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Abstract

Using formal asymptotic methods we derive a free boundary problem representing one of
the simplest mathematical descriptions of the growth and death of a tumour or other biolog-
ical tissue. The mathematical model takes the form of a closed interface evolving via forced
mean curvature flow (together with a ‘kinetic under—cooling’ regularisation) where the forcing
depends on the solution of a PDE that holds in the domain enclosed by the interface. We per-
form linear stability analysis and derive a diffuse—interface approximation of the model. Finite—
element discretisations of two closely related models are presented, together with computational
results comparing the approximate solutions.

1 Introduction

The aim of this paper is to derive and simulate numerically one of the simplest mathematical de-
scriptions of the growth and death of a tumour (or, more generally, other tissue in a multicellular
organism or a bacterial biofilm) comprising a nutrient—deprived necrotic (dead) core surrounded
by a thin rim of nutrient-rich dividing cells. We emphasise we are not seeking biological realism
here, but rather to clarify the properties of simple formulations, onto which any level of additional
complexity can be built; we also seek to provide proof of concept for the numerical approaches
adopted. Despite the simplicity of the model, the numerical simulations in Section [6] show that the
model produces many features that are seen in significantly more complicated ones. Applying for-
mal asymptotic methods, the thin rim collapses onto the interface that separates the tumour from its
exterior; this generates two non—standard terms in the moving—boundary conditions for the tumour
(the model otherwise corresponding to a Hele-Shaw reverse squeeze film with surface tension).
We assume that the nutrient density is constant on the tumour surface and Darcy flow is used, this
being the simplest constitutive assumption appropriate to modelling in a porous tissue—engineering
scaffold, and having historically been widely adopted (at least since [14, [15]]) in the modelling of
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tumour growth. This results (see below, where we clarify the role of nutrient in this formulation) in
the following free boundary problem for the tissue pressure w,

Au=1 in Q) (1.1)
vu-u+g+5n:¢2 on T(t), (1.2)
V:g—i—ﬁm on T(t). (1.3)

Here €)(t) denotes the tumour, I'(t) = 0€(t), and V, k and v are respectively the normal ve-
locity, mean curvature and outer unit normal of I'(¢), and «, 5 € R are positive constants. The key
ingredients of the model are as follows: the right-hand side of Au = 1 is a volumetric sink that
reflects loss of necrotic material and destabilises the free boundary; () is a surface source, capturing
the viable rim around the tumour edge; and « and (3 are regularising parameters, the unregularised
case being associated with the limit o« — 0 with 3 fixed - the exact implication

Vu-v+V =0,

of - is instructive for this limit case.

The novelty of this free boundary problem is that it is derived via a thin—rim limit, resulting in
a formulation that does not require additional equations to be solved for the nutrient density in the
interior of the tumour. For a brief discussion of the framework of the model see [17], pp. 305.

The model is both simpler and more tractable than many found in the literature, compare for ex-
ample [6}12] and the references therein, and see [5] and [[18]] for additional background to moving—
boundary approaches to tumour growth related to that which is analysed here; indeed, it is perhaps
the simplest such model that is able to capture the transition from the linear growth phase to growth
saturation: this can be exemplified by the one—dimensional case: imposing symmetry about z = 0
and writing T'(¢) as x = s(t) gives

u=a(Q— s(t) + 5(* — 1))

with q
T =Q=s s(t)=Q—(Q-s(0)e".

The case s(0) < @ is then instructive, giving

(linear growth)  s(t) ~ s(0)+Qt fort =0 (%) ;

(transition to saturation) s(t) ~ Q(1 —e™*) fort = O(1).

Two—component mixture models of tumour and healthy cells are considered in [6, [12], these
models taking the form of Cahn—Hilliard type diffuse—interface models in which the interfacial re-
gion between the tumour and the healthy cells has a non—zero thickness. In [18, [19] both Darcy
and Stokes constitutive assumptions are considered, allowing the tumour to be modelled as a highly
viscous fluid moving either through a porous medium or unconstrained; this is also the case in [6],
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where movement of cells along chemical gradients (chemotaxis) is introduced via a nutrient dif-
fusion equation. In [12]] a Cahn-Hilliard—Darcy model is considered that models chemotaxis and
active transport, and formal matched asymptotic expansions are performed to yield several sharp—
interface models. In [[14] the authors consider a cylindrical or spherical tumour and focus on the
diffusion of nutrients and waste products in order to model tumour growth patterns. The geometri-
cally constrained model in [[14] was extended in [15] whereby, among other things, the geometric
constraints are dropped: here the surface normal stress is taken to be proportional to the mean cur-
vature, and Darcy’s law is adopted. In [S]] the authors consider a single—nutrient sharp—interface
model with two growth inhibitors, one external to the tumour, e.g. an anti—cancer drug or immune
response, and one internal to the tumour, e.g. a by—product of the degradation of necrotic cells.
The diffusion of the nutrient is considered, and its description on the boundary depends upon the
curvature. Although we do not consider anti—cancer drugs or immune responses here, a simplified
version of these could potentially be modelled by reducing the size of our surface source.

In Section[2] we derive the model using formal-asymptotic methods then, in Section[3] we present
calculations pertaining to the linear stability of radially symmetric solutions. A diffuse—interface
formulation is derived in Section[4]and in Section [5| we present finite—element approximations of the
model and its diffuse—interface approximation. Numerical simulations are presented and discussed
in Section[6] In the appendix we perform analysis on the thin—film limit of the model.

2 Derivation of the model

The model corresponds to a distinguished limit of the following dimensionless formulation (here
we elaborate, with some minor differences, on analysis briefly outlined in [19]). We have

21V - (on) = (hy(c) — Kalc))n, %2+ - (vm) = kalc)n — e,
n+m=1, (2.1)
2V - (D(n)Ve) = K(c)n, v = —Vp/p(n:c),

wherein n and m are the volume fractions of live and dead cells, c is the nutrient concentration, k;
and k4 are the cellular birth and death rates (the former being an increasing function of ¢ and the
latter a decreasing one), €\ specifies the (slow) degradation rate of the necrotic material, K (c)/e?
expresses the nutrient consumption rate, which will be taken to be large, D(n) is the nutrient diffu-
sivity (nutrient transport can be treated as quasi—steady), v is the velocity field (the two phases being
treated as a single continuum, i.e. the model can be characterised as being one—and—a-half phase
rather than fully two phase), p is the pressure (i.e. Darcy’s law for a Newtonian fluid is adopted as
the constitutive assumption, in keeping with many existing models) and p(n; ) is proportional to
the tissue viscosity; € is a small parameter that appears in a number of places, associted with a key
distinguished limit.

The system is taken to hold in a finite domain €2(¢), with boundary I'(#) and dimensionless
boundary conditions (the sign convention being such that x < 0 for a sphere)

c=1, p=—-*y(n)k, ¢ =v-v, onl(t), 2.2)
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where %y(n) expresses cell-cell adhesion,  is the mean curvature of I'(¢), v is its unit outward
normal, and ¢, its normal velocity. Since we shall be concerned with what is in effect the large—time
behaviour, initial conditions are not important, though

n(z,0) =1 in Q(0),

would represent a plausible assumption.
In addition to the powers of ¢ already introduced in (2.1)), (2.2)), the final condition that leads to
the distinguished limit in question involves

pu(n;e) ~ po(n)  for n=0(1), n>0, u(0;e) ~epu; ase — 0, (2.3)

for constant i1, associated with the physically reasonable assumption that the necrotic material is
much less viscous than living tissue.

We now derive the asymptotic structure of the problem in the limit ¢ — 0, which comprises two
regions, namely a boundary-layer (thin—rim) around the tissue edge in which the living cells are
concentrated, resulting from nutrient consumption therein, and a necrotic core. The former (thin—
rim) is governed by a one—dimensional travelling—wave balance, described next; the latter generates,
on matching to the former, the moving—boundary problem that is the subject of the rest of the paper.

The boundary—layer scalings are as follows

v=e(, v-v=¢eV, q=¢Q, p=c’P, t=c'T,

v denoting the outward normal distance from I'(7'); the tangential velocity components are of O(g?)
but are not needed in the sequel. We note that the relevant timescale is t = O(e™!) due to growth
being confined to the thin rim (i.e. only a small minority of the volume is experiencing cell division)
and dictating the velocity and pressure scalings above. Thus to leading order the travelling—wave
balance

d d
d—C(Wyn) = (ko(c) — ka(c))n, d_g(W”m> = ka(c)n,

n+m=1, (2.4)
d de 1 oOP

- (D(”)d_g> = K(gn, Vo=~ s

holds in { < 0 with
c=1, P=—y(n)k, W,=0, on(=0, (2.5)

where W, = V,, — (),,; we note that the leading—order solution depends only on (, so that ordinary
derivative notation is indeed appropriate, this being a deduction from the boundary value problem
- rather than an assumption; in particular WW,, depends only on ¢ while (),, depends on T’
and the tangential coordinates, and V,,, and hence P, depends on all the variables, this property of
W, being a consequence of the Galilean invariance of the problem when p is disregarded. Indeed,
P (and hence the mechanics) decouples, the remaining system being independent of the Darcy
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constitutive assumption and depending on V), and (), only through W,. It follows from (2.5) that

(2.4) implies

dg? (1) — ka(1), mdg? — k() at¢ =0,
so that
ka(1) ~ ka(1)

=1

T T R@m AT

and (2.5) in consequence involves the constant

»=(1-km)

which serves as a surface—tension parameter in what follows.
As ( — —oo we have

n—0, m—=1 c¢c—cH, W,— -0, (2.6)

where the positive constants ¢, and () are to be determined as part of the solution to - (2.06);
@ plays a crucial role in what follows, providing a surface source of material that constrasts with
the volumetric sink A. To complete the matching we must turn to the pressure P; the assumption
(2.3) implies a non—uniformity here, but it is a consequence of P decoupling that

1 dpP
Vy~m e
p(nse) d¢

holds uniformly in the boundary layer regions (it will be clear that there is an ad—hoc flavour to this
statement, but it can readily be fully justified in the sense of formal asymptotics). In consequence

P e (Q— Q)¢+ QV/C (n(n(¢);€) — epn) ¢’ + /c (1(n(¢): )W () + e @) dC" = Yo

applies, with (2.4) implying that W, ({) satisfies
dw,

i = ky(c)n.
Hence as ( — —oo, ¢ — 0 with { = O(1/e),
P ~ & (Q - QV)C + G’QV - b — Yok, (27)
for positive constants
0 0
o= [ mn@)de. b== [ mOWAOC

We can now turn to the necrotic core region, wherein n is exponentially small in ¢, so (2.1)
reduces in §(¢) at leading order to, on setting v = €V,

V-V=-\ V=-VP/u, 2.8)
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with m = 1 and
Ac=0. 2.9

The boundary conditions on (2.8) — (2.9) result from matching to (2.6) — (2.7) (i.e. by the usual
matching arguments from singular—perturbation theory, (2.1]) does not apply to the core). Thus (2.8)
is subject on I'(¢) to

Vl/ = Ql/ - Qa P = aQV —b— Yok, (210)

(the creation of extra volume through cell division necessitating the deformation of the surround-
ing tissue), while the regularising a(), term (mathematically equivalent to kinetic undercooling, but
arising for reasons distinct from those relevant in widely studied phase change problems) is associ-
ated with the mechanical interactions between the large low—viscosity core and the high—viscosity
rim (i.e. the former cannot readily deform the latter despite their relative sizes, reflecting the
associated distinguished limit). We stress that the ‘kinetic—undercooling’ regulariastion arises from
the thin—rim limit, whereas the ‘surface—tension’ term vy~ is imposed through the original boundary
condition (2.2)). b can be viewed as a proliferation—driven contribution to the pressure, while -
(2.9) simply give ¢ = c«; note that the first term on the right-hand side of gives the matching
condition

v-VP =V,

which is automatically satisfied given (2.8 and (2.10). Finally we obtain, on translating P by b, the
moving—boundary problem

AP = Ay, in Q(2), @2.11)
10P

QV:Q_ZE’ P:CLQV_%& on F<t)7

where % denotes the outward—normal derivative. For a = vy = ) = 0, this is the classical Hele—
Shaw reverse (negative) squeeze—film problem (see, e.g., [22]), which is ill-posed; the a term corre-
sponds to a kinetic—undercooling regularisation and -y, to a surface—energy regularisation (cf. [23]],
for example, for a discussion of such regularisations in the Hele-Shaw context) - both are stabil-
ising, but for small enough values (2.11) will be susceptible to fingering instabilities. The surface
source term () is novel, making @[) distinct from previous Hele—Shaw formulations; since the
instabilities are associated with shrinking fluid domains (due to Ap; > 0), it might be expected to
play a stabilising role, though the linear—stability analysis in Section [3|quantifies the extent to which
this intuition is misleading (indeed, the growth associated with () has the potential to stabilise by
filling inward—facing fingers but also allows more room for the destabilising mechanism to manifest
itself). Setting P = u, a = o, @, =V, 8 = 7p/a and scaling such that g1 = A = 1 yields (1.1 —
@, with ¢ reinstated as the time variable, in place of (and equivalent to) 7" above.

We regard the rigorous justification of the above ‘thin—rim’ limiting process for (I.1) — (I.3)),
from (2.I) as a worthwhile open problem. The limit has features in common with both sharp-
interface and thin—film limits, without being exactly of either type (for example an interface is
present both before and after the limit is taken, but the conditions that apply thereon are modified
by the limit process).



A tractable mathematical model for tissue growth 7

3 Model analysis

3.1 Radially symmetric solutions and their stability
3.1.1 Circular solutions

We limit ourselves here, for brevity, to the two—dimensional case, though the three—dimensional one
is of course also tractable. Taking the cylindrically symmetric solution to be u = u.(r,t) in {2, with

r = s.(t) corresponding to T, (1.1) — (1.3)), reduces to

1 1 1
SC = Q — 5867 uc = ZTQ — ZLSZ — % + O[SC, (3-1)
so that
e =2Q + (so — 2Q)e 2", (3.2)

for initial data s.(0) = so.

3.1.2 Linear stability

Setting
u~ue(r,t) +0U(r, 0,t), s~ s.(t)+355(0,1),

where r = s(0,t) parametrises I, and retaining only those terms that are linear in § implies

AU:O’ OSTSSC(t>7

as 1, oU 4S 1 (1 3 925 B
= =355 E‘E(ES"SJFU)JFE(SJFW) on 71 = s.(t),

C

on projecting I" onto r = s..(¢) in the usual way. Fourier decomposing in the form

U = A,(t) <ﬁ)n {COS(HQ) S—B) {cos(ne)

Se sin(nd) sin(nf)

for non—negative integer n then implies that

. 1 n . 1 /1 I}
Bn:__Bn__An Bn:_ = cBn An - 5 2_1 Bn:
2 s o (28 * ) s2 (n )
so that .
(S¢ + na) B, = n2—2 (s2 —2apBn(n+1)) B,. (3.3)
SC
Hence .
By=—--By, Bi=0,
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the former corresponding to perturbing s, in (3.2), and the latter arising because the n = 1 modes
simply correspond to small shifts in the coordinate origin. 3, is negative for n > 2, and the circular
solution is hence linearly stable, if

1203 > 52, (3.4)

i.e. the steady state s. = 2() is linearly stable if
3a8 > 2Q°. (3.5)

In view of (3.3), it is instructive to determine the faster growing mode, i.e. value of n that max-
imises
n—1

3

whenever the latter is positive, and this may change as s. evolves; for s, sufficiently small (and
less than 2()), all modes will initially decay, but when (3.5)) is violated the n = 2 mode will grow
for sufficiently large ¢, and other modes may subsequently become unstable. For a wide range of
parameters the n = 2 mode will be the most unstable one for all ¢, but an instructive regime in
which this is not the case arises for S small. Thus for 5 = 0 all modes with n > 2 are unstable, with
the limit n — oo giving the fastest growth rate, namely

Se
2x

(this expression clarifies the role of « as a regularising parameter). For § < 1 and n > 1, (3.6) is
given asymptotically by

(142 B (3.7)

2a a/ 2an  s?

forn = O(ﬁ% ), so the fastest growing mode at a given ¢ has

o 1)

Because this quantity changes with ¢, the dominant wavelength observed at large time will presum-
ably be dependent on how the relative magnitudes of the modes in the initial data feed through into
the ultimate nonlinear evolution, and it is important to note that the leading term in is inde-
pendent of . While this instability mechanism is closely related to the well known Saffman—Taylor
instability in Hele—Shaw and Darcy flows, its relevance to tissue growth applications is less widely
recognised, a key point being that (in contrast to the Hele-Shaw case) instabilities can arise for
growing domains (due to the surface source ()) as well as shrinking ones; see [[18, 20] for a detailed
classification of instability mechanisms for such tissue—growth moving—boundary problems.
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3.2 Other properties

We briefly note some other properties here (additionally the appendix records a thin—film limit). The
result

o) = / Vds

— QArea(I'(t)) — / Vu.vds

r(t)
= QArea(T'(t)) — Vol(Q(1)), (3.3)

which readily follows on applying the divergence theorem, expresses the overall mass balance aris-
ing from the surface source and the volumetric sink. Thus tissue can enhance its growth by max-
imising its surface area for a given volume, making spheres the most sub—optimal shapes in this
sense, and providing an interpretation of interface fingering (this does not characterise a fingering
mechanism but does clarify why such instabilities may be favoured).

Secondly, steady state solutions satisfy

Au =1,

u=—afk, Vu-v=Q,

and this free-boundary problem is itself of interest. The circular case is addressed in the linear—
stability section, Section but there are presumably also non—trivial (but probably unstable)
steady configurations. Applying the linear stability analysis may, by identifying bifurcation points,
be instructive in classifying these solutions and in facilitating weakly nonlinear analyses but, given
that they seem likely to be unstable, we shall not pursue their analysis here. Nevertheless, we high-
light their potential interest from the free—boundary problem perspective.

Finally, we record the interfacial dynamics limit that arises for small domains (though of course
nevertheless much larger than the rim thickness) with & > 1, whereby the leading—order problem
involves the evolution of the free boundary only. Setting & = 1/¢, 5 = €7, and rescaling * — cx,
V= eV, Q — @ to give

Au = ¢e?

Vu-v+eV=2’Q, V=u+nk,

so that
u~Ut), V~U-+7K,

and the divergence theorem (or, equivalently, the solvability condition at O(g?)) gives (as above)
Vol(2(t)) = QArea(I'(t)) — / Vds
I(t)

=(Q —U)Area(T'(t)) — 7/ kdS,

()



10 J. Eyles, J.R. King and V. Styles

implying the novel non—local interfacial dynamics law of forced mean—curvature—flow type

L Vol(Q(t) Jr £ dS
V=0~ Sy 77 (K - Aréai(l“(t))) (39)

that involves the total mean curvature; this becomes more explicit in two dimensions, whereby

Area(Q(t))) 7<ﬁ— o )

V'=Q = o) Length(T'(1))

We note that the exact result (3.8) is readily recovered from the limit case (3.9).

4 A diffuse-interface model

In this section we derive a diffuse—interface formulation of — (L.3). In the diffuse—interface
paradigm we approximate the interface I'(¢) by an interfacial region I'.(¢) with width Ce < 1. To
this end a phase—field parameter ¢ is introduced such that, within the thin interfacial region, ¢ varies
smoothly from ¢ = —1 to ¢ = 1, while outside it || = 1, thus we can define I'. by

FE::{xGRd‘|g0(x)|<1}.

We set o = 1 in the region inside I';. and ¢ = —1 exterior to I'.. In addition we let D denote a
bounded domain in R?, with a polygonal boundary, such that D is chosen large enough to contain
I'.(t) for all t. We denote the outward unit normal to 0D by p.

Figure 1: Diffuse—interface configuration.
To derive a diffuse—interface approximation of (I.1)), (T.2) we first introduce the variational form:

/Vu-Vndx—l—l/undx:/(Q—ﬁm)ndx—/ndx Vn € H'(Q). 4.1)
Q a Jr r Q

We now follow the techniques described in [[1] to obtain a diffuse—interface approximation of ({.1J.
Setting @ € D to be a diffuse—interface approximation to u € {2 we have

/ z)dz ~ / C(p)i(z)dz and /F u(z) da ~ /D 5(p)i(z) dz 4.2)
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where ) () 5
+ plx
((p) = —— and 3(p) == —(1 = (p())")-
Using (4.2) we arrive at the following diffuse—interface approximation of (4.1):

_ 1 _ N
[ corva-vades = [ ste)imds = [ 5@ pRmde~ [ clomda. e HD).
D D D D
(4.3)
Here k approximates an extension of « to I'. such thatat¢ = 0, & is obtained by constantly extending
x in the normal direction via the signed distance function to I'(0), while for ¢ > 0 we use the Allen—
Cahn approximation of forced—-mean—curvature flow, presented below in (4.5)), to set

.1 U

For § = 0, the strong convergence of the solution u of (4.3) to the solution u of (4.1)), as the
approximation parameter ¢ tends to zero, is shown in [1], while in [4] a convergence result of the
form

[ <o) (9= 0P + i - ) ar < o=

for a constant C' > 0 independent of ¢, and some p > 0 is shown for a slightly different diffuse
interface approximation in which () = |Vy|.

We now present a diffuse—interface approximation or, as it is more commonly known, a phase—
field approximation, of (I.3)). Since describes forced—mean—curvature flow, we approximate it
using an Allen—Cahn equation with forcing,

1 U
epr+ B(=W'(p) —elp) = —, o] <1, (4.5)
€ 4o
with boundary data
Vo-v=0, ondD. (4.6)

Here @ is the solution to (4.3), W () is the double—obstacle potential, see [3]],
1
Wip) = 5(1 — ) + I1_1y(r)

where I;_; 1j(u) is the indicator function

Iya(e) = +oo  for || > 1
FLIE Y for [p| <1

and the factor of 7/4 on the right hand size of (4.5) is chosen such that as ¢ — 0, we recover the
velocity law (1.3)).
We define the initial data for the phase—field parameter ¢ by
1 if d(z) > =
po(x) = S sin(42) if — T < d(z) < = 4.7

-1 ifd(z) < -5
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where d(z) is the signed distance function to I'(0). This initial condition corresponds to a diffuse—
interface of width e, with the level set ¢ = 0 approximating I"(0).

Combining with the weak formulation of (4.5), (4.6) yields the following diffuse—interface
approximation of (I.1)) — (T.3):

Given I'(0) € R, find (@, ) such that ¢ satisfies the initial data (4.7) and for all ¢ € (0,7,
p(t) € K,

[ covi-vnde+ [ steyinds = [ s(2)@Q=gmmde— [ comaz, vy (D)
(4.8)
and

/D (6%(/} — ) +eBVe-V(p—p) — gso(p - w)) dz > ﬁ /D u(p—p)dz, Ype K (4.9)

where
K :={n € H'(D)| |n| <1ae.in D}.

The well-posedness of the variational problem (4.8)), is an open problem. Setting 3 = 0 in
(4.8) and adding a time regularisation term, €, to the left hand side of the resulting equation would
result in a diffuse—interface system similar to the one studied in [8] in which a parabolic variational
inequality is coupled to a degenerate diffusion equation. In [8] the authors use a regularisation
technique to prove an existence and uniqueness result for the coupled system.

S Finite—element approximations

In this section we derive finite—element approximations to ((1.1)) — (1.3)), and to the diffuse—interface
model (4.8)), (4.9)).

5.1 Parametric approach

We partition the time interval [0, 7] into N equidistant steps, 0 = t) < t; < ... <ty <ty =T,
sothat fori =1,..., N, At :=t, — t,_1. We let I'}! be a polyhedral surface approximating I'(¢,,),
with I'} = Ule o, where {07}, is a family of disjoint open simplices (straight line segments in
R? and triangles in R?). We let 7 be the set of nodes of {o}'}/_, and let {q}'} s be the coordinates
of these nodes.

We denote the interior of I'} by {27 and we partition €2} into a family of disjoint open simplices
{17}, (triangles in R? and tetrahedra in R?) such that Q = (J;", 7z¢. Here {u}}X  is chosen
such that the nodes and the faces (straight line segments in R? and triangles in R?) of the elements
of {u < | that make up the boundary of Q7 coincide with nodes and simplices of {o7}/_,. We let
L be the set of nodes of {p7 }< | and let {p]'}c be the coordinates of these nodes.
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We define ™ to be the outward unit normal to I'}, such that v} := v"|,,, fori € 1,..., I and
forn € 0,..., N — 1 we introduce the finite—element spaces

Vi(Ty) :={pn € C(I'}) | pnis affine on each o' € I'} },

and

Vi () :=={nn € C(2}) | ny, is affine on each p € Q) }

with {x” } je 7 denoting the standard basis for V;,(I'};).
We describe I'? by the piecewise linear vector function X} such that X}* € [V}, (I3 1)]e.

We denote the L*~inner product over Qf by (f,g)an := [y, fgdx and the discrete L*~inner
v h
product by
(gl = [ Mo
QF
with TTI* : C(Q) — S}, denoting the interpolation operator, such that (7"7)(p;) = n(p;) for all
I € L. We adopt similar notation for (up, vn)f.

We now present a finite element approximation of (I.I)) — (I.3]) in which we used @.1)) in order
to approximate (1.1)) — (1.2) and we followed the authors in [9] to approximate (1.3).

Given I' and the identity function X € [V,,(T'?)]?onT?, forn = 0 — N—1 find {u}, X'} €
Vi (1) x [V, ()] such that

1
(Vuy, Vi) gy + (g, i ey = (Q = Br i)y — (Lm)gy  Viom € Va(S%), CRY
and
AL (X - X’“ph)FZ + 5 (VF;LLX}L—HyVFth)FZ = (thhjph)}rlz Ypu € [Va(T)], (5.2)
where w} := Z Wi (x) € V()] with
JjeTJ
wj:|A”] ZVi‘Ui| , forjeJ, n=0,...,N,
J

o 673"

with |o;| denoting the measure of oy, 7, := {07 : g} € o]'} and A} := U707, such that w can
interpreted as a weighted normal defined at the node X7'(q}) = ¢ of the surface T'}.

Noting from (1.3)) that Sx = V' — u/a, the approximation, k) = 3 Z ki Xj () € Vi(Ty), of
JET
the curvature is given by

. [ Xr-Xx! 1 .
brj=\—@a; | wi—gw foried,n=1...N
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and we set k) € V;,(T'%) := I1"(ky), where £y is the curvature of T'(0).

5.2 Diffuse-interface approach

We partition the time interval [0, T'] into N equidistant steps, 0 = to < t; < ... <ty <ty =T,
so that fori = 1,..., N, At := t, — t,_1. Let {T"}4>0 be a family of partitionings of D into
disjoint open simplices o with h,, := diam(c) and h := max,c7n h,.

Associated with 7" is the finite element space

Sy = {pn € C(D) | puls is affine Vo € T"} c H'(D).
We denote the standard basis for S;,(D) by {t }2_, and we introduce
Kp:={pheSnh|lpn| <1linD} C K.
Using standard finite element approximations of and we obtain the following.

Given an approximation ) € K, of ¢y € K, forn =0 — N — 1 find {a}, o7} € S, x K,
such that for all , € Sp,,

(ClehIVih, Vi)l + = (R m)ly = (5h)(@ — A1)y — (el 53

and
i n+l _  n o n+l h \V4 n+1 \V4 _n+l _é n+1 . n+1\h
A7 (P = ehen = @)+ Be(Ver ™ Vion — @i ))p = (0 on = b
™ ~Nn n h
> = (@ =™ Yo € K, (5.4)
where 77 (z) is set to zero if ¢} (z) = —1, (-, )" is discrete inner product over D and noting (4.4)
M
the approximation Sk, = 3 Z K31; € Sp, of the curvature is given by
j=1
= L (o T fori o1 M on=1,... N
== —(" =" H——L) forj=1... n=1,...
¥ 6 At SO] (70] 4a .] ) Y ) ) Y

with 52 € S;, = I1"(Ry), where kq is the curvature of I'(0) and 7 is such that #o(z) := ko(p(z)),
where p(z) denotes the closest point projection of a point x € D onto I'(0).

6 Numerical Results

In this section we first briefly describe the implementation of the finite element schemes presented
in Section [5] and then we present a number of numerical simulations. The results displayed are
visualised in Paraview [16].
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6.1 Implementation of the finite element schemes

6.1.1 Implementation of the parametric scheme in R?

For Q7 € R? the parametric finite—element scheme , was implemented with the finite—
element toolbox ALBERTA 2.0, see [21]. As we are solving on an evolving domain, care has to
be taken to ensure good mesh properties for the bulk mesh ). To achieve this we implemented
Algorithm 1, as introduced in [[10] in which the authors present a variant of the so-called the DeTurck
trick using the the harmonic map heat flow that leads to computational meshes of high quality for
both for the bulk mesh €2} and its boundary I'}.

A simple mesh refinement algorithm is also presented in [10], in which we seek to refine element
p" € QU if || > 1.5|u0] and coarsen element p” € QF if || < 0.5[40], where p° € Q9. |u"| is
the area of element p", and W is the mean area of all elements at time ¢ = 0.

When the mesh reached a point at which the algorithm presented in [10] was unable to maintain
the required mesh quality, we used the re-meshing software GMSH, see [13]], to re—-mesh 2}, whilst
keeping the nodes on I} fixed. We performed this re—-meshing procedure when

H n
max ()
ey h(pm)

> 0.2,
where H (p") is the length of the longest edge of 1" and h(p") is the length of the shortest edge.

6.1.2 Implementation of the parametric scheme in R3

For Q' € R? the parametric finite—element scheme , was implemented with the finite—
element toolbox ALBERTA 3.1; the quality of the mesh was maintained by moving the nodes with
a velocity w, using the harmonic extension method. We compute u by solving a standard finite
element approximation to

Au=0 1inQ,

u=wv onl,

where v is the velocity of I'. This extends the velocity on I' to €2 in a ‘smooth’ manner.

6.1.3 Implementation of the diffuse—interface scheme

The diffuse—interface finite—element scheme (5.3), (5.4) was implemented with the finite—element
toolbox ALBERTA 2.0. Since the interfacial thickness is proportional to €, in order to resolve the
interfacial layer, we need to choose the mesh size h such that h < ¢, see [7] for details. Away
from the interface, h can be chosen larger and hence adaptivity in space can be used to speed up
the computations. We use the built in algorithms from ALBERTA 2.0 for adaptivity to implement
a mesh refinement strategy in which the following meshes are constructed: a fine mesh in the inter-
facial region where |¢}| < 1, a coarse mesh exterior to the tumour where ¢} = —1 and a standard
sized mesh in the interior of the tumour where ¢} = 1, see the left hand plot in Figure |2 in which
an enlarged section of the diffuse—interface mesh associated with the results in Figure [10{at ¢ = 45
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is displayed, in addition an enlarged section of the corresponding parametric mesh is displayed
in the right hand plot. We denote the maximum diameter of the triangles in the three meshes by
Pmaz,t = maxye7p ho, hnaz,m = MaXeeTn ho and hypgq . = MaXgyern hy, Where

T ={o0 € Tullgh(z)| < 1forsomexz € o}, T, := {0 € Ty|w,(r)=1"forsomex € o},

and
T :={0 € Tn|¢y(x) = —1 for some x € o}.

For more details on a similar mesh refinement strategy see [2]].
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Figure 2: An enlarged section of the diffuse—interface mesh (left plot) and parametric mesh (right
plot) associated with the results in Figure @ att = 45.

6.2 Generalisation of the model

In the numerical results presented below we consider the following generalisation of (I.T) — (1.3)

Au=1 in Q) ©6.1)
vu-u+g+5n:Q on T(t), 6.2)
V= g +(B+v)k on T(b). 6.3)

Here v € R is a nonnegative regularisation parameter, such that setting v = 0 recovers the original
model (I.T) — (I.3). We introduce this generalised model for numerical purposes as it enables us to
run computations with 5 = 0, thus simplifying the numerical schemes by removing the curvature
term from the Robin boundary conditions for u, whilst maintaing a velocity law of forced mean
curvature flow.

6.3 Parameter values

Unless otherwise specified, in all simulations in R? the following hold: we set ) = 1.0 and the initial
geometry ['(0) was set to be an ellipse with length 0.5 and height 1.0, in the parametric examples
we set At = 1072 and the mesh size at t = 0 was taken to be h ~ 0.022. In the diffuse—interface
simulations we set lyaz.c = 1.77, Rygzm = 0.02, and used the values of €, At and hyy,q, 5 given in
Tables [Tl and 2L
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g At hmax,f

v=0,a=18=01 0075 |1.0x 1074 | 0.0048
v=0,a0=018=01] 001 |[1.0x107° | 0.0028
v=0,a=143=1 0.1 |3.0x 1076 | 0.0099
v=0,a=01,8=1 | 01 |1.0x 10| 0.0042

Table 1: Parameters for the diffuse—interface simulations for v = 0.

g At hmagg7 f

B=0,a=1v=01 ||0.04]1.0x107*| 0.0048
B=0,a=01~v=0.1]0.01|1.0x10"° | 0.0028
B=0,a=1,v=1 | 0.1 |3.0x 106 | 0.0099
B=0,a=01~v=1 | 0.1 |1.0x 1075 | 0.0042

Table 2: Parameters for the diffuse—interface simulations with 5 = 0.

6.4 Simulations for v = 0

In the first set of simulations, Figures [3|—[8] we take v = 0 in the generalised model to obtain results
for the original model (I.1)) — (1.3).

6.4.1 Radially symmetric solutions

To test the accuracy of the numerical schemes, we set I'(t) C R? to be a circle with radius R(t) and
we express v in polar coordinates such that u(r, ) = u(r). In this setting (1.1) — (1.3) reduces to

_ 1 By_ap 1
u(r) = ' + a(Q + R) 2R 4R , (6.4)
1 R
R(t) —% Foulr) = Q- % R(0):= Ry ©65)
so that
R(t) =2Q + (Ry — 2Q)e™"/2. (6.6)

For some choices of parameters, typically a, § < 1 and () = O(1), instabilities occurred in the
parametric scheme that gave rise to non-radially symmetric solutions, these instabilities seem likely
to have stemmed from the initial triangulation of ©2(0). In the following results we avoided such
parameter combinations.

In Figure |3 we compare the radii obtained from the finite element approximations of the para-
metric and the diffuse—interface formulations for v = 0 to the corresponding analytical solutions.
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Figure 3: Comparison of the radius (upper plots) and the pressure v at ¢ = 0.5 (lower plots) with
v=0,a=1,06 =0.1(first column), v = 0, « = [ = 0.1, (second column), v = 0, = § =1
(third column) and v = 0, « = 0.1, 8 = 1 (fourth column). The upper plots display ¢ against R,
on the x— and y—axis, respectively. The lower plots display 7 against u, again on the z— and y—axis,
respectively.

Similarly we compare the pressure solutions obtained from the parametric scheme and the diffuse—
interface scheme to the analytical solution.

We consider four combinations of o and 3 and set () = Ry = 1.5. In the upper plots we display
the radius of the circle for the parametric model (red line), the radius of the circle for the diffuse—
interface model, obtained from the zero—level line of , (black line), and the radius of the analytical
solution of (6.6) (blue dots). In the lower plots we display uy, @, and v at t = 0.5, where u is the
solution of (6.4), again, we use a red line for the parametric scheme, a black line for the diffuse—
interface scheme, and blue dots for the analytical solution. We display the results for v =0, a = 1,
£ = 0.1 in the first column, v = 0, « = § = 0.1 in the second column, v = 0, « = § = 1 in the
third column and v = 0, « = 0.1, § = 1 in the fourth column. In the parametric simulations the
mesh size at t = 0 was taken to be h ~ 0.1.

From Figure 3| we see that for all four combinations of « and [ there is very good agreement
between the solutions of the parametric scheme and the analytical solution, while the solutions of
the diffuse—interface scheme compare reasonably well to the analytical solution for v = 0, o = 1,
g =01landy =0,a = =0.1butnot well fory =0,aa = =1andy =0, « = 0.1,
B = 1. We believe the poor approximation of the diffuse—interface scheme for 5 = O(1) is due to
the fact that the scheme is only an approximation to forced mean curvature flow and hence larger
errors occur if the curvature term in the evolution becomes more dominant. Based on these results
in the subsequent simulations we solved the diffuse—interface model only with 5 = 0.1.
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Figure 4: Linear stability, (3.5), with ) = 1, v = 0 and § = 0.1. The left plot displays the initial
geometry R(6,0) = 2Q) + 0.25sin(6) cos(96), the centre plot displays uy, at ¢ = 700 with o = 0.68
such that 3o > 2 (linearly stable) and the right plot displays u;, at t = 700 with o = 0.65 such that
3af < 2 (linearly unstable). The instability manifest in the right plot is associated with the higher
perimeter—length to area ratio at the tips than in between, with higher pressures at the tips.
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Figure 5: Results with v = 0, @ = 0.1 and # = 1.0: u; given by the parametric scheme at { =
0,7,10, 12.6. This simulation exhibits repeated tip splitting akin to that arising in a variety of moving
boundary problems.
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6.4.2 Linear stability

In Figure [ we display results from the parametric scheme (5.1)), (5.2) relating to the linear stability
result, (3.5). We set ) = 1 and = 0.1 and set the initial geometry to be a perturbation of a circle
with radius R(0) = 2@ = 2 such that R(0,0) = 2Q + 0.25sin(f) cos(960), (left plot) and we set
h =~ 0.1. We consider two values of a; & = 0.68 (centre plot) such that 3o > 2 and o = 0.65 (right
plot) such that 3a8 < 2, in each case we display the solution u;, at t = 700. From the figure we
see that when 3a/5 > 2 the stable state in which I'(¢) is a circle of radius R = 2¢) = 2 is obtained,
whereas for 3a/5 < 2 the radial symmetry of the problem is lost. We note that for this parameter set
with o = 0.65, n = 2, recall (]315[), is the only unstable mode, the simulations leading to the same
(reflectional) symmetries as those of an ellipse.

[7.102e-01 ( ) E"’-"“e"" lz.m.a-m
3 ; y b 0
-0.64 i |

F -0.26 ’ ‘
E . 048
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0.63 05 . ;
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5.425¢-01 -7.586-01 -7.545e-01
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Figure 6: Results with v = 0, « = 1.0and § = 0.1 at ¢t = 0,11, 23 (columns 1 to 3): u; given by
the parametric scheme (top row), u;, given by the diffuse—interface scheme (middle row), ¢, (in red
and blue) from the diffuse—interface scheme and X, (in white) from the parametric scheme (bottom
Trow).
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6.4.3 Dependence on o and 3

We now investigate the morphologies that arise using differing combinations of o and /3.

We first note that, for the initial data chosen, an ellipse with length 0.5 and height 1.0, our
simulations show that for v = 0, « = = 1.0 the geometry tends to a radially symmetric steady
state, with the radius of the resulting circle decreasing as [ increases; this radius can be calculated
by setting R'(¢) = 0 in (6.6).

In Figure [5| we display the solution u; at ¢ = 0,7,10,12.6, computed using the parametric
scheme (5.1, withy =0, =0.1and § =1

In Figure [6] we compare the parametric and diffuse—interface numerical solutions obtained by

setting v = 0, « = 1 and 5 = 0.1. The solution u;, given by the parametric scheme (5.1, is
displayed in the top row, while the solution 7y, given by the diffuse—interface scheme (5.3, is
displayed in the middle row. The bottom row displays the order parameter ¢}, (in red and blue) given
by the diffuse—interface scheme and X} (in white) given by the parametric scheme. The solutions
are displayed at times ¢ = 0 (left) ¢ = 11 (centre) and ¢t = 23 (right). At ¢ = 11 there is good
agreement between the parametric and diffuse—interface schemes, though for ¢ = 23 the difference
becomes more pronounced.
The results obtained by setting v = 0, « = 0.1 and § = 0.1 are displayed in Figure [7| For
this choice of parameters the agreement between the parametric and diffuse—interface schemes is
quite pronounced; in particular, the evolution of the diffuse—interface solution is slower than that of
the parametric solution, however, the geometries of the two solutions compare well if the diffuse—
interface solution is displayed at a different time to the parametric solution. To this end in Figure
the diffuse—interface results are displayed at ¢ = 0, 4, 5 while the parametric results are displayed at
t = 0,3.5,4.4. We believe the disparity between the two sets of solutions is predominantly caused
by the diffuse—interface approximation of the pressure that is used in the Allen-Cahn approximation
of the velocity law, since for & < 1, a small error in the approximation of v on I'(¢) can result in
a significant error in the velocity of I'(¢). When we solved the model with § = 0 with the same
set of parameters we saw good agreement between the parametric and diffuse—interface schemes,
see Figure [I2]below, and thus we conclude that the diffuse interface approximation of the curvature
term in the Robin boundary conditions is the main reason for the differences.

6.4.4 Thin—film limit (see the appendix)

In Figure[§] we display results from the parametric scheme (5.1)), (5.2)), relating to the thin—film limit
from the appendix. Here the initial geometry I"(0) is given by an ellipse of length 1.0 and height
0.1.WesetQ = 0.1,y = 0and o = 3 = 0.1. We chose At = 10~* and h ~ 0.005 in order
to maintain a stable evolution.We present the solutions at ¢ = 0, 0.2, 0.3, demonstrating how the
large—aspect—ratio of the domain is lost, consistent with the analysis of the appendix.

6.5 Simulations for 5 =0 and v # 0

We conclude our numerical results with some simulations with § = 0 and v # 0, such that the
curvature term from the Robin boundary conditions for u is removed, whilst a velocity law of forced
mean curvature flow is maintained.
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Figure 7: Results with v = 0, « = 0.1 and = 0.1: u;, given by the parametric scheme (top row), iy,
given by the diffuse—interface scheme (middle row), ¢}, (in red and blue) from the diffuse—interface
scheme and X}, (in white) from the parametric scheme (bottom row). The diffuse—interface solutions
are at t = 0,4, 5 and the parametric solutions are at t = 0, 3.5, 4.4.
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Figure 8: Simulation relating to the thin—film limit using the parametric scheme , , with
@ = 0.1,y = 0and « = B = 0.1. The initial geometry, I'(0), is given by an ellipse of length
1.0 and height 0.1. The solution, u,, is displayed at ¢ = 0,0.2,0.3. The middle plot illustrates
similar behaviour to that on the right of Figure {] though the tendency to fatten for this parameter
set subsequently overcomes the tip bulges.
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6.5.1 Radially symmetric solutions in R?

Figure [9 presents radially symmetric results with § = 0 and ) = R, = 1.5 displayed in the same
format as the results in Figure [3] In the parametric simulations the mesh size at ¢ = 0 was taken
to be h ~ 0.1. As in Figure 3| we see that for all four combinations of o and ~y there is very good
agreement between the solutions of the parametric scheme and its analytical solution. In addition we
see that for 5 =0,a =1, 5 = 0.1 and @ = 7 = 0.1 the diffuse—interface solution is much closer
to the analytical solution than it was for the original model, we also note that for 5 = 0, a = 1,
v = 0.1 we set ¢ = 0.04 rather than the larger value ¢ = 0.075 that was used for the original model.
Similar to the original model, the results of the diffuse—interface model with 8 = 0, « = v = 1
and o = 0.1, v = 1 are not good and so in the subsequent simulations we will not include any
diffuse—interface results using these parameter combinations.
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Figure 9: Comparison of the radius (upper plots) and the pressure v at ¢t = 0.5 (lower plots) with
6 =0,a=1,v = 0.1 (first column), 5 = 0, = v = 0.1, (second column), § =0, = v =1
(third column) and 8 = 0, « = 0.1, v = 1 (fourth column). The upper plots display ¢ against R,
on the x— and y—axis, respectively. The lower plots display r against u, again on the z— and y—axis,
respectively.

652 R2:5=0,aa=10,v=1.0
v

As in the case for v = 0, with the initial data chosen, an ellipse with length 0.5 and height 1.0, our
simulations show that for 5 = 0, « = v = 1.0 the geometry tends to a radially symmetric steady
state, with the radius of the resulting circle decreasing as [3 increases.

653 R?:8=0,a=0.1,v=1.0

The parameters v = 0, & = 0.1 and § = 1.0 gave rise to the geometries displayed in Figure [3]
however for the parameters 5 = 0, a = 0.1 and v = 1.0, such that the curvature term in the Robin
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boundary conditions for u is removed, the initial ellipse with length 0.5 and height 1.0 shrinks to a
point.

654 R?:5=0,aa=10,v=0.1

Figure [I0] presents results with 5 = 0, & = 1 and v = 0.1, displayed in the same format as the
results in Figure [] The solutions are displayed at times ¢t = 0, 15,30, 45 (columns one to four
respectively). As in Figure [f] we see good agreement between the parametric and diffuse—interface
schemes. When comparing Figure [I0] with Figure[6| we see that the additional curvature term in the
Robin boundary conditions for u gives rise to more a rounded structure in the geometry.
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Figure 10: Simulations for § = 0, « = 1.0 and v = 0.1 at ¢t = 0, 30, 45: u;, given by the parametric
scheme (top row), u, given by the diffuse—interface scheme (middle row), ¢, (in red and blue) from
the diffuse—interface scheme and X}, (in white) from the parametric scheme (bottom row).

Figure[T1]shows the merging of two circular tumours. The results are obtained from the diffuse—
interface scheme with 8 = 0, « = 1.0, v = 0.1 and ¢ = 0.04 and the solutions are displayed at
t = 0,1,20,30. The initial geometry is given by two circles of radius 1.0, with centres at (1.3, 0)
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and (—1.3,0). This example highlights the power of the diffuse—interface model as the parametric
model would not be able to handle directly the topology change that takes place when two tumours
merge.
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Figure 11: Simulations for 5 = 0, « = 1.0and v = 0.1 att = 0, 1, 20, 30 using the diffuse—interface
scheme, with 4, displayed in the top row and ¢y, in the bottom row. Such simulations illustrate the
complicated pathologies that can result even for the current simple tissue—growth model.

655 R?:8=0,aa=0.1,~v=0.1

Figure[I2] presents results with 5 = 0, « = v = 0.1 displayed at ¢ = 0, 3, 7. We see good agreement
between the parametric and diffuse—interface schemes. This is in contrast to the corresponding sim-
ulations with v = 0, « = § = 0.1, displayed in Figure [f] where the results from the parametric and
diffuse—interface schemes are displayed at different times.

In Figure [I3] we display results using the parametric scheme with 5 = 0, @ = v = 0.1. Here the
initial geometry I'(0) is purposefully chosen to reduce symmetry. To create the initial geometry we
perturb an ellipse of length 0.5 and height 1.0 by a distance of 0.2sin(66) in the normal direction,
where 6 is the polar angle. We present the solutions at ¢ = 0, 2.3, 4.6, 6.9.

6.56 R?>:5=0,a=1.0,v=0.05 0.025, 0.01

In Figure (14| we show the effect that reducing  has on the evolution of the tumour. We set 8 = 0,
a = 1.0 and consider three values of v: v = 0.05 at t = 20 (left plot), v = 0.025 at t = 14 (centre
plot) and v = 0.01 at ¢ = 11.6 (right plot). From this figure we see that as v is reduced the extent to
which the tumour extends in the horizontal direction is also reduced.
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Figure 12: Simulations with § = 0, « = 0.1 and v = 0.1 at t = 0, 3, 7: uy, given by the parametric
scheme (top row), u;, given by the diffuse—interface scheme (middle row), ¢, (in red and blue) from
the diffuse—interface scheme and X}, (in white) from the parametric scheme (bottom row).
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Figure 13: Simulation using the parametric scheme with 8 =0, =~y =0.1att =0,2.3,4.6,6.9.
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Figure 14: Simulations for 5 = 0 and o = 1.0, with v = 0.05 at t = 20 (left plot), v = 0.025 at
t = 14 (centre plot) and v = 0.01 at £ = 11.6 (right plot).

657 R*:5=0,a0a=10,v=0.1

Weset 5 =0, a = 1.0, 7 = 0. 1 and ) = 1.25 and the initial geometry I'(0) is given by the oblate
spheroid with equation <* 02 + & 52 + % =1.

In the parametric examples the mesh size was taken to be h ~ 0.15 at ¢ = 0, and we set
At = 5 x 1073, In the diffuse—interface examples we set ¢ = 0.1, hmaz,r = 0.011, hppagm =~ 0.045,
Pomaz.c = 8.485 and we set At = 1073,

Figure [I5] displays results from the parametric scheme at ¢ = 0,7, 13. In this figure we display
the surface ', in three different orientations: looking down the x axis (first row), down the y axis
(second row), and a cross section in the plane z = 0 (third row). We also display the solution u;, on
a cross section in the plane z = 0 (fourth row).

In Figure [16] we display results from the diffuse-interface scheme. We display the zero level
surface of ¢, in three orientations: looking down the x axis (first row), down the y axis (second
row), and a cross section in the plane z = 0 (third row). We also display plots of the solution %, on
the zero level surface of ¢; on a cross section in the plane z = 0 (fourth row).

6.6 Summary of the numerical simulations

From the above results we see that the model gives rise to complicated structures developing from
simple elliptical geometries. Comparing Figure [I2] with Figure [13] we see the complexity of the
structure increases with the complexity of the initial geometry. The additional curvature term in the
Robin boundary condition for the pressure that is present when 5 # 0, results in a more compact
rounded geometry, compare Figures[6]and[7]with the corresponding Figures[T0Jand[I2] From Figures
6} [7[10]and[T2) we see that significantly larger values of the pressure, u, on the boundary are achieved
with o = 1 compared to o = 0.1, whereas the difference between the minimum values in the interior
is much smaller.

In Figure [T1] simulations from the diffuse—interface model show two tumours merging to form
a single tumour. The change in topology that occurs in this example is naturally handled by the
diffuse—interface model and demonstrates the power of this model, in addition it illustrates the
complicated pathologies that can result even for the current simple tissue—growth model
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Figure 15: Parametric scheme with 3 = 0, « = 1.0, v = 0.1: looking down the x axis (first row),
looking down the y axis (second row), cross section in the z = (0 plane (third row), and wu; on the
plane z = 0 (fourth row). Taken at ¢t = 0,7, 13.
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Figure 16: Diffuse—interface scheme with 5 = 0, « = 1.0, v = 0.1: looking down the z axis (first
row), looking down the y axis (second row), cross section in the z = ( plane (third row), and 1, on
the plane z = 0 (fourth row). Taken at £ = 0,7, 13.



30 J. Eyles, J.R. King and V. Styles

7 Discussion

We conclude with some observations, noting possible extensions to the work and highlighting open
problems.

The formulation (I.1)) - (1.3)) derived and analysed above represents arguably the simplest macroscale
spatially structural model for tissue growth (another of comparable complexity replaces Darcy flow
with Stokes flow) and hence bucks the current trend in which, for good reason, numerous additional
mechanisms are incorporated with the goal of achieving better biological realism. It nevertheless ex-
hibits growth morphologies sharing features of those much more complicated models, allowing the
associated mechanisms much more readily to be identified and mitigating against possible pitfalls of
assuming responsibility for behaviour that is in fact rather generic to specific biological processes.

The biological aspects implicit in pertain primarily to the constitutive assumptions made
on ky(c), kq(c), D(n) and K (c), on the interpretation of A and on the choice of Darcy flow. Ob-
vious generalisations would include the inclusion of active cell—cell interactions (necessitating the
adoption of genuinely multiphase models), the adaption of more complex and realistic constitutive
laws for the mechanics and the proper treatment of the exterior domain - notably, replacing the
Dirichlet condition on ¢ in by describing exterior nutrient transport would allow the inclusion
of Mullins—Sekerka instabilities as well as those of Saffron—Taylor type captured above (whereby
the exterior is in effect inviscid and fingers are prone to develop due to a self-reinforcing mechanism
whereby for the sink it is easier to pull in tissue in directions for which there is less to pull). We
believe the current framework provides a firm and well-characterised basis on which to incorporate
such additional effects.

From a mathematical perspective, open problems for rigorous analysis abound in this context,
including the derivation of the thin—rim limit, the analysis of the travelling—wave boundary value
problem and the derivation and analysis of the thin—film evolution equation from the appendix, the
last of these having been successfully applied in many contexts, including in biological ones such
as the growth of bacteria biofilms. From both the formal and rigorous point of view more could
be done by way of weakly nonlinear analysis on the basis of the linear—stability results and plau-
sibly exploiting bifurcatia—with—-symmetry approaches. Changes of topology result from evolution
beyond that demonstrated in Figure [/, for example, with the parts of the boundary that become
isolated from the exterior requiring specific modelling. We record here the simplest such scenario,
namely a concentric circular annulus s1(t) < r < s5() containing passive material in 0 < 7 < s (¢)

that is devoid of nutrient, so that
10 ou !
—_— /]"— o
ror or

af . ou

atr = s51(t), u=—, 51 = ——

1(t) S1 ! or
. t) « 4 oad. § ou
atr = s U= — + a8y, So = — —
2 ) 5o 2y 92 87"

(since no kinetic—undercooling regularisation is present at r = s;(¢), the limit « — 0 with o8 =
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O(1) needs to be taken there). Hence

u = ;LTQ + A(t)Inr + B(t)

with sq, s, A and B given by the system

: 1 A 0 1 A
ST =——81 — — So — — =89 — —
1 2 1 81’ 2 2 2 827

1 1
—s%%—Alnsl—l—B:—%, —S§+A1D82+B:—%+a$2,
4 S1 4 So

the most revealing aspect of which is its large—time behaviour

S9 — 81~ @, (1+2) szlet ast — oo,
Q 2

which is equivalent to the corresponding one—dimensional solution that provides the dominant bal-
ance in the growing but asymptotically constant thickness, annulus. The stability or otherwise of
this solution highlights more general, and challenging, open questions regarding the full bifurcation
structure of solutions in order to characterise the variety of possible large—time outcomes. Finally
we note that for § = 0 time-reversal (¢ = —t, u — —u, V — —V) of - leads to a
meaningful problem comprising a volumetric source and surface sink of possible reference to drug
treatment from the exterior of nutrient-rich tissue, though the assumption on the viscosity ratio
would need reversing if the kinetic—undercooling term is to be retained.
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Appendix: The thin—film limit

In this appendix we apply thin—film methods to — (L.3) in a traditional way (indeed, when the
radially symmetric solution is unstable, this is perhaps the most natural next regime to study, moti-
vation being provided by numerical results such as those in Figure 4)) to derive the novel evolution
equation (A.T)), but supplement this derivation with a warning about its limited applicability. We
consider here a tumour that is initially thin and, for brevity, two—dimensional and symmetric about
the x—axis. Thus we take I to be given in y > 0 by

y = eh(z,1),
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with 0 < € < 1, and rescale via y = €Y to give

Fu, 0
Y2 €8x2 £
ou
5y =0 aty =0, (A1)
oh o\ \?  ou Oh du
290 2 2 (Y _ 2= 2 =
Sy 8Q<1+8 (8x>> 0Y+88x8:13 atY = h(z,t),
2
! Oh _u, ! OTh sy = hia 1),

(1+e2(2y2)2 O (1 4 g2(2hy2ys O
where to obtain a distinguished limit we have also rescaled () and «, replacing () by €() and « by
afe.

Integrating with respect to Y from 0 to i gives

o ([ ["ou oh , (OR\° :

where the final boundary condition has yet to be used; taking ¢ — 0 gives at leading order that

__(Oh 0k
Y=Y\ T Pa )

oh 0 ou
—=—|h— —h
ot Oz ( 8x) @
so an evolution equation with both a pseudoparabolic and a fourth—order regularisation, namely
oh 0 0?h 9h
—=a—|(h - = —h A2
ot O‘ax( (895875 Bf)x?’)) Q=h, &-2)

ensues. While interesting in its own right, (A.2) contains no destabilising terms, contrary to the
conclusions above about the prevalence of instabilities. To explain this conundrum, which amounts
to a warning against the naive application of thin—film approaches ((A.2)) does not in and of itself
provide such a warning, being a composite of well-established types), we now complement the cur-
rent analysis by characterising the stability properties of the one—dimensional solution (the results
being of more general local relevance for slender initial data), retaining for subsequent transparency
the scalings in (A.I)); ¢ amounts to an artificial small parameter that can be removed from (A.3)) by
reverting the previous scalings via « — ca and h, — h,/c.

Thus the planar solution © = w,(Y,t), h = h,(t), in which surface tension of course plays no
role, is given by

52

. 2 .
hy=Q—hy uy= Y= %h§+ahp.
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Perturbing in the form
we up(V, )+ 0U (@, Y, 1), b hy(t) + 6H(z, 1),

and retaining terms that are linear in ¢ only gives

aQ_U + 282_(] =0
av? " 92
ou
6_Y =0 aty = s
0H ou  0H 1 0*H
P = H - —, —=—(h,H+U tY = h,(t).
o oV’ or ol UG Ay =)
Hence for
A A
U = A,(t) cosh(eXY) C_OS( z) ., H=DB,t) C_OS< ?) :
sin(Az) sin(A\z)
we obtain
dB, : dB, 1
5 = —eB,, — A, sinh(eAh,), = —(’h, B, + A, cosh(e\h,)) — BA*B,,
dt dt o)
so that

(e + aXtanh(eAh,)B,) = —afA\* tanh(eAh,) B, — B, + £2\h, tanh(e\h,) B,.. (A.3)
In the limit ¢ — 0, A = O(1), this recovers the linear stability result for (A.2)), namely
(14 aX*h,)B, ~ —af\*h,B, — B,,

but for short wavelengths, A = pi/e, and small 3, § = e1b, we obtain a different distinguished limit
which is in no way foreshadowed by the thin—film analysis, namely

dB,
=g = phy By, — abu® B, — coth(uh,) By,

wherein 7' = <t, in which the first term on the right-hand side will lead to instability for sufficiently
large h,, limiting the range of applicability of the thin—film approach and reflecting a more general
property of that can also be exhibited by other distinguished limits. Thus the linear—stability
analysis represents an essential adjunct to the thin—film description in characterising the evolution
from slender initial data. With regard to the interpretation of the numerical results above, it is also
important to note that when () in is large the domain may in any case cease to be slender
simply due to the associated growth in the y direction; moreover, a thin—film analysis is not of
course applicable close to the tips.
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