generator and its prolongation).

o The differential operator:

0 0
X = /Ey ) —l—&x +£t ‘I'T]q)%

is called the infinitesimal generator or szmply the generator.
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o The differential operator:

X® :=X+C;tait+/@y(z' 5(1); +C“a¢tt /C“’ 6(1321
/ Loy 6(]) — / / Coy@ey(ende’da” ——— 5 s
+Ct”a¢ o / Gaty(e)d 6c|> (e / / S )2 dmﬁﬁ"')
+//Qmwmﬂﬂwaﬂzag+LK¥MMWﬂﬂMEEEE@
/ Ciaay(a’) 6<1>my

is called the prolongation of X.

Using this definition and employing F‘e:(] = F', Equation (21) reads:
F+X®Fe+0(*)=0

This equation is fulfilled in O(e) if and only if:

XOp =0 (22)

F=0

Equation (22) constitutes an overdetermined system of linear FDEs for the infinitesimals &(.)dz, &,
&, Me. In order to formulate the system of equations, one has to insert the necessary infinitesimals,
calculated in Section 2.3, into Equation (22). Since &, dz, &;, &, Mg do not depend on the derivatives
of ¢, all coefficients of all appearing derivatives of ¢ have to vanish, which leads to a system of linear
FDEs.

2.5. Global Transformations
Knowing &,.ydz, &;, &, 1, One obtains the global transformations using Lie’s first theorem, c¢f. [13]:

Theorem 8 (Lie’s first theorem). The global transformation can be obtained by solving the following

initial value problems:

dy(z)dz — 0T ot odp
= d p— Y - = £ JLI—
Oe &id: Oe & Oe & ge o

with the initial values:
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3. Lie Symmetry Analysis of the Viscous Hopf-Burgers Functional Integro-Differential Equation

3.1. Three Different Approaches to Lie Symmetry Analysis

As already mentioned in the Introduction, when working in the physical space, the main problem is to
deal with the partial derivatives 9/0z and the transformation of the integration variable x. Different Lie
symmetry analysis approaches for integro-differential equations have been proposed in the literature;
see [15]. In the following, we present three methods that could possibly be applied in our case of

functional equations with functional derivatives.

1. We transform y(z) instead of y(z)dz and have to take into account the transformation of the
integral term appearing in Hopf FDEs. In [13,16], Ibragimov suggests to use the fact that X given
by Definition 7 is equivalent to a canonical Lie—Bécklund operator X, which does not contain the
term &,0/0x. This implies that X is very suitable for the symmetry analysis of integro-differential
equations. Hence, one might replace X by X and perform the extended Lie symmetry analysis on
functional integro-differential equations.

2. We transform y(z) instead of y(z)dz and consider the differential equation as an equation F' = 0,

where F' depends on an integral term I and an integral-free term H, i.e., F'(H,I) = 0. In order
to get the correct determining system of equations for the infinitesimals, the transformation of
F' is expanded in a two-dimensional Taylor series about // and /. This method is presented by
Zawistowski in [17].
In [18], it is shown that using Zawistowski’s approach leads to results being equivalent to the
results presented in Ibragimov’s study and that the Lie algebra of symmetry group transformations
spanned by the infinitesimal generators containing integral terms is solvable; cf. [17] for
the Vlasov—Maxwell integro-differential equation and [18] for the Benney integro-differential
equations. Zawistowski’s approach leads to the following determining system of equations for
the infinitesimals & (,)dz, &, &, Ng:

a(z—va:’
G 837/

XOF —

f dx’] =0
F=0
One has to pay attention that the analogous formula for the transformed integral should be used
during the calculation of Cy, C.oy(z)y(x) and Capyz) (¢f Section 2.3) in order to determine the
generator X ®) given by Definition 7, which, in our particular case of the equation with functional
derivatives, makes this approach more complicated.

3. We transform y(z)dz instead of y(z) and introduce a transformation of x. Then, we perform the
extended Lie symmetry analysis on the viscous Hopf—Burgers FDE (8). Presently, this approach
is successfully applied to (8), and we rediscover all known symmetries of the usual viscous
Burgers Equation (6). The results and a discussion comparing the symmetries of the viscous
Hopf-Burgers FDE and the symmetries of the viscous Burgers equation are presented in the

following subsections.
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3.2. Local Transformations of the Viscous Hopf—Burgers Functional Integro-Differential Equation
3.2.1. Determining the System of Equations for the Infinitesimals

In this section, we perform the extended Lie symmetry analysis on the viscous Hopf—Burgers FDE:

F=¢,— / Y(2) (1d ey(@yy(@) + VO 2ay(@) dz =0
G

We consider the one-parameter Lie point transformations given by Definition 5.
In order to calculate the determining system of equations for the infinitesimals &,.ydz, &;, &, Mg, We
consider Equation (22):

XOF =0

F=0

The generator X ¥ is given by Definition 7. The contributing summands of X ®) are given by:

0 0
‘T x// x/ d /d "
Koot = / e ) T +/G/GC’ YEEDEEEE 0 aytamanda’da”

0
/ . et 8(1) :m:y(:p

Applying Xliw)dﬁ to I, we get the equation:

Xr(n?:)dlf =Gt — / Ey(w) d33 “b ay@)y(@) T VO zoy@ ) - /G?/(x) (Z‘C;ﬂcy(ft)y(fv)dJU + Vc;wzy(w)dx) =0
(23)

We insert the infinitesimals C; (¢f. Equation (18)), C.oy(2)y(x) and Caay(e) (¢f. Appendix) and employ
F = 0 in order to eliminate ¢ ;.

In the extended Lie symmetry analysis, we deal with different types of derivatives. Inside the integral,
the functional derivatives d/dy(x) are present. It was argued that these derivatives correspond to partial
derivatives 0/0y; in the discrete case; cf. Section 2.1. Additionally, in (8), partial derivatives with
respect to z are present @ yy(z)y(z) ahd @ a(), Which do not have a correspondence in the discrete case.
Furthermore, different types of mixed functional-partial derivatives are present in the final formula (23)
In the further procedure, in order to obtain proper symmetry transformations, for the mixed derivatives,
we had to assume that:

® & 4, is not independent of ¢ .,
® & 1y(x) is not independent of & 1.y (),

® & y(2)y(2) 18 not independent of @ 4y (2)y(2)»

etc. Hence, in the final step, we integrate by parts in order to remove the x-derivatives from the functional
derivatives of ¢. In order to do this, we have to eliminate the boundary integrals. One may choose

between the following two options:

e The first option is to demand that G C R is bounded: G = (a,b) with —oco < a < b < co. If this
holds true, one has to demand additionally that all appearing terms evaluated at x = b are equal to
the same terms evaluated at + = a. Then, all boundary integrals vanish. As this demands a huge

number of restrictions, we do not choose G to be bounded. Instead, we choose the second option.
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e The second option is to demand that G C R is not bounded. We restrict ourselves to the case
G = (—o00, +00). If this holds true, one may impose the condition:

Ul(z = +00) =0 (24)

As Equation (5) states:
by = (U (@)’ V)

we have:
=0

r=2400

¢ y(a)

Additionally, we impose that all functional derivatives of ¢ vanish for x — +o0, i.e.,

d),ty(x) et =0, d),xy(z) et =0, d),y(x)y(x) et =0,
Hence, all appearing boundary integrals vanish. For example,
=400
(95, (x)dﬁ
/ @D ay(ayye) = — / =5, Puene T | E@Puue
G G xr o
=0

The resulting Equation (23) has the form:

O:A—i-/(b,y(z)[)’dz—i-//(]),y(x)y(z)Cdde—i—//(D7y(m)d)7y(z)'DdZd$
G GJG GJG

+ / / / b y@)y(@) P y(»€ dadzdz + / / (b y(2) b y(e) F dzda
GJGJIG G JG

+/ ¢,ty(x)gd$+/ /(¢,y(x))2¢,y(2)y(Z)HdZd$+/ b (@)D ty()L d
G GJG G

+ / b ty(eyy(x)J do + / / b y()y(@)y) K dzdz + / / b y(@)y(@) P y(2)y(») £ dzda
G GJG GJG

Since the infinitesimals &,.ydz, &,, &, n¢ do not depend on derivatives of ¢, all coefficients of all

appearing derivatives of ¢ have to vanish:
This leads to the following system of linear FDEs for the infinitesimals &, .ydz, &, &, Ng:

e A = (Oreads:

% ; adThb 8311(1) B
or /Gy@ (Z G0 (y(x)dr)? V8x2ay(x)dx) dz =0 (25)
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e 3 = (Oreads:

o ) i (%) S
—Qiy(z)azaya(% +iv /G 88—; (y(x)y(z)%) do
i o (O 5 (i)

i [ (o) 4+ i (1955 )
+v2/G§7 <y &CQS;‘Z“ dx) dx+v/y( )%?O%dm
i) g 0025) (%)
[ g (y<f>a§f;’>dx) i éf (y<z>%?) G +y<z>§i‘§1
”a_; y(z)aya(j)zdz>_i88 <( 828y > / 828$< ()jaig;(x)dx
y(z)%) do — v /G y’(z)y(x)(waz%dx

I'E, 0 0,
828$28y(x)dxd$ a V/G 0220z [y(z)y(a:) éy(x)} de

y(z)y(m)#ﬁ;)dm] dz (26)

|
~.
S
=
=
¥l
N\

+
(]
<2
T
S
3| R
I
| — ~—

&y

0= —is (y(x)%) 5(z — ) +z’a% (mw%) S(x—2) +i—" T § (5 — 2)
0%&, )

0 .
* /G 0z yla)y(z) aaa(y(a)da)2> Sw —2) da+ 2iy(z) Ox0y(z)dx

(gt ) +igr (s Gt ) st =2 i ()52 ) ot = )
d°E,

. 0 D3&, 835y(Z) ()
— ZV/G — (y(a)y(z)m) d(x — z)da + vy(x)m + vy(:c)W

0
9 0y _ 0 08\ o 10 0%,
Vau (y(w) pe ) A (y(x) B 2zy(x)az y(z)—axay(x)dx

e 0&,
waig (o) o) @

) as
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e D = (reads:
. 2 84 (9& 82 aay(z) 82 33£t
0= 2 (y<x>y<z>%) 2 (y<x> " ) rav <y<$>y<z>—axay<x>dxa¢)
. 85Ey(z) . a 8ZE,;E . 83 aQE,t
* QW(‘”)axay( )dzod Oz (y($>axa¢) S —=2) =2V oae (y(‘”>y(z)ay(x)dxaq>)

A KRR A ()
v ()5 8a = 2) +ig (()3596) S(o—2) +ins (w05 ) 8ta =)
9

02 od
(v 5ra) - v (y<x>a§§s;?) i (w52
v (v 22) v S (s ) + v (v 222
tvas (v 282 ) v S (o) i) + oo (o))
+z’a‘9—22 < (z )%3;6( z)) +z’af; (y(x)‘zijs(x _ z)) _ iaﬁ ( (z )aa;zm 5(z — z))

0 DIE, . 0? D*E,
i (o e ) + 21 (o) g ) @8)

e £ = (Oreads:

0= 2iv; S (o) ) e =) i (y<>a§—q§>) 5 — a)

22 (y<x>y<z>—azaj(j;za¢) Sz —a) + 2iy(2) . aq>)5<“ ) iyl >%2¢>6< )

-2t (o), e ) 8o =) — 2 (w752 Y o
— i% <y(x)a‘iy<z>> 8(a — a) — 2@82 (y(z)a‘iy@’) 5(a— 2)

o 9
_¢vagzx(y@ﬁﬂdg%> Cv—a)—@__(( fmy > 5(z — a)
SO (y<x>y<z>g—§;) )+ v ( o 2;;)) o
+ inaf;x (y(w)y(Z)gj(;;)) 5(x — a) — 2@'\/83 ( (@)y(=) (Zzgip) 5z — a)

o}

(29)

.0 aQE»y(z) . 82 83Eyt
2l (y@s) — )+w@ (1) 30
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e G = Oreads:
s 0%, .0 0&; 0 0&; 02,
0= sz(x)ﬁm(?y(a:)dx a 22% (y(x)ay(x)dx> ~Vor (y(x)ﬁ_x) * Vy(x)W
0 &
v (w05 (1)
e H = Oreads P 0% 3 P
_ t i t
0= 2,7 (o) 53 ) + 5 (o) s ) 62
e 7 = (reads: 5 ot 5 9E o
0= 226@ (y(x) 3(1)) 22(% (y(m) ad)) + 2iy(x) 9200 (33)
e 7 = Oreads: 5
0= igla) 5 en
e [ = (reads:
_ &y ()
0 = iy(a) =317 (35)
e L = (reads

0= oo (w52 ) - 7 (et ) - 5 (wewtahiss ) o

3.2.2. Solution of the Determining System of Equations for the Infinitesimals

First of all, consider Equation (35). Since this equation has to hold for all choices of y € L*(G,R),

the coefficient of y has to vanish, and we get:

Oby(z) _

o 0 (37)

Now, consider Equation (34). Similarly, we get:

O&;
=t — 38
o (38)
Then, consider Equation (33). Similarly, we get:
&,
=t _ 39
90 (39)
Due to Equation (39), Equations (32) and (36) are fulfilled identically.
Next, we consider Equation (31). We apply the product rule and make use of Equation (38).
We get:

o
Oy(z)dx

Considering Equations (38) and (39), we have &, = &,(¢).

(40)
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e [f we apply Equations (39) and (37) to Equation (29), we obtain:

0&y(x 0&y(- 2
—4@'% (y(z)%) 6(a—z)—i€% (y(x)%) 5(x—a)+iy’(2)y’(m)6(a—z)?;Z) =0 41)
Considering the case a # z, and taking into account that y(z) is an arbitrary function, we get:
0y (2)
—— =0 42
20 (42)
With the above relation, Equation (41) for a # x leads to:
&,
=0 43
50 (43)

which holds for each z € G. If we substitute this result back into Equation (41) and assume = = z,
we find again Formula (42), which has to hold for each z € G. As y(z) is an arbitrary function,
Equation (41) is fulfilled for = # z, as well.

e By virtue of Equations (39) and (42), Equation (30) is fulfilled identically.

e Now, we take a look at the remaining four Equations (25)-(28). We start with Equation (28).
Considering Equations (39), (42) and (43), Equation (28) reads:

. a 82114,
22% (y(x) 90? ) d(z—2)=0
hence:

82n¢ -
507 = 0 (44)

Equation (44) means that there are functionals f, g, such that:
ne = f([y(@)], ) + g([y(=")], ?) (45)
For f, we choose the ansatz:
A0 = [ 0l + ot (46)

e The next equation we solve is Equation (27). If we use Equations (40) and (37) and apply the
product rule, Equation (27) reads:

_.9 & L 98w
0= i (y(x) 5 ) Oz —z) + v d(x — 2)
0 08\ ooy 08y o O
—ige (W) 5 ) e = 2) = 2 e e i G ) @
Considering the case = # z, we get:
T L LTC M (48)

dy(z)dz  Oy(x)dx
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Although Equation (48) allows a broader range of solutions, we will restrict our considerations to

the case: D& 0
: v 49
Jy(x)de 7 Oy(zx)de “49)
and use the following ansatz’s for &, .ydz and &.:
Eyndz = c(z,t)dz + o2, t)y(2)dz, & =ca(z,t) + a2, t)y(2) (50)

Next, we want to consider Equation (47) without the restriction  # z; hence, we integrate
Equation (47) with respect to z € G. This leads to:

9 98\ 9&yw O 0&:\ _ / 1oy 98 , / N S
ox (y(:c) ot >+ Jxr  Ox y(x) ox 2 Gy <x>8y(x)dx dz42y'(w) Gy (Z)E}’y(:z:)dxdz =0.

Now, we put in Ansatz (50), make use of & = &;(¢) and take into consideration that this equation

has to hold for all choices of y € L?(G,R); hence, the coefficients of one, v, v/, v, yy', ¥’y have

to vanish:
0 t
Cg};j ) 0= = (1), (51)
dco(z,t)  0%cy
_ — 52
Ox Ox? 0 (52)
acl
;(t> - % - Co(.flf,t> = 07 (53)
co(x,t) =0 (54)
After differentiating Equation (53) with respect to x, we find:
800 8201
o T A
which, together with Equation (52), gives:
9%
87; =0, co=colt) (55)
Considering this and Equations (51) and (53), Ansatz (50) reads:
&, = c3(t)z + cu(t). (56)
Ey(»dz = c(t)dz + (E(t) — es(t)) y(2)dz, (57)
e Now, we are ready to deal with Equation (26). If we use Equations (56), (57), (40), (46) and (55),

Equation (26) reads:
0= w0 - 0 - (&0 - 5520 ) o)~ v (80 - 520 ) ')

2 A+ [ o (80 - 520) Be

0
~ov [ 2 (v (a0 - 52 0) 202 ) wo v (w055
+ V/G 3_; (y(x) ( (1) — %(zﬁ)) &z — z)) dz + 2\/(98—222 (y(z)a;; (t)) + y’(z)%

(58)
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In this equation, the last two integrals involving the Dirac delta distribution vanish if we
assume that:
y(z),y (x) — 0 for x — +o0

As Equation (58) has to hold for all choices of y € L?(G,R), the coefficients of one, y, v and 3"
have to vanish. We evaluate the coefficient of 3" in x = z and get:

—d(t) = 0= c(t) = const. =: c € R, (59)
0%E,

—&/(t) +2 8t§z (t) =0, (60)
2ifi(at) + a;z 0, 61)
0E, /

2v 5 (t) —v&(t) =0 (62)

From the above system, we first use the relation (62), (45), take into account (55) and substitute
into Equation (25) to get:

1 .8262 89 . a3g 839 .
2 o / ylo)ded + 5 = /Gy(“” (Zﬁxa(y(x)dx)Q * Vamy(x)dx) dz=0 (63

This equation has to hold for every ¢; hence, the coefficient of ¢ has to vanish. This, together
with (55) furnishes:

P°E.

o5 =0 (64)

Hence, Equation (63) reads:

dg , g g B
ot /Gy(a:) (Zﬁma(y(x)dx)Q + v8x28y(x)dx> dr=0 (65)

i.e., g has to fulfill the viscous Hopf-Burgers FDE. This is expected by the classical Lie symmetry

analysis, as the considered differential equation is linear; we see that this result is furnished by the
extended Lie symmetry analysis, as well. With (64) the system (60—62) has the solution:

Et = 2a1t + as + 6L4t2, (66)

&r = a1 + as + tray + ast, (67)
1. 1.

J1= Siwar + Siag + ag (68)

where aq, as, as, aq, as,ag € R
We insert Equations (67), (66) and (59) into Equation (57) to get:

Eydz = (a1 + tas)y(z)dz + azdz

with a7 € R.
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Theorem 9 (Local transformations of the viscous Hopf—-Burgers FDE). Finally, the infinitesimals of the
viscous Hopf—Burgers FDE are given by:

E,t = 2a1t + (05} + a4t2,
&e = a1 + az + tway + ast,
Eyxndz = (a1 + tas)y(2)dz + agdz,

e = (3 [ (s + ae)ds + ar ) & + (a0

where aq, as, as, as, as, ag, a; € R are arbitrary constants and g is an arbitrary functional, which has to
fulfill the viscous Hopf—Burgers FDE.

The associated generators read:

0 0 0
X, = o2 4 uZ dr—2
! $8x+ 0t—|—/gy(m) x@y(:v)df
0
Xy = —
2 at7
g,
Xy = 2
3 ax7

B 0 e, 0 . 0
Xy = 2tx8_x + 2t Ep + Zt/Gy(x)dxm + Z/xy(x)dxd)%,

X5 = 2t2 —1—i/y(:1c)dzltd)i

ox oo
0
Xo = /deﬁy(x)dx’
0
X7 - d)%v
0
Xy = 9([@/(13’)],25)%

3.3. Symmetry Breaking Restrictions

The Lie symmetry analysis furnishes symmetries of the viscous Hopf—Burgers FDE without
respecting physical restrictions. If we incorporate such physical restrictions, we lose some of the
calculated symmetries, which the viscous Hopf-Burgers FDE exhibits considered as a mathematical
equation detached from any physical conditions. The loss of symmetries by incorporating physical
restrictions is called symmetry breaking. This section is devoted to restrictions on ¢ breaking some of
the calculated symmetries X1, ..., X,.

In [4], Hopf states conditions which have to be fulfilled by Hopf functionals:
blly@) ) = (O ) = [ o o(a)) dfo(e)
L2(G,R3)

cf. Equation (3). These conditions may be derived from conditions that are imposed on the associated
probability density functional f*. The definition of a probability density functional requires f* to fulfill

the following two conditions:
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Definition 10 (Probability density functional). f* is called a probability density functional if and only

1. f'is real-valued and non-negative, i.e.,
F(v(@) € Ry (69)

2. The integral of f* over the whole domain of integration equals one, i.e.,
[, re@)dee)] -1 (70
L2(G,R3)

As in this paper, we restrict ourselves to the one-dimensional case and make use of the viscous Burgers
equation instead of the incompressible Navier—Stokes equations; solutions of the viscous Hopf—Burgers
FDE do not have to fulfill any conditions related to incompressibility. There remain three conditions that
a solution ¢ of the viscous Hopf—Burgers FDE has to fulfill. We define:

Definition 11 (Physically-relevant solution of the viscous Hopf—Burgers FDE). Let ¢ be a solution of
the viscous Hopf—Burgers FDE. & is a physically-relevant solution of the viscous Hopf—Burgers FDE if

and only if:
1. &*([y(x)],t) = d([—y(x)],t) where &* denotes the complex conjugate of &,
2. ¢(0,t) =1,
3. by, ) <1

These three conditions are implied by Restriction (69) and Equation (70).

In Subsection 3.2.2, we showed that the extended Lie symmetry analysis furnishes eight generators
X1, Xo, X3, Xy, X5, X6, X7 X,, as the local transformations depend on seven parameters
a1, ag, as, as, as, ag, a7 and on a functional g. Especially, the generators X7 and X, associated with
symmetries of ¢ are independent. As the conditions given by Definition 11 do not influence any
symmetries corresponding to transformations of the independent variables ([y(z')], z,t), the generators
associated with transformations of the independent variables are not changed if we are looking for
physically-relevant solutions: We have:

XM = X, ie{1,2,3,4,5}

Thus, it suffices to have a look at X7 and X,. If ¢ shall be a physically-relevant solution, X7 and X,
are not independent. In order to see this, decompose g in:

into a constant part g; € C and a non-constant part go = g2([y(2')], 1), i.e.,

9(ly(@)] 1) = g1 + ga([y(2)], 2)
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Here, g- is a solution of the viscous Hopf—Burgers FDE; however, it is not a characteristic functional,
i.e., the conditions given by Definition 11 must be fulfilled for the transformed functional ¢, but not for
g2 separately. We get the decomposition X, = X, + X, with:

0
Xg, = 91%, g1 € C,
, 0
Xy, = g2([y(a )],t)%
We replace X7 and X, by the two generators:
Xo+ X, =(d+ )i f,q1€C
7 g1 g1 a(b ) » g1 )
, 0
Xg, = g2([y(z )],t)%
and calculate the associated global transformations by solving the Lie initial value problems:
b — P _ ,
=B+ e = 2D,
b(e =0) = ¢, (e =0)=¢
The solutions are given by:
()], 1) = (ly(2)], )e + (e = g, eeR, g €C (71)
(@), 1) = (@), 1) + g2y (@)], Ve, ecR (72)

In the following, we investigate the consequences of the conditions given by Definition 11 for € € R
and g, € Cif ¢ is given by Equation (71).

1. As ¢ has to fulfill d*([y(z)],t) = d([—y(x)],t), we have:
g €R
2. As ¢ has to fulfill o*([y(z)],t) = d([—y(x)],t) and $(0,¢) = 1 and since g; € R, we get:
g1=-1
This shows that X7 and X, are not independent.
3. As ¢ has to fulfill |p([y(z)],t)] < 1, we have:

€ € (—o0,0]

and the generator X7 + X, associated with the physically-relevant symmetry: reads

0
I
Next, we investigate the consequences of the conditions given by Definition 11 for € € R and g =
g2([y(z)], t) if ¢ is given by Equation (72).

XPP = (X 4 X, )™ = (6 — 1)
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1. As ¢ has to fulfill condition ¢*([y(z)], ) = d([—y(z)], ), we have:
93 ([y(@)]. 1) = g2([—y(x)], 1) (73)
2. As ¢ has to fulfill d*([y(«)],t) = db([—y(z)],) and $(0, ) = 1, using Equation (73), we get:
92(0,¢) =0 (74)
3. As ¢ has to fulfill condition | ([y(x)], )| < 1, we have:
Re(d)Re(g2€) + Im(¢)Im(gz€) < 0 (75)

Altogether, the generator X, associated with the physically-relevant symmetry reads:

0
hys . hys __

Xg = X5 = 92([y($/)]7t)%
where g, fulfills Conditions (73)—(75).

At the end of this section, we want to compare the calculated physically-relevant symmetries with the

symmetries of the viscous Burgers equation; cf. [13]. Results are summarised in the Table 1.

Table 1. Comparison between the symmetries of the viscous Hopf-Burgers functional
differential equation (FDE) and the viscous Burgers equation.

Symmetries of the Viscous Hopf-Burgers FDE Symmetries of the viscous Burgers Equation
XIS =202 4wl 1 [y(z)degtr Xy =2t +ag —Usp

Oy(z)dz> ou”

X =2 ' X, =42

2h - aat’ 2= 65’
X357 = g Xs = o0
XIS Z o 0 4 o2 2 Xy=2022 + 202 + (v - 2tU) 2
+2t fG y(x)dxm —i—ifxy(l‘)dx(b%,

hys .
Xghy =2t 5+ [y(z)dzd gy, X5 =25 + 57

phys o]
Xﬁ - fG dzay(z)dz’

X17)hys = ((I) — 1)%’
X0 = ga([y(a")], 1) 55

In Table 1, g5 is a solution of the viscous Hopf—Burgers FDE satisfying the three conditions (73)—(75).
For X?hys, the group parameter € is restricted to be non-positive, i.e., € € (—o0, 0]. For all of the other
generators, we have € € R.

We see that we rediscover the analogous forms of the symmetries of the viscous Burgers equation
generated by X; (scaling symmetry), X, (time translation), X3 (translation of space), X, and Xj;
(Galilei invariance). Global form of transformations are presented in Table 2.
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Table 2. Global transformations of the viscous Hopf—Burgers FDE.

Generator Global Transformations Associated with the Generator

X it T=wef, y@)dr =yla)dze’,  § =,

XS t=t+e, T=ux, y(x)dr = y(z)dex, ¢ =0,

Xghys =t T=2z+e€, y(x)dr = y(z)dz, b =0,

N P p)
Xy 1=t T =ux+2te, y(x)de =y(x)dx & = dbexp (ie [, y(r)dr),
xS =t T=uz, y(2)dz = y(2)dz + edz, ¢ = b,

xpme T=t, 7=u, y(2)dz = y(2)dz, ¢ = et + (1 —e),

X phys =t T =z, y(z)dz = y(z)dz, ¢ =¢+g([y))t)e

4. Conclusions

This paper continues the work of Oberlack and Wactawczyk (cf. [8,9]), where the classical Lie
symmetry analysis is extended from partial differential equations to equations with functional derivatives
and performed in the Fourier space. Here, we introduce the procedure of applying the extended
Lie symmetry analysis in the physical space. This corresponds to the case when both functional
derivatives and spatial derivates with respect to the integration variable are present in the functional
integro-differential equation. The method is based on the transformation of the product y(x)dx appearing
in the integral term.

As an example, we consider the viscous Hopf-Burgers functional integro-differential equation, i.e.,
the functional formulation of the viscous Burgers equation. We perform the extended Lie symmetry
analysis on the viscous Hopf—Burgers FDE to find the eight symmetries given in Table 1. Furthermore,
we take a brief look at symmetry breaking restrictions and indicate physically-relevant symmetries, i.e.,
such that the transformed ¢ fulfills the conditions for the characteristic functional. We see that only
statistical symmetries (i.e., symmetries associated with transformations of the dependent variable ¢) are
influenced if we demand ¢ to be the characteristic functional. The construction of physically-relevant
invariant solutions remains a task for future work. Finally, we compare the symmetries of the viscous
Hopf-Burgers FDE with the symmetries of the viscous Burgers equation: we are able to rediscover all
five symmetries.

The most significant result of this paper consists of demonstrating that the extended Lie symmetry
analysis works for the considered functional equation and that it is not only able to rediscover symmetries
of the considered equation, but also to furnish new, unknown symmetries associated with the Hopf
formulation of the viscous Burgers equation having a purely statistical origin. The presented extension
of the Lie symmetry analysis can be a useful tool for the analysis of FDEs with functional derivatives.

Presently, the underlying equation is the viscous Burgers equation. For future work, one might
consider the Hopf-Navier—Stokes FDE and perform the extended Lie symmetry analysis on this equation
to determine the moments of the solutions of the Navier—Stokes equations (see also [19]). Furthermore,
one might choose a more sophisticated ansatz during the solution procedure of the determining system of
equations for the infinitesimals. Hopefully, the less restrictive ansatz will lead to further new symmetries.
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We believe that the presented machinery is highly relevant to a variety of important functional
differential equations and functional integro-differential equations in physics, especially in continuum
mechanics. As the numerical treatment of FDE:s is difficult because of the high dimensionality and since
very little is known about how to treat and solve FDEs analytically, the presented methods may give a
chance to treat equations that so far have been put aside because of the missing analytical methods.
Additionally, unknown symmetries may be discovered, which would be pleasant, since symmetries
illuminate the properties of the physical model equations.
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Appendix
Infinitesimals of the Dependent Variables

For the viscous Hopf—Burgers FDE, we need the three infinitesimals C;, C.py(2)y(z) a0d Caay(a)- Gt 18

given by Equation (18):
&l’](p % . % . a((—:t / aay :s’ / aay /)dﬂf
aax / / aEv$ / /
/ (bxy(:t ZL’ )d.fl? - \/G (b,x’y(x’)d)7t 8(]) y(:v )d.fl? .
Coay(2)y(x) AN Cppy(2) are given below:
g gy B D°E,
S = Prplya)dn? T PN Gedy(a)dndd | t@x@( (@)dz)?
a3£t a Evy )
~26:Pu0 55 dw0d / D) Gy (a)de)? )

03E(ydz , g , P&,
_2/ ZOL Y Dz dy(z)dz0d )da:é?cl) + (dy@w) Dx0P? ~ b)) Dx0P?

0%y (5dz &, D&,
<l>y<z () R

~2 ~2 =
O aq>2 P gragaydr  2PMO P grpg
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0%, dz 0%, ,\dz 0%E,
_2/(;(]),7;(2 y( _2/ d) x)d) yE) " a3 o W) _(b,xy(x)

8x8y 0xdd 0xdy(z)dx
D&, 9*n ¢,
= Pu@ ) iy T Pune )8568‘3) G P @) 5 8ctl>
82£y(z dz
/ Puerbano 5, 56
9”1, 02¢, &y () dz
PR Gyareg PP G ae  Jo PO Byt day
8 ay dZ aQEy dZ
0%n 825 D&y (»dz
+ 2(b,y(m)d),xy 8(])3) 2(]) tq) :v)(l) zy(z 8(1); - / d),my(z)(d),y(m))?ayf‘();
P&y 85
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03 03 93 d 03 d
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