GRADIENT FLOWS OF NON CONVEX FUNCTIONALS IN HILBERT
SPACES AND APPLICATIONS
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ABSTRACT. This paper addresses the Cauchy problem for the gradient flow equation in a Hilbert
space

{u’(t) + Bep(u(t)) 3 f(t) a.c. in (0,T),

u(0) = uo,

where ¢ : # — (—o0,+00] is a proper, lower semicontinuous functional which is not supposed
to be a (smooth perturbation of a) convex functional and 9;¢ is (a suitable limiting version of)
its subdifferential. We will present some new existence results for the solutions of the equation
by exploiting a wvariational approrimation technique, featuring some ideas from the theory of
Minimizing Movements and of Young measures.
Our analysis is also motivated by some models describing phase transitions phenomena, leading
to systems of evolutionary PDEs which have a common underlying gradient flow structure: in
particular, we will focus on quasistationary models, which exhibit highly non convex Lyapunov
functionals.

1. INTRODUCTION AND MAIN RESULTS

The aim of this paper is to study the existence and the approximation of strong solutions of
the gradient flow equation

u'(t) + Oep(u(t)) o f(t) a.e. in (0,7T),

(GF) u(0) = uo,

associated with the limiting subdifferential 0y¢) : # — 27 of a proper and lower semicontinuous
functional ¢ : S — (—o0, +00] defined in a (separable) Hilbert space 7 with scalar product (-, -)
and norm | - |; D(¢) := {v € # : ¢(v) < 400} will denote the proper domain of ¢.

The limiting subdifferential 0y¢ is obtained by taking a sequential strong-weak closure in ¢ x 7
of the graph of the Fréchet subdifferential O¢, which is the (possibly multivalued) operator defined
for every v € D(¢) by

(1.1) p(v) i= {€ € A 1 6(w) = 6(v) — (,w —v) Z ojw —v]) asw - v},
where the above Landau’s notation should be understood as
(1.2) limint 20— 60 Z(Ew=0) o

w—v |w — v

Thus, a vector £ belongs to the limiting subdifferential d,¢ at v € D(¢) if there exist sequences
(1.3) v, & € such that &, € 0o(vy), vy, — v, & — &, supd(v,) < +0o0 asn T +oc.
neN

As usual in multivalued analysis, we will denote by D(9¢), D(9¢¢) the proper domains
(1.4) D(9¢) :={v e A :0¢(v) # 0}, D(0eg) :={ve A :0p(v)+#0}.
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Before discussing the motivations for introducing and studying this kind of subdifferential oper-
ators (see [25], [33], and the monograph [37, Chap.VIII], where analogous notions are introduced
for different purposes) and the related evolution equations, let us first recall the well-established
theories that cover some simpler situations.

The convex case: existence and regularity. When ¢ is conver, the Fréchet (and the lim-
iting) subdifferential coincides with the usual subdifferential of convex analysis, and it can be
characterized by

(1.5) £€dplv) & veD(©@), ow)—ov)—({E,w—v)>0 Ywe L.

Since ¢ is lower semicontinuous (1.s.c., in the sequel), taking the strong-weak closure of the graph
of 0¢ in S x H# does not modify it, since

(1.6) U =0, & =&, & € 0P(vy) = € € 09(v), sothat Oy = 0¢.

It is well known that 9¢ is a (possibly multivalued) mazimal monotone operator; existence, unique-
ness, and regularity of the solution of (GF) follow from the well-known theory developed by Ko-
MURA [24], CRANDALL-PAzY [18], BRrEzIs [11]: we refer to the monograph [12]. In particular,
if

(DATA) ug € D(¢), f e L*0,T; ),

then the solution u belongs to H'(0,T; ), for a.e. t € (0,T) its derivative
u'(t) is the projection of the origin on the affine hull aff (f(t) — 0¢(u(?))),

7 thus realizes the minimal section principle: u'(t) = (f(t) — 8¢(u(t)))o,

where for every subset A C 7 we set

(18) affA::{Ztiai:ai€A, t; € R, thz].},

(1.9) Ali= jnt lel, A7 = {e A:lel = 14T}
moreover, u satisfies the energy identity
T T
(1.10) o) + [P de= oluo) + [ (70w 0,
0 0

which is an immediate consequence of the Chain Rule
if we HY0,T;5¢), ¢ € L*(0,T; ), £(t) € ¢(u(t)) for a.e. t € (0,T)

(1.11)
then ¢ouec AC(0,T), Lo(u(t)) = (&(t),u/(t)) for ae. t € (0,T).

The convex case: approximation. Approximating (GF) by the implicit Euler scheme

Ur — Un—l
(1.12) U2 = uy, %—%BQS(UIL) SF" n=1,...,N,

is one of the possible ways of proving the above results, and provides a useful constructive method

which is interesting by itself: here 7 > 0 is the time step with N7 =T, F" are suitable approxi-
mations of the values of f in the interval ((n — 1)7,n7], e.g.,

(1.13) = l/m f(t) dt,

T J(n-1)7

N

and the sequence {U”},_;

assigned value of UY.

If we denote by U, (t) the piecewise linear interpolant taking the value U™ at t,, several kinds
of more and more refined estimates of the error |u(t) — U, (¢)| could be derived, starting from
the pioneering ones of CRANDALL-LIGGETT [17]: we mention [12, Cor.4.4], the optimal a priori
estimates of [4, 40, 41], and the optimal a posteriori estimates of [34] for even non uniform meshes.

is uniquely determined by solving (1.12) recursively, starting from the
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In our case, assuming for simplicity ¢ > 0, it is possible to prove the uniform Cauchy estimates
(see [34])

T

(114) s [0 (1) — U (O <37+ ) (oCua) + [ 1))
te[0,T] 0

thus showing that the family of functions U, is uniformly convergent to a continuous function u

as 7 | 0. Note that (1.14), the discrete energy estimate analogous to (1.10)

T

Uk _ Uk—l 2 N Uk _ Uk—l
TI | < glug) Y (EE, T,

T
k=1

(1.15) oU) +7Y

k=1

T

and the strong-weak closure of the graph of d¢ (1.6) are the main ingredients to show that the
uniform limit u of U, as 7 | 0 belongs to H'(0,T; 5) and is the (unique) solution of (GF).

Quadratic perturbations of convex functions. The previous results extend (up to an ex-
ponential factor, which modifies the constant in (1.14)) to A-convezx functionals, i.e., quadratic
perturbations of convex functions satisfying

A
(1.16) IA>0: v p(v)+ §|v|2 is convex.

Of course, in this case the characterization (1.5) of the Fréchet subdifferential is affected by A,
namely

A
£€00(r) & wveD(9), dw) =) - (§w=-v)>-Tjw—vf YweH,
which shows that in the A-convex case we can always choose the infinitesimal term o(r) := —%7’2
in (1.1); of course, this characterization degenerates as A 1 +oc.
It is not hard to check that any function ¢ which admits the representation

(1.17) d(v) = Y1 (v) —a(v), with ) convex, 1)y € CH1 (),

satisfies (1.16), simply by taking as A the Lipschitz constant of the (Fréchet) differential Du)o;
further, (1.17) yields the decomposition

(1.18) 9¢(v) = 91 (v) — Dipa(v) Vv € D(99).

C! perturbation of convex functions. When ¢ is not a quadratic perturbation of a convex
function any more, things become remarkably more difficult. It was one of the main achievements
of the theory of Curves of Maximal Slope, developed in a series of papers originating from [20]
and culminating in [29] (but see also the more recent [15] and the presentations [1, 3]), to partially
extend the previous existence results to the case in which ¢ admits the decomposition (1.17),
where 15 is now simply of class C*(H), provided f = 0 and ¢ satisfies the coercivity /compactness

property

(comp) 7. >0: v P(v) + lv]*>  has compact sublevels.

2Ty
In this case, the approximation algorithm (1.12) has to be rewritten in a variational formu, ob-
serving that (1.12) is in fact the Euler equation associated with the functional

1
(1.19) O(r, 7 UFT5 V) = [V = UP T 0(V) = (F7, V).

Then, (1.12) is replaced by the variational iterative scheme

I are known,

U? := uy is given; whenever U},... U~
(1.20)

find Ur € o ®(r, Fn, UL, UM < ®(r, FM,UP1 V) VV € 72,
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which a fortiori also yields a solution U of (1.12), since for every functional 1 in C(J#), the
Fréchet subdifferential obeys the usual calculus rules

9(¢ + ¢)(v) = 0p(v) + DY(v) Vve A,

(1.21) vo minimizes ¢ + 1) in A = vo € D(9¢), I¢(vo) + Dip(vg) > 0.

This variational approach has been independently applied to different kinds of problems (see e.g.
[26], [22], [30]), and has been proposed (in an even more general formulation) as a possible general
method to study Gradient Flows in [19] (see also the lecture notes [1] and [3]).
Unlike the convex framework, solutions to (1.20) are not unique, in general: in any case, we
call discrete solution any piecewise constant interpolant U, of a sequence of discrete values solving
(1.20), i.e., U,(t) :== U™ if t € ((n — 1)1, n7]. Following [19], we say that
u is a generalized Minimizing Movement associated with the scheme (1.20) if there
exist a subsequence 7, | 0 and a corresponding family of discrete solutions U,
such that

(1.22) leiEloo U, (t)=u(t) ins#, Ytel0,T].
We denote by GMM(®; ug, f) the collection of the generalized Minimizing Move-
ments starting from ug and with forcing term f.

In order to recover information on the time derivative of the limit functions, we will also often
consider the piecewise linear interpolant U, of the values U.

Although it is not easy to present a short overview of the wide and complex set of assumptions
considered in [29], following [1] we observe that the crucial assumption of their approach is the
strong-weak closure of the graph of (0¢, ¢) in S x S x R, i.e.,

fn € ad)(vn)y n = ¢(vn)

1.23
(1.23) Uy =0, §p =&, T =T

} = §€ aqj)(v)a r= d)(v)?
which in particular yields dy¢ = 0¢. Under (1.23), they prove that for each choice of ug € D(¢)
satisfying (DATA), GMM(®; ug,0) is not empty and that its elements are solutions of (GF).

Note that (1.23) yields three crucial properties for dy¢, which are somehow hidden in the proof
of the existence result in [29]:

Oy is convex-valued:
(conv) Oep(v) is a closed convex subset of #, Vv € D(0¢p).
Chain rule: If v € HY(0,T;5¢), ¢ € L*(0,T; ) with £(t) € 9pp(v(t)) for a.e. t € (0,T),
and ¢ ov is a.e. equal to a function ¢ of bounded variation, then
(CHAINY ) %gp(t) = (£(t),'(t)) for a.e. t € (0,T).
Continuity of ¢ along sequences with equibounded slope:

(CoNT) Up — U, SUp (|8°¢)(1}n)|, (b(vn)) <400 = o(v,) — o(v) asn | +oo.

Remark 1.1. We stress once again that if ¢ is A-convex, i.e., it fulfills (1.16), then it also
satisfies (1.23) and therefore (CONV,CHAIN7,CONT); moreover, the chain rule holds in the stronger
formulation (1.11).

A more general situation. In this paper, we will show that general existence results can be
proved even when only one of the two assumptions (CONV) and (CHAIN{) is supposed to hold;
(conT) will play a complementary role, which will be discussed in each situation. In particular, we
can consider functionals whose Fréchet subdifferential is not strongly-weakly closed in the sense
of (1.23). Actually, the (strong-weak) closedness of ¢ may fail even for simple one-dimensional
functionals, as in the case of (cf. also (2.14,2.17) later on)

(x+1)2 z<0,
(x—1)2% z>0,

= min{;(aﬂ—k 1)2, %(x - 1)2}.

W= W=

(1.24) H =R, ¢z):= {
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It is easy to check that d¢(x) is reduced to a singleton for x # 0, while 9¢(0) is empty, so that
¢

NN

F1GURE 1. The potential ¢ of (1.24) is not subdifferentiable at = = 0.

obviously ¢ differs from its closure dy¢ at x = 0, which turns out to be non convezx. In turn, note

99 co(9r)

o)
a4 ~ T/ '

FIGURE 2. Fréchet, limiting, and convexified subdifferential of ¢

that ¢ cannot be decomposed as in (1.17), even if 15 is required to be only of class C' (7).

As we will see in Example 2, this real function provides the simplest one-dimensional caricature
of infinite-dimensional Lyapunov functionals arising in quasistationary models for phase transi-
tions. In spite of its triviality, it captures two main features, which are typical in those evolution
models: the presence of anti-monotone jumps and non convex sections in the graph of dy¢. This
lack of convexity is a serious difficulty, since in such a general setting only weak convergence
properties are available for the time derivatives of any family of approximating solutions to (GF).

We will see in Example 2 that even in the finite dimensional situation, the convexification of
0¢¢ (e.g., in the present case, at = 0) is often not acceptable, since solutions of the easier relaxed
formulation do not solve, in general, the original one.

We postpone a detailed presentation of some other significant examples to the next section,
while here we are going to present our main abstract results. First of all, we state some natural
and general compactness conditions which guarantee that GMM(®;ug, f) is not empty. Recall
that U, will denote the piecewise linear interpolant of the discrete values {U?}_ .

Lemma 1.2 (Compactness). Let us assume that

¢ H — (—o0,+00] s proper, lower semicontinuous, and
(comp)

7. >0: v P(v)+ |v|*>  has compact sublevels,

2Ty
and the data satisfy

(DATA) ug € D(¢), f € L*0,T; ).
Then, there exists a constant C > 0 (independent of T) such that
(1.25) U=l Lo 0,:0) + 10l Lo 0,750y < C
(1.26) sup 6(T) < C,
[0,7]
(1.27) 1T 220,100y < C, Uz = Ur|lLos0.10¢) < CVT,

for every 0 < 7 < 7,./10. In particular, GMM(®; ug, f) is not empty and every u € GMM(®; ug, f)
belongs to H(0,T; 7).
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The case of a convex-valued limiting subdifferential. Here the main assumption on ¢, be-
sides the compactness one (COMP), is the convexity of the values of 9y¢ (CONV): indeed, conditions
(coMP) (cONV) are sufficient in order to prove that every u € GMM(®; ug, f) is a solution of (GF)
and satisfies a natural Lyapunov-like inequality, which holds in a stronger form when also (CONT)
is verified.

Theorem 1 (Lyapunov solutions). Let us suppose that ¢ : I — (—o0,+00|, ug, and f satisfy
the assumptions (COMP) and (DATA) of the compactness Lemma 1.2, so that GMM(®; ug, f) is
not empty. If

(conv) 0pd(v) is a convex closed subset of S for every v € D(0p¢),

then any uw € GMM(®; ug, f) is a solution to (GF) satisfying the Lyapunov inequality
(1.28)

/ t (3@ + 3l@rou(o) - £0)°F) do+oult) < ofu)+ [ (o)l (@) do VEe(0.T)

Moreover, if ¢ complies with the additional continuity assumption (CONT), then there exists a
negligible set N' C (0,T) such that

(1.29) [ (5P + 3l@rotu(on - fl0))°?) do + tuto)

§¢(u(8))+/ (f(o),u'(0))do Vte (0,T), se(0,t)\N.

Remark 1.3 (Lyapunov inequality). By (1.29), ¢ o u satisfies the Lyapunov inequality in the
distributional differential form

(130)  Sotu(t) < 5l ~ @) — O+ (@)W @) i Z0,7)

and there exists a real function of bounded variation ¢ > ¢ o u, which coincides with ¢ o u a.e. in
(0,T), satisfying (1.30) a.e. in (0,7). When f =0, (1.30) reduces to

L otu(t)) < 5 WP oo < /(0] - 0] in 7(0,7),

which is the key point of the metric approach to gradient flows proposed by E. DE GIORGI (see
the discussion in [3, Chap. 2]). In particular, the map t — ¢(¢) is non-increasing on (0,T). This
fact justifies the name of Lyapunov solutions, introduced by S. LUCKHAUS [26] for a particular
model which can be considered in this more general framework, see Example 5 later on.

The case of a limiting subdifferential satisfying the Chain Rule. Let us now assume that
¢ satisfies the Chain Rule condition (CHAIN;), namely

if v e HY(0,T; ), £ € L*(0,T;5¢), € € 946(v) a.e. in (0,T),
and ¢ ov is a.e. equal to a function ¢ of bounded variation, then

%(p(t) = (£(t),v'(t)) for a.e. t € (0,T).

(CHAINY)

Theorem 2. Let us suppose that ¢ : S — (—o00,+00|, ug, [ satisfy the assumptions (COMP) and
(DATA) of the compactness Lemma 1.2, so that GMM(®; ug, f) is not empty. If the Chain Rule con-
dition (CHAIN7) and the continuity condition (CONT) are satisfied, then every u € GMM(®;ug, f)
is a solution in H(0,T; ) of (GF), it satisfies for almost every t € (0,T)

(1.31) u'(t) is the projection of the origin on the affine hull aff (f(t) — Oed(u(t)))
(1.32) and fulfills the minimal section principle u'(t) = (f(t) — egp(u(t)))®,
as well as

(1.33) f(t) —u'(t) belongs to the strong closure of d¢(u(t)) in A x H.
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Finally, the energy inequality

(1.34) / ! (0)]2 dor + S(u(t)) < B(us)) + / (f(0),u(0)) do

holds ¥Vt € (0,T), s € (0,t) \N, N being a negligible subset of (0,T), and ¢ o u coincides a.e. in
(0, T) with a function ¢ > ¢ ou of bounded variation satisfying

(1.35) %gp(t) = f|u'(t)|2 + (f(t),u'(t)) a.e. in (0,T).

Remark 1.4 (Affine projection and minimal section). Notice that we have retrieved the
minimal section principle (1.32) (in the even stronger formulation (1.31)) in this non convex case

as well: even if f(t) — Opp(u(t)) in general is not convex, u'(t) is its unique element of minimal
norm for a.e. t € (0,7).

In both the previous Theorems, the Lyapunov/energy inequalities (1.29) and (1.34) hold almost
everywhere, and even though the pointwise differential identity (1.35) holds, we cannot exclude
that the distributional derivative of ¢ — ¢(u(t)) is not absolutely continuous with respect to the
Lebesgue measure. Thus, the functional ¢ can have essential negative jumps along the solution
u. This phenomenon can be circumvented, if we reinforce our Chain Rule condition (CHAIN;) a
little bit, mimicking the statement (1.11) for convex functionals. In this way, we can also avoid to
assume the continuity condition (CONT).

Theorem 3 (Energy solutions). Let us suppose that ¢ : A — (—o0,+00|, ug, f satisfy the
assumptions (COMP) and (DATA) of the compactness Lemma 1.2, so that GMM(®;ug, f) is not
empty.
If ¢ satisfies the following stronger Chain rule condition
ifve HY0,T; ), € € L*(0,T;.5), € € 940(v) a.e. in (0,T),

and ¢ o v is bounded, then pov € AC(0,T) and

L o(u0) = 0. (1) for ae. te(0.T),

then, every u € GMM(®; ug, f) is a solution in H*(0,T; 3) to (GF), fulfilling the affine projection
property (1.31), the minimal selection (1.32), the strong closure property (1.33), and the energy
identity

t t

(1.36) / [u'(0)|? do + ¢(u(t)) = p(u(s)) —|—/ (f(o),u/(0))ds  Vs,t: 0<s<t<T.
Finally, if {Tx} is a decreasing sequence as in (1.22), we also have

(1.37) U, = in L20,T50), ¢(Ur, (1)) = d(u(t)) Vtel[0,T],  askTco.
Remark 1.5 (WH(0,T) versus AC(0,T)). If ¢ complies with a slightly weaker form of (CHAINS),
ensuring that gov € W11(0, T) instead of pov € AC(0,T), then the previous Theorem 3 still holds,

but the energy identity (1.36) and the convergence (1.37) of ¢(U., (t)) hold for every s,t € [0, T|\N,
N being a negligible subset of (0, T].

(CHAINg)

Remark 1.6 (The metric theory). In a purely metric setting, the role of a suitable chain rule
has also been discussed in [3]: actually, the theory developed therein could also be applied to our
situation in the case of a constant source term f. On the other hand, here we take advantage
of the linear structure of J# and we combine some ideas of the Minimizing Movements approach
with the flexibility of Young measures, obtaining more precise information in the limit.

(Dominated) concave perturbations of convex functionals. We conclude this introductory
section with a direct application of Theorems 2 and 3, which shows that even in the cases of
(dominated) concave perturbations of a convex functional we can still prove an existence result
for the associated Gradient Flow equation. This result extends the range of application of the
theory of curves of maximal slope and, as it will be clear from the following Examples 4 and 5,
this class of functionals allows for several interesting applications to phase transition problems.
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In fact, we will prove that the class of functionals to which Theorems 2 and 3 apply is closed
by dominated concave perturbations. Thus, we will focus on functionals ¢ admitting the decom-
position

¢ =11 — 12 in D(¢), with
(1.38) 1 D(¢) — R Ls.c. and satisfying (CHAIN{ o),
V2 : co (D¢) — R convex and Ls.c. in D(¢), D(9gth1) C D(0v2),

where co (D¢) denotes the convex hull of D(¢); we shall see that the (corresponding) chain rule
(CHAIN7 2) holds in this case as well, provided that the concave contribution of the term —q is
somehow controlled.

Theorem 4. Let ¢ : H — (—o0,+0] be a functional admitting the decomposition (1.38) and
satisfying the compactness assumption (COMP) of Lemma 1.2. If

VM >0 3p<1,7>0 suchthat  sup || < pldjahr(u)|+~
(1.39) £2€0%a (u)
for every u € D(9pth1) with max(é(u),|ul) < M,

then ¢ satisfies the (corresponding) Chain Rule property (CHAINT 2).
We postpone the proof of the above results to Section 4.

Remark 1.7 (Kato’s condition). Let us point out that condition (1.39) is analogous to a
condition, proposed in [12, Chap. II], which ensures that the sum of two maximal monotone
operators is still maximal. In the linear framework, this corresponds to the well known KATO’s
condition ensuring the closedness of a perturbation of a closed operator [23, IV, Thm. 1.1].

Remark 1.8 (Equivalent norms). The choice of the norm |- |z in (1.39) is not essential:
Theorem 4 still holds if we consider another equivalent (even non hilbertian) norm in .

Remark 1.9 (¢1,1%2 convex). (1.38) and (1.39) are slightly simpler when 11,9 are convex: in
fact, (1.38) reads as

¢ =1 — s in D(¢) with
1,12 : D(¢) — R Ls.c. and convex, D(9¢1) C D(0v2),

whereas in (1.39) the limiting subdifferential of ¥; coincides with the Fréchet subdifferential 011 .
In this case, ¢ satisfies the chain rule (CHAIN) in the stronger formulation of Remark 1.5.

(1.38")

Plan of the paper. In the next section, we discuss some examples of ordinary differential in-
clusions and PDE’s systems, which motivate our interest for the gradient flow equation (GF). In
particular, Example 2, though finite dimensional, will clearly illustrate the difficulties arising from
the lack of convexity and, hence, the role of our variational approach.

The classical variational formulation of the Stefan problem (Example 3) is then briefly recalled,
mainly to point out the role of the dual Sobolev space H1(£2) and to introduce the basic struc-
ture of the functional ¢ which is common to the other more complicated models, discussed in the
last two examples. The fourth one presents new general results for quasistationary phase field
models, extending previous contributions of [35] and [43]; the last example deals with the Stefan-
Gibbs-Thomson problem and shows how to retrieve S. LUCKHAUS’ theorem as a consequence of
the abstract theory. One of the most interesting point, here, is the unifying approach which is
provided by the gradient flow point of view (see also [Rossi-Savare-Rendiconti-Lincei]).

The third Section collects two technical tools, which will be essential in the proofs of the main
theorems: the fundamental theorem for Young measures in Hilbert space with respect to weak
topologies, and their interplay with more refined forms of the Chain Rule properties (CHAIN 3).

Section 4 is devoted to the proof of our main abstract results. It is divided in some parts,
each one focusing on a particular aspect which is of independent interest. Refined estimates for
the stationary problems (1.20) and for their evolutionary counterparts, the introduction of a new
“variational interpolant” of the discrete values, the asymptotic description of the limits and their
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energy inequalities in terms of Young measures, and the Chain Rule are the main points of the
argument.

Finally, in Section 5 we present new general results for diffusion problems with quasi-stationary
non monotone relations, which cover all the examples discussed in Section 2 and can be applied
to many different situations.

2. EXAMPLES
2.1. Finite dimensional examples.

Example 1 (Anti monotone differential inclusions). Let us consider the following Cauchy
problem for an anti-monotone differential inclusion in 7 := R?

{x’(t) —A(z(t)) 20 t>0,

@1) 2(0) = @0,

where A : R4 — 28" ig a cyclically monotone (multivalued) operator such that

(2.2) A(x) is non empty and compact for every z € R?, and
(2.3) §n € A(Tn), op—w, 6 —§ = €€ A(n),

i.e., A has closed graph in R? x R?. This problem was addressed in [10] where the local existence
of a solution to (2.1) is obtained by means of an explicit discretization technique; if A is linearly
growing at infinity, the solution is also global. Similar ideas have also been applied in a much
more general context in [15].

A gradient flow approach. Let us assume this linear growth condition, and let us introduce a
proper, ls.c., and convex function v : R? — R such that [36, Thm. V.24.8]

(2.4) 0 # A(x) C o(z) Vo e R4

In particular, D(z)) = R%, 1 is locally Lipschitz, and it grows at most quadratically as |z| T 4-oc:
thus, Theorems 3 and 4 (applied to the functional ¢ := —1: note that the chain rule (CHAIN2) holds
trivially for —1), since 9 is convex and 9y(—1) C —0v), yield the existence of a global solution to
the gradient flow equation (GF), which is also a solution to (2.1), since it is not difficult to check
that

(2.5) o(—)(z) C —A(z) Vre R
Indeed, since A is closed in R? x R%, (2.5) is a consequence of
(2.6) I(—y)(z) C —A(z) VYa € R

To this aim, we note that a vector £ belongs to 9(—v)(z) iff ¥ is differentiable at  and
—0¢(x) = {=D(x)} = {¢}.
Now, (2.4) yields A(z) = {Dvy(z)} for every x € D(0(—)), and thus (2.6) is trivially satisfied.

Remark 2.1. The previous argument also shows that —dy(—1) provides the minimal closed
multivalued map among those satisfying
(2.7) A(v) C OY(v) YveHA; D(A) D {v: is differentiable at v}.

Example 2 (Differential equations and non monotone couplings). Let F,G € C!(R?) be
two given functions satisfying

—00, liminf G)

= +OQ
X|T+oo  |X]

liminf ——

Jult+oo |ul
We consider the following system in the unknowns u, X : [0, +00) — R¢, where an ODE is coupled
with a (possibly) non monotone relation

2.8) { u'(t) + VF(ult)) = x(t) + (1),
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It is interesting to note that (2.8) can be interpreted as the gradient flow equation associated with
the functional

(2.9) ¢(u) := min (F(u) + G(0) — (u,0)) = F(u) — G*(u),

oc€R4

where G*(u) := sup,epra(u,0) — G(0) is the (convex) Legendre-Fenchel-Moreau transform of G.
In order to show this fact, we first observe that the nonlinear relation VG(X) = u is the Euler
equation associated with the minimization problem

(2.10) given u € R?, find x which minimizes o — G(0) — (o, u);

since G has a superlinear growth, the set M (u) of the solutions of (2.10) is not empty, and we can
rewrite (2.8) in the more restrictive formulation

(2.11) u'(t) + VF(u(t)) € M(u(t) + £(2),

which is the differential inclusion associated with the operator v — VF(u)—M (u). It is immediate
to check that the Fréchet subdifferential d¢(u) is single-valued in its domain and

dd(u) = VF(u) — M(u) Yue D).
Suppose in fact that & € d¢(u): if x € M(u) and v € R? we have that
(VF() = X,v =) > F(v) = F(u) + ofjv = u)) = (x,v — )
= F(v) + G(x) = (x,v) = (F(u) + Gx) = (x,w) +oflv — ul)
> 9(v) — ¢(w) + of|v — ul) = (&0 — u) + offv  u])

as v — u, and therefore ¢ = VF(u) — . Since the graph of M in R% x R? is closed, it is immediate
to check that a weaker form of this relation extends to the limiting subdifferential of ¢, i.e.

(2.12) E€dp(u) = €E=VF(u)—x forsome x € M(u),

so that a solution of the gradient flow (GF) for the functional ¢ defined by (2.9) also solves (2.11)
and (2.8).
Since 0G*(u) is the closed convex hull ©6 (M (u)) of M (u), we have

(2.13) Orp(u) C VFE(u) — M(u) C@o(VF(u) — M(u)) = VF(u) — 0G*(u),

which shows that J,¢(u) contains all the extremal points of the convex set VF (u) — 0G*(u). On
the other hand, since ¢ is given by the difference of the C'' function F and the convex function
G*, with
XE€EMu) = xe€dG(u),

it is easy to check that ¢ satisfies the chain rule condition (CHAIN2): therefore an application
of Theorem 3 provides the existence of an energy solution of (2.11) and there is no need to
convexifying the evolution operator.

We can check directly in the following particularly simple one-dimensional case that (2.8) cor-
responds to a non monotone differential inclusion, whose convexification would introduce spurious

solutions which do not solve the original problem (2.8). For, let F(u) := iu? u € R and
G(X) == £x* + V(X), where V : R — R is the (piecewise quadratic) double well potential
(X+1)? x<-3, 20x+1) X< -3,
(214) V) :=4q¢-xX*+1 |x/<3, with derivative V(X)) = ¢ —2x x| < 31,
(x=1?2 x> 3, 20x —1) x> 3.

In this setting, (2.8) reads

(2.15) {“'(t) +u(t) = x(t) + f(1),



GRADIENT FLOWS OF NON CONVEX FUNCTIONALS IN HILBERT SPACES AND APPLICATIONS 11
1% V'
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FIGURE 3. The potential V and its derivative

which is a drastic one-dimensional caricature of the PDE model of Example 4 later on. Notice
that the map X — G’(X) = V'(X) + X is not monotone. Thus, the inverse g := (V' +1)7! is a
multivalued function, and (2.15) is equivalent to the differential inclusion

(2.16) u'(t) + ult) — g(u(t) 5 f(#),

associated with the non monotone multivalued map u — h(u) := v — g(u).

g h

— A

~ L

/

FIGURE 4. The graphs of the (multivalued) maps g = (V' +I)"'and h=1—¢g

In this case, the functional ¢ is given by

(2.17) ¢(u) = min (;uz + 102 + V(o) — UU) = 1(3161]% (;|u —o)* + V(a)) ,

g€eR 2

which has the analytical expression of (1.24) and provides a variational selection M (u) of X in
g(u), given by the minimization problem

(2.18) find X € R which attains the minimum in (2.17)

where u is considered as a given parameter.

FIGURE 5. The graphs of M (u) and h(u) = u — M (u)

Therefore, coupling (2.15) with (2.18) yields the differential inclusion
(2.19) u'(8) + u(t) = M(u(t)) = u'(t) = h(u) 3 f(t),
whose solutions also solve the previous (2.16), since the variational principle (2.182 has in fact

selected suitable branches of g and h. Instead, the convexification of the values of h (by adding
the vertical segment [—2/3,2/3] at u = 0), would destroy this property.
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Remark 2.2. Systems like (2.8) arise naturally from the formal limit as € | 0 of a time relaxation
in the second equation, e.g. ex’(t)+VG(x(t)) = u(t). In the non monotone case, one should expect
that hysteresis occurs in the limit (see e.g. the discussion of [46, Chap. X] and the approaches
proposed in [48] and [30]). Here, we are neglecting these non local effects: our variational selection
principle (2.10) always forces X to jump towards an absolute minimum of the map v — G(v)—{u, v).

The next examples, arising from some models for phase transitions, exhibit a similar structure
in infinite dimensional spaces.

2.2. The gradient flow structure of some quasistationary models for phase transitions.
Before developing the main applications of our results to quasistationary phase field models, let
us first examine the well-known example of the H ~! formulation of the classical Stefan problem,
see [14, 11].

Example 3 (The Stefan Problem). We consider the boundary value problem for the evolution
PDE

Ou —AB(uw)=f inQx(0,T),
(2.20) Bu)=0 on 9Q x (0,7),
u(z,0) = uo(x) in Q,

where ) is an open bounded and connected subset of R™, f: Q x (0,7) — R, and
Bu):=@w-1)"-(u+1)", uwekR.

By adopting the usual convention of identifying a real function (z,t) — v(z,t) defined in Q2 x (0,7
with the time dependent function ¢ — vy = v(+, t) with values in some function space defined on €2,
(2.20) can be interpreted as the gradient flow in the space 5 := H ~1(2) of the convex functional

blu) = {fﬂj(u(x))dx if u € L3(Q),

(2.21) oo ifue H-1(Q)\ L*(Q),

where j is the primitive of 3, i.e.,

J) = 5l ~ )12, weR

J(u) Blu)

FIGURE 6. The potential j and its derivative /3

In order to understand the role of the space H~1(Q2) and to highlight the gradient flow structure
of (2.20), we first consider the realization of —A with homogeneous Dirichlet boundary conditions
as unbounded operator in L?(Q) and, by inverting it, we rewrite the Stefan equation as

(_A)flatu_k%zo in Q x (OvT)7
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where g—i = [(u) is the first variation of the integral functional ¢. It is then natural to introduce
the scalar product

(u,v) = ((_A)iluaU)L%Q) = (u, (_A)ilv)Lz(Q)v

2.22
(2:22) with the induced norm  |ul? := ((—A) " u, u)

LQ(Q);
it is well known that we can identify the completion of L?(2) w.r.t. this norm with the space
A = H-1(Q), and the operator —A can be extended by continuity to an unbounded operator
A:D(A) C # — A with D(A) := H}(DQ).

It is useful to rephrase (2.20) by introducing the function

X = u— B(u);

in the applications, w is the internal energy of a physical system (occupying the region ), un-
dergoing a solid-liquid phase transition in the time interval (0,7"), while X is an order parameter,
yielding the local proportion of the two phases (here we are normalizing all the relevant physical
constants) to 1.

By inverting the Laplace operator in this setting, (2.20) becomes
(2.23) A ot u=x+A'f in Q x (0,7),
(2.24) X +sign ' (x) > u in Qx(0,7),
whose formal structure looks like (2.8); here, the (multivalued) map sign~! is defined as
(=00, 0] ifx =-1,
0 if-1<z<1, =zel[-1,1],
[0, +00) ifx =1,

sign™! () :=

and it is the (convex) subdifferential of the indicator function Ij_; iy,

Iy qy() = {

We may easily check that the functional ¢ (2.21) admits the variational representation

(2.25) ¢(u) == min F(u,0), F(u,0):= /Q <;u —of? +I[_171](0)> dzx.

0 if-1<z<l,

+o00  otherwise.

c€L?(Q)

In this case, the map x ~— X + sign™*(x) is monotone and the minimization problem (2.25) is
convex in o, so that there is no difference between (2.24) and X € argmingz o) % (u,-). From the
mathematical point of view, the interest of the less direct representation (2.23)-(2.24) of (2.20)
is that several quasistationary phase field models are obtained simply by replacing the indicator
function Ij_; ;) in (2.25) by more complex non convex functionals, which in some sense force X to
stay near the extreme points —1 and 1 of the interval.

Example 4 (The quasistationary phase field model). An alternative model for solid-liquid
transitions is the quasistationary phase field system:

(2.26) ou—Alu—x)=f in Qx(0,7),

2.27 —eAX—l—é(X?’—x):u—X in Q x (0,7).

(2.27)
(2.27) is the Euler-Lagrange equation for the minima of the Landau-Ginzburg free energy potential
(2.28)

€ 1 1
2.2 g = [ (VX + =032 =12+ =[x —ul?
8 Fe(u, X) /9(2\ X| +4€(X ) +2|X ul )dx

at constant wu.
The existence of solutions for the system (2.26)-(2.27), supplemented with the initial and Dirich-
let/Neumann boundary conditions (n denotes the outer unit normal to 0f2)

(2.29) u(z,0) =wup(x) in u—X=0, 9,x=0 ondQx(0,T),
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was proved in [35] for the space dimensions m < 3, by means of a compactness method and
a unique continuation result, thus heavily relying on the precise form of the equation (2.27), in
particular on the presence of the Laplacian and of the analytic potential

1(><3 - X).

W00 = L0 =1 W0 = 2

4e

In [43], R. SCHATZLE proved an existence result for the initial-boundary value problem obtained
by supplementing (2.26)-(2.27) with the initial and homogeneous Neumann conditions

(2.30) w(z,0) =up(x) InQ, Ip(u—X)=0,Xx=0 ondQx(0,7T).

Here the approach of [35] is no more possible and it is replaced by refined spectral analysis
arguments, still based on the specific form of W (the proof involves its analyticity), of the elliptic
operator in (2.27), and on the dimension m < 3.

In analogy with the discussion developed in Example 3 for the Stefan Problem, we will adopt a
gradient flow approach to (2.26,2.27), also obtaining an existence result for more general differential
problems, both with Dirichlet (2.29) or Neumann (2.30) boundary conditions in arbitrary space
dimension m.

The gradient flow approach. We consider the system

(2.31) Ou —divA;V(u—x) = f in Q x (0,7),
1
(2.32) —edivAs VX + STV () = u - X in Q % (0,7),

where A1, Ay : Q — M™*™ are symmetric matrices, with measurable coefficients, satisfying the
usual uniform ellipticity condition

(2.33) a l>A(x)n-n>a>0 VxeQ, neR™, [y =1,

and W is an arbitrary C! real function with superlinear growth; extended real valued semiconvex
functions could also be considered (thus allowing convex constraints on X), simply replacing the
equation (2.32) by the corresponding differential inclusion involving OW instead of W'.

In accordance with the analysis developed in Examples 2 and 3, in the case of Dirichlet boundary
conditions (2.29) we will endow the Hilbert space 5 := H ~1(Q) with the scalar product induced

by the differential operator A; := —div (A1V . ) as in (2.22), and we will consider the functionals
- 1 9 € 1
(2.34) Foux) = | (5= X2+ SAa(@) VX VX + S (X)) da,
o \2 2 €
(2.35) ¢-(u) == min Fe(u,0), M.(u):= {x e HYQ) : Zo(u,X) = gbs(u)}.
cEH(Q)

We will investigate the gradient flow equation (GF) for the functional ¢., with the source term f.
The following result is a particular case of a general existence and convergence result (Thm. 5.8
in Section 5) for quasistationary phase field models.

Theorem 2.3. Given ug € L*(Q) and f € L*(0,T; H1(2)), there exist

uwe HY0,T; H Q) NL>®(0,T; L*(Q)), x € L>(0,T; HY(Q)),
9 :=u—x € L*0,T; H}(Q)),

such that the pair (u, X) fulfills (2.31), coupled with

(2.37) Xt € M (uy) = argmin %, (u,0) a.e. in (0,T),
cEH(Q)

(2.36)

(yielding in particular (2.32)), and the initial and boundary conditions (2.29).

In fact, any generalized Minimizing Movement in H~1(Q) is an Energy solution of the gradient
flow (GF) generated by ¢e,ug, f (cf. Theorem 8) and solves (2.31), (2.37),(2.29).

Finally, a completely analogous existence result holds in the case of Neumann boundary conditions
and f € L?(0,T;L*(Q)), by simply replacing H=1(Q) and H} () with (Hl(Q))/ and H'(Q) in
(2.36).
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Remark 2.4. [43] adopts a discretization scheme which is different from the Minimizing Movement

one (1.19,1.20) induced by the functional (2.35) in (HI(Q))I Correspondingly, the solutions x; of
[43] are only p-minimizers of (2.37) for an (arbitrarily small) constant & > 0 and they satisfy the
weak Lyapunov-type condition

¢5(u3)+/ /|V19|2dxdt§¢5(uo)+/ /fﬂdmdt, for a.e. s € (0,T).
0o Jo 0o Jo

Besides (2.37), Theorem 2.3 (cf. (5.46)) shows that every Minimizing Movement solution u is in
fact an energy solution and therefore satisfies the stronger energy identity

(2.38) ¢6(us)+/05/9|vq9|2dmdt:¢>5(u0)+/()S/sz9dxdt, Vs el[0,T).

In the particular case f = 0, (2.38) shows that the potential ¢. is non increasing along the solution
U.

Example 5 (The Stefan-Gibbs-Thomson Problem). If we formally pass to the limit ase | 0
in (2.26,2.37), we get a system where equation (2.26)

(2.39) du—A(u—x)=f inQx(0,7),
is coupled with the minimum condition for X; := X(-,t)

(2.40) X: € argmin o (u(t), o) = Mp(u(t)) in (0,7),
for the functional
1
Fo(u, X) = / (7|u — X\2 4 I{_Ll}(x)) dx + a/ |Dx|,
o \2 Q

where o = fil V2eW (p)dp = %, I;_1 1y is the indicator function of the non conver set {—1,1},
and DX is the distributional gradient of x: it is a Borel vector measure, whose total variation |DXx|
is defined on every open set A C 2 by

(2.41) \Dx|(A):/A|Dx| = sup{/Axdidex:CECé(A;Rm), sup ¢ <1}.

ZFo(u, X) is the functional obtained by taking the I'-limit of .Z., for u fixed in L?(Q) [32, 31] (see
also [9] in the case (2.34) of space-dependent coefficients). Denoting by BV (€;{—1,1}) the subset
of all the functions of bounded variation taking their values in the set {—1,1}, (2.40) may be also
rephrased for every time ¢ € (0,7T) as

X: € BV(Q;{-1,1}), and

Q Q Q Q

At each time ¢t € (0,7T) we can associate with the characteristic function X; the phases Eti and
their common essential boundary S; [2, Def. 3.60]

(2.43) Ef ={zeQ:x(z,t)==£1}, S, =0"E =0"E;

(2.42)

DE GIORGI-FEDERER Theorems [2, Thm. 3.59, 3.61] show that S; is countably (m — 1)-rectifiable
and

1
(244) §|DXt| = Hmil LSt, -DXt = V- ‘DXt| = VtDXt = 2Vt . Hmil |_St,

where the (Borel) vector field v; : Sy — .#™ ! is the inner measure theoretic normal to E;.
As showed by [35, 43] following the argument of [28], the limit of (2.27) yields the Gibbs-
Thomson condition

H:ﬂtut on St
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for the mean curvature vector H at the evolving phase interface Sy: its weak formulation reads
[27, 43]

a/ (div¢ —v{ D¢vy) d|Dxy| = / div(9,C)Xe dz, Dy = up — Xy,
Q Q

V¢ e C*QR™), ¢-n=0 on .

We refer to (2.39,2.40,2.45) as the Stefan-Gibbs-Thomson problem; its formulation as a gradient
flow was suggested by A. VISINTIN and existence of (Lyapunov) solutions has been first proved by
S. LUCKHAUS in the pioneering paper [26] (see also [27]) and then further investigated in [47, VIII].
The proof is based on a time discretization technique (whose link with the present Minimizing
Movement scheme (1.19,1.20) will be discussed in the next Remark 2.7) and a clever passage
to the limit, which relies on careful capacity type estimates for Sobolev functions defined on €;
abstract versions of this argument have been further proposed and investigated in [35, 42, 38].
The convergence of quasistationary phase field model (2.26,2.27) to the Stefan-Gibbs-Thomson
problem has been proved by [35, 43].

As in the previous example, we will obtain a solution of the system (2.26, 2.40) supplemented
with the conditions

(2.45)

(2.46) u(z,0) =up(x) InQ, wu—x=0 onddx(0,T),

by solving the gradient flow equation (GF) in the Hilbert space # := H () for the functional
2.47 = inf F

(247 oolw) == _inf  Fofu.o)

with domain D(¢g) = L?(Q) C . By adopting this gradient flow approach, we are able to
retrieve LUCKHAUS’s existence result [26], and we get some insight into the Lyapunov inequality
satisfied by wu.

Theorem 2.5. Let 2 be a C connected open set. For everyug € L*(Q) and f € L*(0,T; H-*(Q))
the gradient flow equation (GF) for the functional (2.47) in # = H~Y(Q) has a (Lyapunov,
according to Theorem 1) solution uw € H(0,T; H=1(Q)) which solves the Stefan-Gibbs-Thomson
problem, i.e., there exists (a measurable selection) X; = X(-,t) € Mo(ut), t € (0,T), such that

(2.48) ¥ =u—x € L*0,T; H}(Q) N L>(0,T; L*(Q)),
and the pair (u,X) solves the initial-boundary value problem (2.39, 2.40, 2.45, 2.46).
Moreover, u and X fulfill for a.e. s,t € (0,T), s <t, the Lyapunov inequality
t t
(2.49) / / |V (x,7)|? do dr4+F (us, Xi) < -F (us, Xs) —|—/ (fry0r) dr.
s JQ s

We postpone the proof of this result to Section 5: here we only recall the crucial link with the
abstract theory of the previous section: if u € D(9p¢) C L?(2) then the limiting subdifferential
O¢¢(u) contains a unique element & and it satisfies

(2.50) E=-AY9, 9=u—x€H} ), XEMy(u), (2.45) holds.

Remark 2.6. As detailed in [26, Page 106], since for m < 3 the Sobolev imbedding theorem
yields uy = 9+ x¢ € LP(Q) for a.e. ¢t € (0,T) with p = 2m/(m —2) > m, the minimality condition
satisfied by X; (2.42) and the regularity results for minimal surfaces yield that the interface S
can be locally represented as the graph of a C'/* function g, i.e. after a change of coordinates
at each point € () there exists an open ball B,(x) such that

(2.51) E; NB,(z) = {(m’,xm) ER™ X R:zy > g(m’)} N B,(z).
In this new reference system, (2.45) becomes (see [2, 7.33], [27, Page 4])

Vg(x’) —0(x . alz’
o) ~ e,

which is the original condition of [26, page 102].

(2.52) —adiv (
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Remark 2.7. According to the Minimizing Movement approach (1.19,1. 20) the solution w of
the Stefan-Gibbs-Thomson problem is approximated by the sequence {U"}Y _, 7 = T/N, whose
elements recursively minimize

(2.53) UV = *HU U2 1) + ¢o(U)

(for the sake of simplicity, here we consider the case f = 0 and we omit to indicate the explicit
dependence on 7, U1, X"~ in the various functionals). Taking into account (2.47), this problem
is equivalent to find the couple (U”, X™) which minimizes

F N 1 n—
(2.54) ‘I’T(UaX):EHU U -1 + Fo(U, X).

The discretization algorithm introduced by LUCKHAUS in [27] is equivalent to (2.54), but it gives a
distinguished role to the variable X instead of U. More precisely, by introducing the new variable
O :=U — X and writing ®? in terms of the couple (0, X) as

R G )
IO, X) = 5 BN )—|—oz/ |DX|+/ (§|@|2+1{_1,1}(X)) dz,
T Q Q

the minimum problem for ¥? can be split two iterated minima

(rg)l)i)r{l) (e, X) = II}}H(Z):(X), where YP2(X) := m@i)n@?(@,X).

It is easy to check that for a fixed X the minimum 7 (X) of ¥?(X,-) is attained at a unique
O = O(X) € H}(Q), which is determined by the Euler equation

(2.55) O-—7A0=0""14+ X"l X, OX)=K, (0" + X" - X),
where K, := (I — 7A)~!. We thus find
1© =027 + X — X[ 1 g
- @ / O de = 2 (12010 + 010

( H@HHl @ T ||@||L2(Q)) SH (Q)<@ - TAO, @>H1(Q)

= 1/ (@r '+ X - X)K (0 '+ X2 - X) da
Q

2
1

:5/ (X-X!PYE(X-X'Yde— | XK (0 ) dow+Crt
Q Q

where C?~1 = C(©771, X»~1) is independent of X. It follows that

1
YH(X) :a/ \Dx\+/ I{,l,l}(x)dﬁi/ (X—Xf‘l)KT(X—Xf‘l)dx—/XKT(@Z‘l)dx—&—Cf‘l
Q Q Q Q
and the algorithm
given ("L X" 1) find X" which minimizes ", O := K (X' '+ X"

T

coincides with the algorithm (2h) introduced by [27, page 12].

3. HILBERT SPACE VALUED YOUNG MEASURES AND CHAIN RULE

In this section we mainly discuss two technical tools, which we will extensively use in the sequel.

The first one is concerned with parametrized measures with values in a Hilbert space: we shall
deduce from this well-established theory a version of the fundamental theorem [5, Thm.1] (see also
[8]), in the context of weak topologies.

Then, by means of a measurable selection result, we will study the relations between parametrized
measures and the Chain Rule conditions we have presented in the Introduction.

3.1. Parametrized Young measures. First of all, we fix some notation and we recall the notion
of (time dependent) parametrized measures.
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Notation. Let E be a separable metric space: we denote by Z(FE) its Borel o-algebra, while £ is
the o-algebra of the Lebesgue measurable subsets of (0,7"), and L& HB(FE) is the product o-algebra
on (0,T)x E. A L® Z(F)-measurable function h : (0,T) X E — (—o0, +0o0] is a normal integrand
if

(3.1) v hy(v) :=h(t,v) 1isls.c.on E for a.e. t € (0,T).

When E = S is a Hilbert space, we say that a £L® %#(7)-measurable functional h : (0,T) x 7 —
(=00, +00] is a weakly normal integrand if

(3.2) v — hi(v) = h(t,v) is sequentially weakly l.s.c. for a.e. t € (0,T).

Definition 3.1 ((Time dependent) parametrized measures). A parametrized measure in
the separable metric space E is a family v := {v; }+¢(o,) of Borel probability measures on £ such
that

(3.3) t€ (0,T) — v (B) is L-measurable VB € %#(E).
We denote by Y(0,T; E) the set of all parametrized measures.

A version of Fubini’s Theorem [21, p. 20-IT] states that for every parametrized measure v =
{Vt}1e(0,1), there exists a unique measure v on £ ® %(F) defined by

v(I x A) = /Vt(A) dt VIieLl, Ac B(E).
I
Moreover, for every £ ® Z(FE)-measurable function h : (0,T) x E — [0, +00], the function
te(0,T)— / h(t, &) dve(§) is L-measurable,
B

and the Fubini’s integral representation formula holds:

(3.4) /(OVT)XEh(t,g)du(t,f): /O T( /E h(t.€)diy (©))

Note that (3.4) holds even for v-integrable real valued functions.
If v is concentrated on the graph of a measurable function u : (0,T) — E, then v; = 6, for
a.e. t € (0,T), where d,(;) denotes the Dirac’s measure carried by {u(t)}. In this case, by (3.4)

T
/ W, €) du(t,€) = / B, () di
(0,T)x E 0

for every £ ® #(E)-measurable and nonnegative function h.
The following theorem is a direct consequence of [5, Thm.1] (see also [6, Thm. 2.2], [7, Thm.
4.2], [45, Thm. 16]).

Theorem 3.2 (The fundamental Theorem for weak topologies). Let {v,, }nen be a bounded
sequence in LP(0,T; ), for some p > 1. Then there exists a subsequence k +— v,, and a
parametrized measure v = {Vi}eo0,1) € V(0,T;€) such that for a.e. t € (0,T)

(3.5) lilz?fup [un, (8)] < +00, vy is concentrated on the set L(t) := (1,2, {vn, (t) 1 k> p}u}

of the weak limit points of {v,, (t)}, and

(3.6) lim inf /O "t o, () de > /0 ' ( /% h(t, €) dyt(g)) dt

for every weakly normal integrand h such that h™ (-, vp, (+)) s uniformly integrable. In particular,

T T
(3.7) / </ﬁ€|pdvt(§)>dtélikrgi£f | oo e <+,

and, setting

(3.8) v(t) == /jf{dvt(é), we have v, — v in LP(0,T; 7).
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Finally, if vy = 8, for a.e. t € (0,T), then
1 1
(3.9) (U, , w) — (v,w) in L'(0,T) Yw e LY0,T;H#), p + v =1.

and, up to an extraction of a further subsequence independent of t (still denoted by v, )
(3.10) Un,, (£) = 0(t)  for a.e. t € (0,T).

Proof. We cannot apply directly [5, Thm.1], since ., endowed with its weak topology, is not a
metrizable space: we circumvent this difficulty by introducing an even weaker metric on ¢, which
induces the usual weak convergence on every bounded set, and by considering the new sequence
v (t) := (vn(t), |vn(t)]), with values in the metric space

(3.11) E::{vz(v,w)é%XR:MSw}C%XR.

This construction is well known (see e.g. [13]), and even easier in Hilbert spaces: indeed, we fix
an orthonormal basis {e,, }men in J2, and we define

(3.12) lloll* := > 27 (em, v)[* Vv e 2.
m=0

Then, we consider the following distance on E

(3.13) d(vi,v2) = ||v1 — v2|| + w1 —we|, fv;=(vi,w;)) €E, i=12,
observing that

vy, — v weakly in 2,

(3.14) v = (Un,wn) € B, vy v =(v,w)in B & {wn — w in R.

It is immediate to check that E' is separable and complete with the distance (3.13); moreover,
bounded weakly closed subsets of F are compact with respect to this new topology. In particular,
any intersection of closed balls of # x R with E is a Borel subset of E. Therefore, for any Borel
subset B of # x R we have

BeB(# xR) = BNE e BE);

thus, any Borel (probability) measure p on E can be trivially extended to a Borel (probability)
measure on S X R.

We can now apply BALDER’s Theorem [5, Thm.1] to the sequence v,, := (vp, [v,]|) in E, and
we thus find a subsequence vy, and a parametrized measure p = { i }se(o,r) € V(0,7 E) such
that for a.e. t € (0,7

e
(3.15)  pu is concentrated on the set L(t) := ()2 {vn, (t) : k> p} , v, (1) is bounded

(i.e., L(t) is the set of the E-limit points of {v,, (t)}; the boundedness of v, (t) follows, e.g., by
[42, Thm. 2]), and

(3.16) lim inf /OT g(t,vn, (1), v, (£)]) dt > /OT </E g(t,v,w) dut(v,w)> dt

k—o0

for every E-normal integrand g such that g~ (-, vn, (+), |vn, (-)]) is uniformly integrable.
Setting

(3.17) vi(A) == (EN(Ax[0,+0))) VAeB(H),

we obtain a parametrized measure v := {v; }4¢(o,7) which satisfies (3.5) and (3.6). Indeed, by (3.15)
the sequences {v,, (t)}ren are bounded in 7 for a.e. t € (0,T'), and we note that for a.e. ¢ € (0,7T)

L(t) C L(t) x [0,+00) and, from (3.15), wu(E\ L(t)) =0.
Then, taking into account (3.17), we conclude that
vi(A\ L(t)) = (B \ (L(#) x [0, +00))) < (B \ L(t)) = 0,
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which yields (3.5). In the end, (3.6) follows from (3.16) simply by choosing g(t,v,w) := h(t,v)
and observing that

[ ) (o) = [ bty o)
E A
whereas we deduce (3.8) from (3.7) by choosing the family of weakly normal integrands
h(t,v) := (w(t),v) with w e LY(0,T; ).
Finally (3.9) follows by the same argument, by putting
h(t,v) == [{v —ov(t),w(t))| withw e LI(0,T;.).

(3.10) follows from the boundedness of v,, (t) (3.5) and (3.16), by choosing g(t,v,p) = —||lv —
v (@)l

3.2. Young measures and the Chain Rule. We have stated the Chain Rule conditions (CHAIN{ 2)
in a sort of “global” formulation: roughly speaking, whenever we know that a curve v € H(0, T’; )
admits a global selection & € L?(0,T; ) in the limiting subdifferential 9;¢ o v, then we are able
to evaluate the time derivative of ¢ o v in terms of v’ and of that particular selection & outside a
negligible set 4" C (0,7T), which in principle depends on ¢&.

We have adopted this point of view, since these kinds of conditions are easier to check in several
concrete cases (we will see an important example in Proposition 5.7 later on); on the other hand,
it would often be useful to know if the following two stronger properties, valid e.g. in the convex
case, hold too:

(1) the chain rule holds outside a negligible set A which does not depend on the particular
selection &;

(2) if t € (0,T) \ W, we can choose an arbitrary element of 9,¢(v(t)) in order to evaluate the
time derivative of ¢ o v.

We are going to show now that the Chain Rule conditions (CHAIN; 2) imply the two properties
above, which are also suitable to deal with Young measures.

Before stating this result, we recall that aff A (resp. affA) denotes the affine hull (resp. its
closure) of a subset A C 7 (1.8), and we set |07 ¢(v)| := infeeg, ¢(v) [€] (1.9), with the convention
inf @ = 4o0.

We will see in Lemma 3.4 below that if v € C°(0,T; ) with v(t) € D(0,¢) for a.e. t € (0,T),
then the map t — |97 ¢(v(t))| is measurable and

3¢ € L*0,T; )

T
(3.18) /O 0 p(v(D))|"dt < +00 & {g(t) € dup(v(t)) for ae. t € (0,T).

Theorem 3.3. Let us suppose that ¢ satisfies the Chain Rule condition (CHAIN:), let v €
HY(0,T; ) be such that ¢ov is a.e. equal to a function ¢ of bounded variation and v(t) € D(dy¢)
for a.e. t € (0,T).

(1) If
(3.19) /0 105 p(v(t))]? dt < +o0,
then
(3.20) @' (t) = (&' (1)) VE € aff(dep(v(t))) for ae. t €(0,T).

(2) If u = {pt}eeo,r) is a Young measure in H satisfying

T
(3.21) /0 /ﬁ €)% dpe (€) dt < 400, (AN Dep(v(t)) =0 for a.e. t € (0,T),
then

(3.22) St = /ﬂ@,v’(mdut(@ for ae. t € (0,T).
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Proof. (1). The next lemma shows that we can find a sequence ((,)neny C L?(0,T;5#) and a
Borel set D C (0,7) with full measure, i.e. |(0,7) \ D| = 0, such that

(3.23) {Ca(): neN}Y C dho(v(t)) C {Cu(t): nEN} VteD.

Applying the Chain Rule (CHAIN;) to each map (,,, we can find negligible sets A, such that
1) = (Calt), /(1) VEE (0,T)\ N

Therefore, setting Dy := D \ |JN,,, we have
O'(t) = (Ca(t),0'(t)) VmneN, Vit € Dy,

and this relation extends to aff{(,(¢) : n € N}, which coincides with aff (9;¢(v(t))).
(2). Condition (3.21) yields that d¢p(v(t)) # @ for a.e. t € (0,T) and (3.19) is satisfied, since

105 o(v(t))]? < /%9 €)% dpe(€)  for ace. t € (0,T).

Then, by the previous claim, (3.20) holds: since p; is a.e. concentrated on dy¢p(v(t)), integrating
(3.20) in s with respect to p yields (3.22). O

We conclude this section with the following measurable selection result, which is the technical
crucial point of the proof of Proposition 3.3.

Lemma 3.4. Let v: (0,T) — S be a Borel map and D C (0,T) be a Borel set such that
(0,TY\D s negligible, Opp(v(t)) #0 forte D.

Then, there exists a sequence of (strongly) measurable maps C, : (0,T) — F such that

(3.24) {Ca(t): neNYCOp(v(t)) C{(u(t): nEN}  forteD.

In particular, the map t — |0°@(v(t))| = inf,en |G (t)| is measurable; if (3.19) holds, too, then we
can choose the family {Cn}nen so that ¢, € L2(0,T; 32) for every n € N.

Proof.  On behalf of [16, Thm. II1.22], (3.24) follows once we prove that the graph of the
multivalued function t € D +— 9pp(v(t)), i.e., the set

G:={(t, &) €D x I : £ € Id(v(t))},

is a Borel subset of D x 7.
To check this, it suffices to note that the set

G := graph(0,¢) = {(v,§) € H x A : £ € Oyp(v)}

admits the representation G' = J,,,c G, Where Gy, is the set of all (v,§) € S x J satisfying

36 € 0d(vy) st v — v, § — &, sup {Qf’(vn), |§n|} < m.
In fact, G is a Borel subset of 7 x S since G,, is a closed subset of S x  for every m € N:
indeed, let (v*,¢%) € G,, and (v, &) € H# such that

li k_ F_¢)=o.
Jim (" =l 416" = €])

Recalling (3.12) and (3.14), we thus find points ¢¥ € 9¢(vF), n € N, such that

b= vl — 0|+ I€f — ¥l > 0 as n T 400, sup {p(vF), €8]} < m.
n,

Choosing the integer n = ny such that s’ka =k, we get vflk_ — v, Sﬁk_ — ¢, since the J#-norms
of ¢€¥ are uniformly bounded.
Finally, G may be represented as

G=A{(t,&) eDx :(v(t), € G},
and it is a Borel set, too, being v Borel on (0,7) and 42 separable.
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In order to prove the second part of the lemma, let {(,}nen be a family of measurable maps
satisfying (3.24), and let us introduce the measurable sets which are recursively defined by

k—1
Agi=0, Ap={teD:|¢®)]<[Fo(v®)|+1}\ A4
j=0

By construction, the family {Ay}ren is disjoint, |J,cny Ax = D, and |G (1) < |07 ¢(v(t))| + 1 on
Aj. The map

—+o0
(3.25) C(t) =" Grl(t)xa, (1),
k=1

is a measurable selection of 9y¢(v(t)) and belongs to L?(0,T’; ) since |((¢)| < |95¢(v(t))| + 1 for
every t € D.
Finally, we use ¢ to construct a new countable family of functions

_ () i [G@)] <k,
(3.26) Gk(8) 1= {C(t) otherwise,

which belong to L2(0,T; 5, and satisfy
Cni(t) € Oep(v(t)), {Cu(t):neN} C{(or(t):n,keN} ifteD. O

4. PROOF OF THE ABSTRACT RESULTS

In this section, we collect the proof of the main abstract theorems we have stated in the
Introduction.
We split the presentation in four steps:

(1) in the first preliminary paragraph, we study the “stationary” estimates which concern
each single step of the minimization scheme (1.20) in some detail: here, we adapt to the
presence of the discrete source term F* some well known estimates, which are related to
the celebrated Moreau-Yosida approximation of ¢. The crucial lemma (4.2) will provide
the basic discrete energy estimate for the so called DE GIORGI’s variational interpolant of
the discrete values U.

(2) In the second step, we will introduce this new kind of interpolating families, and we will
briefly derive the discrete equations satisfied by the approximate solutions.

(3) The third step is devoted to the basic a priori estimates, which yield enough compactness
to extract a limit curve u € GM M (®;ug, f) from the family of the discrete solutions;
Proposition 4.7 provides a fine description, in terms of Young measures, of the asymptotic
inequalities satisfied by this limit.

(4) Finally, in the fourth step we show that this limit curve is in fact a solution to (GF) if 0,¢
satisfies the convexity condition (CONV) or one of the Chain Rule properties (CHAINT ).

The last paragraph discusses the validity of the Chain Rule for dominated concave perturbations
and contains the proof of Theorem 4.

Throughout this section, we will always assume ¢ to fulfill (COMP), which in particular ensures
that there exists some positive constant S such that

(4.1) b(v) + 2i|v|2 >S5 Wwe s
Tx

In particular, since |w — v|* > $|w[? — |v]?, we get

w —v|?

T w) z -5 -

T Tx

(4.2) V1 <71, Vov,weH.
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4.1. Estimates for the Moreau-Yosida approximation. Here we collect some preliminary
results on the minimization problem (1.20): in particular, we introduce the linearly perturbed
functionals

o(vig) = o(v) — (g,v) Vv,g €K,
their Moreau- Yosida approximation

R Ul .
(43) (I)(Uag7 U7 w) T 20_ + ¢(w7 9)7

o (v;g) = iélgfq)(mg,v;w) v,g €I, o>0,

and the set J,(v; g) where the infimum in (4.3) is attained, i.e.,

(44) ‘]O'(U’g) = argmin@(o,g,v;w), v, 9 € <}J607
we S

Let us point out that J,(v;g) is non empty for every o € (0,7.). Denoting by v, the generic
element of J,(v;g), we also set

(4.5) df (vig):== sup |v, —v|, di(v;g9):= inf |v, —ol
Ve €Jo (v;9) Ve €Jo (v;9)

Let us collect some basic properties of ¢, .
Lemma 4.1. For every v,g € 7 and for every 0 < g1 < oo there holds
00, (V3 9) < b0, (v:9) < D(v39),  |voy — 0| < |vgy — ),
df, (vig) < dz, (vi9) < d7,(v:9).
In particular, for every v,g € J€ there exists an (at most) countable set N, 4 C (0,7.) such that
(4.7) dy (v;9) =d; (v;9) Vo € (0,7.)\ A
Finally, for every v € D(¢) we have

(4.6)

limd}(v;g) =0, lim ¢, (v;9) =lim  inf vy) = O(v; g),
lim d; (v; 9) lim. 6o (v; 9) UlOUUEJU(U;g)sﬁ( ) = (v g)

(4.8) dF (v;
. dg(vig)
€0 = lim —= =0.
g € 94(v) = lim =
Proof. Tt is straightforward to check the first chain of inequalities in (4.6), yielding that the map
o — ¢s(v;g) is non-increasing. As for the second inequality, we notice that

1 1
Tﬁ'val - U|2 + ¢(UU1) - <gav(71> < E'Uffz - U|2 + ¢(’U02) - <g’U02>

1
(2)w@vﬁ+w@vﬁ+w%»@w@>

20’2

1 1 1
< (50 = 30 ) oo = 0P+ 5l = 0 + 6(0m,) = {9100,
02

1 1 | ‘2 < 1 1 | |2
— = — ) v, =P < — = — ] Jvg, — V|%,
201 209 ! 201 209 :

and the third chain of inequalities in (4.6) follows. Therefore, for every v,g €  the functions
o — df (v;g), v — d; (v;g) are non decreasing. Let .4, , C (0,7,) be the (at most countable) set
of the discontinuity points of o — d*(v; g): then, for every o € (0,7.)\ 44 , we have by (4.6) and
continuity (here we omitting the dependence on g)

limTinfd;(v) <limsupdf(v) <d; (v) <d}i(v) < lirﬁinf d; (v) < limsupd; (v),

whence

(49) slo tlo
d, (v) = lmd: () = limd; (0], df(v) = limd} (v) = limd (v)

whence (4.7).
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As for (4.8), recalling (4.2) let us preliminarily note that for every w € # and o < 7,/2
|lw — v|? Te — 2 9 Te—20
— |w —[” >

o
o(w) + 20 20 (T + 20) Te + 20 4o,

In particular, choosing w = v, € J,(v; g) we obtain
2

lw—vl* + jw—v|* =8 =77 |vl?

= o(w) +

T — 20 vy — v < [ve — |

(4.10) + ¢(vo) + Tu|v]? + S.

4T, o - 20
On the other hand, the minimization scheme defining ¢, yields

vy — v]? Te — 20

20 80Ty

Combining (4.10) and (4.11), we infer the existence of a constant C' depending only on S and 7,
such that

0Ty

(4.11) + 0(vs) < P(v) = (9,v = v5) < P(v) +2 lgI? + [0 — 0]

Ty — 20

0Ty

Ty — 20 Ty — O

Tx _
(412) [or ~oP < 80— (5 7o + 600) + 2T |gP) < ColL+1of +8(0) + ol
supposing that, e.g., 7./ (7« — 20) < 2. Hence, since v, is arbitrary in J,(v; g), we have proved the
first assertion in (4.8).
To check the second one, it suffices to remark that
¢(vig) = limsup ¢o(v; g) > liminf ¢, (v;g) > liminf  inf  @(vs319) = d(vsg),
) al0 al0 wvy€J,(v;9)
where we have used (4.6) and the lower semicontinuity of the functional v — ¢(v;g).
Finally, the last limit of (4.8) follows from the first inequality of (4.11), since by (1.1)
[vo — v[?
7~ < 6(0) ~ 6l0) — (9.0~ v0) < oo — 1] -0(1) 250 0. O
o
We point out that (4.6) yields that for every 0 < 0y < o3 < 7, the maps o — o~ 'd¥ have finite
pointwise variation on (o1, 09).
The next lemma, though simple, contains the crucial estimate for the DE GIORGI variational
interpolants we will introduce in the next paragraph (see e.g. [3, Lemma 4.1.2, Thm. 4.1.4] and
[1, Lemma 2.5]).

Lemma 4.2. Under the present assumptions, we have that for every v € D(¢) and g € H the
map o — ¢x(v;g) is locally Lipschitz on (0,7) and
(df (v;9))* _ (dg(v:9))*

d
(413) %‘éa(vvg) = - 202 = - 902 Vo € (O,T*) \f/%),ga

(Ne.g being as in 4.7).

In particular, we have

(4.14) “”’Q;OWJF;/O 0(‘1?’[(57;9))2da=¢(v)—¢(%0)—<g,v—vgo>

for every 0 < o9 < 7 and vy, € Joy(v;9).

Proof. A simple computation yields

 vey — v|?2 (02— 01)|ve, — V]2

_¢(va2;g) =

20’2 20’10’2

|U02 — ’U|2

(415) ¢U1 (v;g)_¢02(v;g) < (;5('[}02;9)-‘1- 2%
1

for every 01,02 € (0,7%) and v,, € J,,(v;g), @ = 1,2. Changing sign to the inequality and
interchanging o1 and o9, we obtain

(02 — 01)|vo, —v]?

¢01(U;g) _(baz(v;g) Z 2%
102

Then, since the real map o — ¢, (v; g) is non increasing, we deduce

(d5,(1:9))” _ 6o, (v39) = ¢ou(v:9) _ (d5,(vi9))?
20109 - 09 — 01 - 20109

(4.16) 0<

V0<01<02,
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so that o — ¢, (v;g) is locally Lipschitz on (0,7,). Passing to the limit in (4.16) as o1 1 o and
o2 | 0 and recalling (4.9), we conclude that (4.13) holds at every o € (0,7) \ A7 4.

Integrating (4.13) on (0, 0¢) and using (4.8), we deduce that
|v00 — 1)|2

20’0 20’2

ie., (4.14). O

. ) — N o [ . [ (dF(v:9))?
+¢(Uaovg)_¢(vvg) - ¢Jo(vag)_gi%¢d(vag) - /0 %d)ﬂ(vmg) dJ - _A 5.9 dO’,

4.2. Discrete equations and variational interpolants. Let us first briefly recall the approx-
imation algorithm for (GF) we sketched in Section 1 (cf. (1.19) - (1.20)).
At each time step 7 > 0 there corresponds a partition of the interval (0,T)

gZTZ:{t0:0<t1<"'<tn<~‘~<tN,1<T§tN}, tn:=n1, N €N.

For f € L*(0,T;) (which we trivially extend to 0 outside the time interval (0,7)), we denote
by F, the (left-continuous) piecewise constant interpolant taking the value F™ on (t,_1,t,]:

_ 1 [tn
(4.17) F.(t) = FT":f/ f(s)ds forte (t,—1,t,], n=1,...,N.
T Je .
Note that
(4.18) IO < N2y inioey Tt E (tamrstal,
(4.19) ||FT||%2(tm,tn;J7?) <| fH%Q(tm,tn;l%”) Vi<m<n<N.

(4.20) F, — f as 7| 0strongly in L(0,T; 7).

We consider an approximate solution {U"}_ of the iterative scheme (1.20), which, taking into
account (1.19) and the notation (4.4), may also be rephrased as

U'(r) = U,
(4.21) X _ )
Ur e J (U FF) = argming ¢ O(7, F2, UM V),

forn=1,...,N. For 7 < 7. (comP) guarantees that this minimization scheme always admits a
solution. We have already denoted by U, the piecewise constant interpolant of the values {U”}"_,,
and by U; the corresponding piecewise linear interpolant, defined by

tn t—th—1

_ —1
(4.22) Ur(t) = U7, Urlt) = = Uf‘l+fo, t € (tno1,tn)-

We also introduce the following variational interpolant, due to E. DE GIORGI, for which the local
energy inequality (4.14) plays a key role.

Definition 4.3 (De Giorgi variational interpolants). We denote by ﬁT any interpolant of

the discrete values {U"}Y_, given by

(7}(0) =ug, and, fort=t,_1+0 € (tn_1,tn],
(4.23) R
U-(t) € J, (UMY FP) = argminy ¢ ,» ®(o, 7, ur—tv),

such that the map t — U, (t) is Lebesgue measurable in (0, 7).

Remark 4.4 (Measurability of U,). Since the map o — J,(U" ! F") is compact valued

and upper semicontinuous, the existence of a measurable selection U, (tn—1 +0) € J, (UL F1),
o € (tp—1,tn), is ensured by [16, Corollary I11.3, Thm. IIL.6].

Note that when ¢t = t,,, the minimization scheme in (4.23) coincides with the one in (4.21), so
that we can always assume that

(4.24) U (tn) = Up(tn) = Ur(t,) = U"

T

for every n =1,...,N.



26 RICCARDA ROSSI AND GIUSEPPE SAVARE

Further, (4.23) and the standard calculus properties (1.21) of the Fréchet subdifferential yield the
discrete inclusion

T _Jn—1 .
(4.25) Uff)% +OG(T(1) 3 F* Vi€ (bo1its], n=1,...,N,
—n—1

which we also write as

(4.26) O.(t) + 06(U,(t)) > F-(t) Vte (0,T),
where

(4.27) O, (t) == W for t € (tn_1,tn).
Note that (4.25) reduces to

(4.28) U;L%UH +A6(U™) 5 T

at the nodes t,, of the partition, which can be equivalently rephrased as
(4.29) Ul(t) + 06(U.(t)) > Fr(t) forae. te (0,7T).
Finally, recalling (4.5), we introduce the real function G, by

_ di (UL FY)

Gr(t) = ===, for b=ty +0 € (bn1,tn).

Note that

7 _7n—1 .
A

(4.30) G (1) = 6.(t)] fort=tn_1+0 € (tn_1,tn].
—n-1

4.3. A priori estimates and compactness of the approximate solutions. Preliminarily, we
recall the following well known Discrete Gronwall Lemma:

Lemma 4.5. Let B, b, and  be positive constants fulfilling 1 —b > 1 >0 and let {a,} C [0,+00)
be a sequence satisfying

an <B+bY ap VneN
k=1
Then, {a,} can be bounded by

(4.31) an < KBe""™ ¥n e N.
Proof. (4.31) can be easily checked by induction: for n = 1 we have
a1 <B+ba; = a1 <kB< ffBe”b;

assuming (4.31) for all n < 7, we get

n—1 n—1 Kkbn
—1 § E kbn __ € -1
K aﬁS(l—b)aﬁ§B+bn:1an§B+b/€Bn:1€ —B—f—blﬁ)Bm
enbﬁ_ B B
< B+biB—— < B+ Be®™" - B< Be™ O
K

Proposition 4.6 (A priori estimates). For 0 < 7 < 7, let U,, Uy, and CNTT be families of inter-
polant defined by (4.22) and (4.23), respectively, in terms of discrete solutions of the minimization
scheme (4.21). Then, the discrete energy equality

az) 2 [ (WP 16 )P) do + 6(T(0) = 6T ) + [ (Felo), Ul do
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holds for every pair of nodes s <t € ..
Moreover, there exists a positive constant C, only depending on the data ug, f, and on the param-
eters 7y, S, such that

(4.33) Ul Lo 0,75¢) + I1UF [l Loe (0,1;.0) + ||ﬁr||L°°(0,T;3Z’) <C,
(434) sup ((ﬁ(U-,—), ¢((77')) < C’
[0,77]
(4.35) 1T L2 0,2y + 1O5 | L2 0,2y < C,
(4.36) [U: = Urll (0.1 = CT'2, Ur = Upl|poe(0,7,0) = CTY2,

for every 0 < 7 < 7,/10.
Proof. First of all, starting from (4.14) and recalling (4.23), and (4.27), if we choose t € (t;_1,1;],

o) ::tj—tj,lzng:FLv:Uﬁ_l, —U(J 1+0),0<0 <7, and uy,, = U, we get
Ul U2 1 b , , S ,
(4.37) =T Ll [ 1P ds+ o) = 603 ™) + (FLUI - U3)
T

tj71
In particular, (4.37) yields (4.32) for s = tj_1,t = t;; the general case of (4.32) trivially follows
by adding up the contributions (4.37) of each subinterval of the partition.

Also, (4.37) implies

U —uip
4t

(4.38) < G(UI) — ¢(US) + TIFIP.

Turning to the proof of (4.33), we may first of all note that, for every 0 < 7 < 7, and every
n=1,...,N, we have

1 1 ANYS T - e N
2w27ww=z(ﬂmt2w1©s2xwvwWWstZme—w1

k=1 k=1 k=1

= Uk 1| k|2 Icl k k|2 1 k|2
§jT|U <§jzn (UE™") = 6(US) + 7IFE) 4 5ok
k:

< 20((u0) = 6U) + If[E2 00,000 + 5 Sk

n
n n T
< U 420 (9(0) + 5+ 17 g0, + 50 D IUEP,
- k=1

where we have used Young’s inequality for some 7 > 0, the estimate (4.18), and also (4.1) in the
last inequality. Then, multiplying the previous inequality by 4 and choosing 7 := 7. /4, we get

8T —
(4.39) U2 < 2fuol? + 27 (6(u0) + S + £ 320,100 ) + == D IUEP
k=1

We can apply Lemma 4.5 with x := 5, corresponding to 7 < 7,/10, and we easily conclude the
L bounds for U, and U, in (4.33).
As for (4.35), using Young’s inequality and the estimate (4.19) we deduce from (4.32)

L[, 1 [t 2 2
) 3[R+ g [ IG ds ot < 6lu0) + 101

Taking into account (4.1) and the estimate (4.33) for U, as well, we easily infer from (4.40) the
L bound for ¢(U,), and the L? estimates for U/ and ©;, also in view of (4.30).
Further, the first of (4.36) ensues from

tn
(4.41) U - L) < T/ U/ (s) ds < O,
tn 1

on account of (4.35).
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On the other hand, (4.12) yields
U-(t) = UP 2 < Cr (1+ ¢(UP™Y) + 7| FP?) < C,
where the last inequality follows from (4.18), as well as the estimate (4.33) for U, and (4.34) for
#(U,); we thus get the L> bound for U, of (4.33) and the second estimate of (4.36). Finally, we
have by the definition of U,
B(0-(1)) < GUPY) + (F2,Tn(t) — UP1) € (tor, o),
which yields the uniform bound for ¢(U,) in (4.34). O

Lemma 1.2 is a consequence of the following more refined result.

Proposition 4.7 (Compactness of the approximate solutions). Suppose that ¢ satisfies
(comp). Then, given any vanishing sequence k +— T | 0 of time steps, we can find a further
subsequence (still labelled Ty, ), a limit generalized Minimizing Movement u € H*(0,T; ), a non-
increasing function ¢ : [0,T] — R, and two parametrized Young measures p = {ji¢}¢c(o,1), V =
{vt}re0,1), such that as k T +o00

(4.42)

U, Un,, ﬁm —u in L>=(0,T;5€),

(4.43)

U, —u'  weakly in L*(0,T; ),

(4.44)

{d’(Um () = (t) = o(u(t)) Vite[0,T],
©(0) = ¢(uo),

(4.45)

p (resp. v) is the limit Young measure associated with U], (resp. 0., ),
and g, ve are concentrated on f(t) — Opp(u(t)) for a.e. t € (0,T),

(4.46)
3| (] an©+ [ 1R an@)dr+o) < o)+ [y vo<s<i<T
(4.47)
5 [ (mint 07, 00F + [ 16 (©) dr+-60) < o6)+ [ (10l )dr VO<s<t<T.

Finally, if ¢ also satisfies the continuity assumption (CONT), then we have ¢(u(t)) = ¢(t) for a.e.
te(0,7).

Proof. Tt is easy to infer from (4.35) and from the elementary inequality

U (8) = Un(s)| < (¢ = 9) 21Ul 20,100

that {U;} is equicontinuous on s, for 0 < 7 < 7,/10. Further, (4.33) and (4.34) yield that
{U;(t)}+ is contained in some sublevel of the function u +— qS(u)Jri |u|?: recalling (COMP), we con-
clude that {U,(¢)}, is relatively compact in 5 for every t € [0,7]. Thanks to the equicontinuity
property, the Ascoli compactness Theorem yields that {U, }, is relatively compact in C°([0, T; 7).

Furthermore, always in view of (4.33,---,4.36) and of well-known weak compactness results,
we deduce that there exists a function u € H(0,T; ) for which the convergences (4.42, 4.43)
hold (note that U,,,U,,, and @k converge to the same limit thanks to (4.36)). In particular,
u € GM M (®;ug, f).

Then, (4.44) is a consequence of Helly’s Theorem: indeed, let us introduce the piecewise constant
functions

(4.48) t-(t) :=min{nt:t <nr}, sothat t-(t)—7 <t <t (t),
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and let
tr(t)
P Snl !
br(t) = / (F (5), UL(s)) ds.
0

Let us observe that the map ¢ +— (,(t) := ¢(U-(t)) — - (t) is nonincreasing; therefore, by Helly’s
Theorem we can suppose that, up to the extraction of a suitable subsequence,

¢(t) == lelfl (o () exists for every t € [0,7],

and defines a non increasing function ¢. On the other hand, since lim, ot (t) = ¢, (4.43) and
(4.20) yield

U (1) — (1) = / (f(s), /() ds ¥t e[0T
it follows that

o(t) == leifloo o(U,, (t)) = leiJrrnoo Cro (1) = 7 (1) = C(t) —(t) exists for all t € [0, T,

and defines a function of bounded variation, which satisfies ¢(t) > ¢(u(t)) in [0, 7] thanks to the
lower semicontinuity of ¢.
As for the last assertion in the statement, (4.35) and Fatou’s Lemma yield

l}frﬁinf U (t) — Fr, (t)] < +oo0 for a.e. t € (0,T);

if (coNT) holds, this bound and the inclusion (4.29) entail that liminfx4eo ¢(Ur, () = ¢(u(t))
for a.e. t € (0,7T); since ¢(Uy, (t)) — p(t), we get p(t) = ¢(u(t)) for a.e. t € (0,T).

Since we can assume that F,, converges to f pointwise a.e., the a priori estimates (4.34), (4.35),
as well as the inclusions (4.26) and (4.29), yield (4.45), via the fundamental theorem for Young
measures 3.2.

Finally, (4.32) yields

1 [ ~ — — —
3, (TP 18 ) do + 6T 0) < 6T + | (T (o), Uil do
tr(s
for every choice 0 < s <t <T.
Since t-(s) | s as 7 | 0, we can pass to the limit in the previous inequality thanks to (3.7), thus
obtaining for every 0 < s < s <t <T

3 [ (P e+ [ 16 an@)ar+o0) < o)+ [ G0l

’

Since s’ is arbitrary, letting s’ | s we obtain (4.46). Finally, (4.47) follows by the same argument
and Fatou’s Lemma. O

4.4. Convergence results.

Proof of Theorem 1. Now, we are going to show that the limit function u € GM M (®;uyg, f) of
Proposition 4.7 is a solution to (GF), if ¢ satisfies (CONV). It is immediate to check that u is a
solution of (GF): (3.8) of the Fundamental Theorem for Young Measures shows that

(4.49) u'(t) = /#fdﬂt(f) for a.e. t € (0,7),

and (4.45) ensures that for a.e. t € (0,T) p: is concentrated on f(t) — Opp(u(t)); since Oyp(u(t)) is
a closed convex set of 7, (4.49) yields that u/(t) € f(t) — dep(u(t)).
Moreover, (1.28) is a direct consequence of (4.46) (for s = 0) and (4.44), since

(1) < /%|f|2dm<§>, (@ealu(t) — £(1)°]* < /ﬂ\&lZdw(é), 2(0) = ¢(up).

Finally, if (CONT) holds, we have ¢(u(s)) = ¢(s) for a.e. s € (0,T), and (1.29) still follows from
(4.46) and the previous inequality. O
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Proof of Theorem 2. Inequality (4.46) and the Lebesgue differentiation theorem yield for a.e.
s€(0,7)
1 1
(1450) 3 [ P dn+ 5 [l () < —¢'(6) + ()05
A A

If (CcHAIN;) holds, since we know that ¢ o u = ¢ a.e. in (0,T) by (CONT), then Theorem 3.3 and
(4.45) ensure that

(4.51) ¢'(s) = /ﬂ(f(s) — &4/ (s)) dvs(§) = (f(s) — 0(s),u/(s)) for ae. s €(0,7),

where we have denoted by 6(s) the barycenter of vy, i.e. 0(s) := [,, &dvs(£). Combining (4.50)
and (4.51), we get

(4.52) - /ﬂ 2 dysa () + /ﬁ €2 dva(€) < (0(s),/(5)) for ae. s € (0,T).
Since u'(s) = [,, ndps(n), and

/% €-0(s)|2 dua(€) = /% € dua () —10(s) P /jf\n—u ()2 dpa() = /% [ dpss ()~ () 2,

from (4.52) we obtain

@) g v @R g [ = 0P + 5 ) - o) <o,
(4.54) u'(s) = 0(s) € f(s) — Ded(ul(s)), s =vs =0y (s forae se(0,T),

since g, vs are concentrated on f(s) — dpd(u(s)) for a.e. s € (0,7). In particular, u is a strong
solution of (GF) and (1.34) holds.
Applying (3.20), we get

¢'(s) = —(f(s) =/ (s),u/(s)) = (£, v/ (s)) V€€ aff(Deg(u(s))) for ace. s € (0,T),
i.e., denoting by K, the closed affine hull aff (f(s) — ds¢(u(s))), u'(s) satisfies the system
(4.55) u'(s) € Ks, (u'(s),u/(s)—n) =0 VneKs,

which yields (1.31).
Finally, observe that (1.33) follows from (4.29) if we show that

(4.56) I}CITn_i_inf UL (s) —u/(s)]* =0 forae. s€(0,T).

Choosing w := v’ in (3.9) and possibly extracting a further subsequence (still denoted by 7 ), we
get

(4.57) lim (U. (s) —4/(s),u'(s)) =0 for a.e. s € (0,7T).

Inequality (4.47), the Lebesgue differentiation Theorem and the previous computations yield
L. . 2 1 2 2
51}€r%1+10r;f|U4k(8)\ + 5[ () < (0s),u' () = (),
ie.,
. 2 2
l}chnJrloléf U (5)]7 < [u/(s)]* forae. se(0,T).
Combining this relation with (4.57), we end up with

liminf U, (s) — o (9)* = Hmnf (U7, (9] [/ ()" + 200 () = U, ()., (5)) )

< limi / ) 2) <.
< tminf (107,09 - W/ (97) <0. O
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Proof of Theorem 3. We first consider the “W11(0,T)” case discussed in Remark 1.5. By
(CHAINg), the map ¢ o u belongs to the Sobolev space W11(0,T), and it coincides almost ev-
erywhere with its continuous representative; moreover, (4.46) with s = 0, (4.44), and the lower
semicontinuity of ¢ yield

lim ¢ (u(t)) = é(uo),

t10

so that 0 is a continuity point for ¢ou. Let 7 C [0,T] be the Lebesgue set of ¢ ou, thus satisfying
[(0,T)\ T| = 0; by (3.22) we have

(4.58) o(u(t)) = d(uo) + / /%<f<r>—s,u'<r>>dur<5>dr vieT.

Inserting this identity in (4.46) for s := 0,t € 7 and arguing as in the proof of Theorem 2, we
obtain the integrated form of (4.53)

s [ ([ P anm+ [ - 00Pan© o) - 00 dr <o,

which yields (4.54) and the energy identity (1.36).
Then, (1.31) can be proved in the same way as in the previous proof; passing to the limit in
(4.32) for s = 0 and taking into account (4.58), we get for t € T

t t

try(t) ~ _
1imsup/ (%\UT’]c (s)|? —|—%\®Tk (3)|2) ds+¢(Ur, (1)) < ¢(u0)+/ (f(s),d'(s)yds = [ |u'(s)|* ds+o(u(t)).

kToo 0 0 0

Since each term is lower semicontinuous, i.e.,

- ¢ ) ¢
lim inf/ U! [>ds > / |u'|*ds, lim inf/ 10, |*ds > / |u'|? ds,
kT+oo Jo 0 kT+oo Jo 0

and lim infy 400 #(Us, (t)) > é(u(t)), by comparison we infer for every t € T
t t
(4.60) lin (T, (1) = S(u(®). timsup [ |0, (s)Pds < [ 1(9) ds,
oo kToo 0 0

which entails the strong convergence (1.37) and thus that (up to the extraction of a further
subsequence) U], (t) — «/(t) for a.e. t € (0,T). Finally, (1.33) follows by passing to the limit in
(4.29), also recalling (4.20). When ¢ o u is avsolutely continuous, too, then the set 7 coincides
with [0, 7], and we recover the complete statement of Theorem 3. |

4.5. The chain rule and concave perturbations: proof of Theorem 4. We split the proof
in two lemmata; observe that the following assumption (4.61) is slightly weaker than (1.39).

Lemma 4.8 (Subdifferential decomposition). Let ¢ : 7 — (—00,400] be a function satisfy-
ing (COMP), let 1y : D(¢) — R be Ls.c., and let ¢5 : co (D(¢)) — R be convez and L.s.c. in D(¢).
If ¢ admits the decomposition ¢ = 1 — s in D(¢), and

VM >0 Fp<1l,v>0 suchthat [0°Us(u)| < p|l0°t1(u)| + v

(4.61) for every u € D(dr) with max(¢p(u), |ul) < M,

then every g € 0¢(u) with max(¢(u),|ul) < M can be decomposed as
(4.62) g=A =N, Neoanw, WI<a-p7(lgl+y), i=12,
where p,~y are given in terms of M by (4.61).

Proof. Let us formally extend 11, to +0o outside D(¢) and co (D(¢)) respectively; we introduce
the Moreau-Yosida approximation of the convex function s:

(P
4.63 e = f Yov e,
(4.63) wncto)i= _int (B ) v
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and its l.s.c. envelope

(4.64) a(v) = sup V2,e(v) = h%l Poe(v), with a(v) =1a(v) ifve D(g).
e> €

In particular, (4.64) yields that

(4.65) Mo (v) = Aa(v) Yo € D(9).
Let us denote by J. the related resolvent operator associated with 91, i.e. J. := (I + dibo) 1,
which is a contraction in J#. Since ¥ is convex, it is well known [12, Prop. 2.6, 2.11] that s . is
a Cb! convex function whose Fréchet differential D . satisfies

U — JE (u) n o,
(4.66) Dippe(u) = ————, Dipe(u) C02(Je(u), [D¥2e(u)] < [0°¢2(u)l.
For a given u € D(9¢) with max{é(u),|ul} < M, and for every 0 < 7 < 7,./8 and 0 < € < &,, we
consider the minimization problem

2
(4.67) find w € # such that w € argrr;;n { |2 2Tu| +Y1(z;9) — wg’g(z)} ;
ISR

since Y1(+;9) — VYae. > ¥1(59) — 2. > (4 g), assumption (COMP) ensures that the minimum
problem (4.67) admits at least a solution we ., which fulfills by construction

We.r —ul? We.r —ul?
% + ¢(we,r;9) < % + 1 (we 75 9) — 2, (we 7)

< 1(u;g) = Yae, (u).

Applying the estimate (4.12) of Lemma 4.1 to the functional ¥1(-; g) — 92, we deduce that for
e, T sufficiently small we have

|we.» — ul

(4.68) max {p(we - ), |we |} < M, <M,

where M’ = C(1+ M + |g|?). In particular, the sequence {w. ; } , is relatively compact in # by
(comP). Moreover, since we , complies with (4.67), there exists Al . € 041 (we ) fulfilling

We

U
(4'69) % + A;,T - D/l;[}Q,E(wE,T) = g7

whence 9t (we ;) is non empty. Then, we deduce from (4.61) that Ovs(w. ;) = Oa(we ) # 0;
setting

)‘g,-r = DwQ,a(wsJ) € 8¢2(J5(w5’7)),
we get by (4.66) and (4.61)

(4.70) A2 2| = 1D e (we )| < 102 (wer)| < plAz | + 7.
Combining (4.69) and (4.70), we obtain

ul

|we » — |we + — |
AL < er =l =

+ | Dipg e (w2 7 )| + |g| < + gl + plAE -+,

ie.,

ul

) I |« (1_ -1 |we,r — _
(4.71) AL < (1= p) 7 (FE 4 gl + )

Taking into account (4.68), (4.70), and (4.71), we deduce that, for every 0 < 7 < 7,/8, there exist
wy, AL, and A2 € J# and a suitable subsequence k — ¢; | 0 such that
Wepr — wry AL - — AL A2 22 ask T 4oo.

Ek,T €k,T

We notice that A2 € 0o (w,) = Oha(w,) by the strong-weak closedness of 9py and by (4.65), that
Yo(w,) = Yo(w, ), and therefore w, is a minimizer of

(172) vis ol —ul +6(i9) v D(@),
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so that
g — Tﬁl(wT - U) € ad)(w'r)
Passing to the limit in (4.69) as € | 0, we find

Wy — U

(4.73) + AL A2 =g,

so that Al is the sum of a vector in d¢(w,) and a vector in s (w,); since ¥ = ¢ + 1y in D(¢),
we deduce that A\l € 9¢;(w,), too. The estimates (4.71) and (4.73) yield

A<=

22 < (1 - )7

w — U
[ |+Ig|+7),

|wr — ul

(4.74)
+ lg] + v) +7.

Recalling (4.8), as g € 9¢(u) we have lim, o “*=—* = 0; therefore (4.74) yield, up to some subse-
quence,

(4.75) AL AL A2 2 A2 € O (u) = Oa(u), asT |0, A =)\ =g¢€dp(u)

with

(4.76) M <@=p)7 (gl +7), INPI<p=p)" (gl +7) +7 < (1 =p) " (lgl +7)
Arguing as in the previous lines, (4.75) yields A\! € 9t (u), and (4.62) follows. O

Lemma 4.9. Let us assume that ¢ : # — (—o0,+00| admits the decomposition ¢ = b1 — 2 as
in Lemma 4.8, and let us suppose that (1.39) holds. Then for every M > 0 there exists a constant
C > 0 such that every g € Oyp(u) with max(p(u), |u]) < M can be decomposed as

(4.77) g=XA =22 Al e ap(u), A€ ds(w), |N|< 0(1 v |g|), i=1,2.

In particular, if 1 satisfies one of the Chain Rule conditions (CHAIN: 2), then ¢ satisfies the same
chain rule property, too.

Proof. By the previous lemma and the definition of limiting subdifferential, if g € d;¢(u), then we
can find sequences uy € D(9¢), g = A\t — A\; € Od(ug), Ak € Ov;(uy), i = 1,2, k € N, such that
Uk — U, gk:)\/ﬁ_Aiéga

(4.78) M’ = sup((ue). ) < +o0, N < CO)(1+ g

Possibly extracting a subsequence, we thus have
(4.79) A=A =1,2, A% € Oa(u), g=A -\
Moreover,

lim sup 92 (uy) < lim sup()\i, up — u) + Pa(u) = o(u) < +00
kT+o0 k1400

and therefore

lim sup 1 (up) = limsup (¢(ur) + va(uk)) < M’ + ¢pa(u) < +oo

kT+4+o0 kT+4+o0
It follows that A' € 911 (u) and (1.39) yields
(4.80) N <lgl+ X< gl +pN [+, de N (1=p) 7 (lg]+7),

which proves (4.77).

Let us now suppose that 1, satisfies (CHAIN;); in order to check that ¢ satisfies the same
property, let us consider a curve v € H1(0,T;.5) such that ¢(v(t)) = ¢(t) for a.e. t € (0,7),
¢ being of bounded variation, and a selection & € L2(0,T;5¢) with £(t) € depp(v(t)) for a.e.
t € (0,7). By (4.77), we get

T T
(4.81) /0 |8§w1(v(t))\2dt+/o 0% (v(t)) | dt < +oc.
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Being v convex, (4.81) shows that 2 o v is absolutely continuous with
d
dt
Thus, ¢+ 0v is of bounded variation, and ¥ (v(t)) = @(t) +¢2(v(t)) for a.e. t € (0,T); applying
Theorem 3.3 we get

(4.82) Yo(v(t)) = A2 (1)) VA2 € Oba(v(t)) for ae. t € (0,T).

(4.83) %(cp(t) + 1/)2(1)(15))) = (ALY (1) VYA €9y (v(t)) for ae. t € (0,T),
and therefore

%g&(t) =M\ = X2 (1) VAL €O (v(t), A2 € Oa(v(t)) for ae. t € (0,T).
Applying (4.77) again we conclude; when 1, satisfies (CHAIN3), too, it is immediate to check that
¢ o u belongs to AC(0,T). O

5. COUPLING DIFFUSION EQUATIONS WITH QUASISTATIONARY CONDITIONS
5.1. An abstract setting. Let us consider a standard Hilbert triplet
(5.1) V CH=H cCV’, theinclusions being dense and compact.

Since we have adopted the usual convention of identifying H with its dual, the duality pairing
between V and V' is the (unique) extension by continuity of the H-scalar product (-,-) g, i.e.

(5.2) vi{u,v)y = (u,v)g Vue HuveV.

We are given a nonnegative, symmetric, and continuous bilinear form a : V x V. — R, thus
satisfying for some v > 0

(5.3) 0 <a(u) :=a(u,u) <yllull} YueV,

and a proper functional F': H — [0, +00] whose sublevels

(5.4) {xe H:F(x) <s} are strongly compact in H.
We denote by A : V — V' the continuous linear operator associated with a
(5.5) vi{Au,v)y = a(u,v) Vu,v,€V,

and by A : H — 2 the H-subdifferential of F, i.e.

(56) deAx o xeDF)CH limmnf LWZFO=Wn=Xn
In=Xlr—0 n = Xlla

In this section, we aim at studying evolution problems of the following type

> 0.

Problem 5.1 (Quasi-stationary evolution systems). Given ug € H and f : (0,7) — V’, find
a pair u, X : (0,T) — H, with u — x € V', which satisfies at a.e. t € (0,T) the system

u'(t) + Au(t) — x(t)) = f(t) inV,

(5.7) X(t) + Ax(t) > u(t) in H,
u(0) = up.
We will distinguish two cases:

1) The form a is coercive, i.e., there exists a > 0 s.t.
(5.8) a(u) > allul|? Yue€V;
2) The form a is only weakly coercive, i.e., there exists A,a > 0 such that
(5.9) a(u) + Aluly > allul? Vue V.

In fact, since the quadratic form a(-) is nonnegative, for every A > 0 we can find a > 0 such
that (5.9) holds.
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1) The coercive case. If (5.8) holds, we will denote by 7 the dual space

A :=V’', endowed with the scalar product

5.10
(5.10) (u,v) = a(A" u, A7) = v (u, A7)y = v (v, A )y,

and we want to show that the system (5.7) is associated with the Gradient Flow in ¢ of the
functional ¢ defined by

sllu— x|} + F(x) ifu,x € H,

+00 otherwise.

(5.11) ou) = inf F (), Flux) = {

Remark 5.2 (J# or V’'?). The spaces 5 and V' are linearly and topologically isomorphic, the
sole possible difference being the choice of their scalar products. On the other hand, the notion
of Gradient Flow is intrinsically related to this choice, and in the applications the scalar product
(5.10) could be different from the one usually adopted in V’. Therefore, we will use the letter J#
when we want to stress the role of the particular scalar product and highlight the link with the
general theory of Gradient Flows.

The connection with the previous theory is provided by the following preliminary result:

Proposition 5.3 (The subdifferential of the marginal function ¢). The functional ¢ : H —
[0,+00] (5.11) defined by has domain D(¢) = H and satisfies (COMP) and (CONT). For every
u € H, the infimum in (5.11) is attained, and therefore for every u € H the set

(5.12) M(u):={x € H:F(u,X) =¢(u)} isnotempty,
and satisfies
(5.13) XeMu) = Xx+AX>u.

If u € D(0¢) (the Fréchet subdifferential of ¢ in ), Op(u) is single-valued, and the set M(u)
contains a unique element X, which fulfils

(5.14) u—xX€evV, 0¢(u)=Alu—-x)eHX=V"

For every uw € D(0p) (the domain of the limiting subdifferential of ¢ in )

(5.15) E€do(u) = IxeMu): u—x€eV, &=Au-—X)

Proof. Let us point out that for every positive constant C' the sublevels
{(u,X) € ' x H : F(u,Xx) < C}

are compact % x H, whence we easily get the existence of a minimizer x € M (u) of (5.11) for
every u € H. Since ¢(u) = F (u, X) for every X € M(u), it is immediate to check that the sublevels
of ¢ are closed and bounded in H, hence compact in J#, so that ¢ satisfies (CcOoMP). Then, (5.13)
is simply the Euler equation satisfied by the minimizer of (5.11).

Let us now suppose that u € H,& € d¢(u), and let X be any element in M (u): observe that
the minimality of X yields

1 1 1 1
$(w) = min o[l — wllf; + F(n) < SIx = wlf + FO) = SIx —wlir = 5lIx = ullf + ¢(w),
neH 2 2 2 2

so that for every w € H we have, by the very definition of subdifferential,

0 < liminf $(w) ¢|(U) - <|£,w — U
. w — Ul
< liminf sllw = X1 — 5u - X|%I — (& w—u)r
w—u w_u‘%
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Choosing w :=u+ hz, h € R, 0 # z € H, we get

sh?l2l1% + hlu —x, 2)m + 5llu — X} — 5llu— XIF — h( 2)r

0 < liminf 2
=T I
= [eld timin (31A] 0% + (0= X2 — (6. 2)or)
H he0 2 H |h| ) H ) S

= — 2052 (u = X, 2)n = (6 2)oe |-

Being z € H and X € M (u) arbitrary, recalling (5.2) and (5.10), we get (5.14).
Finally, if £ € 9p¢p(u), then the definition of limiting subdifferential and (5.14) show that there
exist a constant C' and sequences ug, Xx € H, up — Xg € V, & € F such that

Xi € M(ui), & = A(ur — X) = 0p(uy),

(5.16) up —u, & —& in, olug) = F(ug,Xx) <C.

It follows that uy — X, converges to A~1¢ weakly in V and strongly in H; being the sequence {X}}
relatively compact in H, we get that u; — w and X — X := u — A~'€ strongly in H. Then, we
can pass to the limit in the family of inequalities

j(ukaxk)éﬁ(ukvn) VTIEHa
obtaining
F(u,x) < F(u,m) VneH, ie., x € M(u).
Finally, the above inequalities yield

(5.17) lim sup ¢(uy) = limsup & (ug, Xx) < limsup .Z (ug, X) = F (u, X) = é(u),
k——~400 k—-+oo k——+oco

which shows that ¢ satisfies (CONT) and the approximating family X satisfies
(5.18) khlf F(xx) = F(x).
O

Corollary 5.4 (Gradient flows solve the system). If u € H(0,T;5¢) is a solution of the
Gradient Flow equation (GF) in S for the functional ¢ defined by (5.11) and the datauo € H, f €
L2(0,T; ), then u € L>=(0,T; H) and there exists X € L>(0,T; H) with

(5.19) u—x€L*0,T;V), x(t) € M(u(t)) forae te(0,T),
such that the pair (u,X) solves the system (5.7).
Applying Theorem 1, we readily get the following existence result:

Theorem 5.5. Under the previous assumptions, let us suppose that for every u € H the set
(5.20) {X €EH:xeM(u), u—xE€ V} is convez.

Then, Theorem 1 can be applied, and every generalized Minimizing Movement u € GM M (P;uy, f)
with ug € H, f € L*(0,T;5¢) is a H'(0,T; 5)-solution of Problem 5.1, fulfilling the properties
stated in Corollary 5.4.

Now, we investigate the possibility to prove a chain rule for the functional ¢. Let us denote by
G the functional

1
(5.21) G(x) = §||XH%I +F(x), Xx€H,

and by G* its Legendre-Fenchel-Moreau conjugate (in H), i.e.,

(5.22) G*(u) := sup (u, X)a — G(X) = sup (u, X)m — (%IIXH?I + F(X))~
XeH XeH
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Of course, G* is a convex functional defined in D(¢) = H, and
G*(u) > (u,x)n —G(X) VX €H,
G*(u) = (u,x)g —G(x) iff x €& M(u).
Since ¢ admits the decomposition (cf. Remark 1.9)
(5.24) B(u) = gl — G (w),
it is natural to check if Theorem 4 can be applied. The easiest case is provided by the following
result:

(5.23)

Proposition 5.6. Suppose that for every M > 0 there exist constants p < 1, > 0 such that the
following a priori estimate holds:

ueV, X&M(u),

(5.25) max(Jull, F(X)) < M

} = xeV, [Ax|v: < pllAullvs + .

Then, the decomposition (5.25) provides a dominated perturbation of ¢ = %H |1%,. Thus, ¢
satisfies the Chain rule condition (CHAINg), which in this case yields that t — F(u(t), x(t)) is
absolutely continuous with

(5.26) %@) ou) = %y(u, ¥) = vl u— Xy ae in (0,T),

whenever

(5.27) uwe HY0,T; V"), x & M(u), ts[lépT] Flu,X) < 400, u—x€L*0,T;V).
€10,

Proof. Let us first observe that

(5.28) MNeo(u) & weV, N =Au

Thus, if w € D(91), then also u € D(92), since it is easy to check by (5.25) that

(5.29) XEMu)NV = Ax € 9G*(u).

To check this, it is sufficient to notice that by (5.23) we have
(5:30) G*(v) = G*(u) = (v. ) — GO0 = ((u, ) — G(X))
=Ww—-—u,X)g={v—u,AX)» VveH.
We want to show now that if w € V, then
(5.31) N EeIG*(u) = &:=A"'N\ eco(M(u)).
Indeed, recall that if A2 € 9G*(u), then
G*(v) = G*(u) 2 (W v —u)pr = (v —u)y YveH,
whence, denoting by G** the lower semicontinuous and convex envelope of G in H, we get

(532 (6w = 6" () = sup(&, v)r = G () = G (©).

Since G has compact sublevels in H and it has superlinear growth, there exists a Borel probability
measure p in H such that

(5.33) [ rdun=¢, @O = [ 60 duin) <666)
H H
cf. [38, Thm. 3.6 and (3.38), p.419]. Integrating (5.32), we obtain
(5.34) G*(u) < (§u)n — G (§) = /H (A w)m — G(A)) du(X).

Since (A, u) g —G(X) < G*(u) for every A € H, the previous inequality shows that p is concentrated
on the set M (u), which yields (5.31) in view of (5.33).
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Further, (5.25) shows that

N[l = Al < / : [AX[v du(x) < pllAully + 7,

(u

i.e., ¢ satisfies the assumptions of Theorem 4, and therefore the Chain Rule condition (CHAINg)
(see Remarks 1.8 and 1.9). O

The crucial assumption (5.25) in the previous proposition allows to obtain a separate control
on u and X in V from the estimate of u — X in the same space. The simplest case in which this is
possible is when F(X) controls the norm of x in V.

In some circumstances this does not occur: the next proposition show that it is sufficient to
control the norm of u and X in a bigger space W D V, such that H lies “in the middle” between W
and V’. This can be formalized in terms of Interpolation Theory, by asking that (W, V"), C H
as in (5.37) (since (V,V')1/22 = H (5.37) is in fact an identity, up to equivalent norms). In fact,
the next result shows that for the “W11(0,T)” chain rule the weaker assumption (W, Vi1 CH
is sufficient.

Proposition 5.7. Let us suppose that W is an intermediate Banach space between V and H (i.e.
V C W C H, the inclusions being continuous), which satisfies

(5.35)
(W,V")1/21 C H, e.g., for a suitable constant K > 0 lvllg < K ||v||%,[£2 ||’UH%//,2 YoveW.

If for every constant M > 0 there exists a constant C' > 0 such that the following a priori estimate
holds

u—x€V, x€Mu)

(5:36) max (el s, FO) < M

} = Ixllw < C A+ [|A(w = )[lv)

then ¢ satisfies the Chain rule condition (5.26), (5.27), which corresponds to the “WhH1(0,T)”
case of Remark 1.5. If, moreover, H satisfies the stronger interpolation property

(5.37) (W, V' )122 CH
then ¢ satisfies the Chain rule condition (CHAINg) in its stronger “AC(0,T)” form

Proof. Let us suppose that uw € HY(0,T;V"), £ € L?(0,T;V’) with £(t) € Opp(v(t)) for ae. t €
(0,T) and supyepo 1) ¢(u(t)) < +oo; it follows from (5.15) that there exists x € L>(0,T; H) with
X(t) € M(u(t)) and &(t) = A(u(t) — x(¢)) for a.e. t € (0,T); let us first show that

(5.38) pouec WhH(0,T), %(d) ou) = (A(u—X),u)r ae. in (0,T).

For h e Rt +h € (0,T), let up, :=u(- + h),xn := X(- + h): a simple computation shows that
(5.39)
1 1
) = 9L) =  (un. Xu) = F () < F(un ) = F () = 2w — Iy — 51w = xI

1 1 )
= i(uh—u,u—l—uh—QX)H = (uh—u,u—X)H+§Huh—u||H,

and, writing the same formula at the time ¢t — h, we get
1
¢(u) = P(u—n) < (u—u—p, v = X—n)u + 5 llu - u—nllr;
replacing —h with A and inverting the sign, we end up with

S(un) — 0(u) > (1w, un —Xa)ir — & un — ulf}y
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If we subtract the term h(A(u — X),u’) 5 from both the previous inequalities and recall that
u— X,up — Xp € V, we obtain

(i~ ,Aun — X)) — B, Al — X)) e — 5l — w3y
(5.40) < Blun) — $(u) — h(u, Alu— X))or
< o =, Al = X))o — hlol, Al = X))ot + 3 Jun — ull%,
hence
[0un) = o(u) = hu', Alu = X))o
(5.41) < [(un = . Awn = Xa)) o — Bl Al =) |
| Gan = A = X)) = B, A= X)) + =l

Now we choose h > 0, we divide by h, and we integrate on an interval (0,7 — §), § > h. Recalling
that as h | 0

Up — U ’

—u

h )

up — Xp — u—X strongly in L*(0,T — §; ),

we get

T-6 T—6
(5.42) limsup/ ‘M —(u', A(u — X)) | dt < limsup l/ up — ul|% dt.
nio Jo h nio hJo
Since u — x € V, x € M(u) ae. in (0,7) and |lu|lg, F(x) are uniformly bounded on (0,7,
from (5.36) we get x € L2(0,T; W), and therefore u € L?(0,7; W) as well, being V continuously
imbedded in W.
The interpolation inequality (5.35) thus yields

1 [T-¢ ) ) T-4§
— U—u dt < K
) . / w3 dt < /

U — Up
h

< Ol || 20,m3v 1y e — unll 2 0,m3w ),

which goes to 0 as b | 0. Then, (5.38) readily follows from (5.42) and (5.43). Finally, if (5.37)
holds, then from u € L2(0,T; W) with v’ € L?(0,T; V') we deduce u € C°(0,T; H); it is easy to
check from (5.39) and the lower semicontinuity of ¢ that the map ¢ ow is continuous and therefore
it belongs to AC(0,T). O

lw — wp||w dt

A4

Theorem 5.8 (An existence result). If either assumption (5.25) or assumptions (5.36), (5.37)
of the above propositions are verified, then for every ug € H, f € L2?(0,T;V’') Problem 5.1
admits an “energy solution” w € H*(0,T; V') N C°([0,T]; H), x € L*(0,T; H) with ¥ =u — X €
L2(0,T;V), which satisfies a.e. in (0,T) (here a(v) := a(v,v))

(5.44) X € M(u), which yields X + AX > u,
(5.45) a(u—xX—A"'f)= min a(u—o— ATLf),
ceM(u)

and the energy identity
(5.46) / a(¥(r)) dr + F (u(t), X(t)) = F (u(s), x(s)) +/ v (f(r),d(r))vdr Vs, tel0,T].

Moreover, u € C°([0,T]; H).

The proof follows directly from Theorem 3 by elementary computations. |
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2) The weakly coercive case. When the operator A is no more injective and only (5.9) holds
true, we can argue by approximation and recover exactly the same result as before.

Theorem 5.9. Theorem 5.8 also holds (except for (5.45)) in the weakly coercive case.
Proof. Let us consider the bilinear forms
ax(u,v) := a(u,v) + A(u,v)g Yu,v eV

which are coercive for every A > 0; Theorem 5.8 yields the existence of an energy solution (uy, X))
to Problem 5.1; since

1
F(ux, Xx) 2 Sllux = Xallirs
we obtain the a priori bounds

lux — XallL2co,m5v) + luhll L2010y + [Sup F(un,xx) <C
0

)

with C independent of A > 0. Thus we can pass to the limit (up to extracting a suitable vanishing
subsequence A;) as \x | 0, obtaining

L —u in HY0,T; V'), wuy, —Xa, —~u—X in L*0,T;V)
Xx, = X in L*(0,T;H), wuy,(t)—u(t) in H Vtel0,T],
v +Au—X)=f ae. in (0,7);

UN

In order to show the strong convergence of {A(uy, —Xx, )} in L(0,T; V’), we argue as in the proof
of Theorem 3, trying to get more information from the energy inequality. In fact, (5.46) yields

/ a(u(r) — X(r)) dr + $(u(t)) < limsup / ax(tr, () = X, (7)) dr + 61z, (1))
(5.47) 0 kl+eo O

< $(ug) + / v (F(r)u(r) — X))y dr.

On the other hand, arguing as in Theorem 3.3, the Chain rule (5.26) shows that ¢ — ¢(u(t)) is in
AC(0,T) and

60w = vl u =y = vo(F — Alu—X)yu— v,

so that .
P(uo) = ¢(u(t)) — /0 vi(f(r) = Au(r) = X(r)), u(r) = X(r))v dr

at each point ¢ € [0,T]. Substituting the identity in (5.47) and using the lower semicontinuity of
each term of the sum, we obtain

(5.48) A(uy, —X»,) — A(u—X) strongly in L*(0,T;V"), d(ux, () — od(u(t)) Ytel0,T)].
Therefore, up to the further extraction of a subsequence (still denoted by Aj), there exists a Borel

negligible set N' C (0,T) such that A(uy — X,) converges to A(u— X) in V' in (0,T) \ N.
Let now L(t) be the (not empty) set of all (strong) limit points of Xy, in H

(5.49) L) = () Don® k= p)

and let us choose t € (0,7) \ N and x € L(t); there exists a vanishing subsequence Ay | 0
(possibily depending on t) such that x,_,(f) — X in H. From the convergence of the energies
(5.48) it is immediate to check that wy,, (t) — X, (t) — u(t) — x in H and x € M(u(t)). Further,
as A(uy,, (t) = Xx,, (t)) converges on V', the weak coercivity yields uy,, (t) — xx,, (t) — u(t) — X in
V. We deduce that A(u(t) — x(t)) = A(u(t) — X). Operating a measurable selection Xx(t) € L(t)
we conclude. O

5.2. Applications. We conclude this paper by briefly showing that the PDE Examples discussed
in Section 2 are particular cases of Problem 5.1: in each situation, the application fits in the
framework we have proposed in the first part of this section.



GRADIENT FLOWS OF NON CONVEX FUNCTIONALS IN HILBERT SPACES AND APPLICATIONS 41

The Stefan-Gibbs-Thomson Problem. Let us first consider Example 5. We have already
discussed the functional setting: V' = H=1(Q), A:= —A, V := H}(Q) and

1
Fob)i=a [ DX+ [ T (0dz, Fo(uX) = 5llu = Xlam + Folx),
Q Q
¢o(u) :== m)jn Folu, X).

We want to show that in this situation we can apply Theorem 5.5.
Here the crucial remark, which is somehow hidden in the original proof by Luckhaus and was
also used in a different form by [35], is that for every u € H the set

{X € H:xe My(u), u—xE€ Hé(ﬂ)} is a singleton,
so that (5.20) trivially holds.

In fact, if X; € M(u) amd u—X; € H}(Q), i = 1,2, we have in particular x; — X2 € H{(2); on
the other hand, since x;(z) € {—1,1} for a.e. z € Q, the range of values of x2 — X1 is {0,2, —2}.
Hence, X2 — X is necessarily constant (an H!-function on a connected domain cannot have jumps),
and null at the boundary, thus x; = Xo.

Finally, we have to check that the element in the limiting subdifferential of ¢ satisfy the Gibbs-

Thomson condition in the weak form (2.45): this important property is stated by the following
lemma:

Lemma 5.10 (The Gibbs-Thomson condition induced by 9,¢¢). Let us suppose that

(5.50) €= AV € ypo(u) with ¥ =u—x¢€ HJQ), X My(u).

Then on the essential boundary S = 8*E* separating the two phases E* := {zeQ:x(x) ==£1}

the Gibbs-Thomson condition H = v holds in the weak form

(5.51) a/ (div¢ -7 DEv) d|Dx| = / div(IC)xdz, V¢ ECAER™) ¢m=0 ondQ,
Q Q

d(Dx)

d| Dx|

Proof. Let us first suppose that ¢ in (5.50) belongs to the Fréchet subdifferential dpo(u). We
introduce the flow X : Q — ) associated to ¢, i.e. the family of diffeomeomorphisms satisfying
the system of ODE for (s,z) € R x Q

35X s(2) = C(Xs(2))
Xo(z) = .

where the Radon-Nikodym derivative v = is the measure theoretic inner normal to 0*E™.

(5.52)

When (0 is sufficiently regular, condition ¢ - n = 0 ensures that ) is an invariant region for X,
i.e.

(5.53) X ()= VseR,

and the map x — X 4(z) is a C? diffeomeomorphisms with inverse X _;; setting
(5.54) Ds(z) :== Dy X s(x), Js(z) :=det Ds(x)

we have

(5.55) { £Ds(x) = DC(X (2))Ds(2), { 4 Jy(x) = div ¢(X o (x)) T (),

Dy(z) =1, Jo(z) = 1.
We consider a perturbation of (u,, X) given by
(5.56) Xs(z) == X(X_s(2)), Vs(z) :=0(x), us:=7+Xs;
since X, still belongs to BV (Q; {—1, 1}(»

dorff measure restricted to S, = X
Chap. 16], [2, Thm. 7.31] yields

(5.57) d%(/ﬂmxso O:/Q(diVC—uTDCV) d|Dx|.

s=

) and $|DX,| coincides with the (m — 1)-dimensional Haus-
S), the first variation formula for the area functional [44,
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Moreover,

(5.58) %( /Q 9(x) us () dx)S:0 - dils( /Q 9(zx) Xs(2) dm)szo - /Q div (¢ ¢)x dz

since us — u = Xs — X and the change of variable formula yields

@ @de = [ 90X 020 xw)
By the very definition of subdifferential, we have

() — dufu) — |

Qﬁ(us —u)dr = ¢o(us) — po(u) — <5a (us — u)>H—1(Q)

2 O(HUS - UHH—l(Q)) = O(HXS - X”H—l(Q)) = 0(s)

(5.59)

where according to Landau’s notation, o(s) denote a function depending on s such that o(s)/s — 0
as s — 0.
On the other hand, since us — X5 = u — X = 1, we have

o / IDX.| — @ / IDX| = Fo(uus, Xs) — Folu, x) > dolus) — do(u);
Q Q

dividing (5.59) by s and passing to the limit first as s | 04 and then as s T 0_ we obtain

d
£(a/Q|Dx3|>S:0—/Qi9(x) Xs(z) dx)szo —0,
which yields (5.51).

Finally, we have to show that (5.51) holds even if £ belongs to the limiting subdifferential
of ¢g at u. In this case, by Proposition 5.3 and (5.18), we know that there exists a sequence
(uk, 9%, Xr ) ken which satisfies (5.50), —AY = o (ur), and (5.51), such that

(5.60) Ip — 9 in H}(Q), X — X in L*(Q), Jim a/ |Dxy| = a/ |DX|.
—© Q Q

Since DX —* Dx and |Dx|(2) — |DX|(£2) we can pass to the limit in (5.51) as k — 400 thanks
to Reshetnyak Theorem [2, Thm. 2.39]. O

Quasistationary phase field with Dirichlet/Neumann boundary conditions. Here, we
consider the system (2.31,2.32) introduced in Example 4, coupled with boundary conditions

(5.61) u—x=0, AVx-n=0 indQx(0,T).

Again V := H}(Q), H := L*(Q), V' := H~}(Q), A is the elliptic operator —div(A;V+), and .7, ¢
are given by (2.34 and 2.35), respectively.

In this case, we can apply Theorem 5.7 with the choice W := H'(Q). Observe that (5.61)
is a well known interpolation estimate of L?(Q) between H~1(Q) and H(f2), whereas (5.36) is
immediate since the functional F itself controls the H*(§)- norm of x.

Quastistationary phase field with Neumann boundary conditions. Finally, the existence
of the solutions to the system (2.31, 2.32), coupled with boundary conditions of variational type

(5.62) AV(u—X)-n=0, AVX-n=0 in 99 x (0,7),

for ug € L?(Q) and f € L2(2 x (0,T)), follows directly from Theorem 5.9 with the choice H :=
L2(Q), V := HY(Q); the operator A is defined for every u,v € H(Q) as

(563) (HY())’ <AU, U>H1(Q) = /Q (A1 (I)VU(QE) . Vv(x)) dx.
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