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Abstract

Let A and B be non-negative self-adjoint operators in a separable Hilbert
space such that its form sum C is densely defined. It is shown that the Trotter
product formula holds for imaginary times in the L?-norm, that is, one has

T . . n . 2
lim H (efztA/nefztB/n) h— efthhH dt =0
n—-4o00 0

for any element i of the Hilbert space and any 1T° > 0. The result remains
true for the Trotter-Kato product formula

T
im [ [|(f(itA/n)g(itB/n))" b — e "Ch|[* dt = 0

n—-+o00 0

where f(-) and g(-) are so-called holomorphic Kato functions; we also derive
a canonical representation for any function of this class.
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1 Introduction

The aim of this paper is to prove a Trotter-Kato-type formula for unitary groups.
Apart of a pure mathematical interest such a product formula can be related to
physical problems. In particular, Trotter formula provides us with a way to define
Feynman path integrals [6, 13] and extending it beyond the essentially self-adjoint
case would allow us to treat in this way Schrédinger operators with a much wider
class of potentials.

In order to put our investigation into a proper context let us describe first the existing
related results. Let —A and —B be two generators of contraction semigroups in the
Banach space X. In the seminal paper [23] Trotter proved that if the operator —C,

C:=A+ B,
is the generator of a contraction semigroup in X, then the formula

e ¢ = s-lim (e_tA/”e_tB/")n (1.1)
holds in ¢t € [0, 7] for any 7" > 0. Formula (1.1) is usually called the Trotter or Lie-
Trotter product formula. The result was generalized by Chernoff in [2] as follows:
Let F(-) : Ry — B(X) be a strongly continuous contraction valued function such
that F'(0) = I and the strong derivative F”(0) exists and is densely defined. If —C,

C' := F’(0), is the generator of a Cy-contraction semigroup, then the generalized
Lie-Trotter product formula

e 10 = S-JLIEO F(t/n)" (1.2)
holds for ¢ > 0. In [3, Theorem 3.1] it is shown that in fact the convergence in the
last formula is uniform in ¢ € [0,77] for any 7" > 0. Furthermore, in [3, Theorem
1.1] this result was generalized as follows: Let F(:) : Ry — B(X) a family of
linear contractions on a Banach space X. Then the generalized Lie-Trotter product
formula (1.2) holds uniformly in t € [0,7] for any 7" > 0 if and only if there is a
A > 0 such that

A+O) "t =s-lim A+ S,)™*

T—+0

where

Using the results of Chernoff, Kato was able to prove in [14] the following theorem:
Let A and B be two non-negative self-adjoint operators in a separable Hilbert space
9. Let us assume that the intersection dom(A'/?) N dom(B'/?) is dense in $. If
C := A + B is the form sum of the operators A and B, then Lie-Trotter product
formula

e = 5-lim (e’tA/”e’tB/")n (1.3)

n—oo



holds true uniformly in ¢ € [0, 7] for any 7' > 0. In addition, it was proven that a

symmetrized Lie-Trotter product formula,
e—tC — s-lim (e—tA/Qne—tB/ne—tA/Qn)” 7 (14)

n—0oo

is valid. In fact, the Lie-Trotter formula was extended to more general products
of the form (f(tA/n)g(tB/n))" or (f(tA/n)2g(tB/n)f(tA/n)'/?)" where f (and
similarly g¢) is a real valued function f(-) : R, — Ry obeying 0 < f(t) < 1,
f(0) =1 and f’(0) = —1 which are called Kato functions in the following. Usually
product formulee of that type are labeled as Lie-Trotter-Kato.

It is a longstanding open question in linear operator theory to indicate assumptions
under which the Lie-Trotter-Lie product formulee (1.3) and (1.4) remain to hold for
imaginary times, that is, under which assumptions the formulae

e "C — o_lim (e—itA/ne—itB/n)n’ C=A + B, (1‘5)
or ' , . .
67”0 — s_lim (efztA/ZnefztB/nefztA/Qn)n : C=A _|_ ‘B7 (16)

are valid, see [9], [3, Remark p. 91], [12] and [21]. We note that if A and B be
non-negative selfadjoint operators in $ and the limit

U(t) := s-lim (e—itA/ne—itB/n>7’b

n—oo

exists for all ¢+ € R, then dom(A'2) N dom(B'/?) is dense in § and it holds U(t) =

e " t € R, where C := A + B, see [13, Proposition 11.7.3]. Hence it makes
sense to assume that dom(A'/?) N dom(B'/?) is dense in $. Furthermore, applying
Trotter’s result [23] one immediately gets that formulae (1.5) and (1.6) are valid if
C := A+ B is self-adjoint. Modifying Lie-Trotter product formula to a kind of
Lie-Trotter-Kato product formula Lapidus was able to show in [16], see also [17],

that one has '
e "¢ =s-lim ((I +itA/n)""(I +itB/n)~")"

uniformly in ¢ on bounded subsets of R. In [1] Cachia extended the Lapidus result
as follows. Let f(-) be a Kato function which admits a holomorphic continuation
to the right complex plane Cygy := {2z € C : Re(z) > 0} such that [f(2)] < 1,
2 € Ciign. Such functions we call holomorphic Kato functions in the following. We
note that functions from this class admit limits f(it) = lim._.,o f(e + it) for a.e.
t € R, see Section 5. In [1] it was in fact shown that if f and g holomorphic Kato
functions, then

T 2
dt = 0.

iy [ (L2 LB, _ v

for any h € $ and T > 0. Since f(t) = e7*, t € R,, belongs to the holomorphic

Kato class we find
<e—2itA/n _;_ e—ZitB/n) . efitCh

2

dt = 0.

T

lim

n—o0 0




for any h € $ and T > 0.

Before we close this introductory survey, let us mention one more family of related
results. The paper [1] was inspired by a work of Ichinose and one of us [7] devoted to
the so-called Zeno product formula which can be regarded as a kind of degenerated
symmetric Lie-Trotter product formula. Specifically, in this formula one replaces
the unitary factor e=*4/2 by an orthogonal projection onto some closed subspace
h C $ and defines the operator C' as the self-adjoint operator which corresponds to

the quadratic form €(h, k) := (\/Eh, \/Ek), h,k € dom(€) := dom(v/B) N b where
it is assumed that dom(#) is dense in . In the paper [7] it was proved that

T
lim ||| (Pe 2 P)" b~ e Cn]| at =0
n—oo 0

holds for any h € h and T' > 0 where P is the orthogonal projection from $ onto b.
Subsequently, an attempt was made in [8] to replace the strong L?-topology of [7]
by the usual strong topology of $). To this end a class of admissible functions was
introduced which consisted of Borel measurable functions ¢(-) : R — C obeying
lo(z)] <1, z € Ry, ¢(0) = 1 and ¢/(0) = —i. It was shown in [8] that if ¢ is an
admissible function such that Sm (¢(x)) <0, z € R, then

e " = s-lim (Pp(tB/n)P)" = e~ "¢

holds uniformly in ¢ € [0, T] for any T' > 0. We stress that the function ¢(x) = e™**,
r € R, , is admissible but does not satisfy the condition Sm (e=*) < 0 for x € Ry,
and the question about convergence of the Zeno product formula in the strong
topology of $ remains open.

The paper is organized as follows: In Section 2 we formulate our main result and
relate it to the Feynman integral. In Section 3 is devoted to the proof of the main
result. The main result is generalized to Trotter-Kato product formulas for holo-
morphic Kato function in Section 4. Finally, in Section 5 we try to characterize
holomorphic Kato functions.

2 The main result

With the above preliminaries, we can pass to our main result which can be stated
as follows:

Theorem 2.1 Let A and B two non-negative self-adjoint operators on the Hilbert
space 9. If their form sum C := A + B s densely defined, then

T . ) n : 2
lim [ |[(e7 e By ||t =0 (2.1)
n—oo J,
and
. . . n , 2
lim ’ (e—ztA/2n€—ztB/n€—ztA/2n) h— e—thhH dt =0 (22)
n—oo Jq

4



holds for any h € $ and T > 0.

We note that Theorem 2.1 partially solves [13, Problem 11.3.9] by changing slightly
the topology.

Remark 2.2 From the viewpoint of physical applications, the formula (2.1) allows
us to extend the Trotter-type definition of Feynman integrals to Schrédinger opera-
tors with a wider class of potentials. Following [13, Definition 11.2.21] the Feynman
integral Ft, (V') associated with the potential V' is the strong operator limit

Fro(V) := s lim (e_itHO/"e_itV/”)n
where H := —3A and —A is the usually defined Laplacian operator in L?(R?). From
[13, Corollary 11.2.22] one gets that the Feynman integral exists if V : R — R is

Lebesgue measurable and non-negative as well as V € L2 (R?).

Taking into account Theorem 2.1 it is possible to extend the Trotter-type definition
of Feynman integrals if one replaces the L?(R%)-topology by the L2([0,7] x R%)-
topology. Indeed, let us define the generalized Feynman integral ngP(V) by

lim ‘
n—oo 0

(e_th/ne—ltV/") h — _;C'éTP(V)hH dt =0

for h € L*(R%) and T' > 0. Obviously, the existence of Ftp (V) yields the existence of
Firp(V) where the converse is in general not true. By Theorem 2.1 one immediately
gets that the generalized Feynman integral exists if V' : R? — R is Lebesgue
measurable and non-negative as well as V € Ll _(R?). This essentially extends the
class of admissible potentials. The same class of potentials is covered by the so-called

modified Feynman integral F},(V') defined by

Fy (V)= s-lim ([I +i(t/n)Ho] '[[ +i(t/n)V]™")",

n—oo

see [13, Definition 11.4.4] and [13, Corollary 11.4.5]. However, in this case the
exponents are replaced by resolvents which leads to the loss of the typical structure
of Feynman integrals.

Remark 2.3

(i) Formula (2.1) holds if and only if convergence in measure takes place, that is,
for any n > 0, h € $§ and T" > 0 one has

lim Hte 0,77 : )

n—oo

(e—itA/ne—z‘tB/n)" h— e—itChH Z n}‘ =0. (2.3)

where | - | denotes the Lebesgue measure.



(ii) We note that the relation (1.3) can be rewritten as follows: for any n > 0,
h e $and T > 0 one has
lim sup H (e_tA/"e_tB/")n h — e_tChH = 0.
N0 (0,7

This shows that passing to imaginary times one effectively switches from a
uniform convergence to a convergence in measure.

(iii)) Theorem 2.1 immediately implies the existence of a non-decreasing subse-
quence ng € N, k € N such that

fim H (e—itA/nke—itB/nk)”k h— e—itChH -0

k—o00

holds for any h € § and a.e. t € [0,T].

3 Proof of Theorem 2.1

The argument is based on the following lemma.

Lemma 3.1 Let {S;(:)}=0 be a family of bounded holomorphic operator-valued
functions defined in Cyign such that Re (S-(z)) > 0 for z € Cygne. Let R.(z) :=
(I+5-(2)7", 2 € Cyigne. If the limit

s-limo R.(t)

T—

exists for allt > 0, then the following claims are valid:

(i) The limit
R(z):=s -limO R.(2)

T—+
exists everywhere in Cign, the convergence is uniform with respect to z in any
compact subset of Cyigne, and the limit function R(2) is holomorphic in Cigy.

(i1) The limits

R.(it) :==s _elirfo R.(e+1it)

and

R(it) :==s —51_12_10 R(e +it)

exist for a.e. t € R.

(iii) If, in addition, there is a non-negative self-adjoint operator C such that the
representation R(t) = (I + tC)~" is valid for t > 0, then R(z) = (I + zC)™' for
2 € Ciigne and

T
lim [ || R (it)h — (1 +itC) " dt = 0 (3.1)
T— 0
holds for any h € $ and T > 0.



Proof. The claims (i) and (ii) are obtained easily; the first one is a consequence of
[11, Theorem 3.14.1], the second follows from [22, Section 5.2]. It remains to check
the third claim. To prove R(z) = (I +2C)~! we note that (I +¢C)~!, t > 0, admits
an analytic continuation to Cgps which is equal to (I+2C) 71, z € Cyigny. Since R(2)
is an analytic function in Ciign, by (i) one immediately proves R(z) = (I + zC)™!
for z € C,. In particular, we get the representation

R(it) = (I +itC)™!

for a.e. t € R. Furthermore, by [1, Lemma 2| one has

lim [ (R, (it)h,v(t))dt = / (R(it)h, v(t)) dt (3.2)

=40 R R

for any h € $ and v € L'(R, $). Let p(-) € L'(R) be real and non-negative, i.e.
p(t) > 0 a.e. in R. In particular, if v(¢) := p(t)h we find

lim [ p(t) (Ro(it)h, h) dt — / p(8) (R(it)h, h) dt

=10 Jr R

which yields

lim [ p(t)Re {(R.(it)h, h)} dt = / p()Re {(R(it)h, h)} dt. (3.3)

T—+0 R R

Since for each 7 > 0 the function S;(z) is bounded in C,gpy the limit S, (it) :=
s-lim._, oS, (e + it) exists for a.e. t € R, see [22, Section 5.2], and we have
Re (Sr(it)) > 0. Furthermore, from (3.3) we get
hrfrlo p(t) (I + Re{S-(it)}) R, (it)h, R, (it)h) dt (3.4)
T R

= [ pteyRe ((Retitp it = [ p(o) 1RGO .

Obviously, we have

[ o) 1R Gt = Reenl® at = [ p(e) 1R Gnar
+ /R p(t) | R(it)h|| dt — 2Re { /R () (R, (it)h, R(it)R) dt}
If p(t) > 0 for a.e. t € R, then
/R p(t) | R, (it)h — R(t)h]® dt
< /R p(t) (I + Re {8, (it)}) R, (it)h, R, (it)h) dt
+ /R p(t) | R(it)h|| dt — 2Re { /R () (R, (it)h, R(it)R) dt}

7



Choosing v(t) = p(t)R(it)h we obtain from (3.2) that

lim | p(t) (R, (it)h, R(it)h) dt = /R () || R(it)h|? dt. (3.5)

T—+0 Jp

Taking then into account (3.4) and (3.5) we find

lim | p(t)||R.(it)h — R(it)h||* dt = 0.
7—+0 Jr

and choosing finally p(t) := x[,(t), T > 0, we arrive at the formula (3.1) for any
he$Hand T > 0. O

Now we are in position to prove Theorem 2.1. We set
FT(Z> — e—TZA/Qe—TZBe—TZA/27 > 0’

and o
Sy(z) = _—T(z), T >0,
T
for z € Ciigny. Obviously, the family {S(-)};>0 consists of bounded holomorphic
operator-valued functions defined in C,igny. Since ||F(2)|| < 1 for z € Cyigne We get

that Re {S-(2)} > 0 for z € Cyigny and 7 > 0. Using formula (2.2) of [14] we find

s-lim (I +S.(t))' = (I +t0)™!

T—+40

for t € R. Obviously, we have
R.(it) = (I + S, (it)) ™"

for a.e t € R where ) , .
J — e—thA/2€—thBe—thA/2

S, (it) = =

for t € R and 7 > 0. Applying Lemma 3.1 we obtain
T 2
lim (1 + S-(it)) "' h — (I +itC)~"h||"dt =0 (3.6)

T—=+0 Jq

for any h € $ and T > 0.
Now we pass to $-valued functions introducing § := L2([0,T], $). We set

(Af)(t) =tAf(t), fedom(A)={fe$H:tAf(t) € H}

and in the same way we define B and C associated with the operators B and
C, respectively. It is obvious that the operators A, B and C are non-negative.
Setting
F_o— e—irﬁ/2e—ir§€—irﬁ/2 >0
T 7 Y )

8



and

we have

(B0 = E)h () and (5, 7)0) = 2205 4,

T

where h € 5% . From Lemma 3.1 one immediately gets that

lim (T +5,) h — (I +C)'hllg=0

T—+0

for any h € $. Applying now [3, Theorem 1.1] we find

s-lim ﬁ:/

n—oo

_ e—isé
uniformly in s € [0, T'] for any T > 0 which yields

T . , . n ~ - 2
lim H (e—zstA/2ne—zstB/ne—zstA/Qn) h (t) . e—zstC’ h (t)H dt =0

n—oo 0

for any he$andse [0, f], T >0. Setting finally ﬁ(t) = Xp,11(t)h, h € $, and
s = 1 we arrive at symmetrized form (2.2) of the product formula. To get the other
one, we take into account the relation

(e—istA/2n€—itB/ne—itA/2n)n _ itA/2n (e—itA/ne—itB/n)” oitA/2n
which yields
H (e—itA/Qne—itB/ne—itA/Qn)" h_ e—itChH2 _
H (efitA/nefitB/n)”efitA/2nh _ eitA/ZneitChH2

and through that the sought formula (2.1).

4 A generalization

Let f(-) be a holomorphic Kato function. In general, one cannot expect that for any
non-negative operator A the formula

s—hlfof((e +it)A) = f(itA)
would be valid for all ¢ € R. This is due to the fact that the limit f(iy) does not
exist for each y € R, see Section 5. In order to avoid difficulties we assume in the

following that the limit f(iy) exist for all y € R and indicate in Section 5 conditions
which guarantee this property.



Theorem 4.1 Let A and B two non-negative self-adjoint operators on the Hilbert
space ). Assume that C' :== A + B is densely defined. If f and g be holomorphic
Kato functions such that the limit f(iy) = lim,_ o f(z + iy) ezist for all y € R,

then
T

lim [ ||(f(itA/n)g(itB/n))" b — e “Ch||* dt =0

n—oo

forany h € 9 and T > 0.

Proof. We set
FT(Z) = f(TZA)g(TZB), PSS Crighta T Z 07

and I
S, (2) = _—T(Z), z € Cygne, 7 >0.
T

We note that {S;(z)},>0 is a family of bounded holomorphic operator-valued func-
tions defined in Cigp obeying Re {S.(z)} > 0. We set R.(z) := (I + S-(2))7 !,
2 € Cyignt, 7 > 0. By [14] we know that

s-lim (f(tA/n)g(tB/n))" = e~ ¢

n—oo

uniformly in ¢ € [0, 7] for any 7' > 0. Applying Theorem 1.1 of [3] we find

s-lim R (t) = (I +tC)™', teR.

T—+

for t € Ry. Since S;(2), z € Cyignt, is a holomorphic continuation of S (), t € R,
one gets that R.(z), z € Cygn, is in turn a holomorphic continuation of R, (%),
t € R,. Since

F.(it) := S_hrfo F.(e+it) = f(irtA)g(iTtB), 7 >0,

for t € R we find that

I — f(ittA)g(ittB
Sy(it) == S_hI—EO Sy (e+it) = flittA)g(ir )7 r0,
€E— 7—

holds for ¢ € R, which further yields

Ry (it) = s-lim Re(e+it) = (I + S.(it)~', T >0,

for t € R. Applying Lemma 3.1 we prove (3.6). Following now the line of reasoning

used after formula (3.6) we complete the proof. O

Obviously, the Kato functions f(z) := (1 + z/k)™*, € Ry, are holomorphic Kato
functions. Indeed, each function f; admits a holomorphic continuation, f(z) =
(14 z/k)™" on z € Cyigny, and moreover, the limit

fe(it) := Elirfof(e +it) = (1 +at/k)F

10



exists for any ¢ € R. This yields
T
lim | ((I + itA/kn) ™ (I +itB/kn)™")" h — e "h|| dt = 0

n—-—+o00 0

for any h € $§ and T > 0. We note that for the particular case £ = 1 Lapidus
demonstrated in [16] that

s- lim ((I+itA/n) " (I +itB/n)"")" = e "C. (4.1)

n—-+o0o

holds uniformly in ¢ € [0, 7] for any T > 0. By Theorem 4.1 one gets that formula
(4.1) is valid in a weaker topology as in [16]. This discrepancy will be clarified in a
forthcoming paper.

5 Holomorphic Kato functions

5.1 Representation

To make use of the results of the previous section one should know properties of
holomorphic Kato functions. To this purpose we will try in the following to find a
canonical representation for this function class.

Theorem 5.1 If f is a holomorphic Kato function, then

() there is an at most countable set of complex numbers {&;}i, & € Coighy with
Sm (&) > 0 satisfying the condition

=4y Rel&n) _ (5.1)

(ii) there is a Borel measure v defined on R, = [0,00) obeying v({0}) = 0 and

1
dv(t) <
/R+Ht2 u(t) < oo

such that the limit § := lim,_, o 2 fR+ wre dv(t) exists and satisfies the condition
ﬁ S 1 - ”;

(iii) the Kato function f admits the representation

(@) = D(x) exp {—2% /]R+ ﬁdy(t)} e 2 ER,, (5.2)

where a :==1— 3 — 3 and D(x) is a Blaschke-type product given by

1 % = 2aRe (&) + &)
D(z) := ];[ E TR o) e © € R,. (5.3)

11



The factor D(x) is absent if the set {&}r is empty; in that case we set = 0.

Conversely, if a real function f admits the representation (5.2) such that the as-
sumptions (i) and (ii) are satisfied as well as a + » + = 1 holds, then f is a
holomorphic Kato function and its holomorphic extension to Cign 15 given by

() = D(2) exp {_2—Z /R ;dy(t)} e 2 € Cugn.

T +22—|—t2

Proof. If f is a holomorphic Kato function, then G(z) := f(—iz), z € C,, belongs
to H*(C,). We have f(z) = G(iz), z € Cyignt, and taking into account Section C
of [15] we find that if G(-) € H*(C,), then there is a real number v € [0,27), a
sequence of complex numbers {z; }, zx € C,, satisfying

En: Sm () (5.4)

and a real number a > 0 such that G(-) admits the factorization

) ) 1 t )
O e e [ Z0) S

where B(z) is the Blaschke product given by

B(z) = H (em’“i:j_:) , 2 €Cy,

and {ay }x is a sequence of real numbers ay, € [0, 27) determined by the requirement

g — Z
e’k > 0.

~.
&

The sequence {zj}x coincides with the zeros of G(z) counting multiplicities. The
quantities v, {2k}, v, a are uniquely determined by G(-).

Using the relation f(z) = G(iz), 2 € Cyignt, one gets from here a factorization of the
holomorphic Kato function,

f(2) = €7 B(iz) exp {—%/R (@Zl_ -+ 7 j t2) dy(t)} e, (5.5)

2 € Cyignt. Setting next & = —izy € Cyigny the condition (5.4) takes the form
> e
T+ &~

12




and the Blaschke product can be written as

D(z) := B(iz) =[] (eiak - @) . 2 € Cuig, (5.6)

. z+ &

where the sequence of real numbers {ay}x is determined now by

I -
gion LSk o (5.7)
1+ &k

The complex numbers &, are the zeros of f(+).

Since the Kato function has to be real on Ry we easily find that the condition
f(2) = f(Z), 2 € Cyignt, has to be satisfied. Hence &, and & are simultaneously zeros
of f(2) and the Blaschke-type product D(z) always contains the factors emk% and

e‘iak% simultaneously. This allows us to put D(z) into the form

Cqr A2 Re (&) H G rr e
D) = 1;[ 2%+ 22%e (&) + |€k]? H 24+ 2 € Crigne 5:8)

where Re (§) > 0, Sm (&) > 0 for complex conjugated pairs and 1, > 0 for the
remaining real zeros. Hence we have D(z) = D(Z) for z € C,igy. Using this relation
we find that

e179G) = =902 5 ¢ Cright,

for z € C,igne where

g(z) =L / L2 0u(t) and §(2) = g(@) = - / Lozt )

12—t T 1z +t

and du(t) = (1 + t?)"'dv(t). Since g(1) = g(1) we find €*” = 1 which yields y = 0
or v = 7. In both cases we have
6_9(2) = e_g(z), z € (Cright-

By g(1) = g(1) we find that g(z) = g(2), 2 € Cyignt. Setting (X)) := p(—X) for any
Borel set X of R we find

1412t 1422t
/ du(t) = / dii(t), =€ Cugn.
R R

1z —1 1z —t

/IR tj—mtt au(t) = (1= =) /R izl_ - dp(t) — /Rdu(t)

/Rl”"“t dzz(t):a—z?)/ - dﬁ(t>—édﬁ(t>

12—t

Using

and
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as well as the relation [, du(t) = [; di(t) we find

1 1
d t) = dNt (Cri 9
| aut = [ dio). = e Con

which yields p = pi. Hence the Borel measure obeys pu(X) = p(—X) for any Borel
set X C R and this in turn implies v(X) = v(—X) for any Borel set. Using this
property we get

1 ' 1+ izt
dv(t) = du(t
/R<iz—t+1+t2) V(1) /Riz—t pt)

1 14zt 1 —zt
—E“({O})+/ ( LA >d,u(t), 2 € Crigue,

R, \ 12 —1 1z +t

where R, = (0, 00). In this way we find

/R (zzl— Tt 1jt2) dv(t) = é”({o}) — 2iz /R+ Zz;wdu(t)

for z € Ciighe. Summing up we find that a holomorphic Kato function admits the
representation

1
+a:2+t2

. 1 2z
=e'D - 0y — = du(t —ax
) =D esp {~ Loty - Z | i pe,
r € Ry, where D(z) is given by (5.8). Since f(xz) > 0, x € Ry, one gets that
v =0and D(z) > 0, x € Ry, which means that the real zeros of f(z) are of even
multiplicity. Consequently, the Blaschke-type product D(z) is of the form

22— 22Re (&) + |G
D(z) = H 22 4 22Re (&) + [k

z 6 (Cright-
k

We note that the inequality 0 < f(z) <1, z € R, is valid.

Next we have to satisfy the conditions f(0) := lim,_ ¢ f(z) = 1 and f(0) =

f_(xngl = —1. Firstly we note that

flz) < exp{—M}, reRy.

T

limm_>+0

If v({0}) # 0, then it follows that f(0) = 0 which contradicts the assumption
f(0) =1, hence v({0}) = 0. Next we set Di(z) := izlgiig Egzmg’;li, x € R,. Since
0< Dp(x) <1,z eR,, we get

1 — f(x) >1—=Dy(x) 4+ Di(1 — Do(z)) + Dy(x)Da(x)(1 — Dg(z)) + - - -

fioio (- I peren {2 [ v} )

k=n+1

14



forx € R, and n =1,2,.... In this way we find the estimate

1= f(z) 21— Di(z) + Di(2)(1 — Da(x)) +

n—1
Di () Da()(1 = Ds(x)) + -+ + [ [ Di(2)(1 = Dy())
k=1
forx € Ry and n=1,2.... This yields
1-— 1-D 1-D
fla)  1=Dilw) | 1= Do) |
x x x
1 — Ds(z) v 1— D,(z)
Dy(x)D . D
S | LI
forx € Ry andn=1,2..., and since lim, o Dx(z) =1 and
i L= Dile) _ Re(&)
e=t0 [
for k =1,2,..., we immediately obtain (5.1). In particular, we infer that the limit
D'(0) := lim,_, 1 D(”?_l = — exists. Furthermore, we note that condition (5.1)

implies (5.6). Furthermore, we have

1—f(x)z1—exp{—2—‘”/ ;dy(t)}, rER,,

T Jg, v2+ 12

2 1
lim exp {——:E/ 2—dl/(t)} =1,
z—+0 T Jr, 2?2+ 12

which yields

or

Moreover, we have

1— f(a)
T
2 1 exXp {Qf Jr, 7 dV(t)} -1
> exXp ——/ ﬁdV(lf)
s R, s +t X

2 1 2 1
T R+x +t T R+x +t2

which yields 1 > limsup,__, 2 fR+ — dv(t). However, the function p(z) :=
%fR+ xz—itgdy(t), x € R,, is decreasing which implies the existence of [ :=

lim, 192 [; 77 dv(t). Summing up these considerations we have found

£(0) = tim L8 =1

— %-f-a=-1 .
Jim " 7— [ -« (5.9)

which completes the proof of the necessity of the conditions. The converse is obvious.
O
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5.2 On the existence of f(iy) everywhere

Besides the fact that f(z) has to be a holomorphic Kato function one needs that
the limit f(iy) := lim, .o f(x + dy) exist for all y € R. First we note that the
limit f(iy) exists for a.e. y € R. This is a simple consequence of the fact that the
function G(z) := f(—iz), 2 € Ciignt, belongs to H>*(C,): for such functions the
limit G(x) := lim. o G(z + i€) exists for a.e. € R which immediately yields that
f(iy) exists for a.e. y € R. To begin with, let us ask about the existence of the
limit | f|(iy) := lim,— 40| f(z + dy)|. For this purpose we note that the measure v of
Theorem 5.1 admits the unique decomposition v = v, 4+ v,. where v, is singular and
Ve is absolutely continuous, and furthermore, the measure v,.(-) can be represented
as
dva.(t) = h(t)dt

where the function A(t) is non-negative and obeys

dt
h(t < 0.
/M O

Proposition 5.2 Let f(-) be a holomorphic Kato function and let A be an open
interval of R. The limit |f|(iy) = lim,_ o |f(x + iy)| exists for every y € A, is
continuous and different from zero on A if and only if the limit

a:lgilo |D(x +iy)| =1 (5.10)

exist for every y € A, vs(A) = 0 and the extended weight function E(t) = h(|t]),
t € R, is continuous on A.

In particular, the limit | f|(iy) exists for every y € R, is continuous and different
from zero on R if and only if the limit (5.10) exists for every y € R, vy =0 and the

extended function h(-) is continuous on R.

Proof. The measure v of Theorem 5.1 is given on [0,00). We extend it to the real
axis R setting v(X) := v(—X) for any Borel set X C (—o00,0). Using v(X) :=
v(—X) we obtain from (5.5) and (5.6) the representation

e +inl =D+ ilen{ -2 [ L s amfe,
2=+ 1y € Cygnt, OF
o +inl =D+ inlen {1 [ ot G am ]
T Jr 2?2+ (y —t)?
2 = 2 + 1y € Ciigne; in this way we find
~log(|fa +i9))) = ~log(IDa + i) + 7 | T ) o
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for = = x 4+ iy € Cyign. Since one has lim,_, o |D(z + iy)| = 1 for a.e. y € R we

infer that
T

m dv(t)

1
. 1
i log(| (o + i)]) = Jim = [

for a.e. y € R. Since

holds for almost all y € R we obtain — log(|f|(iy)) = h(y) for a.e. y € R. By
assumption | f|(iy) is continuous and different from zero on A. Hence the extended

weight function A(y) can be assumed to be continuous on A. However, if h(-) is
continuous on A, then one has

for each y € A which means that

T

. {_1Og(|D(:c+z‘y)|> +%/

z+0 r 22+ (y —t)?

dus(t)} =0

for each y € A. Since —log(|D(x + iy)|) > 0 we find lim, ¢ log(|D(z +iy)|) =0
and

1 T

lim — [ ——F————dvs(t) =0

xLIEOW/Rﬁ—i—(y—t)Q (1)
for each y € A. Taking into account [19] one can conclude that the symmetric
derivative v/, (y),

vy — ey +e)
! =1
VA y) o= lim 2

exists and obeys v.(y) = 0 for every y € A. If vs({yo}) > 0 for yo € A, then

0= lim VS((yO ) + 6)) 2 lim
e——+0 26 e——+0

vs({yo})
2¢

which yields vs({yo}) = 0, hence v({y}) = 0 for any y € A. This means that
vs has to be singular continuous. Let us introduce the function 6(t) := v,([0,1)),
t € [0,t). The function v,(t) is continuous and monotone. From v.(y) = 0 we get
that the derivative of #'(y) exists and €'(y) = 0 for each y € A. Hence the function
is constant which yields that vs(A) = 0.

Conversely, let us assume that h(-) is continuous on A, v,(A) = 0, and condition
(5.10) holds. Then we have the representation

[f(z +iy)| = [D(z +iy)|

xexp{—

N |

LA /R T G dt}e”

g 22 4 (y — 1)? T Jg 2+ (y —1)?

17



If y € A, then lim, . o1 fRIQJr(”Tt)QdVS(t) — 0. Since h(-) is continuous on the
interval A we have lim,_.o % [; mﬁ(t) dy = h(y) for each y € A. Thus we

find lim, 1o | f(z + 1y)| = e ") for each y € A and the limit |f|(iy) is continuous

on A. Since h(y) is finite for each y € A the limit |f|(iy) is different from zero for
each y € A. O

Conditions of the type appearing in the proposition were discussed in [20]. In par-
ticular, it turns out that the condition (5.10) is satisfied if and only if

im T (5.11)
r—+0 x
holds for every y € A where
liy, )= > Re(&4), yeRy, t>0. (5.12)
liy—&k|<t

It is clear that the validity of the condition (5.11) is related to the distribution of
zeros in Ciigny. Of course, if there is only a finite number of zeros &, then condition
(5.11) is satisfied.

Theorem 5.3 Let f(+) is a holomorphic Kato function and let A be an open interval
of R. The limit f(iy) = lim,_ o f(x + iy) exists for every y € A, is locally Holder
continuous and different from zero on A if and only if the zeros of f(-) do not
accumulate to any point of iA = {iy : y € A}, vs(A) = 0 and the extended weight
function h == h(|t]), t € R, is locally Hélder continuous on A.

In particular, the limit f(iy) exists for every y € R, is locally Hélder continuous
and different from zero on R if and only if f(-) has only a finite number of zeros

in every bounded open set of Cyigny, Vs = 0 and the extended weight function E() 1S5
locally Hélder continuous on R.

Proof. We note that the existence of the limit f(iy) = lim, ..o f(x + iy) for
each y € A yields the existence of |f|(iy) = lim,_ o |f(z + iy)| and the relation
|f(iy)| = |f|(iy) for each y € A. Hence |f]|(-) is continuous. Applying Proposition
5.2 we get that condition (5.10) is satisfied, v4(A) = 0 and h(-) is continuous. In
fact, one has h(y) = —log(|f|(iy)), y € A. This yields that the function h(-) is
locally Holder continuous on A as well. If 7L() is locally Hoélder continuous on A,
then the limit

i 1 t i 1 t\ +
= lim { — dvg(t) + — h(t)dt ¢
xirﬂo{w/ﬂ§<iz—t+1+t2) V()er/]g(iz—tJrlHQ) " }
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2z =z + 1y € Cyign, exist for every y € A. Indeed, we have

%/R (izl—t+ 1jt2) dvy (1) (5.13)

by Ay R _; . x2+(;—t)2+1+t2 dvst
P~ -2 [ (2 L) ano

where we have used vs(—X) = v4(X). Taking into account that vs(A) = 0 we
immediately get from the representation (5.13) that the limit

.1 1 t i [ 14+ ytdug(t)
s =1 — : dst = - ’
2 xi%w/R(zz—tJrlth?) vs(t) 7T/Ry—t1+t2

2 =2 41y € Cyign, exist for each y € A. Since

i 1 t \~
%/[R(iz—t+ 1+t2) (i) dt

[t (2 s

we infer that

1 1 t ~
wly) := lim — - h(t) dt
Pac(y) xLI-IFIOﬂ'/R(ZZ—t—i_l—th) Q
~ .1 y—t t ~
=h lim — h(t)dt
<y)+xi>r-rs—107r/R(J;2+(y—t)2+1—|—t2> (t) dt,
2 =241y € Cyign. If ﬁ() is locally Holder continuous on A, then the limit

- 1 y—t t ~
ac =1 - h(t)dt
Pacly) :ELIEO’/T/R(QZ2+(y—t)2+1+t2) (t)

exists for each y € A, and consequently, the limit p(y) = ps(y) + vac(y) exist for
every y € A. Using the representation

exp{i/R( L ! )%(t)dt}f(xﬂy)eaz:D(Hiy) (5.14)

T 1z—t 14 t2
for z = x + 1y € Ciigny We find the existence of the limit

D(iy) := liIEO D(x + iy) (5.15)
for every y € A. Taking into account (5.14) we find that D(iy) is continuous on A.
Using the conformal mapping Cyign 3 2 — {72 € D := {z € C: [2] < 1} which
maps Ciigne onto D and setting

B(z):==D((1—-2)(1+2)"), zeD,
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one defines a Blaschke product in ID. The open set A transforms into an open set
dof T:={z € C: |z] =1}. By the Lindelof sectorial theorem [18] we get that
B(z) admits radial boundary values for each point of §. The boundary function
B(e") := lim,_,; B(re") admits the representation

B(e"?) = D(—itan(6/2)), ¢ €. (5.16)

Since D(iy) is continuous on A the Blaschke product B(e) is continuous on 4. If
e’ € § is an accumulation point of zeros of, then for every € > 0 the set {B(e? :
|0 — | < €} contains T, see [4, Chapter 5] or [5, Remark 4.A.3]. Since B(e%) is
continuous on ¢, this is impossible which shows that e is not an accumulation
point of zeros of B(z). Hence no point of ¢ is an accumulation point which yields
that no point of A is an accumulation point of zeros of f(-).

Conversely, let us assume that no point of ¢A is an accumulation point of zeros of
f(+). This yields that no point of § is an accumulation point of zeros of B(z). Since
infren [ — 2| > 0 for any ¢ € § by a result of Frostman [10] one gets that the
radial boundary values B(e?) = lim,_; B(re?) exist for each e € §. Using [5,
Remark 4.A.2] we get that B(e%) is continuous on §. Applying again the Lindelsf
sectorial theorem [18] we find that D(iy) exists for each y € A and is continuous .

Since v,(A) = 0 the limit ¢4(-) exists for every y € A. Because h(-) is locally Holder
continuous on A we conclude that the limit p,.(y) exist for every y € A. Hence the
limit ¢(y) exists for every y € A and

| | i 1 ' .
Sliy) = xliriloeXp{_%/R (zz 1 +t2> d'/(t>}e :

2 =2+ 1y € Ciignt, exists for every y € A. In this way we have demonstrated the
existence of f(iy) and the representation f(iy) = D(iy)S(iy)e ¥ for each y € A.
Using this representation we get that f(iy) is locally Holder continuous on A and
different from zero.

If the limit f(iy) exist for each y € R, is locally Holder continuous and different from
zero, then in view of the first part no point of the imaginary axis is an accumulation
point of zeros of f(-). Therefore, any rectangle of the form O = {z € Cyg :
ISm (2)] < yo, 0<Re(z) < xp} contains only a finite number of zeros. Otherwise,
it would be exists an imaginary accumulation point. Hence any bounded open sets
contains only a finite number of zeros. From the first part it follows that A(-) is
locally Holder continuous on R.

Conversely, if any open set contains only a finite number of zeros, then, in particular,
the rectangle of the form O contains only a finite number of zeros. Hence imaginary
accumulation points do not exists. By the first part it immediately follows that f(-)
is locally Holder continuous and different from from zero on R. 0
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5.3 Examples

1. If the holomorphic Kato function f(-) has no zeros in C,gp and v = 0, then
f(z) = €%, z € Cyignt, where a = 1 follows from condition (5.9).

2. If the holomorphic Kato function f(-) has zeros and the measure v = 0, then
f(+) is of the form f(z) = D(z)e”**, where the Blaschke-type product D(z) is
given by (5.3). In particular, if n = 1 we find the representation

_ 22 — 2z%e (5) + |€|2 —az
J(2) = 22 4+ 22Re (§) + |€? e 2 € Cua

where £ € C,ign such that

Re (£)

e b

a-+4

This gives the representation

AL Gl =)
22 + 27] (Z + L) € ) S Crighﬁ (5].7)

11—«

~~

() =

0<n< - 0<a<1, where we have denoted & = 1 + i1, n > 0, and

l1—a’

T = \/ﬁ — (77 — ﬁ)Q The limit f(iy) := lim ..o f(e +iy), y € R, exists
for each y > 0 and is given by

y? + 4nﬁ + 2iny .
— ey

1
Jiy) y? — 4nﬁ + 2iny

= ¢(y)7 yeR

We note that ¢(-) is admissible.

3. If the holomorphic Kato function f(z) has no zeros and the measure v is
atomar, then f(z) admits the representation

2z 1

f(z) =exp {—— Z —I/({Sl})} e,z € Ciight,

T4 22+ st

where {s;}; the point where v({s;}) # 0. In the particular case when dv(t) =
co(t — s)dt, s > 0, we have

fz) = exp{—% ! }

T 22+ 52

and o + 25 = 1 which yields ¢ = (1 — a)rs? and

e = e {1 -y e

22 4 §2
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The limit f(iy) := lim._ 1o f(e + iy), y € R, exists for all y € R\ {—s, s} and
is given by

ﬂw%pr&wl—&Efgg}emW=¢w% y € R\ {-s,s}.

The function ¢(y) is admissible.

. If the holomorphic Kato function f(z) has no zeros and the measure v is
absolutely continuous, that is, dv(t) = h(t)dt, h(t)(1 +t*)~! € LY(R,), then
f(2) admits the representation

2 © h(t
f(z) =exp {——2/ (*) dt} e, 2 € Cgne
0

T 22 4 ¢2

such that

.2 [ h(t)
a+11m—/0 x2+t2dt:1.

In particular, if f(z) = (1+ %)%, « € R4, then the holomorphic continuation
f(z) = (14 %)~ has no zeros which means that in the representation (5.2) the
Blaschke-type product D(z) is absent. Moreover, the limit f(iy) = (14 2)=*
exists for all y € Ry, |f(iy)| is locally Holder continuous and different from
zero on R, . Taking into account Theorem 5.3 this yields the representation

k 1 t?
f(2) :exp{——z/ ——In (1+ﬁ> dt} e %%,z € Chgnt.
+

™

A straightforward computation shows that

I / ! 1@+ﬂ>ﬁ 1
im — ———1In — =
r—40 77 R, .1'2 "‘ t2 k2

which yields @ = 0, and consequently, we have

kz 1 t?

for z € Ciignt.
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