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Abstract. Previous results on the existence of solutions of a nonlinear evolution equation formulated in an AL-
space, by abstracting common properties of collisional kinetic models, are extended to the setting of a partially
ordered Banach space with norm additive on the positive cone, which is not necessarily a Banach lattice. An
application is sketched in the case of a simple nonlinear von Neumann equation in the space of trace class
self-adjoint operators on a separable Hilbert space.
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1. INTRODUCTION

Let X be a real separable Banach space, (partially) ordered by the order relation <, for which the positive
cone X; :={g:g € X;0 < g} is closed and generating (i.e., X = X; — X ), and the norm is additive on X, i.e.,

g +nll = llgll + (Al Vg,h € X (D

Following [[1, p. 30] (see also, [2]], and [3]]), X will be called abstract state space. A first example of such
a space is an AL-space (abstract Lebesgue space), i.e. a Banach lattice whose norm is additive on its positive
cone. However, an abstract state space is not necessarily a Banach lattice, e.g., the space of trace class self-
adjoint operators on some separable Hilbert space, with the trace norm, and the canonical order of the bounded
self-adjoint operatorsﬂ

In X, consider the Cauchy problem

df(z)

T:Af(t)+Q+(t,f(t))—Q‘(t,f(t)), fO)=foeX,, >0, 2)

for f defined from R, := [0,00) to X. Here, A is the infinitesimal generator of a Cy-group of positive linear
isometries {U’};cr on X, (case A = 0 is not excluded), and QF are (nonlinear) mappings from R, x & to X,
for some & C X, dense in X, such that:

o R, >t Q*(t,g(t)) € X, are (Lebesgue) measurable for every measurable g : R, + X, which satisfies
g(t) € & almost everywhere (a.e.) on R,

e For almost all (a.a.) t > 0, the positive mappings & > g — QF(t,u) € X, are isotone and o-closed, and
their common domain & is p-saturated (see the Appendix for some known definitions and facts).

The existence of solutions to problem (2) was investigated in [4]], under additional conditions (and deve-
loping ideas of [5]]), in the case of an abstract model generalizing several collisional kinetic equations with

I For other examples of abstract state spaces, the reader is referred to [1, pp. 30-31].
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common monotonicity properties, and compatible, in some sense [4]], with the so-called Povzner inequality [|6].
Paper [4]] also included applications to examples of the so-called classical kinetic theory (Boltzmann equation,
Smoluchowskis coagulation equation, a Povzner-like model with dissipative collisions).

However, the results of [4] were obtained by assuming that X is an AL-space, and may not be directly
applied to problems involving ordered Banach spaces that are not Banach lattices, as the aforementioned space
of trace class self-adjoint operators, which may be encountered in quantum kinetic modeling.

The present note shows briefly how the main result of [4] can be re-obtained in the more general setting
introduced in the beginning of this section, without imposing that X should be a (Banach) lattice. For a more
detailed exposure, the reader is referred to [[/] (where a “Corrigendum” to an easily correctable error in [4]])
was also included, independently of the main content of [7]]). Differently from [[7]], the present work is limited
to accounting for the main new ideas behind the aforementioned generalization of the results of [4], and also
contains a simple application that extends a result of [8].

2. MAIN RESULT

To state the main result of this paper, we first complete the setting detailed in the previous section with the
rest of the assumptions that define the model introduced in [4]:

Assumption (A). There exists a linear operator A : Z(A) C X — X such that (—A) is the infinitesimal
generator of a positive Co-semigroup on X, and 2, (A) C 2, QF(t, 2. (A*)) Cc 2. (A* 1), t >0ae., k=23
(where we have used the notation 7 (AF) := 2(ANNX,, k=1,2...).

Assumption (Ag). There is a number Ay > 0 such that
Aog <Ag, Vg€ DL(A). 3)

Assumption (A1). There exists a positive, non-decreasing, convex function a : Ry — R, such that for a.a.
>0,
0< 07 (1,8) <a(llAgll)Ag, Vg€ Z(A), ©)
and the mapping 7., (A) > g — a(||Agl|)Ag — O (t,8) € X is isotone.
Assumption (A,). For a.a. t > 0,

Alt,g) :=||AQ™ (1,8)|| - |AQT (t.8)|| =0, Vge 2. (AY), 5)

and the map Z, (A?) 3 g+ A(t,g) € R, is isotone.

Assumption (Az). There exists a positive non-decreasing function p : R4 +— R such that for a.a. t > 0,
|AQ"(1,8)|| < [A*Q (1.0)|| +p(lIAgl) A%, Vg€ 24 (A%). (6)

The next remark collects useful immediate consequences of the above assumptions:

Remark 1. (a) Function a is locally Lipschitz continuous on every compact sub-interval of R, its derivative
is a.e. defined, positive and non-decreasing on R, and a(0) = a(0+);

(b) For each k = 1,2, ..., the linear operator AX is positive, closed, and densely defined (see the Appendix);

(c) For a.a. 1 >0, one has A(r,g) < [AQ™ (1,8)l < a(l|Agl)[|A%g]| and [|Q* (1, 8)ll < A5 |[AQ™(¢,8)] <
a(|lAglhAy ! [ A% Vs € 2 (A%);

(d) 0*(¢,0) =0and A(r,0) =0 a.e. on R .

Inequality (3] is abstracting common conservation/dissipation properties of several collisional kinetic equ-
ations (see [4]). The above model assumptions show some control on Q* (¢, f), in terms of AX f. Inequality @)
is an abstract correspondent to the Povzner inequality [5}/6] (see also [4]]).
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In this paper, L'(Ry; X, ) (L},.(R1;X;)) denotes the space of equivalent classes of Lebesgue measurable
functions from R to X; which are Bochner integrable (locally Bochner integrable) on R... Also, C(R;;X})
stands for the space of continuous functions from R to X;. In addition, L,LIOC(R+;X+) denotes the space of
the measurable mappings g : Ry — Z(AX), with the property A*g € L} (Ry;X), k= 1,2,.... We also put

L(l),loc(R+vX+) IOC(R+,X+)
The next theorem shows that the main result of [4]] remains valid in our present setting. Let Z,(A*) :=

Nuz1 24 (AF).

THEOREM 1. Suppose that Q" (t, 7. (A")) C Z+(A”), t > 0 a.e., and N Q* (-, 7, (A”)) C L} .(Ry;Xy),
k=1,2,.... Let fo € D, (A?), in . Then:

(a) If A = 0, then problem (2)) has a unique, positive strong solution f on R, such that f(t) € 2, (A?) for
all t >0, and | A*f|| is locally bounded on R ... Moreover, Af € C(R ;X ). Furthermore, f satisfies

IAFOll+ [ Ao ©)ds = AR ¥ =0, )

and
[A%F(@0)]| < [|A% fol[exp(p([Afol)1), Vi >0; ®)

(b) IfA# 0 and, for eacht >0, U' 2(A) = D(A) and U'A = AU" on P(A), then problem (2) has a unique,

positive mild solution f on R, with the same properties as in (a).

In applications, equality can be interpreted as a dissipation-conservation relation, while is related
to some so-called “moment” estimates [4]. Expression and inequality (8] are, in some sense, integral
formulations of (3] and (6), respectively.

In the following, we sketch the proof of the above theorem. The proof is close to the central argument
of [4]], with two main differences to be briefly pointed out in the next subsectiorﬂ

Here we notice that, by means of Remark [T[d) and (7), it can be seen that if fy = 0 in problem @) then
f(t) =0is the only solution of (2| . ) with the properties stated in Theoreml 1} Moreover, (A1), (Az) and (7) imply
that f(t) = fo is the unique solution of (2), in the case when 0 # fy € 2. (A?) and a(||Afy]|) =

Therefore, for the rest of this sectlon we suppose that in problem (), f satisfies fj # 0 and a( IAfoll) #O.

2.1. Sketch of the proof of Theorem [I[a)

In this subsection, we suppose that the conditions of Theorem I(a) hold.
As in [4], in the case of (2)) with A = 0, we introduce the auxiliary problem

YO | aIARIDAFO =B.f.1). FO)=foeXe. 120, ©)

where a is given by (A1), and B is formally defined a.e. ont € R, by
t
Bl.g.h) = 0 1.8() - 0 (gl0)-+a (IAs(0)+ [ As.h(5))s ) ag() (10

for, say, g, h € Lé’l(}C(RJF;XJF).
Also, consider the integral form of (9) with B replaced by

0= ot [ 10 (.16~ (s.5(6))Jas

# [ a(Iaron+ [ atestenac) -atianl| astias v =o.

2 For more details, the reader is referred to [[7].

(1)
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Remark 2. Due to the properties of A, QF, A and a, we have that expression defines a mapping
L;JOC(R+;X+) x LY, (Ry;X1) > (g,h) — B(-,g,h) € L{ ,,.(Ry;X1) which is isotone, in the sense that if

(gishi) € Ly 1o (R X1 ) X L) 1 (Ry5 Xy ), i=1,2, and gy (t) < ga(t), (1) <ha(r) ae.on R, then B(r,g1,h1) <
< B(t,g2,hy) a.e. onR,..

The next proposition shows that Theorem[I(a) can be proved by investigating (9 instead of (2).

PROPOSITION 1. Let Ry >t f(t) € D (A?) such that ||A%f|| is locally bounded on R..
(a) If f is a strong solution to (E]) with A =0, then Af € C(R;;X,), and f satisfies @;
(b) f is a strong solution to (2)) with A = 0 iff it is a strong solution to (9).

Proof. To prove (a), observe that the properties of f, Af, AQ= (-, f), as well as Remark b), enable us to
apply A to the integral form of (2)) with A =0, and use (see the Appendix) with I' = A. Thus, considering
the resulting expression, it remains to invoke its continuity properties, and to evaluate its norm, by taking into
account assumption (A), and applying (I)) together with (30).

The direct statement in (b) follows by introducing (7)) in (9).

To prove the converse statement in (b), put W(f)(¢) := || Afol — |Af(2)]| — Jo A(s, f(s))ds. One needs only
show that if f is a solution to (9), then y(f)(r) = 0 for all 7 > 0. To this end, one applies A to and makes
use of (3I)), with I = A. Then, the resulting expression is handled conveniently, by applying (I), (30), and
using Remark a), the positivity of A(z, f(¢)), as well as the fact that | A>f]| is locally bounded on R . One
ultimately obtains a classical Gronwall inequality for |y(f)(z)|, with vanishing initial (non-integral) term in the
right hand side (r.h.s.) of the inequality, which concludes the proof. 0

By virtue of Proposition[Ib), the positive strong solutions of problem (2) can be found among the positive
solutions of the mild form of (9)

1=+ | VIB(s, £, f)ds, 120 (12)

(the integral being in the sense of Bochner), where {V'},. is the positive Cp-semigroup on X with infinitesimal
generator L := —a(||Afy||)A- -

Proceeding as in the proof of [4, Theorem 3.1], we appeal to the isotonicity of B to demonstrate the existence
part of Theorem [T(a) by a monotone iteration scheme. One obtains a norm bounded, increasing sequence in
X, which is finally shown to converge to a solution of (IZ). The convergence can be proved by appealing to
the (strong) Levi property of X, (see the Appendix). Although such a construction was introduced in [4], in the
context of an AL-space, it actually remains valid in the more general setting of our paper, due to the following
result that extends [4, Lemma 2.1] to the case when X is an abstract state space.

LEMMA 1. (see [7, Lemma 1] for a slightly more general formulation and proof)
(a) For each g € X, one has:

0<Vig<exp(—Aoa(||Afol)t)g <g, Vt>0; (13)

(b) For each g € X, there exists an increasing sequence {g,} C P+ (A*), such that g, /* g as n — oo;

(c) Let p be a positive integer. If {g,} C P+ (AP) is increasing and {APg,} is norm bounded, then there
exists g € 9 (AP) such that A¥g, /* A¥g for allk =0,1,.., p;

(d) 2. (A¥) is p-saturated, ¥ k = 1,2, ..., 0.

Proof. The proof of the above lemma applies general properties of positive Cy-semigroups, the construction
behind the argument of ( [9, Theorem 10.3.4]), adapted to positive Cp-semigroups (see in the Appendix),
and the Levi’s property of X,. O
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Remark 3. Lemma ld) and (4) imply that Q~ (¢, 2, (AF)) € 2, (A1), ae. on Ry, k=1,2,....00. In
particular, Q™ satisfies the inclusion conditions on Qi( t, 7, (AX)) imposed in the beginning of thls sectlonﬂ

Now by Lemmall| lb), we can choose an increasing sequence 7 (A*) 3 fo, / fo. as n — oo, where the first
term of the sequence is fo 1 = 0. Then our approximating sequence is formally given by

fl(t):O, fZ(t):thO,Za

[ =V fon+8(t, ft, fya), 1200 n=34,... (1

where
S(t,g,h) /V’ B(s,g,h)ds, t>0. (15)

Here it should be emphasized that (14)) is a diagonalization, in some sense, of the iteration scheme conside-
red in [4], and leads to a more general, but simpler analysis than in [4]]) (see also [7])).

The next lemmas give a rigorous meaning to (I4), and show that it defines a norm bounded increasing
sequence of elements in X, with useful integrability, and regularity properties.

Let .#. be the family of those g € C(R ;X ) with the property that, V 0 < T < oo, there is gr € Z;(A™),
which may depend only on g and 7', such that g(¢) < gr on [0, T].

LEMMA 2. For eachn=1,2,3,..., one has:

(@) fu € Me. In particular; f, € Ly 1, (Ry;X4 ), k=0,1,2,3;
(b) fn is a.e. differentiable on (0,%0); n=1,2,3,..,

Proof. The proof of the lemma relies on rather technical arguments |7, Lemmas 3 - 5].
Basically, to demonstrate (a), the key point is to show that S given in (I5) satisfies the key inclusion
S(+, Mo, M) C Mo which is then used to obtain inductively from (14) that f, € A for all n =1,2,....
Finally, it is sufficient to observe that ./Ze. C € Ly j,.(Ry3X1), k=0,1,2,..
To prove (b), one uses (a), the properties of V*, and (14 . to apply a standard argument [10, Ch.4, § 4.2]. O

Remark 4. Q* (-, fu(-)) € Ly 1. (R X ) for k=0,1,2.
LEMMA 3. The sequence f,(t) is positive and increasing for all t > 0.

Proof. 'Te proof is achieved by a straightforward induction that applies the isotonicity of B, the positivity
of V7, as well as the positivity and monotonicity of {fo,}. O

LEMMA 4. For eachn =2,3,....,

ot t
t)—l_/() Q_(s,fn,l(s))ds Sf(),n+/0 Q+(S7fn71(s))dsa Vit Z 07 (16)
t

AR+ [ A for(6))ds < [Afoall < AR ¥ >0, a7
Proof. Inequalities (I6) and are proved inductively by taking advantage of the properties stated in
Lemmas [3|and [2| and invoking general known facts (see the Appendix). 0

LEMMA 5.
A2 ()| < [|A%fol exp(p ([ AfolDr),  Ve>0, n=1.2,.. (18)

Proof. To obtain , one applies A to (16), and uses with ' = A2. From the resulting expression,
one estimates ||A%f,(¢)||, by applying the monotonicity of the norm, , and . Finally, by @ and using
that implies p((|[Afa—1(s)|]) < p((|Afol)), one obtains a Gronwall inequality yielding (18). O

3 However, we kept those conditions, in order to have a priori well-defined statements in Assumptions (A,) and (A3).
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The above results enable us to complete the proof of the existence part in Theorem|[I|(a). Indeed, by Lemmas
and c), 3 f: R, — 2,(A?) measurable, such that, V¢ > 0,

A (t) SANEF(2), as n— ooy k=0,1,2. (19)

Besides, the monotonicity properties of Q= and A imply that, for a.a. ¢ > 0, the sequences {A*Q* (¢, £,,(t)) }u>1,
k=0,1, and {A(, f,(¢)) }n>1 are increasing. Also, they are bounded, because of Remark [Ifc) and (19). The-
refore, Levi’s property implies that they are convergent. But A is closed and Q*(¢,-) are o-closed a.e. on R,
Consequently, AQ= (¢, f,(t)) / AQ*(t, f(t)), k=0,1, and A(t, f,,(t)) / A(t, f(t)) as n — oo, a.e. on R, Ta-
king the limit in , we find that f satisfies , hence ||A”f|| is locally bounded on R, . In particular, f €
L} (3 X,), k= 0,1,2. Thus by Remark I[c), we have 0% (-, £()), AQ* (-, f(-)), Al £(-)) € LL (Ry: X, ).

On the other hand, due to Lemma[2(b), one can differentiate (I4). Then re-arranging conveniently the terms
of the resulting expression and integrating again, we get for n > 3,

fon+/ s, fue1 (5)) = (s, S (5))]ds
+f { <!Afn_1 @i+ [ A(r,fn_m))dr) Afyor(s)— 0)
—a<||Afou>Afn<s>]ds

The above considerations and the fact that a is non-decreasing and continuous enable us to apply convenien-
tly the dominated convergence theorem in (20). It follows that f is solution to (II). Since f satisfies (8,
Proposition [I{b) concludes the existence part of Theorem Ia).

To demonstrate the uniqueness of the solution, we follow [4], by adapting an uniqueness argument of [S[]. To
put it briefly, if, besides the above constructed solution f, problem (2) with A = 0, has another solution F with
the properties stated in Theorem([Ifa), then 0 < f(¢) < F(r) forallz > 0. Thus, if 37, > 0 such that F(r,.) # f(t.),
then ||Af(t.)| < ||AF(#.)]|. Since A(t,-) is isotone for a.a. t > 0, we get [|Afo|| = [|Af(t)]| + Jo Als, £(s5))ds <
< ||AF(t.)|| + [y A(s, F(s))ds, in contradiction with the fact that both f and F satisfy (7) for all # > 0. O

2.2. Sketch of the proof of Theorem|[I[b)

The proof is as for [4}, Corollary 3.1]. Indeed, since a mild solution to Eq. is a C(Ry; X ) solution to
t
) =Ufo+ [[ U106, 16) = (5. fs)ds. 120, @

then by F(¢) := U~ f(t) and Qf;(t,F) := U~'Q* (t,U'F), problem (21)) is reduced to ( . 2) with A =0, and O
instead of Q. Then we need only check that Theorem |1 a) applies (w1th QU instead of Q).

3. EXAMPLE: SIMPLE NONLINEAR VON NEUMANN EQUATION

In this section, we show how Theorem [I] can be directly applied to a simple generalization of the model
considered in [8§]].

Let = () be the abstract state space of the trace class self-adjoint operators in some separable
Hilbert space .7, endowed with the trace norm ||F||,, := Tr(|F|) and the natural order < induced by scalar
product (+,-) of 7 (i.e., F < Giff (f,Ff) < (f,Gf),V f € ). By 7, we denote the positive cone in .7 .

Let H be a self-adjoint operator and {U’},cr the Cy-group of positive isometries on .7, defined by
U'F := exp(—iHt)F exp(iHt), where i = v/—1. The infinitesimal generator A of {U’},cg can be written as
AF = —i[H,F|=i(FH—HF),F € 9(A), where |-, ] is the usual notation for the commutator.
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Consider the problem in 7

dF (1)
dr
where Q is (possibly) a nonlinear mapping in 7.
Equations of the form (22)), supplemented with the “conservation” condition

E@ller = [IFoller, 120, (23)

are encountered in quantum mechanical problems modeling the evolution of the so-called quantum density
operator, where they are know as nonlinear von Neumann equations (see, e.g., [11L{12].

Here, we suppose that H has a purely discrete spectrurrﬂ and {e, },x is the orthonormal basis associated to
its eigenvectors.

For some strictly increasing sequence 0 < g < 41 < ... <4, ... /oo, asn— oo, let {V'},., be the
Co-semigroup on 7, defined by

(en,V'Fey) := exp[—(1+ Ay 8 m)t] Fom, (24)
where Fy,  := (ey, Fey,). Thus, denoting by (—A) the infinitesimal generator of {V'},., we have
(en,AFep) := (14 2, 84m)Fyms (25)

hence A > I (where I is the identity operator in .77). Obviously, U’ leaves 2, (A¥) : = 2(A*) N X, invariant,
and U'A* = AKU" on 2, (AM), k=1,2,...

Further, we make precise Q. To this end, let {¢;},cn be a family of o-closed, isotone mappings from
D, (A) to R, such that ¥,cy(14+4,) g (F) < oo,V F € D (AF), k=1,2,3, and ¥, (1 + A4, )¥ g, (F) < oo,
k=1,2,...,V F € Mi>1 2 (AF). In addition, we assume:

1° 3 a: R, — R, non-decreasing and convex such that, foreachn =10,1,2, ...,

Gy (F) < 20a(Y (14 X)Fi)Fyn, VF €Dy (A)
ieN
and the mapping D (A) 3 F — Aa(Yien(1+ ) Fii)Fyyn — g, (F) € Ry is isotone;
2 A(F) = Y J(q, (F) =gy (F)) 20, VF € D.(A?), (26)
neN
and the mapping D, (A?) > F — A(F) € R, is isotone;
3 Y (14 2)% [, (F) =g, (F)] < (Y (14 A) ) (Y (14+ 4)*Fp),  VF € Do (A) 27

neN neN neN
for some positive non-decreasing function p : Ry — R,
Motivated by (23), we also suppose
40
Y a4, (F)=} 4, (F), VFED(A) (28)

neN neN

Notice that 4° formally implies (23).
By the above hypotheses, for each F € 2, (A), we can define the operators Q*(F) € 7, as

QO (F):=Y q, (F)(en,-)en, (29)

neN

4 E.g, H is the Hamiltonian of the one-dimensional, non-relativistic quantum oscillator in L2
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and put Q = Q" — Q™ in (22).
It can be checked that A, A and Q% (F) (as defined above) satisfy the assumptions behind Theorem b).
Therefore the theorem can be directly applied to (22)). Due to 4°, the solution of (22)) provided by Theorem [I[(b)

satisfies (23).

On the other hand, it should be remarked that, expressed in terms of F, ,,, Eq. (22) yields an ODE system,
which can be decoupled into a trivial part, with solutions Fy (1) = Fo, ,» exp[i(4, — A,)t], when n # m, and a
nontrivial one, otherwise,

dF,
TR

(F)_q;(F) an(O) :FOn.,n >0, n=0,1,2,..,

where the mappings ¢:= satisfy conditions 1° —4°.

We finally emphasize that the above model reduces to the caricature of von Neumann - Boltzmann equation
considered in [8] if, for n = 0,1,2, gi are of the form g (F) = €XFyoTr(AF), with € suitable (not all
vanishing) positive constants, while g;- =0, for n > 3.

APPENDIX

In the following, we briefly recap known definitions and facts, needed in previous sections. Although some
of the below statements are valid in larger contexts, here we keep the assumption that X is an abstract state
space, in the sense of Section 1, with norm || - ||, order < and positive cone X, .

First recall that, in our setting (X - abstract state space), the following properties hold: the norm || - || is
monotone, i.e., if 0 < h < g, then ||h]| < ||g||; X, satisfies the strong Levi property, i.e., every norm bounded
increasing sequence in X is convergent (see |13} Definition 2.44]); if g : & — X. is Bochner integrable, then

H /6 g(s)ds

(the integral in the r.h.s. of being in the sense of Lebesgue). Moreover, if a set G C R is (Lebesgue)
measurable and g : & — X, is Bochner integrable, then

= [ lgts) s, (30)
(G]

[ gls)asex..
S

where ds is the Lebesgue measure on the real line.
A set O #£ .# C X is called positively saturated (p-saturated) [4]] if forall h € .# and g € X,

g<h=ge /.

Consider a mapping I': 2(I") C X — X, with Z2(I') N X, # 0. The mapping I is called positive if 2(I") N
Xy C X4. One says that I is isotone ( monotone) if g,h € Z(I") and g < h, imply I'(g) < T'(h). I is called
closed with respect to the order (o-closed) [4] if for every increasing sequence {g,} C Z(I") we have that g,
converges to g (in symbols, g, " g) and I'(g,) — h imply g € Z(I') and I'(g) = h. Similar definitions may
be introduces for mappings between two different abstract state spaces, or more generally, ordered spaces, in
particular between X and R endowed with the usual order.

IfI": 2(T') C X — X is a closed linear operator, & C R is measurable, g : & — Z(I") is Bochner integrable,
and I'g is also Bochner integrable, then

F/Gg(s)ds:/gl—‘g(s)ds. (31)

If {& }IZO is a one-parameter Cp-semigroup of linear operators (on short, Cp-semigroup) on X, then its
infinitesimal generator G : Z(G) C X — X is a closed linear operator, with the domain Z(G) dense in X. The
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same is true for the positive integral powers G* (defined by G' := G, 2(G*) := {g: g € 2(GF"), G- g ¢
2(G)}, G*g :=G(G*1g), k=2,3...).
Let G :=1, 2(G°) := X, where I is the identity operator on X. Then

t
/ S'gds € 2(GH), Vee D(GY), Vi>0, k=0,1,2,.. (32)
0

Then 2(G*) :=Ny>12(G") is dense in X. Indeed, following [9, Theorem 10.3.4]), let ¢ : R +— R, indefinitely
differentiable on (0, ), with compact support, and satisfying, ;" ¢@(¢)dt = 1. For g € X, let

P2(G”) > g = n/w(p(m‘)S’gdt, n=1,2,... (33)
0

Then g, — g as n — oo,
If the Co-semigroup {S'}, is positive, i.e., X C Xy, V¢ >0, then Z(G”)N X, is dense in X, as can
be seen by choosing ¢ >0 and g € X in (33).
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