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Abstract We study the existence of weak solutions to a mixture model for tu-
mour growth that consists of a Cahn—Hilliard—Darcy system coupled with an elliptic
reaction-diffusion equation. The Darcy law gives rise to an elliptic equation for the
pressure that is coupled to the convective Cahn—Hilliard equation through convec-
tive and source terms. Both Dirichlet and Robin boundary conditions are considered
for the pressure variable, which allows for the source terms to be dependent on the
solution variables.

1 Introduction

At the fundamental level, cancer involves the unregulated growth of tissue inside
the human body, which are caused by many biological and chemical mechanisms
that take place at multiple spatial and temporal scales. In order to understand how
these multiscale mechanisms are driving the progression of the cancer cells, whose
dynamics may be too complex to be approached by experimental techniques, math-
ematical modelling can be used to provide a tractable description of the dynamics
that isolate the key mechanisms and guide specific experiments.

We focus on the subclass of models for tumour growth known as diffuse interface
models. These are continuum models that capture the macroscopic dynamics of the
morphological changes of the tumour. For the simplest situation where there are
only tumour cells and host cells in the presence of a nutrient, the model equations
consists of a Cahn—Hilliard equation coupled to a reaction-diffusion equation for the
nutrient. By treating the tumour and host cells as inertial-less fluids, a Darcy system
can be appended to the Cahn—Hilliard equation, leading to a Cahn—Hilliard—Darcy
system. For details regarding the diffuse interface models for tumour growth we
refer the reader to [3, 6, 7, 16, 18, 21] and the references therein.
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Our interest lies in providing analytical results for these models, namely in es-
tablishing the existence of solution to the model equations. Below, we introduce the
Cahn-Hilliard-Darcy model to be studied: Let Q2 C RY, d= 2,3, be a bounded do-
main with boundary I", and denote, for 7 >0, 0:=Q x (0,T) and £ :=1 x (0,T).
We study the following elliptic-parabolic system:

divv=I(¢p,0) in O, (1a)

9@ + div(v) = div(m(@)Vu) +Ip(¢,0) in O, (1b)
=A% (¢)-BAp—xc  inQ, (Ic)
0=Ac—h(p)o in Q, (1d)

=0, o=1 onX, (le)

?(0) = @ in £, (1)

where 0y f := V[ -V is the normal derivative of f on the boundary I", with unit
normal v, and in this work, we focus on the following variants of Darcy’s law and
the boundary conditions

v=—K(Vg+oV(u+yxo))inQ, ¢q=0, m(@)dyu=¢v-vonZX, (2a)
v=—K(Vp—(u+xo)Ve)inQ, u=0, Kdyp=a(g—p) onXZ, (2b)
v=—K(Vp—(u+x0o)Ve)inQ, dyu=0, Kdp=a(g—p) onXZ, (2c)

for some positive constant a and prescribed function g. In (1), v denotes the volume-
averaged velocity of the cell mixture, ¢ denotes the concentration of the nutrient,
¢ € [—1,1] denotes the difference in volume fractions, with {¢ = 1} representing
unmixed tumour tissue, and {¢@ = —1} representing the host tissue, and p denotes
the chemical potential for ¢.

The positive constant K is the permeability of the mixture, m(¢) is a positive
mobility for ¢. The parameter ¥ > 0 regulates the chemotaxis effect (see [16] for
more details), ¥(+) is a potential with two equal minima at -1, A and B denote two
positive constants related to the thickness of the diffuse interface and the surface
tension, (@) is an interpolation function that satisfies A(—1) =0 and A(1) = 1.

In (2), both p and g denote the pressure. The Darcy law in (2a) with pressure
g can be obtained from the Darcy law in (2b) and (2c) with pressure p by setting
g =p— (u+x0)@. The source terms Iy and I, model, for instance, the growth of
the tumour and its effect on the velocity field. We refer to [16, §2.5] for a discussion
regarding the choices for the source terms I'y, I.

We now compare the model (1) with other models studied in the literature.

1. In the absence of velocity, i.e., setting v = 0 in (1b) and neglecting (1a), we
obtain a elliptic-parabolic system that couples a Cahn—Hilliard equation with
source term and an elliptic equation for the nutrient. A similar system has been
studied by the authors in [12] with Dirichlet boundary conditions for @, u,o.
For systems where (1d) has an additional d,c on the left-hand side, the well-
posedness of solutions have been studied in [5, 11, 14] for particular choices of
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the source term I'y. We also mention the work of [8] for the analysis of a system
of equations similar to (1) with y =0.

2. In the case 6 = 0, (1) with the Darcy law (2b) reduces to a Cahn—Hilliard—
Darcy system, and well-posedness results have been established in [20] for
I, =Ty =0and dyp = dyu =0 on Z, and in [19] for prescribed source terms
I, =TIy #0 and dyp = dyu =0 on Z. In [2] a related system, known as
the Cahn—Hilliard—Brinkman system, is studied, which features an additional
term —VAv on the left-hand side of the Darcy law (2b), but with Iy, = Iy = 0.
Analogously, (1) without o and the Darcy law (2a) with boundary conditions
dyp = dyt = dy@ = 0 on X has been studied in [10]. For strong solutions to
the Cahn—Hilliard—Darcy system on the d-dimensional torus, d = 2, 3, we refer
the reader to [23, 24].

3. In[13], the authors established the global existence of weak solutions to (1) with
the Darcy law (2b) that features the following convection-reaction-diffusion
equation for o:

dic+div(ov) =Ac—xAe -7,

with a prescribed source term Iy and source terms I'y,.% that depend on ¢@,c
and u that have at most linear growth, along with the boundary conditions
dylt = dy@ = dyp = 0 and a Robin boundary condition for ©.

For the analyses performed on Cahn-Hilliard—Darcy systems in the literature,
many have consider Neumann boundary conditions. However, a feature of the Neu-
mann conditions for p and ¢ is that

/dex:/ divvdx:/v~vdF:/—Kavp+K(u+xG)8v(de:O,
Q Q r r

that is, the source term Iy necessarily have zero mean. For source terms Iy that
depends on ¢ and o, this property may not be satisfied in general. To allow for
a source term that need not have zero mean, one method is to prescribe alternate
boundary conditions for the pressure, see for example [4, §2.2.9] and [16, §2.4.4].
In this work, for the pressure, we consider analysing the model with a Dirichlet
boundary condition and also a Robin boundary condition for the pressure. Then, the
source term Iy does not need to fulfil the zero mean condition. However, it turns out
that in the derivation of a priori estimates for the model, we encounter the following:

e For the natural boundary condition dy it = 0 and the Robin boundary condition
Kdyp =a(g— p) on X, we have to restrict our analysis to potentials ¥ that has
quadratic growth (Theorem 2.3).

e To consider potentials with polynomial growth of order larger than two, we need
to prescribe the boundary conditions (2a) and (2b) for the chemical potential u
(Theorems 2.1 and 2.2).

Let us briefly motivate the choices in (2a) and (2b). Due to the quasi-static nature of
the nutrient equation (1d), we do not obtain a natural energy identity for the system
(1) in contrast to the models studied in [13, 14, 16]. For simplicity, let m(¢) = 1,
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K =1 and consider testing (1b) with i + ¥ &, (1¢) with d,@, the Darcy law (2b) with
v. Integrating by parts and upon adding leads to

d B

—/A‘I’((p)+f\V(p|2dx+/ Vu? + |[v]? dx

dt Jo 2 Q
=/Q—xVu-V6+Fv(p—@(u+xc>)+ﬂp(u+xc)dx (3)
+/F8vu(u+xcr)—pv~vd1".

If we prescribe the boundary conditions dyu =0 and —v-v = dyp =a(g—p), i.e.,
the boundary conditions in (2c), then the boundary term in (3) poses no difficulties.
The main difficulty in obtaining a priori estimates from (3) is to control the source
terms Iy 1@ and I'pu with the left-hand side of (3). In the absence of any previous a
priori estimates, to control terms involving (t by the term |V Hiz (@) °n the left-hand
side via the Poincaré inequality, an estimate of the square of the mean of u is needed.
As observed in [14], this leads to a restriction to quadratic growth assumptions for
the potential Y.

Furthermore, new difficulties arises in estimating the source term I p if we do not
prescribe a Neumann boundary condition for p. The methodology used in [13, 19] to
obtain an estimate for ||p|| 12(@) relies on the assumption that Iy is prescribed and has
zero mean, and dyp = 0 on X. The arguments in [13, 19] seem not to be applicable
for the our present setting, where I is dependent on ¢ and ¢, and a Robin boundary
condition is prescribed for p. This motivates the choice of a Dirichlet condition for
u to handle the source term Iy@u and Ipit, and as we will see later in Section 3.4
(specifically (32)), the Dirichlet boundary condition for p is needed to obtain an
[*-estimate for p.

Alternatively, we may consider the discussion in [13, §8] regarding reformula-
tions of the Darcy law. Choosing ¢ = p — @ (. + x0) leads to the Darcy law variant
in (2a). A similar testing procedure leads to

d B

7/ A‘P((p)—l—f|V(p\2dx+/ Vul? + [v[* dx

dt Jo 2 Q
:L_XVH.VG+RQ+F¢(H+XG)dX “)
+ [ (Gut— v V) x0) ~qv-var

Here we observed that the source term involving Iy simplifies to just Iyg, and in
exchange, we see the appearance of (¢4 ¢@u + x@0o)v- v appearing in the boundary
term. Comparing to the previous set-up with (2b), we have shifted the problematic
terms to the boundary integral. Choosing v-v =0 on X is not desirable, as equation
(1a) would the imply that Iy (¢, ¢) must have zero mean. We may instead consider
the boundary conditions

=0, v-v=—dy(q+xo)=alg+e(u+yxo))onZk,
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then the boundary term in (3) poses no additional difficulties in obtaining a priori
estimate. In exchange, obtaining an estimate for ||g|[;2(o) to deal with the source
term Iyg becomes more involved, as the variational formulation for the pressure
system now reads as

/QVq-VCdH/FandF:/QFVC—fpV(u+xc)-VCdx—/Fatp(quxc)CdF

for a test function . Estimates for g will now involve an estimate for || ||;2(r).
and this is more difficult to control than [|@ft[|;2 o). This motivates the choice of a
Dirichlet condition for ¢ and the boundary condition dy i = @v -V to eliminate the
boundary term in (4).

This paper is organised as follows. In Section 2 we state the main assumptions
and the main results. In Section 3 we outline the proof of the existence result by
means of a Schauder fixed point argument. An auxiliary problem involving just
the nutrient is studied in Section 3.1, and an auxiliary problem involving Cahn—
Hilliard—Darcy system with (2a) is studied in Section 3.2. Then, in Section 3.3 the
Schauder’s fixed point theorem is applied to deduce the existence of a weak solution
to (1), (2a). The details for the Robin boundary conditions (2b) and (2c) are specified
in Sections 3.4 and 3.5, respectively.

Notation. For convenience, we will often use the notation L? := LP() and
WP .= WkP(Q) for any p € [1,%], k > 0 to denote the standard Lebesgue spaces
and Sobolev spaces equipped with the norms || - ||z» and || - ||yyx,. In the case p =2
we use H* := W*? and the norm || - || ;x. Due to the Dirichlet boundary condition
for o and u, we denote the space H(} as the completion of CZ°(2) with respect
to the H' norm. We will use the isometric isomorphism L”(Q) = LP(0,T;L") and
LP(XZ) = LP(0,T;LP(I')) for any p € [1,e0). Moreover, the dual space of a Banach
space X will be denoted by X*, and the duality pairing between X and X* is denoted
by (-,-)x. We denote the dual space to H} as H~'. For d =2 or 3, let dI" denote
integration with respect to the (d — 1) dimensional Hausdorff measure on I'", and
we denote R?-valued functions in boldface. For convenience, we will often use the
notation

/Qf:_/OT/Qfdxdt, /Q’f::/ﬂt/gfdxds, /Ef::/ot/rfdl“ds

for any f € L'(Q) and for any ¢ € (0, T].
Useful preliminaries. For convenience, we recall the Poincaré inequality: There
exist a positive constant C,, depending only on £ such that

lr=7

L S|Vl forall f €W 1 <r <o, (5)

where f 1= ﬁ Jo fdx denotes the mean of f. Furthermore, we have

12 < € (IN A2+ £ lzqr ) for £ € 1, ©)
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I£llz2 < CplIV Iz for f € Hy. ™

The Gagliardo—Nirenberg interpolation inequality in dimension d is also useful (see
[9, Theorem 2.1] and [1, Theorem 5.8]): Let 2 be a bounded domain with Lipschitz
boundary, and f € W™ NLY, 1 < q,r < oo. For any integer j, 0 < j < m, suppose
there is o € R such that

p d rod g B m-

There exists a positive constant C depending only on 2, m, j, g, r, and o such that

1D fllze < ClLAme £l * ®)

For f€ L%, g€ L*(I'),and B > 0, letu € H', w € H} be the unique solutions to the
elliptic problems
—Aw=finQ, w=0 onl,

—Au=finQ, Ju+Pu=gonl.

We use the notation u = (—Ag) ! (f,B,g) and w = (—Ap) ! (f). Furthermore, if in

addition g € H 3 (I') and I is a C2-boundary, then by elliptic regularity theory [17,
Thm. 2.4.2.6] and [17, Thm. 2.4.2.5], it holds that w € H* N H]} and u € H? with

Il < Utz Tulle <€ (11 + sl 3,1, )

2 Assumptions and main results

Assumption 2.1

(A1) Q C RY d= 2,3, is a bounded domain with C3-boundary I'. The positive con-
stants a,T,A,B, x,K are fixed. The function g € L* (X) and the initial condition
@y € H' are prescribed.

(A2) The mobility m € C°(R) satisfies 0 < my < m(s) < mj for all s € R. The function
h € C°(R) is non-negative and is bounded above by 1.

(A3) The potential ¥ € C*(R) is non-negative and, for r € [0,4) and for all s € R,
there exist positive constants Cy, Cy, C3 and Cy4 such that

W(s) > CilsP =Gy, [P'(s)| SC(1+1s), |¥(9)] < Ca(14+¥(s)).
(A4) The source terms Iy and Iy are of the form

Li(¢,0) =by(@)o + {1 (@), Ip(@,0)=Dbe(@)o+ fo(®),

where by, by, fv, fo are bounded and continuous functions.
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We first give the results to the problem (1), (2a).
Definition 2.1 We call a quintuple (@, 1L, 0,v,q) a weak solution to (1), (2a) if
¢ € L7(0,T:H")YNL2(0,T: H) NW"3 (0,T: (H')*), veIL*Q),
o e (1+L2(0,T:HY)), wnel?(0,T:H"), qeL5(0,T:HY),

and satisfies (0) = ¢p, 0 < 0 <l a.e. in Q, and

0= (20, Lh + [ m(@)Vi-VE—gv-VE~Tp(9.0)0dx, )
0= [ (u+x0)C A% (p)C ~BV-VEdx, (9b)
0:/9V6-V§+h((p)6§dx, (9¢)
0= [ KVq-VE-L(9.0)5+Ko¥(u-+70)- VEdx, 9d)
0:/_Qv-y+KVq-y+K(pV(u+xG)-ydx, (9e)

forae.t € (0,T)andall{ € H', E € H}, y € L*.

Theorem 2.1 Under Assumption 2.1, there exists a weak solution to (1), (2a) in the
sense of Definition 2.1.

For the problem (1), (2b) we have the following.
Definition 2.2 We call a quintuple (¢, 11, 0,v, p) a weak solution to (1), (2b) if
@ € L=(0,T;H YN L2(0,T;H}) W5 (0,T;HY), veL2(Q),
o e (1+L20,T:HY)), wel?0,T:HY), peLS0,T:H)NIA(Z),

and satisfies ¢(0) = ¢y, 0 < 0 < 1 a.e. in Q, (9b), (9¢), and
0= (A0.E)yy + [ m(9)Vit-VE—pv-VE—L(p,0)Edx. (102
0= | KVp-VE-L(9.0)0 ~K(u+10)V-VEdx+ [ alp—g)fdr, (100
Q r
0:/QV-y+KVp~y—K(,LL+XG)V(p‘ydx, (10c)

foraete(0,T)andall{ €H', E € HL, y € L2

Theorem 2.2 Under Assumption 2.1, there exists a weak solution to (1), (2b) in the
sense of Definition 2.2.

Analogously for the problem (1), (2c) we have the following.
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Definition 2.3 We call a quintuple (¢, 1L, 0,v, p) a weak solution to (1), (2¢) if

@ € L=(0,T;HYYNL2(0,T:H) nw' 5 (0,T;(H")"), veL*(Q),

6 e (1+L20,T:HY), nel?(0,T;:HY), pelLs(0,T:HYYNLA(X),

and satisfies ¢(0) = @y, 0 < 0 < 1 a.e. in O, (9b), (9¢), (10b) and (10c) and
0=(d,5)m +/Qm(<P)Vu-VC+V<p-vC+R(<p,G)<pCfﬂp((p,c)édx (11

foraete(0,T)andall{ €H', { € HL, y € L2
Theorem 2.3 Under Assumption 2.1, with (A3) replaced by
P(s)>Cls|* ~Co, |P"(s)|<C; VseR, (12)

for positive constants C1,C>,C3 , there exists a weak solution to (1), (2¢) in the sense
of Definition 2.3.

We use the fact that H! cc L> ¢ (H')*,H' cc L> c H™', and [22, §8, Cor. 4] to
deduce that ¢ € C°([0,T];L?) in all cases, and thus ¢(0) makes sense as a function
in L2, This implies that the initial condition ¢y is attained in all cases.

3 Existence

We show the existence of weak solutions to (1), (2a) by means of a fixed point argu-
ment. The idea, similarly applied in [15], is to consider the following two auxiliary
problems. For a given ¢ € L?(Q), let ¢ be a solution to the auxiliary problem

—Ac=h(¢)oinQ, o=1onZX. (13)

This defines a mapping . : ¢ — o©. Then, we find a quadruple (@, 1L, v,q) of func-
tions that is a weak solution to the auxiliary problem

divy =I,(9,2(9)) in Q, (14a)
v=—K(Vg+oV(u+xZ(¢)) inQ, (14b)

99+ div (@v) = div(m(@)Vu) +Ip(9, £ (9)) inQ, (14c)
p=A¥(9)—BAp—xZL(9) inQ, (14d)

ho=0, m(@)dyu=0¢v-v, g=0onZX, (14e)

0(0) =@ in Q. (14f)

This yields a mapping .Z : ¢ — ¢. If ¢, is a fixed point of .Z, i.e., ¢. = A (@,),
with 6. = Z(¢.), e =AY (¢.) —BAQ, — 0., Vo = —K (Vg + .V (1. + x0.))
and divv, = I(@y, 0y), then (., W, Ok, V4, g ) is a solution to (1), (2a). A similar
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strategy will also be used for showing the existence of weak solutions to (1), (2b)
and (1), (2¢).

3.1 Auxiliary nutrient equation

Lemma 1. For any ¢ € L*(Q), there exists a solution & € (1+L*(0,T;H})) to (13)
such that 0 < o <1 a.e. in Q. Furthermore, there exists a constant C not depending
on ¢ such that ||0|| ;20 7,1y < C.

Proof. Given ¢ € L*(Q) and a function 6y € L?, for any 6 € (0, 1], we find a solution
(9 to the problem

00,6 —Ac+h(¢p)o=0inQ, o=1onZX, o(0)=o0pinQ. (15)

Applying a standard Galerkin approximation yields the existence of a solution ¢(¢)
to (15) satisfying 6®) € (1+L(0,T;H}))NH'(0,T;H"), where H~! is the dual
space to H(%. We now derive some uniform estimates for ¢(©). Testing with c® —1
and integrating in time leads to

0l1(0'®) = () i+ V0 s )+ [ 100 —1)°
<6||6071||L2+/h )o@ 1] < lloo— 11+ 5 0 1+ C
<lloo—1l3+5 Ivet® I720) +C

for all r € (0, T], where the constant C does not depend on 6 € (0,1] and C, is the
constant from the Poincaré inequality. Neglecting the non-negative terms || (6(6) —
1)(t)||i2 and h(¢)(c(®) —1)2 in the above estimate leads to

16 20,71y < € (1416 = Dll 20,71 §
<C(1+||VG I )gc. (o
Furthermore, by the boundedness of / and the Poincaré inequality, it holds that
||9810-(9)||L2(0,T;H*1) < ||V0'(9)||L2 + Ho'(e) -1+ 1HL2(Q)
<C<||Vcr 20 +1)

where C is a positive constant not dependent on 6. These estimates show that

{(5(6)}96(0’1] is bounded in 14 L(0,T;H}),
{60,6'% }gc (0,1 is bounded in L*(0,T;H "),
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and thus there exists a function o € (1+L%(0,T;H])) such that
0% — & weakly in L2(0,T;H").

Then, it is a standard argument to show that ¢ is a weak solution to (15) with 6 = 0.
To deduce that the limit function ¢ satisfies 0 < ¢ < 1 a.e. in Q, we use a weak
comparison principle. Testing (13) with (o — 1) := max(o — 1,0), we see that

Yo V(o1 = V(o= 1) ) = - /Q h(@)o(o—1).
= [ #(0)o~ (@1} +h(9) (1)) < [ ho)|(@ 1), <0.
Q

This shows that (o — 1) is constant a.e in Q, and (¢ — 1), = 0 on X implies that
(0 —1)4 =0a.e. in Q, which yields that o < 1 a.e in Q. Similarly, testing (13) with
(0)- := max(—0,0) leads to

“I¥(0) Iizg) = [ Vo-¥(0) = [ n6)o(0)- = | no)lie)- =0

This shows that (¢)_ is constant a.e. in Q, and using that (6)_ = 0 on X leads to
the assertion that (6)— =0a.e.in Q, andso 0 < o a.e. in Q.

3.2 Auxiliary Cahn—Hilliard-Darcy system

We state the existence result to (14):
Lemma 2. Under Assumption 2.1, for any ¢ € L*(Q) there exists a quadruple
(o,u,v,q) such that

@ € L=(0,T;HYYNL2(0,T;H) nw"5 (0, T (H')"),

veL}(Q), ¢eL3(0,T:H)), pel*(0,T:H"),

which satisfies (9a), (9b), (9d), (9¢) (with G replaced by £ (9)) for a.e. t € (0,T)
andall { € H L y € % Ee Hol. Furthermore, there exists a positive constant C, not
depending on (@, 1L,v,q) and ¢ such that

¥ (@) ||L°°(0,T;L1) +[¥' () ||L2(0.T;H1) + ||90HL°° 0,7:H)NL2(0,T;H?)

<
Bl + Mo 1l g e H12005 L <C

A7)

To prove this result, we first derive a priori estimates for (14). In the following, C
denotes a positive constant not depending on (@, i, v,q) or ¢, and may vary from
line to line. We write .Z(¢) as ¢ in (14) and replace the duality product (-,-)
in (9a) with the L*>-product (this is satisfied for example by the Galerkin ansatz).
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Substituting £ = d;¢ in (9b), { = p+ xo in (9a), y = K~ 'v in (9e) and summing
leads to

— [ AW — |V d \Y — d
dt/_Q ((p)+2| 0| x+/9m((p)| Ul +K\v| X

(18)
=/Q—m(fp)xvu-VG+F¢(u+xo)+qudx-
As 0, Iy and I are bounded a.e. in Q by Lemma 1 and (A4), we see that
o+ 20)+ Rgdx| <C O+ IRl -+ 7l + ) "

_ my
< C(1+ [+ llgl2) + 5 IVR 2,

where we have used the Poincaré inequality (5) with r = 1 and Young’s inequality.
From substituting { = 1 in (9b) and using (A3), we find that

[l <1+ (@)ll) <CA+[P(@)l)- (20)

To obtain an estimate of ||g||;2, we look at the pressure system, whose weak formu-
lation is given by (9d). Let f := (—Ap)~'(g/K), so that

/KVf-v¢dx=/q¢dxfora11¢eHg.
Q Q

Substituting & = f in (9d) and ¢ = g in the above leads to

IIqIIiz:/QKVq-Vfdx:/Qva—KW(ﬂHG)-Vfdx
<2l fllz2 + K@V (u +XG)HLg IV £lls
SC(I+ ol IV +x0o)l2) 1]l

Using the elliptic regularity estimate || f|| ;2 < C||q||,2, we find that

lgllz <CA+[[@llp [V(n+20)12) - 21

Hence, for the right-hand side of (18) we use (19), (20), (21), (A3), the Poincaré
inequality (5) for r = 1, and Young’s inequality to obtain

3Wlo
[RES| < == (Va7 +CI Vo7 +C(1+ [#(@)l|) +Cllel:

3mo

<
=4

Va7 +C (L+ Vo7 + ()l +IIVol7) -

Substituting into (18) leads to

d
5 (1@l +1Vel) = C (1¥(9) 1 + [ Vll7)
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+HIVRIZ +IvI7 < C (1+]Voll7)
Fllpz + Vil = 2):

By (A3), (A1) and the Sobolev embedding H' C L, it holds that ¥(¢y) € L'. Hence,
by an application of Gronwall’s inequality, and using the fact that Vo € L*(Q), we
obtain

sup (IZ(00) -+ IV0(0) ) + IVh )+ M0 <€
t€(0,

Then, using (20) and (A3) and the Poincaré inequality for ¢ and u yields

S(‘(J)PT] (¥ (@)l + ||‘P(t)||§11) + ||“||22(07T;H1) + ||V||22<Q) <C. (22)
te(0,

Next, looking at (9b) as an elliptic equation for ¢, and using that the potential ¥ has
polynomial growth of order less than 6, we employ the bootstrapping argument in
[12, §3.3] and in [13, §4.2] to deduce that

”'P/((P)HLZ(O,T;HI) + 1@l 200,7:03) < C- (23)
Then, substituting & = ¢ in (9d) and the Poincaré inequality (7) gives
K||[Vq|7> < L2 llall + Kl oV(k+x0) 211 Vall 2

K
<C+ EHVCIHiz +CllolZ= V(1 +x0)|7-

By the Gagliardo—Nirenburg inequality (8), we have ||@||;~ < C H(p|| p H(pH4 for
three dimensions, and thus we obtain

T 8 6 T
/ ||q,»;.dtsc(1+||<p||10,;,,.) [ ol 201t

\ (24)
<O (14100 190+ 200 ) <
Lastly, we see that for any { € LS (0,T;HY),
T
[ov 9t < [l 9] o
¢ 0 (25)

=Cl&ll s

3
<ol o ram IV1220 ||<PHL2 R OLILE:

3(0,T;HY) — 3(0,7:HY’

and so from (9a), we obtain

| .
19001, .y <€ (1 VMg 4 laiv 99l ) <€ 0
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The a priori estimates (22), (23), (24) and (26), together with a Galerkin approxima-
tion, similar to the one performed in [13, 19] are sufficient to deduce the existence of
a weak solution quadruple (@, i, v, q) to (14) with the regularities stated in Lemma 2
which satisfies (9a), (9b), (9d), and (9¢) (with o replaced by £ (¢)) fora.e.r € (0,T)
andall { € H',y € L%, & € H}. We omit the details of the Galerkin procedure and re-
fer the reader to [13] for the details in passing to the limit. Furthermore, the estimate
(17) is obtained by passing to the limit in the a priori estimates (22), (23), (24) and
(26) for the Galerkin approximation and using weak/weak* lower semi-continuity
of the norms.

3.3 Schauder’s fixed point argument

Using the compact embedding L*(0,T;H') N Wl*%(O,T; (H")*) cc L*(Q) from
[22, §8, Cor. 4], and by Lemma 1 and Lemma 2, we can define a compact map-
ping

L*(Q)> ¢ — . #(9) := @ € L*(Q),

where ¢ is the first component of the weak solution to (14). To apply Schauder’s
fixed point theorem and deduce the existence of a fixed point of the mapping .#,
we need to show that there exists a constant M such that

[91l,2(0) <M forall ¢ € L*(Q) and for all A € [0, 1] satisfying ¢ = 4.7 ().
The problem ¢ = A.Z (¢) = A ¢ is equivalent to (1a), (1b), (1¢), (le), (1f), (2a) and
0=Ac—h(Ag)oin Q.

As h, o are bounded by 0 and 1 a.e. in O, we can choose M to be the constant C
in (17), which does not depend on ¢ and A € [0, 1]. Thus, Schauder’s fixed point
theorem yields the existence of a weak solution quintuplet (¢, it,0,v,q) to (1), (2a)
in the sense of Definition 2.1.

3.4 Robin boundary conditions

We now define the auxiliary problem for (1), (2b):

divv=L(¢9,Z(9)) in Q, (27a)
v=—K(Vp—(u+22(9))Ve) inQ, (27b)
9@+ div (@v) = div(m(@)Vp) +Ip(9,Z(¢)) inQ, (27¢)

=AY (¢)—BAQ—x.Z(9) in Q, (27d)
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=0, u=0, Kdyp=a(g—p)onZX, (27e)
©(0) =@ in Q. (27f)
The existence of a weak solution quintuple (¢, i,0,v,p) to (1), (2b) in the sense
of Definition 2.2 can be established with Schauder’s fixed point theorem, as done
previously in Section 3.3. Hence, it suffices to establish the existence of a weak solu-

tion quadruple (¢, i,v, p) to (27) analogous to Lemma 2. Let us state the existence
result to (27).

Lemma 3. Under Assumption 2.1, for any ¢ € L*(Q) there exists a quadruple
(@, 1,v, p) such that

@ € L=(0,T;HYYNL2(0,T;H) W3 (0, T;H "),
velX(Q), peLS(0,T:H')NIX(E), wel(0,T;Hy),

which satisfies (9b), (10a), (10b), (10c) (with o replaced by £ (¢)) for a.e.t € (0,T)
andall{ €eH', yeIL? E € H(}. Furthermore, there exists a positive constant C, not
depending on (@, L,v,p) and ¢ such that

(@)l =0,7:01) + ”'II/((p)HLZ(O,T;H') 1@l = 0.7::m )22 0,7:03) + 1VI]22(0)

(28)
Hlelzorm + el o Hhoel,

8 8 ~
L5 (0,T:H")NL2 5(0,T:H-Y)

Once again we will only derive the a priori estimates and omit the details of the
Galerkin approximation. In the following, C denotes a positive constant not depend-
ing on (¢, u,v,p) or ¢, which may vary from line to line. We write .Z(¢) as ¢ in
(27), substituting { = d,¢ in (9b), & = u+ (o — 1) in (10a), y = K~ v in (10c),
and summing leads to

5 [ A1+ (V9P — xpax+ [ m(g) VP + - M dx-+alplir,
:/Q—xm(<p)vu.Vo+F<p(u+x(o—1))dx (29)
+/prv+(pv~V([J+x(G—1))+(M+XG)V(p-vdx+/Fagde.

Using that (4 + x (o — 1)) =0 on I and the product rule, we have
| ov-Viu+ (o= 1)+ (1 +70)Vo-vix
=—/QFv<p(u+x(G—1))—xv-V<de-

Thus, we obtain the following identity from integrating (29) in time
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/Q(A'P(fp)+BIV<p|2x<p> dx+/< ) Va4 |v|> /an

= Jo, TAm(@)VI-VO =gV +/agp
+/ Hp— (-t (0~ 1)+ Ty +2(0~ 1))

+/ (AlP —\V(p0| —x%) dx=: I + b+ Is.

(30)
Note that by (A3), the third term /3 on the right-hand side of (30) is bounded, and
by Young’s inequality

’/ 29 dx

which implies that

<xl2l ol < ||<P||L2+C ”lP((P)HLl +C,

- 2C

B A B
[, (4900)+ 3 908 ~z0) (105 = S19 ()l + 5 1900 ~C.
Next, for I;, we have
mo 1 a
|Il| < T”V.u”%}(@ + ﬁ”"HiZ(Q) + 5”17”12‘2(2)
+C(IV0132 g+ IVl g + llzgs, )

It remains to estimate L, and we first obtain an estimate on |pl|/;2 by look-
ing at the pressure system, whose weak formulation is given by (10b). Let f :=
(—Ar)~'(p/K,a/K,0), so that

/KVf~V¢dx+/af¢dF:/ podx forall ¢ € H'.
Q r Q0
Substituting { = f in (10b) and ¢ = p in the above leads to
IpIE: = [ Bof +K(u+20)Ve-Vidx+t [ agfar
S IBlelflle +Ki(n+xo)Vell ¢ IV Flls +allgllrlflzy - GD

< (1+lgllzry + 18+ 20) V0l ¢ ) 1f -

Using the elliptic regularity estimate || f|| ;2 < C||p|| 2, we obtain, analogous to (21),
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1Pl <€ (1+ gl + 1+ 20) Vel ¢)
<1+ lgllzr) + I+ zollsl Vol ) (32)

< (14 lgllzry + (1Rl + 20l 1901l 3 )

where we have used the Poincaré inequality (7) and the Sobolev embedding H' C
L®. Using the boundedness of o, Iy and I3, (A3) and 1PNl ) < ClIPllL0,7:02) We
see that

b <C (1 + 1Pl o) + 101l 2(0) 1]l 2(0) + 10121 (0) + HNHLI(Q))
< C(1+ lglliz) + 10120 ) + VOl 0) + 19132() ) + S 1VRIE )
<C(1+ 1@l + V0l g + 1812 ) + 101220 7)) + ZHIVH I
Thus, we obtain from (30) the inequality
(IZ(Q) 11+ IVOWIE) + V822 ) + I¥]2(0) + 1122 s,
<C (118122 ) + 10122 0 gy + 1¥ (@) 1) + V912 ) ) Fort € (0,71,

Applying the integral version of Gronwall’s inequality, see for example [14, Lem.
3.1], we obtain

sup. (190l +1790I) + [kl 0+ V) + Ple) <€ 39
te(0,

Then, using (A3) and the Poincaré inequality for u, this yields

sup. (10l +10(01) + 1l aran + M)+ IPlisgs) <C
te(0,
(34

Analogous to the Dirichlet case, a bootstrapping argument akin to [12, §3.3] and
[13, §4.2] leads to the estimate

||lp/(q))HL2(O,T;H1) + 1ol 200,7:m3) < C- (35)
Then, from (10b) and the Poincaré inequality (6), it holds that

2, 4y 2 a2
KIVPIZ: + 511y < IR 2Pl + K 1+ 20) 99219l + 5 1z
K a
<C(1+ 182 ) + S 1VPIE+ F 1Pl ) + Kl (1 +20) Vol 2,

which implies that

1Pl <€ (14 gl + (1 +20) V0l ) (36)
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By the Gagliardo—Nirenburg inequality (8), we see that

1 3
IVols <Clloll s liells (37)

for three dimensions, and thus (¢ + xo)Ve € L’ (0,T;L?). From (36) this implies
that

<C.
P15 g o) <€ 3®)

Analogous to (25), for & € L3 (0, T;H}), using that ¢ € L=(0,T;H')NL*(0,T; H?)
and v € L*(Q), it holds that

b

\/Qqav-v&\ <cle s

L3(0,T:H})
which in turn implies that

Hat(P”L%(O,T;H*‘) =€ (39)
by the inspection of (10a). The a priori estimates (34), (35), (38) and (39), together
with a Galerkin approximation are sufficient to deduce the existence of a weak so-
lution quadruple (@, i, v, p) to (27) with the regularities stated in Lemma 3 which
satisfies (9b), (10a), (10b) and (10c) (with o replaced by £ (¢)) for a.e. r € (0,T)
and all { € H',y € L2, & € H]}. The estimate (28) follows from passing to the limit
in the a priori estimates (34), (35), (38) and (39) for the Galerkin approximation and
using weak/weak* lower semi-continuity of the norms. Then, a similar Schauder’s
fixed point argument to Section 3.3 can be applied by choosing the constant M to be
the constant C in (28).

Remark 1. The necessity of a Dirichlet condition for t in (27) is due to the fact that
we cannot control || ,LLV(,DHL% in (32) simply with the left-hand side of (30) if we

assume dy it = 0 on X. One could consider the splitting

lnvell ¢ <lu—mVel ¢ +ElIVel ¢ <lln—HElslVell 3 +IElIVel o
<C|Vull2 Vel 3 +C 1+ (@)) IVl s

and in order to control the second term, it is desirable to have an estimate of the
form

¥ (@17 < C+[1¥(@)1)-

This leads to the situation encountered in [14] and restricts ¥ to have quadratic
growth. Furthermore, the ansatz in [13, 19] is to consider the splitting
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‘/Qrv(pmp)dx

| Bp—T9) + L —p)pox

< +CVulllelle

/Ql“v(p—ﬁqv)dx

If p satisfies the Darcy law (2b) with the boundary condition dyp = 0 on X, and if
I has zero mean, then we can write

p=(—4y) " (IL/K—div((u—Ti+x0)Ve) —div(V(p—9))),

where for f € L? with f = ‘;2—‘ Jo fdx =0, we denote u := (—Ay) () € H' as the
unique weak solution to

—Au=finQ, Jdyu=0onI withu=0.
A short calculation shows that
—(—Ay) " (div(@V(9p—9))) = (¢ —9),

and so
| Rp-Ho)ax= [ L ((~aw)" (R/K ~ div((u~ T +20)V9))) - RHpdx
Q0 Q

In [13, 19], I; has zero mean, and so the last term vanishes, but this is not the
case in our present setting, and thus the approach of [13, 19] seems not to give any
advantage in deriving a priori estimates.

3.5 Quadratic potentials

In this section, let us state an analogous result to Lemma 3 for the auxiliary problem
(27), but now we consider

8V¢:8vu:07 Kav]?:a(g_l?) 01'127 (4’0)
and (12) instead of (A3). The assertion is formulated as follows.

Lemma 4. Under Assumption 2.1 (with (12) instead of (A3)), for any ¢ € L*(Q)
there exists a quadruple (@, L, v, p) such that

@ € L=(0,T;H"YNL2(0,T;H) nW"5(0,T; (H")"),
vel}(Q), peLS(0,T:H)NIXZ), wel*(0,T:H"),

which satisfies (9b), (10b), (10c), (11) (with & replaced by £ (§)) for a.e.t € (0,T)
and all { € H', y € L2. Furthermore, there exists a positive constant C, not depend-
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ing on (@, lL,v,p) and ¢ such that

(@)l =0,7:1) + ”lp/((P)HLZ(O,T;H') el =m0 02 0.7:8% T 1VIl20)

<C.
ez 1P o 7pnyeze) TIP3 0 7 anyey <€

Once again we will only derive the a priori estimates and omit the details of the
Galerkin approximation. Substituting { = u + x o into (11), and upon adding with
the equalities obtained from substituting { = d,¢ in (9b) and y = K~'v in (10c) we
have

d s B ' 1 '
5 A0+ 1Vl dxt [ mlg) Vil + o W dx+ [ alplar
Ja Ja K r

= /Q —xm(@)Vi-Vo +Io(u+xo) +Iv(p—o(u +xc))dX+/Fagde-
(42)
The first term and the boundary term on the right-hand side can be handled using
Holder’s inequality and Young’s inequality. From the computations in Section 3.4
and the discussion in Remark 1, we obtain

1Pl <€ (1+ gl + (1 +20) Vol ¢)
< C (14 gl + IVl 19013 + (Bl +2)IVoll o ).
Substituting { = 1 in (9b), we can estimate the mean of u by

@l <C(xllolly + 1 (@)) <CA+ ¥ (Q)llL), 43)

and so by Young’s inequality and the boundedness of Iy, we see that

Xi= | [, 1= ol — 1) o+ £0))dx
< CIpllz + ol VRl + (14 19/ (9)11s) o)
<C (14 glhzry + (14 19812+ 190)]) ol )

< Z0Va, +C (1+ gl + 19 (9) 121 + ol + 1V 0l2:)
Using that ¥ has quadratic growth, we can find positive constants Cy4, Cs such that
|¥'(s)| < Cals|+Cs VseR,
and so by (12)
1 (IR < C(1+l22) <C1+[¥(@)1). (44)

This implies that
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mo 2 2 2
X1 < 2V +C (14 gl ry + (9 1 + 1022

In a similar fashion, the second term on the right-hand side of (42) can be estimated
as

’/QF(p(uu+u+x0’)dX <C(1+[a+[Vull2)

mo
< TIIVuHiz +C(1+ ¥ (@)L),

and we obtain from (42)

d Bo moy 2 Ly e o
a/ﬂA'f'((P)‘*‘EW(P\ dX+THVIJHLz+g||VHL2+§HP||L2(r)

45)
< (1+ 182y + 12 (@) + IV ol%)

Applying Gronwall’s inequality leads to (33), and the a priori estimate (34) follows

by applying the Poincaré inequality (5), (43) and (44). The other a priori estimates

(35), (38) follow from a similar argument. For the time derivative d; @, we note that

Vo -ve LS (0,T;(H")*) by (37), and so from (11) it holds that

||at<p||Lg(07T;(H1)*) <cC. (46)
The a priori estimates (34), (35), (38) and (46), together with a Galerkin approxima-
tion are sufficient to deduce the existence of a weak solution quadruple (¢, i, v, p) to
(27) with the boundary conditions (40) and the regularities stated in Lemma 4 which
satisfies (9b), (10b), (10c) and (11) (with o replaced by .Z(9)) for a.e. r € (0,T)
and all { € H', y € L?. The estimate (41) follows from passing to the limit in the a
priori estimates (34), (35), (38) and (46) for the Galerkin approximation and using
weak/weak* lower semi-continuity of the norms. Then, a similar Schauder’s fixed
point argument to Section 3.3 can be applied by choosing the constant M to be the
constant C in (41).
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