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In this note, which is based on the paper [12], we discuss stability of two geometrically distinct
equilibria u, = 0 and u* = 7 of the equation

u” + q(t)u’ + r(t) sinu = 0, (0.1)

where ¢, : R — R are continuous 7T-periodic functions. This equation can be understood as
a generalisation of the equation of motion of free damped pendulum consisting of a point mass
m attached to the massless rod of the length ¢, whose suspension point oscillates vertically. The

pendulum is a system with one degree of freedom, described by the coordinate ¢, and its equation
of motion is of the form
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where b > 0 is the damping coefficient, g denotes the gravitational acceleration, and ¢ € C2(R) is
a T-periodic function determining the oscillations of the suspension point.

If the suspension point is fixed, i.e., if ¥(t) = const. on R, then the situation is simple, because
equation (0.2) becomes autonomous (with constant coefficients). One can apply a standard tech-
nique of the dynamical systems theory to show that the lower equilibrium ¢, = 0 is stable and the
the upper equilibrium ¢* = 7 is unstable.

If ¥ (t) # const. on R, then the situation is much more complicated. The complications are not
connected with the linearizations of (0.2) at its equilibria, but with the use of stability /instability
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criteria. The linearizations obtained are non-autonomous and thus, verifying all the hypotheses
of the stability /instability criteria is far from being trivial. It is well known that, without some
additional assumptions, stability/instability of the linearized equation does not guarantee stabil-
ity /instability of the corresponding solution to the original non-linear equation (see, e. g., [10, Sec-
tion 3]).

1 History of the problem

The history of the problem goes back to the beginning of the 20th century to works of Stephenson
(see, e.g., the paper [2] for overview and historical background). Stephenson considered “small”
deflections from the upper equilibrium of the pendulum with harmonic oscillations of the suspension
point. Therefore, he studied stability and the approximate solutions to the linear second-order
differential equations with a non-constant coefficient

A

0" + (5 2 sin(m))e =0,
)

which are known as Mathieu equations. In the first half of the 20th century, these problems were

studied by many mathematicians such as Van der Pol, Strutt, Hirsh, Erdleyi, Lowenstern, etc.

However, the works of Bogolyubov (published in 1950) and Kapitza (published in 1951) became

really important for the field of non-linear dynamics.

In the paper [3], N. N. Bogolyubov applied the method of averaging to the study of stability of
the upper equilibrium ¢* = 7 of the pendulum with a harmonically oscillating suspension point,
namely, of the equation

b A
90”+Eg0’+ (%—?Q%in(ﬂt))singpzo, (1.1)
where A > 0 is the amplitude of oscillations and € > 0 is their angular frequency. Bogolyubov
shows in [3] that if

A ctand 0> vat \[ (1.2)

then the equilibrium ¢* = 7 of the pendulum equation (1.1) is stable. Moreover, it follows from
his results that if (1.2) is satisfied, then the lower equ1hbr1um wx = 0 of the pendulum equation is
also stable and equation (1.1) possesses approximate “quasistatic solutions”

A

(plyg(t) ~ a1 — Z sin(am) Sin(Qt),

2
where a; 9 = + arccos ( — jgfp).

P. L. Kapitza studied in [7] stability of the upper equilibrium of the undamped pendulum
with a harmonically oscillating suspension point. His approach is based on the physical reasoning
together with the method of averaging, whereas he derived the same condition for stability of the
upper equilibrium of the pendulum as Bogolyubov. Denote by 6 the angle between the rod of the
pendulum and the positive semi-axis of the y-axis (tj. § = 7—¢). Kapitza claims in [7] (see also [8])
that if (1.2) is satisfied, then the upper equilibrium 6* = 0 and the lower equilibrium 6, = 7 of
the pendulum are stable and, moreover, there are two the so-called “quasistatic balances” of the
pendulum given by the formula

A
9172(15) ~ A2+ 7 Sin()\LQ) sin(Qt),

where \j o = £ arccos (AQQ%Q).
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2 Basic Notions

Consider the second-order differential equation

u” = h(t,u,u’), (2.1)
where h : [a, 00] xR? — R is a continuous function.
Definition 2.1. A point u € R is called an equilibrium of equation (2.1) if h(¢,%,0) = 0 on [a, oof.

As usual, we reduce the question of stability /instability of the equilibria of (2.1) into the question
of stability /instability of constant solutions to the planar system

/
Y1 = Y2,
- (2.2
Yo = h(t, y1,92)-
Definition 2.2. The solution yg : [a, o[ — R? to system (2.2) is said to be:

(1) Lyapunov stable if for any ¢ > 0 and any ty > a, there exists d(g,%y) > 0 such that every
solution y to system (2.2) with |ly(to) —yo(to)|| < (e, to) both exists for all ¢ > ¢y and satisfies

ly(t) —yo(t)|] < e for t > to.
Otherwise, it is said to be Lyapunov unstable.

(2) Krasovskii stable if for any tg > a, there exist d(tgp) > 0 and R(#g) > 0 such that every
solution y to system (2.2) with |ly(to) — yo(to)|| < d(to) both exists for all ¢ > ¢y and satisfies

ly(t) = wo (@) < R(to)lly(to) — yo(to)|| for t > to.
Otherwise, it is said to be Krasovskii unstable.

(3) Attractive if for any ¢ty > a, there exists d(tp) > 0 such that every solution y to system (2.2)
with ||y(to) — yo(to)|| < d(to) both exists for all ¢ > ¢y and satisfies

Jim [ly(t) — yo(H)]] = 0.

(4) Asymptotically stable, if it is both stable and attractive.

It is clear that if the solution yo : [a,00[— R™ to system (2.2) is Krasovskii stable, then it is
Lyapunov stable as well. The converse implication does not hold in general.

Definition 2.3. A solution ug : [a, 00[ — R to equation (2.1) is said to be Lyapunov (Krasovskii)
stable (resp. attractive) if the corresponding solution yo = (up,ug) to system (2.2) is Lyapunov
(Krasovskii) stable (resp. attractive).

By Lyapunov (Krasovskii) stability (resp. attractivity) of an equilibrium @ of equation (2.1)
we understand Lyapunov (Krasovskii) stability (resp. attractivity) of the corresponding constant
solution wug(t) := u to equation (2.1).

Since the coefficients r, ¢ in pendulum-like equation (0.1) are supposed to be T-periodic, the
linearizations of (0.1) along its equilibria are second-order ODEs with periodic coefficients There-
fore, it is not surprising that, in the proofs of stability /instability of the equilibria of (0.1), we
apply Floquet theory for the linear equation

u” + q(t)u + p(t)u =0 (2.3)
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in which a T-periodic coefficient p : R — R depends on the given equilibrium. It is well-known
that stability criteria for equation (2.3) can be formulated in terms of Floquet multipliers but,
unfortunately, the those criteria are not effective. In our results, we formulate stability criteria
for the equilibria of (0.1) in terms of the classes V¥ (T') and V~(T) introduced for the the linear
periodic problem

W gt +pt)u=0; wu(0)=u(T), «(0)=d(T). (2.4)

Definition 2.4. We say that a pair of functions (p,q) € L(]0,7]) x L([0,T]) belongs to the set
VH(T) (resp. V(7)) if for any function v : [0,7] — R, which is absolutely continuous together
with its first derivative and satisfies

V' (t) + q(t)V' (t) + p(t)v(t) > 0 fora.e. t €[0,T], v(0)=v(T), '(0)=1"(T),
the inequality v(t) > 0 ¢ € [0,T] (resp. v(t) <0 for ¢t € [0,T]).

In other words, (p,q) € VY(T) (resp. (p,q) € V~(T)) if and only if Green’s function of the
periodic problem (2.4) exists and is positive (resp. negative). In another terminology, (p,q) €
VH(T) (resp. (p,q) € V- (T)) if and only if the anti-maximum principle (resp. maximum principle)
holds for periodic problem (2.4).

3 Main results

We first formulate two general results for pendulum-like equation (0.1) in terms of Floquet multi-
pliers of the linear equations
u" +q(t)u +r(t)u=0 (3.1p)

and
u” + q(t)u —r(t)u =0, (3.17)

which are in fact linearizations of (0.1) at its equilibria u, = 0 and u* = 0, respectively.

Proposition 3.1. Let g1, 02 € C be Floquet multipliers of equation (3.1¢) (resp. equation (3.17)).
Then:

(1) Iflo1] <1 and|o2| < 1, then the equilibrium u, = 0 (resp. the equilibrium uw* = ) of equation
(0.1) is asymptotically Krasovskii stable and consequently, asymptotically Lyapunov stable.

(12) If |ox| > 1 for some k € {1,2}, then the equilibrium u, = 0 (resp. the equilibrium u* = ) of
equation (0.1) is Krasovskii unstable.

Remark 3.1. Since equations (3.1p) and (3.1;) are equations with periodic coefficients, Proposi-
tion 3.1 can be easily reformulated in terms of Lyapunov exponents as well as in terms of stability
of linearized equations as follows:

T
(A) If [g(s)ds > 0 and the linear equation (3.1p) (resp. equation (3.1;)) is asymptotically
0

Lyapunov stable, then the equilibrium u, = 0 (resp. the equilibrium u* = 7) of equation
(0.1) is asymptotically Lyapunov stable.

T
(B) If [¢(s)ds > 0 and the linear equation (3.1¢) (resp. equation (3.1;)) is Lyapunov unstable,
0

then the equilibrium w, = 0 (resp. the equilibrium u* = 7) of equation (0.1) is Krasovskii
unstable.
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One can see that asymptotic Krasovskii stability /instability of the equilibria of (0.1) is more
or less completely described in terms of Floquet multipliers of their linearizations. However, it is a
far more delicate question to guarantee Lyapunov instability of the equilibria of equation (0.1).

Proposition 3.2. Let q(t) = Const., equation (3.1;) be disconjugate on R and have a real Floquet
multiplier o satisfying 0 > 1. Then, the equilibrium u* = 7 of equation (0.1) is Lyapunov unstable.

Remark 3.2. Similarly as in Remark 3.1, Proposition 3.2 can be reformulated in terms of instability
of the linearized equation:

(C) If q(t) = qo > 0 and the linear equation (3.1;) is disconjugate on R and Lyapunov unstable,
then the equilibrium u* = 7 of equation (0.1) is Lyapunov unstable.

Now, we provide stability criteria for the equilibria of (0.1) in terms of the classes V*(T') and
V(7).

Theorem 3.1. The following conclusions hold:

T
(1) If [q(s)ds > 0 and (r,q) € Int VT (T), then the equilibrium u, = 0 of equation (0.1) is
0

asymptotically Krasovskii stable and consequently, asymptotically Lyapunov stable.
(2) Ifq(t) = qo > 0 and (r,q0) € V~(T'), then the equilibrium u, = 0 of equation (0.1) is Lyapunov
unstable and consequently, Krasovskii unstable.
T
(3) If [q(s)ds > 0 and (—r,q) € Int VT (T'), then the equilibrium u* = m of equation (0.1) is
0

asymptotically Krasovskii stable and consequently, asymptotically Lyapunov stable.

(4) If q(t) = qo > 0 and (—r,q0) € V~(T), then the equilibrium u* = 7 of equation (0.1) is
Lyapunov unstable and consequently, Krasovskii unstable.

Let us mention here that some effective conditions for the inclusions (p,q) € V¥ (T') and (p,q) €
V~=(T) are derived, e.g., in [1,6,13] (see also [4,11] for the case of ¢(t) = 0).

T
Theorem 3.2. If [¢(s)ds >0 and
0

(r,q) € Int VI(T), (—r,q) € Int VT (T),

then both equilibria u, = 0 and u* = 7w of equation (0.1) are asymptotically Lyapunov stable and
there exists a T-periodic solution uper to equation (0.1) such that

0 < uper(t) <7 for t € R. (3.2)

Remark 3.3. It seems that under the hypotheses of the previous theorem, the solution uper should
be unique. Unfortunately, we cannot prove this fact.

However, it follows from the proof of Theorem 3.2 and [5, Proposition 3.1] that if uper in the
previous theorem is a unique T-periodic solution satisfying (3.2), then it is Lyapunov unstable.

Applying the results of [9,11,13], we can derive from Theorem 3.1(1,3,4) the following effective
criteria for equation (1.1), i.e., for pendulum equation (0.2) with v (t) := Asin(Qt).
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Corollary 3.1. Let b > 0 and either

(D) T =5 Gn) =0 33
or
1o Lo, 0x by () < 0 (A
Then, the equilibrium p. = 0 of equation (1.1) is asymptotically Lyapunov stable.
Corollary 3.2. Let b > 0 and
% < % In(1 + 7), %Jr (%)2 < A‘ln(;jﬁ) (%)292. (3.4)

Then, the equilibrium ¢* = 7 of equation (1.1) is asymptotically Lyapunov stable.

Remark 3.4. The second inequality in (3.4) can be rewritten into the form

3 (g b \2
>l o ().
12 4In(1+7) A €+<2m)

It is clear that the requirement on 2 in Corollary 3.2 is stronger than condition (1.2) derived by
Bogolyubov and Kapltza under the assumption 7 << 1. On the other hand, in their approaches,
the assumption 7 < 1 is essential (Kapitza chose 4 7 = 0.05 in his example), but we require quite
weaker and the explicit assumption % 4 < = In(1+7) ~0.22.

Corollary 3.3. Ifb> 0 and Q> < % then the equilibrium ¢* = 7 of equation (1.1) is Lyapunov
unstable.

Corollary 3.4. If 4 <1 and ( )2Q? < & then there exists by > 0 such that for any b € [0,b |,
the equilibrium ©* = 7 of equation (1.1) is Lyapunov unstable.

Remark 3.5. Instability criterion provided in Theorem 3.13.1 cannot be applied to equation (1.1).

If q(t) :== % > 0 and r(t) :== & — Q2 sin(2t), then (g, r) cannot belong to the class V™ (T'), because
T
the inequality f s)ds < 0 is a necessary condition for the validity of the inclusion (¢,r) € V= (7))

with ¢(t) := C’onst.

Corollary 3.5. Let b > 0 and conditions (3.3) and (3.4) hold. Then, both equilibria p. = 0 and
©* = m of equation (1.1) are asymptotically Lyapunov stable and, moreover, there exists a %”-

periodic solution @per to equation (1.1) satisfying
0 < pper(t) <m for t e R,

The solution ¢per in the previous corollary corresponds to the “quasistatic solution” of Bo-
golyubov as well as to the “quasistatic balance” of Kapitza described in Section 1. On pictures
below, there are the results of some numerical simulations showing that free damped pendulum
with periodically oscillating suspension point can actually move periodically if its both lower and
upper equilibria are asymptotically stable.
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