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A NOTE ON SOME PECULIAR NONLINEAR EXTREMAL
PHENOMENA OF THE CHEBYSHEV POLYNOMIALS

by HOLGER DETTE*
(Received 29th November 1993)

We consider the problem of maximizing the sum of squares of the leading coefficients of polynomials
P (x),...,P; (x) (where P{x) is a polynomial of degree j) under the restriction that the sup-norm of
yr P,?‘(x) is bounded on the interval [—b,b] (b>0). A complete solution of the problem is presented using
duality theory of convex analysis and the theory of canonical moments. It turns out, that contrary to many
other extremal problems the structure of the solution will depend heavily on the size of the interval [—b, b].

1991 Mathematics subject classification: 33C45.

1. Introduction

Let P; denote the set of all polynomials of degree j, I={i,,...,i,} denote a subset of
{1,...,n} containing n (i.. nel, i, #i, if k#!) and define

P,:={(Pj)je,|PjelP’j,jeI, sup ZP}(x)gl}

xe[=b,b] jel

as the set of all polynomials of degree i,,...,i, such that the sup-norm of the sum of
squares is bounded by 1 on the interval [ —b,b]. In the following m,(P,) denotes the
leading coefficient of the polynomial P,eP, and we are interested in the nonlinear
extremal problem

max {z m(P,) I(P,),e.eP.}. @)

lel

For I={n} (%) yields the well known extremal property of the Chebyshev polynomials
of the first kind T,(}) (see e.g. Achieser [1], Natanson [7] or Rivlin {10]). Similar
problems were investigated by Dette [4] who considered the maximization of a
weighted product of the squared leading coefficients of the polynomials P,(x). All
extremal problems in these references satisfy a so called “invariance property” which
means that if a solution on one interval, say [—1,1], has been determined, then the
solution on another interval can easily be obtained by a linear transformation from the
“optimal” polynomials on the interval [ —1,1].
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In this note we will present a complete solution of the (nonlinear) extremal problem
(#). It will turn out that the above invariance property is not true any longer for the
problem (%) if m=2. While for sufficiently small b>0 the Chebyshev polynomial (of the
first kind) on the interval [—b,b] of degree maxj_,i; is a solution of (#) (all other
polynomials are vanishing) this is not true any longer for large b. Here the structure of
the extremal solution depends heavily on the size of the interval [ —b, b].

In Section 2 the problem (%) is solved by an application of some results in convex
analysis (see Pukelsheim [9]) and the theory of canonical moments (see Studden [12]).
It turns out that the problem (%) is dual to a maximization problem of a concave
function defined on the set of all probability measures on the interval [ —b,b]. This
problem appears in the theory of optimal experimental design in mathematical statistics
(see Dette [3]). While from a statistical point of view the support points and weights of
the optimal measure are the main interest it is shown in this paper that the orthogonal
polynomials with respect to this measure form essentially the solution of the extremal
problem (Z,). Section 3 deals with some special cases for the set I, namely I={1,...,n}
and I ={n—1,n} and some explicit examples. Finally, in Section 4, similar problems are
investigated which generalize the extremal properties of the Chebyshev polynomials of
the second kind.

2. The solution of (%)

Throughout this paper £ is a probability measure on the interval [—b,b] and the
corresponding orthogonal polynomials with leading coefficient 1 will be denoted by
Pj(x,&) and their (squared) L,-norm by k&) =[",P}x, &)dé(x). The main step for
solving the extremal problem (%) is the following duality which is proved in the
appendix.

Theorem 2.1. Let E:={¢|k,(£)>0} and nel, then

max {IZ’ m(P)|(P))je1€ P,}=m§n max {kj '(¢)| jel} (2,)

Moreover, if £* is a solution of the problem (2,) and

M(E*)={jel|k (L) =mink(E*)},

iel
then {./a;/k{(E*)P{(x,&*)};c1 is a solution of (%) where P(x,t*) is the jth monic

orthogonal polynomial with respect to the measure di*(x) and the a; are (arbitrary)
nonnegative numbers with sum 1 satisfying

;=0 if je \A(*) 21

Y ak; {(E¥)PA(x, &) <1 forall xe[—b,b]. 2.2)

jel
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The dual problem (2,) appears in the theory of optimal experimental design in
mathematical statistics and has been solved in the special case I={1,...,n} (see Dette
[3]). While statisticians are mainly interested in the support points and weights of the
solution &* of (9,) (they give essentially the points where observations have to be taken
in a polynomial regression) Theorem 2.1 shows that the orthogonal polynomials with
respect to the measure dé*(x) are needed for the solution of the primal problem (%). In
order to determine these polynomials (and to solve the dual problem (2,)) some basic
facts about canonical moments of probability measures on the interval [ —b,b] are
needed. The Stieltjes transform with corresponding continued fraction expansions of
such a measure £ is given by

If dé(x) _ 1 | 2bLy|  2b0,|  2b(5|  2bLs|
Spz—x |z+b | 1 |z+b | 1 |z+b

_ 1 | @»*0, | @bt |
|z4+b(1=2¢,) |z+b(1—20,—2¢5) |z+b(1—20,—2(5)

where {,=p,, {;=q;-1p;(j22), g;=1—p;(j=1) and 0<p;<1 (see e.g. Lau and Studden
[6]). The quantities p; are called the canonical moments of {. Note that p;,, is
undefined whenever p;e {0,1} because in this case the continued fraction terminates. It
is well known that the polynomial in the denominator of the nth convergent is the nth
monic orthogonal polynomial with respect to the measure df(x) and that this
polynomial is given by the continuant (see Perron, [8, Bd. I, p. 9])

Pn(xyé)=
K( —@bP0L —@Ble o — (283l ) 2.4
x+b(1-20,) x+b(1-2(,-2(5) ...... x+b(1—=205,-2—203,-1) )
and has L,-norm
b n
kn(&)= _Ib P}(x, §)d&(x) =(2b)*" .l_—[l {2j~182; (2.5)

(see Chihara [2] or Wall [13]). The following theorem determines the canonical
moments of the solution of the dual problem (2,).

Theorem 2.2. The solution &* of the dual problem (2)) is uniquely determined by its
canonical moments p%;_,=3(j=1,...,n), p¥,=1 and

n—1

p;(,-n=max{zn-,~[l—b‘“ [1 (q:.-p:.-)"],%} j=n—1,...,1  (26)

i=n—j+1
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where z,,_; is 1 or 0 according to n— jel or n— j¢l.

Proof. In the special case I={1,...,n} a proof of Theorem 2.2 can be found in Dette
[3], which can be generalized to arbitrary index sets. For the sake of completeness we
provide a different proof in this paper, which is directly based on the duality result of
Theorem 2.1 and uses some identities for orthogonal polynomials on compact intervals.
Let y,_;=1—b~YT[iz);+1(a%p%)~ "(ya=1), then it is easy to see (observing (2.5) and
(2 6)) that Vo J>§ if and only if k,(£*) =k,_;(¢*) and y,_;<3 if and only if k,(&*) <

k,_j(&*)(n— jel). Consequently we have for the set .#(£*) in Theorem 2.1 and the
canonical moments defined in (2.6)

me (&%) = {je Iz %} @)

if j¢.4(E*). (2.8)

DI} =

* _
D2;=

In the following let P,(x, *) denote the Ith monic orthogonal polynomial with respect
to the measure df*(x) and define

a-=jl:f qi‘(l—-£¢> (2.9)
1 . *. *c ’ ‘
i=1 D2i D2;

which have sum 1 and are nonnegative, by the definition of p%; in (2.6). From Theorem
3.5 and 4.1 in Dette [5] it follows that the orthogonal polynomials k;'/2(£*) P (x, £*)
with respect to the measure dé*(x) satisfy

i“fkj_l(é*)Pf(x,é*F Y ok H(EMPIH(x,EM S (2.10)
j=1

je M
for all xe[ —b,b]. Note that the result in Dette [5] was originally stated on the interval

[—1,1] but can easily be transferred to the interval [—b,b] and that we have used
a;=0, a;=0 if j¢.#(&*), which follows from (2.8) and (2.9). By (2.10) we thus have

{Pf(X)}je:1={ /k(é*) Pj(x, 5*)}JGI€P1 (2.11)

and using the definition of .#(¢*) and ) ;. 4 @;=1 we obtain

L mi(Pn)= ¥ mi(Py)=

j=1 jeM(EH n(f*)

=max {k;j '(¢¥)] jel}.
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Therefore we have equality in Theorem 2.1 for {P}}; ,e P, and ¢* €= and the assertion
of the theorem follows. O

Remark 2.3. In the statistical theory the support points and the weights of the
optimal probability measure (minimizing (2,)) give the relative frequencies and
locations of the observations in a polynomial regression. For the special index set
I={1,...,n} this measure has been determined explicitly in [3].

Remark 2.4. The polynomial P} in the set {P}};., vanishes, whenever j¢.#(¥)
(which follows from p3;=% and (2.9)), however, there might be situations where a;=0
also for some je.#({*). Observing the arguments at the end of the proof of the
preceding theorem the solution of (%) is obtained from (2.11) where the monic
polynomials (orthogonal with respect to the measure dé*(x)) are given by (2.4) and the
quantities k{&*) are obtained from (2.5). This provides a complete solution of the
extremal problem (%). In the following we will discuss some special cases of the set |
for which this solution becomes more transparent.

3. Chebyshev polynomials of the first kind

If I={n}, the solution of (%) is given by the Chebyshev polynomial of the first kind
(on the interval [—b,b]) T,(3) (see Rivlin [10] or Natanson [7]). In this section we will
discuss two other sets for which the extremal polynomials have a relative simple
structure, namely I={1,...,n} and I={n—1,n}. It turns out that the answer of the
question if the Chebyshev polynomial of the first kind is also a solution of (%) for these
sets will depend heavily on the length of the interval [ —b,b]. We will start with the
discussion of the problem (&) for the set I={1,2,...,n}. In the following U,(x) denotes
the Chebyshev polynomial of the second kind (on the interval [ —1,1]).

Theorem 3.1. Let I={1,...,n} and

k=min{je{1,...,n}| U2n—2i+l<g>>0 fori=j,...,n} 3.1

then the solution of the extremal problem (%) is given by the polynomials {P}(x)};-,
where PF(x)=0if ISk—1,

b
preo=) (3) U (5)- L2zl (o)) 02

(I=k,...,n) and
ﬂ.=im (I=k,...,n).

Un-k+ l(%)

The maximum value of (%) is given by
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22"—2 Un—k(%) .
b* MU, 41 (3)

Proof. For j=n,...,k define y(¢Y)=1—-b"2C"[iZ}, (q%p%)~"' (here we put
¥a(¢*)=1 and the p3; are defined by (2.6)), then it is straighforward to show that

*) — n J+1(2) U2n—2j+1(%) 1 i—
MU, T T2 T .

and the definition of k in (3.1) and Theorem 2.2 yield for the canonical moments of the
solution £* of the dual problem (2,) p%;=v,(,*)(j=k,...,n). If k22, then it follows that

N

n—1
V-1 (E¥)=1—b"20"*+* VT (g%:p%) ' £
i=k

and that b<2 which implies (by Theorem 2.2) p% _,=3 and y,_,(é¥)<1-2b"2<4.
Therefore the canonical moments of the solution &* of the dual problem (2;) in
Theorem 2.2 are given by

11 1 1 1 1 1
<§7 5,'--,E’p;bi?p;k-!—ZsE,--'aE’p;n—Z’E’ 1)

where p%;=7/{¢*)(j=k,...,n) and y{&*) is defined in (3.3). By Theorem 2.1 we have to
find the orthonormal polynomials with respect to the measure dé*(x) whose monic form
is given by (2.4) that is

f'_—'k—ﬂ

b*> b2 b? b?

P(x,{*)=K —?—Z"'—Z —?sz —b? QP32 --- “b2(1§1—4P31—2
X X ... X X X e X X
k-1
——P—
b? b2 b? b?
=K|—-—————— ——p% -1 -1
2 4 g 2P
X X X X X X X

e[ on)- e ()G} oo
n k

Here we used Sylvester’s identity (see e.g. Studden [11, formula (4.12)]), (3.3) (for j=k)
and the recursive definition of the Chebyshev polynomials of the first and second kind.
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Note that the case k=1 has to be considered separately but gives the corresponding
resu]t in (3. 4) for k=1. The L,-norm of this polynomial is given by (note that

p; _27 1 k_l and p;jz'))j(é*),j:k""’n)

1 k—1 ] blk-l U,,_ (g)
kl(é*)=b2’(2> p;kll—[ q;j—ZP;j'__zu-z U"i:(l%)z

j=k+1
while the quantities a; in (2.9) are obtained as

Us tDUp1413) = Ut (DT _ Uspo141(3)
Un—k(%)un—k+l(%) Un—k(%)Un—k+l(%)

(X,=

(I=k,...,n). The assertion now follows from Theorem 2.1. O

3.2 Discussion. Theorem 3.1 shows that the structure of the solution of (%) changes
completely with the length of the interval [ —b,b]. If b<./2, then we obtain from (3.1)
k=n and consequently the sum of the squared leading coefficients of the polynomials
P%,..., P} is maximized for the choice Pf(x)=0 (1=I<n-1) and P¥(x)=T,(3) with
maximum value (2"~ !'b7").2 If b>\/§ the situation changes completely. In this case the
index 1 <k<n defined by (3.1) depends on n and b. The solution of the problem (&) is
given by (3.2). Finally, if b=2, it follows that k=1 and (3.2) simplifies to

Pl*( ) lj/Zl(]Zl(;(Z [ 1(2)" n+i£z;U, 2<x>:| l=1,...,n.

Example 3.3. Let n=3, then we have to distinguish the following cases:

(A) If bé\/i, we have k=3, the optimal polynomials are given by

P¥(x)=P3%(x)=0, P(x)—+T3<b>

and the maximum is 16b~¢.

(B) If ﬁ§b§ 3, then k=2, the optimal polynomials are

b /b?>-2__ (x
P¥(x)=0, P3(x)== b2 1 Tz(;)

b b*—1 1
rito= gy )= 1 )| 2w )2 )
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and the maximum value is 4b~%(b>2—1)" 1,

O If bg\/i, then k=1, the optimal polynomials are

* —4b? 4__ 112

1 x\ b*—-3b%2+1 x
* — —— — —_——— p—
pie= gt | (3= 0 )

and the maximum value is (b2 — 1)/[b?(b*> —2)].

In the remaining part of this section we will consider the index set I={n—1,n}. Thus
the problem is to maximize the sum of the squared coefficients

mg_ (P, 1) +my(P,) (34)
over the set of all polynomials (of degree n—1 and n) satisfying
PZ_ (x)+P3(x)<1 forall xe[—b,b]. (3.5

The solution of this problem can be obtained by a similar reasoning as in Theorem 3.1
for k=n and k=n—1 and we omit the details in the proof of the following result.

Theorem 3.4. The polynomials P¥_,(x) and PXx) maximizing (3.4) subject to the
restriction (3.5) are given by '

(P31 (), P:(x»=<o, x T(%)) b /3,
. RN X 1 x\ 2 x
(Pn—x(x)”’:‘(x))—<i e .T,_,(E,i——z(bz_l)[bzn(b) (b? 2)T,_z<b)]>

if b;\/i The maximum values in (3.4) are given by 22"~2b~2" if b§\/5, and by
2 —4p= =2 _ 1)1 if b=, /2, respectively.

Remark 3.5. For index sets of the form I,={n—m+]1,...,n} the corresponding
results are obtained similar to Theorem 3.4. The values of b where the structure of the
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solution is changing, are obtained successively from (3.1) as b= \/— b= f b=

V2+/2, b=(/5+/5)//2,... (see also Example 3.3).

4. Chebyshev polynomials of the second kind

In this section we will briefly discuss some generalizations of the extremal properties
of the Chebyshev polynomials of the second kind. Let I denote a subset of {0,1,...,n}
and define

p ={(Pj)jellpje'%7j61, sup (bz_xz) Z Pf(x)él}
xe[—b,b] jel

as the set of all polynomials (P;);.; such that a weighted sup-norm of the sum of
squares is less or equal 1. We are interested in the problem

max {Iz:lmlz(Pl)I(Pl)leler)l} (13!)

If I={n} we obtain the well known extremal property of the Chebyshev polynomials of
the second kind U (x), if b=1, (see e.g. Achieser [1, p. 250]) and more generally of
U,(3)/b, if b>0. For the sake of brevity we will only state the generalizations
corresponding to the index sets I={0,...,n} and I={n—1,n}. All proofs can be
obtained by a similar reasoning as in the previous sections and are therefore omitted.

Theorem 4.1. Let 1={0,...,n} and

k=min{je{0,...,n+l}| UZ,,_Z‘.+3<I—))>O fori=j,...,n+1} 4.1

2

then the solution of the problem (&) is given by the polynomials {P}#(x)}i-o where
P¥(x)=0ifI<k—2 and

pt9=B| Uies(3) Ui (3)- =280 (F)uin 5) | w2

(lI=k—1,...,n), where

s Use® gy
‘fun s 2(8) T

The maximum value of (%) is given by
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22"-2 Un—k+ l(%)
b7 U, _y42(3)

Remark 4.2. If b<./2 then it follows from (4.1) that k=n+1 and the solution of
(#) is given by the polynomials P¥(x)=0, [=0,...,n—1, and P*(x)=1U,(3). As in
Discussion 3.2 it follows that for b=2 we have k=1 and the optimal polynomials are
“essentially” independent of the interval [—b,b] and proportional to the Chebyshev
polynomials of the second kind, that is

P} (x)= +mu <§> (1=0,1,...,n).

RN O IRY

with maximum value U (3)[bU,. (3] . In the interval [\/5,2] we have 1Sk<n+1
(depending on b and n) and the solution of (&) is given by (4.1) and (4.2).

Theorem 4.3. Let b<./2, then the solution of the problem

maximize m}_ (P,_,)+m2(P,) (4.3)
subject to the restriction
sup (b2—x?)[P?_,(x)+P}(x)]1<1 (4.9)
xe[—b,b]

is given by the polynomials P¥_,(x)=0, P*(x)=4U,(3) with optimum value 2*"b~2"*2_If
b=./2 the maximum in (4.3) subject to (4.4) is attained for the polynomials

. .o b*-2 x b x\_ (*-2) x
(P,,_I(X),P,,(X))—(i b2—1 Un—l(b)’iz(bz_l)[un<b> b2 U’I_Z(b)])

with maximum value (2/b)>"~ V(b2 —1)"1,

Appendix

(Proof of Theorem 2.1) The proof of Theorem 2.1 follows from a standard result in
the theory of optimal design in mathematical statistics (see Pukelsheim [9]). To be
precise let I={i,...,in}, i=m+Y 7= i;, f{x)=(1,x,...,x’) (where ' denotes transposi-
tion) and define for a probability measure ¢ on the interval [ —b, b]

b
M(&)= _Ib Ji(x) fxydi(x) e RITD*UFD  (jer)
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which is called moment matrix in the theory of optimal design. In the following we will
collect all matrices M; (&),..., M, (£) in one big matrix

M, (&)
M(&)= - eRixi
M; (&)

and define two matrices by

K= eR>*™ N= e R}
e; N

m im

where ¢;=(0,...,0,1)eR/*! is the (j+1)th unit vector (jel), N; are nonnegative
(i;+ 1) x(i;+ 1) matrices (i.e. N;;20) and all other entries in these matrices are 0.
Defining ®_ (A)=A,;.(A) where AeR™™™ A=20 and 4,,(4) denotes the minimum
eigenvalue of A we obtain for the polar function of ®__ (see Pukelsheim [9, p. 149])
®> _ (A)=trace(A). By the duality theorem on page 172 in the same reference it now
follows that (note that k(&) =[e;M; (£)e;17 ")

maxmin {ky(¢)| je I} =max®_ (K'M Y(HK)™!)
§eE

seB
=min {[®® ,(K'NK)]~!|N R}, N2 0, trace(M({)N) <1 V¢ e E}

-1
=min{(z e}Nje,-) |N;eRUFDXUTD N >0Vjel, Y trace(M{EN)<1 Vée’:‘.} (A1)

Jjel jel

=min{(z (e;-aj)2>_l la;eRI* Vjel, T (fi(x)a)* <1 Vxe[—-b,b]}

Jjel jel
. -1
=min {(Z m}(Pj)> |(Pj)je,eP,}.
jel
In order to go from the third to the fourth line in (A1) we have used that
b

Y trace(M{EN)=Y, [ fAxYN;fi{x)dE(x)<1 VEeE
jel jel —b

is equivalent to the inequality

Y f{XYN;f{x)£1 Vxe[—b,b] (A2)
jel
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and the fact that the minimum value does not change if the matrices N; are replaced by
matrices of the form a;a; (see the following discussion). This proves the first part of the
Theorem. For the second part we discuss equality in (A1) that is equality in the duality
theorem in Pukelsheim [9, p. 171, 172]) and obtain

Y. trace(M(E*)Nj)=1 (A3)
jel
M(E*N,;= N er (Ad)

;M (e

. g1y g, =1 , _ e;Ne;,
min {(e;M] ' (E¥e)) }E, e;Njej—ng PV (AS)
Observing that k[‘(é*)=e}M}‘(é*)e,{ j=1,...,n) we obtain by straightforward calcula-
tion as a solution of (A3) and (A4) N;=a;a;a; where a;=/k(E¥)M; (E¥)efjel), a;20
(because N;=0) and Y jeroa;=1. Finally it follows from (AS5) that a;=0 whenever
j¢ A (&*). By Corollary 2.3 in Dette [S] the polynomials P¥(x,(*)=a,f(x) are
orthonormal with respect to the measure dé*(x) which yield for the monic orthogonal
polynomials Py(x,{*)=./k,({¥)a; fi(x) (I=1,..., n). Consequently a solution of the right
hand side of (A1) is given by {,/a;/k{(E*¥)P/(x, &*)};.; where P(x,&*) is the jth monic
orthogonal polynomial with respect to the measure d*(x) and the «; have to satisfy

¥ aki HEPHX,E%) = Y fi{x)' N, fx)£1

Jjel jel

for all xe[—b, b]. This completes the proof of Theorem 2.1. d
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