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TWO-DIMENSIONAL ALGEBRAS OF DYNAMIC
SYMMETRIES OF ODES

M.I. TIMOSHIN

Abstract. The efficiency of use of dynamic symmetries investigating integrability of dif-
ferential equations is shown in this work. The generalization of S. Lie’s classification of
the second-order ordinary differential equations with respect to two-dimensional algebras
of point symmetries is constructed. Integrable cases of the second order special type ODEs
are indicated. It is noted that a part of the found integrability cases is related to Abel’s
type equations and apparently represents independent interest.

Keywords: dynamic symmetries, invariants, two-dimensional algebras, Riccati equation,
Abel equation.

INTRODUCTION

The notion of dynamic symmetries in presented, for example, in [1]. A differential equation
in this case is replaced by the system of first-order differential equations:

@_ dz

d(L‘_Z7 %:f(ﬁ,y,?l) (1)

Then we consider the problem of an infinitesimal transformation

y' = f(z,y,y) &

0 0 0
Xzf(l'7y,2)%+7]([E,y72>a—y+u($,y,2)$7 (2)

transforming a solution of the system into a solution of the same system. For this purpose
the operator should satisfy the condition

(X, Al = A(x,y,2) A, (3)

where A = 8%—}—23% —|—f(m,y,z)%.

It is important to note that the components of the operator do not satisfy Lie’s prolon-
gation formula

dn  d§
P=0e ™ “da

The components of the operator of a dynamic symmetry are determined only by the con-
dition ({3)).

It is known that the operator of point symmetry

0 0 e ;o O
pum —_— —_— — R 4
)2< g(ffay)ax+77(5Ua?/)ay+771($ay>y)ay,JFUQ(%%?J’?/)ay,,a ()
which components satisfy the prolongation formula 7; = —drggl — y® —jfc, have properties of

prolongation invariants. If we know an invariant v = v (z,y) and a differential invariant v =
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u(z,y,y') for the given operator (), then the expression
du  uy +uyy +uyy”

w=-="= / I,
dv vy + vy

is a second-order differential invariant of the operator (4)).

In the paper [2] we have suggested that we should start the procedure of finding symmetries
with invariants. Components of the corresponding operator in this case are written directly
with the help of differentiating and arithmetic operations. If the functions v = u (x,y,v’),
v = v (z,y,y’) are invariants of the operator (2), then it is natural to demand for the expression

du B u;—i—u;y’—i—u;,y”

dv v+ vy + vy
to be also an invariant of a once prolonged dynamic symmetry .
It is more convenient to write components of the operator of dynamic symmetry in the form

0 0 0 0
X = 5 (:Ev Y, y/) % +7n (ZIZ', Y, y/> a_y +u (27, Y, y/) a_y, + (ZL’, Y, ylv y”) 8y// (5)
and determine them, solving the system of equations
du
u=0, Xv=0, 7o 0 (6)

Therefore, components of a dynamic symmetry are determined up to a functional factor.

To find symmetries of ODE of the second order F'(z,y,y’,y"”) = 0 we can apply the criterion

of invariance

XF’F:(] - O (7)
In the general case the criterion of invariance , as the criterion of invariance does not
lead to a system of differential equations. The advantage of the criterion @ is that it allows to
speak about dynamic symmetry satisfying the equations @ with precision to the functional
factor.

Let us note that all point symmetries can be considered as a particular case of dynamic
symmetries when
AR U
gy e

i oy
where a(x,y), [ (z,y) are arbitrary functions.

If we desire to conserve the possibility to reduce the criterion to the system of differential
equations, it is natural to put forward a problem of dynamic symmetries as an expansion of
the set of point symmetries limiting ourselves to functions of two variables.

In the paper [3] we considered the problem of dynamic symmetries generated by three func-
tions of two variables, which contain a great number of point symmetries. It was noted that
the operator of the point symmetry

u =

0

0

having the invariant v = 7 (x,y) takes the form

0
sz(v,y)a—y

in the variables (v,y). If we represent the function y (v,y) in the form x (v,y) = =

7
Xy

Therefore, having taken the first

we can

rdy
Ydv*
differential invariant in the form v = a + fil—g, we can expand the set of point symmetries with

the help of three functions 7 (z,y),a (v,y), 5 (v,y) .

write the first differential invariant in the form v = o/, + «
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Practical finding dynamic symmetries of the considered type was suggested in several steps:

A. Using a point change of variables t = 7 (x,y),y =y, we map the equation
dy d*y
Flty,— —]=0
<7y7 dt7 dtQ

dy d?
@(x,y,—y y) = 0.

dm’@

to the equation

B. Hawving the invariants

d
v=x, u=al@y) + 8y

We construct an operator of dynamic symmetry by solving the system (@
C. We equate in the criterion of invariance
XP|p—0=0
coefficients for y' to zero, we write the determining system of differential equations.

D. We find solutions of the determining system of equations.

In the papers [2, 3] we showed efficiency of application of dynamic symmetries for finding
explicit solutions on the example of the equation

y' =y +f) (8)
. With the help of the found solutions we managed to write exact solutions of the Kolmagorov-
Petrovsky-Piskunov diffusion equation, the Semenov (Fitz-Hugh—Nagumo) equation, used in
the theory of chain chemical reactions.
Unfortunately, the suggested approach was time-consuming. Therefore in the present paper
we consider two-dimensional algebras, composed by twice prolonged operator of point symmetry
(4) and the operator of dynamic symmetry with invariants

d
v =z, uz&(x,y)Jrﬁ(x,y)d—i, ur = o, +y'(c, + B) +y B, + B

1. TWO-DIMENSIONAL ALGEBRAS OF DYNAMIC SYMMETRIES OF ODES

Sophus Lie [4, 5] presents a classification of ODEs of the second order on the basis of classi-
fication of two-dimensional algebras of operators of transformation on the plane:

L X,=42, X2=%7 (X1, Xo] =0, XiVXo#0, v'=f();
I X, =4, Xo=ug, (X1, Xo] =0, X;VXo=0, ¢y =7f(2);
L Xy = 2, Xo=ag +yg, (X1, X=X, XiVXe#0, ¢ =1f(y);
V. X, =&, Xo=yZ, (X1, X] = X1, XivXo=0, y'=f(x)y.

Let us formulate an obvious observation, which simplifies considerstion of two-dimensional
algebras od dynamic symmetries.
Let a differential equation

y' = f(z,y,y) (9)

admit the point symmetry . In this case the finite one-parameter transformation generated
by the operator , has the following properties:

. It transforms solution of the equation @ into solutions of the same equation.

I1. It transforms hypersurface determined by the equation @D into itself.
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If we multiply the operator by an arbitrary functional factor ¢(z,y,v’,y”), we obtain the
operator

A~

0 0 0 0
)2( = QO(Q?, Y, yla y”) (5 ({L‘, y) % +n (ZL‘, y) a_y + (l‘, Y, y,) 8_1/’ + 12 (l‘, Y, ylv y”) 81/”) : (10)
A finite one-parameter transformation generated by the operator do not already have the
first property. But is conserves the second property since the operators and have one
and the same set of invariants.

On solving the problem of finding ODEs of the second order the basic role is played by
invariants, therefore in this case we can consider two-dimensional algebras with respect to a
functional field but not numerical one. Transition to the functional field significantly simpli-
fies the problem, since it allows to proceed from considering complete systems of differential
equations to Jacobian equations.

Let us consider two-dimensional algebras consisting of the operator and the operator of
dynamic symmetry .

We require that the operator in some new system of coordnates

dp . dPp
“aw P e

t=1tzy), p=py), p (11)
has the invariants v = ¢, u = a(t,p) + B(t,p)%.

Let us note that the transformation is pointwise, consequently, the most general form
of the operator of point symmetry does not change. Solving the system @ and using old
notation x,y,y’,y”, we arrive to the operators

B B N S0
)2(_5(1‘7?/)%+n(w7y)a_y+nl(xay7y)a_y/+n2(xayyy7y)ay,,a

where

2
m=n,+y(n,—&) =&y,

e =0l + (20, — EL) +y (0, — 260) — y° € + o (), — 26, — 3€y);

roon 9 / 0 roon 0
X:¢<x7y7y7y)(a_y—i_u(xay’y)a_y—i_/’h(x’y’y’y)ay//)’

p=— (ol + B0 7
M1 = (%2 + O‘;ﬁ; - C“Zyﬁ +y (ﬁalcﬁzl/ + 30‘;@// - O‘Zyﬂ - 5;{1/6) T
+y” (28,7 = 8,8) — y'8,8) 5

To determine ODEs of the second order admitting the presented operators it is necessary to
solve the system of linear partial differential equations

9 09 N 00

§(x7y)a_x +n<x7y)a_y +771(x7y7y)8_y, +n2(x7y7y7y )ay,, - 07 (12)
@+ (z ')%vL (z,y,9y,y") v =0
ay AT, Y, Y ay, HlT, 9,9,y ay,, -

The system of differential equations is complete, since it is supposed that the operators
form a two-dimensional algebra.
Introducing the variables

r=x, y=y, u=alz,y) +Ba,y)y, w=a,+y(d+8)+y’8 +y'B,
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we obtain a system of the form

ov oy oy ov
f(x,y)£ + n<x7y)8_y + 771(%%“)% + 772(%97“»“1)6_% - 07
(13)
w_,
dy

where the transformed components 7, (x, y, w), 72(x,y, u, u;) polynomially depend on new vari-
ables u, u;.
The system is reduced to the Jacobi type, for example, if {(z,y) # 0, then we come to

the system
819 ﬁl(x,ZJ,u) 819 ﬁ?(xvyuuaul) 819 _

m(x,y,u) 00 0
Or  &(xy) Ou  Ery)  Ou (14)
0

o
The fact that the system ([14]) is the Jacobi type yields that

SEE)- B

Equating coefficients for u,u; in the system to zero, we obtain a overdetermined system
of differential equations with respect to the functions &(x,y), n(z,y), a(x,y), B(z,y).

The analysis of the overdetermined system up to point transformations allows to specify an
ordinary differential equation of the form

d\
y' + y’@ = [y +A»)) (16)

alongside with four classes written by S. Lie.
Investigation of the system in the general case allows to conclude that the considered

class of subalgebras contains all the equations specified by Sophus Lie and the equation ({16]).
There are no other equations of the second order in this class.

2. SOLVABLE CASES OF EQUATIONS y” + y’% = f(y + \Ny))

First of all we should note that if we take the function
AMy) = M+ Ay
in the equation we obtain the equation
Y +y A = fY + M+ Aay),

admitting two-dimensional algebra of point symmetries

0 0
= — = — _
Xi= g0 Xo=em(=dar)g.

Therefore, in case of the linear function A\(y) we arrive to the differential equation, belonging
to III type of the S. Lie classification. Using the change of the variables

x:l;—;, y:%,y’:)\g (d—%), y' =\ (ilt—d%—%),
we come to the equation
Aiit = f(At + Ap)
specified by S. Lie.
In the case of quadric dependence

Ay) = A1 + Xy + A3y
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the equation
y" + y,)\g + 2y'y/\3 = f(y' + )\1 + )\gy + )\3y2>

does not admit two-dimensional algebra of point symmetries.

It is easy to write the first integral of the equation ([16). Denoting ‘M;—E;’) = f(lv), we obtain an
integral in the form
Oy + Ay)) =2+ Cy. (17)

up to the functional factor. Finding the functional factor with the help of the criterion is
equivalent to the problem of integrating the equation . Therefore it is impossible to apply
a dynamic group to obtain the general solution.

It is obvious that solution of the equation is equivalent to solution of the equation

W - Aw). (18)

In the case of quadric dependence A(y) = A\ + Ay + A3y? the equation becomes a
Riccati equation. Rewriting the equation in the independent variable t = ®(v), we obtain
the equation

d _
d—?z = O U(t) — A — day — At
The standard transformation reduces the Riccati equation to the canonic form
du 9
— =o71(¢). 19
= o) (19

The following Theorem is known with respect to integrability of the equation ((19))

Theorem 1. [6] The canonic Riccati equation 1s integrable in quadratures if and only
if ®71(t) can be presented in the form

rn  E' E”
T E T 3E 1R
where 11 = const, FE = E(t). There are three types of solutions here:
NS N

2E " E([L+Cy)

o (t)

A. r = O, u

/ 2a [ +2 1
B. r=d, u:£+a exp(afEd;L aCh) + ;
2F E(exp(QafE—l—ZzC’l)—l)

E' tan (a [ L + aC
C. m=—-d, u=-——ua (fE 1).
2F E
If the function A(y) = A1 + A2 exp (A3y), then the equation is easily linearised by the
substitution u = exp (—A3y) and, consequently, is integrable in quadratures.
Let us present some types of the equation admitting point symmetries of the form

X =&+ m@) +n()y) 5 or X =(&(y) +&y)v) 5 +ny) s,

1 )\( ) _ 2<)‘1 + )\Qy + )‘33/2))‘3 @ - )‘g
S T T — et 2y | dv (1= Mbk(A2u — 02) (20— o)Ns]
(A2v —¢) (A2A5 — ©) (1 = Asbk(AZv —¢)?)

§0) = =m(v) =g mv) =m) 3= = — e
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2. My)=—-bln(c—ab+y)+ X, —=—"—exp <——> ,

~ (I5pio(My + 2))75 + po e 3125p:pi
P10 " dv (5puov +py)®

A
Ea(y) = 31, n(y) = My + Ag;

_ Do
15p1o’

4 Ay) = Apoy/—pio(he + Miy) £ V2 e 256p2p3,
. 16p10y/—p1o(A2 + A1y) Todv o (po + 4Apiov)t’
P9 1 _ )\13/ + )\2 )

&(y):—%, 62(@/):—5, n(y) N

bexp <b)\1p3 exp < )) + Asaexp <a)\1p3 exp ( >> exp (%)

5 M) = exp (b/\1p3 exp ( )) + Ay exp <a>\1p3 exp <—p%)) - A3
@ _ P3
dv  (b—v)(a—v)’
a0 = (mh -0 &) &)= o ipagfg_;)@ 1) = &)
| apsAiexp (—%) — exp (p%) —apshe g p,
6. Ay) = . (Al b (_%) B )\2) " dv (v—a)?

&i(y) = <p3@ — Ay )) Sa(y), &l(y) = M n(y) = p3éa(y);

dy ps(Ay) — a)?’

exp (p%) (a — bAs) cos (b)\lpg exp ( )) + (b+ aXy) sin (b)\lpg exp ( >>
AMy) = — + :
1P3 cos <b)\1p3 exp < >) + Agsin (b)\lpg exp (——))
@ _ P3
dv 2 —2av+ a? + b2’
2
) = (m2 - A1) &), &l - o () (4) = Pealy):
1\Y dey 2\Y), 2y _p3(>\(y)2—2a)\(y)+a2+b2)7 mMy) = P3c2\Y);
8. Ay)=— —(3psps(Miy + X)) — paps +pops AP _ bep2 + pspev — PsPs
‘ PsPe ©odv P
A1(p2ps — D3ps) A1
— _ 1 =\ o
&(y) e W) =5 1) = y+ A
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1 dd 3p1 + 3
9. AMy) =My + X))+ A3, — = (3p1 + pov)”

dv 27p3 ’
3p 5(My + A
6w =L o) =1 gy = "N,
P2 1
i dd )
10. /\<y) = —>\2 + )\1(4/\3y —+ )\4)4, % = CL(U + /\2) ,

§1(y) = AaAs, Ea(y) = As, n(y) = 43y + A\y;

dd
11. )\(Z/):)\l—i-)\g\/y—i-)\g, %:(I,

Gy)=—N\, &) =1 nly) =2y+As).

In conclusion we note that the cases 1, 5, 6, 7, 11 are integrable cases of the Abel equation
and are, obviously, of interest of their own.
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