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A. Kro6 and D. Schmidt have solved the multivariate Chebyshev ex-
tremal problem of finding the least possible sup norm of polynomials
on convex bodies under certain constraints, generalizing the classical
one-dimensional Chebyshev extremal problem. A. Kro6 also began a
study of uniqueness of the minimal polynomials and settled the question
in dimension 2. We continue this work and give a geometric condition
on the convex body which is necessary and sufficient for the Chebyshev
polynomials to be the unique extremal polynomials in the corresponding
optimisation problem.

In particular, we will obtain that for the unit ball B4(0, 1) we do not
have uniqueness, while for the unit cube [—1,1]¢ the extremal polyno-
mials are essentially unique.

1. Introduction

Let K C R% d € N be a convex body (i.e., a convex, closed set with
non-empty interior) and denote by || - || = || - [|¢(x) the usual supremum norm

*Supported by the Hungarian National Foundation for Scientific Research, Grant
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on K. We will denote by 77" the set of algebraic polynomials from R™ to R*
(i.e., having m variables and k coordinate functions) with total degree of each

of the coordinate polynomials not exceeding n. We also write 7/ = 77!

and 7, := mb!. The Euclidean (f5) length of a vector in R? will be written
using the usual absolute value sign | - |, and (-,-) stands for the usual scalar
product.

Chebyshev-type extremal problems consist of minimizing |pn|lc(x) under
constraints on p, € 7¢ normalizing either the “leading coefficients/terms”,
or the value attained at some point outside K. The two type of problems
are connected, since the leading coefficient restriction can be regarded as a
normalization of the polynomials at the infinity. For a given p, € 7%, let us

denote by p} the “n-degree homogeneous part” or “leading terms”, i.e.,

(1.1) pa(x) = > xS, ph(x) = > axx.
kend kend
[k|<n |k|=n

Then a normalization of the leading terms p7 of p, can be defined w.r.t. any
direction (unit vector) v € RY, |v| = 1, as a restriction p%(v) = 1. Now for
A > 0 large enough, A\v ¢ K, and normalizing p,(Av) with respect to A"
connects the two kind of problems in the limiting case A\ — oo as

. Pn(AV
(1.2) Jm /(\n ) = pr(v).

This could also be an alternative to define p} and p}(v).
With the above notations, A. Kroé and D. Schmidt [5] and A.Kroé [2]
investigated

(1.3) Co(K,v) == min{||pn| : pn € 74, pi(v) =1},
and
(1.4) R, (K, x*) = min {||pn|| : pp € 7,  pn(x*) =1}

Clearly in case d = 1 these extremal problems reduce to the well-known
extremal problems of Chebyshev.

We call (1.3) the “leading term Chebyshev problem”, and (1.4) the “func-
tion value Chebyshev problem”. (Kroé mentions that extremal problems of
(1.4) are sometimes called Richardson polynomials in the literature.)

The “maximal chord length (or transversal) of K in direction v” is defined*
for veRY, |v|=1as

(1.5) 7(K,v) :=max{la—b|:a,be K, a—b=X\v, A € R}.

*Many papers including [2], [3], [4], [5], [6] term (1.5) the “width of K in direction v”.
However, the established geometric notion is the above given one, cf. e.g. [8, pp.367-370].
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Clearly, if a — b = Av and |A\| = 7(K, V), then a,b € 0K (0K being the
boundary of K). In addition, K has supporting hyperplanes at a and at b.
However, the following more precise statement is also true.

Lemma A. Let a,b € 0K with |a—b| = 7(K,v). Then K has parallel
supporting hyperplanes at a and b.

This was proved in [4] as Proposition 3 and it played a key role in [2].
For Problem (1.4) a similar geometric result was proved in [5] (cf. Corol-
lary 1 on p. 421).

Lemma B. For every x* € R\ K there exists a line £ passing through
x*such that K N ¢ = [a,b] with some a,b € 0K and K possesses parallel
supporting hyperplanes at a and b. Moreover, the above occures if and only
if p=|x* — 22| /|la — b| is minimal.

For the pair a,b € 0K, or the direction v = ;%E‘, any unit vector
v* € R? |v*| = 1, normal to the parallel supporting hyperplanes will be
called a conjugate. Note that for both problems there are simple examples
with the point pair {a, b} being unique or being not unique and the conjugate
directions {v*, —v*} being unique or not unique, independently of each other.
However, no ambiguity arises from the use of {a, b}, as we can consider any
possible choice of them in all our statements below. Namely, whenever we
have two pairs of extremal points, say a,b and a’,b’, then the corresponding
set of conjugate vectors and parallel supporting hyperplanes are exactly the
same to both of them. Indeed, if H(a) = {v*}* 4 a, H(b) = {v*}* +b form
a supporting strip to K, then by a’ — b’ =a —b = 7v we get a’ € H(a),
b’ € H(b) and so the same supporting strip forms supporting hyperplanes at
a’ and b’, too. The argument is similar, in Case B, with reference to the rule
of the parallel secants. Thus the set of conjugate vectors is independent of
the particular choice of the extremal point pair a, b.

To formulate Krod’s solutions to the above Chebyshev problems, we have
to use the classical Chebyshev polynomials

n
T, (t) := cos(narccost) = 2"~ 1" ... = 2n~1 H (t — z](."))
=1

(s:= o7 = con (&i=vn —Um)).

Theorem A [2]. For any conver body K C R? and direction v € RY,
|v| =1, we have

(1.6)

(1.7) Co(K,v) = 27210 (K ).
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Moreover, for any a,b € 0K with a—b = 7(K,v) - v, and for any
conjugate vector v*, the polynomial

(1.8) gn(x) := 272" (K V)T, <<V*’ xoac b>>

(v*,a—b)
18 extremal.

Theorem B [5]. For any convex body K C R? and any x* € R\ K, the
extremal quantity

2x* —a — b|
1.9 Ry (K,x*) =T;1 <|—>
( ) n( X ) n |a _ b’ ’
where a,b € K and x* lie on some straight line £ for which 2u = %,

is minimal. Moreover, for any conjugate vector v* an extremal polynomial is
furnished by

110 (%) = R (K, x*) - Ty ((v*,zx—a—b))

(v*,a—b)

A. Kro6 started investigating the question of uniqueness, too. The first ob-
servation is that (1.8) or (1.10) is certainly not unique, if v* is not. However,
Krod observed that uniqueness of the conjugate direction is not sufficient for
uniqueness of the extremal polynomials. He could fully characterize unique-
ness in dimension d = 2t using the following notion.

Definition. Let L, be a straight line supporting the convex body K C R?
at a € K. Then the point a is called flat, if no disc touching L, at a can
contain K.

Theorem C. Let K C R? be a convex body, and n > 2. Then (1.8) is the
unique solution of the leading terms Chebyshev extremal problem (1.3) if and
only if the pair of parallel lines supporting K at a and b is unique, and at
least one of the points a, b is flat with respect to the corresponding supporting
line.

Theorem D. For a convexr body K C R? and x* € R?\ K the extremal
polynomial (1.10) is the unique solution to the function value extremal prob-
lem (1.4) if and only if the pair of parallel lines supporting K at a and b is
unique, and at least one of the points a,b is flat with respect to the corre-
sponding supporting line.

tKro6 writes in his paper [2]: “Since the question of uniqueness is substantially more
delicate and technical, we shall provide a complete solution to this problem only for bivariate
polynomials”.
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2. Definitions and results

We consider a pair of boundary points {a,b} C 0K (furnished by Lem-
mas A or B, respectively) with some extremal properties and having parallel
supporting hyperplanes with normal vector v*, forming a supporting strip
of K. Let us denote

(2.1) H:={v*}', Hy:=H+a, Hy,:=H-+Db,

where, as usual, S+ stands for the linear subspace of all vectors orthogonal
to (all vectors of) S C RZ Since int K # 0, we have Hy # Hy and thus
(a —v,v*) # 0. Without loss of generality let us fix the order of the two
points so that a—b = |a—Db|-v in the leading coefficient Chebyshev problem,
and (x* —b,x* —a) > 0 (ie, (a —b,x* —b) > 0) in the function value
problem. In the latter case we put v := (a—b)/|a — b|, in full accordance to
the other case.
Thus we always have (v,v*) > 0. We also put

a+b

(2.2) G := (K— )ﬂHCH.

In order to generalize to higher dimensions, we consider quadratic forms ¢(y)
on R (e, q € ng, q¢* = q # 0) which can play the role of the simple
quadratic function ¢-y? occuring implicitely in Krod’s definition of flat points.

In what follows, we may assume H = R?"!. Thus, for a vector x € R
x = (y,0) with y € R4, we also have y € H and apply quadratic forms ¢
on R to x € R? by considering ¢(y).

Now let us call a quadratic form ¢ of d—1 variables admissible, if q(y) > 0
for all y € G. In case d = 2, solved by Krod, the only quadratic forms are of
the form ¢(y) = cy?, ¢ € R\ {0}, and since K is a convex body, hence G # 0,
q is admissible if and only if ¢ > 0. For higher dimensions the quadratic form
g can be rather complicated even if the sets K and G are relatively simple.
However, if [a,b] Nint K # (), we easily see that ¢ > 0, i.e., ¢ is positive
semidefinite. In particular, this is the typical case when K is a symmetric
convex body! in R?, or when K has a smooth boundary of order C'!, say. On
the other hand, for d = 3, choosing K := [0,1]3, v = (0,0,1) and a = (0,0, 0),
b = (0,0,1), v* = v, we easily see that ¢(x,y) := xy is admissible, being
non-negative in the positive quadrant of R?, but is indefinite as a quadratic
form of R?.

In the following we are going to use the notations

<x—a,v*>vzx_b_ (x —b,v*)

(2.3) y=y(x)=x—-a-— v, v (v,v*)

¥Not always. For further discussion see §7, Claim 13, and the Proof of Corollary 3.
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Now it is easy to see that (y,v*) = 0 and the two forms given in (2.3) are
1 — (a_bv\’*)
equal since a — b = RN

c € [a,b] or ¢ € ¢ the equivalent formulation

-v. For the very same reason we have for any

(x —c,v*)
(v, v*)

(x —c¢,v¥)

(24) y=x—-c— Vv v,

v=x-—-2z z:=1z(x):=c+
where geometrically z is the point of intersection of the straight line £ through
a and b and the hyperplane Hx = H 4 x perpendicular to v* and containing
the point x.

Definition 1. We say that K is separated from its supporting hyperplanes
H, and Hy, by the admissible quadratic form ¢ if with the notation (2.3)—(2.4)
above we have

(2.5) (a—x,v") >q(y) and (x—Db,v*)>q(y) (VxeK).

Note that (a—x, v*) = dist (x, Ha) and (x—b, v*) = dist (x, Hp). To interpret
the above definition let us observe that in view of the supporting hyperplanes
at a and b we always have (2.5) with ¢ = 0, and that (2.5) is equivalent to

(2.6) (b,v¥) +q(y) < (x,v") <(a,v") —qly)  (Vx€K).
To explain (2.6), let us point out that we shall prove in Proposition 5 that
q(y) >0 (y =y(x), x € K) for all admissible q.

Definition 2. The support of K at a and b by H, and Hy, respectively,
is quadratically flat, if for all admissible quadratic forms ¢ # 0 we can find an
x € K such that with y = y(x) defined in (2.3), either

(2.7) (a—x,v") <qly)
(2.8) (b —x,v*) <q(y)

holds true. In other words, this means that there is no admissible quadratic
form separating K from H, and Hy,.

Let us give also a special, simpler variant of the above definitions for later
use.

Definition 3. K is separated from its supporting hyperplanes H, and
Hy, parabolically in the direction u € R, [u| = 1 and u € H, if there exists a
positive constant ¢ > 0 such that whenever x € K and y = y(x) is given by
(2.5) or (2.3), we have

(2.9) (b,v*) + c(y,u)? < (x,v*) < (a,v*) — c(y,u)>
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Definition 4. The support of K at a and b by H, and Hy,, respectively,
is parabolically flat, if for all directions u € R?, |u| = 1 and u € H, and for all
¢ > 0 there exists x € K such that with y as in (2.3) we have either

(2.10) (a—x,v*) < cly,u)?
(2.11) (x —b,v*) < ¢y, u)?.

Note that Definitions 3 and 4 restrict the quadratic forms from all admissible
forms to parabolic forms ¢ - y2, y = (y,u), quite similarly to the bivariate
case considered by Kro6. This notion of parabolic flatness was used in [6]
to investigate unicity of Markov-extremal polynomials on convex symmetric
bodies. However, here we have to generalize the notion of flatness further,
which reflects the fact that the convex body K is not necessarily symmetric.

With the above definitions we can formulate our results.

Theorem 1. In the leading term Chebyshev problem (1.3), the canonical
extremal polynomials (1.8) are unique if and only if the conjugate vector v*
is unique (with the normalization (v*,v) > 0) and the support of K at a and
b by H, and Hy, respectively, is quadratically flat.

Corollary 1. Suppose that {N[a,b] # 0. Then the leading term Chebyshev
problem (1.3) has only the unique canonical extremal polynomials (1.8) if and
only if the conjugate vector v* is unique and the support of K at a and b by
H, and Hy, respectively, is parabolically flat.

Theorem 2. In the function value Chebyshev problem (1.4) the canonical
extremal polynomials (1.10) are unique if and only if the conjugate vector v*
is unique (with the normalization (v*,v) > 0) and the support of K at a and
b by H, and Hy, respectively, is quadratically flat.

Corollary 2. Suppose that N [a,b] # (. Then the function value Cheby-
shev problem (1.4) has only the unique canonical extremal polynomials (1.10)
if and only if the conjugate vector v* is unique and the support of K at a and
b by H, and Hy, respectively, is parabolically flat.

Now let us show that Corollary 1 follows from Theorem 1. If the extremal
problem has unique solution, then v* is unique and the support is quadrati-
cally, hence even parabolically flat. Conversely, suppose that v* is unique and
the support is parabolically flat. In view of Theorem 1 we have to show only
that the support is quadratically flat, too. As remarked already before Defi-
nition 1, any admissible ¢ has to be positive semidefinite if [a, b] Nint K # (.
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However, picking any non-zero term of the canonical square sum represen-
tation of the positive semidefinite quadratic form ¢, we obtain a parabolic
form p(y) = c(u,y)? with ¢ > 0 and satisfying 0 < p(y) < ¢(y) (y € R41).
Now if the support is parabolically flat, it satisfies (2.10) or (2.11), i.e., (2.7)
or (2.8) with ¢ replaced by p. Since p < g, this implies (2.7) or (2.8) also
for q. Hence the support is quadratically flat and the corollary is proved. A
similar reasoning applies to the proof of Corollary 2, using Theorem 2.

Note also that we have actually shown that “parabolic separation” is
equivalent to “positive semidefinite separation”.

On the other hand, using spheres instead of our parabolic surfaces would
not provide a good characterization of uniqueness. That can be easily seen e.g.
from working out the example K := {(z,y,2) € R3: |y| < 1 and 22+ 22 < 1},
v =e3 = (0,0,1). The cylindrical body K, lying on its side, is not “separated
spherically” from the horizontal supporting hyperplanes at a = (0,0, 1) and
b = (0,0,—1), but the definition directly provides a parabolic separation.
In view of the above results we can conclude that the extremal polynomials
in the leading term Chebyshev problem in direction v may not be unique,
whence “spherical flatness” could not be used to characterize unicity. When
e.g. x* = (0,0,29) |20| > 1, the same situation occurs for the function value
Chebyshev problem for K at x*.

Let us show finally that in case [a, b] C K also non-parabolic (i.e., indef-
inite) quadratic forms have to be involved. Our example will be a convex set
K C R3, parabolically flat, but not flat quadratically. We see then from the
necessity part of Theorem 1 (cf. §4) that in this case the extremal polynomi-
als (1.8) are not the only ones in the leading term Chebyshev problem (1.3).

Example. Our convex body K C R? will be situated in [0,1] x [0,1] x
[—1,1] with v =e3 = (0,0,1) and a = (0,0,1), b = (0,0, —1) belonging to K.
Even from these few conditions it follows that 7(K, e3) = 2, Cy, (K, e3) = 217"
and G, (7,9, ) := 217"T,(2) is an extremal polynomial.

We construct K to be symmetric with respect to the line L = {y =
x,z = 0}, ie., (x,y,2) € K if and only if (y,z,—z) € K. We also suppose
Kn{(x,y,z) : 2=0} = D :={(z,9,0) : 0 < z,y, v +y < 1}. We define
first KT := KN{z > 0}. Since K" N{z =0} = D and K is convex,
the reflection of KT to the line L furnishes another convex body K —, with
K~ NK™T™ = D. Then we define K as the union of K™ and K~ which ensures
that K is symmetric to L, located in [0, 1] x [0, 1] x [—1, 1], containing a and
b, and having non-empty interior. (We also need to check that K is convex
as well, but this will be clear from the construction.)
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Now consider the two curves

(2.12) yi={(z,y,2):y=0,0<z <1, 1—2=23}
and
(2.13) I={(z,y,2): =0, 0<y <1, l—z:y3/2}.

Define K1 as the convex hull
(2.14) K* :=con{y,T,D}

which is clearly in [0, 1]3, contains a, and is convex by definition.

It is also clear that K™ N{z =0} = D, and for any z¢,yo € [0, 1] the line
{z =z, y = yo} contains a point from KT if and only if (zg,y0,0) € D.
Hence in this case {z = zg, y = yo} N K = {(x0,y0,2) : 0 < 2 < s(x0,90)}
with some surface s(x,y) defined on the triangle {(x,y), 0 <z, y <1, z+y <
1}. To describe s(x,y) we refer to (2.14) and write K+ = con (con (v,T), D)
to obtain

s(xo,Yo)
= max{z:30<a,8, a+p=1,0<z,y<1
(2.15) st afz,0,1 —23) 4+ 3(0,y,1 — y*?) = (0,50, 2)}
= 1-min{az® +py¥?:30< 0,8, a+8=1, 0<z,y <1
s.t. ar =x0, By =1yo}.

Now, using the arithmetic-geometric mean inequality, we have

o+ P s (Bp) = et
It is easy to see that for 0 < o, 3, o+ 8 = 1, we also have o2/331/3 < 22/3/3,
hence we are led to
az® 4 By > 9/24/30¢x - By > ax - PBy.
Applying the above in (2.15) we obtain
(2.16) s(zo,90) <1 —20- %Yo
or, extending (2.16) to the whole of K,

(2.17) r-y<1-—|z| V(z,y,2) € K.
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Note that (2.17) means that K is quadratically separated from H, = {(x,y,1) :
z,y € R} and Hy, = {(z,y,—1) : z,y € R} at a and b, respectively, by the
quadratic form ¢(z,y) = = - y which is admissible, being non-negative in the
non-negative quadrant {(x,y) : x > 0, y > 0}. Also it is easy to see (and will
be seen later in the general situation) that the extremal polynomials of the
leading term Chebyshev problem for K in direction v are not unique, e.g.

Gn(z,y,2)

22— cos? (7-)

(2.18) Fu(z,y, 2) := Gu(z,y, z) + sin’ (21) - xy
n
is also an extremal polynomial of degree n.
Finally we check if K is subject to any condition of parabolic separation,

i.e., if we can have in place of (2.17) also an inequality
(2.19) (az +by)? <1 —|2] V(z,y,2) € K

with ¢(z,y) = ((a,b), (z,y))?. However, for 0 < & < 1, the choice of the
points (£,0,1 —&3) € v C K yields a?¢62 < €3, hence a = 0, and the points
(0,—n,1—n3) € v~ (the reflection of v with respect to L) show that b%n? < n?
(0 <m < 1), hence also b = 0. Thus (2.19) holds only for a = b =0, and K is
actually parabolically flat, as sated.

Remark. We shall see later in Theorems 4 and 5 that the conditions of
“smoothness” (i.e., uniqueness of the conjugate vector bfvs) and “flatness”
can be considered separately as well. Smoothness results in some further con-
nections, but not necessarily identical equality of any extremal polynomials
and the canonical examples.

3. Some auxiliary facts about univariate polynomials
In the course of proof the following well-known lemma will be used at
several occasions.

Proposition 1 (Weak sign changes property). Let p € 7, be a polynomial
of degree at most n and tg <t < ... <tnt1 be n+ 2 nodes on the real line.
If p has weak sign changes at these nodes, i.e.,

(3.1) (=1Yp(t;) <0 (j=0,1,...,n+1)
holds for all n 4+ 2 nodes, then p must vanish identically.

This lemma seems to be known for a long time and it probably goes back
to Chebyshev’s time. An interpolatory proof can be found e.g. in [2], cf.
Proposition 2 there.
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We also use the following easy construction of polynomials.

Proposition 2. With the notations (1.6) let us define the polynomials

n—1
T, (t
(32) Vn_g(t) = gn—t H (t — Zj) = 27()2 € Tp—2.
Then we have
1
3.3 V- 11 = T3
(3.3) [Va—2llcp-1,1 Sin? (Z)
(3.4) sgn (T, (t)) = sgn([t| — 21) - sgn(Va—2(t)),
and
1 s
(3.5) 1—To(t) > chisfr?n)u ) (m<t<l).
sin (%

The proof requires only direct calculations. However, since we shall need
only the obvious sign rule (3.4) and the fact that (3.3), (3.5) hold with some
finite constants, we omit the details here. A precise calculation of the above
can be found also in [6].

Propositions 1 and 2 were used by Kro6 in [2], [3] at several instances in
the solution of the bivariate case. We involve two more auxiliary statements.

Proposition 3. For any m € N there exists a positive constant ¢(m) > 0
such that for every polynomial p(t) € 7, we have

Ip(0)]
max )| > ——.
[e(m),1] p(t)] = 2

The statement is a direct consequence of the well-known Remez inequality,
cf. e.g. [1], Theorem 5.1.1.
The following stronger variant of Proposition 1 will be used also.

Proposition 4. Let m € N and S be an arbitrary subset of (—1,1) having
|S| :=m + 1 (distinct) elements. Then there exists a finite positive constant
a = «a(S) with the property that all polynomials p(t) € 7, changing sign in
the weak sense m + 1 times at the nodes of S, necessarily must satisfy

Ip(=1)| < a(5) - [p(1)].
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Proof. Let us denote by () the set of all polynomials p € m,,, chang-
ing signs weakly at the points of S in the meaning of (3.1) and satisfying
p(—1) = 1. On the finite dimensional vector space m,, we define the norm
l|p|| := maxg |p|. Note that this seminorm is really a norm, since if p vanishes
on S, then it has m + 1 zeros and must vanish identically. Now clearly €2 is
a convex and closed set, and thus the convex set T := {p(1) : p € Q} is also
closed. Also T does not contain 0. Indeed, if the equality p(1) = 0 holds
for some p € 2, then the nodes of S would provide m + 2 points of weak
sign changes of p € m,,, hence p = 0 by Proposition 1, a contradiction to the
assumption p € €. In all, we find that T is separated from 0, which implies
the assertion.

4. Proof of the necessity part

Exploiting the close similarity between the two problems, we give a com-
mon construction to prove necessity in both cases. Starting from normaliza-
tion on v or at x*, we get in the statements of Theorems 1 and 2 a situation
where (in view of the choices of sign, preceding Definition 1) a—b = |[a—Db|-v
and (v,v*) > 0 with any conjugate vector v*. Clearly both extremal func-
tions (1.8) and (1.10) are constant multiples of the same Chebyshev polyno-
mial for which, by the chain rule,

ey ) = () e

(4.1) o, (

a vector which is parallel to v*. Thus (4.1) shows immediately that for differ-
ent conjugate vectors the canonical examples (1.8), (1.10) are also different.
Whence (under the sign condition (v,v*) > 0) the conjugate vector v* has
to be unique in order to get uniqueness of the extremal polynomials. Let
us then proceed supposing the uniqueness of v* and consider any admissible
quadratic form ¢ quadratically separating K from its supporting hyperplanes
H, and Hy, in the sense of Definition 1. Now, with é > 0 small enough, we
define

(4.2) Sn(x) 1= Ty (¢(x)) + 6 - q(y(x)) - Vn—2(t(x)),
where

(4.3) t:=t(x):=
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Observe that by (2.4) q is a second degree polynomial in x while V;,_o(¢(x)) €

7d_,, whence S,, € 7¢. Also it is easy to see that the second expression on
the right-hand side of (4 2) is not identically zero, hence S,, differs essentially
from its first term. However, we are going to prove

(4.4) [Snller) = 1.

Once we have (4.4), the construction culmimates in new examples
Tn = Rp(K,x*) - S, and g, := C,(K,v) - S, of extremal polynomials, es-
sentially different from (1.10) and (1.8), respectively, since for x € ¢ (i.e.,
both for x* € ¢ and for Av + 22 € ¢ (A > 0)) y(x) = 0 and ¢(y(x)) = 0
ensures S, (x) = T),(t(x)), leading to

T (X*) = Rp (K, x*) - Sp(x*) =1
and also by (1.2), even to
Gn(v) = Cn(K,v) - Sp(v).

Now to prove (4.4) we can use (2.6) and also the relation

(4.5) (y(x) =20  (x€K)

which is equivalent to the admissibility of ¢ (cf. Proposition 5). Since
-1 <t(x) <1 (x € K), and in view of the obvious symmetry of the cases
t <0 andt >0, (reflecting the fact that T, and V,,_o are both even or odd
together with n), we can restrict our attention to the two basic cases |t| < z3
and z3 < t < 1, respectively. Now in the first case (3.4) and (4.5) show
that the two summands at the right-hand side of (4.2) can not have the same
non-zero sign, thus

(4.6)  [Sn(x)| < max{|Tu(t(x))], 0-q(y(x)) - [Vaa(t(x))]} <1,

in view of the definition of § in (4.2) and (3.3) from Proposition 2. On
the other hand, for z; < t < 1 we use the first inequality of (2.5) together
with (3.3) and (3.5) to obtain

[Sp(x)] < Tu(t) +6-(a—x,v*) - Vyot)
(-t e Yo2TD G

< 1-(1-1) {01 - gCQT(K,V*)} <1

IN

(4.7)

Collecting (4.6) and (4.7) we obtain ||S,| < 1, whence also (4.4).

We would like to note that the above proof closely follows [2], where for
the case d = 2 the same argument was given. As we have seen, Krod’s proof
extends to d > 2 without any difficulty. The proof of the sufficiency part
when d > 2 will contain essential new elements.
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5. Notions from convex geometry

Let S C R? be any set of vectors; similarly to the polar set S* of S
(corresponding to the special case ¢ = 1), the sets

P(S):={ueR?: (u,x) <c (Vxe9)}

are usually defined in convex analysis, cf. e.g. [7]. The special case ¢ = 0 can
be regarded as an “infinitezimal polar set”, reflecting to properties of S only
at 0 when 0 € S, as will be the case in our applications. That is, throughout
the paper we use the sets

(5.1) P(S) :=Po(S) :={ucR?: (u,x) <0 (Vxe€9)}.

Corresponding to the special property A-0 =0 (VX € R) of ¢ = 0, the set
P(S) :=Py(S) is always homogeneous, and does not reflect global properties
of S at all (unlike Py (S)).
The following properties of P are easy consequences from the definition.
(i) P(S) is homogeneous, i.e., for A > 0 and u € P(S), also Au € P(S);
(i) P(S) is convex;
(iii) P(S) is topologically closed;
that is, P(S) is a closed convex cone in R? and, moreover,
(iv) P(hom(S)) = P(S), where hom(S) := {Ax: A >0, x € S} is
the homogeneous set generated by S;
(v) P(con(S)) =P(S), where con (S5) is the convex hull of S;
(vi) P(S) =P(S), where S is the (topological) closure of S,
that is, P is preserved after homogeneous, convex, or topological closure of
S. Tt is clear that P(S) NS is either {0} or (), according to 0 € S or 0 ¢ S,
respectively. However, a repeated application of P satisfies
(vii) S C P?(S);
(viii) P?(S)=n{C CR?Y:C > S and C is a convex, closed cone};
(ix) P?(S) = hom(con (9)).
From this it is also evident that we have
(x) P3(S) =P(S).
Finally, the following set algebraic properties of the operation P are easyly
verified.
(xi) For E,F CR!P(EUF)=P(E)NP(F),
(xii) P(ENF)2Dcon(P(E)UPF)),
(xiii)  P(P(E)NP(F)) = con (P*(E)UPF)) =P*(EUF}.
Let K C R? be a set, and a € K be a boundary point. A supporting
hyperplane H, can be drawn to K at a if and only if there exists a non-zero
vector n, the outer normal vector of Hy, such that (n,x) < (n,a) (Vx € K).
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In other words, the set of outer normal vectors to the supporting hyperplanes
of K at ais P(K —a)\ {0}.

Now if K is a convex body, a,b € 0K with a—b = |a—b|-v (ie,
v = %), and we are looking for parallel supporting hyperplanes at a and
b, with normal vectors v* chosen so that (v*,v) > 0 (i.e., v* is an outer
normal vector at a and an inner normal vector at b), then the following

statement is true.

Claim 1. The set of all conjugate vectors v* (satisfying (v*,a—b) > 0)
are the unitary vectors of the closed convex cone N := P(K—a)N(—P(K—b)).

The following two statements are also elementary (and equivalent, accord-
ing to (v), (x), (xi) and (xiii)).

Claim 2. Ifc € (a,b), i.e., c = pa+ (1 — pu)b with 0 < p < 1, then we
have
P(K —c)=P(K —a)NP(K —Db).

Let us denote M := con {P?(K —a), P?(K —b)}.
Claim 3. For any c € (a,b) we have P*(K —c¢) = M.
In what follows, we set V := P?(K —¢)NH = M N H.

Claim 4. For both G and V' the relative interior is the relative portion of
the interior of their defining set, i.e.,

rint G = int (K—a;b> NH

and
rint V = int (P*(K —c)) N H = int M N H.

Proof. We prove only the first statement, the second being similar.

The D part is trivial, so let us prove the inclusion C.

Let y € rint (K —c¢) N H) (where ¢ := ‘HQ'—b here) and let > 0 be such
that

(5.2) By, r) C (K —c)NH.

Let us suppose indirectly that y ¢ int (K — c¢). Then it is clear that
y € (K —c)\int (K —c) CI(K — c). Since the set K — c is convex, we can
draw a supporting hyperplane at y to it, that is, there exists a normal vector
0 # n € R? such that

(5.3) (n,x) > (n,y) (Vx € K —c).
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Comparing (5.2) and (5.3) we conclude that for all vectors u € H, |u| < r,
we have (n,y +u) > (n,y), i.e., (n,u) > 0 (Yu € B4"1(0,r)), which yields
(n,u) =0 (Yu € H), ie, nlV n|v* n=Av*. Inparticular, also (n,y) = 0.
Since ¢ € (a,b), £0v € K — ¢ for some 6 > 0, and hence we get from (5.3)
also that (n,v) = 0. However n = Av* and (v,v*) > 0, hence A = 0 and
n = 0, a contradiction.

Claim 5. With the above definitions of G in (2.2), M in Claim 3 and V
immediately preceding Claim 4, we have V = P?(Q).

Proof. Since V is the intersection of M and H, and both M = P?(K —c)
and H contains P?(G), the D part is obvious. Now we prove the C direction.

Let us recall first that any convex body is fat, that is, the closure of its
interior equals to the closure of the convex body itself. Moreover, the interior
of a convex body equals to the interior of the closure of the convex body.
Indeed, let us take any point not belonging to the interior. Then through
this point a supporting hyperplane can be drawn to the interior. However,
that would entail that also the closure of the interior, (containing the whole
convex set itself), and so even the closure of the convex body, would lie in one
of the half-spaces cut by the hyperplane. Thus our point on the hyperplane
can not be an interior point of the closure, either.

By (ix) this reasoning applies to hom(K — c¢) and M, hence
int M = int hom(K — ¢) C hom(K — c¢) and so we get

int M N H C hom(K —c¢)N H =hom(K —cn H) = P*(G),

using again (ix).

But by Claim 4 we have int M N H = rintV, and from the relative
fatness of V'O G in H we obtain rintV = V = V. Thus we are led to
V =int M N H C P?(G) and the proof is completed.

Proposition 5. The quadratic form q(y) is admissible if one of the fol-
lowing equivalent conditions holds:
(1) q(y) >0 (Vy € G) for G in (2.2);
(17) q(y(x)) >0 (Vx € K) fory(x) defined in (2.3) or (2.4);
(13i) q(y) >0 (Vx € V) for V defined preceding Claim 4.

Proof. Since by definition V' O G, it is clear that (iii) implies (i). Con-
versely, as ¢ is homogeneous and continuous, together with G it has to be
non-negative also on hom(G) = P?(G), by (ix). Referring to Claim 5 here we
obtain (iii).

Now let us prove that (i) implies (ii). For x € K, (2.2)—(2.3) yield
z = z(x) = ca + (1 — a)b with some 0 < o < 1. Without loss of generality
we may suppose e.g. % <a<l,ie,c—b= i(z —b) with 1/2 < i <1
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By convexity of K we obtain that x* = b + i(x —b)e K, H>y" =y(x*),
z* =z(x*) =b — &£ b— 3-2(x) = c. Hence y* € K —cN H = G. Thus, by
condition (i), y* € G implies ¢(y*) > 0. Since ¢ is homogeneous, we get also
q(y) = 4a2q(y*) > 0, whence the statement.

Finally we prove that (ii) implies (i). For any y € G, x :=y + % eK
and y = x — 22 € G C H entails z = 22, y(x) = y. Hence using (ii) we
obtain ¢(y) = q(y(x)) = 0.

At the end of this section, let us describe the linear algebra connecting the
geometry and analysis of the problem. Let f be a smooth function f : R¢ — R.
Then the second derivative 92 f can be represented as a matrix

(5.4) or=\.. 9°f :
a$i8£€j

ij=1,...d

which is symmetric in view of the interchangeability of the partial deriva-
tives. For a fixed point z € R? the symmetric matrix B = 02f(z) is a
bilinear mapping from R? x R? to R, mapping the vector pair u,v € R? to
B(u,v) = (Bu,v) = (u, Bv). (Note that here the symmetry of B is used as
BT = B.) Now the “diagonal mapping” of this bilinear map is a quadratic
form Q(x) := B(x,x). Conversely, a quadratic form Q)(x) determines uniquely
the corresponding symmetric bilinear mapping through the equation
B(x,y) := }I{Q(x +y) — Q(x—y)}. Standard calculus with the coordinates
then yields

82 f

(5.5) P

(z2)=Q() (beR’

describing the connection between the quadratic form and successive direc-
tional derivation. Restricting f to the line ¢ (z) through z and in direction
b, an application of the usual Taylor formula with the Lagrange remainder
term of second order will give

0 0?
ey Y - @ O @)ty o ar ) 2
. 0 0?
= )+ SL () + 5 dy(at b)

for any b = gb* (|Jb*| = 1 8 > 0) and with some suitable 0 < £ < 1 (depending
on all quantities involved).
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6. First connection between arbitrary and canonical ex-
tremal polynomials

From this point on we start investigating the sufficiency part of Theorems 1
and 2. As a first step, in Theorem 3 below, we shall formulate some connection
between an arbitrary extremal polynomial and an arbitrary canonical one.
This connection holds in full generality, without any reference to geometric
conditions.

The proof of Theorem 3 will be a direct extension of the corresponding
argument of Krod [2] in the bivariate case, since his proof goes through in the
higher dimensional setting without difficulty.

In full accordance to the choice of orientation fixed at the beginning of §2,
the line ¢ can be parametrized as

(6.1) c(t) == a;b+ta;b (t € R).

Clearly, with the notations (2.3), (2.4) and (4.3), we have y(c(¢)) = 0 and
z(c(t)) = c(t), while ¢(c(t)) = ¢. Putting

(6.2) t; 1= cos (ﬂ) (j=0,1,...,n)
n
we can define
(6.3) c; :=c(t;) € [a,b] (j=0,1,...,n), cp=a, c,=Dh.

Now, in view of the way we fixed the orientation of a, b, we have (v*,v) >0
for any conjugate vector v* € N (cf. Claim 1). Let g, and 7, be arbi-
trary extremal polynomials to the problems (1.3) and (1.4), respectively. We
renormalize §p, 7, and also g, and r, from (1.8) and (1.10), taking

1

(6.4) Sn(X) == mgn(x) = T,(t(x)) in problem (1.3)
and
(6.5)  sn(x) = mrn(x) _ Ty(t(x)) in problem (1.4),

using notation (4.3) again, and also taking

(6.6) Fu(x) = mgn(x) in problem (1.3)
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and
1 - .
(6.7) fn(x) = mrn(x) in problem (1.4).
Moreover, in both problems (1.3) and (1.4), we put
(6.8) hin(X) := fn(X) — sp(x).

By definition we then have s, fn, hn, € wg, and from the extremality,

(6.9) [ falleu = lIsallo@) = 1.

According to the defining normalizations of our extremal polynomials we also
have

(6.10) hy(v) =0 in problem (1.3),
and with c(t*) = x*, t* > 1
(6.11) hin(c(t*)) = hp(x*) =0 in problem (1.4).

Theorem 3. Suppose that K,a,b € 0K, v (orx*) are as above. Consider
any extremal polynomial g, (or Ty,) and any of the possible canonical extremal
polynomials gy, (or 1) in problem (1.3) (or problem (1.4), respectively). With
the notations (6.4)—(6.8) above we have

(6.12) hnle = 0,

i-€., Onle = gnle (or Tnle = rule, respectively).

Proof. Using the definitions (6.4)—(6.8) and (6.2) with the fact that
Tn(t;) = (=1)7 (j =0,...,n), we obtain in both case (1.3) and (1.4)
613)  (~Dhaley) = (-1 falc) ~ 10 (G=0,1,....n).

Consider the auxiliary function H(t) := hy,(c(t)) € m,. In case (1.4) we have
n + 2 weak sign changes of H(t) at the points

—l=t, <...<tj<...<tp=1<t"

in reference to (6.13) and (6.11). Thus Proposition 1 yields H = 0 and
so (6.12). In case (1.3) we have only n + 1 weak sign changes furnished
by (6.13), but then by (6.10) we obtain
H(t) (a +b a—b
ha, :

lim " = lim 4+t "

~ <¥> - <‘a;—b’>nh;(v) —0

proving that actually H € m,_1. Thus (6.12) follows again by an application
of Proposition 1.
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7. Gradients of extremal polynomials and conjugate direc-
tions

We now proceed to find a closer relationship between extremal polynomi-
als “at large” and the canonical ones. Keeping the previous notations and
normalizations, our notation will be extended to the following formulas:

Dsn(t) = T' (t(z)) —— - v* € 7

n <V*, V) n—1»
o(t) = 0sp(c(t)) = an_1vt" 1+ ... +a;vt+agv* € 7T71L’il1;
Ofn(x) € ngll’
(7.1)  ®(t) = Ifalct)) =dt" 4 et" 2+ W) ey, ©en
Ohp(x) € 727,
n(t) = 0Ohy(c(t))
= (d—ap_1v)t" (e —a" )" 2+ O(t) € m1 79,

In view of Theorem 3, we obviously have

(12 (1), v) = (Ohalelt),v) = ()

However we can say something more in some cases.

Ohy,

—_— 0.
ov e

0,

Theorem 4. Suppose that the supporting strip to K at a and b is unique,
i.e., dim N =1 and N = {\v* : A > 0} with a conjugate vector v*. Then,
besides (6.12) and (7.2), we have

(7.3) 8hn‘€ = 0.

Theorem 4 asserts that for any pair of (normalized) extremal polynomials
their gradient vectors coincide on the whole line ¢ since both of them coincide
with the gradient of a given canonical extremal polynomial. While Theo-
rem 3 formulates a weaker, but unconditional connection between any f, and
canonical s,, Theorem 4 formulates a stronger connection under condition
of unicity of the supporting strip, i.e., provided dim N = 1. It is clear that
Theorem 4 can be reversed, as for dim N > 1 there are different v*,v** € N
generating different canonical examples with differing gradients at, e.g. the
point a € £. Thus we have got a one-to-one correspondence between some
geometric characteristics of the situation (dim N = 1) and an analytic de-
scription of closeness of extremal polynomials (expressed by (7.3)).

To gain ground first we present a series of simpler assertions, and the proof
of the theorem will be postponed until the end of §7.
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Claim 6. For the gradient vectors of f, at a and b we have
i) f"( ) <0 Yue P K —a), ie., 0f,(a) € P(K — a),

and
i) (—=1)" %’i’:( ) <0 Yue€ PHK —b),ie., (—1)"0f.(b) € P(K —b).

Proof. In view of property (x) in §5, the formulation expresses equivalent
statements both in i) and ii). For i), we have to prove that (0f(a),u) < 0 for
uc K —a Putx:=u+a€c K and consider zy =a+Aue K (0<A<1).
Using (6.4)—(6.7) and the fact that f,(a) = sp(a) = 1, by (6.8), (6.12) and
(6.4), (6.5), we get from (6.9)

fu(xx) <1 = fau(a),
which leads immediately to

dfn(a) — lim fula+ Au) — fr(a) <0
ou A—+0 A -

Similarly, to prove ii) we have to show that
(=1)"0fn(b),u) <0 for ue K —b.

Now taking x :=u+b € K and x) := Au+b € K (0 < X < 1), and recalling
(6.4)—(6.7), (6.8), (6.12) and (6.9) again, we are led to

(=D)"fa(xx) <1 = (=1)"Tn(=1) = (=1)"sn(b) = (=1)" fn(b).
As above, directional differentiation then gives part ii), too.
Claim 7. With the notations (6.1)-(6.3) and Claim 3 in §5, we have
(—1) a —(c;) <0 (j=1,....,n—1, ue M).
Proof. According to Claim 3, for all j =1,...,n—1,
P?(K —¢;j) = M := con {P*(K — a), P*(K — b)}.

Now, in view of (x) of §5, in order to prove Claim 7 it suffices to show the
formula for u € K —cj. Let now u € K —cj and 1 < j < n — 1 be fixed
arbitrarily. By the convexity of K we have x) := ¢; + Au € K together with
cj and x = u + ¢; whenever 0 < A < 1. Hence, in view of (6.1)-(6.7), (4.3)
and (6.9), we have

(=1 falxa) < 1= (=1 Tu(ty) = (=1) sulcs) = (=1) fulcy),
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applying also (6.12) (i.e., Theorem 3) in the last step. As in the proof of
Claim 6, an application of directional differentiation now yields the statement
since

(_1)j%(cj) _ (_1)j /\linjo fn(cj + )‘1)1\) - fn(cj)
b CDFulo0) = (S fale))
A—+0 A

Claim 8. With the above notations and definitions we have
(1Y 5 e) <0 (j=1,....n~1 ue M)

Proof. Recalling notations (2.1) and (2.2), take u* € G arbitrarily. Since
G C H, u*Lv* and using (6.4)—(6.8) we obtain

(=1Y0hn(c;),u*) = ((=1)/0fu(c;), u*) — (=1 (Dsn(c;), u).

However the condition u* Lv* and (4.1) imply that the second term is zero,
while the first one is non-negative, by Claim 7, for

a+b a+b

GCK-—

C P(K — )= M.

Hence we get the statement at least for u* € G. To verify the general case,

in view of Claim 3 and the property (x) from §5 , it suffices to consider

ue K — 3*2'—1’. Since x :=u + izb € K, it belongs to the supporting strip to

K at a and b, and so x = z(x) + y(x) with z(x) € [a, b] (cf. notations (2.3)

and (2.4)). Thus, it is also immediate that for the vector y(x) € H we have
*

ur = %y(x) € GG. Hence we can rewrite u in the slanted coordinate system
generated by H and v as

b b *
u=x-— a; = z(x) — a—|2— +y(x) = 2::X*§v+2u* =vv+2u”
with v := (u,v*)/(v,v*). But now we can use (7.2) (i.e., Theorem 3) to
obtain

(Ohn(cj), w) = v(Ohn(c;), v) + 2(0hn(c;), u”) = 2(0hn(c;), u”)

and so the first part can be applied to prove the general statement.

Claim 9. For the leading coefficient d of ®(t) = dfn(c(t)) in (7.1) we
have d € N. Moreover, d # 0.



SZILARD REVESZ 227

Proof. First let us take u € K — a. From item i) of Claim 6 and Claim 7
we already know that

(7.4) (-1 5e(e) <0 (G=0.1....,n—1).

Let us suppose that (d,u) > 0. Consider the polynomial

= 5g(ct) = (B(t),u) € Tp1.

Since the leading coefficient of p(t) is (d,u) > 0, we have p(t) > 0 (Vt > ) for
some t. Taking any to, > max{t,to} we obtain for ¢ := c(ts) the inequality

(7.5) ey = —plte) <0

Now (7.4) and (7.5) provide n+ 1 sign changes of the polynomial p € 7,1 at
the points t,—1 < -+ < tg = 1 < t. Thus, by Proposition 1, we get p = 0,
contradicting the assumption that p(to,) > 0. This contradiction excludes
(d,u) > 0. Hence (d,u) < 0 and consequently d € P(K —a) sinceu € K —a
was chosen arbitrarily.

Next we take u € K — b and suppose that (u,d) < 0. As above,

we infer the existence of a point t_ < —1 = ¢, < ... < t1 such that
sen(p(t—oo)) = (=1)" ' - sgn(lim;, oo 28 = (=1)7, Le.,

dfn .
(7.6) (1 o) = (1)l ) < o0,

while in view of item ii) of Claim 6 and Claim 7 we now have

(7.7) (—1)3’%((:]-) <0 (j=1,...,n—1,n).

Collecting (7.6) and (7.7) we get n + 1 sign changes of p € m,_1 at the points
oo < tp < ... < t1, hence p = 0, contrary to (7.6). This contradiction
excludes (u,d) < 0, hence (u,d) > 0 and, since u is arbitrary, d € —P(K —b).

In all cases, d € P(K —a) N (—P(K — b)) = N, as stated.

Now if d is a zero vector, then ®(t) € 7 d2 and thus p(t) := (0®(c(t)),u) €
Tn—2. Hence e.g. for u € K —a (7.4) would give n > degp + 2 weak sign
changes and p would be identically zero by Proposition 1. In other words, for
any given t € R the vector 0®(c(t)) would be orthogonal to K — a, having
non-empty interior, which implies 0®(c(t)) = 0. However, 0f |,= 0 and (7.2)
would lead to as” = (c(t)) = 0, ie., s, |[(= const., which is clearly impossible
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in view of (6.4)—(6.5) and the definition (1.6) of the Chebyshev polynomials.
Hence d = 0 leads to a contradiction and so d can not be the zero vector.

In the following Claims 10 and 11 we use the condition that the leading
coefficient d of ®(t) = df,(c(t)) in (7.1) is parallel to v*. In view of Claim 1
and Claim 9, we at least have v* € N, d € N, and the condition can be
viewed as a proper choice of the canonical extremal polynomial (1.8), (6.4)
or (1.10), (6.5) to the given general extremal polynomial f, in (6.6) or (6.7).
This point of view will be utilized later in Claim 12.

Claim 10. Suppose that d||v*. Then, with the notations in (7.1), we also
have d = a,,_1v* and

n(t) = (€ — an_ov " 2+ O(t) € W}lle.
Proof. We have (v,v*) > 0. Making use of (7.2), we see that the polyno-
mial

(v,n(t)) = (v,d — ap V)" 4 (v,e — ap_oVv)" T2 4 (v, O(t))

is identically vanishing, hence its leading coefficient must be zero. Since d||v*,
we can write d = a - v* (o € R) and thus

0= (v,av* —ap,_1V") = (@ — ap—1){(v,v"),

which holds true only if & = a1, i.e., d = a,_1V*, as stated.

Claim 11. Suppose that d||[v*. Then we also have
i) Ohy(a) € =P(M),

) (~1)"0h(b) € ~P(M),

iii) e—ap_ov* e —P(M).

Proof. By Claim 10, n(t) € erlle. Let u € M be arbitrary. If either of
the inequalities (u, 0h,(a))< 0 or (u, (—1)"0h, (b)) < 0 holds, then we have
the n'™ weak sign change of p(t) := (u,n(t)) apart from the n — 1 weak sign
changes already supplied by Claim 8. Hence then p = 0 and (u,dh,(a)) =
(u,0hy, (b)) = 0 proving that (u,dhy(a)) > 0 and (u,(—1)"0h,(b)) > 0 in
all cases. That is, since u € M is arbitrary, we can conclude i) and ii) of
Claim 11. Similarly, if for some u € M (e — a,,—2v*,u) were negative, i.e.,
if p(t) had negative leading coefficient, then for some ¢_, < —1 and also
for some t, > 1 we would have (—1)""!p(t_) > 0, —p(tso) > 0, providing
two additional sign changes in addition to the other n — 1 already given by
Claim 8. Hence Proposition 1 would lead to p = 0, a contradiction. Whence
(u,e —ap—2v*) >0 (Yu € M) and iii) follows.
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Now we can demonstrate the following sharpening of Claim 6.

Claim 12. We have
i) Ofp(a) eN
ii) (=1)"*of,(b) € N.

Proof. The statement is about f, and does not refer to v* or s,. Thus we
are free to select a vector v* € N and the corresponding canonical extremal
polynomial as auxiliary objects in the proof. Our choice will be v* := d/|d|,
(or, in case d = 0, any v* € N) so that we can apply also Claim 11 with this
choice of v*, s, and h,, = f, — sp.

Let us put first u = x—b € K —b. Note that by (4.1) and (6.4)—(6.5) we
have

2
dsp(a) = T,,(1) - vy (K v =a-v* with a>0.

We write
(7.8)  (9fn(a),u) = (9sp(a),u) + (Ohy(a),u) = a- (v, u) + (Oh,(a),u).

Asv* € N, Claim 1 and u € K — b ensure (v*,u) > 0. On the other hand, i)
of Claim 11, with Claim 2 and (x) of §5 yield Oh,(a) € —=P(M) C —P(K —b)
which implies (Ohy(a),u) > 0 as u € K —b. Hence we obtain from (7.8)
(Ofn(a),u) >0 (Vu € K —b), ie., 9f,(a) € —P(K — b). Comparing this
with i) in Claim 6 we obtain i).

Similarly, for u € K — a, we write

(=1)"0fu(b),u) = (=1)"{{05n(b), u) + (Ohs(b), )}
= —a(v*,u) + ((—=1)"9h,(b),u) > 0,

since now u € K —a and v* € P(K — a) by Claim 1, while (—1)"0h,(b) €
—P(M) Cc —P(K — a) in view of ii), Claim 11 and using also Claim 2 and
(x) of §5. Again, we get (—1)"0fn(b) € —P(K — a). Comparing this and ii)
of Claim 6, we obtain now (—1)"0f,(b) € —P(K —a)NP(K —b) = —N,
hence ii).

Note that in the case dim N = 1, i.e., when N = {Av* : A > 0}, we get
Ofn(a)||[v*, Ofn(b)|[v*. This can be compared with Claim 9.

Proof of Theorem 4. Since dim N = 1 by assumption, we have df,(a)|v*
and Of,(b)|[v*, according to Claim 12. In view of (6.4)—(6.5), (6.8) and
(4.1) we conclude that Os,(a)|[v* and 9s,(b)|v*, whence Oh,(a)|v* and
Ohy,(b)||v*. However, (7.2) and the relation (v,v*) > 0 give that Oh,,(a) = 0,
Ohyn(b) = 0 since e.g. 0 = (0hy(a),v) and the expression |[(Ohy(a),v)| =
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(|Ohy(a)|v*,v) = |Ohy(a)| - (v*,v) can vanish only if |0h,(a)| = 0. We apply
Claim 8 and the equality Oh,(a) = 0 = 0h,(b) to obtain

Ohy,
(7.9) (—1)/ u

The last inequalities induce n + 1 sign changes for the polynomial p(t) :=
(u,n(t)) € mp—_1, hence Proposition 1 yields p = 0. In other words, n(t) is
orthogonal to (all vectors of) M D K — a, while int (K — a) # (. Hence
n(t) = 0.

In the concluding subsection of §7 we give another geometric condition,
sufficient for the same closeness of an extremal polynomial f, to some of the
canonical examples.

(c(tj) <0 (j=0,1,....,n—1,n, ue M).

Theorem 5. Suppose that K has the property that the segment (a,b)
belongs to int K. Consider any extremal polynomial f,(x) and the leading
coefficient d of ®(t) := Ofn(c(t)) (c.f. (7.1)). For the canonical extremal
polynomial sy, (x) defined in (1.8), (6.4) or (1.10), (6.5), respectively, with the
use of v* := d/|d|, we always have (7.3). Moreover, the same conclusion holds
if we start with v* := 0®,,(a)/|0f.(a)| or v* := (—=1)"*10®,,(b)/|0f.(b)|.

Corollary 3. Suppose that K is a (centrally) symmetric convexr body.
Consider any extremal polynomial f,(x). Then there exists v* € N such
that the canonical example s, (x) defined in (1.8), (6.4) or (1.10), (6.5), re-
spectively, with this conjugate vector, satisfies (7.3). Moreover, v* is the
direction of d, or dfn(a), or (—=1)" L0f,(b), or T!(t)0fn(c(t)) (t € R, t #
oo tn).

Proof of Theorem 5. With the conjugate vector v*||d, Claim 10 yields
d # 0, hence v* = d/|d|. In this case we prove again that dh,(a) = 0,
Ohn(b) = 0, but now we use Claim 11 to this end. Indeed, if e.g. 232 €
int K, then K — % contains a sufficiently small open ball centered at 0 and
thus M = R? P(M) = {0}. Whence i), ii) of Claim 11 give dh,(a) = 0,
Ohy,(b) = 0, while Claim 8 extends this to get (7.9) again. Thus the proof
can be concluded similarly to that in Theorem 4. Once arriving to (7.3) we
also see that df,(a) = ds,(a) and 9f,(b) = 9s,(b), hence by (4.1) we get
the statement regarding the connection of v* to df,(a) or df,(b).

Proof of Corollary 3. One would try to apply Theorem 5 proving (a,b) C
int K first. However, even for centrally symmetric convex bodies this is not
necessarily true. Take e.g. d = 2 and K = [0,1]? (the unit square). If
v := (1,0) in Problem (1.3), or if x* := (2,0) in Problem (1.4), then a = (1,0)
and b = (0,0) is a valid choice and then

M ={a-(cosfB,sinB):a>0, 0<3<7}#R?* [ab]CIK.
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Since here N = {(v,0) : v > 0} is one dimensional, Theorem 4 can be applied
in this particular case. However, it is not too complicated to construct further
examples where [a,b] C 0K, and dim N > 1. Take e.g. d =3, K = [0,1]3
(unit cube), v = (1,1,0) (or x* = (2,2,0), for Problem (1.4)) and a = (1,1,0),
b = (0,0,0). Clearly [a,b] C 0K and N = {a(cos 8,sin3,0) : « >0, 0< 3 <
5}, dim N = 2. Hence for this situation neither Theorem 4, nor Theorem 5
can be applied directly.

Thus we shall look at the geometry of the configuration more closely. The
extremal point pairs a, b furnished by Lemma A (or Lemma B, respectively),
are not necessarily unique. In particular, in the above examples one can
choose other points a’,b’ so that (a’,b’) C int K. Take e.g. a’ = (1,3),
b’ = (0,3) (or &’ = (1,%) and b’ = (0, 3), respectively) for K = [0,1]? and
a’ = (1,1,3), b’ = (0,0,%) (or @'(1,1,3), b’ = (0,0, 2), respectively) for
K = [0,1]2. Observe that here the line ¢ passes through the centre of K,
hence it obviously passes through the interior of K. Now to grasp the general
lesson drawn from the above examples, we come to Claim 13 below, which

clearly suffices to conclude the proof of Corollary 3, using Theorem 5.

Claim 13. If K is centrally symmetric, then there are extremal point
pairs a’', b’ in Lemma A (and also in Lemma B) so that the line ¢’ := Ly 1y
through a’ and b’ passes through the center of K.

Proof. Having any extremal point pair a,b, consider first a := 2c — b,
b :=2c — a, where c is the centre of K. Clearly a — b=a—b and a, b are
the reflections of b and a with respect to ¢, hence a, be K. Ifa=a and
b= B, then ¢ € /5 and we are done.

If not, then in case A let us consider a := %(a—i—ﬁ) € Kandb := %(b—i—f)) €

K. Nowa=c+5v,b=c— v, hencea—-b=r1v and ¢ € £ as stated.

In case B the construction is similar, but having a and b we take now

TS B S B

at =t 25 K 2a € K, b=t 2p 4 B 2b € K,
2u 2u 2u 2u

where (1 is as in Lemma B. It can be checked easily that again ¢, x* € fax p

while |x* — ¥| /|a* — b*| = u. Hence a*,b* are points satisfying the

requirements of the statement.

8. Second derivatives of the extremal polynomials

In the remaining part of this paper we proceed towards the proof of the
sufficiency part of Theorems 1 and 2. Thus, from now on we take the con-
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ditions of these theorems for granted. That is, we suppose dim N = 1 and
hence by Claim 9 we have also d||v*, which implies (6.12) and even (7.3)
according to Theorem 4. Moreover, we are allowed to use the condition of
quadratic flatness, but we will do so only in §9. However, we keep the numer-
ous notations and definitions introduced earlier, cf. in particular (1.6), (1.8),
(1.10), (2.1), (2.2), (2.3), (2.4), (4.1), (4.3), (5.1), N in Claim 1, M in before
Claim 3, V' before Claim 4, (6.1)—(6.8) and (7.1).

Additionally, we also introduce two quadratic forms (on R~! 2 H, as in
§2), namely

Qa = 82fn’H(a)7
. 02 fn
(8.1) ie, qaly) = Oy? (a) == (y,Qay) (y € H),
Qa = Jacobian of f,|,(a) € RE-D*(d=1)
and
@ = 0°faly(b),
: 0% fn
(8.2) ie, aq(y) = Oy (b) := {y,Qpy) (y € H),
Qb = Jacobian of f,|y(b) € REA-1x(d=1),

Note that for any y € H = {v*}+, %‘;ﬂ =0 on R? by (4.1), hence also

O%fn _ 0%hy

(8.3) 57 = 533

(Vy € H).

Thus f,, can be substituted by h,, as well at all occurrences in (8.1), (8.2).

Claim 14. Ifu € rintV = int M N H, then there exists a number
ro(u) > 0 such that for all 0 <1 < rg:=ro(u)

(8.4) (=17 hp(cj+ra) <0 (j=1,...,n—1).

Proof. By Claim 4 we haverintV =int MNH. Letusfixj, 1 < j <n-—1,
and consider the representation P?(K — c;) = M which is valid, by Claim 3,
for ¢c; € (a,b). M is a closed convex cone (cf. §5, (ix)) which contains
the body K — ¢;. Thus int M # 0 and M is fat, ie.,, mt M = M = M.
Moreover, (ix) of §5 gives the representation P?(K —c;) = hom(con (K — c;)),
hence also int M C hom(K — c;), in view of the fact that con (K — c;) =
K — c;, which is a consequence of the convexity of K — c¢;. Thus we are
led to u € hom(K — c;), ie., rju € K — ¢; for some r; := r;(u) > 0.
Taking now the minimum, ro(u) := min{r;(u): j=1,...,n — 1}, we obtain
[cj + rou, c;j|] = con{rou + cj,c;} C con{rju+cj,c;} C conK = K. Note
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that above u had to be an interior point, and this is really essential, since it
is easy to construct sets in R? so that [c;,c; + rou] will not belong to K for
any positive choice of rg.

Now it remains to prove that (—1)7h,(x) < 0 for an arbitrary x € (c; +
H) N K and for each j, 0 < j < n. Now we argue similarly to the proof of
Claim 7 using x € K, (6.6)—(6.7), (6.1)—(6.3), t(c;) = t; with T,,(t;) = (—1)/
and t(x) = t(c;) (as x — ¢;Lv*) to obtain

(=1 fu(x) < 1= (1) Tu(ty) = (=1 Tu(t(x)) = (=1)’ sn(x).
By (6.8), the last inequality is just (—1)7h,(x) < 0 which was to be shown.
Claim 15. For anyu €V = M N H we have

92
(8.5) @uﬂ%%uq)go G=1,...,n—1).

Proof. For u € rintV we can use Claim 14. Then the Taylor formula
(5.6) yields

au C] r

2 Ou?
for any 0 < r < ro(u). Applying Theorems 3 and 4, we infer, after dividing
by %TQ > 0, the inequalities

0> (—1)jhn(0j +T‘1l) = (—1)j{hn(cj) +

(Cj + 57’11) : Tz}a

0?h,,
(=1 5 g (¢ +&ru) <0

(&=¢i(r,u)€(0,1), 0<r<ry, j=1,...,n—-1).
A passage to limit as » — +0 gives

(8.6) (—1)gj(u) := (—1)3%(%) <0 j=1,...,n—1)

for arbitrarily fixed u € rint V. On the other hand, for fixed j the expression
¢;j(u) is a quadratic form on H, hence continuous with respect to the variable
u € H. By continuity, (8.6) extends to V = rintV and thus proving (8.5).
This concludes the proof.

Claim 16. For any u € V we have

0%h,, 02/, _
. alt) = G @) = Fa) 2 0

) = ()T ) = (1) ) > 0
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Moreover, if for some particular u € V' we have equality in either of the above
inequalities, then we have

62hn‘

ou? le

(8.8)

Proof. In case ga(u) > 0 and ¢gp(u) > 0 we have nothing to prove. Suppose
now that e.g. ga(u) < 0. With gy := ga this implies the extension of (8.5)
even to j = 0, hence the polynomial p(t) := %21?2" (c(t)) € mp—2 has n weak
sign changes. However, by Proposition 1, then p = 0, leading to (8.8) and, in
particular, to ga(u) = 0. The proof is similar if g, (u) = 0 is supposed. Hence
(8.7) holds in all cases and the statements concerning equality are proved,

too.

Claim 17. Suppose that for some u € rintV either %’fﬁl(a) =0 or
%(b) = 0 occurs. Then besides (6.12) we have

ouz
(8.9) hnlp =0 (L := L(u,v) :=={c(t) + su: t,s € R}).
Proof. We have to prove that the polynomial
P(t,s) := hp(c(t) + su) € 72

vanishes identically under the conditions of Claim 17. Write
n .
P(t,s) = ij(t)sj, Pj € Tn—j,
j=0
and note that

by (6.12),

by Theorem 4, and also even

2
palt) = S (el1) = 0

in view of (8.8) from Claim 16 because of the equality %’fﬁl(a) . %ﬁgﬂ(b) = 0.
Thus P can be rewritten as

n
P(t,S) = ij(t)‘s] = sgp(t7 S)a pe 7TT21—3’
j=3
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Now we refer to Claim 14, using essentially the fact that u is in the relative
interior of V, and get (8.4) for all 0 < s < ry = rg(u). Consequently, if
0<s <,

(—1)jp(tj78)§0 (j=1,...,n—1, 0 < s <rp).

However, for any given particular value of s € (0, () this provides n — 1 weak
sign changes of p(t,s) =: Ps(t) € m,_3 leading immediately by Proposition 1
to the identity Ps = 0. This being so for all s € (0,7¢) implies that P(¢,s) =0
on a non-empty open set R x (0,79) C R?. Since P is a polynomial, this is
enough to prove the assertion.

Claim 18. If the product of qa and qp, defined in (8.1)—(8.2), vanishes
on some relatively open subset of H, then we have

hp,=0, ie., fn=s,

on the whole space R®.

Proof. The polynomial ¢a(y) - qp(y) € 7rff_1 can vanish on an open set

only if it is identically zero. Hence, for all u € rint V' # (), either ga(u) = 0
or gp(u) = 0. Applying Claim 17 we are led to h,(c(t) + su) =0 (Vt, s € R).
That is, the polynomial h,(x) € 7% vanishes on the non-empty open set

¢ +r1intV C R Hence h,, is identically zero and Claim 18 is proved.

Claim 19. There exists a positive constant p := p(n) > 0 with the follow-
ing property: Whenever x € K and y = y(x) is defined as in (2.3) and (2.4),
then for all 0 < r < p we have

(= hp(cj+ry) <0 (j=1,...,n—1).

Proof. Let us take any particular j € {1,...,n — 1}. If x € [a,b], then
y(z) = 0 and by (6.9) we have nothing to prove. If x € K \ [a,b], then
y(z) # 0 and a,b and x span a non-degenerate triangle A belonging to K.
With z(x) = z € [a,b] as in (2.4), suppose now, e.g., that c¢; € [b,z] (the other
case ¢; € [z,a] being quite similar). Then with a homothetic transformation,
having b as its fixed point and \; := <<cz7:k: ":’>> as its ratio, we get the point
x; =b+\j(x—b) =b+ );j(z—b) + A,y as the image of x. Note that A; is
well defined since c¢; € [b, z] ensures

1
(z=b,v) = (c;=b,v) = (ca1=b,v) = S(ta1+1){v,V) = sm2(%)<v,v> >0,
and that 0 < \; < 1 because (z —b,v) > (c; — b, v). Hence x; € [b,x]| and
thus x; € K. Note that b+ \j(z —b) = c¢; and \;y € H.
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i

5-) and computing

Now choosing p := sin?(

(n —j)m

(e~ b,v) = 5 (15 + 1)(v,v) = sin( v, v)

2n
we see also that p < A; < 1. From this we get [cj,¢c; + py] C [cj,x;] C K
by convexity. However, then for any 0 < r < p also x(r) = c¢; +ry € K.
From here the proof reduces to the proof of (—1)7h,(x;(r)) < 0 provided
x;(r) € KN(cj+ H). That was already done in the second part of the proof
of Claim 14. Since j was arbitrarily chosen, Claim 19 is proved with the

constant p = p(n) = sin®(4-).

Claim 20. Letx € K andy = y(x) € H be as in (2.3), (2,6). With the
same constant p = p(n) > 0 as in Claim 19 we have

hn(a+ry) >0, (=1)"hp(b+1ry) > 0.

Proof. Using Claim 19 it is easy to see that for any fixed r € [0, p] the
polynomial H,(t) := h,(c(t) + ry) changes sign weakly at n points if either
H.(1) = hp(a+ry) < 0 or H.(=1) = hy(b +ry) < 0. On the other
hand H, € m,, but its degree can be reduced similarly to the calculations in
Claim 17. Indeed, we have

Hitr) = Hy(t) = 3 pr(t)r,
k=0

and po = hyple =0, p1 = %ﬂ\g = 0 according to (6.12) and (7.3). This leads
to

n
H(t,r) =r? Zpk.(t)rk_2 =r2F(r,t), F(rt)en?_,
k=2

and also F,(t) € m,_o with F.(t) := F(r,t) = r2H(t,7) = r—2H,.(t). Hence
F,. has n sign changes, too, and Proposition 1 applies showing that F). = 0,
ie., also hp(a+ry) =0 and h,(b+ry) = 0.

Claim 21. There exists a finite positive constant v = (n), depending
only on n (but not on any other occurring objects), so that for any u € V we

have
1

§qa(u) < (=1)"gb(u) < v ga(u).

Proof. In view of Claim 16, ga(u) = |ga(u)| and (—1)"gn(u) = |gn(w)|.
. . . 2

Similarly to the proof of Claim 16 we consider p(t) := %32" (c(t)) € mp—2

which changes sign (at least in the weak sense) on the point set S = {t; : j =

1,...,n — 1}. Hence Proposition 4 can be applied and since p(—1) = gp(u),
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p(1) = ga(u), we conclude that at least |gp(u)| < a(S)ga(u). Taking now
v = a(s) < oo, we arrive at the second inequality of Claim 21. To get the
other one, in view of the obvious symmetry of S with respect to 0, we may
consider p*(t) := (—1)"p(—t) with node set S* = S. Hence we can get also
the other inequality with the same constant ~.

9. Quadratic separation and proof of the sufficiency part

The key to the proof of the sufficiency part of Theorems 1 and 2 is the
following explicite estimate, formulated as a lemma. Note that (9.1) and
(9.2) are very close to quadratic separation, but they express only some kind
of ”one-sided” separation, different at a and b. Also admissibility is not
discussed here yet.

Lemma. There exists a positive constant § = é(a,b, K, f) > 0 such that
we have

(9.1) (a—x,v) >0 -q(y(x) (vx€K),
and similarly also
(9.2) (x—b,v*) >6(—-1)"gp(y(x)) (Vx € K).

Proof. We prove only (9.1) since the variant (9.2) for b can be derived
mutatis mutandis. Note that if ga(y(x)) = 0 for a certain x € K, then (9.1)
simplifies to the inequality expressing the fact that H, supports K at a. Thus,
if ga(y(x)) happens to be zero, then we have nothing more to do. However in
the forthcoming argument we do not distinguish the cases whether g, vanishes
or not.

We define the set

(9.3) F:={xecR%: (b,v*) < (x,v*) <(a,v*) and ({+y(x))NK #0}.

The first condition means that x € F' is in the supporting strip between H,
and Hyp, the second expresses that the projection (in the direction v) of F
to H, equals to the projection of K. Clearly F' is closed and bounded, thus
of € ngll is bounded on F' and we can write

4 D =
(9.4) max

of
g‘ < Q0.

At the outset we fix an element x € K arbitrarily. Let now 0 < A < 1 be
arbitrary and consider the points x) := AM(x —a)+a € K, y) = y(x)) =
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Ay (x) € H. Clearly the line segment [x),y\ + a] = A[x — a,y] + a is parallel
to v and

. *
yYata—x\ = )\(y—(X—a)):)\<a<v§;‘>’> )
_ *
lyyx+a—x)| = )\<a X V')
(v,v*)

while [x),yx+a] C F. Thus, applying the Lagrange mean value theorem, we
get

fonlyx+a) = falxn) +(Ofn((1=x\+E(ya+2a), yr+a—xy)
D
(v, v*)

which yields, in view of y\ + a € Ha, (6.8) and s,(yx + a) = 1, the estimate

< 1+

(a—x,v")

AD
(9.5) hn(y)\ + a) < <V,V*> <a — X, V*>.
Let us consider now the auxiliary polynomial P(r) := h,(a+ry) € m,.

Since P(0) = hyp(a) = 0 and P'(0) = 8thﬂ(a) =0 (cf. (6.12) and (7.3)), we
can write P(r) = r?P*(r) with P* € m,_5. Note that

_ Ohy,
= oy

P*(0) (a) = qaly) =0
as it was shown in Claim 16. Moreover, Claim 20 furnishes an interval [0, p]
with p = p(n —2) > 0 so that P, and hence also P*, is non-negative for
0 < r < p. Now an application of Proposition 3 to the polynomial p(t) :=
P*(tp) > 0 (0 < t < 1) ensures the existence of some 1y = top such that
c(n—2) <ty <1 and p(to) > 5p(0), i.e.,

P (ro) = 5P7(0) = 5daly)
with some 7¢ in [c(n — 2) - p(n — 2), p(n — 2)]. Using the definitions of P* and
P, we infer for the very same 7 € [c(n — 2)p(n — 2), p(n — 2)] that

(9.6) hn(yr, +a) = P(rg) = rgP*(ro) > %qa(y)rg.

Note that rg € [0,1]. Hence A = ry can be used in (9.5), and we obtain from
(9.5) and (9.6) the estimate

1 D

S0a(Y)7d

IN
=
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or, after cancellation and an application of 7o > p(n —2) - ¢(n — 2),

0N aoxw) > LEBEEANY g )

Choosing now

p(n —2)c(n —2){v,v*)

0:=0(a,b, K, f) := 5D ,

we really obtain (9.1) from (9.7), which completes the proof of the lemma.

Here we can start the proof of the sufficiency part. Uniqueness of the
conjugate vector (i.e., dim N = 1) is supposed, and we also suppose that there
exists another extremal function f,, not identically equal to the canonical
example s,. In other words, we start with an h,, not identically vanishing
and aim to find a quadratic separation of K at a and b from H, and Hy,
respectively. Our candidate for quadratic separation is the quadratic form

o
9.8 q ‘= —(a,
(9-8) S

where 0 and v are as in the Lemma and Claim 21, respectively. Since 6/ is
a positive constant, ¢ will be admissible if and only if ¢, is admissible. Now
the identity ga = 0 can not occure since then Claim 18 would give h, = 0,
contrary to our starting hypothesis. Also ga(u) > 0 (u € V) has been proved
already in Claim 16. Hence g, (and consequently, ¢) is admissible (cf. iii) in
Claim 5). Now we apply the Lemma, (9.1) and v > 1 (which is obvious from
its definition, and also from the statement of Claim 21), and obtain

(9.9) (a—x,v") 2q(y(x))  (x€K).

Similarly we also apply (9.2) from the Lemma to b and get via an application
of Claim 21

(910) (x=b,v") 2 6(-1)"p(y(x)) 2 q(y(x))  (x€K).

Combining (9.9) and (9.10) leads to (2.5), and since ¢ is admissible, this
provides a quadratic separation in the sense of Definition 1.
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