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NON-AUTONOMOUS HONESTY THEORY IN ABSTRACT STATE SPACES WITH
APPLICATIONS TO LINEAR KINETIC EQUATIONS

L. ARLOTTI, B. LODS & M. MOKHTAR-KHARROUBI

ABSTRACT. We provide a honesty theory of substochastic evolution families in real abstract
state space, extending to an non-autonomous setting the result obtained for Cy-semigroups
in our recent contribution [On perturbed substochastic semigroups in abstract state spaces,
Z. Anal. Anwend. 30, 457-495, 2011]. The link with the honesty theory of perturbed
substochastic semigroups is established. Several applications to non-autonomous linear
kinetic equations (linear Boltzmann equation and fragmentation equation) are provided.

1. INTRODUCTION

Perturbation theory in L' spaces goes back to a classical and seminal paper by T. Kato
[16] on Kolmogorov’s differential equations and is strongly tied to positivity and to con-
vergence monotone arguments. This theory had a renewal of interest in the 70’s when E.
B. Davies [12] adapted it to the (non-commutative) context of quantum dynamical semi-
groups. Later, a new impetus came from various problems from kinetic theory [2, 29] and
gave rise to a general formalism, called "honesty theory” of perturbed substochatic semi-
groups [8, 25, 3, 14]. Such a honesty theory provides a "resolvent perturbation approach”
characterizing the generator of the underlying perturbed semigroup by means of a suit-
able functional; this theory is described in the book [7]. Afterwards, this honesty theory
was improved and extended in different directions in [19] while a noncommutative ver-
sion of [19] in the Banach space of trace class operators was given in [18]. In a recent
paper [6], we provided a general honesty theory of perturbed substochastic semigroup
in abstract state spaces (i.e. ordered Banach spaces with additive norm on the positive
cone), unifying in one hand the results of [19] and [18] and in another hand providing
another (equivalent) approach to the honesty which relies on Dyson-Phillips expansions
rather than the usual resolvent approach; we refer to [6] for more precise information
and also for much more references. Our aim here is to built a non-autonomous version of
this honesty theory and to show how Kkinetic equations fit into this theory. Dealing with
such non-autonomous (two-parameters) families of operators leads to important techni-
cal difficulties and, in particular, prevents us to use (in a direct way) any approach based
on resolvent estimates. We will resort to several of the results developed in our previous
contribution [6] in which a crucial point was, indeed, the introduction of a perturbation
approach based only on fine estimates of Dyson-Phillips expansions which contrasts with
the previous existing results, usually based on a resolvent approach.
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Before entering the details of the present paper, let us spend few words recalling briefly
some properties of the class of Banach spaces we shall deal with in this paper (which
coincide with the one investigated in [6]). In all this paper, we shall assume that £ is a
real ordered Banach space with a generating positive cone £ (i.e. £ = £, — &) on which
the norm is additive, i.e.

[+l = [Jul + [|v] u,v € &y
The additivity of the norm implies that the norm is monotone, i.e.
0<u<v=[ull <ol

In particular, the cone &£, is normal [9, Proposition 1.2.1] and any bounded monotone
sequence of £, is convergent. Moreover, there exists a linear positive functional ® on &
which coincides with the norm on the positive cone (see e.g. [11, p. 30]), i.e.

e, (D) =|u, uweé&y (1.1)

We note also that by a Baire category argument there exists a constant v > 0 such that
each u € £ has a decomposition

u = uj; —up Where u; € &; and |Ju;|| < ljul| (1 =1,2); (1.2)

i.e. the positive cone X is non-flat, see [22, Proposition 19.1].

In such abstract state space &, the natural question addressed by honesty theory of
subtochastic semigroups is the following: let the generator A of a positive semigroup
(U(t))t=0 in € be given with |[U(¢t)u|| < ||u|| for any u € £, and let a nonnegative operator
B: 2(B)C&— &with 2(A) C Z(B) be such that

(W, (A+Bu) <0 Yue 2(A)NE,. (1.3)

It is known (following the approach of a seminal paper of Kato [16]) that there exists an
extension K of the sum (A + B, Z(.A)) which generates a nonnegative semigroup (V(¢));
in £. The scope of honesty theory of substochastic semigroups is then to provide criteria
in order to determine whether K is the closure of A + B or not (notice that, in general,
may be a proper extension of A + 3). We emphasize here that, for formally conservative
equations, i.e. whenever inequality (1.3) is an equality, the property K = A + B is neces-
sary and sufficient to assert that the corresponding semigroup is norm-preserving on the
positive cone, i.e.

K=A+B <= | V(t)ul]| =|ul for anyu € & and any ¢ > 0.

Whenever (1.3) is ’only’ an inequality, the concept of honesty of the semigroup (V(t));>o is
more involved and we refer to [19, 6] for further details (see also Section 3.2). We notice
only here that the above inequality (1.3) implies that

t
/ 1BU(t)ulldt < flull = [UE)ul  Vue P(A)NEL, t=0 1.4
0

and an identity in (1.3) would yield an identity in (1.4).
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As already said, in the present paper, we wish to extend this kind of problematic to
the more delicate case of evolution families (U(t, s)):>s>0. We recall here the following
definition (see, e.g., [10, 15]):

DEFINITION 1.1. A family (U(t, s)):>s of bounded operators in £ is called an evolutionary
family if the following conditions are fulfilled:

(D for each u € & the function (t,s) — U(t, s)u is continuous for t > s;

(i) U(t,5) = UL, )U(r,s), UL t) =L 37> s
(iii) |[U(t,s)|| < CePt=9), t > s for some constants C, > 0.

The starting point for our analysis will be then the following set of Assumptions that
will hold for all the rest of the paper:

ASSUMPTION 1.2. Let (U(t, s))¢>s be a given evolution family and let (B(t));>o be a family
of unbounded operators in £. We assume the following

D U(t,s)ue &, foranyue &y andt > s > 0;

(i) ||U(¢, s)u|ls < ||lu|le foranyu € E4 andany t > s > 0;
(iii) foranyt >0, B(t)u € &4 forany u € 2(B(t)) N &
(iv) for any u € £ and any s > 0 one has

U(t, s)u € 2(B(t)) fora.e t>0, (1.5)

and the mapping t € [s,o0) — B(t)U(t, s)u is measurable. Moreover, foranyt > s > 0
and any u € &, the following holds:

t
/ IB(r)U(r, s)ullg dr < |Julls — [U(E, s)ulle. (1.6)

Whenever the inequality in (1.6) is an equality, we shall say that we are in the formally
conservative case.

Clearly, points (i) and (ii) mean that the unperturbed evolution family (U(t, s)):>s is
substochastic. The family of unbounded nonnegative operators (B(¢)):>o will then be
seen as perturbation of (U(¢, s));>s where inequality (1.6) will play the role, in this non-
autonomous framework, of the above (1.4). Assumption (iv) is crucial in our analysis and
will be met in the various applications to linear kinetic equations we have in mind.

In Section 2, borrowing ideas to Kato’s seminal paper [16], we can prove (see Theorem
2.1) that, under Assumptions 1.2, there exists an evolution family (V (¢, s)):>s in € such
that

t
V(t,s)u=U(t,s)u + / V(t,r)B(r)U(r, s)udr, Vu € €£. 1.7)

Moreover, the evolution family (V(t,s)):>s is substochastic, i.e. ||V (t,s)ulls < ||ulle for
any v € &;. Notice that, in order to the above identity to make sense, our assumption
that U(r,s)u € 2(B(r)) for a. e. r > s plays a crucial role. The proof of such an
existence result is constructive and the evolution family (V (¢, s)):> satisfying (1.7) is built
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as a generalization of the Dyson-Phillips expansion series:
V(t,s)u:ivn(zﬁ,s)u Vuel, t>2s>20
n=0
with Vy(t,s) = U(t, s) and
Voi1(t, s)u = /t V., (t,r)B(r)U(r, s)udr, t>s>20, uef. (1.8)

The above series converges in £ and one can prove that it provides an evolution family
satisfying the variation of constant formula (1.7).

Notice that perturbation theory of strongly continuous evolution families is already a
well-developed research area which followed somehow the paths of the perturbation the-
ory of Cy-semigoups. In particular, we refer the reader to the seminal work [24] where
a non-autonomous Miyadera perturbation theory has been developed. Our results in the
present paper do not resort to such a Miyadera theory, however some of the ideas im-
plemented in [24] will play an important role in our analysis. More precisely, in [24]
(see also [17, 21, 23]), the perturbation theory for the evolution family is based upon
known perturbation results for Cy-semigroups via the following well-known feature of
evolution family [10]: to a given evolution family, say (U(¢, s))¢>s>0, One can associate a
Co-semigroup (7o(t)):>0 acting on the lifted space

X =L\ (R,€)

endowed with its natural norm || - ||x given by | f[|x = [;* [ f(s)|leds for any f € X (see
Section 3) for more details). The semigroup (7y(t)):>0 is given by:

[To@)f1(r) = x+(r =t)U(r,r =) f(r —t)  r=0
where x (+) stands for the indicator function of the set R*.

While the approach of [24] consists in applying, in the space X, the now classical
Miyadera perturbation theorem [7] to that semigroup (7y(t)):>0, our approach in the
present paper is different since the construction of (V (¢, s)):>s is non-autonomous in na-
ture: we do not work in the space X to construct (V(t,s)):>s. In this sense, our approach
is essentially self-contained and no use of the results of [24] is necessary for our analysis.

However, we will borrow some of the ideas of [24] to deal with the honesty theory of
(V(t, s))=s, exploiting in particular the results we obtained in [6] for perturbed semigroup
in the space X. The fundamental observation is that the lifted space X is also an abstract
state space whose norm || - ||x can be uniquely extended to a positive bounded linear
functional W satisfying

wexi, (¥[flx=Iflx, [feX

Now, to the perturbed evolution family (V (¢, s));>s corresponds a unique Cy-semigroup
(T (t))t=0 in X and both the semigroups (7y(¢)):>0 and (7 (¢))¢>o are substochastic semi-
groups in X and one can determine the link between the two semigroups and their respec-
tive generators (2, Z(Z2)) and (G, 2(9)).
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Precisely, we construct in Section 3 and borrowing some ideas of [27], a perturbation
operator ‘8 : Z(B) C X — X which is nonnegative in X, such that Z(*6) > 2(Z) and
satisfying

(w,(2+9) f>3€ <0 Vfe2Z)NX,.

In other words, the honesty theory for Cy-semigroup developed in [6] applies in the space
X and G is an extension of the sum (Z + B, 2(Z)). It is moreover possible to prove that
the semigroup (7 (¢)):>¢ is exactly the one obtained by a direct application, in X, of Kato’s
theorem [6]. Notice that building the perturbation % and recognizing that (7()):o coin-
cide with the semigroup obtained thanks to Kato’s theorem will require several additional
measurability assumptions, besides Assumptions 1.2, that will be introduced progressively
in the text.

Clearly, the great interest of working in the lifted space X is that it allows us to exploit
the results established in [6] about honesty of Cj-semigroups and we shall adopt the
following definition for the honesty of (V (¢, s)):>s:

DEFINITION 1.3. The evolution family (V (t, s)):>s is honest in & if and only if the associated
semigroup (7 (t))¢>o is honest in X.

As already said, several characterizations of the honesty of (7(¢));~0 have been estab-
lished in our recent contribution [6] but it is very challenging to be able to express such
characterizations in explicit terms involving only the known objects in £ that are B(¢) and
the Dyson-Phillips iterated V (¢, s).

This is the object of the core of our paper, developed in Section 4. The novelty of our
approach lies in a constant interaction between results established in the space X and
results typical to £ while the previous existing approach [24, 17] essentially works in the
lifted space X to deduce property in £. Let us explain with more details the results of
Section 4: we first provide, under some additional assumptions on (B(t)):>0, a practical
interpretation of the perturbation B as simply the multiplication operator in X by B(-).
Such an additional assumption, see Assumption 4.10, is clearly restrictive but turns out
to be very well-suited to the case of non-integral operators that we have in mind for
applications.

Second, we construct a second family of Dyson-Phillips iterated (V,,(¢,5))nen (t > 5 >
0) which is such that, for any u € £, and any n € N,

V.(t,s)u € 2(B(t)) for almosteveryt > s. 1.9

Finally, we show that this second family of iterated actually coincide with the original one
(1.8), i.e. V,(t,5) = V,(t,s) for any t > s > 0 and any n € N. This allows to prove the
main result of the paper (Theorem 4.19) that asserts that the evolution family (V (¢, s))¢>s
is honest if and only if the following holds for any v € £

n—o0

t
lim / IB(T)Vyp(7,s)ul|gdr =0 Vt>s.
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Notice that in the formally conservative case for simplicity, one easily sees that the evolu-
tion family (V (¢, s))¢>s is conservative if and only if it is honest.

In Section 5, we deal with applications to kinetic theory in arbitrary geometry under
the assumption that the cross-sections are space homogeneous. Non-autonomous kinetic
equation have already been investigated in [26] underlying in particular the influence of
time-dependent forcing term. Our approach is different here and we are dealing rather with
time-dependent collision operators. The main technical point is to show how Assumptions
1.2 are satisfied in the context of kinetic theory. In addition, as in the autonomous case
[20], we show also how the honesty of space homogeneous kinetic equations of the form

O f(v,t) + X(v,t) f(v,t) = /Vb(t,v,v')f(v',t)d,u(v') veV

implies the honesty of full (transport) kinetic equations

O f(z,v,t) +v-Vuf(x,v,t) + 3(v,t)f(z,v,t)

= / b(t,v,v") f(x, v t)du(v”) x € Q, veV
v
flz,v,t) =0 if (z,v) eT_

where Q C R? is a open subset, . is a Borel measure over R? with support V' (we refer
to Section 5.2 for details on the various terms in the above equation). We investigate this
problem in the state space £ = L'(Q x V,dr ® du(v)). Here, as in [20], we deal with
singular and subcritical kinetic equation: namely, the kinetic equation is singular in the
sense that the collision operator

£ LVidue) — [ bt o) F)dulo') € L'V dn(v)
1%
is an unbounded operator while the subcritical assumption refers to
/ b(t,v,v")du(v") < B(t,v) fora. e. (t,v) € RT x V.
1%

We finally provide a practical criterion of honesty of space homogeneous kinetic equations
in terms of existence of a detailed balance condition, inspired by the results of [20].

In section 6, we revisit briefly some of the results of [4] for non-autonomous fragmen-
tation equation

oo

Opu(t,z) = —a(t, z)u(t, z) +/ a(t,y)b(t,z,y)ut,y)dy  >0,t>s
under some reasonable assumptions on a(t,-) and b(¢, -, -) (see Section 6 for details). We
show how the abstract theory developed in the first four sections of the present paper do
fit to such a problem and allow to recover in a very simple way several results of [4].



2. PERTURBATION THEORY OF SUBSTOCHASTIC EVOLUTION FAMILIES

As it is the case for autonomous problem (i.e. for Cy-semigroup), it is possible to obtain
an abstract generation result for evolution families. Under the above set of Assumptions,
one can construct an evolution family (V (¢, s))¢>s in &.

THEOREM 2.1. Assume that Assumptions 1.2 hold true. Then, there exists an evolution family
(V(t,$))t=s in € such that

t
V(t,s)u =U(t,s)u + / V(t,r)B(r)U(r, s)udr, YVu e €. 2.1

Moreover, ||V (t,s)ul ¢ < |lul|e for any u € £ while [|V(t, s)ull¢ < 27| ul|e for any u € £.

The proof of the above result consists actually in constructing the evolution family
(V(t,s))r=s as a generalization of the Dyson-Phillips expansion series. Precisely, define
for any n € N:

Vol(t,s) = U(t,s), t>s52>0, and

¢ (2.2)
Voi1(t, s)u = / V., (t,7)B(r)U(r, s)udr, t>2s>20, uef.

One has

PROPOSITION 2.2. Foranyn > 0and any t > s > 0, V,,(t,s) € ZA(E) with the following
properties:

(1) V,(t,s)u e &y forany u € Ey;

2) Yo Vit s)ulle < 2v||ulle for any u € € while

S IVilts)ule < ulle forany ue €y, (2.3)
k=0
(3) Forany0<s<r <t

Vo, (t,s)u = Z Vi (t, ) Vyp_i(r, s)u, Yu e €&.
k=0
(4) Foranyn > 1, limy_oV,(t+h,t)u=0foranyu e &, t > 0.
(5) For any s > 0, the mapping [s,o0) 3 t — V,,(t, s) is strongly continuous.
(6) Foranyr > 0andanyt > r, the mapping s € (r,t) — V,(t, s) is strongly continuous.

Proof. We prove all the above points (1)-(6) by induction. All these points are clearly
satisfied for n = 0 (except clearly point (4)). Assume now they hold for any k& < n for
some given n € N and let us prove they still hold true for £ = n + 1. In all the sequel, we
assume t > s > 0 to be fixed.

(1) Let u € &, be given. Since V,(¢,s) is a bounded positive linear operator in &,
V,11(t, s)u is well-defined by Eq. (2.2) and it is clear from Assumptions 1.2 (iii) that
Vn+1(t, s)u € EJr.
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(2) Let us first assume u € &, to be given. The induction assumption implies that

IVa(tr)vlle < lvlle = Z Vi (t,r)olle

forany ¢t > r > 0 and any v € £;. Applying this to v = B(r)U(r,s)u € £; and using
(1.6), we get:

t
Vi1 (t, s)ulle </ [B(r)U(r, s)ulls dr — Z HVk t,m)B(r)U(r, s)ul|e dr
k=0""%

t
< lulle = U s)ulle — Z [ Vi(t,r)B(r)U(r, s)ulle dr.
k=0""%

Now, one has
/ Vg (t,r)B(r)U(r, s)ul|s dr :/ (@, Vi(t,r)B(r)U(r, s)u) ¢ dr
< / Vi(t,r) U(r, s)udr> =(®,Vi(t,s)u)e

&
= [|[Vig1(t, s)ul ¢

from which we deduce that

[ Vnt1(t, s)ulle < |ulle — Z [Vi(t,s)ulls Yu € &y, t>s=0. 2.4

This proves (2.3) and we deduce from (1.2) that ||V,,41(¢, s)u|ls < 27||u||s for any u € €
and any t > s > 0.

(3) Lett > r > s > 0 be given and let u € £ be fixed. Using the induction assumption,
one has

n+1
Z Vi(t,r)Vipr1-k(r,s)u = U(t, r) Va1 (r,s)u + Vi (¢, r)U(r, s)u
k=0

+ Z Vi(t,r)Vypi1—k(r,s)u. (2.5)
k=1

Now, U(t,7)V41(r, s)u is equal to

U(t,r / V., (r, 7)B(1)U(7, s)udr = /T U(t,r)V,(r,7)B(7)U(T, s)udr

:/ V., (t, 7)B(T)U(r, s)udr — Z/r V(t,7)Vu_j(r,7)B(1)U(7, s)udr
s j=1Ys
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where we used the fact that the induction formula is true for any k£ < n. In the same way;

Vn+1(t,7“)U(7",s)u:/ V., (t,0)B(o)U(o,r)U(r, s)udo

t
_ / V., (t,0)B(0)U(0, s)udo
from which we deduce that

U(t,r)Vypg1(r,s)u + Vi1 (¢, m)U(r, s)u = / V., (t, 7)B(T)U(7, s)udr

> rVj(t,r)vn_j(r,T)B(T)U(T,s)udT. (2.6)

j=17¢
Now,
Varoishu = [ V(B UG s)uds
so that
Z Vk: (ta T)VnJrlfk(Ta S)U = Z Vk(ta T)ank(ra T)B(T)U(T7 S)Ud77
k=1 k=1v"%
which, from (2.5) and (2.6) proves that

n+1 t
> Vit r)Viga_p(r, s)u = / Vo (t, 7)B(T)U(T, s)udr = V1 (¢, s)u
k=0 s

and the result holds true for n + 1.
(4) Letn > 0 and u € &, be fixed and let A > 0. Then, according to (2.4),

[Vig1(t + hyt)ull < Jlull =[O + b, t)ull
from which we easily deduce that
hi%g [Vapa(t +h,thul =0 Vue &y
and the result extends to any u € £ by linearity.
(5) Given t > 0 and h > 0, one has from (3)

n+1
Vora(t+h,s)u— Vo (ts)u =Y Vit + b t) Vi k(t, s)ut
k=1
(Ut 4+ hyt) = D) Vi (b s)u. (2.7)

Therefore, since (4) holds for any 1 < £ < n + 1 and, from the strong continuity of U(-, )
we clearly get from (2.7) that

lim || Vyp1( + b, $)u — Vg (¢, s)ul = 0.
h—0
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One proves the result similarly for h < 0. Therefore, the mapping t — V,11(¢,s)u is
continuous over [s, c0).
(6) Lett > s > r and h € R such that s + h € (r,t). Assume first that 4 > 0. Since

Val(t,s) =Y Vi(t,s+h)Vyu_i(s +h,s)

k=0
one has
n—1
Vau(t,s+h) = Vi(t,s) = Va(t,s + )X —=U(s + h,8)) + Y Vi(t, s+ h)Vi_g(s +h,s)
k=0

and clearly V,,(¢,s + h) — V,,(¢, s) strongly converges to zero as h — 0. One proceeds in
the same way for 4 < 0 and this proves point (6). O

With this result in hands, one can prove Theorem 2.1.

Proof of Theorem 2.1. As it is the case for Kato’s Theorem (see [6]), the proof consists only
in defining the evolution family (V (¢, s)).>, as the strong limit of ;' Vi (¢, s). Precisely,
for any fixed t > s > 0 and any u € &, the sequence (>_;_, Vi(t, s)u), is nondecreasing
and bounded according to Proposition 2.2, (2). Therefore, one can define
%) N
Vi(t,s)u = Z V,(t,s)u = lim V., (t, s)u for any ue &y, (2.8)
n=0 N=reo n=0
and || V(t,s)ulls < |lu|le, Yu € E4. Let us now prove (2.1). Letuw € £andt > s > 0 be
fixed. By construction, for any n € N:

> Vilt, s)u =U(t, s)u + / t > Viea(t,r)B(r)U(r, s)udr. 2.9)
k=0

0 k=1
Now, according to Prop. 2.2 (2),

<S2BU(r,s)ulls YOS <t
£
and, since the mapping r € (s,t) — ||B(r)U(r, s)u|s is integrable, one can use (2.8)
together with the dominated convergence theorem to get

> Vi (t,)B(r)U(r, s)u
k=1

n—oo

lim ZVk_l(t,r)B(r)U(r,s)udr:/ V(t,r)B(r)U(r, s)udr
S k=1 S

which, combined with (2.9) yields (2.1). Moreover, thanks to Prop. 2.2, (3), one gets
easily that

V(t+ s)u=V(t,r)V(r,s)u, Vizr>s>0, ueé. (2.10)
Let us now prove that
i) for any s > 0, the mapping [s,00) 5 ¢t — V(t, s) is strongly continuous;
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ii) for any ¢ > 0, the mapping (0,¢] > s — V(¢, s) is strongly continuous at s = ¢.
Let us prove i) for any fixed s > 0, i.e.

lim |[V(t+ h,s)u — V(t,s)ulls =0, Vt > s, uecé.
h—0t

From (2.10), as in the proof of Proposition 2.2 (4), it is enough to prove that
hli)rél+ |[V(s+h,s)u—V(s,s)ulle =0, YVu e €. (2.11)
Let u € £ be fixed. One has
IV(s + hys)u— Vs, s)ulls = [V(s + h,s)u — ulls
< |[V(s+ h,s)u — U(s + h, s)ulle + [|U(s + h, s)u — ul|g.
According to (2.1),

s+h
IVis+hosju=Uls + hsjulls <20 [ [BIUG:s)ulledr

which clearly converges to 0 as h — 07. Since limy,_,g+ ||U(s+h, s)u—u|¢ = 0, this proves
(2.11). We prove ii) in the same way. Now, according to [17, Lemma 1.1], all the above
properties are enough to assert that (V(¢, s)):>s is a evolutionary family in €. O

3. A SEMIGROUP APPROACH

It is by now well-documented that non-autonomous Cauchy problems can be handled
with through an appropriate semigroup formulation (see [10, Chapter 3] for a thorough
discussion on this topic). Such an approach consists actually in associating to an expo-
nentially bounded evolution family (U(¢, s))¢>s on £ a Cy-semigroup on the vector-valued
space

X =L\ (R,€)

endowed with its natural norm || - ||x given by

e = [ UfGleds.  rex
It is clear that || - ||y is additive on the positive cone
%Jr:{fe.%, f(s)€5+a. e.s)O}

and, as in the Introduction, the norm on X, can be uniquely extended to a positive
bounded linear functional ¥ satisfying

v 6%*’ <‘Il’f>%: ||f||3€, feer'
Clearly, W is related to ® by:

(@, f)y = /O T @, f(s)p ds, Vf e Xy, @D
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One can define the operator family (75(t));>0 on X:

U(s,s —t)f(s —t), s>
0 s>

>0,

t
3.2
O,S—t¢R+. ( )

[%@ﬂ@Z{

It is easily verified that (75(¢))+>0 is @ Cp-semigroup in X that we shall call the evolutionary
semigroup associated to the evolution family U and we denote its generator by (2, Z(Z2)).
Notice that, given f € X, since f(s) € &; for almost every s > 0, one deduces from
Assumptions 1.2 (ii) that

17o(6)f1x = /0 T £1(5) eds = / T UG5 — £)7(s — 1)]leds
< / (s — £)leds = /O T ledr = 1 £1lx.

Using the terminology of [6], the semigroup (7o(t)):>0 is substochastic. Equivalently,
In particular, if f € 2(2) N X, one gets

(¥, Zf)y = lim ¢ (T, To(1)f = f)z <O.

In the same way, to the evolution family (V (¢, s)):>s in € constructed in Theorem 2.1, one
can associate a substochastic Cy-semigroup (7 (t));>0 in X defined by

) V(s,s—t)f(s—1), s=>t>0,
[T0)f1(s) = {0 s=20,s—t¢ Ry, fex (3.3)
Its generator will be denoted by (G, 2(G)) and
(T,Gf)x <0 Vfe Q) NX,. (3.4)

3.1. Construction of an additive perturbation B. We want to understand in this section
the link between G and Z. In particular, we aim to prove that G is the (minimal) extension
of some additive perturbation of Z, of course related to the family (B(t)):>o. To do so, a
first natural attempt would be to introduce the 'multiplication’ operator in X :

B f=B()f() with
2(B) = {f € X, f(5) € 2(B(s)) ae. s >0, B()f(-) € X).

To do so, we need additional assumptions on the family (B(¢)):>¢:

(3.5)

ASSUMPTION 3.1. Let A = {(t,s) ; 0 < s < t < oo} In addition to Assumptions 1.2, we
assume that, for any f € X, the mapping

(t,s) € A— B(t)U(t,s)f(s) € £

is well-defined for almost (t, s) € A and is measurable.
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REMARK 3.2. For any f € X, the mapping
(t,s) € A— B(t)U(t,s)f(s) € €

turns out be integrable. Indeed, for any T > 0, set Ap = {(s,r) ; 0 < r < s < T} and
assumes first f(s) € E; for almost every s > 0. Then, by Fubini’s theorem

T t
/A BV )70 st = /0 at /0 IB()U(t, )/ (s)||eds

T T T
:/0 dS/S HB(t)U(t,S)f(S)Hsdt</o 1f(s)lleds

according to Assumptions 1.2 (iv). Letting then T — oo, we get that

[ IBOUE ) fledst <7l VS e X
for which we deduce easily the result for general f € X.

In all the sequel, we shall assume that Assumptions 3.1 are in force. Introduce the
following definition:

DEFINITION 3.3. Forany A > 0and any f € X, let B f : s> 0 [B,f](s) be given by
[BAf](s) = / exp(—A(s —7))B(s)U(s, ) f(7)dr fora.e. s> 0. (3.6)
0

Then, one has the following
PROPOSITION 3.4. Forany A\ > 0 and any f € X, B, f € X with

1Brfllx <IIfllx Vfe€E X

In particular, B : f € X — B, f is a bounded operator in X. Moreover, for any f € X and
any A > 0, the following holds

(A=) 1) =[(A=2)7'f] )
—|—/0 exp(—A(t — 7))V (t,r) [Baf] (r)dr forae. t>0. (3.7)

In other words,
A=9)Brf=(A-9) 7 f-(A-2)7If VfeX,  YA>0.  (3.8)

Proof. The first part of the proposition is easy to prove using (1.6) and we focus on the
proof of (3.7). Let f € X be fixed. Since G is the generator of (7¢(¢)):>0, one has for any
A>0,

(=2 ] (1) = [ / ™ exp(<As) To(s) fds | (1)

= /OO exp(—As) [To(s)f] (t)ds fora.e. t > 0.
0
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Notice that, to prove the above second identity, we can invoke [24, Lemma 3.2] since
the mapping s € RT — exp(—As)To(s)f € X is integrable. Using again [24, Lemma
3.2], since the mapping (¢,s) € RT x RT — exp(—=As)x(t — s)U(t,t — s)f(t —s) € € is
measurable and, for any s > 0, one has [exp(—As)To(s) f](t) = exp(—As)x+(t — s)U(¢,t —
s)f(t — s) for almost every ¢t > 0, we get

(A=2)f]@t) = /t exp(—A(t — s))U(t, s) f(s)ds fora.e. t > 0. 3.9
0
In the same way;,
(A=) = /t exp(—A(t — )V (t,s)f(s)ds fora.e. t > 0. (3.10)
0
Now, for a given s € (0, ¢), applying Duhamel formula (2.1) to u = f(s), we get
t t
/ exp(—A(t —s))V(t,s)f(s)ds = / exp(—=A(t — $))U(t, s)f(s)ds
0 0
t t
—i—/o exp(—A(t — s))ds/s V(t,r)B(r)U(r,s)f(s)dr
which, thanks to Assumptions 3.1 and according to Fubini’s theorem, yields
t t
/0 exp(—A(t —s))V(t,s)f(s)ds = /0 exp(—A(t — s))U(t, s) f(s)ds
t s
+/ dr/ exp(—A(t — s))V(t,r)B(r)U(r, s) f(s)ds.
0 0
Since V (t,r) € B(E) for any t > r > 0, we easily get that
t t
/0 exp(—A(t —s))V(t,s)f(s)ds = /0 exp(—A(t — s))U(t, s) f(s)ds

t S
—|—/ exp(—A(t — T))V(t,r)dr/ exp(—=A(r — $))B(r)U(r, s) f(s)ds
0 0
which, combined with (3.10), (3.9) and (3.6) yields (3.7). O

An important consequence of the above Proposition is the following which is inspired
by [27]

THEOREM 3.5. One has 2(Z) C 2(G). Let B with domain 2(B) = 2(Z) be defined as
Bf=Gf—Zf VfeD2).
Then, B is Z-bounded and for any f € 9(Z) one has
Bf = lim ABf. (3.11D)
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In particular, %f € X, forany f € 2(Z2) N X4 and
(v.(2+9) f>36 <0 VYfeP(Z)Nx.. (3.12)
Finally, the following Duhamel’s identity holds

t
Tt f="To(t)f +/0 T(t—s)BTo(s)fds  Vfe DZ), t>0. (3.13)

Proof. The fact that 2(Z) C 2(G) is a direct consequence of (3.8). With such a property,
the above definition of the unbounded operator B makes sense. Notice that, with such a
definition, (G, Z(G)) can be seen now as an extension of (Z + B, P(Z)). Letnow f € X
and \ > 0, setting g = (A — Z)~' f, applying the operator (A — G) to the left of Eq. (3.8)
yields

Brf=f-A=G)g=0-Z)g—(A-G)g= (G~ Z)g =By
since g € Z(Z2). This exactly means that

Bry=BA\-2) 'er(x) Vr>O0. (3.14)

In particular, % is Z-bounded. Now, as a generator of a Cy-semigroup, the operator
(Z,2(2)) satisfies

Jim MA=2)tf=f and lim AZ\\—2)" Y f=Zf Vfe2(2)

A—00

(see e.g. [13, Lemma I1.3.4]). Using the fact that B is Z-bounded, this proves (3.11)
and, since 98, is non-negative, we get that B is a non-negative operator. Finally, (3.12)
follows easily from (3.4) since G is an extension of (Z+%, Z(Z)). It remains now to prove
Duhamel’s identity (3.13). To do so, one notices that, according to (3.8) and (3.14),

A=@) S ==2)f+ A= BU-2)'f VX A>0. (3.15)
Now, for f € 2(Z), To(s)f € 2(Z) for any s > 0 and, since B is Z-bounded, one has

%()\ —2)7 = B /000 exp(—As)To(s) fds = /000 exp(—)\s)%'ﬁ)(s)fds. (3.16)

Thus, thanks to Fubini’s theorem

(A—G) "B —2) 1 = /0 " exp(—A)T(7) ( /0 ~ exp(—As) BT (s) fds> dr
- /0 - ( /0 - exp(—A(s + T))T(T)%%(s)fdr> ds
- /0 h ( / " exp(C AT (¢ — )BT (s) fdt> ds

with the change of variable 7 — ¢ = s + 7. Using again Fubini’s theorem yields then

(A=) " BO—2)1f = /OOO exp(—\) (/Ot Tt — s)s%%(s)fds> at
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and one sees that (3.15) reads
/ exp(—At)T (t) fdt = / exp(—At)To(t) fdt
0 0

o0 t
+/ exp(—At) </ T(t— 5)%76(5)de> dt fez2(2), x>0
0 0
which is exactly (3.13). O

REMARK 3.6. If we define, as in [24] the set © as the subspace of X made of all linear
combinations of elements of the form:

t>0— pt)U(t,s)u where s >0, ue &

and ¢ € €}(R) with supp(p) € [s,00), then one can prove (see Lemma A.1 in Appendix A)
that ® C 2(2), ® C 2(8) and B|p = B|o. Thus, B is an extension of B|p. Moreover; if
f € ©, Duhamel’s identity (3.13) holds with B instead of 8.

From the general substochastic semigroup theory as developed in [6] (more precisely,
according to Kato’s theorem [6, Theorem 2.1 & Theorem 2.3]), one deduces from (3.12)
that there exists an extension of (£ +9B,9 (Z)) that generates a minimal substochastic Cj-
semigroup in X. Our goal is to prove that such an extension is exactly G and the minimal
semigroup is exactly (7 (¢));>0. To do so, let us introduce the following

DEFINITION 3.7. Forany f € X, t > 0 and n € N, define
[T f1(r) = x4+(r =) Vip(r,r =) f(r—t)  r=0
One has the following

LEMMA 3.8. Forany n € Nand any t > 0, T,(t) € #(X). Moreover, for any A\ > 0
/ exp(—)Tp(t) fdt = (A — 2)~" [%(A - Z)*l}" [ vVfex (3.17)
0

Finally, forany f € 2(Z) and any n > 1

t
m(t)f:/o Tno1(t — )BTo(s)fds ¢ >0. (3.18)

Proof. The fact that 7,(t) is a bounded operator for any n € N and any ¢ > 0 is easily
seen. Let us now prove (3.17) by induction. It is clear that, for n = 0, (3.17) holds
true. Assume now it holds for some fixed n € N. Let now f € X. Considering that
(t,7) € RT x RT = exp(=A7)x 1 (t — 7)Vyy1(t,t — 7) f(t — 7)€ is measurable, we deduce
from [24, Lemma 3.2] that the following holds for any ¢ > 0

[T oA Taaisar] 0 = [T expAnx - nVan (et - nfte - rdr
0 0

:/0 exp(—A(t — 8))Vy41(t, s)f(s)ds.
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For some fixed s € (0, t), using (2.2) with u = f(s) one obtains

[/Ooo exp(—AT) Tni1 (T )de} (t) = /Ot (/: exp(=A(t — 8))Va(t,7)B(r)U(r, s)f(s)dr) ds.

Considering that the mapping (r,s) € A — V,(t,7)B(r)U(r,s)f(s) € £ is measurable
and that V,(¢,r) is a bounded operator for any ¢, > 0, we obtain thanks to Fubini’s
theorem that

[/000 exp(—AT) Tp41(T )de]( ) = /Ot (/OT exp(=A(t — 8)) Vi (t,7)B(r)U(r, S)f(s)ds> dr
- texp(—A(t —7))Valt,r) ' exp(=A(r — 8))B(r)U(r, s)f(s)ds | dr.
J (U )

Now, from (3.6) one gets

[/OOO exp(—AT) Tni1 (7T )de] (t) = /Ot exp(=A(t — 7))V (t, r)[Bf](r)dr

Arguing as before, one recognizes that

/ exp(—A7)Tn41(7) fdr = / exp(—AT)Tn(7) By fdT.
0 0
The induction hypothesis finally yields

| enAnTannfar = - 2y [B - 2)7 s

which exactly means that (3.17) holds for n+ 1 since B, = %(A — Z)~L. Let us now prove
(3.18). Forn e N,n > 1 and f € 2(Z), one sets

t) = /t Too1(t — )BTo(s) fds.

Notice that, 7g(s)f € 2(Z) so BTy(s)f is meaningful for any s > 0. Now, according to [6,
Theorem 2.3 & Eq. (2.13)], one knows that

/OO exp(— )T (t)dt = (A — 2)~ [%(A - Z)*l]" f VA0
0

Using (3.17), one sees that 7,(¢) and 7,(¢)f have the same Laplace transform which
shows (3.18). O

REMARK 3.9. Notice that, on the basis of formula (3.18), one can reproduce the argument of

[6, Proposition 4.1 (i) & (ii)] and prove that the following hold:
(1) Forany f € 9(Z2), the mapping t € (0,00) — T,(t)f is continuously differentiable
with 1

G TeOf = T2 + Toca (B, (3.19)
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(2) Forany f € 2(2), To(t)f € 2(2), the mapping t € [0,00) — ZT,(t)f is continu-
ous and

ZTo)f = TaWZf + Tn1()Bf — BT 1(t) f. (3.20)

Indeed, the proof of [6, Proposition 4.1 (i) & (ii)] relies only on the relation (3.18) and not
on the fact that the sequence of iterated is obtained via Kato’s theorem.

Notice that, besides (3.18), one can state another equivalent induction relation be-
tween 7,(t) and 7,+1(t), namely

LEMMA 3.10. For any f € 2(Z) and any n > 1 it holds

t)f = /Ot%(t— $)BT,_1(s)fds  t>0. (3.21)

Proof. Let f € 2(Z) and n > 1 be fixed. Define g,(t) = 7,(t)f, t = 0. One knows from
point (2) of Remark 3.9 that g,(t) € 2(Z) for any t > 0. Moreover, combining (3.19)
and (3.20) one checks easily that g, (-) is continuously differentiable. Since moreover
gn(0) = 0, one sees that the mapping ¢t > 0 — g,(t) € X is a classical solution to the
Cauchy problem

dt
gn(o) =0

and, since Z is the generator of the Cy-semigroup (7o(¢))¢>0, one gets that

{dgn@) = Zg,(t) + BT (0  t>0

t R ¢ N
= / To(t — s)BTn—1(s)fds = / To(s)BTn—1(t —s)fdsVt >0
0 0
which is exactly (3.21). O

With this in hands, one can finally prove that the semigroup (7 (¢)):>o is exactly the
one constructed thanks to Kato’s theorem [6]. Namely, one has the following:

THEOREM 3.11. For any A > 0, the resolvent of G is given by

A—G)"1f = lim (A — Z)~ Z[%A 2)" }f, fex (3.22)

n—o0

The semigroup (T (t)):>o is the smallest substochastic Cy-semigroup whose generator is an
extension of (Z + B, 7(2)) and

Of =D Talt)f VE=0, feX.
n=0
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Proof For f € X, one has, forany N >0, > 7, (t)f € X, and

N o N
Z’m(t)f = / X+ (r —t) ZVn(r,r—t)f(r—t) dr
n=0 x 0 n=0 5

<[ Zuv )= D)

For some given r >t > 0, since f(r —t) € £, one can apply (2.3) to get

ZHV )Fr=Dlle < IF(r =1)lle

and
N

> Tat)f

< / T NF G B)edr = /0 T 1A leds = [1£1x.

x
Therefore, the sequence (anzo Tn(t)f >N is a nonnegative and bounded sequence of X.

It converges towards some limit that we denote 7 (¢)f. Since V(¢,s)u = Yoo Val(t, s)u
for any u € £ and any (¢, s) € A, it is not difficult to deduce from Definition 4.13 that, for

any f € X, the limit 7 (¢) f has to coincide with 7()f, i.e.
Of=> Talt)f Vt=0.

Now, since for any A > 0 one has

A OOex — 1m ex
(A—G) f/o p(-A)T () fdt = i Z/ (AT () folt

one immediately gets (3.22) from (3.17) for any f € X,. Clearly, the identity extends to
general f € X by linearity. Now, with Theorem 3.5 and the subsequent Remark, one sees
that (3.22) is enough to conclude that the semigroup (7 (¢));>o is exactly the one obtained
applying the classical substochastic semigroup theory in X (see [6, Theorem 2.1]) and the
other properties follow. O

At this stage, as just explained in the above proof, one sees finally that the semigroup
(T (t))e=0 is exactly the semigroup obtained by applying Kato’s theorem [6, Theorem 2.1]
to the operators Z and its perturbation 9. In particular, we shall be able, in the next
section to exploit the recent results about the honesty theory for perturbed substochastic
semigroups and extend them to build an honesty theory for perturbed evolution families.
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3.2. Reminder on the honesty theory of Cjy-semigroups. We recall here some of the
results we obtained recently for perturbed substochastic semigroups in abstract Banach
spaces. We refer the reader to [6] for further details. The honesty of the semigroup
(T (t))e>0 is defined through several useful functionals. Precisely, let

ap = fE€Z(G)—a(f)=—(¥,0f)x €R.
and let a denote its restriction to Z(2), i.e.
a: fePE)alf) = — <x11,3f+%f>3E eR.
Then, one has the following result which allows us to define a third functional a:

PROPOSITION 3.12. ([6, Prop. 4.5]) For any f € 2(G), there exists

1 [oe)
lim —

t ~
Jm - nzoa </0 ﬁ(s)fds) =:a(f). (3.23)
Furthermore, for f € 2(G)+, a(f) < ao(f) < |G f]].

With this in hands, one defines the concept of honest trajectory [6, Definition 4.7] (see
also [6, Section 3] for an equivalent notion of honesty):

DEFINITION 3.13. Let f € X be given. Then, the trajectory (T (t)f)¢>o is said to be honest
if and only if

t
1T =51 =5 [ Ts)fas). foranye >0
The whole Cy-semigroup (7T (t))i>o will be said to be honest if all trajectories are honest.

REMARK 3.14. Notice that, in the formally conservative case, by virtue of Proposition 4.6,
a(f) = 0forany f € Z(Z) so that the trajectory (T (t) f)i=o is honest if and only || T (t) f||x =
|| f|lz for any t > 0. Thus the whole semigroup is honest if and only if it is conservative.

We recall, at this stage, the definition of the honesty for the evolution family (V (¢, s))¢>s:

DEFINITION 3.15. The evolution family (V(t,s));>s is said to be honest in £ whenever the
Co-semigroup (T (t))¢>o in X, given by (3.3), is honest in X.

REMARK 3.16. We will provide, in Section 4.3, that it is also possible to give a definition of
honest trajectory (V(t, s)u)>s in € for any u € ;.

Necessary and sufficient conditions of honesty are provided in [6] in terms of the per-
turbation B (see [6, Theorem 4.8]):

THEOREM 3.17. Given f € X, the following statements are equivalent
(1) the trajectory (T (t)f):>o is honest;

2) fg T(s)fds € 2(Z + B) for any t > 0;
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(3) the set <% fg %(s)fds) is relatively weakly compact in X for any t > 0;

(4) lim, s H’% fg 7;(s)fdsH3€ =0 foranyt > 0.

Clearly, these sufficient conditions are given in X and involve mathematical objects
defined in the lifted space X. This is not satisfactory when dealing with the honesty of
the evolution family (V(¢,s));>s in £. The purpose of the next section is to provide an
explicit criterion for (V (¢, s)):>s involving only mathematical objects defined in £, namely
(B(t))t=0 and the sequence of iterated (V (¢, s))n. The first technical difficulty will be to
give a practical interpretation (in terms of B(-)) of the perturbation PB.

4. CRITERION FOR THE HONESTY OF (V(%,5)):>s

4.1. Practical interpretation of 8. In this paragraph, we provide a practical representa-
tion formula for the operator (%, 2(Z)). The following results use several fine properties
of both the operators Z and B, which for the convenience of the reader, have been post-
poned in an Appendix (see Appendix A).

To obtain a practical characterization of the operator B, we need the following assump-
tion
ASSUMPTION 4.1. Assume that the family (B(t)):o is such that, for any t > 0, B(t) is
‘increasingly closed’ in the sense that: if (uy), C 2(B(t)) N &4 is increasing with lim,, u,, =
u € &4, and sup,, [|B(t)u,|le < oo then v € Z(B(t)) and

1i£n B(t)u, = B(t)u.

REMARK 4.2. Clearly, if B(t) is a closed operator then the above holds true. Notice however
that assuming that B(t) for any t > 0 is a closed operator is a too strong hypothesis for
the applications we have in mind. On the contrary, Assumption 4.1 will be satisfied in the
practical situations we will consider in the second part of the paper. It holds true in particular
whenever B(t) is a suitable integral operator with nonnegative kernel on some L'-space.

With this additional assumption, the operator B has the following interpretation:

PROPOSITION 4.3. Assume that Assumptions 3.1 and 4.1 are in force and let f € 2(Z) be
given. Then f(t) € 2(B(t)) for almost every t > 0 and

{%f] (t)=B(t)f(t) for almost every t > 0.
In other words, Bf = Bf forany f € PD(2),ie. P(2) C 2(B) and Bly(z) = PB.

REMARK 4.4. The reader may legitimately ask why we introduced a new operator B if, at
the end, B is only the multiplication operator 8. Here are two answers to this natural
question. First, it appears very difficult, even under Assumption 4.1 to prove directly that
2(8) D P(Z) and that Bf = Gf — Zf forany f € 2(Z). Second, the conclusion of Prop.
4.3 may change drastically if Assumption 4.1 does not hold. Indeed, if instead of Assumption
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4.1, one assumes (whiih would sound more natural) that B(t) is closable for any t > 0 with
closure in £ given by B(t), then one can prove following the approach of [17] that, for any
fez(2):

[% f] ) =B@)f(t) foraet>0.
We leave the details to the reader:

Proof of Proposition 4.3: Let g € X be given and let A > 0. Since lim;_,o+ || exp(—At)To(t)g—
gllx = 0 and B, is a bounded operator, one has

lim |[B exp(=At)To(t)g — Bagllx = 0.
t—0+
In particular, for any decreasing positive sequence (t,),,, with lim,, t,, = 0T, there exists a
subsequence (still denoted by (¢,,),,) such that
lim [%B exp(—Aty,)To(tn)g] (s) = [Bagl(s) ae. s>0
n—oo
where, of course, the convergence is meant in £. According to Lemma A.5, we can choose
the sequence (¢, ), such that

[B ) exp(—Atn)To(tn)g] (s) = B(s) /08— ' exp(—A(s—7))U(s, 7)g(T)dT fora.e. s > t,.

This means that the following convergence holds in &:

n—oo

lim B(s) /08 ’ exp(—A(s — 7))U(s,7)g(T)dT = [Brg](s) ae. s>0.

For such a choice of s > 0, let

Up = /08_ ' exp(—A(s — 7))U(s, 7)g(7)dT.

Then, by virtue of (3.9) and since ¢g(7) € £, fora.e. 7 > 0, (u,), is an increasing sequence
of £ which converges to

u=[(A-2)"'g] (s).
Since moreover (B(s)u,), converges (towards [B,g|(s)), it is a bounded sequence of £
and, according to Assumption 4.1, u € Z(B(s)) and

li;bn B(s)u, = B(s)u.
This reads [(A — Z)g] (s) € 2(B(s)) with
[B19](5) = B(s)u = B(s) [(A - Z)""g] (s).
Then, for g € X, writing g = g1 — go with g; € X, i = 1,2, we get that
[Bgl(s) = B(s) [(A— 2)"'g] (s) for a.e.s > 0.

Let now f € 2(Z). Thereis A > 0 and g € X such that f = (A — Z)~!g and the above
identity reads now [B f](s) = B(s)f(s) for a.e. s > 0 which proves the Proposition. O
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Using the above properties of B and results obtained in Appendix A, we can prove the
following:

PROPOSITION 4.5. Assume that Assumptions 3.1 and 4.1 are in force. For any f € X, one
has

/ U(s,r)f(r)dr € 2(B(s)) for almost every s > 0
with
/ U(s,r)f(r)dr = /0 B(s)U(s,r)f(r)dr for almost every s > 0.
Proof. The proof is a simple consequence of the Lemma A.3 given in Appendix. O

With the above interpretation of % one can make more precise condition (3.11) in
Theorem 3.5:

PROPOSITION 4.6. Assume that Assumptions 3.1 and 4.1 are in force. Then the following are
equivalent

(1) <\Il, <Z+%) f> <Oforany f € 2(2)4;

2) / IB(T)U(T, s)ulledr < |Julle — [|U(t, s)ul|e forany u € £, and any t > s > 0.
Moreover, in the formally conservative case both are identities.

Proof. Recall that, according to Lemma A.4 in the Appendix, for any f € X, and any ¢ > 0,

it holds
<\I',‘%/t7'0(s)fds> :/OOO (/TTHHB(T)U(T,T)f(T)Hgd?“) dr. (@1

On the other hand, Z fo To(s)fds = To(t)f — f from which we deduce easily that

<m,z /O 76(s)fd8>x= /0 1UGs +1,5) £ (s) s — /Omuﬂs)ugds. 4.2)

Combining (4.1) with (4.2) we obtain

<\Il, <Z+%) /0t76(5)fds> _ /OOO </:+t |B(r)U(r, T)f(T)HSdT> ar
[T+l [T G)leds. @)

Let us now come to the equivalence between (1) and (2). Assume (1) to be satisfied.
Then, for any ¢t > 0 and any f € X one has from (4.3),

/Ooo </:+tHB(r)U(r,r)f(T)Hgdr> dr < /OOOHf(T)Hng—/OOOHU(HI:,T)f(T)Hng
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In particular, if f € X, is such that f(s) = ¢(s)u for any s > 0 where u € £, and ¢ is a
nonnegative continuous function with compact support in R+ one gets

/000 o(7) (/:th |IB(r)U(r, T)UH,sdr> dr < /Ooo o) (lulle — U + ¢, )ulle) dr

Since the nonnegative function ¢ € %.(R) is arbitrary, one obtains directly that (2) is
satisfied. Moreover, an identity in point (1) will clearly result in an identity in point (2).

Assume now that (2) is satisfied and let f € 2(Z),. be fixed. Since f(7) € &, for a. e.
7 > 0 we deduce from (4.3) that

t
<\11, (z+%)/ To(s)fds> <0 V>0
0 x
Moreover, because f € Z(Z) one has

lim l/1576(5)]‘65:]" and lim Z/ To(s)fds = lim E 76( )Zfds = Zf.
0 +1

t—0t t t—0t t t—0+

Since B is Z-bounded, we deduce that <\Il , (Z + SB) f > < 0 which is point (1). Again,

one easily gets that an identity in point (2) (which is the definition of the formally conser-
vative case) will yield an identity in (1). O

4.2. About Dyson-Phillips iterated. In this paragraph, we derive an alternative expres-
sion for the Dyson-Phillips iterated introduced in (2.2). Namely, let us introduce the family
of iterated Dyson-Phillips as follows: for any v € £ and any ¢t > s > 0, set

Vo(t,s)u = U(t, s)u

and, for any n > 1, set
n(t, s)u —/ U(t,r) V,—1(r, s)udr. 4.4

One has the following

PROPOSITION 4.7. Assume that Assumptions 1.2 and 4.1 are in force. Let u € £ and s > 0
be fixed. Then, for any n € N, V,(t, s)u is well-defined with

V,u(t,s)u € 2(B(t)) for almosteveryt > s
with ,
B(t)V,(t,s)u = / B(t)U(t,7)B(r)V,_1(r, s)udr. (4.5)

Moreover; the mapping t € [s,o0) — B(t)V,(t,s)u € £ is integrable. Finally,
/ IB(7)V i1 (7, 8)uledr < / IB(7)V,.(7, s)qudT—/ U, 7)B(T)V p(T, 8)ul|edr

foranyu e &t =5, (4.6)

with an equality sign in the formally conservative case.
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Proof. The proof of the proposition follows by induction. Let us explain why V,.(t,s)u is
well-defined for any n € N. For n = 1, since V(r,s)u = U(r,s)u € Z(B(r)) for a.e.
r > 0, there is no problem to define

tsu—/Utr U(r, s)udr.

Now, with s > 0 fixed, define fy(r) = x4+(s — r)B(r)U(r,s)u, » > 0. One has fp € X
according to (1 6) and

Vl(t,s)u:/o U(t,r) fo(r)dr

According to Prop. 4.5, Vi(t,s)u € 2(B(t)) for a.e. t € [s,00) and the mapping t €
[s,00) — B(t)V1(t,s)u € € is integrable. Then, V(t, s)u is well-defined and, repeating
the argument, one gets the first part of the Proposition. Let us now prove (4.6). Letu € &,
and n € N. Define f,,(r) = B(r)V,(r,s)u € &, for a.e. r € (s,t). Clearly, f,, € X;. Now,
according to Proposition 4.5, one has

B(T)Vpy1(1,5)u = / U(r,r) V. (r, s)udr

:/ B(7)U(7,7)B(r)V,(r, s)udr a.e. T € (s,t)
i.e.
frg1 (T / B(7)U(r,r) fn(r)dr for a.e.m € (s,1).
In particular f,, 11 € X and it follows easily by induction that the mapping
(r,7) € A — B(T)U(7,7) fn(r)
belongs to L!(A, £, ). Therefore,

/an+1 Hng—/dT/ IB()U(, ) fu (1) dr
/dr/ IB()U(r, 7) fa (1)l dr

thanks to Fubini’s theorem. From (1.6),

[ IBEUE a0l i < a0l = 107
so that \ . .
/ lnsr ()¢ dr < / | fu()lledr — / 10, 7) fu ()| edr

which is exactly (4.6) by definition of f,(r). Notice that, in the formally conservative case,
the last two inequalities are identities. O

An important consequence of the above Proposition is the following estimate
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COROLLARY 4.8. For any n € N and any u € &£, one has

n t
S Vuttsyule < lulle = [ IBEIV (. s)ulledr
k=0 s

with the equality sign in the formally conservative case.

Proof. The proof follows easily from the above Proposition. Indeed, one has

/ U(t,r)B(r)V,(r, s)udr

Vi (t, s)ulle =

&

/ HUtr (rsuugdr
/ IB(r)Va(r, s uung—/ IB(r)Vor (. 5)uledr

where the last inequality is exactly (4.6). Notice that the last inequality becomes an
identity in the formally conservative case. Then, using (1.6), one obtains easily the result
by induction. U

With the above results in hands, one proves the following along the same lines of
Proposition 2.2 (details are left to the reader):

PROPOSITION 4.9. For any n > 0 one has
(1) forany0 <s<r<t:

V.(t,s)u = ka(t,r)vn,k(r, s)u, Yu e €.

(2) The mapping (t,s) € A+ V,(t,s) is strongly continuous.

Our goal is now to prove that V,,(t,s) = V,, (¢, s) foranyn € Nand any (¢,s) € A. To do
so, for technical reason, we shall need here some stronger measurability than Assumption
3.1. Namely, we shall assume here the following

ASSUMPTION 4.10. Let A = {(t,s); 0< s <t <oo}and Ag ={(t,s,7); 0<r<s<t<
oo}. In addition to Assumptions 1.2, we assume that, for any f € L'(A, ), the mapping

(t,s,1) € Ay — B()U(t,s)f(s,7) € &
is measurable.

REMARK 4.11. It can be seen that Assumption 4.10 includes our previous Assumption 3.1 as
a particular case. Moreover, if the space £ is a space of type L (typically, if £ is a L'-space,
see [7, Theorem 2.39]) then the results of the following section would hold under the sole
Assumption 3.1 (see Remark 4.15 after Proposition 4.14).

We begin with a technical lemma where the above Assumption 4.10 is fully exploited:
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LEMMA 4.12. For any f € X, n € N the mapping
(t,8) € A— B(t)V,(t,s)f(s) € E
is measurable. In particular, for any t > 0, the mapping
(7,8) € (0,t) x (t,00) — U(s, 5 —7)B(s = 7)V,(s — 7,5 —t)f(s —t) € €
is measurable.

Proof. One first notices that, for any n > 1
B(s2)Vy(s2,51)f(s1) = / B(s2)U(s2,7)B(r)Vyu—1(r, s1)f(s1)dr Vsg = 51 = 0.
S1

Then one easily proves by induction that Assumption 4.10 implies that the mapping

(s1,82) € A— B(s2)Vy,(s2,81)f(s1) € E
is measurable for any n € N. The conclusion follows. O
With this in hands, let us introduce the following definition:
DEFINITION 4.13. Forany f € X, t > 0 and n € N, define
[Tu()f] (r) =X+ (r =) Vulr,r =) f(r—t) 7 >0.

It is easily seen that T ,,(t) is a bounded operator in X for any ¢t > 0 and any n € N. One
proves the following

PROPOSITION 4.14. Assume that Assumptions 4.10 and 4.1 are in force. For any n € N, one
has Ty (t) = T,(t) for any t > 0.

Proof. Let us prove the first part of the result by induction. It is cleat that, for n = 0,
To(t) = To(t) for any t > 0. Assume now that there is some n > 0 such that

Tot)f = Tu(t)f  VfeX, t>0.
Let f € 2(Z) be fixed. According to the definition of 7,,,1(t) one has for any s > ¢ > 0

[Tni1(0) f](s) = Viga(s,s —t) f(s — t)
= /t U(s,7)B(r)Vu(r,s —t)f(s —t)dr

= /Ot U(s,s —7)B(s = T)Vu(s — 7,5 — t) f(s —t)dr. (4.7)

Now, for any s >t > 7 > 0, one has

V(s =78 =t)f(s = t) = [Talt = ) f](s = 7) = [Talt = ) f}(s = 7)
according to Definition 4.13 and the induction hypothesis. At this stage, one makes the
following observation: since 7,,(t —7)f € Z(2Z) forany t > 7 > 0 and since any g € Z(2)
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is such that g(s) € 2(B(s)) with [Bg](s) = B(s)g

= s) for any s > 0 (see Proposition 4.3),
one gets 7,(t —7)f € Z(B) foranys > 7> 0w

}(1, for any fixed 7 € [0, ] one has

B(s — 7)Vu(s — 7,5 —1)f(s — ) = [%n(t - T)f] (s—7) fora.e.s>t (4.8)
Consequently,
U(s,s — 7)B(s — 1) Vn(s — 7,5 — 1) f(s — 1) = [75(7)%7;@ - T)f] (s) fora. e s>t

Then, using Lemma 4.12 together with [24, Lemma 3.2], one has

t t N
/ Uls, s — 7)B(s — 1) Vu(s — 7,5 — 1) f(s — £)dr = [/ To(r) BTt - T)de] (s)
0 0
for almost any s > t. (4.9)
Combining (4.7) and (4.9) we get therefore

t
Tun®f = [ T3t - r)sar
0
Now, according to Lemma 3.10, one obtains that

Tr1()f = Topa()f  VE=0

This identity is true for any f € 2(Z). Since 2(Z) is dense in X and both 7,(¢) and
Tn(t) are bounded operators, we get the first part of the Proposition. With Definition
4.13, the fact that 7,,(t) = T,(t) translates immediately into V,,(¢,s) = V,(t,s) for any
(t,s) € A. O

REMARK 4.15. Notice that, if £ is an L-type space (see [7, p. 39]) then (4.9) will hold under
the sole Assumption 3.1.

As a general consequence of the above results, we have the following

PROPOSITION 4.16. Assume that Assumptions 4.10 and 4.1 are in force. For any u € £, and
anyn € N,

V. (t,s)u € 2(B(t)) for almosteveryt> s
with

/ IB(T)Vyt1(7, $)u|lgdr < / IB(T)V (T, s)ul|lsdr < ||ulle Vn € N.

Moreover,
Zuvktsuug fulls = [ IBEIVa(r spulede

with the equality sign in the formally conservative case.
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Proof. Let n € N be fixed. Since T, (t) = T,(t) for any ¢t > 0, one also has V,,(¢,s) =
V,(t,s) for any (¢,s) € A. Then, for any u € £, s > 0, V,.(t,s)u € Z(B(t)) for almost
every t > s according to Proposition 4.7 and (4.6) reads

/HB Vit (. s)ulledr < /HB (T,s)uugdf—/ Ut 7)B(F)Vy (7, s)ul|sdr

with an equality sign in the formally conservative case. The first part of the Proposition
follows then easily. The second part follows from a direct application of Corollary 4.8. [

Moreover, one has the following:

PROPOSITION 4.17. Assume that Assumptions 4.10 and 4.1 are in force. For any n € N and
any T > 0, one has

/W@ﬁwnwahifﬁv/ﬂmw+ovar+aMﬂmmm,vfe@@» 4.10)
0 0 0

Moreover, for any f € Xy and any n € N

B /0 To(t)fdt

Proof. Let f € 2(2) (not necessarily in X;) and n € N be fixed. One deduces directly
from (4.8) that

[%ﬁl(t)f} (s) =B(s)Vyu(s,s —t)f(s—1) fora.e.s>t>0. (4.12)

= /OO dr /T IB(r +t)V,(r+t,r)f(r)|sdt Vr>0. (4.11)
x 0 0

Using Point (2) of Remark 3.9 and since BT,,(t)f = Tni1 () Zf + Tn(t)Bf — ZT,(t)f, the
mapping ¢t > 0 — BT,(t)f € X is continuous. In particular, since X = L'((0,00), &), one
sees that this implies that for any 7 > 0,

Mwe/ IB(s) — 1) (s — Bxa(s — £)]leds < oo

is a continuous mapping. It is in particular integrable so that

/dt/ IB(r) —t)f(r—t)|ydr < oo VT > 0.

Then, the identity follows directly from (4.12) since the mapping (s,t) — B(s)V,(s,s —
t)f(s —t) € & is measurable (see Lemma 4.12). Thus, (4.10) holds for any f € 2(2).
Moreover, if f € X one also has that

H% /O CTafdr

while, for almost every » > 0 it holds

T r+7
/0 IB(r + )V (r +t,7) f(r)[edt :/ IB(s)Vn(s,r)f(r)lleds < [If(r)]e V7 >0.

< fllx vr>0
x
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As a consequence, for any f € X, one has, for almost every r > 0,

H% | T .

Now, if f € X is given, there exists a sequence (f;)r C Z(Z)NX, such that || f,— f|lx — 0
as k — oo. Up to a subsequence, limy_, || fx(r) — f(r)|l¢ = 0 for almost every r > 0.
According to (4.13), one deduces from the dominated convergence theorem that

T |3 / To(t) fudtx = |5 / () fdtx

<29|lflx  and

r4+1
/ IB(s) V(s ) f(r)lleds < 29[ f(r)le V7 >0. (4.13)

klggo / ar / IB(r+ )V (£, 1) o (1) et = /0de /OTHB(TH)Vn(TH,T)f(?“)llgdt

which gives the conclusion. O
We end this section with a technical Lemma, related to the above Proposition:

LEMMA 4.18. Assume that Assumptions 4.10 and 4.1 are in force. For any u € £, and any
nonnegative p € 6.(R.), let

fO)=e()ue Xy

0 r—4t
= / o(r) < lim / IB(T) Vi (7, r)ulle dT) dr 4.14)
X 0 r

n—oo

Then,

gt
lim H%/ Tn(r)fdr
0

n—oo

holds for almost every t > 0

Proof. Since f € X, Eq. (4.11) asserts that, for any n € N
o] r+t
|%/ s)fds||x = / o(r) </ HB(T)Vn(T,T)uH5d7'> dr, vt > 0.
0 r

Since [T |B(r)Vy(r,7)ull¢ < ||ull¢ for any n > 1 and almost every r,¢ > 0, we get the
conclusion thanks to the dominated convergence theorem. O

4.3. Honesty of (V(t,s));>s. We have now all in hands to characterize, in terms of B(t)
and V,,(¢, s) only, the honesty of the family (V (¢, s)):>s. Precisely, we prove the following

THEOREM 4.19. The evolution family (V(t, s));>s is honest if and only if

lim / IB(1)Vy(7,s)ul|gdr =0 Vt>s (4.15)

n— oo

forany u € &;.
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Proof. Assume first that (V(¢,s)):>s is honest in &, i.e. the semigroup (7 (¢)):>0 is honest
in X. Let u € &, be fixed. Notice that the sequence (f:“ HB(T)Vn(T,’I“)uHEdT> is

n
nonincreasing for almost any » > 0 and that, given ¢ > 0, the mapping

r+t
re Rt — nh_)n;O |B(T)Vy(r,7)ullc dr
T

is continuous. According to (4.14), for any ¢ € %.(R,) one has

r+t
lim IB(7)Vy(r,r)ul|gdr =0 Vr € Supp(y), Vt > 0.

n—oo r

Since ¢ is arbitrary, one sees that

t
lim / IB(T)Vy (7, s)ullgdr =0  Vi>s

n—o0

which gives the first implication.
Conversely, assume that (4.15) holds true for any v € £, and let f € X and 7 > 0 be
fixed. Define

Fo(r) = /0 IB(r + O)Va(r + t.r)f(r)ledt,  Vr> 0.
Since f(r) € &4 for a. e. r > 0, one has
nlgrolo F,(r)=0 fora.e.r > 0. (4.16)
Now, according to Prop. 4.16, for any r > 0, the sequence (F,,(r)),, is nonincreasing with
E,(r) < |1 f(r)]e Vr >0, neN
while, Proposition 4.17 asserts that

/OOO By (r)dr = H% /OTn(t)fdt

It is clear now that (4.16) together with Lebesgue Theorem implies that

X

lim H%/ To(t)fdt]| = 0.
Since f € X is arbitrary, this exactly means that the whole semigroup is honest. O

REMARK 4.20. It is possible now to extend the definition of honesty as follows: given u € £,
and s > 0, the trajectory (V(t, s)u),. is said to be honest if (4.15) holds true.

We conclude this section with some considerations about honesty theory in the formally
conservative case. Recall that, by definition, in such a case, the semigroup is honest if and
only if it is conservative. We can observe that such a property still holds for the evolution
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family. Indeed, according to Proposition 4.16, in the formally conservative case we have,
foranyu € £ andanyt > s > 0

n t
IVt:5)ull = Jim 32 Vit o)l =l = Jim, | 1BV spular

Therefore, the family (V (¢, s))>s is honest if and only if
|V (t, s)ul| = ||ul Vue &y, Vt2s20

which exactly means that the evolution family (V(¢,s)):>s is honest if and only if it is
conservative.

5. APPLICATION TO THE LINEAR BOLTZMANN EQUATION

We apply the results of the previous part of this paper to a large class of non-autonomous
linear kinetic equations.

5.1. Spatially homogeneous linear kinetic equation. We consider the non-autonomous
(spatially homogeneous) kinetic equation in L*(V,du(v)):

O f(v,t) + X(v,t) f(v,t) = /Vb(t,v,v')f(v',t)du(v') veV
flv,s) = h(v) € LV, dp(v))

(5.1

for some s > 0. In the above, . is a Borel measure over R? (d > 1) with support V" while
the collision frequency ¥ and the collision kernel b(¢, -, -) satisfy the following assumptions

ASSUMPTION 5.1. (1) The mapping (t,v) € RT x V + X(t,v) is measurable and non-
negative. Moreover, for u-almost every v € V, the mapping t — X(t,v) is locally
integrable on R™T.

(2) The collision kernel b is such that (t,v,v") € RT x V x V ~ b(t,v,v") is measurable
and non-negative. Moreover,

/ b(t,v,v)du(v) < B(t,v") for almost every (t,v') € RT x V. (5.2)
v

REMARK 5.2. The above inequality (5.2) is a classical assumption in neutron transport theory
and is usually referred to as the sub-critical hypothesis.

One will see (5.1) as a perturbation of the simpler equation

atf(v’t) + E(v’t)f(vat) =0 f(v,O) = fO(v)

and the associated evolution family
t
Up(t, s)p(v) = exp <—/ E(v,7)d7> o(v), t>s2>0, 0 €& =LY V,dp).

We begin with the following smoothing effect of Uy(¢, s):
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LEMMA 5.3. For any non-negative ¢ € &, and any s > 0 one has Uy (t,s)p € LY (V,2(t,-) du)
for almost every t € [s, 00), Le.

/ Uy(t, s) Y(t,v)dp(v) < oo forae. t € [s,00). 5.4

Proof Let s > 0 and ¢ € LY (V,du), ¢ > 0 p-a.e. be fixed. One defines the mapping
Q :tels,00)— Qt) €[0,00] by

Q) = | Bt Ut )e@ante) = [ S(t.v)ex (— / tzmv)ch) o(0)du(v).

For a given T' > s, one has, thanks to Fubini’s Theorem

/ST Q(t)dt = /th(v) </8Tz(t,v) exp <— /: E(r,v)dT> dt) du(v).

Now, for any fixed v € V, since the mapping ¢ — X(t,v) belongs to Ll (RT), the set
Ls C RT of its Lebesgue points is such that its complementary Ez( v 18 of zero

Lebesgue measure and

t t
Y (t,v) exp (—/ E(T,U)d’r) = —% exp <—/ E(T,U)dT) Vt € Ly N(s,T).

This allows to compute the integral fST Y (t,v) exp <— fst X (r, v)dr) dt for any v € V and
yields

/ST Q(t)dt = /Vgo(v) <1 —exp <— /STE(T,v)dT» du(v) <o VT >s. (55

This proves in particular that Q(¢) < oo for almost every ¢ € [s,00). This achieves the
proof. O

REMARK 5.4. Notice that the above smoothing effect of Uy(-,-) is actually a “trajectorial
smoothing effect” in the following sense: for any ¢ € &, and any s > 0, there exists a set
Ef C [s,00) such that [s,00) \ EZ is of zero Lebesgue measure and (5.4) holds for any t € =
Clearly, the set =7 depends on the choice of . In this sense, the smoothing effect is related to
the trajectory t € (s,00) — Uy(t, s)p under investigation.

REMARK 5.5. Notice that, for any ¢ € L'(V,du) and any t > s > 0, with the notations of
the above proof,

/st Q(r)dr:/v<1—exp(_ /STz(m))dr> o(v)du(v)
:/‘/w(v)du(v) —/Vexp (— /:E(T,u)d7> o(v)dp(v)

which implies that the mapping

[s, +00[ 3 £ — /V exp (- / tz(T,v)dT> o(0)dpu(v)
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is differentiable at any t € Lo (wWhere, Lo is the set of Lebesgue point of Q) with derivative
given by — fv Y (t,v) exp (— f; (T, v)d7‘> o(v)du(v).
We define then the family of perturbations (B (t)):>0 as

By (t)p(v) = /Vb(t, v, v’)go(v')d,u(v') (5.6)

with domain
2B10) = { € L0, [ b loldut) € LV} Ve
Defining
o(t,v) = / b(t, v, v)du(v) YoeV, t=0

one sees easily that i
2(Bp(t)) = {Lp e LYV, du), /‘/a(t,v)lap(v)\du(v) < oo} = LYV, o(t,v)du(v)) Vit > 0.
The above smoothing effect has an interesting consequence:

PROPOSITION 5.6. Let Assumptions 5.1 be in force. Then, for any ¢ € L'(V,du) and any
s = 0 one has Uy(t,s)p € 2(By(t)) for almost-every t € [s, 00); the mapping t € [s,00)
B (t)Upn(t, s)p € LY(V,dpu) is measurable with

t
/ IBR(T)UL(7, 8)ell L1 (viawdT < lellorwviaw — Ut )@l vy — VE=> s

with the equality sign if
o(t,v) = B(t,v) for almost every (t,v) € Rt x V. (5.7)
Proof. Let ¢ € L'(V,du) and s > 0 be fixed. The mapping

t
(t,v,v") € [s,00) X V x V — b(t,v,v") exp <—/ (T, v’)d7'> (V') e RT

is measurable and is actually integrable. Thanks to Fubini’s theorem and using the nota-
tions of the previous Proposition, one has for any T > s

/S Lt /V dp(o) /V b(t, v, ') exp (- / tz(T,q/)dT> o0 )dp()
_ / i /V ot 0') exp (- / tz(T,q/)dT> o0 )dp(v))
< /sTdt/vz(t,v’) exp <— /:E(T,U/)d7'> (v )dp(v") :/ST Q(t)dt
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with the equality sign if o(¢,v) = X(¢, v) for almost every ¢, v. According to (5.5), one sees
that

T
| et = el wan - 10T el VT >

i.e.
/STdt/Vdu(v)/vb(t,v,v’) exp (— /:E(T,v’)dr> o()du()

< el — 10T, s)ellpvwvay VT >
with an identity if (5.7) holds. Letting then 7' — oo we get

Considering that, for almost every ¢ > s and almost every v € V it holds

[ vt (- S T (6 NA) = (BT, 514 (0

we can invoke Fubini’s theorem to conclude that By, (¢)Uj(
t > s. Moreover, the mapping ¢ € [s,o0) — B, Uy(t,s)p € L!

t,s)p € Z(By(t)) for a. e.
(V,du) is integrable and

T
/ IBrU(E, 8)oll L1 (viamdt < lellzr vy — IO(T,s)ellprvayy VT > s
which is an identity if (5.7) holds. O

The above Proposition shows that, in the space &, = L'(V,du), the family of pertur-
bation operators (B (t), Z(By(t))):>0 and the unperturbed evolution family {Uy(¢, s) }+>s
satisfy Assumptions 1.2. It is easy to show that, under Assumptions 5.1, the family of per-
turbation operators (B (t), Z(Bj(t))):>0 and the unperturbed evolution family {Uy, (¢, s) }+>s
also satisfy Assumptions 3.1 and 4.10. Indeed, let us define the space

X=L'Ry, &) = L'(Ry x V,dtdp(v)
and let f € X be given. The mapping

(t,v,5,0") € (Ry x V) = b(t,v,0") exp <—/ X (r, v')d7'> f(s,0")xo(t—s)

is measurable. Moreover, it is integrable and, thanks to Fubini’s theorem, with considera-
tions similar to those used in the previous proof, we can state that Uy (¢, s) f(s) € Z(Bp(t))
for almost every (t,s) € A and that the mapping (¢,s) € A — By (t)Up(t, s)f(s) € &, is
integrable. This shows that Assumptions 3.1 are satisfied. Similar considerations show
that Assumptions 4.10 are also met.

Thanks to these considerations, the general abstract approach developed in Sections 2,
3.1 and 3.2 can be applied here. In particular, Theorem 2.1 applies and one can define an
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evolution semigroup (Vy(t, s)),-, in &, given by

t
Vi (t,s)p = Up(t,s)p + / Vi (t, r)By(r)Up(r, s)pdr, Vo e LYV, dp). (5.8)

The Co-semigroup (7o,,(t))i>0 in X associated to (Uy(t,s)),, is defined by (3.2) and
we denote by (2, 2(Z2))) its generator while one associates to the evolution family
(Vi(t,8)) =50 @ perturbed evolution semigroup (7x(t))i>0 with generator (Gp, Z(Gn)).
To the perturbation family (By,(t)):>0 one associates an operator B in X as in (3.5) and an
extension B of B is provided by Theorem 3.5 so that Gy, is an extension of (Z),+B, 2(Z3))
in X. Let us prove now that Assumption 4.10 is met. Precisely,

PROPOSITION 5.7. The perturbed family (By(t)):>o and the evolution family (Up(t,$))t>s

satisfy Assumption 4.10. As a consequence, B = B|y(z) and, for any g € 9(2;) C X, one
has

AmthU(t,U)|g(t’v)|dM(v) < 00
and

Bol(t,v) = Bu(t)g(t, )](v) = /V b(t, v, gt o )du(W) £ 0,0E V.

Proof. For a fixed t > 0, let (¢, ), be a nonnegative increasing sequence in L'(V, du) with
on € Z(By(t)) and sup,, ||Br(t)en|| < oo and lim,, ¢,, = ¢. This exactly means that
sup/ o(v,t)pn(v)du(v) < oco.

1%

n

According to Fatou’s Lemma, one has then [, o(v,t)p(v)du(v) < oo ie. ¢ € Z(By(t)).
Moreover, by the monotone convergence Theorem, lim, By ()¢, = By (t)¢ in LY(V,dpu).
Assumption 4.10 is then satisfied and Proposition 4.3 yields the result. O

One can actually characterize Z(Z},) along the same lines as [1, Proposition 2.1]:

PROPOSITION 5.8. Let W(]l’l(R+; V') denotes the space of functions g = ¢(t,v) € X such that,
for u-almost every v € V, the mapping

t > 0 — g(t,v) is absolutely continuous with g(0,v) = 0

together with % € X. Then, the generator (Z5,, 2(Z)) of (Tn(t))i>0 is given by

Ziglt.0) = = 2 (6,0) - S, gt0), g€ 2(2)

with 2(2,) = {g = g(t,v) € WO (R V) such that S g € x} .

We have now everything in hands to apply the substochastic theory developed in the
first part of the paper. In this particular example in which the generator (2, Z(2},)) is ex-
plicit in the lifted space X, it is more convenient to treat the problem of the honesty of the
evolution family (V(t, 5)),- .- directly on the perturbed evolution semigroup (75(t)):0-
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For such a semigroup, known necessary and sufficient conditions for the honesty have
been established by the third author in [20] and one has

THEOREM 5.9. Assume that there exists some M = M (t,v) € 9(Z;,) with M(t,v) > 0 for
almost every (t,v) € R x V and such that the detailed balance condition

b(t,v,v" )M (t,v") = b(t, v, v)M(t,v)
holds for any t > 0 and p-almost every v,v' € V. If there is some \ > 0 such that

M
AM (t,v) + aa—t(t,v) >0 Vt>0 andp-ae veV
then the evolution family (V,(t,5)),s 40 is honest in .

Proof. If M € 2(Z;,) with the above properties exists, then it is satisfies

Bt 0) = [ bt v, oM () = [ B M 0)d(w) = o(t,0)M (2,0)

v 1%
and

~ oM

(2 +B)M] (t,0) = =S (0) + (o(t,0) = () M(t,v).
Since M is non-negative and b(t, -, -) is subcritical, (o(¢,v) — 3(¢,v)) M (t,v) < 0 for any
t > 0 and almost any v € V so that

[(Zh + %)M] (t,v) < —%—Af(t,v) <AM(t,v) V>0, forae veV.

This shows that M is a non-negative sub-eigenfunction of Zj + ‘B, i.e. we found M €
2(2,) N X4 and A > 0 such that
<zh + %) M < AM.

According to [6, Corollary 3.27] (see also [19]), this shows that the trajectory (75 (¢t) M )t>0

is honest and, since M is quasi-interior in X (it is a strictly positive function in a L'-space),
[6, Theorem 3.30] shows that the whole semigroup (7;(¢)):0 is honest from which the
result follows. O

REMARK 5.10. If there exists My = My(v) € L*(V,du) with My(v) > 0 for a.e. v € V and
such that the detailed balance

b(t,v,v" ) My(v') = b(t,v',v) My(v)
holds for any t > 0 and p-almost every v,v' € V and
S(t,v)Mo(v) € L([0,00), L' (V,dp(v))
then, for any A > 0, one can construct some
M = M(t,v) = B(t)Mo(v) € Z(Zh)

satisfying the hypothesis of the above Theorem for any nonnegative 3(-) € W(R ) such
that
B't)+A8(t) =0 (vt=0), B0)=0,  B(t)>0 Vt>0,
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Such a function 5(-) € WO1 1(R,) is easily constructed.

5.2. Spatially inhomogeneous linear kinetic equation. We deal now with the spatially
inhomogeneous version of the above (5.1), i.e. we shall consider the following

O f(z,v,t) +v-Vif(x,v,t) + 3(v,t)f(z,v,t)

= / b(t,v,v") f(x, v t)du(v") z € Q, veV
\%4
flz,v,t) =0 if (z,v) eT_

f(z,v,5) = h(z,v) € LYQ x V,dz ® du(v))
5.9
for some s > 0. Here,  C R?is a open subset, 1 is a Borel measure over R? with support
V' and one defines

A=QxV
and
' :={(y,v) € 92 x V such that y = x — 7(x,v)v for some = € Q with 7(z,v) < oo}
where

T(x,v) =inf{t >0 : z —tv ¢ Q} V(z,v) € A.
From a heuristic viewpoint, 7(x, v) is the time needed by a particle having the position x

and the velocity —v € V to reach the boundary 9€2. One can prove that 7(-, ) is measur-
able on A. Moreover 7(x,v) = 0 for any (z,v) € T'_.

Let us then introduce the state space
E=L"A, dr®du(v))

with usual norm and the unperturbed evolution family (U(t, s)):>s>0 defined through

[U(tv 3)‘10]('%'7 U) = exp <_ / E(Uv T)d7> “P(x - (t - 3)”7 U)X{t—s<r(x,v)}(xv 1)),

foranyt > s > 0 and any f € £. Since ¥(7,v) > 0, one notices easily that (U(t, s)):>s is
an evolution family in £ with U(¢,s)f € £ and ||U(¢,s)f|| < ||f]| for any f € £, and any
t > s > 0. This shows that Assumptions 1.2, (i) and (ii) are satisfied.

Moreover, for any ¢ € R, we denote by 3(¢) the multiplication operator
X(t) : 2(B@¢)c€E —E&
defined by 2(X(t)) = L' (A, X(t,v)dxr @ du(v)) and
[E@)pl(z,v) =Bt v)e(z,v) Vo€ Z(X(t))

As in the spatially homogeneous case, the evolution family (U(¢, s)):>s>0 has some smooth-
ing effect:

LEMMA 5.11. Forany f € £y and any s > 0, one has U(t,s)f € 2(X(t)) for almost every
t € [s,00).
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The proof of this Lemma, of technical nature but non trivial, is postponed to Appendix
B.

One defines B(¢) as

B(t)¢l(z,v) = /‘/b(t,v,v’)w(%v')dﬂ(v') Vo € Z2(B(1))

where, as above,

2(B(t)) = {go € & such that /Q o(t,v)|e(z,v)|dedu(v) < oo}

xV
and

o(t,v) :/Vb(t,v',v)d,u(v').

We shall always assume that the Assumptions 5.1 are in force. In particular, one notices
that

2B(1) c 2(2@)  and  [B)gle < ISWelle W0, peép  (5.10)
Then, one gets the following
COROLLARY 5.12. Forany s > 0 and any f € &£,
U(t,s)f € 2(B(t)) for almost every t € [s,0)
and the mapping t € [s,00) — B(t)U(t, s)u is measurable. Moreover;
[ 1Bl < [ =00 ea
<Iflle =0 s)flle  Voely,r>s20.

(5.11)

Again, the proof of this Corollary which uses techniques introduced in the proof of
Lemma 5.11 is given in Appendix B.

Notice that, as in the spatially homogeneous setting, the family of perturbation op-
erators (B(t), Z(B(t))):>0 and the unperturbed evolution family (U(t, s)):>s satisfy As-
sumptions 1.2. In particular, Theorem 2.1 applies and one can define an evolution family
(V(t,8)) 550 in € that satisfies the Duhamel formula

t
V(t,s)p =Ul(t,s)p —|—/ V(t,r)B(r)U(r, s)edr, Vo e €. (5.12)

In the space

X=LY R, &) =L' R, x A, dt @ dz ® du(v))
one can then define the Cjy-semigroup (7y(¢)):>0 given by (3.2) and with generator (Z, Z(2)),
while, to the evolution family (V(t,5)),. -, one associates a Co-semigroup (7 (t)):>0 in
X given by (3.3). Remember that the generator (G, 2(G)) of (T (t))e0 is an extension of
the operator (Z + B, 2(Z)) where B is constructed in Theorem 3.5. As in the spatially
homogenous case, one can prove without major difficulty that, under our assumptions
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on b(-,-,-) and X(-,-), Assumptions 3.1, 4.1 and 4.10 are also met, in particular, for any
g € 9(Z) C X, one has

/Ooo dt/AU(t,v)|g(t,x,v)|d:cdu(v) < 00
and
Bl(t..0) = BOu(t..)0) = [ Btov gl Nul) 13 0,(00) €A

Now, to investigate the honesty of (V(t,s)):>s, we shall, as in the autonomous case
recently studied by the third author [20], use the honesty properties of the spatially ho-
mogeneous family (Vj(¢, s))i>s>0. To do so, let M be the spatial average operator

M : ¢€5I—>Mtp(1}):/ o(x,v)de, veV
Q

one sees that M provides a bounded operator from £ to &, := L'(V,du) and one has the
following relation:

[MU(t, s)] (v) = / [U(t, s)¢] (z,v)dx < [Up(t, s)My] (v) Voe&y, paeveV

Q

(5.13)
where (Up(t, 8))¢>s>0 is the evolution family in L!(V, du) introduced in the spatially ho-
mogeneous case (see (5.3)). From this, we deduce directly that

1O s)elle < IUR(E s)Mellpivany — VE2s520,  pe&y (5.14)
Since B(t) is local in x, one also has
MB(t)p =By(t)My Ve € Z2(B(t)), t>0

where By, () is the operator defined in (5.6) (one notices easily that, for any ¢ € Z(B(t)),
M belongs to 2(By,(t))). These basic observations play a crucial role in the study of
autonomous transport equations as studied in [20] and we shall see it is still the case here.
Precisely, the honesty of the evolution family (V(¢,s)):>s can be deduced directly from
that governing the spatially homogeneous problem introduced in the previous subsection.
Namely,

THEOREM 5.13. If the evolution family (Vj(t,s))i=s>0 defined in (5.8) is honest in &, =
LY(V,dp) then the evolution family (V (t, s))ss is honest in E.

Proof. For some ¢ € £, one deduces easily by induction from (5.13) that, for any n € N,
1B+ 1) Valt +ror)elle < [Balt + Vit +r.r Mgl gy Vr >0, (5.15)

where V,, 1,(t,r) is the n-th iterated term in the Dyson-Phillips expansion series giving
(Vi(t,s))i=s>0. Since the latter is honest, Definition 3.13 directly yields that (V(¢,s)):>s
is honest in &. O

REMARK 5.14. Recall that practical criteria yielding the honesty of (Vi(t,$))tss>0 in &, =
LY(V,du) are provided in Theorem 5.9
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REMARK 5.15. Notice that, if Q@ = R¢, inequality (5.13) is actually an identity. This implies
in particular that inequality (5.15) is also an identity. Therefore, if Q = RY, the evolution
family (V(t, s))¢s is honest in & if and only if (V,(t, $))t>s>0 is honest in &y,

6. APPLICATION TO NON-AUTONOMOUS FRAGMENTATION EQUATION

We show in this section that the previous theoretical approach can be applied to the
study of the non-autonomous fragmentation equation investigated recently in [4]. Pre-
cisely, let us consider the problem

Opu(t,x) = —a(t, v)u(t,z) + /oo at,y)b(t,z,y)ult,y)dy  «>0,t>s ©6.1)

u(s,z) = f(x) ae. x>0

at some fixed s > 0. As in [4], u is the distribution of particles with respect to mass =,
a(-,-) is the fragmentation rate and b(t,z,y) is the distribution of daughter particles of
mass z resulting from splitting of a parent particle of mass y. We investigate the above
problem in the Banach space

£ =L'R", zdx)
with usual norm which, for a non-negative function u gives the total mass of the ensemble.
We adopt here the following set of assumptions:

ASSUMPTION 6.1. The rates a(-,-) and b(-, -, ) satisfy the following:
(1) The mapping (t,z) € Rt x RT — a(t, z) is measurable and non-negative. Moreover,
given T > 0, for almost every x € R™, the mapping t € [0,T] — a(t, ) is bounded.
(2) The mapping (t,z,y) € RT x R* x R™ — b(t, z,y) is measurable and non-negative.
Moreover, b(t,z,y) = 0 for almost every x > y and t > 0 with

y
/ b(t,r,y)rdr =y foranyy >0 and almost any t > 0.
0
We observe that the fragmentation equation (6.1) can be seen as a perturbation of the

simpler non-autonomous advection equation

Owu(t,z) = —a(t, x)u(t, x) x>0,t>s
(6.2)
u(s,z) = f(x) ae. x>0
One introduces the family (A(t))¢>o of multiplication operators in £ given by
[A)ul(z) = —a(t,)u(z)  uwe Z(A(t))

with domain Z(A(t)) given by

2(A1) ={uec&; Alt)uc £} = LNRT, a(t, z)zdz).
Let then define the evolution family in £ given by

t
U(t, s)u = exp <—/ a(r, -)d7'> u(-) t>s>0, uel
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and the family of perturbations (B(t));>0 given by
B(t)u] (z) = / a(t,y)b(t, z,y)u(t,y)dy Yue 2(B(t)) = 2(A(t)), t=0.

It is easy to verify, using Assumptions 6.1 and arguing as in the previous section, that the
evolution family (U(¢, s))>s and the family of perturbations (B(t))¢ satisfy Assumptions
1.2, 3.1, 4.1 and 4.10. In particular one can see that, for any « € £ and any s > 0 one has
U(t,s)u € 2(B(t)) for almost every t > s; the mapping ¢ € [s;00) — B(t)U(t, s)u € £ is
measurable with

/ IB(t)U(t, s)ul||ds = ||ul|le — ||U(t, s)u||s Vi>s wueé;.

These conditions allow to apply here the general abstract approach developed in Sections
2, 3.1 and 3.2. We have then, for any u € £ and any ¢t > s > 0,

VO(t’ S)u = U(t’ S)ua
and, forn > 1
t
Vo,(t, s)u = / U(t,r)B(r)V,—1(r, s)udr (6.3)

since, foranyn > 0, s > 0, and u € £ one has V,, (¢, s)u € 2(B(t)) for almost every ¢ > s,
and the mapping ¢ € [s;00) — B(t)V,(t,s)u € £ is measurable. In the present case we
can also prove the following:

PROPOSITION 6.2. For any n € N, any s > 0 and any u € &,, the mapping r € [s,00) —
A(r)V,(r,s)u € & is measurable; furthermore for any t > s > 0 and any u € £ one has

tsu-u—i—/A U(r, s)udr (6.4)
and, forn > 1
n(t su-/ A(r rsudr—i—/ B(r)V,—1(r, s)udr. (6.5)

Proof. The proof of (6.4) is almost a straightforward application of the definition of A(¢)
and U(t, s) (see for instance [4, Lemma 2.1]). Now, for n > 1, using both (6.3) and (6.4),
we get

Vn(t,s)u:/ B(T)an(r,s)udr+/ dr/ A(T)U(7,7)B(r)V,—1(r, s)udr

for any u € £ and any ¢ > s > 0. But, using Assumption 4.10 and (6.5), we check easily
that

/: dr /rt A(T)U(7,7)B(r)Vy—1(r, s)udr = /t dr /T A(T)U(r,7)B(r)V,_i (r, s)udr
/ (/ U(r,)B(r) Vo (r, s)udr> dT_/ APV, (7. 5)dr
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from which the conclusion easily follows. O

Thanks to the above proposition we obtain

PROPOSITION 6.3. Let u € £ and t > s > 0 be given. For any n € N, let v,(t, s,-) denote a
measurable representation of y [V (t, s)u](-), then for almost every x > 0 one has

t t 0
vnlt, s, 2) = u(z) - / a(r,@)va (r, 5, 2)dr + / / a(r, 9)b(r, 2, y)vn1 (r, 5, y)dydr.

Proof. The identities (6.4) and (6.5) give

n t n t n—1
Z Vi(t,s)u=u+ / A(r) Z Vi(r, s)udr + / B(r) Z Vi (r, s)udr,
k=0 5 k=0 5 k=0

and this gives the assertion. O

Now suppose v(t,s,-) to be a measurable representation of V(¢,s)u. According to
Assumptions 6.1 (1), for any ¢t > s > 0 one has

t
/ a(r,z)v(r, s, z)dr < oo fora.e. x> 0.
S
Therefore we also have

t o8
/ dr/ a(r,y)b(r,z,y)v(r,s,y)dy < oo fora.e. x>0

and the following equality holds:

v(t,s,z) = u(z) — /:a(r,x)v(r, s, z)dr + /: dr /xoo a(r,y)b(r,z,y)v(r,s,y)dy.

This allows us to recover, in a direct way, Theorem 4.1 of [4]. Moreover, because the
honesty of the evolution family (V (¢, s))>s is equivalent to that of the evolution semigroup
(T (t))e=0, if one assumes that

a(t,z) € LY0,T; L>=([0, R])) forany T > 0,R > 0,

we have, according to [4, Theorem 5.1], that (V (¢, s))¢>s is honest in £. This implies that
the limit (4.15) holds.

REMARK 6.4. Notice that, using the results of Sections 3 and 4, we did not need to determine
the generator of (T (t))i=0 to recover [4, Theorem 4.1 & Theorem 5.1] and this allows
therefore to simplify the approach of [4]. Notice also that the fact that (4.15) holds for the
fragmentation equation (6.1) was not observed in [4] and is therefore a new result.
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APPENDIX A. TECHNICAL PROPERTIES OF Z AND ‘B

We derive in this Appendix several fine properties of the operators Z and B introduced
in Section 3. The notations and Assumptions are those of Section 3. In particular, we
assume that Assumptions 3.1 and 4.1 are in force. We begin with

LEMMA A.1. Given s > 0 and ¢ € €} (R,), let us define the operator

{A%S ruel — ApueX A1)
with  [Ag sul(t) = x+(t — 5)e)U(t, s)u Vit > 0.
Then A, u € Z(Z) for any u € £ with
ZAps = —Ay s
where ' is the derivative of . Moreover;
[%.A%Su](t) = B(t)[ Ay, sul(t) for almost every t > 0, (A.2)

ie. Ay su€ 2(B) and BA, u = BA, su.

Proof Let s > 0, u € £ and ¢ € €}(R,). For simplicity, we set fo = Ay, su, i.e. fo(-) =
Yo (- = 5)p()U(-, s)u. Clearly,

lfolle = [~ aledt = [ (o] [0 ullds < 2l [ lotoar
and, since ¢ is compactly supported, f; € X. By (3.2), one has
To(t)fo() = x4 (- = )U(,- — 1) fo(- — 1)
and one checks easily that
To(t) fo(r) = x+(r —t = s)o(r —=)U(r,s)u  Vr > 0.

Clearly, for given r > 0,

i +1(3 r — £ = 9l = 0) = o = 9)p(r) ) = —xalr = )

t—0t

and, since ¢ is compactly supported, one deduces easily that the following limit holds in
Xx:

Jim 7 (To()fo() = fo)) = —x+ (- = $) (YO, )u
This exactly means that fy € 2(2Z) with Zf(-) = —x+(- — s)¢'(-)U(:,s)u, i.e. ZA, s =
—A, 5. Let us now prove that fy € Z(*B). Since, for any ¢ > 0 and any 7 € (0,t), one has
as above

U(t,7) fo(m) = x4+ (7 — s)p(T)U(¢, s)u
one deduces from (3.6) that, for any A > 0,

[Bfo](t) = </ exp(—A(t — T))(p(T)dT) X+(t—s)B(t)U(t,s)u foreveryt > s
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where we recall that B(¢)U(t, s)u is well-defined for almost any ¢ > s. Then, since

t
lim A </ exp(—A(t — T))gp(T)dT) = p(t) foralmosteveryt>s >0

A—00

we get easily that the following limit holds in X:
Jm AB folr) = x4+ (- = 8)e()B()U(, s)u = B() fo()-

This proves in particular that fy € 2(*8) and, since limy_,,, AB) = B we get B fo=SB/fo
which achieves the proof. O

LEMMA A.2. GivenT >0and f € X
U(S,’T)/ U(r,r)f(r)dr = / B(s)U(s,r)f(r)dr for almost every s > 7.
0 0
In particular, [} U(s,r)f(r)dr € 2(B(s)) for almost every s > T with

s) /T U(s,r)f(r)dr = /T B(s)U(s,r)f(r)dr for almost every s > 7.
0 0

Proof. For any f € X, and any fixed 7 > 0, we introduce g, = [/ U r)dr €
&.. According to Assumptions 1.2, the mapping s € RT — X+(3 — T)B(s)U(s T)gT is
measurable and it belongs to X since

/ IB(s)U(s, s lle < llgn e < I1fllx. (A.3)

Now, thanks to Assumptions 3.1, the mapping (s,r) € Rt xRT — x, (s—r)B(s)U(s,r)f(r)
is integrable so that, for almost every s > 0, the integral [ B(s)U(s,r)f(r)dr exists and
the mapping s > 0 — [ B(s)U(s,r)f(r)dr € &, is integrable. In particular, for some
fixed 7 > 0, the integral [ B(s)U(s,r)f(r)dr € £ exists for almost every s > 7 and

/TOO gds—/ (/ IB(s) ()Hgdr>ds

< [ IBEUGs 0 ledrds < . )
Thus the mapping G; : s € Rt — x(s —7) [y B(s)U(s,r)f(r)dr belongs to X with
IG-llx < ||f|lx- Let now © be the subspace of X made of all linear combinations of ele-
ments of the form:

r)f(r)dr

t>0— pt)U(t, s)u where s >0,ue &
and ¢ € € (R) with supp(¢p) € [s,00). Then, for f € D, it is easily seen that

B(s)U(s,7)gr = /OT B(s)U(s,r)f(r)dr for almost every s > 7
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i.e. the two functions represent the same element of X. Since ® is dense in X [17, Re-
mark 1.11], the above inequalities (A.3) and (A.4) allow to assert that the above identity
extends to any f € X, proving the first part of the Lemma. Since moreover

U(s, 1) /OT U(r,r)f(r)dr = /OT U(s,r)f(r)dr

we get that, for almost every s > 7, the integral [ U(s,r)f(r)dr belongs to Z(B(s)) and
the conclusion follows. 0

We complement the above Lemma with the following

LEMMA A.3. For any f € X and and almost all (s,7) € A, one has [ U(s,r)f(r)dr €
9(B(s)) and

B(s) /OT U(s,r)f(r)dr = /OTB(S)U(S,T)f(T)dT.
Proof. For some fixed f € X, we notice that the two functions
Hy : (s,7) € A= B(s)U(s,7) /T U(r,r)f(r)dre &
0
and .
ﬁf D (s,7) €A »—>/ B(s)U(s,r)f(r)dr
0

are measurable. Therefore, the subset Ay = {(s,7) € A; Hy(s,7) # Hy(s,7)} is a mea-
surable subset of A. Since, given 7 > 0, one has H¢(s,7) = H¢(s,) for almost every
s > 1, one sees that A\ is a set of zero measure. Since moreover

U(s, 1) /OT U(r,r)f(r)dr = /OT U(s,r)f(r)dr

we get that, for almost every s > 0, the integral [ U(s,r)f(r)dr belongs to Z(B(s)) for
almost every T € (0, s) with the desired conclusion. O

LEMMA A.4. Forany f € X1 and any t > 0, set g; := fot To(s)fds € 2(Z)4. One has

<‘I”%gt>x - /OOO (/TTH ||B(T)U(Ta7)f(7)||£d7“) dr.
Proof. One has

B0 () = Ba) = BO) [ To(5)1) 01

= B(r) /0 U(r,r —s)f(r— s)x+(r — s)ds.

In particular, according to Lemma A.3 and Proposition 4.5, for almost any ¢ > 0, one has
{%gt] (r) = / B(r)U(r,7)f(r)dr for almost any r > 0.
(

r—t)VvVo
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Therefore, for almost every ¢ > 0,

(w.80) = [Car [ BEOUGDI@)]edr
x 0 (r—t)vO
00 T+t

Since both the right-hand side and the left-hand side of (A.5) are continuous functions of
t, the above actually holds for any t > 0. O

(A.5)

We end this Appendix with a basic observation, based upon Lemma A.3:

LEMMA A.5. Forany A > 0and any f € X4,
s—t
B exp(— AT (1) f](s) = B(s) /O exp(—A(s—m)U(s, ") f(F)dr  fora e (s,t) € A.

Proof. The proof of the result is an almost straightforward application of Lemma A.3.
Namely, for a given ¢ > 0, one has

[BATo(t)f1(s) = /Os exp(=A(s — 7))B(s)U(s,7) [To(t) f] (7)dr

s—t
= / exp(—Ar)B(s)U(s,s —t)U(s —t,s —t —r)f(s —t —r)dr fora.e. s>t
0

where we used (3.2) and the measurability assumption 3.1. Now, by Lemma A.3, we get
easily the conclusion. O

APPENDIX B. TECHNICAL INTEGRATION RESULTS FOR KINETIC EQUATIONS

This last Appendix is devoted to the proof of the technical Lemma 5.11 and its conse-
quence, Corollary 5.12. We first introduce some useful notations: let
Ar ={(z,v) € A; T(x,+v) < o0}, A oo i ={(z,v) € A; T(z,xv) = +o0}
I'_:={(y,v) € 9Q x V such that y = z — 7(x,v)v for some z € Q with 7(z,v) < oo}
', :={(y,v) € 90 xV such that y = x4 7(x, —v)v for some = € Q with 7(z, —v) < oo}.
Finally, set
Iy :={(y,v) ely; yFtveQ Vt>0}

REMARK B.1. From a heuristic viewpoint, 7(x,v) is the time needed by a particle having the
position x and the velocity v € V to reach the boundary 0€2. One can prove that 7(-,-) is
measurable on A. Moreover 7(x,v) = 0 for any (z,v) € I'_ whereas 7(z,v) > 0 on I';.
Notice that the mapping

T (x,v) € A— 7(2,0)
is lower semi-continuous [5] (see also [28]). In particular;

Ay = ﬂ {(z,v) € A; 7(z,xv) > n}
neN
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is the numerable intersections of open subsets of R%?. Therefore, A+ o and A_ o N A  are
Borel subsets of A.
Let us then introduce the state space
E=LYA, dz®du(v))

with usual norm. One recalls then the following, from [5, Proposition 2.5 & Proposition
2.10],

LEMMA B.2. There exists Borel measures vy on T'y such that, for any f € L'(2,du), one
has

7(y,£v)
f(z,v)dp(v)de :/ dyi(y,v)/o fly F sv,v)ds, (B.1)

Ay Ty

and

/ flx,v)dp(v)de = / dl/i(y,v)/ f(yF sv,v)ds. (B.2)
A+OAF o0 Ty 0

Proof. The proof follows from the general theory developed in [5, Propositions 2.5 & 2.10]
where, with the notations of [5], one has

F(x) = (v,0) Vx = (z,v) € A

which is divergence free in the sense of [5] and the characteristic curves are given by
((x,t,s) = (x — (t —s)v,v) forany t,s € R, x = (z,v) € A. O

Let us then introduce the unperturbed evolution family (U(¢, s)):>s>0 defined through

t
U1 0) = exp (= [ £0.77) £a (0= 900N 0-sertea (5:0)
foranyt > s > 0 and any f € £. One has the following

LEMMA B.3. Forany f € Eand any t > s > 0, setting

t
O(t,s,v) = exp (—/ E(r,v)dr) YoeV

one has

| 101 @ 0)dadue) =

_ OV(7(y,—v)—(t—s))
/ dv_(y,v) /0 O(t,s,v)f(y + rv,v)dr (B.3)

/ [U(t, )] (2, v)dadu(v) =
ALNA_ o

/ < h O(t,s,v)f(y —rv, v)dr) dvy(y,v) (B.4)
Iy

t—s
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and
/ [U(t,5)f) (, v)dadpu(v) =
At ooNA_

/ ( h O(t,s,v)f(y +rv, v)dr> dv_(y,v). (B.5)
I

t—s

Proof. We prove only (B.3), the other identities being similar. According to (B.1)

[ 10911 @ 0)dodue) =

J

Now, for a given (y,v) € I'_ and 0 < r¢ < 7(y, —v), since 7(y + rov,v) = 7(y,v) +rog =19
one has

7(y,—v)
dv_(y,v) (/0 [U(t,s)f] (y+ rov,v)dm) . (B.6)

[U(t, S)f](y + 7oV, U) = G(ta S, U)f(y + 1oV — (t - S)Ua U)X{tfng(errov,v)}(ya ’U)
= Q(ta S, U)f(y - (t —To— S)U? U)X{tfséro}(ya ’U)-

Integrating with respect to ry and making the change of variable ry — r = o — (¢t — s), we
get the result. O

REMARK B.4. It is natural to identify L' (A_), L*(Ay N A_ ) and LY (At o N A_ o) to
closed linear subspaces of € = L'(A). With such an identification, one has

[ flle = lfillorasy + 1f2llorasnas o) F 13l ray cona_ ) VFEE

where f1, fa, f3 denote the restrictions of f to A_, AL N A_ o and A; o N A_ , respec-
tively. Moreover, it is easy to see that U(t,s) leaves invariant the three subspaces L'(A_),
LYA+NA_ o) and LY (A4 oo NA_ o) in the following sense: with the above decomposition
Supp(U(t, s)f1) C A—, Supp(U(Z, s) f2) C Ay NA_ o and Supp(U(t, s) f3) C Ay ooNA_
foranyt > s > 0. Therefore, to prove any result on U(t, s) f for some given f € &, it is equiv-
alent to consider separately U(t, s) f;, i = 1,2, 3 in their respective spaces.

One can now prove Lemma 5.11.

Proof of Lemma 5.11. According to Remark B.4, one can distinguish the three cases f €
LYAL), fe LMAyNA_o)and f € LY (AL oo NA_ &).

First case: Let us assume that f € L'(A_) and let s > 0 be fixed. One first assumes that f
is continuous. For some given (y,v) € I'_, one considers the continuous functions

Qy

)

OV(7(y,—v)—(t=s5))
v tE[s,00) — / X(t,v)O(t, s,v) f(y + rv,v)dr.
0
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and

OV(7(y,—v)—(t=s5))
Hy, :te[s,00)— / O(t,s,v) f(y + rv,v)dr.
0

Notice that Q, ,(t) = 0 = Hy,(t) for t > 7(y,—v) + s. Let us compute the derivative of
H, ,(t). Clearly,
d
dt
Let us now consider ¢ € (s, 7(y, —v) + s). One has

Hy,,(t)=0 te[r(y,—v)+s,00).

d d
EHyyv (t) - a

7(y,—v)—(t—s)
— /0 (%@(t, s, U)) fly+rv,v)dr —0O(t,s,v) f(y+ (T(y, —v) — (t — 8))v, ).

Now, denoting as above Ly, . ,) as the set of Lebesgue points of the mapping ¢ — (¢, v),
one notices that

7(y,—v)—(t—s)
/ O(t,s,v)f(y + rv,v)dr
0

%@(t,s,v) = —X(t,v)O(t, s,v) Vt € Ly ) (B.7)

and, for such t € Ly ., one has

d (g, —v)—(t—s)
—H, ,(t) = —/ X(t,v)O(t, s,v) f(y + rv,v)dr
0

de "
- G(t’ S,U)f(y + (T(y’ _v) - (t - S))v’v)'

In other words, H, , is derivable at almost every ¢ € [s,00) and, since f is nonnegative,

one has
d

dt
Integrating this inequality with respect to ¢, one finds

Hy () < —Qyo(t) for almost every ¢ > s. (B.8)

00 © g 7(y,—v)
| oumar<— [" S0t = .0 = [ s

Integrating now over I' _, we find

00 7(y,—v)
[ /F 0, (H)dv_(t,v) < /F dv_(y,v) /0 F+ro,0)dr = [l

In other words, recalling the expression of Q, ,,, one gets that the linear form
feLl'A)NE(A) n—)/ dt/ dv_(y,v)

oV (7 (y,—v)—(t—s))
/ 5(t,0)0(t, 5,0)f(y + o, v)dr
0
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extends in an unique way to a continuous linear form on L(A_) such that, for any non-
negative f € L'(A_),

oo ov(7(y,—v)—(t—s))
[ amwo [ S(t,0)0(t, 5,0)f(y + ro,0)dr < | fllza)

In particular, for almost every ¢ € [s, c0), one has

OV (r(y,—v)=(t—s))
/ dy(y,v)/ Y(t,v)O(t, s,v) f(y + rv,v)dr < oo
0

According to (B.3), this exactly means that

/ X(t,v)[U(t, s) fl(z,v)du(v)de < oo for almost every ¢ € [s, 00)
and yields the desired result whenever f € L*(A_).

Second case: Let us assume that f € L'(A_, N A;) and let s > 0 be fixed and let
(y,v) € I'y « be fixed. As above, we begin with assuming that f € €(A_ . N A ) and
define -
j-\lyw tt€[s,00) — O(t,s,v)f(y —rv,v)dr
t—s

and
o0

vav Dt € [s,00) — X(t,0)0(t, s,v) f(y — rv,v)dr.
t—s
Letting again Ly,.,) denote the set of Lebesgue points of ¥(-,v), one has as here above
that, for any ¢ € Ly,. ,y N [s, 00), the application ﬁy,v is derivable in ¢ with

%ﬁyvv() ~Qyu(t) = O(t,5,0) f(y — (t — s)v,0).

Let T > s be fixed. Integrating the above identity over (s,T") one gets, since f is nonneg-
ative

/va dt—|—HyU < / fly —rv,v)

Integrating now over I' ,, we get
T ~ ~
[ Qe+ [ s
S F+,oo F+,oo
<[ dmwo) [ s
T o 0
Recalling the expression of U(¢, s) f and (B.2), this reads

T A~
[ Qo+ [ U@ eddut) < [l on
S F+,oo A_ OOOA+
(B.9)
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Now, using the same argument as in the first case, one deduces that, forany f € L'(A_ N
A ) and almost every ¢ € [s,00) one has

[ S e v dedut) < oo
A_ oNAL
which proves the result for f € LY(A_ o NAY).

Third case: Assume now that f € Ll(A,7OO N A4 ). Notice that, since Ay o is a Borel
subset of A, the associated indicator function 1o, na_ . is a Borel mapping on the
product space A = €2 x V. In particular, the partial applications (in all directions) are
measurable, i.e. for any v € V, the application

Xo @ T €Q— 1A, A (z,v)
is a Borel mapping. In particular, for any v € V,
Q, = {x €Q, Xv(x) = 1}

is a Borel subset of Q. Now, if one assumes that f is nonnegative, one has by Fubini’s
Theorem

/ f(x,v)dmd,u(v):/ 1AL conA— oo (@, 0) f (2, v)dadu(v)
AgooPA— o A

:/V</Q 1A+’oomAyoo(m,v)f(m,v)dx> dpa(v).

Therefore, for any nonnegative f € L'(A_ o, N A} ) one has

/A o Asut) = /V ( 5 f(x,v)dm> au(o).

Recalling now that
[U(t? S)f] ('Ia ’U) = Q(ta S, U)f(x - (t - S)’l), U) \V/(CC, ’U) € A,7OO N AJr,oo

one deduces that
/AWMM[U@’ s)f](z,v)dzdu(v) = /V O(t, s, v) ( o flo—(t— S)v,v)dx> du(v).

For any v € V, the mapping =z € Q, — y =z — (t — s)v € Q, is one-to-one and measure-
preserving so that

/A+,oomA,oo[U(t’ 8)f](z,v)dzdu(v) = /V@(t,s,v) ( o f(y,v)dy> ().

Now, for fixed v € V, according to (B.7) one has

T

t t
/ X(1,v)O(r, s,v)dr = —/ g@(T,S,U)dT =1-0(t,s,v) fora.e. t > s.
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Thus,

/ @(t,s,m( Qvf(y,v)dy> duto) = [ ( Qvf(y,v)dy> dpu(v)

_/V </:E(T7U)®(T,S,U)d7' /QU f(y,v)dy> dp(v).

NUE ) fllor Ay cona o) = 121 AL wonA— o)

- / t ( /V z(T,v)@(T,s,v)< N f(y,v)dy> du(U)) dr (B.10)

One recognizes as above that, for any 7 € (s, t)

| sveeso ( A f(y,v>dy> ap(v)
— /VE(T,U)@(T,S,U) </ﬂ fla—(r— s)v,v)dx) dpu(v)

In other words,

= / Y(7,0)[U(7, s) fl(z,v)dzdu(v)
AgoooPA— oo

so that (B.10) becomes

/ (/ S(r,0)[U(7, s) fl(x, v)dmd,u(v)> dr
s At coNA_

= [ fllzras cena— o) = U@ ) fllLvay cona- o). (B.11)
In particular,

/ X(r,0)[U(r, 8) f](z,v)dedu(v) < oo for almost every 7 € [s, 00).
A oAt oo

This achieves the proof. O
The proof of Corollary 5.12 uses the above computations:

Proof of Corollary 5.12. The fact that U(¢, s) maps &, into 2(B(t)) for almost every ¢ > s
and that the mapping ¢t € [s,00) — B(¢)U(t, s)u is measurable is a consequence of the
previous Lemma exactly as for the proof of Proposition 5.6. Let us now prove (5.11). One
uses once again the representation provided by Remark B.4 which allows us to distinguish
between the three cases: f € L'(A_), f € LY(A_ o NA;)or f € LY (A4 oo NA_ ). One
uses the notations of Lemma 5.11. First, if f € L'(A_), for any (y,v) € T'_ integrating
(B.8) between with respect to ¢ over (s,r) (for some fixed r > s), one gets

/ vav(t)dt < Hym(s) - Hym(r)
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or, equivalently,
r oV (r(y,—v)—(t—s))
/ / X(t,v)0(t, s,v) f(y + rov,v)drg | dt
s 0

7(y,—v) oV (r(y,—v)—(r—s))
< / fly+rov,v)drg — / O(r, s,v) f(y + rov,v)dry.
0 0

Integrating now over I'_ and using (B.1) we get

/ ISOUE )l < Il — 100 9)f o).

Second, consider f € Ll(A_7OO N A.). According to (B.9) (and recalling the expression of
Qy.»(t) we directly get

[ 150U I on < Wl wony =[0G iaconny V> s

s

Finally, for f € L' (A4 oo NA_ ), (B.11) exactly means that

[ 15U I ms ) = 130 cone OO 1 iney V> 5

S

Summing up all these inequalities we obtain the desired result. O
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