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CrossMark
Abstract
A new method for finding first integrals of discrete equations is presented. It
can be used for discrete equations which do not possess a variational
(Lagrangian or Hamiltonian) formulation. The method is based on a newly
established identity which links symmetries of the underlying discrete
equations, solutions of the discrete adjoint equations and first integrals. The
method is applied to an invariant mapping and to discretizations of second
order and third order ordinary differential equations. In examples the set of
independent first integrals makes it possible to find the general solution of the
discrete equations.

Keywords: Lie symmetry, first integral, discrete equations

1. Introduction

Considerable progress has been made over the last 25 years in the applications of Lie group
theory to difference equations (for reviews see [14, 32, 44] and for original papers [7, 8, 10—
13, 15, 17-22, 24, 30, 31, 33-35, 39, 42]). The overall aim of the program is to turn Lie group
theory into a tool for solving discrete equations that is as efficient as it is for differential ones.
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For ordinary differential equations (ODEs) one of the important applications of Lie group
theory is to reduce the order of the equation and ideally to solve it analytically and explicitly.
Essentially there are two ways of doing this, once a non-trivial Lie point symmetry group of
the equation is found. One is to perform a transformation of the independent and dependent
variables that takes the Lie algebra into a convenient form. This also transforms the equation
to a form in which the reduction of the order becomes obvious.

An alternative method is to use the Lie point symmetry group to construct first integrals
of the equation that are of lower order than the equation (or system of equations) itself. This
can be done if a Lagrangian exists and the symmetries are variational ones. If a sufficient
number of first integrals can be obtained using the Noether theorem, then the derivatives can
be eliminated from the set of first integrals. This provides a solution of the original equation
by purely algebraic operations, without any changes of variables or any integration.

If no invariant Lagrangian exists alternative methods of constructing lower order first
integrals have been proposed in [2, 3, 5, 6] and in [26-28]. They make use of the so-called
adjoint equations, solutions of which one uses to construct the required first integrals. We
shall call this the ‘adjoint equation method’. The same method for differential equations was
called the method of symmetry—adjoint-symmetry pairs [5]. We prefer to shorten the termi-
nology, especially for the case of difference equations. We mention that solutions of the
adjoint equations have been called adjoint symmetries in [5] and cosymmetries in [36].

The integration methods based on transformations of coordinates have not been adapted
to difference equations. The algebraic methods based on invariant Lagrangians and Hamil-
tonians have been adapted and successfully applied to solve three point difference schemes in
[13-15, 21, 22] and [18-20], respectively. A research note on adapting the ‘adjoint equation
method’ to difference equations has been published in [45].

The purpose of this paper is to present and justify the adjoint equation method for
difference systems with an arbitrary number of variables and also to document its usefulness
on examples. The paper is organized as follows. In section 2 we present a brief summary of
the adjoint equation method for an arbitrary system of partial or ordinary differential
equations (PDEs or ODEs). Section 3 specializes the theory sketched in section 2 to the case
of one scalar ODE. The adjoint equation method for discrete systems is presented in section 4.
This theory is specialized to the case of scalar discrete equations (mappings) and dis-
cretizations of scalar ODEs in sections 5 and 6, respectively. Finally, section 7 provides
concluding remarks.

2. Adjoint equation method for constructing conservation laws for differential
equations

Let us consider a system of nth order PDEs

F/;(x, u, u, u,...,u)=0, p=1,..r, 2.1)
12

n

where x = (x!, ..., xP), u = (', ..., u9),

o out

k

u:=1u: = . AN U= \u; ij= . X s s
N { i } {axi} s tha.s.} {ax”...dx“}

i=1,....p,k=1,..¢q.
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Let L, be a linear operator

©
oF,
Loy = zFﬂv”i(lz...ikDik"'Dil’ Fﬁ>”i(ll...ik = a (22)
k=0 aui]...ik

where

9 .90 L0 L9 .0 . 0 )
D,‘ = _[ + U; _k + V; _k + uji_k + vji_k + uﬂl‘_]{ + lei_k + ...

ox ou av ou ; U j; Vil

is the total derivative operator. The adjoint equations F, = 0 and the adjoint operators L
are given by the variational derivatives (or Euler—Lagrange operators):

o
* ® p — kpy. . p « = =
Fy=Lyv = — (v F/;) = kzzo( 1) D,]...D,k<v Fﬂ’“ilu.ik) 0, a=1,..,4. 2.3)

We assume summation over repeated indices. Notice that the adjoint equations are always
linear equations for v = (v!, ..., v") with coefficients that in general depend upon u (a
solution of (2.1)).

Equation (2.3) is the classical adjoint equation in the case when the original
equation (2.1) is linear. When equation (2.1) is nonlinear the action of the operator L4 yields
a linearization of the original equation (the same result can be obtained by applying the
Frechet derivative to equation (2.1)). In that case the adjoint equation becomes a nonclassical
adjoint equation for the original nonlinear equation (for a discussion of this point see [1]).

The basic operator identity is the following

VPLgpw® — woLjgvP = D;C', (2.4)

where v# and w? are arbitrary functions of x, u and derivatives of u. Here

C'= Y Dj,...D; (w") — ”(v/’F/}), (2.5)
k=0 Iy...dgl
where
5 d 9
——— = Z(—l)SDj...D,Sai (2.6)
5”i1...iki =0 : auil...i“jl...jj

are higher order variational operators (or higher order Euler—Lagrange operators). Since the
scalar (¢ = r = 1) relation is probably due to Lagrange (see for example [9], equation (2.75)
on p 80), we refer to (2.4) as the Lagrange identity. Identity (2.4) for the case of systems of
ODEs (p = 1) already appeared in [3].

Remark 2.1. Applying higher order variational operators (2.6) as well as symmetry
operators given below, we assume that they are extended to all possible mixed derivatives.
Partial differentiation with respect to u;" ; stands for differentiation with resect to this special
mixed derivative with order of indexes i, ..., i,.

We will be interested in Lie symmetries [25, 38, 41]

0 0 < 0
X=8— 4+ n"— + Y4 —a 2.7
: o ou Slell“'l"' ou ;. @7
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where & and n® are some functions of X, u and a finite number of derivatives of u and
i = Di¢~~~Di1(’7“ - é”“fl) +Euf

Note that for point symmetries & and #* depend only on X and u. To each symmetry (2.7)
there corresponds the evolutionary (or canonical) symmetry

)  Nsa 0
+ Y 9 2.8
o+ 2 2.8)

..y

X =7

where

7% =n*—&uf, ' =D;..D(7%.

The identity (2.4) can be used to link symmetries of the differential equations (2.1),
solutions of the corresponding adjoint equations (2.3) and conservation laws.
Choosing w® = 7% = n* — &/u ', we obtain the identity

vIXFy = 7°F; + D;C' 2.9
for evolutionary operators (2.8). For the Lie symmetry operator (2.7) we obtain

VPXFy = vPEIDFy + (17“ — &y ]’»’)F; + D;C. (2.10)

Here the quantities C' are

Ci= iDik...Dil(n" - &uf) (VFy). @2.11)
k=0

ouf

ir...igi

The following theorem is based on the Lagrange identity:

Theorem 2.2. The system of equations (2.1) and its adjoint system (2.3) possess the
following conservation law

D;Ci =0 2.12)
(2.1),(2.3)

for each Lie symmetry (2.7) of the differential equations (2.1) and for each solution of the
adjoint equations (2.3).

Proof. The result follows directly from equation (2.10). Indeed, XFy = 0 because it is a
symmetry criterion for equations (2.1), D;(F3) = 0 since it is a differential consequence of

equations (2.1), and F; = 0 on a solution of adjoint equations (2.3). |

Since we are interested in equations (2.1) we need conservation laws for these equations
alone, i.e., without using solutions of the adjoint equations (2.3).

One can get rid of the adjoint variables v figuring in the conservation law (2.12) and
subsequent formulas. The identity (2.9) and the idea of solving the adjoint equations in terms
of solutions of the original equations were explicitly presented in [2] (see also [6]). These
ideas were also suggested and further developed in [26-28], where numerous examples for
PDEs were worked out explicitly. The introduction of adjoint variables, of linear equations
adjoint to nonlinear ones and the extension variational principles for equations without
classical Lagrangians were also considered in [1, 29, 43] and others.

4
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Theorem 2.3. Let the adjoint equations (2.3) be satisfied for all solutions of the differential
equations (2.1) upon a substitution

V= (p(x, u, lll, 121, ), @ =0. (2.13)

Then, any Lie symmetry (2.7) of the equations (2.1) leads to the conservation law

D;C!

o =0, (2.14)
where V and its derivatives should be eliminated via equation (2.13) and its differential
consequences.

Remark 2.4. For some symmetries and some solutions of the adjoint equations (2.3) the
conservation laws may be trivial. For example, the quantities C; may simply be numbers. See
for instance example 3.1 below. Moreover the non-trivial first integrals are not necessarily
functionally independent (see the same example).

Remark 2.5. The same operator identities (2.9) and (2.10) form the basis of the Noether

theorem [37] for Lagrangian systems (see [25] for details). Indeed, consider the case » = 1, put

v = 1 and apply it to a Lagrangian F = L(X, u, u, u, ...). Then we get the following
12

identities
%=L | D,-(N't),
u(l
N = iDik...Dil(ﬁ“)5 J
k=0 Ui igi
and

XL + LD = (n* - §ju;’)% + Di(N'L),

Ni = si + iDik“'Dil(ﬂa - éjufa)(suf

k=0 Q... 0kl

)

which yield a conservation law

DiC'=0, C(C'=N¢
and

D;,C' =0, Ci=NLC,
correspondingly, for the Euler—Lagrange equations

oL ~0
ou”

s a=1,..,¢q

provided that the Lagrangian is invariant, i.e. satisfies
Xc=0 and XL + LD;E =0,
respectively. Operators N and N’ are called Noether operators.

5
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3. The case of one ODE

In this section we restrict ourselves to scalar ODEs. It is a particular case of the general theory
sketched in the previous section. We restrict ourselves to Lie point symmetries because later
we will consider the discrete case, to which we wish to adapt the Lie point symmetry
approach.

Let us consider a scalar ODE of order n

F(x, u, i, i, ..., u<">) = 0. (3.1)

We will be interested in Lie point symmetries

X = &(x, u)% + n(x, u)% + Q% + CZ% + ...+ Ckm + ..., 32
where

& = DX(n — &i) + ut+D
and
D= % + u% + v‘:—v + u% + va% + .+ u“‘“)ﬁ + v(k“)ﬁ + ..

is the total differentiation operator.
To each Lie point symmetry (3.2) there corresponds the symmetry in evolutionary form

> 0 0 - 0 z 0

X=—+4—+OL—+ .+ G—— + .., 3.3
Tou T o G

where
1 =n, u) — &, i,
& =D, e & = D*(#),
By means of the variational operator

) 0 0 0 0

—=—-D— +D>— + ... + (-1))DF— + ... 3.4

ou  Ou ou ol =D ou® G

we introduce the adjoint equation
F* = i(vF) =0. (3.5)
ou

Thus (2.3) simplifies to
F* = vE - D(VE) + Dz(vi) + ...+ (—1)”D”(v oF ) =0
o dii ou™

Let us define higher order variational (or Euler—Lagrange) operators

5. = 64 - a. 2 é + ...+ (=DFDF (? +.... (3.6)
5u(1) au(z) au(l+l) au(l+2) au(z+k)

Note that Euler—Lagrange operator (3.4) belongs to this set as
S
Su FON
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Lemma 3.1 (Main identity for scalar ODEs). The following identity holds:
VXF = vEDF + (n — &i)F* + DI, 3.7

where

n—1
I= §D (n - &) i V- (3.8)
This is a special case of (2.10), (2.11).

We prefer identity (3.7) instead of the corresponding identity for the canonical operator

vXF = qF* + DI. (3.9)

In the discrete case the framework of Lie point symmetries is better developed in terms of
standard vector fields (3.2) than evolutionary ones. The goal of this paper is to develop a
discrete analog of the identity (3.7).

Let us examine the identity (3.7) on solutions of the ODE (3.1). The left-hand side is zero
if operator X is a symmetry of the ODE. The first term on the right-hand side contains DF and
drops out as a differential consequence of the ODE. We are left with

(n = u)F*

+ DI | F=0 = 0
=0
If we can find a substitution for the function v providing F* = 0, then we can get rid of the
adjoint equation. Thus, we obtain a first integral of the ODE. Let us formulate this as the
following theorem.

Theorem 3.2 (Main theorem for scalar ODEs). Let the adjoint equation (3.5) be satisfied
for all solutions of the original ODE (3.1) upon a substitution

v =g, u, p=0. (3.10)
Then, any Lie point symmetry (3.2) of the equation (3.1) leads to the first integral

n—1

i N0

I= ZD(ﬂ—fu)m(vF) , (3.11)
i=0 V=g

where v and its derivatives should be eliminated via equation (3.10) and its differential

consequences.

Remark 3.3. Theorem 3.2 has the same content as theorem 3.8.1-1 of reference [5]. We
include it here to make this paper self-contained and to establish our notations and
terminology.

Remark 3.4. First integrals I, given by (3.11), can depend on u™ as well as higher
derivatives. We will call such expressions higher first integrals. It is reasonable to use the
ODE (3.1) and its differential consequences to express these first integrals as functions of the
minimal set of variables, i.e., in the form
Iox,u, 0, .., u™ D)= 1I(x,u,u, .. "0 . ‘ .
( u, u u ) ( u u ) o
In the examples of this section we will bypass the higher first integrals / and provide only the
final results 7.
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Remark 3.5. Theorem 3.2 can be extended from point-wise substitutions (3.10) to
differential substitutions

v=e(x, u, i), v = (p(x, u, u, i, ..., u("‘l)), @=0.

Let us investigate the ODE

F = —2(uu - iuz) —-fx)=0. (3.12)
u 2
Its numerical solutions were considered in [7, 8] using a symmetry-preserving discretization.

The first term is the well-known Schwarzian derivative that has many important appli-
cations in mathematics, physics and even (originally) in cartography (for an interesting review
see [40]).

In the general case this ODE admits the symmetry group SL (2, R). Its Lie algebra is
realized as

0 0 0
X = —, X> = u—, X3 = u>—, 3.13
" o ? ou ’ ou ( )
for f = M = const there is an additional symmetry
Xy = i, (3.14)
ox
and for f = M = O there are two further symmetries
0 0
Xs=2L,  Xg=222 3.15
s=x 6 F (3.15)
Example 3.1. The ODE that we shall consider is
L(.. 3.,
F=—lui—-—=ii|-M=0, M = const. (3.16)
i? 2

Let us solve ODE (3.16) using theorem 3.2. The idea is to find three independent first
integrals of (3.16) and then to eliminate the derivatives # and ii from them (third order ODEs
can have at most three independent first integrals).

The adjoint equation (3.5) takes the form

F* = —l.(D3v + 2MDv) =0. (3.17)
u

Let us look for solutions of the form v = v (x), which is the simplest ansatz. We obtain three
independent solutions of the adjoint equation (3.17)

M=0:v,=1,v, =x, v = x2;

M > 0:v, =1, v, = cosRwx), v, = sinRwx), @ =~M/2;

M < 0:v, =1, v, = coshQwx), v. = sinhQwx), w = V—-M/2. (3.18)

We will use these solutions of the adjoint equation to find first integrals of the ODE (3.16).

8
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Let us use symmetries (3.13)—(3.15) and solutions of the adjoint equation (3.17) to
construct first integrals. The notation fja means that this integral corresponds to symmetry X;
and solution v, of the adjoint equation.

For all values of the parameter M there is only one common solution of the adjoint
equation, namely

v,(x) = 1. (3.19)

It provides us with the first integrals

. 12 M .. .
T, = “2(5% + —] —2ut w20, I,=-2M.
u u u

Two additional first integrals for M = 0 are trivial:
iSa =0, i6a =-2.
The non-trivial first integrals obey the relation
ilai3a - izzg =2M.
Thus we have only two independent first integrals and it is not sufficient for the integration of
the third order ODE. To find a sufficient number of first integrals we will consider solutions of
the adjoint equation which are specific for particular cases of the parameter M. Let us go
through different cases of the parameter.
Case: M =0

This case was considered in [45]. The solution consists of the generic three-parameter
solution

W)= G 4 G (3.20)
where C; # 0, C, and Cj are constants, and the degenerate two-parameter solution
ulx) = Cix + Cy, C #0. (3.21)
Case: M > 0

Special solutions of the adjoint equation are (3.19) and
. M
vy (x) = cosLwx) and v, (x) = sin(Rwx), w = 5 (3.22)

For v, and symmetry X; we compute the first integral
B 1 .0 M . ..
I, = cos(2wx) S 2w sm(Za)x)( l)
24 i?

We choose I, b, and I, as three independent first integrals. The Jacobian is

J= det[ a(ila’ I~2a’ ilb)]

o(u, u, i)
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o i? + do*i?

> 5 (sin(2a))c)ii2 + 4w cosQwx)iii — 4a* sin(wa)uz).
u

(1) For J # 0 we obtain the solutions
u(x) = Ctan (wx + C3) + Cs, (3.23)
where C; # 0, C;, # En, n € Z and Cs are constants.
(2) The equality J = 0 can happen in two cases:
(a) The first case is
i? + 40’ = 0, iw#0

and it has no real solutions.
(b) The second case is

sin Qwx)ii2 + 4w cos Qwx)uii — 4w? sin Quwx)u? = 0, u# 0.

It can be solved for ii:

ii = 2w tan (wx)u or ii = 2w cot (wx)u, u# 0.
The general solutions of these equations are:
u(x) = Cy tan (wx) + C; or u(x) = Cj cot (wx) + G, (3.24)

where C; # 0 and C, are integration constants.
Finally, we unite solutions (3.23) and (3.24) into the generic solution of the ODE

u(x) = Cy tan (wx + C;) + Cs, (3.25)
where C; # 0, C, and C; are integration constants.
Case: M < 0
This case was examined in [16], where we obtained the generic solutions
u(x) = Cy tanh (a)x + C2) + Cs, u(x) = C; coth (a)x + C2) + Cs (3.26)

and the degenerate solutions
u(x) = Cie*”* + C,, (3.27)

where C; # 0, C, and C; are constants.

Example 3.2. The ODE

1 3 1
F=—|ui - =i*| - — =0, 3.28
uQ( 2 ) x? ( )
admits symmetries
Xl—i9 Xz—ui, X3—M20,
ou ou ou
d . d 0
X, = x—, X5 = x sin (In |x|)—, Xg=xcos(In|x])—. (3.29)
ox ox ox

To find the solution of this equation one can use the adjoint equation method as it was
illustrated in the previous example. The adjoint equation is

10



J. Phys. A: Math. Theor. 48 (2015) 055202 V Dorodnitsyn et al

—3D3y —
o x°D?v — 2xDv + 2v —0 (3.30)
X3

Three independent solutions of (3.30) are
V= X, vp = x sin (In]x|) and V. = x cos (In|x|). (3.31)
One can use these solutions of the adjoint equation and the symmetries (3.29) to find first

integrals, which can be used to obtain the solution of the ODE.
Alternatively, we can exploit the change of the independent variable

X —> X =tan (ln [x] ), (3.32)

which transforms ODE (3.28) into the ODE (3.16) with M = 0. Thus, we can use the results of
the previous example, namely the solutions (3.20) and (3.21), to find the general solution of
ODE (3.28) as

u(x) = Cy tan (1n Jixl + cz) + Gy, (3.33)
where C; # 0, C, and C; are constants.o
The direct method versus the adjoint equation method.

Let us compare the direct method [3, 5] with the adjoint equation method. We consider a

scalar ODE (3.1) and assume that this ODE is solved with respect to the highest derivative
u®:

F=u® —f(x, u, i, i, ..., u<"—1>) =0. (3.34)
We are interested in first integrals
1= I(x, u, i, ..., W—U) (3.35)
of this ODE such that
D(I) = AF, (3.36)
holds identically in the whole space for some nonsingular function
A=A(x u, b, . u® D), (3.37)

called an integrating factor. Since the left-hand side of relation (3.36) is a total derivative it is
annihilated by the action of the variational operator. Therefore we obtain the equation

%(AF) =0. (3.38)

Let us mention that every first integral (3.35) corresponds to some non-zero integrating factor
(3.37), which is a solution of equation (3.38).
Let us compare with the adjoint equation

Som| =o y = (p(x, u, i, ..., u<"—1>). (3.39)
51/1 F=0

If we consider A and ¢ which depend on the same variables, we obtain the following result.
Proposition 3.6. An integrating factor is always a solution of the adjoint equation

independently of whether a symmetry of the underlying equation exists. The inverse statement
is not true.
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Even though an integration factor is always a solution of the adjoint equation we cannot
expect that the direct method and the adjoint equation method will always provide the same
first integral.

Using integrating factors, we have to solve the equation (3.36) in order to find a first
integral I. Explicit line integral formulas which provide first integrals were given in [5]. The
approach based on the solution of the adjoint equation yields the first integral by formula
(3.11), which does not require any integration.

It was observed on the examples of this section that the pair consisting of a symmetry X
and a solution of the adjoint equation v can generate a trivial first integral. To the contrary, an
integrating factor A provides a non-trivial first integral. On the other hand, it was observed in
[16] that the approach based on theorem 3.2 has the advantage that we can use a simpler
ansatz for ¢ then for A.

4. Adjoint equation method for mappings

In this section we will consider mappings (discrete equations) and develop a theory analogous
to the continuous case results reviewed in section 3. It should be noted that mappings may not
possess continuous limits. Such mappings have no relation to discretizations of ODEs.

Let us consider mappings with the dependent variable

umz(u,il, ...,un‘ﬁ), me/7Z.

Discrete systems of order n can be presented as equations involving n + 1 points
Fﬂ(ms Wy, W1, Wppg2s -oes um+n)=03 ﬁ: 1, ..., 4.1)

We will assume that these equations can be resolved for u,, and u,,,,. This assumption is
necessary to solve the Cauchy problem to the left and to the right from the lattice points
containing initial values.

We consider Lie point symmetries
0
ou®
As in the previous sections we will assume summation over repeated indices. For application
to functions on lattice points we consider symmetry operators which are extended to all points
involved in equations (4.1)

X = n*(u) 4.2)

4 0
Xegidpge O e O e jaqu). 43
nm aurz nm-{-lau;nx_'—l nm+nau;;+n ’7[ n ( l) ( )

It is helpful to introduce forward and backward shift operators S, and S_:
Sgm=m+ 1, Sy, = Uyy,
Sm=m-1, S_u,=u,_,.

Discrete variational operators are defined by the relation

8 Y F (1, Wy Wyt ooy Wy
m

m+k

“ 0
= Zaum Zsf ou” P(m, Wy, Wyt 15 --s um+n)-
m k=0
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We suppose F — 0 sufficiently fast when m — +o0 so that the discrete functional is well
defined. The relation provides us with discrete variational operators

_Z A i+s_ ‘1 sk g (4.4)
au

a

um m+k du aum+l Un+k

Note that these operators are defined for the system (4.1) of arbitrary order n.

We will make use of adjoint variables v,, = (., ..., v") and adjoint equations
* /i - —
Fi= 5M,Z(vaﬂ)_0’ a=1,..,q, (4.5)

which are always linear for the adjoint variables v,,. These equations can be presented as

OF, OF
Fr=vl—2 ,fj_ls_( ’ )+
al'tm Un+1

oF, oF,
+v) sk aﬂ + ... +vl 5" —aﬁ =0
Ol 4k ou

m+n

Now we will obtain the main identity which will be used to find first integrals.
Let us fix the value of index m, which corresponds to the left point in the equations (4.1),
and define higher order discrete Euler—Lagrange operators
b < 0 0 0 0
= f P S_ 2 +...+S f —
5um(j) k=0 aum+j+k aum+j aum+j+1 aum+j+k

+ ... (4.6)

We note that variational operators (4.4) belong to this family:
KE 0
éum 5"{;1[(0) .

Lemma 4.1 (Main identity for mappings). The following identity holds:

VEXFy =ntF; + (1 — S_)J, 4.7)
where
J= 2’72+j5 o (v Fp)- (4.8)
j=1 Wom )
Proof. The identity can be obtained by a direct calculation. O

An alternative derivation of the main identity (4.7) can be based on the following
operator identity.

Lemma 4.2. The following operator identity (no summation over a) holds:

< 0 B
;'7"7+kau;+ = mZSk (1-5.) Z"»wg o (4.9)

Uy, +k
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If we take summation of the identities (4.9) for all a = 1, ..., ¢ and apply the resulting
operator identity to the quantity v/ Fy, we get the identity (4.7).
Let us adapt the results of the continuous case, given in section 3, to the discrete case.

Theorem 4.3 (Main theorem for mappings). Let the adjoint equations (4.5) be satisfied for
all solutions of the original equations (4.1) upon a substitution
Vi = @ (m, W), p=0. (4.10)

Then, any Lie point symmetry (4.2) of the equations (4.1) leads to the first integral

— a B
J= anﬂ. Sag (vaﬁ) , (4.11)
Jj=1 n v —
=@
where values v, ..., Vi,_, should be eliminated by means of the equations (4.10) and their

shifts to the left.

Proof. The result follows from the identity (4.7) just as theorem 3.2 follows form the
identity (3.7). O

Theorem 4.3 is the discrete analog of theorem 3.2 and the operator 1 — S_ is the discrete
analog of the total derivative D, i.e., discrete first integrals satisfy the equation
(1-85)J=0

on the solutions of the discrete equations.

Remark 4.4. Generally first integrals J, given by (4.11), can depend on more than »n points.
We will call such expressions higher first integrals. Using equations (4.1), we can always
reduce this number of points to minimal set, for example, to points
m, m+1, ..., m+n-—1,i.e.,

J(m, Wy W15 Wi 2y oees um+n—1)

= ](m, Wy, Wyppq, Wypg2y ooes Wypap 1, "')|Fﬂ=0, p=1,.... h

Remark 4.5. Instead of point substitutions (4.10) we can use generalized substitutions which
involve neighbouring points. For systems (4.1) we can consider substitutions like

Vin = ¢(m’ U, um+1)’ cees Vin = ¢(mv Wy, Wt s -y um+n—l)~

Remark 4.6. The requirement that the substitution (4.10) annihilates the adjoint
equation (4.5) on the solutions of the original equations, used in theorem 4.3, can be
replaced by a weaker condition

My Fa = 0.

This should hold for a given symmetry X of the system (4.1) on the solutions of this system.
This is a weaker condition than the requirement of the theorem that all equations F,; = 0 hold
individually.
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In the following sections we will consider applications of these results.

5. Case of mapping involving a single dependent variable

In this section we will consider scalar mappings of order n
F(m, ty, Ungts Uma2s -oor Upgn) = 0 (5.1

admitting symmetries of the form

0
X=nu)—. 5.2)
ou
Such symmetries are expanded as
0 0 0
X:nm +’7m+1 + ... +’7m+n—’ ’71271(1’11) (53)
a"tm aMm+1 a"{m+n

to all points involved in the equation (5.1).
The corresponding adjoint equation (4.5) has the form

1)
F* = 2 (v,F) =0, (5.4)
Ot
where
B < 0 0 )
=Ygk = + 5 4o+ St (5.5)
Ott -0 Otk Oit Ot 41 Otk
is the discrete variational operator. Explicitly we have
F F
F*:vma—+vm_lS_[ 9 J+
Um Um+1
/3 F
+ Vi Sk 9 4+ o F VSt 9 =0.
Um+k Um+n

Theorem 4.3 restricted to the case of this section states the following.

Theorem 5.1 (Main theorem for scalar mappings). Let the adjoint equation (5.4) be
satisfied for all solutions of the original equation (5.1) upon a substitution

Vi = @ (m, uy), pZ0. (5.6)
Then, any Lie point symmetry (5.2) of the equation (5.1) leads to a first integral

J= [Zﬂm+jL(va)] , (5.7)

J=1 Btme) Y=
where
B < 0 0 0 0
=) sk = +5_ +o+ S
O m (j) k=0 Ok Oy Oy ji1 Oy jik
and values v,,, ..., Vi,_, should be eliminated by means of the equation (5.6) and its shifts to

the left.
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Example 5.1. Let us consider the four-point mapping
_ (um+3 - um+l)(um+2 - um)

(Upg3 — Upmg2) (Upg1 — Upy)

F -K=0, K#0. (5.8)

This equation was considered in [7, 8] as a part of the system (6.29), which will be examined
below. We exclude the case K = 0 because for K = 0 this equation is equivalent to the system

Upyr — Uy = Os
Upyl — U ?é 0,

which can be easily solved as
U, =A=1)" + B, A#0.
The equation (5.8) admits symmetries
0 0 0
= —, X = u—, X; = u?—. 59
ou " ou T ou 69

The adjoint equation (5.4) (after use of the original equation F = 0) is

X

FE = K (g2 — tpmer)

(um+2 - um)(um+1 - um)

(v + (1 = KVt + (K = Dvyyes = vym3) = 0. (5.10)

This simplifies to a linear mapping
Y+ (1= K)vyr + (K= Dy = vip3 = 0.

It is easy to find solutions v,, = v, (m). We obtain three independent solutions of the adjoint
equation

K=4: vi=1,vb=m, v = m?,
0<K<4: vé =1, v2 = cos 2¢pm), v¢ = sin 2¢pm);
0<K or K>4:va=1,vh=np", v = u"; (5.11)

where

:(K—Z)i\/Kz—4K

¢ = arccos(g) and Hi 2

First of all we consider the solution of the adjoint equation v;; = 1, which is common for
all values K # 0. Applying theorem 5.1 with this solution and symmetries X;, X, and X3 and
simplifying the obtained first integrals as described in remark 4.4, we get the first integrals

- K 1 1
Jia = 2 - - ,
Upyr — Uy Upyr — Upt] Upyl — Uy

¥ K(um+2 + um) 2um+1 2'Mm+l
2a = - - )
Umny2 — Up Uptr — Upt] Upt1 — Un

2 2
= Kum+2um Ut U1
‘]3[1 = 2 - - s
m

Upt2 — Up Upmt2 — U Upt1 — U
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respectively. These three first integrals, which hold for all K # 0, are not independent. They
satisfy the relation

jlaj3u - (qu)z =4K — K2

To integrate the mapping (5.8) we need one more independent first integral (it should be a first
integral which involves m). As in the continuous case we need to consider different cases of
the parameter K separately.

Case: K =4
This case was treated in [45], where we found the generic solution
1
u + Cs, Ci#0 (5.12)

m= Cim+ C,
and the degenerate solution
um = Crm+ Cy, C #0. (5.13)

Case: 0 < K < 4
In this case we obtain two specific solutions of the adjoint equation (5.10)

vb = cos (2¢m) and v, = sin (2¢pm), ¢ = arccos( g]

Application of theorem 5.1 with symmetry X; and solution v’ gives us the first integral
Jip = cos (2¢m)[ K - K ] + cos 2¢p(m — 1))

Upto — Uy Upt1 — Uy

1 1 1 1
X| K + - -
Uns2 — U Upt1 — Un Upt2 — Umtl Uptl — Uy

—cos 2¢p(m — 2))[ ! + I ]

Upt2 — Umt1 Upsl — Unm

We can chose first integrals Jias Joq and Jip as three independent first integrals. The
Jacobian is

. det[ 0(j1a, Jras jlb) ]

()( Ums Umt1, um+2)

2
K(”m+2 = 2Upyy + um) + @4 = K)(upms2 — Mm)2 KRR,

T et — )tz — )tz — tme1) €08 Qp(m + 1)) — cos 2pm)”

where

R, = a(um+2 - 2Mm+l + um) + ﬂ(um+2 - um)’

a = sin 2¢ (sin (2¢pm) + sin ¢), p = (1 — cos 2¢)(cos (2¢pm) — cos ¢p)
and

Ry =7y (tms2 = 2psr + ) + 8(Upmes — ),
y = sin 2¢ (sin (2¢pm) — sin ¢p), 0 = (1 — cos 2¢)(cos 2¢pm) + cos ).
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(1) In the case J # 0 we set these first integrals equal to constants and obtain the generic
solution

u, = Cytan (gm + C>) + Cs, (5.14)

where C; # 0, C, # —%qﬁ + %k, k € Z and C; are constants.

(2) Analysis of the case J = 0 splits into three subcases.
(a) The case

K(um+2 - 2um+1 + um)2 + (4 - K)(um+2 - um)z = 0,

Umt1 75 Um, Um+2 ?é Up

has no real solutions.
(b) The case

R, =0,

Umt1 75 U, Um+2 ?é Up

has solutions
Uy = C tan (¢pm + C5) + Cs, Ci#0, C,= —%qﬁ + k. (5.15)

Verification shows that these functions are solutions of the equation (5.8).
(c) The case

R, =0,

Umt1 ?é U, Um2 ?é Up

has solutions
uy = C tan(¢m+C2)+ Cs, C#0, C2=—§¢+ §+ﬂk,(5.16)
which are solutions of the equation.
Finally, we unite the obtained solutions into the generic solution of the form
uy = Cytan (¢pm + C;) + Cs, (5.17)

where C; # 0, C, and C; are constants.
Case: K<QorK>4
This case was given in [16]. The solution consists of

2 m K 2
=K =) = O =) u + (1= )k,
2 + Cs, (5.18)

u, = C X
K(py = py) = Cz(l - /412)/42’” + C—z(l - /422)/41’”
where C; # 0, C, # 0 and C; are constants, and
Uy = Crp" + Cy and Uy = Cru," + Co, C; #0. (5.19)

The generic solution (5.18) can be conveniently rewritten as follows:

18
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e K> 4:
u,, = C| tanh (t//m + Cz) + G; (5.20)
or
uy = Cy coth (ym + C3) + C3 (5.21)
e K<O:
C, tanh (Wm + Cz) + Cs if m is even,
U, = (5.22)
Ci coth (ym + C3) + Cs if m is odd,
or
Ci coth (ym + C3) + Cs if m is even,
Uy, = (5.23)
Cy tanh (ym + C;) + C3 if m is odd.
Here
1 1 K—-2+VJK?>-4K
1/125111 ‘ﬂl‘zgln )

and C) # 0, C, and C5 are constants.
In addition to the generic solutions we have the degenerate solutions (5.19), which can be
rewritten as

U, = Ci(sgnk)"ex¥" 4+ C,. (5.24)

6. Discretizations of a scalar ODE

In this section we are interested in discretizations of a scalar ODE. For the discretization of an
ODE of order n we need a difference stencil with at least n + 1 points. We will use precisely
n + 1 points, namely, points x,,, ..., X,,+,. These points are not specified in advance and will
be defined by an additional mesh equation [14].

As a discretization we will consider a discrete equation on n + 1 points

F(Xp, tp, Xm+1> Umtls -5 Xmtns Mm+n) =0, (6.1)
on a mesh

.Q()Cm, Ums Xm+1s Ums1s «-os Xmtns um+n) =0. (62)

These two equations form the difference system to be used. In the continuous limit the first
equation goes into the original ODE and the second equation turns into an identity (for
example, 0 = 0).
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The Lie point symmetry

0 0
X=&x, u)— +nx, u)— (6.3)
0x du
gets expanded to the points of the difference stencil as
0 0 0 0
X=C¢p— +n,— + . + Epn—— + 1y ——— 6.4
5 dxm fim aum 5 ’ dxm+n L " aum+n ( )
fl = 5('x17 M[), 71[ = r](xl’ ul)'
The discrete variational operators (4.4) take the form
b) < 0 0 0
— =yt =— +5 + ..+ 8k +..., (6.5
5um k=0 aum+k aum aum+l aum+k
S SEL:LJFS_ +...+SEL+.... (6.6)
5~xm k=0 axm+k axm a~xm+1 a~xm+k

The adjoint equations corresponding to the system of difference equations (6.1) and (6.2) are

F* = i(va + wp2) =0 6.7)
um
and
QF = i(v,,,F + W) =0, (6.8)
X

where v,, and w,, are adjoint variables. In detail they are

F F F F
F*:Vma—+vm_|S_( 9 ]+...+vm_ka[ 9 )+...+vm_,,Sf( 9 ]

U Um+1 aum+k Um+n
o2 o2 o2
+ Wy —— + Wy 1S + i+ Wy SE + ...
Um Um+1 Uk
+ Wm_nSi’[ ﬂ) =0
aum+n
and
F F F F
Q*:vma—+vm_1S_( J )+...+vm_ka( 0 )+...+vm_n5f[ 0 ]
ox,, X m+1 X m+k X m+n
o2 o2 o2
+ Wy—— 4 W1 S_ + i+ Wy SE +
Xm Xm+1 axm+k
+ wm_nSf[ 902 ] = 0.
axm+n

In this setting theorem 4.3 takes the following form.

Theorem 6.1 (Main theorem for discretized ODE). Let the adjoint equations (6.7) and (6.8)
be satisfied for all solutions of the original equations (6.1) and (6.2) upon a substitution

20
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Vm = ¢1(m’ xm’ um)s

0 0. 6.9
Win = ¢2(m7 Xm>» Mm), (plz or (pZZ ( )

Then, any Lie point symmetry (6.3) of the equations (6.1) and (6.2) leads to the first integral

n

1) )
T=| Y = + M= | F + wu?2) , (6.10)
. 5xm(,-) 5um(j)
Jj=1 = =
Vn= Q)5 W=y
where
0 =) st 0 __ 9 g9 4. 4ski_ 9% 4 6.11)
O (j) k=0 Otk Oy OUpptj41 Oy jk
and
B < 0 0 0 0
=) sk = +8_ ...+ Sk + . (6.12)
XmG)  jmo  Xmtj+k  OXmyj OXpyjy OX oy jrk
are higher order discrete Euler—Lagrange operators and v,,, Wy, ..., Vin—n, Wn_n Should be

eliminated by means of equations (6.9) and their shifts to the lefft.

As in the general case of theorem 4.3 the first integral J satisfies the equation
(1-85)J=0

on the solutions of the difference scheme.

Remark 6.2. As in the general case the condition that the adjoint equations are satisfied, i.e.,
F* = % = 0, can be substituted by a weaker condition

En2* + 1, F* =0,
which should hold for a given symmetry X of the system (6.1), (6.2) on the solutions of this

system.

Example 6.1. Let us consider the one-dimensional harmonic oscillator
i +u=0. (6.13)

As a discretization we choose the scheme

2 Upmt2 — Uy Unsl — Unm Upsd + 2y + Uy,
-z 1+ =0 (6.14)
Xm+2 — Xm \ Xm+2 = Xm+1 Xm+1 — Xm 4
on the uniform mesh
Xm+2 = Xm+1 = Xm+1 — Xm- (6.15)
This discretization of the harmonic oscillator was considered in [20].
Let us rewrite the scheme in an equivalent form
Up+2 — Um+1 Up+1 — U Xm42 = X Umy2 + 2’/tm+l + Uy
F= - + =0,

Xm+2 — Xm+1 Xm+1l = Xm 2 4
Q= (xm+2 - xm+l) - (xm+l - Xp) = 0. (616)

21
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It is not difficult to verify that the difference system (6.16) admits the symmetries generated
by the operators

0 0 0 0

X = —, X, = sin (wx)—, X3 = cos (wx)—, X4 = u—, 6.17
1= 2 ( )au 3 ( )6u 4 r™ (6.17)
where
arctan (h/2) b= . — —
%) 5 m+2 m+1 m+1 m-
The adjoint equations are
F*=ny, 1 + Xm+2 — Xm
Xm+1l — Xm 8
1 1 X — Xp—
+ Vm—l(_ _ + m+1 m 1]
Xm+1 =~ Xm Xm — Xm—1 4
1 m— Xm—
+ Vm_z( y =2 2) =0 (6.18)
X — Xp—1 8
and

.Q* -y Upsl — U U + 2Mm+l + U
" Conrr = xn)? 8
Xm+1 Xm

Unpt1 — Um Up — Up—1
+ V-1 3 + 5
(xm+l - xm) (xm - xm—l)

Uy — Uy Uy + 22U + Uy

+ | - m m l2 + m m—1 m-=2
(xm _xm—l) 8

+ Wy — 2Wp1 + Wy = 0, (6.19)

considered on the solutions of the equations (6.16).
On the solutions of the equations (6.16) the adjoint equations (6.18) and (6.19) have the
particular solution

v =0, Wy = X (6.20)

For symmetries (6.3) with £ = 0 we can consider the equation (6.18) instead of the
system (6.18), (6.19) (see remark 6.2). In this case we find the special solution

vh = u,, wh = 0. (6.21)

Let us use these solutions to find first integrals with the help of theorem 6.1 and
symmetries (6.17). We will bypass the higher first integrals and provide only the final results
for both pairs (6.20) and (6.21).

o vy =0, w; =X,

Application of the theorem with symmetry X; gives the first integral
I =Xy — Xppy1 = —h. (6.22)
The other symmetries provide trivial first integrals.

22
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v =u,, w=0.

For symmetries X,, X3 and X, we obtain the first integrals

- 1 . .

sz = (z + g)(—umﬂ sin (@X,,41) + U, Sin (coxm+2)), (6.23)
=b 1 h

J3 = (E + Z)(_um+l €08 (@Xp1) + Uy COS (WX p2)), (6.24)
jf _ —h[( um+1h— Uy )2 N ( um+12+ Up )2]’ (6.25)

where we used & = X401 — X, and X400 = Xpy1 + A

. . za 3 b .
Using values of the first integrals J; sz and J;, we can express the solution of the
difference system in the form

u,, = A cos (wx,,) + B sin (wx,,). (6.26)

The mesh for this solution
Xy = Xo + mh, m=0, +1, £2, ... 6.27)

can be obtained by integration of the linear equation (6.22). Here A, B, h > 0 and x, are
constants. Note that x, appears from the integration of the linear equation (6.22).

Example 6.2. Let us return to the ODE

1 3
F = —(uu - —uZ) -M=0, (6.28)
it 2
which we examined in the example 3.1. We recall that in the general case it admits
symmetries (3.13) and (3.14). For M = 0 there are additional symmetries (3.15). We will
consider these two cases separately.
Case: M =0
As a discretization we consider the invariant scheme
F = U3 — Umgl Umy2 — Up _ Upt3 — Umy2 Uptl — Up =0
Xm+3 — Xm+1l Xm42 — Xm Xm+3 = Xm+2 Xm+1l — Xm
_ (xm+3 - xm+1)(xm+2 - xm)

(Xma3 = Xm42) (Xpg1 — X))

Q

-K=0, K#0, (6.29)
which was introduced in [7, 8]. It admits all six symmetries (3.13), (3.14) and (3.15).
The adjoint system for the presented scheme is

F* = a(um+2 - um+1)

(um+2 - um)(um+l — Up

(Vm + (= Kywp—1 + (K= Dvyo — Vm—3) =0

23
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and
Q* = a(xm+2 N xm+1) (Vm + (1 - K)Vm—l + (K - l)vm—Z - Vm—S)
(xm+2 - xm)(xm+1 - xm)
K —
ez = Smel) (4 (1= Ky + (K = D — wps) = 0,
(xm+2 - xm)(xm+1 - xm)
where

_ Upy3 — Upt1 Upg2 — Uy _ Upt3 — Upt2 Uyl — Uy

Xm+3 — Xm+l Xm42 — Xm Xm+3 — Xm+2 Xm+1 — Xm

Variables u,,,3 and x,,.3 in the coefficient @ should be expressed in terms of the other
variables involved in the scheme.
The adjoint equations lead to the system of linear mappings

Vi + (1 - K)Vm—l + (K - l)Vm—2 — Vm-3 = 0,
Wy + (1 = K)wy + (K= Dwyo — wy3=0.

One can use pairs (v, w},,) which solve this system to find first integrals and employ these first
integrals to find the solution of the scheme.
However, it is more convenient to rewrite the scheme (6.29) in the equivalent form

Fe (Ut = Um1) (Umgs = Um) K=0
(um+3 - Mm+2)(um+1 - um)
_ (xm+3 - xm+1)(-xm+2 - -xm)

(xm+3 - -xm+2)(-xm+1 - xm)

Q —K=0. (6.30)

Note that the system is symmetric under the interchange of u and x. We can use the results
obtained for mapping (5.8) to integrate this scheme. We need to consider different subcases
for different values of K.

(1) K = 4. We obtain the solution

Uy = ; + G5 or Uy, =Cm+ C, (6.31)
Cim+ C,
on the mesh
X ! + Cs or Xp=Csm+ Cs, (6.32)

m_C4m+C5

where C; # 0, Cs, C3, C4 # 0, Cs and Cg are constants.
(2) 0 < K < 4. We obtain the solution

uy = Cytan (¢pm + C;) + C3 (6.33)
on the mesh

X, = C4 tan (gbm + C5) + Cs, (6.34)
where C) # 0, C,, C3, C4 # 0, Cs and Cg are constants. Here

¢ = arccos(g). (6.35)
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(3) K > 4. We obtain the solution

u, = C) tanh (l//m + Cz) + C3

or
u, = C coth(l//m + Cz) + G;
or
U, = Clul""2 + Cy = Cie*™" + C,
on the mesh
X, = Cy4 tanh (1//m + C5) + Cg
or
Xy = Cy coth (ym + Cs) + Cs
or

Xm = C4,ttlr’n2 + Cs5= C4€i2(’/m + Cs,
where C; # 0, C,, C3, C4 # 0, Cs and Cg are constants. Here

_K-2+VK?>-4K

Hip = 3

and

K—-2+VK?-4K

2

w:%ln |,ul|=%ln .

(4) K < 0. We obtain the solution

C, tanh (1,(/m + Cz) + Cs if m is even,

T Creom (ym+ C)+ ¢ ifmis odd.

or
C; coth (l//m + C2) + G5 if m is even,
Tl Ctanh (ym 4 C)+ 6 imiis odd,

or

up = Cipy + G = Ci(=1)"e*™ + C,
on the mesh
Cy tanh (ym + Cs) + Cs if m is even,
C,4 coth (l//m + C5) + Cs if m is odd,
or
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Ci coth (ym + C) + C3 if m is even,
X, = (6.48)
Cy tanh (ym + C;) + C3 if m is odd,

or
X = Capy + Cs = Cy(=1)"e™ + Cs, (6.49)

where Cy # 0, G5, C3, C4 # 0, Cs and Cg are constants. Here p, , and y are given by
(6.42) and (6.43), respectively.

Remark 6.3. Let us note that all these solutions for any K # 0 can be presented in the
unified form

Uy, = _r +vy or Uy = 0X, + f, (6.50)
ax, + f
where a # 0, § and y are constants. They should be considered on the corresponding meshes,
which are different for different values of the parameter K. Thus, the discretization (6.29)
provides the exact solution of the ODE (6.28) for M = 0. For the case K = 4 this was observed
in [7, 8], where the result was essentially guessed, then verified. Here we obtained it
systematically, using the adjoint equation method.

Remark 6.4. It should be noted that for some cases we do not get monotonicity for mesh
points x,,. A monotone sequence of mesh points satisfies the natural requirement

Xm+2 = Xm+1

> 0. (6.51)

Xm+1 — Xm

We omit the detailed examination of the monotonicity of the mesh points because we would
have to consider many different cases. Let us stress that in all cases we obtain the exact
solution of the ODE in the mesh points.

Remark 6.5. The problem of non-monotone meshes also occurs when using adaptive
meshes [23] and there exist various ways of dealing with it in numerical analysis. One of them
is to restrict the analysis to parts of the mesh where (6.51) holds. For other possibilities see [4]
and references therein.

Case: M # 0
As a discretization we consider the invariant scheme

_ (um+3 - um+1)(um+2 - Mm) _ (xm+3 - xm+1)(xm+2 - xm)

(”m+3 - um+2)(”m+l - um) (-xm+3 - xm+2)(xm+l - -xm)

M
X (1 - g(xm+3 = X)) (Xma2 — xm+l)) =0,

Q(Xme3 = Xma2> Xma2 — Xmg b Xma1 — Xm) = 0. (6.52)

F

It admits the four symmetries (3.13) and (3.14). To find solutions we specify the mesh as a
regular one

Q=xu41— Xy —h=0, (6.53)
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where & > 0 is a constant. The first equation will take the form

_ (Mm+3 - um+1)(”m+2 - um) 7

F = K =0,
(U3 — Upmg2) (Uppg1 — Upy)

where

= 4(1 _ %ﬂ).
2

(6.54)

(6.55)

For the equation (6.54) we can use results obtained for the mapping (5.8) in example 5.1.
Since h # 0 we have K # 4. For non-trivial cases K # 0 there can be three possibilities.

(1) 0<K<4M>0,0<h<+2/M). We obtain the solution

2

3)

Uy = Citan (dm + C3) + Cs,
where C; # 0, C, and C; are constants, on the mesh

Xm = Xo + hm.

¢ = arccos( g]

K > 4 (M < 0). We obtain the solution

Here

u, = Cy tanh (gm + C;) + C3
or
uy = Cy coth (gm + C>) + C3
or
Uy = C]/Z{Z + Cy = Cie*™ + G,
where C; # 0, C, and Cj are constants, on the regular mesh (6.57). Here

K-2+K*>- 4K

2

Hip =

and

K -2+ K> - 4K

2

y?:%ln ‘ﬁl|=%ln

K <0 M >0,h>+2/M). We obtain the solution

C, tanh (1/7m + Cz) + G; if m is even,

Uy =

C; coth (y'/m + Cz) + G5 if m is odd,
or
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Ci coth (ym + C) + C3 if m is even,
", = (6.65)
Cy tanh (ym + C;) + C; if m is odd,

or
un = Cifa"y + Cy = Ci(=1)"e*™ + Oy, (6.66)

where Cy # 0, C; and C;5 are constants, on the regular mesh (6.57). Here g, , and y are

given by (6.62) and (6.63). Note that because of the steplength restriction 2 > +/2/M we do
not obtain a consistent discretization of the ODE in this case (the mesh cannot be refined).

It should be noted that for sufficiently small steplengths # < 1 we will always have
K > 0 (see (6.55)) and thus avoid ‘jumping solutions’ of the last case. As in the continuous
case the solution has several branches which correspond to different initial conditions.

Remark 6.6. We recall that in the case M = 0 the scheme (6.29) provided us with the exact
solution of the ODE (6.28). In the present case M # (O the scheme (6.52) with regular mesh
specification (6.53) provides the exact solutions of the ODE (6.28) if we apply the scheme to
the modified equation

Frod = iz(uu - %uz) — Myoq = 0. (6.67)

The original equation parameter M > 0 should be changed to the modified value

Mpoq = % Sin2(1 %h), 0< h<2/M

and the parameter M < 0 should be changed to the modified value

2, M
Mmod——ﬁ smh( —7h)

Application of the scheme (6.52) to the modified equation (6.67) with the modified constant
Moq gives exact solution of the ODE (6.28) with constant M. Note that in both cases
Mpoa = M as h - 0.

We note that modification of the constant M can be interpreted as scaling of the
independent variable x.o

Example 6.3. Now we turn to the ODE (3.28) admitting symmetries (3.29). For the
discretization we take the invariant scheme

Upy3 — Ut Upyr — Uy
F =
. Xm+3 . Xm+2
sin| In sin| In [| —=
Xm+1 Xm
Upt3 — Umy2 Uptl — Un _
. Xm+3 . Xm+1
sin| In sin| In
Xm+42 Xm

(6.68)
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. Xm+3 . Xm+2
sin| In sin| In

Xm+1 Xm
. Xm+3 . Xm+1
sin| In sin| In

Xm+2 Xm

which admits the same six symmetries as the underlying ODE. One can approach this system
by finding the adjoint equations, using their solutions and symmetries of the scheme to obtain
first integrals and exploiting these first integrals to obtain the solution of the scheme. This
method is lengthy and requires complicated computations.

Noting that this scheme is transformed into scheme (6.29) by the change of variable
(3.32), we can use the results of the previous example to write down the solution. We get the
solution

wn = Citan (In x| +C) + Cs (6.69)

where C) # 0, C, and C; are constants, on the mesh which depends on the value of K as
follows:

(1) K=4
= iez arctan(m+cﬁ) (6.70)
or
x,, = +e2 arctan(Cy m+Cs) (6.71)
2) 0<K<4
x,, = +e2arctan(Cytan (m+Cs)+Co) (6.72)
where ¢ is given by (6.35).
3) K>4
x,, = +e2arctan(Cy tanh (ym+Cs)+C) (6.73)
or
x,, = +e2arctan(Cy coth (ym+Cs)+C) (6.74)
or
X, = +e? arc[an(c4ﬂl'j;+cs) = +e2 arclan(C4eﬁ“’"’+C5)’ (6.75)

where p; , and y are given by (6.42) and (6.43), respectively.
“4) K<0

(6.76)

ieZ arctan(C4 tanh (y/m+C5)+C6) ifmis even,
Xm =
ieZ arctan(C4 coth (y/m+C5)+C6) ifm is Odd,

or
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i62 arctan(Q coth (y/m+C2)+C3) if m is even,
X, = (6.77)
ie2 arctan(C1 tanh (u/m+C2)+C3) if m is odd,
or
Xy = ieZ arctan(C4;41’f’2+C5) — ieZ arclan(Ci’”"’eﬁ"’"%Cj), (678)

where p, , and y are given by (6.42) and (6.43). ¢

In all cases C4 # 0, Cs and Cg are constants. Note that the scheme gives the exact
solution of the ODE (3.28). Let us note that for some cases we do not get monotonicity of the
mesh points x,, (see remark 6.4).

7. Conclusion

This paper consists of two parts. The first is a brief review the ‘adjoint equation method’
(sections 2 and 3). It is particularly useful either when no Lagrangian exists, or when the
symmetries of the equation are not Lagrangian ones and the Noether theorem cannot be
applied. The method is valid both for ODEs and PDEs. We apply the method to obtain first
integrals and general solutions of third order nonlinear ODEs (the Schwarzian
equations (3.16) and (3.28)).

The second part is an adaptation of the adjoint equation method first to mappings, then to
discretizations of ODEs. The mappings are equations involving several discrete points. The
discretizations are difference equations on lattices that arise e.g. when differential equations
are solved numerically. In both cases (see sections 5 and 6, respectively) we apply the
discretized adjoint equation method to a specific four-point equation, respectively four-point
difference systems. These systems have the Schwarzian ODEs (3.16) and (3.28) as con-
tinuous limits and and share their Lie point symmetry groups. We have also treated a simpler
example, namely a discrete linear harmonic oscillator. The results for the examples can be
summed up as follows:

(1) The adjoint equation method makes it possible to obtain complete sets of functionally
independent first integrals of the differential equations and difference systems. These in
turn provide the general solutions of these equations. If the number of integrals is not
sufficient to provide the solutions, the integrals can be used to lower the order of the
difference system, i.e., decrease the number of points involved.

(2) The invariant discretizations of ODE (3.16) with M = 0 and ODE (3.28) considered here
are exact. The solutions of the difference system coincide with the solutions of the
original ODEs. The invariant discretizations of the other continuous ODEs considered
here, namely of the harmonic oscillator and ODE (3.16) with M # 0, can be made exact
if we allow a parameter modification.

(3) The adjoint equation method is entirely constructive. To use it we need to know the
symmetry algebra of the discrete equations that we are studying and some particular
solutions of the adjoint equations. Nowhere did we use the knowledge of solutions of the
original differential equations.

(4) For the ODE (3.28) we for brevity used the transformation (3.32) that transforms
equation (3.28) into (3.16) with M = 0. It also transforms the invariant scheme (6.68) into
(6.29). This equivalence of two schemes is not crucial. The invariant scheme (6.68) could
have been obtained and solved directly though with considerably more calculational
effort.
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In the paper we restricted ourselves to ordinary difference equations. However, the
presented approach can be extended to differential-difference equations as well as to partial
difference equations.
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