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1. Introduction

Recently (see [3]), a class of Schauder bases for the space (C[—1,1], | - ||«), consisting
of algebraic polynomials and orthogonal with respect to the Chebycheff weight of the
first kind, has been constructed. These bases are of optimal degree in the sense that
for given € > 0 there is a basis {p,} with degp, < (1 +¢) p for all u € INy. A crucial
step in the construction is the proof that its Lebesgue constants (i.e., the norms of
its partial sum operators) are uniformly bounded. The purpose of the present paper
is to give a much simplified proof of this fact, a proof which allows us to give explicit
estimates for these Lebesgue constants.

Investigation of polynomial Schauder bases of optimal degree is quite recent. It
was in 1987 that Privalov [6] showed that degp, = i is impossible for any polynomial
basis {p, } of C[—1, 1] (orthogonal or not). In fact, he showed that there exists ane > 0
such that Iilgg( degp, > (14 ¢)n if n is large enough. In 1990, Privalov constructed

a basis for Cy, of trigonometric polynomials of optimal degree [7]; in 1994, Lorentz
and Sahakian, based on wavelet methods introduced by Offin and Oskolkov [5], gave
an orthogonal trigonometric basis for Cy, of optimal degree [4]; and in 1996, Kilgore,
Prestin and Selig constructed an algebraic polynomial basis for C[—1,1] of optimal
degree, orthogonal with respect to the Chebycheff weight of the first kind [3, 8].

One might ask if such polynomial bases are possible with orthogonality regarding
other weight functions w, for example Jacobi weights in general. This question is still
open. An important step in any proof that a given orthogonal sequence of polyno-
mials {p,} is a Schauder basis is the proof that its Lebesgue constants are uniformly
bounded. The Lebesgue constants are given by L, := sup || iopu(x)puﬂ)ﬂ%,

ze[-1,1] p=

where || fl|lzy == [1 |f(£)| w(t) dt. We note that the constant L, is the norm of the
orthogonal projection onto the subspace spanned by {po,...,p,}. In the present pa-
per we give an easy method to estimate these quantities for the type of polynomial
sequences introduced in [3]. This will lead us to explicit upper bounds for the L,,, and
these can be regarded as the main result of this note. Similar but more refined meth-
ods are used in [2] to construct bases with Chebycheff orthogonality of the second,
third and fourth kind; we are currently investigating possible generalizations.

In Section 2 we will (following the development in [3]) give a general construction
for optimal degree Schauder bases for C'[—1, 1], orthogonal with respect to the Cheby-
cheff weight of the first kind. We will just give the construction, without many details
or proofs; these can be found in [3] or, later, in [2]. Then, in Section 3, we give a new
and short proof that the Lebesgue constants are bounded and compute the actual
upper bounds which our method leads us to.

We will use the following notations. Let f € L'(IR). We will denote by F(f) = f



the Fourier transform of f, F(f)(0) = f(6) := 70 f(t)e ™ dt. The L'(IR)-norm

of fis Ifll == ] 1(®)]do.

2. Construction of Schauder bases

In what follows, the weight function w is the Chebycheff weight of the first kind on
[—1,1], w(z) = 2(1 — 2*)~"/2. We will always have the transformation z = cos(t) in
mind; for the norm that means

1fllzy, = /11|f(a:)|w(x)da: = ;/Ow|f(cos(t))|dt.

The Chebycheff polynomials of the first kind, T,,, are defined by T),(cos(t)) = cos(nt)
for n € INy. Then the sequence {%T 0, 11,15, T3, ...} is orthonormal with respect
to w, i.e., with respect to the scalar product

(f.9) = [ f@a@wde = 2 [ fleos(t) gleos(t) dr.

It follows from Privalov’s result [6], or more directly from known results on uniform
convergence of Fourier series, that this sequence of Chebycheff polynomials is not a
Schauder basis for C[—1, 1].

Thus, for given ¢ > 0, we now construct a sequence {p,},.en, of polynomials,
orthogonal with respect to (-,-) and such that degp, < (1 +¢) p for all p, which will
be a Schauder basis of C[—1,1]. The main ideas of the construction follow [3] and
come from wavelet theory: The polynomials p, are constructed via a “multiresolution
analysis” of C[—1,1]. Choose finite dimensional polynomial subspaces V), W) C
C[—1,1] with

vo c vy c vy c yvu C

VO o W @ 5 WO = Vo), (1)

that is, W) is the orthogonal complement of VU= in V. Denote dim V) = n;+1,
dim W) = 2m; = n; —n;_;, and let {go,(g)}Zio be an orthonormal basis of V) and

{w,(f ) i’jg‘l an orthonormal basis of W), Then the sequence of polynomials {p,} is
defined by taking the basis elements of VO WO W in this order. That is,

Pr = go,(ﬁo) for k=0,...,n0 and pp,_,4p41:= @D,gj) for j€e IN.k=0,...,2m; — 1. (2)



This construction enables us to give upper bounds for the Lebesgue constants of the
basis {p,} by estimating the Lebesgue constants of the individual spaces 742 17428

nj—1 n
| Zpu Olle, < | Zpu Olley, +11>2 pul@) puC)liry
pn= nj_1+1
nj—1

> e (@) e (e, + 11 8 @) 0 ()l
k=0
forn € IN, n;_y <n <njand n =n;_; +r+ 1. Thus we have to estimate

sup || Zgok @) ()l < Ay forr=0,... np,

z€[-1,1] k=

S[UP ]H Z 90 ( )SOk ()HLI < A for j € INy and (3)
xe|—1,1 =

s[up I Zz/zk (@) (Nl < Ay forje N, r=0,...,2m; — 1.
xe|—1,1 =

The Lebesgue constants for the basis {p,} will then be bounded above by
max{ Ao, A1 + As}.

By (2), the degree of the poynomial p, depends on the values of the dimensions
m; and n;. Computation shows that the conditions deg cp,(co) =kfork=0,...,n
and 3m;/n;_; < e forall j € IN are sufficient for the sequence {p, } to be of optimal
degree, degp, < (14 ¢)p for all p € INy. In Section 3, it will turn out that the
estimates for the Lebesgue constants, A; and A,, also depend on the dimensions
m;,n;: the closer the quotient m;/n; is to 0, the larger will A; and Ay be. Thus the
dimensions must be chosen such that inf m;/n; > 0, or, even better, such that the set
{m;/n; : j € IN} is finite. That is always possible.

All of this means that definition of the sequence {p,} and computation of the
Lebesgue constants can be reduced to considering the individual spaces V) W),
We will now define these spaces, writing VN WOMN) instead, where M and N
stand for the relevant dimensions m;, n;.

Choose M, N € IN with N > 3M. The spaces VN 1WMN) wil]l be defined
by way of their orthogonal basis functions gp,(ﬁM’N) = ¢ and @D,gM’N) = ;. For the
spaces VMM validity of Condition (3) does not depend on the choice of the orthog-
onal basis; therefore we start with W®*-N) and then just choose V) such that the
orthogonality relations (1) are satisfied.

Our definition of the space WM is governed by two ideas: 1) Let each basis
function 1 be an element of span {Ty_3as, ..., Tviar}. This makes it relatively simple
to check orthogonality by Parseval’s identity. 2) Define the 1 in such a way that they
are localized around different points yx € [—1, 1]. The better the 1 are localized, the
smaller the Lebesgue constants of WN) will be, as we will see in Section 3.
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This leads to the following definition. Choose a function
g : IR — IR, continuous, with supp g C [-2,2] and ¢(0) = 1. (4)

Note that this implies g(2) = g(—2) = 0, which we will often use implicitly.

To achieve orthogonality, we also have to assume that g has the symmetry prop-
erties

Fl+a)+¢*(l-2) =1 and ¢*(~1+2)+¢*(-1-2) = 1 (5)

for all 0 < x < 1. Then define the basis function ¢, as

oM
Vv = M3 Z g (i) cos((s — M) Oy) Ty_prys fork=0,...,2M —1,
s=—2M M
where 0, := %ﬂ. The cosine terms in this linear combination have the effect of

localizing the function v around the point y; = cos(fy); they act as a generalized
translation, as we will also see in Section 3. Now, after some computations involving
the Parseval identity, we get that

(es) = = [ nleos() dulcos(t) dt = b

In fact, on using the identity cos((M + s)0) = — cos((3M — s)0;) together with the
symmetry properties (5), we obtain for k # ¢,

1 M
(ete) = 57 2 9°(57) cosl(s = M)6) cos(s — M)6y)
s=—2M
1 1 2M—1 1
= — (o4 Y cos(sb)cos(sby) + = cos(2Mby,) cos(2M6,)
M2 & 2
1 sin(0)sin(2M0},) cos(2M6,) — sin(0,) cos(2M6;,) sin(2M 6,)
- 2M cos () — cos(6y)
— 0,

and similarly (¢, ) = 1.
In order to define the space VM) Jet

1 fo<z<1-4%,
g (x) = g(2) = gD —1)+1) ifa>1-2
g (—z) if £ <0.

Note that ¢g* has the same properties as g, i.e., it satisfies (4) and (5) if g does.
Moreover, it is even.



Now we can define the basis functions ¢q := %Tg, o) = g*(%)Tk +g*(2l\]fv_k)T2N_k
fork=1,...,N—1and ¢y := Ty. Then it is easy to see by (5) that these polynomials
are an orthonormal system. Note that o =T} for k=1,..., N — M.

The spaces WHMN) and VN gre now defined as the linear span of these orthonor-
mal basis functions: WMN) .= span {4, ..., Yarr—1}, VN = span {po, ..., on}.

Now how do we put together the sequence of spaces WU = Wmim) V) =
V(min)? The spaces are determined by the dimensions mj,n; and by the function g
used to define their orthogonal bases. For the dimensions, we use the following values.
Choose 1 € IN such that 3/2" < ¢ and let ng := 27, mg := 1 and m; := oli=1)/27~1]
That is, (my,ma,ms,...) = (1,...,1,2,...,2,4,...,4,8,...), where every power of 2
appears 277! times. Then, if j = ¢- 27! +r with 1 <r <2771,

nj = no+2y m; = (27+2r)29,

m; 1
—2.jeN; = { :T:1,...,2"_1} and
nj 2”—'—27’

3m; 3 3
= — < — < &
nj,1 21 + 2T -2 7 20 =

It now remains to specify the functions ¢ = ¢ which we use for defining the
spaces W VU We will use just two different functions, g and §, where g is even
and ¢ is constructed out of g: If g with (4) and (5) is given, then g is defined by

0 if 2 < —3/2,
g+ it-3/2<a<—1/2,
glx) = 17 if —1/2 <2 <0,

g(z) if x > 0.

Note that § also satisfies (4) and (5). We use the function § for the spaces W) V()
with j = ¢- 271 +1, ¢ > 1, and the function g for all the other spaces.

This completely determines the sequence of spaces W), VU It can be checked
directly that these spaces satisfy the orthogonality and inclusion relations (1); this also
follows from the arguments in [3]. The sequence of polynomials {p,} is now defined
via (2), where we use the basis elements ¢, and 1 as they are given above. In order
to prove that {p,} indeed is a Schauder basis of (C[—1,1], || - ||), all that remains is
to prove the relations (3), that is to show that the Lebesgue constants of the spaces
WALN) 7 (MN) are uniformly bounded. We will do that in Section 3. It turns out
that we will need a further condition on the function g in order to bound the Lebesgue
constants: we will require g to satisfy

Q,ﬁ,]—“(g*(%i%; )) € LY(R) forall 1 <r <27h (6)



This is satisfied if the compactly supported ¢ is absolutely continuous and ¢’ is of
bounded variation, as follows from Lemma 3. All of our examples will be of this type.
The simplest example of a function g with (4), (5) and (6) is the function

golz) = {cos(mz/ll) if |z| §'2, (7)
0 otherwise.

In [3], there is a small mistake: the basis given there in Definition 2.1 is not
orthogonal. (It would be orthogonal if the sine were to be replaced by a cosine;
making this change would even simplify the proofs.) Thus we will now give, for the
first time correctly, a class of Schauder bases {p,} of optimal degree, consisting of
orthogonal polynomials. For p < 2", we will have p, = gpflo). For p > 27, there are
unique numbers ¢ € IN and r € {1,...,2""1} with

(2"4+2r—2)27 < p < (274 2r)2%

Then the basis element p, will come from the space W), where j is given by j =
q- 2" ' 4 r. More precisely, we will have p, = wli]) if p=(2"+2r—2)294 1+ k with
0<k<2m;—1=21"—1.

Theorem 1. Given ¢ > 0. Choose n € IN such that 3/2" < €. Let the sequence of
polynomials {p,}.cm, be defined as follows. For pn < 2", set

Py = ETO and p, = T, forpu>0.
For > 2", find the uniquely determined numbers ¢ € IN, r € {1,...,2"1} and
ke{0,...,20" =1} with p = (274 2r —2) 29+ 1+ k, set M := 29, N := (274 2r) 29,

o 2k+1
O := =57, and define

LM _
pe = M2 > g (M) cos((s = M) O) Tn—rr+s ifr=1,
s=—2M

(NI

oM s :
pp = M2 > g (M) cos((s = M) O) Tn—rr+s ifr>1,
s=—2M

with an even function g satisfying (4), (5) and (6). Then the sequence {p,} is a
Schauder basis for (C[—1,1],] - |oc), consisting of polynomials with degp, < (1+¢) p,
and orthonormal with respect to the Chebycheff weight of the first kind.

3. The Lebesgue constants

It now remains to prove Condition (3) and to find explicit bounds for the constants
Ag, A1, As appearing there.



Lemma 1. Suppose that g with (4) is such that g € L*(IR). Then

1 X 2M—1 1 X
[l < Nl and swp Y f) < (= +1) 1l

z€[—1,1] p— 0

Proof. With the transformation x = cos(t), and using addition theorems for the
cosine, we get

Up(z) = Z g(57) cos( M) 0y) cos((N — M + s)t)

s=—2M

- Z 9(55 COS( (t+6r) + (N—M)t—M@k)

+— Z 9(37) cos(s(t = ,) + (N — M)t + M6y,

1 ; ,
= 3 R {ez((NfM)thGk) K (t+6)) + I (N=M)t+Mby) | Ky (t — ek)} :

where Kjp(1) : =) et (Recall that g is real-valued.)

Il
]
=
=

Since the support of ¢ is contained in [—2, 2], g is an entire function of finite degree,
and for the total variation of g on IR, V(g), we have by the Bernstein inequality that

ve) = [ _lgwld < 2gl,

(see [9], Chapter 4.8.61.(28)). Thus, § € L'(IR) N BV(IR), and we can apply the
Poisson summation formula in the following form: The identity

Kul) = 3 gl)e™ = M Y GM(-+2m0) ®)

holds for each ¢ € [—m,n]. This follows, e.g., from [1], Proposition 5.1.29(ii), by
exchanging the roles of f and f and applying the inversion formula, Proposition 5.1.10.

This implies, using the theorem of B. Levi in the third step, that

|Esllrne = [ Kalat < o[ S [G(M(t + 2mm))| dt

n=—oo

- M Z/ M(t + 2mn))| dt

n=—oo

= [ jgamiat = [~ lgoldr = gl



Now, using in the second step that 1, (cos(t)) is an even function, and in the fourth
step that K, is 2w-periodic, we get

alley = = [ Weleosnlde = — [ guteosto)] de
1

o

1
= — Ky ()| dt < —||g]||1.
— Mol < gl

IN

1 ™
| |KM(t—0k)|dt+2—/ |[K(t +6,)] dt

To estimate the sum 3 [¢x(z)|/||¢k]|32, we need the so-called Timan inequality
(see [9], Chapter 4.9.1.(3)). If 7(¢,0) is a trigonometric polynomial of degree n in the
second variable, then for all m € IN and t,

Z\ (t,2%m)| < <2W+n)/7;|7(t,0)|d0. (9)

We apply this, with m = 4M, to Kj;, which has degree at most 2M:

2M1|wk 12M1

A = X e
2M—1 2M -1
< (Z | Kt + 2t )| + Z | K t—Mﬁﬂ)
1 4M—1
= kz: \KMt—i-%w)\
0
1 4M ™ - 1 .
: 2M<2 20 [ Ko+ g + 08 < (2+1) Lol

a
An upper bound for the constant As in (3) is therefore 1 (% + 1) -max{|| g%, 17113}

Lemma 2. Suppose that g with (4) and (5) is such that §,g* € L'(IR). Then

N
sup Z@k(fﬁ) ©r(+)
z€[-1,1] |[x=0

< o (IF™lh + 170+ )91 = DIh)

Ly,

Proof. We can give an explicit expression for the sum to be estimated. Writing
x = cos(t) and & = cos(f), we get

Z or(®)er(§)



N-M-1

s CLIGERNEENG
+k NZIM (97(5) Tel@) + g7 (B72) Taw 4(2)) (97(5) T(€) + " () Ton(9))
- 14 29*2 E)T(@) To(6) + 5Tw() T()
n ég*(NT—k)g*(NT“ﬂ) (Tn—(x) T 41(&) + Tivu (@) Tn—k(€))
_ % + %:ZNl 725 (cos(k(8 + 1)) + cos(k(8 — 1)) + = cos(N) cos(N?)

MRy (cos(N (0 4 t)) cos(k(0 —t)) + cos(N(0 — t)) cos(k(0 +1)))

M

+
]
s
<
s

= iK}(,(Q +t) + iKJ*V(e —t)+ i cos(N (6 + 1)) K3 (0 — 1)
+ icos(N(@ VKO 1 1),

where for the second sum the addition theorems for the cosine haxzfjev to be used
twice, and where we denote KX (t) := 1+ 2 Z g (&) cos(kt) = Y g (%)e*t
k=—9N

M ‘
and K3 (t) =1+ 2%}1 29(1 — £)g(1+ &) cos(kt) = kuM 29(1 — £)g(1+ £)e'.

Thus we get, for every x € [—1,1],

N
> (@)l = T) Qg cos(@))} do
k=0 LL
= —/ ngk x)pg(cos 9))‘ do
T lk=0
1 ™
< — * * .
< ([ imnto+ola+ [ x50 -0l o
4 *,1
+ [ imite+ola+ [ |KM(9—t)|d0)
1 *
- ([ o [ o)
*2
< o (IF @ + 17900~ Yo+ )
by the same arguments as before. O
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Lemma 3. Let f be an absolutely continuous function on the real line with compact
support and let ' be of bounded total variation on IR, i.e., V(f') < co. Then f €

LY(R) and
1l < 4V IF 1

Proof. Choose a,b € IR such that supp f C (a,b). For all § # 0 we obtain by
partial integration in Stieltjes integrals

A b ) 1 b ) 1 b )
ol = |[ sweal = 5 [ roeal = 5[ roa
1 b —ith / 1 /
= S| ema) < SV,
If || f|]s = O there is nothing to prove. Otherwise let x := % > (. Then
1l = | [+ [ |1f@las
0>k i<k
, 1
< V() / o o+ / /|f(t)|dtd9
10]>r o/<k IR

< VIZ+ e = V@IS

O

Lemma 3 gives an easy way to find functions f with Fourier transform in L'(IR),
and to estimate || f |- This estimate is good enough for most of our purposes, but
in order to get good enough bounds for the Lebesgue constants, we have to estimate
these norms for one class of functions directly.

Lemma 4. Let 0 < A < % and

1, if 2] <1— A\,
v(Asz) = w(x) =  cos*(E(1+ WT_l)), ifl=A<|z| <1+,
0, otherwise.

Then g 1
|9]]1 < —In— + 14.33.
T A
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Proof. One computes

o(0) = 272 cos(A\0) sin(@).
O(m2 — 41262)
Hence
L 9 cos(d)  sin(2)
ol = 2et( [ [ )]0 D g
0l<3 10123
cos(t) sin(2) sin(4) cos(6)
< 92 / ) A
= “r \ze|<)1< w2 — 4¢? 0 0+ |Itr\l§)§( t — 462 a0
o1<3 01>3
| sin( g cos(f cos(@)

< L4644 / d
- / m— 29 ™+ 26

= (kt1)m (2k42r1)7r

22 0) cos(f)  cos(f)
< 4yt S0) g 4 43 (<) / d
= 42 g T kzl T—20 7+ 20

- km (2k—1)7

7 sin(6) 5, 9 > k1 (kﬂ)ﬂsin(ﬁ)
< 4/ S dh 4y — 423 (1) / S df

2 k=1 T =1 1)

7 sin(6) 8

1 1
< 60/ . d9+7r<08 07 + n(2>\))
1
since Z z < In(y) +v+3 (y 17, where 7 denotes the Euler-Mascheroni constant. O

=1

Theorem 2. Assume that the basis {p,}ucn, is constructed via Theorem 1, where
the constant n € IN additionally satisfies € < 3/2"71.

a) If the function g is absolutely continuous with a derivative of bounded variation,
then

4 1
< Zl-+t0,
s ||sz (M < Sz

where C' 1s an absolute constant depending only on g and bounded above by

¢ < 329+ V(i a2l — 2l
+%\/V((Q(H')g(l = Nlg(+)g(1 =)l (10)

T D s V(o) lglh, V@) 3l

12



where g. is the function given by (7).
b) If we choose g = g., then the Lebesgue constants satisfy

4 1
s[up HZpﬂ (I < —ln + 80.72.

Proof. The proof is based on the splitting (3) and the lemmas above. The first
estimate in (3) remains to be shown, but it is well-known that for n <27 < 6/¢,

1 n
§T0($)TQ + Z TM(:E)TM
pn=1
2n+1t)‘

1 s
- —/ %dt<151+ 1nn<151+—1n2"<224+—1n—
wJo sin(3) 5

sup
z€[—1,1]

Li,

The standard proof for this estimate follows the same lines as the estimate for ||o||;
in the proof of Lemma 4 and can also be found, e.g., in [1], Proposition 1.2.3.

Hence if we set Ag :=2.24+5In 1, A = & (||]:(g*2)||1 + [|F(29(1 + -)g(1 — ))||1)

and Ay, = Hlmax{||g|]}, ||g||1}, then the estimates in (3) are satisfied, and
max{ Ay, A; + AQ} is an upper bound of the Lebesgue constants for {p,}. In order to
give explicit numerical bounds, we estimate || F(2g(1+-)g(1 —-))||1, |g]l1 and ||g||; by
Lemma 3, and for || F(g*?)||; we use Lemma 4 with A = m;/n; > 1/2"! > ¢/12:

1F(g)h < IF @)L+ 1F(g™ = o)l
8 1
< Zlns 4 14334 4/ V(g2 —v))llg*2 — v])s
T A
8 1
< Zln=+20.66+4 2 g2))g% — g2
< —In_+20.66 4V (9* — ¢2))lg* — gl
since rescaling yields
* 1 *
V(lg” =v))=V((e*=92)) and  lg™ = vl = Allg” = g2l

If we choose g = g., then we can use Lemma 4 for || F(g*?)||;, and we can explicitly
compute

Flg(+)g(1 - )0) = o200 ) = s 2O

and then, along the lines of the proof of Lemma 4,
™ smt
|F2g(L+)g0 =Dl = lglh = 4 [ ==

13



For ||g]|; we have to use Lemma 3, however, which gives us

2 ST 3T
lglly = 4yV(@)lglh = 49+

Putting all of this together, we obtain

4 1
sup HZpﬂ (e < —1n—+8072.
z€[-1,1

In [3], the function
2l iz <2
g(z) = { 2+2(|z|—-1)2 lz| < 2,
0 otherwise,
was used to construct the bases. In this case we obtain directly from Theorem 2,
C < 823.

Here we have numerically estimated V' ((g* — g2)’) & 1.875; the other quantities can
be computed analytically.
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