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ANALYSIS AND STRUCTURE-PRESERVING APPROXIMATION OF A
CAHN-HILLIARD-FORCHHEIMER SYSTEM WITH SOLUTION-DEPENDENT
MASS AND VOLUME SOURCE

AARON BRUNK!'® AND MARVIN FRITZ>*

Abstract. We analyze a coupled Cahn-Hilliard—Forchheimer system featuring concentration-
dependent mobility, mass source and convective transport. The velocity field is governed by a gener-
alized quasi-incompressible Forchheimer equation with solution-dependent volume source. We impose
Dirichlet boundary conditions for the pressure to accommodate the source term. Our contributions in-
clude a novel well-posedness result for the generalized Forchheimer subsystem via the Browder—Minty
theorem, and existence of weak solutions for the full coupled system established through energy esti-
mates at the Galerkin level combined with compactness techniques such as Aubin-Lions’ lemma and
Minty’s trick. Furthermore, we develop a structure-preserving discretization using Raviart—Thomas
elements for the velocity that maintains exact mass balance and discrete energy-dissipation balance,
with well-posedness demonstrated through relative energy estimates and inf-sup stability. Lastly, we
validate our model through numerical experiments, demonstrating optimal convergence rates, structure
preservation, and the role of the Forchheimer nonlinearity in governing phase-field evolution dynamics.
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1. INTRODUCTION

The mathematical modeling of tumor growth has evolved significantly, with the foundational “four-species
model” accounting for the volume fractions of cancer cells, healthy cells, and nutrient-rich and nutrient-poor
extracellular water [26]. The mathematical properties of this model, particularly its well-posedness, have been
extensively studied [20,21]. In tumor growth modeling, cells are typically represented as viscous, inertia-free
fluids, with the fluid mixture’s velocity modeled in a volume-averaged sense, an appropriate assumption given
the dense packing of cells. Various approaches have been developed to incorporate fluid movement, such as
Darcy’s law [19,22,23,33] and the Brinkman equation [9, 10, 33].

The Forchheimer equation itself has been extensively analyzed [2, 13,28, 31, 32, 34]. Forchheimer’s law, as
reviewed in [39], represents an advancement over Darcy’s law by accounting for quadratic behavior in the
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pressure drop wvs. flow rate relationship. This equation can be derived through mixture theory [38] and is
particularly relevant for high-velocity non-Darcy flow scenarios.

Our work advances the field in several key aspects. While previous studies coupled the Cahn—Hilliard equa-
tion with flow models, we demonstrate that the time-differential term and the Brinkman contribution in the
unsteady Forchheimer—Brinkman formulation as in [16] are analytically unnecessary through a monotone oper-
ator approach and Minty’s trick. We extend the analysis to the quasi-incompressible case and generalize the
nonlinear term to |u|*~lu for s > 1, encompassing the typical Forchheimer law (s = 2) as a special case.
While proving the existence of weak solutions to the Cahn—Hilliard—Forchheimer system, we derive a novel
well-posedness result to the sole Forchheimer equation with natural boundary conditions.

We develop a fully discrete scheme using Raviart—Thomas elements for velocity approximation, discontinuous
linear elements for the pressure, and continuous linear elements for the phase-field and chemical potential,
inheriting essential geometric structures from the continuum model. Following the framework for structure-
preserving PDE discretizations [12], our scheme exactly preserves the mass balance through compatible flux
discretization and maintains a discrete energy-dissipation balance via careful treatment of nonlinear coupling
terms. A key aspect of our numerical scheme is the careful treatment of the nonlinear potential ¥ via time-
averaging to achieve a discrete energy-dissipation law. This extends recent advances in energy-stable phase-field
simulations [3-5,7] to quasi-incompressible flow regimes. Building on inf-sup stable mixed formulations, we
establish the unique solvability of our nonlinear discrete system through relative energy estimates similar to [6].

The outline of the article is as follows: In Section 2, we establish the notation and present the coupled
Cahn-Hilliard—Forchheimer system, including references to foundational Forchheimer analyses. A refined well-
posedness result for the decoupled Forchheimer subsystem is detailed in Appendix A. Section 3 develops the
existence theory for weak solutions through a Galerkin approximation scheme with energy estimates, empha-
sizing the challenges of nonlinear coupling. Section 4 introduces the structure-preserving discrete formulation
using Raviart—Thomas elements, proving: (i) exact mass balance, (ii) energy-dissipation balance, and (iii) unique
solvability wvia relative energy estimates. Finally, Section 5 demonstrates numerical simulations quantifying
Forchheimer’s nonlinear effects on the phase-field’s morphology.

2. PRELIMINARIES

2.1. Notation

We consider a bounded domain Q C R%, where d € {2,3}, and a fixed time T > 0. Furthermore, the space-
time domain is denoted by Qp := Q x (0,T), and we use the notation (f,g)o = [, fgdz and denote the mean
of f:Q — R by fq, that is, fq = \T12|(1’f)9' Similarly, we denote (f,g9)aa = [5o f9dS, (f,9) 0, = f(O,T) fgdt
and (f,9)a, = fo(O,T) fgdz dt. The dual pairing between two X and X’ is denoted by (a,b)xxx/ and the
subscript can be neglected if the spaces for pairings are clear. We write x < y for £ < Cy when the generic
constant C' does not contain any relevant parameters.

2.2. Modeling

In the following, we consider a Cahn—Hilliard—Forchheimer system in tumor growth, that is,

dive =T, (),
Vp+a(g)v + B(o)lv" v = nVe,
99 + div(pv) = div(m(9) V) + T'y(9),
n= Wl((b) - 82A¢a
where v denotes the volume-averaged velocity of the mixture, p the associated pressure, ¢ € [0, 1] the difference

in volume fractions, with {z : ¢(z) = 1} representing the unmixed tumor tissue, and {z : ¢(x) = 0} representing
the surrounding healthy tissue, and finally, i denotes the chemical potential for ¢. The constant € > 0 is related

(2.1)
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to the thickness of the diffuse interface. The function ¥ is the Helmholtz free energy density and is of double-
well strucutre, e.g., the polynomial function ¥(¢) = ¢?(1 — ¢)2. The function m(-) is the mobility of the phase
variable ¢, a(-) the tumor-dependent permeability of the fluid, 8(-) the Forchheimer influence of the fluid, T',(+)
the compressibility of the fluid and I'y(-) the source function of the tumor variable.

In this work, we consider the following initial and boundary conditions:

(1=7o=Vu-n=Vé-n=0 ond2x(0,T), 7e{01},
p=0 on 990 x (0,7, (2.2)
#(0) = ¢ in Q.

Alternatively, the boundary condition on p can be replaced by the no-penetration boundary condition for v,
that is, v - m = 0 on 9. This implies a compatibility condition (I';,1)q = 0, which a solution-dependent
source term I',, cannot, in general, fulfill. The Dirichlet boundary condition on p appears as a natural condition
and the no-penetration boundary condition on v appears as an essential condition here. It is contrary to the
primal mixed element, under which the Dirichlet boundary condition seems to be an essential condition and
Neumann-type boundary conditions seems as a natural condition.

We emphasize that in the proof of existence for weak solutions, we consider the case of v = 1, while the
numerical scheme and all related results hold for both cases, that is, v € {0,1}. The existence proof for
v = 0 follows similar lines, see Remark 3.3. Hence, it is worth discussing the difference between both boundary
conditions. The main difference of both boundary conditions manifest in the mass and energy-dissipation balance
equation, which reads

C(01) = (0o(6),1) (6,0 m),
S B(0) + Dol w) = (Ty(6), 1) + (p,div(w)) — (61, div(v)).

where the energy and dissipation are given by

2
E(9) = SOl + (¥(9), Do, Dolpu) = (m(6) Vi, Vi) + ((a(0) + B@)Nel” " )v,v).

We can clearly see that v = 0 implies that there is no mass flow through the boundary and also no additional
force in the energy balance. The boundary condition Vi -n =0 (i.e., v = 1) implies no mass flux through the
boundary, leading to mass conservation if I'y = 0. Although v = 1 allows for both effects. In the application
of tumor growth, the first would restrict to growth of already existing tumors in the domain, while the second
would also allow for tumor cells to flow through the boundary. The drawback of course is that the mass can
increase and the order parameter ¢ might leave the desired range, i.e., breaking the application context. We may
note that both are compatible with the principle of energy dissipation in absence of forces, i.e., I'y = I'y, = 0,
but mass conservation is only given for v = 0.

We may note that these boundary conditions allow for certain pitfalls. Let us suppose that ¢ = const on the
whole boundary 0f) and also a small boundary layer around. In this case Vi = 0 and the boundary conditions

implies
O:/mv-n: /Qdiv('u) :/QFv(QS).

However, this is in general not true and again imposes certain compatibility conditions on I, ().

Remark 2.1. One can consider nutrient evolution and cell attractant effects such as chemotaxis, as done in
[14,15,17]. Then the model can be further extended by an equation for the nutrient density o, which couples
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Ref s Boundary g f (v,p)
[13} (17 OO) v - n|8§2 cWs (I+s),1+s L1+ ASRYE LIFs s W Liti/s
2] || (1,2] | v-m|oq € LOFHA=1/d) | [d(+s)/(d+1+s) | [(+s)/s | [1t+s o PyL(14s)/s
[25} 2 v - n|6Q c [3(d=1)/d [,3d/(d+3) 0 L3 % W1’3/2
[34] 2 plao € L? L? L2 L3N LE, x L?
[32] 2 plog € W1/3:3/2 L? 0 L3, x L3/?
[30] || (1,00) plon € W/ss L? 0 LY*sn2, x L?
here || (1,00) | ploq € W/ (s+1),1+1/s L1+ Li+1/s Léits x Wi+l/s

FiGURE 1. Comparison of results for the generalized compressible Forchheimer system
Blv|* v+ av + Vp = f and dive = g.

to the other equations as follows:

dive =T (9, 0),
Vo + a(¢)v + B(9)|v]* v = (u+ xo) Ve,
O + div(gv) = div(m(¢)Vpu) +T'4(¢,0), (2.3)
p="V'(¢) —*A¢ — xo,
Oro + div(ow) = div(n(c)V (Do — x¢)) + So (b, o).
Here, the nonnegative parameter y represents chemotaxis, that is, the attraction between nutrients and tumor
cells. The existence for the nutrient-extended system can be shown in the same manner as for the Cahn-—

Hilliard—Forchheimer system in this work. Our model can be seen as a special case of this nutrient-extended
system considering xy = 0 and the continuous presence of nutrients ¢ = 1.

2.3. Forchheimer equation

We extend the existing literature on the generalized Forchheimer equation in several significant ways.
Although previous studies [2,13] focused primarily on the case with a boundary condition of v and imposed
compatibility conditions on the right-hand side of the divergence equation, we examine the equation with pres-
sure boundary conditions to allow solution-dependent source terms, which is relevant in the application of a
tumor growth model. In fact, we study the system

Bl v +av+Vp=Ff inQ,
divve=g¢ in Q, (2.4)
p=~h on 0f.
The pressure boundary case had previously been analyzed only for the case s = 2 in [31,32] or for dive € L?(£2)

in [30], but our work generalizes this to arbitrary s > 1 and dive = g € L*5(Q). This extension bridges the
gap between the classical pressure boundary analysis and the broader s-case with velocity boundary conditions

(Fig. 1).
Naturally, the spatial solution space of a velocity v, that is governed by Forchheimer’s law, is

LI Q) = {ue L)% divu € L (Q)}
endowed with the norm HUHL?S = ||ul g+ + ||[divae| pi+s. Since LiH(Q) is a closed subspace of L'*5(Q)4 it
follows that L}F*(2) is a reflexive Banach space.

Lemma 2.2. We make the following assumptions:
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- QCR? de{2,3}, bounded domain with C?-boundary,
- s€(1,00),
- .f € L1+1/S(Q)d;
- geL*(Q),
—he Wl/(s+1) 1+1/s(8Q)
- B,a € L®(R) with B(x) > Bo, a(z) > ag for all x € R.

Then there exists a unique weak solution (v,p) € L5 *(Q)% x W/5(Q) to the Forchheimer system (2.4)
satisfying the weak form (A.5) and the following estimate:

[ollprre + [Ipllwrsars SUFlpivrrs +1lgllores + [Rllwascrn s an)- (2.5)
The proof is carried out in Appendix A. Furthermore, we have the following well-known result for the
divergence equation:
Lemma 2.3 (cf. [18], II1.3). Let Q C R¢, d > 2, be a bounded Lipschitz domain. Then, for every g € L1(S2),
€ (1,00), and a € W'=1/99(9Q)¢ with (g,1)q = (a,n)sq, there exists a solution u € Wl’q( ) of the problem
divu =g in Q,
u=a on Jf.

Additionally, it holds
lullwre S llgllze + llalwi-1/aaq)-

3. EXISTENCE OF WEAK SOLUTIONS
We make the following assumptions:

Assumption 3.1.

(A1) € >0 is fived, s > 1, pg € H' ().

(A2) m,a, B € CO(R;R~q) satisfy x(r) > xg > 0 for allr € R and z(r) < 2o, where x € {m, a, 3}.

(A3) Ty, I'y € CO(R )OLOO(]R)

(Ad) U e C*(R,Rxq) fulfills s> =1 S W(s) S s?+1, |[U(s)| S 1+]s| and |V'(s)| < 1+]s]9 for some g € [0,4).
We note that the case of s = 1 reduced the Cahn—Hilliard—Forchheimer system to the Cahn—Hilliard—Darcy

system with mass source that has been studied in [22,24,29,37]. The assumption on ¥ is fulfilled by the typical

quartic potential that is quadratically continued outside of the relevant interval [0,1]. This assumption can

certainly be further loosened, but this is not the focus of the work. For works on Cahn—Hilliard—Brinkman

systems with singular potentials, we refer to [11]. We now introduce the weak formulation of the Cahn—Hilliard—

Forchheimer system (2.1).

Definition 3.2 (Weak solution of (2.1)). We call a quadruple (¢, i, v,p) a weak solution to (2.1) if

¢e H (o,T; (Hl(Q))’) L (0,T; HY(Q2)) N L2(0,T; H3(Q)),
pe L*(0,T; L*()) N L*(0, T; H' (Q)),

v e L (0,T; L Q)),

pelL” (O,T; W&*”S(Q)), o > 1,

such that
div(v) = Ty(¢) ae. in Qr, @(0) = ¢ a.e. in Q,
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and
0= (B(e)|v]*'v,8) + (a(P)v, &) — (1Y, &) — (p,divE)g, (3.1a)
0= (0:¢,Q) + (m(¢)V, VQ)a — (Tp(), () + (Vo - v,()g + (#L'w(9), ) (3.1b)
0=—(1,Oa + (¥'(¢), ) + £ (Vo, Vg, (3.1c)

for a.e. t € (0,T) and for all ¢ € L1 (Q)?, ¢ € HY(Q).

Remark 3.3. Although not presented here, the proof for the other boundary condition, that is v = 0, follows
the same lines.

Theorem 3.4. Let Q C R?, d € {2,3}, be a bounded domain with C3-boundary and assume that Assumption 3.1
is fulfilled and v = 1. Then there exists a solution quadruple (¢, p,v,p) of (2.1) in the sense of Definition 3.2.
Furthermore, we have ¢ € L*(0,T; H*())NL2(0,T; H3()) and u € L*(0,T; L*(2)). In addition, the integrated
energy inequality holds for almost all t € (0,T), i.e.,

E(6)(t) + / D, v) ds < £(6)(0) + / (1.T0)g + (. Tw)g — (1, Tw)g ds (3.2)

with dissipation

D(p,v) == (m(9), [Vul?) g, + (B(d)|v]* " v, ), + (a(¢)v, v)g.

Proof. We employ the Galerkin method to reduce the system to ODEs, derive energy estimates, and pass to
the limit using compactness arguments.

Step 1: Galerkin approximation. We will construct approximate solutions by applying a Galerkin approx-
imation with respect to (¢, ) and at the same time solve for v and p in the corresponding whole function
spaces. As a Galerkin basis for (¢, ), we use the eigenfunctions of the Neumann—Laplace operator {w;};en
that form an orthonormal Schauder basis in L?(f2) which is also a basis of H3,(Q2). We fix k € N and define

Wi, = span{wy, ..., wi}. Our aim is to find functions of the form
k k
¢k(ta (E) = Z a?(t)wi(x)v ,uk(ta ‘r) = Z bf(t)w1($)7
i=1 i=1
satisfying the following approximate problem:
(0¢Drs Ek)g = (—m(Dr) Vi, VE) o + Lok, Ek) — (Vor - vk, &k) g + (Brlw ks &) s (3.3a)
(ks ) = €2 (Vr, V) + (U (1), k) (3.3b)

for all {, € W) where we introduced I'yr = T'y(éx) and I'yp = T'y(¢pg). We define the approximate
velocity vy and the approximate pressure py as solutions of the generalized Forchheimer system (2.4) as
studied in Lemma 2.2 with f = Ve, and g = ' & Using the continuous embedding H%(Q) < L>(Q),
straightforward arguments yield that u, Ve € L2(Q)? «— L*Y/5(Q)? and T, € L>°(Q). Therefore, by

Lemma 2.2, we obtain that (v, px) € L5 Q)4 x Wolﬂ/s(Q) and the following equations are satisfied

Vpr + Brlvk|*top + apvp = up Ve ace. in Q, (3.3¢)
divo, =Ty i a.e. in ), (3.3d)
pr =0 a.e. on 0f),

where 0, = 08(¢r) and ax = a(¢r). We obtain a coupled system of ODEs. The map from the coefficients
AF BF to the right-hand side of the ODE is continuous. This is because ¢y, it are continuous functions of
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these coefficients in the H2 norm (used in the Galerkin procedure). Lemma 2.2 then provides a continuous
map from (p, Vo, Ty k) to (vg, pr) in the LT x W11/ topology. Finally, the terms like (V¢y, - v, &) are
continuous by Hélder’s inequality. The composition of these continuous maps is continuous. The Cauchy—
Peano theorem ensures that there exists Tj € (0, 00] such that the system has at least one solution tuple
(ék, x) € CH([0, Tx); Wi )?. Furthermore, we can define vy and py, as the solutions of (3.3¢c) & (3.3d). With
similar arguments as above, we deduce (v (t), px(t)) € LiH ()% x WOI’HUS(Q) for all ¢t € [0, Ty).

Step 2: First energy estimate. In order to obtain a-priori estimates, we derive suitable energy estimates.
We choose & = py in (3.3a), & = J:¢dk in (3.3b) to obtain

d 2
= <||‘I’(¢k)/;1 + ankiz) + (m(@), [V = o i) = (Vo1 - 0+ Ailus i) (3:4)

Regarding the Forchheimer system, we use the method of “subtracting the divergence” as in [9,10]. Due to
the assumption on I',, (in particular I'y, ;, € L™ for all k£ € N) and using Lemma 2.3, there exists a solution
up € WH1(Q)?, g € (1, 00), of the problem

diV’U,]€ = Fv,k in Q,
1
up = ———Tpr,1)on = a o9,
k |8Q|( vk Dg k. on
satisfying for every ¢q € (3,00) the estimate
lurllpe S lukllpre S 1Tokllpe S Mokl < C, (3.5)

where we used the continuous embedding W14(Q)? «— L>(Q)%, q € (3, 00). We remark that the compatibility
condition of Lemma 2.3 is fulfilled since

1
(ar, )y = m(f‘v,k, Dg(n,m)ag = Dy, 1)g-

Multiplying (3.3c) with v, — uy, integrating over Q and by parts, we end up at
(pr> div(ug — vi)) g + (Brlvrl* ™ ok, v — uk) o + (VR VE — Uk)g = (e Ve, Ve — Up) g
As div vy = divug, the first term is zero and we obtain
Bollvk|
Summing (3.4) and (3.6) gives

o+ Oéo||'0k||2Lz = (Belvk* ' vg, ur) g, + (pvr, ur) g + (16 Vdr, v — up) . (3.6)

4
dt

T+ aollvrllze + mol|Va?

2
(@01 + V612 ) + ol

< (Copr k) — (Vi - g + 00Ty 1oy i) + (Bl or]® ™ o, ur) o, + (vr, u ) -

(3.7)

Using Holder’s and Young’s inequalities, we use (3.5) for the two last terms on the right-hand side to get

(0%
(ekvr k) < oo [k ol 2 < k7 + C.
(3.8)

_ B
(ﬁk"vﬂs l’Ukyuk)Q < ﬁoo”vkl zs+l||uk”[,s+1 < ?OHkaSLtL + C.

Next, we want to deduce an estimate for the L?(Q2)-norm of py,. Inserting &, = uy into (3.3b) yields

Il 72 = (P (0n), k) + €2 (Vo Vi)
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Using Holder’s and Young’s inequalities together with the assumptions on ¥, see (A4) in Assumption 3.1,
we obtain

Ikl ze < CQ+ I6xl, luel)g + €21Vl g2 Vel 2

1 2 2 et 2 mo 2
< gllmla + O (14 l9ulse ) + 196l + 7 Vel

and consequently

2 2 2 Mo 2

laellze < € (1 +lgelie + IVoelFe) + S Viell3s. (3.9)
It remains to estimate the first two integrals on the right-hand side of (3.7). Using (3.5), Holder’s and Young’s
inequalities, we obtain

(Vor - i+ DT, i) < (1Yl zollwel e + 0] o Tkl poc ) e 2
< Ol o (IV 8l 2 + 98] 2l 2
< C(llonls + 19 6632) + dllusl}z,

(3.10)

with § > 0 chosen sufficiently small. Then ||y |22 can be estimated as in (3.9) and ||¢x||%. is estimated using
the growth condition of ¥, see (A4). Thus, we obtain the following energy inequality

d

g 2 Bo s+1 |, Qo 9 My 2
S (10l + 19000 ) + 2l + %ol + Tl

(3.11)
ST+ 1Vorllze + 1% ()]l 1

By a Gronwall-type argument and the definition of the initial data, we deduce the uniform energy estimate

2 s+1
19 e 1) + VORI w12 + k5

Ls+1(Ls+1)

2 2 2
+ H’Uk”Lz(L'z) + HvﬂkHL2(L2) S 1+l (3.12)

Due to the uniform in time estimate (3.12), we can apply the no-blow up criterion to extend the solution to
the entire interval [0, 7.

Step 3: Higher-order estimates. Using the properties of the eigenfunctions w; (which are smooth and form
a basis for H?) and standard interpolation inequalities on the approximate solution ¢y, we deduce that

1 1 1 1 1
98l < el ol < ol (el + 120415 ).
Choosing v = A¢y, in (3.3b), we obtain by Holder’s inequality and the assumption on U, see (A4), that
2| AGkI 722y = (Vik, Vor)g, — (¥ (0k), [Vorl?),.

<Vl pam) [Vl aguny +C (1 + |al" 1Voel?)
ST+ (166l [Vorl?) g, -

In the case of ¢ = 0, it is clearly bounded. In the case of ¢ € (0,4), we use Holder’s inequality to obtain

(I6e1%.1964), % (Ioullfen IVoRl2),

2 g q
< (lonlzs ol NowlEe + 186el E2) (3.13)

q
2
L
+2 at4 a
S0l + (ol Iaoelfa)
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We note that % > 1 and thus, we use Young’s inequality to estimate the last integral on the right-hand side
of (3.13) by

2(q+4)

e 3 A
(ol 1a0klE2) < Clowl S + 5 180k 7 s

Consequently, we obtain % HAngkHQLQ(Lg) < C, which implies that ¢y, is uniformly bounded in L?(0,T; H?(Q2)).
Furthermore, we choose v = A%¢;, in (3.3b) to obtain, similarly to before,

€| VAGK]| 212y = (Vitk, VAGR) g, + (" (61) Vi, VAGL) g,

(0,7

2
&g
SIVAGNT 212y + CIVaIFare) + C (14 1981135 ) ) IV 1)

IN

Then, we deduce from the uniform bound of VA¢;, in L?(Qr) that

Pl L2(ms) < C-

Lastly, by the Lions—Peetre interpolation method, we obtain that ¢y, is uniformly bounded in L*(0,T; H?(2))
and likewise py, in L*(0, T; L*(Q)).
Step 4: Estimation of the pressure. Taking the scalar product of (3.3c) with an arbitrary function w €
L(0,T; L*T1(Q)%), o > 1 to be deduced, integrating over Q7, we obtain
—(Vpr, w)q, = (arvr + Bilvr* " or — uVor, w),,  =: Ry(w). (3.14)

In the following, we distinguish the cases of s € (1,2) and s > 2. First, in the case of s > 2, we have with
Holder’s inequality that

T
| Ry (w)] S/O (lvkll g2 llwllz> + 1okl Zesal[wllpoer + el Lo [Vorll L2 1wl o) dE

S vkl 22y lwll2 2y + vkl

i5+1(Ls+1)||w||Ls+1(Ls+1) + ||ﬂk||L2(H1)Hv¢k||Loo(L2)||U7HL2(L3)

S [[wl

Ls+1(Ls+1)-

Furthermore, for s € (1,2) the estimates are more delicate as we want to maintain the spatial LST1(€2)
regularity of w but thus we cannot estimate ¢y using the L°(0,T; H(Q2))-estimate. Instead, we use the
Gagliardo—Nirenberg inequality, see Theorem 1.24 of [35], to deduce for s € (1,2) that

(bk c L (O, T7 H1<Q)) N L2 (O, T7 H3 (Q)) [N L4(s+1)/(2—5) (O’ T’ W1,6(8+1)/(5S—1)(Q)),
and thus

| Rx(w)] S Jw]

T
porseosny + [ eIVl oo ol
0

S [[wl

Lst1(Ls+1) + ”:uk”L2(H1)Hvék”L‘i(erl)/(?*S)(L6(s+1)/(55*1))||wHL4(5+1>/(35)(L5+1)

S Hw||Lmax(s+1,4(s+l)/(35)}(Ls+l)-
Hence, Ry, is bounded in the dual space of L7 (0, T; L**1(Q)¢) where we have defined o by
o s+1, s>4/3,
3(1+1/s), se(1,4/3).

Together, taking the supremum over all w € L°(0,T; L*1(Q)4), we deduce that pj is bounded in the

Bochner space L7 (0, T; W&H/S(Q)). We note that it holds ¢’ € (1,%] and 0 > %, with the specific value
depending on s.
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Step 5: Regularity for the convection terms. To pass to the limit & — oo later on, we investigate the
boundedness of the term div(¢vk), which appears in (3.3a). Again, we use the Gagliardo-Nirenberg inter-
polation inequality to deduce the existence of some k € (8, 00) such that

L2(0,T; H3(Q)) 0 L (0, T; H () < L* (o, T LG*”"/("“S)(Q)> N L3 (Qy).
First, let s > 7. Then we choose kK = s + 1 to obtain that ¢ is uniformly bounded in
L5+ (o,T; L6<S+1>/(s—7>(9)) < [+ <O,T; L2<s+1>/<8+3>(9)), 5> 8.
For s € (1,7], the bound is valid in the same function space since ¢ is bounded in
L3(Qr) < L5 (O,T; L2<S+1>/(S+3>(Q)), se(1,7].

Together, we deduce for the convection term that

||diV(¢kvk)‘ Ls+1(L2(s+1)/(s43)) < ||V¢k ‘Uk| Ls+1(L2(s+1)/(s43)) + ||¢krv,k:| Ls+1(L2(s+1)/(s+3))
< ||¢k||Loo(H1) | Ls+1(Ls+1) + Cllow| Ls+1(L2(s+1)/(s43)) (3.15)
<C.

Step 6: Regularity for the time derivative. We consider an arbitrary function
CeL? (O,T; HY(Q)N L2<8+1>/<S*1>(Q)),

and coefficients {(x;}1<j<k such that Pr( = Z?Zl Crjw; where Py is the L2-orthogonal projection onto the
Galerkin subspace Wj. Then taking the test function P¢ in (3.3a) and using the uniform energy estimates,
it gives
(08, PC) S M€l L2 ey + [(div(gnvr), E)ar|
S €l ey + (| div(érv)|

Sz + €l L2 2 /e-n)y.

Ls+1(L2(s+1)/(s+3)) ||fHL1+1/S(L2<S+1)/(S*1)) (316)

Thus, we obtain
10:Pkl 2 ((rrrp2c+n /-y < C. (3.17)

Step 7: Limit passage. We first state the time-integrated system where we want to pass to the limit &k — oo.
In fact, for every n € C1([0,T]), w € L*T1(Q)?, ¢ € L'*/5(Q) and 1 < j < k, we have the discrete system

—(#8: 5" ), + (M(Dk)Vitk; V€M o — (Coks §M) g, + (Vor - vk, Em) g, — (06T w k&), =0, (3.18a)
(e, €M), — (V1 VEN) g, — (¥(B1),§5M)g,, =0, (3.18b)

(Vpr, un)q,, + (ﬂk|’0k|871’0k,un)QT + (g, un)g, — (Vér, un)g,. =0, (3.18c)

(div ok, qn)g, — Lok qn)g, =0. (3.18d)

We collect the previously derived uniform estimates:

Hd’kHLoo(Hl)nL?(H2)mH1((HlnL2<s+1>/<s—1))/) + ||Nk||L2(H1) + [|div(¢rvs)|
+ [Jok]

Ls+1(L2(s+1)/(s43)) (3.19)

Le+1(L5Eh + HPkHLg/(WOHI/S) <C.

We obtain the existence of limit functions (¢, i, p, v) with the subsequential (with the same index) conver-
gences:

/
¢ — ¢ weakly-+ in L(0,T; H'(Q)) N L2(0,T; H3(Q)) N H <O,T; (Hl(Q) N L2(3+1)/(5*1)(Q)) )
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pr — o weakly  in L? (O,T; Hl(Q)),

pr —p weakly in Lo (0, T, W(JlH/S(Q)),

vy, = v weakly in L°T(0, 75 L5 (),
div(ppvy) — 7 weakly  in L5+ (0, T, [26+D)/ (3+3)(Q)),

for some limit function 7 € L*T1(0, T; L2(s+1)/(5+3)(Q)). We apply the Aubin-Lions lemma with the Gelfand
triples

HY(Q) 0 W2(Q) = (H(Q)n LD @), vre (1,6,
H'(Q) < L'(©) — (H/(@)n L2060 0@) | vre[1,6)
to conclude the strong convergence:
¢r — ¢ strongly in C°([0,T];L"(Q)) N L*(0,T;W*"()), Vr € [1,6).

By the uniqueness of limits, we directly obtain ¢(0) = ¢¢ in L"(Q) for any r € [1,6).

The convergence of all the linear terms can be directly treated using weak convergences. The convergence
of the term (I'y x,§;m)q, can be treated using the strong convergence of ¢y, the boundedness of 'y, and
the Lebesgue dominated convergence theorem. The product terms (m(¢x)Vik, VEimar, (Pxlvk, &M ar
(UK, )y, (1 Vor) follow due to the weak-strong convergence lemma because there is always a product
of a strongly and a weakly converging sequence. By passing limits in (3.18a) and integrating by parts back
and forth, we find that the limit function 7 is indeed equal to div(¢v).

It remains to treat the nonlinear operator F' : L*+t1(Qr)? — L'*1/5(Qr)? with F(v) = |vg|*~ vg. We note
that F' is monotone and hemicontinuous, see Appendix A, and bounded by (3.19), which implies by Minty’s
trick, see Lemma 2.1 of [1], that

F(v;) = F(v) weakly in L'*1/5(Qq)<.

Together with the strong convergence of ¢ and the boundedness of 3, we get that that 8(¢x) converges
strongly a.e. in Q7 and thus, 3(¢x)F(vy) converges weakly in L'+1/5(Qp)%. In fact, we obtain

(B(¢x) F(vr), un)ar — (B(9)F(v), un)ay-

Step 8: Limit energy inequality. Finally, we consider the limit in the energy identity. We first recall (3.4)
which reads

d 2
5 (nwm)np + Zuwkniz) + (M6, Vi) | = T i)g = (Vo - v+ iTus i) (3:20)

Multiplying (3.3c) with vy, integrating over £ and by parts, we end up at
—(pr, div(vi)) g + (Brlvrl* ™ ok, vi) o, + (kR Vk) g = (1 Vr, Uk ) -

Summation and integration over (0,7T) yields the discrete energy identity

t t
E(dn)(t) +/0 D(pk; vi) = E(dx)(0) +/0 (k> Toi) g + (Prs Twk)g — (Prtin: Tok)g (3.21)
with dissipation

D, vi) = (m(de), [Virl?) o, + (Belvel* ™ or, vi) o, + (hvr, vi)g,-



3002 A. BRUNK AND M. FRITZ

Note that we exchanged all div(vy) with Ty, which is almost everywhere the same. When passing to the
limit in (3.21), the energy and the dissipation are treated by the weak lower semi-continuity of norms and
Fatou’s lemma for W. The initial energy is strongly converging. Hence, we have to consider the production
terms on the right-hand side. Due to strong convergence of ¢; and continuity of I'g, I',,, we obtain strong and
almost everywhere convergence of I'y , and Ty, . We may note that ¢,y strongly converges in L*(Qr).
Hence, we can pass to the limit in all terms using the weak-strong convergence lemma, which yields

E(6)(t) + / D(u,v) < £(6)(0) + / (1,Ts) + (0. To)gy — (611 Ty (3.22)
O

4. STRUCTURE-PRESERVING APPROXIMATION

As a preparatory step, we introduce the relevant notation and assumptions regarding the discretisation strat-
egy for the Cahn—Hilliard—Forchheimer system. For spatial discretization, we require that 7}, is a geometrically
conforming partition of  C R? into simplices. For simplicity, we present all estimates for d = 3. The lower
dimensions can be obtained similarly, if not much simpler.

First, to derive a suitable variational scheme for discretization, we use integration by parts as usual. The only
term where we have to be careful is the Kortweg stress Vou for which we use the following identity

(Vp = ¢V, w)g = (Vp = V(gp) + ¢V, w)g
—=(p = op, div(w))g + (p — dp, w - M) 50 + (HV i, w)g
In the following, we use a typical abuse notation and always simply write p even though we actually use p if
v =1 and p if v = 0. We denote the space of continuous, piecewise linear functions over 7, functions by Vj,
the Raviart—Thomas space of order one by X}, as well as the space of (discontinuous) piece-wise linear over 7},
by Qp, that is, we define

Vi = {ve H' (Q)NC’Q):v|x € P(K) VK €T},

Xy, = {v e L3,(Q) :v|g € RT1(K) = P (K)*®xP(K) VK €T},

9 :={veL*(Q) :v|g € P(K) VK €T}

Here, P (K) are the homogeneous polynomials of degree 1 on an element K. Further, we define the discrete
Laplacian Ay, : V, — {v € V}, : (v, 1) = 0} and the Raviart-Thomas projection IIj, : X — &} by

(Apvn, n)g = —(Vor, Vin)g Yy € Vy,

. 4.1
(@I — ), 1) = 0 Yan € Q. oy
and the following errors estimates hold, cf. [34]:
1
Tpv — vl < Ch%|V|| e Yo € X N WH9(Q)4 for — <5 <2, (4.2)
q
div(Ilpv — v)|| ;. < CRP||div(v)|| . Vv € X N H*(div, Q for0<s<2. 4.3
L H

In the upcoming numerical analysis of the fully discrete scheme, we require the following discrete interpolation
inequalities.

Lemma 4.1 (Discrete interpolation inequalities [8,27]). Let Q a convex polyhedral domain, and Ty, is assumed
to be a globally quasi-uniform triangulation of Q2. Then the following holds

1nll e + V%Rl o S 1AL RIS + 1nlle Vi € Vi (4.4)



ANALYSIS AND STRUCTURE-PRESERVING APPROXIMATION OF A CAHN-HILLIARD-FORCHHEIMER SYSTEM 3003

Furthermore, to handle the Forchheimer equation, we make use of an inf-sup stability result.

Lemma 4.2 (Inf-sup stability [34]). There exists a positive constant c independent of h such that

inf sup {div(on), an)g > c. (4.5)

qn€EQn v EXp thHQh ||vhHXh

In order to obtain analytical result for the numerical method, we reinforce (A4) in Assumption 3.1 as follows:

Assumption 4.3. Let Assumption 3.1 hold and additionally:

(A5) It holds (A4) and ¥ € C3(R,Rxq) with [9"(s)] <1+ |s]9, [U"(s)| S 1+ |s|9! for some q € [0,2) such
that 9" (s)] > —C.

(A6) We assume that Q is a convex polyhedral domain, and Ty, is assumed to be a globally quasi-uniform
triangulation of Q.

Regarding the time discretization, we introduce the following notions. We divide the time interval [0, 7] into
uniform steps with step size 7 > 0 and introduce Z, := {0 = t°,¢! = 7,... t"" = T}, where ny = % is the
absolute number of time steps. We denote by IT1(Z,; X) and I1°(Z,; X) the spaces of continuous piecewise linear
and piecewise constant functions on Z, with values in the space X, respectively. By ¢"*! and ¢g" we denote
the evaluation/approximation of a function g in I1(Z,) or 11°(Z,) at t = {t"*!,¢"}, respectively, and write
I, = (t",t"*1). The discrete-time derivative is denoted by d?t1g := <- T_gn. The time average of a function
g(o) for o € IL(Z,) is given by [g(0)lav := 7 [; g(o(s))ds

Problem 4.4. Let the initial data ¢) € V), be given. Find ¢y, € I11(Z-; Vy,) and (un, va, pn) € I°(Z5 Vi X X, X
Q},) that satisfy the variational system

(A2 fn ) o — (Shop ™, Vion) g + v (BRop ™t m,vn) 5, + (m(OF)Vip ™, Vi)

)
(F¢(¢h) h)Q (4'6)
( n+17£h) (V¢Z+1av£h)ﬂ ([ (d)h)]avvfh)g (47)
(o) + BeM ot PN opt wn ) — (PR div(wn)) , + (95 V™ wn)
+(Srpptt div(wn)), — v (Grpptt wn - n) ,, =0, (4.8)

(div(v; ™). an)g — (Co(@}), an)g =0 (4.9)

for every (Yn,&n, wh,qrn) € Vi X Vi, X X, x Qp, and every 0 < n < np — 1.
We note that the time average for the derivative of the double-well potential [¥’(¢p)]ay was also employed
for structure-preserving approximations of Cahn-Hilliard systems in the work [4]. We show the well-posedness

of the fully discrete scheme in Problem 4.4 and further prove that the total mass and energy-dissipation are
preserved. Here, the discrete dissipation and source rate are defined by

n n—1
[ Plmviyds == 3 (o) Vi Vi) ¢ ((aloh) +BeR) ok o™ okt

/7 P(pn, pn) ds —TZ Lo (k) i) g + (To(0h)oh ) g = v(Shpn s div(vpth)) -

Then our main result on the structure-preserving analysis of Problem 4.4 reads as follows:
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Theorem 4.5. Let Assumption 4.3 hold. Furthermore, let h,7 > 0 be given such that 7 < C, where C, > 0
depends solely on the parameters and external forces. Then, for any ¢9 € Vi, Problem 4.4 admits at least one
solution (P, tin, Vn, pr). Moreover, any such solution conserves the total mass and energy-dissipation balance,
that is, it holds

n—1
(¢Z7 1)9 = (¢hm7 1)9 +7 Z (F¢(¢Z), 1)9 - 7(¢Za vllfrl : n)am (4'10)
k=m
E(dn)lim +/tm D(pn,vp) ds < /tm P(pn,pn) ds. (4.11)

Furthermore, if the time step restriction T < Cy holds, then the solution is unique. Here, the constant C, > 0
depends solely on the parameters and the initial data.

Remark 4.6. We make the following remarks:

— The explicit evaluation at ¢} in the parameter functions and the transport term is used to facilitate the
uniqueness proof. The mass and energy-dissipation balances also hold for a semi-implicit evaluation.

— The same results can be achieved almost verbatim if the parametric functions o, 3, m,I'y,I',, are replaced by
suitable projections or interpolations as long as they preserve a positive lower bound of «, 3, m. Similarly,
one could also work with Brezzi-Douglas—Marini (BDM) spaces instead of Raviart—-Thomas spaces.

— The uniform estimates derived in the upcoming existence proof are sufficient to prove convergence of the
discrete scheme to a weak solution, but this analysis is beyond the scope of the current paper and could be
a focus of future work.

Proof. First, we prove the structure-preserving properties of the scheme in Problem 4.4. Afterward, we derive
suitable a-priori error bounds to show the existence and uniqueness of discrete solutions.

Step 1: Mass and energy-dissipation balance. Regarding the balance of total mass, see (4.10), we insert
the test function ¢, = 1 in (4.6) to deduce that

(¢h,1)|z:+1 :/1 (at¢h,1)92/1 (a2t g, 1),

- _/ (m(¢z)w;j+1,v1)Q - (¢zvg+1,V1)Q

L,
+ (¢Z’ vZ+1 ’ n)ag + (F¢(¢Z), 1)9
= T((F¢(¢2)7 1)(2 - (¢Z7UZ+1 : n)&Q)'

The sum of the relevant time steps yields the result (4.10). Let us now prove the energy-dissipation balance
as stated in (4.11). We have

“eonl =1 [ V00, Ton)g + Ouon, ¥ on))g dt

In

2
= (V" dr IV en) = o [V o[} + (1960 di T 0n)

< (Ve dr Vo) o + (¥ (6n)]a A2 dn)
(a) + (b),

where we introduced the short notation (a) and (b) for the two terms on the right-hand side. Inserting
&, = d? ¢y, in (4.7) and afterwards vy, = p) ™! in (4.6) yields

() + (b) = (" 7 )

A
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— (o) Vup V) o 4 (rop L V) g — v (drop o m i )y + (Te(00), i) -

Further we insert wy, = v in (4.8) and g5 = p;*" in (4.9), which implies:

0= — (m@) Vi Vi) o = ((alem) +Bemop [ op o)
+ (Co(@h), o) + (Ca(op) ™) = (@R ™ div (v ™)) .

and summing over the relevant time steps yields the desired result (4.11).
Step 2: a-priori bounds. To derive suitable a-priori bounds, we mimic the proof in the Galerkin setting in
Section 3. First we consider the auxiliary problem:
div(w"™) = Ty(g}) in Q,
1
ut = on 0N).

Since the right-hand side is bounded, see (A3) in Assumption 3.1, we apply Lemma 2.3 to establish the
existence of a function "' with the uniform bound

||un+1||W11q S C”F'U((rb;:l)HLq Vq € (1700)

Using the Raviart—Thomas projection (4.1), we then define uZH = IIu"t! € X, such that

(div(vp ™), pp ) = (div(up ™), o5 "), (4.12)
[[div(up ) ||7, < [|div(w™™) |2, < [To(ép)]2: < C, (4.13)
Jun ™ Lo < [, + [Ju Tt —up [, <G, (4.14)

for every p € [1,00]. We insert g, = py ™ in (4.8) and use (4.12) to find

(o), 1) = (@ (0 ™), i), = (v ™). 1),

Moreover, choosing the test function wy, = u} ™' in (4.8) yields

(Tu(o}), i) = ((a(¢2)+ﬁ ¢Z)’UZ+1‘S_1>UZ+1,UTL+1) — (pVpt
= (SR div (™)) g + (SR wi ) (4.15)

Then, subtracting (4.9) and (4.1), and using g, = div(u} ™" — v} t1) yields Hdiv(uz+1 vt H2LQ =0, from
which we further conclude div(uZJrl "'H) = 0 point-wise in Q. From the energy-dissipation balance, (4.15)
and multiplying with 7, we deduce the following inequality

n+1

gl +((mRVaE Vi) g + ((aléh) + o7 )i o) )
< (((atom) + SR [ )oi L ul ™)+ (Caloi) i) g

— (V™) o Fy(Ohun T uptt n) )
=:7((a) + (b) + (c) + (d)).

Using the improved regularity of ¥, see (A5) in Assumption 4.3, we then obtain

Co ([l s + ((@57). 1)) + 7 (mol Vg ™15 + oo™ [ + ol 175
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< 7((a) + 0) + () + (@) + Cr (65150 + (¥(7),1)g)- (4.16)

The terms on the right-hand side are estimated in standard fashion similar to the continuous case using
(4.13) and (4.14). Indeed, first using the estimate (4.14) on u}*', we have

( ) ( (¢h) n+1 Z—i—l) +<ﬂ(¢z)|v}'r;+1|s 1 Z+1 UZ-H)Q

<% |IHWB+ o+ e+
§ B || h+1HL2 H h+1|SLJ§1 +C.

Regarding an estimate of (b), we add and substract the mean of the chemical potential and apply the
Poincaré inequality, which gives

(0) = (To(@h)s ™ = (1) ) o + Co(d1), D (1),
BN, + CITe (2 + CL (60)] e V|

T2+ O gy 3 + Clh

| /\

IN

Next, we estimate (c) using Holder’s and Young’s inequality, which gives

( ) (¢hvlun+1 n+1)Q
O+ CllOR

2V + Clighl e

| /\

IN

Lastly, we estimate (d), which is only relevant in the case of v = 1. Indeed, applying integration by parts,
we deduce

(d) = y(Dpp ™ up™ - m) o
—(&) + (VR up ) o + (Shpp T div(up )
:_(C) ([ p 7n+1]v¢hu nH) ( HV(bhaUZH)Q

+ (S0 (it = ) div(up ™)) + (rEn T div(up )
< o[ vey|? + 2o HWZ“HO+C|\V¢leo|ﬂﬁ“\

< CIVep|? + Juwzﬂuﬁ + O ()] I3
< CIVGRIE + 2 [V ls + oI +C + Cllp ..
At this point, we combine (4.16) with the estimates above, which gives
(Co — Cor)y™t + 7D < (Cy + 7C3)y"™ + 7Cy
with
v = [[oh  + (0 1),
D" 1= (mo||Vuk ™ |3 + oo 172 + Bol|of |

s+1
Ls+1 )+
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Finally, we choose 7 < % := C, and apply the discrete Gronwall inequality to find the uniform bounds

nr
112 k12 k12 g lts
max[ 5[ s +7 Xkl s + 1wk 2 + k]l < Cloo)- (4.17)
k=1
Step 3: Pressure estimates. To deduce a uniform estimate of the pressure as in the continuous case, we need
to increase the regularity of ¢,. Hence, we estimate the discrete Laplacian using (4.7) with ¢y, = Ahqbnﬂ,

from which we obtain

[Angr 2, < Cllup |12, + ClY (6] 12

Summation over all time steps, using (A4) from Assumption 3.1 and the uniform bounds that we have just
derived, see (4.17), we deduce that

nr—1 nr—1 nr—1
r Z a2, < or Z |2 + O Z |1 (@nle )], ||, < Clo0). (4.18)
Then we use inf-sup stability (4.5) and the variational identity (4.8) to find
n+1
n+1 . (ph vwh)g
cl|py HL2 > w}féth [wnll,
< oo o o Bl 1 DRV 2 + VSR o

(s+1)/

< aoo||vh+1HL2 +ﬂoo|| g Ls+1 + ||¢hHL°° ||VHZ+1HL2 + Hv¢h||L3HHZ+1HH1

Summation over all time steps yields

np—1 np—1
T i e <7 Y allo s 4 B0k
k=0 k=0

s+1)/s
AR PR /% PR

In view of the uniform bounds in (4.17), we only need to consider the terms involving the L> and the L3
norms. Using the interpolation results of the discrete Laplacian, see (4.4), we then obtain

nT—l TLT—l
™ 3 Mokl + 19k <7 32 CIVehlle + [ Ansfll;. < ©
k=0 k=0

The above bounds are derived from the uniform bounds (4.17) and the additional uniform bounds (4.18).
Thus, this implies that py, is uniformly bounded in at least L(0,77; L?(£2)). Similar to the continuous case,
one can derive the regularity L°" in time for some ¢’ > 1 but this is not required in the upcoming steps.
Step 4: Existence of discrete solutions. We consider the (n+1)-th time step and assume that ¢} is already
known. After choosing a basis for V, x V, x X X Qp, we rewrite the variational system (4.6)—(4.9) as a
nonlinear system in the form of
J(x) =0in R?,

with Z = dim(Vh)2 x dim(&y,) x dim(Qp,). Writing z = (u) ™, d2 ¢y, vt pi ™), we note that testing the
corresponding variational identities with x yields J(z) - x.
As a consequence of the latter, we thus obtain

J(x) x>y — Oy + D" — 1C.
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Using the same arguments as we have used to derive the a-priori bound (4.17), we directly obtain
J(x) -z — oo for |z| — oo.
Thus, the existence of a solution follows from a corollary to Brouwer’s fixed-point theorem, see Proposition 2.8
of [40].

Step 5: Uniqueness of discrete solutions. It remains to show the uniqueness of discrete solutions satisfying
Problem 4.4. To this end, it is enough to consider one time step and assume that for given ¢j there exist at

least two different solutions ( ”H,u?ﬂ o pP ) and (@5t st ol T pi ). We may emphasis that
@1, @2 are still piece-wise linear function in time. Then the differences are denoted by ¢"t! := (b’f“ — g“,
pttt = it it = Pt gl and pntt = pt Tt — pB Tt and they satisfy the variational
equations

(n " vn) g — (Ghv™ T V) g + (R0 ) oo + (m(h) Vit Vi) =0, (4.19)
(Lp &) — 2 (V" T VE) o — ([ (1)) 4y — (¥ (¢2)] 0y En)g = 0, (4.20)
(a0 wn) g + (86" (Jo [ op ™ = o g )wn ) — (7 diviwn)
F(rVu T wp) o, + y(Grp T div(wn)), — y(onp T wy o n),, =0, (4.21)
(div(v™™),qn), =0,  (4.22)

for every (W, En, Wi, qn) € Vi X Vi X X X Qy,. To measure the distance between both solutions, we introduce
the relative energy

£(01162) = S IVGIE: + (¥(61) ~ W(2) — ¥(62)(0), Vg + ol

The constant ¢ is chosen so that £(¢1|d2) > C||¢||§11, see (A5) in Assumption 4.3. The aim of this part is to
show that £(¢7 T ¢hT!) < 0. For this, we consider the time difference between two time steps and compute

(6 o) = S (E(o1 o) - (ot 1en))
= (VT o, Vot o + (W' (1), — (¥ (02)],y, AT 0) + E(drT e, 0" 1),
+ (&2 o, [V (01)]ay — [/ (62)]ay — (9" (62)04)
— I |ar L, — S dnt e
= (VA 6, Vo' ) o + (V' (61)]y — (W' (02)],y, AT 9) + E(d7 9, 0",
+ (A7 2, W (01)] 4y — W' (02)] 0y — (¥ (02) @]y ), — Dt
< (a)+ (b) + (¢c) + (d).

In the last step, we used that the relative numerical dissipation D*f! which is defined as

Duh = Ve 2, + e 2o, (123

num °

is nonnegative. In the following, we either expand or estimate all the terms appearing. By inserting &, =
d"1¢ in (4.19) and ¢y, = p™ ! in (4.20), we expand (a) and (b) to

(a) + (b) _ 7(m(¢z)vﬂn+lv V,LLn+1)Q + (ézanrl’ V/LnJrl) (¢n n+1 Nn+1)ag‘
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Furthermore, choosing wy, = v"*! in (4.21) and ¢, = p"*! in (4.22), it yields
(algmo™ o™ ) + (B(h) (Jor T or ™ — o™ Hug ) ") + (R Va0 =0,
Then, applying inequality (A.2) shows

s+1

(@) + (0) < —mol| Vi = ao o |7 = 2" o]0+ 77

For the term (c), we select the test function 1, = ¢" ! in (4.19) to deduce that

(¢) = —&(m(@p) V™t Vomth) ) + &(gpomth, Vet ) — ay(gpo T n,¢n )

< T2V e(gnon V) — (et m g

Next, we estimate the remaining terms in (c¢). We make a case distinction and first consider v = 0. We apply
the discrete interpolation inequality, see (4.4), to deduce that

(Sr0™ Ve ) g < (o Lo [V | ol o
< Sl s + Ve,

< Do+ Cwe 7, + 8 Ane™ 5.
Furthermore, in the case of v = 1, we obtain

(60", Vo) =y (@ho T m, o) o = — (670" Ver),,
< o™ | e (Ve Lokl
< %Hv"“H; + OV + 0 Ang™ 1.
Hence, we consider the discrete Laplacian and deduce that
180" e < Cllam 1 7a + Ol (@] — ¥ (6210172

< OV + Ol + O (60)]y — [ (62)], 132

< [V |5 + ClIE" (€)l,, 17

< ||Vt + Cllem -

Choosing now ¢ = 7%, we find in total
(©) < SRV s + Sl + Ol

For the last term (d), we use the numerical dissipation (4.23) and the growth estimates of ¥, see (A5) in
Assumption 4.3, to estimate

(d) = (12"(Q) P, dr ' 657)
< I Ol o™l 1o (105 | o + 165 1 2o) [ldz 6" ] o
< odz e | + IR ONZa 0™ 5 (11657 150 + N1 )

< dllaz 6™ + o [
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Finally, combining all previous estimates and using that £" = 0, it yields

£(617165™) + 5 (moll V2 + oo™+ 7 + 2= 0"

Th) S TOE(Ter).

Ls+1
Under the assumed time step condition 7 < ﬁ := Cy, we find that

1

SE@11957) + 2 (mol| Va7 + aollo |, + 2B lo™ 1 [}11) <.

This estimate yields ¢"*tt =0, v = 0 and Vu" ! = 0. Furthermore, using (4.20) with &, = 1, it shows
that " *1 = 0. Lastly, we apply the inf-sup stability (4.5) and (4.21) to obtain

"], < inf (", div(wn)),,
e <

=0.
wn XY ”wh”)c‘h

Thus, we conclude that both solutions coincide.

5. NUMERICAL SIMULATIONS

The scheme of the previous section (see Problem 4.4) is implemented in NGSolve [36]. The nonlinear system
is treated using Newton’s method with an absolute tolerance of 107!, while the linear system is solved by a
direct solver. We consider the two-dimensional domain € = [0,1]? and denote by (x,y) a point in the domain.
In the experiments, we fix €2 = 10™* and use the following functions:

(o) = ;61— o) m() = 1072 4 $2(1— 6)” max{0,1 — ¢},
a(9) = w6+ a(1 — ), B6) = Ao+ Al — ),

where a(¢) and 3(¢) are extended outside [0, 1] by their constant upper or lower limit. With the above choice
of the potential function, its time average can be exactly computed as

o = (P01 + o (B ) s w ).

While our analysis holds for general ¥, the exact evaluation of [¥/(¢p,)]ay is simplest for polynomials. Investi-
gating high-precision quadrature rules for more general potentials is an interesting topic for future work.

5.1. Convergence test and inconsistent volume source

We first consider the parameters a; = 1072, ap = 10%, 3; = 107!, 35 = 10', along with the initial condition
and parametric functions

1 1 1.1(xz — 0.5)2 +0.8(y — 0.5)2 — 0.25
ooz, y) = 5~ 2tanh<\/ (z ) _\;ﬁy ) ), (5.1)

Ly(0) = %quaX{O, 1-¢%}, Iy(¢) =29 max{0,1 — ¢*}.

Convergence test: Since no exact solution is available, we compute the error using a refined solution for a
fixed 7 = 5 x 1073, The error quantities are defined as

2 2
err(6,he) = mas|lof, —op [ emu ]
2 2
n n T U
err(v7 hk) = Vhy, ~ Vhppy 2 err(p7 hk) ~ Phyiy L2’
div




ANALYSIS AND STRUCTURE-PRESERVING APPROXIMATION OF A CAHN-HILLIARD-FORCHHEIMER SYSTEM 3011

TABLE 1. Energy errors and squared experimental order of convergence (eoc?) for s = 3 and
v = 1; first-order convergence for (¢, 1) (theoretically optimal in H'), second-order convergence

for (v, p).

k  err(é,hr)  eoc? err(u, hy)  eoc err(v,hy)  eoc®  err(p, hi) eoc?
1 5.50-10%° 0.00 3.65-1072 0.00 6.59-10"' 0.00 2.91-10"% 0.00
2 1.54-107Y —149 845-1072 —1.21 2.14-107' 1.62 7.69-107% 1.92
3 340-10"' —-1.14 9.72-1072 —0.20 1.29-107' 0.73 887-107° 3.12
4 1.31-10"1 1.38  3.47-1072 149 2.22-1072 254 590-107¢ 3.91
5 2.79-101° 223 7.48-1073 221 219-107% 3.35 5.01-1077 3.56
6 5.16-107! 243 1.57-1073 225 1.37-107* 4.00 3.16-107% 3.99

TABLE 2. Energy errors and squared experimental order of convergence (eoc?) for s = 3, v = 1;
rates match v = 0 case, confirming boundary condition robustness.

k  err(é,hr)  eoc? err(p, hy)  eoc? err(v,hy)  eoc® err(p, hx) eoc?
1 5.50-10%° 0.00 3.61-1072 0.00 6.41-10"% 0.00 3.05-10"% 0.00
2 7.26-10"° —040 846-1072 —1.23 1.94-107* 1.73 6.13-107* 2.32
3 253-10"' —1.80 885-1072 —0.06 1.18-10"' 0.71 291-107° 4.40
4 1.23-10%! 1.03 2.86-1072 1.63 2.19-1072 244 1.66-107% 4.13
5 2.71-10%° 219 6.28-1073 2.19 2.17-107% 3.34 1.27-1077 3.71
6 5.00-1071! 244 1.29-1073 228 1.36-107%* 4.00 7.69-107° 4.04
where mesh refinements use hy ~ 27'% for k = 0,...,6. Tables 1 and 2 present the errors and squared

experimental orders of convergence (eoc) for v = 0 and v = 1, respectively. As expected, we observe first-order
convergence for (¢, ) and second-order convergence for (v,p). These rates are order-optimal, confirming the
robustness of the scheme despite nonlinear coupling in the Forchheimer subsystem.

Simulations: We numerically perform the above experiment for s € {1,2,3} and v € {0,1}. The results are
depicted in Figure 2 for v = 0 and Figure 3 for v = 1. In all experiments, the initial ellipse expands toward
the boundary of the domain, while its core breaks up due to the volume source. This results in propagating
interface fronts until the ¢ = 1 phase reaches the boundary. At this stage, the solutions for v = 0 and v =1
diverge fundamentally. For v = 1, see Figure 3, the propagation front continues until the domain is dominated
by the ¢ = 0 phase. However, for v = 0, see Figure 2, the phase-field exceeds its physical range, forming a
boundary layer with ¢ > 1. This “blowup” phenomenon suggests that the system with Neumann-like boundary
conditions imposes additional constraints on the choice of T',,.

The Forchheimer nonlinearity (s > 1) also influences the dynamics of the phase-field: for s = 1 (Darcy flow),
the evolution is faster due to weaker velocity damping, while higher s (s = 2,3) slows propagation.

Figure 4 shows the evolution of mass and energy, while Figure 5 confirms the structure-preserving properties
of the numerical scheme. For v = 0, the phase-field’s mass increases strictly, while for v = 1, the mass decreases
after a plateau due to boundary leakage. The energy dissipation error remains non-positive, aligning with
theoretical predictions. Mass conservation balance is preserved up to machine precision, validating the exact
mass balance of the scheme.
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FIGURE 2. Phase-field ¢ evolution with v = 0 for s € {1,2,3} (top to bottom) at times
t € {04,0.8,1.2,1.6,2,5} (left to right); mass leakage wvia Neumann-like conditions causes
unphysical boundary layers with ¢ > 1.
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FIGURE 3. Phase-field ¢ evolution with v = 1 for s € {1,2,3} (top to bottom) at times ¢ €
{0.4,0.8,1.2,1.6,2,5} (left to right); boundary conditions enable mass influx, driving domain
invasion.
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FIGURE 4. Evolution of the mass (left) and energy (right); strict mass increase (y = 0) wvs.
leakage (v = 1) and energy decay aligns with theoretical dissipation.

s=1:v=0 s=1:y=1---5--
§=2:7y=0 —8-—5=2:7y=1 ---2--
s=3:7=0 —o—-s5=3:7=1
3% 10717 9% 10-5
. 1x107° - 1
2x 107"
0 — —
1x 10717 1x 1070 4
2x107° 1
04
i -3 x107° E
-1x10717 -4x107° 1
-5
2% 10717 5 x10 1
-6 x 107° E
—17
—3x10 Tx 1070 | ; E
_4x 1077 . . | . -8x107° L L L L
0 1 2 3 4 5 0 1 2 3 4 5
Time Time

FIGURE 5. Structure-preserving properties of the scheme; machine-precision mass balance errors
(left) and non-positive energy dissipation error (right), confirming discrete entropy stability.

5.2. Consistent volume source

To address boundary-driven blowup, we consider a consistent mass source with initial data and parametric
functions

1 1 1.1(x — 0.5)2 + 0.8(y — 0.75)2 — 0.25
¢0($, y) = - — s tanh \/ (‘T ) ki (y ) )
2 2 V10e?

F¢7 =Y, F’v = ¢ - (¢07 1)Q

Figure 6 shows mass and energy evolution, while Figure 7 confirms the structure-preserving properties. The
mass balance error is at machine precision, and the energy dissipation error remains non-positive for all cases.
In the case of ¥ = 0 as expected mass is conserved.

The simulation results are depicted in Figure 8. For v = 0, the initial ellipse that touches the boundary
evolves into a droplet that detaches and migrates toward the center of the domain. However, for v = 1, the

(5.2)
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FIGURE 6. Mass (left) and energy evolution (right) for consistent source; strict conservation for
~ = 0 vs. source-driven growth/decay for v = 1 (left) and energy dissipation remains monotonic

(right).
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FIGURE 7. Error balances for consistent source; mass errors at machine precision (left) and
energy dissipation errors < 0 (right), reinforcing scheme robustness.

droplet remains attached to the boundary, forming a secondary interface. This contrast arises because I',, is
mean-free only for v = 0, ensuring mass conservation. For v = 1, mass leakage persists, but the phase-field
remains within [0, 1], avoiding blow-up.

6. CONCLUSION AND OUTLOOK

We analyzed a coupled Cahn—Hilliard—Forchheimer system with concentration-dependent mobility, nonlinear
transport, and solution-dependent mass/volume sources. Key achievements include a new well-posedness result
for the generalized Forchheimer subsystem, the existence of weak solutions for the fully coupled system through
energy-controlled Galerkin approximations and nonlinear compactness techniques, a fully discrete scheme that
maintains exact mass conservation and discrete energy dissipation, and the numerical validation of optimal
convergence rates and geometric structure inheritance.
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0 0.25 0.5 0.75 1

FIGURE 8. Phase-field ¢ with consistent mass source at times ¢t € {2,6,10, 14,18,20} (left to
right) in the cases s € {1,2} and v € {0,1} as indicated on the left column.

At this point, our energy estimates are not sufficient to prove a continuous dependence result, which would be
required for uniqueness. Under restrictive assumptions, this should work. Proving uniqueness of weak solutions
remains an interesting direction for future research.

In future work, we would like to study the case of degenerate mobility and singular potentials for both boundary
conditions vy € {0, 1}. In particular, we are interested in the restrictions that arise for the volume source term. The
numerical simulations indicate that in certain configurations additional constraints on the volumetric source may
arise. To retain a phase-dependent source term, this might result in nonlocal source terms.
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APPENDIX A. PROOF OF LEMMA 2.2

Step 0: Key inequalities. For all vectors =,y € R? and s > 1, we have:

2"~ 2 — |y yl < 8277 (2T 4 [y | — ) (A1)
("' =y 'y) - (2 —y) > 2" e — gy (A.2)
[l o — Jy| 7 oy | < 20—y (A3)

|z —y[? x y
|I|171/s + |y‘171/s <s ‘I|171/s - ‘y‘lﬂ/s (z —y). (A4)

These inequalities are standard in the analysis of the generalized Forchheimer equation, see also [13,30]. The first
inequality can be proved by applying the mean value theorem to t — [¢t|*~'t. The second follows by the convexity of
t — [t|**! and the third one by the Hélder continuity of ¢ |t|(175>/5t, The fourth follows by an application of the
Cauchy—Schwarz inequality.
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Step 1: Variational form. Let V := L'**(Q)% Va, := L:5(Q)%, and Q := L'*'/*(Q). We want to find a pair
(v,p) € Vaiv X Q such that
a(v,u) — b(u,p) = F(u) for all u € Vyiv,
b(v,q) = G(q) forallqe @,

where we introduced the continuous linear forms F' : Vg;y — R and G : Q@ — R, the bilinear form b : Vgiy X Q@ — R
and the nonlinear form a : V x V — R by

(A.5)

F(u) = (f,u)o — (h,u-n)aq for u € Vaiv,

G(q) == (9,9)e for ¢ € Q,
b(u, q) := (div(u),q)a for u € Vaiv, q € Q,
a(v,u) = (a+ Blv* v u) for v,u € V.

We note that the trace operator v : u — u - n is indeed linear and continuous from Vg, to (W/ (114175 (90)) by
an extension argument. Since a is linear with respect to its second variable, we can define a mapping A : V — V' by
(Av,u) = a(v,u). To show continuity of A, we consider v1,v2 € V. Applying Holder’s inequality we obtain

(w1 = Ava,w)| S (Ilor = vally, + [[[o1] " o1 = o2~ s | ) v

for all w € V, which proves
[Av]v: < llvllv + [lvllv- (A.6)

Applying inequality (A.1) and again Holder’s inequality yields
s— s—1
[Avy = Ava|ly, S (L4 [loally !+ o2l ) o = vzl
Using inequality (A.2) we obtain
(Av — Au,v —u) 2 |lv —u| for v,ueV. (A7)

Therefore, A is strictly monotone on Vyiy, and uniformly monotone (and thus coercive) on V.
Step 2: Regularization. For n > 0, we define a regularization by looking for a tuple (vn,pn) € Vaiv X @ such that

a(Vn,uw) + dp(vn,u) —b(u,p,) = F(u) for all u € Vg,

en(Pnr ) + b(vn,q) = G(g) forall g € Q, (A.8)

where the nonlinear forms d,, : Vaiv X Vaiv — R and ¢, : Q@ X @ — R are given by

dn(v,u) == %(|div('v)\s_1div('v),div('u,))Q for v, u € Vi,
1
— (1—=s)/s
en(pq) = (\pl P, q)ﬂ for p,q € Q.

We observe that the operator A, : Vaiy — (Vaiv)', Anvn := a(Vn,") + dn(vs, ), is continuous, coercive and strictly
monotone on Vg;y. Indeed,

s—1
|dn(v1,u) — dn(v2,u)| < 52

(Idiv(wn) 57 + [[div(v2) ) div(or) - diviws)]l, Idiv(w)],

for all v1,v2,u € Vasy, which is obtained by means of Hélder’s inequality and of (A.1). Furthermore, an application
of (A.2) yields

1-s

dn(v,v —u) —dp(u,v —u) > |[div(v — w)||t for all v, u € Vi

n

Together with (A.7) this inequality implies the uniform monotonicity of A,:

(Anv — Apu, v — Wy yyr > 2' " min (C(ﬁo), %) ||lv — u||f,j‘1V for all v,u € Vaiv.
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The coercivity and strict monotonicity of A,, are direct consequences of the uniform monotonicity.
Furthermore, the operator Cp, : Q@ — Q’, Cppn := cn(pn,-), is continuous, coercive and strictly monotone on Q.
Indeed, using Holder’s inequality and (A.3) we obtain the continuity of Ch:

21—1/3

q ;
< ——lp—qlg” forallpgeQ.

1 P
n||[pl=1  Jg[t=1/s

||Cnp - Cn‘]HQ’ <

\4

The coercivity follows from the equation

1 —s)/s 1 s+1)/s
(Cnd: @)oo = (" 1a1" " )a = ~lallg™",

and strict monotonicity from the strict monotonicity of z ~— ||~ *1/*z:

1 p q
(Cnp = Cngsp— Qqrxq = ﬁ/ﬂ<|p|1—1/s - |q|1_1/s>(P—Q) dz >0

for all p,q € Q with p # q.
Step 3: Well-posedness of regularization. Adding the left-hand sides of (A.8), we obtain the following nonlinear

form defined on Vgiy X Q:

a,((v,p), (u,q)) := a(v,u) + dn(v,u) — b(u,p) + cun(p, q) + b(v, q),

for (v,p), (u,q) € Vaiy X Q and a nonlinear operator A, : (Vaiy X Q) — (Vaiv X Q)" defined by

(An(v,p); (v, ) = an((v,p), (u,q))-

Since A, C,, B and B’ are continuous, A, is continuous, too. Furthermore, A, is coercive and strictly monotone.
Thus we can apply the theorem of Browder—Minty, see Theorem 2.18 of [35], to show that for every F € (Vaiy X Q)’
there exists a unique solution (v,,pn) € Vaiv X Q of the operator equation A, (vn,pn) = F.

Step 4: Uniform bounds. Using the second equation of (A.8) we obtain

. . b(vy, G(q) — cn(pn,
ldiv(on)llv = [[div(va) o = sup 1LEm DL _ g, 1610) = npny )]
e lldlle a€Q llgll@

1/s
< fllv +nllpallg”
The estimation of ||v,||v follows from the first equation in (A.8):

CB)lwnllv™ < (Bloal™" v - va)
< a(Vn,Vn) + dn(Vn, vn)
= g(vn) + b(vn, pn)
< Mglivllvallv + (lgllv: + llpnll)lIdiv(va) |y -

Together with the estimate for ||div(v,)||v this yields

s+1 1
Ioelli < s (lalvg, Joallv + Nl 171

(A.9)
+ nllgllvg, Ipallg ™ + 171V Ipnlle + nllpalls™ )

div
To bound p,, we employ the inf-sup condition, that is, there exists # > 0 such that:

sup b(v,q)
vEVaiv ||v||Vdiv

>0ldle YqeQ.
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Together with the first equation in (A.8) and the above estimate for ||div(v,)|v, we obtain for sufficiently large n
(2 < 0*/C*Y is enough)

1
255

1/s
1 s
1l + (W(Mvnn% gy, + nlflv))

ns+1

1/s

1
0 T pstT

Thus, there exists a constant C; < oo, independent of n, such that ||v,||v < C; for % < % The bounds for ||p.|lo
and ||vn||v,,, follow. Thus, exist constants Cy, Cp, independent of n, such that for sufficiently large n > 0 the solution
(vn, pn) of (A.8) satisfies the following estimates:

[vnllvas, < Cos lpnlle < Cp. (A.10)

Step 5: Limit process. Since (vn,pn)nen is a bounded sequence in Vgiv X @, there exists a weakly convergent subse-
quence, again denoted by ((Un,pn))nen, with (weak) limit (v, S) € Vaiv X Q. As it holds

‘a((’lh“pn), (’U,7 q)) — .7:(’(1., q)l

[l A(vn, pn) — ]:H(vdiva)/ = sup

(u,q) € Vaiv XQ H(U, Q)”VdivXQ
— sup ‘an((vnyp’ﬂ)7 (ua q)) — dn('vnvu) — Cn(pn, q) — ]'—(’U,, q)|
(,0)€ Vi XQ (w; Dy, x

1 . s s
< —(lldiva)ll}, + lIpallg*)

we deduce that it converges to zero and thus, the sequence (A(vn,pn))nen converges strongly in Vi, to F. Thus,
we can conclude that A(v,p) = F in (V x Q)’, i.e., (v,p) is a solution of (A.5). We obtain the higher regularity of
pe Witt/s () by solving the equation Vp = f — av — B|v|*"'v for p with the boundary condition p|aq = h, which
yields the higher regularity p € W1 1+1/5(Q).

To show uniqueness, we consider two solutions (v1,p1) and (v2,p2) of (A.5). Using the test functions w = v1 — v
and ¢ = p1 — p2 we obtain

a(vi,v1 — v2) — a(ve,v1 — v2) = (Avy — Ave,v1 — v2) = 0.
Since A is strictly monotone, it follows v1 — v2 = 0. If v € Vg, is given, p € @Q is defined as solution of the variational

equation b(u, p) = F(u) —a(v,u) for all w € Vy;,. Therefore, the uniqueness of p is a direct consequence of the injectivity
of the operator B’ : Q — V.. d
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