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non-local interactions and degenerate mobilities
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Abstract

We study a non-local variant of a diffuse interface model proposed by Hawkins—
Darrud et al. (2012) for tumour growth in the presence of a chemical species acting
as nutrient. The system consists of a Cahn—Hilliard equation coupled to a reaction-
diffusion equation. For non-degenerate mobilities and smooth potentials, we derive
well-posedness results, which are the non-local analogue of those obtained in Frigeri
et al. (European J. Appl. Math. 2015). Furthermore, we establish existence of weak
solutions for the case of degenerate mobilities and singular potentials, which serves
to confine the order parameter to its physically relevant interval. Due to the non-
local nature of the equations, under additional assumptions continuous dependence
on initial data can also be shown.

Key words. Tumour growth, non-local Cahn—Hilliard equations, degenerate mobility,
singular potentials, weak solutions, well-posedness.
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1 Introduction

The tumour model of Hawkins—Darrud et al. [37] is a four-species model consisting of
tumour cells, healthy cells, nutrient rich and nutrient poor water. The model is further
simplified with the constraint that the total concentration of the cells and of the water
remain constant throughout the domain, which then leads to a two-phase model, composed
of a Cahn—Hilliard equation coupled to a reaction-diffusion equation. Denoting by ¢ the
difference in volume fractions between the tumour cells and the healthy cells, and by o
the concentration of the nutrient rich water (which we will simply denote as the nutrient),
the model equations are (see also [34, §2.5.2])
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pr = div (m()vpu) + P(e) (o + x(1-¢) - ), (1.1a)
p=AV'(p) - BAp - o, (1.1b)
or = div(n(p)V(e +x(1-¢))) - P(p)(o+x(1-¢) - p), (1.1c)

where m(¢), n(¢) are mobilities for ¢ and o, respectively, U’ is the derivative of a potential
¥ with equal minima at +1, A and B are positive constants related to the surface tension
and interfacial thickness, P(y) is a non-negative function with the source terms P(¢) (o +
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X(1 - ¢) — ) motivated from linear phenomenological laws for chemical reactions, and
x > 0 is a parameter that models transport mechanisms such as chemotaxis and active
transport, see [34] for more details. Note that when x # 0, we observe that the terms
div (n(¢)V(xe)) in (LId) and div (m(p)V(xe)) in (LIa) (after substituting (LID) into
(LIa)) are of cross-diffusion-type.

Associated to (L)) is the free energy

B 1
E(p,0) = [ AV(R) + SVl + o+ xo(1 - 9)da,

where in a bounded domain € c R3, the first two terms form the well-known Ginzburg-
Landau energy, leading to phase separation and surface tension effects. In contrast, it is
not expected that the nutrient rich and nutrient poor water experience separation akin
to that of the cells, and thus the nutrient free energy, modelled by the third and fourth
terms, only consists of terms modelling diffusion and interactions with the cells.

In terms of the analysis for (LI]), the well-posedness of weak and strong solutions with
constant mobilities m(¢) = n(y) = 1 and x = 0, and the existence of a global attractor
have been established in [25] for a large class of nonlinearities ¥ and P. A viscosity
regularized version of (L) (with constant mobilities and x = 0) has been the subject of
study in [I0], where existence and uniqueness of weak solutions and long time behavior
are shown for singular potentials . Furthermore, for regular quartic potentials, the weak
solutions to the viscosity regularized model converge to the model studied in [25] as the
viscosity parameter tends to zero. Further investigation in obtaining convergence rates
with singular potentials have been initiated in the works of [11], [12]. For the case x # 0,
we refer the reader to [29] 30], 31, 32, [40] for results concerning existence to similar Cahn—
Hilliard systems.

In this work, we study a non-local variant of (LII), where we replace the Ginzburg—
Landau component in £ by a non-local free energy

fo L 20 - ew) - o) drdy + [ AV da,

where J is a symmetric kernel defined on 2x 2. Then, the non-local variant of (LIl reads
as

pr = div (m(p)Vp) + P(p) (o +x(1-¢) —p) in Qx(0,7)=Qr, (1.2a)

p=AV'(p)+ Bap - BJ*p-xo in Qr, (1.2b)

¢ = div (n()V(e +x(1-¢))) = P(p)(0 +x(1 - ¢) - p) in Qr, (1.2¢)
with

a@)= [ J@-y)dy, (Jx@) @)= [ Tyl dy.
We complement ([2]) with the initial and boundary conditions
©(0) =¢g, 0(0)=00in Q, Jyp=0,u=0,0=0o0n002x(0,T), (1.3)

where 0, f := Vf - v with outer unit normal v on 0f2.

In biological models, non-local interactions have been used to describe competition
for space and degradation [47], spatial redistribution [4, [41], and also cell-to-cell adhesion
[1, 6, B5]. The model (L2)) which we study falls roughly to the category of non-local cell-
to-cell adhesion, as it is well-known that the Ginzburg—Landau energy leads to separation



and surface tension effects, and heuristically this corresponds to the preference of tumour
cells to adhere to each other rather than to the healthy cells.

The non-local Cahn—Hilliard equation has been studied intensively by many authors,
see for example [2, [3] 26, 27, 28]. There has also been some focus towards coupling
with fluid equations, such as Brinkman and Hele-Shaw flows [I7] or Navier—Stokes flow
[9, 20}, 22], 211 23], 24]. For the non-local Cahn—Hilliard equation with source terms, analytic
results such as well-posedness and long-time behavior have been obtained in [16, 42] for
prescribed source terms or Lipschitz source terms depending on the order parameter. Our
present contribution aims to extend the study of the non-local Cahn—Hilliard equation to
the case where source terms are coupled with other variables.

Our first result concerns the well-posedness of (L2)) with non-degenerate mobilities
and regular potentials, which is summarized in Theorems 2.1] and below. Due to the
non-local nature of the equations, the regularities of the weak solutions we obtain are
lower than the solutions to the local model studied in [25]. Often in the modelling and
in numerical simulations, it is advantageous to consider a singular potential W, which
enforces the range of the order parameter ¢ to lie in the physically relevant interval [-1,1]
or (-1,1). One example is the classical logarithmic potential:

Wiog() = 5 ((1+9) log(1+9) + (1~ @) log(1 - ) - s,

for constants 0 < 0 < 0.. Furthermore, depending on the application in mind, a mobility
m(y) that is degenerate at ¢ = +1 is often considered alongside singular potentials, for
example m (@) = (1 - ?) [18, 44, 45]. The degeneracy of the mobility at +1 effectively
restricts the diffusive mechanisms from the Cahn—Hilliard system to the interfacial region.

In the models of [7], 13} [14] 19, 48] a one-side mobility m;(p) = (1+¢).+ = max(1+¢,0)
is employed so that the Cahn—Hilliard diffusive mechanisms is switched off in the region
of healthy cells {¢ = -1}, and the tumour cells are allowed to diffuse. However, there the
models are formulated with smooth potentials, and it is not known if the models with
a one-sided mobility can be analytically investigated. To the authors’ best knowledge,
the analytical results concerning local Cahn—Hilliard systems with source terms derived in
[8, 104 [15] 25 29] 30} 311 [32] 39} [40], [43] consider positive or constant mobilities. Due to the
degeneracy of the mobility m, the gradient Vu is no longer controlled in some Lebesgue
space, and thus the equation for ¢ have to be reformulated into a form where p does not
appear. In the local setting the main effort lies in deriving high order estimates for ¢,
which may not be controlled uniformly in a suitable approximation scheme when source
terms involving ¢ and other variables are present.

For our present non-local setting, substituting (L.2B]) into ([.2al) and (T.2d) leads to a
formulation of (I2)) in which px does not appear:

o = div (Am(9)¥" (p)Ve +m(p)V (Bap - BJ » ¢ - x0))

+ P(p) (0 +x(1-¢)) - P(¢) (AV' () + Bap - BJ » ¢ - x0) in Qr,
or = div (n(¢) V(o +x(1-¢)))

- P(p) (o +x(1-¢)) + P() (AV'(¢) + Bap - BJ x - xo) in Q7.

Using the method introduced by Elliott and Garcke in [I8] for the Cahn—Hilliard equation
with degenerate mobilities, our second main result concerns the existence of weak solutions
to (L2]) where the mobility m(y) is degenerate at ¢ = +1 and the potential ¥: (-1,1) - R
is singular. This is given in Theorem 23 Let us point out that we encounter new
difficulties in the analysis of the source terms, namely the product P(¢)W¥’'(y). For singular



potentials, ¥/(s) becomes unbounded as s — +1. Hence, to suitably control the product
PY’, we consider functions P(s) that decay to zero as s - 1 in such a way that the
product PU’ remains bounded. In the original model of [37], P takes the form P(s) =
(1+s)s = max(1 +s,0) (see [34, §2.5.2] for more details) so that the source terms are
active only in the tumour region {¢ = 1} and are not active in the healthy cell region
{¢ =-1}. But in the work of [38] the function P is chosen to be a multiple of the potential
U (see also [34] §3.3.2]), which is degenerate at 1. The effect of the latter choice acts in a
similar manner to a two-sided degenerate mobility and restricts the influence of the source
terms to the interfacial layer. This effect of localizing the source terms in the interfacial
layers is supported by formally matched asymptotic analysis performed in [34] [38]. We
also refer the reader to [33] for numerical simulations with a two-sided degenerate P in
the multi-component setting.

In contrast to the local version, where uniqueness of solutions to the Cahn—Hilliard
equation with degenerate mobilities is still an open question, in the non-local case with
degenerate mobilities we can derive a result concerning continuous dependence on initial
data when x = 0. This is given in Theorem 2.4, and can be attributed to the fact that the
non-local model is akin to a coupled system of second-order equations. We point out that
we have to restrict to the case x = 0 as the regularity of the variable o for the degenerate
case seems not to be sufficient to control the difference of certain terms.

The remainder of this paper is organized as follows: The assumptions and main results
are summarized in Section2l In SectionBlwe establish existence, regularity and continuous
dependence on initial data for weak solutions of (I.2]) with non-degenerate mobilities and
regular potentials. Then, by an approximation procedure, the existence of weak solutions
to the system with degenerate mobilities and singular potentials is treated in Section [,
and the continuous dependence on initial data is shown when y = 0.

Notation. We set H := L?(Q), V := H'(Q). For a (real) Banach space X its dual is
denoted as X’ and (-,-)x denotes the duality pairing between X and X’. The L2-inner
product will be denoted by (-,-). For convenience, we use the notation LP := LP() and
WhP .= WkP(Q) for any p € [1,00], k > 0 to denote the standard Lebesgue spaces and
Sobolev spaces equipped with the norms |- [z» and | - |yrp. In the case p = 2 we use
notation | - g := -2 and [ [y == - | 2.

Useful preliminaries. We recall the following useful inequalities:

o Young’s inequality for convolutions: For p,q,r > 1 real numbers with 1+ % = % + %,

|f > gler <1 flzrlglza.

e The Gagliardo—Nirenberg interpolation inequality in dimension d: Let € be a Lip-
schitz bounded domain and f € W™ (Q) n LI(Q2), m e N, 1 < ¢,7 < co. For any
integer j, 0 < j <m, suppose there is o € R such that

1 j+(1 m) Ll-a
==+|--— )
d )

- iSozsl.
P r d q m

If r € (0,00) and m — j - % is a non-negative integer, then we additionally assume

« # 1. Under these assumptions, there exists a positive constant C' depending only
on 2, m, j, q, v, and « such that

1D7 £l oy < CUFISymar oy | F | ey - (1.5)
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For the Hilbert triplet (V, H,V') we introduce the Riesz isomorphism N : V — V'
associated to the standard scalar product of V,

(NU,w)V:fQVv-wavadx Vo,weV. (1.6)

For ue D(N) := {f e HX(Q) : 0, f = 0 on 99}, we have Nu = —Au +u, and the restriction
of N to D(N) is an isomorphism from D(AN) to H. By the classical spectral theorem,
there exists a sequence of eigenvalues \; with 0 < A1 < Ay <+~ and \j — oo, and a family
of eigenfunctions w; € D(N') such that N'w; = A\jw; which forms an orthonormal basis in
H and an orthogonal basis in V. Note that the first eigenfunction w; is a constant, and
hence A\; = 1. Furthermore, the inverse operator N~!: V’ - V satisfies

_ - d _
Nu N7 )y = (Foudv,  INT v <[ f v, EHQH%/' = 2(g1, N ' g)v, (1.7)
forall u e V, fe V' and g € H'(0,T;V’). We will denote D(N!) as the dual space of
D(N).

2 General assumptions and main results

In this section we state the main results on existence, regularity, uniqueness, and continu-
ous dependence of solutions to (L2)-(L3]) first for the case with non-degenerate mobilities
and regular potentials and then for the case of degenerate mobilities and singular po-
tentials. The results are stated for dimension d = 3, but similar results also holds for
d=1,2.

2.1 Non-degenerate mobilities and regular potentials

Assumption 2.1.

(A1) me CO(R) and there exist constants m1, mo >0 such that
mi <m(s)<mg VseR.
(A2) ne CO%R) and there exist constants ni, ng >0 such that
ny<n(s)<ny VseR.
(A3) JeWL(RY) satisfies
J(z)=J(-2), a(x):= _/QJ(a:—y)dy >0 a.e. in Q,
a” = ilelngU(x—yﬂ dy <oo, b:= ilelngWJ(x—yﬂ dy < oo.
(A4) WeC*(R) and there exists co > x> > 0 such that
AV"(s)+ Ba(x) >cy VseR a.e. e
(A5) There exists ¢c; € R and
6> = (B(a* —a) + %), (2.1)

24
such that

U(s)>cals’—c1 VseR, where a, = inf / J(z-y)dy.
zeQ2 JQ
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(A6) There exists z € (1,2], c3 >0 and ¢4 >0 such that
‘\I/'(s)|z <c3¥(s)+cy VseR.

(A7) PeC%R) and there exists c5 >0 such that

0<P(s)<cs(1+]s]!) VseR, ge[l,12).

(A8) g € H satisfies U(pg) € L' and oy € H.

The assumption (A4 imposes the condition that the potential ¥ has to have at least
quadratic polynomial growth, and will be essential in the identification of certain limit
solutions. We also mention that (A7) is in stark contrast with the growth assumption for
P(-) made in [25], where the authors are able to consider polynomial growth up to but not
including ninth order. The reason for an upper bound of 13—0 in the current setting can be
seen from the regularity for ¢, where in the non-local case one obtains ¢ € L*=(0,7;H) n
L?(0,T;V), and in the local case one obtains ¢ € L>®(0,T;V) n L%(0,7; H*). The lower
regularity for ¢ in the non-local case means that we only obtain compactness for the
Galerkin approximations of ¢ in L?(0,T;L") for r < 6, which in turn limits the growth
assumptions on P.

Definition 2.1. We call a pair (¢,0) a weak solution to (L2)-(L3) on [0,T] if
©e L™(0,T;H)n L*(0,T; V) n WL (0,T; D(N YY),
o e L®(0,T; H)nL*(0,T;V) n W (0, T; DINY)),
1= Bap - BJ x o+ AU/ (¢) - xo € L*(0,T;V),

for some r > 1, and the following variational formulation is satisfied for a.e. t € (0,T) and

for ¢e DN),
0= (e, O)py + (M) Vi, VE) = (P(e) (o + x(1 =) =), ), (2.2a)
0=(o,C)pvy + (@) V(o +x(1-9)), V() + (P(p) (o + x(1 - ¢) —p),¢),  (2:2b)
together with
©(0) = o, 0(0) =00.

Notice that the regularity properties of a weak solution entail that we have ¢,0 €
Cw([0,T]; H)nC°([0,T]; V"), where Cy,([0,T]; H) denotes the space of weakly continuous
functions on [0, T'] with values in the space H. Therefore, the initial conditions make sense.

Theorem 2.1 (Existence and energy inequality). Under Assumption [2]), there exists a
weak solution pair (p,0) to [L2) in the sense of Definition [Z1] which satisfies, for all
t >0, the following energy inequality

E(p(t),0(t) + IVm(2) Vil L2,y + V() V(0 + x(1 =) 720,40

2.3
+ VP (o +x(1=9) = )12 (0.1.11) < E($0,00), 22

where
B , B 1 .
E(p,0) = fQA‘I’(sO) @)l - Se(Ix)+ ol +xo(1-p)de.  (2:4)
Furthermore, if (AT) is satisfied with q < % then it holds that

$t, 0t € L2(0,Ta V,)a p,0 € CO([O,T],H), QD(O) = 0, 0-(0) =0g a.e. in ),

and the energy inequality (2.3]) becomes an equality, for all t > 0.



To show continuous dependence on initial data, we make the following assumptions.
Assumption 2.2.
(Bl) m=n=1.
(B2) PeC%(R)nL>(R).
(B3) In addition to (Adl), ¥ also satisfies
‘\I"(sl) - \I],(SQ)‘ <cg(1+]s1]" +s2]")[s1— 52| Vsi,82€R

for some cg >0 and r € [0, %]

Under (B2) we see that ¢;, 04 € L?(0,T;V").

Theorem 2.2 (Continuous dependence for constant mobilities). Let (¢;,04)i-1,2 denote
two weak solution pairs to [(L2)) with J satisfying (A3), ¥ satisfying (B3)), mobilities m, n
and nonlinearity P satisfying Assumption[Z2, corresponding to initial data (©o,00)i=1,2
satisfying (A8)). Then there exists a positive constant C, depending on A, B, a*, |J||lw1.1,
Co;(X; ij; loillz0rvys HillLzorvys @il o7y, [@ill20.1v) and @ such that for all
te (0,7,

ler(8) =2 + o1 (t) = 2O + o1 = 2l72 0 mry + o1 = 02l 720 )

(2.5)
<C (lero = p20lir + loro = o20li).
Furthermore, if r < 2 in (B3) then it holds that for all t € (0,T],
I = 2120, vy < C (10 = @20l + lono = o20l%)- (2.6)

2.2 Degenerate mobilities and singular potentials

We now consider the case where the mobility m : [-1,1] — [0, 00) can be degenerate at +1,
the potential ¥ is singular and defined in (-1,1). The entropy function M : (-1,1) - R
associated to the mobility m is given by

m(s)M"(s)=1, M(0)=0, M'(0)=0.
Assumption 2.3.

(C1) The potential U can be decomposed into W = Wy + WUy with a regular part Vs €
C?([-1,1]) and a singular part U1 € C*(-1,1).

(C2) There exists g > 0 such that VY is non-decreasing in [1 —eo,1) and non-increasing
m (—1, -1+ 80].

(C3) There exists cy > x> 20 such that
AU"(s)+ Ba(x) >cy Vse(-1,1), a.e. €.
(C4) meCO([-1,1]) with
m(s)20 Vse[-1,1], m(s)=0iff s=+1, m¥" eC([-1,1]),

and there exists g9 € (0,1] such that m is non-increasing in [1 - eg9,1] and non-
decreasing in [-1,-1 + &¢].



(C5) PeC°[-1,1]), P >0, and there exist a positive constant c; and g9 > 0 such that
VP(s)<crm(s) Vse[-1,-1+e9]u[l-ep,1], PV eC([-1,1]).

(C6) o € H satisfies |¢o|p=() <1, M(po) € L' and og € H.

Remark 2.1. (1) By (C4), there exists a positive constant C' such that [m(s)¥"(s)| < C
for all s € [-1,1], which in turn implies that |[¥"(s)| < CM"(s) for all s € (-1,1). Upon
integrating from 0 to s € (0,1), and also from s € (=1,0) to 0, applying the fundamental
theorem of calculus and the conditions M(0) = M'(0) =0 yields

[W(s)| < [T(0)|+[T'(0)||s|+ CM(s) Vse(-1,1),
and as a consequence of M(pg) € L' we have W(pg) € L.

(2) The assumption (CH) yields the following observations: P is bounded in [-1,1]
and thus (AT) is automatically satisfied, and P(s) =0 if and only if s = +1.

The degenerate mobility implies that the gradient of the chemical potential yz can no
longer be controlled in some LP space. Thus, we reformulate the definition of the weak
solution so that u does not appear (cf. [I8, Thm. 1]).

Definition 2.2. We call a pair (¢,0) a weak solution to (L2)-(L3) on [0,T] if
¢, 0€L>(0,T;H)nL*0,T;V)nHY0,T; V"),
with ¢ € L= (Qr), |p(x,t)| <1 a.e. in Qr,

such that for a.e. t€(0,T) and €V,

0= (@1, Qv + (m(p) (A" () + Ba)Ve, V()
+ (m(¢)(BpVa-BV(J *¢) - xVa),V()

—(P(e)((1+x)o +x(1 - ) - AV'(¢) - Bap + BJ * ¢),(), (2.7a)
0= (o, Qv + (n() V(o +x(1-¢)), V()
+(P(e)((1+x)o +x(1 - ) - AV'(¢) - Bap + BJ * ¢),(), (2.7b)

together with ¢(0) = @ and o(0) = op.

Theorem 2.3 (Existence). Under Assumption 2.3, (A2), and (A3), there exists a weak

solution pair (p,0) to (L2) in the sense of Definition [Z2 such that ¢(0) = o, 0(0) = op
mn H.

The initial conditions are attained as equalities in H due to the continuous embedding
L*(0,T;V)n HY(0,T;V") c C°([0, T]; H).
We now state the result regarding the continuous dependence of solutions on initial data.
Assumption 2.4.
(D1) n=1, meC%([~-1,1]), and x = 0.
(D2) There exists some constants cs >0 and p € [0,1) such that
pU(s) + U5 (s) +a(x) >0 Vse(-1,1), ae. z inQ,

m(s)¥{(s) >cs Vse[-1,1].
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(D3) The nonlinearity P satisfies P, PV’ e C%1([-1,1]).

We point out that we have to exclude the effects of chemotaxis for the continuous
dependence result, as the regularity for o stated in Theorem 23] seems not to be sufficient
at handling the differences involving the term m(¢)x Vo in (2.7).

Theorem 2.4 (Continuous dependence on initial data). Let (¢;,0;)i-1,2 denote two so-
lution pairs to (L2)) in the sense of Definition[2.2 with J satisfying (A3), the potential ¥,
the mobilities m, n and nonlinearity P satisfying Assumptions[2.3 and[2]], corresponding
to initial data (po:,00,)i-1,2 satisfying (C6). Then there exists a positive constant C,
depending on A, B, a*, b, | J|w1.1, cs, p; |oillL20,1v)s and @il 120,77y such that for all
te (0,71,

ler(®) =2 [T + o1 (t) = 2O + o1 = 20720y + o1 = o2l 0 )

(2.8)
<C (||801,0 ~ 2,0

v+ oo —o20li) -

3 Non-degenerate mobility and regular potential

3.1 Existence

The proof is carried out by means of a Faedo-Galerkin approximation scheme, assuming
at first that ¢y € D(N'). The general case ¢o € H with ¥(yg) € L'(Q) can be handled by
means of a density argument and by relying on the fact that ¥ is a quadratic perturbation
of a convex function (see [9]). Let {w;} en denote the set of eigenfunctions of the operator
N introduced in (@), which forms an orthonormal basis in H and an orthogonal basis
in V. The finite dimensional subspace spanned by the first n eigenfunctions is denoted
by W,, and the projection operator to W, is denoted by 1I,,. For n € N fixed, we look for
functions of the form

n n

pn(t) = 3 ap()we,  pn(t) = an:le(t)wk, on(t) = 3 ck (t)w,

k=1 k=1

that solves the following approximating problem (with prime denoting derivatives with
respect to time)

0= (5, Q) + (m(0) Vitn, VE) = (Sn, ), (3.1a)

0= (03, C) + (n(n) V(00 + X(1 = ¢0)), VC) + (S O), (3.1b)

i =11, (A\I"(gon) + Bap, — BJ x ¢, — XUn) , (3.1c)

Sn = P(en)(on +x(1 = ¢n) = pn), (3.1d)
¢n(0) =1L (0), 0n(0) =1I,(00), (3.1e)

for every ¢ € W,,. Substituting (3.Id) into [B.Ial) and (B.ID) leads to a Cauchy problem
for a system of ordinary differential equations in the 2n unknowns ay and ¢}. Continuity
of U/, m, n and P ensures via the Cauchy-Peano theorem that there exists ¢, € (0, +o0]
such that (3.I) has a solution a™ = (af,...,ay), ¢" =(c},...,cy) on [0,t,) with a), ¢} €
C*([0,t,);R™). This in turn yields that ¢,,0, € C1([0,t,);W,), and defining u, via
(BId) yields that p,, € C*([0,t,); W,). We will now derive a number of a priori estimates,
with the symbol C denoting positive constants that may vary line to line, but do not
depend on n and T'. Positive constants that are independent on n but depend on 7' will

be denoted by Cr.



3.1.1 A priori estimates

Substituting ¢ = p, in BIal), ¢ = op + x(1 - ¢,) in BID), and testing (B.Id) with ¢/,
adding the resulting identities together leads to

B+ WmGen) Vnally + V(@) o+ x(1 - @)y
+ [V P(pn)(on + x(1 = n) = pn) |7 = 0

(3.2)

where
B B 1
Ei= [ AW(on) + Za(@)leul = Son(] * 0n) + 5 oal® + X (1 = 90) da

In the above, by the symmetry of J, we have used (suppressing the t-dependence of ¢, )

L2 [ G- on() ~ en(w))? da dy

= [) (a(@)pn(x) = (J * pn)(2)) @y, (2) da

= [ a@) en @) - en(e) (T * ) ()

Then, by Young’s inequality, Young’s inequality for convolutions and (A3l we obtain
1 B B
En= [ AU(pn) +xon(L=gn)do + Sl + 5 IVagnlh = o (0. * 00)
1 B 1
> Sloul + (Acx + a5 ) lpnl = Aer 190 = xloalr (121 + lial)

B
_E”@nHHH‘]*SDnHH (3'3)
2

X o B
T +Acy + (as —a )5) lonl? — Acy Q|

1
> nllonl - x 193 ||onH+(

> nollon|F +v0lenl - C,

where 7 =1y € (0,1/2) is fixed such that the coefficient of |¢, ||z is positive (this can be
done thanks to (2.1))). Moreover, 7y is a positive constant depending on 7. Furthermore,
by (A3]) and (AS), the initial energy is bounded:

|Bol < A (o)l 1 + (Ba™ +x*) ol + looll7r +x* 192

Notice that, since ¢ € D(N'), then we have ¢,(0) = o in D(N) c L*(f2), and hence
the sequence of |U(¢,,(0))| 1 is controlled by |[¥(¢g)|r:. Thus, integrating ([B.2]) from 0
to t, and the lower bound (3.3)) leads to

lon (O F + a1 + IV m(en) Vil 720,450,
+[vVn(en)V(on +x(1 - Son))H%Q(O,t;H) + [V P(on)(on + x(1=@n) - ILI’")H%Q(O,t;H) (3.4)
<C(1+lgol7r + ¥ (po)lr +lool)-

This estimate yields that ¢, = +oo for every n € N and thus we can extend the Galerkin
functions ¢y, fin, oy to the interval [0,+00). From the first line of (3.3) it holds that

1 . 1
[ AV(en)do < B+ Slonly + Ba el + xXlonla (1212 + onln)

1 2 * 2 1
<1Bol + 5 loulf + Ba* lenlir + xlowlr (122 + oul).
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Thus, using the boundedness of ¢,, and o, in L*(0,T; H) for 0 <T < oo, we obtain that
H\Il((pn)HL“’(O,T;LI) <C V0<T<oo. (35)

Furthermore, from (Al we see that

I (o) |7 0,5y S 3l W (@)l e o/rizny +eal@ <€ VO<T < oo (3.6)
Using Fubini’s theorem and the symmetry of J, we have the relation

(J > @n,1) = [) [) J(y—2)pn(y) dz dy = (apn, 1),
and so, upon integrating (3.1d) over Q and applying (A6), (3:4) and (B.5), we have
UQ Mnd$‘ - UQ AP (i0n) —xand:ﬂ‘ < fﬂA\\I"(son)\ + X|on| dz
< ACgH\II((pn)HLl + Acy |Q| + CHO’nHH <C.

The mean of p, is bounded uniformly in L*°(0,7") and together with the uniform bound-
edness of Vy,, in L?(0,T; H) and the Poincaré inequality, we infer that

2 2
| ptn ||L2(0,T;L2) < C”Vﬂn”m(oj;m) +CT
and so
lpnl 20y <Cr VO<T < oo. (3.7)
Multiplying ([B.Id) with —Ag,,, integrating over €2 and applying integration by parts gives

(vﬂm V‘Pn) = (VQOna BaVy, + BppVa + A\P,,((Pn)VQOn - BVJ * op — XVO'n)
= (Ven, (AU (pp) + Ba = x*)Vepn + BppVa—BV.J x 0 = XV (00 = Xn))
2 (CO _XQ)HVQOnH%{ - HVQPnHHHBQOnva - BVJ * Pn —XV(O'n + X(1 - (Pn))HH7

where we have used ([A4), and in particular, recall that ¢y > x2. By Young’s inequality for
convolutions, we have that

1
2 2 2
97 = eula <Blgallrs enVals = ( [ leal 1907« DP dr )" < blonla

and so we obtain for some positive constant C depending on B, x and b,

IVenl 2 Vonla > (Vin, Ven)
> (co = xX)IVenl = ClVenla (enlm + 1V (on+x(1=0n) ),

which in turn leads to

IVenla < CUVEnla + [enla +1V(on +x(1=¢n))lu),

and by (3.4]) we obtain

lowllz20,rv) + lenll2orvy <€ VO <T < oo. (3.8)
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Next, multiplying ([B.Id) with IL,(V'(¢,)) and integrating over Q leads to

AL (¥ (0)) 37 = (i + X0 = Bagy + BJ % 0, (¥ (00)))
< (lpn + xonlm + 20" Bl on| 1) 1T (9" (00) | 1

and by [3.7), (B.8) we see that
ITL, (9" (0 ) | 220,01y < Cry VO < T < o0, (3.9)

Similarly, multiplying (BId) with —A(IL,(V' (¢, )) € W, integrating over Q and applying
integration by parts leads to

AVIL (Y (0n) [ Fr = =(Vitn + X Vo0, VI (¥ (1))
+ B(enVa+aVe, - (VJ * @), VIL (9 (2n))).

Using the assumption a € WH* from (A3)), applying Young’s inequality for convolution
and the boundedness of {V (i, }nens {Vn tneNs {V@n fnen and {@n bnen in L2(0,T; H) leads
to

IVIL (¥ (o)) 22 0,750 < €, 0 (¥ (0n))22¢0,m5v) <Cr ¥O<T <00, (3.10)

We now deduce the estimates for the sequence of time derivatives {¢], }nen and {o], }nen.
From the boundedness of {V,}nen and {V(on + x(1 = ©p)) neny in L2(0,T; H), the
estimates for the time derivatives come from the estimates for the source term S, =

P(pn)(on + x(1 = ¢n) = ttn). Let

Qn = P(pn)(on+X(1 = @n) = pn).

Then, from (3.4)), we have boundedness of {Q, }nen in L?(0,T; H) for all 0 < T < co. Now,
take a test function ¢ € D(N') and write it as ¢ = (1 + {2, where (; € W,, and (s € W,-. We
recall that (1,(y are orthogonal in H, V, and D(N'). Then, from (B.Ial) we have

(©n, O pvy = (2ns €1 vy = =(M(0n) Vin, V1) + (S, C1),

and a similar identity follows from (B.ID]). Observe now that we have

|(Sns GO < IVPom) L@l |G e < C (14 [0nl %) 1Qnll < by

where (A7) has been used. From this last estimate, on account also of the bound of @,
in L2(0,T; H) and of (32)), there follows that we need to control the sequence of ¢, in
L71(0,T; L?), with some v > 1, in order to get the control of the sequences of ¢!, o/ in
L"(0,T; D(N™1)), with some r > 1. On the other hand, we know that ¢,, is bounded in
L>(0,T;H) n L%(0,T;V), and thanks to Gagliardo-Nirenberg inequality (I5)), we have

4
L®(0,T; H) A L2(0,T; V) c LT (0,T;L9)  for ¢ > 2. (3.11)

Therefore, we can see that, thanks to the growth condition ¢ < % in assumption (A7),
there exists v > 1 such that 3(2‘—?2) > 7vq. This provides the bound for ¢, in L79(0,7T;LY),

with some v > 1, and hence the desired bound for the sequences of time derivatives ¢!, o7,
namely

”SD;L”LT(O,T;D(N—I)) + HO-;LHLT(O7T;D(N—1)) < C for some r > 1. (3.12)

12



3.1.2 Passing to the limit

From the a priori estimates [B.4]), 31), (B.8]), (B12) and using compactness results (for
example [46], §8, Cor. 4]), we obtain for a non-relabelled subsequence and any s < 6,

©n — @ weakly* in L®(0,T;H) nL*(0,T;V) n Wb (0,T; DIN)), (3.13a)
©n — @ strongly in L*(0,T;L*) nC°([0,T]; V') and a.e. in Qr, (3.13b)
on — o weakly* in L®(0,T;H)nL*(0,T;V)n W5 (0,T; D(N YY), (3.13¢c)
on — o strongly in L*(0,T;L*) nC°([0,T]; V') and a.e. in Qr, (3.13d)
tn = p weakly in L2(0,T;V). (3.13¢)

To show that the limit functions (p,pu,0) satisfy Definition 2] we can now proceed
by means of a standard argument, which involves multiplying (8.1al) and (3.1b)) by ¢ €
C(0,T), taking ¢ € Wy, with fixed & < n, and then passing to the limit as n — oo,
taking the weak/strong convergences above, as well as the density of Ug2,; W in D(N)
into account. We omit the easy details, and we just sketch the less obvious points.

First, assumption (AJl), the a.e. convergence (B3.13hl), the application of Lebesgue
dominated convergence theorem, the weak convergence ([B.13e]), and estimate ([B.2]) imply
that

m(en)Vin = m(@)Vu weakly in L2(0,T; H).

The term involving n(-) can be handled in a similar fashion. Meanwhile, we obtain

from (BI0), that
I, (' (0n)) = & weakly in L?(0,T;V),

for some ¢ € L2(0,T;V). To identify ¢ with ¥'(p), we first note that by the continuity
of U and the a.e. convergence of ¢, to ¢ in Qp, it holds that ¥'(y, ) converges a.e. to
U'(¢) in Qp. Then, thanks to (3.6]) we have that

V' (¢n) = ¥'(p) weakly* in L= (0,T;L*) for z € (1,2],

where we used the fact that the weak limit and the pointwise limit must coincide. Using
¢ € Wy, and hence ¢ =1I1,,(¢), for all n >k, we obtain

T T
dim [ (0 (p0),00)dt = lim [ (W (), 0T8,(C))

T [ ), 500 d = [ (€60

As far as the source terms are concerned, we first see that

T
| @0 a

©n = @ strongly in LY(Qr). (3.14)
This immediately follows from ([B.I3al), (3.13h) and the from the embedding
L=(0, 73 H) n L*(0,T:V) € L (Qr).

which follows from Gagliardo-Nirenberg inequality (recall also that ¢ < %) Then, (B.14),
assumption (A7) and the generalized Lebesgue dominated convergence theorem entail the
strong convergence

VP(#n) = /P() strongly in L*(Qr). (3.15)
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Next, we see also that

VP(en) (o +X(1=n) = pin) = /P(p) (0 + x(1 - ¢) - p) weakly in L*(Qr). (3.16)

Indeed, the weak convergence of o, + x(1 = ©n) — pin to o + x(1 = ¢) — p in L2(Q7),
together with the strong convergence (B.15) imply that the weak convergence (B.16]) holds
in L'(Qr) and, by 32), also in L?(Qr). Moreover, from the last two convergences we

obtain P(wn)(on + X(1=©n) = pin) = P(p) (o + x(1 = ) — ) weakly in L'(Qr), which is
enough to pass to the limit in the source terms. Finally, we can also prove that the initial
conditions ¢(0) = o and ¢(0) = o are satisfied. Since the argument is standard, we omit
the details.

Energy inequality. In order to prove (23] we can argue as follows. We integrate (B.2])
between 0 and ¢, then multiply the resulting identity by an arbitrary w € D(0,t), with
w > 0. By integrating this second identity again in time between 0 and ¢, we get

[0 E.(s)w(s)ds
o o) ( [TIVmG b+ Vel ion s x(-g)lhdr) ds (317)
o [ ols) [TIVPGDon X1 0) - )y drds = B (0) [ (s ds.

We now pass to the limit as n - oo in this identity. On the left-hand side we use the weak

convergences in L?(Qr) of \/m(©n) Vi to \/m(0)Vu, and of \/n(vn)V(on + x(1 - ¢n))

to \/n(p)V(c + x(1 - ¢)), BI0), the weak/strong convergences above for ¢,,o,, the
lower semicontinuity of the norm and Fatou’s lemma. On the right-hand side we use

that fact that, since ¢y € D(N), then ¢,(0) - o in L and hence we have FE,(0) =
E(¢r(0),0,(0)) > E(0) = E(po,00). After passing to the limit, from (BI7]) we therefore
obtain the corresponding inequality for the solution pair (¢,0), which holds for every
w e D(0,t), with w > 0, and which then yields (2.3]).

3.2 Improved temporal regularity and energy identity

Suppose (A7) is satisfied with ¢ < %, then we have
(S, O < [P(en)l g lon +Xx(1=@n) = pnl o€l 2o

<CIPen)l 3 llon+x(1=¢n) = pnlrs[Cllv-

Furthermore,
[P(en)l, 5 < C(1+]enlf), (3.18)

which in turn implies that {P(®p)}nen is bounded uniformly in L (O,T;L%) by (B.4).
This yields that {Sy}neny = {P(¢n)(on + X(1 = ©n) = pin) fnen is bounded uniformly in
L?(0,T; V') and consequently

lenllzorvy + lonlnzorvny €C VO<T < co. (3.19)

Passing to the limit n — oo involves the same argument in Section B.1.2] but we now have
w,01 € L2(0,T;V"). Furthermore, as u,0,¥'(¢) € L2(0,T;V), we obtain, by a similar
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argument to [I8, Proof of Lem. 2(a)],

d B B
(ol = o [ AU(e) + Sa@) |l - S @) do — Xl o)y
d 1
= | SloP +xo(1=@)dz = (or.0+ X(1= @)y + (pr,—x)v-.

Then, upon adding with the equalities resulting from substituting ¢ = p in (22al) and
¢ =o+x(1-¢) in (2.2D]), we obtain an analogous identity to ([8.2)) for (¢, o). By integrating
in time between 0 and ¢ we deduce the energy identity, namely (2.3]) holds as an equality
for all ¢ > 0.

3.3 Continuous dependence with constant mobilities

For two weak solutions (¢;,0;)i-1,2 to (L2)) corresponding to initial data (g, 00,)i-1,2
satisfying the hypothesis of Theorem 2.2] we define

Q=1 -, 0=01-02,
pi=puy — po = AU (p1) — AV (p2) + Bayp - BJ * ¢ - X0,

which by Theorem 2.1] satisfy

0,0 € L2(0,T;V)n H'(0,T;V')n L*(0,T; H), pelL?(0,T;V),

and
(o1, Qv + (Vi VO) + (1, €) (3.20a)
= ((P(p1) = P(p2)) (02 + x(1 = @2) = p2),¢) + (P(p1)(0 = xp = 1), ¢) + (1, ),
(o1, 0)v + (V(0 = x¢), V§) + (0 = X, D) (3.20b)

==((P(¢1) = P(p2)) (02 + x(1 = p2) = p2),¢) = (P(p1)(0 = xp — 1), ) + (0 = xp, 8),

for all ¢,¢ € V. Since ¢, 04 € L2(0,T;V"), we insert ¢ = N '¢ and ¢ = N~'o and employ
the relations (7)), which upon adding leads to

1d
57 (el +loli) + (. 9) + ol - (xe, )

=(ZNo-N"o)+ (uN o)+ (0 -xo.Nlo) =11 + I + I3,

(3.21)

where

Z = (P(p1) = P(92)) (02 + X(1 = 92) = p2) + P(p1)(0 = xp — j1)-

Using the definition of p = 11 — 9, the Mean value theorem applied to ¥/, (A4]), Young’s
inequality for convolution, Holder’s inequality, we see that

(= x0,9) = (AP (p1) = V'(p2)) + Bap - BJ » ¢ - 2x0, ¢)
> collpl|F = BIN(J * ), N o)y = 2x|lo ||l ]l m
> collolzr = BIN (I * @)vellellve = 2xllo | ol
> collol3 = BY* |l llelv: - 2xlolulela
B2 b*? ) X2
™ HQDHV’_M

2 2
21|z - lolr
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where b* := a* +b and 7 € (0,¢/2) is to be fixed. We now insert this last estimate into
B2I) and, owing to the condition ¢y > x?, we can fix n = 79 small enough such that
80 :=1-x2/(co —2n0) > 0. Therefore, we obtain

2742
el (3.22)

d 2 2 2 2
— (el + o) +moll el +dollolzy < Iy + Io + I3 +

N

yQ
The right-hand sides I1, I and I3 can be estimated as follows: Using (L), it holds that

-1 2
I3[ < (lellv + xlelv) INalv < el + xlelvlolv:. (3.23)

The estimates for I; and I» will require an estimate for |ully7. We first note that for every
¢ €V we have

[(ap, O = (0, aQ)| < el vrlaclv < b [l <]y, (3.24)
[(Jx0, Ol = (e, T = Ol < llellve ]l T = Cllv < b pllv [ Cllv, (3.25)

which yield |ap|yv: <b*|¢|v: and |J * ¢y < b*||p|y. From (B3), it holds that
19 (p1) = @' (2)ll Jg < C (1 + lonlsr + lip2lsr ) ol

and so, with the continuous embedding L% ¢ V' we have that

(V' (1) = ' (02). NN < [ (1) = ¥ (02) [ IN T f v

. ; (3.26)
<CO(1+]eilpar +lo2lpa) lelml flv.
Using (A3), we find that
lulv: < AC (L +o1lar + o207 ) @l + 26" Bllolv: + xlolv. (3.27)
Immediately, we have
* 2
|I2] < AC (1 + 1l 7ar + 0207 ) el lollv + 20" Bloly + xlolv-lelv: (3.28)

o
<C (1 lerlzor + le2lzor) el + el + C (Il + o).
By ([B2), P is non-negative, bounded and Lipschitz continuous, and so

1L < | P(e1) = P(g2) | mlloa + X (1= @2) = pa]| 13 |N " o =N | 6
+Clo-xp-plv N o-No|y
<Cleluloz+x(1 = w2) = pallv (lelv: + lofv)
+C((x+ Dlollve+ 20" B+x)|elv:) (elv: + lofv) (3.29)
+ AC (1 + a7 + l2lzsr) Il e (ol + olv)
<C(1+]oa+x(1=02) = pali + ler 75 + 02075 ) (leli + lo[3)

7o 2
+ — .
Rlel

By Young’s inequality, upon substituting (3.23)), (828), (3.29) into (3.:22)) we obtain
d
— (lelvr + lolv) + molelzr + 280l o
<C(1+ el + Izl Tar + oz +x(1 = 02) = p2l3) (Il + I l3)

=X ([eli + loli).-
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Now, the prefactor X for (|¢|?, +[o|?,) on the right-hand side belongs to L'(0,T),

provided r < 4/3.

Indeed, employing (BI1]) (take ¢ = 3r) we have 1,3 € L33 (0,T; L")

and % > 2r for r < 4/3. The continuous dependence estimate (2.8) then follows from
Gronwall’s lemma. If 7 < 2, then from (3.27) we have

s 3

¢ 2 t 2r 2r 2 2 2
[ Ilds <c [ (14 leulEe + leal3e) el ds +C (el + ol 0n)

IN

C (1 DY so@-%L(O,T;m) 19132 0,0y *+ C (101320, * 1320,

i=1,2

<C (I + o (0)[F-).

4 Degenerate mobility and singular potential

4.1 Existence

For € > 0, we consider the approximate problem (P.) given by

@e,p = div (me () Vie) + Pe(pe)(0e + x(1 - @e) — i) in Qr,
pe = AV (o) + Bap: = BJ * ¢ — X0 in Qr, (Pe)
Oct = div (n(@a)v(aa + X(1 - ‘108))) - PE(@&)(UE +X(1 - ‘Pe) - ,U'e) in Qr,

with Neumann boundary conditions on 9 x (0,7") and initial conditions ¢-(0) = g,
0:(0) = 09, which is obtained by replacing the singular potential ¥ with a regular potential
U, =V, +WVsy, and the degenerate mobility m by a non-degenerate mobility m,. given by

me(s) =

\1’1,5(8) =

\112,5(3) =

m(l-¢) for s>1-¢,

m(s) for |s|<1-¢, (4.1a)
m(-1+e) fors<-1+¢g,

Ui(1-e)+¥i(1-e)(s-(1-¢))
+%\I’,1,(1—€)(S—(1—8))2+%(S—(1—€))3 for s>1-¢,

Uy(s) for |s|<1-e¢, (4.1b)
Ui(-1+e)+ Vi (-1+e)(s-(e-1))

33U (-14e)(s—(e-1))2+1[s-(e-1) fors<-l+e

Uy(l-e)+T4(1-2e)(s-(1-¢))

+2W(1-e)(s- (1-¢))? for s>1-¢,

Us(s) for |s|<1-e¢, (4.1c)
Uy(-1+e)+Uh(-1+e)(s-(e-1))

+AW(-1+e)(s - (e -1))? for s<-1+e.

Note that W, . is a slightly different variant to the approximation employed in [I§].
By (C4) and (4Ial), it holds that m,. satisfies (Al for positive e. We introduce the
approximate entropy function M, € C%(R) by

mo(s)ML'(s) =1, M.(0) = M1(0) =0, (4.2)
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and the approximate nonlinearity P. € CY(R) by

P(1-¢) for s>1-¢,
P.(s) =1 P(s) for |s|<1-e¢, (4.3)
P(-1+¢) fors<-l+e.

In the following, we will derive some properties for the approximating functions V., M.,
and P., and also some a priori estimates for {ye, ie, 0.} that are uniform in e. For the
rest of this section, the symbol C' denotes positive constants that may vary line by line
but are independent of ¢.

4.1.1 Properties of the approximate functions

The approximate potential. We now show that under Assumption 2.3] the approxi-

mation U, = Uy .+ Wy satisfies (Ad)), (AF), (A6) from AssumptionZIl From (C3)), (4.1L)
and (4.Id) we observe that

AU (s) + Ba(x) for |s|<1-¢,
AV (s) + Ba(x) = | AV"(1~¢) + Ba(z) + (s —1+¢) fors>1-¢, (4.4)
A\I’”(_l +6)+BG($)+|S_€+1| for s<-1+¢ .

>cp VseR, ae xef,

which implies that W, satisfies (A4)) for all € > 0. Furthermore, (C3) immediately gives a
lower bound for ¥"":

1
U"(s)> = (co - Bla| =) =k Vse(-1,1).
A

Then, we deduce from (41D and ([@Id), and applying Young’s inequality, that there exists
two constants k1 > 0, ko € R, independent of €, such that

U (s)>ky|s]®—ky VseR.
By Young’s inequality with Holder exponents, we observe that
U (s) 2 ki |s]’ — ke > ca|s|* = Cca k1, ko) Vs eR,

where we can take the constant co such that (2I)) is satisfied. Therefore, (AB]) is also
satisfied for all € > 0. Meanwhile, by the definitions (4.1Dl), (@Ic), ¥, has cubic growth
for fixed e > 0 and thus (A6) is satisfied with z = 2.

Uniform bounds on the initial energy. We now establish that W.(yg) is bounded
in L1() independent of ¢, see also [24, Proof of Thm. 2] and [20, Proof of Lem. 4]. By
Taylor’s theorem, for e € (0,£¢], where g¢ is the constant in (C2]), we have, for 1-e<s<1

Wi(s) = Wy (1-2) + Wi (1-e)(s = (1-2)) + S0 (E)(s - (1)),

where £ € (1-¢,s). Then, condition (C2)) implies that ¥"'(&s) > U"’(1-¢) and so ¥y .(s) -
(s —(1-¢))3/6 < ¥i(s). We argue in a similar fashion for -1 < s < -1 + . Since
Ui(s) =Wq.(s) for |s| <1-¢, we get the bound

Uy (s) <Wi(s) + %ﬁ Vse(-1,1), Vee(0,e0]. (4.5)
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On the other hand, using W9 € C?([~1,1]) and a similar argument involving Taylor’s
theorem, there exist constants L1, Lo > 0 such that

Wo (s)| < Li|s]*+Ly VseR, Vee(0,e] (4.6)
Then, by (C6l), ([£35]) and (6] it holds that
-/Q\Ifg(gpo)dx < _/Q\Ifl(goo)dx £ Lifgol% +C < oo Vee(0,e0]. (4.7)

The approximate entropy function. From the definitions (4.Ial) and (£.2)), we obtain

M(1-g)+M'(1-e)(s-(1-€))+5M"(1-¢e)(s-(1-¢))* fors>1-¢,
M.(s) =4 M(s) for |s|<1-e¢,
M(e-1)+M'(e-1)(s-(e-1))+iM"(e-1)(s - (¢ -1))? for s<-1l+e.

Assumption (C4) yields that m is non increasing in [1 — £¢,1] and non-decreasing in
[-1,-1+¢&p]. This implies that M" = E is non-decreasing in [1—-¢¢, 1) and non-increasing
in (-1,-1+¢9]. We refer the reader to [5, §3.4], [I8, Proof of Lem. 2 c¢)] and [24], Proof of
Thm. 2] for the proof of the following bounds:

Mc(s) < M(s), |M(s)|<|M'(s)| Vse(-1,1) Vee(0,e0], (4.8)
/Q(Isoel - 1)} dz <2max(m(-1+¢),m(1-2))| M ()| (4.9)

By (&3), for any initial data g satisfying (CGl), we have

fQME(@O)dx < _/QM(goo)d:U < o0, (4.10)

The approximate nonlinearity. From (£3]) and the expression for M. above, we
obtain

VP(1-e)M'(1-¢)+ lezgls (s-(1-¢)) for s>1-¢,

VP-(s)M.(s) ={\/P(s)M'(s) for |s|]<1-¢, (4.11)
VP M (-1 +6) + G (5— (e -1))  for s<-1+e.

We now use (C4) and (CH) to estimate the function /P(s)M'(s). For any s € [1-¢q,1),
it holds that

VP(s)M'(s)| -

1- ] \/ P
VP(s) (fo o 1 dr+f1 ! dT‘)‘SC-‘r (S)|s—1+60|

m(r) —e0 m(r) m(s)

<erls|+C.

A similar estimate holds for any s € (-1,-1+¢g], and for |s| <1 -¢g we have

|\/WM (s)| P(s) max(/ol_m#dr,[ —dT)SC,

m(r) ~1+e0 m(T)

0

thanks to the fact that P € C°([-1,1]) and m(s) > 0 for all |s| < 1 -&y. Hence, by the
explicit form in (£IT]) and (CH)) there exists a positive constant C' such that

VP-()ML(s)| < erls| +C Vs eR, Wee(0,5)]. (4.12)
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4.1.2 Uniform estimates
By Theorem 2] for fixed € € (0,20 ], there exists a pair (¢¢,0¢) such that
0,00 € L2(0,T; H) n L*(0,T; V) n H (0, T; V"),
which satisfies (Z2]) with m. and ¥, and
pie = AVL(¢:) + Ba . = BJ % ¢; = x0-. (4.13)

Furthermore, the pair (¢g,0c) satisfies the energy inequality (23] and we then deduce
that there exists a positive constant C, independent of € such that, for all ¢ € [0,7],

loc(O)1F + =) 77 + |V me () Vi 720 1)
+ H V n(pe)V(oe - X‘Pe)H%%Qt;H) + H V P.(pe)(oe +x(1 - ¢c) - Me)”%%o,t;]{) (4'14)

< Ec(po,00) < C(1 +lpolF + 1 (wo) o1 + HUOH%{)a

where E; is given by (2.4]) with ¥ replaced with ¥,, and (£.7)) has been taken into account.
This immediately yields the following uniform estimates with respect to e:

le e o,7501) + e || Lo 0,7501) < Cs (4.15a)

IV me(we) Vel 20,00y < C, (4.15b)

V(e +x(1 = @) z20,1:m) < C, (4.15¢)

IV Pe(pe) (0= + x(1 = pe) = pe) | 20,7501y < C- (4.15d)

Recalling the approximate entropy function M, from [@2]), since M. € C*(R) and M/ is
bounded on R, then we immediately see that o, € L?(0,T; V') implies M.(p.) € L?(0,T; V).
Since . ¢ € L?(0,T; V') we find from testing the equation for . with M/(¢.) the following
identity:

d
%LME(SDE)(LT +Am€(¢€)Mé’(@s)vM5'vwgdx

= fQPs(SDs)(JE + X(l - 906) - NE)MEI(SDE) dx.

Using m-M!" =1 and applying the relation to Ve, we have
€ H

d
EfQMe(%)dx +fQ(Ba+A\Il;’(gp€))|v%|2 dx
= ﬂzMé(@a)Pe(@a)(Ug+X(1—gp€)_u6)dx (416)
+/Q(BVJ*% £ XV (0 = Xp:) = BpeVa) - Ve + X2 Vel da =2 Ky + K.

By Young’s inequality for convolution, Holder’s inequality and Young’s inequality we see

that . .
| [ Kadt| <258 [ foulul Vel + 31w

t
+ [ V(e x (= eV | at (4.17)

co = X° 2 2
<C+ 5 X IVeoelT2 0,0
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and

t
‘fo Ky dt‘ <V Pe(pe) (0 +x (1= p2) _UE)HLQ(O,t;H) ”Mé(@e)\/ PE(SDE)”LQ(O,t;H)
SCHMa,((Pa)\/PE(QOE)HLQ(O,t;H)-

Thus, upon integrating (LI6]) over [0,¢] for ¢ € (0,7], and applying (£4), (@II7) and
(4.18]), we obtain

(4.18)

2
Co— X 2
5 IVeelzeo,um)

JRIECEOIEE
< [ Me(oo)dw + CIML (oI P(o) | 2o iy + O

The first term on the right-hand side is bounded uniformly in € by (£10). Moreover, ([{I12])
together with (4.I5al) entail that also the second term on the right-hand side of (4.19)) is
bounded uniformly in e. From (C3) we have ¢y > x?, and thus, together with @Ihd), we
obtain the following uniform estimate

(4.19)

HMa(%)HLw(o,T;Ll) + HV%HB(O,T;H) + HV%HB(QT;H) <C. (4.20)

For estimates on the time derivative ¢, ;, we start with the variational formulation for the
equation of p., and applying Holder’s inequality, definition (£3]), (C3l) and the fact that
me is bounded above uniformly in ¢, leads to

|<Q06,t, <>V| < H\/ms(@e)”ﬂ’" ||\/m€(SD€)VUEHH”v<HH
+ [VP-(po) (00 +x(1 = 02) = 1) 1 IV Pe(p2) | 19 € o
< C(INme(pe) Vel o + IV Pe(0e) (0= + x(1 =) = )| ) ¢ v

for all ¢ € V. Integrating in time and on account of (AI5al), (4I5D]), (4.15d]), we obtain

L£2(0,T;v") < C. (4.21)

A similar argument, using (4.I5c) and the boundedness of the mobility n(-) yields

HSDe,t

loe.tl L2, < C. (4.22)

4.1.3 Passing to the limit

From the a priori estimates ({I5al), (£15D), {I5d), (415d), (420), (#E21), [E22) and

using compactness results, we obtain for a relabelled subsequence and any s < 6,

@, = ¢ weakly* in L=(0,T;H)n L*(0,T;V)n HY(0,T:V"), (4.23a)
@ — ¢ strongly in L?(0,T;L*) nC°([0,T]; V') and a.e. in Qr, (4.23b)
0. — o weakly* in L=(0,T;H)nL*0,T;V)nHY0,T;V"), (4.23c)
0. — o strongly in L*(0,T;L°) nC°([0,T]; V') and a.e. in Qr, (4.23d)

By (49), (£20), the generalized Lebesgue dominated convergence theorem, and the
fact that m(+1F¢) - 0 as € - 0, it holds that

[Q(—cp(t)—l)zdx -0, [Q(cp(t)—l)zdx —0 forae. te(0,T),
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which yields that |p(z,t)] <1 for a.e. (x,t) € Q7. We now multiply the weak formulation
of (Pc) by d € C°(0,T") and integrate over [0,7'], leading to

0:fOTa((%,t,C)v+fQAmg(%)\Ié’(cpa)we.v<+Bm€(%)aW5.VCdx) dt (4.242)
+fOTfQ&ne(%)(Bgogw-vg—B(vJ*%).W_Wae,vc) de dt
_fOTf§26P€(SD€)((1+X)J€+X(1_806)_A\I';(Sps)_BaSDs'FBJ*gOe)Cdx dt,

0= f0T5 ((%u()v + fﬂn(sos)v(ae - xpe) - V¢ dx) dt (4.24D)

T
+f0 fQ5Pe(<Pe)((Hx)aa+x(1—<pe)—A‘Pé(wa)—Bawa+BJ*%)Cdﬂc dt,

for ( € V and we aim to pass to the limit € - 0. As the argument for the terms involving
the time derivatives, the gradient terms and terms involving J in (£24]) are standard, we
will focus on the non-trivial terms involving m. ()P (p.) and P.(p:)PL(p:).

To pass to the limit in [, dAm: (@)W (pe) Ve - VQda dt, it suffices to show that
dme ()WY (p.)V( converges strongly to dm(p)¥”(¢)V¢ in L2(0,T; H). To achieve this
we assume that the test function ¢ belongs to the space D(N'), which is dense in V (see
[30, Lem. 3.1]), and then apply a density argument.

Due to the condition m¥"” € C°([~1,1]) and the a.e. convergence . — ¢ in Qr, we
observe that (see, e.g., [18])

me (<), (pe) > m(9)¥"(p) ae. in Qr. (4.25)

Moreover,

Ime(s) L (s)] < [mU” | poo o117y + ML =€) (5 = (1= €))X[1-¢,00) (5)

(4.26)
+m(-1+e)|s = (=1 +&)| X(-oo,-14¢](5)

where y g denotes the characteristic function of a set £ c R. Then, from (£23al) and the
embedding L*(0,T;H) n L*(0,T;V) ¢ L"(Qr) for r =4 if d = 2 and for r = 2 if d = 3,
we have boundedness of ¢, in L"(Q7). Using the fact that m(x1F¢) - 0 as ¢ — 0,
by the generalized Lebesgue dominated convergence theorem from (4.26]) we deduce that
(MmUY (g2) = (m¥")(p) strongly in L™(Q7). Since §V¢ € L(Q7), we infer the required
strong convergence dm.(¢:) ¥ (¢-)V¢ = m(p)¥” (¢)V¢ in L?(0,T; H).

It remains to pass to the limit in |, 0y 0P=(p=) ¥ (= )( dz dt, and it suffices to show that
P.(¢:)V. () converges strongly to P(¢)¥'(¢) in L*(Qr) for some s > 1. By definition

of P. and V. from (4.1D)), (AId) and (43)), and also recalling (CH), we have (for y=1-¢)

|P-(s)WL(s)| <3| P’ oo (o1,1) +

PP ()(s - 1) + 5 P0)( = 1)° | xy00(9)

Py)" (-9) (s + ) + 5 P9) 5+ 9] X e o) 5)

<3| P | peo-1,1) + Cm@) ¥ ()] Im(y) (s = 1) X[y,00) (5) (4.27)
+C[P(y) (5= y)*| X[y,00) (5)
+C (|m(=)®" (=p)| Im(=y) (s + y)| + [ P(=y) |5 + Y*]) X (-o0,—y1(5)

<3| P’ | poe((_1.17) + Cmax (m(£1 7€), P(x1 % ¢)) (1 +]s*),

+

where we used that [m(y) 0" (y)| < |m¥”| Lo ((-1,17) by (C4).
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Moreover, due to the condition P¥’ € C°([~1,1]) and the a.e. convergence of . to ¢
in Qp, we have analogously to (4.25))

Pa(ﬁpe)\ll;(@e) - P(‘P)\I},(QP) a.e. in Qr.

Then, arguing as in the treatment of the term m.VU”, and using again the fact that

m(+xlF¢e) - 0 as € —» 0, and the bound for ¢, in L"(Qr) (with r given as above), from
(4.27)), by the generalized Lebesgue dominated convergence theorem, we get

Po(ip=) VL) = P()¥' (i) strongly in L3 (Qr).
Thus, passing to the limit € - 0 in (4.24) leads to (2.7).

4.2 Continuous dependence on initial data

We follow the ideas in the proof of [36, Thm. 4.1], see also [24] Proof of Prop. 4] and [21],
Proof of Thm. 4]. We define

(s):= -/Osm(r) dr, and A(z,s) := fosm(r)\lf"(r) dr +a(x)T'(s).

Then, in the case x = 0, we can express the first equation of the weak formulation (27)) as
follows:

0= {1, Qv + (VA(, ¢), V() = (D(p)Va, V) + (m(p)(pVa - VJ * ), V()
—((P(p)(0 = A¥'(p) - Bap + BJ > ¢), ().

For any two weak solution pairs (y;,;);=1,2 corresponding to initial data (g, 00,)i-1,2
satisfying the hypothesis of Theorem 24 let ¢ := ¢1 — w9 and o := 01 — 09 denote their
difference. Then, it holds that ¢ and o satisfy
0= (pt, Qv + (VA(, 91) = A5 92)), V) = ((T(ep1) —T'(p2)) Va, V()
+ ((m(p1) —m(p2))(p1Va - VJ x 1), V() + (m(p2)(pVa - VJ x ), V()

—((P1) - P(92)) (01 - Bags + BJ +1).€) - (P(2)(0 — Bag+ BI 5 9),¢) o)
+ A(P(p1)P'(¢1) = P(02) V' (92),¢),
and
0= (00, C)y + (V0,VC) - A(P(p1) ¥ (1) - P(2) ¥ (122), ) )

+((P(p1) = P(p2))(01 = Bapr + BJ * ¢1),() + (P(p2)(0 - Bap + BJ * ¢),().

for all ( € V. To simplify the subsequent computations, we first analyse the term involving

P. By the fact that |po| <1 a.e. in Qp and hence P(y2) is uniformly bounded a.e. in Qr,

and thanks also to the Lipschitz continuity of P and to (8.24]), (3.:25]), we obtain
|(P(@2)(0 = Bag + BJ » ¢),()| < |lo = Bap + BJ * ¢y P(e2)C v

<C(|afv:+20" Blelv )1+ [V DICI by -

Next, using the Lipschitz continuity of P, Young’s inequality for convolutions, and as-
sumption ([A3]), we obtain

I(P(¢1) = P(p2))(01 = Bapy + BJ * ¢1)|vr

(4.30)

= sup | [ (P(¢1) = P(¢2))(01 - Bags + B+ p1)nda

neV,nly=117$ (4.31)
< sup  Clefulor - Bapy+ BJ * o1 3] zs

neVilnly=1

<Clela (L +lorfrs +leilrs) -
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This in turn implies that

[((P(1) = P(p2))(01 = Bag1 + BJ % ¢1),0)

(4.32)
<Clela A+ lorfrs +lerlrs) [<]v-

Using the property P¥’ € C%1([~1,1]) and by a similar calculation to (&31]) we obtain

|P(01)® (¢1) = P(02)¥' (02) v < Cle|

and thus,
[ACP(01) ¥ (01) = P2) ¥ (2), )| < Cllpl €] v- (4.33)
We now turn our attention to the other terms in (£.28]). By the boundedness and Lipschitz

continuity of m, Holder’s inequality, Young’s inequality for convolution, Young’s inequality
and the fact that |p;| <1 for ¢ = 1,2, we find that

[(P(p1) = T(p2)Va, VOI < Cllof [ VE] (4.34)

(M (1) = m(p2))(2Va—VJ * 92), V)| < Clola|VE] , (4.35)
[(m(e2)(¢Va-VJ * ), VO < Cle)u VS|, (4.36)

where the constant C' depends on |m| e ([-1,1]), on the Lipschitz constant of m in [-1,1]

(cf. (DI)), and on b (cf. [A3)). Furthermore, by the property m¥" e C°([-1,1]), it holds

that
(M) = A2, Ol 1@ (e0) ~T(e2)). Ol | [, [ m(r) ey dr

<a*[m g1,y el ISl + 1m®” | oo -1 lol 1€ =
<Clelwlclv

Then, upon adding the identities obtained from substituting ¢ = N 'y in ([#28) and
¢ =N"1lo in @Z9), using (L7) and adding the term

(A(’ gp) - A(’ @2)’-/\/’71%0) + (U’Nilo-)

to both sides of the equality, we obtain after applying (d30), (£32)), (£33), (4.34), (435),
([@36), and the estimate [N f[y < | f|lv from (1),

1d
S (el + Io1) + (ACon) ~ AG 22, 0) + Lol

<(AGp) = AGp2) N ) + (0, N o) (4.38)
+C (lollv+lelv) A+ [Vee|a) (lela + o)
+C (L+ o]z + [erlee) (elv + lolve) el a-

From substituting ¢ = N1y into [@37) and also recalling (3.23)), we have that

[(AC, @) = A, 02), N 7o) + (0. N THo) < Cllelm v + ol
Moreover, on account of (D2)) we find that

(A1) = A(502),0)
= (L me = w )+ i) + W) + 0@ dr ) oda
> (1—p)_[Q(fg:lm(r)\ll'l'(r)dr)godx
=) [ ([ )@+ (-0 a0) o d > (- peslol

(4.37)

(4.39)
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Altogether, from ([A38), (£39]) and by using Young’s inequality we are led to the following
differential inequality

d

— (lelvr + lolv) + (1= peslelzr + ol

<C(1+]onlzs + lerlzs + 19e2li) (lelo + loli)-

As the prefactor (1 + |o1[35 + [¢1]3s + [ Ve2||7;) belongs to L'(0,T), the application of
Gronwall’s inequality yields (2.8]).
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