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In generalizing Grace’s Theorem on apolar polynomials, it
was convenient (see reference 1) to use a set of relations among
the coefficients of a pair of polynomials which is invariant
under nonsingular linear transformations of the polynomials.
Other invariant relations among their coefficients will define
other classes of pairs of polynomials. The present paper
establishes a set of relations which is both necessary and
sufficient to guarantee that two polynomials of degree 7 either
have a common zero of multiplicity at least n — 1 or have
their zeros all lying on one circle and so related that if the
zeres of one polynomial are transformed, by a linear trans-
formation, into the nth roots of +1 then the zeros of the other
are carried, by the same transformation, into the nth roots
of —1.

A generalization of Grace’s theorem [2] on apolar polynomials [1]
makes use of a set of relations among the coefficients of a pair of
polynomials. An important feature of this set of relations is its in-
variance under nonsingular linear fractional transformations of the
polynomials. Other sets of relations which are similarly invariant will
define other classes of polynomials. It is the purpose of this paper to
investigate one such class.

For a discussion of Grace’s theorem and related results, as well
as an extensive bibliography, the reader is referred to Marden’s volume
[4] in the Mathematical Surveys series.

Let the complex polynomials

@ =3 (e,
o) = 3 (%o

Jj=0

(1)

be given. Application of the linear transformation

aw + B
B L N v —ad =1
2 5 B )

to these polynomials gives the transformed polynomials

Fw) = (rw + oy f (222 L) = 5 (T awr,

'Yw —f— b\ r=0
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G(w) = (yw + d)g (%"U_jr_f_) — z=, (jf)B,wf .

LEMMA. The conditions
(23) aobj - a/jbo — a’sbj—a — aj_sbs =0

(8:1y -'-,[‘7?];_7.:2, "°7In)y

(2b) ajb'n =+ anbj - asbn+.7'—s - an+i—sbs: 0
(S:j+1y "'1[1@—2*—.7.];.7.:1’ ""n'—'z)

are wnvariant under nonsingular linear tramsformations of the poly-
nomials (1).

Proof. Any nonsingular linear transformation is equivalent to a
succession of transformations of the types

z = pw (e 0),
z:_]_'_,

w
Z=w+ M.

Hence we can prove that the set of conditions under consideration is
invariant under a general nonsingular linear transformation by showing
that it is invariant under each of these three types.

Suppose the polynomials (1) satisfy conditions (2a) and (2b).

If 2 = pw is applied to (1), the transformed polynomials have coef-
ficients

A, =a,,
Br:/’trbr (T:O"",%)'

Thus
AB; + AB,— AB;_,— A;_ B, = #j(aobj + ab, —ab;_; —a;_b,) =0
:1,---,[_1—];‘:2,-.0’ .
(s g |7 n)

Similarly
A:iBn -+ AnBj - A3B7L+j—s - An%—j—sBs = #j+n(a’jbn + a’nb.’f

—_ asbn—i—j—s - an+.’i—3b8) = 0

(3:j+1,...,[W—ZH];J-:L...,n_.z).
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When z = 1/w, we have
Ar = Qyy ’
B.=b,_, (r=0,--+,m).

so that the left sides of conditions (2a) for the transformed polynomials
are

AOB.i + AJ'BO - AsBj——s - Aj—sBs

= a’nbn—j - an——jbn - an—sbn-—j—f-s - an—j—?-sbn—s

(S:]-? "'y["‘;.—];j:2y"'yn)'

With 5/ =% — j and s’ = 7' + s, these become
(3) a’nbj’ + a’j’bn - an—-s'+j'bs’ - a’s’bn—s’f—j’

(S':j"le"'yj,'Jf—[n;J];j’:n—z’"'70)'

Since 5’ is an integer,

A j'] - [ ?@_.ii'] - [Lﬂ]
.7+[ 5 7" 2.

Thus the expressions (3) for which 5/ ## 0 are exactly the left sides of
equations (2b), whence they vanish. Using 7/ = 0 in (3) gives

ab, + ab, — a,_b, — ab,_, <S =1L [%])

and these expressions are the left sides of (2a) with j =n, so that
they also vanish. Thus conditions (2a) all hold for the transformed
polynomials. Now consider conditions (2b). We have

AjBn -+ AnBJ - Aan+J'-s - A'rr[—i—sBs

= an~jb0 + aobn—-i - a’n——sbs—j - as—jb'ﬂ,—s

(S:j+1y"'7[/"/—2{—3.];.7.:1!“"%—2)'

With 7/ =% —j and s’ =s — n + 5/, these become
(4) a;b, + ab; — @by — @b,

Y4

(S/:]_’...,[n_lz_]_n_}_jr;jlznwj,...12)‘

Since —n -~ 7' is an integer, we have

..9'_’]- ;-':[ _I ]=[L]
[ 5 N+ J n 2 +J 5|
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Thus the expressions (4) are the left sides of equations (2a) with j = u,
and therefore they vanish. We have now seen that the entire set of
conditions (2a) and (2b) is invariant under the inversion z = 1/w.

We have left to show that the conditions of the lemma are in-
variant under the translation z = w 4+ g#. Under this transformation,
the polynomials (1) are carried [1] into

r= 1

=)

Hm;mwm=iﬁyw

n (1
Gw) = g(w + p) = TZSO (r)BTW
where
A, = i (n a r)a'ﬂ'ﬂ]—r ’
=r\J] — 7T
n (m—7r
&:2(. yWﬂ (r=0,+,m)
j=r\j] — 7

Thus we have

AB —+ A — i i (n'—'/r)(n——- S)(ajbk+ akbj)#j+l.-—-'r——s
i=ri=e \J —r/\k — s
(7':0""77&;8:0,"'9’”)-

Equations (2a2) and (2b) can clearly be rewritten so that their left sides
are all of form

ArBs + AsBr - Ar+1B -1 A —-lB'r+1
non (N—T\[N —
=22 ( )( )(a i + @by

1=r k=s ‘7._./'0 k___
n n /n,._/r_l n—s-+

- Dy, - @b, pi e
j§+1k§1(j_¢_1)(k_s+l)(a k ~F abj)

Using the well known fact that the binomial coefficients satisfy the

relations
n n
(5)=()=2
0 n
n n—1 n—1
= ]:1y“'7 —1’
@) &—J+(h ) " no b

we can write this last expression as follows:

j j—r k—

Jj=r k=s

Sy (n—r—1\(n—s .
Z ( . )( )(ajbk + akb aj+1bl:_1 - ak_lbj+1)/lafk—r—a .
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Thus the left side of every equation (2a) and (2b) for the transformed
polynomials is a linear combination of the left sides of the original

equations (2a) and (2b). Hence they all vanish and the conditions are
invariant under translations.

THEOREM. A necessary and sufficient conditron that there exists
a nonsingular linear transformation which carries the polynomials
(1), with n = 2, either into the pair

o(w" + 1),
co(w™ — 1)
or wnto the pair
c,w"

c(w™ + Bw™™)

where ¢, = 0, ¢, = 0 and B are constants, s that the coefficients of
(1) satisfy conditions (2a) and (2b).

Proof. Since changing a polynomial by a multiplicative constant
does not affect its zeros, we may, without loss of generality, assume
¢, =¢, = 1.

To prove the necessity, let us assume first that (1) are transforma-
ble into w* + 1 and w™ — 1. Since (2a) and (2b) are invariant under
linear transformations, it is sufficient to check that they hold for the
transformed polynomials. Since 4, =B, =1, 4,=1 and B, = —1 are
the only nonvanishing coefficients, the only equations among (2a) and
(2b) which have nonvanishing terms are

AOBn + A'n,BO - Aan——s - An-—sBs = AOBn + AnBO =0 .

If (1) are transformable into w" and w" + Bw"~', the only nonvanishing
coefficients are A, = B, =1 and B,_, = B/n. Since the product A4,B,_,
is the only nonvanishing A;B, and since it does not occur in any of
the equations (2a) or (2b), all the equations are satisfied.

The proof of the sufficiency will be by mathematical induction.

Let » = 2 and suppose one of the polynomials, say f(z), has distinet
zeros. These can be transformed into the points w =1 and w = —1,
so that f(z) is carried into

Fw) = w* — 1,

with A, =1, A, =0, 4, = —1. If g(2) has a zero distinet from those
of f(z), the same transformation can carry this zero into w = %, so that
g(2) is transformed into



62 RUTH GOODMAN

G(w) =B, w* + 2Bw + B, ,
where
G(@) = —B,+2B3i+ B,=0.
The coefficients of F(w) and G(w) now satisfy
0= AB,+ A.B, — 2A,B, = —2B. .
Thus

B,=0,
B,= B,,
G(w) = B(w* + 1) ,

as we want. Suppose now that f(z) has distinct zeros, but that both
zeros of g(z) are also zeros of f(z). We can transform the zeros of f(z)
into w =0 and w = —1, at the same time taking one zeros of g(z)
into w = 0. Then

Fw)=w"+ w,
G(w) = Bw® + 2B,w ,

so that
0= AB,+ A,B, — 2A.B, = —2B, .

Thus B, = 0 and F(w) and G(w) are of one of the specified forms, If
neither polynomial has distinet zeros, we can transform f(z) into

F(w) = w*.
We have
G(w) = Baw* + 2B,w + B, ,
with coefficients which satisfy
0= AB.,+ A,B,— 2A,B,= B, .
Thus
G(w) = Byw* + 2Byw ,

and F(w) and G(w) are again of one of the specified forms.
Now assume that f(z) and g(z) are of degree n and that the theorem
is known to hold for polynomials of degree » — 1. The derivatives

no(m\, n-1 (n— 1 .
fl@) =24 (J.)Jajz’“l =n 3 ( i )aj/ﬂzJ )

j=t i=0
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, n (NN . - w1 (M — 1 ,

g'(z) =2 . Jgbr T =mn 3 L b
Jj=1 J j J

are (n — 1)st degree polynomials which satisfy conditions (2a) and (2b).
Thus f’(z) and ¢'(z) are the transforms of either

Fw) =w"'—1,

(5) Gw) =w~"+1
or
(6) F(w) = w1,

G(w) = w* + Bw"™*

under a linear transformation

w=22+5 (BY —ad=1).
Y2 + 0

Suppose f’(z) and ¢’(z) are the transforms of (5). Then

@) = Oz + o= (L) = @z + B — (2 + 0
(7)
9' () = (vz + o)'G (%:%3@) = (2 + )" + (v2 + o)™

Since By — ad # 0, the coefficients « and v cannot vanish simultaneously.
Suppose v = 0. Then

f'@) = (az + B — o,
9'(2) = (az + B)"" + o*",

@) = Lz + @ — ozt 1,
no

9(z) = 1 (az + pB)* -2+ k,
n«

where h and k are constants of integration. The coefficients of f(2)
and g(z) are

aoz—lei+hs
na

b(j:ﬁn_—l—k’
na

al: B’n—l . an—-l ’
n n

bl:l@n—l + 51:,——1 ,

n n
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j—1Qn—j
b, = LB
n

a,,- =
Equations (2a) and (2b) now give

0=apb, +ab, —adb, ., —a, b = 9"__1 (h + k).
n

Since a = 0, we must have kt = —h. We also have

2n—2
0 = ab, + awby — 2a,b, = 20

Thus we have 0 = 0, so that v and 6 vanish simultaneously. Since
By — ad # 0, this cannot happen. Henece v 0. If ¢ =0, v+ 0, we
can proceed similarly:

f'®) =B~ — (va + o),
9'(z) = B+ (v2 + o)~ ™,

F@) = b+ 8% — L (vz + o),
T

9@) =k + Bz + L (vz + o),
Tn

a, = h — o ,
ny
bo:k+ o y
ny
n—1 Sn—1
al__:/B — 2 ’
n n
n—1 n—1
b1:B + 0 ’
n n
j—18n—3 -
a’j:”’wqf : (j:2,---,n),
bj:_aj (j:z,'.o,%).

0 = ab, + @by — Wb, — b, = % & —h),

h=Fk,
2BZ1L-—2
,n2

0 = aobz + a2b0 - 2a1b1 = -

B=0.

Again, since By —ad # 0, a and B cannot vanish simultaneously.
Thus a = 0. Now we have @ # 0 and v # 0, and integration of (7)
gives
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F@) = (e + By — 2 (e + 0y + b,
no nvy

(8) 1 1
9(z) = —(az + B)" + — (v2 + 0)" + k .
no ny
Thus
1 = (n\ . ) ) o
@) =3 ( ->(af~v3"—ﬂ — PO
n 7=0 3
1 2 (n\ . . ; N
06) =7 3 ( .)(aHBH P 4k
n J=0 j

and the coefficients of these polynomials are

Ay =P, + h,

bo=1¢q,+ k,

a; = Dj,

bj = q; (G=1-mn,

where
. 1 j—10n—7 j—18n—7
pj—_(aj :8 = 0 J)y
n
q; = .l (aj—lﬁn_j -+ 'yf“c?”‘j) (j = 07 e, M — 1) y
n
Pn = ”]; (an—-l - ’Y”—‘I) ’
n
g, = = (@~ + 7).
n

(Note that p, and ¢, need to be written separately only if =0 or
0 =0.) Now we observe that

Dili + Pus = %W“"Eﬂ“‘f“" — thgthy
so that the value of p;q, + p.q; depends on the sum j + k but not on
j and k individually. Thus we can write

0 = ab, + ab, — 2a,b, = hq, + kp. ,
0 = ab, + ab, — a,b, — ab, = hq, + kp, .
We now have two simultaneous linear homogeneous equations in /2 and

k. For them to have any solution other than h = k = 0, their deter-
minant must vanish. This determinant is



66 RUTH GOODMAN

(9) Qs — Doz = —%MB”‘%M .

Since av # 0, this determinant can vanish only if =0 or o= 0.
Note that 8 = 06 = 0 is impossible since ad — By = 0. Suppose 6 = 0.
Then p; = q; # 0 for all j =0, -+, 2 — 1. Thus from the equation

0= hQ‘z + kpz = (h + k)pz
we find that o + £ = 0, that is, k. = —h. We now have

0= aobn + anbo - albn—l - an—lbl = —2"1'7n—1 .
n

Thus we must have 2 =%k = 0. Assume now that the determinant
vanishes because 8 =0. We have p; = —q; %0 for =0, -+, n — 1,
Thus from

0= hqg, + kp, = (b — k)q.
we find that » = k. Now

0=ab, + ab, — ad, ,— a, b= —g}ia"‘l .
n

Again we must have A = 0. That is, the assumption that the deter-
minant (9) vanishes leads to the conclusion that » =k = 0. Thus
whenever ay # 0, we must have » = k = 0. Using these values and
applying to the polynomials (8) the transformation

B — opw
Ypw — a

z = By —ar=1),

where

gives

and, similarly,

Glw) = %(w“ L1y,

We have left to deal with the case where f’'(z) and ¢'(z) are trans-
forms of (6). Suppose they are obtained from (6) by the transformation
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:az+,6’ W =1
w pr— By —«a ).

In this event

f'@) = (az + B)",
') = (az + B)"' + Blaz + B)"*(vz + 0) .

Now we can assume, without loss of generality, that all the zeros of
both f(z) and g¢g(z) are finite. For, if they are not, we can perform a
linear transformation which will make them all finite and which will
preserve conditions (2a) and (2b). Thus in the above polynomials we
can assume « = 0; for « = 0 would give f'(z) = £, f(z) = B~ '2 + h,
so that f(z) has n — 1 zeros at infinity. Integration by parts gives

(az + )" v(az 4+ B)"

a(n — 1) ai(n — 1)n +C,

S(az + B vz + o)dz = (vz + 0)

so that

)= L+ B+ h,
an

1 Br .
00 = 2t~ g L) + )
-+ —E————(az + B)* vz + o) + k.
a(n — 1)

By assumption f(z) and g(z) satisfy conditions (2a) and (2b). Applying
the transformation

— 0w
g =B 0w By —ad=1),
W — o
we have
az + B = w ,
W — «
vz + 0 = 1 ,
YW —

so that f(z) and g(z) have transforms
F(w) = —l~w” + h(vw — a)*,
an

L (1B Ny B )
G(w)—«%@ a(n—1)>w +a(n—1)w + kE(vw — @)

which also satisfy conditions (2a) and (2b). These polynomials have
coefficients
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an=—1—+hm,
an
a/j:hpi (_7.:0,"',77/'—‘1),
1 By >
b, = —(1 — —L kp, ,
" an< a(n — 1) e
B
bn-—:—' k n—1
' a(n—l)n+ o
ijkpj (j:()y"'yn_z):
where
p; = (—1y—ivar (G=0,---,m).
Now

Pipy = (1) iy rain it

and this quantity depends only on 7 + k, not on 7 and k£ individually.
We have

0= aobn =+ anbo - albn—] - a’n—-lbl
1 By B }
= Llnp (1 —BL ) 4 kp, — hp B Y
an{ p( a(n——1)>+ Do WP

Since 1l/an # 0, the second factor must vanish. Thus
0= (=Dra*h + k),
so that £k = —h. We also have

0=ab,_,+ a, b, —ab, ,— a,.b = __hpB .
a(n — 1)n

Since p, = (—1)"a” #+ 0, we must now have either B=0 or h = 0.
If h =0, then k = —h = 0, and F(w) and G(w) are of the desired form
at once. Using B=0 and k¥ = —h, we have

Fw) = 2w + hiovw — )7,
an

Gw) = ——w" — hiyw — a)" .
an

If we now perform the transformation

o

w=——
Yruw — 1

where
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1= (ham) ,
we have
F(w) = Fy(u) = (’%u + ha
= ha™(u" + 1)
and, similarly,
G(w) = G,(u) = ha™(u™ — 1) .

These polynomials are of one of the desired forms, and the proof of
the theorem is complete.

The results we have just obtained can be stated in terms of the
geometry of the zeros of the two polynomials. When a linear trans-
formation is applied to a polynomial, the zeros of the transform are
the transforms [3] of the zeros of the original polynomial. Hence we
can state: Conditions (2a) and (2b) are both necessary and sufficient to
guarantee that either

(i) f(?) and g(z) have a common, repeated zero of multiplicity
at least n — 1 or

(i) their zeros all lie on the same circle or straight line and the
zeros of the two polynomials separate each other in such a way that
a linear transformation will, at the same time, carry those of one poly-
nomial into the nth roots of unity and those of the other into the nth
roots of negative unity.
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