Semigroups preserving a convex setin a
Banach space

Ichiro Shigekawa

Abstract We discuss semigroups that preserve a convex set in a Banach space or
a Hilbert space. We give sufficient conditions for which a semigroup preserves a convex
set. Using this, we show that various issues can be treated in a unified way. We also dis-
cuss the problem in the Hilbert space setting, in which we use the sesquilinear form asso-
ciated with a semigroup.

1. Introduction

Markovian properties or positivity-preserving properties are a fundamental notion
in probability theory. There are many criteria for them. Among them, Brezis
and Pazy [1] and Ouhabaz [7] gave a unified method in the framework of convex
set—preserving properties. Let {3} be a Cpy-semigroup in a Hilbert space H.
Suppose that we are given a convex closed set C. If T,C C C for all ¢t >0, we
say that the {T;} preserves the convex set C' or that C is stable under the
semigroup {7;}. Markovian property is characterized in this framework. In fact,
taking C' = {f;0 < f <1}, the semigroup {7;} is Markovian if and only if {73}
preserves C'. The positivity-preserving property and others are also characterized
in this framework.

Ouhabaz [7] and Brezis and Pazy [1] discussed this issue on Hilbert space.
In this paper, we generalize it to the Banach space setting. To get a condition
for the convex set—preserving property, the shortest points to C' and the duality
mapping play an important role. In Banach space, the set of shortest points is
not a single point, and the duality mapping is multivalued in general. To get over
this difficulty, we introduce the notion of good selection. Using this, we can give
a condition for the convex set—preserving property.

The organization of the paper is as follows. In Section 2, we consider semi-
groups in a Banach space and give a condition for which the semigroup preserves
a convex set. To do this, we introduce the notion of good selection. In Section 3,
we give some examples of semigroups that preserve a convex set in a Banach
space. We show that the following issues can be treated in a unified way:

(i) positivity-preserving property,
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(i) Markovian property,

(iii) L' contraction property,

(iv) excessive functions,

(v) invariant sets.

In Section 4, we deal with the same problem in the framework of the Hilbert
space setting. We discuss it in terms of bilinear form. This approach was already
adopted by Ouhabaz [7], but he assumed that the semigroups are contractive.
We remove this restriction. We also give some sufficient condition for which the
semigroup is contractive. We have to use different types of criteria to distinguish

contractive semigroups and noncontractive ones.

2. Semigroups that preserve a convex set in a Banach space

Let B be a real or complex Banach space, and suppose that we are given a
Co-semigroup {T;}. We emphasize that we do not assume that the semigroup is
contractive. This is a main point of this paper. We denote the generator by 2
and its domain by Dom(%).

In this section, we consider the case when a semigroup preserves a closed
convex set in a Banach space. So we are given a closed convex set C' as well. We
say that the semigroup {T;} preserves the closed convex set if T;C C C' for all
t > 0. A similar notion can be defined for any family of operators. We rewrite
this condition in terms of resolvents. The resolvent {G,} is defined as

(2.1) Ga:/ e~ T, dt.
0

Since we do not assume that {T;} is a contraction semigroup, we may need « to
be large. The following conditions are equivalent to each other:

(i) {T:} preserves C,
(ii) {aG,} preserves C.

In fact, it suffices to notice (2.1) and

L (ta)™
Tix = lim e E —'(aGa)”x.
a— 00 n
n=0

Let us give examples. Suppose that B is a function space on FE, for example,
B =LP(E). Take C ={f > 0}, that is, a set of all nonnegative functions. Then
the semigroup is called positivity preserving if it preserves the closed convex
set C. If we take C'= {0 < f <1}, then the semigroup is called Markovian when
it preserves C'. It is easy to see that the following are equivalent to each other.

(i) {T:} preserves {0 < f <1}.
(ii) {T:} preserves {f <1}.

Many properties are formulated in this closed convex set—preserving property.
We give other examples later.
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We recall some notions. For a Banach space B, we denote its dual space
by B*. For any = € B, we define

F(a) = {¢ € B (w,0) = ol = lg]1?}.

Here (,) denotes the pairing of B and B*. F(z) is a (multivalued) function
called the duality map of B. The following fact plays a fundamental role in the
later argument. Take any « € B. Then ||z + Ay|| > ||z|| for small A > 0 if and only
if there exists ¢ € B* such that

Ry, ) >0

(see, e.g., Goldstein [3, Lemma 1.3.4, p. 26]). Here R stands for the real part.

Let C be a closed convex set. Take any x € B. We denote by P(z) the set of
all shortest points from x to C. P(z) is possibly an empty set or infinite set. We
have the following.

PROPOSITION 2.1
Take any © € B and z € C. Then, for any y € P(x), there exists p € F(x —y)
such that

I]jg‘fjcf, y, and z be as above. Since C' is convex, y + A(z —y) € C for any X € [0, 1].
The minimality of ||z — y|| implies
lz =yl < [lz = (y + Az =m)[| =z =y + Ay = 2)|-
Now, by using the above remark, there exists ¢ € F(x — y) such that
Ry — 2,¢) 20,
which shows (2.2). O

From now on, we assume that P(z)# () for any = € B.

THEOREM 2.2
Take any v € R, and fiz it. Assume that for any x € Dom(2l), there exists y € P(x)
such that for all ¢ € F(x —y),

(2.3) R(RA, ) < 7l —y|*.

Then {T}} preserves C.

Conversely, assume that {T}} preserves C and, moreover, that {e~"T;} is
a contraction semigroup. Then, for any x € Dom(2l) and y € P(z), there exists
v € F(xz —y) such that (2.3) holds.

Proof
Assuming (2.3), we show that the resolvents preserve C. Take any z € C, and
set © = aGyz. Note that Az = a(x — z). Now from the assumptions, we can take
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y € P(z) so that
R@Az, ) <7llz —ylI*, Vo F(z—y).
By Proposition 2.1, we can choose ¢ € F(z — y) so that
(2.4) R(z —y,p) <O0.
Then, for this ¢, we have
0> R(Az, @) =7z —y|?
= aR(z — 2,) — 7|z —ylI?
=aR(z —y+y—20) —7llz -yl
= (a =z =yl + aRly - 2,)
> (a—=7)llz =yl (- (24)).
By taking a > v, we get * =y, which means that x € C.
Next we show the converse implication. So we assume that {T;} preserves C.
In this case, we additionally assume the contraction property of {e~7'T;}. Take

any « € Dom(2) and y € P(x). Then Ty € C. From Proposition 2.1 we can take
o1 € F(z —y) so that

(Tyy —y, ) <0.

Using this, we have
R(Tw — x,00) = R(Te(z —y) + (Tey —y) + (y — @), 1)
<SR(Ty (2 —y),00) — [l —yl?
<Mz —y|? - ||z —yl? (-.-e~7'T; is contractive)
< (@ =1)lz —yl*

We can take a sequence {¢,} so that {¢; } converges *-weakly. Then

T, v —x evtn —1
R 1, ) < = yll”.
n

ln

Now letting n — oo, we have R(2z, p) < |z — y||?, which is the desired result.
O

In the sufficiency part, we assumed that ¢ € F(z — y) for all ¢. In applications,
this condition is rather difficult to check, so we give another formulation. To do
this, we need the notion of good selection. For x € B, we call Q(x) € P(z) and
G(z) € F(z — Q(z)) a good selection if

(2.5) Rz - Q(z),G(x)) <0, VzeCl.

Of course, good selections do not always exist. We give examples of good selec-
tions later. In addition, when a good selection (Q(x),G(x)) can be taken for all

x € B, the function z — (Q(x),G(x)) is called a good selection function. The
theorem above can be rewritten as follows by using this concept.
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THEOREM 2.3

Suppose that v € R is given. If there exists a good selection function (Q(x),G(x))
such that for all x € Dom(%),

(2.6) Rz, G(2)) <qllz — Q@)

then the semigroup {T;} preserves C.

Conversely, assume that the semigroup {T;} preserves C. We additionally
assume that {e 7T} is a contraction semigroup. Then, for any good selection
function (Q(z),G(x)) if it exists, (2.6) holds for all x € Dom(2).

Proof
Assuming (2.6), we show that the resolvent preserves C. Take any z € C, and set
2z =aGyz. Then Ax = a(x — z). Since (Q(x),G(z)) is a good selection, we have

(2.7) R(z - Q(z),G(z)) <0.
Hence
0> (2, G(a)) — Al — Q@)
— Rz — 2,G()) —lle - Q@)
aR(z - Q(z) + Q(z) — 2,G(2)) —llz — Q(@)]*
(@ =)llz = Q(@)|* + aR(Q(x) — 2,G(x))
(@=lz=Q@)* (- (27))

We can take o >, and so x = Q(z) € C follows.

Conversely, assume that {7;} preserves C. Take any x € Dom(2() and any
good selection (Q(x),G(z)). Then Q(z) € C, and hence T;Q(z) € C' from the
assumption. By (2.5), we have

(1iQ(z) — Q(=),G(x)) < 0.

= —
> (a—

Using this, we have
R(Tye — 2, G(x)) = R(Ty (2 - Q@) + (T.Qx) - Qx)) + (Q(x) - 2),G(x))
<R(Ty (2 - Q2)), G(x)) — |z — Q)|
<z —Q@)]? — ||z — Q)2 (- e~ 7T} is contractive)
< (" = 1)]lz - Q(x)|*.
Dividing both sides by ¢ and letting ¢ — 0, it follows that
Rz, G(x)) <7z — Q)]
which is what we want. (]
Let us give some examples of good selection. Let E be a locally compact Hausdorff

space with countable basis. We consider a Banach space Coo(E), a set of all
continuous functions that vanish at infinity. We take R as a scalar field. Let C
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be a set of all nonnegative functions. C' is a closed convex set in Coo (E). We can
easily find a good selection as follows. For any f € C(E), we can take f1 = fV0
as an element of P(f). Here a Vb= max{a,b}. Take any ¢ € F(f — f1). Then ¢ is
a nonpositive Radon measure with a support contained in {t € E; f(t) = —|| f||}.
Therefore (p, f1+) =0 and

This means that (f,¢) becomes a good selection for any ¢ € F(f — f).

Next, let (M,p) be a measure space, and take L'(u) as a Banach space.
Again C is a set of all nonnegative functions in L!(u). Then, for any f € L'(u),
P(f)={f+} So P is a single-valued function. This time, define ¢ € L>°(11) as

=l it f@) <o,
elt) = {0 if f(t)>0.

Then ¢ € F(f — f+), and it is easy to see that (h— f, @) <0 for any h € C. This
means that (f4, ) is a good selection.
If we assume a stronger assumption of a Banach space B, then the good

(2.8)

selection function (G(z),Q(x)) is uniquely determined. In fact, let us assume
that B is uniformly convex and that the dual space B* is also uniformly convex.
Then it is known that P(z) and F(z) are sets of a single point. Hence Q(z) = P(z)
and G(z) = F(x — P(x)) are uniquely determined, and (Q(x), P(z)) becomes a
good selection. If B is a Hilbert space, then it is uniformly convex. In this case,
F(z) =z and (2.6) becomes R(zx,r — P(x)) < 7|z — P(x)||*. This criterion is
proved in Brezis and Pazy [1], whereas they formulated the theorem in terms of
the subdifferential. So our result is a generalization to Banach space.

3. Examples of convex set-preserving semigroups

We give examples of semigroups which preserve a closed convex set. In this
section, we always assume that Banach spaces are real. Applying Theorem 2.3,
we see that many issues can be treated in a unified way. Changing a closed convex
set, we can get various criteria. We treat the following issues:

(i) positivity-preserving property,
(ii) Markovian property,

(iii) L' contraction property,

(iv) excessive functions,

(v) invariant sets.

These are individually well discussed, but the point of this paper is that they
can be treated in a unified way.

Suppose that we are given a semigroup {7;} generated by 2 on a Banach
space B. For any closed convex set C, we are interested in when {T};} preserves
a closed convex set C.
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3.1. Positivity-preserving property

We first discuss the positivity-preserving property. In this case, we take a closed
convex set C' as C' = {f > 0}. In the case B = C(F) with F being a locally
compact Hausdorff space, we have the following.

THEOREM 3.1

Take v € R. Assume that for any f € Dom(2l) taking negative minimum, there
exists a minimum point xo of f such that

(3.1) (& =) f(z0) 2 0.

Then the semigroup {e~ Ty} is a positivity-preserving contraction semigroup.
Conversely, if {e™ 7Ty} is a positivity-preserving contraction semigroup,
then (3.1) holds for any f € Dom(2) and the negative minimum point xo of f.

Proof

Take f € Dom(2() taking negative minimum. Let zy be the minimum point
so that (3.1) holds. Then, defining G(f) = —d,, and Q(f) = f+, (Q(f),G(f))
becomes a good selection. We also have to consider the case when f € Dom(%)
takes nonnegative minimum. In this case, Q(f) = f1 = f and so f— Q(f)=0.
This means that G(f) =0 and (Q(f),G(f)) is also a good selection and satis-
fies (2.6) of Theorem 2.3.

Now we can apply Theorem 2.3 and get the desired result.

Taking —f instead of f in (3.1), we can see that the opposite inequality
of (3.1) holds at a point z taking positive maximum of f. Combining both
of them, we can show that 21 — v is dissipative, which implies the contraction
property of the semigroup.

The reversed implication can also be shown by Theorem 2.3. (]

We proceed to the case B = L'(u) on a measure space (M,u). We have the
following.

THEOREM 3.2
Let v € R be given. Then {e T} is a positivity-preserving contraction semi-
group if and only if for any f € Dom(), the following inequality holds:

(3.2) —1/ AF(t) dpu(t) <[ f- |-
{f<0}

Proof

Sufficiency is easily shown by Theorem 2.3. We show the necessity. If we assume (3.2),
then from Theorem 2.3 it follows that the semigroup preserves the positivity. Fur-
ther, taking —f instead of f in (3.2), we have

(3.3) /‘ (1) du(t) <A1 1.
{f>0}



654 Ichiro Shigekawa

Note that ¢(t) =sgn f(t) € F(f). Here sgn is defined by

—1 for x <0,
sgnx =<0 for x =0,
1 for = > 0.

Combining (3.2) and (3.3), we have

/ AL (1) p(t) dult) <A1,
M

which means that 2 — v is dissipative. Therefore we have that {e~"'T;} is a
contraction semigroup, as desired. O

Under the same setting, let us proceed to the case B = LP(u), 1 <p < oo. In
this case, B and B* become uniformly convex, and the duality map F' becomes a
single-valued map given by F(f) = |f[P~"sgn f/| f|[5~2. Moreover, for any closed
convex set C', P(z) is uniquely determined. Concerning the positivity-preserving
property, we should take C'= {f > 0} and, in this case, P(f) = f. Applying
Theorem 2.3, we have the following.

THEOREM 3.3
Let v € R be given. Suppose that {T;} is a Cy-semigroup in LP. Then the following
three conditions are equivalent to each other.

i T, preserves the positivity, and {e "1} is a contraction semigroup.
p p Y group
(ii) For any f € Dom(2l), we have

(3-4) (AF, 1770 = =l -1
(iii) For any f € Dom(2A), we have

(3.5) QF, 70 <Al F B

Proof

Noting that f_ = (—f), we can easily see the equivalence of (ii) and (iii).
We show that (ii) = (i). Since f — Pf = f — fy = —f_, Theorem 2.3 implies
that {T;} preserves C' = {f > 0}. Moreover, since
||f*||§ = <f*7ffil> = 7<fa ffil>a
(3.4) is equivalent to
(A=) f. 1771 2 0.

Similarly, taking — f instead of f, we have
(&=, 17 <o.

Combining both of them, we have

0> (A= f = P = (A=) f | fIP sgn f).
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This brings (A — A\)f, F(f)) <0, and by the Lumer-Phillips theorem, we can
show that 2 — \ generates a contraction semigroup.

Next we show that (i) = (ii). Since we assume that {¢~**T}} is a contraction
semigroup, we can have the desired result by using Theorem 2.3. O

3.2. Markovian property

Next we discuss the Markovian property. A semigroup is called Markovian if it
preserves the set {0 < f <1}. This is equivalent to the fact that the semigroup
preserves the set {f < 1}. Until the end of this subsection, we discuss mainly the
case C'={f < 1}. In this case, the shortest point to C is given by

(3.6) QU)=fAL

Let us begin with the case B = Cy (FE), where F is a locally compact Haus-
dorff space. It is clear that the semigroup is Markovian if and only if it is
a positivity-preserving contraction semigroup. So the result is included in the
positivity-preserving case. That is, if for any f € Dom(2() we have

(3.7) Af (w0) >0

at some point x taking the negative minimum of f, then the semigroup is
Markovian. Conversely, if the semigroup is Markovian, then for any f € Dom(2l),
(3.7) holds at any point zy taking the negative minimum.

The second case is B = L'(p) on a measure space (M, u1). Since Q(f) = f A1,
we have f —Q(f) =(f —1)+. So we can take a p € F((f —1)4) as

p(u) =[I(f = D lilgrsay(u).

If we take this ¢, then, for any h € C', we have

<h—fA1,so>=/{f>1} 1 = Dl — £ A1) dp

— -1 h—1)d
It; >+||1/{f>1}< )y
<0 (-h<1).

Thus Q(f) = (f — 1)+, G(f) = =|(f = 1)4|l11{f>1} becomes a good selection.
Hence by using Theorem 2.3, we have the following.

THEOREM 3.4
Let v € R be given. Then the following are equivalent to each other.

(i) {1y} is Markovian, and {e~""T}} is a contraction semigroup.
(ii) For any f € Dom(2l), we have

(3.8) /{ oy M) ) 30 =)
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(iii) For any f € Dom(2l), we have

(3.9) /{ L () - /{ o ) Sl £ A1

Proof

It is enough to use Theorem 2.3. We see only that the contraction property can
be deduced from (3.8). Take any constant ¢ > 0. Taking f/c instead of f in (3.8)
and noting that (f/c— 1)L =1/¢(f — )4,

/ A (u) dp(u) <71 (F — |1
{f>c}
which bears, by letting ¢ | 0,
/ R (1) dp(us) <Al f+ 1.
{f>0}

This is equivalent to (3.2) in Theorem 3.2. So the contraction property can be
shown in the same way as in Theorem 3.2. ]

We can do the same thing in the case B = LP(u) 1 <p < o0.

THEOREM 3.5
Let v € R be given, and let {T;} be a semigroup in LP. Then the following three
conditions are equivalent to each other.

(i) {T:} is Markovian and {e~"*T}} is a contraction semigroup.
(ii) For any x € Dom(2A), we have

(3.10) @ (f = D) <A = D+II5.
If we replace (3.10) with
(3.11) (QUf,Nf = fe AP sgn f) <AILf = fo AL,

the same conclusion holds.

Proof
We first show that (ii) = (i). Assume (3.10). Then, by Theorem 2.3, it follows
that {T;} preserves {f <1}, and hence {T;} is Markovian.

We now take any ¢ > 0 and substitute f/c in (3.10). By noting that (f/c —
Dy =1/c¢(f —¢)+, we have

@, (F =2 <Al = )4l

Now, letting ¢ — 0, we can see that (3.5) holds, and hence {7;} becomes a con-
traction semigroup by Theorem 2.3.

To show that (i) = (ii), we just apply Theorem 2.3.

A similar result holds when we assume (3.11). O
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When 7 = 0, the above result was discussed in [4, Section 4.6] and [2]. The
contraction property is assumed there, but it is not necessary. In the L?-case,
Ma and Rockner [6] called an operator satisfying (3.10) with v =0 a Dirichlet
operator. By this definition, the operator generates a contraction semigroup. It
may be better to remove the restriction of contraction.

3.3. L'-contraction property
The Markovian property is equivalent to L*°-contraction and positivity preserv-
ing. Its dual notion is L'-contraction and positivity preserving. We discuss it
here.

Let (M, u) be a measure space. We take a Banach space B as LP(u) (p €
[1,00)). The L!-contraction property means that for any f € B,

(3.12) [ mslan< [ ifidn

In addition, if we assume the positivity preserving, then the above property is
equivalent to (3.12) with nonnegative f. So we take a convex set C as

(3.13) C={f;f20,/Mfdu§1}.

C is clearly closed. The semigroup is L!-contractive and positivity preserving if
and only if it preserves C. To see this, assume that the semigroup preserves C.
Take any f > 0. Then, for any £ > 0, we can find >0 so that (f —¢);0 € C.
Since the semigroup preserves C, we have T;(f — ¢)+ > 0. Letting £ — 0, we are
lead to T;f > 0, which means the positivity preserving. Now the L!-contraction
property easily follows. The converse is much easier.

We need to get the shortest point to C'. We show that it is given by (f —¢)+,
where ¢ > 0 is chosen so that

/M(f —¢)pdp=1,

whereas, when

/ f+ d:u < ]-7
M
then we set ¢ =0. If f satisfies

f-‘rd,uS 17
M

then it is clear that fy is the shortest point. If f does not satisfy the condition
above, we need the following.

PROPOSITION 3.6

Suppose that f, g € LP(u) (p>1) satisfy 0 < g < f and that a constant ¢ >0
satisfies

(3.14) /M<f )y dp= /M(f —g)dp.
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Then we have

(3.15) /M( FACPdu< /M o dp,

and the identity holds only when g = f A c.

Proof
Note that

| = ["ar 20 de

Using this, (3.14) can be rewritten as

/ {u(f>=z)— gzl’)}dx/:ou(fzz)dx

Hence we have

/Oc{u(fzw) —u(gzm)}dw=/wu(92$)dw-

Therefore

/()C@)p_l{u(fzx) —ulg> )} de < /OC{N(fZI) —ulg>)}de

c

=/:ou(g>w)dx

< /Coo (E)pilu(g >x)dx.

C

Multiplying ¢?~! to both hands, we have

/c o Hu(f 2 @) —plg > 2)}de < /Oo 2P~ (g > @) da,
0 c

which is the desired result. If the equality holds in the above equation, then all
the inequalities above must be equalities, and hence g = f A ¢ would hold. (|

The result above holds even when p = 1 and the last inequality should be equality,
whereas we cannot have g = f A ¢ in general.

Using the result above, we can see that the shortest point is given by (f —
¢)+. Now, if we assume that the semigroup preserves C' and that {e ™ 7*T}} is a
contraction semigroup, then by Theorem 2.3, we have

(3.16) /M s sgn(f)|f APt du < |1 f Al

Here c is a constant that satisfies

| ==
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But the constant ¢ > 0 can be arbitrary. In fact, for any A > 0, take Af instead
of f. Then (3.16) becomes

/M XUf sgn(f) (M A e))” ™ dp <A IAF A eI

which leads to

[ arsean (o2 ) duirn G,

The constant c(Af)/\ is characterized by

/M (f = C(i‘\f))eru = %

So it can take all positive values by varying A > 0. We take ¢ =1 for simplicity.
Thus we have the following theorem.

THEOREM 3.7
Let v € R be given. Then the following conditions are equivalent to each other.

(i) {Ti} preserves C' and {e~"T;} is contractive.
(ii) For any f € Dom(2(), we have

(3.17) /Mmfsgn<f>|fA1|P-1dum||fm|\z.

3.4. Excessive functions
We show that we can deal with excessive functions in our framework. The exces-
sive functions are defined as follows. If a nonnegative function u satisfies

(3.18) e "Tu<u

for any ¢ > 0, then we call it an a-excessive function. In the sequel, we always
assume that u is nonnegative. We usually assume that the {7;} is Markovian,
but we do not need this. Being excessive is a property of a function. But we
change the viewpoint. It can be thought to be a property of the semigroup. We
take this viewpoint. We assume that {T}} is positivity preserving, and we define
a convex set C' by C' ={f; f <wu}. Then it is easily verified that u is a-excessive
if and only if {e7**T}} preserves C. So we can apply our theorem. We note that
for any f, the shortest point to C' is given by P(f) = f Aw.

We start with the case when E is locally compact and B = Coo(E). For
any f, we can take Q(f)=f Au € P(f). Then

f=QU) =(f—u)+.
Assume that (f —u)y #0, and take any maximum point xg of (f —u)4. Now
define

o =(f = u)+lloc0u,-
Then, for any h € C, we have

(h = (f Au),p) = (hlwo) = u(z0)) [I(f — 1)+ ]loo < 0.
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This means that f Aw, [|[(f — )40z, is & good selection. So we can get the
following.

THEOREM 3.8

Let v € R be given. Assume that u is a-excessive and {e~(“t VT, is contractive.
Then for any f € Dom(21) and any xo taking positive mazimum of (f —u)4+, we
have

(3.19) (2 — ) f(x0) <7 (x0) — u(z0)).

Conversely, assume that for any f € Dom(21), (3.19) holds at some point x
taking positive mazimum of (f —u)y. Then u is excessive and {e~(“tN'T}} s
Markovian.

Proof
The first part follows from Theorem 2.3.

In the converse part, we show only that {e~(®+M!T}} is Markovian. Take any
f € Dom(2l), and let 2y be a point taking the positive maximum of (f — u);.
Then we have

(& =) f(x0) <v(f(z0) —ulzo))-
Now, for any ¢ > 0, take f/c instead of f. Note that (f/c—u); = (1/c)(f —cu)4+.
Therefore we have
(3.20) (A= a) f(ze) <y (f(ze) — culze)).
Here z. is a point taking the positive maximum of (f — cu)y. When ¢ | 0, we can
take a convergent subsequence from x.. We set the limit by yo. It is clear that
f+ takes the positive maximum at yo. Moreover, taking the limit in (3.20) along
a subsequence, we have

(2 —a)f(yo) <vf(yo)-

The Markovian property of {e~(®TV!T;} follows from this. O
We proceed to the case B = L!(u) with (M, i) a measure space. For C = {f: f <
u}, Q(f) = f Au. Moreover, we can take ¢ = [|(f —u)1|l11{f>y) as an element of

F(f—=Q(f)=F((f—u)+); (f ANu,p) is a good selection. In fact, for any h € C,
we have

<h—Q(f),<p>=II(f—u)+||1/{f> (= A

- II(fU)+|I1/{f> (i

Now we have the following theorem.

THEOREM 3.9
Let v € R be given. Then the following conditions are equivalent to each other:
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(i) w is a-excessive and {e~ TV} is a contraction semigroup;
(ii) for any f € Dom(X), we have

(3.21) /{ @A 0

Proof
The implication that (i) = (ii) follows from Theorem 2.3.

We show only that (ii) implies that {e~(®*M!T}} is a positivity-preserving
contraction semigroup. For any ¢ > 0, take f/c instead of f. Then (3.21) is written
as

| @ ardnalr - e,
{f>cu}
Now letting ¢ | 0, we have

/ @ — a)fdp <Al f .
{f>0}

By using Theorem 3.2, we can show that {e*(aJ”)tTt} is a positivity-preserving
contraction semigroup. O

Last, we discuss the case LP (1 <p < 00).

THEOREM 3.10
Let v € R be given. Then the following are equivalent to each other:

(i) w is a-excessive and {e~ TV} is a positivity-preserving contraction
semigroup;
(ii) for f € Dom(2A), we have

(3.22) (A= a)f, (f — w5 ) <AN(f =)<l
Proof

We show only that (ii) implies that the semigroup is positivity preserving and
contractive. So take f/c instead of f in (3.22). Then

(A =a)f,(f = cw)ih) <AN(f = cu) o |-
Letting ¢ | 0, we have

(A=) f. 270 <Al f4 1.
Applying Theorem 3.3, we can get the desired result. (I

3.5. Invariant sets
A measurable set D C FE is called weakly invariant if for any t > 0,

(3.23) 1p:Ty1p =0.
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We want to give a characterization of a weakly invariant set. To do this, define
a convex set C by

(3.24) C={f:1p.f=0}.
In this case, we define Q(f) by

Q(f)=1pf.

Hence we have f — Q(f) =1pef.

We first consider the case B = Cy(F), where E is a locally compact Haus-
dorff space. We assume that D is open and closed. Let xzg be a point where
|f — Q(f)| takes its positive maximum. Set ¢ = ||1pe f|loo sgn(f(x0))dz,. Then
veF(f—Q(f)), and for any h € C,

(h—1pf,¢) = (o) — f(z0)) [ 1De flloo sgn(f (w0)) = —1pe flloo| f (w0)| < 0.

Thus (Q(f),¢) is a good selection. Now the following theorem can be obtained
from Theorem 2.3.

THEOREM 3.11
Let v € R be given. Assume that for any f € Dom(2l), we have

(3.25) Af(wo)sgn f(zo) <71f (o)l

at some xq taking the positive maximum of | f| in D¢. Then D is a weakly invari-
ant set.

Conversely, if D is a weakly invariant set and the {e~7'T;} is contractive,
then for any f € Dom(l), (8.25) holds for all xq, where |f| takes positive maxi-
mum in D.

In the case B = L'(u) with (M,u) a measure space, we can take ¢ =
1pesgn f||1pe f]| from F(1pef). To see that (Q(f),¢) is a good selection, note
that for any h € C,

(h=10f9) = [ (= 1o0) 1o flusen fau 0.

From Theorem 2.3, we can have the following.

THEOREM 3.12
Let v € R be given. Assume that for any f € Dom(2l),

(3.26) Af sgn(f) dp <[ 1pe fl1-

DC
Then D is a weakly invariant set.

Conwversely, if D is weakly invariant and {e~""T}} is a contraction semigroup,
then (3.26) holds for any f € Dom(2).

Similarly, we have the following theorem in the case when B = LP(u) (1 < p < 00).
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THEOREM 3.13
Let v be given. Assume that for any f € Dom(2),

(3.27) (Af, 1pe| f[P~ sgn f) <|[1pe flE.

Then D is a weakly invariant set.
Conversely, if D is weakly invariant and the semigroup {e~7*T;} is contrac-
tive, then (3.27) holds for any f € Dom().

4. Convex set-preserving semigroups in Hilbert space

In this section, we consider conditions for which a semigroup in a Hilbert space
preserves a convex set. Of course, Hilbert spaces are Banach spaces, so the previ-
ous result in Section 2 holds. In the Hilbert space case, we consider a semigroup
associated with a sesquilinear form. We describe conditions in terms of sesquilin-
ear forms. This kind of problem was discussed by Ouhabaz [7], but he always
assumed that semigroups are contractive. Our aim here is to remove the restric-
tion of the contraction property. We mainly follow his argument, but sometimes
we need modifications.

4.1. Convex set-preserving property

Let a complex or a real Hilbert space H be given. We denote its inner product
by (| )y and the norm by |- |. Suppose that we are given a closed sesquilinear
form €. For any v € R, we define &, by

E(x,y) =E(x,y) +v(z | y)n-

We assume that £ is bounded from below and satisfies the sector condition: there
exist constants £ and K such that

Ee(x,x) >0,

Ee(z,y) < K5§+1(Ia1’)1/25&1(%1/)1/2-

We denote the associated semigroup and the generator by {7;} and 2, respec-
tively. We also denote the resolvent by G,. G, is defined at least for oo > £. Let
a closed convex set C' be given. As before, we denote the shortest point from x
to C' by Pzx. Since H is uniformly convex, Pz is a single-valued function, and the
duality map F(x) is just F'(x) =z. As was mentioned in Section 3, (Px,x — Pz)
is a good selection; that is, we have, for any y € C,

(4.1) R(y — Pz |z — Pz)y <O0.

Now we show the following.

THEOREM 4.1
Let v €R and 0 € [0,1] be given. We consider the following conditions.

(i) For any x € Dom(&), we have Px € Dom(E) and
(42)  RE((1—0)z+0Px,x— Px) > —(1—0)y|x — Pz[>, Va€Dom(E).
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(ii) The semigroup {T;} preserves C.
(iii) For any x € Dom(&), we have Px € Dom(E) and

(4.3) RE(Px,x — Px) >0, VYaecDom(E).

Then the implications that (i) = (ii) = (i) hold; (i) is nothing but (i) with
0 =1, so (i) and (i) are equivalent to each other.

If, in addition, {e™ 7Ty} is contractive, then the three conditions are equiva-
lent and, moreover, they are equivalent to the following condition (iv).

(iv) For any n € [0,1] and for any x € Dom(E), we have Pz € Dom(E) and
(44)  RE((1—n)z +nPx,x — Pz) > —(1—n)ylu— Pul?, Vz€Dom(E).

If € is Hermitian (we do not assume that e "*T} is contractive), then (ii)
follows from the following condition (v).

(v) For any x € Dom(€), we have Px € Dom(E) and
(4.5) E(Px, Px) <&(x,x) + | — Pz|?, Va € Dom(E).

If we assume that {e~""T}} is contractive in addition to the Hermitian prop-
erty, then all five conditions are equivalent to each other.

Proof
We first show that (i) = (ii). It suffices to show that aG,x € C for any z € C.
Set y = aGyx. Since E(Gpx,2) = (v — aGax | 2) g, we have

(4.6) E(y,2) =alr —y|2)u.

From (i), (4.2) holds, whereas we take a larger 7. So we may assume that
E,(f,f) >0 for all f. Moreover, take o such that o > ~. Then

0> —RE((L—0)y+ 0Py, y — Py) — (1 — 0)y|u— Pul®> — ORE, (y — Py,y — Py)
= —RE(y,y — Py) + ORE(y — Py,y — Py) — (1 = O)y|y — Pul?
— ORE(y — Py,y — Py) — O]y — Py|?
= —RE(y,y — Py) — vy — Pyl
=—aR(z—y|y—Pyu—ly— Pyl (.(46))
=—aR(zx — Py|y— Py)g +aR(y — Py |y — Py)u — |y — Py|?
> (a=)y—Pyl> (. (42),

which leads to y = Py € C, as we wanted.

Ouhabaz [7, Theorem 2.1] proved that (ii) = (iii).

Assuming that {e~7'T}} is contractive, that is, that &,(f,f) >0 for any
f € Dom(€), let us show that (iii) = (iv). Since &, is nonnegative,

0 <RE(Pz,x — Pzx)+ (1 —n)&,(z — Px,z — Px)
=RE((1 = n)x —nP,x — Px) + (1 —n)ylz — Pzf?,
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which is the desired result.
If £ is Hermitian, then we have

RE(x + Px,x — Px) + |z — Px|?
=&(z,2) + R{E(Pz,z) — E(x, P2)} — E(Px, Px) + |z — Px|?
=E&(z,2) + R{E(Pr,2) — E(Px,2)} — E(Px,Px) + 7|7 — Paf?
=&(z,x) — E(Px, Px) 4 |z — Px|*.

The left-hand side is (4.2) with 8 = 1/2, and so (ii) follows from (v). If, in addition,
we assume the positivity of £, it is easy to see that all conditions are equivalent
to each other. (]

Now we discuss examples. We take a measure space (M, m) and consider a real
Hilbert H = L?(m). We denote the inner product by ( | )2 and the norm by || ||
So far, we denote the Hilbert norm by | |, but we reserve it for the absolute value
of a function. Elements of L? are denoted by f, g, h,.... Now we proceed to
individual cases, as in Section 3.

4.2. Positivity-preserving property
The convex set is given as C'= {f > 0}; recall that Pf = f. From Theorem 4.1,
we have the following theorem.

THEOREM 4.2
The following two conditions are equivalent to each other.

(i) {1} is positivity preserving.
(ii) For any f € Dom(E), we have |f| € Dom(E) and

(4.7) E(f4,f-) <0,
Under (i) or (ii), the following condition (iii) holds.

(iii) For any f € Dom(E), we have |f| € Dom(E) and
(4.8) E(SI D) <E 1)

If € is symmetric, the three conditions are equivalent to each other.

Proof
The equivalence between (i) and (ii) is a direct consequence from Theorem 4.1.
On the other hand,

ENLIN =ES ) =EUfe + I o+ ) —Efs — - f+ = 1)
=E(fr fo) +26(f f-)+E(f-, f-)
—E(fr, f) +28(f ) —E(F- f-)
=28(f4, f-) +28(f~, f+)-
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Now we can see that (iii) follows from (ii). If £ is symmetric, (ii) follows from (iii)
by the identity above. |

In connection to the contraction property of the semigroup, we have the following.

THEOREM 4.3

Let v €R and 0 €]0,1) be given. Then the following three conditions are equiva-
lent to each other.

(i)  The semigroup {e T} is a positivity-preserving contraction semi-
group.
(ii) For any f € Dom(E), we have |f| € Dom(E) and

(4.9) E(L=0)f +0fs f — f1) = =1 = OIS
(iii) For any f € Dom(E), we have |f| € Dom(E) and, for any n € [0,1),
(4.10) E(X=n)f+nfs,f—Fi) =1 =n)llf-I5.

If, in addition, £ is symmetric, then the following conditions are also equiv-
alent to previous ones.

(iv) For any f € Dom(&), we have |f] € Dom(E) and

(4.11) E(frs f+) SE ) +AIF-N1%

(v) For any f € Dom(E), we have |f| € Dom(E) and
(4.12) 0 < &[S 1) <& (F 1)
Proof

We show only that (ii) = (i). The others easily follow from Theorem 4.1.
Since £ is bounded from below, there exists a constant A > 0 such that
Ev4a(f, f) > 0. On the other hand, from (4.9),

A= OIS I3 <EL =) +0fs.f — f1) < —E(finfo) + (L= OE(f, f-),
which leads to
E(funfo) — (L= 0)E,(f. f-) <0,
Using this inequality, let us compute £, gx:
Evron(fof) = E(fr = F- f-) —OA(f | f-)2
= & (fr o) — E(Ff2) = ONF | f2)2
= (o fo) — (L= O)E, (- f-)
06, (f- f2) — ON(- | £-)s
= E(firf) ~ (L= 0)E, (-, 1)
08, (S f-) <0,
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Here, in the third line, we used &,(f+, f-) = E(f+, f-). Now, taking — f instead
of f, we have

g’y+0)\(f7 er) 2 0.

Combining both of them, we have

Evvox(fo ) =Evvon(fi f+) — Eyran(f, f-) 2 0.

Thus we have deduced &,19x(f, f) >0 from &, (f, f) > 0. Repeating this pro-
cedure, we have E,ygn(f, f) > 0. Letting n — oo, we eventually get £,(f, f) >0,
as desired.

If £ is symmetric, it is enough to note that condition (iv) is nothing but (i)
with = 1/2. O

4.3. Markovian property
The next issue is the Markovian property. First, we give a definition.

DEFINITION 4.1

A bilinear form & is called a semi-Dirichlet form if the associated semigroup is
Markovian. If £ and its dual £* are semi-Dirichlet forms, &£ is called a Dirichlet
form.

Let us give the necessary and sufficient conditions for which £ becomes a semi-
Dirichlet form.

THEOREM 4.4
The following two conditions are equivalent to each other.

(i) {Ti} is Markovian.
(ii) For any f € Dom(E), we have f A1 € Dom(E) and

(4.13) E(fALf=fAL)>0.
We may change f A1 with f.

Proof
This is clear from Theorem 4.1. O

We also have the following theorem.

THEOREM 4.5

Let v €R and 0 € [0,1) be given. Then the following three conditions are equiva-
lent to each other.

(i) {T:} is Markovian and {e~""T}} is a contraction semigroup.
(ii) For any f € Dom(E), we have f A1 € Dom(E) and

(4.14) E((M=0)f+0(fAL),f—fAL)>—(1-0)|f—fAL|Z
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(iii) For any f € Dom(E), we have f A1 € Dom(E), and for any n €[0,1),
(4.15) E(=mf+n(f A, f=FA1) ==y =n)llf = AT,

If, in addition, £ is symmetric, then the following condition is equivalent to
the others.

(iv) For any f € Dom(E), we have f A1 € Dom(E) and

(4.16) EfNLFAY)SES ) +lf = FAL]S
We may replace f N1 with fi A1 in the equations above.

Proof

We need to show only that (ii) = (i). Others easily follow from Theorem 4.1.
From Theorem 4.1, we can have that {T;} is Markovian. To show the con-

traction property, taking f/c (¢>0) in (4.14), we have

E((L=0)f+0(f ne).f—fAe) ==L =O)|f = fAcl3

Letting ¢ — 0, we have

E(A=0)f+0(fA0), f—FAO0)>—y(1—=0)|f—fA0|*
Now, by Theorem 4.3, we can get that {e~7'T;} is contractive. a

In Ma and Rockner [6], £ is called a semi-Dirichlet form if for any f € Dom(E),
we have fy A1l € Dom(€) and

(4.17) E(f+fe AL f—FfrAL) >0

As was shown, this condition leads to the contraction property of the semi-
group, and so the noncontractive semigroups are excluded. They considered only
contraction semigroups, and so there is no problem, but if we include noncon-
tractive semigroups, it seems better to adopt the definition that was given in
Definition 4.1.

Last, we give an example of a Markovian semigroup which does not satisfy
the contraction property. We take R to be a state space with a reference measure
p(dx) = (1/v/27)e="/2 dz. On this space, the Ornstein-Uhlenbeck operator L =
# — x% is associated with the following symmetric Dirichlet form:

df dg
——=d .
r dx dx Hiw)
We consider an operator of the form L 4 b with b= 23 %. The Dirichlet form £
associated with L 4 b is given by

&(0) = [ (58~ 29 o)) duo)

If —1/4 < 8 <1/4, we can show that this form satisfies the sector condition; to
be precise, we can find v > 0 such that £, satisfies the sector condition. We can
also check that it is a semi-Dirichlet form. We are now interested in whether £
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is nonnegative; that is, £(f, f) > 0. Note that

Y 200 Y y) ) )
:A(%)Qdu(x)— Rﬁx%f(a:)Q\/%_ﬂe_mz/de
:/R(%)zdu(xpr Rf(xf%(ﬁx\/%e*f/?) dz
:/ (%)deH F(@)*(B — Ba?) dp()

R R

- /R (—L+ B — Ba) () f(z) du(z).

Let us find an eigenvalue of L + $x2 — 3. We search for an eigenfunction of the
form e

(L + pa* — ﬂ)e"””2 = {(40* - 20)2” + 204}6“2 + (Bz? — ﬁ)e’”z
= (4* — 2a + /B)xzew2 + (2a— ﬂ)ew2.

Hence if 402 —2a+ 3 =0, then e’ is an eigenfunction of the eigenvalue 2o — (3.
Solving 4a? — 2a + 8 =0, we have o = (14 /1 —43)/4, but we should take
a=(1—+T—473)/4 to ensure that e®*” € L2(u). The cigenvalue is
1-1-43-23

5 ;
which is positive if 3 # 0. Therefore —L — 3z2 + 3 has a negative eigenvalue, and
so the associated semigroup does not satisfy the contraction property.

200 — =

4.4. L'-contraction property
From Theorem 4.1, the condition for the L'-contraction and the positivity-
preserving property is given as

(4.18) E((f=1)4,fA1)>0.

On the other hand, the Markovian property was characterized by E(f A1, (f —
1)4+) > 0, which is exactly the dual of (4.18). So one follows from the other.

If we introduce the parameter 6, then the L'-contraction and the positivity-
preserving property are characterized by

E(f—O0(fAL),FAL)>—v(1—0)|fA1|3

and the Markovian property is characterized by

E(f=0(f—1)u, (f—1)5) = =1 =O)(f — D+]5.

In this case, the duality is not so clear.
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4.5. Excessive functions
Let us consider the excessive functions. Recall that a nonnegative function w is
called a-excessive if

(4.19) e Tu<u, Vt>0.
Let us give a characterization in terms of bilinear form. We remark that these

results are basically known (see, e.g., Ma, Overbeck, and Réckner [5]).

THEOREM 4.6
The following two conditions are equivalent to each other:

(i) w is a-excessive, and {T;} is positivity preserving;
(ii) w >0, and for any f € Dom(E), we have f Au € Dom(E) and

(4.20) Ealf Nu, f— fAu)>0.

Proof

(i) = (ii) This follows from Theorem 4.1.

(ii) = (i) This also follows from Theorem 4.1, but we need to show that {73} is

positivity preserving. We take A > « large enough so that £ is nonnegative. We
may assume that u is A-excessive. We take f/c in (4.20). Then

Ex(fAeu, f— fAcu)>0.
Letting ¢ | 0, we have that f A cu converges to f A0 weakly in £,. Hence
EX(fANO,fAD)< limiglng(f/\cu,f A cu)
< limiélng(f Acu, f)
This means that Ex(f+, f-) <0, and by using Theorem 4.2, we can have that
{T}} is positivity preserving. O

The following theorem can be proved similarly.

THEOREM 4.7

Let y €R and 0 € [0,1) be given. Then the following three conditions are equiva-
lent to each other:

(i)  u is a-excessive, and {e~(“tVITLY is a positivity-preserving contraction
semigroup;
(ii) for any f € Dom(E), we have f Au € Dom(E) and

(4.21) E(X=O)f+0(fAu),f—fAu)=—y1=0)|f—fAul*
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(iii) for any f € Dom(E), we have f Au € Dom(E) and for any n € [0,1),
(4.22) Ea((L=m)f +0(f Aw). f = fAu) ==L =) f = fAul.
4.6. Invariant sets
A set B is called weakly invariant if

1p:Tilp =0, Vt>0.

In this case, we have the following criterion.
THEOREM 4.8
The following three conditions are equivalent to each other:

(i) B is an invariant set;
(ii) for any f € Dom(€), we have 1gf € Dom(E) and

(4.23) E(pfilpef) = 0;

(iii) for any f € Dom(E), we have 1pf € Dom(E) and
(4.24) E(lpf,1pf)=0.
Proof

The equivalence of (i) and (ii) follows from Theorem 4.1; (iii) = (ii) is clear.
Let us show that (i) = (iii). By (ii), we have 1gf € Dom(&). Further, by the
invariance of B,

(T, = D1pf,1pef) =0.
Divide both hands by ¢, and letting ¢ | 0, we easily get (4.24). |
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