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Abstract: This review paper gives an overview of the method of multipliers for partial differential
equations (PDEs). This method has made possible a lot of solutions to PDEs that are of interest in
many areas such as applied mathematics, mathematical physics, engineering, etc. Looking at the
history of the method and synthesizing the newest developments, we hope to give it the attention that
it deserves to help develop the vast amount of work still needed to understand it and make the best
use of it. It is also an interesting and a relevant method in itself that could possibly give interesting
results in areas of mathematics such as modern algebra, group theory, topology, etc. The paper will
be structured in such a manner that the last review known for this method will be presented to
understand the theoretical framework of the method and then later work done will be presented. The
information of four recent papers further developing the method will be synthesized and presented in
such a manner that anyone interested in learning this method will have the most relevant information
available and have all details cited for checking.
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1. Introduction

When studying mechanical systems, the appearance of PDEs is natural; this opens up
the problem of finding methods that make it possible to solve these equations analytically,
qualitatively and in the case of many PDEs to find their application to physical problems,
finding the conservation laws of PDEs.

There has been a wide list of methods developed recently; here, we review the method
of multipliers which has been a fruitful research area giving a lot of advantages over other
methods that will be pointed out and commented on throughout the paper.

Like many other similar methods, the method of multipliers tries to find conservation
laws through symmetries; this is possible by studying group actions with respect to manifolds.

The study of such group actions was given attention by many mathematicians and
physicists such as Felix Klein [1]; thanks to this work in the modern scientific panorama, a
lot of huge leaps have been taken in various areas of research and it is still an area in which
a lot of open problems are unresolved.

Specifically, the method of multipliers has many virtues compared to many others
methods; it is a really impressive tool that can be appreciated by looking back to the early
stages of this area (i.e., [2]).

Here, a roadmap of the history and modern developments of the method are going
to be synthesized in the most comprehensive manner so they can be used by researchers
to achieve more important breakthroughs and also further develop the method that still
promises to give a lot.
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This method defines symmetries using a geometrical and algebraic perspective as
group actions leaving invariant the space of dependent variables and their derivatives to a
certain order n and independent variables for a certain PDE system [3].

This is possible thanks to what is known as the infinitesimal generators of a given
system, hence introducing Lie groups and Lie algebras that give many of the interesting
mathematical aspects of the method of multipliers.

This method was first applied to systems of ODEs [4]; in this paper, an expression was
derived that relates symmetries and conservation laws of self-adjoint differential equations,
for earlier references on the development of this method check [4,5].

This expression does not need the existence of a Lagrangian and it can obtain con-
servation laws either from local or non-local symmetries; this was the first step in the
generalization of this method to PDEs.

The work carried out in this paper is a consequence of research carried out in [6-8].

These papers were the first to state the possibility of there being a relationship between non-
local symmetries and what is called potential systems using linearization (Fréchet derivative).

This is the main idea developed for ODEs and PDEs in the method of multipliers, but
it is quite a new method that is open to further generalizations.

Some of these generalizations were also made possible by results found in [6-8],
such as providing a means of knowing the equivalence classes of symmetries for the
PDEs or ODEs and also stating the algorithmic nature of this method that made possible
computational developments.

From here, a generalization to PDEs followed [9-11].

The importance of the method is best understood when compared to other methods
like [12-14] that do not give the necessary and sufficient conditions to know if an adjoint-
symmetry is also a multiplier.

Also, by nature this method is algorithmic as opposed to the other methods mentioned
above, which consequently makes the multiplier method less algebraically complicated in
many aspects and assures one obtains a result if the conditions imposed are met.

All these developments were synthesized and expanded in the review paper [15]; this
is the basis of the historical background we’ll give in this paper.

In this review, a modern form of Noether’s Theorem is proved.

This modern form of Noether’s Theorem formalizes the existing relation between
adjoint-symmetries and conservation laws; it provides a way to find conservation laws
of not only variational PDEs, but also non-variational PDEs, letting us find either local or
non-local symmetries for a given system of PDEs.

Many questions about the method still remain; some have been answered and these
new results will be synthesized in the section of this paper titled “Modern Developments”.

One new result that deserves a special mention is the geometrical formulation for
adjoint-symmetries that were found to describe one-forms for PDEs and its generalization
to systems of evolution equations; it also has spatial constraints in which these adjoint-
symmetry one-forms are also invariant up to a functional multiplier for an associated
normal one-form for the constraint equations [16].

The other new developments with respect to the method of multipliers can be found
in [17-20].

Following the same order in which they are cited, the first paper gives a generalization
of the double reduction method and improvements on the symmetry-invariant condition
are made by framing it using multipliers.

The second paper gives an explicit formula to find symmetry recursion operators
for PDEs, presenting new results that find relations between integrating factors and non-
variational symmetries.

The third paper studies the algebraic structure of the infinitesimal symmetries ob-
tained via the adjoint Fréchet derivative from which the interesting result of having a
one-symmetry action that encodes pre-symplectic operators gives rise to a symplectic
two-form with Poisson brackets defined for evolution systems.
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The section on the historical background will end by giving a revision of high-relevance
literature that benefited from this method with the hopes of quantizing the impact the
method has had and that it still has.

Some of the results of these papers will be presented here as an example of the use of
the method.

In the next section, “Modern Developments”, the newest findings on the method will
be presented with some examples of how these results are used in practical cases; finally, in
this same section, further steps to develop the method are advised.

The next section, called “Comparison”, will give a direct comparison of this method
with similar ones; we’ll give the best explanation of the weaknesses and strengths of this
method compared to other method present in the literature.

This paper is divided into four parts. The first part, named “Historical background”,
will be dedicated to presenting the method of multipliers as it was presented in the old
review [21] and the contributions made possible until that point.

The second part, named “Recent Contributions”, will be dedicated to reviewing the
new developments of the method since the old review and the contributions made possible
by these developments; further steps with respect to the method are also discussed.

In the third section, “Comparison”, some parallel methods developed alongside the
method of multipliers will be explained and we’ll discuss the strengths and weaknesses of
the method compared to others.

Finally, a conclusion will be given to wrap up this review.

To end the introduction, a graphical representation of the flow of this review is added
for easier and more comprehensive reading of the results presented.

2. Historical Background

The starting point, as said earlier, is the most recent review [21]; we use this review to
explain the method in the state it was in at that point and in the end some relevant papers
will be commented on and some examples developed.

The examples developed and the general structure of this section can be checked in in
Figure 1.

2.1. Theory

The method of multipliers helps to find conserved integrals and local continuity
equations of PDEs. From these objects, we can find conserved quantities, constants of
motion of the system and a lot of extra information that is useful in the study of PDEs.

As an example, in three dimensions, the local continuity equations have the next form
for their total divergence

DT + DivX = 0. (1)

This expression yields the next physical conservation law

i/ Tdvz—f X 7dA 2)
dt Jao 0%

where ) is the spatial domain and ¥/ is the outward unit normal of the domain boundary.
This type of expression can be solved using Noether’s Theorem [22] as stated in the review
paper. The importance of the method of multipliers is that it can obtain equations of
continuity of PDEs that do not posses a variational principle using a modern form of
Noether’s Theorem.

These so-called multipliers can be thought of as integrator factors for PDEs; these
integrator factors enable us to obtain a linear system of determining equations for the PDE
system with no restrictions on the system.

This method also assures we obtain all the conserved integrals from multipliers for
systems of Cauchy—Kovalevskaya form.
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Figure 1. Flowchart.

The history of Noether’s Theorem and the method of multipliers can be found in [23].

This modern form of Noether’s Theorem can be traced back to [9-11,24]; this gen-
eralization of Noether’s Theorem arises from the system of determining equations that,
for the method of multipliers, is an augmented adjoint version of the typical determining
equations for infinitesimal symmetries.

By finding this multipliers, the conservation laws determined by the system are found
with the use of various known integration methods [14].

The advantage of this method apart from the possibility of working without PDE
systems with a variational principle is the algorithmic nature of it; there is no need of
anstazes for solving the systems as in other methods such as the ones presented in [25-28].

To state the important results of the method of multipliers until this point, the fol-
lowing notation is used. Let t, x = (xl, ..., X") be independent variables, n > 1, and let
u= (ul,. .., u") be dependent variables. Partial derivatives of u with respect to t,x will
be written as du = (i, U,1,...,uym) and the kth-order partial derivatives are denoted
%u, k > 2. The coordinate space | = (t,x,u,0u, %u, .. .) is called the jet space. Partial
derivatives with respect to these variables are given by 0/0t,d/dx = (9/ oxl, ...,9/ ax”)t,
9/0u = (9/9ul,...,d/9u™)!; the superscript t denotes the transpose. Total derivatives are
written as D = (Dy, Dya, ..., Dyn). In particular, Du = du, Dou = 9%u. DF denotes all of
the kth-order derivatives with respect to t,x. Divergences are expressed as Div = D, .

A system of Nth order of M > 1 PDEs

G= (Gl(t,x,u,au,...,aNu),...,GM(t,x,u,au,...,aNu)) 3)
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will have a space of locally smooth solutions u(t, x) denoted by €. This space is embedded
in J since u(t, x) € & determines (¢, x, u(t, x),ou(t, x),0%u(t, x),...) € J.
A local conservation law of a given PDE system (3) is a local continuity equation [17]

(DiT+ Dy -X)|g =0 4)
where T is the conserved density and X is the spatial flux. The pair
(T, X) =0 ®)

is known as a conserved current.
When this conservation law (4) is integrated, the following expression is obtained.

5/ T|edV = —74 X|¢ - vdA ©)
dt Jo 00

and the change of rate of the quantity

Clu] = /FT|ng )

where () is any spatial domain () C R”, 9Q) is the boundary of the spatial domain and v
denotes the outward pointing unit normal vector.

The quantity (7) is known as a conserved integral and Equation (6) is called a global
conservation law.

An infinitesimal symmetry of a system (3) is given by a generator of the form

X =T1d/0t +¢d/dx +nd/du 8)
with the condition that the prolongation leaves invariant the PDE system [2]
prX(G)le =0 9

The functions in (8) are known as the characteristic functions for the symmetry gener-
ator; by exponentiating this infinitesimal symmetry, we can obtain a one-parameter group
of transformations exp(eprX); the infinitesimal transformation is then given by

u(t,x) — u(t,x) +e(n(t,x,u,0u,...,0"u)) —u(t,x)t(t,x,u,ou,...,90"u)
—ux(t,x)-&(t,x,u,0u,...,0u)+ O(ez). (10)
Next, we define a point symmetry as a symmetry transformation group on (¢, x,u),

having a generator with a characteristic form in the same form as (8); this corresponds to
an infinitesimal point transformation [17]

t — t+et(t,x,u) + O(e?) (11)
x — x4 €&(t, x,u) + O(e?) (12)
u— u+ev(x,tu)+0(e). (13)

Next, we define a contact symmetry as a symmetry transformation group ont, x, u, us, uy
that also satisfies the contact relations u; = d;u, uy = dxu. The set of all the point symme-
tries and contact symmetries of a PDE system is the group of Lie symmetries.

The group of Lie symmetries is all the point symmetries and contact symmetries for
the given PDE system.

As the first step to finding if a certain current (5) is a conserved one for a given PDE
system and to know if a generator (8) is an infinitesimal symmetry for a given PDE system,
it is necessary to give coordinates to the solution space £ of the system in the jet space

J[17].
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The first step to coordinate is to indicate with indices the different dependent and
independent variables that describe the system xt,i=1,...,nand u®, a = 1,...,m; next,
suppose each PDE G* = 0,a = 1,..., M in the given system can be rewritten in a solved
form in the following way

G" = 9ju’ — g* (14)

for a derivative of a dependent variable u** with the restriction that the other terms present
in the system present neither this derivative nor the differential consequences of this
dependent variable.

Ojutt — g" # Fopu — g%, ab=1,...,M k>1 (15)

L:O a,b=1 M, k>0 (16)
B(Bkalbu”b) T T -

These derivatives are the so-called leading derivatives of the system. A closed PDE
system (3) that admits these solved forms (14)-(16) is called regular [17].

For the development of the method, there are some tools that we require from varia-
tional calculus; here, we only present the main results needed, all derivations and extra
information can be found in [17].

The first important tool borrowed from variational calculus is the Fréchet derivative;
this derivative is defined as

of

_9 Kk _9of k, . _9f
ouf = aef(t,x,u—i—ev,...,a (u+ev))\e:0—vau +...+ D% 3(0k) (17)

This derivative is the linearization of the function; it is interpreted as a local directional
derivative in jet space J; this linearization corresponds to an action X = v9,, in characteristic
form, X = &, f.

The Fréchet adjoint derivative is defined as follows

woy f —vdy, =D -¥(v,w; f) (18)

which defines a linear differential operator that acts on w. The associated current ¥ (v, w; f)
= (Y!,¥¥) is defined as

¥owf) = g+ (00 (wyhey ) o (wyi )+
S é(Dklv) ~ ((—D)l1 : <wa(?){;)>) (19)

The function f can be defined as follows: when u = 0 is non-singular, then a homo-
topy curve u,)(, x) can be defined to be a homogeneous line and therefore it gives the
following expression

1 dA
f=flu=o +/0 (an)|u:u<)\)7r Uy = Au (20)

The Euler operator is written in terms of the Fréchet derivative as follows

dvf =vEu(f) +D-Y¢(v) (21)
which gives
E“(f):gi_D'<a(aaj;)>+“'+(_D)k'(a(3}k(u)>' (22)
where
k-1
Yp(0) = ¥(0,1;f) = Y (D'o- By, (f) (23)

1=0
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This expression lets us state the next four useful lemmas stated in [21].

Lemma 1. )
fZ/O ot () Eu(f)lu=u, dA + D - F (24)
is an identity, where
F= /01 Y5 (01 (p)) lu=u, 42 + Fo (25)
with Fy = (F{(t, x), F} (t,x)) being any current such that D - Fy = f|u—u,
A useful relation is

Yi(v) =vEL (f) + D - WEP (F)) + ... + D1 (EL () (26)

which is obtained via repeated integration of (23), where

(Hzl)D' (a(alaﬂu)> - (I;>(_D)k—l.<a<g{u>), I = 1.k @)

defines the higher Euler operators.
From Equations (21)—(23) we can obtain an alternative formula for the Fréchet derivative.

9of = 0Eu(f) + D+ (0E( () + -+ D*- (0EX (£))

with the following adjoint derivative
5uf = wEL(f) = (Dw) - B (f) + -+ (~D)fw - EY ()

Coordinate formulas for this Fréchet derivative and its adjoint counterpart, as well as the
associated divergence, are found in [15].

The next lemma gives important properties of the Euler operators (22) and (26) [21].

Lemma 2. (i) E,(fg) = d3f + 6%g is a product rule. (ii) E.(f) = 0 is valid if and only if
f = D - F for some differential current function F = (F!, F¥). (iii) EV(D-F) = E,(F!, F*) =

(Eyu(F!), Ey(F¥))yELF (D - F) = (E,(f),E,Sl))@(Pt, FX),1 > 1 are descent rules, where ® is the
symmetric tensor product.

The next lemma relates null divergences and total curls in jet space; a null divergence
is defined as a total divergence D - & = 0 that vanishes identically in jet space, where
® = (®f, d*) is defined as a differential current function and the relation between null
divergences and total curls in jet space is as follows [21].

Lemma 3. Ifadifferential current function ® = (®'(t,x,u,u, ..., aku), o*(t,x,u,0u,..., Bku))
has a null divergence
D-Y=D¥'+D,-¥"=0 in ], (28)

then it is equal to a total curl
®=D-¥Y=(Dy-©,-Di®+D,-T) in ]

(% 9)

being valid for a given vector function @(t, x, u, du, . .., 3 ~'u) and some differential anti-symmetric
tensor function T'(t,x,u,0u, ..., akflu), where both can then be expressed in terms of of, o~

with
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Lemma 4. If a differential function f(t,x,u,du, ..., u) goes to zero on the solution space £ for
some regular system of PDEs, then

f=R¢(G) (29)
holds identically, where

Rf — R(O) + R(1> D4+ R]((kiN) . Dk_N (30)

is a linear differential operator that depends on f with coefficients £ RJ([O), R](}), e Rj(tka). The op-

erator Ry|g is canonically determined by f if there are no differentiable identities. If the PDE system
satisfies a differential identity

D(G)=DiG' +---+DyGM =0 (31)

with D1 + ..., Dy being linear differential operators, with non-singular differential functions on
&, then the operator R¢|g is a canonically determined modulo XD, with X being an arbitrary
differential function.

Joining these elements of variational calculus and infinitesimal symmetries like (8) of
a system of PDEs (3), we can obtain a symmetry generator that acts on the solution space
of the PDE system in jet space as

N 0
X:X—vangf P=n—wt—uy ¢ (32)

where X}, is defined in [17]. This is the generator that gives the characteristic form for the
infinitesimal symmetry. Now, we can rewrite the symmetry invariance (9) as

prX(G)le =0 (33)

The Fréchet derivative is equivalent to the action of the prolongation, so we can rewrite
again Equation (33) as
(0pG)le =0 (34)

Now, with a conservation law (4) of a regular PDE system (3), we can use
Equations (29) and (30) to show that a conservation law can be written as [21].

DiT+ Dy X = Ro(G) = RYGH+ RY . DGt + - + RN . prii-NGgt (35)
From this expression, we arrive at
DT + Dy - X = GQ (36)
with

(T, %) = (T, X) + RYG +RY - DGT — (D-RP)G + - +

r—N 1-N
Y ((=D)'- Ry DG (@)
1=0
and (@, Q) = RY - DRY 44 (LD N RETIN (3)
In the space of solutions, we obtain that
(DiT+Dy-X)|e =0 (39)

Equation (36) is the characteristic equation rewritten using the tools of variational
calculus and Equation (38) is what we define as the multipliers of the system.
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The functions
Q = (Q1(t,x,u,0u, u,... ,0u), ..., Qum(t x,u,du, u, ... ,a’u))f (40)

are a multiplier if and only if each of them are non-singular on the solution space of the
PDE and the summed products with the expressions G = (Gl, el GM) of these functions
for the PDEs have the form of a total space-time divergence [17].
From Lemma 2, an expression for finding all multipliers for a given PDE system (3)
can be stated as follows
0=Eu(GQ) =65G +65Q (41)

This expression holds identically in jet space and is necessary and sufficient for Q to
be a multiplier. Using Lemma 1, a corresponding conserved current from each multiplier Q
can be obtained from f = QG yielding

" 1
‘I{:‘/O YGQ(aAu(A))M:u(A)d/\ (42)

The following explicit formula for a conserved current is obtained and reads as fol-
lows [21].

Lemma 5. For a system of PDEs (3), each multiplier (38) describes a conserved current (36) that
is given by a homotopy integral

B 1 (k=1
T = /0 (2 a/\ait(/\) . (Eafam (GQ)) |”—”(A)> A + Dy - @, (43)
1=0
B 1 /k=1
X= /0 (Z a)\ail()\) ’ (EB'B,M(GQ)) |””(A)> dA—D; -©®+ D, -T, (44)
1=0

along a homotopy curve uy) (t, x), with u(yy = wy u(g) = ug such that(GQ)|u=u,is non-singular.
Here, k = max(r,N)

These results make it possible to write the characteristic equation using the adjoint
Fréchet derivative in the solution space as

(65G)]e =0 (45)

The solutions Q(t, x,u,du, . .., d%u) for this determining equation are called adjoint-
symmetries [4,6-9].
Q also satisfies the identity

65G = 65G' = Ry (G') (46)
found in Lemma 4, where

Ro = RY,RY)

orRor -D+R

D244 RY) D (47)

Using these results, the determining Equation (41) can be rewritten as
0 =Rqr(G') +66Q (48)
When the PDEs are expressed (deleted) in solved form in terms of a set of leading
derivatives, we obtain the following linear system of equations

0=RrRY 4~ e (Q", k=01,...r (49)

QT
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With this, the next theorem can be stated [21].

Theorem 1. The determining Equation (45) for multipliers of conservation laws for any regular
system of PDEs (3) is equivalent to the system of linear equations (45) and (49). In particular,
the multipliers are adjoint-symmetries (45) that satisfy Helmholtz-type conditions (49); these
are sufficient and necessary for an adjoint-symmetry Q(t, x, u,0u, . .., 9" u) to have a variational
form (21) derived from a conserved current ® = (T, X?).

This theorem is a generalization of the modern form of Noether’s Theorem where sym-
metries are replaced by adjoint-symmetries to find conservation laws for non-variational
PDEs, where the older method was built to find conservation laws of variational PDEs.

The main advantages of this method up this point are the ease it provides in finding
all the given conservation laws of systems of PDEs compared to other methods; the main
thing that makes this possible is the algorithmic nature of the method.

This also provides the advantage of making possible the use of computational tools
to reduce the manual work necessary for finding conservation laws; work has been done
and it can be revised in [29-32] for extra details on the computational implementation of
the method.

Another great advantage provided by this method is the size of the system of equations
that describe the system; this system of equations is over-determined and makes the
process of solving PDEs either by hand or computationally faster and easier compared to
other methods.

Contributions

This review paper has a great amount of useful information for studying a wide
variety of partial differential equations; since the year it was published until now, at least
149 research papers have used its results; this number comes without taking into account
the other citations of the previous papers published describing the same method.

This is a remarkable amount of citations for a topic of this kind and it shows how
much impact it had and can continue to have if it gets to more fellow scientists.

One of the most important characteristics of this research is that it can be applied to
almost any topic of science; this is a method for general PDEs and they appear naturally
in all fields; to make this statement even more clear, a quick overview of different papers
citing this one is given and some examples are presented.

Two areas of science that have taken the most advantage of this method are applied
mathematics and physics; these two areas can sometimes become very similar to one
another, but almost all of the phenomena they study arises from PDEs.

For example, the study of solitons, which concerns both applied mathematics and
physics, has seen great developments thanks to the method of multipliers; for example,
equations such as the BKP-Boussinesq equation [33] are known to have soliton solu-
tions [34] and their conservation laws were found thanks to the multiplier method in an
effort to know more about this recently introduced equation.

More research done in this area can be found in [35] where all low-order conservation
laws for this equation are found.

In other papers such as [36], conservation laws, symmetries and line soliton solu-
tions are studied for the Boussinesq and generalized KP equation in two dimensions
with nonlinearities.

In [37], the symmetry solutions and conservation laws of a (3 + 1)-dimensional gener-
alized KP-Boussinesq for fluid mechanics is studied; these types of equations are common
in the modelling of waves in shallow waters, so the development of the multiplier method
has proven useful for applied mathematicians and engineers.

Another equation that has been studied widely using the method of multipliers is
the KdV equation; for example, in [38], closed solutions and conserved vectors of the
(3 4 1)-dimensional negative-order KdV equations were found.
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In [39], Lie symmetries, conservation laws and exact solutions for a generalized
quasilinear KdV equation with degenerate dispersion were found.

Lastly, in [40], conservation laws for a generalized seventh-order KdV equation
where found.

The KdV equation has gained all this attention because of the wide uses it has in many
fields; in [41], some of them are listed and explained.

To name some of the applications of the KdV equation, this equation is used for
modelling of surface gravity waves, internal solitons in the ocean, voidage slugs in fluidized
beds, magma flow and conduit waves, Jupiter atmosphere, plasma physics, electrical
transmission lines, etc.

Another equation worked using this method are the BK [42] where Lie group-invariant
solutions of subalgebras and conservation laws of a (2 4 1)-dimensional BK equation of
type Il used in plasma physics and fluid mechanics is also studied using this method.

The Zoomeron equation is presented in [43], where the Lie symmetry analysis for the
system is conducted and also the conservation laws of this equation are derived.

The g-deformed-Sinh—Gordon equation is presented in [44], where again a Lie sym-
metry analysis is conducted, soliton solutions are found and a qualitative analysis of this
system is carried out.

The Hunter—Saxton equation in [45] is studied for liquid crystals with nonlocally
related systems where conservation laws are derived.

Some other interesting applications are the nonlinear wave equations in elasticity
which are studied using multipliers to find their closed-form invariant solutions in [46].

The nonlinear advection—-diffusion equations are studied for engineering systems
in [47].

The general family of multi-peakon equations are found thanks to the method of
multipliers and their properties listed in [48].

The double dispersion equations in (1 + 1) and (2 + 1) dimensions are frequently
used in engineering and their conservation laws and travelling wave solutions are found
in [49].

Lastly, the conservation laws in magnetohydrodynamics and fluid dynamics, in terms
of the Lagrangian action principle for magnetohydrodynamics of Newcomb, are studied
in [50].

One important achievement of the theory of this method, apart from the ones presented
in the next section, is the relation that was found between Ibragimov’s conservation law
and a formula using symmetries and adjoint-symmetries. The results are presented in [51]
and will be further explained in the section “Comparison”.

As noted in [52], this method really appreciates the complete power of Noether’s
Theorem; this is important because for a long time Noether’s Theorem has been only
studied in its simplified form popularized thanks to the work done by Courant and Hilbert;
this type of method for PDEs gives a truly great insight into how brilliant Noether’s
Theorem really is.

To fully understand the relevance of the method and to give some examples on how
the method works, in this last part of this section the next results of the next three papers
will be presented [33,45,53].

Starting with [33], the (3+1)-D generalized B-type KP-Boussinesq equation is studied
using Lie Group tools.

The method of multipliers helped in this paper to construct the conservation laws of
the solutions obtained.

2.2. Example 1 ((3+1)-D gBKP-Boussinesq)

To present the results made thanks to the method of multipliers, first we have to state
the (3+1)-D gBKP-Boussinesq, which can be found in [34].

Uty — Uxxxy — 3(”x”y)x + Uy +3uy; =0 (50)
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In this paper, only first-order conservation laws were obtained; for this, we need to
find the first-order multipliers I'(t, x, y, z, u, us, iy, 1z) via

6
E[F(Uty — uxxxy — 3(uxuy)x + U + 3“9{2 = 0)} =0 (51)

When expanding Equation (51) and splitting it in terms of derivatives of (u), the next
ten determining equations are obtained

I,=0, Ty=0, [,=0 T,=0, T, =0, T, =0
Fllxy =0, Iy, =0, Fy =0, TI'n+ Fty =0, Tyu =0
where the next solution is found
r(t/ x/]/, Z,U,Ut, Uy, uZ) = Clux + F(]/,Z) + G(]/ - t,Z) (52)

where (Cy) is a constant and (F, G) are functions depending on their arguments. By using
this solution and the integrals derived in the theory section, the following conserved vectors
are obtained.

; 1 1 1
T = — Ul = gy + Uity + Sl
T = Zuu +1uu —luu +§uu +§u ux —luu —§uu +7uu—§u2u
1 — 2 tt 2 ty ) xxxy 4 Xz 8 xxUXY 8 xHxxx 8 xHxxy 1 xbhz 7 "X Yr
1 1 1 1 1
le = Zuutx + guuxxx - Eui - Zuxuxxx + éu;zcx + Zutux/
3 3
le == —Zuuxx + EH%,

1 1
T3 = JuxxFy(y,2) + SuyF(y,2) + uiF(y,2),

3 3 1 1
T2y = —ZuiF(y,z) — ZuuxxF(x,y) — ZF(y,z)uxxx + EutF(y,z),

3
T3 = SuxF(y,2);

= LiGy(62) + G2+ (),

1 3 3 3 3
Téc — EMXXGC(C,Z) - Euxxycg((:/Z) + EMZGZ(E,Z) — EuGz((f/Z) + Zuux

1 3 3 1 1
Tg = Zuxng((',‘,z) - EuiG(C,z) - ZuuxxG(ﬁ,z) - ZuxxxG((',‘,z) + EutG(C,z),

3
T3z = EMXG(QZ), C=y—+t

These three sets of conserved vectors give a different conservation law for this equa-
tion. The three conserved quantities are conservation of energy, linear momentum and
dilaton energy.

The importance of analyzing this equation is the wide use it has in geotechnical and
road engineering [54], modelling of quasi-one-dimensional shallow water, plasma physics
and nonlinear optics, to name a few [55].

Knowing the conserved quantities of this new BKP-Boussinesq equation gives a lot
of information concerning where this equation better fits a model and what the novelties
of using it are compared to others; knowing this and looking at the way the method of
multipliers was used for solving this equation, we see the great power it has.
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2.3. Example 2 (Hunter-Saxton)

The next worked example is obtained from [45], where the conservation laws are again
obtained using the multiplier method. The Hunter—Saxton was obtained from [56] and has
the following form.

X(x,t,u) =0;  thyxt + dthytiyy + 2Ullyyy =0 (53)

using the same notation as earlier; the characteristic equation will have the form

0
E[r(uxxt + duyuyy + Zuuxxx)] =0 (54)

with the multipliers given by TI'(x, t,1); we obtain this equation by splitting in terms of
third derivatives of the following determining system [45].

_Fuu - 0/ _zrxu - 0/

Ty — 2ulyxx =0,
—6ul'yu — 2I'y ey = 0,

(55)
—6ul’y, — Ttu —2I'y =0,
—6ul'yyy — T'tuu — 4T'ux = 0,
—6ulyyy — 2Ttu, — 2I'x, = 0.
This system has the following solution [45]
T(x,t,u,uy,ur) = xF'(t) + u(=2F(t) + c1) + G(t), (56)
This solution also describes three local conservation law multipliers [45]
()T =u, (2T =G(t), (3)T =xF'(t)—2uF(t). (57)

Using the tools of the method, corresponding fluxes are presented in the next table;
in the paper [45], they were obtained thanks to the software developed in GeM for this
method; details of this software are found in [30].

This equation, in the context of this paper, describes an excellent method for modelling
the propagation of weakly nonlinear orientation waves in the massive nematic liquid
crystal direction field.

This is one of the main uses of this equation and, as said in the first case, knowing this
conservation laws found in Table 1 helps us understand the characteristics of the model
better and the multiplier method gives a straightforward way of arriving at these results.

Moreover, the use of high-level algebraic programming languages is possible thanks
to already developed packages implementing this method that make the work of finding
the conservation law for this and other equations even more accessible and even faster.

Table 1. Conservation Laws of the Hunter-Saxton equation obtained from [45].

CL Multipliers Conservation Laws

O [u] = uttyx + yu?

PFu) = 202Uy — Uplly

D u] = G()urx

D% [u] = 2G(t)uttrx + G(t)us — G (t)ux

O u] = —F()u2 4+ F'(t)ty — 2F () utiyy + XF' () 1hxx

V3 T = xF'(t) —2uF(t) ® [u] = —4F(t)uPuxy + xF' (£)u2 + 2F (H)upuy — xF" ()uy — F'(t)u +
2F () xuttyy

V1 I'=u

V, T=G(t)
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2.4. Example 3 (Generalized (2 + 1)-Dimensional Nonlinear Potential Yu-Toda—Sasa—Fukuyama)

Lastly, this section, which contains examples, presents the results obtained in the
paper [53] where the conservation laws for the generalized (2 + 1)-dimensional nonlinear
potential Yu-Toda-Sasa—Fukuyama are presented.

This equation is expressed as follows

—20upy + Ouztiyy + 20Uxtiy; + Yilyy + Plxyyz = 0. (58)

The conserved quantities are then obtained via the determining condition

1)
E[F(—Zeutx + Oty 4 20Uyt + YUy + Plixxxz)] =0 (59)

with multipliers of zero-order I = I'(t, x, y, z, u); implementing this condition the usual
way, one arrives at the following determining system of equations

| T TS ruy/ Ui, Uiz Vs Vissizs Vi Ttz 29rx + 3,3ruxx =0,
39Fuu + 3ﬁruux - O/ zeruz + 3ﬁruuxz - 0/ erxx + ﬁruxxx - O/

(60)
Gru + ,Bruux/ Grz + 3,Bruxz =0, 49rux + 3,Bruuxx =0,
20Ty, — 20T, + 3,Bruxxz =0, ')’ryy — 200y + ,Brxxxz =0,
The solutions of this system are given by
T(t,x,y,zu)=fi(t)y+ fo(t) (61)

T = —6f1(t)yux,

T = ~y[(8(us — wetz) — 2 Pue) (1) — Bufi (1),
T = —qf1(6) (u — yuy),

= — % ABY(2012 + Biuxxx);

Ty = —0f(Huy,

T} = Oufy(t) — (0(ur — uyuy) — Z,B”xxz)fz(t)/

Ty = vfo(t)uym,

T5 = LF2(0)(2002 + Bitess).

This equation is widely used in many areas such as biophysics, chemistry, fluid
dynamics, plasma physics, condensed matter, biogenetics, biology, optical fibers and more
ares related to engineering, as stated in [53].

All of these examples follow the same steps to find the conserved quantities of the
PDE systems; in this last part, a brief flow chart of how the algorithm of the method works
is presented.

All of the examples presented here used the second option for finding the conserved
currents; this obtains a linear system of determining equations from (49); each of the three
options has certain advantages depending on the specific case; more details can be found
in [21].

This general method presented in Figure 2 is general and can be applied for any of the
PDE’s that met the conditions found in the first review article.
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Solve the determining equations

RY) 4 (—1*EM@QY =0, k=01,....r (05G)le=0

[ I

Find all the linearly independent
equivalence classes of non-trivial
multipliers.

l

Chose a method to construct the
conserved current of the
multipliers of each equivalence
classes

! r '

2) Transform the determining 3) When a system possesses a
1) Use the homotopy integral equation of Helmholtz type to find scaling symmetry use the
formulas a linear system of determining algebraic formula found in
equations. Anco,S; 2016

Figure 2. Flowchart of the algorithm of the method. Details on the third method can be found in [51].

3. Modern Developments

In this section, the information of four papers will be synthesized; each one of them
gives a new result in non-related aspects of the same method; therefore, each paper will
have its own subsection to explain them in detail.

These subsections will be listed in chronological order from oldest to newest starting
from [16], followed by [17-19].

The first paper in the list gives a geometrical interpretation of the adjoint-symmetries
for PDEs.

The second paper listed relates the method of multipliers with the symmetry multi-
reduction method generalizing it.

The third paper listed gives a formula to derive symmetry reduction operators from
non-variational symmetries for PDEs.

The last paper is a study of the algebraic structure for general PDE systems.

At the end of each section of this subsection, an example of a relevant use of this new
development is presented and briefly discussed for better understanding of the new results.

3.1. Geometrical Formulation for Adjoint-Symmetries of Partial Differential Equations

The geometrical interpretation of an infinitesimal symmetry is well known as the
tangent vector field to the solution space of the PDE; having this geometrical interpretation
of the infinitesimal symmetries gives a more accessible way for other fields such as physics
or applied mathematics to apply and understand this type of symmetry with respect to the
PDE system.

This type of geometrical interpretation was not developed for adjoint-symmetries
until the publication of the paper underlying this section; as shown later, giving adjoint-
symmetries a geometrical interpretation would make it easier to apply this new type of
symmetry to any PDE system and would also help to better understand the structure of
these mathematical entities.

The geometrical interpretation of adjoint-symmetries was found to be evolutionary
one-forms and for evolutionary systems their geometric meaning corresponds to one-forms
that are invariant under the flow of the system being studied.
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More generally, adjoint-symmetries of the evolution system with spacial constraints
are one-forms invariant up to a functional multiplier of normal one-forms related to the
constraint equations [16].

To present these results, first we have to write the tools of jet calculus needed in the
language of geometrical algebra; we use the following notation recovered from [16].

Independent variables are defined as xi,i=1,...,n and dependent variables are
defined as u®, « = 1,...,m. Derivative variables are denoted by the use of subscripts
using the following multi-index notation: I = {iy,...,in}, uf = Up gy = Qi o 0y U,
|I| = N; I = o,uf :=u*, |I| =0.

Also, the following useful notation is used: 9 u denotes the set {uf} 1= of all the

XN

derivative variables with the order of k > 0; u®) the set {uf Yo<|1<k is defined as the set of
all derivative variables of all orders up to k > 0. The summation convention for repeated
indices is used throughout this section [16].

Jet space ] is defined as earlier. A smooth function u* = ¢*(x) : R” — R™ defines a
point in jet space ] at any x' = (xp)’; the values (19)* := ¢ (xo) and the derivative values
(uo)f = ajl,,‘am ¢*(xp) for all orders N > 1 give a map,

ut = ¢ (x) % ((x0)', (uo)®, (o), ..) € J. (62)

Injet space, the primitive geometric objects consist of partial derivatives 0 au;c and dif-

ferentials dxi,du}?‘. These quantities have the following relationship (hooking relations):

xis

Ay, |dxl = & (63)

Bye duf = ofs]. (64)

The following geometric contact one-forms will be helpful later:
Of =duf — u’}‘idxi (65)

Total derivates are given by D; = ax' + u;"]au}x. Higher total derivatives are defined by

Dy =Dy Dy, T = {ju- - inb 1 = N.

A differential is defined as a function f(x, uK)) defined on a finite jet space J(
(x', u®, u}’-‘, cery u;’-‘i jk) of order k > 0. The Fréchet derivative for a differential function f is

defined as

k) —

f'= fusDr (66)

This operator acts on differential functions F*. The adjoint Fréchet derivative for a
differential function f is defined as

(f)e = (-1)IDy fe (67)

which also acts on differential functions F%.
The second Fréchet derivative is defined as

f'(Fi B2) = £ p (D1FF) (DS ). (68)
The Euler operator is defined as
Ew = (—=1)ID;d,s. (69)

Higher Euler operators are defined as

El, = G)(—l)lllz)]au?]. (70)
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Fréchet derivatives and Euler operators are related by
f'(F) = F*Ee(f) + DT'(F; f),  T'(F; f) = (DJF*)Eys (f)- (71)

The Fréchet derivative and its adjoint are related by
Bf' = FHf" (B = D¥ (R, Bif), ¥(F, By f) = (DkB)(DIF)E.(f).  (72)
A vector field in jet space is defined as

P'9;i + Pffde. (73)
A one-form field in jet space is defined as

Qdx' + Qpduf (74)

Geometric partial derivatives au7 can be interpreted as evolutionary vertical differen-

tials du, where d is the evolutionary version of d: d?> = 0, dx’ = 0. These objects satisfy the
following duality hooking relations

dys Jduf) = o656}, (75)
An evolutionary vertical vector field is the geometrical object [16]
Pfoy. (76)
Its dual counterpart is an evolutionary vertical one-form field,

Qh (77)

Now, using these definitions and notation we can formulate adjoint-symmetries
geometrically, but first we need a general PDE system of order N

GA(x,uN))=0, A=1,...,M. (78)

where x',i = 1,...,n are the independent variables and u%, « = 1,...,m are the depen-
dent variables.
Next, we need to define a symmetry as a vector field

Xp = P*(x,u%)) 9, (79)
and the following two determining equations
(prXpGH)|e = G'(P)]e = 0 (80)
called the symmetry determining equation and

G"(Qale =0 (81)

called the adjoint-symmetry determining equation.

The question is whether there is any geometrical entity that describes Q 4. It is a good
idea to work in a coordinate-free PDE system defined in jet space and this can be done
as follows.

The system of equations (G! * (x,uN)),...,GM(x,uN))) = 0 defines a set of M
surfaces living in finite space | (N) (x,u,0u,..., oN u). The total derivatives of these equations
(DlG1 * (x,u(N)), .. .,DIGM(x,u(N))) = 0 defines sets of surfaces living in the higher-

. . . s N-+|I
derivative finite spaces J(N* 1) (x.9u...,9 ),
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It is known that symmetry vector fields are also tangent vector fields with respect to £.
This can be seen explicitly in the identities:

dG* = (G*)mduf (82)

and
G'(P)A = prXpG* = prXp|dGA (83)

dG# is the normal one-form to the surfaces G4 = 0. The symmetry determining
Equation (80) gives the result that the prolonged vector field prXp vanishes thanks to the
normal one-form; this then implies that it is tangent to these surfaces iff Xp is a symmetry
of the PDE system.

The normal one-form (82) gives a relationship between a one-form and an adjoint-
symmetry via:

wo = Qa(x,ul)dcA. (84)

An equivalent one-form is obtained by using integration by parts in this equation:
QadGA = QA(GY) (du) = G™(Q)adu® mod total D. (85)
In the solution space &, this association between one-forms and adjoint-symmetries gives

wole =0 mod total D. (86)

Using these three results in the following theorem [16].

Theorem 2. Adjoint-symmetries describes evolutionary one-forms QdG* that functionally van-
ish in the solution space € of a PDE system (78).

This was formulated for evolutionary vertical vector fields and evolutionary one-
forms; these results are easily reformulated using full vector fields and full one-forms
given that

QadG%|g = (G*)*(Qa)ale®" mod total D (87)

Then, the determining equation can be expressed in terms of the one-form [16]
QadG|¢ by Ege(QadG?)[e = (G*)*(Qa)le = 0.

From Theorem 2, a well-known formula is derived; this formula generates a conserva-
tion law from a pair consisting of a symmetry and an adjoint-symmetry.

Using these results, the geometrical derivation of three actions of symmetries on
adjoint-symmetries are found using Cartan’s formula for the Lie derivative of an adjoint-
symmetry one-form (84).

First, from the relation between symmetries and adjoint-symmetries, we need the
functional pairing between a symmetry vector field and an adjoint-symmetry one-form
that is given by,

(prXp,wq) = (prP*dus, QadG) = [ Q4G'(P)dx. (88)
Using this functional pairing, the next theorem can be stated [16].

Theorem 3. Vanishing of the functional pairing (88) for any symmetry (79) and any adjoint-
symmetry (81) corresponds to a conservation law

D;¥'(P,Q;G)le =0 (89)

holding for the PDE system GA = 0, where the conserved current ¥'(P,Q;G) is given by
¥(P,Q;G) = (DxQa) (DyP*)Eys (GA).
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Giving the relation between symmetries and adjoint-symmetries.

The action of symmetries on adjoint-symmetries can also be derived in this geometrical
formulation noting that for a given PDE system (78), the set of adjoint-symmetries is also
linear space, and as shown in [57] symmetries of the PDE system have then three different
types of actions in this space.

To derive the first symmetry action, the Lie derivative of an adjoint-symmetry one-
form with respect to a symmetry vector field is used [16].

Proposition 1. If wg is an adjoint-symmetry one-form (84), namely wg|s = 0 (modtotal D),
then its Lie derivative with respect to any symmetry vector Xp = P* 9y« yields an adjoint-symmetry
one-form,

Lx,wqle = ws,()le = 0(mod total D) (90)

where

Sp(Q)a = Q'(P)a + Rp(Q)a 91)

are its components.

The next formula due to Cartan for the Lie derivative is written using the operations d
and |. Using this formula, the following two additional symmetry actions are derived [16].

Theorem 4. The terms in Cartan’s formula
Lx,wg = d(prXp]wy) + prXp|(dwg) (92)

evaluated on £ each yield an action of symmetries on adjoint-symmetries. The action produced by
the Lie derivative term has the components (91) and the actions produced by the differential term
and the hook term, respectively, have the components

S1p(Q) = Rp(Q)a — RG(P)4 (93)

S2p(Q) = Q'(P)a +R(P)a (94)
The three actions (91), (93) and (94) are related by:

S1p(Q) + S2p(Q) = Sp(Q)a (95)

where each of these actions describes a mapping on the linear space of adjoint-symmetries Q 4.

The last important result in this paper is the geometrical interpretation of adjoint-
symmetries of evolution equations.

To present these results, first a general system of evolution equations of order N is
defined as follows

uf = ¢%(x,u,0xu,.. .,axNu) (96)
where t is taken to be time variable, x', i = 1,...,n are the space variables and u®, a =
1,...,m are the dependent variables. The space of solutions will still be denoted &.

For general PDE systems, we can specialize them with G* = u} — ¢g* via identifying
the indices A = a (M = m). In &, it is assumed that only u* and its spatial derivatives are
contained in addition to ¢ and x'.

A symmetry is then stated to be an evolutionary vector field,

Xp = P*(t,x,0xu, ... ,a’;u)aua (97)
that satisfies the linearization of the evolution system on &:

(prXp(uf —g"))|e = (DiP* = g'(P)")|e = 0. (98)
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The symmetry determining Equation (98) can now be expressed as:
(P +[g,P])* =0. (99)

The following determining equation for adjoint-symmetries Q, (t, x,0x1, . .., aiu) is
described in terms of the the adjoint linearization of the evolution system in &:

(Qt+Q'(G) + 8" % (Q))a =0. (100)

These two determining equations have a geometrical formulation using the Lie deriva-
tive defined using the flow that arises from the evolution system; similar work was carried
out in [58] for ODEs.

It is useful to introduce the following flow vector field

Y =0+ g"‘aua (101)

related to the Lie derivative as
L= Lp,y. (102)

From this relationship, the following well-known result can be stated [16].

Proposition 2. A symmetry of an evolution system (96) is an evolutionary vector field (79) that is
invariant under the associated flow (102).
In particular, the resulting Lie-derivative vector field

LiXp = (Pt + [g, P])'Xaua (103)

vanishes iff the functions P, are the components of a symmetry.
For adjoint-symmetries, we introduce the evolutionary one-form

wg = Qu(t, x,0xu,.. .,Biu)du”‘. (104)
Its Lie derivative is given by
Liwg = (Qr+ Q'(g) + ¢*(Q))adu® (mod total D) (105)

Then, the adjoint-symmetry determining Equation (100) can be formulated as the functional
vanishing of the Lie derivative expression (105).

Using this proposition, the following theorem is stated [16].

Theorem 5. An adjoint-symmetry of an evolution system (96) is an evolutionary one-form (104)
that is functionally invariant under the associated flow (105).
In particular, the resulting Lie-derivative one-form

Liwg = (Qr+ Q' (g) + §*(Q))adu® (mod total D) (106)

functionally vanishes iff the functions Q, are the components of an adjoint-symmetry.

Now, the generalization for evolution equations with spacial constraints is also de-
veloped in this paper; this type of system is of high relevance in many areas of physics
and applied mathematics; some examples are Maxwell’s equations, incompressible fluid
equations, Einstein’s equations, etc.

The constraints consist of spatial equations

CY(x,u,axu,...,a,lc\],u):O, Y=1,... M (107)
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The symmetry equation is described by the linearization of the system on £ and is
written as
(prXpCY)le = C'(P)e = 0. (108)

The two determining equations (98) and (108) can be stated as:
(P +[g, P))*ec =0, C'(P)"]g. =0 (109)

where ¢ is defined as the solution space for the spatial constraint equations.
The determining equation in the adjoint case is found thanks to the adjoint linearization
of the full system; this can be stated as:

(Qr+Q'(G) +8™(Q) = C"(q))alec = 0. (110)

A geometrical formulation is known in terms of a constrained flow (102) and gives the
next generalization of evolutionary systems [16].

Theorem 6. A symmetry of a constrained evolution system (96) and (107) is an evolutionary
one-form (104) that is functionally invariant under the associated constrained flow (105), up to a
functional multiple of the normal one-form dCY arising from the constraints.

Another theorem is stated in this paper that gives a geometrical result related to gauge
adjoint [16,59-61].

Theorem 7. A gauge adjoint-symmetry wy = C"™*(x)adu® = xydCYmod total D is functionally
equivalent to a normal one-form w, associated with the constraint Equation (107). Under the
evolution flow, it is mapped into another normal one-form.

The paper gives some last remarks on what are interesting paths to further develop
these results such as working this constraint equation to a formulation using condi-
tional symmetries and conditional adjoint-symmetries based on the spatial constraints of
the system.

Translating these results via secondary calculus [62,63], the tool developed by Vino-
gradov and Krasil'shchik and their coworkers is also advised as an interesting path for
further developing the method.

And lastly the authors point out that an interesting path of research would be the full
development of the use of adjoint-symmetries for studying specific PDE systems, that is,
finding exact solutions, detecting and finding mappings in a target of class of PDEs and
detecting integrability of particular PDE systems using this method.

3.2. Example 4 Ito-Type Stochastic Equation

One of the only articles that reference this work, given how recent the work is, is
the one found in [64]; here, the asymptotic symmetry and asymptotic solutions for Ito
stochastic differential equations are presented.

When finding the conservation laws for these types of equations, similarities were
found for the stochastic case and the so-called deterministic ODEs.

The work that we presented earlier only works in terms of deterministic ODEs, while
the latter article analyzes stochastic ODEs.

The authors, by trying to find conservation laws for this type of ODE, found a similarity
between the geometrical interpretation obtained here and the stochastic ODEs.

To see this more clearly, we will recover the important parts of [64] concerning the
results presented here.

First, let us consider the next vector field for a stochastic ODE

0 ; d 0
X =1(x, t,w)g +¢'(x, t,w)ﬁ + i (x, t,w)ﬁ (111)
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This equation is then written in the following form if we impose that a certain trans-
formation leaves invariant our vector field, giving a necessary but not sufficient condition
for invariance

d ; ] K 1n O
where R is a matrix that belongs to the Lie algebra of the linear group CL(n).
Then, an infinitesimal action of X is described as
t—tter, x —xtep, - wF+eRbW (113)

The equations studied here are Ito-type; this type of equation has the following form
dx' = fi(x, t)dt + wi(x, t)dw* (114)

The infinitesimal action described earlier leaves invariant this type of equation and
therefore when applied to Equation (113) we have that

dx' = fi(x, t)dt + i (x, t)dw" (115)

From this equation, we can see that the action of the vector field X is different from
the usual way it acts on deterministic ODEs.

The way this vector fields work in deterministic equations is by acting on a proper
vector field Z that lives in a suitable jet bundle ] of the system; when studying how X and
its prolongation acts on Z, we may be able to find the conservation laws of the system.

For the case of stochastic Ito equations, the vector field X acts on the functions fi(x, t)
and (Tli(x, t); therefore, the vector field acts on the differentials dx’, dt, dwk.

This can be seen in Equation (115) and it looks similar to how vector fields of adjoint-
symmetries behave.

This is pointed out in this article and gives an interesting result in terms of how, for
two seemingly unrelated types of equations, a bridge between them seems to appear thanks
to the use of adjoint-symmetries.

More work needs to be conducted on this point for any strong conclusions, but a
connection seems to exist between some stochastic equations and deterministic equations
in the sense that the underlying structure of their symmetries seems to be connected thanks
to the use of adjoint-symmetries on deterministic equations.

3.3. Symmetry Multi-Reduction Method for Partial Differential Equations with Conservation Laws

This paper [17] gives an algorithmic method for finding all symmetry-invariant con-
servation laws for PDEs that have n > 2 independent variables and a symmetry algebra of
dimensions of at least n — 1.

This is a generalization for the well-known double reduction method.

In this paper, the condition for symmetry invariance of a conservation law is given
with the use of multipliers; this is because it makes it possible to obtain symmetry-invariant
conservation laws in a direct way.

This is done in order to make the calculation steps of this reduction method easier
with respect to the number of steps needed and the complexity of these calculations.

In this paper, various examples are presented; these examples will not be added in
this review but any extra information can be found in [17].

To understand what the reduction method achieves, it is important to remember
that symmetries are used for finding group-invariant solutions of PDEs. When finding
these solutions for PDEs, what we obtain is a reduced differential equation (DE) that
is expressed using less variables and it is expressed in terms of the invariants that the
symmetry group possesses.
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By solving this reduced DE, one finds the group-invariant solutions; for us to be able
to solve this DE sufficiently, many first integrals are needed so the system can reduce its
order for finding the quadrature of the reduced DE.

When the reduced DE obtained is an ordinary differential equation (ODE), we can
make further reductions of the system if the system of PDE studied is a Lagrangian one; this
is possible thanks to the fact that via Noether’s Theorem we can find a local conservation law
that will reduce this ODE to a first integral, giving us the quadrature of this reduced ODE.

The double reduction described earlier for PDEs is a direct counterpart of the double
reduction of a variational problem describing an ODE system [65].

The more general reduction method found in [66,67] applies not only to variational
PDEs but also to non-variational ones; this method has a long story and it was already
developed a decade ago.

This method involves finding an invariant symmetry of the corresponding conserved
current in a local conservation law of a PDE.

If the system when reduced under the symmetry specified gives a first integral of the
ODE, then it is known that this PDE system has a Lagrangian and this first integral obtained
using this method is equal to the one obtained by using the Lagrangian reduction method.

This double reduction method has been extended [68] to PDEs of any number of
independent and dependent variables; when carrying out this extension, we find a reduced
ODE that describes a PDE having one less independent variable and also an invariant
conserved current that is reduced yields a conservation law for this reduced PDE [67]. This
can be further extended for conserved currents invariant modulo a trivial current. This
extension requires that the underlying local conservation law is invariant [11,69].

In this papet, many applications of the double reduction method are studied [35,66,67,70-78].

All of these applications begin by proposing a known conservation law and a known
symmetry group for a certain PDE.

Therefore, the method consists of finding a symmetry generator under the conserved
current of the given conservation law and this conserved current needs to be strictly
invariant or invariant modulo some trivial current.

One problem the method faces is for PDEs that are not of second order; for this type of
PDE, the method does not provide sufficient first integrals in order to obtain the quadrature
of the PDE.

This paper tries to solve this problem; to do this, first the method does not start
by imposing a known conservation law and then working with the symmetries of this
conservation law, but instead the method starts by finding the symmetry of the PDE to be
used in that case and from this result the conservation laws that are invariant under the
symmetry are derived.

This solves the problem for non-second-order PDEs of not having enough first integrals
for systems of two independent variables.

Using this approach, further reductions in the ODE are possible.

Second, the reduction in the PDE is considered to be carried out under an algebra of
symmetries as opposed to a single symmetry.

This gives a solution for the problem of reducing PDEs with more than two indepen-
dent variables and gives a reduced system of ODEs with a set of first integrals for finding
the quadrature of the system.

Lastly, the condition of symmetry invariance for a given conservation law is written
using multipliers; the main goal of this is to make the process algorithmic and therefore
make it more straightforward to solve.

Using this approach, the complexity and length of computational steps needed for the
reduction method are largely decreased.

We will start with the travelling wave reduction; a travelling wave solution of a PDE
G(t,x,u,us, uy,...) = 01is of the form

u(t,x) = U(x —ct) (116)
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where ¢ = const is the wave speed. The solutions of this system come from an invariance
under a translation symmetry
X = 0 + coy (117)

with x — ct = ¢ and u = U being the invariants of the symmetry.
The condition of symmetry can then be expressed as

prX(G) =Gt +c¢Gy =0 (118)

Invariant solutions satisfy the ODE obtained from reducing the PDE

Gluy+eu,=0 = G(g, ”;—u, i, ) =0. (119)
¢
The first integrals for this travelling wave ODE (119) are now found via the symmetry
reduction of the conservation laws that are invariant under X and are then expressed in
terms of (§,p, U) with X = dp, where §{ = x —ct,U = u is the invariants of the system
and the canonical coordinate is given by p = x. When using these new expressions, the
conservation law is then rewritten as

P, 0= %CI). (120)
Under the action of X = 9,,, the conserved current (T, ®) is mapped via T = prX(T) =
9,Tand & = prX(®) = 9.
Then, we know that a conservation law is invariant under the travelling wave symme-
try iff (T, ®) describes a mapping to a trivial conserved current (see [17]):

T=prX(T) =0,T =D,0, &= prX(®) =0, =—Dz0 (121)

This invariance condition (121) is not written in terms of multipliers; as said earlier,
formulating this in terms of multipliers gives multiple advantages; the starting point to
make this possible is first defining the next mapping of multipliers.

The multiplier mapping Q — Q is given by [11,69]

Q = prX(Q) + (Rx + Dx& + Dy7)Q (122)

where Ry is the function defined by prX(Q) = RxG.
Symmetry invariance of a conservation law is a multiplier condition [11,69]

Qle =0. (123)

More details on the derivation of these two expressions can be found in [17].
For the purposes of this paper, we only need these two main results (122) and (123) to
rewrite (121) in an equivalent more useful way [17]

prX(Q) = Qi +cQx =0 (124)

which holds for the multiplier Q of the conserved current (T, ®).
From this invariance condition, the next conserved current is derived in terms of
canonical variables [17]
DéT + Dp<i> = DY = 0. (125)

This is a reduced conservation law (125) that is a first integral ¥ = const of the
travelling wave ODE (119). This conservation can be expressed in an explicit form as

au ] ]
‘f(g, u,dg,...) - :r+/apc1>d§ (126)
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which only involves the current

(T,®) = (T - %CD, i@) (127)

u(t)=U(E) b=t (p=8)x=p

An equivalent formula for the fist integral can be written as [17]
y (g, u Y ) - / OGde (128)

dg
in terms of a multiplier

Q= V1Rl 0)=uu(@)t=1(0-2)x=p (129)
e | 1

where Q is a multiplier for some symmetry invariant conservation law and |J| = ‘

Jd(t,x c
is the Jacobian factor that comes from the point transformation from the norm;l system
variables to the canonical ones (t,x,u) — (&, p, U).

Then, for any symmetry invariant conservation law for a given PDE G = 0 will be
reduced to a first integral for a travelling wave ODE G = 0; the conservation laws from
here can be derived when solving Equations (41) and (124) for Q [17].

The first integrals then can be solved via (126) in terms of (T, ®) which comes from
the multiplier Q or from Equation (128) which is written in terms of the reduced multipli-
ers (129).

Next is the case of similarity (scaling) reduction; this type of solution of a PDE
G(t,x,u,up, uy,...) = 0 takes the form

U

u(t,x) = t*U(x/tP) or u(t, x) = x*U(t/xP) (130)

where o, § = const are scaling weights. Solutions for this type of PDE arise from invariance
under a scaling symmetry [17]

X = toy + PBx0dyx + audy or X = atd; + x0y + Puoy (131)

The symmetry invariance for this system can be expressed in the solution space &£
as [17]
prX(G) = tGy + BxGx + auGy, + (a« + )Gy, + - - - = QG (132)

where I' = const represents the scaling weight of the PDE.
The solutions arising from here need to satisfy the reduced ODE corresponding to
the PDE.

= dau
70 o _
t G‘tut+‘5xux—au=0 = G(C, dg,...> =0 (133)

The reduction can also be stated in terms of the canonical variables (¢, p, U) having the
relationship X = 9, where & = x/tF, U = u/t" are invariants of the system and p = In(t)
is the canonical coordinate.

A conservation law DT + D,Q) = 0 is given by

T=pxT—tQ, Q=thQ. (134)

which are functions p, ¢, U and derivatives of U.
This condition for symmetry invariance can also be written in terms of multipliers for
the conserved current T, () as

prX(Q) = tQ¢ + PxQx + auQu + (& — urQu, + (a = BuxQu, + - = —(QA+ B+ 1)Q. (135)
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from the relations (126) and (125). This gives Equation (128) in terms of multipliers [17]

Q= 116 Q1 1)t 11 () e et (136)

where Q is the multiplier of the scaling invariant conservation law; |J| = ‘ 3%%5 )) ’ = (Bt

is the Jacobian for the transformation made between the usual coordinates and the canonical
coordinates of the system (¢, x,u) — (&, p, U).

Then, we can conclude that all conservation laws of a system of PDEs can be obtained
by solving (41) and (135) for Q.

The first integrals can be obtained via (126) and (136) in terms of using the re-
duced multipliers.

These two multi-reduction methods have a generalization to systems with more
independent variables and one symmetry.

These results are further generalized to solvable symmetry algebras. This is possible if
the symmetry algebra dimensions are one less than the number of independent variables;
if this condition is met, the PDE reduces to an ODE.

In this case, each conservation law of the PDE is described by a first integral of the
reduced ODE.

In the paper, two cases with a two-dimensional symmetry algebra in 2 + 1 dimensions
are discussed.

The first type is a system of line travelling waves and the second type is systems
describing line similarity solutions and similarity travelling waves.

To present this, first a discussion on conservation laws, multipliers and symmetries in
2 41 dimensions is needed.

A local conservation law of a scalar PDE G(t, x,u, uy, uy,...) = 0 for u(t,x,y) is a
continuity equation D;T + D,()* + D, ) = 0 holding the solution space £, where T is the
conserved density and Q) = (QF, )Y) is the spatial flux vector. The conserved current is
(T, Q) [17].

As in the last cases, given a non-trivial conservation law of the PDE G = 0, this
conservation law comes from a multiplier.

In this case, Q is a function of t,x,,y,u and derivatives of u, such that Q|¢
is non-singular.

The PDE G = 0 admits a point symmetry X = (¢, x,y,u)0¢ + &*(t,x,y,u)dx +
&Y(t, x,y,u)dy +1(t,x,y,u)d,. The mapping between multipliers and reduced multipliers
Q — Qis given by [11,69]

Q = prX(Q) + (Rx + Dx&* + Dy&¥ 4+ Di1)Q (137)

where Ry is defined by prX(G) = RxG.

The set given by all symmetry-invariant conservation laws under {X;, X5} is known
to be the subspace of all conservation laws described via the PDE G = 0.

When the invariant subspace has dimension m > 1, the reduction method will yield a
set of m first integrals for the ODE obtained thanks to the symmetry reduction of G = 0 [17].

Using this definition, we can first develop the case for the reduction by two translations;
this is our first case of line travelling waves.

The line travelling wave is a two-dimensional description of a plane wave. These
types of waves are described by [17].

u(t,x,y) =U(pux +vy —t) (138)

where y = const and v = const.
Invariance of a PDE G(t, x,y,u, uy, uy, . ..) = 0 under the pair of commuting transla-
tion symmetries

Xy = (U + )0 + pdy + 19y, Xp = vdy — pdy (139)
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(7,00, OF) = (

holding the solution space of the PDE when written in a solved form for a leading derivative.
Line travelling wave solutions u = U({) correspond to the reduction u(t, x,y) — U({)
and satisfy the ODE obtained form reducing the PDE [17].

_ du
G’vux—;ml :O,(yx-&-vz)ut-&-yux-&-vuyzo = (g’ 76’ e > =0. (140)

This equation is a consequence of (139) as said earlier, where vuy — pu, = 0 and
(p* +v?)us + puuy + v, = 0 are known as the invariant surface conditions stating that the
action of X, and Xj on the function (138) vanishes [17].

The first integrals for Equation (140) can be derived using this symmetry reduc-
tion method applied to the conservation laws found to be invariant under the action of
X7 and X; of the PDE.

This condition of symmetry invariance can be stated again in term of the canonical
variables of the system as

(t,x,y,u) = (5,0, xu) (141)

given by p = c?*t and x = c?(vx — py) where c is the speed of the wave. This pair of
symmetries together written in canonical variables looks as follows

X1 =3, Xp=0, (142)

The transformation (141) then sends a conservation law in normal variables to an
equivalent one written in canonical form [17] DgT + DPQF’ + DXQX =0, with

- 1 _ _
T = C—z(yQX +vQ —-T), OFf =Tm QOX=vQ* —uQ¥ (143)

The invariance condition rewritten in terms of the conservation law multipliers reads
as follows [17]:

prXi(Q) = (W +v*) Qi+ uQy +vQy =0, prXa(Q) =vQy—uQy =0,  (144)

All conservation laws again can be obtained via (41) and (124).
The formula for the first integrals of this system is then given again by

du S ]
T(g, u, dé‘) - T/(BPQP—FBXQP)dC (145)

The transformation using canonical variables is written as

1
= (Y + v —T), T,vO" — Qf> : 146
c? (v ) : u(txy)=U(Q)t=Gpx=cui+upyxy=c2vi—vp+ux (140

An equivalent multiplier formula is also possible and reads as follows
‘I’(é, u, du,...) - /chg (147)
dg
using a reduced multiplier given by

Q=(71Q) ’u(t,x,y):U(é)t:%zp,x:cz;téﬂwmx,y:czwifvwm (148)

in terms of the multiplier Q of a symmetry-invariant conservation law with a Jacobian

. A& p,
givenby | = a((é;ﬁ ;())

The next part presents results obtained for reduction of scaling and translation sym-
metries; this type of reduction help to describe line similarity solutions and traveling
similarity solutions.
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X; =
X, =

Aline solution is a two-dimensional version of a similarity solution (130) with solutions

u(t, x,y) = t*U((ux + vy) /tP) (149)

This type of solution is invariant under the pair of symmetries of a spatial translation
and a scaling [17]

X1 =vdy — pdy, X = tos+ Pxdyx + Bydy + audy (150)

whose joint invariants are (ux + vy)/tf = & and u/t* = U.
A travelling similarity solution, in contrast, is of the form [17]

u(t,x,y) = (v — uy) " U((px +vy — )/ (vx — py)P) (151)
This type of solution possess the following two invariant pairs of symmetries

(U2 +1?)0r + pdx + 10y,

(152)
Btor + ((Bp? + v*)x + (B — 1)pvy)dx + (1> + Pv¥)y + (B — 1)uvx)dy + audy,

This represents a travelling wave translation and a scaling that is aligned with the
translation applied to it; the joint invariants for this are (ux + vy — t)/(vx — uy)P& and
u/(vx —puy)* = U.

The important connection between these two types of solutions is the algebra described
by the symmetries; these two symmetries comprise a solvable algebra with the same
commutator structure

(X1, X2] = CXy (153)

where C = = const is known as the structure constant.

The canonical variables p, x satisfy Xjp = 1, Xox = 1. These are not joint canonical
coordinates because these two symmetries do not commute.

Imposing the conditions X1 x = 0, X2p = Cp, whereby X; = dp, Xo = 9y + Cpd, after
a point transformation between Q and Q. This is introduced to help carry out the reduction
method as similarly as possible to the other cases.

The relevant details that make important the study of algebras with a solvable structure
of the symmetry algebra are the condition symmetry invariance (152) of multipliers

0= (42 +v?)Qs + uQx +vQy (154)

CQ = BtQ: + ((Br* +v3)x + (B — Dpvy)Qx + (12 + pr*)y + (B — 1)pvx) Qy + auQu+

-+ (Q+B+2)Q=CQ (155)

where () = const is known as the scaling weight of the PDE.

The second invariance condition has an extra term CQ); this term cancels the BQ term.

This term is related to the solvable structure of the symmetry algebra; this element
vanishes in the abelian case, C = 0 [17].

The first integral formulas are the same as (145), (147) and (148) derived in the abelian
case C = 0[17].

Lastly, in this paper the multi-reduction under a non-solvable symmetry algebra
is mentioned and some examples are given; the theory is related to other studies in
the literature.

The important remark is that the theory developed for solvable symmetries can also
be generalized to non-solvable algebras with some conditions.

For a reduction in a PDE with n independent variables and an ODE with the same
number of independent variables, we need to impose conditions on the algebra; specifically,
the algebra needs to have two invariants; one of these invariants needs to involve the
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dependent variable of the PDE. For a more formal treatment of this case, see [79]. As in the
solvable case, the ODE inherits for each symmetry one first integral.

Thanks to these first integrals that are functionally independent, one can further reduce
the ODE.

The following is a summary of each case. For the case of a PDE system with two
independent variables, from a point symmetry an algorithmic approach was found to
obtain all symmetry-invariant conservation laws; these objects are then reduced to first
integrals of the reduced ODE describing the symmetry-invariant solutions of the PDE.

This is the generalization given in this paper for the double reduction method known
in literature.

The multi-reduction method is then generalized to PDEs with n > 2 independent
variables and a symmetry algebra of dimension n — 1.

For this case, the method provides a way of obtaining a direct reduction from a PDE to
an ODE for a given invariant solution and also a set of first integrals to find the quadrature
of the system.

The symmetry algebras do not need to be solvable. The condition of symmetry
invariance is also formulated using multipliers, giving an algorithm for finding theses
reductions and also giving the invariance condition of the conservation law in the process.

The third result is related to symmetry-invariant conservation law spaces with dimen-
sions of m > 1; this method yields m first integrals knowing if they are trivial or non-trivial
thanks to the multipliers.

Next, work in the making [79] gives a method for finding all conservation laws
inherited by a PDE in fewer variables obtained via symmetry reduction of a PDE in more
than two independent variables.

The work presented here is completely new and results and examples of how it is used
are found in [17].

Before jumping to the next section, an example of how these results have been used is
found in [44].

3.4. Example 5 (g-Deformed Sinh—Gordon)

Here, for the generalized g-deformed Sinh—Gordon equation, the traveling wave
reductions were derived; this was achieved with the help of the results presented earlier.
The authors retrieved the reduction found in this paper to find in an easier way the
conservation laws of these traveling wave reductions of the equation.
To present these results, first the g-deformed Sinh—Gordon equation is presented as
reported in [80,81]
Py 9 :
% - aTg = [sinh, (y)]? — (156)
with sinh, defined as the Arai g-deformed function

eX —ne™*

I 0<n<l (157)

sinh, (x) =

The low-order multipliers are found thanks to the work presented earlier for travelling
wave solutions and in this case are given by

Ot
1=,
Q =
v
Q= U—i (158)

Oy Ot
=t x—
Qs o1 T
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These multipliers then produce non-trivial conservation laws of low order

1
T, = —3(302 + (=307 — 302 —38)v — n)

3v (159)

2040y
Xp ==
T, _ZUtzvx
1 v (160)

Xy = —= (30% + (—=30? + 302 — 38)v — n)

303

1
T3 = —= (3xv* + ((—3v? — 302 — 38)x — 6v,tv;)v — 1)
303 (161)

X3 3tv? + ((30% 4 302 — 36)t + 6v;x0y )V — tn)

1
= 351

This is given in the original variables t, x and y.
Next, the form in canonical variables is given as

Q1 =yt
Q2 =Yx, (162)
Q3 = tyx + xy1,

These multipliers give the next non-trivial conservation laws of low order

1 -
Ty = 5 (2 +v8) — [ sinhu(y)dy

(163)
X1 = YtYx
T, = -
2T I (164)
X2 = —YtYx
1 .
Ts = —tyys — 5 (x? — x2) — [ xsinh, (y)dy
(165)

1 .
X3 = xYiyx + E(ty% + tyi) — /tsmhn (y)dy

Then, we have already found all the conservation laws permitted by the generalized g-
deformed Sinh—-Gordon equation using the reduction method for travelling wave solutions.

This demonstrates the power this new reformulation of the multi-reduction method
has in terms of multipliers.

In the paper, several type of solutions for different types of systems are presented and
can be applied to more systems that check the necessary conditions imposed here.

As a further remark, the generalized g-deformed Sinh—Gordon equation is widely
used in many applications respecting the modelling of complex wave mechanics.

The graphics of the periodic solutions for this system are found in [44].

3.5. A Formula for Symmetry Recursion Operators from Non-Variational Symmetries of Partial
Differential Equations

This paper [18] gives an explicit formula for finding symmetry recursion for PDEs;
these results are given via a newfound connection between variational integrating factors
and non-variational symmetries.

The formula obtained in this paper is found to be a special case of an already-existing
general formula that exists for pre-symplectic operators that arise from a non-gradient
adjoint-symmetry.

The paper also gives a classification for quasilinear second-order PDEs that admit a
multiplicative symmetry recursion operator.
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These symmetry recursion operators are really important for the theory of linear PDEs
and nonlinear integrable PDEs.

These symmetry recursion operators in the linear case are typically derived using the
Fréchet derivative of a Lie symmetry that is written in characteristic form.

In the case of integrable evolution PDEs, another symmetry recursion operator is
found using the ratio of two compatible Hamiltonian operators.

The main result of this paper gives a symmetry recursion operator arising in a similar
way as in linear PDEs for nonlinear integrable PDEs.

Also, a simple explicit formula for a symmetry recursion operator of a Euler-Lagrange
PDE is obtained.

This result is related to all the other research carried out on the method of multipliers
because the formula uses the Fréchet derivative of a non-variational symmetry of the
PDE, this gives a new use for non-variational symmetries, the same symmetries studied in
previous papers.

One important thing to note is that the generalized pre-symplectic operator derived
here uses adjoint-symmetries that do not necessarily need to be multipliers of the system.

For Euler-Lagrange PDEs, it is found that the generalized pre-symplectic opera-
tor mentioned earlier is equivalent to a symmetry recursion operator; also in this case
the non-multiplier adjoint-symmetries of the system are found to be equivalent to non-
variational symmetries.

For PDEs with no variational structure, a generalized pre-symplectic operator [82]
is found to be a linear differential operator that gives a map between symmetries and
adjoint-symmetries, analogously to the case of Hamiltonian evolution equations [83].

The systems studied in this paper are scalar PDEs G = 0 of any order N > 1, with n
independent variables x = (x!,...,x") and a single dependent variable u.

The space of solutions will be again denoted £. Most of the results in the first review
paper will be used for all these new developments and some new concepts will need to be
added as in [18].

Definition 1. A PDE G = 0 is a Euler—Lagrange equation, G = E, (L), with a Lagrangian given
by a differential function L, iff the Fréchet derivative of G is self-adjoint G' = G'*.

The next lemma is also useful.

Lemma 6. Any Euler—Lagrange PDE G = E, (L) = 0 that is quasilinear and of second order
possesses a Lagrangian L that is of first order.

The definition of pre-symplectic operators [82].

Definition 2. A generalized pre-symplectic operator is a linear differential operator (in total
derivatives) that maps symmetries into adjoint-symmetries.

For pre-Hamiltonian operators [82].

Definition 3. A generalized pre-Hamiltonian operator is a linear differential operator (in total
derivatives) that maps adjoint-symmetries into symmetries.

When this operator is a pre-Hamiltonian operator, it gives rise to a recursion operator
that acts on (adjoint) symmetries.

As said earlier, to derive the new results for a general PDE G = 0 we need to state
the next connection that exist between variational integrating factors, symmetries and
adjoint-symmetries [18].

Proposition 3. If G = 0 admits a variational integrating factor W, then for any symmetry
Xp = Pdy, (in characteristic form) of G = 0, there is an adjoint-symmetry Q = WP.
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The mapping P — Q = WP can be iterated when G = 0 is Euler-Lagrange, since
adjoint-symmetries coincide with symmetries giving that [18].

Proposition 4. If G = 0 is Euler-Lagrange and admits a variational integrating factor W, then
starting from any symmetry X = W'Pa,, 1 = 0,1,2,.... Thus, W is a multiplicative recursion
operator for symmetries.

From this, the following necessary condition on G is deduced [18].

Proposition 5. A Euler-Lagrange PDE G = E, (L) = 0 admits a non-constant variational

integrating factor only if
iyiy...0iN
rank<(< . >G , )\ )gn—l (166)
ll 1112'“11\] (":

This rank condition (166) constitutes an equation of the form of G. For the case when G is of
second order, that is N = 2, the rank condition is equivalent to

det((él-j n 1)(;%.],)‘g —0. (167)

When G is quasilinear by Lemma 6, the Lagrangian for G can be assumed to have the form
L(x,u(l)), so that G = E,(L) = L, — Lyiy, — tiLluu; — u,'jLujui. Then, we have G”ij = —Luiu],,
which can be used to express (167) in terms of L:

det (Luu, ) =0 (168)
From here, we obtain the following result [18].

Proposition 6. If a quasilinear second-order Euler-Lagrange PDE G = E, (L) admits a non-
constant variational integrating factor, then the first-order Lagrangian satisfies the Monge—Ampere
Equation (168).

For the case of general Euler-Lagrange PDEs, if there exist a non-variational Lie point
symmetry of the system then an explicit formula for a variational integrating factor can be
derived [18].

Proposition 7. Suppose a Euler-Lagrange equation G = 0 possesses a non-variational Lie point
symmetry X, = ¢(x,u)'d,i + 1(x, u)9,. Then, G = 0 possesses a variational integrating factor

W:fp+’7u+§;i (169)

with fp, defined by
prXy(G) = fpG. (170)

If this function (169) is non-constant, then it defines a non-trivial multiplicative recursion
operator for the symmetries of G = 0.

To fully state the results of the paper, first a classification is made for non-trivial
variational integrating factors and for quasilinear second-order Euler-Lagrange equations
in two independent variables [18].

Theorem 8. Suppose

G(u®) = A1 (Mg + Ap (D )uuge + As(uM )1ty + Ag(uM) = 0 (171)
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is a Euler—Lagrange PDE, which is quasilinear and translation invariant. If it admits a variational
integrating factor W(t, x, (u?))) that is not a constant, then it is equivalent (modulo a point
transformation) to one of the following PDEs:

O A WY A U2 W  C/2) B W gy

U U u (172)

v=—; f(u,v)arbitrary
223

(b) Ay = f(L)g(u)z/ Ay = zwl

0 0 0

Ao = ful1,0) + fol1t,0)gu ()i, 47
v=g(u)us +uy; g(u),f(u,o)arbitrary
2
A = fo(u,v)v C Ay=2 fo(u,v)v ,
(0(0,0) — ) (i + o0 (0(,0) — ) (2 + ou)
fo(u,v) fo(u,0)gu(u,v) (174)
Az = , Ao= fulu,v) + —F"=—"—7,
S e e A (R T
v =h(u,u,uy), vu+uy=guv);, f(u,v),g(u,v)arbitrary
The corresponding variational integrating factors are given by
(a) W =F(u,x+hi(u,v),t —h2(u,v))
(175)

hy(u,v) :/f(u,v)du+k1(u), h2(u,v) :/vf(u,v)dv—l-kz(u),

(b,c) W=F(f(u,v),x—hi(u, f(u,v)),t—h2(u, f(u,v))),
() = [ fl(lwdu (), bl w) = [ g0, w)dn + ko (w), (176
flu, fY(w,w)) = w;  ky(w),ky(w) arbitrary

where F is an arbitrary function of its arguments. In each case, W = F is a multiplicative recursion
operator for symmetries of the corresponding PDE.

The next remarks are important for understanding this type of PDE system [18]

Remark 1.
1. A Lagrangian for the PDEs (a)—(c) can be obtained either from the homotopy formula

1
_ @
L /0 uG(x, Au?)dA (177)

or integration of the equations Ay = —Ly,u,, A2 = —2Lyu,, A3 = —Luyu,, Ao = Ly —
Lyy,ut — Lyy uy.

2. Each PDE (a)~(c) possesses a sequence of contact symmetries X!) = W'Pa,, 1 =0,1,2,...,
starting from the translation symmetry given by P = au; + buy, where a, b are arbi-
trary constants.

3. All of the PDEs (a)—(c) are of a parabolic type, since their coefficients satisfy the algebraic
relation A% —4A1A3 =0.

4. None of these PDEs can be mapped into the linear parabolic PDE uy = 2us + uyy = 0 by a
contact transformation.

A complete proof of Theorem 8 is found in [18] and we highly encourage the reader to
review this proof.
These results can be generalized to yield non-multiplicative operators [18].
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Theorem 9. Suppose G = 0 possesses an adjoint-symmetry Q that is not a multiplier, namely

G*(Q) = Ro(G), Ed(QG) #0 178)

holds for £, where Rq is a non-zero linear differential operator in total derivatives whose coefficients
are non-singular differential functions on €. Then

S:=RH+Q (179)

is a linear differential operator in total derivatives that maps symmetries to adjoint-symmetries.
Moreover, when an inverse S~ " exists, it maps adjoint-symmetries to symmetries.

Such adjoint-symmetry is a multiplier for a conservation law [18].

Proposition 8. For a symmetry Xp = P9, of G = 0, the adjoint-symmetry S(P) is a multiplier
yielding a conservation law of G = 0 iff

(prXpS* + S*Rp + P*S*)G =0 (180)
holds for £.
These results applied to an evolution system yield the following result [18].

Theorem 10. Suppose u; = g has an adjoint-symmetry Q that is not a multiplier. Then, the linear
differential operator (179), under which symmetries are mapped into adjoint-symmetries, has the
skew-symmetric form

S=Q -Q"=-¢5* (181)

For a symmetry Xp = Py, the adjoint-symmetry S(P) is a multiplier, yielding a conservation
law, if and only if
prXpS + SP' 4+ P"*S = 0. (182)

For Euler-Lagrange equations, adjoint-symmetries are also symmetries. In this case,
the pre-symplectic operator (179) becomes a recursion operator for symmetries [18].

Theorem 11. Suppose a Euler-Lagrange equation G = 0 possesses a symmetry Xp = P9, that is
not variational, namely
G'(P) = Rp(P), Eu(PG) %0 (183)

holds for £, where Rp is non-zero linear differential operator in total derivatives whose coefficients
are non-singular differential functions on €. Then

S:=Rp+P (184)
is a linear differential operator that maps symmetries to symmetries.

The symmetry recursion operator (184) is a recursion operation applied to variational
symmetries when the following applies.

Proposition 9. If Po,, is a variational symmetry of the Euler—Lagrange equation G = 0, then
S(P)9y is also a variational symmetry of G = 0 if and only if

[S*,P™*] = (prXpS*)G. (185)

Remark 2. Given that variational symmetries of Euler—Lagrange equations are the same as a
conservation law multiplier by Noether’s Theorem, the condition (185) is necessary for the opera-



Mathematics 2023, 11, 4572

35 of 57

tor (184) to define a recursion operator on a conservation law multiplier. The condition is sufficient
if it holds with S(P) in place of P.

To compare this with Proposition 7 the case when P is a characteristic function for a
given Lie point symmetry is taken into account [18].

Corollary 1. If P = 5(x,u) — & (x, u)u; is the characteristic function of a non-variational Lie
point symmetry of a Euler-Lagrange equation G = 0, then the corresponding symmetry recursion
operator (184) is S = W, where W is the variational integrating factor.

Therefore, recursion operators (184) need more than Lie point symmetries.
This is stated in the next corollary [18].

Corollary 2. If P(x,uV)) is the characteristic function of a non-variational contact symmetry of a
Euler—Lagrange equation G = 0, with prXpG = fG, then the corresponding symmetry recursion
operator (184) is

S=f+P,—D;P, (186)

which is a variational integrating factor.

This paper then gives a new form to derive generalized pre-sympletic operators for
PDEgs, either for the linear or nonlinear systems.

This result also gives new recursion operators for the case of Euler-Lagrange PDEs;
these recursion operators work only with non-variational symmetries.

This work can be followed by studying system of PDEs with any number of dependent
variables; the authors say they will work in a classification of non-variational symmetries
and adjoint-symmetries for interesting classes of PDEs.

The authors also state that a geometrical formulation of these formulas will be studied.

For this paper, the most recent article using these results can be found in [84]; in this
work, the Zakharov-Kuznetsov (ZK) equation is studied.

Firstly, the conservation laws of this equation are found via the method of multipliers
and other similar methods but the relevant use of the results presented here is the study of
the Hamiltonian structure of the target equation.

A generalized pre-symplectic structure is also found; this structure gives a map
between symmetries and adjoint-symmetries.

The details are not presented here but for more details we encourage the reader to
check the work carried out in [84].

3.6. Symmetry Actions and Brackets for Adjoint-Symmetries I: Main Results and Applications

Note that the second part of this paper will not be discussed here because it contains
only examples of the results for this paper and in this review only the theory is presented;
the second part of the paper can be found in [20].

In this paper, the algebraic structure of the adjoint linearization equation that holds on
the space of solutions to the PDE, also called adjoint-symmetries, is studied.

This work was motivated by the already known relationship that exists between
symmetries and adjoint-symmetries.

Several main results are obtained such as the three different linear actions on the linear
space of adjoint-symmetries of symmetries.

In this paper, these three new actions found are then used for a construction of bilinear
adjoint-symmetry brackets; it is found that one of these brackets describes the pull-back of
a symmetry that also has a Lie bracket structure.

The brackets obtained in this paper do not need any local variational structure.

Also, it is found that the last of the symmetry actions derived has a pre-symplectic
(Noether) operator encoded; from this bracket, one can then construct a symplectic two-
form and also Poisson brackets only for evolution systems.
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Note that in the context of Hamiltonian and integrable systems the multipliers are also
referred to as cosymmetries [85,86].

The existence of an adjoint-symmetry for a given PDE is also known in this context as
“nonlinear self-adjointness” [27].

This paper is a follow-up to the one presented before [18]; in this paper, scalar
PDEs were studied to find a linear mapping from infinitesimal symmetries into adjoint-
symmetries for any fixed adjoint-symmetry that is not a multiplier.

This mapping was found to be equivalent to a pre-symplectic operator (Noether)
and there exists an analog of this case for the mapping between symmetries and adjoint-
symmetries that exist in Hamilton systems thanks to symplectic operators [87].

The inverse of this mapping is then found to be a pre-Hamiltonian operator.

This paper then expands on these ideas, but for general PDE systems as opposed to
only scalar PDEs.

More specifically, the results of this work first show the existence of two different
actions of infinitesimal symmetries on adjoint-symmetries.

The first action is found to be a Lie derivative; the second action arises from the adjoint
relationship that exists between the determining equation for infinitesimal symmetries and
adjoint-symmetries.

If an adjoint-symmetry is also a multiplier, it was found that the two actions mentioned
earlier are the actions of symmetries on the multipliers of the system defined in [11,69,88].

The difference between these two actions also describes a third action that vanishes if
the adjoint-symmetry is a multiplier.

This third action is a generalization of the pre-symplectic operator for scalar PDEs;
the inverse of this action gives the general pre-Hamiltonian operator.

When considering PDEs and Euler-Lagrange PDEs, this action describes a symplectic
two-form that has an associated Poisson bracket; these results are expected to be useful in
describing a Hamiltonian structure for non-dissipative PDE systems.

These three actions are used to construct bracket structures on the subset of adjoint-
symmetries.

The first bracket constructed in the paper is non-symmetric and is the pull-back
of the symmetry commutator; it is also a Lie bracket to adjoint-symmetries; the second
bracket constructed is also non-symmetric and it does not use the commutator structure
of symmetries.

One of these brackets also satisfies the Jacobi identity; therefore, this bracket also
encodes a Lie algebra structure to a natural subset of adjoint-symmetries.

A correspondence is also shown to exist between Lie subalgebras of symmetries
and adjoint-symmetries; this correspondence holds for dissipative PDEs with no local
variational structure.

The lie bracket that exists on adjoint-symmetries is also found to give a bracket
structure to conservation laws; this bracket is found to be a Poisson bracket for non-
Hamiltonian systems.

The importance of these results resides in giving a more broad understanding of the ba-
sic algebraic structure of adjoint-symmetries and how they apply to pre-Hamiltonian oper-
ators, (Noether) pre-symplectic operators and symplectic 2-forms for general PDE systems.

One more important possible use of the results on this paper is to obtain new adjoint-
symmetries via the symmetry actions; these actions of symmetries over adjoint-symmetries
can give a new adjoint-symmetry and possibly a new multiplier.

This can give rise to new possible conservation laws from adjoint-symmetries that can
be or not be a multiplier of the PDE system.

It is known that from a pair of known symmetries one can find a new symmetry from
their Lie bracket; therefore, studying these structures for adjoint-symmetries can prove
useful for finding new symmetries of a system in an easier way.
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The first important result is the action of symmetries on adjoint-symmetries; to state
this first we need the well-known fact that symmetries of any given PDE system form a Lie
algebra via their commutators.

From the algebraic viewpoint, if P{', Py are symmetries, then it is the commutator
defined by [19]

[Pl, Pz]l){ = Pé(Pl)a - Pll (Pz)a. (187)

The geometrical formulation is given by:

[prXp,, prXp,| = prXp, p,. (188)

The set of symmetries for a system is known to be a linear space with a bilinear
antisymmetric bracket defined by the commutator that obeys the Jacobi identity.

The bracket is called the Lie bracket of the symmetry vector fields. Symmetries have a
natural action on the set of adjoint-symmetries.

The first symmetry action comes from the prolonged action for a symmetry P* of the
adjoint-symmetry determining Equation (46).

Carrying out this prolongation, one obtains [19]

G"(Q'(P) + Rp(Q))ale =0 (189)

This yields a linear mapping

Q4 X2 Q'(P)a+Rp(Q)a (190)

that acts on the linear space of adjoint-symmetries.
The action (190) geometrically represents the Lie derivative [16] and gives a general-
ization for a known action of symmetries on the conservation law multipliers of the system.
The second symmetry action is derived from an adjoint relation between the deter-
mining Equations (34) and (46), giving the next expression [19]

D;¥'(P,Q) = (Rp(Q)a — RH(P)4)G* + D;F (P, Q; G) (191)

Hence, (Rp(Q)a — R5(P) 4)G% is a total divergence in jet space; therefore, the set of
functions Rj(Q)a — R (P) 4 gives a conservation law multiplier. It is known that every
multiplier is also an adjoint-symmetry; then, the following linear mapping exists.

Xp
Qa Rp(Q)a — Rp(P)a = Ay (192)

which acts on the linear space of adjoint-symmetries.
The following results give a generalization of the results found in [18]

Theorem 12. For any (regular) PDE system (3), there are two actions (190) and (192) of symme-
tries on the linear space of adjoint-symmetries. The second symmetry action (192) maps adjoint-
symmetries into conservation law multipliers. The difference of the first and second actions yields
the linear mapping

Qa4 B Q'(P)a + RH(P) 4. (193)

The action (193) will be trivial when the adjoint-symmetry is a conservation law multiplier.

Next, results on how the symmetry action acts on multipliers is found. The action of a
symmetry vector field Xp = P*d,« on the multiplier equation A4G* = D;¥' yields

prXp(AaG?) = (A (P) 4 + Rp(A) 4)G? modulo total derivatives. (194)
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This yields the action [19]

Ax 2 A'(P) 4+ R5(A) 4. (195)

Theorem 12 implies that this action goes from conservation law multipliers to adjoint-
symmetries through the symmetry action (190).

Next, the action of Lie point symmetries is studied; this is a symmetry action (190) and
can be obtained for Lie point symmetries.

A Lie point symmetry vector field has the form [2,89]

Xp = Pyoye, Py =n"(x,u)— §i(x,u)u‘j‘ (196)

If exponentiated, the following canonical vector field is found
Y, = &9, + 1"y (197)
The symmetry determining Equation (46) for Lie point symmetries can be expressed as

prYp(G) = Ry(G) (198)
With this, the following proposition can be stated [19].

Proposition 10. The first symmetry action (190) for a Lie point symmetry (196) on an adjoint-
symmetry is given by

Qu S8 Y,(Q)a+ R (Q)a + (D) Q4 (199)
where R}, is the adjoint of Rp.

For the other two-symmetry actions (192) and (193), similar expressions are derived
for the case of adjoint-symmetries that contain a first-order linear form and we obtain that

Qa = K(x,u) + ply, (x, u)us. (200)
The adjoint-symmetry determining Equation (46) implies
G (Qu = paaDiG" + +K4a G”. (201)
This leads to the following result [19]

Proposition 11. For a Lie point symmetry (196), the second and third symmetry actions
(192) and (193) on a first-order linear adjoint-symmetry (200) and (201) are given by

Qa =5 Ry(Q)a +ul D;(28" o ) + Di(E'Ka + plao®™) — Kaa (1 = &'uf),  (202)

X . . . . .
Qa = Tp(Q)a + (Dit)Qa — utDi(28MMp ay) — Di(E KA + 0lao ™) + Kau (i — &), (203)
where R}, is the adjoint of Ry,

One type of Lie symmetry that is common in a number of applications is translations
Yirans = aiaxi and scalings Y., = w<i)xi8xi + w(a)u"‘i)ua.
The vector 4! is the direction of translation; the scalars W(g), Wy(;) represent the scal-
ing weights.
The evolutionary form of these symmetries is given by [19]
Phans = —a'u} (204)

1
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and o
Py = wWu® — wWxiy, (205)

1

These symmetries acting on adjoint-symmetries are a consequence of Propositions 10
and 11.

Corollary 3. (i) Suppose Q 4 and G* are translation invariant: Tirans(Q) 4 = 0and Yirans(G)? =
0. Then, the three symmetry actions, respectively, consist of

Xp
Qa—0, (206)
X .. . .
Q4 =5 2u;‘a[l'ﬂ Dipan + a'DiK 4 + a'ufK 44 (207)
Xp 0w il i i
QA—>2L£]-Q g DipAa—aDilCA—auiKAa. (208)

(ii) Suppose G 4 and G are scaling homogeneous: Yy (Q) 4 = w0 Q4 and Yy (G)4 =
wA)GA, Then, the three symmetry actions, respectively, consist of

Qs <w<A> +ol 4 Zw“)> Qa, (209)
i

Qu 28 W Q4 + 1t Dy (25 40) + Dy (XK 4) + w0 D (ol %)
— K (w®u® — w(i)xiul’?‘) (210)

Qa at ( )+ Zw ) Qa —uj 20 Dy (2x17) 0 40) — WD Dy(XKC ) + w'® Dy (ply ™)

— Ko (w®u® — w(i)xiul’?‘) (211)

For both of these symmetries, the second and third symmetry actions here are considered only
for first-order linear adjoint-symmetries.

The generalization for pre-symplectic and pre-Hamiltonian structures (Noether op-
erators) from symmetry actions is developed next; the authors start with a useful general
discussion to introduce important notions for the following results.

Let

Symmg, := {P*(x,u®)),k > 0,5.£.G" (P)y|¢ = 0} (212)

AdjSymm, := {Qa(x,u®),k > 0,5.£.G"(Q)ale = 0} (213)

define the linear spaces of symmetries and adjoint-symmetries for a given PDE system
GA(x,u™) = 0. Let

Multrg := {Aa(x,u%)),k > 0,5.t.G"(A)y + A*(Q)n = 0} (214)

define the linear space of multipliers; this is a subspace of the linear space of adjoint-
symmetries.
Suppose the DPE system has the following extra structure

DG =G*J (215)
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where D and J are linear differential operators in total derivatives with coefficients that
are non-singular on the solution space €. Then, for any symmetry P*, G"*(J(P))|¢ = 0
shows that [19]

Qa:=J(P)a (216)

is an adjoint-symmetry. When 7 (P) 4 is a multiplier, then 7 describes a pre-symplectic
operator for the PDE system; that is, 7 (P) 4 gives a mapping from Symm, into Multrg.
When J (P) 4 is an adjoint-symmetry but not a multiplier, then it represents a Noether
operator [87].

Now, a PDE system (3) has the following extra structure

DG =G'H (217)

with D and H being linear differential operators in total derivatives whose coefficients are
non-singular on £. Any adjoint-symmetry Q 4 [19]

P := H(Q)" (218)

defines symmetry. Since H is a mapping from AdjSymm . 2 Multrg into Symm, it
represents a Hamiltonian operator for the PDE system [87].

The next inverse J (1) := H when well defined defines a pre-Hamiltonian operator
and the inverse #(~1) := 7 also when well defined defines a Noether operator.

These definitions can be generalized further to linear operators in partial derivatives
with respect to jet space; in the following remark, this result is stated [19].

Remark 3. For H to be a Hamiltonian structure, there must exist a non-degenerate integral
pairing (Q, P) (modulo total derivatives) between symmetries and adjoint-symmetries such that
{Q1,Q2}y = (Q1,H(Q2)) is a Poisson bracket; namely, it must be skew-symmetric and satisfy
the Jacobi identity. Similarly, for J to be a symplectic structure, the analogous bilinear-form
wy(Py, Py) := (J(Py), Pa) must be skew-symmetric and closed.

Any symmetry action
X
Qa = Sp(Q)a (219)

on AdjSymm,;, where Sp is a linear operator which is also linear in P*. The action Sp(Q) 4
gives a dual linear operator [19]

So(P)a :==5Sp(Q)a (220)

from Symm,, into AdjSymm,; this dual linear operator constitutes a generalized pre-
symplectic (Noether) structure. The inverse Sél, defined modulo its kernel, ker(Sg) C
Symm_, represents a generalized pre-Hamiltonian (inverse Noether) structure when
So(Symm) = AdjSymm; when this condition is not met, we obtain the same struc-
ture but restricted.

If now we take the results on Theorem 12, the following structures are obtained [19].

Theorem 13. For a general PDE system (3), let Q 4 be any fixed adjoint-symmetry. Then, a gener-
alized Noether structure is given by the first symmetry action (190),

J1(P)a = S19(P)a = G'(P) 4 + Rp(Q) 4; (221)

a generalized pre-symplectic structure is given by the second symmetry action (192),

J2(P) 4 := Saq(P)a = Rp(Q)a — RH(P) 4; (222)
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and a Noether operator is given by the third symmetry action (193),
jQ = S3Q = Q/ + R*Q (223)

The inverse of each structure (221) and (222) defines a generalized pre-Hamiltonian (inverse
Noether) structure, while the inverse of the operator (223) defines a pre-Hamiltonian (inverse
Noether) operator.

For the last Noether operator (223), if combined using the Fréchet derivative iden-
tity (41) the following bilinear form is obtained [19].

Proposition 12. Let Q4 be any fixed adjoint-symmetry such that the Noether operator (223) is
non-trivial and let ¥' (P, Q) be the components of the vector in the Fréchet derivative identity (41).
A bilinear form on the linear space of symmetries P*0a is defined by

wo(Py,Py) = [ /(B Jo(Po))nid" 'aV (224)

where Q) is the domain of codimension 1 in R", with ' denoting a unit formal one-form of Q)
and with d"~1V denoting the volume element on Q.

The next section of the paper studies the bracket structures for adjoint-symmetries;
that is, using the commutator (187) of symmetries the structure of the Lie bracket defined
via this commutator on the linear space of adjoint-symmetries is further developed (212).

This section of the paper asks the question whether there is any bilinear bracket on the
linear space of adjoint-symmetries (213).

This type of structure for symmetries is known to give a new symmetry from two sym-
metries on the bracket; therefore, if there is a structure of this type for adjoint-symmetries,
the same method of finding new adjoint-symmetries is possible.

This bilinear bracket can also helps us find conservation laws from known adjoint-
symmetries if there exists a projection into the linear space of multipliers; this type of
bracket defines a Poisson bracket.

The paper shows that all the actions of symmetries on adjoint-symmetries have two
different bilinear bracket structures defined on the linear space of adjoint-symmetries.

The first bracket is a Lie bracket obtained from the pull-back of the symmetry commu-
tator (187) when the inverse of the symmetry action on adjoint-symmetry is given.

This gives a homomorphism from the Lie algebra to the Lie algebra of adjoint-
symmetries.

The second bracket is known to not use the commutator (187) and instead uses a com-
posed symmetry action of an inverse action to find a recursion operator on adjoint-symmetries.

These two brackets are constructed in terms of the dual linear operator (220) that is
associated with a symmetry action (219). Properties of each of the three action brackets will
be discussed.

To construct the first bracket, the authors operate in the following way [19].

Proposition 13. Fix an adjoint-symmetry Q 4 in AdjSymm and let Sq be the dual linear opera-
tor (220) associated with a symmetry action Sp on AdjSymm,. If the kernel of Sq is an ideal in
Symm, then

QQ[Q1, Q2]a = So([S5' Q1 S5' Q)4 (225)

will define a bilinear bracket in the linear space So(Symm) C AdjSymm . We can express this
bracket as

CQ[Q1, Q)4 = So([S5' Q1,55 Q)4 = Q585" Q1) — Q1(S5'Q2)
—50(85'Q2) (857 Q1) +55(55'Q1)(S5'Q2) - (226)



Mathematics 2023, 11, 4572

42 of 57

where S’Qdenotes the Fréchet derivative of Sq.

The symmetry actions (190), (192) and (193) are used then to define a corresponding
bracket (225).

Via some special conditions, one can use a set of adjoint-symmetries Q4 to construct
the bracket.

If the kernel of the set of adjoint-symmetries meets the requirement of being an ideal,
then it describes a projective subspace in AdjSymm,..

For the linear space ker(Sg) € Symm,, to be an ideal, this subalgebra must be pre-
served by the action of Symm, given by (225). The subalgebra condition [19]

[ker(Sq), ker(Sq)] C ker(Sp) (227)

implies that So[(P;, P,)] = 0 needs to be true for all pairs of symmetries Xp, = Pfd,« and
sz = Pgaua, such that SQ(Pl)A = SQA =0and SQ(Pz)A = SPZ(Q)A =0.

This condition is known to hold for all pairs of symmetries and establishes the follow-
ing results [19].

Lemma 7. For the first symmetry action (190), ker(Sq) is a subalgebra in Symm,.
To continue, consider the third symmetry action (193).

Lemma 8. For the third symmetry action (193), ker(S3q) is a subalgebra in Symmg, iff the
condition

prXp,(RG)(P1)a — prXp (RG)(P2)a =0 (228)
holds for all symmetries Xp, = P} and Xp, = P§0ya in ker(S3()

Lemma 9. For the second symmetry action (192), ker(Sq) is a subalgebra in Symm iff
the condition

prXp,(RG)(P1)a — prXp (RG)(P2)a + Rp,(S10(P1))a — Rp (S10(P2))a =0 (229)

holds for all symmetries Xp, = Py and Xp, = P§dya in ker(Syq)
This can be summarized as follows [19].

Proposition 14. The adjoint-symmetry commutator bracket (225) associated with each of the
symmetry actions (190), (192) and (193) is well defined on So(Symmg) C AdjSymm if
ad(Symm)ker(Sq) C ker(Sq) and for the actions (192) and (193), if the respective condi-
tions (228) and (229) hold when dimker(Sq) > 1. These latter conditions are identically satisfied
when Q is a conservation law multiplier for a PDE system with no differential identities

Another condition for the bracket to be well defined is that the symmetry Lie algebra
admits an extra structure of a direct sum decomposition as a linear space

Symm, = ker(Sg) @ coker(Sq) (230)

such that this decomposition is independent of the choice of basis.
This is possible if the subspaces ker(Sg) and coker(Sg) are characterized in terms of
their scaling weights [19].

Proposition 15. Suppose Symm , contains a scaling symmetry (205). For each of the symmetry ac-
tions (190), (192) and (193), ker(Sq) is a scaling homogeneous subspace in Symm C AdjSymm,.
by taking Sél to belong to a sum of scaling homogeneous subspaces with scaling weights that are
different than that of ker(Sq).
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These results are generalized if ker(Sq) is a direct sum of scaling homogeneous sub-
spaces all with different scaling weights for all scaling homogeneous subspaces that are
in (SQ)

Some basic properties of the general adjoint-symmetry bracket (225) are as follows.

The bracket (225) takes the same properties as the symmetry commutator bracket, that
is, the Jacobi identity and antisymmetry; therefore, the following theorem can be stated [19].

Theorem 14. The adjoint-symmetry commutator bracket (225) is a Lie bracket; namely it
is antisymmetric

[Q1, Qa)a +9[Q2,Q1]a =0 (231)
and obeys the Jacobi identity

Q
[Q1,9[Q2, Q3la] + Q[er C1Qs, Qulla + Q[er 2101, Qala- (232)

Hence, the linear subspace So(Symm)G) C AdjSymm of adjoint-symmetries has a Lie al-
gebra structure that is homeomorphic to the symmetry Lie algebra. If there exists an adjoint-
symmetry Q such that Sq(Symm)c = AdjSymm where ker(Sq) satisfies the conditions in
either Proposition 14 or Proposition 15, then the whole space AdjSymm ; will be a Lie algebra.

A more useful condition for the finite case is dim Symmg > dim AdjSymm_..

From here, the adjoint-symmetry commutators associated with symmetry subalgebras
are presented; for this, the paper starts by replacing the linear subspace S (Symm) by
So(A), taking into account that A is any Lie subalgebra in Symm,; and where Q4 is chosen
in such a manner that ker(Sg) N A is empty.

This set is a projective subspace in AdjSymm,..

The commutator bracket in Proposition 13 is modified as [19].

Proposition 16. Given a Lie subalgebra A is Symm, and a symmetry action Sp on AdjSymm,,
fix an adjoint-symmetry Q 4 in AdjSymm  such that the kernel of S restricted to A is empty, where
Sq is the dual linear operator (220) of the symmetry action. Then, the commutator bracket (225) is
well defined on the linear space S (Symm ) € AdjSymm , and this structure is isomorphic to the
Lie subalgebra A.

In particular, Sél provides an isomorphism under which the commutator bracket (225) on
Sq(Symmy;) is the pull-back of the Lie bracket on A. The condition

ker(Sg) N A =@ (233)

gives the adjoint-symmetries Q 4 that are compatible with respect to constructing this bracket. If the
condition is not met for all adjoint-symmetries then there is no subspace in AdjSymm  where this
bracket gives a Lie algebra isomorphic to A.

An open problem is the classification of which Lie subalgebras .A in Symm; have a
counterpart in AdjSymm,.

Also non-commutator brackets for adjoint-symmetries coming from symmetry actions
are studied; this section of the paper starts by listing the following properties, which the
second bracket lacks [19].

Proposition 17. Fix an adjoint-symmetry Q 4 in AdjSymm and let Sq be the dual linear op-
erator (220) associated with a symmetry action Sp on AdjSymm,. If the kernel of Sqg satisfies

Sp = 0forall P € ker(Sq), (234)
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then a bilinear bracket from AdjSymmg x So(Symmg) into So(Symmg) C AdjSymm is
defined by
2(Q1,Q2)4 = 5Q1(5§1Q2)A (235)

Condition (234) can be ignored when a scaling symmetry (205) is present in the
symmetry Lie algebra [19].

Proposition 18. Suppose Symm ; contains a scaling symmetry (205). For any symmetry action,
if Ker(Sgq) is a scaling homogeneous subspace in Symm, then the adjoint-symmetry bracket (235)
is well defined on S (Symm) C AdjSymm; by taking Sél to belong to a sum of scaling homoge-
neous subspaces.

The bracket (235) is non-symmetric. Its only general property is that

Q) =Q (236)

for all Q; in the linear subspace So(Symm) € AdjSymm,;.
Two worthwhile remarks can be made [19].

Remark 4. (i) Bracket (235) can be viewed as arising from the property that Sleéi is a recursion
operator on adjoint-symmetries in Sq(Symmy,). (ii) A symmetric version and a skew-symmetric
version of bracket (235) can be defined by respectively symmetrizing and antisymmetrizing on the
pairs Q1 and Qy:

2(Q1, Q)1 = 5 (50,55 Q) — 50,55 Q1) ) @37)

and
%(Q1, Q) = 5 (50,(5'Q)a +50,(55' Q1) 239)

The way the two brackets (225) and (235) are defined involves the dual linear map Sg
defined by a symmetry action (219); the symmetry action that can be chosen is any of the
three actions already defined given in Theorem 12.

For the second symmetry action (192), the brackets obtained are defined on the linear
(sub) space of multipliers that is composed of the range for this symmetry action, namely
ran(Syg) € Multrg € AdjSymm,.

These two brackets now define a bracket structure for the conservation laws of the PDE
system; these brackets are also a generalization of the Poisson brackets on the conserved
integrals associated.

If the adjoint-symmetry is a multiplier, the two brackets defined using S are equal
to the ones mentioned earlier.

As mentioned earlier, for the third bracket (193), in the case that Q 4 is a multiplier the
brackets for this case will be trivial.

Both brackets (225) and (235) are constructed in terms of Sg and its inverse.

Sg can also be constructed using structure constants obtained with respect to any fixed
basis of the two linear spaces Symm, and AdjSymm,;, [19].

Using this representation helps to find the pre-image of any given adjoint-symmetry.

These brackets then are an a posteriori structure on the linear space AdjSymm,..

The two brackets (225) and (235) are local in jet space and thereby constitute an a
priori structure.

This also applies to pre-symplectic and pre-Hamiltonian (Noether) structures shown
in Theorem 13.

The last results in this paper are the theory already presented applied to evolu-
tion PDEs.
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To present these results, first consider a system of evolution PDEs for u*(t, x),
ut = ¢*(x,u,0u,...,0Mu) (239)

where x represents the spatial independent variables, while t represents the time variable.
The system can be written as

G*(t, x,u(N)) =uf —g*(x,u,0u,.. .,axMu). (240)

In the solution space (239), the t-derivatives of u* can be made to vanish.

This is proof that every evolution system satisfies Lemma 4; therefore, all the conditions
assumed at the beginning of this review hold identically for evolution systems.

The determining Equation (9) then takes the next form (D;P* — ¢’(P)*)|¢ = 0 for a
set of functions P*(t, x,u,dxu,. . ., 8’;u) that do not contain any derivatives of t u*. The first
term can therefore be written as [19]

P* + P'(g)* — ¢'(P)* = 0P + [g,P]* =0 (241)

This is the symmetry determining equation in a simplified form. From here, the
following result is obtained
Rp=P. (242)

The determining Equation (41) for adjoint-symmetries can be simplified as [19]

—(0:Qa + Q'(8)a + 8" (Q)a) = 0. (243)
This yields
Ro = Q. (244)

The following equation gives a relationship between adjoint-symmetries and symmetries.

0:Qu +{Q,8}x =0 (245)

using the anti-commutator.

From work already conducted, we know that the necessary and sufficient condition
for an adjoint-symmetry to be a conservation law multiplier is that the Fréchet derivative is
self-adjoint [2,21,24,87,89,90].

Q=qQ" (246)

This condition, as pointed out in [21], can be rewritten as the following system of
Helmbholtz equations

9 5Qu = (—)IEL(Qp), 11|=0,1,... (247)

The determining system then consists of (243) and (247).
Self-adjointness (246) is necessary and sufficient for Q, to be a variational derivative

Ay = Eye (D) (248)

Then, the symmetry action in Theorem 12 can be simplified using the last results
yielding [19].

Theorem 15. The actions (219) and (193) of symmetries on the linear space of adjoint-symmetries
are, respectively, given by

Qo 28 Q'(P)a + P (Q)e, (249)

Qu 28 Q" (P)a + P*(Q)a = Eun (PPQp) (250)
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which coincide if Qy is a conservation law multiplier. Action (192), given by the difference of these
actions, consists of

Qu 2 Q(P)y — Q*(P)s (251)

which vanishes if Qy is a multiplier.

The dual linear map S, for this system is given by any of these three symmetry actions
already defined.

As seen earlier, the commutator bracket defined when ker(Sq) satisfies either Propo-
sition (15) or (14). The first propositions can be rewritten in terms of Q and a pair of
symmetries P;, P>, and the next condition is obtained [19]

prXp (Q)(Py) — prXp,(Q™)(P1) =0 (252)

for the second condition (229) takes the form [19]

prXp, (Q™)(P2) — prXp,(Q")(P1) + P (Q'(P1) — Q™ (P1)) — Pi"(Q'(P2) — Q"(P2)) = 0 (253)

for all symmetries Xp = Pj'dy« and Xp, = P5dy« in ker(Sg) when dim ker(Sg) > 1.
When Q is a conservation law multiplier, these conditions are satisfied and Q" (P, P,) =
Q' (P, Py).

These adjoint-symmetry brackets do not need a variational principle underlying the
PDE system.

From the third action (223), it is found that [19]

J=Q -Q" (254)

which is the Noether operator of Theorem 13 specialized to evolution PDEs through rela-
tion (244). This operator will be non-trivial iff the multiplier Q describes a non-variational
adjoint-symmetry.

From Proposition 12, we found an integral bilinear form (224) on the linear space of
symmetries P*d,«. For the case of evolution equations, the integral domain () changes to
the spatial domain R”; from this, the following bilinear integral form is derived [19]

wo(Py,P2) = [ WP, T ()" = [ (PQ(P)s— PSQ (P (255)

This is a two-form inner space of symmetries. We also have the closure condition
dwg = 0 that can be formulated as [19]

pT’st(UQ (fl,fz) =+ CydiC =0 (256)

where all functions f(t, x), f5 (t, x), f5 (t, x) must meet this condition.
The next theorem can be stated using these results [19]

Theorem 16. For any evolution system (239), the two-form (255) is symplectic. Hence, when an
evolution system has a non-variational adjoint-symmetry, the system has a non-trivial symplec-
tic structure.

This result can be generalized giving the next relation [19]
pTXp3CUQ(P1,P2) + CydiC =0 (257)

which holds for all symmetries Py, , Pydy,, P50y,.
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The inverse of the Noether operator (254) gives a pre-Hamiltonian operator that maps
adjoint-symmetries to symmetries. This result also gives the following Poisson bracket [19]

(FL B} 1= /R (6F1/6u) T~V (6Fy/6u)d"x (258)

for functionals F = fRn f(x, u(k))d”x where /0u is the variational derivative; namely
OF/éu® = E,«(f) [19].

Proposition 19. For any non-variational adjoint-symmetry Qq, bracket (258) given by the Noether
operator (254) is skewed and obeys the Jacobi identity as a consequence of wg being symplectic.

Next, work can be carried out to find the conditions on 7 ! or Q, to obtain a Hamil-
tonian structure.

To conclude this section of the paper, every result will be briefly addressed in this
last part.

First, three linear actions of symmetries on adjoint-symmetries were derived, that is,
S1p : AdjSymm > AdjSymm..

This gives a new generalization for a known action of symmetries acting over conser-
vation law multipliers, Multrg EA Multrg.

The second action is found from another known formula that gives a conservation
law multiplier, Ay € Multrg, obtained from a pair of symmetries in P* € Symm,
and an adjoint-symmetry in Q4 € AdjSymmg. This formula describes an action Sqp :
AdjSymm_, 5 Multrg € AdjSymm,;.

A third action S3p := S1p — Syp will only be non-trivial if the adjoint-symmetries used
are not multipliers of the system [19].

For all these actions, two different bilinear brackets for adjoint-symmetries were found;
this was obtained using the dual linear action S (P) := Sp(Q) for a fixed adjoint-symmetry.

The first bracket derived is a Lie bracket, the second bracket does not involve the
commutator structure of symmetries and is non-symmetric.

When some conditions are met in Sq, the brackets are well defined on the entire space
of adjoint-symmetries, AdjSymm,..

The third symmetry gives a Noether (pre-symplectic) operator when a PDE system
has an adjoint-symmetry that is not a multiplier.

For evolution PDEs, the same Noether operator describes an associated two-form
which also defines a Poisson bracket structure.

For the Hamiltonian systems, the Poisson brackets yield a Hamiltonian operator.

In general, the adjoint-symmetry brackets give a relationship between symmetries and
adjoint-symmetries when the system does not have a variational structure.

The adjoint-symmetry commutator gives a homomorphism of a Lie (sub) algebra of
symmetries into a Lie algebra of adjoint-symmetries.

For this new result, there is no actual work carried out in other references but only
some articles point out that the results developed here will be used.

Specifically, article [91] proposes a new three-dimensional Lie algebra; from this
algebra some well-known equations are obtained and it is found that this Lie algebra
possesses a Hamiltonian structure.

The authors of this paper at the end propose that they will work to investigate the
symmetries and the Lie algebras of the equations obtained; this work is thought to be done
using the results of this paper.

We think this could be done by analyzing what properties are met for the Hamiltonian
structure found in the paper; from this analysis, we expect that a lot of information about
the symmetries, adjoint-symmetries and therefore conservation laws of the system could
be derived.
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Maybe also by finding this information some other non-expected structures could be
found for this Lie algebra, but this classification work is still pending.

For more details on the actual status of this line of research, we again encourage the
reader to see the article [91].

3.7. Further Steps

In each one of the works presented here, there is a huge amount of open questions
that, if solved, a lot of new information about the method could be obtained.

The importance of doing this lies in the accessibility the method could have; we think
that one of the reasons the method has not been used more is because of the early stage
that the method is in.

This makes understanding and applying the method more cumbersome but working
on the aspects that will be presented next, the method could become a huge tool used for
solving many PDEs in an easy and fast manner.

For the first paper [16], some of the work that is advised for further developing the
results of the paper is to work with systems that have spatial constraints; to do this instead
using the usual method of finding only symmetries and adjoint-symmetries, the use of
conditional symmetries and conditional adjoint-symmetries is advised.

The development of conditional symmetries has been going from various years start-
ing from work done in [92,93] where “conditional” refers to the submanifold of E being
determined by attaching differential equations to the original system E. This type of system
does not exist for adjoint-symmetries and can be fully explored in future work.

Another path advised by the authors for this paper is to translate the geometrical
results to secondary calculus; this type of calculus is naturally geometrical; this type of
calculus frames higher-order symmetries into a geometrical object and other structure of
PDE systems to differential forms; more information is available at [62,63].

Lastly, the authors recommend studying specific PDE systems using the geometrical
formulation presented here.

For the second paper [17], the authors are already in the making of a method for
finding all conservation laws inherited by a PDE in fewer variables obtained by symmetry
reduction of a PDE in more than two independent variables. We advise anyone interested
in this multi-reduction method to review the work carried out here in specific PDEs with
known results to further compare and understand the advantages of this new framing of
the multi-reduction method using multipliers.

For the third paper [18], the work that the authors want to follow is the classification of
non-variational symmetries and how the main formula derived fits into a more geometrical
formulation of recursion operators and pre-symplectic operators; it is important to note
that this paper and [19] are related and this last paper generalizes the results on the first;
in this paper, symmetry actions over adjoint-symmetries are studied; three of these types of
symmetry actions are found and bracket (258) can be studied further to find the conditions
for when J ! or Q, give a Hamiltonian structure.

This last paper completes some of the future objectives established on the third paper
but still these results can be further generalized; the use of secondary calculus is also
encouraged by us to work more on the geometrical interpretation for this operator.

We want to state that the main interest for us is the geometrical interpretation of
this method, as discussed in [17]; having this geometrical formulation will make the
method much more accessible to everyone and we believe that this method truly deserves
a widespread use in all fields of science thanks to its nature.

The existence of powerful algebraic computational tools and algorithms for solving
PDEs using this method makes it a great possibility to obtain analytical solutions of many
more PDE systems without the need for huge amounts of time.

We insist on the importance of the geometrical aspect of the method because, as men-
tioned earlier, the tools for solving systems even computationally exist; the difficulty of this
method is the interpretation of the results; having a geometrical aspect to it can make this
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more accessible for people who do not specialize in this type of method. We then expect to
present in a next paper the translation to secondary calculus of these results.

4. Comparison

To really understand this method, a comparison is one of the best ways to give insights
into the strengths and weaknesses of the method.

To do this, we will use the results found in [94] where many different approaches for solv-
ing and finding conservation laws of PDEs are compared in the context of fluid mechanics.

The first method we can compare with the method of multipliers is Noether’s Theorem,
a theorem stated long ago with a huge impact; it is the basis of most of the methods for
studying PDEs.

In our case, we see that the method of multipliers can be seen as an extension of
Noether’s Theorem, giving a reformulation of the theorem in a modern form with a more
generalized form.

But let us talk about some other lesser-known methods by starting with the di-
rect method.

4.1. Direct Method

The direct method, as it name implies, is one of the most straightforward methods and
uses the following simple condition

D;T' =0 (259)

This equation is then transformed into a determining equation for the system of PDEs
being studied in the following manner

D1Y'[¢,=0 =0 (260)
By solving this determining equation, one can obtain all conservation laws

4.2. Trivial Conservation Laws

There are two types of trivial conservation laws that can be obtained via this method.

The firstisto findall T = (Tl, T2,..., T") that vanish for all solutions of the PDE system.

Second is when the condition (259) holds for arbitrary functions and not only solutions
of the PDE system.

4.3. Noether's Approach

This method, as its names implies, uses Noether’s Theorem applied to a PDE system
to find conservation laws.

This is one of the most widely used methods in areas such as physics and can be
reviewed in [23].

4.3.1. Euler-Lagrange Differential Equations
This approach first uses a function L(x, u, u(1), (), - -, U(s)) € A, s < k such that

oL

W’ 0621,2,...,1\], (261)

Then L the Lagrangian of the system and (261) are the so-called Euler-Lagrange
differential equations.
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4.3.2. Noether Symmetry Generator

First, we need to have a Lie-Béacklund operator X that is a Noether symmetry gener-
ator associated with a Lagrangian L of (261) if there exists a vector B = (B!, B2,...,B"),
such that ‘ ‘

X(L) + LDi(¢") = Di(B') (262)

4.3.3. Noether Conserved Vectors

For a Noether symmetry generator X related to a given Lagrangian L that corresponds
to the Euler-Lagrange differential equations, there is a vector T = (tl, T2, ..., T") with T*
defined by

) . . . . L L
T'=B'—-N'L=B—¢&L- W“(S—a — Y Dj.iy(W%) ‘i (263)
ouj oug ..

that is a conserved vector for the given Euler-Lagrange differential Equation (261). For this
approach, we need to have a system with a Lagrangian to construct the conserved vectors.

4.4. Characteristic Method

There exists a characteristic form for conservation laws found in [93] written as
D;T' = Q“E, (264)
where Q" are the characteristics; these are multipliers making the equation exact.

4.5. Variational Approach
This other approach also found in [93] is given by

é
W(QaEa”Ea:O =0 (265)

This approach is less overdetermined than the characteristic method and it may give
an adjoint-symmetry instead of a conservation law.

4.6. Symmetry and Conservation Law Relation

For a Lie-Backlund symmetry generator X and the conserved vector T for a DE, the
following relationship exists

X(T) + De(§)T' = De(§)T* =0 (266)
Using this condition and (259), one can obtain the conserved vector T for a given DE.

4.7. Direct Construction Method for Conservation Laws

This is the method developed in Section 2.

4.8. Partial Noether Approach

When there is no standard Lagrangian, we can find the so-called partial Lagrangian to
derive conservation laws via a partial Noether approach found in [26].

4.8.1. Partial Lagrangian

A differential system of kth order can be written as

E,=E)+El=0 (267)
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A function L = L(x, U, U1y, .,u(l)),l < k is defined as a partial Lagrangian if the
PDE system can be written as

L
;W = ffE}, E} # 0forsome p (268)
4.8.2. Partial Noether Operator
The operator X satisfies
oL

X(L)+LD;(§') = Di(B') + (" = Juf) i=12,...,n, «a=12,...,N (269)

ous’
being a partial Noether operator that corresponds to the partial lagrangian L.

4.8.3. Partial Noether Conserved Vector

The conserved vector is obtained with the determined form (263) using the partial
Noether operator X.

4.9. Direct Comparison

As said at the beginning of this section, there is a wide variety of methods for solving
and finding conservation laws of PDEs.

In this case, we analyzed some of them and now we will discuss the advantages and
weaknesses of each one.

First, the direct method is the easiest method to explain and apply, the problem that
arises from here is when the determining equation for the PDE system is complicated.

For this reason, we need to make some assumptions for some cases to obtain doable
determining equations and therefore obtain the conserved vectors.

The next approach we encountered is Noether’s Theorem, which gives a quite elegant
and beautiful way of finding the conserved vectors of a system.

The drawback of this method is that it needs a Lagrangian for it to work; not all
PDEs arise from Lagrangian equations and this makes the method not as general as one
could wish.

Next, for the characteristic method, we encounter some of the same problems.

Working with the determining condition given by this characteristic method and the
variational approach can be quite difficult for some PDE systems.

Also, these two methods do not warrant that the solution obtained by solving the
determining equations will give us a conserved vector.

We could also obtain adjoint-symmetries by solving these systems and by only us-
ing this method there is no way of constructing conserved vectors from these adjoint-
symmetries.

Next, we have the partial symmetry and conservation law relation which is a quite
noble method in the sense that it gives a straightforward way of constructing the con-
served vectors.

One of the main drawbacks of this method again is the need of a lot of calculations
that can be cumbersome and extensive.

Next, for solving the problem of Noether’s approach the partial Noether’s approach
was introduced; it is less restrictive than the Noether’s approach but it is still quite restrictive
on the type of DEs it can use.

By comparison, the multiplier method or direct construction method also gives a
restriction for DEs to be of Cauchy Kovalevskaya form, but this restriction gives more
freedom than the Noether and partial Noether approach.

One more drawback is again the computational requirement for solving the sys-
tems, but this difficulty is solved by the software that already exists for solving DEs with
this method.
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Again we see that at the actual state the method has advances in a lot of aspects
and now thanks to it the adjoint-symmetries of a system have an actual relationship with
conservation laws of the system.

By further study of the method, we see that the method is also generalized to many
other types of DE systems and it can give easy-to-construct conservation laws of many
important systems for the sciences.

Then, we see that the multiplier method gives a lot of advantages over other standard
methods for solving PDEs and also it has a great potential to become even more powerful
thanks to all the open questions it presents in its mathematical structure.

5. Conclusions

The method of multipliers is a powerful tool for solving PDE systems and finding their
conservation laws; it has given a new and interesting approach to this type of method and
it distinguishes itself for the algorithmic nature it presents. This method has already proven
useful in many areas of science such as applied mathematics, physics, engineering, etc.,
and we believe that it still has a lot of potential that can be utilized if it is further developed.

The seed started by the study of continuous groups gave rise to the Lie group analysis
of symmetries; this was then applied to PDE systems studying its Lie symmetries and it has
given key insights for many areas of science, the rise of Noether’s Theorem, the structure
of many algebras used in physics and the formalization of classical mechanics to name a
few. Now there is still more room for improvement and the method of multipliers helps
with this.

This method has been studied for some years and the latest developments in recent
years are synthesized here; the work consists of showing the main results obtained and
giving a comprehensive understanding of what could be further generalized; this gives the
reader a notion on what is left to do so more people are encouraged to work on this topic
and the main results as presented here can help someone starting to study the topic to have
a condensed source of information.

Some of the main results that deserve a mention are the following. In [16], the
geometric formulations for adjoint-symmetries are studied; the interpretation for adjoint-
symmetries are stated in Theorem 2, where it is found that adjoint-symmetries describe
evolutionary one-forms that functionally vanish on the solution space of the PDE system,
stated for evolutionary vertical vector fields.

The result of this theorem gives a condition given by symmetry vector fields and
adjoint-symmetry one-forms, for when a symmetry—adjoint-symmetry pair corresponds to
a conservation law; this result is stated in Equation (81).

Next, in this paper for the first time two symmetry actions are derived thanks to
Cartan’s formula; this is stated in Theorem 4 where these actions represent a mapping on
the linear space of adjoint-symmetries Q 4.

The geometrical interpretation of adjoint-symmetries is given for evolutionary systems;
this result is stated in Theorem 5 where adjoint-symmetries of an evolution system for an
evolution system are found to be evolutionary one-forms; these one-forms are shown to be
functionally invariant under the associated flow.

The next generalization of evolutionary systems for constrained flow is also given
in Theorem 6 where it was found that the symmetry for a constrained evolution system
describes an evolutionary one-form in the same way for evolution systems but they are
now invariant under the associated constrained flow.

Also, a result is given for gauge adjoint-symmetries in Theorem 7 where a gauge
adjoint-symmetry is functionally equivalent to a normal one-form associated with the
constraint equation.

In the paper [17], the multi-reduction method for some special cases was studied to
give it an explicit algorithmic method for finding all symmetry-invariant conservation
laws that describe symmetry-invariant solutions of a PDE. The conditions of symme-
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try invariance for the method are formulated using multipliers, making the calculations
less complex.

The first big result of this paper is given for multi-reduction performed in a single
symmetry system for PDEs in (1 + 1) dimensions; the first reduction that is given for this
type of system is the travelling wave reduction, where the explicit form for a conserved
quantity is (126) and the form using multipliers is given in (128).

For the case of similarity (scaling) reduction, the conservation law condition is given
by (135) in terms of multipliers given by (136).

Next, for systems of two-dimensional symmetry algebras, similar expressions are
derived. The first case is for a system with reduction of two translation symmetries;
the resulting conservation law is given in Equation (146). The second case is for reduc-
tions via a scaling and a translation symmetry; the condition for symmetry invariance
in terms of multipliers is given by (154) and Equation (155) is related to systems with a
solvable structure.

The next paper [18] gives a formula for symmetry recursion operators from non-
variational symmetries of PDEs; the first main result of the paper is given in Theorem 9
where a linear operator is found between symmetries and adjoint-symmetries.

For the evolution system case, Theorem 10 states the conditions for when an adjoint-
symmetry is a multiplier giving a conservation law; this is obtained through the mapping
between symmetries and adjoint-symmetries addressed earlier.

For the case of Euler-Lagrange equations in Theorem 11, it is found that all the adjoint-
symmetries of this kind of system are symmetries and the operator found earlier becomes
a recursion operator for symmetries; this result is found in Theorem 11.

For the paper [19], many generalizations of the results found in [18] are given. To start,
the first result gives all the possible symmetry actions over adjoint-symmetries; these are
stated in Theorem 12.

Next, from these three found symmetry actions, the authors find that this symmetry
action gives different types of structures. The first symmetry action gives a Noether
structure, the second a generalized pre-symplectic structure and the third one a Noether
operator; these results are found in Theorem 13.

The next big result is the adjoint-symmetry commutator bracket given in Theorem 14
where it was found that this bracket is a Lie bracket and therefore the linear subspace of
adjoint-symmetries acquires a Lie algebra that is homeomorphic to the symmetry Lie algebra.

For evolution systems, the symmetry actions stated generally are now given for this
case in Theorem 15 and in Theorem 16 it is found that if an evolution system admits
a non-variational adjoint-symmetry, then the system possesses a non-trivial associated
symplectic structure.

Some other interesting results are, for example, the relationship between Ibragimov’s
conservation law theorem and the method and multipliers; in [51], this conservation
law theorem was found to be only a special case of a formula using symmetries and
adjoint-symmetries, also many conditions that come from this theorem also arise from
adjoint-symmetries of the system studied.

These are the the theoretical breakthroughs but in many other applied contexts the use
of this method has given rise to many interesting results for a wide variety of equations;
many of them have an application in important topics such as plasma physics, wave
dynamics, gravitational waves, diffusion, etc.

But still a lot of work needs to be conducted to fully understand this new method;
the study of adjoint-symmetries still has a lot of questions to be solved such as how they
relate to symmetries and conservation laws.

One of the areas that we consider to be of main importance is the geometrical formula-
tion of these results, the authors in [16] recommend to use secondary calculus to frame all
these results in a geometrical setting; we expect this path to provide great improvements
on the use and understanding of the method and we are working in this direction.



Mathematics 2023, 11, 4572 54 of 57

Other ares of development for the method are the study of the operators found in [19]
for different types of specific systems and finding the necessary and sufficient conditions to
find different types of structures given by the three different symmetry actions.

Also the use of the method is highly advised for solving specific systems of PDEs that
are of interest in many different areas of scientific research.

As the method is further generalized, the amount of PDEs solvable will increase
and this new result can be programmed thanks to the algorithmic nature of the method;
earlier versions of computationally algebraic algorithms are found in [29-32] and this will
need to be updated to implement the new results or new software can be developed.

It is also important to add that all computational methods for this method are strictly
algebraic; therefore, this method is only algebraic; this gives the method advantages and
disadvantages but the main problem this method tackles is finding exact solutions and
exact conservation laws.

This can then be checked by other numerical method present in the literature but there
are, to the knowledge of the authors, many numerical methods for the one reviewed here
(see [95-98]).

By all the work presented in this review, we can conclude that the method of multipli-
ers deserves the attention it has and still has a lot to offer.

The easy and fast implementation of it to a wide variety of PDEs gives it a great appeal
for applied sciences and it made possible the study of many PDE systems that are of wide
use in many areas.

Pure mathematics is another area of study that could benefit from the study of
this method.

When studying adjoint-symmetries, a wide variety of interesting structures were
found and there is still a wide variety of results to be obtained.

For this, we expect this work to give a comprehensive and complete panorama of the
method and make the method widely available for more people.
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