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Abstract

We study the structure of the zero set of a nontrivial finite point charge electrical field
F = (X,Y) in the plane R?. We establish equations satisfied by the possible directions for
the zero sets {X = 0} and {Y = 0} separately, and we show that there are only finitely
many possible asymptotic directions for both of these zero sets. We suspect that the set
of asymptotic directions for {X = 0} and the set of asymptotic directions for {Y = 0} are
(essentially) distinct.

1 Introduction

We study the structure of the zero set of a finite point charge electrical field F' = (X,Y) in R?,
where the force vector FI(X,Y) is given by

Lay (2y) — (25,)
F _ a; 1Y) — X5, Yj
(z,y) = (X(z,v), Z - -
]:1 J
with
ri = (2, y) — (25,9)]2 = ((z — 2;)* + (y — y;)*) /2.
That is,

X(z y):ﬁ/[: a5z — z;) and f: 0 (y — ;)
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In an earlier paper [2] we focused on the “Special Case” where the point charges are on a line.
By using a linear transformation this case can be reduced to the case

O<1‘1<(£2<---<1‘M, y1:y2:...:yM:O

Building on results in [3], [4], [5], [6], [7], [8], [9] [10], and [11], in [2] we gave a fairly complete
structural information about the zero sets of X and Y for F' = (X,Y") in the Special Case. A
highlight of [2] states that in the Special Case the zero set of a nontrivial F' = (X,Y’) contains
at most 9M24M points, where M is the number of point charges. on a line.
Let 0 # a € (—00,00). The line y = ax is called an asymptotic direction for a set A C R? if
there are (pm,qm) € A such that
dm dm

Iim —= lim — =«
|pm|—00 Pm |gm|—00 Pm

The z-axis is called an asymptotic direction for a set A C R? if there are (p, ¢m) € A such that

lim I —o.

‘Pm|_>oo Pm



The y-axis is called an asymptotic direction for a set A C R? if there are (pm, ¢m) € A such that

lim 2™ =0,
lgm|—00 @m
For the sake of brevity we will use the notation /3 := 1/a. Note that the case 5 = 0 corresponds
to the asymptotic direction given by the y-axis.
In this paper we describe the possible asymptotic directions for the zero sets of X and Y. In
the following sections we will derive the zeroing equations that allow us to come close to being
able to affirm the conjecture below.

Conjecture 1.1. The asymptotic directions of the points in the zero sets X = 0 and Y = 0,
i the Type I and Type II domains, are distinct. Hence, outside some large disk, there are no
common zeros in either domain for X and Y. That is, F := (X,Y) has no zeros far from the
origin.

We call the domains {(x,y) : |z| < |y|} and {(z,y) : |y| < |z|} Type I domain and Type
IT domain, respectively. In fact, for technical reasons, for a fixed § € (0,1/2), we will consider
Type I domains {(z,y) : |y| < (1 — d)|z|} and Type II domains {(z,y) : |z| < (1 —0)|y|}.

Suppose a1, as,...,ay are real numbers which are not all zero. Let 0 < L be the largest
integer for which

Za] Jy] i+Il< L.

Such an integer 0 < L <2M — 1 eX1stS, otherwise

M

Zaj Zaﬂ (x — ;) + (y — y))? Za]a: —2zjx+ )+’ -2y +y) =0
- j=1

for all k = 0,1,...,M — 1 and (z,y) € R?, and by choosing a point (x,%) such that the values

rj, 3 = 1,2,..., M, are distinct, the non-vanishing property of the Vandermonde determinants
would imply that a1 = as = -+ = ap; = 0. This number 0 < L < M — 1 plays a key role in our
investigation.

2 Asymptotic Directions for the Zero Sets of the Components

2.1 Type I Domain and X =0
Proposition 2.1. Let § € (0,1/2) be fized. If Y (pm,qm) = 0, where

i) € Dyi= { e e B 2| <10, EEDLC s iyl =120
Y vl — [y
and
lim p—’”:ﬁj
lgm|—00 gm
then
L M
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There are at most 2L + 1 =4M — 1 values of 5 # 0 satisfying the above equation.



Remark 2.2. We could also interpret the zeroing identify by reversing the order that derivatives
are taken. That is, we rescale the equation by =2 and interpret the factors

(L—1+2n+2)(L—1—1+2n+2)---(1+2n+2)

as indicating L — [ derivatives have been taken, which would leave terms £?"12. But then
rescaling by 37! would give the zeroing identity

L M L 1 d dLb=1 BL—I+2 1
02; ;%( Y| W niag <d5L—l ((1+52)3/2> 5) :

Note that this precludes using 8 = 0.
Remark 2.3. It is not clear which of these two forms is best to use, and it actually is not so
obvious why they give the same zero set, except for g = 0.

Proof. We can consider a Type I domain and consider the Taylor expansion for the zeroing
equation for X. As with previous series expansions, we need to use both the binomial and
geometric series. By the Binomial Theorem we have

S (e, e,

n=0
Hence
M 2 —3/2 [e%) M 2+1
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sxea) =T (1 () ) =X (V) S e
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[e.9]
-3/2\ 1 aj(z — z;)*tt T —
:E:o< n ) 2n+3z (1 — y;/y) 23 vy <1, Jyl >yl
n=

This equation is like the one for X from the Special Case analysis in [2]. Indeed, now both
equations Y = 0 and X = 0 have the same combined nature, a need for a binomial expansion for
the numerator terms (z — z;)*" and a geometric powers series expansion for (1 — y;/ y)~(2n+3),
So we carry out these expansions.

The Binomial Theorem gives that

(e > <_(2nz'+ 3)> <%> B i ( P 2) (y?) B

1=0 1=0
So we have
00 M 2n+1 00 . i
—3/2 1 2n+1 I 2n4+1-1 Z+2n+2 yj
= £ () o (e (1) (4
n=0 j=1 =0 =0
(32 & 2+ 1 i+ 20+ 2\ [ ;) a2t
SCNESCT)) (Snen)
n=0 =0 =0 j=1

(2.1)

for all (z,y) € Ds. Now for our asymptotic analysis, we need to identify values of [ and i such
that the moment Z =1 ajaz yj is zero and not zero. To eliminate the terms that are zero, we
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take the moments with smallest L = [ + ¢ for which at least one of these moments is not zero,
say with [ = [y and ¢ = 7. We have

3/2 T 2n+1 i+2n+2) [ i) @t 1
Z > o + 2 ;aﬂ'(_xj)yj g2l =l g2

n=0 =0 =0

for all (x,y) € Ds, where the sums over [ and i are over all pairs (I,4) with [ +4 > L = Iy + ig.
The above triple sum converges absolutely in Dy as

S ICIEL ) o
n=0 =0 =0 n+2 )15 IV [y i
RS < 3/2) n+l oo <2n—|— ><z’+2n—|—2> §:|a-||3:-|l|y»|i Pyl
i — = 2n + 2 = L B T O By

M
ajl(|z| + |z
Z ‘ ]H ’ ‘ ]‘) 372 (ac,y)ED(;.
i (el 4+ 125)* + (vl = ly;)?)
Now assume that (pm, ¢m) € Ds, X(Pm,qm) =0, |gm| =1, m=1,2,...,

hmp—m—ﬁe[ 1+0,1—90] and lim |gm,| = oco.

m—o0 qm m—0o0

We plug (pm, ¢m) in 2.1, multiply by ¢i*+?2, and separate the terms in which [ +i = k = L, in
which L+1<Il+4+i=k<2n+1, and in which [ +i =%k > N := max{2n + 2, L + 1} to obtain

& (-3)2 2’fi 4 1Y [i+2n+2 f: oyt | (2)"
_n:0 n , l 2n + 2 j:1ag T3 Y m q#{”z

=0 =0
B i<—3/2>§:<2n+1> (L—l+2n+2> ﬁ”:a( b <pm>2n+1—l
— (=) Pm
= n e l 2n + 2 = Qm
X (=3/2\ A &L 241\ (k=14 2n+2 yyiet) (2o =l
2 l M + 2 Z a; (=) dm kL
n=0 k=L+1 =0 qm Gm
) oo 2n+1 2n+1-1
—3/2 2 1 k—1+2 2 1
+Z< /> (n;r >< 2+ 7;+> Zaﬂ lekl (p_m> —
=0 N "/ =N =0 nt dm qm
(2.2)

We now show that the last two sums in 2.2 multiplied by |g,,|"/? is uniformly bounded when
(Pm» Gm) € Ds and |¢,,| > ¢ with a constant ¢ depending only on 6,

vim U max (o lyl) and A= max o
We will need the estimate
= s k!
kin



k—L—1/2

Observe that >k+1for k> L+ 1, and hence with the notation s,, = \qmlﬁ

2L + 4
we have
Z( 3/2> 2%1 Z<2n+ )( l—|—2n+2> Za ) k ! <pm>2n+l—l Igon| /2
i(—x;) — =T
n—=0 k=L+1 1=0 2n+2 m dm
> ! 2n—|—1 [+ 2n + 2)k— 1
— k 2nt1-1
Z n+1) )] Z k1) Ay*(1-9) h—L—1/2
n=0 k=L+1 1=0 ’ [m|
o) 2n+1
4n+3 1
SZ”“ > Z Y=o o
=0 k=L+1 1=0 Sm
2n+1 1
<> 0en) 3 DR ) (40 +3)8 a1 - P
k L+11=0 ! Sm
il ok 1
§Z(n—|—1) > F(4n+3)'€mk(1—5)2"+1—lk—+1.
— h=L+1 Sm
(2.4)

Now we break the sum in the last line of 2.3 for L+1 <k <nandn+1 <k < 2n+1. Recalling
2.3 we have

S tn+1) > Sdn 43 Ay - st

n=0 Ml s

o - 2" k+2 4k nt1 L
<D0 Y UM 1) A = oy
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k+2 :
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k+2 k+2
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< — !
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1
with a constant B; depending only on d, A, and v if s, := | |22+1 > 32+/0.



Similarly
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with a constant By depending only on d, A, and ~ if s, := |qm|T1+4 > 64evy. Combining 2.4,
2.5, and 2.6 completes the proof that the last but one sum

2n+1 M 2n+1—1

> a;(—z;)"y; = —
n=0< k=L+1 =0 2n +2 - Im

in 2.2 converges to 0 when lim |gm| = o0

mrightarrowoo

With N :=max{2n + 2, L+ 1} and s, := \qmlﬁ we also have
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with a constant Bs depending only on 9, A, and = if s, := \qm\ﬁ > 8e2y. It follows from 2.7
that the last sum

Z( 3/2> i 2§1 <2n+1>< —l—|—2n+2> Za ) k ! (p_m>2"+1_l 1
J i) k—L
n=0 k=2n+2 1=0 2n +2 m

in 2.2 converges to 0 when ¢, tends to oc.
Now we are ready to take the limit in 2.2 when lim |g;,| = occ and lim p,/gm = 5. We
m—o0 m—0o0

have seen that the last two sums in 2.2 tend to 0 as lim |g,,| = co. So we have
m—o0

00 L 2n+1—1

‘Qm|_>00 —0
L M
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Observe that the right-hand side is a not identically zero Laurent series in 0 # g € (—1,1). We
would like to show this zeroing formula is equivalent to a formula involving derivatives in such
a manner that it can be seen that there are only a finite number of solutions. We can do this

by observing that
i —3/2\ (2n+ 1\ (L —1+2n +2 ot
—\n l 2n + 2

:ﬁg<_i/2>(zn+1)---(2n+1_z+1)-(L—z+2n+2)---(1+2n+2)52n+1.

Interpret the factors

Cn+1)2n+1-1)---2n+1—-1+1)
__B
(1+ 527

with 2*~!*1, But then rescaling by 8L, would give this series to be

b (i () )
BdﬂL_l dﬁl (1+B2)3/2 '

as indicating that the [th derivatives of have been taken, which would leave terms

So our zeroing identity is

- Jybt 1 at rd p +1) _
Z Z“] ) IN(L = 1) dpLT (d—ﬁl <W>B >_ '

=

This shows that the zeroing equation is of the form P(B)/(1 4+ 8%)2L+3)/2 for a suitable not
identically zero polynomial P of degree at most 2L + 1 < 4M — 1. So the zeroing identity only
gives zeros in the roots of P. As P is a polynomial of degree at most 2L +1 < 4M — 1, there are
at most 2L + 1 < 4M — 1 possible asymptotic directions for X = 0 in the Type I domain. [



2.2 Type I Domain and Y =0

There is more symmetry in our arguments with charges for the General Case. When we switch
from X =0 to Y = 0 in the Type I domain, it just decreases the power in the binomial terms
by 1 and decreases the powers in the geometric terms by 1. With the necessary adjustment of
the powers in the Type I domain for Y = 0, in the Type I domain for X = 0 we have the zeroing
identity

L

3/2 L—-1+2n+1

lLl —l 2n

S ) B o i [ [
=0 \j=1

and the following result holds.

Proposition 2.4. Let § € (0,1/2) be fized. If X (pm,qm) = 0, where

x x|+ |T; .
(pmqm)GDa::{(w,y)GRzrHél—fﬁ M<1, lyl > ly;l, y=1,2,---,M}
y Yl = ly;]
and
lim p—m:ﬁ,
\qm\—WOQm
then

L _

5 (St ) e (e () o
. i(=5) INL =) dpt=t \dpt \ (1 + 32)3/2 '
There are at most 2L + 1 =4M — 1 wvalues of 5 # 0 satisfying the above equation.

2.3 Common Asymptotic Directions of the Components X and Y in Type I
Domain

We speculate that there are no 8 which is a common asymptotic direction for both {X = 0}
and {Y = 0} in the Type I domain. Such a § € [—1 + §, 6] must satisfy both of the equations

L

dL—l dl 5
=300z (7 () )

=0

and

0= S0 (i () )

— dBL dBL—1 dg! (14 52)3/2
with some real numbers I'(l) which are not all zero. In [2] we were able to show this in the
“Special Case” where the point charges are on the positive z-axis. In fact, in [2] we showed that
in the “Special Case” the possible asymptotic directions for { X = 0} and the possible asymptotic
directions for{Y = 0} are strictly interlacing in the Type I domain.

Examples show that the possible asymptotic directions of X = 0 and Y = 0 in the Type |
domain are not necessarily strictly interlacing, but we conjecture that they are distinct directions,
and hence, outside some large disk X and Y have no common zeros in the Type I domain, that
is, F' = (X,Y) has no zeros far from the origin in the Type I domain.



2.4 Type II Domain and X =0

The result in this section can be obtained from the result in 2.1 by replacing the roles of x and
y and x; and y;.

Proposition 2.5. Let § € (0,1/2) be fized. If X (pm,qm) = 0, where

+ 1y .
(pm,qm)GH(;::{(az,y)GRQ:‘g‘§1—5, M<1, lz| > |x;], ]:1,2,...,M}
x || — |l
and
qm _
|pm|_>oopm '
then

L _
0=3 za Ty Sy (i (S PR B
p i) INL =) dpt \dal=t \ (1 + a?)3/2
There are at most 2L + 1 = 4M — 1 values of a # 0 satisfying the above equation.

2.5 Type II Domain and Y =0

The result in this section can be obtained from the result in 2.4 by replacing the roles of x and
y and x; and y;.

Proposition 2.6. Let § € (0,1/2) be fized. If X (pm,qm) = 0, where

+ 1y .
(pm,qm)GH(;::{(az,y)GRQ:‘g‘§1—5, M<1, lz| > |x;], ]:1,2,...,M}
x || — |l
and
qm _
|pm|_>oopm '
then

L 1 —
=3 (St ) g (2 () )
p i) INL =) dpt \dal=t \ (1 + a?)3/2
There are at most 2L + 1 = 4M — 1 values of a # 0 satisfying the above equation.

2.6 Common Asymptotic Directions of the Components X and Y in Type II
domain

We speculate that there are no a which is a common asymptotic direction for both {X = 0}
and {Y = 0} in the Type II domain. Such an « € [—1 + §, 0] must satisfy both of the equations

_ ZL: d (d-! - ol tt
— dozl dol=t\ (14 a2)3/2

L

0=y ap L (4 ! L+1
B )do/ dal=t \ (14 a2)3/2 “

=0

and

with some real numbers A(l) which are not all zero.



In [2] we were able to show this in the “Special Case” where the point charges are on the
positive z-axis. In fact, in [2] we showed that in the “Special Case” the possible asymptotic
directions for {X = 0} and the possible asymptotic directions for{Y = 0} are strictly interlacing
in the Type II domain.

Examples show that the possible asymptotic directions of X = 0 and Y = 0 in the Type II
domain are not necessarily strictly interlacing, but we conjecture that they are distinct directions,
and hence, outside some large disk X and Y have no common zeros in the Type II domain, that
is, ' = (X,Y) has no zeros far from the origin in the Type II domain.

2.7 A Question about Common Zeros of Certain Polynomials

Let us summarize the basic challenge of distinguishing the asymptotic directions of the zero sets
of X and Y in the General Case. Let D/F = d’ F/dx’ denote the usual j-th derivative of F with
respect to F'. Take s > 2. Consider a nontrivial linear combination

L
S(R) =Y aD'lz""'D(R)).
=0

where ¢; are real numbers which are not all zero.
Conjecture 2.7. Let

Ryi(z) := Ap(z) := W and Ry(z) := By(z) := W

The positive zeros of X(Ry) and X(R2) are distinct.

Observe that X(R;) is an odd function and ¥(R3) is an even function. So the above conjecture
would imply that the negative zeros of ¥(R;) and X(R3) are distinct. Both ¥(R;) and X(Rs)
have zeros of some order at 0.

Here are some computations and wishful thinking that suggest that this conjecture is true.
Suppose that either R := R; or R := Ry. We can rewrite X(R) as follows. First, for 0 <i <,

I, L4+1 HL—l _ ~ (1 k(o L1\ pl—krL—l _ ~ (1 k(. L+1\ L—Fk
D'z" DM R) = L) PEEE DD () > L) DA DI (R).
k=0

k=0

So we have

s 1 s s

l _ l _
SR =Y ay, <k>Dk(xL+l)DL F(R) = <k>chk(a:L+1)DL *(R)
I=0 k=0 k=0 =k
L
_ ZO_ Dk(l‘L+l)DL_k(R) ’

k=0

where
/1
O = Z (k) Ccr.
=k

So

L
S(R)(@) =) da" T DIR(R) (@),
k=0
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where dy :=op and dy, ;== 0y - (L+1)--- (L+1—k+1) for 1 <k < L. Hence,

L
S(R)(@) = Y e DU R) ().
=0

where for simplicity we have replaced dy_; by ~;. It seems reasonable to use this simpler form
for ¥(R) to prove the conjecture. Because we are taking ¢; to be arbitrary real numbers, we
must assume here that 7; are arbitrary real numbers too. Again, consider

Ri(z) := Ap(z) := W and Ry(x) := By(z) := m

Let A; and B; be the [-th derivatives of Ay and By, respectively, that is,

dA

dBy
dz! -

Al(a;) : da;l .

and Bi(x) :

It is not hard to see and in [2] we showed it that there are a polynomial P, of degree [ + 1 and
a polynomial ); of degree [ such that

A Py(x) (L+a")F (@) — 21+ DzBha (@)
(@) = (1 + 22)2H9/2 (1 + 22) @32
and
Bi(z) = Qu() (1 +2?)Q () = 2L+ 1)2Qu (x)
(@) = (1 +22) 232 (1 + 22) @32 :

In [2] we also showed that both A; and B; have only real zeros, and the zeros of A; and the zeros
of By are strictly interlacing, hence they are distinct. But in the present setting, we are taking
linear combinations of forms that use these. So it turns out that the interlacing property is no
longer true.

Here is another version of 2.7.

Conjecture 2.8. Suppose v; are real numbers which are not all zero. The positive real zeros of
the polynomials

are distinct.

Remark 2.9. Sometimes with forms like these one can hope for the zeros of the two expressions
to interlace. Indeed, sometimes also all the zeros are real numbers. But in this case examples
show that neither of these things are true, while it seems likely that the zeros are distinct (even
the complex valued ones).

Remark 2.10. There is an additional formula that may be useful:

Pyx) =1Qi1(z)(1 + 2®) + 2Qu(x) .

11



2.8 Conclusion: Common Zeros for ' = (X,Y) in a Disc

How do we now show that there can only be a finite number of zeros in a given bounded disk?
In this case, it means showing there cannot be a curve of zeros anywhere. Indeed, if we consider
S = X2 +Y?, then the zero set S = 0 is an analytic variety in the plane and hence, in this case,
is a locally finite collection of points and curves. We know there are no points in this zero set
outside a large disk. So all we have to do is show that there are no curves where X and Y are
Zero.

The calculation might resemble what was done in the Special Case of point charges on a line
in Section 3.1, but up to now this has not worked out successfully. Again, this would then lead
to a fairly simple complete proof of the conjecture that in the plane the electrical field from a
finite number of point charges only has a finite number of field F' values that are (0,0).

On the other hand, the article by Abanov, Hayford, Khavinson, and Teodorescu [1] gives a
short proof in Proposition 4.1 that there are no curves in the common zero set. Their argument
is that the following is a general fact. Take a harmonic function ¢ in R3, like the potential of

0
a finite point charge electrical field. Assume that 99 is zero in the zy-plane. Then there is no

0z
0
non-trivial curve in the zy plane which is also simultaneously in both of the sets 8_¢ =0 and
x
0
8_¢ = 0. However, consider the class of functions
Y

U(zx,y,z) = cosh(az) cos(bx + cy) .

Then U, (x,y,0) = 0 for all (z,y) because sinh(0) = 0. Also, both U, and U, are zero for all
(x,y, z) such that bz + cy = 0. We do not even need to restrict to where z = 0 for this to hold.
So U, and U, are zero on the plane P where bx + cy = 0 and of course then the line where
bx + cy = 0 and z = 0. But importantly U, = asinh(az) on the plane P where bx + cy = 0. So
the gradient of U does not vanish on this plane unless a = 0. See [11]. Moreover, U is harmonic
if a®> = b> 4 2. So take examples where at least b or ¢ is not zero so that U is not constant. Also,
an interesting point is that the Hessian H(z,y, 2) = UypUyy — Ugy is identically zero everywhere
in any case. So take for example U(z,y, z) = cosh(5z) cos(3z — 4y). Then we have a harmonic
function for which U, is zero in the xy-plane and U, = U, = 0 on the line where 3z — 4y = 0 in
the zy-plane.

Nonetheless, if we can prove a result like Proposition 4.1 in [1] for the potential of a finite
point charge electrical field in R?, then we could combine this with

Conjecture 2.11. The zero set of a two-dimensional finite electrical field is bounded.
The result would be

Conjecture 2.12. The zero set of a two-dimensional finite electrical field consists of only finitely
many points.

This is the ultimate goal in the analysis of the structure of the zero set of a finite point charge
electrical field in the plane.
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2.9 Comparison with the Result Obtained by the Product Method

An algebraic curve in the Euclidean plane is the set of the points whose coordinates are the
solutions of a bivariate polynomial equation P(z,y) = 0. This equation is often called the
implicit equation of the curve, in contrast to the curves that are the graph of a function defining
explicitly y as a function of x, or vice versa. With a curve given by such an implicit equation, the
first problem would be to determine the shape of the curve and to “draw it”. These problems
are not as easy to solve as in the case of the graph of a function, for which y may easily be
computed for various values of x. The fact that the defining equation is a polynomial implies
that the curve has some structural properties that may help in solving these problems. Every
algebraic curve may be uniquely decomposed into a finite number of smooth monotone arcs
(called branches) sometimes connected by some points sometimes called remarkable points, and
possibly a finite number of isolated points called acnodes. A smooth monotone arc is the graph
of a smooth function which is defined and monotone on an open interval of the z-axis or the
y-axis. In each direction, an arc is either unbounded (usually called an infinite arc) or has an
endpoint which is either a singular point (this will be defined below) or a point with a tangent
parallel to one of the coordinate axes. The singular points of a curve of degree d defined by a
polynomial P(x,y) of degree d are the solutions of the system of equations

oP oP

Harnack’s Curve Theorem (see [6], for instance) gives the possible numbers of connected com-
ponents that an algebraic curve can have, in terms of the degree of the curve. For any algebraic
curve of degree m in the real projective plane, the number of components ¢ is bounded by

1—(=1)™ v (m—1)(m —2)
2 - 2

+1.

Proposition 2.13. Suppose a1, as,...,apr are real numbers which are not all zero. Neither the
zero set {X = 0} nor the zero set {Y =0} can have more than 9(M — 1)24M=1 + 1 asymptotic
directions.

These are much weaker upper bounds we have proved in the previous sections for the number
of possible asymptotic directions for the zero sets {X = 0} and {Y = 0}, but we think the
“product method” of proof below is interesting. In fact, in [2] this “product method” has been
exploited in a more sophisticated way.

Proof. Let, as before,

M
Z e ) S~ aly=u)
X(z,y) , and Y(z,y) = .
]:1 (x — z; y2)3/2 P ((x — x;)% + y2)3/2

Let 3 be the collection of the 2" functions o : {1,2,..., M} — {—1,1}. Let

Xofey) = 30—l ) and Yolag)im 3" 70N =)
= (e N R D e R A (e N D EE
Let o
I (@-2*+@w-w?)??, j=12...M,
k=1,k+#j



and

k=1
We have "
_ U(j)aj (v — xk)D] (z,y)
Xo‘(xay) _Z D(I‘ y)
Jj=1 ’
and

Observe that the functions

and

are even polynomials in each of the variables
XJ:DJ(:Evy)v j:1727"'7M7

as they remain the same when x; is replaced by —x;. Hence X (z,y) and Y (x,y) are polynomials
in each of the variables
X?:D](x7y)27 3217277M

We conclude that

H Xo(z,y) = M and H Yy (x,y) = M

oM oM
where P and @ are polynomials of degree at most 3(M — 1)2M =1, Observe that
{X =0} Cc{P =0} and {Y =0} Cc{Q=0}.

Hence Harnack’s Curve Theorem implies that neither {X = 0} nor {Y = 0} can have more than
9(M —1)24M=1 1 1 asymptotic directions. O
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