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Abstract - Solving exactly nonlinear systems of polynomial equations,
especially those involving parameters, is notoriously hard, in spite of the
availability of some general methods, like the generalized resultant method
or the Grébner basis method. When a system presents symmetries, as most
systems naturally occurring in mathematical physics often do, an effective
use of substitutions involving the generators of the invariants of the system
may alleviate the problem. In this paper we reiterate this point of view in
the case of certain generic systems in three and four variables, with cyclic
symmetry, and then exemplify it for the Swift-Soward convection system
and the Noonburg neural network system.
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1. Introduction

Nonlinear systems of polynomial equations appear naturally in mathemati-
cal physics. Often their solutions represent equilibrium points of evolution
processes modeled by ordinary differential equations [2, 4, 5]. Such pro-
cesses usually depend on various parameters and often present symmetries.
In view of the fundamental theorem of algebra and basic Galois theory solv-
ing them exactly means in general reducing them to one single equation in
one variable. We proceed now to present the abstract set-up of our problem.
Let P(X1,Xs,...,X,) be an arbitrary polynomial of degree m > 2 in
n > 2 indeterminates (X1, Xo,...,X,) = X with generic complex coeffi-
cients. Here and in the future generic will mean that the coefficients belong
to the complement of some finite union of algebraic varieties of positive
co-dimension in the coefficient space. P can then be represented as

P(X1,Xa,...,Xn) = Y aX', a;€C, (1.1)
LI|<m
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where I = (i1, 12, ...,4,) runs through the set of all multi-indeces such that
i1 > 0,i3 >0, ..., 10, >0, |[I| := i1 +42+ -+ 14, < m, and X' stands
for X! X2 ... Xi». Then the ideal of C[X1, Xy,..., X,] generated by the n
polynomials P(Xl,XQ, ce ,Xn), P(XQ,X;;, ce ,Xl), P(Xg, e ,Xl, XQ), ey
P(X,,Xy,...,X,_1) generates a 0-dimensional algebraic variety. As such,
the system of n equations in n complex variables (z1, 22, ..., 2,)=2,

P(z1,29,...,2,) =0
0

P(za,...,2n,21) = 1.2)

P(zn,21,--52n-1) =0

admits finitely many solutions. In fact, fundamental results in algebraic
geometry due to van der Waerden [6, 7] show that the system (1.2) admits
exactly m"™ solutions for generic values of the coefficients ay. Typically, only
the solutions (21, 22,...,2y) of (1.2) with z; # z; for i # j present physical
interest. Such solutions will be called nontrivial. Any nontrivial solution
generates n such, by permuting circularly its components.

Notice that each polynomial system (1.2) has at least m trivial solutions,
in the generic case, all of whose components are equal, z;1 = 29 = -+ - = z,. In
fact, we conjecture (motivated by all our subsequent results and some simple
combinatorial arguments) that all the solutions of (1.2) could potentially be
obtained in the following manner: If d is a divisor of n, n = dgq, then replac-

ing (21,22, .., 2n) DY (21,22, <oy 2dy 21, 22y« + 3 Zdy - - + 5 21, 22, - - -, Zq) Teduces
q times

the system (1.2) to a subsystem of d polynomial equations in d variables

(21,22, ...,24), and so all the solutions of (1.2) would eventually be obtained

from the nontrivial solutions of these associated d-subsystems.

Ideally, solving the system (1.2) will require finding a polynomial p €
Clz] in one indeterminate x whose roots supply all the components of all so-
lutions of (1.2), nontrivial or trivial, and eventually finding a factorization of
this polynomial in factors whose roots correspond to nontrivial, respectively
trivial, solutions. For instance, generically

?Zn: Z ar | 2 (1.3)
k=0 \UI,|I|=Fk

will always be a factor of p(z) yielding trivial solutions with all components
equal.

If (21, 22,...,2n) is a solution of (1.2) then (x —z1)(z—22)...(x—2,) =
2" —o12" Mo 24 - (—=1)" Lo, _12+(—1)"0, will certainly be a factor
of p(z), where o1, o9, ...,0, are the elementary symmetric expressions

associated to z1,29,...,2,, namely, 01 = 21 + 29 + -+ + 25, 09 = 2129 +
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2123+ 4 Zp—12n, -, 0n = 2122 ... 2. Now, solving for (o1,09,...,0,)
instead of (z1, 29, ..., 2, ) represents a major simplification, as the symmetry
of the system will be increased from circular to permutational. The loss of
component order can be restored by considering secondary invariants [1], as
described below.

The first step in passing from solutions (z1, 22, ..., 2z,) to (61,09, ...,04)
is to replace the system (1.2) by the following more elaborate one:

21P(z1, .oy zn) + 22P (22, .oy 2ny21) + -+ 20 P(2n, 215 -y 2n—1) = 0
z2oP(2z1,...,2n) + 23P (22, ...y 2n,21) + -+ 21P(2n, 21, - oy 2n—1) = 0

2nP(z1, .. y2n) + 21P (22, .oy 2n,21) + -+ 2n—1P(2ny o ooy 2n—1) =0
(1.4)
Notice that (0,0,...,0) is always a solution of (1.4), but generically not of
(1.2). It is obvious that all the solutions of (1.2) are also solutions of (1.4),
and that any solution (21, 22, ...,2y) of (1.4) with det(Z) # 0, where

zZ1 22 Zn—1 Zn
Z2 Z3 z Z1

7 = " , (1.5)
Zn 21 Zn—2 Zn—1

is also solution of (1.2).

With the warning that a solution (21, 22, . .., z,) of (1.4) with det(Z) =0
may not be solution of (1.2), as the case of (0,0,...,0) is, we shift our
analysis from system (1.2) to system (1.4).

In (1.4), unlike (1.2), cyclic permutations leave invariant each equation
of the system. Of course, there are other ways of associating to (1.2) systems
with this property, some involving the simpler equation P(z1, 22,...,2,) +
P(z9,23,...,2n,21)+ -+ P(zn,21,...,2n—1) = 0, but (1.4) has the benefit
of also preserving the degree of each equation.

At any rate, the use of (1.4) paves the way for the implementation of
some powerful polynomial invariant theory [1], which we proceed to explain.

The polynomial ring in n indeterminates C[X71,...,X,] and its associ-
ated fraction field C(Xy, ..., X)) are acted upon by the symmetric group &,,
and its subgroup €, of cyclic permutations in the obvious way, by permuting
the indeterminates. The associated invariant rings/fields, C[X71, ..., X,,]%"/
C(X1,...,X,)%" and C[X1,...,X,]% / C(Xy1,...,X,)%", that is the ring
of polynomials/fractions left invariant by &,,/€,, obviously satisfy

C[X1,..., X% cC[Xy,..., X,]%",
C(X1,...,X,)% cC(Xy,...,X,)%.
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By the fundamental theorem of symmetric polynomials, the elementary sym-
metric polynomials 31 = X1+ Xo+ -+ X, 20 = X1 Xo+ X3 X5+ -+ - +
Xn_1Xn, ..., 20 = X1 Xo... X, are polynomially independent over C and,

C[X1,..., X% =C[Zy,..., 5],

C(X1,...,X,)% =C(Z1,..., %)
Then the Hironaka decomposition [1] says that C[X1,...,X,]%" is a free
module of rank (n —1)! over C[Xy,...,%,], and if O is a primitive invariant

polynomial of €, with respect to &,, in the sense that © is €, -invariant and
the only elements in &,, leaving © invariant belong to €,,, then © is algebraic

over C[X4,...,%,] with minimal polynomial of degree (n — 1)! and,
(n—1)1-1
C(X1,....Xn)" = P C(Z1,...,5,)0" (1.6)
1=
The minimal (monic) polynomial in C[¥1,3s,...,%,][T] whose root © is,
equals H (T —g-0).
JEG,L/C,
The polynomials 31,35, ...,%, are then called primary invariants, and
those from a basis of C[X7,..., X,]® as a free module over C[y,...,%,],

or the relevant powers of O, secondary invariants.
An example of such a primitive element © is the polynomial X; X3 +
X2X§ + .- +Xn,1X% + XnXIQ, which will be our standard © from now on.
When applying the Hironaka decomposition (1.6) to the system (1.4),
all of whose equations are derived from invariant polynomials belonging to

C(X1,...,X,)%, we obtain a new nonlinear system of n + 1 polynomial
equations in the n + 1 variables o1,09,...,0,,0, corresponding to the pri-
mary and secondary invariants i1, Yo, ..., X, 0. The first n equations of

this new system correspond directly to system (1.4) and can be viewed as
providing sets containing the components of solutions of (1.2), while the last
one is derived from the minimal polynomial of the secondary invariant ©
and has the role of putting the solution components in the proper order.

This last system is itself formidable enough, in general, and the best
one can hope for is reducing it to a single equation in o1, with the added
possibility of solving for o9,03,...,0,, and 0 in terms of ;.

2. Systems in Three Variables

In this section we specialize the abstract discourse of Section 1 to systems in
three indeterminates z1, 22, 23, with a detailed analysis of those associated
to quadratic and cubic polynomials P(X1, X2, X3).

For starters, for n = 3, X1 = X1+ X9+ X3, Yo = X1 Xo+ Xo X3+ X3X7,
Y3 =X1X2X3,0= X1X§+X2X§+X3X12, and the Hironaka decomposition
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(1.6) reduces to
C[X1, X2, X5]% = C[Z1, T2, X3] @ C[Z1, o, T3]O
The minimal polynomial of © gives then
0% — (L1%2 — 353)0 + (2983 + X5 + 953 — 621 %,%3) = 0. (2.1)

Case A). P(X1, X, X3) has degree m = 2. It is convenient to represent
P(Xl, XQ, Xg) as

P(X) = a1 X{ + a2 X3 + a3 X5+
b1 XoX3 + by X3X1 + b3 X1 X9+ (2.2)
c1 X1+ c2Xo + c3X3 + d,

where a;,b;,¢c;, 1 = 1,2,3, d, are arbitrary coefficients, packaged, excepting
d, as vectors a, b, and ¢ in C3.

The system (1.2) associated to this P(X1, X2, X3) must have eight solu-
tions in the generic case, of whose two are trivial with identical components
and six nontrivial, in two sets of three distinct components. This predicts
that the desired polynomial equation in ¢y resulting from solving the as-
sociated system (1.4) should have the factor (a + b)o? + 3coy + 9d, and a
more complicated factor, quadratic in o1, corresponding to the nontrivial
solutions. (Here and in what follows in this section, a := a1 + as + as,
b:=by 4+ by + b3, and ¢ := 1 + ¢ + ¢3).

A simple analysis based on degree consideration shows that the Hironaka
representation of the polynomials building up system (1.4),

XiP(X1, X2, X3) + Xi 11 P(X2, X3, X1) + X2 P(X1, X2, X3),
1=1,2,3, X4 = X1, X5 = Xy, must have the type
AX? + BY?2 + C% + (DX + E)Sy + FY3 + GO,

where A, B, ..., F,G are suitable coefficients, depending on the coefficients
of P(X1, X2, X3). Actually, the system (1.4) to which we add the equation
generated by (2.1), becomes in this case

(alaz{’ + 010% + doy + [(es — 3a1)o1 + ¢ — 3e1]oa+

3(e1 —e3)os+ (e2 —e3)8 =0

a0} + co0? + doy + [(e1 — 3az)o1 + ¢ — 3ea)oa+

3(ea —e1)og+ (e3 —e1)f =0 (2.3)
azo? + c30? +doy + [(e2 — 3ag)o1 + ¢ — 3es)oa+

3(es —ez)os + (e1 —e2)d =0

02 — (o102 — 303)0 + (0303 + 03 + 902 — 6010203) = 0,
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where ¢; :=a; + b;, 1 = 1,2, 3, or e=a-+b.

The first three equations of (2.3) constitute a linear system in o9, o3,
and . Its solution naturally reflects the symmetries of this system, albeit
in complicated ways, so in order to express it in some reasonable fashion we
need additional notation. If u= (u1,ug, us), v= (v1, ve,v3), w= (w1, wa, w3)
are vectors in C* we will denote the vectors obtained from w by circularly
permuting its components by ut! and w12, namely ut1:=(us, u3,u;) and
ut2:=(u3, u1, uz). Also, u - v will mean the expression ujvy + ugve + uzvs,
while ‘ v ‘ will stand for the determinant of the 3 x 3-matrix whose rows are
u, v, and w, in this order. Finally, the elementary symmetric expressions
in the components of u will be denoted by w := u; + us + us, as before,
so(u):=ujug + ugug + uguy, and sg(w):=ujusus.

With the above notations we have, in the generic case,

ao? + coq1 + 3d

3a—e
1 c
— +1 +1 _ . 2
737 3Ba—e)(s2(€) — e - e) { ot < Cia | Face — dca e) ot

e

(3 g+; — 3esa(c) + cPe + d (3sa(e) — €*) — 9da - e + 3dae) o1+

3d(ce — 3c - e)]

0= L [ etz |o3 + ( ot + ace — 3ca - e+1> o1+
(3a—e)(sa(e)—e-e) Ll7e |71 e 1

(d (382(6) - 62) +3d (ae —3a - e+1) + c%e — 3cc - e+1) o1+

3d(ce —3c - ett)]
(2.4)
With the values (2.4) of o, 03, and 0, the fourth equation of (2.3) becomes,
after factoring,

-1
(M—f)((@—e°@
[( + 3a® — 9asy(a )) o+

1| |t

(3 otz | et
( — 3s2(e)) + (3a — e)(c2 — 352(0))] =0

(eo? + 3coy + 9d)* x

a+1 e"‘1

+ 3ca - e — ace + 9aa - C—3(I26> o1+

So generically, either ea? + 3coy + 9d = 0, or

e a 3 2
(3‘ gil - zil + 3a° — 9a32(a)> oi+
c
(3 c-|-1 +3 e+1 et'| +3ca-e— ace) o1+ 9aa - c— 3&26—1— (2'5)
et ct? e

d(e? — 3sz(e)) + (3a — e)(c? — 3s2(c)) = 0,
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as predicted.

For either one of the two expressions of o1 given by (2.5) the triple
(01,02,03) with o9 and o3 as in (2.4) yields the unordered components of
a nontrivial solution (z1, 22, z3) of system (1.2) and the value of 6 given by

(2.4) puts them in the proper order, since 6 = 2123 + ZQZ% + 2322,

Remark 2.1. Equation (2.5) allows one to express o3, 03, and 6 given by
(2.4) linearly in oy, in the generic case, but the resulting formulas are too
complicated to present interest, in general. However, in particular situations
this will bring about considerable simplification, as it will be seen in the
Applications section.

Case B). P(X1, X2, X3) has degree m = 3. It is now desirable to repre-
sent P(X1, X9, X3) as

P(X) = a1 X} + aa Xy + a3 X3+
B1X2 X3 + By X3 X7 + B3 X1 X5+
Y1 X2 X3 + 79 X2X 1 + 73 X7 Xo 4 6 X1 Xo X3+ (2.6)
a1 X? + as X2 + a3 X3 + b1 X0 X3 + by X3 X1 + b3 X1 Xo+
c1X1 + coXo + 3 X3 +d,

where a;, 3;,7;, ai, bi,ci, t = 1,2,3, 0, d, are arbitrary coeflicients, packaged,
excepting § and d, as vectors a, 3, 7, a, b, and ¢ in C3.

The system (1.2) associated to this P(X, X2, X3) must have twenty
seven solutions in the generic case, of whose three are trivial with identi-
cal components and twenty four nontrivial, in eight sets of three distinct
components. This predicts that the desired polynomial equation in o
resulting from solving the associated system (1.4) should have the factor
(a+ B+~ +68)03+3(a+b)o? +9coy + 27d, and a complicated factor of
degree eight in o1, corresponding to the nontrivial solutions. (As before, we
use the notations a := a1 +as+as, 8 :=01+ B2+ B3, v:i=71 + 72+ 73,
a:=ay+az+as, b:=by +by+bs, and c:=c; + o + c3).

A degree analysis shows that the Hironaka representation of the polyno-
mials building up system (1.4) has typical form

AX} + BY3 4+ CX2 + DYy + EX2 4 (FY? + GXy + H)So+
(IZl + J)Eg, + (KZl + L)@,

where A, B, ..., K, L are suitable coefficients, depending on the coefficients
of P(X1, XQ, Xg).
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The actual system in o1, o9, 03, and 0 is

a0+ a0} + c10f +doy + (Bar — a+ B3 — By + 75 — 73)05+

[(a3 — 4aq +7v3)03 + (e3 — 3ay)o1 + ¢ — 3ci]oa + [(a + (a1 — ag)+
B —=3B3+ 3y — 27+ 6)or +3(e1 — e3)]og + [(a2 — ag + By — y3)01+
€9 — 63](9 =0

207 + 207 + 207 +do1 + (3az — a+ By — B3 +v5 — 71)o5+

(a1 — 4ag + )03 + (e1 — 3az)o1 + ¢ — 3ea)oa + [(a + 3(ag — 1)+
B =301+ 3y, =2y +6)or + 3(e2 — e1)]og + [(az — a1 + B3 — 7)o+
ez —e1]0 =0

azoi +azof + c307 +do1 + (Baz — a+ By — B + 71— 72)o5+

(a2 — 4as + 7v9)0F + (e2 — 3az)o1 + ¢ — 3es]oa + [(a + 3(ag — ag)+
B =3By +3y3 — 27+ 6)o1 + 3(e3 — e2)]og + [(a1 — az + 1 — 12)o1+
e1 —e2) =0

6% — (0102 — 303)0 + (0303 + 03 + 903 — 6010903) =0
(2.7)
where, as before, e=a-+b.
By adding up the first three equations of system (2.7) we obtain a simpler
equation satisfied by o1, 09, 03, and 0, namely

aot + aoi + coy + 3d + [(y — 3a)aq + (b — 2a)]oa+

3a—y+d)os+ (B—7)0=0. (2:8)

Now system (2.7) is too complex even for the most potent computer al-
gebra systems (CAS). Maple 13 produced the outcome ‘too large to handle’!
One way of obtaining, in principle, the desired equation in o7 is the follow-
ing: After solving for o3 and € (in terms of o1 and o3) the linear system
obtained from the first two equations of (2.7), substituting these values in
(2.8) and the fourth equation of (2.7) produces two complicated polynomial
equations in o1 and oo. The resultant of these two equations with respect
to o9 is the desired equation in o7.

This plan will work for particular systems of cubic equations, as it will
be seen in the Applications section.

3. Systems in Four Variables

When n =4, 31 = X7 + Xo+ X3+ Xy, 39 = X5 Xo+ X0 X5+ X5 Xy +
Xo X3 + XoXy + X3Xy, B3 = X1 Xo X35 + X1 Xo Xy + X1 X3Xy + XoX35Xy,
Yy = X1 X5X3Xy, and © = X1 X2+ Xo X2+ X3X7+ X4 X2, Since (n—1)! =
6, the Hironaka decomposition (1.6) contains a direct sum of six terms, or
equivalently the minimal polynomial in © over C[X;, X9, X3, X4] has degree
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six. Rather than calculating it we prefer to work, in addition, with another
secondary invariant, namely € := X7 X3 + X9.X4, which is better suited for
the purpose of solving system (1.2).

The following two equations involving © and 2 hold over C[X1, Yo, X3, X4],

Q3 — 307 4 (5183 — 454)Q — (228, + X2 — 4%,%) = 0,
0% — (2135 — 283 — Q)0 + [Q° + (X% — 3%5,5)0%+

(22 - %3%y + 3583 — 8%,4)0+

(D383 + X5 4 352 — 2925, + 85,5, — 551 59%3)] = 0.

Case C). P(X1, X9, X3, X4) has degree m = 2. It is convenient to represent
now P(Xl, XQ, Xg, X4) as

P(X) = a1 X? + ap X3 + a3 X3 + ay X7+
b1 Xo X3 + bo X3X4 + b3 X4 X1+

3.2
by X1 X2 + b5 X1X3 + bg Xo X4+ (3:2)
c1 X1+ c2Xo + 3 X3 + 4 Xy + d,
where a;,¢;, 1 =1,2,3,4, b;, 1 =1,2,...,6, d, are arbitrary coefficients, now

conveniently packaged, excepting d, bs, and bg, as vectors a, b, and ¢ in C*.

The system (1.2) associated to this P(X1, Xo, X3, X4) must have sixteen
solutions in the generic case, of whose four are trivial, two with identical
components (z, z, z,z) where (a + b+ by + bg)os + decoq + 16d, 01 = 4z,
and two with components (z1, 22, 21, 22), 21 7# 22 with (a1 + az + b5 — ag —
ay —bg)oy + 2(c1 + ¢c3 —ca —cq) = 0, where 01 = 2(z1 + 22). This last
equation is a particular instance of what one obtains when treating the
much simpler case n = 2, m = 2. The remaining twelve solutions belong to
three sets with four distinct components. (Here and in what follows in Case
C),a:=a1+ay+az+aq, b:=0by +by+b3+0by, and c:=c; +ca+c3+cy).

A degree consideration shows that the Hironaka representation of the
polynomials building up system (1.4), must have the type

AY3 4+ BY? 4 O% + (DX + E)Yp + FX3+
(GE + H)Q+ 10

where A, B, ..., H, I are suitable coefficients, depending on the coefficients
of P(X1, X2, X3,X4). Actually, the system (1.4) to which we add the two
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equations generated by (3.1), becomes in this case

'alazf + 103 +doy + [(eq — 3a1)o1 + ¢ — 3e1 — c3loa+
(2a1 — a3 + by + bg — bs + e1 — 2e4)03 + [(a3 + bs — es)o1+
c1+3c3 — clw+ (ag +bg —eq)0 =0

az03 + 0% +doy + [(e1 — 3ag)o1 + ¢ — e — c4]oat
(2&2 —ag + bz +bs —bg + eg — 261)03 + [(a4 + bg — 61)01+
¢y +3cs — clw+ (a3 + by —e1)0 =0

azo3 + c30? +doy + [(e2 — 3az)o1 + ¢ — 3¢z — c1]oat
(2@3 — a1+ by +bg— b+ e3 — 262)0’3 + [(a1 + by — 62)0’1+

c3+3c1 —clw+ (ag + by —e2)0 =0 (3:3)

a403 + c40% +doy + [(e3 — 3ag)o1 + ¢ — 3c4 — co)oat
(2(14 — a9+ by +bs —bg+eq — 263)0’3 + [(az + bg — 63)U1+
C4+3CQ—C]W+(CL1—a2+62_€3)9:0

w3 — oow? + (0103 — 4o4)w — (0304 + 03 — 4o204) =0

02 — (0102 — 203 — o1w)0 + [W3 + (67 — 309)w?+

(03 — 030y + 30103 — 80 4)w+

(0303 + 03 + 305 — 20304 + 80304 — Ho10203) = 0,

where e; :=a; + b;, 1 =1, 2,3,4, or e=a+b.
By adding up the first three equations of system (3.3) we obtain a simpler
equation satisfied by o1, 02, 03, 04, w, and 6, namely

act + coy +4d + (e — 3a)og + [2(bs + bg) — blw = 0. (3.4)

Notice also that o4 can be eliminated between the last two equations of (3.3)
to yield

0 + (01w — 0109 + 203)0 + [—w3 + (67 — 02)w?+

(—0%09 + 0103 + 03)w + 0303 + 05 + 503 — bojoa03] = 0. (3:5)
Again, there is a definite path of reducing system (3.3) to one single
equation in o1, but the calculations are too involved even for the most
potent machines: The first four equations of (3.3) form a linear system in
09, 03, w, and 0, which allows one to express these quantities in terms of .
Then the equation (3.5) yields the desired polynomial equation in oy alone,
after substituting in it the oi-values of o9, 03, w, and 6.
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4. Applications

In the previous two sections we treated in some degree of detail certain fully
generic systems of polynomial equations with cyclic symmetry. However, it
is clear, by a continuity argument of the solutions with respect to the param-
eters [7], that one can study this way any system of polynomial equations,
by assigning specific values to some of the parameters. The only difference is
that certain divisions by zero have to be interpreted properly as yielding so-
lutions of higher multiplicity or solutions at infinity [7]. In particular, many
partly generic systems continue to behave as if they were fully generic.

In this section we present (three) applications to systems relevant to
mathematical physics, the Swift-Soward convection system [5, 4] and the
Noonburg neural network system [2]. They all are partly generic cubic sys-
tems which can be embedded in a quadratic system framework via suitable
substitutions. This is also in line with the general philosophy that any non-
linear polynomial system can be treated as a (larger) quadratic system by
means of adequate substitutions.

Example 1. The Swift-Soward convection system. The solutions of this
polynomial system describe the stationary points of a system of three ordi-
nary differential equations associated to the motion of a fluid layer, rotating
about a vertical axis and being heated from below, at the thermal convection
onset [3, 4, 5].

In our terminology, the Swift-Soward system is the cyclic system of three
cubic equations associated to the polynomial P(X1, X2, X3) = X1(vX? +
ozX22 + ﬁX??) — eX9X3 — AX4, where «, 3, 7, €, and A are real parameters.
It is easy to see that in addition to the circular symmetry its solution set is
also symmetric with respect to transformations of type

Xz' — _Xi;Xi+1 — _Xz'+1;Xz'+2 — XH_Q, 7, = 1,2,3, X4 = Xl,X5 = XQ,

which should make for a better understanding of the solution, which is
actually the case [3].

For the length of this example we will denote by s1, s2, and s3 the
elementary symmetric expressions associated to «, §, and ~. It is rather

A
easy to describe the trivial solutions of system (1.2) in this case: <, 0, 0>
v

and its symmetries (a total of six), and (z, 2, 2), z root of s12% —ez? — Az = 0,
and its symmetries (a total of nine). The remaining twelve solutions are
nontrivial, and due to the symmetries it suffices to find one of them, or even
the fundamental symmetric expressions of the squares of its components, and
then the proper ordering of these components. Replacing P(X7, X9, X3)
by X1 P(Xi, X2, X3) will not change the nontrivial solutions. Notice now
that each equation of the cyclic system (1.2)associated to X7 P(X7, X9, X3)
contains the invariant monomial —eX; X5 X3, so making the substitutions
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X1XoX3=A, and X? — X1, X3 — Xo, X2 — X3 leads to a cyclic system
associated to a new (quadratic) polynomial

P(Xl,Xg,Xg) :Xl(’)/Xl—FOtXQ—f-,BXg)—)\Xl —((567 (4.1)

where J is an extra parameter corresponding to A. So, when solving for o1,
09, 03, and 0 the system (2.3) associated to (4.1) we just have to remember
that for (z1, 22, 23) to be a (nontrivial) solution of the Swift-Soward system
we must have o1 = z% + z% + z%, oo = z%z% + z%z% + z%z%, o3 = z%zgzg,
0 = 2225 + 2324 + 222}, and in addition o3 = 6°.

For our new system Equation (2.5) becomes, in the generic case,

(B =)ot = As2 = 37%)o1 + [\2(s1 — 37) + de(s] — 3s2)] = 0. (4.2)

Now, in the presence of (4.2) the formulae (2.4), excepting 6 which is too
complicated to warrant inclusion here, become (see also the Remark follow-
ing (2.5))

B A2 4 Sesy — yhoy

g9 = 2
off =7 (4.3)
(yo1 — A)de
o3 =—"—5 0 —
s7 — 359

Since o3 = 02, the expression of o3 in (4.3) yields

(yo1 — Ne

0=— .
5%—332

(4.4)

When substituting the expression (4.4) of § in (4.2) this factors to give
(o1 = (@B = 22)or — A(s1 — 37) — €2] = 0. (4.5)

Since yo1—A = 0 corresponds to trivial solutions it follows that for nontrivial
solutions,

A(s1 — 37) + €2
af —
With the value (4.6) of o1 the other elementary symmetric expressions (4.3)

become, finally,

(4.6)

o1 —

[s162 + A(sT — 3s2)][A(7° + 208 — 52) — 7€?]
(B —2)2(s7 — 3s2)
N2 + 208 — s2) — ye?)?
(@B —~2)%(s7 — 3s2)?
Formulae (4.6) and (4.7) are what we were looking for. As before, recall that
the expression of 6, however complicated, allows one to put the components

g9 =

(4.7)

o3 =
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of a nontrivial solution of the Swift-Soward system in proper order. When
~v =1, we recover the result of [3].

The Swift-Soward system could also have been treated directly as a de-
gree m = 3 system, via Case B) of Section 2, but the computations would
have been substantially more involved, as a result of ignoring part of the
available symmetries.

Ezample 2. The Noonburg neural network system with three neurons.
The solutions of this polynomial system describe the stationary points of
a Lotka-Volterra system of ordinary differential equations measuring the
activity levels at each cell for three interconnecting neurons [2]. It is the
cyclic system of cubic polynomial equations associated to the polynomial
P(X1, X2, X3) = X1(7X? + aX3 + X3) — AX1 + ¢, where , 3,7, ¢, and A
are real parameters.

Although we could treat, as in Example 1, this system as quadratic,
by replacing P(Xl,XQ,Xg) with XngP(Xl,XQ,Xg), then with (5(’}/X12 +
aX3 + BX3) + eX2 X3 — J), via the substitution A = X; X2 X3, we choose
to exemplify instead the machinery set up in Case B) of Section 2. The
associated system (2.7) and equation (2.8) become in this case

v — Xo? + €01 + (51 +7)03 + 2(—27v02 + N)oo + 2(3y — 51)0103 = 0
eo1 — (a+7)o% + (yo3 — Moz + (s1 — 3y)o103 + (a — 7)o10 = 0
co1 — (B+7)03 + (Bt — Moz + (s1 = 3B)o103 + (v — B)ord =0
62 — (0109 — 303)0 + (0303 + 03 + 903 — 6010203) =0
(4.8)
and

o3 — Aoy + e+ (B — 3y)o109 + 3(y — B)os + (a — 3)8 = 0. (4.9)

(Throughout this example s1, s2, and s3 will denote the elementary sym-
metric expressions associated to «, 3, and ~.)

The linear system in o3 and 6 formed by the first two equations in (4.8)
has in the generic case the solution (depending of o; and o3),

B 'ya‘ll — )\O‘% +eo1+ (s1+ 'y)a% + 2(—270% + Nog

g3

2(s1 = 3v)o1
L2 L (4.10)
g 91— Aot +3eon + (B —a)os 9102
2(y — a)oy

Substituting (4.10) in Equation (4.9) and the fourth equation of (4.8) pro-
duces two equations in o1 and o2. A necessary and sufficient condition for
these latter equations to hold is the vanishing of their resultant with respect
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to oo. The resultant in question factors to give

2(s1 = 37) (@ = 7)(s] = Bsa + 2% +4af)
o1 (4.11)
(5103 — 9\o1 + 27€)*(Ego + Ero! + - + Ero1 + Ey),

where,

Ey = y(aB —~%)s1(s] — 3s2)
EFi =0
Ey = MNap— 72)(5% — 332)[73172 - (s% + s9)7 — s189]

B3 = e(af — 738537 + s1(—135% + 2359)7°+

(55‘11 — 5% — 125%52)7 + 5152(5% — 3s9)]
Ey = N(s? —3s2)[3517° + (757 — 652)7° — s1(57 + 10s2)7y + s2(257 + 59)]

Es = —2X\e[12537% — 51(11% + 1559)7>+
(5] + 1282 + 17s359)7°—

51(251 — sis2 + 53)7 + s2(3s1 — 2s9))]

Eg = (672 —4s17+ 57 — 52)(2517 + 52 — 59)%€+
(57 — 352)[37% — 55172 — (57 — 10s2)7y — 51(57 — 259)] A3

Br = —eX*(a— B)*[(7s7 4 3s9)y — s1(s? + 5sy)]

Ey = M(a—B)*(s] — 3s2).

So generically, either sj0% — 9\oy + 27¢ = 0, or Eyob + Elaz 4+ -4
FEr01 + Eg = 0, as predicted. In the particular case « = g = 1, v = 0,
€ = —1, we recover the answer to an example treated in [1].

Example 3. A Swift-Soward convection-type system in four variables.
This system is the adaptation of the system in Example 1 to four variables.
Here P(Xl, X, X3, X4) = X1(5X12 —|—O¢X22 —i—ﬁX% —i—"yXZ) —eXoX3X4— AXq,
where «, 3, v, 6, € and A are complex parameters. Just as in Example
1 we can associate to it a quadratic system generated by the polynomial
P(X1, X2, X3,Xy) = 6X? + aX1Xo + BX1 X3 +vX1 X4 — AX7 — i1, where
w is another complex parameter. For this latter polynomial the system in
01, 02, 03, 04, w, and 6 made up from the first four equations of (3.3), and
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(3.5), becomes

§o3 — Ao? — poy + [(a — 30)o1 + 2N og + (36 — 2a — B)os+
(—a+p)ow+ (—a+7)0=0

—po1+ (6o1 —Dog+ (B+~v—28)o3 + (=001 + N)w + (« —6)0 =0
—por+ (a+y—=B8—=0)os+ ((B+6)or — 2 )w =10

—po1+ (yo1 = Noa+ (a+ 5 —2y)o3+ (—yo1+ Nw+ (6 —7) =0
02 + (01w — 0102 + 203) + [~w? + (02 — g9)w?+

(—0209 + 0103 + 03)w + (0303 + 03 + 503 — 5010203)] = 0

(4.12)

The linear system in g, 03, w, and 6 generated by the first four equations
of (4.12) has a solution complicated enough not to warrant insertion here,
however, after substituting its components into the last equation of (4.12)
we get, after factoring

(20% — 2651 + 57 — 289)((a + B+ +8)o7 — 4oy — 16p)?

(Goor + G1)3 * @13)

((ﬁ'i‘ (5)0'1 - 2)\)2(F00'? + Flaf +F20’1 +F3),

where,
Fy
Iy

Fy

F3

§(—=6 + 52)[0% — (8% + 252)0 + (57 — 252) 3]

M66° — (26 4 351)0% + [28(—20 + s51) + 57 — 1459]0°+
[(s18 + 38% —4s9) + 43132]52+

(2523 — 57)8 + 655 — s7s0]0 — sa(s] — 2s2) 3}

4ud® — [4(8 + s1)p + 1IN0+

[4(s10 + 83 — 4s9)p + 2(36 + 551) N8>+

251 (=57 + 6s2)p + ((58 — 8s1) 8 — 5si + 19s2) A*]6°+
[(251(252 — s7)8 + s + 1253 — 857s2) pu + (2(—518 + 52)3 +
s1(s7 — 8s2)) N6 + (s — 45350 + 453)Bu+

(=528 + 57)8 + s2(s1 — 4s2)]A?

— A{8ud* — 2[2(28 + 3s1)p + 3T 53+

[12(s18 + 52 — 2s9) 1 + (483 + Ts1)A\2]0%+

[(8(—s7 + 82)3 + 251(10s2 — 3s7)) p+

(2(8 — 351)3 + 4(2s2 — 57)) \?]o+

[251(s1 — 252)3 + 2(s] — 6sTs + 853)|p+

[s1(=5 + 251)0 + s1(s7 — 452)]A%}
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Go = — 6646510 + [2(36 — 51)0 + 1089 — 357]6%+
[2(—2518 + 453 — 57)3 + s51(57 — 652)]0 + (57 — 252) (6 + 51)0

G1 = 2M(26 — 51)[36% — 2(B + 51)0 + (=0 + 251)3 + 57 — 45)]

(In the formulae above s; and sy stand for the elementary symmetric ex-
pressions in « and v only, namely, s1 = a + v and s2 = ay.)

So generically, (a+ 3+~ +68)0? —4 o1 —16p =0 and (8+0)o; —2A =0
generate the trivial solutions of the system (1.2) associated to

P(Xl, X2,X3,X4) = OéX12 + ﬁXlXQ + ’)/Xng + (5X1X4 —AX7 — u,

as predicted, and Fyos + Fio} + Feoyp + F3 = 0 yields the three sets of
nontrivial solutions.
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