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General Introduction

The main topic of this Thesis is the connection between continuous and discrete versions
of a given object, typically an ordinary differential equation. This problem has a long history and
we refer to the paper by A. Lesne [67]| for a presentation of some historical examples in physics.
This connection can be studied in (at least) two different directions: one going from a continuous
setting to a discrete analogue, and in a symmetric way, from a discrete setting to a continuous one.
The first procedure is typically used in numerical analysis in order to construct numerical integra-
tors and the second one is typical of continuous modeling for the study of micro-structured materials.

We can not hope to obtain a general or global answer for all the questions raised by the continuous
versus discrete modeling. We then focus our attention on three distinct problems.

In Part A, we propose a general framework precising different ways to derive a discrete version
of a differential equation called discrete embedding formalisms.

Part B focuses on the preservation of symmetries for discrete versions of Lagrangian and Hamil-
tonian systems, i.e. analogue of Noether’s theorem.

Finally, Part C applies these results in mechanics, precisely for the derivation of a discrete Erin-
gen’s nonlocal elastica.

We now precise our contributions in these three parts.

Part A -Discrete embedding formalisms and high-order time-scale
calculus

In order to discuss these two processes, we introduce first a general framework called "Embed-
ding formalisms" first initiated in [16], [24], [25] and developed in a discrete setting in [26], [29],
[30].

The discussion and construction of embedding formalisms is the subject of the Part A of the Thesis.

What is an embedding formalism 7
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Informally, this is a combination of a general construction used to obtain analogue of the classical
derivative, anti-derivative, functionals, etc, over functional sets which are not usual and a set of rules
to manipulate these operators. As a consequence, such a formalism can be used to obtain extensions
of classical ordinary differential equations or partial differential equations. An embedding depends
on the specific structure used to generalize an equation. Indeed, an ordinary differential equation

dz
o = @), (:0.1)

can be encoded by the data of the associated differential operator

d
O := pri (-, 1), (.0.2)

its integral form
t
ot) =a0+ [ fals). ) ds, (0.3
0

or by its variational structure when it exists, i.e. a functional

L(z) = /abL <s,x(s),fl§> ds. (.0.4)

This list is of course not exhaustive. All these presentations are equivalent in a classical setting
but can lead to non equivalent equations when generalized. In this manuscript, we focus on the
differential, integral and variational embeddings. Namely, denoting by X an object on the
new functional space, D the new derivative and I the new antiderivative, then the differential
embedding is given by

DIX] = f(X,t), (.0.5)

as long as f(X,t) has a precise meaning. The integral embedding is given by
X(t) = Xo+ I [f(X(s), 5)], (-0.6)
and the variational embedding is obtained from the functional
Z(X) = I [L(s, X (s), DIX](s))] . (-0.7)
by developing a new calculus of variations adapted to this kind of functional.

Despite the fact that previous general overviews of embedding formalisms exist in
the literature [24], [26], [29], [30], an abstract presentation in the spirit of category
theory is still missing.

We provide a general framework in Chapter II together with F. Pierret from the Observatory of
Paris based on the previous work [29], [30].

Embedding formalisms are algebraic in nature and give a precise connection with the classical
differential calculus. We can then study how certain properties satisfied by some ODEs are preserved
or modified by an embedding. A typical example is given by ODEs possessing symmetries: under
which conditions such symmetries are preserved and if not, which consequences can be expected for
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the behavior of the solutions in the new setting 7

In this Ph.D. we are specially interested in discrete embedding formalisms. We fo-
cus also on the preservation of variational structures (Lagrangian, Hamiltonian) and
symmetries under embeddings.

A natural framework is then given by time-scale calculus defined by S. Hilger [52] in 1988
which already gives an explicit setting allowing to write equations both in a continuous, discrete
or mixed setting. Embeddings on time-scales have been studied in [28|. Despite its interest, time-
scale calculus is typically at the discrete level an order one theory, meaning that all continuous
operators (derivatives or integrals) are approximated up to order one. This property induces some
limitations for its application to numerical analysis where high order numerical scheme are looked for.

An important issue is then to extend this formalism to "higher orders".

This is done in Chapter III in collaboration with A. Szafranska from the Gdansk University of
Technology.

Having such a framework, we look for the variational embedding of Lagrangian systems
over time-scale. In the discrete setting, variational embeddings of a given second order differential
equation lead to variational integrators as defined by J.E. Marsden and M. West in [74] which
correspond to a special class of geometric numerical integrators as exposed in [44].

A natural question is then:

What is the advantage of considering variational integrators as a consequence of
variational embeddings with respect to the classical construction used for example by
J.E. Marsden and M. West ?

The main difference is related to the use of discrete operators which are clearly associated to their
continuous counterpart. This allows to understand very clearly how the properties of these operators
modify the associated calculus of variations and as a consequence of the associated Euler-Lagrange
equation. Algebraic properties of these operators play then a fundamental role and explain how
far is the new calculus (here discrete or time-scale) from the classical differential calculus. Natural
questions are then:

Do we have a fundamental theorem of differential calculus in the discrete or time-
scale setting 7 What is the analogue of the integration by part formula ? Do we have
a chain rule formula ?

Classical results on time-scale calculus [2] already provide some answers but these
questions have to be studied in the high-order case.

This is done in Chapter III where the properties of the high-order derivative and integrals are
studied.

The construction of higher order variational integrators has been developed in a serie of papers by
M. Leok [20], [48], [68], [69] and are called the Galerkin variational integrators. The analysis of these
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methods is done by S. Ober-Blobaum [82], J. Hall [46] and J. Hall and M. Leok [47]. Despite all these
works, the formulation of the discrete Euler-Lagrange equation is not transparent and does not have
a clear connection with the classical one. A formulation in terms of discrete operators is then needed.

As a consequence, one is lead to the study of the calculus of variations on time-scales. This
topic has been developed firstly by M. Bohner [10] in 2004, followed by numerous generalizations
([14], [37], [76], [88]). Indeed, as we have different choices for the time-scale derivative and time-
scale integrals in order to define the time-scale Lagrangian functional, we have different versions of
calculus of variations on time-scales called A or V calculus of variations and shifted or non-shifted.
We refer to Chapter V for more details.

The calculus of variations on high-order has to be formalized using the high-order
discrete operators.

This is done in Chapter 111 where the high-order discrete Euler-Lagrange equation is derived.

Part B- Time-scale Noether’s theorems for Lagrangian and Hamil-
tonian systems

Symmetries play a crucial role in physics and in mathematics and in particular for the study of
differential equations [83]. Lagrangian systems have a special place in this setting due to Noether’s
theorem first stated in 1918 [61]: invariance of the functional by a group of symmetries (variational
symmetries) induces constants of motion.

A natural question is then: Assume that a discrete (or time-scale) functional is in-
variant (in a sense to be precised) under a group of symmetries. Can we state an
analogue of Noether’s theorem 7?7

This problem has been studied by an large number of people. In the discrete case, previous
results have been given by S. Maeda in the 80’s [70], [71] followed by similar results in the context
of variational integrators by J.E. Marsden’s school in particular [74]. We refer to the book [45] for
more references.

In the time-scale setting, the classical reference is the article by Z. Bartosiewicz and
D.F.M. Torres [8].

This article deals with general group of symmetries in particular, actions acting on the time vari-
able. The case of group of symmetries acting without time is easier to treat and has been derived
several times (see [14] for an overview). The technique of proof used by Z. Bartosiewicz and D.F.M.
Torres is based on a method exposed by J. Jost in [58] that we call Jost’s method for simplicity in
the following. This method has been used in different contexts to obtain generalizations of Noether’s
theorem but leads to difficulties (see [32]).

In Chapter V, we prove that the result of Z. Bartosiewicz and D.F.M. Torres in [8] is not correct
and as a consequence, all the results supported by this article, in particular the one related to the
second-order Euler-Lagrange equation [7], [13]. Moreover, following the same strategy, i.e. the Jost
method of proof or the direct method, we provide a time-scale Noether’s theorem which corrects [8].
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Using the same method of proof than Z. Bartosiewicz and D.F.M. Torres, several authors have
tried to derive a Hamiltonian version of Noether’s theorem on time-scale. We refer in
particular to the work of K. Peng and Y. Luo [84], X.H. Zhai and L.Y. Zhang [90] and Song L.Y.
Zhang [87] where they make use of the time-scale version of the second-order Euler-Lagrange equa-
tion which was proved to be wrong.

In Chapter VI, together with A. Hamdouni and J. Palafoxr from the University of La Rochelle,
we prove a Hamiltonian version of Noether’s theorem on time scales for different versions of the
time-scale calculus of variations (A and V calculus of variations, shift or nonshifted).

Part C- Continuous and discrete Eringen’s nonlocal elastica

All the previous materials can be used to study the following problem suggested to us by N.
Challamel from Bretagne-Sud University:

Eringen’s nonlocal elastica equation is a classical equation of mechanics studied by N. Chal-
lamel, Kocsis and Wang 23] obtained by the continualization method.

A natural question is to derive a discrete analogue of this mechanical system. Several
possibilities exist and N. Challamel explores some of them in [23].

In this Part, we construct a discrete version of Eringen’s nonlocal elastica and we study the dif-
ference with Challamel’s proposal.

More precisely, Eringen’s nonlocal elastica equation does not possess a Lagrangian formulation.
As a consequence, we do not have any structure at hand that can constrain the construction of a
discrete analogue by a discrete embedding.

In order to solve this problem, we use in Chapter VII the notion of variational integrating
factor that is a non zero function v, such that the equation multiplied by 1 becomes variational, to
construct a Lagrangian formulation of Eringen’s nonlocal elastica. This enables us to provide also a
Hamiltonian structure.

We then use the discrete variational embedding of Lagrangian or Hamiltonian systems studied in
Part A to define a discrete analogue of Eringen’s nonlocal elastica.
It must be noted that this discrete model does not coincide with Challamel’s model.

How to choose between Challamel’s discrete model and our model ?

In Chapter VIII, We compare the two with respect to the preservation of the value of the first
integral obtained via the Hamiltonian structure. We prove that our model is more efficient from this
point of view.

Mechanical problems lead to more complicated situations than the ones discussed for Eringen’s
nonlocal elastica. In particular, for microstructured media, we have different scales that play differ-
ent roles in the modeling and a mixing between discrete and continuous modeling is unavoidable.

In Chapter IX, we discuss the problem of modeling deformation of a graphene membrane for which
such a problem exists. We propose to use time-scale for the modeling of such a situation.



General Introduction

The following articles have been extracted of this manuscript:

1. B. Anerot, J. Cresson, K. Hariz-Belgacemn, F. Pierret, Noether’s type theorem on time scales,
J. Math. Phys. 61, 113502 (2020), 32.p

2. J. Cresson, K. Hariz-Belgacem, About the structure of the discrete and continuous Eringen’s
nonlocal Elastica, Mathematics and Mechanics of Solids, 2022, 24.p, In press

3. J. Cresson, K. Hariz-Belgacem, A. Szafranska, High order time scale calculus and Galerkin’s
variational integrators, 2022, preprint, 11.p

4. J. Cresson, K. Hariz-Belgacem, A. Hamdouni, J. Palafox, Noether’s theorem for Hamiltonian
systems on time scales, preprint, 2022, 24.p

5. J. Cresson, K. Hariz-Belgacem, F. Pierret, Discrete embedding formalisms and applications,
preprint, 20.p, 2022.



General Notations

R

R* (resp. R7)

% ([a,b], RY)
¢*([a,b],R?)

L

L

DL(x)(w)

x
z
=

Notation

Set of real numbers

Set of non-negative (resp. non-positive) real numbers

Set of natural numbers

Set, of non-zero natural numbers

Set of integer numbers

Real numbers with a < b

Scalar product of two vectors z,y € R?

Euclidean norm in R¢

Matrix transpose

Identity function

Set of continuous functions over [a, b] with values in R?

Set of k-times continuously differentiable functions ver [a, b] with
values in RY

Lagrangian, i.e., a continuous and %>-function with respect to
the last two variables

Lagrangian functional associated to L

Fréchet differential of £ at = along the direction w

Trajectories of dynamical systems, i.e., = : t — RY

Time derivative (or dot derivative) of z , i.e., & = dx/dt
Second time derivative of x , i.e., ¥ = d%x/dt?

Notations related to time scales calculus

T
Tk
TH
T;
TH
g

2

Time scales, i.e., an arbitrary non-empty closed subset of R
T\ [inf T, o(inf T))

T\ (sup T, p(sup T)]

T, NT*

(1)

Forward jump operator defined by o(t) = inf{s € T, s > ¢}



Notation

Backward jump operator defined by p(t) = sup{s € T, s < t}
x oo (resp. xop)

Forward graininess function defined by u(t) = o(t) — t
Backward graininess function defined by v(t) =t —p
A-derivative (resp. V-derivative) of a function = on T

Set of all left-dense (resp. left-scattered) points of T.

Set of all right-dense and (resp. right-scattered) points of T.
Functional spaces of continuous functions on T

Functional spaces of rd-continuous functions on T

Functional spaces of A-differentiable functions on T, with rd-
continuous V-derivative

Functional spaces of 1d-continuous functions on T

Functional spaces of V-differentiable functions on T, with 1d-
continuous A-derivative

Cauchy A-integral

Dual time scale of T defined by T* :={r € R: —7 € T}

Dual function defined on T* by f*(7) = f(—7) for all 7 € T*
A-derivative (resp. V-derivative) associated to T*

Forward jump operator, backward operator, forward graininess
and backward graininess associated to T*

Specific notations in Chapter II

n, N
T

Ty (resp. T-)
T+

1

I

(a8, RY)
F(T,R)
fO(TvR)

X

A (resp. V)
Ja (resp. Jv)

Non-zero natural numbers

Usual time scales, i.e., T = {t; = a + ih,i = 0,..., N} with
h=(b—-a)/N

T, =T\ {tn} (resp. T_ =T\ {to})

T+*NT-

Subinterval of [a, b]

Ir=TnNI

Set, of functions over [a, b] with values in R?

Set of functions over [a,b] with values in T

Subset of F(T,R), i.e., Fo(T,R) = {G € F(T,R), Go = Gn =
0}

Discrete function, ie., X € F(T,R) where X; = z(t;), i =
0,...,N

Indicator function of a subset A, ie., 14(t) =1ift € A and 0
otherwise.

Set of continuous functions that are piecewise polynomial func-
tions of degree n

Interpolation map

Discrete scalar product on F(T,R%)

Restriction map 7 : F(T,R) — F(It,R) defined by 7(z) = X
where X; = x(t;), t; € It

Discrete A-derivative (resp. V-derivative)

Discrete A-antiderivative (resp. V-antiderivative)



Notation

Specific notations in Chapter III

¢ (TUTe,R)

f Aguws

Control time scale over [0, 1]

Te=U'"y Tic,i=1,...,N -1

Time scale over IijE corresponds to Ty,

Quadrature time scale over [0, 1]

Time scale over I; corresponds to T,

To=U"y Tig,i=1,...,N -1

Continuous function on T, i.e., X € C(T,R)

Control function defined on T¢

Extension of X defined on T U T¢ by Z‘T = X and Z‘TC =C
Interpolation map, &k, : €(TUTc,R) — P ([a, b, R)
Weight function defined over T,

Set of variations of L, i.e., subset of € (TUT¢, R) for functions
vanish at a and b

(T4, w)-integral of a function f over T

Specific notations in Chapter IV

{gs}seR

¢ €
X

H
Ly
{¢s}seR

G
{'7'}

Family of a one-parameter group of diffeomorphisms acts on
[a,b] x R?

Infinitesimals associated to {gs}ser

Infinitesimal generator associated to {gs}ser

Hamiltonian function

Hamiltonian functional associated to H

Canonical group of projectable transformations acts on [a, b] x
R2d

Generating function associated to {¢s}ser

Poisson bracket

Specific notations in Chapter V and Chapter VI

Lar (resp. LyT)

£37 (resp. £0.7)

L1 a,b]y

LY oy (wesp- Ly 4)

H

Lagrangian functional in the framework of the nonshifted A-
(resp. V-) calculus of variations

Lagrangian functional in the framework of the shifted A- (resp.
V-) calculus of variations

Hamiltonian functional in the framework of the nonshifted A-
calculus of variations

Hamiltonian functional in the framework of the shifted A- (resp.
V-) calculus of variations

Hamiltonian function defined on T associated to the Lagrangian
L defined by #(t,z,v) = —L(t,x,v) + v - O,L(t,z,v) +
:u(t)at(t’ T, U)



Part A

Discrete Embedding Formalisms and
High-order Time-scale Calculus
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Chapter 1

Briet Overview on The Time Scales Calculus

This chapter includes definitions and properties related to time scales calculus (see [1], [11], [12],
[13]) and Lagrangian systems (see [4[, [17], [60], [89]). In particular, we remind the algebraic
properties of the derivatives and antiderivatives in time scales calculus, like the chain rule formula,
the Leibniz property or the change of variable which will be of constant uses in the next Chapters.

1.1 Introduction

The time scales calculus is a modern and an efficient theory that is able to deal with discrete,
continuous or mixed processes using a unique formalism. The time scales calculus dates back to
the original work of Stephan Hilger under his supervisor Bernd Aulbach [52] in 1988. It has found
widespread applications in many science areas such as statistics, biology, economics [6], finance,
engineering, physics, etc.

A time scales T is an arbitrary non-empty closed subset of R. The well known examples of time
scales are T = R and T = Z which cover the classical continuous and discrete setting respectively.
Further applications, the choice of T = ¢ is exploited in quantum setting [59] while T = [0, 1] U hZ
is used in a mixed setting such as the Euler-Bernoulli continuous beam problem [22].

To study each setting using separate formulae is difficult, therefore, unification and extension are
the two key features of the time scales calculus.

In [52], S. Hilger introduced a new definition of derivatives for functions defined over T denoted by
A- and V-derivatives. He unifies sums and integrals by introducing the notion of A- and V-integrals.

From the algebraic viewpoint, the usual formulas (e.g. Leibniz, quotient and integral by parts
rules, etc.) remain inherited at the time scales setting due to the notions of A- and V-derivatives
as well as A- and V-integrals.

Organization of the chapter. In Section 1.2, we remind some definitions and notations about
time scales and give some particular statements about the chain rule formula and the substitution
formula for A- and V-derivatives in the time scales setting, as well as the corresponding Leibniz
formula. In Section 1.3, we give recalls on Lagrangian systems and the classical calculus of variations.

11



Chapter I. Brief Overview on The Time Scales Calculus

1.2 Preliminaries on time scales

In what follows, we will denote by T a time scales, i.e., an arbitrary non-empty closed subset of
R.
Two operators play a central role studying time scales, the backward and forward jump operators.

Definition 1.1. The backward and forward jump operators p,o:T — T are respectively defined

by:
VteT, p(t) =sup{s € T, s <t}, o(t)=inf{seT, s> t}, (I1.2.1)

where we put sup () = inf T and inf @) = supT.

Definition 1.2. A point t € T is said to be left-dense (resp. left-scattered, right-dense and right-
scattered) if p(t) =t (resp. p(t) <t, o(t) =t and o(t) > t).

Let LD (resp. LS, RD and RS) denote the set of all left-dense (resp. left-scattered, right-dense
and right-scattered) points of T.

Definition I.3. The graininess and backward graininess functions p,v: T — RT  are respectively
defined by:
Ve T, ult)=0o(t)—t, v(t)=t—pt) (1.2.2)

Example I.1. If T = R, then o(t) = p(t) = ¢t and u(t) = v(t) = 0. If T = hZ, h > 0, then
o(t)=t+h, p(t) =t —h, and p(t) = v(t) = h. On the other hand, if T = {2, NU {0}}, and

- whenn =0, thent=1and o(t)=2t, p(t)=t, wult)=t, v(t)=0,
- when n #0, then t =2" and o(t) =2t, p(t) =3t wplt)=t, v(t)=1it
We denote by T, = T \ [inf T, o(inf T)), T* =T \ (sup T, p(sup T')] and T = T, NT*.

1.2.1 The A and V derivatives

Let us recall the usual definitions of A and V-differentiability.

Definition I.4. A function w:T — R™ | where n € N, is said to be A-differentiable at t € T"
(resp. V-differentiable at t € Ty ) if the following limit exists in R™:

. u(o(t) = uls) . u(s) —u(p(t))
lim ———~—— [ resp. lim ————|. (1.2.3)
oty TWs oty TP

In such a case, this limit is denoted by Au(t) (resp. Vu(t)).

Example I.2. If T = R, then Az(t) = V(t) = &(t), the A- and V-derivatives coincide with the
usual one. If T = hZ, then

x(t + h,z —a(t) _ A,z(t) and Va(t) = W

that is the A- and V-derivatives coincide with the usual forward and backward discrete derivatives

Azx(t) = = A_xz(t),
respectively.

The characterization of constant of motion is related to the following fundamental result in [11,
Corollary 1.68, p.25]

Proposition I.1. Let u: T — R"™ . Then, u is A-differentiable on T% with Au = 0 if and only if
there exists ¢ € R™ such that u(t) = ¢ for every t € T.

The analogous results for V-differentiability are also valid.

12



I1.2. Preliminaries on time scales

I[.2.2 Some functional spaces

Definition I.5. A function u is said to be rd-continuous (resp. ld-continuous) on T if it is continuous
at every t € RD (resp. t € LD) and if it admits a left-sided (resp. right-sided) limit at every t € LD
(resp. t € RD).

We respectively denote by CY(T) and Ci&A (T) the functional spaces of rd-continuous functions
on T and of A-differentiable functions on T with rd-continuous A-derivative. Similarly, we denote
by C(T) and Cl1 év(’]l‘), respectively, the functional spaces of ld-continuous functions on T and of
V-differentiable functions on T, with ld-continuous V-derivative.

I1.2.3 The A- and V-integrals

Let us denote by [ A7 the Cauchy A-integral defined in [11, p.26] with the following result [11,
Theorem 1.74, p.27]:

Theorem 1.1. For every u € C?d(’]l‘“), there exist a unique A-antiderivative U of uw in sense of
AU = u on T* vanishing at t = a. In this case the A-integral is defined by

t
U(t) :/ u(T)AT  for every te€T.

Similarly, we denoted by [ V7 the Cauchy V-integral defined in [11, Theorem 8.45, p.332]:
Theorem 1.2. For every u € C?d(TH), there exist a unique V-antiderivative W of u in sense of
AW =u on T, vanishing at t = a. In this case the V-integral is defined by

t
W (t) :/ u(T)Vr  for every teT.

Example 1.3. Let a < b, and let [a,b] C T.

- If T =R, then the A- and V-integrals coincide with the usual Riemann integral, i.e.

/abx(t) At:/aba:(t) Vt:/abx(t) dt

- If T = hZ, then the A- and V-integrals coincide with the usual Riemann integral, i.e.

b b
/x(t) At=h Y f(t) and /x(t) Vi=h Y f(t)

t€la,b)NT* t€la,b)NTx

I[.2.4 Algebraic properties of A- and V- derivatives
The A-derivative satisfies a Leibniz formula (see [11, Corollary 1.20, p.8]) in the following theorem:

Theorem 1.3 (Leibniz formula for the A-derivative). Let v,w:T — R™ . If v and w are A-
differentiable at t € T", then the scalar product v-w is A-differentiable at t and the following Leibniz
formula holds:

A(v-w) () = 07 () - Aw(t) + Av(t) - w(t),

(1.2.4)
= u(t) - Aw(t) + Av(t) - w(t).

13



Chapter I. Brief Overview on The Time Scales Calculus

We have a time scales Leibniz formula for the V-derivative (see [14, Proposition 7]).

Theorem 1.4 (Leibniz formula for V-derivative). Let v,w: T — R"™ andt € T%. If the following
properties are satisfied:

- o is V-differentiable at t,
- v is A-differentiable at t,
- w s V-differentiable at t,

then, v° - w s V-differentiable at t and the following Leibniz formula holds:
V (v7 - w) (t) = v(t) - Vw(t) + Vo(t) - Av(t) - w(t). (1.2.5)
We refer to [14, Section 3.2, p.550] for many examples of V-differentiable o as well as a discussion

of the restrictions on a time scale imposed by such a condition.

1.2.5 Chain rule formula and the substitution formula

We have a time scales chain rule formula (see [11, Theorem 1.93]).

Theorem 1.5 (Time scales chain rule). Assume that v:T — R s strictly increasing and T :=
v(T) is a time scales. Let w:T — R . If Av(t) and Azw(v(t)) exist for t € T, then

A(wov) = (Azwov) Ay (I1.2.6)

With the time scales chain rule, we obtain a formula for the derivative of the inverse function
(see [11, Theorem 1.97]).

Theorem 1.6 (Derivative of the inverse). Assume that v:T — R is strictly increasing and

T := v(T) is a time scales. Then

(v ow (1.2.7)
at points where Av is different from zero.
Another formula from the chain rule is the substitution rule for integrals (see [11, Theorem 1.98]).

Theorem 1.7 (Substitution). Assume that v:T —s R s strictly increasing and T := v(T) is a
time scales. If f:T — R s a rd-continuous function and v is differentiable with rd-continuous
derivative, then for a,b € T,

/ " FO) M)A = / " (o v 1) (5)As. (1.2.8)
a v(a)

I.3 Reminder about the Lagrangian calculus of variations

In this section, we briefly present some results concerning Lagrangian systems.

The calculus of variation is one of the classical branches of mathematics. It is a technique that
used to find critical points (or extremals) of functional defined on infinite dimensional spaces.

It was many concrete geometry and physics problems developed in the 17*" century which unified
due to the calculus of variation. This method has been named by Euler starting from the so-called

14



1.3. Reminder about the Lagrangian calculus of variations

brachistochrone problem. The analysis of this problem was posed by John Bernoulli in 1696 and
was solved by John Bernoulli, James Bernoulli, Newton, and L’Hospital. This method become a
mathematical approach due to Fuler and Lagrange in 1755, they discovered a pragmatic approach
and provided a necessary condition in terms of the first variation. The result is the Euler-Lagrange
equation of motion. We refer the reader to ([17], [18], [33], [60], [89]) and references therein for the
history of the calculus of variations.

I.3.1 Lagrangian systems

A Lagrangian function L (or simply a Lagrangian) is a function defined by

L: [a,l] xR*xR* — R (1.3.1)
(t,x,v) —  L(t,x,v),

such that L is continuous and of class 2 with respect to the last two variables.
The Lagrangian L defines the so-called Lagrangian functional L is given by
L: ¢ ([a, b],Rd) N
b
£ — / L(t, (t), #(t)) dt
a

where z is a function called trajectory or curve, the dot indicates the derivative with respect to t.

The problem is to find the trajectory for which the functional £ is critical (or stationary), that
is to find the critical point of the variational problem [17, p.29]

b
L(z) = / L(t,2(t), #(1)) dt such that z(a) = o, 2(b) = .

This strategy can be done by using the calculus of variations.

Definition 1.6 (First variation). The Fréchet differential of £ at x along the direction w € € ([a, b],Rd)
1s defined by

DL(x)(w) = 11_% L(z+ eué) - E(w)

The following definition gives a necessary condition for the functional £ to have critical points.

Definition 1.7. A function x € €* ([a, b],Rd) is a critical point for the functional L if

DL(z)(w) =0, forall we e ([a, b],]Rd) .

x(t) + ew(t)

8
~~
S
~

1

1

z(a) + x(t)

Figure I.1: The simplest variational problem.

15



Chapter I. Brief Overview on The Time Scales Calculus

1.3.2 Euler-Lagrange equations

Critical points of the functional £ can be characterised by a second-order differential equation
called the Euler-Lagrange equation. This based on the fundamental lemma of the calculus of varia-
tions called the DuBois-Reymond lemma (see [60, Lemma 1.3.1, p.9]).

Now we introduce the space of variations

%} ([a, b],Rd> = {w e €' ([a,b],RY), w(a) = w(b) = o} .

Lemma I.1 (The fundamental lemma of calculus of variations). Let f € % ([a,b],R?) and

/bf(t)w(t) =0 foral we%; ([a, b],Rd) ,

then f(t) =0 for all t € [a,b].

Theorem 1.8 (Variational principle). Let 2 € € ([a,b],R?) be a critical point of the functional L.
Then, x is solution of the FEuler-Lagrange equation given by:

d [OL oL
dt

oo )] (0= 5L (ta(0).a(0), V€ fa) (132
It is worth mentioning that every solution of the Euler-Lagrange equation is also a solution of
the so-called second Euler-Lagrange equation [89, Proposition 6.3, p.154].

Theorem 1.9 (The second Euler-Lagrange equation). Let € €' ([a,b],R?) be a critical point of
the functional L. Then, x is solution of the Euler-Lagrange equation given by:

oL

d {x aL(-,x,x') — L(-,x,:&)} (t) = —a(t,a:(t),j:(t)), vt € [a, b]. (1.3.3)

dt | v

We note that if the Lagrangian L does not depend explicitly on time, the second Euler-Lagrange
equation reduces to
d oL

Meaning that the quantity 4 - g—ﬁ(t, x,&) — L(t,z, &) is constant over all solutions of (I.3.2).

Example 1.4 (The brachistochrone problem - Johann Bernoulli, 1696). The problem is to find the
curve joining two points P, = (0,0) and P, = (b, B), along which a particle falling from rest under
the influence of gravity travels from the higher to the lower point in the least time (see [17, p.7]).

b €T
t

I

I

I

I

I

I

I

I

P,

Figure 1.2: The brachistochrone problem.
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1.3. Reminder about the Lagrangian calculus of variations

This problem is equivalent to a function y € €1([0, ], R) that is extremal of the problem
b b .
v 1
L(y) = / L(z,y,y) do = )\/ J;J)(aj) dz, such that y(0)=0, y(b)=P,
0 0

where A > 0. Since L does not depend explicitly on z, that is, L = L(y,v), then the corresponding
FEuler-Lagrange equation [.3.2 reduces to

oL

5 (y,9) = constant —  L(y,7)

= tant.
1422 constan

The second Euler-Lagrange equation 1.3.3 reduces to

) ) . OL, 6 . )
H(y,9) := Ly, 9) = §- 5-(y,§) = constant = y(1+9*) =pn, p>0.

Hence, the function H(y,7) is first integral for the brachistochrone problem and the solution curve
is a class of curves called cycloids.
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Chapter 11

Classical Discrete Embeddings of Ordinary
Differential Equations

In this chapter, we define an abstract framework called discrete finite differences embedding which
can be used to obtain discrete analogue of formal functional relations in the spirit of category theory.
For ordinary differential equations we exhibit three main discrete associate : the differential, inte-
gral or variational discrete embeddings which corresponds to classical numerical scheme including
variational integrators.

This Chapter is based on a preprint "Discrete embeddings of ordinary differential equations " with
J. Cresson and F. Pierret from Observatoire de Paris which can be seen as a more general and
abstract version of the embedding formalisms proposed in [29], [30] and initiated in [16], [24]-[20].

II.1 Introduction

Embedding formalism was initiated in [16], [24], [25]. It is a strategy used to obtain analogue of the
classical derivative, anti-derivative, functionals, etc, in a more general framework. As a consequence,
such a formalism can be used to obtain extension of classical ordinary differential equations or partial
differential equations. Embedding formalisms are algebraic in nature and give a precise connection
with the classical differential calculus.

The discrete setting of this formalism was developed in [26], [29], [30]. An account of this formal-
ism for problems related to discretization was depicted in [26], [28] and L. Bourdin ([13], [14]) using
to the time-scale calculus.

Organization of the chapter. In Section II.2, we define a more general and abstract version of
the embedding formalisms developed in [24]. Section I1.3, Section I1.5 and I1.6 contain the definition
of the discrete analogue of continuous objects like functions and differential or integral operators.
The main point is to give an explicit connection between the discrete and continuous case. This is
done using some particular mappings that we call discretization and interpolation in the following.
As a consequence, in Section I1.7 we are able to give without any computations on sums or classical
methods of rearranging terms new formulations of classical results (discrete integration by parts,
discrete fundamental theorem of differential calculus, etc.). In Sections I1.8 and I1.9, we use the
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I11.2. Embedding formalisms

previous formalism to define the discrete embedding of a formal functional. This abstract setting
allows us to cover very different objects like differential equations, integral equations or Lagrangian
functional. Then, we describe the three natural discrete way to obtain a discrete analogue of a
differential equation: the differential, integral and variational case. Each of these procedure leads to
different discrete realization of the same equations.

II.2 Embedding formalisms

Let E be an infinite dimensional functional space and let F' be a finite dimensional vector space.

Definition I1.1. Let 7 : E — F be a surjective projection. There is an application k : F — E,
called a lift map, such that

kom=Idr and wmok=I1dg

Definition I1.2. Let Eq and Eo be infinite two dimensional functional spaces and let Fy and Fy
be two finite dimensional vector spaces. Let w1 : By — F1 and wo : Ey — Fy be two lift maps and
let A: Dom(A) C Ey — E» be a linear operator defined on Dom(A). The lift map 71 is said to be
compatible if and only if

k1(F1) C Dom(A), (I1.2.1)

where m is the projection from Ei onto Fi.
The finite projection of A is the operator B defined on Fy by
B=m90AoK;.
Thus, we have the following commutative diagram

E; > Dom(A) A E;q

K1 2

B
Fl F2

Using this definition and taking for A the classical derivative d/dt (or an operator associated to
the classical derivative) or the antiderivative f ".dt and for F an appropriate vector space, one can
defined on these new set an extended derivative D and a new antiderivative I acting on F. Using
these operators, a differential equation F(x,dx/dt,...,d"z/dt") = 0 is embedded over F' via the
formula F'(X, D[X],...,D"[X]) = 0 as long as this equations keep sense.

In the following, we illustrate this construction in the case of a discrete functional space.

II.3 Direct discrete embeddings

Let N € N* and let T = {t; = a+ th, i = 0,..., N} be the usual time scales. Let n € N and
we assume that N is a multiple of n, i.e., there exist p € N* such that N = np. We will use here
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the notation Iin = [t(ns1)is bty i+1)) Lin = lnsyis oty oy [ and I, =Jtagnyis b)) @s
subintervals of [a,b]. Thus, we have

p
U Ii,n = [a,b].
i=1

We denote by Z,(]a,b],R) the set of continuous functions which are piecewise polynomial func-
tions of degree n over subintervals Ij,, = [tni, ty(i11)]. We denote also by 227 ([a,b],R) (resp.
2, ([a,b],R)) the set of piecewise polynomial functions of degree n over I, (resp. I ) which are
right continuous (resp. left continuous), for i =1,...,p. 7 7

Lagrange basis polynomials. Let T' = Ty,...,T), € [a,b]. A basis of &,([a,b],R) is given by
the Lagrange polynomials defined as follows (see [34, p.24] or 35, p.21-22])

n

t—"1T; i
Ei(t):gM, i=0,...,n

JFi
for all ¢ € [a, b)].

Interpolation map of degree n. Forall P € &, ([a,b],R), there exists a unique X = (Xp,..., X,,) €
R™*! such that

Vt € [a,b], P(t):=P(t) =Y Xi Li(t).

It is the well-known Lagrange interpolation polynomial of degree n associated to X. Thus, we have
an identification between &2, and R"*1 ie., PX, ~ {X;}7 .
I1.4 Continuous versus discrete functions
I1.4.1 Discrete functions and discretization
Let us begin with a general definition:

Definition I1.3 (Discrete function). A discrete function is an element X € F(T,R).

By definition, a discrete function is completely characterized by the finite set X; = X (¢;), i =
0,...,N.

In the following, we illustrate all the discrete notions with a single example given by the following
discrete function: X ={2,1,3,2,7,5,2} € F(T,R) with T ={0,1,2,3,4,5,6}.
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ti tit1 tiyo tits tita tits tit+e
Figure II.1: A discrete function

Definition II.4 (Discretization of functions). Let z € F([a,b],R), a discretization of = is a discrete
function X such that each X; can be computed using the values {x; = x(t;) }i—o,...n such that

‘Xz - ZE(tl)| S Cha
where C > 0 and a > 0 are two constant, independent of h, and o independent of i.

A natural or canonical discretization is of course given by the restriction of x to T.

Definition II.5 (Canonical discretization). Let I C [a,b] be an interval and It = TNI. We denote
by m: F(I,R) — F(It,R) the mapping defined by the restriction of a given function x € F(I,R) to
It, ie., w(x) = X where X; = x(t;), t; € It.

The following section introduces two lift map from F(T,R) in various finite vector subspaces of
% ([a,b], R).
I1.4.2 Interpolation mappings and lifting of discrete functions

In order to construct discrete analogue of continuous mappings, we have to relate the set of
discrete functions to some finite vector spaces of € ([a,b], R).
11.4.2.1 Interpolation mappings

The notion of interpolation can be formally defined as follows:

Definition II.6 (Interpolation map). A map x : F(T,R) — € ([a,b],R) satisfying morx = 1d, where
Id is the identity of F(T,R) is called an interpolation map.

The name interpolation comes from the last condition. One can naturally extend a given interpola-
tion mapping for discrete functions with values in R? by posing for X € F(T,R%), X = (X!,..., X9),
X' e F(T,R), k(X) = (k(X"),...,5(X?).

Three classical interpolation mappings will be used in the following (see |35, Chap. II, §.1]).

Definition II.7 (ﬁa—L-interpolation). We denote by /<a6—L : F(T,R) — @(?E([a, b],R) the map defined
for all X € F(T,R) by

kg (X)

N-1 N
Z Xily, 101 <resp. Ky (X) = ZXi]lltihti]) . (I1.4.1)
i=0 i=1
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Figure I1.2: Wg—interpolation mapping

We sometimes need more regularity.

Definition II.8 (Z;-interpolation). We denote by k1 : F(T,R) — Z1([a,b],R) the map defined for
all X € F(T,R) by

p(X)(t) = PLN () for t;<t<ti, i=0,...,N-1 (11.4.2)

t'i t¢'+1 t¢:r2 t1+3 t¢;r4 tilLs ti;rG

Figure I1.3: &7 -interpolation mapping
This map is of course natural and is classical in numerical analysis. The main problem is that

in this case, the derivative on T is not defined but only left and right derivatives. This point will

induce several complications in the connection between the various discrete operators.

11.4.2.2 Properties of interpolation mappings

The interpolation mappings satisfy some additional interesting properties:
Lemma II.1. The restriction of kg o and kg o to 2§ ([a,b],R) and Z; ([a,b],R) respectively
1s the identity.

I1.4.3 Order of an Embedding of a linear operator

Let O be a linear operator defined on its domain Dom(O) C F([a, b],R%) and takes its values in
Im(0) € F([a,b],RY). We define:
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I1.5. Discrete derivatives

Definition I1.9. Let Dom(0;) € F(T,R?) and Im(Op,) C F(T,R%). Let ko be an interpolation
map from Dom(Oy) to Dom(O). The discrete embedding Oy, of O defined by O = wo O o ko is of
order r > 0 if

|7 (O(k(X))) — Oh(X)‘|]-‘([a7bLRd) < Ch", (I1.4.3)

for all X € Dom(Oy) and where C' is a constant independent of h.

I1.5 Discrete derivatives
The interpolation mapping k1 is not differentiable but we can always define a left and right

derivative in the points ¢;. As a consequence, we can deﬁne A and V the two discrete operators
corresponding to the left and right derivative denoted by ¢ dt and d as follows:

Definition I1.10. The forward (resp. backward) discrete derivative A (resp. V) is defined by
A_WOQOH res V—wod—_om (IL.5.1)
R TI PV ETO G o) o

This definition corresponds to the following commutative diagram

d+
21([a,b], R) z 2§ ([a.b. R)
lﬂ(X) %(&I(X))
| W
F(T,R) A F(T*,R)
X AX

We deduce easily from the previous definition that:

Lemma I1.2. The forward (resp. backward) discrete derivative A (resp. V) takes its values in
F(TT,R) (resp. F(T~,R)). Moreover, the forward and the backward discrete derivatives are sur-
Jective.

Proof. We have %(91 ([a,b],R) = 2 ([a,b],R) and (2 ([a,b],R) = P ([a,b],R). We deduce
that

W(:@OJF ([a, ], R)) = F([a,b|NT,R) = F(T*,R),
and

©(Z, ([a,b],R)) = F(Ja,b) N T,R) = F(T,R).

The following figure illustrates the definition of the forward discrete derivative.
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Figure 11.4: Forward discrete derivative

I1.5.1 Explicit form

It is easy to obtain an explicit form for these two discrete derivatives:

Lemma I1.3. Let X € F(T,R), we have

Xit1 — X

(AF); = 3

for i=0,...,N—1,

and

X1 — X

(VF); = .

for i=1,...,N.

We recover the classical forward and backward derivatives used in numerical analysis.

I1.5.2 Properties of discrete derivatives
11.5.2.1 Duality

The duality between F(T*,R) and F(T~,R) can be used to obtain a duality between the A and
V derivative. Precisely, we have:

Lemma I1.4. Let X € F(T,R). We have

V(o(X))=AF over T*
A(p(X))=VF over T~

I1.5.2.2 Kernel of discrete derivatives

Lemma IL.5. Let X € F(T,R). We have AF =0 (resp. VF =0) if and only if X = Fy, where Fy
is defined by m(Xolt). We will also say that X is constant.

The previous Lemma can be used for example to characterize discrete first integrals of classical
numerical scheme (see for example [15, Theorem 12, p.885] and compare with [45, Theorem 6.7,
p.197]).
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I1.5.2.3 Discrete Leibniz formula

An important algebraic property of the classical derivative is the Leibniz formula. The following
theorem gives the discrete version of this formula which mimics exactly the continuous one.

Theorem II.1 (Discrete Leibniz rule). Let X, Y € F(T,R). We have

AX XY)=(AX) xY +0o(X)
VX xY)=(VX)xY + p(X)

(AY) over TT,

X
I1.5.2
x (AY) over T~. ( )

It is interesting to notice that despite the constant use of the previous formula in many computa-
tions concerning numerical scheme, very few exhibits the fact that this is a discrete Leibniz formula.
This is due in part to the fact that most of the computations are usually made directly using sum-
mations and not in an abstract way. This phenomenon is particularly visible in the derivation of
variational integrators (see [74]) in the context of the discrete calculus of variations.

I1.5.3 Comparison with the time-scale calculus

The formulas obtained in Lemma I1.4 and the discrete Leibniz rule also appear in the time-scale
calculus (see [11], [14]). From two different approach of the discrete calculus, this coincidence is
related to the fact that, we have considered here as an illustration of our framework, interpolation
mapping of order one. It gives finite difference of order one, also called, Euler forward and backward
methods which is exactly the methods used by the time-scale calculus at the discrete level.

I1.5.4 Extension of the discrete derivatives over T

It is possible to define p, o and the discrete derivatives over T by choosing an ad-hoc extension
of k1(X) outside [a, b]. Indeed, we consider the continuous extension of x1(X) defined by X for all
t < a and by Xy for all ¢ > b. In that case, we extend the definition of p (resp. o) at to (resp. at
ty) as

,O(X)(to) =Xy and U(X)(tN) = Xn.

Then, we obtain by definition of the discrete derivatives

(VF), = (AF)y =0.

I1.6 Discrete antiderivatives
Using the same procedure as for discrete derivatives, we define discrete antiderivatives.

I1.6.1 Discrete antiderivatives

Using the lift mappings we can easily define an antiderivative:

Definition I1.11 (Discrete antiderivative). The discrete A (resp. V) antiderivative denoted by Ja
(resp. Jv ) is defined by

t t
Ja=m o/ o kg (Tesp. Jy=m o/ omo) . (I1.6.1)
a a

this definition for Ja corresponds to the following diagram
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Ja

2y (la,b],R) Z1([a, b],R)
kg (X) JE (kg (X)) dt
HS_ v
JA
F(T,R) F(T,R)
X Ja X

An analogous diagram is obtained for Jy .

11.6.2 Explicit form

An explicit formula for Ja (resp. Jy) is easily obtained:

Lemma I1.6. Let X € F(T,R). We have

i—1 %
[Ja(X)]; =D (trerr — tr) Xy, (Tesp- [Jv(X)]; =D (te — th1) Xk:)
k=0 k=1

fori=0,...,N.

t; tit1 tit2 tit3 tita tits tite

Figure IL.5: Discrete A-integral

11.6.3 Properties of discrete antiderivatives

Duality. The duality between the A and V derivatives induces a corresponding phenomenon for
the A and V antiderivatives.

Proposition I1.1. For all X € F(T,R) we have Ja o 0(X) = Jy(X) and Jy o p(X) = Ja(X).

Discrete integration by parts. As in the continuous case, the discrete Leibniz formula for
discrete derivatives induces a discrete integration by parts formula for discrete antiderivatives.

Theorem I1.2. Let X,Y € F(T,R), we have

[Ja(X x A(Y))] y = Xy Yy — Xo¥o — [JA(AX x o(Y))] 1, 62
[Jv(X x V(Y))] y = XnYNn — XoYo — [Jo (VX x p(Y))] - -
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I1.6. Discrete antiderivatives

Proof. We only make the proof for Ja, the case for Jy is similar. Using the discrete Leibniz formula
for A, we have
JAX X AY)=JaA (AX xY)—-AX xo(Y)).

Using Theorem I1.4 we obtain
(JA o A(X X Y))N = XNYN — X()Yvo,
which concludes the proof. O

This form induces shifts in the discrete integral in the right hand side but using Lemma II.4, we

can obtain an alternative form:

Theorem II1.3 (Discrete integration by parts). Let X,Y € F(T,R), we have
[JA(X x AY)] = p(X)NYN — p(F)oYo — [Ja(VEF x Y)] 5, (116.3)

[Jv(X x VY] = o(X)nYn — 0(F)oGo — [Jv(AX x Y)] .

The previous result is never stated as above in classical Textbooks about finite differences. This
is due to the fact that the operators are not usually used to write such a formula but directly on
summations formula only speaking of rearranging the terms of the sum (see [74, p.363] for a typical
example).

Scalar product. Let z,y € €([a,b], Rd). The classical scalar product on L? functions denoted by

(+,-)r2 is defined by (f,g)r2 = f;(X(t), Y (t)) dt. Using the discrete product and the lift mappings,
we can transport the L? scalar product over discrete functions.

Definition I1.12 (Discrete scalar product). We call forward (resp. backward) discrete scalar product
the bilinear mapping defined for all X,Y € F(T,R%) by

(X, Y), =Ja[(X,Y), ]y (resp. (X,Y)_=Jv[(X,Y), ]\)- (11.6.4)

Remark I1.1. The discrete forward (resp. backward) discrete scalar product is degenerate. Indeed,
the equation (X, X)1 =0 (resp. (X, X)_ =0 ) induces only

X;=0 for 1=0,...,N—1, (resp. X;=0 for i=1,...,N). (11.6.5)
Using the definition of discrete antiderivatives, we prove the following lemma:

Lemma I1.7. The following diagram commutes

‘@8_([% b]de) X ‘@J([avb]de) % R

(kg (X), 53 (V) (kg (X), kg (Y))
/4;3 Id
<'7 '>A
F(T,R) x F(T,R) R
(X,Y) (X, Y)a

The same results occur with V instead of A and k, instead of H(J)r.

In other word, the discrete scalar product is just the usual L? scalar product with L? functions
replaced by discrete functions, the usual multiplication by its discrete analogue and the classical
antiderivative by its discrete pendant. This phenomenon is in fact general. We will formalize this
property in the next part using discrete embedding formalisms.
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I1.7 Discrete classical results

In this section, we derive two discrete analogue of classical results in Analysis: the fundamental
theorem of differential calculus and the Dubois-Reymond lemma.

I1.7.1 Discrete fundamental theorem of differential calculus

As we are looking for the transfer of algebro-analytic properties of derivatives and antideratives
a natural question is up to which extent the fundamental theorem of differential calculus (see |44,
Theorem 6.13, p.239]) is preserved 7 A very nice feature of our derivation is that this theorem is
the following discrete analogue of this result:

Theorem II.4 (Fundamental theorem of the discrete differential calculus). For all X € F(T,R) we
have

JaoA(X)=X-Xo and AoJaX =X,

(IL.7.1)
JyoV(X)=X-X, and VoJgX =X,

Proof. We make the proof only for A and Ja. The proof for V and Jy being similar.
As %om(X) € 2 ([a,b],R), we deduce that mgow(%oml(X)) = %om(X). As a consequence,
we obtain

t d+
JAOA(X)_T(O/ O/ia_Oﬂ'OEO/il(X)

t gt
—ro [ Srm(x)
— 1 (m(X) (1) — k1 (X)(@) = X — Xo.

Second we remark that over & ([a, b], R) we have k; om =1d. As f(f kg (X) € 21([a,b],R) then by
definition we have

+
AOJA(X):WO%OMOJA(X)
dt ¢
—ﬂo(ﬁonloWo/amg(X)
dt t
—7T<dto/ m&(X)) =7 (kg (X)(t)) = X.

This concludes the proof. O

I1.7.2 Discrete Dubois-Reymond lemma

The discrete version of the Dubois-Reymond lemma is valid. We first introduce the set Fo(T,R) C
F(T,R) defined by

Fo(T,R) ={Y € F(T,R), Yo=Yy =0}. (IL7.2)

Lemma IL.8. Let X € F(T,R) such that [Ja(X x Y)],, =0 for all Y € Fo(T,R) then X; =0 for
i=1,..., N—1.
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Proof. Let Y € Fy(T,R). We choose Y such that ¥; = X; for 1 <i < N — 1. Hence, we obtain

N-1
[Ja(X xY)]y =Y hX?=0.
i=1

We deduce X; =0 for¢=1,..., N — 1. This concludes the proof. ]

A stronger result can be derived when X is replaced by AX:
Lemma IL9. Let X € F(T,R) such that [JA(AX xY)|,, =0 for allY € F(T*,R) then AX = 0.

Proof. The proof follows from a simple computation. As
N-1
Xit1 — X;
[JA(AX x V)], = Z; h=EE Y

we obtain, by taking Y = AX € F(T",R) that X;41 — X; =0 forall i =0,...,N — 1, so that
X = Xj. As a consequence, X is a constant for A which concludes the proof. O

Similar results can be obtained for the V-derivative.

I1.8 Discrete embedding formalisms

We use the previous abstract approach to finite differences in order to provide a formal definition
of a discrete analogue for differential equations, functional and other objects which can be defined
using integrals, derivatives and functions. We first define a general abstract procedure and give
three natural discrete generalization of a differential equation. This point of view allows us to more
precisely determine on which assumptions a discretization can be constructed.

I1.8.1 Abstract discrete embedding

In this section, we consider a general formal functional made of symbols d/dt and [ acting on a
given set of functions z, y, etc. We denote such a formal functional by

F (t,x,y;d/dt, /) : (I1.8.1)

as long as the expression defined by X is well defined. A formal relation will be the data of a formal
functional satisfying

F <t,x,y;d/dt, /> =0. (11.8.2)
A classical formal relation is given by a first order differential equation

dr

T — f(t,z) =0.

We can now define what is a discrete embedding of an abstract functional or relation.
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Definition I1.13 (Abstract discrete embedding). Let X be a formal functional defined by (11.8.1).
The discrete embedding of X denoted by X¢ is defined for all X € € by

Fe(T,X)=F <T,X; (d/dt)e, /g> , (11.8.3)

where £, (d/dt)g and [ are the discrete functional space, the discrete derwative and discrete an-
tiderivative which are fized.

Remark I1.2. The previous procedure deals with the minimal objects used to write a given differential
relation. In many situations as for example geometry, a differential relation put in evidence some
particular operators, like the Laplacian, from which a differential equation is constructed. In such a
context, one can be conducted to define a discrete embedding directly focusing on the given operator
and its algebraic or geometric properties. The discrete embedding then follows the same lines as in
Definition 11.13 but the "functorial” property that we are looking for is destroyed. We refer to [27]
for more details.

I1.9 Application to ordinary differential equations: the three forms

In this section, we apply the previous formalism for ordinary differential equations. Using different
representations of a given differential equation (differential or integral form, variational), we obtain
discrete analogues which do not always give the same object. We have then multiplicity of discrete
realizations of a given differential equations. This problem is in fact relevant in all embedding
formalism and leads to the coherence problem which consist in finding the conditions under which
such representations coincide.

I1.9.1 Discrete differential embedding

Let z € R?, we consider the ordinary differential equation

dx
i f(t, x). (1I1.9.1)

Using the finite differences embedding, the discrete A-version of this equation is
AX = f(T,X), X € F(T,RY), T € F(T,R) (I1.9.2)
As AX is defined on TT, we obtain for each i =0,...,N —1

Xiv1 — X,

= (T X), (119.3)

where T; = a 4 i(b — a)/h. Also, we have the discrete V-version of this equation which is
VX = f(T,X) ,X € F(T,RY), T € F(T,R). (11.9.4)

As VX is defined on T™, we obtain for each i =1,..., N

Xi— X

P AR O (IL9.5)
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I1.9.2 Discrete integral embedding

The integral formulation of the previous ordinary differential equation is given by

¢
o(t) =o(0)+ [ fs,2(5))ds: (I1.9.6)
0
The forward discrete embedding of this equation is then given by

which we call the forward discrete integral embedding. By definition, this equation is equivalent to

i—1
Xi=Xo+hY f(Th,Xp), i=1,...,N.
k=0

As a consequence, we obtain X; 41— X; = hf(T;,X;),i=0,..., N —1, which is the classical one-step
forward Euler scheme in Numerical Analysis (see [35, V, §.2.3]).

In the same way one can obtain the backward discrete integral embedding of this equation which
is then given by

X =Xo+ Jv(f(T,X)). (11.9.8)
By definition, this equation is equivalent to
i—1
Xi=Xo+hY f(T,Xp), i=1...,N.
k=0

Easy computations lead to X; — X;_1 = hf(T};, X;), i =0,...,N — 1, which is the classical one step
backward FEuler scheme in Numerical Analysis.

Remark I1.3. The finite differences integral embedding of the equation coincides with the differential
case. As a consequence, we see that in this simple case, we have coherence between the two discrete
versions of the equation.

11.9.3 Discrete variational embedding

In this section, we define the discrete variational embedding of a second order differential equation
which is Lagrangian. Our derivation is compared with the classical work of J. E. Marsden and M.
West [74] (see also [45]) about the discrete calculus of variation and variational integrators, in order
to explain the interest of our abstract framework.

11.9.3.1 Discrete Lagrangian functional

The discrete calculus of variations is defined over discrete Lagrangian functional which are ob-
tained using the discrete embedding that we have fixed.

Definition I1.14. Let L be an admissible Lagrangian function and L the associated functional. The
discrete forward Lagrangian functional LA associated to L with the A-integral is defined by

LA(X) = [Ja(L(T, X,AX))] (11.9.9)

The previous form is completely fixed once one has given a discrete embedding formalism. We
clearly see the relation between the classical function and the discrete one.
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11.9.3.2 Comparison with Marsden-West definition

In |74, p.363 and §.1.3 p.370-371|, the authors define discrete Lagrangian system for which they
do not preserve the classical form of the continuous functional, i.e., their form does not put in
evidence the integral and the differential structure of the continuous case. They introduce a discrete
Lagrangian given by

Lq(h, Xi, Xiy1) = hL(t;, Xi, A(X);), (1I1.9.10)

which gives the discrete functional

N-1

Ln(X) =Y La(h, Xi, Xiy1). (I1.9.11)
=0

The algebraic structure of the classical functional is then destroyed in a sense that we can not obtain
the discrete analogue of the integral and the derivative of the continuous Lagrangian functional. This
point has an important consequence in the derivation of the discrete Euler-Lagrange equation in |74,
p.363 and §.1.3, Theorem 1.3.1, p.371]. Indeed, as we will see, the form obtained in [74] does not put
in evidence the complete analogy between the discrete Euler-Lagrange equation and the classical
one.

The same remark applies to the presentation made by E. Hairer, C. Lubich and G. Wanner in
the book Geometric Numerical Integration (see [45, Formula (6.5) and (6.6) p.192-195]).

I1.9.4 Discrete calculus of variations and discrete Euler-Lagrange equations

An element of Fy(T,R) is called a discrete variation. As F(T,R) is a linear space, we can define
the Fréchet derivative of LA (resp. Lv) along a given direction H € F(T,R) and denoted by

DLA(X)(H) = lim ~(La(X + H) — £a(X)). (11.9.12)

e—0 €

The corresponding notion of critical points is given by:

Definition II.15. A discrete critical point X € F(T,R) wverify DLA(X)(H) = 0 for all H €
Fo(T,R).

We obtain the following discrete Euler-Lagrange equation:

Theorem II.5 (Discrete Euler-Lagrange equation). Let L be an admissible Lagrangian function. A
discrete function X € F(T,R) is a critical point of the discrete A Lagrangian functional associated
to L if and only if it satisfies

OL oL

or _9r +
v< aU(T,X,AX)) 5 (1.X,AX), over T*. (11.9.13)

The proof can be done in different ways. However, we want to keep a proof which is similar to the
classical proof of the continuous Euler-Lagrange equation as exposed for example in [42; Theorem
1, p.15].

Proof. Using a Taylor expansion of L, we obtain

DLA(X)(H) = [JA (‘;i(T, X,AX) x AH + ‘;i(T, X,AX) x H)} " (11.9.14)
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As H € Fy(T,R), we have using the discrete integration by parts formula

L L
DLA(X)(H)=|Ja |-V a—(T,X, AX) ) x H+ a—(T,X, AX)x H . (11.9.15)
v ox N
Using the discrete Dubois-Reymond lemma, we deduce
L L
-V [a(T, X, AX)} + a—(T, X,AX)=0 over T*. (I1.9.16)
v Ox
This concludes the proof. ]

The previous formulation makes clear the relation between the usual Euler-Lagrange equation
and the discrete one. In particular, one see the duality between the two operators A and V which
induces a natural mixing between the two discrete derivatives which is hide in the continuous case.

11.9.5 Comparison with Marsden-West definition

One can compare this writing of the discrete Euler-Lagrange equation with the one obtained in
[74, p.363]. Using the form (I1.9.11), they have

DQLd(Xl',l, XZ', h) + DlLd(Xi, XiJrl, h) =0, (11917)

fori=1,..., N — 1. The usual form of the Euler-Lagrange equation is completely lost and by the
way the analogy between the two objects.

The same remark applies to the presentation made by E. Hairer, C. Lubich and G. Wanner in
the book Geometric Numerical Integration (see [45, Formula (6.7) p.192-195]).
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Chapter 111

High-order Time-scale Calculus and Galerkin
Variational Integrators

In this chapter, we extend the classical time-scale calculus in order to obtain a high-order ap-
proximation of classical continuous operators for discrete time-scales. As an application, we derive
Galerkin variational integrators and compare our formulation with the usual Marsden’s approach.

This Chapter is based on the preprint "High-order time-scale calculus and Galerkin variational
integrators " with J. Cresson and A. Szafrariska from the Gdansk University of Technology, Poland.

II1.1 Introduction

Finite differences or time scales calculus over discrete time scales lead to approximation of deriva-
tives and integrals of order one. For the purpose of numerical analysis, such a limitation is very
strong. As a consequence, people have developed numerical methods of high order. This is the
case of Galerkin variational integrators or higher order variational integrators as initiated by J.E.
Marsden et M. West [74] and generalized by Leok [48], [68], [69]. The analysis of this method was
treated for example by S. Ober-Blobaum and Saak [82], Hal [46], Hall and Leok [47].

However, the same problems as for the classical presentation of discrete variational integrators
by J.E. Marsden and M. West as explained in Chapter II appear, i.e. namely that the structure
of the high-order calculus of variations as well as the formulation of the high-order Euler-Lagrange
equation does not put in evidence the explicit connection between these equations. This is due as
usual to the fact that no high order discrete derivative or antiderivative is defined over the discrete
functional set used to derive such integrators.

Organization of the chapter. In Section II1.3 and III.4, we give definitions concerning control
time scale, control function and High-order interpolation. In Sections II1.5 and II1.6, we briefly
present some properties of the usual discrete integrals, then we define a discrete operator extending
the classical A anti-derivative on time scales using the classical notion of quadrature. Section I11.7
is devoted to replace the classical Galerkin approach introduced in [74] in the high order discrete
embedding framework.
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I11.2. Notations

I11.2 Notations

Let T = {t; = a+ih, i =0,...,N} be the usual time scale on [a,b] where N € N* and h > 0.
We will use here the notation T~ = T\ {a}, T+ = T\ {b}, T* = T* NT~ and I; = [t;,t;11],
LT = [ti tiv1], I, =]ti, tiv1] and I =]t;, t;41[, subintervals of [a, b].

7

We denote by o : C(TT,R) — C(T~,R) (resp. p: C(T™,R) — C(T*,R)) the map defined by
o(F(t;)) = F(tit1), i =0,...,N =1 (resp. p(F(t;)) = F(ti—1), i=1,...,N).
Let T, be a time scale defined on [0, 1] by
T,={ni,i=0,...,m} with 19 =0, 7 < niy1, N = 1. (I11.2.1)

In the following we denote by Z,,([a,b],R) with m € N, the set of continuous functions that are
polynomials of degree < m .

Definition IIL.1. A basis of Zp([0,1],R) is given by the Ty -Lagrange polynomials defined for all
y €10,1] by
T (v —m)
ti(y) :HW» J=0,...,m.
i R

We want to define a polynomial interpolation of X € C(T,R) over each I;, i =0,...,N — 1.

II1.3 Interpolation map of degree m

Let Zn(la,b],R) be the set of piecewise polynomial functions of degree m over each I;, i =
0,..., N —1. In order to characterize an element of Z,,(]0,1],R), we need in each I; the data m + 1
points of interpolation, this can be done by introducing a time scale T, containing m + 1 points
over [0,1] which induces a time scale over each I; and a control function X, defined over these time
scales.

Definition IIL.2. A control of order m, m > 1, over T denoted by (T,, X.) is a data of

1) a fized time scale Ty of the form (I11.2.1) called a control time scale which induces time scales
T;.c over IZ-i defined by

Ti,C: {ti,cj :tz+77]h7 U ETU\{071}7 ]: 17"'7m_1}7

where i =0,..., N —1 and we denote

N-1
Te = | Tic-
1=0

2) a function X. € C(T¢,R) called a control function of Tc.
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X
Xi,cy Xiem_1
X X;

;C2 Xiem_2 X Xit1
X X X
X Ti.c

777777777 i -t

t; ticy Lico [N tiscpm_1 tit1

Ti,c = Ts,c U{ti, tit1}

Definition ITL1.3. Let X € C(T,R) and let (T,, X.) be a control of order m over T. The extension
of X with respect to (T,, X.) is the function Z € C(T U T¢,R) defined by

Z =X, and Z_ =X,
T ‘Tc

C(T¢, R)

R

C(T,R) x C(T¢,R) ——— C(TUTe, R)

|

C(T,R)

In what follows, we sometimes write Z € C(T U T¢,R) or equivalently (X, X.) € C(T,R) x
C(T¢, R) by using isomorphism ~.

Definition III.4. We denote by £;; the function defined for all t € I; by
t—1; . ]
fj,i(t):£j<T>, 1=1,...,N—-1, 3=0,...,m.

Definition IIL.5 (Interpolation map of degree m). Let X € C(T,R) and let (T,, X.) be a control
of order m over T. An interpolation of order m of X with respect to (T, X.) is a map Ky, :
C(TUTq,R) — P ([a,b],R) defined for allt € I; by

m m—1
ki (Z) (8) = Y 48 Z(tie;) = Cos(OX () + lng ()X (ti1) + > o) Xeltic,),  (I13.1)
j=0 Jj=1

where t € I; and Z is the extension of X with respect to (T, X.).

It is possible to define the interpolation of Z not only on I; but also on [a,b]. Indeed, if we take
mm,i(Z) as the interpolation on I;, then we have for all ¢ € [a, ]

N-1
km(Z) (t) = Z ki (Z) (£) L+ (1)

Example IIL1. For m = 1, we have Tc = () and then ky,;(Z) (t) is just the classical linear
interpolation, that is

K1 (Z) (t) = [(ti—I—l - t)X(ti) + (t - ti)X(ti+1)] for te€ Ii7 1= O, ey N —1.

S
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I11.3. Interpolation map of degree m

X

II1.3.1 Properties of interpolations

Let us write ﬁm’i(Z ) as a sum of two interpolations as follows

m—1
Rm,i (Z) (t) = goﬂ'(t) ( ) + Emz tz—i—l + Z 6
7=1
1= kg (X)) (£) + Ke(Xe) (2).

The interpolation K, (Z ) has the following properties

Property III.1. Let X € C(T,R), X. € C(T¢c,R) and let Z = (X, X.) be the extension of X, we

have the following properties
1. for all t € I, km(2)(t) = ko (X)(t) + ke (Xe) ()
2. for allt € I; and for all o, B € R

Kz (X + BY)(t) = akg (X)(t) + Bra (Y) (1)
Ke (aX + BY. ) (t) = Qkc (Xc) (t) + Bke (}/;) (t
km(Z + BW)(t) = akip (2)(t) + Brm (W)

3. forallt; €T, ki (X) (t;) = X(t;) and Ky, (X) (tit1) = X(tit1)-
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I11.4 High-order discrete derivative

I11.4.1 High-order derivative

Definition III.6 (Discrete derivatives). Let X € C(T,R), (T, X.) be a control of order m and Z
the extension of X with respect to X., the "discrete” derivative of Z is defined by

+ m
Anmi(2)(8) = ‘th (i (2)) (1) = S €D Z ki), Vi€ IF)
=0

We have for all t € [a, b
N—-1

(2= Y Bns (7)1, 1),
i=1
Example IIL.2. For m = 1, we have T¢ = () and then Ay, (or simply) A; is the usual forward
discrete operator, namely

Ai(X) () == A4 [X](t:) = %[X(tiﬂ) - X(t;)] for tel, i=0,...,N—1.

We have the corresponding commutative diagram

a+
2([0,1,R) — %~ 2, _1([0,1],R)
C(Te.B) ———C (Tg,R)

The word "discrete" refer to the function Z which is only defined on a discrete time scale and not
on the notation of A,, which is a piecewise continuous function.

Remark III.1. The interpolation mapping K., is not differentiable for t € T. This is a reason for
using the right derivative over T.

X

to t1 to t3

II1.4.2 Properties of derivative operator

Consider the following notation

An(2)(1) 1= (kun(2)) (6) = 0 (e (X)) () + 5 (me(X)) (1)

We have the following properties:
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Property II1.2. Let X € C(T,R), X. € C(T¢,R) and let Z = (X, X.) be the extension of X, we
have the following properties

1. A (Z)(t) = Mg (X) (1) + Ac(Xe) (2)
2. Va,B €R

Ay(aX +BY) = al,(X) + BA(X.), VX,Y € C(T,R)
AC(OZ)/C + ﬁY;:) (t) = aAc(Xc) + /BAC(}/C)7 VX, Ye € C(TyR)

3. forallt; €T, Km,i (X) (tl) = X(tz) and Km,i (X) (ti-l-l) = X(ti—i-l)'

II1.5 High-order discrete anti-derivatives

I11.5.1 Reminder about the usual A, -integrals

Let T be discrete time scales and f € C(T,R), we recall that

b N-1 b
/ F) At =hY f(t:) and / FO) A t=0S f(t). (I1L5.1)
a i=0 @ '

The A_-integrals have the following properties (see [5, Theorem 2.8])

Proposition III.1. Let f € C(T,R), then for all a,b € T with a < b we have have

/]f ) At = hfo(D) (/ £(t) At
/‘f At =hf(a /° ) At

(I11.5.2)
[0 at=nsws Yo a
[ 10 a=n / (1
We have the relationship between the Aj-integrals (see [43, Proposition 7))
Proposition III1.2. Let f € C(T,R), then for all a,b € T with a < b we have
b b b b
/ f(t) Apt= / fP(t) At and / f(t) At :/ fo(t) Ayt. (II1.5.3)

Using the definition of A-integrals (equations (I11.5.1)) and the two previous propositions, one
can obtain the following result:

Proposition II1.3. Let f,g € C(T,R), then for all a,b € T with a < b we have

/U ;)f(t) Ast+ / o A= /U I;a) () + g(t) At = / " F+ ) At WL5a)
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Chapter III. High-order Time-scale Calculus and Galerkin Variational Integrators

I11.5.2 High-order discrete anti-derivatives

We want to define a discrete operator extending the classical A anti-derivative on time scales.
A family of anti-derivatives is defined using the classical notion of quadrature that we adapt to our
framework.

Definition III.7. A quadrature (T,,w) of order n over T is the data of

1. A time scale called quadrature Ty over [0, 1] defined by

Ty={q, i=0,...,n}, with g =0, ¢, =1.

2. A weight function w € C(Ty, [0,1]) such that

n

w(q) = Zwi =1

n

i=0 i=0

Definition IIL.8. Let (Ty, w) be a quadrature of order n over T. We denote by
Tig = {tiqg =ti +qjh, ¢; € T¢\{0,1}, j=1,...,n—1},

where 1 =0,..., N — 1 and we denote

N-1

To = | Tie-
=0

Definition IIL.9. Lett € TU Tq, we define the forward jump operator of over T UT¢q by
o'n(t) _ O'(ti) =tit1 if t=t€T
T\t) = .
o (ti7Qj) = tigj1 if t= tiq; € Tq,
Similarly, we define the backward jump operator pp over TUTg by

pn(t) - p(ti) =t;_1 if t=t;€T
T - .
pn(ti7qj) = tiv‘ljfl if t= tivqj € To,

tio1~ti—1,q tM+1 tit1,q

p o

Figure IIL.1: The jump operators o and pj.

Definition II1.10. Let f € C(Tq,R), we define on fort € T; g

tig bigj4a
/ () Dyt = hf(tig) and / F(8) Mgt = hf(tig ).

ti,qj ti’qj‘

foralli=0,...,N —1.
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I11.5. High-order discrete anti-derivatives

I11.5.3 Quadrature formula

Definition ITI.11. Let f € C(TUTq,R). The (T, w)-integral of f over T denoted by fj f(s) Agws
18 defined for all t =ty by

ti k=1 g
1O Bt =3 [ 10 By, (I1L5.5)
a i=0 t;
where
tit1 n tit1
/t F(t) Dgut = 1S wy £t + qih) = /t Wt F(D) At (I1L.5.6)
i j=0 i

I11.5.4 Properties of antiderivative operator

Property IIL.3. Let f,g € C(TUTg,R) and XA € R, we have the following properties

/ (M +9) Agat = A / f Aguws + / 9 Mgt (I1L.5.7)

With the previous definition, one can rewrite the quadrature formula (I11.5.6) as follows
Property II1.4. Let f € C(TUTq,R), we have

U(ti) U(ti) n-1 ti,qj'+1 U(ti)
[ 10 At = [ 50 A+ Suy [0 At v, [ 0 A
t L = t; t

i,q;

n-l ti,qj'+1 o(t)
= w; / f(s) Ay st +wy / f(s) At
j=0 t; t

i,q;

foralli=0,...,N —1 and such that

b b b
|70 Agut = [wroases [Twmrosts [ wmioa. (I115.8)

Q

forallt € TUTq.

We consider the following commutative diagram to illustrate this definition

Ja

‘@m([%bLR) ym—&-l([aa b]>R)

Km g

C(T¢,R) ——— = C(TuUTp,R
(Te )(Tq,w)—integral ( k)

By introducing the transformation s = hz + t;, one can transform the interval [t;, ;1] to [0, 1],
so we have

f(s) = f(hx + ;) = g(x)

41
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and the formula (II1.5.6) becomes
1 n
/ 9(x) Agwz :=hY_w;g(g;h). (I11.5.9)
A notion of exactness for (T,, w)-integral is defined as follows (see |86, Definition 3.2.1, p.170]).

Definition ITI.12. A (T,, w)-integral is said to be exact on Py, if

b b
/ f(t)dt — / ft)Agut =0, Vfe Py (T11.5.10)

Let us denote by m. : Zn([0,1,R) — C (T¢,R) the map defined by the restriction of a
polynomial P € &, to T¢, we have the following properties.

Property IIL5. Let P € 2,((0,1],R). Then we have,
Kmome.o P =P. (II1.5.11)

We then deduce the following exactness result:
Property IIL.6. Let f € C(T¢,R) and P € 2,,([0,1],R). If f =m0 P, then
1 n 1
/ g0 P(t)Aqut :=h Y wpP(qr) :/ P(t)dt.
0 k=0 0

I11.5.4.1 High-order discrete Dubois-Raymond Lemma
Theorem III.1 (High-order Discrete Dubois-Raymond). Let f € C(T UTq,R) such that

b
[t as =0

for all v € Cy(T,R). Then,

n
Zwkf(tmk) =0 for i=1,...,N—1.
k=0

II1.6 Properties of high-order discrete derivatives and antideriva-
tives
I11.6.1 Integration by parts formula
We have the definition of the functions f>* and fo .

Definition II1.13. Let f € C(TUTq,R), we define the functions f~ and f>* for allt € TUTq
as

Fom) = L) f () + () (1) and  foF(t) = Lo(t)f () + (1) 77 (1),

then
Agfo(t) =€) f () + £, () f7F (2)
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Now, for all t € TUT; g, we have

f07_(tl',Qj) = EO(Qj)f( ,q]) +lm ( )f (ti717qj)7 q; € TQ'

Theorem III.2. Let f € C(TUTg,R) and X € C(T,R) we have

b b o(t)
/ () ke (X) () At = ( )X(t) [/ o7 (s)Aquws| Axt + Fo, (I11.6.1)
a o(a t
b b o(t)
/ F)AX () Ayt = X(t) [/ Agf(8)Agws| Ayt + Go, (I11.6.2)
a a(a) t
where
t1 tn
Fo = X(t0) | 0102t + X(tn) [ 0702t
and

t1

Go=X(0) [ 0020t +X() [ 4 0F 0t

to tN—1

The proof is based on the following observation.

Lemma IIL.1. Let f € C(TUTqg,R) and X € C(T,R). We define for all t € T the following
function

o(t)
Fes By(t) = /t F(5)00(5) Mg

a(t)
t— Fp(t) = t F(8)lm(8)Aqws

t
Then,

b b
/ (X(0)Fo(t) + X7 (t) Fp(t)) Ayt = hX (a)Fy(a) + hX (b)Ff, +/( )X(t)(Fo(t)JrF,g;(t))Ath.

Proof. From Proposition (II1.1), the second equation of (I11.5.2) gives

b b
L= / X(O)Fo(t)Ast = hX (@) Fola) + | X()Fo(t)At.

o(a)
Using the first equation of (II1.5.2) for the left equation of (II1.5.3) gives
I = / X(t)F(t)Axt = hX (b / X(t)Fp(t) At

= hX (b)FP (b) + / X(t)FP (At

We obtain the result by forming the sum I; + I and using Proposition I1I.3. O

Now, we make the proof for equation (III.6.1) in the previous theorem, a similar computation
can be done for equation (II11.6.2).
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Proof of Theorem I11.2. Let f € C(TUTg,R) and X € C(T,R). We have

/t it+1 FO) ks (X)(#) Mgt = hX (t;) /t o F(t)lo,i(t)Agwt + hXO(ti)/t o F@)m,i(t) Agwt

= hX (i) Fo(t:) + h X (t:) Fin(ti).

By summation in ¢ from 0 to N — 1, one obtains

b b
/‘ﬂﬂ&xXﬂﬂﬁwﬁ=i/(X@ﬂ%@%HX%ﬂFm@DA+t

The proof is completed by using directly previous Lemma and the following formula

t o(t) N
mezlwﬂ@mwmwﬁ:l FP ()0 (5) Dguus.

I11.6.2 Fundamental theorem of high-order time scale calculus

Constructing discrete operators approximating the classical derivative and the classical antideriva-
tive ask for the preservation at the discrete level of the fundamental theorem of differential calculus.
The next results show that we preserve the important property of the two operators at the discrete

level.

Theorem II1.3. Let f € C(T¢,R) and (T,,w) be a quadrature of order n over [0,1]. Then,

1
[ e A1) 0) Agut = 50) = 1(0)

Proof. We have Ay, (f) =m0 % o K (f) and % o ki (f) € Pm-1([0,1],R). Then, using Property

V.2, one obtain
d

o A () = 0 ().

As f = .0 P, we deduce by using Property I11.6 that

[ 7o & en9) @) gt = [ & (50 (9) @) dt = mn (1)) 0 ()0) = F) - 10)
0 Ta ® g \m ewr ] dt fim - fm fim - '

Theorem II1.4. Let f € C(T¢,R) and (T, w) be a quadrature of order n over [0,1]. Then,
t
Amo/o ﬁm(f)(s) Agws = f.

Proof. Let f satisfies the conditions of Property II1.6. As fg km (f)(s)ds € Pm+1([0,1],R), Then

e [ wn(£)ohs = [ (£) 5

Using the definition of A,,, we deduce

d ¢ d _[*
%Oﬁw%oﬂmaﬂ@w=moﬁOAmﬂﬁ@@:mwmdﬁ®=f
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ITII.7 High order time scale calculus of variations

Definition II1.14. The discrete Lagrangian functional of order (m,n) over T with respect to a
(T,,C) control of order m and a (Ty,w) quadrature of order n is defined for all X € C(T,R) and
X. € C(T(j,R) by

b
Lyl X.X0) = [ L (5 (2)0. 5 (2)(0) Dyt (IL.7.1)
where Z is the extension of X with respect to (T,,C).

In the following, we will write %, instead of .2, ; ..

IT1.7.1 Discrete calculus of variations

Let Co (T U T, R) be a subset of C (T U T¢,R) defined by
Co (TUTE,R) = {G € C(TUTe.R), Gi(a) = Gy(b) = o} .

Definition II1.15. The Fréchet derivative of £, at Z along a direction H € Co(T U T¢,R) is
defined by

DZy(Z)(H) = lim - (Zu(Z + eH) — Z0(2)).

e—=0 €
Definition I11.16. A function Z € C(TUT¢, R) is said to be a critical point of £, if D%y (Z)(H) =
0 for all variation H € Co(T U T¢, R).
We first compute the Fréchet derivative of .%,,.

Lemma IIL.2. Let x(t) = (km(2)(t), Am(Z)(t)) and let H = (V,V,) € Co(T U T¢,R) be the

variation of the extension Z. Then the Fréchet derivative of the functional £, is given by

b
DLAZ)H) = [ G (o) mn ()0 + 5 (+(0) A (E)(0)]| Ayt
b
— [ 5 GO (V)0 + 52 () .0V (0)

g () R (V) 0) 5 (50 A1) ()| Ayt

Proof. Let € > 0 be a small parameter and let H € Co(T U T¢,R). We have
L7 + eH) = / " L (o (7 eH) (1), A (Z + €H)(1)) Dgut.
The linearity of k,,, and A,, as in Properties III.1 and III.2 lead to
Zw(Z+eH) = /b L (km(2)(t) + erm (H) (t), A (Z) () + €A (H) () Aguwt.
With the help of a Taylor expansion, we obtain the Fréchet derivative of the functional %,

b
DLAZ)H) = [ G (o) 5 ()0 50 (<0 A (E)0)]| Ayt
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Using again Properties II1.1 and II1.2, the last expression can be rewritten as

b
LDV = | [ff (+(1)) 5 (V) (1) + 90 (x(0)) A (V)1

This completes the proof. O

Now, with the choice V=0 or V. = 0, we have the following results

Proposition I11.4. The critical points of the functional £, are solutions of the following integral
equations:

b
/ [gﬁ (x(t) ke (V) (2) + gf (x(t)) AI(V)(t)} Agwt =0, VYV € Cy(T,R), (111.7.2)
/ b [gj; (x() e (Ve) (1) + % (x(t)) Ac(Vc)(t)] Aguwt =0, VV. e C(Tg,R). (111.7.3)

High-order discrete calculus of variations then induces two different discrete integral necessary
and sufficient conditions for a critical point, one governing the structure of the solution X on T and
the other one related to the control function.

The last step toward a high-order discrete Euler-Lagrange equation is obtained using the high-
order discrete integration by part formula.

Theorem IIL.5. The critical points of the functional (I11.7.1) correspond to the solutions of the
following Euler-Lagrange equations for all t € T+

[T (2 o)+ 8, (Zwon) |ams=o (HL74
[ oG e A== [T 05 e s 1<i<mo1 )

Proof. Starting with equation (II1.7.4). The integration by parts using Theorem II1.2 gives

/(:a) V() (/t”(t) Kgi (*(s)))o +A, (‘;ﬁ (*(s)>> } Aq,ws) At +Fo+ Gy =0.

As V € Cy(T,R), we obtain

oo ([ [Greo) »a(Geo) s aamo

Therefore, we conclude the result by using Dubois-Reymond lemma. O
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I11.7. High order time scale calculus of variations

I11.7.2 Example

Let us take the following special cases of the functional .Z,.

1. The functional %, without control points with one quadrature point ¢ = 0 reduces to the
classical discrete functional (see Definition II.14, Chapter II)

N-1

b
2(X) = / L(X(H,A,X(1) At =1 S L(X(t:), Ay X (1))
a i=0

2. The functional .%,, without control points with one quadrature point ¢ = 1 reduces to the
shifted discrete functional (see Equation (V.2.13), Chapter V)

N-1

b
L(X) = / L(X(£), A X (1) At =1 L(X(ti1), Ay X ()
a i=0

3. The functional .%,, without control points with one quadrature point ¢ = % reduces to the
midpoint rule

N—-1 ) ols.
2(X)=hY L (X(t’) LA A+X(ti))

1=
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Chapter 1V

Reminder about Lagrangian and Hamiltonian
Noether’'s Theorems

In this chapter, we present briefly the classical Noether’s theorem for both Lagrangian and Hamil-
tonian systems, For a deeper discussion of Noether’s theorem we refer the reader to ([9], [17], [58],

[83]).

IV.1 Introduction

Conservation laws (or first integrals, constants of motion, conserved quantities, etc.) are impor-
tant principles for both mathematics as well as theoretical physics. It is commonly acknowledged
that conservation laws play a central role in dynamical systems since they describe conserved quan-
tities such as energy momentum, angular momentum, etc. More than that, they can be used to
simplify ordinary differential equations to be solved by quadrature and to investigate stability and
complete integrability of systems.

Of course, finding conservation laws is not so easy for a general system of differential equations.
However there exists a class of systems for which a strategy can be found, namely, systems coming
from the variational principle. The two most commonly popular problems of variational principle
are Lagrangian and Hamiltonian systems which we will focus on in this chapter.

In 1918, Emmy Noether gave a role between symmetries of Lagrangian system and the existence
of conservation laws of the Euler-Lagrange equations (see [58, p.26], Bruce [17, p.208] and Olver |83,
p.272|).

The Noether’s theorem for Hamiltonian systems, even if it was already contains in the E. Noether’s
original formulation (see |61, §.5.5]) is not so common as the one for Lagrangian equations. The
main difference lies in the fact that not all the transformation groups can be considered but only
canonical transformation groups which preserve the Hamiltonian character of the equations under
transformations. We refer to the work of A. Mouchet [78] for a very interesting discussion of this
theorem.
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Chapter IV. Reminder about Lagrangian and Hamiltonian Noether’s Theorems

Organization of the chapter. Section IV.2 and I'V.3 is devoted to reminders on a one-parameter
group of transformation and the classical Lagrangian Noether’s theorem. In Section IV.4, we review
briefly some classical results about Hamiltonian systems. The notion of canonical group of transfor-
mations was presented in IV.5. In Section IV.6, we recall the Hamiltonian version of the Noether’s
theorem in the classical case.

IV.2 A one-parameter group of transformations
Let s € R and let g5 be a transformation depends smoothly on a real parameter s defined by

gs: [a,b] x RY — R xR?
(tv l‘) — gs(ta 33‘) = (gg(t»$)79§(ta$)) :

Definition IV.1. A family of transformations {gs}ser is said to be one-parameter group of trans-
formations (or of diffeomorphisms) if

- go = Id the identity transformation,
- forall s € R, then g;' =g
- for all gs, g5 € {gs}ser, then gs o ge = gs+s-

The associated infinitesimal (or local) group action (see |83, p.51| and [57, p.25]) or transforma-
tions is obtained by making a Taylor expansion of gs around s = 0:

0gs(t, x)
s

+0 (s%).
s=0
B gy (t, x) g5 (t,x)
=(t,x)+s < s |y 0s

= (t,2) + s(&(t, ), C(t, 7)) + O (s7) .

gs(t,x) = go(t,z) + s

2 (IV.2.1)
80) o ( )

The infinitesimal generator of the group a differential operator defined by group (see [83, p.27]),

that is

X = &(t, g;)gt +C(t, ) - ai . (IV.2.2)

Example IV.1. Let d = 2. The translations group (resp. rotations group) are denoted by
(tvxuy) — (t‘l‘S,l‘l,l‘z) (I‘GSp. (t,x,y) — (taRs(‘rvy)T>> )

and the associated infinitesimals are given by

J9s
63 s=0

(t,z1,22) = (1,0,0) (reSp-%gS 0(t7$17$2) = (0, z2, —$1)> ;

S

s=|

where ()T denotes the transpose operator and Ry is the orthogonal the 2 x 2 matrix defined by
R, — ( cos 8 Siﬂs) .
—sins coss
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IV.3. Lagrangian Noether’s theorem

IV.3 Lagrangian Noether’s theorem

We define the invariance condition of the functional L.

Definition IV.2 (Variational symmetry). A Lagrangian functional L is said to be invariant under
the transformation gs (or gs is a variational symmetry of L) if for any subinterval [tq,tp] C |a,b]

/bL(t,m(t),:a(t))dt:fL(,f@,f(f))dt
ta ta

It is worth adding that any symmetry of £ is also a symmetry of the Euler-Lagrange equation.
Thus, knowledge of Fuler-Lagrange equation symmetries allowing to find all variational symmetries
of £ via symmetry criterion using the infinitesimal generator (see [83, p.253]).

Definition IV.3 (Constant of motion). A function I(t,z(t)) is said to be a constant of motion (or
first integral, conserved quantity) if and only if

d
af(,a:())(t) =0 or I(t,z(t)) = constant
over all the solutions of the Fuler—Lagrange equation
d [OL . oL .
% et ] 0= Fttat0.400),

Theorem IV.1 (Noether’s theorem - Lagrangian systems). If gs is a variational symmetry of L,
then the function

I(t,z(t)) = &(t, x) (L(t,m,:ﬁ) — - gf;(t,:n,i)> +((t,x) - g—i(t,x,ﬁv) (IV.3.1)

s a constant of motion.
As a consequence, for transformations without changing the time, the quantity (IV.3.1) reduces
to

I(t,z(t)) = C(t,z) %(t,x,:&). (IV.3.2)

The well known conservation laws are those of energy momentum and angular momentum. We
consider the Kepler problem to derive them using Noether’s theorem,

Example IV.2. The classical Lagrangian associated Kepler problem in two dimensional case is
given by

1
L(t,z,v) = =|v|®> + —, (z,v) € (R*)? x R2.

As L does not depend explicitly on time, the Lagrangian L is time translation invariant. Hence,
Noether’s theorem gives

1 1
H(xz,z)= §Hac||2 ~ = constant of motion.

Namely, the total energy of the system is conserved.

Obviously, the Lagrangian L is invariant under a rotation in (x, y)-plane of any angle s € R, because
for all R, € SO(2) (the group of all orthogonal matrices) ||Rs(x1,22)"|| = ||(x1,22)|. Noether’s
theorem implies that

L1292 — Tox1 = constant of motion.

Namely, the angular momentum is conserved.
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Chapter IV. Reminder about Lagrangian and Hamiltonian Noether’s Theorems

IV.4 Reminder about Hamiltonian systems

For a deeper discussion of Hamiltonian systems, we refer the reader to [4], [17], [58], [89].

Definition IV.4 (Classical Hamiltonian). The Hamiltonian is a function H : [a,b] x RY x R? — R
such that for (q,p) € €* (la,b],RY) x €1 ([a,b], RY) we have the time evolution of (q,p) given by the
classical Hamilton’s equations

1= 2 ta.p)
q= ap yd, P

1=~ (1,0.p)
p= dq 4, P

(IV.4.1)

-
This previous system can be written in matrix form by putting z = (¢,p)" and VH = (%—g, %—g) .

The Hamiltonian system can be recast as

:=J-VH,

0 I . . : . . .
where ( I 0d> denotes the symplectic matrix and with I; the identity matrix on R%.
—1d

IV.4.1 The Legendre transform and Hamiltonian systems

The passage from the Lagrangian system to the Hamiltonian system or conversely is possible by
making a suitable change of variable via the so-called Legendre transform (see |4, p.61], [17, p.160]).
The first deals with the phase (or velocity) space whereas the other deals with the configuration (or
position) space.

Based in that transform for the Lagrangian L(q,v) allowing to to define a new variable called the
conjugate momentum

oL
p= %(tq,v)-

Under the assumption that the Legendre transformation is invertible, the variable v can be implicitly
defined in term of (¢, q,p), i.e., v = g(t,q,p).

Therefore, the Euler-Lagrange equation can be rewritten equivalently as the Hamiltonian system
with the corresponding Hamiltonian associated to L defined by (see [58, p.79] or [89, p.243])

H(t,q,p) =p-9(t,q,p) — L(t,q,9(t,q,p)).

IV.4.2 Hamiltonian systems via variational principle

An important property of Hamiltonian systems is that their solutions correspond to critical points
of a given functional, i.e., follow from a variational principle, based on the functional of the form

Ly: €' (la,0],R?) x €' ([a,0],R)) — R

b o IV.4.2
(@.) — [ tata0.00.d0. 5000

where Ly : [a,b] x R? x R x R x R — R is the Lagrangian defined by
LH(taqapv’an) :pv_H(t7Q>p) (IV43)

Theorem IV.2. The points (q,p) € €* ([a, b],Rd) x €1 ([a, b],Rd) satisfying Hamilton’s equations
are critical points of the functional Lp.
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IV.5. Canonical transformations groups

IV.5 Canonical transformations groups

In dealing with Hamiltonian systems, one need to preserve the Hamiltonian character of the
equation under change of variables. As we look for the behaviour of a functional under a group
action, we need to ensure that the new equation is for each element of the group again a Hamiltonian
system, i.e., that we need to consider groups of canonical transformations. As a consequence of the
previous paragraph, we consider transformations which are given by a generating function.

Definition IV.5 (Canonical group of transformations). We denote by {¢s}ser the group of trans-
formations given by

bs: Ja,b) x REx R — R x R? x R?
(t.4.p) el CHONCHESNCACR )

where

$o(t) =t + sC(t) + O(s),

oG
¢3(0:) = g+ 5757+ O0(s%), (IV.5.1)
¢3(q,p) =p — S%f +0(s%),

with G(q, p) is of class €.

Note that these transformation groups are projectable transformation groups.

IV.6 Hamiltonian Noether’s theorem

We denote by (qs(7), ps(7)) the transform of a given solution (q(t),p(t)) where 7 = ¢2(¢).

Definition IV.6 (Variational symmetry). A canonical group of transformation is a variational
symmetry of Ly (qp if for all s € R and any subinterval [tq,tp] C [a,b], we have

L jta)(@P) = LH, [70,7,](dss Ds) (IV.6.1)

where Hy is the Hamiltonian function associated to the system in the new variables (qs,ps) and

[7a 78] = [68(ta), 92 (ts)]

The classical Noether’s theorem for Hamiltonian systems can then be formulated as follows:

Theorem IV.3 (Noether’s theorem - Hamiltonian systems). If the Hamiltonian functional possesses
a variational symmetry given by (IV.5.1) then the quantity

oG
I=p-——-H IV.6.2
5~ HC (1V.6.2)

18 a first integral over the solution of the Hamiltonian systems.

We see that we recover the well known result that if the Hamiltonian is time independent then a
variational symmetry is given by G = 0 and { = 1 which leads to the fact that the Hamiltonian H
itself is a first integral.
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Chapter IV. Reminder about Lagrangian and Hamiltonian Noether’s Theorems

Proof. By expressing the right hand side of (IV.6.1) in terms of ,q and p allowing to obtain the
variational symmetry criterion of L gy, that is

o o (44 5%(9,G) + O(s?))
/ta [(p %G +0(s%) 1+ s¢ + O(s?)

— H(t+ s¢ + O(s%),q + s0,G, p — s0,G + 0(32))} (1 +8C+ 0(52)) dt.

Now, replacing the right hand side of (IV.6.1) by the previous equality and by differentiating the
equation (IV.6.1) with respect to s and taking s = 0, one obtain an alternative form of the invariance
condition: if the Hamiltonian functional (IV.4.2) possesses a variational symmetry given by (IV.5.1)
then one has

0H 0G oG OH d¢
- ——(—H—==0. IvV.6.3
oq op dt<8 > ot a =Y (1V.6.3)
As p = —0,H, we have
0H 0G d (0G d oG
i R () I IV.6.4
5 ap TP dt(ap) dt(p ap>’ (1v6.4)
and the equation (IV.6.3) becomes
d oG 6H d¢
Moreover as for an arbitrary function f(gq,p) we have
d oP
— (P ={H,P — 1V.6.
& (Pla.p) = (H,PY+ 5. 1V 6.6)

over the solution of the Hamiltonian systems and where {-,-} denotes the Poisson bracket defined
for two functions P(q,p) and Q(q,p) by

P 0Q 0Q oP
PR = o= o (IV.6.7)

We deduce that the quantity in right-hand side of (IV.6.5) can then be written

OH . ¢ d£C+ a d

ST H = = 2 (HQ), (IV.6.8)

using the fact that {H, H} = 0.
The invariance condition is then equivalent to

HC] (IV.6.9)

d oG
dt P 8p

and the proof is complete. O
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Chapter V

Noether’s Time Scales Theorems for
Lagrangian Systems

We prove a time scales version of the Noether theorem relating group of symmetries and con-
servation laws in the framework of the shifted and nonshifted A-calculus of variations. Our result
extends the continuous version of the Noether theorem as well as the discrete one and corrects a pre-
vious statement of Bartosiewicz and Torres in [8] which implies also that the second Euler-Lagrange
equation on time scales as derived in [7] is incorrect. Using the Caputo duality principle introduced
in [19], we provide the corresponding Noether theorem on time scales in the framework of the shifted
and nonshifted V-calculus of variations.

This Chapter is based on the published article "Noether’s-type theorems on time scales” with B.
Anerot, J. Cresson, and F. Pierret, Journal of Mathematical Physics, 2020.

V.1 Introduction and statement of the problem

In 2004, the time scales theory was used by Bohner [10] and Hilscher and Zeidan [53] to develop
a calculus of variations on time scales. This first attempt was then followed by numerous general-
izations. In this chapter, we focus on two specific settings, namely, the shifted calculus of variations
as introduced in [10] and the nonshifted one as considered in [37] (see also [14]).

In this context, many natural problems arise. One of them is to generalize to the time scales
setting classical results of the calculus of variation in the continuous case. One of these problems is

to obtain a time scale analog of the Noether theorem relating group of symmetries and conservation
laws [4].

The derivation of Noether’s theorem on the time scales calculus that considered by Z. Bartosiewicz
and D.F.M. Torres in [8] was the beginning of problem and then in [7]. Two different strategies of

proof are used:

- First, they proposed in [8] to derive the Noether theorem for transformations depending on
time from the easier result obtained for transformations without changing the time. In [32], we
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Chapter V. Noether’s Time Scales Theorems for Lagrangian Systems

call Jost’s method this way of proving the Noether theorem as a classical reference is contained
in the book [58].

- Another method is proposed in [7], where a second Euler—Lagrange equation is derived |7,
Theorem 5, p.12| and from which the Noether theorem is deduced (see [7, Section 4, Theorem
6]). The so-called second Euler-Lagrange equation obtained in |7] is given by

A[H(, 2%, Ax)] (t) + %—i(t, 2%, Az) =0, (ELgnd)

where

L L
H(t,x,v) = —L(t, z,v) + vgv(t,x,v) + ,u,(t)%t(t,x,v)
which is satisfied over the solutions of the shifted Euler-Lagrange equation for all ¢ € T+ and
can be easily implemented.

However, generalizing the Jost method of proof outside of the classical calculus of variations need
to be done carefully as many ingredients in the proof are intimately related to properties of the
differential calculus (see |32, Section 4.2|). By the way, previous attempts to apply this strategy in
different contexts (see for example [40]) have leaded to false results (see [32], [38]).

Having these problems in mind, we decide to check numerically first on an example provided in
[8] the validity of the main result of [8, Theorem 4] and |7, Theorem 5].

Precisely, we use Example 3 of [8], p.1226 defined as follows (more details will be given in Section
V.5.1). We consider the Lagrangian introduced in [8] and defined by

L(t,z,v) = - + tv (V.1.1)

for t € R\ {0} and (z,v) € R2. In [8], the authors consider the time scales

T={2":neNU{0}}. (V.1.2)
In that case, o(t) = 2t for all t € T and Ao (t) = 2. The shifted Euler-Lagrange equation associated
with L is given by

xO’

AltAz(t)] = e (V.1.3)

One can prove that the shifted Lagrangian functional associated to L defined by (see [8, Eq. (4),
p.1222)):

b
% () = / L(t,27 (1), Ax(t)) At. (V.1.4)

is invariant in the sense of Definition 5 in |8, p.1224| under the following group of transformations
(see [8, p.1226]) and Section V.5.1.2):

{gs(t, 2) = (te*, ) }scr- (V.1.5)

All the assumptions of the shifted time scales Noether theorem given in [8, Theorem 4|, are satisfied
and as a consequence the following quantity

C(t, 2%, v) = 2t (@;:)2 - tv2> , (V.1.6)
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V.1. Introduction and statement of the problem

must be a constant of motion (see |8, Example 3, p.1226|) in the sense of Definition 4 in [§].

We then test numerically if the function C' is constant over the solutions of the Euler-Lagrange
equation and at the same time if the right hand side of equation (EL2%) is equal to zero.

In the following, we plot the solution x of the shifted Euler-Lagrange equation (in red) for
t =0,2,4,8,16,32 and with initial conditions z(0) = 0 and A(z)(0) = 0.1. We then plot the
quantities C' (in blue) and the left-hand side of (EL?*?) (in green) over the solutions of equation
(V.1.1). The simulations give the following results:

6 T T T T T T T T T T T T . T .I T
Approximate SONEL%EH_/"
51 C(t)C, AX

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Time

Figure V.1: 2y =0,Azy = 0.1.

These simulations clearly show that the function C' is not a constant of motion and that the
second Euler-Lagrange equation is not satisfied providing a counter example to these two results. It
must be noted that this invalidates many other results which use the former results (see for example
[90, Theorem 3, p.5|, where the second order Euler-Lagrange equation is used in the proof (see Eq.
(33) in [90]).

The aim of this chapter is to derive a time scales version of the Noether theorem in the shifted
and nonshifted calculus of variations settings. We provide two different proofs:

- First, we follows the initial strategy used by Z. Bartosiewicz and D.F.M. Torres in [8] which
refers to a time scales analogue of a classical proof exposed by J. Jost and X. Li-Jost in [58|.
We point out several difficulties which are in fact inherent to the Jost’s method (see [32]). This
first proof is not the simplest one but it explains where and why the initial proof given in [§]
is not correct.

- Second, a more classical one which can be called "direct", which consists in deriving the
invariance relation with respect to the parameter of the transformation group and manipulating
the obtained expression in order to provide a constant of motion. Although less elegant than
the previous one, it is the most easiest one.

Organization of the chapter. In Section V1.4 we state the Noether theorem on time scales in
the context of the A shifted or nonshifted calculus of variations. In particular, Section VI.3 precises
the notion of transformation groups in the context of time scales calculus and those of admissible
projectable transformations groups. Section V.3 gives the proof of our main result using the Jost

o7



Chapter V. Noether’s Time Scales Theorems for Lagrangian Systems

method. The proofs of several technical Lemmas are postponed in Section V.8. Section V.4 gives
alternative proofs of our results with a so called direct method. In Section VI.6, we discuss several
examples and provide numerical simulations. We first study an example given by Bartosiewicz and
Torres in [8]. We then discuss results obtained in the same context by X.H. Zhai and L.Y. Zhang
in [90] about a time scales version of the Kepler problem in the plane. Here again, we prove that
the results presented in [90] are not correct. In Section V.6, we use the Caputo duality principle in
time scales as presented in [19] to obtain the Noether theorem on time scales for the V shifted and
nonshifted calculus of variations. Our result differs also from the one obtained by N. Martins and
D.F. Torres in [75]. We discuss an example proposed by X.H. Zhai and L.Y. Zhang in [90] and prove
that the result of [75] are indeed incorrect.

V.2 Main results

In the following, T denotes a bounded time scales with @ = minT, b = max T and we assume
that card(T) > 3 ensuring that T% # (.

V.2.1 Admissible transformations group

We consider a special class of symmetry groups of differential equations called projectable or
fiber-preserving (see [83, p.93|) and given by

gs: [a,b] xR —s RxR" (V.2.1)
(tz) > (9(t),95(x))

where {gs}scr is a one parameter group of diffeomorphisms satisfying go = Id. The associated
infinitesimal (or local) group action (see [83, p.51]) or transformations is obtained by making a
Taylor expansion of gs; around s = 0:

0gs(t, x)

s | + O(s). (V.2.2)

gs(t,fb’) = go(t,l’) +s

The transform (see |83, p.90]) of a given function z(¢) identified with its graph I', = {(¢,z(t)), t €
[a,b]} by gs is easily obtained introducing a new variable 7 defined by 7 = g%(¢). The transform of
x denoted by Z is then given by

T — (1,8(7)) = (1,95 0w 0 (99) 7} (7))

Figure V.2: The transform of a function x by g;.
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V.2. Main results

Remark V.1. In general, the transform of a given function is not so easy to determine explicitly
(see [83], Example 2.21, p.90-91) and one must use the implicit function theorem in order to recover
the transform of x. This is precisely the reason why we restrict our attention to projectable or
fiber-preserving symmetry groups.

Working with time scales imposes some restrictions on the transformation groups that one can
consider. In the following, we need the notion of (A, T)-admissible projectable group of trans-
formations:

Definition V.1 ((A,T)-admissible projectable group of transformations). A projectable group of
transformations {gs}ser is called a (A, T)-admissible projectable group of transformations if for all
s € R, the function g° verifies:

gg 18 strictly increasing,

AgY # 0 and Ag? is rd-continuous and such that,

the set defined by Ty = g(T) is a time scales.

Az (gg)_1 exists.

V.2.2 Noether’s theorem on time scales in the nonshifted calculus of variations

Let L be a Lagrangian function. We can associate to L a functional La: Cic’lA(’]I‘) — R
defined by

b
Lam(z) = / L(t, (1), Az(t)) At, (V.2.3)

called the nonshifted Lagrangian functional over the time scales T.

If 0 is V-differentiable on Ty, then the critical points of LA 1 are solutions of the Vo A-differential
Euler—Lagrange equation (see [14, Theorem 1, p.548|):

0L

v {M/(-,x,Am)] () = Volt) 5

5 (t,z(t), Az(t)), (ELV°2)

for every t € T.

V.2.2.1 Invariance of functionals and variational symmetries

We have the following time scales generalization of the definition of a variational symmetry group
of a nonshifted Lagrangian functional on time scales (see |83, Definition 4.10, p.253]):

Definition V.2 (Variational symmetries). The (A, T)-admissible group of transformations {gs}ser
is a variational symmetry group of the nonshifted functional (V.2.3) if whenever I = [tq,tp] is a
subinterval of [a,b] with t,,ty, € T and x € Ci&A(T) such that its transform under gs denoted by T is

defined over I, = [14, 7] which is a subset of g°([a,b]) = [as, bs], then
Lar(z) =Ly 7 (2). (V.2.4)

It is interesting to give an explicit formulation of this definition. Indeed, according to definition
of the functional (V.2.3), we can write (V.2.4) as

| ptatan@)at= [ L (rbowo ()77 Ag (howo (1)) () Agr (V29

where 7, = gg(ta) and 7, = gg(tb).
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V.2.2.2 Noether’s Theorem on time scales - nonshifted case

Our main result is the following nonshifted version of the Noether theorem on time scales:

Theorem V.1 (Noether’s theorem - Nonshifted case). Let T be a time scales such that o is V-
differentiable on T, and G = {gs(t,x) = (9°(t), g(x))}ser be a (A, T)-admissible projectable group
of transformations which is a variational symmetry of the nonshifted Lagrangian functional on time
scales T given by

b
Lax(z) = / L(t,2(t), Ax()) At

and

X = C(t)aat + f(x)aax, (V.2.6)

be the infinitesimal generator of G. Then, the function
t
I(t,2,0) = —CO(t)H (%) + £ (x) - Oy L(%) +/ C[VU@L(*) + V(H(*))] Vi, (V.2.7)

where H :R x R* x R* — R is defined by
H(t,x,v) = —L(t,z,v) + 0, L(t,z,v) - v, (V.2.8)

and (x) = (t,z(t), Axz(t)), is a constant of motion over the solution of the time scales Euler—Lagrange
equation (ELV°?), i.e., that

VII(,z()]@®) =0, (V.2.9)
for all solutions x of the time scales Euler—Lagrange equations and any t € T1.
The proof is given in Section V.3.
In the continuous case T = [a, b], one obtains the classical form of the integral of motion
I(t,x) = —C(t)H(t,xz, %) + &(x) - Oy L(t, x, T). (V.2.10)

Indeed, if T = [a, b] then o is V-differentiable on T, with V[o] = 1 and moreover, on the solutions
of the Euler—Lagrange equation one has the identity

oL ) d .
_E(t’x’x) == (H(t,z, 1)) (V.2.11)

which is called the second Euler—Lagrange equation [89].

In the discrete case, T = Z and transformations without changing time, one recovers the classical
integral (see |15, Theorem 12, p.885] and also [45]):

I(z) =& (x) - gﬁ(t, x, Ax). (V.2.12)
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V.2.3 Noether’s Theorem on time scales in the shifted calculus of variations

Let L be a Lagrangian function. We consider the functional £} (z) defined for all x € Ci&A(T)
by

b
2r() = / L(t,2°(t), Az(t)) At. (V.2.13)

Let T be a time scale such that ¢ is A-differentiable on T*. The critical points of L}  are
solutions of the shifted time scales Euler—Lagrange equation given by (see [10, Theorem 4.2,
p.344|)

A [gﬁ(-,xa, Aaz)} (t) = ?)ij(t,x"(t), Ax(t)), (ELAOA)

for every t € T" = (T*)".

Remark V.2 (A remark on the shifted calculus of variations). Although the shifted calculus of
variations was introduced first in the literature, the definition of the functional (V.2.13) seems to be
non-natural with respect to a discretisation procedure of the continuous Lagrangian functional and
i fact leads to very bad numerical integrator of the continuous equation. This is due to the fact that
in this case, the second order derivative d?/dt? is approzimated by A o A which is an operator of
order one with respect to the time step used as a discretization step, instead of order 2 for the Vo A
operator which appears in the non-shifted case.

Howewver, leaving this aspect, one can justify the use of the shifted calculus of variations as follows:
Going back to 1. Newton’s seminal work Philosophiae Naturalis Principia Mathematica published first
in 1866 (a reprint can be found in [{9] with other texts of interest), we can take a look at the first
place were he derived the now famous law of motions for a body under the gravitational force. We
refer to the discussion given by R. Feynman in [39] for more details.

He explains that the motion of a body around a massive body with an initial speed vy evolves
during a short amount of time ty — tg = h following the inertia principle introduced by Galileo. The
particle then follows a straight line between the initial position xg and €1 whose length is given by
voh. Howewver, at time t1, the effect of the force F' during the time h is taken into account and
assumed to be of magnitude F(xo)h?. This reasoning is illustrated by I. Newton in his book by the
following picture (see [49, p.431] and also [39, p.84]):

Figure V.3: Newton’s illustration for the motion of a planet around a star
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As the force is assumed to be directed toward the massive body, 1. Newton deduces that the position
of the particle at time t1 satisfies x1 — 1 = F(x0)h?, which leads to x1 — x¢ = voh + F(x0)h? and
finally, denoting Ax(t1) = (x1 — z9)/h and Ax(ty) = vo, to the equation

Az(ty) — Az(ty) = F(xo)h, (V.2.14)
and to the classical writing of Newton’s fundamental law of motion

As a consequence, I. Newton’s first derivation of the law of motion leads to an equation where only
the A derivative appears. This equation can only be recovered using the shifted calculus of variations.

The notion of invariance is adapted to the shifted case as follows:

Definition V.3 (Shifted invariance). A time scales Lagrangian functional L} 1 is said to be invari-
ant under a (A, T)-admissible projectable group of transformations G = {gs(t, z) = (¢%(¢), gﬁl(a:))}sgg
if and only if for any subinterval [tq, ty] C |a,b] with t,,t, € T, for any s € R and x € Cié (T)

ty Tb ~
[ rar@.anmar = [T (nlgtore @) 7 (1).85 (oo (6d) 1] (1) A7
ta Ta
(V.2.16)
where 74 = ¢2(tq) and 7, = g% (), T, = g%(T) and & is the forward jump operator over T,

Theorem V.2 (Noether’s theorem - o-shifted case). Let T be a time scale such that o is A-
differentiable on T%. Let G = {gs(t,z) = (g%(t), g} (x))}ser be a (A, T)-variational symmetry of
EUA,T with the corresponding infinitesimal generator given by

X = <(t)§t + g(;c)ai. (V.2.17)

Then, the quantity
I(t, 27, v) = = (%5)((t) + Oy L(*5)&(x) —|—/ ¢7(t) (A [%(*U)] + ﬁtL(*U)>At (V.2.18)

where (*5) = (t,z7(t), Ax(t)) and H is given by
H(t,u,v) = —L(t, z,v) + O, L(t,x,v) - v+ O L(t,u,v)u(t), (V.2.19)

18 a constant of motion over the solution of the time scales Fuler—Lagrange equation (ELAOA), i.e.,
that

AlI(-,27,Az)](t) =0, (V.2.20)
or all solutions x o and any t € .
for all sol f (EL2°2) and T+

In the continuous case T = [a, b], we have o(t) = ¢t and u(t) = 0, so that one obtains the classical
form of the integral of motion (V.2.10).
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V.2. Main results

V.2.4 Comparison with the Noether theorem on time scales obtained by Z.
Bartosiewicz and D.F.M Torres

In [8], Z. Bartosiewicz and D.F.M. Torres prove a Noether’s theorem on time scale which leads
to the statement that the quantity

C(t,x7%,v) = = (%¢)((t, x) + Oy L(*s) - (L, x) (V.2.21)
is a constant of motion over the solutions of (EL~°%).

As we can see, we have an extra term in our result given by

/at ¢(1) (A [ (x0)] + atL(*J))At'

The difference comes from the fact that Z. Bartosiewicz and D.F.M. Torres [8] implicitly assume
that the following equation

oL

A[%(-,x”,Am)] (t) = ~ 5

(.27 (1), Ax(t), (EL2)
called the second order Euler-Lagrange equation is satisfied over the solutions of the shifted Euler-
Lagrange equation. The previous equation does not appear in [8] but follow from one implicit
assumption made by the authors during the derivation of their result using the Jost method of
proof: Informally, the authors construct what is called an extended Lagrangian enabling them to
formulate the invariance property for transformations with time of the initial Lagrangian functional
to an invariance property for a transformation without transforming time for the extended La-
grangian functional. Doing this, the idea is to apply the Noether theorem without transforming
time to the extended formulation. However, in order to do so, one must prove that solutions of the
initial Euler-Lagrange equation produce solutions of the Euler-Lagrange equation for the extended
Lagrangian. This point was not discussed in [8]. The second Euler-Lagrange equation corresponds
exactly to the condition one needs to impose on the solutions of the initial Euler-Lagrange equation
in order that they corresponds to solutions of the extended Euler-Lagrange equation. We refer to
Section V.3.2 for more details and in particular Lemma V.9.

As a consequence, our result coincides with the one of Z. Bartosiewicz and D.F.M. Torres [8] if and
only if the second order Euler-Lagrange equation on time scales is valid. However, as already showed
in the introduction by the simulations on an explicit example, this is not true. In the following, we
give a counter-example to the second order Euler-Lagrange equation where all computations can be
made explicitly.

V.2.4.1 Explicit counter-example to the second order Euler-Lagrange equation on time
scales

Let us consider the Lagrangian
L(z°, Az) = (Az)? + 42°. (V.2.22)
The shifted Euler-Lagrange equation is given by

A[Az] =2. (V.2.23)
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As 0L = 0, the quantity 7 reduces to
H(2°, Ax) = (Az)? — 4a°, (V.2.24)
We have the following Lemma:
Lemma V.1. The function A is equal to
AA =4 [—p—2ulp — AzAp], (V.2.25)
over the solutions of the shifted Euler-Lagrange equation.

Proof. We have (see [11],1.36 p.337) that for any function u € Ci(’iA such that A(u”) exists, the
relation
A(u) =1+ Ap) (Au)? . (V.2.26)

Moreover, using the Leibniz formula we have

A ((Az)?) = A(Az)Az + (Az)  A(Az),

= A(Ax) (Az + (Ax)7). (V-2:27)
As a consequence, we obtain
_ 2) _ o
M ﬁ((ﬁ)x EA)Q: +4(AA<§)")S —4(1 4 Ap) (Az)° . (V.2.28)
Using the shifted Euler-Lagrange equation, one obtain
AA =2 (Az+ (Az)?) —4(1 + Ap) (Az)7 . (V.2.29)
Moreover, we have the classical relation for u € Ci(’iA (see [11],(iv),p.6):
u? = u+ pAu, (V.2.30)
which gives
(Az)? = Az + pA(Az) = Az + 24, (V.2.31)
thanks to the shifted Euler-Lagrange equation.
As a consequence, replacing in the expression of AJZ, one obtain
RS O v
which concludes the proof. O

As a consequence, any time scales such that p is a non zero constant lead to a counter example
to the second order Euler-Lagrange equation. In particular, we have

Lemma V.2. Let T =7Z, then A = —4.

Proof. For T = Z, we have u = 1 for all t € T. As a consequence, we have Ay = 0. Replacing in
the formula (V.2.25), we obtain AJ# = —4. O
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V.2.4.2 Connection with energy preserving variational integrators

We can go further relying on the fact that for uniform time scales, the shifted Euler-Lagrange
equation can be interpreted as a variational integrator (see [45], [74]).

Assuming that T is the uniform time scale over [a,b], i.e., that T = {t;, = a+ih, i =0,...,N}
with h = (b — a)/N. Then pu(t) = h for all ¢t € T*. If the Lagrangian L is independent of the time
variable, then 9;L = 0 and the quantity (EL2"%) reduced to

A[A(,2° (), Az()](t) =0, V€T (V.2.33)

The quantity # corresponds to the Hamiltonian associated to the Lagrangian systems and its value
to the energy of the system. However, it is well known since the work of Z. Ge and J.E. Marsden
[91] that "fixed time step variational integrators derived from the discrete variational principle can-
not preserve the energy of the system exactly”. This implies precisely that the time scales second
Euler-Lagrange equation is not valid in full generality.

We refer to the book of E. Hairer, C. Lubich and G. Wanner Geometric numerical integration
[45] for more details, in particular Chapter VI.6 about variational integrators and Chapter IX.8 for
a a discussion of long-term energy conservation of symplectic numerical schemes.

Remark V.3. In [73], A.B. Malinowska and N. Martins discuss in full generality the derivation
of a second Noether Theorem on time scales. In ([73, Remark 23, p.8]) they recover the second
Euler-Lagrange equation derived in [7] as a special case. As a consequence, the previous discussion
invalidate also the results proved in [75].

V.3 Proof of the main results using the Jost method

The terminology of Jost’s method was introduced in [32] to designate a particular way of proving
the classical Noether theorem which can be found in [58]|. The idea is very simple and elegant. One
extend the set of variables, incorporating the time variable, in order to see the invariance of the
functional under a symmetry group with transformation in time as an invariance of a new functional
but for a symmetry group without transformation in the new "time" variable. The idea being then
to apply the well known Noether theorem in this case to obtain the desired constant of motion. In
[32], we have identified several steps in the method:

- First, rewrite the invariance condition in order to have an equality between two integrals over
the same domain.

- The first step leads to the introduction of an extended Lagrangian and a new set of paths.

- Rewrite the initial invariance condition with transformation in time as an invariance condition
for the extended Lagrangian for a transformation without transforming "time".

- Look for the correspondence between the solution of the initial Euler-Lagrange equation and
the Euler-Lagrange equation associated to the extended Lagrangian.

- Apply the invariance characterization and derive a constant of motion.
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The first three steps impose some specific constraints in the time scales framework due to the fact
that the chain rule formula and the substitution formula are not always valid. However, the main
problem comes from the Euler-Lagrange equation satisfied by the extended Lagrangian. Although
this equation is always satisfied by solution of the initial Euler-Lagrange equation in the continuous
case, this implication is no longer valid in general for an arbitrary time scales. This is precisely
where some arguments given in [8] are incomplete. The end of the computations are only technical.

V.3.1 The nonshifted case
V.3.1.1 Rewriting the invariance condition and the extended Lagrangian

We first rewrite the invariance relation (V.2.5) in order to have the same domain of integration.

Lemma V.3. Let G be a (A, T)-variational symmetry of the nonshifted time scales Lagrangian
functional La T, then, we have

b b
[ 2ttt a00) 0= [ L (800,60 200 A (6} 02) (05 s ) Al0AL (V)
a a
The proof is given in Section V.8.1.
As for the classical case, we construct an extended Lagrangian functional which enables us to
rewrite the invariance condition for a transformation group changing time as the invariance of a new

functional under a transformation group without changing time.

Let us denote by L:R x R% x R* x R* — R the Lagrangian function defined by
L(t,z,w,v) =L (t,a:, 3) w. (V.3.2)
w
which is the same as the classical case and called the extended Lagrangian.

We denote by Ly (t,7) the nonshifted Lagrangian functional associated to IL defined for all ¢ €
Cif (T) strictly increasing and x € Ci&A (T) such that Az(z ot) exists where T = ¢(T) by

L(t,x) = /b L (t(1), (zot)(r)), Alt](T), Alx o t](T))) AT, (V.3.3)
is called the nonshifted extended Lagrangian functional.
We define the time scales bundle path class denoted by F and defined by
F={(t;2) € O (T) x Ci2(T) 5 70— (¢(7), (w0 1)(7))) = (7,2(7))}. (V.3.4)
We have the following proposition:

Proposition V.1. The restriction of the Lagrangian function Ly, to a path v = (t,x) € F satisfies

Ly(t,x) = LaT(T). (V.3.5)
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Proof. Let v = (t,x) € F. By definition, we have

L(¢r). (), A7), Ale 1)) = £ (#), (0 (), Al 0 1](7) 51

As «y is a bundle path, we have ¢(7) = 7 and A[t](7) = 1. As ¢ is strictly increasing, ¢ € Ci&A(T)
and z ot = x belongs to C:AA(’JI‘), the functional (V.3.3) is well defined and we obtain

) Aft)(r).  (V.3.6)

b
Lo(ta) = /L(t(T),(:Eot)(T),A[t](T),A[xot](T)))AT,

b (V.3.7)
= / L(r,2z(1), Ax(1)) AT = LA 1(2),

which concludes the proof. O

V.3.1.2 Invariance of the extended Lagrangian

We now reformulate the initial existence of a variational symmetry for LA T under the group G
as an invariance of the extended Lagrangian:

Lemma V.4. Let Lo 1 be a time scales Lagrangian functional invariant under the (A, T)-admissible
projectable group of transformations {gs},cp. Then, the time scales Lagrangian functional Ly, is
invariant over F under the (A, T)-admissible projectable group of transformations {gs},cp-

The proof is given in Section V.8.3.
In order to apply the Noether theorem for transformations without changing time, one needs to

check that the solutions of the time scales Euler-Lagrange equation produce solutions of the extended
Lagrangian systems.

Lemma V.5. A path v = (t,z) € F is a critical point of Ly, if, and only if, x is a critical point of
LT and for all t € Ty we have

%lt;(t,m(t), Ax(t)) =V |L(-,z,Ax) — Ama—L(-,x, Ax)| (t). (EL2%)

Vo(t) 5

The proof is given in Section V.8.2.

Contrary to the continuous case, Lemma V.5 implies that extended solutions of the initial La-
grangian are not automatically solutions of the extended Fuler-Lagrange equation. This implies that
one can not use the Noether theorem proved in [14, Theorem 2, p.553| but only the infinitesimal
invariance criterion as formulated in [14, Eq. (32), p.553|.

V.3.1.3 Proof of the nonshifted time scales Noether Theorem

We deduce from Lemma V.4 and the necessary condition of invariance given in ([14], equation
(32) p.553) that

OL(*)C + OpL(%) - € + BuL(%) - AL + [L(%) — DL (%) - Ax] AC = 0. (V.3.8)

Multiplying equation (V.3.8) by Vo and using the Time scales Euler-Lagrange equation (ELVOA),
we obtain

Voo, L(*) ¢+ Vod,L(x) - AL + V[0, L(*)] - £ + Vo [L(*) — Oy L(*) - Az] A =0. (V.3.9)
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Using the Leibniz formula (I1.2.5), we have
Voo L(*) (4 V [0y L(*) - £7] + Vo [L(*) — 0,L(x) - Az] A¢ =0. (V.3.10)

Trying to be as close as possible to the continuous case, we can use again the formula (1.2.5) on the
last term, we obtain

VO, L(x) ¢+ V[0,L(%) -] + V[¢7 (L(¥) — L) - Az) | =V [L(%) — B, L(x) - Az] = 0. (V.3.11)

Taking the V-antiderivative of this expression, we deduce the conservation law (V.2.7). This con-
cludes the proof. ]

V.3.2 The o-shifted case

The shifted case follows essentially the same line as the non shifted case. However, due to the
shift, after the initial change of variables, one needs another rewriting of the invariance condition in
order to identify the corresponding extended Lagrangian.

V.3.2.1 Rewriting the invariance condition and the extended Lagrangian

Following Section V.2.3, we have:

Lemma V.6. Let the functional L 1 satisfying condition (V1.2), then we have

/t "L (a7 (), An(t)) At = /t bL(gg(t), g 0]’ (1), A [gl o] (1) - Agﬁ (t)) A ()AL, (V.3.12)

The proof is given in Section V.8.

However, in order to consider the time as a new variable in a shifted Lagrangian, one must rewrite
the left-hand side of the invariance condition taking into account that ([8, Theorem 4, p.1224])

9o (1) = (g)7 (1) — p(t) Agy(t). (V.3.13)
One then obtain:

Lemma V.7. The invariance condition (V.3.12) can be written as

/ " Lt (1), A(t)) At =

/ L (@2)“@) — ult)Ag(1), [g} 0 2] (1), A [gl 0 2] (¢) Agé(t)) AGUDAL (V.3.14)

We then recover the computations made in (|8, p.1224|, the proof of Theorem 4). We are now
ready to introduce the extended Lagrangian.
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V.3.2.2 Invariance of the extended Lagrangian

We define the shifted extended Lagrangian denoted by L :R x [a,b] x R? x R* x R — R
as
Lo(r;t,z,w,v) = L (t — p(m)w, x, 2) w. (V.3.15)
w

This shifted extended Lagrangian agree with the definition of the Lagrangian denoted L in (I8,
p.1224], the proof of Theorem 4).

We define the functional denoted by Ly as
tp
Ly, (t,x) = / Ly (75t7(7), (x7 o t)(7)), At(T), Az(T)) AT. (V.3.16)
la

Taking into account the bundle path F defined in (V.3.4), we obtain that A[t] = 1, so that the
restriction of L, to F satisfies

Lo (75t° (1) = 77,27 (1), A1, Ax(7)) = L (1,2°(7), Az (7)) . (V.3.17)
As a consequence, one can rewrite the invariance condition (V.3.14) as follows

Lemma V.8. The invariance condition (V.3.14) over F can be written as

Ly, (t,x) = /t L, (T; [99]° (), [g5 0 2]” ((7)), Ag g7 (t(7)), A [g5 0 7] (t(7>)) Az 7.
’ (V.3.18)

In [8, p.1225] the authors deduce from the previous result that they can apply the Noether theorem
without transforming time (see [8, Theorem 3]) directly over the bundle paths F. However, as in the
previous nonshifted case, one must check that the solution of the Euler-Lagrange equation n (ELAOA)
produce solution of the extended Lagrangian systems. As already mentioned in the introduction,
this property is actually always satisfied in the continuous case due to specific properties of the
differential calculus. In the time scale setting, this property fails.

Lemma V.9. A path v = (t,x) € F is a critical point of Ly, if, and only if, x is a critical point of
LA p and
’ L
A, x%, Az (t) + a(t,x", Az) =0,
where H(t,z,v) = L(t,z,v) — v - O, L(t,z,v) — pu(t)0, L(t, z,v) is satisfied over the solutions of the
shifted Euler-Lagrange equation for all t € T+,

The proof is given in Section V.8.

We deduce that a solution of the Euler-Lagrange equation (EL~°2) for L is a solution of the
Euler-Lagrange equation for the extended Lagrangian L, over F if and only if it satisfies what is
called the second Euler-Lagrange equation on time scales given in [7, Theorem 5, p.3]. This equation
is implicitly assumed in [8] where the relation between the solutions of the Euler-Lagrange equation
for L and those for L, over F is not discussed.

As a consequence, without any additional conditions on the solutions of n (ELAOA) for L one
must reduce our attention not on the direct application of the Noether theorem without transforming
time but to the infinitesimal invariance criterion formulated in [8, Theorem 2, p.1223|. This point
is where our proof differs from the one given in [§].
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V.3.2.3 Proof of the shifted time scales Noether Theorem

The infinitesimal invariance criterion ([8, Theorem 2, p.1223|) of the functional Ly, over F is
obtained by differentiating both sides of (V.3.18) around s = 0. We obtain

OULo()C7(7) + DulLo () - €7(2) + DulLo () AC(T) + DL (0) - A&() = 0 (V.3.19)

where (o) := (T;T",;U"(T),A.TFT, ATI‘(T)).
Substituting (V.8.12) into (V.3.19) gives

0L (%) CO(7) + 0oL (x5) - €7 ()
+ [L (%) — DL (o) Az (1) — BL (%o) M(T)} AC(T) + ByL (%) - AE(z) = 0. (V.3.20)

Using the Euler-Lagrange equation (ELAOA) and the time scales Leibniz rule, we obtain

0L (x5) ¢7(T) + [L (%0) = DL (%¢) Ax(7) = QL (xo) (1) AC(7)
+ A[OuL (x0) - &(x)] = 0. (V.3.21)

Observe that the term between brackets in (V.3.21) is the function —5# defined in (V.2.19). Using
the time scales Leibniz rule, we obtain

[ )] ACP) = Al — A (50)0(7)] + D[ (3)] (7). (V.3.22)
Substituting the formula (V.3.22) into (V.3.21) gives
<8tL (*x0) + A[%(*U)DCU(T) + A = A (5 )C(T) + OuL (%¢) - ()] = 0. (V.3.23)

We complete the proof by taking the A-antiderivative of this latter equation. O

V.4 Direct proof of the main results

We follow in this Section the usual proof of the Noether theorem consisting in deriving the
invariance condition with respect to the parameter of the symmetry group and deducing a constant
of motion.

V.4.1 The nonshifted case

Since the invariance condition (V.3.1) holds for any subinterval of [a,b] and z € Ci&A(T), then

we have:
L (t,x(t), Ax(t)) = Ls <g(§(t), (g5 0 )(t), A (g5 0 ) (t)A;)(t)> Agy(t).

Differentiating both sides of the latter equation with respect to s, it gives for s = 0 that
COL + & - 0, L + (AL — ACAz) - 0,L+ AC L =0. (V.4.1)

Since this equation and the equation (V.3.8) are the same, one can follow the proof in subsec-
tion V.3.1.3.
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V.5. Examples and simulations

Remark V.4 (Prolongation of vector fields in a time-scales setting). The operator appearing in (V.4.1)
can be rewritten using the vector field denoted by XM and defined by

XM = O+ &0y + (AL — AC Az) - O, (V.4.2)

By analogy with the definition of the prolongation of vector fields given by P. J. Olver (see [83,
Definition 2.28, p.101]), we call this vector field the first prolongation of the vector field X = (0,+£0,.
Consequently, one can replace the condition (V.3.1) by the following invariance criterion

XWL+A¢CL=0. (V.4.3)

In the case when T = R, one recover the usual formula for the first prolongation (see [83, Theorem
2.36, p.110]) of the vector field X, i.e.,

XW =0+ ¢ 0p+ (€= (i) - 8, (V.4.4)

In order to develop a full analogue of the theory of symmetries as presented in the book of P.J. Olver
[83], one needs first to defined correctly the discrete analogue of vector fields which is still missing
at that time.

V.4.2 The o-shifted case

Since the invariance condition (V.3.12) holds for any subinterval of [a,b] and z € C:AA(T), then
we have:

L (t,a°(t), Ax(t)) = Ly <(92)"(t) — u(t)Agl(t), [g4 o]’ (1), A [g} o 2] (t)Ag})(tQ Agd(t)

In the same way as done in the nonshifted case, by differentiating both sides of the above equation
with respect to s, it gives for s = 0 that

0=(¢7 = p(t)AQ)KL + &7 - 0. L + (AL — AzAQ) - 0,L + A L
= COL + €7 - 0, L + (AE — AzAC) - O, L + AC L.

Since the latter equation and the equation (V.3.20) are the same, one can follow the same proof as
in subsection V.3.2.3.

Remark V.5. One can replace the condition (V.3.12) by an alternative condition that is

COL+ € - 0,L + (A€ — AzAC) - 8,L + AC L = 0. (V.4.5)

V.5 Examples and simulations

V.5.1 The o-shifted and nonshifted version of the Bartosiewicz and Torres ex-
ample

We consider the Lagrangian introduced in [8] and given by

2
L(t,z,v) = % +tv?, for z,v €R. (V.5.1)

We discuss both the shifted and nonshifted Lagrangian functional associated to L and the cor-
responding conservation laws as obtained using the Noether theorem on time scales proved in the
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previous Section.

One can prove that the nonshifted Lagrangian functional possesses a variational symmetry given
by:

Lemma V.10. The Lagrangian functional associated to (V.5.1) is invariant under the family of

transformation G = {gs(t, ) = (te®, x)}ser where its infinitesimals are given by

Ct)y=t and &(x)=0. (V.5.2)
A 2 Azx)?

Proof: Indeed, we have L <tes, x, ::> e’ = <ch + teS( ;US) > e® = L(t,z, Ax) so that condition
e e e

(V.3.1) is satisfied. O
The same result is valid in the shifted case.

In the following, we consider two time scales given by
Ty ={a+nh,neN}, h=(b—a)/N,NeN* and Ty={2", ne NU{0}}, (V.5.3)

which will be used to make simulations.

V.5.1.1 The nonshifted case

In our case, the (non-shifted) Euler-Lagrange equation associated with L is given by

V[tAz(t)] = Va(t)%, (V.5.4)

with Vo (t) =1if t € Ty and Vo(t) = 2 if ¢t € Ty and our time scales Noether’s theorem generates
the following first integral

I(t,z,v) = o(t) (1;2 - tv2) + /at [—va(t) <x: — tv2> —tV (9“;2 - tv2>] Vt. (V.5.5)

V.5.1.2 The shifted case
We consider the following shifted Lagrangian

(z7)?
t

and the family of transformation G = {¢s(t,x) = (te®, x)}ser which is a variational symmetry of L.
Indeed, using the invariance criterion (V.4.5) we have that

(e e

=20+ = = 0.
The (shifted) Euler-Lagrange equation (EL~°?) associated to L is given by

L(t, 2% v) = + tv? (V.5.6)

(o)

AftAa(t)] = . (V.5.7)

According to the Noether theorem, we conclude that the following quantity

I(t,z°,v) = o(t) (CUZ)Q — tv2> + /ata(t) (—(‘7“;)2 +v? + A[U(t) <—($;)2 - v2> D At,

is a first integral.
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Remark V.6. In [8], the authors consider T = {2" : n € NU{0}}. In that case, o(t) = 2t for all
t € T, which gives the expression of C(t,x%,v) in [8, Example 3], that is

z° 2
C(t,z%,v) =o(t) <<t) - tv2> . (V.5.8)

Numerical tests. With the time scales Ty and Ty as given before, we present simulations of both
the Euler-Lagrange equations (V.5.4) and (V.5.7) which are called "approximate" on the picture as
well as computations of the quantities I(¢,z, Ax) and I(¢t,2%, Ax) on Ty and Ts. In order to check
the validity of our numerical scheme, we give also the exact solution of the Euler-Lagrange equation
in the continuous case for the corresponding initial conditions.

As we can see in Figures V.4 and V.6 over the time scales Ty when h is sufficiently small, the
solution of the nonshifted or shifted Euler-Lagrange equation provide very good approximations of
the exact solution.

We can not expect such a result for the time scales Ty as in this case, the time increment is very
big at the beginning of the simulation.

As expected, all the computations given in Figures V.4 and V.6 over Ty and V.5, and V.7 over
To show that the quantities obtained in the Noether theorem on time scales are constant over the
solutions of the time scales Euler-Lagrange equation (V.5.4) and (V.5.7) respectively.

0.35

Exact ——
Approximate ——
I(txAx) - - -

0.3

0.25
0.2
0.15
0.1
0.05

-0.05 -
01 )

-0.15 -

202 L L L L L L L L L 0.95 L L L
1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

Time Time

Figure V.4: Numerical solution of (V.5.4) and the quantity (V.5.5) on time scales T;. (left)
xo = 0,Azp = 0.4,h = 0.1. (right) g = 1, Azg = 0.1,h = 0.01.
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T T T
Exact —— Bxact ——
Approximate —— .5 Approximate —&—
I(txAx) - - - tXAX) - - -

Time Time

Figure V.5: Numerical solution of (V.5.4) and the quantity (V.5.5) on time scales To. (left)
n=>5x9=0,Axg=0.1. (right) n = 3,20 = 1, Azg = 0.1.
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Exact ——
Approximate —@—
I(txo,Ax) - - -

0.07

0.06
0.05
0.04
0.03
0.02

0.01

Y T e T

-0.02

L L
1 11 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
Time Time

Figure V.6: Numerical solution of (V.5.7) and the quantity I(¢,z%,v) on Ty. (left) xog = 0, Azg =
0.1,h = 0.01. (right) zo = 1, Azg = 0.1, = 0.1.

Exact — ||
Approximate —@—
tX0,0X) - - -

Exact ——
Approximate —@—
I(tx%,A%

L L L L L L L L L L L L L L
4 8 12 16 20 24 28 32 36 40 44 48 52 56 60 64

Time

Figure V.7: Numerical solution of (V.5.7) and the quantity I(¢,z%,v) on Ty. (left) o = 1, Azg =
0.1,n = 4. (right) zp = 0,Azg =0.1,n =6

V.5.1.3 Comparison between Bartosiewicz & Torres result and our result

As we have seen, the quantity I(¢,27, Az) is a constant of motion over the solution of the time
scales Euler-Lagrange equation (V.5.7). It is clearly not the case for the quantity C(t,z7, Az)
provided by the Noether theorem in [§].
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135 T
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(b) On Ty, 29 = 1, Azg = 0.1, h = 0.001 (c) On Ty, 2o = 0,Azo =0.1,n =3

Figure V.8: The trace of I(t,27,v) and C(¢,27,v) on time scales T; and Ts

V.5.1.4 Numerical test of the second Euler-Lagrange equation

In [8], the authors require for the quantity C(¢,z7,v) to be a constant of motion over the solution
of (V.5.7) that the second Euler-Lagrange equation must be satisfied. We then test the equality to
zero of the left-hand side of the equation. We obtain the following green lines for the time-scales T

and T9
T T T T T 0.0026 T T T T
Approximate solution —®— EL2nd
ELnd s 0.0024 -
16C, AX 1
) - - - 0.0022 |
0.002 -
0.0018 |-
0.0016 |~
0.0014
0.0012 -
b = = 0.001 -
-
L L L L L P L L L L 0.0008 . . . .
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 1 1.2 14 1.6 18 2
Time Time
(a) On Ty, 2 = 0,Azg =0.1,n =5 (b) On Ty, g = 1,Aze = 0.1,h = 0.01

Figure V.9: Behavior of the second Euler-Lagrange, I(t,x%,v) and C(t,z%,v).

proving that the second Euler-Lagrange equation is not satisfied.
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V.5.2 The Kepler problem in the plane and a result of X.H. Zhai and L.Y.
Zhang

We consider the time scales analogue of the Kepler problem in the plane already studied by X.H.
Zhai and L.Y. Zhang in ([90], Example 1).

We consider the Lagrangian defined on (R?\ {(0,0)}) x R? by
-
\/:c% + x% ’

which corresponds to the Lagrangian of the Kepler problem of two interacting particle with one of
mass one under the gravitational field in the plane where one of the particle is positioned at the origin.

1
L(z1,22,v1,v2) = = (0] + v3) +

> (V.5.9)

A time scales analogue of the Kepler problem in the shifted calculus of variation setting is then
associated to the functional

b
1 1
c x:/ —(Alz1])® + (Alz2])?) + At. V.5.10
a5 = [ |G+ e 4 s (V.5.10)
The Euler-Lagrange equations are given by
xO’
AoAlx] = — L
((@9) + (25)°) : (V.5.11)
AOA[Z‘Q] = - 2 32
((@7)% + (29)?)
Moreover the Hamiltonian function associated to (V.5.11) is given by
H(z1,72,p1,p2) = . (P +p3) — ! (V.5.12)
U2 (@) + (23)?
One easily shows that the group of rotations
gs(x1,x2) = (21 cos(s) — xasin(s), z1 sin(s) + x2 cos(s)), (V.5.13)

for s € R, (x1,22) € R? is a variational symmetry of the functional on any time scales T. Indeed,
we have for all s € R, x = (21,22) € CEAA(’]I‘) and t € T"

L(l‘,Al‘) = L(gs(x),A[gs(x)]), (V'5'14)

as A[gs(x)] = gs (Alx]) by linearity and continuity of gs with respect to x, and the fact that gs is
an isometry. The invariance of the functional then follows.

As %g; (21, x2)|s=0 = (—x2, 1), the Noether theorem on time scales then ensure that the function

L z(h) = —zo Alx] + @1 Alza], (V.5.15)

is a first integral of the time scales equation (V.5.11). This result coincide with the one given by
X.H. Zhai and L.Y. Zhang in (|90], equation (45)).
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V.5. Examples and simulations

It is clear that the group of time translations is a variational symmetry of (V.5.10), since this
functional does not depend on the time. Then, our Noether theorem on time scales produces the
following first integral

¢
Ly, z(4)) —H(m‘l’,xg,Axl,Axg)—i—/ AH (x7, x5, Axq, Axg) At

(V.5.16)

—H(27(a), 23 (a), Ax1(a), Azs(a))

Indeed, if we consider the uniform time scales T = {tx = a + kh, k € N} on the interval [0; 3.5] with
h = 0.1 and the initial conditions are 1 = 1,9 = 0,v1 = vo = 1, we obtain the following simulation

3
28 F
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24
22 F
2+
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14|
12
1 -
08 - o«
06 .
04 .
02f =
0¥
02|
-04

xy(t) —o—
X(t) —*
LX)

02k
04

3

2.8
2.6
24
22

2 F
18
16|
14+
12|

1

0.8 -
0.6 -
0.4
0.2

0

Time

2.5 3 3.5

2.5 3 3.5

Time

Figure V.10: Simulation of the quantities I1 (¢, z) and I»(¢, x).

However, as for the Z. Bartosiewicsz and D.F.M. Torres example [8], a problem occurs with

time dependent group of transformations.

Namely, X.H. Zhai and L.Y. Zhang asserts that the

Hamiltonian is a constant of motion on the solutions of (V.5.11), i.e., that the quantity

H(t,x7, x93, Axq, Axg)

2

(Af])* + (Alz2))?) -

1

G+ P A

is a constant on the solution of the equation for an arbitrary time scale. This is of course the case for
any continuous time scales T = [a, b] but not the case for other time scales like T = {t;, = a+kh, k €
N}. Indeed, in this case, one obtain the following simulation
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Time

(a) Uniform time scales on [0;3.5] with A = 0.1

0.4

Time

(b) Uniform time scales on [0, 10] with h =1

Figure V.11: Simulation of the Hamiltonian function (V.5.17) on a uniform time scales over the

solutions (V.5.11).
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Chapter V. Noether’s Time Scales Theorems for Lagrangian Systems

V.6 Caputo duality principle and a time scales Noether’s Theorem
for the nabla calculus of variations

In this section, some properties, basic definitions about Caputo’s duality principle are presented
and such principle was also applied to the calculus of variations on time scales.
We refer to [19] which contain more details and proofs on Caputo’s duality principle.

V.6.1 Reminder about Caputo duality principle

Definition V.4. Let T be a time scales. The dual time scales of T is a new time scales defined by
T :={reR: —7 € T}.

Definition V.5. Let f : T — R be a function defined on a time scales T. The dual function
[*:T* — R is defined by f*(1) = f(—7) for all T € T*.

Let T be a time scales. If o,p : T — T denote, respectively, the forward and backward jump
operators on T, then we denote to the forward and backward jump operators on T*, respectively, by
a,p: T — T*.

Let p (resp. v) the forward (resp. the backward) graininess on T, we denote by fi (resp. ©), the
forward (resp. the backward) graininess on T*.

Let A (resp. V) be the delta (resp. the nabla) derivative on T, we denote by A (resp. @) the
delta (resp. the nabla) derivative on T*.

Proposition V.2. Let T be a time scales with a,b € T, a < b and let f : T — R a function. We
have the following:

- (T%)" = (T*) and (T,)* = (T*)"

- (la,b))" = [-b, —d] and ([a,b]")" = [~b, —a]; S T".

- For all T € T*, 6(1) = —p(—7) = —p*(7) and p(1) = —o(—7) = —*(7).
- For all 7 € T*, i(7) = v*(1) and i(7) = p*().

- Given a function f: T — R and its dual f*: T* — R . Then, f € C%(T) (resp. f € C(T))
if and only if f* € C(T*) (resp. f* € C%(T*)).

- If fis A (resp. V) differentiable at t € T (resp. att € Ty ), then f*:T* — R is V (resp.
A) differentiable at —t € (T*), (resp. —t € (T*)* ), and

Af(t) ==V (=t), (resp.Vf(t) = —Af*(-1)),
Aft) == (V1) @), (e i) =~ (A57) @),
(Af) (—t) = —Vf*(~1),  (resp. (V)" (~t) = —Af*(~1)).

- If f: la,b] = R is rd-continuous, then

b —a N
/f(t)At: . A (r)Vr.
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V.6. Caputo duality principle and a time scales Noether’s Theorem for the nabla
calculus of variations

- If f : [a,b] = R is ld-continuous, then

b —a .
/ 9= [ Fmas

Definition V.6. Let L : TxR"™ xR"™ — R be a Lagrangian. Then, the corresponding dual lagrangian
L*:T* x R" x R" — R is defined by

L*(r,x,v) = L(—7,2,—v) for all (r,z,v) € T xR" x R".

One can notice that,

8tL*(T,x,U) = —atL(—T,.T,—’U), (V61)
O, L*(1,2,v) = O, L(—T, 2, —v), (V.6.2)
BUL*(TvxaU) = —(9@(—7',.1‘, _U)' (V.6.3)

V.6.2 A time scales Noether’s theorem for the nabla nonshifted calculus of
variations

Consider the functional Ly :ChLY(T) — R defined by

b
Lor(z) = / L(t,z(t), Va(t) Vi (V.6.4)

where L : T x R” x R® — R is a Lagrangian on the time scales T.

Theorem V.3 (Euler-Lagrange equation - Nonshifted case [14]). Assume that p is A-differentiable
on T®. Then, the critical points of the functional (V.6.4) are solutions of the following Euler—

Lagrange equation
oL

A [aL(t,x(t),Vx(T))} = Ap(t)a

ov (t,z(t), Va(t)), (ELAOV)

for every t € T%.

Theorem V.4 (Noether’s Theorem - Nonshifted case). Let T be a time scales such that p is A-
differentiable on TF. Let G = {gs(t,x) = (¢2(t), g9L(x))}ser a (V,T)-variational symmetry of the
functional (V.6.4) with the corresponding infinitesimal generator given by

0 0

X((t) 5 +&(x

o+ @) o (V.6.5)

Then, the function

I(t,z,v) = —CP(t) - H(x) + €°(z) - 9y L(x) + / ¢(t) [Ap(t)atL(*)—i—A(H(*))] At,  (V.6.6)

where H is defined in (V.2.8) and (%) = (t,z(t), Va(t)), is a constant of motion over the solution of
the time scales Euler—Lagrange equation (ELAOV), i.e., that

Al (- 2(),Va(-) ] () = 0, (V.6.7)

for all solutions z of (EL*°V) and any t € T%. .
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V.6.3 A time scales Noether’s theorem for the nabla shifted calculus of varia-
tions

Consider the following functional £ ., T : Cll(’iv('ﬂ‘) — R defined by

LY p(x) = /bL (t,z"(t), Vz(t)) Vi (V.6.8)

where L : T x R® x R” — R is a Lagrangian on the time scales T.

Theorem V.5 (Euler-Lagrange equation - p-shifted case). The critical points of L’% o are solutions
of the following Fuler—Lagrange equation

\Y [gﬁ(-,x/’,vdfc)} (t) = %(t,x”(t),Vx(t)), (ELV°V)

for every t € Ty.

Theorem V.6 (Noether’s Theorem - p-shifted case). Let T be a time scales and let G = {gs(t,x) =
(92(1), g () }ser a (V, T)-admissible projectable group of transformations be a variational symmetry
of L 1 and let the corresponding infinitesimal generator given by

X = ((t)gt +E(z) - ;;. (V.6.9)

Then, the function

I(t,2P,v) = —C(t) - (%) + E(@) - DuL(%,) + / CP(t) [atL(*pHv(j?(*p))} Vi, (V.6.10)

where A : R x R" x R — R is defined by 5 (t,x,v) = H(t,z,v) — O L(t,z,v)v(t) and (x,) =
(t,xP(t), V(t)), is a constant of motion over the solution of the time scales Euler—Lagrange equation,
i.e., that

V(- z(-), V()] (t) =0, (V.6.11)

for all solutions x of (ELV°Y) and anyt € T,.

V.6.4 Example and simulations

Consider the time scales T = {t; = a + kh, k € N} and the following Lagrangian [56]

t
Lt =L(t = = (v? — 2¢"
(t,z,v) (t,z,v) 2(1} e),
then the corresponding Euler-Lagrange equation is given by
A(tVz) = —te”.

The family of transformation G = {gs(¢,x) = (te®,z — 2s)}scr where its infinitesimal generator is
given by

is a variational symmetry of L. Indeed, we have

2
t
L (est,x — 2s, Vf) et =t <Vx) - 269”25] e’ =1L(t,z,Vz).
e

S
2 e’
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Therefore, Noether’s theorem gives the following conservation law

I(t,z,v) = —p(t) % (1)2 +2¢%) — 2tv + /at % [(1)2 —2e") + At (U2 +2¢"))] At. (V.6.12)

In a shifted case, consider the following Lagrangian

L(t,z",v) = (U2 - 26#) , (V.6.13)

N | <+

with the (shifted) Euler-Lagrange equation is given by
V(Vz) = —te”. (V.6.14)
Using the invariance criterion of the functional £, 1 given by [75]

oL oL oL

— + & — — — L=0 V.6.15
one check that the family of transformation G = {gs(t,z) = (te®,x — 2s)}ecr is also a variational
symmetry of (V.6.13). The Noether theorem gives the following conservation law:

t
I(t, 2P, v) = —t S (t,2",v) — 2tv + / p(t) B (v? = 2€%) + VA (t,2”,v)| Vt, (V.6.16)

where J2(t, 2P, v) = @ (v? — 2e™) + 2te™.
Simulations of the quantities I(t,z,v) and I(t,2”,v) over T with 2o = 1,19 = 0.1 and h = 10
give:

15 T T T T T T 15 T T T T T T
1
Ttx VX
0.5 T
of J
-0.5
bk
-15
2k
=25 F
3t
-3.5

It x°, VX, |

4 3 4r
-45 1 45+
st | sk
55+ 1 55+
5 . . . . . . . %
1 1.5 2 2.5 3 3.5 4 4.5 5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time Time

Figure V.12: The simulation of I(¢,z,v) and I(t, 2", v).

V.6.5 Comparison with the work of N. Martins and D.F.M. Torres

Applying the result of N. Martins and D.F.M. Torres in |75, Theorem 3.4] on our example, they
assert that the quantity

t
M(t,z”,v) = —t p(2) (v —2¢") + 2te™ — 2tv (V.6.17)

is constant of motion over the solutions of (V.6.14). The simulations then gives the following results:
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-4.7 T T T T T T

(%P, VX) ——
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Figure V.13: 2o =1,v=0.1,h = 0.1

We clearly see that M is not constant.

V.7 Proof of the main results using the Caputo duality principle

We give the proof for the nonshifted case and for the shifted one can be treated in the same
manner.

V.7.1 The nonshifted case

Lemma V.11. Let L: T x R" x R®" — R" be a continuous Lagrangian. Then

/abL (£, 2(t), Va(t)) VE = /j L* (r.2*(r), Ra*(r)) Ar, (V.7.1)

for all function x € Cllév(T), where o = —b and f = —a.

The proof of this lemma is immediate from the last property of Proposition V.2 and Definition V.6
and the point of this lemma in the following (see [75]). z € Cllc’lv(’]I‘) is a critical point of the

functional (V.6.4) if and only if z* € Ci(’iA (T*) is a critical point of the functional
B

LR (y) = /a

V.7.1.1 Proof of Euler-Lagrange equation (EL~°Y)

L (T, y(7), 3y(r)> A7, with a=—b, f=—a. (V.7.2)

The proof follows from the previous lemma. Let 6 be V-differentiable on (T*)*, Let * € Ci&A(']I‘*)
be a critical point of the functional (V.7.2), then

% [85 (o &c*)] (1) = %(7)85 (r.a*(r). B (7)) (V.7.3)

for all 7 € (T%)".
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According to the relations (V.6.1) and (V.6.3), we have that:

O, L* (7', z* (1), 395*(7-)) =0, L (—7,2(—7),Va(-71)) (V.7.4)
Oy L* (T, (1), &x*(f)) = —9yL (—7,2(—7), Va(-7)). (V.7.5)

Now, let us take P(1) = 0,L* <T, x*(71), Az (T)) and Q(7) = Oy L (7,2(7), Vx(7)), then the equa-

tion (V.7.5) can be written as

so that, R R
VP(r) = -VQ*(1) = AQ(-7).

Since 7 € (T%)*, then we get by taking ¢t = —7 that ¢t € T% and with the help of Proposition V.2 we
deduce that p is A-differentiable at t. Finally, using the relation Vé&(7) = Ap(—7) and (V.7.3) we

obtain
AQU) = Ap(t) I (1, 2(1), V(1)

This complete the proof. O

V.7.1.2 Proof of Noether Theorem V.4

It follows from [75] that, if G is a variational symmetry of the functional (V.6.4) with the corre-
sponding infinitesimal generator X = (0; + £0,, then the group G* defined by

(V.7.6)

where, (*(7) = ((—7) and £*(y) = &(y) is a variational symmetry of the functional (V.7.2). Then,
applying Theorem VI.4 to the functional (V.7.2), we have from (V.2.7) that the function

I(r) = () D)) + €@ -0, - [ ¢ [Tl e + ¥ @) Fn
‘ (V.7.7)
is constant over the solution of (V.7.3), i.e

v [(C*)& (T)H*[z"](7) + €% («") - (‘%L*[w*](f)] — (V6oL [2")(r) = "V (H'[a"](r)) = 0, (V.7.8)

where [2¥](1) = (T, x*(f)jzx*(f)) and H*[2*](r) = L*[2*](7) — 8, L*[z*](7) - Az*(r).
For simplicity, let [z|(7) = (7,2z(7),Va(r)), Q(r) = 0,Llz|(7), T(1) = 0:L[z|(7) and Z(1) =
Q(7) - Va(r) — Liz](r). Taking in your mind the relations:

(1) = (¢ (7), 56( (7)) = (&P o) (1),
Az*(7) = =Va(-1), Vé(r) = (Ap)" (1) = Ap(-T)
O L*[a"](1) = =0y L (=7, 2(=7), Va(=7)) = =0, Llz](-7) = —Q*(7)
(1) = =0 L (=7, 2(=7), V(= ))Zfé‘t[](*T)—*T*()
2*](r) = Q(=7) - Va(=7) = Lz](=7) = Z*(7).
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we have the term V[---] in (V.7.8) becomes

A~

V(¢ (N2 (1) + € @) 0L (1) =V (" 2) (1) = V( (€8 o) Q) (7)
= —A(C" 2) (=7) + A(E(@) - Q) (-7),

and the rest terms, we have

A~

CH(T)VE(r) L [2*)(1) = — (¢ Ap T)* (7),
¢V (H [2")(1)) = — (¢ AZ)* (7).

Substituting all of these formulas into (V.7.8) and replacing —7 by ¢t € T# gives

A=) 2(t) + @) - Q) + (1) (An(t) T(1) + AZ(1)) = 0.

We complete the proof by taking the A-antiderivative of the latter expression.

O
V.8 Proof of the technical Lemmas
V.8.1 Proof of Lemma V.3
Using the time scales chain rule, we obtain
_ -1
Az (gsozo(gd)™h) (1) =A(gs0z) (A5 (97) (7).
Then, using the time scales derivative formula for inverse function, we obtain
1
1 0y—1 1
ATS (95 oxol(g,) ) (r)=A (gs o 3:) (t)m. (V.8.1)

Using the change of variable formula for time scales integrals, we obtain

/:b Ly (7‘, gloxo(g®)™(r), Az, (g; oxo (gg)_l) (T)) Az T

b
_ / L, <gg(t),(g;ox)(t),A(g;ox) (t) Agﬁ (t)) Agd(t)At.

Finally, using the invariance condition in Equation (V.2.5), we obtain the result. O

V.8.2 Proof of Lemma V.5

For the necessary condition, let v = (t,z) € F be a critical point of L. Then, from Equation
(ELVOA), it satisfies the following Euler—Lagrange equations

oL oL
V|=— ()| =Vo(r)=—(*;),
(ELY°4), [8” } - (V.8.2)

Y | ()] = Vo) e

for all 7 € T, where %, = (t(7), (x o t)(7), Alt](1), Alx o t](7)).
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By definition, we have

%(*T) = %(*T)A[t](f), %(*T) =L (%) — Afzo t](ﬂ%?ﬁ@g, (V.8.3)
oL oL OL oL
a(*T) = %(*T)A[t](T)’ 87’0(*7—) = %(*T)- (V84)

As v € F, we have (x;) = (1,2(7), Az(7)). As a consequence, the first Euler-Lagrange equation
is equivalent to

v [‘;ﬁ (*T)] = Vo(r) 02 (xr). (V.8.5)

for all 7 € T¥ and the second Euler-Lagrange equation is equivalent to

VO'(T)%(*T) +V (A.I(T)(;f:(*T) — L(*T)) =0, (V.8.6)

for all 7 € T%, which corresponds to the condition (EL**?). As Equation (V.8.5) is the Euler-

Lagrange equation associated with the Lagrangian functional LA 1, we obtain that z is a critical
point of LA 1 and (ELQHd) is satisfied.

For the sufficient condition, let us assume that (EL?"?) is satisfied and let x be a critical point of
Lar and let v be the path such that (¢,x) € F. The previous computations show that ~ satisfies
equation (V.8.5) by assumption on z and equation (V.8.6) by hypothesis. As a consequence, v is a
critical point of Lr,. This concludes the proof. ]

V.8.3 Proof of Lemma V.4
P Let v = (¢t,z) € F. By definition, we have

b
£u(90)) = [ L (20t(r)) (o} 0 0)t(r). Ag g2(1(r). A, (gho o) (¢(7)) g (V8

Using the definition of L. and the fact that ¢(7) = 7 and Ag?(7) # 0 for all 7 € T*, we obtain

b
£ = [ 1 (R0 oA (ohon) gy = ) BRMAT (V88)

Using the invariance of L, [, 3 7 with the Lemma V.3, we obtain

b
Lu(gs(y)) = / L (r, 2(7), Ax()) Ar. (V.8.9)

In consequence, as At(7) = 1, we obtain

b
£1(9:(7)) = / L (r,2(r), 1, Ax(r)) dr = L1(). (V.8.10)

This concludes the proof. O
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V.8.4 Proof of Lemma VI.4

Let s € R. Using the formula ¢° o 0 = &4 0 g2, we have that

[gtoxo(g2) ™7 ()= [glozo () Tods0gl] (t) = [glozoa] ()

Using the formula (V.8.1) and the change of variable formula for time scales integrals, we obtain

[ L (nlgtowe ()7 ()85 [ghowe (601 (7)) Ag7 =

[ e (92@), ot 0a]” (0.8 [gh o] () 5. (t)) AgY(HAL.

This concludes the proof.

V.8.5 Proof of Lemma V.9
By definition of L, given in equation (V.3.15), we have
Ly (7;t%, x,w,v) = 0L (t" — p(r)w, x, %) w
0. Lo (1517, 2, w,v) = 0,L (t" — p(r)w, x, 2) w
w

Owlo(T3t7, 2,w,v) =1L (t” — p(m)w, x, %) — OyL (t” — p(m)w, x, %) . (V.8.11)

v
w

—0O¢L (t" — p(r)w, x, %) w(T) w

OlLo(7;t%, 2, w,v) = 0,L (t” — p(r)w, z, 3)
w

These relations reduce over F as follows

Ly (1577, 2(7), 1, Ax(1)) = 0L (1,2°(7), A
0L (1577, 2(7), 1, Ax(7)) = 0L (7,2 (7), Ax(T
Owly (1577, 2(7),1,Ax(7)) = L(7,2°(7),Ax(7)) — Oy L (1,27 (1), Az(7)) - Ax(T) (V.8.12)

=L (1,27(7), Ax(7)) p(T)

Wy (1577, 2(7), 1, Ax(1)) = 0pL (7,2°(7), Ax(T))
The Euler-Lagrange equation associated to L, over F is given by

A[=5(t, 27, Az)| = 0, L(t, 27, Ax),

A[0,L (1,2° (1), Ax(7))] = 0. L (1,27 (1), Az(T)) (V.8.13)

This concludes the proof.
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V.9 Conclusion and perspectives

The previous work can be generalized and applied in a variety of situations. We develop only one
of them.

V.9.1 Applications to the foundations of the scale relativity

In [31], the framework of multiscale functions and scale dynamics was introduced in order to
formulate rigorously some problems related to the foundations of the scale relativity theory
developed by L. Nottale [63], [80], [81]. Multiscale functions are informally "one-parameter family of
functions defined on a time scale which is variable with the parameter". These objects correspond to
typical paths in a "fractal space-time" as discussed by L. Nottale [80]. The analogue of differential
equations in this setting are called scale equations (see [31]). In particular, the typical paths of a
fractal space-time corresponds to solution of a one-parameter family of Euler-Lagrange equations on
time scales called scale Euler-Lagrange equation as for example the scale Newton equation in [31].
In this context, properties of particles can be identified with conserved quantities of the underlying
Lagrangian functional on time scales (see [81, p.244]) as for example the spin (see [81, Section 6.4.3,
p.288|) or the charge (see [81, Chapter 7, p.332]). Using our previous result on the Noether theorem
on time scales we would like to give a full discussion of the previous statements in the context of
scale equations as defined in [31]. A consequence would be a new understanding of the nature of
spin and charges as coming from particular geometric nature of space-time.
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Chapter VI

Noether’s Theorem for Hamiltonian Systems
on Time Scales

In this chapter, we prove a Noether’s theorem for Hamiltonian systems on time scales. Our result
18 compared with previous statements obtained in the literature, in particular the one due K. Peng
and Y. Luo [8]] and the other one of X-H. Zhai and L. Y. Zhang [90]. Using specific examples and
simulations, it is proved that these results are incorrect.

This chapter is based on the preprint "Noether’s theorem for Hamiltonian systems on Time scales”
with J. Cresson, J. Palafox (UPPA) and A. Hamdouni from La Rochelle University.

VI.1 Introduction and statement of problem

The Noether’s theorem for Hamiltonian systems, even if it was already contains in the E. Noether’s
original formulation (see [61], §.5.5) is not so common as the one for Lagrangian equations. The
main difference lies in the fact that not all the transformation groups can be considered but only
canonical transformation groups which preserve the Hamiltonian character of the equations under
transformations. We refer to the work of A. Mouchet |78] for a very interesting discussion of this
theorem.

We are considering time scales analogues of Hamiltonian systems defined for (p, q) € R? x R? by

'_87H(t )
q= ap yd;D),

S — 87H(t )
p= g y4,DP)-

(VI.1.1)

Different versions of Hamiltonian systems on time scales exist. In this chapter, we consider the
one introduced by C. D. Ahlbrandt, M. Bohner and J. Ridenhour in [2] which is related to the shifted
calculus of variations as introduced by M. Bohner in [10] and a second one introduced by F. Pierret
in [85] and related to the nonshifted calculus of variations generalizing the discrete Hamiltonian
mechanics as defined by S. Lall and M. West [62].

A useful result by studying Hamiltonian systems is given by the Noether’s theorem which gives
a strong connection between group of symmetries of the functional associated to the Hamiltonian
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VI1.1. Introduction and statement of problem

system (called variational symmetries) and first integrals of the Hamiltonian system (see the original
paper of E. Noether in [61]). In particular, a variational symmetry being given, the Noether’s theorem
provides an explicit first integral. Our aim is then to extend the classical Hamiltonian version of the
Noether’s theorem on time scales.

Many results already exist in this direction with various "generalizations". Two articles are
discussing exactly the same problem: the work of K. Peng and Y. Luo [84] and the one of X-H. Zhai,
L. Y. Zhang [90]|. Unfortunately, the Noether’s theorem for Hamiltonian system on time scales (in
the framework of the shifted calculus of variations) stated in these articles are incorrect.

As an example, which will be detailed in Section VI.6.1, the Hamiltonian function defined on R*
by

H(q1,92,p1,p2) = p1p2 + q1 + @2 (VI.1.2)

which is considered by K. Peng and Y. Luo in [84] generates the Hamiltonian system on time scales
given by

Apl = _17
A =—1,
b2 (VL.1.3)
Aqr = po,
Aga = p1,

in the framework of the A-shifted calculus of variations on time scales. In [84], the authors consider
the time scale T = {kn, n € N}, where k is a constant. Using specific variational symmetries, the
authors assert that the following two quantities

" =pr+kAp, 3" =—H - k(Ap1Aq + ApaAgy), (VI.1.4)

are first integrals of the Hamiltonian systems (VI.1.3). However, a numerical implementation of the
two quantities leads to the following simulations

0.4

T

02

-0.2 -

04

-0.6 L L L L -1.76

Time Time

Figure VI.1: Simulations of the Peng-Luo’s quantities on the solution of (VI.1.3)

which shows clearly that I{"" and 1’7 are not first integrals.

The origin of the problem in these two papers can be tracked back to a previous result stated
by Z. Bartosiewicz, N. Martins and D.F.M. Torres in [7] called the second Euler-Lagrange equation
(see Eq (EL2Y) in Chapter V) which is implicitly or explicitly used in [84], [90]. Unfortunately, this
result was proved to be incorrect in [3].
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Our main goal is to prove a Hamiltonian version of the Noether’s theorem on time scales in the
context of the A-shifted and A-nonshifted calculus of variations. We also discuss several examples
taken from the literature and perform numerical simulations. In particular, we always compare our
result with the one proved in each article from which the example is taken.

Finally, in order to discuss the results of C.J. Song and Y. Zhang in [87] where they derive a
Noether’s theorem for Hamiltonian systems on time scales in the framework of the V-shifted calculus
of variations, we extend our result to this situation using the Caputo duality principle. Here again,
the Noether’s theorem on time scales stated in [87] is proved to be wrong.

Organization of the chapter. Section VI.2 reminds definitions of Hamiltonian systems on time
scales as defined by C. D. Ahlbrandt, M. Bohner, and J. Ridenhour in [2] in the framework of the
A-shifted calculus of variations and by F. Pierret [85] in the nonshifted case. Section VI.3 introduce
the notion of admissible canonical group of transformations and in Section VI.3.1 we derive the
invariance of the Hamiltonian functional on time scales. In Section VI.4, our main results are
stated and proved, i.e., the Noether’s theorem on time scales. Section VI.5 gives the dual result in
the framework of the V-shifted calculus of variations. Finally, in Section VI.6 we discuss several
examples and we provide numerical simulations.

VI.2 Remainder about Hamiltonian systems on time scales

In this section, definitions about Hamiltonian systems on time scales are presented in the frame-
work of the shifted [2] and nonshifted calculus of variations on time scales [85].

VI.2.1 The shifted case

C. D. Ahlbrandt, M. Bohner, and J. Ridenhour in [2| introduced a notion of Hamiltonian systems
on time scales:

Definition VI.1. Let H : (t,q,p) € R x RIx R? — H(t,q,p) € R be a function of class €* in each
of its variables. Let T be a time scales. The Hamiltonian system associated to H on T is defined by

oOH
Aq: 87(t7q07p)7
P (VI.2.1)
Ap = _87H(t o )
D = g »q >D)-

Using the shifted calculus of variations on time scales developed in [10], M. Bohner proved that the
previous Hamiltonian systems on time scales can be obtained as critical points of shifted Lagrangian
functionals on time scales. Precisely, we have:

Theorem VI.1. The solutions of the Hamiltonian system (IX.5.1) on T correspond to critical points
of the time scales functional

b
LY (b (@5P) = / [p-Aq— H(t,q°,p)] At. (%)
As an example, one can consider the Hamiltonian system defined by

H(t,q7,45,p1,p2) = pip2 + ¢7 + 43, (V1.2.2)
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which gives the following differential equation

Aqp = pa,
Ago = p1,
@=n (VL.2.3)
Apl = _17
Apg = —1.

VI1.2.2 The nonshifted case

F. Pierret introduced in [85] a notion of Hamiltonian systems on time scales adapted to the
framework of the nonshifted calculus of variations. Precisely, we have:

Definition VI.2. Let H : (t,q,p) € R x RIx R? — H(t,q,p) € R be a function of class €* in each
of its variables. Let T be a time scales and assume that o is V-differentiable on T,. The Hamiltonian
system associated to H on T is defined by

OH
Aq = ai(tq:p)a
b - (VI.2.4)
VP = —VU*H(t, qvp)

dq

Here again, one can prove that Hamiltonian systems are critical point of Lagrangian functionals
on time scales:

Theorem VI.2. The solutions of the Hamiltonian systems (I1X.5.2) on T correspond to critical
points of the time scales functional

b
Cotan(0.0) = / p- Aq— H(t,q,p)] At. (L)

We refer to the work of F. Pierret [85] for more details.
Using canonical transformation groups, we can defined canonical variational symmetries of
Hamiltonian systems on time scales.

VI.3 Admissible canonical transformations group

Working with time scales imposes some restrictions on the transformation groups that one can
consider. In the following, we need the notion of (A, T)-admissible projectable group of trans-
formations:

Definition VI.3 ((A, T)-admissible projectable group of canonical transformations). A projectable
group of canonical transformations {¢s}ser is called a (A, T)-admissible projectable group of canon-
ical transformations if for all s € R, the function ¢9 verifies:

@Y is strictly increasing,

A@? # 0 and AP is rd-continuous and such that,

the set defined by T, = ¢%(T) is a time scales.

Az (qﬁg)il exists.

A notion of (V, T)-admissible projectable group of canonical transformations can be defined in
the same way.
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VI.3.1 Invariance of a Hamiltonian functional on time scales

VI1.3.1.1 The shifted case

Definition VI.4. The canonical transformation group (IV.5.1) is a variational symmetry of the

Hamiltonian functional (L) if
[’UH,[ta,tbh(Q7p) = ﬁUHSS’[Ta’Tb}~ (QSaps)a (VI?)l)

Ts

for any subinterval [tq,tp] C [a,b], where Hy is the Hamiltonian function associated to the differential
equation in the new variables.

An explicit form of the previous invariance relation (VI.3.1) is given by
ty T
/ [p - Aq— H(t, q",p)]At = / [ (#3opo(¢) ") - Az (¢s0q0(¢))7)
ta Ta

— H, (7, [ps 0 qo (6)7]7 g2 opo(6)7) } Az 7. (VL3.2)

Performing the change of variable 7 = ¢?(¢), we obtain a more tractable form of the invariance
condition:

Lemma VI.1. The invariance condition (V1.3.1) is equivalent to

LS 1 t1r (45 P) Z/tb [(sb?(p)-ﬁ(aﬁ(q)) — H, (82(1), [?b;(Q)]UaQﬁ(P))A(QSS)}At- (VL3.3)

Deriving the previous equality with respect to s and taking s = 0, we obtain:

Lemma VI.2. The Hamiltonian functional (L9;) is invariant under the canonical group of trans-
formation (IV.5.1) if

—({;f“)'AQW'A (((99;?(*))_ [%Ij(t,*)é I %I;(t,*) . <‘Z§(*)> — %IZ(t,*) : 22;(*)] —H(t,%)A( =0,

where * = (¢%, p).

VI1.3.1.2 The nonshifted case

Following the same computations as in Subsection VI.3.1

Definition VI.5. The Hamiltonian functional (L) is invariant under the canonical transformation
group (IV.5.1) if

Tb
L ftato)e(0D) = / [ (psopo(@9)!) - Az (¢2ogo(s))
— H, (r,620g0(60) "\ 6kopo (6D)71) [Ag m (VI3.4)
Lemma VI.3. The invariance condition (V1.3.4) is equivalent to

Lot ton)r (4:2) = / (i) - A (@) — B (620). 6 (0). 620) A@Y] AL (VI85)

Lemma VI.4. The Hamiltonian functional (Ly) is invariant under the canonical group of trans-
formation (IV.5.1) if

where * = (q,p).
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V1.4 Noether’s theorem for Hamiltonian systems on time scales

We are now ready to state the time scales version of the Noether’s theorem for Hamiltonian
systems.

VI.4.1 Noether’s theorem - shifted case

Theorem VI.3 (Nother’s theorem for Hamiltonian systems on time scales). If the Hamiltonian
functional (LY;) is invariant under the canonical variational symmetry (IV.5.1) then a first integral
s given by

G

I(q,p) =p 94

()= 1)~ [ ¢| Bt — ()| At+ [ u(t1aca () o
meaning that
All(g,p)] =0, (V1.4.1)

over the solutions of the Hamiltonian system (1X.5.1).

Of course, we recover the classical Noether’s theorem for Hamiltonian systems when T = [a, b].
Indeed, in this case, we have p(t) = 0 which cancels the last term and moreover, we have the second
Euler-Lagrange equation

dH OH
— -t = 0. V1.4.2
o (haop) = - (6a,p) ( )
which cancels the second term. As a consequence, when T = [a, ], a first integral is given by
0G
pafq(q,p) — H(t,q,p)C. (V1.4.3)

Proof. Using Lemma VI.2 and the Hamiltonian system (IX.5.1), we have that

oG OH [(0G\° 0G oG\’
Al— ) ——— - [—=— ) =p- A — Ap- | — 1.4.4
g (31)) 9q <3p> Y <0p>+ Y <6‘p> 7 Vi4
which reduces to 00
Alp — 1.4.
(%), (V1.45)
thanks to the Leibniz formula. Moreover, we have
0G 0H 0G 0G oG
7.A _7.7:7-A —A'iz . 1.4.
dq 1 dp 0Oq Jq a a J0q 0 (V146)
As a consequence, the invariance relation (VI.2) reduces to
oG OH
Alp-— | ——C(—HA(=0. 1.4.
(b5 ) - G e Hac=o (V14.7)
As we have
A(H¢) = AH (? + H A(, (VL.4.8)
we obtain 9 9H
Alp-— —H(| — — AHCC? =0. VI1.4.9
(v 50 - 1) - Gfc v am (V1.49)
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In order to be as close as possible to the continuous case, we use the relation

¢ = ¢+ pH)AC, (VL4.10)
to obtain the final form
H
A p-a—G—HC +C¢ AH—a— + pu(t)AH AC = 0. (VI4.11)
Op ot
This concludes the proof by taking a A-antiderivative. O

VI.4.2 Noether’s theorem - nonshifted case

Theorem VI.4 (Nother’s theorem for Hamiltonian systems on time scales - nonshifted case). Let
o is V-differentiable on Ty. If the Hamiltonian functional (Lp) is invariant under the canonical
variational symmetry (IV.5.1), then a first integral is given by

1(q,p) = p- (9,G)° — H(t, %) - 7 — / <[vo BH(t,%) — V (H(t,*))} Vi, (V1.4.12)

meaning that

V[I(g,p)] =0, (V1.4.13)

over the solutions of the Hamiltonian system (1X.5.2).
Proof. Assume that o is V-differentiable on T,. Multiplying the equation (VI.4) by Vo gives
p- VoA(0,G(x)) — Voo, H(t,*)( — Vo0, H(t, ) - 0,G(*) — H(t,*x)VoA{ = 0, (VI.4.14)

Over the solution of (IX.5.2), we have that Vp = —Vo 9,H and with the help of Leibniz formula,
the equation (VI.4.14) reduces to

v [p. (apG(*))“} Vo 8 H(t,%)¢ — H(t,%)V(T = 0. (V1.4.15)
Again, applying Leibniz formula to the last term, the previous equation can be written as
V[p- (0,G(%))7 — H(t,*)cg} — Vo 0 H(t,*x)( + VH(t,x)( = 0. (VI.4.16)

The proof is completed by taking the V-antiderivative of this latter equation. ]

VI.5 The (V,p)-version of Noether’s theorem on time scales

We give a (V, p)-version of the Noether’s theorem on time scales as discussed for example by
C-J Song and Y. Zhang in [87, Theorem 4 p.28]. Our result is deduced from the (A, o) Noether’s
theorem on time scales using the Caputo duality principle first introduced by C. Caputo in [19]
(see Section V.6.1 in Chapter V)
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VI.5.1 Vo V-Hamiltonian system

In [87], the duality principle was used to define Hamiltonian systems on time scales with the
functional of the form

b
‘C?{,a,b,ﬂ'(q’p) = / [p ’ vq - H(t7 ql)’p)] Vta (E’I){)

they proved that the critical points of the time scales functional are solutions of the following
Hamiltonian system

OH
V(] - 87<tvqpap)7
gH (VL5.1)
— " H(t. q". p).
Vp 94 (t,q¢",p)

We can now establish our time scales Noether theorem using duality principle which given in [87].
Precisely, we have:

Theorem VL5 ((V,p) - Nother’s theorem on time scales). If the Hamiltonian functional (L) is
invariant under the canonical variational symmetry (IV.5.1) then a first integral is given by

Ig.p) =p+ ,G() ~ Ht0) ¢~ [ <[ (t0) =V (H{t) Ve~ [ w0V (H(t) Vi,
(VL5.2)

meaning that

V[I(g,p)] =0, (V1.5.3)

over the solutions of the Hamiltonian system (IX.5.1).

The proof follows essentially the same steps as in the A case and without additional difficulties.
As a consequence, we let a detailed proof to the reader.

VI.6 Examples and simulations

In this Section, we discuss several examples given in [84], [87], [90] where Noether’s theorem on
time scales is derived. We implement the constant of motion that these authors have obtained and
show that they do not remain constant on the solutions of the associated Hamiltonian system on
time scales. We also provide simulations for the constant of motion derived using our Noether’s
theorem. Note that these results always fail for transformation groups for which a transformation
in time is needed. The main reason is that these authors use an incorrect result of Z. Bartosiewicz
and D.F.T. Torres [8] called the second order Euler-Lagrange equation, which is interpreted in the
Hamiltonian setting as

OH OH
A <H — u(t)at> = (VL.6.1)

In the continuous case, the previous relation relates the total derivative with respect to t of H(q(t), p(t),t)
and the partial derivative of H evaluated on the solution, namely 0, H (¢(t), p(t), t). As a consequence,
when the Hamiltonian function is autonomous, i.e., does not depend on time, the Hamiltonian func-

tion itself is a constant of motion. Unfortunately, this relation is not preserved in the Hamiltonian
setting.
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VI.6.1 An example of K. Peng and Y. Luo

Symmetries and conservation laws. We consider the Hamiltonian function

H(t,q1,92,p1,p2) = p1p2 + ¢ + 5, (VI.6.2)

which generates the time scale Hamiltonian system

Agq1 = p2,
Age = p1,
=n (VL6.3)
Apl = _17
Apy = —1.
This system is studied by K. Peng and Y. Luo in [84] over the time scale
T = {kn, n € N}, £k is a constant. (VI.6.4)

We have two natural canonical variational symmetries. The first one, is associated to the following
translation group generated by

C = 07 G(q7p) =pP1 — D2, (V165)
which gives the following family of transformations
P2(t) =t, ¢r(¢.p) = (@1 + 8,q2 — ) + o(s%), $2(q,p) = p. (V1.6.6)

Using our Noether’s theorem for Hamiltonian systems on time scales we obtain the following first
integral
Ii(q,p) = p1 — p2. (VL.6.7)

This can be directly checked by computing
Alpr — p2] = Alp1] — Alpa] = -1+1=0. (VL.6.8)

A second first integral can be obtain using the independence of the Hamiltonian with respect to
time, i.e., considering transformations such that

G=0, (=1 (VL6.9)
We need to compute A [H(t,47,q3,p1,p2)]-

Lemma VI.5. For an arbitrary time scale, we have
u’
AH =p—2u° + (p1 +p2) (,U — 1> . (VL.6.10)

Proof. Using the Leibniz formula, we obtain

AH = Apipg + p1Apa + Aq]) + A(g3),

! i ] (VL6.11)
= —p3 —p1+Aq]) + A(g3).

Moreover, we have
P9 = pApa + p2 = —u + pa, (VI.6.12)
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and
MU
A(g”) == (Aq)”. (VL.6.13)
n
This gives
A(gf) = -pg and A(g) = Fpf. (V1.6.14)
I I
As a consequence, we obtain
AH =p—p; —p1+ % (p] +p5)- (VL6.15)

Using again relation (VI.6.12) and its analogue for pJ, one has

AH = i —2p° + (p1 + pa) (‘L —~ 1> . (V1.6.16)

This concludes the proof. ]
On the time scale T = {kn; n € N}, one has
ut) = k. (VL6.17)
As a consequence, % = p =k, p/p =1 and AH reduces to
AH = —k. (VI.6.18)

Using (VI1.6.18) and the fact that 9, H = 0, our Noether’s theorem for Hamiltonian systems on time
scales gives the first integral
I(q,p) = —H — kt. (VI1.6.19)

This can be also verified directly by computing Al,. Indeed, we have

AL = —AH — kAt =k —k = 0. (VL.6.20)

Numerical test. K. Peng and Y. Luo give two first integrals for the previous Hamiltonian system
which are given by

IPE = py + kApy, IPF = —H — k(Apy Aq + Apy Agy) . (V1.6.21)

These two quantities are not first integrals of the Hamiltonian system (VI.6.3) on the time scale
(VI.6.4). Indeed, over the solutions of the Hamiltonian system we have

IPE=p —k, IPE = —H + k(py + p2). (V1.6.22)
As a consequence, we obtain
ATE = Apy = —1, A" = —AH 4+ k(Apy + Aps) = k — 2k = —k. (V1.6.23)

As we can see, we have AIT'L # 0 and AIFY £ 0 which contradicts the results of K. Peng and Y.
Luo in (|84], Section VI).
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We provide some implementations of the previous results which confirm that the quantities derived
by K. Peng and Y. Luo are not first integrals of the Hamiltonian system. We use the following initial
condition p1(0) = 0.5, p2(0) = 0.3, ¢1(0) = 1, ¢2(0) = 0.5.
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Figure VI.2: Simulations of the Peng-Luo’s quantities and our first integrals

VI.6.2 Two examples of X-H. Zhai, L. Y. Zhang

We discuss two examples given by X-H. Zhai and L.Y. Zhang in [90] where a Noether’s theorem
for Hamiltonian systems on time scales is formulated (Theorem 4, p.7). We describe the first one
(Example 2, p.8) for which they provide an exact first integral and the Kepler problem on time scales
(Example 1, p.6) which is also Hamiltonian and for which there result implies that the Hamiltonian
itself is a first integral (see [90] after equation (61)). This result is not correct and this invalidate
the Theorem proved in [90].

VI.6.2.1 The linear vibration system and The "multiplier problem" on time scales

In [90], the authors consider a special case of the second order time scale equation
Ao Ag+6§(Ag). (V1.6.24)
where 0 is a real constant called the linear vibration system on time scales.

This equation by itself can not be obtained as an Euler-Lagrange equation due to the linear term in
(A(q))?. However, one can use an artifice which enable use to transform this equation in variational
form. The trick goes back to two articles of A. Hirsch ([54], [55]) about the Helmholtz’s condi-
tions for second order differential equation (see [83, p.378]) and where he considers the "multiplier
problem" (see [83, p.378|): when can multiply a differential equation by a differential function so
as to make it an Euler-Lagrange equation? Generalizing this question in the time scales setting,
we consider the following problem: find a A differentiable function f such that f multiply by the
previous equation is an Euler-Lagrange equation on time scales.

Let v : T — R be a function such that ~ is strictly positive on T. Then, equation (VI.6.24) is
equivalent to

v-(AoAg+6(Ag)7)=0. (V1.6.25)
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This new equation possess a Lagrangian form. Indeed, we have for an arbitrary A-differentiable
function f : T — R the relation

A(fAq) = Af (Aq)? + f(Ao Ag). (VI.6.26)
As a consequence if f is such that Af = Jf, one obtains
A(fAq) = f(0(Ag)” + Ao Ag). (V1.6.27)

If the time scale T is such that u(t) = u for all ¢ € T, a solution of the equation Af = §f is well
known when
et —1
5 = : (V1.6.28)
L

for some real constant ~. Indeed, we have:

Lemma VI1.6. Let T be a time scale such that p(t) = p is a constant, then the solution of the time

scale equation
et —1
Af = f, (VI.6.29)
1

is given by f(t) = e for allt € T up to a real multiplicative constant.

As e is strictly positive for all t € T, we deduce that equation (V1.6.27) with § given by (VI.6.28)

is equivalent to
et —1

(Agq)° + Ao Ag=0. (VL.6.30)

We deduce the following result:

Lemma VI1.7. Let v be a real constant and T be a time scale such that u(t) = p is a constant over
T. The second order time scale equation on T

et —1

(Aq)7 + Ao Ag=0. (VL.6.31)
1s equivalent to the Fuler-Lagrange equation associated to
1
L(t,q,v) = 567%2, (VI.6.32)

over T in the A-shifted calculus of variations setting.

A simple computation leads to the following result:
Lemma VI.8. The Hamiltonian system on time scale associated to the Lagrangian (V1.6.32) is
given by

1
H(t,q,p) = 56—%2. (V1.6.33)

The time scale Hamiltonian system associated to H is given by

Ag = e p,
i=cF (VL6.34)
Ap =0.

As the Hamiltonian does not depend on the variable ¢ we have trivially that p is a first integral of
the Hamiltonian system. We can recover this result by taking G = p and { = 0, i.e., considering the
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Chapter VI. Noether’s Theorem for Hamiltonian Systems on Time Scales

invariance of H under the translation in ¢. Indeed, in this case our Theorem gives as a first integral
Il = p@I,G =pP.

In order to find more general symmetries one can use the invariance relation (VI.2) which reduces
to

pA @(;) — H (¢ +A¢) =0. (V1.6.35)

Taking G = 0, equation (VI.6.35) imposes that ( satisfies A( = (¢ whose solution is given by
¢ = et where
In(yp+1
cly) = ML),
1
In order to apply the Noether’s theorem we compute AH.

Lemma VI.9. We have AH(t,q(t),p(t))é(—v)H(t,q(t),p(t)) where (q(t),p(t)) is a solution of the
time scale Hamiltonian system (V1.6.34) where ¢(—7) is given by

(VL6.36)

e 1
o

As a consequence, the quantity AH — 0,H is equal to H(t,q(t),p(t)) (¢(—v) + 7). Moreover, as
Ap = 0 we deduce that p is a constant. As a consequence, we have

&(—y) = (V1.6.37)

t H 2t
/ ¢ <AH - a@t) At = (¢(—v) + 7)])2/ e VICAL, (V1.6.38)
and . -
/ WACAHAL = u(e(y) + 1)L / eMACAL. (VL.6.39)
As ( satisfies A = v(, we have finally
t OH t 2 t
/ ¢ (AH — 6t> At +/ UACAHAt = (é(y) + 7)?(1 + ;w)/ e VICAL. (V1.6.40)

This means that we recover again the fact that p is a first integral as waited for.

A more interesting symmetry can be obtain by assuming that G is of the form G = apq where «
is a constant. In this case, the invariance relation leads to

20+ vC — AC = 0. (VL.6.41)
Taking ¢ = 2, one obtain o = —+ and the following first integral:
¢
I = —~pq+p? <6_7t + (é(y) +7) / e_'ytAt) . (VI1.6.42)
As p is also a first integral, the previous relation reduced to
~ t
I=—yq+p <—e‘”t + (e(—y) + ) / e_“’tAt> : (V1.6.43)
Finally, using the fact that
t
1
/ e AL = - e, (V1.6.44)
a C(_F}/)

we obtain the following result:
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Lemma VI1.10. The Hamiltonian functional is invariant under the canonical transformation groups
generated by G = —ypq and ¢ = 2. The first integral is given by

I=—&—7)g+e p. (VI1.6.45)

This first integral coincides with the one given by X.H. Zhai and L.Y. Zhang in [90, Example 2|.
The simulation of the first integral (VI.6.45) on T = hZ with h = 0.2 and let the initial condition
p(0) = 0.5, ¢(0) =0.3 .
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Figure VI.3: Simulation of the quantity (VI.6.45) on time scales T

V1.6.3 A time scales nonshifted example

Consider the following Lagrangian [36]

L(q,v) = % <v2 —

The Hamiltonian associate to L is given by

1
)

. ) , (g,v) eR* xR. (VL.6.46)

H(q,p) = pAq — L(q,v) = % <p2 - q12> : (V1.6.47)
The corresponding Hamiltonian system over time scales T = {§, n € N} is given by
Aq =p,
Vp = q13 (VI.6.48)

Let us look for some symmetries using the equation (VI.4). Since 9;H = 0, then if we take £ = 1 and
G = 0, the equation (VI1.4) is satisfied and therefore we have the following family of transformations

Uty =t+s, oiqp)=q ¢ aDp) =p (V1.6.49)
So that, Noether theorem gives the following first integral

L(g,p) = - / VH (p(t). q(t) Vit = H (p(0), 4(0)). (V16.50)

Now, let G(q,p) = pq, then the equation (VI.4) reduces to

1 1 1

2 2

p ——=|p"+—= | AC=0. VI1.6.51
q 2( q2) ‘ ( )
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Chapter VI. Noether’s Theorem for Hamiltonian Systems on Time Scales

If we take £ = 2t, the previous equation satisfies, then we have the following scaling groups

$Ut) =e*t,  oi(q,p) =c’q, ¢i(q,p) =e °p. (VL.6.52)

Using Noether theorem gives the following first integral

Ir(p,q) = p(t) - ¢°(t) — o(t) H (p(t), q(t)) +/0 £V H(p(t),q(t)) Vi. (VL1.6.53)

Of course, in the continuous case, the Hamiltonian p? + 1/¢? is conserved so that the integral term
vanishes and the previous quantity becomes

1
Ir(p,q) = p(t) - q(t) —t <p2(t) + q2(7f)> ,

and this result coincide with the one which given in [36].
Now let make a simulation of the first integral (VI.6.53) on T as defined above and let the initial
condition ¢(0) = 1,p(0) = 0.
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Figure VI.4: Simulation of the quantity (VI.6.53) on time scales T

VI.6.4 Examples of C. J. Song & Y. Zhang

In this section we present two examples which considered in [87].

First example. Taking the following Lagrangian

1

1
L (ta qpv VQ) = t2 §(VQ)2 - B(QP)G .
The corresponding Hamiltonian function is given by
) = 30 + 22 ) (VL6.54)
9 ) 2 t2 6 O,
Then, the Hamiltonian system is given by
p
VQ = 9>
t2 (VL.6.55)
Vp=—t*(¢")".
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The authors applied the formula [87, Theorem 4|

I5%(.0) = p(0) - €(0.0(0),9(0) - (HO.(0).900) + v10) G .00 ) &

to this example with the infinitesimals &y = —2t, £ = ¢, they get the following conserved quantity:

2
157(0.0) = o) - a(t) ~ PO T .

Second example. Taking the following Lagrangian

1
L (tv q(177qu Aqlu ACD) == 5 [(AQI)2 + (AQ2)2] - an

The corresponding Hamiltonian is given by

g ag 1 g
H (ta q1,99 7p17p2) - 5 (p% +P%) + qs . (V1656)
Thus, the Hamiltonian system is given by
Aqr = p1,
Agy = pa,
= p (VL6.57)
Apl = 07
Apg =—1.

The authors applied the following formula [87, Theorem 7|
F%(0.0) = 9(0) €060, p(0) + [10) 5 (0.0°(0,000)) — H (.07 0). 9000 ot 0(0).)

to this example with the infinitesimals £y = p1, &1 = & = 0, they assert that the quantity
1
17(0.0) = m(0) | (A0 + 50) + 5 0]

is a first integral.

Numerical test. Let the time scales T; = {3", n € NU{0}} and Ty = {hk, k€ Z} withh >0
a numerical test of the quantities I¥% and I5% are presented in the following. The initial conditions
for IY#, we choose ¢(1) = 0, p(1) = 0.1 on Ty with n = 5. For I§?, we choose ¢;(0) = 0.8, p1(0) =
1, ¢2(0) = p2(0) = 0.5 on Ty with h = 0.1 .
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Observing these figures, it can asset that both of the quantities I fZ and Iég Z are not constant of
motion. So that these results are wrong.
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Part C

Continuous and Discrete Eringen’s
Nonlocal Elastica
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Chapter VII

Integrating Factor for Eringen’s Nonlocal
Flastica

In this chapter, we prove by using Helmholtz’s conditions that Eringen’s nonlocal elastica [23]

defined by

1
a(x)i 4+ b(x) () +c(z) =0 with b=d, c= Z—Qa’
does not possess a Lagrangian formulation. We find that the function ¥ (x) = a(x) is a variational
integrating factor and the Lagrangian associated to this equation given by

1 1 1
L(z,v) = §a2v2 + ﬁ(a/)2 + l—za".

This Chapter is based on section 2 and 3 of the accepted article "About the structure of the
discrete and continuous Eringen’s nonlocal elastica” with J. Cresson, Mathematics and Mechanics
of Solids, 2022, in Press.

VII.1 Introduction

The Euler-Lagrangian equation is a specific class of second order differential equations, that is
arising from a variational principle. However, from the reverse viewpoint, for a given differential
equation, one needs to find out whether is variational or not. The inverse problem refers to as the
Helmholtz’s inverse problem of the calculus of variations [50]. The abstract Helmholtz’s theorem
is formulated using the concept of self-adjointness of Fréchet derivative for a differential operator
associated to a given differential equation. For a deeper discussion, we refer the reader to (|9], [41],

[83]).

In two letters to one of the author [21], N. Challamel raised a number of issues concerning the
continuous Eringen’s nonlocal elastica equation defined by

(1—Blcos(z)) i+ B (1+1%3*)sin(z) =0,  with  (0) = #(1) =0, (VIL1.1)
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where 3 € R, I2 € [0,1] and where # (resp. #) denotes the first (resp. second) derivative of x with
respect to t and its discrete analogue defined by N. Challamel and al. in [22] by

Tiy1 — 2T + X1 = —% Sil’l(l‘i), (VHlQ)
n
with the boundary conditions 1 = zg and x,—1 = x,, using the continualization method as exposed
for example in [22].
Putting apart the boundary conditions, we are interested in the algebro-geometric structure of
these two dynamical systems and their relation.

The main point is that the Eringen’s nonlocal elastica does not possess a specific geometrical or
algebraic structure which can be used to constraint the discrete analogue one is looking for. This
equation does not possess a Lagrangian formulation. The aim is to construct a variational integrating
factor, i.e., a function v such that the equation multiplied by v possesses a Lagrangian formulation.

Organization of the chapter. Section VII.2 contains reminders about abstract Helmholtz’s con-
ditions. In Section VII.3, we introduce a family of ordinary differential equations called the Eringen’s
family generalizing the classical Eringen’s nonlocal elastica for which we explicit the necessary and
sufficient Helmholt’z conditions for the existence of a Lagrangian variational formulation (see [83]).
In particular, we prove that the Eringen’s nonlocal elastica does not possess a variational formulation
giving a formal proof of arguments and statements given by N. Challamel and al. in [23]. In Section
VIIL.4, we characterize the subfamily of the Eringen’s family for which an integrating exists, i.e., a
function such that the given equation multiplied by this function possesses a Lagrangian variational
formulation. In particular, we are able to provide an explicit integrating factor for the Eringen’s
nonlocal elastica.

VII.2 Reminder about abstract Helmholtz’s conditions
Let O be a second order differential operator,

O: ¢*[a,b,R) — %?([a,b],R)
r — Olx].

Fréchet derivative. Recall that the Fréchet derivative associated to O along the direction h
defined by
DO (w) = tim 212 F 0] = Olz].

e—0 €

(VIL2.1)

Adjoint operator. The adjoint of the operator DO, denoted by (DO[x])*, can be determined for
all (w, 2) € 62([a,b], R) x €2([a,b], R) by

b b .
/ DO (w) = di = / w (DO])* (=) dt.

Self-adjointness. The differential operator DO is self-adjoint if and only if DO[z] = (DO[x])*.

We have a sufficient and necessary condition for a differential equation to possess a variational
principle.
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Chapter VII. Integrating Factor for Eringen’s Nonlocal Elastica

Theorem VII.1 (Abstract Helmholtz’s theorem). Let O be a differential operator associated to a
differential equation Olx] = 0. Then, O[z] = 0 possess a Lagrangian formulation if and only if the
Fréchet derivative associated to O is self-adjoint.

A proof can be found in the book of Olver ([83, p.377-379] for a historical about the Helmholtz’s
problem of the calculus of variations and |83, Theorem 5.92 p.364].

VII.3 Explicit Helmholtz’s conditions for Eringen’s family

We denote by £ the three parameter family of second order differential equations defined by
O[z] = a(z)% + b(x)(£)? + ¢(z) = 0, (VIL3.1)

where a, b, ¢ are real functions. We call Eringen’s family the previous set of second order differential
equations.
This terminology is suggested by the fact that the Eringen’s nonlocal elastica belongs to £ with

1
a(z)=1-pBl?cosz, b=d, c= l—2a'. (VIL3.2)

An element of £ is denoted by &£, p.c.

A natural question is to characterize the sub-family of equations which are Lagrangian. This can
be done using the Helmholtz’s criterion: Let O be the differential operator associated to (VII.3.1)
and given by

dt? dt
Applying the result in Theorem VII.1, one can obtain explicit conditions ensuring that (VII.3.1)

2 2
0=a() L 40 <d> + () (VIL3.3)

is Lagrangian.
Lemma VII.1. The second order differential equation (VIL.3.1) is Lagrangian if and only if ' = 2b.
Proof. The Fréchet derivative of the differential operator is given by

DO[z](w) = atd + a'Fw + 2bib + V' (&)*h + w. (VIL.3.4)

The adjoint is then given by
2

:@(

= Gw + 201 + al + a/Fw — 2bdw — 2bd — 2bZw + V' (4)*w + dw.

(DO[z]) " (w) aw) + a'fw — %(%jﬁw) + 0 (&)*w + dw,

(VIL3.5)

Using the fact that for an arbitrary function f, we have f(z) = & f'(z) and f(z) = Zf'(z)+(2)2f" (z),
we obtain

(DO[z])"(w) = (%a' + (2)%a”) w + 2¢ah + a6 + a'Fw — 26’ (£)* w — 2bFw — 2bid + b (£)* w + w,
= ai + (240’ — 2bd) b + (&?a’ 4 ()2 + d'F — 2 (&) — 2% + b (£)2 + c’) w

(VIL.3.6)
The self adjoint property gives the following set of relations
2(a —b)d = 2bi,
e / N2 I /oo 1/ enN2 . 7/ en2 / oo 7 s en2 ’ (VIIB?)
Za' + (2)"a” +aZ—20 ()" —202+ 0V (2)"+¢ =dZ+V () +C,
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which leads to

a—b =0,
{55 (a' = 2b) + (&)* (a” — 20') =0, (VIL3.8)
Of course, the first equation
a —2b=0, (VIL.3.9)
implies the second one. This concludes the proof. O

Applying this result to the Eringen’s nonlocal elastica &, . we deduce that:
Lemma VII.2. The Eringen’s nonlocal elastica equation does not possess a Lagrangian formulation.
Proof. As b = a’ the Helmholtz’s condition reduces to a’ = 0 which is not true. O

This result has been stated in |23, p.132]. The previous result can be considered as a complete
proof of this statement.

VII.4 Integrating factor and the Helmholtz’s conditions

The Helmholtz’s conditions are deeply related to the presentation of the equation. In particular,
even if O[z] = 0 does not satisfy the conditions, the equation ¥O[z] = 0 with 1 a suitable function
of x which is not zero almost everywhere, although equivalent to the initial equation can possess a
Lagrangian formulation. The function 1 is then called an integrating factor.

Using Lemma VII.1, we have the following characterization of admissible integrating factors:

Lemma VIL.3. Let us consider a differential equation of the form (VIL.3.1) such that ' —2b = f
with f £ 0. Let 1 be an almost everywhere non zero function. Then the differential equation
(VIL.3.1) admits v as an integrating factor if

Y'a+f=0. (VIL.4.1)
Applying this result on the Eringen’s nonlocal elastica, we obtain the following result:

Theorem VII.2. The Eringen’s nonlocal elastica possesses E,p . a unique (up to multiplication by
a constant) integrating factor given by the function a. A possible Lagrangian is given by

1 1 1
L(xz,v) = §a2v2 + 272(@’)2 + l—2a". (VIL4.2)
Proof. In the Eringen’s nonlocal elastica case, we have f = —a’ so that (VIL.4.1) is equivalent to
Y'a —pa’ = 0. (VIL.4.3)

As a is almost everywhere non zero, this equation can be solved explicitly ans gives
¢ = Ca, (VI1.4.4)

where C is a constant. As a consequence, 1 is an admissible function and the a-deformation of the
Eringen’s nonlocal elastica equation possesses a Lagrangian formulation.
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Chapter VII. Integrating Factor for Eringen’s Nonlocal Elastica

Using the proposed Lagrangian, we obtain

oL oL 1 1
90 = a2v, oz =d'av® + ﬁa’a" + l—2a(3),
where a(® denotes the third derivative of a with respect to . Using the fact that

o = _q

we obtain for the Euler-Lagrange equation

d o, . 1 1
7 (a*%) = d'a (&)® + l—Qa’a” — l—za’,

which gives using the fact that ¢” =1 — a that

d 1
pn (a*t) = d'a (i) — l—Qa’a

—q <a' (#)° — l12a> .

(a*%) =2(i)*da+d*F=a (2 (£)%d + afé) ,

As
d

dt
we obtain, introducing this expression in equation (VII.4.8) that

1
a ((m)2 a +aF + l2a’> =0,

which concludes the proof.
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Chapter VIII

Variational structure for the Continuous
Eringen’s Nonlocal Elastica

In this chapter, we exploit the result of Chapter VII to derive a Hamiltonian structure associated
to the Eringen’s nonlocal elastica. Explicit expressions of the solutions in term of elliptic integrals

of the first kind are then deduced.

This Chapter is based on section 4-6 of the accepted article "About the structure of the discrete
and continuous Eringen’s nonlocal elastica” with J. Cresson, Mathematics and Mechanics of Solids,
2022, in Press.

VIII.1 Introduction

As we have seen in Chapter VII, the Eringen’s nonlocal elastica does not possess a a Lagrangian
formulation. By means of variational integrating factor, such modified equation becomes Lagrangian
which enable us to derive a Hamiltonian function and to exhibit an explicit first integral for the
Eringen’s nonlocal elastica.

In [21], N. Challamel suggested that one can probably obtain explicit formula for the solutions of
the Eringen’s nonlocal elastica using elliptic integrals. In this chapter, by taking the benefit of the
Hamiltonian structure, we prove that this is indeed the case using elliptic integrals of the first kind
and simplifying previous result of M. Lembo [66], [65], [64].

Organization of the chapter. In Section VIII.2, we derive the Hamiltonian associated to the
modified Eringen’s nonlocal elastica. We deduce an explicit first integral. The first integral is then
used to provide explicit formula for the solutions in term of elliptic integrals in Section VIII.4.

VIII.2 A Hamiltonian associated to the modified Eringen’s nonlocal
elastica equation

The classical way of constructing a Hamiltonian formulation associated to the Lagrangian one
via the Legendre transform [4] gives the following result:
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Chapter VIII. Variational structure for the Continuous Eringen’s Nonlocal Elastica

Theorem VIII.1. The Hamiltonian system corresponding to the Eringen’s equation is given by

. O
T op a?
I11.2.1
o (P 1 (Vi)
b= TN\ 2% )
with the Hamiltonian function
1 1 1
H(z,p) = T‘?pz — 2—12(@')2 — ﬁa”. (VIIL.2.2)
Proof. The variable p corresponding to the momentum is defined by
oL
p=5-= a’v, (VIIL.2.3)

which is one to one as long as a # 0.

The Legendre transform gives for the Lagrangian L given in Lemma VII.2 the following Hamil-
tonian:

H(l‘,p) = pv — L(:c,v),

_p2 1 2p2 1 (a/)Q Ly,

=2 ¥ AT op TR (VIIL.2.4)
1 2 1 N2 1 "
=520 ~p@) e
A simple computation gives the equation of motion. This concludes the proof. ]

It must be noted that the Hamiltonian function depends on the parameters 5 and [ and must be
understood as

1 1 1
Hg,(z,p) = W%sz - 272(61’671)2 - ﬁagl, (VIIL.2.5)
with
agy(z) =1 — B1% cos(x). (VIIL.2.6)
As we have

aj(v) = BI? sin(z), and aj(x) = BI? cos(x), (VIIL.2.7)

we have explicitly the Hamiltonian

1 1
H = ? — B (s 2 : I11.2.

) = e — 37 6n@) = Beos(o) (VIIL2.8)

Taking [ = 0 in the previous Hamiltonian, we obtain the classical simple pendulum equation:

Corollary VIIL.1. Letl =0, then the Hamiltonian system Eqs. (VII1.2.1) corresponds to the simple
pendulum motion:

& =p,
VIIL.2.9
{}5: —Bsin(z). ( )
with the Hamiltonian )
Hgo(z,p) = % — [ cos(x). (VIIL.2.10)
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VIIIL.3. Qualitative behavior of the Eringen’s nonlocal elastica solutions

This property can be used to deduce interesting qualitative properties if the Eringen’s nonlocal
elastica using perturbation theory and the fact that the Hamiltonian is a constant of motion on
the solutions of the system.

The shape of the energy manifold looks as follows:

Figure VIII.1: Energy manifold for S=1and [ =0,1=0.2 and [ = 0.5

VIII.3 Qualitative behavior of the Eringen’s nonlocal elastica solu-
tions

As already reminded in Section VIII.2, the main consequence of the existence of a Hamiltonian

structure given by Theorem VIII.1 is the fact that it provides a constant of motion, i.e., that for all
solutions (z(t),p(t)) of the Hamiltonian equation (VIII.2.1), we have

Hg(x(t), p(t)) = Hp(x(0),p(0)), (VIIL.3.1)

for all t € R.
Giving the Legendre transform, it means that we have the following result:

Lemma VIIIL.1. Let x be a solution of the Eringen’s nonlocal elastica equation, then the function
H(x,a?t) is constant.

Proof. This follows directly from the fact that for any solution (z,p;) of the Hamiltonian system,

we have H (x4, p;) which is a constant function. As p; = a®# by the Legendre transform and x; is by
construction a solution of the Eringen’s nonlocal elastica, we obtain the result. O

A natural idea is then to look at the level sets of the function Ig; : R2?2 — R defined as
Igi(z,v) = Hpy(x,a*(z)v), (VIIL3.2)

in order to have a global view of the qualitative behavior of the solutions of the Eringen’s nonlocal
elastica.

In the following, we provide the level set of H; and Iy for different values of I and we compare
with the phase portrait of the Eringen’s nonlocal elastica showing the strong influence of the first
integral on the dynamics.
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Chapter VIII. Variational structure for the Continuous Eringen’s Nonlocal Elastica

Figure VIIIL.2: Level sets of Hg;, Ig; and phase portrait of the Eringen’s nonlocal elastica for
(8,1) = (1,0.2)

Figure VIIIL.3: Level sets of Hg;, Ig; and phase portrait of the Eringen’s nonlocal elastica for
(8,1) = (1,0.5)

Figure VIII.4: Level sets of Hg;, Ig; and phase portrait of the Eringen’s nonlocal elastica for
(8,1) = (1,0.7)

Figure VIIL.5: Level sets of Hg;, Ig; and phase portrait of the Eringen’s nonlocal elastica for
(8,1) = (1,0.9)

Another representation can be obtained taking into account the 2w-periodicity of the solutions of
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VIII.4. Explicit computation of the solutions of the Eringen’s nonlocal elastica
equation

the equations. In that case, the phase portrait must be given on R/27Z x R, i.e., S* x R where S! is
the unit circle, i.e., a cylinder, which is the classical phase space of the simple pendulum equation.

Figure VIII.6: Phase portrait of the Eringen’s nonlocal elastica for 5 =1,1=10,1=0.2,1 = 0.5,
l=0.7and [ =0.9

VIII.4 Explicit computation of the solutions of the Eringen’s non-
local elastica equation

An important problem is to obtain explicit forms for the solutions of the Eringen’s nonlocal
elastica equation. In [21], N. Challamel suggests that one can probably obtain such solutions using
elliptic integrals.

Taking benefit of the Hamiltonian structure of the equation and as a consequence, of the existence
of a constant of motion, we derive explicit expression for the solutions of the Eringen’s nonlocal elas-
tica equation. They are indeed expressed using elliptic integrals of the first kind as suggested
by N. Challamel and the fact that for [ = 0 the system reduces to the simple pendulum equation.

Moreover, we derive similar expressions using the notion of canonical coordinates discussed
for example in [56, p.22] taking benefit of the fact that the Eringen’s nonlocal elastica is invariant
under the time translation symmetry. This is formally equivalent to using the Hamiltonian first
integral but the concept can be used for other symmetry groups. We then illustrate this procedure
in our case directly on the equation and also on the Lagrangian formulation.

Previous results in this direction have been obtained by M. Lembo, see [65], [66]. The expression
of the quantities are different and also the procedure used to derive the explicit form of the solutions
does not seem to follow a general scheme which can be applied to other equations.

VIII.4.1 Eringen’s solutions via Hamiltonian function

The general case. Let us consider the Hamiltonian Hg;. The result can be resumed as follows:

Lemma VIIL.2. Let (zg,v0) € R? be given. We denote by co the quantity Hg7l(x0,a2($0)v0) = ¢y
and BI?2 = \, 2co + B%1? = ko, 3212 = v then for all t € R, the solution x(t) satisfies

cos(x) M — 1 d
t=Bgy(z) = i/ - i
cos(zo) \/k’() + 20u — ’yu2 \/1 — u?

This kind of integral is called an elliptic integral.
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Chapter VIII. Variational structure for the Continuous Eringen’s Nonlocal Elastica

Proof. Solving the equation Hg;(x,p) = ¢ with respect to p, we have

p= :I:%\/ch2 +a? +2a”

From the Hamiltonian system (VIII.2.1), the substitution of p = a3 into the last equation gives

la

1 dt
b= +—/2c% +a? + 20" = = =&
v la\/ T aT L dx V2cl2 + a2 + 2a”

We have explicitly a(z) = 1— 1% cos(x), a'(x) = BI?sin(z) and a”(x) = BI? sin(x) and by integrating
the right hand side of the last implication we obtain
v n (1 — Acos(z))

= zo ko +2Bcos(z) — v(cos(z))?

dz, (VIIL4.1)
where we use the equality (sin(x))? = 1 — (cos(z))? and we complete the proof by setting u =
COS 2. O

As you can see, we have no hope to obtain a simpler form in the general case than one using
elliptic integrals and the simplest one can be made when [ = 0 that is the simple pendulum case.

The simple case. Let ! = 0 in (VIIL.4.1), then one can recover the classical case of the simple
pendulum equation, that is

1 x
t=TEgo(z) =+ / dz . (VIIL4.2)
V2(c+ B) Juo /1 — ksin® (2/2)
where k = % The right-hand side of Eq. (VII1.4.2) is an incomplete elliptic integral of the

first kind.

It is possible to derive explicit expression for the solutions of the Eringen’s nonlocal elastica
equation from the original equation and also from the corresponding Lagrangian by considering a
suitable change of variables the so-called canonical variables (see [56]), and the results are coincided
with each other. This is done in the following Section.

VIII.4.2 Eringen’s solutions via canonical variables
We follow closely the computations made by P. Hydon in [56, p.22| in order to define canonical

coordinates allowing to solve explicitly the equation.

Canonical variables for the original Eringen’s equation. Let [ # 0. Consider the Eringen’s
equation
a(x)i + b(x)i? 4 kb(z) = 0. (VIIL4.3)

where a(z) = 1 — 1% cos(z), b(z) = a/(x) and k = .

Let us consider a change of variables (t,x) = (r,w) satisfying the following set of constraints:



VIII.4. Explicit computation of the solutions of the Eringen’s nonlocal elastica
equation

Rewriting equation (VIII.4.3) in terms of r and w, we obtain
. 1
—a(w);3 + b(w)ﬁ + kb(w) = 0 = —a(w)i + b(w)r + kb(w)7?® = 0.

Setting z = 7, the last equation becomes a separable first-order ODFE given by

Z:b(w) 5 53
a(w)( + k2%,

whose solution is given by
z

T ),

where ¢ > 0 is a constant.
Solving the last equation for z yields,

) —
1 — kc?a?(w)

Finally, returning to the original variables we have that 7 = dt/dz and integrating the last equation
gives
ca(x)

R R —
1 — kc?a?(x)

dx + c1

which is an elliptic integral.

Canonical variables with the Lagrangian L. We can also find the solutions of Eringen’s
equation using the corresponding Lagrangian L as given in Section VII.4:

1 1 1
L ’ — — 52,2 2 =
(z,v) 507V +212a +l2a
It is obvious that L is invariant under the group of translation in time associated to the infinites-
imal generator X = % Such a symmetry is called a variational symmetry [83]. The canonical

variables corresponding to the operator X are given by (¢,z) = (r,w) , see [56, page 65]. Under
such variables one can produce a new Lagrangian L in term of r and w.

We have

Defining the following Lagrangian,

1 2
_2—7"@

So that, the corresponding Euler Lagrange equation is given by
d (oL _ oL
dw \ or ]  or
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Chapter VIII. Variational structure for the Continuous Eringen’s Nonlocal Elastica

As L does not depend on r, we have the following first integral:

2(w) + g () + a(w)

oL 1
I ) = —— —

(w, 7) or 272
Rewriting I in term of the original variables becomes

1 1 1
I(x,v) = —§a23':2 + ﬁalz + ﬁa”.

Since I(z,v) is a constant of motion one can write I(x,v) = ¢, where ¢ is a constant. We then obtain

—9 l2 12 2a" l
:‘c:j:\/ cl® + a'* + 2a :>t:j:/ a d
la V—=2¢l2 + a2 24"

This kind of integral is also an elliptic one.

X+ cy.
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Chapter 1X

Toward a discrete version of the Eringen’s
nonlocal elastica

In this chapter, we derive discrete version of the Eringen’s nonlocal elastica preserving the La-
grangian and Hamiltonian structure using the result of Chapter VIII, then compare it with Chal-
lamel’s and co-worker definition of a discrete Eringen’s nonlocal elastica.

This Chapter is based on section 7 of the accepted article "About the structure of the discrete
and continuous Eringen’s nonlocal elastica” with J. Cresson, Mathematics and Mechanics of Solids,
2022, in Press.

IX.1 Introduction

Deriving a discrete analogue of a continuous differential equation is always a challenge and is not
only a question of discretizing the differential equation using classical tools of numerical analysis.
Indeed, doing such a discretization destroys in general the basic algebraic, geometric or qualitative
properties of the equations and solutions of the continuous model. An example of well defined discrete
analogue is provided by the construction of variational integrators for Euler-Lagrange equations.
Indeed, in this case, variational integrators are designed in order to preserve the variational structure
at the discrete level and as a consequence most of the qualitative properties of the solutions.

As we have seen in Chapter VIII, the modified Eringen’s nonlocal elastica is variational due
to the variational integrating factor. The aim of this chapter is to provide a discrete analogue of
the Eringen’s nonlocal elastica by taking benefit of the existence of a Lagrangian and Hamiltonian
structure. Firstly, we derive a wvariational integrator for the Eringen’s nonlocal elastica, i.e., a
numerical integrator preserving the Lagrangian and Hamiltonian structure at the discrete level. A
classical property of variational integrators is that they preserve very well energy, i.e., the evaluation
of the Hamiltonian on solutions. This property induce a very good preservation of the first integral
at the discrete level. Secondly, as the variational integrator is implicit due to the presence of the
integrating factor, we obtain an explicit numerical scheme taking into account the value of the first
integral. We call this new numerical integrator a topological integrator.
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Chapter IX. Toward a discrete version of the Eringen’s nonlocal elastica

Organization of the chapter. Section IX.3 deals with the construction of an efficient numerical
scheme for the Eringen’s nonlocal elastica. We use the formalism of discrete embedding in order to
derive wvariational integrators for the modified Eringen’s nonlocal elastica. Variational integrators
are in this case implicit. However, a slight modification of the construction lead to an explicit
scheme called a topological integrator. These two scheme are implemented and compared with the
classical Euler scheme as well as the Challamel and al. discrete Eringen’s nonlocal elastica defined
in [23] here called Challamel’s integrator. In particular, we prove that variational integrators and
the corresponding discrete Hamiltonian versions are more efficient than the other numerical scheme.

IX.2 Using the classical Euler scheme

In this Section, we provide some simulations of the Eringen’s nonlocal elastica using an explicit
Euler scheme. The quality of the numerical scheme is measured by the quality of the preservation of
the first integral at the discrete level. As we have seen in Section VIII.3, the qualitative properties
of the solutions are controlled by the level surface of the first integral.

t t

Figure IX.1: Numerical solution of the Eringen’s nonlocal elastica for [ = 0, | = 0.2 with the
corresponding evaluation of the first integral - Euler scheme - h = 0.01

) / \ "
u f \ J \ o e e
”’%\\—/ﬁ*—*\ﬁbf V] \ 1 Y / /

JooN

t t

Figure IX.2: Numerical solution of the Eringen’s nonlocal elastica for [ = 0.7, I = 0.9 with the
corresponding evaluation of the first integral - Euler scheme - A = 0.01

As we can see, a rapid divergence of the values of the first integral is observed.

120



IX.3. Variational and Topological integrators for the Eringen’s nonlocal elastica

IX.3 Variational and Topological integrators for the Eringen’s non-
local elastica

The existence of the first integral Ig; for the Eringen’s nonlocal elastica can be used to design
numerical integrators preserving this first integral. Such a numerical integrator is reminiscent of ge-
ometric numerical integration and can be called topological numerical integrator as the preservation
of the first integral ensure that the topological properties of the solutions constrained by the first
integral are preserved. To construct such a topological numerical integrator an idea is first to use
the existence of an integrating factor and the variational structure which is associated. We then first
construct a variational integrator for the modified Eringen’s nonlocal elastica using the discrete
embedding formalism given in Chapter II (see also [29]). Having this numerical integrator, we
are able to propose a discrete dynamical systems which can be called "discrete Eringen’s nonlocal
elastica" as the fundamental properties of this discrete system are similar to the continuous case
from the point of view of first integral and existence of an underlying variational structure up to an
integrating factor.

IX.3.1 Variational integrator and the Eringen’s nonlocal elastica

We begin by recalling the notion of the discrete derivatives and integrals that used in Chapter
II. Let N e N*, h=1/N and T = {t; = a+ih, i =0,...,N} be the uniform time scales and let
z € C(T,R).

The +-discrete integrals. Let ¢t € T. The %-discrete integrals of = over [a,t] are the quantities
defined by

/ x(s) Ays=nh Z x(t;) resp. / z(s) A_s=h Z x(t;). (IX.3.1)
[at]r ti€la,t)NT+ [a,t]r ti€la,t)NT-

Of course Aj-integrals correspond to the right Riemann (resp. left Riemann) sum.

The A,i- derivatives. Refer to the forward (resp. backward) discrete derivatives defined for all
x € C(T,R) by

AL [z)(t) = % i=0,...,N—1 (resp.A_[:c](ti) =l o 1,...,N.> (IX.3.2)

In the following, we simply denote Ay [z]; (resp. Ay[x];) for A_[z];(¢;) (resp. A_[z](t;)) when no
confusion is possible.

The discrete derivatives and integrals satisfy a discrete analogue of the fundamental theorem of
differential calculus, i.e.,

As [/atf(s)Ais] ()= f(t) VteT* (IX.3.3)

IX.3.2 Variational integrators and discrete embedding

In this subsection, we follow the discrete embedding formalism used in Chapter IT (see Section
I1.9).
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Chapter IX. Toward a discrete version of the Eringen’s nonlocal elastica

We first define a discrete analogue of the Lagrangian functional

b
L(z) = / L(x(t), i(t)) d, (IX.3.4)

with L given by Theorem VII.2. The +-discrete Lagrangian functional denoted by £% by

L] = / "I (e A a]) At (1X.3.5)

The discrete Euler-Lagrange equation are defined, respectively, by (see Chapter II, Theorem I1.5)

A |G @akd] 0= 5 @A 0, v e T
o o1 (IX.3.6)
Ay [E)v (x,A_[x])} (t) = I (x,A_[z]) (t), Vt € TE.

The particular feature of the previous numerical integrator is to provide a symplectic integrator
which are known to possess very good properties of preservation of energy, i.e., of H.

IX.3.3 The discrete Eringen’s nonlocal elastica

We use the previous construction using the Lagrangian obtained in Theorem VII.2. The backward
discrete Lagrangian functional is given

(IX.3.7)

where a; = a(x;), a, = a'(x;) and a] = a"(z;) .
The discrete Euler-Lagrange equation associated to L is given by the following Theorem:
Theorem IX.1. The backward variational integrator associated to Eq. (VIL.1.1) is given by
atq (Tis1 — 3;) = aiw; — aiwi—1 + a;Bsin(x;) (1P(v; — 221)? — h?) (IX.3.8)
fori=1,....N—-1
When [ =0 and 5 = 1, we obtain the classical variational integrator for the simple pendulum:
iyl = 2X; — i1 — h? sin(x;). (IX.3.9)

It must be noted that the implicit character of the numerical scheme is directly related to the term
corresponding to the integrating factor.

Proof. The equation (IX.3.12) can be found directly from (VII.4.5) using the fact that

1 1
a(d —1)= —l—zaa', (IX.3.10)

l2
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IX.3. Variational and Topological integrators for the Eringen’s nonlocal elastica

so that

— = - = IX.3.11
5 — 40 [v ZQ] (IX.3.11)

We then obtain the discrete Euler-Lagrange equation

A e Aclol), = 0| (A2 -

Z 1_12}, i=1,...,n—1. (IX.3.12)

Using the expression of Ay and A_ a more explicit form can be obtained. We have

hAy [a? - A_fa]], = af iy A [z]ip1 — af A_[a];,

Z = h™t (6 amien — (071 + af)as + afwia) . (1%:319)
The right hand term is given by
a;a; [(A_[x])? — llQ] = a;aih ™ ((z; — mi-1)* — h*17?%) . (IX.3.14)
As a consequence, we obtain the following expression
a,?+1$i+1 — (a?H + a?):pi + a?wi,l = a;a; ((acZ — xi,1)2 — h2l_2) (IX.3.15)
fori=1,..., N — 1 which can be rewritten as
ay (Tig1 — 1) = alx; — alxio1 + a;a) (2 — zi_1)? — h2l_2) (IX.3.16)
fori=1,..., N — 1. This concludes the proof. O

In the same way, the forward variational integrator is given by:

Theorem IX.2. The forward variational integrator associated to Eq. (VIL.1.1) is given by

1 . . .
Tig1 = ) [(a? + a?_l):ci — ag_lxi_l + a;l? sin(x;)(xiy1 — :ci)2 — h%a; sm(miﬂ , i=1,...,N—1.
i
(IX.3.17)
fori=1,...,N—1
When 8 = 1 and [ = 0, we obtain again the classical variational integrator for the simple
pendulum
Ti+1 = 2.%‘ — Tij—1 — h2 sin(mi). (IX.3.18)

When [ # 0, the numerical scheme is implicit but relies on finding roots of a polynomials of degree
2. Precisely, in order to find x;4;, we have to solve the polynomial equation P;(z) = 0 where the
polynomial P; is given by

Pi(z) = aya® — zB; + i, (IX.3.19)

with

o; = a;l’sin(z;), B; = 2a;%z;sin(x;) +af, v = (af +al 1)z —ai_yx; 1 —ha;sin(z;). (1X.3.20)
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Proof. We have

1
A [@®(@)Aleli] = 1 (aFAle)i — af 1 Alali)
1
2 (af(zivs — xi) —afy (2 — xi1)) | (IX.3.21)
1
2 (az?xi-ﬂ - (azz + azzfl)xi + a%71$¢_1) .

Moreover, we have

gi(xi, Alz];) = Psin(x;)ai(Alz];)? — sin(z;)as, (1X.3.22)
= a;sin(a;) (P (A4 [x];)* — 1),
fori=1,..., N — 1. This concludes the proof. O

In the forward and backward case the corresponding variational integrators are implicit. This
little increase of the algorithmic complexity is the price to pay in order to obtain a variational
integrator in this case. In Section 1X.3.5, we look for a modification of the scheme which can lead
to an explicit one.

IX.3.4 Simulations of the variational integrator for the Eriengen’s nonlocal elas-
tica

In order to implement the variational integrator for the Eringen’s nonlocal elastica, we need to
solve the implicit equation. This is done numerically using a Newton-Raphson method.

Simulations of the variational integrator are provided in the following for h = 0.1 on the interval
[0,20] with g =1, 1 = x for [ =0, 0.2, 0.5, 0.7 and 0.9.

\\ m__ YA NRRYE - LR
BASsSS X : | \4 Lo L [ “\
R R T s e s N
nvasivamvelEnvim vk s vasivas

IR R

Figure IX.3: Numerical solution of the Eringen’s nonlocal elastica for [ =0,1=0.2,1=0.71=0.9
with the corresponding evaluation of the first integral - Variational integrator - h = 0.1
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Figure IX.4: Numerical solution of the Eringen’s nonlocal elastica for [ =0,1=0.2,1 =0.71=0.9
with the corresponding evaluation of the first integral - Variational integrator - h = 0.1

We have then a very good preservation of the first integral and an accurate simulation of the
behavior of the solutions.

" : q\ ‘ /
\ \ \ / \ | // // \\ b/j

.
.
0.6 \

[ ‘

Figure IX.5: Numerical solution of the Eringen’s nonlocal elastica for [ = 0 and [ = 0.2 with the
corresponding evaluation of the first integral - Variational integrator - h = 0.01
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Figure IX.6: Numerical solution of the Eringen’s nonlocal elastica for [ = 0.7 and [ = 0.9 with the
corresponding evaluation of the first integral - Variational integrator - h = 0.01

I1X.3.5 Topological integrator

As we want to preserve the first integral, we have to satisfy the following equation for all i =

0,..., N as precisely as possible in the backward case :
1 1
5@? (A_[z];)? — §l2(sin(mi))2 — cos(x;) = co, (IX.3.23)
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where ¢ is fixed as long as xg and x1 are given. Another equivalent formulation is

1

1
5% (z; —xi1)% — hzilz(sim(wi))2 — h? cos(z;) = h2co, (IX.3.24)

In the forward case, we have to satisfy the equation

1 1
§a? (A4 [2])* — §l2(sin(a:i))2 — cos(z;) = ¢y, (IX.3.25)
or equivalently that
1 1
§a§(xi+1 —xi)* — h2§l2(sin(xi))2 — h?cos(z;) = h’co, (IX.3.26)

This last equation can be used to replace directly the term (z;41 — 2;)? in the right hand side of
the forward variational integrator. Indeed, multiplying the forward variational integrator by a;, we
obtain:

adriyrai(al + a2 ))x; — aa?_ywioy + a1 sin(xg) (zi — 24)?

[X.3.27
— h%a?sin(z;), i=1,...,N -1 ( )

Replacing a? (w41 — x;)? by its expression, we have

a}rigr = ai(a? + a?_)x; — aia?_ 1wy
+ 1?sin(w;) (R?1P(sin(z;))? + 2h? cos(;) + 2h%co) (IX.3.28)
— h%a?sin(xzy), i=1,...,N —1.

We then obtain the following topological integrator:

Lemma IX.1. The topological integrator associated to the Eringen’s nonlocal elastica is the explicit
numerical scheme defined by
2w e Ve — ad?
Ti+1 = e ai(a; + ai_1)Ti — a;a;_1Ti—1

(2

+ 1% sin(;) (R?12(sin(z;))? + 2h? cos(z;) + 2h%co) (1X.3.29)
- hZGQSiD(JL’Z’)}, i=1,...,N—1.

i

Of course, recovering an explicit numerical scheme has a price: we have destroyed the discrete
variational structure of the variational integrator. Nevertheless, as we will see in the next Section,
we obtain a numerical integrator with good properties in particular for the preservation of the first
integral.

IX.3.6 Simulations of the topological integrator

Using the topological integrator which corresponds to the variational integrator associated to the
modified equation, we obtain the following result for the same values of {:
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Figure IX.7: Numerical solution of the Eringen’s nonlocal elastica for [ = 0 and [ = 0.2 and the
corresponding evaluation of the first integral - Topological integrator - h = 0.01
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Figure IX.8: Numerical solution of the Eringen’s nonlocal elastica for [ = 0.7 and [ = 0.9 and the
corresponding evaluation of the first integral - Topological integrator - A = 0.01

We have a controlled fluctuation around the exact value of the first integral I;; which is a
characteristic property of variational integrators due to their symplectic character.

IX.4 The Challamel’s integrator

In ([23], Equation (38) p.132), N. Challamel and al. introduce a discrete version of the Eringen’s
nonlocal elastica by rewriting first the second order equation as a two dimensional system of first
order differential equations.

Definition IX.1 (Challamel’s integrator). The Challamel’s integrator is defined fori=0,...,n—1,
by
Tiy1 = x; + hkg,
AR (IX.4.1)

Kit1 = ki — hBsin(x;41) (1 + ZQH?) a;}l.

In the context of the study of Eringen’s nonlocal elastica, they have to consider boundary condi-
tions given by kg = 0 and &, = 0.

Putting aside the boundary conditions, we look for the behavior of the previous integrator with
respect to the first integral obtained for the continuous Eringen’s nonlocal elastica.

IX.4.1 Simulations of the Challamel’s integrator

We implement the semi-implicit numerical scheme proposed by N. Challamel and al. in [23] called
the Challamel’s integrator in the following. We first take h = 0.1.
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Figure IX.9: Numerical solution of the Eringen’s nonlocal elastica for [ = 0 and [ = 0.2 and the
corresponding evaluation of the first integral - Challamel’s integrator - h = 0.1

'
\ ‘ —  crALL TEORATOR \ \ ‘ AL WTEORATOR \
Hex. %) ————— HaW
s (x.%) . 5%)
o

"
- —

[EVRVRNARS

o \
- \ ; ;
0
o \ / \ / : \ / o
o o \
! /\XOL\ /
e e
N S S S A I
:

Figure IX.10: Numerical solution of the Eringen’s nonlocal elastica for [ = 0.7 and [ = 0.9 and
the corresponding evaluation of the first integral - Challamel’s integrator - h = 0.1

As one can see, we have a bad behavior for the discrete model when [ is greater than 0.5. For
h = 0.01, we obtain the following results:
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Figure IX.11: Numerical solution of the Eringen’s nonlocal elastica for I = 0 and [ = 0.2 and the
corresponding evaluation of the first integral - Challamel’s integrator - h = 0.01
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Figure IX.12: Numerical solution of the Eringen’s nonlocal elastica for [ = 0.7 and [ = 0.9 and
the corresponding evaluation of the first integral - Challamel’s integrator - h = 0.01

Here again for large value of | the Challamel’s integrator behaves badly with respect to the
preservation of the first integral. The opportunity to consider this model as a good discrete analogue
of the Eringen’s nonlocal elastica is then questionable.

IX.5 Discrete Hamiltonian’s Eringen’s nonlocal elastica

The Challamel’s integrator looks for a two dimensional discrete equation associated to the origi-
nal second order differential equation. Having in mind that the modified Eringen’s nonlocal elastica
is Lagrangian, a convenient procedure is to transform the classical Euler-Lagrange equation to its
Hamiltonian form as done in Section VIII.1. Using this structure, we can also derive a two dimen-
sional discrete analogue of the modified Eringen’s nonlocal elastica which preserve the Hamiltonian
structure at the discrete level contrary to the Challamel’s integrator. Again, we follow the discrete
embedding formalism.

We recall definitions about discrete Hamiltonian systems in the framework of the shifted or non-
shifted calculus of variations that used in Chapter VI (see Section VI.2 for more details). We restrict
ourselves to uniform time scales, i.e., T = {t; =a+ih, i =0,...,N} for a given h > 0.

Definition IX.2. Let H : (t,q,p) € R x RY x R — H(t,q,p) € R be a function of class C? in each
of its variables. Let T be a time scale. The Hamiltonian system associated to H on T is defined by

oH
Apq="(t,q°
+9 ap(anp),

OH
Arp=——(t,4°,p).
+P aq( ,q ap)

(IX.5.1)

Using the shifted calculus of variations on time scales developed in [10], M. Bohner proved that the
previous Hamiltonian systems on time scales can be obtained as critical points of shifted Lagrangian
functionals on time scales. Precisely, we have:

Theorem IX.3. The solutions of the Hamiltonian system (1X.5.1) on T correspond to critical points
of the time scales functional

b
L 1a5): (@ P) :/ [PAyq— H(t,q%,p)] Ayt (L%)

F. Pierret introduced in [85] a notion of Hamiltonian systems on time scales adapted to the
framework of the non shifted calculus of variations. Precisely, we have:
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Definition IX.3. Let H : (t,q,p) € Rx R x R? — H(t,q,p) € R be a function of class € in each
of its variables. Let T be a time scale. The Hamiltonian system associated to H on T is defined by

oOH
A+q = 87@7 Qap)v
b - (1X.5.2)
A_p=—-A_lo|—H .
P o] 94 (t,q,p)

Here again, one can prove that Hamiltonian systems are critical point of Lagrangian functionals
on time scales:

Theorem IX.4. The solutions of the Hamiltonian systems (IX.5.2) on T correspond to critical
points of the time scales functional

b
L jap)e(¢:D) = / [pAtq — H(t, q,p)] Ast. (Lm)
We refer to the work of F. Pierret [85] for more details.

IX.5.1 Using a nonshifted discrete Hamiltonian systems for the Eringen’s non-
local elastica

Let p = a?(z)A,[x] then a discrete Hamiltonian system associated to the modified Eringen’s
nonlocal elastica is given by:

A_[p] = afsin(z) <z2§z — 1) ,

(IX.5.3)
p
We then obtain
2
pi —Ppi-1 = ha;fBsin(z;) <12pi - 1) :
. i (IX.5.4)
Tiyl — Xy = %

i

IX.5.2 Using a shifted discrete Hamiltonian system for the Eringen’s nonlocal
elastica

A different version of discrete Hamiltonian systems has been introduced by C.D. Ahlbrandt, M.
Bohner and J. Ridenhour in [2]. In that case, the so called shifted Hamiltonian system is given by

2
Ay = a(o(z))Bsin(o(a)) (F&(fj(w)) - 1) ,
p

a?(o(z))’
where o is the shift operator on the time-scale T defined by o(t;) = t;11 and as a consequence

O'(Q?Z) = Tj41-
We then obtain

(IX.5.5)
Apfz] =
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Piy1 —Pi = hajp1Bsin(xiqq) (l2

Li+1 — X4

=h

bi
5 -

@it

p

2
A

_1>,

(IX.5.6)

As we can see, the first equation gives an explicit formula for p;y1 as long as x;41 is known, which
relies on the resolution of the second equation which is implicit. This semi-implicit scheme is very
close to the discrete Eringen’s nonlocal elastica introduced by N. Challamel and al. in [23].

IX.5.3 Simulations of the shifted and nonshifted discrete Hamiltonian

In the following, we provide simulations of the shifted and non shifted discrete Hamiltonian for
the Eringen’s nonlocal elastica on the same figure. As we can see the difference between the two
integrators is very small up to [ = 0.7 and become ony significant for I = 0.9.

e T 00 o oo NONSHIFTED
08 o o—0—a SHIFTED
e <
o8 e .
w S \%
o]
g
3
S
PRI
%k
06 A
N o
08 Mg L
Fon g g
42 7 48 95 04 92 0 o2 04 05 o8 1 12

x

-~ <

r{‘(

/
]
S%E

.

000 lo—o—o NONSHIFTED
= o
o "9~ |o—o—o SHIFTED
o

Y

N
)
d

o e
R

4 08

06 -04 02 0 02
x

04 05 08 1 12

x

'
o—o—o NONSHIFTED,
08 o OO0 |o—o—a SHFTED
e
06 P
& =
04 o LY
wl Y
]

: :
02 Eé:
04 Eﬁ?
06 ay, o
o8 O%“‘wmm‘gm

A

42 4 08 05 04 -02 0 02 04 05 08 1 12
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Chapter IX. Toward a discrete version of the Eringen’s nonlocal elastica

Figure IX.16: Simulations for [ = 0.5, 0.7 and [ = 0.9 - shifted and non-shifted Hamiltonian

integrator - h = 0.1

IX.5.4 Comparison with the Challamel’s integrator
We can compare the previous result with the one obtained using the Challamel’s integrator by
comparing for each integrator the behavior of the first integral I(z) = H(z,a%) = H(z,p). As we

will see, the Challamel’s integrator diverge when [ increases.

Figure IX.17: Simulations for [ = 0, [ = 0.2 and [ = 0.3 -comparison of the value of the first

integral for the shifted, non-shifted Hamiltonian and Challamel’s integrator - h = 0.01

Figure I1X.18: Simulations for [ = 0.5, [ = 0.7 and [ = 0.9 -comparison of the value of the first
integral for the shifted , non-shifted Hamiltonian and Challamel’s integrator - h = 0.01

For each numerical scheme, we fix [ and h, and we denote by x(t) the resulting discrete solution.
(IX.5.7)

We compute the error term as
ex(h) = max | z(t) — x(t) |,
teT

where z is taken as a reference solution computed for A = 1075,

In the following, we provide a comparison for [ = 0, [ = 0.2, [ = 0.7 and [ = 0.9 between the
Euler (in green), the topological (in red), the Challamel’s integrator (in blue) and the variational

integrator (in magenta) for value of h = 1073, h = 1072 and h = 10~
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Figure IX.19: The error ey. left: [ =0, right: [ = 0.2

The Euler scheme is always the less good integrator but the topological and the Challamel’s one
behaves more or less equally and no significant difference is observable.
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Figure IX.20: The error ey. left: [ = 0.7, right: [ = 0.9

As we can see the topological integrator is better than the two other when h is below 0.01 and
the variational integrator gives always a better result. For greater values of [ we have an increasing
instability of the Euler and Challamel’s integrator as can be seen in the following for [ = 0.9.

As we can see, the variational integrator is very well adapted to the study of the Eringen’s
nonlocal elastica.

IX.6 Conclusion and perspectives

The previous results only give partial answers to the problems raised in [21]. As already quoted
in the Introduction, this article focus on the discrete and continuous Eringen’s nonlocal elastica
from the point of view of their algebro-geometric structures and how they are preserved from the
continuous to the discrete case. However, in order to do applications in the mechanical context, we

133



Chapter IX. Toward a discrete version of the Eringen’s nonlocal elastica

have to take into account the boundary conditions. This will be the subject of a forthcoming paper.
The explicit expression of the solutions coming from the Lagrangian and Hamiltonian structures
of the modified Eringen’s nonlocal elastica will be of importance for this purpose. The asymptotic
behavior of the solutions as well as the bifurcation diagram will be investigated.
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Chapter X

Mixing Discrete and Continuous Models

X.1 Introduction

Some physical problem can be though as discrete or continuous depending on the scale of ob-
servation. However, some physical systems (in fact, I think that this is a generic behavior) exhibit
valid continuous model which do not work properly in some circumstances. In order to illustrate
the problem we discuss a specific example.

X.2 Origami of Graphene

Consider an inextensible membrane on a flat substrate. Can we describe a model for wrinkles
formation of the membrane on the substrate ?

The membrane that we consider can be think as a Graphene membrane for which we want to
develop a practical method for constructing folds and then origami of graphene. A graphene is a
typical discrete structure: this is an assembly of Carbon atoms which are positioned at the edges of
an hexagonal lattice.

Figure X.1: Representation of a Graphene

The basic idea is first to find a procedure to create wrinkles of Graphene by compression.
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Figure X.2: Creating wrinkles of Graphene

Our main objective is to discuss the modeling of such a deformation of a Graphene plate.

X.3 A continuous model: Graphene as an inextensible membrane

A classical model used to study deformation of Graphene is a continuous one. One can identify
a Graphene with a continuous membrane possessing some particular material properties. We
refer to the article of D. Mumford (|79, p.500-501|) and the review paper of S. Matsutani |77] for an
historical account of this problem as well as a derivation of the equations.

Let (z,y,2) € R? be a coordinates system. We assume for simplicity that compression will
produce a deformation along the = axis in the direction z which is invariant under the perpendicular
direction y, i.e., a surface of the form (z(s),y, z(s)) for s € [0,1] where [ is the size of the wrinkle.
We denote by 7 : [0,1] — R? the mapping s +— (x(s),y(s)).

t(s) = 4(s), (X.3.1)

n(s) = t(s)*. (X.3.2)

We have
t =kn, n = —kt, (X.3.3)

where £(s) is the curvature of v at point v(s).

We consider deformations of the curve of the form

v5(s) = v(s) + d(s)n(s). (X.3.4)
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X.3. A continuous model: Graphene as an inextensible membrane

. (s
Deformation ————_ n(s)

As a consequence, we obtain
vs =t+d'n— 6kt = (1 — 0k, t+d'n), (X.3.5)

where (-, -) is the usual scalar product on R?.

We look for deformation preserving the arc length, i.e.,

[ as= [ as (X.3.6)

where § is the curvilinear coordinate on ~s.

Condition (X.3.6) is equivalent to
/5/€ds =0. (X.3.7)
.

The one dimensional profile of the membrane at equilibrium can be obtained from the energy

functional defined by

C

l
L) =5 /0 K%(s) ds — ol(h), (X.3.8)

where s is the curvilinear coordinate on the profile I'y, £(s) is the curvature of y at point s, C'is the
curvature rigidity constant, o is the tension and I(y) the length of I', between s =0 and s = .

By definition of the curvature and length, we have:

7' (s) - J"(s)
(()2)*?

J= < Y (1] > , (X.3.10)

b
I(y) = / V7 (5)ds. (X.3.11)

We then introduce the Lagrangian L : R? x R? x R? — R defined by

k(s) = —

(X.3.9)

where

and

v Jw)?
L(z,v,w) = g((vi)ff) — V2, (X.3.12)

where we denote by z = (z1,x2), v = (v1,v2) and w = (w1, ws) the variables and v? = v% + v3.
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Minimizing the energy functional (X.3.8), we obtain the following Euler-Lagrange equation

2
5l = 5 (Gt + 5 (G tn) =0, (X313)
where x(s) = ((s),7/(5),7"(s))-
As
Jw (v - Jw v Jw)v v Ju(v-Jw
8,L =0, 9,L=C ((02)3 ) 50! (v2)4) to = awL:C((UQ)B), (X.3.14)
we obtain
N P S G I G 0 e A SRS B e A O e 40 N
= |y Oy = O {(7,2)3 H —0. (X.3.15)

X.4 Breaking of the continuous model: high curvature

A basic question is: What is the validity of such a continuous model ?

In fact, it has been shown [72] that the previous continuous model is valid as long as the curva-
ture of the underlying Graphene membrane is less or equal to a critical value denoted kit in the
following. In such a case, the microscopic structure of the membrane must be taken into account.
This microscopic structure is characterized by a characteristic scale denoted h in the following
corresponding to the mean distance between two atoms in the structure.

As a consequence, when we consider a membrane 7y which is plane at the beginning of the de-
formation, the previous model can be used. During the process appears one time t.; for which the
curvature of the membrane ~y; possess at least one point where the curvature x(7;) is greater or equal
to Kerit-

One point is not sufficient in order to jump to a discrete modeling. Indeed, as the membrane has
a characteristic scale h, we consider that a phenomenon which appears at a scale, i.e., over a portion
of the continuous membrane representation, less than A can not be covered by a discrete model.
Assuming that the critical curvature is obtained over a length [ > h, one have to replace this part
by a discrete model. We denote by s, 5, the first time were such a configuration is obtained for ;.

How to proceed for the construction of the discrete model 7

We propose a construction in the following section.

X.5 Building a mixed continuous/discrete model

A portion of the membrane is obtained between two curvilinear coordinates [a, b] with b —a > h.
We then introduce a time scale Ty, 3 5 over [a,b] such that t) = a, t1 = a+ h and t; = a + ih for
i such that a +ih < b. We denote by N — 1 the maximal value of ¢ and by ¢ty = b. The mapping
Yecrien * Llap),n — R produce N — 1 points between v, , (@) and 7z, , (b).
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X.5. Building a mixed continuous/discrete model

The idea is then to replace the continuous model over T, ; be a discrete one, by returning
to a description of the mechanical behavior between atoms using elastic forces between them, then
recovering a continuous model for the vibrating string or more precisely a discrete version of the con-
tinuous Eringen’s nonlocal elastica obtained by N. Challamel in [22]| and discussed in hariz-cresson.
In such a configuration, we then have:

- A continuous model over [0,1] \ [a, b],

- A discrete model over Tq g -

Of course, the previous modeling can evolve with time as other parts of the continuous represen-
tative membrane can reach the critical observation scale for the curvature.

Such a mixing between a continuous and a discrete modeling can be manage by using time-scale
calculus which was introduced by S. Hilger in 1988 (see [51], [52]). We refer to the book [2]| for an
overview.

It seems clear that most of material exhibit phenomena which are very similar to the previous

problem of the deformation of a Graphene structure. The development of tools to deal efficiently
with such dynamical systems mixing continuous and discrete systems is then need.
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- Abstract ~N

High-order embedding formalism, Noether’s theorem on time scales and Eringen’s
nonlocal elastica

The aim of this thesis is to deal with the connection between continuous and discrete versions
of a given object. This connection can be studied in two different directions: one going from a
continuous setting to a discrete analogue, and in a symmetric way, from a discrete setting to a
continuous one. The first procedure is typically used in numerical analysis in order to construct
numerical integrators and the second one is typical of continuous modeling for the study of
micro-structured materials.

In this manuscript, we focus our attention on three distinct problems. In the first part, we
propose a general framework precising different ways to derive a discrete version of a differential
equation called discrete embedding formalism. More precisely, we exhibit three main discrete
associate: the differential, integral or variational structure in both classical and high-order
approximations. The second part focuses on the preservation of symmetries for discrete versions
of Lagrangian and Hamiltonian systems, i.e., the discrete analogue of Noether’s theorem. Finally,
the third part applies these results in mechanics, i.e., the problem studied by N. Challamel,
Kocsis and Wang called Eringen’s nonlocal elastica equation which can be obtained by the
continualization method. Precisely, we construct a discrete version of Eringen’s nonlocal elastica
then we study the difference with Challamel’s proposal.

Keywords: Discrete embedding, variational integrators, high-order calculus, time scale calcu-
lus, calculus of variations, group of symmetries , Lagrangian and Hamiltonian systems, FEuler-
Lagrange equation, Noether’s theorem, constant of motions, variational principle, variational
integrating factor, Eringen’s nonlocal elastica. )




- Résume ~N

Formalisme de prolongement d’ordre élevé, théoréme de Noether sur des échelle
de temps et élasticité nonlocale d’Eringen.

Le but de cette thése est de traiter la connexion entre les versions continues et discrétes
d’une équation différentielle dans deux directions. Cette connexion peut étre étudiée dans deux
directions différentes : 1'une allant d’un cadre continu & un analogue discret, et symétrique-
ment, d'un cadre discret & un continu. La premiére procédure est généralement utilisée en
analyse numérique pour construire des intégrateurs numériques et la deuxiéme est typique de la
modélisation continue pour I’étude des matériaux micro-structurés.

Dans ce manuscrit, nous concentrons notre attention sur trois problémes distincts. Dans la
premiére partie, nous proposons un cadre général précisant différentes maniéres pour dériver une
version discréte d’une équation différentielle appelée formalisme de plongement discrets. Plus
précisément, nous exhibons trois principaux discrets associés: la structure différentielle, inté-
grale ou variationnelle dans les approximations classiques et d’ordre élevé. La deuxiéme partie
se concentre sur la préservation des symétries pour des systémes lagrangiens et hamiltoniens dis-
crétes, c’est-a-dire, 'analogue discret du théoréme de Noether. La troisiéme partie, finalement,
applique ces résultats en mécanique, c’est-a-dire, le probléme étudié par N. Challamel, Kocsis et
Wang appelé I'équation élasticité non locale d’Eringen qui peut étre obtenu par la méthode de
continualization. Précisément, nous construisons une version discréte de 1’élasticité non locale
d’Eringen puis nous étudions la différence avec le schéma proposé par Challamel.

Mots clés: Plongement discret, intégrateurs variationnelle, calcul d’ordre élevé, calcul time
scale, calcul des variations, groupe de symétries, systémes lagrangien et hamiltonien, équation
d’Euler-Lagrange, théoréme de Noether, constante de mouvement, principe variationnel, facteur
intégrant variationnel, élasticité non locale d’Eringen, )
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