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ON THE PRINCIPLE OF
STATIONARY ISOENERGETIC ACTION

Bozidar Jovanovié

ABSTRACT. We present several variants of the Maupertuis principle, both on
the exact and the nonexact symplectic manifolds.

1. Introduction

1.1. The principle of least action, or the principle of stationary action, says
that the trajectories of a mechanical system can be obtained as extremals of a
certain action functional. It is one of the basic tools in physics being applied both
in classical and quantum setting.

Consider a Lagrangian system (@, L), where @) is a configuration space and
L(q,q,t) is a Lagrangian, L : TQ xR — R. Let ¢ = (¢1, ..., ¢n) be local coordinates
on . The motion of the system is described by the Euler-Lagrange equations

(1.1) d oL 0L
. — = i=1,...,n.
dt 04;  Oq;’ Y
The solutions of the Euler-Lagrange equations are exactly the critical points
of the action integral

b
S1(7) = / (g, .1) dt

in a class of curves v : [a,b] — @ with fixed endpoints y(a) = go, 7(b) = q1 (the
Hamiltonian principle of least action (1834), e.g., see [28]).
The Legendre transformation FL : TQ) — T*(Q is defined by

d oL .
(1.2) FL(q,f,t)-nzd—S’SZOL(q,ﬁ—i—sn,t) — piza—qi, i=1,...,n,
where {,n € T,Q and (g1, ...,¢n,P1,-..,Pn) are canonical coordinates of the cotan-

gent bundle T*Q. In order to have a Hamiltonian description of the dynamics (see
the section below), we suppose that the Legendre transformation ([2)) is a diffeo-
morphism. The corresponding Lagrangian L is called hyperregular [21].
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64 JOVANOVIC

If the Lagrangian L does not depend on time then the equations (IL1]) possess
the energy first integral

(1.3) B.) = FL@.0) -4 = Lad) = Y %q L

In that case we have

THEOREM 1.1 (the Maupertuis principle). Suppose that h is a regular value of
E. Among all curves ¢ = v(T) connecting two points qo and g1 and parametrized so
that the energy has a fixed value E = h, the trajectory of the equations of dynamics
@) is an extremal of the reduced action
(1.4)

’ dq dq b oL dq
S() :/a FL (‘J(T), d_T) “dr dr = 8_(1(7) I dr,  qo="(a), 1 = (b)

a

It is important to note that the interval [a, b], parametrizing the curve ¢ = v(7),
is not fixed and it can be different for different curves being compared, while the
energy must be the same.

Contrary to the Hamiltonian principle, the Maupertuis principle, or principle
of stationary isoenergetic action determines the shape of a trajectory but not the
time. In order to determine the time, we have to use the energy constant.

Historically, a variant of Theorem 1.2 was the first variational approach to
mechanics. It is attributed to Maupertuis (1744), Euler (1744) and Jacobi (1842),
who gave an important geometric interpretation of the principle (see [28]).

1.2. The classical proofs of the Maupertuis principle can be found in [28], [36],
2]. In Serbian, see the second volume of Bilimovié’s course in Theoretical mechanics
[4], or Dragovi¢ and Milinkovié’s monograph [10].

Weinstein [34] and Novikov [25] formulated multi-valued variational principles
that provided the study of the existence of periodic orbits on non exact symplectic
manifolds. We feel a need to present these results, along with the classical ones, in
a unified way.

In the first part of the paper, we derive the principle of stationary isoenergetic
action, both on the exact (Section 2) and the nonexact symplectic manifolds (Sec-
tion 3). The variants of the Maupertuis principle presented in Section 3 are our
small contribution to the subject. They slightly differ from the existing variational
principles formulated either for closed trajectories, or formulated without imposing
the constraint given by the energy.

In the second part of the paper we point out a contact interpretation of the
Maupertuis principle (Sections 4, 5). There, it is illustrated how some of the well
known properties of the system of harmonic oscillators, the Kepler problem (Moser’s
regularization) and the Neumann system (relationship with a geodesic flow on an
ellipsoid), have natural descriptions within a framework of the contact geometry.
We believe that one should expect other interesting relations between the contact
structures and integrable systems as well.

It is a great pleasure to dedicate this paper to Anton Bilimovié, since his work
has fundamentally influenced the development of Serbian theoretical mechanics.
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2. Principle of stationary isoenergetic action in a phase space

2.1. Hamiltonian equations. Let L(q,¢,t) be a hyperregular Lagrangian.
We can pass from velocities ¢; to the momenta p; by using the standard Legendre
transformation (I2). In the coordinates (g,p) of the cotangent bundle T*@Q, the
equations of motion (L)) read:
dqi - 0H dpi - OH
dt  Op;’ dt  0q;’

where the Hamiltonian function H(q,p,t) is the Legendre transformation of L

(2.1) i=1,...,n,

H(qvpa t) = E(qv q.v t)|q':]FL*1(q,p,t) = ]FL(qv 47 t) ' q - L(qv Qa t)|q:FL*1(q,p,t)-
Let pdq = ), pidg; be the canonical 1-form and

n
w=d(pdg) =dpANdqg= dei A dg;
i=1
the canonical symplectic form of the cotangent bundle T*Q. The system of equa-
tions (21 is Hamiltonian, that is the vector field

Xul(q,p) = (0H/0p1,...,0H/Opy,—0H/0q1,...,—0H/0q,)
can be defined by
(2:2) ixpe(+) = w(Xu, ) = —dH(-).

2.2. Characteristic line bundles. More generally, consider a 2n-dimensional
symplectic manifold P with a closed, nondegenerate 2-form w. Let H : P xR — R
be a smooth, in general time dependent, function. Consider the corresponding
Hamiltonian equation

(2.3) i=Xp,

where the Hamiltonain vector field Xp(z,t) is defined by ([2:2]).

If the Hamiltonian H does not depend on time, it is the first integral of the
system. Let M be a regular connected component of the invariant variety H = h,
which means dH s # 0.

Since dH (&) =0, £ € T, M, from (2.2]) we see that X generates the symplectic
orthogonal of T, M for all x € M — the characteristic line bundle Ly; of M. It is
the kernel of the form w restricted to M:

Ly ={£€TuM|w(&,T,M) =0,z €M}

Note that L/ is determined only by M and not by H. If F' is another Hamilton-
ian defining M, M C F~1(c), dF|y # 0, then the restrictions of the Hamiltonian
vector fields Xy and Xp to M are proportional.

A wariation of a curve v : [a,b] = M is a mapping: T : [a,b] x [0,¢] = M,
such that (t) = I'(t,0), t € [a,b]. Denote v,(t) = I'(t, s) and 6v(t) = & |,—07s(t) €
Ly M.

From Cartan’s formula we get (e.g., see Griffits [12]):
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LEMMA 2.1. Let (M, «) be a manifold endowed with a I-form «, 7y : [a,b] = M
be an immersed curve and I' be a variation of v. The Lie derivative of the form
T« in the direction of 0/0s at the points [a,b] x {0} is equal to

LojosI* (1,00 = 7" (igyydar) + dy* (a(67(t))).

THEOREM 2.1. Assume that the symplectic form w is exact: w = da. Let M
be a regular component of the invariant hypersurface H=*(h). The integral curves
v : [a,b] = M of the characteristic line bundle Ly are extremals of the (reduced)

action functional A(y) = f,y a= f: a(¥) dt in the class of variations vs(t) such that
a(dy(a)) = a(6(b)) = 0.

The proof is a direct consequence of Lemma 2.1. We have

e (]

The expression above is equal to zero for all variations 7,(¢) if and only if 7 is
in the kernel of the form w = da restricted to M. That is, vy(¢) is an integral curve
of the line bundle L.

b
- / w(8y(8), 4(1)) dt + a (67 (b)) — a(67(a)).

s=0

2.3. Applying Theorem 2.1 to the symplectic space (T*Q, dp A dq) we obtain
Poincaré’s formulation of the Maupertuis principle in a phase space [27].

THEOREM 2.2. If the Hamiltonian function H = H(q,p) does not depend on
time, then the phase trajectories of the canonical equations 2.10) lying on the regular
connected component M of the surface {H(q,p) = h} are extremals of the reduced
action

(25) A0 = [ pda
¥
in the class of curves v lying on M and connecting the subspaces Ty ) and T Q).

Note that Theorem 1.1 follows from Theorem 2.2 (e.g., see Arnold [2]). Suppose
that the Hamiltonian system (2.1J) is a Legendre transformation of the Lagrangian
system (II). The main observation is that if v(7) is a configuration space curve
parametrized such that E(vy,dy/dr) = h, then the lifted curve v = FL(~, dvy/dr)
lyes on M and the reduced actions (I4) and (235 for 7 and vy are equal: S(z) =
A(7) (see Fig. 1).

2.4. Jacobi’s metric. Consider a natural mechanical system on ) defined
by the Lagrangian function:

. 1 . .
(2.6) L(q,q) =T+B-V = §ZKijquj+ZBiqi - Vi(a).
ij i
Here ds® = > Kijdgidg; is a Riemannian metric on @, V'(g) is a potential function

and § =), B;dg; is a 1-form defining a gyroscopic (or magnetic) field o = df (see
Section 3).
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>

FIGURE 1.

The energy of the system (L3) is the sum of the kinetic and the potential
energy

. 1 ..
B(q,q)=T+V =3 ;Kijqiqj +V(a).
In the region of the configuration space @), where V(gq) < h, we can define the
Jacobi metric

(2.7) ds? = 2(h - V(q)) ds® = 2(h — V(¢) 3 Kijdaida;.
j
The following version of the Maupertuis principle for Lagrangians of the form

25) is well known (e.g., see Kozlov [19]).

THEOREM 2.3. Among all curves ¢ = v(7) connecting the points qo,q1 € Qpn
and parametrized so that the energy has a fized value E = h, the trajectory of the
equations of dynamics (ILIl) with Lagrangian (2Z6)) is an extremal of the integral

(2.8) S(v) = / dsj+ 0.

In particular, if there are no gyroscopic forces, the trajectories of the system within
Qn, up to reparametrization, are geodesic lines of the Jacobi metric ds?.

Indeed, in order to guarantee a fixed value of the energy

dq; dq; 1 /ds\?
KA (d—s) +V(g) = h,
T

1
BTV =32 KiGrg, +V0 =3
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the parameter 7 of the curve ¢ = v(7) must be proportional to the length dr =

ds/\/2(h — V). Therefore
b
aL dq sz dq_] sz
A= / (ZK”d ar +;B

b
dg;
_/< +ZB q>d7’—/dsJ—|—9.
a v

REMARK 2.1. The variational principle stated in Theorem is used in the
study of periodic trajectories of natural mechanical systems with exact magnetic
fields (see [31] and references therein). Note also that the Maupertuis principle for
a configuration space @ being a Banach space can be found in [21], [30].

2.5. The Hamiltonian principle of least action. Consider a Poincaré—
Cartan 1-form pdg — Hdt on the extended phase space T*Q x R(q,p,t), where
H : T*"Q xR — Ris a Hamiltonian function. The phase trajectories of the canonical
equations (2)) are extremals of the action

(2.9) An(2) = [ pdo  Hi

in the class of curves v(t) = (q(t),p(t),t) connecting the subspaces Ty @ x {to} and
T, Q x {t1} (Poincaré’s modification of the Hamiltonian principle of least action
[27]). Namely, a vector (§,1), & € T(4,,)(T*Q) belongs to kerd(pdq — Hdt) at
(g,p,t) if and only if £ = X (q,p,t) (see [2} 21]).

Obviously, we can replace (T*Q,dp A dgq) by an arbitrary exact symplectic
manifold (P,w = da). In particular, if we con51der the action Ag( f o — Hdt
on the free loop space Q(P) = C®(S!, P), S' = R/Z of P and H is 1- per1odlc in
t-variable, then the critical points of Ay are 1—periodic orbits of the equation (Z3)).

For a given time-independent Hamiltonian H : P — R with a regular level
set H~1(h), the periodic orbits having all positive periods and energy h can be
obtained by the use of modified action:

1 1
(2.10) Asn(3,\) = / a(3)dt — A / (H((t)) — h)dt,

defined on the space Q(P) x Rt (see [29] [34]). The critical points (v, ) of Am s
correspond to A-periodic orbits z(t) = (¢/\) that lie on the energy hypersurface
H=(h). Moreover, Weinstein defined actions Ay and Ay, when the symplectic
form is not exact as well [35].

The Lagrangian analogue of the functional [Z2I0) is

1
ey, ) = / AL(v, /N dt+Mh, 7€ Q(Q) A > 0
0

(see [9]). The pair (v, A) is a critical point of Sy, 5, if and only if ¢(t) = v(¢t/A) is a
A-periodic solution of the Euler-Lagrange equation (LI with energy h.

Variational principles related to the action (23], which arise by a reduction
process are given in [g].
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3. The Maupertuis principle on nonexact symplectic manifolds

3.1. Magnetic flows. Consider a natural mechanical system given by La-
grangian function (2.6). After the Legendre transformation, it takes form (21
with the Hamiltonian function
(3.1) Hg,p) = %(p —0,p—0)+V(g) = % > K9 (pi = Bi)(p; — B;) + V()

ij
where K% is the inverse of the metric tensor Kj;.

The transformation Ty : (¢,p) — (¢,p — 0) is a symplectomorphism between
(T*Q,dp A dg) and a “twisted" cotangent bundle (T*Q,dp A dg + 7*c), where 7 :
T*@Q — @ is the natural projection and o = df.

In the new coordinates, also denoted by (g,p), Hamiltonian (31 takes the
usual form, the sum of the kinetic and the potential energy:

1 1 3
H(q,p) = 5{p,p) + V() = 5 > K9pip; + V(a),
i

while the equations of motion take the “noncanonical" form:
d¢¢  OH dp; OH Z": OH

3.2 da” _ __9od . OH
(32) dt  Op;’ dt oq* 7 Op;

j=1
where o = Elgz‘qgn F;;(q)dg; A dg;. The equations are Hamiltonian with respect
to the symplectic form w = dp A dg + 0.

One can consider system ([B.2]) associated to a nonexact 2-form o as well (for
example, the motion of a particle in a magnetic monopole field [21]). In this case,
Lagrangian (Z0)) is defined only locally. Nevertheless, it is very interesting that the
Hamiltonian (Weinstein [34] and Tuynman [33]) and the Maupertuis principles
(Novikov [26]) of least action can be still defined.

3.2. Multivalued reduced action. Let (P,w) be a non exact symplectic
manifold and let M = H~'(h) be a regular isoenergetic hypersurface. The main
observation concerning the Maupertuis principle can be stated as follows (see [26),
19] for the reduced action (2.8)).

Let U C P be a region where w is exact and let w = da; = das. Consider a
variation () = I'(¢, s), t € [0,1],s € [0, ¢] with fixed endpoints of a curve ~ lying
in MNU. Then

/al—/alz—/ I‘*dalz—/ F*dagz/ag—/ag.
. Yo [0,1]x[0,€] [0,1]x[0,€] . Yo
Therefore
/041—/041:/&2—/042
Yo Yo

and, although f,y «; depends on the form «;, the derivative

€ €

d b ' .
Sheo [ ot = [ wor. s



70 JOVANOVIC

does not depend on «;, i = 1,2. One can define an appropriate multi-valued
functional on a space of paths with fixed endpoints, such that an extremal (if exist)
is exactly the integral curve of the characteristic foliation on M. However, as in the
case of the symplectic homology (see [13]), the situation simplifies in the aspherical
case which is considered below.

3.3. Aspherical symplectic manifolds. The symplecic manifold (P,w) is
aspherical if w vanishes on o (P). Of course, if w is exact or m(P) = 0, then (P,w)
is aspherical.

Consider the equation ([23)), where H does not depend on time. Let M be
a regular component of H~1(h) and ¢ : [0,1] — P be an immersed curve with
endpoints z9 = ¢(0) € M and x; = ¢(1) € M. Define Q" (z¢,z1) as the space of
regular paths that are homotopic to ¢ in P:

QZ(x07x1) = {’7 : [07 1] - M'V(O) =20, Y(1) = xlaﬁ/(t) #0,1 € [07 1]7 Y ~p C}'

The space of all regular paths connecting x¢ and x1 and laying in M is the union
QM (wo, x1) = U, (20, 21), where we take representatives ¢ for all nonhomotopic
paths (in P) connecting z and .

If we suppose that (P,w) is simplectically aspherical then we can define a
single-valued reduced action:

(3.3) A (r) =R Ao men) = /D fro,

where D = {z | z € C, |z| < 1} is the unit disk, f, : D — P is an arbitrary
mapping that is smooth for |z| < 1, continuous on D and ~(t) = f,(exp(v/—1mnt)),
c(t) = fy(exp(v=Im(2 —t))), t € [0,1]. That is, f(D) is a surface with the

boundary 0D =~ -c L.
P /—\
D M \/
\ X

Y 0 C X1

N~

FIGURE 2.

Since v ~p ¢ we can always find a mapping f with required properties. From
W|xy(py = 0, the value A(v) does not depend on the choice of f.
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THEOREM 3.1. The integral curves v : [0,1] — M of the characteristic line
bundle Ly that connect zo and x1 are extremals of the reduced action (B3]).

PrROOF. Consider a variation v;(t) = I'(¢,s), t € [0,1], s € [0,¢€] of v lying in
M. By using w|.,py = 0, we get

A0 =0 = [ (oo =-[ ro= [ [ (G O s

Thus, as above,

5l a00 = [ oo sm)ae

is zero for all variations v;(¢) if and only if the velocity vector field () is a section
of ker w|py. O

s=0

3.4. A torus valued reduced action. Tuynaman proposed a torus-valued
action, such that multi-valued Poincaré action (Z9) can be seen as a composition
of a multi-valued function on a torus and a torus-valued action [33]. In this sub-
section we follow Tuynman’s construction [33] in order to formulate the principle
of stationary isoenergetic action.

Consider a manifold P with a symplectic 2-form w = Y"'_, 11,3%, where 3°
are 2-forms, representing integrals cohomology classes. We take the decomposition
with minimal n. Then the parameters p, are independent over Q, in particular
po=p1+ -+ pn, #0. Tow we associate the 1-form A = " p,dy® on a
torus T" = {(exp(v/—1y'),...,exp(v/=1y™)}. It can be consider as a differential
of a multi-valued function A on T™: X\ = dA. Also, for a = 1,...,n, let us define
principal S'-bundles

st — v,

lpa
P

having the connections #* with the curvature forms 8% (see Kobayashi [18]).

Let ~(t), t € [to,t1] be a piece-wise smooth, closed curve on P. Recall, a
piece-wise smooth curve %(t) C Y, is a horizontal lift of v if pg 0 7*(t) = () and
0°(£47(t)) = 0, whenever the velocity vector is defined. The holonomy Hol®(v) is
an element g € S, such that g-5%(tg) = 5%(¢1)-

LEMMA 3.1. [33] Let vs(t) = T'(t,s) be a variation of v : [0,1] — P with fized
endpoints and let ¢ : [0,1] — P be an arbitrary curve connecting xo = v(0) and
x1 = v(1). We have a family of closed orbits ¥s = 7s - ¢~t. The derivative of

Hol®(7s) is given by:
“ 0
/ ECORIDIT

dHol"(7s) Hol
Consider the equation (IZ:{I), where OH/0t = 0. Let M be a regular component
of H=(h) and Q"(xg,z1) be a space of regular paths v : [0,1] — M that connect
points z1 and x».
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For every v € Q"(x¢, 1) define a picewise smooth, closed path 7 = - ¢! :
[0,2] — M, where ¢ € Q"(zg, z1) is fixed. We call
Apn = Q" (g, 21) — T, v +— (Hol'(¥),...,Hol"(¥))

a torus valued reduced action. From Lemma [3.] we have:
d . Lo b
Mg Arln) = Sme [ 8GOSt = [ wli(0. 590 ar
a=1

whence, we obtain the following principle of stationary isoenergetic action on the
nonexact symplectic manifolds.

THEOREM 3.2. A curve vy € Q"(zo,21) is an integral curve of the characteristic
line bundle Ly if and only if

d% (A o Ar (%)) o = )‘(d%AT" (%)!SZO) =0

for all variations vs € Q" (xg,z1).
For the completeness of the exposition we include:

Proor orF LEMMA [3T] In local trivializations
o N(U;) =2 U; x S (x4, y; mod 27),
we have local connection 1-forms a; on U; such that 8 = «a; + dy; (the index a
is omitted). The transition functions between fiber coordinates and connection
1-forms are given by
(3.4) Y zyi—i—gij(x), o = o + dgj, gfj U;NU; — St
On the other hand, the curvature 2-form is invariant: 5 = da; = do;.
Suppose vs([to, t1]) C Ui, s € [0,¢€]. The local expression for 7, reads
- d . . .
Tu(t) = (o3l 5)). 0:(ZAD) =0 = a(G(0) + 5ilt. 5) = 0.

Therefore
t1
(35) i(t1,) = wilto,s) ~ [ ain(t) .
to
By taking the differential of (8H) at s = 0 and applying ([2Z4]) we get

t1
(3.6) Syi(t1) + ai(07(t1)) = byi(to) + ai(dv(to)) + By (t),67(t)) dt,
to
where d;y(t) = fLyi(t, 5)ls=0, 07(t) = s (t)]s=o-
Now, assume to < ty < t1 < t§, vs([to, t1]) C U; and ~,([ty,t)]) € U;. The
transformations ([B.4]) imply
(3.7) 0yi(t) + ci(07(t)) = 0y;(t) + a; (0y(1), T € [to, ta].
By combining [B.6) and B.7), it follows

(3-8) 3y (th) + a;(97(81)) = dwi(to) + i (6v(to)) + /t BGH(1), 64(1)) dr.
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Let s = s - ¢~ :[0,2] — M and let Uy,...,U; be local charts, such that
Ys([tic1,t]) C Uiy, O0=to<t1 < <tp=1<tpp1<---<t;=2, s€][0,¢.
From the relation (3.8) and §v(0) = §v(1) =0 = 6%(t) =0, ¢ € [1, 2], we get

531 (1) = 320 / BEHD), 5v(D) dt,  71(2) — 67(1) = 0.

We can suppose that the horizontal lifts of all curves start from the same point in
Y. Then dy;(0) = 0. This proves the statement. O

3.5. Reduced action for magnetic flows. Let us return to the magnetic
equations ([B.2)), where H (g, p) is an arbitrary smooth function and o is not exact.
Let M be a regular component of H(q,p)~1(h) and let 7 : T*Q — Q be the natural
projection.

As in Theorem 2.2, we need not to fix endpoints in the fiber directions. Consider
a class of regular curves y lying on M and connecting the subspaces T,y () and T} Q,
such that the projection 7(y) is homotopic to c:

Q]cl(qoaql) = {FY : [05 1] - M | 7T(’Y(O)) = qo, ﬂ-(’}/(l)) = q177T(")/) ~ C}7
and a class of all regular paths connecting Tj @ and T}, @ and lying in M:

QO7Q1 UQ Qvah

where we take representatives ¢ : [0, 1] — @ for all nonhomotopic paths connecting
qo and q1.

THEOREM 3.3. Assume olr,q) = 0. The phase trajectories of the magnetic
equations [3.2) in the class of curves Q" (qo,q1) are extremals of the reduced action

A: Qh(Qqul) — Rv A(7)|Qf}(qg,q1) = /de+ /D f:o_u
v

where fy 1 D — Q is smooth for |z| <1, continuous on D and

T(v() = fy(exp (V=1xt)), ct) = fy(exp (V-1r(2—1))), te€0,1].

If 0|7, (@) # 0, we can use a combination of the usual reduced action and a torus
valued action with respect to the form o. Suppose o = 2221 e B, where ¢ are 2-
forms, representing integrals cohomology classes in ). We take the decomposition
with minimal n. As above, to ¢ we associate principal S'-bundles L, over Q having
the connections #* with curvature forms 5%, a=1,...,n.

Let us fix ¢ : [0,1] = @, ¢(0) = qo, ¢(1) = q1. For every v € Q"(qo,q1), we
associate a picewise smooth, closed path v = 7(v) - ¢71 : [0,2] — Q. Define

B Qh(qo,ql) —T", v+ (Holl(l), ..., Hol"(v)),

where Hol® is the holonomy of the bundle L, — Q. Let v = Y. p1,dy® be a
1-form on T", considered as a differential of a multi-valued function Y: dY = v.
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THEOREM 3.4. A curve v € Q"(qo,q1) is an integral curve of the characteristic
line bundle Ly if and only if

d
E (Aspdq_TOBTn(’ys)) ‘S:O = 0

for all variations v € Qh(q()a q)-

REMARK 3.1. For various approaches to the existence problem of closed mag-
netic orbits, see [9}, [31] and references therein. Integrable magnetic geodesic flows
on homogeneous spaces can be found in [6].

4. Tsoenergetic hypersurfaces of contact type

4.1. A contact form « on a (2n + 1)-dimensional manifold M is a Pfaffian
form satisfying a A (da)™ # 0. By a contact manifold (M, H) we mean a connected
(2n + 1)-dimensional manifold M equipped with a nonintegrable contact (or hori-
zontal) distribution H, locally defined by a contact form: H|y = keraly, U is an
open set in M [20]. A contact manifold (M, H) is co-oriented (or strictly) contact
if H is defined by a global contact form «. For a given contact form «, the Reeb
vector field Z is a vector field uniquely defined by iza =1, izda = 0.

4.2. In studying the existence problem of closed Hamiltonian trajectories on
a fixed isoenergetic surface, Weinstein introduced the following concept [35]. An
orientable hypersurface M of a symplectic manifold (P,w) is of contact type if
there exist a 1-form a on M satisfying da = j*w, a(€) # 0, £ € Ly, € # 0, where
j: M — P istheinclusion. If (M, «) is of contact type, since £ = ker wys, the kernel
of aH={{eT,M|al) =0, v € M}is a (2n — 2)-dimensional nonintegrable
distribution on which da = w is nondegenerate. Consequently, o A da™~ ! is a
volume form on M and (M, H) is a co-oriented contact manifold.

Now, let (P,w = da) be an exact symplectic manifold. Consider a regular
component M of an isoenergetic surface H1(h) (H does not depend on time). If
a(Xg)|m # 0 then M is of contact type. We say that M is of contact type with
respect to a.

If M is of contact type with respect to «, then « has no zeros in some open
neighborhood of M. Contrary, suppose that an 1-form « has no zeros in some open
neighborhood of M. Then, from the nondegeneracy of w, there exists a unique
vector field F such that

(4.1) ipw = .

The vector field E has no zeros. From Cartan’s formula, the condition igw = « is
equivalent to Lpw = w, i.e., E is the Liowville vector field of w. We have (e.g., see
Libermann and Marle [20]):

LEMMA 4.1. A regular connected component M of an isoenergetic surface H~1(h)
is of contact type with respect to « if and only if the Liouville vector field defined
by @I is transverse to M.
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PROOF. Since ipw™ = naAda™ !, the kernel of a Ada” ™! is the vector bundle
generated by E. Therefore a A da 1|y is a volume form on M at x if and only if
E(x) ¢ T, M. O

Let M be of contact type with respect to a and let Z be the corresponding
Reeb vector field on M: izdaly =0, a(Z) = 1.

Since Z is a section of ker dalys, it is proportional to Xg|y: Z = NXg|u,
N # 0. Consequently, the flow of Z can be seen as a flow of Xpg|ps after a time
reparametrization dt = Ndr:

dr dzdt

4.2 —=——=
(42) dr dtdr
Alternatively, we can change the Hamiltonian H. Extend N to a neighborhood of
M. Then
(43) XN(H—h) ({E) = N(:E)XH (:Z?), r € M.

Based on observations ([@2]), (£3)), we have the following statement.

Xu(z) - N(z) =Z(x), x € M.

LEMMA 4.2. The function Hy = % has M as an invariant surface and the

Hamiltonian vector field Xy, |p is equal to the Reeb field Z. If p is any smooth
function of a real variable, such that p'(\) = 1, then p(Hy + A) has the same
property. In particular, for p(x) = =1/(4x), A = —1/2, we get

E(H) 1
4h —4H + 2E(H)’ sl =3 sln
PROOF. According to (22), (&I, we have
a(Xp) = w(E,Xp) = dF(E) = BE(F), F e C™(P).

Thus, Z = Xy /E(H)|um, ie., N = 1/E(H). It is clear that Hp|y = 0, while
#3) implies Z = Xpy,|pr-

Let p is a smooth function, such that p'(A) = 1. Then p(Ho+ A)|ap = p(A) and
E(p(Ho + X))l = p' (A E(Ho) = 1. O

(4.4) Hy

4.3. Exact magnetic flows. Consider a natural mechanical system given
by Hamiltonian function B.IJ). The canonical 1-form pdq is different from zero
outside the zero section {p = 0}, where we have the standard Liouville vector field
E=3,p0/0p; on T*Q.

Since E(H) = (p,p — 0), a regular hypersurface M), = H~1(h) is of contact
type with respect to pdg within a region

Mo = {{p—0,p—0) +2V(q) = 2h, (p,p—0) # 0}
={{p—0,p—0) +2V(q) = 2h, (p,p) # 2V +(0,0) — 21} C T*Qp.
Note that the equation (p,p — ) = 0|y, 6, # 0, defines an ellipsoid in T;Q.

Assume h, = maxgeq (V(q) + %(9,9)) < oo (for example, h, exists if @ is com-
pact). Then regular hypersurfaces M = H~1(h), for h > h,, are of contact type
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with respect to pdg. The function ([@4]) has the form
4(h =V (q)) +2(6,p)

In particular, if § = 0, H; is the Hamiltonian function of the geodesic flow of
Jacobi’s metric (27) and M), is the corresponding co-sphere bundle over Q.

HJ(Qap) =

REMARK 4.1. The function N in the time reparametrization (£.2)) equals N' =
1/E(H), E(H) = ({p,p—10) = 2(h — V(q))|nm. That is, dt = dr/2(h — V'), which
agrees with Corollary 2.2 (where the time parameter dt of the original system
is denoted by dr, dr = ds/\/2(h —V) = dsy/2(h — V), and ds; is the natural
parameter of Jacobi’metric).

5. Examples: contact flows and integrable systems

5.1. Harmonic oscillators. Consider the simplest integrable system - the
system of n independent harmonic oscillators defined by the Hamiltonian function

1
H:ZFi, F; = g(aiqf—l—bip?), i=1,...,n,

in the standard symplectic linear space R?*(q,p). Here we suppose that the prod-
ucts a;b;, i = 1,...,n are positive.

By the use of the first integrals F; = ¢;, a generic solution of the equations
(51) qi :bipi7 ]ji = —aiq;, 1= 17"'7”

can be written in the form

qz(t) =14/ ? COs (wlt—l- QD?) ) pz(t) = 4/ % sin (wit + gﬁ?) , Wi =/ aibi,

where ! € [0,27) are determined from the initial conditions. Assume

Ay = Arytodrp_1+1 = 7" = Qryteprys
By, = bT1+~~'+Tk71+1 == bT1+~~~+Tka
1<k<s, rm+--+rs=n, rg=0
and that the frequencies /A1 B1,v/A2Bs,...,/AsBs are independent over Q.

Due to the U(ry) x --- x U(rs)-symmetry, the system (G5I) has additional
Noether integrals

Ff = Awqiqj + Brpips, G = ¢;pi — pji,
ri+o g 1< o<y <+ oy, k=1,...,s,
implying the noncommutative integrability of the system [25] 22]. Generic trajec-
tories fill up densely invariant s-dimensional invariant isotropic tori generated by
the Hamiltonian vector fields of integrals
H=FK+--+F, ..., Hs=Ft.yr, 1+ -+ Ftgr,.

The quadric M, = H~'(h), h # 0 is of contact type with respect to the
canonical 1-form p dq outside p = 0, where we have a well defined Jacobi’s metric.
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However, if instead of p dq, we take

(5.2) a= Zpi dg; — %d(zpiﬂh) = % Zpi dg; — qi dp;,
=1 =1 A

then da = d(pdg) = dp A dg and the only zero of « is at the origin 0. The
corresponding Liouville vector field is

E=c Z% +pz 8

Since E(H) = h|u, , the quadrlc My, is of contact type with respect to a and
the Reeb flow on My, is Z = h™ ' Xy, -

The above construction provides natural examples of contact structures on
quadrics within R?® having the integrable Reeb flows with s-dimensional invariant
tori, for any s = 1,...,n. The case s = n corresponds to contact commutative
integrability introduced by Banyaga and Molino [3] (see also [16}, [7]), while for
s < n we have contact noncommutative integrability recently proposed in [14].

By taking all parameters to be positive (a;,b; > 0,7 =1,...,n), after rescaling
of My, to a sphere S?"~!, we get K-contact structures on a sphere S2"~! given by
Yamazaki (see Example 2.3 in [37]). In particular, fora; =ay =--- =a, = b, =

we have the standard contact structure on a sphere S"~! = H~1(1/2) with the
Reeb flow which defines the Hopf fibration (e.g., see [20]).

REMARK 5.1. A modification of the canonical form pdq given by (5.2)) can be
applied for starshaped hypersurfaces in R?". More generally, consider a regular
isoenergetic hypersurface My, = H~! in (T*Q(q,p),dp A dq). Tt is of contact type
if there exist a closed 1-form ¢ on M} such that pdq(Xg|m,) + o(Xula,) # 0.
If My}, is compact, then the required 1-form ¢ exists if and only if fM pdq(Xpg)du# 0
for every invariant probability measure p with zero homology (See Appendix B
in [9]). In particular, for a compact regular energy surface M;, = H~1(h) in the
standard symplectic linear space (R?"(q, p), dg A dq) we have the following sufficient
conditions. Suppose:

(i) pdg(Xm) > 0, for p # 0, (¢,p) € M;

(ii) if M N{p=0} # 0, then %H(q, 0) # 0 at the points (¢,0) € M.

Then M), is of contact type with respect to

0= mas i S pig @)
i=1 =1 !

for a certain parameter € (see [13]).

5.2. The regularization of Kepler’s problem. The motion of a particle
in the central potential filed is described by the Hamiltonian function
2n 2n |p|2 Y
H:R* =R \{q:O}%Rv H(qu):T_mj
where (-, -) is the Euclidean scalar product in R”™. Moser’s regularization of Kepler’s
problem (see [23]) can be interpreted in contact terms as follows.
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Let M;, = {H = h} C R2" be an isoenergetic hypersurface. Let us interchange
the roll of ¢ and p and consider the form o = — 3 " | ¢;dp; and the associated
Liouville vector field £ = >, qt’aiqi'

Since E(H) = ~/|q|, M} is of contact type with respect to a. According to
Lemma [4.2] the Reeb flow on M), can be seen as a Hamiltonian flow of

Ho = (p|* = 2h)lql/2y - 1.
In order to get a smooth Hamiltonian we can take F' = (Hg + 1)?/2 (Lemma F.2)):

(Ip|* —20)%
F = ———F"|q/|".
(¢:p) 572 lq]
Then F|py, = %, Z = Xr|u, and, moreover, Xr is defined on the whole R?".
Assume h < 0. The Hamiltonian F(q,p) can be interpreted as a geodesic flow
of the metric proportional to

dpt +--- + dpj

ds? =
" (2h — [p[*)?

It represents the round sphere metric obtained by a stereographic projection (see
Moser [23]). Thus, for h < 0, there exists a compact contact manifold M, =
My, U S™ (a co-sphere bundle over S") with a Reeb vector field Z, which is a
smooth extension of Z. In particular, for n = 2, M, = RP®. On RP? we have a
standard contact structure, obtained from the standard contact structure on S° via
antipodal mapping.

Note that for i > 0, the metric ds? is defined within the ball of radius v/2h
and represents Poincaré’s model of the Lobachevsky space.

The contact regularization of the restricted 3-body problem is given in [1].

5.3. The Maupertuis principle and geodesic flows on a sphere. It is
well known that the standard metric on a rotational surface and on an ellipsoid
have the geodesic flows integrable by means of an integral polynomial in momenta
of the first (Clairaut) and the second degree (Jacobi) [2]. A natural question is
the existence of a metric on a sphere S? with polynomial integral which can not
be reduced to linear or quadratic one. The first examples are given in [5]. Namely,
the motion of a rigid body about a fixed point in the presence of the gravitation
field admits SO(2)-reduction (rotations about the direction of gravitational field)
to a natural mechanical system on S2. Starting from the integrable Kovalevskaya
and Goryachev—Chaplygin cases and taking the corresponding Jacobi’s metrics, we
get the metrics with additional integrals of 4-th and 3-th degrees, respectively.

We proceed with a celebrated Neumann system. The Neumann system de-
scribes the motion of a particle on a sphere (g, ¢) = 1 with respect to the quadratic
potential V(q) = 3(Aq,q), A = diag(as,...,a,) (we assume that A is positive
definite). The Hamiltonian of the system is:

(5.3) Hn(q,p) = %(p,p) + 3(Az, z).
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Here, the cotangent bundle of a sphere T*S™ ! is realized as a submanifold P
of R?" given by the constraints

(5.4) Fi=(¢.q9 =1 F=(p=0.
The canonical symplectic form on P =2 T*S"~! is a restriction of the standard

symplectic form dp A dq to P. Let H : R?® — R. The Hamiltonian vector field
Xp|p reads

Xu(q,p)lp = Xu(q,p) — MXr (¢:p) — M2 XF,(q,p), (¢,p) €P,

where the Lagrange multipliers are determined from the condition that Xp|p is
tangent to P (e.g., see [24]).

There is a well known Knorrer’s correspondence between the trajectories g(t)
of the Neumann system (B.3]) restricted to the zero level set of the integral

(5.5) H(q.p) =13 ((A'q.q)(A"'p,p) — (A7 g, p)> — (A7 "q,q)) .

and the geodesic lines on an ellipsoid E}~! = {z € R" | (x, Az) = 1} by the use of
a time reparametrization and the Gauss mapping ¢ = Az/ |Ax| [17].

Recently, by using optimal control techniques, Jurdjevic obtain a similar state-
ment for the flow of the system defined by the Hamiltonian (55) [15].

We give the interpretation of Jurdjevic’s time change by the use of Maupertuis

principle. Since the potential V(q) = —3(A7'q,q) is negative, the isoenergetic
surface
(5.6) My={H|p=0}Cc P=T*S"!

is of contact type with respect to pdg|p. The Reeb vector field Z equals to the
Hamilonian vector field of

1
7 BRI
(the Hamiltonian of the corresponding Jacobi’s metric).

The Legendre transformation of a function of the form (51) in the presence of
constraints (5.4) is given in [11] (see Theorem 2 [11] and interchange the role of the
tangent and cotangent bundles of a sphere). As a result, we obtain the Lagrangian
function L(q,q) = 3(Ad, ¢)|gn-1.

(A7 'q, ) (A 'p,p) — (A7 "q,p)?) ‘P

Remarkably, after the linear coordinate transformation z = v/Ag, L(q,q) be-

comes the Lagrangian L(x, ) = (&, ) of the standard metric on the ellipsoid

Byt ={zeR"| (A 2,2) =1}.

Recall that the Reeb flow on M, can be seen as a time reparametrization of the
original Hamiltonian flow (see Remark 4.1). We can summarize the consideration
above in the following statement.

PROPOSITION 5.1. [15] Under the time substitution dt = dr/2({A~'q,q) and
the linear transformation x = \/Aq, the q-components of the trajectories of the
system defined by the Hamiltonian function (BB that lie on the zero energy level
B5), become geodesic lines of the standard metric on the ellipsoid Eg_l.
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Further interesting examples of transformations related to the Maupertuis Prin-
ciple, which map a given integrable system into another one are given in [32].
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