Introduction to Classical and Quantum M)
Markov Semigroups s

Alexander C. R. Belton

Abstract We provide a self-contained and fast-paced introduction to the theories of
operator semigroups, Markov semigroups and quantum dynamical semigroups. The
level is appropriate for well-motivated graduate students who have a background in
analysis or probability theory, with the focus on the characterisation of infinitesimal
generators for various classes of semigroups. The theorems of Hille—Yosida, Hille—
Yosida—Ray, Lumer—Phillips and Gorini—Kossakowski—Sudarshan—Lindblad are all
proved, with the necessary technical prerequisites explained in full. Exercises are
provided throughout.

1 Introduction

These notes are an extension of a series of lectures given at the Winter School on
Dynamical Methods in Open Quantum Systems held at Georg-August-Universitit
Gottingen during November 2016. These lectures were aimed at graduate students
with a background in analysis or probability theory. The aim has been to make
the notes self-contained but brief, so that they are widely accessible. Exercises are
provided throughout.

We begin with the basics of the theory of operator semigroups on Banach spaces,
and develop this up to the Hille—Yosida and Lumer—Phillips theorems; these provide
characterisations for the generators of strongly continuous semigroups and strongly
continuous contraction semigroups, respectively. As those with a background in
probability theory may not be comfortable with all of the necessary material from
functional analysis, this is covered rapidly at the start. The reader can find much
more on these topics in Davies’s book [9].

After these fundamentals, we recall some key ideas from probability theory.
The correspondence between time-homogeneous Markov processes and Markov
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semigroups is explained, and we explore the concepts of Feller semigroups and Lévy
processes. We conclude with the Hille—Yosida—Ray theorem, which characterises
generators of Feller semigroups via the positive maximum principle. Applebaum
[3, Chapter 3] provides another view of much of this material, as do Liggett [20,
Chapter 3] and Rogers and Williams [26, Chapter III].

The final part of these notes addresses the theory of quantum Markov semi-
groups, and builds to the characterisation of the generators of uniformly continuous
conservative semigroups, and the Gorini—Kossakowski—Sudarshan—Lindblad form.
En route, we establish Stinespring dilation and Kraus decomposition for linear maps
defined on unital C* algebras and von Neumann algebras, respectively, which are
important results in the theories of open quantum systems and quantum information.
The lecture notes of Alicki and Lendi [2] provide a useful complement, and those
of Fagnola [14] study quantum Markov semigroups from the fruitful perspective of
quantum probability. There is much scope, and demand, for further developments
in this subject.
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Bahns (Géttingen), Prof. Dr. Anke Pohl (Jena) and Prof. Dr. Ingo Witt (Gottingen),
for the opportunity to give these lectures, and for their hospitality during his time in
Gottingen. He is also grateful to Mr. Jason Hancox, for his comments on a previous
version of these notes.

1.2 Conventions

The notation “P := Q” means that the quantity P is defined to equal Q.

The sets of natural numbers, non-negative integers, non-negative real numbers,
real numbers and complex numbers are denoted N := {1,2,3,...}, Z4 := {O}UN,
R+ := [0, 00), R and C, respectively; the square root of —1 is denoted i. Note that
we follow the Anglophone rather than Francophone convention, in that 0 is both
non-negative and non-positive but is neither positive nor negative.

The indicator function of the set A is denoted 14, with the domain determined
by context. If f : A — B and C C A, then f|c : C — B, the restriction of f to C,
takes the same value at any point in C as f does.

Inner products on complex vector spaces are taken to be linear on the right and
conjugate linear on the left. Given our final destination, we work with complex
vector spaces and complex-valued functions by default.



Classical and Quantum Markov Semigroups 3

2 Operator Semigroups

2.1 Functional-Analytic Preliminaries

Throughout their development, there has been a fruitful interplay between abstract
functional analysis and the theory of operator semigroups. Here we give a rapid
introduction to some of the basic ideas of the former. We cover a little more material
that will be used in the sequel, but the reader will find it useful for their further
studies in semigroup theory.

Definition 2.1 In these notes, a normed vector space V is a vector space with
complex scalar field, equipped with a norm || - || : V — R4 which is

(i) subadditive: |u 4+ v|| < |lu|| + ||v|| forall u, v € V;
(i) homogeneous: ||Av|| = |A| ||v]| forall v € V and A € C; and
(iii) faithful: ||v|| = 0ifand only if v =0, forallv € V.
The normed vector space V is complete if, whenever (vy),eny € V is a Cauchy
sequence, there exists vy, € V such that v;, — v as n — 0o. A complete normed
vector space is called a Banach space. Thus Banach spaces are those normed vector
spaces in which every Cauchy sequence is convergent.

[Recall that a sequence (vy)neny S V is Cauchy if, for all ¢ > 0, there exists
N € Nsuchthat ||v,, —v,|| < eforallm,n > N.]

Exercise 2.2 (Banach’s Criterion) Let || - || be a norm on the complex vector
space V. Prove that V is complete for this norm if and only if every absolutely
convergent series in V is convergent.

[Given (v,)nen C V, the series ZZO: 1 Vn 1s said to be convergent precisely when
the sequence of partial sums (Z;'.: 1 Vj)neN is convergent, and absolutely convergent

when (Z'}Zl lvjl)nen is convergent.]

Example 2.3 If n € N, then the finite-dimensional vector space C" is a Banach
space for any of the £” norms, where p € [1, oco] and

I/p
(Z?:l |vj|p) if p < oo,

max({lvj|: j=1,...,n}if p =oco.

i, o)l ==

These norms are all equivalent: for all p, g € [1, oo] there exists Cp 4 > 1 such that
C;i1||v||q < vllp < Cpglivllg forallv € C".
Example 2.4 For all p € [1, oo], let the sequence space

€7 :={v = (Ulnez, € C: |vll, < o0},



4 A. C.R. Belton

where

1/
(Zotul?) " it p et o0,

sup{|vy| : n € Z4} if p = o0,

lvllp =

and the vector-space operations are defined coordinate-wise: if u, v € £P and A € C,
then

(u+v), :=u,+v, and (Av), := Av, foralln € Z4.

These are Banach spaces, with £7 C €9 if p, g € [1, oo] are such that p < q.
If p € [1, 00), then £P C ¢y C £°°, where

co = {v = (Un)n€Z+ g C : lim Uy = 0}
n—od

is itself a Banach space for the norm || - || co-

Example 2.5 An inner product on the complex vector space V is a form
() :VxV->C; (u,v) > (u,v)

which is
(i) linear in the second argument: the map V — C; v + (u, v) is linear for
allu e V,
(i) Hermitian: (u, v) = (v, u) forall u, v € V; and
(iii) positive definite: (v, v) > O for all v € V, with equality if and only
ifv=0.

Any inner product determines a norm on V, by setting |[v]| := (v, v)!/2 forall v €
V. Furthermore, the inner product can be recovered from the norm by polarisation:
ifg: V xV — Cis a sesquilinear form on V, so is conjugate linear in the first
argument and linear in the second, then

3
q(u,v):Ziqu(u—i—iv,u—i—iv) forallu,v e V.
Jj=0

A Banach space with norm which comes from an inner product is a Hilbert space.
For example, the sequence space £ is a sequence space, since setting

o
(u, v) := Zunvn forallu,v € 02
n=0
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defines an inner product on €2 such that (v, v) = ||v||> forall v € £2. In any Hilbert
space H, the Cauchy—Schwarz inequality holds:

[, )| < flull vl forallu,v e H.

It may be shown that a Banach space V is a Hilbert space if and only if the norm
satisfies the parallelogram law:

lu + v+ lu — o> = 20ul® +2|v)*>  forallu,ve V.

Exercise 2.6 Let H be a Hilbert space. Given any set S € H, prove that its
orthogonal complement

St:={xeH:(x,y)=0forally € S}

is a closed linear subspace of H. Prove further that L < H is a closed linear
subspace of H if and only if L = (L)L,

Example 2.7 Let C(K) denote the complex vector space of complex-valued func-
tions on the compact Hausdorff space K, with vector-space operations defined
pointwise: if x € K then

(f+8)0) = f(x)+gk) and (Af)x) :=2rf(x)

forall f, g € C(K) and A € C. The supremum norm

-1 f = 1 flloo :=sup{f(x) : |x] € K}

makes C(K) a Banach space. [Completeness is the undergraduate-level fact that
uniform convergence preserves continuity. ]

Example 2.8 Let (2, ¥, 1) be a o-finite measure space, so that 4 : ¥ — [0, 00]
is a measure and there exists a countable cover of Q with elements in ¥ of finite
measure.

For all p € [1, oo], the L? space

LPQ,F, ) :={f:Q—=>ClIflp < oo}
is a Banach space when equipped with the L? norm

1/
(fo I 1P @) ™ it pell, o0,

inf{sup{ | f(x)| : x € Q\ V}: V € Qisanullset}} if p = oo,

Ifllp ==
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and where functions are identified if they differ on a null set. [Note that if f €
LP(Q,F, p) then || f||, = 0if and only if f = 0 on a null set.]
The space Lz(Q, ¥, 1) is a Hilbert space, with inner product such that

(f.g) = /Q fgx)u(dx)  forall f, g € LA(Q, F, p).

I'— =1 where co~! := 0, then

If p, g, r € [1, oo] are such that p*1 +q-
Ifglr < 1/ NplIgllq forall f € LP(Q,F, n) and g € L1(Q2, F, p);
2.1

this is Holder’s inequality. The subadditivity of the L? norm, known as Minkowski’s
inequality, may be deduced from Holder’s inequality. Whenr = 1 and p = g = 2,
Holder’s inequality is known as the Cauchy—Bunyakovsky—Schwarz inequality.

Example 2.9 Letd > 1. The space C° (R?) of continuous functions on R? with
compact support is a subspace of L?(R9) for all p € [1,00], and is dense for
p € [1, 00), when R? is equipped with Lebesgue measure.

Given a multi-index o« = (a1, ...,04) € Zi, let o] ;= a1 + -+ 4+ ag and
o 0%
D% f = ... f  forall feC®®RY.
dx1 dxq

Note that D* f € C(R?) forall f € CX(RY) and o € Z4.
Let f € LP(R?), where p € [1, c0], and note that fg € L'(R?) for all g €
cx (R?), by Holder’s inequality. If there exists F € L”(R?) such that

/ f(x)D“g(x)dxz(—D'“‘/ F(x)g(x)dx  forall g € CX®(RY)
]Rd ]Rd

then F is the weak derivative of f, and we write F = D® f. [It is a straightforward
exercise to verify that the weak derivative is unique, and that this agrees with the
previous definition if f € C2° (R%).]
Given p € [1, 00) and k € Z, the Sobolev space
whkP(RY) := {f € LP(R?Y) : D* f € LP(RY) whenever |a| < k)

is a Banach space when equipped with the norm

re = (X woe i)

lor| <k

and contains C2° (R?) as a dense subspace.
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The Sobolev space wk ’2(Rd ) is usually abbreviated to H k(]Rd ) and is a Hilbert
space, with inner product such that

(f.g):= Y (D*f.D%)  forall f.g € H'R').
| <k

Exercise 2.10 Prove that the normed vector space Wk-P(RY), as defined in Exam-
ple 2.9, is complete.

Example 2.11 Let U and V be normed vector spaces. A linear operator 7 : U — V
is bounded if

IT| :={lITul| :u € U} < oo.

If T is bounded, then ||[Tu| < ||T|| |l«| for all u € U, and ||T| is the smallest
constant with this property.

The set of all such linear operators is denoted by B(U; V), or B(U) if U and V
are equal.

This set is a normed vector space, with operator norm T +— || T || and algebraic
operations defined pointwise, so that

S+Tu=8Su+Tu and AT)u:=ATu

forall S, T € B(U; V), € C and U € U. Furthermore, the space B(U; V) is a
Banach space whenever V is.

Exercise 2.12 Prove the claims in Example 2.11.

Exercise 2.13 Let V be a normed vector space. Prove that the norm on B(V) is
submultiplicative: if S, T € B(V), then ST : v — S(Tv) € B(V), with ||ST| <
ISINT I

Exercise 2.14 Let U and V be normed vector spaces and let 7 : U — V be a
linear operator. Prove that T is bounded if and only if it is continuous when U and
V are equipped with their norm topologies.

Example 2.15 Given any normed space V, its fopological dual or dual space is the
Banach space V* := B(V; C). An element of V* is called a linear functional or
simply a functional.

If p, g € (1, 00) are conjugate indices, so that such that p~! 4+ ¢! = 1, then
(£7)* is naturally isomorphic to £9 via the dual pairing

o
[, v] := Zunvn forall u € £f and v € £9.
n=0
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Holder’s inequality shows that u +— [u, v] is an element of (£7)* for any v € £9;
proving that every functional arises this way is an exercise. Furthermore, the same
pairing gives an isomorphism between (£')* and £°°. [The dual of £*° is much larger
than £!; it is isomorphic to the space M (BN) of regular complex Borel measures on
the Stone—Cech compactification of the natural numbers. ]

Similarly, for conjugate indices p, ¢ € (1, o0), the dual of L7 (2,7, n) is
identified with L4(2, ¥, i), and the dual of LY, F, w) with L*(Q2, ¥, ), via
the pairing

Lf gl :=/Qf(X)g(X)M(dX)-

In particular, £2 and L?(2, 7, j1) are conjugate-linearly isomorphic to their dual
spaces. This is a general fact about Hilbert spaces, known as the Riesz—Fréchet
theorem: if H is a Hilbert space, then

H* ={(ul:u e H}, where (ulv := (u,v) forallv e H.

If K is a compact Hausdorff space, then the dual of C(K) is naturally isomorphic
to the space M (K) of regular complex Borel measures on K, with dual pairing

[f, ] ::/ f(x) u(dx) forall f € C(K)and u € M(K).
K

The Hahn—Banach theorem [25, Corollary 2 to Theorem III.6] implies that the
dual space separates points: if v € V, then there exists ¢ € V* such that ||¢| = 1
and ¢ (v) = [[v].

Example 2.16 Duality makes an appearance at the level of operators. If U and V
are normed spaces and T € B(U; V), then there exists a unique dual operator
T' € B(V*; U*) such that

(T'Y)(v) = ¥(Tu)  forallu e U and ¢ € V*.

The map T +— T’ from B(U; V) to B(V*; U*) is linear and reverses the order of
products: if S € B(U; V)and T € B(V; W), then (TS) = §'T’.

If H and K are Hilbert spaces, and we identify each of these with its dual via the
Riesz—Fréchet theorem, then the operator dual to T € B(H; K) is identified with the
adjoint operator T* € B(K; H), since

(T'(v])u = (v, Tu)k = (T*v, u)y = (T*v|u forallu € Hand v € K.
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2.2 Semigroups on Banach Spaces

Definition 2.17 A family of operators T = (13);er, S B(V) is a one-parameter
semigroup on V, or a semigroup for short, if

(i) To = I the identity operator and (ii) 75 T; = T4, forall s, r € R5.
The semigroup 7T is strongly continuous if

lim ||T;v—v]| =0 forallv € V,
t—0+

and is uniformly continuous if

lim |7, — 1| = 0.
t—0+

Exercise 2.18 Prove that a uniformly continuous semigroup is strongly continuous.
[The converse is false: see Exercise 2.29.]

Theorem 2.19 Let T be a strongly continuous semigroup on the Banach space V.
There exist constants M > 1 and a € R such that | T;|| < Me® forallt € R,.

Proof See [9, Theorem 6.2.1]. O

Remark 2.20 The semigroup T of Theorem 2.19 is said to be of type (M, a). A
semigroup of type (1, 0) is also called a contraction semigroup.

By replacing T, with e “'T;, one can often reduce to the case of semigroups
with uniformly bounded norm. However, it is not always possible to go further and
reduce to contraction semigroups; see [9, Example 6.2.3 and Theorem 6.3.8].

Exercise 2.21 Prove that a strongly continuous semigroup is strongly continuous
at every point: if # > 0, then }}m}) | T;+nx — Tyx|| = 0. Prove further that the same is
—

true if “strongly” is replaced by “uniformly”.

o
Exercise 2.22 Given any A € B(V), letexp(A) := Z ri' A",
n=0 "
(i) Prove that this series is convergent, so that exp(A) € B(V'). Prove further
that || exp(A)[| < exp [|All.
(i) Prove thatif B € B(V) commutes with A, so that that AB = BA, then
exp(A) and exp(B) also commute, with exp(A) exp(B) = exp(A + B).
[Hint: consider the derivatives of

t > exp(tA)exp(—tA) and 1> exp(tA)exp(tB) exp(—t(A+B)).]

(iii) Prove that setting 7; := exp(tA) for all + € R produces a uniformly
continuous one-parameter semigroup 7 .
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The converse of Exercise 2.22(iii) is true, and we state it as a theorem.

Theorem 2.23 [f T is a uniformly continuous one-parameter semigroup, then there
exists an operator A € B(V) such that T; = exp(tA) forallt € R,.

Proof By continuity at the origin, there exists #op > 0 such that
|Ts —I|| <1/2  foralls € [0, fo].

Then
1o 0]
Htﬁ/ Tyds — 1| :t(;luf T, —1ds| <172 <1.
0 0

Thus X := 1, ! éo Ty ds € B(V) is invertible, because the Neumann series

DU-X)=I+T-X)+UT-X)"+...
n=0

is absolutely convergent, so convergent, by Banach’s criterion. Furthermore,

o o
h’l(Th—I)/ TSds=h’1/ Tyin — Ty ds
0 0

to+h 0]
=h*1/ TSds—h’I/ T, ds
h 0

to+h h
=h*1/ TSds—h’I/ T, ds
o 0

—> Ty —1
as h — 0+. Hence

A= lim h =\ (Ty, = 1) = (T, — D@X) ™"
h—0+

Moreover, for any ¢ € [0, 7],

t t 141
T,0=I+A/ nldt1=1+A(t1+/ / Y}Zdtzdn)
0 0 JOo

2

=
=I+tA~|—2A + ...
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t In
—i—A"/ / Tt dtyyr ... dfy
0 0

1 n
-y A" =exp(tA)
n=0

as n — 00, since

HA" /l /t" T, dt dt H < 3Al
0... 0 tht1 n+l.-.. 1 XX 2(n+1)|

This working shows that 7; = exp(tA) for any ¢ € [0, fp], so for all t € R, by the
semigroup property: there exists n € Z and s € [0, tp) such that t = nfy + s, and

Ty = Ty Ts = exp(ntoA + s A) = exp(tA).

O

Remark 2.24 The integrals in the previous proof are Bochner integrals; they are
an extension of the Lebesgue integral to functions which take values in a Banach
space. We will only be concerned with continuous functions, so do not need to
concern ourselves with notions of measurability. All the standard theorems carry
over from the Lebesgue to the Bochner setting, such as the inequality || f f@)de] <
JIIf (@)l dt, and if T is a bounded operator then T [ f () dt = [ T f(z) dr.

Definition 2.25 If T is a uniformly continuous semigroup, then the operator A €
B(V) such that T; = exp(tA) for all t+ € R is the generator of the semigroup.

Exercise 2.26 Prove that the generator of a uniformly continuous one-parameter
semigroup 7 is unique. [Hint: consider the limit of t =1 (7} — I) as t — 0+.]

Example 2.27 Givent € Ry and f € V := LP(R), where p € [1, 00), let
(T Hx) == fx+1) forall x € Ry.

Then T; € B(V), with ||T|| = 1, and T = (13),er, is a one-parameter semigroup.
If f is continuous and has compact support, then an application of the Dominated
Convergence Theorem gives that 7; f — f as t — 0+; since such functions are
dense in V, it follows that T is strongly continuous.

Exercise 2.28 Prove the assertions in Example 2.27. Prove also thatif f € V =
LP(R,) is absolutely continuous, with f” € V such that

fx) =f(0)+/ f'(»dy  forallx € Ry,
0
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then
lim (T, f = f) = [,
t—0+
where the limit exists in V. [Hint: show that
1 1 !
s = = 1= [ans = ripa
0

and then use the strong continuity of 7" at the origin.]

Exercise 2.29 Prove that the semigroup of Example 2.27 is not uniformly continu-
ous. [Hint: let f, = A, 1[,171,2,,7 N where the positive constant A, is chosen to make

fn aunit vector in V, and consider ||T; f;, — full forn > 1]

2.3 Beyond Uniform Continuity

As shown above, uniformly continuous one-parameter semigroups are in one-to-one
correspondence with bounded linear operators. To move beyond this situation, we
need to introduce linear operators which are only partially defined on the ambient
Banach space V.

Definition 2.30 An unbounded operator in V is a linear transformation A defined
on a linear subspace Vo C V, its domain; we write dom A = V.

An extension of A is an unbounded operator B in V such that dom A € dom B
and the restriction B|gom 4 = A. In this case, we write A C B.

An unbounded operator A in V is densely defined if dom A is dense in V for the
norm topology.

Definition 2.31 Given operators A and B, let A + B and A B be defined by setting
dom(A + B) :=domANdomB, (A+ B)v:=Av+ Bv
and
domAB :={vedomA: Av € domB}, (AB)v:= A(Bv).

Note that neither A + B nor A B need be densely defined, even if both A and B are.

Definition 2.32 Let T be a strongly continuous one-parameter semigroup on V. Its
generator A is an unbounded operator with domain

domA:={veV: 111(1)1 = (T;v — v) exists in V)
t—0+4+
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and action

d
Av:= _ Tyv ;= lim t_l(T,v—v) forall v € dom A.
dr =0 t—0+

It is readily verified that A is an unbounded operator.

Exercise 2.33 Prove thatif v € V and ¢ € R then
1 t
/ Tsvds € dom A and (Tt—I)va/ T,vds.
0 0

Deduce that dom A is dense in V. [Hint: begin by imitating the proof of Theo-
rem 2.23.]

Lemma 2.34 Let the strongly continuous semigroup T have generator A. If v €
domA andt € Ry, then T;v € domA and T;Av = AT;v; thus, T;(domA) C
dom A. Furthermore,

t t
(T — DHv = / T, Avds = / ATsvds.
0 0

Proof First, note that
YT, — DTiv=T,h (T — Dv — T,Av ash — 0+,

by the boundedness of 7;, so T;v € dom A and AT;v = T;Av, as claimed. For the
second part, let

t
F:Ry >Vt (T,—I)v—/ T;Avds.
0
Note that F is continuous and F (0) = 0; furthermore, if > 0, then
h
WY (F@t+h) —F@)) = Tth_l(Th—I)v—h_I/ Tyr1Avds — T,Av—T; Av =0
0

as h — 0+, whence F = 0. m|

Definition 2.35 An operator A in V is closed if, whenever (v,),eny € dom A is
such that v, — v € V and Av, — u € V, it follows that v € dom A and Av = u.
Note that a bounded operator is automatically closed.

The operator A is closable if it has a closed extension, in which case the closure A
is the smallest closed extension of A, where the ordering of operators is given in
Definition 2.30.
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Exercise 2.36 Prove that the graph
G(A) .= {(v, Av) : v € dom A}
of an unbounded operator A in V is a normed vector space for the product norm
-1 (v, Av) || = [lv]l + [|Av]l.
Prove further that A is closed if and only if G(A) is a Banach space, and that A is
closable if and only if the closure of its graphin V @V is the graph of some operator.

Finally, prove that if A is closable then Q(A) is the intersection of the graphs of all
closed extensions of A.

Exercise 2.37 Let A be the generator of the strongly continuous one-parameter
semigroup 7. Use Lemma 2.34 and Theorem 2.19 to show that A is closed.

Proof Suppose (v;)nen € dom A is such that v, — v and Av, — u.Let? > 0 and
note that

t
Tiv, — v, = / TsAv, ds foralln > 1.
0
Furthermore,

t t t
H/ T, Avy ds —/ TsudsH < / Me™ || Avy — ul| ds < M1e™X@0 | 4y, — 4|l — 0
0 0 0

asn — oo, SO

t
Ttv—v=/ Tsuds.
0

Dividing both sides by ¢ and letting t — 04 gives that v € dom A and Av = u, as
required. O

Definition 2.38 Let H be Hilbert space. If A is a densely defined operator in H,
then the adjoint A* is defined by setting

dom A* := {u € H : there exists v € H such that (u, Aw)

= (v, w) forall w € dom A}
and

A*u = v, where v is as in the definition of dom A*.
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When A is bounded, this agrees with the earlier definition. If A is not densely
defined, then there may be no unique choice for v, so this definition cannot
immediately be extended further.

It is readily verified that the adjoint A* is always closed: if (u,),eny € dom A* is
such that u,, — u € H and A*u,, — v € H then

(u, Aw) = lim (u,, Aw) = lim (A*u,, w) = lim (v, w) forall w € dom A,
n—oo n—oo n—oo

sox € domA* and A*u = v.

Exercise 2.39 Prove that a densely defined operator A is closable if and only if its
adjoint A* is densely defined, in which case A = (A*)* and A * = A%

Definition 2.40 A densely defined operator A in a Hilbert space is self-adjoint if
and only if A* = A. This is stronger than the condition that

(u, Av) = (Au, v) forall u,v € domA,
which is merely the condition that A € A*. An operator satisfying this inclusion is
called symmetric.

Exercise 2.41 Let A be a densely defined operator in the Hilbert space H. Prove
that A is self-adjoint if and only if A is symmetric and such that both A 4 i/ and
A — il are surjective, so that

{Av+iv:vedomA} ={Av—iv:v edomA} =H.

Proof Suppose first that A is symmetric and the range conditions hold. Let u, v € H
be such that

(u, Aw) = (v, w) for all w € dom A,

so that u € dom A* and A*u = v. We wish to prove that u € dom A and Au = v.
Let x, y € dom A be such that (A —il)x = v—iu and (A +1il)y = u — x. Then

(,u —x) = (u, (A+il)y) = (v —iu, y)
= ((A—iDx,y) = {x, (A+iDy) = (x,u —x),
where the penultimate equality holds because A is symmetric and x, y € dom A. It
follows that ||u — x||> = 0,s0u = x € dom A and Au = Ax = v — iu + ix = v.
Now suppose that A is self-adjoint, and note that it suffices to prove that A + i/

is surjective, since — A is self-adjoint whenever A is.
Note first that

(A +iDv|? = [[Av]? + |lv|>  forallv € domA, (2.2)
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which implies that ran(A + i) is closed: if the sequence (v,),en € dom A is such
that ((A + iI)vn)neN is convergent, then both (v, ),en and (Av,),en are Cauchy, so
convergent, with v, — v € H and Av, — u € H. Since A is closed, it follows that
v € dom A and Av = u, from which we see that (A +il)v, — u+iv = (A+il)v.

It is also follows from (2.2), with A replaced by —A, that A — i/ is injective. As

uecker(A—il) < ((A—ilHu,v) =0 for all v € dom A
— u,(A+ihHv) =0 forallv € dom A = dom A*

< u eran(A +il)*,
)

ran(A 4 i) = (ran(A +i)H)t = ker(A — i)t = {0}t = H.

Definition 2.42 Let A be an unbounded operator in V. Its spectrum is the set
o(A) :={r € C:AI — A hasnoinverse in B(V)}
and its resolvent is the map
C\o(A) > B(V); A+> (A — A~

In other words, A € C is not in the spectrum of A if and only if there exists a
bounded operator B € B(V) such that B(Al — A) = Igoma and (Al — A)B = Iy;
in particular, the operator ./ — A is a bijection from dom A onto V.

Remark 2.43 1If the operator T : V — V is bounded, then its spectrum o (T) is
contained in the closed disc {A € C : |A| < ||IT |} [22, Lemma 1.2.4].

Exercise 2.44 Let A be an unbounded operator in V and suppose A € C is such
that A — A is a bijection from dom A onto V. Prove that (A — A)~ ! is bounded if
and only if A is closed. [Thus algebraic invertibility of Al — A is equivalent to its
topological invertibility if and only if A is closed.]

The following theorem shows that the resolvent of a semigroup generator may
be thought of as the Laplace transform of the semigroup.

Theorem 2.45 Let A be the generator of a one-parameter semigroup T of
type (M,a) on V. Then 6 (A) € {A € C : ReAr < a}. Furthermore, if Re A > a,
then

o0
W —A) = / e MTivdt  forallveV (2.3)
0

and |(M — A < MRex —a)™ .
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Proof Fix A € C with Re A > a and note first that
(o)
R: ViV, v|—>/ e MTvdt
0

is a bounded linear operator, with |R|| < M(Rex —a)~ L.
If v e Vand u = Rv, then

o0 o0 o
Tiu = / e M Ty vds = / e DT vdr = e“/ e MTvdr,
0 t t

and therefore, if t > 0,

(o) (o)
YT, — Du = tile)‘t/ e MTouds — 17! / e M Tvds
t 0

' 00
= —t_le)"/ e M Towds + 171 (e — 1)/ e MTvds
0 0

— —v+Au ast — 0+.

Thus u € dom A and (Al — A)u = v. It follows that ran R € dom A and (Al —
AR =1y.

However, since (7; — I)R = R(T; — I) and R is bounded, the same working
shows that

RAu=—-u+ARu <— RO —Au=u forallu € domA.

Thus R(M — A) = Ijom 4 and R = (M — A)~L, as claimed. O

The Laplace-transform formula of Theorem 2.45 allows one to recover a
semigroup from its resolvent.

Theorem 2.46 Let A be the generator of a one-parameter semigroup T of
type (M,a)onV, and let . € C with Re A > a. Then

00 tnfl
A —A) "= / e MTyvdt  foralln e Nandv €'V,
o (-1

and
Tv= lim (I —n~'tA) ™"
n—0o0

= lingo(n/t)"((n/t)l —A) forallt > 0andv e V.
n—
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Proof The first claim follows by induction, with Theorem 2.45 giving the case
n=1.

As noted by Hille and Phillips [16, Theorem 11.6.6], the second follows from the
Post—Widder inversion formula for the Laplace transform. For all n € N, let

n" _
fo Ry > Ry t > n— 1)!t"e nt,

and note that f, is strictly increasing on [0, 1] and strictly decreasing on [1, 00),
and its integral fooo Jfa(2) dt = 1; this last fact may be proved by induction. If n is
sufficiently large, then a short calculation shows that

(n/t)"((n/t)l —Av=>1-n"H" /00 Sa—1(r)e " Tyvdr.
0

The result follows by splitting the integral into three parts. Fix ¢ € (0, 1) and
note first that f,(r) < ne"r"e™ for all r € R, with the latter function strictly
increasing on [0, 1], so

< n(1 —&)"te prmax({1, 1=} v| > 0 asn — oo.

1—¢
H / fa(re Tpvdr
0

Similarly, if b := /(1 4+ ¢), then f, (r)e”™ < ne™(1 +¢)"eP~Dn(1+6) < p(1 4 )"
forallr > 1+ ¢, and so

fu(r)e " Tyvdr

o
< M|v|ln(1 +e)"/ el=bnr g,

I
1+¢ 1+¢

n
< Mllvllb (14¢&)"e@tmI+e) 0 aspn — oo,
n—a

since b(1 4+ &) = ¢ and (1 4+ €)e™® < 1. A standard approximation argument now
completes the proof. O

We have now obtained enough necessary conditions on the generator of a
strongly continuous semigroup for them to be sufficient as well.

Theorem 2.47 (Feller-Miyadera—Phillips) A closed, densely defined operator A
in V is the generator of a strongly continuous semigroup of type (M, a) if and only

if
0(A) C{rAeC:Rei<a}
and

A — A <MA—a)™ forall A > a andm € N. (2.4)
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Proof Let A be the generator of a strongly continuous semigroup 7 of type (M, a).
The spectral condition is a consequence of Theorem 2.45, and the norm inequality
follows from Theorem 2.46.

For the converse, let the operator A be closed, densely defined, such that (2.4)
holds and having spectrum not containing (a, 00). Setting A; = AAA — A)~!,
note that {A; : A € (a, 00)} is a commuting family of bounded operators such that
Azv — Avas A — oo, forall v € dom A; see Exercise 2.48 for more details.

With 7* := exp(tA;), the inequalities (2.4) imply || T*|| < M exp(ait/(A — a))
forall A > a andr € R, solimsup; _, ., ||Tt)‘|| < Me®. Since

1 d t
(TtA - T/ v = /0 ds (Ts)\Ttlisv) ds = /O Ts}\Ttlis(Al — Apvds,

if A, u > 2a4+ = 2 max{a, 0} and v € dom A then
1T} = Tl < eMP* (A — Advll = 0 as h, p— oo,

locally uniformly in ¢. An approximation argument shows that T;u = lim; _, o Tt)‘u
exists forall r € Ry and u € V, and that T = (T}),eRr, is a strongly continuous
one-parameter semigroup of type (M, a).

To see that the generator of T is A, note that the previous working and
Lemma 2.34 imply that

t

t
Trv—v= lim T,)‘v —v= lim TY)‘A)Lvds = / TyAvds for all v € dom A;
A—>00 A—o00Jo 0

dividing by ¢ and letting + — 0 shows that the generator B of T is an extension of
A. Note that (a, co) is not in the spectrum of B, by Theorem 2.45; it is a simple
exercise to show that (A ] — A)~! = (A\] — B)~! for A > a, and since the ranges of
these operators are the domain of A and B, the result follows. O

Exercise 2.48 Let A be an unbounded operator in V, with spectrum not containing
(a, 0o) and such that ||(A] — A)~Y| < M(A —a)~! forall A > a, where M and a
are constants. Prove that

A= AAQT — A =2200 — A7 = AT
commutes with A, for all A, i > a. Prove also that

lim A(M —A)'u=u  forallu eV,
A—00

by showing this first for the case # € dom A. Deduce that Ayv — Av when v €
dom A.

For contraction semigroups, we have the following refinement of Theorem 2.47.
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Theorem 2.49 (Hille-Yosida) Let A be a closed, densely defined linear operator
in the Banach space V. The following are equivalent.

(1) A is the generator of a strongly continuous contraction semigroup.
(i) o (A) C{A € C:ReX < 0}and

(AL — A7 < (Rer)™  whenever Re . > 0.
(iii) o (A) N (0, co) is empty and
I — A~ <At whenever & > 0.
Proof Note that (i) implies (ii), by Theorem 2.45, and (ii) implies (iii) trivially. That

(iii) implies (i) follows from the extension of Theorem 2.47 noted in its proof. O

In practice, verifying the norm conditions in Theorems 2.47 and 2.49 may prove
to be challenging. The next section introduces the concept of operator dissipativity,
which is often more tractable.

2.4 The Lumer-Phillips Theorem

Throughout this subsection, V denotes a Banach space and V* its topological dual.

Definition 2.50 Forallv € V, let

TF() :={¢p € V*: ¢(v) = |v]I* = [$]*}

be the set of normalised tangent functionals to v. The Hahn—Banach theorem [25,
Theorem II1.6] implies that 7F (v) is non-empty for all v € V.

Exercise 2.51 Prove that if H is a Hilbert space then TF(v) = {(v|} forallv € H,
where the Dirac functional (v| is such that (v|u := (v, u) for all u € H. [Recall the
Riesz—Fréchet theorem from Example 2.15.]

Exercise 2.52 Prove thatif f € V = C(K) and xo € K is such that | f(xg)| =
|| £ then setting ¢(g) := f(x0)g(xo) for all g € V defines a normalised tangent
functional for f. Deduce that TF(f) may contain more than one element.

Definition 2.53 An unbounded operator A in V is dissipative if and only if there
exists ¢ € TF(v) such that Re ¢ (Av) < 0, for all v € dom A. [Note that it suffices
to check this condition for unit vectors only.]

Exercise 2.54 Prove that an operator A in the Hilbert space H is dissipative if and
only if ||(I + A)v|| < ||({ — A)v| forall v € dom A.

Exercise 2.55 Suppose T is a contraction semigroup with generator A. Prove that
A is dissipative.
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Proof If v € dom A and ¢ € TF(v), then
Re¢(Av) = lim ' Rep(Tv —v) < lim =Ygl vl — [[v]|* =0,
t—0+ t—0+
so A is dissipative. O

We now seek to find a converse to the result of the preceding exercise.

Lemma 2.56 The unbounded operator A in V is dissipative if and only if
|(AT — A)v|| = Alv]| forall A > 0andv € domA. (2.5)

If A is dissipative and M — A is surjective for some A > 0, then . & o(A) and
I = )~ <Al

Proof Suppose first that (2.5) holds, let v € dom A be a unit vector and, for all
A > 0, choose ¢ € TF((AI — A)v). Then ¢, # 0, s0 ¥, = [l "'y is well
defined, and
A< AT = Al = Yu(hv — Av) = ARe ¥ (v) — Re ;. (Av).
Since Re ¥, (v) < 1 and —Re ¢, (Av) < ||Av]|, it follows that
Re v (Av) <0 and Rey,(v) > 1— A_1||Av||.
The Banach—Alaoglu theorem [25, Theorem IV.21] implies that the unit ball of V*
is weak™® compact, so the net (y;),~0 has a weak*-convergent subnet with limit in
the unit ball. Hence there exists ¢ € V* such that
Il <1, Rey(Av) <0 and Rey(v) > 1.
In particular,

W <Yl <1T<Rey(v) < Y@,

so ¥ € TF(v) and A is dissipative.
Conversely, if L > 0, v € dom A and ¢ € TF(v) is such that Re ¢ (Av) < O then

oIl 1 — Al = 1¢((A — A)v)| = [Avll* — d(Av)| = Allv]|>.
Thus (2.5) holds, and L1 — A is injective.

If AI — A is also surjective, then (2.5) gives that [[u| > A||(A] — A)~u| for
all u € V, whence the final claim. m]
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Exercise 2.57 Let A be dissipative. Prove that A/ — A is surjective for some A > 0
if and only if Al — A is surjective for all A > 0. [Hint: for a suitable choice of A
and Ao, consider the series Ry 1= Y o (A — A0)" (Aol — A)~"+1) ]

Proof Suppose that Ay > 0 is such that Ag/ — A is surjective. It follows from
Lemma 2.56 that ||(hol — A)~ ! < Aal. The series

(o)
Ry =) (ko —N)"(hol — A)~ "D
n=0
is norm convergent for all & € (0, 2X¢); if we can show that R, = (Al — A)_l, then
the result follows.
If C € B(V) is such that |C|| < 1 then I — C is invertible, with (I — C)~! =
>, C". Hence if C = (A9 — A) (Aol — A)~!, then
Ry=(ol =AU -0 =U -0 ol — A7,
soran R) C dom(Agl — A) = dom(Al — A),
M I=A)R;, = (=20 I+l —A)) Ry = ((A—r0) (ol —A) ' +I)(I-C)"' = Iy
and
Ry(M — A) = Ry ((h — 20)] + (hol — A))
=T —C) O =)ol = A+ 1) = ltoma.

O

Theorem 2.58 (Lumer-Phillips) A closed, densely defined operator A generates
a strongly continuous contraction semigroup if and only if A is dissipative and M1 —
A is surjective for some X > 0.

Proof One implication follows from Exercise 2.57, Lemma 2.56 and Theorem 2.49.
The other implication follows from Theorem 2.49 and Exercise 2.55. O

Example 2.59 Let V = L?[0, 1], and let Af := g, where
domA := if € V : there exists g € V such that f(¢)
t
- / ¢(s)ds forall 7 € [0, 1]}.
0

Thus f € dom A if and only if f(0) = 0 and f is absolutely continuous on [0, 1],
with square-integrable derivative, and then Af = f’ almost everywhere. For such f,
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note that

1 1 t , 1
o(f, Af) = Re /0 Fof 0= fo (1) ©di = JIFDP >0,

so —A is a dissipative operator, but A is not.
Let g € V and A > 0; we wish to find f € dom A such that

M+Af=g < M+[f =g f=/(g—kf).

We proceed by iterating this relation: given h € {f, g}, let ho := h and, for all
n € Zy,lethy,41 € Vbesuch h,41(t) = fé h,(s)ds forall ¢ € [0, 1]. Then

—gl—A/f—gl—A//(g M) = —Z( Wigjit + (=1 fo

for all n € N. The series Zj‘;o(—)\)/gjﬂ is uniformly convergent on [0, 1], so
defines a function F € dom A, whereas (—A)" f, — 0 as n — oo. Thus

o0 o0
W+ AF ==Y (=0Mgin+) (-0igi =g =g,
j=0 j=0

so Al + A is surjective. By the Lumer—Phillips theorem, the operator —A generates
a contraction semigroup.

Exercise 2.60 Fill in the details at the end of Example 2.59. [Hint: with the notation
of the example, show that if & € {f, g} then |h,()|> < " ||h||3/n! for all n € N.]

Remark 2.61 We can explain informally why the operator A defined in Exam-
ple 2.59 does not generate a semigroup, and why — A does. Recall that each element
of a semigroup leaves the domain of the generator invariant, by Lemma 2.34, and A
would generate a left-translation semigroup, which does not preserve the boundary
condition f(0) = 0. Moreover, —A generates the right-translation semigroup, and
this does preserve the boundary condition.

If we let Ag be the restriction of A to the domain

domAg:={f edomA : f(1) =0},

so adding a further boundary condition, then both Ay and —A¢ are dissipative, but
neither generates a semigroup. We cannot solve the equation (Al = Ag) f = g for
all g when subject to the constraint that f € dom Ag. [Take g € L?[0, 1] such that
g() =t forallt € [0, 1], construct F as in Example 2.59 and note that F'(1) # 0.]
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Example 2.62 Recall the weak derivatives D* and Sobolev spaces H k(R?) defined
in Example 2.9, and let 2e; € Zi be the multi-index with 2 in the jth coordinate
and 0 elsewhere. The Laplacian

32 .
A= Z dx? B ZDZE]
j=1 J j=1

is a densely defined operator in L%(RY) with domain dom A := H%(RY). It may be
shown that

(Af. @) 2may = —(Vf. Vg 2gay  forall f, g € H*RY), (2.6)
where
af af
V:=(D,..., D%): AU );
( ):ife (3)61 dxg

consequently, the Laplacian A is dissipative. One way to establish (2.6) is to use the
Fourier transform. Fourier-theoretic results can also be used to prove that A — A is
surjective for all A > 0, essentially because the map x > 1/(A + |x|?) is bounded
on R?. Thus the Laplacian generates a contraction semigroup.

Exercise 2.63 Let A be a densely defined operator on the Hilbert space H. Prove
that if A is symmetric, so that

(u, Av) = (Au,v) forallu,v € domA,

then iA is dissipative. Deduce that if H is self-adjoint then iH and —iH are the
generators of contraction semigroups.

Prove, further, that if T = (7;);cr, has generator iH, with H self-adjoint, then
T; is unitary, so that T*T; = [ = T;T,*, forall t € R,.

Proof The first part is an immediate consequence of Theorem 2.58, the Lumer—
Phillips theorem, together with Exercise 2.41.
For the next part, fix u, v € dom H and t € R;. If 4 > O then

h N, (T Tren — T T)V) = (Typu, = (T — DT,v)
+ (b~ N(Ty — DTyu, Tyv)
—> (Ttu, 1HT[U> + <1HTIM, T[U) =0

as h — 0+, since Tyu, T;v € dom H and T is strongly continuous. A real-valued
function on R is constant if it is continuous and its right derivative is identically
zero, so this working shows that T;*T; = 1.
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Now let § = (S;);er, be the strongly continuous semigroup with generator —iH.
The previous working shows that S;'S; = [ forall t € R, so it suffices to let > 0
and prove that S; = T;*. To see this, let u, v € dom H and consider the function

F:[0,1] > C; s+ (u, T, ;Ssv).

Working as above, it is straightforward to show that F’ = 0 on (0, ), so F(0) =
F (t) and the result follows. |

Exercise 2.64 Suppose U is a strongly continuous one-parameter semigroup on the
Hilbert space H, with U; unitary, so that U;*U; = I = U, U/, forallt € R;.Let A
be the generator of U.

Prove that U* = (U);er, is also a strongly continuous one-parameter
semigroup, with generator —A. Deduce that H := iA is self-adjoint.

Proof The semigroup property for U* is immediate, and strong continuity holds
because

I = Dl = (I = Unw, v) = (v, U — D) < 20U, = Dol o]l - 0

ast — 0+, forany v € H.
Next, denote the generator of U* by B, and let v € dom A. Then

TN UF - =-U U - v > —Av ast — 0+,

so —A C B. Since (U*)* = U, applying this argument with U replaced by U*
gives the reverse inclusion. Thus U* has generator B = — A, as claimed.
Finally, let H = iA and suppose first that u, v € dom H = dom A. Then

(~iHu,v) = lim YU, = Du,v) = lim (u, 7" U} — Dv) = (u,iHv),
t—04

t—0+

so H C H*. For the reverse inclusion, note that
t
Ufv =v+/ UfA*vds for all v € dom A™,
0

by Lemma 2.34 applied to U and properties of the adjoint. Thus A* C —A, the
generator of U*, and therefore H* = —iA* CiA = H. O

Remark 2.65 Exercises 2.63 and 2.64 lead to Stone’s theorem, which gives a one-
to-one correspondence between self-adjoint operators and strongly continuous one-
parameter groups of unitary operators. This result has significant consequences for
the mathematical foundations of quantum theory; see [25, Section VIIL.4].
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3 Classical Markov Semigroups

Throughout this section, the triple (22, #,P) will denote a probability space, so
that P : & — [0, 1] is a probability measure on the o-algebra ¥ of subsets of €2,
and E will denote a topological space, with & its Borel o -algebra, generated by the
open subsets.

An E-valued random variable is a ¥ -E-measurable mapping X : Q@ — E. If X
is an E-valued random variable, then o (X) is the smallest sub-o-algebra ¥ of F
such that X is Fo-& measurable. More generally, if (X;);es is an indexed set of E-
valued random variables, then o (X; : i € I) is the smallest sub-o-algebra o of F
such that X; is F9-& measurable for all i € 1.

3.1 Markov Processes

Definition 3.1 Given a real-valued random variable X which is integrable, so that
E[|X|] = /Q | X ()| P(dw) < o0,

and a sub-o-algebra 7y of F, the conditional expectation E[X|Fy] is a real-valued
random variable Y which is Fy-& measurable and such that

E[1aX] =E[14Y] forall A € Fo.

The choice of Y is determined almost surely: if Y and Z are both versions of the
conditional expectation E[X|F¢], then P(Y # Z) = 0. The existence of Y is
guaranteed by the Radon—Nikodym theorem.

The fact that E[X|F(] is determined almost surely can be recast as saying
that E[|Fo] is a linear operator from L' (2, 7, P) to L'(Q, Fo, Plg,). In fact, the
map X — E[X|Fo] is a contraction from L” (2, ¥, ) onto L? (L2, Fo, P|#,), for
all p € [1, oo].

Remark 3.2 Let X € L*(Q, 7, P). Informally, we can think of ¥ := E[X|%0]
as the best guess for X given the information in Fp. In other words, the con-
ditional expectation Y of X with respect to ¥ is the essentially unique choice
of Fo-measurable random variable Z which minimises the least-squares distance
1Z = X]l2.

Definition 3.3 Given a topological space E, let the Banach space

By(E) :={f : E — C| f is Borel measurable and bounded},
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with vector-space operations defined pointwise and supremum norm

ILfII:= sup{|f(X)] : x € E}.

Exercise 3.4 Verify that B, (E) is a Banach space. Show further that the norm
| - || is submultiplicative, where multiplication of functions is defined pointwise, so
that By (E) is a Banach algebra. Show also that the Banach algebra By, (E) is unital:
the multiplicative unit 1 is such that ||1g|| = 1. Show finally that the C* identity
holds:

IFIP =17 fII forall f € By(E),

where the isometric involution f — f is such that f(x) := f(x) forallx € E.

Definition 3.5 (Provisional) A Markov process with state space E is a collection
of E-valued random variables X = (X;);cr, on a common probability space such
that, given any f € By(E),

E[f (X)) [o(X,: 0<r <] =E[f (X)) | 0(Xy)]

forall s, € Ry such thats < ¢.
A Markov process is time homogeneous if, given any f € Bp(E),

ELf(X0) | Xs = x] =E[f(Xi—) | Xo = x] (3.1

forall s, € R4 suchthats <fandx € E.

Definition 3.5 is well motivated by Remark 3.2, but it is somewhat unsatisfactory;
for example, what should be the proper meaning of (3.1)? To improve upon it, we
introduce the following notion.

Definition 3.6 A transition kernel on (E,&)isamap p : E x & — [0, 1] such that
(i) the map x — p(x, A) is Borel measurable for all A € & and
(i) the map A — p(x, A) is a probability measure for all x € E.
We interpret p(x, A) as the probability that the transition ends in A, given that it
started at x.

Exercise 3.7 If p and g are transition kernels on (E, &), then the convolution p x g
is defined by setting

(pxq)(x,A) = / px,dy)q(y, A) forallx € Eand A € &.
E

Prove that p % ¢ is a transition kernel. Prove also that convolution is associative:
if p, g and r are transition kernels then (p x g) xr = p * (g *r).
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Definition 3.8 A triangular collection {p;; : 5, € R4, s < ¢t} of transition kernels
is consistent if ps; * pry = psu foralls, t,u € Ry withs <1 < u; thatis,

Psu(x, A) = / Ps.i(x,dy) pru(y, A) forallx € Eand A € &. (3.2)
E

Equation (3.2) is the Chapman—Kolmogorov equation. We interpret py ;(x, A) as
the probability of moving from x at time s to somewhere in A at time 7.

Similarly, a one-parameter collection {p; : t € Ry} of transition kernels is
consistent if psxp; = psy, foralls, t € Ry. In this case, the Chapman—Kolmogorov
equation becomes

Ps+1(x, A) = / ps(x,dy)p; (v, A) forallx € E and A € &. 3.3)
E

We interpret p;(x, A) as the probability of moving from x into A in ¢ units of time.

Definition 3.9 A family of E-valued random variables X = (X;);cr, on a
common probability space is a Markov process if there exists a consistent triangular
collection of transition kernels such that

Ella(Xs) |o(X, : 0 < r <5)] = ps: (X5, A) almost surely

forall A e Eand s, t € Ry suchthats < ¢.
The family X is a time-homogeneous Markov process if there exists a consistent
one-parameter collection of transition kernels such that

E[1a(Xy) |o(X, : 0L r <5)] = pr—s(X5, A) almost surely

forall A € Eand s, t € Ry suchthats < 7.

The connection between time-homogeneous Markov processes and semigroups
is provided by the following definition and theorem.

Definition 3.10 A Markov semigroup is a contraction semigroup 7 on By (E) such
that, for all ¥ € R, the bounded linear operator 7; is positive: whenever f € By (E)
is such that f > 0, thatis, f(x) € Ry for all x € E, then T; f > 0. [Note that we
impose no condition with respect to continuity at the origin.]

If T; preserves the unit, that is, 7;1g = 1g for all # € Ry, then the Markov
semigroup T is conservative.

Remark 3.11 Positive linear maps preserve order: if 7' is such amap and f < g, in
the sense that f(x) < g(x) forall x € E,then Tf < Tg. The image of a real-valued
function / under a positive linear map is real valued, since if / takes real values, then
h = ht —h~, where h* : x — max{h(x),0} and A~ := x — max{—h(x), 0}.
Consequently, positive linear maps also commute with the conjugation, in the sense
that Tf =Tf.
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Exercise 3.12 Suppose the mapping T : By(E) — Bp(E) is linear and positive.
Show that |Tf|?> < T|f|>T1g forall f € By(E), and deduce that T is bounded,
with norm | T|| < [|[T1g].

Proof If f € Bp(E), x € E and A € R, then
0<T(If = MTH®IP) @) = 22T 1)) (T = 22T + (T f 1) ().

Inspecting the discriminant of this polynomial in A gives the first claim, and the
second follows because.

(T )1 < (TP @) (T1e)x) < I IRHT 1) x) < I FIPIT g%

Theorem 3.13 Let p = {p; : t € Ry} be a family of transition kernels. Setting

(T Hx) = /Ept(X,dy)f(y) forall f € B,(E)andx € E

defines a bounded linear operator on By (E) which is positive, contractive and unit
preserving. Furthermore, the family T = (T;),cr, is a Markov semigroup if and
only if p is consistent.

Proof If f € By(E), x € E and s, t+ € Ry, then the Chapman—Kolmogorov
equation (3.3) implies that

(Ts+tf)(x)=/Eps+t(x,dz)f(z)=/E/Eps(x,dy)pt(y,dz)f(z)

- /E Py G, dy) (T ()

= (T(T: ) (x).

Verifying the remaining claims is left as an exercise. O

If we have more structure on the semigroup 7', then it is possible to provide a
converse to Theorem 3.13. This will be sketched in the following section.
3.2 Feller Semigroups

Definition 3.14 Let the topological space E be locally compact. Then

Co(E) :={f : E — C| f is continuous and vanishes at infinity} C B (E)
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is a Banach space when equipped with pointwise vector-space operations and the
supremum norm. [A function f : E — C vanishes at infinity if, for all ¢ > 0, there
exists a compact set K C E such that | f(x)| < e forallx € E\ K.]

Exercise 3.15 Prove that Co(E) lies inside B, (E) and is indeed a Banach space.
Prove that the multiplicative unit 1g is an element of Co(E) if and only if E is
compact.
Definition 3.16 A Markov semigroup 7T is Feller if the following conditions hold:
(i) T:(Co(E)) € Co(E) forallt € Ry and
(ii) 1i1(1)1 I\T: f — fll =0forall f € Co(E).
t—04

Remark 3.17 If a time-homogeneous Markov process X has Feller semigroup T,
then

E[f(Xe4n) = f(X) | o (X0)] = (Tu f — [)(X2) = h (Af)(X) + o(h),

so the generator A describes the change in X over an infinitesimal time interval.

Definition 3.18 An R?-valued stochastic process X = (X;);er . 18 a Lévy process
if and only if X

(i) has independent increments, so that X; — X, is independent of the past
o-algebrac (X, : 0 <r <s)foralls,r € Ry withs <,

(i1) has stationary increments, so that X; — X has the same distribution
as X;—y — Xo, forall s, r € Ry withs <t and

(iii) is continuous in probability at the origin, so lim ]P’(|X  — Xo| =2 8) =0
forall ¢ > 0. =0t

Remark 3.19 Lévy processes are well behaved; they have caddldg modifications, and
such a modification is a semimartingale, for example.

Exercise 3.20 Prove that if X is a stochastic process with independent and sta-
tionary increments, and with cadlag paths, then X is continuous at the origin in
probability.

Theorem 3.21 Every Lévy process gives rise to a conservative Feller semigroup.

Proof (Sketch Proof) For all t € R, define a transition kernel p; by setting
pr(x, A) = E[14(X; — X0 + x)] for all x € RY and Borel A - R4,
If s € Ry, then

pi(x, A) = E[1A(Xs4 — X5 + )] = E[la(Xs 44 — X5 +x) | 5, (3.4
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where 75 := o (X, : 0 < r < s); the first equality holds by stationarity and the
second by independence. In particular,

pi(Xs, A) = E[1a(Xs40) | F5],

so X is a Markov process with transition kernels {p, : ¢+ € R,} if these are
consistent. For consistency, we use Theorem 3.13; let 7 be defined as there and
note that

(T fH(x) = /Epz (x,dy) f(y) =ELf(X; — Xo +x)]. (3.5
From the previous working, it follows that
(T Hx) = ELf (X541 — Xs +x) | F5],
and replacing x with the ¥;-measurable random variable X; — X + x gives that

Ty )x) = E[f (X541 — Xo + 0)] = E[(T; /) (X5 — Xo + 0)] = (I:(T1 ) (x),

as required. Equation (3.5) also shows that T is conservative.

Iffe CO(Rd), thenx — f(X;—Xo+x) € CO(Rd) almost surely, and therefore
the Dominated Convergence Theorem gives that T, f € Co(R?).

For continuity, let ¢ > 0 and note that f € Co(R?) is uniformly continuous, so
there exists § > 0 such that | f(x) — f(y)| < & whenever |[x — y| < §. Hence

ITe f = 1 < sup E[|f(X: — Xo+x) — f(x)]]

xeRd

— sup (E[1|X,,XO|<a|f(Xt — Xo+x) — f(0)]

xeRd
+E[1x,—xofzsl S (X0 = Xo + ) = F0]])
<e+ 20 IP(1X; — Xol > 9)
— ¢ ast — 0+.

O

Theorem 3.22 Let T be a conservative Feller semigroup. If the state space E is
metrisable, then there exists a time-homogeneous Markov process which gives rise
toT.

Proof (Sketch Proof) For all t € (0, 00), let

pi(x, A) ;= (T;14)(x) forallx € E and A € &.



32 A. C.R. Belton

Then p; is readily verified to be a transition kernel.
Let u be a probability measureon E. Ift, > --- > 1 > Oand Ay, ... A, € &,
then

Diy,yonta (A1 X - X Ap) =[ M(dxo)fA Pr, (X0, d)ﬂ)---/ Dty—ty_y (Xn—1, dx,).
E 1

n

By the Chapman—Kolmogorov equation (3.3), these finite-dimensional distributions
form a projective family. The Daniell-Kolmogorov extension theorem now yields a
probability measure on the product space

Q:=E™ = {0 = (0)rer, : @ € E forall t € Ry}

such the coordinate projections X; : 2 — E; o +— o, form a time-homogeneous
Markov process X with associated semigroup 7. O

Example 3.23 (Uniform Motion) If E = R and X; = X¢ + ¢ forall t € R, then

(L Hx) =flx+1) = / pi(x,dy) f(y)  forall f € Co(R)andx € R,
R

where the transition kernel p; : (x, A) — 8x4:(A). It follows that X gives rise to a
Feller semigroup with generator A such that Af = f’ whenever f € dom A.

Example 3.24 (Brownian Motion) If E = R and X is a standard Brownian motion,
then It6’s formula gives that

t t
f(Xy) = f(Xo) —|—/ f(Xs)dXs + ;/ f"(Xs)ds forall f e C’(R).
0 0

It follows that the Lévy process X has a Feller semigroup with the generator A such
that Af = éf” for all f € C*>(R) N dom A. [Informally,

1 [ 1
N ELF(X) | Xo=x]— f(x) = o /0 E[f"(Xs)|Xo = x]ds — 2f”(x)
ast — 0+.]

Example 3.25 (Poisson Process) If E = R and X is a homogeneous Poisson
process with unit intensity and unit jumps, then

oo
tn
E[f(X)IXo=x]=e"Y " fGx+n)  forallz€Ry.
n:
n=0

Hence the Lévy process X has a Feller semigroup with the bounded generator A
such that (Af)(x) = f(x + 1) — f(x) forall x € Rand f € Cop(R). [To see this,
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note that

(Tif = ) _ e

/ t_lf(x)+€7tf(x+1)+0(t) ast — O+,

uniformly for all x € R.]

The following exercise and theorem show that it is possible to move from the
non-conservative to the conservative setting, and from a locally compact state space
to a compact one.

Exercise 3.26 Let 7 be a locally compact topology on E and let co denote a point
notin E. Prove that E := E U {oo} is compact when equipped with the topology

T =T U {(E\K)U{oo} : K € T is compact},

and that 7 is Hausdorff if and only if 7" is. [This is the Alexandrov_one-point
compactification.] Prove further that Co(E) has co-dimension one in C(E).

Theorem 3.27 Let T be a Feller semigroup with locally compact state space E. If
Tif =[O+ T(fle— f(o0))  forallt € Ry and f € By(E),

then T = (Tt)teR+ is a conservative Feller semigroup with compact state space E.

Proof Fix t € R.. The hardest step is to prove that T, is positive, that is, if L € R
and g € By(E) are such that A + g(x) > Oforall x € E, then A + (T;g)(x) > 0
for all x € E. Note that g is real valued, and 7; maps real-valued functions to real-
valued functions, by positivity. Let the function g~ := x +— max{—g(x), 0} and
note that A > g~ (x) for all x € E. Hence

(Trg )X <Tig I <lg <A

and (T;g)(x) > (=Tig7)(x) = —A, as required.A
It is immediate that 7; preserves the unit, so 7; is contractive, by Exercise 3.12.
The remaining claims are straightforward to verify. O

3.3 The Hille-Yosida—Ray Theorem

As noted above, it can be difficult to show that the hypotheses of the Hille—Yosida
theorem, Theorem 2.49, hold. The Lumer—Phillips theorem gives an alternative for
contraction semigroups, via the notion of dissipativity. Here, we will show that the
additional structure available for Feller semigroups gives another possible approach.
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Throughout this subsection, E denotes a locally compact Hausdorff space. Here,
a Feller semigroup on Co(E) means a strongly continuous contraction semigroup
on Cy(E) composed of positive operators. This is the restriction to Co(E) of the
Feller semigroups considered above.

Let

Co(E;R):={f:E—>R| f € Co(E)}

denote the real subspace of Cy(E) containing those functions which take only real
values.

Definition 3.28 A linear operator A in Co(E) is real if and only if

(i) f € domA whenever f € dom A, so that the domain of A is closed
under conjugation, and

(i) Af = Af forall f € domA, so that A commutes with the conjugation.

Exercise 3.29 Show that (i) and (ii) are equivalent to
(i) f +ig € dom A implies f, g € dom A whenever f, g € Co(E; R), and
(ii) A(domA N Co(E; R)) C Co(E; R),

respectively.

Exercise 3.30 Prove that T is real whenever T is positive.
Prove further that if T = (7}),cr, is a Feller semigroup on Co(E) and T; is real
forall # € Ry then the generator A of T is real.

Proof The first claim is an immediate consequence of Remark 3.11.

For the second, suppose A is the generator of the Feller semigroup 7 on Co(E),
with each T; real, and let f € dom A. Then, since conjugation is isometric, if # > 0,
then

It Tf =) = Afl = 1N f — )= Afl = 1N f — ) — Af,

andso f € dom A, with A f = Af. The result follows. O

Definition 3.31 A linear operator A in Co(E) satisfies the positive maximum
principle if, whenever f € dom A N Co(E; R) and x¢ € E are such that f(xp) =
Il £1I, it holds that (Af)(xo) < 0.

Theorem 3.32 (Hille-Yosida—Ray) A closed, densely defined operator A in
Co(E) is the generator of a Feller semigroup on Co(E) if and only if A is real
and satisfies the positive maximum principle, and Al — A is surjective for some
A>0

Proof Suppose first that A generates a Feller semigroup on Cy(E). By the Lumer—
Phillips theorem, Theorem 2.58, and Exercise 3.30, it suffices to prove that A
satisfies the positive maximum principle. For this, let f € dom A N Cy(E; R) and
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xo € E be such that f(xg) = || f|. Setting f* := x > max{f(x), 0}, we see that

(T; f)(x0) < (T fHx0) < NIT IS IFTI = f(x0).
Thus
(T; f — f)(x0) <0,

(AP o) = lim 1

Conversely, suppose A is real and satisfies the positive maximum principle.
Given any f € dom A, there exist xo € E and 8 € R such that e f(xo) = |l f]l.
The real-valued function g := Ree'” f € dom A, since A is real, and || f|| =
g(x0) < llgll < £, so Re(Ae ) (x0) = (Ag)(xo) < 0, by the positive maximum
principle. If A > 0, then

I = A) fll = I — A)e" f1| > 1€ f(x0) — (A€ ) (x0)]
> Re el f(xo) — Re(Ae f)(xo) = Al fII,

so A is dissipative, by Lemma 2.56, and Al — A is injective. In particular, T is a
strongly continuous contraction semigroup, by the Lumer—Phillips theorem.

To prove that each 7; is positive, let L > 0 be such that A/ — A is surjective, so
invertible, let f € Co(E) be non-negative, and consider g = (AI—A)_lf € Co(E).
Either g does not attain its infimum, in which case g > 0 because g vanishes at
infinity, or there exists xog € E such that g(xo) = inf{g(x) : x € E}. Then

rg—Ag=Al—-Ag=f < rg— f=Ag,

so Ag(xp) — f(x0) = (Ag)(xp) = 0, by the positive maximum principle applied
to —g. Thusif x € E, then

rg(x) = Ag(xo) = f(xo0) =0,

which shows that A(A] — A)~ ! is positive and therefore so is (L] — AL Finally,
Theorem 2.46 gives that

T.f = lim (I —m~'A)7" f

= lim ¢ 'n)"¢"'nl — A)"f  forall f € Co(E), (3.6)
n—o0
so each T; is positive also. O

Exercise 3.33 Prove that if the operator A is real then its resolvent (Al — A lis
real for all A € R\ 0(A). Deduce with the help of Theorem 2.46 that the Feller
semigroup T is real if its generator A is.
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Proof Suppose Aisrealand A € R\ o (A).If f € Co(E), then f = (Al — A)g for
some g € Co(E), and

f=0GI-Ag=%1g—Ag= 0l —A)yg.
Hence
W —A)~ ' f=g=0I-A)""f,

as required. Since conjugation is isometric, the deduction is immediate. O

Example 3.34 Let the linear operator A be defined by setting
1
domA :={f € CQQR)NC*R): f" € Co(R)} and Af = 2f”.

Itis a familiar result from elementary calculus that A satisfies the positive maximum
principle

Remark 3.35 Courrége has classified the linear operators in Co(R?) with domains
containing C2° (R?) which satisfy the positive maximum principle. See [3, §3.5.1]
and references therein.

4 Quantum Feller Semigroups

To move beyond the classical, we need to replace the commutative domain Co(E)
with the correct non-commutative generalisation. This is what we introduce in the
following section.

4.1 C* Algebras

Definition 4.1 A Banach algebra is a complex Banach space and simultaneously
a complex associative algebra: it has an associative multiplication compatible with
the vector-space operators and the norm, which is submultiplicative. If the Banach
algebra is unital, so that it has a multiplicative identity 1, called its unit, then we
require the norm ||1]| to be 1.

An involution on a Banach algebra is an isometric conjugate-linear map which
reverses products and is self-inverse.

A Banach algebra with involution A is a C* algebra if and only if the C* identity
holds:

la*a|| = |la||*>  foralla € A.
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Remark 4.2 The C* identity connects the algebraic and analytic structures in
a very rigid way. For example, there exists at most one norm for which an
associative algebra is a C* algebra, and *-homomorphisms between C* algebras
are automatically contractive [30, Proposition 1.5.2].

Theorem 4.3 (Gelfand) Every commutative C* algebra is isometrically isomor-
phic to Cy(E), where E is a locally compact Hausdorff space. The algebra is unital
if and only if E is compact, in which case Co(E) = C(E).

Theorem 4.4 (Gelfand-Naimark) Any C* algebra is isometrically x-isomorphic
to a norm-closed x-subalgebra of B(H) for some Hilbert space H, a so-called
concrete C* algebra.

Remark 4.5 Let A be a C* algebra. Given any n € N, let M,,(A) be the complex
algebra of n x n matrices with entries in A, equipped with the usual algebraic
operations. By the Gelfand—Naimark theorem, we may assume that A € B(H) for
some Hilbert space H, and so M,,(A) € B(H"), where matrices of operators act in
the usual manner on column vectors with entries in H. We equip M, (A) with the
restriction of the operator norm on B(H"), and then M, (A) becomes a C* algebra.

Remark 4.5 is the root of the theory of operator spaces [10, 24].
Definition 4.6 A unital concrete C* algebra A € B(H) is a von Neumann algebra
if and only if any of the following equivalent conditions hold.

(1) Closure in the strong operator topology: if the net (¢;) € A and a €
B(H) are such that a;v — av forall v € H, thena € A.

(ii) Closure in the weak operator topology: if the net (a;) € Aanda € B(H)
are such that (v, a;v) — (v, av) forall v € H, thena € A.

(iii) Equality with its bicommutant: letting
S :={aeA:ab=baforallbc S}

denote the commutant of § C A, then A” := (A’)’ = A [von Neumann].

(iv) Existence of a predual: there exists a Banach space A, with (A,)* = A
[Sakai].

Sakai’s characterisation (iv) prompts consideration of the predual of B(H). The
predual A, is naturally a subspace of A*, and a bounded linear functional ¢ on B(H)
is an element of B(H), if and only it is o-weakly continuous: there exist square-
summable sequences (u,)5c  and (v,)72; € H such that

n=1 =
(e.¢] o
> (lunll® +llvall?) <00 and  ¢(T) = (un, Tv,)  forall T € B(H).
n=1 n=1

@.1)
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This yields a fifth characterisation of von Neumann algebras.

(v) Closure in the o-weak topology: if the net (a;) € A and a € B(H) are
such that ¢ (a;) — ¢ (a) for all ¢ € B(H),, thena € A.

The predual A, consists of all those bounded linear functionals on A which are
continuous in the o-weak topology; equivalently, they are the restriction to A of
elements of B(H), as described in (4.1).

Example 4.7 Recall from Example 2.15 that L*°(Q2, F, u) = (Ll(Q, T, ,u))*, and
so every L°° space is a commutative von Neumann algebra. Furthermore, every
commutative von Neumann algebra is isometrically x-isomorphic to L>° (2, F, u)
for some locally compact Hausdorff space €2 and positive Radon measure p; see
[30, Theorem I11.1.18].

4.2 Positivity

Definition 4.8 In a C* algebra A we have the notion of positivity: we write a > 0
if and only if there exists b € A such that @ = b*b. The set of positive elements in
A is denoted by Ay, is closed in the norm topology and is a cone: it is closed under
addition and multiplication by non-negative scalars. Note that a positive element is
self-adjoint.

This notion of positivity agrees with that encountered previously.

Lemma 4.9 Let T € B(H) be such that (v, Tv) > 0 for all v € H. There exists
a unique operator S € B(H) such that (v, Sv) > 0 forallv € H, and §* = T.
Furthermore, S is the limit of a sequence of polynomials in T with no constant
term.

Proof This may be established with the assistance of the Maclaurin series for the
function z — (1 — z)'/2. See [25, Theorem VI.9] for the details. |

Corollary 4.10 If a € A,, then there exists a unique element a'/> € A, the
square root of a, such that (a'/?)?> = a. The square root a'/? lies in the closed
linear subspace of A spanned by the set of monomials {a" : n € N}.

Proof This is a straightforward exercise. O

Exercise 4.11 Prove that f € Co(E)+ if and only if f(x) > O forall x € E. Prove
also that if the C* algebra A € B(H), where H is a Hilbert space, then a € Ay if
and only if (v, av) > 0 for all v € H. [The existence of square roots is crucial for
both parts.]

Proposition 4.12 Let A by a C* algebra. Then any element a € A may be written
in the form (ay — ap) + i(az — aq), where ay, ..., as € A;.
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Proof The self-adjoint elements Rea := (a + a*)/2 and Ima := (a — a™)/(2i) are
such that @ = Rea + iIma. Thus it suffices to show that any self-adjoint element
of A is the difference of two positive elements.

Leta € Abe self-adjoint and let Ag be the closed linear subspace of A spanned by
the set of monomials {a" : n € N}. As Ag is a commutative C* algebra, Theorem 4.3
gives an isometric x-isomorphism j : A9 — Co(E), where E is a locally compact
Hausdorff space. Then f := j(a) is real valued, so

fTi=x > max{f(x), 0} and [ i=x > max{—f(x), 0}

are well-defined elements of Co(E) such that f = f*— f~.Hencea =a* —a™,
where at := j7(f*) anda™ := j~'(f7) are positive, as desired. o

Remark 4.13 The proof of Proposition 4.12 shows that if a € A is self-adjoint, then
there exista™, a~ € A suchthata = at —a~ anda®a™ = 0.

Definition 4.14 The positive cone provides a partial order on the set of self-adjoint
elements of A. Given elements a, b € A, we write a < b if and only if a = a*,
b=>b*andb—a e Ay.

This order respects the norm.
Proposition 4.15 Leta, b € Ay be such that a < b. Then |a|| < ||b]l.

Proof Suppose without loss of generality that A € B(H). Thena < b < |||,
by transitivity, Exercise 4.11 and the Cauchy—Schwarz inequality. If Ag denotes the
unital commutative C* algebra generated by the set of monomials {a" : n € Z},
then Theorem 4.3 gives an isometric *-isomorphism j : Ag — C(E), where E is a
compact Hausdorff space. Hence

0< jUDbINT —a)(x) = Ib|| — j(a)(x) forall x € E,

s00 < j(a)(x) < ||b|| for all such x and ||a|| = ||j(@)llco < ||b]], as claimed. m|

Exercise 4.16 Prove thatifa € Ay andn € Z, then ||a”| = |la||". [Hint: work as
in the proof of Proposition 4.15.]

Definition 4.17 A linear map ® : A — B between C* algebras is positive if and
only if ®(A;) C By.

Note that any algebra x-homomorphism is positive; this fact has been utilised in
the proof of Proposition 4.15.

Corollary 4.18 Let ® : A — B be a positive linear map between C* algebras.
Then

(i) the map ® commutes with the involution, so that ®(a*) = ®(a)* for all
a €A and

(ii) the map ® is bounded.



40 A. C.R. Belton

Proof Part (i) is an exercise.

For (ii), it suffices to prove that ® is bounded on Ay; suppose otherwise for
contradiction. For all n € N, let a,, € A, be such that ||a,|| = 1 and || ®(a,)| > 3".
Ifa = Z,@l 27 "a, € Ay, thena > 27 "a, foralln € N. Hence ®(a) > 27 "¢ (a,)
and ||¢(a)|| = 27| P(a,)]l > (3/2)", by Proposition 4.15, which is a contradiction
for sufficiently large n. O

We will now begin to investigate the generators of positive semigroups, following
in the footsteps of Evans and Hanche-Olsen [12].

Theorem 4.19 Let T = (I;)ier, be a uniformly continuous one-parameter
semigroup on the C* algebra A. If Ty is positive for all t € Ry, then the semigroup
generator L is bounded and x-preserving.

Proof The boundedness of £ follows immediately from Theorem 2.23, and if a €
A, then

L@)* = lim Y (Ty(a) — a)* = lim " (Ty(a*) — a*) = L"),
t—0+ t—0+

by continuity of the involution and the fact that positive maps are x-preserving. O

The following result is a variation on [12, Theorem 2]. The proof exploits an idea
of Fagnola [14, Proof of Proposition 3.10].

Theorem 4.20 Let L be a *-preserving bounded linear map on the C* algebra A.
The following are equivalent.
(i) Ifa, b € Ay are such that ab = 0, then aL(b)a > 0.

(i) (I — L)~V is positive for all sufficiently large A > 0.

(i) T; = exp(tL) is positive for all t € Ry.
Proof Suppose (i) holds; we will show that (Af — £)~! is positive if A > [|.£]|. It
suffices to take a € A such that (A\I — L£)(a) is positive, and prove that a € A;.
Note that a is self- adjoint, so Remark 4.13 gives b and ¢ € Ay witha = b — ¢ and
bc = 0. Thus (ii) holds if ¢ = 0.

The condition bc = 0 implies that b'/2c = 0, so (i) gives that c.L(b)c > 0. Hence

0< c*()\a — L(a))c =xc(b —c)c — cLb)c + cL(c)e < —rc® + cL(c)c,
and therefore 0 < Ac® < cL(c)c. It follows that Alc|® = Al < [I£] llcl,
which holds only when ¢ = 0, as required.

That (ii) and (iii) are equivalent is a consequence of Theorems 2.45 and 2.46. To
see that (iii) implies (i), note that if a, b € A are such that ab = 0, then

0< 1 aTy(b)a =1""a(b+1LD) + O1)a = aLl(bla+ O(t) - aL(b)a

ast — 0+. O
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In the quantum world, we can go beyond positivity to find a stronger notion,
complete positivity, which is of great importance to the theories of open quantum
systems and quantum information.

4.3 Complete Positivity

Recall from Remark 4.5 that matrix algebras over C* algebras are also C* algebras.

Definition 4.21 Let n € N. A linear map ® : A — B between C* algebras is
n-positive if and only if the ampliation

" My(A) — My (B); (@ij)f j—y = (Plaip)y

is positive. If ® is n-positive for all n € N, then ® is completely positive.

Remark 4.22 Choi [6] produced examples of maps which are n-positive but not
n + l-positive.

Exercise 4.23 Letn € N and let T = (T3);cr, be a one-parameter semigroup
on the C* algebra A. Prove that TW = (Tt(n))zeR + 1s a one-parameter semigroup
on M, (A), Prove further that if 7 is uniformly continuous, with generator £, then
T™ is also uniformly continuous, with generator £

Proposition 4.24 (Paschke [23]) Let A = (a;;)! j=1 € M, (A), where A is a
C* algebra. The following are equivalent.

(i) The matrix A € My, (A).

(ii) The matrix A may be written as the sum of at most n matrices of the
form (b;kbj);'jzl, where by, ..., b, € A.

(iii) The sum Z,r'lj=1 cfajjcj € Ay foranycy, ..., ¢y €A

Proof To see that (iii) implies (i), we use the fact that any C* algebra has a faithful
representation which is a direct sum of cyclic representations [30, Theorem III1.2.4].
Thus we may assume without loss of generality that A € B(H) and there exists a
unit vector u € H such that {au : a € H} is dense in H.

Given this and Exercise 4.11, let ¢y, ..., ¢, € A. Then (iii) implies that

n

0< ) (wclajcjudn = (v, Av)hr,
i,j=1

where v = (ciu, ..., cpu)T € H". Vectors of this form are dense in H" as ¢y, ...,
cp vary over A, so the result follows by another application of Exercise 4.11.
The other implications are straightforward to verify. O
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Exercise 4.25 Letn € N. Use Proposition 4.24 to prove that a linear map ® : A —
B between C* algebras is n-positive if and only if

n
> bfd(afajb; >0
ij=1

for all ay, ..., a, € A and by, ..., b, € B. Deduce that any *-homomorphism
between C* algebras is completely positive, as is any map of the form

B(K) - B(H); a +— T*aT, where T € B(H; K).
Theorem 4.26 A positive linear map ® : A — B between C* algebras is

completely positive if A is commutative or B is commutative.

Proof The first result is due to Stinespring [29] and the second to Arveson [4]. We
will prove the latter.

We may suppose that B = Co(E), where E is a locally compact Hausdorff space,
by Theorem4.3.If a1, ...,a, € A, by, ..., b, € B and x € E, then

(X Bro@anh; )0 = Y bin)®(@fa)@b;x) = (c@) e®)x) >0,
ij=1 i,j=1

where c(x) := Z?:l bi(x)a; € A. Exercises 4.11 and 4.25 give the result. |

Definition 4.27 A map ® : A — B between unital algebras is unital if ®(1a) =
1B, where 14 and 1p are the multiplicative units of A and B, respectively.

Theorem 4.28 (Kadison) A 2-positive unital linear map ® : A — B between
unital C* algebras is such that

®D(a)*®(a) < P(a*a) foralla € A. 4.2)

Proof Note first that if a € A then

*
1 a la la

A := = 2 9

[a* a*a:| [0 0i| |:0 0:| 0

0<% = [<I><1a>* SZSZM '

SO
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Suppose without loss of generality that B € B(H) for some Hilbert space H, and
note that, by Exercise 4.11, if u € H and

vi= [_q)(“)”} eH? then 0< (v, @@ (A)) = (u, (B(a*a)—D(a)*d(a))u).
u
As u is arbitrary, the claim follows. m]

Remark 4.29 The inequality (4.2) is known as the Kadison—Schwarz inequality.

Exercise 4.30 Show that the inequality (4.2) holds if @ is required only to be
positive as long as a is normal, so that a*a = aa™*. [Hint: use Theorem 4.26.]

4.4 Stinespring’s Dilation Theorem

Exercise 4.25 gives two classes of completely positive maps. The following result
makes clear that these are, in a sense, exhaustive.

Theorem 4.31 (Stinespring [29]) Let © : A — B(H) be a linear map, where A is
a unital C* algebra and H is a Hilbert space. Then ® is completely positive if and
only if there exists a Hilbert space K, a unital *-homomorphism 7w : A — B(K) and
a bounded operator T : H — K such that

®(a) =T*n(a)T (a € A).
Proof One direction is immediate. For the other, let Ky := A ® H be the
algebraic tensor product of A with H, considered as complex vector spaces. Define
a sesquilinear form on Ky such that

(a@u,b®v) = (u, ®@*b)v)y foralla,b € Aandu,v € H.

It is an exercise to check that this form is positive semidefinite, using the assumption
that ® is completely positive, and that the kernel

Koo :={x € Ky : (x,x) =0}

is a vector subspace of Ky. Let K be the completion of Ky/Kgg = {[x] X € Ko}.
If

w(a)[b ® v] := [ab ® v] foralla,b € Aand v € H,
then 77 (a) extends by linearity and continuity to an element of B(K), denoted in the

same manner. Furthermore, the map a +— 7 (a) is a unital x-homomorphism from
A to B(K).
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To conclude, let T € B(H; K) be defined by setting Tv = [1 ® v] for all v € H.
It is a final exercise to verify that ®(a) = T*m(a)T, as required. |

The following result extends the Kadison—Schwarz inequality, Theorem 4.28.

Corollary 4.32 If ® : A — B(H) is unital and completely positive then

n

> (i, (P(afa)) — @(a)*®(a)))v;) =0

ij=1
foralln e N, ay, ..., a, € Aand vy, ..., v, € H.
Proof Let w and T be as in Theorem 4.31. Then ||T|?> = |T*7(1a)T| =

@A)l =1and

n n

> (v dafajvy) = Y (Tviwafa)Tv;) = | > w(@)Tv;
i=1

ij=1 ij=1

2

‘T*Xn:n(a,-)Tvi H2

i=1

= Zn:cb(ai)vi
i=1

WV

2

n

= D (v @la)* ®(aj)v)).

i,j=1
O
Definition 4.33 A triple (K, 7, T') as in Theorem 4.31 is a Stinespring dilation of
®. Such a dilation is minimal if
K=lin{wr(a)Tv:a € A, v e H}.
Proposition 4.34 Any unital completely positive map ® : A — B(H) has a
minimal Stinespring dilation.

Proof One may take (K, 7, T) as in Theorem 4.31 and restrict to the smallest closed
subspace of K containing {7 (a)Tv :a € A, v € H}. O

Exercise 4.35 Prove that the minimal Stinespring dilation is unique in an appropri-
ate sense.

Definition 4.36 Let (¢;) C A be a net in the von Neumann algebra A € B(H). We
write @; N\ 0if a; > a; > 0 wheneveri > j and (v,a;v) — Oforallv € H.
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[It follows from Vigier’s theorem [22, Theorem 4.1.1.] that the decreasing net (a;)
converges in the strong operator topology to some elementa € Ay.]

A linear map ® : A — B(K) is normal if a; ~\ 0 implies that (v, ®(a;)v) — 0
forall v € K.

Proposition 4.37 Let A be a von Neumann algebra. If the linear map © : A —
B(H) is completely positive and normal, then the unital x-homomorphism 7t of
Theorem 4.31 may be chosen to be normal also.

Proof Let (K, 7w, T) be a minimal Stinespring dilation for ®. If v € H, a € A and
the net (a;) € A4 is such that ¢; N\ 0, then

(m(a)Tv, w(a)mw(a)Tv) = (v, T*r(a*a;a)Tv) = (v, ®(a*a;a)v) — 0,

since a*a;ja N\ 0. It now follows by polarisation and minimality that 7 (a;) \ 0, as
required. O

Proposition 4.38 A linear map ® : A — B(H) is normal if and only if it is o-
weakly continuous.

Proof Tt suffices to prove that if (b;) € B(K) is a norm-bounded net then b; — 0
in the o-weak topology if and only if (v, b;v) — O for all v € K. Furthermore, by
polarisation, we need only consider o-weakly continuous functionals of the form

o0 o0
¢:BK) > C:ar> Y (x,.ax,), where > [lx, > < oo.

n=1 n=1

The result now follows by a standard truncation argument. O

4.5 Semigroup Generators

We will now introduce the class of quantum Feller semigroups, and proceed toward
a classification of the semigroup generators for a uniformly continuous subclass.
As above, we will first establish some necessary conditions that hold in greater
generality.

Definition 4.39 A quantum Feller semigroup T = (T;);cr, ona C* algebra Ais a
strongly continuous contraction semigroup such that each 7; is completely positive.
If A is unital, with unit 1, and 7;1 = 1 for all t € R then T is conservative.

Exercise 4.40 Let T be a quantum Feller semigroup on a unital C* algebra. Prove
that T is conservative if and only if 1 € dom £, with £(1) = 0. [Hint: Theorem 2.46
may be useful.]

To begin the characterisation of the generators of these semigroups, we introduce
a concept due to Evans [11].
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Proposition 4.41 Let ® : A — B(H) be a linear map on the unital concrete
C* algebra A € B(H). The following are equivalent.

(1) Ifn e Nanda € M,(A), then

" (@*a) +a* @™ (1)a — ©™ (a*)a — a*®"(a) € M, (B(H)), .
(i) IfneNanday, ..., a, €A, then

(P(afaj) +af®(Da; — d(a])aj — a;"CD(aj))ijl € Mn(B(H))+.

(iii) Ifn e N ay,...,an € Aand vy, ..., vy € Hare such that Y 7_, ajv; =
0, then

n
> (v da}aj)v;) = 0.
ij=1

@) Ifn € N, ay, ..., ap € Aand by, ..., b, € B(H) are such that
i aibi =0, then

n
> bfd(afaj)b; > 0.
ij=1

Proof Given ay, ..., a, € A, leta = (a;j) € M,(A) be such that a1; = a;
and a;; = 0 otherwise. Then

(@™ (a*a) + a* @™ (1)a — @™ (a%)a — a*CD(")(a))l.j
=®(ajaj)+ai®(Da; — Pa)aj —aid(aj)

foralli, j =1,...,n, so (i) implies (ii).
Conversely, let a = (a;;) € M,(A). Applying (ii) to axi, ..., ax, and then
summing over k gives that

n

0< ) [®afar)) + af; @(Day; — D(af)ar; — ag; ®(afy)]
k=1

n
i,j=1

= " (a*a) — a* @™ (1)a — ™ (a*)a — a*d" (a).

Thus (ii) implies (i).
The implication from (ii) to (iii) is clear, as is that from (iii) to (iv). For the final
part,letai, ..., a, € Aand by, ..., b, € B(H),letap = 1 and by = — Y ;_, a;b;,
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and note that Z?:o a;b; = 0. Hence (iv) gives that

n n
0< Y bidafajbj = Y bf(®(afay) +af®(1)aj—a;®(a;)—D(af)a;)b;.
i,j=0 i,j=1

Thus (ii) now follows from the first part of Exercise 4.25. |

Definition 4.42 A linear map ® : A — B(H) on the unital C* algebra A € B(H)
is conditionally completely positive if and only if any of the equivalent conditions
in Proposition 4.41 hold.

Exercise 4.43 Prove that the set of conditionally completely positive maps from A
to B(H) is a cone, that is, closed under addition and multiplication by non-negative
scalars. Prove also that this cone contains all completely positive maps and scalar
multiples of the identity map. Finally, prove that the cone is closed under pointwise
weak-operator convergence: the net ®; — @ if and only if (v, ®;(a)v) —
(v, ®(a)v) foralla € Aand v € H.

Exercise 4.44 Let A be as in Definition 4.42. A linear map § : A — B(H) is a
derivation if and only if

8(ab) = ad(b) + (a)b foralla, b € A.
Prove that a derivation is conditionally completely positive. Prove also that the map

A— BH); a—~ G*a+aG

is conditionally completely positive and normal for all G € B(H).

Theorem 4.45 Let T be a uniformly continuous quantum Feller semigroup on the
unital C* algebra A € B(H). The semigroup generator L is bounded, x-preserving
and conditionally completely positive.

Proof The first two claims follow immediate from Theorem 4.19. For conditional
complete positivity, let aj, ..., a, € Aand vy, ..., v, € H. By Corollary 4.32, if
t > 0, then

n
1Y (i (Ti(afaj) — Ti(a)* Ti(aj))v,) > 0.
ij=1
Letting t — 0+ gives that

> (i, (Lafa)) — L) a; — af La)))v;) >0,

ij=1

andif )"/, a;jv; = 0 then the second and third terms vanish. o
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Exercise 4.46 Use Exercise 4.43 to provide an alternative proof that £ in Theo-
rem 4.45 is conditionally completely positive.

The following result is [11, Theorem 2.9] of Evans, who credits Lindblad [21].

Theorem 4.47 (Lindblad, Evans) Let L be a x-preserving bounded linear map
on the unital C* algebra A C B(H). The following are equivalent.
(1) L is conditionally completely positive.
(ii) (A — L)~V is completely positive for all sufficiently large & > 0.
(i) T; = exp(t L) is completely positive for all t € R...

Proof The equivalence of (ii) and (iii) is given by Theorems 2.45 and 2.46, together
with Exercise 4.23. The solution to Exercise 4.46 gives that (iii) implies (i); to
complete the proof, it suffices to show that (i) implies (iii).

Suppose first that £(1) < 0. Then L™ (1) < 0 foralln € N, so if a € M, (A)
then

LM @*a) = a* L™ (@)a + a* L™ (a).
Thus if b, ¢ € M, (A), are such that bc = 0 then b'/?c = 0 and

cLP(b)e = c LBV e + b2 LW (b)e = 0.

Theorem 4.20 now gives that 7" = exp(r.L™) is positive for all 1 € R, so (iii)
holds.

Finally, if £(1) > 0, then the conditionally completely positive map
LA — BH); a— L) — [ LO)]a

is such that £'(1) < 0, since 0 < L(1) < || L(1)||{. It follows that T, = exp(t.L') is
completely positive for all # € R, and therefore so is 7; = exp(||.£(1) ||t) /. O

Remark 4.48 Since completely positive unital linear maps between unital
C* algebras are automatically contractive, by Theorem 4.31 and the fact that
x-homomorphisms between C* algebras are contractive, the previous result
characterises the generators of uniformly continuous conservative quantum Feller
semigroups.

4.6 The Gorini-Kossakowski—-Sudarshan—Lindblad Theorem

In order to provide a more explicit description of the generators of quantum Feller
semigroups, we will establish some results of Lindblad and Christensen, and of
Kraus. The Kraus decomposition is a key tool in quantum information theory.
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Theorem 4.49 (Lindblad, Christensen) Let L be a x-preserving bounded linear
map on the von Neumann algebra A. Then L is conditionally completely positive
and normal if and only if there exists a completely positive, normal map ¥ : A — A
and an element g € A such that

La)=V(a)+gta+ag  foralla e A.

Proof The second part of Exercise 4.44 shows that £ is conditionally completely
positive or normal if and only if ¥ has the same property.

Given this, it remains to prove that if £ is conditionally completely positive, then
there exists g € A such that a > L(a) — g*a — ag is completely positive. We will
show this under the assumption that A = B(H); see [14, Proof of Theorem 3.14].
The general case [7] requires considerably more work.

Given u, v € H, let the Dirac dyad

lu)(v] :H—>H; wi> (v, wu.

Fix a unit vector u € H, and let G € B(H) be such that
. 1
G":H->H; v~ £(|v)(u|)u — 2(u, £(|u)(u|)u)v.

Givenay,...a, € Aand vy, ..., v, € H letvg =uandag = — >\, |a;jv;)(ul, so
that ) "'_ a;v; = 0. The conditional complete positivity of £ implies that

0< Z ((vi, LlaFaj)vj) — (vi, L(af|ajv;) (ul)u) — (u, L(lu){aivila;)v;)

ij=1
+ (u, L(lu)(aivillajv;) (ul)u))

n

Z (vi, Lafaj)vj) — (vi, L(lajajvj)ul)u) — (u, L(ju)(@faivil)v;)

ij=1

+ (u, L(Ju) (ul)u)(aivi, ajv))

n
Z (vi, (L(a}a)j) — G*alaj — afa;G)v;).
ij=1

The result follows. O

Remark 4.50 If A is required only to be a C* algebra, then Christensen and Evans
[7] showed that Theorem 4.49 remains true if £ and ¥ no longer required to be
normal, but then g and the range of W must be taken to lie in the o-weak closure
of A.
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Theorem 4.51 (Kraus [18]) Suppose A C B(H) is a von Neumann algebra. A
linear map ¥ : A — B(K) is normal and completely positive if and only if there
exists a family of operators (L;)ier € B(K; H) such that

W(a) = Z LfaL; foralla € A,

iel

with convergence in the strong operator topology. The cardinality of the index set I
may be taken to be no larger than dim K.

Proof If W has this form, then it is completely positive and normal. The first claim is
readily verified; for the second, let a; “\ 0, fix jo and note that (u, aju) < (u, aj,u)
forallu € Hand j > jy. Fix e > 0 and v € K, choose a finite set [y C I such that
the sum Zieﬂo (Liv,aj,Liv) > (v, ¥(aj)v) — &, and note that

(v, W(ajv) < Y (Liv.ajLiv)+ Y (Liv,ajLiv) < Y (Liv,a;Liv) +e.

iely iel\Ip i€l

This shows that W is normal, as required.

For the converse, Theorem 4.31 shows it suffices to prove thatif 7 : A — B(K)
is a normal unital -homomorphism, then 7 can be written as in the statement of the
theorem.

Let (ej)ict be an orthonormal basis for H, and consider the net (Iy —
Zieﬂo lei){ei|), where the index Iy runs over all finite subsets of I, ordered by
inclusion. Since 7 is normal and unital, we have that Ix = ), g7 (|ei)(ei |) in the
weak-operator sense; thus, there exists some igp € I such that P :=x (|e,-0)(e,'0 |) isa
non-zero orthogonal projection.

Let u € K be a unit vector such that Pu = u, let a € A, and note that

Il (@)ul|> = (Pu, w(a*a) Pu) = (u, 7 (lei) (eigla*aleig) (eiy | )u) = llaeiq |1*.

Hence there exists a partial isometry Lo : K — H with initial space Ko, the norm
closure of {m(a)u : a € A}, and final space Hy, the norm closure of {aeg : a € A},
and such that Low(a)u = aeg for all a € A. Note that K is invariant under the
action of 7w (a), foralla € A, so

w(a)m(b)u = Pyt (ab)u = L§Low (ab)u = Liabey = LijaLom (b)u forall b € A.

Thus n(a)lk, = LgaLolk,, and since LO(K(J)-) = {0}, it follows that w(a) Py =
LgaLo foralla € A, where Py := L{jLo is the orthogonal projection onto the initial
space Kg.

Repeating this argument, but on K(J)-, there exists a partial isometry L; : K — H
with initial projection Py such that PoP; = 0 and w(a) Py = LjaL, foralla € A.
An application of Zorn’s lemma now gives the result. O
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Remark 4.52 With W and (L;);c1 as in Theorem 4.51, we may write
W(a) =L*(a® Ik,)L foralla € A,

where K is the Hilbert space with orthonormal basis (¢;);cr and L € B(K; H® Ky)
is such that

Lv:ZLw@e,- forall v e K.
iel
Exercise 4.53 Use Theorem 4.51 and the second part of Theorem 4.26 to show that
every positive normal linear functional on the von Neumann algebra A has the form

e¢]

o0
ar— Z(xn,axn), where Z lxa 1> < oo.

n=1 n=1

[Every bounded linear functional is the linear combination of four positive ones
[22, Theorem 3.3.10], and Grothendieck [15] observed that each of these may be
taken to be normal if the original is [17, Theorem 7.4.7]. Hence every normal linear
functional is of the form used to define the o-weak topology in Definition 4.6.]

Lemma 4.54 Let T be a uniformly continuous semigroup on a von Neumann
algebra with generator L. Then L is normal if and only if T; is normal for all
t e R+.

Proof This holds because the limit of a norm-convergent sequence of normal maps
is normal. To see this, let ®,, ® : A — B(H) be such that |®,, — ®| — 0, let the
net (a;) € A4 be such that a; \( 0, and let v € H. Fix ip and note that ||a; || < ||a;, ||
wheneveri > ig, so

(v, D(ai)v)| < vl laill 1Py — @l + [(v, P(a)v)|  foralli > io.

The claim follows. O

Theorem 4.55 (Gorini—-Kossakowski-Sudarshan, Lindblad) Let A C B(H) be
a von Neumann algebra. A bounded linear map L € B(A) is the generator of a
uniformly continuous conservative quantum Feller semigroup composed of normal
maps if and only if

1
L(a) = —i[h,a] — 5 (L*La —2L*(a® )L +aL*L)  foralla € A,

where h = h* € Aand L € B(H; H ® K) for some Hilbert space K.

Proof If L has this form, then it is straightforward to verify that the semigroup it
generates is as claimed.
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Conversely, suppose L is the generator of a semigroup as in the statement
of the theorem. Then Theorem 4.47 gives that £ is conditionally completely
positive and £(1) = 0. Moreover, £ is normal, by the preceding lemma, and so
Theorem 4.49 gives that

L(a)=V¥(a)+gta+ag foralla € A,

where U : A — A is completely positive and normal, and g € A. Takinga = 1
in this equation shows that g* + ¢ = —W(1),s0 g = —élll(l) + ih for some self-
adjoint element & € A. The result now follows by Theorem 4.51. O

The story of the previous theorem is very well told in [8]. Going beyond the case
of bounded generators is the subject of much interest. See the survey [28] for some
recent developments.

4.7 Quantum Markov Processes

We will conclude by giving a very brief indication of how a quantum process may
be defined.

Remark 4.56 Let E be a compact Hausdorff space. If X is an E-valued random
variable on the probability space (€2, ¥, IP), then

Jjx:A—=>B; fi> foX

is a unital *-homomorphism, where A = C(E) and B = L*°(Q2, F, P).

Definition 4.57 A non-commutative random variable is a unital x-homomorphism
J between unital C* algebras.

A family (j; : A — B);cr, of non-commutative random variables is a dilation
of the quantum Feller semigroup T on A if there exists a conditional expectation E
from B onto A such that T; = E o j; forall t € Ry.

The problem of constructing such dilations has attracted the interest of many
authors, including Evans and Lewis [13], Accardi et al. [1], Vincent-Smith [31],
Kiimmerer [19], Sauvageot [27] and Bhat and Parthasarathy [5].

Essentially, one attempts to mimic the functional-analytic proof of Theorem 3.22.
Given the appropriate analogue of an initial measure, which is a state p© on the
C* algebra A, the sesquilinear form

A®' X A®" - C; (a1®: - ®ay, b1 ®- - ®by) > wu(Ty @f ... (Ty,—,_, (@iby)) ... b))
must be shown to be positive semidefinite. The key to this is the complete positivity

of the semigroup maps. There are many technical issues to be addressed; see [5] for
more details.
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