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Abstract The 3-D quadratic diffeomorphism is defined
as a map with a constant Jacobian. A few such examples
are well known. In this paper, all possible forms of the
3-D quadratic diffeomorphisms are determined. Some
numerical results are also given and discussed.
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1 Introduction

The most general 3-D quadratic map is given by

f(z,y,2)
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bo +b1x+boy+bsz+bax? +bsy? +bsz2+brry+bgrz+boyz
co+clx+02y+03z+04x2+C5y2+06z2+C7:ty+csxz+09yz

1)
where (a;, b;, Ci)0<i<9 € R3 are the bifurcation param-
eters. Polynomial maps of the form (1) are part of the
models of storage ring elements in the “thin lens” ap-

(ao +a1z+azy+azz+asr®tasy>+ag 22+a7wy+aswz+a9y2)

proximation [21]. In this case the one-turn map is diffi-
cult to evaluate with both speed and accuracy, because
a modern storage ring consists of 103 to 10* elements.
The occurrence of hyperchaotic and wild-hyperbolic at-
tractors in some 3-D quadratic maps of the form (1)
[3, 5, 7-11] makes them useful in potential applications
[4, 6]. If the map (1) has constant Jacobian, then it
is a 3-D quadratic diffeomorphism. Some possible gen-
eralizations of the 2-D Hénon map were introduced in
[7-11]. Note that the attractors obtained from these se-
lected generalizations are very similar to the Lorenz and
Shimizu-Morioka attractors [1, 2]. Some forms of 3-D
quadratic diffeomorphisms are important because they
have some relation to Lorenz attractors [1-3, 7], to the
study of unfolding 2-D maps to maps of higher dimen-
sion, and to the study of homoclinic phenomena in dy-
namical systems [8, 9], among others.

However, some forms of the 3-D quadratic diffeomor-
phisms are well known [3-5, 7-11], especially those with
a quadratic inverse, where it was shown in Ref. [8] that
any 3-D quadratic diffeomorphism with a quadratic in-
verse and constant Jacobian can be written in a normal
form. However, this result does not give any informa-
tion about the shapes of this type of map. Therefore,
in this paper we investigate all the possible forms of the
3-D quadratic diffeomorphisms, especially, those without
quadratic inverse, i.e., with an inverse of higher degree.
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The method of analysis is the rigorous computation of
the Jacobian of the map (1), and hence we determine suf-
ficient conditions for the 3-D quadratic diffeomorphisms
in the sense that their Jacobian is a constant and con-
tains at least one quadratic nonlinearity. Some of the

simplest possible cases are presented here and discussed.
|
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2 Sufficient conditions for the 3-D quadratic
diffeomorphisms

In this section, we will find sufficient conditions for the
3-D quadratic diffeomorphisms. Indeed, the Jacobian

matrix of the map (1) is given by

a1 + 2a4x + ary + agz  as + 2as5y + arx + a9z  as + agx + 2a6z + agy

J(z,y) = b1 + 2byx + b7y + bsgz

c1 + 2c4x + cry + cgz

The determinant of the Jacobian matrix (2) of the map
(1) is given by

det J (x,y,2) =¢1 + &1 (z,y,2) + P2 (x,y, 2)
+P3(2,y,2) (3)
where
Py (2,y,2) =617 + oy + &32 + Sawy + §502

+&eyz + Erayz + g
Eoy® + &102” + En12® + &1oy®
+&1323 + (€14 + E18) ya?

¢2 (xvya Z) =

B3 (z,y, 2) =&sy2x + (&16 + E19) 22° + E172%2
+&202y° + €127y
and
b1 =100, &L =1Zivi, & =12
fa=1210, &= -2, &= 1200
§r = =225, & =130, &= —12h
E10 = 12300, &1 = —20s8,  E12 = 239 (5)
&13 = =240, E1a = —dPa1, &5 = 2iT530;
b16 = dthaa, €17 = —22000, 18 = —24uz
£10 = 2tus, Ea0 = —20=500s, o1 = 2=y
where

Y1 =a1bacg — arbsca — azbics + azc1bz + by
—azco — agbacy

19 = 2asbzcy — 2asbscs — 2azbacy + 2a3c0by
+2bsaygcs — 2a4b3co

3 =a1bacg —a1bscr —arcabg+aic3br —asbicy
+agc1bs + biaszcr

g =brcaag —bicgar —ascrbr —bacrag+cibzar

5 =2a1c3bs — 2a1bscs + 2biaszes — 2bjascs
—2asc1bs + 2c1b3as

e = a1bacog —aicabg —asbico+ascibg+aszbzcr

—ascsby + bicaag

by + 2bsy + brx + byz
Cco + 2¢c5y + crx + coz

b3 + bgx + 2bgz + boy
c3 + cgx + 2c62 + coy

|
Y7 = —agbacr+azcaby —bacrag+baczar —bzcaar

g =2a1c2bg — 2a1bacg + 2a2b1c6 — 2a5¢1bg
—2bicoag + 2baciag

g =a1bzcg—ai1c3bg—asbzcg+asc3bs —brascy
+biczag

P10 =azc1bg—azcabs —baczag —crbzag +bscaag +azbacs

P11 =4azbscs — daszbscy — 4asbscs + 4aycsbs
+4bsascy — 4asbycs

P12 =2a1bscg — 2a1c5b8 — 2b1ascs + 2bicsas
+2c1a5bg — 2¢1bsag

13 = —2azbscy + 2a2c4bg + 2baasce — 2bacyag
—2a4c2b9 + 2¢obsag

Y14 =a1brcg — ai1crbg — asbrcg + asbger — biarcy
+brager + baarcs

15 = —baagcr+cira7bg —c1brag — coarbs +coagby

P16 =4agbsce — 4ascabs — 4baayce + 4baagcy
+4agcobg — 4eabyag

P17 =2a1bgcr — 2a1brcg — 2bragcr + 2biarcg
+2c1agb7 — 2ci1a7bg

P18 = —2agbsco + 2a3cabg + 2a4b3co — 2a4¢3bg
+2byczag — 2bscaag

P19 =a1bgcg — a1bgcg — brageg + brages + azbres
—asbgcr

a0 = c1asbg — cragbs — bsazcs + bsagcer + czarbs

—c3agby

o1 =4arbgcs — 4darbscg + 4brascg — 4brages
—4cqasbg

oo =4cragbs — 2a0bger + 2a2brc + 2bsagcr
—2bsarcg

o3 = —2cea6b7 + 2a5c3bg — baagcy + csbrag

g =2coa7bg + 2a3bscs — 2azcsbg — 2bszascy
+2bzcsas
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thas = —2c3bsag + asbgcyg — azbgcg — azbrey
+azcrbg

hag =baagcs + bzarcg — bgager + coagby — caagby
—c3arby

Yo7 =4daysbgcs — dagbscg + dasbycg — dascybg
—4bsagcs + dagbscy

ag = arbgcog — arbgcs — agbrcg + agerby + brages
—agbgcy

thag = 2a9¢4bg — 2a2bycs + 2asbscy — 2azcaby
+2bsagcg — 2bocyag

P30 = —2a4bscr — 2a4c2bg + 2a4c3b7 + 2bscqar
4-2¢9bsag — 2bscsar (8)

P31 =a1brcg — arbger — biarcg + brager + ciarbs
—craghy

P39 =2a1¢5b9 — 2a1b5c9 +2b1a5c9 — 2b1c5a9 +2a3b5C7

V33 =—2ascsbr — 2c1a5bg + 2c1bsag — 2bzaser
+2bsarcs + 2ascs3by

34 = —2c3bsar + asbrcg — azcrbg — baarcy
+boager + caarby — cabrag

P35 =2a1cebg — 2a1bgcg + 2asbgcs — 2a2c6bs
+2brageg — 2bicgag (9)

P36 = —2bsagcs + 2baagcs — 2c1a6bg + 2c1bgag
+2coagbgs — 2¢abgasg

37 =aszbgco — azbgcg — bzagcy + bzagesg + c3agbg
—c3agbs

38 = asbgcr — agbres + byarcg — byager — caarby
+cqagbr

Y39 =ascrbg — asbrco + bsazco — bsager — azcsbg
+csbrag

a0 = agbgcg — agbgcg + beagcyg — bgagcg — agcgby
+cgagbs

P41 = ascsbg — asbscs + asbicg — ascabs — bacsag
+bscqas

P40 =2a4bsco — 2a4c5b9 — 2asbscy + 2asc4bg
+2bycsag — 2bscqaag

Y43 = —asbrcs + asbscr + bsarcg — bsager
—arcsbg + csaghy

Yaq = asbrce — asbgcr + baager — byarce — ageabr
+caarbe

Pa5 =2a4bgco — 2a4c6bg — 2bgagcy + 2bycgag
+2agcqbg — 2¢c4bsag

a6 = agbrcg — agbgcy — arbges + arcebs + bgagcey
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—agb706 (10)
Ya7 = aac7bg — agbrcg + byarcy — baager — caarbg
+eabrag

48 = asbgcg — agbgcy + biagcg — byages — caagby
“+caagbsg

a9 =2asbrce — 2asbgcr + 2aebscr — 2acs5br
—2bsarceg + 2a7bges

Y50 =asbgco — asbgcs — bsagco + bsages + csagbg
—csagbg

P51 =2asbgcs — 2asc6bs — 2aebscs + 2apcsbs
+2bsagce — 2bgesag

Y52 =agbrcg —agcrbg —arbgco+arceby +bgager —bresag

Hence the map (1) is a 3-D quadratic diffeomorphism

if and only if

Y1 #0

21 (r,y,2) = 0 o
Dy (x,y,2) =0

P3(2,y,2) =0

for all (z,y,z) € R3. This is possible if & = 0,i =
1,---,21, ie.,

wj (aivbiaci)lgigg = 07 .7 = 2)752 (12)

Because det J (z,y,2) is a polynomial function, the
only possible case for a non-vanishing constant determi-
nant is when (11) and (12) hold. We define the following
subsets of R?7 :

= {(az‘, bi; €i)1<ico ER* 1 91 ((ai’ bi ci)l@‘@) 7&0}

2= {(% biy ¢i)1<ico ERZT 195 ((ai’ bi ci)l@‘@) :0}

j=2,--,52
(13)
Thus if there are vectors (ai,bi,Cih@@ € R?7 such
j=52
that (a;,b;, Ci)1<i§9 # (0,0,---,0), ie., Qj #+ O,

then det J (z,y, z) is a non-zero constant for all (x,y, z) €
R3. However, the system of equations (13) can be rewrit-
ten as

(1 ((aivbiaci)lgigg) #0

AC =0 -

where A = A ((ai,bi,ci)lgigg) is a 51 x 9 matrix,
C = (¢j)1¢jco 18 @ 9 x 1 vector of unknowns, and O is
the null vector of R?!. The classical method of Fontené-

Rouché can be used to solve this system of equations by
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introducing the so-called principal determinant. How-
ever, this is very hard to do theoretically since it is dif-
ficult to determine the set of principal unknowns.

Thus, we have proved the following theorems:

Theorem 1 The map (1) is a 3-D quadratic diffeo-

j=52

morphism if and only if 2 = Jﬂ 2; # 2.

Theorem 2 The set 2 = () {2; contains at least

=1

one 3-D quadratic diﬁeomorphisjm.

Proof The well known generalized Hénon map given
in Ref. [5] satisfies all the above conditions. W

Note that the existence of an inverse is guaranteed by
the so called real Jacobian conjecture introduced by O.T.
Keller in 1939 [13, 14], and also the upper bound for the
degree of the inverse of a quadratic map on R™ is known
to be 2”1 [14], in our case the upper bound is 4. On
the other hand, it was shown in Ref. [8] that any 3-D
quadratic diffeomorphism with a quadratic inverse and
constant Jacobian can be written in the following form:

g(x,y,2)
y
== z

d()—|—d1$+d2y+d32—|—d5y2+d522+d9y2

(15)

where d; are the bifurcation parameters.

Therefore, we classify all the 3-D quadratic diffeomor-
phisms into two classes: those with a quadratic inverse,
and those with no quadratic inverse, where we deter-
mine exactly all the possible forms of these two families.
Indeed, as a test of the previous analysis, and for the
sake of simplicity and without loss of generality, we can
assume that

ao#O,alzagzo
bo=b1=0b2=0

16
Cop = Cg = C3 = 0 ( )
C1 7é 07a2 7é 07b3 7é 0

Then one has the following conditions:
a5=0, CL7:0, a9:0, bGZO, ngO
—c1b
ngO, 6420, C7 = 619, cg =0
b3

a4b9 = O, a4qCr = O, ayCog = 0, a4b766 =0
agb5=O, ClgC5:07 a8b7:O, ClgCgZO, agbg:O
a6b7 = O, a6b9 = O, a6b409 =0 (17)
C6b8 = O, 66b4 =0
cragbs + asbrcg =0, bgcg =0

asbsce + baages = 0
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Clbg + bsbrcg =0

Therefore, one of the possible forms of the 3-D
quadratic diffeomorphisms is given by

ap + a2y + a4a:2 + a6z2 —+ agxrz
b3z +byx? +bsy® +brry+boyz

c1b
ax+ csy® — %xy + coyz
3

f(z,y,2)= (18)

with the conditions (16) and (17). More analysis on the
conditions (17) show the existence of more than 71 cases.
Some of them are listed below, especially those with one
and two nonlinearities. On the other hand, we say that
the maps f and g given respectively by (15) and (18) are
affinely conjugate if there exists an affine transformation
h such that

goh(x7yﬂz):hof(x7yﬂz)7 fora'll (x7yﬂz)€R3
(19)

As a result if the map (18) is affinely conjugate to
the map (15), then the map (18) has quadratic inverse.
We use this remark to characterize the 3-D quadratic
diffeomorphisms without quadratic inverse. Indeed, the
transformation h is defined by

hir hiz his x 51
h(z,y)=| ho1 haa hos y [+ s2 | (20)
hs1 hza  hss z s3
with the condition of invertibility given by
d= (haahsz — hashsz) hi1+(hsihos — haihss) hi2
+ (ha1hsz2 — haghsi) hiz # 0 (21)
Such affine transformation h exists if and only if
=30
E=()E#@ (22)
i=0
where
Eq : d = —3ascibshi1hishis + a3bsh3y + c1b3h3y
+ascthiz # 0
Ey 1 s1 =53 —aph11 — apcihas
Es :s9 =535 —apcihis
FE3 :agh11 =0
E4:agh11 =0
Es : aghiz =0 (23)
FEg :agh13 =10

E7 : hoo = aghyy
Eg : hoy = c1hys



Egl

Es3

E24 .

Ess

Esg

Eog
Esg

E30 :

where

G =
=

G=
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has = bshi2

: h3g = crazhi3

: hgr = c1bghio

: h3z = bzazh11

tbohi2 + coh13 =0

taghi1 + bghia =0

:bshia + cshiz =0

byhiy — Z—lbghlg =0
3

:azbghiy + bzcohiz =0
:asbshi1 + bzcshia =0
. a2b7h11 — Clbghlg =0

:agbshi1 + c1aghi3 =0

G +Ge=0
boh11 — brhis + bsdohi1hi2 + 2dshi1has
+ 2¢1b3dghizhis + c1doh?y =0
: —c1aghia + azbsdohi1hia + a3bsdsh?,
+ bsdshi, =0
—agbshis — asbshys + c1bsdohiahis
+ c1b3dsh3y + c1dsh?y = 0
: —bscshir — c1bshis + agcidohaihag
+ asdsh?, + aacidghis =0
13+ =0
: 2dshiahiz — aghaa + agdohiihus
+ 2asbsdghi1hia + bsdgh?y = 0
G+ G=0
1+ =0
Go+Co=0

—bscohi11 — c1bghiz + 2bsdshihiz
2azc1bzdghiihis + c1bsdghiahas
+asbydeh?,

do + (di +do +d3 — 1)s3 — agcibzhio
—apdih11 — c1ao(2ds + dg)h13s3

Co=—crao(dy + da)hus + (ds + dg + do)s3

G=

G =

+apeidshis

dihi1 + c1dahiz — azcibghin + c1bzdshi
+c1(2ds + dg)hi3ss

bsc1(2ds + dg)hi2s3 — agcibsdohiahas

2 2
—2(Locld5h13

(24)

(7 = —apazcidohis + (azc1ds — 2apazcidshiy
+53(2a2¢1dg 4+ azc1dy))his

(s =dihia + asdohii — ascibshio
+53(2a2dsh11 + asdghyy)

(26)
Co = agbadshi1 + bzdahia + (di — azc1bs)his
+b3(2d5 + dg)hi2s3
Cro=bsa2(2dg + dg)h1153 — 2apc1bsdshi2hiz
—aopazcibsdohiihis
Thus the transformation h takes the form:
hi1 hi2 his x
h(z,y) = c1hiz azhii bshia
cibshiz  ciazhiz  bzazhiy
s3 — aphi1 — apc1hys
+ 83 —agcihis
» (27)
=30 _
We remark that If ((ai,bi,ci)ogigg) ceE= U E
i=0

where E is the compliment of E, then maps (15) and
(18) are not affinely conjugate. For example if ag # 0 or
ag # 0, i.e. (ai,bi,ci)ogigg) € E; U E, then one has
that h1; = 0 and hyz = 0, then if by # 0 or b5 # 0 or
by #£ 0, or bg #£ 0, or ¢5 # 0 or ¢g # 0, then his = 0, then
the transformation A is not invertible. Thus, a char-
acterization of 3-D quadratic diffeomorphisms without
quadratic inverse is given in the following Theorem:

i=30
Theorem 3 If ((aiabivci)ogigg) €

P _
then the map (18) has no quadratic inverse.
On the other hand, and regarding the conditions (17),
it is important to note that the 3-D quadratic diffeo-
morphism can be written with several nonlinearities, for
example all maps with one nonlinearity are given by

ap + agy + a4x2

f(z,y,2) = b3z (28)

C1x

ap + agy + a622

fz,y,2) =

bgz

1T

ap + agy + agrz

f(x,y,z) = b3Z (30)

cC1x



116

f(x,y,z) =

f(z,y,2) =

fz,y,2) =

fz,y,2) =

f(x,y,z) =

f(x,y,z) =
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ao + azy
b3z + b4$2

Cc1x

ao + azy
b3z + b5y2

1T

aop + a2y
b3z + brxy
a1z
aop + a2y
b3z

1z + csy?

aop + a2y
bgz

c1r + cg2?

aop + a2y
bgz

C1T + Ccoyz

(32)

(36)

After some tedious calculations, we have proved the
following theorem:
Theorem 4 Any 3-D quadratic diffeomorphism of
the family (18) with one nonlinearity has a quadratic in-

verse.

Therefore, the dynamics of all the cases from (28) to
(36) are conjugate to the dynamics of the map (15). On
the other hand, all the 3-D quadratic diffeomorphisms

with two nonlinearities are given by

fz,y,2) =

f(x,y,z) =

fz,y,2) =

fz,y,2) =

ap + agy + a4x2 + a622

bgz

1T

ap + asy + a4a:2 + agxrz

bgz

C1x

ap + agy + a4x2
b3z + b4$2

C1x

ap + agy + a4x2

b3z + b5y2

1T

(37)

(39)

(40)

f(x,y,z) =

f(x,y,z) =

fz,y,2) =

fz,y,2) =

fz,y,2) =

fz,y,2) =

f(x,y,z) =

f(x,y,z) =

f(x,y,z) =

fz,y,2) =

fz,y,2) =

fz,y,2) =

China, 2009, 4(1)

ag + azy + asx®
bsz + bray

C1x

ag + azy + asx®
bgz

oz + csy?

ap + azy + asx®
bgz
2
c1x + cgz
ag + azy + asx®
bgz

C1T + CoyYz

ap + agy + a622 + agxz

b3z + byx?
1T

ap + agy + a622

b3z + b4$2
1T

ap + agy + a622

bgz
2
1T + c5Y

ap + asy + a522

bgz

c1x + 6622

ap + asy + a522
bgz

C1T + Coyz

ap + agy + asgrz
b3z + byx?

1T

ap + agy + agrz
bgz

c1r + 06z2

ao + azy
b3z + bax® + bsy?

1T

ao + azy
b3z + byx® + brzy

1T

(48)

(49)

(50)

(51)

(52)
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ao + azy
b3z + b4$2

a1z + csy?

f(x,y,z) =

ao + azy
bsz + bsy? + brxy

C1x

f(x,y,z) =

ao + azy
b3z + b5y2

a1z + csy?

fz,y,2) =

ao + azy
b3z + b5y2

c1r + 06z2

[y, 2) = (57)

ao + azy
b3z + b5y2

C1T + Coyz

fz,y,2) =

ag + azy

fxy,2) = bsz+bray (59)

o1z + csy?

g (u,t,s) =

—agb5 2a0bsu t

t
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ao + a2y
f(2,y,2) = bsz (60)
c1x + C5y2 + cﬁz2
ao + azy
f(2,y,2) = bsz (61)

T+ C5y2 + coyz

Some tedious calculations show that the maps (37) to
(39), (48), (52), (53), (55), (56), (60), and (61) belongs
to the map (15) (up to the affine conjugacy). Hence one
has the following theorem:

Theorem 5 The 3-D quadratic diffeomorphisms
given by (37) to (39), (48), (52), (53), (55), (56), (60),
and (61) are conjugate to the map (15).

While the remaining maps have no quadratic inverse
i=30
because the set E = (| E; = &, and hence the following
i=0
theorem is proved:

Theorem 6 The 3-D quadratic diffeomorphisms
given by (40) to (47) and by (49) to (51), (54), and (57)
to (59) have higher degree inverse.

For example the inverse of the map (40) is given by:

s
a
—ap u —a4s2
ag a_g QQC%
bsu?  2agasbss® 2a4bssiu a§b5s4
a2bs  a2c3bs a2c2bs  a2ctbs

(L%bg (L%bg b3
An example of a 3-D quadratic diffeomorphism with
three nonlinearities is given by:

ap + asy + a4x2 + a622 + agxz

f(x,y,z)z bBZ (63)

Cc1x

and it has a quadratic inverse and thus is conjugate to
the map (15). Also, an example of those with four non-
linearities is given by:

ap + a2y + a522

f(x,y,z) = b3Z (64)

c1x + C5y2 + cﬁz2 + coyz

and it has no quadratic inverse, and so on- - -.

Now we restrict our attention to all the possible cases
of the 3-D quadratic diffeomorphisms with one nonlin-
earity with their sufficient conditions, and for each map
we give several examples showing the structure of the pa-

|
rameter space for the particular map with selected val-

ues of the vectors (a;, b, ci)0<i<9 € R?°, where regions
of unbounded behavior are in white, fixed points in gray,
periodic orbits in blue, quasi-periodic orbits in green, and
chaotic orbits in red. In this case we use |LE| < 0.0001
as the criterion for quasi-periodic orbits with 10° itera-
tions for each point. The choice of one nonlinearity is
robust due to the simplicity of the resulting maps. The
case with several nonlinearities can be studied using the
same logic and the conditions (14). For the class of one
nonlinearity, we have 5 different cases:
The first case is given by

ap +a1x + a2y + azz + a4x2

bo + b1z + bay + b3z
Co + 1o + Ccoy + Cc32

f(z,y,2)=
(65)
bgcg — b263 =0

(a1 ((aivbiaci)lgiég) £0
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The simplest case of the map (65) is

1+ asz + aqz?
f(z,y,2) = T (66)
Y
2

ay

Fig. 1 Regions of dynamical behaviors in the asas-plane for the
map (66).

This is the well known hyperchaotic generalized Hénon
map studied in Ref. [5], and its chaotic attractor is very
similar to the famous 2-D Hénon map as shown in Fig.
5(a). A generalization of Eq. (66) is studied in Ref. [12]
where there are regions with multiple coexisting attrac-
tors. We plan to study this property for 3-D diffeomor-
phisms in a forthcoming paper. Another simple case of
the map (65) is given by

1+a1z—|—a2y—x2

f(z,y,2) = T (67)
Y
or equivalently
Y
f@,y,2) = z (68)

1+a1x+a2y—z2

and it is studied in Ref. [7] where the attractor in this
case is very similar to the Lorenz attractor with a lacuna
from the Shimizu-Morioka system [1, 2], and it is shown
in Fig. 5(b).

The second case is given by

ap + a1z + asy + azz + asy?
bo + b1z + bay + b3z

co + c1x + ey + c32

f(z,y,2)=
(69)
Clb3 — b163 =0

01 ((ai,bis i) i) #0

C. SPROTT, Front. Phys. China, 2009, 4(1)

The simplest case of the map (69) is given by

ag+ arx +aszz + a5y2
f(x,y,z) = x
Y

This case is also introduced in Ref. [7]. The map (70) is
the inverse of a special case of the map (68), and so its
attractors are repellers of map (68), and it was shown in
Ref. [7] that its attractors are quite different from the
attractors of map (68).

The other forms of simple 3-D quadratic diffeomor-
phisms are given by

(70)

ap + a1 + a2y + azz + a6z2
f(2,y,2) = bo + bix + bay + b3z
Co + 1T + Ccoy + C3z (71)
b201 - b102 =0
U1 ((ai,bi,cihgigg) #0
ap + a1 + a2y + azz + arxry
f(x,y,2) = bo + b1z + bay + b3z
Cco + 1T + Cc2y + €32
61b3 — b103 =0 (72)
bgcg — bQC3 =0
01 ((ai,bi, €)1 ci9) # 0
ap + a1 + a2y + azz + agyz
f(x,y,2) = bo + b1z + bay + b3z
Co + C1x + ey + Cc32
(73)
b261 — blcg =0
61b3 - b103 =0
(1 ((ai,bi,cihgigg) #0

The full dynamics of some simple cases of the maps

4

()

4 :
-3 2

ay

Fig. 2 Regions of dynamical behaviors in the ajaz-plane for the
map (74).
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4 4
ay ag
—4 —4
-3 2 -3
az
Fig. 3 Regions of dynamical behaviors in the aga7-plane for the
map (75). map (76).
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Fig. 4 Regions of dynamical behaviors in the ajag-plane for the
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Fig. 5 (a) Chaotic attractor obtained from the map (66) with as = —1.6, a3 = 0.1; (b) Chaotic attractor obtained from the map (68)
with a1 = 0.7, a2 = 0.85; (c¢) Chaotic attractor obtained from the map (74) with a1 = 0.4, a2 = —0.4; (d) Chaotic attractor obtained
from the map (75) with ag = —1, a7 = —1.8; (e) Chaotic attractor obtained from the map (76) with a1 = 0.5, ag = —0.83.
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1+a1x+a2y—z2

f(zy,2) = x (74)

Y

14+ a2+ agyz

f(zy,2) = x (75)

y

14 asz + arxy

f(z,y,2) = z (76)

Y

are shown in Figs. 2, 3, and 4, respectively. Some cor-
responding chaotic attractors are also depicted in Fig.
5(c)—(e).

Note that these cases are characterized by a typical
quasi-periodic route to chaos, contrary to the situation
for the maps given in (66) and (68) [5-7]. This confirms
that the maps (66) and (68) are not topologically equiv-
alent to the maps (74), (75), and (76).

3 Applications in physics

Several researchers have defined and studied quadratic
3-D chaotic systems. The first was Lorenz [17] in 1963,
where he proposed a simple three linked nonlinear differ-
ential equations with complex behavior as a model of a
weather system showing rates of change in temperature
and wind speed. The behavior of this system was sensi-
tively dependent on the initial conditions of the model,
therefore, the prediction of a future state of the system
was impossible. Using computer simulation, Ruelle in
1979 show that the first fractal shape identified took the
form of a butterfly (the butterfly effect). This justified
the usual case where weather prognostication is involved
and notoriously wrong (butterfly in the Amazon might,
in principle, ultimately alter the weather in Kansas).
Recently, chaos has been very useful in many tech-
nological disciplines such as in information and com-
puter sciences, power systems protection, biomedical sys-
tems analysis, flow dynamics and liquid mixing, encryp-
As a
new application of chaos theory the example given in
Ref. [20] where the adaptive synchronization with un-
known parameters is discussed for a unified chaotic sys-
tem by using the Lyapunov method and the adaptive

tion and communications, and so on [18-20].

control approach. Some communication schemes, includ-
ing chaotic masking, chaotic modulation, and chaotic
shift key strategies, are then proposed based on the mod-
ified adaptive method. In these schemes the transmitted

C. SPROTT, Front. Phys. China, 2009, 4(1)

signal is masked by chaotic signal or modulated into the
system, which effectively blurs the constructed return
map and can resist this return map attack. The driving
system with unknown parameters and functions is al-
most completely unknown to the attackers, so it is more
secure to apply this method into the communication.

A symplectic map is a diffeomorphism that preserves
the area, i.e. the determinant of its Jacobian matrix is
one. In the actual work, the 3-D quadratic diffeomor-
phism is a symplectic map if and only if

P =1

On the other hand, Poincaré sections, especially re-
turn maps provide tools for the location and stability
of resonances and periodic orbits and the existence or
nonexistence of invariant tori on the behavior of con-

(77)

tinuous time systems, such as the Lorenz system which
is the best close example connected with physics, the
Chen system, Lu system and generalized Lorenz system
[18]. It is well known that any periodic (autonomous)
Hamiltonian system of degrees of freedom generates a
2n-dimensional symplectic map by following the flow for
one period (parametrized by the value of the Hamilto-
nian, by considering the first return to a surface of sec-
tion). Twist maps corresponding to Hamiltonians have
the following properties [7-11]:

(1) They are for where the velocity is a monotonic
function of the canonical momentum.

(2) They have a Lagrangian variational formulation.

(3) One-parameter families of twist maps typically ex-
hibit all possible types of dynamics, and the properties
of the minimizing orbits (the periodic and quasiperiodic
orbits) can be found throughout these transitions from
simple or integrable motion to complex or chaotic mo-
tion. The minimizing orbits are used in the theory of
transport that deals with the motion of ensembles of tra-
jectories.

In a virtual viewpoint, every model of physical phe-
nomena is a dynamical system. Almost all fundamental
models of physics are Hamiltonian dynamical systems
which gives rise to symplectic mappings. For example,
the mapping defined by a Hamiltonian flow taking an
initial condition to a state some finite time later is a
symplectic map. These mappings are included in the
study of chemical reactions, or magnetic plasma confine-
ment, especially in magnetic field line mapping, guiding
center motion, and plasma wave heating. They are also
in charged-particle motion in particle accelerators [15],
where a charged particle (either have a positive, negative
or no charge) is a particle with an electric charge. It may
be either a subatomic particle or an ion. A plasma or the
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fourth state of matter is a collection of charged particles,
or even a gas containing a proportion of charged parti-
cles. The simplest accelerator is the cyclotron which con-
sists of a constant magnetic field and a time-dependent
voltage drop across a narrow azimuthal gap. The mo-
tion of a fluid particle in an incompressible fluid is also
Hamiltonian [16].

As an application in the electronic engineering of the
3-D quadratic diffeomorphism given by (15), the follow-
ing example given in Ref. [6] where a discrete-compo-
nent electronic implementation of a discrete-time hyper-
chaotic generalized Hénon map of the form:

21 (k+1) =176 — 22(k) — 0.123(k)
T2 (k + 1) =1 k) (78)

(
xg (k+1) = z2(k)
with the initial conditions 1 (0)=1, 25 (0)=0.1,23 (0)=
0, the map (78) exhibits a hyperchaotic attractor.

Using analog states, the corresponding circuit designs
are relatively simple and uses commonly available parts
and is readily constructed. Also, experimental results
show that the circuit is functional.

4 Conclusion

In this paper all possible forms of the 3-D quadratic dif-
feomorphisms are determined. Some numerical results
are also given and discussed.
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