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REMARKS ON “THE CLASSIFICATION OF
REVERSIBLE CUBIC SYSTEMS WITH CENTER”

HENRYK ZOLADEK

The paper [8] from the title was very long and rather technical. Nevertheless
it has drawn attention of some people who have pointed out to the author some
mistakes and inaccuracies. Especially, the author thanks A. P. Sadovski for
sending him a list of mistakes. Also the author himself found some misprints,
mistakes and one incomplete proof. Moreover, some new results about this
subject have appeared meantime.

1. The problem of center

In the introduction of [8] four classes of polynomial vector fields with cen-
ter were introduced: with Darboux integral, with Darboux—Schwartz—Christoffel
(DSC) integral, with Darboux-hyperelliptic (DHE) integral, and rationally re-
versible ones.

The Darbouz integrals are of the form

il

where f;(z,y) are polynomials and g(z,y) is a rational function.
The DSC integrals are of the form

U
H=wed H(U —u)% + / ed() H(u —u;)% 1 P(u) du
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336 REVERSIBLE CUBIC SYSTEMS

where U(z,y), W(z,y), g(-) are rational functions and P(-) is a polynomial.
The DHE integrals are of the form

H= H(R +\/\/:> exp[TW—l—/xW(u)Mdu

with rational functions R;(x,y), X(z,y),T(z,y) and X(-), W (). A rationally
reversible system V at a center O admits some rational non-invertible map ® :
R? — R? and a polynomial vector field V/ on R? such that: (i) ®.V and V' o ®
are collinear; (ii) the curve of non-invertibility I's of ® passes through O and
there is a neighbourhood ¢ C R? of O such that the boundary of ®(U/) contains
a part the curve I = ®(I'g), the vector field V' is tangent to IV at ®(O) from
the outside of ®(U) and V'(®(0)) # 0. (As noticed by D. Schlomiuk, in [8] the
author has erroneously written that V' is a polynomial vector field on RP2.)
Now the author thinks that one should consider another classification of known
cases of centers for polynomial vector fields: with Liouvillian integral (see below)
and rationally reversible.

However, in [2] it was proved that there exist local analytic vector fields
with center which are not reversible (by means of a local analytic non-invertible
map) and are not locally Liouvillian integrable (where in the definition below
one starts from the field of germs of meromorphic functions). These centers
are non-elementary. Thus one should not expect that non-elementary centers
can be easily classified. One may hope that the alternative: either rationally
reversible or Liouvillian integrable, holds for polynomial elementary centers and
for polynomial nilpotent centers. Also the author’s conjecture that any cubic
center is either rationally reversible or Darboux integrable remains unchanged.

The class of Liouvillian functions (or functions expressed by quadratures)
on C" is defined as the class obtained from rational functions by application
of the operations: algebraic operations, compositions, exponentiations (ef (””))
and integration ([ f dx;). Liouvillian functions include Darboux integrals, DSC
integrals and DHE integrals. Recently there have appeared two important papers
about Liouvillian functions.

In [6] Singer has shown (using differential algebra) that if a polynomial vector
field on C? has a Liouvillian first integral then the integrating factor can be
chosen in the form M = exp(f(x’y) Udx + Vdy), where Udx + Vdy is a closed
rational 1-form. Christopher [4] has noticed that this multiplier can be written
in the Darboux form M = e9 ] f".

In [5] Khovanski has published the proofs of half of his Ph.D. thesis (written
25 years ago). There he introduces the monodromy group of a function (its defi-
nition is also in [8]). This group is a topological invariant. Functions expressible
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by quadratures have solvable monodromy groups. In particular, the monodromy
group associated with the Darboux integral is abelian.
Recently, the author has found a large class of Liouvillian first integrals which
he calls multiple DSC integrals:
X S X, Ti
H=YS(X)P/+ / s(u)P/TW (u) du + Z/ uP/4 H(“ — wi;) % du
i=1 j=1
where X (z,y), Y(z,y), Xi(x,y), S(-), W(-) are rational functions, p/q, a;; are

rational numbers and u;; € C. Some additional conditions must be satisfied in
order that these functions represent first integrals for polynomial vector fields.

ExXAMPLES. 1. The logarithm of the DHE integral is

x SRS o
T«/S(X)—l—/ \/S(u)W(u)du—i—ZQai/ Vudu

1—wu

2. The system

i =—y(l+az" + " —2X2%y" %) = P(x,y),
g =z(l+a"+ " — 2w2y”_2) = Q(z,y),

has a first integral

H = /f—(n+4)/(2n)(de — Pdy)

2/n X
_(a / L/ 2n) (Y @mm/n gy,
n
42/n
+

X2
n / =D/ @) (y _ 1)@=m)/m g,

where

f=1420E"+ ") + (@™ — M")?,
X1 =f(l—2"+ X" 7% Xo=f(1+2" - )2

This example comes from the work [3] of Chavarriga, where the existence of the
integrating factor was proved.

The monodromy groups associated with DSC integrals and with multiple
DSC integrals are solvable and can be embedded into the group of affine diffeo-
morphisms of a complex line. Using the Singer theorem one can prove that the
same holds for any Liouvillian first integral. Now the author is working on the
proof that any Liouvillian first integral is of the Darboux, DSC or multiple DSC
type.



338 REVERSIBLE CUBIC SYSTEMS

2. Rational curves in CP?

In the proof of Proposition 1 (p. 116 of [8]) the author needed the following
fact: If C C C? is a rational curve then there is an invertible rational map
(x,y) — (X,Y) such that C = {X = 0}. It is the Abhyankar—-Moch theorem
[1], well known in algebraic geometry. The author thanks T. Maszczyk for this
reference. The very short arguments given in [8] are insufficient.

3. Cubic centers

In Theorem 1 of [8] the list of reversible centers is presented. There are given
only the maps ® and the vector fields V' (in the image). The formulas for the
vector fields V' are given in the course of the proofs in Section 5. However, not
all formulas are there, some are in implicit form and (as Sadovski has pointed
out) they contain some misprints and mistakes. Sadovski investigated the center
conditions using different methods (reduction to a system of non-linear oscilla-
tions and applying the Cherkas methods). He informed the author that several
of the cases from [8] coincide with some of his cases. Because there is an interest
we present a complete list of reversible V'’s.

The author together with J. Sokulski tried to classify the cubic Darboux
centers. We have found 35 cases but we do not know whether the list is complete.
Sokulski [7] gave a complete list but under some restrictions (on degrees etc.).
We use the oportunity to present also all known cubic Darboux centers, where
the first 18 cases come from [7] and the others are new. Thus we have all 52
cases of cubic centers in one place.

Reversible centers (The upper index denotes the codimension).

CR" :  d=k+ 122+ my+ ny? + paly + qy
§=2z(r + sz? + ty + qy?)

C'Réo) : i=(k+lx +ma?)(2x +y)
g=yl(n+pz)(z+y) + gy + (k + 1o + mz?)]

Cng) : i=(k+lx +ma?)y
y= A+ Bx+ Ca? + Dzy + Ey? + Fa3 + Ga®y + Hay? + Iy?

where A = 2[(3a—b%)bk+ (b* —2a)l —bm], B = 2[(2a® +2ab® —b*)k + (b> — a)bl —
(2a + b*)m], C = 2a[(5a — 2b*)bk + 2(b* — a)l — 3bm], D = 3A/2, E = 2bk — I,
F = 2a%[(2a® —b)k +bl —2m|, G = 3F/(2a), H = (5a/2 —b*)k+bl —m, I = k/2.
This case is parametrized by a, b, ¢, k, [, m. (In Theorem 1 of [8] the formula
for p should be changed to p = 4a[(2a — b?)k + bl — 2m).)

CRY : —(x + o) (kay + L +mT) —a(ny® +pTy +¢T°)

xr=
Y= 2z +y+c)(ny® +pTy + qT°) — y(kzy + 1 +mTx)
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Here and in the cases CRZ(-*), 1 # 16, below,

T=xz+y+ec
CRY :  i=—kay? — 1 +may— (nzy +p+qTz)(2 +y+c)
g =x[l +p +mez + (k +n)zy + ma? + ¢Tz]
CRY +  i=-nT+ny+(—k—pzy’+(m—1— gyl — (m+r)al?
g =—ny + (p = Day* + ky® + (¢ = m)ayT + py*T + raT?
+qyT? + T3
CRY) ©  g=al-(n+k)+(1—may— (I+p)aT)

¥ =nz +ky +nT + (m — )2y + px®T + mayT + pxT?

CR{ . i =a—k — 20T + 20l — m)ay — 2T
y =2[ky +naT +nT? + (m — )a*y + mayT)

CR{™ . & =a[-IT +2(1— m)y — kay — 2nT?]
§ =2[(m = Day + myT + kay? + naT? + nT?)

CRW : @ =a[~k+3(1—m)zy — laT — 3nT?
y =3[ky + naT? + (m — D)a®y + mayT + nT*)

CRY = @ =2a[~(p+k)a+ (1 —n)y’+ (m—1—qyT — (m+r)T7
y =2px? — kxy — pxT + 2(n — ) zy?
+2(q — m)ayT — ny?T + 2raT? — qyT? — rT3

CRQ : i =2[(m—k—q)zy — (m+r)aT +1y>+ (p —n)yT?
+(n — D)y*T — pT?]
§ = —ky?+2(q — m)ay + 2raT — 2y> — pqT
—rT?% — Qnsz — prT2

CR%O) : i =3x[—kx + 2(1 — m)y* — lyT — 2naT)
y =2[~kzy — my®T + 3(m — D)zy? + 3n2®*T — naT?
CRgi) : i =3[—kxy — 2px? + 20y® + 2(m — n)xyT — ly*T — maT?
y =2[3px? — ky? — paT — 3ly> + 3(n — m)xyT — nyT?]

CRUIO . & =2y — T)(ky? + lz) — da(my + nT?)
y = (4z — T)(my + nT?) — 2y(ky? + lz)
CR%) : & =—x(ky +lx) — (my + nx)T

+(bx + 2cy + e)[~qz* + (n — p)zy + my?]
g =—y(ky +lz) — (py + qz)T>
—(2az + by + d)[—qz? + (n — p)xy + my?]

where Th = az? + bry + cy? + dx + ey + 1.
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CR§172) : i =k[(x —ay +a+2)(2n — 30, + 322 + 62 + 6) — 3,
—922n, + 9(2az” 4+ (2a — 1)z + 2a)]
y =3ky[(x —ay+a+2)(=3z +y+2) + 3(z® + = — 2)]

where n = zy — ay? + 22 + 2(1 + a)y + 1 — a. (In Theorem 1 of [8] there is a
mistake in the formula for 7.)

Darboux centers. The vector field is of the form
1
V= gzaini 11+
i=1 j#i
where Z(z,y), fi(z,y) are polynomials and X; denotes the Hamiltonian vector

field. The function H = [] fi"* is a first integral for V. We present the list of
first integrals and the polynomials Z.

CD®  H =y (w+y—1)(az+by+1); Z =1

DY H =1y’ (a® +azy +y* + b+ ey +1); Z=1

CDY) + H =a(a%y + xy? + ay® + bay + cy? +do + ey +1); Z =1
CD® : H =(1+2y)*(2 +azy + by* + co +dy +1); Z=1

CDgﬁ) : H =2y(2? + ay?®) + 23 + by® + ca?
+dry +ey? + frtgy; Z=1

2 3
DO L (=" +y) 71
CDg (23 + azy + by® + cx + dy + 1)%’
2 5
cp® :H= (z"+y) L Z=1
T (2° + 52y /2 + 152y° /8 + axy + by* + cx + dy + 1)?

CDég) A= (T + 427y /3 —f—xza—;yx/%_:-gij/;)j br + cy + d)3; z=1
COyY = @ + 5$2y(7;——|’-_g:15+ 1P 270

D"+ H = (7 + 72%y/3 +(1i;r?%7+ P LA
CDEQ) = (z° + 5x3/glxj—_|5—x$342/1—€)55x/32 + a)4; z=1

CD%Q) = (2% + 3$3y%4—|—+32g/; —1|—):;>y2/8 + a)2; z=1

oo S

oo o P,

:x3+5xy+ax+by+1’ N
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23738 (23 4 2% 4 y)P

oDl H = =
m3+ﬁx + BB - D2+ By +a
4-38
e\t H = s (2 + 2" ;y) L Z=1
m4+ﬁx3+(2)x2+ﬂxy+<3)x+5(ﬂ—l)y+a
2 3/2—8(,.2 B
cpW . g— @ty e ey DT
2+ (3/2+ (a—1)B)zy+ B +b
where 43(3 — 1)a? + 43(3 — 28)a + (3 — 26)(1 — 28) = 0.
D) — 2*5*227(x+1)ﬁ(9c2+y)7; 71
z“+ Bxr+yy+a
1+ ay)”®
cpo . g (1 + 2y _
19 1+ axy + 2* (ax—l—by—l—l) “
1+ a)*(1+2y)”
Do . g = A
CDz 1+ az + fzy + azx®’ .
1+ zy)®
CD(IO)ZH ( Y — 2
2 1+ azy + ala — 1)z?y? /2 + 2° (azx + by + ) .
1+ x4 zy)”
CD(ll):H ( 7 — 2
2 1+ az+ala—1)2%/2 4+ az? y—&-bx?” *
DY H = - (1;x+x9) . L Z =1
1+ ax+ (2)332 + (3)3:3 +a:c2y+2<2>a:3y—|—b:c4
1+ 2% + 23y)”
CcDS? : H = ( =a*
24 1+az? +ala—1) 4/2+a$y .
CD(ll) CH— _ y3_a(z+x+:62)“ _ ;
y3 + axy2 + (2>z2y—|— <3)x3 —|—0¢x2y2 + 2(2)x3y—|— az*
Z =3
-
CD§161)2H_ Y (y—|—a:y+x) _332
y+ ary + oz’ + a(a — 1)z? y/2+aaz
11—«
CD§171)ZH: ) (y—i—xy—i—x) ;Z:x3
2 ) 2 @) 3 @) 3 4
Yy + azy + ax” + <2>x y+2(2)z /24 (3)1’ Y+ ax
j e 2\«
C'D%O):H:y (y+z+xy+ax2) =z
y+ ax + ary + br
1+ zy + 23)*
CDSY - H = ( 7 =
29 (z* + 4a y/3—|—4bazy/3—l—b)37 *
DY H = ey’ + o+ ay +1)° ~1

z(zy® + 3zy/2 + 3ay® /2+3y/2—|—b)
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oDl . g (zy® + 2 +1)° 71
31 23 (xy® + 5xy® /2 + 5y° /2 + 152y /8 + 15y/4 + a)*’

opi? . g — [(1+2y)® +2°(1 + ax)]? i Z=2ab

2 = P 30+ ey)a® (L F ax)/2 4 3258

CDl) 1 = (1 +ay)' P+ + azy + ba?)” 7=
. )
L+ Bz + (1 - B+aB)ry + ((B(6—1)/2+b8)x
(10) (y+ )Py + o + aa®)"
CDs,” : H= 5 s L=
y+ Oz + bx
3B B
x
C’D%O):H: 3 Y (yg ) 0 Z=a
v + pay® + <2>x2y+ (3)963 +zt(az 4+ by + 1)
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