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Abstract

Compactness in the space LP(0,T; B), B being a separable Banach
space, has been deeply investigated by J.P. AUBIN (1963), J.L. LI1ONS
(1961,1969), J. SIMON (1987), and, more recently, by J.M. RAKOTOSON
and R. TEMAM (2001), who have provided various criteria for relative
compactness, which turn out to be crucial tools in the existence proof
of solutions to many abstract time dependent problems related to evolu-
tionary PDE’s. In the present paper, the problem is examined in view
of Young measure theory: exploiting the underlying principles of “tight-
ness” and “concentration”, new necessary and sufficient conditions for
compactness are given, unifying some of the previous contributions and
showing that the AUBIN-LIONS condition is not only sufficient but also
necessary for compactness. Furthermore, the related issue of compactness
with respect to convergence in measure is studied and a general criterion
is proved.

Key words: Evolution problems, strong compactness in LP spaces, compact-
ness in measure, Young measures, tightness, concentration.

2000 Mathematics Subject Classification: 28A20, 46E30, 46N20.

1 Introduction and main results.

Let us consider a bounded family U of functions in LP(0,T; B), where B is a
separable Banach space and 1 < p < oc.

Compactness in finite dimension: a “strong concentration condition”.
When B is of finite dimension, then the celebrated theorem of Riesz-Fréchet-
Kolmogorov (see e.g. [4, Thm. IV.26]) says that U is totally bounded in
L?(0,T; B) if and only if

T—h

I}HI& lu(t + h) — u(t)||'dt =0 uniformly for u € U, (1.1a)
0
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i.e. there exists a (non-decreasing, concave) modulus of continuity w : [0, +00) —
[0, +00) with limy o w(h) = 0 such that

T—h 1/p
(/ lut+ 1)~ u(t)pdt) " <w(h) Yhe©.T), wetd.  (11b)
0

Usually, in several evolution problems, (1.1b) is provided by exhibiting a uni-
form estimate in W?(0,T; B) for the functions in U (in that case, w(h) =
hsup, ey || % ul|Loo,7.5)), O even in a Sobolev-Besov space of fractional order,
see e.g. [11], [12], [5]. Adopting a terminology which will appear more clear in
the sequel, we will refer to (1.1a,b) as the “strong concentration condition”.

Aubin-Lions Theorem in infinite dimension: a first “tightness con-
dition”. If the dimension of B is not finite, then condition (1.1a) is no longer
sufficient to ensure the relative compactness and some extra condition should
be imposed on U: roughly speaking, the idea is that the values of the func-
tions u € U should belong, in a suitable integral sense, to some compact set
of B, a property which we will call “tightness”, following a probabilistic ter-
minology. A general sufficient condition, which played a crucial role in the so
called “compactness method” for nonlinear evolution problems [11], was given
by J.L. Lions [10, Ch.IV, §4] (for Hilbert spaces) and J.P. AUBIN [1] (initially
for reflexive Banach spaces) by assuming that there exists another Banach space
A C B such that

the inclusion A C B is compact, U is bounded in LP(0,T; A). (1.2)

Remark 1.1. Tt should be remarked that, once (1.2) holds, in (1.1a) the norm
of B could be replaced by the weaker norm of any Banach space C' in which B
is continuously contained.

It would be interesting to know if Aubin-Lions criterion is also necessary for
the compactness of Y C LP(0,T; B): since it is easy to see that a compact set
U satisfies (1.1a), one has to find a suitable Banach space A C B such that the
functions of U take their value in A and (1.2) holds. We shall give an affirmative
reply to this question; first we recall the “integral” approach by Simon.

The integral characterization by Sitmon. J.SIMON [18] provided a com-
plete characterization of the compact sets in LP(0,T'; B), showing that it is
necessary and sufficient for I to satisfy (1.1a) and

¢
{/ u(s)ds :u € L{} is relatively compact in BVt € (0,T). (1.3)
0

Simon’s proof is a clever combination of Ascoli-Arzela compactness Theorem in
C°([0,T]; B) and of an approximation argument by convolution, which inherits
the integral compactness property of (1.3); convexity of the norm and linearity
of (1.3) play an important role. It is easy to see that (1.2) is stronger than
(1.3); on the other hand, (1.2) seems easier to handle in many applications (see
e.g. [11]), where it follows directly from a priori estimates involving the values
of u € U instead of their time integrals.



A characterization of compactness through a more general “tightness
condition”. So it is natural to wonder whether (1.3) can be replaced by an-
other (necessary and sufficient) condition closer to (1.2). In order to understand
in what direction we can generalize (1.2), let us rephrase it in a slightly different
form: we introduce the functional %, 4 : B — [0, +00]

Z A ifv € 4,
Fp.alv) = { +oo ifve B\ A (1.4)
It is easy to see that the sublevels of %, 4
{veB : %, a(v)<c}, ce€l0,+0), arecompactin B, (1.5)

and therefore %, 4 is lower semicontinuous. (1.2) is then equivalent to

T
sup/ Fp.a(u(t))dt < 4o0. (1.6)
ucl JO

A natural idea is to replace .#, 4 by a general integrand .# with compact
sublevels; more generally, we can consider a coercive normal integrand F :
(0,T)x B — [0, +o0] explicitly depending on the time ¢ also. If £ and B = B(B)
denote the o-algebras of the Lebesgue-measurable subsets of (0,7) and of the
Borel subsets of B respectively, we recall that % is a normal integrand if

F :(0,T) x B—[0,+00] is L ® B-measurable, (1.7a)
the maps v — F;(v) := F(t,v) are ls.c. for a.e. t € (0,T); (1.7b)

F is also coercive if
{v e B:.Z%(v) <c} are compact for any ¢ > 0 and for a.e. t € (0,T). (1.7c)

These conditions were introduced by E.J.BALDER [2] in developing a Young
measure framework for studying lower semicontinuity in optimal control prob-
lems; following [2, §2], we introduce the following notion:

Definition 1.2 (Tightness). We say that U is tight w.r.t. a normal coercive
integrand & satisfying (1.7a,b,c) if

T

S = sup/ F(t,u(t))dt < 4o0. (1.7d)
ueUd Jo

We say that U is tight in B if there exists a normal coercive integrand F for

which (1.7d) holds.

If we compare (1.7a,b,c,d) with the assumptions in (1.4, 1.5, 1.6), we can
see that there are no more convexity or homogeneity type constraints as those
yielded by the norm functional: actually, the link with (1.3) is no longer directly
available.

Remark 1.3. If the functions u € U are a.e. valued in a Banach space A C B
with compact embedding and if for a nonnegative l.s.c. function G : [0, +00] —
[0, +-00]

T
sup/ G([lu(®)][a) < 400, with lim G(s) = +oo, (1.8)
ueld Jo sT+oo

then it is easy to see that U is tight. Choosing, e.g., G(s) := 59, 0 < ¢ < 400,
we see that boundedness in L(0,T; A) always implies tightness.



Remark 1.4 (Measure-theoretic formulation of tightness). Definition
1.2 is strictly related to Prohorov’s Compactness Theorem for probability mea-
sures (see Theorem 2.8): we only remark that, at least in the case of a functional

Z independent of t, (1.7d) yields
Ve>0 JK.cCB: |{te(0,T):u(t)¢K.}<e Vuel. (1.9)
In fact, we can choose
K. ={veB: %) <S/e}, (1.10)

which is compact by (1.7c). Thus, definition 1.2 ensures that the function u € U
are uniformly compact-valued in a measure-theoretic sense. Conversely, if (1.9)
holds, then it is possible to find a coercive integrand % : B — [0, +00] such that
(1.7d) holds. Let us comment that (1.7d) could be easier to check than (1.9)
in many applications, where it could be directly obtained by proving integral a
priori estimates on the elements of U.

Our first result concerns a characterization of relative compact subsets in
L?(0,T; B) in which (1.3) can be replaced by (1.7d):

Theorem 1 (“Compactness=strong concentration+tightness”). A bo-
unded family U C LP(0,T; B) is relatively compact if and only if (1.1a) holds
and U satisfies (1.7d) for a normal coercive integrand .%. Moreover, if U is
relatively compact in LP(0,T; B), it is possible to choose an integrand

Z independent of t, convex, and satisfying

7 1.11
m (1;,) =+oo, F(v)>Fpalv) VYveEB, ( )
IollsT+oo |[v||'5

where A is a Banach space compactly embedded in B and %, 4 is defined by
(1.4).

Remark 1.5. Let us rephrase the last statement: if 4 C LP(0,T; B) is rela-
tively compact, then (1.1a,b) hold and there exists a Banach space A compactly
embedded in B such that the functions of I take their values (up to a negligible
set) in A and

T
sup [ Jul)|y dt < +oc. (1.12)
ueld Jo

This proves exactly the converse of the AUBIN-LIONS theorem.

The proof of Theorem 1 relies on the fundamental compactness and lower
semicontinuity result of parametrized (Young) measure theory: the idea is to re-
duce the problem of compactness in LP(0,T'; B) to the problem of compactness
with respect to convergence in measure, via some extra uniform integrability
estimate, as suggested by Proposition 1.7 below. In this approach, the “tight-
ness” condition (1.7d) (which, as we said before, generalizes (1.2)) allows us to
extract from every sequence in U a convergent subsequence in the (very weak)
sense of Young measures; (1.1a) will provide a further “concentration” property
for the limiting Young measure and the uniform p-integrability estimate !

lim sup/ lu(t)|, dt = o. (1.13)
[0 weu J g

Iwhere the limit is obviously restricted to Lebesgue measurable subsets J of (0,T) and |J|
denotes their Lebesgue measure.



The combined effect of concentration and p-uniform integrability yields strong
convergence in L?(0,T; B).

A different point of view: reinforcing weak convergence. The flexibil-
ity of the previous argument can be better understood by recalling the approach
of reinforcing weak convergence recently proposed by RAKOTOSON AND TEMAM
[15]: in order to guarantee the strong LP(0,T; B) convergence of the sequence
U := {u"}en they assume the Aubin-Lions “tightness” condition (1.2) (in the
particular case of p = 2 and of two Hilbert spaces A, B) and the uniform inte-
grability (1.13): they replace the “strong concentration condition” (1.1a), by a
different one of weaker type
Jw—lim u"(¢t) =u(t) fora.e. te(0,T). (1.14)
nT+oo
In this case the combined effect of tightness (1.2) and weak concentration (1.14)
provides the convergence in measure: if one assumes (1.13), strong convergence
in L?(0,T; B) can be deduced. Observe that in this framework (1.13) is no more
guaranteed by the other two assumptions.

It is then natural to ask if the extra assumptions (Hilbert structure, p = 2)
could be removed and substituted by the tightness condition (1.7d) and if (1.14)
could be weakened, too.

We will propose an answer to this question (see Theorem 1.15 later on)
and the proof of (the “sufficiency part” of) Theorem 1 by providing a general
characterization of compactness with respect to convergence in measure, which
is a subject of independent interest.

Compactness for the convergence in measure.

The topology of convergence in measure. Let us denote by M(0,T; B)
the space of strongly-measurable B-valued functions; we recall that a sequence
{u"}nen € M(0,T; B) converges in measure to u € M(0,T; B) as n | +oo if

aniinoo [{t € (0,7): [[u"(t) —u(t)|p > c}| =0 Vo>0. (1.15)

It is well known that
an a.e. converging sequence {u"},cn also converges in measure, (1.16)

whereas from every sequence {u"},en converging to u in M(0,T; B) it is always
possible to extract a subsequence {u"* }cn a.e. converging to the same limit .

It can be shown that M(0,T; B) is an F-space, i.e. its topology is induced
by a complete metric §, invariant by translations: e.g. if we set

dp(v,w) :=min{l, ||v — w||g} Vv,w € B, (1.17)
an admissible metric ¢ is given by

T
5(v, w) ::/0 dp(o(), w(t))dt Yv,w e M(0,T; B). (1.18)

It is not difficult to show that the bounded distance ¢ induces the convergence
in measure (see [7, 111.2, TV.11]).



By the Chebychev inequality, it is easy to see that LP convergence (resp.
compactness) yields convergence (resp. compactness) in M(0,7T; B). On the
other hand, the latter notion, though weaker, entails the stronger one if some
extra information of uniform integrability type is supplied.

Uniform integrability and weak L' compactness. We already recalled
that a subset & C LP(0,T; B) is p-uniformly integrable (or simply uniformly
integrable if p = 1) if (1.13) holds, or, equivalently, if

Ves0 36>0: VJC(0T) |J<d = sup/nu(t)ngdtga. (1.19)
ueld JJ

It is easy to see that boundedness in LP*¢(0,T; B) and the Hoélder inequality
entail p-uniform integrability for every € > 0.

Conversely, it is clear that uniform integrability implies boundedness in
L'(0,T; B); furthermore, in the case B := R, uniform integrability is equiv-
alent to weak compactness in the space L'(0,T), as stated by this fundamental
result:

Theorem 1.6 (Dunford-Pettis Criterion). Let V C LY(0,T). The following
conditions are equivalent:

1.V is (sequentially) weakly relatively compact in L*(0,T);

2.V is uniformly integrable;

3. There exists a positive, convex and super-linearly increasing function

G :[0,400) — R such that

lim Gls) =400, sup /T G(Jv(t)]) dt < oo. (1.20)
0

s—=o0 S veEV

(See e.g. [6, Th. 22, 25 Chap.III], [7, Cor. IV.8.11] and [8, Th. 4.21.2] for the
proof).

In general, the link between LP convergence, uniform integrability and con-
vergence in measure is precised in [7, Th.III.3.6]:

Proposition 1.7. On p-uniformly integrable sets the topologies of LP(0,T; B)
and of M(0,T; B) coincide. In particular, a set U C LP(0,T; B) is (relatively)
compact in LP(0,T; B) iff it is p-uniformly integrable and (relatively) compact
in M(0,T; B).

Remark 1.8 (Strong concentration yields uniform integrability). If
U C L?(0,T; B) is bounded and fulfills (1.1a), U is also p-uniformly integrable.
In fact, from (1.1a) we have

T—h p
lim Sup/ [t +n) 15— u(t) 15 dt = 0,
0

h—0 et

which implies, by the Riesz-Fréchet-Kolmogorov criterion, that {||u||g}ueu is
relatively compact in the strong topology of LP(0,T). Then it is easy to see
that {||ul|’;}ueu is relatively sequentially compact in the strong topology of
L'(0,T), hence uniformly integrable by the Dunford-Pettis criterion.



A “weak concentration” condition. We present now our main result on
compactness for the convergence in measure; as we briefly said before, we will
show that the right assumptions are the tightness condition w.r.t. a normal
coercive integrand as in Theorem 1 and a concentration condition substantially
weaker than (1.1a): more precisely, we will replace it by
T—h
lhi?ol ; g(u(t+h),u(t))dt =0, uniformly for u € U, (1.21a)

where the function g : B x B — [0, +00], which plays the same role of the
distance induced by the norm || - || 5, satisfies

g:Bx B —0,+00], g is lower semicontinuous, (1.21b)

and it should be connected to .# by some sort of compatibility conditions; more
precisely, denoting by D(.%#,) the proper domain of .%; (see (1.7b))

D(#) :={ve B:F(tv) < +oo},
we are assuming that
u,v € D(#), glu,v) =0 = wu=v forae te(0,T). (1.21¢)

It is clear that, if g is actually a distance, then (1.21c) is always verified, inde-
pendently of .%#.

Theorem 2 (Compactness in measure=tightness+weak concentration).
LetU be a family of measurable B-valued functions; if there exist a normal coer-
cive integrand (1.7a,b,c) # : (0,T) x B — [0,4+00] and a l.s.c. map g : Bx B —
[0, 4+00] compatible with .F in the sense of (1.21c), such that

T
U is tight w.r.t. F, ie. S:= sup/ F(t,u(t))dt < 400, (1.22)
weU Jo
and
T—h
lim sup / g(ult + h), u()) dt = 0, (1.23)
hl0 yeuy 0

then U is relatively compact in M(0,T; B).

Conversely, if U is relatively compact in measure, then U is tight w.r.t. a normal
coercive integrand % independent of the variable ¢ and (1.23) holds for any
bounded continuous (semi-)distance g on B (thus inducing a weaker topology
than the strong one).

Before showing some examples of possible applications of Theorem 2, let us
briefly discuss some straightforward extensions of the above results.

Extension 1 (From Banach to Polish (metric) spaces). Convergence in
measure and Theorem 2 are of metric nature, i.e. the linear structure of B is
irrelevant: it is sufficient to substitute each occurrence of terms like ||v — w]| g
by the distance dg(v,w); therefore, the statement of

Theorem 2 also holds if (B, dg) is a complete, separable metric space, (1.24)

a Polish space according to the probabilistic terminology. We will adopt this
more general metric point of view in the proofs.



Extension 2 (Unbounded intervals). Theorem 1 can be extended to un-
bounded intervals, e.g. for T = 400, simply by adding to (1.1a,b) and (1.7d) a
uniform “vanishing integral condition” at infinity as in the scalar case (see e.g.
[4, Cor. IV.27)), i.e.

—+oo
lim su u(t)||P dt = 0. 1.25
Jim sup [ )] (1.25)

Extension 3 (Dependence on multiple variables). Theorems 1 and 2 can
be rephrased in the case of B-valued functions defined in a bounded open sub-
set Q of some euclidean space R?, simply by modifying the (weak or strong)
concentration conditions in an obvious way. For instance, (1.1b) reads

/ lu(z +h) —u(@)||pdz <w(h) YheR: uedd,  (1.26)
Q|

where
Qpp ={z€Q: ylergf9|x —y| > |n[}.

Examples and applications

Example 1. Let B, C be separable Banach spaces, continuously embedded in
another Hausdorff topological vector space V'; we suppose that the norm of C'
is L.s.c. with respect to strong B-convergence, i.e.
v, € BNC, lim ||v, —v||p=0
nT+oo L.

. = v e, |v|e < liminf ||v,|le. (1.27)
liminf ||v,||c < +o00 ni+o0
nT+4oo

The following result is an immediate corollary of Theorem 2, in the same spirit
of Remark 1.1.

Theorem 1.9. IfU C M(0,T; BNC) is tight in B (def. 1.2) and satisfies the

strong concentration property in C, i.e.
T—h
lim sup/ lu(t + ) — u(®)||odt = 0, (1.28)
hl0 yeu Jo

then U is relatively compact in M(0,T; B); if U is also p-uniformly integrable
(1.19), then it is relatively compact in LP(0,T; B).

Example 2 (Transversality). Let L(t) : D(L(t)) ¢ B — C, t € (0,T), be
a measurable family of (possibly multivalued) closed operators between B and
another Banach space C.

Theorem 1.10. Let U C M(0,T;B) and V C M(0,T;C) satisfy

Vueld FveV: ot)e Lt)u(t) ae in (0,T), (1.29a)
U is tight w.r.t. some coercive normal integrand F , (1.29b)
V is relatively compact in M(0,T;C). (1.29¢)

If L and F fulfil a transversality condition, i.e. for a.e. t € (0,T)
up,ug € D(%#), Jw e Lt)us NLt)ue = ug = ug, (1.29d)

then U is relatively compact in M(0,T; B).



Remark 1.11. Let us recall that L is measurable if the global graph in (0,7") x
BxC

H .= {(t,u, v) €(0,T)xBxC:ve€ L(t)u} is £L® B(B) ® B(C) measurable.
In fact we could assume the following weaker condition:

{(t,u,v) €0, TYxBx K:Z(t,u)<c, vEeE L(t)u}
is £L® B(B) ® B(C) measurable, V¢ € [0,+00), VK CC C.

(1.30)

The closeness assumption on L(t) could be relaxed, too: in fact it is sufficient
for the “restriction” of L(t) on each sublevel of % to be closed, i.e. for a.e.
te(0,7)

(tUn, vp) = (u,v), sup F(uy) < +00, v, € L(t)u, = v Lt)u. (1.31)

Of course, if L(t) is a continuous family of continuous maps the above assump-
tions are satisfied.

If the operators L(t) are single-valued, then (1.29a,c) take the more readable
form

the set V := {t — L(t)u(t)} y is relatively compact in M(0,T;C). (1.32)
ue
As we shall see in section 4, this result is a simple consequence of Theorem
2 applied in the product space B x C.

Remark 1.12. Theorem 1.10 and its “weak” version 1.21 considerably ex-
tend the abstract theory developed in [14] and [17] in order to deal with some
non-trivial compactness problems arising in quasi-stationary phase field mod-
els. This kind of questions arose from the pioneering paper of Luckhaus [13],
who proposed a direct method for solving the Stefan problem with the Gibbs-
Thomson law (see also [20]); the original ideas of Luckhaus can thus be seen
as an alternative way (with respect to the standard Aubin-Lions approach) to
combine tightness and concentration principles to get compactness for evolution
problems. Nevertheless, Theorem 2 shows the common root of these apparently
different arguments. We refer to [17], [16], for other examples, applications, and
discussions of this and related subjects.

Example 3. Here we present an application of Theorem 2 to the framework
considered by RAKOTOSON-TEMAM in [15].

Definition 1.13. Let S be a subset of the dual B* of the separable Banach
space B; we say that S separates the points of B (or S is a separating set) if

veB, (wv)=0 Vw'eS = v=0. (1.33)

We say that S is a determining set for (the norm of) B if

[ol|s = sup{(w*,v} w8, [Jw||pe < 1} Vv e B. (1.34)



Remark 1.14. Of course, a determining subset is always separating; B* is
determining; if B = C* is the dual of another Banach space C, then C (or,
rather, the image of C' in B* = C**) is a determining set. If B = Z(E, F) is
the Banach space of all bounded linear operators between the Banach spaces
E, F then

S = {€€Z(E,F)’:€(A) = (f*,Ae) for some e € E, f* GF*}

is a determining set. 2(12) is a determining set of L!(2), Q being an open subset
of some Euclidean space. The Hahn-Banach Theorem shows that S C B* is a
separating set for B if and only if the vector space B := span(S) generated by
S is weakly* dense in B*.

Theorem 1.15. Let U C M(0,T; B) be tight (def. 1.2) and let us suppose that
{(w*, u):u € I/l} is relatively compact in M(0,T), Vw* €S, (1.35)

being S C B* a separating set as stated in (1.33). Then U is relatively compact
in M(0,T; B). In particular, if U is uniformly p-integrable, then U is compact
in LP(0,T; B), too.

Weak convergence

Example 4. The previous Example 3 shows an interesting link between strong
and “weak” convergence in measure: here we want to investigate the latter
aspect more carefully .

First of all, since the topology of weak convergence is not metrizable, we
would have to extend the notion of convergence in measure a little bit; in the
sequel we fix

a closed determining and strongly separable subspace B C B, (1.36)

and we will use the adjective “weak” referring to the weak topology o (B, Bj)
of B induced by Bj.

Definition 1.16. We denote by M, (0,T; B) the space of the function u :
(0,T) — B which are o(B, BY)-weakly measurable, i.e.

t— (w*,u(t)) is measurable in (0,T) VYw* € Bj. (1.37)

We say that a sequence {u"}nen o(B, Bf)-weakly converges in measure to u €

M, (0,T; B) if

lim (w*,u") = (w*,u) in M(0,T) Vw*e Bj.

nT+oo
Correspondingly, a setU C M, (0,T; B) is o(B, By)-weakly (sequentially) rela-
tively compact in measure if every sequence {u™}nen C U admits a subsequence
u™ weakly convergent in measure.

Remark 1.17. If B is separable and Bj = B*, then we are speaking of the
usual weak convergence; observe that by Pettis’ Theorem there is no difference
between weakly and strongly measurable functions.

10



The case B = C* and B = C corresponds to weak™ convergence (in this case
C' should be separable). Different choices are possible: e.g. if B = C(K), K
being a compact metric space, the choice

B = {¢ € C(K) — ¢(z), o € K}

induces the pointwise convergence.

Now we obviously extend the notion of tightness to weak topologies: for
simplicity, we are limiting our analysis to integrands independent of time.

Definition 1.18 (Weak tightness). We say that an integrand ¥ : B —
[0, 4+00] is weakly coercive if for every ¢ > 0

{veB: %((v) <c} are o(B, Bj)-compact for a.e. t € (0,T). (1.38)
U is weakly tight (w.r.t. the weakly coercive integrand F ) if
T
sup/ F(u(t)) dt < +o0. (1.39)
uel Jo

Remark 1.19. If B is a separable reflexive space and Bi = B*, then a func-
tional . is weakly coercive iff

| Il\le F () =400 forae. te(0,T). (1.40)
V|| T+oo

Correspondingly, U is weakly tight iff

Ve>0 3M.>0: [{te(0,7):||lult)lp>M} <e Yueld. (1.41)
Theorem 1.20. Suppose that a subset U C M, (0,T; B) is o(B, Bj)-weakly
tight and

{(w*, u) U € Z/I} is relatively compact in M(0,T), Vw* €S, (1.42)
S C B{ being a separating set for B; then U is (sequentially) o(B, By)-weakly
compact in measure.

Ezxzample 5 (Weak transversality and strong compactness). Let us con-
sider the framework of example 2, but now we suppose that L(t) : D(L(¢)) C
B — C, te€ (0,7), is a family of (possibly multivalued) strongly- weakly closed
operators, for a fixed determining closed and separable subspace Cj of C*: more
precisely, for a suitable normal coercive integrand % : (0,7) x B — [0, 40o0]
and a o(B, Bf)-weakly coercive integrand ¢ : C' — [0, +oc], for a.e. t € (0,T)

Up — u, sup Fi(uy) < 400,
" vy, € Lt)u, = v € L(t)u. (1.43a)

U = v, sup¥(v,) < +00
n
L is supposed to be measurable, in the sense that
{(tu,v) €(0,T)xBxC: Z(t,u)<c,9(w)<¢c, veE L(t)u}
is £ ® B(B) ® B(C) measurable, V¢ € [0, 4+00).

(1.43Db)

The interest here is that a concentration condition of weak type yields strong
compactness.
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Theorem 1.21. Let U C M(0,T;B) and ¥V C M,,(0,T;C) satisfy

Vueld FveV: wv(t)e Lt)u(t) a.e in (0,T), (1.43c)
U c M(0,T; B) is tight w.r.t. F, (1.43d)
V is weakly tight w.r.t. 4 and satisfies a condition like (1.42). (1.43¢)

If L and % fulfil the transversality condition (1.29d) then U is strongly rela-
tively compact in M(0,T; B).

Here is a typical case of application of the previous Theorem when C is a
separable reflexive Banach space:

Corollary 1.22. Let .7 : B — [0,+00] a coercive integrand with superlinear
growth and L : D(%) — C be an injective operator weakly continuous on each
sublevel of F, C being reflexive. Assume that a given sequence {u"}nen of B-
valued measurable functions satisfies an a priori estimate (independent of n) of
the type

T T
/ (Z@ ) + |Lam(t)]c) di < M < 400 / (& Lu" (), w*)| dt < C(u")
0 0

where w* is an arbitrary element of a separating set S C C*. Then there exists
a subsequence u™ strongly convergent in L*(0,T; B).

Plan of the paper.

As we mentioned before, the proof of Theorem 2 relies on some basic results of
infinite-dimensional Young measures theory. In order to make this paper more
readable and almost self-contained (at least for the statements of the main
properties we will use), we will present in the next section a brief summary of
this theory and of the related measure-theoretic results; of course, the expert
reader may skip this part without difficulty.

The proofs of Theorems 1 and 2 are developed in Section 3; the last section
4 contains the proofs of the applications of Theorem 2 and it relies on the
statement of Theorem 2 only, being therefore independent of sections 2, 3.

2 Preliminary results.

Notation. In the sequel, (B,dg) is a complete, separable metric space (Polish
space): in particular, a separable Banach space with the distance induced by
its norm. £ and B = B(B) denote the o-algebras of the Lebesgue measurable
subsets of (0,7) and of the Borel subsets of B, respectively, |J| is the Lebesgue
measure of a set J in L. The set of all Borel probability measures on B is
denoted by P(B).

L ® B is the usual product o-algebra in (0,7) x B. Recall that if a real
function ¢ defined on (0,7") x B is £ ® B-measurable, then each of its partial
mappings ¢t — ¢(t,v), v — @(t,v) is measurable on the corresponding factor
space. Conversely, if ¢ : (0,7) x B — R is a Carathéodory map [3], i.e. it
satisfies

t — @(t,v) is L-measurable Vv € B 2.1)
v — (t,v) is continuous for a.e. t € (0,7") ’

12



then ¢ is L& B-measurable. As we already said in the previous section, a positive
normal integrand is a

L ® B-measurable map ¢ : (0,7) x B — [0, 400] such that

2.2
o(t,-) is Ls.c. on B for a.e. t € (0,T). (2:2)

We will denote by C°(B) the Banach space of continuous and bounded real
functions defined on B.
Parametrized measures.

Definition 2.1 (Parametrized measures). A parametrized measure is a
family v := {vi}ieo,ry of probability measures in P(B), such that one of the
following two (equivalent) conditions holds

t€(0,T)— 1y(D) s L-measurable VD € B; (2.3a)

te (0,7) »—>/ H(&) dvy (&) is  L-measurable V¢ € C°(B). (2.3b)
B

We denote by Y(0,T; B) the set of all parametrized measures.

The following is a (enhanced) version of Fubini’s Theorem, adapted to fam-
ilies of parametrized measures [6, p. 20-II]

Theorem 2.2. Letv = {Vt}te(o,T) be a parametrized measure in B; there exists
one and only one measure (which we still denote by v) on L ® B such that

y(IxA):/ut(A)dt VIieLl, AeB, (2.4)
I

in particular
v(IxB)=|I| VIeL. (2.5)

Moreover, for every L ® B-measurable function ¢ : (0,T) x B — [0,+00] the
function

tr—>/ p(t,§)dv(§) is L-measurable, (2.6)
B

and the following extension of Fubini’s formula holds:

~ATWBﬂLQmﬁ£)AT(L¢@fMW@0ﬁ' (2.7)

Remark 2.3. To each measurable function u € M(0,T; B) is uniquely associ-
ated the parametrized measure {J, () }+c(0,7), Where for every w € B we denote
by &, the usual Dirac’s measure concentrated on {w}

1 ifweA
So(A):=4 "UEL yacp (2.8)
0 fwgA

Conversely, a parametrized measure v = {v; }4¢(0,1) is associated to a measur-
able function u if

the support supp(v;) is a singleton {u(¢)} for a.e. t € (0,T). (2.9)

13



Narrow convergence of parametrized measures. The identification of a
parametrized measure {v; };¢(o,r) with the measure v on E := (0,7") x B given
by (2.4) allows to introduce a topology on Y(0,T; B) simply by considering
the topology of the narrow? convergence of measures in E = (0,T) x B; we
reproduce both definitions below.

Definition 2.4. Let E be a Polish (i.e. separable, complete) metric space and let
{Vv"}nen, v be finite Borel measures on E. We say that v™ narrowly converges
to v if
tm_ [ s©an© = [ d©ale) veccB. @)
nl+oo J g E
In particular, when E = (0,T) x B, we say that a sequence of parametrized
measures V" = {v{' }ie0,m) € V(0,T; B) narrowly converges to v = {Vt}e(0,1)
if Vp € C((0,T) x B) (see (2.7))

lim W)= [ ptOdte. (21

nT+oo J(0,1)x B (0,T)xB

Remark 2.5. In the literature of control theory and Young measures, the space
of bounded continuous real functions on (0,7) X B is often replaced by the
space (of Carathéodory integrands) L'(0,T; C*(B)). Since these two topologies
coincide on parametrized measures, (as it is possible to verify using, e.g., the
approximation results contained in [3]), we prefer the previous simpler definition,
based on continuous test functions.

Remark 2.6. Of course, when v = {d,n ) }ie(o,r) are the Young measures
associated to the sequence u™ € M(0,T; B) as in Remark 2.3, then we write
u™ — v in Y(0,T;B) and (2.11) simply means that for every function ¢ €
C*((0,T) x B)

lim T@(t,un(t))dt:/OT(/ng(t,g)dz/t(g)) dt. (2.12)

nl+4oo 0

Observe that (2.12) implies that for every ¢ € C°(B)

o)~ [ o€ an(©) n 12(0.7). (213)
It is possible to show that this property is in fact equivalent to definition (2.4).

Lower semicontinuous and normal integrands. The following property
of narrow convergence plays a basic role for the application of Young measures
theory (see [19, Thm. 7]).

Proposition 2.7. Let E be a Polish space and let V™, v be finite measures such
that v™ — v narrowly. If ¢ : E — (—o00,400] is l.s.c. bounded from below, then

lim in /E 6(6) dv(€) > /E 6(€) du(€). (2.14)

nT+4oo

2Sometimes, the ambiguous term of “weak convergence” is also used.
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Analogously, if E = (0,T) x B with v™,v € Y(0,T; B) and v"* — v narrowly,
then for every nonnegative normal integrand ¢ : (0,T) x B — [0,400] (see

liminf/(O’T)XBLp(t,«f)dyn(t,f) 2/ o(t, &)dv(t,§). (2.15)

nl+oo (0,T)x B

Compactness. Let us first recall the fundamental Prohorov’s compactness
result for a tight family of measures [6, 72-1II]

Theorem 2.8 (Prohorov). Let E be a Polish space and let V be a family
of finite Borel measures on E such that v(E) is independent of v € V. V is
relatively (sequentially) compact w.r.t. the mnarrow convergence iff V is tight,
i.€.

Ve>0 dK.CCE: v(E\K;) <e Vve. (2.16)

Now we can state the related compactness result [2, Thm.1], which allows
to associate (at least one) parametrized measure to each tight sequence u" €
M(0,T; B).

Theorem 2.9 (Balder). Let u" € M(0,T; B) be tight w.r.t. a normal coercive
integrand (1.7a,b,c,d). Then there exists a subsequence u™ and a parametrized
measure V = {v; }yc 0,1y € V(0,T; B), which we call a Young measure associated
to u™, such that u™ — v as k | oo in the sense of (2.12); in particular, for
every nonnegative normal integrand ¢ : (0,T) X B — [0, +00]

lim inf /O ' ot u™ () dt > /0 ' ( /B w(t,g)@(g)) dt. (2.17)

k—o0

The link with the convergence in measure.

Lemma 2.10. Let u™,u € M(0,T;B), n € N, and let v™,v be the associated
parametrized measures. Then

u — uin measure & V" — v narrowly. (2.18)

In particular, if v = {Vi}ieo0,1) is the narrow limit of a sequence {u"}nen C
M(0,T; B), then u™ is convergent in measure iff vy is concentrated on a single-
ton for a.e. t € (0,T).

Remark 2.11. The statement above implies that if Y C M (0, T; B) is relatively
compact in measure, the set of the associated Young measures V is narrowly
(sequentially) compact in F = (0,7) x B, which entails, (here we refer to
Theorem 2.8) that V is tight in the classical probabilistic sense, i.e. it satisfies
(2.16), which is equivalent to (1.9) in terms of U.

Tensor products of parametrized measures. The following fiber-product
Lemma will be useful (see [19, Th. 13]).

Lemma 2.12. Let v' = {v!}icor) and v? = {V2}ieor) € Y(0,T;B) be
parametrized measures on B; then the formula

v=v'®v? yuy=vioy VYst)eQ:=(0,T)x(0,T), (2.19)
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defines a parametrized measure in Y(Q; B x B). Moreover, if the sequences
{vi"}en € V(0,T; B) narrowly converge to v asn T +oo fori= 1,2, then

v =v"@uv?" s v =v'@v? narrowly asn T 4oo. (2.20)

3 Proofs of the main theorems

Proof of Theorem 2: sufficiency.

Since M (0, T'; B) is metrizable, we can equivalently consider sequential compact-
ness; the tightness hypothesis and Theorem 2.9 allow us to extract from every
sequence {u" },en C U asubsequence u™* with generalized limit v = {v4 }1e(0,7)-
Invoking Lemma 2.10, in order to prove that u™* converges in measure, we
simply have to show that {v;}se(o,1) 95 concentrated in a point mass for a.e.
te(0,7).

Here are the main points to show this concentration property:

1. First of all, we show that the support of v, lies in the effective domain
D(F;) of Z#,
D(#) :={veB:Z(tv) <+oo}, (3.1)

- v(B\ D(#)) =0 forae. te(0,T). (3.2)

2. Starting from the weak concentration property (1.21a) and doubling vari-
ables we will end up with an integrated limiting form of (1.21a)

lim % /Oh /OT_U (//BXBg(v,w) Ao (V) ® dyt(w)) dtdo =0. (3.3)

3. Then we will pass to the limit in (3.3) obtaining

/OT (//BXBQ(W,w) dvy(v) dyt(w)> = 0. (3.4)

4. Finally, we combine (3.2), (3.4) and the compatibility condition (1.21c) to
see that
supp vy ® 14 is a singleton  for a.e. t € (0,7T). (3.5)

This property entails the analogous one for v4, concluding the proof.

Claim 1. We first apply (2.17) to the functional .# yielding the tightness, so
that:

T T
/ (/ y(t,v)dw(v)) dt < liminf F(t,u™(t)dt < S < +oo.
0 B

k—oo  Jo

Then
/ F(t,v)dv(v) < o0 for a.e. t € (0,T),
B

which implies that
F(t,v) < +oo for yi-a.e. ve B, forae. te (0,7T),
ie. (3.2).
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Claim 2. In order to show (3.3), let us set

T—o
7(h) := sup sup/ g(u"(t+o),u"(t))dt, with lim7(h)=0,
0<o<h n Jo h10

thanks to (1.23). Of course,

1

h T—o
. /O ( /O gt + a),u”(t))dt) do <7(h) YneN: (3.6

on the other hand, Fubini’s Theorem yields

I A . 1 ) )
E/O (/0 gu™(t+o),u (t))dt> do = h//Q(h)g(u (s), u™(t))dsdt

where Q(h) is the strip
h) = {(s,t) € x (0,T):t<s<t+h}. (3.7)

Since by Lemma 2.12 the couple (u™(s),u™ (t)) narrowly converges to {v; ®
Ut }s.teQq, We can apply (2.15) to the normal integrand

G(Sv t,v, w) = XQ(h) (87 t)g(v, ’LU)

%//Q(h) (//BXBg(v,w)d(us®1/t)(v,w)) ds dt

1
< liminf — // g(u"*(s),u"™* (t)) dsdt < 7(h).
h'JJqm

obtaining

k1400

A reverse application of Fubini’s theorem yields (3.3).

Claim 3. (3.4) follows immediately, if we show that

hrirlll})nf—/ /T i //BXB 0, W) AV (v) @ duy(w )) dt do
=[] swwann)

We fix € > 0 and observe that Fatou’s Lemma yields

T—o
hr}rlll})nf / / //BXB v, W) dvi4o (V) @ dvg(w )) dt do
T—¢
>
hI}ILlllOIlf / / //BXB V,W) Ay (V) ® dvg(w )) dt do
T—¢
>
hr}?llonf/ / //BXB 0, W) Ay he (V) @ dvg(w )) dt do
T—e¢
>
_/0 (IIIIILlll(Jnf/() //BXB 0, W) AV pe (V) @ dvg(w )) dt)d

17

(3.8)



We observe that, again by Fubini’s Theorem,

/oT E //BB 0,0) A0 (0) @ di(w) ) dt =
/OT e </ /g(%w) dut(w))dyt%a(v)) g
(/=

T—e
/ (1. 0)dvi 1 (1))
0
where
o(t,v) == /B 9(v, w)di (w), (3.9)

is a nonnegative normal integrand, in view of Lemma 3.2 below. Thus, by
Lemma 3.1 and Fatou’s Lemma we get

T—¢ T—e
o > o
hrf?ﬁ)nf/o (/Bgo(t,v) dvt+hg(v)) dt _/ hI}Illl})nf(/B@(t,v) dl/H_hg(v)) dt

>/OT_E (/B@(m) v (v)) dt:/OT_E (//BXBg(uw)dl/t(v)@ dvi(w) ) di

Since e > 0 is arbitrary, the Monotone Convergence Theorem yields (3.8).

Claim 4. Finally, we are showing that for a.e. t € (0,T) v; is a Dirac mass.
First of all, (3.4) reads that

/ g(&,n)d(ry @1)(&,m) =0 for ae. t€(0,7),ie
BxB (3.10)

(v ®ut){(§,77) € Bx B:g(&n) > 0} =0 forae. te(0,7).

The point here is that, since v; is concentrated on D(%;) and ¢ is “non-
degenerate” w.r.t. D(H#) for a.e. t € (0,T) (see 1.21c), vy ® vy is concentrated
on the diagonal set A of B x B, which allows us to conclude that the support
of vy is a singleton. As a matter of fact, let us suppose, by contradiction, that
supp(v¢), which is obviously non-empty, contains two distinct elements 1 # xo;
then there exist two disjoint open neighborhoods Ni > x1, Ny 3 x5 such that
that v (N;) > 0 for i = 1,2. Hence

(v @ 1) (N1 X Na) = vy (N1) vy (N3) >0
On the other hand,
(e @) (N1 X No) = (4 @) (N1 x NaoNA) = (1 @) (0) = 0.
which is absurd.

Lemma 3.1. Let v := {v;}icjo,r) be a parametrized measure on (0,T) x B,
and, for h > 0, let V" be the measure with disintegration {Vesntico,r—n), i.c.

Vh(JxA):/uHh(A)dt vJC(0,T—h), Je L, A€B.
J
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Then v — v narrowly as h | 0 on every interval (0,T"), T' < T. In particular,
for every nonnegative normal integrand

T T
imint [ [ o ganan@irz [ [ stom@a @)

Proof. For a fixed F € C*((0,T") x B) we have

lim P, 1.6 =ty | " ([ Foann©) ar

hi0 Jo,ryxB

= lim hmh (/B F(t—h, §)dut(§)) dt = /OTl (/B F(t,g)dut(§)> dt,

where the last limit easily follows from the continuity of F’ and the Lebesgue
Dominated Convergence Theorem. O

Lemma 3.2. Under the assumptions of Theorem 2, the function ¢ defined by
(3.9) is a normal integrand.

Proof. Let us first consider the case of a bounded continuous function g; then
¢ is a Carathéodory integrand (see (2.1)), since it is measurable w.r.t. ¢ (by
definition of parametrized measure, (2.3b)) and continuous w.r.t. v (as it is
immediately checked by the Lebesgue Dominated Convergence Theorem); in
particular ¢ is £ X B-measurable.

The general case of a l.s.c. function g can be easily recovered, since (by a well
known approximation result) we can find a non decreasing sequence of bounded
continuous functions g, : B x B — [0, 00) such that

g(&mn) = 1T1+m gn(&,m) =supgn(§,m) V(&) € B x B. (3.12)
nj-T0o0o neN

By the monotone convergence theorem, V(t,&) € (0,7) x B

so(t,ﬁ):/Bg(f,n)dut(n):anigloo/Bgn(&n)dw(n):ilég%(t,ﬁ)

which gives the desired conclusion, since ¢, is £ x B-measurable and continuous
w.r.t. & for a.e. t € (0,7). O

Remark 3.3 (Proof of Theorem 1: sufficiency). One of the implications
of Theorem 1 follows directly from Theorem 2: if U satisfies (1.1a) then, taking
account of Remark 1.8, U/ is uniformly p-integrable and, by Proposition 1.7, it
is sufficient to prove its relative compactness in M(0,T’; B), which is supplied
by Theorem 2.

Proof Theorem 2: necessity

Let 4 € M(0,T; B) be a relatively compact subset. By Remark 2.11 we know
that there exists an increasing sequence of compact sets {Kn}j;i% of B such
that

[{t € (0,T):u(t) € K,}| <27" Vuel. (3.13)
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We define

F(v):=min{neN:veK,}, with ﬁ(v):—&—ooifvg{UKn. (3.14)
neN

Z is l.s.c. and coercive, since its level subsets are exactly the compact sets K,,;
moreover

+oo +oo
Fv) = ZXKL (v) = ZnXKn\anl(v), where K| := B\ K, _1.
n=0 n=1

Finally, if u € U then

T +o0 ~+o00
/ Flut)dt =3 K] <3 27" < +oo,
0 n=0 n=0

ie. (1.22) is satisfied.
Let us now fix a continuous bounded distance g : B X B — [0,+00): we
want to show that (1.23) holds. As in (1.18) we set

T
dg(v, w) ::/O g(v(t),w(t))dt Yv,we M(0,T;B) (3.15)

and it is easy to see that J, is a continuous distance in M(0, T'; B); in particular,
U is relatively compact with respect to this metric. Let us fix vg € B; for a
given v € M(0,T; B) and h € (0,T) let us set

{vh(t) = o(t+h) ifte(0,T—h); (316)

h(t) == vy if t € (T —h,T)

and

T—h T
w(v;h) == 3,(v",v) = / g(v(t + h),v(t))dt +/ g(vo,v(t))dt. (3.17)
0 T—h

An easy variant of the well known property for integrable functions (obtained
via approximation by continuous functions) shows that

h+— w(v;h) is continuous in [0,T) Vv e M(0,T;B). (3.18)
Moreover,
lw(v1; h) —w(ve; h)| < 204(v1,v2) YVui,v2 € M(0,T;B), (3.19)

i.e. the functions v — w(v; h) are uniformly equicontinuous in M(0,T’; B). Since
U is relatively compact and they pointwise converge to 0 as h | 0, Ascoli-Arzela’s
Theorem yields uniform convergence and we can conclude that

lim sup w(u; h) = 0.
hl0 UEB ( )

20



Remark 3.4. By checking the previous construction (3.13)-(3.14), when B is a
Banach space we can always find a coercive integrand .# satisfying the following
additional properties:

F)>ZF0)=0, F(—v)=ZF(v) VveBDB, (3.20)
{veB:Z%(v)<c} isconvex Vec>0. (3.21)
In fact, if K, is a family of compact sets as in (3.13), we can consider the new

family A
K, := closed convex hull of (Kn U (—Kn)); (3.22)

K, is still compact and satisfy (3.13): thus we can define .7 as in (3.14) starting
from K.

Proof of Theorem 1: necessity.

We are now supposing that B is a (separable) Banach space. First of all we
recall a useful application of the Lebesgue Dominated Convergence theorem |9,
p. 22]

Lemma 3.5. Suppose that, for n,k € N, we are given Zy i, Z, € B, 2 1, 21 €
[0, 4+00) with

aniJIrnoo Zny =2y strongly in B, aniJIrnoo Znk =2k, | Zngll < Zn k.
If
400 +0o0 +0oo +o00
ani_Igloo 2 Znk = kz::lzk < +oo then aniPOO 2 I = kz_:l 7. (3.23)

We need the following auxiliary result, which is well known when ¢ maps B
in a finite dimensional space [2].

Theorem 3.6. Let B be a separable Banach space, F B — [0, +00] be a

coercive integrand (i.e. with compact sublevels) such that

a
im 20 o (3.24)
ollt+oo ]|

If S C P(B) is a family of probability measures with

S = sup/ F () du(v) < +00, (3.25)
pnesSJB

then S is narrowly (sequentially) compact. For every continuous function ¢ :
B — B such that

@l _ .
S%p 1+ o] < 400, (3.26)
the map
pes =2 = [ o) duto) (3.27)

is strongly continuous w.r.t. the narrow convergence in S.
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Proof. Since Z has compact sublevels, S is tight according to (2.16) by the
Chebychev inequality: compactness of S then follows by Prohorov’s Theorem
2.8. (3.24) and (3.26) yield

pes = [ Iw)ldut) <+
B
so that (the Bochner integral) (3.27) makes sense.

Claim 1: if ¢ : B — R is continuous and at most linearly increasing then
= / @(z)du(z) is continuous in S.
B

In particular, Z s weakly continuous. We fix a sequence p, € S narrowly
converging to u € S and we define for ¢ > 0

5 () = p(v) +F V), ¢-(v) = p(v) —eF (v).

Thanks to (3.24), since ¢ is linearly increasing, ¢, is u.s.c. and bounded from
above, ¢° is l.s.c. and bounded from below. It follows from Proposition 2.7 that

liminf/ d(v) dpn (v) Zliminf/ % (v) dpn (v) — S
nT+4oo B nT+oo B

> [ 0y dnw)=e5> [ 60 duto) e

and analogously

limsup [ 6(0)dian(0) < limsup [ 6.(0) dpa(v) + =5
nl+4oo B nT+4oo B

< /B 6-(v) dpu(v) + 8 < /B 6(v) du(v) + 5.

Being ¢ arbitrary, we conclude. Finally, choosing ¢(v) := (w*, {(v)), w* € B*,
we deduce that Z is weakly continuous.

Claim 2: if ¢ is bounded then Z is strongly continuous. Let us suppose that

sup [|¢(v)[ = C' < +o0;
veEB

we want to show that Z(S) is (strongly) relatively compact in B; by the previous
Claim, this would entail the strong continuity of Z.

Being B complete, it will suffice to show that Z(S) is totally bounded: we
fix £ > 0 and we choose

K.ccB: u(B\K.)<e/2C VupeS.

Of course

<e/2 VpeS. (3.28)
B

| cwrinw - | <) (o
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On the other hand, if H. is the closed convex hull of {(K.), H. is compact and
it is well known that

C(v)du(v) e H. YuesS. (3.29)
K.

Thus we can cover H. by a finite collection of balls { B, /o(2;)}i=1,...n of radius
¢/2; it follows from (3.28) that {B.(x;)}i=1,..~ is a finite covering of Z(S);
being € arbitrary, we conclude.

Claim 8: Z is (strongly) continuous for every ¢ satisfying (3.26), i.e. if u, € S
is narrowly converging to u € S then

lTlin Z(pn) = Z(u) strongly in B. (3.30)

Let us fix a continuous partition of the unity {¢y ()} on [0,+00) such that

supp i C [k — Lk +1], ¢r(2) >0, > ¢u(x) =1 Yz €[0,+00). (3.31)
We set

Cr(v) = dr([lv])¢(v), so that ¢(v ch ,  C} is bounded on B.

Therefore
+oo
Z (in) ZZk (1), with  Zg(uy) : /Ck )dpn(v) VneN.
k=1

Since by the previous Claim

lim Zy(pin) = Zi(p),
m Zy(pin) = 21 (1)

we simply have to show that it is possible to invert the order of the limit and
the summation in the formula

li Zy(pon
nTlJIrnoo Z (sin)
We apply Lemma 3.5, choosing Z,,  := Zi(un) and

Znk :=/Bdm(llvll)llé’(v)l\dun(v), Zk :=/Bqﬁk(\lvll)llé'(v)lldu(v)-

Of course h}rn Zn,k = 2z and, by Claim 1, in view of (3.26) as well, we have

nggnmzznk— i [ 6@ () = [ e@lduco sz
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The following lemma is a standard result of convex analysis:

Lemma 3.7. Letp € [1,+00) be a fized exponent and suppose that G : [0, +00) —
[0,400) is a l.s.c. function satisfying the p-growth condition

1/p
fim GO _ g G76) (3.32)
sT+oo SP sT+oo S
There exists a conver super-linearly increasing function G : [0, +00) — [0, 400)
such that
: G(s) _ A P
lim =400, G(s) > (G(s))" Vse[0,+00). (3.33)

sT+oo S

Proof. Condition (3.32) is equivalent to

—Gp(a) = ;rzlf(’)(Gl/”(s) —as) > —oco Va>0.

Observe that, by definition,
as —Gy(a) < GY?(s) Va,s>0; (3.34)

thus we define

G(s) = (ngltj) (as — Gi(@))

which is clearly convex, (G(s))p < G(s) by (3.34), and

. o
iming € s fmint 79D S va s,
sT+4o0 S sT+o00 S

so that (3.33) holds. O

Now we can conclude the proof of Theorem 1. Let us suppose that U
is a relatively compact subset of LP(0,T;B). Since (1.1a) is well known, we
must show that there exists a Banach space A compactly embedded in B and a
convex functional .Z satisfying (1.11) such that U is tight w.r.t. Z.

Claim 1: U is tight w.r.t. a coercive integrand FP : B — [0,400] such that

1< F(0) =mip () < +00, F(-v)=F(0) VveB,
A ; (3.35)
F0) = oz YoeB, lm 29— 4o
loliT+oo 0]

Theorem 2 and Remark 3.4 provide an integrand ¢ : B — [0, +00| with compact
sublevels such that

T
“(0)=0, Y(-v)=%() VYveEB, sup/0 GP(u(t)) dt < +oo.

ueU

Moreover, since

{||u||p tu € U} is compact in L(0,T),
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the Dunford-Pettis Theorem 1.6 and Lemma 3.7 yield an increasing convex
function G : [0,4+00) — [0, +00) such that
A . G(s) T
G(s) > s, lim =400, sup GP (lu(t)|| ) dt < +oo. (3.36)
uel Jo

sT+oo S

The functional . A
Z(v) = g(v)—i—G(HvHB) +1 (3.37)

is coercive and satisfies the required condition (3.35).

Clatm 2: U is tight w.r.t. FP, where F = l.s.c. convex envelope of ﬁ, 18
coercive, convex, and satisfies (3.35).
More precisely we set

F(v) := inf { /B F(w)dp(w) : p € P(B), /dey(w) = v}. (3.38)

Observe that, whenever .#(v) < 400, the infimum in (3.38) is in fact a mini-
mum, thanks to Theorem 3.6 applied to {(w) := w. It is then easy to show that
Z is convex, symmetric with respect to the origin, and, by Jensen inequality,

G(lvllp) < Z(v) < F(v) VveB,

so that .7 satisfies (3.35) and U is tight w.r.t. % as well. It remains to show
that the sublevels of .7 are strongly compact. Let us fix ¢ € [0, +00) and let us
set

S:= {u € P(B): /Bj(w) dp(w) < 0}7 Z(u) = /deu(w).
Since
{veB: Z(w)<c}=2(S),

being S compact and Z strongly continuous, we conclude.

Claim 3: let us set
. 1
lvlla := )1\r>1% Xﬁ()w% A:={veB:|v|a < +oo}. (3.39)

Then A is a normed vector space with norm || - ||a continuously embedded in B
and Fp 4 < F.

Let us first observe that if v € A\ {0}, the coercivity property of .# ensures
that the infimum in (3.39) is attained. |- || 4 is symmetric (being .# symmetric)
and homogeneous of degree one:

1
|loav|| 4 = min —% (aAv) = @ min
A>0 A

a5 — .
min (a)\)J(a)\v) =alv[la Ya>0

moreover, since 0 € D(Z) and Z(v) > ||v||B

104 =0, vlla=[lvllz VveB. (3.40)

Let us check the sub-additivity of ||- || a: we are given v1,v2 € A\ {0}, A1, A2 >0
with 1
loilla = +F i) i=1,2;

(3
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then, for

_ _ _ A A
A= AT sothat/\—1+)\—2:1,

we have

1 1 A A

<= ==
Hvl + 'UQHA < )\ﬁ()\(vl + 7}2)) 3 ()\ Avr + " )\21}2)

1/ A

5 (52 an) + £ o)) = [lunlla+ sl
It follows that (A, | -[/4) is a normed vector space.

Claim 4: the unit ball of A is compact in B; in particular the map v — ||v||4 is
l.s.c. in B.
Let us take a sequence v, € A\ {0} and A\, € [1,+00) such that

1

We can always extract a subsequence (still denoted by v,,, A,,) such that

3 lim A, =X € [1, 4]
nT+oo

We have now to distinguish two cases: if A < 400 then

sup .Z (Apvy) < +00 (3.42)

and therefore there exists subsequences vy, , A,, such that

lim A, vp, =v in B, sothat 3 lim v, =uv/\
kT+o00 k1400

Moreover, by the lower semicontinuity of 7,

1
lolla < ﬂ()\v) < lim inf F (A Un,,) < 1.

T+O<> Nng

If A = +o0 let us call £ :=liminf, 14 ||vn ] B; if € > 0, then

P ||>\nvnHB j(>‘7lvn) . . ||)\nvn||B . ”w”B
¢ = liminf <liminf ——= < limsup ——
nl4oo ﬁ()\nvn) An T nl+oco y()\n’l)n) - ”w”BT+I; ?(w)

:0’

which is absurd; therefore ¢ = 0, i.e. there exists a subsequence v,, converging
tov=01in B.

Claim 5: A is complete. Let {v,}neny € A be a Cauchy sequence w.r.t. the
norm || - ||, i.e.

lim |lv, —vm|la =0, which in particular implies  sup |[v,||a < +o0.
n,m7T-+oco n

Then v,, is a Cauchy sequence in B and therefore it is strongly convergent to
some element v € B. Being v,, bounded in A, the lower semicontinuity of || - || 4
yields v € A and

lim sup ||v, — v]|a < hmsuphmlnf |vn, — vmlla < limsup ||v, — vm|la = 0.
nT+oo nT+oo n,m7-+oo
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4 Proof of the examples

Theorem 1.9 is a direct consequence of Theorem 2; let us consider the second
example.

Proof of Theorem 1.10 Since V is relatively compact in M(0,T;C), it is
tight, i.e. there exists an integrand ¢4 : C' — [0, +o00] with compact sublevels,
such that

T
sup / G(v(t)) dt < +o0, (4.1)
veV JO
and
T—h
lim sup/ de(v(t+ h),v(t))dt = 0. (4.2)
hl0yey Jo
We set

F(t,u)+9(v) ifve Lt)u,

. (4.3)
+00 otherwise

H(t,u,v) = {
which is a normal coercive integrand in (0,7) x B x C thanks to (1.30) and
(1.31). Let us now choose a sequence {uy ey in U and a corresponding sequence
{Un}nen in V such that v, (t) € L(t)u,(t) for a.e. t € (0,7T), and observe that
the sequence (uy,,v,) is tight in B x C, since

T T T
/ H(t,un(t), v, (1)) dt = / F(t,un(t))dt +/ G (v, (t)) dt
0 0 0
is uniformly bounded w.r.t. n. Moreover, setting

g((ur,v1), (ug,v2)) :=de(vi,v2)  V(u,v1), (u2,v2) € B x C

g satisfies (1.21c¢) with respect to S and (1.21a) by (4.2). Therefore we can
extract a subsequence u,, converging in M(0,T;B): we conclude that U is
relatively compact.

Proof of Theorem 1.15 First of all, let us observe that (1.35) holds if w*
belongs to the linear space span(S) generated by S as well, and, in particular,
if w* belongs the the intersection Sy of span(S) with the closed unit ball of B*.
It easy to check that Sj is a separating set, too.

Since the closed unit ball of B* endowed with the weak* topology is compact
and metrizable, Sy is totally bounded with respect to the distance which induces
the weak* topology and it is also separable.

Thus we can choose a countable set Sy := {w},en weakly* dense in Sp:
again Sy separates the points of B. We set

+oo
g(u,v) :== Z 27" min (1, (wy,u — v>‘)
n=1

g is a continuous and bounded distance on B; moreover, setting

T—h
wn(h) = sup/ min (1, | (w?, u(t + ) — u(t)]) dt, (4.4)
ueU Jo
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the proof of the necessity statement of Theorem 2 shows that

wn(h) <T, lﬂ%wn(h) = 0.

Since

T—h ~+00
/ glult + h),u(t) dt < 3 2w, (h) Yueld,
0 n=1

the Lebesgue Dominated Convergence Theorem for series yields

T—h +00
lim sup/ glu(t+h),u(t))dt <lim » 27"w,(h) =0.
0

hl0 hlO
10 weu ln:l

Applying Theorem 2 again, we conclude.

Remark 4.1. It is easy to check that Theorem 1.15 still holds if we know that
and S separates the points of the linear space generated by D(F), where % is
a coercive functional such that

T
sup/ F(u(t)) dt < +o0.
ueU JO

Weak convergence The key ingredient of the proofs of Theorems 1.20 and
1.21 relies in the following result.

Theorem 4.2. Let B a Banach space, let B§ a determining and strongly sep-
arable closed subspace of B*, as in (1.36), and let S C B be a vector space
separating the points of B. Then there exists a separable Banach space B and
a (countable) subset Sy C S such that

B is continuously and densely embedded in B, (4.5a)
bounded sets of B are totally bounded in B, (4.5b)
o(B, BY)-weakly compact sets are strongly compact in B, (4.5¢)
Sy C B* separates the points of B, (4.5d)
My (0,T; B) € M(0,T; B). (4.5¢)

Proof. Let us call U the closed unit ball of B and U* the dual unit ball of B;
we choose a countable subset Dy C B which is strongly dense in U* and a
countable subset Sy of S which is strongly dense in S N U*: Sy separates the
points of B. Being Dy, Sy countable, we can order the elements of their union
in a sequence, so that

D:=DyUSy = {w;‘n}meN, So = {w:nk}kEN (4.6)

for a suitable subsequence k — my € N; we set

+oo
loll g = 27wy, ). (4.7)
m=1
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It is easy to check that || - || 5 is a continuous norm on B: we denote by B the
completion of B w.r.t. this norm and we identify B with its continuous (dense)
image in B. Observe that

U, u € U, lTlin |lup —ullg =0 < ITIEI (W) = (wy,,u) VmeN
(4.8)

so that the map

w €U wi={Uptmen € [~ 1L, 1N, wp, i= (w),,u)
is an homeomorphism between U and w(U) with respect to the distance in U
induced by || -|| 5 and the topology of u(U) induced by the compact metric space
[~1,1]N. Being the image u(U) relatively compact, U is totally bounded (and
thus separable) with respect to || - || 5; since UpennU is dense in B, we obtain
that B is separable.

(4.8) shows that on B-bounded sets || - || 5 is continuous with respect to
the (B, Bg)-weak topology: therefore, since o(B, Bf)-weakly compact sets are
bounded, they are also strongly compact in B.

If w* =wy,, €S for some k € N, then

[(w*,v)| <2™|lv]|lz VveB

so that w* can be uniquely extended by continuity to an element of B*.
If u € My (0,T; B) then (4.7) yields

t— ||lu(t) —v||g is measurable Vv € B;

being B dense in B, then the previous map is measurable even if v € B, so that
u € M(0,T; B). O

Corollary 4.3. With the same notation of the previous Theorem 4.2, let us
suppose that U C My, (0,T; B) is o(B, By)-weakly tight w.r.t. F; then it is
(strongly) tight in B w.r.t. the functional
A ZF(0) ifveB
F@)= {70 HoeB (49)
+oo  ifv € B\ B.

If a sequence u™ € U converges to u in M(O,T;B) asn T +oo, then u(t) € B
for a.e. t and u™ o(B, Bf)-weakly converges in measure to w. In particular, U
is (B, Bf)-weakly sequentially relatively compact if and only if it is (strongly)
relatively compact in M(0,T; B).

Proof. The only non trivial part is the assertion about the convergence of the
sequence u". We know that

T T
sup/0 9(u"(t))dt:sgp/o F(u"(t))dt < 4o0.

n

Observe that the sublevels of F are strongly compact in B ,1.e. F is strongly co-
ercive on B; therefore {u™},cn is tight in B. We can find a suitable subsequence
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u™ such that

leiin [u"*(t) —u(t)] =0 a.e. in (0,T), (4.10)
T T
/ F(u(t))dt < 1;1€rTn+inf F(u™(t)) dt < 4o00. (4.11)
0 < Jo

(4.11) shows that
u(t) e B fora.e. t e (0,7),

in particular, we can change u on a negligible set, so that its values belong to
B. (4.10), the density of Dy in U* and the determining property of Bf yields

t— (wu(t)), t— |lut)||p are measurable Vw* € Bj,
so that u € M,,(0,T; B). We want now to prove that
(w*,u™) = (w*,u) in measure YVw* € Bj.

For a fixed w* € B§ and an arbitrary element w}, € D (to be chosen later on)
we observe that

| (w*, u™ () —u(t)] < |lw* —wp 5= (Ilu™ @)l s+ 1wt 5) +[(wy,, u™ () —u(®))]-
For a given € > 0 we can find M > 0 such that (here | - | denotes the
{te 1) Ju(®)llp + Ju(t)p > M}| < /2

and m € N such that ||w* — w3, |
ko such that

B~ < e/M; finally, by assumption, there exists

’ﬁE(QTwa%umﬁyfwﬂﬂ>QQH<sﬂ Vi > ko
Combining all these estimates we conclude that for k > kg
{t e O.7): |fwum (1) — u)| 2 e} <e

which yields the convergence in measure. O

Proof of Theorem 1.20 It is not restrictive to suppose that S is a linear
space. We denote by .# the functional yielding the tightness of U; let B, So
be defined as in the previous Theorem 4.2, Z as in (4.9): by Corollary 4.3, we
have to show that U is relatively compact in M (0, T} B) But now we can apply
Theorem 1.15, taking account of Remark 4.1.

Proof of Theorem 1.21 Let 4 : C — [0,400] be the (weakly) coercive
functional yielding the tightness of ¥/, and let C’, So be given by Theorem 4.2;
the extended functional & : ' — [0, +00] is defined as in (4.9).

By Theorem 1.20 and Corollary 4.3, we know that V is relatively compact in
M(0,T; C’) Then we can proceed as in the proof of Theorem 1.10, by setting

F(t,u) +9 () ifve L),

400 otherwise;

H(t,u,v) ::{

(1.43a), (1.43b), the tightness of F and 4 yield that .# is a normal coercive
integrand on (0,7) x B x C.
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