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ABSTRACT

An analytical model for multicomponent systems of nonlocally interacting particles is
presented. Its derivation is based on the principle of minimization of free energy under
the constraint of conservation of particle number and justified by methods established in
statistical mechanics. In contrast to the classical Cahn—Hilliard theory with higher order
terms, the nonlocal theory leads to an evolution system of second order parabolic equa-
tions for the particle densities, weakly coupled by nonlinear and nonlocal drift terms, and
state equations which involve both chemical and interaction potential differences. Apply-
ing fixed-point arguments and comparison principles we prove the existence of variational
solutions in suitable Hilbert spaces for evolution systems. Moreover, using maximal reg-
ularity for nonsmooth parabolic boundary value problems in Sobolev-Morrey spaces and
comparison principles, we show uniqueness, global regularity and uniform positivity of
solutions under minimal assumptions on the regularity of interaction. Applying a refined
version of the Lojasiewicz—Simon gradient inequality, this paves the way to the convergence
of solutions to equilibrium states. We conclude our considerations with the presentation
of simulation results for phase separation processes in ternary systems.

1. INTRODUCTION

Description of the physical phenomenon. There are many interesting isothermal drift-
diffusion processes taking place in a closed system of nonlocally interacting particles of
different type. Generally, in those multicomponent mixtures, all of the configurational
changes are the result of processes that try to minimize the free energy of the whole
ensemble. This free energy contains the sum of the binding energies between the particles
with respect to their type and their distances. The mesoscopic scale of our model is larger
than the single particle picture of quantum mechanics but smaller than the continuum
mechanical limit: The averaged long-range interaction forces are explicitly described by
attractive or repulsive interaction potentials. On the other hand, the short-range repelling
forces are accounted for using the logarithmic distribution function of Fermi statistics
reflecting the exclusion principle for particles with Fermi-type behavior. These forces are
responsible for the diffusion process that enters in competition with the nonlocal drift
process. Of course, also noninteracting, and, therefore, purely diffusive components are
allowed to take part in the processes under consideration.

Typical applications are transport processes of electrically charged particles in solutions
or semiconductor heterostructures, chemotactic aggregation of microorganisms in biolog-
ical environments, and, especially, phase separation processes in alloys including the case
of diffusive damage.

The system of model equations. The justification of our model relies on the methods of
statistical mechanics: We assume that particles of different type jump around on a given
microscopically scaled lattice following a stochastic exchange process. Here, voids are
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admissible types of particles, too. Exactly one particle sits on each lattice site (exclusion
principle). Two particles of type k and ¢ € {0,1,...,m} change their sites x and y with
a certain probability, due to diffusion and nonlocal interaction. This process tries to
minimize the free energy of the particle ensemble.

To carry over these properties from the discrete microscopic scale to the continuous
mesoscopic level, statistical mechanics uses the hydrodynamical limit process: The num-
ber of particles in the lattice tends to infinity. As the result, the state of the meso-
scopic ensemble is described by densities of particles occupying a spatial domain X C R”
with Lipschitz boundary. Following the pioneering work of GIACOMIN, LEBOWITZ and
MARRA in [13, 14] as well as of QUASTEL, REZAKHANLOU and VARADHAN in [33, 34],
this limit process leads to an evolution system of m + 1 conservation laws

P +V-ge=0 in (0,00) x X,

n-jr=0 on (0,00) x 0X, (1)
p(0)=pp  in X,
with particle densities po, p1, ..., pm, initial values pg, p3, ..., p5,, and current densities jo,
J1,- -+, Jm- Due to the exclusion principle, the particle densities are nonnegative, bounded

by a given positive total density Y, and they sum up to this total density Y pointwise:

0 < po,p1s---y pm < 2, Zpk:E- (2)

This defines the simplex of admissible states. Note that X is allowed to be a nonsmooth
function of the space variable to model processes taking place in a fixed heterogeneous
environment with a spatially varying total storage capacity . Moreover, the closedness
of the system (1) enforces that the sum of all current densities vanishes:

> k=0 (3)

Consequently, in (1), only m of the m + 1 equations are independent of each other.
Hence, it is convenient to drop out one redundant equation in (1), say the equation for
the zero component, and to describe the state of the system by m-component vectors
p=(p1,-..,pm), having in mind that po = X — >, p is a function of p.

In our work, the free energy F(p) = ®(p) + ¥(p) of an admissible state p is modelled
as the sum of the strongly convex chemical energy

Pk fL’) n
Z/ z)In S d\"(z),

and of the (quadratic) potential energy

=33 [ @@ ) + 3 [ o) o)

kOéO
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split into the (possibly nonlocal and nonconvex) energy of self-interaction defined by oper-
ators Py, = Py, and a part representing the potential energy due to external potentials ¢y.
As mentioned above, the logarithmic chemical energy reflects the Fermi-type behavior of
the particles. It prevents the densities p to come too close to the boundary of the simplex
of admissible states given by (2). This chemical part alone would prefer uniform distri-
butions. To control the behavior of nonlocal self-interaction between particles of type k

and ¢ € {0,1,...,m}, we have in mind, for example, integral operators given by
(Pupd(a) = [ puly) o) X" ()
X

To model, for instance, the phenomenon of phase separation, the (signs of the) entries in
the symmetric (m+1) x (m + 1)-matrix kernel (pg,) have to be chosen in such a way that
particles of the same type attract and particles of different type repel each other.

Local minimizers of the free energy functional F' under the constraints of conservation
of particle number and the admissibility conditions (2) are supposed to be physically
relevant equilibrium distributions p* of the multicomponent system, and more generally,
admissible steady states of the energy-driven evolution system. Correspondingly, they can
be found as solutions of the Euler-Lagrange equation as in the work of GRIEPENTROG
and GAJEWSKI in [8]. There, we were mainly interested in equilibrium states and we
established a descent method to find solutions (p*,v*) of the Euler-Lagrange equation

DF(p*) = v, /X §(2) dA"(z) = / o () dA"(z),

X
where v* € R™ denote Lagrange multipliers.

In view of the fact that the Lagrange multipliers v* should be constant, one assumes their
spatial antigradients to be the forces driving the evolutionary process towards equilibrium.
The hydrodynamical limit process, see [13, 14, 33, 34], leads to the evolution system (1)
with current densities

e == m(p)Vv, forke{1,... .m}, (4)
=1
where the symmetric and positive semidefinite mobility matrix (my(p)) is the product of
the diffusivity matrix (ap(p)) and the inverse Hessian D?*®(p)~! which is nothing else but
- . P Pe

D*®(p) ™" = diag(p) = p© £ = (Suups = pi's)
Note that this positive semidefinite matrix degenerates, if and only if at least one of
the densities pp vanishes. The Lagrange multipliers v are thermodynamically identified
with the conjugated variables of the densities p and denoted as grand chemical potential
differences v = DF(p). Because of the structure of the free energy, they are written as

the sum v = ( 4+ w of the chemical potential differences

¢ = Dp®(p) = ln% —ln%
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and the interaction potential differences

m

wy = DyW(p) = > (Prepe — Poupe) + (61 — o)
=0
for k € {1,...,m}. We reformulate the above evolution system with gradient structure

as a system of drift-diffusion equations with semilinear diffusion and nonlinear nonlocal
drift terms, if we rewrite the currents as

Ji = — Zau(p)V% - kag(p)ng for k € {1,...,m}.
=1

(=1

Both modelling and existence analysis for the case of smooth data and the nondiagonal
Stefan-Maxwell diffusion matrix (ag,) were considered, for instance, in the book [15]
of GIOVANGIGLI, in the contribution [1] of BOTHE, and the work [25] of JUNGEL
and STELZER. In contrast to our work, these authors do not consider drift terms to
model the interaction processes between the particles. To our knowledge, nonlocal drift
terms are not only advantageous for that purpose, but they can also be understood as a
natural regularization of nondiagonal terms.

Since our theory of maximal regularity for parabolic boundary value problems with
nonsmooth data is restricted to weakly coupled systems, in our work we consider the
equidiffusive (diagonal) case (ar) = (AX0xe) with a diffusion coefficient A, which may
depend nonsmoothly on space and time. As in the work [7] of GAJEWSKI and GROGER
or the paper [10] of GAJEWSKI and SKRYPNIK on the analysis of reaction-drift-diffusion
processes of electrically charged particles in semiconductor heterostructures, the total
density > may depend nonsmoothly on the space variable.

Several authors considered similar models describing nonlocal phase separation pro-
cesses with a degenerate mobility of the above mentioned type. The case of homogeneous
binary systems was justified by GIACOMIN and LEBOWITZ in [14], and analyzed in the
pioneering work [11] of GAJEWSKI and ZACHARIAS with the emphasis to existence and
uniqueness of solutions. There, the diffusion coefficient A may depend nonsmoothly on
the space variable and, in addition to that, strongly monotone and Lipschitz continuous
on the gradient Vv. Based on this, in the papers [28, 29] of LONDEN and PETZELTOVA
and in the recent contribution [12] of GAL and GRASSELLI the asymptotic convergence
of the trajectory to an equilibrium state were established.

We want to emphasize that in contrast to the above mentioned papers [11, 12, 28, 29], in
the present work all the qualitative properties of the solutions, namely, the uniqueness and
the uniform regularity as well as the uniform positivity and the asymptotic convergence of
the solution, are derived from minimal assumptions on the regularity of the gradients Vwy,
of the interaction potentials. We do not need to assume these gradients to be bounded.
In fact, it suffices to suppose that for some exponent wy > n — 2 and some constant ¢q > 0
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the Morrey-type condition

m
> / |V ()2 dA™ < core® (5)
=1 7/ XNQ(z,r)

holds true for every cube Q(z,r) C R"™ with center x € X, radius » > 0 and every
point s > 0 on the time axis. This enables us to treat a huge variety of interactions,
especially the limit case of regularity governed by the nonsmooth data of the problem.
An illustrating example is given in Section 7, where we consider nonlocal phase separation
processes with interaction potentials defined as solutions to nonsmooth elliptic boundary
value problems.

Organization of the work. This work generalizes and a continues the proceedings con-
tribution [20] of the author. In Section 2 we fix both our general assumptions and the
functional analytical framework to formulate the problem in heterogeneous environments.

Applying fixed-point arguments and comparison principles, in Section 3 we prove the
existence of variational solutions in suitable Hilbert spaces for evolution systems. At the
same time, we fill a gap in the proof of [20, Lemma 1].

In Section 4 we collect main results of our theory of maximal regularity for parabolic
boundary value problems with nonsmooth data in Sobolev—Morrey and Holder spaces,
see GRIEPENTROG and RECKE [21, 22, 23]. These results are the main tools for our
proof of unique solvability and global regularity of solutions, see also [20, Section 4 and 5].

Section 5 is dedicated to the uniform positivity of solutions. Here, the proof relies
on a Moser-type iteration procedure, based on a multiplicative Sobolev inequality with
Morrey-type weights, which can be found in MAzvyA’s book [30, Corollary 1.4.7/2], and
which exactly corresponds to the regularity assumption (5) on the gradients Vw, of the
interaction potentials.

Using a refined version of the Lojasiewicz—Simon gradient inequality similar to [12, 28],
this paves the way to the proof of asymptotic convergence of solutions to an admissible
equilibrium state in Section 6, which turns out to be a solution of the Euler-Lagrange
equation under the constraint of conservation of particle number. The free energy de-
creases monotonically along the trajectory to the corresponding limit.

In Section 7 we conclude our considerations with the presentation of simulation results
for phase separation processes in ternary systems including the case of diffusive damage.

2. GENERAL ASSUMPTIONS AND FORMULATION OF THE PROBLEM

The following assumptions are valid for the whole work. Suppose m € N to be the number
of independent components and n € N, n > 3 to be the space dimension. Let (R", £, \™)
be the o-finite measure space of n-dimensional Lebesgue-measurable subsets of R"”. For
F e £ andp € [1,00) we denote by LP(F'; V') the set of all Lebesgue p-integrable functions
u: F'— V with values in the Banach space (V|| [|v). The class L>*(F; V') consists of all
Lebesgue-measurable functions u : F' — V' which are essentially bounded.
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For every F' C R™ we introduce the class B(F; V') of bounded functions u : ' — V. We
define the set C'(F; V') of continuous functions u : F' — V and the subclass BC(F; V) =
B(F; V)N C(F;V). Moreover, for a € (0,1] we consider the set C%*(F;V) of Holder-
continuous functions u : ' — V and the subclass BO**(F; V) = B(F; V)N C**(F; V).

For k € NU {oo} and open sets U C R" we denote by C*(U; V) the set of functions
u : U — V which have continuous derivates up to the k-th order. The subclass of all
these functions with bounded continuous derivatives up to the k-th order forms the set
BC*(U;V). Finally, we introduce the subset C&(U; V) of functions u € C*(U; V) with
compact support supp(u) in U.

Here and in what follows we denote, as usual, by ( , )y and ( | )y dual pairings and
scalar products in Hilbert spaces H, respectively. For subsets Y of R" we write int Y, clY
and QY for the topological interior, the closure, and the boundary of Y, respectively.

Let S = (0,7) be a time interval of finite length. Considering problems with nonsmooth
data, we suppose X C R"™ to be a domain with Lipschitz boundary defined in the spirit
of GIUSTI or GROGER, see [16, 24]:

DEFINITION 1 (Domain with Lipschitz boundary). Let the open cube and half-cube

Q(zx,r) = {§ € R" : sup;<;p & — x| < r},
QJr(war) = {f S R™ : Suplgign |£Z - xl| <, én — T < 0}7

be defined for x € R", r > 0, respectively. A bounded, open and connected set X C R" is
called domain with Lipschitz boundary if for each x € X we find some neighborhood U
of z in R™ and a bi-Lipschitz transformation A from U onto Q(0,1) such that A[UNX] =
Q7 (0,1) and A(z) = 0.

Hilbert spaces for evolution problems. For the functional analytic formulation of diffusion
and drift processes of interacting particles in a fixed environment, its (possibly nonsmooth)
spatially heterogeneous storage capacity needs to be measured properly:

ASsSUMPTION 1 (Storage capacity). Let (R, £", o) be a measure space satisfying
g AN (F) <o(F) <o*\"(F) for every set F' € £", (6)

where 0 < o0, < ¢* < oo are given lower and upper bounds of the total density. We
interpret o(F') as the measure of the particle number which can be stored in F' € £".

REMARK 1 (Topological equivalence). Obviously, the density > € L>°(R") of the mea-
sure o with respect to the Lebesgue measure \" satisfies o, < X(x) < o* for A"-almost all
x € R". Hence, in the following we are allowed to introduce all the spaces of integrable
functions with respect to the measure space (R", £", o) without changing their standard
topologies. One has only to keep in mind that the constants in the estimates eventually
depend on the fixed lower and upper bounds o, > 0 and ¢* > 0, too.
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DEFINITION 2 (Hilbert spaces). 1. We consider the pair of dual Hilbert spaces
H=IL*X;R™) and H*=[L3(X;R™],

equipped with the nonstandard scalar product given by

(0. 1)n = g o = (gl = Y [ auhudo for g, he .
k=17X

Here, the duality of intensive quantities ¢ € H and the corresponding extensive distribu-
tions p = Jg € H* is established by the duality map J € L(H; H*). We introduce the
operator J € L(L*(S; H); L*(S; H*)) by (Ju)(s) = Ju(s) for s € S and u € L*(S; H).

2. Moreover, we introduce the dual pair of Sobolev spaces

V=W"(X;R™) and V*=[W"(X;R™)]*,

equipped with nonstandard scalar product
(u|w)y = Z/ (Vuy - Vwyg + upwy) do - for u, w € V.
k=1"X

The completely continuous and dense embedding of V' into H and its adjoint are denoted
by K € L(V;H) and K* € L(H*;V*). Then, £ = K*JK € L(V;V*) is symmetric and
positive semidefinite. Correspondingly, we define the operators X : L?(S; V) — L?(S; H)
and & : L*(S; V) — L2(S;V*) by (Ku)(s) = Ku(s) and (Eu)(s) = Eu(s) for s € S and
u € L*(S;V) as illustrated in the following commutative diagrams

v 5,5 L(S;V) —— L*(S;H)
J(E lJ and lé‘ j/ﬂ
Ve B g L2(S; V) < L[(S; H¥)

The generalization of the concept of Sobolev spaces for evolution equations follows the
ideas of L1ONS and GROGER, see DAUTRAY and LIONS [4, Chapter XVIII, §5] and
GRIEPENTROG [21, Section 1]:

DEFINITION 3 (Sobolev space). 1. The function f € L?(S;V*) is called weakly differ-
entiable if there exists some f’ € L*(S;V*) which satisfies

/S<f/(s),v>vi9(s) dA(s) = — /(f(s),v)vﬁ’(s) dA(s) forall 9 € C(S), v e V.

s
2. Corresponding to & : L2(S; V) — L?(S; V*), which is associated to S and E € L(V; V™)
in Definition 2, we define the Sobolev space
Wg(S;V) = {ue L*(S;V): (Eu) € L*(S;V*)},
equipped with the scalar product
(u|lw) = (ulw)r2es,vy + ((Ew)'[(Ew) ) p2(s;v+y  for u, w € Wi(S; V).
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REMARK 2. The embedding map X is continuous from Wg(S; V) into C(cl.S; H) and
completely continuous from Wg(S; V) into L*(S; H).

Energy functionals. As mentioned in the introduction, the free energy F' = ® + W is split
into a sum of a strongly convex chemical part ® and a quadratic interaction part ¥, which
are now specified rigorously:

1
’ m+1

U(/}/) = {he L™ ’}/S hojhl,...,hm < 1—’}/, hQZ 1—2;::1}%}
as a closed subset of L™ = L*(X;R™). Here, and in the following, we always have in

mind that hg =1 —>";", hy is a function of h = (hy,..., hy).
2. The functional ® : H* — R U {+o0o} of chemical energy is given by

"o helnhdo =Jh, heU(0
@(p):{fXZk:o k1 N Ao or p ) € ()7

+00 otherwise.

ASSUMPTION 2 (Chemical energy). 1. For every v € [O } we introduce

(7)

The relative density h € U(0) is the density of the corresponding particle distribution
p = Jh with respect to the measure o. The definition of hg = 1 — Y ;" | hy, implies the
definition of py = o — > ;" | pr as a function of p = (p1,. .., pm).

REMARK 3 (Strong convexity). The functional ® : H* — R U {400} is proper,
lower semicontinuous, and strongly convex with the closed and convex effective domain
dom(®) = J[U(0)]. We have

0 (p) + (1 = 8)2(p) = (6p + (1= 0)p) + 3(m +1)5(1 = d)llp — 7|
for all p, p € dom(®) and § € [0, 1]. As a consequence, the subdifferential 0& C H* x H
is both strongly monotone and maximal monotone.

2
H*

REMARK 4 (Chemical potentials and real analyticity). 1. For vy € (0, m#ﬂ], h e Ul(y)
and p = Jh € dom(P) we get

G = Dp®(p) =Inhy, —Inhy for every k € {1,...,m}. (8)

The components of ( = D®(p) € L™ are called chemical potential differences. There
exists a constant ¢; > 0 depending on m and ~ such that the estimates

(D®(p) — DO(p), p = p)u- = (m+1)llp = pll7-, (9)
[D®(p) = DO(P)||m < crllp — plla- (10)

hold true for all p, p € J[U(7)], and the Hessian D?*®(p) € L(J[L>]; L>) is positive
definite and has the representation

R m m 5 1 R A R ‘ A .
<D2®(0)9,Q>H*_ZZ/ (ﬂ—l——)gggkda for o = Jg, 0 = Jg with g, g € L™.
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2. The functional ® is real analytic in the set J[U], whenever U is open in L* and
contained in U(7) for some v € (0, 15]. Tts Fréchet derivative D® : J[U] — L™ is a real
analytic operator, and the second derivative D?®(p) € L(J[L>]; L*°) is an isomorphism
for all p € J[U], see GRIEPENTROG and GAJEWSKI [8, Lemma 12].

REMARK 5 (Convex conjugate functional). The Fréchet differentiable convex conjugate
®* : H — R to the strongly convex functional ® : H* — R U {+o0} is given by

() = /Xln (1+ > exp(¢)) do for every ¢ € H,

and we obtain D®*(¢) = Jh € dom(®P), where h € U(0) is given by the functions

By = exp(Cr)
L+ 3707, exp(Cr)
Moreover, the Hessian D?®*(¢) € L(H; H*) is represented by

for every k € {1,...,m}. (11)

(D*®*(()g, ) = Y _ Z/ (Okehi — hihe) ge gx do for all g, g € H.
X

k=1 =1
These preliminary considerations justify the definition of both the diffusion and drift
operator discussed in the introduction:
AssumpTION 3 (Diffusion). 1. Let the diffusion coefficient A € L>(S x X)) satisfy
v<A<1l/v A"Halmost everywhere on S x X

for some constant v € (0,1]. The linear diffusion operator £ : L*(S;V) — L*(S;V*) is
defined by

(Lu, h)r2sv) = Z// AVuy, - Vhydod\  for u, h € L*(S;V). (12)
v /s Jx

2. Let the bilinear operator B : L>®(S x X;R™ ™) x [*(S;V) — L*(S;V*) for M €
L®(S x X;R™™) and w, h € L?(S; V) be given by

(BOM,w), ) sy = 303 / / AM Vg - Vhy do . (13)
k=1 ¢=1 /5 /X

AsSUMPTION 4 (Drift). Let the the mobility M : U(0) — L*(X;R™™) be given by
the symmetric matrix-valued function

Mh = diag(h) — h ® h = (6xchi — hihy) for h € U(0). (14)

Correspondingly, the drift operator M : dom(M) — L™(S x X;R™*™) is defined by
(Mu)(s) = Mu(s) for s € S, u € dom(M) on the domain

dom(M) = {ue LS x X5R™) 0 <wug,tg, ..yt < 1, up = 1—ka:1uk}.
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AssumPTION 5 (Potential energy of interaction). Let Py, = Py be bounded linear
operators from [L?(X)]* into W?(X) representing the self-interaction between particles
of type k, £ € {0,1,...,m} and ¢ € WH?(X) be external potentials for k € {0,1,...,m}.
The functional ¥ : H* — R of interaction energy is given by the quadratic functional

U(p) = %ZZ/X hy Prepe do + ; /X hy.¢x do (15)

k=0 (=0

for p = Jh € H* corresponding to h € H, and having in mind both py = o — >7/", pk
and hg =1 — 3", hy as definitions, see Assumption 2.

We define the (possibly nonconvex) functional ' = ® + ¥ : H* — R U {+oo} of free
energy with the closed and convex effective domain dom(F') = dom(®) = J[U(0)].

REMARK 6 (Interaction potentials). Due to Assumption 5 the quadratic functional
U : H* — R has the representation

W(p) = Lo, Po)ir + (p, )i + W(0) for every p € H”, (16)

where the constant is determined by ¥(0) = % f ~ Pooo do + f « @odo. The bounded linear
operator P € L(H*; V) and the element ¢ € V are given by

(Pp)e =Y ((Pre = Por) = (Peo — Poo))pr - and oy = (Pro — Poo)o + (6 — o) (17)

for every £ € {1,...,m}. Note that KP € L(H";H) is a symmetric and completely
continuous operator. The components

wy = DpV(p) = (Pp)x + i (18)

of w= DWVU(p) = Pp+ 1 € V are called interaction potential differences. According to
Assumption 2, there exists a constant L > 0 such that for all p € dom(®) the estimate

Z/ |Vwg|*do < L
k=1"X

holds true, whenever w = Pp+ ¢ € V.
Corresponding to P, we define the self-interaction operator P : L*(S; H*) — L*(S;V)
by (Pp)(s) = Pp(s) for s € S, p € L*(S; H*).

Now, we can rigorously formulate the concept of a solution of the evolution problem:

DEFINITION 4 (Solution). For a given initial value a € U(0) we are looking for a
solution uw € Wg(S; V') Ndom(M) of the evolution system

(Eu) + Lu+ B(Mu,PJu+11) =0, (Ku)(0)=a. (P)
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3. EXISTENCE OF SOLUTIONS

At first we solve a regularized problem with truncated nonlinearities. To do so, for ¢ € R
we define the truncations

¢~ = —min{c,0}, ¢"=max{c,0}, ¢®=min{max{c,0},1},

and we carry over this setting in the usual way to the concept of truncated functions. The
truncation of vector-valued functions is given by the vector of its truncated components.

DEFINITION 5 (Regularization). 1. The truncated mobility R : H — L (X;R™*™) is
given by the symmetric matrix-valued function

Rh =" hg diag(h?) — h° @ h* = (8phg SO he — hehg) for he H.  (19)
Correspondingly, the regularized drift operator R : L?(S; H) — L*°(S x X;R™™) is
defined by (Ru)(s) = Ru(s) for s € S, u € L*(S; H).

2. The regularized self-interaction operator Q : L*(S; H) — L*(S;V) is given by

Qu = Pgu® for u € L*(S; H). (20)

LEMMA 1 (Solvability of a regularized problem). Let the Assumptions 1-5 be satisfied.
Then, for every a € U(0) there exists a solution uw € Wg(S; V') of the reqularized problem

(Eu) + Lu+ B(Ru, Qu+ 1) =0, (Ku)(0) = a. (R)

Proof. 1. Our proof is based on the application of Schauder’s fixed-point principle. Let
A > 0 be the Lipschitz constant of Q and a € U(0) be a fixed initial value. For every
u € L*(S; H) we have Qu € L*(S;V) and B(Ru,Qu + ) € L?(S;V*). Hence, there
exists a uniquely determined solution Fu € Wg(S; V) satisfying XFu € C(clS; H), see
DaAuTrAY and LIONS [4, Chapter XVIII, §5] or GRIEPENTROG [21, Section 2|, of the
evolution problem

(EFu) + LFu = —B(Ru, Qu+v¢), (KFu)(0) = a. (21)

That means, we have properly defined a fixed-point operator F : L?(S; H) — L*(S; H).
Our aim is to prove that F : L?(S; H) — L*(S; H) is completely continuous and F[€] C €
holds for a closed convex set € C L?(S; H) depending only on the data of the problem.
2. Let u € L*(S; H) and Fu € Wg(S; V) be the solution of problem (21). Applying the
test function p = Fu € Wg(S5;V) to (21) and Young’s inequality we get the estimate

/Ot<(83"u)( ), (Fu)(s))v dA(s +Z//Ayv (Fu)|? do dX
Qﬁii//muuv (Qu + )¢l do dX + Z//AW (Fu)|? do dA

k=1 (=1

R
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for all t € clS. Using the fact that due to (19) we have |(Ru)g| < m for k, { €
{0,1,...,m}, for all t € cl.S partial integration yields

/X’(K?U)(t)\QdUJFVi/Ot/X!V(?U)k!2d0d)\

m 4 m
SZ/ |ak|2da+ﬁz// IV(Qu + )2 do dX.  (22)
k=17X Voo/sUx

To obtain an estimate for Fu in L?(S; V), we get one contribution by taking ¢ = T on
the left hand side of (22). For the other contribution, we integrate both sides of (22) over
t € S. Summing up, this yields

// |3"u|2dadA+uZ// IV (Fu)|? do dX
SJx 1 /S /X
S(T+1)Z/ |ak\2da+MZ// IV (Qu + )1 |* do d.
k=1 X v k=1 SJX

Since A > 0 is the Lipschitz constant of Q : L*(S; H) — L*(S; V), this yields
V|FullZa sy < v(T + Dllallf +m*(T + 1))1Qu + ¢l s
< (T + Dlallz; +2m*(T + 1) (All® |25, + TIET)-
That means, we have ||Ful|22(g.y) < r? for all u € L*(S; H), if we fix r > 0 by
vir? = u(T +1)|al|;; + 2m*(T + 1) (mATo(X) + T||¢|)3).

Hence, we get F[C] C € for the closed ball € = {u € L*(S; H) : ||ullr2(s;m) < 1}
Moreover, a similar calculation also shows that

V| B(Ru, Qu + ¥) |25y < 1| Qu + Yl[72 s,y < 2m* (mATo(X) + TV

and v?||LFul|7z g,y < r* hold true for all w € L?(S; H). Consequently, using iden-
tity (21), we obtain the boundedness of the set F[L*(S; H)] in Wg(S; V). Due to the
completely continuous embedding of Wx(S;V) into L?(S; H), see Remark 2, this yields
that the fixed-point map F : L*(S; H) — L*(S; H) is a compact operator.

3. Let (u;) C L?(S; H) be a sequence which converges to v € L*(S; H) in L*(S; H).
For every i € N there exists a unique solution Fu; € Wg(S; V') of the problem

(EFu;) + LFu; = —B(Ru;, Qu; +¢),  (KFu;)(0) = a.
Because Fu € Wg(S; V) is the solution of problem (21), for every i € N it follows

(EFu; — EFu) + L(Fu; — Fu) = B(Ru, Qu+1)) — B(Ruy, Qui+v), (KFu; —KFu)(0) = 0.
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Testing with ¢ = Fu; — Fu € Wg(S; V), Young’s inequality yields the estimate
t
/ (EFui — EFu)(s), (Fus — Fu)(s))v dA(s)
0

Qﬂ Z / / (1(Rui) eV (Qui — Qu)o|* + [(Ru — Ruy) e V(Qu + 0)|?) do dA
k=1 (=1

for all ¢t € clS, i € N. Having in mind that |[(Ru)g| < m for k, £ € {0,1,...,m}, and
integrating by parts, for all ¢t € cl.S we get

/|ﬂ<ffuz KFu)( |2da<—22//|ﬁu—fRuz eV (Qu + ) |* do dA

k=1 (=1
+—Z//\v (Qu; — Qu)g|? do d,

and, hence, after integration over t € S,

// |Fu; — ?u|2dad)\<—22//|3%u—ﬂ%u, eV (Qu 4 10)|? do dX
SJX

k=1 (=1
mAT —

. — Qu)y|2 do d.

The integrand of the first part of the right hand side is majorized by 4m?|V(Qu + v),|?
for every i € N, and it tends to zero A" !-almost everywhere on S x X in the limit i — oo
because of the Lipschitz continuity of R and the convergence lim; o ||u; — || L2(s.) = 0.
Hence, applying Lebesgue’s theorem, the first part tends to zero. On the other hand,

lim || Qu; — Qul|r2(s,v) < A lim [Ju; — ul|p2(s.m) = 0.
i—00 1700

That means, the second part of the right hand side tends to zero, too. We arrive at
lim; o0 || Fu; — Full2(s.) = 0, in other words, F : L*(S; H) — L*(S; H) is continuous.

4. Together with the second step of the proof, F : L?(S; H) — L?(S; H) is a completely
continuous operator, which maps the closed convex set C into itself. Hence, Schauder’s
fixed-point theorem yields a solution u € Wg(S; V) N € of the equation Fu = u. Conse-
quently, we have found a solution u € Wg(S; V) of the regularized problem (R). O

THEOREM 2 (Solvability of the original problem). Suppose the Assumptions 1-5 to be
fulfilled. Then, for every a € U(0) there exists a solution u € Wg(S; V) N dom(M) of the
evolution system (P).

Proof. 1. Let a € U(0) be given. Due to Lemma 1 there exists a solution u € Wg(S;V)
of the regularized problem (R). Let us use the notation w = Pgu® + ¢ € L*(S; V).
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2. Considering the test function ¢ = (—uy,...,—u,,) € L*(S;V), from (19) it follows

Z Z(Ru)kngg . Vgpk = —

k=1 ¢=1

m m m
g ujuy, Vwy - Vu, + g 5 uyuy, Vwg - Vu,, =0,
11=0 k=1 (=1

NE

i

since for every k € {1,...,m} by definition we have uj Vu, = 0. Hence, testing (R) with
v and having in mind aq,...,a, > 0, for all t € cl.S integration by parts yields

0 :/o ((Ew)'(s),(s))v dA(s) +kz_;/0 /XAVuk -V do d\

1 m m t
E—Z/ yu,;(t)\2da+uz/ / |V |? do d)
2k:1 X k=170 JX

That means, we arrive at ui, ..., u, > 0, and, hence, ug =1 — > ;" u, < 1.
3. Choosing the test function ¢ = (—ug, ..., —ug) € L*(S; V), from (19) we obtain
Z Z(Ru)kngg -V =— Z Z uyuy Vwy - Vug + Z Z uguy, Vwy - Vg
k=1 (=1 =1 1=0 k=1 (=1

m
=— E uguy Vwy - Vug =0,
=1

because of the relation uj Vu, = 0. Applying the test function ¢ to (R) and remembering
the facts that up =1 — ;" , u and aog > 0, for all ¢ € clS integration by parts yields

- ((Eu) (), () dA(s) - i / t [ AVu-Virdo ax

1 t
> —/ lug (t)|* do + I// / (Vg |* do d,
2 Jx 0o Jx

in other words, we get ug > 0, and, therefore, Y ;"  up =1 —ug < 1.

4. Tt follows from Step 2 and 3 of the proof that for every solution u € Wg(S;V)
of the regularized problem (R) we have u € dom(M). By the definition of truncation
this yields u = u°. Consequently, v € Wg(S5; V) N dom(M) is a solution of the original
problem (P). O

REMARK 7 (Conservation of particle number). If u € Wg(S; V)Ndom(M) is a solution
of the evolution system (P) for the initial value a € U(0), then, taking ¢ = (1,...,1) €
L*(S; V) as a test function in (P), we get that for every component the number of particles
is conserved:

/uk(t)da:/akda for all t € c1.S and every k € {0,1,...,m}.
X X
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4. UNIQUENESS AND UNIFORM REGULARITY OF THE SOLUTION

Before we prove the uniqueness and the uniform regularity of the solution to problem (P),
we collect main results of our theory of maximal regularity for parabolic boundary value
problems with nonsmooth data in Sobolev—Morrey and Holder spaces.

Parabolic Morrey spaces of functions. For r > 0 we define a set of subintervals of S by
§'={Sn(t-r*t):teS}
Let G = cl X be the closure of the domain X C R" with Lipschitz boundary. For r > 0
we introduce the set of intersections of X and G with cubes, respectively, by
X, ={XNQx,r):zeX} and § ={GNQ(z,r):zcCG}.
The following classical definitions go back to CAMPANATO [2] and DA PRATO [3]:

DEFINITION 6. For w € [0,n + 2| the parabolic Morrey space L% (S; H) is the set of all
functions v € L?(S; H) such that

[u]%w(S.H) = sup sup sup TWZ// |lug|? do dX
2 r>0 I€8™ YeEX, 1 JIJY

remains finite. The norm of u € LY (S; H) is defined by
||u||%§’(S;H) = HUH%Z(S’;H) + [U]ig(s;H)‘

REMARK 8. Note that these spaces are usually denoted by L*“(S x X;R™). Apart
from these, later on we use further parabolic Morrey-type function spaces. Hence, we have
decided to use a different but integrated naming scheme. The set L>(S x X) of bounded
measurable functions is a space of multipliers for L§(S; H).

DEFINITION 7. For w € [0,n + 2] we introduce the parabolic Sobolev—Morrey space
Ly(S; V) ={ue L*(S;V): (|Vul,...,|Vuy|) € L§(S; H) },
and we define the norm of u € L§(S; V) by
ullZg sy = lullZzsyy + [Vl VD s.m)-

Parabolic Sobolev—Morrey spaces of functionals. We define function spaces associated with
relative open subsets Y of the closure G = cl X of the domain X C R"™ with Lipschitz
boundary. Following the work [24] of GROGER, by W, *(Y; R™) we denote the closure of

C(Y;R™) = {u|intY : w € C°(R™;R™), supp(u) N (1Y \Y) = &}

in Wh2(int Y;R™), and we write W~52(Y;R™) for the dual space of Wy?(Y;R™). In
particular, WOI’Q(G’; R™) and W~12(G; R™) coincide with the classical Sobolev spaces V' =
WE2(X;R™) and V* = [IWL2(X; R™)%, respectively. For a shorter notation we introduce
the family U = {Wol ’Z(Y; R™) : Y relative open subset of G } of these subspaces.
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Let I be an open subinterval of S and consider a subspace Vy € Wof V. If Zy, : Vj =V
is the zero extension map, then we define Zgy, : L*(I; Vo) — L*(S; V) by

Zyyu(s) ifsel,

for u € L*(I; Vp).
0 otherwise,

(Z1wpu)(s) = {

Note that Z;y, is a linear isometry from L?*(I;Vp) into L?(S;V). In the same spirit
as the parabolic Morrey spaces of functions, in GRIEPENTROG [21, Section 5] we have
constructed a new scale of parabolic Sobolev—Morrey spaces of functionals as subspaces of
L*(S;V*). To localize a functional f € L?(S;V*) we define the mapping f + Ly, f from
L%(S;V*) into L*(I;Vy) as the adjoint operator to the extension map Z;y;, : L*(I; Vp) —
L*(S;V). That means, we set

(Livofs o) r2ave) = (f, Z1vep)2(syy  for ¢ € L*(I; V).
The isometric property of Zry, yields
1Lrvofllzawyy < N flleagsivey  for all f e L*(S; V™).
DEFINITION 8. For 7 > 0 we consider the subfamily U, = {W&’Q(Y;Rm) Y €6, }

of ¥. Then, for w € [0,n + 2] we define the parabolic Sobolev-Morrey space L§(S;V*) of
functionals as the set of all elements f € L*(S;V*) for which

[f]%g(s;v*) = sup sup sup 7 HLLVofH%Q(I;VO*)
r>0 Ie8" Vpey,
has a finite value. We introduce the norm of f € L§(S;V*) by
||f||%g(s;v*) = Hf”zﬁ(s;v*) + [f]%g(s;v*)-

Then, the following theorem on functionals holds true, see [21, Theorem 5.6

THEOREM 3. If Assumption 1 is satisfied, then the mapping (go, g) — f defined by

<f>90>L2(S;V)_Z// gOkQOkdO'd)\—FZ// gkvgokdgd)\ fOT(pEL2<S;V),
=1 YS /X =1 /S /X

generates a linear continuous operator from Ly~2(S; H) x [L4(S; H)|™ into LY (S;V*) for
w € [0,n + 2|, and its norm depends on m, n and X, only.

Sobolev—Morrey spaces for evolution equations. Based upon the preceeding definitions,
in GRIEPENTROG [21, Section 6] we have constructed a new function class suitable for
the regularity theory of second order parabolic boundary value problems with nonsmooth
data, see GRIEPENTROG [22, Sections 6 and 7]. In fact, all these results were already
established in the doctoral thesis [17] of the author.
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DEFINITION 9. Using the same notation as in Definition 2 and 3, for w € [0,n + 2| we
introduce the Sobolev—Morrey space for evolution equations

WgE(S;V) = {u e Wg(S;V)NLY(S; V) : (Eu) € L(S; V*)}
The norm is defined by

HUHIQ/VE(S;V) = HUH%g(S;V) + ”(8U)/H%g(s;\/*) for u € Wg(S; V™).

It turns out to be of great advantage that these spaces are embedded into parabolic
Holder spaces, see GRIEPENTROG [21, Theorem 3.4, Theorem 6.8, Theorem 6.9]:

THEOREM 4 (Embedding). If Assumption 1 holds true, then for the exponents w €
(n,n+2] and a = $(w —n) € (0,1] the space Wg(S;V) is continuously embedded into
CO2(cl S; C(cl X;R™)) N C(cl S5 C¥*(cl X;R™)). For every exponent o € (0, 3(w — n))

this embedding is completely continuous.

The main tools to prove uniqueness and uniform regularity of the solution to prob-
lem (P) are maximal regularity results for linear parabolic boundary value problems with
nonsmooth data in Sobolev—Morrey spaces, see GRIEPENTROG and RECKE in [22, The-
orem 6.8] and [23, Theorem 3.1]:

THEOREM 5 (Maximal parabolic regularity). Let the Assumptions 1 and 3 be satisfied.

1. There exists @ € (n,n+2] such that for every w € [0,w) the mapping u — (Eu)' +Lu
is a linear isomorphism from {u € Wg(S; V) : (Ku)(0) = 0} onto L§(S;V*).

2. Assume that N : C(cl S;C(cl X;R™)) — L32(S;V*) is a bounded linear Volterra
operator for some wy € (n,n + 2|. Then there exists an exponent w € (n,ws] such that
for every w € (n,w] the mapping v — (Eu) + Lu + Nu is a linear isomorphism from
{u e WE(S; V) : (Ku)(0) =0} onto Lg(S;V*).

To apply these results, in addition to Remark 6 it suffices to suppose a regularity
assumption on the interaction functional ¥ in terms of a suitable Morrey-type condition.
In fact, this universal condition ensures not only uniqueness and uniform regularity, but
also uniform positivity and asymptotic convergence of the solution to problem (P).

DEFINITION 10. Let w € [0, n] be some fixed exponent.
1. The Morrey space L*¥(X;R™) is the set of all functions h € H such that

[h]%Q,w(X;Rm) = sup sup TWZ/ |\hy|? do
k=1"Y

r>0 YeX,

remains finite. The norm of A € L?*(X;R™) is defined by

1Rl ey = 1B + (]2 -
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2. We define the Sobolev—Morrey space by
Wh2(X;R™) = {w € V1 (|[Varl, ..., |Vwy|) € L*(X;R™)},
and the norm of w € WH%*(X;R™) is given by

1wl xmmy = lwlly + [(Vwil, - [VwomD]ze xmm)-

AsSsuMPTION 6 (Regularity of interaction). Introducing the abbreviations
L* =L*(X;R™) CH and C=C(cIX;R™)C L™,
as well as
Co% = C%(l X;R™) cC and W' =W"¥(X:R™) CV
for @ € (0,1] and w € [0,n], we suppose that P € L(H*;V) and ¢ € V defined in (17)
satisfy the regularity properties
P|J[L™®] € L(J[L™®); WE2«0) and ) € Wheo

for some given Morrey exponent wy € (n — 2,n|. The corresponding Hélder exponent is
denoted by ag = 2 (wo —n +2) € (0,1].

REMARK 9. Since the embedding of W1%* into C%* is continuous for w € (n — 2,n]

and a = $(w—n+2) € (0,1], it is completely continuous for every a € (0, 1 (w—n+2)).
Hence, P|J[L>] is completely continuous as an operator in L£(J[L>]; L™).
According to Assumption 2 and Remark 6, there exists a constant Ly > 0 such that for

all admissible states p € dom(®) = J[U(0)] the estimate

Z/ |Vwy|>do < Lor*® forallr >0and Y € X,
=17Y

holds true, whenever w = Pp + ¢ € WhH2“0 are the corresponding interaction potentials.

REMARK 10. Note that Assumption 6 is much weaker compared with GAJEWSKI
and ZACHARIAS in [11], LONDEN and PETZELTOVA in [28, 29] or GAL and GRAS-

SELLI in [12]. These authors consider the homogeneous case o = A" and suppose that
P e L(H* V) and ¢ € V satisfy Lipschitz conditions

PIJ[L™] € L(J[L®);C"Y) and ¢ € CO

which excludes many interactions governed by nonsmooth data. We refer to Section 7 for
a comprehensive discussion of an illustrating example for nonlocal phase separation.

REMARK 11. Due to Assumptions 5, 6 and Remark 9, for allr >0, I € 8" and Y € X,
the potentials w = PJu + 1 € L*(S; V) corresponding to u € dom(M) satisfy

TWOQZ// |Vwk’2d0d)\—7"2/7nwoz/ [Vwy(s)|* do d(s) < Lo.
T JrJy I k=1"Y
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The mapping u — w = PJu + 1) is a continuous affine operator from L>(S x X;R™) into
L5?(S; V) for wg =wo + 2 € (n,n + 2J.

The proof of the uniqueness result presented in this work is based on the global regularity
of the difference of two solutions to problem (P).

THEOREM 6 (Unique solvability). Suppose the Assumptions 1-6 to be fulfilled. Then,
for all initial values a € U(0) and every time interval S = (0,T') the evolution system (P)
has a unique solution u € Wg(S; V) N dom(M).

Proof. 1. Let u, u € Wg(S; V) Ndom(M) be two solutions of problem (P). Then, setting
f=B(Ma, PJi + ) — B(Mu, Pdu + 1) € L*(S,V*), (23)
the difference ¢ = u — @ € Wg(S; V) solves the linear parabolic problem
(Ec)'+Le=f, (Kc)(0)=0.

Following Theorem 3 and Remark 11, due to u, & € dom(M) and PJu + ¢, P + ¢ €
L3*(S; V), the right-hand side f even belongs to L3?(S; V*). Now, Theorem 5 on maximal
parabolic regularity in Sobolev—Morrey spaces yields ¢ € WE(S; V) for some w € (n, ws).
Having in mind Theorem 4, we obtain the continuity property ¢ € C(clS; C).

2. Using the bilinearity of B, from (23) we deduce an alternative representation of the
functional f € L3?(S;V*) in terms of the difference ¢ = u —a € WgE(S;V):

—f = B(diag(u) — u ® u, Pu + ) — B(diag(d) — 4 ® u, PJu + 1)
+ B(diag(a) — @ @ u, Pdu + ) — B(diag(a) — & @ u, Pdu + 1)
+ B(diag(d) — @ ® u, PIa + o) — B(diag(t) — 4 ® @, PIa + 1)
= B(diag(c) — ¢ ® u, Pgu + ) + B(diag(d) — 4 @ u, Pdc) — Bt ® ¢, PIu + ).

Using this representation and wy € (n,n + 2], Theorem 3 allows us to define a bounded
linear Volterra operator N : C(cl S; C') — L5?(S; V*) by setting

Né = B(diag(¢) — ¢ @ u, Pdu + ) + B(diag(a) — t @ u, PJé) — B(u @ ¢, Pdu + 1)
for ¢ € C(cl 5;C). Because we have Ne = — f, Step 1 of the proof yields that the difference
c € Wg(S; V)N C(clS;C) solves the linear parabolic problem
(Ec)'+ Le+Ne=0, (Xe)(0)=0.

By Theorem 5 on maximal parabolic regularity in Sobolev—Morrey spaces, the mapping
¢ (Ec)' + Lec+ Ne is a linear isomorphism from {u € Wg(S;V) : (KXu)(0) = 0} onto
Ly (S; V*) for some w € (n,ws]. Hence, we get ¢ = uw—u = 0, which finishes the proof. [
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THEOREM 7 (Uniform regularity of the solution). Let the Assumptions 1-6 be satisfied,
and 6 € (0, %) and T' > 1 be arbitrarily fized. Suppose a € U(0) to be an admissible initial
value and u € Wg(S; V) Ndom(M) to be the solution of the evolution system (P).

1. Then, we have u|(0,T) € Wg((0,T); V) for some w € (n,ws] depending on m, n, v,
wy € (n,n+2], and X.

2. The norm of ul(to,t1) in the space Wy ((to,t1); V) is uniformly bounded regardless of
the choice of T > 1 or ty € [Q,T — %}, whenever t; = ty + % holds true. In this case the
bound depends on m, n, v, wy, 0, L, Ly and X.

Proof. 1. Since the initial value a € U(0) may have spatial discontinuities, we can not
expect the solution to be regular in the whole interval S. We arbitrarily fix ¢, € [9, T— %}
and choose some temporal cut-off function ¥ € C*°(R) satisfying 0 < ¢ < 1 and

forse R

SR

ds)=0 fors<ty—0, V(s)=1 fors>ty, and [J(s)] <

to consider the regularity properties of the product Ju.

2. Considering t; € (ty,T] and testing (P) with the product J¢ for functions ¢ €
L*(S; V) vanishing outside the subinterval Sy = (ty — 6,t1) of S, we obtain that the
restriction @ = (Ju)|Sy € Wg(Sp; V) is the solution to the evolution problem

(Eott)' + Lot = fo, (Kott)(to —0) =0, (24)

where the operators Ky, €y and L, are associatied to Sy and V' as in Definition 2 and 3
and Assumption 3, and the right-hand side fy € L?*(Sy; V*) is represented by

<f0790>L2(SO;V) :Z/ /19’uk o do dA
k=175 /X

B / / IAMU) Y (Pdu + &) - Viop do dA

k=1 (=1 Y50 /X
for ¢ € L?(Sp; V). In view of u € dom(M) and PJu + ¢ € L5?(S;V) the right-hand
side fy of (24) belongs to L5?(Sp; V*) due to Theorem 3 and Remark 11, and the norm of
fo in L3?(Sp; V*) depends on m, n, wg, 0, L, Ly and X.

3. In the case Sy = 5, Step 2 and Theorem 5 on maximal parabolic regularity in
Sobolev—-Morrey spaces yield @ = Ju € Wg(S;V) for some w € (n,ws|, which leads to
ul(6,T) € W((6,T); V).

4. Setting t; = tg+ %, the subinterval Sy of S has the fixed length 6 + % Together with
Step 2 we obtain that the norm of the functional fy in L“2(Sp; V*) is uniformly bounded
for all choices of the subinterval Sy = (to —0,to+ %) in S. Due to Theorem 5 this carries
over to the norm of the solution @ € Wg(Sp; V') of (24) with respect to the family of
subintervals Sy under consideration. Consequently, the norm of wu|(to,¢;) in the space
Wg((to, t1); V) is uniformly bounded regardless of the choice of T'> 1 or tg € [0,T — 1],
whenever ¢t = tg + % holds true. O
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5. UNIFORM POSITIVITY OF THE SOLUTION

In this section we restrict ourselves to consider initial values a € U(0) which have the
property that for every k € {0,1,...,m} the k-th component has a positive number
f « @x do > 0 of particles. In the opposite case | « @k do = 0, the k-th component would
not give a contribution to the multicomponent mixture and could be dropped out of the
system, since the particle number is conserved along the trajectory, see Remark 7.

ASSUMPTION 7 (Strict admissibility). Let a € U(0) be some admissible initial value
for problem (P) and consider the mean values

1
ak:][akdcf: /akdUG[O,l] for k € {0,1,...,m}.
X o(X) Jx

We suppose that a, € (0,1) holds true for every k£ € {0,1,...,m} and set

ﬁ = %min{do,dl,...,dm} S (0,%)

In this case the initial value a € U(0) is called strictly admissible.

DEFINITION 11 (Regularized potentials). Let Assumption 7 be satisfied and set
I's = {7 >0:9% < min{%,@Q}}.

For every v € I's we consider a convex function ¢, € C*(R) with the property

=1
ty(2) nz+72

If w € Wg(S;V)Ndom(M) is the solution of (P), then the functions ¢, = ¢ty o uy €
LA(S;Wh3(X)) N L*°(S x X), defined for k € {0,1,...,m}, are called corresponding
y-reqularized potentials.

for z € [0, 1].

REMARK 12 (Measure estimate for level sets). Suppose Assumption 7 to be fulfilled.
Then for every k € {0,1,...,m} and v € I'3 we consider the level sets

Ng_p2(ar) = {:L‘ € X :ap(x) > p— 72},

and we obtain

o (X) = /N

ay do + / ay, do
5_2(ak) X\Ng__2(ay)
< a(Ng_2(ar)) + (B = ") (0(X) — a(Ng_y2(ar))),
which leads to the following measure estimate
o(Ny—op(@) 2 (1= B+ ) o(Nsrp(ar)) = (@ — B+ ) 0(X) 2 fo(X).

If u € Wg(S; V)Ndom(M) is the solution of (P), then u(s) € V satisfies the same relations
for every s € S, since the particle number is conserved, see Remark 7.
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We apply a variant of Moser-type iteration to get Harnack-type estimates for the lower
bound of the relative densities based on the classical results [26, 27, 32] of KRUZHKOV
and MOSER.

LEMMA 8 (Basis of Moser-type iteration). Let the Assumptions 1-7 be satisfied and
u € Wg(S;V) Nndom(M) be the solution of (P) to the strictly admissible initial value
a € U(0). Suppose (o, (i, .., Cm to be the corresponding y-reqularized potentials for some
v €Tl's and w = PJu + 1 to be the corresponding interaction potentials.

Then, for all ty, t € S with ty <t we have the estimate

V= [t (1 1
k=0 v "0
m(m + 1) /t/ 5
+—— Vwg|* do dX.
2”3 ; to X| k|

Proof. 1. Due to our assumptions on ¢, € C*°(R) we have

1 y 1

VU (2) = e and (z) = EFeEp

= (2)]*

as well as

2 1+~ 0
2. We consider the test function ¢ = (/0 uy, ..., i} ouy) € L*(S; V)N L>(S x X;R™)
for (P). Then, integrating by parts, for all ¢y, ¢ € S with ¢, < t we get

(e () o)y N =3 [ Gydo = [ Gulto) do
/to 1 /X k=1 /X

8 /1 1
> —mU(X)lnﬁ (B—i-i)

3. Using the properties of ¢, and the positivity of A, we obtain

m t m t
<Lu, §0>L2(S;V) = Z/ / ‘Lfy e} ukleVuk : Vuk do d Z 14 Z/ / |VC}€|2 do dA.
k=17t /X k=17t X

Applying Young’s inequality to the right-hand side of the identity

(B(Mu, w), ) 12(5:v) ZZ / / “’“uiki = AV, - V(. do d),

k=1 (=1

1 1
_1H(E+_)gln B 2§1,y(z)§1n£2 for all z € [0, 1].

and remembering the boundedness of A, we also get the following estimate

<13(Mu,w),g0>Lz(5;V)2—%Z/ / \V@\Zdad)\— //\ng\ do d.
k=1
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4. Summing up the results of Step 2 and 3, the variational formulation of (P) yields

”i/t/WgPd d\ < mo(X)1 ﬁ(l ) mi/t/yv 12 do d\
— g mo n—\— — — w g
2k:1 to JX " - ’72 /8 2 — to /X ‘

for all ¢y, t € S with £y < t.

5. We repeat the above considerations with the test function ¢ = (L’7 ouUg, ..., LiY o uo) €
L3(S; V)N L*™(S x X;R™) for (P). Integrating by parts, for all t5, t € S with ¢y < t we
obtain the estimate

- [ e e = [ @i - [ atwarz -oxom 5 (+3).

6. Similarly to Step 3 we get

—(Lu, p)r2(s,v) = //|L o ug|* AV - Vuodad)\>y/ / |V¢o|* do d.

Using Young’s inequality to estimate the right-hand side of the identity

—(B(Mu, w), 9) 125 Z / / tote 5 AV Véodo d,

and having in mind the boundedness of A, we obtain

v t m m t
—(B(Mu, w), @) 2 s, z——// Vo2 dod) — —— // V|2 do dA.
(B( Jrasv) 2 —5 5 X\ ol M; 5 X! |

7. Summing up the results of Step 5 and 6, the variational formulation of (P) yields

v t/ B (1 1 m e [*
— Vél?dod) < o(X)In = —+—)+— // Yw|? do d\
Q/ﬁ) VGl AV A 21/3; o 1V

for all ty, t € S with ty < t. In view of Step 4, this finishes the proof. O

Since for every domain X C R™ with Lipschitz boundary there exists a bounded linear
extension operator from W1?(X) to W2?(R"), see GIUSTI [16], the following generalized
Sobolev embedding theorem of MAzya [30, Corollary 1.4.7/2] is applicable. This will
be our main tool to prove the uniform positivity of solutions under Assumption 6 on
the regularity of the interaction operator, which is a much more general and natural
assumption compared with that of LONDEN and PETZELTOVA in [28, Section 3| or GAL
and GRASSELLI in [12, Section 4], see Remark 10.

THEOREM 9 (Embedding). Let X C R"™ be a domain with Lipschitz boundary. Suppose
that 1 is a Radon measure with support in cl X which satisfies

e X NQz,r)) <cr? foralz eR" and 0 <r <1,
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and some constants ¢; > 0 and w € (n — 2,n]. Then there exists some constant c; > 0
depending on ¢y, n, w and X, such that for all v € W12(X) the multiplicative inequality

11—« @
/ w2 du < e (/ (9o + 1) d)\") (/ mz%)
cl X X X

holds true, where a = L(w —n +2) € (0,1] is the corresponding Holder exponent.

LEMMA 10 (Inductive step of Moser-type iteration). Suppose the Assumptions 1-7 to
be satisfied and u € Wg(S; V)Ndom(M) to be the solution of (P) to the strictly admissible
initial value a € U(0). Let (o, Ci,- .., Cn be the corresponding ~y-regqularized potentials for
some v € I'g and w = PJu + 1) be the corresponding interaction potentials.

Let 5 =142/n and ap = %(wo —n+2) € (0,1] be the Hélder exponent corresponding
towy € (n—2,n]. Let to € [0,T) and 0 € (0,%) with [to, to+ 6] C [0,T) and consider the
sequence (t;) C [to,to + 0) of points defined by t; = to + 0(1 —27%) for i € N.

Then there exists some constant ¢ > 0 depending only on m, n, v, ag, B, 0, Ly, and X
such that for everyp > 2,1 € N, and t € [ty + 0,T) the following estimate holds true:

t

e t m m »
Z / ‘C;ﬂ%pdad)\ < <2i+1cp2/ao/ / (ZICJI”ZIVMIZ) dad)\) '
k=0 Vti+1 /X ti JX \ k=0 k=1

Proof. 1. Let ¢ € N and p > 2 be fixed. Having in mind ¢; = ¢y + 6(1 — 27%), we choose
some cut-off function ¥ € C*°(R) satisfying 0 < ¢ < 1 and

i+2
d(s)=0 fors<t;, J(s)=1 fors>t,;, and [J(s)] < for s € R,
and we define functions vy, vy, ..., v, € L*(S; Wh2(X)) N L>(S x X) by
v = —mﬂz)@. g for ke {0,1,...,m} and some t € (;,T],
U + ’)/2 B

where xp, 4 : R — [0,1] is the indicator function of the interval [t;,].
2. We take ¢ = (vy,...,0,,) € L2(S; V)N L®(S x X;R™) as a test function for prob-
lem (P). Integrating by parts and applying the chain rule, for all ¢ € (¢;,T] we get

() el ars) =3 [ G or oo -3 [ [ ey doar
feare.e >, >/ ).

m i+3 Mt
>3 [igwreaa-225 [ [ g
k=1 X 0 k=1 ti X

3. Due to our assumptions on ¢, € C°°(R) we have

1 1
/ "
i (z) = — e and (2) =

(z+42)2 |/, (2)]* forall z € [0,1].
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Hence, the chain rule yields

pIGHP + p(p — 1)[¢F P2

Vo, = —
g ug + 2

X V¢ for every k € {0,1,...,m}.

Therefore, using the positivity of A, we get the estimate

m t
(Lu, p)r2(s,v) = VZ/ / p(IGF P~ 4 (p — DG P2)0? V¢ do d
k=17t JX

4. Using Young’s inequality and the boundedness of A we obtain

14 " ¢ _
B w)Grsy = 5 Y [ [ pIGPT+ 0= DIGH )9 do i
k=17t X

m m m t - B
98 Z/ /p(|<;;*|” L (p— DG P2) 0% |V do d.
k=1 ¢=1 Yt /X

5. Having in mind another variant of Young’s inequality, namely, ¥°d'~° < §b+ (1 —6)d
for every b, d > 0 and 0 <6 <1, for k € {0,1,...,m} we get the polynomial estimate

PGP+ = DG < ((p—DIGIP+1) + ((p—Dp—2)I¢ P +2(p — 1)),

and, hence,

|Ck P~ ? <plp— )|Ck P~ 2 <P|Ck P~ 1+P( )|Ck P~ ? <p (|Ck P+ )

Together with Step 3 and 4 this yields

(G + BV, w), ©) o5 > Z/ /p CHP2 92| VG2 dor d

—2ﬂ // (IGE1P + 1)92 | Vw2 do d.
k=1

6. If we define the functions 7, 71, ..., 7, € L*(S;WH2(X)) N L>(S x X) by
T =GP for k€ {0,1,...,m},

the chain rule yields 4 |V |2 = p? | P72 | V(T |?. Summing up the results of Step 2 and 5,
the variational formulation of (P) leads to the following estimate for every ¢ € (t;, T]:

m m t
Z/ |7rk(t)\2192(t)da+1/2/ / \Vri|? 92 do dX
_1 v X ti JX
22+3 m m m m
Z/ / || do dX + FZZ// (|2 + 1)0? [Vawg|2 dor d.

k=1 (=1




26 JENS A. GRIEPENTROG

7. We repeat the above arguments for the test function ¢ = (vo,...,v0) € L3(S;V) N
L>(S x X;R™). Integrating by parts and using the chain rule, for every t € (¢;,T] we

- [Ew e axs = [ oo o [ [ e o an
> [1gorena - 22 [ [ igran

8. Similarly to Step 3 and 4, the positivity and the boundedness of A yields the estimates

obtain

t
—(Lu, 9)r2(siv) = V/ / PSP+ (0 = DI P2) 0 V(S|P do dX
t; X
as well as

v t
BV, w), @) sy > — - / / PGP+ (0 — D)IGEP2) 02 VG P dord

T 9,8 Z/ / (I + (p = DI P2) 0% [Vwg|* do dA.

Analogously to Step 5, this leads to

v t
(Bt B ) s 2 ] [ [ oGP G do i

2V?,Z// (IGHP + 1) 92 [V dor .

9. Summing up the estimates of Step 7 and 8 as in Step 6 and having in mind 7y = |{;"[?/?
and 4 |Vmo|? = p? |( P72 | V(S |?, the variational formulation of (P) yields the estimate

t
/[wo(t)|2192(t)do—+u/ / Vro[2 92 dor A
X
2z+3
//ym]y do X+ Z// (Imo]? + 1)0? |V |* do d.

Together with Step 6, for every t € (t;,T] we end up with
m m t
Z/ |7rk(t)\2192(t)da+1/2/ / IV |? 92 do dX
k=07 X X
QHB S 2 MmO~ 2 4 2 2
Z |7rk| do dX + FZZ P2 (el + 1) 92 [V [* do d.

k=0 ¢=1 X
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10. Following Assumption 6 and Remark 9, there exists a uniform bound Ly > 0 for
the Morrey seminorm

m

Z/ IVwy(s)|?do < Lor*®  for all z € X, r > 0 and M\-almost all s € S.
=1 Y XNQ(z,r)

Due to Remark 12, the set where the function 7(s) € V vanishes, for A-almost all
s € S and every k € {0,1,...,m} has at least o-measure So(X). Applying Theorem 9,
Lemma 18, and Young’s inequality (db)'=@0(§1=/20q)0 < (1 — ap)db+ apd =/ 20d for real
numbers b, d > 0, 6 > 0, we find some constant ¢y > 0, depending on m, n, «aq, 3, Lo,
and X, such that for A\-almost all s € S and 6 > 0 we have

ZZ/ 7 (5) 2 [V (s) 2 da<coz/ (519 m(s)? + 60 |y (5)?) do

k=0 (=1

Specifying § > 0 such that comp®d = v* holds true, Step 9 yields
m m ‘
Z/ | (8) |2 0%(2) d0+zZ/ / IV 7k |2 92 do dA
k=0 /X 2~ Ji. Jx
t 2i+3 C()mp 1/04() 2 p ) )
SL/X((G QuA/a0—1 )Z‘W‘ Z|Vw\ 9 do d\

for every t € (t;,T]. Consequently, using the properties of the cut-off function ¥, there

exists some constant ¢; > 0 depending on m, n, v, ap, 5, 6, Ly, and X such that

sup /’ﬂ'k \Qda—i-Z/ /[Vwk| do d\
86[t1+1t k=0 tit1
§2i+1c1p2/“0/ / (Z ]ﬁk\2+Z\Vwk|2> do d\
ti /X \ k=0 k=1

for every t € [to + 0, 1.

11. In view of Remark 12, the set where the function 7 (s) € V vanishes, for A-almost
all s € S and every k € {0,1,...,m} has at least o-measure So(X). Hence, Lemma 19
and Young’s inequality yields a constant ¢ > 0 depending on 3, m, n and X such that

Z/ /|7Tk]2”dad)\<02 sup /\m |2d0+2/ /\VmﬁdadA
tit1 s€[tiy1,1] k=0 tit1

holds true for every t € [to+6,T]. Using the definition of m; and Step 10, we end up with

t m m »
/ / |Ck+‘%p dod\ < ¢y (2i+1clp2/ao/ / (Z ‘C}j’p + Z !Vw,ﬁ) do d)\> :
tivr /X ti X\ k=0 k=1

which finishes the proof. O



28 JENS A. GRIEPENTROG

THEOREM 11 (Uniform positivity). Let the Assumptions 1-7 be satisfied and let u €
Wg(S; V)N dom(M) solve problem (P) for the strictly admissible initial value a € U(0).

Then, for every 0 € (O, %) there exists a lower bound v € (O, %) depending on m, n, v,

ap, B, 0, L, Ly, and X, but not on T > 1, such that u(t) € U(y) for allt € [6,T).

Proof. 1. Let » = 14 2/n and ap = 3(wo — n + 2) € (0,1] be the Holder exponent
corresponding to wp € (n—2,n]. Fixing a time shift 6 € (0, %), we consider tg € [0,7 —0)
and the sequence (t;) C [to,to + 6) C [to, T) defined by t; =ty + 0(1 —27") for ¢ € N.

Let a € U(0) be strictly admissible and u € Wg(S;V) N dom(M) be the solution
of (P). Suppose (o, (1,---,Cn to be the corresponding ~-regularized potentials for some
parameter v € I'g which will be determined later, and w = PJu+1 to be the corresponding
interaction potentials.

Now, Lemma 10 plays the role of the inductive step of a Moser-type iteration: There
exists some constant ¢; > 1 depending on m, n, v, ag, 5, 0, Lo, and X such that for every
t € [ty + 0,T] the sequence (b;) C [1,00) of quantities

t m ) m
bi:1+// (ZK;P’”JFZWWP) dod\ forie N, (25)
ti X\ k=0 k=1

satisfies the recursive estimate
bir1 < b+ (2i+1(2%i)2/°‘°clbi)% for every ¢ € N.
Hence, we find a constant ¢, > 0 depending on m, n, v, g, 5, 6, Lo, and X such that
biy1 < cstbr forall i € N,
Applying this estimate recursively for j € {0,1,...,i — 1}, we get

b < PPy’ for all i € N,

7

where we have introduced the polynomial p;(») = Zj;t (i — j)s for i € N. Because of

#pi() = D= ) = Z_:j%—j < ﬁ for all i € N,

there exists some constant ¢z > 0 depending on m, n, v, ag, 3, 0, Lo, and X such that
bf_i < c3by for every i € N.

Having in mind the definition (25) of (b;), for every ¢ € N this yields the estimate

—1

[ 25 ) t e )
(kZ:O/ti/chkl dadA) <c3 (H/to/)c(,czzow +;|Vwk|>dad>\>.
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Passing to the limit i — oo, for all t € [to+ 6,T], 7 € [to + 0,t], k € {0,1,...,m} we get

t m m
16 ) ey < (1 [ (Z P+ wwm) dadA) .
to k=0 k=1

2. Remembering Remark 12, the set where the function ¢; (s) € V vanishes, for almost
all s € S and every k € {0,1,...,m} has at least o-measure So(X). Therefore, using
Lemma 18, Lemma 8 as the basis of the Moser-type iteration, and, finally, Remark 6, for
t =min{ty + 1,7}, every k € {0,1,...,m} and 7 € [ty + 0, 1], it follows that we have

t m m
HCI:F(T)H%OO(X) < (1—1-/ / (Z‘VC;|2+Z|VU)]€|2) dads)
to /X \ k=0 k=1
SIEETYED o WAL =
<ec|l+In—=(=+=]+ Vwg|dod\ | < cgln —
5( AL 2 ; to X| kl 6 ~2

where the constants ¢y, ¢5, cg > 0 depend on m, n, v, ag, 5, 0, L, Lo, and X, since the
length of all the time intervals (o,?) under consideration is uniformly bounded.

3. The properties of logarithmic and quadratic functions yield some v € I's depending
onm,n, v, ag, 8,0, L, Ly, and X such that

c6(In38 —Inv*) < (InfB —Inv)*.
Using Step 2, for all k € {0,1,...,m} and 7 € [ty + 0, min{ty + 1,7'}] this yields

2 3 2
(ln ﬁ) < ¢g lnfy—f < (ln g) on X \ Ng_.2(ug(7)).

Therefore, for all k € {0,1,...,m} and 7 € [t, + 0, min{ty + 1,7'}] we obtain
ur(r) =y =7* on X\ Ny (ug(r)).
But, obviously, for every k € {0,1,...,m} and 7 € [ty + 0, min{to + 1,T}] we also get
u(t) > B =72 >y —=7% on Ng_2(ug(r)).

Since ty € [0,7 — ) was arbitrarily fixed at the beginning, for every to € [0,7 — 0)
and 7 € [ty + 6, min{ty + 1,7} we end up with ug(7) > v(1 — ) > 0 on X for all
ke {0,1,...,m}. Because 0 € (0, %) yields Uy ejo.r—0)[to + 0, min{to + 1,7} = [0, T], the
proof is finished. O

6. ASYMPTOTIC CONVERGENCE OF THE SOLUTION

Throughout the whole section we suppose that all the Assumptions 1-7 are satisfied. Let
u: (0,00) — V be the complete trajectory of the solution to problem (P). That means, for
every finite interval S = (0,7") the restriction u|S € Wg(S; V)Ndom(M) is the solution of
system (P) to the strictly admissible initial value a € U(0). We will study the asymptotic
convergence of the trajectory to some stationary point.



30 JENS A. GRIEPENTROG

REMARK 13. For h € U(y) and p = Jh € dom(F) the components of the vector-valued
function v = DF(p) € L> are called grand chemical potential differences.

Due to Remark 4 and 9 the functional F' is real analytic in J[U], whenever U is open
in L> and contained in U(%). Furthermore, its Fréchet derivative DF : J[U] — L™ is a
real analytic operator.

REMARK 14 (Regularity of potentials). Let 6 € (O, %) be arbitrarily fixed. We apply
the uniform regularity and positivity results established in Section 4 and 5 to the complete
trajectory w : (0,00) — V' on subintervals of [0, T] for T" > 1:

1. Due to Theorem 4 and 7 we find some a € (0, 1] depending on m, n, v, wy, 0, L,
Lo, and X such that the norm of the restriction u|Sy in C%*/2(cl Sy; C) N C(cl Sp; C*) is
uniformly bounded for all Sy = (g, o + 3) with to > 6.

2. Following Theorem 11 there exists some bound v € (O, %) depending on m, n, v, wy,
0, B, L, Ly, and X such that u(t) € U(~) for all t > 6.

3. Having in mind Remark 4, 6, 13 and that the particle densities p : (0,00) — H* are
given by p(s) = JKu(s) for s € (0,00), the chemical potentials ( = D®(p) : (0,00) — V,
the interaction potentials w = DW¥(p) : (0,00) — V, and, therefore, the grand chemical
potentials v = DF(p) : (0,00) — V, are correctly defined on the open interval (0, 00) by

G =Inup —Inwuy, wi=(Pp)r+tx and vy = +we for ke {l,...,m}.

4. Moreover, the norms of (|Sy, w|Sy and v|Sy in C%*/2(cl Sy; C) N C(cl Sp; C**) are
uniformly bounded for all Sy = (o, to + %) with tg > 6, too.

REMARK 15 (Reformulation of the problem). Remarks 4, 5 and 14 enable us to refor-
mulate the problem in relative densities u : (0,00) — V and grand chemical potentials

v:(0,00) = V. Forall 0 € (0,3) and T > 1 we get that

u|(0,T) € Wg((0,T);V) and 0[(6,T) € L*((6,T);V)
satisfy the identity
/ ((Eu)'(s), o(s))v dA(s) + Z / / AMu)geVue - Vordodh =0 (26)
0 k=1 (=170 JX

for all o € L*((0,T); V).

REMARK 16. Let L™ = L*°(X; R™) be the space of essentially bounded and measurable
functions and J[L*>°] C H* be its topological image under the duality map J € L(H; H*).
Moreover, consider the Hilbert sum decomposition H = H; + H into the m-dimensional
subspace H; C V N L™ of constant functions and the closed subspace

Hy = {hEH:thdJ:0}.
The annihilator of Hy, which coincides with the subspace J[Hy| of J[L*], is defined by
HY ={pe H": (p,v)y =0forallve H }.
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We start with preliminary norm estimates and, more important, with the decay property
of the free energy functional F' along trajectories, which, in a first step, ensures the
convergence of the solution along a discrete sequence of points on the time axis.

LEMMA 12 (Norm equivalence). There exist two constants ¢y, ¢o > 0 depending on m,
n, v, o, B, v, 0, and X such that for all t, 7 € [0,T] with t < 7 the following norm
estimate holds true:

cl/ I(€u) ()2 dA(s) Z/ /|V’Uk]2d0d)\<02/ I(€u)
t

Proof. 1. To prove the first inequality of (27) we consider the integral identity

/tT<(8u)’(s) v d\(s +ZZ / / (M) Vg - Vo dodh =0, (28)

k=1 (=1

2. dA(s).  (27)

and take the supremum over all test functions ¢ € L?((¢,7); V) in (28) which satisfy the
condition ||¢||z2((t,-);vy = 1. Then the uniform boundedness of the matrix-valued function
Mu gives the result.

2. Due to Remark 14 and 15, the sum of ( = D®(p) and w = D\Il(p) yields an admissible
test function v = ¢ 4+ w for (28). Introducing the mean value o(s) = f, v(s)do € H; for
s € [t, 7] and testing (28) with p =v — v € L*((t,7); V) we get

ZZ/ / (Mu) Ve - Vo do dX = —/ ((Eu)'(s),v(s) — v(s))v dA(s)
< [ 1€y @l ots) = o5l dxG)

Using Young’s and Poincaré’s inequality (43) and the uniform positive definiteness of A
and the matrix-valued function Mu on [0, T] x X, see Theorem 11, this yields

s T c T C€
3 / / Vol dodr < / 1€ ()] dA(s) + 2 / lo(s) — 5(s)1% dAGs)
1 Jt JX € Jt

< — / (&) (s) |3« dA(s —1—0265 //|Vvk| do d\

for all € > 0, where c¢;, co > 0 are constants depending on m, n, v, «, 3, v, # and X.
Hence, we obtain the second inequality of (27) if we take € > 0 sufficiently small. O

THEOREM 13 (Decay of free energy). The free energy F is bounded, continuous and
decreasing along the trajectory: For allt, T € [0,T] with t < T we have

F(p(t)) — ZZ / / (Mu) Vg - Vg, do d. (29)

k=1 ¢=1
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Consequently, the free energy F' converges asymptotically and monotonously decreasing to
an infimum F, € R along the trajectory.

Proof. 1. Let t, 7 € [0, T] with t < 7 be arbitrarily fixed. Following Remark 15, the sum
of ( = D®(p) and w = DV(p) yields an admissible test function v = {+w for (26), which
leads to

/tT<(8u)’(s),C( ) + v d\(s +ZZ/ / (M) Vg - Vog dodh = 0. (30)

k=1 (=1

2. To prove (29) it remains to calculate the first integral: We apply the chain rule and
integrate by parts to get

[<<eu>'<s>,g<s>>m<s>= / (&) (5), DB(p(5)))y dA(s) = B(p(r)) — B(p(t)). (31)

3. Now, assume that v € C§°(R; V). Then, the mapping s — p(s) = JKu(s) belongs
to Cg°(R; H*). Since (Eu)'(s) = Eu/(s) = K*p'(s) holds true for all s € R, we get

/t (€Y (5), (Pp)(s)v dA(s) = / K P (s), Pols))v dA(s) = / (), K Pp(s)) i dA(s).

We use the symmetry of KP € L(H*; H ) and integrate by parts to obtain

2 [ (€0 (). @n)(s)v NG ). KPp(s))s + (pls). K Pyl (s))r) dA(s)

= (p(7), KPp(T))m — {p(t), KPp(l)) .

( );
Since the set of restrictions u|(t,7) and p|(t,7) of smooth functions v € C§°(R; V) and
p € C°(R; H*) are dense in Wg((t,7); V) and L%((¢,7); H*), respectively, the identity

2 /;((SU)’(S), (Pp)(s))v dA(s) = (p(7), KPp(T))u — (p(t), KPp(t))n

remains true for the solution of problem (26). Additionally, we have

[ (€ () drs) = olr). K — (p(0) Kb
and in view of the ;epresentation
U(p) = 5(p, KPp)u + (p, K¢)y + ¥(0), w=DW(p)=Pp+¢ forpe H",
see Remark 6, this yields
[ €@ dx) = [ (€ (61, (2o + 0 dA(5) = Wlo(r)) = W(p(0),
Together with (30) and (31) this finishes the proof of (29). O

COROLLARY 14. If there are t, T € [0,T] with t < 7 and F(p(t)) = F(p(7)), then
there exists a pair (u*,v*) € U(y) x Hy such that p* = Ju* solves the stationary problem
DF(p*) =v* and (u(s),v(s)) = (u*,v*) holds true for all s € [t,T].
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Proof. Let t, 7 € [0,T] with t < 7 and F(p(t)) = F(p(r)) be given. Then the decay
property (29) and the norm equivalence (27) yields

Z/ /|vuky2dacm / |(&u)’

Consequently, both u and v are constant in time on the interval [¢,7]. Since the spatial
gradients Vv also vanish, v is even constant in time and space on [¢,7] x X. Hence,
we have found a pair (u*,v*) € U(v) x Hy, which satisfies (u(s),v(s)) = (u*,v*) for all

€ [t,7]. Since DF(p(s)) = v(s) and p(s) = Ju(s) for s € [t, 7], this yields DF(p*) = v*
for p* = Ju*. Obviously, (u*,v*) is a solution of the evolution system (26) on the time
interval [t, T, too. Due to the uniqueness of the solution to the problem, this means that
the trajectory rests at this stationary point (u*,v*) € U(y) x Hj. O

V* d)\(S) =0.

THEOREM 15 (Convergence of a subsequence). There exists an increasing sequence
(t;) € N such that (u(t;),v(t;)) converges for I — oo to (u*,v*) € U(y) x Hy in the sense

lim [|u(t;) — u*||ze =0, lim [Ju(t;) —v*||r =0, lim F(p(t)) = F(p"),
l—o00 l—o0 t—o00

*

where p* = Ju* solves the stationary problem DF(p*) = v*.

Proof. 1. Let o( fX s)do € H; denote the mean value of v for s > 6. We will prove
by Contradlctlon that the follovvlng convergence result holds true:
lim [Jo(l) — v(1)[[g = 0. (32)
l—o0

Otherwise we could find some € > 0 and an increasing sequence (I;) C N with
|v(l;) — o(L;)||3 > 2¢ for alli € N.
Since v — v is Holder continuous in time, see Theorem 4 and 7, we have
I[v(s1) — B(s1)] = [v(s2) — B(s2)]||m < cols1 — s2|*/%  for all s1, s3> 6, |51 — 59| < z,
and some ¢y > 0. Therefore, we could find some 7 € (0, %) satisfying
|v(s) —v(s)||}; > & forall s € [l;l; +7] and i € N,

Hence, integrating over the time interval (I;, [;+7) and applying Poincaré’s inequality (43),
the decay property (29) for all i € N would give

Fp(l)) — F(p(l; + 7)) ZZ/

k=1 (=1

li+T7
/ A(Mu) Vg - Vo do d\ > cieT,
X

where ¢; > 0 is some suitable constant depending m, n, v, a, 8, v, # and X. Having in
mind that [; + 7 < [;4; and summing up over i € {1,...,j} this would lead to

j
F(p(ly)) — F(p(l; + ) Z (p(l; +7))] > cieTj for all j € N,
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which contradicts to the boundedness of the range of the free energy functional F' on its
effective domain dom(F') = J[U(0)]. Hence, (32) holds true.

2. Since the sequence (u(l)) C U(v) is bounded in C%* and, therefore, precompact
in L>°, we find some accumulation point u* € U(7) and an increasing subsequence (¢;) C N
such that lim;_, [|u(t;) —u*||r = 0. We get limy_,o ||p(t;) — p* || sjzo) = 0 for p* = Ju* and
limy o F'(p(t)) = F(p*). This yields lim;,o F'(p(t)) = F(p*) = Fi applying Theorem 13.

Using v(t;) = DF(p(t;)) € L*™ for | € N and setting v* = DF(p*) € L> we also have
limy o0 [|0(t;) — v*|| e = 0. Remembering (32) and the notation v* = f, v*do € Hy, in

[0 = 0"l < [lv* —o(@)lla + v(t) = o@)lla + o) — 0" ||a,

each of the three terms on the right hand side tends to zero, when passing to the limit
[ — oo, which means that v* € H; is constant. O]

REMARK 17 (Regularity of stationary states). Let (u*,v*) € U(y) X H; be a pair such
that p* = Ju* solves the stationary problem v* = DF(p*). Following Assumption 6 we
obtain w* = DVU(p*) € W% and, hence, v* — w* = D®(p*) € W2« Using the
representation (11) of the relative densities

")

_ exp(vy — wy)
1+ 3700 exp(vf — wyp)

see Remark 5, this yields u* € W12« as a regularity result.

*

Up

for every k € {1,...,m},

In the case of strong convexity of the functional F' the whole trajectory (u,v) converges
to the uniquely determined limit (u*,v*) € U(vy) x Hy. However, in general F' is not con-
vex, and we cannot apply this standard argument. Instead of this we follow the ideas of
MIRANVILLE and ROUGIREL [31, Theorem 2.1, Lemma 2.1] using the differential prop-
erties, especially, the real analyticity, of the free energy functional collected in Remark 4, 9
and 13. The proof is based on a refined version of the Lojasiewicz—Simon gradient inequal-
ity established by GAJEWSKI and GRIEPENTROG |8, Theorem 6]. There, the gradient
inequality found in FEIREISL, ISSARD-ROCH and PETZELTOVA [5] was generalized to
the case of minimization problems for analytic functionals with affine constraints to bring
into play the conservation of particle number:

THEOREM 16 (Lojasiewicz—Simon gradient inequality). Let the set U be open in L™
and contained in U(1) and assume that (p*,v*) € J[U]x H is a solution of the stationary
problem DF(p*) = v*. Then, we find constants §, A > 0 and 9 € (0, %] such that for all
p € J|U] which satisfy p — p* € HY and ||p — p*||g~ < & we have

[F(p) = F(p)|'™" < Xinf {||DF(p) — 0llm : © € Hy}.

Having in mind Remark 10, we impose the less restrictive Assumption 6 on the in-
teraction functional ¥ compared with the work of LONDEN and PETZELTOVA in [28,
Section 5] or GAL and GRASSELLI in [12; Section 4]. Nevertheless, due to Theorem 4, 7,
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and 11, we have at hand the uniform Holder continuity and the uniform positivity of the
solution to (26), which enables us to give an elementary convergence proof in the spirit of
MIRANVILLE and ROUGIREL [31, Theorem 2.1, Lemma 2.1].

THEOREM 17 (Convergence of the whole trajectory). The solution (u,v) of the evolu-
tion system (26) converges for t — oo to a limit (u*,v*) € U(y) x Hy in the sense
Tim [[u(t) = o' = 0, lim [[o(8) = vl oo = 0. lim F(p(t)) = F(p")

*

where o/ € (0,a) and p* = Ju* solves the stationary problem DF(p*) = v*.

Proof. 1. Let the set U be open in L* and U(y) C U C U(3). Applying Theorem 15 we
choose an increasing sequence (t;) C N such that (u(t;),v(t;)) converges for [ — oo to a
pair (u*,v*) € U(y) x H; in the sense

lim ||u(t;) — u*||p= =0, lim |[o(t;) — 0[]z =0, lim F(p(t)) = F(p*),
l—00 l—o0 t—o0

where p* = Ju* solves the stationary problem DF(p*) = v* and, hence, u* € W2“0 due
to Remark 17. To prove the convergence of the whole trajectory we consider two cases:
2. If there are points ¢, 7 € [0, 00) with ¢t < 7 and F(p(t)) = F(p(7)), then Corollary 14
yields (u(s),v(s)) = (u*,v*) for all s > ¢, in other words, the trajectory has arrived at the
stationary point in finite time.
3. To consider the alternative case, from now on we assume that F' strictly decreases
along the trajectory. That means,

F(p(t)) > F(p(1)) > F(p*) forallt, 7 € [0,00) with ¢t < 7. (33)

Due to Remark 4, 9 and 13 and Theorem 11 the Lojasiewicz—Simon gradient inequality
is applicable to the solution of problem (26): Using Theorem 16, there are constants d,
A>0and 0 < ¥ < 1 such that for every s > 6 with ||p(s) — p*|

u+ < 0 we have
[Fp(s)) = F(p)I'™" < Ainf {{|v(s) = 0llz : 0 € Hi} = Mv(s) = 0(s)ll,  (34)

since the infimum over o € H; is attained at the mean value o(s) = f, v(s)do € Hy.
Moreover, the condition p(s) — p* € HY is satisfied for all s > 6, since the particle number
is conserved due to Remark 7.

4. The next step is to find some constant ¢; > 0 depending on m, n, v, «, 3, 7, 6, ¥
and X such that the estimate

/; 1(€u)'(8)llv= dA(s) < er[F(p(t) — F(p")]” (35)

holds true, whenever the points ¢, 7 € [#, 00) with ¢ < 7 fulfil the condition

lp(s) — p*|lg- <6 forall s €[t 7] (36)
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To do so, assume that (36) is satisfied for ¢, 7 € [0, 0c0) with ¢ < 7. Starting with so = 6,
we define an increasing sequence of points s; > 6 with lim;_,, s; = co by

F(p(s1)) = F(p*) = 2[F(p(s141)) — F(p")] for L €N, (37)

which consecutively halfs the remaining excess of free energy. This is possible due to the
continuity of F' along the trajectory. To prove (35) we distinguish between two cases:

5. Let t, T € [s;,841] with ¢t < 7 for some [ € N. Applying Poincaré’s inequality (43)
0 (34), the norm equivalence (27) leads to

[F(p(s)) = F(p)I'™" < Allo(s) = 9(s) | < eal|(Ew)'(s)]

where ¢y > 0 is some suitable constant m, n, v, «, 3, v, 0 and X. Together with (33) and
0<v <5 1 this yields

/ (euy
< ea[F(p(r)) — F(p )P / € (s)

Using (33) and (37) we estimate the energy difference in the first factor by

F(p(r)) = F(p*) = F(p(s141)) — F(p*) = 5[F(p(s1)) — F(p")] > 3[F(p(t)) — F(p")].

Having in mind 0 < ¢ < % we get

| ewy

Using (27) and (29) we find some constant ¢3 > 0 depending on m, n, v, a, 3, v, 0 and X
such that the integral on the right hand side can be estimated by

| ewy

s)llv- dA(s) < 2eae5[F(p(t)) — F(p")]" 7 [F(p(t)) = F(p(7))].

v+ for Ad-almost all s € [t, 7],

2. d\(s)

v dA(s) < e / F(p(s)) — FG)P (8w (s)]

12 dA(s).

v dA(s) < 262[F(p(t)) / 1(€u) (s)|2 dA(s).

5+ dA(s) < es[F(p(t)) — F(p(7))],

which yields

| ewrt

Applying the elementary inequality 96”~1(b — d) < v’ —d? to b = F(p(t)) — F(p*) and
d = F(p(r)) — F(p*), we obtain

[ ey @lv- axe) <

6. Otherwise we find [, j € N with t € [s;, 5141) and 7 € (8144, Si4;+1]. Considering the
finite decomposition

20203

([F(p(t)) = F(p")])" = [F(p(7)) = F(p"))"). (38)

7] = [t sen] U - Ulsiy sipn] U -+ Ulsigy, 7],
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the result of Step 5 holds true for each of these subintervals. Summing up consecutively, we
get estimate (38) for the whole interval [t, 7], too. In both cases, the desired estimate (35)
follows immediately, whenever ¢, 7 € [#, 00) satisfy ¢ < 7 and condition (36).

7. Let € € (0, g) be arbitrarily fixed. Following Step 1 there is some I(¢) € N with

lp(t) = p7|
In view of p € BC([0,00); H*), for every | € N, [ > l(¢) we define t(¢) € [0, 0] by

g <e forallle N [>I(e).

ti(e) =sup {t* >0 : |p(t) — p*||u~ < e for all t € [t;,t"]}.

We will prove by contradiction that there exists some [*(¢) € N, [*(¢) > [(¢) such that
t7(e) = oo holds true for all [ € N with [ > [*(¢): Otherwise we could find an increasing
sequence (1;) C [#,00) of points 7, > ¢; satisfying lim; . 7; = 0o and

lo(r) — p*lla= > ¢, |lpt) —p*|lgx <0 forallte[t,n] and > I(e). (39)

Hence, condition (36) holds true on the interval [t;, 7;]. Together with the relation

Ti
1K p(m1) = K7 p(t) [lv+ < / [(Ew)'(s)llv+ dA(s),
17}
for I > i(e) estimate (35) yields
1K p(m1) = K*p*[lv+ < |1K7p(n) — K" p(t) v+ + [ K7 p(t1) —

|
< ar[F(p(t )) F(p")]” + 1K p(tr) — K*p*|lv

Due to K* € L(H*;V*) and, applying Step 1, lim;_, ||p(t;)) — p*||lg= = 0, we obtain
limy o0 || K*p(1) — K*p*||v+ = 0. Following Theorem 4 and 7, the sequence (u(7;)) C U(7y)
is bounded in C%“. Hence, (p(7;)) is precompact in H*, and there exists a subsequence of
(p(m)) converging to some limit p € H* in H*. Using again K* € L(H*;V*) this yields
K*p = K*p* € V*, which means

(0, Koyw = (K*p,o)v = (K*p*, )y = (p*, Kp)g forall p € V.

Since K € L(V; H) is the continuous and dense embedding of V' in H, we obtain p = p*.
Hence, the above mentioned subsequence of (p(7;)) converges to p* in H* in contradiction
to assumption (39). Therefore, we have shown that for every ¢ € (O, 2) there exists some
I*(¢) € N such that

lp(t) — p*||lpx <e forallt >t and l € N, [ > [*(¢),

in other words, the desired result lim;_, ||u(t) — u*|| g = 0.

8. Due to Remark 14 the set {u(t) : t > 6} C U(~) is bounded in C%* and, therefore,
precompact in C%® for every exponent o’ € (0, «). Assume that we could find some ¢ > 0
and an increasing sequence (7;) C [#, 00) which satisfies lim;_,,, 7; = 0o and

lu(m) — u*||gor > € foralll € N. (40)
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Because the sequence (u(7;)) is precompact in €% and converges to u* in H due to
Step 7, we could find a subsequence of (u(7;)) converging to u* in C%®', which contradicts
to assumption (40). In view of Remark 14 we end up with

lim [fut) o =0 and T ot) "o =0,

since we have v(t) = DF(p(t)) € C% for t > 0 and v* = DF(p*) € C%. Finally, due
to Assumption 6 we get P € L(J[L>®]; Wh240) and w* = DWU(p*) = Pp* +1p € Wh2wo
which yields limy_,o ||w(t) — w*||yyr2wo = 0. O

7. SIMULATION RESULTS FOR PHASE SEPARATION PROCESSES

We present simulation results for phase separation processes in ternary systems of colored
particles occupying a domain X C R" with Lipschitz boundary. For the sake of numerical
simplicity, we consider the special case, where the nonlocal potential operator of self-
interaction and the contribution, due to external forces, can be described by means of the
inverse of a linear second order elliptic operator having appropriate regularity properties.
For nonsmooth coefficients b belonging to the set

B={beL®X): v<b(x) <1l/v for \'-almost all z € X },
we consider the family of operators L(b) € £(W'2(X); [W*(X)]*) given by

(L(b)w, p)wiz(x) = / (bVw - Vo +wep) dX* for ¢ € WH(X). (41)
b's
For b, d € %8, according to Assumption 5, we introduce the elliptic operators
Pk@ = fikf[/(b>71 € L([WL?(X)]*’ WLQ(X)) for ka le {07 172}7

and the external potentials ¢ = L(d)~! fi, € W'?(X) for right-hand sides f, € [W'?(X)]*
defined by

(fes ©)wrzix) :/ grp dA" +/ hppdrgx for o € WHH(X), k € {0,1,2}, (42)
X X

where gy € L®(X) and hy, € L>®(0X) are external volume and boundary forces.

Using the above setting, we prescribe constant intensities kg = kg of interaction forces
between particles of type k and ¢ € {0,1,2}. The cases kg > 0, ke < 0, and kg = 0
represent the repulsive interaction, attractive interaction, and no interaction, respectively.

According to Remark 6, we consider the corresponding operator P € L(H*;V) and
the element ¢ € V, where H = L*(X;R?) and V = W'?(X;R?). In general, in the
nonsmooth situation described above the interaction potentials w = Pp + 1 € V' are not
Lipschitz continuous. Hence, the assumptions formulated in the work [11] of GAJEWSKI
and ZACHARIAS, in the papers [28, 29] of LONDEN and PETZELTOVA and in the recent
contribution [12] of GAL and GRASSELLI are too strong.

In fact, as a sharp result, the regularity theory for nonsmooth elliptic boundary value
problems of GRIEPENTROG and RECKE, see [18, 19], applied to (41) and (42), just
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FIGURE 1. Phase separation process in a ternary system for an initial value
which is constant in vertical direction. The stripe pattern is preserved
during the whole evolution. The final state is a local minimizer of the free
energy under the constraint of conservation of particle number, see Fig. 3.

FIGURE 2. Phase separation process in a ternary system for a mirror-
symmetric, slightly different initial value. There occur metastable states.
Finally, the phases are separated by a straight line and two circular arcs,
joining in a triple point. The final state is a global minimizer of the free
energy under the constraint of conservation of particle number, see Fig. 3.

ensure that there exists a constant wy > n — 2 such that the restriction of P is a bounded
linear operator from J[L*] into the Sobolev—Morrey space W10 and that the external
potentials 1 belongs to WH2«0 Our example represents a natural and desirable situation
of nonsmooth data. At the same time this is the limit case, where Assumption 6 on the
regularity of interaction is just satisfied, which proves this assumption to be minimal.
Note that the natural regularity of solutions to elliptic boundary value problems of the
above type was implicitly used already in the papers [9, 10] of GAJEWSKI and SKRYPNIK.

Again, for the sake of numerical simplicity, only, we consider the case of constant
coefficients b = r? and d = o?, where Green’s functions to the corresponding elliptic
operators are rapidly decreasing kernels of Bessel type, which decay exponentially outside
their effective ranges » > 0 and o > 0, respectively.

For our simulations we have used the dissipative discretization scheme of GARTNER
and GAJEWSKI, see [6]. It combines a Crank—Nicholson-type discretization in time with
a Voronoi finite volume scheme on boundary-conforming Delaunay meshes in space.

Phase separation in ternary systems. Figures 1 and 2 show numerical results for two
simulations of three-component phase separation processes in a square with uniform in-
teraction intensities kg = —k < 0 (attraction), kg = £ > 0 (repulsion) for k, ¢ € {0, 1,2}
with k # ¢ in a homogeneous environment without external forces. This models the phase
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FiGure 3. Comparison of both the three-component phase separation pro-
cesses with regard to the decay of free energy (left) and the dissipation rate
along the trajectory (right). The free energy approaches a local minimum
under the constraint of conservation of particle number at the final state
shown in Fig. 1 (dashed lines), whereas it reaches its global minimum at
the final state depicted in Fig. 2 (solid lines).

separation in an incompressible body consisting of a ternary system of equally treated
components.

Note that in both cases the slightly different initial configurations contain equal numbers
of black, white, and gray particles, respectively. Obviously, the final states do not depend
only on these integral quantities. After initial diffusion, the particles start to agglomerate
or to grain until they reach fully separated states. Going on further, we see coarsening of
phases or occurence of metastable states still being far from equilibrium. The final states
are reached after quite different periods of time depending on the symmetry of the initial
value. A comparison of both simulations in Fig. 3 shows major differences with respect
to the decay of the free energy and the dissipation rate along the trajectories.

Phase separation in a binary system with damage diffusion. The evolution process changes
completely in Fig. 4, when the initial configuration is a randomly chosen distribution of
10 % black (k = 0), 45 % white (k = 1), and 45 % gray (k = 2) particles, and the (black)
voids neither interact with themselves nor with white or gray particles; we have modified
Koe = kro = 0 for k, £ € {0,1,2} in the above setting. Here, we describe the phase
separation of white and gray particles in a compressible body, which has 90 % of the unit
density. The rest is filled up with voids. We have further modified the regime by applying
stationary external forces at two boundary parts. The lower half of the left and the upper
half of the right part are loaded equally to press the white and gray particles inwards.
According to (42), this corresponds to go =0, g1 =0, go = 0, and hg = 0, by # 0, hy # 0.

During the evolution, after initial diffusion, both the white and gray components show
agglomeration, graining, and slight denting at the pressure zones. White and gray particles
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g \
) Al a

FIGURE 4. Phase separation process in a binary system with inward pres-
sure for an initial value of randomly distributed particles. The lower half of
the left and the upper half of the right part are loaded equally to press the
white and gray particles inwards. The process starts with diffusion, grain-

ing of particles, and a slight denting at the pressure zones. After the phases
are fully separated, voids concentrate at interfaces between the phases. The
coarsening and hardening of phases is accompanied by the thickening and
concentration of damage channels. Finally, both phases are separated by a
straight channel of shear damage which connects both the pressure zones.

reach the state of full separation and compression. They leave room for the voids to
concentrate as damage channels at the interfaces between white and gray phases, which
show strong resistance, obstructing inward pressure. Further coarsening and hardening of
phases leads to the thickening of damage channels and significant denting at the pressure
zones. The process arrives at metastable states, still being far from equilibrium. Whenever
the number of connected phases is reduced by the separation process, there occurs a narrow
peak in the dissipation rate, see Fig. 5. In the final state both the white and the gray
phases are completely separated from each other by a straight channel of shear damage
which connects both the pressure zones.

APPENDIX A. SOME VARIANTS OF SOBOLEV—POINCARE INEQUALITIES

Here we collect variants of Sobolev inequalities for functions vanishing on a given subset
F of the domain X C R"™ with Lipschitz boundary.

LEMMA 18. Let X C R"™ be a domain with Lipschitz boundary. Then, there exists a
constant ¢; > 0 depending on n and X such that for every B € (0,1] and all measurable
subsets F' C X satisfying o(F) > po(X), the following inequality holds true for all v €
W12(X) vanishing o-almost everywhere on F':

/|v|2d0§0—1/ Vol do
X B Jx

Proof. 1. The norm || ||y in V = W2(X) is defined by ||v||?, = ||v||% + [v]? for allv € V|
where the norm || ||z in H = L*(X) and the seminorm [ |y in V are given by

ol = /X wdo forve H, [o= /X Vol'do forve V.
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F1GURE 5. Decay of free energy (left) and dissipation rate along the tra-
jectory (right) of the phase separation process in the binary system with
damage diffusion shown in Fig. 4. Due to the randomly chosen initial con-
figuration the final state is reached after quite a long time, and there occur
many metastable states. The disappearance of these states shows up in the
dissipation rate with narrow peaks.

Note that the subspace V; = {v € V : [v]y = 0} of V is the space of constant func-
tions, because X C R” is connected. Since for every domain X C R"™ with Lipschitz
boundary there exists a bounded linear extension operator from W1?(X) to WH2(R"),
see GIUSTI [16], the embedding of V' into H is completely continuous. Consequently, due
to a result [35, Lemma 4.1.3] of ZIEMER, we find a constant ¢; > 0 depending on n and
X such that for every projector II € L(V;V]) from V onto Vi we have the generalized
Sobolev—Poincaré inequality

lv —v|lg < a1 ¢y lv]y  for allv e V.

2. Let 8 € (0,1] and some measurable subset F' C X satisfying o(F) > fo(X) be
given. We consider the projector IT € L(V;V]) from V to its subspace V; of constant
functions defined by the mean value

1
HU:][vda:—/vda forveV.
F U(F) F

Then, for every v € V' Cauchy’s inequality yields
2
X
do < o(X) / lv|? do.
o(F) Jx

[ mepar— [ %/dea

Hence, we obtain HHH%(VM) < 1/8 and together with Step 1 this leads to

2
v — v||3; < % [v], forallveV. (43)

Having in mind the definition of II, this finishes the proof. O



EVOLUTION OF NONLOCALLY INTERACTING PARTICLES 43

LEMMA 19. Let S C R be an open interval and X C R™ be a domain with Lipschitz
boundary. Then for every 8 € (0, 1] there exists a constant co > 0 depending on B, n and
X such that for all functions v € L*(S; W12(X)) N L>(S; L*(X)) with the property that
v(s) € WH2(X) for A-almost all s € S vanishes on a measurable subset F, C X satisfying
o(Fy) > po(X), the inequality

x—1
// [v[**do d\ < ¢y (esssup/ |v(s)|2do> // |Vo|* do d\
sJx ses  Jx sJx

holds true, where » =1+ 2/n.

Proof. 1. For all v € L?(S; W1?(X)) N L>(S; L*(X)) Holder’s inequality yields

// |v|2”dad/\</(/ lu(s)|/ (n=2) da) e (/ lv(s |2da) nd)\(s).

Due to the continuous embedding of W'2?(X) into L**/("=2(X) we find a constant cy > 0
depending on n and X such that

([ worresar) ™ < [ (o + 19

holds true for A-almost all s € S, which yields

/S/X!v!%dad)\éco/s(/x (Jo(s)|* + [Vo(s) da) (/ lu(s |2d0) —1d)\(s)’

and, therefore,

x—1
// [0 do d\ < ¢ (esssup/ |v(s)|2da> // (Jo]? + |Vv|*) do dA.
sJx ses  Jx sJx

2. If, additionally, there exists some § > 0 such that the function v(s) € V' for A-almost
all s € S vanishes on a measurable subset F;, C X with o(F;) > fo(X), then, applying
Lemma 18, we end up with

»—1
// [v[**do d\ < ¢ (1—1— >(esssup/| |2da) // |Vv|? do d),
seS SJX

which gives the desired result. 0
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