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Throughout, (T(t))so is @ bounded Cy-semigroup on a
Banach space X with generator A

The Cy-semigroup (T(t))s>o is stable if

tlim | T(t)x|]| =0 forevery x € X.
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Throughout, (T(t))so is @ bounded Cy-semigroup on a
Banach space X with generator A

The Cy-semigroup (T(t))s>o is stable if

tlim | T(t)x|]| =0 forevery x € X.
— 00

Three reasons to study stability:

@ important subject of operator theory;
@ rich in methods and ideas;
@ interesting for its own sake.
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Spectral conditions for stability

The main question (motivated by applications): does (the size of)
the spectrum of the generator alone already determine stability?

Ralph Chill and Yuri Tomilov (Metz and TorAll you wanted to know about stability, but Oxford, September 4, 2009 3/30



Spectral conditions for stability

The main question (motivated by applications): does (the size of)
the spectrum of the generator alone already determine stability?
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@ the boundary spectrum o(A) N iR is empty, or

@ the boundary spectrum is countable and contains no residual
spectrum (Arendt-Batty-Lyubich-Vu Theorem)

then the semigroup is stable.
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Spectral conditions for stability

The main question (motivated by applications): does (the size of)
the spectrum of the generator alone already determine stability?

Basic answer: If A generates a bounded Cy-semigroup and if
@ the boundary spectrum o(A) N iR is empty, or

@ the boundary spectrum is countable and contains no residual
spectrum (Arendt-Batty-Lyubich-Vu Theorem)

then the semigroup is stable.

Possible approaches:
@ contour integral method;
@ limit isometric semigroup method;
@ functional calculi method (Katznelson-Tzafriri).
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Spectral Principle:
small boundary spectrum = better stability properties
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Spectral Principle:
small boundary spectrum = better stability properties

Boundary Value Principle:
“good” boundary value of resolvent = better stability properties
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Laplace and Fourier transforms: a formal set-up

Definition
For every bounded and measurable f : Ry — X define the Laplace
transform f by

f(\) :_/ e Mf(t)dt, reC.,
0

where C := {\ € C: Re A > 0} is the open right-half plane. The
Laplace transform f is analytic in C.

If A generates a bounded Cy-semigroup (T(t))s>0, then

A

T(A)x = R(\, A)x, that is, the resolvent is the Laplace transform of
the semigroup.
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Define the Fourier transform Fy of an integrable ¢ : R — X by
Fol0) = [ et per.
R

The Fourier transform Ff of a bounded measurable function f: R — X
is defined in the distributional sense. It is always true that

Ff= lim Fle *f)= lim fla+i)
a—0+ a—0+

in the distributional sense.

Ralph Chill and Yuri Tomilov (Metz and To Oxford, September 4, 2009 6/30



Stronger convergence implies stability

Theorem [Ingham]

Let f € BUC(R,; X). Assume that  has a locally integrable extension
on iR in the sense that

lim fla+i)=*f3i) inLL(R; X).
a—0+

Then f € Cyo(Ry; X).
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Proof:
Let ¢ € S(R) be such that ¢ € D(R). Then

fro(t) — /f (t—s) ds
_ nm/0 e 5f(s)p(t — 5) ds

a—0+

(by Parseval) = QET+A?(a+iﬁ)eiﬁtf_1¢(ﬁ) ag

(by assumption) = /[R (iB)ePt F=1p(B) dB.
By the Lemma of Riemann-Lebesgue,

lim £+ (t) = 0.

|t]—o0

Choose an approximate unit of appropriate test functions and use that
f is bounded and uniformly continuous.
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Corollary
If the boundary spectrum o(A) N iR is empty, then the semigroup is
stable.

Proof of Ingham can be adapted in order to prove also the ABLV
theorem or the Katznelson-Tzafriri theorem.
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Corollary
If the boundary spectrum o(A) N iR is empty, then the semigroup is
stable.

Proof of Ingham can be adapted in order to prove also the ABLV
theorem or the Katznelson-Tzafriri theorem.

Theorem [ABLV]
If the boundary spectrum o(A) N iR is countable, and if Rg (i3 — A) is
dense in X for every 3 € R, then the semigroup is stable.

Theorem [Katznelson-Tzafriri]
If f € L'(Ry) is of spectral synthesis with o(A) N iR, then

lim || T(t)f(T)| = 0.

t—o0
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Large boundary spectrum:
a motivation for further study

Letw : R+ — (0, 00) a continuous and nonincreasing function such that
(i) lim¢— 400 w(t) = 0, and

(ii) the function 1/w is of subexponential growth on R

Xp = LP(Ry; w(t)dt) (1 < p < ), (S(1))=0 is the stable right-shift
Co-semigroup defined by

f(s—t), s>t>0,

(S(H)(s) := { feXp. (1)

0, 0<s<t

)

If w(t) = (log(2 + t))~", then
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@ for every nonzero f € X, and every 3 € R, the local resolvent
R(-, D)f does not extend continuously near if.

@ the boundary spectrum is the whole imaginary axis

@ every nonzero orbit S(-)f does not satisfy the conditions neither of
Ingham’s tauberian theorem nor of its generalization discussed
before.

Such examples show that FINER stability conditions are needed.
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Stability and complete trajectories

A function F : R — X is a complete trajectory for a Cy-semigroup
(T(t) o ifforall t > 0and all s € R: F(t+ s) = T(f)F(s).

Theorem For a bounded Cy-semigroup (7(f)):>o on a Banach space
X the following statements are equivalent:
(i) The semigroup (T(t)):>o is stable,

(i) There is only one bounded, complete trajectory for the adjoint
semigroup (T(t)*)t>0, namely F = 0.
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Carleman transform as a tool

For every bounded measurable f : R — X define the Carleman
transform f by

0 Jo~ e Mf(t) Re A > 0,
f(\) =
- ‘“f(t) dt, Re\ < O0.

The Carleman transform f is analytic in C\/R. The Carleman transform
f is entire if and only if f = 0!
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Stability, complete trajectories and Carleman
transform

Theorem For a bounded Cy-semigroup (7(f)):>o on a Banach space
X the following statements are equivalent:

(i) The semigroup (T(t)):>o is stable,

(ii) The Carleman transform of every bounded, complete trajectory of
the adjoint semigroup (T (t)*):>o is entire.

Remark Let F be a bounded complete trajectory for (T(t)*)>0. Then
for every A € C, and every u € C\iR:

F(r) = RO\ ADF(0) + (A — ) RN A F (u).
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Edge-of-the wedge theorems, or:
how to kill a complete trajectory
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Edge-of-the wedge theorems, or:

how to kill a complete trajectory
Theorem Let f : C\R — C be analytic, and define F : C\R — C by

F(z) = f(z) — f(z). Assume that
(1) there exists a constant m > 0 such that
sup [f(a +iB)| = O(|B"™), B—0,

a€ER

(2) there exist a measurable function G : C\R — Ry and a continuous
function H: C\R — R, such that |F| < G- H,

sup [|G(- +iB)ll11(—p,p) < oo forevery R >0,
B€(0,1)

and there exists 6y € (0, 5) such that

lim H(z)=0 forevery acR.

Z—a

z€a+290

Then the function f is entire.
Oxford, September 4, 2009  15/30
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MAIN IDEA: The boundary behaviour of (local)
resolvents determines the stability of the semigroup

/ N\
pointwise resolvent conditions integral resolvent conditions
reflect the boundary behaviour reflect the boundary behaviour
of the resolvent horizontally of integrals of resolvents along

near every point of the vertical lines near the
imaginary axis imaginary axis
7 !

global integral conditions local integral conditions
behaviour of integrals of behaviour of integrals of

local resolvents along local resolvents along
whole vertical lines bounded intervals of vertical
near imaginary axis lines near imaginary axis
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Pointwise resolvent conditions in Banach space

Theorem [Pointwise resolvent condition in Banach space]
If there exists a dense set M C X such that for every x € M and every
BeR

li R i3, A)Px =
aLn3+a (a+iB,A)x =0,

then the semigroup is stable.

Ralph Chill and Yuri Tomilov (Metz and TorAll you wanted to know about stability, but e )< (e] (o =TT LI 8P ) 18/30



Pointwise resolvent conditions in Banach space

Theorem [Pointwise resolvent condition in Banach space]

If there exists a dense set M C X such that for every x € M and every
BER

l R i3, A)x = 0
Jm aR(a+if,A)°x =0,

then the semigroup is stable.

Corollary [Range condition in Banach space]
If

[ Re (i — A) is dense in X,
BeR

then the semigroup is stable.
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lllustration: positive semigroups on Banach lattices

Proposition Let (7(f)):>0 be a bounded positive Cp-semigroup on a
Banach lattice X.

(i) If x € X, and lim,_q, aR?(a, A)x = 0,
then T(t)x — 0, t — oc.

(ii) If x € X4 and w — lim,_o+ R(«a, A)x exists,
then T(t)x — 0,t — oc.

(iii) If x € X4, sup,so [|R(a, A)X|| < oo, and if X is a KB
space, then T(-)x — 0, t — oc.

(iv) If x € X and lim,_o+ R(a, A)x+ exist,
then T(t)x — 0, t — oc.

Remark By positivity, under (ii), (iii) or (iv): sup,cc, [IR(N, A)x|| < oo.
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Integral resolvent conditions in Banach space

Theorem [Global integrability criterion in Banach space]
If for some v > 1 and for every x from a dense subset of X

lim / o™ R(a + i8, AY'x|| dB = O,
a—0+ Jr

then the semigroup is stable.
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Integral resolvent conditions in Banach space

Theorem [Global integrability criterion in Banach space]
If for some v > 1 and for every x from a dense subset of X

i [ fla™" R+ 16, 4)"x] d5 =0,
a—0+ Jr
then the semigroup is stable.

Theorem [Local integrability criterion in Banach space]

If for every (3 € R there exists an open neighbourhood U C R of 5 and
a dense set M C X such that

lim / laR(a + i3, APx| d3 =0 for every x € M,
)

a—0+

then the semigroup is stable.
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What about stability of Hilbert space semigroups ?

Specifics: special geometric properties of Hilbert spaces,

for example the validity of Plancherel’s theorem, unitary dilations,
functional calculi.

Stability of semigroups on Hilbert spaces is of independent interest in
operator theory (for example for the study of invariant subspaces).
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Pointwise resolvent conditions in Hilbert space

Theorem [Pointwise resolvent conditions in Hilbert space]
(i) If there exists a dense set M C X such that

lim VaR(a+ i, A)x =0 vx € M, Y5 R

then the semigroup is stable.
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Pointwise resolvent conditions in Hilbert space

Theorem [Pointwise resolvent conditions in Hilbert space]
(i) If there exists a dense set M C X such that

lim VaR(a+ i, A)x =0 vx € M, Y5 R

then the semigroup is stable.
(i) If
[ Re(iB - A)z is dense in X,
BER

then the semigroup is stable.
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Theorem [Pointwise criterion, Hilbert space contractions]
(T(1))t>0 is a Co-semigroup of completely nonunitary contractions.

(i) The semigroup is stable if and only if there exists a dense M C X
such that

Iirg VaR(a +i3,A)x =0 Vx € Mand a.e. 3 € R.
a—0+

(i) If there exists E C R of measure 0 such that

(] Re(is- A)z is dense in X,
BER\E

then the semigroup is stable.
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Integral resolvent conditions in Hilbert space

Theorem [Global integrability criterion in Hilbert space]
The semigroup is stable if and only if for some v > % and every x from
a dense subset of X,

lim / la?3 R(a + i8, AY'x|[% dB = 0.
a—0+ Jr
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Integral resolvent conditions in Hilbert space

Theorem [Global integrability criterion in Hilbert space]
The semigroup is stable if and only if for some v > % and every x from
a dense subset of X,

lim / la?3 R(a + i8, AY'x|[% dB = 0.
a—0+ Jr

Theorem [Local integrability criterion in Hilbert space]
The semigroup is stable if and only if for every 5 € R there exists an
open neighbourhood U C R of 5 and a dense set M C X:

im / la}R(a +i8, AX|2 dB' =0 for every x € M.
a—0+ Jy

Ralph Chill and Yuri Tomilov (Metz and To Oxford, September 4, 2009 24 /30



Pointwise resolvent conditions in Banach spaces with
nontrivial Fourier type

Theorem [Pointwise resolvent condition]

X has Fourier type p € (1,2], g .= . If there exists a dense M C X
such that

lim ||aqF1’(a +iB,A)x|| =0, VB e R, Vx € M,

a—0+

then the semigroup is stable.
Proof

F : R — X* is a bounded complete trajectory for (T(t)*)¢>o0,
xeM, f:=(F,x),
F and f are the Carleman transforms of F and f.
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Local resolvent identity implies

1#(a+ iB) — F(—a + iB)|
— [2(apF(—a+ i8),adR(a + i8, A)xX)|
< G(a+iB)H(a+iB),

with .
G(a+iB) = ||2ar F(—a + iB)||

and ]
H(a +iB) = [[adR(a + i, A)x].

Boundedness of F + Hausdorff-Young inequality imply

sup || G(ar + i+)| La(ry < oo
a>0
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Now for every 6y € (0, ) and every 3 € R:

limsup H(a+i3")
\ﬁl—g\;?—tan )

limsup [lad (R(a + if', A) — R(a + i3, A)x]|
\B’—ngoﬁtan ()

IA

limsup [l tando R(a + if', A)adR(a + i6, A)X|
13— g\:gﬁanso

IA

IN

tan 6y supHT(t)H lim sup Haqu’(a+lﬁ, A)x|

a—0+

= 0
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Now for every 6y € (0, ) and every 3 € R:

limsup H(a+i3")
\ﬁl—g\;?—tan )

limsup [lad (R(a + if', A) — R(a + i3, A)x]|
\B'—nggﬁan ()

limsup [l tando R(a + if', A)adR(a + i6, A)X|
\Bl—g\ggﬁan )

IA

IA

IN

tan 6y sup || T(t)|| lim sup Ha%R(a +iB, A)x||
£>0

a—0+

= 0

Edge-of-the-wedge theorem — f is an entire function
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Now for every 6y € (0, ) and every 3 € R:

IA

IA

<

limsup H(a+i3")
\ﬁl—g\;?—tan )

limsup [lad (R(a + if', A) — R(a + i3, A)x]|
\B'—nggﬁan ()

limsup [l tando R(a + if', A)adR(a + i6, A)X|
\Bl—g\ggﬁan )

tan 6y sup || T(t)|| lim sup Ha%R(a + iB3, A)X||
£>0

a—0+

0.

Edge-of-the-wedge theorem — f is an entire function
— f=(F,x) =0forevery x e M
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Now for every 6y € (0, ) and every 3 € R:

limsup H(a+i3")
\5/—5\;?—13” ()

< limsup |la¥(R(a+ i, A) — R(a + i8, A))x|
\B’fg\;gﬁan )
< limsup [atando R(a + i, A)adR(a + i3, A)X|

a—0+
8" —B] < tan 6y

< tanép sup|| T(t)| limsup HazﬁFa’(a + 0B, A)X||
>0

a—0+

= 0

Edge-of-the-wedge theorem — f is an entire function

— f=(F,x) =0forevery x e M

—> F = 0 since M is dense, and there is no nontrivial
bounded complete trajectory for (T(t))*)i>o0
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Now for every 6y € (0, ) and every 3 € R:

IA

IN

<

limsup H(a+i3")
\5/—5\;?;—13” ()

limsup flad (R(a + iB, A) — R(a + i3, A))x]|
\B’fg\;gftan )

limsup [l tando R(a + if', A)adR(a + i6, A)X|
\5'*2\2?—13” )

tan 6y sup || T(t)|| lim sup !\aqR(a+/ﬁ, A)x||
>0

a—0+

0.

Edge-of-the-wedge theorem — f is an entire function

— f=(F,x) =0forevery x e M

—> F = 0 since M is dense, and there is no nontrivial
bounded complete trajectory for (T(t))*)i>o0

= the semigroup (T (f)):>o is stable.
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Range condition in Banach spaces with nontrivial
Fourier type

Corollary
X has Fourier type p € (1,2]. If

[ Re(iB— A)? is dense in X,
BeR

then the semigroup is stable.
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Integral resolvent conditions in Banach spaces with
nontrivial Fourier type
Theorem [Global integral condition]

X has Fourier type p € [1,2]. If for some v > % and for every x from a
dense subset of X,

a—0+

lim / "5 R(c + i3, AY'x|[P dB = 0,
R

then the semigroup is stable.
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Integral resolvent conditions in Banach spaces with
nontrivial Fourier type

Theorem [Global integral condition]

X has Fourier type p € [1,2]. If for some v > ,19 and for every x from a
dense subset of X,

lim / 1" R(a + i8, AY'x||P d = 0,
a—0+ JR

then the semigroup is stable.

Theorem [Local integral condition]

X has Fourier type p € (1,2], g = p%. If for every 3 € R there exists
an open neighbourhood U C R of 5 and a dense set M C X such that

Iirg / Hacl?R(a + i3, A)x||P dp’ =0 for every x € M,
a—0+ U

then the semigroup is stable.
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OPEN PROBLEM

Let (7(t))t>0 be a stable semigroup on a Hilbert space H. Does there
exist a dense set M C X such that

Iing VaR(a+iB,A)x =0 Vx € M, V3 € R?
a—04

Remark The converse statement holds
('pointwise resolvent criterion’)

Remark It seems that there are stable semigroups on H such that

(M Re (i5 — A)2

BER

{0}

that is, the ‘range condition’ fails to be a criterion.
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