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Abstract

We consider an evolutionary PDE system coupling the Cahn-Hilliard equation with singular
potential, mass source and transport effects, to a Brinkman-type relation for the macroscopic
velocity field and to a further equation describing the evolution of the concentration of a chemical
substance affecting the phase separation process. The main application we have in mind refers
to tumor growth models: in particular, the equation for the chemical prescribes that such a sub-
stance tends to migrate towards the regions where the tumor cells are more dense and consume it
more actively. The cross-diffusion effects characterizing the system are similar to those occurring
in the Keller-Segel model for chemotaxis. There is, however, a profound difference between the
two settings: actually, the Cahn-Hilliard system prescribes a fourth-order dynamics with respect
to space variables, whereas most models for chemotaxis are of the second order in space. This
fact has a number of specific consequences regarding regularity properties of solutions and condi-
tions ensuring existence. Our main results are devoted to proving existence of weak solutions in
the case when the chemotactic sensitivity function depends nonlinearly on the chemical species
concentration, and, more precisely, has a slow growth at infinity so to avoid finite-time blowup.
We also analyze the asymptotic problem obtained by letting the viscosity go to zero so to get a
Darcy flow regime in the limit.
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1 Introduction

Letting Q € RY, d € {2,3}, be a smooth bounded domain of boundary T, we consider the following
PDE system in Q x (0,7), T > 0 being an arbitrary, but otherwise fixed, final time of the evolution
process:

pr+u- Vo —Ap=hio,¢) - Lle,
p=—Ap+ f(p) = Xo,

ot +u-Vo— Ao+ Xdiv(a(o)Ve) = b(o, ),
—ediv(Du) + u = Vr + uVe — XpVo,

divu = 0.
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Relations (II)-([T2) constitute a suitable form of the Cahn-Hilliard-Oono system [25] [26] for the order
parameter ¢, where the right-hand side of (1) plays the role of a mass source decomposed as the
sum of a (dominating) linear part —¢y, where £ > 0 is a given constant, and a nonlinear perturba-
tion h(o, ). Convection effects are considered, with the macroscopic flow velocity u satisfying, in
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an incompressible regime, the Brinkman-type relation (4], = denoting the pressure. In (C4]), the
expression Du stands for the symmetrized gradient of w, with the last two terms on the right-hand
side playing the role of Korteweg forces whose specific expression guarantees the validity of the energy
balance law. We assume, in principle, e > 0, but (in the spirit, e.g., of [22]), we will also study the
behavior as € \, 0 corresponding to a Darcy regime in the limit.

The nonlinear function f is assumed as the derivative (or, more precisely, the subdifferential)
of a logarithmic potential F' of Flory-Huggins type, whose expression reads

F(r)=(1+r)log(1+7)+ (1 —r)log(l —7) — %72, re[-1,1, A>0. (1.6)
In particular, as is customary for phase-separation models, the order parameter is normalized so that
the pure configurations are represented by ¢ = +1; correspondingly, the minima of F' are attained in
proximity of these states, and they are deeper for larger \.

The main application we have in mind for system (.])- (3] refers to tumor growth processes;
in this setting ¢ may represent the local proportion of active cancer cells; hence the right-hand side
of (L)) drives the evolution of the total tumor mass. Indeed, assuming suitable boundary conditions
(and, in particular, no-flux boundary conditions for the chemical potential i, which acts as an auxiliary
variable), the mass evolution law is obtained by integrating (II]) over €. This process is influenced by
the additional variable o, which represents the concentration of a chemical substance, like a nutrient
or a drug. As in related models, o is assumed to satisfy the second order evolutionary equation
([L3), whose specific formulation can be considered as the main novelty of the present contribution,
so deserving some words of explanation.

First of all, we point out that tumor growth models based on the Cahn-Hilliard “diffuse-
interface” description are becoming increasingly popular among the scientific community: for mathe-
matical results and a more extensive physical background we may quote, with no claim of exhaustivity,
the recent papers [8] [12] 13} (14} [15] 19, B7], the monograph [7], and the references therein. In most of
the quoted works, actually, a different expression for the nutrient equation is assumed, which may be
written, in the simplest case, as

or — Ao + XAp = b(o, p). (1.7)

Here, for the sake of clarity, we have taken constant mobility coefficients and omitted the transport
effects described by the macroscopic velocity. Both in (7)) and in (I3]), the coefficient X > 0 can
be interpreted as a transport parameter which drives the cells in the direction of the regions where o
takes larger values, basically providing a chemotactic response of the cells with respect to the nutrient,
an effect which is observed in real world situations. The main difference between (1) and (I3) lies
in the expression of the cross-diffusion term, which in (7)) depends linearly on . This, in particular,
implies that o may not satisfy a minimum principle, even in the case when the right-hand side source
term b(o, @) is properly designed (i.e. it satisfies suitable sign and growth conditions).

Since the nonnegativity of ¢ is an expected property as o plays the role of a concentration, it
was proposed in [27] to replace (1) with

ot — Ao + X div(eVe) = b(o, ). (1.8)

Actually, such an expression preserves the nonnegativity of o and is reminiscent of the Keller-Segel
model for chemotaxis, so providing a new type of coupling between the Cahn-Hilliard equation and a
Keller-Segel-like relation (we observe that a different connection between the two models was analyzed
in [9]). One of the main notable features of the model introduced in [27] stands in the fact that,
differently from the “genuine” Keller-Segel case, the coercivity of the energy functional is tied to the
uniform boundedness of ¢, hence on the choice of a singular configuration potential like (L6). It is
clear, however, that the quadratic behavior of the cross-diffusion term in (L&) may still give rise to
blow-up effects; in order to prevent the latter, in [27] b is assumed to have a logistic growth with
respect to o. This choice, which is rather common in the Keller-Segel setting, is aimed at penalizing
the large values of the concentration; mathematically speaking, it helps for the sake of obtaining global
in time estimates.

In this paper, considering system ([))- (L3, we will see that, suitably designing the expression
of the function « in (3]), we may simultaneously keep the minimum principle for o and avoid finite-
time blow up under very general and natural conditions (and, in particular, with no need for a logistic



growth of b). To be precise, we will assume « to degenerate at 0 as fast as o, and to behave at infinity
like a suitable power o®, where a € [0,1) is assumed to be small enough in order to avoid blow up.
This choice, usually noted as “degenerate sensitivity” in the Keller-Segel literature, is very popular in
the chemotaxis community: one can refer to the seminal paper [20] (see also [35] and the references
therein for further results and a survey of the more recent literature). Not surprisingly, as happens in
similar models characterized by a degenerate sensitivity, our main results, which are devoted to proving
existence and regularity of weak solutions for system ([LI))-(TH), will require suitable restrictions on
the exponent a, also depending on the space dimension.

In order to explain the “spirit” of our results and to describe the novelties and the approach
of the present work, it is first worth outlining some specific features of system (II))-(L3]) compared
to other models characterized by similar cross-diffusion terms. In particular, we may observe the
following facts:

e The (fourth order) Cahn-Hilliard coupling provides lower time regularity but better space reg-
ularity for ¢; this effect results in a somehow different behavior of the cross-diffusion term
compared to the Keller-Segel model,;

e The choice of the singular potential (LG guarantees “for free” the uniform boundedness of ¢.
This fact not only, as already observed, provides coercivity of the energy, but it also guarantees
additional regularity of the coupling terms; in particular, the uniform boundedness of ¢ is a
fundamental information as we seek for additional regularity estimates;

e The Cahn-Hilliard system, which is a subset of (L1])-(LH]), somehow drives the optimal strategy
for getting a-priori estimates. Not surprisingly, the argument used for proving existence is
primarily based on the energy balance, which holds as a direct consequence of the variational
structure of the system. Then, our assumption «(c) ~ % for large o corresponds to the
regularity condition o € LP(Q)), where p = 2 — a; namely, a slower growth of a at infinity
corresponds to a greater summability of solutions. Correspondingly, for large a (or, equivalently,
small p), the outcome of the energy estimate in terms of a-priori regularity seems not sufficient
to pass to the limit in the approximation, with the main difficulties arising in connection with
the product terms and, more specifically, the transport and Korteweg terms depending on o;

e Looking for additional a-priori regularity, we derive further estimates of the so-called “entropy”
type, according to the terminology currently in use for fourth order evolutionary systems. Basi-
cally, this consists in testing (L2) by —Ay and ([L3) by o9~ for suitable g € [p,0). Actually,
the information resulting from this type of procedure provides separate regularity bounds for
the diffusion terms in (L3) (and not just for their sum). Moreover, it also yields a L*-estimate
for Ap as well as some additional summability of o;

e Our main result will be devoted to the three-dimensional case: we will show that, assuming that
p=2—a € (12/11,2], if the initial datum oq lies in L9(Q2) for some ¢ € [p, 2], then o keeps
staying in L%(£2) uniformly on (0, 7). In dimension d = 2, with a simpler proof we will show that
similar properties hold for any p € (1,2]. However, the two-dimensional case will be analyzed
more carefully in a forthcoming paper, where we will also discuss the limit case p = 1. We
finally observe that the (supposedly) critical exponent p = 12/11 for d = 3 seems less restrictive
compared to the genuine Keller-Segel setting (cf., e.g., [36]);

e Counsidering the presence of (mass and nutrient) source terms, we do not expect eventual uniform
boundedness of solutions. Indeed, even at the level of the energy estimate, our procedure relies
in an essential way on Gronwall’s lemma, implying that solutions may grow exponentially in
suitable norms. The problem of eventual boundedness of solutions (in the spirit of [20] and
several other papers dealing with the Keller-Segel model) as well as other questions related with
the long-time behavior (e.g., dissipativity, existence of attractors) may be addressed in some
future work referring to the case with no external sources, and possibly neglecting the effects of
the macroscopic velocity;

o We finally remark that, in view of the highly nonlinear character of the model, uniqueness in the
class of weak solutions is not expected to hold. In particular, the combination of a nonlinear mass



source term in (II) with the singular potential (LGl), as observed in [IT} [I8], may prevent using
a contractive argument; in addition to that, the transport effects, especially in the Darcy limit
regime, may be difficult to manage. Hence, also the question of uniqueness may be considered
in a future work by assuming a simplified setting.

The plan of the paper is as follows: in the next section, we detail our assumptions on coefficients and
data and state our mathematical results. In the subsequent Section Bl we prove the basic “physical”
a priori estimates resulting from the mass and energy conservation principles and representing the
fundamental step in the proof of existence. In Section ] we obtain further estimates of the so-called
“entropy” type which are crucial in order to deal with the cross-diffusion term in (L3]) and to provide
some further a-priori information on weak solutions. In Section [f] we show weak sequential stability
of families of weak solutions, namely we prove that any sequence of weak solutions complying with
the a-priori estimates uniformly with respect to approximation or regularization parameters admits
at least one limit point which is still a weak solution. Finally, in Section [l we propose a specific
regularization scheme and show its compatibility both with the estimates and with the argument used
to pass to the limit.

2 Assumptions and main results

We start with introducing a set of notation which will be useful in order to rigorously formulate our
mathematical results. Letting Q be a smooth bounded domain of R¢, d € {2,3}, with boundary T,
we set H := L?(Q2) and V := H*(Q). We will generally write H in place of H¢ (with similar notation
for other spaces), whenever vector-valued functions are considered. We denote by (+,-) the standard
scalar product of H and by || - || the associated Hilbert norm. Moreover, we equip V' with the usual
norm || - || = | - |2+ ||V - ||>. Identifying H with its dual space H’ by means of the scalar product
introduced above, we obtain the chain of continuous and dense embeddings V ¢ H C V'. We will
indicate by (-, -) the duality pairing between V' and V', or, more generally, between X’ and X, where
X is a generic Banach space continuously and densely embedded into H.

Next, we assume F' be given by (L), we indicate as f the derivative (or, more precisely, the
subdifferential) of F', and we denote as 3(r) := f(r) + Ar the “monotone part” of f, namely

B(r) =log(1+7r)—log(l—r), re(-1,1). (2.1)

We also set
Vi={acV’ diva=0in Q, a-n=0 on I'}, (2.2)

with n denoting the outer normal unit vector to I'. We also let H2(2) be the (closed) subspace
of H?(2) containing the functions with zero normal derivative on I'. For v € V, we denote as

t
Dv = M the symmetrized gradient of v. As in [I7] (see also [10] for a “multi-phase” version

of this condition), we assume that
h e C*R x R), |h(o,9)| < H for every (o,¢) € [0,00) X R, (2.3)

for a suitable constant H > 0 satisfying the compatibility condition

H

— < 1. 2.4
! (24)
Note that the above implies in particular that, uniformly with respect to o, h(o,¢) — lyp is strictly
negative (respectively, strictly positive) in a left neighbourhood of ¢ = 1 (respectively, in a right
neighbourhood of ¢ = —1). In addition, we ask that there exist C, 1,Ch 2 > 0 such that the partial
derivatives of h satisfy

1
|hp(o,0)] < Chp, and  |he(o,9)| < Ch72r||, for every (o,¢) € [0,00) x R. (2.5)
o

The second condition, which has a mainly technical character, corresponds to asking that, if the
concentration o is very large, its effects on the total mass tend to become essentially indepdendent



of variations of ¢. Actually, this assumption, which seems reasonable from the physical viewpoint,
is probably not optimal mathematically: the proof could be likely adaptable to the case when h,
behaves at infinity as o~* for some suitable & € (0,1) depending on p; however, since this does not
appear to be an essential point, we decided to assume a simpler condition so to reduce technicalities.
We also observe that, in (23], 23) (and elsewhere below) we considered the possibility that |p| > 1:
actually, while “in the limit” we will have || < 1 almost everywhere due to the occurrence of the
singular potential, this may not be the case in an approximation as F' is smoothed out (see Section
below for details). On the other hand, the assumptions are only stated for o € [0,00) as it is clear
that also in the approximation the minimum principle for o is satisfied.

As noted in the introduction, we assume that a(o) ~ o near zero and a(o) ~ 0%, a € [0,1)
near infinity (here and below, if a = 0, of course, we interpret 0 = 1 for o > 0). We also set p = 2—a,
so that p € (1,2], in order to emphasize the LP-summability provided by the above ansatz. Then,
using p, our assumption on « can be stated as

S

a(s) = T T for s > 0. (2.6)
Consequently, we have
a(ls) = # = é + 5772 for s> 0. (2.7)
We can then define
~(s) := /1‘S oj:) :lns+1%sp_1f]%, for s > 0. (2.8)

With the above notation at hand, equation ([[3]) can be more conveniently restated as
o1+ u- Vo —div (a(0)V(v(0) — X)) = b(a,¢). (2.9)
Next, we assume the nutrient source term to satisfy
b € Lip;,([0,0) x R;R), —boo < b(0,¢) < bso(1+0), forevery (o,¢) € [0,00) xR, (2.10)

and for some constants bg,b, > 0. Note that the above condition is designed so to ensure the
applicability of a minimum principle argument for o uniformly with respect to .
System (LI)-(T3) is complemented with the Cauchy conditions

¢li=0 = o, Oli=0 = 00, in Q, (2.11)

with the initial data satisfying at least the following properties:
0o €V, F(po) € L), mo:= (po)a € (—1,1), (2.12)
o0 € LP(Q), 00>0 ae. in Q, Inoye LY(N). (2.13)

The above conditions correspond to the finiteness of the initial energy and to the fact that, as is
customary in the setting of the Cahn-Hilliard system with logarithmic potential (L6l), we cannot
admit inital configurations where ¢ is almost everywhere equal to 1 (or to —1). Here and below, for
a generic function v defined of €2 we have denoted by v the spatial mean of v, namely

ol
v = — [ v, 2.14
s (2.14)

|| denoting the d-dimensional Lebesgue measure of .
Moreover we shall assume no-flux (i.e., homogeneous Neumann) boundary conditions for yu, ¢
and o, and complete slip boundary conditions for the velocity, namely

Onpt = Opp = Opo =0, on I" x (0,T), (2.15)
u-n=0, —e(Dun).=0, on I" x (0,T). (2.16)



Here and below, for a (sufficiently smooth) vector field a defined on T', we have denoted by a, :=
a — (a - n)n the tangential component of a.

With the above material at hand, we can now present our main results, which are devoted to proving
existence of global in time weak solutions to the Cahn-Hilliard-Brinkman-nutrient model as well as
to studying the asymptotic behavior of solutions as € N\, 0. As observed in the introduction, we will
consider separately the cases d = 2 and d = 3. In the two-dimensional case we will prove the following
simpler (but likely not optimal) statement:

Theorem 2.1. Let the assumptions (LO), 3)-(Z3), (Z46), I0), @I2)-@I3) hold and let d = 2.

Let € > 0, and assume that p > 1. Moreover, let also
oo € H. (2.17)
Then, there exists at least one quadruple (p, p, o,u) with the regularity properties
p € H'(0,T;V') N L=(0, T3 V) N LH0, T; H*()) N L*(0, T; W7(9)), (2.18)
F(p) € L%(0,T;LY(9Q),  f(p) € L*(0,T5 L7()), (2.19)
pe LX0,T;V), (2.20)
w € L*(0,T;V), (2.21)
o€ H' (0, T;W-H(Q) )N L>(0,T; H)N L*(0,T; V), (2.22)
o >0 ae in Qx (0,7), Ino € L*(0,T;V), (2.23)
H(o,¢) = a'/*(0)V(3(0) = Xp) € L*(0,T; H), (2.24)

where the exponents P in (2ZI8)-219) and R in (222) may be arbitrarily taken in [2,00) and in
(2, 0¢], respectively. The quadruple (p, u,o,u) satisfies, a.e. in (0,T), the following weak version of

system ([LI))-(3):

(p,&) — /Q ou - VE + /Q V- VE= /Q (h(o, ) — Ecp)f for every £ €V, (2.25)
uw=—-Ap+ f(p) —Xo, a.e. in Q, (2.26)
oo = [ owTn+ [ @@ @) Vo= [ Mo forall pe W), (22)
Q Q Q
E/Q(Du):(D£)+/Qu~£:7/9¢£~VM+X/QU£~V<,0 for every £ € V. (2.28)

Moreover, there hold the initial conditions (Z1I1]) as well as the boundary condition
Onp =0 ae on T x(0,T). (2.29)

Finally, let, for ¢ € (0,1), (e, fte, 0z, u:) be a family of solutions satisfying the system in the sense
specified above. Then, there exist a (nonrelabelled) subsequence of € N\, 0 and a limit quadruple
(p, i, 0, u) such that

@ — ¢ weakly star in H*(0,T;V')NL*>(0,T; V)N L*0,T; H*()), (2.30)
e — p weakly in L*(0,T;V), (2.31)
0. — o weakly star in WH*/3(0,7; WhH(Q)') N L>(0,T; H) N L*(0,T; V), (2.32)
u. — u weakly in L?(0,T; H). ( )

The quadruple (p, u, o, u) satisfies ([2.29)-(2.28) with e = 0 (where, now, R = 4, i.e., n has to lie in
Wh4(Q), in 27)), the additional boundary condition Z29), and the initial conditions (ZI1)).

Remark 2.2. In the Darcy limit ¢ = 0, the velocity w just acts as an auxiliary variable and the
system could be restated directly in terms of the pressure 7 (or, more precisely, of its gradient as 7 is
determined up to an additive constant). Actually, 7 turns out to satisfy the limit elliptic system

—Arm =div(pVe — XeVo), (2.34)



complemented with the natural (no-flux) boundary conditions resulting from a comparison with (Z.13]).
Once 7 is given by (Z34)), (L4) with e = 0 can then be seen as a definition of u in terms of the other
variables.

We now move to our main statement referring to the three-dimensional setting. In this case, we will
first prove that, if p is strictly larger than the (supposedly) critical exponent 12/11, then the two
summands in the cross-diffusion term H (o, @) can be controlled separately; this information, which
is achieved by means of the so-called “entropy” method for fourth order PDE’s, is crucial for the
sake of proving existence of weak solutions. Furthermore, using a more refined version of the entropy
estimate, we can also show that, if o9 € L(Q) for ¢ € [p,2], then a natural parabolic estimate for
09/? holds (see (ZZZ) below). Finally, if ¢ > 6/5, we can take the limit ¢ — 0 and prove convergence
to the Darcy flow. This further restriction is motivated by the need for having sufficient regularity
to control, uniformly as £ N\, 0, the transport and Korteweg terms depending on o. These results are
summarized in the following statement:

Theorem 2.3. Let the assumptions (L6)), (Z3)-Z3), 8), I0), @I2)-@ZI3) hold, and let d = 3.

Let, moreover, € > 0 and let
p € (12/11,2]. (2.35)
In addition to that, let us additionally assume

oo € LY(Q) where q € [p,?2]. (2.36)

Then, there exists at least one quadruple (¢, j1, 0, w) with the regularity properties

w € HY(0,T; V)N L*(0,T; V) N L2 (0, T; HX(Q)) N L2(0, T, W57 (Q)), (2.37)
F(p) € L¥(0,T; LNQ)),  f(p) € L*(0,T; L7 (%)), (2.38)
w e L*0,T;V), (2.39)
uc L*0,T; V), (2.40)
o€ Wh2(0,T; WhHE(Q)) N L2(0, T; WH5(Q))  for some Z > 1, (2.41)
o?? e L>=(0,T; H)N L*(0,T; V), (2.42)
o >0 ae in Qx(0,7T), Ino € L*(0,T;V), (2.43)
H(o,¢) = a?(0)V(y(c) — X¢) € L*(0,T; H), (2.44)
where the exponents Py, R, S in (231), (Z41) satisfy (note that S > 1 due to (Z33)))
PO:min{%A}, S:min{126f5p,p}, R =max {4,p'}, (2.45)

p’ being the conjugate exponent to p. The quadruple (¢, p, o, u) satisfies, a.e. in (0,T), relations
Z20)-(Z28), where, now, the exponent R in (221) is specified by (245). Moreover, there hold the
boundary condition ([Z229) and, in the sense of traces, the initial conditions (ZIT]).
Next, let us additionally assume

q>6/5 (2.46)

and let, for ¢ € (0,1), (@e, pte, 0e,ue) be a family of solutions satisfying the system in the sense
specified above. Then, there exist a (nonrelabelled) subsequence of ¢ N\, 0 and a limit quadruple
(p, i, o, u) such that

0. — ¢ weakly in H(0,T;V") 0 L (0, T; H2(Q)) N L*(0,T, W3 4 (Q)), (2.47)
we = ¢ weakly star in L*(0,T;V), ( )
pe — o weakly in L*(0,T;V), (2.49)
0. — o weakly in WHZ(0,T; WLZ/(Q)') N L0, T;WhH5(Q)), for some Z > 1, ( )
w. — u  weakly in L*(0,T; H). (2.51)



The quadruple (p, u,o,u) satisfies ([228)-228) with e = 0 (where, now, in (221), n has to lie in
WhZ(Q), Z' being the “large” conjugate exponent to Z ), the additional boundary condition (Z29),
and the initial conditions (ZIT]).

We conclude this section with some remarks aimed at clarifying some aspects of the above statements.

Remark 2.4. It is worth observing that the boundary conditions for u and uw are embedded, respec-

tively, in the weak formulation [Z25]) and in the regularity (Z21) (or (240)) combined with relation
[22]). We also remark that relation (227 might be more standardly rewritten as

(e, ) — / oV + / a(0)V(1(0) — Xg) - Vi = / b(o, ). (2.52)

We preferred to keep formulation ([Z27)) since it better emphasizes the additional regularity (Z24])
satisfied by the mixed term H. In particular we point out that, while H, as a sum, lies in L?, as it is
decomposed into the summands o'/?(¢)Vy(o) and —Xa'/?(0)Vp, these summands may fulfill lower
regularity properties.

Remark 2.5. Referring to the statement of Theorem 23] some comments about assumptions (2Z.35])
and (Z30]) are in order. First of all, the condition p > 12/11 corresponds to the most general situation
in which we are able to prove, via the entropy method, decoupled regularity for the two summands
in the cross-diffusion term H(o, ). In particular, one may well consider the case ¢ = p, which
corresponds to proving existence for initial data having exactly the “energy” regularity. On the other
hand, looking at (23], one may assume that og enjoys some additional summability; in that case,
we can prove that this level of summability is maintained in time (cf. (242)).

Remark 2.6. We decided not to treat the case when o9 € L4(Q2) for ¢ strictly larger than 2. In
that situation, however, it is expected that the regularity of solutions could be further improved by
bootstrapping. Moreover, assuming some condition on Vg one may also prove some summability of
ot and Ao (which are now controlled only in Sobolev spaces of negative order with respect to space
variables). In turn, this may help improving the information on ¢ by means of the so-called “second
energy estimate” that can be performed for the Cahn-Hilliard equation with singular potential. The
question of additional regularity of solutions may be treated in a future work, possibly neglecting, also
in this case, the effects of convection.

3 Mass balance and energy estimate

In this part we derive a number of a priori estimates satisfied by any hypothetical solution of our
system and holding under the natural “physical” conditions on the initial data, namely finiteness of
the physical energy, compatibility of the initial mass with the configuration potential, and positivity
of the initial concentration. For simplicity, we will work directly on the “original” system (LII)-(T3):
in Section [6] we will see how the procedure may be adapted to a specific approximation scheme. We
start with deriving the evolution of mass.

Balance of mass. Integrating (LI over © and using the incompressibility constraint and the
boundary conditions, we immediately deduce

d
—pa +lpa = h(o,p). (3.1)

1
di 12| Jo

Applying ([24)) and using the last (ZI2) with a simple argument based on the comparison principle
for ODE’s, we deduce that there exists a sufficiently small § € (0,1), depending only on mg, £ and H
(and in particular independent of T') and such that

—14+5<m(t) = (p(t)o <1—-0 forevery tec[0,T]. (3.2)

Positivity of the nutrient concentration. As in similar models, this property may be obtained
by means of a standard argument based on the Stampacchia truncation method combined with a



regularization of equation (L3]), which is needed in order to justify the use of the truncated o as a test
function. In particular, one may refer to the regularization scheme that will be detailed in Section
and possibly operate a further smoothing of w and ¢. Note also that, by ([ZI0), the right-hand side of
(C3) is suitably designed so to allow for such an argument. It is also worth observing that the spirit
of the Stampacchia truncation argument is to prove

wo() >0 ae. in Q@ = ¢(-,-) >0 ae in Qx(0,7). (3.3)

However, we point out that ([B3]) is not sufficient for our purposes; actually, in the sequel, based on
(Z13)), we will improve the above argument obtaining a stronger information.

Energy estimate. We now prove the most important a-priori bound, which is a direct consequence
of the variational structure of the system. To derive it, we test (1)) by p, (L2) by ¢, and take the
difference so to obtain

GGIvel+ [ @) =x [ oo+ 1Vl == [ Vot [ (b)) )

Moreover, we test ([29) by v(0) — Xp. This gives

d
at /g,

A(0) - X [ ovp+ [ a(0)|V(x(0) — Xg)|* = /Q b(, 9)(7(0) — Xg) + X [ ou-Vo, (35)

where the incompressibility constraint (LI) and the first (ZI6) have also been used. Note also that
~(o) contains Ino a summand; as will be clear in the sequel of the argument, Ino can be shown to
have some a-priori regularity, which justifies its use as a test function. Here, we have also set

N ® 1 P p+1
~(s) = y(r) dr = —=sP + slns — 54+ —. 3.6
=) /1 ) plp—1) p—1 P (3:6)
Testing now (L)) by u, and using once more ([L5) and ([2I6]), we deduce
|| Dul)® + ||ul? :/ ,uu-Vgo—X/ pu - Vo. (3.7)
Q Q
Summing (34), B.H) and B.71), we obtain
d /1 2 ~ 2 2
= (GIVel2+ [ Fo)+ [ (o) = Xo9) ) + IVull + | a(@)|V(x(0) - X¢)|
+elDul? + [ulf = [ o 0)a0) = xe)+ [ (hoe) — o) (3.5
Then, defining now the energy functional
1 ~
e(e.0) = 5IVel* + [ Flo)+ [ (3(0) —xo) (39)
and recalling ([B.6]), it is immediate to check the coercivity property
E(p,0) 2 k(llelly +IIF@)lLi0)) + mpllolfoq) = cps (3.10)

for suitable constants &, x, > 0 and ¢, > 0. Analogously, one may also prove a control from below,
namely for some C' > 0 there holds

E(p,0) < C(lelly + 1E @iy + lolfnq) +1)- (3.11)

Of course, properties (B10) and BI1)) are to be intended to hold for (¢, o) belonging to the natural
domain of the energy functional (namely, for the pairs (¢, o) such that ¢ € V, F(p) € LY(Q),
o € LP(Q) with 0 > 0 a.e. in Q).



Remark 3.1. In order to deduce (BI0) and BII]), we have used that

X’/ag@
Q

where p’ is the conjugate exponent to p and the last inequality follows from the uniform boundedness
of ¢, which is a consequence of the choice of the potential (IL6]). It is worth however observing that,
in order for the above to work, it would be sufficient to assume that F satisfies the weaker coercivity

property

<dlolle@llellLr o) < cllollir@ (3.12)

F(p) = kllell To @) — ¢ (3.13)

for some gy > p’, where ¢, k > 0. Actually, in Section [6 below, we will exhibit an approximation of F
such that (B.I3) holds with ¢, x > 0 independent of the approximation parameter (see (6.I4) in the
statement of Lemma [6.1] for details, see also [27] for additional considerations).

In order to control the terms on the right-hand side of ([B.8]), we first observe that, by (2I0) and 2.8]),

/b@wK%®AW¢%:/ b@wﬂﬂﬂgkwrﬁ/ b0, ) (v(0) — Xp)
Q {o<1}

{o=1}
§c/ (1+|olno|)+c/ (1+07)
{o<1} {o21}
<c(1+ HUH’ZP(Q)). (3.14)

Here, we used once more the uniform boundedness of ¢ (but there hold the considerations made in
Remark [3J)). Next, regarding the term depending on the chemical potential, we replace the expression
([T2) of p therein, so to obtain

/Q(h(a,so)—&p)uz/ (h(o, ) — Lo) (— Ap + f(p) — Xo)

=~ [ (o0 - )80+ [ (ho0) = 60)5(0) [ XG0~ £}
=: 7[1 +12713. (315)

Let us manage the quantities on the right-hand side. First, let us recall that, as noted above, h(co, p)—
Lo has the opposite sign to ¢ (hence to f(¢)) when |p| ~ 1 and uniformly in o. This implies that
I, < c. Next, by ([23) with the boundedness of ¢ (recall, however, Remark B.1), we deduce

L] < elloll i@ < L+ 012, 0)- (3.16)
In order to control I; we observe that, recalling assumption (Z3]) and applying Young’s inequality,
1= [ ho(e. Vo Vot [ (holove) — 01T
) )

1 1
< Ch,z/ T IVollVel + [ Vell* < ZIIVIne|® + ¢ Vel (3.17)
(9] +o

Then, collecting the above considerations, ([B.8) yields
d /1 9 ~ 2 2
S (51l + | Fo)+ | (o) = Xow) ) +IVul? + | a(0)|[V(3(o) - Xp)|
1
+ || Dul)® + [Jul]* < c(1+ ||J||’zp(m) +c||Vo||? + ZHVlnoHQ. (3.18)

The simplest way to control the last term consists in improving a bit the positivity estimate on o: to
this aim, we test ([Z9) by —1/0. Also this procedure could be justified by truncation. We then deduce

d V(0)a(0) o 2 _ [ blo:9) Ao e
flno+/QT|VJ| = /Q . +X/Q V- Vo. (3.19)

EQ g
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Now, owing to (ZI0) and considering that o > 0 by the Stampacchia truncation argument, we deduce
that 0= 1b(a, ¢) < by almost everywhere. Next, by (28] one has (as expected)

/ 1 407! 1 1
[ D op — [T e = [ SiVeP = Vo (320)
Q o? Q o 14or-1o2 q 02
On the other hand,
alo) 1
X . =X . . 3.21
/Q - Ve Vo /QJJrJPV@ Vo (3.21)
Hence,
(o) 1 1 2 o 1 2 2
X > Vo Vo< - [ =|Vo|"+c|[Ve||” = 5[[VIng|” + ¢ Vel (3.22)
QO 0 2 00 2
Replacing the above calculations into ([B.19]), we deduce
1
— [ —Ino+ =||[VIno|]> < c(1+ [|[Ve|?). (3.23)
at J,, 2
Summing (23] to (BI8) we then obtain

%(%vaHQjL/QF((p)Jr/Q(ﬁ(U)—XU(p—an))+||V/LH2+/QQ(U)|V('Y(U>*XSQ)‘Q

1
+el| Dull + [ul* + ZIVIne|* < e(1+ |lol7.q) + VeI?). (3.24)

Then, recalling [B.6]) and (BI0)-@BI1)), an application of Gronwall’s lemma permits us to deduce the
following properties:

lellze<.rv) < ¢, (3.25)
I1E (@)l o0, 1501 (0) < 6 (3.26)
IVullp20,rm) < ¢ (3.27)
el 20,730 + 51/2||Du||L2(0,T;H) <ec, (3.28)
llollLe(o0,r:Lr()) < ¢ (3.29)
la'?(e)V (v(0) = X) | L2071y < €, (3.30)
[ no|lze©mrr () + [ mollz20,mv) < e (3.31)

Note that the above estimates, as well as the ones that follow, are to be intended as a-priori bounds
holding uniformly with respect to any hypothetical regularization parameter. Moreover, as is implicitly
written in (B3] we have in particular that ¢ > 0 a.e. in Q. Analogously, from (B.28) there formally
follows that

[l (0,75 (02)) < €. (3.32)

However, it is worth remarking that (3.32) holds in the limit, and with ¢ = 1, thanks to the specific
expression (L) of the logarithmic potential F, which constrains ¢ to take values into [—1,1]. As
F is replaced by a regularizing family F,, (832) in principle may be lost, or replaced by a weaker
information (cf. RemarkB.1l). Nevertheless, in Section[f] we shall prove that if F,, are suitably designed,
then the analogue of ([332) keeps holding in the approximation, with the constant ¢ (possibly larger
than 1), being independent of the approximation parameter n. This fact, which has not been used in
deducing the energy estimate (cf. Remark B.1]), will be crucial in the sequel.

That said, applying Korn’s inequality, from (B:28)) there follows that

e ul 2.1y < e (3.33)

Next, we provide an estimate of the logarithmic term f(¢). To this aim, we test (IL2) by ¢ — pq so
to obtain

IVl +/Qf<so><so— ) = X/QU(W o0) +/Q<u—m><sa ~va). (3.34)

11



Then, accounting for (32), a well-known argument from [23] (which is robust with respect to regular-
izations of the potential) permits us to see that

/Q F@) @ — 9a) = KllF @)L — e (3.35)

where the constants k > 0 and ¢ > 0 depend only on the expression of f and on the parameter ¢ in

B2). Then, using B35) and (32) in B34), and applying the Poincaré-Wirtinger inequality, it is
not difficult to arrive at

KLl < e+ oz + [Val), (3.36)
whence, squaring, integrating in time, and recalling (3.27) and (329), we deduce

I1f (@)l L2001 ) < c (3.37)

Then, integrating (L2) over 2 and using the above relation together with ([3:29), we obtain

luellz20,1m) < e (3.38)

Recalling (3.217), we then have
lullL20,1v) < e (3.39)

We finally observe that, using ([3.29) and ([B3.39), we may reinterpret (L2]) as a time-dependent family
of elliptic problems with maximal monotone nonlinearities. This fact allows us the use of a nowadays
standard regularity argument, which we just sketch for the reader’s convenience. Namely, one can
test (C2) by |B(v)|P~sign(B(y)), which is monotone with respect to ¢ (recall that 3 denotes the
“monotone part” of f). Then, using conditions (329) and 39) (with Sobolev’s embeddings), it is
not difficult to arrive at

lll20,m;w2r @) + 1f (@ L200,7;20(0)) < c. (3.40)

More precisely, the second bound is a direct consequence of the estimate, while the first one follows by
a further comparison of terms and applying LP-elliptic regularity results of Agmon-Douglis-Nirenberg
type. Note that this procedure will be repeated in the sequence with different (and better) exponents.

Remark 3.2. One may wonder if, under stronger (compared to (ZI3])) positivity conditions on the
initial datum, relation (B3] could be improved, getting for instance a strictly positive uniform lower
bound for o. Actually, a natural way to prove such a property would be to test (IL3)) by (a truncation
of) —o~" for larger values of the exponent 7, and then possibly applying some iteration procedure.
However, even though condition ([ZI0) seems to allow such a procedure, the regularity ([3.25]) available
at this level for Vi seems not sufficient in order to close the estimate.

4 Entropy-type estimates

The energy estimate derived in the previous section holds without any restriction on the exponent
p and on the the dimension. However, if p is very close to 1 (meaning that the cross diffusion term
behaves at infinity similarly to the genuine Keller-Segel case), then, at least for d = 3, the outcome,
in terms of a-priori regularity, seems not sufficient in order to pass to the limit in the approximation.
The main issue arises when dealing with the product terms (more precisely, the transport term in
(C3) and the Korteweg term depending on ¢ in (I4))), which may not be identified under the sole
regularity provided by the energy bound.

The following additional argument, based on the so-called “entropy” method for fourth order
PDE’s, is crucial in order to improve the available a-priori regularity and, in particular, to prove
separate bounds for the summands in H (cf. 224])). We shall present two versions of the entropy
bound, corresponding to the regularity settings of Theorem 2.1l and of Theorem 2.3l The first version,
referring to the case d = 2, is simpler (but likely not optimal): indeed, in this situation for every p > 1
we can “directly” obtain an estimate corresponding to the “natural” parabolic regularity that would
hold also in the “linear” case. We decided to start detailing this argument because it gives a first idea
of the method, with reduced technicalities compared to the subsequent 3D proof.

12



4.1 Entropy estimate: simple version for d = 2

The basic strategy to obtain the entropy bound simply consists in testing (L2) by —A¢p. As done for

the previous estimates, we shall directly work on the original system (CI)-(LH); in Section [, we will

discuss how also this procedure might be adapted so to fit the framework of a regularization scheme.
That said, standard manipulations give

186l == [ @IV + [ Vo utx [ 9o Vo (4.1)

Now, using ([B:28)) and recalling that f'(-) > —\, we easily obtain

f/ﬂf’(w)IV@FJr/QVWVquX/Q Ve Vo < e(1+ [Vl + [Vol). (4.2)

Hence, replacing the above into ([ and squaring, we deduce
4
[Apl* < 1 (1+ [ Vull® + Vo), (4.3)
where the constant ¢; depends only on the outcome of the previous a-priori estimates (hence it is a
computable quantity independent of the approximation parameters).
In order to control the last term on the right-hand side, we test (L3]) by o. Then, assumption
(2I0) and simple integrations by parts give

33171+ 191 < (14 lol?) +x [ 27190V (44)

Now, the last term on the right-hand side can be estimated as follows:

X/ 27P|Vol| Vel <C||01/2|| st ||U > “Ilpearo @ Vol Vel ECED I

Q

1/2 Ate
2(1+e€

< C||U|| 2040 ( ||U > “|lp2ato @ Vol Vel 0o el 72 (0

HU 2 ||L2(1+6)(Q)(1+||AQPHW)

3/2

<cellolly

2(2+€)
< 201+ celr ™ F [ o (1 + 120 5

3_2p 8(+e)

S—HUHV+5IIA<PH4+C+065||0 oo )

(4.5)

Here, we have used two dimensional embeddings with the Gagliardo-Nirenberg and Young inequalities.
Moreover, € > 0 and § > 0 are “small” parameters to be specified below, whereas, for instance, ¢, > 0
denotes a “large” constant depending on the choice of €. To specify these quantities, we first observe
that, as p > 1, we may use ([B.29) to control the last term on the right-hand side, provided that e > 0
is taken so small that

31+¢) .
> -2 .e. —2p)(1 <. 4.
Pz 5 te B2ty (4.6)
Next, let us observe that, by elliptic regularity and (3.25),
el 220y < calllel® + 12¢]*) < ca(l+[1A¢]*). (4.7)

Then, replacing (IE) into (4] and using (@6, we obtain

5 dtH of|* + HVUII2 < c(L+[lol?) + cadllApll* + csllol 2o q). (4.8)

where P = 4(1 4 €)(3 — 2p)/e is a “large”, but otherwise fixed, exponent depending on e. Next,
recalling ([@3)), we take & > 0 so small that 2c;cqd < 1/4. Then, we multiply [@3]) by 2cqé and
subsequently sum the resulting relation to (@S] so to obtain

5 dtl\O’HQ +cad|Apl* + —|\V0||2 < e+ llol® + 1Val?) + esllol Lo - (4.9)
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Then, integrating in time and using Gronwall’s lemma with (339) and ([B:29]), we readily deduce the
additional estimates

el Lo, a2 0)) < ¢, (4.10)
loll oo, 71y + Mol 200,757y < ¢ 4.11)

where we also used assumption (ZI7) on the initial datum. With the above regularity at hand, we
can also improve the control of the logarithmic term in (L2]). In particular, using that, for d = 2,
V C LT (Q) for every P € [1,00), estimates ([8.:39) and ([I1) and the same elliptic regularity argument
used at the end of Section [} permit us to deduce

If (@ L20,70P @) + 1€l L20,75w2. P ()) < cp forall P e [1,00). (4.12)

4.2 Entropy estimate: improved version for d = 3

In this part we adapt the above argument so to deal with the assumptions of TheoremR.3lregarding the
three-dimensional case. In this setting, we will obtain a more accurate estimation of the cross-diffusion
terms by valorizing the following chain of inequalities:

1/2 1/2
IVl < clllly2 o leliag < e +l1ag]'/?), (4.13)

which holds in any space dimension and follows from the Gagliardo-Nirenberg interpolation inequality
[24] and standard elliptic regularity results (recall that ¢ satisfies a no-flux boundary condition).
Relation ([@I3]) uses in an essential way the uniform boundedness of ¢. This surely holds “in the
limit” thanks to the structure of the potential (L], but it can be assumed to be satisfied (uniformly)
in the approximation as shown in Lemma below.

That said, we start, as before, by testing (L2) by —Ag so to obtain the analogue of (@.Il),
namely

1861 < c(1+190l) +X | V- Vo (4.14)

Moreover, we test (Z3) by o~ !, with the purpose of obtaining a decoupled estimate for the cross-
diffusion term. We deduce

1d 4(p—1) P9 Pt
Rl ] < Prp-1x [ 2V Vo 4.1
pdt/gg + o /Q|VO’2| _chc/QJ +(pp-1) /Ql—l—ap_lvw Vo (4.15)

In order to control the terms on the right-hand side of [@I4)) and (@I3]), which are of the same type,
we may proceed as follows:

/V@-VUSC/ V|| Vo SC/ U%TP|VUP/2||VSO|
Q Q Q

2-p
< o™= ||y Vo2 Vel Lao
2-p 2-p,1—
<l b oM IVaP2|(L + | Ag] )
L2-7(Q) L2-7(Q)

n(2—p) p2-p q_

2 n
< ellollzafoy o= 0 e,
)(1—=m)

n(2—p) p  2=p)A-m)
<cllolpogay 105 e; IV + 120]112), (4.16)

o [77 I+ 1861 ?)

where the interpolation exponent 7 is given by the relation

2—p 1 5p — 4

1-m2=P_ 2 ie., n=
+(1—n) o 1 ie, n

2—p
P

> (4.17)
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Note that here we have implicitly assumed that p < 4/3, whence 2p/(2 — p) < 4, which justifies the
use of interpolation. However, it is clear that, for p > 4/3, the procedure can be modified as follows:

22e p/2
va-VUSCHO’ > a@IVeZ (I Vel La

< e(L4 o llea@) Vo[ Vel oy
< (1 + 012 o) IV o™ 2 [Vl sy < Va2 (1 + [ Ag]2), (4.18)
the last inequality following from ([B:29). It is then not difficult to adapt the remainder of the procedure

so to cover also this (simpler) situation.
Thus, going back to the case p < 4/3, [I6) can be continuated as follows:

2—p)(1—

n(2—p) » 2-p)(A-n)
/QW-VGSCIIUIILpfm ol o) IVaP2I(1 + [ Ap]?)

< clloll i) (L+ Va2 757) (1+ [[Ap]'/2). (4.19)

Replacing the above into (I4)), we deduce

1A@*2 < e+ el Vul** + clloll g, (1 + [ Vo?/?]757). (4.20)

Now, let us go back to [@II3]). Estimating the last term on the right-hand side as done in [ZI9]), we
have

1d Alp—1)
prid p(g)+7||V0’2||2<0+0||0|| p(Q)+CH0’HLP(Q)(1+HVU”/2|| 20) (111 Ap]/2). (4.21)

Using ([@.20) to control the term with the Laplacian, we then infer

1d Ap—1),— »
- il + =2 Vot [P <ok C

F O+ Vo) (L Va4 + O+ Vo2 557)). 22)
Here and below, C represents a “large”, but otherwise computable, constant depending on (some
power of) the LP(Q)-norm of o, which has already been estimated uniformly in time thanks to (3.29).
Now, we first observe that, as p > 12/11, it follows
12—-5p 7

» ST whence C||Vo?/2|| ™%

| Valt < e P2V 4+ CI[Vull? +e. (4.23)

Moreover, the condition p > 12/11 also guarantees

12 -5 12 -5 12 -5
Pr= P Lo,
4p 12p 3p

12-5p —1
whence C||VoP?/?|| s <p—HVUp/2H2+C. (4.24)

On account of these considerations, [L22)) gives

2(p* 1) »
pdtl\ 170y + THW? 1> < C(1+|Vull?). (4.25)

Hence, applying Gronwall’s lemma, we obtain
Ha’p/QHL?(O,T;V) S C, (426)

which implies the desired decoupled regularity bound for the cross-diffusion term in (L3]). Finally,
going back to ([@20]), we prove an estimate of Ag. To this aim, we need to distinguish between two
case: if p < 3/2, then taking a suitable power of that relation we deduce

p(5p—4)

I8¢ 7255 < o+ o Va7 +C||0||L1§(§f (L+[IVa?’2)?), (4.27)
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and it turns out that 126%5]9 < 2. Hence, integrating in time and using (£.20) we infer

) . 4.28
HSDHLW(O,T;HZ(Q)) = ( )

On the other hand, if p > 3/2, we take the (8/3)-power of ([L20), which gives

24—10p

1A < e+ ellVal® + clloll g, (1 + IVa??| 75) (4.29)

Then, p > 3/2 implies % < 2. Hence, integrating once more in time and using ([E20]), in place of

E28)) we get
llellLao,r;m2 ) < c (4.30)

4.3 Additional regularity for d = 3 by iteration of the entropy estimate

We now see how the previous procedure can be adapted in order to achieve additional summability
of o in the case when oy € L%(f2). For technical reasons, we will start assuming p < ¢ < 20/11. For
larger ¢ the procedure will be carried out by means of a two-step iteration. That said, we start with
testing (23) by 0?1, Then, using once more ([ZI0), we deduce

1d 4(q71)/ a0 / / o1
-—— [ o'+ —— Voz|*<c+c | 094+ (¢q—1)X | ———V¢-Vo
qdt Jg ¢ Q| "< 0 (2=1) altor1'?

< c+c/ Jquc/ gl P|Vy||Va|. (4.31)
Q Q

In order to estimate the last term on the right-hand side in an optimal way, we go back to relation

(#Id) and modify ([EI0) as follows:

X/V@-Vagc/ 025_Q|VUQ/2||V<,0|
Q Q

2—gq
< cllo = Lo Va2 [Vl o
2-9q 2-q 1
<clo =" 2 o= 1T e IVe??[(1+ [Ag]?)
L7=7(Q) L7=7 (Q)
n(2—q) a2-q 1_
<cllollpaqy llo= e ||L2_€%(Q)HVJ‘1/2||(1+||A<p|\1/2)

)(A—

2Cce), g Goofmn q/2 1/2
<clloll oy lozlle) IV (1 +[|Ap]?). (4.32)

As before, the previous computation is rigorous provided that

— <4< —. 4.33
27q< <27q ( )

Clearly the right inequality is always satisfied as far as 1 < ¢ < 2. Concerning the left one, it
corresponds to asking 2 — ¢ > p/2. On the other hand, if 2 — g < p/2, as before we may notice that

X/VQD'VO'SC/ JQ%Q|VU'7/2||V50|
Q Q

2—gq p
< clo s IVe [ Vellza) < c(L+ o] L)) IVe? [ Vel Laq)
< CIVo | (1 + [ Ap]'?), (4.34)

and the argument proceeds with straighforward adaptations.
That said, going back to the case ;Tp < 4, the interpolation exponent 7 is then provided by

q
the relation

2—¢q 2—q 1 . (5¢ —4)p q(12 — 69 — 3p)
Ca B P | )/ R W (L . k. ) B
1, t-n T =g LT E T S T S 1 e R
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Hence, ([£32) can be continuated as follows:

(d-n

ne—q) , Coolom)
X / Voo Vo < clolpion 102 o 1V0%2I1(1 + [|A0]2)

(5¢g—4)p —6q—3p

<0||0||2(§("Q§”) (1+ Vo2 575" ) [V (1 + | Apl/2)

<C(1+ |\vaq/2|\sq 2p)(1 + [|Ap]|/?), (4.36)

where, as before, C > 0 is a (possibly large) constant depending on the outcome of the previous
estimates (specifically, on (3.29))).
Hence, in view of the above procedure, (£20) is replaced by

|AG[P2 < e+ e VulP/* + C(1 + [Vor/ 2|55, (4.37)

or, in other words,
18q—6p 99—3p
[A@] 72750 < e+ || Vu| == + C(1+ [|Va”?|). (4.38)
Now, let us go back to ([E3T]). We propose the following estimation strategy:

c/ a1 P|Vo||Ve| < c/ = 217+2|Va‘1/2||v(‘0|
Q Q

99— 2p+2 q q—2p+2
=C/ o> Vo2Vl < cllo® "o [l Vo2 Vel Law)
Q
< CIIUWH 4o M( Va2 (1 + [[Ag]*2). (4.39)

The first factor on the right-hand side is controlled by interpolation with the following choice:

m = 77% (1— 77)%, (4.40)
whence
_ o pg+Ap*—dp pq +4p® — 4p (4.41)
(¢ —2p+2)(6g—2p) 6¢*+4p? — 14pg — 4p + 12¢’
6q> — 15pq + 12¢ - 6q> — 15pq + 12¢ (4.42)

1—n= = :
T g =2p+2)(6q—2p)  6¢% +4p® — 14pq — 4p + 12g

4(g—2p+2) > 1
q

To be precise, in deducing the last inequality in ([@39) we have implicitly used that
(which is always true), while in ([{40) we have used the more restrictive condition

2p < 4(q — 2p + 2)

q q B

< 6. (4.43)

Actually, it is easy to check that the right inequality in ([@43]) is always satisfied in our exponents
range. This is not always true for the left inequality, instead; nevertheless, if the opposite holds, then
it follows 2(q¢ — 2p + 2) < p. Hence, going back to ([@39), one has

q—2p+2

¢ [ " PI¥aVel < clla ™ a0y Vo2 | Tl oy
Q

1/4
= C(/QU2(‘1_2”+2)) IV Vel oy < e(1+ o)t Va2Vl Lacay
< C|Va 2| (1 + [ Apl?), (4.44)

and the remainder of the procedure can be adapted up to small variations.
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Hence, going back to the (more delicate) case when (£43)) holds, ([£39) can be continuated as
follows:

¢ / 01P|Vo|| Vgl
Q

n(a— 2p
n(g=2p+2) (1—n) 2=22t
< cflo??| gz(m HU /QHLfs(Q HVU‘”QII(1 +[1Ag] /%)

+4p2—4p

—16p+12
< clo?|’ ‘(Q)) o921 5 907 (1 + [ Ag] /%)

2_
pg+4p” —4p q—17p+12

< dllofl ey (L+[Ve??| =5 ) (1+ | Ap]]/?). (4.45)

At this point, we replace [£45) into (£31]) and subsequently estimate the term with the Laplacian by
means of (L37). We obtain

4 q 12g—17p+12
thl\ 7 + 7( 7 IV |* < ctellofllog + CO+ Va2 52 ) (1+[|Ap|/?)
12—17p+12 12-5p
<ctdlloffuq +C1+ Vo2 55 ) (1 4 |Vl Y4 + | Vot/2|| a6 ). (4.46)

Now, in order to control the right-hand side via Gronwall’s lemma we need two conditions. The first
one, in analogy with ([{.23), corresponds to
12 — 17p + 12

7
60— 2 < 1o equivalently, g < 9p — 8. (4.47)

It is then easy to check that the above inequality holds under the technical condition p < ¢ < 20/11
(actually, if p > 10/9 then it holds for every ¢ € (p,2]). This implies

12g—17p+12

C||Vo/?|| w2 || V||V < 7 LIV 2 4 O Val? + c. (4.48)

Moreover, let us compute

12— 17p+12  12-5p _ 18— 28p+24 o)
6q — 2p 18q — 6p 9 —3p '

Then, we notice that

18q — 28p + 24
% <2 corresponds exactly to 22p > 24, ie. p > 12/11. (4.50)
q—op
Hence, in our admissible range of exponents, independently of the value assumed by ¢, we have
q—17p+12

(1+|\vaq/2|\7q % )(1+HVJ‘1/2||18<1 op)<c+ Z Hv /2|12, (4.51)

Replacing (£48) and (£51) into (£40), we then arrive at

20-1) o 3
. dtll ol Za@) + — g Ve 1> < et cllol|faqy +C A +I1Vul?). (4.52)

Applying Gronwall’s lemma and recalling (2Z.36]), we obtain
092 o< (0,0:10) + 10| 22(0,73v) < e (4.53)

To conclude, we deduce some additional regularity for Ap. To this aim, we go back to ([E38]) and

notice that, if 1182q 56p < 4 then the exponent of the norm of Vu on the right-hand side is less than 2.

Integrating in time, we then deduce

. 4.54
121 255582 poprn oy < © o
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On the other hand, if % > 4, as before we need to rescale the inequality before integrating in
time. In that case, we obtain

llellLao,r;m2(0)) < c (4.55)

Notice that the above conditions correspond exactly to the choice of the exponent Py in the statement
of Theorem (cf. in particular the first (2.43])).

Let us now remove the technical condition p < ¢ < 20/11 and, for simplicity, let us just
consider the worst case scenario, i.e., when p ~ 12/11. In that case, let us assume, as stated in (2.36]),
that o9 € LY(Q) for ¢ > 20/11. In this case, we proceed by bootstrap: namely, we first perform the
above argument for ¢o = 20/11 (we note this “temporary” exponent as gog so to distinguish it from
¢ which now corresponds to the summability of the initial datum). Then, we achieve the regularity
properties (@53 (where go = 20/11) and ([@355) (note that, as go = 20/11, then % > 4 for any
p € (12/11,qo)). Then, to bootstrap regularity, assuming for simplicity ¢ = 2 (the “intermediate” case
when oy lies in L9(Q2) for ¢ € (20/11,2) can be treated with small modifications) one may achieve the
“linear” parabolic regularity simply by testing (L3]) by o. This gives

1d
§E||a||2 + | Vo|? <c(1+|o]?) + c/ 02" PVo - V. (4.56)
Q

The last term, being p > 12/11, can be controlled this way:

/Q Vo -V < e(1+ 1" Lacey )| Vol Veoll e

3/4
<c(1+ oM ooyl M [V (1 + | AglM?)

1
3/4
< e+ ot 190l (1 + 1A6]72) < e+ el Ag]* + 5 Vo] (457)

Hence, integrating in time and using ([2.36]), we obtain once more [@53)) (for ¢ = 2). With simple
adaptations, one can get the analogue also in the case g € (20/11,2). By interpolation, (£53) implies

lloll (4.58)

3q_ <c
L2(0,T;L3-4 ()

Hence, interpreting once more ([L2)) as a time-dependent family of elliptic problems and using ([£58])
together with (839), the usual regularity argument gives

+ ()l (4.59)

el

5 89 3q_ <c
L2(0,1;w >3-4 (Q)) L2(0,T5L3-17 ()

5 Passage to the limit

In this section we complete the proof of our results. We will proceed by showing the so-called “weak
sequential stability” of solution families. Namely, we let (¢, fin, on, Un), n € N, be a sequence of
solutions complying with the a-priori estimates obtained before uniformly with respect to n. Then,
proving weak sequential stability means that at least a (non-relabelled) subsequence has to converge
to a quadruple (¢, u, o, u) solving (LI)-(L3) in the sense specified in the statements of the existence
theorems.

Of course, in order for the argument to be fully rigorous, we should rather assume that the
sequence (@n, fin, On, Uy) solves some approximation of the system (for instance the one sketched in
Section [B] below), with the approximating parameters varying with n in a suitable way. However, for
the sake of simplicity, we prefer to assume that (¢, tin, on, wy,) complies directly with the “limit”, or
“original”, system, possibly written in the “strong” form (LI)-(LH). We actually believe that such
a simplified method permits us to focus on the substantial points of the compactness argument. In
the next section, we will explain how the procedure could be adapted in order to fit the proposed
approximation scheme.

We will mostly focus on the (more difficult) case of Theorem [Z3] referring to the situation
where d = 3 and p > 12/11 (at the end we will sketch the differences occurring for d = 2 in the setting
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of Theorem [2.1]). Moreover, in order to achieve the limit n oo, we will use only the information
resulting from the mass conservation, the minimum principle, the energy estimate, and the most
general version of the entropy bound, namely (cf. (£28) and (£20))

i PRCES < 5.1
ot/ =l L20,7;v) + H(pn”Lm(O,T;HZ(Q)) <e, (5.1)

where the exponent 1213’;]9 is replaced by 4 for p > 3/2, cf. ([@30)). Indeed, the additional information
resulting from more refined versions of the entropy estimate, and in particular the argument performed
in Subsec. 3] will produce additional regularity of weak solution, but is not essential for taking the
limit. Note also that, from now on, we will stress the dependence on n in the estimates. Moreover, in
order to prepare the asymptotic limit € N\, 0, we will note by ¢ (respectively c¢.) the positive constants
occurring in the estimates which are independent of e (respectively, depending on ¢).

That said, we start testing (ILI) by £ € V and integrating by parts so to obtain the weak

formulation ([220]). Next, by ([B:28) and the uniform boundedness of ¢,, there follows

lonwnllz0,1m) < c (5.2)
Hence, comparing terms in (1)), and using ([339), [Z3) and (&2), we obtain
len.tllzz0,mv) < c. (5.3)

Let us now test (L3) by n € WH(Q) (actually, in the procedure it will be clear that the conditions
on 7 can be weakened, as specified in the statements) and integrate by parts so to deduce the weak
formulation [227). Recall in particular that we have set

H (o, 0n) := aY?(0,)V(7(0n) — Xon), (5.4)
and, with this notation, (330) corresponds to
||H(0na<Pn)||L2(0,T;H) <ec (5.5)

Then, observing that (we assume with no loss of generality p € (1,2), the analogue being trivial in
the case p = 2)

1/2 2P 3e
T R L P PSSR 1)
combining (B.0) and (&), it is easy to deduce
||a1/2(0n)H(Una (pn)HLZ(O,T;LP(Q)) <ec. (57)

Note that the above only relies on the “energy” estimate: using the “entropy” regularity, we could
actually get some better information.

Next, we observe that (8:29) and the first (B.I]), thanks to interpolation and Sobolev’s embed-
dings, imply
(5.8)

loull 58 g + ol ae +loull,

<
o)) 5=57 (0,T;H) 20055 ()

In particular, we may notice that the last two exponents depending on p are strictly larger than 2 if
and only if p is strictly larger than 6/5.

Next, we observe that, from ([B.23]), the second (5.1 (note that 1213’;]9 > 2 for p > 12/11) and
interpolation, there follows at least

IVenllriosg) < c(lenllLeorv) + lenllL2orm2@)) < c (5.9)

Moreover, using again (&) with the first (5.6, we get

le(on) Vipn|| 52 < clla(om)]|

L2(0.1:L T () Lw(oyT;Lﬁ(Q))HV‘PnHL2(O,T;L6(Q)) <ec. (5.10)
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Since uﬁ—pf)p > 1 for p > 12/11, the above, combined with (&1), implies

)

,p} > 1. (5.11)

1/2
HVUnHLZ(O,T;LS(Q)) < C(Ha / (Un)H(Una @H)HLZ(O,T;L"(Q)) + Ha(o’")v(anL%O,T;L 2555 (Q))

<eg, where S = min{ 6p

12 —5p
We now consider the convection term and note that its control is the only step where the condition
p > 12/11 is not sufficient to obtain an estimate which also allows for the Brinkman-to-Darcy limit
e \( 0. Actually, as € > 0 is fixed, we may use (333), which, combined with the third (5.8)), thanks
to Sobolev’s embeddings, implies

(5.12)

HU””””LZ(O,T;L% @) S %

where Z is some exponent strictly larger than 1. To deduce the above we used that, for p = 12/11, one
has ;’Tpp = 12/7, so that 1/6 4+ 7/12 = 3/4. Since in fact p > 12/11, changing a bit the interpolation
exponents in (5.8]), we see that Z can be taken strictly larger than 1 in (B12]).
On the other hand, as we deal with the Darcy limit, in order to use the first ([3.28]), we need
to know that
lonllLz(q) < ¢, for some Z; > 2. (5.13)

with ¢ independent of e. Then, interpolating between the last two conditions in (&), it is clear that
such an exponent can be found if and only if p > 6/5, as required in the statement of Theorem 2.3
Next, we notice that, from (ZI0) and (329), there follows
[b(on, @n)HLw(o,T;Lv(sz)) <c (5.14)

Let us now write (L3) for the approximate sequence and test it by n € W1°(Q) (as already noted,
this condition may be weakened). Then, using (5.12), (510), (511 and (5.I4), one deduces

||O‘n,t||LZ(O,T;W1,R(Q)/) <c¢., where Z >1, (515)

and c¢. can be taken independent of € when either p > 6/5 or o9 € L4(2) for ¢ > 6/5.
Combining (510) with (329) and (GII)) allows us to apply the Aubin-Lions lemma, which
gives
on — o strongly in L?(0,T; W'=%(Q)), (5.16)

where S is as in (B.I1]) and ¢ > 0 is arbitrarily small. Here and below, all convergence relations are to
be intended to hold up to the extraction of non-relabelled subsequences of n * oo. Note that (G.I0])
implies in particular the pointwise (a.e.) convergence o, — o.

Proving strong convergence of ¢, is, of course, much simpler. Using (5.3)), (325) and (&.1I),
the Aubin-Lions lemma actually guarantees

©n — @ strongly in C°([0,T]; H' () N L% (0,T; H*7*(2)) for every ¢ > 0. (5.17)

Again, the above implies in particular almost everywhere convergence both of ¢,, — ¢ and of Vi,, —
V. This allows us to manage the source terms in (L)) and (L3]). Actually, using assumptions (2.3)
and (Z.I0) with the first (5.8) (notice that 5p/3 > 20/11 if p > 12/11), we deduce at least

h(0n, @n) — h(o,¢) strongly in LT (Q) for every P € [1,00), (5.18)
b(0m, n) = b(o, @) strongly in L2/1(Q). (5.19)

We now move to the Korteweg terms in the Brinkman relation (I4]). First of all, notice that, from
(EI7), one deduces in particular

Vo, = Ve strongly in L*(0,T; H). (5.20)
Combining this fact with the weak convergence resulting from ([339), we then infer

Vo — uVe weakly in L¥3(0,T; L3/%(Q)). (5.21)
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Next, let us notice that, combining ([B.32]) with the pointwise convergence ¢, — ¢, there follows
©n — ¢ strongly in L¥(Q) for every P € [1,00). (5.22)
The above relation and the weak convergence resulting from (G.11]) imply
©nVo, = ¢Vo weakly in L2(0,T;L5(Q)). (5.23)

Concerning the cross-diffusion term, as a consequence of the pointwise convergence of o, and Vg,
and of (5I0), we deduce (at least)

a(0,)Ve, — a(0)Ve  strongly in LY(Q). (5.24)

Finally, we consider the transport terms, both of which are more conveniently integrated by parts.
As already observed, the transport term in (L) can be treated easily: indeed, using (5.2]), the weak
L?-convergence of u,, and the pointwise convergence of ¢,,, there follows

Uy — wp  weakly in L2(0,T; H). (5.25)

Concerning the transport term in ([3]), a similar argument based on ([EI2)) (notice that, once more,
7 > 1 is essential) permits us to obtain at least

Uno, — uo  weakly in LZ(Q) for some Z > 1. (5.26)

As already observed, for p < 6/5, the argument works only as far as e > 0 is fixed.

The last term we need to manage is the logarithmic one occurring in (L2]). As is customary,
to deal with it we will use some tool from the theory of maximal monotone operators. To this aim,
we recall that 5(r) := f(r) + M denotes the “monotone part” of f. Hence, of course, it is enough
to prove that 5(¢n) — B(p) in a suitable sense. It is worth observing that, at least formally, this
identification can be obtained just using the information resulting from the energy estimate. Indeed,
recalling ([40) and using that p is strictly larger than 1, one deduces

Blon) = & weakly in LP(Q). (5.27)

Then, to identify £ as 8(y), one may notice that ([B.22]) holds in particular for P = p’ (the conjugate
exponent to p). Hence, using the strong-weak closedness of the maximal monotone operator induced
by 8 and acting from L? (Q) to LP(Q) (which are reflexive Banach spaces in duality), one readily has

Blen) = B(e) weakly in LP(Q). (5.28)

We notice, however, that adapting this part of the argument to the proposed approximation scheme
will require some amount of additional work (see the next section for details).

As a consequence of the above procedure, all nonlinear terms in the weak formulation (225])-
([22])) pass to the expected limits. To conclude, we observe that, from 329), (.15) and a generalized
version of the Aubin-Lions lemma, there follows

o, — o strongly in C°([0,T7]; X), (5.29)
where X is a negative order Sobolev space such that
LP(Q) cc X c Whe(QY, (5.30)

the first inclusion being compact and the second being continuous. The existence of such a space is
clear as one considers that W1>°(Q) cc LP (). Then, using (5.29) and the first (5.17) it is immediate
to recover the initial data in the sense of (2.I1]).

End of proof of Theorem To conclude the proof, we first have to check the required regularity
properties (Z37)-(244]). Actually, most of them are direct consequences of the “energy” bounds (B.25)-

B31), B33), (339) and of the “entropy” bounds ([@28), [E2]) (or (£30)), and (in the case when we
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assume ¢ > p) (A53), @54) (or (£E55). In particular, the latter conditions imply the third of (237,
with the exponent Py specified in (2.45).

Next, concerning the last regularity condition in ([237) and the last in ([Z38]), we mimick the
interpolation argument leading to (5.8]), where we can take ¢ in place of p. This gives

<ec. (5.31)

”J"HB(O,T;L%(Q))
Applying to ([L2) the usual elliptic regularity argument, we then complete (237)) and (238). Con-
cerning the regularity of o, [2.42]) follows directly from ([3.29) and ([@26) if ¢ = p (i.e., we do not need
to perform the regularity argument in Subsec. 3 and from [@53) if ¢ > p. Regarding ([241]), the
second condition follows directly from (&I1]), while the first property is a consequence of (1) and
(512); in particular, this regularity conditions allows the use of n € WHE(Q), with R specified by
Z4H), as a test function in (Z2T).

Next, let us move to the Brinkman-to-Darcy limit. To this aim, let (¢, e, 0, uc) be a family
of weak solutions solving the problem at the level € and let us let € ™\, 0. Then, we observe that most
of the estimates are uniform with respect to € and, consequently, the argument to pass to the limit
mostly follows the procedure used for letting n " co. The only relevant difference regarding the fact
that, from ([B28) we can only deduce that (for a subsequence of € \ 0)

u. — u weakly in L?(0,T; H). (5.32)

On the other hand, using (5I3), which holds thanks to the assumption p > 6/5, we can now deduce

0. — o strongly in L?(0,T; H). (5.33)
Using (£.32), (6.33) and (EI3) again, we then arrive at
o.u. — ou  weakly in LZ(Q), (5.34)

for some Z > 1. This allows, from one side, to take the limit of the transport term in [Z27) and, from
the other side, to achieve the first convergence relation in (2350), which basically concludes the proof.

It is finally worth observing that condition (243]) follows from (B.31]), which also implies a
uniform in time control of In o in the space of signed measures on €.

End of proof of Theorem [2.31 In the two-dimensional case, the procedure is simpler and we
can rely on the stronger estimates obtained in Subsection Bl which imply the desired regularity
conditions (ZI8)-(224)), as a direct check shows. In particular, we may notice that the last (ZI8)) and
the last [ZI9) are direct consequences of [I12)). Moreover, for fixed e > 0, combining ([Z2T]) with the
second (Z22) and using Sobolev’s embeddings there follows

lowll 207,07 () < €rrey  for every R € [1,2). (5.35)

Using this piece of information and comparing terms in (3], it is then easy to get the first ([2Z.22l),
with R € (2, 00] being the conjugate exponent to R’.

Next, for what concerns the limit € \, 0, we let as before (¢¢, e, 0, u:) be a family of weak
solutions depending on €. Then, we can mostly proceed as in the three-dimensional case. The only
thing we have to notice regards the first ([2.32). Indeed, by interpolation, (£I1]) guarantees

loellLaq) < elloelloeo,mmy + lloell2o,mvy) < e (5.36)

Combining this with (233 (which is a consequence of the first ([3:28)), we then have
locue parsg) < ¢ (5.37)

whence follows the first ([2.32). Finally, we observe that, relation (Z27) makes sense for every n €
WHE(Q), R > 2. This is actually a consequence of (5.35) combined with the fact that (5.36) and
ZI]) imply at least

IVl Lz, + [lo) Vel Lz, rm) < c. (5.38)
Hence the cross-diffusion term in (ZZT)) admits € WE(Q) as a test function (actually it would also
admit n € V') and it could be written splitting it into its two summands.
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Remark 5.1. Adapting the proof of Theorem 23] one may easily check that, for d = 2, existence of
solutions for d = 2 can be achieved for every under the sole condition (ZI3) with p > 1. Moreover, in
this case also the limit Brinkman-to-Darcy (i.e., € N\, 0) can be performed for any o complying with
ZI3) and for any p > 1 (compare with assumption ([246) in the three-dimensional case). Actually,
for d = 2 in place of the first (B.8) we get

1622  agq) < (22| oo,y + 102 2| L20,mvy) < €, (5.39)

where we emphasized the dependence on ¢ in the notation. Hence, being p is strictly larger than 1,
the above implies
0. — o strongly in L*(Q), (5.40)

so that, using the weak convergence resulting from the first (8:28) (which is independent of ¢), one
deduces (at least)
o.u. — ou  weakly in LY(Q), (5.41)

which is the key property to achieve the Darcy limit. As noted in the introduction, we are planning
to analyze in detail the two-dimensional case in a forthcoming work.

6 Approximation

In this part we sketch a regularization of system ([I))-(LH) which may be exploited in order to
justify the a priori estimates - compactness argument used in the existence proof. In view of the
many nonlinearities involved, we will not present the approximation scheme in full detail, as that
would be a rather lengthy and technical procedure. Indeed, we point out that, both for the Cahn-
Hilliard model and for the chemotaxis models related to the Keller-Segel system, the literature dealing
with (analytical and numerical) approximations is very vast: with no claim of exhaustivity, we refer
the reader to [6l, 16l B0, B3] for the Cahn-Hilliard model and to [28 [32] [34] for chemotaxis models.
Referring to the quoted papers for more details, here, we will just focus on the “new” aspects of the
regularization arising in connection with our specific problem. We also point out that some parts of
our argument are somehow reminiscent of the procedure devised in [27], to which we refer the reader
for additional considerations.

That said, we indicate by n € N the regularization parameter, intended to go to infinity in
the limit, and propose a regularization of system (LI)-(L3H]) depending on n, for which existence may
be proved by standard methods (e.g., a Faedo-Galerkin scheme possibly complemented by a fixed
point argument). The approximation will be designed so to be compatible with the a-priori estimates
obtained before. To begin, we need to smooth out the singular (logarithmic) term f(¢) so to ensure
the applicability of some local existence theorem. Actually, in a Faedo-Galerkin scheme one needs
that all the elements of the Galerkin base belong to the domain of the potential, which is not true
if Fis given by (L0) (and so it takes finite values only on [—1,1]). To regularize f, we observe
that it is sufficient to act on its “monotone part” 3. Using some tools from the theory of maximal
monotone operators (cf. the monographs [2 [4] for some background), in Lemma below we will
explicitly describe a concrete example of a “smooth” approximating family 3,,, with controlled growth
at infinity, suitably converging to § as n \, oco. Once (3, is given, we define f,, := 8, — AId, Id
denoting the identity function. Then, noting as F;, a suitable primitive of f,, (we may assume F,, to
be normalized so that F,,(0) = F(0) = 0), one also obtains an approximation of the potential.

Once F, is given, we can introduce a regularized version of the energy functional ([B9]), namely

£0(00) i= V6l + o8I + [ Fulo)+ [ (3(0) = o). (61)
n Q Q
Here we have replaced F' with F,, and we have added a further regularizing term depending on the
Laplacian of ¢. The reason for such a choice stands in the fact that, as f is smoothed out, the
uniform boundedness of ¢, which is extensively used in the estimates (cf. (332])) may be lost in the
approximation. Adding the second-order term, we somehow compensate this loss of coercivity.
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Then, the regularization of the energy, in turn, generates a regularized version of the system,
which may be stated as

Pnt + Uy - Ve, — Aﬂn = h(O’n, ‘pn) - &Pna (62)
1

Hn = EAQSDn = Apy + fulon) — Xoy, (63)

On,t + Uy - Vo, — Aoy, + X div(a(o,)Ver) = b(on, ©n), (6.4)

—ediv(Duy,) + uy = Vi, + un Vo, — Xen Vo, (6.5)

div uy, = 0. (6.6)

Observe that, due to the occurrence of the fourth order term in (63]), an additional boundary condition
is needed. We shall assume
OnAp, =0 on I'x (0,7). (6.7)

Actually, ([62)-([63) is a particular version of the so-called “sixth-order Cahn-Hilliard system”, which
has been extensively studied in the literature (we quote, among the other contributions [21] 29] [30])
and for which the boundary condition (6.7)) is a rather standard choice.

Notice also that there is no need of regularizing the functions h and b, since assumptions
23) and I0) already guarantee sufficient smoothness properties as well as a controlled growth for
large values of ¢ and ¢. We also remark that the expression of equation ([6.4]) has not been modified
compared to ([[3)); in particular, the equivalent of the “minimum principle” B3] still holds in the
approximation.

We now see how the above regularization impacts on the various parts of the existence proof
presented in the previous sections.

Energy estimate. We first observe that the balance of mass (32 as well as the “weak” minimum
principle 3] still hold in the approximation. Concerning the energy bound, the argument outlined
in Section B is fully compatible with the regularization; however, some differences arise in the outcome
of the procedure. To explain this point, we first observe that, as we reproduce the estimate by working
on ([6.2)-([6.6]), we still obtain the analogue of ([8:24). Applying Gronwall’s lemma, and neglecting for
simplicity the contribution of the dissipative terms on the left-hand side, this leads to the bound

Here, (¢0,n,00,n) are suitable regularizations of the initial data designed in such a way that the right-
hand side above remains bounded uniformly with respect to n and (¢, 00,n) — (¢0,00) in a suitable
sense. Actually, one may directly take og , = 0¢, while smoothing out ¢( is a bit more involved and
can be performed by following the lines of the procedure devised in [29] or referring to other papers
dealing with the Cahn-Hilliard system with singular potential. In particular, one may ensure that the
analogue of ([2I2) holds uniformly with respect to n and that

leonllm20) < ent/?, (6.9)

so that the regularized initial energy on the right-hand side of (G.8]) is controlled uniformly in n.

The effects of the regularization also have some impact on [325)-[B32). In particular, as F,
is defined over the whole real line, there is no reason for [332)) to hold. Nevertheless, if we choose 3,
as in Lemma [6.1] below, i.e., we ask that

/Q Fu(@) = Kl Eagey — (6.10)

for some constants k > 0 and ¢ > 0 independent of n and for ¢o > p’ (p’ being the conjugate exponent
to p), then the energy functional keeps some coercivity. Indeed, recalling ([B.6]), one has

| o)+ [ Glo)=xa)

1
2wl By + o1 — (1 + ol + / oo + o] ocey |1 o )

gn(@na Un) + || hlo‘n”L%Q)’ S cr 5n(<,00,n, UO,n) + H 1no’O,nHLl(Q) . (68)

L°(0,T)

E q0 1 p _
Z 2 H<P| LQO(Q) + 2p(p _ 1) HUHLP(Q) & (611)
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the last inequality following by properly applying Young’s inequality and using that gy > p’. The
above relation entails that the approximate energy is uniformly coercive with respect to n. As a
consequence, when performing the approximate energy estimate, at least a uniform control of ¢ in
L>°(0,T; L% (2)) is achieved. Moreover, due to the additional Laplacian in ([G.1]), (68) entails the
additional estimate

onll Lo (0, m2(00)) < ent/?, (6.12)
with the constant ¢ independent of n.

Entropy estimates. We start observing that the first, and simpler, version of the argument, as
presented in Subsec. ] for the two-dimensional case, basically requires no significant variation. On
the other hand, for the argument presented in Subsec. 12l some discussion is in order. Indeed, the
procedure uses in an essential way the outcome of the Gagliardo-Nirenberg inequality (£I3), which,
in turn, subsumes the uniform boundedness of ¢ stated in (3.32) as a consequence of the choice of the
“singular” potential (I6]), which is however lost in the approximation as F' is smoothed out. Actually,
at the regularized level, the best information we have is given by the combination of (6.11]) and (6.12]).
In particular, the latter relation implies, via Sobolev’s embeddings, that, at fixed n, ¢, is bounded in
the uniform norm; however, at least in principle, this bound needs not be uniform with respect to n.

Fortunately, in the next lemma we may prove that [, can be constructed so to ensure the
boundedness of ¢,, independently of the approximation parameter. We believe this property to have
an independent interest; hence we present it as a lemma so to facilitate future reference. We refer
again to the monographs [2] [4] for the terminology as well as to [Il Chap. 3] for what concerns the
concepts of graph-convergence and G-convergence.

Lemma 6.1. Let Q be a smooth, bounded domain of R?, d € {2,3}, and 3 : R — 2% be a maximal
monotone graph, with the domain D(f) satisfying D(S) = [—1,1]. Let 8 be normalized in such a
way that 3(0) > 0. Let also qp € (2,00) be a given exponent. Then, there exists an approximating
family of monotone and locally Lipschitz continuous functions §,, : R — R, with (,(0) = 0, such that,
defining

Buls) == / Bulr) dr, (6.13)
0
then it follows that
Kn(1+[s|%) > Bu(s) > k|s|® — ¢ for every n €N, s € R, (6.14)

for suitable constants £ > 0 and ¢ > 0 (independent of n) and K, > 0 (depending on n and diverging
asn /' o0). Moreover, for every constant co > 0 there exists a constant C' > 0 independent of n and
such that, if {v,} is a sequence of functions in H2()) satisfying

_1 -~
[vnllv + 172 ||vall #2(0) +/Qﬁn(vn) < co, (6.15)

then {v,} also satisfies .
||'UnHLoc(Q) <C. (6.16)

Finally, the family /3, converges to 3 in the sense of graphs (or G-convergence) in R x R.

PROOF.  We denote as f3y,, the Yosida approximation of 3 of index n~!. Moreover, we define the
following sequence of functions:

0 if se[-1,1],
Jn(s) = { qonB® (s — 1)1 if $>1, (6.17)
—qon®®|s 4+ 1|°~1 if s < —1.
Using that, for every s > 1 (respectively, for every s < —1) j,(s) is monotone increasing (respectively,
is monotone decreasing) with respect to n and diverges to 400 (respectively, —o0), it is easy to check

that the sequence {j,} converges, in the sense of graphs, to the graph 0/j_; j (the subdifferential
of the indicator function of [—1,1]). To be precise, this property may be shown by proving that the
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antiderivatives of j, vanishing at 0 monotonically converge to Ij_; ;; and applying [I, Thm. 3.20 and
Thm. 3.66]. Then, setting 5,,(s) := Bo.n(s) + jn(s), we can also see that 3,, converges to § in the sense

of graphs. In addition, defining 3, as in ET13), it is clear that properties ([6I4) hold. Moreover, one
has 3,,(0) = 0 for every n € N thanks to the properties of Yosida approximations.

Let now (GEI5) hold. Then, computing explicitly the primitive of j,, one can easily realize
that

co > Bn(vn) > pSao (/ ((vn - 1)+)q0 +/ ((vn + 1))q0>. (6.18)
Q Q Q
Let now T' € C?(R;R) a truncation operator satisfying the following properties:

T(s)=0 forall se[-1,1], T(s)=s—2 forall s>3, T(s)=s+2 forall s<-3, (6.19)
[T(s)| <1 forall se€[-3,3], 0<T'(s) <1 forall seR, |T"(s)|<c forall seR, (6.20)

and for some ¢ > 0. It is not difficult to construct explicitly a function T satisfying all the above
properties. Noting that
AT (vn) = T (vp) Avy, + T (v0) | Vv |?, (6.21)

using Sobolev’s embedding and elliptic regularity (recall that v,, € H2(£2)) one deduces
IAT (wn)ll < el Avnl + el Venll7ag) < c(llonllly + | Ava]|?). (6.22)
Hence, recalling ([6.15) and using again v, € H2 (), there follows
lvnllzz2(0) < c(llonll + IAT(wa)ll) < ern, (6.23)

where ¢; > 0 depends on ¢y and embedding constants, but is independent of n.
Next, let us observe that

[T(vn)] < (v — ) + (v, +1)—  ae. in Q. (6.24)
Hence, from ([6.I]) we deduce
1T (vn)| qLOqo(Q) < C(”(Un - 1)+||%Oqo(9) + [l(on + 1)—”%0(10(9)) < cn”S0, (6.25)

As a consequence,
17 (va) |l < || T (vn)llLao () < en”S. (6.26)

Thus, by interpolation (we consider the more difficult case d = 3, the two-dimensional setting working
with better exponents)

7/8
1T ()| L) < el TWa)llmr7/agy < ellT(wn) | 2 IT () [[/®
<en™®nt = en”V8, (6.27)
Recalling (6.19), the thesis ([G.16]) follows. [ |

With the lemma at disposal, we may notice that, from the approximate energy estimate (G.8]), there
follows in particular that

1
n=2[|Agnll Lo 0,750y + [ Fn(@n)ll Lo 0,101 (0)) < €. (6.28)

Hence, applying the lemma, one obtains
lenllro (0, (02)) < € (6.29)

with ¢ independent of n, which allows for the use of the uniform boundness of ¢ even when the
estimates are performed at the regularized level. The remainder of the entropy argument seems to
require no further variations.
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Passage to the limit. Here, the main point is concerned with the logarithmic term. Actually, in
the previous part (cf., in particular, (5:28))), the identification of the limit was obtained by relying on
the strong-weak closedness of the maximal monotone operator induced by S (the monotone part of f)
from Lp,(Q) to LP(Q) (which are reflexive Banach spaces in duality). This property may be stated as

©n — ¢ strongly in L¥ (Q) and B(pn) — & weakly in LP(Q) = &= B(p), (6.30)

the last equality holding in LP(Q), hence almost everywhere.

However, as the system is approximated by (G.2))-(G.6]), some differences arise. First of all, 8
is now replaced by a varying family {3, }. In itself, this would not be a problem because the fact that
Bn converges to 5 in the sense of graphs (in R) implies, in turn, that the maximal monotone operators
induced by 3, G-converge (we refer, again, to [I, Chap. 3] for further details) to the the maximal
monotone operator induced by 5. Such a property would actually imply

©n — ¢ strongly in LP (Q) and B,(pn) — & weakly in LP(Q) = &= B(yp). (6.31)

There is, however, a further issue which prevents the application of the above argument, related to
the presence of the fourth-order elliptic term in (63]). Indeed, it turns out that the operator

B, (v) := %AQU + Bn(v), (6.32)

complemented with the boundary conditions (G.7), is not maximal monotone in the duality between
LP and LP.

To explain this fact, we go back to the Hilbert setting (indeed, in our modified version of
the argument we will be able to use Hilbert spaces) and neglect, for simplicity, the effects of the
time variable. What happens is that, while the operators v — n=tA2v and v — 3, (v) (with proper
domains) are separately maximal monotone in H, their sum is not. The reason stants in the lack
of the so-called “angle condition”. Roughly speaking, this corresponds to the fact that the L2-scalar
product of A%y and f3,(v) has no sign properties. In other words, an L2-estimate of the form

[n = A%, + Ba(vn)]| < e, (6.33)
due to the lack of the angle condition, does not imply
[n ™ A% || + (1B (va) | < e (6.34)

For this reason, the argument in (631]) cannot be reproduced. To bypass this issue, we go back to the
(approximate) entropy bound and we first recall that (£2]), as p > 12/11, gives at least

HA('D"HLQ(O,T;H) sc. (6.35)
On the other hand, even in the worst case scenario for p, the second (8] guarantees
lonllLssso,r;m) < c. (6.36)
Hence, using (8339) and comparing terms in (G.3]), we deduce the analogue of ([6.33]), namely
In =220 + Bu ()| o/ 0 ) < © (6.37)

This estimate, however, as observed above, cannot be decoupled. For this reason, we need to go back
again to (B.8)) and we observe that it also implies

lonllzo, vy < cllonllzo,rnr2m@) < c (6.38)

Then, a further comparison of terms in ([G.3]) gives the estimate

Hn71A290n + ﬂn(@n)HLz(oﬁT;vz) S Ca (639)
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which carries a weaker information with respect to space variables, but, on the other hand, can be
decoupled. To see this, we recall ([@I4]), which, due to the presence of the elliptic regularizing term,
takes now the form

1Aeall? +n~HIVAG|* < c(1+ [Vual) + X/Q Ven - Von. (6.40)

Then, following the lines of the entropy estimate, we may see that, in place of ([£27), one has

p(5p—4)

12 6 12 6 R T gt
1A@all 325 + =155 [VAG| 55 < e+ el Vil 25 + clloall it (1+ [V022]2).  (6.41)
Hence, using again ézgp > 2 we additionally deduce (at least)
In~'An | 2(0,75v) < ¢, or, more precisely, [|n~' A%, |20, < ¢ (6.42)

Comparing with (G39), we then obtain the desired “decoupled” information
Hﬁn((p")HLZ(O,T;V’) S C. (643)

Actually, this suffices to pass to the limit provided that we use a proper duality argument (an alter-
native, but in fact equivalent, approach may rely on the theory of variational inequalities). Namely,
one may first observe that the sequence of monotone functions {3, } also induce a family of maximal
monotone operators from L2(0,7;V) to L*(0,T;V"'). Moreover, such a family converges, in the sense
of G-convergence, to the maximal monotone operator induced by 3 from L?(0,T; V) to the power set
2L*(0,T5V"). et us denote by Buw, i.e., “weak (7, the operator obtained in this way. Actually, as first
noticed in [B], 5., due to the singular character of F, is a multivalued mapping; in particular there
may occur concentration phenomena on the set where |¢| = 1.

Within this perspective, using the second (BI7) and ([€43]), (630) is replaced by
©n — @ strongly in L*(0,T;V) and B,(¢n) — & weakly in L*(0,T;V') = £ € Bu(p), (6.44)

where we used the inclusion symbol because, as said, 3,,(¢) can contain more than an element. On the
other hand, as the identification ¢ € 8,,(¢) is achieved, a posteriori one can prove that, in fact, 8, (¢)
can be replaced by (). More precisely, the limit £ of 3,,(¢,,) is a function (and not just a functional),
and it coincides almost everywhere with S(p). To see this, we first notice that, comparing terms in
the limit equation (L2)) (where the bi-Laplacian no longer occurs), one deduces & € L8/5(0,T; H) (the
exponent 8/5 is due to (636). Then, applying, e.g., [3, Prop. 2.5] (see also [29, Subsec. 2.1] for some
additional background) one gets the desired (pointwise) equality £ = B(¢p).

That said, the remainder of the argument used for passing to the limit with n  co can be
adapted to the approximation scheme up to purely tecnical modifications.
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