Car. J. Math., Vol. XXXII, No. 2, 1980, pp. 354-361

INEQUALITIES AND INVERSE THEOREMS
IN RESTRICTED RATIONAL APPROXIMATION
THEORY

PETER BORWEIN

0. Introduction. The following lemma, part a) due to S. N. Bernstein and
part b) due to A. A. Markov, is fundamental to the proofs of many inverse
theorems in polynomial approximation theory.

LeMmMma 1. [2, p. 62 and p. 67] Let 11, denote the real polynomaials of degree at
most n. Let p € 11, then

a) [p'x)| = [(x — “)Z) _ x)]l/pr”[a.b] and

o0’
—a

b) |p,<x)| = E lella,b]'

From the lemma one can deduce, for example:

THEOREM 1. If there 1s a sequence of polynomials p, € I, and a & > 0 so that
f = Pullten = A/n**0 then f is k times continuously differentiable on (a, b).

We shall refer to inequalities, such as those of Lemma 1 that bound the
derivative 7’ of a rational function of degree # in terms of its supremum norm
[I7|lta,51 and n, as Bernstein-type inequalities.

Bernstein-type inequalities do not exist for arbitrary rational functions and
neither do inverse theorems of the above type. Consider 7 (x) = — €2/ (x? + €?),
then |7 (x)||;—1,; = 1 but #'(¢) = 1/(2¢). [1, p. 83].

We shall show that for various restricted classes of rational functions,
Bernstein-type inequalities hold. In Section 1 we shall develop Bernstein-type
inequalities for the following three classes of rational functions: a) rational
functions whose denominators are monotone on an interval, b) rational func-
tions whose denominators have positive coefficients and ¢) rational functions
whose denominators have roots bounded away from the interval of approxi-
mation.

In Section 2, we derive the corresponding inverse theorems. We obtain, for
example:

THEOREM 2. If there is a sequence of rational functions p,/q, with p,, ¢, € 11,
and g, monotone non-decreasing on [a, b] and a 6 > 0, so that ||f — pu/@ullta.n) =
A/n***8 then f is k times continuously differentiable on (a, b].
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We adopt the following notation. Let R, denote the real rational functions
Pu/qn wWhere p,, g, € 1I,. Let R,* denote those rational functions p,/q, € R,
where ¢, has non-negative coefficients. Let R,'[«, b] denote those rational

functions p,/¢, € R, where g, is non-decreasing on [a, b].

1. Bernstein-type inequalities.

INEQUALITY 1. Let r = p/q € R,"[a, b]. Then,if 0 < e < b — a,

4n’
) Plleren = 2 lirlln and

b) Hr(m)“[a-!-e,b] < [mn4(m(m+l)/2) H”H[a ”.

Proof. a) Let 0 < € < b — «, let { be a point where |/ ({)| =

@+ € = ¢ = b, and let ¢t be a point where

Ol = llpllen, o=t =5,

Then

' &) @)

"0 =00 T e O

From Lemma 1 b) and the monotonicity of ¢ it follows that

'© o 2lpllun _20°p(@)]

g = ¢ —a)lg@)] (s“ —a)lg(©)|

2’ [pO)| _
S ) S b

and that

|q (f)l I (g.)l < 2" gl .1 Ir(é‘)!

lg(©)] lg(©)]
o0’
=== 1@l
Thus,
||”/”[a+e,b1 =)= 4”26_1”"”[(1,»1-

H”/”lu+e,b]v

b) Note that 7® € R, and that ) has a monotone denominator if » does.

Let 0 < e < b — a and let v = e¢k/m. Then by a)

4n o2
Ye — Yi-1

!|7(k)|I[a+7k_1+(7k—7k_1),b] = || “ 1)||[u+7k —10]

or

7oty ;0 S mu45 e |r D]y,
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Thus, by iteration,

m |
Hr(m)||[a+('b] < (U mn24ke_1)||7']|[u,b]

)

[mm4(m(m+l)/2)] ||1z| | la,b]-

The next inequality is a strengthened version of the last inequality that
applies to the more restricted class of rational functions R,*.

INEQuaALITY 2. Let v = p/q € R,"IfF0 £ a <a < B < bthen

3/2 (b—
n/e(b B) e

a) [ lws = P Hrlla.n + Hrllan and

[
D) " s = Cngm/zH’H[u )

where C depends only on a, a, 8, b and m.

Proof. Suppose 0 < x < v then, since ¢ has non-negative coefficients,

q(x) = D %_g |ay/x™ and

Z (Jamly™ _f

m=0

x"
(1) ¥ q(y)

n n—m

x m
2 i " £ q(x).

m=0

i

Also, if x > 0 then
(2) x¢'(x) = xQ "y Mmlan|x™ " = ng(x).

Let ¢ be a point where | (¢)| = ||7'||ta.51. Then by (2)

: 12__)_ lg" @)1
(3) l|7 H[avﬂl )‘ |q(§‘)| | (g-)l

n
- lg(g-)l (; Hr“[a,b].
Set v = 0 — @ then, by Lemma 1 a),

4) [p"©)] < n - o054y m
g = [ ~—a)§ +v/n =)l lg(©)]

— n ||p||[a,s“+7/n]

[(s‘— a)(b - B)]”z ()]
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From (1) and (4)

-~ 1P ©)] n'" o iweym (£ 4 v/n)"
®) lg(©)] = [@—a)(b— 8] gk + v/n)| ( ¢ )
3/2

= [l —a)(b — B)]"* [l tat4vme”™

Part a) now follows from (3) and (5).
Part b) is deduced from part a) by a similar iteration to that used in the
proof of Inequality 1 b).

We now consider rational functions with restricted poles. Let D(x, 8) be the
closed disc in C with (real) center at x and radius é.

INEQUALITY 3. Let v = p/q € R, and suppose that q has no roots in D (x, € + §)
where § < ¢/ (k + 1) for some integer k. Then

||r/”[.t—6,1+5] = 2n87! 62Mk”’||[x—e—6,x+e+5]'
We need the following lemma in the proof of Inequality 3.

LemMMA 2. Suppose ¢ € I, and suppose q has no roots in D(x, (k 4+ 1)e) for
some integer k. Then supremum, yepi o |q(2)]/]1g(w)| < e/*.

Proof. Let zo and w, be points in D (x, ¢) where
lg(z0)| = Max.cpir,o IQ(Z)I and (Q(w0)| = MiNep(r,0 [9(2)].
Suppose ¢(z) = a][4=1 (& + ay). Then

= —_— wo
lq (wo) | ne1 [Wo =+ o m=1 Wo + U,
Since zg, wo € D(x, €) and a,, ¢ D(x, (k + 1)e),
lg(z0)| _ 14 ( 2e) o
T = 1+5-) = .
lg(wo)| = ,g T ke) =€
Proof of Inequality 3. Let ¢ be a point where |#' ({)| = ||'||1:—5.2+81. Now

, Ip’ (s‘)| g’ )]
O o] + gt O

By Lemma 1 a)

lg(zo)‘ _ < |20+am| _ IilI

g

") _ n|lplus.rin
lg@) =6 g

lirllscssen( sup L)
0 ' 2, wED(f 5) lq(w)[
Since § = ¢/(k + 1) and ¢ € [x — §, x + §], an application of Lemma 2 to the

IIA
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above inequality yields

= g Pl g—s.rrme™ .
Similarly, by Lemma 1 a) and Lemma 2,

O )

7 |gllg—s.c4n1
lg(©)] 5 ()]

lg(£)]

IA

$r@)L-
Thus

N7 | tems erer = 20671 e M|[1||(imccs 2t erar

Inequality 4 is an analogue to the following lemma due to S. N. Bernstein.
Let E,(x, €), p = 1, be the closed ellipse with foci x — ¢, x 4+ e and semi-axes
ze(p + p71), 3e(p — p71).

LEMMA 3. [lv p. 42] pr € II, then HP(Z)HEP(IJ) = P"HPH[z—e,m—e]-
INEQUALITY 4. Let v = p/q € R, and suppose that q has mno roots in
D(x, (k4 1)e). Then, if 6§ < e,

on /k

[ @lpe,o neyes = 0|7l —s,0r01 - €

Proof.

||P||[r—6,x+61 = ||7||[I—5,I+6]||qi|[r—é,z+6]
= |17/l te=s.er1llql e, -

Thus, by Lemma 3,

plle,e0 = p"lI7ll-s.aralldl b, o
By Lemma 2, since ¢ has no roots in D(x, (k + 1)e),

MiNep (e, 0/q(2) IeM/k = H9| Ip(e,o-

Thus,

Illpe,o NEyGep = P17l es ayar - €/F.

2. Inverse theorems. If a function fis k times continuously differentiable on
[, b] then there is a sequence of polynomials p, € II, so that ||f — pullie.n <
A /n* for each n. [1, p. 66]. Thus, in light of Theorem 1, 1/#* is, in some senses,
the right speed of polynomial approximation for C*[a, b]. The following inverse
theorems show that for C*[a, b] restricted rational approximation cannot be
dramatically more efficient. Note that we only deduce that f is k& times differ-
entiable on the half open interval (a, b].
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THEOREM 3. Suppose there is a sequence r, € R, [a, b] such that

Do llf = rallwmn®t < 0o,
then f € C*(a, b].

Proof. We may assume that ||f — 7,||{..» is monotone non-increasing. Con-
sider the expansion:

(1) flx) = rile) + 2o (e (x) = ran(x))
and observe that

||7'2n+l — 7’2"H[rl,b] é Hf - ranH[”’b] + ”f B 7'2"H[‘1»b]
< 9/If ~ rallun

Formal differentiation of the right side of (1) yields

@) @)+ 2 i) — i ()
n=0
where, by Inequality 1 b), for fixed e there is a C independent of »# such that

Hf’élwcz)ﬂ — réﬁ)l|[a+¢'b] < C[2n+2]2k|[7’2n+1 b 72ﬂ|l[a,b]~

Thus,

kz() Hré’f.)H - Té)"c‘)|l[a+e,b] = ZO C[2n+2]2k2|[f - 7’2n||[a,b]

< 204 ZO 2"T(f = renlltem
which converges because ||f — 7,/|(.,5 is monotone and

ot |1 f = 7l 0, mm D

converges. Thus, (2) converges uniformly on [a@ + ¢, b] and f € C¥la + ¢, b].

Theorem 2, stated in the introduction, is an immediate corollary to the
above result. The next theorem is deduced from Inequality 2 in the same way
that Theorem 3 is deduced from Inequality 1.

THEOREM 4. Suppose 0 < a and suppose there is a sequence r, € Rt such
that

;1.3=1 ”f - rn”[u,(’)]n%k-_1 < 0,

then f € C*(a, b).

The following is an example of the type of inverse theorem attainable from
Inequality 3.

THEOREM 5. Let ¢ > 0 and suppose there is a sequence v, = p,/qn € R, so
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that no root (complex or real) of g, lies within distance ¢/n of [a, b). If

©

n=1 ||f - 7',,”[,1,1,]712 < 0,
then f € C'(a,b).

Proof. r, satisfies the conditions of Inequality 3 with e = ¢/(n 4+ 1) and
8 = ¢/(n 4+ 1)2 Thus, for each #,

(17 [t ep—ar = 2n(n 4 1)2c1e?|[7,][ (0,01

The result now follows analogously to Theorem 4.

It is interesting to note the close relationship between Theorem 4 and
Theorem 5.

Remark. 1f p € I, has non-negative coefficients then p has no roots in the
region {z| |arg z| < w/n}.

Proof. Suppose p(z) = X o g ams™, ay, > 0, a, = 0, and let ¢ be any point
where 0 < arg { < n/n. Then, for each m < n, 0 < arg {™ < 7 and hence,
> m o an¢™ lies in the region {z| im z > 0}. In particular,

Z:lrz=0 amg-m # O
Since p can have no positive real roots, we are finished.
The final result of this section is of a different character. It shows that under

sufficiently strong restrictions on the behaviour of ¢,, exponential rates of
approximation guarantee analyticity.

THEOREM 6. Suppose ¢ > 0 and suppose there is a sequence r, = p,/q, € R,
so that mo root (real or complex) of q, lies within distance ¢ of [a,b]. If
f — 7alltay = p7™ for some p > 1, then f is the resiriction to [a, D] of some
function F analytic in a region containing [a, b].

Proof. Choose K > 1 so that p=1/2¢*% = g < 1.Letd = ¢/2(K + 1) and let
e = 26. Then applying Inequality 4 to r, — r,_1 € R», yields

170 = ruillpe2e) A Eprse S 0 — Tulltems 2o - 0" /2%
for each x € [a + 8, b — §]. Set

T = Usctars p-a{D(x, 28) N Ep/a(x, 8)}.
Then, since [[7, — 7o_1||{a.nn £ 20~ @D, it follows that

7,(2) — 7ue1(3)]| < 2p - pp" 26K < 2p - B

for each z € 7. Hence, 7, converges uniformly on 7', the interior of 1" contains
[a, b] and the result follows.

The next example shows that no speed of approximation from R,* or R,'
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guarantees analyticity and hence there is no analogue of Theorem 6 for these
classes.

Example 1. Consider

Then f is not analytic in any neighbourhood of 1. However, for suitably small
an, the speed of approximation from R,* on [0, 2] can be made as rapid as
desired.

Also, in contrast to polynomial approximation, no speed of approximation
from R," or R,' guarantees differentiability at the endpoints of the interval of
approximation.

Example 2. [1, p. 91] For suitably chosen 8, \ 0 and ¢, \ 0 the function

fails to be differentiable at 0 while the speed of approximation from R,* can
be arbitrarily fast.

It is natural to enquire about the exactness of the constants in the preceding
inequalities and theorems. For instance: is the 2, in »n?~! the ‘“‘correct”
constant in Theorem 3? Should it be 1 as in the comparable theorem for
polynomial approximation or perhaps some intermediated value?
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