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Abstract

A geometrical approach for one-sided constraints is given. The Riemannian
metric is used in order to define convenient projectors which give the post-
impulses in terms of the pre-impulses. A formulation of Carnot’s theorem
within this geometric framework is exhibited.

PACS numbers: 0320, 0570, 3510

1. Introduction: the problem of impulsive non-holonomic constraints

In [8,9] we have started a geometric study of mechanical systems subjected to impulsive
constraints, that is, those constraints which act instantaneously on the system, and produce
jumps of momenta. A typical example is a particle or a rigid body impacting against a
wall. The system could be submitted to additional non-holonomic constraints (imagine, for
instance, a collision of a rolling ball), and, moreover, after the collision, some new non-
holonomic constraints appearing there, could remain. This type of systems does not appear
to have received sufficient attention in the literature on geometric mechanics (see [12,20] as
exceptions). However, they have been studied extensively in classical books [2, 16,21], for
instance, and more recently see [5, 10, 15, 17, 18]. For more information about recent results
on rigid-body dynamics with impact see, for example [4, 19]. Not having a general enough
geometric framework within which to study them, makes it difficult to understand which part
of the ideas and techniques invented to describe such systems can be extended and used in
more general circumstances, such as those described at the end of this paper on time-dependent
impulsive non-holonomic constraints in mechanical systems.
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The problem of impulsive constraints in mechanical systems is a particular instance of
the more general problem of dynamical systems on manifolds having a boundary as well as
a family of submanifolds. For concreteness, let M be such a manifold, with boundary oM,
N = N, U---UN, afamily of submanifolds on M and let I" be a vector field on M. Manifolds
with a boundary will model situations where the state space of the system will be limited
by external causes (a wall or a collision for particle systems, a cut-off in the momenta for
Hamiltonian systems, inequality constraints for control systems, etc). The submanifolds Ny
model situations where, either we want the system to remain on them, such as permanent
non-holonomic constraints in Lagrangian mechanics determined by the rolling condition, etc,
or constraints that the system could encounter during its evolution. Imagine, for instance a
sphere that is moving without friction on a plane and in a certain region, the plane is rough
and the sphere starts rolling without sliding. In this case the interpretation of the submanifolds
N; will be that of impulsive non-holonomic constraints. The most hideous situations happen
along the intersections of the boundary with the submanifolds N;. It could perfectly well
happen that a trajectory of the dynamical systems ends up on a point in subsets of the form,
Ny N N, NaM. These situations are poorly understood and we will not dwell on them
here.

We can reproduce the above discussion first in Lagrangian dynamics. The practice and
experience with Lagrangian mechanics has produced a clear cut separation between holonomic
and non-holonomic constraints and impulsive and non-impulsive constraints. If Q denotes the
configuration space of a Lagrangian system, the first ones correspond to fixing a submanifold
N C TQ of the foom N = T P for some submanifold P C Q, whereas the non-holonomic
constraints will be determined by general submanifolds in 7 Q, for instance, linear non-
holonomic constraints are defined by a distribution D C 7 Q. On the other hand, impulsive
holonomic constraints are modelled by a boundary in the manifold Q. This boundarydQ C Q,
induces a boundary on 7' Q which is the restriction T Q of the bundle 7' Q to 9 Q. Impulsive
non-holonomic constraints will be correspondingly modelled by more general boundaries on
T Q (i.e. given submanifolds in 7 Q). Needless to say all of these notions can be (and in many
applications are in fact) time-dependent. Think, for instance, of a chart that is moving along a
ramp with a ball jumping on top of it. The difference between non-holonomic constraints as
submanifolds of 7' Q and impulsive non-holonomic constraints is that ordinary non-holonomic
constraints are assumed to be permanent, i.e. the integral curves of the system must always lie
on the submanifold N, whereas, the impulsive non-holonomic constraints act only when (and
possibly after) the system hits the submanifold N.

The general problem of modelling a dynamical system on a manifold M with boundary
dM poses the problem of being more precise about the meaning of dynamics. Because the
initial-value problem for a vector field I' on such space does not have solution in general,
we cannot simply associate evolution with such an object. Further information is needed.
Obviously the problem for defining evolution (even locally) occurs in M U Ny U --- U N,,
because elsewhere in M the Cauchy problem always has a local solution. We shall assume
for the moment that the boundary d M is a smooth manifold of codimension one of M. The
restriction of the vector field to Ty, M is notin general tangent to d M. If this were the case there
will be no problem at all and the dynamics will be well defined by a flow on the manifold M that
will restrict to the invariant submanifold 0 M. In contrast, hitting the boundary means that the
system is interacting with some ‘external world’ that we do not want, or we cannot, describe
in detail. However, we can model what the consequences of this interaction will be. Changes
in the state of the system are expected. It is plausible to assume that these changes are of an
instantaneous nature. An instantaneous change, like the one happening with an ideal collision
in a wall, will be modelled by a map A: dM — 9dM, that will tell us where in state space the
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system will emerge once it hits the boundary. If the system after hitting the boundary is going
to remain on the boundary it will be modelled by a one-parameter family of diffeomorphisms
on the boundary A, that will describe how the state on the boundary evolves as the time passes.
This situation will correspond, for instance, to when the system gets trapped in the boundary.
Such a situation will occur, for instance, in a completely inelastic collision along the normal
component to a wall. The geometrical model for such an example will consist of a vector field
["ya on d M and the collision with the boundary will be described by projecting the vector field
I"|aa to T'ypr. Note that if the system starts in a state on the boundary the dynamical evolution
is given directly by I'y,,. The problem of non-holonomic constraints in Lagrangian dynamics
is exactly this. We shall think of the constraint submanifold N as the topological boundary of
the manifold 7 Q — N. Thus the dynamical system starting on a point in N is trapped by the
boundary. Specifying the dynamics consists in projecting the Euler—Lagrange vector field to
N.

We shall not address the general problem of dynamical systems on manifolds with
boundary and submanifolds here but, as in previous papers, we concentrate on mechanical
systems in the Lagrangian formalism. This approach will help us in comparing the scope of
geometrical methods with respect to classical treatments and to analyse particular examples
of interest. The mechanical systems considered here are described by a Lagrangian function
which is the kinetic energy of a Riemannian metric g on the configuration manifold Q minus
the potential energy V. The metric provided by the kinetic energy allows us to define projectors
whenever necessary, thus providing an effective way of defining the equations of motion in
the boundaries (or after the impulses).

The presence of boundaries also changes the notion of conserved quantities. Thus, a
function F on a manifold with a boundary which is invariant with respect to a vector field
" is not necessarily a constant of the motion. In fact, if the dynamics along the boundary,
the above-mentioned A map, for instance, is such that A*F # F, the function F will not
be constant along the trajectories of the system. In particular, in the Hamiltonian and/or
Lagrangian system, the energy of the system is not necessarily a constant of the motion. In
the Lagrangian formalism the kind of dynamics on the boundary which is assumed to occur
preserves the configuration manifold, i.e. if we have a manifold Q with boundary 9 Q, then
the map A: T390 — Ty Q must be such that Tp o A = 7y, in other words, after hitting
the boundary, the position of the system will not change instantaneously. It is obvious that
continuous functions on Q such as the potential energy will remain invariant under such kinds
of transformations.

A completely elastic collision against the wall will be described by the map A (g, vl+vt) =
(g, v! —vh), forallg € 9Q, v =v! + vt in 7,0 =T,00) ® T,(d 0)*. In this case, the
kinetic energy will also be preserved, and hence the total energy. However, in general this
does not have to be so. We will analyse the general situation for the change of the kinetic
energy under several impulsive constraints (or boundaries on 7 Q). In the simplest case of
holonomic boundaries this result is known as Carnot’s theorem (see, for instance, [15, 18]).
In this paper we will extend Carnot’s theorem to non-holonomic impulsive constraints,
and to the time-dependent holonomic and non-holonomic instantaneous constraints. Thus
we will show that Carnot’s theorem is a geometric consequence of the application of a
convenient orthogonal projection of velocities on the manifold, which is compatible with
the constraints.

It should be remarked that the approach in this paper differs from that in [8, 9], where we
worked on the phase space, while we are now working on the configuration manifold itself.
Indeed, the present approach permits the explanation of Carnot’s theorem according to classical
textbooks and, in addition, it simplifies the computations of the projectors.
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The paper is organized as follows. In section 2 we briefly recall the basic ingredients
of non-holonomic and impulsive constraints. Section 3 is devoted to studying the case of
time-independent holonomic one-sided constraints and to derive different versions of Carnot’s
theorem (theorems 3.2, 3.6, 3.9 and 3.11). The time-dependent case is discussed in section 4.
Several examples are given in the paper in order to illustrate the results.

2. Classical mechanical systems

2.1. Mechanical systems

Let Q be a differentiable manifold of dimension n, with local coordinates (¢). We consider
fibred coordinates (g‘, ¢') on the tangent bundle TQ such that the canonical projection
79 : TQ —> Qreadsas 19(q', ¢') = (¢').

A classical mechanical system is determined by a Lagrangian function

L(v) =38, v) — (V o19)(v) veTQ (1)

where g is a Riemannian metric on Q, and V is a function on the configuration space Q (the
potential).
The Euler—Lagrange equations for this Lagrangian L,

d /oL oL )
—[—)—-——=0 1<i<n
dr \ 94" aq"

take the form

A%

9q7 @

§' + T’ q" = —g"

where F;k are the Christoffel symbols of the Levi-Civita connection V determined by g. In
terms of the Levi-Civita connection we can rewrite equation (2) in a more compact and intrinsic
way. Indeed, acurve c : I —> Q of class C2, ¢(t) = (¢'(¢), ..., q"(t)), is a solution for the
Lagrangian system if and only if

Ve é(t) = —grad V (c(1))

where the gradient is considered with respect to g (see [1]).

2.2. Non-holonomic mechanical systems

Suppose in addition that the system is subjected to non-holonomic constraints ¢* : T Q — R,
1 < a < m, that define a submanifold N = {v € TQ|¢*(v) =0,a=1,...,m}of TQ. In
this case, not all the velocities are admissible but only those compatible with the constraints.

The non-holonomic constraints usually found in mechanics are linear in the velocities,
that is, they are of the form

?“(q,9) = né(@)q’ 1<a<m.

As is well known the equations of motion for the non-holonomic problem can be derived from
d’ Alembert’s principle:

d (oL LT, . o 5
ar\agi ) g |°1 T

where 8¢° denotes the virtual displacements, verifying

uisq' =0. (4)
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(We will assume that the system is not subjected to non-conservative forces.) In terms of
Lagrange multipliers we deduce that

d /oL oL e
dr \agi ) ~ agn ~ et
From a more geometrical point of view the linear constraints are determined by prescribing

a distribution D on Q of dimension n — m such that the annihilator of D is locally given
by

D’ = (u' = ptdq'; 1 < a < m)
with 1% a family of independent 1-forms on Q. In this manner, the solutions of the non-
holonomic Lagrangian system satisfy

Vewé(t) = — grad V(c)) + A1) (1) € Dugy )

where A is a section of D+ along ¢ and, D+ denotes the orthogonal complement of D with
respect to the metric g.

Since g is a Riemannian metric, the m x m matrix (C*?) = (u¢g" u_’j ) is symmetric and
regular. Therefore, we can obtain the Lagrange multipliers as

i -1 _ R LY Y S | a S it b
A(g' (1), 4" (1) = Cap (( Ud’a” — ¢ 8qj)u, +4'q qu>Z
where (C,;) is the inverse matrix of (C?) and, the vector field Z¢ is defined by
g(Z%,Y) = u“(Y) for any vectorfield Y 1 <a <m
thatis, Z¢ is the gradient of the 1-form u“. Thus, Dt = (Z%,1 < a < m. Inlocal coordinates,
we have
70 — oli ﬂi

By using the metric g and the distribution D we can obtain two complementary orthogonal
projectors

P:TQ—>D
Q:TQ—)DJ‘

with respect to g.
A direct computation shows that the projector Q is given by

Q=CuZ'®u’.

Using these projectors we have that the equations of motion are the following. A curve
c(t) is a motion for the non-holonomic system if it satisfies the constraints, say, ¢“(¢(¢)) = 0,
for all a, and, in addition, the ‘projected equation of motion’

P(Vew ¢(t)) = —P(grad V(c(1)))
is fulfilled. But these conditions are equivalent to

é(t) € Deqry Vi é(t) = —P(grad V(c(1)))
where V is the modified linear connection defined by

VxY = VY +(VxQ)(Y)
for all vector fields X and Y on Q (see [7, 13] for more details).
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Remark 2.1. Another possible approach to the Lagrangian formulation of the dynamics of
systems with non-holonomic constraints is Hamel’s method of quasi-coordinates (or pseudo-
coordinates). It was revisited by Koiller [11] (see also [3]) in terms of principal bundles (see
also [14]), and this analysis gave a new impulse to the study of non-holonomic systems. A
recent collection of papers on the subject is [6].

2.3. Impulsive constraints

Consider a Lagrangian system subjected to m permanent non-holonomic constraints ¢¢ =
M?q'i, 1 < a < m. Suppose that at time 7y new constraints pA = viA (@4, 0 < A< are
instantaneously imposed on the system. (Without loss of generality, in the following, we will
assume that these new constraints and the permanent ones are independent.) Therefore, the
virtual displacements must verify (4) and in addition the equations

visq' = 0.

Now, if ¢(t) = (¢'(t),q*(t),...,q"(t)) is a trajectory of the system (subjected to
permanent constraints ¢ and impulsive constraints WA at time 7y), then for all intervals [71, 2]
in its domain, we must have

2L . AL .
—8q' )+ —64"(t) | =0
n Log' ag'

where 8¢’ (1) is any variation with fixed points at #; and 7, and, moreover, ¢3¢’ (t) = 0,
1 <a<mandv8q'(tp) =0,0 < A <L
In particular, with #; = ty) — € and 1, = 1y + €, it follows that

A . e d /9L .
pi(to +€)8q' (tg + €) — pi(ty — €)8q' (19 — €) =/ — | ==dq" ) dt
n—e 4 \94g'

fte 'd /9L oL .
= / |:— (f)——4:|8qldl‘.
n—e LA \9g' aq’

The last term is zero using d’ Alembert’s principle for any admissible variations. Now, taking
limits as € tends to zero, we have that

Apidg" = (pi(t) — pilty )8q" (o) =0
or, by using Lagrange multipliers,
Api = haptf + v,
But p; = g;;¢’, so that we have
A" =4 (10) = 4" (tg) = hag" u§ + fag” vy ©)

where ¢’ (1) and ¢'(f,) are the velocities before and after the impulse, respectively (see
[15,18]).

Remark 2.2. The authors wish to thank an anonymous referee for pointing out to us the
justification of equation (6).

In the next sections we will apply the above formalism to several particular cases.
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3. Time-independent holonomic or non-holonomic instantaneous constraints

3.1. Mechanical systems subjected to a holonomic one-sided constraint. Carnot’s theorem

Consider a Lagrangian system subjected to m permanent non-holonomic linear constraints
¢° = 1?(q)¢" and in addition to a holonomic one-sided constraint W(g) > 0 (this would be
the case of collision with a fixed wall, for instance). The inequality W(g) > 0 determines a
closed subset of Q whose boundary N is a (n — 1)-dimensional submanifold of Q (see [9]).

From (5) and (6), the equations of motion of the non-holonomic system subjected to this
impulsive constraint are the following:

VeayC(t) = —grad V(c(r)) + A(¢(r)) and  é(t) € D(c(r)) if W(c(r) >0
Aé(t) = ¢(t™) — ¢(17) € D (c®) + T;)N if W(c(r)) =0.
Therefore, if c(t) = (g°(¢)) we have
y P _ QW
() —¢'(t7) = re8Y 1 + 8" PPk
Since ¢(t*) and ¢(t7) € D(c(t)) we deduce that
Aé(r) € P(T;)N)

c

or, equivalently,

Ac(t) = (i grad W — iCyp [ (grad W)] Zb)‘c(,) .

From this last equation we observe that, in order to know the post-velocities (after the impulse)
from the pre-velocities (before the impulse), it is only necessary to determine the remaining
Lagrange multiplier /t.

We are assuming that during the impact the unique impulsive force acting is due to the
restitution of the wall determined by W(g) > 0. Suppose that the restitution coefficient is
a e [0,1].

The submanifold N and the projector P determine two new complementary orthogonal
projectors along the points of N:

9:TQ — P(T'N)
P:TQ — (P(T*N)*
defined locally by
Q=C"'P(grad V) ® p )

where B(X) = g(P(grad W), X), for all X, C = g(P(grad ¥), P(grad ¥)) and P = id — Q.
Note that C # 0 since we are assuming that the 1-forms ©“ and d¥ are independent along N.

We assume that the normal components of the velocities before and after the impact are
related by the formula

ctHt = —a @)t (®)
where « is the restitution coefficient of the wall. In other words, we have
dW (@) = —ad¥ (¢(t7)). 9)

A direct computation, using (7) and the fact that ¢(¢7) and ¢(¢*) belong to D(c(t)), proves that
(9) is equivalent to

Q™) = —aQ(e(t)).
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Thus, since P(¢(t*)) = P(¢(+7)) we obtain that
) = (P —a Q) ). (10)
The following lemma will be useful in the proof of Carnot’s theorem.

Lemma 3.1. Let V be a real vector space endowed with an inner product { , ). Suppose that A
and B are orthogonal linear endomorphisms of V, that is, {(A(u), B(v)) =0, forallu,v € V,
and that (A + B)(v) = v, forany v € Im A @ Im B. Consider the endomorphism A — o3,
where a € [0, 1]. We have

1—
((A—aB)(v), (A—aB)()) — (v,v) = —TZ(A(U) —aBw) — v, A(v) —aB() — v)

forany v € Im A ® Im B.

Proof. Since v € Im .A @ Im B, we have that
((A=aB)(v), (A—aB)(®)) — (v,v) = (A= aB)(v), (A — aB)(v))
—(A(v) + B(v), A(v) + B(v))
= (a® — D{(B(), v).
Moreover,
(A(v) — aB) — v, A(v) — aB@) — v) = (1 +a)*(B(v), v).

The result now follows from both equalities. g

Theorem 3.2 (Standard Carnot’s theorem [15]). If T is the kinetic energy after the impulse,
Ty the kinetic energy before the impulse and T the kinetic energy of the loss in velocity, then
we have

l -«
TN —Ty=—

T
l+a

where o is the restitution coefficient of the wall.

Proof. Carnot’s theorem follows from (10) and lemma 3.1. Indeed, observe that
Ty = 58(¢(1%), ¢(tY)
Ty = 38((7), ¢(t)

Ti = 38(e(r") = ¢(t7), (™) = ¢(t7)). .

Remark 3.3. Note that, in order to obtain theorem 3.2, we have applied lemma 3.1 in a
particular case, when the two orthogonal endomorphisms fill up the whole tangent bundle.
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3.2. Mechanical systems subjected to instantaneous non-holonomic constraints

In this situation, we will assume that, apart of the holonomic one-sided constraint W(g) > 0,
non-holonomic linear constraints on the velocities are imposed instantaneously. Suppose that
these new constraints are given by

viq' d) =vieg 1T<A<LL
At any point g such that W(q) = 0, we consider the vector space F(q) annihilated by
(* =vtdg"),) I1<ALL
In this case, the equations of motion of the mechanical system are:
Vewy¢(t) = —grad V(c(t)) + A(c(t)) and ¢(t) € D(c(t)) if W(c()) >0
Aé(t) = é(t™) — ¢(t™) € DH(e() + Tig)N + F(c(1)) if W(c() =0.
Thus, if c(t) = (¢'(t)) we have
g = 4 (7) = Rag" i + fig” % +iiag vy
Using the same technique as above, we obtain that

Aé(t) € P(T )N + FH(c(1)))

C
or, equivalently,

Ac(t) = (Rgrad ¥ — ACupu (grad W) Z" + s Y = faCapn® ¥YHZ") )

where Y2, 1 < A <[ are the vector fields along N defined by g(YA, X) = vA(X), for any X.
In order to determine the Lagrange multipliers i and /i 4 it is necessary to use additional

physical conditions. In our case, we will suppose that the restitution coefficient of the wall is

« € [0, 1], and that the instantaneous non-holonomic constraints remain after the impulse.
Define the following complementary projectors along the points of N:

Q:TQ — P({IT*N+FhH
P:TQ — (P(T*N+FhH)*

Since the impulsive and permanent constraints are independent, we deduce that the 1-forms
{u?, dW, vB} are independent along the points of N. Thus, if Y = grad ¥ then the matrix

((CAB = g(P(Y%), P(YB))))0<A<B<1 is regular. Now, a direct computation shows that

Q= ) CasPO¥MHep”

0<A,B<I

where B8 (X) = g(P(Y?), X), for all X, and C, 5 denotes the entries of the inverse matrix of
the matrix (CA%).

Proposition 3.4. Assuming the above conditions, we obtain that
éth) =@ —al) (ct)) (11)
where

T= Y CoPO"Hep.

0<AKI
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Proof. From the construction of the projectors P and Q we have
P(e@™) =P)
and, consequently, we deduce that
¢t =Pet) + Q™)
=P(c@) + [ Y CasPOH® ﬁB} (€(r™)
0<A,B<!

=P N+ Y Cap[BPeN]PI?).

0<A,B<I

Since the non-holonomic instantaneous constraints are preserved after the impact we have
vAert) =0 1<ALI.

In addition, 84 — v4 € D°, 1 < A < I, since (B4 — vH)(X) = g(P(Y?), X) —vA(X) =
g(Y4, X) —v4(X) = 0if X € D. Therefore, we obtain

A =0 1<A<L

We are assuming that the normal components of the velocities before and after the impulse are
related by (8), which is in turn equivalent to

Q(e(th)) = —aQ(c(t7))
and hence
BUet)) = —aBctT)).

(Note that B° is the 1-form corresponding to P(Y9), according to the definition of the 84s.)
Finally, we have

ct) =P ) —a Y Cao[Bc N]PE). O

0<AKI

Lemma 3.5. P and T are orthogonal and (T +P)(X) = X, forall X e InP & Im 7.
Proof. The proof is straightforward from the local expressions of both projectors. O

Theorem 3.6 (Carnot’s theorem). If T is the kinetic energy after the impulse, Ty the kinetic
energy before the impulse and T the kinetic energy of the loss in velocity, and if the initial
velocity verifies ¢(t7) € ImP @ im7, we have

l—«

Ih—T)=— T

l+a

where « is the restitution coefficient of the wall.

Proof. The result follows from proposition 3.4 and lemmas 3.1 and 3.5. ]
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Example 3.7. While moving in a vertical plane x Oy a circular disc of radius R and mass m
hits a rough wall determined by the axis Ox. Assuming that the motion is planar, the system
possesses three degrees of freedom: the coordinates x and y of the centre of the disc and 6 the
angle between a point P of the disc and the axis Oy.

The system is described by the Lagrangian function

L= (&+57 +4%?)

where mk? denotes the moment of inertia of the disc. There are no permanent non-holonomic
constraints but, in addition, apart of the holonomic one-sided constraint ¥ = y — R we have
an impulsive constraint along the line y = R:

v! =% — R6.

Following the notation introduced above, we have

o139 19 R
m dy mdx  mk? 90
and
o ool 1/m 0
<CIO ol >= 0 k* + R?
mk?

Therefore, we obtain that

1o 1a R aN(™ ° dy
Q=(—r, -2 - i
mdy mox  mk? 90 0 dx — Rd6

R? + k?

~ d
T=—®dy.
dy

Consequently, we deduce that
(Cx(t%), 6y, co(th) = (P — aT) (Ex(t7), éy(t7), Co(t7))
and
R%¢.(t7) + Rk?¢o(t7)
R? + k?
¢y(t%) = —acy(t7)
R (t7) +K2¢q(t7)
R? +k?

where we have used the obvious notation for the velocity components. For pre-impact velocities
we have

Cx (t+) =

co(th) =

~ 0 o 0
ct)eImP®Im7 =(R— + —, —
dx 06 Jdy

and then

1 —
T —Tt ) = —ﬁT(é(f) —c)).
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Note that theorem 3.6 only holds for initial velocities in the Whitney sum of the images
of the projectors P and 7. For an extension to arbitrary initial velocities we will need a
generalization of lemma 3.1.

Lemma 3.8. Let V be a real vector space endowed with an inner product (, ). Assume that
A and B are orthogonal endomorphisms of V, that is, {(A(u), B(v)) = 0, for allu,v € V.
Consider the linear endomorphism A — a3, where a € [0, 1]. Suppose thatC =id — A— B
is orthogonal to A, then

((A—=aB)(v), (A—aB)(v)) — (v,v) = —TZ(A(U) —aBw) —v, A(v) —aB() —v)

2
—1—“<C(v), C(v)) — 2a(C(v), B(v))
+ o

forallv e V.
Proof. For any v € V we can put v = Av + Bv + Cv. Then
(A= aB)(v), (A—aB)(v)) — (v, v) = (A@), A)) +a*(B(v), B(v))
—(A®@) + B() + C(v), A(v) + B(v) + C(v))

= (@ = D(B(), B(v)) — (C(v), C(v)) — 2(B(v), C(v)).
Moreover,
(A() —aB() — v, A(v) —aB(v) —v)

= (1 +a)*(B(v), B)) +2(a + 1) (B(v), C(v)) + (C(v), C(v))
and the result follows. ]
Theorem 3.9 (Extended Carnot’s theorem). If T} is the kinetic energy after the impulse, Ty

the kinetic energy before the impulse, T; the kinetic energy of the loss in velocity and Tc is the
kinetic energy of the velocity C(¢(t7)) = ¢(t™) —P(¢(t™)) — 7 (¢(t7)), then

1— 2 -
z “1 Te — ag(T(c(t7)), CEt™)))

T —Ty=— - —
l+a o+

where o is the restitution coefficient of the wall.

Proof. It follows from lemma 3.8 and proposition 3.4. (|

Note that, in general, 7 and C = id — P — 7 are not orthogonal. Next, we will discuss
the case when both projectors are orthogonal.

Lemma 3.10. The following statements are equivalent:
(a) T and C are orthogonal;

(b) T = O;
(c) P(YY) € F.
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Proof.
(a) & (b)

Since P and 7 are orthogonal, then 7 and C are orthogonal iff

g(Tw),v) = g(Tw), 7))

for all u, v € Ty Q. This last condition is equivalent to
> CaP¥H =0

1<AI

which implies C40 = 0,1 < A < [.
Now, using that (C4%)o<a p<; is symmetric we deduce that CA° = 0, 1 < A <[ and that

_ 1
 g(P(gradW), P(gradV))’

Coo

Thus, T = Q B _
Conversely, if 7 = Q then

> CaP¥H =0

1<AKI

and therefore 7 and C are orthogonal.

(@) & (0
Since
= g(PY"), P(Y) = g(¥*, P(r%) = v (P(r’)
for 1 < A <1, we conclude that 7 and C are orthogonal if and only if P(Y?) € F. (|

Theorem 3.11. If P(Y°) € F then
¢t =P —ad)(ct))

and
l—« 20

I
l+o a+1
where o is the restitution coefficient of the wall.

T —Ty=—

Tc

Proof. It follows from theorem 3.9 and lemma 3.10. O

Example 3.12. Following example 3.7, suppose now that¢(z~) ¢ Im P@Im 7. This condition
is equivalent to ¢, (t7) # Rc'g~ (t7). Observe that in this case 7 = Q. The projection of the
initial velocity by C = Q — Q gives

k* R
(m(éx(t_) — Reg(17)), 0, _W(Cx(t_) - Réa(f_))>

k
and then
T, MK 7Y = Réa())?
= —— (¢4 — R¢ .
¢ T 202+ RY) ¢
From theorem 3.11, we have that
l -« 20
T, —Ty=— 1 — Tc.
l+a a+1
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Example 3.13. A sphere of radius » and mass 1 rolls without sliding on a horizontal plane.
At the instant 7, the sphere hits a rough wall determined by the plane x = 0 (see [15]).
The kinetic energy of the sphere is

T = (x +y +zZ +k2(a) + oy +a)2))
where w,, w, and w, are the angular velocities given by

wy = 6 cosy + @ sin @ sin Y

wy =0 siny — ¢sind cos Y

w, = @cosh +

and ¢, 6 and v are the Eulerian angles.
Since the point of contact of the sphere and the plane has zero velocity, we have the
following permanent constraints:

qbl:x—ra)y:O
P’ =V+rw,=0
¢ =z=0.

When the sphere hits the wall, apart of the holonomic one-sided constraint ¥ = x, the
following constraints are instantaneously imposed:

1/f1=y—ra)z=0

Vw0 (12)

We consider only ¢/* = W = x and v since 1/ is a linear combination of ¢! and y°.
Following the classical procedure, we introduce quasi-coordinates ‘q;’, ‘g>” and ‘g3’ such
that ‘g1 = wy, ‘¢2° = w, and ‘g3’ = w, (see [11, 14]). These last expressions only have a
symbolic meaning where we mterpret ‘dg;” and * f] , 1 <1 < 3, as adequate combinations
of the differentials and partial derivatives, respectively, of the Eulerian angles. Note that
{(,fx, 08}, 33Z, ‘02] ’, ‘&27 ’, ‘aag’} and {dx, dy, dz, ‘dql’ ‘dqz’ ‘dq3’} are dual bases.
The projector Q, obtalned from the permanent constraints, is given by

k2
2.2 0 0] fdx—rdg
QZ(i_Li,i.,.Li’i) k2 dy +rdg,
ax  k*dgqy’ 9y k%dq, 0z 0 212 d
0 0 1

From the constraints ¥° and /!, which are instantaneously imposed on the system, we obtain
the 1-forms:

V) = dx
v =dy —rdgs
and the associated vector fields from the metric g are:
yo— 2
ax

y! d r o
dy k20q;
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Therefore, we have
29 r ad
k2+r25+k2+r28_qz
r2 9 r d r o
K+r2dy  k2+r2dq; k2 dgs
Observe that P(Y°) e F, thatis, v! (P(Y?)) = 0.
Thus, the relations between the pre-impact and post-impact linear and angular velocities

are obtained from the equations:
2

PYY) =

P =

. r _
M=yt
. rr
Ay = 22
Az=0
—_— r 7
Aor ="yt
p— r 17
Awy = K242t
ro_
Aw, = _k_zl/Ll

where 1y and i are undetermined Lagrange multipliers.

In order to determine the Lagrange multipliers fip and ft; it is necessary to require
additional information about the system. Indeed, assume that the restitution coefficient
of the wall is o and that the instantaneous non-holonomic constraints remain after the
impulse. Under these conditions, if ¢(f)) = (Xo, Yo, 20, (@Wx)o, (®y)o, (®;)0) and ¢(t) =
(X1, Y1, 21, (@)1, (@y)1, (w;)1) are the linear and angular velocities before and after the impact,
respectively, then using that ¢’ (¢(ty)) = ¢ (¢(¢;)) = 0, we deduce that

fCl = —O[)'C()
1 —r(w) =0.

The 1-forms By and B, related to P(Y¥y) and P(Y)), respectively, by the musical
isomorphism induced by the metric g are:

L P

= X

0= k212 k2472 7
r? rk?

ﬂl = k2+V2 dy_k2+r2 dCIl_rd‘B~

Therefore, the projector Q is given by

k* +r? 0 r2 q rk? d
Q=4 r2 k2 +r2 x+k2+r2 a
- K> (k* +71?) r? q rk? d d
r2(2k? +r?) k2 +7r2 y- k2 +7r2 N =74

where

A r2 0 N r 0 r2 9 r d r o
C\K2+r20x  K24+r20qy K2 +r20y  K2+r23q) k2 dgs
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and the projector 7 = Q is
~ 1 0 0
T=——(r—+— rdx + k> dgy).
k2+r2< dx 8q2)®( 42)
Consider now a pre-impact velocity which verifies the permanent non-holonomic constraints,
that is,

(x()’ 5’0’ 07 _).’O/r, xO/r’ (wZ)O)‘
Then, if we project this velocity by P — 7 we obtain the post-impact velocities:

Xfl = —O[)'C()
o (k* +r?)yo + rk*(w.)o
N 2k? +r2
21=0
(@) = — (K +r?) 30 + rk* (@2)o
! r(2Kk% +12)
X
(@)1 =—a=>
(P +r)y0 + kA (w:)o
@) = e+
Observe that
a a 0 ad a ad ad
ImP = <k2— e R (KD — +r—>
ox 0q, 9z Oy aq ay g3
d
Im7 = <r— + —>
X 0q

and then
~ 0 d 0 0 d
(InP@®Im7)NImP = <r— +— P — —r— +r—>.
dx dg2 dy  dq1 g3
It is easy to prove that a pre-impact velocity belongs to (Im P & Im ’j') N Im P if and only if
yo = r(w;)o. Then, the relation between the kinetic energies would be

l—«
T\ —Ty=—

T;. (13)
l+a

In the case yg # r(w;)o, wWe needNto add an extra term to equation (13). For that, we first
find the projection by C = id — P — 7 = Q — 7 of the pre-impact velocities. We denote this
projection by (¢, yc, Zc, (wx)c, (wy)e, (w;)c) which is equal to

oL(y' _r(w))o_k—z(‘_ O_ﬂ~_
< Eyeppel el 20). 0. = (o r(®:)o), 0, r(2k2+r2)(y0 r(%)o))-
Next, we compute the kinetic energy T¢ for this velocity:

K&+

c (o — r(®:)0)*

T 222k + r2)
and then from theorem 3.11

1l—«a 20
T —Ty=— T, — Tc.
l+a o+1
Observe that for an elastic collision (¢ = 1) we have
K> +r%) )
h—To=-Tc= (Yo — r(@;)o)”

2122k +12)
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4. Time-dependent holonomic and non-holonomic instantaneous one-sided constraints

4.1. Mechanical systems subjected to a time-dependent holonomic one-sided constraint.
Carnot’s theorem

Assume that we have a time-dependent holonomic one-sided constraint defined by W (¢, g) > 0.
The constraint W determines an (n — 1)-dimensional unparametrized submanifold N, of Q for
any fixed time ¢. In fact, N, = {g € Q / ¥;(q) = V(¢,q) = 0}.

The equations of motion of the non-holonomic system subjected to this time-dependent
impulsive constraint are
Veny¢(t) = —grad V(c(t)) + A(¢(t)) and ¢(t) € D(c(2)) if W, ce() >0
Aé(t) = é(t™) — ¢(t™) € D (e(0) + TN if W, @) =0.

As in subsection 3.1 we have that
Aé(t) € P(T;)Ny)
or, equivalently,

Ac(t) = (i grad U, — iCapp” (grad \yl)zb)‘cm .

From this last equation we observe that, in order to know the post-velocities (after the impulse)
from the pre-velocities (before the impulse), it is only necessary to determine the remaining
Lagrange multiplier /t.

We also assume that during the impact the unique impulsive force acting is due to the
restitution of the wall determined by W(z, g) > 0.

By applying the techniques of the time-independent case, we construct the following
time-dependent projectors along the points of N;:

9,: TQ — P(T*N)
P:TQ — (P(TN))*

for all # € R. Therefore, we have P, (¢(1%)) = P, (¢(17)).
Let o be the restitution coefficient of the wall. The assumption now is that

)" = Viewy = =€) = Vi) 14)
where V{; (1)) is the instantaneous velocity of the wall. That is,
dW, (¢(t™) = AW (Vigeay) = —a@¥; (€(7) — d¥ (Vier)- (15)

IfC, = g(P(grad ¥,), P(grad W,)), W cry) = Ct’l[d\llt (Vit,e) 1P (grad ¥, ) (c(¢)) and ,BIO is
the 1-form given by ,B,O(X ) = g(P(grad ¥,), X), for all X, then we can rewrite equation (15)
as

BLe(t)) = —a B2(e(tT)) + (1 +a) BY (Wi ciry) (16)
or, equivalently,

O (¢(t) = O Wiern) = —a(Q: (¢t7)) = O (Werearyy))-
Note that if V(t,c(t)) € DC(,) then

BY(Viv.ein) = BY(Wer cary))

and, in this case, we could use V, .«)) instead of W () in all the computations.



1708 A Tbort et al

From the above equations, we have
ety = (P = aQ)é(t™) + (1 + @) Qi (Wi er)- (17

Observe that if we consider the velocity of ‘approach’ ¢w (t7) = ¢(t7) — Wi ¢+)), and the
velocity of ‘separation’ ¢y (t*) = ¢(t*) — W, c()) then equation (17) can be rewritten as

ew(r") = (P — a Q) (ew (7). (18)
Theorem 4.1 (Carnot’s theorem). Let

T{ = 58(¢(t) = Wacan» (%) = Werer)
be the kinetic energy of the velocity of ‘separation’,

Ty = 38(™) = Wiewn» ¢7) = W)
be the kinetic energy of the velocity of ‘approach’, and

Ty = 58(¢(t%) — é(t7), ¢(t™) — é(17))

be the kinetic energy due to the ‘loss of velocity’. Then, we have

T =1
! 0= Ty
Proof. It follows from lemma 3.1 and equation (18). O

4.2. Mechanical systems subjected to a time-dependent holonomic one-sided constraint and
non-holonomic instantaneous constraints. Carnot’s theorem

As in subsection 3.2 we will assume that non-holonomic linear constraints on the velocities
are imposed instantaneously, and that the wall is determined by a time-dependent holonomic
constraint W(z, g) > 0. If the non-holonomic constraints are given by

VA . = v d 1< A<I
we can consider for any (¢, ¢) such that W (¢, g) = 0 the vector space (F;)(g) annihilated by
(0 =Midgh)  1<A<L

The equations of motion for this mechanical system are:
Vewy¢(t) = —grad V(c(t)) + A(c(t)) and ¢(t) € D(c(t)) if W, c) >0
Aé(t) = ¢(t™) — ¢(t7) € DH(e() + T Ni + F-(c(1)) if W, @) =0.
We have again that
Aé(t) € P(T;) Ny + F-(c(D)).

C
In order to determine completely the velocities after the impulse from the velocities before
the impulse it is necessary to assume additional conditions, for instance, we will suppose that
the restitution coefficient of the wall is @ € [0, 1] and that the velocity after the impact is
annihilated by the non-holonomic instantaneous constraints.
Define the following time-dependent complementary orthogonal projectors:

Q:TQ — P(T*N,+F")
P :TQ —> (P(TTN,+F)*
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along the points of N;. For each t € R, denote by YIA, 0 < A < [, the vector fields along the
points of N; defined by

gX.Y)=XW)  g(X. ¥ =v'(X)
for all X and 1 < A < [. Then, the projector Q; is given by

Q= > CapP¥H®B’

0<A,B<I

where ﬂtB X)) = g(P(YtB ), X) for any vector field X, and (C4p); denote the entries of the
inverse matrix of the matrix whose entries are CA% = g(P(Y, tA), P(YP)).
We assume again that (14) holds, that is, we have

() = Vigeuy = =€ = Vi)
where « is the restitution coefficient of the wall. Then,
dW, (¢(t%)) — AW, (Vi) = —a(dW, (¢(17)) — d¥; (Vigciy))- (19)

In addition, we have the supplementary conditions

VA = Viewy) =0 1<ALL (20)
Denote
Weeon = Y. Can) 80, Vieon)] PORE).
0<A,B<I
Then,

Bl Wacan) =8V View))  0<A<I
or, in other words,
AW, (Viean) = B/ War.ewy) and Vv Viewn) = B Werery) <AL

Thus, since ¢(t*) € D(c(t)) and ¢(t7) € D(c(t)), we can rewrite equation (19) as

B(t™) = —a BT + (L+) B (W cay)- 2D
Also equation (20) is rewritten as

BA(t) — Wieyy) =0 I<ALL (22)
Proposition 4.2. Assuming the above conditions, we obtain that

ew(t) = B —aZ)éw () (23)
where

7 = (Ca0): PYH ® B?
0<ALI

Cw(t™) =¢(th) — Wy ey and cw (™) = ¢(t7) — Wi ewy)-
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Proof. Proceeding as in the proof of proposition 3.4 we deduce that

chy =Pt N+ Y. CaphBlEENHPEM.

0<A,B<I
Thus, using (21) and (22) it follows that
¢ty =P (1)) — aT;(¢(t7)) + T, (Wir,eay) + Qe (Wir.cryy)
=P — aT)(Ew () + Wicay
from which we obtain (23). O

Theorem 4.3 (Extended Carnot’s theorem). Let
T{ = 38(¢(t) = Wacan» (%) = Werer)
be the kinetic energy of the velocity of ‘separation’
Ty = 38E(™) = Wi et ¢7) = W)
be the kinetic energy of the velocity of ‘approach’
Ty = 38(c(r") — ¢(t7), e(r") = ¢(t7)
be the kinetic energy due to the ‘loss of velocity’ and C; = id — P, — 7,. Then
l—«a 200

T —T)=———T,

— T, — ag(T(cw @), Cr(éw ()

1+«

where Té, is the kinetic energy of the velocity C;(¢w (t7)).
Moreover, ifP(Y,O) € F;, we have

T — l -« T 20,
PO T e THa G
Proof. Similar to that of theorems 3.9 and 3.11. O

Example 4.4. We continue example 3.13 with the new assumption that the sphere hits the
moving wall given by x = f () (we assume thus that the trajectory of any individual particle
of the wall is perpendicular to the plane x = 0).

The kinetic energy and the permanent constraints are the same as in example 3.13, and
apart from the time-dependent holonomic one-sided constraint W = x — f () we have, as in
example 3.13, the instantaneous constraints ¥' and ¥ given by (12).

For any fixed time ¢, we have Q; = QQ and 7, =T, where Q and 7 are as in example 3.13.

The velocity of the wall is

Viewy = (f(1),0,0,0,0,0)
and
We ey = (f(£),0,0,0, £(t)/r,0).

Note that W, (), € F;, for all ¢.
Consider now a pre-impact velocity which verifies the permanent non-holonomic
constraints, that is,

(X0, Y0, 0, =Yo/r, Xo/r, (@;)0).
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If we express P, — a7, by means of a 6 x 6-matrix

2 yar? kr(l+a)
| v 0 0 0 ~ e 0
k22 kr k2r
O 1 - (k24r2)(2k2+r?) O (k241r2)(2k2+r?) O 2k2+r2
0 0 1 0 0 0
M= 0 S S Y C R e
(k2+r2) (2k2+12) (k2+r2) (2k2+12) 2k2+r2
r(a+l) k2 (a+1)
T2 0 O 0 1 - k2+r2 O
r k? K2 +r?
0 e 0 ~ 5 0 1= mr

then the relationship between the velocity of ‘separation’ and the velocity of ‘approach’ is
given by

(k1 = @), y1, 21, (@)1, (@)1 — f(0)/r, (@)1)

. o Yo ko — f (1)
= (xo_f(t)v yO’Ov_Ts fv(a)z)o M
As in example 3.13, for initial velocities satisfying yo = r(w;)o, we have that the relation
between the kinetic energies of the ‘separation’ and ‘approach’ velocities are
T T = -2
! O T !

and, if yy # r(w;)o, then

l+o a+1 ¢
where
kK2 (k% +r?)
r_ o 2
C’— - 2r2(2k2 + rz) (yO r(a)Z)O) .
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