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We consider a diffuse-interface tumor-growth model which has the form of a phase-field
system. We characterize the singular limit of this problem. More precisely, we formally
prove that as the coefficient of the reaction term tends to infinity, the solution converges
to the solution of a novel free boundary problem. We present numerical simulations which
illustrate the convergence of the diffuse-interface model to the identified sharp-interface
limit.
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1. Introduction
1.1. D:iffuse-interface tumor-growth models

Diffuse-interface tumor-growth models have been studied recently in several
articles.3%:18:28,27:29 \We refer to the reviews in Refs. 17, 19, 33. The basic model is
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composed of a fourth order parabolic equation for the tumor cell phase u : 2 — R
coupled to an elliptic equation for the nutrient phase o : Q — R:

ug = A(—e L f(u) — eAu) + e poou (1.1a)
0= Ao — e 'poou, (1.1b)

where 2 is the diffusivity corresponding to the surface energy, the positive constant
po is a proliferation growth parameter, and f is a bistable function.
Introducing the chemical potential u : 2 — R, given by

pi=—c 1 f(u) — eAu,

(1.1a)-(1.1b) becomes

ug = Ap + e tpoou, (1.2a)
p=—c1f(u) — eAu, (1.2b)
0=Ac — e 'pyou. (1.2¢)

The above system models the evolution of the first stage of a growing tumor.>

In this stage a tumor grows because of the consumption of nutrients that diffuse
through the surrounding tissue. This stage is referred to as avascular growth, as the
tumor has not yet acquired its own blood supply to nurture itself. Consumption
of nutrients is modeled in (1.2a) and (1.2c) via the reactive terms. To describe the
evolution of the tumor boundary a diffuse-interface description is employed. This is
classically modeled in (1.2a) with a diffusion via the chemical potential ; which de-
pends in a nonlinear manner on u and contains the higher-order regularization eAu,
see (1.2b).

Diffuse-interface tumor-growth models fall within the broader class of multicon-
stituent tumor-growth models based on continuum mixture theory.*%:¢ The deriva-
tion of diffuse-interface models within continuum mixture theory has been reviewed
in Ref. 33, and requires the set up of balance laws for each constituent as well as the
specification of constraints on the constitutive choices imposed by the second law of
thermodynamics. Typically, only the cellular and fluidic constituents of a tumor are
modeled as parts of a mixture, while nutrients are considered separately. Recently
however, a diffuse-interface tumor growth model has been proposed that incorpo-
rates all constituents within the mixture and is proven to be thermodynamically
consistent; see Ref. 28. In fact, the model is of gradient-flow type.

The model from Ref. 28 is a modification of (1.2) and it is given by:

ug = Ap+ e tp(u) (o — o) (1.3a)
p=—cf(u) —ecAu (1.3b)
o= Ao — e 'p(u)(o — 6p) (1.3¢)

where > 0 is a small regularization parameter, and the growth function p(u) is
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f(s)

-1 0 1

Fig. 1. Example of the bistable function f(s).

defined by
2por/ W (u ue|—1,1
plu) = | 2PV V) I=1,1] (1.4
0 elsewhere.
Here W (u) := — [*, f(s) ds is the classical Cahn-Hilliard double well free-energy

density. We assume that the bistable function f(u) has two stable roots £1, an
unstable root 0 and mean zero: fil f(s)ds = 0. See for an example Fig. 1.

Note that in (1.3a)—(1.3c) we have chosen a particular space-time scaling de-
pendent on &, which in our opinion is one of the interesting cases. In particular, the
reactive interaction between u and o responsible for growth, the diffusion of o, as
well as curvature effects will be shown to survive in the limit. The current study is
most likely very useful in the study of other possible scalings.

The above model has the following multi-constituent interpretation: a tumorous
phase v =~ 1, a healthy cell phase u ~ —1, and nutrient-rich extracellular water
phase o > 0. We refer to Ref. 28 for the interpretation of ¢ as part of a mixture.

Note that, compared to (1.2a)-(1.2¢), the reactive terms have been modified to
be thermodynamically consistent. They include a regularization part du and they
have been localized to the interface (since p(u) is nonzero if u € (—1,1)); see Ref. 28
for more details. The unknown pair (u, o) is a dissipative gradient flow for the energy
functional

E(u,0) = /Q (vl + éW(u) + ‘2’;)

We refer to Theorem 1.1 for the proof of this property in a slightly more general
context.

Note that there are various scalings of interest (cf. for instance Ref. 12) and that
the one chosen in the definition of £(u, o) above is only one of them. Furthermore,
an important extension of the above energy includes effects due to chemotazis. We
shall not consider chemotaxis in this work, as this deserves a completely dedicated
study of its own.
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In this work, we shall be interested in the singular limit ¢ | 0 of (1.3a)-
(1.3c) together with homogeneous Neumann boundary conditions. We furthermore
shall be interested in numerical simulations which validate the identified singu-
lar limit and which go beyond the assumptions underlying the theory. We note

that many articles involving singular limits have appeared over the years315:34:2,13

25,32,31

including overviews and numerical studies?#!4. Articles involving formal

asymptotics’1112 are of particular interest for the analysis in for this paper.

1.2. The main results

We have to deal with a fourth order equation, at least if we substitute (1.3b) into
(1.3a), which is a generalization of the Cahn-Hilliard equation. In this form, it seems
complicated to deduce the singular limit; on the other hand, it is quite standard
to pass to the limit in the Allen-Cahn equation and thus in associated phase-field
models as well. More precisely, one knows how to pass to the limit as € — 0 in the
equation

auy = Au + é(f(u)—i—au),

namely equation (1.5b) below (cf. section 3.2). This motivates us to first consider
the corresponding phase field approximation (1.5a)-(1.5¢) and pass to the limit as
€ — 0 in this problem. Setting @ = 0 in the corresponding result then yields the
limit of the original Cahn-Hilliard type system.

It will turn out that the problems in both cases a > 0 and o = 0 are gradient
flows and that the corresponding limit problems as ¢ | 0 are also gradient flows.
This will be discussed in the sequel.

In order to study the singular limit of Problem (1.3a)-(1.3¢c) as € | 0, we therefore
introduce the following phase-field model

aps +us = Ap 4+ e p(uf) (0 —6p)  in Q x (0, 400), (1.5a)
et — auf = —e2f(uf) — Auf in © x (0, 4+00), (1.5b)
0f = Aot — e p(u) (0 — 6p)  in Q x (0, +00), (1.5¢)

together with the boundary and initial conditions
%‘f = %f = %C’: =0 on 99 x (0,+00),|  (1.5d)
apt(-,0) =auy, u(-,0)=uy, o°(-,0)=05, on . (1.5¢)

Here, Q is a smooth bounded domain of R¥ (N > 2), v is the outer unit normal vec-
tor to 02 and « is a positive constant. We denote by (P:) the problem (1.5a)-(1.5¢).
Setting a = 0 in the singular limit of Problem (P.), we will obtain the singular limit
of Problem (1.3a)-(1.3c). Problem (P:) possesses the Lyapunov functional

ap?  o?

[ (Eroy st op”  o”
Buungio)i= [ (51Val+ 2W(w + 5+ 55).
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We will prove in section 2 that Problem (P.) is a gradient flow associated to the
functional E.(u, p,o).

Theorem 1.1. Let (u®,pu®,0°) be a smooth solution of Problem (P.). Then
E.(u®, u®,0°) is decreasing along solution orbits.

We will show in the following that, if in some sense
ue—pu, ut—u, o°— o,

then the triple (i, u, o) is characterized by a limit free boundary problem, where the
interface motion equation appears as the limit of the equation (1.5b). A rigorous
proof of the convergence of the solution of the equation (1.5b) may for instance be
found in Ref. 1. According to Ref. 1, the function u only takes the two values —1
or 1 and the interface which separates the regions where {u = —1} and {u = 1}
partially moves according to its mean curvature.

Assumption on initial conditions: We assume that as € | 0,
Ho — fo, Uy —> U, O — 00,

in some sense and that there exists a closed smooth hypersurface without boundary
'y CC Q which divides Q into two subdomains Q1 (0) and Q~(0) such that

-1 in Q(0),

1 in Q+(0).
We also assume that Q(0) is the region enclosed by T'g and that Q7 (0) is the region
enclosed between 02 and T'y.

Now, we are ready to introduce a free boundary problem namely the singular
limit of Problem (P:) as € | 0:

1 in Q*(t),t € (0, T
w(w,t) = in 25(¢),t € (0,7 (1.72)
-1 in Q(¢),t € (0,7
aV,=—(N—-1)k+Cpu on I'(¢),t € (0,7 (1.7b)
oty + ug = Ap + 2v2po (o — 8p)dg(z — T(t))  in Q x (0,77, (1.7¢)
oy = Ao — 2v2po(0 — dp)do(z — T(t)) in Q x (0,77, (1.7d)
together with the boundary and initial conditions
ou  Oo
% = % =0 on 0N x (O,T], (176)
au(-,0) =aug, o(-,0) =09, on €, (1.71)
1(0) = T, (1.7g)
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Here, T'(t) CC Q is a closed hypersurface; Q7 (¢) is the region enclosed by I'(¢);
Q= (t) = Q\ (QF(t) UT(t)); & is the Dirac distribution; V,, : I'(t) — RY is the
normal velocity of the evolving interface I'(t), & is the mean curvature at each point
of I'(t) and

-1

1
C = {/ VW (s)/2 ds]

—1
We denote by (FPp) the problem (1.7a)-(1.7g) and define

Ipi= [ J T(t) x {t}.

t€(0,T]
Definition 1.1. We say that the triple (I'r, i, 0) is a solution of Problem (FPp) if

(1) the set U I'(t) x {t} is smooth, namely I'(¢) is a smooth hypersurface which
0<t<T
lies entirely within  for all ¢ € [0,7] and T'(t) varies smoothly in time;
(2) for all test functions

Y € Fr:={y € C*'(Qx[0,T)) such that g—f =0 on 00Qx[0,T] and ¥(T) = 0},

we have

/OT /Q(—ozu —u)hy — /Q(CWO + u0)9(0)
_/OT/Q;LM;+2f2po /OT /F(t)(a—éu)zb, (1.8)

and
/oT /Q TV /QUW(O) = /OT/QUA#J —2v/2p, /OT /F(t)(a — Sp)p.

Now, in order to state the next result, we need some notations. Let n™(t),n™ (¢)
be the outer unit normal vectors to 9QT(t) and 90~ (t), respectively. Note that
nt = —n~ on I'r, so we may define n := n™ = —n~ on I'r. We define [-] the jump
across I'(t), by [¢] := ¢t — ¢, where ¢* should be understood as the following
limit

6% () = lim (- + pn(1)) on D(t).
p—0~
We also define

Qf = |J f@ x{t}, and Qr = |J @@ x{.

te (0,7 t€(0,T
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Theorem 1.2. Assume that Problem (Py) possesses a solution (I'r, p, o) such that
I'r is smooth on the time interval (0,T") and that p and o are smooth up to I'r on
both sides of T'r. Then the triple (I'r, p, o) satisfies:

apy = Ap in QF UQr, (1.9a)
o= Ao on QF UQr, (1.9b)
[l =[] =0 on I'r, (1.9¢)
[[g—z = —2V,, 4+ 2V2po(0 — 6p)  on Tp, (1.94)
[[g—:b]] = —2V2py(0 — p) on T'p, (1.9¢)
aVy,=—(N—-1r+Cpu on I'rp, (1.9f)
together with the boundary and initial conditions
ou  Oo
w(-,0) = po, o(-,0) =09, onQ, (1.9h)
) =Ty. (1.91)

In this case, we say that (U'p, u,0) is a classical solution of Problem (Py) on the
time interval [0,T].

Problem (Pp) possesses the Lyapunov functional

2 ap?  o?
ET, p,o0) ::CAIdF+/S]<5+%),

which is analogous to the Lyapunov functional satisfied by Problem (F;).

Theorem 1.3. Let (I'p,p,0) be a classical solution of Problem (Pp). Then
E(T, pu,0) is decreasing along solution orbits.

Finally, we will formally prove the following result.

Theorem 1.4. Let (u,u®,0%) be solution of Problem (P.). We suppose that Prob-
lem (Py) possesses a unique classical solution on the interval [0,T]. If e — 0,

ue—pu, u° —wu, o — o in a strong enough sense,

then (I'r, p, o) coincide with the classical solution of Problem (Py) and u is given

by (1.7a).

We note that the singular limit corresponds to a moving boundary problem
which is similar to other sharp-interface tumor-growth models.26-8:20:7:10,39,18 The
interesting characteristic of the current singular limit is that the reactive terms of
the phase-field model collapse to the interface in the limit, which is different than

in some other models where the reactive terms remain as bulk contributions.
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The current identified limit is consistent with the multi-constituent mixture in-
terpretation. Indeed, in the diffuse-interface model, the tumor-cell concentration
and the healthy-cell concentration add up to a fixed cell concentration: pure tu-
mor cells where u = 1, pure healthy cells where u = —1, and a mixture at diffuse
interfaces.?® This means that in pure phases we have a full single-constituent cell
concentration. As a consequence, in a pure tumor phase the tumor concentration
can not increase further. Tumor growth thus happens within the diffuse interface,
where the tumor-cell concentration can increase at the cost of healthy cells (pro-
vided, of course, sufficient nutrients are available). Upon collapsing the thickness
of the diffuse interface, one thus expects a Dirac-delta term at the interface to be
responsible for front propagation.

The moving boundary problem (1.9) may be simplified by setting some param-
eters to zero or infinity (formally). In particular, two interesting simplifications are
possible. The first one is when I'(¢) propagates because of nonzero o at I'(t), and
o satisfies a steady interface problem. This is a so-called tumor-front propagation
with quasi-steady nutrient evolution. The second one is when I'(¢) propagates sim-
ply because of a constant nonzero o = gy. These two simplifications allow for direct
comparisons with numerical simulations of the diffuse-interface model. We will take
up such a comparison in Section 4 with 2-D and 3-D numerical simulations using
the energy-stable scheme from Ref. 40. We verify the convergence of the diffuse-
interface model to its sharp-interface limit, and explore a situation with topological
changes which is not covered by Theorem 1.2.

The remainder of the paper is organized as follows: In Section 2 we prove The-
orem 1.1, Theorem 1.2 and Theorem 1.3; In Section 3, we formally justify Theo-
rem 1.4. Finally in Section 4 we present numerical experiments.

2. Proof of the main results
2.1. Proof of Theorem 1.1

It is sufficient to prove that

%Es(ug,,ug, 0°) <0. (2.1)
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For simplicity, we write u, p1, o instead of u®, ¢, 0¢. Now, the inequality (2.1) follows
from the following computations:

d

%EE(uaﬂv o) = / (6VuVm + e W (w)ur + gy + @)
Q

4]

[~ f(u) — eAulus + oups + %)

Il
S
i

(n— asug)us + auut) + /Q %(Aa — e p(u)(o — 5u)>

- —/Qasuf +/Qu(ut + apy) + /Q %(AU — e p(u)(o - 5M)>
= —/Qaeuf +/QM(AM+€_IP(U)(U - 5#))

<0.

2.2. Proof of Theorem 1.2

First, we recall that n™(¢),n(¢) are the outer unit normal vectors to 9Q* (¢) and
90~ (t), respectively and n :=nt = —n~ on I'r. We define V,, = Vin,, where V is
the velocity of displacement of the interface I'r.

2.2.1. Equations for i
We recall that u, p satisfy

/ ! [ == [ (oo -+ w0
:/OT/QMA1/J+2\/§I?O /OT/W)(U—M% (2.2)

for all ¢» € Fpr. We define the terms A1, Ay and the diffusion term B by

Ay = /OT/Q—auwt, Ay = /OT/Q—uwt, and B := /OT/QMAw.
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Analysis of the terms A; and As: Our analysis of the terms A; and As relies
on the Reynolds transport theorem, by which we have

< R /Q o (6 + ou) = /F | Vot

for all smooth function ¥ and for function ¢. These equations for the integrals over
QF(t) yield

d
d _ V., [6]0.
S AR /Q o (60 -+ o) + /F  Valoly

Hence we have

d
bty — Vi [ol — — . (23
/m(t)uﬂ(t) P /m(t)ug(t) . /I"(t) Lo} de /m(t)un(t) v (2:3)

In our case, we choose ¢ := ap in (2.3) and integrate from 0 to 7. This yields

T T T d
a= [ e [ Viwo- [ 3 [ g
o Jarmua-@ o Jre o 4t Jarwua-

T T
_ v, 0)¥(0). (2.4
/0 / o / /m“ [l + / oy HOVO- @20

Similarly, we apply the formula (2.3) for ¢ := u to obtain

A2 = /OT /QJr(t)UQ(t) wy /OT /F(t) Y [[U]WJ - /Q+(0)UQ(O) U(O)qﬁ(g)

T
=2 Va 0 0). 2.5
/0 /m) o+ / o MOPO (2.5)

Analysis of the term B: We write B as the sum

B:/OT</Q+(t)MAq/J—|—/Q(t),uA1/)>.

Integration by parts yields

oY _
[owsi= [ wuwus [
Q- (1) Q- (t) r(t) on
o~ o oy _
= Apyp — Y= | v+ K
/Q—(t) r(r) On~ o0 OV r(y) On~
ou~ 0 oy _
— [ [ S [ Sy [
Q= () r'(t) on aq OV I'(t) on

and
ou™ 0
[oowso= [ [ gy [ S
Q+(t) Q+(t) r() on r() on

which implies that

ou 0 ou
qu—/ App — -1+ - ¢
/m(t)uﬂ(t) QO+ (HUQ- (1) (t) 8n]] () 871[[ : a0 OV
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Integrating this identity from 0 to 71", we obtain

T
L
o Jotmua- (@
T a,(/} /T/ 8,&
+ - i L
/ /r(t) 5” /0 /r(t) 3”[[#]] o Joo 3V¢

Conclusion: Combining (2.2), (2.4) (2.5) and (2.6), we then have for all ¢ € Fr,

/ /Q+(t)UQ (t) aﬂtw+/ /F(t) e

/ a(1(0) — 10)ep(0) + / (u(0)  0)(0)
Q+ (HUQ- (1) Q+ (U (t)

O+ (1N (1) r(s) ‘9” oT m)Zn o oT anV
S R A B LR A B T
+/OT /F(t) 2V2po (0 — Sp)p. (2.7)

By using test functions with suitable supports, namely ¢ € C§° (Q;) and ¥ €
C5°(Q7), we deduce that
ap = Apin QF UQr. (2.8)
0
Similarly, by taking ¢ € C§°(Qr) such that 8—¢ =0 on I'y (we refer to Remark 2.1
n

below for the construction of such functions), we obtain

0
V(2 + afu]) = —[[%]] +2v2po (o — 6p) on Dy (2.9)
Now, we take ¢ € C3°(Qr) to deduce that
T 81/1 -
—[u] =0forall ¢ € C5°(Qr). (2.10)
o Jrw on
Therefore,
[#] =0 on I'r. (2.11)

It follows from (2.9) and (2.11) that

0
2V, = —[[8%]] +2v2po(o — 6p)  on Tp.

Now, for the initial conditions, we use the test function ¢ € F7 such that ¢» = 0 on
02 x (0,T) to obtain

u(0) + ap(0) = ug + apo,
which in view of (1.6) implies that

1(0) = po,  u(0) = ug
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Finally, the remaining term in (2.7) allows us to conclude that

0
8—’: =0.
Therefore, i satisfies the equations:
o = Ap in Q% U Q.
2V, = —[[g—/;]] + 2v2po(o — dp) on 'y,
[l =0 on I'r,
together with the boundary condition and the initial condition:
Y0, ) = o

Remark 2.1. Let ¢ € C5°(Qr). In the following, we construct a function ¢ €
C§°(Qr) such that

o
%h‘T
Let d(z,t) be the signed distance function to I'(t) (see (3.3) below). Since

U T'(t) x {t} is smooth, there exists § small enough such that d(z,¢) is smooth
0<t<T
in

=0 andy=v¢ on Ig. (2.12)

V= {(z,t) € @ x [0, T],|d(x,t)| < 6};

moreover for all (z,¢) € V there exists a unique (y,?) in I'(t) x {t} such that
|d(z,t)| = | — y| and (Vd(x,t),t) = n(y,t). More precisely,

(y,t) = J(z,t) == (x — Vd(z,t)d(z, 1), ),

where the projection operator J is a smooth map from V into RV*+1. We define 1
on V by

¥() = (T ()
Then 1 is smooth on V and (2.12) holds. Moreover, we can extend 1 to a smooth
function on Q7.

2.2.2. FEquations for o

Since the computations in this section are similar to the previous ones, we will only
give a sketch of the necessary steps. For ¢ € C§°( , we have

/ / —o)y = / /O‘A¢ — 2\[170/ /F(t) o — ) (2.13)

We define two terms
T T
= / / —oy and D := / / oA
0o Ja 0o Jo
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One can easily deduce that

T T
C:/‘/ @¢+/(/ Valoly,
o Jatwua- () o Jre

and

T T
RS O O
o Jaotwua- @ (t) 5” o Jrw On

It follows that

T T T
] i [ mszj‘/ Ao
0 Jormua- () () O+ (U ()
T
—[o] —2\[p / / (0 —dp)
/ /I"(t) 3” /0 (1) 3“ 0 (t) WY

and hence we have

or = Ao
(521 = ~2v3po(o — 31
anl = Polo M

[o] =

This concludes the proof of Theorem 1.2

2.3. Proof of Theorem 1.3

We prove below that

dt

B, o)

<0.

in Q; UQr,
on FT,

on FT,

(2.14)
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The inequality (2.14) follows from the following computations and Theorem 4.3
p.355 and (4.12) p.356 in Ref. 21:

d
—E(
dt ( 7“70-)

= 2 /(N - eV, —l—/ (a,u,ut + 5*10%)
CJr Q+tuQ-
2 -1
=— [ [Cu—aV,]V, + (auut + 9 ao’t)
CJr Q+tuQ-

2
:/2an—/an+/ <,uAu+5_10Aa>
r r C QtuQ—

_ _ on _ [ 220 -1
—Au( ﬂan]]+2\/§p0(a 5,u)> T V,; +/Q+UQ_ (MAMJF(S 0AJ>

2
= / 2V 2pop(o — dpu) — —aVnQ —/ V) -|—/ s toAo
r r C Q+ruQ- Q+tuQ-

20
_ / 2Bpopulo o) — [ 2002 - / VP
T I QTtuQ—

|Vo|? / 4 0o
_ 5 el
/Q+uQ— 4 * r U[[an]]

which in turn implies that

d
—E(T
dt ( ”LL,O—)

- / 2V2po (1o~ 5u) — 5 oo — o))

2 2
— ﬁv'r? _/ |VM|2 _/ |VU|
T C Q+tuQ-— Q+tuQ-— J

2a |Vo|? o \2
= - VnQ—/ v2—/ —/2\/5 Vo — —=
r C QtuQ- Vil a+uo- 0 r po( : \/5)

<0.

3. Formal derivation of Theorem 1.4

This section is devoted to prove formally theorem 1.4. We shall derive in turn
equations for u, I'(t), u, 0.

3.1. Equation for u

First, we formally show that u only takes two values +1. To that purpose, we rewrite
Equation (1.5b) in the form

auf = Auf + e 2f(uf) + el
By setting 7 := t/e2, we obtain
aus = 2 Auf + f(u) +eps.
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When ¢ is small, we neglect the effect of diffusion term e2Au® and of the term ep®
with respect to the term f(u®), which yields the ordinary differential equation

du® R
= . 3.1
0" = f) (3.1)
Note that 7 — oo as € — 0. Remembering that £1 are two stable zeros of this
equation. We formally deduce that as e | 0

u®(xz,t) approaches —1 if u®(x,0) <0
(3.2)
u®(z,t) approaches 1  if u®(x,0) > 0.

This implies that the function v which is the limit of u® only takes two values +1.

3.2. Formal derivation of the interface equation
We define
QO t)={reQ: ulx,t)=-1}, Q@) ={recQ: u(z,t) =1},
and
L(t) == Q\(Q () UQT(t)).

Since roughly speaking, the regions {u = —1} and {u = 1} are the "limit” of the
regions {u® ~ —1} and {u® ~ 1} as ¢ — 0, I'(¢) can be considered as the limit as
e — 0 of I'*(¢) which is the interface between the two regions

{re: u(z,t)~—-1} and {xeQ: u°(z,t)~1}.
We recall that 0 is an unstable equilibria of Equation (3.1), and define
) ={x€Q: wu(x,t)=0} foreacht>0.
In what follows, we will use a formal asymptotic expansion to derive the equation
describing I'(t). We need some preparations.

1. Signed distance function: We assume that the interface I'(t) is a smooth, closed
hypersurface without boundary of R™V. Further, we suppose that Q7 () is the region
enclosed by I'(t) and that 27 (¢) is the region enclosed between 092 and I'(t). Let

d(x,t) be the signed distance function to I'(¢) defined by
dist(z, '(t)) for z € Q7 (1),
d(z,t) = (3.3)
—dist(x,T'(t)) elsewhere.
Note that d = 0 on 'y and |Vd| = 1 in a neighborhood of I'z.

2. Quter expansion: It is reasonable to assume that outside a neighbourhood of I'p,
u® has the expansion

u (x,t) = £1 4 eui (z,t) + 2ui (z,t) + ... (3.4)
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3. Inner expansion: Near I'r, we assume that u® has form
u(w,t) = Up(,t,€) + U (2, &) + €°Ua(,1,€) + . .. (3.5)

Here Uj(z,t,2),j > 0 are defined for x € 2, ¢t >0,z € R and £ := J(x,t)/e.

4. Normalization conditions: The stretched space variable ¢ gives exactly the
right spatial scaling to describe the rapid transition between the regions {u® ~ —1}
and {u® ~ 1}. We normalize Uy in such a way that

Uo(ﬂ?,t, 0) =0.

5. Matching conditions: For £ — +00, we require two expansions (3.4) and (3.5)
to be consistent, i.e.

Uo(z,t,—o0) =1, Uo(z,t,+00) = —1;
and
Uk (2,t, —00) = uf (z,1), Uk(z,t,+00) = uy, (z,1)
for all £ > 1.

Formal interface motion equation We will substitute the inner expansion (3.5)
into (1.5b). We will then compare the terms of the same order to determine equa-
tions of Uy and Uy. To that purpose, we start by some computations.
€ CAl; T
u; = Uyt + UOz? +eUy +Urde + ...,
. vd ~
Vu* = VU, + Uoz? +eVU + U, Vd+ ...,
vd Ad vd|
Au® = AUy +2— -VUy, +Uy,— + UOzz% + eAU;
€ € €

~ ~ d|
+QVd lez + Uled+U1zz|V€| + ey

F(w®) = f(Uo) +f' (Uo)Ur + O(e?),
pe = p+0(e).

Substituting u$, Au®, f(u®), u€ in (1.5b), collecting all terms of order €2 then yields

UOZZ + f(UO) =0
(3.6)
Uo(—OO) =1, Uo(O) =0, UO(—I—oo) =—1.
This problem has a unique solution Uy. Furthermore, Uy is independent of (z,t),

ie. Up(x,t,z) = Up(z) and thus, we write U/, Uj instead of Uy, Up... We have the
following lemma.
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Lemma 3.1. The solution Uy of equation (3.6) also fulfills the differential equation
Uy = —/2W (Uy).

As a consequence, [,(Uj(2))? dz can be written in the form:
1
/(Ug(z))2 dz = \/5/ T (5) ds.
R —1

Proof. Multiplying the above mentioned differential equation (3.6) for Uy by Uy,
we get

UiUy + f(Uo)UG = 0. (3.7)
Keeping in mind that W’(u) = —f(u), (3.7) can be read as
U/ 2\’
(“55) - vy —o (3.5)
Integrating this equation from —oo to z, we obtain
Uj(2))?
GO _ (w2, (39

Moreover, Uy is non increasing, therefore, we deduce that

Ub(2) = —/2W (To(2).

Consequently, we have

/R(U()(z))2 dz = —/RUé(z)\/QW(UO(z)) dz = fz/_l VW (s)ds.

This completes the proof of Lemma 3.1. O

We now collect the terms of order e 71 in the substituted equation (1.5b). Because

we have |Vd| = 1 in a neighbourhood of T'(£), we obtain
U.. + f'(Uo)Uy = Ul(ady — Ad) — p. (3.10)
A solvability condition for this equation is given by the following lemma.

Lemma 3.2 (see Lemma 2.2 in Ref. 1). Let A(z) be a bounded function for
z € R. Then the existence of a solution ¢ for the problem

{¢zz +f'(Uo(2))¢ = A(2) , 2 €R (3.11)
$(0) = 0,0 € L>(R)
s equivalent to

/R A()UY(=) dz = 0, (3.12)

Therefore, the existence of a solution U; of (3.10) is equivalent to

[ [W92G)ad: - Ad)(w.t) = utat)0y()] d= = 0 (3.13)
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for all (z,t) in a neighbourhood of the interface I'p. Thus,
~ ~ ) [ Uj(2)d 2 t
(0d, - Ad)(z,1) = 8D UoE A= 2ule,t) g
fR (UO(Z)) dz f]R (Uo(z)) dz

It follows from Lemma 3.1 that

V2u(x,t)

ady — Ad T,t) = ——r—r—. 3.15
(ady ) (1) ) ds (3.15)
~ i Ad .
Note that, on I'(t) we have n = n*|p = Vd, k = divin) _ _Ad and d; = —V,,.

N-1 N-1
Therefore, we deduce that I'(t) satisfies indeed the interface motion equation (1.7b):

Ve
f_ll VW (s)ds

where C := U_ll \/st]71 .

aVy,=—(N-1)kr+ —(N—-1)k+Cp  onTIp,

3.3. Equations for p,o
We will suppose that the following convergence holds in a strong enough sense:
uw— i, of —o

as € | 0 and derive the limit of the reaction term in (1.5a) and (1.5¢). To that
purpose, we first prove a stronger version of Lemma 2.1 by Du et al. in Ref. 22 (see

also Refs. 5, 30).

Lemma 3.3. Let v CC Q be a smooth hypersurface without boundary, d be the
signed distance to v, and let g € LY(R). Furthermore, let ¢¢ € L>(Q2) and V C Q
be a neighborhood v such that

|6l Lo (0) < C,

@° is continuous on V,

oF — ¢ uniformly in V.

We then have

1 e =

for a small enough neighborhood U C V of ~.

Proof. For simplicity, we prove this lemma in the three-dimensional case and as-
sume that the hypersurface v has a parametrization a. More precisely, we assume
that there exists an open set W of R? such that the mapping a from W onto 7 is
smooth and that a~! is continuous from v onto W. We write the function « as

a(z1,22) = (a1(21, 22), aa(21, 22), a3(21, 22)) for all (21, 22) € W.
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For § > 0 small enough, we consider n from W x [—4,§] to R3, which satisfies
T]T(Zlv 22, 7-) - Vd(T](Zl, 22, T))a
(21, 22,0) = a(z1, 22).

We write

77(21, 22,7') = (771(21, 2277')»772(21,22,7'),773(21, 2277'))

with n; : W x [=4,6] — R. We define U := n({W x [-6,6]}) and choose & small
enough so that U C V. Note that

d

%d(n(’Zl?ZQ?T)) = Vd(n(zla2277—))777'(2172277—) = ‘Vd(n(zlvz%T))‘z = 17

and that d(n(z1, 22,0)) = d(a(z1, 22)) = 0. Thus we conclude that d(n(z1, 22,7)) =
7. We define J(z1, 22, 7) as the determinant of the Jacobian matrix of n at (21, 22, 7)
and perform the change of coordinates 1(z1, 22, 7) = = to obtain

/Ug <d(;))¢5(w) dx

:/Z ar /Wg <d(n(zlzﬂ))> ¢°(n(z1, 22, 7)) | (21, 22, 7) | d21d 2

13
B
B /5 ar /W g <£> ¢°(n(21, 22, 7))|J (21, 22, T)|dz1d22.

By applying the change of coordinates 7 = 7, we have

/Ug <d(:)> ¢ (x) dx

5
:5/ d?/ 9 (T) ¢°(n(21, 22,e7))|J (21, 22,eT)| dz1dzo.
- w

s
€

Therefore,

A= i/Ug (d(:))QSE(ﬂC) da

:/ /W 1 _s 5)(7) g (T) ¢°(n(21, 22,€7))|J (21, 22, €T) |dTd21d 2.

e’e

In the following, we will apply the dominated convergence theorem to deduce the
limit of A, as € | 0. Set

H(z1,22,7) = 1(73,5)(7')9(;) ¢°(n(z1, 22,€7))|J (21, 22, €7)|.
For —g <7< g, we have —§ < e7 < 4, so that for all ¢ > 0

1 s 5y(T) [J (21, 22,€7)|| < sup |J (21, 22,T)| =: C1.
21,20€W, —6<7<§
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Moreover, ||¢°|| (o) < C for all € > 0, therefore,
|H.(21,22,7)] < Clg(T)] on W x R. (3.16)
Next, since ¢* converges uniformly to ¢ on U and since J is continuous, we have

for all 7 € R, (21, 22) € W,
1(—%,%)(?) ¢E(77(21a 22357—)) — qb(n(zl’z% O)) = ¢(a(zl> 22))7

J(z1,29,6T) = J(z1, 22,0),
as € } 0. It follows that as € | 0,
H.(z1,22,7) = g(T)p(n(z1, 22,0))|J (21, 22,0)| for all 7 € R, (21,22) € W. (3.17)
Combining (3.16) and (3.17), we have

liyp A = /_Oog(?)dF/W (a(21, )T (21, 22, 0)| dz1 dzs. (3.18)

Next, we computes |J(z1, 22,0)|. For this purpose, we write

on  Om On 3773)

8721_ 821’021’821 ’

O _ Om On 8773>
822 8227 822’ 82’2 ’

on _ o On 3773)

or or’or’ or’”

0 .
Note that —n(zl, 29,0) is the outer normal vector to v at the point 7(z1, 22,0) =

or
a(z1,22) and that {?(zl, 22,0), ?(zl, 22,0)} is a basis of the tangent space of
u v

at point 7(z1, 22,0) = (21, 22). Therefore,

_ |9 On On| _|0n On||on
[7(z1,22,0)] = (azl "o 82’2 or| |0z "o Oz | |OT
on on
=|=—AN—||Vd =|=—AN=— 0
O [
_ |0« A da (21, 22)
N 82’1 82’2 =2
where A is the vector product. This together with (3.18) implies that
Ooa  Oa

dz1 dZQ

ggolAEZ/ dr/ Blaler,2)) |5 Ao

On the other hand, in view of the definition of the integral of surface (see Eq. (131),
p. 283 in Ref. 36), we have

0 0
/<z>dfy /¢><a zl,z@))‘a‘j 20 vz,
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Therefore,
o0
lim A, = / g(%)d%/ &
el0 o p
which completes the proof of the lemma. O

Application to reaction term: Now we apply Lemma 3.3 to formally compute
the limit as € | 0 of

T
i/o /Qp(us)(ds —op)y, forop € Fr.

Because of the outer and inner expression of u° in (3.4) and (3.5), we deduce that
for £ small enough

+1 if (x,t) is far from 'y
ot~
Uo(d(i’ t)) if (z,t) is closed to I'r.
Therefore
0 if (z,t) is far from I'p
p(u(z,t)) ~ -
p(Ug(d(i’ ) ) if (x,t) is closed to I'r.

Thus we can apply Lemma 3.3 by setting

9(&) :==p(Uo(§)) and ¢° := (0 —dp°)1h,
where ¢ € Fr. This yields
1

PP((t)) = lim - Qp(ua)(UEMEWZISiﬁ}i | P = 0

_ / T pwe©) de [ (0t) - sult)w).

—00 I'(t)

where U(t) is a small enough neighborhood of I'(t). Recalling that in view of the
definition of p and of Lemma 3.1

p(Uo) = 2po/W (Uo) = —V2p Uy,

we get
P(0) = Voo [ U a [ ot = dule)ito)
—00 I'(t)
23 [ (o) - 5u()v0)

r(t)
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Hence, we formally conclude that, for all ¢ € Fr

1
lim —
el0 €

/ / p(u) (0" — 64 = 2v/2po / at / (o(t) — Su(d)p().  (3.19)
0 JO 0 I'(t)

Conclusion: Now, we recall the definition of a weak solution of the equation for
15

U

/0 ' /Q (—aps® — u )by — /Q (s + ug)16(0)
-/ : [ (a4 o) 0* = 50y

for ¢ in Fr and take the limit € — 0 on both sides, to obtain in view of (3.19)

/ ' [ an=w= [ (@ +uyvo)

- | [ w2 / e L=

This together a similar argument for the equation for o completes the proof of
Theorem 1.4.

4. Numerical experiments

In this section we briefly explore the main theoretical result (Theorem 1.4) with
2-D and 3-D numerical experiments. In these experiments we compare numerical
simulations obtained for the diffuse-interface model for various € > 0 with the sharp-
interface limit evolution. For simplicity, we shall restrict ourselves to cases for which
we can obtain the exact solution for the sharp-interface model. This spares us from
having to discretize the sharp-interface model.

We restrict ourselves to the parameter values o = § = 0, but include an ad-
ditional parameter 8 > 0 to control the inertia of the nutrient. We thus consider:

u = Ap+ e pu) o, (4.1a)
p=—c1f(u) —eAu, (4.1b)
Boy = Ao —e 'p(u)o. (4.1c)

In particular, we focus on the two limiting cases for 3, because they allow for an
exact solution of the corresponding sharp-interface limit. For 8 = 0, the nutrient
evolution is said to be quasi-static, while for 8 — oo the nutrient is simply constant
and equal to its initial condition.
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4.1. Discretization of the diffuse-interface model

Because (4.1) is a stiff system for small e, one has to be careful in choosing a
time discretization: naive schemes have severe stability requirements. We therefore
adopt the recently proposed second-order time-accurate convex-splitting scheme,
see Ref. 40, which for (4.1) is given by:

k-+1 k +1 k
U — U o + o
= Afi + e LpFt1/2 ,
T . p 2
k+1 k
- a4 U +u
= —e L fRH1/2 gA# — AW — uF) - agr(uFt — kY
k k k k k k
60 +1 _ 5 :AJ +1_|_0 —E_lﬁk—H/ZO— +1_|_U
T 2 2 ’
for k=0,1,2,..., and where 7 is the time-step size (assumed constant).

This scheme is essentially a Crank—Nicolson scheme with special treatment of
the nonlinear terms, in particular, the free energy W (u) is split into a convex W, (u)
and concave part —W,(u) thereby inducing a splitting of f(u) = f.(u)— fe(u), which
are treated in a more implicit and explicit manner, respectively:

k1 _ ok

Fk+1/2 . _ k+1y U

Fo@ ) = fo(uh) = ———
The nonlinearity coming from p(u) is treated by extrapolation:

Sk+1/2 .

P P

)

p(%uk — %u

where for the first time step (k = 0), we take u=! = u°.

The parameters a1 and s are stabilization parameters. For the system with 6 >
0 and B =1, it is proven in Ref. 40 that for a; and as sufficiently large, the above
scheme is stable in the sense that the Lyapunov functional E. decreases along time-
discrete solution orbits. The case § = 0 is open, but numerical results seem to
indicate the the scheme’s stability is independent of §. We refer to Ref. 40 for more
details on and properties of the scheme.

For the discretization in space, we employ centred finite differences with grid-
size h, although one may also employ a spectral method or Galerkin finite element
method; see for the latter, e.g., Ref. 28.

4.2. Test case I: Growing circular tumor

For the first test case, we consider a growing circular tumor, which start at radius po,
and a quasi-static nutrient evolution (5 = 0).

4.2.1. Exact solution of sharp-interface limit

Before going into the comparison, let us first describe the exact solution of the sharp-
interface limit. When it comes to the sharp-interface model, the initial condition is
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given by (in polar coordinates):
I'(0) =To = {r = po},
or in terms of the radius p(t) of the tumor:
p(0) = po. (4.2a)

For 8 = 0, one may verify that the sharp-interface limit in Theorem 1.2 simplifies
to (note that p reduces to a constant in space for constant x):

Ao =0 in QL UQr, (4.2b)
[e] =0 onT'p, (4.2¢)
Vi = —V2poo on ', (4.2d)

Jo
)

[[%]] = —2v2ppc onT'7p, (4.2e

To close the above system we need to specify a suitable boundary condition
for 0. We assume that the boundary condition is a (time-dependent) axi-symmetric
Dirichlet condition:

o(z,t) = op(|z,t), on 99 x (0,T7]. (4.2f)

Because of axi-symmetry, the initial circular tumor will indeed remain circular and
its radius evolves according to:

Pt = Vi (4.28)

Eqgs. (4.2a)—(4.2g) fully specify the sharp-interface model in terms of {p,c}. Its
solution can be found in an exact manner for a smart choice of op. To be precise,
we shall describe a manufactured solution which satisfies all equations except (4.2f),
but which then of course specifies op. The manufactured solution for o consists of
two parts (automatically satisfying (4.2b) and (4.2c)):

Uﬂ(t) r S p(t) )

o(r,t) = log(r/R)

op — ————=(or —o,(t r > p(t),
log(p(t)/B) "~ 70 "

where or > 0 and R > pg are fixed constants. The constant o,(t) is fixed by

requiring (4.2e) leading to

o, (t) = or .
1 —2v/2pop(t) log(p(t)/R)

Finally, p(t) is determined by solving (numerically) the ODE that is obtained by
combining (4.2g) and (4.2d), with the initial condition (4.2a).

Figure 2 shows the evolution of p(t) for various settings of the parameters op
and R. It can be seen that the growth is more pronounced for larger values of o

and for smaller values of R.
Figure 3 shows for one particular set of parameters the evolution of the tumor,
as well as the corresponding axi-symmetric distribution of o. Notice that at each
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p(t) p(t) R=25
R=5
R=10
041 0.4} B =20
0.35} 0.35} -
~
// /
/’//
03} 0.3} —
0.25 - - 0.25 ‘ -
0 0.05 0.1 0 0.05 0.1 t

Fig. 2. Test case I: Sharp-interface limit. The radius p(t) of a circular tumor which starts at
radius po = 1/4, and grows under the influence of a quasi-static nutrient evolution. Three param-
eters influence the growth: The left graph shows the evolution for parameter value R = 10 and
various o, and the right graph for the parameter value ogr = 2 and various R. The proliferation
parameter is fixed throughout: pg = 1.

1.
0.5}
ol
—05t
t=0.1
t=0.2
t=0.3
-1 . . ‘ . 0 . . ‘
-1 -0.5 0 0.5 1 0 0.5 1 15 r

Fig. 3. Test case I: Sharp-interface limit. The left graph shows the tumor at various time instances
for po = 1/4, po = 1, R =10, and o g = 2. The right graph shows the corresponding axi-symmetric
nutrient distribution o(r,t).

time o contains two parts: a constant part within the tumor, and a nonconstant
part exterior to the tumor.



26 D. Hilhorst, J. Kampmann, T.N. Nguyen & K.G. van der Zee

Table 1. Test case I: Diffuse-interface model. Settings in the
numerical simulations.

Model IC / BC Discretization

e =0.15,0.1,0.05 po =1/4 Q=(-1,1) x (—1,1)
W(u) = (1 —u?)? op=2 T = 0.075

fu) =-W'(u) R=10 T =0.001

po=1 h = 0.003125

p(u): see Eq. (1.4) a1 =az =2

B=0

Fig. 4. Test case I: Diffuse-interface model solutions u at ¢ = 0.075 for € = 0.15, 0.1, and 0.05. The
black circle indicate the sharp-interface solution at ¢t = 0.075.

4.2.2. Comparison with diffuse-interface model

We now compare the above exact solution with simulations of the diffuse-interface
model. System (4.1) (with 8 = 0) is considered on a square domain subject to nat-
ural boundary conditions on 052 for u and y, and the Dirichlet boundary condition
in (4.2f) for o. The initial condition for u is given by:

= pPo
u(r,0) = tanh( -3 )

Details of the choices of all functions and parameters in the numerical simulation
can be found in Table 1.2

In Figure 4, we show a comparison of the sharp- and diffuse-interface solutions
at the final time, T" = 0.075, for various €. The colors in these plots display the
value for u, while the black circle shows the sharp-interface model. It is clear from
the plots that for smaller € the layers get thinner and converge to the black circle.

The convergence of the diffuse-interface model can be seen more clearly in Fig-
ure 4.2.2, which shows the (numerical) radius of the diffuse-interface model versus

2Even though the computational domain is a square, the BCs are such that the PDE solution is
axi-symmetric. Numerical approximations, however, are not exactly axi-symmetric, but we have
ensured that they are sufficiently accurate. For example, to compute the radius, we determined
the zero level set of the discrete phase field, and computed the average distance of the zero level
set to the origin. With the employed mesh, the deviation of the average was less than 0.001.
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radius e=0.15
e=0.1
e =0.05
0.31L sharp-interface limit
0.275 |
0.25 ! .
0 0.025 0.05 3

Fig. 5. Test case I: Convergence of the radius of the diffuse-interface model to its identified limit.

time, for various €. From this figure it can be concluded that the diffuse-interface
model converges indeed to our identified limit. While the comparison is, in principle,
valid for all times (since no singularity occurs at any time), it should be remarked
that for small ¢ the simulations are quite sensitive to discretization errors. Such
errors may grow at an exponential rate in time (see, e.g., Refs. 23, 38 for a dis-
cussion on this), which means that, in practice, comparisons can be made only at
(relatively) short time intervals.

4.3. Test case II: Merging tumors

In the second test case we consider two separately growing circular (in 2-D) and
spherical (in 3-D) tumors, that eventually merge into one. We assume 8 — oo, so
that ¢ = g9 = constant throughout the evolution.

Since o is constant, the sharp-interface model for spherical tumors now reduces
essentially to (4.2d):

Vn = *\@poa'o . (43)

This is known simply as front propagation, which propagates the tumor boundary
at a constant velocity.

Let us remark that the presented theory on the sharp-interface limit holds only
for smoothly evolving interfaces, and, as such, does not include topological changes.
Nevertheless, the sharp interface model of front propagation does allow for an ex-
tension beyond topological changes (using viscosity solutions); see, e.g., Ref. 37. We
have simply taken the velocity at kinks (when two interfaces touch) as the average
of the velocities at both sides. In this manner, it is possible to compare the sharp-
and diffuse-interface solution beyond topological changes. The aim of this test case
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Table 2. Test case II: Diffuse-interface model. Settings in the numerical simulations
in 2-D and 3-D (N =2 and N = 3, respectively).

Model IC / BC Discretization

£ =10.2,0.1,0.05 (N =2), e =0.1 (N =3) oo =2 Q=(-1,1)N
W(u) = (1 —u?)? Ry =1/6 T = 0.075

flu) = —W'(u) Ry =1/4 T = 0.00025
po=1 d=1/5 h=0.025 (N = 2)
p(u): see Eq. (1.4) h =0.05 (N =3)
B — oo a1 =ag =2

is to demonstrate that both evolutions are very similar, even beyond singularities,
which are not covered by the presented theory.

We assume that the two tumors initially have a radius R; and Rs, and have a
gap d between them. The initial condition for w in the diffuse-interface model in
2-D is set as:

\/(xl — LR+ D) 4 (ma + V2R + D) — Ry
ev2

\/(561 + %ﬁ(Rz + %))2 + (562 — %\@(Rz + %))2 — Ry

V2 ’

uo(z1,22) =1 — tanh

— tanh

while in 3-D it is set as:

ug (21, 2, T3) =

V@ = 2VER + D)+ (2 + V2R + D) 40— Ry
eV2

V(@1 + 32 Ry + D) + (22— LVE(Re + D)+ a3 — Ry
eV2 '

1 — tanh

— tanh (4.4)

The numerical settings are given in Table 2.

Figure 6 displays the solutions obtained with the diffuse-interface model, for
various €, and by front propagation (see (4.3)). From this figure, one can see that the
diffuse-interface model seems to converge towards its identified limit, even beyond
the topological change.

Figure 7 shows a 3-D diffuse-interface simulation which is the 3-D analogue of
the previous 2-D simulation at ¢ = 0.1 (middle row in Figure 6). The 3-D evolution
by front-propagation is also visible in Figure 7 (bottom row). In general, compared
to the sharp-interface model, one may observe a blending/smoothing of the two
spheres in the diffuse-interface model which seems to decrease with e.
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Fig. 6. Test case II: Two merging tumors in 2-D simulated with the diffuse-interface model with
e = 0.2 (top row), ¢ = 0.1 (middle row), and ¢ = 0.05 (bottom row). The columns represent
subsequent time instances t = 0, 0.025, 0.05 and 0.075. The black curves are obtained from the
sharp-interface model described by front-propagation.

5. Conclusions

As a conclusion, we have presented a formal asymptotic method for deriving the
sharp-interface limit of a diffuse-interface tumor growth model. This limit depends
on the precise scaling which we have considered, and we have chosen the scaling
corresponding to the case where the mean curvature of the tumor boundary explic-
itly appears in the limit problem. Moreover, in the limit, the reactive terms of the
model collapse to the interface, which is different than in other models where the
reactive terms remain as bulk contributions.

Whereas the tumor growth model has the form of a generalized Cahn-Hilliard
equation, we have first embedded it into a phase-field model (a > 0) for which
we found it more intuitive to derive the corresponding limit problem. Setting the
parameter « to zero in the corresponding result then yields the limit of the original
Cahn-Hilliard type system. Even if it is not vital for results presented in this paper,
it is nevertheless interesting to note that the introduction of the phase-field model
gives the model a parabolic structure with respect to g which can be useful for the

analysis of such systems.'®
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11}

©® ¢® D

Fig. 7. Test case II: Two merging tumors in 3-D simulated with the diffuse-interface model with
€ = 0.1. The columns represent subsequent time instances ¢t = 0, 0.025, 0.05 and 0.075. The top
row displays a cut-away view of the phase-field u, the middle row shows the zero-level set {u = 0},
and the bottom row displays the sharp-interface model described by front-propagation (see (4.3)).
This simulation is a three-dimensional analogue of the one depicted in the middle row of Fig. 6.

A validation of the identified limit model was carried out by comparing its
solutions in simplified settings with numerical computations of the diffuse interface
model for decreasing values of e. With this work, we have provided a unification
of modeling frameworks for tumor growth by connecting mixture-based diffuse-
interface models to those with evolving sharp boundaries. We hope that this helps
researchers in mathematical oncology in understanding and applying models, and
developing better algorithms.
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