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Abstract. This paper is aimed to undergraduate students of mathematics and
mechanics to draw their attention to a modern and exciting field of mathematics with
applications to mechanics and astronomy. We cared to keep our exposition not to go
beyond the supposed knowledge of these students.
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1. Introduction

Solving concrete mechanical and astronomical problems was one of the main
mathematical tasks until the beginning of XX century (among others, see the work
of Euler, Lagrange, Hamilton, Abel, Jacobi, Kovalevskaya, Chaplygin, Poincare).
The majority of problems are unsolvable. Therefore, finding of solvable systems
and their analysis is of a great importance.

In the second half of XX century, there was a breakthrough in the research
that gave a basis of a modern theory of integrable systems. Many great mathemati-
cians such as P. Laks, S. Novikov, V. Arnold, J. Mozer, B. Dubrovin, V. Kozlov
contributed to the development of the theory, which connects the beauty of classi-
cal mechanics and differential equations with algebraic, symplectic and differential
geometry, theory of Lie groups and algebras (e.g., see [1-4] and references therein).

The aim of this article is to present the basic concepts of the theory of integrable
systems to readers with a minimal prior knowledge in the graduate mathematics,
so we shall not use a notion of a manifold, symplectic structure, etc.

The most of mechanical and physical systems are modelled by Hamiltonian
equations. We shall introduce Hamiltonian systems with one of the easiest prob-
lems, the system of n independent harmonic oscillators (Section 2). The corre-
sponding equations, as linear, are easily solvable. The solutions are expressed as a
trigonometric functions of time and the dynamics is linearized on invariant tori.

It turns out that much more complex Hamiltonian problems, if they have a
sufficient number of integrals of motion (conservation laws), have qualitatively a
similar behavior. It is a content of the Liouville-Arnold theorem which we state
without a proof in Section 4. In Section 3, we define the canonical Poisson brack-
ets. This is a very important geometric structure that makes possible to study
Hamiltonian systems using analytical, algebraical and geometrical methods.
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Finally in Section 5, the system of two identical harmonic oscillators is consid-
ered. It is shown that this system provides a natural description of an important
geometrical object, the Hopf fibration.

2. Hamiltonian equations and harmonic oscillators

2.1. We have learned already in a high school about the harmonic oscillator,
describing the motion of a material point under the influence of a force —aq, a > 0,
where ¢ is a shift from the equilibrium position ¢ = 0 (for example, a motion of
a material point related to the elastic spring with the elastic coefficient a). The
system is described by the equation:

(1) mg = —aq,
where m is the mass of a material point.

By introducing of a new variable p = mgq (the moment) and the function
h(q,p) = 5P + %¢* (the sum of kinetic and potential energy of the system), the
second order equation (1) takes the form of the system of two first order equations
in the space R?(q, p):

p _ Oh . oh

(2) qz%‘a?f p=—aq=——,.

Fig. 1. The system of n independent harmonic oscillators

Now, let us consider the system of n independent harmonic oscillators (e.g.,
the system of n elastic springs). As above, we can write equations of motion in the
space R*(q,p) = R*" (g1, ., qn:P1,-- -, Pn):

(3) Qi:%:gzz, Pi:*aiqi:*%, 1=1,...,n
(m;,a; > 0), where h(q,p) = > i, (p?/m;+a;q?)/2 represents the total mechanical
energy of the system.

2.2. The system of equations
. oh . oh
(4) 4qi

_api’ Pi = 90, 1=1,...,n
defined in a region U of the space R*"(q1, ..., qn,P1,.-.,Pn) is called a Hamiltonian
system. The function h is called Hamiltonian, while the region U is called the phase
space of the system. By introducing the variable © = (¢1,...,qn,P1,...,Pn) and a
Hamiltonian vector field

oh oh oh oh
5 X, = (2, 2 )
( ) g ( apl 8pn 5Q1 aQH )

system (4) reads simply & = Xp,(x).
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2.3. Let us recall some basic notions from the theory of ordinary differential
equations. Consider the equations

(6) z = X(x), x=(x1,...,24) €U CR",

where X = (Xi(x),...,Xq(z)) is a smooth vector field on U. By the theorem on
existence and uniqueness of solutions, through each point 2° € U and a moment of

time tg, there is a unique solution x(t), such that z(to) = 2°.

Under integrability of the system (6), in broadest context, we mean the finding

of the solutions x(t) for a general initial condition z(to) = 2°.

The most important objects in solving the equation are (first) integrals of the
motion. A function F is a first integral of equation (6) if it is constant along
solutions: f(x(t)) = const. It is clear that f is an integral if and only if the
derivative of f in the direction vector field X identically equals to zero:

d
X(f)=> X oF

%
: (91‘1‘
=1

Geometrically, this means that if at some point of time tg a trajectory z(t) belongs
to M. = {f(z) = ¢}, then it lies within M, for every t. If the differential df is
different from zero on M., then M, is a smooth hyper-surface. The vectors X (z)
are tangent to M, for every x € M,.

M.: fx)=c

Fig. 2. Invariant surface

Now, if equation (6) have [ functionally independent integrals, the problem re-
duces (for general values of the parameters ¢ = (¢y, ..., ¢;)) to solving the restricted
system on (d — I)-dimensional smooth invariant surface

M.: fi(z)=c1,..., fr(z)=q.

It is clear that the existence of d — 1 integrals implies solvability of (6).
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2.4. As we shall see soon, in the framework of Hamiltonian mechanics, for
solving equation (4) there should be “only” n integrals. Even more, the phase
space of a completely integrable Hamiltonian system has a very fine structure: it
is, almost everywhere, decomposed on invariant n-dimensional tori in which the
dynamics is linearized.

We mentioned that we shall skip using of manifolds. However, there is one
exception. The main geometrical object in the theory of integrable systems is a
torus, and we hope readers will become familiar with its use.

A torus (n-dimensional) T is a direct product of n circles:
T =85'x ... xS,
—_——
n

Let (¢1,...,pn) be linear coordinates of the vector space R™. Then we have a
natural mapping 7: R® — T" w(¢) = ¢ mod 27, where p; (mod 27) is the
angular variable on the ¢-th circle. The mapping 7 is 2m-periodic in each variable.
Thus, we can represent torus as an n-dimensional cube [0,27]" C R"(p1,...,¢n)
with identified opposite sides of the cube:

(Solw~~,S0i—1,0,(,01'+1,~~~,§0n)E(801,'~~7507;71,1,99i+1,~»~,§0n), Z:L,TL

A linear (quasi-periodic, conditionally periodic) motion on T™ is a projection of a
line with the mapping

(7) i) =) +wit, i=1,...,n.

The numbers wy, .. .,w, are called frequencies. The trajectory (7) is called a wind-
ing of the torns. as well.
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Fig. 3. Linear trajectories on a two-dimensional torus for wa/wi ¢ Q,

wa /w1 & 3/2 (non-periodic) and wa /w1 = 3/2 (periodic), respectively.
2.5. One can solve (2) easily. First note that the energy h is an integral:

d 1 . a1 1
—h(q,p) = —2pp + 52¢¢ = —apq — —apq = 0.
m m

dt 2m 2
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The equation h(g,p) = E, for E > 0 defines the ellipse Mg in R?(q,p). Let us
introduce an angular variable ¢ (mod 27) on Mg (see Fig. 2):

(8) qg=+2E/acos(p), p=—V2Emsin(p).

From the equations of motion (2) we get ¢ = y/a/m. Hence, by integration, we
obtain the well known expressions

= \/2E/acos (\/a/mtJrga()) . p(t) = —V2Emsin (\/a/mtJrgo()) .

The constants E > 0 (energy) and ¢° € [0,27) are determined from the initial con-
dition (¢(to),p(to)). The initial condition (¢(to),p(t0)) = (0,0) gives the equilibrium
position, namely the solution is (q(t),p(t)) = (0,0).

=
=

».9)=

Fig. 4. The phase space of a harmonic oscillator

2.6. System (3) has n independent integrals:

(122

9) filg,p) = filgi,pi) = Lpz +5

o 5 q;, i=1,...,n

(the energy of ¢-th harmonic oscillator) and the phase space is foliated on invariant
surfaces

(10) MC = {(q17~--;qn7p17--~7pn) S IRzn|f1 = Cl7--~7fn = cn}-

In general, if all constants ¢; are greater then zero, M., is a product of ellipses:
M.=E,%x--x€&.,E, ={(qi,pi)]| fi = ci} and represents an n-dimensional torus
T™. If one of the constants ¢; is zero, the invariant manifold M, is less dimensional
torus.

The energy of the system, for the motions on M., is given by E = c¢1 +- -+ ¢y
On the other side, the iso-energetic hyper-surface h = E > 0 is a (2n — 1)-sphere
S§27=1 Tt is the union of all possible tori M, with E = ¢; + - - + ¢,, (we shall use
this observation in the last section).

Equations (3) on M., in angular variables (¢1,...,¢,) defined by

qi = 2ci/ai COS(SOi)7 Pi = —V 2Cimi Sin(QOi), 1= 17 RN L2
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are quasi-periodic:

(11) gbi:wi:\/ai/mi, z:l,,n
Therefore, a general solution of the system is:
(12)
q:(t) = \/2¢;/a; cos (wit + @?) , pi(t) = —v/2¢;m; sin (wit + gp?) ,i=1,...,n,
where constants ¢; > 0 and ¢? € [0,27) are determined from the initial conditions.

In particular, the equilibrium position of the system is (q1, ..., qn, P15+ ,0n)|ts =0
(zero-energy level).

3. Poisson brackets

3.1. Let us consider a Hamiltonain system (4) defined in a region U of the
space R?"(q,p) and let f: U — R be an arbitrary smooth function. A direct
computation shows that the derivative of f along a trajectory (q(t),p(¢)) of (4) is

d " (0f Oh  Of Oh
13 — t t)) = -
13 SUawee =Y (5t L)

i=1 (a,p)=(q(?),p(t))
Therefore, in order that f is the integral of a motion, the expression on the right-
hand side of (13) must be zero. From (13) we can see that the Hamiltonian h itself
is the integral of a motion (the conservation of energy for the natural mechanical
systems).

DEFINITION 1. A canonical Poisson bracket within a region U C R?"(q,p) is
the mapping {-,-}: C°>°(U) x C>®°(U) — C*(U), defined via:

" Of O af o0
(14) U@=Z£%—%£-

i=1
In particular, for the coordinate functions ¢;, p; we have canonical relations:
{qian}:O7 {phpj}zoa {q’up]}:(SZja i7j:1a"'an'
As a reformulation of the definition we get the following algebraic characterization
of the first integrals:

COROLLARY 1. A function f is the first integral of the Hamiltonian system
(4) if and only if it commutes with h: {h, f} = 0.

PROPOSITION 1. The Poisson bracket is a bilinear, skew-symmetric mapping
(15) that satisfies Leibniz’s rule (16) and the Jacobi identity (17):

(15)

{af +Bg,h} = o{f,h} +B{g,h},  {f.g}=—{9 f},
(16)

{fg;h} = fg,h} +g{f, N},
(17)

{f?{g’h}}+{h’{f’g}}+{g’{h7f}} :O’ a7ﬂ€R7 f’g7h€ COO(U)'
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EXERCISE 1. Prove Proposition 1.

COROLLARY 2. The Poisson bracket of two first integrals f1, fo of a system
with Hamiltonian h is again the first integral.

Proof. By the Jacobi identity
{f17f2}7h} = {f17{f27h}} + {f27 {ha fl}'} =0 +07

as was to be shown. m

REMARK 1. In this way, by knowing two first integrals, we can find a third,
fourth, etc, by a simple computation. Of course, not all the integrals we get will
be essentially new, since there cannot be more than 2n independent functions on
R2™. On the other side, if first integrals f; and f» commute, we do not get a new
integral, but we have the following geometrical property: the functions h, fi, fo
are all constant along the Hamiltonian vector fields X3, Xy, and Xy, , that is, the
vector fields X5, Xy and Xy, are all tangent to the invariant surfaces h = co,

f1 =C1, f2 = C2.

3.2. As it is usual in mathematics, having a class of objects with a certain
structure, we consider appropriate mappings that preserve the given structure. Let
U and V be regions within R?"(q, p) endowed with the canonical Poisson brackets.
A diffeomorphism : U — V'!is a Poisson isomorphism (canonical transformation,)
if it preserves the Poisson bracket:

{foW,goW} ={f,g}o¥, fgeC>(V).

If ¥: U — V is a canonical transformation, so it is ¥=! : V — U. Also, a
composition of two canonical transformations is a canonical transformation.

PROPOSITION 2. A diffeomorphism W: U — V given by the functions Q; =
Qi(q,p), P, = Pi(q,p), i =1,...,n is a canonical transformation if and only if the
functions Q;, P; satisfy canonical relations:

COROLLARY 3. Let ¥: U — V be a canonical transformation, given by func-
tions Q; = Qi(q,p), P, = Pi(q,p), i = 1,...,n. The Hamiltonian equation in new

coordinates (Q, P) have the same form:
) O0H . 0H
i = Ao Pi:_77 .:17"'7 )
@ OP; 0Q; ! "

where H(Q,P) = h(Q(QaP)ap(Q7P)) The functions qi = qz(Q7P)7 bi = pZ(Q7P)
represent the inverse canonical transformation W1,
IRecall that a differentiable mapping ¥: U — V (U,V C Rd)
vi = Yi(T1, .., Ta), i=1,...,d

is a diffeomorphism if it is a bijection and the Jacobian det(dy;/0x;) is different from zero on U.
One can consider (y1,...,¥yq) as a new coordinate system within U as well.
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4. Complete integrability

4.1. Notice, the integrals (9) of the system of n independent harmonic oscil-
lators commute between themself.

DEFINITION 2. A Hamiltonian system (4) is called completely integrable if
there are n Poisson-commuting smooth integrals f1,..., fn:

{fi7fj}:0; i,jzl,...,n’
whose differentials are independent in an open dense subset of U.

The global regularity of dynamics in the case of complete integrability follows
from the following classical Liouville-Arnold theorem:

THEOREM 1. (Liouville-Arnold [1]) Suppose that the equations (4) have n
Poisson-commuting smooth integrals fi,..., fn and let

Mc:{f12017~-~7 nzcn}

be a common invariant level set.

(i) If M. is regular (the differentials of f1,..., fn are independent on it), com-
pact and connected, then it is diffeomorphic to the n-dimensional torus.

(i) In a neighborhood of M, there exist canonical variables I, mod 27, called
action-angle variables:

{wivlj}:(sijv {902'750]'}:0’ {Iialj}zoa i,jil,...,’ﬂ.

such that the level sets of the actions Iy,...,I, are invariant tori and h =
h(I1,...,1,). Thus, the Hamiltonian equations are linearized:

, oh . Oh . .

901:(")1([): 'a(pn:wT(I): 11:07"'7In:0-

on’" oI,

REMARK 2. Let us comment on the fact that the invariant manifold M, is a
torus. As in Remark 1, we get that the Hamiltonian vector fields Xy, ,..., Xy, are
tangent to M.. Further, from the independency of differentials dfy, ..., df, on M,
and the definition (5), the vector fields Xy, ,..., Xy, are also independent at M..
For the dimensional reason, they span the tangent spaces T,M, for all z € M.,.
An important property of the Poisson bracket is that the Poisson-commutativity
{fi, fj} = 0 implies the commutativity of vector fields [Xy,, X,] = 0 (see [1]). Since
M. is compact, vector fields Xy, are complete. Now, the complete commuting vector
fields Xy, ,..., Xy, determine a locally free, transitive action of an Abelian group
R"™ on M, with a discrete isotropy group I'.2 Therefore M, is diffeomorphic to
R™/T'. Again, since M, is compact, the rank of T" equals n (I' & Z") and R" /T is

2The readers not familiar with the above notions can skip this remark.
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Fig. 5. Fibration of the phase space on invariant tori

a torus. The Hamiltonian vector field X, is a linear combination of vector fields
Xy,. Thus, the Hamiltonian equations medelled on a torus R™/T" are linear.

We see that the study of integrability of the Hamiltonian systems consist of
two basic nontrivial problems: the finding of enough commuting first integrals and
the explicit description of the solutions (e.g., see [2, 3, 4]).

Completely integrable Hamiltonian systems are very rare: if we choose a “ran-
dom” Hamiltonian, the associated Hamilton equations will be non-integrable. How-
ever, the Kolmogorov-Arnold-Mozer (KAM) theorem states that if we have a com-
pletely integrable system with Hamiltonian hg(x) and perform the perturbation
h(z) = ho(z) + €hq(z), then the system with Hamiltonian h(z) keeps certain prop-
erties of the original integrable system. Namely, some invariant tori “survive” the
perturbation (see [1]).

For example, consider our solar system and imagine that it consists only of
the Sun which is stationary and the eight planets moving in the same plane. If we
neglect the interaction among the planets, and take into account only the gravi-
tational attraction of the sun and each planet individually, Kepler’s laws give us
that the bounded motion of planets, take place in ellipses where Sun is in one of
the focuses. It is a completely integrable system. In reality, the planets attract
each other, which corresponds to a perturbation of the system. The real problem is
non-integrable. We can approximate the motion of planets by ellipses for a certain
period of time, but we can not predict a long-term dynamics (when time goes to
infinity). In some sense, the regularity of dynamics of the planets we observe is a
“shadow” of the underlying integrable model.

REMARK 3. Action variables can be found by the integration of the form
pdq = prdgqy + - - - + prdg, along the basic cycles v1,. .., v, of the torus M,:>

1
Lilm, = 7?{ pdq
™ Yi

(see [1]). In the case of the harmonic oscillator (1), applying the Green formula,

31bid.
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we get

1 1 / / h
(18) I:—f pdq:—/dpdq:E E:h T:77
27 Sy 2m Jq a a w

where II is a region within the ellipse Mg : h = ﬁpQ + %qQ =F.
EXERCISE 2. Show that the functions (8) and (18) satisfy the canonical rela-
tion {p, I} =1, i.e., (I,y) are action-angle coordinates for the harmonic oscillator.

What are action-angle coordinates for the system of n independent harmonic oscil-
lators (3)7

4.2. A quasi-periodic motion (7) is nonresonant if the frequencies w; are
independent over the field of rational numbers: if w1k + -+ +wrk, =0, k; € Z
then k; = --- =k, = 0. A nonresonant winding (7) is uniformly distributed on the
torus T". More precisely, the following averaging theorem holds (see [1]).

THEOREM 2. Let f: T" — R be a Riemann-integrable function and let
W1, ...,wWn be independent over the field of rational numbers. Then for every point
oY € T", there exist the limit
S

1
lim = [ f(wt+¢°)dt

s§—00 S 0
(the time average of f) and it is equal to

1
(2m)"

27 2
/ flp)dor ... .do,
0 0

(the space average of f).

In particular, let f be a characteristic function of a Zhordan measurable region
DcCT (flp)=1,0€D; flp) =0, ¢ ¢ D) of the measure u(D). Let 7p(s) be
the amount of time that in the interval [0, s] of time, the trajectory ¢(t) is inside

of D. Then
mp(s) _ u(D)

lim .
s—oo 8 (2m)»
This means that the time the trajectory (7) spends in D is proportional to the
measure of D. In particular, a nonresonant winding is dense on the torus.

The theorem on averages may be found implicitly in the work of Laplace,
Lagrange and Gauss on celestial mechanics. A rigorous proof was given in 1909
by P. Bohl, V. Sierpinski and H. Weyl. As an example, consider the torus (10),
where parameters ¢; are greater then zero. The projection of M, to the space
R™(q1,...,qn) is a cube K. ={(q1,...,qn) E R"|0< ¢; < ¢;, i =1,...,n}. If the
frequencies are nonresonant, the projection of a solution (12):

q(t) = (\/2(:1/@1 cos (w1t +¢Y) ...,/ 2cp/an cos (wnt + @2)) , teR
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i ()

Fig. 6. Lissajous figures for wa /w1 ¢ Q,
w2 /w1 & 3/2 and wa /w1 = 3/2.

is everywhere dense in K.. In the case n = 2, curves (qi1(t),q2(t)) are called
Lissajous figures. They are closed curves within rectangular Kg for wy /wy being a
rational number, while they fill the rectangle densely for w;/wa being an irrational
number.

5. Hopf fibration

The Hopf fibration of a sphere S® is one of the basic examples of a nontrivial
fibration in geometry and topology. It appears that the Hopf fibration has a natural
description by the use of a system of two identical independent harmonic oscillators
(a1 = az,m; = mg). Note that in this case wi/wy = Jai/mi//as/mas = 1
and Lissajous figures are ellipses, segment of lines and a point (0,0) (equilibrium
position, ¢; = ¢; = 0). We note that an interesting description of the system of
two harmonic oscillators is given in [5].

For simplicity, let us consider the harmonic oscillators with all parameters
equal to one: a1 = as =m; =mg = 1:

. oh . oh
QI_pl_apla Q2—p2—8p27

(19)
S S NS PR
b1 = q1_8q17 b2 = (I2—8q27 —2(]1 P qs p2)-

The angular variables (¢1,2) on invariant tori

1 1
(20) Meye,: fr=g@+pl)=c1, fo=5(a+p3) =0
are defined by
(21)
q1 = V2¢1 cos(p1), p1 = —v/2¢1 sin(1), g2 = V2¢2 cos(p2), p2 = —v/2¢a sin(¢s).

The corresponding equations of motion read

¢ =1, P2 = 1.
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Therefore, all trajectories are 27-periodic and an arbitrary 2mw-periodic function
of 1 — o is an additional first integral of the system. As an example, from the
trigonometric identity cos(p1 —@2) = cos(p1) cos(p2) +sin(p;) sin(y2) and (21) we

get the integral (q1g2 + p1p2)/v/ f1f2- Since v/f1 fa is also an integral, we obtain an
additional integral in the form:

1
my = 5((11(12 + p1p2).

EXERCISE 3. Let mgy = %(92171 —p2q1), M3 = %(fg — f1). Prove the following
relations:

{my, i} ={fo,mi} =ma, {fi,me} ={ma, fo} =m1, {f1,fo}=0,
{m17m2}:m37 {m27m3}:m17 {m37m1}:m2'
Note that the integral mso corresponds to the functions sin(p; — ¢2). Also, since
the phase space R*(q,p) is four-dimensional, integrals fi, f2,m, mo are not all

independent. Indeed,
frfa =mi +m3.

Let us consider the energy level set h = E > 0. It is a sphere of radius v2E:
(22) Sk @i +a+pi+py =28

Trajectories of the system lying on S, defines the fibration of the sphere on circles,
which is exactly the Hopf fibration. The usual definition is as follows. Consider a
sphere S3 realized in a two-dimensional complex space C2(z1, z3) by the equation
|21|% + |22/ = 1. Then the complex projective line P* 2 52 is defined as a quotient
of §? with respect to the relation (z1,22) ~ (Az1, A22), A € ST = {e?}. The classes
of equivalences are circles that defines the Hopf fibration.

There is a mapping to a two-sphere
m: 8% — 5%,

such that the inverse images m~!(z), z € S% are trajectories of the system. By
using the integrals of the system, we can explicitly describe the mapping 7:

1
4£+@—ﬁ—ﬁ»

1
7T((J17Q27P1;P2) = (mlva,mi%) = *(CI1Q2 +p1b2, @2p1 — P2qa, 2

2

Namely, we have

md 4+ md = (Ui fo + f2 =2 fa o f3) = JUh + ) = W,
so the point 7(q1, g2, p1,p2) belongs to the sphere
(23) S% ={r eR3|2} + 2} +23 = %E2},

while from the independency of my,mo, m3 we get that the inverse images ! (z)
are trajectories of the system (19). Further, we also have the fibration of the
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sphere (22) on invariant tori (20), where ¢; + co = E. Note that instead of (20),
in the definition of M., .,, we can use the equations h = f; + fo = F and m3 =
o= fi) =3(c2— ).

REMARK 4. A fibration on invariant tori for the system (19) is not unique.
For example, the invariant tori defined by h and m; are different from (20).

Consider a decomposition of the sphere (23) on the antipodal points (the
“south” and “north pole”) and parallels:

St =10,0,-E/2)} ) Siu{(0,0,E/2)}, S=5EN{xs=c}

With the above notation, it is clear that the inverse image of the circle S! is a
torus:

(24) My, 0, =7 5(SY), 1= %(E—Qc), co = %(E—i—Qc), (ce (—E/2,E/2)),

while the inverse images of the antipodal points (0,0,—E/2) and (0,0, E/2) are
circles

71:7T_1((0707_E/2)): f1:E7 f2:07

e =711((0,0,E/2): fi=0, fo=E.

Therefore, we have a decomposition of the sphere S%, on circles 1,72 and a family
of tori (24) This picture helps us to visualize the Hopf fibration, which can be
modelled as follows.

iy
3
W

Y
Fig. 7. The Hopf fibration

Let us realize the sphere S3, as a 3-dimensional Euclidean space R? with the
additional infinity point co. Let 1 be a union of a line and the infinity point
oo and let e € R? be an arbitrary point which does not belong to ;. Consider a
fibration by circles F of the open half plane (71, e, without the point e, such that all
circles contain e in their interiors (see Figure 7). By the rotation of the point e and
the circles F around the line v; we obtain the circle 2 and a family of rotational
surfaces 7, respectively.
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Rotational surfaces 7 are tori that corresponds to (24) and the Hopf fibration
is an additional fibration of tori, given by cycles that wind once along the meridians
and once along the parallels.

EXERCISE 4. It is obvious that the circles 71 and v, are linked in S3%, i.e.,
one of the circles intersect an arbitrary disc bounded by the other circle. It is
also obvious that the circle v; (or 2) is linked with on arbitrary closed trajectory
on invariant tori (24). Make sure yourselves that the closed trajectories laying on
invariant tori are linked between themselves as well.
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