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Abstract: In this paper, for polynomials with real coefficients P, Q satisfying |[P(x)| < |Q(x)| for each x in a
real interval I, we prove the bound L(P) < cL(Q) between the lengths of P and Q with a constant ¢, which is
exponential in the degree d of P. An example showing that the constant ¢ in this bound should be at least
exponential in d is also given. Similar inequalities are obtained for the heights of P and Q when the interval
I is infinite and P, Q are both of degree d. In the proofs and in the constructions of examples, we use some
translations of Chebyshev polynomials.
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1 Introduction

Throughout, for a polynomial

fOX)=ap + ax +---+ agx? € C[x], aq#O0,

d
of degree d by H(f) := max|ax| and L(f) = Z lax| we denote its height and its length, respectively. It is
clear that 0<ksd k=0

d 12
H(f) < [ZlakPJ < rlnlaiilf(Z)l < L(f) < (d + DH(f) €Y)
k=0 ZI=

(see, e.g., [1]) and
If (0l < L(f)max{1, |x[}¢ @)

for any x € C. In particular, by (1), for polynomials f, g € C[x] the inequality for their maximums on the unit
circle

mlaxlf(Z)l < maidg(Z)l 3)

lzI=1 lz|=
implies the inequality for their heights
H(f) < (deg g + DH(g).
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See also [2-11] for some other inequalities between various heights of polynomials and their factors, not only
H(f), L(f) and max|f(z)| but also their house|a| = max |a|, Mahler’s measure M(f) = |ay| H max{1, |a|},
etc. |z]=1 a:f(a)=0 a:f(@)=0

In this paper, we will consider the case when in (3) the unit circle is replaced by a real (finite or infinite)
interval. The following questions related to his research in the study of solutions of singular parabolic
differential equations were recently asked by my colleague Prof. V. Mackevicius.

Find an explicit constant &(d) for which the inequality

H(P) < §(d)H(Q) (4)
holds for any P, Q € R[x] of the degree d satisfying
[P(x) < |Q(x)] for x > 0. (5)

He is also interested in an explicit constant n(d) for which the inequality
H(P) < n(d)H(Q) (6)
holds for any P, Q € R[x] of the degree d satisfying
IPCOl < Qx| for x € R. @)

Note that for d = 1 we have P(x) = aop + a;x and Q(x) = by + b.x. Inserting x = 0 into (5) or (7), we get
lao| < |bol. Similarly, inserting x = r and letting r — oo, in both cases, (5) and (7), we obtain |a;| < |b;|. Hence,

{0 =n)=1 (8)

are the best possible constants in (4) and (6) ford = 1.

Likewise, for d = 2, assuming that P(x) = ap + aix + a,x? and Q(x) = by + bix + bx?, we find that
lao| < |bo| and |ay| < |by|. Thus, |agl, |ay] < H(Q). Inserting x = 1 into (5) we deduce |ag + a; + a,| < 3H(Q).
Thus, |aj| < 3H(Q) + |ag| + |az| < 5H(Q). Consequently, H(P) < 5H(Q) for any quadratic polynomials P, Q
satisfying (5). This, combined with the example P(x) = 1 - 5x + x2, Q(x) = 1 + x + x? satisfying (5) and
H(P) = 5H(Q), shows that

§2) =5 9)

is the best possible constant in (4) for d = 2.

A simple example of polynomials P(x) = (x — 1)% and Q(x) = 1 + x¢ satisfying (5) shows that the con-
stant £(d) should be at least exponential in d. Indeed, by Stirling’s formula (see, e.g., [12]), for eachn € N
one has

n! = 2 (n/e)"e’n, (10)

where ﬁ <0, < % Hence, H(P)/H(Q) = ([dtjzj) ~ 2412/ /nd as d — oo.

First, we will show the following lower bounds with better exponents:

Theorem 1. The constants &(d) and n(d) for which (4) and (6) hold under corresponding assumptions (5) and

(7) must satisfy
d d
{25552
2d + 2 2 2

1 ((1+5) (1-y5)
md)zzdu& 2 JJ{ 2 J]

and
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In the next theorem, we compare the lengths of two polynomials P, Q, which have not necessarily
the same degree but the deviation of P from zero in an interval is smaller than that of Q.

Theorem 2. Let P, Q € R[x] be polynomials satisfying

P .
gggl () < {)2331'0(")' 1)
Then,
L) < 3G + 2 + G - WDHLO, (12)
where d = deg P. Furthermore, if P, Q € R[x] are polynomials satisfying
P
_rlr;gll () < _rlrg;cllo(IXI)l 13)
and d = deg P, then
L) < 2@ + VI + (- VDL (14)

From Theorem 2 it is easy to find some explicit £(d) and n(d) for which (4) and (6) hold under the
corresponding assumptions (5) and (7). Indeed, by (1), we have H(P) < L(P) and L(Q) < (deg Q + 1)H(Q).
Therefore, (12) implies that

H(P) < %((3 + 202) + (3 - 2421 H(Q).

In particular, for deg Q = d, since (5) implies (11), we see that, under assumption (5), inequality (4) holds
with the constant

d

1 (B +2v2) + (3 = 242)9).

§d) = —

Likewise, in view of (14), as (7) implies (13), under assumption (7), we derive that inequality (6) holds with
the constant

n(d) = d; L+ V2 + (1 - v2)9).

In the next theorem, we will improve these bounds as follows:

Theorem 3. Under assumption (5), inequality (4) holds with the constant
&) = 32Vd,
while under assumption (7), inequality (6) holds with the constant
n(d) = 3*47d.
Note that
392 = 5196152 ...< 3 + 242 = 5.828427 ...
and

334 = 2279507 ...< 1+ <2 = 2.414213 ...

By Theorem 1, the constants 3*2 and 3%* cannot be replaced by the constants smaller than # =
2.618033... and % = 1.618033..., respectively, so there is still a gap for improvement of those constants

in one or the other direction.
In Section 2, we give some auxiliary lemmas and then prove Theorems 1-3 in Section 3. The proofs are
self-contained except for some basic properties of Chebyshev polynomials and Lemma 4.
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2 Auxiliary results related to Chebyshev polynomials

Let Ty(x) = cos(d arccos x), where —1 < x < 1 be the Chebyshev polynomial of the first kind. Below, we shall
use the following standard formulas:

apl - 4
Tix) = ) ( j(x2 - Dxd-%, (15)
o \2k
A& d-k-1
i) = 5 kgo(—n d =z (16)
for all x ¢ R and
Ty(x) = %((x + VX2 -1+ (x - Vx2-1)9) 17)

for x > 1 that can be found, for instance, in [13, Chapter 22]. See also [14] and [15].
The most useful property of Chebyshev polynomials that we will use is the inequality

ITy(x) <1 for -1<x<1. (18)

Some basic properties of Chebyshev polynomials were established by Chebyshev himself, Markov and
Bernstein (see [16]). We first state the following lemma, which is a combination of Theorem 2.1 (with é = 0),
Corollary 2.1 and Theorem 2.2 in the paper of Osipov and Sazhin [17]. (Its partial case has been proved in
[18]. See also [19].)

Lemma 4. Let P € R[x] be a degree d polynomial satisfying |P(x)| <1 for x € [0, a]. Then, for each k,

0 < k < d, the absolute value of the kth coefficient of P(x) does not exceed that of the kth coefficient of the
polynomial Ty(2x/a — 1). In particular,

L(P) < L(Ty(2x/a - 1)). (19)

Moreover, if P € R[x] is a degree d polynomial satisfying |P(x)| < 1 for x € [-1, 1], then the length of the
polynomial P(x) does not exceed that of Ty(x).

Next, we calculate the lengths of some shifted Chebyshev polynomials.
Lemma 5. For each a > 0, we have

1 2 2 d 2 2 d
L(Ty(2x/a - 1)) = 5 (1 + E + E\/a + 1) + (l + E - E\/a + 1) (20)

and

a

2 d _ 2 d
L(Td(x/a)):%([pr\/z +1j +[1 Va +1]]. 1)

Proof. Inview of arccos(2y — 1) = 2 arccos(\/y ) for y € [0, 1], we obtain T;(2y — 1) = T4(,/y ). Hence, Ty(2x/a - 1) =
Tua(y/x/a) and from (16) it follows that

d-k I _
@d—k-1! 4

k' (2d - 2k)! @)

d 4
Ty2x/a - 1) =d Z(—l)k[—j
k=0 a

for x € [0, a]. By the uniqueness theorem for holomorphic functions (see [20, p. 122]), this formula must
hold for each x € C.
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From (22) we see that the coefficients of the polynomial T;(2x/a — 1) have alternating signs, so its length
equals the modulus of its value at x = -1, namely,

L(Ty(2x/a - 1)) = |Ty(-2/a - 1)| = [Ty(2/a + 1)|.

Inserting x = 2/a + 1 into (17) we find that T;(2/a + 1) is equal to the right hand side of (20), whence the
result.
Similarly, by (16), the length of T(x/a) is equal to |Ty(i/a)|. Since

(/@) - DX = (-D¥A + Yad)* and  (ifa)* > = id(-1)a*~4,
inserting x = i/a into (15), we find that

ld/2]
L(Tyx/a)) = |Ty(i/a)| = a@ Z(;{j(az + k= ﬁ((l +V@2+1)+ (1 -Va2+1)9),
k=0

which completes the proof of (21). O
Combining (19) with (20) we obtain the following:
Lemma 6. Let a > 0 and let P € R[x] be a degree d polynomial satisfying |P(x)| <1 for O < x < a. Then,
L(P) < %[(1 + % + %ijd + (1 + % - %mﬂ.
Likewise, combining the last statement of Lemma 4 with (21), where a = 1, we obtain the following:

Lemma 7. Let P € R[x] be a degree d polynomial satisfying |P(x)| < 1 for -1 < x < 1. Then,
L(P) < %((1 + 2+ (1= ).

In the next lemma, we give the bounds for the modulus of the polynomial P € R[x] of degree d and the
modulus of its reciprocal polynomial P*(x) = x?P(1/x) in the interval [0, 1] under assumptions of (5) and (7).

Lemma 8. Let P, Q € R[x] be two degree d polynomials satisfying (5). Then, |P(x)| < (d + 1)H(Q) and
|[P*(x)| < (d + 1)H(Q) for x € [0, 1].
Furthermore, if P, Q € R[x] are two degree d polynomials satisfying (7), then

%|P<x> + P(-)l, %|P(x) ~P(-x)| < (d + DH(Q) @)

and

%|P*(x) + P, §|P*<x) ~ Pl < (d + DHQ) (24)

for x e [-1,1].

Proof. By (1) and (2), we clearly have |Q(x)| < L(Q) < (d + 1)H(Q) for x € [0, 1], which implies the first
inequality in view of (5). To see that the second inequality holds, observe that (5) and deg P = deg Q
implies |P*(x)| < |Q*(x)| for each x > 0. In particular, this inequality holds for x € [0, 1]. Now, the second
inequality of the lemma follows by |Q*(x)| < (d + 1)H(Q*) for x € [0, 1] and H(Q*) = H(Q).

For the second part, assume that P, Q are two degree d polynomials satisfying (7). For x € [-1, 1],
we have |Q(|x])] < L(Q) < (d + 1)H(Q), which implies |[P(x)| < (d + 1)H(Q). Also, from (7) it follows that
|P*(x)| < 1Q*(]x])| for [x|] < 1, and hence

[P0l < 1Q*(IxDl < (d + DH(Q") = (d + DH(Q).
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Furthermore, since the pair of polynomials P(-x), Q(x) also satisfies (7), we obtain |P(-x)|, |[P*(-x)| <
(d + YH(Q) for x € [-1, 1]. This implies the bounds (23) and (24). O

We conclude this section with the following inequality:

Lemma 9. Ford e Nand k,0 < k < d, set

fik, d) = ﬁ(d;(kaﬂ& (25)
Then,
33d)2
,max, fk, d) = f(ld)2], d) < 0.47 - Nk (26)
Furthermore, for d > 3 odd we have
fld+1)2,4d) = -1/2,d-1). 27)

Proof. Inequality (26) can be easily verified directly for d in the range 1 < d < 7. Then, the maximum of
the left hand side of (26) is indeed attained at k = |d/2] and is equal to

1, 8, 18, 160, 400, 3584, 9408

ford =1,2,3, 4,5, 6,7, respectively. In each case, it is smaller than 0.47 - 334/2/\/d for the corresponding
value of d.
Fix any d > 8. By (25), for k in the range O < k < |d/2] - 1, we have

fk+1,d) _, @d+ld-k _4d-k) _d -k
flk,d) — Qk+1)Qk+2) ~ @k+2? (k+1)?

>

because k? + (k + 1)? < 2(k + 1) < 2|d/2* < d? for d > 2. Thus, the maximum of f(k, d) in (26) is attained
at k = |d/2].
Assume first that d > 8 is even. Set

By = 2413d2) (28)
3(d/2)'d!
Then, |d/2] = d/2, and hence
_d 3d/2) 42 _
0 0= a0 = L (P - @

Applying (10) to n = 3d/2, d/2 and d, by (28), we derive that for each even d > 8

= 241y3nd (3d/2e)3d/2693d/2 = L . 33d/2 . ob3a/2-6a/2-6a
3/ nid (d[2e)? 2%z 2nd (dfe)deb 3nd
< 61/144 . i 33d/2 < 0.47 - 1(1/2.
w Ja 7

So, by (29), this implies (26) for each even d > 8.
Ifd >9is odd, then D :=d — 1 > 8 is even and |d/2] = (d - 1)/2. Accordingly, we have

max f(k d) =f((d - 1D/2,d).

0<k<|d/2]
Thus, in view of

¢  (Bd-1pR)! D+ 3DR2+1)! D+1
3d-1 d-1D!'(d+1R2)! 3D+2 DDR+1)! D+2

f((d-1/2,d) = - 3Bp,
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where the last equality follows from (28), we derive that the left hand side of (26) does not exceed 3Bp. Using
the upper bound for Bp for even D = d — 1 > 8 we derive that

3D /2 3d/2 3d/2
3 =1.41-33/2. 3 029-3

7D Ja1 T

for each odd d > 9. This completes the proof of (26).
The verification of (27) is straightforward. The left hand side of (27) divided by the binomial coefficient

3Bp < 3-0.47 -

3(d-1)/2
( -1y ) equals
f(d+D2,d) 2d3d/2+1/2)(3d /2 - 1/2)2%'  (3d - 1)2¢
(3«14)/2) - 3d + 1)(d + 1d od+1
(d-1/2

while, by (29), the right hand side divided by the same binomial coefficient equals

9d -3 f(d-1/2,d-1) _9d-3 2-49D2 (3d-1)2

d+1 (3(d—1)/2) d+1 3 od+1
d-1

’

which is the same. O

3 Proofs of the main results

Proof of Theorem 1. Consider the pair of degree d polynomials
P(x) = Tyx/2-1) and Q(x) =1+ x4

We first show that they satisfy condition (5). Indeed, for O < x < 4, we have |Ty(x/2 — 1)] <1 by (18), so
[P(x)] <1 <1+ x9=Q(x). Assume that x > 4. We will show that then

|Ty(x/2 - 1)| = Ty(x/2 - 1) < x4.

Indeed, setting y := x/2 - 1 > 1 and using (17) we deduce

%((y P (- o) < %((Zy)d +1) < @2y + 2.

Hence, these two polynomials satisfy (5) for each x > 0. This implies the first part of the theorem, because
H(Q) = 1 and H(P) is greater than or equal to

LP) LTGR2-1) 1 ([3 + ﬁj‘j . (3 - \/Eﬂ

d+1 d+1 T 2d+2 2

by (1) and (20) with a = 4.

For the second part, take P(x) = Ty(x/2) and Q(x) = 1 + x%. Then, for -2 < x < 2, we have | Ty(x/2)| < 1 by
(18), and hence |P(x)| <1 < 1 + |x|? = Q(Jx]). Since | Ty(x)| = |T«(~x)|, in order to verify (7) it suffices to check
that | T;(x/2)| = Ty(x/2) < x? for x > 2. This is indeed the case, because

Ti(x/2) = %((X/Z + (/22 - 1)+ (x2 - J(x/2)2 -1)9) < %(xd +1) < x4

by (17). Consequently, these two polynomials satisfy (7) for each x € R. As above, this implies the second
part of the theorem, because H(Q) = 1 and H(P) is greater than or equal to

LP)  LTeR) 1 [(1 ¥ ﬁ}d +(1 - ﬁﬂ
2

d+1 d+1 2d+2 2

by (21) with a = 2. O
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Proof of Theorem 2. Suppose that P, Q € R[x] are two polynomials satisfying (11). Then, by (2), we have
[P(x)| < L(Q) for each x € [0, 1]. Applying Lemma 6 to a = 1 and the polynomial P(x)/L(Q) of length L(P)/L(Q)
we find that

L(P)

d _ d
Q) (B +2V2)y + 3 - 2v2)9),

<

N |-

which implies (12).
Similarly, by (2) and (13), we obtain [P(x)| < L(Q) for each x € [-1, 1]. So, applying Lemma 7 to the
polynomial P(x)/L(Q) of length L(P)/L(Q) we derive that

Lp) 1 d _ Ay
L(Q)SZ((1+\/§) +(1-+/2)%),

which gives (14). O

Proof of Theorem 3. Let P and Q be two degree d polynomials satisfying (5). Then, by Lemma 8, we have
[Pl < (d+1H(Q) and [P*(x) < (d+ 1)H(Q) (30)

for x € [0, 1]. From (22) with a = 1, it follows that

T2x - 1) = i(—l)d-ki(" : k}l"x".
P d+k\ 2k
Write
P(x) = ap + ayx +---+ agx? and P*(x) = ag + aa_1X +---+ aox*.

Then, using (30), by the first part of Lemma 4 with a = 1, we deduce that for each 0 < k < |d/2]

max{lay, lagxl} _ _d (d + ")41(
@d@+DHQ ~d+k\ 2k )’

which is less than 0.47 - 33/2/\/d by Lemma 9. Hence, from

H(P) = max|a| = max max{|al, az rl}
O<ksd 0<k<|d/2]
we conclude that
33d/2
H(P) < (d + DH(Q) <2321 /dH(Q), €3))

2Jd

for each d > 3. Note that (31) also holds for d = 1 and d = 2 by (8) and (9). This implies the first part of
the theorem with &(d) = 2 - 3342-1/d, which is better than claimed.

Next, suppose that P(x) = ag + a;x + ---+ azx? and Q(x) satisfy (7). Assume first that d is even. Then,
we can rewrite (23) in the form

lao + ayx? + -+ agxq, lax + a3x® + -+ ag_1x471 < (d + 1)H(Q).
Replacing x? by y € [0, 1] and using
la;x? + asx* + -+ ag X9 < |lax + a3 + -+ ag_1 x4,
we deduce
lao + @y +--+ agy?l, lay + azy?> + -+ aq1y?? < (d + DH(Q)
for y € [0, 1]. In the same fashion, from (24) it follows that
|ag + agoy +--+ aoy?|, 1aa-1y + ag3y? + -+ ay?? < (d + YH(Q)

for y € [0, 1].
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Now, by the first part of Lemma 4 with a = 1 and d replaced by d/2, we derive that max{|ao|, |ag4|} <
(d + 1)H(Q) and for each 1 < k < |d/4]

max{|ay._1l, laxl, lag—l, |aq—s1l} < d/2 (d/z + k)4k
(d + DH(Q) Tdi2+k\ 2 ’

which is less than 0.47 - 33¢/4/(,/d/2) by Lemma 9. Consequently, the moduli of all coefficients of P except
possibly for ag;, (which happens for d even but not divisible by 4) are bounded above by

33d/4
d + VH(Q) ——— < 334 /2d H(Q).
d+1) (Q)Nd_/2 < V2dH(Q) 32)

In particular, this implies the bound better than claimed for d divisible by 4.
Ifd is of the form 41 — 2,1 € N, then the coefficient ag;, = ay-; occurs for yl. So, by the first part of Lemma 4
with a = 1 and d replaced by d/2, we get

laqpl - d/2 (d/z +1
(d+1DHWQ) ~d/2+1 2

jd =f((d + 2)/4,d/2).

For d = 2, this equals 2 and gives the bound |@| < 6H(Q) implying H(P) < 6H(Q), which is better than
required. For d > 6, by the identity (27) with d replaced by d/2, we see that the right hand side is equal to
9d - 6
d+2

f(d-2)/4,d/2 -1).

In view of (26) this is less than

_ 3d /4-3/2 _ 3d/4
0.47.24-6 .3 04746 42233

d+2 Jdj2-1 d+2 d-2’

and hence

_ 3d/4
lagel < 0.47 -6 - A=+ - T g

d+?2 Jd -2

Now, by

(d+1)(d-23)<(d+2,dd-2)

and 0.47 - /6 < 1.16, we obtain |a, ;| < 1.16 - 33¢/ 4./d for d > 6. Combining this with (32), we complete
the proof of the inequality H(P) < 33¥4\/2d H(Q) for each d > 2 of the form 41 — 2, [ € N.

It remains to consider the case when d is odd. For d = 1, we have H(P) < H(Q) by (8), so we can assume
that d > 3. Note that, by an argument as above, (23) implies

lag + ayx? + -+ ag_1 x4, lax + a3x® + -+ agx¥ < (d + 1)H(Q),
while (24) yields
|@g_1 + ag_3x% + -+ mx®Y, lagx + az_233 + -+ aox? < (d + 1)H(Q).
Following the above argument, replacing x> by y € [0, 1], we find that
lao + @y + -+ ag1y2l, lary + asy? + -+ agy''| < (d + DH(Q)
and
|@a-1 + @a-sy +-++ @3], 1ay + @aay? + -+ aoy's'| < (d + DH(Q)

for y € [0, 1].
Applying the first part of Lemma 4 with a = 1 to the above 4 polynomials of degree at most (d + 1)/2,
we derive that max{|ao|, |az_1|} < (d + 1)H(Q), whereas for each 1 < k < |(d + 1)/4]

max{|ay_1l, |axl, |ag_o-1l, |aa_s+2!}
(d + 1)H(Q)
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does not exceed

d+ 1R ((d + 12+ kjl‘k
d+1D2+k 2k '

By Lemma 9, this is less than 33@*D/4//2d + 2. It follows that the moduli of all the coefficients of P (except
possibly for a.1, when d = 41 + 1,1 € N) are less than

33(d+1)/4 H(Q B 33/4 Id + 1
J2d + 2 V2

for d > 3. This completes the proof of the second part of the theorem for all odd d except for those of the
formd=41+1,1€¢N.

We now turn to the case when d = 4l + 1. Then, the only coefficient a(.1), = ax.1 that remains to be
dealt with occurs for y!*1. In that case, by the first part of Lemma 4 with a = 1 and d replaced by (d + 1)/2,
and by identity (27) with d replaced by (d + 1)/2, we find that

d+1) 334H(Q) < 24/d - 33H(Q)

9d
d

a1yl - d+1)2 ((d +DR+1+1

I+1 _ _
d+1DHWQ) ~ d+1DR+1+1 2A+2 j4 = f(d+3)/4 @+ 1)/2) =

Y 35(d - 14, d - DP2).
+3

Using the upper bound (26) on f((d — 1)/4, (d — 1)/2) we deduce

3d/4-3/4
laypl cd+1) 0.47(9d +3) 3

HQ) d+3 Jd-12’
Here, the right hand side is less than 33"/“\/7_d , for each d > 5, because
d+1Dd+13)<(d+3)vd2-d

and 0.47 -9 - 33 . 2 < 2.63 < /7. Hence, |a.1)2 < 3*¥47dH(Q). Since we already proved that the
moduli of all other coefficients a, k # (d + 1)/2, are less than 2+/d - 33¥*H(Q), this completes the proof of
the inequality H(P) < 334/4\/7d H(Q) for each d of the form 4l + 1. This finishes the proof of the theorem. [
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