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MAXWELL STRATA IN THE EULER ELASTIC PROBLEM

YU. L. SACHKOV

ABSTRACT. The classical Euler problem on stationary configurations
of elastic rod in the plane is studied in detail by geometric control
techniques as a left-invariant optimal control problem on the group
of motions of a two-dimensional plane E(2).

The attainable set is described, the existence and boundedness
of optimal controls are proved. Extremals are parametrized by the
Jacobi elliptic functions of natural coordinates induced by the flow
of the mathematical pendulum on fibers of the cotangent bundle of
E(2).

The group of discrete symmetries of the Euler problem generated
by reflections in the phase space of the pendulum is studied. The
corresponding Maxwell points are completely described via the study
of fixed points of this group. As a consequence, an upper bound on
cut points in the Euler problem is obtained.

1. INTRODUCTION

In 1744, L. Euler considered the following problem on stationary config-
urations of an elastic rod. Given a rod in the plane with fixed endpoints
and tangents at the endpoints, one should determine possible profiles of the
rod under the given boundary conditions. Euler obtained ODEs for station-
ary configurations of the elastic rod and described their possible qualitative
types. These configurations are called Euler elasticae.

An Euler elastica is a critical point of the functional of elastic energy
on the space of smooth planar curves that satisfy the boundary conditions
specified. In this paper, we address the issue of optimality of an elastica:
whether a critical point is a minimum of the energy functional? That is,
which elasticae provide the minimum of the energy functional among all
curves satisfying the boundary conditions (the global optimality), or the
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minimum compared with sufficiently close curves satisfying the boundary
conditions (the Iocal optimality). These questions remained open despite
their obvious importance.

For the elasticity theory, the problem of local optimality is essential since
it corresponds to the stability of Euler elasticae under small perturbations
that preserve the boundary conditions. In the calculus of variations and
optimal control, the point where an extremal trajectory loses its local op-
timality is called a conjugate point. We will give an exact description of
conjugate points in the problem on Euler elasticae, which were previously
known only numerically.

From the mathematical point of view, the problem of global optimality
is fundamental. We will study cut points in the Euler elastic problem —
the points where elasticae lose their global optimality.

This is the first of three planned works on the Euler elastic problem.
The aim of this paper is to give a complete description of Maxwell points,
i.e., points where distinct extremal trajectories with the same value of the
cost functional meet one another. Such points provide an upper bound
on cut points: an extremal trajectory cannot be globally optimal after a
Maxwell point. In the second work [35], we prove that conjugate points in
the Euler elastic problem are bounded by Maxwell points. Moreover, we
pursue the study of the global optimal problem: in [36], we describe the
global diffeomorphic properties of the exponential mapping.

This paper is organized as follows. In Sec. 2, we review the history of the
problem on elasticae. In Sec. 3, we state the Euler problem as a left-invariant
optimal control problem on the group of motions of a two-dimensional plane
E(2) and discuss the continuous symmetries of the problem. In Sec. 4, we
describe the attainable set of the control system in question. In Sec. 5,
we prove the existence and boundedness of optimal controls in the Euler
problem. In Sec. 6, we apply the Pontryagin maximum principle to the
problem, describe abnormal extremals, and deduce the Hamiltonian system
for normal extremals.

Since the problem is left-invariant, the normal Hamiltonian system of the
PMP becomes triangular after an appropriate choice of the parametrization
of fibers of the cotangent bundle of E(2): the vertical subsystem is inde-
pendent of the horizontal coordinates. Moreover, this vertical subsystem is
essentially the equation of the mathematical pendulum. For the detailed
subsequent analysis of the extremals, it is crucial to choose convenient co-
ordinates. In Sec. 7, we construct such natural coordinates in the fiber of
the cotangent bundle over the initial point. First, we consider the “angle-
action” coordinates in the phase cylinder of the standard pendulum, and
then extend them to the whole fiber via continuous symmetries of the prob-
lem. One of the coordinates is the time of motion of the pendulum, and
the other two are integrals of motion of the pendulum. In Sec. 8, we apply
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the elliptic coordinates constructed in such way for the integration of the
normal Hamiltonian system. In particular, we recover the different classes
of elasticae discovered by Euler.

The flow of the pendulum plays the key role not only in the parametriza-
tion of extremal trajectories, but also in the study of their optimality. In
Sec. 9, we describe the discrete symmetries of the Euler problem generated
by reflections in the phase cylinder of the standard pendulum. Further, we
study the action of the group of reflections in the preimage and image of
the exponential mapping of the problem.

In Sec. 10, we consider Maxwell points of the Euler problem. The
Maxwell strata corresponding to reflections are described by certain equa-
tions in elliptic functions. In Sec. 11, we study solvability of these equations,
give sharp estimates of their roots, and describe their mutual disposition via
the analysis of the elliptic functions involved.

A complete description of the Maxwell strata obtained is important both
for global and local optimality of extremal trajectories. In Sec. 12, we derive
an upper bound on the cut time in the Euler problem due to the fact that
such a trajectory cannot be globally optimal after a Maxwell point. In
our subsequent work [35] we will show that conjugate points in the Euler
problem are bounded by Maxwell points and give a complete solution to
the problem of local optimality of extremal trajectories.

We used the system “Mathematica” [41] to carry out complicated calcu-
lations and to produce illustrations in this paper.

This paper is an essentially abridged version of the initial preprint [34].
The preprint contains additional information, illustrations, and complete
details of some proofs that appear here in a shortened form due to the
limitation of space.

Acknowledgments. The author wants to thank Professor A. A. Agrachev
for bringing the pearl of the Euler problem to author’s attention, and for
numerous fruitful discussions on this problem.

The author is also grateful to the anonymous referee for several valuable
suggestions on the improvement of exposition in this work.

2. HISTORY OF THE EULER ELASTIC PROBLEM

In addition to the original works of the scholars who contributed to the
theory, in this section we follow also the sources on history of the subject
by C. Truesdell [39], A. E. H. Love [24], and S. Timoshenko [38].

In 1691, J. Bernoulli considered the problem on the form of a uniform
planar elastic bar bent by an external force. His hypothesis was that the
bending moment of the rod is equal to B/ R, where B is the “flexural rigidity”
and R is the curvature radius of the bent bar. For an elastic bar of unit
excursion built vertically into a horizontal wall and bent by a load sufficient
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to make its top horizontal (rectangular elastica), J. Bernoulli obtained the
ODEs ,
x°dx dx
dy = Nt ds = =i x €]0,1]
(where (x,y) is the elastic bar and s is its length parameter), integrated
them in series, and calculated precise upper and lower bounds for their
value at the endpoint z =1 (see [7]).

In 1742, D. Bernoulli in his letter [6] to Euler wrote that the elastic energy
of the bent rod is proportional to the magnitude E = [ ds/ R? and suggested
to find the elastic curves from the variational principle £ — min. At that
time, Euler was writing his treatise on the calculus of variations Methodus
inveniends ... [13] published in 1744, and he adjoined to his book an ap-
pendix De curvis elasticis, where he applied the newly developed techniques
to the problem on elasticae. Euler considered a thin homogeneous elastic
plate, rectilinear in the natural (unstressed) state. For the profile of the
plate, Euler stated the following problem:

“That among all curves of the same length which not only
pass through the points A and B, but are also tangent to
given straight lines at these points, that curve be determined (2.1)

B
d
in which the value of/ R—Z be a minimum.”
A

Euler wrote down the ODE known now as the Euler-Lagrange equation
for the corresponding problem of calculus of variations and reduced it to
the equations

dy = et Brrazdde o du ,(22)

Vat — (a+ Br + ya?)? Vat — (a+ Bz + ya2)?

where «/a?, 3/a, and « are real parameters expressed in terms of B, the
load of the elastic rod, and its length. Euler studied the quadrature defined
by the first of equations (2.2). In the modern terminology, he investigated
the qualitative behavior of the elliptic functions that parametrize the elastic
curves via the qualitative analysis of the determining ODEs. Euler described
all possible types of elasticae and indicated the values of parameters for
which these types are realized (see a copy of Euler’s original sketches in [34]).

Euler divided all elastic curves into nine classes, they are plotted respec-
tively as follows:

1. straight line, Fig. 4;

2. Fig. 5;

3. rectangular elastica, Fig. 6;

4. Fig. 7;

5. periodic elastica in the form of Fig. §;
6. Fig. 9;
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7. elastica with one loop, Fig. 10;
8. Fig. 11;
9. circle, Fig. 12.

Following the tradition introduced by A. E. H.Love [24], the elastic curves
with inflection points (classes 2-6) are said to be inflectional, the elastica of
class 7 is said to be critical, and elasticae without inflection points of class 8
are said to be noninflectional.

Further, Euler established the magnitude of the force applied to the elas-
tic plate that results in each type of elasticae. He indicated the experimental
method for evaluation of the flexural rigidity of the elastic plate by its form
under bending. Finally, he studied the problem of stability of a column
modelled by the loaded rod whose lower end is constrained to remain verti-
cal, by presenting it as an elastica of the class 2 close to the straight line (a
sinusoid). After the work of Leonhard Euler, the elastic curves are called
Euler elasticae.

The first explicit parametrization of Euler elasticae was performed by
L. Saalchiitz in 1880 [29].

In 1906, the future Nobel prize-winner Max Born defended a Ph. D.
thesis called Stability of elastic lines in the plane and the space [9]. Born
considered the problem on elasticae as a problem of calculus of variations
and derived from the Euler—Lagrange equation that its solutions (z(t), y(t))
satisfy the ODEs of the form

& =cosf, gy =sind,

i . (2.3)
A+ Rsin(0 —~v) =0, A, R,~ = const,

and, therefore, the angle 6 defining the slope of elasticae satisfies the equa-
tion of the mathematical pendulum (2.3). Further, Born studied stability
of elasticae with fixed endpoints and fixed tangents at the endpoints. Born
proved that an elastic arc without inflection points is stable (in this case,
the angle 6 is monotone and, therefore, it can be taken as a parameter along
the elastica; Born showed that the second variation of the functional of the

1 .
elastic energy F = 3 / 62 dt is positive). In the general case, Born wrote

down the Jacobian that vanishes at conjugate points. Since the functions
entering this Jacobian were too complicated, Born restricted himself to nu-
merical investigation of conjugate points. He was the first to plot elasticae
numerically and verify the theory against experiments on elastic rods, see
the photos from Born’s thesis in [34]. Moreover, Born studied stability of
Euler elasticae with various other boundary conditions and obtained some
results for elastic curves in R3.

In 1993, V. Jurdjevic [19] discovered that Euler elasticae appear in the
ball-plate problem stated as follows. Consider a ball rolling on a horizontal
plane without slipping or twisting. The problem is to roll the ball from an
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initial contact configuration (defined by the contact point of the ball with
the plane and orientation of the ball in the 3-space) to a terminal contact
configuration, so that the curve traced by the contact point in the plane was
the shortest possible. Jurdjevic showed that such optimal curves are Euler
elasticae. Moreover, Jurdjevic also extensively studied the elastic problem
in R? and its analogs in the sphere S® and in the Lorentz space H? [20,21].

In 1993, R. Brockett and L. Dai [11] discovered that Euler elasticae are
projections of optimal trajectories in the nilpotent sub-Riemannian problem
with the growth vector (2,3,5) known also as the generalized Dido prob-
lem [30-33].

Elasticae were considered in the approximation theory as nonlinear
splines [8,14,17,18,23], in computer vision as a maximum likelihood re-
construction of occluded edges [27], their 3-dimensional analogues are used
in the modelling of DNA minicircles [25,26], etc.

Euler elasticae and their various generalizations play an important role
in the modern mathematics, mechanics, and their applications. However,
the initial variational problem as it was stated by Euler (2.1) is far from the
complete solution: neither local nor global optimality of Euler elasticae is
studied. This is the first of three planned works that will give a complete
description of the local optimality and present an essential progress in the
study of the global optimality of elasticae. In this paper, we give an upper
bound on the cut points along Euler elasticae, i.e., points where they lose
their global optimality. In the next work [35] we obtain a complete char-
acterization of conjugate points, i.e., points where elasticae lose their local
optimality. The global diffeomorphic properties of the exponential mapping
in the Euler problem will be described in [36].

3. STATEMENT OF THE PROBLEM

3.1. Optimal control problem. First, we state the elastic problem math-
ematically. Let a homogeneous elastic rod in the two-dimensional Euclidean
plane R? have a fixed length [ > 0. Take any points ag, a1 € R? and ar-
bitrary unit tangent vectors at these points v; € T,,R?, |v;| = 1, i = 0, 1.
The problem is to find the profile of a rod v : [0, 1] — R? starting from the
point ag and coming to the point a; with the corresponding tangent vectors
v and vy:

’Y(tl) = aq, (31)

7(0) = ao
vo, Y(t1) = v,

05
with the minimum elastic energy. The curve 7(t) is assumed to be absolutely
continuous with the Lebesgue square-integrable curvature k(t). We suppose
that v(t) is arc-length parametrized, i.e., |¥(t)| = 1 and, therefore, the time
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Ay

€T
Fig. 1. Statement of the Euler problem.
of motion along the curve 7 coincides with its length:
ty =1 (3.3)

The elastic energy of the rod is measured by the integral

t1
1
J=3 /k2(t) dt.
0

We choose the Cartesian coordinates (z,y) in the two-dimensional plane
R2. Let the required curve be parametrized as v(t) = (z(t),y(t)), t € [0,t1],
and let its endpoints have coordinates a; = (x;,¥;), 4 = 0, 1. Denote by 6 the
angle between the tangent vector to the curve v and the positive direction
of the axis x. Further, let the tangent vectors at the endpoints of vy have
the coordinates v; = (cos;,sin6;), i = 0,1 (see Fig. 1).

Then the required curve (t) = (z(t),y(t)) is defined by a trajectory of
the following control system:

& = cosb, (3.4)
Uy = sin, (3.5)
0=u, (3.6)
q=(z,y,0) € M =R2  x S5, ucR, (3.7)
q(0) = qo = (z0,¥0,00), q(t1) = q1 = (21,91,6h), 11 fixed. (3-8)

For an arc-length parametrized curve, the curvature is, up to the sign,
equal to the angular velocity: k% = 62 = u?, whence we obtain the cost
functional

t1

J = 3 /uZ(t) dt — min. (3.9)
0



176 YU. L. SACHKOV

We study the optimal control problem (3.4)—(3.9). Following V. Jur-
djevic [21], this problem is called the Euler elastic problem. Admissible
controls are u(t) € L]0, 1], and admissible trajectories are absolutely con-
tinuous curves ¢(t) € AC([0,t1]; M).

In the vector notation, the problem has the following form:

¢=X1(q) +uXs(q), qe M =R*xS', weR, ()
9(0) =qo, q(t1) =q, t fixed,
1]
J = g/uzdt — min, u € L]0,t1],
0
where the vector fields in the right-hand side of system (X) are
X, = cosﬂ% +sin0%, Xy = %

Note the multiplication table in the Lie algebra of vector fields generated
by X1, Xa:

0 0
X1, Xo] = X3 =sinf— — — 1
[X1, X5 3 sm@ax cosﬁay7 (3.10)
[Xa, X3] = X7, [X1, X5] = 0. (3.11)

3.2. Left-invariant problem on the group of motions of a plane.
The Euler elastic problem has obvious symmetries — parallel translations
and rotations of the two-dimensional plane R2. Therefore, it can naturally
be stated as an invariant problem on the group of proper motions of the
two-dimensional plane

cosf —sinf =z
E(2) = sinf  cosf y (z,y) € R?* §ec St
0 0 1

Indeed, the state space of the problem M = Ri_’y X S; is parametrized by
matrices of the form

cos —sinf =z
g=| sinf cosf y | € E(2),
0 0 1

and dynamics (3.4)—(3.6) is left-invariant on the Lie group E(2):

cos —sinf =z 0 —u 1
q= sin 0 cosf y U 0 0
0 0 1 0 0 0

The Lie algebra of the Lie group E(2) has the form
e(2) = span(E2 — Eig, Bz, Ea3),
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where E;; denotes the (3 x 3)-matrix with the only identity entry in the ith
row and jth column, and zeros otherwise. In the basis

e1 = En3, ey =Eyn — FEip, e3=—FEjy3,
the multiplication table in the Lie algebra e(2) takes the form
le1,e2] = €3, [ea,e3] = €1, [e1,e3] =0.

Then the Euler elastic problem becomes the following left-invariant prob-
lem on the Lie group E(2):

q¢=X1(q) +uXa(q), qe€E(2), wekR,

q(0) = qo, q(t1) =q, t1 fixed,
ty

J = %/uzdtﬂmin,
0
where
Xi(q) =qe;, i=1,2, qeE(2),
are basis left-invariant vector fields on E(2) (here ge; denotes the product
of (3 x 3)-matrices).

3.3. Continuous symmetries and normalization of conditions of the
problem. Left translations on the Lie group E(2) are symmetries of the
Euler elastic problem. By virtue of these symmetries, we can assume that
initial point of trajectories is the identity element of the group Id = Eq; +
Ey + E33, ie.,
g0 = (%o, Y0, 00) = (0,0,0). (3.12)

In other words, parallel translations in the plane Ri,y shift the initial point
of the elastic rod v to the origin (0,0) € R% , and rotations of this plane
combine the initial tangent vector 4(0) with the positive direction of the
axis x.

Moreover, one can easily see one more continuous family of symmetries
of the problem — dilations in the plane ]Ri_y. Consider the following one-
parameter group of transformations of variables of the problem:

(x’y795t7’u’at1a J) = (~’g7éafa’a’afl7 j)
= (e’x,e’y,0,e’t, e u, e’ty, e °J). (3.13)

One immediately verifies that the Euler problem is preserved by this group
of transformations. Thus, choosing s = —1Int;, we can assume that ¢; = 1.
In other words, we obtain an elastic rod of the unit length by virtue of
dilations in the plane Rzy

In the sequel, we usually fix the initial point go as in (3.12). However,
the terminal time ¢; will remain a parameter, not necessarily equal to 1.
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4. ATTAINABLE SET
Consider a smooth control system of the form
¢g=flgu), g€ M, ueUl. (4.1)

Let uw = u(t) be an admissible control, and let go € M. Denote by q(t; u, qo)
the trajectory of the system corresponding to the control u(t) and satisfying
the initial condition ¢(0;u, ¢o) = go. The attainable set of system (4.1) from
the point qo for the time t; is defined as follows:

Aqo(t1) = {q(t1;u, q0) | v = u(t) admissible control, ¢ € [0,¢1]}.

Moreover, one can consider the attainable set for a time not greater than

t1: AL = O<LtJ<t Ag, (), and the attainable set for an arbitrary nonnegative
Ut
time: Agy = U Ag,(t). The orbit of system (4.1) is defined as
0<t<o0

Oy = {eTNfNo-uoe”fl(qo)\Ti eR, fi=f(,u), u; €U, NEN},

where ei/i is the flow of the vector field f; (see [2,21] for basic properties
of attainable sets and orbits). In this section we describe the orbit and
attainable sets for the Euler elastic problem.

Multiplication rules (3.10), (3.11) imply that the control system (3) has
the full rank:

Lie, (X1, X2) = span(Xi(q), X2(q), X3(q)) =T,M Vg€ M.

By the Nagano—Sussmann Orbit Theorem [2,21], the whole state space is a
single orbit: Oy, = M for any gy € M. Moreover, the system is completely
controllable: A,, = M for any qo € M. This can be shown either by
applying a general controllability condition for control-affine systems with
recurrent drift (see [21, Sec. 4, Theorem 5]), or via the controllability test for
left-invariant systems on semidirect products of Lie groups (see [21, Sec. 6,
Theorem 10]). On the other hand, it is obvious that system (X) is not
completely controllable on a compact time segment [0,#1]: Aflt # M in
view of the bound

(x(t) = 20)® + (y(t) — y0)* < 81, (4.2)

the distance between the endpoints of the elastic rod should not exceed
the length of the rod. We have the following description of the exact-time
attainable sets for the Euler problem.

Theorem 4.1. Let qo = (z0,Y0,00) € M = R? x S! and t; > 0. Then
the attainable set of system (X) is

Aqo(tl) = {(:C>y79) eEM | (LL' - ‘TO)Q + (y - y0)2 < t%
or (x,y,0) = (xg + t1 cos by, yo + t1 sin by, by)}.
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Proof. The proof is straightforward. First, in view of continuous symmetries
of the problem (see Sec. 3.3), it suffices to prove this theorem in the case
qgo = (0,0,0), t; = 1. Second, one should apply bound (4.2). Third, it
suffices to consider trajectories of the system corresponding to piecewise-
constant controls — concatenations of straight lines and circles in the plane
(z,y). All details are given in [34]. O

The following properties of attainable sets of system (3) follow immedi-
ately from Theorem 4.1.

Corollary 4.1. Let gy be an arbitrary point of M. Then:

(1) Aqo(tl) - Aqo(tQ) Jor any 0 <ty < tg;
(2) Al = Ay (t) for any t > 0;
(3) qo € int A, for any t > 0.

Item (3) means that system (X) is small-time locally controllable. How-
ever, the restriction of (X) to a small neighborhood of a point ¢o € M is
not controllable since some points in the neighborhood of ¢y are reachable
from gg by trajectories of ¥ far from gq.

Topologically, the attainable set Ay, (¢) is an open solid torus united with
a single point at its boundary. In particular, the attainable set is neither
open nor closed.

In the sequel, we study the Euler problem under the natural condition

1 € Agy (t1). (4.3)

5. EXISTENCE AND REGULARITY OF OPTIMAL SOLUTIONS

We apply known results of the optimal control theory in order to show
that, in the Euler elastic problem, optimal controls exist and are essentially
bounded.

5.1. Embedding the problem into R3. The state space and attainable
sets of the Euler problem have a nontrivial topology, and we start from the
embedding of the problem into the Euclidean space. By Theorem 4.1, the
attainable set A = Ay (1), go = (0,0,0), is contained in the set

M =clA={(x,y,0) € M |2 +y* <1}.

Moreover, by item (2) of Corollary 4.1, any trajectory of system (X) starting
from gy does not leave the set M in the time segment ¢ € [0, 1]. Therefore,

this set can be considered as a new state space of the problem. The set M
is embedded into the Euclidean space R3 by the diffeomorphism

T1X2X3
e 3
DM — Ry o0 5.1)
O(z,y,0) = (z1,22,23) = ((2+ x) cos b, (2+ x)sinb,y).
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The image

O(M) = {(w1,22,05) € R | 2= p)2 +23 <1}, p= /a3 a3,
is the closed solid torus.

In the coordinates (z1,x2,x3), the Euler problem has the form

1‘2

- 1

T = x% i x% — uxrg, (52)

. T1T2

x2:x%+ %—i—uxl, (53)

. Z2

Ty = ————, (5.4)
Vi + a3

z = (21, 29,23) € B(M), u € R, (5.5)

2(0) =2°=(2,0,0),  z(1) =z = (a1,23,33), (5.6)
. 1

J = 3 /qut — min, (5.7)

0
u(+) € Lo[0,1], z(+) € AC[0,1]. (5.8)

5.2. Existence of optimal controls. First, we recall an appropriate gen-
eral existence result for control-affine systems from Sec. 11.4.C of the text-
book of L. Cesari [12]. Consider an optimal control problem of the form

Jb:f(t,a?)—l—Zuigi(t,x), re€X CR™ w=(up,...,uyn) €R™,

. (5.9)

J = fo(t,z,u)dt — min, (5.10)
/

z(-) € AC([0,t1], X), () € La([0, 1], R™), (5.11)

z(0) =20, x(t)) =2', t; fixed. (5.12)

For such a problem, a general existence theorem is formulated as follows.

Theorem 5.1 (see [12, Theorem 11.4.VI]). Assume that the following
conditions hold:

(C") the set X is closed, and the function fy is continuous on [0,t1] x X X
R™;

(L1) there exists a real-valued function ¥ (t) > 0, t € [0,t1], ¥ € L1[0,t1],
such that fo(t,z,u) > —(t) for (t,xz,u) € [0,t1] x X xR™ and almost
all t;
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(CL) the wvector fields f(t,x), g1(t,z), ..., gm(t,x) are continuous on
[O, tl] X X,
o the vector fields f(t,x), gi(t,x), ..., gm(t,x) have bounded compo-
nents on [0,t1] x X,
e the function fo(t,z,u) is convex in u for all (t,x) € [0,t1] x X,
o ol € Ao(ty).
Then there exists an optimal control u € La([0,¢1],R™) for problem (5.9)—
(5.12).

For the Euler problem embedded into R? (5.2)—(5.8), we have:
e m=1,

e the set X = @(M) is compact,

e the function fy = u? is continuous, nonnegative, and convex,

2
T 0 122 O To 0
e the vector fields f(z) = ——2+ -~ 4 =2 = ., =2 7
v /(@) 22 + 22 dm $%+$%a$2+1/$%+$§8$3
and ¢1(zr) = —xo=—— + x1=— are continuous and have bounded
61‘1 81‘2

components on X,
e z! € A,0(t1) as is supposed in (4.3).
Thus, all assumptions of Theorem 5.1 are satisfied, and there exists an
optimal control u € L0, 1] for the Euler problem.

5.3. Boundedness of optimal controls. One can prove the essential
boundedness of optimal control in the Euler elastic problem by virtue of
the following general result due to A. Sarychev and D. Torres.

Theorem 5.2 (see [37, Theorem 1 and Corollary 1]). Consider an op-
timal control problem of the form (5.9)—(5.12). Let fo € C([0,t1] x
X x R™R), f,g; € CH[0,t1] x X;R™), i = 1,...,m, and ¢(t,z,u) =
f(tz) + Zluigi(tvx)'

Under the assumtions:

(H1) full rank condition: dimspan(gi(t,z),...,gm(t,z)) = m for all t €
[0,%1] and x € X;
(H2) coercivity: there exists a function 6 : R — R such that
folt,z,u) > 0(|lul|) > ¢ V(t,z,u) €[0,t1] x X x R™
r
d lim —— =0;
and I 56y =
(H3) growth condition: there exist constants v, 3, n, and pu, where v > 0,
0 <2, and p > max{f — 2, —2} such that for allt € [0,t1], x € X,
and u € R™, the relation

(|f0t|+|f0m1 +||f090t_f0t90||+||f090z1_f0x1<PH)
holds,

" <y f4n, i=1,....m,
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all optimal controls u(-) of the problem (5.9)—(5.12) satisfy the Pontryagin
mazximum principle, and the normal ones are essentially bounded on [0,t1].

It is easy to see that all assumptions of Theorem 5.2 hold:

(H1) g(x) = fxgaﬁxl +:E1aix2 # 0 on X;

(H2) 6(r) =%

(H3) for = for; = ¥t =0, ||¢s;]| < C on X. The required bound || fop,|| -
llu||* < ch + 7 is satisfied for 6=1, u=1,y=C,n=0.

Thus, in the Euler elastic problem, all optimal controls satisfy the PMP,
and the normal ones are in Ly [0,%1]. In Sec. 6.2, we show that the abnormal
optimal controls are not strictly abnormal (i.e., are simultaneously normal)
and, therefore, they are also essentially bounded.

We summarize our results for the Euler elastic problem given in this
section. Obviously, we can return back from problem (5.2)—(5.8) in Rilzgzs
to initial problem (3.4)-(3.9) in RZ  x Sj.

Theorem 5.3. Let g1 € Ay, (t1).

(1) Then there exists an optimal control for the Euler problem (3.4)—(3.9)
in the class u(-) € La[0,1].

(2) All optimal solutions of the Euler problem satisfy the Pontryagin maz-
imum principle.

(3) If an optimal control u(-) is normal, then u(-) € L[0,t1]. The corre-
sponding optimal trajectory q(-) is Lipschitzian.

Certainly, Theorem 5.3 is not the best possible statement on regularity of
solutions of the Euler problem. We will deduce from the Pontryagin max-
imum principle that optimal controls and optimal trajectories are analytic
(see Theorem 6.3).

6. EXTREMALS

6.1. Pontryagin maximum principle. In order to apply the Pontrya-
gin maximum principle (PMP) in the invariant form, we recall the basic
notions of the Hamiltonian formalism [2,21]. Note that the approach and
conclusions of this section have much intersection with the book [21] of
V. Jurdjevic.

Let M be a smooth n-dimensional manifold, then its cotangent bundle
T*M is a smooth 2n-dimensional manifold. The canonical projection 7 :
T*M — M maps a covector A € T M to the base point ¢ € M. The
tautological 1-form s € A'(T*M) on the cotangent bundle is defined as
follows. Let A € T*M and v € T)(T*M), then (sx,v) = (A, mw) (in
coordinates s = pdg). The canonical symplectic structure on the cotangent
bundle o € A?(T*M) is defined as o = ds (in coordinates o = dp A dq). To
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any Hamiltonian h € C°°(T*M), there corresponds a Hamiltonian vector
field on the cotangent bundle h € Vec(T*M) by the rule o) (-, h) = dxh.

Now let M = R;y x Sp be the state space of the Euler problem. Recall
that the vector fields

0 0 0 0 0
X1=coso9% —i—sint?a—y7 =50 ngsiDG%—COSHa—y

form a basis in the tangent spaces to M. The Lie brackets of these vector
fields are given in (3.10), (3.11). Introduce the Hamiltonians linear on fibers
of T*M and corresponding to these basis vector fields:

hl()\) = <)\3Xi>7 )‘ET*M7 1= 172733

Xo

and the family of Hamiltonian functions
B = O X1+ uXo) + Zu? = b () +uho(N) + S0,
ANeT*M, uweR, veR,
the control-dependent Hamiltonian of the PMP for the Euler problem (3.4)—
(3.9).

By Theorem 5.3, all optimal solutions of the Euler problem satisfy the
Pontryagin maximum principle. We write it in the following invariant form.

Theorem 6.1 (see [2, Theorem 12.3]). Let u(t) and q(t), ¢t € [0,t1], be
an optimal control and the corresponding optimal trajectory in the Fuler
problem (3.4)—(3.9). Then there exist a curve Ay € T*M, w(\) = q(t),
t € [0,t1], and a number v < 0 such that the following conditions hold for
almost all t € [0,1]:

A = Rl (M) = ha(A) + u(t)ha(Ne), (6.1)
Py (Ae) = max e (Ae), (6.2)
(v, ) # 0. (6.3)

Using the coordinates (hi, ho, hs, z,y,0), we can write the Hamiltonian
system of the PMP (6.1) as follows:

hi = —uhs, (6.4)
hy = ha, (6.5)
hs = uh, (6.6)
% = cos, (6.7)
g =siné, (6.8)
0=u. (6.9)
Note that the subsystem for the vertical coordinates (hq, ha, hg) (6.4)—(6.6)

is independent of the horizontal coordinates (z,y,6); this is a consequence
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of the left-invariant symmetry of system (X) and of an appropriate choice
of the coordinates (hi, ha, hs) (see [2]).

As usual, the constant parameter v can be either zero (the abnormal
case), or negative (the normal case, then one can normalize v = —1).

6.2. Abnormal extremals. First, consider the abnormal case: let v = 0.
The maximality condition of PMP (6.2) has the form:

By (A) = () + uha(}) — max, (6.10)

and, therefore, ha(A;) = 0 along an abnormal extremal ;. Then Eq. (6.5)
yields hg(At) = 0, and Eq. (6.6) gives u(t)hi(A¢:) = 0. But in view of
the nontriviality condition of the PMP (6.3), we have hi(A;) # 0 and,
therefore, u(t) = 0. Thus, abnormal extremal controls in the Euler problem
are identically zero. Note that these controls are singular since they are not
uniquely defined by the maximality condition of the PMP (6.10).

Now we find the abnormal extremal trajectories. For v = 0, the horizon-
tal equations (6.7)—(6.9) have the form

T = cosf,
§=Xi(g) = {y=snb,
6 =0,

and the initial condition (z,y,8)(0) = (0,0,0) gives
z(t)=t, y)=0, 6(t)=0.

The abnormal extremal trajectory through go = Id is the one-parameter
subgroup of the Lie group E(2) corresponding to the left-invariant field X;.
It is projected on the straight line (x,y) = (¢,0) in the plane (z,y). The
corresponding elastica is a straight line segment — the elastic rod without
any external forces applied. This is the trajectory connecting gg with the
only attainable point ¢; at the boundary of the attainable set Ag (t1).

For u = 0, the elastic energy is J = 0, the absolute minimum. Therefore,
the abnormal extremal trajectory ¢(t), t € [0,t1], is optimal; it gives an
optimal solution for the boundary conditions ¢o = (0,0,0), ¢1 = (¢1,0,0).

Combining the description of abnormal controls just obtained with The-
orem 5.3, we obtain the following statement.

Theorem 6.2. For any 1 € Ag,(t1), the corresponding optimal control
for the Euler problem (3.4)—(3.9) is essentially bounded.

6.3. Normal case. Now let ¥ = —1. The maximality condition of the
PMP (6.2) has the form

1
h;l = hy + uhy — 0% — max,
2 ueR
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-1
u

ou

whence =hy —u =0 and

u = hs. (6.11)

1
The corresponding normal Hamiltonian of the PMP is H = hy + Eh%’ and
the normal Hamiltonian system of the PMP has the form

hl = _h2h37
N = h2 = h37
A=H((\A . 6.12
(A) s = b, (6.12)
= X1+ h2Xo.

This system is analytic and, therefore, we obtain the following statement
(taking into account the analyticity in the abnormal case, see Sec. 6.2).

Theorem 6.3. All extremal (in particular, optimal) controls and trajec-
tories of the Euler problem are real-analytic.

Note that the vertical subsystem of the Hamiltonian system (6.12) admits
a particular solution (hi, he, hs) = (0,0,0) with the corresponding normal
control u = hy = 0. Thus, abnormal extremal trajectories are simultane-
ously normal, i.e., they are not strictly abnormal.

We define the exponential mapping for the problem

Expy, : To,M — M, Exp,, (o) = wo et (M) = g(th).
The vertical subsystem of system (6.12) has an obvious integral:
h% + h% =72 = const > 0,
and it is natural to introduce the polar coordinates
hi =rcosa, hs = rsina.
Then the normal Hamiltonian system (6.12) takes the following form:
& = ho, hy = rsina, 7 =0,
. (6.13)
& =cosf, y=sinf, 6=hs.

The vertical subsystem of the Hamiltonian system (6.13) is reduced to
the equation

a =rsina.
In the coordinates
c=hy, fB=a+m

we obtain the equation of the pendulum

B:c, ¢=—rsinf
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known as the Kirchhoff kinetic analog of elasticae. Note the physical mean-
ing of the constant:

T =

g
I’ (6.14)
where g is the gravitational acceleration and L is the length of the suspension
of the pendulum.

The total energy of the pendulum is

2
E = % —rcosf3 € [—r,+00), (6.15)

this is just the Hamiltonian H.

The equation of the mathematical pendulum is integrable in elliptic func-
tions. Consequently, the whole Hamiltonian system (6.13) is integrable in
quadratures: one can integrate first the vertical subsystem

hy = —hyhs, B=c
hy = hs, & {é=—rsinf, (6.16)
hs = hihso F=0

then the equation for 8, and then the equations for x, y. In Sec. 8, we find an
explicit parametrization of the normal extremals by the Jacobi elliptic func-
tions in terms of natural coordinates in the phase space of pendulum (6.16).

First, we apply continuous symmetries of the problem. The normal
Hamiltonian vector field has the form

0 0 0 0 0 0
9y +h38h +h1hgah +C0898—+Sm98y+h2%

0 0 o 1o} o
hga —|—7‘51noza 2—|—c0598 —&—bln@a +h286‘

H = —hohs——

The Hamiltonian system (6.13) is preserved by the one-parameter group of
transformations

(a, 7, ho,x,y,0,t) — (a, re 2% hoe *, xe®, ye®, 0, te®) (6.17)

obtained by the continuation of the group of dilations of the plane
R2 , (3.13) to the vertical coordinates.
The one-parameter group (6.17) is generated by the vector field

P B o 0
i e R

We have the Lie bracket and Lie derivatives
[Z,H]=—-H,
Zr = =2r, Zhy = —ha, Hr= 0, Hhs = rsina.

—~

6.18)
6.19)

—~



MAXWELL STRATA IN THE EULER ELASTIC PROBLEM 187

The infinitesimal symmetry Z of the Hamiltonian field H is integrated to
the symmetry at the level of flows:
et/ﬁoesZ()\) :eszoetﬁ()\)7 t/ :est7 e T*M.

The following decomposition of the preimage of the exponential mapping N
into invariant subsets of the fields H and Z will be very important in the
sequel:

7
TrxM=N=[]JN, (6.20)

0
i=1
Ny={AeN|r#0, Ec(-rr)}, (
No={ANEN|r#0, E€(r,4+00)} =N, UN,, (
N3={NeN|r#0, E=r, B#7}=N;UN;, (
Ny={AeN|r#0, E=—r}, (6.24
Ns={NeN|r#0, E=r, B=m}, (
Ne={AeN|r=0, c#0} =N UNy, (
Ny ={ e N|r=c=0}, (
NE=N;U{\e N |sgnc=+1}, i=2,36. (6.28
Any cylinder {\ € N | r = const # 0} can be transformed to the cylinder
C ={\ € N | r =1} by the dilation Z; the corresponding decomposition
of the phase space of the standard pendulum

B=¢ ¢=-—sinf, (B,c)eC= S}; x R,

is shown in Fig. 3, where
Ci=N;n{r=1}, i=1,...,5.
In order to integrate the normal Hamiltonian system
A=HM),
ie.
B=c¢ ¢=—-rsing, =0,

T =cosf, y=sinb, 6=c, (6.29)

we consider natural coordinates in the phase space of the pendulum.

7. ELLIPTIC COORDINATES

7.1. Time of motion of the pendulum. Elliptic coordinates in the phase
cylinder of the standard pendulum

B=c, ¢=-sinf, (B,c)eC=SkxR,, (7.1)
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T
TN
L/
el e

Fig. 2. Phase portrait of the pendulum.

(8
3

Fig. 3. Decomposition of the phase cylinder of the pendulum.

were introduced in [30] for the integration and study of the nilpotent sub-
Riemannian problem with the growth vector (2,3,5). Here we propose a
more natural and efficient construction of these coordinates.

Denote

P=R,. xR, C=CUCSUCY,

and consider the mapping

:P—-C, o: (c,t) — (B, ct),
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where (B, ¢;) is the solution of the equation of pendulum (7.1) with the
initial condition
60 = O, Cy = C. (72)
The mapping ¢ : P — C is real-analytic since the equation of pendu-
lum (7.1) is a real-analytic ODE.
It is easy to show that @ is a local diffeomorphism, see details in [34].
Denote by

E+1 . c?
ki = TZ\/31H2§+ZE(Oa1)7 (B,c) € Cn,
[ 2 1
= = 1
k2 E+1 . 2/()’ 02 € (Oa )7 (ﬁvc) 6027
Sin §+Z

2
a reparametrized energy (F = < _ cos ) of the standard pendulum; below

k1, ko play the role of the modulus for the Jacobi elliptic functions, and

/2
K(k)=/L, ke (0,1),
V1 —k2sin’t

0
is the complete elliptic integral of the first kind, see [22,34]. Tt is well
known [22] that the standard pendulum (7.1) has the following period of
motion 7" depending on its energy E:

-1<E<1l & (B,00eCy = T=4K(k), (7.3)
E=1p#n7 & (B,0)eC;s = T=o0, (7.4)
E>1 <~ (ﬂ, C) c CQ = T = 2K(k2)]€2 (75)

Introduce the equivalence relation ~ in the domain P as follows. For
(c1,t1) € P and (co,t2) € P, we set (c1,t1) ~ (co,ta) iff ¢1 = o = ¢
and

c

to=t1 (mod 4K(k1)), k1= 5 for ¢ € (0,2),
ty =11 for c =2,
2
to =1 (mod 2K(k2)k2), ko = E for c € (2, +OO)

That is, we identify the points (¢, t1), (¢, t2) iff the corresponding solutions
of the equation of pendulum (7.1) with the initial condition (7.2) give the
same point (08, ¢;) in the phase cylinder of the pendulum Sé x R, at the
instants ¢; and ts. _

Denote the quotient P = P/ ~. In view of the periodicity proper-
ties (7.3)—(7.5) of pendulum (7.1), the mapping

d:P é, O(c,t) = (B, cr),
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is a global analytic diffeomorphism. Thus, there exists the inverse mapping,
an analytic diffeomorphism

an*)]sa F(ﬁac):(c()v(p), (76)
where ¢ is the time of motion of the pendulum in the reverse time from
a point (f,¢) € C to the semi-axis {# = 0, ¢ = 0}. In the domains C;
and Cj , the time ¢ is defined modulo the period of the pendulum 4K (k)

and 2K (ka)ks, respectively. We summarize the above construction in the
following proposition.

Theorem 7.1. There exists an analytic multivalued function
p:C=CUuCfUC - R
such that for Bo = 0, cg > 0, and the corresponding solution (B, ct) of the
Cauchy problem (7.1), (7.2), the equality
t (mod 4K (k1)) for (Be,cr) € Cy,
(p(ﬁhct) = t fOT (ﬂtv t) € C2 )
t (mod 2K (ko)ka)  for (B, ct) € C;
holds.

In other words, ¢(8¢,¢;) is the time of motion of the pendulum in the
reverse time from the point (G, ¢;) € C to the semi-axis {8 =0, ¢ > 0}.

7.2. Elliptic coordinates in the phase space of the pendulum. In
the domain Cq UCoUCj3, we introduce the elliptic coordinates (p, k), where
 is the time of motion of the pendulum from the semi-axis {3 = 0, ¢ > 0}
(in the domain C' = Cy U Cy U CY) or from the semi-axis {8 =0, ¢ < 0}
(in the domain C' = C5 U C5), and k € (0,1) is a reparametrized energy of
the pendulum — the modulus of the Jacobi elliptic functions.

7.2.1. Elliptic coordinates in Cy. If (8, ¢) € Cy, then we set

sing = kysn(p, k1), g = kyen(p, k), cosg —dn(p, ki),  (7.7)

/ﬁ:\/$=\/ 26+Z€(0,1), (7.8)
¢ (mod 4K (k1)) € [0,4K (k1)].

Here and below, cn, sn, and dn are the Jacobi elliptic functions (see [22,34]).
The function ¢ defined in such way is indeed the time of motion of the
pendulum from the semi-axis {# =0, ¢ > 0} in view of the following:

B=0,¢c>0 = ¢=0, (7.9)
dp _
= =1, (7.10)
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the total derivative with respect to the equation of pendulum (7.1).
The mapping (8,¢) — (k,¢) is an analytic diffeomorphism since it is
decomposed into the chain of analytic diffeomorphisms:

(ﬁ,C) ’(i’) (007@) ’(_bz (k1730)7

where (a) is defined by F' (7.6), while (b) is given by
P Ok )
2 2
(cf. (7.8)).

7.2.2. Elliptic coordinates in C . Let (B,c) € C5 . The elliptic coordinates
(¢, k1) in the domain C3 are analytic functions (¢, k;) defined as follows:

 is the time of motion of the pendulum from the semi-axis {3 =0, ¢ > 0},
E+1

and k; = — By the uniqueness theorem for analytic functions, in the
domain C5 we have the same formulas as in C:
Sing = kysn(yp, k1), (7.11)
5 = kien(e, k), (7.12)
B _
cos 5 = dn(p, k1), (7.13)
E+1
ki = ; € (1, +OO)

Here the Jacobi elliptic functions sn(u, k1), cn(u, k1), and dn(u, k1) for the
modulus k1 > 1 are obtained from the corresponding functions in the normal
case k1 € (0,1) by the analytic continuation along the complex modulus
k1 € C through the complex plane around the singularity k1 = 1, see
Sec. 3.9 and Sec. 8.14 [22]. In order to obtain the Jacobi functions with
the modulus in the interval (0, 1), we apply the transformation of modulus

k— % by the formulas
S0l LA k ‘n(E k) cn A dn(E k) (7.14)
S u’ k - S k’ ) u7 k - k? ) N

dn(u7 %) = Cn(%,k) , E(u, %) = %E(%,k) — 1;—2k2u (7.15)

(see [22]). Transforming Egs. (7.11)—(7.13) via formulas (7.14) and (7.15),
we obtain the following expressions for elliptic coordinates (i, k2):

. c 1
smg =sn (k%’k2>’ 3= k;_gdn (ki;ak2>v COS% =cn (k%vk2>v

(7.16)
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1 2
5 VEs1 O

Certainly, one can directly verify that ¢ is indeed the time of motion of
the standard pendulum from the point (3, ¢) to the semi-axis {3 = 0, ¢ > 0}
in the reverse time by verifying conditions (7.9) and (7.10) in the domain
C5, but our idea is to obtain “for free” equalities in C5 from equalities in
(4 via the transformation of the modulus k£ — 1/k.

ko

7.2.3. Elliptic coordinates in C5 . Let (3,¢) € C5 . Elliptic coordinates on
the set C5 are given by (p,k = 1), where ¢ is the time of motion of the
E+1
pendulum from the semi-axis {3 =0, ¢ > 0}, and k = T+ = 1. The
analytic expressions for ¢ are obtained by passing to the limit k&3 — 1 —0
in formulas (7.7) or to the limit k3 — 1 — 0 in formulas (7.16), with the
use of formulas of degeneration of elliptic functions [22,34]. As a result of
the both limit passages, we obtain the following expression for the elliptic
coordinate ¢ on the set Cy :
1 B 1

I
sin = = tan == cos — = :
2 LI cosh’ 2  coshop

7.2.4. Elliptic coordinates in Cy U C5 . For a point (8,¢) € C = ¢y, U
C5 , the elliptic coordinates (¢, k) cannot be defined in the same way as in

C = Oy UGy UCY since such a point is not attainable along the flow of
pendulum (7.1) from the semi-axis {8 = 0, ¢ > 0}, see the phase portrait
in Fig. 2. Now we take the initial semi-axis {3 = 0, ¢ < 0}, and define ¢ in
C equal to the time of motion of the pendulum from this semi-axis to the
current point. That is, for points (3, ¢) € C' we consider the mapping
F(e,t) = (Br,er), c¢<—2,
Bo=0, co=c
and construct the inverse mapping

(8, ¢) = (co, 9)-

Pendulum (7.1) has an obvious symmetry — reflection with respect to
the origin (8 =0, ¢=0):

i:(f,c) = (=p,—c). (7.17)
In view of this symmetry, we obtain:
(I)(ﬁ,C):(CO,QU), (ﬁvC)ECQ_UC?)_a
@(_57 —C) = (_00a¢)7 (_57 —C) € 6’2Jr U 0;7

and, therefore,

(p(ﬁa C) = @(_ﬁa _C)a (6,6) € C’2_ U C?y_
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On the other hand, the energy of the pendulum E and the modulus of
elliptic functions ko are preserved by reflection (7.17). Therefore, we have
the following formulas for elliptic functions in C.

51n—:—sn<k%,k2),
_ c 1 ©
—=——dn|—,k
(B,e) e Cy = ) s n<k2, 2),
cos§ =cn (k:i;’k2> ,
sin é = —tanh ¢,
2
_ c_ 1
Be)ely = 2 coship’
cosﬁz
2  coshyp’

Summing up, in the domain C; U C3 U Cj5 the elliptic coordinates (g, k)
are defined as follows:

sing = kysn(p, k1),
(B,0)eCr = g = ki en(p, k1),

cosg = dn(p, k1),
E+1

€(0,1), ¢ (mod4K(k1)) € [0,4K (k1)],
sing =+4sn <k:i’k2) ,

(B,c)eCE = g 4+l (ﬁ,k2> :

cosg =cn (ﬁ k‘g) ,

ko = S (0, 1), ©@ (mod 2K(k’2)k‘2) S [0, 2K(k‘2)k‘2], + = sgnc,

sin g = + tanh ¢,

1
+ c_ 4
(Bic) ey = 2 coshio7

cos = =
2 coshey’

k=1 ¢eR, +=sgnec

A grid of elliptic coordinates in the phase cylinder of the standard pen-
dulum (R, . x S}) is plotted in [34].
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7.3. Elliptic coordinates in the preimage of the exponential map-
ping. In the domain N = N;UN,UNj (recall decomposition (6.20)—(6.28)),
the vertical subsystem of the Hamiltonian system (6.12) has the form of the
generalized pendulum

B=¢, é=—rsing, 7=0. (7.18)

Elliptic coordinates in the domain N have the form (p,k,r). On the set
N7 U N5~ U N, the coordinate ¢ is equal to the time of motion of the
generalized pendulum (7.18) from a point (8 = 0,¢ = ¢ > 0,7) to a point
(8, ¢,r), while on the set Ny UN; the time of motion is taken from a point
(B=0,c=1cy<0,r).

The one-parameter group of symmetries (3, c,,t) — (8, ce™*,re =25 te®)
of the generalized pendulum (7.18) is a restriction of the action of
group (6.17). We apply this group to transform the generalized pendu-
lum (7.18) in the domain {r > 0} to the standard pendulum (7.1) for r = 1.
This transformation preserves the integral of the generalized pendulum

E+r \/,Qﬂ 2
ky = - PLe
! \/ o SISt

Thus, we obtain the following expressions for elliptic coordinates in the
domain N from similar expressions in the domain C' (see Sec. 7.2):

sin g = kysn(\/rp, k1),

A=(@Ben el = {5 =kvra(/eh),
cosg =dn(\/rp, k1),

ki = Etr c ((]’ 1), \/7_”@ (mod 4K(k1)) € [074K(k1)],

2r
singzisn @,kg ,
2 ko

A=(B,cr)eNE = g:i\k/—:dn<\/k§p7k2>,

r
cosg =cn (é;@,h) )

2
koo = Elr €(0,1), Vo (mod 2K (ka)ks) € [0,2K (ko)ka], + = sgne,

sing = +tanh(\/ry),

A= (B,e,r) N = ;icosh(\/jﬁp)’
16} 1

COS — —

2 cosh(y/re)’
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k=1, ¢eR, +=sgnc
In the domain N, it will also be convenient to use the coordinates
(k2,%, 1), where
b=, Ve (mod 2K (k) € 0,2K (k)]

In computations, if this does not lead to an ambiguity, we denote the both
moduli of the Jacobi functions k; and ko by k, noting that k& € (0, 1); this
is the normal case in the theory of the Jacobi elliptic functions (see [22]).

8. INTEGRATION OF THE NORMAL HAMILTONIAN SYSTEM

8.1. Integration of the vertical subsystem. In the elliptic coordinates
(¢, k,r) in the domain N, the vertical subsystem (7.18) of the normal Hamil-
tonian system A = H(\) is rectified:

=1 k=0, =0,
and, therefore, has the solutions
vt =@ +t, k=-const, r=const.

Then expressions for the vertical coordinates (3, ¢, r) are immediately given
by the formulas for elliptic coordinates found in Sec. 7.3. For A € N\ N ,
the vertical subsystem is degenerated and is easily integrated. Thus, we
obtain the following description of the solution (8, ct,7) of the vertical
subsystem (7.18) with the initial condition (8¢, ct,7)|,_y = (8, ¢, 7):

sin Be _ k1 sn(y/ror),
AEN = Cosgt:dn(\/ﬁpt),

c
gt = kivren(yre),
Sin@::tsn Ve ,
2 k
AeNy = cos%:cn \/Z%>»
Ct VT Ve
—=+-—d
2 k n< k )
. B
sin =— = £ tanh(y/r¢y),
AeNE = {eosT= ;7
3 2 cosh(y/ro:)
Cy T

4+ vV
2 cosh(y/Tp;)’
ANeNy, = (=0, ¢ =0,
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ANeNy; = [Be=m, ¢ =0,
AeNg = Bi=ct+08, c=c,
AeN;, = ¢=0, r=0.
8.2. Integration of the horizontal subsystem. The Cauchy problem for

the horizontal variables (x,y,0) of the normal Hamiltonian system (6.29)
has the form

0
x':cosﬂ:?coszifl, xg =0,
. 0 — 2 0 0
= sinf = 2sin — cos — =
Y 2 27 Yo )
0=c=2, 0y =0,

and, therefore,
We apply known formulas for integrals of the Jacobi elliptic functions
(see [22,34]) and obtain the following parametrization of normal extremal

trajectories.
If A € Ny, then

sin % = kdn(v/7p) sn(vripr) — ksn(yrg) dn(vrg).
cos % = dn(/7g) dn(v/pd) + K sn(v/ip) sn(vrier).

7 = = (V) (E(vFer) — B(Vi)
2 dn() s(vEe) en vig) — entTen)
+ 2 s () Vit + E(VFe) — E(VFe0) —
w = ZECAE ()~ 1(en(ve) —en(viien)

- j—"i sn(vre) dn(vrg) 2(E(/rer) — E(Vro)) — vVrt).

Here E(u, k) is the Jacobi epsilon function (see [22,34]).
The parametrization of trajectories in N, is obtained from the above
1
parametrization in N7 via the transformation k +— Z described in Sec. 7.2.4;
after this, trajectories in N, are obtained via the reflection ¢ (7.17). In the
domain N, we will use the coordinate
Pt

b =2t
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Then we obtain the following.
If A e NQi7 then

sin% = +(en(v/ry) sn(v/riy) — sn(v/r) en(vriy)),
cos 9— = cn(v/r) en(vV/riy) + sn(y/r) sn(v/riy),

_ %(1 — 2sn? (V) (E(E«/Fwt) E(\ri)) —

R
w= (k 22 (y) = ) (dn(v7) — dn(vr)

_ kz ﬁt)

en(v/rg) sn(vry) (dn(vre) — dn(vrir)),

\/77
The formulas in N3 are obtained from the above formulas in N3 via the
limit k — 1 — 0.
Consequently, if \ € Ngi7 then

0 . (tanh(\/ﬂpt) tanh \/rp) ) 7

12
=St anlvio) (2 i) - ) - 25V ).

sin — —

2 cosh(y/r¢)  cosh(y/re;)

0 _ ! anh(y/r¢) tanh(y/r
cos 5 = cosh(vr ) cosh(Vrar) + tanh(v/r¢) tanh(v/rey),

zy = (1 — 2tanh®(\/ro))t

4tanh(ﬁ<p)( 1 1 )

Vreosh(y/rp) \cosh(y/rp) — cosh(v/rpy)
2 2 1 1
ve= (W (cosh2 NE 1) (Cosh(\/ﬁp) - COSMW%))
_ tanh(v/7yp) t)
cosh(y/re) )

Now we consider the special cases.
If A € Ny U N5 U N7, then

07520, It:t, yt:O
If A € Ng, then

sin ct 1 —cosct
0, =ct, x= , Y= —.
c c

Thus, we parametrized the exponential mapping of the Euler elastic prob-
lem

Exp,: A= (B,¢,7) = qv = (O, 24,9:), AEN=Ty, M, ¢ €M,
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Fig. 4. E=4r,r>0,c=0.

1
Fig. 5. E€ (—r,r), r >0, k€ (0, —).
g 5. € (1) 0.25)

by the Jacobi elliptic functions.

8.3. Euler elasticae. Projections of extremal trajectories on the plane
(z,y) are stationary configurations of the elastic rod in the plane — Euler
elasticae. These curves satisfy the system of ODEs

i =cosf, §=sinf, O=—r sin(d — 3), r, 8 = const. (8.2)
9'2
Depending on the value of energy F = 5 - rcos(f — ) € [—r,+00) and
constants of motion r € [0, +00), 3 € S, of the generalized pendulum (8.2),
elasticae have different forms discovered by Euler.

If the energy E takes the absolute minimum —r # 0 and, therefore, A €
Ny, then the corresponding elastica (x4, y:) is a straight line (Fig. 4). The
corresponding motion of the generalized pendulum (the Kirchhoff kinetic
analog) is the stable equilibrium.
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Fig. 7. E€ (—r,r),r >0,k € (—=, ko).

N

Fig. 8. E € (—r,r), r>0, k= ko.

199
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Fig. 10. E=r>0, 8 # 7.

Fig. 11. E>r > 0.

If E € (—r,r), » # 0, and, therefore, A € Ny, then the pendulum
oscillates between extremal values of the angle, and the angular velocity
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Fig. 12. r =0, ¢ # 0.

0 changes its sign. The corresponding elasticae have inflections at the
points where 6 = 0 and vertices at the points where \9| = max, since
0 is the curvature of an elastica (x,7;). Such elasticae are called inflec-
tional. See the plots of different classes of inflectional elasticae in Figs. 5-9.
The correspondence between the values of the modulus of elliptic functions

|E
k= 2+ - € (0,1) and these figures is as follows:
r

1
ke (0, — = Fig. 5,
( \/§> &

1
k=—7 = Fig. 6,
2
1 .
ke 72, ko) = Fig. 7,
k =k = Fig. 8,
k€ (ko, 1) = Fig. 9.

The value k = 1/v/2 corresponds to the rectangular elastica studied by
James Bernoulli (see Sec. 2). The value kg =~ 0.909 corresponds to the
periodic elastica in the form of figure-8 and is described below in Proposi-
tion 11.5. As was mentioned by Euler, as & — 0, the inflectional elasticae
tend to sinusoids. The corresponding Kirchhoff kinetic analog is provided
by the harmonic oscillator 6 = —r(6 — 3).
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If E=r+# 0 and 0 — § # 7 and, therefore, A € N3, then the pendulum
approaches its unstable equilibrium (8 — § = 0 = 0) along the saddle
separatrix, and the corresponding critical elastica has one loop (see Fig. 10).

If E=r+#0and 0 — 8 = 7 and, therefore, A € N5, then the pendulum
stays at its unstable equilibrium (6 — 3 = 7,0 = 0), and the elastica is a
straight line (see Fig. 4).

If E > r # 0 and, therefore, A € Nj, then the Kirchhoff kinetic analog
is the pendulum rotating counterclockwise (9 >0 A€ N,) or clock-
wise (9 < 0 < XA € Ny ). The corresponding elasticaec have nonvanishing
curvature @ and, therefore, they have no inflection points and are called
non-inflectional (see Fig. 11). The points where || has local maxima or
minima are vertices of inflectional elasticae.

If r =0 and 6 # 0 and, therefore, A € Ng, then the pendulum rotates
uniformly: one may think that the gravitational acceleration is g = 0 (see
the physical meaning of the constant r (6.14)), while the angular velocity 6
is nonzero. The corresponding elastica is a circle (see Fig. 12).

Finally, if » = 0 and 6 = 0 and, therefore, A € Ny, then the pendulum
is stationary (no gravity with zero angular velocity 9), and the elastica is a
straight line (see Fig. 4).

Note that the plots of elasticae in Figs. 5—11 do not preserve the real
ratio y/z for the sake of saving space.

9. DISCRETE SYMMETRIES OF THE EULER PROBLEM

In this section, we lift discrete symmetries of the standard pendulum (7.1)
to discrete symmetries of the normal Hamiltonian system

f=¢, é=—rsing, =0,
) (9.1)
0=c, & =cosf, g =sinb.

9.1. Reflections in the phase cylinder of the standard pendulum. It
is obvious that the following reflections of the phase cylinder of the standard
pendulum C = Sé x R. preserve the field of directions (although, not the
vector field) defined by the ODE of the standard pendulum (7.1):

et (B,0) = (B, —c),
52 : (ﬂvc) = (_6’0)7
53 : (570) = (763 76)

(see Fig. 13).
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(=3.¢) 3.e)

(—3,—¢)

Fig. 14. Reflections of trajectories of the pendulum.

These reflections generate the dihedral group — the group of symmetries
of the rectangle Dy = {Id,e!,£?,&3} with the multiplication table

el le2]ed
et |1d|ed|e?
e2|e3|1d | el
eSle? el |1d

Note that the reflections ¢! and €2 reverse the direction of time on tra-
jectories of the pendulum, while 3 preserves the direction of time (in fact,
3 is the inversion i defined in (7.17)). All reflections & preserve the energy

of the pendulum F = % — cos 3.

9.2. Reflections of trajectories of the standard pendulum. We can
define the action of reflections on trajectories of the standard pendulum as
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follows:
e ys = {(Bs,c6) | s € [0,8]} = 75 = {(Bs,c0) | s € [0,4]},
where
( s s):(ﬁt EX) ths)a (92)
( 5765) = (_615 éact—s)v 9.3
( gv s):( Bs, — Cs) (9.4)

(see Fig. 14).
All reflections €' map trajectories 7y, to trajectories vi; they preserve
2

c
both the total time of motion ¢ and the energy E = 5~ cos 3.

9.3. Reflections of trajectories of the generalized pendulum. The
action of reflections is obviously continued to trajectories of the general-
ized pendulum (7.18) — the vertical subsystem of the normal Hamiltonian
system (9.1) as follows:

e {(Bs,cs,m) | 5 € [0, 8]} = {(BE, ¢l r) | s €[0,8]}, i=1,2,3, (9.5)

where the functions 3%, ¢! are given by (9.2)—(9.4). Then the reflections

e’ preserve both the total time of motion ¢, the energy of the generalized
2

pendulum E = % — rcos 3, and the elastic energy of the rod

1 / 1 /
—5/9§ds=§/cgds.
0 0

4. Reflections of normal extremals. Now we define action of the re-
flections €* on the normal extremals

As = e (N) e T*M, se(0,4],
i.e., solutions of the Hamiltonian system

ﬁs = Cs, Cs = _rSinﬁsa

. . (9.6)
=0, ¢s=X1(qs) + csX2(gs),
as follows:
{)\|s€[0t]}»—>{)\‘|s€[ ), i=1,2,3, (9.7)
As = (vmqs) = (Bs,65,7,05), Av = (v,40) = (Bsc6, 7, 40). (9-8)

Here \! is a solution of the Hamiltonian system (9.6), and the action on the
vertical coordinates

e {VS = (ﬁS’CS’T)} = {V; - ( S,CS,T)}
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was defined in Sec. 9.3. The action of reflections on horizontal coordinates
(6, x,y) is described in the next section.

9.5. Reflections of Euler elasticae. Here we describe the action of re-
flections on the normal extremal trajectories

e {qs = (98755373/5) | s € [O7t]} = {QZ = (9;71';73/;) ‘ s € [O7t]}'
Proposition 9.1. Let
As = (/Bsacsara QS)a /\7; = 5i()\‘9) = ( Za st aqe) s € [O,t},
be normal extremals defined in (9.7), (9.8). Then the following equalities
hold:
1 .
1 ~ xo \ cosf; sinb; Tt — Ti_sg
(1) b; = b0y = 0, ( vs > B < —sinf; cos6, ) ( Yt — Yes >’
2 .
o, x5\ [ cosfy —sinb; Tt — Ti_sg
(2) 95 _et 0t*57 ( yf ) - ( Sinet COSQt ) ( Yis — Ut );

wa--o. (7)-(2)

Proof. We prove only the formulas in item (1), the next two items are
studied similarly. By virtue of (8.1) and (9.2), we have
93 = ﬂi _ﬂ(% = 615—5 _ﬂt = Ht—s - Ht-
Further,
= /cos 0 dr = /cos(@t_,. —0)dr = cos Oy (xy —x4—s) +5In O (Y — Ys—s)
0 0

and similarly
yl = /sm 0! dr = /sm (0i—r —0;) dr = cos O (yr — yi—s) —sin O (xy — x4 —s).
0

The proposition is proved. O

Remark. Note the visual meaning of the action of the reflections £ on
the elastica {(zs,ys) | s € [0,t]} in the case (zt,y:) # (z0, Yo)-

One can show that modulo inversion of time on elasticae and rotations
of the plane (z,y), we have:

o ¢!l is the reflection of elastica in the center of its chord:;
o £2 is the reflection of elastica in the middle perpendicular to its chord:;
e &3 is the reflection of elastica in its chord

(see details in [34]).
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9.6. Reflections of endpoints of extremal trajectories. Now we can
define the action of reflections in the state space M = wa x S§ as the
action on endpoints of extremal trajectories:

e M — M, € :qw—q, (9.9)
as follows:

Ot _ot

et oz |~ 24 cos 0y + y; sin 0, , (9.10)
Yt —x¢ sin By + y; cos 0,
0; 0;

e x | — | z4cosb, +ysind, |, (9.11)
Yt 2y sin 0y — y; cos 0,
0; —0;

e x| — Tt . (9.12)
Yt —Yt

These formulas directly follow from Proposition 9.1. Note that the action
of reflections €' : M — M is well-defined in the sense that the image £%(q;)
depends only on the point ¢, but not on the whole trajectory {gs | s € [0,¢]}.

9.7. Reflections as symmetries of the exponential mapping. The
action of reflections €’ on the vertical subsystem of the normal Hamiltonian
system (9.5) defines the action of &' in the preimage of the exponential
mapping by restriction to the initial instant s = 0:

where (3,¢,7) = (Bo,co,7), (8°,¢t,r) = (B8, ch,r) are the initial points of
the curves vy = (Bs,cs,7) and v¢ = (8%, ¢4, r). The explicit formulas for

(B, ') are found from formulas (9.2)—(9.4):

(8", ¢ = (B, —cr),
(52702) = (=B, ct),
(/637 03) = (_603 _CO)'

Thus, we have the action of reflections in the preimage of the exponential
mapping:
e NN, w=v, v'eN= T, M.

Since the both actions of € in N and M are induced by the action of £*
on extremals s (9.7), we obtain the following statement.
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Proposition 9.2. Reflections €' are symmetries of the exponential map-
ping Exp, : N — M, i.e., the following diagram is commutative:

Exp, Exp,

N—M V>t
Exp, . Exp, .
N—%M V2 g

9.8. Action of reflections in the preimage of the exponential map-
ping. In this section, we describe the action of reflections

e N =N, &) =1,

in the elliptic coordinates (Sec. 7.3) in the preimage of the exponential
mapping N.

Proposition 9.3. (1) If v = (k,p,r) € Ny, then v' = (k,¢',7) € Nq

and
- 2K d 4K
=" [ mod—
QO %Ot \/F 0] \/F 9

24 =0 modg
@ Yt = \/F )

s, 2 A
RV Vi)
(2) If v = (k,%,r) € No, then v* = (k,4',7) € Ny and, moreover,

veNf = vieNj, 2eNf, °eN7, (9.13)
and
Pl =0 <mod%> ,
P2+ =0 <mod2ﬁ>,
PP —p=0 (mod%) .

(3) If v = (p,r) € N3, then v* = (', r) € N3 and, moreover,
veNf = vteNF, v*eNF, PeNT,
and
1 _ 2 _ 3 _
=0, " +¢; =0, ¢"—p=0
(4) Ifv=(B,c,7) € Ng, then v* = (B8%,c%,r) € Ng and, moreover,
Z/ENGjE = v e NS, 1/2€Ngc, VSGNJ, (9.14)
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and
(B,¢") = (B, —c), (%)) = (=Br0), (6°¢°)=(=B,—¢c). (9.15)
Proof. We prove only item (1) since the other items are proved similarly.
The reflections €' preserve the domain N since
e:Ew—E, ¢&:rer,
e, e —c, 2:ic—e
This follows from equalities (9.2)—(9.3). Further, we obtain from (9.2) that
' =0,, c'=—¢,

whence by virtue of the construction of elliptic coordinates (Sec. 7.3) it
follows that

sn(vre') =sn(vre),  en(Vre') = —cen(Vrer)

2K 4K

and, therefore, ' + ¢; = ~— (modT . The expressions for the action
r

of the rest reflections in the elliptic coordinates are obtained similarly. [

10. MAXWELL STRATA

10.1. Optimality of normal extremal trajectories. Consider an ana-
lytic optimal control problem of the form:

q= f(g,u), geM, uwcl, (10.1)

q(0) = qo, q(t1) = q1, t; fixed, (10.2)

Tulava) = [ platt),u(e)) de — win. (10.3)
0

Here M and U are finite-dimensional analytic manifolds and f(¢,u) and
(g, u) are an analytic vector field and a function depending on the control
parameter u, respectively. Let

ha(A) = (A, flg,w)) = ¢lq.u), AeT™M, q=n(A)eM, uel,
be the normal Hamiltonian of the Pontryagin maximum principle for this
problem (see Sec. 6.1 and [2]). Suppose that all normal extremals A, of the
problem are regular, i.e., the strong Legendre condition is satisfied:
32

5., )hu(At) <=5, 6>0, (10.4)
u(t

for the corresponding extremal control u(¢). Then the maximized Hamil-
tonian H(A) = max,ep hy(A) is analytic, and the exponential mapping
Exp,: N=T:M — M, Exp,(\) =moe(\) =q(t)

0

is defined for the time ¢.
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41 = 4t = é\hr Jfl[q'“] > Jfl[é\‘ a}
%= Lo = (3.1

0

Fig. 15. Maxwell point g;.

Suppose that the control v maximizing the Hamiltonian h,(\) is an an-
alytic function u = u(\), A € T*M.

For covectors A, XeT 7 M, we denote the corresponding extremal trajec-
tories as follows:

gs = Exp,(\), gs = Exp,(\)
and the extremal controls as follows:

u(s) = u(As), A = eSﬁ()\),

a(s) =ulxs), s =e Q).

The time ¢t Maxwell set in the preimage of the exponential mapping
N =T, M is defined as follows:

MAXt:{AeNHXGN:
st $—é ds, S S [Ovt}v at = qt, Jt[qau] = Jt[‘iﬂ} (105)

The inclusion A € MAX; means that two distinct extremal trajectories
Gs Z qs with the same value of the cost functional Ji[q, u] = J;[q, @] intersect
one another at the point ¢; = ¢ (see Fig. 15).

The point ¢; is called a Maxwell point of the trajectory g¢s, s € [0,t1],
and the instant ¢ is called a Maxwell time.

The Maxwell set is closely connected with the optimality of extremal
trajectories: such a trajectory cannot be optimal after a Maxwell point.
The following statement is a modification of a similar proposition proved
by S. Jacquet [15] in the context of sub-Riemannian problems.

Proposition 10.1. If a normal extremal trajectory qs, s € [0,t1], admits
a Mazwell point qi, t € (0,t1), then qs is not optimal in problem (10.1)-
(10.3).
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Proof. By contradiction, assume that the trajectory ¢s, s € [0,¢1], is opti-
mal. Then the broken curve

“ g seltt]

,_{@,semm

is an admissible trajectory of system (10.1) with the control
L futs), sep,
® u(s), s €[t t1].

Moreover, the trajectory ¢, is optimal in problem (10.1)—(10.3) since

t1 ty

%M%ﬂ=/ﬂ%, jw%, %+/ (g5, u'(s)) ds

0 0 t
t t1
:/M% ®+/@%
0 t

t1 t1

:L@m+/¢%wmw=@mm+/w%mmw

t t
= Jtl [qa U],

which is minimal since ¢, is optimal.

Therefore, the trajectory ¢, is extremal, in particular, it is analytic. Thus,
the analytic curves ¢s and ¢, coincide one with another on the segment
s € [t,t1]. By the uniqueness theorem for analytic functions, these curves
must coincide everywhere: ¢; = ¢, s € [0,t1], and, therefore, ¢s = s,
s € [0,t1], which contradicts the definition of the Maxwell point g;. O

Maxwell points were successfully applied for the study of the optimality
of geodesics in several sub-Riemannian problems [1,10,28]. We will apply
this notion in order to obtain an upper bound on the cut time, i.e., the time,
where the normal extremals lose optimality (see [31-33] for a similar result
for the nilpotent sub-Riemannian problem with the growth vector (2,3, 5)).

As was noted in the book of V. I. Arnold [5], the term Maxwell point
is originated “in connection with the Maxwell rule of the van der Waals
theory, according to which the phase transition takes place at a value of the
parameter for which two maxima of a certain smooth function are equal to
each other.”

10.2. Maxwell strata generated by reflections. We return to the Euler
elastic problem (3.4)—(3.9). It is easy to see that this problem has the form
(10.1)—(10.3) and satisfies all assumptions stated in the previous subsection,
and therefore, Proposition 10.1 holds for the Euler problem.
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Consider the action of reflections in the preimage of the exponential map-

ping:
e N—=N, &)=\,
and denote the corresponding extremal trajectories
gs = Exp,(A), g = Exp,(\")
and extremal controls (6.11)
u(s) = cs, u'(s) =ct.

The Maxwell strata corresponding to reflections €' are defined as follows:

MAX! = {A\€ N | ¢’ # qs, ¢ = @, Ji[g,u] = Ji[¢",u]}, i=1,2,3, ¢t>0.

(10.6)
It is obvious that

MAX! ¢ MAX;, i=1,2,3.

Remark. Along normal extremals we have
t
1 2
Jilq, u] = WAL ds.
0

In view of the expression for the action of reflections € on trajectories of
pendulum (9.2)—(9.4), we have

Jt[qiaui} = Jt[Qa U], 1= 172737

i.e., the last condition in the definition of the Maxwell stratum MAX; is
always satisfied.

10.3. Extremal trajectories preserved by reflections. In this section,
we describe the normal extremal trajectories g; such that ¢g = gs. This
identity appears in the definition of Maxwell strata MAX; (10.6).

Proposition 10.2. (1) ¢l =¢q¢, & A =)\
2) =g, & XN =XorAeNs.
(3) qg) = qs = )\3 - )\

Proof. First, consider the chain
¢t=qs = 0.=0, = p-Bi=ps—0F, i=1,2,3. (10.7)

(1) Let ¢! = ¢s. By equality (9.2), 8! = 8;_, and, therefore, we obtain
from (10.7) that

ﬁtfs - Bt = ﬁs - ﬁO-

For s = t, we have 3; = By and, therefore,

ﬁt—s = 63-
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Differentiating with respect to s and taking into account the equation of
generalized pendulum (7.18), we obtain

Cis = —Cq.
In view of equality (9.2),
(BLch) = (Bsycs) = BL)=(Bec) = A=A.

Conversely, if A\l = ), then ¢! = ¢,.
(2) Let ¢2 = q5. In view of (9.3), 32 = —3;_, and, therefore, (10.7) gives
the identity

_ﬁt—s + ﬂt = ﬁs - ﬁ0~
Differentiating twice with respect to the equation of generalized pendu-
lum (7.18), we obtain

C_s=¢cs = —rsinfi_s =rsinf,
= (Bs=ppor fi_s =—0Fsorr=0).

If Bs = Py, then ¢s = 0, which means that A € NyUNsUN7. If 6,_s = —f,
then (32,c%) = (s, ¢cs) and, therefore, A2 = \. Finally, the equality r = 0

means that A € Ng U N;. Thus, we have proved that

7
¢=q¢ = (MP=XorrelJM).
i=4
But if A € Ny U N5 U Ny, then 85 = 0orm, ¢s = 0 (see Sec. 8.1), and
equality (9.3) implies that (82,c2) = (8s,¢s) and, therefore, A2 = X. The
implication = in item (2) follows. The reverse implication is directly veri-
fied.

(3) Let ¢ = gs. Equality (9.4) gives 32 = —f, and condition (10.7)
implies that 8, = Byg. Then ¢, = 0. Consequently, A € Ny U N5 U N;. But
if A € Ny U N5 U Ny, then A*> = X by the argument used above in the proof
of item (2). The implication = in item (3) follows. The reverse implication
in item (3) is directly verified. O

Proposition 10.2 means that the identity ¢ = g is satisfied in the fol-
lowing cases:
(a) A" = ), the trivial case, or
(b) A € Ng for i = 2.

10.4. Multiple points of the exponential mapping. In this section,
we study solutions of the equations ¢ = ¢; related to the Maxwell strata
MAX: (10.6).

Recall that in Sec. 9.6, we have defined the action of reflections €’ in the
state space M. We denote ¢' = €'(q), ¢,¢' € M.
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The following functions are defined on M = Ri)y x Sp up to a sign:

6 0 0
P= msin§ — Yy Ccos 3 Q= ZCCOS§ +ysin§,
although their zero sets {P = 0} and {Q = 0} are well defined.
Proposition 10.3. (1) ¢!=¢q¢ <& 6=0 (mod 27);
2)¢*=q & P=0
B)¢*=q < (y=0andf =0 (mod 7)).

Proof. We apply the formulas for the action of reflections &’ in M obtained
in Sec. 9.6.
(1) Formula (9.10) means that

e (0,7,y) — (—0,2cosf + ysin b, —xsinf + y cos ),

which gives statement (1).
(2) Formula (9.11) has the form

e2:q=(0,2,y) — ¢* = (0,2cos0 + ysinh,zsinf — ycosh).

If (z,y) = (0,0), then ¢*> = (,0,0) = g and P = 0 and, therefore, statement
(2) follows.

Suppose that (z,y) # (0,0), then we can introduce polar coordinates:
T =pcosy,y=psiny, p > 0. We have

xcosf + ysinfh = x,
=q & { Y

rsinf —ycosf =y
cos x cos f + sin x sin 8 = cos ¥,
cos x sinf — sin x cos 6 = sin x
.0 6
& cosxs1n§—smxcos§:0 & P =0,

and statement (2) is proved also in the case (z,y) # (0,0).
(3) Formula (9.12) has the form

53 q= (971',]/) = q3 = (—9,$, _y)v
and, therefore,
3 0=—0, 0=0 (mod ),
¢ =9 < &
The proposition is proved. O

The visual meaning of the conditions ¢i = ¢; for the corresponding arcs
of Euler elasticae (zs,ys), s € [0,¢] in the case x? + y? # 0 is described
in [34].
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10.5. Fixed points of reflections in the preimage of the exponential
mapping. In order to describe fixed points of the reflections €' : N —
N, we use the elliptic coordinates (k,¢,r) in N introduced in Sec. 7.3.
Moreover, the following coordinate turns out to be very convenient:

Ve + o)
5 .
While the values /7@ and /ry; correspond to the initial and terminal

points of an elastic arc, their arithmetic mean 7 corresponds to the midpoint
of the elastic arc.

Proposition 10.4. Letv = (k,p,7) € Ny, then vt = &'(v) = (k, o', 1) €
Ny. Moreover,

) vl=v & cwmr=0,

(2) vP=v & snT=0,

(3) v3 = v is impossible.

Proof. We apply Proposition 9.3. The inclusion v* € N; holds. Further,

1 2K 4K
v=rv & o =p & SDJF%:W modﬁ

< 7=K (mod2K) < cn7=0,

4K

V=v & ¢’=¢p & ¢p+e,=0(mod—F—
Jr

< 7=0 (mod2K) <&  snT=0,

2K 4K

B=rv o pP=¢p & 0—7<modﬁ>,

which is impossible. O

Note the visual meaning of fixed points of the reflections €’ : Ny — N for
standard pendulum (7.1) in the cylinder (8,¢), and for the corresponding
inflectional elasticae, see the corresponding figures in [34]. The equality
cn7 = 0 is equivalent to ¢ = 0, these are inflection points of elasticae (zeros
of their curvature ¢). The equality sn7 = 0 is equivalent to § = 0, these are
vertices of elasticae (extrema of their curvature c).

In the domain N5, we use the convenient coordinate

V(Y + )
2
corresponding to the midpoint of a non-inflectional elastic arc.

Proposition 10.5. Letv = (k,1,7) € No, thenv® = £t (v) = (k, 9%, 1) €
Ns. Moreover:

(1) v' = v is impossible;

(2) v =v <& snTent =0
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(3) v® = v is impossible.

Proof. We apply Proposition 9.3. The inclusion v* € Ny holds. Implica-
tion (9.13) yields items (1) and (3). We prove item (2):

V=rv o =y o w—kwt:O(mod%)

< 7=0 (mod K) < snrent=0.

The proposition is proved. O

Note the visual meaning of the fixed points of the reflections &’ : Ny —
Nj. The equality sn7cn 7 = 0 is equivalent to the equalities 5 =0 (mod 7),
|c| = max, min, these are vertices of non-inflectional elasticae (local extrema
of their curvature c).

Similarly to the previous cases, in the set N3 we use the parameter

VT (o + )

T=——".

2
Proposition 10.6. Let v = (p,7) € N3, then v* = &'(v) = (p%,7) € N3.
Moreover:

(1) v! = v is impossible;

2)vP=v & 71=0

(3) v® = v is impossible.

The proof is similar to the proof of Proposition 10.5.

The visual meaning of fixed points of the reflection €2 : N3 — Ni: the

equality 7 = 0 means that § = 0, |¢| = max, these are vertices of critical
elasticae.

Proposition 10.7. Letv = (B,¢,r) € Ng, then v = ¢ (v) = (8%, ¢, r) €
Ng. Moreover:
(1) vt = v is impossible;
(2) vP=v <& 2B+ct=0 (mod 27);
(3) v3 =v is impossible.
Proof. Ttems (1) and (3) follow from implication (9.14). Item (2) follows
from (9.15) and the formula §; = By + ct (see Sec. 8.1). O

10.6. General description of the Maxwell strata generated by re-
flections. Now we summarize our computations of Maxwell strata corre-
sponding to reflections.

Theorem 10.1. (1) Let v = (k,p,r) € N1. Then:
1
0
v # v, cnT # 0,

1.1) v e MAX! <
(1) ! a4 =q 0 = 0;
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2
(1.2) v € MAX? & {V 7Y, & {SHT_#'O’

@G =a P, =0

3 =0

(1.3) v € MAX? & VS s e TS
@G = q 0, =0 ormw

(2) Let v = (k,,r) € Na. Then:
1
(2.1) v € MAX! & {”1 VL g —0

9 = 4t
2 5 0
(2.2) v € MAX? & V2 il & (TR 70,
q; = qt P, =0;
3 _
(23) veMAX? & ({7 7, o Ju=0
q; = q 0; =0 orm.
(3) Let v = (p,r) € N3. Then:
A
(3.1) v € MAX; v s 0, =0
qt = qt
2
(3.2) v € MAX? v, T7
@ = a P, =0
3 _
(3.3) v € MAX? v7 v =0,
q; = q 0;=0ormw

(4) MAX{NN; =0 fori=1,2,3, j =4,5,7.
(6) Letv e Nﬁ Then:
1

(6.1) ve MAX! o {”1 V4 g0

qp = qt

(6.2) v € MAX? is impossible;

3 Vit yr =0

(6.3) v € MAX; & ’ & ’

@ =q 0; =0 orm.

Proof. In view of the remark after the definition of Maxwell strata (10.6)
and Proposition 10.2, we have

MAX! ={veN|v' #v, ¢ =q}, i=1,3,

MAX? NN, = {v e N; |V #v, ¢} =a}, j#6

MAX? NNg = 0.
This proves the first implication in items (1.1)—(3.3). The second implication
in these items directly follows by combination of Propositions 10.4, 10.5,
and 10.6 with Proposition 10.3. Therefore, items (1)—(3) follow.

In the case v € Ny U N5 U N7 the corresponding extremal trajectory is
(zs,9s,0s) = (s,0,0), which is globally optimal since elastic energy of the
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straight segment is J = 0. By Proposition 10.1, there are no Maxwell points
in this case.

Finally, let v € Ng. Items (6.1) and (6.2) follow by combination of
Proposition 10.7 with Proposition 10.3. Item (6.2) was already obtained
in (10.8) from item (2) of Proposition 10.2. O

Remark. Ttems (1.3), (2.3), (3.3.), (4), and (6.3) of Theorem 10.1 show
that the Maxwell stratum MAX? admits a decomposition into two disjoint
subsets:

MAX? = MAX?TUMAX? ™, MAXPTNMAXS™ =,

yt:()a

v e MAX}T & {9 0
t =Y,

yt:Oa
925:7r.

v e MAX}™ & {

In order to obtain a complete description of the Maxwell strata MAXi,
in the next section we solve the equations that determine these strata and
appear in Theorem 10.1.

11. COMPLETE DESCRIPTION OF MAXWELL STRATA
11.1. Roots of the equation 6 = 0. In this section, we solve the equation

6; = 0 that determines the Maxwell stratum MAX] (see Theorem 10.1).

We denote by { g

denotes the condition A A B.

A
the condition A V B in contrast to {B , which

Proposition 11.1. Let v = (k,p,7) € Ny, then

0, =0 < [p:ﬂ{"v n ez,
cnt =0,
where p = w and T = w
Proof. We have
=0 o PP eam e ]S0TR) =sa(Vre),
22 dn(y/rer) = dn(V/rp)
- Vrer =+/re (mod 4/rK)
Vror =2rK — \/ro (mod 4y/rK)
{ p=2Kn, neZ
=4
cnt = 0.

The proposition is proved. O
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Proposition 11.2. Let v = (k,9,r) € N3, then
;=0 < p=Kn, nez,

shere = Y =)
Proof. Let v € N2+, then

=0 < %:% (mod 7) <& {

p=0 (mod 2K)
p=K (mod 2K)

sn(y/riy) = £sn(y/ri),
en(Vry) = £en(v/ry)

& & p=Kn, neZ.

If v € N5, then the same result is obtained by the inversion i : N — N .
O
Proposition 11.3. Let v € N3, then
0,=0 & t=0.
Proof. The proof is similar to that of Proposition 11.2 (see details in [34]).

O
Proposition 11.4. Let v € Ng. Then
=0 < ct=2mn, necw.
Proof. We have 6, = ct in the case v € Ng. O

11.2. Roots of the equation P =0 for v € N;. Using the coordinates
T + t T - Tt
_ f(s@; o) _ ﬁ<@+ §>7 p= 7\““’; ) _ _\/2— . (111)

and the addition formulas for the Jacobi functions (see [22,34]), we obtain
the following in the case v € Ny:

dksnrdunTfi(p, k)

ih
fi(p,k) =snpdnp — (2E(p) — p) cnp, (11.2)
A=1-Fk?sn? psn T.

P, =

v e Ny,

In order to describe roots of the equation fi(p) = 0, we need the following
statements. We denote by E(k) and K (k) the complete elliptic integrals of
the first and second kinds respectively (see [22,34]).

Proposition 11.5 (see [33, Lemma 2.1]). The equation

2E(k) — K(k) =0, kel0,1),
has a unique root ko € (0,1). M.

oreover,
kel0,ky) = 2E—K>0,
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ke (k1) = 2FE—K<O0.

Note that for k = 1/\/5 we have
1 1\’ 2K? + 1 T
K=——(T{- F=——— 2F — K = — 11.
4ﬁ( <4)> : iK ok >0 (113)
(see [22, p. 89, Chap. 3, Exercise 24]). Thus,

1
— < ky <1 (114)

V2

Numerical simulations show that kg ~ 0.909. To the value k = kg, there
corresponds the periodic Euler elastica in the form of figure-8 (see Fig. 8).

Proposition 11.6 (see [33, Proposition 2.1]). For any k € [0,1), the
function
fi(p,k) =snpdnp — (2E(p) — p) cnp
has a countable number of roots p., n € Z. These roots are odd in n:

pl,=-py, ne;
in particular, p§ = 0. The roots pk are localized as follows:
p. € (~K +2Kn, K +2Kn), n¢€Z.
In particular, the roots p}l are monotone in n:
Py < Ppy1, nEL.
Moreover, forn € N
ke[0,ky) = p.€(2Kn,K +2Kn),
k=ky = pl=2Kn,
k€ (ko,1) = phe(—K+2Kn,2Kn),

where ko is the unique root of the equation 2E(k) — K (k) = 0 (see Proposi-
tion 11.5).

Proposition 11.7 (see [33, Corollary 2.1]). The first positive root p =
pi of the equation fi(p) = 0 is localized as follows:

ke0,ky) = pi€(2K,3K),
k=ky = pl=2K,
ke (k1) = p;e(K,2K).

Now we can obtain the following description of roots of the equation
P, =0 for v € Ny.

Proposition 11.8. Let v € Ny. Then

fl(p):O, = p:p}p TLEZ,

BE=0 < snT =0 snt = 0.
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Proof. Apply Eq. (11.2) and Proposition 11.6. O

11.3. Roots of the equation P = 0 for v € N,. In order to find the
expression for P; in the case v € N5, we apply the transformation of the
Jacobi functions k +— 1/k (see Sec. 7.2.2 and (7.14) and (7.15)) to Eq. (11.2):

_ 4ky sn(r, kq) dn(7, k1) fi(p1, k)

P , veEN;, Kk €(0,1),
" V(1= K sn2(py, k) sn2 (71, kr)) ' e O (11.5)
_Vrleite) Ve =)
2 72

The both sides of Eq. (11.5) are analytic single-valued functions of the
elliptic coordinates (k1, ¢, 7) and, therefore, this equality is preserved after
an analytic continuation to the domain k; € (1, +00), i.e., v € N, .

Denote ks = 1/k;, then the formulas for the transformation k — 1/k of
the Jacobi functions (7.14) and (7.15) yield the following:

1 1 1 1
4— sn(Tl, —) CD(Tl, _)fl(ph _)
p— k2 ks ks y
1 1 1
- 2 . 2 _
\/F(l k% s (plﬂ k2)Sn (Tl’ k2>)
__Asn(ry, ky) en(7a, ko) fo(p2, k2)
V(1 — k3 sn2(pa, ko) sn?(12, k2))’
where
_ T V(e + o) V(e + )
2T 2k 2 (1L.6)
P1 V(e — ) V(e — )
=2 = = 11.
D2 ks 2 9 ) ( 7)
and

1
fa(p2, k2) = S (k3 sn(pa, ko) en(po, ko)

+dn(pa, k2)((2 — k3)p2 — 2E(p2, k2))).
Summing up, we have
4 1
P = snTchfg(p,k), ve Ny,

JiA

Falp ) = LK snpenp + dup((2 ~ K2)p — 2E(p)]

V(e +9) V(e — 1)
2

2 )
We will need the following statement.

, A=1—Fk*sn’psn’®r.

Proposition 11.9 (see [33, Proposition 3.1]). The function fa(p) has
no roots p # 0.
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Proposition 11.10. Let v € Ny. Then
p=0
snTcenT = 0.

Pt:() <~ |:

Proof. In the case v € N2+, we obtain from (11.8) and Proposition 11.9:

P=0 © {f2(p)_0 o [P_U

sntent =0 sntenTt = 0.

The case v € Ny is obtained by the inversion i : Nt — Ny :
4dsnTenTfo(p, k) _
P, =- N. 11.
t JiA » VE N (11.8)

(see details in [34]), and the statement for the case v € Ny is proved. O

11.4. Roots of the equation P = 0 for v € N3. Passing to the limit
k —1—0in Egs. (11.8) and (11.8), we obtain the following:

4tanh 7 fo(p, 1)
V/rcosh7(1 — tanh? ptanh? 1)’
VT(pr — ) VT(p: + )

P, = veNE, (11.9)

Y\t 7 =Y 7/ 11.1
p 5 T 5 (11.10)
. 2p — tanhp
)= 1 k)= ————. 11.11
fa(p,1) = lim fo(p, k) coshp (11.11)
Proposition 11.11. Let v € N3. Then
_ p=0
F=0 < 7 =0.
Proof. We have
2p — tanhp) =2 — > 1
(2p p) COSh2p
and, therefore,
fa(p,1) =0 <& 2p—tanhp=0 < p=0,
and the statement follows from (11.9). O

11.5. Roots of the equation P =0 for v € Ng.
Proposition 11.12. Ifv € Ng, then P, = 0.
Proof. We have

0 (% 1 c 1 ct
P, = :z:tsin; — Uy cosgt = Esinctsin; — E(l fcosct)cosg =0.

The proposition is proved. O

The visual meaning of this proposition is simple: an arc of a circle has
the same angles with its chord at the initial and terminal points.
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11.6. Roots of the system y = 0, § = 0. Note that

9t207 thov
& 0,

0
yr =0 PtzxtSiné—thOSEZO,

therefore, we can replace the first system by the second one and use our
previous results for equations #; = 0 and P; = 0.

Proposition 11.13. Let v € N;. Then

6_0 kaO’ p:2Kn7

t — Y 1

{ & p=p,, cnT=0, n € 7.
P =0 p=2Kn, snt=0,

Proof. By virtue of Propositions 11.1 and 11.8, we have

0, =0, p=2Km or cnt =0,
<~
PtZO

p=p. or snT=0

p= 2[(777,7 cnT = 07
1 or 1
p :pn? p:pn7

p=2Km, cnt =0,
or or
snT =0, snt = 0.

By Proposition 11.6,

p L & p=p.=2Kn <& 0
Now it remains to note that the system cn7 = 0, sn7 = 0 is incompatible,
and the proof is complete. O
Proposition 11.14. Let v € No. Then
9 - 0 = =
K ’ { p=Kn, 7=Km, n,m € Z.
P, =0 p=0,

Proof. Taking into account Propositions 11.2 and 11.10, we obtain

0, =0, p=Kn, p=Kn, 7=Knm,
<~ ~
P =0 p=0 or 7T=Km p=0.

The proposition is proved. O
Proposition 11.15. Let v € N3. Then

9:
=0, & t=0.
PtZO

Proof. The proof immediately follows from Propositions 11.3 and 11.11. O
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Proposition 11.16. Let v € Ng. Then

00 =0, & ct=2mn, nel.
Pt:()

Proof. The proof immediately follows from Propositions 11.4 and 11.12. O

11.7. Roots of the system y = 0, § = 7 for v € N;. The structure of
solutions of the system y; = 0, §; = 7 is much more complicated than that
of the system y; = 0, 6; = 0 studied above.

First, for any normal extremal

04
9, =0 cos — =0,
be=m Qt:xtcosé—i-ytsinézo.
From now on, we suppose in this subsection that v € Nj.
In the same way as at the beginning of Sec. 11.2, in the coordinates T
and p given by (11.1) we obtain

(11.12)

0
oS é = (dn®p — k?sn®pen? 7)(dn® 7 + k2 en? psn® 1) /A?
=(1-2k?sn’p + k*sn?psn? 7)(dn® 7 + k2 en® psn? 1) /A2,

Qi =2E(p) —p+ kK sn’7(2enpsnpdnp — (2E(p) — p)(2 — sn” p)).

Thus,
0
cos é =0 < sn’7=(2k%sn’p—1)/(k*sn®7).

Substituting this value for sn? 7 into @Q;, we get rid of the variable 7 in the

second equation in (11.12):

2
Qt|sn2 r=(2k2sn2 p—1)/(k2sn271) — Sn—2p91 (p7 k)v

g1(p, k) = (1 = k* + k> en p)(2E(p) — p)
+cnpsnpdnp(2k?sn®p — 1).

(11.13)

As a consequence, we obtain the following statement (see details in [34]).

Proposition 11.17. Let v € Ny. Then

0, =m, sn?1 = (2k*sn?p — 1)/(k*sn? 1),
ye =0 91(p, k) = 0.

Now we study the solvability of the second system in (11.14) and describe
its solutions in the domain {p € (0,2K)}. For the study of the global
optimality of normal extremal trajectories, it is essential to know the first
Maxwell point. By Proposition 11.1, the first Maxwell point corresponding
to e occurs at p = 2K and, therefore, for the study of the global optimal

(11.14)
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control problem we can restrict ourselves by the domain {p € (0,2K)}. As
concerns the local problem, in the forthcoming paper [35] we show that
only the Maxwell strata MAX], MAX?7 but not MAX? are important for
the local optimality. But for the global problem, the stratum MAX? is
very important: in fact, extremal trajectories lose global optimality on this

stratum, i.e., MAX? provides a part of the cut locus [35,36].

The second system in (11.14) is compatible iff the equation g1 (p, k) = 0

has solutions (p, k) such that
2k%sn%p —1

0<
—  k2sn2p

<1,
or, which is equivalent,
2k*sn’p —1>0.
After the change of variable

& u=am(pk),

u
dt
= ra = [t
1 — k2sin?t
0
where am(p, k) is the Jacobi amplitude (see [22,34]), we obtain
gl(p7 k) = hl(uﬂ k)7
hi(u, k) = (1 — k* 4+ k? cos* u) (2E (u, k) — F(u, k))
+ cosusinuy 1 — k2sin? u(2k? sin? u — 1).
Denote

hl(u, k)

ha(u, k) = 1—k2+k2costu

=2F(u, k) — F(u, k)

N cosusinuy/1 — k2 sin® u(2k?sin® u — 1)

1—k2+k2costu
a direct computation yields

dhy  sin?uv2 — k2 + k2 cos 2u
— = ay (u, k),
du  4v2(1 — k2 + k2 cos? u)?

a1 (u, k) = co + ¢1 cos 2u + ¢y cos” 2u,

(11.15)

(11.16)

(11.17)

(11.18)

(11.19)

(11.20)

co =8 —10k* +4k*, ¢ = 4k*(3 — 2k?), o = 2k%(2k* —1).

One can prove the following statement.

Proposition 11.18. (1) The set

{(u,k) €R x {%1} | ay(u, k) = o}

18 a smooth curve.
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(2) There exists a function

Uq, : [%,1] — (%,g} U= ug, (k),

such that
k:%,l = ual(k)=g,
ve (1) = wme(T).
and for k = %, 1,
a(u, k) =0 & uzual(k:)—&—wn:g—i—ﬂn, (11.21)

1
while fork € (| —,1,
I (ﬁ )

_ U= ugq, (k) +2mn

a(u, k) =0 < { w1y, (k) + 27, (11.22)
Moreover,
1 1

Ug, €EC|—=,1|NC™ | —,1]. 11.23
weo|gfne=(75) (2
Proof. The proof follows from the implicit function theorem (see details
in [34]). O

Similarly to Proposition 11.18, one can prove the following statement.

1 3
Lemma 11.1. There exist numbers k., € | —, ko |, ux € E, o and
V2 27 4

such that for k € [k, 1], u € (0,7 — ug, (k)),
hi(u,k) =0 &  u=up (k).

Moreover, up, € Clki,1] N C®(ky,1) and up, (ke) = us and up, (ko) =
u(l) ==n/2.

a function

Numerical simulations give k. /= 0.841 and wu, = 1.954 (see a plot of the
elastica corresponding to k = k. in [34]).

Lemma 11.1 describes the first solutions of the equation hj(u, k) = 0 in
u for k € [k, 1].

Proposition 11.19. Let the function g1(p, k) be given by (11.13).
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(1) The set
You = {(p, k) | k€ (0,1), pe(0,2K(k)), g1(p,k) =0}

is a smooth connected curve.
(2) The curve g, does not intersect the domain

{(p,k) [ k€ (0,ks), pe(0,2K(k))}.
(3) The function
P =DPg (k) = F(ul(k)vk)a Pg1 € C* (ks 1)’
satisfies the condition
min{p > 0] g1(p, k) = 0} = pg, (k), k€ [ks, 1).
The function p = pg, (k) satisfies the bounds:
3

ke[k*,ko) = p!h(k)e (K7§K)’

k =k = pg(k) =K,
1
ke (ko,1) = pg(k)e (§K,K> .
(4) For any k € [k, 1),

P =DPgy (k) = 2k2 SHQ(p7 k) —-le (Oa 1]

(5) If k € (0,k.), then the system of equations (11.14) has no solutions
(p,7) such that p € (0,2K(k)). If k € [ks, 1), then the minimum p €
(0,2K(k)) such that system (11.14) has a solution (p,T) is p = pg, (k).

Proof. The proof follows from the implicit function theorem (see details
in [34]). |

Thus, we have described the first solution of system (11.14) obtained in
Proposition 11.17.

11.8. Roots of the system y = 0, § = 7 for v € N,. Similarly to
Proposition 11.17, we have the following statement.

Proposition 11.20.

0 . . 28112])71

= T = —F7—""F7—

{ e ) © 2snZp (11.24)
Yo = gl(p7 k) = 07

where

1
g1(p, k) = E[kQ enpsnpdnp(2sn?p — 1)
+ (1 —2sn?p+E2sn?p)(2E(p) — (2 — k?)p)]. (11.25)
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Proof. Let v € Ny~. We apply the equivalence relation (11.12). Further, in

0
order to obtain expressions for cos Et and @; through the variables 75, pso
given by (11.6), (11.7), we apply the transformation of the Jacobi functions
k+— 1/k in the same way as we did in Sec. 11.3 and obtain

0, (1 —2sn®p+k?sn?psn®7)(cn® 7+ dn? psn?7)
cos — =

2 A2 ’
Q= 7[2E() - 2~ K)p)
+sn?7(2k? cnpsnpdnp — (2E(p) — (2 — k*)p)(2 — k?*sn? p)].

(11.26)

0 2sn?p —1
Consequently, cos L=0 & sn?lr= 7]3. Then a direct compu-
2 k2sn2p

tation yields

2
Ci?t'sn2 r=(2sn2 p—1)/(k2sn2p) — mgl (p7 k)’

where the function g¢1(p, k) is defined in (11.25). The statement of this
proposition is proved for v € N2+ , and for v € N, it is obtained via the
inversion % : N2+ — Ny . OJ

Now we study the solvability of the system of equations (11.24) in the
domain p € (0, K). This bound on p is given by the minimum p = K for
points in MAX? (see Proposition 11.2).

Proposition 11.21. Let the function g1 (p, k) be given by (11.25). Then
for any k € (0,1), p € (0, K(k)) we have g1(p, k) > 0.

Proof. The proof follows by the standard monotonicity argument (see de-

tails in [34]). O

In fact, numerical simulations show that the equation g¢1(p, k) = 0 has
solutions p > K.

11.9. Roots of the system y =0, 6§ =« for v € Ns.

Proposition 11.22. If v € N3, then the system of equations y; = 0,
0, = 7 is incompatible for t > 0.

Proof. Let v € N;. We pass to the limit £ — 1 — 0 in Propositions 11.20
and 11.21 and obtain that the system of equations y; = 0, §; = 7 has no
roots for p € (0, K(1—-0)), p=+/rt/2. But K(1-0) = kliranK(k:) = 4o0.

Thus, the system in question is incompatible for ¢ > 0 and v € N;‘ . The
same result for v € N5 follows via the inversion 7 : N; — Nj . O
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11.10. Roots of the system y =0, § = 7 for v € Ng.

Proposition 11.23. If v € Ng, then the system of equations y; = 0,
0, = 7 is incompatible.

Proof. As always, we can restrict ourselves by the case v € Ng". Then it is
obvious that the system is incompatible:
1—cosct
Y= ——""-=0, 0; =ct =7+ 27k.
c
The proposition is proved. O

11.11. Complete description of Maxwell strata. Now we can summa-
rize our previous results and obtain the following statement.

Theorem 11.1. (1.1) NiNnMAX} = {v € Ny | p=2Kn, cnt # 0},
(1.2) Ny NMAX? ={v e N, |p=pl, snt #0},

(1.34) NiNMAX?T = {v € Ny | (k,p) = (ko,2Kn) or (p = pL,en7 =

0) or (p =2Kn,sunt =0)},

(1.3—=) Ny NnMAX}™ = {v € Ny | gi(p,k) = 0, sn?>7 = (2k?sn?p —

1)/(K 0% p)},1 Ny N MAXS {p € (0,2K)} = {k € [k, 1), p =

P (), 5027 = (202 s p — 1)/(K sn? p)}.2,

2.1) NoNMAX; ={v e Ny |p=Kn, ecnTsnt # 0},

2.2) Ny NMAX?Z =0,

34) NoNMAXPY ={v € Ny | p=Kn, sntent = 0},

3—) No N MAX]™ = {v € Ny | gi(p,k) = 0, sn®>7 = (2sn%p —

1)/(k?sn? p)},%, Na N MAX;™ N{p € (0, K)} = 0,
) N3NMAX; =0,
) N3N MAX? =0,
) N3N MAX;T

—) N3N MAX}~
)
)
)

)

0
0,
14

Ng NMAX; =
Ng N MAX? =
Ng N MAXZT
(6.3—) Ng N MAX™

€ Ng | ct = 2wn},

=

)

{v € Ng | ¢t = 2mn},
0.

Proof. 1t remains to compile the corresponding items of Theorem 10.1 with
appropriate propositions of this section:

(1.1) = Proposition 11.1;

(1.2) = Proposition 11.8;

(1.34) = Proposition 11.13;

(1.3—) = Propositions 11.17 and 11.19;

(2.1) = Proposition 11.2;

I The function g1 (p, k) is given by (11.13)
2k, and pg, (k) are described in Proposition 11.19
3The function g1 (p, k) is given by (11.25)



MAXWELL STRATA IN THE EULER ELASTIC PROBLEM 229

= Proposition 11.10;
= Proposition 11.14;
= Proposition 11.20 and 11.21;
= Proposition 11.3;
= Proposition 11.11;
= Proposition 11.15;
= Proposition 11.22;
= Proposition 11.4;
= item (6.2) of Theorem 10.1;
= Proposition 11.16;
= Proposition 11.23. O

~— —

L

x =

P N N A P
PO WL W WD

L

12. UPPER BOUND OF THE CUT TIME

Let g5, s > 0, be an extremal trajectory of an optimal control problem
of the form (5.9)—(5.11). The cut time for the trajectory ¢, is defined as
follows:

teut = sup{t1 > 0] ¢s is optimal on [0, ¢;]}.
For normal extremal trajectories gs = Exp,()\), the cut time becomes a
function of the initial covector A:

tcut N = T;()M — [0, +OO], t= tcut()\).

Short arcs of regular extremal trajectories are optimal and, therefore,
teut(A) > 0 for any A € N. On the other hand, some extremal trajectories
can be optimal on an arbitrarily long segment [0,¢], t1 € (0, +00); in this
case teyt = +00.

Denote the first Maxwell time as follows:

MAX(N) = inf{t > 0 | A € MAX,}.

By Proposition 10.1, a normal extremal trajectory ¢s; cannot be optimal
after a Maxwell point and, therefore,

teur(N) < BAX(N). (12.1)

Now we return to the Euler elastic problem. For this problem, we can
define the first instant in the Maxwell sets MAX*, i = 1,2, 3:

MAXY\) = inf{t > 0| A € MAX!}.
Since tMAX()) < tMAX'(\) we obtain from inequality (12.1):
tewt(N) < min(BAX(N), i=1,2,3.

Now we combine this inequality with the results of Sec. 11 and obtain an
upper bound of the cut time in the Euler elastic problem. To this end, we
define the following function:

t: N — (0,+00], A= t(A),
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2
AEN; = tzﬁpl(k),

. 2K (k), ke (0,kol,
k)= 2K (k),pl(k)) = 12.2
pr(k) = min(2 (k). p} () {p%(k)’ ey 022
ANENy, = t—% (k) (k) = K(k)
2 - \/Fpl ) D1 - )
2
A€ Ng = t= _7T’
|c|
AeE NsUN,UNsUN; = t=+4oc0.
Theorem 12.1. Let A € N. We have
teut(A) < t(N) (12.3)

in the following cases:
(1) A= (k,p,7) € Ny, ecunTsnt #£0, or
(2) Ae N\ N;.

Proof. (1) Let A = (k,p,7) € N1, cn7sn7 # 0. Then Theorem 11.1 yields
the following:

ke(0,k] = t\)= %2}( = MAXY (),
Be o) = )= —pl(h) =40,
(2) Let A = (k,p,T) € N3, then we obtain from Theorem 11.1:
sntenT #0 = t(\) = % :tll\/[Axl()\),
sntenT=0 = t(\)= 2K\5§)k = tllleXH(/\).

If A= (8,¢,r) € Ng, then Theorem 11.1 implies that

2 1 :
60 = 7 =) = A,
If A € N3, then there is nothing to prove since t(\) = +o0.
If A € Ny U N5 U N7, then there is also nothing to prove since, in this

case, the extremal trajectory ¢s is optimal on the whole ray s € [0, +00),
and teyt(A) = t(A) = +o0. O

In the proof of Theorem 12.1, we used the explicit description (12.2) of

the function p; (k) = min(2K (k), pi(k)) which directly follows from Propo-
sition 11.5.
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Remarks. (1) For critical elasticae (A € N3), the upper bound (12.3) of
the cut time becomes trivial: teut(A) < t(A) = +00. We conjecture that
the critical elasticae are optimal forever (feut(A) = +00). For straight lines
(A € Ny U N5 U Ny) this is obvious.

(2) In the forthcoming work [35], we prove that if A = (k,p,7) € N;
and cn7sn7 = 0, then the corresponding point ¢; = Exp,()), t = t()\)
is conjugate and, therefore, the trajectory gs is not optimal for s > t(\);
consequently, teus(A) < t(A) (cf. item (1) of Theorem 12.1). Therefore, the
bound (12.3) is valid for all A € N.

Note the different role of the Maxwell strata MAX3" and MAX3™ for the
upper bound of the cut time obtained in Theorem 12.1. On the one hand,
the stratum MAX? generically does not give better bound of the cut time
than the strata MAX", MAX? since generically

3+ . 1 2
tllleX = min (tll\/[AX ,tllleX )

(see Theorem 11.1). This follows mainly from the fact that the system of
equations determining the stratum MAX3' consists of equations determin-
ing the strata MAX' and MAX?:

yr =0, o P, =0,
0t = 0 at = 0
(see Theorem 10.1).

The situation with the stratum MAX3~ is drastically different. By
item (1.3—) of Theorem 11.1, we have

v=(k,p,7) € NN MAX3", (12.4)
2k%sn%p — 1
2
ke lks,1), p=pg(k), sn’r= “EeZp € [0,1]. (12.5)

Moreover, Proposition 11.19, Theorem 11.1, and Proposition 11.6 imply
that

k€ [kako) = pg (k)< gK < 2K = p1(k),
k= ko =  pg (k) =K < 2K =pi(k),
ke (ko,1) = pg(k) <K <pi(k) =pi(k).
That is, pg, (k) < p1(k) for all k € [k, 1) and, consequently,
BT (0) < 6(0) = min (B4 (1), 214X ()

for all A = v defined by (12.4), (12.5).
It is natural to conjecture that for such A, we have

teut () = AT () (12.6)
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and we will prove this equality in the forthcoming work [35].

However, the covectors A = v defined by (12.4) and (12.5) form a

codimension-2 subset of N and, therefore, Eq. (12.6) defines the cut time
for a codimension-1 subset of extremal trajectories. The question on an
exact description of the cut time for arbitrary extremal trajectories is under
investigation now.

An essential progress in the description of the cut time was achieved via

the study of the global properties of the exponential mapping. Moreover, a
precise description of locally optimal extremal trajectories (i.e., stable Euler
elasticae) was obtained due to the detailed study of conjugate points. These
results will be presented in [35].
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