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Finiteness of Fixed Equilibrium
Configurations of Point Vortices in the
Plane with Background Flow

Pak-LEONG CHEUNGY AND TUEN WAI Ng!f

September 8, 2014

Abstract. For a dynamic system consisting of n point vortices in an
ideal plane fluid with a steady, incompressible and irrotational back-
ground flow, a more physically significant definition of a fixed equilib-
rium configuration is suggested. Under this new definition, if the com-
plex polynomial w that determines the aforesaid background flow is non-
constant, we have found an attainable generic upper bound #%
for the number of fixed equilibrium configurations. Here, m = degw,
1p is the number of species, and each n; is the number of vortices in
a species. We transform the rational function system arisen from fixed
equilibria into a polynomial system, whose form is good enough to apply
the BKK theory (named after D. N. Bernshtein [3], A. G. Khovanskii
[12] and A. G. Kushnirenko [13]) to show the finiteness of its number
of solutions. Having this finiteness, the required bound follows from
Bézout’s theorem or the BKK root count by T. Y. Li and X.-S. Wang
[14].

1 Introduction

Every polynomial w in one complex variable generates a steady (i.e. independent of
time) fluid flow in the complex plane C by the map ¢ — (Rew((), —Imw(()), which
is identified with w(¢). The polynomial w is called the complex velocity of this flow;
and since w satisfies the Cauchy—Riemann equations, the flow is incompressible and

*Partially supported by a graduate studentship of HKU and the RGC grants HKU 706411P
and HKU 703313P.
TPartially supported by the RGC grant HKU 703313P.

2000 Mathematics Subject Classification: Primary T0F10, 76B99, Secondary 13P15.
Key words and phrases. point vortex, fixed equilibrium, polynomial system, BKK theory
1. Department of Mathematics, The University of Hong Kong, Pokfulam, Hong Kong.

E-mail: mathcpl@connect.hku.hk, ntw@maths.hku.hk



irrotational. Assume that the fluid in C is ideal (in the sense of [1, Section 1.3, p.6]).
If n > 2 (point) vortices z(t),. .., z,(t) € C with their respective circulations

Iy,....T, R, :=R\ {0} (1)

(which are constants, due to Helmholtz’s theorems (cf. [15, Section 2.2])) are situ-
ated in the ideal fluid with the above flow w in the background, then the dynamics
of these vortices will be governed by

de(t) __L n L T . )
At~ 2m = (1) — () +w(z(t), j=1,..., (2)

(cf. [11, Equation (2)] (caution: typo on the left-hand side) and [5, Equation (34)]).

The case of no background flow is when w = 0. Since the early 1980s, there
have been many studies on all types of stationary configurations (in the sense of [16,
Definitions 0.2 & 1.1.2], see also [16, Definitions 0.3 & 1.1.3 & Proposition 1.1.4]),
as well as other aspects of the vortex dynamics (2). So far, researchers have only
found configurations with special patterns or for small n (see [4], [5], [11], etc., for
these results). Given the difficulty of determining (analytically or numerically) the
stationary configurations, inquiry into their number becomes a natural alternative.
O’Neil [16, Theorems 5.1.1, 5.2.1 & 6.5.1] (cf. [17, Propositions 1 & 2], and beware
of different terminologies) gave such results for three types:

(Let w =0.) For almost every choice of circulations (1) that satisfies

° ZK]. I = 0, there are exactly (n — 2)! equilibrium configura-
tions. (This relation among the circulations (1) is necessary for
the existence of such configurations.)

° Zj I'; = 0, there are exactly (n — 1)! rigidly translating configu-
rations. (This relation among the circulations (1) is necessary for
the existence of such configurations.)

o > ;i #0and}_;T; # 0, there are no more than n!/2 collinear
relative equilibrium configurations.

See also Hampton [8] and Hampton and Moeckel [10] for more results about the
number of configurations when n = 4, 5.

As for the case when a background flow is present (i.e. w # 0), there appears
to be no corresponding knowledge so far apart from the few cases in [11, Sections
III1.B.2 and III.D] and [5, Section 3.3]. Our main result (Theorem 7) concerning
the finiteness of the number of fized equilibrium configurations (to be defined in
Definition 4) will fill this deficiency. Also note that this terminology is synonymous
with ‘equilibrium configurations’ in [16] and ‘stationary equilibrium configurations’
in [17], but the present one seems more common in the literature.



2 Results

Before proceeding, two conventions are to be understood throughout this article:
(i) ‘number of solutions’ of any single polynomial or rational function equation, or
any such system, counts multiplicity; (ii) ‘finitely many’ includes ‘none’.

Fized equilibria are the solutions of the rational function system (4) below in the
n unknowns z1, ..., 2,. Equivalently, they are the distinct solutions of the polyno-
mial system .# obtained by clearing denominators in (4). The inquiry into finiteness
of the number of solutions of polynomial systems is reminiscent of a tool ‘reduced
system test’ (Lemma 1) in the BKK theory (as detailed in [9, Section 3]). However,
this test does not work at least in some cases of this rather complicated polynomial
system .. Therefore, we have found an alternative one (8) (Lemma 2) whose form
is good enough for applying the test to confirm the finiteness of the number of
solutions of this new polynomial system (8) (Proposition 3). These finitely many
solutions (z1,...,z2,) are then reduced to fized equilibrium configurations by the
notion of equivalent solutions (Definition 4, which is different from those in [10],
[16] and [17]). We will consider a natural situation (Definition 6) where equivalent
solutions arise, and arrive at the main result (Theorem 7). The rest of this section
is devoted to expanding this paragraph.

dz;(t)
dt

For fized equilibria, set z;(t) = z; (so that = 0) in the system (2) and hence

we have
n

(2)) 1 Iy
—w(z) = —
J 2mi &= zj — 2z

k#j
The case w = ¢ € C, := C\ {0} goes back to O'Neil’s results in [16] and [17],
therefore we assume that the degree m := degw of the background flow is positive
in what follows. Then, by complex conjugation and an appropriate rescaling, it

only suffices to consider the normalized system

L, j=1,...,n. (3)

n

5"+ W(z) =)
k=1
(=

I
Zj — Rk

= Lj(z,...,2,), j=1,...,n, (4)

where W is a polynomial of degree at most m — 1 with coefficients determined by
w. One might clear denominators to obtain a polynomial system .# of n equations,
where each equation is of degree m + n — 1 and is in the n unknowns zi, ..., z,.
Polynomial systems could have infinitely or finitely many solutions. If . falls into
the latter case, then Bézout’s theorem ([6, Theorem 2.3.1]) would provide

(m+n-—1)" (5)
as an upper bound for the number of solutions.

As far as finiteness of the number of solutions of .# is concerned, the following
test in the BKK theory may be called upon (for details, the reader is referred to [9,
Section 3|, and also [10] for an application):



Lemma 1. (‘Reduced system test’ for finiteness of the number of solutions
of a polynomial system in C}) [9, Propositions 2 & 3] Consider a system of
m polynomial equations in n unknowns:

Pi(z1, ..., 20) = Z 2tz =0, ¢ eC, k=1,....,m, (6)

r=(r1,...,rn) €Ak

where each finite subset Ay of (N U {0})" is called the support of P.. For each
a € R”, the system

Poo(z1,...,2,) = Z 1tz =0, k=1,....m, (7)

reAyg, a~r:minr/€Ak ar’

is called the reduced system (of (6)) determined by c. Suppose that there exists an
oy € Z™ such that every reduced system (7) with a - o < 0 has no solution in C?.
Then, the original system (6) has only finitely many solutions in C7.

Remark. The seemingly weird condition ‘e« - r = minge 4, o - r'” in (7) actually
admits a beautiful geometric interpretation in terms of supporting hyperplane. We
refer the reader to the paragraph preceding [9, Proposition 3]. This interpretation
will be used when proving Proposition 3 in Section 4.

Despite the availability of such a handy finiteness test, the structure of . is still
too complicated for the test to conclude anything even in some cases with small n
(the number of vortices) and m (the degree of the background flow). More precisely,
there are reduced systems which do have solutions in C' but no choice of o could
avoid all of these reduced systems. This difficulty has motivated us to transform
(4) into the following better polynomial system:

Lemma 2. (An equivalent polynomial system) The system (4) is equivalent

to
( Z Fijm + Z FJW(ZJ) =0
j j
S i Y T Wiz) =) Ty,
j j

i<j

DT Y TW(z) =) Tz
j j j

(8)
ZF 2R ZF 2 W (25) ZF T2 2 4 Z Iz 2°

r4+s=k—2
r,s7#0, 1<j

ZF 2T 1+ZF 2" W () ZF 72" + Z T 2 2°

r4+s=n—2
\ r,s#0, i<j




with constraint

Zi#zjv 27&]’ (9)
where T j := [T and TV := Z#jfi.
Remark.
(i) The n equations of this new system (8) are of degrees m, m + 1, ... and
m + n — 1 respectively, and the leftmost sums are the only sources of these
degrees.

(ii)) The right-hand side of the k-th (k = 2,...,n) equation of (8) is either a
homogeneous polynomial of degree k—2 or, in the degenerate case, identically
zZero.

(iii) Each equation of (8) is invariant under any permutation of the n circulation-
vortex pairs {(I'j,2;) : 7 =1,...,n}, while in the original system (4), there
will be a permutation of the n equations.

(iv) Admissible solutions of (8) are those that satisfy constraint (9). This termi-
nology will not appear until Section 5.

(v) Lemma 2 will be proved in Section 3 by transforming (4) into (8) via an
explicit matrix (16) which is invertible under (9). This new system (8) can
also be obtained by replacing 27iv; by z;” + W(z;) in O’Neil’s [17, Equation
(4.1)]. Our and O’Neil’s methods are different. In particular, the involvement
of the Vandermonde determinant in (18) in our method seems surprising.

As the reader will see in Section 4, the advantage of Lemma 2’s transformation is
that (8) is in a special form that facilitates using Lemma 1.

The following proposition shows that the condition

> T;#0 forall IC{l,....,n} and Y I, #0 (10)

jel i<j

guarantees that (8) alone (i.e. without the constraint (9)) already has finitely many
solutions:

Proposition 3. (Upper bound for the number of solutions of the equiv-
alent polynomial system) Assume that m > 1. Then, for any choice of the
circulations (1) that satisfies (10), the system (8) has at most (TZ:E;!)! solutions,
and so does (4). This bound can be attained.

Remark. There are cases where (4) has infinitely many solutions, such as in [11,
Section III.B & III.C] and [5, Section 3.2]. But these existing cases either have no
background flow or a background flow of degree 0 (i.e. m < 1), thus are not covered
by Proposition 3.



In Proposition 3, the finiteness of the number of solutions of (8) under assumption
(10) will be shown in Section 4. Then by Remark (i) following Lemma 2, Bézout’s
theorem provides the required upper bound (mglel)! for the number of solutions
which is better than the bound (5). As we shall see in the proof of Lemma 2 in
Section 3, every solution of (4) also satisfies (8), so (4) inherits the upper bound for
its number of solutions. Finally, Section 5 will provide examples where this bound

is attained.

Next, we suggest a perhaps new definition of a fized equilibrium configuration
in order to state the main result Theorem 7 of this article. Fix any polynomial
w of degree m > 1 which provides the background flow in C as in Section 1. Let
z = (z1,...,%,) be a solution of (3) (necessarily, z; # z; for i # j). Recall that
these vortices in the background flow w generate the flow

Vi) =-——S N e

27 ; (—7%

or the complex velocity

— 1 T,
ValQ) = Val) = 5= Z 7 T

on C, := C\ {z1,...,2,}. Note that Vj is a rational function on C with simple
poles at zq,..., z,.

Definition 4. (Equivalent solutions. Fixed equilibrium configuration)
Two solutions z = (z1,...,2,) and 2’ = (2,...,2},) of (3) are said to be equivalent
(denoted by z ~ z') if they generate two non-reflectively similar flows with w, in
a plane-geometrical sense. More precisely, z ~ 2z’ if there exists (a,b) € C, x C
such that @V, (al +b) = V,(() for ¢ € C,, or, equivalently (in terms of complex
velocity),

aVy(a +b) = V,(¢) for ¢ € C,. (11)

Then, each equivalence class [z] is called a fized equilibrium configuration.

In O’Neil’s definition [16, Definitions 0.4 & 1.1.5], two solutions z and z’ are regarded
as equivalent if there exists (a,b) € C, x C such that 2} = az; + b for all j, so only
the shapes of vortex sets are involved. Our definition of equivalent solutions of (3)
has an extra physical significance: Besides the shapes of vortex sets, their effects on
the rest of the plane are also considered. Here we illustrate the difference between
our and O’Neil’s definitions:

Example 5. Consider the two-vortex case n = 2, both with circulation I'y =
'y = 1, and with background flow w(¢) = —CzTJril (thus m = 2). By Lemma 2, we
are to solve

212+222+2 =0
213+223+21+22:1



with constraint z; # z5, and the solutions are

(21, 22) ~ (—0.250 & 1.3491, 0.487 + 0.6931),
(0.487 £ 0.6931, —0.250 = 1.3491), (12)
(—0.237 + 1.0281, —0.237  1.0281).

Any pair of two-point sets in the plane differ by translation, rotation and/or scaling,
so all the six solutions in (12) are equivalent in O’Neil’s sense, thereby constituting
exactly one fixed equilibrium configuration. But by Definition 4, they constitute
three fixed equilibrium configurations because they generate three flows with w that
are not non-reflectively similar as shown in Figure 1. The streamlines in Figure 1
are actually formed by superimpositions in Figure 2. (Figures 1 and 2 are generated
by Mathematica.)
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Figure 1: The streamlines of the flows V., .,) generated by the vortex sets (12)

with the background flow w(¢) = _Ctl gy Example 5.

2mi

Our definition introduces comparison (11) of rational functions to distinguish
between different configurations. We are not going to elaborate this definition to

7
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Figure 2: The streamlines of tlée flows generated by the vortex sets (12) without
the background flow w({) = —427? in Example 5. The background flow (d) super-

imposes with (a)—(c) respectively to form Figures 1(a)—(c).

the full extent, but just to observe a natural situation where equivalent solutions,
in our sense, of (3) arise:

Definition 6. (Species) Partition the circulations (1) into their 4y distinct values:

sz‘,l == Fji,ni = [FZ], 1= ]_, v ,’io, [Fz] 7é [Fz”]7 1 7& 7:/, Zz n; = mn. (13)
For each solution (z1,...,2,) of (3), the set of all the vortices
[Zi] = {Zji,17 S ’Zji,ni}

which possess the common circulation [I';] is called a species (cf. [11]).

Note that the concept of species was not involved in defining equivalent solu-
tions in [16]. Here, it acts as follow: If I, = I'; for some ¢ < j, then with

8



every solution z = (z1,...,%;,...,%;,...,2,) of (3) there associates another so-
lution 2z’ = (z1,...,2,...,%,...,2,), and then z ~ 2z’ because (11) holds with
(a,b) = (1,0). Consequently, a standard combinatorial argument bridges Proposi-
tion 3 to our main theorem:

Theorem 7. (Upper bound for the number of fixed equilibrium configura-
tions in a background flow) Assume that m > 1. Then, for any choice of the
circulations (1) that satisfies (10), there are at most % fized equilibrium
configurations, where n; are the sizes of the species as in (13). This bound can be

attained.

Section 5 will provide examples where this bound is and is not attained. It will also
suggest another factor in reducing the solutions of (3), (4) or (8) to fixed equilibrium
configurations via Definition 4.

3 Proof of Lemma 2

Write (4) in vector form

Zn+W, =L, (14)
where
Z, = (Zlm> 1,..n° W, = (W(zl)) =1,..., and Ly := (Li(zl’ >Zn))z:1 ..... n'
(15)
Left-multiplying each side by the square matrix
Thn = (szjiil)z‘,jzl ..... n’ (16)
the left-hand side simply becomes
Do oo 2\ (W)
F121 FQZQ s Fnzn
Flzln_l FQZQn_l L. Fnznn_l Zn W(Zn)
> Tz > TiW(z)
J J
> Tzt > TizW(z)
=1 7 1 (17)
D Tyt D T W(z)
r -



On the right-hand side, the first entry of T, L, is

¥
(F1 I‘n) #2222_27 :erzzj_zi:Z(zjj—zi+zi—2j> -

Zn — %
itn n 7

by cancellations. The second entry is

I
(Flzl Cen Fnzn) ; 29 — Z; — erzj Z Fz

The k-th entry, k= 3,...,n, is

I';
(Flzlk_l Fnznk—l) #ZQ 20—z | — ZFJ jk 12 I

Zj — 2%
i#j Y !

Z Zn — Zj

i#n

o Z F I'; ZJ -1 FiFjZikil
— Z; Zi — Zj

1<J

_ZFF zzk 24k J+"'+Zizjk73+2jk72),

1<J

We have left-multiplied each side of (14) by T, to obtain (8), thus the claimed
equivalence between (4) and ‘(8) and (9)" would follow if T, is invertible. Indeed,

Fl FQ ce Fn
F1z1 FQZQ s FnZn
detT, =| . _ _ _Hr [z —=) (18)
: : " : i<
Flzln—l P222n—1 . Fnznn_l

10



is just H I'; times of the Vandermonde determinant []
(9) guarantees that their product is non-zero.

7,<]( - zi)) where (1) and

4 Proof of Proposition 3

4.1 A Little More General System

Consider the following more general system than (8):

(Pl(Zb...,Zn) = ZFijm +ZAJ1-7TZ]'T =0
J Jir
P2(217 ey Zn) = Z Fijm+1 + Z A?’ijr—i_l + Co =0
J J,
P3(217 ey Zn) = Z Fijm+2 + Z A?TZ]’T—’_Q + Z CJBZJ =0
J Jir J

. m+k—1 kr  r4+k—1
Pe(z1,. ..y 20) = g Lz, + E A"z
- -

+chzjk 2+ Z kTSZZTZJS —0

r+s=k—2
r,57#0, 1<j

(19)

Pn(Zl, .. ,Zn) = Z szjernfl + Z A?jl,rzerrnfl
j .
+ch2]n 2+ Z CnTSZ,LT _0

r4+s=n—2
\ r,s#0, 1<j

with coefficients T';, Cy € C, and A, ;, CY, OIMS € C, where Y =>"""". We will

prove the following finiteness result for (19) via Sections 4.2 and 4.3:

Proposition 8. (Finiteness of the number of solutions) The system (19)
has only finitely many solutions if .. T'; # 0 for all I C {1,...,n} and Cy # 0.

The system (19) has Bézout bound (T;;El,)' This coincides with the generally finer
Li and Wang’s BKK root count [14], due to the somewhat special structure of (19)

(to be seen in (21)):

Proposition 9. (BKK root count in C*) Assume that I';,Cy € C,. Let
M(N, ..., N,) denote the mized volume of the Newton polytopes Ny of A, U {0},
k=1,...,n, where each Ay, is the support of the polynomial Py, in (19). Then,

M(Nl,...,Nn):%

11



Proof of Proposition 9. The supports of P, are respectively

Ay =mé, ul JS;”

where &, := {eq, ..

Ay =

As =

7T
(m+1)& Ul JST u{o}
J,r
(m +2)&, UUSS’”UUSS
J,r
: (20)
Ar=(m+k-1e,ulJsyrulJsku | s
7,r 7 r+s=k—2
r,s#£0, 1<j

A,

=(m+n-—1)¢&, UUS”TUUS” U S,

7,7 i r+s=n—22
r,s#£0, 1<j

.,e,} is the standard basis of R", |J = ",

§hr {{(r—i—k—l)ej} 1fA’“"7é0 ok {{(k—?)ej} if C¥ # 0

0 At =gr % § ifck=o

{Tei + sej} if Cik’}-ﬁs 7é 0

d {c,‘r,s =
and S} { 0 . C;kj",s _ 0

No matter what value S;-”, S]"? and S;ff’s take in (20), the Newton polytopes N, of

Ar U {0} are

where

M =

Ny =

N5 =

Nk

Conv(mé&, U {0}) = mA
Conv((m +1)&, U{0}) = (m+1)A,
Conv((m +2)&, U{0}) = (m+2)A,

(21)

Conv ((m+k—1)&,U{0}) = (m+k—1)A,

N, : Conv ((m+n—1)&,U{0}) = (m+n—1)A,,
A, := Conv(&, U{0}) (22)

is the unit simplex in R”. Such a simplification is due to that (r + k — 1)e; and

rei+sej (]{3:3,,

n,r+s=k—2and i < j) actually lie in Conv((m+k—1)&,U

{0}). By the multilinearity [7, Theorem 7.4.12.b, p.338| of mixed volume and [7,
Exercise 7.3.b, p.306, & Exercise 7.7.b, p.338], the required mixed volume is

MM, ...

N = M(mA,, (m+1)A,, ..., (m+n—1)A,)

=m-(m+1)----(m+n—1) - M(Ap, A,,.... )
:(m+n—1)! (m—l—n—l)!'

(m = 1)1 -n!'Vol,(A,) = (=11

12



Equation (21) has just revealed that the elements of the supports Ay of Py cor-
responding to the terms with coefficients A and C' can simply be ignored in the
formation of the Newton polytopes N. This will be useful in the upcoming sections.

4.2 The Initial Case

To prove Proposition 8, we shall apply strong induction on the number of vortices
n; and it contains Proposition 3 as a case, and then leads to Theorem 7 as analyzed
in Section 2. Lemma 1 will enter to test the finiteness of the number of solutions of
polynomial systems in C?. Taking the geometric interpretation of reduced system
in Lemma 1 as detailed in the paragraph preceding [9, Proposition 3| for granted,
we will need the following notation for brevity of the upcoming discussions: let £V
denote the supporting hyperplane of a polytope A with inward normal vector a.

Here we start with the initial case n = 2:

Pl(Zl, 2’2) =Dz + ez + A}’m_lzlm_l + A;’m_122m_1
+o+ A+ A4 =0
PQ(Zl, Zg) = F121m+1 + F222m+1 + A%m_l,ﬁm + Ag’m_lem +--+Cy=0
Fl? F27 F1+F27 CO #O

(23)

Case 1:  (z1,22) € C2. Lemma 1 will show that (23) has only finitely many solu-

tions in C2. To this end, consider, by (20), the Newton polytopes

N1 = Conv({me;,mey} U---) and
Ny = Conv({(m + 1)ey, (m + 1)ez, 0} U--+)

of the supports A; and A, of P, and P, and their Minkowski sum

N =N + Ny = Conv({azer, azes} U--+), (24)
where and hereafter,
an=m+(m+1)+-+(m+n-1)=nm+ (}). (25)
Note that this ‘---7 in (24) does not alter the fact that
N C azs, (26)

where Ay is as in (22). Now, consider the reduced systems of (23) determined by
all the o or £ satisfying (e; +e;) - < 0. Because of (26) and such a choice of a,
each # actually supports N at a face of the facet Conv({ase;, azes}) = asAy:

e Case I: (N supports N at the 0-face

aer7 j - ]-7 27
then A1 and 2 support Aj and N at the 0-faces

me; and (m+1l)e;

13



respectively, giving the reduced system

Fijm = 0
Lz, =0
T #0

which has no solution in C2.

o Case II: £ supports A at the 1-face

Conv({age;, azes}),
then 1 and 2 support Aj and N at the 1-faces
Conv({me;,mey}) and Conv({(m + 1)es, (m + 1)es})
respectively, giving the reduced system

ﬁl(zl, Z2) = Flzlm + FQZQm =0

?2(21, ZQ) = P121m+1 + P222m+1 =0 (27)
Iy, Ty, T + T3 #0.

(i) If 21 # 29, then det Ty # 0 by (18), so that T, is invertible. Left-
multiplying both sides of (27) by Ty}, it is transformed to

Z2:0

(see (17)), where Z, is as in (15). But this contradicts that z; # zs.

(ii) If z; = 29, then the sub-system consisting of the first equation

(Fl + Pz)Zlm =0
[+T9#0
already has no solution in C,.

Therefore, in any case, (27) has no solution in C2.

What we have established so far is that for every a or £ with (e, 4 e;)-a < 0, the
corresponding reduced system has no solution in C2. Hence, it follows from Lemma
1 that (23) has only finitely many solutions in C2.

Case 2:  (z1,22) € C, x {0}. The system (23) degrades to

Pi(2,0) =Tyzym + A" ey g (AT 4+ A =0

PQ(Zl, O) = F121m+1 + A%milZlm + -+ C() =0 (28)
F17 CO 7é 07

where the first equation already has only finitely many (at most m) solutions, thus
so does (28). Similar for the case where (21, 22) € {0} x C..
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Case 3: (z1,2) € {0}°. The system (23) degrades to

Pi(0,0) = A" + A =0
P2(070):CO :0
Co # 0

which is simply inconsistent.

Combining all the above three cases, (23) has only finitely many solutions in C2,
and Proposition 8 with n = 2 is proved.

4.3 Strong Induction

As the reader may have noticed or will see soon, everything actually lies in the
non-solvability of the following special reduced system in C*¥ under the assumption
of Proposition &:

Lemma 10. (Special reduced system) The system

(ﬁl(zla'”;zk) =T+ + Tpz™ _
‘ﬁQ(zla ceey Zk:) = F121m+1 + oo+ szkm+1 _ 0
' (29)
ﬁk(zla s 7Zk) = F121m+k71 + .+ szkarkfl -0
\ Yier Ui #0, ITC{l,... k}

has no solution in Ck.

Proof of Lemma 10. The case k = 2 is just (27). Assume that the lemma
holds when k = K, then consider (29) with &k = K + 1:

(P21, .. 250, 2541)  =Dia™ 4+ 4+ Trze™ + D1z ™ =0
Po(z1,- 2k i) =™ o Teag™ ! 4 Tz ™ = 0
ﬁK(zl, o2k 2ke1) = D™ T (30)

+ T zrp ™ =0

Prei1(21, oy 210 2ip1) = Dot ™K oo D™ K
+ Tz ™ =0

\ STy £0, TC{l,.. K+1}

(i) If all z; are distinct, then det T,, # 0 by (18), so that T, is invertible. Left-
multiplying both sides of (30) by T,, ', it is transformed to

Z,=0

(see (17)), where Z,, is as in (15). But this contradicts that all z; are distinct.

15



(ii) If some z; are equal, say, zx = zx+1, then the sub-system consisting of the
first K equations

(Pi(z1,. ., 2k,25) =012+ 4+ Tro1ze1™ 4+ Tk + Trir)ze™ =0
ﬁg(zl, o zin2ik) =™ e Tz ™
+ (Px + Prgr) 2™ =0
Pr(z1, .o zie, 2ie) = Doz ™ o Tz MR
+ (D + Diepr) 2™ =0
L D li#0, ITC{l,....,K+1}

already has no solution in CX due to the induction hypothesis (with 'x re-
placed by I'x + 'k 41), thus so does (30) in CE*T!. Similar for the other cases.

Therefore, in any case, (30) has no solution in CEX*1 and the lemma follows from
induction. O

Finally, we are in a position to prove Proposition 8. Recall that the case n = 2

has already been proved above. Now, assume that it holds for n = 2,... N — 1,
then consider the case n = N:
(Pl(Zl,...,ZN) :ZFijm +ZAJLTZ]'T =0
J Jr
PQ(Zl, L., RN) = Z r 'ij+1 + Z AZ-’TZ]'H_I + O() =0

Pu(z,... 2y Zr 2R 1+ZA’“’ T (31)
+chzﬁ Y CFtaTyt =0,

r+s=k—2
r,s#0, 1<j

\ k=3... N, Zjelrﬂéo, Ic{l,...,N}, Co #£0

Case 1: (z1,...,2y) € CY. Lemma 1 will show that (31) has only finitely many
solutions in C¥. To this end, consider, by (20), the Newton polytopes

N; = Conv({mey,...,mex}U---)
Ny =Conv({(m+1)ey,...,(m+1)en,0}U--)
N3 = Conv({(m + 2)ey,...,(m+2)ex}U--+)

Ny =Conv({(m+ N —1)er,...,(m+ N —1)ey}U---)
of the supports A;,..., Ay of Pi,..., Py, and their Minkowski sum of
N =N +-+Ny=Conv ({ayey,...,anvex} U--+),
where ay is as in (25). Note that this ‘---’ does not alter the fact that
N CanAy.

16



Now, consider the reduced systems of (31) determined by all the a or £ satisfying
(e +---+ey)-a < 0. Because of (26) and such a choice of a, each £ actually
supports A at a face of the facet Conv({ayes,...,anvenx}) = ayAy:

e Case I: fﬁ/ supports A at the 0-face

ane;, j:]_,...,N,
then Eﬁfl, . ,E{.\[N support NV, ..., Ny at the O-faces
mej,...,(m+N—1)ej

respectively, giving the reduced system

Pijm =0

szjerl =0

szjm+N_1 — 0
\ Fj 7é 0

which has no solution in C¥.

e Case II: ¢ supports A at the (k — 1)-face (k =2,..., N)

Conv({anej,,...,ane; }), j1 <--- < jk,
then (1. .. AN support Ny, ..., Ny at the (k — 1)-faces
Conv({me,,,...,me;. }),...,Conv({(m + N —1)ej,,...,(m+ N —1)e; })

respectively, giving the reduced system

'Pl(zla'--7ZN) :FJIZJIm++F]kZ]km —0
Po(z1,. .. on) =Dz e 4Ty 2, _0
Pu(zr, . o) =Tz ™ D, 2, L =
]SN(Z1, N 1 Fj1Zj1m+N_1 4t ijzjkm+N—1 _0,

. Zjelrj%oa ]C{jl,‘..,jk}

where the sub-system consisting of the first k equations already has no solution
in C* by Lemma 10.

What we have established so far is that for every o or & with (e;+- - -+ey)-a <0,
the corresponding reduced system has no solution in CY. Hence, it follows from
Lemma 1 that (31) has only finitely many solutions in C¥.

17



Case 2: (z1,...,2y) € CF x {0}V " (k=2,...,N —1). Thesystem (31) degrades
to

k k
Pz, 2,0, ,0) = > Tizm+ 3 ) Az =0
j=1 j=1 r
k k
P21,y 2,0, ,0) = Y Tyz™ 4 Y N AM T 4 Gy =0
k - k - (32)
Pk(zh cee s Ry 0, cee ,0) = ZFijm+k ! + Z ZA?TZJT+]€ !

+ C’kzjk 2+ C T‘SZZT SZO,
r+s=k—2
r,s#0, 1<j

k:&”wN;Zﬁﬂ}#Q IC{l,....k}, Co#0

\

where the sub-system consisting of the first £ equations already has only finitely
many solutions in C* by induction hypothesis, thus so does (32). Similar for the
other cases where in (z1, ..., zy) exactly N — k coordinates equal 0.

Case 3: (z1,...,2n) € C, x {07!, The system (31) degrades to

(Pl(zl’of" ,0) =T1™ "‘ZA%TZ{ =0
PQ(Zl, 07 Ce ’O> = F121m+1 + Z A%TZ{,JFI + C() =0
r (33)
P/c(zl, O’ e 70) = Flzlm—‘rk_l —+ Z Alf’rzl’r—i—k_l + O{CZlk_Q = 0,
L k=3,...,N, I'1 #0
where the first equation already has only finitely many (at most m) solutions, thus so
does (33). Similar for the other cases where in (z1, . .., zy) exactly N —1 coordinates
equal 0.

Case 4: (z1,...,zy) € {0}, The system (31) degrades to

PQ(0,0, ,0) = Co =0
P(0,0,-+-,0):=0 =0,
| k=3,...,N, Cy#0

is simply inconsistent.

Combining all the above four cases, (31) has only finitely many solutions in CV,
and Proposition 8 follows from strong induction.

18



5 Background Flow of Degree One

By a background flow of degree one, we mean, without any loss of generality,
w(() = =% for some constant ¢ € C in (3) or m = 1 and W = ¢ in (4) or
(8) (the case with ¢ = 0 is commonly called a quadrupole background flow). For
whichever two distinct solutions z = (21,...,2,) and 2z’ = (21,...,2,) of (3) with

such w to be equivalent, by (11), one looks for (a,b) € C, x C such that
aVy (ag +b) = V,(¢) (34)

L 5 L
g —,—a(—ab—ac:g —— —(—c
(- 7T

The equality between the two analytic parts already forces

(a,b) = (1,0) or (—1,—2c). (35)

In Section 5.1, through the simplest example of two vortices, we will illustrate
that the bounds in Proposition 3 and Theorem 7 may or may not be attained. In
this example, in addition, all the fixed equilibrium configurations come from the
reduction, via Definition 4, of the solutions of (3), (4) or (8) by symmetries of the
vortex sets and /or the given background flow only. Section 5.2 will provide an exam-
ple that a repeated solution of (3), (4) or (8) exists, thus suggesting another factor
in the reduction of the solutions to fixed equilibrium configurations via Definition
4. All these results will be summarized in Tables 1 and 2.

5.1 Two Vortices

For two vortices (i.e. n = 2), (8) reads

Pi(z1,20) =T121 + Tazg + (') + T'y) =0
PQ(Zl, ZQ) = F1212 + F2222 + CFlzl + CFQZQ — FIFQ =0 (36)
Fla F? 7é 0

Computing by (the improved) Buchberger’s algorithm ([2, Algorithm GROBNER-
NEW2, p.232, & Subalgorithm UPDATE, p.230]) with respect to the variable or-
dering z; > z, we obtain a Grobner basis

G ={P1,Qs}, where Qq:i= —Dytlaz,?  20lel,y 4 py - SO 2

I I'1 I
of F = {P, P,}. Thus, (36) is equivalent to P, = Q5 = 0, i.e.
F]_Z]_ + FQZQ + C(Fl _|_ F2) = O
_rlgrlrz 2% — 2c(FF1irF2)22 4T, — Cz(F;—jF’z) =0 (37)

F17 F27é0

Case 1: I'1 + Ty, =0, then I'1 # I'; because I'1, 'y # 0, and then the second equa-
tion in (37) reads I'y = 0 which already has no solution. But this case is beyond
the scope of Proposition 3 and Theorem 7.
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Case 2: I'y + 'y # 0, then the two solutions are
r r )
(Zl, 22) = (_C:F \/(Flirz)’ _Cj: \/(F11+F2)> =.Z,
and the bound 422 — 24y Proposition 3 is attained. Moreover, z

+

+ are admissible

-1
(see Remark (iv) foilowing Definition 4) since I'y + I'y # 0, and are distinct since

1—‘17 F2 7é 0.
e Case I. I'; =Ty (one species), then

r r

2miV;-(C) = =t
C+e—y/B (+et+ /8

- Iy n I'y
C tet+ /B (He— /B

so that (34) with (a,b) = (1,0) in

Theorem 7 is attained.

(35) is satisfied, and z*
one fixed equilibrium configuration. In this case, the bound

—(-c¢

— (¢ —c=27V,+(¢)

constitute only
(1+2-1)! _ .
(-npr — L in

—(—c

e Case II: T'; # I's (two species), then
T I
27iV,- (¢) = - -
C+c_ V(T1+T2) C+c+ \/(F1+F2)
Iy Iy

T
Ctet Jrimy

I
Cte— Jrim

—C—C: 27rin+(()

so that (34) with (a,b) = (1,0) in (35) is not satisfied, but
r r
—2miV,- (—C — 2¢) = — — 2
—(—2c+c— VZET)] —(—2c+c+ ¢(r1+r2)
+(=C—20)+c
r r
! 2 I — ¢ —c=2miV,+(¢)
(et grtm REr= )

so that (34) with (a,b) =

only one fixed equilibrium configuration. In this case, the bound ¢

in Theorem 7 is not attained.

5.2 Repeated Solution

(—1,—2c) in (35) is satisfied, hence z* still constitute

(1+2-1)!
(1—1)! =2

There is a case of three vortices in a quadrupole background flow (i.e. n = 3 and

— _¢

- 2mi

w(¢)
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(8) has



[+Ty=0|T1+T2#0
[’y =Ty (1 species) — 1/2/2
I'y # T (2 species) | 0/0/0 1/2/2

Table 1: This table summarizes Section 5.1, i.e. the case n = 2, m = 1 and
W = constant in (8). ‘a / b / ¢’ means that ‘the system (8) has ¢ solutions (count-
ing multiplicity), b of which are distinct and admissible, and that these solutions
constitute a fixed equilibrium configurations (in the sense of Definition 4)’. ‘—’
means non-existence of the case.

repeated solution. In such a case, the bound in Theorem 7 must not be attained.
Consider (8) with the extra assumption that I'y = I's (at most two species):

(( Pi(21,22,23) =121+ T2zo + 3z =0
Py(21, 29, 23) = Dizi? 4 Tizo® 4+ a2 — T2 — 20T =0
P3(21, 20, 23) = D121 + D120 + Taz3® — Ty (0 + T3) 2 (38)
— [T+ T3)z — 204323 =0
\ Iy, I3 #0

Computing by the aforesaid Buchberger’s algorithm with respect to the variable
ordering z; > z5 > 23, we obtain a Groébner basis

g - {PlaQ4)Q5}7

where

Q1= —2T12” — 2Tsmay — O 4+ Ty (D +213) £ 0 and

. I3(T14I3)(2T14T3) 3 | T'3(5I1+4T3)

of F = {Py, P, P;}. Thus, (38) is equivalent to P, = Q4 = Q5 =0, i.e.

F121 + F122 + F323 =0
-2 F1222 — 2F32223 — 1—‘3(1}1—?1—‘3)232 + I‘l(Fl + 2P3) =0
233 _|_ F3(5F12+4F3)23 — O

_ T3(l14T5)(201+T3) (39)
Fl? F3 7é 0

212

Case 1: (I'y +T5)(2'y +T'3) = 0, then I'y # I' because I'y,I's # 0, so that there
are two species. And then writing I's = —al';, where o = 1 or 2, (39) reads

Flzl + F1z2 — OéFlzg =0

—2 F1Z22 + 20{F1Z223 + Ck(l — OZ)F12’32 + (1 — 2@)F12 =0

5—4a)l1?
_O‘( 201) 1 2320

1_‘17 F37é0

The two solutions

(217 22, Z3> = (:':\/(12204)F1 ) :l:\/(liéa)rl ) 0) = Zi
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are admissible and distinct, both because of I'y # 0 and a # % Moreover,

r r —al
2V (O = et et =
¢~ @ Gy
Iy —al
- + L= 2miV (O)
C‘i‘ (12a) C (12a ¢

so that (34) with (a,b) = (1,0) in (35) is satisfied, and they constitute only one
fixed equilibrium configuration. But this case is beyond the scope of Proposition 3
and Theorem 7.

Case 2: (I'; +T'3)(2T1 4+ T's) # 0, then, first of all, the third equation of (39) has
three solutions

51144713
73 =0, £I} \/(F1+F3 ICINES N

Each leads to two 2o via the second equation in (39) and then one z; via the first,

resulting in six solutions of (39), thus the bound 1+3 )1)' 6 in Proposition 3 is

attained. Now, one could observe that if

e 511 +4I'3 =0, then I'; # I's because I'1,I's # 0, so that there are two
species. Now, z3 = 0 is actually a triple zero, and the six solutions of (39) are

(217 292, Zg) =

- (:F\/r1+221“37 :l:\/rﬁ';r?’,O) (each repeated thrice).

Note that 5Ty +41'5 =0 % 'y 4+ 203 # 0, so z* are admissible and dis-

tinct. Moreover,

r r -3r
27iV,-(¢) = —— + S

¢—/D2hs ¢4 /Tt2hs ¢
r r -3r
- —— + ——— + 1 — (= 2miV ()
FEAUE T A UE= T
2 2

so that (34) with (a,b) = (1,0) in (35) is satisfied, and they constitute only
one fixed equilibrium configuration. Thus, the bound ((11+_31;!12)!! = 3 in Theorem
7 is not attained.
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