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Integrability of ODEs
Let us see the autonomous ODE system

ax; .
d—t’:qﬁ,-(xh...,xn), i=1,...,n.

Perhaps it has m independent functions of system variables
Ik(x1, ..., xn) such that complete differentiation with respect to the
independent variable t is equal to zero along trajectories in the phase

space of the system. We will talk about these functions as the first
integrals of this system

dIk(X1,...,Xn) _
dt 4%

dt :¢i(X1 7~~~>X'7)

@ The system can have m first integrals. We will say the system is
integrable if it has enough of such (real) integrals.

@ For integrability of an autonomous two-dimensional system, it is
enough to have a single integral.
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Simple Example
@ Let us see the equation of the harmonic oscillator
X(t) + wix(t) =0
@ This equation is equivalent to the system

x(ty=" y(1),
{ J(8) = —2x (). )

@ The first integral of this system is
I(x(t), y (1) = X2(t) + y*(t) /.
@ Due to (1) its full derivation in time is zero
DA = 2x(t)x(1) + 2y ((1) /uwf =

= 2x(t)y(t) — 2x(t)y(t) = 0.
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Solutions

Due to the constancy of the first integral

I(x(1), y (1)) = X*(t) + y*(t) /s = CF,

we evaluate y(t) as a function of x(t)

y(t) = £wGy/ CF — x2(1).

By substituting y(t) in system (1) we get the autonomous equation of the first
order
ax(t) | 2 [re 2
i +wgy/ CF — Xx2(1),

=dt, i.e. X(t) =+C -sin(wot+ Cz)

or
ax(t)

i—
w2./Cr — x2(1)
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@ Integrability is an important property of the system. In particular, if
a system is integrable then it is solvable by quadrature.

@ Knowledge of first integrals is also important for studying the
phase portrait, bifurcation analysis, constructing symplectic
integration schemes, etc.
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Problem

@ Generally, integrability is a rare property.
@ But the system may depend on parameters.

@ Our task here is to find the values of system parameters at which
the system is integrable.
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FITABA IX

CHCTEMBl HEJUHEHHBIX OU$SEPEHLHAJBHBLIX
YPABHEHUM

1—17. Cucrembt nByX muddepeHunanbHbiX ypapHeHuit

¥=—x(xty), y=ylct+y).

M3 sTux ypapuenmil monyuaew yx'+xy =0, 7. e. xy=C. Tagum o6pazom,
5ra CHCTEMA CBOINTCA K OZHOMY YPaBHEHHIO C DA3flenfllouHMACH Hepeven=
o x4 x4 C =0,

' =(ay+b)x, y'=(cx+d)y.

M3 oTix ypaBHeHHH creayer
(a+bs™ )y =(c+dx™)x, 1e e =Cxle™

O na 1) Hee. B CBSI3H C HEKOTOPHIVH GHOJIO®

ruaecknmil npoGaemavi M. V. Vo Tler ra, Rendiconfi Sem. Mat. Milano
3 (1930), crp. 158 n cx.
¥ =la{px+qy)talx ¢ =[b(px+qy)+Bly.
Orcona caenyer yox~? =Ce@=40 Cy. V. Volterra, Rendiconti
Sem. Mat. Milano 3 (1930), crp. 158 w ca. O naabHefimem AccaenoBamHHH
STHX ypaBHEHHil B CBA3H C HEKOTOPHMH GHOJOTMYECKHMH npobaeMaMH cM.
rakxe A. J. Lotka, Journ. Washinglon Acad. 22 (1932), crp 461 —469;
V. A. Kostitzin, Actualités scientif. 96 (1934).

=h@a—x)c—x—y), y=k-y)(c—x—y)

95

9.6.

W3 stix ypasuemnil caenyer |y—b|"=C|x—a [%. Taxam o6pasom, aTa
cHereMa MoxeT OHITh CBeJeHa K 0/HOMY YPaBHEHHIO OTHOCHTRMBHO X HiH Y.
Ecan B o6acty 0<Cx<a, 0<Cy <b, ¥ + y<c rpebyeres ualitu peutetive,
YI0BACTBODAIONIEE HAYAMBLBIM yeaoBHAM X (0)=y 2’0 =0, To Tomyuaem
Ypasnenue

Y =h(c—a—b)(a—=x)+h(a—x) +hba=¥* (a — )+

H coorBererBylomee ypaphenue aag gy Cm. H. J. Curnow, Journ. Lon-
don Math, Soe. 3 (1928), ctp. 88—92. IToxpoGHoe H3yueHne STHX ypaBHe-
Wil B CBAGM C HEKOTOpMAMH XmMiueckuMu npoGmenmant ov.J. G. van der
Corput, H.J. Backer, Proceedings Amsterdam 41 (1938), ctp. 1058-=
1073.

t=myt—cosx, y=—y sinx
Orciona enenyer 3y cos X =y
Cwm. E, Hkounuko s. )KT4> 4 (1937), crp. 433—437,

K= —xtxt g g =xy—x—y.
Pewenus ynosaerBopaioT ypasHernio x2+y?~2In|xy~1]=_C,
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Local Analysis and Resonance Normal Form

@ The resonance normal form was introduced by H. Poincaré for the
local investigation of systems of nonlinear ordinary differential
equations. It is based on the maximal simplification of the
right-hand sides of these equations by invertible transformations.

@ The normal form approach was developed in works of
G.D. Birkhoff, T.M. Cherry, A. Deprit, F.G. Gustavson, C.L. Siegel,
J. Moser, A.D. Bruno and others. This technique is based on the
Local Analysis method by Prof. Bruno [Bruno 1971, 1972, 1979,
1989].
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The Simplest Form of a Polynomial System
X =a+ax+py+P(xy),
y=b+yx+dy+ Q(x,y).

By shifting and similarity transformation

)?:AVN(WLUJN“F’B()N(J’), o#0 onlyif X\ =g,
y= Aoy + Q(X, 7).

Ideally we wish to get a linear system

This cannot be done throughout the entire phase space, but it is
possible locally — at a small domain near the stationary point.
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Power Series Approaches

@ Newton. Solving differential equations in power series with
respect to the independent variable near the stationary point.

@ Poincare. Transformation of dependent variables in the form of
power series in the neighborhood of a stationary point.
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Local Integrability

We consider an autonomous system of ordinary differential equations

N = i(X), =1, @)
where X = (x1,...,x,) € C" and ¢;(X) are polynomials.

In a neighborhood of the point X = X, the system (2) is locally
integrable if it has there sufficient number m of independent first
integrals of the form

/k(X):z’k‘gg, k=1,...,m,

where functions ax(X) and bk (X) are analytic in a neighborhood of this
point. Such functions I(X) are called the formal integral.
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Multi-index Notation

Let’s suppose that we treat the reduced to a diagonal polynomial

system near a stationary point at the origin and rewrite this
n-dimension system in the terms

= XNixi+x Y figxd, i=1,....n,
qenN;

where we use the multi-index notation

n
q: -q.
X3 =[]
J=1

with the power exponent vector q = (g1, - .., qn)
Here the sets:

Ni={qeZ":q>—-1andq>0,ifj#i, j=1,...,n},

because the factor x; has been moved out of the sum in (3).
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Normal Form
The normalization is done with a near-identity transformation:

Xi=2z+2z Y hg2% i=1,...,n (4)
qeN;

after which we have system (3) in the normal form:

Zj:)\ij—FZj Z gi,qzqa i:17"'7na (5)
(q,L)=0
qenN;
where L = {\q,..., A} is the vector of eigenvalues.

Theorem (Bruno 1971)

There exists a formal change (4) reducing (3) to its normal form (5). }

Note, the normalization (4) does not change the linear part of the
system.
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Resonance Terms

@ The important difference between (3) and (5) is a restriction on the
range of the summation, which is defined by the equation:

(@.L) =) gy = 0. (6)
j=1

l.e. the summation in the normal form (5) contains only terms, for
which (6) is valid. They are called resonance terms.

In the two-dimensional case there are a finite number of them,
if the ratio of the eigenvalues is not non-positive rational.

@ We rewrite below the normalized equation (5) as
zi = \izi + zigi(2), (7)

where g;(Z) is the re-designate sum.
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Calculation of the Normal Form

The h and g coefficients in (4) and (5) are found by using the recurrent
formula:

Jiq+(a,L) ,q—Z Y B+ ) hip-Gir+ Pig, (8)
= p+r=q
parGUiM
qenN,

For this calculation we have two programs.
@ in LISP [Edneral, Khrustalev 1992]

@ in the high-level language of the MATHEMATICA system
[Edneral, Khanin 2002].
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Conditions A and w

There are two conditions
@ Condition A. In the normal form (5)

9i(2) = na(Z) + A\jb(2), j=1,...,n, (9)

where a(Z) and b(Z) are some formal power series.

@ Condition w (on small divisors) [Bruno 1971]. It is fulfilled for
almost all vectors L. At least it is satisfied at rational eigenvalues.

Theorem (Bruno 1971)

If vector L satisfies Condition w and the normal form (5) satisfies
Condition A then the normalizing transformation (4) converges.
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Local Integral in the Resonance Case

Consider the case of a [N : M] resonance in the two-dimension
system. The eigenvalues here satisfy the ratio N- A\ = —M - s and
from the condition A (9) we have

91(2) = Ma(Z) + Mb(2),  g2(Z) = Xea(Z) + Aab(Z),

ie. N-g1(Z2) = —M-go(2).
The normalized system (7) can be conditionally rewritten as

N x C“L(ZO:)W-FQNZ), —M x C“L(ZZ):)\Q‘FQQ(Z)-
dt dat
| N . M
So, dOg(?tZ?):0 or z?’-zé‘”:const.

It is the local first integral. So, the system is local integrable.
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Near a stationary point the condition A:
@ Ensures convergence;

@ Provides the local integrability;
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Problem

We will demonstrate the search for integrable cases using an example
of the [Bautin 1952, Lunkevich Sibirskii 1982] system which has a
quadratic polynomial right hand sides

dx(t

= ak(t) + By(t) + &X3(t) + @ X()y(t) + & 72(1),
5 5 } (10)
D — A% (1) + 67(t) + b X(t) + bp X(1)F (1) + bs F2(1),

where X(t) and y(t) are functions in time and other letters are arbitrary
real parameters.

By a linear transformation, the linear part of this system can be
reduced to the Jordan form. The origin is the stationary point now

X=MX+o0o y+a1X +82XY+33}’,
y= Xoy +bix? + boxy + bay?.

We omit here the time dependence and use a dot instead of the time
derivative. A\, Ao are eigenvalues. If Ay # Ao then o = 0.
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Two Cases

If both eigenvalues are non-zero at the same time, we can choose
|A2| = 1 using time scaling. Also we put ¢ = 0. Then we have two
resonance cases of system (10). The center case

X= iy+ax>+axy+asy?
y=—ix+by X2+ byxy+ bsy?,

and the saddle case

X=AX+a;x°+a Xy + asy?,
V=—y+bix?+baxy+bay?

where 0 > )\ € Z.
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Phase Portrait near Stationary (Equilibrium) Points
\

s HEKOTOPHIE SJIEMEHTH AHAJIMTHUECKOR MEXAHWKM 15

1717, Ocotue rousn w3 gasosoft maockootu; a) Kowrn, 6) ceto; ) Souye (yerououd)
Er Oo‘qc {neyeroftmiut); 0) ysex (yeroflusuin); o) yeea (neyeron ustiR): 2%,

ay
’ %% 2@&%

z‘m
Y

3
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Integrable Center Case

Bautin's System, Center-Focus Case:
X(t) = y(t) + x(0)"2 + x(O)7y(t) + y(t)"2
Y1) = - x(1) +x(1)"2 + x(1)"y(t) + y(t)"2

x(0) = 0, y(0) = 0.1, 0.11, 0.12

Center:

St.Petersburg EIMI August 20, 2024 22/53



The level line is closed near a local extremum of the
real first integral
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Non-integrable Focus Case

Bautin's System, Center-Focus Case:
X() = y(O) +x(0)"2+x®)y(t) +  y()"2
yi(t) = - x(t) + x(t)"2 + x(t)"y(t) + 27y(t)"2

x(0) = 0, y(0) = 0.1

Weak Focus
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Integrable Saddle Case
Bautin Saddle Integrable System (B6)
X(t) = x() +x(®)yt) + y)"*2
y'(t) = - y(t) + x(t)*2 + 1/2 *y(t)"2

x0=-0.1,y0=0
2001
vit) 4
7 5 -5 -4 xu)-] -2 | 0
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Non-integrable Saddle Case

Bautin Saddle non-Integrable System (B6)

x(t) = x(t) +x(®)7y(t) + y(b)"2
y'(t) = - y(t) + x(H)*2 + 1/2.01%y(t)"2

x(0)=-0.1, y(0)= 0

I:

-
T T T

yie) ¢+ -

e N w
T T T
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Hypothesis

We seek integrability by solving the local integrability condition at all
stationary points of the system with resonances in the linear parts.The
basis of our technique can be formulated as a hypothesis

Hypothesis

For the existence of the first integral in a certain domain of the ODEs
phase space, local integrability is required in the neighborhood of each
stationary point in this domain.

At resonance cases the local integrability can be written down as the
system of algebraic equations on the system parameters. We can
create this system by the computer program.

St.Petersburg A August 20, 2024 27/53



Condition of Local Integrability as a System of

Algebraic Equations

For the saddle case and the resonance 1 : 1 the truncated A system at
the origin stationary point is

ajay — bobz =0,

—agby(—6a5 + 9ayby + 14by by + 6b2) + 923 (a1 by + bybg) + ap(14ayagby —
3bg(2by by + 3b3)) + 6a3by =0,

432atapag + 3623 (5483 + 18a5bg — 61apaghy — 18agbaby)—
6a5(162a3by + a3(131a3by — 162bybg) + 3apaz(106by by + 75b3)+
2agby(194agby — 381boby)) + a1 (3708agby — 10843 (3355 — 38bybg)—
3a3by(5299ab, + 1524b3) — 4ap(868a5b2 — 981agh3 + 81b3(3b5 — 2by bg))+
36by(142a5b; by + azbs(53b1by — 114b3) — 18byb3)) — 1782a3by by
—6a3b;(523a3by + 654byby) + 18a3b(—284agb? + 75by bobg + 19853)+
3ap(ag (7760565 + 5299by b3bs + 594b3) + 12bybg(61by by + 27b3))+
2by(a3 b (1736by by + 1569b3) + 3agbobs(131by by — 618b3)—
10853 (2b; b + 9b3)) = 0.

It has been experimentally established that adding further equations
does not change solutions of this system.

Equations of a similar form were obtained also for resonances 2 : 1
and 3 : 1 and for pure imaginary eigenvalues also.
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Solutions of the Condition A

The MATHEMATICA-11 system solver Solve received 13 families of rational
solutions of the algebraic system above. Some of them are a consequence of
others, we marked them by asterisks:

3
) {ar = 22.by 2,

N%,\

) {a=0,b=0};

3 {a=-%.b=-%})

4) “{ag= -, a=0b =0}

5 {ap =0,a3 =0,b3 =0};

6) *{aj=0,bp=0,by=—2%};

7) {ay =20, by = 22 bg = 235}

* a3t
8) "{a; =2bp, by = 5%, by = 22}
2

9) *{a; =2by, 8, = 0,83 =0, b3 = 0};

10) *{a; =2bp,a = 0,by =0, b3 = 0};

1) *{a; =0,a3=0,bp =0, b3 = 2a};

) {a=-%.,a=0b=0b=-2}

) {a; =2bp,a3 =0,by =0,b3 =2a}.

With these sets of parameters, we checked, if possible, the integrability
condition at other stationary points of the system.

1
1

W N
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Calculation of the First Integrals

An autonomous second order system can be rewritten as a
non-autonomous first order equation. Let

d;((tt) _pix(t).y(t). X9 _ ). (),

dt
We divided the left and right hand sides of the system equations into
each other. In result we have the first-order non-autonomous
differential equation for x(y) or y(x)
dx(y) _ P(x(y),y) dy(x) _ Qx,y(x))

dy — Q(x(y),y) dx — P(x,y(x))
Then we try to solve them by the MATHEMATICA-11 solver DSolve
and got the solution y(x) (or x(y)). After that we calculated the integral
from this solution by extracting the integration constant.
If this procedure failed, we manually used the Darboux method.
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First Integrals

We calculated the integrals for the resonance 1:1 case:

1) X =X+ bobax?/ap + apxy + agy?, y = —y + agb3x? /a3 + boxy + bay?,

hoxy) = ((asbo — apba)(box — ay) — B) %
ap(ap+2bg3)
<bg (1 _ (apby—agbp)apy—tpx) | | S22l

%

(2a323 + (az(ao + b3) + azby) (aangz(a% + 2azbo)+
apx (Y(a + 2a3b)(B — apbs + agby) + 2apa3b2 ) +
aagy(y (a% +2agbp) — 232)))

2) k=x+ax®+agy®, j=—y+bx®+ by

h(x,y) = bi(agby — arbg) f[(—y + byx® + bgy?)x

(x (—x (a%‘ + byx(aiby — agby) + b1b3) - 2a1) -
y? (bsx(arby — agby) + arag + b3 ) + y(2b3 — X(arx + 3)(agby — a1b3))+
a3y (anbs — asbr) — 1) o
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8) k=x—Jbox® +axy+ay?, y=—y+bx®+byxy— }ay?

h(x,y) = 7332xy2 — 233y3 + 2by X3+ 3b2x2y — 6xy;

4 k=x—Lbx®+agy?, j=—y+bx®+boxy,

Iy = —2a3y® + 2b1x® + xy(box — 2);

5) X =x+ax%, y=—y+bix> + bpxy,

_bo
1) A
Is(x,y) = % (Bboxy — aibybpx® — 2a1byx — bybEx® —

2bybyx — 2by + bg(—x)y) ;

6) X =x+apxy+agy?, y=—y+bx*—}ay?

le = xy(asy +2) + 2azy® — 2byx%;
7) k=x+26px% + apxy +agy®, y=-y+ %xz + boxy + 23592,

apbyx?
hxy) = 225

+2apy% + boxy — y;
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. . b
8) X =x+2bpx% +apxy +agy?, y=-—y+ 32 X% + byxy + 2ap)%,

52
233 —aghy ) (ay—bpx) \ \ aghp— 222
b (st o) Cox - ) - ) (15 (1 - CEewn ) e
7
(2a§a3 + (332 + agby (a3b§ x? (ag + Zasbz)
apx (y (a3b2 - az) 32 + 233b2) + Zazaabz) 32a 3y (y (ag + 2a3b2) — 2a2)))
9) x= X+2b2X2, y= —y+b1x2 + boxy,
ly = (3b3xy — by (3bax(bax + 2) + 2))/(3b3(2bax + 1)3/2);
10) & = x+2bx® +agy?, = —y + boxy,

3b2( Iog(a:;y +3x) Iog(aabzy +2b2x+1)) N asb% log(3by y+3y)

ho(x, y) = b2+1 3(by+1) ;
1) X =x+axy, y=—y+bx®+2ay°
by log(x) b1( log (apby x* — 232y+1) |og(3y by x ))
hi(x,y) = 3(a—1) a1 ;

12) X =x—by/22 + apxy, y=—y+boxy—a/2)",

ap xy2 —by x2y+2xy )

ha(x,y) = %

13) X = x +2bpx® + apxy, § = —y+ boxy + 2apy?,

ha(x,y) = (21683y° — 648a§3b2xy2 — 32423y° + 648a,b5x°y + 648aybaxy+
1628y — 216b3x° — 324b3x2 — 162byx — 27)/(x2y?).
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Nonintegrable Case?

We have carried out similar calculations for the case of pure imaginary
eigenvalues and got 20 appropriate sets of parameters (11
independent). We found integrability for all sets.

Also we did that for the resonance 2:1 and got 12 sets of parameters
(8 independent). 7 of them correspond to integrable cases. But for one

) 1 )
X =2X — §b3xy, y= —y+b1X2 +b3y2,

we could not find the first integral. This case needs further research.
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Non-resonant Case

But the algebraic systems for each resonance have a similar form and
are written with respect to the same variables. That’s why the next step
was to combine algebraic equations for local integrability conditions for
all three calculated resonances 1: 1,2 : 1 and 3 : 1. In other words,
we tried to extrapolate the results of resonant cases to the situation
with arbitrary eigenvalues. Of course, such extrapolation does not
describe all integrable cases.

The solutions of the resulting system of this 9 equations can predict
the integrable cases of the general system

X= ax+ax’+axy+asy?, (1)
y= —y+bix2+byxy+bsy?

where « is an arbitrary parameter.
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Solutions of the Combined System

The system has 14 rational solutions of the system above. Some of
them are a consequence of others. 11 solutions are independent:
) {a2=0,a3=0,bp =0};

2) {a =0,a3 =0,by =0};

3) {a; =0,b; =0,bp, =0};

4) *{a; =0,a, =0,by =0, by, =0};
5) {ay =2bp,a, =0,by =0,b3 =0};
6) {a;=0,a3=0,by =0,b3 =0}
7) {a;=0,by =0,b, =0,b3 =0};

8) f{ay=0,b;=0by=0,by=—2};

9) {ay =by,a3=0,by =0,b3 =ap};

10)  {a =0,by =0,bp =0,b3 = ax};

11) {a; =0,a3=0,b, =0,b3 =2a>};

12) {a; =0,b; =0,b, =0,b3 =2a};

13) *{a; =0,a, =0,b; =0,b, =0, b3 = 0};
14) *{a; =0,a3 =0,by =0,bp = 0,3 = —2}.

For all sets of parameters above we found the first integrals.
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Integrals of the Non-resonant System

1) Xx=ax+ax?, y=—y+bx?+bgy?,

This is the integrable case, but the expression for the first integral is too huge for a demonstration here

2) x=ax+axt, j=—y+bx®+boxy,
y _1 b
M *atax) ¥ A
b(x,y) = aiha X
1.,.b
ajx oTay ajx
abyx (1) 73 SR (14 5 2+ iz 1) -
1
X ata aqx
obyx (B )T LR (14 TG e d 2 55 -
aary —ary);
3) x=ax+axy +ay’, y=-y+ by
a2
y*(1—bgy
(x,y) = %;2
L2
ay?(1 — byy)” B3 5Fy (a+2, MTerW;OL‘F&bgy) +ax+2x> ;
H %= 2 2
) X=ax+agy®, y=—y+by,
Iog17b3y —log(y))
la(x,y) = (a+T)b
(aayo"“ oFi(c, o+ 1 o + 2; byy)e®(08(1—b3y) —log(y)
agy 1 oF (o + 1, a + 1; o + 2; byy)e(1o8(1=bsy) —log())
abgx — bzx)
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5) X =ax+2bx® +agy?, y=—y+boxy,

_ a3b;
Is(x,y) = at2) (bt <
(711 log ia + 63b2}/2 + 2b2X) — 2log (a + 83b2y2 + 2b2X) +
2log (33}/2 + (o + 2)X) + 2« Iog(y))
6) X =ax+axy, y=—y+boxy,
lo(x;y) = —box + apy + log(x) + o log(y);
7) X =oax+axy+ayt, y=-y,
I7(6,y) =y (—apy) "> (@Bxe®Y (—ay)* — &l (a +2, ~2y)) /&;
8) X=oax+axy+ay?, y=—y—}ay
— y&
lg(x,y) = (a+2)(a+3)(ay+2)™ <
a
(2a3y2 (%a2y+ 1) (Z(a +3)2F (a, a+20+3; —%agy) +
(o + 2)azy o F (a, a+3a+4 —1232}’)) +
(o +2)(a + 3)x(ay +2)%)

9) X =oax+bpx®+axy, J=—y+byy+ay?
o
lo(x,y) = % (o —aay+bpx)™ 7"
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10) )'(:ax+a2xy+a3y2, y = _y+52y2,
_ ye
ho(x,y) = WX
(a2a3y2(1 —ay)* oF(a+1, 0+ 10+ 2 ay)—
azy(1 — apy) oFi(a+ 1, a+ 1, a+ 2, ay)+
aapX + apgX + agy);

M) X =ax+axy, j=—y+bx®+2ay°

a§b1 x2 (—b1 x2+2ay+y)2a

hi(x,y) = )2a+1;

a(2a+1)(azfa)(a(2a2y71)7a2b1X2
12) % = ax+axy + agy®, ¥ = —y +2ay°,
1
yd(1—2apy) ¥ 72
ha(x,y) = %ﬁ
(a3y2(1 — 2a,y)%"2 5 F (a +3,a+20a+3 2a2y) +ax + 2x> ;

18) k=oax+ay?, y=-y
ha(x,y) = y*(2x + ax + agy?) /(2 + );
14) X = ax + axy, y:_y_%azy{

ha(x, y) = xy®(apy + 227
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Examples 9.1 — 9.4 and 9.6 of chapter IX of the book [Kamke] are
examples of integrable cases of systems of two autonomous ODEs
with quadratic polynomial right-hand sides. Systems 9.1 and 9.6 have
the linear parts with all zero eigenvalues and are outside the scope of
this discussion. Other examples are:

@ System9.2 x=x(ay+b), y=y(cx—+ d),after changing the
time t — —7/d goes to case 6 above, if we substitute
a— —b/d,a — —a/d, b, — —c/d,

@ System 9.3 X =x[a(px+qy)+a], y=ylblpx+q)+ 2l
Case 9 above is its special case at a = b by changing the time
and parameters a, a» and b, ;

@ System9.4 x=h(a—x)(c—x—y), y=k(b—y)(c—x—-y),
by the shift x — x + a,y — y + b is reduced to the form with a
stationary point at the origin
x=hx(a+b-c+x+y), y=ky(a+b-c+x+y),andalso
can be transformed to case 9 at the special case h = k.

So, our results are consistent with this book.

August 20, 2024 40/53



Other Examples

We treated the degenerated system [Bruno, Edneral, Romanovski
2017], [Bruno, Edneral 2024]

x=—y®—bx3 + ay x° + ay x?y?
y = (1/b) x2y2 + x5 + by x*y + by x y®

with five arbitrary real parameters b # 0, ay, a», by, bo.

With this technique, we found 7 parameter sets at which the system
above is integrable.
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For the Liénard-type system

X=y
{ V= (a0 +aix)y + bix + byx® + bax®

with five arbitrary real parameters ay, ay, by, b, b3 we we found 6
parameter sets at which the system is integrable [Edneral 2023].

So we have results for more than just the homogeneous quadratic
right-hand side.
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Integrable Cases of a Three-dimensional Problem

First we considered resonant cases of the system

X= aX+aXyt+asxz+asyz,
y=-By+boxy+bsxz+bsyz, (12)
Z= —Z+CXYy+CXZ+Cyz

with natural «, 5 on the square table {1,2,3} x {1,2,3}

N | « | g | Algebraic solutions | ODEs Solutions | % Success
8 [1]1 23 19 83
8 |12 16 12 75
8 |13 25 19 76
8 [2]1 57 49 86
8 122 34 29 85
8 |23 43 35 81
9 |3 |1 60 51 85
9 |32 63 58 92
10 | 3| 3 43 38 88
Y 364 310
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Then we solved the combined algebraic system of 329 equations,
found its 10 solutions, and opened that MATHEMATICA-11 system
solved all corresponding systems of ODEs of the form (12) except one
(a red color). These systems with arbitary o and s are:

X =aX+ aXy+ axzZ+ asy z,

X = axX,

X =aX+ aXy+ axzZ+ asyz,

X = ax,
X = ax,
X = ax,
X = ax,

X = aX + ax 2,
X=oax+asyz,

X = ax,

y=-By+bsyz,
Yy =—By+boxy+buxz,
y=-By+ayz,

y=-By+bxy,
y=-By+buxz,
y: _Byv

Yy =By +baxy+bsyz,
Y =—By+bixz+ asyz,
y=-By+hbxy,
y:*B}’,

z=—-z+0Csy2Z

Z=—Z+C4X2Z;
zZ=—-z—ayz
Z=—Z+Cx2Z;
Z=—Z+ C4XZ;
Z=—Z+CXZ+Cs5y z;
z=-z

z=-Z
Z=—zZ—boxz
Z=—Z+Cx2Z

However, the Maple-17 system gives finite solutions for all cases

above.

Of course, such extrapolation describes only the simplest cases.
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Non-resonant Three-dimensional System

Finally, we considered the general case of a three-dimensional system
with 20 parameters

X= ax+axX°+axy+azy?+arxz+asyz+ agz°,
Y=—=BYy+bix®+boxy+bsy®+bsxz+bsyz+ bgZ2°
z= —z4+ X+ coxy+oy?+ ce4xz+c5yz+ ezl

Calculating the normal form up to 6th order for 4 integer pairs {«a, §}=
{1,1},{1,2}, {2,1} and {2, 2}, we got a system of 121 equations for
18 parameters. We found 174 solutions for it. For 109 of the found sets
of parameters the MATHEMATICS-13.3.1.0 system calculated
solutions to the corresponding dynamical systems.
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3D Chemical Kinetics Models

@ There are many cases of integrability of three-dimensional
systems and the corresponding exact solutions can be useful in
applications, for example, in problems of chemical kinetics
[Levanov, Antipenko 2006].

@ The explicit form of solutions allows us to study the qualitative
picture of the phase space of the system depending on the
parameters, and bifurcation analysis can allow us to discover new
phenomena in the simulated processes.
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Jabotinsky-Korzukhin model

Let’s consider, for example, the Jabotinsky-Korzukhin model
[Korzukhin, Jabotinsky 1965].

X =kix(C—y)—kox z,
¥y =kx(C-y)—ky,
zZ= k2y — k3Z.
The eigenvalues of the linear part of this system are equal to

{C- ki, —ko, —ks}.
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@ After diagonalization, the linear part of the Jabotinsky-Korzukhin
model takes the form with the quadratic right hand side.

@ The question arises: under what additional conditions does the
diagonalized version of the Jabotinsky-Korzukhin system appear
among the exactly solvable cases of the integrable system?

@ We found that the model system has 5 cases integrability by
quadratures if the following relations on its parameters are
satisfied

=G
@ Unfortunately, the coefficients in the real model must be positive,
so the requirement above is not feasible in reality. But this

example illustrates the possibility of finding exactly solvable cases
in dynamic models.

ko ko= —-C-ky, kyg=1.
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Note, in many interesting cases the linear parts of ODEs of the
dynamical models can be reduced to Jordan form, but not to diagonal
form.

At present, the author is not aware of computer packages for
normalizing ODE systems with non-diagonalizable linear parts, but
appropriate formulas exist, see [Bruno 1979].

The author hopes to close this gap in the future. Then it will be

possible to significantly expand the range of search for integrable
cases of multidimensional systems.
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Conclusions

@ There is a empirical technique for searching for analytically
solvable cases of dynamical systems. This works both for the
case of resonance in the linear part of the system, and for the
general case.

@ There are many cases of integrability of multidimensional dynamic
systems. The corresponding exact solutions can be useful in
applications, for example, in bifurcation analysis of various
models.

@ To study the integrability of such systems, it is necessary to create
packages for reducing ODE systems with a Jordan matrix of the
linear part to the normal form.
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Many thanks for your attention
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