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Abstract

A computational approach to obtain normal forms for equilibrium points
of three-dimensional autonomous systems, having a linear degeneracy corre-
sponding to a triple-zero eigenvalue, is presented. Also, we provide the explicit
expressions for the normal form coefficients, and analyze some additional sim-
plifications that can be achieved.

The results are applied in the analysis of bifurcation behaviours in an
autonomous electronic oscillator.

1 Introduction

The normal form theory is an useful tool to build, for the analysis of a given dynam-
ical system, another one which is equivalent and easier to study. Typically, when
one is dealing with a nonhyperbolic situation, the full consideration of nonlinear
terms in the system is required. So, for each degeneracy in the linear part, it is
very relevant to determine the nonlinear terms that can be removed by means of
successive changes of variables, in order to obtain the simplest equivalent system
which gives account of the original dynamics.

For the most frequent bifurcation cases, normal forms have been obtained (see
8], [10]). Here, following a line of previous works (see [7] and references therein) we
will give a computational approach to build normal forms corresponding to a triple
zero eigenvalue in the linear part. This situation was already considered in [10] but
our approach seems to be more interesting from the point of view of applications: we
give explicit expressions for the coefficients of the normal form and the changes of
variables can be easily computed. Another important feature is that the algorithms
used are very efficient when implemented in standard computer algebra systems.
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2 Normal Forms and Lie Transforms

Let us consider a dynamical system in R? with an equilibrium point at the origin,
whose linearization matrix has a triple zero eigenvalue with geometric multiplicity
one. We will assume that the linearization matrix is put in Jordan form:

010
A=|o00 1]. (1)
00 0

The basis of our approach is to make the changes of variables in successive steps,
without affecting in some sense previous steps. More explicitely, let us denote H;
the linear space of tridimensional vector homogeneous polynomials in three variables
of degree j. Suppose that we perform the near-identity transformation

T =27+ ¢op(T), o € Hi, k>2,

in the system
$:A$+ZFJ($), FJEHJ (2)
i>2
It is not difficult to show that the transformed system can be written as I= A%+
> j>2 Fj(2) where F; € ‘H;, and the following relations hold:

o F;=F;for j=23,...,k—1and
o F,=F), — Lios.

Here, Ly : Hry — Hy is the linear operator defined by Liydx(x) = Doy(x)Az —
A¢y(x). This operator is called the homological operator.

If Fi belongs to Rg, the range of Ly, the terms of degree k can be eliminated
with an appropiate choice of ¢;. Otherwise, one can split Hy = Ry @ Cy, (where Cg
denotes a complementary subspace for Ry, to be later selected explicitely) and write

F, = F + F¢ with F| € Ry, F¢ € Cy.

It is easy to see that there exists ¢ such that Ly¢r = F}. Then, we can obtain
F,.=F © € Cg. Thus, it is clear that the choice of C; will determine the structure of
normal forms to be achieved.

Another key observation is that the above procedure can be accomplished in a
recursive way by means of an algorithmic scheme described in detail elsewhere (see
9], [1]). Here, we only present a slight adaptation which is more convenient for
our purpose. For that, let us introduce a Lie bracket operation defined as [U, V] =
DU -V — DV - U for arbitrary tridimensional functions U, V. Let consider the
succession of functions defined by

Wip = 11F;,

k—2
k—1 .
W = KB+ 3 (C7) G- - R, k22
=0

k—I

k—1

Wii = Wi+ ( j )[vk_j_l,l_l,Uj], 2 <1<k,
=0
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where Uy_1 € Hpq is selected such that
L1 (Up-1) = Wy, (the projection of Wy, onto Ry), (3)

and Vk,l = Wk,l — ng,lw for [ = 1,...,k. Notice that Wk,l € Hi+1 for all I. The
normal form for the system (2) can be obtained from the elements W, x:
1 1

Frp = HHk+1 (Whi) = o

where Il denotes the projection operator onto Cr. ;. This treatment is very ad-
vantageous because the succession {Wj;} can be organized in a Lie triangle, easy
to implement in a symbolic language

(&
Wi ks

Wia — Uy
W2,1 W2,2 — U
Wsi | Waa | Was — Uy
Wi | Wea | Wi |-+ | Wik — Up—1

The elements in the row k& have degree k£ + 1 and Uj_1, ﬁ’;ﬁq are obtained from the
diagonal element Wy .

The above procedure is valid for any linearization matrix A. In next section, we
will take advantage of specific structure of linear part A given in (1). It should also
be noticed that the normal form will not necessarily be unique. On the one hand,
we have some freedom in the choice of C. Furthermore, if dim KerL;,; > 0, we can
also introduce some parameters, describing the general solution of equations (3). As
we will show below, selecting adequately these parameters, we are able to annihilate
upper degree terms in the normal form.

3 Computing Normal Forms

For the effective calculation of normal forms, let us consider the system (2) written
as

T T f(xayaz> Z fk(xayaz>
g |=Aly |+]| 9@y2) | =Aly |+D | %lzy,2) |. (4)
z z Mz, y, 2) z ) k=2 h(w,y,2)

Our first task is to define explicitely the spaces C; and to perform the compu-
tations indicated in the previous section, which includes the resolution of the linear
equations (3), for each & > 2. For that, it is very efficient to use a linear space
setting, defining canonical bases for Hj and obtaining the corresponding matrix
representation of operator L;. With these ideas, and selecting reverse lexicographic
order for elements in the bases, a computer algebra code has been written in RE-
DUCE 3.2. We will now discuss some specific aspects for our case (for more details,
see [6]).
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Let us introduce, to choose Cj, for this case, the integers m = EJ and m' = V“%J,
where |-] denotes the floor function. The orthogonal complementary subspace to
Ry (with respect to a suitable inner product, see [2]) is the subspace of dimension

f’(k—;llJ given by

T
Kerl; = spanqp(j)| v |,0<5<m; (5)
z
0 0
pU) | = |,0<5<m’; p(G)| 0 |,0<i<my,
Y a

where L} is the homological operator corresponding to the matrix A* and p(j) =
2F=2-1(y2 — 222)7. A simpler complementary subspace to Rx can be obtained b

Yy p p Yy p k Y
means of a slight modification in the previous basis, writing

T 0
KerL; = spanqp(j)| v |[,0<5<ms p(j)| = |,0<5<m) (6)
z y
0 0 T
pO)| 0 |5 p(G)| O [+2p(G -1 | vy |, 1<j<m
X e z

0
Cr. = span 0 0<ji<m
ki1 it
0 0
0 ,0< 5 <mf; 0 0<j<m,, (7)
xk—2j—1y2j+1 JUk—2jy2j

by using the orthogonality between the elements of the bases (6) and (7) (see [3]).
Thus, the normal form we will compute has the following structure:

= Y
= % (8>
5 = Z {Z (ag»k):lfk_j_lzj—'—l 1 bﬁ»k)xk_2j_1y2j+l) i Z cﬁ»k)xk_ij%} .
k>2 | j=0 =0

In the computation of the above coefficients, we can take into account the possi-
bility of solving equations (3) including an arbitrary element of KerLy, which turns
out to be

z
KerLy =span{q(j) | v |. aG) | = |:0<j<m's qG)| 0 |:0<j<my,
z 0 0

8
<
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where ¢(j) = 2*"271(y? — 2z2)?. Doing so, and denoting )\gj)j the free coordinates in

KerL, the REDUCE code gives us the following general expressions for the normal
form coefficients up to third degree:

0l = fow+ Guy + hass

b = Guw + hay,

c((f) = hua/2,

C(12) = (me + 20y + hyy)/Qa

a(og) = (—16)\(23/%1; + 8)\(2?%]%@, —A4fhee — fyyGoe — 2f22920 + 4fayGay + 4 fayhe:
—2feaGyy — 4fealyz — 4922 hee — 29y Gox + 204y 9oy + 29yy ez — 3Guahz-
+4 frze + 4Geay + 4hsz) /8,

o = (8AY) fur + AN gy + 16A gy — 2408 s — 240 frw — 2408 g0, — 8XE) R,
_8)\(2?%]%% + 8fyzfow + 8 yzGuy + 4fy2lyy + 2fyy foy + 3Ly 9yy — 2[4y Gaz
+2fyyhyz - 4fm2fmy - 4fngyy + 4fmygyz + Qfmyhzz +4fr202. + 4gzzgmy
+49z2hyy — 4G22has + 49y2Gyy + 89yzhyz + 3gyyhee — 292202z + Ghazhys
—4 foyy + 8fraz — 49yyy + 8Guy> — 4hyy. + 8ha2) /16,

b(og) = (4fyyhm + 12 foy Guw + 4fyhay — 12f00Gey — 4feahyy — 8frahe: — 12gy: Nas
+39yy Gux + 69yy ey — 69229ee — 8Guyhez — 6Guahy. — 8hzzhyy — 8y, hyy,
+49320 + 4haay) /8,

B = (=80 gne — 8 L iy + 8D + 40A) g + 40N iy — Af e — 162 G
=8 fyzhay + 6 fyy fow + 6 fyyGoy — 4fyyhaz — 12 fez for — 4fe292y — 2fayGyy
~AfryGrz + Afuyhyz — 4faxGyz — 2faahzz — 4G22 Gox — 12922 Nay — 200y Gy
—12g,-hyy + 169y hez + goy + 20y ez — 29y hyz — 8Guzhyz — Ogayhz — 1202 Ry,
+8hs2 e + AGuyy — 8z + 4hyyy — 8hay.) /24,

e = (6fayhas — 6fuahoy + 39yyhas — 69nshaz — 6hyzhag + 2hass) /12,

& = (F16A s + 280 s — 12f P+ fyyGae + 2fyhoy — 6 fzGue + AfayGay
—Afr29ze — Afwaby: — 8Gz2hua — 69y:Gaw — 8Gyzhay + 49yy Guy + 2Gyy Iy
~4G22Gry — 49uyhy: — 3geahzz — 6hzzhay — 2hy Ry 4 4 fore + 4Guay + 2hayy) /4.

We remark that the interest of the above approach is to be able of generating the
expressions for specific systems, without having to substitute values in the previous
formulas.
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4  From Normal to Hypernormal Forms

From the above expressions, we see that, under certain hypothesis, one can choose
adequately the parameters \’s, in order to annihilate some normal form coefficients
of order greater than three. Then, we can obtain reduced normal forms, called
hypernormal forms, see [11].

Before studying this possibility, we will show that something similar can be
achieved for the second degree terms. The key idea is to perform linear changes
depending on parameters, namely:

T

y |, veR, (9)
ya

= eB’y

NI

where B is a matrix belonging to Z4, the centralizer of A, i.e., AB = BA. Using
that eP7A = AeP, it is easily obtained that the transformed system has the same
linear part.

In our case, we have

001
Zy=spanc [LA,C=1]1 0 0 0 )
000

and then, we can write B = ol + A+ 0C. Our goal is to perform the linear change
(9), later put the resulting system in normal form and finally, select the parameters
a, (3, 0 and v in order to annihilate some terms in the normal form. It can be shown
(see [6]) that the parameters o, 5 and ~ are not essential, i. e., they do not provide
any simplification. So, we will take « = # = 0, v = 1, and then B = §C. The
change is

T T 1 0 =6 T
y |=e®l 7 |=]101 0 ] (10)
2 z 00 1 z

Applying to the transformed system the results of Section 2, we obtain the following
expressions for the second order normal form coefficients:

a(02) = fa:a: + hmz + Gzy, b(02) = hmy + Gz
0(02) = hus/2, 0(12) = 0Ny + fow + yy/2 + Gay-
Then, if h,, # 0, we can achieve 0(12) = 0 by selecting § adequately. Moreover, we

can obtain further simplifications in higher order terms by means of the constants
A's:

Theorem 4.1 Let us consider the system (4), and assume that hy, # 0. Then, a
hypernormal form up to third order is

=Y
et Z,

3 = a1xz+ axy + asx® + bixz? + boxy + by
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Proof:
Denote by
fk(xa Y, Z)
Fk(x7y72> = gk(x7y72> )
hk(xa Y, Z)

the k—degree terms of the system (4), and suppose that the second-order terms are
already put in hypernormal form, i. e.,

0
F, = 0
axz + asry + asr?

The triangular scheme in this cases becomes

i)
2F; + [Fy, Ug] | 2Fs + 2[F, Ug] |

where Up satisfies LUy = Iy (F2) = 0 (and therefore Fy=Fc Cy). Selecting Uy
adequately, we can obtain the expression for F3 from the last diagonal element:

.1
Fy = 105 (2F; + 2[Fy, Up] — LsUh) = F5 + s ([Fy, Uo))

To study how F¥ may be simplified, let us define the linear operator M : KerLy —
Cs by M(U) = 113 ([¢$, U]). The matrix representation of M, considering the basis
of L22

z Y z 1
n=z|y |,mm=z2| 2 |,us=2[ 0 |,0a="—222)| 0 ,
z 0 0 0
is given by
U1 Vg V3 U4
22z | —das| 0 | 0] 2as
z2? |2 0o ==&
%y 0 0[0] O
3 0 010 0
:cy2 —8asz | 0 | 0 | 14as x4

Under the hypothesis az # 0 (or equivalently h,, # 0), this matrix has rank 3, and
a complementary subspace to the range of M is given by

0 0 0
span 0 , 0 | O
22 22y 3

Therefore, these are just the terms that appear in the third-order hypernormal form
of the statement of the theorem. [
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Similar ideas can be used to obtain different hypernormal forms under adequate
hypothesis:

Theorem 4.2 [f h,, # 0, a fifth-order hypernormal form for the system (4) is

= Y
—= Z,

2 = a2+ agxy + asx? + biwz? + bexy + by 4 1232 4 coxt + 32y,
where ¢; = 0 or c3 = 0.
Finally, for systems with Zs,—symmetry we have obtained the following result:

Theorem 4.3 If the system (4) has Zo—symmetry, and hy.. # 0 (or equivalently
0(03) #0), a hypernormal form up to fifth order is given by

= ¥
= Z,
3 = btz + boxz® + sy + buy® 4 bsa® + 12?2 + coxty + 32’ + cuxdyt
5 Application to an Autonomous Electronic Osc illator

In this last section, we consider the system

ry = —(ﬁ—i—z/):c—l—ﬁy—Agx?’—i—Bg(y—x)g—A5x5+B5(y—x)5,
y = Pr—(B+7)y—2-Csy’ — Bs(y— )’ — Cs5y° — Bs(y —x)°, (11)
z =y,

governing the behaviour of an autonomous electronic circuit widely analysed (see
[4], [5] and references therein, where pitchfork, Hopf, Takens-Bogdanov and Hopf-
pitchfork bifurcations of the equilibrium at the origin have been studied). The
linear degeneracy of the origin corresponding to a triple zero eigenvalue occurs at
the critical values —v. = 3. = —7. = /r and —v. = . = —7y. = —/r (see figure
1). Here we focus our attention on the first case. We begin making a linear change
of variables

T x 1 0 0 z
gy =Py |= _? v 0 y |,
)TN T ees ety 2\

bringing the linear part of system (11) to the form

0 1 0O
o0 1|,
€1 €2 &3
where
B+ r+ v+ By + vy rB+ry+ 84y
g1 = — , &2 = — , &3 = — .

r r r
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Figure 1: Partial bifurcation set of system 11 in the rv—(3—y parameter space
where several bifurcations of codimension 1 (PI, pitchfork), 2 (TB;, TB,y, Takens—
Bogdanov; HZ, Hopf-zero) and 3 (TZ, TZ,, triple-zero) appear.

These expressions allow to verify the transversality condition:

O(e1,€9,63) 2
W—T—%#O at v=uv,0=07=",
i. e., the change of parameters v, 3,7 < €1, €9, €3 is invertible.

Next, we compute the hypernormal form up to third order for the system (11) for
the critical values of the parameters. To this end, two linear changes of variables are
in order: the first one taking the linear part into the Jordan form, and the second
one of the form indicated in (10). Globally, we make the linear change

x T 1 0 ) T
y |=Pl g = 0 vr 0 7|
z Z Vo 0 /r(0—1) Z

obtaining a system of the form (4). The expressions for the third-order normal form
coefficients are

(3) ’I“Bg +A3+Bg (3) ’1“2Bg+'1"203 — 2’1“533 +’I"Bg — 25143 — 2533
ao — _3 5 al — 3 5
r 2r
b(g) . 633 b(g) . 233(’]“ — 25)
0o - ) 1 = )
NG NG
C(g) - A3z + B3 C(g) B 3—3')“33 + 20A3 +20B3 — 2A3 — 2B3
0o — ’ 1 — :
r r

We will take § = 7 in order to annihilate the coefficient b(lg) (note that other elec-

tions of § permit to annihilate a(lg) or 0(13) under adequate hypothesis for A3, B3). The
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0.400 ‘ ‘ ‘ ‘
-0.800 -0.700 -0.600

Figure 2: Partial bifurcation set in the v—3 plane for y = —0.6, r = 0.6, A3 = 0.3286,
Bs = 0.9336, (s = As; = B; = (5 = 0. Four codimension 2 bifurcation points
(TB, Takens-Bogdanov; HZ, Hopf-zero; DH, degenerate Hopf bifurcation of the
origin; PSN, pitchfork-saddle-node of periodic orbits) and several codimension 1
bifurcation curves (PI, pitchfork of equilibria; H, Hopf of the origin; h, Hopf of the
nontrivial equilibria; Hom, homoclinic orbit; SN and sn, saddle-node bifurcations of
periodic orbits; HH, torus bifurcation; PPO, pitchfork of periodic orbits) are drawn.
The point d on Hom marks the beginning of the Sil'nikov region.
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fiftth-order hypernormal form of Theorem 4.3 has been computed, but the lengthy
expressions for the coefficients prevent us to show them here.

The bifurcation analysis of this hypernormal form constitutes the starting point
in the numerical study carried out. The linear degeneracies of the origin arising in
this system are of codimension one (pitchfork and Hopf bifurcations), two (Takens—
Bogdanov and Hopf-pitchfork) and three (triple—zero).

We have investigated numerically the bifurcation set in the v—( plane for a value
of v = —0.6, relatively close to the triple-zero point (see figure 2). We have obtained
a nondegenerate Takens—Bogdanov bifurcation TB (where a pitchfork bifurcation
curve of equilibria PI intersects with a subcritical Hopf bifurcation of the origin,
labelled H). From TB, three codimension 1 bifurcation curves appear: a curve h
of supercritical Hopf bifurcation of nontrivial equilibria, a curve Hom of homoclinic
connections and a curve sn of saddle-node bifurcation of periodic orbits. The homo-
clinic curve Hom enters quickly into the Sil'nikov region —this occurs at point d—
giving rise to the appearance of complex periodic and aperiodic behaviour. Finally,
it will disappear in a T-point spiralling around it (we haven’t drawn this spiral for
the sake of clarity because the T-point is very close to TB). There is another codi-
mension 2 organizing centre: HZ, corresponding to a Hopf-pitchfork bifurcation.
From such a point, several codimension 1 curves emerge: the curve h (which joins
TB and HZ), a curve PPO of pitchfork bifurcation of periodic orbits and a curve HH
of torus bifurcation. There is also a degenerate Hopf bifurcation point DH (below
it, H is supercritical), and a saddle-node bifurcation of periodic orbits SN appears.
This bifurcation curve coalesces with PPO at PSN (a double-one codimension 2
bifurcation point). This point will be the end of the torus bifurcation curve HH
cited above.

The richness of this bifurcation set shows the complex situations that may arise
in the vicinity of the triple—zero degeneracy point. Numerical simulation works have
taken advantage of the analytical results provided by the study of its normal form.
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