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THREE-DIMENSIONAL DYNAMICAL
SYSTEMS WITH FOUR-DIMENSIONAL
VESSIOT-GULDBERG-LIE ALGEBRAS

Nail H. Ibragimov’?' and Aliya A. Gainetdinova?

Abstract Dynamical systems attract much attention due to their wide ap-
plications. Many significant results have been obtained in this field from var-
ious points of view. The present paper is devoted to an algebraic method of
integration of three-dimensional nonlinear time dependent dynamical systems
admitting nonlinear superposition with four-dimensional Vessiot-Guldberg-Lie
algebras L4. The invariance of the relation between a dynamical system admit-
ting nonlinear superposition and its Vessiot-Guldberg-Lie algebra is the core
of the integration method. It allows to simplify the dynamical systems in ques-
tion by reducing them to standard forms. We reduce the three-dimensional
dynamical systems with four-dimensional Vessiot-Guldberg-Lie algebras to 98
standard types and show that 86 of them are integrable by quadratures.
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1. Introduction

We consider time dependent nonlinear dynamical systems given by first-order
ordinary differential equations

dxt ;

;t = fi(t,z), i=1,....n, (1.1)
with n > 1 dependent variables z!,...,2". We denoted by z the n-dimensional
vector

r=(z',... 2"

and refer to the system (1.1) as an n-dimensional dynamical system.

A major obstacle in investigating nonlinear dynamical systems is that they do
not obey the usual superposition principle which provides powerful tools in dealing
with linear systems. Furthermore, integration methods based on Lie group analysis
of differential equations are not effective for dealing with the system (1.1) because
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determining equations for calculating Lie symmetries are not over-determined in the
case of first-order ordinary differential equations. Therefore only narrow categories
of particular nonlinear dynamical systems can be solved analytically. Consequently,
nonlinear systems are mostly analyzed by numerical methods or by approximating
them by linear systems using, e.g. perturbation theory.

In this paper we are concerned with constructing wide classes of integrable three-
dimensional dynamical systems (1.1) using, instead of the linear superposition prin-
ciple, the more general concept of nonlinear superpositions introduced in 1893 by
Vessiot [1], Guldberg [2] and Lie [3].

S. Lie [4] noticed in 1885 that the key features of linear ordinary differential
equations

dx? i &
— =a,(t)z”, 1=1,...,n,
7 = ()
are based on the fact that the differential operators
— .t L A
Xik = 9k’ iwk=1,...,n,

generate a finite continuous group, namely the linear homogeneous group with n
variables x’. This observation led him (see [4], §8) to believe that the main properties
of the linear equations can be extended to the nonlinear equations having the form
of generalized separation of variables:

dx? ; ; .
o =T1(t)& () + - -+ T.(t)& (x), i=1,...,n, (1.2)
provided that the linear span L, of the first-order differential operators
X —fl(x)i a=1 r (1.3)
a — Sq 81’i 1) — Ly ey .

is closed under the commutator:
(X, X5] = €15, (14)

It means that L, is a finite-dimensional Lie algebra. The coefficients T, (t) in
Equations (1.2) are any smooth functions of the variable . S. Lie showed (see [4,
p.128]) that the general solution of his system (1.2) can be expressed via a certain
finite number m of particular solutions

vy = (27,...,20), oo, T = (k. 2 (1.5)

m? m

of the system (1.2) and that the expression (nonlinear superposition)
=@, Tm,C1,...,Ch) (1.6)

for the general solution x = (z!,...,2™) as a function of the particular solutions
(1.5) and arbitrary constants C, ..., C,, is obtained by solving the equations

Ji(z, x1,..., Tym) =0y i=1,...,n, (1.7)

with respect to x = (x!, ..., 2"), where J; are invariants of m+1 points x, z1,..., T,

with respect to the group with the basic generators Xi,..., X,.

Later E. Vessiot [1] and A. Guldberg [2] came to a lucky idea to look for all sys-
tems of ordinary differential equations possessing fundamental systems of integrals,
or in modern terminology, admitting nonlinear superpositions.
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Definition 1.1. A dynamical system (1.1) admits a nonlinear superposition if the
general solution of the system (1.1) can be written as a vector function (1.6) of a
finite number of its particular solutions (1.5) and n arbitrary constants C1,...,Cp.

The solution to Vessiot-Guldberg’s problem was given by S. Lie. He announced
in [3] the following statement (the detailed proof is published in [5, Chapter 24, pp.
793-804]; see also [6, Sect. 6.7]).

Theorem 1.1. The system (1.1) admits a nonlinear superposition if and only if it
has the form of generalized separation of variables (1.2). The number m of necessary
particular solutions (1.5) is estimated by

nm > . (1.8)
The nonlinear superposition (1.6) for the system (1.2) is given by the equation (1.7).

The algebra L, spanned by the operators (1.3) is called the Vessiot-Guldberg-Lie
algebra for the dynamical system (1.2).

A renowned example of a first-order ordinary differential equation admitting a
nonlinear superposition is provided by the general Riccati equation

dx

= =Pt + Q) + R(t)a”.

In this example n = 1, r = 3, the nonlinear superposition (1.6) is given by the
cross-ratio theorem stating that any four solutions x1, x5, 3 and = of the Riccati
equation are connected by the equation

(x — @2) (x5 — 1)
(1 — x)(z2 — x3)
The operators (1.3) of the Vessiot-Guldberg-Lie algebra have the form

X1=%, ngx%, X3:$2%,
and the number of necessary particular solutions is m = 3, hence the estimation
(1.8) is satisfied with the equality sign.

We have demonstrated in [7] that there are 31 standard forms of time dependent
three-dimensional dynamical systems (1.1) admitting nonlinear superpositions with
three-dimensional Vessiot-Guldberg-Lie algebras Ls. The solvable L3 provide 24
standard forms that are integrable by quadratures.

The purpose of the present paper is to enumerate standard forms of three-
dimensional nonlinear dynamical systems admitting nonlinear superpositions with
four-dimensional Vessiot-Guldberg-Lie algebras L4 and to single out the integrable
systems. We adopt here the notation and terminology used in [7].

=(C, C = const.

2. Integration method

A method for integration of dynamical systems admitting nonlinear superposi-
tion has been suggested in [8, Section 11.2]. The method is based on the fact that
dynamical systems admitting nonlinear superposition and their Vessiot-Guldberg-
Lie algebras behave coherently under any change of the dependent variables

i =3x), i=1,...,n. (2.1)
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Table 1. Non-isomorphic structures of four-dimensional real Lie algebras

Type | X1, X2 | (X2, X3] | X1, Xa] | X5, Xa] | [Xo, Xa] | [X3, Xd]
I 0 0 0 0 0 0
11 X1 0 0 0 0 0
11T X1 0 0 0 0 X3
vV 0 X1 0 0 0 0
Y 0 X1 4+ Xo X1 0 0 0
VI 0 Xo X1 0 0 0
VII 0 hXo X1 0 0 0
VIII 0 X1+ bX2 bX1 — Xo 0 0 0
IX X3 X3 2Xo 0 0 0
X X3 X1 —Xo 0 0 0
XI 0 0 0 0 X1 Xo
XII 0 0 0 aXy Xo X2 + X3
XIIT 0 0 0 X1 0 Xa
XIV 0 0 0 X1 X1+ X2 X2 + X3
XV 0 0 0 aXy bXo cX3
XVI 0 0 0 aXq bXs — X1 Xo +bX3
XVII 0 X1 0 2X1 Xo X2 + X3
XVIII 0 X1 0 (14+h)X, Xo hX3
XIX 0 X1 0 2bX1 bXo — X3 Xo + bX3
XX 0 Xo X1 —Xo X1 0

Namely, it can be shown ( [9], see also [7]) that the system (1.2) is written in the
new variables (2.1) in the form

dit ~ .
= TWE@) + o+ TOEE), i=1..n (22)
where &, = (€1,...,£") are transformed according to the vector law
gi_ 63:"1(55) j .
& = Spi Ca i1=1,...,n, (2.3)

and the coefficients T, (¢) in Equations (2.2) are the same as in Equations (1.2).

According to the above property, one can simplify dynamical systems admitting
nonlinear superposition by reducing bases £, of the Vessiot-Guldberg-Lie algebras
to simple (standard) forms using appropriate changes of variables (2.1).

3. Four-dimensional Lie algebras in the real domain

Recall that the non-isomorphic structures of four-dimensional Lie algebras L4
in the complex domain were described by S. Lie [10]. We will use the classification
in the real domain given in [11]. It is presented in our paper in Table 1. Note that
the constants in Table 1 satisfy the conditions a # 0, |h| <1, ¢#0, b> 0.

For our integration purposes we need realizations of Lie algebras L4 by first-
order linear partial differential operators in the three-dimensional space. The enu-
meration of non-similar realizations of four-dimensional real Lie algebras in the
three-dimensional space can be found in recent publications [12,13]. The paper [12]
deals with classification of systems of second-order ordinary differential equations.
Paper [13] contains a useful short review of results and an extensive list of litera-
ture on classification of low-dimensional Lie algebras. In Tables 2 and 3 we use the
realizations given in [13].
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4. Standard forms of L; and associated dynamical
systems

We write the three-dimensional dynamical systems (1.2) admitting nonlinear
superposition with four-dimensional Vessiot-Guldberg-Lie algebras in the form

x' = g% (l’, Y, Z)Tl (t) + 5% (l‘, Y, Z)T2(t) + 5?{ (l’, Y, Z)T3(t) + gi (33‘, Y, Z)T4(t)7
& (@, y, )Ta (1) + & (2,9, 2)To(t) + & (2, y, 2) T () + &L (2,9, 2)Tu(t),  (4.1)
' £%<x7 Y, z)Tl (t) + 53(37) Y, Z)TQ(t) + §§<x7 Y, Z)Tg(t) + fi(l’, Y, Z)T4(t)7

where z’,1/, 2’ denote the derivatives of the dependent variables z,y, z with respect
to t. We reduce all systems (4.1) into standard forms by using the realizations of
non-isomorphic real Lie algebras Ls. The result is given in Tables 2 and 3. Table
2 contains the standard forms of the system (4.1) associated with solvable Vessiot-
Guldberg-Lie algebras Ly. In this table ¢(2),1(z),0(z) and 0(y,z) are arbitrary
functions. Table 3 contains the standard forms of the system (4.1) associated with
nonsolvable Vessiot-Guldberg-Lie algebras Ly.

5. Discussion of Tables 2 and 3

Tables 2 and 3 show that there exist 98 distinctly different classes of systems
(4.1). Applying an arbitrary change of the dependent variables x, y, z to each class of
the equations from Tables 2 and 3 one obtains an infinite set of three-dimensional dy-
namical systems admitting nonlinear superposition with four-dimensional Vessiot-
Guldberg-Lie algebras. After a detailed inspection of Tables 2 and 3 we conclude
that 86 classes of the systems (4.1) with solvable L4, namely, the systems 1-84, 86
and 89 from Table 2 are integrable by quadratures. Note that the system 32 can
be integrated reducing it to the system

o =T +br+y, o =T{)+by—y, 2 =Ts)

by introducing the new independent variable ¢ = [ T5(t)dt. The systems 33, 68 and
84 are integrated likewise. The systems 85, 87 and 88 from Table 2 provide linear
systems with variable coefficients and, in general, are not integrable by quadratures.
The systems with nonsolvable L4 (Table 3) are nonlinear and not integrable by
quadratures.

6. Conclusions

The three-dimensional dynamical systems (4.1) admitting nonlinear superposi-
tion with four-dimensional Vessiot-Guldberg-Lie algebras are mapped to standard
forms. They are classified into 98 classes presented in Tables 2 and 3. Each class
is a representative of an infinite set of equations involving three arbitrary func-
tions of three variables. Systems associated with solvable four-dimensional Vessiot-
Guldberg-Lie algebras are classified into 89 classes presented in Table 2, among
them 86 are integrable by quadratures.
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Tables
Table 2. Dynamical systems with solvable L4
Type | # | Operators Systems
5 5 5 R z: =Ti(t) + zT3(t) + 0(z)Tu(t),
Lo & d R 0 | =T+ eBO T,
0L+ () ¥ =
" =Ti(t) + yT2(t) + 2T5() + 0(y, 2)Tu (D),
2 D y0 0(y, 2) y' =0,
oz’ ox’ oz’ ’ ox 2 =0
5 5 5 5 w: =T1(t) +yTa(t) + o) T3(t) + P(y)Ta(?),
o 5 5 o w: =11 (t) —‘,—l’TQ(t),
IT 4 9z Loz By’ Bz Yy :T3(t)7
2! :T4(t)
5 5 5 o 5 x: =T1(t) + 2T (t) + 2Tu(t),
5 950 Loz T %820 ayr Fos y' = Ts(t),
z’/ = 2T>(t)
' =Ti(t) + xT>(t),
9 L0 9 9 .0 I — 1) 2
6 92 Loz +o(2) By’ 9y’ “dy y/ = p(2)T2(t) + T5(t) + 2Tu(?),
zZ'=0
o o o o o =T (t) + a2Ts (t) + y13 (t) + 2Ty (t),
7 950 Toz T Y8y t %52 Yoo y' = yTa(t),
zﬁi 2 = 2Th(t)
=T (t) —‘r(ETQ(t),
Ol | 8 | &, odh + &5 & Yoy + | ¥/ =Ts(t) +yTa(d),
oL 2" =To(t) + CTu(t)
D
' =Ti(t) + 2T2(t),
15 1o} 9 15 1o} /
9 | 35 Taz T2y By Yoy T | Y =2Te(t) + T3(2) + yTa(d),
0 z = ZT4(t)
%2
o R B o =T (t) —+ ITQ(t),
10| 735 =35 oy Yoy y/’ =T3(t) +yTu(t),
2 =
5 o " =T (1) + 2T2(t) + yI5(1),
11| 55, 255 + y: = y[T2(t) — Tu ()],
9 9 9 9 =
Yi Yas Ypr t o 2 =Ta(t)
s o 5 o 5 | & =T®+2Ta(®) +yT5(),
12 52, oz t¥ay Yoz Yoy Y = y[T2(t) — Tu@®)],
2'=0
5 5 5 o x: =T (t) + 2713 (t)7
v 13| 520 520 ?3a e y' = Tu(t),
2z = Th(t)
R S CEE R0}
14 dz’ 0z’ Z%—f—‘p(y)av y% y/ - 07
2 = To(t) + p(y) To(t
' =T1(t) + (z +y)T3(1),
. . . L[ TEnoranw
\4 151 7% oy’ (Z""'y)@w""yayv 92 y' = To(t) + yI5(1),
2 = Tu(t)
5 o 5 5 ' =T1(t) + (z +y)T5(t) + 2ze*Tu(t),
16| 770 3y (@+Y)g; tugy + | v =T2(t) +yT5(t) + e*Tu (D),
!’
%7ez (z(%—‘—(%) 7 =10
5 o 5 5 33: =Ti(t) + (= + y)T3(t) + *Tu(t),
17| 550 390 @+ )5 tug, + y/zTg(t)+yT3(t)7
8@ ezai 2z =Ts(t)
) i
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Table 2 (Continued)

Type | # | Operators Systems
. . . . [T-normorann,
18 | 355 Yoz s T By 9z /—;Tgi)(t):
2 =Ty
o .0 8 _ 0 9 ol =T(t) + yTa(t) + 2T3(t) + ze~¥Tu(t)
— /
19 92 Y92 CH:; — @736 ya y/ 6T2(t)7
2=
o 5 5 o 5 | & =T® (D) +2T5() + e Ta(D),
- A
20 92> Yoz Loz "oy © y—z y/ O—Tz(t),
2 =
' =Ty (t) + 2T5(t),
VI 21| &, 2, g2 440 2 ’legthr ng((t))
oz’ oy’ oz yay» 9z Yy =12 yL3 )
Z/:T4(t)
5 o 5 5 5 ' =T1(t) + «T3(t) + e*Tu(t),
221 35 By Toas T Yay T B y:ZTQ(t)+yT3(t)7
e? 2 2z =Ts(¢)
= =T AT
' = +x y
2| 2, 2 e+ L WS | Y =Tl),
dz’ 0Oy’ o 920 PWaz yli 2\t),
2’ =T5(t) + o(y)Ta(t)
o o o o o x’ :Tl(t) —+ T3( )+62T4( )
!
2 =Ts
=T (t) + aT3 (t)
vit |25 | & 2 e rayd, 2 y::Tg(t)—i-ayTg(t)
z :T4(t)
5 o 5 5 5 ' =Ti(t) + 2T5(t) + e*Tu(t)
26 9z’ 9y’ Loz + Y5y + z’ y: =T (t) + ayT5(t) + e**Tu(t)
ez% +eaz% 2 =Ts(t)
5 o o o o =T (t) + ng(t) + (iZT4(t)7
27| 320 2y Toz T Way T 5z y:=T2(t)+ayT3(t)7
ezai z :Tg(t)
i
o 5 " =T (t) + yT2(t) + 2T5(1),
28 %, y%, z5-+(1 fa)y@, y: :; (_t) a)yTs(t),
9 zZ =14
5]
T
o o o 5 x: =Ti(t) + yTa(t) + 2T5(t) + 2ly[ 1= Tu(t),
29 | 55 Yar oz T (L - @ygy, | o = (1 -a)yTs(t),
1 =0
2yl & N i
S . o = T1(0) + yTa(t) + 2T3(0) + 2ly| 7= Ta(0),
30 | 320 Yoz Tas +(1*a)ya ) y/_(1* a)yTs(t),
1 =0
ly| == 2 N
5 5 o 5 5 o’ =T (t) + 2T5(t) + e*Tu(t),
31 87,@71% + ay@ + 9z y::Tg(t)+ayT3(t)+eazT4(t)
eazai 2" = Ts(t)
y
a’ =Ti(t) + (b + y)Ts(t),
VIL | 32| 22, &, (be+y)gh + (by — | ¥/ =Ta(t) + (by — ) T5(t)
z)@ 9 2/ =Ty(t)
dy’ Oz
5 o 5 ' =T1(t) + (bx + y)T3(t) + €P% cos(2)Ta(t)
33| 550 g0 bz + )5 + (by — y: =Tu(t) + (by — ) T3(t) — "% sin(2)Tu(t),
x)% + %, ebz(cos(z)% — 2 =T5(t)
sin(z) &)
. ) & =T + yTa(0) T (6~ 9)eTa(0);
M| Lovd G- - (4 | v = -0+,
v, & 2 =Ta(t)
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880 Table 2 (Continued)
Systems (0 —y)aT5(t)
"= Tty + NTu(t),
# | Operators v V1= 42 exp(—barctan(y
Type o 0 : + 2)Ts(t)
ﬁ,ya)zﬁa —a+) 2, v = —(1+y?)T5(t),
35| (b-yrl barctan(y) 2 o _ o b— y)zT5(t)
_ To(t) + (
o/ TH 92 exp( = m)+y;eg{;(,barctan@))n@%
EREY +@ t)
92 Y92 2y 0. ’ _1+y)T3( ’
oz Yoz =+ 5y y (
ey a | 1=
VT 52 exp(—bare T=T5(0) T yTa (D),
) v =Ta(t) + 2Ta(t),
Io) Z
o0, 2, Byt 2 = Ty(t) Ty (t),
o 37| 2, 2. vl x/:T1(t)_%;2$’(t)+y 4 (
I ="To(t) + 2T5(1),
— Yy
9 gflz28@+zay’yaz 2 = —Ty(t)
2.0 122 Tu(t),
38 %z dy o =T1(8) + yT2(f) + yzTa(
oz 5 o y = —Tu(t),
5 o _ 8
5 2 9 Y25; ~ By "= Ts(t) ,
39| 2, 42, 2 ;/:Tl(tz')"yTz(t)-i-szx()
—Ty(t
F) y/_ T4 El
9 _ 0 — Y5z "= —yTu(t)
5 o 0 By 2 =-yla Sy Ts(t),
40| 35> Y3z %oz o' =Ti(t) +yTa(t) + 5y°Ts(
) 5 y' = —Tu(t),
o 1 2. oy /I —
41 a%c, Yoz 29 bz z’:Tl(t)"_me‘L(t)% ®
o o v =Tt + (y + 2)Tu(t),
Bae By e ) 2 422 z/:Ts(t)+ZT4(t()t)
= EE bx'Ty(t),
N e R 2 =Ti(8) + T (t),
+ 2T3(t) + yTa
0 _ |y =Ty(t)
+Ys, = —Ty(t)
15 9 z 1b$3- 9y ! T4 t 5
B owr By Foy Pos z,_Tl(t)+yTz(t>+(”“yZ)T4()
73 Y = (b~ DyTa(t),
oo (botyz) gr + | Y= (t) + 2Tu()
2oyl 2, (e | 7= B + b Ta(?),
44| 5 Ve %% o 7 t) +yTa(t) + 2T5(
b= Dyg, +25: o 1)yTu(t)
;7 — b
oo £ 0= |y =m0,
B o2 .0 9z 2= ((b t)
45 | 220 Yoz s 2 R () + b Tu(8),
] — ) ( T3
Dudy 0= D:—vde | F20 T T,
Yoy 2 y' =Tao(t) +2T5(t) +yTs
o) D B
6| 55 gy T+ 2 S=nw ) + 5 m[y[T5(t) + baTu(?),
x o o To(t 1-b
bo gy + gy~ 5 ””'_él(t)l;ry% t)
) '=(b- ’
0y, rnfylZ bal+ y’:
AT\ 22 Yos 1% - Ta(t)
1)y @' =T (t) +«Ta(t),
(b—Dygy )
o Y = Ta(t) 4 2Tu(t),
o) Z
2,2 2 524 dy z' =T5(t) = aTu(t),
L AL S
_ + 2T3(t),
o y =Ta(t
29 4,0 .9 t)
5 @’ ce 2%4-28 ' Yz o = _T4( Z)T4( ),
T x/:Tl(t);ryTz(y)+(x+y
Bz F = yTu(t),
) Yy =y
7 @ry g+ | v = 3(1)
0 yd 2 (g 2 =T T4 (1),
=, Y ’ Oz T3(t tz 4
” v 2" =T (1) +yTa(t) + 2T5(%)
dy / T(t),
) =yla
o) w | Y
5l| & yis i T T U # = (z-y)Tu(t)
oz’
P}
(Z*y)i’i
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Table 2 (Continued)

Type | # | Operators Systems
5 s 5 s " =T1(1) + yT2(t) — yIn[y[Ts(t) + zTu(?),
52 | 5=, Ypor —yInlylgr, o5 + y = yTa(t),
yai Z=0
y
o' =T(t) + (z +y)Tu(t),
Xiv | 53| L2 8 ety 4w+ v =To(t) + (y + 2)Ta(t),
z)%—i—z% 2" =Ts(t) + 2Tu(t)
o 5 1420 o o =Ti(t) — 52°T3(t) + (z + y)Ta(?),
5| 2,2, 122 422 (a+ y: = gT(tzt;Lz 5(2) + yTa(t),
9 o Jé] —
Woz Y Vs — 52 ? 4
5 o o " =T(t) +yTa(t) + (= + y2)Ta(?),
55 %, ya—%, 550 (T +y2) 5= y:i;Ti(t), -
a2t 2 =T5(t) + 2Ta(t)
o o o o o o " =Ti(t) + yT2(t) + 2T5(t) + 2Ta(?),
A
56 | 55:Y92° %82 %9s a5y Yoz y/f—T4(t)7
2" = —yTu(t) Y
' =Ti(t) + yTa(t) + 5y*T3(t) + zTu(t),
9 9 1,290 9 9 _
571 920 Yoz 2Y 92 Lo — By y = ~Tu(t),
2zl =
' =Ti(t) + axTy(t),
XV | 58| 2, 2 0 qpl iyl |y Tlgthrb T4((t))
oz’ dy’ 0z’ oz yay y,— 2 yLa(t),
cza@ 2/ = Ts(t) + czTu(t)
) 5 ) 5 ' =T1(t) + yT2(t) + 2T5(t) + axTu(t),
5| 550 Yoz Zos Tp; t ?J: (a — b)yTu(t),
(a—b)y%-ﬁ-(a—c)z% 2\ = (a —c)2Tu(t)
] ' =T1(t) + 2T5(t) + axTu(t),
60 | 350 by 205 TP gy oap+ | Y= Ta() + @(2)Ta() + yTu(h),
9 2z =0
Yoy
5 o ) 5 " =T1(t) + e(y)T5(t) + «Ta(?),
zZ =14
R 0 o x:—Tl(t)'i‘SO(y)T?,( ) + xTu(t)
62 | 5, @7¢(y)%7x% y/—gb(t),
2z =
=T (t) + y1n (t) + :BT4(t),
o] o) 9 9 _
63 | 32 Yoz 5z Tos T 25; v =0
2/ =Ts(t) + czTu(t)
z = Ty (t) + 6(1_C)ZT3(t) + .’JET4(t)
64| &0 gy el = ) | v =Ta(t) +yTa(),
9 i) 3 2 =Tyt
T5. + Yoy +35; a(t)
R 5 o' =T1(t) + 1~ D2Ta(¢) + axTu(t)
65 | 375 550 c1exp((a —1)z) 57 + y: = To(t) 4 e2e(P"D=T5(t) + byTy(t)
ez exp((b — 1)2(%, aa:aax + | #=Tu®)
) o
byafy + Dz
5 5 ) 5 o’ =Ti(t) + yTa(t) + azTu(t),
66 | 5% Yz, 350 OTz + y::(a—b)yT4(t),
(a—b)ys +24 2 = Tj(t) + 2Ta(t)
=T (t) + 6(a_b)yT2(t)
(a—1)y
67 6 , exp((a— b)y) Bx, exp((a— ;—/e T (t)T3(t) + axTy(t),
Jé) = £4(l),
1)y)m,axaz + 8y 2 =0
f = Tl(t) +axT4(t),
XV | 68| 5 3 g% argr + = Io(0) + Oy + 2)T3(0),
(by+z)(%+(zfy)% 2 = Ts(t) + (bz — y)Ta(t)




882 N. H. Ibragimov, A. A. Gainetdinova
Table 2 (Continued)
Type | # | Operators Systems
350 By o = Ti(t)
eexp((b— %) arctaan(z)) +eexp((b — a) arctan(z))v'1 + 22T5(¢)
69 L+225 + 25 By +(az — ey exp((b — a) arctan(z))V1 + 22)
(az — ey exp((b — a) arctan(z) XTy(t),
AL 0= | U= T D0+ 0= )
(1+z) 2= —(1+2%)Tu(t)
Oz ’ yaa: az z = Ty (t) +yT> (t) + ZTJ(t) + a’xT‘l(t)v
70 oz Tlla— b)y +2 & y: = [(a — by + 2] Tu(?),
s o) -~ [I(’a(_) b)Z;yl)?(t)( TT500)
e} _ o ' =T1(t) +e\9™ cos(y)Ta(t
2 expl(a— by)cos(y) ., | © = Dill) &
71| —exp((a—b)y)sin(y) 8(17 , *eT sin(y)T5(t) + axTy(t),
atz= + 88 y/ 704(1:)7
T Yy 2 =
5 5 5 5 ' =Ti(t) +yTa3(t) + 2z + 522) Tu(t),
XVIL | 721 52, 5y Yoz T o3 y: =To(t) + (y + 2)Tu(t),
@r+322) 2+ @w+n) 2+ | F=DBO+N)
o)
oA
a
=T (t) + yTg(t) + 21T4(t)
73 %, C%, yc% + zé%, 21% + y: = T2(tz —)l— 2T5(t) + yTu(t)
lé] 5] 2= —Ty(t
y@*y ~ 52
%7y£7_8ﬁ%7 fv:—Tl(t)+yT3()+(2$+ y?) Tu(1),
74 1 o , 8 y' = —T3(t) + yTu(t),
22+ 39%) 55ty +5: 2 =Ty(t)
o =Ti(t) +yTa(t) + (22 + 597) Tu(?),
5 (;%7:'!%’_%7 y,:_T3(t)+yT4(t):
!’
b by | 7o
RN 7= T T
XVIII| 76 Ty z z o |, Y & To(t)at yTu(t),
(40255 [+ Vo T7p7 b2 (1)
5 5 o | & =T +yTs) + 1+ 0)aTa(d),
T 5 By Yoz T oy | Y =71(t)b+;T3( )+ yTa(t),
Q+dedk + v+ # = (1= b)zTa(t)
9
(1-0)z4 /
o' =Ti(t) +yT5(t) + (1 4 b)wTa(t),
T8 | i as Vs (LEb)ags + |y =Ta(t) +yTu(t),
f) ) 2 =Ty(t
Yoy + Er a(t)
a" =T (t) + yT3(t) + (1 +b)aTu(t),
79| & o uass (LHbags + |y =Ta(t) +yTu(t),
y2 2 =0
9y
0 o 5 o o w: =T1(t) + yT5(t) + 2Tu(t),
80 | 32> 35> Yoz %3x T Yy y/onz(t)+yT4(t)7
2zl =
o =T1(t) + yTo(t) + (1 + b)aTu(t)
81| & g —ay LEb)ags + | v/ = —Ts(t) + byTu(t),
o) 2 =Tu(t
bys, + 52 a(t)
" =T1(t) + yTo(t) + (1 + b)aTu(t),
82 | o ygks —ay (LHb)age + | o/ = —T5(t) +byTu(t),
I — 0
byag z
y
5 o o 5 ) x: =Ti(t) + yTs(t) + =Tu(t),
83| 2, 2, y2 +Z, 22 + | y =Ta(t) +yTu(t),

2 = T5(t) + CTa(t)
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Table 2 (Continued)

Type | # | Operators Systems
Lo RG] 3
9200y Yoz T B2 o' =Ty (t) +yTs(t) + 1(4am—y2+22)T4(t),
XIX 84 % (4az + 2% — y?) {% y =Ta(t) + (ay + z)T4(t)
+(ay+z)(%+(az—y)% 2 =Ts(t) + (az — y)Ta(t)
s o .o 5 o | % =Tt +aTs(t) +yTa(h),
XX 85 | %> @7 Tos T ?Jay + a2 y: =To(t) + yT5(t) — 2T4(?),
y% 2 +C z —T3(t)+CT4(t)
5 o 5 5 5 2 =T (t) + 2T5(¢ ) —zyTu(t),
86 | 350 By> Thz T 20 ~TYhy — y:—TZ(t) (14 y*)Tu(t),
s} =T3(t
(1+9%) 2 =T
A 0 s o’ =Ti(t) +«Ts(t) + y7Tu(t),
87 | 5% By Tos T Yay Yos — Y :T2(t) yT5(t) — xTa(t),
m@@ + % 2/ = Tu(t)
o b b5 o o | B=D@O+2T30)+yTa(d),
88 | 529y Tas TV Yor Loy y: 7312(t)+yT3(t)_33T4(t)7
2zl =
8 0 .8 o’ =T (t) + 2T3(t) — zyTu(t),
89| P opte e v =To(t) = (1+42)Ta(t),
*xy%*(l+y2)a*y 2 =0
Table 3. Dynamical systems with nonsolvable L4
Type | # | Operators Systems
=T (t) + a2Ts (t) + 2°T3 (t) + yTu (t),
IX 90 | Z, 22 + y2 ay 22+ v =yTa(t) + 2ayTy(1) + 2y=Ta(b),
S NP I EHORE S
(22+¢) i, c 6 {-1;0; 1}
2 foy a" =T (1) + 2T2 (1) + («7 + y*) Ta(0),
0| B h % o | ¥ =yTa(t) + 20y Ts (1),
(22 +9%) Z + zyay e 2 = Tu(t)
D .0 4.0 af =T (t) + 2To () + (&2 — y”) (D),
NN AL 5 o | v/ =yTa(t) + 22y Ts(2),
(z _y)ax"‘ xyayv oz 2 =Ty(t)
B ' =T (t) + 2T2(t) + z%T5(t)
Jr I’
93| %, vos yf’y s y' = yTa(t) + 22y T(t),
az + 22y 2 ay Bz 2 = Ty(t)
) i +y2, :E/:Tl(t)+IT2( )+IZT3(t)
oa | % f’”; o, v = yTa(t) + 2ayTs(t) + y=Ta(t),
1‘ Bz+ myay’ yzay 2 =0
E) fy ' =Ti(t) + 2T2(t) + 22T5(t),
95| 9 6“; 6y y' = yTo(t) + 2zyT3(t) + yTa(t),
Oz+ xyayv yay 2 =0
o R . B =T (t) + ITQ(t) + xZTg(t),
!
96 oz’ Yoz T 8z’ By y/ =Tu(2),
2z =0
0 )
—sin(z) tan(y) g7 — cos(z) 5,1 o' = T (t) — sin(z) tan(y)T1 ()
X 97 %, — cos(z) tan(y)T3(t),
sin(z) 5.~ — cos(z) tan(y)%7 y' = sin(z)T5(t) — cos(z)Ti (¢),
9 z = T4(t)
5]
sin(x) sec(y) 52 a’ = T3(t) - Sin(w) t;“n(?tJ)Tl )
— sin(z) tan(y)a% — cos(m)% , _.COS(z) an(y)T2(t),
98 . P 5 y' = sin(z)T>(t) — cos(x)T1 (t),
sin(@) g, —cos(@)tanW) gz | 2 = 7y(r) + sin(x) sec(y)Ti (1)
+ cos(z) sec(y) ;5 + cos(z) sec(y)T2(t)
°] 9
oz’ 9z
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