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Abstract. The bifurcation and instability behavior of a nonlinear autonomous sys-
tem in the vicinity of a compound critical point is studied in detail. The critical
point is characterized by a triple zero of index one eigenvalue, and the system is de-
scribed by three independent parameters. The analysis is carried out via a unification
technique, leading to a simple set of differential equations for the analysis of local
behavior. Incipient and secondary bifurcations as well as bifurcations into invariant
tori are discussed, and the explicit asymptotic results concerning periodic solutions
are presented. Moreover, the criteria leading to a sequence of bifurcations into a
family of two-dimensional tori are established. An electrical network is analyzed to
illustrate the analytical results.

1. Introduction. It is well known that a simple zero eigenvalue of the Jacobian of
a general nonlinear autonomous system leads to static bifurcations. However, if the
Jacobian matrix of a multiple-parameter system has a multiple zero eigenvalue, for
example, a double zero eigenvalue, the system may exhibit both static and dynamic
bifurcations in the vicinity of the critical point. These phenomena (associated with a
double zero eigenvalue) have been studied by several authors [1-5]. More recently, a
unification technique [6], which combines the multiple-parameter perturbation method
[7]1 and the intrinsic harmonic balancing procedure [8], has been developed for the
analysis of this problem which enables one to obtain analytical results in a general
form. In particular, the stability conditions, the secondary Hopf bifurcations, and the
asymptotic solutions of the limit cycles bifurcating from the fundamental equilibrium
surface were derived and expressed explicitly in terms of the system coefficients.

If, in addition to a double zero eigenvalue, the Jacobian has another zero eigen-
value at the critical point, then it is reasonable to expect that the system is liable
to exhibit even more complicated phenomena in the vicinity of such a compound
critical point. The repeated zero eigenvalue is said to be of index one, index two,
or index three, according to whether the number of the linearly independent eigen-
vectors 1s one, two, or three, respectively. In each case of index one, two, and three,
the canonical form of the Jacobian consists of one, two, and three Jordan blocks,
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respectively [5]. This paper is concerned with the first case. Previous work concern-
ing the compound critical point characterized by a triple zero of index one has been
concentrated on static bifurcation phenomena [3,5,9]. Nevertheless, a number of
studies have recently emerged concerning dynamic bifurcations [10, 11, 12]. The aim
of this paper is to explore both static and dynamic bifurcations in general terms.
The unification technique, introduced earlier [6], is applied to this system to obtain
a set of simplified differential equations which govern the local bifurcation behavior
of the system in the vicinity of the compound critical point. The incipient bifur-
cations, secondary bifurcations as well as bifurcations into a two-dimensional torus,
are discussed in detail. The analytical asymptotic solutions of the bifurcating limit
cycles are established for the first time. All the results are expressed explicitly in
terms of the system coeflicients (the derivatives of the vector field). Thus, the theory
is directly applicable to special problems.
The results are illustrated in an example drawn from electrical network theory.

2. Formulation and static bifurcations. Consider an autonomous system described
by

-1 .

—r = ZilhP), (1)
where the =/ are the components of the state vector z and the ## are certain inde-
pendent parameters. It is assumed that the functions Z, are analytic, at least in the
region of interest. Attention in this paper will be focussed on a critical equilibrium
state where the Jacobian has a 3-fold zero eigenvalue, while all the remaining eigen-
values have negative real parts. For simplicity, therefore, it is assumed that system
(1) is a 3 x 3 system, with “/” ranging from 1 to 3. It is also assumed that the system
involves three independent parameters (8 = 1, 2, 3).

Now suppose that the system has a single-valued equilibrium surface in the region
of interest, which is expressed as

2= fin”), (2)

and c is a critical point on this surface where the eigenvectors corresponding to the
triple zero eigenvalue also coincide.
Next, introduce the nonsingular transformation

' = filn?) + Tyw/ (3)
such that the resulting system
B = wiwin?) (4)
has a Jacobian matrix at ¢ (where ¥ = ryf) in the form of
010
Wyl, =10 0 1]. (5)
0 00

It is noted that the Jacobian (5) has a Jordan block of order three and the corre-
sponding repeated zero cigenvalue is said to be of index one.



BIFURCATIONS NEAR A THREE-FOLD ZERO EIGENVALUE 195

It is also noted that a triple zero eigenvalue may also be of index two and three,
corresponding to the Jacobian matrices

respectively. Systems associated with (
It follows from the transformation (

Wi(0;1°) = Wig(0in°) = Wig, (0s1*) = --- =0, (8)
where the subscripts on W}’s indicate differentiations with respect to the correspond-
ing parameters.

Suppose the eigenvalues of the Jacobian matrix [W;;(u#)] are denoted by 4, (¢#),
A(uP), and A3(uP); then

o

0 0
0 1 (6)
0 0 0],

J =

[e]

and
0 0

0 0}, (7)
0 0J.

) and (7) are not considered in this paper.

) that the new system has the properties

O OO

W N

A1(0) = 22(0) = 45(0) = 0,
where u# = nf — nf, u# = 0 giving the critical point c.

First, consider the static bifurcations from the fundamental equilibrium surface.
To this end, let the post-critical equilibrium solutions be expressed in the parametric
form

wi=wi(g?),  nf=nP(a?) (9)
where the 0%’s (a = 1, 2, 3) are certain unidentified parameters.

Substituting the assumed solution (9) into the equilibrium equations W;(w/; nf) =
0 results in the identities

W, [w!(a®);n?(a%)] = 0, (10)
which are then differentiated with respect to the ¢ successively to generate a sequence
of perturbation equations ‘

Wi jwhe 4 WienPe =0, (11)
and
W, wiawht + W, g (wianbb 1 witnhay L Wi nhanrt 4 W whab + Wignheb = 0, (12)

etc., where 7, Jk = 1,2,3; B,y = 1,2,3 and a, b = 1,2,3, the subscripts on the
functions W, denote differentiations with respect to the corresponding parameters,
and summation convention applies. For clarity, differentiations of the variables with
respect to the ¢¢ are indicated by superscripts after a comma.

Now we will use the unification technique [6] to derive the equations governing
incipient bifurcations. First, evaluating the first-order perturbation equation (11) at
the critical point ¢, with the aid of (8), results in

W2.a=w3'a:0 (a=1:213) (13)
by virtue of (5).
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Next, evaluating the second perturbation equation (12) at ¢ with the aid of (8)
yields

W Wi awkt + Wi (whanhb 4 wibphay 4 W, wiab = 0, (14)

It is noted that (14) involves 6 equations associated with the 6 different combi-
nations of a and b. The unification technique has been very helpful in dealing with
such simultaneous equations [6]. Generally, in applying the perturbation procedure,
one aims at determining the derivatives of various amplitudes, parameters, and the
frequency which are then used to construct Taylor’s expansions for these variables.
Identifying some amplitudes and/or parameters as perturbation parameters in the
beginning of the analysis usually simplifies the analysis considerably. While this may
not be possible even in the analysis of some degenerate Hopf bifurcations, it be-
comes almost impossible in the case of compound critical points associated with two
or more codimensions. In these cases, perturbation procedure yields simultaneous
equations which are often impossible to solve explicitly for the necessary deriva-
tives. The main idea underlying the unification technique is to produce consistent
approximations for the equations themselves in terms of the basic variables rather
than the derivatives, which provide the relationships governing the local bifurcation
properties. Furthermore, these relationships lead to local dynamical rate equations.
To this end, consider equation (14) for (a=b=1),{(a=1,b=2), (a=1,b = 3),
(a=b=2),(a=2b=3), and (¢ = b = 3), and multiply these equations by
(a")?2/2, 6,07, 0103, (62)%/2, 6203, and (03)2/2, respectively. Adding the resulting
equations together yields

W, [%wj,ll(a.l)Z+%wj,22(0.2)2_+_%wj,33(0,3)2+Wj,lZO.lo.Z+Wj,l3o,lo.3_+_wj,23o.20.3]

+ VVilﬂ(Wl']Ul +Wl‘20’2+wl'30'3)(r]ﬁ'la'l +7]ﬂ’20'2+?]ﬂ'30'3)
+%VV,‘1|(W1'10'1+W1’20'2+W1'3 3):0, (15)

which takes the simple form
Wiiw/ + WP w! + §Win(w')? =0, (16)

upon taking into account the Taylor expansions of (9).
Equations (16) may be expressed more explicitly as

w? + Wll[}ﬂﬂwl + %Wlll(Wl)z =0,
w3 + Wy gufw! + Iy (wh)? =0, (17)
Wiigubw! + 1wy (wh)? =0,

which gives two equilibrium solutions. One solution is

wl=w? =w? =0, (18)
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describing the fundamental equilibrium surface, as expected. The post-critical solu-
tion, on the other hand, is given by

w? = —w! (Wllﬂﬂﬂ+leW1), (19)

which describes the static bifurcations in the vicinity of ¢. It is assumed here that
Wi #0.

3. Stability and bifurcation analysis. The structure of the second and third equa-
tions in (17) suggests that additional terms may be contributed to these equations
from a third perturbation, which will be needed for a local stability analysis. Indeed,
it has been observed [6] that the third perturbation equation does contribute to the
local stability analysis for a system whose Jacobian has a double zero (of index one)
eigenvalue at a critical point. Thus, applying the procedure described above to the
third-order perturbation equations (for details see [6]) yields

Wiyw! + WiguPw! + WoguPw? + Wigufw’ + AW (w')? + Wipw'w? (20)
+ Wisw!w3 + LW, (w')? = 0.

It is noted that while the first equation in (17) remains valid to a first-order approx-
imation, the second and third equations have to be supplemented with additional
terms, taking the form

w3+ WaguPw! + Wappubw? + Loy (wh)2 + Wy w'w? =0,
and
Wi puP W'+ Wiy w2+ WasguP wi + 35, (w')2 4+ Wiy w!w? + Wi w'w? = 0, (21)

respectively.
Now, in the vicinity of the critical point ¢, the time rate of change of the state
variables may be expressed as

dw! 2 Byl o | 1\2

7=W + Wigu?w' + s Win(w')’,

dw? 3 Bl B2 L 1 142 1,,2

T =Wt Wt Wapgutw + 32 (W) + Wy wiw?, (22)
dw 3

T = Waigufw' + WagguPw? + WisguPw? + 13, (w N2+ Wi w'w? + Wiy w!'w?,

which can be shown to be in compliance with the original state equations to a first-
order approximation (the outline of the proof is given in Appendix A).
In order to simplify the following analysis, introduce the nonlinear transformation

yl=w,
yi=wl 4+ Wygufw! + 1 (W), (23)
y = w4+ Wygufw + (Wiip + Wag) b w? + §Wap(w')? + (Win + Waai)w'w?,
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into (22) to obtain a set of differential equations up to second-order terms as follows:

d 1

dy?

ar T (24)
dy?

e Wi v + (Warg + Wagg)uP v2 + (Wiip + Wagp + Wasg) b y?

+ 32+ (Wan + Wa)y'y? + (Wi + Waay -- Wag 'y,
Now, based on (24), the bifurcation properties of the original system (4) in the

vicinity of the critical point ¢ can be readily investigated.
First, it 1s observed that the equilibrium solutions of (24) are given by

yl=pt=y'=0 (25)
and 5
y! =—W—W31ﬂllﬂ' yi=y3=0 (26)
311

to a first-order approximation. These solutions may be verified, through the trans-
formation (23), to embrace (18) and (19), respectively, by considering the terms up
to second order.

The stability of the equilibrium solutions i1s determined by the Jacobian of (24),
which is given by J =

0 l 0
0 0 i
{Wsipu? {(Wop+ Wi uf  {(Wi1p + Waag + Wasg)uf

+ Wiyt + (Wany + Wiz ) y?
+ (Wi + Wa + Wi y3}h  + (Ban + Wa)y!y + (Wi + Wy + Wiy}
(27)

Evaluating the Jacobian on the fundamental equilibrium surface (25) leads to the
characteristic polynomial

P(A) =23 — (Wiip + Waag + Wiyp P22 — (Wa + Wapp)uP 4 — Wy g, (28)
which in turn yields the stability conditions for the fundamental equilibrium solution,
Wyguf <0, (Wag+ Wag)u? <0, (Wi + Waag + Wasg)u? <0,

and
(Wi + Waap + Wasg)(Wary + Wi, )b 7 + WyguP > 0. (29)
It follows from (28) and (29) that, in the vicinity of ¢, there exist two types of

simple critical points and two types of compound critical points. The first critical
surface, given by

Si: Wagu? =0 (Wag + Wigp)u? <0 and (W 5+ Whp + Wass)u? < 0), (30)

is a primary critical surface where incipient static bifurcations take place since P(A)
has a zero eigenvalue on this critical surface. The first-order approximation of the
static bifurcation solutions is expressed by (26).
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The second critical surface is given by

Syt (Wiig + Waap + Wasg)(Wayy + Wag )P i + Wi =0,
(Waip + Wapg)u? <0 and (Wi 15+ Wiy + Wigg)u# <0),  (31)
which describes the onset of dynamic instabilities, leading to incipient Hopf bifur-
cations (P(A) has a pair of pure imaginary eigenvalues on S;) from the fundamental

equilibrium surface. It is noted that (31) implies W;;5uf < 0. Moreover, the fre-
quency of the periodic solutions is given by

Wz = \/:(Wzlﬂ + Waguf  (Waip + W32ﬂ)/‘g <0), (32)

where ¢ denotes a point on the critical surface S5.
At this stage, it is further noted that the intersection of .S and S gives two critical
lines. One of these lines is described by

Li: Wypp? =0 and (Wyp+ Wip)u =0 (Wiig + Waap + Wasp)uf < 0), (33)

along which the characteristic polynomial P(A) has a double zero eigenvalue. The
other critical line is given by

Ly: Wagu? =0 and (Wi + Waag + Wasg)uf =0 ((Wayp + Wipp)uf < 0) (34)

along which the P(A) has a simple zero and a pair of pure imaginary eigenvalues.
Next, evaluating the Jacobian (27) on the static bifurcation solution (26) results
in the stability conditions

2
Wypu? >0, {(Wzm + Wig) — W?,—,(Wz” + W321)W3|/3] uf <o,

. (35)
2
l(Wllﬂ + Wiag + Wisg) — W(Wm + Wy + WSJI)WSIﬂ} p? <o,
and
2
(W15 + Waap) — ———(Wan + Wa)Wag | (Wi, + Waay + Wasy)
W3ll
2
- W;(Wl” + W + W331)W317] phur — Wy >0,
which leads to the critical surface
Syt [(Waip + Wiap) — W(Wzn + W321)W31/3] [(Wiy + Whay + Wi3y)
5 (36)

» (Wi + Wy + W331)W31y] whu? — Wyguf =0,
under the assumption that the remaining conditions in (395) still hold. (36) describes
the onset of a secondary Hopf bifurcation from the static bifurcation solution (26).
The frequency of the periodic solutions is given by

1

2
(Wan + W321)W31ﬂ#g] : (37)

2
we = |~ (Waig + Wap)ul + Wirs
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An interesting interrelationship concerning Sy, S,, and S; is noted here. In fact,
the intersections of S, and S5, and S, and S; are again the lines L; and L, as in the
case of the intersection of S| and S,. In other words, in the 3-dimensional parameter
space, 5| is the common tangent plane to both S, and S; at the origin, and S, and
S5 are antielastic surfaces with opposite curvatures. This has been schematically
illustrated in Fig. 1.

It is observed from the above analysis that the assumption W3, # 0 plays a sig-
nificant role. Analyzing the special {degenerate) case in which W;;; = 0 requires
higher-order terms (to supplement (22)) and will not be considered in this paper.

—
).

FiG. 1. Critical surfaces.

4. Hopf bifurcations and two-dimensional tori. The nontrivial equilibrium solution
bifurcating from the fundamental solution along the critical surface S; is expressed
by (26). On the other hand, dynamic bifurcations occur along the critical surface S;.
In order to obtain a more comprehensive view of the behavior characteristics of the
system in the vicinity of S, the system will be analyzed in the neighborhood of both
a regular point on S, as well as L,, which represents the intersection of S, with S;.

In order to study the bifurcating limit cycles, the Jacobian of the system should
first be transformed into the canonical form

0 Wz 0
JOph)=|-wz 0 0 [, (38)
0 0 [0 PYd
where w; and o,z are given by
wz = \/_(WZIﬂ + Wag)ul  (Wag + Wsz/x)/lg <0) (39)
and
age = (Wiip + Waag + Wasg)pil, (40)

respectively. Here, uf represents a regular point on S, when o, < 0.
¢ oc
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To this end, introduce the transformation

yl 0 -1 1 y!
| =or 0 agl (v @
y3 0 w2 ol [y

to transform system (24) into

1 _
o (v uh) = ———% [(Wzlﬂ + Wszﬂ)ﬂﬂ] v+ wev?
dt ol + wk
+ oz [ogz = (Wiip + Waag + Wazg)i#] V3 — % By )
wz(o?; + w) wz o
dv? (42)
v . w;
=Py =——C |0 — (W, 774 ﬁ]
T 2(v7s u”) PR [aoc (Warp + Wapp)u” | v
_ Oz [0z = (Whp + Wasg + Wasp)pf] 5 + F(vi, uP)
2 ) AT,
Qs T Wz
dv3
= W3(v/; ——— |wi+ (W, Wi ) uf
=7 = B0 by = oZ +w_ [a) 218 + Wazp)u ]
oz [aoz(Wnp+W22p+W33ﬂ)#B+w%] 3o F(yi yf
+ az_+wz v + (V ’/‘t )’
oc [4
where
: 1
F(v, uf) = v [w%(Wnﬂ + Whag + Wazp) P v? + agz (Wap + Wszp)ﬂﬂv3]
oc 3
1
s { =Wy puf Wiy + Wi )v!
a§;+w%{ 51pMF + wz(War + Wiz )y

(43)
+ [%Wz,n — w%(Wm + Wy + W331)] v

- [3Wsn + ez (Warn + Wiy V3} (v2 —v3)

and the constant coefficients of the original system (22) are retained for convenience
in applications. The Jacobian of (42) evaluated on the critical surface .S, is now in
the form of (38).

In order to obtain the behavior surface (amplitude-parameter relationship) associ-
ated with Hopf bifurcations, it is convenient to shift from (42) to the dynamic equa-
tions involving the amplitude (i.e., polar representation) of the limit cycles. This is
performed by assuming a Fourier series representation for the limit cycles, given by

M
}: Dim(T?) COS MT + rip (G°) sinmt] (44)
m=0
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and applying the harmonic balancing [5, 8] and unification techniques. Thus, one
obtains
dp 1 5
L — i 7 —(W- Wiyg) — w3(W, W W A
7 2(a§E+w§){ [ 318 T aozr(Waig + Waag) — wz(Whip + Wap + 33/3)}?’ p
1

- WSllpv3+ 2 2 2 2
8(aZ; + wi)(al; + 4w3)

Wi [—3(01(2;; + 202) (W + W)

o=
+ Z}‘%(ai; + 56()%) W3“
c

p3}, (45)

dv3 1 QW7 5 3 ,
——= (Wari+ W )Ws1508 p+ 20,z (02; + 02)v + 1 W32 |,
dt 2(035_*_ (/)%) 2(Of§z+w§)2 B ot \&p7 C 3

and

do 1 Q=

e —— dw- (W Wiog) — —% W £ 46

w3

S5at. + 2502wt + 202
+w? oc oc "¢ C ( 311)2,02 i

240)%(0((2)5 + cz)%)z(ozf)E + 4w%)

o
(Wi + Wiy ) — =5 Wiy
Wz

where ¢f = uf — ug, and p represents the amplitude of the periodic solutions.
The first-order approximation of p is p;, if one sets r|(G%) = 0, otherwise, p =

(p11)? + (ry1)2. Equation (46) gives the frequency w for the periodic solutions. It
is noted that in the equations (45) and (46) we still express the constant coefficients
in terms of the coeflicients of system (22).

Now, it is observed that

p=v3=0 (47)

is a solution of (45), describing the fundamental surface, as expected. The post-
critical solution, on the other hand, is given by

) 8a(,;w§(a§; + w%)(ai; + 4w§)

pe= fo?).
(Wa11)2 (- + To2 w2 + 8wd) a8)
v3 = —___VVAI__/)Z - _ 2(‘)%(0‘3? + 46()%) f((oﬂ)
dagz(of; + wl) Waii(a + Tl + 8wd)

which describes the behavior surface in the vicinity of ¢, representing a family of
bifurcating limit cycles. Here,

flpf) = [W3lﬂ + oz (Waip + Waap) — 02(Wyip + Wagp + W33/3)] o (49)

For the first-order approximation of the behavior surface (48), the second-order
terms in f(@#), (W15 + Wayg + Waap)(Way, + Wiy, )@# 97, were not needed. If this is
taken into account it can be shown that

F(9P) = WypuP + (Wi g + Waag + Wazp)(Wayy + Wag )b ¥ = g(u¥) (50)

by using ¢f = uf — ug.
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The stability of the solutions (47) and (48) is determined by the Jacobian of (45),
which is given by J =

~fle*) =W v’
1 3 [Bwi(ad 420 (Wan + W) —ag (a4 Swd) Wiy ] 0
2eZ +wl) Bl e o) el B
ot ¢ oz

(@t i) (Wi +Ws)Waip0f + Wy p 2a0;(05;+w§)+2W3n"3

ac

Evaluating the Jacobian on the fundamental equilibrium surface (p = v = 0)
yields the stability conditions:

fl¢?)>0 and o, <0 (notethat f(p?) = g(u)). (52)

Recalling the assumption that (W5 + Wizp) ug < 0, one observes that these stability

conditions are identical to the condition (29), as expected. For g(uf) =0 (a,z < 0),

Hopf bifurcations occur and the solutions are described by (46), (48), and (44).
Next, evaluate the Jacobian (51) on the behavior surface (48) to obtain J =

1 _ Wi [3wl(ol +2w2) Wy + Wiy )=,z (02 +5w2) Wy ] p?

2(013E + w%)

— W,
(ol Vol 2 P
dwi(a’-+oi)al +4wl) SENE (53)
Wi p 2007 (-t w3)

which in turn yields the stability conditions for the bifurcating limit cycles as follows:
traceJ<0 and A>0, (54)

where the trace and the determinant A of the Jacobian are given by

1
traceJ = gz = % [3w3 02 + 202 ( Wy + WA
* Bwi(al; + w2 ok + dwd) 31 [ 3oz(agz £)(Wan 321)
- ao?(aﬁz + 56!)%) W3ll] pz,
p2 2 2 2
T T8+ 22 cWz(0gz 2) (W W
A 8(&3E + w%)Z [300560((0‘00 + ch)( 211 + Wa21)

(55)
— (04 + Tel .0k + 8wd) Wsn] Wi

Since trace J < 0 (a7 is the main term), the stability condition A > O gives

[3%660%(%2,; + 203 (Way + W) — (0 + Tal0% + 8w}) W311] Wi <0 (56)
under which the bifurcating limit cycles (48) are stable. A lengthy analysis shows
that condition (56) can be directly derived from system (42) by using the formula
Y11 — Y22 given in [8], and this is an independent confirmation of the results. This
formula for stability of bifurcating limit cycles will be given explicitly in the sequel
for a 2-dimensional system (see (71)). The asymptotic solutions can be obtained by
using (41), (44), and (48), where 7 = wt, and w = df/dt is given by (46).

Next, consider the case in which o,z = 0 in (42) and (43). This is equivalent
to considering a point on L,. In this case, instead of equations (45) and (46), one
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obtains
dp 1
TRy {[W3lﬂ — WE(Wiip+ Wap + W33/3)] ofp
C
+ [Wsn — AWy + Wiy + W331)] PV3}
1
~ 0 4(W211+W321){[3W311—4w%(Wm+W221+W331)] p’
+4[5W311 + wE(Win + W221+W331)] p(v 3)2}:
(57)
dv3 1
7 2% 2{2W31/J¢ﬂ" + Wa (v?)?
[Wsu — 203(Wyy 1 + Wayy + W331)] .02}
1
1% 4(W211+W321){[W311—60%(W111+W221+W331)] ptv’
+ 2W311(V3)3},
and
9 _ L (Waip + Wang)oP + (Wary + Wi )V® — —— (W311)2p? 8
E—w?ﬂLE (Waip + Wazg)o? + (Wa1y + Wiy )v —m( si) P, (38)
C

where ¢ represents a point on the critical line L, and

W =\~ (Warg + Waag)l  (Waig + Wagg)il < 0). (59)

It is noted that (57) involves higher-order terms compared to (42) and (43) which
will be needed for the stability analysis of the tori. Based on (57) and (58), one
obtains the following first-order solutions:

(I) p=v3=0 initial equilibrium solution (w’ = 0), (60)
2 C . .
(IT1) p =0, p = W W;lﬁ(pﬂ static bifurcation solution, (61)
311
and
p2 - 202W5150" + Wy )
Wi =202 (W) +Way +Wayy )’ . . .
(I11) , [V;:/;—::%(((W.lﬂ:ij;WzIy))]w” } Hopf bifurcation solution. (62)
V= 3 = ,

Wsn—w%(WnlJrszWWm)

It is noted that the static bifurcation solution (II) is, in fact, the solution (26)
as may be verified via transformation (41) (with o,z = 0). The asymptotic periodic
solutions can be obtained by using (41), (44), and (62), where T = wt, and w = df/dt
is given by (58).

Evaluating the Jacobian of (57) on the initial equilibrium solution (I} gives two
critical surfaces Sy and S, (see (30) and (31)). Similarly, evaluating the Jacobian on
the static bifurcation solution (II) results in the critical surface S; (see (36)) along
which a secondary Hopf bifurcation takes place. It is interesting to note that the
intersection of solutions (I) and (III) results in S;, while the intersection of (I) and (II)



BIFURCATIONS NEAR A THREE-FOLD ZERO EIGENVALUE 205

yields S|, as expected. Even more remarkable is the fact that S; is the intersection of
the solutions (II) and (I1I). In other words, the solution (III) which has been obtained
through an analysis in the vicinity of L,, may be viewed as a bifurcation from the
static solution (II). Also, the stability conditions for the initial equilibrium solution
and the static bifurcation solution given by (29) and (35), respectively, may readily
be recovered here by considering the Jacobian of (57).

It is also noted that an analysis in the vicinity of the critical line L; (33) would
not lead to new information. In fact, the solutions (26) and (48) are recovered if
such an analysis is carried out. Therefore, this will not be pursued here.

Similarly, in order to consider the stability of the Hopf bifurcation solution (III),
evaluate the Jacobian on the solution (III) to obtain J =

1 0 = [Wari — 2 (W11 + Wz +Wh31)] p 63
2(1)% [[W]ll—zw%(u/lll+W221+”,33|)]/7 {Wam—Wzn ?,/;]lﬂl Z:((vp‘;llfipuzjf:uu//;;f))] ﬂ} ' ( )
which in turn gives
[(Ws11(Whip + Waag + Wasg) — (Wi + Waay + Wiz )Wag] 0f

2 [Wii1 — @2(Whny + Waay + Wasy)]

traceJ =

3

and

1
A= [Wm — AWy + Wiy + W331)] [W311 — 202 (Wiy) + Wayy + W331)] PP

4w4
(64)
Since A > 0, the bifurcating limit cycles (III) are stable if traceJ < 0.
For trace J = 0, one has the critical surface
Sat [Winn(Whip + Waap + Wisg) — (Wit + Waiy + Was)Wsi5] 9f =0 (65)

along which a secondary Hopf bifurcation, leading to a two-dimensional torus, takes
place. The second frequency of the torus is given by

p

I
2
P 2{[W311 w%(Wm+W221+W331)] [W311—260%(W111+W221+W331)]} ,

(66)

Wer =

where ¢’ denotes a point on the critical surface S;.

Finally, we will consider the stability of the family of the two-dimensional tori bi-
furcating from the family of limit cycles (III) along the critical surface S4. It is well
known that the stability of a limit cycle is concerned with transient motions being
attracted to or repelled from an orbit (orbital stability [5]). Here, however, the bi-
furcating torus in the state space accommodates the trajectories on its surface. Thus,
one may consider the stability of the torus itself (attracting or repelling property).
This stability condition can be derived from equation (45). We have tacitly assumed
that the initial family of limit cycles are orbitally stable which loses stability at the
critical surface Sy where a new family of limit cycles emerges. Thus, the stability of
the family of tori depends on the stability of the new family of the limit cycles.

In order to obtain the stability condition, first, introduce

p=ps+ ﬁ'

3

67
vi=v) 47 (67)
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where p; and v3 are solution (III), to transform (57) into a system with p =v> = 0
as its initial equilibrium solution. Further, using an additional transformation,

i —— o][n] @
V3 wa, (Wi — @2(Win + Waa + Waa)] ps - 0 | [x2]°
yields
dx!
o= = X1 (x', x* )
_ (W11 + Waay + Was ) Wsi5 — Wi (Wi + Wazg + Wisg)] ¢ﬁx1 + ol
Wi — X (Wi + Wy + Wasy) ‘
N 1 Wy ()2 we (Wary + Wayy) [War — @2(Win + Wag, + VVBBI)]xlxz
— W _
202 w2 [Way) = 204(W111 + Waay + Way)]
1 1
+ g [Wm — (Wi + W + W331)] (x%)? - 70 W311(W211 + W) (x')?
RUSTRAEN) (Ws11 — @2(Wh11 + Waay + Wa3)]
32w [Ws1y — 202(Why1 + Wiy + Wiy
{3W311 — 4w (Wi + Wayy + Ws31)] '(x?)?,
2 (69a)
dx
ar = Xz(xlrxzﬂl’p)
oo 4 we (Wary + Waat) [SWa11 + @2(Why + Wiy + Wiz (x!)?
‘ 4wk [Wsn — w2(Win + Wi + Wiz
1
T a2 [Wm — (Wi + Waa + W331)] x1x?
3we (Wart + Wag) [Wan — @2(Whin + Wayt + Wi
320 [Ws11 — 202(Wh11 + Wayy + Wisy )]
X [3W311 — 4w (Wi + Wy + W331)] (x?)?
1
> 23 (Wi + Wazi) [5W311 + WE(Wiiy + Wayy + W331)] (x')2x?
C
(Waiy + Waay) [Wan — @2(Win + Wagy + Wasy)]
3204 [Wa1) = 202 (Win1 + Wt + Wayy)]
X [3W311 — 4w2(Why1 + Way + W331)] (x%)
(69b)
whose Jacobian matrix evaluated on the critical surface Sy is in the canonical form
J:[ 0 ‘”} (70)
w0

Now, the stability condition of the tori can be derived from system (69). This
condition is related to the stability solution which is determined by y;; — y,, given in
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a general form in reference [5, 8],
Y= Y2 = % [(Xllll + X122 + Xa211 + X2222)
+ chl(Xszn + XonXoa1 + X021 X222 — X1 X112 — X112 Xi22 — Xip Xam) |- (71)

Thus, if y;; — y22 < 0, the bifurcation solution is stable [5, 8]. Here, y;; — 2, takes
the form

2
<£§‘> (Wan+ Wi ){113(Ws11)* — 2 W31 (Wh11 4+ Waz1 + Wasy)

Yiu—7rn2 = o

25608
X [278W311 — 12903(Wiy| + Wy + W331)] — 1208(Wy1y + Wy + Wi31)%). (72)

For stability y;; — y22 < O[5, 8]. Therefore, since wz is small (see (59)) this condition
is fulfilled when
Win(Wan + Wayy) > 0, (73)

indicating an asymptotically stable family of tori. The simplicity of this criterion may
be linked to the structure of the original Jacobian and should not cast any doubts on
its validity. In fact, it can be demonstrated that retaining higher-order terms in (22)
would have no effect on (73).

The bifurcation flow chart is sketched in Fig. 2.

5. An example. In this section, a nonlinear electrical network, shown in Fig. 3, is
analyzed to demonstrate the applicability of the theory and formulas derived in the
previous sections.

+
+ + +
L —_ L
Cl T~ vcl v @ Cz TN Vo
ve d 2
i
ic tq

Fi1G. 3. A nonlinear electrical network.

The network consists of an inductor L, two capacitors C; and C,, two resistors
R, and R,, a tunnel-diode and a conductance. Suppose L, Cy, C;, Ry, and R, are
linear components; in addition, R, and R, may be varied, while the tunnel-diode
and the conductance are nonlinear elements, and they both are voltage-controlled.
The current i, in the inductor and the voltages v¢, and v¢, across the capacitors C|
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INITIAL
SOLUTION
w' =0
(29)
$,130) @ S, (31
~ e
~
e
y ~ ~ Vid "
HOPF BIFURCATION
STATIC BIFURCATION | INTERSECTION P SOLUTION (48)
SOLUTION (26)
(ayc?0)
A
L, (33) l L,{34)
(35) ' | Y (56)
a pousie zero | 1) B ZE00ANDS DA
EIGENVALUE | | EIGENVALUES (age= 0}
@ | S S
Sy S2 AL 7

/

HOPF BIFURCATION
SOLUTION (62)

S3(36) =

L o _] TRACE J<0]{64)

SECONDARY HOPF
Wy (Wap, + Wy, 1> 0 [ BIFURCATION—»
2-DTORI

Fi1G 2. Bifurcation flow chart.

and C, respectively, are chosen as the state variables, and the state equations of the
network are described by

% =—RyiL - v¢,,
dVC . | 1
C17'=—f1(vc.)+lL—R—2VC. ‘+'R_2VC2v (74)

dv, | 1
Cz—gtc—z- = —falve,) + RO TR ver

where the functions f; and f, describe the characteristics of the tunnel-diode and the
conductance, respectively, which are given by

five,) = =n've, + (ve,)?, (75)
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and
Sfr(ve,) = 4.054054 [0.01776vc2 -0. 10379(VC2)2 +0.22962(vc, S 0.22631(vcz)4

+ 0.08372(vc,)°]

9 21 14 23 17
= 1—25VC2 - _S_O(VCZ)Z + E(VC2)3 - '2—5(VC2)4 + ga(sz)S’ (76)

where 7! is a certain control parameter. The function f; is depicted in Fig. 4 for
1
n' > 0.

i

F1G 4. The characteristic of a nonlinear control element.

Denoting the state variables iz, vc,, and v, by z!, 22, and z3, respectively, and
assuming that L, C;, and C; have the corresponding unit values, respectively, one
obtains the following equations:

dd—ztl=—’722'—22,

dz?

=24 -n)2 4’2, (77)
dZS_ 3.2 9 3 .3, 21 a0

7—7]2 —<m+']>2 +%(Z)y

where the third and higher-order terms have been truncated, and R; and R, are
treated as additional control parameters, which are therefore replaced by 5% and 3.
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The initial equilibrium solution is described by z/ = 0 (since z' = Qyields dz’/dt =
0 for all values of n#). The Jacobian matrix of (77) evaluated on this solution takes

the form
L 0
J = 1 ;71 — ;73 r’3 . (78)
0 P ()

It can be shown that at the critical point ¢, defined by 5! = 163/125,n? = 4/5,
and n2 = 27/125, the Jacobian (78) has a 3-fold zero eigenvalue with index one. In
order to use the formulas obtained in the theory, it is required to transform system
(77) to a new system such that its Jacobian will be in the canonical form (5). To this
end, using the transformation of the state variables,

z! 0 % —% 37 [w!
22 =10+ | & %2 of w2, (79)
z3 0 486 _ 36 | w3

and the transformation of the parameters,

n 125 ﬂ=§+ﬂ» ’7=m+ﬂv (80)
yields the system
dwl s 1 37989 172
—CF—W —8—(128/1 + 3354 — 23313)w! + 15625O(w )
2
‘%-w + = (28/1 +10p2 — 1343)w! 405(469;1 + 10042 — 9493 )w?
_ 30618 o 4536 |

390625 " )t 78125 W (81)
dw3 9 3y2
= l25(16,11 +25u? — d)w! +ﬁ(268u + 2502 — 1033w

1

18(15u - u)w?

413343 61236 , , 1701 ,

+ 5765625 ) " 1953125" " T T3625" ¥

whose Jacobian matrix evaluated at the critical point ¢ is in the canonical form (5).
Furthermore, applying the transformation (23), which is now given by

1

y =
1 37989
_ 2 L _ l 142
yr= a7 (1284 +335u% - 2333w + 56356 )"
| 1 2 3y4,,2 (82)
p3=w3 +—7§(28y + 1042 — 133! 4—T§(18u = 3u” = 3Tp)w
30618

1701
_Bd06ls 4, 1701 4 5
350625 " ) T 3125"
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(79) takes the form

ay! _
o T
d 2
dy? 9 >
G = T3 16! + 2508 = i+ T3 (! £ 257 — 14u)y?
4133443 367416 10206
B 3 12 207416 4 5 SVeVY 1,3
W =20 s O TosaiasY Y s633”

Now, one may apply the formulas (25)-(56) to system (81) to obtain the following
results.
The stable region of the fundamental equilibrium solution,

yl=y=y’=0, (84)
is defined by
16u' +25u% — 13 <0, 34ul +25u% — 1443 <0, ul —p? —2u% <0,
and
20(u" — p? —2u3)(34u' + 2547 — 143 +9(16u' +25u% — u?) >0,  (85)
which leads to two critical surfaces. One of these is given by
Sy l6u! +25u> — 3 =0 (34u' +25u> - 14> <0 and p'—u®-2u° <0), (86)
along which a static bifurcation, described by
[ 15625 ) 3

y' = 45927(16 +25u —ud),  yP=y=0 (87)

occurs from the fundamental equilibrium surface.

Another critical surface is expressed by (31), which takes the form
Sy:20(p" — u? — 2u3)(34u’ +25u% — 14u3) + 9(16u' +25u> — u?) =0, (88)
(' —pu?-2u3 <0 and 34u' + 254 — 1443 < 0)

and describes the onset of Hopf bifurcations from the fundamental equilibrium sur-
face. The frequency of the periodic solutions is given by (32) as

wz = 2—25\/—5(34/1; +25u2 — 14p3)  (34pl+25u% - 1442 < 0). (89)
Equations (33) give the stability conditions for the static bifurcation solution (87)
as
16u' +25u — u* >0, 66u' +75u — 164° <0, 23u' 4+ 59u% + 16u° > 0,
and
20(66u' + 75u — 16p3)(23u" + 59u® + 1643) + 81(164"' +25u — u?) <0, (90)
which results in the third critical surface
S3:20(664" +75u% — 16p3)(23u" + 5942 + 1613) + 81(16u" + 25u% — u?) =0,
(66u' + 7512 — 16u3 <0 and 23u' +59u% + 1643 > 0), (91)
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along which a secondary Hopf bifurcation from the bifurcating solution (87) takes
place. The frequency of the periodic solutions is expressed by (35), which now takes
the form

2
Wy = B\/—(66ucl +75u2 —29u3)  (66ut + 7542 — 2942 < 0). (92)

Finally, applying (41), (44), and (48) to system (83), one obtains the asymptotic
solutions of the limit cycles bifurcating from the fundamental equilibrium surface
along the critical surface S, as follows:

' = _psinor — 78125  wi(al; + 4w2)
45927 o4 + To2 w2 + 8w?

78125 aocwz(az + 40wl

45927 o + 7a a)2 + 8a)2

f(0#),

y

f(o), (93)

y? = wzpcoswt —

. 78125 a2 w_(a +4w)
3.2
yT = —wgpsinwl - 45927a05+7a0 8w2f( o").
where
=pul—p2-2u2 <0 2= _ 34 25 1442 94
luc 'u(‘ 'uc <y wc 125( ﬂc + .uc Iuc)’ ( )
136 4
flp#) = (16+ 735 %ot w%) (p'+<25+5aoc+w>¢ —<1+ 15265 2w§>(;p53),

and the ¢ indicates a point on the critical surface (76).
The frequency w in (93) is determined by w = d@/dt from (46) and the amplitude
p is given by

fle?). (96)

2_2 ( 1953125>2 oz wiagy + wf)(af; + 40)
137781 0‘35 + 7a§zw% + 8a)§
The stability conditions associated with the Hopf bifurcation solution (93) can be
obtained from (56) as follows:
0z 030l + 202) + L5(ak: + Tal-02 + 8wi) > 0. (97)
Next, (65) gives the critical surface
S4: 459283p' — 987431892 — 3903808¢° = 0, (98)
along which a secondary Hopf bifurcation occurs from the first Hopf bifurcation
solution (81), leading to a family of two-dimensional tori. Here,

4
wl=— 125(34uc+25ﬂc 1443) (99)

and ¢ denotes a point on the critical line L, determined by
Ly: 160" +25u2— 3 =0 and pu'—p?-2u3=0 (34p'+25u>—144° < 0). (100)

The second frequencies of this family of tori are given by (66) as

p 1/2
"= 576562502 V! 75wz)(41334 78750w3)] . (101
w = SreseTsal [( 33443 — 318937502)(4133443 — 63787500 )] (101)
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where p can be obtained from (62) as

o 1 (1953125
P" =10\ 3133443

The stability condition (73) gives

2
) [81(16(/)‘ +25¢7 - 9%)2 - 15625(p' — 92 - 2¢°)2] . (102)

4133443 734832
9765625 1953125

therefore, the bifurcating two-dimensional tori are unstable.

Wi (Wan + W) =

<0; (103)

Appendix. In this appendix, it will be demonstrated that the differential equation
(22) is equivalent to the original system (4) up to first order. Before tackling this
problem, however, consider a simpler case associated with a double zero eigenvalue
problem (see [6]).

Suppose the system

i .
B W) (= 12%B=12) (A1)
has a Jacobian (evaluated at a critical point ¢) in the canonical form
0 1

and the initial equilibrium solution is given by
w!' =0. (A3)

The simplified differential equations in this case [6] are described by

aw! 2 Bl 1 1y2
= + Wigufw' + s W (w')?,
(Ad)

dw?
= WaisuPwl + Wapgufw? + Lo (w!) + Wapw!w?,
Introducing the transformation
1 1
w =y,
(A5)
w? =y — W pufy! - %Wm(yl)?'
into (A4), one obtains
dy! 2
ar T
(A6)
dy?

= = Wag?y' + Wig + Wag)p? y? + 5Wu(0') + Wi + Wa)y'y?
which is equivalent to {A4) up to second-order terms.

In order to demonstrate that the local dynamics and bifurcation behavior of the
original system (Al) is embraced by the differential equation (A6), let (Al) be ex-
panded into a Taylor series around the critical point (w; %) = (0; qf ), which takes
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the form
aw! 2 Bl B2 1 1\2 1,2
i =W Wiputwt o+ WiaguPwS 4 s Win(wh)T + Winpw'w
) 3
+ W2 10 (1<w';uﬂ)l ).
dw? 1 2 12 2 (A7)
= Waigubw! + WapguPw? + 1wy (w2 + Whw'w
. 3
+ w40 ([0 )
upon using (A2).
Next, introducing the transformation
wh=x!+ J(Win + IW0) (X2 + A Wioax!x? + Wiggubx!, (A8)

w2 =x? = LW (x)2 + $Wapx!x? — Wiipufx!

into (A7), and keeping terms up to second order in the resulting equations, one
obtains

!
dx 2

——— x ,
ddt2 (A9)
-zl)-;— = WaptP x' + (W15 + Waap)f x2 + 5Wa11(x')? + (Wi + Wa)x!' x2,
which is identical to (A6).

It is observed, by comparing the transformation (AS5) with the transformation
(A8), that the first equation of (AS5) approximates the first equation of (A8) up to
first order, and the second equation of (AS) approximates the second equation of
(A8) up to second order.

Now, consider the original system (4) and the differential equation (24) which is
equivalent to (22) up to second-order terms via (23).

The Jacobian of (4) evaluated at the critical point ¢ is in the canonical form

010
J=[W,], = {0 0 1}, (A10)
0 0O
and the initial equilibrium solution is given by w! = 0.
Expanding (A1) into a Taylor series around the critical point ¢ (where n# = nf )
with the aid of (A10) gives

dw!
i w2+ WP w! + Wippubw? + Wisgubw? + 3w, (w')? + LW (w?)?
, 3
+ Wi (w2 + Wipw!'w? + Wiaw!'w? + Wipw?w? + 0 (1(“";#'8)‘ )
dw? 3 Byl B.,,2 B3 1 1 N2, 1 242
=" + WapuPw' + Wyppu? w + WazpuP w’ + s Wa (') + 3 Wapa(w?)

. 3
+ 3 Wass(W?)2 + Wapw!w? + Wy sw!w? 4+ Wipw?w? + O <}(W';#ﬂ)‘ ) :
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dw3
o= Wiigubw' + WiguPw? + WigpuPw? + 5311 (wh)? + I Wi (w?)?

. 3
+ %W333(W3)2 + W3[2W1W2 + I’V313W1W3 + VV323W2W3 +0 (’(W’;ﬂﬂ)‘ > . (A11)

Similarly, introducing a transformation

wh = x'+ Wipgubx' + Wispubx® + Wi n(x")? + $Wi3(x?)?
+ $(Wiza + Wiz + i Wass)x ' x? + Wi33x%x3,

w? = x2 = WyguPx! = IWi (xD)? + (W3 + Was + W33 — 3 W02) (x2)?
+ $(Whn + Wais + Waga)x'x? + L (Wi + Waas + §Wi33 — 2W5)x ! x?,

w3 =x3 = WhpuPx! — (Wiig + Wapp)uP x? — WapuP x> — LW, (x1)? = 1 W)55(x3)?
— IWa3ax2x3 + L (Waps + Wips — Wap)(x%)2 = (W11 + Wap)x! x?

+ 1 (Wapy + Wiy — 2Wy5)x ' x3 (A12)

into (Al1), one obtains a transformed system

dx! ,

r/

dx*

—_ =X s

dt

dx3

== Wit x' + (Waig + Wapp)uP X2 + (Wiip + Waag + Wasp)uf x> + LWy, (x1)?

+ (Wan + Waa)x'x? + (W + Wapp + Waps)x!x®
+ (Wi + Wan + W) (x2)% (A13)

It is not difficult to verify that dropping the last term in the third equation,
(Wit + Wapz + $Ws22)(x2)2, does not have an effect on the analysis presented in this
paper. Thus, (A13) becomes identical to (24). Also, note that (23) is a first-order
approximation for the nonlinear transformation (A12).
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