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Preface to “"Noether’s Theorem and Symmetry”

This book deals with the two famous theorems of Emmy Noether, published a century ago.
The work of Emmy Noether was pioneering for her period and changed the way that we approach
physical theories and other applied mathematics theories today. There have been many different
readings of her work and various attempts to extend and generalize the original results of 1918. In
this book, in a series of articles, we summarize the above attempts to extend Noether’s work, and

various applications are presented for the modern treatment of Noether’s theorems.

P.G.L. Leach, Andronikos Paliathanasis
Special Issue Editors
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Abstract: In Noether’s original presentation of her celebrated theorem of 1918, allowance was made
for the dependence of the coefficient functions of the differential operator, which generated the
infinitesimal transformation of the action integral upon the derivatives of the dependent variable(s),
the so-called generalized, or dynamical, symmetries. A similar allowance is to be found in the
variables of the boundary function, often termed a gauge function by those who have not read the
original paper. This generality was lost after texts such as those of Courant and Hilbert or Lovelock
and Rund confined attention to point transformations only. In recent decades, this diminution of
the power of Noether’s theorem has been partly countered, in particular in the review of Sarlet and
Cantrijn. In this Special Issue, we emphasize the generality of Noether’s theorem in its original form
and explore the applicability of even more general coefficient functions by allowing for nonlocal
terms. We also look for the application of these more general symmetries to problems in which
parameters or parametric functions have a more general dependence on the independent variables.

Keywords: Noether’s theorem; action integral; generalized symmetry; first integral; invariant;
nonlocal transformation; boundary term; conservation laws; analytic mechanics

1. Introduction

Noether’s theorem [1] treats the invariance of the functional of the calculus of variations—the
action integral in mechanics—under an infinitesimal transformation. This transformation can be
considered as being generated by a differential operator, which in this case is termed a Noether
symmetry. The theorem was not developed ab initio by Noether. Not only is it steeped in the
philosophy of Lie’s approach, but also, it is based on earlier work of more immediate relevance by
a number of writers. Hamel [2,3] and Herglotz [4] had already applied the ideas developed in her
paper to some specific finite groups. Fokker [5] did the same for specific infinite groups. A then
recently-published paper by Kneser [6] discussed the finding of invariants by a similar method. She
also acknowledged the contemporary work of Klein [7]. Considering that the paper was presented to
the Festschrift in honor of the fiftieth anniversary of Klein’s doctorate, this final attribution must have
been almost obligatory.

For reasons obscure Noether’s theorem has been subsequently subject to downsizing by many
authors of textbooks [8-10], which has then given other writers (cf. [11]) the opportunity to ‘generalize’
the theorem or to demonstrate the superiority of some other method [12,13] to obtain more general
results [14-16]. This is possibly due to the simplified form presented in Courant and Hilbert [8].
As Hilbert was present at the presentation by Noether of her theorem to the Festschrift in honor of

Symmetry 2018, 10, 744; doi:10.3390/sym10120744 1 www.mdpi.com/journal /symmetry
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the fiftieth anniversary of Felix Klein’s doctorate, it could be assumed that his description would be
accurate. However, Hilbert’s sole contribution to the text was his name.

This particularizing tendency has not been uniform, e.g., the review by Sarlet and Cantrijn [17].
According to Noether [1] (pp. 236-237), “In den Transformationen konnen auch die Ableitungen der u
nach den x, also du/9x, 9%u/9x2, ... auftreten”, so that the introduction of generalized transformations
is made before the statement of the theorem [1] (p. 238). On page 240, after the statement of the
theorem, Noether does mention particular results if one restricts the class of transformations admitted
and this may be the source of the usage of the restricted treatments mentioned above.

We permit the coefficient functions of the generator of the infinitesimal transformation to be of
unspecified dependence subject to any requirement of differentiability.

For the purposes of the clarity of exposition, we develop the theory of the theorem in terms of
a first-order Lagrangian in one dependent and one independent variable. The expressions for more
complicated situations are given below in a convenient summary format.

2. Noether Symmetries

We consider the action integral:

A= /t1 L(t,q,4)dt. (1)

to
Under the infinitesimal transformation:
F=t+4ert, jg=q-+en )

generated by the differential operator:

the action integral (1) becomes:

(4 is dg/dF in a slight abuse of standard notation), which to the first order in the infinitesimal, ¢, is:
_ t oL oL oL
A = L o 1L
/to [ +s<rat +;78q +Caq +T )} dt
+e[thL(t1, q1,41) — ThoL(to, 90,90)] , ©)
where { = # — 4t and L(to,qo,4o) and L(t1,41,41) are the values of L at the endpoints ¢y and
t1, respectively.

We demonstrate the origin of the terms outside of the integral with the upper limit. The lower
limit is treated analogously.
/tl +et(ty)

t ttet(tr)
[+
5]

ty
g/ +et(t)L(t, g1, 41)

/

to the first order in e. We may rewrite (3) as:

A:A+£/

to

T— = I F
( U g gaq ) df +¢F,
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where the number, F, is the value of the second term in bracketsin (3). As F depends only on the
endpoints, we may write it as:
fi,
F=— [ fdt,
Jtg

where the sign is chosen as a matter of later convenience.
The generator, I', of the infinitesimal transformation, (2), is a Noether symmetry of (1) if:

A=A,

ie.,
(AL oL oL A\ .

from which it follows that: 3L 3L S

Remark 1. The symmetry is the generator of an infinitesimal transformation, which leaves the action integral
invariant, and the existence of the symmetry has nothing to do with the Euler—Lagrange equation of the calculus
of variations. The Euler—Lagrange equation follows from the application of Hamilton's principle in which q is
given a zero endpoint variation. There is no such restriction on the infinitesimal transformations introduced
by Noether.

3. Noether’s Theorem

We now invoke Hamilton’s principle for the action integral (1). We observe that the zero-endpoint
variation of (1) imposed by Hamilton’s principle requires that (1) take a stationary value; not necessarily
a minimum! The principle of least action enunciated by Fermat in 1662 as “Nature always acts in the
shortest ways” was raised to an even more metaphysical status by Maupertuis [18] (p. 254, p. 267).
That the principle applies in classical (Newtonian) mechanics is an accident of the metric! We can only
wonder that the quasi-mystical principle has persisted for over two centuries in what are supposed to
be rational circles. In the case of a first-order Lagrangian with a positive definite Hessian with respect
to 4, Hamilton’s principle gives a minimum. This is not necessarily the case otherwise.

The Euler-Lagrange equation:
oL d (oL
w i (a) =0 v

follows from the application of Hamilton’s principle. We manipulate (4) as follows:

. oL | oL ..., 0L
0 = f*TngL*’I(—Tq*(U*‘?T)ETq

d 0L oL [ .0L
= Gt (i ragg) e (13)
_, 4oLy _ oL
T3t \35) " "Taq
d oL
= a{f—ﬂ—(’?—m)afq]

in the second line of which we have used the Euler-Lagrange Equation (5), to change the coefficient of
7. Hence, we have a first integral:

I:f—{TL—i—(r]—c]T)g—ﬂ (6)

and an initial statement of Noether’s Theorem.
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Noether’s theorem: If the action integral of a first-order Lagrangian, namely:

A= / (t,q,4)d

is invariant under the infinitesimal transformation generated by the differential operator:

=10+ Uiaqi,
there exists a function f such that:
: oL oL
=75 g, +aa L, )

where {; = 7; — 4;1, and a first integral given by:

oL

I'=f—|tL+ (i —4iT )aq,

I' is called a Noether symmetry of L and I a Noetherian first integral. The symmetry I' exists

independently of the requirement that the variation of the functional be zero. When the extra condition
is added, the first integral exists.

We note that there is not a one-to-one correspondence between a Noether symmetry and a
Noetherian integral. Once the symmetry is determined, the integral follows with minimal effort.
The converse is not so simple because, given the Lagrangian and the integral, the symmetry is the
solution of a differential equation with an additional dependent variable, the function f arising from
the boundary terms. There can be an infinite number of coefficient functions for a given first integral.
The restriction of the symmetry to a point symmetry may reduce the number of symmetries, too
effectively, to zero. The ease of determination of a Noetherian integral once the Noether symmetry is
known is in contrast to the situation for the determination of first integrals in the case of Lie symmetries
of differential equations. The computation of the first integrals associated with a Lie symmetry can be
a highly nontrivial matter.

4. Nonlocal Integrals

We recall that the variable dependences of the coefficient functions T and # were not specified
and do not enter into the derivation of the formulae for the coefficient functions or the first integral.
Consequently, not only can we have the generalized symmetries of Noether’s paper, but we can also
have more general forms of symmetry such as nonlocal symmetries [19,20] without a single change in
the formalism. Of course, as has been noted for the calculation of first integrals [21] and symmetries in
general [22], the realities of computational complexity may force one to impose some constraints on
this generality. Once the Euler-Lagrange equation is invoked, there is an automatic constraint on the
degree of derivatives in any generalized symmetry.

If one has a standard Lagrangian such as (1), a nonlocal Noether’s symmetry will usually produce
a nonlocal integral through (6). In that the total time derivative of this function is zero when the
Euler-Lagrange equation, (5), is taken into account, it is formally a first integral. However, the utility of
such a first integral is at best questionable. Here, Lie and Noether have generically differing outcomes.
An exponential nonlocal Lie symmetry can be expected to lead to a local first integral, whereas one
could scarcely envisage the same for an exponential nonlocal Noether symmetry.

On the other hand, if the Lagrangian was nonlocal, the combination of nonlocal symmetry and
nonlocal Lagrangian could lead to a local first integral. However, we have not constructed a formalism
to deal with nonlocal Lagrangians—as opposed to nonlocal symmetries—and so, we cannot simply
apply what we have developed above.
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The introduction of a nonlocal term into the Lagrangian effectively increases the order of the
Lagrangian by one (in the case of a simple integral) and the order of the associated Euler-Lagrange
equation by two so that for a Lagrangian regular in 4 instead of a second-order differential equation,
we would have a fourth order differential equation in g. To avoid that the Lagrangian would have
to be degenerate, i.e., linear, in 4, this cannot, as is well-known, lead to a second-order differential
equation. It would appear that nonlocal symmetries in the context of Noether’s theorem do not have
the same potential as nonlocal Lie symmetries of differential equations.

There is often some confusion of identity between Lie symmetries and Noether symmetries.
Although every Noether symmetry is a Lie symmetry of the corresponding Euler-Lagrange equation,
we stress that they have different provenances. There is a difference that is more obvious in systems of
higher dimension. A Noether symmetry can only give rise to a single first integral because of (3). In an
n-dimensional system of second-order ordinary differential equations, a single Lie symmetry gives
rise to (2n — 1) first integrals [23-26].

5. Extensions: One Independent Variable

The derivation given above applies to a one-dimensional discrete system. The theorem can
be extended to continuous systems and systems of higher order. The principle is the same.
The mathematics becomes more complicated. We simply quote the relevant results.

For a first-order Lagrangian with 7 dependent variables:

G = 10 + Wiaq,- (8)
is a Noether symmetry of the Lagrangian, L(t, g;, §;), if there exists a function f such that:

. oL oL ... oL
f_TL+T§+77187qi+(7717q1T)877i (9)

and the corresponding Noetherian first integral is:

0
1= f- [TL - ﬁ] (10)

which are the obvious generalizations of (4) and (6), respectively.

In the case of an n"-order Lagrangian in one dependent variable and one independent variable,
L(t,q,4,...,q") with ") = d"q/dt", the Euler-Lagrange equation is:

" d /oL
j;,)(—l)]@ (m) : (11

I' = 70; + 19, is a Noether symmetry if there exists a function f such that:

. AL & (oL
_ oL _yig (25
f “*Tm+£¥i”€<wm>' a2
where: ,
g_¢ni<f>wﬂ4mm 13)
k=1 k

The expression for the first integral is:

I=f-

n—1n—1—i j NG d] oL
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In the case of an n'-order Lagrangian in m dependent variables and one independent variable,

L(t, qk ks - - q,((")) with q,(p = d"gy/dt", k = 1,m, the Euler-Lagrange equation is:

n 4 [ oL
1) = | == =
LD gy (a (f))'k Lm. (15)
Ik

I' = 19t + Y[ 1k9y, is a Noether symmetry if there exists a function f such that:

. ) LA [ oL
f=1L+ Tt Y ;)(—1)@{( (aq;{])> , (16)

k=1 j=

where:

k=1i=0

G=n'-Y % ( i ) gl 0, a7

The expression for the first integral is:

m n—1n—-1—i X . i d] oL
I=f—|tL+ ) (1) (Wk*qkf)mg (W)} . (18)
k

k=1i=0 j—0

The expressions in (14) and (18), although complex enough, conceals an even much greater complexity
because each derivative with respect to time is a total derivative and so affects all terms in the
Lagrangian and its partial derivatives.

6. Observations

In the case of a first-order Lagrangian with one independent variable, it is well-known [17] that
one can achieve a simplification in the calculations of the Noether symmetry in the case that the
Lagrangian has a regular Hessian with respect to the 4;. We suppose that we admit generalized
symmetries in which the maximum order of the derivatives present in 7 and the 7; is one, i.e., equal
to the order of the Lagrangian. Then, the coefficient of each §; in (9) is separately zero since the
Euler-Lagrange equation has not yet been invoked. Thus, we have:

af o1 dan; , ot \ oL
==L+ 5o —din | 5 (19)
9 94; <3'7j ql@ﬂj) 94
We differentiate (10) with respect to 4; to obtain:
al  af T oL an; .9t oL . L L.
— == — | L+T1—+ | 5+ =0T —Gi=— | = + (i — §iT) =94 |, 20
3, ~ ai, {a% %, <aqj i 5 ) A (i — di )aqi gj (20)

where 61-]- is the usual Kronecker delta, which, when we take (19) into account, gives:

ol . L
Fr (i — giT) aT?.aq]" (21)
] 1
Consequently, if the Lagrangian is regular with respect to the g;, we have:

ol
(i = GiT) = —ijn - (22)
i i ij qu
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where: 5
0°L_ .
gikwa%‘ = Jjj.

The relations (21) and (22) reveal two useful pieces of information. The first is that the derivative
dependence of the first integral is determined by the nature of the generalized symmetry (modulo
the derivative dependence in the Lagrangian). The second is that there is a certain freedom of
choice in the structure of the functions T and #; in the symmetry. Provided generalized symmetries
are admitted, there is no loss of generality in putting one of the coefficient functions equal to zero.
An attractive candidate is T as it appears the most frequently. The choice should be made before the
derivative dependence of the coefficient functions is assumed. We observe that in the case of a ‘natural’
Lagrangian, i.e., one quadratic in the derivatives, the first integrals can only be linear or quadratic in
the derivatives if the symmetry is assumed to be point.

7. Examples
The free particle:

We consider the simple example of the free particle for which:

L= %y’z.
Equation (7) is:
' =W + 32 =1 (23)
If we assume that I' is a Noether point symmetry, (23) gives the following determining equations:
9
3 _19 _
Y 2 ay 0
9 198
2 . 9 196 _
Y : v Zax 0
9y _ of
n . a1 _9of _
y ’ dx dy 0
af
0 . 9 _
Y : 9x 0
from which it is evident that:
¢ = ax)
no= 3a'y+b(x)
f o= 1 +by+c(x)
0 = %a’”erb"erc’.
Hence:
a = Ag+Ax+ An?
b = By+ Bix
c = CO.

Because c is simply an additive constant, it is ignored. There are five Noether point symmetries,
which is the maximum for a one-dimensional system [27]. They and their associated first integrals are:
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=9y I =—y
I = xdy IZ:y—xy’
I3 =0, iy'z
TR S A P
I's = 20, + xydy I =1(y—xy?

The corresponding Lie algebra is isomorphic to As 49 [28]. The algebra is structured as 2A; @5
sI(2, R), which is a proper subalgebra of the Lie algebra for the differential equation for the free particle,
namely s/(3, R), which is structured as 2A; @ {s1(2, R) ®s A1} &5 2A;. The missing symmetries are
the homogeneity symmetry and the two non-Cartan symmetries. The absence of the homogeneity
symmetry emphasizes the distinction between the Lie and Noether symmetries.

Noether symmetries of a higher-order Lagrangian:

Suppose that L = 14”2, The condition for a Noether point symmetry is that:
é’za 7+ dL=f, (24)
where {; = 57" — 2y"& — y'¢", so that (24) becomes:
(77// _ zy//ér/ _ y/g//) i zé/y//z f/ (25)
Assume a point transformation, i.e., { = ¢(x,y) and y = 7(x,y). Then:

92 92 92 0
{ ']+2y aﬂay_i_y/z ’7+y//l_2y (‘3 y ‘:)

dx2 dy? dy ox ay
2
o 4 g 12 92xi //a£ o1 £ /a£ 12
v (axz +2 Sy a2 V)|V T2 G TV 5y )Y
_ f f //i
from the coefficient of y'y"’?, videlicet:
_3 Bj =0
2 ay 4
we obtain:
&=a(x).
The coefficient of y2,
M 39 _
ay Zox
results in:

and the coefficient of y/,
82’7 2 ,az 9 2 32)7 /azg 3f
ox? oo WY ay? ox2 oy’

gives f as:

f=a"y?+ Ga"y +6")y +c(xy).

The remaining terms give:
2f of
dy T
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ie.,
3 ac ; ac
P2 omr 9t ", 12 3 jiv my\ oy 98
y {Za y+ay}+u y2+ (3ay+ ")y + 5 =0,
The coefficient of y'2 is 34" = 0, from which it follows that:
a=Ay+Aix+ A2x2.
The coefficient of y' is:
%+%aivy+b/// -0
and so:
c=—b"y+d(x).
The remaining terms give:
x
ox
ie.,
—by+d =0

from which d is a constant (and can therefore be ignored) and:
b = By + Byx + Byx? + Bsx®.

There are seven Noetherian point symmetries for L = %y’ 2. They and the associated “gauge
functions” are:

BO : 1"1 = ay f1 =0

By : I xay fr=0

Bz ) F3 = xzay f3 = ny/

Bs: Iy =x%9, f1=6xy — 6y
AO : F5 = ax f5 =0

Ay T = xdx + 3y fo=0

Ay I'7 = x20x + 3xydy fr=2y".

The Euler-Lagrange equation for L = 112 is y(®) = 0, which has Lie point symmetries the same

as the Noether point symmetries plus I's = yd,. Note that there is a contrast here in comparison with
the five Noether point symmetries of L = 1y'? and the eight Lie point symmetries of y” = 0. The
additional Lie symmetries are yd,, as above for y'* = 0 and the two non-Cartan symmetries, X; = ydx
and Xp = xydx + y*9y.

For L = %y/ "2, the associated first integrals have the structure:

I=f—38y"+ =y — (' —y"c—v&)y

and are:
JA—
L = xy" -y’
I = xzy”’ - ny” + ny’
I = %Yy +6xy —6y
s o= —yy"+ "
lo = —xy'y+5xy"™ = 5yy" + 3yy”

I; = x@By—xy)y" — @By —xy — 1"y +2y2
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Note that I1-I associated with I'i-T'4, respectively, are also integrals obtained by the Lie method.
However, each Noether symmetry produces just one first integral, whereas each Lie symmetry has
three first integrals associated with it.

In this example, only point Noether symmetries have been considered. One may also determine
symmetries that depend on derivatives, effectively up to the third order when one is calculating first
integrals of the Euler-Lagrange equation.

Omission of the gauge function:

In some statements of Noether’s theorem, the so-called gauge function, f, is taken to be zero.
In the derivation given here, f comes from the contribution of the boundary terms produced by
the infinitesimal transformation in t and so is not a gauge function in the usual meaning of the
term. However, it does function as one since it is independent of the trajectory in the extended
configuration space and depends only on the evaluation of functions at the boundary (end points
in a one-degree-of-freedom case) and can conveniently be termed one especially in light of Boyer’s
theorem [29].

Consider the example L = % y'? without f. The equation for the symmetries,

P) P)
fr= L+17§ (ﬂ*yé‘) +CL

_ (9 9,98 pdT\ 1 n BC 198

We solve this in the normal way: the coefficients of i3, 3’2 and of y' give in turn:

becomes:

& = ax
no= say+
y+b 0

)
y+b(x)
1 a"
which hold provided that:
a= Ao+ Ax b = By,

i.e., only three symmetries are obtained instead of the five when the gauge function is present.
It makes no sense to omit the gauge function when the infinitesimal transformation is restricted
to be point and only in the dependent variables.

A higher-dimensional system:

We determine the Noether point symmetries and their associated first integrals for:
1002 4 2
L=3(+7)
(which is the standard Lagrangian for the free particle in two dimensions). The determining equation is:

of Lof L of _ (om on on (90 OF . 0OF
ot TYax TV T (at”a oy T o e ey ) ) *

9 C o¢ (d9f 95 9

where 771 =y and 11 = {.

10
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We separate by powers of & and y. Firstly taking the third-order terms, we have:

¢
'3 M —_ —
X7 I 0
9
.2 7 —_ p—
X7y 3y 0
. ad
xyz : fy—ai =0
9
e — =
: 3y 0

which implies & = a(t). We now consider the second-order terms: the coefficient of 12 gives 7 as
1 = ax + b(y, t); that of xy gives { as:

{= —g—;x +e(yt);
and that of y? gives ¢ = ay + d(t) and b = e(t)y + g(t). Thus far, we have:
E=a(t) n=ax+ey+g {=—ex+ay+d.
The coefficient of x gives f as:
f=lax* + éxy + gx + K(y, t).
The coefficient of y requires that:

e'x+a—K——e'x+a‘ +d
ayi y

which implies:
=0 K = Yay? +dy + h(t).

The remaining term requires that:

Yo vex+tay?+dy+h=0

whence:
a = Ag+ A+ Axf?
g = Go+Gyt
d = Dg+ Dqt
h = Hy

(we ignore Hy, as it is an additive constant to f).
The coefficient functions are:

= Ag+ Ayt + Apf?
= (A1 +2A2t)x+E0y+GO+G1t
é = —Eopx+ (A1 +2A2t)y + Do + D1t

and the gauge function is:
f=Aox* + Gix + Ayy? + Dyy.

11
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We obtain three symmetries from a, namely:

I = o
I, 10 + x0x + Yy
T3 129y + 2t (xdx + ydy)

which form s(2, R), one from e,
Iy = ydx — xdy

which is s0(2), and four from g and d, namely:

Is = o,
T = toy
r, = 9,
Ty = 1,

The last four are the “solution” symmetries and form the Lie algebra 4A;.

8. More than One Independent Variable: Preliminaries

8.1. Euler—Lagrange Equation

Noether’s original formulation of her theorem was in the context of Lagrangians for functions of
several independent variables. We have deliberately separated the case of one independent variable
from the general discussion to be able to present the essential ideas in as simple a form as possible.
The discussion of the case of several independent variables is inherently more complex simply from a
notational point of view, although there is no real increase in conceptual difficulty.

We commence with the simplest instance of a Lagrangian of this class, which is L(¢, x, u, us, uy),
i.e., one dependent variable, 1, and two dependent variables, f and x. We recall the derivation of the
Euler-Lagrange equation for u(t, x) consequent upon the application of Hamilton’s principle. In the
action integral:

A= /Q L(t,x,u, us, 1y) dxdt (26)

we introduce an infinitesimal variation of the dependent variable,
i =u+ev(tx), (27)
where ¢ is the infinitesimal parameter, v(t, x) is continuously differentiable in both independent

variables and is required to be zero on the boundary, 90}, of the domain of integration, (3, which in
this introductory case is some region in the (f, x) plane. Otherwise, v is an arbitrary function. We have:

A= / L(tx, @, @, dy) dxdt 28)
Q

and we require the action integral to take a stationary value, i.e., A = A — A be zero. Now:

12
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A

/. (L (t,x, 1,1, x) — L (t,x,u,up,1y)] dxdt
Q

oL oLv Lo >
8'/0 {$v+a—m?+;}}dxdt+o(s)

_ S/ Lo (LY 9 (LN iy
 Tlalu ot \wy ox \ Qily
oL oL
S—dt+-—d o(é%). 29
+.BQ {aut +aux x}zﬂr (&%) (29)
The second integral in (29) is the sum of four integrals, two along each of the intervals (t1, t7)
and (x1, xp) with x = x1 and x = x; for the two integrals with respect to t and t = t; and t = t, for
the two integrals with respect to x. Because v is zero on the boundary, this term must be zero. As v is
otherwise arbitrary, the expression within the bracketsin the first integral must be zero, and so, we
have the Euler-Lagrange equation:

JdL o0 [dL d [ dL
e a1 ()~ ax (aac) o 0
A conservation law for (30) is a vector-valued function, f, of ¢, x, u and the partial derivatives of u,
which is divergence free, i.e.,
oft | of?

div.f = §+ A

= 0. (31)

In (31), the operators d; and o, are operators of total differentiation with respect to t and x,
respectively, and henceforth, we denote these operators by D; and D,. The standard symbol for partial
differentiation, d 4, indicates differentiation solely with respect to A. In this notation, (30) and (31)
become respectively:

oL AL, dL
Jdu taut *Ouy
div.f = Dif! + Dy f?

0 and (32)

0. 33)

Naturally, there is no distinction between Dy, du/dt and u;likewise for the derivatives with
respect to x.

8.2. Noether’s Theorem for L(t, x, u, us, uy)

We introduce into the action integral an infinitesimal transformation,
F=t+et x=x+e u=u+tey (34)
generated by the differential operator:
I = 70; + {0y + 170y, (35)
which, because the Lagrangian depends on u#; and 1y, we extend once to give:
it —r+ (D1 — usDyt — uDe€) 9y, + (Dt — ux Dy T — 1xDxC) Oy, - (36)

The coefficient functions 7, ¢ and # may depend on the derivatives of u, as well as ¢, x, and u.

13
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The change in the action due to the infinitesimal transformation is given by:

6A A-A

— [ L(txa a5, a:dF) dx — / L (¢, %, u, g, uy) dtdx, (37)
JO JQ

where Q) is the transformed domain. We recall that Noether’s theorem comes in two parts. In the first
part, with which we presently deal, the discussion is about the action integral and not the variational
principle. Consequently, there is no reason why the domain over which integration takes place should
be the same before and after the transformation. Equally, there is no reason to require that the coefficient
functions vanish on the boundary of (). To make progress in the analysis of (37), we must reconcile the
variables and domains of integration. For the variables of integration, we have:

o d(Fx)
t = t
didx 5 (t,x)d dx
_ Dt Dix
= | D Dyx |
1+eDsT eD¢
dtd
eDyT 1+4eDyC X
- {1 + (Dt + Dy&) + O (ezﬂ dtdx. (38)
For the domain, we have simply that:
Q=0Q+6Q (39)

which, as the transformation is infinitesimal, in general means the evaluation of the surface integral
and in this two-dimensional case the evaluation of the line integral along the boundary of the original
domain. Although this domain is arbitrary, it is fixed for the variational principle we are using. We can
use the divergence theorem to express this in terms of the volume integral over the original domain of
the divergence of some vector-valued function. Combining these considerations with (37) and (38) and
expanding the integrand of the first integral in (37) as a Taylor series, we can write the condition that
the action integral be invariant under the infinitesimal transformation as:

0 = /O{L-i-s

+ (Dxn — ux DT — 11y Dy €) ;TL} - SdiV.F} [1+ e (Dt + Dy§)] dtdx
X

oL oL JL JL
Ta (fg tig, + (Dt — ut Dyt — w4t Dy§) E

- /Q Ldtdx +0 (&), @)

where F represents the contribution from the boundary term. If we require that this be true for any
domain in which the Lagrangian is validly defined, the first-order term in (40) gives the condition for
the Lagrangian to possess a Noether symmetry, videlicet:

. JL JL JL
divF = (Dit+ D) L+Tor+G 450
JL JL
+ (Deyp — wDsT — uyDi&) 5— + (Dxif — wDxT — uxDx§) =—. (41)
ouy oty

The rest is just a matter of computation! There does not appear to be code that enables one to solve (41)
for a given Lagrangian even for point symmetries. One is advised [30] (p. 273) to calculate the

14
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(generalized) symmetries of the corresponding Euler-Lagrange equation and then test whether there
exists an F such that each of these symmetries in turn satisfies (41).

There is a theorem in Olver [31] (p. 326) that the set of generalized symmetries of the
Euler-Lagrange equation contains the set of generalized Noether symmetries of the Lagrangian.
A purist could well prefer to be able to solve (41) directly. Alan Head, the distinguished Australian
scientist, who wrote one of the more successful codes for differential equations in 1978, considered the
effort involved to write the requisite code twenty years later excessive when the indirect route was
available (A K Head, private communication, December, 1997).

A conservation law corresponding to a Noether symmetry “derived” from (41) is obtained when
the Euler-Lagrange equation is taken into account. We rewrite the right side of (41) and have:

. _ oL BL E)L E)L aL
oL BL
— (l/lthT+ leDtg) 87 — (llthT + uxng) S
U 0
JL JL
—TD¢L — ¢DyL — WDtTut -7 xaTH
oL oL oL oL
= Dy {TLJriya—} + Dy {§L+17E} + 7T +C (u,DtT+uthC)a—ut
JL
— (utDxT + uXDxij) — DL — DL
oL
= Di|TL+ (§ —ut — uxr:) + Dy [EL+ (p — T — uxl) =— ”
X
L oL L
+7T |:a - DtL+Df ( aut) + Dx (mﬁ)]
oL oL oL
+C {5 — DyL + Dy (uxa—> + Dy (uxa)}
oL
= Dy |:TL + (7 —wt — uxC) } + Dy {Q‘L + (7 — T — uxQ) W} (42)
X

when the Euler-Lagrange equation is taken into account. Hence, there is the vector of the
conservation law:

I=F— |:’L'L + (7 — wrT — uxg) g—i} e — {th + (7 — wrt — uxg) ;TL} ey, (43)

where e; and ey are the unit vectors in the (¢, x) plane.
We consider the simple example of the Lagrangian:

4 2
L= g5 ()" + 3 (wr)”
The condition for the existence of a Noether symmetry, (41), becomes:

divF = (D7 +Dsg) (5 ()" +§ (un)?) + (Do — Dyt — uxDig) s
+ (Dyyp — Dy T — uyDx§) 153 (44)

The Lagrangian has the Euler-Lagrange equation:
u,zcuxx +uy =0. (45)

The Lie point symmetries of (45) are:
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=0 Ty=to,
I = Jy I's = 1oy — 1oy (46)
F3 = au 1"6 = xax + Zuau.

The Lie point symmetries I'1-T'4 give a zero vector F except for I'y, which gives (u,0). The symmetries
I's and T'¢ give nonlocal vectors and so nonlocal conservation laws, which could be interpreted as
meaning that they are not Noether symmetries for the given Lagrangian. The four local conservation
laws are:

I, = <%u% - uﬁ, ﬁutug’()
I, = <utux, %u‘}c — %u%)
I3 = (ut, %ui)

I, = (u — tuy, —%tux>

9. The General Euler-Lagrange Equation

In the case of a pth—order Lagrangian in m dependent variables, u;, i = 1, m, and n independent
variables, X}, j=1,n, the Lagrangian, L(x, u,uq,...,u p), under an infinitesimal transformation:

it (x) = ul(x) + ev' (x),

where ¢ is the parameter of smallness and v(x) is k — 1-times differentiable and zero on the boundary
0Q) of the domain of integration () of the action integral,

A:/QL(x,u,ul,...,up) dx, (47)
becomes:
L = L(xaiy,... 1)
i oL 2
= L(xuu,... up) +ev; 7+O(s> (48)

1j2s0fk 7,1
O o

in which summation over repeated indices is implied and i = 1,m, j = 1,1, and k = 0, p. The variation
in the action integral is:
SA = / [L—Ldx
Q
= ¢ /Q Ol faseic Jul

Jud2rdk

dx+0 (£2> . (49)

We consider one set of terms in (49) with summation only over j.

; JL
/v;lf2r<<<jka i dx
o U e
i JL i JL
_ R I A AT oL
= /Q {D]k |:v]1,]2w~/]k1 au, ‘ ] :| v]1,/2"“’]k—1 D]k |:auz ‘ . :| }dx
JurJ2smr]k J1iJ2s]k
i JL i JL
= / Dj |V iy njkda—/ v o i Di | 55— | dx
20 Nizrlk=1 gyi q Jvizeedk=1 out ..
J1s027+-1]k J1J27++1]k
i JL
_ i .
- /()vfl,fz:~~~/fk71 Dj, |:auz" - } dx, (50)
J1sJ21]k
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where on the right side in passing from the first line to the second line, we have made use of the
divergence theorem and from the second to the third the requirement that v and its derivatives up to
the (p — 1)™ be zero on the boundary. If we apply this stratagem repeatedly to (50), we eventually
obtain that:

i oL X i oL
/Q W iigr ——dx = (-1) /Q I (51)
JudJ2ser]k Jidj2rer]k
We substitute (51) into (49) to give:
i oL
o _1)\k in M. L 9= 2
sA=e(-1)f [ o DhD]z...D]kau;ljzmjk)dx+o<£). (52)

Hamilton’s principle requires that 6 A be zero for a zero-boundary variation. As the functions
v'(x) are arbitrary subject to the differentiability condition, the integrand in (52) must be zero for each
value of the index i, and so, we obtain the m Euler-Lagrange equations:

(-1)*D;Dj,...D; L o i=1m, (53)

*oui ..
J1rJ2s+ 1]k

with the summation on j being from one to 7 and on k from zero to p.

10. Noether’s Theorem: Original Formulation

Under the infinitesimal transformation:
J=x+efl i@ =u+ey (54)
of both independent and dependent variables generated by the differential operator:
I' = ¢j0x; + 1i0u;, (55)

in which summation on i and j from 1-m and from 1-n, respectively, is again implied, the
action integral,

A= /Q L (x,u,u,...,1p)dx, (56)
becomes:
A = /OL(:z,a,ﬁl, Jilp) dx
_ (1) (r) 7
/(HmL(x—&—eg,u—i-sq,ul—i-sq e Up Tt )](x,x)dx, (57)

The notation Q) indicates the infinitesimal change in the domain of integration Q) induced by the
infinitesimal transformation of the independent variables.

The notation ;71/) is a shorthand notation for the j extension of T. For the ]%h derivative of u!, we
have specifically:

1 S I
) =Dyl — D¢ 69
and for higher derivatives, we can use the recursive definition:
ik _ i(k=1) i Al
Mirjoewi = Dkl//jl/z"'jk—l ujl;'z...jle]kg 59

in which the terms in parentheses are not to be taken as summation indices.
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The Jacobian of the transformation may be written as:

ox!
ox/
= |o5+epg +0(2)]

— 14¢eDF+0 (82) . (60)

J(xx) =

We now can write (57) as:

A—/;){L+s

Because the transformation is infinitesimal, to the first order in the infinitesimal parameter, ¢, the
integral over 6() can be written as:
/ Ldx € / Ldo
50 20

- - /Q D;Fidx, (62)

T2k
auh]z Jk

; oL i(k) JoL 2
.EL T —— 4+
eLD;¢" +¢ ax; + 1 } } dx + /0 Ldx+ O <s ) . (61)

where F is an as yet arbitrary function. The requirement that the action integral be invariant under the
infinitesimal transformation now gives:
: -oL i(k JL
Fo— D& 4@ %k i
DiF;=LD;¢/ +¢& FP + Wi E
J J1J2-+Jk

(63)

This is the condition for the existence of a Noether symmetry for the Lagrangian. We recall that
the variational principle was not used in the derivation of (63), and so, the Noether symmetry exists
for all possible curves in the phase space and not only the trajectory for which the action integral takes
a stationary value.

To obtain a conservation law corresponding to a given Noether symmetry, we manipulate (63)
taking cognizance of the Euler-Lagrange equations. As:

&DjL = gf(a +Dju aL), (64)

] J1/2 Jk 3y
du J1J2-+Jk

we may write (63) as:

} oL

i
du Jj2---Jk

E L ik _@pai.
D [F] LC] |:7]j1j2"'jk C“T'Dfuh]z---fk

(ﬂi*Cij“i> suz + Z { Mo~ & Dt ﬂ] ou laL

Wi o

i iy JL
k

n (17] - Cijul> (=1)*Dj, Dy, - - Djs——

J1j2Jk
. : L

i

2 []7]1]2 gk D/uh/z---fk} oul (65)
k=1 Jij2-k
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in the second line of which we have separated the first term from the summation and used the
Euler-Lagrange equation. We may rewrite the first term as:

; ; ; JL
k
Dj, (’71 7§]Dful) (-1 Dj,Dj, ... D, oui ..
J1J2-+Jk
) ) S . oL
k
- (kaﬂl - (ka(:]) Dju' 7‘:]fok”1) (=1)D;,Dj, ---Dj_, u .
J1j2-+Jk

The first term, being a divergence, can be moved to the left side (after replacing the repeated
index ji with j). We observe that the second term may be written as (58):

I . oL
= (" = iy ) (~1)*p; sz"'ka—lﬁ
1)2+Jk
) i L aL
& =D, [(n - &) (-1) DlejzwD/ksz
L 1J2++Jk 4
<Dy, (1~ &, )] (<1, Dy .. Dy,
Je1 \ M, Jik = jk’zau}jzj
2
i(1) i k oL
& -Dj, (77jk —gf]u;jk> (=1) DlejZ"'Djk—ZW
L 1/2---Jk 4
+( i(2) 7§jui ) (71)kD' D. D. aiL (66)
U i1k W e
1)2-Jk

in which we see the same process repeated. Eventually, all terms can be included with the divergence,
and we have the conservation law:

; ) ; k oL _
Df {Pf - L - (Ujkmjk,lﬂ - mu;njkAAAjk,,H) (_1) Dlejz T ka oul } =0. (67)
J1J2--Jk

The relations (63) and (67) constitute Noether’s theorem for Hamilton’s principle.

11. Noether’s Theorem: Simpler Form

The original statement of Noether’s theorem was in terms of infinitesimal transformations
depending on dependent and independent variables and the derivatives of the former. Thus, the
theorem was stated in terms of generalized symmetries ab initio. The complexity of the calculations for
even a system of a moderate number of variables and derivatives of only low order in the coefficient
functions is difficult to comprehend and the thought of hand calculations depressing. We have
already mentioned that one is advised to calculate generalized Lie symmetries for the corresponding
Euler-Lagrange equation using some package and then to check whether there exists an F such that (63)
is satisfied for the Lie symmetries obtained. Even this can be a nontrivial task. Fortunately, there exists
a theoretical simplification, presented by Boyer in 1967 [29], which reduces the amount of computation
considerably. The basic result is that under the set of generalized symmetries:

I =0, +1'9,,
where the & and 7' are functions of 1, x and the derivatives of u with respect to x, and:
T=iqd,, 7=y —ug

one obtains the same results [32,33].
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This enables (63) and (67) to be written without the coefficient functions &. This is a direct
generalization of the result for a first-order Lagrangian in one independent variable. One simply must
ensure that generality is not lost by allowing for a sufficient generality in the dependence of the 7’
upon the derivatives of the dependent variables. The only caveat one should bear in mind is that
the physical or geometric interpretation of a symmetry may be impaired if the symmetry is given in
a form that is not its natural form. This does raise the question of what is the “natural” form of a
symmetry. It does not provide the beginnings of an answer. It would appear that the natural form is
often determined in the eye of the beholder, cf. [34].

The proof of the existence of equivalence classes of generalized transformation depends on the
fact that two transformations can produce the same effect on a function.

12. Conclusions

In this review article, we perform a detailed discussion on the formulation of Noether’s theorems
and on its various generalizations. More specifically, we discuss that in the original presentation of
Noether’s work [1], the dependence of the coefficient functions of the infinitesimal transformation
can be upon the derivatives of the dependent variables. Consequently, a series of generalizations
on Noether” theorem, like hidden symmetries, generalized symmetries, etc., are all included in the
original work of Noether. That specific point and that the boundary function on the action integral can
include higher-order derivatives of the dependent variables were the main subjects of discussion for
this work. Our aim was to recover for the audience that generality that has been lost after texts, for
instance Courant, Hilbert, Rund, and many others, where they identify as Noether symmetries only
the point transformations. The discussion has been performed for ordinary and partial differential
equations, while the corresponding conservation laws/flows are given in each case.
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Abstract: We consider the issue of correspondence between symmetries and conserved quantities
in the class of linear relativistic higher-derivative theories of derived type. In this class of models
the wave operator is a polynomial in another formally self-adjoint operator, while each isometry of
space-time gives rise to the series of symmetries of action functional. If the wave operator is given
by n-th-order polynomial then this series includes n independent entries, which can be explicitly
constructed. The Noether theorem is then used to construct an n-parameter set of second-rank
conserved tensors. The canonical energy-momentum tensor is included in the series, while the
other entries define independent integrals of motion. The Lagrange anchor concept is applied to
connect the general conserved tensor in the series with the original space-time translation symmetry.
This result is interpreted as existence of multiple energy-momentum tensors in the class of derived
systems. To study stability we seek for bounded-conserved quantities that are connected with the
time translations. We observe that the derived theory is stable if its wave operator is defined by a
polynomial with simple and real roots. The general constructions are illustrated by the examples of
the Pais-Uhlenbeck oscillator, higher-derivative scalar field, and extended Chern-Simons theory.

Keywords: Noether’s theorem; generalized symmetry; energy-momentum tensor; Lagrange anchor

1. Introduction

Once the Noether theorem [1] is applied to the higher-derivative theories, the models whose
Lagrangians involve second and higher-derivatives in time, the canonical energy usually appears to be
unbounded. This is often interpreted as instability of higher-derivative dynamics [2]. The presence of
classical trajectories with runaway behavior and the absence of a well-defined vacuum state with the
lowest energy at the quantum level are considered as typical indicators of stability problems. The recent
research [3-5] demonstrates that the models with unbounded classical energy are not necessarily
unstable. Various ideas were applied to the study of stability of higher-derivative theories, including
the non-Hermitian quantum mechanics [6-8], alternative Hamiltonian formulations [9-12], adiabatic
invariants [13], and special boundary conditions [14]. For constrained systems, the energy can be
bounded on-shell due to constraints [15-17]. The f(R)-gravity [18-20] is the most studied model of
such a type.

In [21], it has been observed that the higher-derivative dynamics can be stabilized by another
bounded-conserved quantity. Even though the Noether theorem associates this bounded quantity
with a certain higher symmetry, the Lagrange anchor can be used to connect the additional integral of
motion with the time translation. The Lagrange anchor was first introduced to quantize non-variational
models in [22]. Later, it was observed that it also connects symmetries and conserved quantities
in both Lagrangian and non-Lagrangian theories [23]. In the first-order formalism, the Lagrange
anchor defines the Poisson bracket [24]. The bounded-conserved quantity, which is connected with the
time translation symmetry, serves as Hamiltonian with respect to this Poisson bracket. In this way,
the stability of dynamics is retained at both classical and quantum levels.

Symmetry 2019, 11, 642; doi:10.3390/sym11050642 22 www.mdpi.com/journal/symmetry
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In [25], an interesting class of higher-derivative theories of derived type was introduced.
In these models the wave operator is a constant coefficient polynomial (characteristic polynomial)
in another formally self-adjoint operator of lower order. The Pais—-Uhlenbeck theory [26], Podolsky
electrodynamics [27], conformal gravities in four and six dimensions [28,29], and extended
Chern-Simons [30] are particular examples of theories of derived type. The general result of [25] is the
following: the derived theory with the n-th-order characteristic polynomial admits n-parameter series
of conserved quantities, which can be bounded or unbounded. The bounded-conserved quantities
can stabilize the classical dynamics of the theory. It was also claimed (without detailed analysis) that
all of the conserved quantities in the series are connected with the time translation symmetry by a
Lagrange anchor.

In the present article, we study the stability of higher-derivative dynamics from the viewpoint of
a more general correspondence between symmetries and conservation laws, which is established by
the Lagrange anchor. We show that the derived model with the n-th-order characteristic polynomial
admits an n-parameter series of Lagrange anchors, which connects the general conserved quantity
with time translation symmetry. To get this result we reformulate the correspondence between
symmetries and conserved quantities in terms of algebra of polynomials and apply the Bezout
Lemma. To study stability we address the issue of correspondence between the time translations and
bounded-conserved quantities. This problem is special because the bounded-conserved quantities
are not general representatives of the conserved quantity series. We conclude that in non-singular
theories a bounded-conserved quantity can be connected with the time translation if all of the roots
of the characteristic polynomial are real and simple. As for gauge models, a more accurate analysis
is performed.

The rest of the paper is organized as follows. In Section 2, we recall some basic facts about
symmetries, characteristics, and conservation laws in linear systems. In Section 3, we introduce the
Lagrange anchor and establish a correspondence between symmetries and conservation laws. The class
of derived models is introduced in Section 4. Section 5 studies the issue of the relationship between the
bounded quantities and time translations. We also obtain the stability conditions of higher-derivative
theories of derived type in Section 5. Section 6 illustrates general constructions in the theories of the
Pais—Uhlenbeck oscillator, higher-derivative scalar, and extended Chern-Simons. The conclusion
summarizes the results.

2. Symmetries, Characteristics, and Conserved Quantities of Linear Systems

Given the d-dimensional Minkowski space (We use the mostly minus convention for the space-time
metric throughout this paper) with the local coordinates x*, 1 =0, 1, ... ,d — 1, we consider the set of
fields ¢'(x). The multi-index i includes all the tensor, spinor, and isotopic indices, which label the fields.
We assume the existence of an appropriate constant metric which can be used to raise and lower the
multi-indices. This gives rise to the inner product of fields,

(@, )y = @i(x)y' (x) 1)

(no integration over space-time). Zero boundary conditions are assumed for the fields at infinity. In this
setting, the most general linear theory reads as PDE,

Ti(p) = M;j(d)p/ =0, 2)

where summation over repeated index is implied, and M is the matrix differential operator. By the
matrix differential operator, we mean the matrix whose entries are polynomials in the formal variable
dy = dfoxt.

The formal adjoint of the matrix differential operator M is defined as follows:

M"(9) = Mji(=9). ®)

23



Symmetry 2019, 11, 642

If the wave operator is formally self-adjoint, the corresponding Equation (1) are variational with
the action functional

Slp(] = 3 [ <o Mpitz @

In this class of models, M is often called the wave operator. The following identity relates the
operator and its adjoint:

S (o Mp) =~ (MY, 9)) = 3y (alep, )" ©)

Here, ¢ and @ are test functions, and the right-hand side is a divergence of some vector. The index
M in j labels the operator M, which is involved in the left-hand side of Equation (5).

We allow gauge freedom for the model (2). If the wave operator M has right null-vectors in the
class of matrix differential operators, i.e.,

M(d)R4(d) =0, (6)
with a being some multi-index, Equation (2) are invariant with respect to the gauge transformation
o' = Ri()e”. (7)

Here, ¢ = £%(x) are functions of space-time coordinates, and summation over the repeated index
a is assumed. The matrix differential operators R, are called gauge generators.

The wave operator can have left null-vectors in the class of matrix differential operators. All such
null-vectors determine gauge identities between equations of motion of the following form:

Za(9)T(p)

0, (8)

where the multi-index A labels gauge identities. For linear variational theories, the identity generators
are adjoint of gauge generators,
Za(9) = R{(9), A=a. )

The statement about the relation between gauge symmetries and gauge identities is often called
the second Noether theorem, and equality (9) is a particular form of it. In non-variational theories,
the gauge symmetries and identity generators are unrelated to each other.

The matrix differential operator L is called the symmetry (The notion of symmetry can be
introduced in various ways. In this article we give non-rigorous explanations about symmetries,
which are sufficient for our consideration. For systematical introduction into the subject we refer to the
book [31]) of linear theory (2) if it is interchangeable with M in the following sense:

M(I)L(9) = Q(I)M(9), (10)

with Q being some matrix differential operator. Symmetry induces a linear transformation of the fields
that preserves the mass shell (2):

e = EL(A)ep, 0cT(p) = EL(A)T(¢) = 0. 1n

Here, the constant & is the infinitesimal transformation parameter, and the sign ~ means equality
modulo Equation (2). The symmetries of linear theory form an associative algebra with respect to the
composition of the operators [31]. Equation (10) has a lot of trivial solutions of the form

Liiv(d) = U(I)M(9) + Ra(9)U*(9), 12)
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where U and U“ are some matrix differential operators. These symmetries are present in every theory
and do not contain any valuable information about the dynamics of the model. In what follows,
we systematically ignore them.

We term the symmetry variational if the transformation (11) preserves the action functional (4).
The defining condition for the variational symmetry reads

LY (9)M(9) + M(J)L(d) = 0, (13)
which is relation (10) for Q = L*. Trivial variational symmetries have the form

LY (9) = G(9)M(9) + Ra(9)U%(9), G' = -G. (14)

triv

The vector-valued function of the fields and their derivatives j is called a conserved current of the
model (4) if its divergence vanishes on the mass shell, i.e.,

It (9, 99,8¢,...) = (N(9), T(¢)) (15)

for some characteristics, N being the function of fields and its derivatives. The conserved current j
defines the integral of motion:

= f P (@)dx, (16)

where the integration is held over the space coordinates. By construction, ] is a constant for all the
solutions to the classical Equation (2).

The above definition of conserved current and characteristic has natural ambiguities.
Two conserved currents are considered equivalent if their difference is the divergence of some
anti-symmetric tensor on-shell,

(@) = (@) = ZH (), EH () = -E(p). 17)

Equivalent conserved currents define one and the same integral of motion (16). As for
characteristics, the corresponding condition reads

N'(¢) =N(p) =~ U*(@)Rq- (18)

Equivalent characteristics determine equivalent conserved currents. This establishes a one-to-one
correspondence between the equivalence classes of characteristics and conservation laws.

In linear theories, the quadratic conserved currents are the most relevant. Once the conserved
current is bilinear in fields, the characteristic is linear. It can be written in the form

N(p) = N(d)p, (19)

where N is a matrix differential operator, which we call the operator of characteristics. The defining
condition for the operator of characteristic reads

N ()M () + Mt (9)N(9) = 0. (20)

The formula can be applied to both variational and non-variational theories. Trivial operators of
characteristics read

New(9) = GOM() + Y, () 4()u*(9), G" =—G. 1)
A
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In the class of variational models’ conditions (20) and (21) take the form of (13) and (14). This brings
us to the identification of variational symmetries and characteristics,

L(9) = N(3). 22)

The relationship between the variational symmetries and conserved currents is obtained from (20)
and (21) using the integration by parts by means of Equation (5),

j=jm(p.No), (23)

(the on-shell vanishing terms are omitted). In fact, (22) and (23) represent one of the possible
formulations of the classical Noether theorem [1].

As we can see from the above, the classical Noether theorem essentially uses two distinct facts:
the relationship between characteristics and conserved currents (23), and the connection between
symmetries and characteristics (22). The first of these facts holds true for the variational and
non-variational models, while the second uses the presence of action functional. We introduce Formula
(22) because it allows us to extend the Noether theorem beyond the scope of variational dynamics.
A crucial ingredient of generalization of the Noether theorem is the Lagrange anchor.

3. Lagrange Anchor and Generalization of the Noether Theorem

The matrix differential operator V is called a Lagrange anchor (For the general definition of
Lagrange anchor see [22]) of the linear theory (2) if the following relation is satisfied:

v o)Mt(9) - M(9)V(3) = 0. (24)
The defining equation for the Lagrange anchor has a lot of trivial solutions of the form

Viriy (9) = G()M(9) + ) Ra(9)U*(9), G' =G, (25)

where G is a self-adjoint operator, and U® are arbitrary operators. The trivial Lagrange anchors do
not contain valuable information about the dynamics of the theory, and they are also useless for the
connection of symmetries and conserved quantities. We systematically ignore them.
The Lagrange anchor is called transitive if it has zero kernel in the class of matrix
differential operators,
V(d)K(d) =0 e K(d) = 0. (26)

We mostly consider transitive Lagrange anchors. The variational models admit the canonical
Lagrange anchor, V = id, which is transitive. In non-variational theories, some examples of transitive
Lagrange anchors can be found in [32,33].

The Lagrange anchor connects symmetries and conserved quantities. If N is the characteristic of a
conserved quantity, and V is a Lagrange anchor, the corresponding symmetry reads

L(d) = V(9)N(9). 27)

conditions (20) and (24) ensure that the right-hand side of this expression is symmetry in the sense of
condition (10). Once the variational theory is equipped with the canonical Lagrange anchor, the identity
map connects characteristics and symmetries,

L(d) = N(d), V = id. (28)
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This is the standard Noether correspondence between symmetries and conserved quantities
(22), (23). If V is non-canonical, the symmetries and conserved quantities are connected in a
non-canonical way.

Relation (27) can be lifted at the level of classes of equivalence of non-trivial symmetries and
conserved quantities. To ensure this fact, we should prove that the trivial characteristics are mapped
into trivial symmetries. The following relations are used:

V(9)Niv(9) = V(9)G(I)M(9) + L V(9) (ZA()u?(9) =

~ (V@0)G()M@) + T R(D)U(2) = Lu(2) @)

For the sake of simplicity, we assume that the set of gauge generators is complete. In this case,
the identity M(9)V(9)Z4(9)U*(d) = 0 implies V(9)Z(d)U*(9) = Ra(d)U*(9) for some U, summation
over repeated indices is implied.

The classes of equivalence of characteristics and conserved currents are in one-to-one
correspondence. This means that Formula (27) connects the classes of equivalence of conservation
laws and symmetries, like the Noether theorem. We call relation (27) the generalization of the Noether
theorem. As the requirement of the existence of the Lagrange anchor is less restrictive than the presence
of the least-action principle, the generalization of the Noether theorem can be applied to connect
symmetries and conserved quantities in non-variational theories.

The matrix differential operator L is called a proper symmetry with respect to the Lagrange anchor
V if L(d) = V(d)P(J) for some P, and

V(9)(P*(9)M(9) + M' (9)P(9)) = 0. (30)
the proper symmetries are symmetries in the usual sense. Indeed, by relations (24) and (27), we get

( WV (9)P(9) = (VI(9)M'(9) - (9)+V(3)+) (9) +M(9)V(9)P(9) =

= VH9) (M (9)P(3) + PH()M(9)) - V} (9)P ()M = V() P (2)M(9). G

In the class of variational models equipped with the canonical Lagrange anchor, the proper
symmetries are just variational ones. If the Lagrange anchor is transitive, the proper symmetries can
be connected with integrals of motion. Applying (26) to (30), we get that P is the characteristic,

PH(a)M(9) + Mt (9)P(d) = 0. (32)

The characteristic defines the conserved current by Formula (16). This establishes a correspondence
between proper symmetries and conserved quantities. In the class of variational models equipped
with the canonical Lagrange anchor, relation (28) establishes the Noether correspondence between the
variational symmetries and integrals of motion. In the class of non-variational theories, the proper
symmetries constitute a special subset in the space of all symmetries, which can be connected with
conserved quantities.

The connection between symmetries and conserved currents is not necessarily unique for a given
system of equations, because multiple Lagrange anchors can be admissible by the model. If this
takes place, one and the same conserved current can be associated with several different symmetries.
Alternatively, one and the same symmetry can come from different pairs of Lagrange anchors and
conserved currents. In the rest of the paper we mostly deal with the variational theories of derived
type, which are known to admit multiple Lagrange anchors. In particular, we show that the isometries
of space-time can be connected with the series of conserved tensors in this class of models.
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4. Higher-Derivative Theories of Derived Type

Given a set of fields ¢/, we introduce the variational primary model without higher-derivatives
W;i(d)p! =0, WH=w. (33)

The model (2) falls into the class of theories of derived type if its wave operator is a constant
coefficient polynomial in W,

n
M(a; W) = )" ap WP, a, #0. (34)
p=0
The constants ay, . .. ,a, distinguish different representatives in the class. The equations of motion
(33) come from the least-action principle for the functional

Slp(x)] = % f (@, Wo)d'x. (35)

Each derived theory is defined by a primary operator W, and a characteristic polynomial in the
complex variable z,

M(a;z) = Zapzp. (36)
p=0

The symmetries, characteristics, and Lagrange anchors in the class of derived systems can be
systematically obtained from the corresponding quantities of the primary model. Even though the
derived quantities do not cover all symmetries, characteristics, and Lagrange anchors, they contain
valuable information about dynamics. In the present paper, we use derived conserved quantities to
study the stability of higher-derivative models.

Let us explain the details of the construction. Suppose that the primary theory admits the series
of variational symmetries with the operator L(&),

L(E) = Z Ly, LW =0, L =—(L)", 37)

a=1

where the indices 2 =1, ... ,s label the generators of symmetry series, and &’s are the transformation
parameters, being real constants. In this case, the Noether theorem (22), (23) associates the conserved
currents j;, a = 1, ... ,s with these symmetries. The conserved currents are linearly independent if
the symmetry generators are linearly independent (modulo trivial symmetries). In what follows in
this section, we assume the linear independence of the generators L, (37). The operators L, (37) can
form a Lie algebra, at least in some models. The Poincare symmetry in the relativistic theories is one
of the relevant examples of such kind. We do not specify the structure of the algebra of symmetries
because we are mostly interested in the correspondence between the linear spaces of symmetries and
conserved quantities.

A single variational symmetry (37) defines the n-parameter series of variational symmetries of the
action functional (4), (34),

n-1

N(,&W) = LEN(BW), N(BW) =) W, (38)
p=0

where f,, p =0, ..., n — 1, are constant parameters. For p = 0, this series includes the symmetries
(37) of the primary model (33). The other entries in (38) are higher-derivative operators whose origin
is a consequence of the derived structure (34) of the equations of motion (2). The symmetries in the
series (38) are usually independent, even though it is not a theorem. The general argument is that if
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all the powers of the primary operator are independent initial data and L,’s are transitive operators,
the characteristic (38) cannot be zero on-shell. The exceptions are possible in the class of gauge theories,
where some entries of the series (38) can trivialize on the mass-shell with account of gauge symmetries.

The Noether theorem (22), (23) associates the following set of conserved currents with the
variational symmetry (38):

n—1
j(B.&) = X Bpif (&),
P (39)

n

q-p rP—q
(&) = zoaq( Z iw(LOW o, Wiig) + T ju(LieW g, wq*s-lcp))-
q= s= 5=

The derivation of this formula uses integration by parts by means of Equation (5). All the on-shell
vanishing contributions are omitted in (39). In this set, /’s represents the canonical conserved quantities
of the derived model (4), (34) that are connected with the original symmetry (37) of the primary model
(33). The other conserved currents, ¥, p=1, ... ,1n — 1, come from the higher-symmetries in the set (38).
The conditions of linear independence of conserved currents are the same as that of symmetries.

The Lagrange anchors in the class of derived theories are just polynomials in the primary operator,

n—1
V(y; W) = Z ypWP. (40)
p=0

The higher-powers of W do not define new non-trivial Lagrange anchors, see Equation (25).
The canonical Lagrange anchor is included in this series for

Po=1, pr=P2=...=fu1 =0. (1)

The Lagrange anchor (40) connects characteristic (38) with symmetry of the derived theory (34) by
the rule (27). The resulting symmetry is the original one if

V(y; W)N(B, &; W) = L(&) + trivial symmetry. (42)

We are interested in the problem of connecting of conserved quantities with the original symmetry
because it is relevant for studying stability.

Let us first consider the theories without gauge symmetries. In this case, the relevant trivial
symmetry in the right-hand side of (42) has the form

n-2
Luiv = K(8; W)M(a; WL(E), K(6;W) =) 8, WP, (43)
p=0

with K being some polynomial in W. To meet (42), it is sufficient to impose the condition
V(y; W)N(B; W) = id + K(6; W)M(a; W). (44)

If all the powers of the characteristic operator are independent, the formula is equivalent to the
relation between the characteristic polynomials of the involved quantities

V(y;2)N(B;z) —K(6;z)M(a;z) = 1. (45)

The Bezout Lemma states that the problem has a unique solution for V and K if, and only if,
N and M have no common roots. Once two general polynomials have no common roots, almost all the
conserved quantities in the series are related to the original symmetry.
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In the class of gauge models, some additional symmetry can trivialize on-shell. The relevant
trivial symmetry in the right-hand side of (42) can be chosen in the form

Liiy = | K(6; W)M(a; W) + iKs(W)Ms(W) L(&), (46)
=1

where M; are additional generators of trivial symmetries. In principle, the wave operator and Ms can
be dependent in some models. We should ignore M in the formulas below in these circumstances.
The analogue of relations (44), (45) reads

V(y; W)N(B; W) = K(8; W)M(a; W) ZKS M(W) = id; 47)

V(y;z)N(B;z) - M(a; z) ZKS )M (z) = 1. (48)

These equations are consistent if N and at least one characteristic polynomial of the trivial gauge
symmetry generators M, Ms, have no common roots. This condition is less restrictive than in the case
of non-gauge models.

5. Stability of Higher-derivative Dynamics

In this section, we address the problem of establishing a relationship between the bounded-
conserved quantities and the time translation symmetry. This problem needs more accurate
investigation because bounded-conserved quantities are not necessarily general representatives
of conserved current series, while general conserved currents may define unbounded-conserved
charges. We proceed in two steps. First, the bounded-conserved quantities in the series are identified.
After that, we address the issue of connecting bounded-conserved quantities with the space-time
translation. Throughout the section we assume that L(¢) = &9,

Let us discuss the structure of conserved quantities in the series (39). We introduce the factorization
of the wave operator (34) in the form

r
M(a; W) = an [ T (W=20)™, (49)
k=1
where the numbers A, and m label different roots and their multiplicities. The integer r is the total
number of different roots. We assume that all the quantities A, are real numbers. We do not consider
complex roots because the corresponding derived theory is always unstable.

Using factorization (49), we define the new dynamical variables absorbing the derivatives of the
original field by the receipt of Pais and Uhlenbeck [26]:

r

Px = M)p, M) =an [ W=2)", k=1,...,r. (50)
i=1,i#k

We term the new quantities as components. By construction, the original field ¢ can be expressed
on-shell as the linear combination:

m—1

9= ch(c,W)(pk, CHGW Z GWE, (51)
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The following system of equations is valid for the components:
(W=2) =0, k=1,...,r. (52)

It ensures that the components, which are associated with different roots of characteristic equation,
are independent degrees of freedom. The one-to-one correspondence between the solutions of systems
(2) and (52) is established by Formulas (50) and (51).

The system of equations for components comes from the action functional

5= Y Sl Selgo] = 3 [ ou (W= 2™ ). 53)
k=1

Once L(&) is a set of symmetries of the primary model, the following transformations are variational
symmetries:
e = W=A)'L(E)pr, k=1,...,1, 1=0,...,m -1, (54)

with no sum in k. There are # independent symmetries in this set. In terms of the original field set,
these transformations correspond to the derived symmetries (38). The following conserved currents
are associated with them:

my—1

jom1(E) = ;1 -1, (L(E) (W = 20", (W = A1) ),
k=100 =0,... m—1.

(55)

In this set, the leading representatives /=1 are the canonical energy-momentum currents of the

components, while the others are independent quantities. It is obvious that (55) are linear combinations
of conserved tensors (39).

Once ¢ is an arbitrary constant vector, the conserved quantities are tensors. The second-rank
conserved tensors (T)#" are defined by the rule

(@) = & (™. (56)

As for the structure of conserved tensors (56), the following observation is relevant. The leading
representatives in the conserved tensor series,

(T)% = (i, (W = 1) p, (W= A0)™ ), (57)

have bounded from below 00-component if the canonical energy of the primary model is bounded
on-shell

04,00 ; 0
(T 206 TY | (9) = (jw-1,(p,9)” 20, Yo. (58)
These conditions can be satisfied in many cases. For example, it is sufficient to assume
Ti(p) 20, T (p) = =M, 9) 2 0. (59)
The other contributions in (55) are not bounded from below because they are linear in the variable

(W= 2" . (60)

Once this quantity is an initial data of the model, the conserved tensors (56) cannot have bounded
00-component for / > 0.

The observations above can be summarized as follows. If the primary theory is stable, the leading
terms in the conserved tensor set (56) have bounded 00-components, while the other contributions
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are unbounded unless they vanish due to gauge symmetries or constraints. The bounded series of
conserved currents in unconstrained theory has the form

(7 (B,&) = Y ro(TO). (61)
k=1

In the case of multiple roots of the characteristic equation, this subseries is special because it
involves only some initial data (60). Such conserved quantities cannot ensure the classical stability of
the model. This brings us to the conclusion that non-singular theories of derived type with multiple
roots should be unstable. This observation is supported by the models of the Pais-Uhlenbeck oscillator
and the higher-derivative scalar field, where the models with resonance are unstable.

Let us now show that theories with multiple roots cannot be stable at the quantum level.
This amounts to the fact that the bounded-conserved quantity cannot be connected with the time
translation symmetry. The characteristic for the bounded-conserved tensor reads

N*(B,&W) = Y LIEB(W = A" Ag(A; W), (62)
k=1

where A’s were introduced in (50). Given the Lagrange anchor (40), the corresponding symmetry is
(42). This expression defines the space-time translation if

L(&)V(y; W)NT(B; W) = L(&) + trvial symmetry. (63)

Assuming that no gauge symmetries are present in the model, and L(&) is a transitive operator
(26), we conclude that
V(y; W)NT(8; W) = K(5; W)M(a; W) = id, (64)

where K is some polynomial. Once all the powers of W are linearly independent, this equation is
equivalent to the following relation between characteristic polynomials of conserved quantities:

V(y;2)Nt(B;2) = K(8;2)M(a;2z) = 1. (65)

By the Bezout Lemma, this condition is consistent for fixed N* and M if, and only if,
these polynomials have no common roots. On the other hand, each multiple root is common
for M and N*. Hence, the bounded-conserved quantity can only be connected with space-time
translations if all the roots of the characteristic equation are simple. The Pais—Uhlenbeck oscillator and
higher-derivative scalar field models again serve as demonstrations for this observation.

The case of gauge theories needs more accurate consideration. There are two important points:
unbounded contributions in (55) can trivialize on the mass-shell, and the relation between symmetries
and conserved quantities is more relaxed. This allows us to connect a bounded-conserved tensor with
the time translation symmetry even if the characteristic polynomial has multiple roots. We illustrate
this possibility in the extended Chern-Simons theory in Section 6.3.

6. Examples

6.1. Fourth-order Pais—Uhlenbeck Oscillator

The Pais—Uhlenbeck oscillator of the fourth-order is a theory of a single dynamical variable x(t)

with the action functional
1 AV
S[x(t)] = Ef(x(ﬁ +(A)1)(E +(u2 X dt, (66)
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where the frequencies w;, w; are parameters of the model. The Euler-Lagrange equation for the action

functional is of derived type,
oS (d> L\ d4
o (ﬁ + wl)(ﬁ +wzlx=0, (67)
with the primary operator being the second time derivative. The squares of frequencies determine
the roots of the characteristic polynomial (36), which can be equal or different. The order of the
characteristic polynomial equals two.
If the frequencies of the Pais—Uhlenbeck oscillator are different, two integrals of motion (56) are
admissible by the model,

1 \2 . 2
]k = m((x + OJ%X) —+ (a)% —+ (L)% — wl%)(er wix) ), k = 1,2 (68)
1 2

These conserved quantities are obviously bounded from below. The bounded subseries of
conserved quantities (61) is the linear combination of these expressions,

2
It =Y Bt B> 0. (69)
k=1

The characteristic for the bounded-conserved quantity reads

42 2 B (2 d
NT(B,—|= — +a?|-. 70
(ﬁ dtZ) k;w%w%(dﬂ“’k)dt 70

The Lagrange anchor,

v( dz ) _ leirey) (ﬁl +p2 d? 51m§+/32w%} (71)

)~ (m%—m%)z pifa df? B1p2

connects the conserved quantity (69) with the time translation symmetry whenever the product 1, is
nonzero. This gives an alternative proof of the stability of the Pais-Uhlenbeck oscillator with different
frequencies.

In the case of resonance w1 = wy = w, the Pais-Uhlenbeck oscillator has two conserved quantities,
only one of which is bounded from below,

A2 . 2 e
J'= ﬁ((x + a)zx) + (x + a)zx) ), J? = ;E(Zxx —xz) + 2%+ %wzxz. (72)

The series of bounded-conserved quantities (61) includes a single entry J'. The characteristic (62)

for this conserved quantity reads
d? 1 (d? d
S P I L3
N (dtZ) a)z(dtz o )dt' @3)

It has the common root w? with the characteristic polynomial of the wave operator (67). This means
that the bounded integral of motion cannot be connected with the time translation symmetry in the
model with resonance.

The results of this subsection show that the fourth-order Pais—Uhlenbeck oscillator is stable if its
frequencies are different. This result confirms the general observation about the connection of structure
of the roots of characteristic polynomial and its stability.
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6.2. Higher-derivative Scalar Field

Consider the theory of real scalar field ¢(x) on d-dimensional Minkowski space with the

action functional
1 (o2
o) =3 [ w[H( o+ 4)

In this formula, the real numbers p, determine the spectrum of masses in the theory. The equations
of motion belong to derived type, with the primary operator being d’Alembertian,

(pdx. (74)

N T P?
op 7[[ (axyﬁx * ‘u”’)(P =0 W= Ixtoxy’ 75
The primary model is the theory of free mass-less scalar field,

(92

Ixtdxy ¢= (76)

This theory is invariant under the Poincare symmetries, including the space-time translations.

The structure of conserved quantities in the model depends on the values of the roots of the
characteristic polynomial. Once all roots are different, all the dynamical degrees of freedom are scalars
with different masses. The lower order formulation (52) for the model reads

n 2

9? d
(WW?)%:Q o= [1 (Wﬂ%)@ p=1.m 77)
[ q=1,q#p [

The conserved tensors (56) are just energies of the components,

v 1 v
(T = 0 ppd" oy = 50 (P Ppdppp = 1305), p =11, (78)

It is clear that all of these quantities have bounded from below 00-component. The subseries of
bounded-conserved quantities (61) have the form

() () Zﬁpév (T, > 0. 79

p=

By the general theorem above, all of these quantities can be connected with the space-time
translations by the appropriate Lagrange anchor. We derive the explicit expression for such a Lagrange
anchor in Appendix A (For the fourth-order theory (case 1 = 2) such a Lagrange anchor has been first
introduced in [21]).

If multiple roots are admissible for the characteristic polynomial, two or more conserved quantities
are related with one and the same root. Below, we give expressions for additional integrals of motion
in the simplest option, where only one root has multiplicity two, and all the other roots are simple.
Without loss of generality we assume that

Hn-1 = Un = . (80)
In this case, the system (52) reads
32 ) n 82 .
(8x#z9x + H”)(pp =0 ¢ = H (axpax + /"q)(P/ p=1...,n=-2, (81)
2 7=Lq#p ¢
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az 2 n-2 az
(m + ‘UZ) Qn-1=0, Qy_1 = I—[l(m + ‘ng)((). (82)
a=

The components ¢, p =1, ..., n — 2 are usual scalar fields, while ¢,,_; obeys higher-derivative
equations. For simple roots the conserved tensors have the form (78), we do not repeat the expressions
for them. Two conserved tensors are associated with the multiple root,

(T = (04 Pn19" P = 31 (P Pa1pPrt = 170} ,)), Pt = (ud + )P
(T = (0 pu-19"9p0F Pt = 910"yt + 22 10" Py (83)
— I (=PI Pu10pOe @1 + 2P Pu10pPu — 12 ).

The bounded-conserved quantity reads

I
—

GO BE) =Y pp&n(T), g, >0. (84)

p=1

The characteristic for the bounded-conserved tensor has the form

vl 1 n-1
N+(ﬁ’ & 8xf’8x#) (8x“8x ) Z[ﬁpé“ (8xf’8x + #q)]J (85)

=1 7=Lq#p
Its characteristic polynomial,

n—1 n—-1
N*(g2) = (z + ¢ Z[ (z+up) |

p=1\ q=1g#p

(86)

has the common root —u? with the characteristic polynomial of the theory. In doing so,
the bounded-conserved quantity cannot be connected with the time translations. This demonstrates
that the free higher-derivative scalar field theory with different masses is stable, while the multiple
roots indicate the instability of the model.

6.3. Extended Chern—Simons Model

Consider the theory of the vector field A = Ay(x)dx* on 3d Minkowski space with the

action functional
S[A(x)] f Z ap(xd) ”A] Px, 87)

where the round brackets denote the standard inner product of differential forms, * is the Hodge dual,
and d is the de-Rham differential. The parameters of the model are the constants a, ... ,a;. The action
of the Chern-Simons operator on the vector field is determined by the relation

*dA) dxt' = &,,,dxt 9V AP. (88)
u Hvp

Here, ¢ is the 3d Levi-Civita symbol, with ¢y = 1. The Euler-Lagrange equations for the model
have the form

2 =Y a,(d)A=0. (89)
5A

The primary operator of the theory is the Chern-Simons one, see Equation (88). The primary
theory for the model is the usual abelian Chern-Simons theory.
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The primary operator (88) is Poincare-invariant, so that the space-time translations are symmetries
of the model. The series of derived symmetries reads

n—1

N(B, &xd) = ) &y (+d)/ . ©0)

p=0

The corresponding set of conserved tensors has the form

n—1
TH(B) = % Y Cpala ) (EVIEQY 4 FOEQY _ gy FOIPE@0), 1)
p4=0

all of the space-time indices are raised and lowered by the Minkowski metric, and the following

notation is used:
) — (xd)PA, p=0,...,n-1. (92)

The quantity C(a,p) (91) is the Bezout matrix of the characteristic polynomial of the model and the
characteristic polynomial of the symmetry. It is defined by the generating relation,

Coala,p) = 2ot (M(Z)N(ug:f:d(u)N(Z) )

n n-1 =0 (93)
M(z)= ¥ ap?, N(z) = ¥ Bzl
p=1 p=0

where z and u are two independent variables. The individual conserved tensors in the set (91) can be
found by the following receipt:

(TP = aT;;:ﬁ), p=0,...,n-1 (94)

In this set, the quantities (T?)*, p =0, ..., n — 2, are independent, while

n-2 a
(T ==Y Ly, 95)
p=0
We mention this fact to illustrate possible dependence among conserved quantities in the class of
gauge models. We also notice that the set of the conserved currents of the extended Chern-Simons
model (87) was introduced in the work [25], while the compact form (91)—(94) is proposed in [34].
The structure of the conserved currents can be studied along the lines of the previous section.
The components (50) are introduced by the standard rule,

r
Ar=ADA, A@) =an [ (d=2)", k=1,...r. (96)
i=1,i+k

The corresponding conserved quantities (55) are determined by Formulas (91)-(94) with
M= (z-A)"™, Q=(z=A)", k=1,...,r, 1=0,...,mp—1. 97)

These conserved currents can be found for each particular value of the roots. Without loss
of generality we assume that the zero root corresponds to k = 1, while all the other numbers Aj
are non-zero.
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As for the structure of the conserved current, we mention that the contribution with the highest
derivative has the form

(Tk;l):“V — %( )A) ( (mk_l):“l:(])v +F(mk’1>VF<l)H _ q'uvqpal:]((mk_l)PFl((l)U) +..., (98)

k
FY = (*d A AkA k=1,...,1, 1=0,...,m—1.

The dots denote all the contributions with lower derivatives. These conserved quantities cannot
be bounded unless [ = my — 1. For | = my, — 1, expressions (98) are exact with no dotted terms, and the
corresponding conserved quantities are bounded.

As is seen from Formula (98), the leading representatives 750 in the conserved-quantity series
are bounded. For simple zero roots the corresponding conserved quantity is the Chern-Simons
energy, which is trivial. The additional conserved currents are associated with multiple roots. In the
case of non-zero root, all these conserved quantities are independent and unbounded. In the case
of zero roots, the additional quantity has a bounded 00-component (It is the canonical energy of
3d electrodynamics, which is known to be bounded), while all the other independent entries are
independent and unbounded. This means that all of the additional conserved quantities in the set
(56) are unbounded if the multiple zero root has a multiplicity greater than two. The subseries (61) of
conserved quantities with the bounded 00-component has the form

)" (B:€) Zﬁkoa KO)Y 4 radu(TVH)™. (99)
The characteristic of the bounded-conserved tensor series reads

NT(B:€) = =) sgn(Ae)BroA(+d)L(E) + Pra () Ay () L(€)- (100)

This is not the general representative of a characteristic series (90), because it involves fewer entries.
Let us discuss the stability of the model. The series (40) of the Lagrange anchors for the extended
Chern-Simons model has the following form:

V(y;=d) Z Vp(xd)? (101)

with yq, ..., yn — 1 being real numbers. All the entries of the series are non-trivial. The Lagrange
anchor (101) takes the characteristic (100) into a symmetry by the rule (27). This symmetry is the
space-time translation if the condition (42) is satisfied. The general trivial symmetry in the considered
case reads

Lugiy (&) = LeK(8;xd)M™ (a;#d), M~ (a; %d) = Za,, (+d) (102)

where K is an arbitrary polynomial in *d. To ensure trivialization of this symmetry, one can use the
Cartan formula for the Lie derivative,

LeK(8;+d)M™(8;%d) = (igd + dig)K(6;+d)M™(6;%d) =

= i« K(6; +d)M(6;#d) + digK(8; +d) M (5; #d). (103)
Substituting (100), (101), and (102) into (47), we get the equation
V(y;#d)NT (B;+d) — K(6;+d)M ™ (o;+d) = id, (104)
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where the constants y, 6 are unknown. In terms of characteristic polynomials of the Lagrange anchor
and symmetry, the following equation is relevant:

V(y;z)NT(B;z) —K(5;2)M ™ (a;z) = 1. (105)

It is consistent if N* and M~ have no common roots. The following restriction on the multiplicity
of roots is implied:
m =12 m=01 k=2,...,r (106)

In this case, all the non-zero roots should be simple and real, and the zero root should have a
multiplicity of one or two. This requirement is less restrictive than the absence of a common root
between N* and the characteristic polynomial of the derived theory, which has the place in case of
non-gauge systems.

7. Conclusions

In this article, we have studied the stability of the class of relativistic higher-derivative theories of
derived type from the viewpoint of a more general correspondence between symmetries and conserved
quantities, which is established by the Lagrange anchor. Assuming that the wave operator of the linear
model is the n-th-order polynomial in the lower-order operator, we have obtained the following results.
First, we observed that n-parameter series of second-rank conserved tensors and Lagrange anchors are
admissible by the derived model. The canonical energy, which is unbounded, is included into the series
in all of the instances. The other integral of motion can be bounded or unbounded depending on the
structure of the roots of the characteristic polynomial. The general conserved tensor in the series can
be connected with the space-time symmetries by an appropriate Lagrange anchor. Second, we studied
the stability of higher-derivative dynamics from the viewpoint of correspondence between the time
translation symmetry and bounded-conserved quantities. It has been observed that this relationship
can be established if all of the roots of the characteristic polynomial are real and simple. For multiple
roots, bounded-conserved quantities are admissible, but they are unrelated with the time translation.

Our stability analysis is applicable to free models. The real issue is the stability of higher-derivative
dynamics at the non-linear level. This subject has been studied in many works and we cite recent
papers [3-5,35,36] and references therein. The method of proper deformation [37] has been proposed
to systematically deform the equations of motion and conserved quantities. Once this method uses the
Lagrange anchor construction it can be used to deform bounded-conserved tensors, which are found
in this paper. In doing so, the stability of linear higher-derivative models, which are studied in the
present paper, can be extended at the non-linear level.

Funding: This research was funded by the state task of Ministry of Science and Higher Education of Russian
Federation, grant number 3.9594.2017/8.9.

Acknowledgments: I thank S.L. Lyakhovich, A.A. Sharapov and V.A. Abakumova for valuable discussions on
the subject of this research. I benefited from the valuable comments of two anonymous referees that helped me to
improve the initial version of the manuscript. I also thank my family who supported me at all stages of this work.

Conflicts of Interest: The funders had no role in the design of the study, in the collection, analyses, or interpretation
of data, in the writing of the manuscript, or in the decision to publish the results.

Appendix A

In this appendix, we demonstrate that the general bounded-conserved tensor (79) in the theory
of the higher-derivative scalar field with different masses (74) can be connected with the space-time
translations by the appropriate Lagrange anchor. To solve the problem, we find the characteristic
polynomials V(y,z) and K(,z) that satisfy condition (45). In this case, the Lagrange anchor is defined
by the Formula (40), with W being the d”Alembertian.
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At first, we identify all the ingredients in (45), including the characteristic polynomials of the
wave operator and characteristic,

z:

M(2) = T1 (2 +12), N*(B;2) = p); Bop(2), V(yiz) = pz Ypy(2),

p=1

n—2 n (A1)
K(6;z) = T1 0p2F, Ap(z) = TI (z+y§).
p=0 q=14#p

Here, the expressions M(u;z) and N(f;z) are fixed by the model parameters and the choice of the
selected representative in the conserved tensor series, while y, 6 are unknown constants. The quantities
NAp(z) denote characteristic polynomials of operators (50). By construction, A,(z) form the basis in the
space of polynomials of order # — 1 in the variable z. In this setting, the chosen ansatz for V(y;z) is a
different parameterization of Lagrange anchor series (40).

The defining Equation (45), (A1) for the characteristic polynomial V(y;z) has the form

Z Z BpyaAp(2)Aq(2) — K(6;2)M(p;2) = 1. (A2)

p=1q=1

From here, the polynomial K(6,z) is immediately found,

K&:2) =Y Y Bovatm(@), M@ = [ G+id). (A3)

p=1gq=1 rEp.Aq

As K(6,z) is the fraction of V(y;z)-N(B,z) and M(u;z), no restrictions on the parameters y in the
Lagrange anchor appear at this step. After that we estimate left- and right-hand sides of the relation
(A2) for

z=—uy p=1,..m, (A4)

being the roots of characteristic polynomial. We arrive to the following system of equations:

By () =1, p=1,...m. (A5)
From here, the parameters y are determined,

1

- (A6)
.BpAz (_.U;za)

Yp

This solution is well-defined since 8, > 0, and A,(~ u,,z)’s are non-zero. Moreover, we observe that
yp > 0. (A7)

The Lagrange anchor, being defined by the characteristic polynomial V(y;z) (A1), has the form

n

1 0% )
V(y;z) =Y A . (A8)
(i2) B, A2 (i) p(&x#&xy

This Lagrange anchor is non-canonical because the coefficient at the highest power of the primary
operator is positive.
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Abstract: In this paper, symmetry analysis is extended to study nonlocal differential equations.
In particular, two integrable nonlocal equations are investigated, the nonlocal nonlinear Schrédinger
equation and the nonlocal modified Korteweg-de Vries equation. Based on general theory, Lie point
symmetries are obtained and used to reduce these equations to nonlocal and local ordinary differential
equations, separately; namely, one symmetry may allow reductions to both nonlocal and local
equations, depending on how the invariant variables are chosen. For the nonlocal modified
Korteweg—de Vries equation, analogously to the local situation, all reduced local equations are
integrable. We also define complex transformations to connect nonlocal differential equations and
differential-difference equations.

Keywords: continuous symmetry; symmetry reduction; integrable nonlocal partial differential equations

1. Introduction

Symmetry has proved to be fundamentally important in understanding the solutions of differential
equations (see, e.g., [1-5]). It also reveals the integrability of partial differential equations (PDEs);
for instance, the Ablowitz—-Ramani-Segur conjecture stated that every ordinary differential equation
(ODE) obtained by an exact reduction of an integrable evolution equation solvable by inverse scattering
transforms is of the P-type, i.e., ODEs without movable critical points [6]. In this paper, powerful
symmetry techniques are extended to study nonlocal differential equations with space and/or time
reflections. This can not only provide insights for obtaining analytic solutions, but also reveal the
integrability of the nonlocal equations. After writing down a general theory in Section 2, two integrable
nonlocal differential equations—the nonlocal nonlinear Schrodinger (NLS) equation [7] and the
nonlocal modified Korteweg-de Vries (mKdV) equation [8]—are separately investigated as illustrative
examples. The results are immediately applicable to the many nonlocal differential equations proposed
in the recent literature (see, e.g., [9-13].)

The nonlocal NLS equation

igi(x, 1) + e (3, 1) +2¢%(x, )" (—x,1) = 0, 1)

was derived by Ablowitz and Musslimani [7] by reduction of the AKNS system. The nonlocal NLS
equation admits a great number of good properties that the classical NLS equation possesses, such as
being PT-symmetric, admitting a Lax-pair and infinitely many conservation laws, and being solvable
using inverse scattering transforms. Integrable nonlocal systems have recently received a great
amount of attention with many newly-proposed models (e.g., the nonlocal vector NLS equation [13], a
multi-dimensional extension of the nonlocal NLS equation [10], the nonlocal sine-Gordon equation, the
nonlinear derivative NLS equation and related systems [9], the nonlocal mKdV equation [8], Alice-Bob
physics [11], and the nonlocal Sasa—Satsuma equation [12], to mention only a few). Solutions of these
systems have also been explored by many scholars; see, for example, [8,12,14-19].

Symmetry 2019, 11, 884; doi:10.3390/sym11070884 42 www.mdpi.com/journal /symmetry
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One issue, as Ablowitz and Musslimani have noticed [7,9], is that reductions of nonlocal equations
amount to nonlocal ODEs; for example, nonlocal Painlevé-type equations. In this paper, we show
alternative ways which allow us to avoid such an inconvenience. We, first, classify all Lie point
symmetries of the nonlocal NLS Equation (1) and the nonlocal mKdV equation [8]

wr(x, t) + u(x, H)u(—x, =)y (x, ) + tixxx (x,£) = 0. ()

Then, possible symmetry reductions are conducted for both equations. We find that one may reduce a
nonlocal differential equation to both nonlocal and local ODEs by choosing the invariant variables
in different ways. In other words, we are able to kill all nonlocal terms in the reduced ODEs by
choosing the invariant variables in a proper manner. In particular, for the nonlocal mKdV equation,
all reduced local ODEs are integrable. These results are included in Sections 3 and 4. In Section 5, simple
transformations are defined to connect nonlocal differential equations with differential-difference
equations (DDEs).

2. The Linearized Symmetry Condition for Nonlocal Differential Equations

We, first, introduce the multi-index notations needed for the symmetry techniques of local
differential equations (see, e.g., [5]), which will be extended to nonlocal differential equations.

Let x = (x1,2%,...,x™) € R™ be the independent variables and let u = (u!,u?,...,u") € R"
be the dependent variables. Note that, in many occasions, people also tend to use (x,t) to denote
independent variables as the space x and time ¢; this convention will occur in the next sections but,
for now, we are happy without distinguishing one another. Partial derivatives of u* are written in the
multi-index form u‘]", where J = (f1,ja, ..., jm) with each index j; a non-negative integer, denoting the

number of derivatives with respect to Xt namely,

N al]\ u%
T a0y a(a2)k . a(xmyin”

®G)

where |J| = j; +j2 + - - - + jm. Consider a one-parameter group of Lie point transformations as follows:
X=2X(gxu), u=1u(gxu), 4)

subject to X|e—, = ¥, il|¢—, = u. Here, ¢ = e is the identity element of the one-parameter group. Define
the total derivative with respect to x* as

Di= 5+ D g ©
where 1; is the m-tuple with only one non-zero entry 1 in the i-th position. The notation d,; = % and
so forth will also be used. The corresponding infinitesimal generator is

v = 8 )9y + ¢ (% 1), (©)
where & 4
&= d%fz e=e’ = due e=e @)

Note that the Einstein summation convention is used here (and elsewhere, if necessary).
The prolonged generator pr v can be written in terms of u, ¢, ¢, and their derivatives, as:

prv=ve ¥ oo lu)ay, ®)

a[J[>1

43



Symmetry 2019, 11, 884

where [u] is shorthand for u and finitely many of its partial derivatives, and the coefficients are
recursively given by

¢ 1, (x, [u]) = Digf (x, [u]) — (Dig (x,u))uf .. ©)
It is often more convenient to equivalently write prolonged generators in terms of the so-called

characteristics of symmetries Q% = ¢* — (jiu‘i‘i ; that is

prv =§'D;i+ 3 (DjQ")dy. (10)
w)J

Here, we use the shorthand notation Dy = D{l Déz cee D{.J}’ forJ = (j1,j2,---,jm). The invariance
of a system of local differential equations

{Fe(x, [u]) = 0}y, an
corresponding to the transformations (4), leads to the linearized symmetry condition
prv(F(x, [u])) = 0, whenever {F(x, [u]) = 0};_;, (12)

where v is the infinitesimal generator (6).
To extend the above analysis to the nonlocal equations of our interest, we define the following
reflections fori =1,2,...,m,

Ref' : [C L U L R S P <L) (13)
and 4 _ '
Ref’ :f(xl,...,x’,...,x”’) '—>f(x1,...,—xl,..,,x’"), (14)

for a function f defined on proper domains. In particular,
Ref' u*(xt, .. .,xi,...,xm) =u®(x',..., =, M), a=1,2,...,n (15)

A system of nonlocal differential equations is, then, given by

!

A= {Fk (x, [u], [Ref' u], [Ref’ o Ref’ Ulicjs s [u(fx)]> = O} (16)

k=1

For simplicity, we will sometimes omit the arguments if they are local variables x. Let us consider
transformations of the form (4) with the infinitesimal generator (6). Now, the prolongation formula
involving the reflections becomes

]

PrresV=Vv+ ) 9f5
¢ )21 Touy
. F) . . F)
+ Z Ref ¢f ) ———~ + Z Ref' oRef/ ¢f ) ————— 17
i, |J|>1 ( J> e] (Ref’ uJ“) i<j|J|>1 J) 2] (Ref’ oRef! u‘i‘) (17)
d
+ot Oy (=, [u(=x)]) 57—
a,£1 J auf(fx)

where the functions ¢f = ¢y (x, [u]) are again defined by (9). Invariance of the nonlocal system (16)
with respect to the transformations (4) is equivalent to the linearized symmetry condition that

PrRet v (Pk <x, [u], [Ref u], [Ref' o Ref/ Ulicjre- - [u(fx)])) =0, whenever A holds, (18)
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which are the first order terms about ¢ in the Taylor expansions of the nonlocal system (16) evaluated
at the new variables X, i, and so forth.

In the next two sections, we will apply this general theory to two integrable nonlocal differential
equations: The nonlocal NLS equation and the nonlocal mKdV equation.

3. The Nonlocal NLS Equation

An integrable nonlocal NLS equation was proposed by Ablowitz and Musslimani [7]:
igi(x, 1) + gex (%, 1) +29%(x, £)g" (—x,t) = 0, (19)

where * denotes the complex conjugate and q(x, t) is a complex-valued function of real variables x
and t. They showed that it possesses a Lax pair and infinitely many conservation laws, and is solvable
by the inverse scattering transform. We study its continuous symmetries in this section.

3.1. Lie Point Symmetries

As g(x,t) is complex-valued, two alternative approaches may be used to calculate its
continuous symmetries. Under the co-ordinate (x,t,q(x,t),q*(x,t)), we consider the following
local transformations

x> x el (x,,q(x, 1), 4 (x, 1)) + O(?),
b et (v, 1 q(x, 1), 47 (x, 1) + O(2), (20)
q(x,1) = q(x,1) + e (x,1,(x, 1), 4" (x,£)) + O(e?).
Again, we omit the arguments if they are local variables (x, t). The corresponding infinitesimal

generator is
v=300t4,")0x +T(x,tq,97) 0+ ¢ (x,1,q,9") 9. 1)

From Section 2, we know that the prolongation formula for an infinitesimal generator §(x, t, 1)y +
T(x, t,1)0: + ¢(x,t,u)9, of local differential equations is (see, also, [5,20])

EDy + Dy + Q0y + (DxQ)du, + (DyQ)du, + -+ + (D,ED{Q) dpiopuy + 7 - 22)

where the characteristic function Q is Q = ¢ — Cuy — Tuy, D’; denotes k times of total derivatives with
respect to x and D! denotes ! times of total derivatives with respect to t. For the nonlocal NLS equation,
we then adopt the following prolongation formula:

PrRes V=V +¢" (=x,t,q(—x,t),0"(—=x,t)) Oge(_x ) + (D1 — (Di&)gx — (DrT)q1) g,

(23)
+ (D3¢ — (D22)q: — 2(Dx8)xx — (DFT)qt = 2(DaT)qie ) g+ -

It is generalised from the prolongation formula (22) for symmetries of local differential equations with
real variables, adding the conjugate terms and their prolongations.

A vector field v generates a group of symmetries for the nonlocal NLS equation if the following
linearized symmetry condition

PrrerV (101 + 0s +29%4" (< x,1)) = 0 (24)

holds identically for all solutions of the nonlocal NLS Equation (19). We, first, expand the left hand
side of (24) and obtain

i(Dip — (Dig)qx — (DsT)qe) + D%‘P - (Dig)qx —2(Dx8)qxx — (DiT)qt —2(DxT)qtx

* 2 g% * (25)
+4q9" (—x, )¢ +2q4°¢" (—x,t,q9(—x,t),4°(—x,t)) =0,
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restricted to solutions of the nonlocal NLS equation. We, then, substitute q; =i (qxx + 2¢%q*(—x, t))
and g = —1i (QXX + 2q2q*(—x, t))*, leading to a polynomial for qv, 4%, Gxx, 94,, and so forth, which
equals zero identically. It is necessary and sufficient for the coefficients of the polynomial to vanish,
amounting to a system of PDEs for ¢, T, and ¢, as follows:

Dxt=0,87=0, ¢+ =0, ¢gr =0, g =0, 1 —28x =0, 18t + Cxx — 2¢pxg =0,

: * * * * (26)
1t + Prx — 2 (g — ) 470" (—x,1) + 49" (—x, )¢ +24°¢" (—x,1,9(—x,1),4* (—x,1)) = 0.
The general solution of the above system is

C=—-Cix+iCyt+Cy, T = —-2C1t+Cs, ¢ = <C1 +iC3 — %C2x> q, (27)

where Cy, Cy, and C3 are real-valued, while C4 and Cs are complex-valued. Therefore, the symmetries
of the nonlocal NLS equation are generated by the following five infinitesimal generators

: . 1
Oy, O, 1405, — X0y —2td;+qd;, itdy — Exqaq. (28)
They can, equivalently, be cast into evolutionary type (respectively), as follows
—qx0g, i (qxx +20°0" (—x, f)) 9, 1qdy,

1 (29)
<q + xqy +2it (qxx +2q2q*(fx,t)>) 9, <f§xq — ith> -

Alternatively, we can define q(x, t) = u(x, t) —iv(x,t), where u(x, t) and v(x, t) are real-valued
functions, and use the symmetry prolongation formula for real-valued differential equations to
calculate the symmetries. Now, the infinitesimal generator is

v =_C(x,t1,0)0x + T(x, t,u,0)0 + Pp(x, t,u,0)0y + 17(x, t,1,0)0p, (30)

and the equation becomes

up — Oy — duou(—x,t) + 2 (1> — v?) v(—x,t) =0,
@1

0 + tyx +4uvo(—x, 1) +2 (u? — 0) u(—x,t) = 0.
The following symmetries are obtained for the system above, using the linearized symmetry

condition (18) again:
Oy, 0, — VOy + Udy, — X0y — 2t + 1y + VIyp. (32)

They correspond to the first four generators of (28). The last one obtained above does not appear
here, since it will transform the real-valued x to a complex-valued argument as { =it.

3.2. Symmetry Reductions

Next, we will use the symmetries to conduct possible reductions. We choose to use the
symmetries (28) with complex variables. The simplest reduction one would expect is probably
traveling-wave solutions, which are difficult to obtain here, as the invariant x — at becomes —x — at
at (—x,t).

Consider the most general infinitesimal generator

1
a0y + boy + ciqog +d (—xdy — 29 +qo,) + e (i tdy — Exq8q> , (33)
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where a,b,c,d, and e are arbitrary constants. The invariant variables can be found by solving the

characteristic equations
dx dt dg

a—dx+iet - b —2dt - icq+d 7%exq,

(34)

and we summarize the results as follows. Note that the equation depends on ¢(x, t) and g*(—x,t)
simultaneously, and we must select the constants properly to make the invariants meaningful.

o Ifd=b=0(and a® + ¢% # 0), we have

y=t
_ x(4ic —ex) (35)
q(x,t) = exp {m} (t).
When a = 0 and e # 0, the reduced equation is
2 ie? ¢ 2
Ly (8) + 5pp(8) + mp(t) +2[p()[p(t) = 0. (36)

e Ifd=0andb # 0, we have
yszf%ietzfat,

ae e [c 2
q(x,t) = exp {f@tz ~ oty i (Et - R t3) } p(y).

As b # 0, we must choose a = e = 0. Next, we consider the corresponding reductions to nonlocal
and local ODEs separately (here and throughout).

(37)

- Reduction to a nonlocal ODE. If we choose y = x and g(x, t) = exp(ict)p(y), we obtain the
nonlocal Painlevé-type equation as shown in [7]:

P (y) = cp(y) + 207 ()p* (—y) = 0. (38)
Note that, since p(y) is invariant, and so is p(—y); namely, the nonlocal invariant is
p(=y) = exp(—ict)g(—x,t). 39)

- Reduction to a local ODE. Alternatively, we may choose the invariants as y = x> and
g(x,t) = exp(ict)p(y). The reduced equation is a local ODE

4yp (y) = cp(y) — 20" (y) = 2lp (W) *p(y). (40)

If we assume that p(y) is real, the solution of the above equation can be expressed, using the
Jacobi elliptic function, as

_ c c o (@)
p(y)—cﬁc%ﬂ_lsnwcﬁﬂ_l( e 1>y+c1),m>, )

where C; and C; are integration constants. The above equation can actually be written in a
simpler form by introducing y = z? and 7(z) = p(y); the resulting equation is

P"(2) = cp(z) = 2/p(2) Pp(2)- (42)
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e Ifd#0,wehave

d?x —ad +ie(dt —b)

T a2 pa b
ae 1 e
q(x,t) = exp { <@ - E) In|2dt — b| + ¥V |2dt — b\} X

L2 (b
exp {71@t+1 (@ - ﬁ) ln\Zdtfb|} p(y).

Now, we must seta = e = 0.

—  Reduction to a nonlocal ODE. Let

X
SN T

q(x,t) = exp {— (% + %) In|2dt — b\} p(y).

The reduced equation is a nonlocal ODE
P'(y) = (id =) p(y) +idyp'(y) = 2P° (W)p" (—y)-
-  Reduction to a local ODE. If we choose the invariant variables by

2

YT 2dt b
(x,t) = - 1JrE In |2dt —b| » p(y)
q(x,t) = exp 5 2 n py),
the reduced equation is local; that is,
p"(y) = (id — )p(y) + (2idy —2)p'(y) —2p(y)Pp(y).
Introducing y = z% and p(z) = p(y) changes the equation to
§'(2) = (id — )p(z) +idzp(z) —20p(z) PB(2).
4. The Nonlocal mKdV Equation
The nonlocal mKdV equation we consider in this paper is (see, for example, [8])
ur(x, t) +u(x, H)u(—x, =)y (x, £) + tixxx (x, ) = 0.
Assuming that the infinitesimal generator reads

G, t,u)0x + T(x,t,u)0r + p(x, t, )0y + P(—x, —t, u(—x, —1))dyy(_x ),

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

its prolongation can be obtained using (17). From a similar procedure for applying the linearized
symmetry condition (18) to the nonlocal NLS equation above, a straightforward calculation gives the

following infinitesimal generators for symmetries of the nonlocal mKdV equation:

dy, Ot, — X0y — 3td; + udy.

48

)



Symmetry 2019, 11, 884

We follow the same approach as for the nonlocal NLS equation to search for symmetry reductions.
The most general symmetry generator can be denoted by

ady + bdy + ¢ (—x0x — 3td; + udy), (52)

where 4, b, and c are arbitrary constants. The characteristic equations read

a ixcx b —dgct B % (53)
e  When ¢ = 0, it corresponds to the traveling-wave case.
- Reduction to a nonlocal ODE. The corresponding invariants are
y = bx —atand v(y) = u(x,t). (54)
The reduced equation is
b0 (y) + bo(y)o(~y)v'(y) — av'(y) = 0. (55)

When b = 0, we obtain a constant solution; when b # 0, without loss of generality, it can be
chosen as b = 1; namely

0" (y) +o(y)o(—=y)v'(y) —av’(y) = 0. (56)

In principle, it can be integrated once, as it admits a symmetry generated by 9, but will
involve the inverse of nonlocal functions. We will show some of its special solutions with the
assumption a > 0.

*  Exponential solutions:

o(y) = C1 exp(Cay) subject to C3 + C3 = a. (57)
% Soliton solutions: Ve
2+/6a

o(y) = (58)

+ .
exp(v/ay) + exp(—Vay)
- Reduction to a local ODE. We may, alternatively, introduce the invariants in another way;
namely, y = (bx — at)? and v(y) = u(x,t). Now, the reduced equation reads

4%y0" (y) + 66°0" (y) + bo? (y)o' (y) — av'(y) =0, (59)

which can be integrated once:
46%y0" (y) +2b%0' (y) + gv?’(]/) —ao(y) +C; = 0. (60)
This equation can be further simplified by introducing y = z% and %(z) = v(y), amounting to
v39" (z) + 253(2') —ad(z) +C; = 0. (61)

The final equation is solvable by letting 7(z) = w(?); the general solution is

N /ﬁ(z) \/6173/2
Jo \/=bs* + 6as2 —12Cys + 6Cob3

z+C3 = ds, (62)
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where Cq, Cy, and C3 are integration constants.

e If ¢ # 0, the invariants are
y = (cx —a)(3ct —b) "3 and v(y) = (3ct — b)Y 3u(x, t). (63)

Now, we must set a = b = 0; namely, reduction related to the generator —xd, — 3td; + ud,. The
related invariants are y = +~'/3x and v(y) = #'/3u(x,t), and we obtain the reduced equation as a
local ODE

V() 2ol (y) - "W (64

It can be integrated once to the second Painlevé equation
/" 1 3 1
v(y) = 30°(y) + 3yo(y) +C. (65)

Now, we are able to conclude that all reduced local ODEs for the nonlocal mKdV equation are
integrable, analogously to the local situation.

Remark 1. In [7], the authors pointed out that similarity reduction of the nonlocal NLS equation may lead to
nonlocal ODEs. However, as shown by the two illustrative examples, such an inconvenience can be overcome by
choosing the invariant variables (or functions) in a proper manner and the reduced ODEs become local.

5. A Remark on Transformations Between Nonlocal Differential Equations and
Differential-Difference Equations

In [21], the authors introduced variable transformations to connect nonlocal and local integrable
equations. For instance, the nonlocal NLS equation becomes a local NLS equation under the transformation

x=i% t=—1 q(xt) = §(&,1). (66)

The nonlocal complex mKdV equation becomes the local (classical) complex mKdV equation
under the transformation
x=1i%, t=—it, u(x,t) = 0(%,1). (67)

In this section, we will show the relations between nonlocal differential equations and DDEs
through variable transformations.
For the nonlocal NLS equation, we consider the following transformations

x=exp(¥), t=1 q(xt)=7(% 1), (68)

where the variable X is imaginary, making x imaginary too. Let us drop the hats (always) and the
nonlocal NLS equation becomes a DDE

igr +exp(—2x) (qex — qx) +20°¢" (x +im,t) = 0. (69)
Let us introduce the following transformations
x=exp(%), t=exp(t), u(xt)=1ai(x1), (70)
where the variables ¥ and  are both imaginary. The nonlocal mKdV equation becomes

exp(—H)u + exp(—x)uu(x +1i7, t +1i7)uyx + exp(—3x) (Uxxx — Suxy + 2uy) = 0. (71)

50



Symmetry 2019, 11, 884

Under the transformation y = exp (), v(y) = 9(¥), the reduced Equation (55) becomes

b exp(=2y) (v (y) = 30" (y) + 20/ (y)) + (bo(y)o(y +im) —a)v'(y) = 0. (72)

These DDEs can further be re-scaled and normalized. For example, taking y = i7tjj and v(y) =
9(¥), Equation (72) becomes

B exp(—i2my) (—30" () + 2070) + 20 ) ) + (ool + 1) =) 06) = 0. (7

Similar DDEs were investigated in [22], but the variables were real-valued therein. In the same
manner, the above DDEs transformed from the nonlocal NLS and mKdV equations can also be
re-scaled, respectively, as follows:

. . 1 i X
ig: +exp(—i27mx) <,?q” + %qx> + 2% (x +1,t) =0, (74)
and
exp(—irtt)us + exp(—imx)uu(x + 1, + 1)y + exp(—i37x) (*%uxxx + %uxx + 2ux> =0. (75)

Remark 2. The above examples show that simple transformations allow us to transfer nonlocal equations
to DDEs. Apparently, similar transformations can be immediately introduced for other nonlocal differential
equations/systems using the same manner.

6. Conclusions

In this paper, symmetry analysis was extended to study nonlocal differential equations.
The general theory presented in Section 2 is applicable to any nonlocal differential equations involving
space and/or time reflections. In particular, two integrable nonlocal equations—the nonlocal NLS
equation and the nonlocal mKdV equation—served as illustrative examples. All Lie point symmetries
of these two nonlocal PDEs were obtained and possible symmetry reductions to nonlocal and local
ODEs were conducted. It was shown that, at least for the two illustrative examples, one can always
carefully choose the invariant variables to ensure that all reduced differential equations are local.

Finally, we introduced some local transformations which transfer nonlocal differential equations to
DDEs; there is potential, hence, to extend the existing theory for DDEs to nonlocal differential equations;
for instance, the symmetries, conservation laws, and integrability of DDEs (see, for example, [22-27]).
We will explore more in this direction in a separate project.
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Abstract: We study differential systems for which it is possible to establish a correspondence
between symmetries and conservation laws based on Noether identity: quasi-Noether systems.
We analyze Noether identity and show that it leads to the same conservation laws as Lagrange
(Green-Lagrange) identity. We discuss quasi-Noether systems, and some of their properties,
and generate classes of quasi-Noether differential equations of the second order. We next introduce
a more general version of quasi-Lagrangians which allows us to extend Noether theorem.
Here, variational symmetries are only sub-symmetries, not true symmetries. We finally introduce
the critical point condition for evolution equations with a conserved integral, demonstrate examples
of its compatibility, and compare the invariant submanifolds of quasi-Lagrangian systems with those
of Hamiltonian systems.

Keywords: symmetries; conservation laws; Noether operator identity; quasi-Noether systems;
quasi-Lagrangians

1. Introduction

For variational systems the relation between symmetries of the Lagrangian function
and conservation laws was known from the classical Noether result [1]. It was shown that there
is one-to-one correspondence between variational symmetries (symmetries of variational functional)
and local conservation laws of a differential system, [2].

In this paper, we study differential systems that allow a Noether-type association between
its conservation laws and symmetries (quasi-Noether systems). Our approach is based on the Noether
operator identity [3] that relates the infinitesimal transformation operator to the Euler and divergence
operators. The Noether operator identity has been shown to provide a Noether-type relation between
symmetries and conservation laws not only for Lagrangian systems, but also for a large class
of differential systems that may not have a well-defined variational functional, see [4,5].

Noether operator identity was also demonstrated to allow derivation of extension of Second
Noether Theorem for non-Largangian systems possessing infinite symmetry algebras parametrized
by arbitrary functions of all independent variables, [6]. These infinite symmetry algebras were
shown to lead to differetial identities between the equations of the original differential system
and their derivatives.

Recently Noether identity was used to generate relations between sub-symmetries [7]
and corresponding local conservation laws [8] for quasi-Noether systems.

In this paper, we analyze quasi-Noether systems and some of their properties. In Section 2,
we review known correspondence between symmetries and conservation laws for variational systems
from the standpoint of the Noether identity. In Section 3, we discuss this correspondence for a more
general class of differential systems (quasi-Noether systems) that includes non-variational problems.
We review conservation laws obtained with the use of approach based on the Noether identity
and compare them with the results obtained from the Lagrange (Green-Lagrange) identity. We also
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find the class of quasi-Noether evolution equations of the second order, and quasi-linear equations
of the second order. In Section 4, we discuss the concept of quasi-Lagrangian, and use it to prove a new
extension of the Noether theorem to non-Lagrangian systems. In this approach, variational symmetries
of quasi-Lagrangians are only sub-symmetries, and need not be symmetries. We give an example
where all lower conservation laws are generated in this way, but where the previous correspondence
fails. As a geometric application, we compare the invariant submanifolds of quasi-Noether systems
to those of Hamiltonian systems and show that they satisfy opposite containments. To address this
fact we introduce the notion of a critical point of a conserved quantity, and demonstrate examples
of the compatibility of the critical point condition with the time evolution of the PDE system.

2. Symmetries and Conservation Laws of Variational Systems

Let us briefly outline the approach we follow. A system of governing partial differential equations
will be written as
A”(x,u,u(l),u(z),.,.):o, a=1,...,q,

By a conservation law of the system A?, we mean the p-tuple (K!, K2, ... K?) such that

DiKi(x,u,u(1>,u(2),...) iO, (1)

on all solutions of the original system; we denote this type of equality by (=). Here, x = (x!,x2,...,xF)

and u = (u',u?,...,u7) are the tuples of independent and dependent variables, respectively; ugy is
the tuple of rth-order derivatives of u, r = 1,2,...; A" and K' are differential functions, i.e., smooth
functions of x, u and a finite number of derivatives of u (see [2]);7,j =1,...,p,a =1,...,9. We assume
summation over repeated indices.

We let
Di = ai —+ u?Bua + u?/au?j + = ai —+ M?]au/;

be the i-th total derivative, 1 < i < p, the sum extending over all (unordered) multi-indices
] = (jlerr'-'rjk) fork >0and 1 < jk < p-

Two conservation laws K and K are equivalent if they differ by a trivial conservation law [2].
A conservation law D; P! = 0 is trivial if a linear combination of two kinds of triviality is taking place: 1.
The p-tuple P vanishes on the solutions of the original system: P! = 0. 2. The divergence identity
is satisfied for any point [u] = (x, 1)) in the jet space (e.g., div rot u = 0).

We consider smooth functions u? = u?(x) defined on an open subset D C R”. Let

5= [ Lexuup,...)d"
A (x,u,upy,...)dPx

be the action functional, where L is the Lagrangian density. The equations of motion are

Ea(L)EA“(x,u,u<1),...):O, 1<a<y, )
where

b Yl yon .

T our AT oul = ! fau;?].

is the a-th Euler (Euler-Lagrange) operator (variational derivative). We call the tuple E = (E;, ..., E,)
the Euler operator. In the notation of [2], we could give it the following form:

1<a<y, 4)
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The operator (—D); is defined here as (—~D); = (~1)D; = (-Dj;)(~Dj,) - - - (—=Dj,).
The operator E, annihilates total divergences.
Consider an infinitesimal (one-parameter) transformation with the canonical infinitesimal operator

) ) 0
— ) — D) — 4. = 9, a.
Xy =a's o +;(D,zx )au;? +Z;(D,Djtx )augj + (Dya")dug (5)
where a” = a®(x,u, u(y),--.), and the sum is taken over all (unordered) multi-indices ]. The variation
of the functional S under the transformation with operator X, is

55 :/ X LdPx. ©)
D
X, is a variational (Noether) symmetry if
X.L = D;M', 7)
where M! = M(x,u, Uy, ... ) are smooth functions of their arguments. The Noether (operator)

identity [3] (see also, e.g., [9] or [4]) relates the operator X, to E,,

Xo = a"Eq + DiRY, ®)
Ri—txﬂa+{2(Dkﬂéa)Dé”ZDk}a+"'~ 9)
ouf iz k<i Oty
The expression for R! can be presented in a more general form [3,10]:
R = (Dga®) (~D) . (10)

where | and K sum over multi-indices.
Applying the identity (8) with (9) to L and using (7), we obtain

D;j(M' — RIL) = a®A", (11)
which on the solution manifold (A =0, D;A =0, ...)
D;(M' —R'L) =0, (12)

leads to the statement of the First Noether Theorem: any one-parameter variational symmetry
transformation with infinitesimal operator X, (5) gives rise to the conservation law (12).

Note that Noether [1] used the identity (11) and not the operator identity (8). The first mention of
the Noether operator identity (8), to our knowledge, was made in [3].

We next consider differential systems that may not have well-defined Lagrangian functions.

3. Symmetries and Conservation Laws of Quasi-Noether Systems

For a general differential system, a relationship between symmetries and conservation laws
is unknown. In [4,5], an approach based on the Noether operator identity (8) was suggested to relate
symmetries to conservation laws for a large class of differential systems that may not have well-defined
Lagrangian functions. In the current paper, we will follow this approach.
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3.1. Approach Using the Noether Operator Identity

We consider g smooth functions 1 = (ul, u?, ..., ul) of p independent variables x = (x1,22,..., xP)
defined on some nonempty open subset of R”. Consider a system of n (th order differential equations
A= (Al,AZ, ..., A") for functions u :

A”(x,u,u(1>,u(2),. . .,u(l)) =0, a=1,2,..n (13)

Here, each A%(x, u,u(l),u(z),...,u(,)), a = 1,2,.,n1is a smoqth function of x, u, and all
partial derivatives of each u%, (v = 1,...,q) with respect to the x' (i = 1,...,p) up to the (th
order (differential function [2]). We assume that system (13) is normal, and totally nondegenerate
(locally solvable at every point, and of maximal rank) [2].

Let A(x, U, ), (o), - ..,u(l)) =Aul = A x) = (le,sz,..l, xjk) and u7,’ be partial derivatives,
where | = (ji,j2, .-, jx).- Applying the Noether operator identity (8) to a combination of original
equations with some coefficients (differential operators) % A%, we obtain

X (B*A") = a’E,(B"A") + D;R(B"A"), a=1,...n, v=1,...,q, i=1,...,p. (14)
If our system (13) allows the existence of coefficients % (cosymmetries) such that
E,(B"A") =0, a=...,n, v=1...,q (15)

on the solution manifold (A = 0, D;A =0, ...), then according to (14), each symmetry of the system
X, will lead to a local conservation law (see [4,5])

DRI (B7A") = 0. (16)

for any differential systems of class (15). In [4], the quantity B°A® was referred
to as an alternative Lagrangian.

Let us note that the correspondence between symmetries and local conservation laws defined
above for differential systems without well-defined Lagrangian functions may not be one-to-one
or onto, as in the case of variational symmetries and local conservation laws [2], and non-trivial
symmetries may lead to trivial conservation laws. If § generates a conservation law, i.e., E(f-A) =0,
then it was shown in [11] that translation symmetries & = atu;,a = const. lead to trivial conservation
laws if By = 0.

In general, the nontriviality of a conservation law is determined by the characteristic. To compute
it explicitly, let X, (B-A) = A-Aand E(B-A) = B - A for A, B differential operators. Then the Noether
identity and integration by parts yield

A-A=Xy(B-A)=a-E(B-A)+div
=a-(B-A)+div 17)
=A-(B"-a)+div,
where (B*)ys = (—D)j 0 By is the adjoint operator. Integrating by parts the LHS and rearranging

yields overall
[B*-a— A*(1)] - A = div, (18)

where the divergence is equivalent to (16) on solutions, and A*(1), = (—D)A,;.
Thus, the conservation law obtained from Noether identity and corresponding to symmetry X,
is nontrivial if

B*a— A*(1) £0 19)
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on solutions of the original system (13).
The condition (15) can be written in a somewhat more general form [5]

E,(BA") =0, ac=1...n, v=1,...,q. (20)

In terms of the Fréchet derivative operator D and its adjoint D} [2]

A
(D) =2 WD], (21)
]

(DR)f" = LDy (gﬁi 5”) : @
] J

the condition (15) was shown in [12] to be related to the condition of self-adjointness of the operator
D, (generalized Helmholtz condition)

Dj — Dy =0, (23)
this relationship being;:
Ey(B"A") = (DX — Da)aop”, a=1,...n, v=1,...,n. (24)

Expression (24) provides a relationship between the condition (15) for a system to be quasi-Noether
and the existence of a variational functional for a transformed differential system.

The condition (15) can be considered as defining quasi-Noether systems, see also [6]. A system (13)
is quasi-Noether if there exist functions (differential operators) B* such that the condition (15) is satisfied.
In [4], the quantity B’A, was referred to as an alternative Lagrangian. If coefficients f* generate a
conservation law, they are related to adjoint symmetries [13], and referred to as characteristics of a
corresponding conservation law [2], generating functions [14] or multipliers [15]. In general, we call
them cosymmetries [14] if they satisfy (15).

It should be noted that the condition (15) (for a system to be quasi-Noether and possess
a correspondence between symmetries and conservation laws) was obtained earlier within
an alternative approach based on the Lagrange identity. In [16], the classical Lagrange identity
(Green’s formula) was used for generating conservation laws for a linear differential system.
A condition for the existence of a certain conservation law written in terms of an adjoint
differential operator was presented in [14] within a general framework of algebraic geometry.
In [17], a correspondence between symmetries and conservation laws based on Green’s formula
and a condition similar to (15) was obtained for evolution systems. For the case of point
transformations, this correspondence was discussed in [18]. In [13], the geometric meaning of this
condition was discussed for mechanical systems. In [10], a condition that can be reduced to (15)
was presented for a general differential system.

Note that the condition (15) played a key role in later developed direct method [15]
and the nonlinear self-adjointness approach [19].

3.2. Approach Using Lagrange Identity

Let us briefly describe the alternative approach based on the Lagrange identity and compare
the results with those of the Noether identity approach.
The well-known Lagrange identity is as follows:

B"(Da)ave” — a”(D})auf” = DiQi[D‘/ B, Al, (25)
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where Dy is the Fréchet derivative of A, and D}, is its adjoint. An explicit expression for the trilinear
fluxes Q[a, B, A] was given in [10]:
QB a] = (-1 Dxa”D; (0,5, 87), 1<i<p.
Using the fact that
(Dp)aott’ = XA, (26)

(see (5), and (21)) we can express (25) as follows:

B XA — 0% (D} )avf® = D;Q'[, B, Al 27)

If, for a given system A, there exist functions % and operators Y** = v°¥ Dj such that the following
relationships hold:

(DZ)uv,Bu =Y"A", 1<0v< q, (28)

then (Dj)af” =0. Thus, for each symmetry X, of the system A = 0, (X,A® = A™AY for some
operators A" = A%/ D)), Equation (27) provides a corresponding conservation law:

DiQi [ﬂ(, IB/ A] — (lBuAub _ IXUYW)AH =0. (29)

We now show that the correspondence between symmetries and conservation laws in terms
of Lagrange identity is equivalent to the one using the Noether identity and leads to the same
conservation laws. Indeed, using the product rule [2]:

Eo(B'A") = (D3)auf" + (Dp)acd’, 1<0<g, (30)
in (27) gives:
B Xu A" — 6°Ey(BA") + & (D )avA” = D;Q'.
Using B X A" = Xy (B*A") — A"X, " we obtain
Xa(B'A") = a°Eo(B'A") + D;Q [, B, A] + (Xap" — a” (D )av) A”. (31)
The last term in (31) is a total divergence by (25):
A"X,p" — a”(Dp)awA” = A*(Dg)aott” — (D )aoA” = D;Q'[a, A, Bl.
Thus, (31) provides the same result as the Noether identity:

Xa(B'A") = a’Eo(BA") + D;(Q'[w, A, B] + Q'[w, B, A]). (32)

Let us show that the condition used in direct method [15]
(Dp)aof” =0 (33)
is equivalent to the quasi-Noether condition (15). Indeed, using the identity [2]

Ey(B"A") = (D})auf” + (DE)M,A”, (34)
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and the fact that
(Dj)awA” =0, (35)

we obtain condition (33)
Eo(B*A") = (D} )aof” = 0. (36)

An alternative key expression of the direct method
E,(B"A") =0 (37)

is a special case of (15). Note also that the direct method aims at the generation of conservation laws
for a differential system without regard to its symmetries while the goal of both approaches above
taken earlier was to establish a correspondence between symmetries and conservation laws.

3.3. Quasi-Noether Systems

As noted above the condition (15) (or (20)) determines quasi-Noether systems.
It can be shown that the general case of differential systems (13) satisfying the condition (15),
with B? being differential operators

,Ba:.Ba][”]D]/ D]:Dlefz"'D

» Dj,:E, r=1,2,..k (38)

can be reduced to the case of the condition (15) with the %/ being differential functions. Indeed, (see [2])
p'a" = pIDA" = Dy (B7) + ((~D); ) A" (39)

Since the contribution of the first term in the RHS, being a total divergence, is zero after applying
the Euler operator, we find that

Eo(B°A%) = Eo(B°A") =0, a=1,...n, v=1,...,q, (40)

where each B” = ((—D);8") is a differential function.
In the following theorem, we prove that local conservation laws exist only
for quasi-Noether systems.

Theorem 1 (Quasi-Noether systems and conservation laws). Any differential system (13) that possesses
local conservation laws is quasi-Noether. A quasi-Noether system that admits continuous symmetries in general,
possesses local conservation laws.

Proof. Assume that the system (13) has some local conservation law
D;P! = 4A°, (41)
where P! and 4 are differential functions. Then
Ey(7"A") =0, a=1,...n, v=1,...,9, i=1,...,p, (42)

which shows that the system is quasi-Noether.
Suppose now that the quasi-Noether system (15) possesses a continuous symmetry
with the infinitesimal operator X, (5). Rewriting condition (15) in the form

Eo(B'A%) =T™A" =0, o0=1,...q, (43)
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where the sum is taken over 1 < a <, * are differential functions, and I'*" = o p j are differential
operators. Multiplying the Equation (43) by a” and taking a sum over v, we obtain

aPEy(B7A7) = a’T™ A" (44)
Applying the Noether identity (8) in the LHS, we obtain
(Xa —DiR) (B'AY) = ' T"AY,  a=1,..m, v=1,.,4 i=1..,p. (45)
Since X, is a symmetry operator for the system A?, we obtain
DiRI(B°A") =0, a=1,...n, v=1,...,q, i=1,...,p, (46)
and therefore, a quasi-Noether system with continuous symmetries in general, possesses local
conservation law (46). [

Note that in some cases the conservation law (46) may be trivial.
Note also that condition (15) allows one to find and classify quasi-Noether equations of a certain
type. For example, it can be shown that equations of the following class:

up = Uy +uf, n=0,1,23,.. (47)

possess conservation law(s) only for n = 0,1,2. Correspondingly, for n > 3, such equations are not
quasi-Noether and, hence, do not admit any conservation laws.

3.4. Classes of Quasi-Noether Equations

The quasi-Noether class of equations for which it is possible to establish a Noether
type correspondence between symmetries and conservation laws is quite large, and covers
practically all interesting differential systems of mathematical physics, and all systems possessing
conservation laws. Many examples of equations of the class were given in [4,5,12].
Quasi-Noether systems include differential systems in the form of conservation laws, e.g., KdV,
mKdV, Boussinesq, Kadomtsev-Petviashvili equations, nonlinear wave and heat equations,
Euler equations, and Navier-Stokes equations; as well as the homogeneous Monge-Ampere equation,
and its multi-dimensional analogue, see [4]. In [6], the approach based on the Noether identity
was applied to quasi-Noether systems possessing infinite symmetries involving arbitrary functions
of all independent variables, in order to generate an extension of the Second Noether theorem
for systems that may not have well-defined Lagrangian functions.

3.4.1. Evolution Equations

Consider evolution equations of the form
up = A, uy)tixx + B(u, uy). (48)

Assuming B = B(t, X, U, iy, xy, . .., Uny), and requiring our equation to be quasi-Noether (15)
we obtain the following condition

Eu[Bus — B(Auixx + B)] =0. (49)

It can be shown that = B(t, x, u). Moreover, it can be shown that for this system, the above
equality holds for all u (=) rather than strictly solutions (= ).
We obtain the following classes of equations:
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1.
A(u,uy) = aHy, /S (1),
B(u,uy) = a(uyHy, — S(u))/S (u), (50)
Bt,u) = 'S’ (u),
where H(u, uy) and S(u) are arbitrary functions, and « is a constant.
In this case the equation A = u; — Ay, — B is obviously, quasi-Noether since the left hand side
turns into total divergence upon multiplication by B:
BA = Dy[e™S(u)] — aDy[e™ H(u, uy)].
2.
A(u,uy) = (uxGyy, — G)/u,z(,
B(”/ux) =Gu+ (b/ux + C/(u))G +h+ ”x(ﬂ +hy + hCu)/b/ (51)
B(t,x,u) = exp(at + bx + c(u)),
where G(u, uy), c(u), and h(u) are arbitrary functions, and a and b are constants.
a. The special case G(u,uy) = u3, c(u) = u, h(u) = 0, and a = b3
leads to the following equation:
U — tyy — 12 = 0. (52)
Multiplication by B = exp(bx — b?t + u) turns the LFS of Equation (52) into a total
divergence:
Dt(pu) — Dx[B(ux — b)] = 0.
b. Choosinga = b2, ¢'(u) =0, G(u,uy) = x> + puy, p = const, h(u) = 1 — bp we obtain
heat equation, A=1, B=1
Up = Uxx (53)
c¢. Choosing a = —b%, (u) = 0, G(u,uy) = uy?+ v?uy/2, h(u) = —bu?/2 we obtain
Burgers equation, A =1, B = —uiu,
Up = Uxy — Ully. (54)
d.  Choosinga = —b?> = —1, c'(u) = 0, G(u, uy) = uy® + (u — u?)uy, h(u) = 0 we obtain
Fisher equation, A =1, B =u — u?
Up = Uyy + u(l —u). (55)
3.
Au,uy) = a,
B(u, tty) = au?(®yy, + bD2) /@y + 1/ + €y, (56)

B(t,x,u) = v(t, x) exp(—bt + bP),
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where ®(u) is an arbitrary function, @ and b are constants, and v(x,t) is a solution
of the following equation:

vt — boy + avy, = 0.

4.
A(u,uy) =a,
B(u,uy) = aully + euy, (57)
B(t,x,u) = v(x, 1) e,
where ¢(u) is an arbitrary function, and v satisfies the same linear Equation (57).
5.

A(u/ ux) = Gy /Py,
B(u/ ”x) = ”?C(Guu + TG% + ecuq)u)/q)u + lix((s + 2‘7Gu/q)u) +1/®y, (58)
B(t, x,u) = exp[—et + o(x + 6t) + TG + €P] cosh[(x + 6t — p)V 02 — 7] Dy,

where ®(u) and G(u) are arbitrary functions, and , €, j1, 0, and T are arbitrary constants.

We do not pursue the remaining cases, since these necessarily involve dependence on 1/1,.
However, the above analysis gives insight into, for instance, equations of the following class:

up = Uy +uf, n=0,1,23,.. (59)

We have shown that such an equation possesses a conservation law only for n = 0,1,2. Forn > 3,
such equations are not quasi-Noether and, hence, do not admit conservation laws.

3.4.2. Quasi-Linear Equations

Consider now quasi-linear equations of the form
A =uy — A(u,uy)uxy — C(u, uy) = 0. (60)

We require our equation to be quasi-Noether (15)

Eu[B(ust — Auyy — C)]=0. 61)
Using the identity (34)
Eu(BA) = (D)) + (Dp)A, ©2)
we obtain
Eu(BA) = (D}) = 0. .

For Equation (60) condition (63) takes a form

D¢?B — Di*(BA) + Dx(BixxAu,) + Di(Bixx Au, )+ (64)
Dx(,BCux) + Dt(ﬁcu,) - ﬁcu - ‘BAqux =0.

Solving (64) for B = B(x,t, u), we obtain

A=ulL + M,

(65)
C=uwR + P + f(u,u),
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where

R(u, uy) :/{%LA—MXLM} duy

P(u,uy) = /K(u,ux)dux,

and L = L(u, uy), K= K(u, uy), f = f(u,u;), p = B(x,t,u) are functions to be determined.
We get the following solutions:

1.
1

L= %[2Mu + lMux + ux My, — Kux]

R= / 1L + uxLy] dix = PM + 2luxMy + x> My — IK — uxKy + / Kuduty,
where I, m are abrbitrary constants, M(u,uy), K(u,u,) are arbitrary functions, p = ¢
and f(u,u;) satisfies

_fu + mfut + utfuut = _m2~
2.

R=L=0
K= (I+quyx)M+ uyM, + /[qM + My)duy +r(u),
where [, m, g are abrbitrary constants, function M(u, uy) is arbitrary, § = e!*+"+% and

flu,u) = —qu% +s(u)ur+o(u), s(u)=-—m+ W

Examples:

a. If M(u,uy) = c, we obtain
Ut = Mgy + (IM + (1)) tiy + qMuy® + R(u) + (—qui® + sy +0),

where s(u) satisfies (70) and functions r(u) and R(u) are arbitrary.
Choosing g =s = v =0, r = —IM we obtain

U = Muyy + R(u).
The class (72) includes Liouville equation (R(u) = ke'*)
Ut = Mty + ke,
and Sine-Gordon equation ((R(u) = ksinAu)
ty = Muyy + ksinAu.
b. Choosing M(u,uy) = g(u),q =s =v=0,r(u) = —Ig(u), we obtain
usr = g(u) iy + g ()12

The Equation (75) is a nonlinear wave equation.
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4. Quasi-Lagrangians

For B a cosymmetry, the quantity L = p - A serves an analogous role to a Lagrangian.
In this section, we examine the applications of such a quasi-Lagrangian L in more detail. We
show that equations with a quasi-Lagrangian have a Noether correspondence on a subspace. We
then demonstrate the incompleteness of the correspondence from Section 3.1 with an example.
We conclude with a comparison of the invariant submanifolds of quasi-Noether systems with those
of Hamiltonian systems.

4.1. A Noether Correspondence

Let us introduce the operator T depending on  such that E(B- A) = T - A. If D is an endomorphism
(same number of equations as dependent variables), then T = ]D):,g — Dy by (24).

We say an operator T is nondegenerate if its restriction to A = 0 is not the zero operator.
If B is a characteristic for a conservation law (generator), then E(f - A) = 0, so T = 0 (degenerate).
Thus B, in this section, will be a cosymmetry which is not a characteristic.

Recall that a functional .Z[u] = [ L[u]dx is an equivalence class modulo total divergences. We say
a smooth functional .Z[u] = [ L[u]dx is nondegenerate if it is nonzero and some representative L|u]
(hence all of them) does not vanish quadratically with A. We identify nondegenerate functionals
with their affine terms: L ~ L|y—q + B’ - D;A. Mod a divergence, we then have L ~ Lo+ - A,
where B = (—D);B! comes from integration by parts. We will also identify % with L. As a
non-example, consider, for example, a second order scalar nonlinear PDE A = Al(uij). Then for
L = A%, wehave E(L) = D;j(AYA), where Aj; = 29A/ duj;.

The concept of sub-symmetry was introduced in [7]. We say X, generates a sub-symmetry of A
if Xy (T - A)|a=o = O for some nondegenerate T. In the special case that X, (T - A)|7.ao—g = 0, clearly X,
is an “ordinary" symmetry of a sub-system T - A; the more general definition will not be needed here.
Roughly speaking, in the case of sub-symmetry transformations, only some (not all) combinations of
original equations are required to be invariant. We note that in [8], sub-symmetries of sub-systems
generated by cosymmetries yield conservation laws through the mechanism described in Section 3.1.
In the present work, we find a new appearance of sub-symmetries.

We now present an extension of Noether theorem. Every variational symmetry X,
of a quasi-Lagrangian L corresponds to a conservation law characteristic T*a in the image of T*.
The variational symmetry is only a sub-symmetry of the PDE A. If L = Ly + - A and cosymmetry
B is also in the image of T*, then a family of equations A + ker[T] shares variational symmetries,
hence conservation laws generated by the quasi-Lagrangian.

Theorem 2. Let A be a normal, totally nondegenerate PDE system, and suppose there exist smooth
and nondegenerate operator T and functional L such that E(L) = T - A.

1. XL = div, if and only if (T*a) - A = div.

If X4 L = div, then a is a sub-symmetry of A.

Let L= Lo+ p-A. Define A = A+ fand Ly = Lo+ - Ay for f € ker[T].
3. IfB €im[T*], XoLy = div ifand only if X, L = div.

Proof. 1. The Noether theorem states X,L = div if and only if « - E(L) = div; thus, a - (T - A) = div.
If we integrate by parts, we obtain (T*«a) - A = div, as desired.
2. Itis well known XL = div implies X, is a symmetry of E(L). Since E(L) = T - A is a sub-system
of a prolongation of A, this means X, is only a sub-symmetry of A.
3. Since B = T*y for some smooth 7, we have - f = (T*y) - f = v (Tf) +div = div,
so we conclude XoLp = XL+ div.
|
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Remark 1. Part 3 illustrates that a variational symmetry « of L need not correspond to a symmetry of A,
since if XaAp = Ay, then Xy f = Af need not be true for all f € ker|T|. We will demonstrate this failure
in Section 4.2.

Therefore, the Green—Lagrange-Noether approach from Section 3 is incomplete: it requires vector field X,
to be a symmetry of A, while Part 2 indicates we must instead consider sub-symmetries. The incompleteness
was partially demonstrated in [11] in the case B is a characteristic of a conservation law, but the case where
cosymmetry P is not a characteristic was not indicated.

Note that Ibragimov’s approach [19] is distinct; it uses variational symmetries of an extended Lagrangian
system obtained by, essentially, treating the B’s as dependent variables. Such variational symmetries must
be symmetries of A, which is one reason why our result is different. Another reason follows from a direct
computation of the characteristic; there is an additional term due to the symmetric action of X, on L, which in our
approach is simply a divergence not contributing to the characteristic.

Remark 2. The main difference of our extension is that the vector field X, is only a sub-symmetry of the PDE A,
not a true symmetry, since we are considering variational symmetries of L. This highlights the incompleteness
of the previous approach from Section 3, which requires using symmetries of the PDE. We will present an
example in Section 4.2 where all lower conservation laws arise according to the correspondence in Theorem 2,
many only from sub-symmetries.

Remark 3. Upon restricting said symmetries of A to variational symmetries of L, the results of the two
approaches are equivalent, of course. Let AN = XyA. The Green—Lagrange-Noether approach yields the
following conservation law:

(T"a — Xop — A*B)A = div. (76)

But in fact, (Xup + A*B) = XL + div = div since a is a variational symmetry. Thus,
(T — pu)A = div (77)
for some generating function p. This implies T*a is also a generating function, as claimed.

Remark 4. We note that Ly = L|a—q is nonzero (mod divergence) in general. For example, if E(L) = A
for L = uvy — Alu, v] and the two-component evolution system

Eu(L) = v — E,A =0,

(78)
Ey(L) = —uy —E,A =0,
then unless A is of a special form, L need not vanish on A = 0.
4.2. An Example
It is well known [2] that the second order Burgers equation
1.
Up = Ully + gy = D"(Eu +uy) (79)
has exactly one conservation law and no cosymmetries other than p = 1. It thus has

no quasi-Lagrangians of the form B - A and its conservation law does not arise from such. We next
consider the opposite situation.
Consider a third order evolution equation u; = F[u] of the form

3 3
:M,uﬂ+f(t) :LDX(MA + f(B)ux). (80)

= Flu]:
e [1] Uy u2 Uy Uy
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Even if f(t) = 0, this equation cannot be written as a Hamiltonian system, since although
uy=92-E(H) for H=— %u% and the skew-adjoint operator

x Uy uz’
it can be shown that # does not verify the Jacobi identity. We do, however,
see a quasi-Lagrangian structure:
1
E(L) := E(fiux(u, —F)) = Dy(uy — F) =: TA. (81)

We present the cosymmetries of order B(t, x,u,. .., us):
Uy, —uxx, —Dx(xuy—+1tF), —DyF. (82)

The even-order cosymmetries in (82) are conservation law generators which arise from variational
symmetries of the quasi-Lagrangian

1
L:= —Eux(ut — Flu]).
Indeed, if we rewrite them using (80),
—Dyuy, _Dx(xux + tut)/ —Dxuy, (83)

then we see they generate a translation x — x + ¢, a scaling (x,t) — ¢°(x,t), and a translation
t — t + ¢, respectively. These (three) cosymmetries comprise the (order 4) conservation law generators
for Equation (80).

There are two differences from the classical Noether theorem:

1. The variational symmetry u — u + ¢ does not lead to a conservation law since for a = 1,
we have T*(x) = —D,(1) = 0.

2. Time translation is not a symmetry of A = 0 unless f/(t) = 0. Nevertheless, since

Juef (D)

is a divergence expression, we see & = 1u; generates a variational symmetry of L, and then
a conservation law of A.

Remark 5. We present a comparison with the quasi-Noether/nonlinear self-adjointness/Green—Lagrange
approach. Suppose the symmetry condition XoA = AA, and integrate by parts:

Xyl = BXuA + (Xof)A = BAA + (XuB)A = (A"B + XuB)A + div. (84)
Also recall the Noether identity and quasi-Lagrangian structure (81)
XyL = aE(L) 4 div = aDxA + div = (—Dya)A + div. (85)

Combining these two formulas gives the characteristic for the conservation law generated using
this approach:
B(a) := —Dxa — Xop — A*B. (86)

66



Symmetry 2019, 11, 1008

The only symmetry in (83) is & = uy. In this case, it can be verified that
1 . 1
_Xaﬁzliﬂé, XA =DiA, —A ﬁ:—liﬂt,

so that B(w) = —Dya = T* (). Recall the characteristic generated by a variational symmetry is also —Dya.
Thus, the two approaches agree when « is a symmetry of (80).

Remark 6. Observe that « = u; and « = tuy + xuy do not generate symmetries of (80) if f'(t) # 0.
However, a simple modification yields the desired conservation law.
Combining (84) with (85) without the symmetry condition XA=0 yields

(—Dya — Xof)A — B XoA = div. (87)
For & = 1y, it can be shown that
XoA = DA — f'(t) =: RA — f'(1). (88)
Therefore, after an integration by parts, we recover the conservation law plus an error term:
(—Dxa — Xop — A*B)A + Bf'(t) = div. (89)

In fact, the error term is a divergence: f'(t)B = Dx(—3uf'(t)), and we derive an analogous conservation
law. Again, the characteristic is —D,a.
Let us apply the same analysis to & = tu; + xu,. We have

XoA = —A+tDiA + xDyA + (1 —tDy) f(t) = AA+ f(t) — tf'(t).
As before, we obtain

(~Dut — Xuf — A*B)A+ B(£(1) — tF'(1)) = div.

The second expression on the left hand side is a divergence, so we obtain a conservation law.
Using —A*B = —%DXDC, we conclude that the characteristic is again —Dqa.

4.3. Critical Points and Symmetries

We first recall the notion of invariant submanifolds of an evolutionary system, introduce
the notion of critical points of conservation laws, then show that the critical points and symmetry
invariant submanifolds satisfy opposite containments in the quasi-Lagrangian and Hamiltonian cases,
see Theorem 3.

Let A = u; — P[u] be an evolution system with evolutionary operator

Dy = 0 +uf, 8,4 =0+ D/P" 8,4 = 9J; + Xp. (90)

Each of these objects satisfies special determining equations: & symmetry, § cosymmetry.
Symmetry « satisfies the equation

DttX = ]D)th. (91)

Cosymmetry f satisfies the equation
Dip = —Dpp. ©2)
These equations imply that symmetry invariance « = 0 and cosymmetry invariance p = 0

are compatible with A = 0. By compatible, we mean if uo(x) solves y(to, x, up, ...) = 0, then for time
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evolution u(t) = U(t; tg)uo, we have y(t,x,u(t),...) = 0. This follows for P, 1y analytic by a (local)
power series expansion, since the invariance conditions imply Dfv|,—g = 0 for all k > 0. The same
holds for systems in Cauchy-Kovalevskaya form, which can be rewritten as evolution systems.

Remark 7. It was observed in [11] that a co-symmetry B induces an invariant one-form Blu] - du with respect
to time evolution, in an analogous way that a symmetry « induces an invariant vector field afu] - 9/ ou.
The determining equations are simply vanishing Lie derivatives of these tensors. The critical sets of these tensors
are therefore time invariant, which gives a geometric meaning to the compatibility of these invariance conditions.

Let us note an interesting phenomenon. If E(L) = TA is quasi-Lagrangian and X, is a variational
symmetry, then X, is a symmetry of T - A, but T*« generates a conservation law of A. We thus find
a “duality” relation between the existence of compatible systems.

Proposition 1. If E(L) = TA and X,L = div, then both {T*x = 0,A = 0} and {« = 0,TA = 0}
are compatible systems.

Next, if cosymmetry f8 also generates a conservation law, we call the equation § = 0 the critical
point condition for the conserved integral generated by B. To justify this terminology, we recall
the well known fact that cosymmetry f is a characteristic if and only if ]D)zg — ]D)ﬁ = 0 (self-adjointness),

i.e., B = E(M!) for the conserved density M! of the conservation law
DiMt 4+ DM = B-A = 0. (93)

It follows that the condition B = 0 is the Euler-Lagrange equation for the (possibly

time-dependent) functional [ M'[u]dx, i.e., the equation for critical points of this conserved integral.

By the discussion for cosymmetries, the critical point condition is compatible with time evolution

uy = P. This is sensible for two reasons: (1) if u(0) is a minimizer of [ M'[u]dx for suitable

boundary conditions, then the conservation of [ M'[u]dx implies u(t) is also a minimizer at later times.
2 If o;M! =0, then

XpM! = D;M! = —D;M = div, (94)

so P actually generates a variational symmetry of the functional f M![u]dx. Tt follows that Xp
is a symmetry of E(M![u]) = 0, hence it preserves the solution space.

Remark 8. Although many current papers are devoted to the construction of Lie-type invariant solutions
and conservation laws for non-Hamiltonian systems, we are not aware of any which constructed the critical
points of these conservation laws. The possibility for such was raised in [20].

Example 1 (Time-dependent conservation law). The KdV equation

up + Uty + tiyxy =0, (95)
has conservation law
DiM' + DyM* =0 (96)
of the form
%(xuf%>+%<t<§7uun7u§>+%z+xumfw>=0, 97)
such that M'[u] = xu — %, and E;M'[u] = x—tu. If ¢ # 0, then u.(x) = x/o

is a solution of E\M!(c,x,u,...) = 0, and u(t,x) = x/t is the solution of {uy = P,E;M' = 0}
which satisfies u(c, x) = u(x).
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Example 2 (Time-dependent evolution). The generalized KAV equation [21]
g+ f(t 1)y + tixxy =0, (98)

where f(t,u) = at~V3u + bu + cu® for a,b,c constant, has explicit time dependence if a # O.
It has a conservation law DiM! + Dy M* = 0 with conserved density

M= %ctui - %t(cuz + bu)? + %x(cu2 +bu) — %atz/S(%czﬁ + ibuz), (99)

and characteristic (note that [21] has a typographical error in the i term)

Ey(M!) = —ctuyy, — %t(Zczu3 + 3beu® + b*u) — Lliatz/3(2cu2 +bu) + %x(Zcu +D). (100)

Let us show that the system {u; + fuy + tixex = 0, E,(M') = 0} is compatible. Suppose first that ¢ = 0.
Then the solution of E,,(M') = 0 is

2x

ulh*) = Ga i)

(101)

which solves (98) for ¢ = 0. Suppose now that ¢ # 0. If we solve E,,(M") = 0 for uyy, then it is easy to show
that (uxx )t = (ut)xx, or that (98) is consistent with E, (M) = 0. Alternatively, substituting E,,(M") into (98)
gives a first order PDE, which has solution

u(t,x) = —% +t713¢(8),  E=t3x+ (4c) 1 (3abt!® + b717/3), (102)
where g is an arbitrary function. Substitution into E, (M) = 0 gives an ODE for g.

Example 3 (A non-Hamiltonian example). The nonlinear telegraph system [22]

o + ketuy —e* =0,

103
ur — oy =0, (103)
where k # 0 is a constant, has a conservation law with density (note the small error in [22])
M = e ¥[(tv/2 + 2x)v — k(uv + te*)] (104)
and characteristic
Ey(M') = —ke /% (v + te), 105)
Eo(M') = e /% (2x + to — ku).
A critical point (., vs) satisfies the system Ey,(M!) = E,(M') = 0, whose solution is
12
us(x, t) = 2x/k — W(?ez’(/k),
(106)

k #? 2x/k
ve(x,t) = f?W(?e Ky,

where W is the Lambert W function. It is straightforward to show that (1, v.) solves (103).

Before turning to our next result, we recall some properties of Hamiltonian systems, see e.g., [2].
The two types of invariant submanifolds are coupled in this case. Suppose

P =92 E(H) (107)
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for some Hamiltonian H([u] and skew-symmetric operator & which verifies the Jacobi identity,
in the sense that if { %, 2} = [E(P)-2 - E(Q)dx is the Poisson bracket induced by 2, then {, }
verifies the Jacobi identity. Then the Noether relation (Theorem 7.15 in [2]) states that every conserved
integral | M'[u]dx yields a symmetry of Hamiltonian form: « = 2 - E(M"). In other words,

a=9-p, (108)
where g = E(M?) is the associated characteristic. Therefore,
{p=0} c{a=0}, (109)

where {$ = 0} is an invariant submanifold of critical points, and {a = 0} is an invariant submanifold
of symmetry-invariant functions.

The converse is not true: if the Hamiltonian vector field generated by « = 2 - E(M') is a symmetry,
then B = E(M') need not be a characteristic. In general, there exists a time-dependent C|t;u]
with Clty;.] € kerZ for each ty, such that § — C generates a conservation law.

Let us show that the containment in the quasi-Lagrangian case is opposite to (109). We summarize
the comparison below.

Theorem 3. Let L be a quasi-Lagrangian for an evolutionary system with E(L) = T -A, and let «
be a variational symmetry « with conservation law characteristic = T*«. Then

{u=0} c {5=0}, (110)

so that vector field invariant solutions are critical points of a conserved integral [ M'[u]dx.
Let H be the Hamiltonian for the system uy = 2 - E(H), and let « = & - B be a Hamiltonian symmetry
with B = E(M"). Then
(=0} c{a=0} (111)

such that critical points of the integral [ M'[u]dx are symmetry invariant.

Remark 9. The two situations overlap in the Lagrangian case. If T, 2 commute with 0, then their
invertibility implies that the modified systems T~'A, 271A are Lagrangian. In this case, the symmetry
invariant submanifolds coincide with the critical points of conserved integrals.

Remark 10. In the quasi-Lagrangian case, vector field X, need not be a symmetry, so « = 0 may
not be compatible with time evolution. In Section 4.2, compatibility of « = O fails for all symmetries induced
by (83) (e.g., ug = 0) if f'(t) # 0in (80).

Conversely, critical point condition B = 0 is compatible, but T*« = B = 0 need not imply symmetry
invariance, as the example in Section 4.2 shows for B = Dy F. However, symmetry invariance occurs after
dividing by the kernel of T*, which is {g(t)} in Section 4.2. This is analogous to the Hamiltonian case,
for whichif 2 - B = « = 0, then B = 0 holds after dividing by the kernel of 2.

Remark 11. After this paper was written we learned about the paper [23] where”symplectic operator” £
was introduced. The operator € is similar to our operator T determining quasi-Lagrangians.

5. Conclusions

In this paper, we discussed the problem of correspondence between symmetries and conservation
laws for a general class of differential systems (quasi-Noether systems). Our approach is based
on the Noether operator identity. We discussed some properties of Noether identity, and showed
that it leads to the same conservation laws as Green-Lagrange identity. We generated classes
of quasi-Noether equations of the second order of evolutionary and quasilinear form.
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We introduced and analyzed the notion of a quasi-Lagrangian, which generalizes the quantity
L := B- A used in previous works to the case where L|5_o may not be zero, and we studied variational
symmetries with respect to the quasi-Lagrangian, which generalizes the previous work’s restriction to
symmetries of differential system A. Because this recovers the Lagrangian case A = E(L), we extended
Noether’s theorem (Theorem 2).

The previous work was not able to achieve both of the following: (1) extend Noether’s theorem
while still involving invariant vector fields (see [11] for an extension using only cosymmetries),
and (2) recover the case of a Lagrangian system A = E(L), unlike, in general, the quasi-Noether
approach of Section 3. Moreover, in Section 4.2, we presented a system for which variational symmetries
of a quasi-Lagrangian do not correspond to symmetries, such that the previous work is unable
to associate the conservation laws to vector fields using the given cosymmetry.

Based on the notion of invariant submanifolds we introduced critical points of conservation laws,
and gave examples of the compatibility of cosymmetry invariance and the critical point condition,
including for a non-Hamiltonian system.

We concluded with a comparison of the invariant submanifolds of quasi-Noether and Hamiltonian
evolution equations, and showed these systems are “opposite” in some sense. For Lagrangian systems,
the cosymmetry and symmetry invariant submanifolds coincide, while in general there is a containment
in one direction or the other.
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Abstract: Noether symmetries and first integrals of a class of two-dimensional systems of second
order ordinary differential equations (ODEs) are investigated using real and complex methods.
We show that first integrals of systems of two second order ODEs derived by the complex Noether
approach cannot be obtained by the real methods. Furthermore, it is proved that a complex method
can be extended to larger systems and higher order.

Keywords: systems of ODEs; Noether operators; Noether symmetries; first integrals

1. Introduction

Lie developed a symmetry method for solving differential equations (DEs) [1-4]. Noether [5]
used these methods to prove that, for DEs obtained from a variational principle, for each symmetry
generator there is a corresponding invariant, first integral. These symmetries are called Noether and,
if they exist, then Noether’s theorem readily provides the associated first integrals. Since they provide
a double reduction of the order of the equation, and a sufficient number can actually be used to
solve the equation, it is worthwhile to obtain them. Furthermore, they are useful for studying the
physical aspects of the dynamical systems, like time translational symmetry gives energy conservation,
spatial translation provides momentum conservation and rotational symmetry implies conservation of
angular momentum. For a scalar ODE, the corresponding Lagrangian has a five-dimensional maximal
Noether symmetry algebra, as guaranteed by a theorem [6], and all the lower dimensions (obviously
except 4).

Though Lie methods involved complex functions of complex variables, they did not make explicit
use of the Cauchy-Riemann (CR) equations. These conditions provide an auxiliary system of DEs
satisfied by the corresponding system of DEs obtained by splitting the complex functions of the scalar
or systems of DEs into the two real ones. One obtains either a system of partial differential equations
(PDEs), if the independent variable is complex or a system of ODEs if it is real. The explicit use of
complex functions of complex or real variables is demonstrated in [7-10] where solvability of systems
of DEs is achieved through Noether symmetries and corresponding first integrals. Furthermore,
by employing complex symmetry procedures: the energy stored in the field of a coupled harmonic
oscillator was studied in [11] and linearizability of systems of two second order ODEs was addressed
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in [12,13]. The complex procedure, indeed, has been extended to higher dimensional systems of second
order ODEs [14] and two-dimensional, systems of third order ODEs [15].

In this paper, we extend the use of complex symmetry methods further to obtain invariants of
systems of ODEs and demonstrate that we can obtain new invariants not obtainable by the usual,
non-complex, methods. The new invariants for systems arise due to complex Lagrangians and first
integrals of the base ODEs involving complex dependent functions of the real independent variables.
Complex symmetries have already been used to construct first integrals through Noether symmetries
and derive invariants for two-dimensional, systems of second order ODEs [8-10]. We first compare the
usual (real) and complex Noether approaches developed to derive first integrals for systems of two
second order ODEs. We find that the latter yields more first integrals than the former for these systems.
The first integrals derived using a complex procedure also satisfy the conditions of the real Noether’s
theorem that exists for systems of ODEs. Next, we prove that Lagrangians and corresponding first
integrals of the complex scalar ODEs will always split into two real Lagrangians and first integrals
for the corresponding system of two equations. For this purpose, we use the CR-equations, which are
satisfied by the Lagrangians and first integrals provided by the complex procedure. Furthermore,
we show that the complex Noether symmetries do not, in general, split into two Noether symmetries
of the corresponding systems. The thrust is not to find directly applicable invariants, which could
turn up but to demonstrate how a complex method can provide new invariants and insights into
Noether symmetries and first integrals. This work also suggests that the class of systems presented
here should, indeed, be singled out when classifying systems of ODEs on the basis of their Noether
symmetries and first integrals as it may not follow the classifications presented by employing real
symmetry methods. Theorems and their proofs in the later part of this paper show that the method
adopted here can trivially be extended to higher dimensions and order of ODEs.

The plan of the paper is as follows: the next section gives the procedures to derive Noether
symmetries, operators and corresponding first integrals for systems of two second order ODEs. In the
third section, we obtain Noether symmetries and first integrals for two-dimensional, systems of second
order ODEs using a real symmetry method. In the subsequent section, first integrals for these systems
are derived by employing complex procedures. We end with a concluding section, which also gives
the proofs of the claims given in the previous section.

2. Preliminaries
For a system of two coupled (in general) nonlinear ODEs

"

V' =S1(x,y,2y.,7), 2 =S(xyzy,7), 1

where prime denotes derivative with respect to x, and the point symmetry generator is
X =¢(x,y,2)0x +11(x,¥,2)9y +12(x,Y,2)0, 2

where ¢, 171, and 1, are the functions that appear in the infinitesimal coordinate transformations of the
dependent and independent variables, oy = 9/9x, etc. The first extension of X is

d d d d
1 — a 4 , a 4 ,
X X+<dx771 Ui >8y+<dx172 z o )BZ, 3)

where d/dx = 9y +y'9, + 20, 4 ---. If system (1) admits a Lagrangian L(x,y,z,y',2), then it is
equivalent to the Euler-Lagrange equations

d (oL oL d (0L oL
a(a?)‘@—of a(ﬁ)‘a—“ @
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The vector field (2) is called a Noether symmetry generator corresponding to the Lagrangian
L(x,y,z,y,2") for system (1) if there exists a gauge function B(x,y, z), such that

XU(L) + D)L = D(B), )
where D is the total differentiation operator defined by
D =0y + ]//ay +70, + ]//ay’ + Z//az/ e (6)

Theorem 1. If X is a Noether point symmetry generator corresponding to a Lagrangian L(x,y,z,y,z") of (1),
then the corresponding first integral is:

L= Lt = 2) 5+ (=) 35 — B )

For a first integral I, of system (1), the following equations
x1=o, ®)
DI =0, ©)

where X!, and D, given in (3) and (6), are satisfied identically. Though the construction of the
variational form of (1) along with Noether symmetries to determine the conserved quantities is
nontrivial, the complex method converts a class of systems (1) into variational form trivially [8,10,11],
which is obtainable from a single (base) scalar complex equation u” = S(x, u, u’). This class is derived
by considering u(x) = y(x) + 1z(x), and S(x,u,u’) = S1(x,y,2,y,2') +1S2(x,y,2,¥/,2"). Such system
admits a pair of Lagrangians Ly (x,y,z,v/,2z') and Ly(x,y,z,y/,2') as the Lagrangian L(x, u, u’), of the
complex base equation also involves the complex function u(x) and its derivative, hence L = L; + (L.
With these assumptions, (1) can be obtained from

oLy dL, d (8L1 8L2> —0 oL, oJL; d (E)Lz BL1> —0

Qy | 9z dx

oy o7

dy 9z dx

ay o7 (10)

These are obtained by splitting the complex Euler-Lagrange equation of the scalar complex
second order ODEs. They are different from (4); however, in the later part of this work, their reduction
to (4) is done. The operators

x1 = 10y + %(may + 1700, + qgay/ +1150.),

11
YW = &0, + L (129 — 10 + 159y — 1102) 11)

are said to be Noether operators corresponding to L1(x,y,z,¥,Z") and Ly(x,y,z,1/,2') of (1), if there
exist gauge functions Bj(x,y,z), and By (x,y,z), such that

XLy =YWL, + (D& Ly — (D)L, = DBy,

XLy +YWL, + (D& )Ly + (DEy)Ly = DB, a2

Theorem 2. If X!V and Y are Noether operators corresponding to the Lagrangians Ly(x,y,z,y',z") and
Lo(x,y,2,y,2") of (1), then the first integrals for (1) are

L=8&L— &L+ 3m —v'E +Z/€2)(aa% + %%)

(13)
— -y - 2/51)(% -9 - By,
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b =&l + Gl + 30—y +28) (57 - 52) 1
+30p Y& -28) (5 + 53) — B
Theorem 3. The first integrals Iy and I, associated with the Noether operators X and Y11, satisfy
xU -yl =0, xWp,+ vl =0, (15)
and
DIy — Dyl =0, Dyl + Dyl =0, (16)

where D1 = 9y + %(y'ay+z/az+y”ay, +2"9y + ), Dy = 0y + 3(2'3y — /0, +2"9y — Y0 +--).

3. Noether Symmetries and Corresponding First Integrals

In this section, we reconsider a class of two-dimensional, systems of second order ODEs that is
solved using complex methods [13]. There it was shown that, for this class of systems, dimensions
of the Lie point symmetry algebra remain less than 5, while the base complex equations in most of
the cases possess an eight-dimensional Lie and a five-dimensional Noether algebra. This will help us
here in showing that the number of first integrals for such systems using the real Noether approach
remains less than that generated through the complex procedures. This class of systems of two second
order cubically semi-linear ODEs reads as:

y” = Algy,s — 3A20y,22, — 3A10y’Z/2 + A202/3 + B]Oylz - ZBzgylZ/ — BmZ’z + Cl()y, - CZQZ/ + Dqo,

17
2 = Aggy® +3A10y%7 — 3Azy'z? — A1z + Bagy? + 2B1gy'z’ — Baoz? + Cagy’ + CioZ’ + Dao, (17)

where Ajy, Bjo, Cjo, Djo, (j = 1,2), are analytic functions of x, y, and z. In order to apply the complex
Noether approach, we establish correspondence of the above system with the complex scalar second
order ODE

u” = Ag(x,u)u"® + Bo(x, u)u’? + Co(x, u)u’ + Do(x,u), (18)
by considering y(J{) + IZ(X) = u(x), Aqg + 1Ay = Ao, B1p + 1Bag = By, C19 + 1Cp = Co, and D1g + tDyy = Dy.
Example 1. The system of two second order quadratically semi-linear ODEs

g

Y = x(ylz —Z’z), S — 2xylzl (19)

admits a three-dimensional Lie algebra spanned by the following symmetry generators

Xy =9y, Xp =0, X3=—x0; +ydy +20s, (20)
and the Lagrangians
2,1 2.1
Ly =x+ xzy + % In(y?—2?%), L= % + arctan(z/,y). (21)

These Lagrangians yield the first integrals

1, y 4
h=3x+ VEy 22 L= TyEr 2 (22)

corresponding to Xy, and Xj.
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Example 2. For the system of two second order semi-linear ODEs,

"

y// _ 73yy/ +3ZZ/ _ y3 + 3y22’ P 73yzl _ 3Zy/ _ SyZZ 4 Z3,
there are two Lagrangians

3y’ + 3y? — 322 L 3z + 6yz
By +312—322)2 + 32/ + 6yz)2” *

L]Z

coming from the base complex equation

u" = —3uu’ —ud,

and its Lagrangian L = . System (23) has three Lie point symmetries

1

3(u'+u?)
2
X1 =0y, Xp = x0x —Yydy — 20z, X3 = 78x + (1 —xy)dy — xz0-.
Only one first integral for (23), corresponding to Xy, exists
I =g {y° + (22 + 4y )y + 8%z + (592 — 8y'z* — 2* +32%)y? — 82(2% — 3y )y’
—20 4z — (5y”% +32/2)2% + 2/2% + 2y},
where
_ (y4 + (222 +2yl)y2 +4yZZ/ +y12 +Z4 _2y122 +Z/2)2.

Example 3. For the system of two second order cubically semi-linear ODEs

1

y' =y® -3y

! /2 2 /2 ’_ /3

2" =3y"z :

the Lagrangians are

y/ Z/
Ly=2y+ yE 422 Ly=2z- yEiz2
The above system possesses four Lie point symmetries

X| =0y, Xp = ay, X3 =0z, X4 =2x0y +yay + 20;.

(By" 4+ 3y? — 322)2 + (3z' + 6yz)?’

(23)

(24)

(25)

(26)

27)

(28)

(29)

(30)

€]

There are three gauge functions, By = Cy, By = 2x, B3 = Cy, for Xy, X, and X3, respectively, for Ly. Similarly,

Ly generates By = C3, By = C4, B3 = 2x, with the same point symmetries as mentioned above. Thus, there is a

three-dimensional Noether algebra for (29) associated with Ly,

212

— _ 1
B=2y+ 0~ C, = prbr — ity — 2%,
oy Y,
B =gy — G
Similarly, for Ly, the first integrals are
2y'z
Ilr =2z— y/z+z/z —Gs, 15 = W Cy,

.
13*W+W*2x<

Example 4. A nonlinear system of two second order cubically semi-linear ODEs
3

yu _ oczxy/S _ 3lxzxy/z'2, S — SaZXyIZZ/ —2x73,

77
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where « is a constant and possesses the Lagrangians

] !

— a2 ¥ — 242 z
Ly = 2a°xy + Tl Ly =2« xy—m. (35)
The above system (34) has three Lie point symmetries
X =09y, Xp =0;, X3 = x0y. (36)

For Xy, and Xy, we obtain gauge functions with Ly, and Ly that are By = C1x%, By = Cy, and By = Cy, By = C112,
respectively. Thus, two-dimensional Noether algebra is found to exist for (34) and the first integrals corresponding to Ly,

and Ly, are
2
K= - (y,ffz,z)z o, I % e (37)
and
2
I = % —G, = yafz/z + (y,zzj/ﬂ)z ey (38)
respectively.
Example 5. The system of two second order cubically semi-linear ODEs
v = ayy® — 3azy?z — Sayy/z’z +azz" (39)
" = azy” + 3ayy?z — 3azy'z”? — ayz"
has the Lagrangians
/ /
Ly = ay? —az® + y’zyﬁ' Ly = 20yz — TRy (40)
where « is a constant. This system admits a two-dimensional Lie point symmetry algebra
X = 0x, Xp = 3x0y + ydy + 20-. (41)

The gauge term for Xy, with both Ly, Ly, is B = Cy. Thus, there is a one-dimensional Noether algebra that provides
the following first integrals

I" = a(yz — 22) + y’2+2’2 —Cy, (42)

I} = 2ayz — = “,z - Ca.

Example 6. The system of two second order cubically semi-linear ODEs
y' = xyy® — 3xzy?z — 3xy/z'2 + xzz'3 43)

" = xzy® + 3xyy?z’ — 3xzy'z"? — xyz"®

has two Lagrangians

Ly = xy? —xz% + Ly = 2xyz — (44)

¥
Y2422 Y2427
and one Lie point symmetry

X7 = x0x. (45)
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There is no gauge function corresponding to Xy, for Ly, or Ly, which implies that there is a 0-dimensional Noether
algebra. Hence, no first integral exists by a real method.
4. Noether Operators and Corresponding First Integrals

In this section, we obtain first integrals for all systems considered in the previous section,

by employing complex Noether procedure.

Example 7. By considering y(x) + i1z(x) = u(x), system (19) corresponds to a scalar ODE
"o ”2
u’ = xu's, (46)

which has only one symmetry Zy = 9. A complex Lagrangian, L = x + # +1Inu’, is admitted by (46), yielding the
first integral
L |

This complex first integral splits into the following real first integrals
!

1, Y z
I = Ex + yIZ T2 L= _yIZ T 27 (48)

of system (19). Notice that both these first integrals are the same as those obtained earlier in (22) by the real method. It shows
an agreement between the complex and real Noether approaches.

Example 8. The base scalar ODE (25) has a five-dimensional Noether symmetry algebra spanned by

Zy =0y, Zo = udy — u3dy,, Zz = xudy + (1% — xu3)0,,

Zy = (x — 314)9, + (2u — 3xu? + 3912 $u, (49)
Zs = (5% — 29y + (1 — 2xu 4 3£ — 25,

The first integrals corresponding to the above Noether symmetries are

— w? o u o p (el
I = 3022 L =x e Iz = [(eEETD -
1 (W +uP)x—u) (24 (u' +u?) x> —2xu)
14 -3 w2 u')2 ’ (50)
I — 3(2—2xu-+x2u2+x2u')
5= u+u’ '

Putting u(x) = y(x) + 1z(x), these complex first integrals split to provide the first integrals for the system (23)

Qy'+y*—z )h+(2z 2k pe = 1 Q' +2y2) h—(2y'+y2=22)]>

’

c_1
=5 i+ R+
€ =y Y2 e _yazs pe ]5]6+]7]s 1¢ = JoJr—Isls
3 S s 1) 6= IR
Is = %(19]10 ]11]12)]13+(]10]n+]9hz)]14 (1)
1
3
3

(]10]11+]9]12)]13 (]9]10 ]11]12)]14
Js+TL
]%]15+]4]16 Ic ,3]3]16 ]4]15
+17 +Ii

I =

Is =
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where

L= 74yzzl _ 6y222 + -4 + y4 + zyzy/ _ 222y/ + ylz _ Z/Z/

Jo = 4yzy' — 4yZ® + 2y + 43z + 222 — 2227,

=y +y* -2,

Js =2 +2yz,

J5 = —4x2yzz' + 2xzz' 4+ y? — 22 + 6xyz® — 2xyy’ — 6x°y2Z% + 2227y
— 20222y — 2+ lyt 22t a2y a2,

]6 — y4 + 24 + y/Z _ 6y222 _ 222]/ + Zyzy/ _ 4yzz/ _ 2/2,

J7 = 2x%y'2" + dxPyBz + 2x2y22 — 2x2227" — 4xPyz® — 2xzy — 6xyPz
—2xyz’ + 2yz + 2x23 + 4x%yzy,

Js = 43z + 2y%7' — dyz® — 2227 +2y'7 + dyzy/,

Jo= (-2 +y)x—y,

Jio =2+ (y* — 22 +y)x* — 2y,

Jn=@2yz+z)x -z

Jio = (2yz +z')x% — 2xz,

Ji3 = —6y22% — dyzz’ + 2%y — 222y +y? — 2% £yt 42,

Jia = —22%2" — 4y2® 4+ 2y%2 + 4y’ +dyzy +2y'7,

Jis = 2 —2xy + 22 (y?> — 22) + x%Y/,

J16 = —2xz + 2x2yz + x2Z’.

(52)

In the following examples, we show that a complex symmetry approach provides 10 first integrals
for systems of two second order ODEs. In particular, there is a system (43) that has a 0-dimensional
Noether symmetry algebra, but 10 first integrals are generated by Noether operators obtained by
complex methods.

Example 9. The base complex scalar ODE
u" =u, (53)
for system (29) has the Lagrangian L = 2u + % For the five Lie point symmetries

Zy =y, Zo =03y, Z3=udy, Zy = (u® —2xu)dy — 2u%dy, (54
Zs5 = (3u® — 2x)dy — 4udy

of the ODE (53), the gauge terms found are B = C, By = 2x, B3 = 2x +u?, By = % —2xu? — 2x2, B5 = 415,
respectively. The corresponding first integrals are

I1:2u+%fC, 12:;*/%*235/ 13:u272x+%7l’;' (55)
Iy = 5hn (2 = 220 +2u)2, I = 23 — du + @80 du,

T 2u?

Splitting (54) into real and imaginary parts yields the 10 Noether operators that provide the following first integrals:

2y /
I{ = 2y+ y’2-¢y—z’2 - Cl/ Iﬁ =2z — yrzz_izrz - CZ/
€= 2y Y222 = 245!
3 (yrz+z/2)zr /4+—, (yrz+z/2>zr ) )
Y 2z z—yz
=y -2 -2 2805 2 (24 L), (56)

y°—3yz2—2xy)y'+(3yPz—2>—2xz)7’
y12+z/2

IS = y* + 24 — 6227 + 4x% — dx(y? — 22) +4l

(yZ_ZZ)(yIZ_ZIZ)+4yZy/ZI
+44(y12+272)2 —
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(3y%z—2%—2x2)y' — (y* —3yz> —2xy)Z'
y!2+zfz

I§ = dyz(y* — z%) — 8xyz + 4

zyZ(y’Z 72'2>*2(y2722)y’2’
+ 4 (y12+z/2>2 7

57)
.3 > 3% —32%—2x)y +6yzz’ y"?—2"2)+2zy'7' (
Ig =y> —3yz= —2xy + = ’2-2{-22%/2 v +2y(/ (2yf2+;z/2)2y ,
a2 3 6yzy'+(32°—3y*+2x)7’ z(y”*—z"?)-2yy'7
Ify =3y"z —z° — 2xz + Tez= +2 =
Example 10. System (34) is obtainable from a scalar second order complex ODE
u" = a2xu. (58)
The Lagrangian associated with this equation is L = 2a2xu + L%/ The following gauge functions
By = a?x%, B, = 2a2xusin(au) + 2ax cos(au), Bz = 2axu cos(au) — 2ax sin(au), (59)
By = a?x?(2au cos(2au) — sin(2au)), Bs = a®x?(2au sin(2au) + cos(2au)),
correspond to the respective Lie point symmetries
Zy =0y, Zp =sin(au)dy, Zz = cos(au)dy, (60)
Zy = ax cos(2au)0y + sin(2au)dy, Zs = wx sin(2a1)0yx — cos(2u1)0y.
Hence, there are five Noether symmetries and corresponding first integrals
L = ;—é —a?x?,
L=2 % —axcos(au)),
Iz3=2 %ﬁw) +axsin(au)), (61)
Iy = a®x? sin(20u) — % tZ%@,)
o 2.2 cos(2au wax sin(2au
Is = —a*x® cos(2au) + == 7 + 27
The real and imaginary parts of (61) yield 10, first integrals for (34).
Example 11. The system (39) and Lagrangian (40) correspond to the complex scalar linearizable ODE
u" = auu®, (62)

u

and Lagrangian L = au? + %, which have the following gauge functions By = C, By = 2x + “T"S, By = %5, By =

2a2u® — axu® — 3x2,Bs = —3a2u’, for the following Lie point symmetries

Z1 =03y, Zy = udy, Zz = au?dy —20,,

4 2 3 (63)
Zy = (au* — 3xu)0y — 3u=9y, Zs = (—5au’ + 6x)0y + 12udy,.
Thus, there are five complex first integrals
L =a?+2/u' —C, I = (200> — 6x) + 24,
) 2.1\2 3 3x)u/ 43 2
Iy = ( +421;1,le) L L= % <(o(u Lic/)qu u) , (64)
3

Is = —202u5 + 6axu® — 2(5“”“7,76)() —12.5,

which split into 10 real first integrals for system (39).
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Example 12. System (43) is obtainable from the complex linearizable ODE
u" = xuu’®, (65)

with the Lagrangian L = xu® + 117 It admits a five-dimensional Noether symmetry algebra, which yields 10 first integrals
for system (43). In the previous section, we showed that there is no Noether symmetry for system (43) by real methods,
but the complex method yields 10 first integrals.

5. Conclusions

In this paper, we demonstrated, by considering explicit examples that the complex methods
provide Noether invariants that do not appear by real methods. While the examples, in themselves,
do prove the point, one would like to understand why this should be the case. For this purpose,
we state and prove the following theorems that summarize our results and provide insight into how
the complex methods work and go beyond the real methods.

Theorem 4. The Lagrangian and associated first integrals of complex nth (n > 2) order ODEs with complex dependent and
real independent variable provide Lagrangians and first integrals, respectively, for corresponding two-dimensional systems of
n'" order ODEs.

Proof. We prove the result for n = 2, as its extension to higher orders is trivial. In this case, i.e., for a scalar second
order ODE, the Euler-Lagrange equation reads as % (%) — % = 0, which expands to

Lxuf + M,L“uf + u”L,,/u/ —L, =0.

By considering u(x) = y(x) + iz(x), L(x,u,u’") = L1(x,y,2,¥/,2') + tLa(x,y,2,y',2"), in the above equation
and splitting it into the real and imaginary parts, one obtains
y/ Z/
(Ll,xy’ + LZ,xz’) + Z(Ll,yy’ + LZ,y’z + Lz,yz’ - Ll,zz’) - Z(Lz,yy/ - Ll,y/z - Ll,yz’ - LZ,zz/)
! "

b4 1
yz(Ll/y’y’ + L2,y’z’ + L2,y’z’ - Ll,z’z’) - Z(LZ,y’y’ - Ll,y’z’ - Ll,y’z’ - LZ,Z’Z’) - E(Ll,y + LZ,Z) =0,

! o
(LZ,xy’ - Ll,xz’) + yZ(LZ,yy’ - Ll,y’z - Ll,yz’ - LZ,zz’) + Z(Ll,yy/ + LZ,y/z + LZ,yZ’ - Ll,zz’)

1" ZI/ 1

Z(LZ,y/y’ - Ll,y’z’ - Ll,y’z’ - LZ,Z/Z/) + Z(Ll,y’y/ + LZ,y/z/ + LZ,y/z/ - Ll,z’z’) 2 (LZ,y - Ll,z) =0.

—+ Nl= 4+ N

Both of the above equations reduce to

Lipy +Y'Liyy +2'Liyz +y"Liyy +2"Liyyz — Ly =0,
L[,xzr —+ ylLi,yZ/ =+ Z/Li,zz’ =+ yNLi,y/zr —+ ZNLi,z’z’ — Li,z =0,

fori = 1,2, by employing the CR-equations Ly, = Ly, L1, = —Lpy, L1,y = Loz, and Ly »» = —Ly,/. Notice
that these are Euler-Lagrange Equations (4) for two-dimensional systems of second order ODEs. Hence, the real
and imaginary parts L;, for i = 1,2, of a complex Lagrangian L(x, u, u') satisfy the Euler-Lagrange equations for
systems obtainable from complex scalar equations. In other words, the Euler-Lagrange Equations (10) become the
Euler-Lagrange Equations (4). A similar argument applies to first integrals I;, for i = 1,2, obtained for a system of
two second order ODEs from complex first integral I(x, u,u’), of a scalar second order complex equation which
satisfy DI = 0, i.e.,

Le+u'ly +u"I; =0.
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Considering u(x) = y(x) +u(x), I(x,u,u") = L(x,y,2,y,2') + 1Ih(x,y,2,y,2'), D = D1 + 1Dy, and splitting
into the real and imaginary parts and employing CR-equations I;, = L. L. = —hLy Ly = by,
I],Z’ = 712,},/, ylelds

Lip+ YTy +2 Lo+ y Ly +2" 5 =0, i=1,2.

This is exactly the criterion whose first integrals of a system of two second order ODEs satisfy DI; = DI, = 0,

where D is the derivative operator for such systems givenin (6). O

The above result is extendable to higher dimensional systems of ODEs of order more than two as
the CR-equations and their derivatives establish a connection between Lagrangians and first integrals
of the complex base equations and the corresponding systems. Therefore, for those systems (of nth
order ODEs) that correspond to complex DEs (of the same order), their Lagrangians and first integrals
are obtainable from the complex Lagrangian and first integrals of the base equations.

The base complex equations in Examples (2)—(6) and (8)—(12) admit an eight-dimensional Lie and
five-dimensional Noether symmetry algebras. It implies that there exist five first integrals for these
scalar equations, which, when considered complex, convert into ten first integrals (as guaranteed by
above theorem) of the corresponding two-dimensional systems of second order ODEs. Based on these
observations, we can state the following result.

Corollary 1. For two-dimensional systems of second order ODEs with symmetry algebras of dimension d, (d < 5) that are
obtainable from complex linearizable scalar ODEs, a complex Noether approach provides more first integrals than the real
symmetry method.

Theorem 5. The real and imaginary parts of the complex Noether symmetries of the complex scalar second order ODEs are
not necessarily the Noether symmetries of the corresponding two-dimensional systems of second order ODEs.

Proof. A complex first integral I(x, u, u') satisfies the invariance criterion Z('T = 0, where
Z = o, + 70y + 1" 3

is the first extension of the Noether symmetry of a second order complex ODE. Splitting it into the real and

imaginary parts leads to two invariance conditions (15) that expand to
1
Gl —Gobx + E{’]l(ll,y + b)) =2y = hz) + iy + hz) =y — L)} =0,
1
Giby + &b+ 5{m by — L) +i2(ly + be) + Ly — L)+l + b))} =0,

respectively, where X[, and YU, are the operators given in (11). Applying the CR-equations on I;, and I,
the above equations become

Sl = Glx by + bz + 71y + 730 =0,
Sy + 8l x + by + il + by + 13k =0,

while the real invariance criterion for systems reads as Xl I; = 0, for i = 1,2, which yields two equations

Shx+mhy + bl +mly +mh =0,
Ehx+mby + b+ 11k + by =0.

A comparison of these equations with the previous two implies that the real and imaginary parts of a complex
Noether symmetry of the base scalar equation split into two Noether symmetries for the corresponding system of
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ODEs only if & = 0, which implies that, if the infinitesimal coordinate ¢, of a complex Noether symmetry is a
function of both the real independent variable x, and the complex dependent variable u(x), then it does not split
into Noether symmetries for the corresponding system. [
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Ames’s equation; furthermore, the algebraic structure of the approximate Lie algebra is discussed.
New approximately invariant solutions to the equation are found.
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1. Introduction

In [1], Ames et al. performed the symmetries classification of the model

up = [f(u)uy]x 1)

that can describes the flow of one-dimensional gas, longitudinal wave propagation on a moving
threadline, dynamics of a finite nonlinear string. The study of Equation (1) gave impetus to later
investigations. In 2007, Bluman et al. [2] made an interesting nonlocal analysis of Equation (1). In this
paper, our aim is to investigate the generalized model of Equation (1)

up = [f(u)ux]x +e[A(u) utlrx, )

where f and A are smooth functions. € < 1 is the small parameter for the perturbative analysis, while,
when ¢ = 0, we recover the unperturbed Equation (1).

As in the exact symmetries, even in the approximate one, an important task in determing
approximately invariant solutions is to employ the concept of an optimal system of approximate
subalgebras in order to obtain all the essentially different approximate invariant solutions.

In this manuscript, in the context of Valenti’s theory [3], we define the definition of
one-dimensional optimal system of approximate subalgebras for Equation (2). By its application,
we get new approximate solutions for the generalized Ames’s equation.

The plan of the manuscript is the following: in Section 2, after a brief introduction of the main
concepts of Lie theory, we introduce the definition of Approximate Subalgebra and, finally, recall
the main results of the approximate symmetry analysis of Equation (2). The Optimal Systems
of one-dimensional approximate subalgebras are introduced and defined in Section 3 and the
application of the method to the model is provided. Section 4 presents the reductions of Equation
(2) to ordinary differential equations (ODEs) through the approximate optimal operators and new
approximate solutions are obtained. Finally, in Section 5, the optimal system is used in order to
construct new approximate non-invariant solutions for two other models linked to Equation (2) by a
nonlocal transformation.

Symmetry 2019, 11, 1230; doi:10.3390/sym11101230 85 www.mdpi.com/journal /symmetry
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2. On the Approximate Symmetry Classifications

Various and different theories on approximate symmetries have been developed over the years;
the first contribution on this argument is due to Baikov et al. [4], but the method does not consider
an approximation in the perturbation meaning well, since, if we utilise the first order operator,
the corresponding approximate solution could include higher order terms. Later, another interesting
method was suggested by Fushchich et al. [5], where the strategy is consistent in the perturbation sense
and produces correct terms for the approximate solutions, but it is impossible to work in hierarchy;
then, the algebra could really grow. In 2004, Pakdemirli et al. [6] have compared these two methods.
Afterwards, Valenti in [3] introduced his method, where, following the technique proposed in [5], he
removes the “obstacle” of the impossibility of working in hierarchy, in accordance with the perturbation
theory and, for this reason, we will apply this method.

Before entering in the details of approximate theory, we recall briefly the main concepts of Lie
theory for a system of PDEs.

For a given system of differential equation

A(t, x, u,v,u(k),v<h)) =0, 3)

where t, x represents the independent variables. u, v are the dependent variables and u(*), v(") stand
for all partial derivatives of u and v up to order k and #, respectively.
The invertible transformations of t, x, 1, v

T=T(txuva), X=X(txuva), U=Utxuva), V=V(xuva), 4)

depending on a continuous parameter 4, are defined as one-parameter (a) (exact) Lie point symmetry
transformations of Equation (3) if Equation (3) has the same form in the new variables T, X, U, V.

By expanding Equation (4) in Taylor’s series around a = 0, we obtain the infinitesimal
transformations, according to the Lie theory:

T=t4al'(t,x,u,0)+o0(a®), X=x+al(txu0)~+o(d?), (5)
U=u+any'(t,x,u,0)+o0(a?), V=0v+an*(txu0)+o(a), (6)

where their infinitesimals ¢!, &2, 4! and 7 are given by

oT 0X ou e
1 _dJT 2 _ 9X 1 _Jad 2 _ 9V
& (tx,u,0) = o, o’ &5(t, x,u,v) a0l o 7 (tx,u,0) a0l o 7 (tx,u,v) 2|y
The corresponding operator
E =&t x,u,0)0 + E(t,x,1,0)0x + 7 (£, %,1,0)0u + 72 (t, X,1,0)0, @)

is known in the literature as the infinitesimal operator or generator of the Lie group.

The Lie group of point transformations, which leave a differential Equation (3) invariant, is
obtained by means of the Lie’s algorithm, with the requirement that the k-order prolongation of
Equation (7), which acts on Equation (3), is zero along the solutions, i.e.:

E°A = 0[50, ®)

where k = max(k, ). The invariance condition Equation (8) produces an overdetermined system of
linear differential equations (called determining equations) for the infinitesimals whose integration
provides the generators of Lie Algebra admitted by Equation (3).

Now, we are able to define the concepts of Approximate Subalgebra of Equation (2).
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Definition 1. We call Approximate Subalgebra of Equation (2) the (exact) subalgebra of the following system
of PDEs:

Lo := uoy — f (1) toxx — f (tt0) “%x =0, C)]
Ly = ttry — f (o) w1y — f' (o) toxx 1

— 2 f"(ug) uox 1 — f" (o) U 1

— A" (ug) uf uos — A’ (tto) o oy

—2 A (ug) uoy torx — AMuto) Uopx = 0. (10)

Systems (9)—(10) have been obtained considering (t, x, €) analytics in & and expanded it in power series of e,
ie.,

u(t,x,€) = ug(t, x) +eup(t, x) + O(e2), (11)
where uy is the solution of the “unperturbed equation” (9) while uy can be obtained from the linear Equation (10).

For the sake of clarity, we briefly recall the main results of the symmetry classifications of
Equation (2), which are obtained in [7].
The approximate generator of Equation (2) is written in the form

d d d
X =¢y(tx, ’40)& +&5(tx, uo)g +19(t,x, uO)M

+ [16(t, x, u0) + 173 (¢, %, ug) (12)

u1] a
and the associate Approximate Principal Lie Algebra of Equation (2), obtained when f (1) and A() are
arbitrary functions of 1, is

0
X1 == X2:7 X3:t—+xg—u

ot T ox  lou’ (13)

denoted with L{}. For suitable forms of functions f(u) and A(u), we also get the symmetries
summarized in the following Table 1:

Table 1. Classification of f(ug) and A(ug) with the corresponding extensions of L7“§ of Equation (2).
fo, Ao, p, g and s are constitutive constants with p # 0.

Case Forms of f(up) and A(up)  Extensions of ApproxLp

1
flug) = foer™
9 9 )
I X4=xa+zpm+25”1371

Lis

)\(Mo) = A EIP

1
fuo) = fo (uo +q)7
11 X4:x%+2p(u0+q)%m+25ul%

Mug) = Ag (g +4) 7

|

(21

f(uo) = fo(uo+4q)~

X J 3 o) 3 )
4 X ox 2 (uO + ’1) Jug 2 uy Quy

Wi

AMug) = Ag (o +4q)~ X5 =22 2 —3x (ug+9) 35 —3xu1 0
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3. Optimal System of Approximate Subalgebras

In this section, we introduce the definition of Optimal Systems of one-dimensional approximate
subalgebras for Equation (2), in the context of Valenti’s theory of approximate symmetries; we begin
by introducing the following definition:

Definition 2. We call the One-Dimensional Optimal system of Approximate Subalgebras of Equation (2) the
one-dimensional, Optimal system of (exact) Subalgebras of systems (9)—(10).

As in the classical symmetries, even in the approximate one, an important instrument to get
approximate solutions is to find the optimal system of approximate subalgebras in order to obtain all
the essentially different approximate invariant solutions. In order to obtain reductions and to construct
classes of group-invariant approximate solutions for Equation (2) in a systematic way, we will get an
optimal system of one-dimensional approximate subalgebras for Equation (2).

Following [8] by using both the adjoint table [9] and the global matrix [10], we get one dimensional
optimal system of subalgebras. We present only the details for the approximate principal Lie Algebra Lp
of Equation (2). Thus, as a basis of LA, we take adjoint operators, namely

) .
A = —[X;, Xj] 3x (i,j =1,2,3), (14)

where, if X; and X; are vector fields, then their Lie bracket [X;, X;] is the unique vector field satisfying

(X, X] = X (X;

]) - X]' (Xz)

The commutator table of Approximate Principal Lie Algebra of case (13) is shown in Table 2.

Table 2. Commutator Table of the Approximate Lie Algebra of Equation (2). The (i,j)-th entry indicates
[Xz’,X;’] = X; (X)) — X; (Xi)-

X3 0 0 X
Xo 0 0 X2
X3 -X1 X 0

The adjoint representation can be denoted as Ad(exp(e; X;))X; and is written by summing the
Lie series

€ 82
Ad(exp(e; X)X = ) —(ad Xi)" (X)) = X; — e[ X, Xj] + 5 [Xi, [X, X]] = .

The Adjoint Table of Approximate Principal Lie Algebra spanned by operators (13) is written in
Table 3:

Table 3. Adjoint Table of the Approximate Lie Algebra Lp of Equation (2). The (i, j)-th entry indicates

Ad(exp(sl- X,))X] = X/ — S[Xi,X]'] + %[X{, [Xi/ Xl]] — .

Ad X1 Xz X3
X X4 X, X3 —e1Xy
X Xq Xo X3 — X
X5 Xi(1+e3) Xa(l+es) X3
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According the method given in [8], keeping in consideration the commutators, in the first line of
Table 2, we get for instance

9
= —X{ = 15
A= =X 5o, (15)
which generates the linear transformations
X] =Xy, X = X, X, = —e1X1 + X3. (16)

Moreover, the linear transformations generated by each \A; can be obtained simply by checking
the first, second , etc ... row of the Adjoint table (Table 3) of approximate principal Lie algebra Lp of
Equation (2); for example, in the case of (16), the linear transformation is represented by the matrix

1 0 0
My (81) = 0 1 0].
—e 0 1

Following [9], the global matrix M of the adjoint transformations is the product of matrices M; (¢;)
associated with each A;. For Lp of Equation (2), we have

1+e3 0 0
M =TT, M;(e;) = 0 1+es 0.
—e1(14e3) —e2(1+e) 1

In order to obtain the global action of operators A;, (i = 1,...,3), we apply the matrix M7,
transposed matrix of M, to an element of Lp, i.e., X, = Z?Zl a; X;. Actually, it is preferable to work
with the vector a = (ay, 4y, a3); the coordinates of the transformed vector of a are

a; = (1+e3)a; —e1(1+e3) az,
Ay = (1+¢3)a —ea(l+e3)az,
a3z = as,

and firstly we underline that these transformations leave invariant the component a3 and provide the
adjoint group G- of Lﬁ.

We can determine the optimal system of Lp by using a simple approach. We simplify any given
vector a = (a1, ap,a3) through the above transformations. Then, distinguish the obtained vectors
into nonequivalent classes, where we choose the one with the simplest form by which we obtain the
following non-trivial operator of the optimal system of Lp:

9

et (7)

Xpgp=cX1+0Xo+X3= (C1+ t)3+(C2+ JC)i —Uup
ot ox
where ¢y, ¢; are real parameters.
Finally, starting from Case III of Table 1, we are able to construct the corresponding extensions of
the optimal system of approximate subalgebras £, of Case III for Equation (2), by using the Adjoint
Table in the Appendix A (Table A1), which in this case reads as:

d J 3 J 5 0
Xp=cXi+X3+Xg=(c1+1t)z; +2x =~ — S (uo+q) 5 — (18)

ot ox 2 oug 2" ouy’

2] ) e) e)
Xpy=01X1+0 Xy + X5 = Cl&+ (co+x%) == —3x(ug +9q)

e %733”41%. (19)
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4. Reduction to ODEs and New Approximate Invariant Solution for the Generalized Ames’s
Equation

Based on the results obtained in the previous section, thanks to the approximate generators, we
can construct the corresponding reduced ODEs of Equation (2); indeed, as we know from literature,
group classification problems are interesting not only from a purely mathematical point of view but
above all in the applications that can be achieved [9-12].

We obtain an approximate solution for Equation (2) considering the approximate operator (17) of

Ly, ie.,
d d d
X =c1 Xy +eXo+Xz= (g + f)a+(cz+ x)g BT
we get the following transformation
0 +x P(z)
= = = )
z oy 1y = ¢(z), uy T (20)

which maps Equation (2) into the following ODEs:
22¢' = f'97 + (22 - " =0,
AZ¢W _ (f/ll] _2A— SZA/(PI)qJ// + (ZZ _ f)lp”
+ ("¢ +2(A — 1) )9 —2(f'¢/ —22)y’ +2pp =0,

f = f(u) and A = A(u) being arbitrary functions of its argument. When f = fy = constant and
A = Ag = constant, by integration of the reduced equations, we get

¢ =k + k2 arctanh
fo

( y > lp (k3 + k4Z)(f0 - 22) + kz)\oZ

Vo (fo—2%)?

where k;, (i = 1,...,4) are arbitrary constants, and, as a consequence, we obtain the following solution
of Equation (2)

ko )+ x
u =k + — arctanh | —————
" <\/fo(fl+f)>

(ks(c1 +1) + ka(c2 + %)) (foler + £)* = (2 + %)?) + kao(e1 + £)*(ca + %)
(foler +1)2 = (e + x)?)? ’

Another solution can be obtained by the operator

+e

@n

5 9

0 J 3
Xop = (c1+1t)5 +2x (”0+‘7)%*§u1ﬁ

ot ox 2
when f = fo(ug+q) *3and A = Ag(ug + q) ~*/3 (Case III of Table 1), which leads to get the following
transformation of variables:

x #(2) 1) -

B R A ) T R P Dk

and to the following reduced equations:

124223 — fo)pg" +16(fog + 9z 3 )¢ + 45¢3 =0,
7200z " — 6p(48M0z ¢’ — 21A0p — 8fop)¢” + 36(422 93 — fo) Py
196(fod! + 6293 )Py’ + 56(4Aoz ¢ — 2foth — 21AoP)p’ + 31595 1 = 0
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that admit as a solution
NG 1 3 logz )
_ 0+3/2 _ o - 0g 2z
(Pi(iz )7e, 477723/2 (k1+2kzlogz Ao <4 > ),

k1 and ky being arbitrary constants. Thus, a solution of (2) is

log —% \ 2
o1+t 3 x Gl :
u_\/lj<§’/4(c1+t)q+s(k1+2kzlog(cl+t)zAo( 4%” ) )) (23)

Finally, if we consider the approximate operator:

9 o) o) o)
Xps=c1X1+0Xo+ X5 = cl§+ (c2+x2)$ 73x(u0+q)% *335”1%/ (24)

we get the following transformation:

3 3
1 C1 t C2 2 2 ?
—_— t — -y = —_— 5 - 7 - 4
z= NG arctan (Cz x> o 1o (Cz clx2> ¢(z) —q i (Cz 122 ¥(2)

which maps Equation (2) into the following ODEs:

3(c3¢3 — ¢t fo) b + ¢} fo(49” + 9e29%) = 0, (25)
93029 + 12/(c1 fop — 3Ao¢' )9 + (33 — chfo) 9Py (26)
+24ct fopd'y' — o} (c1 fo — Aog’) (9c29p* + 28¢%) = 0. 27)

A particular solution is given by ¢ = 0, so that the solution of Equation (2) is
%
2
_ 28
" q+€(cz+c1x2) $(2) (28)
with ¢(z) arbitrary function of
z= L arctan (C—1x> — i
V2 c2 a’
A simple solution that can be obtained from (24) by setting c; = ¢, = 0; the similarity solution
and the variables become, respectively,

z=t, ug=x"¢p(t) —gq, w = x73P(t), (29)
while the corresponding reduced ODE:s of (2) assume the simple form:
4;”4;% =0, 4/’4)% =0,

which admit the solution
g=ht+hy, Y=kt+k (30)

with hy, ho, ki and kg arbitrary constants of integration. Then, we can write the invariant approximate
solution for Equation (2)

hit+h kit+k
u(t,x):1x3 O—q—‘rSl 0

P O(%). (31)
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5. The Potential System Associated with the Generalized Ames’s Equation

We recall that, for any given system of PDEs, it is possible to construct nonlocally related
potential systems that have the same solutions of the given system [2]. The transformation
that allows for mapping the given system of PDEs into nonlocally potential systems is defined
“nonlocal transformation”.

Thus, we have that Equation (2) leads to getting the following system:

Uy — vy =0, (32)
v — </u f(s)ds+ eA(u) vx) =0, (33)

X
studied in [13], which can be treated as the potential system of Equation (2).
In addition, if we consider the nonlocal transformation u = wy, v = w;, systems (32)-(33) are
equivalent to
wy = f(Wy)Wxx + €[A(Wx)Wix]x (34)

studied in [8,14]. Special cases of models belonging to the class of Equation (34) can be found in [15-19].
Furthermore, some questions related to global existence, uniqueness and stability of solutions have
been addressed in [20,21].

In Ref. [7], the authors have proved a Theorem affirming that For any f and A, an approximate
symmetry admitted by the systems (32)—(33) and Equation (34) defines an approximate symmetry
admitted by Equation (2); conversely, some approximate symmetries of Equation (2) do not induce
approximate symmetries of Equation (34) and the systems (32)—(33).

In a few words, the classification of Equation (2) is richer than those of systems (32)—(33) and of
Equation (34). In fact, while there is a correspondence between the approximate symmetry operators
Xj,..., X4 admitted by Equation (2) with the ones admitted by (34), the operator X5 reported in case III
of Table 2 is a new approximate operator, admitted only by Equation (2).

According to this theorem, in light of the determination of the one-dimensional optimal system of
approximate subalgebras, we are able to get approximate invariant and non-invariant solutions for the
systems (32)—(33) and Equation (34).

For better clarification: the correspondence between the approximate symmetry operators Xi,.. .,
X4 admitted by Equation (2) with the ones admitted by (34), allows us to get approximate invariant
solutions for the systems (32)-(33) and Equation (34); for instance, the general solution (21) which we
have obtained in this paper, when k, = 0, includes the solution obtained considering an approximate
operator admitted by Equation (34) and found in [8]. Instead, starting from the approximate solution
(31), obtained by means of the operator Xy3 that involves the generator X5, we are able to obtain
approximate non-invariant solutions for the systems (32)-(33) and Equation (34) that could not have
been obtained from the symmetry analysis and reductions performed in [13,14] because the operator
X5 is new and it is admitted only by Equation (2).

New Approximate Non-Invariant Solutions for Equation (35) and the Potential System

Starting from the approximate solution (31), keeping in consideration the nonlocal transformation
u = wy, by integrating (31) with respect to x, we obtain:

_hl t+ hy
2x2

kit +ko

£ ox) =
w(t, x) 2x2

—gxta) e (U5 a0), @)
where xo(f) and x;(t), at this stage, are arbitrary functions of t. When we substitute them into (34), we
get that it must be linear in their arguments, so we obtain the following new non-invariant approximate

solution for Equation (34):
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h1t+ho 27f0 3
— —qx— —= (ht+hy)3 + Kyt
222 qx 101’1%( 1t+h)3 + Ky
k]t+k079(h0+h]t)§
2x2 1043

w(t, x) =

(36)

[45)\0]’[% +fg(h1k1 t— 5/111(0 + 6h0k1)] —Kpt| + 0(82),

where K; and K; are arbitrary constants.
Finally, the non-invariant approximate solution for the system (32)—(33) reads as

hit+hg kit+ko
e T

0= —ab = 0 (b mg)E K 37)
1

kit+ko  9(ho+hit)’
2x2 1043

[45 Aol2 + fo(huky t — 5 hykg + 6h0k1)] — Kot

6. Conclusions

In this manuscript, we worked following the method of Valenti’s approximate symmetries;
moreover, thanks to the link between the approximate symmetries of the three related models (2),
(32)—(33), (34) and the definition of one-dimensional optimal system of approximate subalgebras, we
are also capable in this manuscript to get new approximate, invariant and non-invariant, solutions
not only for the generalized Ames’s Equation (2), but also for Equation (34) and the systems (32)—(33)
which could not be obtained from the approximate symmetry analysis performed in [13,14].
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Appendix A

In this Appendix, the Adjoint Table (Table A1) of the case III is reported.

Table Al. Adjoint Table of the Approximate Lie Algebra of Equation (2).

Ad X X, X3 Xy Xs
X] X1 X3 X3 — £1X1 X4 X5

X2 X] X2 X3 - €2X2 X4 - €2X2 X5 - 2€2X4

X3 Xi(1+e3) Xa(l+es) X3 Xy X5(1 —e3)

Xy X1 Xo(1+e4) X3 Xy X5(1 —e4)

X5 Xi X +2e5Xy  Xz+e5Xs Xs+e5Xs5 X5
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Abstract: This paper considers a generalized double dispersion equation depending on a nonlinear
function f(u) and four arbitrary parameters. This equation describes nonlinear dispersive waves in
2 + 1 dimensions and admits a Lagrangian formulation when it is expressed in terms of a potential
variable. In this case, the associated Hamiltonian structure is obtained. We classify all of the Lie
symmetries (point and contact) and present the corresponding symmetry transformation groups.
Finally, we derive the conservation laws from those symmetries that are variational, and we discuss
the physical meaning of the corresponding conserved quantities.

Keywords: Lie symmetry; conservation law; double dispersion equation; Boussinesq equation

1. Introduction

A well-known equation that models the motion of long dispersive shallow water waves, which
are propagated in both directions, is the Boussinesq equation [1,2], given by:

Upp = Uyx + Dllyyry + a(uz)xxv 1

This equation is an integrable system, which is well-posed for b = —1 and ill-posed for b = 1.

Many modified and generalized Boussinesq equations have been considered in the literature.
A generalization of the Boussinesq equation depending on a nonlinearity power p # 0 consists of
replacing in (1) the nonlinear term (u2)yy by (7). The resulting equation is given by:

Ut = Uyx + Allxxxx + “(up)xx- ()

A modified Boussinesq equation is obtained by substituting the fourth-order term /., in (1) by
Uttxy, yielding:
gt = Uy + Atlppey + 2 (U%) g (3)

This equation is well-posed. In [3-8], the Cauchy problem and initial boundary value problem
were considered for these equations and also for a double dispersion equation that unifies the previous
equations and depends on a nonlinear function f(u). This generalized double dispersion equation is
given by:

Upp = Uy + Allppxy + Dllyxrx + dlliry + (f(u))xx~ “4)

Another interesting variant of the Boussinesq equation is given by the sixth-order equation:

Ut = Uxx + Allxxxxxx + Dlxxex + (”3)xxr )

Symmetry 2019, 11, 1031; doi:10.3390/sym11081031 96 www.mdpi.com/journal /symmetry
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and its generalization:
Upp = ClUyxy + AUyxxxxy + huxxxx + (f(u))xx/ (6)

where f(u) is a nonlinear function. These equations model long gravity-capillary surface waves with a
short amplitude, propagating in both directions in shallow water. The Cauchy problem was considered
for Equation (5) in [9], and the Hamiltonian formulation and a complete classification of Lie point
symmetries and conservation laws were obtained for Equation (6) in [10].

Recently, a generalization of Equation (2) to two spatial dimensions, given by:

Upt = Uxy + Dllyeyrx + “(up+1)xx + ﬁ”yy/ p 7é 0 (7)

was considered in [11], where the point symmetries, conservation laws, and line soliton solutions
were derived.
In this work, we consider a (2 4 1)-dimensional generalization of the double dispersion Equation (4),
given by:
Upt = Uxx + Algpxy + DUy + dUprx + (f(u))xx + ,Buyyr ()]

where f(u) is a nonlinear arbitrary function and a, b, d, and B are arbitrary parameters. The 2D
generalized double dispersion (2D gDD) family of Equations (8) unifies the previous Equations (1)—(4)
and (7). Some (2 + 1)-dimensional equations in this family were considered in recent literature and
were shown to admit interesting exact solutions such as line solitons and lump solutions [11-13].

For any given partial differential equation (PDE), symmetries are transformations that leave
invariant the whole space of solutions of the equation. Symmetries can be used to obtain reductions
and exact group-invariant solutions. These invariant solutions play a key role in the investigation of
certain analytical properties, e.g., asymptotic and blow-up behavior. In addition, explicit solutions
can be used to assess the accuracy and reliability of numerical solution methods. For a given PDE,
all admitted Lie symmetries can be determined by applying the Lie method.

A conservation law of a given evolution equation is a continuity equation that yields basic
conserved quantities for all solutions. Some important uses, among others, are that they allow
detecting and constructing mappings of nonlinear evolution equations to linear equations. Moreover,
they can be used for studying integrability.

In Section 2, we write the 2D gDD Equation (8) as a potential equation, and we find a Lagrangian
formulation for d = 0. The associated Hamiltonian formulation is also included in Section 2. By using
the Lie method, in Section 3, we classify all point and contact symmetries of the potential equation,
and we include the corresponding symmetry groups. We provide an Appendix A with a summary
of the computations. In Section 4, from the previous classification of Lie symmetries of the potential
equation, the variational symmetries are found. Next, in Section 5, we derive the conservation laws
of the potential equation from the variational symmetries by using Noether’s theorem. Furthermore,
we discuss the physical meaning of the associated conserved quantities. Finally, in Section 6, we give
some conclusions.

2. Potential Form and Hamiltonian Formulation

The generalized double dispersion Equation (8) can be expressed in potential form by using a potential:
U =0, )
The resulting equation is then given by:

G = Ut — Uxx — A0txx — DUxxxx — AVpxx — (f(vx))x - ,vay =0. (10)
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This potential Equation (10) admits a local Lagrangian structure:

JL
. 11
o (1)
if and only if d = 0, where §/6v is the variational derivative with respect to v:
)
55 = 0o~ Didy, — Dxdo, — Dy, + D79y, + D39, + Djdu,, + DiDxdy,, + DiDydy,, a2

+ DADyavW + e

Indeed, the double dispersion equation in potential form (10) can be written as the Euler-Lagrangian
equation of a local Lagrangian if and only if the Helmholtz conditions are satisfied [14,15], i.e., the Fréchet
derivative of Equation (10) is self-adjoint. We recall [14,15] that the Fréchet derivative of a differential
function G(t, x,y, v, vt, 0z, vy, ...) acting on P(t, x,y) is given by:

opG PaG + DtPaG + D P=— oG + DyPa—G + D= 9G + D2p— G + D2p_— oG
v v, vy v o, vy Y™ 9o,y (13)
aG oG oG
+DthPa +Dny a +DnyPa +---,
Uxy
and the adjoint Fréchet derivative is given by:
oG e le oG Iyaxle 5/ G
5G =P5. ~ Dy (Pa—vt) - Dx(PE) - Dy(Pa) + D] (Pa7t> +D2 (Pavxx) »
G oG le oG
2 — ..
+ D} (P ,y> + DD (P5T) + DDy (P ) +Dny(Pany)

To show that the Fréchet derivative of the potential 2D gDD Equation (10) is self-adjoint, we compute
the Fréchet derivative of Equation (10):

6pG = —f"(v2)vxxDxP + DFP — (1+ f'(vy)) D3P — BDyP — dD;D;P — aD; D3P — bD}P,  (15)
and the adjoint Fréchet derivative of Equation (10):
65G = Dx(f" (vx)0xxP) + DFP — D((1 + f'(0x))P) — BDyP +dD; D3P — aD; D;P — bDP,  (16)

where P = P(t,x,y), and we verify that Expression (15) coincides with its adjoint (16) for all P(t, x,y).
It is straightforward to show that this only occurs iff d = 0.

There are two main implications when a PDE admits a Lagrangian structure: the existence
of conserved energy, momentum, etc., from Noether’s theorem and the existence of a Hamiltonian
formulation. From the physical point of view, the restriction d = 0 on Equation (10) means that the
dynamics is being restricted such that dissipative processes are being removed, leading to conservation of
energy, momentum, etc.

The Lagrangian corresponding to the Lagrangian formulation (11) of Equation (10) is then given by:

L= ——v[ + % — %av”vxx - %bv%x + F(vx) + %,Bvi, 17)

where F/(vy) = f(0vy).
The potential Equation (10) can be expressed as an equivalent evolution system, given by:

Ut =w,
(18)
Wi = Vxy + AV + DUy + A0y +f,(vx)vxx + ﬁvyy-
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When d = 0, the Lagrangian structure (11) yields a Hamiltonian formulation for the potential

system (18), given by:
v\ (J0H/v (0 1
()= faie) =(% o

with the Hamiltonian density given by:
H= /]RZ (%uﬂ + %vi — %av”vxx — %bvfm + F(oy) + %‘Bv;) dxdy, (20)

where F'(vy) = f(vy) and | is the Hamiltonian operator [15]. There exists an equivalent Hamiltonian
structure in terms of the variable u, with the Hamiltonian given by a nonlocal expression in u and w.
By noting that u; = vy = wy and by applying the variational derivative identity §H/dv = —Dy(6H/du),
the Hamiltonian formulation is then given by:

uy) OH /éu (0 Dy
(4) =2 (srem). 2= (5. %) e

where D is the Hamiltonian operator [15].

Note that when 2 = 0 and f(vy) = o2 the generalized (2 + 1)-dimensional Boussinesq
with p-power nonlinearity is obtained. The Hamiltonian structure for this equation was obtained
in [11]. In addition, if B = 0 and p = 1, this Hamiltonian formulation is one of the Hamiltonian
structures [15] of the ordinary Boussinesq Equation (1). In this section, these Hamiltonian structures
have been extended for a more general (2 + 1)-dimensional double dispersion equation depending on
an arbitrary function.

3. Lie Symmetries

For nonlinear evolution equations, symmetries are important since they can be used to determine
groups of transformations, which leave the solution space of the equation invariant, and also because
they lead to reductions and exact invariant solutions. The Hamiltonian structure derived in the
previous section motivates studying the symmetries of the 2D gDD equation in potential form (10).
The Lie symmetries of Equation (10) consist of point symmetries and contact symmetries, since the
equation involves only a single dependent variable v [16].

3.1. Point Symmetries

An infinitesimal point symmetry of the potential 2D gDD Equation (10) is a vector field of the form:
X =1(t,x,y,0)0; + & (t, x,y,0)0x + &Y (t,x,y,0)0y + 1(t, x,1,0)dy, (22)

whose prolongation leaves invariant the whole solution space of the equation,
PrX(vst — Vxx — AVtxx — bVxxrx — AVtex — f(0x)02x — Poyy)|G=0 = 0. (23)

A point symmetry (22) of the potential 2D gDD Equation (10) generates a one-parameter Lie
group of point transformations acting on dependent and independent variables that carries solutions
of the equation into other solutions. This point symmetry transformation is then given by:

2

F=t+et(tx,y,0)+0(e),
T=x+ed(txy0)+ O<e§), (24)
y= O(e),

y+ed?(tx,y,0) +
v+en(tx,y,0) + O(e?),
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with € being the group parameter. The action of a point symmetry on solutions of the potential 2D
gDD Equation (10) yields:

o(t,x,y) = 0t,x,y) = o(t,x,y) + (65,3, 0(6, 1,y) = Tt %,,0(,1,9))0r(t, %,)

x y )
=" (t 2y, 0(tx,9))ox(t x,y) — 1V (8 x,y,0(t x,9))oy (£ x,)) + O(€?),
corresponding to the characteristic form of the generator, given by:
X="P0o, P=n—10— v~y (26)

where P is the symmetry characteristic. The invariance condition is then equivalently expressed in
terms of the Fréchet derivative (13) of the potential 2D gDD Equation (10) acting on the symmetry
characteristic P as:

0 = prX(G)|c=0 = 0rGlc=0, 27)

yielding:
D;P — f"(vx)0xxDxP — (1 + f'(0x)) D3P — BDyP — dD; D3P — aDf D3P — bDiP =0,  (28)

which holds for all solutions of the 2D gDD equation in potential form (10), and is called the
symmetry-determining equation of PDE (10). The determining Equation (28) splits with respect
to the differential consequences of v and leads to an overdetermined system of equations for P, f(vy),
a,b,d, and B. Furthermore, we will also impose the classification conditions f”(vx) # 0, which
implies that the equation is nonlinear; 2% + b # 0 and  # 0, which respectively imply that the
equation is a fourth-order PDE, and generalizes the 1D gDD Equation (4) to two spatial dimensions.
We set up and solve the resulting determining system by using Maple, in particular the “rifsimp” and
“pdsolve” commands. A summary of the steps followed for this computation is included in Appendix
A. Therefore, we have the following classification result.

Theorem 1. (i) The point symmetries admitted by the 2D generalized double dispersion potential Equation (10)
for arbitrary a, b, d, B, and f(vy) with the conditions a® + b> # 0, B # 0, and f"(vy) # 0 are generated by
the transformations:

X; =0, (29a)
(£%,9,0)1 = (t+e€,x,y,0), time-translation. (29b)
Xy = 0y, (30a)
(£%,9,0)2= (L x+€y,0), space-translation. (30b)
X3 = 9y, (31a)
(£%,9,0)3 = (t,x,y+€,0), space-translation. (31b)
Xygn = (8(y+ /Bt) + h(y — v/Bt)) 0y, (32a)
(£%9,9)1 = (t,x,y,0+ (gy + /Bt) +h(y — /Bt))e). (32b)

The last symmetry is a linear combination of two infinite-dimensional families, with g(y + /Bt) + h(y —
\/Bt) being the general solution of the linear equation Py — BP,, = 0 for P = P(t,y).

(ii) The 2D generalized double dispersion potential Equation (10) admits additional point symmetries for
special f(vy), a, b, or d, in the following cases:
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(a)

(b)

(c)

(d)

(e)

a=0,d=0,arbitrary f(vy), b, and B,

X5 = yat + ﬁtay,

(£, %,7,7)5 = (cosh(e~/B)t + ﬁ sinh(e+/B)y, x, cosh(e\/B)y + \/Bsinh(e/B)t, v),

boost in the plane (y, t).
foy) = a(vx + c)F’+1 — vy, a =0, arbitrary b, d, and B,

Xe = 2ptds + pxdy + 2pydy + ((p — 2)v — 2cx)dy,

(F,%,9,0)6 = (e*Pet, ePex, ez”ey, e(P=2ey, 2cxe), scaling and shift.

flox) = %ln (a(vx +¢)) — vy, a =0, arbitrary b, d, and B,

X7 = 2t0; + x0x + 2ydy + (31} + 2cx)0y,
(F,%,7,0)7 = (e%t,¢°x, ¢y, v + 2cxe), scaling and shift.

f(vy) = a(vy + )Pt — 0y, b=0,d = 0, arbitrary a and B,

Xg = pto; + pydy — 2(v + cx)0y,
(F,%,7,0)s = (e"t, x,ePy, e~ %0 — 2cxe), scaling and shift.

f(vy) = wel? — vy, b =0,d = 0, arbitrary a and B,

X9 = ptd; + pydy — 2x0y,
(F,%,7,0)9 = (et x, ey, v — 2xe), scaling and shift.

(33a)

(33b)

(34a)
(34b)

(35a)
(35b)

(36a)
(36b)

(37a)
(37b)

The classification of the maximal point symmetry Lie algebras for the 2D gDD potential Equation (10)
is shown in the following theorem. For each case, the basis of generators and its non-zero Lie brackets

are included.

Theorem 2. The 2D generalized double dispersion potential Equation (10) admits the maximal symmetry
algebras (with corresponding non-zero commutator structure) given by:

()

(ii)

(iii)

arbitrary f(vy),a, b, d, and B,
X1, X2, X3, Xy g

[X11X4,g,h] = X4/\/ﬁg’,f\/ﬁh’ ; [X3rx4,g,h} = X4,g/,h/ .
a=0,d=0,arbitrary f(vy), b, and B,

X1, Xo, X3, Xg,gn, Xs;

(X1, Xs] = BX3;  [X5,Xs] = X1;  [Xagn Xs] = Xa g,/

where g1 = /By + \/Bt)g' and hy = — /By — /BHI'.

foy) = a(vy + c)p‘*'1 — vy, a =0, arbitrary b, d, and B,
X1, Xz, X3, Xg,g,1, Xe;

(X1, Xs] = 2pX1; (X, Xe] = pXo + Xy, —2c0;  [X3,Xe] =2PX5;  [Xy g X6]
where g = (p —2)g — 2p(y + \/Bt)g" and hy = (p — 2)h — 2p(y — \/BHI'.
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(iv)  f(vx) = 1In(a(vx +c¢)) — vy, a0 = 0, arbitrary b, d, and B,
X1, Xo, X3, Xg,g s X7;

X1, X7] = 2X1;  [Xo, X7l = Xo +Xaoe0; (X3, X7] =2X3;  [Xggn Xr] = Xagy i 5

where g3 = 3g — 2(y + /Bt)g" and hy = 3h — 2(y — \/BH)K.
@  f(vx) = a(vx+c)P™ — vy, b=0,d =0, arbitrary a and B,

X1, Xo, X3, Xag1, Xs;

X1, Xs] = pX1; X2, Xs] = Xg,—2c0; X3, Xs] = pXs;  [Xagn Xs] = Xa gy, /

where g4 = —2¢ — p(y + \/Bt)g and hy = —2h — p(y — \/Bt)I'.
(i) f(vy) = aeP? —vy, b =0,d =0, arbitrary a and B,

X1, Xo, X3, Xg,g,1, Xo;

X1, Xo] = pX1; X2, Xo] =Xy, 205 [X3,X0] = pX5;  [Xaygn Xo] = Xggs5

where g5 = —p(y + /Bt)g' and hs = —p(y — \/Bt)H’.
(i) f(vy) = a(vy + )Pt —vy,a=0,d=0, arbitrary b and B,

X1, Xa, X3, Xy g, X5, Xe.
i) f(vx) = 2In (a(vx +¢)) —vx, a =0,d = 0, arbitrary b and B,

X1, X2, X3, X4,g,0, X5, X7.

For arbitrary f(vy), a, b, d, and 8, the 2D gDD potential Equation (10) admits a four-dimensional
Lie algebra consisting of time-translation symmetry (29), space-translation symmetries (29) and (30),
and infinite-dimensional symmetry families (32). When a = 0 and d = 0, Equation (10) becomes a 2D
generalized Boussinesq equation in potential form and admits a five-dimensional algebra that includes
the previous symmetries and also a boost in the plane (y, t) (33). The classification of point symmetries
was already known for the 2D Boussinesq Equation (7) in potential form when f(vy) = oy,
However, we remark that this maximal algebra is also admitted by Equation (10) witha = 0andd =0
for any f(vy).

We also note that for each of the cases (iii)—(viii) of Theorem 2, the specific forms of the function
f(vy) will result in the dropping of the second-order term vy, in the 2D gDD potential Equation (10).
Therefore, the resulting equations are not properly Boussinesg-type equations, but some other
fourth-order nonlinear dispersive PDEs in 2 + 1 dimensions that admit five-dimensional algebras
consisting of time and space-translation symmetries, infinite symmetry families, plus a scaling and
shift symmetry. In particular, when a = 0 and d = 0 and for the specific forms of f(vy) in Cases (vii)
and (viii), the equations are respectively given by:

Utt — bOxxrx — &(p + 1) (0x + ¢)P0xx — Boyy =0 (38)
and: "
Ut — bUyxxx — mvm - ﬁvyy =0. (39)

Both equations admit six-dimensional algebras consisting of time and space-translation
symmetries, infinite symmetry families, boost symmetry, and scaling-shift symmetry.
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3.2. Contact Symmetries

A contact symmetry of the potential 2D gDD Equation (10) is a one-parameter Lie group of
transformations that leaves invariant the solution space of the equation and in which the transformation
of (t,x,y,v) essentially depends on v, vy, or vy. The corresponding symmetry generator is given by:

X = 10; + {9y + &Yy + 3o + 190, + 17700, + 1%y, (40)
and the characteristic form of this generator is then given by:
X = P(t,x,,0,v1,vx,0y) 0, (41)

with:
T=—Py, Cx =—P, gy = *pvy/ =P —0vPy, —0xPy, — pr‘llyr

(42)
Wt:Pt+Uth/ UX:Px+Uvar Uy:Py+Uva-

A contact symmetry yields a prolonged point symmetry iff the symmetry characteristic P is at
most linear in v, vy, and vy.

The invariance of the potential 2D gDD Equation (10) under the contact symmetry
transformation is expressed by the determining Equation (28) holding for all solutions v(t, x,y) of
Equation (10). Then, the determining equation splits into an overdetermined system of equations for
P(t,x,y,v,0t,0x,0y) together with the function f(vy) and the parameters of the equation a, b, d, and 8.
We impose again the classification conditions f”(vy) # 0, a> + b* # 0 and B # 0. We set up and solve
this system by using the Maple “rifsimp” and “pdsolve” commands. This computation is analogously
done by using the steps outlined in Appendix A for the Lie point symmetries, but considering in this
case the contact symmetry in characteristic form (41). Therefore, we obtain the following result.

Theorem 3. The 2D generalized double dispersion potential Equation (10) does not admit any contact symmetry
except for those that reduce to prolongations of point symmetries.

4. Variational Symmetries

When d = 0, the 2D generalized double dispersion potential Equation (10) admits a local
Lagrangian structure (11) in terms of a Lagrangian functional (17), which will be used in this section to
determine which of the Lie symmetries of Equation (10) with d = 0 are variational symmetries.

A variational symmetry is an infinitesimal symmetry X = Po, that leaves invariant a Lagrangian
functional L up to a total divergence,

XL = D;¥' + D, ¥* + D, ¥V, (43)

where ¥, ¥, ¥Y depend on ¢, x, y, v, and derivatives of v. The invariance condition is usually verified
by computing the left-hand side of (43) and integrating by parts the resulting expression to obtain a
total divergence expression. This invariance condition is equivalent to:

E,(PE,(L)) =0 (44)

in terms of the Euler operator (12) (i.e., the variational derivative), involving only the symmetry
characteristic P and the Lagrangian L [14,15].

Therefore, for each of the Lie point symmetries admitted by the 2D gDD potential Equation (10)
with d = 0, it is only necessary to check that the variational symmetry condition (44) is satisfied, where
L is the Lagrangian (17). We next summarize the results.

Theorem 4. The 2D generalized double dispersion equation in potential form (10) with d = 0 admits the
variational point symmetries spanned by the time-translation symmetry (29), the space-translation symmetries
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(30) and (31), the infinite symmetry families (32), the boost symmetry (33), and the scaling-shift symmetry (37).
The scaling-shift symmetry (34) is only variational for p = %, and the scaling-shift symmetries (35) and (36)
are not variational.

5. Conservation Laws

A local conservation laws of the potential 2D gDD Equation (10) is a space-time divergence
expression:
DiT + DX +DyY|g_o =0 (45)

holding on the solution space of Equation (10), with T and (X, Y) being respectively the density and
the spatial flux, which are functions of ¢, x, y, v, and derivatives of v. The expression (T, X,Y) is
called the conserved current. For any given nonlinear evolution equation, local conservation laws
are important since they describe physical quantities that do not change over time within an isolated
physical process.

For the potential 2D gDD Equation (10), every non-trivial conservation law (45) is equivalent to
the characteristic equation [14,15,17], given by:

DtT + DxX + DyY = (Utt — Uxx — A0ttxx — bOxxxy — AVpxy — (f(vx))x - ,vay)Q/ (46)

holding off of the solution space of Equation (10), where Q, T, X, and Y are functions of ¢, x, v, 0,
and derivatives of v. When restricted to the solution space of Equation (10), the conserved density
T and the spatial flux (X,Y) respectively yield T and (X,Y). The function Q in (46) is called the
conservation law multiplier.

For a given equation admitting a Lagrangian structure (11), Noether’s theorem states a one-to-one
correspondence between variational symmetries and locally non-trivial conservation laws [15,17].
In terms of the variational symmetry characteristic P and the conservation law multiplier Q,
the correspondence in Noether’s theorem is equivalent to the condition:

P=Q. (47)

Given a variational symmetry characteristic P, it is straightforward to derive the corresponding
conserved current (T, X, 17) from the characteristic Equation (46) by using several methods.
One method consists of first splitting the characteristic equation DiT + DX + DyY = PE,(L) with
respect to v and its derivatives and then integrating the resulting linear system [17]. A second method
consists of applying a repeated integration process [18] to the terms in the expression PE,(L) to obtain
T,X, Y. A third method consists of inverting the Euler operator in the variational symmetry equation
Ey(PE,(L)) = 0 by means of a homotopy integral formula [14,15,17].

Since the 2D gDD equation in potential form (10) with d = 0 possesses a Lagrangian formulation,
we now derive the conservation laws associated with the variational symmetries obtained in Theorem 4.
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Theorem 5. (i) The conservation laws admitted by the 2D generalized double dispersion equation in potential
form (10) with d = O, for arbitrary f(vy), a, b, B, arising from variational symmetries, are given by:

1,2 17,2 1.2 1.2 1 2
Tl :iuv,x — jbv” + jvt + jvx -+ iﬁvy + F('()x),
X1 = — v v — b0y xx Ut + bUp Uy — vxf(vx) — Ut0x,

Y1 = — Bouvy,

Ty =a01xVxx + VtVx,
1,2 112 1.2 1.2, 1p.2
Xp = — a0xVsty — bUNUxxx — 58V5, + 3005y + F(vx) — 02 f(0x) — 505 — 505 + zﬁvy,

Y, =— ﬁvxvyr

T3 =avixvyy + 10y,

X3 = — avxVy — bUxxxVy + b0xaUxy — vy f (0x) — V20,
1.2 _1p2 1.2, 1.2 _ 1p2

Y3 = — zaviy — 5bv3, — 50F + 50% — 3 Bvy + F(vy),

Ty =(g(y + V/Bt) +h(y — /Bt))or — /B(g' (v + V/Bt) — K (y — /Bt))v,
Xg=—(gly+ \/Bt) +h(y — \/Bt))(‘wttx + bvyxx + f(vx) + 0x),
Yy =v/B((g' (y+ VBt +H (y — V/Bt))vo — (8(y + v/Bt) + h(y — \/Bt))vy),

where F'(vy) = f(vx).

conservation laws corresponding to variational symmetries arising for the following special f(vy), a, or b:

(a)

(b)

(c)

a = 0, arbitrary f(vy), band B,

Ts = — 3byvi, + 3y0F + 3yv% + B3yvy + Btoroy + yF (vx),

(48)

(49)

(50)

G)

(ii) The 2D generalized double dispersion equation in potential form (10) with d = 0 admits additional

X5 = — bBtvrexVy — byYvxax ¥t + byvi vy + bPtoayvxy — Btoy f(vx) — yoif (vx) — Ptoxvy — Yooy,

Y5 = — 3bptos, — Byoro, — 3Bt} — S ptos — 3 Bty + BF(vx),

where F'(vy) = f(vy).

f(vx) = weP’ — vy, b= 0, arbitrary a and p,
Te —Japo + bapyossvry + bapussve + oo + Yoptog? + Bpyo, -+ xus + athel™,
Xe = — 3a(ptor + pyvy + 2x) (vuex + ae?™) + 3a(pyvxy +2a) 04 — 3a(po + pyory ot
Yo == 3apyonvsy + japyon® — 3pptowvy — Bpyvy® — pxvy — pyor + jaye’™.

f(0x) = a(vx +¢)”/% — vy, a = 0, arbitrary band B,

Ty =— 2btvix + 2tv% + 25tv§ + 2xv40y + 4yvvy + vo; + Bxco; + %at(vx + c)lO/S,
X7 = — b(3cx + 4tvg + 2x0y + 4yvy + b0)Uxyy + b(4t04x + X0y + 4Y0xy + 3¢ + 40y )Vxx
—a(¥ex + 4tv + Zxvy + 4yv, + ) (0x + )73+ ‘vai — x0?,

Y7 = — 2byo?, — 3xcBoy — 4Btvyvy — 2Bxvyvy — 2/Syv§ — Buoy — 2yv? + Say(vx + e)10/3,

Next, we look at the meaning of these conservation laws.
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When we consider solutions v(t, x, y) of the given equation in a spatial domain Q C R?, for every
conservation law (45), there is an associated conserved integral, given by:

Clv) = /Q Tdxdy (55)
satisfying:
d
~Clo] = —/aQ(X,Y) fids (56)

where fi represents the unit normal vector, which points outward to d(), the boundary curve of ),
whereas ds represents the arc length along this curve. The global Equation (56) physically means
that there is a balance between the rate of change of the quantity (55) on () and the net outward flux
through 0Q.

For the 2D generalized double dispersion potential Equation (10), the conservation law (48) leads
to the conserved quantity:

o] = /Q (Yavd, — 3002, + JoF + §o? + 3Bod + F(vx)) dxdy, 57)

where F'(vy) = f(vy), which is an energy arising from the time-translation symmetry (29). The
conservation laws (49) and (50) yield, respectively, the conserved quantities:

Px[v] = /Q(ﬂvtxvxx + thX) dx d]// (58)
'Py[v] = /Q(ﬂvtxvxy —+ vtvy) dx dy, (59)

which are momentum quantities arising from the space-translation symmetries (30) and (31).
The infinite family of conservation laws (51) leads to an infinite family of conserved quantities:

Tlo] = /Q VB((8'(y + V/Bt) + 1 (y — V/B)v — (8(y + V/Bt) + h(y — /Bt))vy) dxdy, — (60)

arising from the infinite symmetry families (32) and corresponding to the conserved quantities of
transverse momenta of the linear wave equation v — ﬁvyy = 0. The conservation law (52) yields the
conserved quantity:

Q] = /Q (— 3byoty + 3yo7 + Jyv3 + BRyoy + Ptosvy +yF(ovy)) dx dy, (61)

which is a boost-momentum arising from the boost symmetry (33). The conservation laws (53) and
(54) yield, respectively, the conserved quantities:

&i[v] = /Q (%aptvfx + %apyvxxvty + %apvnvf + }lptvtz + iﬁptvyz + %pyvyvf + xv; + oct%epv*) dxdy, (62)

&[v] = /Q (- 2btv2, 4 2t07 + 2ﬁtv§ + 2x0;0y + 4yvroy + vop + 3xcv; +- goct(vx + C)10/3) dx dy, (63)

which are dilational energy quantities arising from the scaling and shift symmetries (37) and (34).

6. Conclusions

For the 2D generalized double dispersion Equation (8), we first expressed this equation in potential
form, and then, we obtained a condition for this equation to admit a Lagrangian formulation. We
also gave the corresponding Hamiltonian structure. Next, we classified all Lie symmetries (point and
contact) of the 2D gDD potential Equation (10). Finally, we constructed all conservation laws that
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arise from variational point symmetries of (10) with d = 0. We remark that all of the conservation
laws (48)—(54) of the potential Equation (10) depended essentially on the potential v; therefore, for the
2D gDD Equation (8), the corresponding conservation laws are nonlocal. Furthermore, we gave the
physical meaning of the corresponding conserved quantities.

In future work, we will look for exact group-invariant solutions of Equation (8) by using
systematically all symmetries and conservation laws of the equation. Specifically, particular cases
of the generalized Equation (8) have line solitons and lump solutions, so we plan to study the line
solitons and lump solution and other kinds of solitary waves of the generalized Equation (8).
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Appendix A

We provide the computational steps followed to solve the determining Equation (28) for point
symmetries (26) by using the software Maple.

Firstly, we set up the determining Equation (28), and we used the command “coeffs” to split
this equation with respect to the variables 9%v, 3%v, and 9*v. Note that a leading derivative of
Equation (8) and its differential consequences can be previously substituted to simplify the determining
Equation (28). From the leading derivatives v, Uxxxx OF Vttxx of Equation (8), it is convenient to choose
any of the fourth-order derivatives Uyyyx OF V. This procedure gives an overdetermined system of
207 equations for the symmetry characteristic P, f(vy), a, b, d, and B. We also consider the classification
conditions f"(vy) # 0, a> 4+ b% # 0,and B # 0.

Secondly, we use the command “rifsimp” to obtain a tree containing all solution cases.

Thirdly, every solution case consists of a system of PDEs for P and, possibly, an ODE for the
function f(vy) and conditions for the parameters of the equation 4, b, d, and . We solve the ODE for
f(vx) by using the command “dsolve” and the system of PDEs for P by using the command “pdsolve”.
We check the solutions by substituting in the overdetermined system.

Finally, by applying the method detailed in the Appendix of [19], the overlapping cases are
combined, giving a classification of all point symmetries admitted by the 2D generalized double
dispersion Equation (8).
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Abstract: In this paper, we study a generalization of the well-known Kelvin-Voigt viscoelasticity
equation describing the mechanical behaviour of viscoelasticity. We perform a Lie symmetry analysis.
Hence, we obtain the Lie point symmetries of the equation, allowing us to transform the partial
differential equation into an ordinary differential equation by using the symmetry reductions.
Furthermore, we determine the conservation laws of this equation by applying the multiplier method.

Keywords: viscoelasticity; Kelvin-Voigt equation; Lie symmetries; optimal system; group-invariant
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1. Introduction

The continuous development of mechanics and its engineering applications have increased
remarkably the interest in non-linear phenomena, such as viscoelasticity. Viscoelastic materials are of
interest in a wide variety of applications, from passive damping to aircraft tire construction. A good
modelling of the material’s behaviour is essential for the accurate design incorporating this material.

Viscoelastic behaviour appears in materials showing some sort of liquid-like elastic behaviour.
However, a simple Hooke’s law linear elastic constitutive relationship is not an accurate representation
of viscoelastic material’s behaviour. Viscoelastic materials are commonly said to have “memory”
because of their rheological properties.

The rheological models, such as the Kelvin-Voigt model or the Maxwell model, are usually used
to describe the viscoelastic behaviour. The Kelvin-Voigt model consists of a lumped parameter model
similar to a spring and dashpot in parallel, while the Maxwell model describes a serially connected
spring and dashpot. In addition, many papers have been published studying these models [1-4].

Many physical phenomena, as viscoelasticity, are described by non-linear partial differential
equations (PDEs). In particular, the Kelvin-Voigt viscoelasticity equation is given by

uy — (C(x) ttx), — (B(x) thyy),, = 0.

Nevertheless, in this paper we focus on a generalization of the Kelvin-Voigt viscoelasticity
equation described by

up — (C(x) f(u)x)y — (B(x) ux), =0, (t,x) eRxQ, 1)

where () is an open subset of R and u a scalar real-valued function. Also, f(u) is a smooth enough
non-linear function, and C(x) # 0, B(x) # 0 are smooth enough functions too, depending on the
variable x € ). Throughout the paper the subscripts denote partial derivatives.
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There is no general theory for solving non-linear PDEs. Therefore, in this work, we use Lie theory
to analyse Equation (1). Lie group analysis is a powerful tool to find general solutions for PDEs. This
theory, originally defined by Sophus Lie at the end of the nineteenth century, develops solutions for
PDEs by the transformation groups of Lie [5-8]. The fundamental basis of the Lie group method
is that if a differential equation is invariant under a Lie group of transformations, then a reduction
transformation exists. For instance, for PDEs with two independent variables like Equation (1), a single
group reduction can transform the PDE into an ordinary differential equation (ODE), easier to solve.

Furthermore, a very important concept in the analysis of PDEs is the notion of conservation
law. Conservation laws determine conserved quantities and constants of motion. They also detect
integrability and check accuracy of numerical solutions method. Recently, Anco and Bluman [9,10]
developed a method that does not need the existence of Lagrangians because it is based on adjoint
equations for non-linear equations and avoids the integrals of functions. This method called the
multiplier method allows finding all local conservation laws admitted by any evolution equation.
Many papers have been published in the last few years using this method [11-19].

The paper is organized as follows: In Section 2 we determine the Lie point symmetries of Equation
(1). Then, in Section 3 we use the Lie point symmetries admitted by Equation (1) to obtain an optimal
system of one-dimensional subalgebras. Afterwards, in Section 4 we find symmetry reductions for the
one-dimensional subalgebras calculated previously. These reductions allow us to transform Equation
(1) into an ODE. In Section 5 we derive the conservation laws of Equation (1) by applying the multiplier
method. Finally, in Section 6 some conclusions are presented.

2. Lie Point Symmetries

A one-parameter group of infinitesimal transformations in (x, t, u) is given by

X' = x+el(xtu)+O(H),
o= ttet(x tu)+O(2),
[TR— u+s¢(x,t,u)+(’)(sz),

where ¢ is the group parameter and &(x, t, u), T(x,t,u), and ¢(x, t,u) are the infinitesimals.

Definition 1. A vector field

d d d
X =¢{(xt, u)a +7(x, t,u)& + ¢(x, t,u)a, )

where &(x,t,u), T(x,t,u), and ¢(x,t,u) are the infinitesimals, is a generator of a Lie point symmetry of
Equation (1) if

X® (urr — (C(x) f()x)y — (B(x) urx),) =0, ®)
where X©) is the third prolongation of the vector field (2) defined by

d d d d d d
(3) — 9 v Y9 v v _9
X X+ Oty + Qaut +xx Ollyy + Ollyy +u Oty + Oulyyt”
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where the coefficients {x, Ct, Cxx, Gxt, Ctt, Cxxt are given by

{x = Dx(P —uDyT — uyx Dy,
Gt = Dip—uDit —uxDig,
Cvx = Dx(Cx) — uxtDxT — uxxDxg,
It = Dt(gx) — Uyt Dy T — uxx DiC,
G = Di(Ct) — uuDyT — uy Dy,
Cxxt = Dx(gxt) — Uptx Dy T — ttxxt DG

Here D; stands for the total derivative operator.

Theorem 1. The Lie point symmetries of the generalization of the Kelvin-Voigt Equation (1), with f(u)
non-linear function, and C(x) # 0, B(x) # 0 arbitrary functions, are generated by the operator

X; = o
For some particular functions of f(u), C(x), B(x), there are additional generators given below.
1. If f(u) is an arbitrary function, C(x) = c1 and B(x) = by, with ¢y, by arbitrary constants,
X3 = 0.
2. If f(u) is an arbitrary function, C(x) = c1 and B(x) = byx + by, with c1, by # 0, by arbitrary constants,
= (b1x 4+ bp)0x + b1t 0;.

3. If f(u) is an arbitrary function, C(x) = (nHC Tqravy and B(x) = by, with ¢y, by arbitrary constants, and n
a positive integer,
X3 = (nx 4 c1)dy + 2nt 9;.

4. If f(u) is an arbitrary function, C(x) = cp(c; — x)" and B(x) = w, with ¢1, ¢
arbitrary constants, and n a positive integer,

X4 = (c1 — x)9s + 1(n72)t8[

—kek &
BT (SR D) st ‘ .
5. If f(u) = ST , C(x) = c1 and B(x) = by, with k a positive integer,

fo, f1, fa positive constants, and c1, by arbitrary constants, besides Xg = X%

X3 = x9x + 29 +2(=1 47 F) (u + f1),

—fpefo P
e E70 1 <€f0 D szfO fz) efo-1
6. If f(u) = — + fa, C(x) = ca(c1 — x)" and B(x) = by, with fo, f1, fo,
(efO—l)( ¢/ +1>

f3 positive constants, cy, ca, b1 arbztrury constants, and n a positive integer,

X8 = (c1 — x)9y — 2t — (1 4+ e ) (u+ fo) (1 +2)0,.
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L e
f[)efkfl ((e —1;gu+f1)> ek—1 +2f2€k*f2

7. If f(u) = ST , C(x) = ca(by — x) "™ and B(x) = b3(by — x)", with k a
positive integer, fo, f1, f positive constants, by, by arbitrary constants, and n, m positive integers,

X5 = (by — x)3x + t(n —2)3; + (=1 + e M) (u + f1)(m +2n — 2)d,,.

Proof of Theorem 1. Expanding (3), we obtain an overdetermined system satisfying the determining
equations for the symmetry group. From B2 (7,) = 0 and B? (1) = 0, we find that T depends only
on t. The equations B? (¢;) = 0 and B? (¢,) = 0 reveal that & is a function of x alone. The remaining
determining equations are

B2 (&uu) = 0, B2 (&) = 0, B2 (Tuw) = 0, B (tuu)) = 0, B? (Tuwu) = 0, B? () =0, =
B (2(tux) B — Cu) =
B (2 (Tuux) B~ Guu) =
B ((tux) B+¢u) =
B ((Tuxx) B+ dun — 2 () =
B ((Gu) (fuu)C = (Guu) (fu)C — (Gtuu) B) =
B (fu (47xX) C+ (‘Ptm) B— ‘Ptt)

B ((tu) (fu)C+ (¢uu) B — (Ttu) B — 2 (Gux) B)
B ((tu) (fu)C — (Puu) B+ (Twu) B+2(Gux) B) =

B ((tuu) (fu) — (¢uuu) B+ (thuw) B+ 2 (Euux) B)
¢ (B) = (tax) B>+ (1) B~ 2(2:B)
B (2(tx) (fu)C —2(Pux) B+2(Tx) B+ (Gxx) B=2(81)) =
B ((Txx) (fu)C — (¢uxx) B+ (Texx) B+ 2 (Ptu) — )
&(fu)B (C) = &fu (B') C+ ((fun)) $BC + (u) (fu)BC + (¢ru) B> =2 (Gix) B> =
B (2(tx) (fuu)c +2 (Tux) (fu)c =2 (puux) B+ 2 (Toux) B+ (Guxx) B—2(Gu)) =
B (2(fuu) (¢x) C + 2fu ($ux) C = (8xx) (fu)C +2 (Prux) B = (Gtxx) B+ Cnt)

E(fun)B (C') = &(fuu) (B') C+ fu (duu) BC + (fuu) (¢u) BC + ((fuun)) $BC + (1) (fuu) BC

=2 (Gux) (fu)BC + (Pruu) B2 -2 (Ctux) B> = 0.

e = = = = = R e R e R e R B = = R = R

Solving this system of equations we find the infinitesimals ¢, T and ¢ of (2). O

3. Optimal Systems

It is important to classify invariant solutions according to the classification of the associated
symmetry generators. Then, one generator from each class is used to determine the desired set of
invariant solutions. An optimal system of generators is defined as a set consisting of exactly one
generator from each class [20].

The problem of obtaining an optimal system of subgroups is equivalent to that of obtaining an
optimal system of subalgebras, and so we concentrate on the latter. For one-dimensional subalgebras,
this classification problem is essentially equal to classifying the orbits of the adjoint representation [5].

The most important operator on vector fields is their Lie bracket or commutator. If X; and X; are
vector fields, then their Lie bracket [Xi, X]-] is the unique vector field satisfying

[Xi, X] = X;(X;) — X;(X)).

The commutator table for the Lie algebra of Case 5 of Theorem (1) is shown in Table 1. The (i, j)-th
entry of the table expresses the Lie bracket [Xl-, Xj} ,fori,j=1,2,3.
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Table 1. The commutator table for Case 5 of Theorem (1).

X X[ % X X
Xy 0 02X
X3 0 0o X3

5 5
X3 -2X; -X3 0

The adjoint representation can be constructed by summing the Lie series

Ad(exp(e X;))X; = i % ad X;)"(X;),
n=0
2
=&%m&wﬁmm&wm. @

To compute the adjoint representation, we use the Lie series (4) in conjunction with the commutator
table in Table 1. The adjoint table of this Lie algebra is shown in Table 2, with the (i, j)-th entry indicating
Ad(exp(e Xl))Xj

Table 2. The adjoint table for Case 5 of Theorem (1).

Ad(exp(e X))X; | Xq X; X3
X1 X1 X5 X3 -2eX;
Xé X1 X3 X3-eX3
X3 Xy X3 X3

Theorem 2. A one-dimensional optimal system for the generalization of the Kelvin-Voigt Equation (1) is
given by
AX +uxXh, X3, X5, X3, X3, X5, X5,

where A and p are arbitrary constants.

Proof of Theorem 2. Let G be the symmetry algebra of Equation (1), with the adjoint representation
for Case 5 in Theorem (1) determined in Table 2. Let v = ayvy + a,v, + a3vs be a non-zero vector field
of G. For each case, we simplify the coefficients a;, i = 1,2,3, as much as possible through proper
adjoints applications on v. [

4. Symmetry Reductions

In this section, we use the optimal system of one-dimensional subalgebras of Theorem (2) to
determine the symmetry reductions of Equation (1).
The symmetry variables are found by solving the invariant surface condition

O =0y + 19— ¢ =0.
Reduction 1. From AX; + X3, we obtain the travelling wave reduction
z = pux — At, u = h(z),
where h(z) satisfies
AP " — ey fOR AP — P f (h’)2 =0.
Reduction 2. From X2, we obtain the invariant solution

7b1x+b2
==
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where h(z) satisfies
"2+ 1" 2243020 2420 2+ 2 h = 0.

Reduction 3. From Xg, we obtain the invariant solution

_nx+a

N

u = h(z),
where h(z) satisfies
20 W nP 24+ W' 2+ 4b W W+ 30 2= 0.
Reduction 4. From X%, we obtain the invariant solution
2
z=—tnr2(cp —x), u = h(z),
where h(z) satisfies
201 Vo b n (—2)2 22— 4oy Vo b (—2)% 22 —4W' n2 + o Jo W' n? (—2)% z
3

+ 4o/ h'n (—z)% z—12¢; /o I (=2)2 2421 n?z —8W nz +cy /e i n? (—z)%
— 4ol (-z)F =0.

Reduction 5. From Xg, we obtain the invariant solution

X t*l+87k
T

where h(z) must satisfy a non-autonomous equation.
Reduction 6. From Xg, we obtain the invariant solution

z =

(=14 f0)(n+2)
( Wt oou f:
z=—(c1 —x)Vt, = f,
1 1z 2
where h(z) must satisfy a non-autonomous equation.
Reduction 7. From X7, we obtain the invariant solution

—(—14e k)(m+2ﬂ—2)

(b — x) ot =
2 M*W—fll

z=— T
ti—2

where h(z) must satisfy a non-autonomous equation.
The expressions of the reduced equations for X3, X$, and X7 are omitted here to save space.

5. Conservation Laws

A local conservation law for the generalization of the Kelvin-Voigt viscoelasticity Equation (1) is a
continuity equation
DT + DX =0,

holding for all solutions of Equation (1), where the conserved density T and the spatial flux X are
functions of x, t, u, and derivatives of 1. Here D; and D, denote total derivatives with respect to t and
x, respectively. The pair (T, X) is called a conserved current.

Two local conservation laws are considered to be locally equivalent [5,21] if they differ by a locally
trivial conservation law T = D, 0, X = —D;®, where T and X are evaluated on the set of solutions of
Equation (1) and @ is a function of x, ¢, 1, and derivatives of u.
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A non-trivial conservation law can be written in a general form as

E/de:,x ,
dt Ja 20

where () C R is any fixed spatial domain.
Any local conservation law can be stated by using the characteristic form arising from a divergence
identity
DiT + DxX = (us — (C(x) f(1)x), = (B(x) usx) ) Q, ®)
where T = T+ D@ and X = X — D;© are locally equivalent to T and X. The function Q is called a
multiplier. It satisfies

Q= Eu(T)r

where E, represents the Euler operator with respect to u [5], that is
Ey = 0y — Dx0y, — D19y, + DxDtoy,, + Diauxx +oe

For evolution equations, there is a one-to-one relationship between non-zero multipliers
and non-trivial conserved current vectors up to local equivalence [5,9]. In general, a function
Q(x, t,u,u,uy,...) is a multiplier if it verifies that (u; — (C(x) f(u)x), — (B(x)uir),) Q is a
divergence expression for all function u(x, ). Given a multiplier Q, the conserved density can be
determined by

1
T :/ 1w Q(x, £, Aty My, Atdxs, . .. A
0

The divergence condition yields to the determining equation

Eu((un = (C(x) F(w)x), — (B(x) urr),) Q) = 0. ©)

In order to give a complete classification of multipliers, we write and split the determining
Equation (6) with respect to the variables wut, ustt, Uttx, Utxx, Uxxx, Utttx, Uttxx, Utxxx, Uxxxx- Thus, we get a
linear determining system for Q(x, t, u, us, iy, ... ). The multipliers are found by solving the system
with the same algorithmic method used for the determining equations for infinitesimal symmetries.
Then, integrating the characteristic Equation (5) for each multiplier, we find the conserved current.

Theorem 3. The multipliers admitted by the generalization of the Kelvin-Voigt Equation (1), with f(u) a
smooth enough non-linear function, and C(x) # 0, B(x) # 0 smooth enough arbitrary functions, are given by

Q1=1, Q2 =t Qs = /ﬁdx.

Theorem 4. All non-trivial local conservation laws admitted by the generalization of the Kelvin-Voigt Equation
(1), with f(u) a smooth enough non-linear function, and C(x) # 0, B(x) # 0 smooth enough arbitrary
functions, are given by

1. For the multiplier Q1 = 1, the conserved density and the spatial flux are

T = wu,
Xl = 7B(.’)C) Uy — C(JC) f(u)x.

2. For the multiplier Qp = t, the conserved density and the spatial flux are

T, = tur—u,
X, —t B(x) uge — tC(x) f (1)
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3. For the multiplier Q3 = [ ﬁdx, the conserved density and the spatial flux are
1 B(x)C'(x) B'(x)
(/ ette) o+ (P - ) »
o 1 7 1 B(x) ut
X; = (/ —C(x)dx> B(x) usx (/ C(x)dx> C(x) flw)s + gy + /)

6. Conclusions

T3

In this paper, we studied a generalization of the Kelvin-Voigt viscoelasticity equation given by the
partial differential Equation (1). Firstly, we determined a complete Lie group classification. Then, we
constructed the optimal system of one-dimensional subalgebras. These one-dimensional subalgebras
have been used to find the symmetry reductions, allowing us to transform the partial differential
equation into an ordinary differential equation. Moreover, we analysed all conservation laws for this
equation by applying the multiplier method.
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Abstract: Algorithms to construct the optimal systems of dimension of at most three of Lie algebras
are given. These algorithms are applied to determine the Lie algebra structure and optimal systems
of the symmetries of the wave equation on static spherically symmetric spacetimes admitting Gy as
an isometry algebra. Joint invariants and invariant solutions corresponding to three-dimensional
optimal systems are also determined.
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1. Introduction

It was shown in [1-3] that spherically symmetric spacetimes belong to one of the following four
classes according to their isometries and metrics:

e G corresponding to the static spacetimes Minkowski, de Sitter and anti de Sitter.

e Gy corresponding to the static spacetimes Einstein and the anti Einstein universe, and one
non-static spacetime.

e G corresponding to the static spacetimes Bertotti-Robinson and two other metrics of Petrov type
D, and six non-static spacetimes.

e  Gyisaclass of metrics involving one or two arbitrary functions of one variable.

Azad et al. [4] applied Lie group analysis to study the wave equation on the classes of static
spherically symmetric spacetimes admitting the isometry groups Gjp or Gy or Gg. The Iwasawa
decomposition for the symmetry algebras was obtained to partially classify non-conjugate solvable
algebras. The optimal system of subalgebras was not given in this previous study.

The Gy spacetimes admit either so(4) @ R or so(1,3) @ R as isometry algebras as shown in [3].
In this paper, we continue the investigation started in [4] by finding the optimal system of subalgebras
of dimension of at most three and the corresponding invariant solutions for spacetimes admitting Gy
as isometry algebras. We expect these solutions to be of interest to mathematical physicists.

As regards optimal systems, we can always construct a family of group invariant solutions
obtained by using a subgroup of a symmetry group admitted by a given differential equation,
as explained in [5]. Since there are infinitely many subgroups of a symmetry group admitted by a given
differential equation, listing of all the group invariant solutions is impossible. However, obtaining
optimal systems-meaning conjugacy classes- of s-dimensional subgroups of the symmetry group and
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applying the optimal systems leads to an effective and systematic mechanism of classifying the group
invariant solutions. This leads to non-similar invariant solutions under symmetry transformations.

Classifying the group invariant solutions by utilizing optimal systems is a significant application
of Lie group and Lie symmetry methods to differential equations. The method was first introduced by
Ovsiannikov [6]. He applied this method in classifying the invariant solutions of the one-dimensional
gasdynamic equation [7]. Ibragimov extended this work to the two-dimensional adiabatic gas motions
in his master thesis [8] by applying the expansion method for solvable Lie algebra. The main idea
behind the method is discussed in detail in Ibragimov [5,9], Olver [10] and Hydon [11].

The symmetry Lie algebra of the equations under study is non-solvable, but finding the optimal
systems for non-solvable Lie algebras is more challenging. In this paper, improved algorithms are
introduced and applied to construct the optimal systems of dimension of at most three of Lie algebras.
The reason is that a PDE with four independent variables can be reduced to an ordinary differential
equation (ODE) using three-dimensional subalgebras satisfying the transversality condition with rank
three [10]. This provides the non-trivial invariant solutions under a maximum number of symmetries.

The paper is organized as follows: in Section 2, algorithms to construct the optimal systems
of dimension of at most three of Lie algebras are introduced. In Section 3, Lie point symmetry
transformations of the wave equation on the metrics considered in this paper are found. In Section 4,
the algorithms are applied to determine the Lie algebra structure and optimal systems of the
symmetries. In Section 5, joint invariants and invariant solutions corresponding to three-dimensional
optimal systems are determined.

2. Algorithms to Construct the Optimal Systems of Dimension of at Most Three of Non-Solvable
Lie Algebras

In this paper, we are interested only in finding an optimal system of subalgebras of dimension
of at most three as explained in the introduction. This is achieved by using the algorithms explained
below. These algorithms are based on a combination of the expansion method and algorithms for
determining maximal solvable subalgebras of semi-simple Lie algebras.

If X is a solvable, then either X is abelian or it can be obtained from its commutator X’ by a
sequence of one-dimensional ideals . Thus, in any case, by using normalizers or centralizers, one can
reach X from lower dimensional subalgebras. In more detail, the expansion method is revised and
improved to a systematic method by using the normalizers and their associated quotient algebras
as follows:

Let ©, be the optimal systems of r-dimensional solvable subalgebras of the solvable algebra L.
For every X € ©;_, find the normalizer /' (X). In case the quotient algebra N (X)/X is non-zero,
we find a one-dimensional optimal system in A/(X)/X for every X € ©;_; by considering the
invariants of the adjoint representation of N (X)/X.

Among the constructed optimal systems of A'(X)/X for every X € ©;_1, we may still have
repetitions in their preimages in £. Removing the repetitions provides an optimal system ©j.
Enumeration of all non-conjugate solvable subalgebras of £ can finally be done through consecutive
choice of the values of ¢ from 1 till dim(L).

The Expansion method can be used to find optimal systems of solvable subalgebras in solvable
or non-solvable Lie algebras. However, dealing with the general adjoint action of the group once the
Lie algebra is non-solvable is very difficult. Therefore, in order to find the optimal systems of solvable
subalgebras in a non-solvable Lie algebra, we proceed as follows:

For a general Lie algebra with Levi decomposition £ = S &s #(L), where S is a semisimple
subalgebra of £ and % (L) is the radical of £, every maximal solvable subalgebra is of the form
M ®s R (L), where M is maximal solvable in S. The maximal solvable subalgebras can be determined
using the algorithms given in [12] or more efficiently using the method detailed in Section 2.1. For a
semisimple algebra S, there is a subalgebra N in which all elements are ad-nilpotent and which
contains—up to conjugacy—all the commutators of solvable subalgebras of S. All the maximal
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solvable subalgebras that are not compact tori can be constructed from the normalizers of conjugacy
classes in N'—as detailed in Section 2.1. Then, the task of finding the optimal systems of solvable
subalgebras of the Lie algebra L is reduced to finding the optimal systems of solvable subalgebras in
each of these maximal solvable subalgebras using the expansion method. Finally, the repetitions in the
obtained rough classification of subalgebras are removed using the adjoint representation of L.

As a special case, if the radical is the center, then the calculations are greatly simplified. The reason
is that it is enough to find the optimal systems of solvable subalgebras in each conjugacy class of
maximal solvable subalgebras in the semisimple part of £. Then, the repetitions in the obtained rough
classification of subalgebras are removed using the adjoint representation of the semisimple part of L.
Finally, adjoining the subalgebras of the radical gives the optimal systems of solvable subalgebras in L.

In order to find the general adjoint action of the semisimple part of £, we need to make a suitable
change of basis depending on the root space decomposition or the Iwasawa decomposition of the
semisimple part & based on the signature of the Killing form.

2.1. Algorithm for Finding the Conjugacy Classes of Maximal Solvable Subalgebras

For the convenience of the reader who is not a specialist in Lie theory, we first recall how to
construct Cartan algebras and roots algorithmically from a knowledge of the commutator table of a
given Lie algebra.

The structure of a semisimple Lie algebra is determined by its roots. For more details, the reader
is referred to [13]; see also [14-16].

Definition 1. A Lie subalgebra H of a Lie algebra L is said to be a Cartan subalgebra if H is abelian and
every element h € H is semisimple: by a semisimple element, we mean an element that is diagonalizable in the
adjoint representation. Moreover, H is maximal with these properties.

Definition 2. Let C bea Cartan subalgebra of a semisimple Lie algebra L. A non-zero vectorv € L® := L +iL
such that [h,v] = A(h)v for all h € C is called a root vector and the corresponding linear function A is called
a root of the Cartan algebra C.

In general, the roots will be complex-valued. In the following argument, we will use the notion of
positive roots, so one needs to define what it means for a complex valued root to be positive.

Definition 3. A complex number z = a+ ib, a,b € R is positive if either its real part a is positive or a = 0,
but its imaginary part b is positive.

Fix a basis hy, ..., h, of a Cartan algebra C. A non-zero root A is positive if the first non-zero
number A(h;) is a complex positive number. Otherwise, it is called a negative root. Positive roots
which are not a sum of two positive roots are called simple roots.

The well known software Maple is able to find the root space decompositions of Lie algebras of
fairly high dimensions by using the command “RootSpaceDecomposition(C)”, where C is a list of
vectors in a Lie algebra, defining a Cartan subalgebra.

The Cartan algebra is picked up using an algorithm due to de Graaf [15]. However, one gets
better coordinates for computation if one chooses a Cartan algebra by enlarging a given diagonalizable
subalgebra to a Cartan subalgebra following the algorithms given in [13]. We need in this paper only a
special case of these algorithms to compute the Cartan subalgebras. We first compute the Killing form
of the Lie algebra. If it is negative definite, pick any non-zero element X and compute its centralizer.
By a negative definite matrix, we mean a matrix which is equal to its conjugate transpose and its
eigenvalues are strictly negative. If the centralizer of X, C(X), is self centralizing, i.e., C(C(X)) = C(X),
then C(X) is the Cartan subalgebra. Otherwise, we can find a linearly independent element Y in
the centralizer of X. Continue this procedure with the abelian algebra (X, Y) until a self centralizing
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subalgebra is reached. The obtained algebra is the Cartan algebra because it is abelian and every
element is diagonalizable.

On the other hand, if the Killing form is not negative definite and a maximal compact subalgebra
is known, say K, then computing a Cartan subalgebra C of K using the procedure explained in the
previous paragraph for compact algebras and the centralizer of C in the full Lie algebra gives us the
required Cartan algebra.

The main use of Cartan algebras is to find all the maximal solvable subalgebras [17]. In case the
Lie algebra £ is compact, a Cartan algebra is, up to conjugacy, the only maximal solvable subalgebra.
This follows from Lie’s theorem on solvable algebras [14].

There is a solvable subalgebra B with real eigenvalues in the adjoint representation of £ with the
property that any other solvable algebra with real eignvalues in the adjoint representation is conjugate
to a subalgebra of B.

In [12], it is found that the algebra B can be constructed algorithmically by using positive roots of
a given maximally real Cartan subalgebra; by maximally real Cartan subalgebra, we mean a Cartan
algebra whose real part has maximal possible dimension. In case the Killing form is not negative
definite, any Cartan algebra is a sum of two subalgebras such that one of them has all real eigenvalues
in the adjoint representation in £ and the other has all purely imaginary eigenvalues in the adjoint
representation in £. We call the first subalgebra the real part of the Cartan subalgebra and the second
subalgebra the compact part of the Cartan subalgebra. Let N be the algebra consisting of the real
and imaginary parts of the positive root vectors for the given maximally real Cartan subalgebra.
Then, the algebra B = A + N where A is the real part of the maximally real Cartan subalgebra
has the property that every solvable algebra with real eigenvalues in the adjoint representation is
conjugate to subalgebra of B. Moreover, all maximal solvable algebras which are non-abelian can
be obtained by computing normalizers of subalgebras of N. In more detail, we consider conjugacy
classes of subalgebras of N. If X is a representative of such a class, we compute the normalizer
of X and its Levi decomposition. We keep only those X in which the normalizer of X has Levi
decomposition V'(X) = S+ R(N (X)), R(N(X))/X a torus and where the semisimple part has a
compact Cartan subalgebra. If T is this compact Cartan subalgebra, then T 4+ R(N (X)) is a maximal
solvable subalgebra and all such, apart from compact maximal tori-if any- are obtained in this way.

2.2. Algorithm for Finding Three-Dimensional Optimal System of Non-Solvable Subalgebras of a Lie Algebra

e Itis a classical fact that any non-solvable three-dimensional subalgebra is isomorphic to either
sI(2,R) or so(3) copies in & up to conjugacy where Z is a semisimple subalgebra of the given Lie
algebra L. Therefore, one can construct the three-dimensional optimal system of non-solvable
subalgebras by finding copies of so(3) and s/(2,R) in Z.

e Inorder to find such copies in the semisimple Lie algebra S, we have developed the following
algorithms which are based on the canonical relations for so(3) :

X,Al=Y, [AY]=X, [Y,X]=A4, 1)

and sl(2,R)
[A,B] =2B, [AY]=-2Y, [B,Y]=A. @

To find the non-conjugate copies of s0(3):

e  We start with an element A of the one-dimensional optimal system of S whose non-zero
eigenvalues in the adjoint representation are purely imaginary.

e By scaling, we may assume that this eigenvalue is i. Let X + iY be the eigenvector of A
corresponding to the eigenvalue i. If [X, Y| = AA for some negative constant A, then the algebra
(A, X,Y) forms a copy of s0(3).
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e  Applying this algorithm for all elements in the one-dimensional optimal system gives us the
copies of s0(3).
e  Removing the repetitions using invariant tools gives the non-conjugate copies of so(3).

To find the copies of sl(2,R):

o  We start with an element of the two-dimensional optimal system of non-abelian subalgebras.

e If (A, B) is such algebra with [A, B] = ¢B for some non-zero constant ¢, find the eigenvectors of
adA, if any corresponding to the eigenvalue —c. We reject (A, B) if there is no such eigenvalue.
Otherwise, let Y be an eigenvector of ad(A) with eigenvalue —c. If the commutator [B, Y] is a
nonzero multiple of A, then (A, B,Y) is a copy of sI(2,R).

e  Removing the repetitions using invariant tools gives the non-conjugate copies of s/(2, R).

3. Lie Point Symmetry Transformations of the Wave Equation

The wave equation on a spacetime is given by [eu = 0, where [ = B%i(‘/ g gik%) is called
the Laplace—Beltrami operator for the metric given by

ds? = "D e — At g2 — () go2 — o) gin? 0d¢?. 3)

Hence, the wave equation gz = 0 on the metric (3) can be written as

B (b4 2) ogou) _ 8 (G- 2) cogan) _ 9 (o(5+4) engau) _ o (elZ
3 (e( 2 7)51n93t 5 e( 2 7)31n93r 30 e(Z f)smeag 9

The approach to find the symmetries of the wave equation using the conformal Killing vector
field of the underlying spacetimes metric is due to Yuri Bozhkov and Igor Leite Freire [18].

Theorem 1 ([18]). Let M" be a Lorentzian manifold of dimension n > 3 with the metric g given in local
coordinates {x1,xy, ..., X }. The Lie symmetries of wave equation Ogu = 0 on M" have the form

; d 2—n d
_xl
X=¢ (x)—axi + <<—4 u(x) +c> u+ h(x)) 50 5)
where c is an arbitrary constant,
ng(x) =0, Dgy(x) =0, (6)

Y = &(x) % is a conformal Killing vector field of the metric g such that

(£v&)ab = G 0c8ab + 8cv0al + 8cadpC” = 1(X)gap @)
and £y denotes the Lie derivative with respect to vector field Y, where b(x) and p(x) satisfy (6).

3.1. Lie Point Symmetry Transformations of the Wave Equation on Einstein Spacetime

The wave equation Clgu = 0 on the spherically symmetric space admitting so(4) © R as isometry
algebra can be obtained from Equation (4) by substituting v = 0, A = —In(ar? + 1) and u = In7?,
a = —c? < 0 as shown in [3].

From now on, we will work with Cartesian coordinates as their introduction simplifies
many comutations. The wave equation under study can be written in Cartesian coordinates
X =rcos@sinb,y = rsingsinf,z = rcos B as:

wup + (%2 = 1) ttxx + (2y? — 1) uyy + (222 — 1) vizz + 3 c®zuz + 2 ¢>x21izy

8
+32xuy +2 czxyuxy +2 czyzuyz +3 czyuy =0. ®
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By using Theorem 1 and the isometries of the metric given in [3], the Lie symmetry algebra of the
wave Equation (8) consists of the eight-dimensional subalgebra spanned by

_po _po _no _ 0 )
Xl _BT/ Xz—Bax, X3—B;§, X4—xa7§72§, (9)
X5—Zay yazr Xé—xay_]/ax/ X7:ar stuﬁr
and the infinite-dimensional ideal consisting of the operators
9
Xe=1(t, x,y,Z)a, (10)

where T(t, x,,z) is an arbitrary solution of the wave Equation (8) and
B =/1—c%(x%2+y%+22).
Moreover, the one-parameter groups G;(¢) = {e¢Xi,¢ € R} generated by (9) are given as follows:

Gi(er) : (bx,y,z,u) — (t,x, 1 \/T—c2(x2+ z%) sin (arctan () +c 1) ,z,u),

Go(e2) : (t,x,y,z,u) = (t 2 /1 —2(y% + z%) sin (arctan (%) + ¢ &), v,z u)

Gs(es) : (Lx,y,zu) — (tx,y, L /1—2(x2+ y?)sin (arctan( Z) 4coe3),u),

Gy(es) : (t,x,y,z,u) — (t,xsines — 2COS €y, Y, X Siney + 2 COS €y, 1), (1)
Gs(es) : (t,x,y,z,u) — (t,x, —zsines — y cos s,y sin €5 — z cos €5, 1),

Go(g6) : (t,x,y,z,u) — (t, —ysines + x cos €5, X Sin €6 + Y COS €6, 2, 1),

Gr(e7) : (L, x,y,z,u) = (t+e7,y,2,u),

Gg(eg) = (,x,y,z,u) — (t,x,y,z,u+ €g).

3.2. Lie Point Symmetry Transformations of the Wave Equation on Anti-Einstein Spacetime

The wave Equation Ogu = 0 on the spherically symmetric space admitting so(1,3) @ R as
isometry algebra can be obtained from Equation (4) by substituting v = 0, A = — In(ar? + 1) and
n= Inr?, & = ¢ > 0 as shown in [3].

As before, we will work with Cartesian coordinates as their introduction simplifies many
comutations. The wave equation under study can be written in Cartesian coordinates x = r cos ¢ sin 8,
Yy =rsingsin®, z = rcosb as:

(czx2 +1) tex + (Y2 +1) iy, + (2% +1) uz + ZCZyZuyZ,

12
+3xc%uy + 22Xyl + 26 XzZlhy + 3c?zuz + 3Py, — uy = 0. (12)

By using Theorem 1 and the isometries of the metric given in [3], the Lie symmetry algebra of the
wave Equation (12) consists of the eight-dimensional subalgebra spanned by

_ RO _po 9 0 9
X = Bay Xo = Bax, X3 = E;E, Xy = xafg —Z3, 13)
X5_Zay yaz, X67xay yax, X7 =5 Xg=uy;,
and the infinite-dimensional ideal consisting of the operators
X =1(t,x z)i (14)
T = XY, 2’
where T(t, x,v,z) is an arbitrary solution of the wave Equation (12) and B = /1 + ¢2(x2 + y2 + z2).
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Moreover, the one-parameter groups G;(e) = {e?Xi, e € R} generated by (13) are given as follows:

e 1 (2eBe? 1+ (B2 +c2y?)e? 1 —1—c2 (x2422) )

Gi(er) : (bx,y,z,u) — (tx, 72 ,z,1),

2 ce: 2 2 ce 2cen —ce
Galea) : (tx,y,2,u) = (&, (2ec2(B2-1) +2£Be2 zzv ;C(By +22)+e?2—1)e z,y,Z,U),

ect3 (2cB2%6az B 512 P

Gs(es) : (tx,y,z,u) — (tx,y, ( P ( )),u),
Gu(eq) = (t,x,y,2z,u) > (t,xsiney — zcos €y, Y, X SiN€g + 2 COSEY, U), (15)
Gs(es) : (t,x,y,z,u) — (t,x, —zsines — y cos €5,y sines — z cos €5, 1),
Ge(es) : (t,x,y,z,u) — (t, —ysines + x cos €5, X sin € + |y COS €6, 2, 1),
Gy(ey) - (bx,y,z,u) — (t+e7,x,y,2,u),
Gs(es) : (t,x,y,z,u) — (t,x,y,z,u+eg).

4. Lie Algebra Structure and Optimal Systems

4.1. Lie Point Symmetry Algebra of the Wave Equation on Einstein Spacetime

The non-zero Lie brackets of (9) are:

(X1, Xo] = X, [X1,X3] = X5, [X1, Xs5] = —X3, [X1,Xe] = —Xa,
(X2, X3] = —c2 Xy, [Xo, X4l = X3, [Xo,Xe] = X1, [X3,Xa]=-Xp, (16)
(X3, X5] = X3, (X4, X5] = X,  [X4,Xe] = —X5, [X5,Xe] = X.

The Levi-Decomposition of this algebra is £ = {Xj, X2, X3, X4, X5, X6} ® {X7, Xg}. Let S be
the semisimple part. To identify the semisimple part, we need to find a Cartan algebra and the
corresponding root space decomposition.

First of all, after computing the Killing form, we see that it is negative definite. Thus, to determine
a Cartan algebra, choose any non-zero element in the semisimple part S. We choose, for example,
the element X3 and compute its centralizer. The centralizer turns out to be { X3, X4 } and the subalgebra
{X3,Xe} is self centralizing. Thus, C = {X3,Xs} is a Cartan subalgebra which is itself the only
maximal solvable subalgebra up to the conjugacy as mentioned in Section 2.1. The roots for this
Cartan subalgebra are {(ci, i), (—ci,i), (—ci, —i), (ci, —i) },i = v/—1. Therefore, the positive roots are
{(ci, ), (ci, —i) }. The root vectors for the positive roots are { X1 + ¢Xy +i(Xp + ¢X5), X1 — cXg + (X2 —
cX5)}. Since the negative roots are conjugates of the positive roots, the real and the imaginary parts of
the positive root vectors must generate, as a Lie algebra, the full Lie algebra.

This gives us the change of basis which gives the general adjoint action of the group of
symmetry transformations:

V1 = X1 +CX4, Vz = Xz +CX5, V3 = X3 - CX6, V4 = X1 — CX4,

17
Vs=Xo—¢X5, Ve=X3+cXe, V7 =Xy, Vs = Xs. (17)

The corresponding non-zero Lie brackets of this subalgebra are:
[VerZ] = —2CV3 [Vl, V3} = ZCVZ, [Vz, Vg] = —2CV1, [V4, V5] = 2CV6, (18)

[Va, V6] = =2cV5,  [V5, V] = 2cVy.

It is obvious from (18) that the subalgebra (Vj, V4) is Cartan since it is abelian and it is self
centralizing. Since our Lie algebra is compact, therefore, (V;, V4) is the only maximal solvable algebra
up to the conjugacy. The subalgebra (V, V4) is conjugate to (V3, Vg).

As we will see later, (V;, V,, V3) and (Vy, Vs, V) form two copies of so(3) which commute with
each other. Since so(4), which is the set of all skew symmetric 4 x 4 matrices, is also isomorphic to
50(3) & s0(3) [19], we see that the semisimple part is isomorphic to so(4). This decomposition can be
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obtained by working with a Cartan subalgebra of so(4) and determining its root space decomposition
as was done above.

4.1.1. Optimal Systems of Solvable Subalgebras of so(4)

To find the optimal systems of so(4), we first find the one-dimensional optimal system and a
rough classification of higher order subalgebras inside the maximal solvable subalgebra (V;, V4) which
is abelian. Secondly, we obtain the higher-dimensional optimal system by removing the repetitions
from the obtained rough classification of subalgebras using the adjoint representation of so(4).

Theorem 2. The optimal systems ©; up to order three of solvable subalgebras of so(4) with the non-zero Lie
brackets (18) are the following:

e The one-dimensional optimal system @y is {(V1 + aVy), (V1), (V4),a # 0},
e The two-dimensional optimal system ©, is { (V1, Vy) }.

There is no three-dimensional optimal system.

Proof. Clearly, it is enough to deal with the one-dimensional optimal system only. The one-dimensional
optimal system of the maximal solvable subalgebra of so(4) is itself the one-dimensional optimal
system of so(4). This is because the representative elements are non-conjugate under the adjoint
representation of so(4) given by

Aleq, ... e6) = 1€ | 26C(0), (19)

where C(j) is the matrix whose (i, k)™ entries are given as ci-‘]-: here, the constants ci-‘j are the structure
constants relative to the basis V4, ..., Vg. O

4.1.2. Optimal Systems of Solvable Subalgebras of £ = so(4) ® R?

First, note the general fact that if £ = S @ R where S is the semisimple part and the radical R is
the center, then the conjugacy classes of S can be joined with elements of the center to obtain conjugacy
classes of L, as follows:

Let 71 : S @& R — S be the projection defined by 7t(x,y) = x. This is a homomorphism because R
is an ideal. Therefore, it will map conjugate classes to conjugate classes.

Every k-dimensional subalgebra of L is of the form (x1 + y1, X2 + 2, ..., Xk + yk), where x; € S,
¥i € R. Tts projection is (x1, ..., xx) of dimension less than or equal to k. Moreover, if (x; 4+ y1,x2 +
Y2, - Xi + Yk is conjugate to (1 + i1, %2 + 2, ..., Xk + i), then as the radical R is the center, y; = ;
and (x1, xp,..., Xx) is conjugate to (¥, %2, ..., X). However, the dimension of the image algebra of
(1 4+ 1, %2 + 2, ..., X + Yi) can go down. Thus, to get all conjugacy classes of the full algebra, we start
with the elements of the optimal systems of S and add to each one of them arbitrary elements of the
center and keep those that form a subalgebra. The classes of the center correspond to the zero subspace
of S. This will give all the conjugacy classes of the full algebra. Applying this to £ = so(4) @ R?,
we obtain the following classes.

Clearly, the one-dimensional optimal system @1 of R? is {(V7), (Vg), (V7 +aVg),a # 0} and the
only two-dimensional optimal system @, of R? is {(V%, Vg)}.

In order to get the optimal systems of the full Lie algebra up to order three, we use the optimal
systems of so(4) constructed in Theorem 2 . We join it with the optimal system of the abelian algebra
IR? as explained above.

e  To get the one-dimensional optimal system of £, we have the cases:
1. We add an arbitrary element from R? to every element in @y; in this case, we get

{Vi+aVy+Z1), (Vi +Zy), (Va+ Zy),a #0}.
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2.

We take @ itself; in this case, we get {(V7), (Vg), (V7 + BVs), B # 0}.

To get the two-dimensional optimal system of £, we have the cases:

1.

3.

We add an arbitrary element from R2 to every element in ©@;; in this case, we get
{1+ 21, Vi +Z3)}.

We add an arbitrary element from R? to every element in @; and combine the result with an
element from ®; in this case, we get { (V1 +aVy + Z1, Z3), (V1 + Z1, Z3), (Va+ Z1, Z3),a # 0}.
Take O itself; in this case, we get {(V7, Vg) }.

To get the three-dimensional optimal system of £,

1.

Either we add an arbitrary element from R? to every element in ®; and combine the result
with an element from @ in this case, we get {(V; + Z1, Vy + Z2, Z3) };

or we add an arbitrary element from R? to every element in ®; and combine the result
with an element from ©,; in this case, we get {(V} + aVy + Z1, V7, V&), (Vi + Z1, Vo, Vg),
(Va+Z1, V7, Vg), e # 0}.

Finally, we check that the obtained class is a subalgebra by taking the wedge product of it
with its commutator and equate by zero and see if we can kill some constants. This leads to the
following theorem:

Theorem 3. The optimal systems of solvable subalgebra of L with the non-zero Lie brackets (18) are as follows:

The one-dimensional optimal system is {(Vy +aVy + Z1), (V1 + Z1), (Va+ Z1), (V7), (Vs), (V7 + BVs),
o, B #0}.

The two-dimensional optimal system is { (V1 + Z1, Vi + Z2), (Vi + aVy + Z1, Z3), (V1 + 21, Z3), (Vi + Z4,
Z3>, <V7, Vg),tX 7& 0}

The three-dimensional optimal system is {{(Vy + Z1, Va + Za, Z3), (V1 + aVy + Z1, V7, Vs), (V1 + Z4,
V7, V8), (Va + Z1, V7, V), & # 0}.

Here, Z1 = a1 V7 + B1Vs, Zy = apVy + Bo Vi are arbitrary elements of R2 and Z5 = Vi + a3Vi or
Z5 = Vg represent a one-dimensional optimal system of R?.

4.1.3. Three-dimesional Optimal System of Non-solvable Subalgebras of £ = so(4) @ R?

If H is a three-dimensional non-solvable algebra, then H equals its commutator. As the
commutator of £ is so(4), all such subalgebras of £ are subalgebras of so(4). We need to construct the
copies of s0(3) and s!(2,R), if any, by following the algorithm given in Section 2.2:

First, construct the copies of s0(3):

1.

The element V; has the eigenvector V; + iV3 corresponding to the eigenvalue 2ci. Therefore,
V= % has the same eigenvector with the eigenvalue i. Moreover, [V, V3] = —(2¢)2V;.
Hence, (V4, V3, V3) forms a copy of so(3).

The element V} has the eigenvector V5 + iV corresponding to the eigenvalue —2ci. Therefore,
Vy = % has the same eigenvector with the eigenvalue i. Moreover, [Vs, Vg] = —(2¢)?V.
Hence, (V4, V5, Vi) forms a copy of so(3).

The element V; + aVy has the eigenvector V, + V5 + (V3 — Vi) corresponding to the
eigenvalue 2ci. Therefore, V = Vl%ﬁ‘v“ has the same eigenvector with the eigenvalue i.
Moreover, and [V, + V5, V3 — V] = —2cV. Hence, (V; + Vy, Vo + Vs, V3 — V) forms a copy
of 50(3). Note that here a« must be equal to one to ensure that (V; +aVy, Vo + V5, V3 — Vg) is
a subalgebra.

The Lie algebra so(4) does not contain any copy of sl(2,R), since it does not contain any
non-abelian two-dimensional subalgebra.
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This proves the following theorem:

Theorem 4. The three-dimensional optimal system of non-solvable subalgebras of L is
{(Vy, Vo, Va), (Vi Vs, Vi), (V1 + Viu, Vo + V5, Vs — Vi) }, where the Vi, i = 1,...,6 form a basis of so(4) given
in (17).

4.2. Lie Point Symmetry Algebra of the Wave Equation on Anti-Einstein Spacetime

The non-zero Lie brackets of (13) are:

(X1, Xao] = —* X6, [X1,X3] = =2 X5, [X1, X5] = —X3, [X1,Xe] = —Xa,
(X2, X3] = 2Xy,  [Xp, X4] = X3, (X0, Xe) = X1, [X3,X4] = —Xo, (20)
(X3, X5] = X3, (X4, X5] = X, (X4, X6] = —X5, [Xs5,Xe] = Xy

The Levi-Decomposition of this algebra is £ = { X3, Xp, X3, X4, X5, X¢} ® {X7, Xs}. Let S be the
semisimple part.

To determine the structure of the semisimple part, we need to find a Cartan algebra and the root
space decomposition with respect to the Cartan algebra. In this case, the Killing form is not negative
definite and it has exactly three negative eigenvalues. This means that the maximal compact algebra is
three-dimensional.

The reason is that, if K is a maximal compact subalgebra of the Lie algebra £, then any compact
subalgebra of £ is conjugate to a subalgebra of K. Moreover, every one-dimensional subalgebra of K is
conjugate to a subalgebra of a fixed Cartan subalgebra of K [14-16].

As we will explain later, the subalgebra (Xy, X5, Xs) is a copy of so(3) in the given Lie algebra.
Thus, K = (X4, X5, X¢) is a maximal compact subalgebra of the algebra S. A Cartan subalgebra of S
can be obtained by choosing any element of K and computing its centralizer. We choose, for example,
Xe as a representative of a Cartan algebra of K. Computing the centralizer of X¢, we find that it is
(X3, Xg). In addition, as the centralizer of (X3, Xg) is itself, C = (X3, X;) is a Cartan subalgebra of S.
Moreover, computing the eigenvalues of X3, we find that all eigenvalues of ad X3 are real and X3 is
diagonalizable. Moreover, the centralizer of X3 is C and the centralizer of X is also C; this means that
C is the maximally real Cartan subalgebra.

We find roots of C in S. The roots are (c,i), (¢, —i),(—c,i), (—c, —i), the positive roots are
(¢,1), (¢, —i) and clearly the sum of these positive roots is not a root. The root spaces for the positive
roots (c,i) and (¢, —i) are (Xq + cXs5 4+ i(cXq — X3)). Let N = (Xj + ¢X5,Xp — cXy). The algebra
B = A® N, where A = (X3) is the real part of C, has the property that every solvable algebra with real
eigenvalues in the adjoint representation is conjugate to a subalgebra of B. We compute the normalizers
of each conjugacy class of N. The normalizer of each representative element of the one-dimensional
optimal system of N does not contain a Cartan algebra. Therefore, we keep only N because its
normalizer NV'(N) is solvable and contains a Cartan algebra. Thus, there is only one maximal solvable
subalgebra, namely N (N) = (X, X3) @ (X1 + ¢X5, Xo — c¢Xy). Therfore, the Iwasawa decomposition
of SsKGADN = <X4, Xs, X6> (&) <X3) &) (Xl +cXs5, Xp — CX4) [14,16].

This gives us the following change of basis which makes the computations easier:

V1 =Xy, Vo = Xs, V3 =Xe, Vi=Xz, 1)
V5 = X1 + CX5, V6 = X2 — CX4, V7 = X7, Vg = Xg.
The non-zero Lie brackets of (21) are
Vi, Vol =V3, [V, V3] = =V, [V, V4] =cVi+ Vs, [V1, V5] =cV3,
Vi, Vsl = =Va, Vo, V3] =V1, [, Vil =cVa—=V5, [Vo, V5] =V, 22)
Vo, Vel =cVs  [V3, V5] =V, V3, V6] =~V5, [Va, V5] = cV5,
[Vi, Vo] = cVe.
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In fact, the semisimple part S is isomorphic to so(1,3) as can be seen by working with its Cartan
algebra and the associated root space decompositions. The algebra (V7, Vg) is the center of the Lie
algebra L.

4.2.1. Optimal Systems of Solvable Subalgebras of so(1, 3)

To find the optimal system of so(1,3), we first find the one-dimensional optimal system and a
rough classification of higher order subalgebras inside the maximal solvable subalgebra spanned by
Ey := V3,Ey 1=V}, E3 := V5, E4 := Vi The corresponding non-zero Lie brackets of this subalgebra are:

[E1,Es] = E4, [E1,Es) = —Es, [Ep, E3] =cEs, [Ep, E4] = cEs. (23)

Secondly, we obtain the higher-dimensional optimal system by removing the repetitions from the
obtained rough classification of subalgebras using the adjoint action of so(1,3).

Theorem 5. The optimal systems ©; up to order three of the solvable subalgebras of so(1,3) with the non-zero
Lie brackets (22) are the following:

o The one-dimensional solvable optimal system ® is

{(Va), (Vs), (V5 +aVy) : a € R},
e The two-dimensional solvable optimal system ® is {(V3, Vu), (Va, V5), (V5, Vi) }.
o The three-dimensional solvable optimal system ®j is

{<V4, Vs, V6>, <V3 +aVy, V5, Vo) ta € R}

Proof. To remove the repetitions in the obtained one-dimensional optimal system and the
higher-dimensional rough classification of the maximal solvable subalgebra of £, we use their
normalizers in so(1,3) as follows:

e  The one-dimensional optimal system of the maximal solvable subalgebra of so(1, 3) is itself the
one-dimensional optimal system of so(1,3). This is because the representative elements are
non-conjugate under the adjoint action of so(1, 3), as can be seen using the action of corresponding
adjoint group given as in (19).

e The two-dimensional abelian subalgebras are (Va, Vi), (V5, Vs). The non-abelian subalgebra
(Va, V) is clearly non-conjugate with both of them. Moreover, since the normalizers of the
two-dimensional abelian subalgebras are N'((V3, Vy))/(V3, Va) = 0, N({(V5,Ve))/{V5, Vo) =
(V5,Vy). As their dimensions are different, they are non-conjugate.

e All the three-dimensional subalgebras given in the rough classification have the same normalizers,
centralizers and commutators, namely the abelian subalgebra (Vs, V).

Let X be one of these algebras. We find that the eigenvalues of X /X' are repeated real in one case,
purely imaginary in one case and complex conjugates but not purely imaginary in the third case.
Therefore, they are non-conjugate.

O

4.2.2. Optimal Systems of Solvable Subalgebras of £ = so(1,3) @ R?

Clearly, the one-dimensional optimal system ©; of R? is {(Vg), (V7 +aVg) : a € R} and the only
two-dimensional optimal system @, of R? is {(V7, Vg)}.

In order to get the optimal systems of the full Lie algebra up to order three, we use the optimal
systems of so0(1,3) constructed in Theorem 5 and join each one of them with the optimal systems of the
abelian algebra R?.

e  To get the one-dimensional optimal system of £,

1. either we take O itself; in this case, we get {(Vs), (V7 + fV3) : B € R};
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2. or we add an arbitrary element from R? to every representative element in @;; in this case,
we get {(Va+Zy), (Vs +Zy), (Va+aVa+Z1):a € R}

e  To get the two-dimensional optimal system of £,

1.  either we add an arbitrary element from R? to every element in ®,; in this case, we get
{Va+ 21, Vot Z2), (Va+ Z1, Vs + Z2), (V5 + Z1, Vs + Z) },

2. or we add an arbitrary element from R? to every element in @; and combine the result with
an element from ©; in this case, we get {(Vy + Z1, Z3), (Vs + Z1, Z3), (V3 + aVy + Z1, Z3) :
« € R}.

3. or take O itself; in this case, we get {(V7, Vg)}.

e  To get the three-dimensional optimal system of £,

1.  either we add an arbitrary element from R? to every element in ®3; in this case, we get
{<V4 + Z1, Vs + 25, Vg +Z3>, <V3 +aVy+ 21, Vs + 2o, Vg + Z3> S R},

2. or we add an arbitrary element from R? to every element in ®, and combine the result
with an element from ©y; in this case, we get {(V3 + Z1, V4 + Za, Z3), (V4 + Z1, Vs + Z2, Z3),
(V5 + Z1, Ve + 22, Z3) },

3. or we add an arbitrary element from R? to every element in ©; and combine the result with
an element from @,; in this case, we get {(V, + Z1, V7, Vg), (V5 + Z1, V7, Vg), (V3 + aVy +
Z],V7,Vg> NS R},

where Zy = a1 V7 + B1Vg, Zy = ap V7 + B2 Vg are arbitrary elements of R%and Z3 = V7 + a3V or
Z3 = Vj represents a one-dimensional optimal system of R? and &1, a3, 43, B1, B2 € R.

Finally, we check that the obtained class is a subalgebra by taking the wedge product of its
commutator with each element in the class and make these wedges equal to zero. Therefore, we have
the following theorem.

Theorem 6. The optimal systems of solvable subalgebras of L with the non-zero Lie brackets (22) are as follows:

e The one-dimensional solvable optimal system is {(Vy + Z1), (Vs + Z1),(Vs), (V3 +aVi + Z1), (V7 +
BVs) 1, € R}.

o The two-dimensional solvable optimal system is
{<V3 + Z1, V4 + Z2>, <V4 + 71, V5>, <V5 + Z1, Vg + Zz>, <V4 + Z1,Z3>, <V5 + Z],Z3>, <V7, V8>, <V3 +
aVy + Zl,Zg> S R}

o The three-dimensional solvable optimal system is {(Va + Z1,V5,Ve), (Vs + Z1,Vy + Zo,Z3),
(Va + Z1,V5,23),(Vs + Z1, Vs + Z2,Z3),(Va + Z1,V7, V), (V5 + Z1,V7,Vg), (V3 + aVy + Z4,
Vs, V6), <V3 +aVy+241,Vy, V8> S R}

Here, Zy = a1 V7 + B1Vs, Zy = apVy + B2 Vg are arbitrary elements of R? and Zz = V7 + azVg or
Z3 = Vg represents a one-dimensional optimal system of R2.

4.2.3. Three-Dimensional Optimal System of Non-Solvable Subalgebras of £ = so(1,3) & R?

If H is a three-dimensional non-solvable algebra, then H equals its commutator. As the
commutator of £ is so(1,3), all such subalgebras of £ are subalgebras of so(1,3). To find such
subalgebras, we follow the algorithm given in Section 2.2.

We need to construct the copies of so(3) and s!(2,R), if any, by following the algorithm that is
given in Section 2.2:

e  First, construct the copies of s0(3): the element V3 has the eigenvector V; 4 iV, corresponding to
the eigenvalue —i. Therefore, V3 = — V3 has the same eigenvector with the eigenvalue i. Moreover,
[V1, V4] = — V3. Therefore, (Vy, V5, V3) forms a copy of so(3).
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e  The only non-abelian two-dimensional subalgebra in so(1,3) is (Va, V5) with [V4, V5] = cVs.
Moreover, the eigenvector of adV, corresponding to the eigenvalue —c is V5 — 2cV, and
[Vs — 2cV,, V5] = —2¢Vy. Hence, the subalgebra (Vy, Vs, Vs — 2cV,) forms a copy of sl(2, R).

This proves the theorem.

Theorem 7. The three-dimensional non-solvable optimal system is {(Vy, V2, V3), (Va, V5, V5 — 2cVa)},
where the V; (i =1,...,6) forms a basis of so(1,3) given in (21).

5. Joint Invariants and Invariant Solutions Corresponding to Three-Dimensional Optimal
Systems of £

The invariant solutions can be obtained through symmetry reductions carried out by
implementing the well-known procedure of utilizing the joint invariants of the subalgebras obtained
by three-dimensional optimal system, see, e.g., [6,11,20] for details.

Remark 1 ([10]). Let (X1, ..., Xy) be a Lie algebra with basis
glat+§zar glae (:-nr;a(P"v‘ma =1,...,n.

A necessary condition for the existence of an invariant solution under the Lie algebra (X1, ...,X,) is the
following transversality condition:

rank{Ey} = rank{E,}, (24)
where
a ¢ ad g o dom
Ei=| i i1 i | ER=| 1
&oGho G & Ga G Ch

Before giving the formal definition of equivalent invariant solutions, let us note the following
general fact:

Whenever a transformation group G operates on a set S and U is a subset of S and H is the
stabilizer of U, then the stabilizer of a.U, a € G is aHa~!. We will apply this where the set S is the set
of solutions of a differential equation, U is the set of invariant solutions and the group G is the local
group whose Lie algebra is the symmetry algebra of the differential equation.

Definition 4. Consider the differential equation admitting the group of transformations G. Let L be the
Lie algebra corresponding the group G. If u = ©1(x) and u = ©@,(x) are two invariant solutions of the
given differential equation under the subalgebras Hy and Hy of L, respectively, then we call u = @1 (x) and
u = Oy(x) equivalent invariant solutions with respect to the group G if one can find some transformation
in G that transforms u = @1 (x) to u = @, (x).

Let Hy be conjugate to H, with respect to the group of transformations G. Define U to be the set
of invariant surfaces under H;. Then, H; belongs to the stabilizer of U and H; belongs to the stabilizer
of a.U for some a € G. The set of invariant surfaces under H; should be of the form a.U.

Therefore, the problem of classifying the invariant solutions is reduced to classifying the
corresponding conjugacy classes of subalgebras of the symmetry algebra £ [6].

In this section, we compute the invariant solutions corresponding to three-dimensional
subalgebras of L.
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5.1. Invariant Solutions of the Wave Equation on Einstein Spacetime

5.1.1. Solvable Subalgebras of of £

Example 1. In the case of L1 = (Vi + Z1, Vi + Zp, Z3), Z3 = Vy + a3Vg. The generators of Ly in Cartesian
coordinates are as follows:
Vi+Zi=md —czd + /122 + 2 +zz)% +oxd +pul,
Vit Zy =03 +czd +/1- (2 +y2 + )5~ exd +pul, (25)
o) J
Z3 = 9 + 0{314@.
The transversality condition (24) of (25) with rank three is always satisfied. Since the Lie algebra
L is abelian, one can find the invariant functions, we call them also invariants, of £ in any order. The

invariants of Z3 are:
my = x,my =y, mz = z,my = ue . (26)

The remaining operators can be given in terms of the variables m;,i =1,...,4 as

Vi+7Z, = 7cm3% +4/1 fcz(m12+m22+M32)% +cm183—13 —my (ag0q — B1)

Vit Zy = emagh+ /1= 2 (my? + my? + ma?) 50 — cmy 5h- — my (a3 a2 — o)

9
%ﬂl4 ’ (27)

oy

Next, the invariants of V; 4+ Z; are

_ 2 2 _ c my ns
ny = myp© +ms°, np = arctan (| —————=———| — arctan (—)
1 1 372 ( 17c2(m12+m22+m32)> my )’

X (28)
7([&3“1;#1) arctan(%)
nz = mye 1/,

In terms of the variables n;,i = 1,...,3, the remaining operator is

V+Z—726ifn((¢x +oay) oz — fﬂ)i (29)
4 2 = o 3 (&1 2) a3 2 1 s
Finally, the invariants of V, + Z, are

ny, nz e (Brfasgsataly, (30)

Writing the invariants (30) in terms of the original variables gives the joint invariants of £ as

A arctan <#> +Aj arctan <3) 7&3t>
—2(x2 412422 x (31)
x2+zz,ue 1—-c2(x%+y>+22) ,

where A; = (ﬂélﬂtz)ﬂzéi*ﬁﬁﬁz, Ay = (30¢1+az)02¢3;3,31 —P2

Note that A} = A, = 0 when Z; = Z; = 0. Therefore, for simplicity, let us discuss the invariant
solution for this case.
The invariant transformations in this case are:

w=x24+22,Z(w) = ue %t (32)
Thus, using (32), Equation (8) can be reduced to the ODE:

dw (Pw —1) 2" + 422w — 1)Z' + a3*Z = 0. (33)
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It was found that the transformation

w Z(w) = R(r) (34)

:(?2’

reduces Equation (33) to the hypergeometric differential equation
r(r—l)R"+((v—‘r‘u-i-l)r—'y)R/-i-vyR:O (35)

/2 — a2 2 a2
with v = SV =55y = H%,’y = 1. The solution of (35) is given in terms of the

hypergeometric function F(v, i;y;r) as
R(r) = ciF(uv;v+ w1 =)+ oa(r =)'V FF1—v,1 — ;2 —v — ;1 — 7). (36)
Therefore, the solution of (33) is
Z(w) = R(w). (37)
Thus, the invariant solution of (8) is
u(tyx,z) = et ( F(uvv+ i1 = (2 +22) + (@2 +2) =)' T E1 =01 - g2 v - 1= 32+ 2)). (38)
Another interesting special case when a3 = ¢, the solution of Equation (35) becomes
R(r) = 1 EllipticK(\/r) + caEllipticCK(\/7), (39)

where EllipticK and EllipticCK are respectively the complete and the complementary Elliptic integrals
of the first kind.
Thus, the invariant solution of (8) is

u(t,x,z) = e (clEllipticK< c2(x2 +zz)> + czEllipiEicCK(\/cz(x2 + 22)>>. (40)

5.1.2. Non-Solvable Subalgebras of of £

As is well known, all three-dimensional non-solvable subalgebras are simple. As they have no
non-trivial ideal, we use the method of reduced row echelon form of operators in any convenient basis.
As shown in [21], the operators of the three-dimensional non-solvable subalgebra in the reduced row
echelon form always form an abelian algebra. Clearly, the joint invariants of the three-dimensional
non-solvable subalgebra are the same as those of this abelian algebra. Using this, we find that the joint
invariants for £ as follows:

Example 2. In the case of L1 = (V4, Vo, V3), by writing Ly in the reduced row echelon form, the fundamental
set of the invariants can be obtained by solving the following system:

01000 I 0

I, 0
00100 L, [=]o0 1)
00010 L 0

L 0
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Clearly, the joint invariants are t, u. Therefore, the invariant transformations are:
w=t27Z(w)=1u. (42)

Thus, using (125), Equation (8) can be reduced to the ODE:

7" =0, (43)
which has the solution
Z(w) =c1+cw. (44)
Thus, the invariant solution of (8) is
u(t)=c1+ct. (45)

Example 3. In the case of Lo = (Va, Vs, V), since the reduced row echelon form of the operators of Lo coincides
with that in (124), it follows that they have the same solution.

5.2. Invariant Solutions of the Wave Equation on Anti-Einstein Spacetime

5.2.1. Solvable Subalgebras of £

Example 4. Case L1 = (V3 + aVy + Z1, Vs, Vi), & # 0. The generators of Lq in Cartesian coordinates are
as follows:

V3+aV4+leu1%fy%+x%+a T+ 2+ 2 +22) 2, pud,
Vs=(V1+2Z+ 12 +22) +cz2) 2 — ey, (46)

T+22+y2+22) +cz) L —cxl.

The transversality condition (24) of (46) with rank three is always satisfied. Since the derived Lie
algebra generated by £, is (V5, Vs) which is abelian, one can find the invariants of £; by starting with
V5 or V. The invariants of Vs are:

—cz+ /14 2(x2+y2 +22)

b =X = G )

4 =U. (47)

The operator Vy can be given in terms of the variables m;,i = 1,...,4 as

_ 1 0
Vo = 53 any - (48)
Next, the invariants of Vg are
ny = my, Ny = M3, N3 = Mmy. (49)

In terms of the variables n;,i = 1,2, 3, the remaining operator is

Vs +aVy+ 7 :uq#allf(xcnza% +51n3ain3. (50)
We have to study the following two cases:
e Casel: If ay # 0, the invariants of V3 + aVj + Z; are

ca P

npen™ nge @', (51)
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Writing the invariants (51) in terms of the original variables gives the joint invariants of £; as

—cz+ 1+ 22+ y?>+22) wp Py
e ue “
14 (2 4 )

Therefore, the invariant transformations are:

_ 1 2( 52 2 2) ac A
- cz + +c2(x2+y2+z )Calt, Z(w)=ue ol (52)
1+ 2 (x2 +y2)

Thus, using (52), Equation (12) can be reduced to the ODE:

c ((zxz + a12> c +21x/51) wZ' +c? (zxz — lez) w* 72"+ B2 Z =0, (53)
which has the non-trivial solution for the following cases:
1. a?—a2#£0:

—cuy2—apy+ag /a2 +2ca By +By 2 —cuy2—a By —aqy/c2ay 2 +2cu py+p12
Z(w) =ciw (@ 1?)e +ow (&2 -1?)e . (54)

2. a?2—a?=0, cag+ By £ O
oA
VA (w) =cqw * (agc+pq) | (55)

Thus, the invariant solution of (12) is

—cz+ 14+ (X2 +y?> +22) acpy by
t,x,y,z) =72 e “ 56
u(t, x,y,z) < 142 (x2+y2) )e (56)
e Case2: If a1 = 0, the invariants of V3 + aVy + Z; are
B
ny, M3Mp R (57)

Writing the invariants (57) in terms of the original variables gives the joint invariants of £, as

By

—cz + 1+62(x2+y2+22) ac

t,u .
14 c2 (x2 4+ y2)

Therefore, the invariant transformations are:

P
_ _ —cz4+ 14+ 2 (x2+y2+22) |\
w=t Z(w)=u ( 1+ 2@ 1) . (58)

Thus, using (58), Equation (12) can be reduced to the ODE:

w27" — By (B1+2ac)Z =0, (59)
which has the solution
\/B3+2By ac NI
Z(w)=cie" @ T e e (60)
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Thus, the invariant solution of (12) is

_bB
—cz+/1+2(2+y2+22))
u(t,x,y,z) = Z(t) < 11 (x(2 +y2g )> . (61)

Example 5. Case Ly = (V3 + Z1, Vs, Vi). The generators of L in Cartesian coordinates are as follows:

V3+Z1_“1Bt yav+xa/+51”au'
(V1+2(x2+y2+22) +cz) 5 g'/ -y, (62)
V (VI+E2+y2+22) +cz) L —cx .

The transversality condition (24) of (62) with rank three is satisfied for aq # 0. Since the derived
Lie algebra generated by £, is (V5, Vi) which is abelian, one can find the invariants of £, by starting
with the invariants of (Vs, V) which are given by (49) as

—cz+ /14 2(x2+y2 +22)

ny =tny = 11202170 =u. (63)
In terms of the variables n;,i = 1,2, 3, the remaining operator is
Vst Z1 = a1 0 + Pinagh-. (64)
Finally, the invariants of V3 + Z; are
no, N3 e f‘ll ' (65)

Writing the invariants (65) in terms of the original variables gives the joint invariants of £, as

—cz4+ /142 (x2+y2+22) by
,ue 1,
14 % (x2 4 y?)

Therefore, the invariant transformations are:

_ 22412+ 2 5
- cz+ 1+ (x> +y +Z),Z( ) = e et 66)
1+ c2(x2 4+ y2)

Thus, using (66), Equation (12) can be reduced to the Cauchy—Euler ODE:

2
27" — w7 — (ﬂ) Z—0, 67)
(o151
which has the solution
caq+4/ 2y 2+p12 cag—/2aq2+p12
Z(w)=cw cap +cw ey . (68)

Thus, the invariant solution of (12) is

22 L2 £ 22)\ AL
14+ (x> +y>+z )>e”‘it. (69)

—cz +
u(t,x,y,z) = Z( 112021 p2)
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Example 6. Case L3 = (Vg + Z1, V5, V). The generators of L3 in Cartesian coordinates are as follows:

Vit Zy=m g+ 1+ 22+ 2 +22) 2 + g,
Vs=(V1+ 22+ 2+ 22) ) g — ey, (70)
Vo= (VI+22+ 2 +20) +cz) L —cxd.

The transversality condition (24) of (70) with rank three is always satisfied. Since the derived Lie
algebra generated by L3 is (V5, Vi) which is abelian, one can find the invariants of £3 by starting with
the invariants of (Vs, V) which are given by (49) as

—cz+ /14 2(x2+y2 +22) . — 1 1)
SNz = U

=ty =
M "2 14 c2 (x2+y?)

In terms of the variables n;,i = 1,2, 3, the remaining operator is
i+ 274 :061%76”2%4*‘3]”3%. (72)
We have to consider the following two cases:
e Casel: If ay # 0, the invariants of V; + Z; are

< _h
et nze @', (73)

Writing the invariants (73) in terms of the original variables gives the joint invariants of L3 as

_ 2212422 o b
cz+\/1+2(x2+y?>+z )"W,ue -t (74)
142 (22 +y2)

Therefore, the invariant transformations are:

—cz+ 1+ (2 +12+2%) « ~by
v= 1+ (2192 e Ay = e 7

Thus, using (75), Equation (12) can be reduced to the ODE:

e (a% - 1) w?Z" — ((1 + uc12> c+ 2[31) cwZ' — B1?°Z =0, (76)
which has the non-trivial solution for the following cases:
1. a2—1#0:

ca12+ﬁl +agy/ c2ay2+2cpq +512 m12+ﬁ1 —apy/ 52a12+26ﬁ1+ﬁ]2

Z(w)=cw e(m>-1) +cpw ewq?-1) , (77)

2. a2-1=0,c+p £0:
i

Z(w)=crw *(+h), (78)
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Thus, the invariant solution of (12) is

—cz+ 1+ (2 +y?+2%) oy by
t,x,y,z) =2 * 79
u(t,x,y,z) ( 1+ (210 el)el (79)
e Case2: If &1 = 0, the invariants of V + Z; are
B
ni, ng "27‘1~ (80)

Writing the invariants (80) in terms of the original variables gives the joint invariants of L3 as

P
—cz4+/1+c2(x2+y2+22) )\ ¢
t . 1
,u< 14 c2 (x2 4+ y2) 61

Therefore, the invariant transformations are:

P
B B —cz4+ 14+ 22 +y24+22) )\ ¢
w=t, Z(w)fu ( 1+c2 (x2+y2) : (82)

Thus, using (82), Equation (12) can be reduced to the Cauchy—Euler ODE:

7" - (2 Bic+ /312) Z=0, (83)
which has the solution
7 (w) =0 e\/ﬁ%+2c[51w +c ef\/ﬁ%+26‘31w. (84)

Thus, the invariant solution of (12) is

_b
w(t,x9,2) = Z(¢) (cz+ V1 +c2(x2+y2+zz)> ‘ (85)

142 (x2+2)
Example 7. Case Ly = (Va+ Z1, Vi + Z3,7Z3), Z3 = V7 + azVg. The generators of L4 in Cartesian
coordinates are as follows:
Vis+Zi=a19 —yd +x%+ﬁ1 ug,
Vit Zy=md + 1+ 22+ P2 +22)2 + poul, (86)
Z3 = % + a3 M%.

The transversality condition (24) of (86) with rank three is always satisfied. Since the Lie algebra
generated by L4 is abelian, one can find the invariants of £4 in any order. The invariants of Z3 are:

my = x,my =y, my =z,my =ue ", (87)

The operators can be given in terms of the variables m;,i =1,...,4 as

Vz+272, = 77112% +m1%+(ﬁ171x3a1)m4%, (88)
V4 +Z2 = \/1 +C2(m12 + mzz + m3z)ﬁ + (,52 — 0{20{3) m;;ﬁ.
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Next, the invariants of V3 + Z; are

my
—a3 i ) arctan
ny = m12 +m? iy = s, 1 = m4e(ﬁl 301) ('"z). (89)

In terms of the variables n;,i = 1,2, 3, the remaining operator is
Vo+ 72, = \/1+62(111 +n22)%+(ﬁ27a2a3) 713%. (90)

Finally, the invariants of Vy + Z, are

ap03-Po
c

ny,na (c ny + /14 c2(m +n22)> . 91)

Writing the invariants (91) in terms of the original variables gives the joint invariants of £4 as

Ay arct (") A2
x2+y2,ue*"‘3te parctan( 3 <CZ+ \/l+02 (x2 +y2+22)> , (92)

Ky K3 —
where A} = (B1 —azay), Ay = %ﬁz
Therefore, the invariant transformations are:

A arctan ( £ Az
w=x>+1, Z(w) = ue e n(3) <cz+ \/1+c2 (x2+y2+z2)> . (93)

Thus, using (93), Equation (12) can be reduced to the ODE:
4(w? + ) Z" + 4w — 3 (Ay — 2) w?)Z + ( ((A22 —2 A2> - a2) w+ Alz)Z =0, (94)

which can be transformed using the transformation w = — 4.

Z(w) = i [AlR(r) to the hypergeometric differential equation

r(rfl)R”+<(V+y+l)rf’y)R/+vyR=0 (95)

. _ (1+iA1—Ap)ct+/ 2 +az?
with v = o ,

terms of the hypergeometric function F (1/, W r) as

_ (1+iA1—Ap)e—/ 2 +az?
2c ’

v = 1+ iA;. The solution of (95) is given in

R(r)=ciF(v, ;1) +corm 7 TFlv =y + Lu —y + 1,2 — ;7). (96)
Therefore, the solution of (94) is
1
Z(w) = (—2w)? "TYIR(~2w). 97)

Thus, the invariant solution of (12) is

. o Bv—y—pu
u(t, x,y,z) _ Z(xz + yz) ea3te1(771)arctan(?) (cz + \/1 + 2 (xz + yz + ZZ)) i (98)

2 2

where a2 = (v — )2 — 2.
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Example 8. Case L5 = (Vy+ Z1,V5,Z3), Z3 = V7 + a3 Vg. The generators of L5 in Cartesian coordinates
are as follows:
V4+Zl =m 2+ /1T+2H2+y? +z2 +ﬁ1u%,
= (/1+ X x2+y +22) +cz) — ey, (99)

Zs = § + sy

The transversality condition (24) of (99) with rank three is always satisfied. Since the derived Lie
algebra generated by L5 is (Vs), one can find the invariants of L5 by starting with V5. The invariants
of Vs are:

—cz+ /14 2(x2+y2 +22)

my =t,my =Xx,mM3 = u,my = 100
1 2 3 4 1+ C2(x2 T yz) ( )
The operators can be given in terms of the variables m;,i =1,...,4 as
_ J J o)
Vi+Zy = w15, +,Blm3@ = CMyg,, (101)
Z3 = of + 0(37?13%.
Next, the invariants of V, + Z; are
—ﬁ—lml < my
n| = mp, Ny = mze “1 ~,n3 = mye . (102)
In terms of the variables n;,i = 1,2, 3, the remaining operator is
_ (wm—p1), 3 0
Z3= 2y g + Sz g (103)
Finally, the invariants of Z3 are
Bi—azy
ny,np Ny <. (104)

Writing the invariants (104) in terms of the original variables gives the joint invariants of L5 as

/ 14 2(x2 112 A
X, U e—a3t( tc (x +y ) ) 1 (105)
—cz+ /14 32(x2+y2+22)
where A = w
Therefore, the invariant transformations are:
14 c2(x2 412 A
w=x, Z(w):ue’“3t< + e +y) > ' (106)
cz+ 1+ 2(x2+y2 +22)

Thus, using (106), Equation (12) can be reduced to the ODE:

(w2 +1) 2" = 2 (241 - 3)wZ' + (A(A} —241) —oF) Z = 0. (107)

It was found using Maple software (Maple 13.0, Waterloo Maple Inc., Waterloo, ON, Canada) that
the transformation

1 1
_r (2 2 A1—1
W=, Z(w) = <r 1) R(r) (108)
reduces Equation (107) to the associated Legendre equation
2

(1—)R" —2rR' + (v(v+ -1 K rz)R =0 (109)
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24/c +IX3*C

withv = S U=A1—>5 Therefore, the solution of (107) is

Z (w) = <fc2w2 - 1)% (qPL‘(icw) +c2Q£’(icw)), (110)

where P! and Q) are the associated Legendre functions of the first and second kinds respectively. Thus,
the invariant solution of (12) is

—cz++/1 +c2(x2+y2+zz))#+z

1+ (212 (111)

u(t,x,y,z) = Z(x) e"‘3t(

where a2 = (v + })? — 2.

Example 9. Case Lo = (V5 + Z1, Vo + Z2,Z3), Z3 = V; + azVg. The generators of Le in Cartesian
coordinates are as follows:

_ 40 )2 P 9
V5+Zl—leat+( 1+ +y?+2%) +cz) g, — ey + gy,

Vot Zo =2+ (v/1+X( x2+y2+22 tez)t —cxl +prul, (112)

Z3= at+"‘3“au

The transversality condition (24) of (112) with rank three is always satisfied. Since the Lie algebra
generated by L is abelian, one can find the invariants of L¢ in any order. The invariants of Z3 are:

my = x,my =y, mz = z,my = ue . (113)

The operators can be given in terms of the variables m;,i =1,...,4 as

Vs + Z1 = (V14 (% + mo? + ma?) + cms) 52 — emaghe + (B1 — az 1) ma 5o,

(114)
Ve + Za = (/T+ (2 + ma? + ms?) + c mz) 5o — i go- + (Ba — a2 a3) mazo-.
Next, the invariants of V5 + Z; are
ny = my,
_ —emzty/ 1+ (my 2+ mp2+m3?)
n2 = 172 (my2+my?) ’ 115)
(az —;s])mz<—cm3+\/1+c2(m12+m22+m32))
13 = nye l+£2(mlz+m22)
In terms of the variables n;,i = 1,2, 3, the remaining operator is
Ve +Zp = niai (52*0{20{3) ngﬁ. (116)
Finally, the invariants of Vg + Z are
1o, 15 e(@28a—F2)mn (117)

Writing the invariants (117) in terms of the original variables gives the joint invariants of Lg as

—czt4 /142 (x2+y2+22
—cz+ I+ 22+ 2+ 2) ue*"“e(AlﬂAzy) (%)

14 c2(x2 +y?) (118)

where A} = apaz — B2, Ap = wja3 — B1.
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Therefore, the invariant transformations are:

ezt 1T R Tt 2 B uew%(f\lHAzy) (M)

_ 14+c2(x242) 119
T4 c2(x2 +y2) (119)
Thus, using (119), Equation (12) can be reduced to the ODE:

7" — Pz + (A3 + A3 —a3)Z =0, (120)
which can be transformed using the transformation w = r, Z(w) = rR(r) to the parametric
Bessel equation:

PR" 4R + (a2 —2?) R =0 (121)
: VA A N
with a = LT g = Vet
Therefore, the solution of (120) is
Z(w) = cywly(aw) + cowYo (aw), (122)

where J, and Y, are the Bessel functions of the first and second kind, respectively. Thus, the invariant

solution of (12) is

cz—/1+c2 (x24y2+22)

—czt Vit +yi+ z2)> Easte(/*l”*‘zy) (W)
14 c2(x2 +y?)

u(t,x,y,z) = Z( (123)

5.2.2. Non-Solvable Subalgebras of £

Example 10. Case L1 = (Vy, Vs, Vs — 2¢V,). By writing L4 in the reduced row echelon form, the fundamental
set of the invariants can be obtained by solving the following system:

01000 I 0
I 0
00100 I, | =0 (124)
00010 L 0
I, 0
Clearly, the joint invariants are f, u. Therefore, the invariant transformations are:
w=t27Z(w)=u. (125)
Thus, using (125), Equation (12) can be reduced to the ODE:
7" =0, (126)
which has the solution
Z(w) = c1+c w. (127)
Thus, the invariant solution of (12) is
u(t)=c1+ce t. (128)
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6. Concluding Remarks and Future Research

Improved algorithms of the expansion method introduced by Ovsiannikov [6] are introduced to
construct the optimal systems of dimension of at most three of non-solvable Lie algebra. The algorithms
are then applied to determine the Lie algebra structure and optimal systems of the symmetries of
the wave equation on static spherically symmetric spacetimes admitting G7 as an isometry algebra,
while joint invariants and invariant solutions corresponding to three-dimensional optimal systems are
also found. The energy density e(u) = }g¥/ u;u; and the corresponding energy of the solutions can be
investigated for physical significance of the wave functions obtained in the examples.

It would be of interest to complete and extend this study by applying the algorithms in this paper
to equations of physical interest on all static and non-static spherically symmetric spacetimes and to
find the corresponding invariant solutions.

Author Contributions: Conceptualization, H.A., A.Y.A.-D. and M.T.M.; Formal analysis, A.Y.A.-D. and M.T.M.;
Investigation, H.A., K.A., A.Y.A.-D. and M.T.M.; Methodology, K.A. and A.Y.A.-D_; Supervision, A.Y.A.-D. and
M.T.M.; Writing—original draft, H.A. and A.Y.A.-D.; Writing—review & editing, K.A., A.Y.A.-D. and M.T.M.

Acknowledgments: The publication of this article was funded by the Qatar National Library. The authors are
thankful to Qatar University and King Fahd university of petroleum and minerals for their continuous support
and excellent research facilities.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Azad, H.; Ziad, M. Spherically symmetric manifolds which admit five isometries. ]. Math. Phys. 1995,
36, 1908-1911. [CrossRef]

2. Bokhari, A.H.; Qadir, A. Symmetries of static, spherically symmetric space-times. . Math. Phys. 1987,
28,1019-1022. [CrossRef]

3. Qadir, A.; Ziad, M. The classification of spherically symmetric space-times. Il Nuovo Cimento B (1971-1996)
1995, 110, 317-334. [CrossRef]

4. Azad, H.; Al-Dweik, A.Y,; Ghanam, R.; Mustafa, M.T. Symmetry analysis of wave equation on static
spherically symmetric spacetimes with higher symmetries. J. Math. Phys. 2013, 54, 063509. [CrossRef]

5. Ibragimov, N.H. Transformation Groups Applied to Mathematical Physics; Springer Science & Business Media:
New York, NY, USA, 2001; Volume 3.

6.  Ovsiannikov, L.V. Group Analysis of Differential Equations; Academic Press: New York, NY, USA, 1982.
Ovsiannikov, L.V. Group Properties of Differential Equations; Siberian Branch, USSR Academy of Sciences:
Novosibirsk, Russia, 1962.

8. Ibragimov, N.H. Optimal Systems of Subgroups and Classification of Invariant Solutions of Equations for
Planar Non-stationary Gas Flows. Master of Science Thesis in Mathematics, Institute of Hydrodynamics,
USSR Academy Science, Novosibirsk State University, Novosibirsk, Rrussia, 1965.

9.  Ibragimov, N.H. Selected Works; ALGA Publication: Karlskrona, Sweden, 2006; Volume II.

10.  Olver, PJ. Applications of Lie Groups to Differential Equations; Springer Science and Business Media: New York,
NY, USA, 2000; Volume 107.

11. Hydon, PE. Symmetry Methods for Differential Equations: A Beginner’s Guide; Cambridge University Press:
Cambridge, UK, 2000; Volume 22.

12.  Azad, H.; Biswas, I; Chatterjee, P. On the maximal solvable subgroups of semisimple algebraic groups. J. Lie
Theory Vol. 2012, 22, 1169-1179.

13.  Ali,S,; Azad, H.; Biswas, I.; Ghanam, R.; Mustafa, M.T. Embedding algorithms and applications to differential
equations. |. Symb. Comput. 2018, 86, 166-188. [CrossRef]

14. Hilgert, J.; Neeb, K.-H. Structure and Geometry of Lie Groups; Springer: New York, NY, USA, 2011.

15. De Graaf, W.A. Lie Algebras: Theory and Algorithms, North-Holland Mathematical Library; Elsevier Science:
Amsterdam, The Netherlands, 2000.

16. Knapp, A.-W. Lie Groups beyond an Introduction, 2nd ed.; Progress in Mathematics; Birkhduser Boston, Inc.:
Boston, MA, USA, 2002.

17.  Azad, H.; Biswas, I. A note on real algebraic groups. Forum Math. 2016, 28, 539-543. [CrossRef]

142



Symmetry 2018, 10, 665

18.

19.

20.

21.

Yuri, B.; Freire, LL. Special conformal groups of a Riemannian manifold and Lie point symmetries of the
nonlinear Poisson equation. J. Differ. Equat. 2010, 249, 872-913.

Libor, S.; Winternitz, P. Classification and Identification of Lie Algebras; American Mathematical Society:
Provence, RI, USA, 2014; Volume 33.

Bluman, G.; Stephen, C.A. Symmetry and Integration Methods for Differential Equations; Springer Science,
Business Media: New York, NY, USA, 2002; Volume 154.

Azad, H.; Biswas, I.; Ghanam, R.; Mustafa, M.T. On computing joint invariants of vector fields. ]. Geom. Phys.
2015, 97, 69-76. [CrossRef]

@ (© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses /by /4.0/).

143



symmetry MBPY

Atrticle
Positive Energy Condition and Conservation Laws in
Kantowski-Sachs Spacetime via Noether Symmetries

Sumaira Saleem Akhtar !, Tahir Hussain ! and Ashfaque H. Bokhari >*

1 Department of Mathematics, University of Peshawar, Peshawar 25000, Khyber Pakhtunkhwa, Pakistan;

sumairamaths@gmail.com (S.5.A.); tahirhussain@uop.edu.pk (T.H.)

Department of Mathematics and Statistics, King Fahd University of Petroleum and Minerals, Dhahran 31261,
Saudi Arabia

*  Correspondence: abokhari@kfupm.edu.sa

Received: 16 November 2018; Accepted: 30 November 2018; Published: 4 December 2018

Abstract: In this paper, we have investigated Noether symmetries of the Lagrangian of Kantowski-Sachs
spacetime. The associated Lagrangian of the Kantowski—Sachs metric is used to derive the set of
determining equations. Solving the determining equations for several values of the metric functions,
it is observed that the Kantowski—Sachs spacetime admits the Noether algebra of dimensions 5, 6,
7,8,9,and 11. A comparison of the obtained Noether symmetries with Killing and homothetic
vectors is also presented. With the help of Noether’s theorem, we have presented the expressions for
conservation laws corresponding to all Noether symmetries. It is observed that the positive energy
condition is satisfied for most of the obtained metrics.

Keywords: Noether symmetries; conservation laws; Kantowski-Sachs metric

PACS: 04.20.]b

1. Introduction

Einstein’s field equations (EFEs), G,, = kT, are ten-tensor equations, which describe the
gravitational effects produced by a given mass in a spacetime. In these equations, the stress-energy
tensor Ty, gives the distribution of energy and momentum, k represents the gravitational constant,
while G, expresses the spacetime curvature and is known as the Einstein tensor. Moreover, the Einstein
tensor G, can be expressed as G,, = R — % Sap, Where R,;, = the Ricci tensor, g,, = the metric tensor,
and R = the Ricci scalar.

The quantities R,; and R appearing in the EFEs are built up from g, and its partial derivatives.
In this way, the EFEs form a system of partial differential equations. A Lorentz metric g, is regarded
as an exact solution of EFEs if it is obtained by solving the EFEs exactly in closed form and is
conformable to a physically realistic T,;,. Finding the exact solutions of EFEs is not an easy task
unless some simplifying assumptions are employed. Therefore, only a few physically meaningful
solutions of these equations are found in the literature [1]. Among the approaches followed for
obtaining the exact solutions of EFEs, the most popular is to use some symmetry restrictions on the
tensor g,;,. These restrictions are mathematically expressed as Lxg,, = 0, where X is called a Killing
vector (KV) and £ denotes the Lie derivative operator. It is well known that every KV corresponds
to a conservation law. A large body of the literature is devoted to the investigation of KVs and
corresponding conservation laws in spacetimes [1-3].

The symmetries of tensors other than the metric tensor are usually referred to as collineations.
Some examples of collineations include curvature collineations (LxRj.; = 0), Ricci collineations
(LxR,p = 0), and matter collineations (LxT,, = 0). These collineations have also been thoroughly
discussed [4-9].
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Apart from the conventional symmetries defined above, the idea of another type of symmetry,
known as Noether symmetry (NS), was given by Emmy Noether [10]. According to Noether’s theorem,
if the Lagrangian of a system admits a continuous symmetry, then this symmetry corresponds
to a conservation law. Consequently, if a system remains unchanged under time translation and
spacial translations and rotations, this theorem yields the conservation of energy and linear and
angular momenta.

The study of NS is important due to the fact that it usually provides the additional conservation
laws, not given by KVs. If the Killing and Noether algebras are denoted by K(M) and N(M),
respectively, then K(M) C N(M). The NS have also a close link with homothetic vectors (HVs).
In fact, if X is an HV, thatis £xg,, = 2iPgap; P being a constant, then X + 2¢ud, is a Noether symmetry
associated with X. Here, u is the geodesics parameter of the world line of a point particle moving in
a spacetime. Conversely, if X 4 2ipud, is an NS, then X is an HV, provided that X is independent of
u [11]. A Noether symmetry that is neither a KV, nor associated with an HV is known as a proper
Noether symmetry.

NS and their comparison with Killing and homothetic vectors have been studied for some
well-known spacetimes. A comparative study of KVs and NS for the conformally-flat Friedmann
metric was provided in [12], and it was concluded that this metric admits proper NS. Considering
some specific spherically-symmetric metrics, Bokhari et al. [13] conjectured that the NS of the
Lagrangian provide additional conservation laws. The NS of some other physically-important
spacetimes were examined by different authors. Camci [14] studied the NS of geodesic motion
for the geodesic Lagrangian of the metric of Godel spacetimes. Camci and Yildirim [15] worked on
the NS of the geodesic Lagrangian for some classes of pp-wave spacetimes. Hickman and Yazdan [11]
studied NS in Bianchi type II spacetimes. They have shown that the Noether algebra of Bianchi type II
spacetimes contain Killing, as well as homothetic vectors. Ali et al. [16-18] worked on the classification
of different spacetimes via NS including static plane, static spherical, and static cylindrically-symmetric
spacetimes. Jamil et al. [19,20] worked on the complete classification of non-static plane and non-static
spherically-symmetric spacetimes via NS. Paliathanasis et al. [21] established a relation between the Lie
symmetries of the Klein-Gordon equation and conformal Killing vectors of the underlying geometry,
where they also stated that the resulting Lie symmetries of the conformal algebra are also NS. Tsamparlis et
al. [22] stated that for dynamical system whose equations of motion are of the form % + T7, i 4 f(x%);
f(x") being an arbitrary function of its argument, the computation of Lie and Noether symmetries reduces
to the problem of finding the special projective collineations. Recently, the Bianchi type V and non-static
plane symmetric spacetimes were completely classified via their NS [23,24].

It is important to mention here that the formulation of conservation laws may not require the
Lagrangian of the system. As an example, one can see the work of Ma et al. [25], who have recently
established a result giving the direct formulation of conservation laws for differential equations
including the heat equation, Burgers’ equation, and the Korteweg-de Vries (KdV) equation, regardless
of the existence of a Lagrangian. The same authors also discussed the existence of lump solutions
involving free parameters for some nonlinear partial differential equations that present Lie symmetries
and that may generate associated conservation laws [26].

The Kantowski-Sachs spacetime describes a spatially-homogeneous and anisotropic universe
model that admits an isometry group G4 acting on homogeneous spacelike hypersurfaces. As the
Kantowski—-Sachs metric is of great interest and there is a great deal of information about this
metric scattered throughout the literature, it would be useful to investigate the NS possessed by
the Lagrangian of this metric and their relation with Killing and homothetic vectors.

For a physically-realistic spacetime, its energy density, represented by Tpp, must be non-negative.
This condition is usually referred to as the positive energy condition. The positive energy condition is
important because if one allows both positive and negative energy regions, the empty vacuum may become
unstable. In this paper, we classify the Lagrangian of the Kantowski-Sachs metric according to its NS and
check the positive energy condition for the obtained models admitting different algebras of NS.
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2. Determining Equations

The Kantowski-Sachs metric is given by [27]:
ds? = di2 — A2(t)dr® — v2(t) (d92 + sin? 9d¢2) ) 1)

where the functions A(t) # 0 and v(t) # 0 depend on f only. The minimum KVs admitted by the
above metric are:

X1 = 9, Xa=0y,
X3 = sin¢gdg + cotdcos Py,
Xy = —cosddg+ cotfsinpdy. ()

One may use the EFEs with k = 1 to get the following non-zero components of T;.

1 243 2 47,1 3
Too = W(a A3 4 202000 +/\>,
_ 1 201 222 | 22
T = 220/\2}-{—)\0 + A7,
v
v
Ty = - (/\37)//+/\ZU/A/+U)L2/\//>,
T33 = sin29 T22, (3)

where the primes on metric functions denote their derivatives with respect to t. The usual Lagrangian
L corresponding to the Kantowski-Sachs metric (1) is given by:

L= A2 (H)i* — (1) <92 + sin? 94)2) , 4)

where the dot represents the derivative with respect to the parameter u of the world line of a point
particle moving in Kantowski-Sachs spacetime. The Lagrangian for this point particle, given in (4),
represents the square of the Lagrangian for the action principle that leads to geodesics by minimizing
the spacetime metric [ ds = \/gup d);ﬂ ”f;;b du [28]. It may be noted that the coefficients of the quadratic
terms in ddﬂ dx represent the components of the metric.

A vector fleld X =1y a + XZ is called an NS if the Lagrangian of a physical system remains
invariant under the action of X such that the following condition holds:

XWL + L(Dy) = DF, )
where: 5
1 = i
XW = x4+ X = % (6)

is the first prolongation of X such that X, = DX’ — %;Dy. Here, D denotes the total differential
operator, given by:
9 ., 0

Moreover, i, X, and F all depend on the variables (,x;), where x; = (t(u),r(u),0(u), ¢(u)).
The function F is known as the gauge function. Once we find the NS and corresponding gauge function,
we can use Noether’s theorem to find the corresponding conservation laws in the following way:

1:17L+<Xi—xi77)%—F. ®)
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We use the Lagrangian given in Equation (4) in the equation defining the NS, that is Equation (5),
to get the following set of 19 equations.

Fu=ng=np=1nr=1n = 0, )
2X} = (10)

VX4 2AXE = Ay, 1)

20'X0 + 20X = o, 12)
X)-A%xL = o, 13)

Xy-o’Xi = 0, (14)

Xg, — v%sin? 9X’3, = 0, (15)
AXy+0°X3 = 0, 16)

VXl +07sin® X5, = 0, 17)

X4 +sin? 60Xy = 0, (18)

20'X° 4+ 20cot X + 20X = vn 19)
2X9, = Fy (20)

2M°X), = —F, @1)

27X5, = —Fp (22)

20%sin? X3, = —Fy. 3)

The solution of the above system of equations would give the values of the components of
the vector field generating NS and the metric functions A and v. Consequently, the corresponding
Kantowski—Sachs metrics may represent the exact solutions of EFEs. We omit writing the basic
calculations and present the list of metrics, their NS, Lie algebras, and the corresponding conservation
laws of all symmetries in the forthcoming sections. The bounds for the positive energy condition and
the singularity of the Ricci scalar are also discussed for all the obtained metrics.

3. Five Noether Symmetries

The minimal set of NS admitted by the Lagrangian of the Kantowski-Sachs metric is:

Xo = du, X1=09;, X2 = a(p/
X3 = sin¢gdg + cotdcos Pdy,
Xy = —cos¢dg+ cotdsinddy. (24)

Out of these five NS, four are the basic KVs of the Kantowski-Sachs metric and X is the symmetry
corresponding to the Lagrangian. Here, X, represents the translation of geodesics parameter u and X;
is the translation of spatial coordinate r. The generators X, X3 and X, form a Lie subalgebra for the
rotation group SO(3). The values of the Kantowski-Sachs metric functions for which the corresponding
Lagrangian admit the above minimal NS are given in the following Table 1:

Table 1. Exact form of metrics admitting five Noether symmetries (NS).

No. A(t) o(t)

3a AN #0 0" # 0and v # cosh t
3b A # sinht v = cosht

3c A" #0 v =const. = ¢

3d A=+Vat2+2bt+c a#0, v = const. = ¢
3e A =+2bt+c v =const. =

The corresponding Lie algebra for generators given in Equation (24) is:
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[Xg,, Xz] = X4, [Xz, X4] = X3, [X4, X3] = Xz, [X[, X]] = O, otherwise.

Using Equation (8), the conserved forms of these NS become:

Iy = —P24+A%t) P2 +0%(t) 6% + () sin® 6 ¢,
L= —2A%(1)#?,
L = —20%(t)sin’8 ¢,
I, = —20%(t)(sing 0+ cosfcos¢sind ),
3l
L - 2.
4 39 (25)

The energy density and the Ricci scalar for Models 3a and 3b are obtained as Ty = 1;’/2 + Z/D\;\”,
and R = — 2+ (20A0” + 0*A" + 200'\’ + Av/? 4 1) . One can observe that the positive energy condition
is satisfied if /\7/ and %’ have the same signs. Moreover, the Ricci scalar remains non-singular for ¢ — 0.

For the remaining three models, the energy density and the Ricci scalar are given by:

1 AT
To==, R=-2(%+= 2
0=z <A+§2>’ (26)
such that the energy remains positive for any arbitrary non-zero ¢ and the Ricci scalar is regular for
any function A.

4. Six Noether Symmetries

The Lagrangian of the following Kantowski-Sachs metric admits six NS:
ds® = di? — 22dr® — (1) (d92 + sin? 9d¢2> , 7)

where 7 is a non-zero constant, v # 0 and v # cosh t. Out of these six NS, five are the same as given
in Equation (24) and one extra Noether symmetry is given by:

X5 = 59, F=—2r.
r
The conserved form for this symmetry is Is = —2(u# — r). The corresponding non-zero

commutator is [Xo, X5] = %XL

The metric (27) is non-conformally flat, and its energy density is obtained as Tpg = 1';;’ & , which is
always positive. The Ricci scalar is given by R = —U% (1+ 02+ 200" ), which has no singularity at

the origin.

5. Seven Noether Symmetries

There are seven metrics whose Lagrangian admit a seven-dimensional algebra of NS. Table 2
contains all these metrics along with the two extra NS, other than the minimal NS given in (24), their Lie
algebra, and the corresponding conserved quantities.
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oy =[x 9 0+ 110)ig— =9 ‘o4 =9
X =[x 9x] 4 5% o+ 1T)ug i e4=9x &l 0# v ()
T,
Ty = —ovm Qu& 0y = _mum \ovg :Sg +n =9 o Nuﬂwﬁ + on = e wnug «.ANm + “Huv
Gy — . 1 — 1oz -
X =[x "x] @ T =00 femryms +en = %A v=n 044 (18)2
X = Px0x] X = I %~ 5~ e 1w = 4 i = 4 Yo + e =
— [Sy~ d — _up T gp
xd =[x x] bt + 5 1T =01 ey e Tl =X 0# 4 i @
ox =[x "x] "xd =[x *x] hggide+ 1T =1 ‘e4d — e =X
29— 9 ‘olug)sod (1g)quer + te(ug)uis =X (s ane
(1)£ 9sed uI se awreg 4(4g)urs (3g)qurs (3g)ysoo g + 3(4g)sod g = ‘o(ug)urs (39 )quey — Jp(ug)sod = Sy
ey _ _ —
1= ‘eltg)usod (1) o> = RUIMIS =X oy g giGgiqus e
(1) ased ut se aureg 4(4g)qus (1) qus (16)usod 7 + 3 (4 )usod g = S “e(4g)qus (1) oo — Je(4gf)ysod = £x
Hi= ‘e(u)usod ()umr + LS =K L e
(1)£ 9sed U1 se awres 4(4g)qurs (3g)us (3g)sod g — (4¢)ysod g = S ‘o(ag)qurs (1g)uey + Jp(4g)ysod = Sx
Iyd — [Sy 19 dd _g 3 —9
X9 = [X "] A ‘elig)us> (19100 = QUM =X oy g ugigms
“ixd =[x Ix] Oxg = [XIX]  4(4g)yqurs (sg)urs (¢)so0g + J (4 )usoog = 5 ‘e(4g)yus (1g)100 — fe(4g)ysod = €x
e1qad[y ar1 SjueLIRAU] SILIPWIWAG I9YJ2ON (2)n (1)v ‘ON

"SOLI}OWIIAS ISU}P0N USASS Sumjruupe SOLIPIA g d[qeL
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The metric 7(i) is non-conformally flat, whose NS other than the minimal set of NS are KVs. Here,
the generators X;, X5 and X¢ form a Lie algebra for the rotation group SO(3).

Similarly, the metric 7(ii) is non-conformally flat, and it admits seven NS, five of which are the
same as given in (24), and the remaining two are KVs, represented by X5 and Xe.

The energy density and the Ricci scalar for the models 7(i) and 7(ii) are obtained as Tpy = % and

R=2 < g% — %) . The positive energy condition clearly holds, and the spacetimes remain regular at
the origin, as the Ricci scalar is constant.

The non-conformally-flat metric 7(iii) admits five NS as given in (24) along with two extra KVs,
which are represented by X5 and X,.

The Weyl tensor for the metric 7(iv) has non-zero components, and hence, it is non-conformally
flat. This metric possesses seven NS, out of which five are the same as given in (24) and the extra two
are KVs.

The metric 7(v) is non-conformally flat, which admits two extra NS X5 and X4, which are KVs.

The energy density Ty and the Ricci scalar R for the models 7(iii), 7(iv), and 7(v) are:

1 1
Too=—, R=-2 2+—>, 28
0 =2 <ﬁ 7 (28)

such that the positive energy condition is satisfied and the Ricci scalar is non-singular at the origin.
There exist two extra NS other than the minimal set of five NS for the non-conformally-flat metric
7(vi). The Noether symmetry Xg corresponds to a homothetic vector Clé%at, with the homothetic

constant ¢ = 1. For this model, the energy density and the Ricci scalar become:

Tog = 1+3c3 , R:_2(3c%+1). 29
(1t + ¢0)? (c1t 4 ¢p)?
For any non-zero values of ¢; and ¢, the energy density is positive and the Ricci scalar remains
non-singular at t — 0.
Finally, the metric 7(vii) is non-conformally flat, which admits the minimal set of five NS along
with two extra NS X5 and Xg. Here, X, is a KV, and X5 corresponds to a homothetic vector Clé%at,

with the homothetic constant ¢ = 1. The energy density and Ricci scalar for this metric are given as:

o+ 3C%tx — 4c%ﬁ B 2(3(:%&2 — 6c%1x‘3 + 46%52 +a?)

alcit+c)? a2(c1t +¢p)?

Too = (30)
For ¢y # 0, the Ricci scalar has no singularity when t — 0. The energy density may vary for
different values of the constants involved in Ty. The following two graphs in Figure 1 show positive
and negative energy density for some particular choices of the values of these constants.
As far as the case in which the positive energy condition is not met, it could represent an
accelerated phase of expansion that may possibly be attributed to the dark energy.
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6. Eight Noether Symmetries

The following is only one Kantowski-Sachs metric whose Lagrangian admits eight NS:
ds? = df? — 72dr? — (at + B)? (d92 + sin? 9d¢2) , (31)

where & # 0 and ¢ # 0. The Weyl tensor for the above metric has non-vanishing components,
and it is non-conformally flat. The set of eight NS for this metric contains the set of minimal five NS,
given in (24), and the remaining three symmetries are:

u? u(at + B) ur 2 Bt 12?2
X5 = ot =m0t 50 F=g4Tr -
Xe = —sd; F=-2r,
P
_ at+p T
X7 = ud+ L+ 5o (32)

Out of the above three NS, X7 corresponds to a homothetic vector, given by 'X;ﬁ ot + 50
The conserved form for these symmetries and Lie algebra are listed below:

2

_ W . 22 2002 | 2052 u(at+p)E 5 2t P
I = 2( 2 4+ 922 + (at + B)2(62 + sin 9¢))+ n ury’t =5 =24 L
I = —2uir+2r,
I, = u (ffz + 9% + (at 4 B)?(6% 4 sin? 94)2)) + (D‘%ﬁ)t — o, (33)

2
(X0, Xs] = X7, [Xo,X7] = X0, [Xo,Xe] = 55 X1, [X1,Xs] = 5 Xe,
(X1, X7] = 3X1, [X7,Xs] = X7, [X7,X6] = 3Xs.

2

The energy density and the Ricci scalar for Model (31) are respectively given by Tog = ﬁ and
R=— (mii)Z Here, the positive energy condition holds, and for t — 0, the scalar R remains regular

if B # 0.
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7. Nine Noether Symmetries

Here, we present some Kantowski-Sachs metrics, whose Lagrangian admits nine NS.
(1).  ds? = df* — B2dr* — cosh?t (d92 + sin? 9d¢2) ) (34)
where 8 # 0. The Weyl tensor for the above metric vanishes, and hence, it is conformally flat. The set

of NS for this metric contains the minimal set of five symmetries given in (24), and four extra NS are
admitted, which are listed below:

X5 = wudy; F=-2r,

Xe¢ = sin@sin@o; + tanht cos 0 sin ¢pdg + csc 0 tanh t cos Ppdy,

X7 = —sinfcos$d; — tanhtcos 6 cos pdg + csc O tanh £ sin Pdy,

Xg = —cosfo;+ tanhtsin 60g. (35)

Here, X¢, X7, and Xg are KVs, while X5 is a non-trivial Noether symmetry. The Lie algebra in this
case gives:

[Xo, X5] = X1, [Xe, Xo] = [X4, Xg] = X7, [X2, X7] = [X3,X5] = Xe,
[Xe, X3] = [X7, Xu] = X3, [Xe, X7) = X, [Xe, Xs] = X3, [X7, Xg] = Xy,

and the conservation laws are:

Is = —2(up® —r),
I = 2sinfsin¢@f — 2sinhtcosht(cos fsin$é + sin @ cos @),
I; = —2sinfcos @i+ 2sinhtcosht(cos 6 cos pd — sin O sin dp¢),
Is = —2cosfi —2sinhtcosh sin 66. (36)
The energy density and Ricci scalar for the metric (34) are respectively given by Tpp = 1 and
R = —6, such that the positive energy condition is satisfied and R is regular at the origin.
(2).  ds* = di* — aPdr® — B?(d0 + sin® 0d¢?), (37)

where a # 0 and B # 0. For the above metric, the Weyl tensor has non-zero components. The extra
four NS other than the minimal set of NS, given in (24), for this metric are:

X5 = o,
Xy = —ud; F=-2t,
X; = 53 F=-2r,
w
t
Xs = 1+ 0. (38)

Here, X5 and Xy are KVs, while X and X7 are non-trivial NS. The Lie algebra and the conserved
quantities are given as:
[Xe, Xo] = [Xs, X1] = X5, [Xo,X7] = [X5,Xg] = 5 X1,
[Xs, Xs] = X7, [Xs, X7] = 5 X6

Is = 2f Ig= —2uf+2t, I; = —2ui+2r,
Is = 2rf—2ti (39)
The corresponding Tpp and R for the above metric are given by Ty = é and R = —ﬁz—z. Clearly,

the energy density is positive for any value of 8, and the Ricci scalar is regular at the origin.
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(3).  ds* =dt> — (at+ B)2dr* — &2(d6? + sin® 0d¢?), (40)

where ¢ # 0. The above metric is non-conformally flat, and it admits the following four NS along with
five minimal symmetries, given in Equation (24).

_ L . po_ 2
X5 —u cosh(ar)d; + P sinh(ar)d,; F = . cosh(ar),
X¢ = —usinh(ar)os + L cosh(ar)oy; F = _2 sinh(ar)
6 — t DétJr‘B rr = o i
inh(ar
Xy = cosh(ar)o; — %ar,
. cosh(ar
Xg = sinh(ar)o; — W(ﬁ)a,. (41)

From the above, one can see that X5 and X are non-trivial NS, while X7 and Xg are KVs. In this
case, the Lie algebra becomes:

(X5, Xo] = X7, [Xe,Xo] = X3, [X1,X5] = aXg,
[X1, Xe] = aXs5, [X1,X7] = aXs, [X1,Xg] = aX.

The conserved forms of the symmetries are given as follows:

Is = —2u(cosh(ar)t+ (at + B)sinh(ar)i) + % cosh(ar),
105
b = o
I; = 2(cosh(ar)i+ (at+ B)sinh(ar)?),
101
Ig 2or (42)

2

For the above model, we have Tyg = 5,17 and R = — z such that the energy density is positive and

the Ricci scalar has no singularity at the origin.

8. Eleven Noether Symmetries

For A = sinh f and v = cosh t, we have the following Kantowski-Sachs metric, whose Lagrangian
admits eleven NS:
ds? = dt? — sinh® t dr? — cosh? t(d6? + sin® 0d¢?). (43)

This metric has a zero Weyl tensor, and hence, it is conformally flat. The energy density and
the Ricci scalar for the above model are obtained as Tpp = 3 and R = —12. Here, the positive energy
condition is clearly satisfied, and R is non-singular at the origin. The extra six NS (KVs) for the above
metric are as follows:

X5 = sinfsin¢(sinhr d; — cothtcoshr d,) + tanh t sinh r(cos 8 sin ¢ dg -+ csc cos ¢ 9y,
Xe = same as X5 with sinhr <> coshr
X7 = —sinfcos¢(sinhrd; — cothtcoshrd,) — tanh t sinh r(cos 6 cos pdg — csc O sin ¢pdy),
Xg = same as Xy with sinhr < coshr
X9 = —cosf(sinhrd; — cothtcoshr d,) + tanh f sinh 7 sin 69y,
Xj9p = same as X9 with sinh7 < coshr (44)

One may easily simplify Equation (8) to find the expressions for the corresponding conservation
laws for the above generators. The Lie algebra in this case is obtained as:
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(X1, Xs5] = X6, [X1,Xe] =X5, [X1,X7]=Xs, [X1,Xs] =Xy, [X1,Xo] = Xy0,
X1, X10] = Xo, [X5,X2] =Xy, [Xe,Xo] =Xs, [Xo,X7]=Xs5, [Xa,Xs] =X,
X5, X3] = Xo, [Xe, X3] =X10, [X3,X0]=Xs5, [X3,X10]=Xe, [X7,X4]=Xo,
[Xs, X4l = X10, (X4, Xo| =Xz, [Xg,X10] =Xs, [X5,Xe]=X1, [X7,Xs5] =X,
[Xo,Xs5] = X3, [Xe, Xs] =X2, [Xe,X10]=X3, [X7,Xs]=X1, [Xo,X7]=Xy,
[Xs, X10] = X4, [Xo, X10] = X1,

9. Summary and Discussion

In this paper, we have classified the Lagrangian of the Kantowski-Sachs metric via its NS. The set
of determining equations is obtained and then integrated in several cases. It is observed that the
Kantowski-Sachs metric admits a 5-, 6-, 7-, 8-, 9-, or 11-dimensional Lie algebra of NS for different
values of the metric functions. The number of non-trivial NS for this metric is shown to be one, two,
or three, while the number of KVs is found to be 4,5, 6,7, or 10.

We have found five different metrics, each admitting the minimal set of five NS, out of which
four are the minimum KVs of the Kantowski-Sachs metric and one is a non-trivial Noether symmetry,
which is 9. The gauge function is trivial here.

There is only one metric (27) that admits six NS. This set of six NS contains the minimal set of five
NS along with one extra Noether symmetry with the gauge function F = —2r.

In the case of seven-dimensional Noether algebra, we have obtained seven different metrics.
For the first five metrics, 7(i)-7(v), we have six KVs and one Noether symmetry 9,,, with a trivial gauge
function. For metric 7(vi), we have the minimal set of NS along with two extra NS, given by X5 and Xs.

The gauge function corresponding to Xj is found to be F = t(”;%lz”) It can bee seen that the Noether

symmetry X, for this metric corresponds to an HV C]Zrch ¢, with homothetic constant ¢ = % Similar
results are obtained for the metric 7(vii). Here, the number of KVs is five.

There exists only one metric (31) possessing eight NS, of which five are the minimal NS for the
Kantowski-Sachs metric, and three extra NS are obtained, which are presented in (32). One of these
three NS, denoted as X7, corresponds to an HV Mz';ﬁ dt + %8,. The number of KVs for this metric is
only four.

In the case of the nine-dimensional Lie algebra of NS, we have found three metrics (34), (37),
and (40). For the metric (34), we have the minimal set of five NS along with four extra symmetries,
of which three are KVs and one is a non-trivial Noether symmetry u0, with the gauge function F = —2r.
The number of KVs in this case is seven. For the remaining two metrics (37) and (40), we have six KVs
along with three non-trivial NS.

Finally, we have only one metric (43) where the dimension of the algebra of NS is 11. Out of eleven
NS, ten are the KVs, and there is only one non-trivial Noether symmetry, given by d,,.

For almost all the obtained metrics, it is observed that the positive energy condition is satisfied,

and the corresponding Ricci scalar has no singularity at the origin.
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Abstract: The F(R,G) theory of gravity, where R is the Ricci scalar and G is the Gauss-Bonnet
invariant, is studied in the context of existence the Noether symmetries. The Noether symmetries of the
point-like Lagrangian of F(R, G) gravity for the spatially flat Friedmann-Lemaitre-Robertson-Walker
cosmological model is investigated. With the help of several explicit forms of the F(R, G) function
it is shown how the construction of a cosmological solution is carried out via the classical Noether
symmetry approach that includes a functional boundary term. After choosing the form of the F(R, G)
function such as the case (i) : F(R,G) = foR" + goG™ and the case (ii) : F(R,G) = foR"G", where n
and m are real numbers, we explicitly compute the Noether symmetries in the vacuum and the
non-vacuum cases if symmetries exist. The first integrals for the obtained Noether symmetries allow
to find out exact solutions for the cosmological scale factor in the cases (i) and (ii). We find several new
specific cosmological scale factors in the presence of the first integrals. It is shown that the existence of
the Noether symmetries with a functional boundary term is a criterion to select some suitable forms
of F(R,G). In the non-vacuum case, we also obtain some extra Noether symmetries admitting the
equation of state parameters w = p/p suchas w = —1,—-2/3,0,1 etc.

Keywords: Noether symmetry approach; FLRW spacetime; action integral; variational principle;
first integral; modified theories of gravity; Gauss-Bonnet cosmology

1. Introduction

Recent observational data indicate that the current expansion of the universe is accelerating [1-8],
not only expanding. Then this acceleration is explained by the existence of a dark energy, which
could result from a cosmological constant A as the simplest candidate with the equation of state
parameter wp = —1, or may also be explained in the context of modified gravity models. The nature
and origin of the dark energy has not been persuasively explained yet. In addition to the cosmological
constant, there are different kinds of candidates for dark energy such as quintessence or phantom in
the literature, and it is not even clear what type of candidates to the dark energy occur in the present
universe. Therefore, there have been a number of attempts [9-15] to modify gravity to explain the
origin of dark energy.

A possible modification of the standard general relativistic gravitational Lagrangian includes
a wider number of curvature invariants R, R; jRij and R,-jklRifkl among others. In the so-called
Gauss-Bonnet (GB) gravity theories the gravitational Lagrangian consists of a F(R,G) function,
where the GB invariant G is defined as G = R? — 4Rinij + RijklRijkl . Considering the GB invariant G
in dynamical equations one can recover all the curvature budget coming from the Riemann tensor.
Due to of the fact that the GB invariant comes out from defining quantum fields in curved spacetimes,
it should be important to take it in the context of the extended theories of gravity. It is shown in
[13] that the quintessence paradigm can be recovered in the framework of F(R, G) theories of gravity.
The F(R, G) gravity theories are generalizations f(R) and f(G) theory of gravities which are offered
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by higher order gravities, and use combinations of higher order curvature invariants constructed from
the Ricci and Gauss-Bonnet scalars. In [14], some classes of F(R, G) gravity have been studied with
respect to the successful realization of the dark energy and of the inflationary era. We refer to readers
the latest review [15] on developments of modified gravity in cosmology, emphasizing on inflation,
bouncing cosmology and late-time acceleration era.

If a Lagrangian £ for a given dynamical system admits any symmetry, this property should
strongly be related with Noether symmetries that describe physical features of differential equations
possessing a Lagrangian £ in terms of first integrals admitted by them [16,17]. This can actually be
seen in two ways. Firstly, one can consider a strict Noether symmetry approach [18-21] which yields
£xL = 0, where £x is the Lie derivative operator along X. On the other side, one could use the classical
Noether symmetry approach with a functional term [22-25] which is a generalization of the strict Noether
symmetry approach in the sense that the Noether symmetry equation includes a divergence of a
functional boundary term. The classical Noether symmetry approach was originally established by
Emmy Noether [26] and it gives a connection between a Noether symmetry and the existence of a
first integral expressed in a simple form. Not only the classical Noether symmetries but also the strict
ones are useful in a variety of problems arising from physics and applied mathematics. Both types
of symmetries lead to the first integrals. Which type of symmetry works, i.e., gives any conserved
quantity, in the first instance this is what is important. The classical Noether symmetries are directly
related with the conserved quantities (first integrals) or conservation laws [17]. The strict Noether
symmetry approach represents how Noether’s theorem and cyclic variables are related. It is known
that the conserved quantities are also related to the existence of cyclic variables into the dynamics
by the strict Noether symmetry. However, it is usually required a clever choice of cyclic variables
because of that the equations for the change of coordinates have not a unique solution which is also
not well defined on the whole space, and thus it is not unique to find those of the cyclic variables
(see References [27] for details). Furthermore, we refer to the interested readers the recent review on
symmetries in differential equations [28].

The cosmological principle assume that the universe is homogeneous and isotropic
in large scale structure and the geometrical model that satisfies these properties is
Friedmann-Lemaitre-Robertson-Walker (FLRW) spacetime. In [19], it has been discussed the strict
Noether symmetry approach for spatially flat FLRW spacetime in GB cosmology, where it was pointed
out that the existence of Noether symmetries is capable of selecting suitable F(R, G) models to integrate
dynamics by the identification of suitable cyclic variables. After this work, the classical Noether
symmetries of flat FLRW spacetime have been computed by [25], where the authors were used Noether
symmetries as a geometric criterion to select the form of F(R, G) function. Due to the richness of the
classical Noether symmetry approach, we deduced throughout this study that it is better to use the
classical Noether symmetry approach to find Noether symmetries in F(R, G) gravity as in [25], rather
that the approach used in [19]. If there exists any Noether symmetry with a selection of physically
interesting forms of F(R, G) function, then this allows us to write out the constants of motion which
reduce dynamics. Furthermore, the reduced dynamics results exactly solvable cosmological model by
a straightforward way. In fact, choosing an appropriate F(R, G) Lagrangian, it is possible to find out
conserved Noether currents which will be useful to solve dynamics. This approach is very powerful
due to the fact that it allows us to find a closed system of equations, where we do not need to impose
the particular form of F (R, G) which is selected by the classical Noether symmetry itself. To this aim,
it is possible to consider flat FLRW background metric and demonstrate that it is possible to find exact
solutions via the Noether Symmetry Approach. In this study we again underline the generality of
Noether’s Theorem in its original form by considering the standard cosmological model.

This paper is organized as follows. In the following section, we will present an analysis of
the classical Noether symmetry approach including a boundary function for the point-like F(R, G)
Lagrangian according to the spatially flat FLRW background. In Section 3, we will apply the classical
Noether theorem to the F(R, G) Lagrangian obtained in Section 2 for the flat FLRW model. In Section 4,
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we classify the Noether symmetries with respect to some specific forms of F(R, G), and search the
cosmological solutions of F(R, G) gravity by considering both the vacuum and the non-vacuum cases.
Finally, in Section 5, we will provide a summary of the main results obtained in the paper.

2. F(R, G) Gravity

In this section we briefly present the general formalism of F(R, G) gravity. The action for F(R, G)
gravity is given by

5= / dtr/~g {;?F(R,G) L, )

where k2 = 871Gy, Gy is the Newton constant and £, represents the matter Lagrangian. Variation of
the action (1) with respect to the metric tensor g;; we obtain the modified field equations

1
FrGyj = T} + 58ij(F = RFg) + ViVjFg — 8;j01Fg

+ Fo (= 2RRyj + 4RyRE — 2R Ry, + 488" Ry R )

)
+2(ViV;Fg) R —2g;; (OFg) R+ 4 (OFg) R;j — 4 (Vi V,Fg) Rjk —4(ViV;Fg) R
+ 481] (VkVIFG) Rkl —4 (VZV,,FG) gklgmnRik]'m,
where we have defined the following expressions
Fo = JoF(R,G) E. = BF(R,G). 3)

oR ~ °C 9G

In the above field equations, V; is the covariant derivative operator associate with g;;, ] = FEAVAY jis
the covariant d’Alembertian operator, and T} describes the ordinary matter. It is clear from the field
Equation (2) that the form of F(R, G) determine the dynamical behaviour of the theory.

In this study, we consider the spatially flat FLRW metric

4> = ~df +a(t)? (@ + dy? + d2?) @

where a(t) is the scale factor of the Universe. Then, the Hubble parameter H is usually defined by
H = a/a,and R and G become

i a2 ) ) a2 2 [ 5
R76<E+a—2)76(H+2H), G =245 —24H (F+H2), ®)

where the overdot denotes a derivative with respect to the time coordinate, ¢. For a perfect fluid matter
with comoving observer u; = (5?, the energy momentum tensor is Tj; = (0 + p)u;u; + pgij, where p is
the energy density and p is the isotropic pressure measured by the observer u;. Let us assume that the
matter fluid will be given under the form of a perfect fluid with the equation of state p = wp satisfying
the standard continuity equation o + 3(1 + w)pa/a = 0 which yields a solution p = p,ea 31+®),
where p,, is the energy density of the present universe, and w is a constant parameter. Thus, in the
flat FLRW background with a perfect fluid matter, the field Equation (2) for the F(R, G) gravity are
given by

3Fe D = + LRy + GFs — F) — 3B % — 128, © 6)
R3 = o 5 URIR G R G5
2 a2 b 1 - afid. 2.
Fr (; + a7> = —K p+§(RFR+GFG *F) 72FRE — Fg 74; (EFG + ;FG> . (7)
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In terms of the Hubble parameter H, the gravitational field Equations (6) and (7) for F(R, G)
gravity have the following form

2
K .
H? = FPef 2HAE 3H? = =" peyy, (8)

where p,fr and p, s are respectively the effective energy density and pressure of the universe, which
are defined as

1 1 . .
beis = {p+ﬁ [RPR+GFG — F—6HIg 724H3FG]}, )
1 1 . . . .
s = {p + 33 [F — RFg — GFg +4HFg + 2Fg + 16H(H + H?)E + 8H2FG} } . (10)

Here we observe from (8) that p.ss + perf = — 5 H.

3. Noether Symmetry Approach

Recently the strict Noether symmetries of GB cosmology for the flat FLRW spacetime have been
calculated, and choosing some functional form of the F(R, G), the Noether symmetries related to these
functional forms have been achieved [19]. Afterwards, the classical Noether symmetries have also
been calculated by [25]. Both of these studies were performed in the vacuum case. In this work, after
reviewing the vacuum case, we aim to generalize these studies to the non-vacuum case using the
classical Noether symmetry approach described below.

The Noether symmetry generator for any point-like Lagrangian £ is

_ 9 1 9 o 9 . 3 9
X = C(t,a,R,G)at +7 (t,a,R,G)aa +7 (t,a,R,G)aR +7 (t,a,R,G)aG, (11)
if there exists a function K(t,4, R, G) and the Noether symmetry condition
XYL + £(Dig) = DiK 12)

is satisfied, where Dy = % + qia%i is the total derivative operator and X!l is the first prolongation of
Noether symmetry generator X, i.e.

i i\ 9
XU = x4 (t,q,q)a—qi (13)

where 7/(t,q5,4") = D' —§'Di&, ¢ = {a,R,G} are the generalized coordinates in the
three-dimensional configuration space Q = {4',i = 1,2,3} of the Lagrangian, whose tangent space is
TQ = {4, 4'}. The energy functional E, or the Hamiltonian of the Lagrangian £ is defined by

oL

- (14)

Ec =4

Using above definition of energy functional, the corresponding Noether flow I, which is a constant
called the first integral of motion, has the expression

0L
— 1=
I= §E£+ryaq1. K, (15)

which is a conserved quantity. The Noether flow (15) satisfies the conservation relation DI = 0.
It is obviously seen from a general point of view that R and G are functions of 4, 4 and i, which
yields non-canonical dynamics. The Lagrange multipliers plays a main role so as to get a canonical
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point-like Lagrangian [29]. Using this key future in [19], it has been accomplished that the point-like
Lagrangian for F(R, G) gravity becomes canonical with suitable Lagrange multipliers, where both R
and G behave like effective scalar fields. We left the details for finding a canonical point-like Lagrangian
by Lagrange multipliers method to the Reference [19]. For the spatially flat FLRW spacetime (4), the
Lagrangian for the action of F(R, G) gravity (1) has the form

L = —6Fgai® — 6a*aFg — 8Fga® + a®(F — RFg — GFg) — 2K20,0a 3%, (16)
where Fg = FrrR + FreG and Fg = ForR + FoeG. By variation of the above Lagrangian with respect
to the configuration space variables 4, R and G, we find respectively that

22

20 4 24 . .. 4a (2i . a.. 1 5
Fr (7 -+ a7> + ;FR + Fr — " (;FG + EFG> + E(RFR + GFg — F) =Kp, 17)

i i R a2

6FrR (E +ta- g) — Fer (24[73 - G> =0, (18)
i a*> R a2

6Fcr (E +o5 - g) —Fsg <2473 — G) =0, (19)

in which the Equation (17) is equivalent to the field Equation (7). Then we note that R and G coincides
with the definitions of the Ricci scalar and Gauss-Bonnet invariant given by (5), respectively. Now, we
calculate the energy functional E for the Lagrangian density (16) which has the form

52 P 53
a a. a° . 1
E[, = 2113 |:3FR117 + SEFR =+ 12a73FG — E(RFR + GFG — F) — sz . (20)

It is explicitly seen that the energy function E, vanishes due to the (0, 0)-field Equation (6).

Let us consider the Noether symmetry conditions (12) for the point-like Lagrangian (16) to seek
the dependent variables &, 41, 7%, 7% which will be solved in order that the Lagrangian (16) would admit
any Noether symmetry (11). For the flat FLRW spacetime (4), the Noether symmetry conditions (12)
yield 27 partial differential equations as the following

FGrGa =0, Fgca =0, FGrGr=0, FrrEr =0, FGr¢Gc =0, Foclc =0,

Frrik =0, Fornr =0, Forg =0, Fong =0, Focr + Foréc =0,

Foré g + Frré,c =0, Forn'r + Frrttlc = 0, Foo'x + Fornls = 0, Fornz + Fogny =0,

6a (2Fwi} + aFrwi] + aFory? ) + VEa + Ko = 0, 662 Fran} + ViR +Kg =0,

6a%Fariy + Ve +Ke =0, 4 (Fory + Foon]) — 3aFrda =0,

4Fgrn)y —a (FRE R + aFrrEa) =0, 4Fgony —a (Fré +aForEa) =0,

Forr® + Foor® + Foen'’s + For (377,1a + 1% — 3@) =0, (21)

Foern® + Focon® + FCR’?,ZG + Fee (311,1a + 77,3’G - 3§,t) =0,
771 1 2 2
Fr <; +217, — é,t) + Frri* + Forr® +a <FRR”/,a + FGRUZ) =0,

Frr <2

1
2
FGr (2 Feul Mo +1G— §,t> + EFRW}G + Frre® + Foorn® + Freii'c = 0,

1
2
+ 77/1,1 +1R— C,t) + EFRU}R + Frrr? + Frrelf® + FGR’7,3R =0,

‘d Q‘Q

Van' + VrRi? + Ve + Vi + Ky =0,
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where V is defined as V(a,R,G) = a®(RFg + GFg — F) + 2x%p0a 3, which can be considered as
an effective potential for the F(R, G) gravity. Here, R and G act as two different scalar fields whose
regimes can lead different phases of the cosmological evolution.

We note here that ! = 0,%? = 0,7% = 0,K = const. and & = const. are trivial solutions for the
Noether symmetry Equation (21). This result implies that any form of F(R, G) function admits the
trivial Noether symmetry X; = 9d/9;, i.e., energy conservation, whose Noether first integral or the
Hamiltonian of the system vanishes, I = —E; = 0. In the following section, we consider the form
of F(R, G) to find the corresponding Noether symmetries and solutions to the corresponding first
integrals for each of the vacuum an the non-vacuum cases.

4. Noether Symmetries and Cosmological Solutions

Using the symmetry condition (12) to the point-like Lagrangian (16), which will fix the form of
F(R, G), several different cases were classified in [25] according to whether the derivative Fri vanishes
ornot. If Frg = 0, it means F(R, G) = f(R) + g(G), which is considered as the case (i) below, taking
f(R) = foR" and g(G) = goG™. Otherwise, if Frg # 0, we will take the form of F(R, G) function as
the case (ii), i.e., F(R, G) = foR"G", where n and m are real numbers.

4.1. Vacuum Case

In this case, we assume the vacuum where L, = 0, i.e., o0 = 0.

Case (i): F(R,G) = f(R) + g(G). For this case, we choose the functional forms f(R) = fyR" and
g(G) = goG™. Then we examine the following subcases where the powers n and m are fixed to some
values, which are compatible with the Noether symmetries.

e 1 =m = 1: Then, the Noether symmetry Equation (21) imply that

- 2 1 a cat +c5 2 3 .
=0 +ot+ Gl =35 (c2 +c3t) + 7 n*,n° arbitrary, (22)
4
K= —§f0C3LZ3 - 8f0C4a%. (23)

This solution to Equation (21) was given in [25] by (55) together with non-trivial function (23).
Thus, the Noether symmetry generators from the solution (22) together with (23) take the
following forms:

5} 1 0 s} 0 .
Xy = 5 X; = ﬁ%’ X3 = Bt& +u$ with K =0, (24)
3t2 9 Q0 . 3 t o 3
Xy = 55 + tag with K= —4fpa”; X5 = %$ withK = —8fpa2, (25)
which give the non-vanishing commutators
X1, X3] =3X1, [X1,Xq] =X3, [X,X5] =Xz, (26)
3 3
(X2, X3] = 2 X X2, Xq] = X5, [X3,X4] =3Xy, [X3,X5] = 5Xs- (27)
The first integrals of the above vector fields are the Hamiltonian, Iy = —E, = 0, and the quantities

L = —12fovaa, Iz = —12a%4, I = —4fpa® (Bti —a), Is = —4fo\/a(3ta—2a). (28)

Here we note that it is only found one Noether symmetry in Reference [19] which is X, given
in (24), and the remaining ones are not appeared in this reference. It follows from E; = 0 that
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i =0, thatis, a(t) = ap = constant, which is the Minkowski spacetime recovered in vacuum and
sol, = I3 =0,I; = 4fya] and Is = 8fya3’* by (28).

e 1 arbitrary (withn # 0,1, %, %), m = 1: For this case, it follows from (21) that there are two
Noether symmetries,

d 0 o) )

X; = 5% X; = 3t$ +(2n— 1)11% - 6R@, (29)
which gives the non-vanishing Lie algebra [X;, Xa] = 3X;. The first integrals are ; = —E; =0,
that means ) ¢ )

a aR n—1
a—z—i-(n—l)ﬁ— on R=0, (30)
by using (20), and _
I, = 6fyna®R""! {2(;« - 2)% —(n—-1)(2n— 1)%} , 31)
for X; and Xj, respectively. Then, solving the first integral (31) in terms of a, one gets
b= R b [ptpen 32
"= o+ stz | | e

where g is an integration constant, and #n # 2. Substituting R given in (5) to the Equation (30), it
follows from the integration of resulting equation with respect to t that

_1
a m14a = aR", (33)
which is a constraint equation for 4, and it gives
a

4 _ R
o=k, (34)

for n = 2, where g, is a constant of integration. Thus, the curvature scalar R given by (5) together
with the relation (34) becomes

. 1
3 _
RtmR =5, (35
which is Abel’s differential equation of first kind, and has the following solution
4a3(art —
R(t) = 4a3(at —ap) |1+ W] + A1), (36)

where a; is an integration constant, and A(t) is defined as
%
A(t) = a?/3 {64(1‘%(:1113 —ap)% —3+3v2,/3 — 64a}(ayt — a2)3} .

The first integral (31) for n = 2 yields I, = —36fpa®R, and then the Equation (35) gives rise to the
scale factor as
a ( t) _ a1 IZ ’
©[3fo(1283R(t)3 - 1) |
o n= %,m = 1: This case admits extra Noether symmetries as pointed out in Reference [30] .

The existence of the extra Noether symmetries put even further first integrals which raise the
possibility to find an exact solution. The Noether symmetries obtained from (21) are X; and

(37)
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19 2R ) b ) .
Xp= o = rons Xa =3ty £ —6Rop, Xy =1X with K = —9f,a VR,  (38)

with the non-vanishing Lie brackets

X1, Xa] =3X1,  [Xi,Xy] =Xo, [Xo, Xa] =4X, [X5,X4] = =Xy (39)
The corresponding Noether constants are Iy = —E, = 0, which give
> 4R R
@ 2R 18" @0
and . .
a R 3 a R
I = —9fuVR “tor) B= —9foa®>VR StR) k= Lt+9fuavVR.  (41)

Using above first integrals, we find the scale factor and the Ricci scalar as follows:

3613 (It — Ib)?

1 - - —
a(t) = 6L, (It — Iy)* +18L1;, R(t) = (Ot — L)  + 1851, (42)

where it is defined I, = —9fy, s = —9fpI3 and Iy = —9fpl4.

e n= %, m = 1: In addition to X, this case includes extra two Noether symmetries [30]

X, :4t3+a3 —8R 0 X3 = 2t22 +ta3 —8tRi

. o 21 3 H—1
at T %9 Rk at "5, or With K=—"7for R7s. (43)

Then the non-zero Lie brackets are
X1, Xo] =4X,  [X,X3] =Xz, [Xp,X3] = 4Xs. (44)

Thus the first integrals of this case are I; = —E, = 0, which yield

a2 4R R
and .
21 1 . R 21 1
I = ZfOR § <f3a2u+a3ﬁ> , =Dt + Zf0a3R 5. (46)

Substituting the Ricci scalar R given in (5) to the Equation (45), and integrating the resulting
equation, one gets
a8a = agRF, 47)
where aj is a constant of integration. Defining I, = —41I;/(21fp) and I; = —4I3/(21fp), the first
integrals (46) become
I = (u3R‘%)' , Iy =Dt —a®R°E, (48)

which give
1

at) = [R (Bt - )] (49)
Putting the latter form of scale factor into (47), after integration for R, one finds

R(t) _ (I_Zt - 1_3)4 5 (50)

[% + Ro(Iot — 1_3)6]
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then the scale factor becomes

— — [ 2a - .
a(t) = VIt — I I_—;’+RO(12t713)6 , (51)

where Ry is an integration constant.
° n= %, m= 4 : Here there exist two Noether symmetrles,

0 0 0 J
Xy = 5 X; = tﬁ - ZRﬁ 74GE, (52)
with the non-vanishing Lie algebra [X;,Xp] = Xj. Then the first integrals related with these

Noether symmetries are Iy = —E, = 0, which yield

a? 643G
i 2aR+ +7V RG ( m)*‘l (53)
and
_ fo
Ip=—6("R" 2 a+gOG i3 (54)

The Noether symmetries (52) have also been obtained in [25] with the symmetry vector (41). In
order to determine the invariant functions of the Noether symmetry X, given in (52), after solving

the Lagrange system [28]
dR G

dt
T TR T Cac %)
one find the solutions for R(t) and G(t) as

R(H) = % Gl =2, (56)

Here we get a power-law solution a(t) = agt?, where the Equations (53) and (54) yield

4fG1 (Ro +36) 6foa3 [16(Ro +36)
6v/Ro (Go +192)” 27 JRy 13(Go+192)

For the obtained R and G in (56), if we take into account the definitions of R and G given by (5),
then we get the values of constants as Ry = 36 and Gy = 192. Thus, the relation (57) becomes
g0=—(4/3)"4fyand I, = 0.

° n=1m= 1 : In this case, there are also two Noether symmetries

(57)

d d d d
X; = 3% Xz Bta +aa— 1ZG£, (58)
which give rise to the first integrals I} = —E, = 0, which can be written by using (20) as follows
) 1 #BGYN

az L - e ( acz) =0 (59)

and )

ol ofa2as 8 a2 (G4

12—6{ 2foa a—i—ﬁaa <G 4a>}. (60)

Here we have to point out that the Noether symmetries (58) are of the form (41) in [25]. By solving

the Lagrange system for X,

dt  da dG
3 a —12G’ (1)
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the invariant functions can be obtained as

_Go

alt) = agts,  G(t) = T (62)

Then, substituting these into the Equations (59) and (60), we can find the constraint relations

 12f/[Go] o 32
8="9¢ 116" 127 4% 355,116 " (63)

Here the definition of G in terms of a(t) by (5) gives rise to the value Gy = —16/27, which means

g0 = -3 fo/2 and I = 0 after substituting Gy into (63).

Case (ii): F(R,G) = fof(R)g(G). Here we will consider the functional forms f(R) = R" and
g(G) = G™. These types of functional forms are appeared in some references such as [9,19,25,31,32].

e  n,m arbitrary: This theory admits the following Noether symmetries

F) b ) F) )
Xi=5.,  Xo=3ts +(4m+2n—1)ag —6R=p —12G -, (64)

and the corresponding first integrals are

a2 R Gl 12mR& [R  (m-1)G R
b =6foR"G"a*{2(2m + 1 — 2)? (%+ 4md2)
a\R = Ga?

. (66)

— (4m+2n—1) (% {(nfl)%‘erg} +4gf; {n%+(mfl)g]> }

These are very general statements and one can find any solution choosing the arbitrary powers n
and m. The invariant functions for the vector field X, can be determined by solving the associated
Lagrange system

at da _dR _ dG )
3t (dm+2n—1)a  —6R  —12G’
which yields
4m+2n—1 RO G(]
a(t)y=apt 3 , R(t)= 7 G(t) = - (68)

Now one can find the constants Ry and G in terms of powers of a(t) as Ry = 2(4m +2n — 1)(8m +
4n —5)/3 and Gy = 16(4m + 2n — 1)3(2m + n — 2) /27 by considering (5). Thus, using the
obtained quantities by (68) in (65) and (66), we find the constraints

(10m+2n—1)(4m+2n—1)(8m+4n—5) =0, I = 6(2m + n) foag REGE' . (69)

e m = 1—n: This case is considered in the reference [19] as a simplest non-trivial case with the
selection of n = 2. In general, the solution of Noether symmetry equations (21) becomes

, 772 =*(t,a,R,G), 1*= 9(72C2R +172), K=c3 (70)

E=ci+ot, nl=c(3-2n) R

Wi

where ¢;’s (i = 1, 2,3) are constant parameters, and 172 is an arbitrary function of ¢,4, R and G. This
arbitrariness means that there are infinitely many Noether symmetries and it gives us to decide a
selection of consistent solution for the scale factor a. Therefore, we choose 772 = —2c»R to get a
consistent power-law solution for the scale factor a, using the associated Lagrange system. It has
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to be mentioned here that this type of selection is not necessary for non power-law solutions. We

proceed considering ;2 = —2c,R at (70), which yields that there are fwo Noether symmetries
] ] 9 9 9
X; = 3% X = 3t§ +(3— 2n)u$ - 6Rﬁ - 12G£. (71)

The first integrals of the above vector fields are

a 4Ra*\ (R G
(1Y (R €Y o)
and - )
B R\" ' ,. Ra
I, = —6fon (E) a a{4n—3+24(n—1)@}. (73)

By choosing the variable § = %, the first integrals (72) and (73) take the form

E+( —-1) 1_4f =0, 6fonl"'a%i (4n—3424(n—1) L +1L =0. (74)
. n z 2 =0, 6fynl" "a“a(4n n gaz H =0.

For the selection of n = 2, it is seen that the first equation of (74) is similar to the Equation (38)
of the Reference [19]. After solving the associated Lagrange system for the vector field X; given

in (71), we have
3-2n RO GO
a(t)=apt 3, R(t)= 2 G(t) = a (75)

Using the definitions of R and G in (5), the constants Ry and Gy are found as Ry = (16112 —
36n + 18)/3 and Gy = 16n(2n — 3)3/27.

As a simple selection for the component 52, we choose 52 = 0 in (70). Then there are again two
Noether symmetries

2 e) d d
Xy = 5 X; = BtE + (33— 2”)“$ — 6G£. (76)
The Noether constants for these vector fields are I; = —E, = 0, which yield the same relation
with (72), and
R\"! 2i 4Ri*\ (R G
— 3 (2 _ e _ _ N v
I = 6fyna <G> {(Zn 3) { ~+(n-1) (1 — > (R G)]
a 4Ra?
+2(1- )2 <3 - ) } 77)
which becomes
R\"1 ,. 4Ra?
I, = 6fon <a> aa{Zn—S—i—Z(l—n) (3— Ga2>}' (78)

by using (72). It is easily seen that the Noether symmetry X; in (76) does not have a consistent
solution for a power-law form of the scale factor a. The reason of this inconsistency is follows
from analysing of the associated Lagrange system for X in such a way that it gives the scale factor
a(t) as in (75), but G(t) = Got 2 which contradicts the form of G(t) ~ t~* from the definition (5).

4.2. Non-Vacuum Case

In this section, we assume that the matter has a constant equation of state (EoS) parameter w = p/p
with the perfect fluid matter. We mention that Equations (9) and (10) imply that the contribution
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of the F(R, G) gravity can formally be included in the effective energy density and pressure of the
universe. For the GR with F(R, G) = R, p.fs = p and p.sr = p, and so the Equations (9) and (10) are
the FLRW equations.

Case (i): F(R,G) = f(R) + g(G).
For this case, we again choose f(R) = fyR", g(G) = g0G™, and determine the Noether

symmetries in the presence of matter.

n = m = 1: This gives the usual GR theory. For some value of the constant EoS parameter,
we would like to give the Noether symmetries in the following. First of all, for w = —1 (the
cosmological constant), the present value of the energy density becomes p,0 = 4fo/ (3x%a?), and
there exist five Noether symmetries

P) v “xd
Xi==—, Xo= e 9 with K = foa%eé, X3 = ¢*9 with K = 8f0a%e*ﬁ,
ot \aoa \a oa
2 0 2 a0 16fy 3 2
Xg=et—+ —esa-— hK=--2 7
y=e Bt+3ae aa wit 30‘211 , (79)
_29 2 _2 0 . 16fg 5 2t
X5 =e ag—s—lxe aa$ with K:—Wae «,
with the non-vanishing commutators
X0,%0] = 1, [XuXs] = — X5, Xy, Xa] = 2X
1 X} =~ Xy, LA = = X, 1A =2 Rey
2 2 2 4
Xi, Xs] = —=X5, [Xo,Xs] = —=X35, [X3,Xyg] = =Xa, [Xg,X5]=—-Xq, (80)
w i w o
where « is a constant. Then the first integrals are Iy = —E, = 0, that gives KZPmO =3 fodz/ a2, and

the quantities

_ 2 _ 2
L =eiva (—3(2—0— Ea) , L=—eiyva <3zi+ &u> ,

_ 2 2 2 _ 2 2 2
L =—cv | —3a%i+ =a® Is=——¢a (3a%a+=d° 81
4 ¢ < ua—&-aa), 5 3¢ (aa+ua , (81)
where we have defined I, = 4y, Iy = 4foI5, Iy = 4foly and I5 = 4fyI5. After solving these first
integrals for a, we find that the Noether constants become I; = 0,15 = 0, I = I3/6, and the scale

factor is

2t
a(t) = agexp (_3704) , (82)
where ag = («/4)?/3. This is the well-known de Sitter solution.
In the case of w = —1/2, we also find five Noether symmetries
e] 1 0 . t 9 . 3 2
X; = 3 X, = 7$ with K = —48f0t, X3 = %ﬁ with K = —8f0a2 —24f0t ,
) a 32\ 9 3
Xg=to 4+ 2+ "= = ith K= —48fyta2 — 48fyt>
4 tat + <3 + ﬁ) E Wit] 8fota 8fot”, (83)
29 a #2 J . 2 3 3 4
X5 33 + <§ + ﬁ) % with K= —24f0t a2 —4f0!1 — 12f0t .
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Thus the non-vanishing Lie brackets of the above vector fields are
X1, Xs] =Xo, X, Xe] =X +6X5, X1, X5] =Xy,

1 1 1
X2, X4] = Exz, X2, X5) = Exsf X3, X4] = *EX& [X4,X5] = Xs. (84)

Under the change of the Noether constants I, — 12fyl>, I3 — 12fol3, Is — 12fgl4, I5s — 12fyI5 for
the Noether symmetries (83), the first integrals for Xj, ..., X5 become

a2 5
3f0%:7(,0m[)/
2
L =—Vaa+4t, L= —t/ai+ g“% +28,
2 ) 5 5 t o by 3 @y
li= 7 —3Vai+ 4t +48, Is = —za’a—£Vaa+ 282 + 5+, (85)

Taking into account these first integrals, we find that

a(t) = ag (4 — I)3 (86)
_ l6fo _ i _ B i
pmo=-5, b=g, L=, =, (87)

where ag = (3/16)2/3.
For w = 0 (the dust), the dynamical system admits the following five Noether symmetries

o) 1 9 t a9 . 3
X = 3 X, = %%’ X3 = %$ with K = —8f0(l2,
0 ad . 2
Xy = tﬁ + 392 with K = —«x“pyot, (88)
29 tad 4fo 5 o o
Xs= = — 4 =2 with K=—-20g3
5= 20 300 " 3 @ T omol

and then the non-vanishing commutators are

X1, X3] =Xo, [X1,X4] =Xq, [X1,X5] =Xy,
1 1 1
(X2, X4] = EXZ’ X2, X5] = Exal (X3, Xy] = —EXS, X4, X5] = Xs. (89)

The corresponding first integrals of the Noether symmetries (88) are

L=-E; =0, L=-12fpvai, I3= Dt+8fyas, (90)
1
Iy = —4foa?a +2%0m0t,  Is =4fy (—mza + 5(13) + K2 omot?. (91)

Using the above first integrals one can find the scale factor and the constraints on Noether
constants as follows

2
3

ll(t) =4y (13 — Izt) , (92)
I% LI 132)

Pmo = Wr 4= If'o/ 5= Kfol (93)

where ag = (8f) /3.
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Finally, for w = 1 (stiff matter), we find three Noether symmetries

0 ) ) 3,0 0 . _ 3
Xl—g/ X2_3t§+a$ X3 = Etathaa— with K = —4fya”, 94)

which yields the non-vanishing Lie algebra: [Xi,Xz] = 3Xy, [X1,X3] = Xp, [X2, X3] = 3Xs.
The Noether constants for X;, X, and X3 are

L=0 = 3f0a % = «? ©Omo, L= —12f0a2a', Iz = 12i’+4f0ﬂ3, 95)
having the solution

12

1
ll(t) =ag (13 - Izt)3 Omo = 48f Ty Y (96)

where ag = (4f5) /3.

° n arbitrary (with n # 0,2 55 ), m = 1: In this case we have the same Noether symmetries X;, X,
given by (29) in the vacuum case. For this case we are led to the constant EoS parameter w as

1

Toam—1 ©7)
Using this EoS parameter, the first integral for X; gives
a2 aR  (n—1) Km0 __ e
— -1)— — R = = 98
27t (n )aR 6n 3fon ©8)

The scale factor for this case has the same form with (32), which is not a power-law form, and
the Equations (31) and (98) are the constraint equations to be considered. It is interesting to see
from (97) that n = 0if w = —1 (the cosmological constant) which is excluded in this case, n = 1 if
w = 1 (the stiff matter), and n = 2 if w = 1/3 (the relativistic matter), etc. Therefore, this case
includes some important values of the EoS parameter.

This model admits power-law solution of the form a(t) = apt@=1)/3 and the Ricci scalar and
the GB invariant become R(t) = Rot~2 and G(t) = Gyt ~*, where the constants Ry and Gy follow
from (5) as Ry = 2(2n —1)(4n —5) /3 and Gy = 16(n — 2)(2n — 1)%/27. Meanwhile, the constraint
relations (31) and (98) for this power-law scale factor give

_bn_
Pmo = 3fOZ (5—4n)(2n —1)*Rial 1, L =4n(4n—5)(2n —1)foaaR} ", 99)

where n # %, % due to po # 0. The power-law solution of this case works for n = 2,i.e, w =1/3,

and it gives negative energy density as p,,0 = —54 foa(‘% /.
e n= %, m = 1: We will firstly consider the case w = —2/3 which requires that p,,,0 = «/ 2k2, ais a
constant. For this case, there are three Noether symmetries X, X, with K = —2at, and X3 = X,

with K = —9 foa\/ﬁ — at?, where X; is the same as given in (38). Thus the constants of motion for
the vector fields X;, X, and X3 are, respectively,

a2 4R R o
@ N , 100
2aR 18 9foa\/ﬁ ( )
and
= —9favR ( ) +2at, I3 =Dt—at? +9faVR. (101)
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Using above Noether constants, the scale factor for the case w = —2/3 yields
a(t) = L(Is — It +at?). (102)
9fov/R
For w = 0, the Noether symmetries are identical to vector fields given in (38), but X3 has a non-zero
function K = —6x2p,,0. Redefining the Noether constants such as I, = —9fy, Is = —9fy I3 and
Iy = —9foly, after some algebra, we find the scale factor
1 - Fag, 16, - - T
ﬂ(t) = — (Izt — 14) + —xK PmO(IZt — 14) + 18113 + —«x%pmola, (103)
6L fo fo

and the Ricci scalar ot —
o _ B0t~ L)

R(t) (7 (104)

e n= %, m = 1: If w = 4/3, there are three Noether symmetries, in which X, and X3 are the same

as (43). The first integral Iy = —E, = 0 due to X; becomes

2 T

a aR R 8 5 71

Y s RS, 1

@2 8aR T a2 21f," Pmo (105)
The scale factor for this case has the same form as (49), but now it is difficult to gain the explicit
form of a(t) using (105).
For the dust matter (w = 0), there are three Noether symmetries which are the same form as (43),
but the function K is non-trivial such that K = 78K2pm0t for X, and K = — % foa?’R*l/ 8_ 4K2pmgt2
for X3. Thus the first integrals for X;, X, and X3 are given by, respectively,

@ @R R 8%p,0R*

= — = I i 1
h=-E=0 < G R "2~ 2apd (106)

and
21 R 21
L= ZfQRf% (—3a2d + a387R> + 8K2pm0i’, Iz = Lt+ Zf()ll?’R7é +4K2pmot2. (107)

After redefining I, = 7%1 folb and Iy = f% fols, the second relation in (107) implies the

scale factor .

a(t) = R (zxtz + DLt — T3)E , (108)

= 16K2Pn10
where a = 1R

e n=1,m= 1 Inaddition to X; = 9/dt, the condition for existing extra Noether symmetry is that
the EoS parameter should be w = 0. Thus, an additional Noether symmetry is obtained as follows

) ) 9 . _ 2
Xp = ts. —2Rs —4Gs= with K= ~2xpu0t. (109)

Then the Noether constants for these vector fields yield

R R g 1 3G 2k20,0V' R
H?— —H+-4+°Y/RGi (1-6H>= | = L0V 11
2R + 6 + 4f0 G < 6 G2 3f0ﬂ3 ! ( 0)
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and
L = 34 (fOR’%H 4 ZgOG’%H3) + 2620t 111)
which can be written as
1
o fo (GNPt =D) o3 112)
Zgo R2 6g0113 '

This is a cubic equation for H.

o n=1m= %: For w = 0, it is found the Noether symmetries X; and X, which are the same
as (58), but X, has the non-trivial function K = —6K2pmot. Then the Noether constants for X; and
X; take the following forms

1 G K2
HZ+%\@(57H3@> = 3’;;”0, (113)
and y 5
I, = 6a° {72f0H+ gi’/% (g 74H> +5 Z;”Ot} . (114)

For w = 1, there are two Noether symmetries that are the same as (58), where K = 0 for both
of symmetries. Therefore, the first integral for X; is the same as (60), and the first integral for
X1 becomes

1 G 2

H2 480 g2 = Kfmo 1

* fo\@ (12 G2) = e (115)

Case (ii): F(R,G) = fof(R)g(G). The functional forms f(R) = R" and g(G) = G™ are also
assumed in this section.

e 1, m arbitrary: For this case, there exist fwo Noether symmetries which are the same as (64), and

the EoS parameter becomes
1

= - 11
Y dmron—1 (116)
The first integral for X is the same as (66), and it has the following form
2 R G 12mR [R  (m=1) G| 13 R _ pua T
H2 4 [(n— D) R +mG] H+ 1228 [R4 VT B (g — )& = Spen B2 (117)
for X;. Note that the Equation (116) includes important EoS parameters, for example w = —1 if

n=-2mw=-1/3ifn=-2m+1);,w=1/3ifn=2(1-m)andw =1ifn =2,m = —-1/2.
In the case of dust matter (w = 0), we have two Noether symmetries given by (64), but where the

function K for X; is K = 76K2pm0t. Therefore, the first integrals for X; and X; are, respectively,
. .. N _ . 2 i Rl—n
H2 + {(n—l)%+mg] H + 1218 [%Jr (mnl)%} H—(n+m-1)& = stin%’ (118)
_ nem 3 _ E 4mH2
L = 6f,R"G"a {2(n+2m 2)H <R+ c
n R G 4mH? [ R G >
—(4m+2n—1) (E {(n - 1)§ + ma} +—C {ni + (m— 1)E}> } + 6K°0mot.  (119)
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° m = 1 — n: In this case, the EoS parameter takes the form w = ﬁ, and this model admits two
Noether symmetries, which are the same as (71). The first integral due to X; yields

4R R G K2omo (R\"™! spon)
H? —-1DH(1-=H*)(=-2)=-t2 (= 3w 12
ro-nn(1-Gi) (g-g) =5 (6) % 120
and the first integral for X, becomes
6(n—1)
R\"1t , 4R\ kom0 (R\! " am
I, =6fon <E) a’H < 2n—3+42(1—n) (3_EH ) + 3fon <E> I ( (121)

using (120).

5. Conclusions

In this work, we have considered both the vacuum and the non-vacuum theories of F(R, G)
gravity admitting Noether symmetries. First of all, we have obtained the dynamical field equations for
those of gravity theories, which also come from the Lagrangian of F(R, G) gravity in the background
of spatially flat FLRW spacetime such that it gives rise to the dynamical field equations varying
with respect to the configuration space variables. Afterwards we have used the point-like F(R, G)
Lagrangian (16) to write out the Noether symmetry equations, and solve them to get the Noether
symmetries in both the vacuum and the non-vacuum cases. It has been appeared very rich cosmological
structures from the Noether symmetries for the several functional form of the F(R, G) functions in
each of the cases.

The main results of this study can be summarized in the following. First of all, we can verify
that all the F(R, G) models studied here admit trivial first integral, namely E; = 0, as they should.
Secondly, it is obtained the previous results choosing the F(R, G) function, for example, the case (i)
in the vacuum recovers the results of [30] on the Noether symmetries for n = %, %. Using the first
integrals directly, we found the analytical solutions (42) and (51) forn = 3 and n = %, respectively.
These cases are also generalized to the non-vacuum and it is found analytical solutions (103) for n = %
related with the EoS parameter w = —2/3, and (108) for n = % with the EoS parameter w = 4/3. For
other values of #, the scale factor a(t) is analytically calculated by (32) in the vacuum section of this
study. In each of the cases (i) and (ii) for the vacuum and the non-vacuum, we found the first integrals
of Noether symmetries which can be used to provide analytical solutions. As it is pointed out in [25],
we also note that the classical Noether symmetry approach with a boundary term K constrains the
F(R, G) gravity as a selection criterion that can distinguish the F(R, G) models to utilize the existence
of non-trivial Noether symmetries. In this study, we found the maximum number of symmetries as
five at the non-vacuum case, but it is four at the vacuum case [28].

This work not only plays complementary role to the previous two studies [19,25], but also includes
the the non-vacuum case and it is explicitly found some scale factors in the vacuum case. It might
be interesting to perform an analysis of the cosmological parameters for the obtained cosmological
models in both of the cases. This will be an argument of future work.
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