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ABSTRACT. A phase field model for tumour growth is introduced that is based
on a Brinkman law for convective velocity fields. The model couples a con-
vective Cahn—Hilliard equation for the evolution of the tumour to a reaction-
diffusion-advection equation for a nutrient and to a Brinkman—Stokes type
law for the fluid velocity. The model is derived from basic thermodynamical
principles, sharp interface limits are derived by matched asymptotics and an
existence theory is presented for the case of a mobility which degenerates in
one phase leading to a degenerate parabolic equation of fourth order. Finally
numerical results describe qualitative features of the solutions and illustrate
instabilities in certain situations.

1. Introduction. Classical continuum models for tumour growth use free bound-
ary problems to describe the growth of the tumour. These models go back to the
seminal work of Greenspan, [43], who modelled the tissue as a porous medium and
used Darcy’s law for the convective velocity field. This modelling approach was
subsequently further developed by many authors, see [3, 10] and the reviews [9, 31,
59]. Later also Stokes flow has been used to model velocities in tumour growth
[26, 27, 29, 32]. This is justified, since typically tissue does not have the character-
istics of a porous medium. As tumours might undergo morphological instabilities
like fingering or folding, see, e.g., [15, 16], free boundary problems in a classical
formulation have their limitations, because changes in topology have to be dealt
with.

To overcome these difficulties, it has turned out that diffuse interface models,
where the sharp interface is replaced by a narrow transition layer and the tumour is
treated as a collection of cells, are a good alternative modelling strategy to describe
the evolution and interactions of different species. In contrast to free boundary
problems, there is no need to explicitly track the interface, or to enforce compli-
cated boundary conditions across the interface, see, e.g., [63]. Moreover, tissue
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interfaces may be more realistically represented by the diffuse interface framework,
since phase boundaries between tissues may not be well delineated, see [28]. These
models are typically based on a multiphase approach, on balance laws for the sin-
gle constituents, like mass and momentum balance, on constitutive laws and on
thermodynamic principles. Several additional variables describing the extracellular
matrix (ECM), growth factors or inhibitors can be incorporated into these mod-
els, and biological mechanisms like chemotaxis, apoptosis or necrosis and effects of
stress, plasticity or viscoelasticity can be included, see [14, 25, 38, 39, 40, 46, 55].

In most of the earlier phase field models in the literature, flow velocity is modelled
by Darcy’s law, see [36, 40, 48, 50, 63]. However, often tissue cannot be modelled as
a porous medium, see [26, 27, 29], and hence models based on Stokes or Brinkman
flow have been suggested, see [21, 22, 35]. It is the goal of this work to derive
these models systematically using thermodynamic principles, and to give several
examples of constitutive laws which are relevant for applications. In these models,
cell adhesion is modelled with the help of a Ginzburg—Landau energy, see also
[14], and the resulting equation for the growth of the tumour turns out to be a
convective Cahn—Hilliard equation with sources related to proliferation (cell growth)
and apoptosis (controlled cell death). In phase field models, the interface between
the tumour and the healthy region is modelled with the help of a diffuse interface,
which has a thickness that is proportional to a small positive parameter e. A
further goal of this paper is to derive sharp interface problems in the limit as e
tends to zero. Here we use the method of formally matched asymptotic expansions
to analyse the limit. In applications to tumour growth, the mobility in the Cahn—
Hilliard equation typically degenerates in one phase (see, e.g., [13, 46, 63]), and the
resulting Cahn—Hilliard equation is a degenerate Cahn—Hilliard equation, which is
notoriously difficult to analyse. Using entropy-like estimates, we will show existence
of weak solutions, which is non-standard due to source terms in the Cahn—Hilliard
equation, see also [2, 34, 56] for similar results. The Brinkman model has Darcy’s
law and Stokes flow as singular limits. In numerical simulations we will analyse
these limiting behaviours, as well as several qualitative features of the model, which
include in particular several unstable growing fronts. It will turn out that for certain
situations in which chemotaxis is present, unstable fronts appear, and we will also
show that certain wave lengths are more unstable than others.

Following this introduction, we first of all derive the governing equations. In
Section 3, we will discuss several additional modelling aspects like, for example,
specific forms of source terms, pressure reformulations, a general energy inequality,
boundary conditions and non-dimensionalisation arguments. Then we will use the
method of formally matched asymptotics to derive some sharp interface models for
tumour growth, which are related to free boundary problems that have been studied
earlier in the literature. In Section 5, we present analytical results for a model with
one-sided degenerate mobility and singular potential. In Section 6, we will show
numerical simulations which give further insights into the model and the influence
of different parameters. Finally, we want to fix the notation for this work:

Notation. We denote by Q € R%, d = 2,3, a bounded domain with boundary 99
and outer unit normal n, and by T' > 0 a fixed final time. We denote @ := Qx (0,T).
For a (real) Banach space X we denote by |||y its norm, by X* the dual space,
and by (-,-)x the duality pairing between X* and X. By (-,-) we denote the L?
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inner product in 2. We define the scalar product of two matrices by
d
A:B:= Z ajrbj,  for A,B € R¥*?,
j k=1

and the divergence of a matrix-valued function A : R? — R¥*? by

d d
div(A) = (Z Oz, ajk(x)>
k=1

For the standard Lebesgue and Sobolev spaces with 1 < p < oo, k£ > 0, we use
the notation LP := LP(Q2) and W*P := WHP(Q) with norms [|-||;, and |||}k,
respectively. In the case p = 2 we use H* := W*?2 and the norm ||| ;.. We will
denote the Lebesgue spaces on the boundary by LP(9€) with corresponding norm
[l (90~ We denote the space WP as the completion of C§°(Q) with respect to
the W*P-norm and we set HY := Wg’Q. By LP, Wkr HFE LP(0Q), W’S’p and
H’g we will denote the corresponding spaces of vector valued and matrix valued
functions. We denote the L2 inner product of two vectors a, b € L2 or two matrices
A B € L? by (a,b) = Z?Zl (a;,b;) and (A,B) = ijzl (ajk,bjk), respectively.
For Bochner spaces we use the notation LP(X) := LP(0,T; X) for a Banach space
X with p € [1,00]. We define

j=1

I-lans = [Illa + [I1l5
for two or more Banach spaces A and B. Moreover, we introduce the function
spaces

Ly={weL* (w,1)=0}, (H);:={feH): (f 1) =0},
Hy ={weH?: Vw-n=0o0n00}.

For problems related to the Stokes equation we define
L2 oyl
V= {VECSO(Q;Rd): div(v):O}, H::VL ; V;:vH ) (1.1)

2. Derivation of the model. Using basic thermodynamic principles and the La-
grange multiplier method of Liu [49] and Miiller [54], we will derive a general Cahn—
Hilliard—Brinkman model for tumour growth including effects like, for example, dif-
fusion, chemotaxis, active transport, proliferation and apoptosis. This model will
serve as the basis for this work, and several variants of this model will be analysed
later. We use basic ideas of continuum mechanics, see, e. g., [23, 45], and allow for
a partial mixing of two components, see also [1, 40].

Let us consider a mixture consisting of tumour and healthy cells. We denote the
first and second component as the healthy and tumour tissues, respectively. Fur-
thermore, we introduce p;, i = 1,2, (actual mass of the component matter per
volume in the mixture) and p;, i = 1,2 (mass density of a pure component ¢). The
mass density of the mixture is denoted by p := p1 + p2. We define

Pi
U; = —
Pi
as the volume fraction of component ¢ and
Pi
C; = —

p
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as the mass concentration of the i-th component, and we note that ¢; + co = 1.
Physically we expect p; € [0, p;] and thus u; € [0,1]. By v;, i = 1,2, we denote the
velocity of component ¢ and we make the following assumptions on our model.

(i) The excess volume due to mixing of the components is zero, i.e.,
up + ug = 1. (21)

(ii) We allow for mass exchange between the two components. Growth of the
tumour is represented by mass transfer of healthy to tumour tissue and vice
versa.

(iii) We choose a volume-averaged mixture velocity, i. e.,

V= U1Vy + UsVa. (2.2)

(iv) We assume the existence of a general chemical species acting as a nutrient for
the tumour, like, for example, oxygen or glucose. The concentration of this
species is denoted by o and it is transported by the velocity v and a diffusive
flux J,.

We remark that the choice of the mixture velocity is in contrast to [51], where a
barycentric/mass-averaged mixture velocity v := ¢1vy + covy was used, leading to
a more complicated expression for the continuity equation.

2.1. Balance laws. We now study the balance laws for mass and momentum.

2.1.1. Balance of mass. The mass balance law in its local form for the two compo-
nents is given by

Orpi +div(pivi) =Ty, i=1,2, (2.3)

with source or sink terms I';, ¢ = 1,2. Dividing (2.3) by p;, ¢ = 1,2, we obtain the
identities
T

Opu; + div(u;vy) = A 1=1,2. (2.4)
Using (2.1), (2.2) and (2.4) yields
I T I
div(v) = div(uyvy) + div(ugvy) = Z (Z - 8tui> =1y22-1, (25
=1 Pi P1 P2
We introduce the fluxes
1 1
Ji = pi(Vi7V), J:Z Jl +J2, J = 7TJ1+TJ23
P1 P2

where J; describes the remaining diffusive flux after subtracting the flux resulting
from transport along the mixture velocity. Using the identity

T +pv=J1+Jz+pv=p1vy+ pavy
in conjunction with (2.3), the equation for the mixture density reads
Op + div(p1vy + pave) = Op + div(pv + J) =T'1 + T's. (2.6)

In particular, we see that the flux of the mixture is decomposed into one part
representing mathematical transport along the mixture velocity, and another part
describing additional fluxes. In some models it is assumed that there is no gain or
loss of mass locally, which is the case if 'y = —T'y in (2.6). From now on we denote
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by ¢ = ug —u; the difference in volume fractions of the two components. Recalling
pi; = piu; and using the identity

i . i 1. .
div(u;v;) = div <pvi> = div <p(vi —-v+ V)) = —div(J;) + div(u;v),
Pi Pi Pi

from (2.4) we obtain

1 Iy
Pi Pi
Subtracting the equation for u; from the equation for uy yields
T r
Ao + div(pv) + div(d) = =2 — L = Ty. (2.7)
P2 P1
For the nutrient we postulate the balance law
Opo + div(ov) +divl, = —T'y, (2.8)

where T, is a term related to sources or sinks, ov models transport by the volume-
averaged velocity and J, represents other transport mechanisms.

2.1.2. Balance of linear momentum: We make the following assumptions for our
model.

(i) Asin [1], we assume that the mixture with volume-averaged velocity v satisfies
the balance law of linear momentum of continuum mechanics.

(ii) We assume that inertial forces are negligible, which can be justified as the
Reynolds number for biological processes like tumour growth is usually very
small. Since gravity plays no role in our model of interest, and since other
body forces are difficult to imagine, we neglect body forces.

(iii) Surface forces are represented by a stress tensor T, and we assume an addi-
tional source m in the momentum balance equation, which could for example
represent momentum supply due to interaction forces in a porous medium,
see, e. g., [62].

(iv) We assume that the stress tensor T is symmetric, isotropic and can depend
on Vv, ¢, 0 and V.

With all these assumptions, the balance of linear momentum takes the form
div(T) + m =0, (2.9)

where T and m have to be specified by constitutive assumptions.

2.2. Energy inequality and the Lagrange multiplier method. In an isother-
mal situation, the second law of thermodynamics is formulated as an energy in-
equality, see, e.g., [23, 44]. Thus the specific form of the stress tensor and the
fluxes for ¢ and o depend on the choice of a suitable system energy. Since we
have neglected inertia effects in the momentum balance law, we assume that there
is no contribution of kinetic energy. For a model including inertia effects we refer
to [1, 51], where the authors deduce a Navier—Stokes-Cahn—Hilliard system. We
postulate a free energy of the form

e=¢é(p,Vp,0).

We denote by V(t) C © an arbitrary volume which is transported with the fluid
velocity. A discussion of the situation when source terms are present can be found
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in, e.g., [45, Chap. 62]. Using the second law of thermodynamics in an isothermal
situation, the following energy inequality has to hold

d
— e(p,Vo,0) dLt < —/ J. -ny de*1+/ (Tny) - v dH4!
dt Jy (s v (t) av (1)
Change of Energy flux across Work due to
energy the boundary macroscopic stresses
+ / eIy + ¢,y + co(—T5) dL, (2.10)
V(t)

Supply of energy

where ny is the outer unit normal to 9V (¢), J. is an energy flux yet to be deter-
mined, and d£% and dH%~! denote integration with respect to the Lebesgue measure
and the (d — 1)-dimensional Hausdorff measure in R, respectively. Moreover, cy,
¢, and ¢, are unknown multipliers which have to be specified. We observe that the
second boundary term describes working due to the macroscopic stresses, see, e. g.,
[1, 23, 45].

We introduce the material derivative of a function f by

O f =0 f +Vf-v.

Following the arguments in, e.g., [1, 40], we now apply the Lagrange multiplier
method of Liu and Miiller, which has been developed in [49]. More precisely, we
introduce Lagrange multipliers Ay, A, and A, for the equations (2.5), (2.7) and
(2.8). The following identity can be easily verified upon using the momentum
balance equation:

- / (Tny)v dH! = - / div(T)v+T: Vv dL? = m-v—T: Vv d£%
Vv (t) V(t) V()
Therefore, using Reynold’s transport theorem, see [23, 45], (2.10) and the identity
. Oe o Oe Oe .o
Ofe= %@ P+ mat (V) + ao_at a,

the following local dissipation inequality has to be fulfilled for arbitrary values of
((p? g, v% VU, v, Fva Fg&a FO’7 8;907 8;0-)
—Digs = 0e+ediv(v) +div(Je) = T: Vv+m-v — ¢,y — ¢,y + ¢, T,
— Av(div(v) = Ty)
— Ao (0F 0 + pdiv(v) +div(J,) — T'y,)
— Ao (00 + odiv(v) +div(J,) +T,) <0.
Using the identity
0z; (07 p) = 0¢0p,; 0 +V - V(0p,;0) + 0, V- Vip = 0F (0z;0) + 0z, v - Vo
we calculate

) . Oe . Oe . Oe Oe
i (T, ) = ot (5 ) + 0T g+ 9w (Voo )
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Therefore, we can rewrite —Djgs as

de
w@Vga

P 0 o
+ O (a; — div <8V€<p> - /\w) +Oro (a; - )\g>

— (T+ <V50®8E)VG(P)> :Vv+m-v
+(co = Ae)To + (A — ) Tv + (A — )Ty
+ (e — App — Ao — Ay) div(v) < 0. (2.11)

—Diss = div (JE —AJ, = Agdy + 08 ) + VAT, 4+ VA, - d,

Finally, we define the chemical potential as

= de div Oc
=8, ovVe )"

2.3. Constitutive assumptions: To fulfil (2.11), we can argue as in, e.g., [1, 40],
and we make the following constitutive assumptions

Oe

e — N\odo J,—0; > v:)\v, 2.12
Je=Mdo + 2T, s © (2.12a)
Oe Oe Oe
— — —— — i — s = Ag = —, 2.12b
Co = Ap a5 div <6V<,0> Ly Co=A B0 ( )
Oe
3= —mle) Vi 3= ()7 (52 ). (2.120)

where m(y) and n(yp) are non-negative mobilities corresponding to a generalised
Fick’s law (see [1]). In principle, m(-) and n(-) could also depend on additional
variables like y and o. With these choices (2.11) simplifies to

- <T+ (ch@ 83Ve >) VVvH+m-v+(e— Ao — Ago — Ay)div(v) <0. (2.13)
P

We now introduce the unknown pressure p and we rewrite the stress tensor as
T=S-—pl, ie, S=T+plL (2.14)
An easy calculation yields the identity
Oe 1 1 Oe de 1
— | =(Vv—=(VVv)) == |V —— — —Q®Vp | : =(Vv—(VV)T).
(Voo o)+ 5(Tv-(T9 = 5 (Vow o = 2= Ve ) 5(Tv=(79)7)

Since the skew symmetric part of Vv can attain arbitrary values (see, e.g., [1]),
and by the symmetry of T, cf. 2.1.2. (iv), we conclude from (2.13) that

Oe Ode

ve oV - OV

2 2
Oe
Vel = (w- ) .

\V4 ® Vo,

which implies

oV

Ode
oV

The last identity yields

Ode

ﬁ((pv v‘pa U) = a’(@a V(P> U)VSD
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for some real valued function a(p, Vi, o). By the symmetry of S and using I: Dv =
tr(Dv), we obtain (S — pI): Vv = S: Dv — pdiv(v). Together with (2.14), this
implies
T: Vv =S: Dv — pdiv(v).
This identity allows us to rewrite (2.13) as
—(S+Ve®alp,Vp,0)Ve)) : Dv+m-v+ (e — A0 — Ao +p — Ay) div(v) <0.
In order to control the mass exchange term we set
Avi=e—= Ao — A0 + D,
and therefore it remains to fulfil the inequality
(S+ (Ve®a(p,Ve,0)Vy)): Dv—m-v > 0.
Similar as in, e.g., [1], and motivated by Newton’s linear rheological law, we make
the constitutive assumption
S+ Ve ®a(p, Ve, 0)Ve = 2n(¢)Dv + A(p)div(v)L,

where 7(-) and A(-) are non-negative functions referred to as shear and bulk vis-
cosities. This means that, on account of the last identity, the dissipation inequality
(2.11) holds provided

—m-v > 0.
A typical choice, see, e. g., [55, 62], is

m = —v(p)v,

where v(-) represents the permeability and is also referred to as “drag” coefficient
function.

The energy flux J. in (2.12a) is chosen such that the divergence term in (2.11)
€

vanishes. It contains classical terms like J, and g—gJ o, which describe energy flux

due to mass diffusion, and the non-classical term 97 ¢

a%e describing working due
@

to microscopic stresses. For more details see, e.g., [1, 40]. Collecting the results
above, we arrive at the following dissipation inequality

2

> 0.

Diss = () D[ + M) (div(v))? + v() V] + m()|[ Vil + () ’VSU

Hence dissipation is produced by the following processes: viscosity effects, changes
in volume, dissipation at the pores of the mixture due to the flow, and diffusive
transport induced by Vu and Vg—;.

2.4. The model equations: From now on we assume a general energy of the form

e(p,Vp,0) = f(p, V) + N(p,0).
The first term accounts for adhesion energy of the diffuse interface, whereas the
second term represents the energy contribution due to the presence of the nutrient
and the interaction between the tumour tissue and the nutrients. For more details
regarding the second energy term, we refer to [40, 46]. Furthermore, we assume
that f is of Ginzburg—Landau type, that is,

fle, Vo) = gz/f(@ + %WS@F,

where 1) is a potential with minima at 41, typically the classical double-well poten-
tial, and the parameter 8 > 0 is a cell-cell adhesion parameter and € > 0 is related
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to the interfacial thickness.
With this choice we calculate

g:; = gd/(w) + N, ({)ave(p = BeVy, alp,Vy,0) = P, % =N,
where N, and N, denote the partial derivatives of N(p, o) with respect to ¢ and
o, respectively.

In the following we use the relation (2.14). Recalling (2.5), (2.7)-(2.9) and using the
constitutive assumptions, we obtain the following general Cahn—Hilliard—Brinkman
model for tumour growth

div(v) =TV, (2.15a)
—div(2n(©)Dv + A(p)div(v)I) + v()v + Vp = —=div(BeVy @ V), (2.15b)
Ovp + div(pv) = div(m(e)Vu) + Ty, (2.15¢)
p=2¢'(p) - Belp+ N, (2.15d)
0o +div(ov) = div(n(p)VN,,) — T, (2.15¢)
where
O Y

p2 - pr ¢ P2 pP1
3. Further aspects of modelling.

3.1. Specific source terms. We now outline specific choices of source terms that
are commonly used in the literature.

(i) In some cases it is meaningful to assume no gain or loss of mass locally (see
(2.6)), and in this case we demand that
FQ = _Fl =T.

Then, there is a close relation between the source terms I'y and I',, given by

r T 1 1 r Tr 1 1
F¢=—=<+>F7 Fv:2+1:<_>r- (3.1)
P2 P P P2 P2 P P2 P
In the following we set
1 1 1 1
o= — — —, /6::,7—"_?- (32)
P2 P Lo P2
(ii) A possible assumption for the source terms is linear kinetics (see, e.g., [36,
40]), and in this case one chooses

= (Po — A)h(p), T, = Coh(yp), (3.3)

where P, A and C are non-negative constants related to proliferation, apopto-
sis and consumption. The function h(-) interpolates linearly between h(—1) =
0 and h(1) = 1 and can be extended constant outside of the interval [—1,1].
We refer to [40] for the motivation of these specific source terms.

(iii) Other authors use linear phenomenological laws for chemical reactions. For
example, in [46] it was suggested to take

Iy =T = P(p)(No — )
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for a non-negative proliferation function P(-). These kind of source terms
have, e.g., been studied in [12, 33]. In [46] it has been proposed to take

Plo) = OPy(1+¢) ifp>-—1,
v= 0 elsewhere

for positive constants é and Py, where ¢ is usually very small. In contrast, the
authors in [47] considered a proliferation function given by

Plg) = 2¢7 Po/Y(y) if g € [-1,1],
vI= 0 elsewhere.

(iv) Taking I'y = 0 and I' = I'y one obtains

1
Lp=Ty=_T.
This choice will be of importance when deriving the formal asymptotic sharp
interface limit for a mobility of the form m(p) = mge with a positive constant
mg, where source terms of the form (3.1) with I as in (3.3) do not fulfil a
corresponding compatibility condition.

3.2. Specific form of the nutrient energy. For the rest of this paper we consider
a nutrient energy density of the form

N(p.0) = 2| + xp0 (1 ¢) (3.4)

for positive constants x, and x, referred to as the nutrient diffusion and chemotaxis
parameter, respectively.

The first term characterises energy effects due to the presence of the nutrient, i.e.,
a high concentration of nutrients leads to a high energy of the system. The second
term accounts for chemotaxis effects, i. e., tumour cells move towards regions of high
nutrient concentration. We refer to [40, 46] for more details regarding this form of
the nutrient energy. Using (3.4) we compute

No = Xo0 + Xo(1 =), Ny = —X,0.

Therefore, the fluxes J, and J, are given by

J, = —-m(p)V (gww) — BeAyp — xw) o Jo =)V (Xoo — Xe¥) -

There are two non-standard contributions in the definition of J, and J,. The term
m(p)V(x,0) drives the tumour cells towards regions of high nutrient concentra-
tions and is referred to as chemotaxis.

Moreover, we encounter a term of the form n(p)V(x,¢) driving the nutrients to-
wards regions with higher tumour concentrations. This effect is called active trans-
port and seems to be counter-intuitive at first glance. However, it can be observed
for malign tumours in, e.g., the avascular growth phase. Indeed, to overcome nu-
trient limitations, some tumours express more glucose transporters to provide an
increasing glucose transport through the cell membrane. We remark that this term
is only active on the interface and we refer to [40] for more details.

In general we can decouple chemotaxis and active transport mechanisms by intro-
ducing the scaled mobility

D(p) = xon(p), (3.5)
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and setting xy = zi—“: Then, the fluxes can be rewritten as
Jo = —m(@)V (26/'(¢) = Bebp = xp0),  Jo = —D(p)V (0 = x9).

By formally sending x — 0 we can switch off active transport while preserving the
chemotaxis mechanism.

3.3. Boundary and initial conditions. We prescribe homogeneous Neumann
boundary conditions for the phase field variable, the chemical potential and the
stress tensor, i.e.,

Ve -n=Vyu-n=0 a.e. on 082 x (0,T), (3.6a)
T(v,p)n=20 a.e. on 002 x (0,T). (3.6b)

For the nutrient we may prescribe Robin-type boundary conditions of the form
n(¢)VN, -n=K(0s — 0) a.e. on 00 x (0,T) (3.6¢)

for a constant K > 0 referred to as the boundary permeability, and 0., denoting a
given nutrient supply at the boundary. We may see o, as a far-field nutrient level
outside of €2, and recalling (2.12¢) we can rewrite (3.6¢) as

J, n=K(0—0s).

Thus we see that there is nutrient outflow if 0 > 0, i. €., the nutrient concentration
on the boundary is higher than the far-field nutrient level, and inflow if oo, > o.
The rate of inflow or outflow depends on the boundary permeability K. Finally, we
impose the initial conditions

©(0) =g, o(0)=0¢ a.e.in (3.6d)

with prescribed functions ¢, og. The Robin boundary condition (3.6¢) can be in-
terpreted as an interpolation between Neumann and Dirichlet boundary conditions.
Indeed, the case K = 0, that means no boundary permeability, corresponds to the
Neumann type boundary condition

n(@e)VN, - n=0 a.e. ondQ x(0,T),
whereas formally sending K — oo gives a Dirichlet boundary condition of the form
0 =00 a.e. ond)x(0,T).

4. Formally matched asymptotics. In the following we formally derive the
sharp interface limit of the system

div(v) = g3 'T2(p, 0, 1) + py 'Ti(p, 0, 1), (4.1a)

—div(T(p,v,p)) + v(@)v = (1 + x,0) Ve, (4.1b)
i+ div(pv) = div(m(p) V) + p3 'Ta(p, 0, 1) — by 'Tip, 0, 1), (4.1c)

p =24/ (p) = BeAp — xp0, (4.1d)

0ro +div(ov) = div(n(p)(xe Vo — xe Vo)) — T'o (@, 0, 1), (4.1e)

where

T(o,v,p) = 2n(0)Dv + A(p)div(v)I — pIL.
The adhesion term (u + x,0)Ve in (4.1b) follows from a reformulation of the
pressure. In fact, the term —div(8eVp ® Vo) in (2.15b) is up to a gradient equal
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to (1 + x,0)Vy and the gradient term can be absorbed into the pressure, see [40]
for details. We will focus on the double-well potential given by
1

vip) = 11— ¢%7

and satisfying
Vo) =¢" —p, ¥'(p)=3¢" -1
Moreover, we assume that n(-), A(:), v(-) are smooth with 7(:), v(-) positive and
A(+) non-negative. For the mobility m(-) we consider the following three cases:
mo Case (i),
m(p) = < emq Case (ii), (4.2)
(14 ¢)? Case (iii).

4.1. Outer Expansion.

4.1.1. Assumptions. We make the following assumptions (compare [40]).

(i) For any € > 0 small enough, there exists a family (@e, tte, Oc, Ve, Pe)eso Of
solutions to (4.1a)-(4.1e) which are sufficiently smooth.
(ii) We assume that

Y(e) = {(x,t) € A x [0,T]: pe(z,t) =0}

are evolving hypersurfaces (see, e.g., [6, Def. 23]) that do not intersect with
002 and we define

Y(e,t) ={z € Q: @c(z,t) =0}.

We assume that for every e > 0 small enough, and for each time ¢ € [0, 7],
the domain 2 can be divided into two open subdomains

Qi (e,t) ={z € Q: pe(x,t) >0}, Q_(e,t) :={x e Q: pc(z,t) <0}

separated by (e, t) such that Q. (e, t) is enclosed by X(e,t). Thus, for all
€ > 0 small enough and all ¢ € [0,T] it holds that

Q=Q4(e,t) UX(e,t) UQ_(e,t), (e, t) =004(e,t), Qi(e,t) =Q\Q_(e1).
We show a sketch of the typical situation in Figure 1.

FI1GURE 1. Typical situation for the formal asymptotic analysis.
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(iii) We assume that (e, Ve, De, the, 0c)e>0 have an asymptotic expansion in € in
the bulk regions away from 3(e¢) (outer expansion), and another expansion
in the interfacial region close to X(¢) (inner expansion).

(iv) The zero level sets of ¢, depend smoothly on ¢ and € and converge as € — 0
to a limiting evolving hypersurface ¥(0) which evolves with normal velocity

V.

From now on we will often drop the dependence on the time variable t. We use
the notation (4.1d)g, and (4.1d)7 for the terms resulting from the order a outer and
inner expansions of (4.1d), respectively.

4.1.2. Expansion to leading order. We assume that fe € {¢, tie, 0c, Ve, D} can be
expanded by

fe=fotei+eEfat+....
Then, to leading order, (4.1d)51 yields
— B¢’ (o) = 0. (4.3)

Stable solutions of (4.3) are the minima of #(-), and they are given by ¢y = +1.
Consequently, we define

Qr ={x € Q: po(z) =1}, Qp ={xe€Q: po(x) =—1}.

The typical situation for Qp and Qg is shown in Figure 2.

FIGURE 2. The tumour and healthy regions Qr and Qp.

Since Vg = 0, dyp9 = 0 in Qp and Qp, we obtain for the equations to zeroth
order that

div(vo) = -Ta(p0, 00, o) + 7-T1(0, 00, p10),  (4.4a)
—div(T(¢0, Vo, o)) + v(vo)vo = 0, (4.4b)
—div(m(po) Vo) = 5-T2(0, 00, 10)(1 = 0)
= 2:T1(0, 00, 10) (1 + o), (4.4c)
Orog + div(ogve) = div(n(eo)xeVoo) + T (wo, 00, o), (4.4d)
where
T (0, Vo, Po) = 21n(v0)Dvo 4+ A(pg)div(ve)I — pol.

We now analyse the three different cases for (4.1c) according to the mobilities in-
troduced in (4.2).



14 M. EBENBECK, H. GARCKE AND R. NURNBERG

Case (i) (m(p) = mg): In this case we obtain

— moApo = p3 'Ta(o, 00, 110)(1 — o) — p1 ' T1(0, 00, 10) (1 + o). (4.5a)

Case (i) (m(p) = emgp): The mobility is rescaled and the chemical potential does
not contribute to the equations at zeroth order. Indeed, we have

p3 'T2(0,00,10) (1 = @0) = py 'T1(0, 00, 110) (1 + @0). (4.5b)
Case (i) (m(p) = (1 + ¢)?): The degenerate mobility case leads to

— div(Z (14 ¢0)® Vo) = p3 'Ta(go, 00, 110)(1 — o) — p1 ' T'1(0, 00, 10) (1 + o).
(4.5¢)

Remark 4.1. (i) In order to fulfil (4.5b) we have to assume that
F1(1, O'Q,,uo) =0 and FQ(—I, 0'07ILL0) =0. (46)

Furthermore, we observe that for general source terms the chemical potential
o appears on the right hand side of (4.4a) although the bulk equations for pg
remain undetermined. Therefore, it is reasonable to assume that the source
terms are either independent of p, i.e.,

'y =T(p,0), Ta=Ta(p,0), (4.7)
or we may ask for
Ty(£1,0,u) =0, Ta(£l,0,pu)=0. (4.8)
To fulfil (4.6) and (4.7) we could choose
[=0, Taeo)=2 (2= 2 ) (o= A1+
P2 pP1

where P and A are non-negative constants related to proliferation and apop-
tosis, respectively. In this case the source terms in (4.1a), (4.1c) coincide and
are of the form

Tolp,0) = Ty(p.0) = 5(Po — A)(1+ ),

where
1 1
o= — — —.
P2 P1
Equation (4.6) can be interpreted as follows:
e in the pure tumour phases, there can be no growth of healthy cells,
e in regions of unmixed healthy tissue, there is no spontaneous growth of
tumour cells.
In a situation where we assume no gain or loss of mass locally, i.e., 'y = —I'y,
condition (4.6) implies that

]-—‘1(:‘:1300,/1'0) - F2(i1700,/10) = 07

which coincides with (4.8). Hence death and growth are restricted to the
interfacial region and we may choose, for example,

Li(p,0, 1) = 71(e, 0, 1) (1 — %)+

for a function ~; to be specified. Alternatively we could use phenomenological
laws to describe growth and death by choosing

Ty = -T1 = Pi(p)(Xo0 + Xo(1 — ) — ),
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where P (+) is a proliferation function satisfying P;(£1) = 0. For instance, we
could take Py () = (1 — %)%
(ii) In the healthy region (4.5¢) simplifies to
0= 2p; 'Ta(—1, 00, Ho)-

This is a compatibility for the source term I's. For similar reasons as before,
we can assume that either the source terms are independent of i or

F1(717 g, :u‘) = F2(717 g, :u‘) =0.
Reasonable choices are

FQ(@? U) = 72(%& 0)(1 + <)0)+
for some function ~s, or

r r,
— = —— = Py(p)(Xo0 + Xp(1 = ¥) — ),
P2 P1
where Py(¢) = po(1+ ¢)4. This can be interpreted as a scaled zero excess of
total mass and we have

Ly = 2P () (Xo0 + Xp(1 —¢) —p), Ty =0.

If the mobility was degenerate in both phases we would obtain the same
condition as in (4.6).

(iii) Similar conditions have to hold for the source term I',. From now on we
assume that the source terms are independent of p.

4.2. Inner Expansion.

4.2.1. New Coordinates and matching conditions. This subsection uses ideas pre-
sented in [1] and [41]. We denote by X(0) the smooth evolving interface which is
assumed to be the limit of the zero level sets 3(e) of ¢, as € — 0 (see, e. g., [41] for
details). We now introduce new coordinates in a neighbourhood of ¥(0). To this
end, we choose a time interval I C R and a spatial parameter domain U C R4,
and we define a local parametrisation of ¥(0) by

v: U x I —RY

By v we denote the unit normal to 3(0) pointing into the tumour region. Close
to v(U x I) we consider the signed distance function d(z,t) of a point = to ¥(0,t)
with d(z,t) > 0 if 2 € Qp and d(z,t) < 0if z € Q. We introduce a local
parametrisation of R? x I near (U x I) using the rescaled distance z = % by

G(s,2,t) = (y(s,t) + ezv(s,t),1)

with s € U € R%'. We show a sketch of the situation in Figure 3.
The (scalar) normal velocity is given by

V= at’}’ ‘U,
and we observe that (G¢)~!(z,t) = (s, 2,t)(x, t) fulfils
1 1
8152 = *8td =——V.
€ €

In particular, it holds that v(x,t) = Vd(z,t) on 3(0,t).
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! x(0)

“‘. Ge(s,] 2, t) ".
el
Qp fu— CQy
! €z '

FIGURE 3. Schematic sketch of the inner region close to 3(0).

Let b(z,t) be a scalar function and define B(s(x,t),z(z,t),t) = b(x,t). Then, in

the new coordinate system, we obtain

dt
For the gradient of b we have

1
Vib= Vs, B+ 0.Bv.

where Vy__ is the surface gradient on X, = {v(s) + ezv: s € U}.

For a vector quantity j(z,t) = J(s(z,t), z(x, t),t) we obtain

1
Vej= 0.0 v tdivs, I

with divy,_, being the surface divergence on ... Furthermore, it holds

1 1
Agb(z,t) = 6—28223 - EHaZB +h.o.t.,

where k is the mean curvature of ¥(0). In addition, we have
Vs, B(s,z) = Vy0)B(s,2) + h.o.t.,
divy, J(s, z) = divyyJ(s,2z) + h.o.t.,
As,. B(s,z) = Ax)B(s,z) +h.o.t..
Summarising all the identities deduced so far yields
d 1
—b(z,t) = —-V0,B +h.o.t.,
g” (z,t) 6]/3 +h.o
1
V.b(z,t) = E(LBV + VsB +h.o.t.,
1 1
Ab(z,t) = —0..:B — —k0.B+h.o.t.,
€ €
1
divgj(z,t) = =0.J - v + divgg)J + h.o. t..
€
Using (4.9b)-(4.9¢) component-wise we obtain

1
ij = EaZJ U+ VE(O)J + h.o.t. s

1 1
Ayj= 0.2 — ~k9.J + h.o.t..
€ €

d 1
fb(ﬂ?, t) = 3tB + 3ZB3,52 + VSB . 3ts = **V@ZB +h.o.t..
€

(4.9a)
(4.9b)
(4.9¢)

(4.9d)

(4.9¢)

(4.9f)
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We denote the variables ¢, e, o¢, Ve, De, in the new coordinate system by &, =,
C., V¢, P., and we assume the following inner expansion

F.(5,2) = Fy(s,2) + €Fy(s,2) + € Fa(s,2) + ...
for F, € {®,E,,Ce, V, P.}. The assumption that the zero level sets of ¢, converge
to 3(0) implies
Dy(s,z=0,t) =0.

We will employ the matching conditions (see [40])
lim_Fu(s.0) = [0, (4.10a)
Bm 0. Fy(s,z,t) =0, (4.10b)
zEI:Eloo 0.Fi(s,2,t) = Vf(x,t)-v (4.10¢)

where
fi(x,t) = }i{r(l) folx £ov,t) for x € 3(0,1).

Moreover, we introduce the notation
T . .
=1 v, t) — 1 —ov,t) fi € %(0,t
Th = lim £+ 0v,6) = lim fla = dv.t) for z € S(0,1)
to denote the jump of a quantity f across the interface.

4.2.2. Inner Ezxpansion to leading order.

Step 1: From (4.101);1 we obtain

0..Po — ' (Pg) = 0. (4.11)
Since ®q(s,z = 0,t) = 0 we can choose Py independent of s and ¢, hence, & solves
D (2) — ' (Po(2)) =0, P(0) =0, Pg(£oo)= =1, (4.12)

where we used (4.10a). The unique solution of (4.12) is given by

®y(z) = tanh (é) .

This solution has the property of equipartition of energy

ST = 6(@o(2)) V]2l < oo (113)
Step 2: From (4.121)1_1 we obtain (using (4.9d))
8.Vo-v =0. (4.14)
Due to 0,v = 0 this implies
9.(Vo-v)=0. (4.15)

Integrating this identity gives
— 00

Hence, the matching condition (4.10a) yields
Vol - vi=v -v—vy -v=0. (4.16)

Step 3: We now analyse (4.1c). The terms g, 'T'y and p; 'T'; do not contribute to
leading order. We distinguish again the three cases for the mobilities:
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Case (i) (m(p) = mg): Using (4.9), from (4.16)1_2 we get
mp0,,Zp = 0.
Upon integrating and using the matching condition (4.10b) we obtain
0,50 =0 V|z| < c0.

Integrating again from —oco to oo and using the matching condition (4.10a), yields

[o]7 = 0.
Case (ii) (m(p) = emg): Using (4.9) we obtain from (4.1(:);1 that
— V&) + 0.(2 Vo) - v = 0:(mo9:Eo). (4.17)

Integrating this identity and using 9,V = 0, d,v = 0 in conjunction with (4.15)
and (4.10b) gives
2(—V + vo - I/) =0.

In particular, we obtain from (4.15)-(4.16) and (4.17) that

mp0..Eg = (7V +vo - V)q)6 =0,
which together with the matching condition (4.10b) implies that 9,Z¢ = 0 for all
|z| < oco. Hence, we obtain that Z is independent of z.
Case (iii) (m(p) = %1(1+ ¢)?): With similar arguments as above we obtain from
(4.1¢);? that

2.9, ((14 ®0)* 0.Z0) = 0.

Integrating this inequality in time from —oo to z with |z| < oo and using the
matching condition (4.10b) gives

L1+ 0)%0,Z0(5,2,1) =0 VY|z| < oc.
Since |®g(z)| < 1 for |z| < oo, this implies that
0:Z0(s,2,t) =0 V]z| < o0,
and therefore = is independent of z.

Step 4: Using 0,v = 0 and applying similar calculations as for (4.1c), from (4.16);2

we obtain
0.(n(P0)x00:Co) — 0:(n(Po)x,0:-Po) = 0.
Integrating this identity from —oo to z with |z| < co and using (4.10b) yields
n(Po)(xs0:Co — xoPp(2)) =0 V]z| < 0o
Since n(®g) > 0, this means
Xo0:Co(s, 2, 1) = xoP((2) V2] < o0. (4.18)
Upon integrating and using (4.10a) we see that
ool = [Co(s, 2, )] 7% = / 9.Co(s,2,1) de = X2 [ @f(z) do = 2%
— 00 XO' — 00 XO'

Step 5: Finally, we analyse (4.1b) and we define £(A) = 2(A + AT) for a square
matrix A. Using (4.9b), (4.9¢) and (4.14), with similar arguments as in [1] we
obtain from (4.11@);2 that

8Z(2n((1>0)8(8ZV0 & U)I/) =0. (419)
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Due to (4.15) we have
(v ® 9, Vo)v =(0,Vo-v)r =0.
Together with (4.19) and the identity (0, Vo ® v)v = 9, Vy, this implies
9:(n(®0)0- Vo) = 0.

Integrating from —oco to z with |z| < oo, using the matching condition (4.10b) and
the positivity of (), this gives

9, Vo =0 V|z| < o0. (4.20)
Once more integrating and using the matching condition (4.10a) yields
[vol5 = 0. (4.21)

4.2.3. Inner Ezxzpansion to higher order. We will now expand the equations in the
inner regions to the next highest order.

Step 1: From (4.1d)?, we obtain
B (®g) 4+ BEP) — BI..P1 — xCo = Zo.
Multiplying by ®{, and integrating from —oco to +oo yields

/ (s, )0 () dz = / B (Do) ®1 — B, 81D} + Br|®|” — 1, Co®) d=.

B (4.22)
Using (4.10a)-(4.10b), (4.11) and ’(+1) = 0, integration by parts gives

/ (4 (80))'®1 — ..y Bz = [ (Do) By — 0,8, Y]+

- /OO 8.0, (¢ (Bg) — BY) dz = 0. (4.23)

Recalling that =g is independent of z and applying the matching condition (4.10a)
we have
“+o0
/ Eo(s, ) Pp(z) dz = 2p0. (4.24)

By the equipartition of energy (4.13) we compute

[ R = [ ieevaEme e - [ VG dy

1t 2v/2
== 11—y dy="S =7,
\/5/4( y)dy == T
and obtain
+oo
/ Br|®(2)]? dz = BkT. (4.25)

Finally, by (4.18) we obtain

“+o0 “+o00 X “+o00
/ XoCo®((2) dz = Xa/ 0.Co(s,2,t)Co(s, 2, ) dz = == 2.(|Col?) dz

— 00 —0o0

Collecting (4.22)-(4.26) gives

Xo
2110 = BT — 520 T (1.2



20 M. EBENBECK, H. GARCKE AND R. NURNBERG

This is a solvability condition for ®1, the so-called Gibbs—Thomas equation.
Step 2: With similar arguments as above and using (4.18), equation (4.16);1 gives
(—V + VO . 1/)826’0 = c’L (n(@o)(xgazCl — chazq)l)).

Employing the matching condition (4.10c) and Vg = 0 in the bulk regions together
with 0,V = 0 and (4.15), this yields

(=V+vo-v)oo]i = / (=V+Vy-v)9,Cy dz
+o0
= / 9 (n(20) (X0 0:C1 — X0:®1)) dz = X, [n(p0) Voo gy - v.

Step 3: Similar as in [1] we analyse (4.1¢) only for the mobilities (4.2)(i) and (iii)
since the case (4.2)(ii) is rescaled and therefore does not contribute to the sharp
interface limit.

Case (i) (m(p) = mg): Using 0,59 = 0 and (4.14), from (4.1c);1 we obtain
(*V + VO . V)(I)E) = manZEl.

Integrating with respect to z from —oo to co, using (4.15)-(4.16) and the matching
condition (4.10c), this yields

2(=V +vq - v) = mo[Vuolh - v. (4.28)
Case (iii) (m(p) = m1(1 + ¢)?): With similar arguments as above we obtain
(=V+ Vo )0 = 210, ((1+ ©0)0.51) .

Using the matching conditions (4.10a), (4.10¢) and the same arguments as for (4.28),
this entails

(=V+vo-v)=m Vil v

Step 4: Finally, we consider the momentum balance equation (4.1b) at order e 1.

Using (4.9) and (4.20), with similar arguments as above we obtain from (4.1]0)1_1
— 0.(2n(®0)E(0:V1 @ v)v + 21(P0)E (Vo) Vo))
— 0, (/\(<I>0)(82V1 -V + diVZ(O)Vo)I/ — P()V)
= (EO + X¢Oo)‘1)6V. (429)
Since matching requires lim,_, 1o, 0, V1(2) = (Vvoi)l/7 we conclude
(0:V1®@v+VxVo) = Vovg  for 2z — Foo,
(0:V1 v +divy) Vo) — divevy  for 2z — Foo.
Integrating (4.29) with respect to z from —oo to +o0o and using (4.10a), this implies
— [20(0)€(V2vo) + (o) div(vo)l — pol| v

+o0
= / (Zo(s,t) + xCo(s, 2, 1)) P (2)v dz.

— 00

Together with (4.24) and (4.26)-(4.27), we end up at

[T (0, vo, o)l v = —BKTV.
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4.3. Equations of the formal sharp interface limit. For the reader’s conve-
nience, we summarise the sharp interface models for the different mobilities:

Case (i) (m(y) = mg) The equations in the bulk are given by

—div(T (o, vo,Po)) + v(wo)vo =0 in Qr UQg,
div(vg) = p3 'T2(1,03 ) + py 'T1(1,00) in Qp,
div(vil) = py'To(—1,08") + py'T1(~1, ) in Qp,
—moApud = —2p7'T1(1,0) in Qr,
—moAull = 2p5 ' To(—1,0") in Qp,
Orol + div(elvl) = div(n(1)x, Vol ) — To(1,0d) in Qr,

oroll + div(olvih) = div(n(—1)x, Vol ) = To(—1,0l") in Q.

Furthermore, on X(0) we have the free boundary conditions

[Vo]g =0, [N'O]g =0, [JO]YI-} = 2%’
2p0 = BrT — X (lool’ 1, (V4 vo-v)[oo] = [n(wo) Vool
2(=V +vo - v) =mo[Vuolh - v, [T (00, Vo, po)| 5V = —BrTV.

Case (ii) (m(p) = emg) The equations in the bulk are given by
—div(T(0, Vo, po)) + v(po)vo =0 in Qp U Qp,
div(vl) = p5 'Ta(1,00) in Qp,
div(vi) = py'Ti(—1,0¢) in Qp,
ool + div(edvd) = le(n(l)XUVJO ) =Ty (1,0d) in Qp,
ool + div(ellvih) = div(n(—1)x, Vol ) = To(—1,0l") in Qp.
Furthermore, on ¥(0) we have the free boundary conditions
Vol =0, ool =232, 0=[n(po)Voolh
V=vy v, [T (o, Vo, po)| gV = —BkTV.
Case (iii) (m(¢) = m1(1 + ¢)?) The equations in the bulk are given by

—div(T (o, Vo, po)) + v(¢o)vo =0 in Qpr UQg,
div(vg) = p3 'T2(1,04 ) + py 'T1(1,00) in Qp,
div(vl) = py'Ti(—1, o) in Qp,
—miApd = =T (1, 08) in Qr,
ool + div(eg vd) = div(n(1)x, Vol ) — To(1,0d) in Qp,

ool + div(el vl = div(n(=1)x, Vol ) = To(—1,0l") in Qg.
Furthermore, on ¥(0) we have the free boundary conditions
Voltr =0, ool =232, 2p0 = Br7 — X [lool ]
(=V+vo-v)ooliy = [n(po) Vool v, (=V+vo-v) =miVpg v,
[T(¢0, vo,po)| g = —BrTv.

4.4. Specific sharp interface models.
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4.4.1. The limit of vanishing active transport, Darcy’s law and Stokes’ flow. We
consider (4.1a)-(4.le) with quasi-static nutrients and the mobility (4.2)(ii) along
with constant viscosities and permeability. Moreover, we decouple chemotaxis and
active transport according to (3.5), and we set

140 1—¢

D — +D—

(¢) 5 tD—

for a constant D > 0. Moreover, we choose
D 1 1 C

=0 Talpo)= 2 (2 L) Po-A+e).  Taleo)=Soll+p)
2 P2 P1 2

This gives the following system of equations
div(v) = Z(Po— A)(1+ ),
—div(T(v,p)) + vv = (1 + x,0) Ve,
Ouip+ Vip v = div(emoVin) + 5 (Po — A)(1 = ¢2),
1= L29/(p) — BeAyp — x,0,
0 = div(D(p) Vo) — xdiv(D(p) V) — Co(l + ),

where T(v,p) = 2nDv + Adiv(v)I — pI. With slightly different arguments as above
(see also [40]) and sending y — 0, we obtain

—div(T(vo, po)) +vvo =0 in Q7 UQg, (4.30a)
T _ in Q
div(vo) _ {a(PUO A) %n T, (430b)
0 in Qg,
in Q
Agg = { 00 S (4.30¢)
0 in Qg,
and the free boundary conditions on 3(0) are given by
Vo5 =0, [o0]5 =0, Vol -v=DVoll v, (4.30d)
V=vq- v, [T (vo, po)| v = —BrTv. .

This model is a special case of the two-phase free boundary problem in [65], where
numerical simulations for (4.30) are presented. Similar models have been studied in
[17]. For a one-phase model with Brinkman’s law for the velocity we refer to [57].
Sending the viscosities to 0 in (4.30), we can express the velocity in terms of the
pressure and we obtain the following Darcy-type model

T .
CApy = va(Poj — A) ?n Qr,
0 in Qg,
Aoy = Cog in Qrp,
0 in Qg,

where the free boundary conditions on X(0) are given by

[o0]5 =0, Vag v = DVUéq ‘v, %[Vpo]}} v=0 V= —%Vpo v, [polly = =BT

Similar models have been studied in, e.g., [15, 43, 52, 53]. We remark that the
continuity condition for v across the interface (see (4.21)) is based on the positivity
of the shear viscosity.
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Sending the permeability to zero in (4.30), i.e., v — 0, we obtain a Stokes model
given by

—div(2nDvg + Adiv(vo)I — poI) =0 in QrUQy,

_ in O
div(vy) { (Pog ?n N
in Qp,
AO’O _ CUO ?Il QT,
0 in Qg,
and the free boundary conditions on 3(0) are given by
[vo]5 =0, [o0]% =0, Vol -v=DVoll v,
V=vy-v, [2nDvg + Adiv(vo)I — pol|5v = —BrTv.

For similar models, we refer to [26, 27, 29, 30, 31, 32, 64].
We remark that a similar asymptotic analysis can be performed for the double
obstacle potential

0 iffp[<1,

(4.31)
+o00 elsewhere.

Y(p) = %(1 - %) + 1), I—11(e) = {

To do so one combines the arguments above with the asymptotic analysis in [40].
We refer to [20] for details.

5. Analytical results. Our aim is to analyse the following variant of (2.15)
div(v) =0 in@, (5.1a)
—div(2nDv) + vv — Vp = —ediv(Vy ® Vo) in @, (5.1b)
Opp + div(pv) = div(m(p) Vi) + g(e, 0)h(p) inQ, (5.1c)
p=—eAp+e P (p) — xpo in @, (5.1d)
0o + div(ov) = div(xe Vo — xo, V) — f(p, 0)h(p) in @, (5.1e)

with boundary and initial conditions of the form

Vo-n=Vpy-n=Vo-n=0 on 092 x (0,7, (5.2a)
v=0 on 002 x (0,7, (5.2b)
©(0) =g, 0(0) =09 in . (5.2¢)

The terms h(p)g(p, o) and h(p)f(p,0) act as source terms.

Remark 5.1. (i) We will consider a source term that satisfies h(p) = 0 for
¢ < —1 which is consistent with a mobility satisfying m(—1) = 0 and a
potential with a singularity in ¢ = —1. In general, it is sufficient to prescribe
h(—1) = 0 since, as discussed above, the degenerate mobility guarantees the
bound ¢ > —1 a.e. in Q.

(ii) Equation (5.1a) holds, e.g., in the case of matched pure densities, i.e. g1 =
p2 = p, and assuming no gain or loss of mass locally. Indeed, this gives (see

(3.1)-(3.2))

1 1 2 1 1
F¢:<_+_)F—_F, FV:(_—_>F:0.
P P2 P P2 P1
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(iii) Equations (5.1a) and (5.2b) seem to be indispensable for the analysis. Indeed,
the Dirichlet condition for v guarantees that there is no transport across the
boundary of Q which will be important for a priori estimates. Furthermore,
as a consequence of (5.2b) we require that div(v) has zero mean for almost
all t € (0,7"). This is not compatible with a solution dependent source term
in (5.1a).

(iv) We also allow for v = 0 which corresponds to the case of Stokes flow.

(v) As div(v) = 0 the parameter A plays no role in this section and is omitted.
In this section we only consider the case of a constant viscosity 7.

5.1. Construction of approximating solutions.

Assumptions 5.2. Throughout Subsection 5.1, we make the following assump-
tions.

(i) The potential 9 € C?(R) satisfies
WOl < Cid+t), WM< C (t) = -Cs VEER (5:3)
with positive constants C7, Cy and Cs.
(ii) The initial data satisfy o € H', o9 € L°.
(iii) The functions g, f: R? — R are continuous such that
l9(p, o)l < Cal+ @l + o), |flp, )| S Cs(1+ gl +]o]) Ve,oeR (5.4)

for positive constants Cy and Cs.
(iv) The function h: R — R is continuous, non-negative and bounded such that

Co(1+¢) <h(p) <Cr(14¢) ifpel-1,1],
h(p) < Cs ifo>1

for positive constants Cg, C7, Cs, and Cg < Cf.
(v) For d = 2,3, Q C R? is a bounded domain with C*-boundary.
(vi) The constant n > 0 is positive and the constant v > 0 is non-negative.

Remark 5.3. From Assumptions 5.2(iv), it follows that h behaves like (14 ¢) =
max (0,1 + @) near ¢ = —1. A typical example is given by

1
h(p) == max <O,min (2(1 + ), 1)) .
Furthermore, we observe that
h(¢) < hseo Ve €eR,
where he, = max{2C;, Cs}.

In the following we will assume w.l.o0.g. that ¢y > 0, as we can always add a
constant to i without changing the equation (5.1d). For § > 0 we consider the
system (5.1)-(5.2) with (5.1b) replaced by

d0v — div(2nDv) + vv — Vp = (u + x,0)Ve in Q, (5.5)
and (5.2¢) replaced by
©(0) =g, o(0) =005 Vv(0)=0 in Q, (5.6)

where 0 s € H% is the unique solution of

—0Aops+ 005 =00 inQ, Vops-n=0 ondQ. (5.7)
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Remark 5.4. The modified capillary term on the right hand side of (5.5) simplifies
the a priori estimates, since the convection term in (5.1c) and the term on the right
hand side of (5.5) cancel out within the testing procedure. This is not the case if
we use —div(e(Vy ® Vo)), as we do not have the formula

(—e(Ve @ V), Vv) = (1 + Xxp0)Vp,v) VueV
on the Galerkin level.
We now prove the following lemma:

Lemma 5.5 (Existence of approximating solutions). Let m € C°(R) with mg <
m(s) < My for all s € R with positive constants mg, My, and let Assumptions 5.2
be fulfilled. Then, there exists a quadruplet (vs, is, 05, vs) with the regularity

w5 € HY((HY )N L®(HY)YNL*(H?), o5€ H(L*)NL®(H") N L*(H?),
s € LALA) N LA(HY), vse HY(L3)NL®L2)NLS (V)N L3 (H?),

recall (1.1), such that the initial conditions and equations (5.1a), (5.1¢)-(5.1e), (5.5)
and (5.2a)-(5.2b), (5.6) are fulfilled in the sense that

ws(0) = o, 05(0) =005, Vvs5(0)=0 a.ec. inQ,

and
0= (0rps,8) g1 + (Vs - vs,£) + (m(es) Vs, VE) — (9(ws,05)h(s).€) . (5.8a)
0= (00;vs,u) + 21 (Dvs,Du) + v (vs,u) — (s + xp05) Vs, u) (5.8b)
for all¢ € HY, u €V, and for a.e. t € (0,T), whereas
s = —eAps + e (ps) — X06 a. e in Q, (5.8¢)
0i05 + Vo5 - vs = Xo Aos — XoAps — f(ps,05)h(ps) a.e. in Q, (5.8d)
Ves - n=Vos-n=0 a.e. on Q2 x (0,T). (5.8e)

Moreover, the estimate
||%06||H1((Hl)*)me(Hl)mL?(m) + ||C’6||H1(L2)nL<>o(H1)nL2(H2)

+llsll s zaynpe ) + HV‘S”Hl(L%)me(w)mL%(V)mL2(w1%)mL§(H2) =C
(5.9

)

is satisfied for a constant C' independent of (¢s, 5,05, Vs)-
Remark 5.6. With the above regularity, we can reconstruct the pressure ps €
L3(L3) N L5 (H') such that

d0yv —div(2nDv) +vv — Vp = (n+ x,0)Ve a.e. in Q
and

Hp‘SHL%(Lg)ﬂL%(Hl) <C

holds for a constant C' independent of (s, is, 05, Vs, ps), see [61, Lem. 11.2.2.2].
Proof of Lemma 5.5. The proof is based on ideas presented in [35] and [37, Theorem

2.1]. We will only present the a priori estimates on a formal level. However, they
can be justified rigorously within a Galerkin scheme, see [35] for details.

Using div(vs) =0 a.e. in Q and vs = 0 a.e. on 9%, we deduce
— (VO’5 . V5705) = % (V <|05|2) ,V5) =0, (V(,O(s -V[;,(p(s) =0. (5.10)
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Choosing £ = ps + X,05 + s in (5.8a), u = vs in (5.8b), multiplying (5.8¢c) with
—0ps, (5.8d) with Dos for D > 0 to be chosen, integrating by parts and summing
the resulting identities, we arrive at

2 2 — d 2 2
a (;|¢5|L2+;|w5||p+e 1 /Q Wlps) AL +§||aa||Lz+g||va||L2)

+ |Vm(es)Vasliz + DxolVosliz + 2nDvs|fz + v|vs|7a
= (9(#s,05)(@s) s 115 + X5 + 95) = D (f (@5, 05)h(s) ,05)
+ Dxy (Vs ,Vos) — (m(es)Vis, V(xe0s + ¢s))
=11 +1+ I3+ 1. (5.11)
We now estimate the terms on the right hand side of (5.11) individually. By C we

denote a generic constant independent of (vs, s, 05, vs) and we will frequently use
Holder’s and Young’s inequalities.

In order to control the term involving g, we need a bound on (5 + x 05, 1). Taking
v=11n (5.8¢c), and using (5.3), we see that

(15 + X005, D] = [ (719" (5),1)| < C (L + sl 2) - (5.12)
Applying (5.4), we obtain from Poincar’s inequality that

2 2 - 2 m 2
0] < € (1+ llesllze + loslFa) + 2= 190s]3s + 22 [ Vil
For the term involving f we infer
2 2
I < C (1+ llosl3a + llesll32)

Moreover, we obtain

2
Dx,
X

2 2
|Is] < BX= || Voslg. + 2l Vsllge-

For the last term on the right hand side of (5.11), we obtain
2M2 2
[s| < ClIVesliga + =2 IVasllie + %[ Vsl e

mo
On account of the last four estimates and the assumptions on m(-), by choosing

2.2
D = max (17 W) we obtain from (5.11) that

2 2 — 2 2
4 (Seslia + 5196sliEs + e wtes)lz + loslFs + Slvsls)
2 2 2 2
+ 50| Visllpe + 31 Vasliz + 20Dvsllpz + vllvs|ge
2 2 2
<O (1+llgsllze + IVeslita + losliz) (5.13)

Integrating (5.13) in time from 0 to s € (0,T], using the assumptions on ¥(-) and
the initial data along with (5.12), a Gronwall argument yields

esssup (14(2a)(3)ll 1 + s ()7 + los(s)lI72 + Vs (s)lILz)

)

T
+ / lslZ + [Vos]2 + Vsl dt < C. (5.14)
0

Higher order estimates. Using regularity theory and interpolation arguments as
in [22], and using the assumptions on 1(+), we obtain that

H‘PéHL‘*(H?)ﬂLQ(H?’) + HM6HL4(L2) <C. (5.15)
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In particular, we obtain that us is uniformly bounded in L*(L?). By Gagliardo—
Nirenberg’s inequality and Sobolev embedding theory, we have the continuous em-
beddings L>(L2) N L2(H2) — L3(L*) and H' Cc LS. Then, it follows that
(s + X005)Vips is bounded uniformly in L5 (L%) N L3(L2). By classical regu-
larity theory for the instationary Stokes equation (see, e.g., [42, 11.3, Cor. 4, p.
148]), we conclude that

HV&”Hl(L%)ﬁL%(H?) ¢

Applying Gagliardo—Nirenberg’s inequality combined with (5.14) and using the last
bound, it holds

HV‘SHHl(L%)nL%"(V)mL%WL%’)nL%(Hz) =C (5.16)
Now, we derive higher order estimates for the nutrient concentration o5. Multiplying
(5.8d) with —Aocy and integrating by parts, we obtain

$:31Vosllts + xollAdsl7 = (xoAps + f(ps, 05)h(ps) + Vs - vs,Acs) . (5.17)
Using the assumptions on f, h and (5.14)-(5.15) yields
(o5 + f (05, 08)h(5), Aos)| < C(L+ | Aps|72) + 3 Ao 7.
With similar arguments and using the Sobolev embedding WL L°°, we infer
(Vo5 vs,Acs)| < C[Vas|iallvsly e + 31 A0s| 7.

Employing the last two inequalities in (5.17), integrating the resulting inequality
in time from 0 to s € (0,7, using (5.14)-(5.16) and elliptic regularity theory, a
Gronwall argument yields

||06||Loo(H1)mL2(H2) <C. (5.18)

Estimates for the time derivatives and the convection terms. By (5.14),
(5.16), the Sobolev embedding W15 C L* and Holder’s inequality, we have

Vs 'V6||L2(L2) < CHvﬂOéHLm(m)||V6||L2(La<>) S C||<P6||Lao(H1)||V6HL2(W1,§) <C,
and therefore

Idiv(@svs)l o zs) < C. (5.19)
Using the equation (5.8a) for dyps and (5.14), (5.19), we find that similar as in [21]

10051l L2 ((rr1y+) < C-

With exactly the same arguments as above, we obtain

[div(osvs)ll 22y < C
Then, using the assumptions on f and h, (5.14)-(5.15) and (5.18), it follows that

1005l 1212y < C-

Summarising the previous estimates,we obtain (5.9). These a priori estimates are
enough to pass to the limit within a Galerkin scheme. We omit the details and refer
the reader to [21, 22, 35].

Reconstruction of the pressure. By standard theory for the instationary Stokes
equation (see, e.g., [42, IL.3, Cor. 4, p. 148]) and using that (us + xx05)Ves €
L5 (L2)NL2(L%), there exists a unique pressure ps € L5 (H')NL2(WL3) satisfying
(p(; 5 1) =0. O

5.2. The degenerate case.
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5.2.1. Introduction of the mathematical setting. In the following let Q C R?, d =
2,3, be a bounded domain with 9Q € C®. We assume that 1(-) can be decomposed
as

D(p) =9 (p) + 93 (p)
with functions !, 1?2, where ¢? € C?([—1, +00)) satisfies
[(¥*)" (@) <C Ve[l +00),

and ¥': (—1,4+00) — R is convex and of the form
()" () = max (0,min (3(1 +¢),1)) " F(p) for some po € [1,2] (5.20)

with a C'-function F': [~1,4+00) — Ry satisfying [Fll 11, 400) < Fo for a positive
constant Fj. Hence, ¥ is allowed to be singular in the convex part as ¢ — —1.
Without loss of generality, we assume that (4!)/(0) = (1!)(0) = 0. The assumptions
on v stated above in particular allow for a double well structure.

We introduce a degenerate mobility m(-) of the form

m(y) = max (O,min (%(1 + ), 1))q0 m(p) with g9 € [1,2], g0 > po, (5.21)
with po as in (5.20), and a C'-function m: [—1,4+00) — R satisfying

mo <m(p) < My Vo €[-1,+00), 1Ml crp-1 400y < Ma
for positive constants mg, My and M;. We extend the definition of m(-) to all of R
by m(¢) =0 for ¢ < —1.
Finally, we define the entropy like function ® : (=1, +00) — R{ by
,, 1
"(p) = W

5.2.2. The main theorem. The goal of this section is to prove the following theorem:

. 9(0)=0, ®(0)=0.

Theorem 5.7 (degenerate case). Let ¢ be as in Subsection 5.2.1 and let Assump-
tions 5.2, (ii)-(vi) be fulfilled. In addition, we assume that oo > —1 a.e. in Q
and
(¥(p0) + (o) ,1) < C

for a positive constant C. Then, there exists a quadruplet (o, J,o,v) satisfying

a) p € HY((H')") N C([0, T|; L*) N L>(HY) N L*(H?),

b) ©(0) =g in L? and Ve -n =0 a.e. on 0Q x (0,T),

¢) p>—1la.e inQ,

d) o€ HY((H)*)NC°(L?) N L>®(L% N L*(H'),

e) o(0) = og in L?,

f) Je LX(L?),

g9) v eL¥HY,

and solving

/ (0rp, &) 1 dt:/ (J,V¢) dt+/ (9(p,0)h(p) — Vo -v,&) dt, (5.22a)
0 0 0

(010, 0) g = (—Xo Vo + X, Vo + 0V, Vo) — (f(p,0)h(0),¢), (5.22b)
2n (Dv,Du) + v (v,u) =€ (Vo® Vy,Vu) (5.22¢)
for almost all t € (0,T) and all £ € L>(HY), ¢ € H', u € V, where
J = —m(p)V(—eAp + e ' (p) = xp0)
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holds in the sense that

T T

| @ == [ (eap divtmlem) + ("m0 = xgm(e)Vo.m) de
(5.22d)

for allm € L2(H') N L>°(L>®) withn -n = 0 a.e. on 9 x (0,T). Furthermore,

there exists a unique pressure p € L3 (L%) satisfying

—Vp = —div(2nDv — (Vo @ Vo)) +vv  in L3 (V*).
Remark 5.8. In the case ¢y < 2 (and therefore py < 2), the assumption
(¥(po) + (p0),1) < C
imposes no restriction on the initial data, since ¥(-) and ®(-) are bounded in —1.

5.3. Approximation scheme. In the following let 6 € (0,1]. We introduce a
positive mobility mg by
m(—1+4) forp < —-1+49,
mi(e) = { )

m(yp) for ¢ > -1+,
and we define @5 such that ®7(p) = —1— and ®4(0) = ®;(0) = 0. In particular,

— ms(p)

we have ®5(p) = ®(p) for ¢ > —1+4. The modified potential ¥5: R — R is defined
by s == 1} + 1¥? where
N ()" (=1 48) for p < 1+,
(1/)5) (SD) = 0N
(w ) (p) for ¢ > =1+,
and 5(0) = 9(0), ()" (0) = (¥)"(0). As for @ we get s(p) = v(¢) if ¢ >
—1+4. Furthermore, we extend ¢? to a function on all R such that |[1)?|| 5. ® <C.

With these choices for ms and s, by Lemma 5.5 there exists a weak solution
(which will be denoted by (ps, s, 05,vVs,ps)) of (5.1a), (5.5), (5.1c)-(5.1e) and
(5.2a)-(5.2b), (5.6) with m(-) and ¥ (-) replaced by ms(-) and vs(-).

Remark 5.9. Due to (5.8¢), we see that

(115 + Xp05)Vips = V (5| Vs> + € 1bs(0s)) — div(eVips @ Vips).
Therefore, (5.8b) is equivalent to

3 (0yvs,u) + 2n (Dvs,Du) + v (vs,u) = € (Vs @ Vs, Vu) (5.23)
for a.e. t € (0,T) and for allu € V.

5.3.1. Some preliminary results. The following lemma will be important to estimate
the source terms independently of ¢ € (0, 1].

Lemma 5.10. For all s € R it holds that
[1(s)(3)' ()] + |(s)@5(s)| < C(1+ s])
with a constant C' independent of 6 € (0, 1].

Proof. Let 6 € (0,1] be arbitrary. In the following we will frequently use the as-
sumptions on h(+), F(-) and (1})'(0) = ®5(0) = 0. We consider only the case py = 2,
which corresponds to the highest degree of singularity of (¢})” and (®})”. By C we
denote a generic constant independent of ¢ € (0, 1]. We distinguish different cases.

(i) For s < —1 we have due to (5.4) that h(s)(y})(s) = 0.
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(ii) If s € (—1,—1+ ), it holds

In(5)(¥5)'(s)] =

<AFph(s) (1+ 671 +672s — (-1 +6)|)
<C,

h(s) </1+6 AF(=1+6)6 2 dt + /O AF(t)(1+1)~2 dt)

—1+0

where we used that |s — (=1 +§)[672 < 61 and 0 < h(s) < Cr6.
(iii) In the case s € (—1+ 4,0), an easy computation shows

Ih(s) (L) (s)] < h(s) / AFo(1+6)2 dt| = AFh(s) (~1 4 (1 +5)71).

Since 20 < Oy for s € [1,1], this implies that [h(s)(v})'(s)] < C.

(iv) For s > 0, the assumptions on h(-) and 1}(-) guarantee that |h(s)(¥})’(s)| <
C(1+1s]).

In summary, this shows that
[h(s)(®3) (s) S C(L+]s]) VseR.

Using the assumptions on m(-), with exactly the same arguments it follows that
|h(s)®5(s)| < C(1+ |s|) for all s € R, which completes the proof. O

The following lemma summarises uniform estimates for the approximating solu-
tions.

Lemma 5.11 (a priori estimates). There exists a 0y such that for all 0 < § < &g
the following estimates hold with a constant C' independent of §:

ess sup ([ls (0)3 + los (0122 + (sl 1 + 1255 () + Slva(0)]22)
0<t<T

T
+ [ I/mslon Vsl + 1905l + 15l + 1/ 63) (os) Vegsl s at
0

T
+ [ sl ae<c. (5.240)
0

esssup/ (—ps(t) — 1% ALt < ¢y, (5.24b)
0<t<T JQ

T
/ 1J5][7> dt < C where I5 = ms(ps)Vyus. (5.24¢)

0

Proof. In the following we denote by C' a generic positive constant independent of
0 € (0,1], which may change its value even within one line. Furthermore, we will
frequently use Holder’s and Young’s inequalities.

Step 1: First of all, multiplying (5.7), with o¢ s, integrating over Q and by parts
and using (5.7),, we obtain

loo,sll L2 < Clloo]l L2 (5.25)



CAHN-HILLIARD-BRINKMAN SYSTEMS FOR TUMOUR GROWTH 31

Using that 1s(-) is a quadratic perturbation of a convex functional and invoking
[58, Lemma 4.1], for almost every ¢ € (0,7 it holds

(Orps, — eDps + € " Y5(05) + P5)
_— (;nwniz + 51900l + ¢ [ vaten) dﬁd) .

Then, with exactly the same arguments as in the proof of Lemma 5.5, we get
2 2 - 2 2
4 (Moalls + 519sle 4 [ vatios) 0L+ Blosl + §ival:

+ [1V/ms(2s)Visllt: + Dxo [ Vos|a + 20IDvs|a + vvsllz:
= — (ms(ps) Vs, V(Xp0s + ¢5)) + (h(s) ,9(¢s,05) 05 — Df(ps,05)05)

+ Dxy (Vos,Vas) + (9(0s, 05)h(ws) , — eAps + € ()
=h+L+I3+14 (5.26)

for D > 0 to be specified and for almost every ¢t € (0, 7], where we used (5.8d) for
ps + X0s5 and (5.10). The assumptions on /m(-) guarantee that

2 2 2
1] < 31v/ma(es)VaslFs +2Mo (EIIVoslEa + 195122
Furthermore, it holds that
Dxi
2Xo

With similar arguments as in the proof of Lemma 5.5 we deduce

Dx,
2

|13 <

2 2
IVoslly. + IVesllL.-

2 2
1] < Cp (1+ gsll3a + losl22) -

Finally, due to the assumptions on 9?2(-) and using Lemma 5.10 for 1#(% along with
(5.4), we obtain

2 2 2
L] < AAslFz +Cy (1+ lgsllta + sl )

with v > 0 to be chosen later. Employing the last four inequalities in (5.26) and
choosing D = max (1, (1 + 4M0X3)X;1) gives

2 2 — 2 2
4 <§||s06||L2 + 5IIVesllp: +e€ 1/9%(%) AL+ Ljosl . + 3V6||L2>

2 2 2 2
+3llvms(s)Vaslt: + 51Voslis +2n[Dvellpz + vlvs|l
2 2 2 2
< Gy (1+ llgsllfs + 19@slEs + sl ) + 214053 (5.27)
Step 2: In the following we aim to derive an estimate for Aps in order to absorb

the last term on the right hand side of (5.27). First, we note that integration by
parts and vs € L*(V) implies

(Vs - vs, P5(ps)) = (V (Ps(ws)) svs) = 0.
(

Consequently, choosing ®(ps) € L2(H?) as a test function in (5.8a), invoking [58,

Lemma 4.1] and the identity ®%(y5) = m, with similar arguments as in [24] we
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obtain

Gl @s(s)ll s + el Apsl7a + eI/ (1) (05) Veosle
= X¢ (V5,Vo5) = € IV (02) (05)Vepsllpa + (905, 05)hls) , ®5(05))

for almost every t € (0,T). Using the assumptions on ¥2(-), (5.4) and Lemma 5.10,
with similar arguments as above we can bound the right hand side of this identity
to obtain

Gil125(05) 11 + ell Apslza + €My ()" (95) Vsl

<O (14 llgslzs + 1995l + losla) + 21Vasll (5.28)

for almost every ¢t € (0,T). Next, we notice that ®5(u) < ®(u), ¥i(u) < ¢*(u) for
§ sufficiently small. Using (5.25) and the Sobolev embedding H' C L® along with
the assumptions on ¢g and og, we know that

2 ¢ 2 _ 2
sleollze + 511Veollze + ¢ Hivs(@o)ll o + 1®5(wo)ll 11 + 3llo0sllz < C. (5.29)

Adding up (5.27) and (5.28), choosing v = §, integrating in time from 0 to ¢ € (0, T]
and using (5.29) together with Korn’s inequality (see, e.g., [11, Sec. 6.3]), an
application of Gronwall’s lemma implies (5.24a).

Step 3: We now prove (5.24b). First observe that the convexity of ®s(-) and
B5(0) = B}(0) = 0 imply

Ps(—1+48) >0, P5(—1+4)<0.

Recalling the assumptions on m(-) and using §?° < §, we can follow the arguments
in [24] to obtain

(—2—1)2 < C6Ds(z) forall z< —1and§ < 1.

Employing (5.24a) we conclude

ess sup/ (—ps(s) =17 dL? < Cs esssup/ Bs(ps(s)) dLt < C6
0<t<T Jo o<t<T Jo

which implies (5.24b). Finally, because of (5.24a), an easy computation shows that

T T
/ m(s) Vpigl|2a dt < C / Iv/ma(@a) Vs |2 dt < C,
0 0

and the proof is complete. O
The following lemma will be applied to pass to the limit in the approximative
system (5.8).

Lemma 5.12. Let § € (0,d0] and assume the assumptions of Theorem 5.7 are
fulfilled. Then, it holds that

105l 1 ((rryympes (ynre a2y + 196l ape (poynrzcrny + 1Vall L)

+ \/S”V(;”LOQ(LQ) + ||diV(Q06V6)HL2(L%) + ||diV(0’5V§)HL2((H1)*) S C (530)
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with a positive constant C independent of 6 € (0,00]. Furthermore, as 6 — 0 we
have (at least for a non-relabelled subsequence)

05 = P weakly-star in - H'((H')*) N L>®(H') N L*(H?), (5.31a)
o5 =0 weakly-star in  H'((H")*) N L>®(L°) N L*(H'), (5.31b)
Vs >V weakly in L*(HY), (5.31c)
div(psvs) — div(pv)  weakly in LQ(L%) (5.31d)
div(osvs) — div(ov) weakly in L*((HY)"), (5.31e)
Js = J weakly in L*(L?), (5.31f)

and
s — ¢ strongly in C°([0,T]; L") N L* (W) and a.e. in Q, (5.31g)
o5 — o strongly in C([0,T); (HY)*)NLP(L")  and a.e. in Q (5.31h)
for any r € [1,6) and p € [1,00).

Proof. In the following we denote by C' a generic constant independent of § € (0, d].
Using (5.24a) and elliptic regularity theory, it follows that

sl oo (rr1yL2 a2y < C- (5.32)
Due to (5.24a) we have
IVsll L2 eary + VIVl oo 2y < C- (5.33)
Next, multiplying (5.8d), with o2, integrating by parts and using that
(Vos - vs,03) = & (V(los|®),vs) = =% (|os]®,div(vs)) =0 fa.e. t€(0,T),
we obtain

L Losl|Ge +5x0 (03 Vos, 03 Vas) = 5x, (Ves, Vaslos|*) — (£(s, o5)h(0s),03) -

Using the continuous embedding H' C LS, the assumptions on h, f, and (5.32), we
can bound the right hand side by

IRHS| < C (1 + H%Hiﬂ) (1 + ||ag||§6) + 2y, (02 V05,02 Vo),

and therefore
6
Lloslle < (1+ lgsliea) (14 sl ) - (5.34)
Now, multiplying (5.7) with 0075, integrating by parts and neglecting the non-

negative term 55(‘7(2),6 Voo,s ,0375 Voy,5), we obtain

< (00,056) < 3llo0slze + Clloollzs = llovsll e < Cllooll e < C.

Hence, integrating (5.34) in time from 0 to ¢ € (0,T") and using (5.32), a Gronwall
argument gives

o5l Lo Loy < C.
Together with (5.32)-(5.33) and using similar arguments as in, e.g., [21, 36], we
obtain (5.30).

Recalling (5.24a), (5.30), and using a generalised version of Hélder’s inequality,
by standard compactness arguments we obtain (5.31a)-(5.31c) and (5.31f)-(5.31h).
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The argument for (5.31d)-(5.31e) is slightly different. Indeed, applying (5.30) and
reflexive weak compactness arguments, we infer that
div(psvs) — 6  weakly in LQ(L%)
for some limit function 6 € L? (L ). Integrating by parts, we obtain
IVes — Vellze < Cligs — @l 721105 — 9)117:-

Integrating this inequality in time from 0 to T', using (5.30), (5.31g) and weak(-star)
lower semicontinuity of norms, this leads to

T
/Onw(;—wuiz dt < Clls — @l oo (12105 — @l 7212y = 0 s & — 0.

By the product of weak-strong convergence and (5.31c), this yields

3
2

div(psvs) — div(ev) weakly in L%(L ) asd — 0.

Consequently, by uniqueness of limits we obtain div(¢v) = 0 € L2(L?). For (5.31¢)
one can use similar arguments as in [21, 36], which completes the proof. O

5.3.2. Proof of Theorem 5.7. We divide the analysis into several steps:

Step 1: Passing to the limit in (5.24b) and using (5.31g), we conclude that
p>—1 a.e in Q.

Recalling (5.23), the quadruplet (ps, us, 05, vs) fulfils

'ﬂ

/ (0105,8) g1 + (Vs - va—g(ws, 05)h(0s) ,€) + (ms(ps) Vs, VE) dt,
0

S

¢ (27 (Dvs,Du)+v (vs,u)—€e (Vs ® Vs, Vu) )=’ (vs,u) dt

T

||
o\o

((Dros+ f(@s,05)h(ps),0) + (Xo Vos—x,Vips—05vs, V) ) dt

for all ¢ € C§°(0,T), € € L?(H'Y), ¢ € H' and u € V, where yu; is given by
ps = —€ "Aps + eps(ps) — xp0s  a.e. in Q.

Using Lemma 5.12, with similar arguments as in, e. g., [21], it follows that

T T
/0 (019, €) st = / (3.V6) — (Voo v.£) + (alp.0)h(p) €) dt,

<at0-7¢>H1 = - (XUVU - XwVQO - O-V’v¢) - (f(8070-)h(80) 7¢)
for almost all ¢t € (0,7) and all £ € L?(H'), ¢ € H'. Due to (5.30) and the
continuous embedding L>(L?) N L2(H') — L*(L?3), we have that

”VSO& & vSDé”L% (L2) <C.

Using reflexive weak compactness arguments, this means that Vs ® Vs — 0 in
L3 (L2) for some 8 € L3 ((L?)%*4). Applying (5.31a) and (5.31g), by the product
of weak strong convergence we obtain

Vs @ Vs = Vo ® Ve  weakly in L%(Lp) Vpe(l,2).
Then, by uniqueness of weak limits we deduce that 8 = Vi ® V. Then, using the
boundedness of vévs € L>(L?) and using (Vu € C°([0, T]; L?), we infer that

0=2n(Dv,Du)+v(v,u)—e(Ve® Vp,Vu)
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for almost all ¢t € (0,7) and allu € V.

Step 2: In order to identify J, straightforward modifications of the arguments in
[24] can be applied. We remark that m’ is given by

0 for u < —1,
m/(u) = qomes (L +u)® tm(u) + (3(1+u)®m/(u) forue (~1,1),
m’ (u) for u>1,

and thus we observe that m/(-) may be discontinuous in 1, and m/(+) is discontinuous
in —1if go = 1 and m(—1) # 0. Therefore, we conclude that (5.22d) holds.

Step 3: Attainment of initial conditions follows with standard arguments, see,
e.g., [21]. We notice that ¢(0) is well-defined due to the continuous embedding
HY((HY*)NL*(H') — C°([0,T); L?). Moreover, the uniform estimates and weak(-
star) lower semi-continuity of norms imply that

S = —div(2nDv — e (Vo ®@ Vyp)) +vv € L%(V*).
Hence, there exists a unique pressure p € L3 (L3) satisfying —Vp = S in the sense

of distributions, see [61, Lem. 11.2.2.2] for details, which completes the proof.

6. Numerical results. In this section, we show several numerical simulations for
the tumour growth model derived in the previous sections, in the case d = 2. We
consider the system

div(v) = ad(Po — A)(p+1) in@, (6.1a)
—div(T(p,v,p)) + vv = (u+ x,0)Vep in@, (6.1b)
Ay +div(pv) = div(m(e)Vu) + ps3(Po — A)(p +1)  inQ, (6.1c)
p=29'(¢) = Belp — xp0 inQ, (6.1d)
0 = Ddiv(Vo — xV¢) — 3Co(p + 1) in @, (6.1e)
where
T(p,v,p) = 2n(p)Dv + Adiv(v)I — pl,
and with mobilities of the form (4.2), that means
(i) m(p) =mo,  (i)m(p) =emo,  (iii) m(p) = mog (1 + )™ (6.2)
We supplement the system with initial and boundary conditions of the form
Vu-n=Ve-n=0, oc=o0p on 09 x (0,7, (6.3a)
T(o,v,p)n=0 on &N x (0,7), v=0 on 3N x(0,T), (6.3b)
©(0) = o in €, (6.3c)

where op is a given function and 0:€2, 0582 C 0f), are measurable, relatively open
such that
619 U 829 =00 and 819 N 829 = @

In (6.1) we denote by P, A and C the proliferation, apoptosis and consumption
rate. Moreover, the parameters D, x,, x and 3 are related to nutrient diffusion,
chemotaxis, active transport and cell-cell adhesion. The remaining variables and
parameters are defined as before. In the case (6.2)(ii) we always set pg = « in order
to fulfil (4.5b). We remark that setting n = A = 0 leads to a Cahn—Hilliard—Darcy
model.
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6.1. Finite element approximation. Let 7 be a regular triangulation of 2 into
disjoint open simplices, associated with 7 is the piecewise polynomial finite element
spaces

sti={pe 00@)‘ Gr ER(T)VTET)CH'(Q), kEN,

where we denote by Py (T') the space of polynomials of degree k on T', and extend
them naturally to the vector-valued spaces SZ, k € N. Moreover, we define

M= {xe st <1}, SPYi={xe St x=aomoQ}, acR,
Sh0.— {x € S§| x = 0 on 9,0},

and let I} : C(Q2) — S} denote the standard interpolation operators. Let (-,- ) de-
note the mass-lumped L? inner product on €2 induced by 7, so that, for v, w € C(Q)
it holds that (v, w);, = (1, IT'[vw]). We now introduce a finite element approximation
of the tumour model (6.1)—(6.3) with the obstacle potential (4.31). For simplicity
we assume that op € R. Let 09 = IT'po], 9 =0, 0 = o and fix a time step size
7 > 0. Then, for n > 1, find v}} € Sho7 pre Sy one KMoyt e St oh € S{Z’UB,
such that for all &, € 83’07 Xn €S ¢ €St ¢, € KMand &, € Sho

2 (YD (V}) . D(En)) + (Adiv(vi}) — pft div(€n)) + v (V] &)

= ((h +X800h VR én) (6.42)
(div(v}y), xn) = 3o ((Po A)(wﬁfl +1).xn), (6.4D)
2 (op— o~ 1,%) ( 7¢h) + (m(ep " Vup,Von),

=3 ((ps —agp” )(7’% —A)er ™t +1),0n), (6.4c)
(i + 2o+ xo0n ™ G = 7)< Be (VR V(G —@h), (64d)
D (Vayy ,Vén) + 5C (0h (¢h +1).6n), = Dx (Vpy , V&) - (6.4e)

We implement (6.4) within the finite element package Alberta, [60], and use adaptive
meshes that are refined in the interfacial region, where |<p2_1| < 1. In particular,
away from the interface a coarse mesh corresponding to a uniform N, x N, grid
is used, while the interfacial region is resolved with a mesh size corresponding to
a uniform Ny x Ny grid. The precise strategy is described in [8]. We note that
the time discretization in (6.4) is chosen such that the overall system decouples
into three independent systems: the linear discrete Stokes problem (6.4a)-(6.4b),
featuring the LBB stable lowest order Taylor-Hood element, the nonlinear discrete
Cahn-Hilliard equation (6.4¢)-(6.4d), with the discrete variational inequality (6.4d)
due to the chosen obstacle potential, and the linear equation (6.4¢) for the nutrient
approximation. In practice, for each time step, we first solve (6.4a)-(6.4b) with the
help of a preconditioned GMRES iteration, followed by solving (6.4c)-(6.4d) with
the Uzawa solver from [7], see also [5], before solving (6.4e) with a direct solver.
Here all the occuring linear problems, e.g. as part of the above iterative solvers
and preconditioners, are solved with the help of the sparse factorization packages
LDL, AMD ([4, 19]) or UMFPACK ([18]), depending on whether the systems are

symmetric or not.
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6.2. Results. Throughout we let Q = (—3,3)*. As initial data we choose ¢y €
C°(Q) defined as

1 r < —%’/TG,
po(x) = { —sin("X)  |r(x)| < Lre, (6.5)
-1 r> %7‘(‘6,

where
r(x) = |x| — (% + 4—10 Cos(29))

and x = |x|(cosf,sin0)T. The first initial profile related to r is shown in Figure 4.
For the viscosity we set n(s) = ((1 — s)n— + (14 s)n), where in general we let
n— = n4 so that n is constant. Unless otherwise stated, we will always use the
following set of parameters

€e=002, a=05 ps=2 P=01 A=0, C=2, x,=05,
D=1, op=1, x=002 A=0, v=100, 6Q=Q.

For the discretization parameters we always choose N, = 16, Ny = 1024 and 7 =
1074,

(6.6)

FIGURE 4. Initial tumour size for initial data r: A slightly per-
turbed sphere.

We will now systematically interpret the influence of different parameters in our
model.

6.3. Brinkman’s and Darcy’s law. In the following we investigate the relation
of the Cahn—Hilliard-Brinkman (CHB) and Cahn—Hilliard-Darcy (CHD) models.
For small viscosities we expect a similar qualitative behaviour of solutions to the
corresponding systems. For the mobility we take m(s) = %(1 + s)?, which corre-
sponds to (6.2)(iii) with mg = 1. In Figure 5 we show the tumour for both the
CHD and CHB model for n = 1075 at time ¢ = 12, by which point the presence of
the initial perturbations have led the tumour to grow into an elongated shape. We
see that the qualitative behaviour for both models is similar for low viscosities.

6.4. Influence of mobility and adhesion. We now investigate the influence of
the mobility and the cell-cell adhesion. In Figure 6 we show the evolutions with n =
107? and for different mobilities. The formal asymptotic analysis in the previous
section indicates that the mobility (6.2)(ii), corresponds to a free boundary problem
where the interface is transported solely by the fluid velocity.

Thus, we see that a one-sided degenerate mobility causes instabilities while pure
transport by the velocity stabilises the interface. Moreover, having a closer look we
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Ficure 5. Comparison of Cahn—Hilliard-Darcy and Cahn-—

Hilliard—Brinkman models: Tumour at time ¢ = 12 for § = 0.1,
left side for the CHD model, right side for the CHB model with

n=1075.

FIGURE 6. Influence of different mobilities: Tumour at time ¢t = 9
forn =105, 3 = 0.1 and @ = pg = 2, but with different mobilities,
left m(¢) = (1 + ¢)?, middle m(¢) = e, right m(yp) = 10~ 3.

see that the thickness of the interface is smaller for the mobility m(¢) = 10~ 3e.
As the Ginzburg—Landau energy models adhesion forces, it can be expected that a
reduction of the parameter 5 > 0 reduces adhesion forces and leads to instabilities.
In Figure 7, we compare the tumour evolutions for 8 € {0.1,0.01} with n = 0.1
and for the mobility m(¢) = 3(1 + ¢)?. We see that the instabilities are more
pronounced for 5 = 0.01 and the fingers are longer and thinner.

6.5. Influence of the viscosity. Next we investigate the influence of the viscosity
and we always take the one-sided degenerate mobility m(y) = (1 + ¢)?.

In Figure 8, we compare the tumour at time ¢ = 2.5 for constant viscosities n €
{0.1,100} and the Neumann boundary condition for the stress tensor. We see that
the results look nearly identical. We also plot the velocity magnitude which is
slightly bigger for n = 0.1. Thus, it seems that the influence of viscosity in the case
of stress free boundary conditions is rather low.

In the case of no-slip conditions on one part of the boundary we observe a different
situation. In Figure 9, we plot the evolution for € {0.1,10} with» = 0, 8 = 0.1 and
a no-slip boundary condition on the left boundary, i.e., 92Q = {-3} x (=3,3). We
see that for low viscosity the tumour evolves radially symmetric whereas instabilities
appear if the viscosity is higher.

We also show the velocity magnitudes at ¢ = 10 in Figure 10. Although the maxi-
mal magnitudes are almost the same, we see more regions with high velocity if the
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FIGURE 7. Influence of the adhesion parameter 5: Evolution of

the tumour with m(p) = 3(14 ¢)? and n = 0.1, above for 3 = 0.1
at time t =1, 3,6, 10, below for 5 = 0.01 at time t = 1,1.5,2,2.5.

F1cUre 8. Influence of viscosiy I: Tumour and velocity for § = 0.01

at time t = 2.5, left for n = 0.1, right for n = 100, on top the tumour
and below the velocity magnitude.
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viscosity is bigger, that means for n = 10. It is also worth noticing that the velocity
field is no longer symmetric as observed in Figure 8 which is due to the no-slip
boundary condition.

We also investigate the influence of different viscosities for the no-slip boundary
condition. Recall that 74 and n_ denote the viscosities in the tumour and healthy
phase, respectively. In Figure 11, we show the tumour at time ¢ = 10 for different
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40
F1GURE 9. Influence of viscosity II: Evolution of the tumour at
time ¢t = 1,3,6,10 with 8 = 0.1, v = 0 and a no-slip boundary

condition on the left boundary, on top for n = 0.1 and below for
n = 10.
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:
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F1cUrE 10. Velocity profiles for different viscosities: The velocity
magnitude at time ¢ = 10 with g = 0.1, v = 0 and a no-slip
boundary condition on the left boundary, left for n = 0.1, right for
n = 10.

v Magritude

cases.

FIGURE 11. Influence of viscosity contrast: Tumour at time ¢t = 10
with 8 = 0.1, » = 0 and a no-slip b.c. on the left boundary, with
n- =001, ny =177 =1, ny = 0.01; n—- = 0.01, np = 10;
n— =10, ny = 0.01.
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It can be seen that a large difference between the viscosities leads to a more in-
teresting evolution. Moreover, instabilities are more pronounced if the viscosity in
the surroundings is lower than in the tumour tissue. Thus, the tumour tends to
grow towards directions with least resistance. This effect has also been observed in
a theoretical analysis in [26].

6.6. Influence of different initial profiles. Here we want to study the influence
of different initial profiles. In particular, we will see that some modes of the per-
turbation of a sphere are stable while other modes are unstable. We always choose
A =0.02, 8 =0.01 and leave the remaining parameters as in (6.6). As initial data
we choose (6.5) with r replaced by the following different choices

ri(x) = x| — (& + & cos(60)),

ro(x) = x| — (5 + 45 cos(120 — %)),

r3(x) = x| — (3 + 1073[cos(26) + 2 cos(60 — %) + 2 cos(86 — =,
ra(x) = x| — (3 +107*[cos(126) + 2 cos(70 — 75) + 2 cos(80 — Z)]).

We show the evolution for the initial profile with 71 (-) in Figure 12, where we see
that a 6-fold perturbation leads to six enhanced fingers.

FIGURE 12. Influence of initial profile I: Tumour at time ¢t =
0,0.3,1,1.6 with n = 100 and with the initial profile corresponding
to ry.

The evolution for the initial profile ro(-) is shown in Figure 13. The 12-fold
perturbation is damped and the tumour region becomes nearly round. Finally, an
instability with four enhanced fingers arises.

FiGURE 13. Influence of initial profile II: Tumour at time ¢ =
0,0.7,1.2,2.6 with n = 100 and with the initial profile correspond-
ing to ra.

Next, we show the evolution for the initial profile r3(-) in Figure 14. Here, six
enhanced fingers evolve and the final tumour is asymmetric.
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FIGURE 14. Influence of initial profile III: Tumour at time t =
0,0.5,1.2,2.4 with n = 100 and with the initial profile correspond-
ing to r3.

Finally, we show the evolution corresponding to r4(-) in Figure 15. Similar as
in Figure 13, four fingers evolve and two of them are more elongated, and the final
tumour is quite asymmetric.

FiGURE 15. Influence of initial profile IV: Tumour at time ¢ =
0,0.3,1.3,2.3 with n = 0.01 and with the initial profile correspond-
ing to ry4.
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