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Preface

This book consists of the selected, peer-reviewed, and revised papers from the III.
International Conference on Symmetries, Differential Equations and
Applications (SDEA-III, www.sdea3.org), which was held from August 14 to 17,
2017, in Istanbul Technical University, Istanbul, Turkey.

The first SDEA-I was held in Johannesburg, South Africa, in 2012, dedicated to
the Bicentenary of Evariste Galois. The second SDEA-II was held in slamabad,
Pakistan, in 2014, dedicated to James Clerk Maxwell’s Theory of Electromagnetism.

SDEA-III was the third conference in the series and dedicated to the Centenary
of Noether’s Theorem proven by the prominent German mathematician Emmy
Noether. The main aim of the conference was to concentrate on many of the recent
important advances in the applications of Lie groups, including a wide area of
topics in interdisciplinary studies ranging from mathematical physics to financial
mathematics. The topics discussed in SDEA-III included Lie theory and symmetry
methods in differential equations, Lie algebras and Lie pseudogroups, super-
symmetry and super-integrability, representation theory of Lie algebras, classifi-
cation problems, conservation laws, and geometrical methods.

We are convinced that SDEA-III was a very successful conference that provided
a productive forum for academic researchers, both junior and senior, and students to
discuss and share the latest developments in the theory and applications of Lie
symmetry groups. The conference included 18 parallel sessions with 76 presenta-
tions, and 66 speakers, which included the 13 invited speakers listed below, from
16 different countries, as well as 17 poster representations during the 4 days it ran.

The invited speakers of SDEA-III were Prof. Mohammad Akbar (University of
Texas at Dallas, USA), Prof. Alexei Cheviakov (University of Saskatchewan,
Canada), Prof. Metin Giirses (Bilkent University, Turkey), Prof. Victor G. Kac
(MIT, USA), Prof. Varga Kalantarov (Ko¢ University, Turkey), Prof. Masood
Khalique (North-West University, South Africa), Prof. Sergey Meleshko (Suranaree
University of Technology, Thailand), Prof. Maria Concepcion Muriel (University of
Cddiz, Spain), Prof. Maria Clara Nucci (University of Perugia, Italy), Prof. Peter J.
Olver (University of Minnesota, USA), Prof. Kamal Soltanov (Hacettepe University,


http://www.sdea3.org

vi Preface

Turkey), Prof. Greg Reid (University of Western Ontario, Canada), and Prof.
Alexandre Vinogradov (Levi-Civita Institute, Italy).

The conference sponsors were Istanbul Metropolitan Municipality, Sariyer
Municipality, Istanbul Technical University, International Mathematical Union,
Turkish Airlines, and The Scientific and Technological Research Council of
Turkey. SDEA-III was organized in cooperation with SIAM, the Society for
Industrial and Applied Mathematics.

As the editors, we personally wish to express our gratitude to the authors of the
papers in this book, and to all participants for their contributions in this conference.
We hope you will enjoy reading it and find its contributions of interest.

Cambridge, USA Victor G. Kac
Minneapolis, USA Peter J. Olver
[stanbul, Turkey Teoman Ozer

Montréal, Canada Pavel Winternitz
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Normal Forms for Submanifolds Under m
Group Actions oo

Peter J. Olver

Abstract We describe computational algorithms for constructing the explicit power
series expansions for normal forms of submanifolds under transformation groups.
The procedure used to derive the coefficients relies on the recurrence formulae for
differential invariants provided by the method of equivariant moving frames.

Keywords Lie group - Submanifold - Normal form - Moving frame - Differential
invariant - Curvature - Recurrence formula - Invariantization

1 Introduction

The equivariant method of moving frames, introduced in [1], provides a powerful
computational tool for investigating the equivalence and symmetry properties of sub-
manifolds under general Lie group actions (and, more generally, infinite-dimensional
Lie pseudo-groups, [2, 3]), and determining the required differential invariants. The
main new tool is the recurrence relations, which completely prescribe the structure
of the non-commutative differential algebra they generate through the process of
invariant differentiation. Remarkably, these relations and the consequent differential
algebraic structure can be completely and straightforwardly constructed, requiring
only basic linear algebra, and can thus be readily implemented in any modern com-
puter algebra system, including MATHEMATICA, MAPLE, and SAGE.

A simple example is provided by the Euclidean geometry of space curves C C R?,
under the action of the group of rigid motions — translations and rotations. The
fundamental differential invariants are the curvature and torsion of the space curve,
and the invariant differential operator is differentiation with respect to arc length. As
a consequence, every Euclidean differential invariant can be expressed as a function
of curvature, torsion, and their successive arc-length derivatives.
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e-mail: olver@umn.edu

© Springer Nature Switzerland AG 2018 1
V. G. Kac et al. (eds.), Symmetries, Differential Equations and Applications,

Springer Proceedings in Mathematics & Statistics 266,
https://doi.org/10.1007/978-3-030-01376-9_1


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01376-9_1&domain=pdf
mailto:olver@umn.edu
https://doi.org/10.1007/978-3-030-01376-9_1

2 P.J. Olver

The normalization procedure underlying the construction of a moving frame is
equivalent to the specification of a “normal form” for submanifolds under the group
action. Roughly, to construct a normal form, one uses the group transformations to
simplify, as much as possible, the Taylor expansion of the submanifold at a given
point. The result will be called a normal form for the submanifold at the point,
also known as the Monge or Monge—Taylor form, [4, 5]. As we note below, this
simplification is exactly the same as the choice of cross-section to the prolonged
group orbits, which is the first step in the equivariant moving frame construction.
Once a normal form has been specified, the non-constant coefficients in the resulting
Taylor series expansion form a complete system of differential invariants, known, in
the equivariant approach, as the fundamental normalized differential invariants.

The purpose of the present note is to explain, in simplified form, the moving
frame algorithms and recurrence formulae, and how they can be used to construct
the normal form expansion of a submanifold in terms of the fundamental differen-
tial invariants and their invariant derivatives. While direct calculations can be very
tedious, if not impossible due to the limitations of current computer algebra software
and hardware, the recurrence formulae provide a simple, straightforward route to the
desired formulae. In this paper, we describe this calculus, first in the simplest context
of plane curves, and then for general submanifolds under Lie group actions. The
results are illustrated by a few basic examples of geometric and imaging importance.

2 Plane Curves

For simplicity, we first describe the normal form construction in the its most basic
manifestation: plane curves under “ordinary” group actions. The general version can
be found below in Sect. 3.

Throughout this section, C ¢ M = R? will denote a regular, smooth! (C*) plane
curve. We use z = (x, u) as local coordinates on M, and t € I C R as a curve
parameter, so that C is the image of the function z(f) = (x(¢), u(¢)) for ¢ in the
interval /. Regularity requires that the curve’s tangent vector is nowhere vanishing?:
dz/dt = (x;,u;) # 0. We will identify parametrizations that have identical image
curves, meaning that we allow reparametrization, including those that reverse ori-
entation. In particular, the curve is a graph if it is parametrized by the horizontal
coordinate x, so that z(x) = (x, u(x)) forx € I C R. Locally, in a neighborhood of
20 = (X0, ug) € C, a curve can be parametrized uniquely as a graph if and only if it
intersects the vertical fiber {x = Xo } transversally, meaning that its tangent vector
at zp is not vertical, i.e., x; # O there.

1One can apply the construction to curves of class C" provided n is sufficiently large that all
derivatives indicated are continuous.

2Subscripts on dependent variables indicate derivatives.
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Given a graph defined by the function u(x), we will identify its Taylor polynomial
of order n at a point zg = (xo, ug) = (xo, u(xp)) € C, namely,3

1(x0) + 1t (x0) (x — x0) + %m(xo) (x —x0)* + - + %unuo) (x = x0)",
with the nth order jet of the curve at the point zo. Note that the n jet is uniquely
prescribed by the derivatives of order < n at the point in question. Thus, the space
of nth order transverse* curve jets, denoted J”, can be identified with R"*+2 with
coordinates

2™ = (, u, Uy, g - Uy). (1)

The n-jet of the graph C = {(x, u(x))} at the point zo = (xo, u(xp)) € C is thereby
identified with the (n + 2)—tuple

inClzy = (%0, u(x0), 1 (x0), Uz (X0), - . ., un(x0) ) €. 2)

One can straightforwardly derive, via implicit differentiation, expressions for the
curve jet components (2) in terms of a general parametrization z(t) = (x(t), u(t)),
writing the nth order jet coordinate u,, as an explicit rational function of the deriva-
tives, of order < n, of x(¢), u(t). For example,

U 1 Uy Xellyy — UrXyy
uX:D)Cu:_V MX.X:D.XM.X:X_D[ - :—3...7 (3)
t

Xy Xt Xi

with the higher order expressions obtained by iteratively applying the implicit total

derivative operator

1
D, = —D,. 4)

Xt

By a differential function, we mean a (locally defined) real-valued function on the
jet space, F: J* — R, and so, in coordinates, taking form

F(z™) = F(X, u, g, Uy, ..., Uy).

To us, the most important differential functions are the differential invariants, e.g.,
curvature, torsion, and the like. Note that one can use the parametric differentia-
tion formulae (3) to re-express any differential function in terms of a general curve
parametrization.

Let G be an r-dimensional Lie group acting on M = R?. There is an induced
action of G on curves, with g € G mapping the curve C parametrized by z(¢) to
the image curve C= g - C parametrized by 7(r) = g - z(¢). Two curves C, CcM
are said to be equivalent if there exists a group element g € G such that C = g-C.

3In this section, u,, represents the nth order derivative of u with respect to x.
4See [6] for the extended jet bundle construction, that includes non-transverse curves.
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Again, we allow reparametrization in our identification of curves. In practice, we
are primarily interested in local equivalence, in the neighborhood of corresponding
points on the two curves.

The action of G on curves induces an action on their jets. In other words, given a
jet z3” € J"|.,, let C be any transverse curve whose jet at zg € C coincides with z;”
at the point zo € C. Then g - zf)") is equal to the n-jet of the image curve C = g-C
at the image point 7o = g - zo. If the image curve is not transverse, the action is not
defined in the ordinary jet space (although it is defined on the extended jet bundle,
cf. [6]), meaning that the prolonged group action on J” is, in general, only a local
action even if the action on M is global. The explicit formulae for the prolonged
action of a transformation group are obtained by implicit differentiation, [1, 6].

A differential invariant of order n is a differential function 7 (z") that is unaf-
fected by the prolonged group action, i.e., I(g - z™) = I(z™) forall g € G and all
7™ € J", where defined. Clearly, equivalent curves have identical differential invari-
ants, although, of course, their explicit formulae in terms of the curves’ individual
parametrizations may vary. The Cartan solution to the equivalence problem, [7], is
based on the functional identities, or syzygies, among the differential invariants which
are used to parametrize the associated signature. (In the case of curves in Euclidean
space, the signature curve was introduced earlier by Bruce and Giblin, [4], under the
name “Monge-Taylor map”.) See, for example, [8—13] for various applications of
the differential invariant signature to object recognition in digital images.

In its simplest incarnation, a cross-section to the prolonged group action is a fixed
jet z(()") € J" with the property that for any (nearby) curve C and point z € C there is
a unique group element g € G such that

8- (jnc|z) =julg- Oz = Z(()n)a (®))

meaning that the group element maps the curve jet at z to the fixed cross-section jet.
In particular g - z = zo. A straightforward chain rule argument demonstrates that the
group element satisfying (5) depends only of the n-jet 7 = j,C|, of the curve at
the point z. In view of uniqueness, we write g = p(z”), whereby (5) is equivalent
to the equation

pE™) 2" =z, (©6)

In the language of [1], the map® p: J* — G defines a (right) moving frame of order
n, and, as can be easily proved, satisfies the right equivariance rule

p(g-z2")=pE") g7, (7)

where the dot on the left hand side indicates the prolonged group action on J”, while
the dot on the right hand side represents group multiplication. Occasionally, formulae
are more simply written in terms of the corresponding left equivariant moving frame,
which is merely the group inverse of the right moving frame:

STypically p is only defined on an open subset of the jet space.
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p(z") = p(z™)7!, satisfying the left equivariancerule p(g-z™) =g - pi™),
®)
and mapping the normal form jet to the curve jet: p(z™) - z{” = z®.

Given a choice of cross-section, a curve Cy is said to be in normal form if zy € C
and its n-jet at zo coincides with the fixed cross-section jet: j,Col,, = z(()"). Thus,
given -

Zy = (xo, g = co, C1, .., Cp),

any normal form curve, parametrized as the graph of the function u(x), has Taylor
expansion
1 2 1 n
ug(x) =co +cq (x—x0)+562(x —Xx0)" 4+ e (x —x0)

ntl Uns2(x0) (x — x0)"F2 4,

€))

1
up41(x0) (x — x0) m

1
* n+1)!

at x = xo, whose first n + 1 coefficients are fixed by the choice of cross-section jet,
whereas the values of those of order > n + 1 depend upon the particularities of the
curve Cy.

Remark: Existence of a cross-section of the above type is equivalent to the transi-
tivity and freeness® of the prolonged group action on an open subset of J*. If the Lie
group G has dimension r, then this requires n = r — 2. A planar group action that
admits a cross-section in the above sense is known as ordinary, [7]. The only non-
ordinary group actions on R? are intransitive actions and those whose prolongations
exhibit pseudo-stabilization, meaning that they act intransitively but not freely on
some jet space. All “standard” transitive group actions arising in geometry and image
processing are ordinary. Moreover, non-ordinary actions can be readily handled by
the general moving frame construction described in the following section.

Applying the moving frame group element g = p(z™) to the curve C produces
the normal form curve Cy = g - C = p(z™) - C associated with the point z € C,
that satisfies the normal form constraint j,Cy = z(()”). Clearly, two curves are locally
equivalent if and only if they have identical normal forms at the matching points.
Consequently, each Taylor coefficient of the normal form curve at the point zo, when
expressed as a function of the original curve jet, defines a differential invariant. In
other words, for any «,

2 =ikColy =it (pGE™) - C)lyy = p™) - (iCl:) = p™) - 2® = 199,
(10)
defines a vector-valued differential invariant: 1® (g - z®) = 10 (z®) forall g € G

where defined, whose individual components provide k + 2 scalar-valued differential
invariants’:

5The action of G is free at z™ € J* if the only group element that fixes z is the identity, i.e.,
g-z" =z ifand only if g = e.
"When k < n, then I®) = (xo, COyClyvnns ck) is constant.
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IPE®) = (HE®), 1hP), 1*), ..., 1Y)

1D
= (%0, €0, C1v vy Cpy L1 T, L L (@®)).
As a result, the normal form Taylor expansion (9) is
1 2 1 n
uo(x) =co + ¢ (x —x0) + 5 €2 (x = x0)" + -+ + —w e (x = x0)"+
" (12)

1 1
(n+1) _ n+l 4 2 (k) _ k...
+ T Iny1(z ) (x — x0) +--+ Tl I,z (x — x0)" + ,

We will call I; (zY) the jth order normalized differential invariant; note that its
value is independent of the choice of kK > j in (11); indeed, it would be convenient
to set k = oo and work with Taylor series (infinite jets) throughout. Of course, the
first n 4 2 of these, H, Iy, ..., I,, are constant, since they equal the corresponding
Taylor coefficient (11) of the cross-section jet: /; (™) =¢ iz

According to [1], the non-phantom or fundamental normalized differential invari-
ants of order > n, namely 1,,1(z"*"), I,12(z"*?), ..., form a complete system
of differential invariants for the action of G on curves, meaning that, locally, any
other differential invariant can be written, uniquely, as a function thereof. Indeed,
the Replacement Rule states that if J(z¥) = J(x, u, u,, ..., uy) is any differential
invariant of order® k > n, then, replacing each of its arguments by the corresponding
normalized invariant,

J(Z(k)) = J(xO’ CO’ M) cn7 IVL+1(Z(”+1))’ trt Ik(z(k))) (13)

gives an explicit formula for J in terms of the fundamental normalized invariants.
In symbolic computation terminology, [14], (13) is a rewrite rule expressing any
differential invariant in terms of the fundamental generators.

Further, the moving frame map induces a process of invariantization, denoted
by ¢, that associates a differential invariant with any differential function. Namely, if
F(z®)is any function of the curve jets, then its invariantization J ®) =1 [ F(z%) ]
is the unique differential invariant that agrees with the value of F' on the normal form
prescribed by the cross-section: J (z(()k)) =F (z(()k)). Note that invariantization respects
all algebraic operations — but not differentiation, which is the point of the recurrence
formulae derived below. It is not hard to see that the invariantization process is readily
implemented by substituting each jet coordinate appearing in the argument of F by
the corresponding normalized differential invariant:

[FE®) ] = F(xo,covevcn Ly @), o L(2)). (14)
Furthermore, invariantization does not affect differential invariants: t[ J (z(k))] =

J(z®) and hence, comparison with (14) immediately establishes the Replacement
Rule (13).

8Since G acts transitively on J*, any differential invariant of order < n is necessarily constant, and
still satisfies the Replacement Rule.
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Example 1 Plane curves under orientation-preserving rigid motions: In this exam-
ple, G = SE(2) is the special Euclidean group, consisting of translations and rotations
of R?:

a,b eR,
—T<¢<nm.

5)

To place a plane curve in Euclidean normal form at a point z € C, we first use the
translations to move the base point to the origin, xo = uy = 0, and then rotate the
translated curve so that its tangent is horizontal, whereby u, o = 0. The resulting
Euclidean normal form for a plane curve has Taylor expansion

X xcos¢ —using + a, ur> xsing +ucos¢ + b,

1
uo(x)z%szz—i-é13x3+ﬁ14x4+~~+ﬁlkxk+~- (16)

at the origin. Its Taylor coefficients
T = t(ug), k=2, a7

when expressed in terms of the original curve parametrization, are the fundamental
normalized differential invariants.

The preceding choice of normal form corresponds to the cross-section
x=u=u, =0, (18)
whence the three associated phantom invariants are
tx)y=H =0, tw)=1=0, tuy) =1, =0. (19)

The resulting left moving frame® 5 : J' — SE(2) can be identified with the classical
moving frame, [15], namely, its translation component is the point z € C, while the
columns of the rotation matrix, R = [ t, n ], are the orthonormal frame vectors based
at z, that is, the unit tangent t and normal n. Furthermore, by direct computation or,
alternatively, by applying the moving frame construction, the lowest order normalized
differential invariant

uXX
L=1(uy) =« = m (20)

turns out to be the Euclidean curvature of the curve. We defer the identification
of the higher order normalized invariants I3, I4, . .., until we have constructed the
associated recurrence formulae.

9Typically, while the right moving frame (7) plays a more fundamental role and is easier to compute,
in classical geometries, the corresponding left moving frame (8) includes the usual frame vectors
on the submanifold, cf. [1].
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Remark: In the preceding example, there remains an unresolved discrete ambi-
guity since we can rotate by 7 radians without affecting the cross-section (18). The
effect is to map uo(x) to — up(— x), and hence change the sign of the even order nor-
malized invariants, I;; — — I, so that, in particular, the curvature invariant changes
sign: k — — k. This can be avoided by either working with its absolute value or, if
one restricts attention to closed curves, by fixing the orientation. Here, to avoid
technicalities, we will ignore this final ambiguity (as is done in most treatments),
referring to [16] for the full details, including the additional effects of reflections on
the moving frame and differential invariants.

An alternative method of generating differential invariants is through invariant
differentiation. Given a transformation group acting on plane curves, we use ds to
denote the G-invariant arc-length element, or, equivalently, the invariant!? one-form
of lowest order. We remark that the invariant one-forms can also be systematically
constructed through a reasonably straightforward extension of the invariantization
process associated with the moving frame, and refer the reader to [1, 17] for details.

Let 2 = d/ds be the dual invariant differential operator, i.e., the arc length deriva-
tive. Invariance of the arc-length form ds implies that & maps a differential invariant
of order k to a differential invariant of order k + 1. In particular, starting with the
(non-constant) normalized differential invariant k = I, of lowest order, namely
n + 1, which we identify“ as the G-invariant curvature function, its successive arc-
length derivatives k; = Pk, kg = P2k, ..., are differential invariants of respective
orders n + 2, n + 3, ... . It is known that they also generate the algebra of differen-
tial invariants; one way of proving this assertion is by inspection of the recurrence
formulae. The Replacement Rule (13) tells us that these are all functions of the
normalized differential invariants; vice versa, it can be shown that the normalized
differential invariants are themselves certain functions of the curvature invariant and
its successive arc length derivatives. The resulting formulae

IkZFk(KaKS7'-'aKk—n—l)a k2n+15 (21)

enable one to express the coefficients of the normal form Taylor expansion (12) of a
curve in terms of the curvature invariant and its arc-length derivatives. Our goal is to
develop the machinery that enables one to straightforwardly compute these formulas,
and hence the explicit Taylor expansion for the normal form of a curve under a group
action.

While, in principle, knowing the explicit coordinate formulae for the curvature
invariants enables one, e.g. via the Replacement Rule (13), to express them in terms

10Strictly speaking, ds is only “contact-invariant”, meaning that it is not an invariant form on jet
space but, rather, is invariant when restricted to curve jets, or, equivalently, is invariant modulo
contact forms, [7].

dentification of « with a classical geometric quantity (Euclidean curvature, equi-affine curvature,
projective curvature, etc.) requires an appropriate choice of normal form. Other choices may result
in some function, e.g., a constant multiple, of the classical curvature invariant. Incidentally, the
function in question can be straightforwardly found by applying the Replacement Rule (13) to the
classical formula.
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of the normalized invariants, and hence, by inversion, determine the desired for-
mulae (21), in practice, for complicated group actions and higher order invariants,
this can be a very cumbersome and complicated procedure that can overwhelm the
abilities of even sophisticated computer algebra systems such as MATHEMATICA,
MAPLE, SAGE, etc. The power of the equivariant moving frame method is that it
enables one to systematically and straightforwardly derive these formulae without a
priori knowledge of the explicit formulae for any of the differential invariants, or the
invariant arc length derivative, or even the moving frame itself. All that is required is
the formulae for the prolonged infinitesimal generators of the group action, coupled
with some simple (symbolic) linear algebra!
To explain the computational algorithm, let

0 0
Vo =6 (x,u) —+ @ (x,u)—, o=1,...,r1, (22)
ox u

be a basis for the Lie algebra of infinitesimal generators of the action of G, which
are vector fields on M, [6]. Let

0 0
prve =& uw)—+ Y ghu®)—, o=1...r (23)
0x =0 8uk

be the corresponding infinitesimal generators of the prolonged action of G on the jet
spaces, whose coefficients are explicitly determined by the well-known prolongation
formula, [6]:

0s 2™) = DY 0o (x, 1) — &6 (x, ) 1y | 4 £ (6, 1) gy (24)

Here 3 5 5 3
Dx=_ xXn XX o xXxXx o 25
3x+u 8u+u 8ux+u 8uxx+ 25)

is the total derivative operator, which effectively differentiates differential functions
by treating u as a function of x.
The recurrence formulae for the differentiated invariants, [1], are

P
Lot =20 — Y Kot gbx,u®)],  k=0,12,..., (26)

=1
where ¢ is the invariantization map (14) and K1, . . ., K, are certain as yet unspecified

differential invariants known as the Maurer—Cartan invariants.'? In particular, if one

12This is because they are, in fact, the coefficients of the pull-backs of the Maurer—Cartan forms
via the moving frame map p : J* — G, [1]. However, while this is essential to proving the validity
of (26), from a purely practical standpoint there is no need to know this theoretical fact, or even
understand what a “Maurer—Cartan form” is, since, as we will soon see, we can readily determine
their explicit formulae directly from the recurrence formulae themselves.
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takes 0 <k <n =r —2in (26), then [, = ¢, is a constant phantom invariant, and
hence the first term on the right hand side of the recurrence formula is zero. Thus,
the result is a system of » — 1 linear equations for the r Maurer—Cartan invariants
in terms of the normalized differential invariants of order <r — 1 =n + 1. These
are supplemented by the recurrence formula for the remaining phantom invariant
H = 1(x) = xo, which takes the form

r

1=9H - Ko[&(.u)] == Ky1[&(x.u)]. (27)

o=1 o=1

It can be shown that the resulting system of » linear equations can be uniquely solved
for the Maurer—Cartan invariants K, ..., K,, which can thus all be expressed as
certain rational functions of the curvature invariant k = 1, . With these expressions
in hand, the resulting higher order recurrence formulae (26), for k > n, will then
iteratively provide the required formulae (21) for each ;. in terms of the arc length
derivatives of «. Let us see how this works in the context of a couple of examples.

Example 2 Return to the action of the Euclidean group on plane curves introduced

in Example 1. We use

@:sz;Dx (28)

V1+uZ

to denote the invariant arc length total derivative operator.

The infinitesimal generators of the action (15) are
Vi = 0y, Vo = 0y, V3= —udy + x0,. (29)

Applying the prolongation (24), the infinitesimal generators of the prolonged action
of SE(2) on plane curves are

prvy = o, prv, = 9d,,
prvy=—ud, +x9, + 1+ ui)am + Uty Oy, + (AUt + 3u)2cx)3um+
+ Suylhyrre + louxxuxxx)aunu—i_

+ (6quxxxxx + 15uxxuxxxx + louixx)a + -

Uxxxxx

(30)
Thus, the recurrence formulae (26), (27) for the three phantom invariants (19) are

1=92H — K;t(1) — K,1(0) — K3 t(—u) = —K|,
0=15=9I)— K1(0) — K>1(1) — K31(x) = —K>,
k=01L=9I — K;1(0) — K,1(0) — K3 (1 —{—ui) = —K3,

and hence the Maurer—Cartan invariants are
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K] =—1, Kz:(), K3=—K. (31)

Using (17), (19), these values are then iteratively substituted into the higher order
recurrence formulae (26) to produce

L =90 — K3tQQuyu,,) = ks,

It =9 — K3 t(4uuye, + 3”)2”) = Ky + 3K,

Is = DLy — K3 t(Suy thyeex + 100y thery) = Kggs + 196K,
Ie = PIs — K3 1(61y thyrxny + 15ty ey + 1002 )

XXX

= Kysss T 34K2Kss + 48KK32 + 45 KS’

(32)

and so on. We conclude that the explicit Taylor expansion of a curve placed in
Euclidean normal form (16) is

uo(x) = %sz + %st3 + i(lcss + 3k xt + %(K”ss + 19k%k) X7+

(33)
+ Llieysss + 3467 Kos + 48K k] +45K7) X0 + -
Higher order terms can be systematically constructed by continuing the above pro-
cedure. However, I do not know a general formula for the differential polynomials
in « that appear as coefficients.

Example 3 A more substantial example is provided by the geometry of equi-affine
planar curves, [15], also of importance for image processing, [8]. The equi-affine
group SA(2) acts on M = R? via area-preserving affine transformations

g -(x,u)=(ex+PBu+a,yx+ou+b), ad — By = 1. (34)
The normalization equations
X=u=u,=0, Uy, =1, Uxrx =0, (35)

define a cross-section to the prolonged action, which leads to the classical equi-
affine moving frame. This normalization can be applied except at inflection points,
i.e., provided the nondegeneracy condition u,, # 0 holds. (Similar nondegeneracy
conditions appear in most examples, the preceding case of Euclidean plane curves
being a notable exception. At isolated inflection points one can, in principle, use
the general moving frame procedure, to be presented in Sect. 3, to construct a higher
order moving frame.) The cross-section (35) corresponds to the following equi-affine
normal form for a non-degenerate plane curve:

uo(x) = x% +  Iix* + L Isx® + Llex®+ - (36)

The fundamental differential invariant is the equi-affine curvature
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I ( ) UxxUxxxx — %u)zcxx (37)
K =14 = t(Uyypy) = ,
4 XXXX uﬁ{g
while
2 =uD,) =u? D, (38)

is the invariant differentiation operator with respect to equi-affine arc-length. Both
formulas (37), (38) can be straightforwardly found by a complete implementation of
the moving frame construction, but are not required to perform the ensuing compu-
tations.

Our goal is to write the higher order differential invariants

I = t(up), k=4, (39)

and hence the equi-affine normal form (36), in terms of the equi-affine curvature and
its arc-length derivatives. Applying (23), (24), the prolonged infinitesimal generators
for the equi-affine group action (34) are

vl = O,
V2 = Oy,
V3 = —x 0y +udy + 2ux uy + 3ttx Ouyy +4thxxx Quyry + Sthxaxx Quyyxr T s (40)
Vg =udy —u2 0y, — Sttty Oy, — Gixtizry +3U2y) Dy —
— Guxuxxxx + 10uxxtxxx) Ouygey +- -

V5 =X 0y + Oy, .

Thus, the recurrence formulae (26), (27) for the phantom invariants coming from
invariantizing the cross-section coordinates (37) are

1=9H—-K|=-K|, 0=11=%Iy—Ky=—-Ky, 1=01 =9I —Ks=—Kjs,
0= =9I —3K3=-3K3, k=14=%913+3K4=3Kqy4,
and hence the Maurer—Cartan invariants are
K, =-1, K, =0, K; =0, Ky =

Iy = 3k, Ks=—-1. (41

(ST
W=

These values are then substituted into the higher order recurrence formulae (26) to
iteratively produce the desired formulae:

Is =914 =k,
16 = .@15 +513 = Ky +5/C2,
17 = 91(, +7I4I5 = Kgs5 + 17KKS,

[8 = '@17+ 23_8]4I6+ %If = Kgsss T+ ?KK” + 17/(524- %K{

(42)
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and so on. We conclude that the equi-affine normal form for a plane curve at a
non-inflection point is given by

uo(x) = 57 + x4+ die 27 + g (s +567) 20 + 5 (eyss + 17100 x4
+ é(’cssss + ?KKSS + 17K3 + 1;_5/(3))58 + e
(43)
Again, while they are easily found by iterating the preceding algorithm, I do not
know a general explicit formula for the differential polynomials appearing in the
normal form expansion (43).

3 Normal Forms for Submanifolds

We now turn to the equivariant moving frame construction, [1], that applies to
completely general Lie group actions and, when suitably adapted, [2], also to
infinite-dimensional Lie pseudo-group actions. Let M be an m-dimensional man-
ifold which, since we are working locally, we identify as (an open subset of) R".
Given 1 < p < m, there is an induced action of G on p-dimensional submanifolds
$ C M, and we are interested in determining when two such submanifolds are equiv-
alent, meaning that there exists g € G mapping one (locally) to the other: § = g - S.
As before, we are interested in the submanifold purely as a subset of M, and thus
allow arbitrary reparametrizations thereof. (Although one can readily adapt the pro-
cedure to avoid or restrict allowable reparametrizations.) The solution to the equiva-
lence problem is based on the differential invariant signature, and the moving frame
method allows one to explicitly determine the fundamental differential invariants
used to construct the required signature, [1, 8].

We employ coordinates (x, u) = ' .o xPout, L, u9) on R™, with p+q=
m, treating the x’s as independent variables and the u’s as dependent variables,
whereby any p-dimensional submanifold S that is transverse to the vertical fibers
{x =x0} can be locally identified with the graph, § = {(x, u(x))}, of a smooth
vector-valued function x — u(x) with components u* & xP), a=1,..., q.
We identify the nth order Taylor expansion of u(x) at a point x, in its domain as
the n jet of the submanifold at the base point zo = (xq, uo) = (xo, u(xp)) € S. The
resulting nth order jet space J", for p-dimensional submanifolds, is coordinatized

by the independent variables x!, ..., x”, the dependent variables u', ..., u9, and
their derivatives up to order n, which we denote by u%, witha =1, ...,¢,and J =
(J1, -+, Jr) a symmetric multi-index, with 1 < jiz < p,of order | <k =#J <n,

whose entries indicate partial derivatives of u® with respect to the x’s. Thus, a point
in J" is specified by the coordinates

z(”)=(...xi...u°‘...u§...), where i=1,...,p, a=1,...,q, #J <n.
(44)
See [1, 6, 7] for details.
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The action of G on submanifolds induces an action on their jets, leading to the
prolonged group action on jet space. Explicit formulas are obtained by implicit dif-
ferentiation. In general, a cross-section is a submanifold of the jet space, . C J”
that has complementary dimension and is transverse to the prolonged group orbits.
Moreover, we assume that, for each jet 7™ e J" sufficiently close to %, there is
a unique group element g = p(z™) that maps z™ to the cross-section, which, as
before, specifies the moving frame map'? p : J* — G, satisfying the right equivari-
ance condition (7). Transversality means that no (non-zero) prolonged infinitesimal
generator is tangent to the cross-section, which can be straightforwardly verified
using their explicit formulas, cf. (50) below, and involves computing the rank of a
certain matrix. Existence of a cross-section, and hence a moving frame, requires that
the prolonged action be (locally) free and regular on an open subset of J”, and it
can be proved that, assuming the action on M is locally effective on subsets, local
freeness holds at a sufficiently high order n, [18]. Usually—although not always, [19,
20]—one chooses a coordinate cross-section obtained by setting (or normalizing)
r = dim G of the jet coordinates equal to suitable constants. Almost always, one
chooses a minimal order cross-section, meaning that the normalized jet coordinates
have as low an order as possible. For example, the cross-section for an ordinary pla-
nar group action used in Sect. 2 is minimal. From here on we implicitly assume that
we have chosen a coordinate cross-section of minimal order, although the general
moving frame constructions can be readily adapted to more exotic choices.

If the group acts transitively on M, a minimal order coordinate cross-section is
contained in the jet space over asingle point %~ C J"|,,. One can interpret such a coor-
dinate cross-section as normalizing particular Taylor coefficients of the submanifolds
passing through the base point zo — which is almost always taken to be at the origin.
Once the moving frame map is specified, the normal form for a submanifold S C M
atapoint z € S is obtained by applying the moving frame map corresponding to the
submanifold’s n-jet at the point in question, 7" = j, S|., so that Sy = p(z™) - Sisa
submanifold passing through zo € Sy and whose jet belongs to the cross-section, i.e.,
whose Taylor coefficients corresponding to the normalized cross-section jet coordi-
nates have been normalized to the specified values. The remaining jet coordinates
(Taylor coefficients), when expressed in terms of the originating submanifold jets
7%, provide a complete system of differential invariants, known as the normalized
differential invariants.

With the moving frame in hand, we define the invariantization of a differential
function F(z™) to be the unique differential invariant J(z™) = ([ F(z™) ] that
agrees with F on the cross-section: F' | 2# = J | JZ . In particular, invariantization
of the jet coordinate functions leads to the normalized differential invariants:

H' =u(x"), 1§ = u(u9). (45)

The r jet coordinates that are used to define the cross-section produce the con-
stant, phantom differential invariants, and the remaining, non-phantom fundamental

13 As before, the notation allows p to be only defined on an open subset of J”.
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normalized invariants provide a complete system of functionally independent differ-
ential invariants. The invariantization map has the explicit formula

FC..x' o ub. )] =FC..H...If..), (46)

in which one replaces all jet coordinates by the corresponding normalized differential
invariants. Moreover, invariantization clearly preserves differential invariants, ¢ (J) =
J, and hence any differential invariant can be expressed in terms of the normalized
differential invariants via the Replacement Rule:

JCoox'oou )y =JC. H . 1Y), 47)

Furthermore, for p-dimensional submanifolds there are p invariant differential
operators 71, ..., 9, that map differential invariants to differential invariants, and
obtained by invariantizing'* the corresponding total derivative operators

q
ZZMW i=1,...,p, (48)

where ”J; =D;u9) = ”11 i . The Basis Theorem, [1, 3], states that there exist a
finite number of generating differential invariants Ji, ..., J; with the property that
any other differential invariant can be written as a (not necessarily uniquely specified)
function of the generating invariants and their successive invariant derivatives,

Ji1 =D ... Di, s k=1,...,1, 1 <i, <p, n > 0.

In particular, one can express all the normalized differential invariants in terms of
them, and the explicit formulae can be found by iteratively applying the recurrence
formulae, to be described next. It is known that, given a moving frame p : J* —
G of order n, the non-constant normalized differential invariants of order < n + 1
form a generating set, although it typically contains redundancies and one can, by
inspection of the recurrence relations and the commutation formulae (see Example 5
below) among the invariant differential operators, produce a smaller generating set.
Determining the minimal number [ = [, of generating differential invariants is a
very challenging problem, with surprises even in seemingly well-studied situations,
[21, 22]. The case of curves is, however, known, where the answer (for ordinary
group actions) is precisely / = m — 1; see [23] for intriguing Lie theoretic tools for
determining their orders.

14More correctly, one invariantizes the basic horizontal one-forms, @’ = t(dx’), producing a invari-
ant horizontal coframe, and the invariant differential operators are the dual total differentiation
operators.
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To write out the recurrence formulae, let

0
du*’

o=1,...,

(49)

>

p q
i J o
Vo = Zéa(x,u)w +;<pﬂ(x,u)

i=1

be a basis for the infinitesimal generators of the action of G on M. The corresponding
prolonged infinitesimal generators for the action on the jet spaces are given by the
well-known prolongation formula

p q
. d a
— i o (n)
prve = E S (o) F E E 9o (x,u )8’43, (50)

i=1 a=1 #J>0

whose coefficients are readily calculated:

14 14
@5 =Dy | ¢" =D Eul |+ Eus,, (51)

i=1 i=1

where Dy = Dj, -...- Dj, with J = (ji, ..., ji), | < j, < p, denotes the corre-
sponding higher order total derivative.

The general recurrence formula for differential invariants'> can be then formulated
as follows. Let F(z™) be any differential function. Then

L(DiF)z.@it(F)—Z K7 [ prvo(F)], i=1,...,p. (52)

o=1

where!® K¢ are certain differential invariants known as the Maurer—Cartan invari-
ants. (Our earlier equations (26), (27) are both special cases of (52), in which F = u;
and x, respectively.) In particular, if we take F' to be one of the cross-section coor-
dinates, then its invariantization is a constant phantom invariant, and hence the first
term on the hand side of (52) is zero. Thus, fixing 1 <i < p, and then succes-
sively substituting the r cross-section coordinates into (52) produces a system of
r = dim G linear equations which, according to [1], can be uniquely solved for the
Maurer—Cartan invariants K l.l, ..., K] asrational functions of the normalized differ-
ential invariants. Substituting these expressions, foralli = 1, ..., p,into (52), where
now F is taken to be successive non-normalized jet coordinates, produces the full
system of recurrence relations that completely specifies the structure of the ratio-
nal, non-commutative differential invariant algebra and, in particular, leads to the
desired formulae for the Taylor coefficients as invariant derivatives of the generating
differential invariants.

I5This is a special case of the more general recurrence formula for differential forms, [1, 24].
16 Now we have made the group index o on the Maurer—Cartan invariants a superscript.
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Let us illustrate the procedure with two further examples.

Example 4 Consider the r = 6 —dimensional Euclidean group SE(3) acting by rigid
motions on space curves C C M = R>. Here the submanifolds have dimension
p = 1, and we use coordinates z = (x, u, v) on M. As usual, we concentrate on
curves given by the graphs of functions: u = u(x), v = v(x), although all our results
can be readily adapted to general parametrized curves z(t) = (x(z), u(z), v(z) )T.
Indeed, the recurrence formulae and consequent relations among differential invari-
ants make no reference as to how the curve is parametrized. On the other hand, when
writing out explicit formulas for the differential invariants, we use

Xy 1 Xy 0 Xior 0
=\ U | = Ux |» Zuu= | Ut | = | Uxx | > Zter = | Ut | = | Uxxx | >
Vi Vx Vit Vix Vit Vxxx

(53)
and so on, to denote the derivative vectors along the curve, where the second expres-
sion can be used in the special case of a graph, parametrized by t = x.

A basis for the infinitesimal generators is provided by the vector fields

Vl =8xv V2=8ua V3=8V’

V4 =v0, —uUd,, Vs = —ud, +x09,, V¢ = — VO, +x0,. (54)

Applying the prolongation formula (50), (24) leads to the corresponding prolonged
infinitesimal generators on the curve jet spaces, which are parametrized by

xs uvvv uxavxs u)(xvvx)(! uXX.X? e
To order 3, we find

prvy = oy, prvy = dy, prvz = dy,
prvg =vady — udy +vydy, — UxOy, + Vaxuy, — Uxx Oy, + VixxOuyry — Uxxx Ovgyy T s
prvs = —udy +xdu + (1 +u3) duy, + Uxvrdy, + 3ttxttoxduyy + (rxv + 2utxvix) By
+ @Gurttyer +3u2) By + (xavy + 3ttexvex + 3lxvrx) dyypy + 00
prve = —voy +x0dy + uxvydy, + (1 + V%)BVX + Quyx vy + UxVyx) Oy + 3VaVix Oy,
+ GuixxxVx + 3thxxVex + xVixe) dupey + @xvxex + 32 By + oo -

(55)

The classical moving frame, [15], relies on the normalization equations
x =0, u=020, v =0, u, =0, v, =0, Vir =0, (56)

which serve to define a coordinate cross-section provided u,, # 0. (Indeed, the
classical moving frame is not defined at inflection points of the space curve.) This
corresponds to translating and rotating the curve into the Euclidean normal form so
that it goes through the origin, has tangent in the direction of the x-axis, and second
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order contact with the x, u plane. For this particular cross-section, the translational
component of the left moving frame is the point on the curve, z = (x, u,v) € C,
while the columns of the rotational component R = [t, n, b] € SO(3) are the usual
orthonormal tangent, normal, and binormal frame vectors based at z. However, keep
in mind that these explicit identifications are not required to generate the recurrence
formulae for the differential invariants.
We let
H=1ux), L=, Jp=1t(x), (57)

be the normalized differential invariants resulting from invariantization, so that, in
view of (56), the phantom invariants are

H=1(x)=0, Ip=1t(u) =0, Jo=1t(v) =0, (58)
I = u(uy,) =0, Ji=1u(vy) =0, Jor=1t(vix) =0.
One can further identify
L = t(uy) =k, J3=1(xxx) =K T (59

with, respectively, the classical curvature invariant,!” and the product of curvature

and torsion. These two invariants generate the differential invariant algebra through
invariant differentiation with respect to arc length, and the recurrence formulae allow
one to express the normalized invariants I;, J; in terms of curvature, torsion, and
their successive arc-length derivatives: «, 7, k;, Ty, - - - -

We note the classical formulas

ds = ||z, | dt = /1 +u?+v2dx,

I z¢ X zs |l \/(”xvxx - “xxVx)2 + ujzgx + V)%x
= 3 = 2 1 12\3)2 J
Iz |l (1 + uy +Vx) (60)
2t X Zpt - it UxxVyxx — UxxxVxx

Iz X zet |12 B (UxVix — UpxVi)? + u)zcx + V)zcx ’

which can be obtained by fully implementing the moving frame construction, [25].
The first expression is valid for arbitrary parametrized curves, and the second is for
graphs. However, we emphasize that these explicit formulas are not required for
us to determine the recurrence formulas, and hence the Taylor coefficients of the
Euclidean normal form of a space curve.

17As in the planar version, there is an ambiguous sign resulting from a 180° rotation, and one
usually sets k = | I | to ensure full invariance. To avoid minor technicalities, we shall ignore this
extra complication here, and refer the reader to [16] for further details.
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In this example, the recurrence formulae (52) have the form

6
(DyF) = P1(F) =Y Ky t(prvy(F)), (61)
o=1
for any differential function F(x, u, v, uy, vy, Uy, -..), Where Ky, ..., K¢ are the

Maurer—Cartan invariants. Taking F in (61) to be, in turn, each of the cross-section
jet coordinates x, u, v, uy, vy, vy, that define the phantom invariants (58) leads, via
(55), to the linear system

1=.@H—K1=—K1, 0=I1=.@IQ—K2=—K2,
122911—K5=—K5, 0:]12@‘]0—[(3:—]{3’
0=Jh=9J] — K¢ =—Kgs, J3 =9, — LKy = — LKy,

which can be immediately solved for the Maurer—Cartan invariants:
Ki=-1, Kb =0, K3=0, Kgy=—-N3/[h=—-1, Ks=—-I =—«k, Keg=0.

Substituting these expressions into (61) and letting F range over the other jet coor-
dinates produces the non-phantom recurrence formulae

I3 =91,
1429134-3123—]32/12, J4=@J3+I3J3/12, (62)
Is= 9L+ 101315 — J3J4/ 1, Js=DIs+613J5 — J3ls/ 1,

and so on. Starting with (59), and successively substituting into (62), we find

L =k,
I; = kg, J3=«r,
L= kg + 3% — kT2, Jy =K1, +2K,7,
Is = Kygss — 3KT Ty — 36,72 + 1962k, Js =Kk Ty + 3K Ty + 3kys T
— kT3 +9k3T.
(63)

This implies that the Euclidean normal form of a space curve has Taylor expansion

up(x) = %Kx2+%/csx3 + i(’{” +3ik3 = K‘L’2)x4+
+ﬁ(/(sm—3/<tr5—3/<512+19/<2K3)x5+--~ , 64)
vo(x) = éK‘L’x3+ﬁ(2TK5 +K7,'5)x4+
+ I;—O(Kt“ + 3K, Ts + 3k T — KT +9/c31)x5 + -

Observe that if 7 = 0, so that the curve is planar, then the first equation in (64)
reduces to the planar normal form (33).
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Example 5 Finally, we treat the action of the Euclidean group SE(3) on two-
dimensional surfaces S C M = R?. Now p =2, and we use coordinates z =
(x,y,u) on M. As usual, we focus our attention to surfaces given by the graphs of
functions: # = u(x, y). All our results can be readily adapted to general parametrized
surfaces, and, as always, the final recurrence formulae make no reference to the
underlying parametrization. We refer to [21, 24] for additional details. The surface
jet space has coordinates

(X, y,u,uy, Uy, Uyx, Uxy, Uyy, Uxxx, Uxxy, Uxyy, Uyyy, -« ),

and, in general, we use u j; to denote the jet coordinate corresponding to the partial
derivative 3/ u /dx7dy*.

The classical moving frame construction, [15], relies on the coordinate cross-
section
X=y=Uu=1u, =Uy, =uy =0. (65)

The corresponding phantom invariants are

t(x) =0, t(y) =0, Ioo = t(u) =0, (66)
Io = t(uy) =0, Ioy = t(uy) =0, Iy = t(uyy) =0,

where, in general, we denote the normalized differential invariants by
Tix = t(ujp), Jj.k>0.
The fundamental differential invariants of lowest order are the principal curvatures
k1 =Io=t(uy), ko= Ilp =1(uy,), (67)

and it can be shown — through inspection of the recurrence formulae — that they
generate the algebra of differential invariants via invariant differentiation. Surpris-
ingly, as explained below, they do not form a minimal generating set.

The selected cross-section (65) corresponds to translating and rotating the surface
so that it acquires the Euclidean normal form by passing through the origin, having
horizontal tangent plane, and so that the directions of principal curvature line up
with the coordinate axes. This requires that the point z € S be non-umbilic, meaning
that the two principal curvatures are unequal, k| # «», which is the standard non-
degeneracy condition required for the existence of a well-defined Euclidean moving
frame, [15]. (At a non-degenerate umbilic, one could, in principle, employ a higher
order moving frame.) The mean and Gaussian curvature invariants

H=1k+r), K=«ikK, (68)
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are often used as convenient alternatives to the principal curvature invariants, since
they eliminate some of the residual discrete ambiguities in the moving frame. The
resulting left moving frame consists of the point on the curve defining the translation
componenta = z € R3, while the columns of the rotation matrix R = [t;, t,,n] €
SO(3) contain the unit tangent vectors t;, t, forming the Darboux frame on the
surface, [15], along with the unit normal n.

Higher order differential invariants are obtained by differentiation with respect to
the diagonalizing dual Darboux coframe w' = 1(dx), w?* = 1(dy). We let 2, »
denote the dual invariant differential operators, which differentiate in the principal
curvature directions, and defined so that the differential of any differential function
F can be written in invariant form

dF = (9 F) o' + (9, F) w?. (69)

The invariant differential operators do not commute, but, rather satisfy the commu-
tation relation

[-@1,92]=-@192—92-@1=Y2@1—Y192, (70)
where « «
Yi=—2, Y= —", (71)
K1 — K2 Ky — Ki

are known as the commutator invariants, whose expressions can also be established
using the full moving frame calculus, [24]. Note that the denominator in (71) vanishes
at umbilic points on the surface, where the principal curvatures coincide k; = 7,
and the moving frame is not valid.

Setting F' to be, successively, x, y, u j; in the general formulae (52) produces the
recurrence relations

6 6 6
1==Y K{uE). 0==> K{i(o). Liju=2lx—Y K.

o=1 o=1 o=1

6 6 6
0=—> KiuE) 1=-) K$i(o) Lins1=Plu— )  K5uwlh),
=1 =1 o=1
(72)
for j, k > 0, where K{, K5 are the Maurer—Cartan invariants, while &;, 7, goék are,
respectively, the coefficients of dy, dy, 9, in the prolonged infinitesimal generators,
which are calculated via (51):

prvy =dx, prvy = dy, prvsz = oy,
prvg =— yoy +x0y — uydy, —|—uX3uy
— 2uxy Oy, + (Uxx — uyy)BMX). — 2uxy3u).y 4+,
prvs = — udy +x3u+(1+u§)8ux +uxuy8uy (73)

+ 3ty txx Oy, + (Uytixx +2ux uxy)auxy + Quyuyy +ux uyy)Buyy + -,
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Prve = — udy +ydy + xttydyy + (1 +ul)du,

+ (uytyx +2uyx Uxy) Oy + ity uxy + uy uyy)auxy + 3uyuyy3,,yy +ee

Substituting (73) into the recurrence formulae (72) corresponding to the phantom
invariants (58), and solving the resulting linear systems produces the formulae for
the Maurer—Cartan invariants

Kl=-1, K}=0, K}=0, K}/=-Y,, Kj=-«, K’=0,
K) =0, K3=-1, K;=0, K;y=-Y,, K;=0, KS = —i,.
(74)
Substituting these expressions back into (72), we successively obtain the desired for-
mulae for the higher order normalized differential invariants in terms of the principal
curvatures, of which the third order ones are

Lo=%1k1=k1,1, bi=%k =k, lLo= 2k =kp1, loz= Drks =Ko,
(75)
while, taking these into account, the fourth order recurrence relations yield
2
3k
1.2 3
Ly =« — ——= 4+ 37,
40 ) + 3k
3K12K2,1 K1,1K1,2 — 2K12K2,1
Li=kip———"==K121+ ,
K1 — K2 K1 — K2

2 2
K1,1K2,1 —2K2,1 K1,2K2,2—2K1’2
K1 — K2 K1 — K2
I3 = 16001 + 3Kki2K21 o 1 K212 — 2K12K2,1
13 220 T 2,12 1 — 13 )
2

3k
2.1 3
los = Ky o0 + —=— 4+ 3k;.
04 22 % g b

In =K1 + +K1k5 = K11 — + kK, (76)

There are two distinct formulae for 131, I, 113 because they appear in both the first
and second set of recurrence formulae in (72). The two expressions for /3; and /3
agree owing to the non-commutativity, (70), of %, %,, while the two expressions
for I, imply the celebrated Codazzi syzygy

2 2
Kiiko1 + K12k —2K5 1 — 2K,
K120 — k2,11 + p— — K1k (k1 — k) =0, (77)
| — K2

which can be written compactly as
K =xiko == (D1 + YY1 — (22 + 1)Ya. (78)
The latter is the key identity employed by Guggenheimer, [15], for a short proof

of Gauss’ Theorema Egregium. We conclude that the Euclidean normal form of a
surface z = u(x, y) at a non-umbilic point is
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1 2 1 2 1 3 1 2 1 2 1 3
u(x,y) =561x"+ 560y + ch11x + 5K12X° Y+ 561Xy + cka2y

+ ﬁ140x4+ é131x3y+ }lezxzyz—l— é113xy3 + 21—4104)14+~~~ ,
(79)

where the fourth order coefficients appear in (76). Higher order terms can easily and
automatically be determined using the recurrence formulae.

It is a classical result that the algebra of Euclidean differential invariants of a
non-umbilic surface S C R3 is generated, through invariant differentiation, by the
principal curvatures or, equivalently, the Gauss and mean curvatures; see [15] and,
for a direct proof based on the moving frame recurrence relations, [24]. Surprisingly,
as noted in [21], for suitably nondegenerate surfaces, the mean curvature by itself
suffices to generate all the differential invariants. In particular, the Gauss curvature K
can be written as an explicit universal rational combination of the invariant derivatives
of the mean curvature H of order < 4. Here we go slightly further by completely
characterizing the nondegeneracy condition found in [21].

Definition 6 A surface S C R? is mean curvature degenerate if, for any non-umbilic
point zg € S, there exist scalar functions f(¢), f>(¢), such that

2H = fi(H), DhH= f,(H), (80)

at all points z € § in a suitable neighborhood of zy.

Clearly any constant mean curvature surface—including any minimal surface—
is mean curvature degenerate, with f;(¢) = f>(¢) = 0. Surfaces with non-constant
mean curvature that admit a one-parameter group of Euclidean symmetries, i.e., non-
cylindrical or non-spherical surfaces of rotation, non-planar surfaces of translation,
or helicoid surfaces, obtained by, respectively, rotating, translating, or screwing a
plane curve, are also mean curvature degenerate since, by the signature character-
ization of symmetry groups, [1], they have exactly one non-constant functionally
independent differential invariant, namely their mean curvature H and hence any
other differential invariant, including the invariant derivatives of H—as well as the
Gauss curvature K—must be functionally dependent upon H. There also exist sur-
faces without continuous symmetries that are, nevertheless, mean curvature degen-
erate since it is entirely possible that (80) holds, but the Gauss curvature remains
functionally independent of H. However, I do not know whether there is a good
intrinsic geometric characterization of such surfaces.

Theorem 7 If a surface is mean curvature nondegenerate then the algebra of dif-
ferential invariants is generated entirely by the mean curvature and its successive
invariant derivatives.

Proof Following the arguments in [21], in view of the Codazzi formula (78), it
suffices to write the commutator invariants Y|, Y, in terms of the mean curvature. To
this end, we note that the commutator identity (70) can be applied to any differential
invariant. In particular,
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DD H — D9 H=Y,2H—-Y H, (81)
and, furthermore, for j = 1 or 2,
DD H— DD H=Y P79;H—-Y, Dr9;H. (82)
Provided the nondegeneracy condition
(D H)Y( D D;H) #(DH)219;H), forj=1or2, (83)

holds, we can solve (81), (82) to write the commutator invariants Y;, ¥, as explicit
rational functions of invariant derivatives of H. Plugging these expressions into the
right hand side of the Codazzi identity (78) produces an explicit formula for the Gauss
curvature as a rational function of the invariant derivatives, of order < 4, of the mean
curvature, which is valid for all surfaces satisfying the nondegeneracy condition (83).

Thus it remains to show that (83) is equivalent to mean curvature nondegeneracy
of the surface. First, if (80) holds, then

Zi9:H = 9 f;(H) = fi(H)Z:H = fj(H) f;,(H), i,j=12.
This immediately implies
(DH)DDiH) = (DH) (D P;H), j=12, (84)

proving mean curvature degeneracy. Vice versa, in view of (69), the degeneracy
condition (84) implies that, for each j =1, 2, the differentials dH, d(Z;H) are
linearly dependent everywhere on S, which, by a general theorem characterizing
functional dependency, [6, Theorem2.16], implies that, locally, Z; H can be written
as a function of H, thus establishing the degeneracy condition (80). Q.E.D.
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Metin Giirses and Ash Pekcan

Abstract We present some nonlocal integrable systems by using the
Ablowitz—Musslimani nonlocal reductions. We first present all possible nonlo-
cal reductions of nonlinear Schrodinger (NLS) and modified Korteweg—de Vries
(mKdV) systems. We give soliton solutions of these nonlocal equations by using the
Hirota method. We extend the nonlocal NLS equation to nonlocal Fordy—Kulish equa-
tions by utilizing the nonlocal reduction to the Fordy—Kulish system on symmetric
spaces. We also consider the super AKNS system and then show that Ablowitz—
Musslimani nonlocal reduction can be extended to super integrable equations. We
obtain new nonlocal equations namely nonlocal super NLS and nonlocal super mKdV
equations.

Keywords Ablowitz—Musslimani type reductions + Nonlocal NLS and mKdV
equations + Hirota bilinear method - Soliton solutions + Nonlocal Fordy—Kulish
system - Nonlocal super integrable NLS and mKdV equations

1 Introduction

After the publications of the Ablowitz—Musslimani works [1-3] on nonlocal non-
linear Schrodinger (NLS) equation there is a huge interest in obtaining nonlocal
reductions of systems of integrable equations [5-8, 11-14, 21, 23-25, 28-34]. In
all these works the soliton solutions and their properties were investigated by using
inverse scattering techniques, by Darboux transformations, and by the Hirota direct
method.
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Recently we extended the nonlocal NLS equations to nonlocal Fordy—Kulish equa-
tions by utilizing the nonlocal reduction to the Fordy—Kulish system on symmetric
spaces [15]. In a previous work [19] we studied the coupled NLS system obtained
from AKNS scheme. By using the Hirota bilinear method we first found soliton solu-
tions of the coupled NLS system of equations then using the Ablowitz—Musslimani
type reduction formulas we obtained the soliton solutions of the standard and time T-,
space S-, and space-time ST- reversal symmetric nonlocal NLS equations. Similarly,
in a recent work [20] we studied the nonlocal modified Korteweg—de Vries (mKdV)
equations which are also obtained from AKNS scheme by Ablowitz—Musslimani
type nonlocal reductions. For this purpose we start using the soliton solutions of the
coupled mKdV system found by Hirota and Iwao [22]. Then by using these solutions
and Ablowitz—Musslimani type reduction formulas we obtained solutions of stan-
dard and nonlocal mKdV and complex mKdV (cmKdV) equations including one-,
two-, and three-soliton waves, complexitons, breather-type, and kink-type waves. We
used two different types of approaches in finding the soliton solutions. We gave one-
soliton solutions of both types and presented only first type of two- and three-soliton
solutions (see [20]).

When the Lax pair, in (1 + 1)-dimensions, is given in a Lie algebra the resulting
evolution equations are given as a coupled system

qi = F'(g" r*, gk rk gl rk ), (1)
=G T a0 &)
foralli =1,2,..., N where F' and G’ are functions of the dynamical variables

qi (t, x), r' (¢, x), and their partial derivatives with respect to x. Since we start with a
Lax pair then the system (1)—(2) is an integrable system of nonlinear partial differ-
ential equations.

In the space of dynamical variables (g°, r') there exist subspaces

ri(t, x) = kq' (1, x), (3)

or
ri(t, x) =kg'(t, x), 4

where k is a constant and a bar over a letter denotes complex conjugation, such that
the systems of equations (1)—(2) reduce to one system for ¢"’s

g =F* ¢t qk. .. (5)

provided that the second system (2) consistently reduces to the above system (5) of
equations. Here F=F |r—xg- Recently a new reduction is introduced by Ablowitz
and Musslimani [1-3]

ri(t, x) = kq' (pit, pox), (6)
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or ) .
ri(t, x) =kq' (mt, p2x), )

for i =1,2,..., N. Here k is a constant and p} = u3 = 1. When (i1, o) =
{(—=1, 1D, (1, —=1), (=1, —1)} the above constraints reduce the system (1) to nonlocal
differential equations provided that the second system (2) consistently reduces to the
first one. If the reduction is done in a consistent way the reduced system of equations
is also integrable. This means that the reduced system admits a recursion operator
and bi-hamiltonian structure and the reduced system has N-soliton solutions. The
inverse scattering method (ISM) can also be applied. Ablowitz and Musslimani have
first found the nonlocal NLS equation from the coupled AKNS equations and solved
it by ISM [2].

In our studies of nonlocal NLS and nonlocal mKdV equations we introduced
a general method to obtain soliton solutions of nonlocal integrable equation. This
method consists of three main steps:

(1) Find a consistent reduction formula which reduces the integrable system of
equations to integrable nonlocal equations.

(i1) Find soliton solutions of the system of equations by use of the Hirota direct
method or by inverse scattering transform technique, or by use of Darboux
Transformation.

(iii) Use the reduction formulas on the soliton solutions of the system of equations
to obtain the soliton solutions of the reduced nonlocal equations. By this way
one obtains many different relations among the soliton parameters of the system
of equations.

In the following sections we mainly follow the above method in obtaining the
soliton solutions of the nonlocal NLS and nonlocal mKdV equations.

2 AKNS System

When we begin with the Lax pairin s/(2, R) algebra and assume them as a polynomial
of the spectral parameter of degree less or equal to three then we obtain the following
system of evolution equations [4]:

1 . 1 3
qr = az <_§ qxx +q2 r) +1a3 (_Z Gxxx T Eqr%c> > (®)
: 2] +i Lt 2 9)
= S Fex — 1 — 7 Txxx 3 x |-
It as 2r qr as 4}’ qur

Here a, and a3 are arbitrary constants.
Letting a, = 1/a and a3 = 0 we get the coupled NLS system,
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1
ag, =2 qu+q’r, (10)
1
ar; = Erxx —qrz, (11D

where a is any constant. The corresponding recursion operator is

_(aDb;'r=3D.  qD;'q
%_<—er1r —rD;lq—i-%Dx : (12)

One-soliton solution of the system (10)—(11) can be obtained by the Hirota method

as

e et

PTG A PO (13)

q(t, x) =

where 6; = k;x +w;t +6;, i = 1,2 with o] = k12/2a, wy = —k§/2a, and A =
—1/(ky + k2)?. Here ki, k», 81, and 8, are arbitrary complex numbers.

3 Standard and Nonlocal NLS Equations

Standard reduction of NLS equation is r(z, x) = kg (¢, x) where k is a real constant.

The second equation (11) is consistent if a = —a. Then the NLS system reduces to
1 5 -
agq; =—§ gxx +kq°q. (14)

Recursion operator of the NLS equation is

_(kaDi'g—3Dc  qD;'q
‘%"<—k%70x1c7 —GD'g+1iD, ) (15)

There are two types of approaches to find solutions of the standard and nonlocal
NLS equations. In Type 1, one-soliton solution is obtained by letting k, = k; and
e = ke’ in (13) as

e

= T3 Ak (16)

q(t, x)
In Type 2 we obtain a different solution under the constraints,

() a=—a, 2) ky =—ky, 3) kn = —ky, (4) Ake® ™ =1, (5) Ae™® =k,
(17)
If we take a =i, k; =18, k, =1y, e = a; +1iby, and e = a, + ib, for «, B,
v,aj,bj € R, j =1, 2 one-soliton solution of standard NLS equation becomes
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. g2 .
e‘ﬁx+57’(a1 + lb])

g1, x) = e —. B#-y. (8
L+ e P ey +iby) (ar + b))
and therefore ) )
2 _aitby o (9)
ta = S ) 19
lg(z, x)| 7 (3 (19)

where |
0=(B+yx+ Z(ﬂ2 — )t + wy

for wy = arccos((a1as — b1b2)/(B + y)?) with af +b? = (B + y)?/k and a3 +
b% = k(B + y)?. This solution is singular for any choice of the parameters.

Let now r(t,x) = k g(iu1t, uox) where u? = u3 =1 and k is a real constant.
This is an integrable reduction, meaning that the new equation we obtain

1 _
aq,(t, x) = =2 quc(t, ) + kq*(t,x) G (uit, ax), (20)

is integrable and the second equation (11) is consistent with the first one (10) provided
that a = — | a. The recursion operator of this equation is

% = <kq(r,x> D G(uat. pax) — 3 D q(t.x) D7 (1. x) )
—k*G(uit, pox) D' qQuat, pox)  —kG(uat, pox) Dyt q(t, x) + § D,
_ (21
and one-soliton solution is obtained by letting ky = s k; and e = ke’ in (13) as

ROY(RS!

q(t, x) (22)

] 4 Aket O+ (it pax)’
in Type 1 approach.
In Type 2, under the constraints
M a=—pa, Q) ki =—kiup G)ky=—kopy, (4) Ak To1 = 1, (5) AP+ =k, (23)
we obtain a different one-soliton solution.
Nonlocal reductions of NLS system correspond to (1, u2) = {(—1, 1), (1, —1),

(—1, —1)}. Hence we have three different reductions of the NLS system (10)—(11).

(1) T-Symmetric Nonlocal NLS Equations: Let 7(¢, x) = k g(—t, x). This is an inte-
grable equation

1
aq,(t, ) = =2 qux(t, %) +kq*(t,x)q(—t, x), (24)
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provided that a = a. The recursion operator of this equation is

7= (kq(z,_x> D'q(=t.x) = 3Dy q(t.x) D;' q(t.x) )
—k*q(=1,x) D' q(=1,x)  —kq(=t,x) D' q(t,x) + 5D, )’
(25)
and one-soliton solution is obtained by letting k, = ky wherek; = o + iB,a, B eR,
and e = ke in (13) as

e(a+iﬁ)x+—‘“§if’2 148,
qt,x) = o , (26)

2ax+ 148145
e a
1 — k&

for ¢ # 0 in Type 1. To have a real-valued solution we consider ¢ (¢, x)g(t, x) =
lq (¢, x)|*. Here we have

2_g2 -
16a462ax+” ;ﬁ t+681+8;
|61(f7 .X)|2 = 2, < 2aB . 2.2aB N\ (27)
(ke2ex+8i10 — 42 cos(==1))* + 16a* sin” (== 1)
When 8 # 0 and
anmw <
t = , k 20x+481 46 _4 2 _1 n_ 0’
20 e a” (—1)
where 7 is an integer, both focusing (sign (k) = —1) and defocusing (sign (k) = 1)

cases have singularities. When 8 = 0 the focusing case is non-singular but asymp-
totically growing in time.

In Type 2, if we take k; = ip, kp =iy for B,y € R, e = a; +ib;, and & =
a +1ib; fora;, b; € R, j = 1, 2 then one-soliton solution becomes

ipr—L -
e (ar +1iby)

Q(ls x) = | A 02—pY - A ) ﬂ 75 -V (28)
L+ Grppe P72 ay +iby) (a2 + ib2)
Hence the function |g (¢, x)|? is
[Vaky PR 2
e (a2 + )
lg@t, ) = — (29)

2[cosh(L5E21) + cos 0]

where
0= (/3 + )/))C + wo



Integrable Nonlocal Reductions 33

for wy = arccos((ajaz — b1b2)/(B + y)?) with a? + b7 = (B + y)*/k and a3 +
b% =k(B+ y)z. Clearly, the solution is singular at t =0 and 0 = 2n + ), n
integer and non-singular for ¢ # 0.

(2) S-Symmetric Nonlocal NLS Equations: Let 7 (¢, x) = k g (¢, —x). This is an inte-
grable equation

1 -
aqy(t, x) = =5 qee(t, %) + kg (1, )4 (1, —x), (30)
provided that a = —a. The recursion operator of this equation is
@ (ka@ DG —x) 3D q(t.x) D' gt x)
“\ kg, —x) D q(t, —x) —kq(t,—x) D' q(t,x) + 3Dy )°
€Y

In Type 1, one-soliton solution is obtained by letting k, = —k; where k; = o + 18,
o, B eR,a=iy,y € R, and e® = ke’ in (13) as

. P
e(a+1ﬁ)x+%t+5,

q(t, x) = eziﬁwl%ﬁwawé, ’ (32)
1+ kT
where 8 # 0. Hence the function |g (¢, x)|? is
16’34ezax+zf7ﬁt+al+é,
lg@, ) = (33)

ke SR 482 co5(28x))2 + 1684 sin?(2Bx)
If @ # 0 the above function is singular at

ni 2ap 5
— , k Tl+51+5| 4 2 _1 no_ O,
X _2,3 e +4p°(=1)

where 7 is an integer, both for focusing and defocusing cases. If « = 0, the function
(33) becomes
282
gt 017 = (34)
k[B + cos(28x)]

for B = (p* + 168%)/(8pB2) where p = ke *%1. Obviously, the solution (34) is non-
singularif B > 1l or B < —1.

Example 1 For the set of parameters
(ky, ky, €%, e, k,a) = (i,i,1, —i, 1,1/2), we get the solution

. 16
40O = 7 g cosn))”
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Fig. 1 A periodic solution
corresponding to (34)

This solution represents a periodic solution. Its graph is given in Fig. 1.

For Type 2if weleta = ia, o € R,e% = a; + ib;,and e® = a, + ib, fora;, b; €
R, j = 1, 2 then one-soliton solution becomes

2
i-L .
ek1x+1 Zat(al 4 lbl)
W}k
2

o ’(al + ib])((lz + lbz)

ki #E =k (35)

q(t,x) =

1 (ky+ko)x—i
e CESE

Therefore the function |¢ (¢, x)|? is

(ki —ka)x (42 2
P = S Teith) (36)
2[cosh((ky + kp)x) — cos O]

where
1 2 2
6= %(kl —kz)f — Wy

forwy = arccos((ajas — b1by)/ (k1 + k2)?) withaj + b} = —(k; + k2)?/kand a3 +
b% = —k(k; + ky)*. Here ki, k, € R. The solution is singular at x = 0 and § = 2n7w
for n integer, and non-singular for x # 0.

(3) ST-Symmetric Nonlocal NLS Equations: Let r(¢, x) = k g(—t, —x). This is an
integrable equation

1
aqi(t,X) = =5 qux(t, %) +kq?(t, x)G(—t, —x), (37)
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provided that a = —a. The recursion operator of this equation is
P <kq(t,X) Di'q(=t,—x) =3 D, q(t,x) D' q(t, x) )
—k*G(—t,—x) D' G(—t,—x)  —kq(—t,—x)D;'q(t,x)+ 3 D, )’
(38)
and one-soliton solution is obtained by letting k, = —k; where ky =« + i, a, 8 €
R and e = ke in (13) as
clatipx+ @5 g,
q(t.x) = . (39)
ifx+=g—t+3]+61
1+ k< TR
where 8 # 0 in Type 1. Therefore |g(z, x)|? is
16ﬂ462ax+ (C(z;ﬂz) 148148
lg(t, ) = (40)

(ked 31 + 4B2 cos(2Bx + 2L1))2 + 1684 sin® 2Bx + 2L1)

This function is singular on the line 28x + (2aft/a) = nw where n is an integer, if
the condition ke® % 4+ 482 (—1)" = 0 is satisfied by the parameters of the solution,
otherwise it represents a non-singular wave solution for both focusing and defocusing
cases. Fora = 0, (a > 0), the solution represents a localized wave solution. In Type
2, if we take ¥ = a, + ib, and e® = a, + ib, for aj,bj e R, j =1,2 we have the
one-soliton solution as

2
-1 .
ek1x+ 2“’(611 + lbl)

q(t,x) = o btk @)
1— (k]‘:kz)z e(k1+k2)x+(T“)T(al + ib])(a2 + 1b2)
The corresponding function |¢(z, x)|? is
b (2 2
2 € (al +b1)
L, =— 4
|CI( X)l 1— 2ye9 +620 ( )

where
k12 1 2 2
¢=2k1)€+;t, 9=(k|+k2)x+z(kl —kz)t,

y = (a1a2 = biby)/(ki + k2)*, af + b} = (ki +k2)*/k, and a3 + b3 = —k(k +
k»)?. Here k;, k> € R. The above function is singular when the function f(6) =
e?’ — 2ye’ 4 1 vanishes. It becomes zero whene’ = y +,/y2 — 1. Henceif y < 1
the solution is non-singular.
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4 Standard and Nonlocal MKdV Equations

Letting a, = 0 and a3 = i/a we get the mKdV system

1 3

aq: = Z Gxxx — E qrdx, (43)
1

ar; = 7 Troxx — > qrry. 44)

This system has the same recursion operator (12) as the NLS system. One-soliton
solution of the above system is [22]

01

1 + Aebit62’

et

r(t,x) = 1 + Aeh+62’

q(t, x) = (45)

with 6; = k;x — (k?t/4a) +6i,i=1,2,and A = —1/(k + k»)?. Here ki, ko, 81,
and &, are arbitrary complex numbers. In mKdV case, there are also two types of
approaches represented in [20] to find solutions of the standard mKdV and nonlocal
mKdV (and cmKdV) equations.

1. MKdV Equations: Let 7 (¢, x) = kq(¢, x) then mKdV system reduces to the inte-

grable mKdV equation
1 3k,

aq: = ZLIxxx - 7‘1 qx- (46)

In Type 1 one-soliton solution is obtained by letting k; = ko = a + i and e® =
ke¥ = a; +ib, for a, B, a1, by € Rin (45) as

. o3 —3a82)+iGa2 83
o= e(aHipyr— e O ),(al +iby) w
R P e
4(a2+ﬁ2)2 e 1 1 (02 118
Therefore we obtain the function
Y
2
t,x)" = —, 48
lg(, x)| W (48)
where
a3—30ﬂ2
Y = 2w (@2 4 bY),
2 2
14 Yi[4
W:l—ylcosé?—i-Zle“’:Zl[—z(l—ylcow)—i-e"’], 49)
Yi
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where
1 2 3 13 2
9:2,8x—2—(3a B—B)t+wy, ¢=4ax — —(a’ —3af)t,
a a

for
wo = arccos(((a1a + b1 B)* — (a1 — bia)?)/(ai + b})(a* + 7))

and y; = k(al2 + b%)/2(ot2 + %). Hence we conclude that if |y;| < 1 the solution
(48) is non-singular. Type 2 approach gives k; = k, = 0 yielding trivial solution.

2. CmKdV Equations: Letr = kg (¢, x) then mKdV system reduces to the integrable

cmKdV equation
1 3k

aq: = Z%cxx - jqqcha (50)

where a = a. One-soliton solution is obtained by letting k, = ki =a— iBfora, B €
R and e® = ke’ in (45) in Type 1 as

. 3 3082V +i3a2 B—pB3
(o) x— C Bl

t,x) = , 51
9. %) 1— 4Lzezouc+7‘3"'3;"’3)t+61+51 ©D
so the function |g (¢, x)|? is
5 eZax—%t+5|+gl
(e, ) = . (52)
(1 _ %62ax+’Tt+51+5|)2
For k < 0, the solution (52) can be written as
2 2 3 S
3 — 81 +36
g, X)? = —%sechz(otx—i— ( “ﬂ4a ), hitd +5), (53)

where § = In(—k/4a?)/2. The above solution is non-singular.

We obtain a different one-soliton solution in Type 2 under the constraints
ki = —ky, kn = —ko, Ake® 9 = 1, and Ae®t% = k used in (45). If we let k; = ia,
ko, =18, ed = a; +1iby, and e = a, + ib, for a,B,aj,b; eR, j=1,2, one-
soliton solution becomes

a8 .
elal+l4“t(al+1b1)
(@3

: : £3) . .
I+ mel(wﬂ)xﬂ W (ar +ib1) (a2 + ib)

q(t,x) = ; (54

hence the corresponding function |g (¢, x)|? is
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2 2
,_ajtby 00
lg(t, x)|” = 7 SeC (2) (55)

where |
0 = (x+p)x + E(oﬁ + Bt + o,

for wy = arccos((a1ax — b1by)/(a + B)?) with ai + b? = (¢ + B)*/k and a3 +
b% = k(o + B)°. This is a singular solution for 8 = (2n + 1), n is an integer.

There are also two different types of nonlocal reductions.

1. Nonlocal MKdV Equations: Let r = kg (¢, wox) then mKdV system reduces
to the integrable nonlocal mKdV equation

1 3k
aq;(t,x) = 1 Grxx(t, X) — 5 q(t,x) q(uit, wax)qx(t, x), (56)

provided that ; , = 1. There is only one possibility (u1, u2) = (—1, —1). If we
consider the Type 1 approach, we getk; = —k, which gives trivial solution g (¢, x) =
0. In Type 2, one-soliton solution is obtained from (45) with the parameters satisfying
the relations Ake®” = 1 and Ae*” = k as

3
: kle%t k k
q(t, x) = e wlth) . oj==+1, j=12 (57)

(3 +k
\/E(l + O’10‘26<k1+k2)x_ e |

If we let a € R, k; = o1 + 18, and k, = oy + i, then we obtain the solution
lq(t, )2 corresponding to (57) as

e’ (a1 +a2)” + (Bi + B2)P)
2k[cosh(¢p) + o107 cos(p)]

lg(t, x)|* = (58)

where 6 = (0 — ap)x — ((Ot13 — 30{1,3]2 — ag + 3a2,8§)t/4a), ¢ = Ax + Bit, and
¢ = Arx + Byt. Here

_ _ s 2, 3 2
Al =a;+a, B = P (a7 = 3a1B] +a; — 3a25),
_ s s 3 a2
Ay =p1+p, Br= 1 By —3aipi + B5 — 3a5).

There are cases where the solution (58) is nonsingular:

(a) If we have k; = k; for real k; and 010, = 1 then the solution (57) becomes



Integrable Nonlocal Reductions 39

Fig. 2 A complexiton
solution corresponding to
(60)

iO’]kl k3

— _
qt,x) = N sech(kx 4at). (59)

(b) If BjA, = B, A, then the solution (58) becomes

0 2 2
gt ) = e’ (o) +a2)” + (B1 + B2)7) 60)

~ 2k[cosh(¢) + o105 cos(52 ¢)]

Example 2 If we take (ki, ko, 01, 00k, a) = (1, 1+ (1/2), 1,1, —1,1/4) then we
have the solution

gt ) = e ,
8[cosh(u) + cos(3u/2)]

where u = x — t/4. This is a complexiton solution. The graph of this solution is
given in Fig. 2.

2. Nonlocal CmKdV Equations: Let r = kq(u1t, p1ox) then mKdV system reduces
to the integrable nonlocal cmKdV equation

1 3k _
aql(tv-x) = quxx(ls x) - 7 Q(I’X)Q(Hlfy “’2x)qx(tv-x)a (61)

provided that @ = | o a. One-soliton solution is obtained by letting k» = uzlgl
and e” = ke® in Type 1. In Type 2, a different one-soliton solution is obtained by
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letting k; = —ki o, k» = —kopto, Ake® ¥ = 1, and Ae®+% = k. In this case there
are three possibilities (11, u2) = {(—1, 1), (1, —1), (—1, —1)}. Hence we have three

integrable nonlocal cmKdV equations:

2(i) T-Symmetric Nonlocal CmKdV Equations: Let r = kg(—t, x) then mKdV sys-
tem reduces to the nonlocal cmKdV equation

1 3 _ -
aql(tvx) = _quxx(tvx) + Ek‘](_ta X)Q(t»x)%c(t»x)a a = —a. (62)

In Type 1 if we let a = ib, for nonzero b € R, ky = o 4+ i so k, = o — if for
a, B € R, o # 0 then one-soliton solution becomes

e(a+iﬂ)x+i(a3—3aﬂz4);3oz2ﬂ+ﬂ3 46,
(t,x) = —. (63)
EAE 1— 4L2e2ax+i%t+81+51
o
The corresponding function |g (¢, x)|? is
s eZax+7(ﬂ3;3},“2ﬂ)t+81+51
lg(t, x)|” = (64)

g 3_ 2 2 . 3_ 2 ’
Bk eurtsieh _ co(( L ),)] + sin? (@380

when o® — 3% # 0 and

2 k 5
_ }’lb7T e20{x+5|+5| _ (_l)n — 0’

1= T2 A oo
(a® —3aB?)’ 4da?

where 7 is an integer, for both focusing and defocusing cases, the solution is singular.
When o® — 3a? = 0 the solution for focusing case is non-singular. When o = 0
the solution is exponentially growing for 83/b > 0 and exponentially decaying for
B3/b < 0.

In Type 2 if we let a = i, ky =i, k, = iy fora, B, ¥ € R, and e¥ = a; + iby,
e =qa, +1ib, fora i»bj € R, j =1, 2 then one-soliton solution becomes

. 3
elﬁﬁ%[(al +iby)

q(t, x) = 1 ; B3+v3) . . (65)
1+ (/3+},)zel(ﬁ+y)x+ @ (ay +ib1)(ay +ib2)
Hence the function |g(z, x)|? is
#*-r3)
g P = S~ @itbD (66)

2[ cosh(%t) + cos 9]
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where
0= (,3 + }/)X + wo

for wy = arccos((ajay — b1by) /(B + y)?) with ai + b7 = (B +y)*/k, a5 + b5 =
k(B + y)?, and B # —y. This solution is singular only att = 0,6 = (2n + 1)7 for
n integer.

2(i1) S-Symmetric Nonlocal CmKdV Equations: Let r = kg (¢, —x) then mKdV
system reduces to the nonlocal cmKdV equation

1 3 _ _
aq(t,x) = —qu(t, x) + Ekq(t, —x)q(t, x)q,(t,x), a=—a. (67)

If we consider Type 1 and let @ = ib for nonzero b € R, ky = o +1f and so k, =
—a +ip for a, B € R, B # 0 then one-soliton solution becomes

w3302 B3B3
e(a+l~ﬂ)x+la —3a ﬂ;bhaﬁ +8 145,

q(t, x) = ERrwe) -,
. - a3 308
1+ 4//;2621ﬂx+1 > 1 +81+8

(68)

and so |g(t, x)|? is

B33 5
e2ox+ S 481 +6

(69)

lg(t, ) = B-3a2p) 5 :
[&QT"HSH'B‘ + cos(2ﬁx)] + sin?(2Bx)

For x = n7r/(2B) and ke#’—3¢*A)1/2b+31+51 /(482 4 (—1)" = 0, where n is an inte-
ger, the solution is unbounded but for 82 = 3a? and ke?' *%1 /(48%) + (=1)" # 0 we
have a periodical solution. For ¢ = 0, the solution (69) becomes

631+S1

lg(t, x)|* = (70)

ylox cosh(E 1+ In(1Z1)) + cos(2px)1’

where y = ke‘3‘+‘§‘/(2,32), oy = 1if k > 0, and o, = —1 if k < 0. This solution is
non-singular for |y| > 2, 82/b > 0 and |y| < 2, B3/b < O forany ¢ > 0.

For Type2ifweleta = ia, o € R,e” = a; +ibj,and e = a, + ib, fora;, b; €
R, j = 1,2 we obtain the one-soliton solution as

3
ek1x+1@}t(a1 +iby)

q(tx) = L343 (71)
1— (kl_:kz)ze(kl-&-kz)xﬂ W (ay + iby)(ay + iby)

Therefore the function |g (¢, x)|? is
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(ki—ka)x (2 4 1.2
g0 = — @) (72)
2[cosh((ky + k2)x) + cos O]

where 1
6 = Z(kf +k3)t — ap

for wy = arccos((b1br — a1a2)/ (ki + k2)?) Withal2 + b]2 = —W anda% + b% =
—k(ky + k»)?, ki # —k,. Here ky, k» € R. This solution has singularity at x = 0,
0 = (2n + 1)m for n integer.

2(iii) ST-Symmetric Nonlocal CmKdV Equations: Let r = kg (—t, —x) then mKdV
system reduces to the nonlocal cmKdV equation

1 3 _ _
aql(tax) :_quxx(tax)-i_Ekq(_t7_x)q(tvx)qx(tax)’ a=da. (73)

In Type 1 if we let ky = o + i and so kp = —a +ip for o, B € R, B # O the
one-soliton solution ¢ (¢, x) becomes

3 25 2 a3
e(tiﬁﬁ)x—%z-&-&

T ' 74
q(t, x) 1+ %eziﬁx_i%lﬂﬁgl 74)
Then we obtain the function |¢(z, x)|* as
0
e
lg(t, x)|* = .

,u[(l% + 5+ Cos¢]
where

1 - 1
0 = 2ax + 2—(30(,32 —adr 48 +68,¢0=28x+ 2—(,63 —3a’B)t,
a a

and u = kebi o /(2?). This solution is non-singular for all u except u = %2.

For Type 2, if we take €' = a; + ib; and € = a, + ib; fora;, b; € R, j = 1,2
we obtain the one-soliton solution as

el
e "% (a) +iby)

q(.0) = W+ ) (76)
— e TS 0 + b)) (a2 +ib)
hence the function |g(z, x)|* is
2 e?
lq () = an

1 —2yef + 20’
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Fig. 3 An asymptotically
decaying soliton
corresponding to (76)

where

1 3 3 k%
0 = (ki +ko)x — (k] +k)r, ¢ = 2kix — 2L,

y = (a1ay — b1by)/ (k1 + k2)2 with alz + b% =—(k1 + kz)z/k and d% + b% =
—k(ky + k»)?, ki # —k,. Here k1, k» € R. The above function has singularity when
e’ =y +./y? — 1.Hencefory < landk; > 0, k, > 0 the solution is non-singular
and bounded.

1
4>

Example 3 For the set of the parameters (ki, ks, e, e, k,a)=(3, 3. — %, %,

—1, 2) we obtain the following asymptotically decaying soliton
(—3e2ai)
qt,x) = ——————,
4(1 + es* st

whose graph is given in Fig. 3.

Remark 1 All dynamical variables considered so far are complex valued functions.
We claim that all the results presented here will be valid if the dynamical variables are
pseudo complex valued functions. Any pseudo complex numberis « = a + ib where
i = 1. Complex conjugation is @ = a — ib. Hence the norm of a pseudo complex
number is not positive definite «@ = a> — b*. NLS equation

. 1 i
ig: = =5 qu + kq*q, (78)

has real and imaginary parts (g = u + iv)
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U; = —vax + k(u2 — evz)v,

1 2 2
&V = —Euxx + k(" — evu,

where i? = ¢ = £1.

S Fordy-Kulish System

Systems of integrable nonlinear partial differential equations arise when the Lax
pairs are given in certain Lie algebras. Fordy—Kulish (FK) system of equations are
examples of such equations [9, 10]. We briefly give the Lax representations of these
equations,

¢ = AHs+ Q* Ep) ¢, (79)
¢ = (A“H, + B*E, + CPEp) ¢, (80)

where the dynamical variables are Q4 = (¢, p%), the functions A, B#, and C?
depend on the spectral parameter A, on the dynamical variables (¢, p*) and their
x-derivatives (for more details see [10, 15, 18]). The system of FK equations is an
example when the functions A, B, and C are quadratic functions of A. Let g (t, x)
and p®(¢, x) be the complex dynamical variables where « = 1,2, ..., N, then the
FK integrable system arising from the integrability condition of Lax equations (79)
and (80) is given by

agf =g, + R g, 59" q” p’, (81)
api = pt+ R s 0" p" ¢’ (82)
forallae =1,2,..., N. Here R* g,_s and R™® _g_,s are the curvature tensors of a

Hermitian symmetric space satisfying
(R* gy—5)" = R™™ _p_ys, (83)

and a is a complex number. These equations are known as the FK system which is
integrable in the sense that they are obtained from the zero curvature condition of a
connection defined on a Hermitian symmetric space and these equations can also be
written in a Hamiltonian form.

The standard reduction of the above FK system is obtained by letting p* = k(g*)*
forallo = 1,2, ..., N. The FK system (81)—(82) reduces to a single equation

agy =43 +k R g,-54" 4" (@°)", a=1,2,....N, (84)
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provided that a* = —a and (83) is satisfied. Here % over a letter denotes complex
conjugation.

6 Nonlocal Fordy—Kulish Equations

Here we will show that the Fordy—Kulish system is compatible with the nonlocal
reduction of Ablowitz—Musslimani type. For this purpose using a similar constraint
as in NLS system we let

po(t, x) = klg®(uit, )", a=1,2,..., N, (85)

where ,u% = /L% = 1. Under this constraint the FK system (81)—(82) reduces to the
following system of equations:

agf (t,x) = q3.(t, x) + k R g5 47 (1,x) q” (1. x) (¢° (i, 2x))*,  (86)

provided that a* = —p; a and (83) is satisfied. In addition to (86) we have also
an equation for ¢®(ut, ;1x) which can be obtained by letting t — p1t, x — uox
in (86). Hence we obtain T-symmetric, S-symmetric, and ST-symmetric nonlocal
FK equations. Nonlocal reductions correspond to (i, uz) = {(—1, 1), (1, —1),
(=1, —1)}. Hence corresponding to these values of ©; and u, we have three dif-
ferent nonlocal integrable FK equations. They are given as follows:
1. T-Symmetric Nonlocal FK Equations:

agf (t,x) = q¥ (1, x) + k R* g5 " (1. x) ¢" (. %) (q° (1, )", (87)
with a* = a.
2. S-Symmetric Nonlocal FK Equations:

agf(t,x) = q%(t,x) + k R* g5 " (1.x) g7 (1. x) (¢°(t, —x))*, (88)
with a* = —a.
3. ST-Symmetric Nonlocal FK Equations:

aqta(ta -x) = qu (t7 -x) + k Ra By—4o qﬂ(tv -x) qy(t’ )C) (qa(_ta _-x))*a (89)

with a* = a. All these three nonlocal equations are integrable.
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7 Super Integrable Systems

When the Lax pair, in (1 4 1)-dimensions, is given in a super Lie algebra the resulting
evolution equations are super integrable systems. They are given as a coupled system

q; = F'(q". e, qy. 65, a0, (90)
e =G'(q" ¢, g e at ey ), o1
foralli=1,2,...,N where F/ and G’ (i =1,2,..., N) are functions of the
dynamical variables qi(t, x), gl (t, x), and their partial derivatives with respect to
x. Here ¢'’s are bosonic and &’s are the fermionic dynamical variables. Since we
start with a super Lax pair then the system (90)—(91) is a super integrable system of
nonlinear partial differential equations.

8 Nonlocal Super NLS and MKdV Equations

As an example taking the Lax pair in super s/(2, R) algebra we obtain the super
AKNS system. We have two bosonic (g, r) and two fermionic (e, §) dynamical vari-
ables. They satisfy the following evolution equations [16—18]:

i. Bosonic Equations

1 . 1 3
qr = az (_E gxx +612" + 28x &+ 26]/38) +1a3 (__q,vxx + =~ qrgx + S(Exg)x

4 2
—3qPBye + 3qPe.), (92)
1 1 3
ry = ap (Erxx —617’2 +2,8x,8 —2Vﬂ8) +ia3 (_erxx + Eqrrx _3(,8,\:,3))(
+3rBe — 3rfey), (93)

ii. Fermionic Equations

1 1 3 3 3
Br =ax (Bex —rex — 5 Ery — 561’",3) +iaz(=Buxx + Zr%cﬁ + quxﬂ + zqrﬂx

3 3
+§rx8x + Zgrxx)v (94)

1 1 3 3 3
& = as (—&xx +qPBx + 5 Bax + ECIVS) +iaz(—&xxx + ZrCIxS + quxs + Eqrsx

3 3
A4xPx - xx)s 95
+54xBx + 7 Baxx) 95)

where a, and a3 are arbitrary constants.
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8.1 Super NLS Equations

Letting az = 0 in the equations (92)—(95) we get the super coupled NLS system of
equations. There are two bosonic (g,r) and two fermionic (&, B) potentials satisfying

1
ag, = —qux+q2r+28xe+2q,3£, (96)
1
arz=§rxx—qrz+2/3xﬂ—2rﬁ8, 97)
1 1
ae,z—axx+qﬂx+§ﬁf1x+§qrf9v (98)
1 1
aﬁ,:ﬂxx—rex—zerx—iqrﬂ, 99)

where a, = 1/a. The standard reductionis r = k; g and 8 = k& where k; and k, are
constants, a bar over a quantity denotes the Berezin conjugation in the Grassmann
algebra. If P and Q are super functions (bosonic or fermionic) then PQ = Q P.
Under these constraints the above equations (96)—(99) reduce to the following super
NLS equations provided k; = k% and @ = —a,

1
ag; = =3 qu+ha G +2ee+2qée, (100)
_ 1 1 _
tlSz=—8xx+k2515x‘|‘5"23%“‘5/‘1‘1‘18- (101)

Here we show that super NLS system (96)—(99) can be reduced to nonlocal super
NLS equations. This can be done by choosing the super Ablowitz—Musslimani reduc-
tion as

r(t,x) = ki q(pit, pox), B, x) = kp&(uat, pox). (102)

where u% = ,u% = 1. Here k; and k, are real constants. Under these constraints the
above set (96)—(99) reduces to super NLS equations [26, 27],

1 _
aq,(t, %) = =2 qu(t, %) +hy G (t, x) Gt mox) + 26 (t, x) (t, x)
+2ky q (1, x) E(p1t, pax)e(t, x),
_ 1 _
ag;(t,x) = —ex(t,x) +kpq(t, x) &x (1, ox) + 3 ky e(uit, pox) g (t, x)

1 _
+§ kig(t,x)q(uit, pax)e(t, x),

provided that
ap =—a, kjpuy=ki. (103)
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Nonlocal reductions correspond to the choices (ui, u2) = {(—1, 1), (1, —1),
(=1, —1)}. They are explicitly given by,

1. T-Symmetric Nonlocal Super NLS Equations:

1
aq;(t,x) = ) Qux(t, X) + k1 g2, x) G(—t,x) + 2e,(t, x) e(t, x)
+2ky q(t, x) E(—t, x), e(t, x),

1
agt(ts x) = _8xx(t’-x) + k2 ‘I(t, -x) éx(_ts x) + §k2§(_t’ -x) ‘Ix(tvx)
1
+§ qu(tax)é(_tvx) 8(ta-x)’
witha* =a and k| = k%.

2. S-Symmetric Nonlocal Super NLS Equations:

aq(t,x) = —% Gex (6,X) + k1 g (1, %) G(t, —x) + 265 (t, x) £(t, X) + 2ka q (¢, %) E(t, —x)e (1, x),
agi(t,x) = —exx(t,x) + ko q(t, x) &x(t, —x) + %kz e(t, —x)qx(t, x)
+% kiq(t, x)q(t, —x)e(t, x),
with a* = —a and k; = —k3.
3. ST-Symmetric Nonlocal Super NLS Equations:

1 -
aq,(t, x) = ) Gux (8, X) + ki 7 (1, %) G(—1, —X) + 26, (1, x) £(1, X)
+2k2q(tv-x) E(_ta _)C),S(t,.x),

1
ag/(t,x) = —&x(t, x) + kaq(t, x) &x(—t, —x) + 7 kye(—t, —x) q,(t, x)
1
+§ kig(t,x)qg(—t, —x)e(t, x),

with a* = a and k; = —k3.

8.2 Super MKAV Systems

Another special case of the super AKNS equations is the super mKdV system [16,
171,
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1 3
agy :_ZQXxx+EquIx+3(8x8)x_3q,3x8+3q:38x’
1 3
ary :_erxx"'Erqrx_3(ﬂx,3)x+3r,3x8_3rﬂ5m
3 3 3 3
ae; :_gxxx+z(rQ)x€+§qr8x+§CIx ﬁx+Z:3qu
3 3 3 3
ap; =_ﬂxxx+z(r51)x,3+5qr,3x+§rx 8x+z<9rxx'

The standard reduction is r = k1gq, 8 = k» €. Then we obtain [16],

1 3 _ _
agq, = —quxx+§k1qqqx+3(sx8)x —3kog &c € + 3ky gt &y,

3 _ 3 _ 3 _ 3 _
ag = _Sxxx"‘Zk](qLI)x8+§quq8x+§kZQx €x+zk28qxx’

provided thatk; = k% and a = a. For the super mKdV system, Ablowitz—Musslimani
type of reduction is also possible. Letting

r(t,x) = ki q(uit, pax), B, x) = ko (uit, pox), (104)
where ,u% = ,u% = 1 we get the following system of equations
1 3
aqi(t, x) = =7 Guxx (t. %) + 5 k1 GGt pox) q (¢, %) (1, %) + 3(ex (1, x) (2, )x

—3q(t, x) Ex (u1t, pox) ez, x) + 3kp q (¢, ) E(u1 1, upx) x(t, x), (105)

3 _ 3 _
ast(t,x) = —exxx(t, x) + 1 k1(qQurt, nox) q(t, x))x e(t, x) + 3 ki1q(t, x) q(pit, pox) ex(t, x)

3 _ 3
+3 k2 qx (1, 2) Ex(ut, pax) + 3 kaBuat, p2x) qux (2, ), (106)

providedthata u; u, = a, k% w2 = kj.Nonlocal reductions correspond to the choices
(1, o) ={(—1, 1), (1, —1), (—1, —1)}. They are explicitly given by,

1. T-Symmetric Nonlocal Super MKdV Equations: Here a = —a and k| = k%.

1 3
Z%cxx(tvx) + Ekl q(—t,x)q(t, x) qx(t, x) + 3(ex (2, x) &(t, X))x

—3q(t,x)ex(—t,x)e(t,x) + 3ky q(t, x)e(—t, x) ex(t, x), (107)

aq(t,x) = —

3 3
age(t,x) = —exxx(t,x) + Zkl(q(*t:x)q(fw\f))x e(t, x) + Equ(t,X)é(*t»X) ex(t, x)

F k02 00) B0 + 3 (1, 1) a0, ), (108)

2. S-Symmetric Nonlocal Super MKdV Equations: Here @ = —a and k| = —k%.
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1 3
aq(t,x) = _Z%cxx(tvx)"‘ Ekl G, —x)q(t, x) qx (1, x) + 3(ex (t, x) £(t, x))x
—3q(t,x)ex(t, —x)e(t,x) +3kp q(t, x)e(t, —x) ex (t, X), (109)

3 3
ag(t,x) = —exxx(t,x) + Zk1(é(t, —x)q(t, x))x e, x) + Equ(t,X)é(h —x) &x(t, x)

+%k2 qx(t,x) Ex(t, —x) + zkzg(f, —X) qxx (1, X), (110)

3. ST-Symmetric Nonlocal Super MKdV Equations: Here @ = a and k; = —k3.

1 3
aq(t,x) = 7 Gxxx (1, x) + Eklé(—t, —x)q(t, x) qx(t, x) + 3(ex(t, x) e, x))x
—3q(t, x) Ex(—t, —x) &(t, x) + 3k q(t, X)&(—t, —x) ex (1, X), (111)

3 3
agy(t,x) = —exxx(t, %) + 7 k1(G(=t, =x) q(t, X))y £(t, X) + 2 kg1, x) (=1, —x) ex (£, x)

3 3
T3k ax(t. x) Ex(=t. —x) + 2 kaB(—t, =) qux (£, ). (112)

9 Concluding Remarks

In this work we first presented all integrable nonlocal reductions of NLS and mKdV
systems. We gave the recursion operators and the soliton solutions of these nonlocal
equations. We then presented the extension of the nonlocal NLS equation to nonlocal
Fordy—Kulish equations on symmetric spaces. Starting with the super AKNS system
we studied all possible nonlocal reductions and found two new super integrable
systems. They are the nonlocal super NLS equations and nonlocal super mKdV
systems of equations. There are three different nonlocal types of super integrable
equations. They correspond to T-, S-, and ST- symmetric super NLS and super mKdV
equations.

From the study of NLS and mKdV systems (both bosonic and fermionic integrable
systems) we observed that they have standard and nonlocal reductions. Moreover in
both of these systems there are at least one nonlocal reduction to a standard reduction.
For instance both systems have r (¢, x) = kg (¢, x) as a standard reduction and the cor-
responding nonlocal reductions are r (f, x) = kq (i t, (tox) where k is real constant
and (uq, o) = {(1, —=1), (=1, 1), (=1, —1)}. From these reductions we obtain stan-
dard and nonlocal NLS equations and standard and nonlocal complex mKdV equa-
tions and their nonlocal super integrable extensions. The mKdV system has additional
standard and nonlocal reductions. Standard reduction is r (¢, x) = kq(¢, x), where k
isreal constant, and its corresponding nonlocal reduction r (£, x) = kq(—t, —x) gives
the nonlocal mKdV equation. From all these experiences we conclude with a con-
jecture: If a system of equations admits a standard reduction then there exists at least
one corresponding nonlocal reduction of the same system.
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Construction of Solvable Structures )
from so(3, C) e

A. Ruiz and C. Muriel

Abstract For third-order ordinary differential equations admitting a Lie symmetry
algebra isomorphic to so(3, C) it is proved the existence of a solvable structure
constructed out of the symmetry generators of the algebra. This solvable structure is
explicitly obtained in terms of solutions to a second-order linear ordinary differential
equation. Once the solvable structure is known, a complete set of first integrals can
be computed by quadratures. Moreover, it is proved that the general solution can be
obtained in parametric form and expressed in terms of solutions to a second-order
linear equation.

Keywords First integral - Solvable structure - Non-solvable symmetry algebra

1 Introduction

The knowledge of a solvable n-dimensional Lie symmetry algebra for an nth-order
ordinary differential equation (ODE) permits to stepwise reduce the order of the
equation and obtain the general solution after n successive quadratures [10, 11, 17,
18, 23]. However, if the Lie symmetry algebra is non-solvable then this step by step
reduction method is no longer applicable because one of the symmetry generators is
lost at some stage of the procedure. The first case of nth-order ODE admitting a non-
solvable symmetry algebra occurs for n = 3, and corresponds to symmetry algebras
isomorphic to either s[(2, R) or s0(3, R). The case of s[(2, R) was addressed in [15]
by using techniques based on A-symmetries [14] and it was proved that the Lie point
symmetries that are lost in the reduction method can be recovered as A-symmetries
of the corresponding reduced equation. On the other hand, in [16] it was proved
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that a convenient combination of the symmetry generators of so(3, R) allows one to
recover again the lost symmetries as A-symmetries.

Other approaches that can be found in the recent literature as a generalization of
the classical Lie method are hidden symmetries [1], p-symmetries [6, 8], nonlocal
symmetries [2] and solvable structures [3—5, 19]. In this paper we focus on the
concept of solvable structures, which were introduced by Basarab-Horwath in [4]
and further studied in [3, 5, 19]. Solvable structures generalize the classical result on
the integrability by quadratures of involutive distributions of vector fields admitting
a sufficiently large solvable symmetry algebra. In contrast, vector fields that are
involved in a solvable structure are not needed to be symmetries of the distribution.
This degree of freedom permits to characterize the integrability by quadratures by
means of the existence of solvable structures. When the distribution is formed just by
the vector field associated to an nth-order ODE, then the computation of a solvable
structure warrants locally the integrability by quadratures of the given ODE, even if
it does not admit a solvable n-dimensional symmetry algebra.

Although solvable structures are a powerful tool for the integrability by quadra-
tures of ODEs, finding an explicit expression for a solvable structure associated to
an nth-order equation is a difficult task in practice. One of the possible approaches to
construct solvable structures may be to exploit the Lie symmetry algebra admitted by
the equation. The case of s(2, R) has been recently solved in [20] (see also [21]) and
solvable structures were explicitly computed by using the symmetry generators of the
algebra. Those theoretical results were applied in [22] to compute first integrals and
parametric general solutions in terms of solutions to second-order linear equations
for third-order ODEs admitting a Lie symmetry algebra isomorphic to s[(2, R).

The goal of this paper is to construct explicitly a solvable structure for third-order
ODEs admitting the non-solvable symmetry algebra so(3, C). Once the solvable
structure is computed, we are able to obtain a complete set of first integrals expressed
in terms of the solutions to a second-order linear equation. Furthermore, from the
corresponding implicit solution, the general solution of the equation is obtained
in parametric form, also in terms of the solutions to a related second-order linear
equation. Other approaches to integrate ODEs admitting non-solvable symmetry
algebras can be found in [7, 9, 12, 16].

The paper is organized as follows. In Sect.2 we set up the notation and the def-
inition of solvable structure as well as some basic properties adapted to the case of
ODEs. In Sect.3 solvable structures for third-order ODEs admitting so(3, C) are
constructed from the generators of the algebra by exploiting some results presented
in [20, 21].

Once a procedure to compute solvable structures has been established, in Sect. 4
a complete set of first integrals for third-order ODEs admitting the Lie symmetry
algebra so(3, C) is computed in terms of a fundamental set of solutions to a second-
order linear equation. Besides, from the corresponding implicit solution, the general
solution of the equation is obtained in parametric form and expressed in terms of the
solutions to a related second-order linear equation.

Finally, in Sect. 5 our method is illustrated with two examples of equations admit-
ting a three-dimensional Lie symmetry algebra isomorphic to so(3, C). Therefore
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the equations do not posses additional Lie point symmetries. The general solutions
of the equations considered in Example I and Example II are obtained in paramet-
ric form and expressed in terms of the Kummer functions and the modified Bessel
functions, respectively.

2 Solvable Structures for ODEs

In this section we recall the definition of solvable structure as well as its application
to integrate ODEs by quadratures. For a more extensive study the reader is referred to
[3-5, 19]. From this point on, functions and vector fields are assumed to be smooth
and well defined on an open and simply connected subset D of either R"” or an
n-dimensional manifold ./,.

Definition 1 ([20, Def. 2.1]) Let &7 = {Ay, ..., A} be a system of r < n indepen-
dent vector fields on D which are in involution.

1. A smooth vector field X on D is called a symmetry of <7 if the following conditions
hold:

a. Ay, ..., A,, and X are independent;
b. [X,A;] € span(«), forl <i <r.

2. LetY = (Xy,..., X,_,)beanordered set of independent vector fieldson D. The

ordered system & U.” = (Ay,..., A, Xy,...,X,_,) is a solvable structure
with respect to 7 if

a. S = {Al,...,A,.,Xl,...,Xj} is in involution, for j = 1,...,n —r;

b. X is a symmetry of <7;

c. Xjypisasymmetry of &, for j=1,...,n—r — 1.

The integrability by quadratures can be characterized by means of solvable struc-
tures:

Proposition 1 ([4, Prop. 6]) Aninvolutive system <f is locally integrable by quadra-
tures if and only if there exists a solvable structure with respect to <7 .

Solvable structures provide a systematic method to obtain a set of functionally
independent first integrals {/i, ..., I,_,} common to the system of vector fields <7,
based on the integration by quadratures of n — r one forms which have particular
closure properties. The reader can consult [3-5, 19] for a deep study on this method.

With the goal of applying solvable structures in the context of ODEs, let us recall
that for a given ODE of the form

by =F(r,0,01,...,60,-1), (D

where r denotes the independent variable, 6 is the dependent variable and 6; = %?

for j =1, ..., n, the vector field A associated to Eq. (1) is given by
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A:ar+9|391 +"'+F(r7099]’"’79n—1)au,,,]’ (2)

Therefore, if we consider the (trivially) involutive system of vector fields .o
formed by just the vector field (2) associated to an nth-order ODE (1), then Propo-
sition 1 provides the following corollary:

Corollary 1 An nth-order ODE (1) is locally integrable by quadratures if and only
if there exists a solvable structure with respect to the vector field (2) associated to
the equation.

3 Solvable Structures from so(3, C) for Third-Order ODEs

Let us consider a third-order ODE
0 = @(r,6,01,6,), 3)

where 0; = % for1 < j < 3,andlet M C C? be an open set of the projection of the
domain of ¢ to the corresponding zero-order jet space. We denote by A9y = 9, +
0109 + 6209, + (1, 6, 61, 02)9s, the vector field associated to Eq.(3) and suppose
that Eq. (3) admits the Lie symmetry algebra so(3, C).

A basis of generators {uj, u,, us} of the algebra satisfying the following commu-
tation relations can be chosen [13]:

[up, w2] =u3, [u,w]=—uy, [up,uz]=u. 4

The commutation relations (4) show that the Lie symmetry algebra so(3, C) is non-
solvable, therefore the Lie reduction method cannot be applied to stepwise reduce
the order of Eq. (3). Furthermore, if we use any of the Lie point symmetries u;, for
i =1, 2,3, to reduce the order of Eq.(3), then the remaining symmetry generators
are lost as Lie point symmetries of the corresponding reduced equation.

Our goal in this section is to construct a solvable structure with respect to A, )
from the basis elements of s0(3, C). By using the properties of the Lie bracket it can
be checked that the vector fields

Vi =ll2—hl3, V2=ll2+ill3, V3 =iu1, (5)
satisfy the commutation relations:
[vi,v3] =vi, [Vi,v2] =2v;3, [v3, V2] = V2. (6)

Observe that, by (6), the system of vector fields {A(,,g), v

»nl . . .
; ,Vg )} is involutive

for i =1, 2, hence, by Frobenius’ Theorem, there exists a non-constant function
I,‘ = Ii(}", 9, 91, 92) such that
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Aqo)(I;) =0,
vy =0, (7)
v () =o0.

Conditions (7) imply that Véz) (I}) # 0 and V%z)(lz) # 0 because A g), v%z) , V;Z)
and ng) are pointwise linearly independent vector fields defined on the four dimen-
sional space of variables (r, 6, 0, 6,). Therefore the functions

1

and b = ———
v (1)

®)

Fl = ——
v (L)

are locally well defined. Besides, it can be checked that F; and F; satisfy the following
conditions [20, Lemma4.2]:

V§2)(Fl) = F1, ng)(Fz) = —F,
Ao (F1) =0, Ao)(F2) =0, )
v(F) =0, vi7(F) =0,

and, in consequence, by using (5), the following lemma is proved:

Lemma 1 The functions F and F, defined in (8) satisfy

w?(F) = —iF, wW(FR) =iF,
A(riﬁ)(Fl) =0, , A(rie)(Fz) =0, , (10)
w(F) = —iuf (F), u(F) =iu”(F).

The compatibility of the systems given in (10) can be used to prove that
both ordered sets (A ), iu(lz), F (uf) — iugz)), Fz(uf) + iu?)) and (A.¢), iu?),
F, (uéz) +i ugz)), Fy (uéz) —i ugz))) are solvable structures with respect to A gy, as

spelled out in the following theorem:

Theorem 1 Let {uy, uy, uy} be a basis of generators of so(3, C) satisfying the com-
mutation relations (4) and let Fy and F, be two functions satisfying (10). Then, both
ordered sets

Ao in, Fi@? —inf), K + iuf)) (11)
and
(Ao, in?, K@Y + i), F@? — i) (12)

are solvable structures with respect to A ).

Proof Since it is assumed that Eq. (3) admits the Lie symmetry algebra so(3, C), we
have that
[0, Aoyl = pi Aoy, pi € €°(M) for i =1,2,3. (13)
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It can be checked by using (4), (13) and Lemma 1 that the following commutation
relations hold:

Aoy, 01 = —ipiAe), [Apg, FIS —iu)] = Fi(ips — 02) Ape
Ao Fou? 4 iu) = _F ip3)A

(Ao, P20y +iug)] = —F2(02 +ip3) Ao

@ 5 @ ) 2 . (2

in®, A —iu®)] = [iu®, B + i) =0,

[Fif? —iu), K@ +iu)] = 2F Riu?,

which prove that (11) and (12) are solvable structures with respect to A, ).

4 First Integrals and Parametric General Solution

Once either the solvable structure (11) or (12) is explicitly computed, a complete set
of first integrals to Eq. (3) can be obtained by following the method presented in [4]
(see also [3, 5, 19]). However, let us observe that both functions F; and F, defined
in (8) are necessary for the construction of the solvable structures (11) and (12)
and, by Lemma 1, such functions are already first integrals of the original equation.
Furthermore, it can be checked that both sets {1, I, Fi}and {I, I, F>} are complete
sets of first integrals to Eq. (3) [20]. Therefore, in this section we focus on obtaining
an explicit expression for the functions I, I and Fj.

The action of the Lie group SO(3, C), with Lie algebra so(3, C), on any two-
dimensional complex manifold can be modelled by the Lie algebra spanned by the
vector fields [13]:

u; = oy,

1 1
w = 5(1+r2)cos98,+z(r—r’l)siné‘ag, (14)

1 1
u; = —5(1 +r?)sin0d, + E(V —r~Ycos6d,.
The corresponding vector fields given in (5) become

Vi

1 A ; A
S+ r2)es, - lz(r — el 3y,

1 . i . 15
v, = 5(1 +7r2)e 9, + %(r —r He 99, (>

V3 =iag.

It can be checked that by means of the local change of variables
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x=——e" u=re?, (16)
the symmetry generators (15) are respectively mapped into

V128x+3uv V2:x28x+u28uv V3:xax+uauv (17)

which satisfy the commutation relations (6). In fact, the vector fields (17) correspond
with the basis elements of one of the canonical representations of s[(2, C) considered
in [22, Case 3 in Table 1]. The most general third-order ODE admitting the Lie
symmetry algebra s[(2, C) spanned by (17) is [22, Case 3 in Table2]:

. 3u3 u?

" o T 2 —x)2CGs)

where s = Qu; + 2u% + ur(—u +x))u1_3/2. (18)

A complete set of first integrals {/;, I, F} for a SL(2)-invariant third-order equation
of the form (18) was reported in [22]: If v; and v, are two linearly independent
solutions to the second-order linear equation

sC()2 = C'(s)

/ 2 _
0 Yi(s) +4Cs)"Y(s) =0, 19)

v'(s) +

then a complete set of first integral for Eq.(18) is given by

_ 2/ C)Yn(s) + ¥ (s) I — 2/uix C()Y(s) +uyi(s)
2/uiCS)a(s) + ¥h(s)” 7 2/unx C(s)yals) + uh(s)’

I (20)

 RCOx () + uy(s)’
' 2 Cls)u — W, ¥a)(s)

where W (1, ¥») denotes the Wronskian determinant of i; and y»,. By expressing
the first integrals given in (20) in terms of the original coordinates {r, 8, 6, 6,} we
obtain a complete set of first integrals for the original SO(3)-invariant third-order
Eq. (3). The expressions of such first integrals are presented in the following theorem:

Theorem 2 A complete set of first integrals for a third-order ODE admitting the Lie
symmetry algebra s0(3) spanned by (14) is given by

2r 14 POCEUE + i + DY)

Il = ’
2rmc®¢2® + ((0ir + DY)
. 2/14P0CENE - (r + irzelwi(s?’

2,/ 14+ r202CEOV2() — (r +ir20)v; )
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2
e <2mC®iﬂz® — 0+ ,-r291)¢;®)

2(1+r2)(1 + irel)WCCDW(I/u, ¥2) () ’

F) =

where {1, Y} is a fundamental set of solutions to the second-order linear Eq.(19)
2(r302+r0—0, (—2—r207+r*07))
(—1—0%72)3 :

ands =

In what follows we focus on obtaining the general solution of Eq. (3) by solving
the corresponding transformed Eq. (18). Such solution is implicitly defined by

Lix,u,up,up) =Ci, L(x,u,ui,uz) =Co, Fi(x,u,up, us) =Cs, 21

where the expressions of I;, I, and F; are given in (20) and C; € C for i =
1, 2, 3. Since both functions y; and ¥, are evaluated in s = (2u; + 2uf + ur(—u +
x))uf3/ 2, it seems impossible to obtain an explicit solution from (21). With the aim
of overcoming such difficulty, we focus on obtaining the general solution in para-
metric form, as in [22]. Thus, we introduce a new parameter ¢ such that s = s(#) is
determined as follows

SO = ey

It can be checked thatif ¥y = ¥ (s) and ¥, = V¥, (s) is a fundamental set of solutions

to the second-order linear Eq. (19), then ¢ () = 1 (s(2)) and ¢, (z) = ¥ (s(t)) are
two linearly independent solutions to the linear equation

@"(1) +5(1)¢' (1) + 4 (1) = 0, (22)

and the implicit solution (21) becomes

2/IH O T SO _ o 20 Fudi o) _ o (2/mh®) +ugs (1)’ _
2 () + #5102 fuxda () A uh () 2w — )W, ¢ (1) )
(

From (23), the following parametrized solution to Eq. (18) is obtained:

_ C3(C1 — C)(Cr95 (1) — ¢ (1))
Ci95(t) — ¢ (1)

_ C3(C1 = C)(Cagha(t) — ¢1(2))
Cia(t) — ¢1(2)

x(1) .ou(t)

)

(24
where ¢; and ¢, are two linearly independent solutions to Eq.(22), C; € C for
i =1,2,3and C; # C,. As aconsequence, by expressing the parametrized solution
(24) in terms of the original coordinates by means of (16), the following theorem has
been proved:

Theorem 3 The general solution of a third-order ODE admitting the Lie symmetry
algebra so(3, C) spanned by (14) is given in parametric form through
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o) — <(C2¢2(I) — 01(D)(C1g5(1) — ¢ (t)))‘/2

(@1(1) — C12(1))(C295(1) — ¢1(1))
(25)

C3(C1 = C2)*(Cagha (1) = 91 (1)) (Cagp5 (1) — ¢i(t)))

0(1) = £1n< : ,
(91(1) — C1n2(0))(Ci195(1) — ¢ (1))

2

where C; € Cfori =1,2,3, Cy # C,, and ¢ and ¢, are two linearly independent
solutions to Eq. (22).

5 Examples

5.1 Example I

As a first example, we consider the following third-order equation:

(367 — r?0307 + 3r360,05 + 36710, + 467 r — r63 — 36,)(1 +r2)>
07r2 4 1)3

1. (26)

It can be checked that the Lie symmetry algebra of Eq. (26) is three-dimensional and
corresponds to the nonsolvable algebra so(3, C) spanned by the vector fields given
in (14). By means of the local change of coordinates (16), Eq. (26) is mapped into:

(x — u)2(3u§ — 2uqu3) _

3
uj

—4, Q27

which corresponds with the SL(2)-invariant third-order Eq. (18) for the particular
case of

i
C) = 7.

Once the function C = C(s) has been identified, we can apply Theorem 2 to obtain
the following first integrals to Eq. (26):

iry 14120291 (8) + 2360 + DY (5)
I = ,

ir 14+ r208yn(8) + 2610 + D5 (S)

iJ1+ r2029, @) — 2(r + ir20) | ()
12 == )

i1+ 120290 3) — 2(r + ir20))¥5(5)
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2
e 0 (i 1+ r29121ﬂ2(§) —2(r + ir291)1ﬂ2’(§)>
2i(1+r2)(A +ir6),/1+ 912r2W(1ﬂ1, ) (3) ’

F =

where {1, ¥} is a fundamental set of solutions to the second-order linear equation

" S 1 _
V() — EW (s) — ZW(S) =0

and

. 2(r0+rb — 0,(=2 — r?0] + r'o}))
s = .

(-1 - Gfr2)3/2
Now we proceed to compute the general solution to the original Eq. (26) in parametric
form. With this aim, we introduce a new parameter ¢ such that s = s(¢) is determined
as follows:

SO=Cown ~

which yields
s(t) = —4it.

As a consequence, the general solution to Eq.(26) can be given in parametric form
by means of two linearly independent solutions to the second-order linear equation

@' (1) —4itg'(t) + 44 (1) = 0. (28)

Let M (a; b; z) and U (a; b; z) denote the Kummer functions of first and second kind,

respectively, with parameters values a = % + %i and b = % It can be checked that

two linearly independent solutions to Eq. (28) become
&1(1) =t M(a; b;2it>) and ¢a(r) =t U(a; b; 2it?). (29)

Therefore, the general solution to Eq. (26) is given in parametric from through (25),
where the functions ¢; and ¢, are given in (29).

5.2 Example I1

Let us consider the third-order equation

6773 — 051367 + 3r30,07 + 30720, — 031 + 4071 — 30,)(r> + 1)? _
(OFr? + 1)32(=0r — 6203 — 260, — 6712 + 6;r%)

1. (30)
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It can be checked that its Lie symmetry algebra is three-dimensional and spanned by
the vector fields given in (14). By means of the local change of coordinates (16) we
obtain the following transformed equation:

(x — u)2(3u% — 2uu3)

2(214% + 2uy + xupy — uuz)ui/2

-1,

which corresponds with the SL(2)-invariant third-order ODE (18) for the particular
case of

_ —1 _ 2 -3/2
C(s) = e s = Qui +2uy +ur(—u +x))u; .

In this example we directly computed the general parametric solution, although a
complete set of first integrals can be deduced by using Theorem2 in the same way
that in the previous example. The condition

s'(t) =

1
Cowy ~ 0

yields

s(t) = e,

By Theorem 3, the general solution to Eq. (30) is given in parametric form through
(25), where ¢ and ¢, are two linearly independent solutions to the second-order
linear equation

¢"(1) + 7P (1) + 4 (1) = 0. 3D

If 1,, and K,, stand for the modified Bessel functions of the first and second kinds,

respectively, with parameters v; = —% +iand v, = % — i, then it can be checked

that two linearly independent solutions to Eq.(31) become:

wmeele ) () ().
— 1 —2t K 1 —2¢ K 1 oy
omsel 42 (o () ()

These functions ¢ and ¢; permit to obtain the exact general solution to Eq.(30) in
parametric form through (25).
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6 Concluding Remarks

Solvable structures have been explicitly constructed for third-order ODEs with Lie
symmetry algebra isomorphic to so(3, C). For this type of equations, the computation
of such solvable structures allows to obtain a complete set of first integrals expressed
in terms of solutions to a second-order linear equation. The general solution has been
also obtained in parametric form and in terms of the solutions to a related second-
order linear ODE. The presented results complement the study on the integrability of
third-order ODEs admitting non-solvable symmetry algebra of dimension 3 initiated
in [20-22] for the case of s[(2, R).

Finally, our method has been successfully applied to two examples corresponding
with two third-order equations whose Lie symmetry algebra is three-dimensional and
isomorphic to s0(3, C).
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Classification of Scalar Fourth Order )
Ordinary Differential Equations L
Linearizable via Generalized

Lie-Bicklund Transformations

Hina M. Dutt and Asghar Qadir

Abstract Lie had shown that there is a unique class of scalar second order ordinary
differential equations (ODESs) that can be converted to linear form by point transfor-
mations. Mahomed and Leach had shown that for higher order (than 2) scalar ODEs
there are always three classes. Separately, Chern had linearized two classes of third
order ODEs by using contact transformations. We provided an (inclusive) classifica-
tion for third order ODEs by using a generalization of contact transformations. Here
we extend that work to the fourth order using a generalization of the Lie—Backlund
transformation and demonstrate that there are (at least) four classes of fourth order
linearizable ODEs.

Keywords Generalized Lie—Bicklund transformations - Linearization + System of
two second order ODEs

1 Introduction

One of the methods for solving nonlinear Differential Equations (DEs) is to transform
them to linear form. This procedure, which is called linearization, is a special case
of the equivalence problem. Two DEs are said to be equivalent if there exists an
invertible transformation which maps one equation into another. The transformation
can be a point transformation that involves the change of independent and dependent
variables or it can be contact that also depends on the 1st derivative of the dependent
variable. The equivalence property puts all DEs into classes of equivalent equations.
For 1st order ODEs, the problem is trivial as all 1st order scalar ODEs are equivalent

H. M. Dutt ()

Department of Basic Sciences, School of Electrical Engineering and Computer Science, National
University of Sciences and Technology, Campus H-12, Islamabad 44000, Pakistan

e-mail: hina.dutt@seecs.edu.pk

A. Qadir

Physics Department School of Natural Sciences, National University of Sciences and Technology,
Campus H-12, Islamabad 44000, Pakistan

e-mail: asgharqadir46 @ gmail.com

© Springer Nature Switzerland AG 2018 67
V. G. Kac et al. (eds.), Symmetries, Differential Equations and Applications,

Springer Proceedings in Mathematics & Statistics 266,
https://doi.org/10.1007/978-3-030-01376-9_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-01376-9_4&domain=pdf
mailto:hina.dutt@seecs.edu.pk
mailto:asgharqadir46@gmail.com
https://doi.org/10.1007/978-3-030-01376-9_4

68 H. M. Dutt and A. Qadir

to each other [15]. This is not so for 2nd order scalar ODEs. However, all linear 2nd
order scalar ODE:s are equivalent and have 8 Lie point symmetry generators. Lie [11-
14] showed that a nonlinear 2nd order scalar ODE is transformable to a linear one, i.e.
linearizable, if it has exactly 8 Lie point symmetries. He proved that a linearizable
2nd order scalar ODE is semilinear and is at most cubic in the 1st derivative with the
coefficients of the ODE satisfying four constraints. These constraints, which involve
two auxiliary functions, were reduced to two (2nd order constraints) by Tresse [21].

For linearizable nth, (n > 3) order scalar ODEs, Mahomed and Leach [17] proved
that there are three equivalence classes with n + 1, n + 2 and n + 4 Lie point sym-
metries. According to Laguerre [9, 10], the canonical form of linear 3rd order scalar
ODEs is y” + k(x)y = 0. Chern [1, 2] and Grebot [4, 5] used contact and restricted
point transformations respectively, to reduce 3rd order scalar ODEs to the above form
with constant k. The general 3rd order linearizable ODE was dealt with by Neut and
Petitot [18], and independently by Ibragimov and Meleshko (IM) [6, 7] who used the
Cartan approach and original Lie procedure of point transformations respectively, to
obtain the desired linearazibility criteria for it. The linearization problem of 4th order
scalar ODEs became more complicated and was studied by Ibragimov, Meleshko and
Suksern (IMS) [8, 20]. They used point and contact transformations to linearize 4th
order scalar ODEs.

As mentioned above, Mahomed and Leach obtained three equivalence classes
of nth order scalar ODEs linearizable via point transformations and IMS provided
the necessary form of equations linearizable via contact transformations. But, there
was no attempt made to obtain classes of equations that are linearizable via higher
order derivative transformations. Recently, a new type of transformation, which was
called a generalized contact transformation, was introduced by Dutt and Qadir [3]. It
was used to obtain equivalence classes of generalized contact symmetries of higher
order linearizable scalar ODEs. The equivalence classes of 3rd order ODEs were
obtained and found to be four; namely with 5, 6, 7 and 15 generators [3]. Here,
we define a new class of transformations which we call generalized Lie-Béicklund
transformations. We reduce scalar ODEs of order n to systems of ODEs of order
< n — 2. The point symmetries of the system correspond to the generalized Lie—
Bécklund symmetries of the scalar ODE. This separates all linearizable ODEs in
equivalence classes on the basis of the number of generators of higher order derivative
transformations. We obtain the canonical form of scalar 4th order ODEs linearizable
via these transformations and perform the group classification of these equations.

The outline of the paper is as follows. In the subsequent section, we obtain the
canonical form of the 4th order scalar ODEs linearizable via our generalization
of the Lie-Bécklund transformations and perform the group classification of these
equations. Concluding remarks are provided in the last section.

2 Generalized Lie-Bicklund Transformations

A transformation of the form
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t=00,y, v, ¥ 9w,

u=P0,y, ¥,y .y,
wi =i, y, Y,y .y P, i=1,2,...p

is called a Lie—Bicklund transformation of order p if it satisfies the tangency condi-
tions up to order p:

i=1,2,...p. (1)

Lie-Bécklund transformations depend on independent and dependent variables and
derivatives of the dependent variable up to some finite order.
Consider an nth order scalar ODE with (n > 4)

Y = f,y, YLy YD), )

We define p to be

n . .
1<p§§, if niseven

1<p§n_1

,ifnisodd.

We replace y'” = z in (2) to form the following system of two ODEs

y(p) =z,

2P = fx,y, .77, ..., 27 V), if nis even,
and

YO = o/,

P = f(x,y, 277 2P, if nisodd.

A point transformation

t=pkx,y,2), u=vx,y,2, v=w(k,y,2), 3)

for the above system corresponds to a generalized Lie—Bdcklund transformation of
order p for the scalar ODE (2) with y») = z. These transformations depend on
the independent, dependent variables and the pth order derivative of the dependent
variable but do not require the tangency conditions (1) to hold.
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2.1 Group Classification

Consider the general form of a linear, scalar, 4th order ODE

Y =10 + @)y + p(0)y +A@Y" + o)y @)
Taking y” = z will convert the above equation to a system of two 2nd order ODEs

y' =z,
7" =7m(x) + 7))y + p(x)y + A(x)z + o(x)Z. &)

Any system of second order non-homogeneous ODEs can be mapped invertibly to
one of the two canonical forms [22], given by

V' '=g1(x)y + gp(x)z,
7" = g3(0)y + ga(x)z, (6)

or

V' =ki(x0)y + k()7
7 =k3(x)y + ka(x)Z'. @)

Since (5) has a nonzero coefficient of z (i.e. 1), so it can only be identified with (6).
This makes all coefficient functions in (5) zero except v(x) and A(x). Hence, we
have the following reduced system of linear second order ODEs

y// — Z,
7 =7y + AMx)z. ()

This is the reduced form of the system of ODEs that is obtained from a linear scalar
4th order ODE. The transformation which is used for the conversion of (5)—(8) is
provided in [22] [eq. (5)].

To obtain equivalence classes of generalized Lie—Backlund symmetries for the
scalar Eq. (4), we perform the point symmetry group classification for the system
(8). For this purpose, suppose X?, given by

0 0 0 1o}
X — ()
E(x,y,z)ax +mx,y,2) By +772(x,y,z)az +n (x, Y, 2) By

0 @ 0
By + (X, y,2) ERE

€))

0
1 2
+77§ )(x, . Z>6‘7 +7ﬁ (6, ,2)

be the symmetry generator of the system (8). The symmetry conditions give us the
following set of determining PDEs
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Eyy =8y: =822 =0, Mizz=my =0, Ny, =28y =0, (10)
Mz —286x: =0, Niy: —&xz =0, Mmy: =26y =0, nNix;—2§:=0, (11)
2m Xy — Exx — 356,)’ —vy§ — Az =0, m,xy — )‘yf,y - 'ngy =0, (12)
2mxz — Exx — 28y — 37y€: — 33Xz =0, (13)
=2+ Niax + 20y — 226x + Yy + Az, = 0, (14

EyVa +E2AL + MY+ A = Max = 22y — VY2 + 27YEx
—Azm; +2Xz€x = 0. (15)

The above system has the following set of solutions

E=a1(x), m = (chx + cs) y+ez+v@), m=cy+ (QITX + C4> 24+ wx), (16)

where (v, w) solves (8), ¢;, (i = 1,2, 3, 4) are arbitrary constants and a; (x) satisfies

a1 xxx +2c17 =202 =0, (17)

2a)y — 1A —c3+ca =0, (18)

2va1x +a1yx + (c3 — ca)y + A =0, (19)
alxxx —4Xa1x —2A a1 —c1y+c2 =0. (20)

We now consider different cases for v(x) to be zero, nonzero constant and an arbi-
trary function of x.

Casel v =0
With the substitution v = 0 in (19), it becomes

oA =0, (21)
which prompts the consideration of the following cases.
Casel.1vy=0,A=0

From (18), we geta; = (c3 — c4)5 + cs,sothatwe have § = (c3 — c4)5 + 5. There-
fore, in this case, we get the following 8 —dimensional Lie algebra

0 0 0 0 0

Xi=—, Xo=—. Xa=x—., Xu=y— 47— 22

1= X=X x@y’ 4 yé) +Z82’ (22)
P P P) 1,0 8 1,0 8
Xs = 71—, Xg= 2 X;= -3 2 4y 2 Xg=-x22 42
STy ReT gt M=y Trar Mgy tar

Casel.2y =0, A=) #0

From (21) we get ¢; = 0. From (20) we have a; , = 0 which implies that a; = cs.
Hence we get a 7—dimensional Lie algebra. The first four operators are given by
(22) and the other three are

1o} d d d 0
Xs = Noz—, Xg=eVh0x /\‘/X,X:ﬁ Noe™YAox =
528+028z 6 = 8y oz 7=e 0+ PR
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Casel.3v=0,)\= \(x)
By taking A(x) to be an arbitrary function of x, like e* or (x & ¢)", m # —2, we
get the following 5—dimensional Lie algebra

3} J .
Y,':Ujafy-l-w_/‘afz, i=1,2,3,4, (23)
0
Ys=y— —,
3 y8y+zaz

where (v, w;) are linearly independent solutions of (8). In the latter example, A =
(x & ¢)~2 comes in the following special case.
Case13.1v=0,\(x)=(cx+d)?

This case produces a 6—dimensional Lie algebra. The first four operators are given
by (23), while the extra two operators are

1s] 0 0 0
Ys=y— +z—, Yo=x——2z—.
S=Voy Tiar YeT Yo T ¥y,
Case Il v(x) #0
Here, we have two subcases: either 7y is a constant or non constant function of x.
This gives rise to the following sub subcases.

CaseIl.ly =y, A=0
This case produces a; = ¢5 and ¢, = yc;. Hence, we have a 7—dimensional Lie
algebra. The first four generators are given by (23) and extending generators are
0 0 0 0 0
= o Y6:y87y+z[*)71’ Y7=Za*y+70ya*z~
Case IL.2 y = 5, A = X\o
In this case, we have a 7—dimensional Lie algebra with Y, Y,, Y3 and Y4 given by
(23). The additional three operators are

Ys

0 1o} 0 0 0
Ys Yo=y—+z7— Y7=Z%y+(’70y+)\oz)afz.

~ox’ ay oz d

CaseIlL.3 v =~(x) 20, A= X
Here we get a 5—dimensional Lie algebra with first four operators given by (23).
The additional operator is

Ys = y% + zgz.
Case I1.4 v = v(x) # 0, A\ = \(x)
This case produces the Lie algebra of case 1.3.

The system of PDEs (10)—(15) provides us four equivalence classes with 5, 6, 7
and 8 symmetries. These Lie point symmetries of (8) correspond to the generalized
Lie-Bécklund symmetries of order 2 for a scalar 4th order linear ODE. Thus we have
the following theorem.
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Theorem 1 A linear scalar 4th order ODE can have one of 5, 6, 7 and 8 generators
of the generalized Lie—Bcicklund transformations of order 2.

3 Conclusion

In this paper, we addressed the problem of classification of ODEs linearizable via
higher order derivative transformations which we called generalized Lie-Bécklund
transformations. We obtained four equivalence classes of generators of these trans-
formations for linear scalar 4th order ODEs. We can carry out the same procedure
for higher order ODEs to get the classes of systems of ODEs by reducing them to
systems of order two lower and finding the point symmetries of the reduced systems.
We can also reduce scalar nth order ODEs to systems of lower order with dimension
three or more.

In reducing the equations to systems of 2nd order ODEs, we have the advantage
of geometric linearization [19], where we can find the solution of the systems eas-
ily by employing the coordinate transformations as the linearizing transformations.
Similarly, any system of ODEs of order n > 3 can be reduced in m steps to a system
of second order ODEs to use the power of geometry. In this way, we can relate the
higher order symmetries of the scalar ODEs with the point symmetries of reduced
systems and can find the equivalence classes of the higher order ODEs. The m steps
of reduction of an ODE can be shrunk into one step by defining the second or higher
order derivative to be a new dependent variable. In this way, the point symmetries of
the reduced system correspond to the generalized Lie Bicklund symmetries of the
corresponding scalar ODE.

This procedure could be carried out to reduce scalar nth order ODEs to systems
of lower order with three or more dimensions. As an example, consider the scalar
5th order ODE

YO = flys Y Yy v ). 24)

By defining y” = z and 7z’ = u, we can reduce it to a system of three ODEs of order
two

" i /

Vi=z, Z'=d, u=fxyuy ), (25)

and investigate the point symmetries of the reduced system. We can also reduce the
scalar ODE (24) to a system of two third ODEs

" "

y'=z7", "=fxy.2y,7,7"), (26)

by defining y” = 7’ and find the Lie point symmetries of the above system. It would
be interesting to find a connection between the equivalence classes of the systems
(25) and (26) and relate their point symmetries.
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On the Symmetries of a Liénard Type )
Nonlinear Oscillator Equation L

R. Mohanasubha, V. K. Chandrasekar, M. Senthilvelan
and M. Lakshmanan

Abstract In the contemporary nonlinear dynamics literature, the nonlinear
oscillator equation X + kxx + §x3 + Ax = 0 is being analyzed in various contexts
both classically and quantum mechanically. Classically this nonlinear oscillator equa-
tion has been shown to admit three different types of dynamics depending upon the
sign and magnitude of the parameter ):, namely (i) A= 0, (ii) % > Oand (iii) X <0. By
considering its importance, in this paper, we present the symmetries of its Lagrangian
and underlying equation of motion for all the three cases. In particular, we present
Lie point symmetries, A-symmetries, Noether symmetries and telescopic symmetries
of this equation. The utility of the symmetries for all the three cases is demonstrated
explicitly.

Keywords Nonlinear oscillators - Lie point symmetries *+ A-symmetries - Noether
symmetries - Telescopic vector fields

1 Introduction

During the past ten years or so considerable interest has been shown on investigating
various properties associated with the Liénard type nonlinear oscillator equation,
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k2 -
A, x, %, %) =5c'+kx5c+3x3+xx =0, (1)

where overdot denotes differentiation with respect to 7, k and A are arbitrary parame-
ters [4, 8, 12, 15, 22, 24, 27]. Equation (1) arises in the study of equilibrium config-
urations of a spherical gas cloud acting under the mutual attraction of its molecules
and subject to the laws of thermodynamics [3]. Even though a more general equation
of this form with time dependent coefficients has been studied long ago consider-
able interest has been shown on this particular equation when two of the present
authors along with Bindu and Pandey have identified it as one of the linearizable
equations when a Lie symmetry analysis was carried out on the Liénard type equa-
tion X + f(x)x + g(x) = 0, where f(x) and g(x) are arbitrary functions of x [24].
Originally three of the present authors have proved the integrability of system (1) and
demonstrated that this equation admits a conservative non-standard Lagrangian and
Hamiltonian description [4]. They have also shown that the frequency of oscillations
of this system for A > 0 does not depend on the amplitude of oscillations thereby
showing that the amplitude dependence of frequency is not necessarily a fundamental
property of nonlinear dynamical phenomena [4].

The system (1) admits three different dynamics depending upon the sign of the
linear term in it. For example, for the choice X <0, the system (1) admits front like
solution and A > 0 displays explicit sinusoidal periodic solution [4].

This model has further been investigated by several authors under different per-
spectives [1, 5-7, 9, 15, 16, 22]. For example, it has been demonstrated that the
model (1) admits (i) integrating factors [1, 5, 7, 16], (i) Lagrangian multipliers [22],
(iii) A— symmetries [ 16], (iv) Darboux polynomials [15], and (v) alternate Lagrangian
[9]. Equation (1) can be transformed (i) to a free particle equation through invertible
point transformation, (ii) to a harmonic oscillator equation through Sundman trans-
formation and (iii) to a linear third order ODE, w"”’ + Aw = 0, through a generalized
transformation [5-7, 15, 16].

In one of our earlier works, we have constructed a nonstandard Lagrangian, [4]

. 2753 1 N 36, 97 £ 0 @
= 2 ~ —X = =,
T\ B gsi) 2w

for this equation. For many of our investigations we stick to the Lagrangian (2) and its
associated Hamiltonian (see Eq. (3) below) since when k& — 0 both the Lagrangian
and Hamiltonian reduce to the linear harmonic oscillator Lagrangian and Hamilto-
nian, respectively, as the equation of motion does. In a recent work, two of the present
authors with Chithiika Ruby have also demonstrated the quantum solvability of its
Hamiltonian [8]

1
_92 (h o] %) K 2p 2
H =7 (2 2 (1 31) + 9% 3% 2752 > ’ 3)
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where

oL 278 1 N 3 @
P= ax 2k (kx + x2 +3)»)2 2k

By observing that the Hamiltonian (3) can also be equivalently considered in the
form

Hep) = =5 4 UG, —oco<p= 2 5)
X, p)= , < —_
P = ) p =5
where
(p) ! d U(p) o 1- 2k 1 (6)
m(p) = —————~ and U(p) = —— —_
(1 % 2k? 3
A (1 3ip)

and recognizing that this form coincides with the position dependent mass Hamil-
tonian with the difference that the variables x and p are interchanged, the authors
went on to quantize the position dependent mass Schroedinger equation in momen-
tum space by augmenting with van Roos ordering. The explicit eigenvalues and
eigenvectors have been brought out in an elegant manner.

In this paper we present symmetries of various kinds for Eq.(1) and the non-
standard Lagrangian (2). The reason for consolidating this result is that as far as
symmetries are concerned some of the earlier studies are incomplete. For example,
eventhough Lie point symmetries are known for this equation for all the three para-
metric regimes the order reduction procedure has not been done so far for this system.
In this paper, we intend to complete it. As far as A-symmetries are concerned even-
though a detailed investigation has been made on the A = 0 case, the analysis has
not been carried out for the A 0 cases. In this paper we carry out the A-symmetry
analysis for the % # 0 cases and present two independent A-symmetries and their
associated independent integrals. Similarly eventhough Noether symmetries for the
nonstandard Lagrangian (2) with & = 0 has been reported it has not been analysed for
the A # 0 cases. We present the Noether symmetries for the remaining two important
cases, namely (i) X > 0 and (i1) X < 0 as well. The telescopic vector fields, which
are more generalized vector fields that play important role when the Lie point sym-
metries and A-symmetries are absent for a given second order nonlinear ordinary
differential equation, are also unknown for this equation. We construct the telescopic
vector fields also for Eq. (1).

The plan of the paper is as follows. In Sect.2, we recall Lie point symmetries
of the nonlinear oscillator equation (1) and carry out order reduction procedure for
this equation. In Sect.3, we carry-out the A-symmetry analysis for the nonlinear
oscillator Eq. (1). To begin with, we recall the results that are reported for the case
% = 0. We then extend the analysis for the cases A 0 and give a complete picture.
In Sect. 4, we recall Noether’s theorem and apply this theorem to the model (1) and
derive Noether’s symmetries for all the three cases, namely (i) X >0, (i) A < 0and
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(iii) 2 = 0. In Sect. 5, we present the telescopic vector fields for all the three cases.

We present our conclusions in Sect. 6.

2 Lie Point Symmetries of Eq. (1)

Let the evolution equation (1) be invariant under the one parameter Lie group of
infinitesimal transformations [2, 13, 23]

f=t+ek(t,x)+0(), T=x+ent,x)+ 0, <1, (7)

where & and n represent the symmetries of Eq.(1) and they are functions of the
variables ¢ and x. The associated infinitesimal generator can be written as

0 0
X:E(t,x)&—f-n(t,x)a. )

Equation (1) is invariant under the action of (8) iff

X@(A)| g0 =0, 9
where
0 0 0 0
XY@ — g2 (€)) (@) 10
Sor T T T aR (10)

and n" and n® are first and second prolongations respectively, whose explicit
expressions can be found in Refs. [2, 13]. For the sake of completeness, we present
symmetries and order reduction procedure for each one of the cases separately.

2.1 Casel: X =0

First let us consider the choice A = 0. The invariance condition (9) reads (¥ =

o(t, x,x)) 50 50 50
- _r (€9 s N ) I
Sor T T g 1 =0 (b

Solving the invariance condition (11), one obtains the following symmetry genera-
tors, namely [24]
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a k d k5 k a 0 k 30
Xi=—, Xo=t(1—=xt)— —=x“t|l——=xt) —, Xg=x— — -x"—,
ot 6 at 3 6 ax at 3 ox

k 59 k K> 55\ @
1 — —xt+ —xt° | —,
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k 5 k \ @ ko kK2 5, kP 55\ 0
Xg=—t"(1—=xt )| —+t|1—=xt+ —x1t"— —xt° | —. 12
8 ( x)t+< PR 108" ") ox (12)

The nonlinear ODE (1) admits maximal symmetry generators and hence it is
linearizable [24]. The symmetry generators constitute s/(3, R) symmetry algebra.
Besides several applications, the symmetry generators can also be used to reduce the
order of the nonlinear ODE (1). In the following, we demonstrate this procedure by
considering the vector field X3 as an example.

Substituting the expression & = x and n = _Tkx3 in the characteristic equation

dt _ dx _ di

£ - n - n(l)

vasu=1— 2,

the relation w = j—;. Evaluating and simplifying the resultant equation, we arrive

3 )2 2 . . . . .

Z—V = kb3l _ k)2 Integrating this first order differential equation we find
u 9x 9

V=— W%, where /) is an integration constant. Substituting the expressions # and
v in this solution and rewriting the resultant equation for x, we end up with

and integrating the resultant equation one finds the invariants # and

3 . . .
and v = 37)‘ + "; The second-order invariant can be derived from

at

. kx(OOLx + K*tx — 3k) _

3091, + K21) (13)

Integrating Eq. (13) we obtain the general solution of the MEE equation in the fol-
lowing form,
6(91; + k’t)

, (14)
kt (181, + K2t) + 61

x(t) =

where I, is the second integration constant. In a similar manner, one can carry out
the order reduction procedure for the rest of the vector fields. Since the procedure is
repetitive, one can move on to investigate the other two cases.
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2.2 Case2: x>0

In this case the corresponding symmetry generators are [24]

XI:E, Xzz—icosx/iti—i- cosft——xsmft
3 ot f

ot 3V A

X3 = sm2\[t+—xcos2ft>
( 34

\/Icoszft——xsmzft——x cos 2v/ir
= )

9V A

X4 = (Cos it - Fx sin2v/% t)

(\/Xs1n2\[t+—xc052ft—\—[x sm2\[t>

9V A

X5 = )csin\/iti + x? (\/icosx/it — ]ix sin \/it) i
Jt 3 0x

X = xcosx/it% —x2 (\/isin\/it + %{x cos ﬁt) ai,
X

X d 3hx LK) o
= X— — —_— —X —,
Ty k3 ) ax

X3 = —%sin\/it£+ (sm\/>t+7>XCOS\[f) (15)

3V

The vector fields (15) can again be shown to form an s/(3, R) algebra.
In the following, we demonstrate the usefulness of the symmetry vector fields by
considering the vector field X. The associated characteristic equation reads

dt dx dx
i dx _ di (16)
x _(li 3)»_.)() _ X(K2x%+kx+31)

3 k k

Now integrating the above Eq. (16) we find the invariants « and v to be of the following

forms:
—1 [ _kx_ X -
(aﬁ) Vi X (K2x2 + 3k + 9%)
u= V= . a7

Ve ' x
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The second-order invariant reads % =91 + % Integrating the later we find v =

9\/i tan(91, \/i + \/iu), where /] is an integration constant. Substituting the expres-
sions u# and v in this solution and rewriting the resultant equation for x, we end up
with

k2x3 4+ 9
i+ XA —0. (18)

3 (kx ~ 3V tan (\/i(911 +1) +tan~! <3I€7)))

Integrating Eq. (18) we obtain the general solution of (1) with positive values of A in
the following form,

33 sin(v/AO1 + 1))
Izﬁ —k cos(\/i(911 +1)) ’

x(n) = 19)

where I is the second integration constant. One may extend the order reduction
procedure for the remaining vector fields too in a similar fashion. Now we move on
to the third case.

2.3 Case3: X <0

In this case, we find the equation is invariant under the following forms of symmetry
generators: [24]

B P Ko\ @ k
et et 20 )2]

o) o]
e\/if [x% — (§x3 — \/ix2> %} )

[ 9 k ~ 9 7| 0 - 3%\ 9
X6=e_ﬁt X— — fx?’—l—\/)txz — |, X7=eﬁt — = \/;\x—— — |,
Jt 3 0 at k | ox

Xg=e [ (f +3*)8} (20)

To obtain the general solution for this case, we consider the vector field Xe.
Solving the characteristic equation associated with this vector field

W
=
(98]
|
|2 £
=
N———
m‘w
e
I
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dt . dx
xe*‘/i’ —e*“/i’ (% + \/i)ﬂ)
di
=1 - 1)
ge—ﬁt(kﬂ(\/ix —3%) — 3(=qx? + Vixi + #2))
we obtain the invariants u# and v of the form
—log(kx + 3\/i) + \/it + log(x)
u= (22)

Vi ’
3(—kv/Ax? + 2kxk — 33x 4 3vik) .
V= .
2(kx* + 3vax3 4 3x2%)

The second-order invariant can be found from the relation w = Z—Z. In this case, we
find

V22 — 33 : 2 _
dv G+ 3V (kx ~3\/Xx +30 _ (k_ . NXV) o
du 3x2(kx2 + 3(V x4 5)) 3

Integrating Eq. (24), we find v = e‘zﬁ“ I — Lﬂ where [ is an integration con-
64/ 7
stant. Substituting the expressions # and v in this solution and rewriting the resultant

equation for x, we end up with

2@V (kx — 37) — 61, (kVx +37))
+ = — =
3(62‘/;’ — 6l \/;»)

Integrating Eq. (25), we obtain the general solution of Eq. (1) with negative A in the

following form
3(reVH —61,3)
30V aeV 4 61,V ik + ket

where I, is the second integration constant. One may verify that the remaining vector
fields can also be used to derive the above general solution of the given Eq. (1).

0. 25)

x(t) = (26)

3 A-Symmetries

Recently efforts have been made to generalize the classical Lie algorithm and obtain
integrals and general solution of nonlinear ODEs, in particular equations which lack
Lie point symmetries. One such generalization is the A-symmetry approach [17].
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The method of finding A-symmetries for a second-order ODE has been discussed in
depth by Muriel and Romero [18] and the advantage of finding such symmetries has
also been demonstrated by them. They also have developed an algorithm to deter-
mine integrating factors and integrals from A-symmetries for second-order ODEs
[19]. The relation among A-symmetries, Lie point symmetries and local-nonlocal
transformations for Liénard I and II-type equations was studied in Ref.[25]. The
vector fields associated with A-symmetries are being denoted as v instead of X just
to differentiate A-symmetries from Lie point symmetry vector fields.

A vector field v is a A-symmetry of the second-order equation if there exists a
function such that

vA@DNA@R, x,%,%) =0 when A, x,x,%) =0, 27)

where vI* @1 is given by

d d 0 d
V[)»,(Z)] — S(t, xX)— + n[)u(o)](t’ xX)— + r}[}”’(l)](t, X, X)— 4 77[%(2)](& X, X, x)_’
at dax ox X

(28)
with
= O = (@, x), (29)
=D = (D, + W™ O, x) — (D, + 1) (E)%, (30)
== (D + )y O, x, ) = (D + D EF (31)

In the above prolongation formula if we put A = 0, we end up with standard Lie
prolongation expressions. Solving the invariance condition (27) we can determine
the functions &, n and A for the given equation. We note here that three unknowns &,
n and A have to be determined from the invariance condition (27). The procedure is
as follows.

Let us suppose that the second-order Eq. (1) has Lie point symmetries. In this case,
the A-function can be determined in a more simple way without solving the invariance
condition (27) as follows. If X is a Lie point symmetry of (1) and Q = n — x& is

9

its characteristics, then v = 7~ is a A-symmetry of (1) for A = %Q] [25]. The A-

symmetry satisfies the invariance condition [19]
by + Apz = D[A] + A%, (32)

Once the A-symmetry is determined, we can obtain the first integrals in two differ-
ent ways. In the first way, we can calculate the integral directly from the A-symmetry
using the four step algorithm given below. In the second way, we can find the inte-
grating factor u from A-symmetry directly. With the help of integrating factors and
A-symmetries we can obtain the first integrals by integrating the system of Eq.(34)
given below. In the following, we enumerate both the procedures.
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(A) Method of finding the first integral directly from A-symmetry [19]
The method of finding the integral directly from A-symmetry is as follows:

1. Find a firstintegral w(z, x, x) of v/*(D1, that is a particular solution of the equation
wy + Aw; = 0, where the subscript denotes partial derivative with respect to that
variable and vI* (M is the first-order A-prolongation of the vector field v.

2. Evaluate D[w] and express it in terms of (¢, w) as D[w] = F (¢, w).

. Find a first integral G of 9, + F (¢, w)0d,,.

4. Evaluate I (¢, x,x) = G(t, w(t, x, X)).

(O8]

(B) Method of finding integrating factors from A [19]

If X is a Lie point symmetry of (1) and Q = n — x& is its characteristics, then
v = 0y is a A-symmetry of (1) for .. = D[Q]/Q and any solution of the first-order
linear system

D[M]+<¢x_%>/1«:0» x+( [QQ] >‘=0, (33)

is an mtegratmg factor of ( 1). Here D represents the total derivative operator and it
is given by 2 o +x$ + ¢m

Solving the system of equations (33) one can get ;. Once the integrating factor u
is known then a first integral / such that /; = u can be found by solving the system
of equations

I =p(x =), I =—ip, I =p. (34)

From the first integrals, we can write the general solution of the given equation.
In the following we apply the above method to Eq. (1)

3.1 Casel:Xx=0

Bhuvaneshwari et al. had studied the A-symmetries for Eq. (1) with & = 0 [1]. They
have found the A-symmetries from the Lie point symmetries by using the relation A =
PIOI \where Q = i — x&. For this purpose they considered the Lie point symmetries
X5 and X4 from Eq. (12). The expressions for Q turns out to be

1 k
0, = E(kztzx3 — 6ktx? + 3kt’xi — 18t%), Qr =x’ <1 - gﬂ) —txx. (35)
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The two A-functions are of the form

N ( — %ktx - ]étz)'c + If—;tzxz) N . G6)
' t(l—’gtx) P 3

The associated A-symmetry is v = ai
X

3.1.1 First Integrals from A and A,

By following the above discussed procedure, we have found

(1 — yktx 4 £17% + %tzxz)

w(t, x,x) = . (37)
kt? (1 — %tx)
In the second step, we obtain determining equation for w as
3
DIw] = ktw? — == (38)
using Aj. In the third step, we obtain the function G (z, w) as
G, w) Lk (39)
W)= — — —.
Bw ¢
In the final step, we found the integral /; as
k 1— %1x
I = -1+ (—Gk)z (40)
6 (1% —x+45x?)
In the same way, we have found the function w for A, as
) x k
w(x, X) = — 4+ —x. 41
x 3
In the second step, we get the determining equation as
Diw]+w? =0. (42)
We get the function G in the third step as
1
G=t——. 43)

w
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As the final step we get the integral as

L=t— ——. 44
=1 T (44)
From the integrals I; and I, we can write the general solution as
t+ 1,
X = ¢ (45)

61‘2 + %l‘]z - 1112‘

3.1.2 Integrating Factors from A; and A,

We can also find the integrating factors from XA; and A, using the relation (33).
Substituting the function A; in Eq. (33) we get

. 2
1— %ktx — ]étzx + ll‘—stzxz)

w | =o. (46)
t(1—%x)

Mix +

B
The characteristic equation associated with Eq. (46) is given by

dx dx di
T = 2 ke, kK222 - k2 . (47)
(lfgkfX*a’ R ) BT
1(1=%ex)

Integrating (47) we find the integrals to be of the form

(1 — Yktx + E2% + ’f—;tzx2> 1,
C, = , Co=|t——kt'x . 48
! ki (1 — £tx) : < 6 ) o @

From the above, we obtain the general solution as

c (lf%ktx+%t2i+%t2x2)
1! ke2(1-£1x)

(t — ¢ki?x)

(49)

np = -

Choosing the function C; appropriately we get

K2 (1 — L5x
wip=— (1= ¢r) - 5 (50)
6 (1 — Yktx + §12%% + ’f—8t2x2)
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We find that the expression (50) also satisfies the first equation in (33) as well and
thus forms a compatible solution to the system of equation (33).

To determine the integrating factor associated with A, directly we first solve the
second equation in (33), that is

x k 1
Mox + | — — 5x ) ox + —p2 = 0. (51)
x 3 X

The characteristic equation associated with the above equation can be written as

dx dx  dw

= = = —. 52
I >
Integrating (52) we find the integral as
X
My =—T———5. (53)
( + 5%%)

We find that the above expression also satisfies the first equation in (33).

3.2 Case2: 1 #0

In the earlier case where A = 0, we fixed the A-symmetries from the set of Lie point
symmetries itself. For the two cases A > 0 and A < 0 we derive the A-symmetries
by solving the associated invariance condition which has not been considered so far
for this equation. To determine the A-symmetry for Eq. (1), we solve the following
determining equation

k? -
mu+ﬁ+xm+kﬁ+?ﬁ+xzo (54)
To obtain a particular solution of Eq. (54), we assume an ansatz

A =ax + ay, (55

where a; and a, are functions of x.
Substituting (55) in (54) and solving the resultant equation, we find
¢k
=2 (56)
X 3

Now we use the above said procedure and obtain the first integral. The calculations
are given below.
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In the first step, we setup the determining equation for w(¢, x, x), that is
vk
Wy + (f - —x) wi = 0. (57)
X

A particular solution of (57) is

P
wit, x, £) = ?x 4 ;—C (58)

In the second step, we express D[w] in terms of (¢, w) as D[w] = F (¢, w). In this
case, we find y
Dlw] = —(w” +1). (59)

In the third step, we fix the function G (¢, w) as

Vit +tan™! < WA>
Vi
Now replacing w with the expression (58) we obtain the first integral in the form

tan~! <k3xj_3x) +ft

Vi

By recalling the formula arctan(x) = %i[ln(l —ix) —In(1 4+ix)] and simplifying
the resultant equation we obtain the first integral as

(x+ IX —I—x\/j):)
(x+ xz—xr>

To prove the integrability of Eq. (1), we are in need of one more A-symmetry. To
obtain it, we assume a more general ansatz for A which is of the form

S

G(t,w) = (60)

I(t,x,%) = (61)

I = 2V (62)

)\'2 — a](ta-x))?'i'az(tv-x). (63)
as(t, x)x + aq(t, x)

where ay, a», as and a4 are arbitrary functions of ¢ and x and to be determined.
Substituting the above ansatz in the A-determining Eq. (54) and solving the resultant
equation, we obtain
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A2 = ’;—*—(%+J—7)2. (64)

R

We note here that while solving the Eq. (54) with the ansatz (63) we also obtain
(56) as another particular solution. We do not mention it here as we have already
dealt with it. Following the above said procedure now we find the integral associated
with X,. To begin it, we set up the determining equation for w(z, x, X) as

§- (5 V)
V-1

A particular solution of the above equation is

wy + wy =0. (65)

kx? 4+ 3v —ix + 3x
Wit x4 = 2+ xEor (66)

3(kx +3vV—2)

The total derivative of w(z, x, x) reads

Diw] =/ —Aw — kw?. (67)

In the third step, we determine the function G (¢, w) as

Vi (kw#x/i)

ilog

G(t,w)=— (68)

Vi

Now replacing the variable w by (66) we obtain the integral associated with A, in
the form

e"ﬁf<k(3fc+kx2)+9}\)
kx2+3(«/ —Xx+fc>
I(t,x,x)=— . (69)

Vi

After rearranging the integral in more elegant form, we obtain

_ 6 T A+
L=——e¢ = ]. (70)
k X4 A2+ xv/=

ilog
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From the integrals I; and I, we can write the solution of Eq. (1) for X >0and X < 0.
First let us consider the case A > 0.

32.1 Case2:1 >0

For & > 0, integrals (62) and (70) are complex. To get the real integrals, we consider
the following combinations of the integrals

F_ 4 Gitk?)? 4 on?
VTR T Gk + k22 4952

is . ) =
h= 2 e [ R - 3!\//§x ’ )
k|11 3ki + k2x2 + 9i

(71)

where § is phase constant. Now the integrals I, and |I| can be considered as two
real integrals of Eq. (1) for A > 0. The solution for Eq. (1) from the two integrals (62)
and (70) can be written as

Asin(vir + 8) 3V

x(t) = 0<A< = (73)

1——*%_A W48
i cos(f—i—)

where A = 3v/AI; and § is an arbitrary constant.

322 Case3:1 <0

For A < 0, integrals (62) and (70) are real from which we can straightforwardly write

the general solution as
3y AT eV 1A — 1)
(74)

x(t) = ———= _ __
kIl eV [l —+ k(l + 1162‘/ M|t)

where 1| and I, are constants.

3.2.3 Integrating Factors from A; and A,

To find the integrating factors from A; and A,, we consider the second equation in
(33) and obtain
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3

. .2
4 (% + V%) k
o + i ——5 =0, 9

L 3(’%‘+\/—i)

x k 1
Mix + | = — x| pue + —p1 =0, (75)
X X

The characteristic equations associated with the above equations can be written as

dx dx duy
g el 77
TR "
dx dx d,uz
Zo- = . (78)
K %ur\/__,\) 3u2<%+ —A)
Gy ‘

Solving the above characteristic equations and choosing the constants appropriately,
we obtain the solutions of the above equations as

18/ —xe 2V i

W= - _ : (79)
1 (kx? — 3v/ —Ax + 3x)2
«/—_Xt Y. Y

= — 18e (kv —Ax — 31) (80)

k(kx? + 3(vV—dix + )2

The above integrating factors also satisfy the first equation of Eq. (33).

4 Noether’s Theorem and Variational Symmetries

If the given second-order equation has a variational structure then one can also
determine the symmetries which leave the action integral invariant. Such symmetries
are called variational symmetries. Variational symmetries are important since they
provide conservation laws via Noether’s theorem [21]. In the following, we recall
the method of finding variational symmetries [2, 23].

Noether’s theorem states that whenever the action integral S = f L(t, x, x)dt,
where L is the Lagrangian, is invariant under the one parameter continuous group of
transformations (7) then the solution of Euler’s equation admit the conserved quantity
[11, 14],

) oL
1=(€X—n)g—$L+ﬁ (81)

where f is an arbitrary function of 7 and x. The functions &, 1 and f can be deter-
mined from the equation
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G{L}=—EL+ f, (82)

where overdot denotes differentiation with respect to time and

GIL oL oL . .. 0L %3
Ly =§&-—+ny-+ 0 —x8)-—. (83)
Equation (83) can be derived by differentiating the Eq.(81) and simplifying the
expressions in the resultant equation. Solving Eq. (83) one can obtain explicit expres-
sions for Noether’s symmetries £, 1 and the arbitrary function f. Now substituting
these expressions into (81) one can get explicitly the associated integrals of motion.

To derive Noether’s symmetries associated with the Lagrangian (2) let us substitute
the expression (2) into (81). Doing so we get

—933x : : _ —2733 31
N | e = kG de) |+
(ki + & x2 +33)2 2k(ki + 522 4302 2K

& 4 ) 2753 1 +3i, 922 g rif (84)
= — X —X — —= X .
VN2 \k a2 g3i) 2 w2

Now equating the coefficient of various powers of x to zero and solving the resultant
equations we obtain three different forms of infinitesimal symmetries for & and n
depending upon the sign and magnitude of X. In the following, we discuss each one
of the cases separately.

4.1 Casel: )\ >0

Solving the determining equations with > 0, the associated vector fields turn out
to be

X = ! [(\/isin\/it—i—gcosx/itx)%

5
2

i(&ﬁ) (o i heonvion) 2],

2
k 3 ax
X, = L [(g sin \/itx — \/icos \/it) %
5 2
— (3_)” + ]l> (%C sinv/3rx — Vi cos \/Kt) ai:| ,
X

k 3

X3 = L |:(3\/isin 2\/it + k cos 2\/itx)

E
2

il
ot

>
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2xr . _ _ 9
_ <<Tx _ 3A> cos 2v/itx + 2ky/ 7 sin 2\/th2) a_] ,
X

X4 = é [cos \/it (k sin \/itx — 3\/icos \/it) 3
Az at
— <I§( sin \/itx - \/icos ﬂt) (3\/i sin \/itx + kcos \/itx2> aii| ,
x
0
Xs= o (85)

Substituting each vector field into (81) we obtain the following integrals of motion

| _ Gi+ke)cos Vit 43y sin Vi , _ Gt ka?)sin Vit —3v7x cos Vit
1 = s 12 = s
o o

((3)& +hx2)? - 9Xx2) sin 2Vt — 6x(3% + kx)v/x cos 2v/ir

I3 =

(@)?
1 _ PG+ ka?)? — PR?) cos 2/t + 6k (35 + ka?)V i sin VA1 — 93627 + 6kt + 93)
4 = (oz)2 s
3% + kx?)? + 9x?
Is = (3X + kx°)” +9rx , (86)
(@)?

where o = 3kx + k2x? + 9i.

One can select two independent integrals of motions, /; and I, from the above.
The remaining integrals of motions can be written in terms of the integrals of motion
I, and I,. For example, in the present case we get

L =20L1, I,=—142K1}, Is=}+1}). (87)

Using I, and I, we can construct the general solution in the form

x(t)=3\/i( I]sin\/itjlgcosx/it~ ) (88)
1 — k(I cos ﬁt + I, sin \/Xt)

The above solution is obvigusly equivalent to (73). Since Eq. (1) admits five Noether’s
symmetries for the case A > 0 and so the Lagrangian (2) can be considered as a
physically important Lagrangian from Quantum Mechanics point of view.
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42 Case2:) <0

Solving the determining equations with A < 0, its associated symmetry vector fields
turn out to be

X| = eﬁf<<\/§—kx)a+<

‘ -

>
S

9 @
ax ) |m T W

j
S (O e () (1))
vom L [oVi (Vo) 2 (10 50 - 20) 2],

‘ -

X5 = e_zﬁt ((\/i—l—kx)a—x(;»-l—kzxz—i—ikxﬂ) 8>i| (89)

>
(Sl

Substituting each vector field into (8 1) we obtain the following integrals of motion,

I — ket <3x —3ax + kxz) PR (3)& + 3axx + kxz)
1 = - b 2 = - b

o o

I — 22 (—6karx® + k*x* — 18arxx + 92 + x? (=94 + 6kx))

= e ,

’ @)

P |:(6ka2x3 +12x* 4 18arx i + 952 + x2(=94 + 61@))}

4 =K € ,
(a)?

72 . 2N\2 T2
_9% ((3x+kx) + 9hx ) 00)

3 ()2

Asinthe previous case the integrals of motions, /; and I, are functionally independent
from the rest. In other words the remaining integrals of motions can be written in
terms of the integrals of motion /; and /,:

932

L=1 Li=1I1} Is=—=0b. (91)

Using I, and I, we can construct the general solution in the form

3ar(Iye* ™' — 1)
1) = . 92
YO = 1 + L = e ©2)

The above solution is of front like nature and in this case also we have five Noether’s
symmetries. The underlying Lagrangian (2) is again a physically important one.
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43 Case3:1=0

One may note that in the limit A = 0, Eq.(1) becomes the modified Emden equa-
tion/second order Ricatti equation which is another Liénard type system which pos-
sesses several interesting properties. Interestingly, this system also admits a time
independent Lagrangian and Hamiltonian. In the following, we present the Noether’s
symmetries and their associated constants of motions.

The Lagrangian associated with the MEE equation is,

1

L=—+——. (93)
ki + &2
Solving the determining Eq. (83) with A = 0, we get
kx* 9 0 ,  ktx*\ 9 0
Xi=x————, Xo=xt—+|(x"—— | —, Xz=—,
ot 3 ox ot 3 ) ox ot
kt’x 0 k*t?x3\ 9
Xy=|t——— | — 2x — ktx? —,
4 ( 2 > ar T ( ¥ ot g ) ox
X< — Kt3x  kt*\ 9 (1 2ktx " K2x? B3\ o 94)
U8 6o 3 6 54 ) ox

Substituting each vector field into (81) we obtain the following integrals of motion,

3x (=3x + ktx? + 31%)2
I =t————, b= - ,
kx2? 4 3% (kx2 4 3%)2
J_ DO 0 — 2702 4 ki) + 6k1x? (6 + ki?E) + 904(6 + ke?)
3= (kx2 + 3%)2 ’
(18 — 6ktx + k2t2x2 + 3kr2%) 6% + kx2
(kx> + 3x) (kx+ 4 3x)

One can easily check that out of the five integrals of motions two are independent
and the remaining three can be expressed in terms of the first two, namely

1
L=1I1} L=NLL, Is= 5(14 —kI}). (96)
We can construct a general solution of the form

W= 6¢ — 1) 97)

12 —2Lkt+ 1)’

using /; and /4. This case also admits five Noether’s symmetries and so the
Lagrangian (93) is physically important for A = 0 in Eq. (1).
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5 Telescopic Vector Fields

Telescopic vector fields are more general vector fields than the ones discussed so
far. The Lie point symmetries, contact symmetries and A-symmetries are all sub-
cases of telescopic vector fields. A telescopic vector field can be considered as a
A-prolongation where the two first infinitesimals can depend on the first derivative of
the dependent variable [10, 20, 26]. In the following, we briefly discuss the method
of finding telescopic vector fields for a second-order ODE. We then present the
telescopic vector fields for Eq. (1).
Let us consider the second-order Eq. (1). The vector field

9 9 9 9
0O _ (€] 2 98
R R T Y- ©8)

is telescopic if and only if [26]
§=6@x.0), n=n@tx5), ¢V =cV x50 (99)
with ¢ ® given by

¢ + xD[&] — DIn]
n —x&

t@ = D[t V] — ¢ DIE] + V=¢85,  (100)

where ¢ is the given equation (X = ¢ (¢, x, xx)).
To prove that the telescopic vector fields are more general vector fields, let us
introduce two functions g; and g; in the following forms, namely

ot R = A X — ) . X —m
gi(t,x,x) = - , &t x,x) = ————.
n—x§ n—x§

(101)

We can rewrite the prolongations ¢V and ¢® using the above functions g; and g,
as follows:

¢V = DIyl — ¥DIE] + (g1 + £20)(n — X&), (102)
¢@ = D[¢V] — ¢xDIE]+ (g1 + g20) ¢V — ). (103)

The relationship between telescopic vector fields and previously considered vector
fields can be given by the following expressions [10, 26],

V=00 4 (g1 + g20)(n — x8), (104)
@ =1? + (g1 + £0) P — ¢8). (105)

In the above vector fields if we choose g = g» = 0 and E)? + n)% = 0 we get the
Lie point symmetries. The choice g; = g» =0 and Sf + n)% # 0 gives the contact
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symmetries. To get A-symmetries, we should choose g; # 0 and Sf + n)% =0.Asa
consequence it can be considered as the more general vector field.

Hence the unknowns to be solved in Eq. (32) can also be (&, 1, n'*'!) by expressing
A in terms of (£, n, n™11). In other words, if the given equation admits the telescopic
vector field, then it satisfies the following invariance condition

99 ¢ C(l) ¢ ;(2)
0x

§5, T (106)

In the above expression, £, n and ¢V are three unknown functions which we need
in order to write the telescopic vector fields of Eq.(1). Since the above expression
has three unknowns, it is very difficult to find them systematically. For this purpose,
we assume & = 0 and the remaining two unknown functions can be obtained in the
following way. In this case, Eq.(106) turns out to be

nf;_¢ N {m% _® . (107)
X 0x

By assuming suitable ansatz for 1 and ¢V we can find the telescopic vector fields
associated with Eq. (1).

51 Casel: ) =0

For simplicity, first let us consider the case A = 0. Assuming the ansatz

_ao +box +cox® ) an +bnx 4 ek’
(dor + eqr )™ (d1 + en1x)"

. (108)

for nand ¢ " and substituting them into Eq. (107) and solving the resultant expression
we find the following telescopic vector fields for the case A = 0:

@ = 9x Kl N 9% — 3kx2 9 I8kxk 0
(kx2 +30)2 9x  (kx243%)2 0% (kx2 +3x)2 3%’
Gy = — 18x(ktx® 43tk —3x) 9 6(kx? — 3%)(kex* + 3t —3x) 9
(kx? 4 3%)3 dx (kx? + 3x)3 9x
36kxi(ktx? +3t% —3x) 9
(kx2 +3x)3 x’
@ - —81tk (ktx — 2) — 27x(ktx(ktx —6) +12) &
- (kx? +3%)3 ax

9( k122 + kx2(ktx(ktx — 8) + 18) — 18%) 9
(kx2 +3%)3 9%
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N 18k (k2tx3 (315 + x) — 3kx(=312%2 + 4txx + x2) — 9% (1% — 3x)) Kl

(kx2 + 3%)3 ax’
18(kix —3) 0 6k(x(kix —6) —3tx) 8  18k(kx(2tx +x) —3%) 9
94 = T 5 A9 A B o B P
(kx2 +3%)2 dx (kx2 + 3%)2 x (kx2 + 3%)2 A%
18% 8 2kx(kx24+9%) 8 2k(kZx* + 6kx2% —9%2) 9
-QS = ) 2 A ) 5 iy ) 5 - (109)
(kx2 +3%)3 dx (kx2 +3%)3 ox (kx2 +3%)3 9%

The above telescopic vector fields also satisfy the invariance condition (106) with
the choice A = 0. To find the solution from the above admitted telescopic vector
fields, one has to follow the standard order-reduction procedure. Let us consider the
telescopic vector field £2;. The corresponding Lagrange system can be written as

dt dx dx
0T o T ik (110)
(kx2+3x)? (kx2+43x%)?
Solving the above set of equations, we get the characteristics as
kx? + 3x
W=t and v = = T (111)
3x
From the above expression, we get 2’—; as
dv 5
— =" 112
I v (112)
Solution of the above equation is given by
! (113)
V= .
u — Il
Substituting (111) into (113) and rewriting it, we get a first-order ODE
Likx — kt 3
ke —kix+3) _ (114)

3(I; — 1)

Integrating the above equation, we get the general solution of (1) for the choice 2 = 0

as
6(1; — 1)

—61, + 211kt — kt?’

x() = (115)

where I} and I, are the integration constants.
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52 Case2:1>0

99

As we did in the previous case, here we obtain the following vector fields for the

case A > 0:

o _ O/ ikxsin(/7r) — 3hcos(Van) o
= @)? ax
. 3VAsin(/A) 9% — k222 + 3ki) + 187kx cos(v/ar) 8
(a)? 9%

. 9( cos(vAN (3% — k222 + 3ki) — 2v/kx (2% + ki) sin(/An) &

()2
9(/kx cos(vir) + 3hsin(v/in) @
- (@)2 ax

3VReos(VAn O — k2% + 3ki) — 183k sin(v/ir) @
()2 9%

h =

. 93 sin(v/in (3% — k2x2 + 3k%) + 18V3kx (2% + k) cos(v/Ar) 9

(@)?
18V 3 (@x cos(2vV/ir) — 3vA(2kx2 + 3%) sin(2Vir)) 8
()3 ax
_ S4dxsin@y/ind; — 6V cos2v/inay 9
()3 ax

. 18(VAx cos@Vanby + Asin@vine) 8
(@)3 9%’

3 =

o 36v/3k2 (kx sin(v/ar) — 3V/2 cos(vVAn) (kx2 + 35) cos(v/ar) + 3v/ax sin(W/ir) 9
4 = 2

(@)?

. 545k2x cos2v/An)dy + 183Kk2x (95 + k2x2 + 9kx) + 6v/Ak2 sin(2vVina; 9

()3
18v/3k2 (x sin(@v/ar)by — V3 cos@Var)er +Vier) 9
(a)3 %’
16235 9 18ix(9% + k2x2 +9kx) 9 18%ie; 9
()3 ox ()3 X (w)3 9y’

25 =

(116)

where a; = (—k3x* + 9%k (3hx? + x2) + 27%), by = (=922 + 2k3x2% + k2(Thx?
+ 6x2) + 30kx), ¢ = (—k3x* 4+ 6k2x2x + 150kx? + 9%kx2 + 9rx),dy = k(kx? +
%) — 3% and e; = (kK°x* + 6k*x2% + 9rkx? — 9kx? — 9Ax). The above telescopic
vector fields also satisfy the invariance condition (106). To find the solution from
the above admitted telescopic vector fields, one has to follow the standard order-
reduction procedure. Let us consider the telescopic vector field §25. The correspond-

ing Lagrange system can be written as

dt dx dx

0 - 162)x T 18ax (k2x24+9ki4+91)

T (K2x243ki+92)3 (K2x243kxi+92)3

(117)
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Solving the above set of equations, we get the characteristics as

(118)

81v/3(k*x* + 3kx + 91)°
u=t and v =log .

V (k2x2 + 6kx + 92)°

From the above expression, we get ‘;—r = 0. So the function v itself acts as a first
integral. Then the integral /; takes the form

[ 8IVBUN? 4 3ki + 92)°

= (119)
: V (k2x2 + 6kx 4 92)°

Rewriting the above expression for x and integrating it we obtain the general solution
as in Eq. (88).

5.3 Case3: ) <0

For the case A < 0, we get the telescopic vector fields by following the procedure
discussed in the case A = 0. The telescopic vector fields are given by

9ke®2! 3 4 arkx) 0

o= (a)? dx
+3ke“2f(9(—i)3/2 + agk?x? + 6hkx — 3agks) 3
()2 9%
N Ohke®2! (932 — k3 x? (azx + 2%) + k?x(9ar i — Thx) + 3hk(Sarx +3%))
(3% + agkx)(a)? ax’
9%ke® D (arkx —31) 8
27 = 5 —
() ax
N 3ke®2(71 Qarh + ay (—k*)x? + 63kx + 3azki) 3
(a)? ax
N 9hke®2(D (932 + k3x?(agx — 24) — kK2x(Thx + 9apk) + 30k(3t — Sapx)) @
(Bh — azkx)(a)? ax’
@ = - 18k26292! (ap k2 x3 + 63kx2 + 3askxi + 9(—1)3/2x + 9ix) Kl
(@) ax
+6k2e2“2f(a2k3x4 + 90k — 9k(Bazhx? — hxk + api?) — 27A0x + apd)) 9
()3 ax
N 18k2¢202! (k3x3 2ar — x) + kxby + 3hkey + 922 (f —apx)) 0
(@)3 i’
18k2e 292! (qyk2x3 + 3kx(apk — 2Ax) — 9A(aax + X))
‘T (@) ax

N 6kZe 202! (—ark3x* + 97k2x3 + 9k Barix? + Axx + ari?) 4+ 27h(axx — Ax)) 0
()3 3%
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18k2e= 202! (—k3x3 (Ax + 2a0%) + k2xdy + 3ikey + 922 (arx + %)) 0
" (@3 S
729735 9 8IA3x(9h +kZxZ +9kx) 0 8l1ide; o

(@)3 ox ()3 % ()3 ok

Q5 = — (120)

where a, = \/j, by = (Tashx® + 6Axx + 6a2x2), ¢ = (5Ax% + arxx + 3x2),
sdy = (1(=1)3?x? + 6Axk — 6a2%%), €3 = (5hx? — apxk + 31%). Here also one
can check that the above telescopic vector fields satisfy the invariance condition
(106). To find the solution from the above admitted telescopic vector fields, one
has to follow the standard order-reduction procedure. Let us consider the telescopic
vector field £2;. The corresponding Lagrange system can be written as

dt dx . dx 191
0 _ OkeV T (k/=Rx430)  3keVH (k2 y/=ax2+6krx—3ky/—Ai+9(=1)3/2) | (2D
(K2x2+3kx+92.)2 (kx> 3ki+91)?
Solving the above set of equations, we get the characteristics as
k/=Ax? 4+ 3Ax 4+ 3/—Ak
u=tand v= . (122)
9/ —AA — 3kAix
From the above expression, we get Z—; as
dv kv v
— =3VAl—=—+=). 123
du ( 3 * 3) (123)
Solution of the above equation is given by
el
Substituting (122) into (124) and rewriting it we get a first-order ODE,
D= % 4 92) — xeV M (k/—x + 31
it (kx” +9%) —xe? Tlkvymrx +30 (125)

3V —=A(eVM — elik)
Integrating the above equation, we get the general solution of (1) for the choice 2 < 0

as
3V —A(—eltk + 2¢ €2V =)
kQ2c1e2V= 4 elik — 26*/—7’)’

x(t) = (126)

where I} and I, are the integration constants. Obviously the solution (126) can be
rewritten in the form (92).
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6 Conclusion

In this paper, we have reviewed four different kinds of symmetries for the Liénard
type nonlinear oscillator Eq. (1). It has already been shown that this equation exhibits
three different kinds of dynamics depending upon the sign of the parameter . Based
on this earlier result we have divided our analysis into three categories while study-
ing the symmetries of this equation. To begin with, we have considered Lie point
symmetries of this equation. We have derived the general solution for all the three
regimes by considering a vector field in each one of the cases. We then considered
A-symmetries approach to this equation. As we noted earlier, we carried out this
calculations for the A = 0 case and demonstrated the applicability of A-symmetries
approach in establishing the integrability of this equation. We have then studied the
Noether’s symmetries of (1) for the parametric choices A > 0, A < 0 and A = 0.
The underlying Lagrangian is of non-standard type. However in all the three cases,
we found maximal number (five) of Noether’s symmetries for the Lagrangian (2).
Recently it has been proposed that the physical Lagrangian for a second order differ-
ential equation should be the one which admits highest possible number of Noether’s
symmetries. Our results indicate that even though the Lagrangian is of nonstandard
type it can be considered as a physical Lagrangian since it admits maximal number
of symmetries. Finally, we have constructed telescopic vector fields for Eq. (1) in the
parametric regimes A > 0, 4 < 0 and A = 0. The method of finding general solution
from telescopic vector fields is also explained. Thus we have shown the utility of
symmetry analysis in solving the nonlinear ODEs of Liénard type.
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Symmetries of Equations with Nonlocal )
Terms Doeckic

Sergey V. Meleshko

Abstract An approach for applying group analysis to equations with nonlocal terms
is given in the presentation. Similar to the theory of partial differential equations, for
invariant solutions of equations with nonlocal terms the number of the independent
variables is reduced. The presentation consists of reviewing results obtained by the
author with his colleagues related with applications of the group analysis to equa-
tions with nonlocal terms such as: integro-differential equations, delay differential
equations and stochastic differential equations. The proposed approach can also be
applied for defining a Lie group of equivalence, contact and Lie—Bécklund transfor-
mations for equations with nonlocal terms. The presentation is devoted to review the
results where the author took a part.

Keywords Lie group + Symmetry + Invariant solution - Integro-differential
equation + Delay differential equation + Stochastic differential equations

1 Introduction

Equations describing real phenomena in mathematical modelling take various forms,
such as ordinary differential equations, partial differential equations, integro-diffe-
rential equations, functional differential equations and many others. The algorith-
mic approach of group analysis was developed especially for differential equations.
Applying it to equations having nonlocal terms presents some difficulties. The main
ones of these arise from the nonlocal terms.

In applications of group analysis to equations with nonlocal operators it is
necessary to use successive steps, as for partial differential equations. The first step
involves constructing an admitted Lie group. Since the definition of an admitted Lie
group given for partial differential equations cannot be applied to equations with
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nonlocal terms, this concept requires further investigation. Notice that even for par-
tial differential equations the notion of an admitted Lie group needs to be discussed:
there are three definitions of the admitted Lie group. The first part of the presentation
is devoted to a discussion of these definitions. This discussion assists in establishing
a definition of an admitted Lie group for differential equations with nonlocal terms.

As for partial differential equations, an admitted Lie group of equations with non-
local terms is a Lie group satisfying determining equations. In contrast to partial
differential equations the admitted Lie group does not have the property of mapping
any solution into a solution of the same equations, although the method developed for
constructing the determining equations used this property. In practice the algorithm
for obtaining determining equations is no more difficult than for partial differen-
tial equations. The main difficulty consists of solving the determining equations.
Since this depends on the properties of the Cauchy problem, the method of solving
determining equations also depends on the nonlocal equations studied.

Because the method and some its details are given in [1, 2], the present manuscript
is devoted to review the results obtained by the author with his colleagues after 2010.
It should be noted that the review does not include results of other authors. References
of papers of other authors can be found in the original publications.

1.1 Short Review of the Approaches

As mentioned the main difficulty in applications of group analysis to integro-
differential equations arises from the integral (nonlocal) terms present in these equa-
tions. There are several heuristic ways for overcoming this difficulty. Among these
ways the following are pointed out:

(1) finding a representation of an admitted group or a solution on the basis of a
priory assumptions;

(2) studying a system of moments — the method of moments;

(3) transforming the original equations into differential ones.

The first approach supposes an a priori choice of the form of symmetries or
solutions on the basis of some assumptions. This approach is the simplest and the most
efficient. For example, the well-known BKW-solution of the Boltzmann equation
was found in this way. For the Boltzmann equation this approach was also applied in
[3, 4]. The main problem in this approach is to discover a representation of an
admitted group (or solution).

In the second approach (the method of moments) the original system of integro-
differential equations is reduced to an infinite system of differential equations (system
of moment equations). For a finite number N of equations of this system, containing
a finite number of terms, the classical group analysis (for differential equations) is
applied. Then the process of taking alimit N — oo is carried out. The first application
of this approach for finding an admitted Lie group was done in [5], and then it was used
for one of the models of the Boltzmann equation in [6, 7]. There are some problems



Symmetries of Equations with Nonlocal Terms 107

in the application of this approach. One of them is that, for some equations, the
construction of the moment system is impossible. Another problem with the moment
system is the infinite number of equations that are involved.

In the third approach, as previously, initial integro-differential equations are trans-
formed into differential equations. After that a classical algorithm of group analysis
is applied to the differential equations. In this way there are the same problems as in
the previous approaches.

For a complete description of group properties of equations with nonlocal terms it
is necessary to use successive approaches of group analysis: constructing determin-
ing equations and finding their solutions. Such an approach for integro-differential
equations was started developing in [3, 8]. Details of this developing are summarised
in [2]. The present paper is devoted to discussion of our results obtained after pub-
lishing [2].

1.2 Revisiting Group Analysis of PDEs

For understanding the method for finding admitted Lie group of equations with

nonlocal terms and compare it with the classical method of finding admitted Lie group

of partial differential equations it would be useful to revisit the classical algorithm.
Consider differential equations

D (x,u, p)=0. (D

Here and further x = (x, x2, ..., x,) is the set of independent variables, u =

(u',u?, ..., u™) is the set of dependent variables, @ = (&1, ao, . .., ) is a multiin-

dex, p is the vector of the partial derivatives p, = % For the multiindex
1 0Xp"...0X,

« the following notations are used || = a1 + a2 + -+ o, @, j = (a1, ..., 0j_1,

o + 1,41, ...,a,), fora =0onehas pj = u/;fora; = lando; =0, (i # j)

it is denoted by o = j.
In one of definitions, a one-parameter Lie group of transformations

x=f'xuia), u= f"(x,u;a) 2
with its infinitesimal generator
X =" (x, u)d + E% (x, u)dy,.
is called admitted if it satisfies the equations:
XL Pis =0, 3)

where X is the prolongation of X:
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Xp =X+,

with the prolongation formulae

{p%k:{pé—pé,likéx’, i=1,2,....,n; j=12,...,m; |a|=0,1,...,N —1).

It is necessary to clarify here the following two questions.

1. How were the determining Eq. (3) found?
2. What is a meaning of |S.

1.2.1 Derivation of Determining Eq. (3)

Let u = up(x) be a solution of Eq.(1). Applying the Lie group of transformations,
one obtains the transformed function

ug(x) = fU(g(x, a), uo(g(x, @), a),
where the function x = g(x, a) is a solution of the equations
X = f*(x,uo(x), a).

Assuming that the transformed function is a solution of the same system of differential
equations, one requires that

P (X, uq(X), pa(x)) =0, “4)

where p,(x) are derivatives of the transformed function u,(x). An alternative form
of Eq.(4) is

@ (f*(x, uo(x), @), f"(x,uo(x), ), fP(x, up(x), po(x),a)) =0, ®)
where the functions f7 are obtained by prolonging the Lie group (2) on the derivatives

p. Differentiating the latter form (5) with respect to the group parameter a, and setting
a = 0, one derives the classical form of determining Eq. (3)

X1 P (x,up(x), po(x)) = 0. (6)

Whereas differentiating Eq. (4) with respect to the group parameter a, and setting
a = 0, one derives the alternative form of determining Eq. (3)

X1p® (x, uo(x), po(x)) =0, )

where the operator
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Xip =X, —&D,,

is a canonical Lie-Bicklund operator equivalent to the generator X .

1.2.2 Discussion of the Meaning |S

According to the derivation of the determining Eq. (3) or (7) the sign | S means that the
determining equations are satisfied for any solution of the equations @ (x, u, p) = 0.

For many systems of differential equations (for example, Cauchy—Kovalevskaya
type) this condition coincides with the meaning that the determining equations are
considered on the manifold defined by the equations @ (x, u, p) = 0 or their prolon-
gations: for the determining Eq. (3) the manifold is @ (x, u, p) = 0O; for the deter-
mining Eq.(7) the manifold is defined by @ (x, u, p) = 0 and D, @ (x, u, p) =0,
i=12,...,n).

If a system of differential equations (1) is not involutive it can produce new equa-
tions. If one requires to derive determining equations equivalent to the Eq.(3) or
(7), then the new equations has to be added to the original system of equations.’
The analysis of a Cauchy problem allows one to simplify determining equations by
splitting them with respect to parameter derivatives.

2 Definition of Admitted Lie Group for Equations
with Nonlocal Terms

Let
D(x,u,p)=0

be a system of equations with nonlocal terms. For deriving the determining equa-
tions for the latter equations it is more convenient to use the alternative to classical
approach, where the variables (x, a) are considered as the independent variables,

P (X, uq(X), ug(¥)) = 0. ®)

As for partial differential equations, differentiating the latter equations with
respect to the group parameter a, and setting @ = 0, one derives the equations:

Xrp® (x, up(x), po(x)) = 0.

!One of the well-known examples of noninvolutive system of partial differential equations is the
system of the Navier—Stokes equations. Although it should be mentioned that the solution of the
determining equations of the original system of the Navier—Stokes equations and of the system
extended by the equation making the system of the Navier—Stokes equations to be involutive do not
change the admitted group.



110 S. V. Meleshko

Formally we write them as
X1p®Pis =0, )

where derivatives in the operator Xz are considered in the Frchet sense, and |S
means that the equations X;p® = 0 have to be satisfied for any solution of the
equations @ = 0.

In the process of deriving the determining Eq.(9) it was assumed that all steps
defined above are feasible. Whereas the computation of the determining Eq. (9) does
not require this.

Definition A Lie group of transformations (2) satisfying the determining Eq. (9) is
called a Lie group admitted by equations with nonlocal terms @ (x, u, p) = 0.

Example (Barba’s equation) Here is an example demonstrating computation of the
determining equations.

Consider the equation
y()Y'(x) =y (y(x). (10)

The Lie group defined by the generator

X =8, y)dc +n(x, y)dy
is admitted by Eq. (10) if it satisfies the determining equation

cXrp (Y)Y (x) —y (y(x) = (n(x, y(x)) — ¥y (0)&(x, y(x))) ¥ (x)
Fy () (nx (x, y(x)) + ¥ ()ny (x, y(x)) = y" ()& (x, y(x))
=y () (Ex (x, y(0)) 4+ ¥ ()& (x, y(0))) — (n(x, y(y(x))) — ¥ (y(0))E(x, y(y(x)))
+y' () (n(x, y(x)) — Y (0)E(x, y(x)))) .

3 Methods for Solving Determining Equations

Determining Eq. (9) are still nonlocal. In contrast to differential equations there are
no general algorithms of their solving. As for partial differential equations, deter-
mining equations of some types of nonlocal equations can be simplified by splitting
them. The splitting depends not only on a type of equations, but also on their form. In
particular, splitting delay differential equations is similar to the splitting the determin-
ing equations of partial differential equations, whereas for some integro-differential
equations the splitting cannot be applied. Similar to partial differential equations the
algorithm for splitting is defined by the existence of a solution of a Cauchy problem.
Moreover, for equations for which splitting cannot be applied, a choice of arbitrary
elements in solving a Cauchy problem can assist in their solving.
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In this section we demonstrate several methods of solving determining equations
of different types of equations with nonlocal terms.

3.1 Expanding Coefficients of an Admitted Generator
in Taylor Series

Usually the coefficients of admitted generators are assumed to be sufficiently smooth.
In particular, one can suppose that they are analytic. Using a particular class of initial
data and the latter assumption allow one to expand determining Eq.(9) in Taylor
series. This provides equations for coefficients of the Taylor series. Solving these
equations, one finds the general solution of the determining equations.

First application of the above presented method was given in [3],> where the
Fourier image of the spatially homogeneous and isotropic Boltzmann equation was
analyzed. Later this method was applied to different population balance equations
[9, 10].

3.2 Using Arbitrariness of Integral Terms

Arbitrariness of the initial data of a Cauchy problem allows one to use their for
splitting integro-differential equations. First application of this method was used in
analysis of group properties of one-dimensional motion of viscoelastic media [11].
Recently this method was applied for group analysis of integro-differential equations
describing stress relaxation behavior of one-dimensional viscoelastic materials [12],
and then equations of a linear thermoviscoelasticity [13, 14].

3.3 A Method of Preliminary Group Classification

The classes of equations arising in science usually have undefined functions (arbi-
trary elements). The presence of these functions in the equations requires group
classification with respect to them. The complete solution of the group classification
problem is a nontrivial task. Nevertheless, for many equations with vanishing arbi-
trary elements the group analysis method has been applied. This analysis can assist in
group classification of the equations with nonvanishing arbitrary elements. In [15] an
approach for using this approach for the group classification of equations with nonva-
nishing arbitrary elements was proposed. The proposed approach was demonstrated
not only by partial differential equations, but also by integro-differential equations
and delay differential equations.

2Details can be found in [1, 2].
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4 Symmetries of Integro-Differential Equations

Initially the discussed method was considered for integro-differential equations.

4.1 The Boltzmann Equation and Its Models

First application of solving determining Eq.(9) was presented in [3], where the
Fourier image of the spatially homogeneous and isotropic Boltzmann equation [16]
was considered:

1
@i (x, 1) + o(x, (0, t)=f p(xs, Dep(x(l —s),1) ds.
0

Using particular class of initial values, the general solution of the determining equa-
tion was found. Detailed review of the results related with the applications of the
group analysis to the Boltzmann equation one can find in the recent publications
[17, 18].

4.2 Population Balance Equations

Many chemical processes, including crystallization, aerosol formation, polymeriza-
tion, and growth of cell populations, are best described by the population balance
equation (PBE).

In [19], the following one-dimensional homogeneous population balance equa-
tion, used for batch crystallization units, was considered

of gaf_
“or te 9L

a o0
o _ —cg/ fLYdL.
at 0

0,
(11)

where ¢ denotes the time, c is the solution concentration, L is an internal coordinate,
the characteristic length of the particle (it can also represent age, composition, or
other characteristics of an entity in a distribution depending on the system being
modelled, although this may alter the mass balance equation), f (L, ¢) is the proba-
bility distribution representing the number concentration of particles of a particular
size, L, at the time 7 (this is commonly known as the population density).

It was found that the infinitesimal generators admitted by Eq. (11) form the three-
dimensional Lie algebra L3 spanned by the generators
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T I6 S Y I B S SN I I D BV
= _— _ _— —C—’ =/— — — ———C—’ = —.
R Y af g ac P et glaf g oac T

(12)

All invariant solutions determined by this Lie algebra were considered in [19]. Anal-
ysis of the reduced equations is provided there.

In [9, 10], the PBE for continuous systems involving aggregation and crystal
growth with one internal coordinate x and one external coordinate y is studied

e,y 9 _0.
T_ ax[Gf(X,y,t)] 3y[zf(xﬂy’t)]
%[ K(x—z,zmx_z,y,of(z,y,t)dz—f(x,y,r)/ K(x,2)f(zy,0dz,  (13)
0 0

where ¢ denotes the time, f is the one-dimensional population density function, G
is the growth rate function. The spatial velocity is defined as the rate of change
of position on the y-axis with respect to time ¢. Different kernels K (x, y) and
functions G and Z are considered. In particular, for the general homogenous ker-
nel K (ax, ay) = «” K (x, y), and constant G # 0 and® Z =0, Eq. (13) admits the
infinitesimal generators

9 9 3 3
Xi=o0 Xo=x— it —Q+y)fo

ot 0 ot of (14)

For the case of k = 0, 1, 2 the general solutions of the determining equations were
derived by the method of expanding coefficients of an admitted generator in Taylor
series. The method of preliminary group classification also was applied extending
Eq. (13) by a nonhomogeneous source (sink) term.

4.3 Viscoelastic Materials with Memory

The research in [12—14] deals with a linear viscoelastic models of homogeneous,
aging materials with memory.*

In [12], the considered model describes the stress relaxation behavior of one-
dimensional viscoelastic materials (allowing aging). The system consists of two
partial differential equations and an integral equation:

Vi =0y, ¢ =V, p0) =e +/ H(t,t)e(t) dt, ¢'(0) # 0. (15)
0

3Notice that if Z is constant, then using an equivalence transform it can be reduced to zero.
4Group analysis also was applied to other viscoelastic and nonlocal elastic models [20-22].
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In this system time ¢ and reference position x are independent variables, while the
stress o, the velocity v, and the strain e are dependent variables, H (¢, t) is the kernel
of relaxation, and ¢(o’) is a smooth function of the stress.

Using the method of splitting applied in [11], the determining equations defining
the admitted Lie group of system of Eq. (15) are solved. The solution gave us a com-
plete group classification of Eq. (15) with respect to the function ¢ (o) and the kernel
H (¢, 7). The group classification separates all models into three classes: (a) the lin-
ear function ¢(0) = Eo; (b) the function ¢ (0) = e exp(yo) + B, (ay # 0); (c) the
function (o) = ac? + y, (@B(B — 1) # 0). Along with the group classification,
representations of all invariant solutions and reduced equations are constructed in
[12].

The results obtained in [13, 14] extend the study of [12] to the motions of ther-
moviscoelastic materials

Cox =V, e =V, O =wy,
t t
o = Ee +/ G(t,s)e(s)ds — 60 —/ L(t,s)0(s)ds, (16)
0 0

t

w=e +/ L(t,s)e(s)ds +6 +/ c(t,s)0(s)ds.
0 0

Here ¢, x are the independent variables, the o, v, e, 6 and w are the dependent
variables, while E is constant, G (¢, s), L(¢, s) and c(t, s) are relaxation functions.

Complete group classification of Eq. (16) is given. The study is separated into four
different cases. It is shown that in each case, the general solution of the determining
Eq. (16) corresponds to the Lie algebra with the generators

cX| =0y, Xo=v0,+00, +¢€d,+ 0 +wo,,

17
X(Jt = )\txav + )\ttao + )\xxae + /’Lzaé‘ + /’Lxx8Wa ( )
where A(f, x), u(t, x) are solutions of the system
t t
Chip — Edyy + it — / G (2, $)Axx(s)ds +/ L(t,s)u(s)ds =0,
0 0
(13)

t t
Mxx — )\xx - M — [ L(t’ S))"xx(s)ds - f C(t» S),bL,(S)dS =0.
0 0

Notice that A(7, x) = tx, u(¢, x) = 0 is the trivial solution of system (18), and deter-
mines the generator
X;=0,.

Using the two subalgebras { X, X»} and {X|, X», X3}, two classes of partially invari-
ant solutions of Eq. (16) were studied.
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4.4 Evolutionary Integro-Differential Equations Describing
Nonlinear Waves

One of the most general evolution equations used in nonlinear wave physics is
[23, 24]:

(ux — Uy — th)t = Uyy + U,

00 (19)
w:/ K (s) u(t—s)ds.
0

Here the variable ¢ is the time, and x, y, z are the spatial Cartesian coordinates.
The coordinate x is distinguished as a “longitudinal” one. It coincides with a pre-
ferred orientation of the wave propagation. Other coordinates y, z are identified as
“transversal” ones.

The paper [25] provides a first step in application of the Lie group analysis to
Eq.(19). The analysis of the determining equation for the integro-differential equa-
tion allows, in particular, to single out a class of kernels used for deriving mathemat-
ical models in medical applications of ultrasound [26].

For particular kernels the integro-differential equation (19) becomes a partial dif-
ferential equation or a delay partial differential equation. In these cases the complete
group classification of Eq. (19) was obtained. Complete study of particular cases is
given in the paper. Along with admitted Lie groups, representations of exact solu-
tions and reduced equations are constructed in the paper. Solutions and a physical
interpretations of some of them are presented in [25].

4.5 Kinetic Equation in a Nonlinear Thermal Transport
Problem

In [27] an application of group analysis for finding and classifying analytic solu-
tions of the electron kinetic equations in a nonlinear thermal transport problem is
discussed. An electron kinetic model is formulated by keeping only the first two har-
monics in the expansion of the electron distribution function, f, = fo 4+ wnfi, where
W is the cosine of the angle between the electron velocity vector and the plasma inho-
mogeneity direction (x direction). The following set of kinetic equations for f, and
f1 corresponds to the diffusive approximation in a one-dimensional inhomogeneous
plasma with immobile ions:

c3for +vfie = EV )y = 3Cee(fo, fo) =0, 20)

VfOx - é‘ava + Uei(V)fl = Os
where & = e¢E/m, E is the ambipolar electric field defined by the quasineutrality
condition for the zero electric current,
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o0
J'E/ VOA&E for — v fox)dv =0, (21)
0

and v,; (v) = 4me*ZnA/m?>v? = ZY /v? is the velocity-dependent electron—ion col-
lision frequency. The electron—electron collision term is a nonlinear integro-
differential operator,

1%

Cev = vee W0, (folf + 5 (18 + %) for) 22)

involving the velocity-dependent electron—electron collision frequency v,.(v) =
Y /v? and the first three Rosenbluth potentials

o 4w [V, o 4w [V, 0 Y A e
Iy = — v-fodv, L =— vifodv, Jo, = —v viodv.
n Jo ny 0 n v
(23)
It is more convenient to use differential consequences of the latter Eq. (23),

4 2 47 1 4
I,=—Vfo, I+==—Vf, J°% —-J%=——Vf. (24
n v n v n

In (20) and (22), the electron—electron and electron—ion collision frequencies
Vee (v) and v,; (v) depend on v and n, the second-order momentum of the distribution
function,

o0
Vee W) = knv™2,  vi(v) =kinv3,  n =4n/ v fodv, (25)
0

where k = 4mwe* A/m? and k) = kZ.
The key idea of solving the determining equations was to find the symmetry group
for differential equations (20) and (24) supplemented with the differential equalities

& =0, n,=0, (26)

which are obvious from the physical standpoint. It gave five infinitesimal group
generators of the so-called intermediate symmetry:

cX| =x0, +v0, + &g + 3no,,
X, =10, + x0y — fody, — f1dy, — Eds —ndy, X3 =10,, X4 =20,, (27)
Xs =x0x + f10y, — Ede — 21, + 2150;0 4+ 2130;0 +2J° 90 .

Verifying the invariance conditions for nonlocal relations (21) and (25) under the
group transformations given by (27) yielded additional limitations on this group
which excluded the generator Xs. Finally, admitted symmetries are defined by the
generators X, X», X3, and X4. The optimal system of one and two-dimensional
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subalgebras was constructed, and representations of invariant solutions are presented
in [27].

5 Symmetries of Delay Differential Equations

Our recent applications of the group analysis method to delay differential equations
can be separated in two groups. Results of the first group [15, 28, 29] were obtained,
where a delay considered unchangeable by admitted Lie group. Whereas in the studies
presented in the second group [30, 31] the delay is allowed to be changed under the
Lie group of transformations.

5.1 Nonlinear Klein—-Gordon Equation

The delay in the delay differential equations in all previous applications [2] of the
group analysis method to delay differential equations has been assumed to be con-
stant. In [28, 29], the group analysis of the nonlinear Klein—Gordon equation with
a time-varying delay was studied. The derived analysis is applied to the nonlinear
two-dimensional equation

Wip = ey +uyy + g, u), gau, u) # 0, (28)

where u(t, x,y) = u(t —t(t), x,y), 7(t) depends on ¢, and 7(¢) > O.

First, the determining equations for equations with a time-varying delay are
derived. Then the developed analysis is applied to Eq.(28). The complete group
classification of this equation with respect to the arbitrary function g is obtained.
All admitted Lie algebras are classified. These classifications are used for deriving
invariant solutions. Representations of all invariant solutions are also given in [29].

5.2 Delay Ordinary Differential Equations

For ordinary differential equations with a single dependent variable, group classifi-
cation (in the general case) is obtained by using the realizations of all Lie algebras
nonequivalent with respect to a change of the variables. Lie gave the classification
of all dissimilar Lie algebras (under complex change of variables) in two complex
variables. The authors of [32] ordered the Lie classification and extended it to the real
case [33]. Using differential invariants of these Lie algebras up to a studied order,
representations of ordinary differential equations were found.

Similar strategy was applied in [34] for classification of second-order delay ordi-
nary differential equations of the form
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V= fy v Yoyl (29)

where 7 > Oisaconstantdelay, y, = y(x — t)andy, = y'(x — 7). Asanonsingular
change of the dependent and independent variables is not an equivalence transfor-
mation in contrast to ordinary differential equations, for delay differential equations
the authors of [34] applied additional two steps. The following strategy was used:

(a) change the variables x and y

X=h(x,y), y=g(x, y); (30)

(b) find invariants of the Lie algebra in the space of the changed variables
(x_a _)_}7 y‘[a _)_)/5 _)_)4,,;7 y”);

(c) wuse the found invariants to form a second-order delay ordinary differential
equation.

The delay t was not allowed being changed. Applying this strategy, representations of
all second-order delay ordinary differential equations admitting a finite dimensional
Lie algebra were obtained. It should be noted here that the application of steps (a)
and (c) is a weakness of the used strategy. This weakness does not allow to direct
use of the classification obtained in [34].

Recently [30, 31] a new strategy for classification of delay differential equations
was applied. The strategy consists of use of differential invariants of the Lie algebras
[33], and allowing for the delay to be changed. Using differential invariants of these
Lie algebras up to a first order, complete group classification of first-order delay
ordinary differential equations supplemented by equations for the delay were given
in [30, 31].

6 Applications to Stochastic Differential Equations

Additional complications in applications of the group analysis method to stochastic
differential equations are due to (a) the fact that the derivative of a composition
of functions is calculated using the Itd formula, unlike in the case of deterministic
equations; (b) stochastic differential equations contain integrals of two types (Itd and
Riemann).’

5The determining equations are derived by equating the integrands of each of the integrals. It requires
justification. Necessary and sufficient conditions for this justification were obtained recently in [35].



Symmetries of Equations with Nonlocal Terms 119

6.1 Symmetries of Stochastic Fluid Dynamics Equations

6.1.1 Determining Equations

On a complete probability space (§2, %, P) consider the stochastic Cauchy problem

e =via+ [ Aepd+ Y [ Biepao. (=Tm
fo i—1 fo
: 31)

where

Ai(t’ y) = Ai(t1 y,V(t, y)’v}’k(tv y)’v}’kyz(t’ y))v Bl](l3 )’) = B”(ts y,V(L )’)),

w(t) is a vector of m independent standard Wiener processes, v(ty, y) = vo(y) a
vector of random functions, ¢ € [fy, T]and y = (y1, ..., yy)T € RN.Itis assumed
that the set of Lie group of transformations belongs to the class of the change of the
dependent and independent variables

r=a(t), y=h(,x), v=g(,x,u), (32)

where the functions «(¢), h(¢, x) and g(t, x, u) are locally invertible with respect to
t,x and u.
The determining equations defining an admitted Lie group have the form

X(A"—ul) =0, (33)
Y pij 1 ij § kj s ul
X B +§B-7¢,—;B e =0 (34)

where ‘
X =Y ()d, + &% (1, x)y + ¢ (1, X, u) B,

is the infinitesimal generator of the group. The coefficients of the prolonged operator
X of the generator X are the same as for differential equations except the coefficients
¢ which are related with the derivatives u':

=3 (Ajl/fz + AL+ % 2. (Z Bf'"B“’) ;;,-uk) :

j=1 k=1 \o=1
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6.1.2 The Gas Dynamics Equations

Group properties of stochastic gas- and hydro-dynamics equations were analyzed in
[36].
Consider the gas dynamics partial differential equations with stochastic part,

P +upy + pu, =0,
pr +upy + ypu, =0, (35)
du = — (uu + %px) dt + B(t, x, u, p, p) dW(t).

The stochastic part, determined by the function B(¢, x, u, p, p), can be interpreted as
a stochastic external force. This function presents an arbitrary element for the group
classification of Eq. (35).

Applying the operator X to Eq.(35) and substituting p, = —(upy + puy), p; =
—(up, + ypu,), one obtains the determining equations:

?Z(pz + upx + puy) =0,

X(p; +upx + ypu,) =0, (36)
~ | -
X [(—uux - ;px) - ur] =0,

~ B

XB+ v — B' =0. (37)

For the group classification of Eq. (35), one can apply the algebraic approach used
in [37]. This approach is performed in two steps. First, one finds the general solution
of the determining Eq. (36). For y # 3 this solution gives that

X =X+ Xy +c3X3 + Xy + c5Xs5 + c6Xe
where ¢;, (i =1, 2, ..., 6) are arbitrary constants, and

X1 =x0, +ud, —2p09,, X, = 0;, X3 =10, —ud, +2p9,, (38)
X4 = 0y, X5 = t0y + 0y, X6:p8p+p8p.
The generators X;, (i = 1,2, ..., 6) compose a six-dimensional Lie algebra Ls. On
the second step, using a subalgebra of the Lie algebra L which provides the constants
¢;, one solves Eq.(37).
Similar studies were given for the two-dimensional Navier Stokes stochastic par-
tial differential equations,
du' =[ul . +u,, — @l +u’ul + pe)]di + B dW (1) + B2dW(1),
du* = [ufml + ufm - (uluil + uzufc2 + px,) | dt + B2dW' (1) + BRdW(1),
uy +ui =0.
(39)
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where B = B (t,x,u, p),1 <i, j <2.

These studies demonstrated a first experience in application of the group analysis
method for constructing invariant solutions of stochastic differential equations of the
gas and hydro dynamics.

6.2 Trajectory Approach

In [38] a new approach for application of the group analysis method to one-
dimensional stochastic ordinary differential equations was proposed. Using this
approach, the problem of group analysis of stochastic differential equations reduces
to the same problem for an ordinary differential equation whose right-hand side gen-
erally depends on the path of the Wiener process. The reduction to the analysis of
ordinary differential equation is based on the following result derived by F.S.Nasyrov
in [35].

Let on the probability space (£2, F, (F;)o<;<7, P) be given a Brownian motion
W(t),t € [0, T]. Consider the stochastic differential equation

t

u(t) = ug +/ b(s, u(s))ds +/ o(s,u(s)) xdW(s), t € [0, T], (40)
0 0

where the second integral on the right-hand is a stochastic Stratonovich integral. We
assume that the coefficients b(s, ¢) and o (s, ¢) satisfy the following conditions (C
and D are constant):

(1) the condition of linear growth: |b(t, ¢)| + |o (t, $)| < C(1 + |P|);
(2) the Lipschitz condition: |b(t, x) — b(t, y)| + |o (¢, x) — o (t, ¥)| < D|x — y|;
(3) o2(t,¢) > 0,V € [0, T].

These assumptions ensure the existence and uniqueness of the Cauchy problem of
Eq. (40). Furthermore, condition (3) can be used to determine for every ¢ the function
¢*(t, v) which is inverse to the function

dod
v=y(t,<1§)=/0(t 3%

It has been proved in [35] that a solution u(¢) of Eq. (40) has the structure:
u(t) = ¢*(t, W(t) + C(1)), (41)

where the deterministic function ¢* (¢, v) was defined above, and the smooth function
C (1) is the solution of the Cauchy problem

C'Hy=Ht, Wt +C@),  ¢"(0, W(0) + C(0) = uo, (42)
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and

H(t V) . b(t’ ¢*(t7 V)) - (¢*)t(ta V)
e o (1, p*(t, v)) ‘

Thus, one considers the Lie group admitted by Eq. (42). These transformations
have the form 7 = f (¢, a), C = h(t, C, a) under which Eq. (42) becomes unchange-
able:

C'(H) = H(, C(7) + W (7)), (43)

where

C() = h(f (i, —a), C(f(T, —a)), ). (44)

6.3 Linearization of Systems of Two Second-Order Equations

Linear stochastic ordinary differential equations play a role similar to that of linear

equations in the deterministic theory of ordinary differential equations. However,

the change of variables in stochastic ordinary differential equations differs from

that in ordinary differential equations due to the Itd6 formula. The transformation of

nonlinear stochastic ordinary differential equations into linear ones via an invertible

stochastic mapping proves to be useful in obtaining the closed form solutions.
Consider the system of two second-order SODEs,

dX = fi(t, X, Y, X,Y)dt + g1(t, X, Y, X,Y) dW 45)
dY = H(t, X, Y, X,Y)dt +g.(¢t, X, Y, X,Y)dW,

where f; and g;, (i = 1, 2) are deterministic functions and dW is the infinitesimal
increment of the Wiener process. System (45) is said to be linear if the functions
fi and g; are linear functions with respect to variables X and Y and their respec-
tive derivatives. For the linearization problem one considers the class of equations
equivalent to linear equations with respect to the change of variables

xi=9lt,x,y), pr=ep,x,y,p,q); 1=yt x,y), q=v20,x,y,p,q)
(46)
with
A= %% - @ywx #0,

In [39], the complete solution of the linearization problem of systems of two
second-order stochastic ordinary differential equations is presented. Necessary and
sufficient conditions for linearization by an invertible transformation are given in
terms of coefficients of the system. Some illustrative examples are provided. More-
over, a code using REDUCE for checking whether a system of two second-order
stochastic ordinary differential equations is linearizable has developed.
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A Note on the Multiplier Approach )
for Derivation of Conservation Laws oo
for Partial Differential Equations

in the Complex Domain

R. Naz and F. M. Mahomed

Abstract We study the conservation laws of scalar partial differential equations
(PDESs) with two real independent variables in the complex plane. The complex PDE
is splitinto a system of two real coupled or uncoupled PDEs. We invoke the multiplier
method for the derivation of conserved quantities for the complex PDEs and their split
systems. The approach is applied to both variational and non-variational complex
PDEs. The decomposed complex multipliers of the complex PDE yields two real
multipliers for the related split system in the real plane. The multipliers of the split
system are derived by utilizing the multiplier method. The multipliers of the split
system are compared with the multipliers of the complex PDE after decomposition of
the complex multipliers. It is demonstrated that the split multipliers of the complex
PDE are not in general the same as the multipliers of the decomposed system of
real PDEs. They are shown to be identical when all the multipliers of the complex
PDE have either pure real or imaginary parts. We moreover look at the number of
conserved vectors that arise by a complex split and from the real system by use of
the multipliers.

Keywords Multiplier approach + Complex domain - Conservation laws

1 Introduction

Conserved quantities are of significance in the study of differential equations and
their applications. There are different approaches in the construction of conservation
laws and these are discussed in [1]. The direct construction method as presented in
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[2, 3] can be invoked for the determination of conserved quantities for both variational
and non-variational equations. Complex symmetry analysis for ordinary differential
equations (ODEs) in the complex domain are investigated in [4-6]. Recently the idea
of hypercomplex analysis of ODEs was initiated in [7]. The symmetries for complex
partial differential equations (PDEs) and their decomposed systems are studied in [8].
It was shown that the split Lie-like operators of the complex PDEs are in general not
symmetries of the decomposed system of real PDEs. Also a proposition provides for
when the Lie-like operators are indeed Lie symmetries of the decomposed system [8].
A complex variational method for the variational PDEs was developed by Naz and
Mahomed [9]. It was shown that the decomposed conserved vectors of the complex
PDE were identical to the conserved vectors of the decomposed system of real PDEs
for coupled systems whereas these were different for the uncoupled split system [9].

Here we study complex PDEs with two real independent variables which are
variational and non-variational. The complex PDE is split into a system of two real
PDEs. The multiplier approach is utilized for the derivation of the conservation laws
for the complex PDEs and their split systems. The split of the complex multipliers
of a complex PDE yields two real multipliers for the associated decomposed system
in the real plane. The multipliers of the split system are derived by utilizing the
multiplier approach as well. The multipliers of the split system are checked against the
multipliers after split of the complex multipliers of the complex PDE via examples.
It is shown that the decomposed multipliers of the complex PDE are not in general
identical with the multipliers of the decomposed system of real PDEs. We show them
to be identical when all the multipliers of the complex PDE have either pure real or
imaginary parts.

The paper is organized in the following manner: in Sect. 2, we provide the multi-
plier approach for the complex PDEs and their decomposed systems. In Sect. 3, we
establish the conservation laws for several complex PDEs and their decomposed sys-
tems. We investigate both Lagrangian and non-variational complex PDEs. In Sect. 4,
the concluding remarks are presented.

2 The Multiplier Approach: Complex and Real Domains

Suppose we have the rth-order complex PDE
E(t,x, w, w, way, Wy ..., we) =0, (1)

where ¢ is the time, x is a real independent variable, w is a complex-valued function
of x and ¢ with the coordinates w = u + iv and w, being the rth-derivative of w
with respect to x. Equation (1) decomposes into a system of two, real coupled or
uncoupled, PDEs
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EI(LX, u, v, Ur, VU, Uy, V), UQ2), V(©2)s -5 Uy, U(r))

-0,
Ez(t»-xs U, v, Ug, Ve, U1y, V), U@2)s V@2)s---5 U, v(r)) =07 (2)

in which E = E| + i E>.
1. A conserved vectors for (1) satisfies

D,T' + D,T* = 0. 3)
By setting TV = R/ + i1/, we have that

D,R'+ D.R*=0
DJI'+D,JI*=0 4)

and thus (R', R?) and (I', I?) are two conserved vectors for the decomposed system
2).

2. Suppose that Eq.(1) has a complex multiplier A depending upon the usual
dependent, independent variables and derivatives of the dependent variables up to
certain fixed order. The complex multiplier satisfies

AE = D,T' + D, T? (5)
where T! and T2 are conserved vectors of the complex PDE (1). Equation (5) splits
into

A'E, — A’E, = D,R' + D, R? (6)
A'E, + A’E, = D,I' + D, I?
where A = A! + iAz, Al(t, X, U, U, Uy, Uy, Uy, Uy, ...) and Az(t, X, U, U, U, Vg, Uy,
Uy o vn).
3.Let (T, T?) be aconserved vector for the decomposed system (2). For multipli-
ers of the form Al (z, x, u, v, u;, vy, Uy, Uy, ...)and A2(¢, x, u, v, Uy, Vs, Uy, Uy, ...),
we have
A'E, + A’E, = D,T' + D, T?. (7)
4. From Egs. (6) and (7) we observe that if
A=A A% —A? (8)

then the real part of the conserved vector for Eq. (1) is the conserved vector for the
decomposed system (2). Similarly, Egs. (6) and (7) yield

AZ=A" A=A 9)
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so that the imaginary part of the conserved vector for Eq. (1) is the conserved vector
for the decomposed system (2).

3 Applications

In this section, we invoke the multiplier method for the derivation of conservation
laws for several complex PDEs and their decomposed systems for both Lagrangians
and non-variational problems. The applications include the nonlinear spherical KdV,
the Maxwellian tails equation, the Boussinesq equation and the wave equation in the
complex domain.

3.1 The Nonlinear Spherical KdV Equation in the Complex
Domain

Consider the nonlinear spherical KdV equation in the complex domain
w
w; + 6wwx + Wyxx + 7 = 0, (10)

where w = u + iv and ¢ is the time. It is a non-variational problem. The multipliers
of the form A (¢, x, w) for (10) are

A =t, Ap) =1*w, Ag) =tx +6t*(1 —Int)w. (11)
For the multipliers (11), we have the following conservation law fluxes:
T! = rw, T} = 31w’ + rw,,,
T; = lt2u)2, T% = 212w + Pww,, — l12w2

2 20 Y
T} = tw[x + 3tw(l —In1)],

T3 = *(1 — Int) (12wt + 6ww,, — 3w?) + 3w’tx + txw,, — tw,.  (12)
If we consider higher-order multipliers we obtain the same conserved vectors as

in (12).
Equation (10) splits into the following coupled system

E, =u; + 6uu, —6vv, + i,y + ; =0,

E) = v, + 6vu, + 6uv, + vy + ; =0. (13)
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By setting A(j) = A(ll-) + iA(2]-) in (11) yields the following split multipliers:

1 2
A(l) =1, A(l) =0,
Al =1Pu, A} =1y,
Al =tx + 671 —Intu, A% =6t*(1 —Int)v. (14)

By using T9 = R/ + i1/ in (12), we have

Rl =tu, R} =1(u* —3v* +u,,),
Il =tv, I? = t(6uv + v,,),

2
RE=2 (2 - v?),
1 1
R% = ¢? <2u3 — 6uv’ — Eui + Evi 4+ utty, — vv”) ,

121 = tzuv, 122 = t2(6u2v — 203 + UVyx + Vilyy — uxvx),

R; =3r(1 —In t)(u2 —v?) + rxu,

R =1*(1 — Int)(12u® — 36uv? + 6uu,, — 6vv,, — 3u’ + 3v?)

+3rxu’ — 3txv? — tu, + XUy,

131 = 6t2(1 —Int)uv + txv,

132 =:>(1—1n t)(36u2v — 1203 4 6uv,, + 6V, — 6u,vy)
+O6tXUV — TV, + TX V. (15)

The multiplier approach on the decomposed system (13) gives the following six
multipliers:

Al =1, AL, =0,

Ay =0, AL =1,

Aé) = tzu, Aé) = —tzv,

AE4) = tzv, A?4) = tzu,

Alsy = 6ut’Int —tx, Af = —6vi*Int,

A%G) = 6vt’lnz, A%6) = 6ut’Int — tx, (16)

and the corresponding conserved vectors are

T! =tu, T} =tGu® — 3v* + u,),
T) =tv, TF = t(6uv + v,,),
2
t

T31 — E(MZ _ vZ)’
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5 Ux
T4l = 2uv, T42 = 12(614211 -2+ UVyy + Vil — uxvx),
Td =3t Int(u? — v?) — txu,
T3 = 2 In(t)(12u” — 36uv?® + 6utt,, — 6VV,, — 3us + 3v7)
—3xtu’ + 3x1v> + tu, — txUy,
T6l = 6t>uvint — txv,
T2 = Int (36u’v — 120° + 6uv,, + 6vu,, — 6u,v,)

—61 XUV + tvy — EXVyy. (17)

1 1
T32 =12 (—6uv2 +2u® + Uy, — Eui — VU + —v2,> ,

The split multipliers are different from the multipliers of the decomposed system but
they satisfy (8) or (9). It is of value to see that R = 67} — T: and I = 6T, — T,
wherei = 1, 2. For the nonlinear spherical KdV equation, the split conversed vectors
are indeed conserved vectors for the decomposed coupled system as they should be.
We have used the GeM package [10, 11] for computation of the multipliers and
conservation law fluxes.

3.2 The Complex Maxwellian Tails Equation

Next we consider a variational problem. We apply the multiplier method on the
complex Maxwellian tails equation. It decomposes into a coupled system of two
real PDEs. From Table 1, we observe that the split multipliers are different from the
multipliers of the decomposed system. The split conversed vectors are conserved
vectors for the decomposed coupled system.

3.3 The Complex Boussinesq Equation

We apply the multiplier method to the fourth-order Boussinesq equation in the com-
plex domain. From Table2, we observe that the multipliers are purely real. The
multipliers of the decomposed system and the multipliers after split of the complex
multipliers of the complex Boussinesq equation are the same as all the multipliers
are purely real. Also, the split conserved vectors of the complex Boussinesq equation
are identical in number to the conserved vectors of the decomposed system of the
real coupled PDE:s.

For the complex nonlinear spherical KdV, the complex Maxwellian tails equation
and the complex Boussinesq equation the decomposed system of PDEs is coupled.
We see that the split conserved vectors of the complex PDE are the same number
as the conserved vectors of the decomposed system of real PDEs in the case of the
coupled system for both Lagrangian and non-variational problems.
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Table 1 Multipliers and conserved vectors of the nonlinear complex and split Maxwallian tail
equation

The Maxwellian equation: w;, + wy + w2 =0

Complex multipliers and conserved vectors Split multipliers and conserved vectors

A(ll) =euy, A%l) = e,
Rll = %e”(u% )
R% = %62’(u3 — 3uv?)
I]1 = ey v,
1} = %62’(31421) -3
A1 2= 2 (u + uy + xuy),
A%z) =2 (v + v; + xvy)
R2 = e2’[%(u3 —3uv?)
+Lun, — Tovy + 3@ — 03]
R% = e2’[x (u3 3uv?)
+%uut — —vv, + u, — —vt]
= eZt[§(3u v — )
+%vux + %uvx + XUy vy ]
= ez’[%(S’uzv —v¥)
—|—1vu; + luv, + usve]
AES) =3 (u +uy), A(S) =+

Anpy = eXw,

1 _ 12122_12t3
T, wy TT = ze“w

A(z) = €2t(w =+ w; + wa)
T% = 62’(%11)3 + %wwx + %xw?c)
T% = e”(%xw3 + %ww, + %wtz)

R} = M3 3 - 3uv?)

+%uux — —vvx]

Ag) = (w4 wy) R% = 63’[—1(14 —v?)
T%—e3’(1w3+ 1wwx) +%uu,f%vv,+%u, ffv,]

T2 = 3 (-] I =5 GuPv —v3)
+%vux + %uvx]
132 = e3’[—%uv

+3vup + Suv, + upv,]

qwi4 3 ww[+ w,)

Uy + ity +u? — 02 =0, v + v +2uv =0
Multipliers for the split system

Conserved vectors for the split system
T]1 = %62’(14)2( —v)
T2 = 12 — 3uv?)
T21 =Xy v,
T22 = %ez’(3u2v —v?)
T3l = e2’[%(u3 —3uv?)

A(ll) = ey, A%l) = —e?y,

A(lz) = ey, A%Z) = e?u,

A(IS) =2 (u + u; + xuy)

—l—%uux - %vvx —+ %(u% —2)]
T2 = 2% w3 — 3uv?
A(23) = —e% (v + v + xvy) | 3 . 3 (1 )
+ouus — 50 + ju, — —v,]

T} = e[ GBu?v —v3)

Algy = €0+ +xv0), Ay =
¥ (u + up + xuy)

+lvux + luvx + Xty vy]
T4 = ¢? (3u v—13)
+§vuz + 2uv[ + usvy]

(continued)
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Table 1 (continued)
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The Maxwellian equation: w;, + wy + w?=0

Complex multipliers and conserved vectors

Split multipliers and conserved vectors

A(IS) =+ uy), A%S) = -+

T} =M1 = 3uv?)
—|—%qu - %vvx]

2 3 1
T2 =[5 u? —v?)

1 1 1,2 1.2
+yuu; — 300 + su; — 5071

Al

o ="+, Al =e¥(u+u)

T6l = e3’[%(3u2v -3
+%vux + %uvx]
13 = ¥ [—Juv
+ 3o, + Yuv, +upv,)

Table 2 Multipliers and conserved vectors of the nonlinear complex and split Boussinesq equation

The Boussinesq equation: wy; — wyy + 3wwyyx + 3w2 + wyyxy =0

Complex multipliers and conserved vectors

Split multipliers and conserved vectors

1 _ 2 _
Ap =1 4 =0
Rl1 = u

Am =1 R? = —3vvy + 3utty + tyry — U
Ti = Wy T% =3Wwy + Wyxy — Wy b ’ ’ x;xl )
=
112 = 3MUX +3MXU + Uxxx — VUx
1 _
A<22) =t
A =1 1 A =
Tl__w+tw R2:—u+zu,
2 ! R? =t Buuty — 300y + ttyry — Uy)
T2 _3 B 5 = X X XXX X
7= WWy + fWyxx twy 1
I, = —v+tv
122 = t(3uvx + 31)14}5 + Vyxx — UX)

A(}) =X
T; = xwy
T% = 3xwwy, — %wz

FW + XWyxy — XWyx — Wyx

1 _ 2 _
A =x A =0

R% = Xu;

R% = —3xvv, — %uz + 3xuu, + %vz +u
FXUyxx — XUy — Uy

131 = Xy

132 = 3xuvy + 3xvuy — 3Uv + XVyxx

+V — XUy — Uxy
1 _ 2 _
A(4) = xt, A(4) =0
A = xt Ri = —Xxu + xtu;
- R? = —3xtvvy — 21u® + 3xtuu
T}‘:—xw + xtw; 4 T2 *

Ti = 3xtww, — %th

Ftw + XTWyxx — XTWy — FWyy

+%tv2 +tu A+ XFUyxx — XTUx — TUxx
141 = —Xv + Xxtv;

If = 3xtuvy + 3xtvu, — 3tuv
+XtVxxx + 1V — XtV — tUxx

(continued)
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Table 2 (continued)
The Boussinesq equation: wy; — wyy + 3wwyy + 3w2 + Wyyry =0

Complex multipliers and conserved vectors Split multipliers and conserved vectors

Upp — Uyy + 3utiyy — 3vvyy + 3”)2( — 3vf F Uyyxx =0
Ut — Uxx + 30Uy + 3uvyy + 6ty Uy + Vyyxxx =0

Multipliers for the split system Conserved vectors for the split system
Al =1, A% =0 n =
M= 2o TP = —3vv, + 3utty + ey — Uy
=0, AL =1 L=u
(2) @~ T7 = 3uvy + 3uyv + Vxax — Uy
Al):[ T} = —u+tu,
(3) =0 T32 =t QBuuy — 30Uy + Uyyx — Uy)
—o. A T41=—v+tv,
Aty T7 = t (Buvy + 30Uy + Vyxy — Vy)
T51 = Xuy
A(ls) X, A(S) =0 T52 = —3xvv, — %u2 + 3xuuy + %vz +u
FXUyxx — XUy — Uxy
T61 = Xxv;
(6) =0, A(ﬁ) =x T62 = 3xuvy 4+ 3xvuy — 3uv + XVxxx
UV — XUy — Uxx
T71 = —Xxu + xtu;
A(17) = xt, A%7) =0 T72 = —3xtvv, — %tu2 + 3xtuu,
+%tv2 Ftu+ Xty — XUy — FUxy
Tg1 = —Xxv + xtv;
(8) =0, A(g) = xt Tg2 = 3xtuvy + 3xtvuy, — 3tuv
F XtV xx F 1V — XTIV — tUxy

3.4 The Complex Wave Equation

We apply the multiplier method to the wave equation in the complex domain. From
Table 3, we see that the decomposed multipliers are different from the multipliers
of the decomposed system. In this split case we obtain more conserved vectors.
The conserved vector (7!, T72) is not deduced from the split conserved vectors of the
wave equation with dissipative terms in the complex domain. Thus if the decomposed
system is uncoupled, the conserved vectors for the decomposed system and split
conserved vectors are not generally one to one. The arbitrary functions « (¢, x) and
B(t, x) satisfy the wave equation with dissipation.
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Table 3 Multipliers and conserved vectors of the nonlinear complex and split wave equation with

dissipation

The wave equation with dissipation: w;; + w; = wyy

Complex multipliers and conserved vectors

Split multipliers and conserved vectors

Aqy =e'wy
T} = —cwyw, T2_ 5€ (w, + wg 2)

A(ll) =eu,, A%l) = el

Rl = e (—usuy + vivy)
R} = te'u? +u? —v? —1?)
11l = —e' (uyv; + usvy)

I3 = €' (ugvy + uyvy)

Ap) = te' Qu; + w)
Té = —%e[(wt2 +w? + ww,)

T% = e’(%wwx + wywy)

Azz) = %e’(Zu, +u),

A%z) = ;ef(zv, +v)

Ré:—je (uu,—i—ut—i-u —vvt—v, 2)
R% = 2e T(uiy + 2ty — VVy — 20,Vy)

12 = —je "(vuy + uvy + 2u,v, + 2u,vy)

122 = %e’(vu,C + 2ux vy + uvy + 2u;v5)

Ap = %e’(2xw, +xw + 2twy)
T, = —1e' (vw? + xw?

+xww; + 2twywy)

T2 = Le' (tw? + tw?

Fxwwy + 2xwyw; — %wz)

A(l3) = %e’(qu, + xu + 2tuy),
Aé) = %e’(va, + xv 4+ 2tvy)

R3l 1e’(xuut + xu? + 2tuguy
+xu§ — Xvuy —xvt — 200y — xv2)

R% le (tu, + xuuy + 2xu[ux + tu
—tvtz — XVUy — 2XV; Uy — tv + 2uz)
131 = —ie (xvu, + xuvy

+2xu v + 2tuy v + 2tup vy + 2xU50x)
132 = %e’(xvux + xuv,
+2tusvr + 2xux v + 2XU Uy + 2tUx Uy — UD)

Ay = el
T, = ¢/ (@w; — ayw)
T2 = ¢! (—awy + o w)

Agl =ae', Aé =0

Rl = e (au; — ayu)

R2 = ¢! (—auy + +uay)
I) = el (v, — vay)

12 = e (—av, + vay)

Uy +up — Uy =0, v + v — Ve =0

Multipliers for the split system

Conserved vectors for the split system

A(ll) = —uye', A%l) = vee

T]1 =e'(—uuy + vivy)
T? = Je' (u? + u? —v? —v?)

A(lz) = v, A%Z) =u,e

T2I = —e" (uyv; + ugvy)
Tzz = e' (v + uxvy)

A(13) = %(u + 2u;)e!

T3l = —le’ (uu; + u,2 +u?
—vy; — v, 2)

A(23) = %(v + 2vy)e!

T32 = 1@ (uuy + 2usy — VU — 20;0y)

T =—let(v vr + 2upvp + 2uyv
A}4) — %(v+2vt)et’ A(24) — %(u+2u,)e’ 42 26’( uy + uvy + 2urv; + 2uyvy)
Ty = je f(vuy + 2ux vy + uvye + 2uvy)
T51 = —%e’(xuu, + xu? 4 2tu,u,

Al

(5) = —%(xu + 2xu; + 2tuy)e

+xu)2c — Xvvy — xv,2 — 2tvrvy — xv)%)

(continued)
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Table 3 (continued)
The wave equation with dissipation: w;; + w; = wyy

Complex multipliers and conserved vectors Split multipliers and conserved vectors
T52 = %e’(tu,2 + xuuy + 2xusuy + tu?
—z‘v,2 — XVUy — 2XV; 0y — tvz + %vz — %uz)

Ay = 3 (xv 4+ 2xv + 21v,)e!

T} = -1 + xuv, +2
A(16) = %(xv + 2xv; + 2tvy)e’ 6 2¢ (xvuy + xuve + 2xurvy
+2tu,vp + 20U vy + 2XUL V)
T2 = Lot 2t
A%()) = %(xu + 2xu; + 2tuy)e 6 = 2¢ (xvuy + xuve + vy
+2xuxv; 4+ 2xUrVx + 2tUxVx — UDV)
! = 2¢! (—uv, + vuy)
1 _ 2 7 t t
Ay = ve', AG) = —ue'

T-,2 = 2e! (uvy — vuy)

T = e (ayu — au
AL=ael, A2 =0 o )
v =e (—uoy +auy)

T,gl = e (Brv — Bur)
Tﬂz = et(_vﬂx + Bux)

Al =0, Aj = ge

4 Conclusion

A complex PDE was decomposed into a system of two real PDEs. The multi-
plier method was investigated for the derivation of conserved quantities for an
rth-order complex PDE and their decomposed systems for both Lagrangian and
non-Lagrangian systems. The multipliers of the decomposed system were derived
by utilizing the multiplier method. The multipliers of the decomposed system were
not in general identical to the multipliers of the decomposed system of real PDEs.
We have shown the result when they are the same. We finally concluded that the
decomposed conserved vectors of the complex PDE were identical in number to the
conserved vectors of the decomposed system of real PDEs in the case of the coupled
system for both Lagrangian and non-Lagrangian systems. For an uncoupled decom-
posed system all the decomposed conserved vectors were not in general one to one
with the conserved vectors for the decomposed system of real PDEs.
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The Calculation and Use of Generalized m
Symmetries for Second-Order Ordinary gk
Differential Equations

C. Muriel, J. L. Romero and A. Ruiz

Abstract New relationships between generalized symmetries, commuting symme-
tries, and generalized 4"°° —symmetries for second-order ordinary differential equa-
tions are established. The sets of solutions of the respective determining equations
are interrelated, which provides new strategies for solving them. Particular solutions
of these determining equations can be appropriately combined in order to provide
first integrals and Jacobi last multipliers for the equation.

Keywords Differential equation - Generalized symmetry - First integral - Jacobi
last multiplier

1 Introduction

In many of the cases where an exact solution of a differential equation can be found,
some type of symmetry for the equation is involved. Symmetries are usually defined
through some transformations of variables that leave a given differential equation
invariant. For instance, Lie point symmetries of an ordinary differential equation
(ODE) are related to point transformations locally defined in the space of the inde-
pendent and dependent variables of the ODE which map solutions into solutions [1,
4, 13-15]. If the transformations are allowed to act not only over the independent
and dependent variables but also over their derivatives, new classes of symmetries
appear. This is the case, for instance, of contact symmetries and of generalized (or
dynamical) symmetries. The more general the admissible transformations are, the
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more symmetries will exist, but the more difficult it will be to find and use them to
integrate the equation [15].

It is well-known that Lie point symmetries always exist for first-order ODEs,
although there is no systematic way to find all of them. Something similar happens
to contact transformations for second-order ODEs: contact symmetries always exist
but, in general, they cannot be found explicitly. In order to find particular solutions
of the corresponding determining equations it is usual to assume some ad hoc ansatz
and check if it leads to some solution. Whereas Lie point symmetries can be used
to reduce the order of a given ODE in a systematic way, a similar procedure does
not apply for contact or generalized symmetries. In fact, applications of generalized
symmetries are very rare in the literature and most of the examples are concerned
only with systems of ODEs derivable from a Lagrangian.

This paper is devoted to establish some relationships between several mathemat-
ical objects related to a given second-order ODE such as generalized symmetries,
commuting symmetries, first integrals, 4’°>° —symmetries, Jacobi last multipliers etc.
As a consequence, by using some of these objects, several integration procedures
can be combined.

In Sect. 2, after fixing the notations and collecting some basic notions and pre-
liminary results, it is considered the concept of equivalence between generalized
symmetries that lets to restrict our study to a special subclass of generalized symme-
tries. This is initially justified in Sect. 3 through Theorem 2: a first relation between
commuting symmetries and generalized 4> —symmetries [7, 11] is stated, and it is
used later to derive important properties of the structure of the sets of solutions of
the determining equations for both commuting and generalized 6°° —symmetries.

In sect. 4 we investigate how to find some solutions to any of the determining
equations for commuting and generalized ¢ >°—symmetries by using solutions of
several equations related to the differential operator associated to the given ODE.
In particular, it is shown how some solutions to these equations can be combined in
various ways to provide first integrals and Jacobi last multipliers of the equation.

The theoretical results have been supplemented throughout the paper by several
examples that, for the sake of clarity, have been chosen to show the many different
integration strategies that can be followed combining some of the mentioned objects.
Although some of the presented equations could also have been solved by classical
methods, the procedures used in this paper are completely different and provide new
strategies of integration, which can be used even for equations lacking Lie point
symmetries.
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2 Generalized Symmetries and Generalized
¢ *° —Symmetries

2.1 Notations and Some Concepts on Symmetries

Throughout this paper M will denote an open subset of the space of the independent
and dependent variables (x, u) of the second-order ODE

uy = ¢(x,u,uy), (D
where u; denotes the derivative of order i of u with respectto x, i = 1, 2. Let
A= {0, u,ur,up) € MP 2wy = ¢x, u, up)} ()

denote the manifold on M@ defined by (1). The restriction of the total derivative
operator D, to A determines the vector field A = 9, + u 9, + ¢ (x, u, u;)9,, asso-
ciated to (1).

In what follows in this section, we provide some basic definitions and results
for three different concepts of symmetry for an equation (1). Some relationships
between these concepts will be studied in Sect. 3.

A.- Tt is well-known [1, 13—15] that the ordinary differential equation (1) admits
a Lie point symmetry with generator v = &(x, u)d, + n(x, u)d, if and only if

vP(uy — ¢p(x,u,u1)) =0 mod. ur = $(x, u, uy), (3)

where v denotes the standard 2nd-order prolongation of v. Equivalently, v is a Lie
point symmetry of (1) if and only if

[vD,A] = —A®)A (4)

holds [15].
B.- The generalized symmetries of (1) are generalized vector fields

V=80, u, u)oy +nx, u,u1)dy ®)

such that (3) holds. These symmetries can also be characterized as the vector fields
(5) such that

[vg>, A] — —A®) A, 6)

where VS) denotes the restriction of vV to A.

C.-Letv==E&(x,u,u;)dy +n(x,u,u;)d, be a generalized vector field and let
Ao = ro(x, u, u;) be a smooth function. The pair (v, X¢) is called a generalized
(MDY —symmetry (or briefly, a €>° —symmetry) of equation (1) if the first-order
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Mo—prolongation of v [7, 11]
VPRl = v (A + 20) (1) — (A + o) (E)uy ) Ouy (7)

verifies
[V A = g - VI OT— (A4 20) () - A (®)

This is equivalent to the following invariance condition:
[20. )] _ — —
v (uz —¢(x,u,up)) =0 mod. uy =d(x,u, up). )

The original concept of (standard) ¥ °°—symmetry [7] refers to the case when the
infinitesimals & and 7 of v do not depend on u;. In this case, the operator A can be
replaced by D, in (7). It is also clear from (4), (6) and (8) that Lie point (resp. gen-
eralized) symmetries correspond to standard (resp. generalized) 4 °°—symmetries
such that 1y = 0.

2.2 A-Equivalence

It must be observed that if (5) is a generalized symmetry of the equation (1) then,
for an arbitrary smooth function ¢ = ¢(x, u, u;), the generator V(Al) 4+ (x,u, u)A
is also related to a generalizaed symmetry of the equation(1); in particular, V(Al) -
E(x, u,u;)A corresponds to a generalized symmetry of the equation such that the
coefficient of 9, is null. To getrid of this degree of freedom, we consider the following

equivalence relationship:

Definition 1 We will say that two generalized vector fields Vi, V, on M1 are

A—equivalent, and we will use the notation V, 2 V,, if and only if the vector fields
A, V., V, are linearly dependent over € (M 1).

The concept of A—equivalent vector fields can be translated to ¢°°—symme-
tries by considering their first A—prolongations: two ¢ *°—symmetries (v, A;) and
(v2, A) of (1) are called A—equivalent if ng"(l)] and ngz,(l)] are A—equivalent
according to Definition 1. We refer to [11] for a detailed description of the significance
of this notion.

Ifv ==&, u,u)d, +n(x,u,u)d, and (v, Ag) is a €°°—symmetry of (1), it can
be checked [11] that v*o-(D] hag the form

V[ko,(l)] — Q(au)[)n(l)] + %—A’ (10)

where Q = n — &u, is the characteristic of v and

A=ig+ 2D (11

Q
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It can be proved [11] that this function A satisfies the equation
A + 2% = ¢y + Ay, (12)

and conversely, if A satisfies (12) then (9,, A) is a €°°— symmetry of (1). As a con-
sequence of (10), the vector fields v/*- (D1 and (3,)™* (V1 are A—equivalent. The pair
(4, 2) is also a € —symmetry of (1) which will be called the canonical represen-
tative of the A—equivalence class corresponding to (v, X¢); this canonical represen-
tative is uniquely defined by (11).

3 Relationships Between Generalized Symmetries
and Generalized 4 °°—Symmetries

In this section we derive several characterizations and relationships between the
concepts considered in Sect. 2.

3.1 Commuting Symmetries

Let us recall that the evolutionary form of a given generalized symmetry v =
E(x,u,u)dy +n(x,u,u)d, of (1) is the vector field vp = Q9,, where Q =
n — &u, is the characteristic of v. The following properties of vy can be easily
proven:

1. vo(x) =0,

2. [vy A1 =0,

3. vy = 08, + A(Q)d,,.

4. A*(Q) = ¢, A(Q) + ¢, Q. where A*(Q) = A(A(Q)).

For the reasons considered at the beginning of Sect. 2.2, in most studies on gen-
eralized symmetries the attention is focused on symmetries whose generators have
no d, term. Let us observe that if v = &(x, u, u;)d, + n(x, u, u;)d, is a general-
ized vector field, the condition v(x) = 0 is equivalent to the condition & = 0. In
this case, v is a generalized symmetry of (1) if and only if I:VS), A] = 0. In this
paper the term commuting symmetry will refer to vector fields V on M) of the form
V=E&E,u,uy)oy +nx,u,u)d, +ni(x,u,u;)d, thathave properties similar to

those satisfied by V(Ql) . More precisely:

Definition 2 We will say that a vector field V defined on MV is a commuting
symmetry of equation (1) if V(x) = 0 and [V, A] = 0.
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For further references, we include the following proposition, which can be easily
proved by using the properties of the Lie bracket; it provides a characterization of
commuting symmetries in terms of a function f = f(x, u, u).

Proposition 1 A vector field V on MV is a commuting symmetry of equation (1) if
and only if V can be written as

V= f0,+A(f)dy, (13)
where [ = f(x,u,uy) is a solution of

AX(f) = ¢ A(f) + u f- (14)

In what follows Eq. (14) will be called determining equation for commuting symme-
tries.

Although the set of generalized symmetries of an equation (1) strictly contains
the set of commuting symmetries, next we prove that the first prolongation of any
generalized symmetry of (1) is A—equivalent to a commuting symmetry:

Proposition 2 Ifv is a generalized symmetry of equation (1) then there exists a com-
muting symmetry V which is A—equivalent to V(Al). Conversely, if V is a commuting
symmetry of (1) then there exist a generalized symmetry v such that V = V(A]) .
Proof Letv = &(x, u, uy)d, + n(x, u, u;)o, be a generalized symmetry of the equa-
tion (1) and let V(Ql) denote the restriction to A of the first prolongation of the evolu-
tionary form of v. It can be checked that

1 1
(1)

holds, which implies that v,,” and v(Ql) are A—equivalent. Since [v(Ql), A]l =0, the

vector field V = Vg) is a commuting symmetry of equation (1).

Conversely, let V be a commuting symmetry of equation (1). By Proposition 1,
wecanwrite V= [0, + A(f)d,,, where f = f(x, u, u;) satisfies the equation (14).
We define the (generalized) vector field v = f9,. Clearly vg) =V, which implies

that [v}}’, A] = 0, (i.e. v is a generalized symmetry of (1)).

3.2 Relationships Between Commuting Symmetries
and €*° —Symmetries

Let us suppose that V = f9, + A(f)d,, is a commuting symmetry of (1), where
f = f(x,u,uy) is anon-zero solution for (14). Let A = A(x, u, u;) be the function
defined by
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A(f)

A= —. 15
7 (15)

Then V can be written as V = f (9, + Ad,,) and, by using (14), we can write

A AAN)f —ANDAL)  (duf + S A — QOGS

() = =
f? r?
= ¢u + ¢u1)¥ - )\2-
This proves that the function A given by (15) satisfies

AR = by + puh — 1%, (16)

which coincides with Eq.(12) and therefore (9,,A) is a €°°—symmetry of (1)
[11]. Throughout this paper Eq.(16) will be called determining equation for 6> —
symmetries.

Conversely, let us assume that A is an arbitrary solution of (16) and let f =
f(x, u, uy) be any function such that

A(f) = Af. (17)
Then, by using (16), we can write

A*(f) = AAf) = AGS) = AW f + AA(f) = (¢u + ¢ A — A%) f +A(S)
= ¢uf +¢ul()‘f) = ¢uf +¢L¢1A(f)-

Therefore, f satisfies the second-order linear partial differential equation (14) and
the vector field V = f (9, + Ad,,) is a commuting symmetry of (1).

We have proved the result that follows, which shows the relationships between
commuting symmetries and generalized % °° —symmetries.

Theorem 1 [f (9,, 1) is a €°°—symmetry of the equation (1) then for any function
f such that A(f) = Lf the vector field

V= f(au + )\.8,41) = f(au)[)»,(l)]

is a commuting symmetry of (1). Equivalently, if A satisfies (16) and f is such that
A(f) = Af then f satisfies (14).

Conversely, if V.= f0, +A(f)0y,, is a commuting symmetry of (1) then the func-
tion A defined by (15) is such that (9, \) is a €°°—symmetry of (1). Equivalently, if
f satisfies (14) then the function ) defined by (15) satisfies (16).

Remark 1 Commuting symmetries of (1) are determined by the solutions of (14),
which is a 2nd-order linear partial differential equation. The solutions for this equa-
tion can be obtained from the solutions A and f of the first-order partial differential
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equations (16) and (17), respectively. Whereas A(f) = Af is a linear equation, the
determining equation (16) for the ¢"°° —symmetries of (1) is a quasilinear first-order
PDE. Therefore the commuting symmetries of (1) could be found by obtaining a
solution A of (16), a non null solution f for the equation A(f) = Af and by using
Theorem 1.

3.3 Form of the Solutions of the Determining Equation (14)
Jor Commuting Symmetries

It this section we analyse the form of the solutions of the determining equation (14)
for commuting symmetries.

Let f; and f> be two solutions of (14) and let V;, V, be the corresponding com-
muting symmetries. Let us suppose that the set of vector fields {A, Vy, V,} is linearly
independent. This means that

Lu, ¢
Wi ) = [ 140 =05 ack | 0. (8)
0 12 ACS)

which implies that V; is not A—equivalent to V;. Let I;, I, be two arbitrary first
integrals of A. The function f defined by f = I, fi + I, f> satisfies

A(f) =AU fi + LA(H) + AL fr + LA(f) = LA(fi) + LA(f),
A*(f) = ADA) + LA (fi) + AUL)A(f) + LA (f2)
= LA (fi) + LA*(f2) (19)
= Li(@ufi + S AD) + (i fr + i, A(f2)
=¢u(I1f1 + L f2) + o, AL f1 + I f2) = ¢ [ + i, A(f).

Therefore, f = I f1 + L, f> is also a solution of (14).

We next prove that if f; and f, are two solutions of (14) such that (18) holds then
any solution f to (14) can be written in the form f = I} fi + I, f> for some first
integrals I, I, of A. In order to motivate our proof, let us observe that in such case
we would also have A(f) = [JA(f1) + LA(f2) and Af = Al fi + Ao Lr f>, where
M =Af1)/fi1, 2 = A(f2)/f>» and A = A(f)/f. Hence, the pair I}, I, would be a
solution of the linear system

Hh + foh= f,
MAL + fol, = Af. (20)

Let us observe that, by (18), the determinant of the system (20) is W(f1, f2) # 0
and, by Cramer’s rule, /;, I, would be uniquely given by
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_ Sa—n) SO =i

— L= LT 21
102 =) 0T f0a— ) 1)

1

After this motivation that provides us with the form of the first integrals 1;, I of
A, let us proceed to the proof of the announced result.

If f) and f; are two functions such that (18) holds then, for any solution f to (14),
the functions I, I, in (21) are well defined and they satisfy f = I} fi + I, f>. Since
A, A1 and A, are solutions of (16), it can directly be checked that A(1,) = A(l) = 0;
i.e., I, I are first integrals of A.

As a consequence, the following theorem shows the forms of commuting sym-
metries and the solutions of (14):

Theorem 2 Let fi, f» be two solutions of (14) such that (18) holds and let V; =
fidu +A(fi)0u,, i = 1,2, be the corresponding commuting symmetries. Then:

1. If f is an arbitrary solution of (14) and V = f0, + A(f)0y, is the corresponding
commuting symmetry then there exist two first integrals I, I, of A such that
f=hLfi+LfyandV =1LV, + LV,.

2. Conversely, if a function f = f(x, u,u;) can be written in the form f = I, f; +
I, >, where 1, I, are first integrals of A, then f solves (14).

3.4 Form of the Solutions of the Determining Equation (16)
Jor €°° —Symmetries

Theorems 1 and 2 can be used to determine the form of the solutions of (16). Let us
suppose that A, A; and A, are three solutions of (16) such that A; # X,. Let f, fi, f>
besuchthatA(f) = Af,A(f1) = A fiand A(f2) = Ay f>. By Theorem 2, there exist
two first integrals I}, I of A such that (20) holds. Therefore

L =AY _1 L fi s, 22
= =M 2
f Lfi+hf Lfi+DLf
(22)
.y 1 —i-)»z Lp)/ify 1 o+ o,
L+ (L f2)/ (I f) L+ (L )/ fi) L1+h l+h
where & is defined by h = Iz_fz and satisfies
L fi
A(h) = Oy — A, (23)

As a consequence, the following theorem holds.

Theorem 3 Ler (9,, 1), (0,, A1) and (9,, L>) be three € —symmetries of (1). If

A —
Ay # Mg then the function h defined by h = Al

satisfies
2
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1 h

A= — A 4+ ——2
AR

2 24

and the equation A(h) = (Ay — Ay)h.

Conversely, if (8,, A1) and (3, A2) are two different € —symmetries of (1) and
h is any solution to the equation A(h) = (A, — A1)h then the function A given by
(24) is such that (9, 1) is a €°>°—symmetry of (1).

3.5 An Application of Theorem 3 to the Equations in the
Class </

In this subsection we use Theorem 3 to determine all the ¥ —symmetries (9, 1)
admitted by a family of second-order equations that has been extensively studied
in the recent literature. Such class of equations has been denoted by <7 in [8] and
contains equations of the form

s + ap (x, wut + ay (x, wuy + ag(x, u) =0 (25)
whose coefficients ay, aj, ag satisfy the following conditions [2, 8] :

S] =dly — 2a2x = 0,
Sy = (apaz + aoy)u + (a2 — ary)x + (a2y — ary)a; = 0.

Relevant properties of the equations in this class have been deeply studied
concerning, for instance, to their linearisation through both local and nonlocal
transformations, as well as to the admitted first integrals and 4>°— symmetries
[2, 8, 9].

In particular, the equations in the class 2| can be characterized as the Eq.(25)
that admit two functionally independent first integrals of the form I; = A; (x, u)u; +
B;(x,u), for i = 1,2. The associated ¢ *°—symmetries (d,, A1) and (9,, 1) are
defined by functions A and A, that are also linear in u; (see Theorem4 in [8] for
details). The search of such first integrals and ’*°—symmetries is based on the
construction of the function f = f(x) defined by

1 1
Saiy — —6112, (26)

f(x)=a0a2+a0u—2 1

which does not depend on « [8].
Letg; = g1(x), g2 = g2(x) be afundamental set of solutions of the linear second-
order ODE g”(x) + f(x)g(x) = 0. According to [8], the functions
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ai(x,u)  g(x)

)"l(xvu9u1) :_az(xfu)ul - )
2 g/l(x) 27
M, u,uy) = —ap(x, w)uy — M Zg;

are two different solutions of (16). By the other hand, it can be checked that hy =
g2/g1 solves the equation A (k) = (A, — A;)h and therefore any solution to this linear
equation is of the form

h=1.% (28)
81

where I = I(x, u, u;) is some first integral of A.

The general solution of the corresponding determining equation (16) for €*°—
symmetries is given by (24). However, it is important to observe that it can be
checked, by using the function 4 given in (28) and some simplifications, that the
general solution of the corresponding equation (16) can also be written in the form

aj(x,u) — g(x)+1g)(x)
2 g1(x) +1g(x)’

A= —ay(x,u)u; — (29)

where [ is a first integral of A.

Example 1 Asanexample of an equation in the class 7], we will consider the Morse
equation
uy +ul+1—e=0. (30)

For this equation the corresponding function (26) becomes f(x) = 1. Two inde-
pendent solutions of the corresponding linear equation g” + fg = 0 are g;(x) =
sinx, g2(x) = cos x. According with the previous discussion, two different 4> —
symmetries (d,, A») and (9,, A3) are given by the following particular solutions of
(16)

Ay = —uy +cotx and A3 = —u; —tanx, 31

which satisfy A3 — A, = —tanx — cot x. The solutions of A(h) = (A3 — Ay)h are
of the form & = I - cotx, where [ is a first integral of (30). In consequence, any
€ >°—symmetry (9,, A) of (30) is determined by a function A of the form

cosx — [ -sinx
A=—Uu+—, (32)
sinx + I - cosx

where [ is a first integral of A.
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4 Combined Use of Solutions of the Determining Equations
for Commuting Symmetries and 4 °° —Symmetries

In this section we show how some solutions of any of the Eqgs. (14) or (16) can be
used to obtain solutions of several equations related to the differential operator A.

4.1 Reductions of the Determining Equations (16) and (14)

As it has been mentioned in Remark 1, the solutions f for (14) can be obtained by
solving first the equation (16) and then by solving an equation of the form A(f) = Af,
where A is an arbitrary solution of (16). In this subsection we analyse the structure
of the solutions of equation(16) by following a strategy similar to the classical
transformation of a Riccati-type equation into a Bernoulli-type equation and a linear
one [5].

Let us assume that A1 = A;(x, u, u;) is a known particular solution of (16). It can
be checked that if A is an arbitrary solution of (16) then the function & = A — A; is
a solution of

A() = (=201 + Gu)t — 1> (33)

Conversely, it can also be checked that if u is an arbitrary solution of (33) then the
function A = & + A; is a solution of (16).

The equation (33) is a Bernoulli-type equation; if © = p(x, u, u;) is a non-zero
solution of (33) then v = 1/ satisfies the (non-homogeneous) linear equation

AWw) = 2r —¢y))v + 1. (34)

Conversely, if v = v(x, u, u;) is anon-zero solution of (34) then © = 1/visasolution
of (33).

In order to transform (34) into an homogeneous linear equation, let us assume
that vy is a particular solution of (34). It can be easily checked that a function v is
a solution of (34) if and only if the function ¢ = v — v is a solution of the linear
homogeneous equation

AQ) = Qr — ¢u))E. (35)

Let us assume that ¢; = ¢ (x, u, uy) is a particular solution of (35). Since (35) is
a linear equation, if 7 is a first integral of A then ¢ (x, u, u;) = I¢; is a solution of
(35) and conversely: any solution ¢ of (35) is of the form ¢ (x, u, u;) = 1¢;, where
I is a first integral of A.

Previous discussion shows that any solution of (16) can be expressed in terms of a
particular solution A of (16), a particular solution v; of the linear (non-homogeneous)
equation (34) and a solution of the linear equation (35):
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Proposition 3 Let Ay, v\ and ¢ be particular solutions of the equations(16), (34)
and (35), respectively. If I = I (x, u, uy) is any first integral of A then the function

1

A=——7+A 36
It + v 1 (%6)

is a solution of (16). Conversely, if A is any solution to (16) then the function I defined

through (36) as
1 1
I=— — 37
5 (A—Al V1> 37

Remark 2 There are several circumstances wherein particular solutions v; or {; of
(34) or (35), respectively, can be obtained by using several classes of solutions of
equations associated to the differential operator A of the given equation.

As an example, let us observe that if A, is a second known particular solution of
(16) then p; = Xy — Aj is a particular solution of (33). If 1, is a non-zero function
then v = 1/ = 1/(X&, — Ay) is a particular solution of (34). Therefore, if A is a
solution to (16) written in the form (36), the expression v; = 1/(A, — A;) is used in
(36) and the resulting expression is simplified then we get that the function A can
also be written as

is a first integral of A.

1 h

A2, (38)

where

h=——— 39
(A2 —ADIG %)

satisfies A(h) = (A, — Ap)h. These expressions should be compared with (24).
Conversely, if a function A = A(x, u, u;) can be written in the form (38)—(39),
where A and A, are particular solutions of (16), and / satisfies the equation A (h) =
(A2 — Ap)h then a direct calculation shows that X is a solution of (16).
Therefore, Theorem 3 could also have been proved by using the discussion in this
subsection.

Remark 3 As we have mentioned before, Theorem 3 is similar to a well-known result
for a Riccati equation [5]

Y =A@y + )y + folx). (40)

If y;(x) and y,(x) are two solutions of this equation then the general solution of the
Riccati equation can be written in a form similar to (38):

_Cn+UX)y, 1 n h
B T e Y e




150 C. Muriel et al.

where U (x) = exp (/ fz(x)(yl(x) — yz(x))dx), C is an arbitrary constant and

h=U/C.

Let also recall that another well-known property of a Riccati equation (40) is
that it can be transformed into a second-order linear equation by means of the new
dependent variable given by

u(x) = exp (— / fz(X)y(x)dX) .

At the beginning of this section we have shown that a similar result holds for the
Eq. (16), by considering the differential operator A instead of the derivative y’.

Remark 4 Let us recall that a function M = M (x, u, u;) such that
AM) = —¢, M

is known in the literature with the name of Jacobi last multiplier for (1) [12]. In this
remark we show how Jacobi last multipliers are narrowly linked to the solutions of
(14), (16) and (35).

For instance, if M is a Jacobi last multiplier for (1), A; is a particular solution of
(16) and f satisfies A(f) = Ay f, then A (f?) = 2A; f? and §; = M f? satisfies

AG) =A (Mf2) =AM f2+ MA (£2) = —¢u MF2 4201 f2M = @1 = ) MF
= (2)\1 - ¢u|)é’1-

Therefore ¢ is a solution of (35).
Conversely, let us suppose that X is a particular solution of (16) and that f, ¢
satisfy

A(f)=rf, A = Cr —du)ir.

It can be checked that
M=¢f~? (41)

is a Jacobi last multiplier for (1).
Similarly, it can be checked that if M is a Jacobi last multiplier for (1), A; a
particular solution of (16) and ¢; satisfies A(&;) = (21 — ¢y, )¢ then

172
(&
r=(5)
satisfies A(f) = A f and therefore V = f9, + A f9,, is a commuting symmetry
of (1).
Finally, let A, A, be two different particular solutions of (12), let fi, f> be two
non-null functions such that A(f;) = A; f; and A(f>) = A, f>, respectively, and let
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W (f1, f>) be the function defined by (18). Then, by using (14), it can be directly
checked that
~1
lu, ¢ 1

M=W(i, N =|]0AA =
(W(fi, ) OQ AEB HA(R) — PAT) )

- fifao( —Ayp)

is a Jacobi last multiplier for (1). This result is, for second-order ordinary differential
equations, a new version of a well-known result on the determination of a Jacobi
last multiplier when a sufficient number (the order of the equation) of symmetries is
known [12, 16].

4.2 Combining Solutions of (16)

The following theorem shows that acommuting symmetry and two different solutions
of (16) let determine the remaining commuting symmetries.

Theorem 4 Let V| = f1(d, + A10,,) be a commuting symmetry of (1) and 1, =
A(f1)/f1. Let Ly, A3 be two different solutions of (16).

1. The functions f> and f3 defined by

7 f)\.l—)\g, f — A2
= nd /
? "h — “ MY — A2

(43)

satlsfyA(fg) =M fhrand A(f3) = A3 f3, respectlvely
2. Iffz and f3 are non-null functions such that A(f>) = )szz and A(f’;) = k3fg
then the functions I, and I, defined by

_ Si(hs —Ap) L= Siha — A1)
frlhs =) F00 —23)

(44)

are first integrals of (1).
Proof By using Eq.(16), it can be checked that the functions %5, k3 defined by

AM—A AM—A
=M nd p = TR
Ay — A3 A3 — A2

2= (45)

satisfy
A(hy) = (Aa — Apha,  A(hz) = (A3 — Ahs. (46)
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Therefore, f, = h, - f1 and f3 = hs - f) satisfy

A(fr) = Alhafi) = M (ha fi) = A fo,
A(f3) = A(hs f1) = A3(h3 fi) = A2 f3,

which proves the first part of this theorem.

The second part of this theorem can be directly proved because, for instance, the
function /; given in (44) can be written as I, = f,/ fz being f> and fz solutions of
the same linear equation A(f) = A, f. A similar situation happens with I, = f3/ fs.
Alternatively, this second part is a consequence of Theorem 2, because Eq. (44) is a
consequence of (21) and the hypotheses of this Theorem.

Remark 5 Theorem4 might be used in the following circumstance. Let us suppose
that (9,, ) and (9,, A3) are two € °>°—symmetries of (1) and let v = &0, + nd,
be an additional known Lie point symmetry of (1) then, by setting f; = Q and
A1 = A(Q)/Q in (43) we obtain two functions f> and f3 such that V, = f; (al*>(V1)
and V3 = f3 (8,5*3'(1)]) are commuting symmetries of the given equation.

An example of the use of Remark 5 is given at the beginning of Example 3: a Lie
point symmetry and two ¢ °° —symmetries can be used for the direct construction of
a first integral of the equation. In our next example we consider the case where the
equation has two known Lie point symmetries and a known % *° —symmetry.

Example 2 1In this example we consider the equation
ur + 4u2u1 +u’=0. ()]

This is the second equation in the Abel chain [10]. It is known that (47) admits the
Lie point symmetries v; and v, given by

Vi = Oy, vy = —2x0x + udy. (48)

The characteristics of these symmetries are Q1 = —u; and Oy = u + 2xu, respec-
tively. The corresponding 4’°° —symmetries, written in canonical form, are (9, A1)
and (9, X,), where A and A, are given by

A 5 A _ 2 ) 5
A = ﬁ =_4u2_u_7 Ay = (02) _ (3 — 8xu)u,y XU .

(49)
01 u 0- u + 2xu,

On the other hand, it has been proved in [10] that (47) admits the €*°—symmetry
@0 23) = (80 = = 202), (50)
u

which is also admitted by any equation in the Abel chain.
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By using the first function in (43), taking f; = Q;, we can directly obtain that
the function
A=Az (A u?)(2xuy + u)

h—A3 2(xu;p +xud —u)

fo= 01 (51)
satisfies A(f2) = A, f>. Similarly, by using the second function in (43) we obtain
that

1 — Ay Guy + u?)u
s— A xup+xud—u

A
= 52
f3=0i : (52)
satisfies A(f3) = A3 f3.
The functions in (44) let to obtain first integrals for Eq. (47); by considering the
function f, = O, we have that

u1+u3

I =— 3
2(xuy + xu’ —u)

(53)

is a non-trivial first integral of (47). If we take f3 = f3, then the second equation in
(44) provides a constant first integral /,.

In order to complete the integration of equation (47), we could use, for instance,
the Jacobi last multiplier corresponding to (42):

1 1
T Af0a—r) Gui+ i) +ud)

M,

The Jacobi last multiplier provides an integrating factor for the auxiliary equation
I, = C;, C; € R written in normal form:

—uW?@2Cix + 1) — 2Cy)
2Cx + 1) '

uy =

Such integrating factor becomes (see [11, Theorem 8] and [6, Corollary 6] for

details):
1

T 2CutQ2Cix +1) =30y’

m

We omit here the expression of the general solution to equation (47) which can be
obtained by using the classical method of Lie. The main purpose of this example is to
illustrate how the combined use of two Lie point symmetries and one € °° —symmetry
provide directly a first integral and a Jacobi last multiplier which permit the complete
integration of the equation.



154 C. Muriel et al.

4.3 First Integrals Derived from Several ¢ °° —Symmetries.
The following proposition shows that some first integrals of A can be obtained from
solutions of several equations associated to the differential operator A.

Proposition 4 Let Ay, A, and A3 be three mutually different particular solutions of
(12).

1. If ¢ satisfies A(L1) = QA — ¢y, )1 then

1 ! < ! ! > (54)
B =— -
! O\ A=A A=A

is a first integral of A.
2. If h is a non-null function satisfying A(h) = (A, — A1)h then

7123 — M (55)
h(A3 — X2)

is a first integral of A.

Proof (1) By Theorem 3 the function A3 can be written in the form A3 = ﬁ)\l +
ho

ria=ha, where hy = $1=22 satisfies A(ho) = (A2 — A1)ho. On the other hand, (38)—
(39) implies that kg must be of the form ho = 1/((A> — A1) I123¢1), where I123 is a

first integral of A. Now (54) is a consequence of

—hs 1
M=t (a—ADhad

(2) Since h and hy are solutions of the equation A(h) = (A2 — A1)h, necessarily
there exist a first integral /1,3 such that hy = I1,3h. This implies (55).

When four particular solutions of the determining equation (12) are known, the
ratio of the corresponding first integrals /1,3 and I},4 is also a first integral of A.

Corollary 1 Let Ay, Ao, A3 and ,4 be particular solutions of (12). Then

_ (A2 — Aa) (A3 — Ay)
(A2 —A3) (g — A1)

(56)

is a first integral of A.

Proof The function / given in (56) is the ratio of the corresponding first integrals /3
and /124 givenin (54), when the same solution ¢; of A(¢1) = (2A; — ¢,,,)¢1 is used for
both Erst integNrals. Alternatively, if 1 is a solution of the equation A(h) = (A, — A1)h
and 7j,3 and 4 are the corresponding first integrals given by (55), then [ is also
the ratio of I~123 and z24.
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Example 3 In this example we consider, again, the Morse equation (30) to illustrate
how the solutions of several equations related to the vector field A can be combined
to obtain different objects related to the given equation.

Morse equation admits the trivial Lie point symmetry 9. Its characteristic is
fi=01=—u and
_A(f) et -1 —ui

N u

defines a €*°—symmetry (9,, A1) for (30). By using the €°°—symmetries

A

(auv )"2) = (aua —Uu +C0tx)a (aua )"3) = (au’ —up — tanx)a

which were defined in (31), and Remark 5, we can obtain without any kind of integra-
tion two functions f, and f3 such that A(f,) = X, f> and A(f3) = A3 f3, respectively.
By using (43) we get that

fo =sinx (— sinx -u; —cosx - (e — 1)) (57)

and
f3=cosx (—cosx-u; +sinx - (e —1)), (58)

determine two functions that define, respectively, two commuting symmetries V;
and V3 such that A, V,, V3 are linearly independent.

It can be checked that hy = i?g; = cot x satisfies A(hg) = (A3 — A2)ho. Further-
more,

f3 cosx (— cosx-up+(e™—1) sinx)

hi = =
! b sinx (—sinx -u; — (e7* — 1) cos x)

satisfies A(hy) = (A3 — Ap)h. Therefore h( and /| are solutions of the same equation
A(h) = (A3 — Ap)h. Consequently, Jy = Z—(‘J is a first integral of (30):

h — . 4 —1)si
10:_1: c.()sx up + (e )smx' (59)
ho —sinx -u; — (e — 1)cosx

On the other hand, if we use A instead of / in (55) we get that the first integral

_ 1 X — XA
ok — A3

Ji

is Jy. Of course, we could also have used £, instead of /4 in (55); however, it can be
checked that the first integral calculated in this way is constant.

So far, the only Lie point symmetry we have used in this example is the trivial
symmetry v; = d,. Let us recall that the equations in class <] admit a maximal
algebra of Lie point symmetries [8]. If vi = 0, V2, ..., Vg are the generators of this
Liealgebraandthe f; = Q;,1 <i < 8§, are the corresponding characteristics then the
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functions A; = A(Q;)/Q;, are particular solutions of the corresponding determining
equation (12) (or (16)). These functions could be used to compute first integrals of
the equation by using Proposition4 or Corollary 1, by using A; and Q; instead of X,
and Q, for 2 < i < 8. Of course, some of the first integrals that can be calculated in
this way could be functionally dependent on the first integral previously obtained.

Example 4 The family of 2nd-order equations

_ Ll 2 13+k ! keR (60)
u2_2uul uu 2u u 0

is a particular case of the XXVII equation in the Painlevé-Gambier classification
[5], which clearly admits v; = d, as Lie point symmetry. It can be checked that v
is the unique Lie point symmetry admitted by (60). According to Proposition 2, v,
defines the commuting symmetry V; = 09, + A(Q)d,,, where Q; = —u; is the
characteristic of v; and A denotes the vector field associated to (60).

Itis also known [3] that Eq. (60) admits the €°° —symmetries (d,,, A,) and (9, A3),

defined by:
1 1
o= ugp— = 61)
u u u u

By using (43), the functions

—hs 1
o= 01— = 1 (0 = D+ w2 Quy = 2k 4 ),
27— A3
62
M=o 1 L i (62)
fi= Qi — = 7 (Cn + 1) —u?Quy =2k +u?)
3= A2

satisfy A(f2) = Ay f> and A(f3) = A3 f3, respectively. For this example, it can be
checked that the corresponding first integrals that appear in (44) are constant and
hence they are not useful to reduce or integrate equation (60).

Next, we show how the functions given in (61) and (62) can still be used to
integrate equation (60) by quadratures. By Theorem 1, for i = 2, 3, the vector field
Vi = fid, + A; [0y, is acommuting symmetry of (60) which is A—equivalent to the
€ —symmetry (9,, A;). Besides [V;, V3] = 0 and by Theorem5 in [11] two func-
tionally independent first integrals can be computed by quadratures from systems:

u; — ¢ A

)y, =—— 1), = = 1 = 63
(s i —2p)’ (), s —22)’ (1) frhs = 1)’ (63)
and
Az — @ —A3 1
L), =-2M7P gy =y, = (64
Bhe=Fn o P T h o P T he e @

where ¢ denotes the right-hand side of (60). The corresponding first integrals become
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/ —1
arctan mow - + , for k<1
V2(T—k)

for k=1

I

—Xx +

)

ul—l—u2

¢ h<u1+u +1> f k 1
arctan or > 1.
T Vik+1 2k + 1)

and
1
arctan< A+ ),for k< —1
—(k NESI(E))
2u
L = — for k=-—1
2 u1+u2+1 or

‘ h<u1+u +1) f X |
arctan . or > —1.
V +1 V2(k + 1)

Once the complete set {I;, I} of first integrals has been determined, the general
solution to equation (60) can be easily obtained by eliminating u; from the system
I, =C;, I, = C,, where C;, C; € R.

5 Concluding Remark

Several new interconnections between the determining equations for generalized,
commuting, and generalized €’ *°—symmetries, as well as other equations related to
the linear operator associated to a second-order ODE, have been established. This lets
to exploit and combine various solutions to some of these equations in order to find
particular solutions of some of the others. As a consequence, new ways of computing
first integrals and Jacobi last multipliers of the equation have been found; these
quantities play a fundamental role in the integrability of the equations under study.
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Differential Invariants for Two and Three | m)
Dimensional Linear Parabolic Equations | @i

Adnan Aslam, Asghar Qadir and Muhammad Safdar

Abstract We find equivalence transformations for linear parabolic equations having
two and three spatial dimensions. Invariants associated with these higher dimensional
linear parabolic equations are derived using the obtained set of equivalence transfor-
mations. We apply Lie infinitesimal method to deduce the associated invariants. We
find first order invariants for the the higher dimensional parabolic equations due to
an invertible change of the dependent and independent variables separately. Further,
obtained invariants are employed to reduce these linear higher dimensional parabolic
equations to their simplest forms.

Keywords Semi-invariants - Joint differential invariants - Lie infinitesimal method

1 Introduction

Lie infinitesimal method has been widely employed to derive differential invariants
for linear and nonlinear differential equations (DEs). The said method comprises
of two steps: Derivation of the equivalence group associated with the concerned
equation and calculation of invariants using this equivalence group. Equivalence
transformations are invertible transformations of the dependent and independent
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variables that preserve e.g. the order, form, linearity and homogeneity of a DE . Basic
theory of equivalence groups, differential invariants and algorithms to derive them
can be found in [1-3]. These invariants ensure existence of point transformations,
i.e., an invertible change of the dependent and/or independent variables to map two
equations into each other, if for both the equations associated invariants remain
unaltered.

Developing integration theory for hyperbolic equations

Ury +a(x, Yux +b(x, y)uy +c(x, y)u =0, ey

Laplace [4] found the following quantities
Ati=ay+ab—c, A :=b,+ab—c, 2)
that remain unaltered (called semi-invariants) when only dependent variable under-
goes a linear change u = o (x, y)u. These are first order semi-invariants as they

contain at most first order partial derivatives of the coefficients a(x, y), and b(x, y).
Further, Cotton [5] investigated Laplace invariants of the elliptic equation

U + Uty +alx, Y)ux +b(x, y)uy +c(x, y)u =0, 3)

and he came across the following first order invariants
Lo 2
A3 i=ay — by, A4:=ax+by+§(a + b)) — 2c. 4)
Ibragimov in his attempt to fill the gap by finding invariants of the parabolic equation

u +a(t, x)uge +b(t, x)uy +c(t, x)u =0, )

do not only derived the associated invariant
1
A5 = Ebzax + (a;, + aay, — ai)b + (aa, — ab)b, — ab, — a’by, + 2d°c,, (6)

for parabolic equation by employing the infinitesimal approach, indeed he re-derived
semi-invariants (2) and (4) using the said method [6], for the hyperbolic and ellip-
tic equations respectively. Attempts have also been made to find semi-invariants
associated with the partial differential equations (PDEs) of the types mentioned,
due to a change of the independent variables. Joint invariants of these equations
via an infinitesimal change of both the dependent and independent variables are also
obtained [7-10]. Further, infinitesimal approach has also been engaged to find invari-
ants of the linear systems of two elliptic, hyperbolic and parabolic type equations
[11-14]. Moreover, by means of Lie infinitesimal method invariants for two and
three-dimensional hyperbolic equations have been deduced [15].
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In this paper we obtain semi-invariants associated with the parabolic equations

Ey:u = ai(t,x, Y)uxy +ax(t, x, y)uyy +b1(t, x, y)uy +ba(t, x, y)uy
+c(t, x, y)u, (N

and

Ey:up= a1(t,x,y, Duxx +ax(t,x,y, Dty +a3(t, x,y, Dz +bi(t, x,y, Dy
+by(t, x,y, Duy +b3(t, x,y, Du; +c(t,x,y, Du, (8)

where the subscripts denote partial derivatives, due to a change of the dependent and
independent variables, separately. Firstly we find the associated group of equivalence
transformations for both (7) and (8). Secondly we derive semi-invariants associated
with these equations by adopting infinitesimal method. These invariants are obtained
by considering infinitesimal transformations of both the dependent and independent
variables, separately. We show that with the help of the deduced invariants Eqs. (7)
and (8) are reducible to

ut: al(t,x, Y)Mxx +Cl2(t,x, y)”yya (9)
and
ul‘ = al(ta xa ya Z)Mxx + az(ta -xa ya Z)uyy + a3(t7 x’ yv Z)”ZZ’ (10)

respectively, under a linear transformation of the dependent variables. Further, due to
an invertible change of the independent variables Eqs. (7) and (8) are transformable
to the following simple forms

Uy = iy, +a2(X)uyy, +c(t, x, y)u, (11)
and
Uy = Uy +2(X)yy + a3t +c(t, X, y, i, (12)

respectively, where «; and o3, are nonzero constants, a; y 7 0 and ¢ remains the
same as is in (7) and (8).

In the second section equivalence transformations for Eqs. (7) and (8) are deter-
mined. The third section is on the derivation of the semi-invariants associated with
these equations. Algorithm to find point transformations to map higher dimen-
sional parabolic equations into each other is presented in fourth section. Subsequent
section is on application of the obtained invariants which when agree for two higher-
dimensional linear parabolic equations are shown to map them into each other. The
last section concludes our work.
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2 Equivalence Transformation Groups for Two and
Three-Dimensional Parabolic Equations

Equivalence transformations play an essential role in deriving invariants of differ-
ential equations using infinitesimal method. The group formed by set of all equiv-
alence transformations associated with a family of equations is called equivalence
group. There are two methods to obtain these transformations [3, 16], the first one
is called direct method while the second one is known as Lie infinitesimal method.
Although the direct method has the benefit of providing the most general group of
equivalence transformations, it is seldom used due to considerable computational
difficulties involved. Here we use the infinitesimal method to get the equivalence
transformations for Egs. (7) and (8).

Consider the parabolic equation (7) with three independent variables to derive
the equivalence transformations which map this family into itself, in general with
different coefficients e.g. a;, E and ¢, where j = 1, 2. These transformations in
general form are

t=¢i(t,x,y,u), X =¢2(t, x, y,u), ¥y =¢3(t,x,y,u), u =y, x,y,u). (13)

The arbitrary functions ¢, and v for k = 1, 2, 3, are such that d (¢, ¥)/9(¢, x, v,
u) # 0. An operator of the form

0 d d 0 d d
X = & + & 4 Eyom 4 e + = + iy
§18t+§28x+$38y+n8u+maal+M28a2
s e+ s (14)
Maabl 'u43b2 Msac,

where & = &.(t,x, y,u) fork =1,2,3, n = n(t, x, y,u) and w,, = wu(t, x, y, u,
aj,bj,c)form=1,2,3,4,5,and j = 1, 2,isused to derive the continuous group of
equivalence transformations associated with Eq. (7). We employ the twice extended
generator (14) on (7), that is

XP(ED| &) = 0. (15)

The notation |g,, means evaluated on Eq.(7) and

a 0 a d ,
XP =X49 —+n"— 7 — + " — 4"

, (16)
ou; ou, duy Ol x it yy

where
77’ =D —uD& —u,D& — “ythL

r)X = Dn— Mth%-l - uxDx%_Z - Mny&,
’7’V = Dﬂ? - MID}‘SI - I/tnyé:z - uyDyE%
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'7“ = Dxnx - ulxDxé,-:l - uxxDxEZ - Mxny&,
Uyy = Dyr’y - utyDy%-I - MxyDy%-Z - Mnyy'i:3~ (17)

The operators D;, D,, and D, denote the total derivatives with respect to ¢, x, and
y, respectively

P RO R T S

at du du,  du, 7 du, ’
U R T U U B

0x du ou; oy " du,y,
D,=i+u,i+u,i+u.i+u,i-~-. (18)
YT By Y ou " ou, Y ou, ) duy

For detailed extension procedure reader is referred to [3, 17]. All the coefficients
of derivatives of u(¢, x, y) and their different powers readable from (15), provide a
set of determining equations when they all are set equal to zero. These determining
equations constitute a system of linear PDEs. To solve this system we used MAPLE
which reveals the infinitesimal coordinates of (14) that read as

& =&(@),

& = & (1, x),

& = &(1, ),
n=n(,x,yu,

n1 = a1(2&, —&1,),

Mo = ax(2&5, — &1,),

3 = a1(&,, — 2ny) + b1(&, —&1,) — &,

pa = ax(§3,, — 2ny) + b2 (&3, — &1,) — &3,

M5 =1 — @1y — A2nyy — b1y — bany — &y, (19)

where &(¢t), &(t, x), &(t, y) and n(¢t, x, y) are arbitrary functions and ¢, x, y in
the subscripts denote their partial derivatives. We apply (14) with the infinitesimal
coordinates (19) in the next section to derive semi-invariants associated with the
Eq. (7). We construct semi-invariants for the class (7), considering first a linear change
of the dependent variable

u=yt, x,y u:=nlx, yu, (20)

and then an arbitrary change of the independent variables

t=¢1(t, x,y,u):=&I(),
X = ¢2(t9 X, Y, u) = éz(t7x)v
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y=¢3(t’x’y’u) = 5;'3(17)’)- (21)

For the second class of parabolic equations (8) we follow the same procedure
to find equivalence group of transformations. Here the operator takes the following
form

9 0 d 0
7= 51—+Ez—+§3 +§4—+TI—+M1—+M2—+M3—
ou 81 da as 3613
+ 9 + 0 + 0 + 9 (22)
“431;1 Msabz M68b3 M7ac,

where & = &(¢t,x,y,z,u)forl =1,2,3, 4, n=n(t,x,y,z,u) and pu, = pu,(t, x,
Y, 2, U, ax, by, c)forp=1,2,3,4,5,6,7,andk = 1, 2, 3, to get the required equiv-
alence mappings. Inserting the set of determining equations obtained from

2V (Ey)|k,) =0, (23)

in MAPLE provides the following infinitesimal coordinates

& =&@),

& = &(1,x),
& =5&(,y),
§4 = &4(¢,2),

n=n(t,x,y,2)u,

wir = ai (26, —§&,),
p2 = ax(283, —&1,),
w3 = az(2&4, — &1,),

pa = ai(&,, — 2n;) +b1(&, — &1,) — &2,
us = ax(&,, — 2ny) + ba(&, — &1,) — &,
te = az(a., — 2n;) + b3 (84, — &1,) — &4,
W7 =1 — Aillxx — A2llyy — a3Nzz; — biny — bany — b3n, — ¢&y,, (24)

for (22). The operator of the equivalence transformations (22) with the above infinites-
imal coordinates is employed in subsequent section to derive semi-invariants for (8).
We consider transformations of the dependent and independent variables provided
above, separately, to derive associated semi-invariants.

A zeroth order differential invariant of a PDE under equivalence group of trans-
formations is a function of all or a few coefficients of the concerned equation. For
instance, in case of (7) and (8) it reads as

Jo(aj, bj,0), j=1,2, (25)
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and
Jolax, by, ©), k=1,2,3, (26)

respectively. Similarly, a first order differential invariant associated with both the
PDEs is

Jitaj,bj,c,aj5,bjs,¢5), 0 €{t,x,y}, 27)
and
Jl(akab/OCa ak,T’kaact)v T E {t’xa Y, Z}’ (28)

respectively. Notice that J; contains first order partial derivatives of the coefficients
of (7) and (8). Likewise, a differential invariant of an arbitrary order ¢ involves gth
order derivatives of all or a few coefficients of the concerned equation.

To find an invariant of order zero for a PDE we incorporate operators X;, for
k=1,2,...,n,in the invariance criterion

XiJo =0, (29)

where X;,X», ...,X,, characterize continuous group of equivalence transformations
associated with the concerned equation. If a generator X,, contains / arbitrary func-
tions and m derivatives of these functions then [ + m, is the number of linear PDEs
obtained by the invariance criterion. In order to find the first and higher order dif-
ferential invariants of a PDE one needs to extend the operators Xy, k = 1,2, ..., n,.
Such an operator for (7) is given by (14), which can be extended as

: LD LD .9 D
X[l] =X+ Mll +/"” _,’_'ul] +Mll +M“ ,
! day i 2 day i, 3 aby i, 4 by ;, 3 dci,
g ) g g g
x2I — x(1 + itz + pii2 + pii + e + gl i
U dar i, 2 daiyi, 3 3y, b9k, > dciyi,
_ i a i a i ad
X[q]:X[q 1]+M1112 Iq _1_“12 q 1121g
1 aal,,‘lh.“,‘q 2 aaz,,‘lh.“,‘q 3 3b1.,'1,'2.“[q
ijinig ijinig .o ,
+u ———+nu s A, ig € {t X,y
4 abzyiliz.‘.iq 3 362,,'1[2.4.,& g
(30)
where
LT =Dy T — Ay iy 1 Diy (61) — @iyigeigyx Dig (82) — @iyigeig_1y iy (€3),

iyigig o= dpigeigo) ) D D,
Wy T =Dijpy T T = a@iyipeiy 0 Diy (61) = @2yiyniy_yx Dig (82) — @2.iyigiy_yy Diy (63),
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iyin-i — z i,

Mgl = D ]2 o _bll]lz dg— 11qu(51) bluzz dg— lthq(SZ) bll]lz dg— 1\Dl,,($?)
iyin-i ipig-i

g 2 =Dy = bydyigeiy 1t Dig (1) = ba.iyigeiyx Diy (82) = baiyigeiy_yy Di, (63).

ipin-, - i1ig-ig—1 —_ —_ —_
ws " =Dijus T = Ciyigig11Diy (61) = Ciriyiy_yx Diy (82) — Ciyigiy_1y Diy (§3)-

(31)
Here
D 0 + 0 + 0 +b +b 0 + + i
o Ey aloza aZaaa laab 20{3172 Caa lozﬂaal’/3
+ A, L, O gt
a —_— —_— —_— C —_— e s
2.ap day g Lap ab1 . 2.ap by g ap dcp
a, B et x, v} 32)

3 Semi-invariants of Two and Three-Dimensional
Parabolic Equations

Semi-invariants associated with Eq.(7) when the dependent variable undergoes a
linear change of the type (20) can be find using an operator

ad ad ad
Xp = _Zalnx b, —2a arny—— b, + (’7: blnx - b2’7)’ — aiMxx — aZnyy)Ev (33)
that characterizes the said infinitesimal change in coefficients of (7) and obtained
by setting all & = &(¢, x, y,u) for k = 1,2, 3, equal to zero in the infinitesimal
coordinates of (14). By plugging (33) in the invariants criterion

XpJ(a;, by c) =0, j=1,2, (34)
we obtain
0J 0J 0J
_ 2a1rlxa—b1 - 261277y8—b2 + (1 —biny —bony —ane — aZn)'y)E =0. (39)

Further this equation yields a system of first order linear PDEs when coefficients
of n¢, 1y, Nxx, and 7n,, are equated to zero due to arbitrariness of 1. We arrive at
gb =0, and M = 0 that results in J = J(a;), as the zeroth order invariant of (7).
Slmllarly, the ﬁrst order invariants are obtainable from

X%]J(a/’, bj, ¢, aj, bjt, C,dj,, bj,(» Cx,dj,, bjy, cy) = 0, (36)
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where X[A] denotes the once extended generator (33) which reads as

X\ = XD—,01i —/0214',03i —,04i —psi-i-,oa !
by, by, e, b, b, dc,
0 d 0
_p7W1v - 08@ + po ac,’ (37)
where
p1 = 2(an + a1, Mx),
2 = 2(aan:y + as,ny),
03 =N — b1 — b277ty — A1 Mixx — A2Mryy
— ai,Nxx — az,Myy — by, nxe — bo,my,
P4 = 2(ainxx +a,ny),
ps = 2(axnyy + az,my),
06 = Nix — biNxx — balxy — A1Nxxx — Q20xyy
— a1, Myx — G2, Myy — b1, My — b, 1y,
P71 = 2(ainy +ai,ny),
ps = 2(axnyy +az,ny),
P9 = Ny — binxy — banyy — arnxxy — A2Myyy
—apNex — az,Nyy — bi,nxe — bamy. (38)

Equation (36) produces a system of linear PDEs on setting coefficients of all the
first, second and third order derivatives of (¢, x, y) to zero. Solving it we find a first
order semi-invariant

ai(byay, — axby) + a3 (arby, — biay,)

am%

All =

(39)

and
J=J(aj,aj[,aj),ajy). (40)

Where Eq. (40) implies that a; and all its first order derivatives remain unaltered in
both the equations which could be mapped into each other by means of an invertible
point transformation (20) when (39) agrees for both of them. For derivation of semi-
invariants of (7) under transformation of only the independent variables we use a
subgroup (21) of the equivalence transformations. An operator
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d
Xi —";:l(t) +Ez(f x) +$3(f y) +dl(2§2 E)a—a]

0
+ax (283, — §1,) — + (@&, +b1(52, —&1,) — 52,)5

3612
ad d
+ars,, + ba(&3, — &1,) — 53,)a—bz - 051,&, (41)

characterizes the said infinitesimal change that is obtained from (14) by eliminating
n, and its derivatives from the corresponding infinitesimal coordinates (19). The
invariance criterion

XiJ(a;,bj,c)=0, j=1,2, (42)

leads to a trivial invariant, i.e., / = constant. However, the first order invariants are
as follows

ay' a aic aic a,’ ¢
2 ¢l x 2 Cy
Aol = , Ap = , A3 = , An ,

32 2102 nd 32 3

a; a, 2 2, 1 4,

2arb 2 2arb
 JaaQaby, —ara) &) Qayby, —aran)
A5 = , A 1= , (43)
7 52
Vaiay a; a2

that are derived by applying first extension of (41), that is

X' = X;+ ,010i +p11— i + p2— ! +po3— o Plas— ’ + /015i
da,, dar ab,, abs, ac; da,.
d d d ad ad ad
+pi16 der, + p17 obr. + p1s obs, ac Bal} + P21 @
d d
+020—— 3br, + P 3bs, — P24 ac, ) (44)

with

pro = a1(2&,, — &) +2a1,(6, — &) —a,b, —ay &,

pi1 = ax(2&3, —&1,) +2ay, (&, — §1,) — ar, 6, — ar &3,

p2 = a1&,,, +b1(&,, —&1,) + a1,5,, + 61,5, —281,)
— b6, — b1,5, — &,

P13 = @&, + ba(&, — &1,) taz§s, + by, (63, — 281,)
— by &, — by 55, — &,

p1a = c&1, +2¢,81, + e, + )83,

p1s =2a1&,, + a1, (52, —&1,)s

P16 = as, (2&3, — &1, — &2,),
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pi1=aby,, + b6 +a b, — b5, — &,

p1s = ax &3, +by (&, — &, — &),

P19 = cx(§1, + 82,),

20 = a1, (25, — &, —&,),

21 =283, +az, (&3, — &1,),

pn = ay by, +bi (&, —&, — &),

P23 = axds,, +ba&3, +ar &3, — b2 61, — &3,

pas = (€, +83), “5)

onJ(aj,bj,c,aj,bj,c,a;,bj, c aj, bj),, Cy).

Likewise, semi-invariants of the parabolic equation with three spatial dimensions
(8) are derived. Firstly we look for semi-invariants associated with (8) due to a linear
infinitesimal change of dependent variable u. Generator (22) enables deduction of
the said invariants after restricting its infinitesimal coordinates (24) to only contain
n and its derivatives, which reads as

d d d
Zp = 2a1n,— —2 — =2 — —bin, — ban, — b3n,
D an ob, any obs asn; b, + (m; —bin 27y — b3n;

il
—A|Nxx — A2Nyy — asnz) —. (46)
ac
Considering the invariance test
ZpJ(ag, b, c) =0, k=123, (47

and solving the obtained system we find nonexistence of zero order invariant for (8)
except
J = J(a), (48)

that implies ay, for k = 1, 2, 3, should remain the same for both the equations that
can be transformed into each other by means of point transformations. Extending
(46) once we get

Wz 0 90 0
p = £p — p1 oby, 02 obs, 03 obs, P4 ac, Ps oby., Pe obs,
0 n a a ad ad n a
P7 obs, P8 e P9 3b1y P10 8b2y P11 8b3y P12 ac,
a a d a
—p13—— — _— = —_— —, 49
P13 oy, 014 9y, P15 9y, + P16 oc. 49)

with
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p1 = 2(ain + ai,ny),

p2 = 2(azn.y + az,ny),

p3 = 2(azn; + az n;),

P4 =Ny — A Nixx — 2Ny — A30izz — b10ix — banyy — b3y,
— a1, Nyx — a2,Myy — a3,1zz — b1,nx — ba,ny — b3, 1z,

ps = 2(ainex +ainx),

Pe = 2(axnyy + az ny),

p7 = 2(azny; + az,n),

P8 = Nix — A1 Nxxx — A2Nxyy — A3Mxzz — b1y — D27y — B3Ny,
— i Nex — a2, Myy — a3, Mz — by, mx — b2,y — b3 n,

P9 = 2(ainxy + ai,Mx),

P10 = 2(aznyy + az,ny),

p11 = 2(asny; +as,n.),

P12 = Nty — Q1 Nxxy — A2Myyy — A30yzz; — b1Nxy — banyy — B3Ny,
— a1, Mxx — G2, Myy — 3,7z — b1,y — ba,my — b3 0z,

P23 = 2(ar1nx; + ai,ny),

p1s = 2(axny; + az ny),

P15 = 2(a3n;; +az. n.),

P16 = Tz — A1 Nxxz — A2Nyyz — A30zzz — Dillxz — banly: — b3nz;
— Ay Nyx — A2, Nyy — a3, Nz — by ny — by ny — bz 0, (50)

which enables derivation of the associated first order invariants. We apply Zg], ie.,

Z][;]J(ak’ bks C, Ak, bk,v Cr, Ak, hkxv Cx, akyv bkzs Cy, akzs bk;v CZ) = O’ (51)

which splits into a system of linear PDEs when all the coefficients of 1, ,x, xyys Nxxy>

nxzzv nyy)n nyzzs nttv nt)m nty’ nt;{’ nx)m nxy’ nxz’ nyys nyz’ 77117 r’l’ nx’ ny and nz’ are
equated to zero. Solution of obtained system provides the following semi-invariants

with

al(bras, — azby,) + a%(a]bly —bay,)

A3 = ,
3 (lla%
Py af(b3a3x —azbs,) + a%(alblz —biay,)
32 . ala% 9
2 2
ay(bsas, — a3bs)) + az(axby, — bray)
)\'33 — 2 y ) 23 2 z i (52)
aas



Differential Invariants for Two and Three Dimensional Linear Parabolic Equations 171
J = J(aka ak,vakxvakyaakz?c7 Cx’cy)’ (53)

as invariant quantities.
Semi-invariants associated with (8) due to a change of the independent variables

are derivable from

d ad aJ aJ
0

aJ J J
Ly = § () +5Ex)— +80, ) - +50, 20— +n(,x, y, Ju—
ot x ay 9z ou

0J oJ aJ
+ai1 (26, —&1,)— + a2 (283, —&1,)— + a3 (264, — &1,) —
day dan das

aJ
+(a1(&,, — 2mx) +b1(&2, — &1,) — Sz,)ﬁ + (a2(&3,, — 2ny)
aJ aJ
+ba (83, — &1,) — 53,)5 + (a3 (84, —2n7) + b3 (&4, — &1,) — &) —
2 by
0J
+(m — @iy — axnyy = a3nz; — binx = bany —bnz — ki) 5 - =0, (54

where Zj, is obtained by eliminating 7 and its derivatives from its infinitesimal
coordinates (24). On equating coefficients of all derivatives of &, for/ =1, 2, 3, 4,
in (54) to zero leads us to a system of linear PDEs that solves to generate J =constant.
Furthermore, a system of linear PDEs

aJ aJ aJ aJ aJ aJ aJ
—:O,_:O,_: ’—:O’—: s :0,—20’
8(11, 8a2, 303[ ab] 8b2 ab3 8b1,
aJ aJ aJ aJ aJ aJ
_=03_201_201_=0a_207_207
db, db, db;, dbs, 3bs. dc,
aJ aJ aJ
20— +a;,— +a,— =0,
a 8CZ1X + al'v Bblv‘_ + alz 3b12
aJ aJ aJ
2a,—— —— 4@ — =0,
a dan, +ay, obs, + a, 9bs.
) aJ n aJ n aJ 0
a3—— ay —— ay — = U,
386137 3 Bng 3 3[93)_
) 8]+ aJ aJ aJ ) aJ ) aJ
a|— ay, — —ady, — — a3, —— ay, —— ay, ——
! 3611 L 8(11" 2 8(12)( 3 3613)_ Iy Bal_‘. I 3(112
aJ aJ aJ aJ aJ
—by —— — b3 —— 4+ by, —— + b — —cy— =0,
T T T TR P
) aJ aJ ) aJ . aJ ) aJ aJ
ady— —ay, —— ay —— ay —— ay — — a3, ——
2 36l2 Ly aaly 2 8a2x 2 8612}, % 3612: 3 8613}_
aJ aJ aJ aJ aJ
by, —— by by —— — b3 —— —cy—— =0,
iy Bbl), 8b2x ) 8b2: ’ 8b3y 8Cy
aJ aJ aJ aJ aJ aJ
2613—— 1——a2—+2a3<—+2a3—+a3—
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aJ aJ aJ aJ aJ
_blzm - bzz@ +b3lﬁ3x +b3v@ - Cza—cz =0,
aJ aJ aJ aJ aJ aJ aJ
ala—al +a28_az +a38_a3 +c§ J””*Wlx +a1ya —l—alzglz
aJ aJ aJ aJ aJ aJ
+02X@ +612_VM -i-azjgzz +a3X@ +L13}.g3v +a3:@
+b1)aaTJ + by aan +b2x% -|-bzz%i~ +b3)887§ + 3‘887‘]
aJ aJ aJ
+cx£—i—cy¥v —i—cza—cz:O, (55)

surfaces from
[1]
ZI J(ak’ bk, C, Ak, bk,v Cr, A, bkxv Cx,s akyv bkgs Cy, Ak, bkzv CZ) = O’ (56)

when all the coefficients of & and its derivatives of all orders are equated to zero.
Solution of the system (55) reveals following first order semi-invariants

32 32
. aras, . ay Cl]_‘, . a, (13), . az/asai,
Agql 1= , Mg = = A3 = ————, Ay = —a
N a,’"ap, v arazaz, a,’"ap,
_ Jaza, _ N©Qarby, —aya) _a3Qasbs, —az a3)
Ags 1= RVTRES 5 , Mgy = 375 ,
Jaaz, A/alazx Jaias az(
5/2 5/2
5 L a, (2(11b1»v — alxali‘,) 5 . a, (2a3b3y — a3},a3r)
48 - — a5/2a2 ’ 49 .— a a3/2a2 b
1 Y, 183 &,
a3 \Jas(2aiby, — ay,ay.) _ NarJaz2arhy, — ay az.)
Aso 1= 55, , Asp = 5
a,’ a3, amay,
772
_ asc ) asc, _ az/ cy _ a3 Jasc,
Asp 1= =5, As3 = o, Ase = g5, Ass = a5 (57)
ara;, 4143, 1 ay, ay a;,

4 Invertible Point Transformations for Families of Two
and Three-Dimensional Parabolic Equations

Equivalence transformations for two and three-dimensional parabolic PDEs have
been derived in Sect.2. An algorithm is presented here to obtain the invertible point
transformations to map two and three-dimensional parabolic equations into equations
of the same dimensions when corresponding semi-invariants agree. Considering first
Eq.(7) and transforming the dependent variable linearly (20). Under this transfor-
mation (7) gets into the same form but with new coefficients a, b j» € that are given
below
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E,~=a,,

- Nx

by = by +2a,—,
n

by = by + 2a,—,

aiNxy + axnyy + bine + bany — 1,
n

(58)

Similarly, the most general transformations of the independent variables that map
the parabolic two-dimensional equation to an equation of the same type are given

in (21). Incorporating it in (7) leads us to an equation with the coefficients a;, b;, ¢
given by

_ &1,
ay =d4ay—-,
&
a) = azi,
&
_ (hE, +86)E —ab g,
b1 e 3 )
&
_ (bd, + 88 —mé &,
by = 5 ;
53.\'
T = céy,. (59)

The relationships (58) and (59) provides the algorithms to work out invertible trans-
formations to map two-dimensional parabolic equations into each other for which
the derived semi-invariants remain unaltered.

For the three-dimensional case the coefficients of the parabolic equation (8), under
linear transformation of the dependent variable

U=yt x,y z,u) =n x,y 0u, (60)

and the following change of independent variables

~I
Il

o1t x, y,u) :=§&(1),

Y=¢2(t9x’ y’u) = SZ(tax)’
y=¢3(t’x’y’u) = 53(17)’),
Z=¢4(I,X, yvu) = %_4(t» Z)» (61)

become ay, Ek, ¢ given by
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ay = a,

by = b + 2aln—x,
n

by = by +2a,—,
n

by =bs+ 2a3ﬁ,
n

aifxx + axnyy +azng; + bin, + b277y + b3n, —

c=c+
n
and
51 =daq éji
£’
a) = azi
&’
as 613i
&’
— (bib, +85)8 —aib, &,
by = 3 )
&
(b1, + 88 —wE &,
bz == 3‘ 5
&3,
b3k, +Ea)E] — azéa
by = 3 ,
&
c= Cél,s

A. Aslam et al.
™o (6
(63)

respectively. Now we present application of the obtained semi-invariants.

5 Applications

1. The following parabolic two-dimensional equations

4 2 2

Up — Uy — Uyy — —Ux — —Uy — —U =0,
x y x

and

(64)

(65)
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are transformable into each other as is ensured by the semi-invariants (39), i.e., for
both of them X;; = 0. Existence of invertible point transformation to map given
equations into each other is therefore guaranteed, for which we employ (58) to get

1

X2y
2. A parabolic equation of the form
2 142t
Uy — YUxx — Xlyy + 2yU, — —xuy — ( +t y) u=20, 67)
’ y

is transformable to a relatively simple linear two-dimensional parabolic equation
Uy — YUy, — XUy, — yi =0, (68)

via an invertible point transformation

ex
U= —u. (69)
1y

Coefficients of both the equations when inserted in (39) gives the same result.
3. Consider the following linear partial differential equation in four independent
variables

4o, + (¢ + c)alt
Uy C1 (g ttey) F oy +ityy) — — (O:(t) 2) ()(uz+”zz)

20; + a(t)

"0 (70)

It has A3; = A3p = A33 = 0 and could be mapped to a parabolic three-dimensional
equation

4o + (¢ + Cz)a(t)ﬁzz 20, + a(t)ﬁ =0, (71)
a(z) a(t)

U + Cligy + Collyy —

since all invariants (52) are zero. Invertible point transformation which relates both
the equations is

U= a(t)e g, (72)

4. An equation of the form

1 by by 1 /[y X
uz+t—2uxx+wuyy_7ux—§ ?‘i‘w uy+u =0, (73)
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transforms to

ur + uxx + Xuyy +u =0, (74)
via

y= % (75)

~
Il
!
=
Il
~Il =l

These transformations along with the coefficients of both the PDEs (73) and (74)
generate )\21 = %, )\.22 = )\.23 = )\.24 = )\.25 = )\26 =0.

5. The linear parabolic equation with four independent variables

x? P 42 X +x1nx
Uy — —u Xuyy +27uUz; — | -
2 Y o\ t

)ux—l—%uy—i—zuz—i—uzo, (76)

is reducible to the following simplest linear form
Uy — Uxx + Xuyy +uz +u =0, 77

under the transformations

X

t=17, x =exp <?> , y=1y, z=exp). (78)

All the invariants (57) agree for both the equations under (78).

6 Conclusion

Lie Infinitesimal method has been employed to derive semi-invariants of the two and
three-dimensional parabolic PDEs. Equivalence transformations for both the cases
are obtained for which we employed MAPLE, as for linear PDEs and systems of
such equations the said package has a built in code that constructs the group of
equivalence transformations. These equivalence transformations lead to first order
semi-invariants of the two and three dimensional parabolic equations associated due
to invertible transformations of the dependent and independent variables separately.
Deduced invariants ensure existence of invertible point transformations between two
equations if they agree for both of them, this fact enabled to get mappings which
transform the corresponding linear parabolic equations of dimension two and three
to much simpler forms, in applications.
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Kaleidoscope of Classical Vortex Images m
and Quantum Coherent States oosk ko

Oktay K. Pashaev and Aygiil Kocak

Abstract The Schrodinger cat states, constructed from Glauber coherent states and
applied for description of qubits are generalized to the kaleidoscope of coherent
states, related with regular n-polygon symmetry and the roots of unity. This quantum
kaleidoscope is motivated by our method of classical hydrodynamics images in a
wedge domain, described by g-calculus of analytic functions with ¢ as a primitive
root of unity. First we treat in detail the trinity states and the quartet states as descrip-
tive for qutrit and ququat units of quantum information. Normalization formula for
these states requires introduction of specific combinations of exponential functions
with mod 3 and mod 4 symmetry, which are known also as generalized hyperbolic
functions. We show that these states can be generated for an arbitrary »n by the Quan-
tum Fourier transform and can provide in general, qudit unit of quantum information.
Relations of our states with quantum groups and quantum calculus are discussed.

Keywords Coherent states -+ Quantum information - Qubit - Qutrit
Qudit - Quantum Fourier transform

1 Introduction

1.1 Classical Vortex Kaleidoscope

The classical problem of point vortices in a domain bounded by two infinite circular
cylinders with arbitrary radiuses and positions in the plane, can be formulated as the
Apollonius circles problem, reducible by Mobius transformation to the one in annular
domain between two concentric circles [1]. Recently we have formulated the two
circles theorem, allowing one to construct an arbitrary flow in such annular domain
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by the complex potential F'(z) as g-periodic analytic function, F(gz) = F(z), where
g = R?/r? is determined by ratio of two circle radiuses. Depending on the number
and the position of vortices, sources or sinks, one can fix singularities of this function
in terms of g-elementary functions [2]. Similar theorem [3] formulated for the flow in
the wedge domain with angle 7, requires construction of complex potential F(z) as
q?-periodic function, F(g?z) = F(z) with g as aroot of unity ¢g>" = 1. It determines
complex velocity V(z) = dF(z)/dz as ¢>- self-similar analytic function

V(g*2) =q V().

The wedge theorem describes the fluid flow as superposition of complex analytic

functions
n—1 n—1

F) =) f@*+)  fg™, ()

k=0 k=0

representing the kaleidoscope of images associated with the regular 2n - polygon.
For the point vortex located at zo, the theorem gives g>-periodic complex potential

ir -z
F(z) = —In——20 = F(¢2), 2)
2 " =2

which due to the Kummer expansion
== -2)E—q’20)c—q*20) ... (2 —¢*" V2,

appears as the set of vortices with even images at points zg, ¢%z0, ¢*zo, ..., 2" Vzo
and with odd images at Zo, ¢*Zo, ¢*Zo, - . ., ¢>"~DZ. This kaleidoscope of vortex
images we called the Kummer kaleidoscope.

1.2 Quantum Kaleidoscope and Coherent States

Since analytical functions are related intrinsically with quantum coherent states and
the Fock—Bargman representation, here we extend our ideas to the Hilbert space
for the coherent states. The problem is to construct g-periodic quantum states and
g-self-similar quantum states. Similar problem, relating self-similarity properties of
fractals, the theory of entire analytical functions and the q-deformed algebra with
coherent states was discussed recently in [4]. In the present paper we consider the
case, when ¢ is the primitive root of unity ¢>* = 1 and show that it leads to the
kaleidoscope of coherent states |a), |g%a), ..., |g>"~Da), located at vertices of the
regular polygon. By acting with dilatation operator on analytic function

F(@%) = 4% f(2) 3)
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we can rewrite the wedge theorem (1) in a compact form

n—1 NG ~ ~
F@ =Y () U@+ f@l=I .y /@ +@L @)
k=0

where we have used non-symmetric Q-number

0" -1
0-1

nly=1+0+0*+-0""' =

with the operator base

~

0 = g%, 5)

From this representation, g2-periodicity of function F(z) follows easily. Due to the
N d
identity 0" = ¢**& = 1 we have

Olnly = Inly
and as follows

F(g’2) = QF (2) = Qlnlylf (@) + f(@)] = [nls[f (@) + @] = F2).

It is noticed that the differential operator (5) is the Fock—Bargman representation for
the dilatation operator Q = ¢V, acting on coherent states as

g*"le) = |q’w). (6)
where N = 4% is the number operator. Then, by analogy with the wedge theorem

(1) and (4), we can construct ¢*-periodic quantum state as superposition of coherent
states

[0)g = |a) + |q2a) + |q4a) 4ot |q2(n—l)a>
= U+ 4 44 ) = [l s ). ™

The ¢>-periodicity for this quantum state

g*"10)a = [0}
follows easily from the relation o = qyz’”V = I. This suggests also that to find ¢-
self-similar quantum states, one can take the following superpositions of coherent

states

1o = [n]q2ﬁ+2|a>’ 2)e = [n]q2ﬁ+4|0(), s In=1)e = [n]qzmm;Ia),
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satisfying self-similarity conditions
"D =@’ 1Mar ¢ 12)a = ¢*2av--s ¢ =1} = ¢*" VIn —1)q.

It turns out that this construction provides the set of orthogonal quantum states. The
similar superpositions of coherent states were discussed in different context by several
authors, as the generalized coherent states [5, 6], as factorization problem for the
Schrodinger equation with self-similar potential [7] and as the Schrodinger cat states
[8]. The Schrodinger cat states [9] as superposition of Glauber’s optical coherent
states with opposite phases, become important tool for construction of qubits, as a
units of quantum information [10] in quantum optics [11]. They correspond to even
and odd quantum states with ¢g> = —1. Here we generalize this construction to the
kaleidoscope of coherent states, related with regular n-polygon symmetry and the
roots of unity. Superposition of coherent states with such symmetry plays the role of
the quantum Fourier transform and provides the set of orthonormal quantum states,
as a description of qutrits, ququats and qudits. Such quantum states, considered as
a units of quantum information processing and corresponding to an arbitrary base
number n, could have advantage in secure quantum communication.

1.3 Glauber Coherent States

We consider the Heisenberg—Weyl algebra, written in terms of creation and annihi-
lation operators, satisfying bosonic commutation relation

o~

[a.a"] =T
The annihilation operator determines the vacuum state a|0) = 0 from the Hilbert

space |0) € H and the creation operator a' repeatedly applied to this state, gives

@

orthonormal set of states |n) =

|0) Coherent states are defined as eigenstates

of annihilation operator [12]:
dla) = afa),

where a € C. This gives us a relation between complex plane and the Hilbert space,
such that € C < |a) € H. Another equivalent definition is given by the displace-
ment operator,

At A _1 2 At
D(Ol) :eaa aa —e 5ol e(xa e aa (8)

so that,

o) = D(@)]0) = ¢~ 2‘“‘22 ©)

f
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From this we get the following representation of coherent states:

at
el

o) = WIO),

which is instructive for our generalizations. The inner product of coherent states,
(|B) = e—%lalz—%lﬁlz-*'&ﬂ

is never zero, | (a|B)|> = e 1*7F 5 # 0. This is why coherent states are not orthogonal.

The aim of the present paper is to construct an orthogonal set of states as superposition
of coherent states with discrete regular polygon symmetry.

2 Schrodinger’s Cat States

In description of the Schrodinger cat states one introduces two orthogonal states as
superpositions of |«) and | — o) states, which are called even and odd cat states [8],
|Cateven) ~ lor) +| —a) , [|Catoga) ~ |a) — | — ).

The states in this superpositions are related by rotation to angle 7z, which corresponds
to primitive root of unity g> = g > = —1,so thatg* = 1. The normalization constants

for these states

%( ) + 1g%)), 1) = %(m +7°lg%) ., (10)

0)e =

are calculated as:

e

le|
e 2
Ny =

e 22
- Ny=— (11)
V2y/cosh |a|? V2/sinh |o|?

Transformation to these states can be described in the matrix form as an action by
the Hadamard gate,

10 e
=N—

1) V2

1 ler)
, (12)
132 lg*)
—
Hadamard gate
where the normalization matrix
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le]

2
e 2
V2

is defined by the even (0 mod 2) and the odd (1 mod 2) exponential functions, coin-
ciding with hyperbolic functions,

N =

~1/2
diag (oe"’flz, 1e‘“‘2) (mod 2) = diag (No, N}) (13)

2%
>\ () B el 4 pd’lel?

(mod 2) 0e'°‘|2 = Z o > = cosh |«|?,
k=0 )
oo 2\ 2k+1 Me =2 _a?lal?
a2 _ (leel?) e +gce e ’
(mod2) e =" Ty 5 = sinh |o|>.

k=0

2.1 Mod 2 Representation of Cat States

In terms of these exponential functions we can rewrite the Schrodinger cat states in
a compact form:

10) oeo‘a"‘ 0) (mod2) coshaaf 0)
= mo = —= 5
el J/cosh | |?

At . A

ad h T
e = “—10) (mod2) = ———a_|0).

Vel V/sinh | |2

2.2 Eigenvalue Problem for Cat States

Since |&) is an eigenstate of annihilation operator a, ala) = «|a), it is also the
eigenstate of operator a°:

a’la) = o?|a).

However, the last equation admits one more eigenstate | — o) with the same eigen-
value 2, so that

~2 2

a|Foa)=o| Fa).

Hence, any superposition of states {| + «), | — )} is also an eigenstate of operator
a?, with the same eigenvalue. This implies that Schrodinger cat states are eigenstates
of this operator,

A2 _ 2 A2 _ 2

a’|0)y = a”0), a’[l)a =a’[1)q,
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constituting orthonormal basis {|0),, |1)}. It can be used to define the qubit coherent
state:

W)a = col0)a + cill)a,

where |co|? + |c1|*> = 1, representing a unit of quantum information in quantum
optics. This qubit state is an eigenstate of operator a2 as well:

W)y = @Y ).

2.3 Number of Photons in Cat States

The cat states are not eigenstates of the annihilation operator a. On the contrary,
action of this operator gives flipping between cat states |0),, and |1),:

n No . Ny
0y =a—|1)q, g =a—10),.
al0) OlNl|) all) OlNO|>

= 1\72 16‘“‘2
0|N|0)y = |a|*—2 2 — |a|*tanh |a|?,
(ORI = a5 = laf? 2 = fof* tanb
IV 2Nl2 203| | 2 2
«{lIN[l)q = |a V2 )" = = la|” coth |er|".
0

It shows deviation from number of photons in coherent states
Ve 2
(@|Nla) = ||

shown in Fig. 1. In the limiting case |«| — oo both distributions asymptotically goes
to this value N R
lim 4 (0[N|0) = lim o (1|N|1)y =~ |af*.

|| =00 || =00

The cat states for |er|*> < 1 are reduced to the so called Schrodinger’s Kitten states
with number of photons 0 and 1:

lim 4 (0|N|0)y =0, lim (1|N|1), = 1.

|| =0 la] =0
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30f

25F

20F

15F

1.0 . — «<O|N|0>,

05k <1INI1>,
L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1 L L L L 1
0.5 1.0 1.5 2.0 2.5 3.0

Fig. 1 Photon numbers in Schrodinger’s cat states

2.4 Fermionic Representation of Cat States

The dilatation operator g2V = ¢V = (—1)" is the parity operator for cat states,
so that |0), and |1), states are eigenstates of this operator. The first state is the
g*-periodic state and the second one is g>-self-similar state,

g*N10)e = 10)e, ¢*1)e = ¢*1)q. (14)

These states represent kaleidoscope of two coherent states |«) and | — «), rotated by
angle 7, and can be rewritten in terms of parity operator

0)a = No[2]25l@) = No(I + ¢*")ler),

Do = N2 p52l@) = N1+ ¢°¢*)]a), (15)

or

000 = No(l + (=D))la),
e = Ni(I = (=)V)]a). (16)

It is noticed that the cat states are eigenstates also of g2- non-symmetric number
operator ~
2N
—~ g —1
Nl = ——,
My =5

where ¢> = —1,
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[N1210)e = [01210)e, [Nl 1)a = [11g2]1)a
with eigenvalues [0],>» = 0 and [1],> = 1. In the Fock basis |n), n = 0, 1, 2..., these

number operator is diagonal, with eigenvalues O for even numbers n = 2k, and 1
for odd numbers n = 2k 4 1. This number operator in the cat basis is matrix of the

fermion number operator
A 00 ~
[Nl = (O 1) = Nr

factorized by fermionic creation and annihilation operators Ny = b'b, with algebra
bb" +b'b=1, =0, (BH =0,
and matrix representation
A 01 ~ (00
i=(00)- 7= (1)

The cat states in this basis then are just computational basis qubit states:
1 0
|0)—<0>, I1>—<1)~

3 Trinity States

The Schrodinger cat states can be generalized to the kaleidoscope of coherent states.
We start this generalization from the set of three coherent states, rotated by angle 27”
and located at vertices of equilateral triangle, which corresponds to roots of unity
¢% = 1. First we define superposition

10)y = —= (lor) + Ig%) + lg*a)) .

&2

Due to identity
4" —1=@" =D +g" +4¢") =0 =
146" + " = 38,.00mod3)»
with

1, k =0 (mod 3);

3k,0 mod 3) = {0’ k # 0 (mod 3), (n
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1/2

the normalization constant is Ny = e (3 oe“"‘z) , where we have introduced

(mod 3) exponential function

[o.¢]
(leel?)

oelo"z(mod?, = Z = l
Gl 3

2 21012 41912
(e‘“‘ 4 ool 4 galel )

In a similar way we obtain the set of orthonormal states |0),, |1), and |2)4:

0, = oF 0 1P tlgte) _ urle)tlg ) +lg ')
V3VeleF + el 1 ga'lal 3v/oel*F (mod 3)

), = ol T @) + g ) e le) £ 700 %) +7'1g ')
V3Vl § Pei?hl 4 ghedlal 3/ 1el“F (mod 3)

), = o f 10+ Iq ‘o) +q%lg ) S 1) +7'1q %) +7°|q *e) ‘

V3Velel? + gledlal 4 P edtlal 3vhel* (mod 3)

3.1 Matrix Form of Trinity States

These states appear by action of the trinity gate, playing the role of three dimensional
analogue of Hadamard gate

0)q bt |ot)
11)q =Nﬁ 17 (7% lg%e) |, (18)
2)q 17" (7% | Lla'e

Trinity gate

with normalization constants

L
e 2

V3

and identity

~12
N= d1ag<oe e'“'Z,ze'“'Z) (mod 3) = diag (No, N1, No)  (19)

1+ qZ(nik) + T(nik) =3 ‘Sn,k(mad 3)s 0 =< k < 2,

where

|1, n=k(mod 3);

(Sn,k (mod 3) — {O, n 7& k (mod 3) (20)

Trinity states as superposition of coherent states have the following explicit phase
shift :
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0o = No(la) + e 5 &) + e 5 a)),
e = Ni(le) + e Fle ey + ¢ Fle T ay),

2) = Na(la) + €' e Ta) +e7 T e T a)).

By using three different (mod 3) exponential functions, we can rewrite these
states in a compact form:

e’ aal ed’
0)y = ~——10), [1)g = 0), [2)y=—

| | =
Oe|0‘|2 le‘a‘z 1/26|0“2

0)  (mod 3).

3.2 Eigenvalue Problem for Trinity States

Coherent states {|a), |g%a), |g*a)} are eigenstates of operator @ with different eigen-
values o, g°a, ¢*a, and the eigenstates of operator @ with the same eigenvalue o>,
Due to this, our trinity states {|0)q, |1)a, |2)} are also eigenstates of operator 4> :

@lg*a) = ’lg*a) = @k =o’lk)a, k=0.1,2.
From trinity states we can construct the qutrit coherent state
[V)a = c0l0)a + c1l1)a + 212)a,

where |co|? + |c1|* + |c2|> = 1, as a unit of quantum information with base 3. It turns
out that this state is an eigenstate of operator a°:

&3|1//>a = 013|W)a-

3.3 Number of Photons in Trinity States
The annihilation operator a acts on states |0),, |1), and |2), as cyclic permutation:
al0)y =a—2), all)g =a—10)y, dl2)e =a—|1)a. (2D

This equation allows us to calculate number of photons in trinity states (see Fig.2):

Oe‘a‘z

Al
ME 1+ 2e T cos (ﬁlwl2 + 2—”)
. 5| 2e 5 2 3
a(O|N|O>a = |Ol| e | = |Ol| —3la|2 NE
1+2¢e72 cos (T3|a|2>
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+<O0IN|0>,

— <1N1>,
— <2|N12>,

1 n n n n 1 n n n n 1 n n n n 1 n n n n 1

1 2 3 4 5

Fig. 2 Photon numbers in trinity states

3l

N [ el ] 14 2e75" cos (*/7§|a|2>

UNIDe = la)? | Es | = la?
o{lIN[De = la|” | —=5 | = el Tl 7 - )

L1em | 1+2e 2 cos (T'O"Z_T>
- o -

_ [ ool ] 1+2¢ 3" cos (LBla? — =

2] 1€ 2 2 3

«(2IN2)q = || ol = |af = 7
| 2 | 14+ 2e cos(7|a| +T>

3.3.1 Matrix Representation
Due to N |n) = n|n), n > 0 from the eigenvalue problem
*M10)e = 1000, ¢V Ve =@ Mar ¢*"12)0 = ¢"12)a

we find the matrix representation of operators in our kaleidoscope basis as the clock
and the shift matrix

{100 040 M0 0Y /010
" =10g*0 |, a=a| 0 0 F|=a] 050 001]. (22
00 q* Moo o0 004 /X100

This gives for the g>-number operator [ﬁ lg2 = %, the diagonal form with

matrix elements
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«(Ol[NT210) = [012, o (1I[NT2 1 De = 112, o (2IIN1212)e = [21,2

1+iv3
5.

as g numbers: [0],2 =0, [1],2 =1,[2],2 =

4 Quartet States

We define four states, rotated by angle 75 and determined by primitive roots of unity:
¢® = 1. Superposition of these states with proper coefficients give us quartet of
orthonormal basis states:

10, 1o o)
Mo | L |17 @) @) || g
20 | “NGE |17 @) @) || gt | @3)
13), 175 @) @ | | 19°)

Quartet gate

where normalization constants are defined as
le®
e 2

Nz

and the identity is

‘ 2

N =

—12
diag <0e‘“ y e"*'z,ze‘“'z,3e'“'2> (mod 4) = diag (No, N1, Na, N3)

1+ + g% 1G5 = 46, 1nodsy ,0<k <3
with

1, n =k (mod4),

Suk mod ) = {0’ n # k (mod4). 29

The quartet states are superpositions of cat states with explicit form of phase shift
as

0)e = No[(J) + | —a)) + (lia) + | —ia))],
Do = Ni[(la) = | —a)) —i(lie) — [ —ia))],
) ) )
) ) )

2)e = N2 [(la) + | —a)) — (lia) + | —ia))],
13)e = N3[(l) — | — ) +i(liar) — | —ia))].

By using (mod 4) exponential functions we get representation of these states in a
compact form:
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aa’ adt adat aat

1€ X4 3€
m'o)a |1)C( =
oe'

10)e =

\/WIOL |2>a:\/267‘2|0>7 |3>a=\/3€|T|2|0>'

4.1 Eigenvalue Problem for Quartet States

As easy to see, the quartet states are eigenstates of operator a* with eigenvalue o*:
atlg*a) = atlg*a) = a'lk)y =a'lk)y k=0,1,2,3.

As a result, the ququat state, defined as

[V)a = col0)e + 1o + 212)0 + €313)a,

where |co|? + |c1]? + |c2|* + |e3]* = 1, describes a unit of quantum information with
base 4, and is an eigenstate of operator a*:

e = oY)

4.2 Number of Photons in Quartet States

The annihilation operator a implements cyclic permutation of states |k),, k =
0,1,2,3:

allowing us to calculate number of photons in quartet states (See Fig. 3):

B 2] - . 2 . 2 9
OIF (0}, = (o] el e sinh |o|> — sin |«|
“ “ el | cosh ||2 + cos |a|? |’
B 2 7] - -
AR, = o e | o cosh |a|? + cos |a|?
“ “ el | sinh |a|? + sin |a|? |’
M ] C sinh a2 : 2 7
~ e 5 | sinh er|* + sin |o|
2ANR)e = laf* | = | = lal
« (2l * el | cosh |a|2 — cos |a|? |’
] - 2 27
~ he 5 | cosh |a|* — cos |«|
3INBYy = | | — | = |a)* | = : .
BINB) = lal® | 27 | =l | T |

The quartet states are also eigenstates of ¢>-number operator [N 142
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2<O0IN|0>,

— <1N1>,
— <2IN12>,

— <3IN|3>,

1 2 3 4 5

Fig. 3 Photon numbers in quartet states

Ve = ¢ K)e = [Nlplk)e = [kl lk)y . where k =0,1,2,3.  (25)

5 Kaleidoscope of Quantum Coherent States

As a generalization of previous results, here we consider superposition of n coherent
states, which are belonging to vertices of regular n-polygon, rotated by angle -
(Fig.4). It is related with primitive roots of unity: g* = 1. For the inner product of

¢°* rotated coherent states we have

(@™ alg® ) =1,

2k _1)
9

(g% alg¥a) = elor@ 0<kl<n-—1.

To calculate orthogonality and normalization conditions we apply the following
lemma;Forqz” =1,0<s<n-—1,

o1 +6]2m +6]4m 4. _{_qu(nfl) = N8, 0(mod n)
o 1+q*m ™) 4 g4 o 4 20D = 1S (modn)

where

1, m = s (mod n);

Om,s (mod n) = {0’ m # s (mod n). 20
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lg°a)
lg*a)
|g2=2)¢) 2a)
|lg2(-Dq) )
Fig. 4 The regular n-polygon
[0}« ‘g)
1a ‘c]40¢>
2) e lg" o)
Bla | =NQ| [¢°a) @n
=1 70 a)

Fig. 5 General structure of kaleidoscope states

5.1 Quantum Fourier Transformation

Our construction (Fig.5) shows that orthogonal kaleidoscope of coherent states can
by described by the Quantum Fourier transform

|~> 1 1 1 1 [ a)

IDq 1w w2 oo owd lg>e)

12 ) 1|1 w owt L e lg*a)

| = ﬁ 1 w wé .. wieD lg%a) . (28)
_Irl/:/l)a_ _i w(r;—l) Wz(;l—l) W(n—l')(n—])_ _|q2(n.—l)a>_

—2mi - . . . .
where w = e » = g2 is the nth root of unity, so that corresponding transformation
matrix, the Vandermonde matrix as generalized Hadamard gate,

n—1

> whg¥a) 0<k<n-—1, (29)

k) =
V4

is the unitary gate Q Q" = Q' Q = I.For orthonormal states we define normalization
matrix,
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L
e 2

—1/2
N= T diag (Oe‘“‘z,l e""'z,g e"’"z, el e‘“‘z) (mod n)

in terms of (mod n) exponential functions:

& (|a|2)nk+s

fs(|0l|2) = el (modn) = Z m

k=0

, 0<s<n-—1. (30)

These functions represent superposition of standard exponentials

n—1
1 .
se""lz(modn) = E 6_12”‘6"%'“‘2 , 0<s=<n-1, G
n
k=0

related to each other by derivatives

9 [se""'z] — e D [OelaP] T
dar|? dar|?

According to this, function f; defined in (30) is a solution of ordinary differential
equation of degree n

f = f;, where0<s<n-—1, (32)
with proper initial values: f{*)(0) = 1 and

£ = fl(0) == fP0) = f50) =+ = £7P0) = 0.

As we have learned recently, these functions as the generalized hyperbolic func-
tions were introduced also in [13]. By using these functions one can derive compact
expression for the kaleidoscope states as

A~
(s77}
s€

,/Se|01|2

o) = e~ 21 e |0y = |5), = 0y (modn), 0<s<n—1. (33)

5.2 Number of Photons in Kaleidoscope of Quantum
Coherent States

Cyclic permutation of kaleidoscope states, generated by annihilation operator a,
allows us to calculate average number of photons in these states
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. N,
als)y = aN 1 s —1), = (34)
o
e s—lel |2
alsINIs)y = o | — | T <s=n—1, (35)
se
. Ny
@0}y = a 1|n—1>o, = (36)
. el
«{OIN[0)g = |o|? — |- (37)
Oe|0‘|"

Asymptotically they approach the coherent states average number value
lim o (s|Nls)e & la|* = (@|Nla)
|| =00
while for small occupation numbers give integers

lim o (s|N|s)y = 5 .
|| =0

6 Quantum Algebra

Our kaleidoscope coherent states (33) are eigenstates of operator qm :
ko = ¢*K)as k=0,1....,n—1.

In the Fock space this operator is an infinite matrix of the form

10 0 .. 0 000 .. 1

020 ... 0 100 ... 0
Z3EC]2N:[® 006]4 0 , 21=I® 010 ..0 (38)

00 0 ..g* D 000..0

Here the n x n matrices are called the Sylvester clock and shift matrices correspond-
ingly. They are g-commutative

212 =q"3 5,

satisfy relations
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and are connected by the unitary transformation:
D=0 ® Q"I ® Q")

Hermann Weyl in book [14] proposed them for description of quantum mechanics of
finite dimensional systems. By dilatation operator ¢*" we define ¢>-number operator

2N
A g —1
[N]qz = q2 — 1
for non-symmetrical g-calculus, and
) N — g2
[Nlg = — )
q°-—q

for the symmetrical one. In our kaleidoscope basis, these number operators are diag-
onal and given by g-numbers:

(N1, = diag([01,2, [11,2, ..., [n — 1]1,2),

6]2”*1
7°-1

with [n],2 = for non-symmetric case, and

[N](’il = dlag([o]gzs [1][]'27 ey [n — 1](;2),

. 2n_ ,—2n .
with [n];2 = L2 for the symmetrical one.
q 9°—q . " .
For symmetric case the q-number operator is Hermitian and can be factorized as

[N]=B*B, [N+1]=BB",

where
B g %
Explicitly in matrix form it is
0OVIT] 0 .0 \;%88::8
B=1® ? ? mo L Br=r1@| 0 VI2IO0..0| (39
00 0 0 0 0 0.0

and B" = 0, (é*)" = 0. In non-symmetric case the number operator is not Hermi-
tian.
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6.1 Symmetric Case

For symmetric case we have the quantum algebra

A A

BT _ qu’LB — q—21\77 (40)

o

BBt —q2B*B = ¢*", 1)
and quantum g2-oscillator with Hamiltonian

A= %‘” (1R + 19 + 1132

In the kaleidoscope states as the eigenstates, the spectrum of this Hamiltonian is

he sin Z (k + 3)
| e e—

42
2 sin % (42)

The same spectrum was obtained in [15] for description of physical system of two
anyons. Appearance of quantum algebraic structure in two different physical systems,
as optical coherent states and the anyons problem is instructive.

6.2 Non-symmetric Case

In this case the quantum algebra of operators is ¢>-deformed

Bt —¢*B*B =1, (43)

o>

Bt — BB =g, (44)

[so

with periodic (mod n) ([k + n],> = [k],2) g*-numbers

x sin Zk
K = e nt®-n 20t 45
(Kl = e sin Z 43)

7 Conclusions

Kaleidoscope of coherent states considered in present paper can be realized by proper
phase superposition of coherent states of light (the Gaussian states) and it can provide
a unit of quantum information corresponding not only to diadic, but also to an arbi-
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trary number base n. These states furnish the representation of quantum symmetry
related with quantum g-oscillator.

As a generalization of the Schrodinger cat states, from our kaleidoscope states
one can construct multi qudits entangled quantum states. This work is in progress.
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