Metadata, citation and similar papers at core.ac.uk

Provided by Elsevier - Publisher Connector

JOURNAL OF MATHEMATICAL ANALYSIS AND APPLICATIONS 8, 45-51 (1964)

On Dirichlet Series and Toeplitz Forms*
HEerBeRT 5. WILF

University of Pennsylvania, Philadelphia, Pennsylvania

Submitted by Samuel Karlin

I. INTRODUCTION

Let K{(x,y) be nonnegative for nonnegative x# and y. Then K(x,y) is
homogeneous of degree —1 if for every « > 0 we have

K(ox, ) = o« K(x, ) (%, >0) 1

If K(x, y) is also symmetric and decreasing we say that K(x, y) €. Such
a function defines an integral operator on (1, ) by

Kf) = | K, 3)f0) dy @

It was shown implicitly in [1] and explicitly in [2] that the spectral theory
of the operators (1), (2), and of Toeplitz integral operators

6 =[" Ga—nfdy (G = G-w) 6

are two sides of the same coin in the sense that the kernel K(x, y) of 5 on
the interval (1, n) has precisely the same eigenvalues as the Toeplitz kernel
K(e®9/72, =012y on the interval (— % log n, 1 logn). Conversely, the
Toeplitz kernel G(x — y) on (—A4, A) has the same eigenvalues as

K(u, v) = ﬁ G (1og g) 4)

which is evidently homogeneous of degree —1, on (1, ¢4). The symmetry
of K(x, y) reflects the evenness of G(x). This identification permits the trans-
lation of spectral information about either class to corresponding information
about the other.

* This work was supported in part by the U.S.A.E.C. under contract with the
Argonne National Laboratory.
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II. SpectrRAL DENSITY

First, it is well known that the %, spectral theory of Toeplitz kernels
depends on the behavior of the Fourier transform

F&) = f " et Glu) du )

—a0

of the kernel on the real axis. Putting G(x) = K(e*/%, e~*/%) we find that

e = | ww eiut K(ev/2, e-u/2) du

- f " i K(£1/2, t-1/2) g
0

= “ g K1, 1) dt
0

— f”t—sK(t, Dat (s =3+t
0

where the homogeneity of K(x,y) was used. It follows that the spectral
theory of K(x, y) depends on the behavior of the Mellin transform of K{(z, 1)
on the critical line, in the ., case.

We mention a few applications of this idea. Let the Toeplitz kernel
G(x — y) have &, bound M and let 0 << @ < b < M. Let N (a, b) denote
the number of eigenvalues of the operator (3) which lie in (4, 5). Then Kac,
Murdock, and Szego [3] have shown that

im Y400 _ L) 50 < mg < b)) ©

where | E | is the measure of E. As an immediate corollary we have

TueoREM 1. Let F(s) denote the Mellin transform of K(1,t), where
K(x,y)e . For 0 < 8 < 1 let f,(0) denote the number of eigenvalues of the
operator (2) which lie in the interval (8M, M), where M = F(3) is the bound
of K. Then for fixed 6,

Jo0) ~ H(f)logn  (n—>) (M
where

H) = | B |05(}) < FG+ i) < FB) |
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We remark that the functional equation F#(s) = (1 — s) is easily seen
to hold for #(s) if M <C . Indeed,

1 1
F(s) = f K(t, 1) t-2 dt + f K(t, 1) =1 dt
0 0
As an application of Theorem 1 we consider the Hilbert kernel K(x, y) =
(x + ¥)1. We find

F(s) = mescms (0 <Res << 1) (8)
and deduce

CoroLrLarRY 1. Let f,(0) be the number of eigenvalues of the equation
Aglx) = f o) d ©)
which lie in the interval (6m, m) (0 < 0 < 1). Then
2 1
£6) ~ (— cosh-1 ) logn  (n—»c) (10)

The Hilbert kernel happens also to be a Hankel kernel. The general
theory of Hankel kernels (see [4, p. 89]) gives only that f,(6) is unbounded,
in this case.

III. ArproAacH OF EIGENVALUES TO THE UNIFORM BoOUND

As a second application of the duality between kernels of # and Toeplitz
forms we mention the rate of approach of the vth eigenvalue of (2) to M,
for fixed v, as n — oo, The case v = 1 was treated in [1] and [2] and actually
converted into a theorem about matrices. By virtue of the complete identity
of the spectra, however, the result, at least for integral operators, persists for
all », and we get the following translation of a theorem of H. Widom [5]
into our present language:

Tueorem 2. Let K(x, y) €, let F(s) be the Mellin transform of K(2, 1),
and let X denote the vth eigenvalue, arranged in decreasing order of size, of
the problem

Mole) = [ K(x, ) 9(3) dy (an
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Then for fixed v and n — o we have

V‘IT')/

A = F(3)— {log n)? + O((log n)~3)
where (12)
y=| " (log )2 K(1, ) -V dt.
1

IV. DIRICHLET SERIES
Here we wish to observe that the spectral theory of matrices
K(p, v)],,=1 (K(%, ) € o) bears the same relation to Dirichlet series as

the Toeplitz sections G(u — v)], ,_o bear to trigonometric polynomials.
Indeed suppose the relation

F(s) = f:ot-sK(t, 1)dt  O0<Res<l

is invertible, to give
S ) .
Kt 1) = o [ FG+if)einidg
Then we have

u
— g—1 _
K(u,v) = v K(v,l)
_ —1_ J,oo gz'(l + 1€) ul/2-iEy=L/HiE g
20 J_, 7 ‘2
Hence if {x,,}io is any sequence of complex numbers it follows that

2
i (13)

3, sk =5 [ FG+0)|3

1<pr<n

an interesting identity for Dirichlet series which is the analogue of the familiar
relation

S 4Gk —v)x, = —2177— [ Fo)| 3 e rde (14)

wy<n e e« )

for Toeplitz forms and trigonometric polynomials. Evidently the positive
definiteness of K(x,y) is bound up with the positivity of F(& -+ if), a
kind of “anti Riemann-hypothesis.”
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In particular, from (13) and Theorem 2 we have the following inequality
for Dirichlet series:

THEOREM 3. Let F(s) be the Mellin transform of K(t, 1) for some K(x, y)
of A and suppose F (s) is invertible on the critical line. Then for arbitrary
complex numbers {x,,} we have

‘2“1;_[00 g"(%‘f'if)]iﬁ%lzd§<f(%)ilxylz (15)
- v=1 p=1

As an illustration, take x, = v1/2 (y = 1,2, **-) and

K(x, y) = {max (x, )} (16)
Then
1 1
FO=5+1=
and (15) reads
© |1 dg 21
[ 2| 5 TSWR, = OlEn =) ()

As an application of (13) take
2, =Av)rv?* (=12 ) (18)
where A(v) is Liouville’s function
Nt - pim) = (—T)at-%n
Then the left side of (13) is

5,8
pav=1 v oy v=1

2 /\(P') )‘(V) K( ) i Ii‘(f"’ V) /\( )

,nZ

=D XNm) D, K(p,mlu) pS(mju)s

m=1 ulm
minSpusn
nZ
A(m) ;
—_ K , m 2it
mz - % (1, mjp)
m/n<un
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Making 7 —  in (13) we find for Re s > 1,

2 \m ,
lim > —fn—.l S, K, mip) p
m=1

plm
miapusn

(19)

1 U2+ 2¢) i ¢ = b i)

:j;J-_mﬁ(z—i‘ f)l 0 _|_s)

If we take the Hilbert kernel, then the estimate

1 dm)
WVm) + (Vmjp) " 2vVm

w 1
| 2 ;»+(m/p)|<\/;§,,
mausn

justifies the interchange of limiting processes for o > 1, giving

@ )\(m) d‘2it _ o Lff €(23+ 2&") 2
D D TTT =), ekt | o) K (20)

where d’ = m/d, A weaker, but still nontrivial statement is

0<3 BT rr <) > @y

m—l

V. Opex QUESTIONS

Among the many unsolved problems in this area we mention the following,
which are probably arranged in increasing order of difficulty:

(a) Does Eq. (10) hold also for the Hilbert matrix 1/(n + )], ., ?

(b) More generally does Theorem 1 hold for matrices K(u, v)]; -, where
K(x, y) e #?

(¢} Same as (b), for Theorem 2.

(d) What are the [, £, generalizations of Theorem 2? Precisely, if
M.? is the £, bound of K(u, »)]7 then we know [6] that

M@ | T Kt 1) dt = MO 22)
0

What can be said about the difference M® — M} For p = 2 the answer
turned on the behavior of the Mellin transform on the line ¢ = 1. Equation
(22) strongly suggests that in general the rate of approach will depend on the
behavior of the Mellin transform on the lines ¢ = 1/p, 1/p’ near the real axis.
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