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ON GRADIENT FLOWS OF NONCONVEX FUNCTIONALS IN HILBERT SPACES
WITH RIEMANNIAN METRIC AND APPLICATION TO CAHN-HILLIARD
EQUATIONS

MARTIN HEIDA

ABsTRACT. In Hilbert spaces with a densely defined Riemannian metric, we study gradient flows (curves of
maximal slope) of the form
oru + VLS(U) S5f

where S is a nonconvex functional, V;S(u) is the strong-weak closure of the subgradient of S and f is a
time dependent right hand side. The article generalizes the results by Rossi and Savaré to this setting and
provides some examples from multiphase systems. In particular, we treat Allen-Cahn- and Cahn-Hilliard
equations with mobility depending nonlinear on the concentration and its gradient. We also study systems
of multiple phases derived by Heida, Malek and Rajagopal [20, 19] in a simplified form. In particular, we
will show that a certain class of reaction-diffusion equations coming from a modeling approach by Rajagopal
and Srinivasa [27] are automatically subject to the theory of curves of maximal slope.

1. INTRODUCTION

In this work, we treat gradient flow equations of the form
(1.1) Ou € =V, S(u) + f(t)

with S being a (possible nonconvex) lower semicontinuous entropy functional on a Hilbert space H, V;,S
being the limiting subgradient with respect to a densely defined metric structure g, and f € L*(0,T;H). To
this aim, we will work in between the approaches by Rossi and Savaré [30] (in Hilbert spaces) and Ambrosio,
Gigli, Savaré [2] (complete metric spaces), where we will stay more closely related to the Hilbert structure
of [30]. The main results generalize three existence results in [30] to a further degree of nonlinearity. We
will state the main results below as theorems 1.7-1.9. But first we need to introduce the major concepts and
notations. After formulating the main results we will shortly discuss the necessity of these generalizations
and compare to literature.

Notations and Concepts. Consider Hilbert spaces Ho < H < H with the set B(H) of positive definite
continuous bilinear forms. We then use the following terms and notations:

Definition 1.1. We call any tuple (Ho, 7, H, g) of Hilbert spaces Hy, H, H and a mapping ge : H — B(H)
satisfying 1 and 2 an entropy space:

(1) Ho — 7 < H, where the imbeddings are dense, and the imbedding Ho < H is compact. We denote
135 Il [I*[l3;, the respective norms and by (-, -);, the scalar product on H.

(2) g is a densely defined metric in the following sense: There are positive constants 1 < G* < 400 such
that

—1 -
(1.2) VG (@, y) ] < lgu(z,y)| S VG [(z,y)y| YueH, Vr,yeH,

and g, is strong-weak-continuous in the following sense: if u,, — u strongly in H and wn — @ weakly
in H as n — oo, then

(1.3) Gu, (P, V) = gulp, ) asn—o00 VY eN.
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Formally, we write g,(¢,%) = +oo for all ¢,¢ € H whenever u ¢ 7. This means that to every point u € H
we associate a local scalar product and local norm

(@Y gy = 9u(@y),  zlyey = Voulz,z)  Ve,yeH.
We denote by g, the unique automorphism on H such that
(1.4) gu(v,0) = (Gu(v), )y, Vv, 0 €H.

Furthermore, we will assume that S : H — (—o0, +00] is a proper functional. Then, we define the set valued
subdifferential dS(u) at u € D(S) through

S(u+ hv) — S(u)

. < limi
(1.5) de€dS(u) & (dv)y < h}ln\j(r)lf 5 YveH
and the subgradient V,S(u) of S in u € H through

(1.6) 0eV,Su) < 3 edSu) : g, (6,v) = <S,’U>H YveH,

where the index u refers to the local metric. To make this notation more clear, note that more generally,
equivalent definitions of V,S(u) are given through

(1.7) Gv (VoS(u)) = dS(u), veH,ue D(S)
or the condition that for all curves v : [—1,1] — H with v(0) = u holds

(1.8) §€V,S(u) & (5,07(0)) 0 < %S(v(t))

t=0
If no confusion occurs, we write VS(u) = V,S(u). In what follows, we denote the local slope by

wou, weD(S) U — w||g(u)

)

which coincides with the definition for Riemannian manifolds, as we will show in section 7.2. It is natural to
assume

(1.10) swp 3l <1081 (w),  Vu € D(S).
§eVLS(u)

but in some cases, like in example 3.1, it may not be clear whether S(u+ hdS(u)) < +oo for some h > 0 and
in these cases, (1.10) might fail.
Finally, for every subset A C H we define the affine hull aff A and its minimal section A° through

aff A= {Ztlaz Loa; GA, t; ER7 thzl} ,
A= il . A= (€€ A5 el = 1471}

Definition 1.2. We say that for any u € H, £ € H is an element of the limiting subdifferential d;S(u) of S
in w if there are u,, € H with w,, — u strongly and &, € dS(u,,) such that &, — & weakly in H. The limiting
subgradient and the weakly lower semicontinuous envelope of |0S| are defined through

ViuS(u) = g, (diS(w))

VS i= inf €l ViS@)® = {€ € ViS) €l = ViSwl}

Thus, equation (1.1) has to be understood in the sense of
(1.11) 9u(Oru, ) € (diS(u), )y + gu(fi0) Ve € L*(0,T5H)
For the rest of the paper, we assume that S is an entropy functional in the following sense:
Definition 1.3. Let (7—[077:[37-[,g) be an entropy space with G* > 1. We say that S : H — (—o0, +0o0] is an

entropy functional on (Ho, H,H, g) if it satisfies :

(1) D(S) € H and S : H — R being proper, lower semicontinuous, i.e. the domain D(S) of S is
non-empty.
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(2) S+ ||-|l;; has compact sublevels, i.e. there exists 7, > 0 such that sets
1 -1
{v eH : S)+ E\/G* oll3, < c}

are compact for any 7 < 7, and any C > 0 and there is a constant Sy > 0 such that

1
2Ty

(1.12) S) + 5 VG ull%, = ~So

(3) S satisfies the estimate
g, < € (SCu) + 10SF (u) + dS()ll3, + 1)

Remark 1.4. Due to the structure of (1.11), it is now evident that H is the right support for ge: Ho might
be to small, while we know for sure that D(d;S) C H. Also, the compactness of the embedding Ho < H will
provide compactness of the approximating sequences in the time discretization sceme. On the other hand, in
most cases of interest (i.e. H # H), H would be far to big.

Following Rossi and Savaré [30], we chose the following approximation scheme: Let (’HO, 7-2, H, g) be an

entropy space and S a corresponding entropy functional defined by 1.3. We introduce a modified Moreau-
Yosida approximation defining

+S(w)—(f,w)g(v)>, veH,

2
lv = wll g

Ja(va f) = argminwEH < 29

where the infimum is attained due to 1.3-(2). For fixed 0 < T < oo and time step 0 < 7 < 7y, there
corresponds a partition of (0,7) as

to:=0<ty < - <tj<--<--<ty1<T<ty, t;:=j7, NEeN.
We set

_ 1 [t
Fo(t) = FJ = ;/t F(s)ds forte(t;unt)), j=1,....N
j—1

and U? := ug for all 7 and for any j =1,..., N
; » : — : ti—t o t—ty
Ul e (UL FD),  TA0) = U8, Up(t) = 203 4 LT be (10,1,
T T
We will repeat this construction more detailed in section 5.
Definition 1.5. u € H 1(0,T;H) is a generalized minimizing movement, provided there is a sequence 7, — 0
such that U, (t) — u(t) in H for almost all ¢ € (0,7). We denote the set of all generalized minimizing
movements by GM M (S, ug, f).

Abstract results. The most important Lemma, which will be proved below is the following;:

Lemma 1.6. Let Ho, H, H, g and S satisfy definitions 1.1 and 1.3. Then, GMM(S,ug, f) # 0 and for all
u € GMM (S, ug, f) holds u € H (0, T;H).

This lemma will be proved in section 5. One fundamental assumption which is used in the statements of
all three main theorems is the continuity assumption:

(1.13) Up =, 5171Lp(|83(vn)| ,S(vp)) < 00 = S(v,) = S(v) asn S oo

We are thus ready to state the three main theorems of this paper:

Theorem 1.7. Let Ho, H, H, g and S satisfy definitions 1.1 and 1.3 with d;S(u) being convex and closed
for allu e H.

(1.14) S(u) = Sy (u) + Sz(v)
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with functionals Sy : H — R being proper, lower semicontinuous, and Sy; : D(S) C H — R being continuous
w.r.t. H. Furthermore, let f € L2(0 T;H). Then, for each ug € Ho and every 0 < T € R, GMM (S, uo, f) #
0 and each u € GMM (S, ug, f) is a solution to (1.11), satisfying the Lyapunov inequality

(1.15) /H W + 2 /|f ViS@)° + S(u(t) < S@(0))  for ae. t € (0,T).

If S additionally fulfills the continuity assumption (1.13) then, there is a negligible set N C (0,T) such that
I I
5/ |u’|2 + 5/ I(f — VZS(U))O|2 + S(u(t)) < S(u(s)) vt e (s,T)\N, Vs € (0,T)\N .

For the next theorem, we assume the following chain rule (see also [30]): If v € H*(0,T;H), £ € L*(0,T;H)
with £(t) € diS(v(t)) for a.e. t € (0,T), and Sowv is a.e. equal to a function s of bounded variation, then

d
Ss(t) = (6.0 ()

Theorem 1.8. Let Ho, H, H, g and S satisfy definitions 1.1 and 1.8 and assume (1.13) and (1.16) hold.
Furthermore, let f € L?>(0,T;H). Then, for each ug € Ho and every 0 < T € R, GMM (S, ug, f) # 0 and
each w € GMM (S, ug, f) is a solution to (1.11) with u(0) = ug. Furthermore, for almost all t € (0,T),

(1.16)

L17 u' is the projection of the origin on the affine hull aff(f — V,S) and
(1.17) fulfills the minimal section principle u'(t) = (f — ViS(u(t)))° and
(1.18) u'(t) belongs to the strong closure of f — VS (u(t)).

Finally, the energy inequality

(1.19) / 14 (0) 3 (o)) do + S(ult)) < S(u(s))

holds for all t € (0,T), s € (0,t)\N, N being a set of measure 0 in (0,T), and S o u coincides a.e. in (0,7T)
with a function s > S o u of bounded variation satisfying

d 2 )
(1.20) ﬁs(t) = — W' Olyeusy a-e in(0,T).

As already stated by Rossi and Savaré in [30], the Lyapunov inequalities (1.15) and (1.19) hold almost
everywhere but %s(t) might not be absolutely continuous with respect to the Lebesgue measure, and S o u
might have essential jumps along u. Like in [30], this phenonema can be circumvented using slightly stronger
assumptions on the chain rule condition, in particular:

Ifve HY(0,T;H),¢ € L*(0,T;H) with £(t) € V;S(v(t)) for ae. t € (0,T), and
. d
(1.21) Sowis bounded, then Sov e AC(0,T) andaS(v(t)) = ({,v’(t»g(v(t)) .
Using this improved chainrule condition, we generalize [30, theorem 3]:

Theorem 1.9. Let Ho, H, H, g and S satisfy definitions 1.1 and 1.3 and assume (1.13) and (1.21) hold.
Furthermore, let f € L?>(0,T;H). Then, for each ug € Ho and every 0 < T € R, GMM (S, ug, f) # 0 and
each w € GMM(S,ug, f) is a solution to (1.11) with w(0) = wug. Furthermore, for almost all t € (0,T),
(1.17)-(1.18) hold. Finally, we get the energy equality

(1.22) / Hu'(a)Hz(u(U)) do + S(u(t)) = S(u(s)) Vs, t: 0<s<t<T.

Comparison with former results. Up to [30] one of the major ingredients to the existence theory of
gradient flow was the assumption that the graph of (S,dS) was strongly-weakly closed in H x H x R, i.e.

&n €dS(vy), 1 =S(vn) } = £edSw), r=38),

Up U, &p =& Th T
yielding d;S = dS. As explained by Rossi and Savaré this condition yields closedness and convexity of dS,
chainrule (1.16) and the continuity condition (1.13). Note that in case S is convex, condition (1.23) is fulfilled.
For a review on results earlier than [2, 30] the reader is referred to these sources.

(1.23)
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However, the results of [30] generalized former existence results to the case that only one of the assumptions
(1.16) or closedness and convexity of dS holds. As in the present paper, the continuity assumption (1.13)
is needed in both cases. A further important contribution by Rossi and Savaré is a result on the class of
functionals satisfying the continuity conditions (1.13) or (1.21), compare e.g. for [30] theorem 4. This result
will be cited as theorem 2.2 below.

Another recent result due to Rossi, Mielke and Savaré [29], generalizes classical results as in [2] to time
dependent functionals and to quasi-metrics based on asymmetric distances. They also construct solutions
for distances defined through Finstlerian structures. As one may be tempted in interpreting g as a classical
Finstlerian structure, note that these structures need to be defined in a unique way such that in definition 1.1
#H = . In general, note that a topological approach using metric spaces, as in [2] or [29] would not lead to
above results: As stated clearly in [30, 29], results in metric spaces only apply to functionals satisfying (1.23).
Another recent and conceptionally related result is due to Mielke, Rossi and Savaré [23]: They considered a
Finstler structure generalizing 1.1-(2) but claiming convergence in (1.3) only for u, — w in H.

The approximation scheme, introduced above, provides the advantage that the theory of Young measures,
one of the major ingredients to [30], is still applicable. This makes the proofs similar to [30] but with some
non trivial generalizations. Note that particularly, properties 2 and 3 of g and S are crucial, but as will be
shown in sections 3 and 8 they are fulfilled by a large class of metrics and functionals.

Finally, compared to [30], the major non-trivial steps are the following: [30] benefits a lot from the strong-
weak closure of d;S by linear convergence arguments. However, proving convergence of the approximation
scheme, we will have to work with (V,,S)(un) = g,! (dS(u,)), thus with a partially nonlinear dependence
of g on v,. Furthermore, we have to make sure the chain rule condition (1.16) implies s’ = (V,;,S(v), v')g(v)
at least for generalized minimizing movements. Having shown these two important properties, the remaining
steps are similar to standard methods in gradient flows.

Physical Insight. It is commonly known that many partial differential equations, in particular describing
phase transitions, can be described as gradient flows with respect to a functional S. We refer to [6, 29, 30]
for further references. From the applied point of view, this is the major reason for the huge interest in such
systems. Starting from an initial article by Otto [26], the theory seems to have developed a new dynamics
over the last couple of years and the partially formal calculations below are surely inspired by what Villani
calls in his book “Otto calculus” [32], though we will not work in Wasserstein spaces.

Most authors assume that S is the total energy or the free energy of the systems. However, the author of
the present article believes that S should reflect the entropy of the system. This is for several reasons: First,
entropy is the key to thermodynamics, the fundamental variable which distinguishes thermodynamics from
any other physical discipline. Second, a recently developed method by Rajagopal and Srinivasa [27], based
on a maximization of the rate of entropy production, is able to provide models to various problems in fluid
dynamics and other fields. Third, the author formally showed in [16, 17] that these assumptions can also be
formulated in an integral setting. It will be main part of section 7 to introduce the ideas behind this method
and to demonstrate at least for a special class of models, that the resulting equations will always lead to a
gradient flow.

When choosing this approach, one has to be careful with the choice of variables:

(1) Entropy does not depend on temperature ¥, but on the internal energy e. Furthermore, if S = [7(e),
we find 971 = g—z. Thus, the relevant equation would be formulated in terms of e in form of

Ore — div <HV19(1€)) =0.

(2) Entropy is concave in e (see e.g. the most interesting work by Lieb and Yngvason [21]) but also in
all other variables. For the study in terms of gradient flows, it is thus more comfortable to study
the evolution of § = —S. The (physically unavoidable) increase of S with time is then reflected in
a decrease of S with time. Note that concavity in combination with 9~! = % in particular implies
the monotonicity of J(e).

We will come back to this point later in sections 7-8.
Structure of the article. In section 2 we will recall some fundamental Banach spaces and notations for

the main proofs but also the fundamental Sobolev spaces that will be used in the examples in sections 3 and
8. Section 3 will deal with some examples, among which can be found the Allen-Cahn and the Cahn-Hilliard
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equations with additional nonlinearities but also generalizations of Examples given in [30]. Furthermore, we
will shortly highlight, why the metric approach may fail even in case (1.23) is given. In section 4, some results
from theory of Young measures will be recalled and a new convergence result will be proved. In section 5 we
introduce the approximation scheme with more detail and provide uniform a priori estimates, which will be
used in section 6 to proof the main existence results 1.7-1.9. Finally, in sections 7 and 8 the assumption of
maximum rate of entropy production will be introduced for reaction diffusion equations and it will be shown
that the method is implicitly equivalent to the theory of curves of maximal slope, while finally we prove
general existence results for the obtained equations.

2. NOTATIONS AND PRELIMINARIES

For any Hilbert space H, we denote L?(0,T; H) the Bochner space of LP-functions over (0, 7] having values
in H and by H'(0,7;#H) the space of functions u € L?(0,T;H) having u’ € L?(0,T;H). Furthermore, by
C(]0,T],H) we denote the continuous functions from [0,7] to H, by C*([0,T],H) the k-times continuously
differentiable functions and by AC([0,T]; H) the set of absolutely continuous functions over [0, T7.

Theorem 2.1 (Egorov’s theorem for L?(0,T;H)). Let H be a Hilbert space and (vy), oy C L*(0,T;H) be
a sequence such that v, — v € L*(0,T;H) strongly and pointwise for a.e. t € (0,T). Then, for any ¢ > 0
there is K. C (0,T) compact with L((0, T)\K.) < € such that v, — v uniformly on K..

Proof. For any € > 0, Egorov’s theorem yields existence of measurable K. with £((0, T)\K.) < 5 sucNh that

vp, — v uniformly on K.. Inner regularity of the Lebesgue measure yields existence of compact K. C K. and
LIKN\K.) <¢e/2. O

Theorem 2.2. [30] Let S : H — (—00,400] be a functional satisfying the compactness property (1.13) and
admitting the following decomposition:

S=vY1—1y in D(S), with
P12 D(S) = R ls.c and satisfying (1.16) or (1.21),
o 1 co(D(S)) = R conver and l.s.c. in D(S), D(diyp1) C D(dis).
If

YM>0 dp<1,v>0 s.t. sup (&2l < plldipr(w)?]l5, +
Ea€dipa(u)

for every u € D(djy1) with max(S(u), ||ull,,) < M
then S satisfies the corresponding chain rule property (1.16) resp. (1.21).

Frequently used Hilbert spaces. In order to study the examples below, we will frequently make use of
the following Hilbert spaces: We consider an open, bounded domain 2 C R™ with smooth boundary I" = 92
and outer normal vector np. H™ () denotes the usual Sobolev space of order m and H["(Q2) denotes the
space of H™(f))-functions having zero boundary values. H~!(Q) is the dual of HZ(f2). Furthermore, we
introduce

@) = {oc 1@ : [ o=0}
with the scalar product
@0y, = [ VoV Vo € Hly ()
and its dual space H(_O)l(Q) with scalar product
(6:0) 5 = (VAN 6, VAY) o Vo0 € Hig) (),

where Ay is the Laplace operator with Neumann boundary conditions. More generally, define
L@ = {re @ [ =m}.

and

() 2 (Q —
Ro: @) > L@, [ f= [ ]
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the orthogonal projection on L%O)(Q). For simplicity, we may sometimes omit the (£2) if the context is clear.

Then, —Ay : H, (10)(9) — H @;(Q) is the Riesz isomorphism. We then get the dual product as the formal
product

Oy iy = [ 00 Vo€ iy (@), v € HG(@).

(0)777(0)

If H*(Q) := H*(2)~! is the dual space of H(), the Riesz isomorphism R : H'(Q2) — H*() is given by
R := —An + 1 in a sense that (—Ay + 1)71¢ is the unique solution p € H'(Q) satisfying

—ANp+p=¢.
The scalar product on H*(Q) is then given through
@) = (VAN + D)0V (—An+ 1) ) H((cAv+ D)o (AN )T Y) | Ve e HY(Q),
with the dual pairing
Do = (o0 Vo H'(D), e H'(®).

Lemma 2.3. Let A € L>®(Q;R™™™), B € L*(Q) having the property that there is 0 < C' < 1 such that
Cle)? < €A(z)E < C P, € < B(x) < CY for a.e. = € Q and for all € € R™. For ¢ € H(B)ln(Q),
e H*(Q) let py € H(lo)(Q), py € HY(Q) solve

—diw(AVpy) = ¢ on Q, (AVpg) -nr=0onT,
—div(AVpy) + Bpy =9 on Q, (AVpg) -nr=0onT.

Then, there is 0 < G < 1 only depending on A, B, C and 2 such that for all ¢ € H(:))l(Q), Y € H*(Q) holds

Gl < [ Vror (AVDo) <G [l
Q (0)
Gl < /Q Vpo - (AVpy) + Bp% < G [0 .

Proof. Let pj, € H(lo)(Q) solve

- Co .
—d1v(§Vp¢) =¢on, Vpy, -nr=0onT

and define py := py — pj;. Through

/Vﬁd)Ach—k/Vp; (A_§> Ve =0
Q Q

we can estimate py by p, by testing with py. By the same argument, the right inequality is trivial. A similar
argument applies to the second chain of inequalities. O

Definition 2.4. Let S be proper functional S : H — (—o0, +oo] for H = H(B)l(Q) or H = H*(Q). Then, we

consider the restriction of S := S|L2 of § to L*(Q) and define the set valued L?-subdifferentials g—‘z(u) C L*(Q)

and ‘i;)—f(u) C L% (Q) at u € D(S) through:

0)
5 0S8 . S(u+ hv) — S(u) 9
ueD(S): b€ E(u) & (6,v). < }1}{% N Yo € L7(Q)
50S S(u + hv) — S(u)

Q 2 . - < 1i
u€ D(S)N L () : d€ 6u(u) &= <§,v>L2_}111{% .
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3. EXAMPLES

3.1. Cahn-Hilliard equation with diffusion coefficient depending on Vu. On an open and bounded
set 2 C R™ with smooth boundary I' and outer normal vector nr, consider the Hilbert space H := H (6)1 Q).

On L%O)(Q), respectively H, consider the functional
(3.1) S(u) = {fQ (30(U> +3 |Vu|2) for u € H(Q)

400 otherwise

where sg : [a,b] — R is continuous and convex and sg(z) = 400 for = & [a, b].
In this section, we proof existence of solutions to the following generalized Cahn-Hilliard equation:

(3.2) O+ div (A(u, Vu) V (Au — sp(u))) 2 0 on (0,T] x Q,
(3.3) (A(u, Vu) V (Au — sp(u))) - nr = Vu-nr =0 on (0,T] x Q,
(3.4) u(0) = ug fort=0.

Historically, the first existence proof for the Cahn-Hilliard equation with smooth function sy and constant A
was given in [14]. Though there is a huge literature on Cahn-Hilliard equation (refer to [1, 6] and references
therein), there seems to be only few results on concentration dependent mobility, among the most cited being
Cahn et. al. [8]. Other works are by Liu [11], the one dimensional treatments by Dal Passo et. al.[12] and
Liu [22] and the work by Novick-Cohen [24, 25] which both treat very special cases, but which are both not
covered by our approach. Rossi [28] and Grasselli et. al. [15] deal with a Cahn-Hilliard equation of the form

Ou — Aa(w) =0, w = sy(u) — Au,

where w represents the analogue of curvature of the interface in the phase field setting. A dependence of the
mobility on w is subject to future investigation. Finally, the author is not aware of any work on the mobility
depending on Vu.

Lemma 3.1. [1, Lemma 4.1, Corollary 4.4] Let s : [a,b] = R be a continuous and convex function. Then,
S: L%m)(Q) — R and §: H — R are proper, lower semicontinuous and convex.

Additionally, Abels and Wilke [1] identified the L2-subgradient of S:

Lemma 3.2. [1] Let sp : [a,b] — R be a continuous and convex function that is twice continuously differ-

entiable in (a,b) and satisfies limg_,4 s((x) = —o0, limg_yp so(2) = 400. Moreover, we set s = 400 for
x & (a,b) and let S be defined as in (3.1). Then, for the L?-subdifferential holds
'S 2 2 / 2 " 2 1
(3.5) D(W) = {c € H*(Q) N L) () = splc) € L7(Q), sg(e) [Vel” € LT(R), Onc _— 0}
and
0
(3.6) 6—8(12) = —Au+ Pysj(a).
ou
Moreover,
2 )2 10 o 2 °S . |? 2
(3.7) 20y + 0@ z2 0y + | s0(@) [Val]” < C 67(”) + [l 72 (q)
Q 2@
for some constant C' independent of u.
For the H-Subdifferential holds
0s. . 8°s 1
(3.9) dS(a) = A (—Au + Pysy(a)) ,

and in particular, dS is single valued and

(3.10) 1772y < ClldS (@)l -



GRADIENT FLOWS ON HILBERT MANIFOLDS AND THE CAHN-HILLIARD EQUATION 9

Remark 3.3. Note that the proof in [1] yields for any @ € D(%):

0S

() = —Ad+ s (),

where estimate (3.7) reads

2
+ ||aiz<m> -

il ey + Isb@ ey + [ sh@) Vil < (H‘f(u)
Q u L2(Q)

By estimate (3.7), the compact embedding H (20 — H (10), convexity and lower semicontinuity of S, we have
strong-weak closedness of the graph of (dS,S) in the sense of (1.23) (see [4]). In particular, this implies the
chain-rule condition (1.16).

Abels and Wilke used these results to study the quasilinear Cahn-Hilliard equation

Ou+ A (Au— sy(u)) =0.

Of course, it is not natural to claim convexity of S in w. Thus, we assume

)

Sy=1Je (sofw) + sa(w) + 5 [Vul*)  for ue L3 (@) N HY(Q)
+0oo otherwise

where sg has the properties claimed in lemmata 3.1, 3.2 and s; : R — R is concave and continuously
differentiable, i.e. it has bounded derivatives on [a,b]. Then, (3.5)-(3.9) still hold with modified constants
for sg ~ so+ s1. It is easy to check that dS is still strong-weak closed, in particular, that chain-rule (1.16) is
fulfilled due to Theorem 2.2. Note that even for arbitrary s; € C'(R"), we would preserve convexity of dS
and the continuity condition. Thus, theorem 1.7 would remain applicable.

As we will see in section 7, it is physically justifiable to generalize the above Cahn-Hilliard equation to
(3.2)-(3.4) and the question arises how to get existence for this equation. First, note that with

Hi=Hiy(Q) Ho:=H*(Q)
we find Ho — H — L?(Q2) — H with all embeddings being dens and compact.
For u € ‘H, we define for sy, s5 € H:
(3.10) aulsrse) = [ VoA VOVE = Grisa) gy s = [ s = [ st
Q Q Q

(0)777(0)

where A : R x R" — R3*3 is bounded and Lipschitz continuous with & - A(:)€ > aq |¢ |2 for all parameters
and £ € R? and p¥ solves

(3.12)

—div (A(u, Vu)Vp¥) =s; on 2
fori=1,2
(A(u, Vu)Vp}) - mp =0 onT

It is immediate to check that g is a densely defined metric in the sense of definition 1.1 once we realize that
for sequences (s1,n, Un)nen C H X H with s; n — s1 weakly in H and u,, — u strongly in H as n — oo holds
pi™ — pY weakly in H(O)(Q) and thus gun(sl,n, S2) = gu(s1,s2) for all sy € H.

Then, above considerations together with (1.10) yield that S fulfills all requirements of definition 1.3. As
a consequence of theorem 1.8 we get existence of a solution u € H(0,7;H) N L?(0,T; H*(Q)) to (1.11) and
it remains to reconstruct an expression of the form (1.1):

For any u € D(S), § € V,S(u), s € H(o) (2) with p¥ and p¥ solutions of (3.12) for § and s respectively,
we formally write

(3.13) liminf S =SW S 5 ) /p(;s —/ —div (A(u, Vu)Vp§) p /529;

t—0 t

as the first equality holds for all s € L(O)(Q) we find pj = 2 f( ). Thus, using lemma 3.2 the gradient flow
(3.14) 9u(Oru, ) € = (diS(u), 0)y Vo € L*(0,TH),

is the weak formulation of (3.2)-(3.4) and we have shown the following result:
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Theorem 3.4. Let S and g be as above. Then, for any ug € H'(Q) there exists u € HY(0,T;H) N
L2(0,T; H*(Q)) satisfying (3.14) and u(0) = uo.

Remark 3.5.

3.2. A note on the applicability of the metric approach. Example 3.1 nicely demonstrates, why it is
hard to demonstrate applicability of the metric approach even in case (1.23) is satisfied by the functional S:
The metric g, is only well defined for v € H'(Q). Defining the length of any curve v € AC(0,T;H) with

v(t) € HY(Q) for ae. t € (0,T) as
T
L) = [ a0 O,

it is the essence of 7] that this Length structure

(1) is extendable to arbitrary v € AC(0,T; 1) such that
(2) L complies with the length structure induced by the intrinsic metric

if and only if v — L(v) is lower semicontinuous with respect to pointwise convergence. This means for +; such
that ~;(¢t) — ~(t) for all ¢, L(y;) — L(v). However, with regard to the last example, for v;(¢) — ~(t) in H,
the best convergence in H (10) (€2) (or even in L?) we can expect is weak convergence. On the other hand, due
to the above two conditions, for v; € C1([0,T]; H) with v; — v € C1([0,T]; H) such that v;(¢),v(t) € H(Q)
for all ¢ we would need A(v;(t), Vyi(t)) — A(v(t),V~y(¢t)) for a.e. t € (0,T). Even if L would be lower
semicontinuous, it is not clear whether the resulting gradient flow would be a weak solution to the classical
formulation.

3.3. Allen-Cahn equation with nonlinear diffusion coefficient. As the Cahn-Hilliard-equation, the
Allen-Cahn equation has been subject to various studies, refer to [6]. We consider the functional

(3.15) Sp(u) = {fg <50(U) + % ‘Vu|2) for u € H* ()

400 otherwise

on the Hilbert space L?(Q2), and we want to find dS,, being now the subdifferential with respect to L?(€2).
From Lemma 3.2, resp. remark 3.3, we know that for any v € C1(=T,T; C°(2)) holds

sy 0n(t)) = / (A (t) + sh(v(E)) ' (8).

dt 0

or, differently:

(AS(0), &) oy = /Q (~Au+tshu)e Ve Cx(Q).

Thus, if we introduce for A € C'(R x R"™) with 0 < ag < A(+,-) < ay' < 0o the metric
gu: H'(Q) = B(L*(Q)

wo (e [ v tes  vowe o),

we find that Ho = H2(Q), H = H'(Q) and H = L?(Q) such that we find the following result:
Proposition 3.6. For any ug € D(dSy) There exists u € HY(0,T;H) N L*(0,T;Ho) such that u solves

Ou + A(u, Vu) (—Au + si(u)) =0 on (0,T) x Q
nr-Vu=0 on (0,T) x 0N
u(0) —up =0 on 1.
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3.4. A finite dimensional example. Let F,G € C'(R") be two given functions satisfying

G
<l; > —00, lim inf M =400
Ixl=+oo  |X]

and showed that this system can be reinterpreted as gradient flow with respect to the functional

Blw) i= min (F(u) + G(o) — {u,0).

Due to superlinear growth of G, the set
M (u) := argmin (G(o) — (u,0))
is not empty and we find d¢(u) = VF(u) — M (u), which transforms above system into the shape
() € —d(u) + £(t).
Eventually using theorem 1.8, we may now also find solutions to the problem

u'(t) = A(u) (x(t) = VF(u(t)) + f(t) ,
VG(x(t) = u(t),
where A € C%!(R")"*" is bounded, Lipschitz continuous, uniformly strictly positive definite and uniformly

elliptic.
Note that Rossi and Savaré also give an explicit example for G such that M (u) is not convex.

3.5. The Stefan problem. A similar problem to 3.3 that was provided by Rossi and Savaré is the Stefan
problem

Ou — AB(u) = f on (0,T) x Q
Blu) =0 on (0,7) x 9Q
u(0,x) = up(x) on

where f € L2(0,T; H () and B(u) = (u — 1)T — (u — 1)~ for u € R. In [30], it is shown that the above
system is a gradient flow in H () with respect to the functional

«—_ 3 1 2
P(u) == aerrﬁ%?m/g (2 lu—o] +I[—1,1](0)> :

where

0 if —1<z<1
Ty (o) = {—l—oo else '

However, in view of the above considerations, the generalization to

Opu — div (A(uw)VB(u)) = f on (0,7) x Q
B(u) =0 on (0,T) x O
u(0, ) = ugp(x) on ()

is now obvious.
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4. YOUNG MEASURES

For a separable metric space F, we denote by B(FE) the Borel-o-algebra, where £(0,T) is the Lebesgue-
o-algebra on (0,7) and £(0,7T) ® B(E) is the product c-algebra. M(0,T; E) denotes the set of measurable
functions over (0,7") with values in E. A £(0,T) ® B(E)-measurable function h : (0,T) x E — (—o0, +0o0] is
a normal integrand if v — h(t,v) is lower semicontinuous for all ¢ € (0, 7). We denote the set of measurable
normal integrands by G(0,T; E) and the set of positive normal integrands by G*(0,7; E). The subset
K(0,T;E) of GT(0,T; E) is the set of all h € G(0,T; E) such that for all t € (0,7), 0 <y < +oo

{e€ E : h(t,e) <~} is compact.
Definition 4.1. A sequence (vg),cy C M(0,T; E) is said to be tight if there exists h € K(0,T’; E) such that

T
sup/ h(t,vg)dt < 4+00.
k Jo

For a Hilbert space M, let B(#H) denote the Borel-sigma-algebra with respect to [|-||,,. We say that a
L ® B(H)-measurable functional h : (0,7) x H — (—o0, +00] is a weakly normal integrand if
v = hi(v) := h(t,v) is sequentially weakly l.s.c. for a.e. t € (0,T).

Definition 4.2. (Time dependent parameterized measures) A parameterized measure in F is a family v :=
{v1}1c(0,1) of Borel probability measures on H such that

€ (0,T) — v (B) is L — measurable for all B € B(FE).

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

For computations below, the most important result on parameterized measures is a generalization of
Fubini’s theorem [13]: For every parameterized measure v = {Vt}te(O,T)’ there exists a unique measure v on
L£(0,T) @ B(E) defined by

(I x A) = /ut(A)dt VI e £(0,T), AcB(E).
1
Moreover, for every £(0,T) ® B(E)-measurable function A : (0,7) x E — [0, +0o0], the function

- /E h(t, €)din(€)

is £(0,T)-measurable and the Fubini integral representation holds:

(4.1) /(O,T)XEh(t,g)du(t,g) = /OT (/E h(t,f)dz/t(g)) dt.

If v is concentrated on the graph of a measurable function u : (0,7) — E, then vy = §, () for a.e. t € (0,7),
where d,,(;) denotes the Dirac’s measure carried by {u(t)}. In this case, by (4.1):

T
[ begiee = [ .
(0,T)x E 0

The following theorem is due to Balder and adapted to the specific case of an interval (0,T):

Theorem 4.3. [3, Theorem 1|Suppose (vg), oy C M(0,T; E) is tight. Then, there exists a subsequence still
denoted k and a parameterized measure v = {vi}yc o ) € V(0,T; E) such that for all h € G(0,T; E)

T T
lim /O h(t, ve (1)) dt > /0 [E h(t,€) du(€) dt

{t = h=(t,ve(t))} is uniformly integrable.

provided that

Moreover, for a.e. t € (0,T), the measure vy is carried by the set
ﬂ foeld) - k=p)

of all limit points of vg(t).
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This theorem is the key ingredient in the following fundamental result by Rossi and Savaré, which will be
generalized in theorem 4.7 below:

Theorem 4.4 (The fundamental theorem for weak topologies). [30] Let {v,}, oy be a bounded sequence in
LP(0,T;H), for some +00 > p > 1. Then there exists a subsequence k +— v, and a parameterized measure
v=A{vi}icor €Y(0,T;H) such that for a.e. t € (0,T)

limsup ||vn, (t)|l,; < +o00, vy is concentrated on L(t) := ﬂ {on, () : k>q}
g=1

k—o0
of weak limit points of {vn},cy , and
T T
Hminf [ h(t, vy, (t))dt > / </ h(t,f)dw(f)) dt
k—o00 0 0 H

for every weakly normal integrand h such that h™ (-, vn, (+)) is uniformly integrable. In particular,
T T
[ ([ vettan) <mint [ o, ar
0 H k—oo  Jo

v(t) ::/ Edvi(§), we have vy, — v in LP(0,T;H).
H

and, setting

Finally, if vy = 6y for a.e. t € (0,T), then

(Ungrw)yy = (VW) in LY0,T) VYwe LY0,T;H), 5 + 6 =1,

and up to extraction of a further subsequence independent of t (still denoted by vy, )
Un,, (8) = v(t)  for a.e t€(0,T).

For the proofs of theorems 1.15-1.9 below, we need the additional limit behavior

k—o0

(4.2) tind [ g, 0, (1) vne (0)d > / ( L gu@)(as)dw(s)) dt.

as k — oo, where uy,, (t) — u(t) for a.e. t € (0,T). Theorem 4.4 gives us no information whether this holds,
but the original proof gives us strong hints. Thus, in the proof of the following theorem we will shortly
address the main steps of the original proof of 4.4 in [30] as far as needed, while we skip the parts that are
proved identically to 4.4.

Corollary 4.5. As a consequence of definition 1.1-(2), we find for u, — u strongly in H and p, — @ weakly
in H:

gu(ps ) < lminf gy, (on, @n) -
Proof.

1.1

2 -2, . o
ellgeu) : = gulp, ) ~=""liminf g, (¢n, ) < Hminf [onlye,, ) el

e . . 1.1-(2) .. .
< Timinf {lion gy, 0 SUp v/ gu,, (9, 0) =" Timinf flonll g, ) [lollgq) -
O

Corollary 4.6. For a bounded sequence o, € H and u, — u strongly in H, we find ¢, — ¢ weakly in H iff
Gu,, (on) = Gulp) weakly in H, where G, is defined through (1.4).

Proof. Let gy, (pn) — a weakly in ‘H and note that bijectivity of g, yields ¢ € H such that a = g,(¢), i.e.
Gu,, (©n, V) = gu(p, ) for all p € H. As ¢, is bounded, there is a subsequence such that ¢,, — ¢ weakly in
‘H. The convergence properties of go yield lim, o0 gu, (©n, ¥) = gu(p, ) = gu (P, 1) for all ¢ € H. O
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Theorem 4.7. Let (7—[0,7:1,7-[,9) be an entropy space in sense of definition 1.1, {vn},cy be a bounded
sequence in LP(0,T;H), for some p > 1, and let {un}, cy be a sequence in LP(0,T;H), u € LP(0,T; H) with
Un(t) — u(t) for a.e. t € (0,T). Then there exists a subsequence k — vy,, and a parameterized measure
v={viticor) €Y(0,T;H) such that for a.e. t € (0,T)

lim sup ||vy,, (t)|l,; < +00, vy is concentrated on L(t) := m {vn, (t) + k> q}u}

k—o0 g=1

of weak limit points of {vn}, cn. The sequence vy, and Young measure v having the properties from theorem
4.4 and the limit behavior (4.2) holds.

Remark 4.8. Tt is immediate to see that for ¢,, € L?(0,T;H) with ¢,, — ¢ weakly in L?(0,T;H) and u,, as
in theorem 4.7, that for v, (t) := g;}(t)(qzﬁn(t)) holds

DX

L(t) = {gq::(t)(¢n(t)) t k> Q}u) = f];ﬂl(t) (n {6n(t) : k=>q} )

q=1

for a.e. t € (0,7). This is, as for any sequence ¢,, ) — ¢(t) for t € (0,T) s.t. up, (t) = u(t) there holds

~—1 !
B2t ) Gnc (1) = Gy (6(0)
due to corollary 4.6.

Proof. In order to proof theorem 4.4, Rossi and Savaré [30] used a trick to circumvent the non-metrizability
of H endowed with the weak topology. The construction can also be found in the book by Brézis [5]. We will
make use of this trick defining the metric space

Bi={o= (o0 e Hx HxR : ol <w)

with the distance defined through

d(v1,v2) = [Jur — ugllg + [[lvr — vall[ + [w1 — w2,
where ||| - ||| is defined with help of a fixed orthonormal basis {e,, },,cy of H and
—-m 2
oll? = 3 27 [{em, o)y Vo € H.
m=1

E then is a separable complete metric space. We show that any intersection of closed balls in HxHxR
with E are Borel-subsets of E, implying

BeBHxHxR) = BNEecB(E).

Thus, any Borel measure on E can be trivially extended to a Borel measure on H x H x R.

To this aim, let B C H x H x R be a closed ball and consider any sequence (Vk)pen € BN F such that
J(vk,v) — 0. If vy, = (ag, br,cx), v = (a,b,¢), we immediately get ar — a in H, b — b weakly in H and
¢ — ¢. As B is convex, this implies (a,b,c) € BN E.

We will show that the sequence vy, := (Up, ¥, ||Un|l3,) is tight. To this aim, let A be a set of Lebesgue-
measure zero, such that u,, () — u(t) for all ¢ ¢ N and consider the function

(@), + [wd)* it &N, u€ {un(®)}, ey U{u®)}
h(t, (u,v,w)) = ¢ o5, + lw®)* it t € N, u € {ur(t)},en
400 else

Then, h € K(0,T; E), as is easy to verify, and

T T
sup [ (v o) = sup [ 2 el
0 n o JOo

n
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in particular, v, = (Un,Vn, ||vnlly) is tight. Applying theorem 4.3, we find a subsequence k +— v,, =
(Uny> Vny» [|Uny, ll2,) and a parameterized measure fir = {fit} e 0.1y € Y(0,T; E) such that for a.e. t € (0,T) fie

is concentrated on
o0

L) = Tom® k= a) -

q=1

Defining the complete separable metric space
E:={v=(v,w) e HxR: |v] <w} with distance
d(v1,v2) == |[Jvr — vo|[ + w1 — wal,

from the proof of theorem 3.2 in [30], we find for any measurable set A € B(E) that H x A € B(E) and the
measure pt = {u},e0 1) € Y(0,T; E) with

is well defined and concentrated on

L) = () {0 s [om O]) - k> q} -
qg=1

As L(t) C {u(t)} x L(t) almost surely, we find fi(t) = du(ty X pe a.s. and thus for any h € G(0,T; E)

T T
hlgn ; h(t,’vk(t))deA /;Jh(tyf)dl/t(f)dt

provided
{t — h~(t,v(t))} is uniformly integrable.

Defining v4(A) := p(A x [0,4+00)) for A C H, we are back in the setting of theorem 4.4 and all other
statements of theorem 4.4 except for (4.2) can be proved like in [30]. Finally, corollary 4.5 yields that
(a,b,¢) — gq(b,b) is a normal integrand on E and theorem 4.3 together with the relation v(A) = (A x
[0,00)) yields

iint [ gu s> [ ([ e e )a

- [ : ([ outeoamien)ar> [ : ([ ae.me) ar

Finally, we will need the following theorem by Rossi and Savaré:

Theorem 4.9. [30] Let us suppose S satisfies the chain rule condition (1.16), let v € H(0,T;H) be such
that Sowv is a.e. equal to a function s of bounded variation and v(t) € D(d;S) for a.e. t € (0,T).

1) 11
/OT S (w()[ dt < +o0,
then
(4.3) S(0) = (€0 (), VE € AAS((D).
(2) If = {e}yeqor) i @ Young measure in M. satisfying
/ ' [ €l (€t <400, u(RAGSE®) =0 for e 1€ (0.T).

then
s'(t) = / (&, V(1) dpe (&) for a.e. te (0,T).
H
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5. APPROXIMATION SCHEME AND APRIORI ESTIMATES
We want to construct solutions to (1.11) using the approximation scheme going back to De Giorgi, though
being slightly modified in order to be placed in between the general frameworks [2] and [30].
Thus, let (’Ho, H, M, g) be an entropy space and S a corresponding entropy functional according to 1.3.
We introduce a modified Moreau-Yosida approximation defining

S* . — ||U — w”i(v) S
(o,v;w,) := 5y T (w) = (F, w) g0y -
So(v;f) == 1223*("’”5“’) veH, 0>0

and note that the infimum is attained due to 1.3-(2), i.e. we can define

(5.1) Jo(v;§) == argmin,, 4, S* (0, v; w, §), veH.
Like in [30], we denote v, the generic element of .J,(v) and define
dj v;f) ==  su Vg — U , d; (v;f) := inf Vg — U .
( f) UUEJUszu;f) || ||g(v) ( f) 00 €Jo (v3) || Hg(v)

Then, we can get similar estimates on S as in [2, 30], namely
Lemma 5.1. For every v € H and every 0 < o1 < o9 there holds

802 (U; f) S 801 (U; f) S S(U) - <f7v>g('u) ’ d(UUl,U) S d(vaza U)
dy, (v3f) < dg, (vif) < dg, (v39)

o1 — 02
In particular, for every v € H there exists an (at most) countable set N, C (0,7.) such that
dy (v3f) = dy (v;f) Vo € (0,7)\N,.
Finally, for every v € D(S) we have

lim dF (v; f) = lim S, (v;§) = li inf o) = — {f,
lim dy(vif) =0, lim S (v5f) a{%%e%mf)s(”) S(v) = () gy
d—‘r .
gEVoS) =  lim 2D

o—0 o

=0.

The proof is the same as for Lemma 4.1 in [30] replacing a — b| with [la — b];(,, (a,b) with (a,b) ) and
0S8 with VS. For similar reasons it is immediate consequence of the proof of Lemma 4.2 in [30], that also
the following Lemma holds:

Lemma 5.2. Under the present assumptions, we have that for every v € D(S), the map o — S, (v) is locally
Lipschitz on (0,74) and for N, as in Lemma 5.1
dy (vif)* _ dy (v;f)°

d o o o
%Sa(vvf) - 202 - 202 Vo € (0’ T*)\Nv ’

In particular, we have

(5.2) vy = vl , 1 [ &t (v f)?
0

il s s S OREIC
for all o € (0,7) and vy, € Joy (v; ).

5.1. The approximation scheme. For fixed 0 < T < oo and time step 0 < 7 < 74, there corresponds a
partition of (0,T") as

t0220<t1<"'<t]‘<"'<"'<tN—1<T§tN7 tj::jT7 N eN.
We set
_ tj
F.(t) := FT":f/ f(s)ds forte (tj_;t;], j=1,...,N
t

j—1
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and note that
— 2 2
T ‘F7<t)’ S ||fHL2(tj_1,t]‘;7'[) Vt € (t.]717tj)
[E e, inan S W lLe iy  VI<Sm<n<N

F.— f as7— 0strongly in L*(0,T;H).

As for the approximation of u, consider U := v for all 7 and for any j =1,..., N

(5.3) Ul e J (U7 FI)y.

We introduce the piecewise constant interpolant U, and the linear interpolant U, through
(5.4) U.(t):=Us, U(t):= yUﬁfl + %Uz, te (tj—1,t],

as well as the so called De Giorgi variational interpolant U, through U (0) = ug and
(5.5) U.(t) € J,(UIT FI)  fort=t;_1+0 € (tj_1,t)]

in a way that U, is Lebesgue-measurable. The existence of such measurable selection is guarantied by [10]
Corollary II1.3, Theorem IIL6, as well as by upper continuity of o +— J,(UZ~1, F7) and compacticity of its
values.

Note that this minimality implies

1

; <U7J_ — U,,jiil, S0>g(U.,];71) + <d8, Q0>fH — <Fg, Q0>9(U£71) 20 VQD eH

or, differently:
(5.6) UL(t) + §5f<tj_1> (dS(U(t)) = F-(t)20  Vte (tj_1,t;],j=1,...N—1
For convenience of notation, we write

U @)=~ 04 - 2| for £ (01,1

g(Ui™h)
We finally introduce

U (t) - Uit
(57) @T(t) = 1(5)_7” for t € (tj_l, tj]
G—

satisfying
(5.8) gUﬁfl(@‘r(t)a ©) + gUﬁ’l(VU,’."lS(UT(t))’ ©) - gU,J_'*l(FZ7 ¢) >0 for t € (tj—lvtj]) VoeH

and

i ry 0=
(59) G, ()= 2! ) > WD 0, (0l s, fort =t +o € (taty).

g t —tj,1

5.2. A priori estimates. Recalling definition 1.5, it is the aim of this section to show that GM M (S, ug) is
not empty, provided § is “good enough”. This will be topic of Lemma 5.5, which is a generalization of lemma
1.6. First, we find a priori estimates for the discrete solutions according to Lemma 5.4 which will be proved
using the following estimate

Lemma 5.3. (30, 4.5] Let B, b and K be positive constants fulfilling 1 —b > L >0 and let {a,} C [0,00) be
a sequence satisfying

an§B+bZak Vn € N.
k=1

Then, {a,} can be bounded by a, < kB exp(kbn).
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Lemma 5.4. Let 7 € (0,7,./10), let {UZ} jens Ur and G be defined through (5.3), (5.4) and (5.9). Then,

for each couple of integers 1 <1 < j we have

1 K 112 1 K 2 9l 9 gy
Moreover, there is a constant C only depending on ug, T« and Sy such that
(5.11) HUT||L°C(O,T;H) Tl Lo (0,737) =0,
(5.12) sup (3(07)73((77» <C,
(0,7
) -
(513) ||UT||L2(O,T;H) + H@T L2(0,T5H) — ’
5o N 1/2 _ 1/2
(5.14) HUT U"'HL°°(O TiH) — Cr, ‘ Lo=(0,TiH) =T
(5.15) U~ ||L2 (0,TyHo) = <C

Proof. Equation (5.2) with definition of G, yields by choosing t € (tj_1,t;], 00 = 7, v = Ui™', v, =
U(ti-1+0),0< o <7 and u,, = U’:

5.16 02 = U ey 1 g G2t dt = SWIY) — s + [ (F
(' ) o +§ T() - ( T )7 ( T)+ . < T’C‘O>g(U,J.‘71) .

tj—1

i—1
In particular, the last equation yields (5.10) by adding up over the particular subintervals of the partition.
Note that (5.16) also implies

Ui — U3 . : 12
12 = U2 - 24 <VG* (S(Ug 1)—S(Ug)+r||Fg_||H)
and similar to [30], for every 0 < 7 < 7 and every n = 1,..., N holds
1, . 1 " (1 2 1 g2 - 2 _
1071~ 5 lualle = 3= (300215 = 30015 ) < 3 (00 = 10 0 )
k=1 k=1

n

- _ n 102 T o 2
<3 |k - v 1HHs§ZHUMf '+ 35 20 Wl
k=1 k=1

< 20VG ($(u0)+ 5 + 5 W+ W g ) + 5 3 0T

k=1

where we used Young’s inequality for some 7 > 0 and (1.12). Choosing n = 7, /4 in the last inequality yields
2 2 " 2 8T 2
10213 < 2lluoll3, + 27 VG (S(u0) + S + 1120000 ) + = 2 1UE 3,
* k=1

Applying Lemma 5.3 with x =5 (i.e. 7 < 7./10) yields the L*>°-bounds on U, and U,.
It is straight forward to conclude (5.13) and estimate (5.12) on S(U,) from (5.10), (1.12), (5.11) and (5.9).
Then, (5.9) and (5.13) yield for all ¢t € (¢;_1,¢,]

tj
U = Uy <7 [ 3 as < er
tj—1
. ~ 2
]U;*l—UT(t)H <Cr.
g(U™")

This yields (5.16), the L bound on U as well as (5.12) for S(U).
Finally, note that we obtain by means of (5.6), (5.13), lemma 5.6 and definitions 1.1-(2), 1.3-(3):

. . 2
J_pi—1
Ui —ui,

g(Ui ™) T2

(i

2(G* ’

+(SWD +1) 2 ([, +10SP UF) + S +1) 2 [|U2];

I,
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where we write <, 2 instead of <, > up to a constant independent on 7 and Up. Eventually using (5.6) and

~ ~

the regularity of g,, this implies for the linear interpolation U, and j > 1:

tj 2 N2
/t 1 ||UT||§-LO S27 (HU"]'H’HO + || 1”7-10)

j—

|02 — U2 s

<or VB (laswd), +swo) +1)

~ 72 i TONH
HUz_l_Ug_QHQ(UJ*z) —i—1]|2 PN

+27 | Hg(Uz_2)+<HdS(Uﬁ Y5, +SW) +1)

1 t; 1 ti—1 o 2 o
so (3w [ e [ [P s )
T Je T Je, s H H
and therefore:

T T
2 2
/O U3, <C (/O U™+ 7 (|25, + (T +7) (S(Uo) +1) + ”fL?(O,T;H)) ;

with C not depending on 7 or Uy, yielding (5.15) through (5.10). O
Lemma 1.6 is a consequence of the following more detailed result:

Lemma 5.5. Let (7—[0,7:[,7-[,9) be an entropy space and S a corresponding entropy functional and let the
data satisfy uo € Ho. Then, GM M (S,ug) is not empty. In particular, we find a sequence k — 1, N\, 0 of
timesteps, u € H*(0,T;H), a non-increasing function ¢ : [0,T] — R and two parameterized Young-measures
p=A{mtieor) v ={Vitier) on M, such that as k — co:

(5.17) U, Up, Ur, = u strongly in L=(0,T;H),
(5.18) U. —u weakly in L*(0,T;H),
(5.19) U, —u weakly in L*(0,T;Ho), U, —u strongly in L?(0,T;H)
(5.20) Uy, (t) = u(t) in H for a.et € (0,T).
(5.21) S(U,, (1)) = ¢(t) > S(u(t)) for a.e. t €[0,T]
¢(0) = S(uo)
(5.22) p resp. v are the limit Young measures associated with Ut’k, resp. C:)Tk,
and g, vi are concentrated on f — G, (diS(u(t))) for a.e. t € (0,T),
(5.23)

;/St (/H 9u(&,8) dpr(€) + /ng(é,f) dw(ﬁ)) dr + o(t) < p(s) + /: (f,u')g(u) forae 0<s<t<T

(5.24)
%/S (/H lim inf |U;k(r)|2dr—|— /ng(f,é') dy,.(§)> dr + o(t) < p(s) —|—/s (fiu) g forae 0<s<t<T

k—o0

Proof. Equation (5.13) together with
1/2
[U-(8) = Ur($)llag < It = 5" U7l 2 0 0y

yields equicontinuity of {U;} for 0 < 7 < 7./10. As u — S(u) + 5= ||u\|3{ has compact sublevels, estimates
(5.11), (5.12) yield relative compactness of {U-(t)}. for all t € (0,7]. The Arzela-Ascoli theorem then yields
relative compactness of {U,}_in C([0,T7; H).

Estimates (5.11) and (5.14) then clearly yield convergence of (a subsequence of ) U, , U, and U, in
L?(0,T;H) to a function u with u € H'(0,T;H) where U/ — v’ weakly in L?(0,T;H). Also, due to (5.15),
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we get for a further subsequence U,, — u weakly in L?(0,T;%H,) and by the Aubin-Lions theorem U,, — u
strongly in L2(0,T;H). Passing to a further subsequence, we find U, (t) = u(t) pointwise in H.

Due to the pointwise convergence in H almost everywhere of the subsequence U,,, Egorov’s theorem 2.1
yields for all € > 0 a compact set K. C (0,7") with £((0,T)\K.) < € such that [|U,, —ul; — 0 uniformly
on K.. Note that by construction, Uy, € C([0,T];H) and thus Uy, — u in C(K.;H).

Using the Arzela-Ascoli theorem, we find for each € > 0 and each ¢t € K, a constant §(¢) > 0 such that
HUTk(tl) — UTk(t2)||7:[ < % for t1,ts € Bg(t)(t) N K. and all £k € N, where Bg(t)(t) = (t - 5(t),t + 5(t))
We find #1,...,%,, m < oo, such that K. C U, Bé(,;i)/Q(tNi) and note that for 7, < min_1__m, 6(¢;)/2
U= (t) t)||; < & forall t € K.. Thus, Uy, (t) — u(t) in H for all t € K. and U, — u in L2(K;H).
As & — 0, we therefore find U, (t) — u(t) in H for a.e. t € (0,T) as k — oco.

For later purpose, we note that

T T
(5.25) tin [0, 0@ @000 = [ O 0@ Yo e PO.TH),
which holds as (..o {xx.% : ¥ € L*(0,T;H)} is dense in L*(0, T; H) and the functionals fOT 90,, (U7, (t),%(t)) dt
are uniformly bounded.

Like in the proof of proposition 4.7 in [30] Helly’s theorem (compare e.g. for [2] Lemma 3.3.3) and the
lower semicontinuity of S yield the existence of ¢ satisfying (5.21).

As for the definitions (5.4) and (5.7), we find with the above estimates and (5.9) as well as theorem
4.7 two Young measures p,v € Y(0,T;H) associated with U, and O, such that U — [, &du(€) and
O, — fH &dvi (&) weakly in L2(0,T;H). Our final aim is now to identify the sets of concentration of u,v
and to proof estimates (5.23)-(5.24):

We find with help of theorem 4.7 and corollary 4.5 that

T T T
lim in / 9o, (U, UL) / / 0u(6,6)dpn(€) amd  liminf / @ > / / 0u(6,€) din(©)
k—oo 0 k—oo 0 0 H

Also, with help of (5.6) and (5.8) as well as corollary 4.6 and remark 4.8, we find that p;, 14 are concentrated
on f(t) — u(t ) (diS(u(t))) for t € K. for all € > 0. As € was arbitrary, we find that (5.23)-(5.24) hold. O

Finally, we state and prove the technical lemma:

Lemma 5.6. If u, € J,(v;§), then u, € D (|0S]),

051 (uy) < 2(G")’ (”“;'( ||f||H> .

Proof. Starting from (5.1), we check that

1 2
§(ue) — 8(w) < 5 (o=l — llto — vl +20 (o — ), )
1
< 5 g = wllyqoy (0= vll g0y + llto = vl + 207111
for all w € D(S). Dividing this equation by |lu, —w][,(,, yields
S(uy) =8 S(uy) =8 Uo — W[5
|0S] (uy) = lim sup 15() = S(w)] = lim sup 18(ug) = S(w)| lim 7” I
WUy Huo - w”g(ug) WUy Huo - w”g(v) w—)ug ||Ua w”g(u(,)
lluo — |4 [uo —wl| l[uo — vl
< (Tl ) i swp o< 4 [l ) (G -
( z # ) A e = ol z "



GRADIENT FLOWS ON HILBERT MANIFOLDS AND THE CAHN-HILLIARD EQUATION 21

6. PROOF OF EXISTENCE THEOREMS

Proof of theorem 1.7. Suppose Sy; = 0. Take an arbitrary limit function u of lemma 5.5 and let U, , U,, be
the corresponding sequence of discrete solutions. Due to theorem 4.4, the Young measure p satisfies

U’ _\/ Edu (&)  weakly in L2(0,T;H).
H

As UL — o/ weakly in L?(0,T;H) and p is concentrated on f — g, 1(d;S), we find o’ € f — G, 1(d;S), as this
is a convex set. As g, (&,&) is convex in & for any u € H, we furthermore have by Jensens’ inequality

gultl ') < /%@&m@

Also, since v is concentrated on f — g. *(d;S), we find

(f = ViS@)*P < inf ¢¢<gu/§wt /5me J&%££m4

<P€f*VLS(U)

Finally, if continuity condition 1.13 holds, we find () = S(u(t)) for a.e. ¢ € (0,7T). This concludes the proof
in the simple case.
On the other hand, suppose now, S # 0. It only remains to note that by (5.20)

ligb S7(U-(t)) = Sy (u(t)) forae. t€(0,T).

Proof of theorem 1.8. Like in the proof of lemma 5.5, using the notations
Ul =0o,4, »)(Ur):  ©% =3gg.¢, »(On), Vte(tji—1,t],j=1,...N—-1
inclusions (5.6) and (5.8) can equally be interpreted as
ng € gﬁ, (FT) - dS(UTk (tj))a @g_k € gﬁr (FT) - dS(UTk (tj)) :
Due to theorems 4.4 and 4.9, corollary 4.6 and lemma 5.5, we find weak limit functions

W@:A@MO, wm=Awma

such that U? — U9 and ©9 — ©9 weakly in L?(0,T;H) with Young measures i = {fi;} and o = {4}
being concentrated on gy (f(t)) — d;S(u(t)). Furthermore, (5.25) yields U9(t) = g,)u'(t) and similar for
all weak limit points. Thus, we evidently find

(6.1) /gu(t )dpe(§ /édut /Qu(t) §)dvi(§ /fdl/t
H H

We use inequality (5.23) together with (1.2) and the Lebesgue differentiation theorem to get for a.e. s € (0,T)

;G*%/mmwt /mﬂwf> S0,

Since (1.13) holds, we know ¢ = Sow a.e. in (0,7T) and (1.16) yields through theorem 4.9 and (5.22)
(6.2) ¢'(t) = /H (Guiry () = &' (1)), AT (€) =/ (Guiry (f =€), u'(1)),, dra(€

= /H (f =&u'(t )> (u(t)) th(f) = <f_6(t)7ul(t)>g(u(t))
with () = [,, £dvy(§). Combining (6.2) with the localized version of (5.23):

% </ng(£,§) dpe(8) +/ng(g,§) dut(§)> L)~ f<0
yields

;(L%@&M@+L%@owmﬁswaummw for ae. t € (0,7).
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We furthermore have u'(t) = [, ndpu(n) and
[ =012 dnt©) = [ €l dn© - 1012
H H

2 2 2
[ = s = [ 1l o) =
yielding finally
2 2 2
A € = 0112 dra(€) + A I — w1y dpte(n) + [0’ — 0], <0.

In particular,
u'(t) =0(t) € f—ViS(u(t)), pe=wvi=0un forae te(0,T)
since p¢, v; are concentrated on f — V;S(u(t)) for a.e. ¢ € (0,T) and u is a strong solution to (1.11) and

satisfies (1.19).
Now, (4.3) and (6.1) yield

¢'(t) = (F(t) = u' (1), 0' (1) guqryy = &0 (D) guryy V€€ F(8) = G " (afi(diS(u(t)))  for ace. t € (0,T).
Thus, denoting K; := f — g, ' (aff(d;S(u(t))), u/(t) satisfies
W(t) € Ky, (W/(8),W'(t) = M) guy) =0 Vn € Ky,

which yields (1.17). The remaining statements are proved the same way as Theorem 2 in [30] replacing |-| by
1l gy O

Proof of theorem 1.9. We make use of theorem 1.8 to get that u is a solution to (1.11) with u(0) = ug and
for almost all ¢t € (0,7, (1.17)-(1.18). Finally, (1.22) follows from (1.20) similar to the proof of theorem 3 in
[30] with ||-[|;, replaced by |[-[|; ), and (-, )4 replaced by (.-}, ))- O

7. THE ASSUMPTION OF MAXIMUM RATE OF ENTROPY PRODUCTION FOR REACTION DIFFUSION
SYSTEMS

We will now summarize the ideas by Rajagopal and Srinivasa [27] of the maximization of the rate of entropy
production and follow the outline of [17] by applying the method directly to reaction diffusion systems. Note
that this has been carried out in much greater detail in Heida, Malek and Rajagopal [19, 20] as well as in
Heida [16, 17].

Then, we will provide a theoretical link between these formal calculations and the theory of gradient flows
and show that such systems automatically fall into the pattern of curves of maximal slope. To this aim, we
will, however, stay in a more simple setting than in [16, 19, 20, 17], in particular, the energy flux will be of
much simpler structure.

7.1. Formal calculations. Thus, following Callen [9], we assume the existence of a specific entropy 7 as
a differentiable function of the internal energy e and the state variables C' = (¢;),_; ;. In particular, we

o\ !
assume 7 = 7j(e, C') with 7] being increasing with respect to e. The temperature is given through ¢ := <8n)
e

and the time derivative of 7 is
J o7
_ 91 )
(7.1) o =9 '9e + ; aTiatCZ

Inserting the energy and mass balance equations of the form
dyci +divj, =¢;,  de—divh =0
into (7.1) we obtain an equation describing the evolution of the entropy with time and which is of the form

(7.2) n—divg =¢,
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where

. Vi
(7.3) fZ—ZJi'VM—ZEiM-Fh'W,
(7.4) q:h+ZNz‘ji-

In (7.2), g is an entropy flux and ¢ is the rate of entropy production. Although this is physically slightly
improper, we also denote £ as the rate of entropy production. The second law of thermodynamics then in
particular implies

£>0

for all times.

Brought into the language of the present article, Rajagopal and Srinivasa [27] assumed that the rate of
entropy production can be prescribed by a nonnegative function §~ such that the second law of thermodynamics
is automatically fulfilled:

(7.5) £=6(7J,0)>0,  J=(j,.-.d5h), C=(c1,...

The choice of such a constitutive relation is not an easy task and requires apriori knowledge (or at least well
justified hypotheses) on the dissipative processes in the particular material under consideration. Of course,
with respect to (7.3), £ also has to fulfill the equality

¢).

: . Vi
(7.6) §T.0)==3"di V=D Cipith o,

Rajagopal and Srinivasa claimed that constitutive equations for J can be obtained maximizing with respect
to the thermodynamical fluxes, the maximization problem reads

max £(J,C) provided (7.6) holds.

We will not dig into the details of a rather trivial calculation to note that for a simple choice

- 2
(7.7) §7.0) =Y a7 5P+ 367t (&) + 7t Inl?
i i
would lead to the set of constitutive equations
(7.8) §i= iV, =B,  h= %w

Now, for two sets of variables (c},e!) and (c?, e?) satisfying equations of the form

atc{ + ding :EJ 8t€j —divh! =0 for j = 1,2

19

with boundary conditions

I
o

(79) q'nF:O7 ji'nF:O> h'nF

we define the (not necessarilly uniquely defined) bilinear form

2
g ((0uch, 0", (D12, Oye?)) = / S il Y087 (&) IR
Q- i

S::/n,
Q

integrating (7.2) over Q with boundary conditions g-nr =0, j,-nr =0, h-nr = 0 we obtain the evolution
equation

It is interesting to note that with

d
%S = —g ((atcl-, &ge), (8tci, 8te)) .
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It is important to note that in the above quadratic setting, the choice of é( ..) is not limited to (7.7).
Indeed, let £(J,C) = &1(J) + £2(C) any positive definite matrices A; = QT D;Q; (of correct dimension) with
orthogonal matrices Q; and a diagonal matrices D; for i = 1,2 would define strictly positive &;(-) via

> 1 1 ~ 1
G(7) = 5" = 3dgD1Ja,  &(C) = 5CGDaCy
where Jp = @17, Cg = Q2C. We may then proceed following the above ansatz.

Example 7.1. (See [17, Appendix A]) We consider a single diffusion system without reaction terms, i.e.

Jéi: 0. In what follows, we write I3 for the identity in R?. Let a;,as € R3 be two vectors in the three

ai

dimensional space. Then, by a := < o > we denote the element a € R® such that the first three coordinates
2

are given by a; and the last three coordinates are given by ap. Similar, for A; € R3*3 i € {1,...,4}, we
identify
A A 6x6
( o ) R

in an obvious way. Now, we assume that the system is given by two incompressible fluids of equal density,
i.e. we restrict to one single component in the equations: ¢ := ¢;. Then, we are interested in a system

Oic+divy =0, OF —divh =0

where we assume for F a constitutive equation of the form F = 15(7), ¢). Thus, with p := %—f, the rate entropy
production takes the form

§=h-VIJ—73-Vyu, g=h—puj.
Now, we assume that

= (3] T (1 O j _ sinpl  cos pl
£€U,q) = q Q 0 2I Q q )’ Q= —cospl singpl )’

such that Q is an orthogonal matrix. Thus, with
J— Ji\ sin pj + cos ¢q A— A1 [ —sinpVu+ cospVi
S\ J2 )\ —cospj+sinpg )’ T\ Ay )\ +cospVu+sinpVid

£=A-J  and f(J):JT<g20H)J.

we find

Finally, we find

(I 0 I\ _ ATy —V,u—&—%cosapsinani?
These relations show the structure of Fick’s original equations (see also Truesdell [31] Appendix 5B, equation
(5B.4.1)).

Remark 7.2. Note that a shift S ~» S+ fQ Ce with C € R constant does not affect the constitutive equations
in (7.8) or (7.10) as (7.1) would be replaced by

J
8{!] = (1971 + C) 8te —+ Z

=0

]

04C; .
601‘ tCi
7.2. The Link to Gradient Flows. The following theory will provide the theoretical link between gradient
flows and the above maximization of the rate of entropy production. The link may not be understandable that
easily, so we will carry it out in full detail in section 8.1 using a concrete example. We consider a Hilbert space
H with scalar product (-,-),, and norm ||-||;, and assume the existence of a lower semicontinuous mapping

ge: H — B(H), u = gu(s, )

having the property (1.2) with G* being independent on w.
We define for any a < b € R and any function v € C*([a,b]; H) the length L(v) through

b
L(V) 1:/ \/g»y(t)(aﬂ(t)’aﬂ(t)) dt
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and find that for any o’ < b’ € R and any strictly monotone continuously differentiable mapping s : [a/, V'] —
[a,b] with v* := ~ o s there holds L(v*) = L(7).
This makes it possible to define a corresponding metric
d(z,y) == inf L(v).
vECH([0,1];H)
Y¥(0)=z,y(1)=y
Note that the definition of L(-) and d(-, -) allow for v € AC(0,1;#). In particular, the path of minimal length
connecting two elements of H is in AC(0,1; H).
As a consequence of the lower semicontinuity of ge, lower semicontinuity of g,(-.) for all u € H, as well
as Theorems 2.4.3 and 2.7.6 of [7], the space H together with d(-,-) forms a length space in the sense of the
following definition:

Definition 7.3. A length space is a metric space with a length function L(-) and a distance function d(-,-)
having the following properties

L:  AC([0,1],H) —

R
" )] o oy A0 +)
v [Tl )] timsp SO

d(z,y) = inf {L(7) : v(0) =z, v(1) =y} .
The most important formal consequence of this abstract result is the equivalence
Iy ()] = \/g'y(t) (0y(t), 0y () = 10y (D) [l 1) -

Remark 7.4. As stated in section 3.2, this does not necessarily apply to ge from the examples in section 3 as
those may not be lower semicontinuous with respect to ||||,.

Corollary 7.5.

lim [Jw — w”g(u)

=1
w—u d(u7 w)

Proof. This is a consequence of the Lipschitz continuity of ge, definition of L(-) and

lu—wllgy . L) . lu—wlyw

lim 90 _ Clim 9
won  dw,w) | woud(u,w)  wou  L(vw) :
where 7, (t) = u + (w — u)t and the first limit on the right hand side is due to [7], Corollary 2.7.5. O

Let §: H — (—o00,+0] be a proper lower semicontinuous functional. The last corollary shows that the
following definition of the local slope |0S| of S at u € D(S) coincides with (1.9)

(7.11) 0] (u) = lim sup S = SW@)

w—ru d(ua w)

As we can easily calculate [2] that for any curve v € AC(—1,1;H)

(7.12) (8070 = |pim SO = SO s (30 o)
we find
(713) (S0 ()] = —5 1S — S ()

Definition 7.6. We say that a locally absolutely continuous curve v : (a,b) — H is curve of maximal slope
for the functional & with respect to |0S] if S o+ is a.e. equal to a non-increasing map s and

/ 1 1 /
(7.14) §'(t) < =5 108 = 5 W O
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As a consequence of (7.13) and (7.14), any curve of maximal slope satisfies
(7.15) =5/'(t) = 0S* = W/ ()"
For the mathematical theory of curves of maximal slope, refer to [2].
Furthermore, under the additional assumption that
(7.16) dS(u) is single valued for all u € H

|7/ ()] is maximal in the sense that if there is another absolutely continuous curve 7 : (a,b) — H with
v(to) = H(to) such that the second equality in (7.15) still holds for |§/(¢)| (i.e. —|[(So7)(¢)] = — |7 (®)]?),
but with [3/(t)|* > |7/ (¢)|*, we naturally recover (7.13), i.c.

N, 1 1.
(7.17) ~1(Seq) ()] = —5 108" - 5 7' (1)
but on the other hand
IS0 (] = —2 O - SO < -2 FOP - 2 WO = -~ F@)P - L s
2 2 2 2 2 2 ’

contradicting (7.17). Thus, « satisfies

(7.18) Diy(t) = argmax, ey {gy(1)(5,9) : gyy (5,8) = — (dS(¥(t)), s) 4, } Vit e (—1,1).
Now, assume that v € AC(—1, 1; H) satisfies (7.18): We clearly find for A = 2 that

9y(1)(8:8) = A (g1 (5, 8) + (dS(¥(1)), 5)5,)
has a local extremum in 0;7(¢). Thus, 0;7(¢) is the global minimizer of
5930 (59) + (S (1(1)), 5}
meaning
9y (0Y(t), 8) = = {dS(7(1)), D)
which by (7.12) finally yields (7.15) and (7.14). Note that definition (1.6) enables us to write the last equality
as

(7.19) 9 (t) = =VS(y(1))

Thus, we have shown the following Lemma:

Lemma 7.7. Assuming (7.16), a curve v € AC(—1,1;H) is a solution of the gradient flow equation
Ay =-VS(v)

(or equivalently a curve of mazimal slope) if and only if its derivative satisfies (7.18).

The last lemma is important in order to understand the relation between the formal calculations from
section 7 and the rigorous calculations from section 8 below.
Note that in case VS is set-valued, (7.19) is reformulated into

(7.20) 9y(t) € =VS(v(t))

8. MULTIPHASE ALLEN-CAHN AND CAHN-HILLIARD EQUATIONS

We will now provide a functional analytic approach to the method sketched in section 7. The approach is
closely related to recent works by the author [17] and Heida, Malek and Rajagopal [20, 19].

The necessity to study combinations of Allen-Cahn and Cahn-Hilliard equations for multiphase flow stems
from physics: The Allen-Cahn equation describes phase transitions, e.g. water-ice, whereas the Cahn-Hilliard
equation describes phase separation, e.g. air-water. Coupled to transport and Fouriers law, these equations
enable us to model complex interactions like water-ice-air-vapor, even with dynamic boundary conditions
and on multiple scales (see Heida [16, 18]).

We will start with some preliminary calculations in order to keep the proofs of the theorems below as
readable as possible. In particular, we will prove a generalized version of 3.2 on the subgradients of S to the
n components. However, for simplicity, we have to restrict to some very special classes of functionals. As
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mentioned in the introduction, physical entropy is concave, which is why we deal with the negative of the
entropy. We then face the problem that negative entropy S of the form

S:/Qn(e,...)

shows the sublinear behavior n(e,---) — —o0, %(e7 ...) — 0, thus not necessarily showing compactness of
sublevels claimed in 1.3. As announced in remark 7.2, in a L'-setting, we eventually could circumvent this
problem by shifting S ~» S + [, Ce with C' € R being constant.

However, for L2-theory, this is not enough, as the L?-norm of dS could not provide sufficient regularity

for e to determine the set d;S or an estimate on |le[| 2o 7.5 oy (@) Therfore, we have to make the unphysical
) 0

assumption that lim._, 4 6_2% > 0. Finally, note that all calculations in 8.1-8.2 will be rigorous, though
they might look formal.

8.1. A simple case. In order to keep calculations as readable as possible, we first restrict to a dependence
of § on energy e and mass concentration ¢ of one of two chemical components. We assume that chemical
reactions take place, i.e. it makes sense to consider H!(Q) instead of H, (10)(9). Thus, following section 3, we

place ourselves in H := H*(Q) x H ! with D(S) = H'(Q) x L*(Q). Below, we will see that the best choice
for H and H, are

(0)

H=H'(Q) x L{y,(Q),  Ho=H*(Q) x Hi(Q).
In particular, we think of
S:H—->R, (ce)— / n(c, Ve, e), n(c, Ve, e) = so(c) + s1(c,e) + e+ = \Vc|
Q
so having the properties like in definition (3.1) and s; € C*(R x R4;R;) with
lim inf &;y)
(8.1) y—=+oo y
|Or51(z,y)| + |01 (2, y)| < O, OFsi(z,y) <0, si(w,y) >0 V(z,y) € R
for all (z,y) € R x R4.

Furthermore, note that due to the regularity of s; and the considerations in section 3.1, we find that S is
strongly-weakly closed in the sense of (1.23) and therefore, theorem 1.8 is applicable for any suitable metric
g.

Existence of compact sublevels in the sense of 1.3-(2) is easy to check from the definition of S.

Definition 8.1. Let L? := L?(Q) x L?,)(©2). We denote Dr2S(u) the set of all d, € L? such that for all

¢ € L? and all v € H'(—1,1;1L?) with v(0) = u and 7/(0) = ¢ holds
1
(8.2) (0 0) 120y < fim - (S(1(1) = S(w)) -

Moreover, we denote by P, and P, the projections on the e and ¢ coordinates of L?(Q)? and say J. € %(u)
iff (8.2) holds for all ¢ € P.(LL?) and likewise for J. € 2. Clearly, 35 = P.(D72S) and %2 = P.(Dr2S).

>0, and lim Oysi(z,y) = —00 Vz € R
y™\0

In terms of section 7, we search for solutions

dc+divi=c, Oe—divh=0,

where 55 68
. +
Clearly, 35 = P.(D;:S) and % = P.(D;2S). Note that
58 ~ 0s0(c) 831(0, e) 0S8 Ono(c,e)
¢ Oc dc o, e de

Note that lemma 3.2 as well as the properties of sy and s; yield % € L%(Q). Now, let A, x € C¥H(R x R? x
R; R3*3) be Lipschitz-continuous with constants 0 < C_ < O such that

C_IEf <& (ALE <Cylgf,  Cl¢* <& (k(-)€) < Cy €%, for all parameters .
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Furthermore, let B € C%!(R x R? x R;R) be Lipschitz with 0 < C_ < B < C,. Then, we define A, s, B as
functionals

Ae, Ke : H — L®(Q)33
(ce) = Ay () := Alc(:), V() e())
= Kee) () i= K(c(), V() e(t)),
Be:  H—L®(Q)

(c,€) = Bie,e)(+) == Blc(+), Ve(-), e(4)) -
For any § := (s¢, s.) € H, we then solve the equations
=8¢ = div (A(c,e)VDE) — Be,e)ps  on €2, (A(,e)VPE) -mr =0 onT,
—Se = div (n(cye)Vp‘;:) on €, (K(C,G)Vpg) -nr=0 onT,

with p§ € H'(Q), ps € Hlj(Q).

Corollary 8.2. For any sequences (¢y,en) — (¢, €) strongly in H and 3, — § weakly in H, the corresponding
sequence (pS ,pé ) € HY(Q) x H(lo)(ﬂ) is bounded by C'||5,||,, with some constant C, and weakly converges

(8.3)

towards (pg,ps).

As p¢ and p§ are uniquely determined, so is the expression

Gewe) (51, 52) := /Q (VP5, + (Ate.c) VPE,) + Ble.oyP$, P, + VD5, + (R(e.e) VPS,)) -
As trivial consequence of lemma 2.3 we get:

Corollary 8.3. There are constants G_ and G such that G_ |5, < g(c.e) (5,5) < Gy ||3]|,, independent
on (c,e) € H.

Next, note that

I(ee) (51, 52) = /Q (=V - (Aee) VL) PE, + Beoypiy 0%, + V- (Kiee) VDE, ) PE,)

(84) = /Q (51,cpg2 +51,ep§2)

In order to verify 1.1-(2) note that for (c,,e,) — (c,e) strongly in H and 3, — § weakly in H, we get for
any fixed 5, € H due to corollary 8.2:

lim Y(cn.en) (84,3n) = lim (5*,cp§n + 5*,€p§n) = / (84,cP§ + Sx,eD5) = Y(c.e) (84,3)

We will now recover the gradient flow of S in (’Ho, H,H, g): First, in order to recover VS, we follow the
calculations and argumentation of section 3 to find with help of lemma 3.2 :

(8.5) (VSO 3y ry) = / (Pos5e + PSsse)

with (p$s,p%s) € Dr2S(y(7)), meaning pS g has the form pgg = (fdiv (eVe) + %%) and pGg = PO%.
We may use these insights to reformulate the equation

into

Ogc € div (A(C oV (—div (oVe) + 8770)) — B(c,e) <_div (oVe) + ano>
' Oc ’ Oc
881
ate S V : (H(C’e)vae) .

Note that defining
: C + C €
Js = _A(c,e)Vpg’ Csi= _B(c,e)pgv h = K(C,e)ng



GRADIENT FLOWS ON HILBERT MANIFOLDS AND THE CAHN-HILLIARD EQUATION 29

the definition for g can be rewritten as
~ o~ . _ . — + + _
9(31352) ::/ (.751 : (A(c)le)Jég) +B(c7le) C5, C3, +h’§1 : (’%(c?e)h@z)) .
Q

Due to the linear dependence of j;, Eg and hz on 3, with regard to lemma 7.7, it is natural that the formal
calculations in 7 and the last calculations yield the same model equations. In particular, the linear dependence
of j,h and ¢ on O¢c and Ose yields equivalence of the maximization principle from section 7 and the maximum
characterization of gradient flows from lemma 7.7.

8.2. The general case. In a more general setting with J = m + k + [ constituents, assume H := L*(2)™ x
H*(Q)F x H(B)l(Q)l X H(B)l(Q) with H = L2(Q)"™ x HY(Q)* x H'(Q)! x L*(Q). We indicate elements of
H by (c,e) With ¢ = (C1,- -+, Cmy Cra1s « - - Condks Cont 1y - - - > Cterl) € HY Q)™ x HY(Q)F x H(lo)(Q)l and
e € L3(Q).

Physically, the first m + k constituents are those that might take part in chemical reactions, while the [
next constituents are only subject to diffusive transport.

We then consider a functional

(8.6) S: H—R, (c,e) — /Qs(c, e)+ Ve (oVe)

where o is strictly positive uniformly elliptic and we write for simplicity o = (Uij)z‘je (o mtk+1) with
oij € L>®(2)3*3 for all i,j € {1,...,m+k+1}. Concerning s(-,-) we will be more precise below. For the
moment, let us state that s is chosen such that one of theorems 1.7-1.9 is applicable. In particular, we find

S(c,e) < +oo implies ||c[| g1 (gym+rri < +o0.
Definition 8.4. Let L2 := L?(Q)™*F x L%O)(Q)H‘l. We denote D;2S(u) the set of all §, € L2 such that for
all ¢ € L? and all v € H'(—1,1;1L?) with (0) = u and 7/(0) = ¢ holds
1

. » < lim — — .
(8.7) (Ou, O)p2 < lim = (S(v(1)) — S(w))
Moreover, we denote by P; resp. P, the projections on the i-th resp. the e- coordinates of L2 and say
0; € g—i(c, e) resp. e € 35 (c,e) iff (8.7) holds for all ¢ € P;(L?) resp. ¢ € P.(L?).

We set n =m + k 4+ [+ 1 and consider Lipschitz continuous functions

A . Rn X R?}(n—l) N (R3X3)(n7m)><(n7m) B . Rn X Rf’)(n—l) — R(m+k)><(m+k)

)

such that A and B are symmetric, strictly positive definite and uniform elliptic. For simplicity, we write
A(Cve) = (A(Cve)vij)i,j:m+1,,,,n = (Aij(c,e,VC) € Rgxg) and B(c,e) = (B(c,e),ij)

i,j=m+1,..n ij=1,.m+k "
(Bij(c,e,V¢)); iy myy and for any §:= ((scﬂ-)i:1 a1 ,se> € H, we solve the equations
Sei = Z B(Qe)i,jpé 1=1...m
j=1l..m+k
Seyi = — Z div (A(c,e),i,ijg) + Z B(cye)%jpg i=m+1..m+k
(88) j=m+1l..n ‘ j=1l..m+k
Sei=— . div(Aeei;Vph) i=m+k+1l. m+k+l
j=m+1l..n
Se = — Z div (A(cye)ynijpjg)
j=m+1l..n
with p! € HY(Q) for all j = 1,...m and pg € Hjy ,(2). We define Vp = ((vpg;) ) and j =
? i=m+1...n

( é) , to define g through
i=1..m+k

g(31,52) := /Q (@Pl (A@pz) +1513252) :
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Defining
. Zj:m+1.__nA(c7e),i7ijé fori=m+1,...n—-1
Ji =
0 else
JE( — Zj:l...m—i—k B(Cﬂi)»i,jPé for i = L...m+k
b 0 else
hi=— 3 Aen; Vi
j=1l...m
and
. . + +
Jo = (Ja,m-i-l?"'?-?a,n—l’ha) ) Ca= (le"" Ca77ﬂ+k> ) ac {172}

the last definition for g can be rewritten as
9(31,5) = / (71 (A7 2) +CiBLLC) -
o . ;
The calculation of the effective equations is analogous with the simple case and leads to
61;6,’ EJEZ‘ —divji
&ge + le h > 0 .

With regard to the previous paragraph or with regard to example 3.1, it is easy to check that p]; € % for
b J

jed{l,...,n—1} andpée % for j = n.
It finally remains to identify a broader class of physically relevant functionals S, resp. functions s(-,-), for
which one of theorems 1.7-1.9 can be applied and for which we can verify relation

58

(;’U,i

(89) 8u1¢(u) —div Z oijVuj + 0 Vu;

J

8.3. Choice of the functional S. The rest of this section is devoted to the identification of a class of
functionals S that satisfies the claims of either theorem 1.7 or 1.8.
We consider functionals

S(u) = /Q S(u) + /Q Vu- (0Vu)

ijetl,. miky With o € Le°(2)3%3 for all i,j € {1,...,m+ k} and
¢ : R™*t* 5 R to be specified below. Note that in contrary with definition (8.4) we restrict to the first m + k
coordinates and Dy2(S) has to be understood in the sense of pointwise L?({2)-derivatives.

We start by recalling some basic facts on convex sets and convex functions and by introducing our notations.
For simplicity, we write

with ¢ uniformly elliptic and o = (05)

¢ =Vo and ¢ =V (Ve) .

Definition 8.5. For any n € N let K° C R" be open and convex with K := K°UJK. We say that a convex
function ¢ € C%(K;[0,+00)) is admissible if there is a sequence of convex functions ¢. € H?(K;[0,+00)) N
C2(E) with ¢.(z) < 6(x), |6.(x)| < C. for some C. > 0 and ¢.(z) - 6.(z) < ¢/(x) - 6.(x) < ¢/(z) - #/(z) for
all z € K, and ¢.(z) = ¢(z), ¢.(x) — ¢'(x) for all z € K. Furthermore, for any z € K, y ¢ K and s € [0, 1]
st. x+s(y—z) € 0K

(8.10) ¢z +sly—a) (y—=x) =0
and for any e there is ¢, > 0 such that for any ¢ < t,, u € K holds
1
li — |u — .
|v|i>nioo 2t |U U| + ¢5(U) -

Corollary 8.6. Let ¢ be an admissible convex function on the closed convex set K with K° := K\OK and
assume

(8.11) ())jen € K° |zj| < constVj,zj >z €0K as j—o00 = |V(x;)| = +o0 as j — oo.
Then, for any e >0 and any x ¢ K and any t > 0 holds z + tVo.(z) ¢ K.
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Proof. We find for any « such that y := x4+ aVé. () satisfies y € K that ¥(t) := ¢ (y + t(x — y)) is convex
and %w(t) =¢(y+tlx—y)) - (z—vy). Int =1 we thus find %w(t) = —a|V¢.(z)]>. For t such that
y+t(z —y) € OK we already find £4(t) > 0 and thus o < 0. O

Lemma 8.7. Let K C R™* be a convexr and closed subset with K° := K\OK and ¢ : K — R be an
admissible convex function in K° or a sum of admissible convexr functions. Furthermore, suppose (8.11)
holds and set |V¢(x)| = +oo for x ¢ K°. Then,

D(Dp2(8)) C L) () == fu e L*(Q) : /

UEKO, E aijVuj nr=0Vi<m+k
Q -
J

and for w € Drz(S) holds
/ ()P + / Vu(o (6" () V) < Clluwl e, -
Q Q

Furthermore, Dy2(S) is single valued and

Dr2(8) = ¢ — div(oVu).

Remark 8.8. We have Vu(a(¢” (u)Vu)) > 0 and thus ¢/(u) € L?(Q2): Due to properties of ¢, ¢ is diagonizable
with positive eigenvalues, thus let A be an eigenvalue of ¢ and e the corresponding eigenvector and E :=
(€,0,0) € R™*3 then ¢ (u)E = A\E and E(0(¢"(u)E)) = AEcE > 0.

Proof. We consider the case ¢ is an admissible function. For € > 0 let ¢. be the approximation from definition

8.5. Now, let u € L?K)(Q) and solve for uy = u — t¢L(u;) which is the unique minimizer of

D (v) := % |u — v|2 + ¢:(v),

as the Hessian matrix of ®. is strictly positive. Corollary 8.6 yields u; € K for all w € K and due to
the inverse function theorem, we can write u; = Ff(u) where Ff : K — K is continuously differentiable
with bounded derivative (note that the Hessian of ¢. is bounded). Thus, as for F; : v — v + t¢.(v) with
Fl(v) = Id +t¢” (v) we find F; — Id and F} — Id uniformly on K, u;, ¢L(u;) € H*(Q) and

g — u,  ¢L(ur) = ¢L(u) strongly in H(Q) ast—0.

Thus, setting v = —¢L(ut), we find for each w € Dp2(S(u))
. 1rg s
(w,v) > }gr(l) = (S(u) - S(u+ tv))

t
:/%w»dw+/va¢w»
Q Q
which yields for ¢ — 0:
/ 6L () + / Vu(o (6! () V) < Clluwll age -
Q Q

As this holds for all € > 0 and ¢, — ¢', ¢!/ — ¢ pointwise as ¢ — 0, we find
[ 18P + [ Vuele"@9u) < oz

and by the same time, as |¢'(u)| = oo for u € 9K, we find u(z) € K° for a.e. x € Q and u € L?K) (Q).
In order to calculate the i-th partial derivative g—i(u) of S, we define

K (uw):={yeR : (ur,...,u-1,Y,Uit1,...Up) € K°}

and note that u € L%K)(Q) implies u(z) € K7 (u(z)) for a.e. x € Q. However, in order to derive g—i(u) we
need to make sure for the test functions ¢ holds u(x) + t¢(x) € K for a.e. € Q. Thus, for M > 0 consider
the sets Ky :={u € K : |¢/(u)| < M + 1}. Then, K, is boundedly away from 0K and choosing functions
xar : RUMER) 5 0,1] with xar(x) = 1 for [z] < M, xar(2) = 0 for [x| > M +1 and x, < 2 we get for any

¥ € C§°(Q) and for ¢ small enough:
bar = o (@) € Q) ul@) + tng(a) € K
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for a.e. z € Q. In particular, for any ¢ € C§° the function u; := u — typre; satisfies S(ut) < 400. Now, we
find for w € £ (u)

t—0 t

(8.12) (w,¥pr) > lim — ! (3( S ut / @' (u) - e; b — (Z oi;Vuj) - V(ehar)

and replacing ¢ with —, we obtain equality in the last relation. Note that xas (¢'(u)) — 1 pointwise as
M — +o0o. Thus, it remains to search for the limit of V).
We find

/ Z 0i;Vuy) - (e ® Vibar)
= [ (SZ oV - (6 ) (e @ V) + [ 93 39 5) X (0/(00) 8 (0) (e V)

As Vu(o(¢?(u)Vu)) € LY () and X, (¢'(u)) — 0 pointwise in Q, the second term on the left hand side
vanishes as M — oco. Thus, the limit reads

lim Z%vu] (e; @ Vo) / Zauvuj (e; ® V) .

M—o0

We use this result and conclude in (8.12) that

W) = [ $)-ei =+ 0y Vu,) - View)

/Q (b'(u) —diV(ZO’ijvu]‘) elw

J
O

Remark 8.9. Note that above calculations do not hold for subdifferentials in L?O)(Q). This is for the simple
reason that the derivation of the L?-bound on ¢’(u) is not valid in that case.

Example 8.10. We will now give some examples of admissible convex functions:

(1) Let K1 C R be convex and f : K; x R"™ ! - R, 2 = (21,...,2,) — f(x) be constant in x5,..., 2,
and convex and twice continuously differentiable in z; and fulfill (8.10). Then, f is admissible.

(2) For i = 1,...m let K; C R™ be convex sets and f; : K; — R be admissible functions. Then,
f =72, fi is an admissible function on K := (), K.

(3) Convex functions with bounded derivatives are admissible.

(4) Let K C R™ be convex with C* -boundary. Then, the distance function d(z) := dist(z,0K) is
C*>. Now, for f € C*((0,+00) convex with f/(t) — 400 as t — 0 and f’(t) — 0 as t — +o0 , the
function ¢(z) := f(d(z)) is admissible: It is easy to see that d(z) in concave and f is monotonically
decreasing. Thus, a simple calculation leads to

fldQAz + (1= A)y)) < f(Ad(z) + (1 = N)d(y)) < Af(d(@)) + (1 = A)f(d(y)) -
As f is admissible on (0, +00), so is f od.

Using this toolbox, some more complicated examples may be constructed by summing up. However, there
remains the question for what functions ¢ we can show (8.9) for ¢ > m + k. The results from [1] do not apply
as the proof strongly relies on the one dimensional structure.

However, we give one particular example where (8.9) holds: Let K; C R be convex sets with ﬁ :K; >R
admissible functions. Then, defining K; := Ri™1 x K; x R*~"1 K := N, Ki € R"™1, the proof of Abels and
Wilke [1] of above Lemma 3.2 yields validity of (8.9) for

o(u) := {Zz fi(u;) forue K .

+00 else
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Of course, we can use any invertible matrix @ : R"~! — R"~! and (8.9) would still hold for ¢ o Q with K
replaced by Q7' K. Also, we can add any term ¢ (u) with ¢1(u) € C1(K)NC?(K®) being a convex function
with bounded derivatives.

For multiphase systems in terms of concentrations, a system of J +1 = m + k 4+ [ 4+ 1 constituents is
represented by J mass concentrations ¢ = (¢y,. .., cy) with the properties

ceK:=%aeR’ :a;,>0 Vi, Zaigl

reflecting the idea, that the mass concentration is always nonnegative and that the sum of all J + 1-mass
concentrations add up to 1.

Using above considerations, we may quickly construct admissible functions ﬁ 2 [0,1] =R, e =1,...,J,
fr41 :[0,1] = R and an orthogonal matrix Q € R7*”/ such that for the standard basis e; of R holds
e1Q ) ;cie; =, c;. We then define

J
(8.13) so: K2R, c=(c1,...,cq) = > file)) + fria(eiQe),
i=1

which is an admissible function on K satisfying (8.9).
Furthermore, we use any admissible function s; on R™%* any admissible function sy on R>q satisfying
(8.1) and any bounded, Lipschitz continuous function sz on R™ to get that

s(e,e) == so(e) + s1(c1y -y Cmak) + s2(€) + e + s3(c, e)
is such that S fulfills the requirements of theorem 1.7.
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