ON THE STABILITY OF PERIODIC ORBITS FOR
DIFFERENTIAL SYSTEMS IN R"

ARMENGOL GASULL(®, HECTOR GIACOMINI(®2) AND MAITE GRAU®)

ABSTRACT. We consider an autonomous differential system in R™
with a periodic orbit and we give a new method for computing the
characteristic multipliers associated to it. Our method works when
the periodic orbit is given by the transversal intersection of n — 1
codimension one hypersurfaces and is an alternative to the use of the
first order variational equations. We apply it to study the stability of
the periodic orbits in several examples, including a periodic solution
found by Steklov studying the rigid body dynamics.

1. INTRODUCTION AND STATEMENT OF THE RESULTS.

Consider a differential system in R™, with n > 2, given by:

dx

= X(), (1)
where X : U4 C R™ — R" is a C! function in some non—null open set U C R"
and t is a real independent variable. We assume that system (1) exhibits a
periodic orbit T := {y(¢) |0 <t < T} C U with period T > 0. As usual we
will denote by ¢(t, p) the flow solution of (1) such that ¢(0,p) = p, by x; the
ith component of the point x, that is, x = (1, 29, ..., 2,)T and analogously
X = (X1, X2,...,X,)", where T denotes transposition.

It is well known that to determine the behavior of the flow near I', a first
step is to get the characteristic multipliers associated to this orbit. These
multipliers are usually obtained through the study of the first order varia-
tional equations. In this paper we propose an alternative way for obtaining
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them which works when I' is given by the transversal intersection of n — 1
codimension one hypersurfaces.

Recall that the behavior near I is given by the Poincaré map, which is
defined in a section X through a point p € I', where ¥ passes through p
and is a local smooth manifold of dimension n — 1 transversal to I'. Given
a section X, the Poincaré map is defined as:

Im: ¥ — X
qg —  9(r(9),9),

where 7(q) is the unique real function such that ¢(7(gq),q) € ¥ and
lim 7(q) =T.
a—p

The n — 1 eigenvalues of DII(p) are independent of p and ¥ and are
called the characteristic multipliers of T'. It is well known that the stable
(respectively, unstable) manifold associated to T" has dimension the num-
ber of characteristic multipliers with modulus smaller than 1 (respectively,
bigger that 1). It is also well known, see [8], that if all the characteristic
multipliers have modulus lower than or equal to 1, then I' is Liapunov stable
and if all the characteristic multipliers have modulus strictly lower than 1,
then it is asymptotically stable.

Our result is motivated from a previous result given in [5] for planar
differential systems. Recall that in the planar case there is only one char-
acteristic multiplier which is given by:

T
'(p) = exp { / div(xxv(t))dt}

where div(X) = 0X;/0x; + 0X2/0x5 is the divergence of the system, see
for instance [10, p. 214]. In [5], the authors give an alternative expression
for the same value II'(p). Let us consider an invariant curve f(x1,x2) =0
for a planar system (1), that is a curve defined by a real C!(U)—function
f(xq,3), for which there exists a function k(xq,72) : U C R? — R of class
C! satisfying that:

Df(x)X(x) = Vf(x) - X(x)" = k(x) f(x),
where Vf = (0f/0x1,0f/0x2). Under these assumptions, the function

k(z1,x2) is called the cofactor associated to the invariant curve f(zq,z2) =
0.

Proposition 1. [5] Consider system (1) with n = 2 and a periodic orbit
L={~(t)|0<t<T} contained in a planar invariant curve f(x1,x2) = 0.
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If Vf does not vanish on I, then

T
I(p) = exp{ / k(v(t))dt}-

The above result allows to compute the characteristic multiplier associ-
ated to I' through the integration over the cofactor associated to an invariant
curve containing the periodic orbit. In Theorem 2, we extend this result to
periodic orbits in R™ given as the transversal intersection of n — 1 codimen-
sion one hypersurfaces.

Theorem 2. Let T' = {7(t)|0 < t < T} be a T—periodic solution of (1).
Consider a smooth function £ : U C R™ — R~ £ = (f1, fo, .. .,fn,l)T,
such that:

- T is contained in ﬂ {fi(x) =0},
i=1,2,...,n—1
- the crossings of all the manifolds {f;(x) =0} fori=1,2,...,n—1 are
transversal over I,
- there exists a (n — 1) X (n— 1) matriz k(x) of real functions satisfying:
Df(x) X(x) = k(x) f(x). (2)

Let v(t) be the (n — 1) x (n — 1) fundamental matriz solution of

d‘;iit) = k(y(t)v(),  v(0)=Id 3)

Then the characteristic multipliers of T' are the eigenvalues of v(T).

Indeed in the proof of this theorem, we will deduce that the matrices v(T")
and DII(p) are conjugated. On the other hand, recall that the usual way of
computing the characteristic multipliers of I" lies in finding the fundamental
matrix u(T), solution of the variational equation:

du(t

WO~ DXy, wo) =14 0
which is a n X n matrix having eigenvalues 1 and the n — 1 characteristic
multipliers of T'.

Note that the assumptions stated in our theorem are straightforward gen-
eralizations of the notion of invariant curve containing the periodic orbit I"
for a system in dimension n and the integration of the cofactor, which in
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R™ consists on solving the linear differential system v'(t) = k(y(¢)) v(¢).

Next section is devoted to prove the above theorem. Finally, in Section 3
we apply it to study the stability of the periodic orbits of several differential
equations. Example 1 is devoted to study a 4-dimensional polynomial sys-
tem, that includes two systems studied in [4], exhibiting an explicit periodic
orbit. Example 2 shows a 3-dimensional polynomial system for which we
prove that the stability of the given periodic orbit is equivalent to the study
of the stability of the Mathieu’s equation. The last example deals with a
more involved case, a 6-dimensional system that controls the dynamics of
a rigid body. In our approach, and by using the existence of three inde-
pendent first integrals, we reduce the study of the stability of the Steklov
periodic orbit to the study of a second order linear differential equation.
This Steklov orbit is introduced in [11]. It is worth to say that in all the
above examples we have also tried to use the usual approach, namely the
variational equations, for studying the stability of the given periodic orbit
and we have found that the result of Theorem 2 makes the computations
easier.

2. PROOF OF THEOREM 2

Fix a point p € . To prove the result we consider the Poincaré section
given by the (n — 1)—dimensional orthogonal hyperplane to X(p),

Y=< X(p)>t=<e,...en_1>.

Take a new system of coordinates centered at p with basis eq,...e,_1,
X(p). These new coordinates write as y = A(x — p), for some invertible
matrix A. By using them the differential equation (1) is converted into

dy
dt

and the manifold containing I' is given by g(y) := f(A~ly + p) = 0, which
satisfies

= Y(y) = AX(A7y +p), (5)

Dg(y) Y(y) =k(y)g(y). (6)

where l~<(y) := k(A™'y + p), because by using (2), the following equality
holds:
DE(A™'y +p) ATV AX(A™ Yy +p) = k(A7 ly +p) £(A7y +p).

Recall that ¢(t,p) is the solution of (1) such that when ¢ = 0 passes
through p. Let ¥(¢,q) be the solution of (5) such that when ¢ = 0 passes
through ¢. Then v (t,q) = A[é(t, A= q+ p) — p].
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In these new coordinates note that ¥ = {y, =0} and if ¢ =
(Y1,9Y2,---Yn—1,0)T € ¥ then the Poincaré map I1: ¥ — X writes as

(q) = (Y1(7(9),9), ¥2(7(0), ), -, Yu—1(1(q),q), 0)",

where 7(q) is precisely the time such that v, ((7(g),¢)) = 0, which is known
to be a smooth function. Indeed we can identify IT with a map II from R"~!
into itself with variables vy, ..., y,—1, defined as

H(yl,. .. ,ynfl) = (Hl(yla' . .,ynfl,O), ey anl(yla e ,yn,hO))T .

Observe also that the hypotheses on the transversal cutting of I" and the
hypersurfaces f;(x) = 0 imply that extended map, f= (f1, f2, s faz1s fn)s
where f,,(x) := X1 (p)z1 + Xa(p)xa+- - - X (p)x, is such that det(DFf(p)) #
0. This information translated to the function g(y) implies that the ma-
trix Dg(0) has rank n — 1 and that a minor with determinant different
from zero is the one corresponding to the partial derivatives with respect to

Y1, 92,3 Yn—1-
On the other hand, by using (6) we have that:

3g(1/éit,q)) _ Dgw(t’q))@(zb(;ﬂ))

= k() g ((t.q)).

for any point ¢ in the domain of definition of (5).
Let v(t;¢) be the fundamental matrix solution of

MO & wit.a) v, ™

Thus g (¥(t,q)) = v(t;¢) g(q), because the function g (¥ (¢, q)) is a solution
of the same linear differential system and satisfies that g (¢(0,¢q)) =g (q) .

= Dg(¢(t,q)) Y (1(t,q))

Consider a point ¢ € X. In these coordinates, we have ¢ =

(q1,q2, -+, qn-1,0)T.  We define z = (q1,q2,.-,qn_1)T and h(z) =
(2T,0)T = ¢ like the inclusion of z as a point in the domain of defini-
tion of (5). Since II(q) = ¥(7(q),q), by the above result we have that

g (I(q)) = v (7(q), q) g(2), or equivalently that

g (h(T1(2))) = v (7(h(2): (=) g(h(2))

We differentiate the previous identity with respect to z:

Dg (h(fi())) Dh(i(2)) DIi(z) = DIv (r(h(=));h(2))] &(h(=)) +
+ v (r(h(=));h(=)) De(h(z)) Dhz).
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By evaluating at z = 0, which corresponds exactly to the point p € I, and
using that g(h(0)) = 0, h(0) = (0T,0)T, 7(0) = T, TI(0) = 0 and the
expression of h, we obtain that:

D.g(0) DII(0) = v (T;h(0)) D.g(0),

where D,g(0) := Dg(h(0)) Dh(0) is precisely the invertible squared ma-
trix formed by the derivative of g only with respect to ¢1,...,q,_1. Hence
we have that the characteristic multipliers associated to I' coincide with
the eigenvalues of v(T';0) because the matrices DII(0) and v(T’; h(0)) are
similar.

Finally note that k(¢ (¢, h(0))) = k(A (¢, h(0))+p) = k(¢(t, p)). Thus
equation (7) is the same that

MO~ k(a1 V(o).

and v (T; h(0)) coincides with the matrix v(T) as defined in (3), as we
wanted to prove.

3. SOME EXAMPLES AND APPLICATIONS.

Example 1. The following example is an extension of two systems
extracted from [4]. The goal of the examples given in [4] is to illustrate that
the asymptotic stability of a periodic orbit of a system (1) is not determined
by the eigenvalues of the matrix defining the first variational equation.

We consider the following differential system in R*:

i = —y—z(®+y*-1),

v o= mmylyol), ®)
o= —w-—sz(+w—1)—sk(z—2z),

W = z—sw(@+w—1)—sk(y—w),

with s, k real parameters. This system coincides with the first example given
in [4] when s = 1 and with the second example when s = —1. We note that
this system always exhibits the periodic orbit I' = {(¢) : 0 <t < 27},
where y(t) = (cos(t),sin(t), cos(t),sin(t)). We are able to compute all the
characteristic multipliers associated to I' for any real value of the parameters
s and k. We consider the hypersurfaces f;(x,y,z,w) =0, i = 1,2, 3, given
by: fi(z,y,z,w) = 22 +y? — 1, fa(2,y,2,w) = x — 2z and f3(,y, z,w) =
y—w. We denote by f = (f1, fo, f3). It is easy to see that I" is contained in
the intersection of these three hypersurfaces and that the crossings of these
hypersurfaces are normal over the periodic orbit I', as the computation of
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the following determinant shows:

Vii(v(t)) 2cos(t) 2sin(t) 0 0
VEO®) | _ 1 0 -1 0 1_, Lo
Vf3(v(1)) 0 1 0 -1

X (v(t)) —sin(t) cos(t) —sin(t) cos(t)

Straightforward computations show that Df(x) X(x) = k(x) f(x), with the
following matrix of cofactors:

-2 (2% +¢?) 0 0
k(z,y,z,w) = sz—zx sk—sz(zx+z) —-1l—sz(y+w) |,
sw—y l—sw(z+z2) sk—sw(y+w)
which evaluated on the periodic orbit I" reads for:
-2 0 0
k(y(t)) = | (s—=1)cos(t) s(k—2cos®(t)) —1—2scos(t)sin(t)
(s — 1)sin(t) 1 —2scos(t)sin(t) s (k—2 sinz(t))
The fundamental matrix solution of the linear equation v'(t) = k(y(t)) v(¢)
is:
e when 2 — 2s + sk # 0,
v(t) =
e 0 0
(s—1)e™2 (6(2_28—%5”_1> cos(t) et cos(t)  —eFtsin(t)
2—2s+ks

)

e(2—2s+ks)t -1
(s—1)e2 (2—25—1—/4:3) sin(t) e*2stsin(t) ek cos(t)
e when 2 —2s+ sk =0, we put k =2(s—1)/s:
e 0 0
vit) = | (s—1)e Htcos(t) e Hcos(t) —e2"Vigin(t)
(s—1)e 2 tsin(t) e 2sin(t) >V cos(t)

We can compute the eigenvalues of the matrix v(2x), which by Theorem 2,
correspond to the characteristic multipliers associated to I'. These eigen-
values are:

o when 2 — 25 + sk # 0: e~ 47, e25(k=2)7 and ks,

e when k =2(s — 1)/s: e %", 4™ and e*"(s— 1),
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Therefore, for instance in the first case (2 — 2s + sk # 0) when sk > 0 or
s (k—2) > 0 we have that I is unstable and, in the second case (2—2s+sk =
0) when s < 1 then I' is Liapunov unstable.

Example 2. We give an example related to the Mathieu’s equation.
The Mathieu’s equation is a particular case of the Hill’'s equation and it has
the form:

v"(t) + (a+ 2qcos(2t))v(t) = 0,
where a, q are real parameters. See, for instance, the book [6, pp. 121-131]

for further information about the Hill’s equation.
We consider the following differential system in R3:

T = —y+zx/2,
y = x+z2y/2, 9)
z = (—2q(ﬂc2 —y?) — a) (2% +y? —1) + 22,

where a,q € R. This system has the 2m—periodic orbit I' :=
{7(t)|0 <t < 27} with y(¢t) = (cost,sint,0).

We consider the surfaces given by f;(z,y,2) = 0,7 = 1,2, with f(z,y, 2) =
(2% +y? — 1,z)T. Their intersection gives the periodic orbit I' and the
crossings over it are transversal, as the following computation shows:

Vi(y(t)) 2cos(t) 2sin(t) 0
V() | = 0 0 1|=-2+#0.
X(y(t)) —sin(t) cos(t) O
We have that Df(x) X(x) = k(x) f(x), with the following matrix of co-

factors:

o 0 z? + 42
k(l’,%z) B ( —2q(x2—y2)—a z .

Therefore, the cofactor matrix over the periodic orbit reads for:

KOO = (o )

where we denote M (t) := —2q cos(2t) — a.
By Theorem 2, the stability of I is given by the eigenvalues of v(27),
where v(t) is the fundamental matrix solution of

(o 28 ) = (ot o) (i) )

Hence,
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e vf;(t) = M(t)v11(¢) which is the Mathieu’s equation with initial
conditions v11(0) = 1 and v1;(0) = 0, and

o v/5(t) = M(t)v12(t) which is the Mathieu’s equation with initial
conditions v12(0) = 0 and v},(0) = 1.

We have that the system v'(t) = k(y(¢)) v(¢) coincides with the charac-
teristic system associated to the Mathieu’s equation. Then the stability of
the 2m—periodic orbit T := {7(¢) |0 < ¢t < 27} with y(t) = (cost,sint,0) of
system (9) coincides with the stability of the Mathieu’s equation, which is
studied in [3] and [6, pp. 128-130].

Example 3. Our third example consists on the study of a periodic
solution related to rigid body dynamics encountered by Steklov [11]. We
consider the motion of a rigid body around a fixed point in a uniform gravity
field. We denote the weight of the body by W and the distance between
the center of gravity and the fixed point by ¢. As described in the work [9],
we can consider two frames of reference both with the origin at the moving
body. The first frame OXY Z is fixed and has axis OZ vertical and upward
directed. The second frame of reference is moving solidary with the body
and its axes Oz, Oy and Oz are directed along the major axes of inertia for
the point O, with corresponding moments of inertia denoted by a, b and c.
We denote by p, ¢ and r the components of the angular velocity vector of
the movement and by 71, 72 and -3, the components of the unit vector in
the direction OZ written in coordinates Ozyz. Steklov considered the case
in which the center of mass is located on the major axis of inertia, which
we assume to be the Oz—axis. The Euler—Poisson equations describe the
motion of the rigid body:

. (b=9¢) . (c—a) wie . (a—0b) wie
b= qar, q = pr + Y3, T = pq — Y2,
a b b c c

Y1 =T — 473, Y2 =PV T, Y3 = 471 — P2-
(10)
We are going to assume, without loss of generality and following [9], that:

b>c, a+b>c, b+c>a, c+a>b, b>a>2c (11)
The general Euler—Poisson equations exhibit three first integrals, whose
expressions are described in [2]. We are going to rewrite them for the
particular case (10). The first one corresponds to the projection of the

angular momentum onto the vertical:

Hy, == apvy1 + bgye + crys.
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The second first integral that we encounter is the geometric property of the
vector (y1,72,73) to be of constant modulus:

Hy =7} +75 +75 — L.

We also find the full energy (sum of kinetic and potential energies) of the
body as first integral:

(a? — 2ab — 2ac + 2bc) W/
2(b—a)(a—rc)

Straightforward computations show that, if we denote by X the vector de-
fined by system (10), we have VH; - X' =0, for i = 1,2, 3.

As described in [9], Steklov in [11] looked for real particular solutions of
system (10) satisfying the two relations 75 = fBapq and v3 = (B3 rp, with
(B2 and (3 suitable constants, and he found the following particular periodic
solution for system (10). Let us define the constant p := /W¥{/a, the

1
Hs = 3 (ap2 +bg® + crz) + Wil +

dimensionless “time” v := pu(t+tg), with to an arbitrary constant, and
the following constants and variable:
ala — 2c a(2b—a
Bo = _ala=2) ;o Pr= _alb=a) )
(b—a)(a—c) (b—a)(a—c)
b—a 1 a
k2 = = - .
b_c K\Va—c”

Then, the periodic orbit found by Steklov can be written as:

(2b —a)

2
ik
— (25 ),

en(z k), () =1 -

p(t) == NCETR

a—cC

W

)

Q< Boa (Zk) ﬁsnzkz CHZ]C)
b—c N

r( (23 k),

L (aﬁ )dnzkz “ en(z; k) dn(z; k),

(12)
where cn(z; k), sn(z; k) and dn(z; k) are elliptic Jacobi functions of variable
z and module k.

We recall that the module k£ must always satisfy 0 < k£ < 1 and that these
elliptic Jacobi functions are defined as: en(z; k) = cos(am(z; k)), sn(z; k) =

sin(am(z; k)) and dn(z; k) = \/1 — k2sin?(am(z; k)), where am(z; k) is the
Jacobi amplitude defined as the inverse function of the elliptic integral of
first kind F(w; k), that is, am(z; k) = w if and only if F(w; k) = z.

t):
t):
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As stated in [9], the minimal positive period T of this Steklov solution
with respect to the time ¢ is:

T:4kK(k),/%,

where K(k) is a complete elliptic integral of the first kind. See [1, 12] for
further information about Jacobi elliptic functions and integrals. We only
recall that:

# de T
F(z; k) == /0 m, K(k) := F(E;k>,

en?(z; k) + sn?(z;k) = 1, dn®(z; k) + k*sn?(z;k) = 1. (13)

and

Our goal is to study the characteristic multipliers associated to the pe-
riodic orbit given by Steklov. Since the system has three functionally inde-
pendent first integrals, it is well known that the 6 x 6 monodromy matrix
computed from the variational equations associated to the periodic orbit
needs to have at least 4 eigenvalues equal to 1. Several works target to the
aim of obtaining the remaining two characteristic multipliers following the
classical first variational analysis. In [2], a numerical study of this particular
periodic solution is done and a visualization of it is provided. In the work
[9], the problem of orbital stability of the Steklov solution is numerically
examined. In [7], it is proved that if a > 1, then this Steklov periodic orbit
is orbitally unstable. In this paper we will see how our method allows to
reduce the computation of these characteristic multipliers to the study of a
linear second order differential equation.

We consider the following five hypersurfaces which contain the periodic
orbit given by Steklov:

a27 ao — zac C
o= %(CLPQ + bg® +cr2) + Wiy + ( 22(bb_ ai(aiif Wt =0,
_ (a—b)la—c)
f2o= 2 — mpq =0,
— (a—b)la—c)
fs == 73— m}ﬂ“ =0,
_ la-b (b—c) Wea—2b)
fo = (a_2c)p2+ a 7a2_(a—b)(0b—c)_07
fs = _(a—0) 2 (b—c) 2 | We(a — 2c) o

(a—20)F a U T a-ba—c
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The first hypersurface corresponds to one of the described first integrals.
The second and third hypersurfaces correspond to the ones looked for by
Steklov and the last two hypersurfaces also contain the periodic orbit and
are independent from the previous ones. Note that only the first one of the
above hypersurfaces is invariant by the flow of (10). When we substitute
the expressions of the parameterization (12), and using (13), we get that
each f; values identically zero for any t.

The expressions of the other two first integrals in relation with the five
polynomials f; are:

ac (a(a — 2¢) 4 2bc) p
2(a —2b)(b — )W

a
H1=Wp€f1+bCIf2+crf3+ fa+

ab (a(a — 2b) 4 2bc) p
2(a—2c)(b— )WL "

H2=<2“— f1 )f1+<25pq +f2)f2+((2‘5”)+f3)f3+

Wi W22 (a —2c) a—2b
N —ac N ad (a3 —a?b — 2a’c + abc + 2ac® — 2b02) p?
(b—c)Wt (a —2b)%(a — 2¢)(b— c) WY
a’c? ac(4ab — 3ac — 2bc + 2¢?)
Y omre T T g omee f5> Jat
N —ab N ad (a3 — 2a2b + 2ab® — a%c + abc — 2b20) P2
(b—c)Wt (a — 2b)(a — 2¢)2(b— c)W{
a’b? ac(2ab — 3ac — 2bc + 2c2
+ fs = ( ) f4> [

4(b — ¢)2W?2¢? 4(b — ¢)2W?2¢2

(14)
where § = (a — b)(a — ¢)/(W¥{). We note that over the periodic orbit, each
one of these first integrals does not conform a unique leaf since its coeffi-
cients over the hypersurfaces f; = 0 are not constants. This assertion means
that the intersection of any combination of four of the five hypersurfaces
fi=0,i=1,2,3,4,5, and the set H; = 0 (equivalently H, = 0) contains
more points than I'. This is the reason why we do not directly use these
first integrals in the computations. We have computed the previous expres-
sions because they will lead us to show the existence of two characteristic

multipliers equal to 1.

The crossings of the five hypersurfaces f; = 0,7 =1,2,3,4,5 are normal
over the periodic orbit because the value of the determinant of the matrix
formed by the gradients of each of the f; in the first five rows and the vector
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field in the last row, all of them evaluated over the periodic orbit (12) is:

_2(b—)W?2? (2a(a —2¢)(a —c) 2a(a — c)?
det = = o ( (b—a) @ ap
—a)la—c — C C — oa a—C2 —C
+ 22 a)((b = a))(b URES +(221) = s)()b(— a)v)véb s
IO I o).

which is positive for any ¢. This assertion is true because the conditions (11)
imply that all the coefficients are positive except the term (2b + 2¢ — 3a),
which can be positive, negative or zero. If it is positive or zero, we already
have that det > 0. If it is negative, we are going to show that:

2a(a —2c)(a—c)  2(3a—2b—2c)(a—c)*(b—c) 9
G—a2 @ —ao_—awe W >0

which ensures that det > 0 for any value of t. We note that —1 < dn(z; k) <
1, so we consider any value of ¢ for which dn(z; k)? is equal to 1 and, using
(12) and some computations, we can bound the previous expression by:

2a(a —2c)(a—c)  2(3a—2b—2c)(a—c)*(b—c)

b—a? @6 _awe W2
S 2a(a —2c)(a—c) 2(3a—2b—2c)(a— c)?(b—c) WE(2b—a)a
- (b—a)? (2b —a)(b—a)W? (b—a)(a—c)2
2a(2b— a)
~ (b—a) 0

The matrix of cofactors k = (k;;) associated to the five previous hyper-
surfaces, that is,

Vi 1

V fa fo
DfX = Vfs X =k f3 ,

V fa fa

Vfs f5
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reads for:

k‘lj =0 for i:1,2,...,5,

—r (a® — 2ab — ac + 3bc) p
kor == —, koo := 0, kog = —
21 W 22 k23 b(a — 20) )
P acr
TR0 - ogwe
fon e (a?b — 2ab® — 2a%c + 2abc + 2b%c + 2ac? — 2bc?) r
® 2(a — 2¢)(b— c)WI ’
q _ (a® —ab—2ac+ 3bc)p o
kay = g0 k2 = (a = 2)c y ksg =0,
bt (2a%b — 2ab? — a*c — 2abc + 2b%c + 2ac? — 2bc?) q
s 2(a — 2b)(b— )WY ’
PR —abq
BT 20— Wi
—2(b—c)Wir
ka1 = kaz = kag = ka5 = 0, kg = ¥7
ac
2b—c)W¢
k51 = k52 = k54 = k55 = 0, /{553 = (aib)q

The fundamental matrix of solutions, evaluated in T, of the linear differen-
tial system of equations

v/(t) = k(y(t) v(t), (15)
with,
0 0 0 0 0
ko1 (t) 0 kos(t)  koa(t) Fkaos(t)
k(vy(t) = | ksi(t) ksa(t) 0 ksa(t)  Fkss(t)
0 kp() 0 0 0
0 0 kss(t) O 0

the matrix of cofactors evaluated over the periodic orbit (12), gives the
characteristic multipliers associated to the periodic orbit encountered by
Steklov. We note that the first equation of this system is v](¢t) = 0 which
corresponds to the fact that fi is a first integral of the system and gives
us that vy (t) needs to be a constant. Analogously, the other two first inte-
grals give us relations among the values of the solutions of system (15). In
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particular, from (14), H; gives us that the function:

ha(t) = “Wp/(;)

’Ul(t) + bq(t) "Ug(t) + CT(t) ’Ug(t)+

ac (a(a — 2¢) + 2bc) p(t) ab (a(a — 2b) + 2bc) p(t)
2(a —2b)(b— )W 2(a —2¢)(b—c)W£L
satisfies h}(t) = 0 when considered over the solutions of system (15). And
the first integral Hs gives the function:

1ot = (20 )+ (22080 4 (220K

Uy (t) + Vs (t),

wie (a—2c¢) (a — 2b)
—ac ad (a® — a?b — 2a’c + abc + 2ac? — 2bc?) p(t)? ;
No—awe " (@ —2b)%(a —20)(b— )Wt va(t) +
—ab ad (a® — 2a?b + 2ab? — ac + abc — 2b%c) p(t)? .
T\o—owe " (@ — 2b)(a— 202(b — W1 vs(t),

where § = (a — b)(a — ¢)/ (W), which is also constant over the solutions of
(15).

We obtain these constant functions over the solutions of (15) because
each function H;(y(t)), i = 1,2, is 0 for any ¢t. We can then derive H;(7(¢))
with respect to t and we deduce the functions h;(t) taking into account that
v;(t) is related with Vf;(v(¢)), ¢ =1,2,...,5.

We first note that the following constants conform a solution of system
(15):

’U1(t) = ]., ’Ug(t) = 0, ’Ud(t) = 0,

2(a —2b) vs(t) = —2(a —2¢)
a? — 2ab — 2ac + 2bc’ ST 42 2 2ab — 2ac + 2be

The functions hy(t) and ha(t) take the constant values 0 and 45/ (a? — 2ab—
2ac + 2bc), with § = (a — b)(a — ¢)/(W¥), over this solution, respectively.
Since this solution takes a nonzero value on v (t), which needs to be con-
stant, we may get the first column of the fundamental matrix solution of
(15) from the last four columns and this particular constant solution. Hence,
we only need to take into account the last four columns of the fundamental
matrix solution of (15).

’U4(t) =

Let us now consider the fundamental matrix v(t) solution of (15) whose
initial condition is the identity matrix. We define v;;(t) as the function
corresponding to row ¢ column j of this fundamental matrix of solutions.
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Using that the three functions vy (t), hi(t) and ha(t) are constants, we can
obtain certain relations among the rows of this matrix at the value T.
We define the constants:

220 —a)(b—c)WY o 2y/a(b—c)Wt
pr= Va(b—a)(a —2¢)3/2’ P2 = (b—a)va —2c(a? — 2ab + 2bc)’

and we get that v(T') equals

1 0 0 0 0
var(7) va2(T) va3(T) v24(T') va5(T)
V31 (T) V32 (T) V33 (T) ,044(511)_1 055(5;)_1
pws1(T)  pwse(T)  pa2(vss(T)—1) po (1)4‘1(’1;3_1) vss(T)

The computation of the characteristic polynomial associated to this matrix
gives:

det (v(T) = AI) = —=(A=1)> (A2 + BXA + O),
where

B =2 — v9o(T) — v33(T) — vaa(T) — vs5(T),
and

C = vea(T) (vs3(T) + vaa(T) + vs5(T) — 2) +
—v32(T) (v23(T) + prv2a(T) + p2v2s(T)).

We note that each one of the first integrals gives an eigenvalue equal to one.
Moreover, using Liouville’s formula, we know that the product of all the
eigenvalues of v(T) is equal to one because the trace of matrix k(v(t)) is
identically zero and v(t) is a fundamental solution of (15). Hence, we get
that C = 1. Then, we have that the roots of A2 + BX + 1 = 0 are:

e if B2 > 4, then the roots are both real, and one of modulus greater
than 1 and the other with modulus lower than 1: so the Steklov
solution is unstable,

e if B2 < 4, then the roots are both of modulus equal to one and
the characteristic multipliers do not decide if the Steklov solution
is unstable or not.

Let us go back to the differential linear system (15). We know that vy (¢)

is constant, and we denote its value by v1g := v1(¢). Analogously, we denote
by hio := h1(t) and hgg := ha(t), the values of the other two constants. We
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can determine vs(t) and vs(¢) from the last two equations of (15) and also
from the two relations hy(t) = hig and ha(t) = hag. We equate the two
expressions of va(t) and v3(t) obtained in these two different ways and we
get a linear differential system of equations for v4(t) and v5(t) which reads
for:

ddn(z; k) , WE(2b — aXn(z; k) ab — 2ac + 2bc 2
ot vilt)= ala—c)(b—c) K - 2%—a en(z; k) > va(t)+

_(2b—a)(ab—ac—bc)cnz. 2\,
(b BEE 0 s ) sl +

2(b — —a)(a—2 —
+ 0 C)\{z%)(a 9 en(z; k) hio + 20-¢) vio en(z; k)? +
phoe (Wlhsyo — 2010)} =0,
Osn(z; k) ,

Wela = 20)sn(z; k) ro(ab—ac+be) o,
O (e e vt
(b—a)(2ab—ac—2bc) . o\
+ <b (a—2¢)(a—c) (z: k) ) 5(t) +
—2(b— ¢) /Wb —a)(2b — a)
aby/a — 2c
2o
b(a — c)

+

cn(z; k) hig—

b—c

Cn(z;k)2 V10 + (Wf hgo — 2’[}10):| = 0,

where rg = (b—a)(a—2¢)/(b(a—c)). Equating vs(t) from the first equation
and substituting its value in the second one, we get a second order linear
differential equation for vy (t) whose fundamental set of solutions would let
us to the computation of the characteristic multipliers associated to the
Steklov periodic orbit. We define

(2b - a)51

wit) :=b- (a —2c)c

en(z; k)2, 61 = ab— ac — be

and this second order linear differential equation for vy(t) is:

y w'(t) 2 Odn(z; k)
va(t) = <w(t) * dn(z; k) ot

)vfl(t) + Ao(t) va(t) + Ann(t) = 0,
(16)

where
Ao(t)
Wwe
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2(b— c)(a® — 4b(a — ¢)) dn(z; k)? 4 a® — 2(61 + 2ac) en(s: k)2
o a(a —2c)(a —c) w(t) et be(a — ¢) CL

Anh(t) =
—2(2b —a)?

::a&a—%k%ﬁ)@Mwmﬂ+adﬂM0+ad@@m0*WY@@>

with § := (a — b)(a — ¢)/(W¥) and

- Wb —a) (a —2¢)(3ac(b+ ¢ — a) + 5be(b — ¢))
as(t) = @baMz2@( 2 —a) *
+2ab(2c — a) + o ((b- Z)Q o) cn(z; k)2> en(z; k),
as(t) = —ala—2c) (beca + (b —2c)en(z; k) + mcn(z; k:)4> ,
as(t) = abe N c2(a® — ab — b* — ac + be) ~ (a—2b+2¢)6; en(z: k)2,

2 2b—a 2

In short, we have reduced the problem of computing the characteristic
multipliers for the periodic orbit (12) to the study of the second—order linear
differential equation (16). The classical approach to this problem is to
compute the characteristic multipliers via the first variational equations,
thus involving a linear differential system of order 6. Our method starts
with a linear differential system of order 5, see (15). In this particular
problem, we know three first integrals which let us reduce the order by 3,
getting the second-order linear differential equation (16). We note that
the use of the first integrals is not trivial, since we need to write them in
terms of the considered hypersurfaces, see (14), and then relate them to the
variables of the linear differential system (15).
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