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On the diophantine equation z? 4 5%17! = y"

Istvan Pink, Zsolt Rabai

Abstract. Consider the equation in the title in unknown integers (z, y, k,, n)
withz >1,y>1,n>3,k>0,1>0 and ged(z,y) = 1. Under the above
conditions we give all solutions of the title equation (see Theorem 1).

1 Introduction

There are many results concerning the generalized Ramanujan-Nagell equation
@+ D =y", (1)

where D > 0 is a given integer and x,y,n are positive integer unknowns with
n > 3. Results obtained for general superelliptic equations clearly provide effective
finiteness results for this equation, too (see for example [9], [45], [47], and the
references given there).

The first result concerning the above equation was due to V. A. Lebesque [28]
who proved that there are no solutions for D = 1. Ljunggren [29] solved (1) for
D = 2, and Nagell [39], [40] solved it for D = 3,4 and 5. In his elegant paper
[21], Cohn gave a fine summary of the earlier results on equation (1). Further, he
developed a method by which he found all solutions of the above equation for 77
positive values of D < 100. For D = 74 and D = 86, equation (1) was solved by
Mignotte and de Weger [35]. By using the theory of Galois representations and
modular forms Bennett and Skinner [8] solved (1) for D = 55 and D = 95. On
combining the theory of linear forms in logarithms with Bennett and Skinner’s
method and with several additional ideas, Bugeaud, Mignotte and Siksek [13] gave
all the solutions of (1) for the remaining 19 values of D < 100.

Let S = {p1,...,ps} denote a set of distinct primes and S the set of non-zero
integers composed only of primes from S. Put P := max{p1,...,ps} and denote by
Q@ the product of the primes of S. In recent years, equation (1) has been considered
also in the more general case when D is no longer fixed but D € S with D > 0.
It follows from Theorem 2 of [46] that in (1) n can be bounded from above by an
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effectively computable constant depending only on P and s. In [25] an effective
upper bound was derived for n which depends only on Q. Cohn [20] showed that
if D = 22%*1 then equation (1) has solutions only when n = 3 and in this case
there are three families of solutions. The case D = 2% were considered by Arif
and Abu Muriefah [2]. They conjectured that the only solutions are given by
(z,y) = (2F,22+1) and (x,y) = (11-2F"1 5. 22(-=1/3) with the latter solution
existing only when (k,n) = (3M + 1,3) for some integer M > 0. Partial results
towards this conjecture were obtained in [2] and [19] and it was finally proved by
Arif and Abu Muriefah [5]. Arif and Abu Muriefah [3] proved that if D = 32*+1
then (1) has exactly one infinite family of solutions. The case D = 32¥ has been
solved by Luca [31] under the additional hypothesis that « and y are coprime. In
fact in [32] Luca solved completely equation (1) if D = 223° and ged(z,y) = 1.
Abu Muriefah [1] established that equation (1) with D = 5% may have a solution
only if 5 divides « and p does not divide k for any odd prime p dividing n. The
case D = 293°5°7? with ged(z,y) = 1, where a, b, ¢, d are non-negative integers was
studied by Pink [41]. The cases when D = 7?¢ and D = 225" were also considered
by Luca and Togbe [33], [34]. For the case D = 2%5°13¢, see Goins, Luca and Togbe
[24], while if D = 5213, see [38]. The cases D = 2%11° and D = 5%11° have been
recently considered in [17] and [16], respectively. Let p > 5 be an odd prime with
p Z£ 7 (mod 8). Arif and Abu Muriefah [6] determined all solutions of the equation
22 4+ p?**1 = yn where ged(n,3hg) = 1 and n > 3. Here hg denotes the class
number of the field Q(,/—p). They also obtained partial results [4] if D = p?*,
where p is an odd prime. In the particular case when ged(x,y) = 1, D = p?, p
prime with 3 < p < 100, Le [27] gave all the solutions of equation (1). The case
D = p?* with 2 < p < 100 prime and ged(x,y) = 1 was considered by Bérczes and
Pink [10]. If in (1) D = a? with 3 < a <501 and a is odd then Tengely [48] solved
completely equation (1) under the assumption (x,y) € N2, ged(z,y) = 1. The
equation A* + B? = C" for AB # 0 and n > 4 was completely solved by Bennett,
Ellenberg and Nathan [7] (see also Ellenberg [23]). For related results concerning
equation (1) see [43], [44] and the references given there. For a survey concerning
equation (1) see [14].

2 Results
Consider the following equation

2?4 5F17 =y (2)
in integer unknowns x, y, k, [, n satisfying
x>1, y>1, n>3, k>0, [>0 and ged(z,y)=1. (3)

Theorem 1. Consider equation (2) satisfying (3). Then all solutions of equation (2)
are:

(z,y,k,1,n) € {(94,21,2,1,3), (2034,161, 3,2,3), (8,3,0,1,4)} .

Remark 1. We may assume without loss of generality that in (2) n > 5 prime or
n € {3,4}. The proof of our Theorem 1 is organized as follows. If n > 5 prime we
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use some properties of Lucas sequences, to derive a sharp upper bound for n (see
also Pink [41], Theorem 2). Then we apply the result of Bilu, Hanrot and Voutier
[11] concerning the existence of primitive prime divisors in Lucas sequences.

If n € {3,4} there is a general method for giving all solutions of equations of
the form 22 + p*¢! = y™. Namely the problem is reduced to finding S-integral
points on several elliptic curves, where S = {p,q}. This works well, but in some
cases the computation of the rank and the Mordell-Weil group becomes very time
consuming so we need another approach. By using the parametrization provided
by Lemma 1 we get several equations of the form

X +Y = 3u?,

where X, Y are S-units and S = {p,q}. These equations are considered locally
to get a contradiction or are transformed to Ljunggren-type equations. In fact, we
have to give all S-integral points on the resulting Ljunggren-type curves. Then,
using MAGMA we solve completely the equations under consideration.

3 Auxiliary results

Let S = {p1,...,ps} be aset of distinct primes and denote by S the set of non-zero
integers composed only of primes from S. Equation (2) is a special case of an
equation of the type

X?4+D=Y", (4)

where
ged(X,Y) =1 (5)

and
DeS, D>0, X>1, Y>1, n>3. (6)

The next lemma provides a parametrization for the solutions of equation (4).

Lemma 1. Suppose that equation (4) has a solution under the assumptions (5)
and (6) with n > 3 prime. Denote by d > 0 the square-free part of D = dc* and
let h be the class number of the field Q(v/—d). Then equation (5) has a solution
with d 7 (mod 8) in one of the following cases:

(a) there exist u,v € Z such that x + cv/—d = (u + vv/—d)" and y = u? + dv?.

(b) d =3 (mod 8) and there exist U,V € Z with U =V =1 (mod 2) such that
T+cy/—d= (7U+V2‘/jd>3 and y = W,

(c) n=3if D=3u?>+8 orif D =3u®+1 for some u € Z.

(d) n=>5if D e {19,341},

) plh.

Proof. This is a theorem of Cohn [22]. O
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Recall that a Lucas pair is a pair («, 8) of algebraic integers such that o+ and
a8 are non-zero coprime rational integers and «/f is not a root of unity. Given a
Lucas pair («, 3) one defines the corresponding sequence of Lucas numbers by

Ln:u,
a—p

A prime number p is called a primitive divisor of L,, if p divides L,, but does not
divide (v — 8)%Ly -+ Ly _1.

The next lemma gives a necessary condition for an odd prime p to be a primitive
prime divisor of the n-th term of a Lucas sequence if n is an odd prime. Namely
we have the following.

(n=0,1,2,...).

Lemma 2. Let L, = a:;_g" be a Lucas sequence and suppose that n is an odd
prime. Further, let A = (o — B)2. If p is a primitive prime divisor of L, then

n|lp— (%), where (5) denotes the Legendre symbol with respect to the prime p.
Proof. See Carmichael [18]. O

The next lemma is a deep result of Bilu, Hanrot and Voutier [11] concerning
the existence of primitive prime divisors in a Lucas sequence.

Lemma 3. Let L,, = L,(«a, B) be a Lucas sequence. If n > 5 is a prime then L,, has
a primitive prime divisor except for finitely many pairs («, 3) which are explicitly
determined in Table 1 of [11].

Proof. This follows from Theorem 1.4 of [11] and Theorem 1 of [49]. O

The following lemma of Holzer gives a criterium for the existence of solutions
of ternary quadratic equations.

Lemma 4. Let a,b,c be coprime integers, and consider the equation
ar® +by* +c2> =0 (7)

where x,y, z are unknown integers. If there is a non-trivial solution for (7), then
there is one satisfying

[ < Vlbel [yl < Vlacl, [z < V/]ab].

Proof. See [37]. O

4 Proof of the Theorem

We introduce some notations which will be used in the course of the proof of our
Theorem. Consider equation (2) satisfying the assumptions (3). Denote by d > 0
the square-free part of 517! that is 517! = d(5%17%)% where d € {1,5,17,85}
and a,b € Zso. Further, let K be the imaginary quadratic field K = Q(v/—d)
and denote by h the class number of K. As was mentioned in Remark 1, we have
to distinguish essentially three cases without loss of generality. Namely, we may
assume that in equation (2) n > 5 prime or n € {3,4}.
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Case 1: n > 5 prime. Suppose first that (2) holds satisfying (3) with n > 5 prime.
If in (2) y > 1 is even we obviously have that x is odd. Since for any odd integer ¢
we have t2 = 1 (mod 8) we get that 1 +d =0 (mod 8) by reducing (2) modulo 8.
This leads to d = 7 (mod 8) for d € {1,5,17,85} which is clearly a contradiction.
Hence in what follows we may assume that in (2) y > 1 is odd (and hence z > 1
is even). Since for d € {1,5,17,85} the class number of the field K = Q(v/—d) is
1or 2™ (m > 1) we get by Lemma 1 that equation (2) can have a solution under
assumption (3) with n > 5 prime only in the cases (a) and (d). Since £ > 1 and
I > 1 we see that in (2) D = 19 cannot occur. Further, if D = 341 = 11 - 31 then
since D = 5% - 17! this choice for D is impossible, too. Hence equation (2) can
have a solution only in case (a) of Lemma 1. Namely, using the parametrization
provided by Lemma 1 and taking complex conjugation, we get

(x+5%17°V—=d) = (u +vv—d)" and (x —5°17°V—=d) = (u —vvV/—d)" (8)

for some u, v € Z. Further, we also have y = u? + dv?. By (9) we see that u | z and
since y > 1 is odd and ged(x,y) = 1 we get that ged(2u,y) = 1. Let a = u+vy/—d
and 3 = u—vy/—d. Then ged(afB, a+ ) = ged(y, 2u) = 1. If a/B is a root of unity
then since n > 5 is prime we have a/f € {£1,+i} if d = 1. This leads to u =0 or
u = tv. Now u = 0 yields = 0 which is a contradiction by (4). If u = +v then
2 | y = u? 4+ v? which contradicts the fact that y is odd. If d € {5,17,85}, then o/
is a root of unity if a/8 € {£1}, which leads to either u =1,v =0 or u = 0,v = 1.
If u=1,v =0, then we get a contradiction with y > 3. If u =0,v =1, then y =d
holds, which leads to a contradiction with ged(x,y) = 1. Thus

(u+vv—d)" — (u — vy/—d)"

L, =
20y —d

)

is a Lucas sequence.

Further, by (9) we have
57170
W
for some non-negative integers a,b. By Lemma 3 we get that L,, has a primitive
divisor for n > 5 prime. Also the only prime divisors of L, can be 5 or 17. By
Lemma 2 we get that if p is a primitive divisor of L, then p = £+1 (mod n), so
n | p£ 1 holds. Since p € {5,17}, we have that one of the following cases holds:

Ly,

n|4=2% n|6=2-3, n|l6=2* n|[18=2-37

Since n > 5 we get a contradiction for all cases, which implies that (2) does not
have a solution for n > 5.

Case 2: n = 3. At first, we point out that the usual method concerning the search
for S-integral points on certain elliptic curves proves to be time consuming in this
case, so we show a different approach.

By Lemma 1, we see that

x4 517"V —=d = (u+vV—d)? (10)
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holds, where d € {1,5,17,85} and u,v € Z. After expanding the right handside of
equation (10), and comparing the imaginary parts, we get that

5717" = v(3u? — dv?). (11)

In (11) ged(v, 3u? — dv?) = 1 holds, since otherwise we would get ged(u,v) # 1,
which implies ged(x, y) # 1, which is clearly a contradiction. From this, we get the
following type of equations:

(12)

3u2 — dv? = f
v=g

where

(f,9) € {(£1,£5%17%), (£5%, £17), (£17°, £5), (£5°17°, +1)} .

Since d € {1,5,17,85}, we get a total of 16 cases, we have to deal with. We will
illustrate the method in one of the more interesting cases, all the others can be
done in the same way. Let d = 5, f = +£17°, g = 5% From this, we get that

3u? — 5291 = 4£17° (13)

holds. Our main goal is to transform this to Ljunggren-type curves. To reduce the
number of curves, and so the time of the computation we write (13) to the form
of Az? + By? + Cz? = 0. Now using Holzer’s theorem (see Lemma 4) we get, that

(13) has a nontrivial solution if and only if b is odd and 3u? — 52¢+1 = —17° holds.
Now we transform this to the following type.
4
u \2 ; 51 ;
_ ritl +1
3(gem) =3 (m) -1 (14)

where i,j € {0,2}, and a = 4ay +i+1, b = 4b; +j + 1. So, the problem is reduced
to finding all the {17}-integral points on quartics of the form of
2 i+1y4 j+1 . 52 u
Iy =5"""X*—-177" ) i,5€{0,2}, WhereX:N—bzandY:NTbg.
Now, we can use MAGMA to determine all the solutions of the above equations.
Repeating this for all the 16 cases we get that all the solutions of (2) with n = 3
are:

(z,y,k,1,n) € {(94,21,2,1,3),(2034,161,3,2,3)} .

We point out that, in many of the above cases the method used can be combined
with local methods to simplify the computations. AMdemo

Case 3: n = 4. If n = 4 holds, then we can write the following:

y4 _ (E2 _ 5k17l
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which can be factored as
(y? — x)(y* + x) = 517", (15)

In (15) ged(y? — z,y? + 2) = 1 holds, else we would get a contradiction with
ged(z,y) = 1. So, we get that

vy —w=f
yt+r=g

where (f,g) € {(1,5%17"), (5%,17"), (17%,5%), (5¥17',1)}. Now, by adding the first
equation to the second, we get, that

20 =f+g

holds. Now using the same method as in the n = 3 case we get that with n =4 all
the solutions of (2) are

(x7 y’ k7l’ n) € {(8’ 3’ 07 174)} °
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General theory of Lie derivatives for Lorentz tensors

Lorenzo Fatibene, Mauro Francaviglia

Abstract. We show how the ad hoc prescriptions appearing in 2001 for the
Lie derivative of Lorentz tensors are a direct consequence of the Kosmann
lift defined earlier, in a much more general setting encompassing older re-
sults of Y. Kosmann about Lie derivatives of spinors.

1 Introduction

The geometric theory of Lie derivatives of spinor fields is an old and intriguing
issue that is relevant in many contexts, among which we quote the applications in
Supersymmetry (see [5], [22]) and the problem of separation of variables of Dirac
equation (see [10]). It is as well essential for the understanding of the general
foundations of the theory of spinor fields and, eventually, of General Relativity
as a whole. We stress that despite spinor fields can be endowed with a correct
physical interpretation only in a quantum framework, this quantum field theory is
obtained by quantization procedures from a classical variational problem. Hence
even if a classical field theory describing spinors is not endowed with a direct phys-
ical interpretation its variational issues (field equations and conserved quantities)
are mathematically interesting on their own as well as they have important conse-
quences on the corresponding quantum field theory.

The situation in Minkowski spacetime (as well as on other maximally symmetric
spaces) is pretty well established and it is based on the existence of sufficiently many
Killing vectors £. The problem of Lie derivatives arises when one wants to generalize
these arguments to more general spacetimes, i.e. when Killing vectors are less than
enough, or when coupling with gravity, i.e. when the metric background cannot
be regarded as being fixed a priori but it has to be determined dynamically by
field equations. A definition for Lie derivatives of spinors along generic spacetime
vector fields, not necessarily Killing ones, on a general curved spacetime was already
proposed in 1971 by Y. Kosmann (see [16], [17], [18], [19]) by an ad hoc prescription.
In 1996 we and coauthors (see also [12]) provided a geometric framework which

2010 MSC: 14D21, 22E70, 15A66
Key words: Lie derivative of spinors, Kosmann lift, Lorentz objects
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justifies the ad hoc prescription within the general framework of Lie derivatives on
fiber bundles (see also [24], [23] and [2]) in the explicit context of gauge natural
bundles [15] which turn out to be the most appropriate arena for (gauge-covariant)
field theories [6].

The key point is the construction of the (generalized) Kosmann lift (so-called by
us in honour of the original ad hoc prescription) which is induced by any spacetime
frame. This lift is defined on any principal bundle ¥ having the special orthogo-
nal group as structure group in any dimension and signature. According to this
prescription a spacetime vector field £ is uniquely lifted to a bundle vector field éz.

This lift éz on the principal bundle ¥ defines in turn the Lie derivative operator
on sections of any fiber bundle associated to 3, where objects like spinors or spin-
connections are defined as sections. Unfortunately, this Lie derivative is not natural,
in the sense that it does not preserve the commutator unless it is restricted to Killing
vectors only. However, we stress that an advantage of this framework consists in
showing and definitely explaining why there cannot be and in fact there is no
possible natural prescription for the Lie derivative of spinors. As a consequence,
one has to choose whether to restrict artificially to Killing vectors (which is certainly
physically impossible unless under extremely special conditions) or to learn how
to cope with the fact that spinors are non-natural objects. The gauge natural
formalism is a possible escape (see [3]). In any case unless restricting to very special
situation, one has to define Lie derivatives with respect to arbitrary spacetime
vector fields. Furthermore, even in special situations one can a posteriori restrict
the vector field to be Killing one (if any exists) in order to obtain a unifying view
on the matter, in which all Lie derivatives are obtained as a specialization of a
general notion.

The very same framework introduced for spinors provides a suitable arena to
deal with Lorentz tensors in GR. Similar approaches can be found in the literature
(see [27]) as well as more recently (see [21]). In GR there are many objects which are
endowed with specific transformation rules with respect to Lorentz transformations,
even though, of course, in GR these transformations cannot be implemented in
general by a subgroup of the whole group of all diffeomorphisms. Let us mention
e.g. tetrads and spin connections in a Cartan framework, where pointwise Lorentz
transformations act as a gauge group. This framework is also the kinematical
arena to define the self-dual formulation of GR that is the starting point of LQG
approach.

We shall here review the general theory of Lorentz tensors and their Lie deriva-
tive and compare with the direct and ad hoc method based on Killing vectors
appeared in [22]. The key issue consists in recognizing that Lorentz tensors are,
by definition, sections of some bundle associated to a suitable principal bundle
Y. by means of the appropriate tensorial representation of the appropriate special
orthogonal structure group.

2 The Kosmann lift

Let M be a m-dimensional manifold (which will be required to allow global metrics
of signature n = (r,s), with m = r + s). Let us denote by x* local coordinates
on M, which induce a basis 0, of tangent spaces; let L(M) denote the general
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frame bundle of M and set (z*,V}) for fibered coordinates on L(M). We can
define a right-invariant basis for vertical vectors on L(M)

0
ovy

py =V

The general frame bundle is natural (see [15]), hence any spacetime vector field
& = £M0), defines a natural lift on L(M)

£ =¢"0, + 0,8 pt

We stress that the lift vector field {c is global whenever ¢ is global.
A connection on L(M) is denoted by I'G, and it defines a lift

[':TM — TL(M) : €48, +— & (9, — T'8,05)

This lift does not in general preserve commutators, unless the connection is flat.

Ordinary tensors are sections of bundles associated to L(M). The connection
I'§,, induces connections on associated bundles and defines in turn the covariant
derivatives of ordinary tensors.

Example 1. For example, tensors of rank (1,1) are sections of the bundle T} (M)
associated to L(M) using the appropriate tensor representations, namely
A:GL(m) x V = V2 (JF ) otk = Jhg J]
where the bar denotes the inverse in GL(n,R).
The connection I on L(M) induces on this associated bundle the connection

[ e} 8
(D) = da* @ (au - (Fwtg o Fgut“y) atg)

which in turn defines the standard covariant derivative of such tensors:

0
Vet = Ti(€) - THT)(E) = € (dut + T35~ Tht2) o=
B

If a metric g = g, dz* ® dz” is given on M then its Christoffel symbols
define the Levi-Civita connection of the metric. Such a connection is torsionless
(i.e. symmetric in lower indices) and compatible with the metric, i.e. such that
ViGap = 0.

Let now (X, M,m,SO(n)) be a principal bundle over the manifold M and let

(z*,S) be (overdetermined) fibered “coordinates” on the principal bundle . We
can define a right-invariant pointwise basis o4 for vertical vectors on 3 by setting

0
d d d
Oab = Nd[aPp pp =S
“ [aFb) © 98P
where 7, is the canonical diagonal matrix of signature n = (r,s) and square

brackets denote skew-symmetrization over indices.
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A connection on ¥ is in the form
w = dz" & (8;1, - Wzbo-ab)

Also in this case the connection on ¥ induces connections on any associated bundle
and there defines covariant derivatives of sections.

A frame is a bundle map e : ¥ — L(M) which preserves the right action,
i.e. such

S — ¢ (M) y — % S L(M)
Rs Ri(s)
M———————M )Y ;)L(M)

i.e. eoRg = Ry(g)oe, where R denotes the relevant canonical right actions defined on
the principal bundles ¥ and L(M) and where i : SO(n) — GL(m) is the canonical
group inclusion. We stress that on any M which allows global metrics of signature n
the bundle ¥ can always be chosen so that there exist global frames; see [7]. Locally
the frame is represented by invertible matrices e/ and it defines a spacetime metric
Guv = €k Nap € which is called the induced metric.

As for the Levi-Civita connection, a frame defines a connection on X (called the
spin-connection of the frame) given by

wzb =el ( guebﬂ + d#eba) (1)

where I'g denote Christoffel symbols of the induced metric. The spin-connection
is compatible with the frame in the sense that

v o__ v v o_A c v —
Ve, =due, + 15,65 —waper =0

In general the (natural) lift € of a spacetime vector field & to L(M) is not adapted

to the image e(¥) C L(M) and thence it does not define any vector field on X.

With this notation the Kosmann lift of £ = £#0,, is defined by fx = 10, + £
(see [4]) where we set:

éab _ el[javufveb]p _ wzbgﬂ (2)

and where e = n%e" and €% denote the inverse frame matrix.

Let us stress that despite appearing so, the Kosmann lift (2) does not in fact
depend on the connection, but just on the frame and its first derivatives. The same
lift can be written as £% = Vibgal — wﬁbfu where we set {* = {Fej; since one can
prove that

Vil = el V el

Another useful equivalent expression for the Kosmann lift is giving the vertical

part of the lift with respect to the spin connection (see [6], pages 288-290), namely

Elvy = £ Wl = €V vt = Vit (3)
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This last expression is useful since it expresses a manifestly covariant quantity.

We have to stress that the Kosmann lift does not preserve commutators. In
fact if one considers two spacetime vectors £ and ¢ and computes the Kosmann lift
of the commutator [£, (] one can easily prove that

“ s 2 1, o
[gad K = [€K7CK] + §€a£<g )‘fgg/\gebﬁaab

Thence only if one restricts to Killing vectors (i.e. £¢g = 0) one recovers that the
lift preserves commutators.

3 The Lie Derivative of Lorentz Tensors

Let A be a representation (of rank (p,q)) of SO(n) over a suitable vector space
V. Let E4 be a basis of V so that a point ¢t € V is given by t = tAE4 and
A, t) = Aa(J)tE.

Example 2. For example, if V =T} (R™) ~ R™ @ R™ with coordinates ¢ we may
have -
A:SO(n) xV =V i (Jt) — JUSJ?

the bar denoting now the inverse in SO(n). This is the tensor representation of
rank (1,1).

Then, by definition, a Lorentz tensor is a section of the bundle ¥y = X x, V'
associated to A through the representation A. Fibered coordinates on ¥ are in the
form (z*,t4) and transition functions of ¥ act on ¥, through the representation \.

If we consider a global infinitesimal generator of automorphisms over ¥ (also
called a Lorentz transformation) locally expressed as

E = &M(@)0 + £ ()oa

(which projects over the spacetime vector field & = £#0,,) this induces a global
vector field over Xy locally given by

(1]

0

A= @)0u + S € =€ AR (D"
A

Let us remark that this vector field is linear in £.

Example 3. For example, if A is the tensor representation of rank (1, 1) given above,
then the induced vector field is

o | N
Ex=8R0u+ (&%t —t5 %)+

oty
where indices are lowered and raised by 7,

According to the general framework for Lie derivatives (see [24]) for a section
t: M — Xy :xt s (2,t%(z)) of the bundle Xy with respect to the (infinitesimal)
Lorentz tranformation Z, we find

0

£Et = Tt(g) — Ek ot = (EHdHtA — fabaab)\é(ﬂ)tB) at7 (4)
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Example 4. For example, if A is the tensor representation of rank (1, 1) given above
the Lie derivative of a section reads as

- 4C a . 0 a a- j¢ a .
Lzt = (E'duty — €.t + 1 §db) = = (&' utg — (E) uth + 1 (f(v))db)

ote oty

where (§v))%, = %, + w?,&" denotes the vertical part of = with respect to the
same connection used for the covariant derivative Vi = d tf + w®cut; — wpute.
Let us stress that in spite of its convenient connection-dependent expressions the
Lie derivative does not eventually depend on any connection (as it may seem from
our second expression).

Notice that this definition of Lie derivatives is natural, i.e. it preserves commu-

tators, namely
["Ean £52]U = "{:[51752]0- (5>

Unfortunately, Lorentz tranformations as introduced above have nothing to do
with coordinate transformations (or spacetime diffeomorphisms). They have been
introduced as gauge transformations acting pointwise and completely unrelated to
spacetime diffeomorphisms. Indeed the Lie derivative (4) can be performed with
respect to bundle vector fields = instead of spacetime vector fields and this is
completely counterintuitive if compared with what expected for spacetime objects
like, for example, spinors. These objects are in fact expected to react to spacetime
transformations; on the other hand, on a general spacetime there is nothing like
Lorentz transformations.

We shall hence define Lie derivatives of Lorentz tensors with respect to any
spacetime vector field and then show that in Minkowski spacetime, where Lorentz
trasformations are defined, these reproduce and extend the standard notion. The
price to be paid is loosing naturality like (5) (which will be retained only for Killing
vectors if Killing vectors exist on M).

Let us restrict to vector fields é  of ¥ which are the Kosmann lift of a spacetime
vector field £ and define the Lie derivative of the Lorentz tensor ¢ with respect to
the spacetime vector field £ to be

9
ot4

where €% is expressed in terms of the derivatives of ¢# (and the frame) as in (2).

Let = L, t = (E"dut" = EP 0 5(DE)

Example 5. For example, for Lorentz tensors of rank (1,1) we have
— m a Fa- 4c a fd- 9
Let= Lot = (5 duty = &%t +15 € b) i
b
m a £ a- yc a (& d- 0
= (5 Viuty = (§o)"e ty + ta (§v)) b) Fri
b

P
= (€"Vautf — Vel 1+t Vig") 50 =
b

= (Va (£%)) — V£ tf)

ot
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For a generic Lorentz tensor of any rank, similar terms arise one for each Lorentz
index.

Now since the Kosmann lift on ¥ does not preserve commutators these Lie
derivatives are not natural unless one artificially restricts £ to be a Killing vector
(of course provided M allows Killing vectors!). In fact, one has generically

Lt = Ligqut # Lige eyt = [Leer £, ] = [Le, £t

Example 6. One can try to specialize this to simple cases in order to make non-
naturality manifest. For example, if one considers a Lorentz vector v® and two
spacetime vector fields £ and ¢ one can easily check that

a a 1 (a3 aoc o _ax
Liequ = [£e, £Jv" + 7 (v7g7e — 07 g77e) Legpo £cgap

Let us remark that according to this expression when £ or { are Killing vectors of
the metric g commutators are preserved. Moreover, the extra term does not vanish
in general.

Of course, there are degenerate cases (e.g. setting & = () in which the extra
terms vanishes due to coefficients without requiring Killing vectors. However, in
this case also the other terms vanish.

4 Properties of Lie Derivatives of Lorentz Tensors
We shall prove here two important properties of Lie derivatives as defined above
(see, for example, [11], [14], [25], [26] and references quoted therein)

For the Lie derivative of a frame one has

Leel = Vel — V05 + (Ev))iel

If we are using, as we can always choose to do, the spin and the Levi-Civita connec-
tions for the relevant covariant derivatives, then Vyej; = 0. By using the Kosmann
lift (3) one easily obtains

Lee, = =V, + VP& ey, = =V, + Ve = =V (e =
1 a
= §£§gu)\e A

This expression holds true for any spacetime vector £ and of course it proves that
the Lie derivative vanishes along Killing vectors.

Let us stress that this last expression, obtained here from the general prescrip-
tion for the Lie derivative of Lorentz tensors, is trivial in view of the expression on
the induced metric as a function of the frame; in fact,

1
§£§gu>\ea>‘ = £5efbec)\ea)‘ = Lee,

For the second property we wish to prove let us first notice that the frame
induces an isomorphism between TM (on which one considers (z#,v") as fibered
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coordinates) and the bundle of Lorentz vectors ¥ x, R™ (on which (z*,v®) are
considered as fibered coordinates) by

@:TM—)EX,\Rm:v“»—)v“:eZv“
We can thence express the Lie derivative of a section v of ¥ xy R™ (i.e. a Lorentz

vector) in terms of the Lie derivative of the corresponding section of TM. In fact
one has:

£ev* ="V ,0% — ()i’ = Vi — VI, = Levtel + VD, =
1
= Levtey, — ieﬁi’gg”l’ef’,vb = Levte], + Leejvt (6)

Let us stress that these two properties hold true for any spacetime vector field &
and they specialize to the ones discussed in [22] for Killing vectors.

The origin and meaning of the Lie derivative (6) can be easily understood:
one has to take into account that if one drags £% along a vector field the overall
change of the object receives a contribution from how the vector changes but also
a contribution from how the frame changes.

Similar properties can be easily found for Lorentz tensors of any rank since the
frame transforms ordinary tensors into Lorentz tensors; e.g. one has

O th ot = eltGe)

5 Transformation of Lorentz Vectors in Minkowski Spacetime

Let us consider Minkowski spacetime M = R?* with the metric 7; being it con-
tractible any bundle over it is trivial. As a consequence we are forced to choose
Y = R* x SO(3,1). Since M = R* is parallelizable, its frame bundle is trivial,
i.e. L(R*) = R* x GL(4). Let us fix Cartesian coordinates z# on M = R* and let
us fix a frame e, = 0%0,,; such a frame induces the Minkowski metric 7, .

In such notation the Levi-Civita connection vanishes, I'g, = 0 and the spin

a

Mb = 0; the Kosman lift hence specializes to

connection too, w
fab b
leV) — ol Bvﬁfaeg]
Let us now consider a vector field £ the flow which is made of Lorentz coordinate

tranformations =/ = AlaY; since £ is of course a Killing vector, then the Lie
derivative of a Lorentz vector is

£ev® = E£evtel = (gaaaw - vaAg) 5 (7)

Such a Lie derivative corresponds to the trasformation rules
v/ = AP (8)

which is exactly as a vector is expected to trasform under a Lorentz coordinate
transformation.
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A similar result can be easily extended to covectors, tensors and, with slight
though obvious changes, to spinors. When ¢ is not Killing, however, the Lie deriva-
tive may not be the infinitesimal counterpart of a finite transformation rule as in (7)
and (8); in this case the traditional interpretation of Lie derivatives as a measure
of changing of objects dragged along spacetime vector fields fails to hold true. One
should however wonder whether such an interpretation is really fundamental to
many common uses of Lie derivatives. Our answer is in the negative as one can
argue by a detailed analysis of physical quantities containing Lie derivatives.

Lie derivatives appear, e.g., in Noether theorem; in this case they appear natu-
rally as a by-product of variational techniques. Here Noether currents turn out to
be expressed in terms of Lie derivatives expressed as in equation (4). The interpre-
tation of such Lie derivatives as measuring infinitesimal changes along symmetry
transformations is important since, based on that, one can relate Noether currents
to symmetries.

Now the essential point is that there is no reason to expect spacetime vector
fields to be the most general (infinitesimal) symmetries in Physics. Fundamentally
speaking, symmetries encode the observers’ freedom to set their conventions to
describe Physical world. While coordinates are certainly necessary conventions for
any observer (and hence general covariance principle is a fundamental symmetry
that should be expected in any physical system), special systems might need further
conventions which might result in independent class of symmetries (as it happens
in gauge theories, e.g. electromagnetism).

Of course, since these further conventions are independent of spacetime coor-
dinate fixing, gauge transformations cannot be expressed as spacetime diffeomor-
phisms, but they are expressed as field transformations. As such they are vector
fields on the configuration bundle, not on spacetime. It is hence reasonable and im-
portant to have a notion of Lie derivative of fields along bundle vectors, as in (4).
It is only in GR where symmetries come from spacetime vector fields that one
should expect Lie derivatives along spacetime vector fields and their interpretation
as quantities related to the spacetime geometry.

This more general situation, i.e. when the quantities entering Noether theorem
are interpreted as Lie derivatives of fields along bundle vectors, can be simply
discussed by considering a very well-known physical situation, i.e. covariant electro-
magnetism.

The electromagnetic field F,, = 0,4, — 0, A, is the curvature of a field 4,
which is usually known as a quadripotential and, as it is well known, is a connection
on a principal bundle P for the group U(1). This is the standard gauge approach
to electromagnetism. The Maxwell Lagrangian is

1
LM = _Z\/.aFy,VFH.V (9)
By variation one obtains
1
0Ly = —5\/§Ha55ga5 +V,.(gF")0A, =V, (VgF* 6A,) (10)

where we set Hog = FWF.“ 8 — in,,F.p ?guv for the standard energy-momentum
tensor of the electromagnetic field. The second term in (10) produces Maxwell
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equations, namely V, (\/§F “”) = 0. The third term relates to conservation laws
(see [6]).
The Lagrangian (9) is covariant with respect to the infinitesimal transformations

0
+ (9u€ — 0,87 Ay) DA
m

(1]

=< + 202" g™

w_ v
ozt dghv

which correspond to 1-parameter families of gauge transformations
o oI
o = (x)

' v
C0r 5970

/uv —
9 az'ed BB
ox?
A/M = 81;72”) (Al, =+ &,a(e))

Here the generator £# is related to the coordinate change z’* = :c’(‘; ) (z) while the
generator ¢ is related to the gauge transformation .

Let us remark that Z is a vector field on the configuration bundle (that is a
manifold with coordinates (z*, g"", A, )), not on spacetime. In a general situation
(namely unless the principal bundle P is assumed to be trivial) there is no way of
either lifting a spacetime vector field to the configuration bundle or globally setting
& = 0 so to split the vector = into a spacetime vector and a “gauge generator”. In a
physical language one usually says that the condition & = 0 is not gauge covariant
and hence local, unless there exist global gauges. (By the way, also when global
gauges exist, the condition is not gauge covariant and hence unphysical, from a
fundamental viewpoint.)

The Lie derivative of the field A, along the symmetry generator = is in this
case (see (4))

"€EA[L = f)‘F)\# - V,u (5 - 6)\14)\)

Noether theorem in this case shows (see again [6]) on-shell conservation of the
following Noether current

EH = —\/E(F‘Wf:EA,, + E#L]\/j)
In the special case when £* = 0 one has

&t = \/g(Fleuf) = Vu (\/EF‘“'O - VM (\/gFuy)f

The second term vanishes on-shell, thus one obtains

£ =V, (VGF"€)

The corresponding conserved quantity is

Qe =5 [ Vareds,
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where ds,, is the area element on the boundary of the 3-region ) of spacetime.
This is the electric charge defined a la Gauss.

This example shows clearly what happens in general when gauge transforma-
tions are allowed and symmetry generators live at bundle level: also in this case
Noether theorem involves Lie derivatives, though in the generalized sense intro-
duced above. In this case we are not dealing with Lorentz objects so one cannot

introduce Kosmann lift (or similar lifts) and reduce everything to spacetime vector
fields.

6 Applications

In order to provide an example of concrete aplication of our formalism here intro-
duced in action we shall here consider the application to the so called Holst’s action
principle (see [13]) which is used as an equivalent formulation of GR suitable for
developing LQG through the use of the Barbero-Immirzi connection (see [1], [20],
[8], [9] as well as references quoted therein).

Let us first consider tetrad-affine formulation of GR: the fundamental fields are
a Lorentz connection sz and a vielbein e* = e}, dz*. The connection defines the
curvature form R = $ R*,, dx# Adz”. Let us also set e = det [e?|, R, = R, e}
and R = R“blwegeg; here ej denotes the inverse frame matrix of el;. The frame
also defines a metric g, = eZnabef’, which in turn defines its Levi-Civita spacetime
connection FO‘M.

On a spacetime of dimension 4, let us consider the Lagrangian

Lig = Rab Aec A e? €abed

By variation we obtain
0Lia = —2ee€l ( ReZ) — €abedVp (eZeg) e“y’wéf‘zb—i—

+ €apedVyu (e ed5Fab) nvpa

Thus one obtains field equations
1
R, - fRe“ =

V[#( [C ]):O

The second field equation forces the connection to be the connection induced by
the frame I‘Zb = wzb (see eq. (1)); then the first equation forces the induced metric
to obey Einstein equations.

This field theory is dynamically equivalent to standard GR, in the sense that
it obeys equivalent field equations. However, the theory is in fact richer in its
physical interpretation, since the use of different variables and action principles
generate larger symmetry and extra conservation laws. In fact, this theory has a
bigger symmetry group being generally covariant and Lorentz covariant.

Noether theorem implies then conservation of the current

EW = deelel £ — €1 L4
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along any Lorentz gauge generator = = &0, + £€%g,,. The Lie derivative of a
connection is given by

£2T00 = PRy, +V,€7

fab _ ¢ab AThab
where we set {77 = £%% 4 TS,
Hence one obtains

1 A .
M = dee (R“M = QReZ) € — AV, (celicy) € + 4V, (echepé™)
The first and second terms vanish on-shell; hence one obtains
gh =4V, (eegegéab) (11)

Let us stress that this current depends only on the Lorentz generator é“b.

Here is the issue with physical interpretation: we have two equivalent formu-
lations of Einstein GR where Noether currents in one case depend on spacetime
vector fields while in tetrad-affine formulation Noether currents depend on Lorentz
generator which a priori has nothing to do with spacetime transformations. Let
us stress of course that unless the spacetime is Minkowski, there is no class of
spacetime diffeomorphisms representing Lorentz transformations.

Considering the dynamical equivalence at level of field equations and solution
space, one would like this equivalence to be extended at level of conservation laws.
Moreover, some of the conserved quantities in standard GR are known to be re-
lated to physical quantities such as energy, momentum and angular momentum,
while one would wish to be able to identify the corresponding quantities in the
second formulation. Kosmann lift is in fact essential to relate Lorentz generators
to spacetime diffeomorphisms and the corresponding conservation laws.

The Noether current (11) can be restricted setting = = £k so that one obtains

Elly = 4V, (cVHEY)

which corresponds to the standard conserved quantity associated to spacetime dif-
feomorphisms in GR written in terms of Komar superpotential. This (and only
this) restores the equivalence between standard GR and tetrad-affine formulation
at level of conservation laws.

As a further example let us consider the covariant Lagrangian:

Ly =Lia+ BR® Neg Aey

which is known as Holst’s Lagrangian.
By variations one obtains equations

1
ey (RZ - 2Reﬁ) €a — BRapu € =0

Viu (e[ced]) =0

P o]
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The second equation still imposes sz = wzb; this in turns implies R%[,,,; = 0
(first Bianchi identity) and hence Einstein equations. This shows how also Holst’s
Lagrangian provides an equivalent formulation of standard GR.

It is interesting to check if also in this case the equivalence is preserved also at
level of conservation laws. The Noether current is

no_ v ab v _cd- - ab L
E = 4deeley L=y + eeleje £ — EH Ly

As in the previous case this can be recasted modulo terms vanishing on-shell as
follows

d- - fab
Ely — Ely = Vi, (eekelie i€

Again this has nothing to do with spacetimes symmetries and in general would
affect conserved quantities. When Kosmann lift is again inserted into these con-
servation laws one obtains

Ely — £l = Vo (Ve )

which vanishes being the divergence of a divergence. Hence once again the cor-
respondence at level of conservation laws is preserved when the Kosmann lift is
used.

7 Conclusion

We presented a framework to deal with Lorentz objects and showed how it applies
to tetrad-affine formulation and Holst’s formulation of GR. In particular we showed
that equivalence can be extended at the level of conservation laws if one introduces
the Kosmann lift which establishes a correspondence among symmetry generators
in different formulations.

One could argue whether the Lie derivatives defined above could be physically
interpreted in a correct way. Of course, one could always restrict to situations in
which enough Killing vectors exist (or even to Minkowski spacetime (R, 7)); in
these cases the standard results are obtained in particular.

However, in a generic spacetime (M, ¢) one has no Killing vectors and at the end
one has to decide whether a physical interpretation of these objects along generic
spacetime vector field makes any sense.

The framerwork we introduced for Lorentz tensors provides a rigorous way of
investigating formal properties which in our opinion are the only necessary basis
for a physical intepretation of Lie derivatives of Lorentz tensors themselves.
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Several examples of nonholonomic mechanical systems

Martin Swaczyna

Abstract. A unified geometric approach to nonholonomic constrained me-
chanical systems is applied to several concrete problems from the classical
mechanics of particles and rigid bodies. In every of these examples the given
constraint conditions are analysed, a corresponding constraint submanifold
in the phase space is considered, the corresponding constrained mechanical
system is modelled on the constraint submanifold, the reduced equations
of motion of this system (i.e. equations of motion defined on the constraint
submanifold) are presented. Finally, solvability of these equations is dis-
cussed and general solutions in explicit form are found.

1 Introduction

In some mechanical and engineering problems one encounters different kinds of
additional conditions, constraining and restricting motions of mechanical systems.
Such conditions are called constraints. Constraints may be given by algebraic equa-
tions connecting coordinates (holonomic or geometric constraints), or by differen-
tial equations, which restrict coordinates and components of velocities (kinematic
constraints). Nonintegrable kinematic constraints, which cannot be reduced to
holonomic ones, are called nonholonomic constraints.

Classical theoretical mechanics deals with nonholonomic constraints only mar-
ginally, mostly in a form of short remarks about the existence of such constraints,
or mentioning some problems where simple nonholonomic constraints occur. Only
rarely, for example, in textbook [2] one can find sections where nonholonomic con-
straints are discussed in more detail and a few examples of simple mechanical
systems subjected to a nonholonomic constraint are solved. However, these books
deal only with semiholonomic or linear nonholonomic constraints (constraints lin-
ear in components of velocities), arising for example in the connection with rolling

2010 MSC: 70G45, 70G75, 37J60, 70F25, T0H30

Key words: Lagrangian system, constraints, nonholonomic constraints, constraint sub-
manifold, canonical distribution, nonholonomic constraint structure, nonholonomic constrained
system, reduced equations of motion (without Lagrange multipliers), Chetaev equations of motion
(with Lagrange multipliers)
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of rigid bodies. Discussion is usually concluded by a remark that more compli-
cated nonholonomic constraints (when the dependence on velocities is nonlinear)
are not mastered by means of classical methods and motion equations of mechanical
systems subjected to such constraints are not known.

A significant contribution to the study of problems of nonholonomic mechanics
represents an extensive monograph [22] which contains various application prob-
lems, mostly problems concerning rolling of rigid bodies on a horizontal plane or
on an absolutely rough surface where typically nonholonomic constraints linear in
velocities occur. This monograph serves as a classical collection of solved prob-
lems of nonholonomic dynamics. However, it does not give a unified and consistent
approach applicable to arbitrary nonholonomic mechanical systems. Equations of
motion of the considered nonholonomic systems are mostly derived on the basis
of a heuristic analogy with holonomic systems. On the other hand their solutions
agree with experience and experiments.

During the last 20 years the problems of nonholonomic mechanics have been
intensively studied in many papers, e.g. [3], [4], [5], [7], [8], [9], [10], [13], [14], [20],
[21], [23] and there have been proposed several alternative geometric concepts,
appropriate in different situations, applicable to Lagrangian systems in tangent
bundles or in jet bundles. Equations of motion of nonholonomic systems are in-
vestigated also in the monographs [1], [6], where a number of concrete application
problems is discussed and numerical aspects of solutions are presented. However, it
should be stressed, that almost all the work on nonholonomic systems is concerned
with the case of constraints linear in components of velocities.

A geometric theory covering general nonholonomic systems has been proposed
and developed by Krupkovéd in [14], [15], [16], [17] (see also [18] for review).
Her approach is suitable for study of all kinds of mechanical systems — with-
out restricting to Lagrangian, time-independent, or regular ones, and is appli-
cable to arbitrary constraints (holonomic, semiholonomic, linear, nonlinear or gen-
eral nonholonomic). The theory gives motion equations for constrained mechan-
ical systems in a form of reduced equations defined on the constraint submani-
fold (without Lagrange multipliers), provides a nonholonomic variational principle
[17], [24] from which one can obtain reduced equations as corresponding “non-
holonomic Euler-Lagrange equations”, enables one to study constraint symmetries
and the corresponding conservation laws, etc. In particular, a new treatment of
concrete examples of nonholonomic systems is at hand, suitable for either sys-
tems with linear comstraints [11], [12], [25], [26], [27], or even with nonlinear
constraints [19], [25] and providing new methods for explicit studies and solu-
tions.

The aim of this paper is to apply Krupkova’s geometric theory of nonholonomic
mechanical systems to study concrete problems in both linear and nonlinear non-
holonomic dynamics. In all the cases we analyse the given constraint conditions,
consider the corresponding constraint submanifold in the phase space, we construct
the corresponding constrained mechanical system on the constraint submanifold,
present the reduced equations of motion of this system, and finally discuss the solv-
ability of these equations. In most cases we are able to obtain general solutions in
an explicit form. It turns out that reduced equations indeed represent an effective
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method for solving concrete mechanical and engineering problems of nonholonomic
mechanics.

The paper contains complete and comprehensive solutions of seven problems
from the classical mechanics of particles and rigid bodies where nonholonomic con-
straints appear. Three of them (5.1, 5.4 and 5.5) concern dynamics of a free particle
or a particle in a homogeneous gravitational field subject to a nonlinear nonholo-
nomic constraint. We find general solutions in an explicit form, with respect to
appropriate initial conditions. Problem 5.2 (a dog pursues a man) is formulated
in [2]; we study it as a mechanical system modelled on a nonholonomic subman-
ifold and provide the reduced equation of motion. A solution in an explicit form
is found by eliminating the time parameter from Chetaev equations. The next
problem (5.3) is then a generalization of the previous one. The last two problems
belong to the mechanics of rigid bodies (a disc rolling without sliding on a horizon-
tal plane and a ball rolling without sliding on a horizontal plane) and as examples
of nonholonomic systems are discussed in the monograph [22]. We study them in
a different way, again using the geometric model leading to reduced equations. In
particular, compared with [22] where a solution of the last problem 5.7 for the case
of constant angular velocity of rotation of the horizontal plane is given, dealing
with reduced equations we provide a procedure of solution applicable in the case
of constant angular velocity as well as of nonconstant angular velocity.

2 Lagrangian systems on fibered manifolds

Throughout the paper we consider a fibered manifold 7: Y — X with a one-
dimensional base space X and (m + 1)-dimensional total space Y. We use jet pro-
longations 71: J'Y — X and ma: J2Y — X and jet projections my o: J'Y — Y
and my1: J2Y — J'Y. Configuration space at a fixed time is represented by a
fiber of the fibered manifold m and a corresponding phase space is then a fiber of
the fibered manifold 7. Local fibered coordinates on Y are denoted by (¢, ¢7),
where 1 < o < m. The associated coordinates on J'Y and J2?Y are denoted by
(t,q%,¢°) and (t,¢°,4°,§%), respectively. In calculations we use either a canon-
ical basis of one forms on J'Y, (dt,dq”,d’), or a basis adapted to the contact
structure, (dt,w?,dq”), where

w?=d¢° —q¢° dt, 1<o<m.

Whenever possible, the summation convention is used. If f(t,¢%,¢%) is a function
defined on an open set of J'Y we write

¢ of  of ., Of ., df of  Of .

a ot "ot T w T Tar

A (local) section § of 7y is called holonomic if § = J'v for a section v of 7.

A vector field ¢ defined on J'Y is called mi-vertical (or simply vertical) if
Tm - &€ = 0, where T is the tangent functor. Similarly, a vector field ¢ is called
71'1,0—V€I‘t1'C&1 if T71'170 . 5 =0.

A differential form p is called contact if J'v*p = 0 for every section 7 of 7. A
differential form p is called horizontal if i¢p = 0 for every vertical vector field . We
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denote by h the operator assigning to p its horizontal part. Every 2-form on J'Y is
contact and admits a unique decomposition 73 1 p = p1 + p2, where p; is a 1-contact
form on J2Y (i.e. for every vertical vector field &, i¢p; is a horizontal form), and ps
is a 2-contact form (i.e. for every vertical vector field &, i¢ps is a 1-contact form).
We denote by p1, and ps operators assigning to p its 1-contact and 2-contact part,
respectively.

By a distribution on J'Y we shall mean a mapping D assigning to every point
z € J'Y a vector subspace D(z) of the vector space T,.J1Y. A distribution can
be spanned by a system of (local) vector fields. If D is a distribution, we denote
by D° its annihilator, i.e. the set of all 1-forms 7, on J'Y such that i¢,n, = 0
for every vector field &, belonging to D. In this sense, every distribution can be
defined by a system of (local) 1-forms. For a distributions of a constant rank,
i.e. that dim D(z) does not depend on z, the description by means of vector fields
is completely equivalent with that by means of 1-forms. Recall that a section § of
7y is called an integral section of D if §*n = 0 for every 1-form 7 belonging to D°.

If ) is a Lagrangian on J'Y, we denote by 8, its Lepage equivalent or Cartan
form and F) its FEuler-Lagrange form, respectively. Recall that E\ = p;dfy. In
fibered coordinates where A = L(t,¢%, %) dt, we have

L
0y =Ldt+ —w’ 1
A +6qgw’ (1)

and Ey = E,(L)w? A dt, where the components

9L d oL

0= 5~ wow <2>

are the Euler-Lagrange expressions. Since the functions F, are affine in the second
derivatives we write

Eo = AO’ + BG‘I/ ijya

where
oL oL  9°L 2L )
T o7 otdgr  9gror T TN T T agragr

A section «y of 7 is called a path of the Euler-Lagrange form E) if

Ey o J*y =0. (4)

In fibered coordinates this equation represents a system of m second-order ordinary
differential equations

v

)+ By (17, ) 0 o o)

for components ¥ (¢) of a section 7, where 1 < v < m. These equations are called
Euler-Lagrange equations or motion equations and their solutions are called paths.
Euler-Lagrange equations (4) or (5) can be written either in an intrinsic form
as follows
Jl’y*igdg)\ = O,
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where ¢ runs over all 7 -vertical vector fields on J'Y', or equivalently in the form
J'y ica =0,

where « is any 2-form defined on an open subset W C J'Y, such that pja = Ej.
Apparently o = dfy + F, where F' runs over 7y o-horizontal 2-contact 2-forms. In
fibered coordinates we have F' = F,, w? A w”, where Fy,(t,q",¢") are arbitrary
functions. Recall from [14] that the family of all such (local) 2-forms:

a=diy+F = A,w° Ndt + B,,w® ANd¢” + F

is called a first order Lagrangian system, and is denoted by [a].

It is important to note that motion equations (5) of a Lagrangian system [a]
need not be affine with respect to the second derivatives. If they posses this prop-
erty, i.e. if

0’L
det(B,,) = det (5‘(}”84”) #0,

then the Lagrangian system [«] is called regular.

3 Constraints

From the physical point of view, constraints on a mechanical system are conditions
restricting possible geometrical positions of the mechanical system or limiting its
motion. We distinguish between geometric and kinematic constraints.
Constraints are called geometric or holonomic if they are expressed by equations
of the form
fi(taqla"'aqm):oa 1§Z§k7

where m is a dimension of the configuration space and k is a given number (the
number of constraint equations). Functions f* are defined on the configuration
space. Holonomic constraints are called skleronomic if they do not depend explicitly
on time

fiq....,qd™) =0, 1<i<k.

From the geometric point of view holonomic constraints represent submanifolds in
the configuration space-time Y.
Constraints are called kinematic if they are expressed by

it gt g™t ..., ¢™) =0, 1<i<k. (6)
Now f? are functions on the “phase space” J'Y. Kinematic constraints are said to
be integrable if the corresponding system of differential equations (6) is integrable.
Integrable kinematic constraints are geometric constraints, since after integration
they represent a restriction in the configuration space. Nonintegrable kinematic
constraints (6), which cannot be reduced to geometric ones are called nonholonomic
constraints.

Holonomic or nonholonomic constraints which depend explicitly on time are
called rheonomic.
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Nonholonomic constraints (6) are called affine or linear in velocities if they can
be expressed by

Ai(t,q") + Bis(t,q") ¢ =0, 1<o,v<m,1<i<k. (7)

In particular, if the left-hand sides of (7) can be written in the form of total time
dy’(t,q") _
e

3

derivatives of some functions defined on the configuration space, say
then instead of equations (7) we write

it ¢") —C =0, 1<i<k,

where C* are constants determined by initial conditions. In this case constraints (7)
are called linear integrable or semiholonomic and the following identities hold

o awz awi
As = ot’ 0q°

Bio’ =

Nonholonomic constraints (6) are called affine of degree n in velocities if they
can be expressed by

fr=Ait,q") + Bio(t,q") (¢7)" =0, 1<ov<m,1<i<k.

For example, a relativistic particle in space-time R* with Minkowski metric can be
considered as mechanical system subjected to one nonholonomic constraint

—(@")? = (®)? - (@) + (@)’ —1=0,

see [19], which is simple affine of degree 2 in velocities.
A geometric meaning of nonholonomic constraints is such that they represent
submanifolds in the jet space J'Y.

4 Nonholonomic Lagrangian systems
Following [14] we introduce general nonholonomic constraints (6) as submanifolds
of J'Y canonically endowed with a distribution.

Let k < m be an integer. By a constraint submanifold in J'Y we mean a fibered
submanifold m o|g: @ — Y of the fibered manifold 7 ¢: JY — Y. We denote
by ¢ the canonical embedding of @ into J'Y, and suppose codimQ = k < m (cf.
for example [14], [15], [21], [23]). Locally, @ can be given by equations

fi(t7q17"'7qm7q.17"'7q.m):07 lgigk’

of? B
rank (8(}") =k, (8)

where

or, equivalently in an explicit form

A Y AN N e R e 3 )

Equations (9) are called a system of k nonholonomic constraints in normal form.
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The presence of a constraint submanifold in J'Y gives rise to a concept of
a constrained section as a local section § of the fibered manifold 7; such that
§(x) € Q for every z € domé and a Q-admissible section as a section 7 of the
fibered manifold 7 such that J'y(x) € Q for every x € dom 7.

The submanifold @ is naturally endowed with a distribution, called the canon-
ical distribution [14], or Chetaev bundle [21], and denoted by C. It is annihilated

by a system of k linearly independent (local) 1-forms

oft
04¢°

wG’

0l =1"¢', where ¢' = fidt+

, 1<i<k,

called canonical constraint 1-forms. More frequently we shall use equations of a
constraint submanifold @ in the form (9), i.e. f© = ¢ F* — g’. In this case
canonical contact 1-forms w? = *w?, 1 < o < m, restricted on @ split into two
kinds of forms @' = d¢' — ¢'dt, 1 <1 < m — k, and o™ F+ = dgm—F+t — gidt,
1 <i <k, and we obtain the following local coordinate representation of canonical
constraint 1-forms

P ol 4 amTR L 1<i<k. (10)

The ideal in the exterior algebra of forms on ) generated by canonical constraint
1-forms is called the constraint ideal, and denoted by I; its elements are called con-
straint forms. The pair (@, C) is then called a (nonholonomic) constraint structure
on the fibered manifold 7 [14], [15].

Remark 1. From the point of view of physics, the rank of the canonical distribu-
tion C has the meaning of the number of (generalized, or “phase space”) degrees
of freedom of systems constrained to @), and the canonical distribution itself repre-
sents possible (generalized) displacements. Its m-vertical and m o-vertical subdis-
tribution then has the meaning of virtual (generalized) displacements and virtual
velocities, respectively.

Now we will recall the concept of a nonholonomic Lagrangian system. Consider
on J'Y an unconstrained Lagrangian system [a] = [dfy]. With help of the non-
holonomic constraint structure (@, C') one can construct a new mechanical system
directly on the constraint submanifold @ of J'Y. In keeping with [14], [15], by a
related (nonholonomic) constrained system we shall mean an equivalence class of
2-forms on @ elements of which are of the form

ag = L*de)\ + F -+ P(2)

where F' and ©(2) Tun over all 2-contact 7 -horizontal 2-forms and constraint
2-forms defined on @, respectively. For the constrained system we use notation
[a@]- Equations of motion of the constrained system [ag], then have the following
intrinsic form:

Jlﬁl*igﬁdﬁ)\ =0 for every vertical vector field £ € C, (11)



34 Martin Swaczyna

where 7 is a @Q-admissible section of m. These equations are sometimes called re-
duced equations of motion of the constrained system [a(], since they are restricted
to the constraint submanifold Q.

Let us find a coordinate expression of a representative of the class [ag] and an
explicit expression of reduced equations of motion of the constrained system [ag]
arising from the Lagrangian system [a] and a nonholonomic constraint structure
(Q,C). Let A\ = L(t,q%,4%)dt be a (local) Lagrangian for an unconstrained La-
grangian system [a] = [df,], where 0, is its Cartan form coordinate representation
of which is given by (1), and consider the constraint submanifold @ locally given by
equations (9) in normal form. We introduce Lagrange function L on the constraint
submanifold @) as the restriction of the original unconstrained Lagrange function L
on Q, i.e. L = Lo, thus L(t,q¢°,¢") = L (t, q”,q'l,gi(t,q",ql)). Computing the
coordinate expression of t*dfy we get that a representative of the class [a] takes
the form

m—k m—k
ag= Y Aw'Ndt+ > Blw' Ndi"+ F + ),
=1 l,s=1

where the components A are given by

,_ 0L, 0L ¢ d.oL
- aql 8qm—k+i 6ql dt 8ql

(0L N[k (0 o0 o _og)
aq'mfkij . dt aql aql 8quk+i aql ?

where _
d_0, .0 . 0
at ot L ogs I ggm—teri
Components Bl'7s are of the form
, 0*L oL 0%g’
s = 1 Ass m—k+1 ALAss T (13)
94'9q 9q , 04'0q

Finally, reduced equations of motion of the constrained system [cg] (11) in fibered
coordinates take the form
oL, 0L og d. (0L
g " 9gm—k+iggl — dt \ 9
oL de (0g’ g’ g7 0g'
+<> { (g)gfwf{l o,
L

Gm—Fk+i dt a4’ dq’ dgm—k+i 9
where _
de _de .0
at a1 ag

Notice that the above system of equations can be viewed as 2nd order equations

m—k
<A2 +> Bz’sd5> o J*y =0, (14)

s=1
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for components v (¢),v2(t),...,Y™ *(t) of a Q-admissible section 7 dependent on

time t and parameters ¢ Ft1 ¢m—k+2 ¢™ which have to be determined as
functions y™~F+1(¢), ym=k+2(1), ..., y™(t) from the equations (9) of the constraint
d m—k+i ) dot do? d m—k
qizgl t, Uaiaia"w 1 ) 1<i<Ek.
dt dt  dt dt

A nonholonomic constraint system [ag] is called regular if the matrix (Bj ) is

regular, i.e.
oL oL 9%gt
det — . 0
€ (&jlaQS <6ka+z )L aqla(f) 7&

For more details on concepts and results in this section the reader is referred
e.g. to the survey article [18].

5 Examples of nonholonomic mechanical systems
5.1 Decelerated motion of a free particle

Consider a “free particle” in R? moving in such a way, that the square of its speed
decreases proportionally to the reciprocal value of time passed from the beginning
of the motion. (See [14], p. 5123, Example 1.)

We denote by (t) the coordinate on X = R, by (¢, ¢, ¢%, ¢®) fibered coordinates
onY =R x R3, and (t,q,¢%,¢%,¢*, 4%, ¢) the associated coordinates on J'Y =
R x R? x R3.

Lagrangian of a free particle has the standard form

A=Ldt = %m ((61)% +(¢%)* + (¢°)%) dt,
where m is the mass of the particle. We consider a first order mechanical system [«]
a=diy+F=—m(w Adi'+w’ Ndi* +w® ANd¢?) + F (15)
on the fibered manifold R x R?® — R, related with the Euler-Lagrange form

3
E = Z —mdq° dqg® N dt.

o=1

The motion of the mechanical system [a] is for ¢ > 0 subject to the following
nonholonomic constraint @

et sd7) = (@) + (@) + (@)°] -1/t =0, (16)

meaning that the particle’s speed decreases proportionally to 1/+/¢. This nonholo-
nomic constraint is rheonomic and is affine of degree 2 in components of velocity.
In a neighbourhood of the submanifold @

rank (g({a) =2t(¢",¢*,¢°) =1,

i.e. condition (8) is satisfied.
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Let U C J'Y be the set of all points, where ¢ > 0, and consider on U canonical
coordinates and the adapted coordinates (t,q",q?,¢%, 4", 4>, f), where f = ¢* — g,
g = 1/t —(¢")2 — (¢%)? is the equation of the constraint (16) in normal form.
Notice that g > 0 on U.

The constrained system [ag] related to the mechanical system [a] (15) and the
constraint @ (16) is the equivalence class of the 2-form

ag= Y Ajw'Adt+ Y Bjw Adi®+ F+gp
1=1,2 l,s=1,2

on (), where

.1 -l
mq .1\ 2 .9\ 2 .3\ 2 mq
A= {_ 2t(¢3)2 ((ql) + (qz) + (qg) )} = T op2g2 1<i<2,

B, = [ (8 + ZEN] <o (5422 1<ls<2,

and F is any 2-contact 2-form and ©(2) is any constraint 2-form defined on Q. The
matrix (—Bj,) is on @ N U equivalent to the matrix

(g +(Q) q'q? >
‘¢ P+

(92 + (q1)2 q12q'2)
oz

which is obviously regular at each point of QN U. This means that the constrained
system [ag)] is regular on QN U.
Reduced equations of motion of the constrained system are as follows

-1 -1\2
mq (q") q'q o
[2t292+m<1+ 92>q+m92q] 77 =0,

-2 <2\ 2 <1 -2
mg @)\ .2, 44 2.
{2t2g2—|—m(1+g2 )q +m 92 q] J4=0,

hence

where ¥ = (t,¢'(t), ¢%(t),¢>(t)) is a Q-admissible section, i.e. a section satisfying
the constraint equation f o J'y = 0. After arrangements we obtain equations of
motion of the constrained system in the following simple form:

P (0) =~ (1),
P(0) = ().
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Solution of these equations is
q'(t) = CiVi+ Oy,
¢*(t) = O}V + O3,
¢*(t) = CiViE+ G,

where C? are constants connected by the relation Cf = \/4 — (C])? + (C?)2. Anal-
ogous results are obtained if one considers the other adapted charts belonging to
an atlas covering Q.

5.2 A dog pursuing a man

Consider a man and a dog moving in the plane. The man starts from the origin O of
the coordinate system Oxy and moves along the y-axis with a constant velocity c.
His dog starts at the same moment from the point [xg, yo], zo > 0, yo # 0 and runs
in such a way, that its velocity at each moment is given by the line connecting its
instantaneous position and the instantaneous position of the man. We shall find
the trajectory of the dog. (See [2], pp. 236-239.)

|
|
|
1
0 Xg x

Figure 1

We denote by (¢) the coordinate on X = R, by (¢, z, y) the canonical coordinates
onY = RxR? and by (¢, z,y, %,9) the associated coordinates on J'Y = RxR?xR2.
The Lagrangian of this problem is

1
A:Lﬁ:yﬂﬁ+ﬁﬂt

and defines a first order mechanical system [a] on the fibered manifold R x R? — R
represented by the Lepage 2-form
a=diy+F = —mw' Ndi —mw? ANdj+ F, (17)

where m denotes the mass of the dog, w! = dz — & dt, w? = dy — y dt are corre-
sponding contact 1-forms and F' is any 2-contact 2-form. This mechanical system
is related to the dynamical form

E = —madx ANdt —miydy A dt.
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The constraint is given by the requirement that at each moment the direction of
the motion of the dog is known. For the angular coefficient of the dog’s trajectory
it holds

dy
dz

This equation can be written in the equivalent form

= G(t,x,y). (18)

Gt,z,y)t—y=0 (19)

which is a rheonomic nonholonomic constraint affine in components of velocity. On
the other hand, the instantaneous direction of the motion of the dog at a time ¢
and at a point [z,y] is given by the line connecting this point with the point [0, ct]
where the man is at this moment. Hence the angular coefficient of the trajectory
at a time ¢ and at a point [z, y] is given by

Glt,,y) = y;”, 240, (20)

Consequently, the nonholonomic constraint (19) has the form

. y—ct .
= . 21

This equation defines a constraint submanifold @ C J'Y, since the rank condition

(®)
rank (y— Ct, —1) =1
x

is satisfied. The canonical constraint 1-form (10) reads

p=—(y—ct)dz+xdy.

The constrained system [aq] related to the mechanical system [«] (17) and the
constraint @ given by (21) is the equivalence class of the 2-form

ag = Ajw' Adt+ By w' Adi+ F + ¢,

where

med (y — ct) (y — ct)?
A&ZT, Bilz—m<l+x2 s

and F is any 2-contact 2-form and ¢(2) is any constraint 2-form defined on this
constraint submanifold ). Since

2 _ t2
det B!, _m(ch)) Lo,

x2

the constrained system [ag] is regular.
The reduced equation of motion of the constrained system is

me(y —ct) . 22+ (y —ct)?\ . B
xzxm<902 | oJ?y =0, (22)
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where 7 = (¢, z(t), y(t)) is a Q-admissible section satisfying the constraint equation
(21).

In [2] the dynamics is obtained by solving Chetaev equations of motion (equa-
tions with Lagrange multipliers), which take a very simple form

i=p"Gz,y,t),
§=—p".
The symbol p* = pu/m denotes a (reduced) Lagrange multiplier and G is the
function given by (20). Now, multiplying the first equation by & and the second
one by y and adding these equations we get

i Bm@? " zf)} = 1[Gy, 1) & — ).

Since the constraint equation (19) holds we obtain a first integral

2 = const. (23)

P4y =
This means that the dog moves with a constant speed. This fact together with
equation (18) enables us to determine the trajectory of the dog in an explicit form,
i.e. y = y(x). To this end we eliminate time parameter from the equations. First
we notice that one can write

. dy dydx ,

===——=2ay. 24
T (24)
Substituting (20) into (18) we obtain
dy _ , _y—ct _
— =y = resp. Ty =y —ct,
dz x

and after differentiating this equation with respect to x,

dt
zy’ = —c e

Hence, under appropriate conditions,

Cc

(25)

T=— .
xyl/

Since the motion takes place in the first quadrant, relations z > 0, & < 0 hold, and
subsequently y” > 0. Substituting identity (24) to the first integral (23) we get

i (14 (y)?) =7,
and after extracting the square root we can write

v

VI+ W)

g =
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Finally we compare the last equation with equation (25) and after separation of
variables we gain the desired differential equation for the curve of pursuit

=<2 (26)

The fact that both sides of this equation can be written by means of total derivative
with respect to z in the following way

il ) - (),

v

enables one a reduction of equation (26) to the following first order implicit differ-

ential equation
1n(y’—|—\/1—|—(y’)2) zglnx—FlnA, (27)
v

where In A is a constant which can be determined with help of initial conditions.
Equation (27) can be written in a simpler form

v+ 1+ (y)2= Az,

_c . ’
where a = £. Expressing y

, 1 o« 1
¥=5 Ax Aze )’

and after integration we obtain for @ # 1 a general solution described by the
function
1 A 1+« 1 11—«
=—|—ux - C,
L) [1 ta Al —a) +
where C' is a constant to be determined with help of initial conditions. The final
explicit form of the desired curve of pursuit is

B +1 A
y="4 14+«

I+a _ d+ay) l-a _ l-«
5 | @ ) - e )

where

A:y0+\/x%+y§

1+« ’
Lo

and xg,yo are coordinates of the initial position of the dog.

5.3 Pursuit of a general motion in a plane

Consider an object moving in a plane along an a-priori given curve described by
parametric equations x = £(t), y = n(t), and consider a dog which starts from a
point [zg,yo], To > 0, yo # 0, and pursues this object in the same way as above,
i.e. that its velocity at each moment is given by the line connecting its instantaneous



Several examples of nonholonomic mechanical systems 41

position and the instantaneous position of the object. We shall find equations of
motion of the dog.

Yo[==~-~~

Figure 2

The configuration space Y, the Lagrangian A and the mechanical system [a]
are the same as above, however, restriction of the motion of the dog now is given
by the corresponding generalization of the constraint (21) to

g =G(t,z,y)i= y=n®) ;. (28)

x —&(t)

This is again a rheonomic nonholonomic constraint affine in components of velocity,
which defines a constraint submanifold @ in the phase space J'Y. The canonical
constraint 1-form (10) now reads

¢ =—(y—nt)de+ (z - &) dy.

The constrained system [ag] related to the mechanical system [a] (17) and the
constraint @) given by (28) is again an equivalence class as follows,

ag = Ajw' Adt+ By w' Adi+ F + ¢,

where

A/l:mjﬁ(y—n)(w—ﬁ)—f(y—n)Q, Bl = _m<1+(i—n)2>7

(z —¢)° (z —¢)?

and F is any 2-contact 2-form and ¢(2) is any constraint 2-form on (). Since

-8+ @y —n)?
det By = —m ( 0
11 (.’E . 5)2 7é ’
the constrained system [cg] is again regular.
The reduced equation of motion of the constrained system is

Nt NP ) S G et i Y IR
nle =g g (1 (o) o =0
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where 5 = (¢, z(t), y(t)) is a Q-admissible section satisfying constraint equation (28).
In particular, if we put £(¢) = 0, n(t) = ct, i.e. we consider the motion along the
y-axis with a constant speed ¢, we obtain motion equation (22).

In the same way as in the previous example we can write down Chetaev equa-
tions of motion, which have the same form as above,

i =p"G(z,y,t),
y = —,LL*7

but now the function G is given by formula

G(z,y,t) = Z:Zg;

Repeating the same procedure we obtain a first integral
2 + 92 = v* = const.

However, now we cannot eliminate the time parameter from the equations because
of the fact that the pursuing object moves along a curve determined by parametric
equations = £(t), y = n(t), which need not represent a straight motion with a
constant velocity as in the previous example.

5.4 Motion of a particle in a homogeneous gravitational field with constant
velocity

Consider a particle of mass m moving in a homogeneous gravitational field (the
gravitational acceleration is denoted by G) from a point (¢'(0),q2%(0),q>(0)),
¢3(0) > 0, with the initial velocity given by a vector (p!(0),p?(0),p3(0)), where
all the components are non-zero and positive. The motion is restricted by the con-
dition that the speed of the particle remains constant. (See [9], pp. 991, Example
4.2.)

This is a problem originally formulated by Leibnitz in 1689 as follows: find a
curve along which a particle moves in a homogeneous gravitational field with a
constant speed. A solution of the problem was found by Jacob Bernoulli in 1694 as
a curve called the paracentric isochrone. However the problem was solved only from
the kinematic point of view in the framework of differential geometry of curves. For
a complete description of dynamics of the problem it is necessary to understand
the requirement of the constant speed as a nonholonomic, so called isotachystonic
constraint, which is nonlinear.

Our aim is to study the dynamics of the Leibnitz particle.
The configuration space is again Y = R x R3, (t,¢%), 1 < o < 3, are fibered
coordinates on Y. The Lagrangian has the form

1 . : .
A= Ldt= 3m ((d")* 4+ (¢°)* + (4*)?) — mGq®| dt.

The mechanical system [«] is represented by a Lepage 2-form

a:—mGw?’/\dt—m(wl/\dq'l+w2/\dq2—|—w3/\d(j3)—|—F, (29)
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where F' is a 2-contact 2-form. The corresponding dynamical form is then

3
E=-mGdg* Adt - mi dg” Adt.

o=1

The constraint on the motion is given by equation

F=@)+ @)+ (@) -C=0, (30)
where C' = (pl(O))2 + (pQ(O))2 + (103(()))2 is the square of the initial speed of
the particle. Equation (30) defines a constraint submanifold @ in J'Y. Tt is a
skleronomic nonholonomic constraint, affine of degree 2 in components of velocity.
Let U C J'Y be the set of all points where ¢> > 0 and consider on U the adapted
coordinates (t,q',q?, ¢, 4", ¢?, f), where f = ¢> —g, g = \/C’— (¢1)% — (¢%)? is
equation of the constraint (30) in normal form.

The constrained system [ag] related to the mechanical system [a] (29) and the
constraint @ (30) is the equivalence class of 2-forms

aQ:ZAgwl/\dt—s— Z Bl w' Ndg® + F + ¢ (31)
1=1,2 l,s=1,2
on @, where
ql ql
A;|:mG3:| =-mG =, 1<1<2,
q- ], g
q'q* q'q’
Bl - [—m(éls+_,)] _ —m(ém ) 1<ls<2,
: @)%/, 9?

and F is a 2-contact 2-form and ©(2) is a constraint 2-form defined on the constraint
submanifold Q. The constrained system [aq] is regular since the matrix (—Bj,) is
the same in the second example above. The motion of this constrained system is
described by two reduced equations
-1 21)2 2152
{qu+m<1+ (¢") )ljl+qu q-z} 0% =0,
g g

92

52 12\2 2142
{qu+m<1+(q2) >q2+mq§ c'jl} 0 J?y =0,
9 9 g

where ¥ = (¢, z(t), y(t)) is a @-admissible section satisfying the constraint equation

i =0 — (i) — (¢*)~

After simple computations equations of motion of the constrained system take the
form

i) = 5@ VO @F - @F,
P = G @ VO @ PP,
P = VO~ @~ (@




44

Martin Swaczyna

The same equations were obtained in [9] by a different method.
The above system of differential equations can be reduced to the first order
system

p'(t)=Dp'/C — (p'
p()

p)? = (»*)?,
Dp\/C 1)2 ()%,
-
1

=V - 2)2,

where we denoted D = G/C’. Since p'p? — p'p? = 0, and if moreover p?> # 0,

then p'/p? = k is a first integral of these equations, which has the positive value
= p%(0)/p?(0) determined by the given components of the initial velocity. If we

suppose that in a certain interval of time the components p!, p? of the instantaneous

velocity are not zero, we can separate equations for p' and p? and integrate

/Ddt
/Ddt

/\/c (1+2%

[ =t
p?2/C—(1+K2)(

After integration we can write

B Cr2 Cr2 1)\2
JCIn \/1+52 \/1+,<,2 (p") zgt—i—bl,
p C
[ /o _  J_C__ (2]
V& In \/1+n2 \/;ﬁ# (»?) :gt+b2,
D C
where
2 () R ()}
L+r2 0 (pH0) + (p2(0)°7  T+82 (p10)* + (p%(0))*

and by, by are some integration constants. Expressing variables p', p? we obtain

1:dq

1 G ¢
Ck? 2Bieve
- 1+ k2 p2, 25t ’
Bievo 41

dt
(32)
2 _ dq

2 =t
- C 2B26\/6
VI+r? p2elt 41

dt

where By, By are constants determined by means of by, by by the following relations
B, = e@bl, By = eVCb2 If we take into account given components of the initial
velocity p!(0),p2(0),p*(0) which are positive as we assumed, and with respect to
the value of the first integral x = p!(0)/p?(0) we obtain that

VC —p3(0)

= B = .
V1 0)? + (7(0))°
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We find the primitive function

eat 1 ot
/mzﬁarctan(Be )7

where o = G/+/C. Hence the desired functions ¢*(t), ¢*(t) are

2C | k? <
ql(t)ZH T arctan(Beﬁt)—i—Al,
2C 1 el
20) == —— Vel
q“(t) V152 arctan(Be c >+A2,

and A1, A, are constants, which are determined by the initial position of the par-
ticle. After elimination of the parameter ¢ from the last equations we can see, that
the particle moves in the plane ¢' — kg?> — A1 + k Ay = 0, which is parallel to the
3 .
q°-axis.
Now we can substitute the functions p(t), p?(¢) given by (32) into the constraint
condition ¢* = \/C — (p1)2 — (p?)2:

2Gt

B?eve ' —1
g=velBer ~1 (33)
B2evo’ +1
Indeed, for ¢t = 0 we obtain ¢3(0) = p*(0).
We notice the fact that

2°(0) (VC = #°(0))

(p1(0))* + (p2(0))*

since all the components of the initial velocity are non-zero.

As a consequence of the above property and due to the physical reason that
potential energy of a homogeneous gravitational field increases proportionally to ¢3,
it turns out that in some time 7' = —@ In B the motion in the vertical direction
stops, i.e. ¢*(T) = 0, and then it proceeds with ¢3(¢) < 0. Hence for the time ¢ > T
one has to consider the constraint condition in the form ¢* = —/C — (p!)2 — (p?)2.

Integrating equation (33) we get that in the time interval (0, T') the solution
¢>(t) is described by the function

)

2 2G ¢
A= | B 4= 2cosh (EEEECN | 4 4,
2G 2G 4 2 G VO
(B2eﬁ +1)

where the relationship between constants B and b is given by b =1/ v/C In B, and
Ajz is a constant, which can be determined by means of ¢3(0).

It is worth notice properties of the “nonholonomic fall” in a homogeneous grav-
itational field: One could expect that the motion will turn to the vertical direction
and the particle will fall down with increasing acceleration. However, the con-
straint condition keeps the speed constant, therefore the components ¢ (t), ¢*(t) of
the instantaneous velocity have to decrease proportionally, and after some time the

motion will proceed in the vertical direction with a constant velocity determined
by the vector (0,0,v/C).
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5.5 Motion of a particle in a homogeneous gravitational field subject to a
nonlinear constraint

Consider a particle of mass m in a homogeneous gravitational field (the same as
in the previous example). The motion of the particle is now subjected to a non-
holonomic condition b? ((¢')? + (¢*)?) — (¢*)* = 0, where b is a constant. (See [9],
pp. 992, Example 4.3.)

This mechanical system is the same as above, i.e. it is represented by the Lepage
form (29). However the constraint condition

F=v (@) + (6% — (§** =0, (34)

or equivalently in normal form

i’ =g=b/(d")?+(*)? (35)
is different. The constraint (34) is again a skleronomic nonholonomic constraint,
which is affine of degree 2 in components of velocity.
The corresponding constrained mechanical system is given by the equivalence
class [ag] of 2-forms (31), where
b2 )
Al = [—mG_g} = —mG
q 1.

bt

(¢1)% + (¢2)?

Reduced equations of motion become the following system of second order ODE’s
Gbg' < o (¢")? ) a2 4'd =2 2
[ @72+ @7 (¢ + (622 Qi+ (@) !

Gb ¢ < 2 (¢°)° ) 2 | g2 q'q .1 2=
T (11 V@ it oy =0,
[ (@)% + ()2 @2+ @) T @@z |0

1<1<2,

qs
2

where 5 = (¢, z(t), y(t)) is a Q-admissible section satisfying constraint equation (35).
Expressing the second derivatives we obtain

(1) = —bG ¢ ___
1+ P @P T @ 50
HOpYe i

(1+ )@ + (@)?

The same equations are derived in [9] by a different method.
We shall solve the reduced equations. First we differentiate constraint equa-

tion (35) ,
i = e (d" G" +d* ).
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Substituting reduced equations (36) we obtain the equality

8 G b?
= Ty

which can be simply integrated

@ =042+ ()2 = *GithJrKg-
1+ b2 !

Finally we substitute the last equality back to (36), and we obtain simple differential
equations, which can be reduced to first order equations with separable variables.
A complete solution of the problem is obtained in the form

1 1 Gb2 1,2 17-3 1
q (t):—§1+b2K1t + KK} t+ Ky,
1 Gy
qQ(t):—§1+b2K12t2+K12Kft+K22,
1 Gv?

2+ K3t + K3,

3(¢) = =
T =5
where K are constants, and the identity (K1) 4+ (K7)* = 1/b” holds true.

5.6 A rolling disc on a horizontal plane

Consider a disc of radius R rolling without sliding on a horizontal plane. Let Ozxyz
be a fixed orthogonal system of coordinates with the x and y-axis in the horizontal
plane and the z-axis directed vertically upwards. Then the position of the disc on
the plane may be given by five generalized coordinates x,y, ¥, ¢, 9, where x and y
are the coordinates of the point P of contact of the disc and the horizontal plane,
1 is the angle of proper rotation of the disc, ¢ is the angle between the tangent to
the disc at the point P and the z-axis, and ¢ is the angle between the rotating axis
of the disc and the parallel line to the z-axis which is going through the point P
(i.e. m/2 — ¥ is the angle of inclination between the plane of the disc and the
horizontal plane). (See [22], pp. 55.)

z
0 Y
X
XV
o o
P
Figure 3

So the base space X = R, the configuration space is Y = R x R? x 1 x St x §*
and phase space is J'Y = RxRZ x 81 x 81 x ST xR? x St x §1 x S1. Hence fibered
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coordinates on Y are (¢,z,y,v,p,9) and the associated coordinates on JIY are
(tv T, Y, ZZ% ¥, 197 i.v ya 1/}) Sbv 19)

The Lagrange function of this mechanical system is given by relation L =T —V.
The kinetic energy T is given by the sum of the energy of translation and rotation
of the disc:

1 )
T=gm (:i:Z + g2 + R¥? + R2p% sin® 19) -
—mR (ﬁcosﬂ' (&sinp — gcosp) + @sindd (& cosp + ysincp)) + (37)
1 . 1 ) 2
+ 51 (192 + % cos? 19) + 5k (w + <,bsim9> ,

where m is the mass, and I, I are the principal moments of inertia of the disc.
The potential energy of the disc is V' = mgR cos . Formula (37) for kinetic energy
of this problem is presented in [22] and is derived in detail in [27].

If we compute motion equation (5) of this Lagrangian system according to (2)
and (3), where 1 < o,p < 5 and coordinates (q',q¢?%, ¢%, ¢, ¢°) are substituted
by corresponding coordinates (z,y, ¥, p,?¥), we obtain the following five Euler-
-Lagrange equations:

—mi +mR ((cos psind)@ + (sin ¢ cos 19)19) —

—mR ((SiH<PSiH19)(<,b2 + 92) — (2 cos @ cos 19)92779) =0,

—my +mR ((sinapsin ¥)p — (cos p cos 19)19) +
+mR ((cosgosiné‘)(gb2 +92) 4+ (2 sincpcosﬂ)gbié) =0,
I (4 + sin9gp) + (I cos 9)pd = 0,
mR ((cos ¢ sin¥)F + (sin @ sin 9)ij) — (I sin 9)y) —
— ((mR? + L) sin® 9 + I cos® ¥) ¢ —
— (I cos 9)id — 2(mR? — I + I)(sin 9 cos 9)¢d = 0,
mR ((sin @ cos 9)i — (cos @ cos ¥)§) — (MR + I1)0J +
+ (mR? — I 4 L) (sin® cos 9)p? + (I3 cos V) + mgRsind = 0.

The condition that the disc rolls without sliding on the horizontal plane means,
that the instantaneous velocity of the point of contact of the disc is equal to zero
at all times. This gives rise to the following nonholonomic constraints

fl'=i— Rcosyi) =0, 2=y — Rsinpy =0, (38)
or in normal form
a'::glchosgad}, y:gQERsingod}.

One can see that constraints above are linear, or more precisely affine in components
of velocities. Equations (38) define a constraint submanifold @ C J'Y, since the
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condition (8) is satisfied, i.e.

aft\ 1 0 —Rcosp 0 0)
rank(aqa>—rank(0 1 —Rsing 0 0)-2.

Thus dim@Q = dimJ'Y — 2 = 9. Constraint 1-forms (10) are in this case the
following two forms

@' = dx — Rcos pdi, ©* = dy — Rsin pdi.

Now one can construct the constrained system [ag] related to the mechanical
system [a] and the constraint @ as the equivalence class of the 2-form

ag = Ajw Adt + AL WP Adt + Ay w? Adt+
3 . . .
+3  Bjw' Add+ Blyw' Adp+ Bjgw' Add + F + ¢
1=1
on @, where w! = dip — zl}dt,in = dyp — ¢dt, w3 = dY — ¥dt are the corresponding
contact 1-forms, and where F' is a 2-contact 2-form and ¢z is a constraint 2-form

defined on Q. Computing the coefficients A] according to (12) we obtain the
following expressions:

Al = (2mR? — I))(cos ¥)p0
Al = —I cos 9 — 2(mR? — I + I)(sin 9 cos 9)0)
Al = (I, — mR?) cos 99pp + (mR? — I} + I)(sin 9 cos 9)¢? + mgRsin

and coefficients By, according to (13) are

Bj, = —(mR*+ 1), B, = B}, = (mR? — I,)sin?,
Bhy = —(mR* + I)sin® 9 — I cos® 9,  Bhy = By =0,
Bis = —(mR*+ 1), By, = Bj3=0.

Hence, reduced equations of motion (14) of the constrained system [aq] take the
form (see also [26)):

(mR? + 1)) 4 (I, — mR?)(sin9) + (I — 2mR?)(cos 9)¢d = 0,
(mR? — I,)(sin )¢ — ((mR? + L) sin® ¥ + I; cos®¥) ¢ —
— Ir(cos 99 — 2(mR? — I) + Iy)(sin ¥ cos 9)pd = 0,
—(mR? + 1)U + (mR? — I + I)(sin 9 cos 9)$? +
+ (I — mR?)(cos 9)¢pp + mgRsin 9 = 0.
These equations can be solved numerically; it turns out that solutions are unstable
with respect to a small change of initial conditions.
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5.7 A homogeneous ball on a rotating table

Consider a homogeneous ball of radius R rolling without sliding on a horizontal
plane which rotates with a nonconstant angular velocity €(¢) around the vertical
axis. We assume that except the constant gravitational force, no other external
forces act on the ball. (See [22], pp. 131, Example 3.)

z

Q(7)
Figure 4

Let the z-axis of the fixed system of coordinates Ozxyz coincide with the axis
of rotation. Let (z,y) denote the position of contact of the ball with the plane
and 9, ¢, denote Euler angles of the rotating ball. The angle ¥ is the angle of
inclination, the ¢ is the rotating angle and 1 is the angle of precession. Hence
(t,z,y,9,p,1) are fibered coordinates on the configuration space ¥ = R x R? x
SO(3), where SO(3) is the special orthogonal group parametrized by Euler angles,
and (t,2,y,9, 0,9, 2,7,9,$,1) are associated coordinates on J'Y = R x R? x
SO(2) x R? x SO(2).

The potential energy is constant, so without loss of generality we put V' =0. In
addition, since we do not consider external forces, the Lagrange function is given
by the kinetic energy of the rotating ball

L:T:§(:‘cz+yz+k2(192+¢2+¢2+2¢¢COS?9))7 (39)

where k is the radius of gyration and the mass of the ball is m = 1.
The motion equations of this Lagrangian system in coordinates (¢',...,q°%) =
(I, Y, 197 @, 1/}) become:

i=0,

y=0,

E2(0 +sind ¢ip) =0,
k‘2(¢3—|—cos191ﬁ —sinddy) =0,
kQ(cosﬁgb—HZ} —sinﬁﬁ‘gb) =0

Denoting by w the instantaneous angular velocity of the ball, we write down
the condition of rolling without sliding of the ball on the rotating plane

& — Rw, +Q(t)y =0, ¥+ Rw, — Q(t)z =0, (40)
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or, using the Euler angles we obtain the following two equations
fl=i— Rsinyd + Rsindcosp+ Q(t)y =0,
f?=4y+ Rcostpd + Rsindsinp ¢ — Qt) z =0,

which represent two nonholonomic constraints affine in components of velocities.
These equations evidently satisfy condition (8),

aft\ 1 0 —Rsiny Rsindcosy 0\
rank(aqff)_rank(o 1 —Rsing Rsindcosy 0) 2

thus dim Q = dim J'Y — 2 = 9. Constraint 1-forms (10) take the form
o' = dx + Q(t)ydt — Rsinydd + Rsinv cosdyp
0% = dy — Q(t)xdt + Rcosdd + Rsindsinydy.

The constrained system [ag)] is in this case represented by the equivalence class of
a 2-form
ag = Ajw Adt + ALwP Adt+ A w® Adt +
3 . .
+3  Biiw Add+ Blyw' Adp+ Bigw' Adip+ F + g
=1

on Q, where w! = dv — ddt, w? = dp — ¢dt, w3 = dip — Ydt, and where for the
coefficients Aj we obtain

Al = —(R* + k?)¢ipsind +

+ RQ(t)(& cos 1 + §sin ) + RQ(t)(z cosh + ysin ),
Al = —R%*9¢psind cos ) + (R? + k)i sin ) +

+ RQ(t) sin¥(z sin ) — y cos ) + RQ(t) sin (& sin ) — g cos ),
Al = E*)psing,

and for the coefficients Bj, we have

31:_(R2+k2)7 312207 B£3:07
By, =0, Bhy = —(R?*sin® 9 + k?), Bhy = —k*cos®,
By =0, Bhy = —k*cosd, B, = —k*.

The motion of this constrained system is described by the following three reduced
equations (see [26]):

(R? + k%) U + (R? + k) o4 sind) —
— RQ(t)(d cosp 4 gsintp) — RQ(t)(z costp + ysineh) =0,

(R?sin® 0 + k%) ¢ + k% cos 09 +

+ R*) psind cos ) — (R? + k) d1hsind) —
— RQ(t)sin¥ (&sintp — g cosyp) — RQ(E) sin® (xsintp — ycosy)) =0,
k% cos V¢ + k2 — k29 psind = 0.
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To simplify these equations we can use other coordinates, so called quasicoordi-
nates. Recall that w,,w,,w, denote the components of the instantaneous angular
velocity, which are determined by means of the Euler angles

Wy = ﬂcostrgbsinﬂsinw,
wy = Vsiny) — @sind cosp (41)
w, =1+ ¢cosd.

Consider now “quasicoordinates” ¢', ¢2, ¢® on the configuration space defined byt
I' = we, ¢® = wy,¢® = w.. Denote by (¢ L? gt i, ) iated
q Wy, g Wy, q wy. venote by (1,2,Y,9,q97,9", L, Y, Wz, Wy, W, ) asSSOClale

coordinates on J'Y. Then the expression of Lagrangian (39) in quasicoordinates

is as follows:

1
L:§(3'32+y2+k:2(w3+w5+w§)),

and equations of the constrained submanifold take the form (40). Reduced equa-
tions of motion of the constrained mechanical system in the quasicoordinates have

the form )
(R*+ k%) §" — R*Q(t) ¢ — RQ(t)z + RQ*(t)y =0,

(R*+ k%) §* + R*Q(t) ¢* — RQ(t)y — RO (t)z =0, (42)
—k§*=0.

Using the definition of the quasicoordinates ¢', ¢2, ¢> we obtain that
§® = w, = C5 = const,

and the first two equations of the system (42) can be reduced to a system of first
order linear differential equations

(R? + k) &, — R2Q(t) w, —RQ(t)erRQQ(t)y:g, (43)

(R*+ k) wy + R*Q(t)w, — RQ(t)y — RO*(t)

Substituting constraint equations (40) into equations (42) we get two first in-

tegrals:
(R*+k*)w, — RQ(t)z = Dy (R* + k) ,

(R + k) w, — RQt)y = Do (R* + k?) ,

where D1, Dy are arbitrary constants. Comparing the expressions for w,,w, from
the constraint equations (40) and from (44) we obtain

(44)

k2Q(t)

N k2Q(t)
R? + k2

yiRQ_’_kQ‘T

T y+RD, =0, — RDs; =0. (45)
Differentiating the last two equations we get the following system of second order

differential equations

K2Q) . kQ(t)

E2Q(t) E2Q(t)
) _ . B A
TRV TR Y 0 (46)

TR TR R

0,
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for unknown functions x(t),y(t), which describe the motion of the point of contact
of the ball with the plane.

Let us suppose, that for a given function Q(t) of the angular velocity of the
rotating plane we have found a solution z(t), y(¢) of (46). If we put

A= (R*+K°),  b(t)=R*Qt),
and denote

Fi(t,2(t),y(t) = RQ(t)z — RO’ () y,
Fp (t,x(t),y(1)) = RQ(t)y + RO*(t) ,

then the system (43) can be written in the form

Aw@ — b(t) Wy = F (tvx(t)a y(t)) )

Ay +b(t) we = Fy (t,x(t), y(t)) - o

This is a system of two first order linear non-homogeneous differential equations
with nonconstant coefficients. First, we solve the corresponding homogeneous sys-

tem
_ B@® . _ B

W= Wy Wy =T
and obtain the following result

wi (t) = Oy sin (BX)) + C; cos (T) ;

wil(t) = —Cysin (B:t)) + C1 cos (BX)> ;

where B(t) = [ b(t)dt. Next we are looking for a particular solution by the stan-
dard procedure of variation of constants

wP(t) = C1(t) sin (BX)) + Cy(t) cos (BX)) ,
wy (t) = C1(t) cos (Bf(f)> — Cy(t) sin (BX)> ,
where Ci(t), Ca(t) are obtained by integrating the following equations
1) = Fi (oo ptoysin (20 ) + B a0 cos (20 )
Cg(t) = Fy (t,z(t),y(t)) cos (BX)) — Fy (t,z(t),y(t)) sin <B£1t)> .

A general solution of equations (47) is then of the form

() - (E4)-(3)
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The solution in terms of quasicoordinates is then determined by elementary quadra-
tures

q (1) :/wm(t) dt, a2 (t) :/wy(t) dt, @A(t) = /03 dt,

and the solution in terms of Euler angles is described by differential equations (41).
In a particular case, when Q(t) = Qg = const., (see [22]) the system (46) takes

the form
k‘2QO . k2QO

!0 VT mEts
Using first integrals (45) we write:

E2Q0 \° E2RQ
9'¢+< 0 ) T = 0 D,,

z+ 0.

R? + k2 CRZ+ 2
) K20 \° k2R Qg
i <R2+k2> Y= TR R P

A solution of the corresponding homogeneous system is:
K20\’ . K200 \? .
R? + k2 R? + k2 ’
k2 Qt E200 \° .
R% + k? R? + k2 ’

where Ay, As, A3, Ay are arbitrary constants. Using the procedure of variation of
constants we get a particular solution:

zf(t) = Ay sin + As cos

yH (t) = Agzsin + Ay cos

R? + k? R? + k2
P P
t)y= —RD t)y= —RD
v ()= —RD: =50 = 0= = RDi =56,
Finally, the general solution takes the form
, 200 \° 200 \° R2 + k2
:C(t):Alsln <R2+k’2> t +A2COS (R2+k2> t 7RD2]{;27§207
, 200 \° 200 \° R2 + k2
y(t):A:;SlIl <R2+k2> t +A4COS <R2—|—k2> t —RDlm,

where D1, Do are constants, which occur in the first integrals (44). Hence the ball
on the rotating table moves along ellipses parameters of which depend on initial
conditions.
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On D’Alembert’s Principle

Larry M. Bates, James M. Nester

Abstract. A formulation of the D’Alembert principle as the orthogonal pro-
jection of the acceleration onto an affine plane determined by nonlinear
nonholonomic constraints is given. Consequences of this formulation for
the equations of motion are discussed in the context of several examples,
together with the attendant singular reduction theory.

1 D’Alembert’s principle

Let us suppose that we have a Lagrangian or Hamiltonian mechanical system and
we wish to impose a constraint. The system has an n-dimensional configuration
space @ with local coordinates {¢”}, velocity phase space T'Q) with the natural chart
{q%,v*}, and momentum phase space P = T*@Q with local coordinates (¢%, p,). To
start, suppose we have a Lagrangian of the classical form kinetic energy minus
potential energy,

1
L= 59(0.0) — ulo).

We want to write down the equations of motion if we impose a (possibly time
dependent and nonholonomic) constraint of the form

c(g,v,t) =0.

Later on we will discuss what happens if we have Lagrangians not of this simple
form, or more constraints, but for now it suffices to just to consider this case.
Differentiating the constraint with respect to the time t gives

—c =" + a0 + ¢, =0

dt
where ¢, = 0¢/dq%, ¢; = Oc/Ov®, and ¢; = de¢/Ot. The acceleration a is given by
a® =" + T8R!

2010 MSC: 70H33, 70H45, 37J60, 7T0F25
Key words: Nonholonomic constraints, d’Alembert’s principle.
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where the le are the Christoffel symbols of the Levi-Civita connection of the
metric. Substituting the acceleration into the differentiated constraint yields

ciaf + (epvf — ciTg oo + ¢) = 0.

The important point here is that for fixed (g, v, t) this equation represents an affine
relation for the accelerations in the tangent space T,Q), where we have used the
connection to identify the vertical space V(4 ,\T'Q with T;Q.

Given the acceleration a of the unconstrained problem, it must be modified so
that it lies in the affine plane. This is done by subtracting the component a of
a orthogonal to the plane, so the acceleration of the constrained problem is the
difference

Gconstrained — @ — G|

and lies in the affine plane. Observe that the vector a; has components
CLJ_k _ _)\gkrci‘

for some real number A because of the form of the affine equation. Since we already
have a Lagrangian description of the unconstrained problem, the force covector for
the constrained problem may be written in the form

d [ 0l ol \
— — = Acg.
dt \ Ov® 0q® “
Observe that the specific form of the Lagrangian was not essential, one can
equally well work with the velocity Hessian g, := [;; as long as the Lagrangian
is regular, i.e., the velocity Hessian defines an invertible metric. Furthermore, the

argument generalizes to the case of more than one constraint function, say c¢' = 0,
.., =0, yielding the constrained Euler-Lagrange equations

d (0l a . 4
dt ((’91}“) a = A

involving the Lagrange multipliers Aq,..., Ax.

2 Other formulations

Assuming the regularity of the Lagrangian, we may push everything over to the
cotangent bundle and give a Hamiltonian description as well. This may be written
in a coordinate free manner for the vector field

X = §*0ge + ppO™

by using 1, the canonical one-form on T*(@), the symplectic form w = —dvy, the
Legendre transform 2, as well as 94 := FcA 0y, where Fe is the fiber derivative
of ¢?. Set ¢4 = Z,94. Then the constrained Hamilton’s equations may be written
in the form

X _Jw=dh+ Iso?
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The time derivative of a function f (with Hamiltonian vector field X ) along
an integral curve of the constrained vector field X is

% — df, X) = (X1 X) = =X 1 (X @) = — X7 1 (dh+ Aac™).

Setting v := dh + A s¢*, we may write this derivative in Poisson bracket form as

f={fv}

where we are taking the Poisson bracket of the function f and the one form v to
be A(df, 1), where A = w™! is the structure tensor of the Poisson bracket.

3 Easy consequences

The following is a partial list of easy consequences of the nonlinear formulation so
that one may see the similarities and differences with the affine theory. Some of
these are known and may be found in earlier work by de Leon et al [5].

3.1 Conservation of energy

Suppose that we have a time independent Lagrangian and impose the constraint
of constant energy. Then the Lagrange multiplier is zero, and the problem reduces
to Hamilton’s equations on a constant energy surface. We may view this as a
consistency check for the nonlinear constraint theory.

3.2 Nonconservation of energy

Suppose that we have a time independent Lagrangian and impose a time indepen-
dent constraint ¢. Then, letting the energy e be e = pv — [ = [,v — [ as usual, we

find
._ (4 ol B ol u
““\u oo 0q*® v

and so by the equation of motion for the constrained problem

A
Odc »
ov®

é=MAa

In general we do not expect this term to vanish, so unlike the case of linear nonholo-
nomic constraints, we do not have energy conservation even in the time independent
situation. Since this is not what one would expect from the usual Noether theory,
it only goes to show that such problems are really not variational problems in the
usual way, even though we have a Lagrangian. However, if the Lagrange multi-
pliers are not zero, there is an important case where this term will vanish, and
that is when the constraint functions are each homogeneous of some degree in the
velocities. For then, by Euler’s theorem on homogeneous functions,

dch

a A
81}“@ xct=0

by the constraint equation. Note that this is the case for linear constraints.



60 Larry M. Bates, James M. Nester

3.3 The Lagrange multiplier

Suppose we have just one constraint. The Lagrange multiplier A is chosen so that
the constrained vector field X is tangent to the constraint surface: (de, X) = 0.
Since the constrained vector field X satisfies

X _lw=dh+ Ao,
we have by symplectic inversion
(de, Xy, + Mo™) = 0,

so that
(de, Xn) _ {c,h}

(de,¢#) — (de, o)
where X, is the Hamiltonian vector field of h, and {c, h} is the Poisson bracket of
c and h. Note that the solvability of the Lagrange multiplier assumes the indepen-
dence condition dec A ¢ # 0.

An immediate corollary is that if the constraint function is a first integral of
the Hamiltonian, then imposing the integral as a constraint is really no constraint
at all, since the multiplier is zero.

If we have multiple constraints, say c',c
motion take the form

2 ..., ¢ = 0, then the equations of

X _Jw=dh+ Iagp?.

The Lagrange multipliers A4 may be found from the K equations
(de?, Xp) + Ap{de?, oP#) = 0.

An evaluation of (dc?, pB#) gives —MAB = —gabcfcf, a contravariant metric on

the subspace spanned by the one forms cj-;‘. As long as this metric is invertible one
can uniquely find the A4. If g4 has a Euclidean signature this will be the case as
long as the one forms caA are linearly independent. This is not sufficient, however,
for Lorentz signature metrics, such as those appearing in our relativistic particle
examples below.

4 Examples (1)
4.1 The brachystochrone

A good place to begin is with the brachystochrone. The brachystochrone is the
problem where a bead slides down a frictionless wire from rest at (z,y) = (0,0) to
the point (x,y) = (a,b). Here we take the positive y direction to point vertically
downwards. The problem is to determine the shape of the wire so as to have a
minimum time of descent. For a falling body, from conservation of energy one
obtains v? = 2¢y. This can be viewed as a nonholomic constraint. In section 3.1
above we noted that such a constraint does no work—the associated constraint
force vanishes. But we can exploit this nonholonomic constraint in another way.
Using dI? = dx? + dy? we may write the time 7' of descent to be

r= [ 5= @) () e
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where o is any path parameter. The parameter invariance is connected with the fact
that this Lagrangian is degenerate. Consequently a proper Hamiltonian analysis
requires the Dirac algorithm. We will develop that shortly and include a description
of the results it yields when applied to this problem. But first let us note that for
this problem one can avoid the degeneracy of the Legendre transformation. Observe
that our Lagrangian can be viewed as the arc length due to the metric

1
ds* = —(dz® + dy?).
29y
And so the objective is just to find a certain geodesic path of this metric. Now it
well known that there is an “equivalent” alternative to the arc length Lagrangian
for geodesics, namely its square:

v= s (&) + (D)
2gy |\ ds ds
This will give the same path, but with a uniform speed parameterization. Moreover,
for our problem it is apparent that we specifically want the unit speed geodesics of
this metric. Then the parameter is actually the physical time. A virtue of this new
Lagrangian is that it is non-degenerate, so there is no complication in passing to the
Hamiltonian. The Hamiltonian equations of motion for the associated Hamiltonian
h = gy(p2 + p2)/2 are (upon setting g = 1)

j?:ypw, Pa =0, ?Jzypgp py:_g-
The translational invariance of the metric in the x direction implies the conservation
of p,, so we may reduce at p = p, along with h =1 to get the reduced equation

U =ypy = Vy — 12y

This separates and integrates to s = %arccos(2,u2y — 1). Inverting yields y =
ﬁ(l — cos us), and hence z = i(s - isin us), from which we recognize the

familiar cycloidal solutions. In this example we have finessed the degeneracy of the
Legendre transformation. Further on we will reconsider that issue. Other aspects
of this problem are discussed in [6].

4.2 Dirac constraints

To deal with the proper dynamical formulation for relativistic particles, which
also involves finding an appropriate parametrization (the proper time) we first
sketch the Dirac Hamiltonian theory. In order to pass from the Lagrange equations
together with the undetermined constraint forces A4dc¢? /0v*, to the Hamiltonian
description, one uses the Legendre transformation. If the Lagrangian is not regular,
so the momenta are not independent, then they satisfy some primary constraints
®,(q,p) = 0. Following Dirac, one includes these constraints in the Hamiltonian
with Lagrange multipliers, so the total Hamiltonian takes the form h = hg +u®®,,.
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The Hamiltonian evolution equations, including the velocity constraint forces, take
the form

it on 08,
dt  Opk opr’
dpk 8h0 0%, A
—_— = — Y+ A .
dt Opk u Opi, +Aadh

These differential equations are to be considered along with the two sets of con-
straint equations
P, =0, A =0.

The first possible obstruction is whether the constraint functions ¢ can be chosen

so that there exist one-forms on phase space qzﬁ,? which are related by the degenerate
Legendre transform to ¢, Since the dynamical equations are required to preserve
the constraints, this leads to additional conditions which may yield new constraints
or fix the multipliers. In general, in attempting to determine the unknown multi-
pliers one can expect similar outcomes to the usual Dirac procedure:

1. there may be no solution,
2. there may be additional constraints,
3. the solution may not be unique.

Observe that the constraints ®, = 0 are well defined on phase space and their time
derivatives are linear in the unknown multipliers. In this case we know from Dirac
how to proceed. However, the constraints ¢ = 0 are velocity constraints, they are
not defined on phase space. In general there are no phase space functions which
are related to ¢. Fortunately, from the Hamiltonian perspective there is a natural
“inverse” to the Legendre transformation, given by the first half of the Hamiltonian
evolution equations. Hence the velocity constraint function can be given in terms
of the phase space variables as

oh 0P

Ak ok Al k 0 a%%a

c , 7)) =c¢ , +u =0.
(g ) (q I Opk )

If ¢4 is linear in v this expression will be linear in the multipliers, and there is
no insurmountable difficulty. In the general case the velocity constraints could
be nonlinear functions of the unknown multipliers. Moreover, preserving these
constraints could lead to expressions involving the derivatives of the multipliers.
This is the second obstruction.

In the relativistic examples below the velocity constraints are linear in an ex-
pression which is homogeneous of degree one in velocity, so they turn out to be
linear in the multiplier, so there is no difficulty.

4.3 The relativistic particle

We apply the above procedure to the following relativistic particle Lagrangians
with their associated proper time-constant magnitude velocity constraints (see for
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example Gracia [8] or Krupkova [10])

L = —mey/—guvtv’ — V() + qutA,, Ci=c—\/—guvtvY,

1
lo = —mg " —V(x) 4+ qutA,, Cy =

3 [ng“v” = 02].

2¢
Here v* = dx#/do, where o is an a priori arbitrary time parameter. Just for this
example we have changed our notation for the constraints in order to avoid any
possible confusion with the speed of light ¢. In both cases the dynamical equation
of motion can be rearranged to be in the form

d 14 v v
E(mguuu ) = qu” (0, Ay — 0, AL) — 0,V + Aguu”,

with u# = dz#/dr with 7 being the proper time. Contracting the equation of
motion with the 4-velocity gives the value of the multiplier: —utd,V — A¢? = 0.
The final form of the equation of motion is then

%(mg/wuu) = qF/LuUV - (6:: + Ci2u1}glwu7)6yv,
where, as usual, F,, = 0,4, — 0, A, is the Maxwell field. The authors know of
no textbook that gives a proper treatment of the relativistic velocity constraint.
Typically, the equations of motion are obtained and then the constraint is imposed
(see for example [7]) without any consideration of the force of constraint. This
happens to work if the the dynamics is compatible with the constraint, as is the
case of a charged particle interacting with the Maxwell field. Then the velocity
constraint does no work, so the multiplier A vanishes. This is not the case for
the scalar potential, where the force must be Lorentz orthogonal to the 4-velocity.
There does not seem to be any way to get the proper relativistic force due to a
scalar potential directly from a Lagrangian. Nonholonomic constraints play an
essential role.

It is also of interest to give the Hamiltonian formulation of these examples. For
the Lagrangian [;, the Legendre transformation is degenerate, and so there is a
primary constraint. From

oly 90’
= — —_— A
P vk e —GapvvP + 84

set p, 1= p, — ¢A, so the primary constraint has the form

nz

g PuPv = _(mc)Q-

The Hamiltonian hg = p,v* —l; = V(z) and so

N v
R=V L [ ppy + (]
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where the primary Dirac constraint Lagrange multiplier N is called the lapse.
Hamilton’s equations take the form

dat N,
dO' - mg pI/,

dp,, N p
— = -9,V + —pag®(qd, A, Py
do wi mp 9" (g0pAv) + me

The velocity constraint 0 = ¢ — \/—%pupl‘ determines that the Dirac mul-
tiplier N = 1. The preservation of the primary Dirac constraint determines
the velocity constraint multiplier since 0 = —p*9d,V — Ap,p"/(mc) implies that
A = (mc)"'pr9,V.

4.4 The brachystochrone as a constrained system

Now we can briefly return to the brachystochrone as a constrained system. The
Lagrangian has a general curve parameter ¢ and thus a gauge freedom type degen-
eracy, which leads to a primary constraint

29y(p; +p,) —1=0.

The Lagrangian is homogeneous of degree one in the velocities. Consequently by
Euler’s theorem the energy function vanishes. Then the Dirac Hamiltonian is just
given by a Lagrange multiplier multiple of the primary constraint:

H= %[293/(195 +p) —1].
The primary constraint is preserved, and it is first class; the multiplier is an un-
determined gauge parameter. The simple choice u = 1 gives the same Hamilto-
nian equations found earlier. One might also consider including the gauge fixing
condition 2 + 2 = 2gy as a non-holonomic constraint along with its attendant
constraint force. This is essentially just imposing the constant energy as a non-
holonomic constraint, and, as mentioned, such a constraint does no work and has
vanishing constraint force. This is representative of what happens for other time
parameter gauge invariant actions (e.g., Jacobi), and their gauge fixing options.

5 The distributional splitting

In this section we derive the key distributional splitting and look at the special
case of homogeneous constraints. A consequence of homogeneity is that there is a
distributional formulation of the constrained Hamiltonian equations. The proofs of
these results are little changed from the earlier work of Bates and Sniatycki [2] who
treated the linear case, but we reproduce them here for the sake of completeness.
Let M be the manifold given by the common zeroes of the constraint functions
{c!,...,cE}, and let F be the distribution consisting of vectors in the kernel of the

forms {¢!,..., %},

F={veTP|{(p*v)=0,a=1,...,K}.
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Set H to be the distribution formed by the intersection
H=FnNTM.

So far the only assumption needed on the metric was that it was nondegenerate.
However, in order to progress with the theory for indefinite metrics, we need an
additional assumption.

Definition 1. The constraint manifold M is said to be g-nondegenerate if the
restriction of the metric g to the distribution 7, TM% is nondegenerate. Here
7 : P — Q@ is the cotangent bundle projection.!

It is easy to check that this if M is given locally by the common zeroes of constraint
functions ¢!, ..., c®, then the condition is equivalent to the nondegeneracy of the
matrix MAB of section 3.3 whose AB component is g(m, X, 4, 7. X.5).

Theorem 1. On a g-nondegenerate constraint manifold M, the restriction of w to
the distribution H, denoted wyy, is nondegenerate.

Proof. Since the forms ¢ are assumed independent and semi-basic (since they
annihilate the vertical space VT P), we may assert the existence of n— K additional
independent semi-basic one-forms ¢®+1 ... ¢". In the local chart {q!,...,p,},
¢* = ¢2dg'. Let ¢ be the matrix with ab component ¢p. Our assumption implies
that the matrix ¢ is invertible. Define forms x, by

Xa = (¢ Dldpj, a=1,...,n.
It then follows that {¢!,...,¢™, x1,...,Xn} is a symplectic coframe as
" A Xa = 08 (97 )odg" Adpj = dg® N dp, = w.
Since the restriction of w to F is
wlp =" T A X1+ O A X,
it follows that the symplectic perpendicular F¥ is
FY =ker{¢, ..., 0", XK i1+ Xn}s

and this implies that I is coisotropic. Since M is defined by the common zeroes
of ¢',...,cX, tangent vectors to M are defined by the kernel of the forms

P4 =det = 4 dgm + cMdp, A=1,... K.
It follows that the intersection of F* and T'M is given by

FYNTM =ker{¢", ..., 0" XKki1,---> Xn, ¥, .. 5}

1That F“ could intersect the constraint manifold M nontransversally was overlooked in the
original proof for linear constraints found in [2], where I thought that the determinental multiplier
was always 1.
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The conclusion will follow if we can show that
GYA AP AXKFI A A AP A AR

is a volume, since then it follows that F“ " TM = 0, and so F*¥ " H = 0. Since
F“ @& H = F by dimension count, and F' is coisotropic, we may conclude that wg
is nondegenerate.

To actually show that the 2n form is a volume, first observe that since the result
is a pointwise result, we may choose, for a fixed point z, a local symplectic chart
such that

¢'(2) = dg",...,0"(2) = dg", x1(2) = dp1, ..., xn(2) = dpn.
In other words, ¢§(z) = d¢. This means that the wedge product
GUA NG AXKFI A A X AT A K

will equal det(gx )dg' A---Adg™ Adpy A -+ Adp, where det(gx) is the determinant
of the upper left K x K block of the metric ¢g® in this frame (this is just the
earlier defined MAP). This is immediate once one realizes that the only part of the
forms 9 that survive the wedge product with all of the ¢* are the terms ¢%¢"*dps,
and all the terms involving dpg+1,...,dp, are annihilated by being wedged with
XK+1 A+ A Xn. Observe that the inequality det(gx) # 0 is exactly the condition
of g-nondegeneracy in our special frame. O

Define the distribution K by K = TM N H¥. Since TM = H & K, the
constrained vector field X may be decomposed as X = X + X¥. Two extreme
cases of this are when the constraint is the Hamiltonian itself, so the Lagrange
multiplier vanishes and X = XX and when the constraints are homogeneous, and
then X = X . To see this, observe that for A =1,..., K, the pairing

(", X) = (", d) =0

by homogeneity, which implies that X isin H. Evaluating the constrained equation
of motion
X _Jw=dh+ o™

on the distribution H annihilates the terms involving the Lagrange multipliers, and
we obtain
X _| wg = th

The expression dh gy denotes the restriction of dh to the distribution H, and we may
think of the constrained Hamiltonian equations as being in distributional form.

6 Conservation laws

In Hamiltonian mechanics symmetry (and the closely related reduction theory)
are usually studied together with conservation laws because of their equivalence,
which is the content of the first Noether theorem. In nonholonomic systems, this
equivalence is in general broken, so not all symmetries yield conservation laws, and
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not all conservation laws yield symmetries (see [2] for a simple example.) Looking
ahead to the reduction theory, we will say that a vector is horizontal if it lies in
the distribution H.

Suppose that we have a Lie group G acting in a Hamiltonian way on the phase
space P such that it possesses a momentum map j : P — g*. In other words, for
each ¢ € g*, the momentum j, corresponding to ¢

has a Hamiltonian vector field X satisfying
XC dw= d]c

If we further assume that G leaves the constraint manifold M, the constraint
forms ¢® and the Hamiltonian A invariant, then it also leaves the Lagrange multi-
pliers invariant, and thus the structure of the equations of motion

X Jw=dh+ As0"
is invariant as well. The vector field X is called an infinitesimal symmetry.

Lemma 1. The momentum j¢ associated to ¢ is conserved if the vector field X is
horizontal.

Proof. This is a simple calculation:
(dje, X) = X 1 (X Jw) = —X¢ I (dh+Aad?) = =X I Aag¢? =0. O

Observe that the invariance of the constraint manifold M was never used in the
proof of the lemma. This implies that the following more general theorem is true.

Theorem 2. Let f be a function with Hamiltonian vector field Xy with the prop-
erty that it preserves the Hamiltonian h and lies in the distribution F consisting
of the kernel of the constraint forms ¢*. Then f is a constant of motion.

7 Symmetry and reduction

So far the nonlinear constraint theory looks virtually identical to the linear theory.
It is in the reduction by symmetry that the nonlinear case differs, and this is
because the constrained vector field does not have to lie in the distribution H.
Recall that the time derivative of a function f along an integral curve of the
constrained vector field X is
daf

== (df, X) = =Xy 1 (dh + Aag™).

Set v := dh + A4, write this derivative in Poisson bracket form as

f={fv}

where we are taking the Poisson bracket of the function f and the one form v to
be A(df,), where A = w™! is the structure tensor of the Poisson bracket.
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In specific problems it is often more convenient to solve for the Lagrange mul-
tipliers explicitly and then use a Dirac bracket-like formulation in which the mul-
tipliers are eliminated. Since our bracket convention implies

{f,dh+ 20"y = {f.h} + Aa{f. 0"}
and the preservation of the constraints by the dynamics implies
0=2¢"= X4 1 (X Jw) = w(Xn, Xoa) — Ag{c?, 6P},

and we already have the matrix MBP := —{cP ¢P} with assumed inverse Mpp M TP
8P from which the Lagrange multiplier A4 may be found as

Ay = —Myp{h,cB}.

This implies that the bracket formulation of the equations of motion may be given
as

f - {f7 h} + {f, ¢A}MAB{CB> h}

It is important to note that this dynamical equation is only defined on the image of
the constraint manifold under the Legendre transformation, and not on the entire
phase space. In practice however, keeping track of this is not an issue, and we will
continue to ignore it as it makes no essential conceptual difference in what follows.

Let G be a symmetry group of the dynamical system, by which we mean that the
group G acts symplectically on the phase space, preserves the constraint manifold
and constraint forms, and leaves the Hamiltonian invariant. These assumptions
imply that the group action also preserves the Poisson bracket, the constraint
distributions H and K as well as the Lagrange multipliers.

Now, if f is a function invariant under the action of the symmetry group G,
f € C=(P)Y, then the Poisson bracket {f,1} is invariant as well, since both A
and 1 are. This implies that the map

{0} : C®(P)Y - C™(P)° : f = {f, ¢}

is an outer Poisson derivation? (it is an outer derivation since it involves an invariant
one-form and not an invariant function) on the ring of invariant functions, and so if
f e C=(P)&, f={f v} may be viewed as a differential equation on the reduced
space P/G. In this way a vector field X is defined on the reduced space, and this is
the projection of X by the quotient map P — P/G when restricted to the quotient
of the constraint manifold M/G. A key benefit to considering reduction in this
formulation is that the construction is well-defined even when the quotient space is
not a manifold, as long as we assume that the group action is proper, for then the
quotient space is a subcartesian differential space, and the invariant functions still
separate points on the quotient (a good reference for this material may be found
in Sniatycki [13]). In this sense we may view the Poisson bracket-like formulation
as providing the singular reduction of nonlinear nonholonomic constraints simply
by restriction to the invariant functions.

21t is important to note here that there is no statement that the dynamical flow preserves the
Poisson bracket, even on the constraint manifold.
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8 Examples (2)
8.1 The central force problem with a speed constraint

Consider the motion of a particle in space subject to the action of a central force
and and the constraint of constant speed. Then the Hamiltonian may be written
as

1
h = §|p|2 +V(r)

with r = |g|. Take the constraint to be ¢ = 1|p|?. The equations of motion are

. q
Pa = _TV/(T) - )‘pa

Solving for the Lagrange multiplier yields

Lg-p
A=——22V'(r).
2c r ()
Since the problem is rotationally invariant, we introduce the three independent
rotation invariants o1 = 1% = |q|?, 02 = ¢ - p, and o3 = |p|*> = 2c. The singularly
reduced problem in oi-09 space (with the semi-algebraic constraint o1 > 0) has
equation of motion

é-1 = 20—27

. 1 av
09 =2 <C— <01 — 2005) d01>'

The dynamical interest here is in the destabilization of the circular orbits in Ke-
plerian like potentials with the imposition of the constant speed constraint. If
this seems counterintuitive, one may think of it as the imposition of the constant
speed constraint, even though it is rotationally invariant, means that the angular
momentum is no longer conserved.

8.2 A classical particle with spin

The reduction by symmetry required that the bracket map the invariant functions
to invariant functions:

{9} Cx(P)Y — C=(P)°.

However, and this is the crucial point, there is no requirement that the form
actually be invariant as well in order to have reduced dynamics®. Thus, it is possible
to have reduction to invariant functions without the full problem being invariant.
From a distributional point of view, this says that reduction exists in the case when
the constrained vector field varies under the group action, but only in directions
that are parallel to the tangents to the group action. A nontrivial example of this

3There is such a requirement if one wants to have the reduced dynamics still in Poisson like
form, with a corresponding reduced form 1.
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behaviour may be found in the reduction of a classical spinning rigid body to the
classical particle with spin. Consider a uniformly charged symmetric rigid body
with moment of inertia I, total charge ¢, mass m and gyromagnetic ratio g in the
presence of a magnetic field B. The equations of motion are

b= %( x B) + %DB*(x)(k(AdA X))

A= A(X — gAds- B(x)),

X =0.

Here x € R3 is the position of the centre of mass, v € R? is the velocity of the
centre of mass, A € SO(3) is the orientation of the rigid body, and X € so(3) is
the angular velocity. k is the Killing metric on the rotation group. We have also
employed the identification of antisymmetric matrices and 3-vectors as appropriate.
The nonlinear nonholonomic constraint of constant length of angular momentum
is applied, and the problem is reduced with respect to the action of the rotation
group to get Souriau’s model of a classical particle with spin

T =0,

b= %( x B) + %DB*(x)(S)

S = g[S, B|
The details of this calculation, but not this point of view, may be found in [4].

9 Notes

1. In the mechanics literature there are differing definitions of just what consti-
tutes D’Alembert’s principle, the virtual work of perfect constraints, etc. It
seems to us that the D’Alembert principle is at heart the choice to pick the
orthogonal projection of the acceleration of the unconstrained problem onto
the affine plane. One could pick a different projection, but it would in general
result in different constrained equations of motion. In coming to this under-
standing we profited greatly from the thoughtful discussions in Marle [11]
and Rosenberg [12], as well as many insightful comments from J. Sniatycki.

2. One may observe a superficial analogy between the constructions of various
authors computing a nonholonomic bracket (van der Schaft and Maschke [14],
Bates [1], de Leon [5], Koon and Marsden [9] etc) and this paper. However,
there is a fundamental difference in that we are using the standard Poisson
bracket and putting all of the nonholonomic information into the one-form
that drives the dynamics.

3. In various examples one may of course consider what happens to the image
of the various distributions H, K under reduction. This is of interest in the
special case where the reduced distribution K = 0, so the invariant part of
the dynamics satisfies the distributional Hamiltonian equations. Our results
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would indicate that this is not the most fundamental way to view these prob-
lems, and this is why we have stressed that the fundamental structure that
enables reduction by symmetry is the action of the outer Poisson derivation
on the invariant functions. Compare the discussion in Cantrijn et al [3].
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Gradient estimates for a nonlinear equation
Aru 4+ cu™® = 0 on complete noncompact manifolds

Jing Zhang, Bingqing Ma

Abstract. Let (M, g) be a complete noncompact Riemannian manifold. We
consider gradient estimates on positive solutions to the following nonlinear
equation
Aju+cu™ =0 in M,

where a, c are two real constants and o > 0, f is a smooth real valued func-
tion on M and Ay = A -V fV. When N is finite and the N-Bakry-Emery
Ricci tensor is bounded from below, we obtain a gradient estimate for pos-
itive solutions of the above equation. Moreover, under the assumption that
oo-Bakry-Emery Ricci tensor is bounded from below and |V f] is bounded
from above, we also obtain a gradient estimate for positive solutions of the
above equation. It extends the results of Yang [16].

1 Introduction

Let (M, g) be a complete noncompact n-dimensional Riemannian manifold. For
a smooth real-valued function f on M, the drifting Laplacian (see [11], [12]) is
defined by Ay = A — VfV. There is a naturally associated measure du = e~/ dV
on M, which makes the operator A self-adjoint. The N-Bakry-Emery Ricci tensor
is defined by

1
Ric} = Ric + V?f — N ed

for 0 < N < oo and N = 0 if and only if f = 0. Here V2 is the Hessian and Ric is
the Ricci tensor. In particular, the co-Bakry-Emery Ricci tensor is denoted by

Ricy := Ric} = Ric + V*f

with Ricy = Ag is called a gradient Ricci soliton which is extensively studied in
Ricci flow.

2010 MSC: Primary 58J05, Secondary 35J60.
Key words: Gradient estimates, Positive solution, Bakry-Emery Ricci tensor.
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The author in [16] obtained interesting gradient estimates for positive solutions
to the following elliptic equation with singular nonlinearity

Au+cu *=0 in M, (1)

where a, ¢ are two real constants and o > 0. For the importance of equation (1),
the authors who are interested in it see [5], [8]. In this paper, we consider the
following equation

Aju+cu =0 in M, (2)

where f is a smooth real-valued function on M. For some interesting gradient
estimates in this direction, for example, we refer to [2], [3], [6], [7], [9], [10], [15].
When N is finite and the N-Bakry-Emery Ricci tensor is bounded from below, we
obtain a gradient estimate for positive solutions of the above equation. Moreover,
under the assumption that co-Bakry-Emery Ricci tensor is bounded from below
and |V f]| is bounded from above, we also obtain a gradient estimate for positive
solutions of the above equation. Main results of this paper are stated as follows:

Theorem 1. Let (M,g) be a complete noncompact n-dimensional Riemannian
manifold with N-Bakry-Emery Ricci tensor bounded from below by the constant
—K := —K(2R), where R > 0 and K(2R) > 0, in the metric ball B,(2R) with
radius 2R around p € M. Let u be a positive solution of (2) with «, ¢ two real
constants and a > 0. Then

(1) If ¢ > 0, we have

\VZP beuot < AN AN+ 2er® | (nt N)[(n+ N = Dey +¢f
U R2 R2 3)
N N)K
Lt S;H K | otn+ N)K.

(2) If ¢ < 0, we have

2 s N N-1
Vul? ) et < (A4 VA)el(_inf w4 EE NN EN = ey ool
U Bp(2R) R
(n+ N)c? n+ N (n+ N)y/(n+ N)Ke
U, N2
+ (n+N+2+ ; Z)Jr -

+ (2+ %)(n—i—N)K, (4)

where A = (n+ N)(a+ 1)(a+2).

Theorem 2. Let (M,g) be a complete noncompact n-dimensional Riemannian
manifold and f € C?(M) be a function satisfying |[Vf] < 6. Assume that
oo-Bakry-Emery Ricci tensor bounded from below by the constant —K := —K(2R),
where R > 0 and K(2R) > 0, in the metric ball B,(2R) with radius 2R around
p € M. Let u be a positive solution of (2) with «, ¢ two real constants and o > 0.
Then
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(1) If ¢ > 0, we have

2 2 —
A LR RN U R RO I LN
! — (5)
Lrayvin-DE e
R
(2) If ¢ < 0, we have
[Vul® | et < (B+VB)|c|(_inf w) '+ £((2 + o+ )2
u? - B,(2R) R? VB’ !
nc16 1 9
+(n—T)er+e2) + & +(1+2 79)89 (6)
nei/(n — DK 1

where B = n(a+1)(a + 2).
From (1) in Theorem 1, we obtain the following result immediately:

Corollary 1. Let (M,g) be a complete noncompact n-dimensional Riemannian
manifold with nonnegative N-Bakry-Emery Ricci tensor. Assume that two real
constants «, ¢ in (2) are positive. Then the equation (2) does not have a positive
smooth solution.

2 Proof of Theorem 1
Let h =logu. Then one has from (2) that

1
Ash = ~Aju—|Vh]? = —cu™>"! — |Vh|%.
U

Define F' = cu™*"! + |Vh|?, then we have Agh = —F. It is well known that for
the N-Bakry-Emery Ricci tensor, we have the Bochner formula (see [14]):

2
Af|Vh]2 > —=—|A¢h]? + 2(Vh, V(A h)) — 2K |Vh|?
f\V\_n+N\f|+<V,V(f)> |Vh|

2
= F?2-2 F) - 2K 2,
N (Vh,VF) = 2K|Vh|

Hence, one gets
AfF = CAfUiail + Af|Vh‘2
> cla+1)(a+2)u"* HVh? —cla+ Du " 2Asu (7)

+

F?2 —2(Vh,VF) — 2K|Vh|?.
TT N (Vh,VF) |Vh|

Let & be a cut-off function such that {(r) = 1 for r < 1, £(r) = 0 for r > 2,
0<¢(r) <1, and
0> ¢ %(r)¢ () > —e
§'(r) > —ca
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for positive constants ¢; and ¢y. Denote ¢ by p(z) = d(z, p) the distance between

2 and p in M. Let
br) = ¢ (”f)) .

Using an argument of Calabi [1] (see also Cheng and Yau [4]), we can assume
without loss of generality that the function ¢ is smooth in B,(2R). Then, we have

Vo|* _ cf
— < = 8
QS — R2 ( )
It has been shown by Qian[13] that
4K p?
2
< .
Ap(p) <+ N) (14 )1+ n+N)
Hence, we have
1
Asp = 5-[A5(p%) = 2V pl?]
p
_ 2
7n+N 2+n—|—N(1 4Kp )
2p 2p n+ N
N -1
= HT +v(n+N)K.
It follows that
1 2 !/ A
Ao EOIVE | €A
_(n+N-14/(n+N)KR)c1 +c2
- R2 .

Define G = ¢F. We may assume that G achieves its maximal value @) at the
point € Bp(2R) and assume that @ is positive (otherwise the proof is trivial).
Then at the point =z,

0=VG =¢VF + FV¢

and AyG < 0. Therefore, at the point z, it holds that

0> A;G=AG— (Vf,VG)
= ¢AfF + FA;¢+2(Ve, VF)
[Vg|?
¢

= oAy F + FAyp — 2F

2
> F? —2¢(Vh,VF) — 2K¢|Vh|*
> = 0F? = 26(Vh,VF) = 2K6|Vh|
m+N—-1++/(n+ N)KR)c; + c2
— I F
2¢2

- EF +c(a+ 1) (a+2)u™* 1o Vh[* — c(a+ 1)u"*"2¢A ju,



Gradient estimates for a nonlinear equation Ayu +cu™ =0 s

which shows that
2
> = _G?+2 — 2K ¢?|Vh|?
0 n—i—NG +2G(Vh, V) @*|Vh|

_(n+N—1+\/mR)c1+cQG (10)

R2 G +cla+ D) (a+2)u"*1¢?| VA2 — cla + 1)u™*"2¢*Asu.

Next, we consider the following two cases: (1) ¢ > 0; (2) ¢ < 0.
(1) When ¢ > 0, then we have F = |[VA|2 + cu=*"! > 0 and |[Vh| < Fz. Since

(Vh,Ve) < |Vh||Vg| < szd)%

2c; 3 _ (n+N)c? 1 9
- 2 <
T A
then (10) yields
2 2 201 3 2
> - —G2? -2K¢|Vh
0> n+NG G ¢|Vh|
_(n—f—N—l—i—\/ n—l—N)KR)cl—i—ch
R2G—i—c(oz—|—1)2 L2V + (o + Du Lo F (11)
1 (n+ N +2)c?
> — G- ——1g 2K
_n—l—NG R2 G- 2KG

B (n—i—N—l—i—\/(n—l—N)KR)cl—i—cQG
R2

From (11), we obtain

(m+N)(n+N+2)c2 (n+N)[(n+N—1)c; + ¢
R2 + R2

N)e
"+ DT A Sint NK +2(n+ N)K

G <

and hence

2 —
sup FSGS(n+N)(n—|2—N+2)cl+(n+N)[(n+];f ey + o]
B,(2R) R R

+%\/(n+N)K+2(n+N)K.

Now (1) of Theorem 1 follows easily from the inequality above.

(2) When ¢ < 0, if FF < 0, then the estimate in (2) of Theorem 1 is trivial.
Hence we assume F' > 0. Under the assumption that F > 0, one gets |Vh| > Fz.
Since

1 (n+ N)c?
2 <
G(Vh. Vo) € —— G+

V|,
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then (10) yields

1 (n+ N)ci
> 2 1 \v4 2_2K QV 2
0_n+NG R? 91Vl ¢"IVhl

N1+ (n+N)KR)cl+02G
R2

20% . —a—1 ,2 2
— ﬁG—&—c(a—i-l)(a—&-Q)(B:l(leR)u) ¢*|Vh|

+A(a+1)( sup u) 22

B, (2R)
1 2 (n+N)e? (n+ N)ct . —a—1
— F— f
> NG 79 B ¢|C\(B;{12R)U)
_(n+N-1+ (n+N)KR)cl+02G
R2

2
_2a

72 G — J(2R)¢*F — L(2R)¢?,

where

J(2R) = 2K — c(a+ 1)(a+2)(_inf w)™*7,

By(2R)
L(2R) = |C|J(2R)(B,i)?2fn) u)—a—l ~Pla+ 1)(321(1213{) u)—Qa—Q.
This shows that
0= n Ji NG2
(" 2, e o WR)CI 2 4 JeR))G
- ch(igfm u)~ "' — L(2R).
Hence
<M v
where

n+ N)|(n+N -1+ n+ N)KR)c; +c
+(n+N)(n—|—N+2)c%
R? ’

(n+ N)?ct

R? B,(2R)

d=(n+ N)L(2R) +
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Let m = (infp (2p) w) T M= (supgp, (2r) u)~*"". We have

n—i—N)c%‘

\/&—\/(n+N)c2(a+1)[(a+2)m2—M2]+[( 7zl + 200+ N) || K]m

(n+ N)ci
e
(AN | o0 4 NYK

n a a cam - .
<+ N)(a+1)(a+2)|c +2\/(n+N)(a+1)(a+2)

<\/(n+N)cz(a+1)(a+2)m2+[ c|+2(n+ N)|c|K]m

It follows from (13) that

(n+ N)[(n+N—-1++/(n+ N)KR)c1 + c2]
R2

(n+N)2c2
(n+ N)(n+ N +2)c? =L +2(n+ N)K
+ + VAlc/m +
R? el 2V A

— (4 VAl 4 SN N = e+ 1)
(n+ N)c3 n+ N

+ A (e N 2 m)

(n+ N)y/(n+ N)Kc 1

- 1+(2+ﬁ)(n+N)K,

G <2(n+ N)K + Alcjm +

_|_

where
A=n+N)(a+1)(a+2).
Therefore, we obtain (2) of Theorem 1. O
3 Proof of Theorem 2
Let h = logu. Then we have
Aph=—cu™ ' —|Vh|%

Denote by F' = cu™®"! + |Vh|?, then we have Ash = —F. Applying the Bochner
formula to h, we get (see [14]):

A¢|Vh|?> = 2|D?h> + 2(Vh, V(A sh)) + 2Ricy (Vh, Vh). (15)

Since

v

|D2h‘2

—
>
>

S—

[\v]

[F —(Vh,Vf)]?

SIm3I=3-

Y

F? - %F(Vh, V1),

then we derive from (15)

2 4
A¢|Vh|? > 5F2 - 5F<Vh, Vf) —2(Vh,VF) - 2K|Vh[*. (16)
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Thus we have

AfF = cApu™ "1+ Af|VA?
>cla+1)(a+2)u* VA —cla+ Du*?Aru (17)

2 4
+ EF2 = —F(Vh,Vf) = 2(Vh,VF) - 2K |Vh|?.

Let & be a cut-off function such that £(r) = 1 for r < 1, {(r) = 0 for r > 2,
0<¢(r) <1, and

’

0> &7 2(r)E (r) > —¢;
&'(r) > —co

for positive constants ¢; and ¢y. Denote ¢ by p(z) = d(z, p) the distance between

¢ and p in M. Let
wwzg(ﬁ?).

Using an argument of Calabi [1] (see also Cheng and Yau [4]), we can assume
without loss of generality that the function ¢ is smooth in Bagr(p). Then, we have

Vo> _
—_—< = 1
i< (19
Since Ricy > —K and |V f| < 6, we have from the Theorem 1.1 in [14]:
K
< — _
Asp </(n 1)Kcoth(\/ — 1p> +0
1 K
<m-1(=+4/—)+0.
<(n 1)(p+ n_1>+9
Therefore, we obtain
"(r) |V p|? "(rA
Apo =t (;%I2 ol +§(3%fp
(19)

>_(nflJr\/(nfl)KRJrGR)clJch
R? '

Define G = ¢F. We assume that G achieves its maximal value @) at the point
x € Bp(2R) and assume that () is positive (otherwise the proof is trivial). Then at
the point z,
0=VG=¢VF + FV¢

and AyG < 0. This shows that

VEF =—

S|

V.
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Therefore, at the point x, it holds that
0>AiG=¢AsF+FA;¢p+2(Vep,VF)
Vol
¢
> %qu? - %ng(Vh, Vf) —2¢(Vh,VF) — 2K ¢|Vh|?

B (nflJr\/(n—l)KRJrﬂR)cl +62F7&

R2
+e(a+ 1) (a+2)u” 19| VA® —cla+ 1)u*"*pAfu,

which means that

= ¢AfF + FApp— 2F 21

0> %G2 - %gbG(Vh, Vf) +2G(Vh, V) — 2K 6| Vh|?
B 26%4—(7],— 1)61+CQG7 (\/m+9)61G (20)
R2
+cla+ 1) (a+ 2)u™*"1¢?|Vh|? - ( + Du"*2¢*Asu.

Next, we consider two cases: (1) ¢ > 0; (2)c < 0.
(1) When ¢ > 0, we have F = |[Vh|2 4+ cu=®"! > 0 and |[Vh| < F2. Since

(Vh,Vo)| < [VhIIVe| < TFHob,

[(Vh, V)| < |Vh||[Vf| < F2|Vf],
then from (20) we obtain

2 4 2 2c? -1
0> =G - 2 vfiGE - L6 -2k v - X Fn—bate,
n n R2
V= DK +6)
(V(n ])% + ClG—i—c(a—l— 1)%u=*"'¢?*|Vh|?
+cla+ Du™ "1 F (21)
2 _
> 20 vpiar - 2at og At Date,
n n R2
_ (V(r—1)K+0) “a
R

Using the Schwarz inequality, one has

<7|Vf|+E>G <n<f|Vf|+ )G+ ez

de; (22)

= (ﬁ'vﬂQ + =Vl + nc1>G+ —G”.
Inserting (22) into (21) yields

1 4 4
0> -G2 - (7|Vf|2 il \Vf|>G 2KG
n n

7(71—1—2)0%—}—(71—1)01—}—02(;7 V(n 71)K+0)01G
R

RQ
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Hence
nl(n+2)c2 + (n—1)cy +ca]  5neib 5 nepy/(n—1)K
G < 460 — 7+ 2nK, (23
< 3 + o 467+ 7 +2nK, (23)
and )
sup F<G<L nln + 2y + (;L — Vet
B, (2R) R
5nc,0 5 ney/(n—1)K
460 — 1+ 2nK.
= A - +2n

We complete the proof of (1) in Theorem 2.
(2) When ¢ < 0, if ' < 0, then the estimate in (2) of Theorem 2 is trivial.
Hence we assume F > 0 and hence |Vh| > Fz. Noticing

c1 1 1 5 2ncl
< 2— 2 < —
2G(Vh,V¢) < 2RG¢> |Vh| < QnG +
26G(vn, V1) < 2oGIVAIV S < -G + —|Vf| 242(7h?,
n n 2n n

V|,

we have from (20)

2¢f + (n—1)er + 2
RQ
1)K +6 T

B (WJF UG 4 ela+ D(a+ 2)(inf ™ 1% |Vh?

2nc1

“oIVh|? — 2K¢*|Vh|* — G

1 8
0> =G*— —|Vf]?¢*|Vh|* -
n n

+c*(a+1)( sup u)72a72¢2
B,(2R)

2nc?

> Lar o (Bwpe s 28 or - (5902 4 2Dkl in )

L (2R)
2c2 -1 (v(n—1)K +6)
_atn-bate, (Vn ; 0 ¢ JoRr)6F - LER)E

RQ

where
J(2R) = 2K — 1 2 inf —a—1
(2R) cla+1)(a+ )(B;I(ER)U) 7
L(QR) = |C|J(2R)( inf u)iail — 62(04 + 1)( sup u)*2a72’
By(2R) B,(2R)

This shows that

0> -G?

n

2 _
3 (%|Vf\2+ (2n + 2)ct ]ég 1) c1+62 (V(n K+0)c J(2R))G

8 5 2nct . —a—1
— = f — L(2R).
(197 + g lel( it ) (2R)
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Hence one has

G

b+ Vb2 +4d
g%gbﬂ/ﬁ, (24)

where

n[(2n +2)c? + (n — 1)eg + ca) N ner(y/(n — 1)K +0)
R )

R2
n2

2 2 C% . —a—1
d=nL(2R) + (8|V/] +?)|c|(Blng)u) :

b=nJ(2R) +8|Vf|* +

—a—1

Let m = (infp (2r) u) , M = (supp, (2r) u)"*"'. We have

2 2.2
Vd = \[ne(a + D)[(a + 2)m? — M?] + (2nK + 8|V |2 + %)lclm

2n2c?

< \/an(a + 1) (a+2)m? + (2nK + 8|V f|? + R2 )lelm

nK + 4|V ]2 + "]
< Vnla+ 1) (a+2)cm+ .

n(a+1)(a+2)

It follows from (24) and |V f| < 6 that

n[(2n +2)c? + (n — 1)ey + ¢3)

G < 2nK + Blc|lm + 86 +

R2
2.2
Vin—1)K+86 K +460% + 232
Ll DEEO) g MY T
R VB
_ n N9 - ncy6
= (B+VB)|c|m + JE ((2 +2n+ \/E)Cl +(n—1ec + 02) + 7
1 neiy/ (n — DK 1
14+ ——)ge2+ XV IR 4 (04— Yk,
+<+2\/§) + = +(+\/§)n
where
B =n(a+1)(a+2).
The proof of (2) in Theorem 2 is completed finally. O
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Book Review

Tom Mestdag

Geometry of Nonholonomically Constrained Systems by R. Cushman, H. Duister-
maat and J. Sniatycki. Advanced Series in Nonlinear Dynamics, Vol 26, World
Scientific, 2010.

The admissible configurations and velocities of point masses or rigid bodies in
a mechanical system are often observed to be restricted. In many cases these lim-
itations can be handled by introducing constraint equations into the framework.
One usually distinguishes between two types of such constraints. Holonomic con-
straints are restrictions on the position of the system only. A constraint is said to
be nonholonomic if the restriction depends also on the velocities of the system, and
if by no means it can be integrated to a holonomic constraint. Typical engineer-
ing problems that involve nonholonomic constraints arise for example in robotics,
where the wheels of a mobile robot are often required to roll without slipping, or
where one is interested in guiding the motion of a cutting tool or a skate. Some
of the well-studied textbook examples of nonholonomic systems include the rolling
disk, the rattleback, the rolling ball in a cylindrical tube, the problem of pursuit
and the snakeboard. A classical reference for nonholonomic systems is the book by
Neimark and Fufaev [3].

Since the second half of last century, tools and techniques from differential
geometry (Riemann geometry, contact geometry, symplectic and Poisson geometry,
Lie groups, fibre bundles, jet bundles, connections, distributions, etc.) have had
an ever growing impact on the analysis of problems in mechanics. The discipline
that emerged from the contact between geometry and mechanics is now commonly
called ‘Geometric Mechanics’. Two fairly recent books that deal specifically with
geometric approaches to nonholonomic mechanical systems are e.g. the monographs
by Bloch [1] and Cortés [2], and the book under review can be thought off as an
new addition to this category. The book can be divided in two parts: while the first
four chapters contain the theoretical material, the last three chapters concentrate
on three specific examples.

Chapter 1 introduces the category of nonholonomically constrained mechanical
systems. As in the bigger part of the literature, only non-holonomic constraints that

Postdoctoral Fellow of the Research Foundation — Flanders (FWO).
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are time-independent and that depend linearly on velocities are considered. The
advantage is that they can geometrically be represented in the form of a distribution
D on the configuration space Q). The authors only consider Lagrangians of so-called
‘mechanical type’, that is of the form k — V', where k is a kinetic energy function
associated to a Riemannian metric on @, and V is a potential function on . The
authors work in what they call the ‘distributional Hamiltonian formalism’. One
should not think here of the adjective ‘Hamiltonian’ as meaning ‘set in (a part of)
phase space’, but one should rather interpret it as ‘set in a symplectic framework’.
That is to say, one can pullback, by means of the Legendre transformation, the
canonical symplectic two-form on T*(@ to a symplectic two-form on T'Q, the so-
called Poincaré-Cartan two-form. It can then be shown that the distribution D
gives rise to a certain distribution H on the submanifold of T'Q) determined by D,
and that the restriction w of the Poincaré-Cartan form to H is non-degenerate. The
object w can therefore be thought off as playing the role of a symplectic form for
nonholonomic systems. Analogously, if one assigns to the energy function h = k+V
on T'Q the role of Hamiltonian, the symplectic-type equation Y} w = Ogh defines
a unique vector field Y, on D whose base integral curves are solutions of the
nonholonomic dynamics. After a few basic properties of Y}, the rest of the first
chapter deals mainly with the Dirac bracket and the almost Poisson structure
that one can define in this context, with the projection principle (which states
that the nonholonomic dynamical vector field Y}, is a certain projection of the free
dynamical vector field) and with a nonholonomic version of Noether’s Theorem (on
the relation between infinitesimal symmetries and constants of motion).

A large part of the book deals with the theory of Lie group symmetry reduction
for nonholonomic systems. The benefits of exploiting symmetry are self-evident:
if a dynamical system exhibits a symmetry, one may hope to reduce the system
to one with fewer variables, possibly easier to solve. Throughout Chapters 2, 3
and 4 a special emphasis is put on the singular case, where the action is not
necessarily free and proper, and this is precisely what sets this part of the book
apart from the existing literature. In Chapter 2 the basic concepts related to
Lie group actions on manifolds are reviewed. A free and proper action defines a
principal fibre bundle structure on the orbit space, which in particular becomes a
smooth manifold. The authors show that even in the singular case it is possible
to define a kind of differential structure on the orbit space, by introducing the
concept of a differential space. It is clear that when one works with spaces that
do not necessarily possess a smooth manifold structure, one needs to rethink a
lot of concepts, such as e.g. the definition of a tangent space and a vector field.
Chapter 2 therefore mainly deals with re-inventing, in the more general set-up of
differential spaces, familiar concepts known for manifolds. Chapter 3 contains the
actual descriptions of the reduced distributional Hamiltonian systems, both for
singular and regular Lie group symmetry reduction. Special attention is given to
the subclass of Chaplygin nonholonomic systems (where the constraint distribution
is the horizontal space of a principal connection, and where the reduced equations
are of pure second-order type). Further, given that for nonholonomic systems the
usual interplay between symmetries and conserved momenta is no longer valid, the
authors situate the so-called momentum equations within the context of the reduced
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equations. Chapter 4 is about reconstruction equations (whose solutions enable
one to reconstruct a complete solution from a solution of the reduced equations),
about relative equilibria (i.e. equilibria of the reduced equations) and about relative
periodic orbits. Again, we find in this chapter a careful analysis of the situation
when the action is not necessarily free.

The following citation, taken from the introduction of Chapter 5, fully captures
the spirit of the second part of the book: “In this chapter we will discuss the classical
nonholonomically constrained system known as Carathéodory’s sleigh. In order to
illustrate the theory given in chapters 1,2 and 4, we will derive the equations
of motion in five different ways, construct the reduced system in three different
ways, and carry out reconstruction explicitly.”. Indeed, the following three chapters
contain a very comprehensive analysis of three famous examples of nonholonomic
systems: Carathéodory’s sleigh (which is a planar rigid body with a sharp edge
in a vertical plane that makes contact with a horizontal plane in its lowest point),
the example of a smooth, strongly convex rigid body rolling without slipping on a
horizontal plane (under the influence of a constant vertical gravitational force), and
the example of the rolling disk (which is not necessarily confined to roll vertically).
These chapters do not only contain explicit formulae of reduced equations in many
different forms and fashions, but, in particular in the chapter on the rolling disk,
also contain a lot of information on the qualitative behaviour of particular solutions
to the problems, such as e.g. a stability analysis for the relative equilibria and a
study of the limiting behaviour of the disk when it nearly falls flat and then rises
up again.

I believe that the book under review will become a standard reference work for
people working in the field of geometric mechanics. I enjoyed the clear writing style
of the main body of the text and I also appreciated the background information in
the ‘Notes’ section at the end of each chapter. More importantly, in my opinion
the book contains a lot of interesting research paths which makes it distinct from
other books on this topic. One of them is the analysis of singular actions in the
theoretical part, which is barely touched upon in e.g. [1] and [2]. An other major
feat is that concrete simple examples are stripped down naked in an instructive
manner and that they are shown to be the source of a very rich variety of interesting
geometric problems. The new methods and techniques developed in the last three
chapters for the specific examples may even become inspiration for future research
on nonholonomic systems in general. A bit disappointingly, however, is that, as
far as I could check, none of the Lie group actions involved in the last chapters
were actually not-free, and that the singular tools from the first chapters were left
unused in the last chapters. To my mind, this is a bit a missed opportunity.
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