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AN UNCONDITIONALLY ENERGY-STABLE SAV-DG
NUMERICAL SCHEME FOR TUMOR GROWTH MODEL

PENGHAO GUO, BO WANG*, AND GUANG-AN ZOU

Abstract. In this paper, we propose a linear, fully decoupled and unconditionally energy-stable
discontinuous Galerkin (DG) method for solving the tumor growth model, which is derived from
the variation of the free energy. The fully discrete scheme is constructed by the scalar auxiliary
variable (SAV) for handling the nonlinear term and backward Euler method for the time dis-
cretization. We rigorously prove the unconditional energy stability and optimal error estimates
of the scheme. Finally, several numerical experiments are performed to verify the energy stability
and validity of the proposed scheme.
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1. Introduction

According to the International Agency for Research on Cancer (IARC), the ma-
lignant tumor has become one of the major diseases affecting human health in the
world [1-4]. Due to the lack of understanding the mechanisms of tumor growth,
many difficulties have been encountered in the treatment process [5,6]. The re-
search of tumor growth holds significance for clinical therapy, thereby generating
considerable interest from the fields of medicine, genetics and biology [7-11]. As we
know, an accurate mathematical model will help medical staff to better understand
the mechanism of tumor growth [12-15].

Recently, many researchers have focused on the mathematical models for investi-
gating the tumor growth [16-22]. In order to better predict the evolution of tumor,
the phase-field model has been widely used to study the tumor growth [23-28].
In [23] the authors used the Cahn-Hilliard equation to describe multispecies tumor
growth and tumor-induced angiogenesis. In [24], the Cahn-Hilliard type equation
with degenerate mobility had been used to simulate the evolution and growth of
solid tumors. In [27] the authors introduced the Allen-Cahn equation to describe
the progression of tumoral expansion within the growth region. In this study, we
derive the tumor growth model based on the law of energy conservation in the
polygonal domain € in R¢ (d = 2, 3). The total free energy of the system is defined
as

A o)
(1) B@.0) = [ [FO)+5IVol + 56 + 5IVal - (xo = Jo-+ 5)o] da.
with the following double-well type potential
16
F(o) = —¢*(1 - 9)°,

where € > 0 is the time scale. By using gradient flow method [29-31], the following
equation can be derived as
SE

(28“) ¢t:—%:)\A¢_f(¢)+XU—C¥¢7 inQX((LT),
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E
(2b) Ut:—(;—zﬁAa—i—s—l—X(b—fya, in Q x (0,7),
o

subject with the following initial and the boundary conditions

(3a) d(x,0) = ¢o, o(x,0) = oo, in €,
(3b) Ond(x,t) =0, Opo(x,t) =0, on 01},

where f(¢) = F'(¢) and n is the unit outward normal vector on 9Q. The unknown
functions ¢ and o are the phase function and the concentration of the nutrient,
respectively. The physical parameters A represents the phase field diffusion coeffi-
cient, y denotes the rate of tumor growth, « is the rate of normal cell apoptosis, 8
represents the nutrient diffusion coefficient, s denotes the sustained supply of the
nutrient, and -y is the natural decay of the nutrient, which are positive.

To the best of the author’s knowledge, most of the researches related to tumor
growth model have focused on numerical simulations and numerical analysis [23—-28,
32-38]. Lorenzo et al. [33] used isometric analysis to solve the Allen-Cahn equation
and simulated the tumor growth process. In what follows, Mohammadi et al. [34,35]
also simulated the same model numerically by applying the finite difference method
and the meshless method. For describing the growth dynamics of avascular tumors,
Medina et al. developed a hybrid discontinuous Galerkin numerical scheme for
the Cahn-Hilliard equation in [36]. However, the above-mentioned researches lack
the stability and optimal error estimates of the coupled model. Agosti et al. [24]
employed the finite element method to discrete the Cahn-Hilliard equation, and
proved the existence and uniqueness of the proposed semi-discrete scheme, without
the convergence analysis. In [37], Xu et al. used the BDF1 method to construct a
linear, fully decoupled and energy stable numerical scheme for the Cahn-Hilliard-
Navier-Stokes system, and derived the optimal error estimates. However, it should
be noted that the proposed scheme is semi-discrete in time. For the Cahn-Hilliard-
Brinkman-Ohta-Kawaski tumor growth model, the authors in [38] proposed a fully
discrete numerical scheme with the H'-norm optimal error estimates by using the
discontinuous Galerkin (DG) method. They verified the validity and stability of
the proposed scheme through several numerical experiments.

Note that constructing an efficient numerical scheme for the tumor growth model
is definitely not a simple task due to highly nonlinear term and strongly coupled
term. First of all, the main difficulty caused by the nonlinear term in model (2)
is how to propose an effective energy stable time discrete strategy for solving the
corresponding phase field equation. We use the scalar auxiliary variable (SAV)
method [39-44] to deal with the nonlinear term and transform the original equa-
tion into an equivalent linear system. Furthermore, the diffusion term in the phase
field equation produces a discontinuity at the phase transition boundary, and the
discontinuous Galerkin (DG) method [45-54] performs well for the complex bound-
ary problems. In this paper, we develop a fully discrete DG scheme which is linear,
full decoupled and unconditionally energy stable. In addition, the unique solvability
and the L2-norm optimal error estimates are given in details. Finally, the stability
and validity of the proposed scheme is verified by a series of numerical experiments.

The outline of this paper is organized as follows. Section 2 demonstrates that
the tumor growth model is unconditionally energy dissipative. In Section 3, we
develop a linear, decoupled fully discrete numerical scheme, and derive the unique
solvability and discrete energy law. The prove of optimal error estimates for the
fully discrete scheme is given in Section 4. In Section 5, we present some numerical
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experiments to illustrate the theoretical analysis. The last Section draws some
concluding remarks.

2. Preliminaries

For 1 < p < oo, and k > 0, we use W*5P(Q) to denote the standard Sobolev
spaces with the order k will also be used, which equipped with the norm || - ||yy#.»-
Particularly, we denote the Hilbert space H*(Q) = W*2(Q) with norm || - || z». We
denote the Lebesgue spaces LP(Q) = W%P(Q) equipped with the norm | - ||z» :=

(fo!|-|Pdx)”, and LP([0,T]) equipped with the norm || -[|z» := (fOT | - [Pdt)” . Both
of them use the abbreviation LP, we also denote by || - || and (+,-) the norm and
inner product of L?(2).

The function space is defined as follows

M = H}(Q):={p € H(Q) : ¢ =0 on 0N}.

Lemma 2.1. The system (2) poessess the following energy law

@ 3 5(6,0) + 04 + el = 0.

Proof. By taking the L? inner product of (2a) with ¢;, and (2b) with o; performing
integration by parts, and adding these relations we easily derive the energy law
(4). O

We adopt a novel approach called SAV to address the nonlinear potential in (2).
Firstly, an energy function is introduced by

(5) Ey(6) = / F(¢)da + B,

in which B is a positive constant ensuring that F1(¢) > 0 is established. Then, the
original energy E(¢,o0) can be written as

(6)
A e
Bua(6,0) = [ [5IV6F + 56 + 5IVol — (x0 = Jo + s)olda + Ex(0) ~ B
A
= [ GIV6r + 562+ IVoP - (x6 - Jo + 9)olde + RO - B,
qQ 2 2 2 2
where the auxiliary variable is defined as

(7) R(t) =/ Er(9).

We can rewrite (2) into the following equivalent system

R(t)

(8a) bt = ANAp — Tw)f(@ + xo — ag,
(8b) oy = BAc+ s+ x¢ — o,

_ f(¢)
(8¢) R, = /Q N

Here we have R(0) = \/E1(¢) for any @ € Q as the initial condition of the equation
(8¢).
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The weak form based on the SAV scheme is: Find (¢, 0, R) € M x M x R for all
(0,w) € M x M, there holds

R(t)
—=—=(f(#),0) + x(0,0) — (¢, ),

Ei(¢)

(9b) (01, w) = =B(Vo, Vw) + (s,0) + x(¢,w) = 7(0,w),

SO
(9c) Rt—/gwmw .

Lemma 2.2. The same energy dissipation law is complied by the system (9)

(9a) (¢1,0) = =A(Vo, V) —

d
(10) 7 Bror(6.0) + [|&r])* + [loe* = 0.

Proof. By choosing 6 = ¢, in (9a), and w = o; in (9b), then multiplying (9¢c) by
2R(t), adding these results together yields

(01, 0t) + A(V$, Vor) — x(0, ¢1) + e, ¢1) + B(Vo, Vay)
+ (o1, 00) = (s,00) = x(,01) + (0, 0¢) + 2RR, = 0,
then, one can obtian
Nd oo Bdion ad v d
2 dt 2 dt 2 dt 2 dt

d d d, 5 9 2
~ X (6:0) = Zl5,0) + IR+ 1] + ]2 = .

o]

IVeII* + 5 —IIVell* + 5 —llgll* +

After a simple treatment, the intended result (10) is achieved. g

3. The SAV-DG scheme

Let &, denote the regular triangulation of Q, with E € &, denoting a mesh
element of the subdivision. Let hgy = diam(E) and h = max hg. In subdivision
€&n

En, we use I'y, to denote the set of interior edges. We write |e| for its length for
Ve € T, shared by elements E! and E2. Let m. represent the unit normal vector
oriented from E! to E2, where E! and E? are the two elements adjacent to e. Let
N, is the unit outward normal vector to 0€2, when e is on the boundary 02. We
define average and jump operators for v as follows

Ve € OB} NOE?, [v] = v|p1 —v

{0 = 0l +ol)
Ve € OE! N 0Q, [v] = v|E, {v} = vl
We then denote the broken polynomial spaces for ¢ and o as follows
My, = {on € L*(Q) :VE € &, onlp € Pr(E)}.

For any fixed positive integer k > 1, Px(E) is the space consisting of polynomials
with degree at most k defined on E.

Based on the above discrete Sobolev spaces, we introduce the following energy
norms
Oe

¥0 € My, [0llpe = () [IVOl7em)+ D 011 Z2e))2

le]

FEe&p eel’,uUo
Oe 1
Yw € My, |[lwllpe = ( Z IVl + Z EH[W]H;(E))Q-

Eeé&y eel’,UoN
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For convenience, we denote the generic constant by C, which is independent of
the time step At and the mesh size h. Whenever no confusion, we write a < Cb as
a < b for brevity.

Now we will give the detailed definitions of bilinear forms. The forms A; and
As are defined respectively by

Vo0 € My,  Ai(6,0) = (V6,VOr— > ({Vé-nc},[0]).

FEe&p eel', UoQ
- Y dve-ndighe+ Y f;jqqs],[e])e,
eecl’,UoN ecl', Uo

Yo,w € Mp, Ag(o,w):Z(VU,Vw)E— Z ({Vo -n.}, [w)e
FEe&y, ecl'L U
- Y (Ve nlole+ > f;j([o],[wne,
ecl'p,UON ecl'p,UON

where o, > 0 is the penalty parameter should be chosen large enough.

The following operators, which are essential in numerical schemes and error
analysis, will be introduced. We use the broken elliptic projection operators Qy, :
HY(Q) — My, and Fj, : HY(Q) — M), throughout this paper (see [48]), which are
defined as
(11) Yo € HY(Q), VO € My, A1 (d— Qpo,0) =0,

(12) Vo € HY(Q), Yw € My, As(0 — Fro,w) = 0.

And then, the following estimates will be obtained (see [48])

6(t) — Qno®)lpa S P lG(t) | resr(qy,
(13) () — Qrod(t)|| L2y S AT |o(t Ol gr+1()

lo(t) = Fao()llpe S B¥ o ()] gr (o),

lo(t) = Frno®)llr2@) S W o)l g -

3.1. Numerical scheme. Let t,, = nAt be a uniform partition of the time interval
[0,7],0 <n < N, with At = T/N. For simplicity, we give the following denotation

U U _ Vtasr) —o(ts)
AL 0u0(tnt1) = A7 )

Next, we present the fully discrete DG scheme of system (9).
Step 1: Find (¢7™!, R}™) € (M, R) such that for all 6), € Mj,, there holds

n+1 n
5t’Un+1 Uh —v
h

G gy - a0 — e (f(ep), 00
At O Eilop)
(14a) + x(o7,0n) — a(dp ™, 0n),
n+l _ pn _ 1 n+1 o un
(14b) Ry Ry, WAt E1(¢2)(f(¢h) )

where E1(¢7) and R’ in (14a)-(14b) are given by

Ey(o}) = [, F(o})dz + B,
Ryt =/ Ei(op™h).



DISCONTINUOUS GALERKIN METHOD FOR THE TUMOR GROWTH MODEL 515

Step 2: Find JZH € My, such that for all w, € My, there holds

n+1 n
Op  — Oh

(15) (T'Mh) = —ﬁA2(02+17wh) + X(¢Z+1,wh) + (Sawh) - V(Uzﬂwh),

with the following initial conditions

(16) oh = Qnd’, o = Frno, R = \/ E1(8)).

3.2. Well-posedness. We first introduce several important results frequently used
in this paper, and then show the well-posedness of the considered scheme.

Lemma 3.1. (see [48]) The bilinear forms Ay and As satisfy the following prop-
erties

an) V.0 € My, Ai(0,0) 2 1015e,  Ai(9,0) < ll4llpellbllpe,
Vo,w € My, Az(w,w) 2 [0lDe, Ax0,w) < llollpellwlipe-

From the coercivity of A; and A, one can easily get that 4;(6,0) > 0 and
As(w,w) > 0. In addition, broken DG (semi) norm ||| - ||| is defined by

(18) 1161112 = A1(6,0), [[|w][[* = Az (w, w).

Lemma 3.2. (Broken Sobolev Poincaré inequality, see [48]) There exist some con-
tants independent of h, such that

(19) 101l e ) < 1€lpcs
forall e My,2<p<oo whend=2 and 2 <p <6 when d=3.

Lemma 3.3. (Discrete Gronwalls lemma, see [48]) Let {an}, {bn} and {c,} be
nonnegative real sequences, for constants At >0, B >0 and C >0

if am+ ALY b SCALY ai+AtY i+ B, CAt <1,
(20) =0 =0 =0

m m
then a,, + Athi < ec(”H)At(B + Atz ¢i), Ym > 0.
i=0 =0
Lemma 3.4. (Trace inequality, see [48]) For a bounded domain E in R?, such that
0 € Py(E),e € OF, ||fllzao) S hip' 1],
0 € Py(E),e € OF, VO |2 S ' V0] s,

where hg and e are diameter and side of E, respectively.

(21)

To focus on the well-posedness of the given scheme, we demonstrate the existence
and uniqueness of numerical solution using the Lax-Milgram theorem.

Theorem 3.5. (Unique solvability) The scheme (14)-(15) admits a unique solution
(0 on T Ry € (M, My, R).

Proof. To begin with, we define a bilinear form F(-,-) : (Mp, My, R)x (M}, Mp,R) —
R by

(22)
F(6,0. ) (0.6,Q)) = (6,6) + ADAI(6,0) + 08H(0,0) + M (F(91).0)
NG
#2ARQ +(7,) = Al (F(91).9)

+ BAtAs (o, w) — xAL(¢,w) + YAL(o,w),
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and a linear form by L(-) : (M, My, R) — R, namely
L0, w,Q) = (¢},0) + xAt(op,0) + 2AtR1Q + (o, w)
) - B 08, 6) + (s ).
Then, (14)-(15) can be expressed as: find (¢}, o)t RPTY) € (My, My, R)
such that for any (0, wp, Qr) € (Mp, My, R), there holds
(24) F((op ™ wp L REY), (6h, wn, Qn)) = L(On, wh, Qn).-

Using the Cauchy-Schwarz inequality and Lemma 3.1, we can infer that F(,-)
is bounded, namely

F((¢,0,R), (0,w,Q))

< [|o/l16]l + Aol pe |0l pe + at]|d]|]|0] + At|R]]|0]] + 24t R||Q)]
+AHQIoll + llelllwl + BAtlellpellwlpe + xAt|dlllw]| + yAto]flw]

< Ci(ll¢llpe + Rl + llollpa)((10lpe + |wlpe + Q)

In what follows, by taking (6,w, Q) = (¢, o, R), using Young’s inequality, we can
prove F(-,-) is coercive.

F((6,0,R), (6.0 )
= [|9]12 + AAHIIGIII* + aAt9]* + 2L + o
+ B0 12 = XA, 0) + 1At
(26) > [[9]2 + At [9]][2 + at]| ]2 + 24612 + BAH o]
+ llo]l? = 3Ato]? — ZAHI? +yAt]o]?
> a6l + 1R + 1815 + o] + o)
> Co(9llhe + IR + lohe):

where constants C1, Cs, C3 > 0 depend on At, A\, «, 3, x,7 and x < 2« or 27.
Therefore, we can derive that the scheme (14)-(15) admits a unique solution
using the Lax-Milgram theorem. [

(25)

3.3. Energy stability. The following is the unconditional energy stability of the
proposed scheme (14)-(15).

Theorem 3.6. The scheme (14)-(15) preserves an energy dissipation law uncon-
ditionally

(27)
h o n+l _ntl A antl nin2 . X antl nn2 L Byontt n 2
Bl (@7 op ) + SI6R — Rl + Sl — 6pl? + Sllop = opl

65" — SRl | llop™ — op|?

At + At = Et}zt((?bZ?a-;Ll)

By a simple trentment, we can obtain the following discrete energy dissipation law
(28) By (04 03 ™) < Biu (07, 01,

+ 2o = o2+ By - BRI +

where the modified total energy E!, is defined as

o

A Q 8
h
Bl(85of) =5 IR + SR + 2 o7

Yin n n n o n
(29) + 5 lloRll* + [RR[* = (s,07) = x(o7, 67) = B.
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Proof. First of all, we introduce the following identity
1
(30) a(a—b) = (laf* = [b]* +a — b[*).

Setting 0, = (¢}t — ¢1) in (14a) and from (30) , we can have
(31)

lgn™" — opll? n g+l A an1 )2 2 ntl _ ni)2
—ar  Xom g = on) + Sl I = enlll + Hllen™ — orlll)
& gnt1y)2 2 n+1 n||2 RZH ny n+l n
+ 5 Ul = onll” + 1105 = ohll") + —====(f(d5), #4"" — 1) =0
E1(¢h)
Letting wy, = (07" — o) in (15) and from (30), we can obtain
HO.7L+1 — Un||2 n n n n n
(32) v (H n P = Nl + llop ™ = o) = (s,037 = o)
n n ﬁ n n
= x(@p o = o)+ Sl I = ok llP + o™ = oil[?) = 0.

Multiplying by 2R}*" in (14b), and using (30) leads to
R’I’L-‘rl

(33) RSP - IR+ [RT - BRI = —===(f(d}) 83" — 7).
E1(¢h)
Adding the above equations (31)-(33), we can obtain
l¢h*" — Ol® | lop ™" — opl® (5,07 — o)
At At 5% Tk
>\ T n
+ §(|\|¢Z+1|H2 erlll* +[llon™ = onlll®)
,3 n
(34) (||\6‘h+1|||2 o1+ lllon ™ = onll*)
+ *(\|¢”+1||2 gnll? + llontt = orll?)
Lo 1~ R + i = oR 1) + Ry *7 — [RRI? + 1B — By

+X(0ha¢h)_X( ZH ZH) 0.

Substituting the above formula into (29), we can have

A
SR IZ + 5 Sl + *III RN+ \|<7"“||2+IB‘7‘“|2 (s,05")
(35) —x(o ™ 0 + *H|¢"H onlll* + *H¢>"“ Snll* + *HIU”+1 arlll?
||<15"“—¢le2 ||0n+1 onll?

HU"“ opll* + 1Ry — BRI+

At At
= §H|¢h”|2 + S I8nl? + Slorll® + S MoRll® + [REI* = (s, 07) = x(oh- 6h),
it directly achieves (27). O

4. Numerical Analysis

Based on the fully discrete numerical scheme (14)-(15) established in the Section
3, we will analyze the optimal error estimates of ¢ and ¢ in terms of space and time
discretization.
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In what follows, we introduce the following concepts for all n > 0

er=o(ty) — oy =& + 1, & =0o(tn) — Fno™, ny = Fpo" — oy,
exr = R(ty,) — Ry.

In particular, we assume the solutions to the system (9) satisfy

¢,0 € L>(0,T; H*(Q) N L>(R)),
(36) Gy, 00 € L0, T; H*1(Q) N H2(Q)),
bur € L0, T; HX(Q)), 00 € L*(0,T; L*(Q)).

By the lemma 2.2 and Theorem 3.6, there exists
(37) leIl < K, [[Vo@)| < K, [l9ll < K, [[#hlpe < K,
where contant K depends on ¢g, T and Q. From (36) and (37), we can have
(38) f@)| < K, [f(o®)] < K, [f(er)] < K, [f'(¢p)] < K.

As shown below, the exact solution of system (9) comlpies with the truncation
forms for any 0 <n < N — 1.

¢(tn 1) — (Z)(tn) _ R(tn 1)
+T’9) = —A1(d(tn41),0) — m(f@’(tn))ﬂ)

+ X(U(tn+l)v 0) - a(¢(tn+1)a 9) + (EZa 0)3

(39a)  (

o(tnt1) — o(tn)

(o) (T ZI) ) — a 0(t),0) (Bt 10),0) + (5,)
- V(O—(tn-i-l)vw) + (Ega w)a

(39¢)  Rltws1) — Rltn) = MWun)), O(tnsr) — 6(tn)) + ALED,

where

f(o(tn)) f(d(tny1))

L Otnir) = 6(tn)

Ey = R(tni1 - — O(tns),
o= ) B Gwy V@) Af Pultn)
E" = w — ou(tnsr)s
n o__ R(thrl) — R(tn) B i 1 ¢(tn+1) — ¢(tn) B
ER = —At Rt(tn) 5 E1(¢(tn))( Al d)t(tn),f((ﬁ(tn)))

Lemma 4.1. Based on the reqularity assumption (36), the truncation errors Ey,
E} and E}, comply that

mn n n <
(40) (max (IEG]| + [1E5 1| + [ER]) < At
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Proof. Using Taylor formula, we can get

f(@(tnt1)) f(¢(t ))

£ || =|R(tn+1)]lI( \/El o)) J/EG )H+|5t¢( nt1) = G (tny1)]
< 00 ot ( L)

0=t<T \/El (0(tns1)) + VE1(0t)VEL(¢(tns1)) E1(d(tn))

I 6tne) = FODL ) [
T /BGta) +/ pale)

tni1
<O RO W0l sy, Ionl i)+ C [ loulolds < AL

n

tnit
B3] = 6 (tass) = orltas) <€ [ lou(s)lds < O,
tn

By (36) and (38), it can be easily checked that

Ry = _4;1@5)3(/f(¢)¢tdm \/ﬁ/ 0V} + f(P)pu)dex
< CUIF @M 0el Ty + 17 (O M el T () + 1F (@)l deell)
< Cl el o) + lloull),
then we can get

B3| = 16 R(tns) — Ri(ta) - W [ FO)B1(tni1) — (0

tnil tnt1
<o / Rus(s)lds + / / (bee(s)|deds) < CAL.
tn tn Q

Summing up the above estimates, it directly achieves (40). (]

Theorem 4.2. Suppose that the scheme (14)-(15) has unique solutions ¢}, o™t

)
n+1
R

Under the regularity assumption of (36), we have the following estimates
for anym=0,1,--- N — 1.

e + e + 2lef 2 + Z et — e3P

m m m
(1) + Z leg™ — ez * +2 Z et — ek ALY e IBe

n=0

m
+ BAt Z leg™ De + ait Z leg 112 +vAe Y fleg ™1

n=0 n=0 n=0
< At? 4 b2k,

Proof. Firstly, the difference between (14)-(15) and (39) gives the following error
equations

(Ll iy W) = — Ay (e 0) — 1) pgr, ) On) — el ™, 0p)
At 7 E1(¢(tn)) o
n RnJrl n
X(607 eh) + ;Tw(f((bh)’ eh)

(42) +x(0(tns1) = o(tn), 0n) + (Eg, 0n),
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2 ) = — B (el wn) + x( )
(43) - ’Y( n+1 h) + (Ea’wh)v

n+1 n __ 1 _
eRJr —€R _2 E1(¢(tn)) (f((b(tn))a ¢(tn+1) ¢(tn))

— # 7l+1 _4n n
(44) 5 El((bﬁ)(f(d)h) on) + AtER.

Using (11) and (12), we can obtain

(45)
nytt =y
(i 0) + MG 00) — (0, 0n) + (i, 61)
§n+1 _ 52 n+1

= ( At aah) +X(§g;9h) _a(§Z+1a9h) - eRi(f«éZ))Gh)

Eqr(9})
\/j;ib(hqs)z) \/lgl (; Lt)i ,0n) + x(0(tns1) — o(tn),0n) + (EF, 0n),

+ R(tni1)(

(46)
n+1 B 770 n+1 n+1 n+1
(% g wn)  BA (g wn) = x (g™ wn) (05 wn)

:_(gg-i-l_fn
At
(47)
en-‘rl en :1( f(¢(tn)) _ f(¢;zl)
2B VEG])
1 f(éR)  n1 1 fen)
2 VEon T R R

Taking 0}, = Atn"“ (45), we can derive
(48)
(n;”rl — gyt AALAL (T ) — XA, Y 4+ adt(ngtmh
(e = ) X AHED ) — ad(EH, )
er n flon) — f(o(tn)) nt1y

A n+1 el A
By ORI Rle) AU RS o)

+ XA 0 (tng1) = o tn),my ™) + At(ER, 05 ™).

) + X(§n+17 ) 7(£g+17 wh) + (E:rlvwh)7

y @(tnt1) = ¢(tn))

n+1 - ﬂ¢) + AtER

Setting wy, = Aty from (46), we can obtain
(49)
(5™ =g,y )+ BACA (5 ) — XA gt + Aty T p ) =

— (G =&l i) + X AHELT ) — Y AKET T + AHE, ).
Multiplying (47) by 2% leads to

2 n+l; n+1 ny _ n+1 f(¢(tn)) _ f((bﬁ)
R = R GE VB
+ 67;%-&-1( f(QSZ) gn-{-l €¢) n+1( f((bZ) n+l ) + QAtEn n+1.

VE ) Erop) ®

¢(tn+1) - ¢(tn))

(50)
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Combining (48)-(50), using Lemma 3.1, then we can derive

(51)
(H??"“II2 1% + 1%+ = g 11%)

(||77n+1||2 212 + 2t — a2 )1%) + lept)?
B+ I — e+ A
+ BA s D + ety [P 4+ v At np
SAHEG, 3 ™) + At(Ey,ny ™) + 208t By
+ xAt(n n+1777§+1)+XAt( n+1’n2)
— QAH(ERT ) — YA m) 4 AHE mi ) + XA €)
— (€t =yt — (€ = ) + x AU (tngr) — o(ta), )

eyt e flon) — f@)
E1(¢n) (f((bh) )+R(tn+1)At \/El ¢h) \/E1(¢(t )

ntl f(@tn)  floh) 3o
+e (\/El((b(tn)) \/E1(¢Z)’¢(t7z+) d)(tn))

n+1 f(¢2) n+1
T en Er (7))

:Il +IQ +---+116+Il7~

gt =+ e (A g
h

By use of the Cauchy-Schwarz inequality, Lemma 4.1 and Young’s inequality, we
can derive

(52) = AH(EG ) S AL+ 5 At||n”+1||2.

(53) I = M(ER ) S AE + LAt

(54) I3 = 2AtERe < AP + Atlelt)2.

(55) L= XAty g ) S AU 4 g A
(56) = XAty ng) € Atz 4+ 25 At

From the Cauchy-Schwarz inequality, (13), lemma 3.4 and Young’s inequality,
we can have

(57) I = —aAt(EpH i) S Ath?+? +3 AtH ranl
(58) I = —yAHEE T mp ) S A2 4 At
(59) I = XAHE T ny ) S AW A .

(60) = XA €5) S AW 4 A P,
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(61)
O R AL E L i Py L TN A
tn
tnt
<pkt? / 1902 oy + o At 2
tn
fn—&-l_gn
Iy = — (&% — g2, ety = —Ap(be 8o ety
At
(62)

tn
v n
252 [ ol et + Lt
t

n

Applying the Young’s inequality, (38) and Cauchy-Schwarz inequality, we can
get

i = XAH(o (1) = ot 1) = xae (Tl 2Ty

(63) At e
< A + At||n"+1||2.
_ _n+1 f(¢n) n+1 < n+12 n+1(2
(64) Iy = —ep™ At( =15 ) S Atleg |7+ 5 Atlln [

Then, we can get

fta)  flep)

VEL(6(tn)  VEi(9})
_f(o(t) — F(9R) <E1<¢h> By (¢(tn))) f(0h)
E1(¢(tn)) (\/(El +\/El ¢h \/El (

and using the fact that Fy(¢) > Cy and (38), we can have

(65)
|| f(o(tn)) f(on)
\/E1(¢(tn)) \/El an

n El ¢n)

I SIf (@) = F(@)Il + (Er(en) — Ex(o(t))I S (03)]
Sle(tn) = onll = llegll-

From the Cauchy-Schwarz inequality, |R(t)] < C, (65) and Young’s inequality,
we can get

. [Ot) @)
N ) R/ N

SAUR(tn 1)l 157) S AR 4 At |* + 5 Atl\n”“llz-

nt1,_J(0(tn)) f(oh)

Iis _eRH(\/El 0 \/El(}:b" s @(tn1) — @(tn))
(67) nt1 ( (tn)) F(@h) p E(tns1) — B(En)
SAtlet |”\/E1 ) /B oD H|| AL I

SAt R + Ath*F T2 4 At |2
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f(op)
Setting 0, = At\/ﬁaﬁ") in (

(13), (65) and Young’s inequality, we can arrive that

45), by applying the Cauchy-Schwarz inequality,

68

| <)"Z“‘”$’ o)~ S ) A )
- v, ) (ot — o), O
A \/J;Ej5 és)m ) \/JjE(‘f)((;ngj))’ f;iﬁ)m) . fE%ﬁ)’

thus the term I;4 can be bounded as

(69)
ety TGN e
Iis —6R+1( Lgl (};zn)ﬂ?(ﬁﬂ - 77¢)
o n+lientl  en f(qbﬁ) AA n+1A n+1 f(¢;LL)
€r (f f¢a El(ﬁi)Z)) te ( s /7E1(¢Z))
exaret e ) —anne g, LA
h h
n+1 n n
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TR R T VE ) VEG])
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n+1
SO A 4 At
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+ Atlln7 |2 +3 Atlln”“\IQ + Atlln¢ll2~

From the Cauchy-Schwarz inequality, (13), (38) and Young’s inequality, we can
derive

L= — et (L0 eni1 )

" OVE())
(70) :At€n+1( f(d;b) £n+1 gg)
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tn41
SAHenH 2 4 22 / A
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Combining with the above estimates, one obtains

(IIn”“H2 1% + 1™ = 03 )1%)
(H??"“II2 I 12 + g™t = nz %) + ek

(71) —|eR? + el — Rl + AtIIn”“IIDG

ﬁ o
Atlln”“HDch At||77”+1||2 Atlln”“\lz

< A% 4 ADH L A+ AtIIn"“I|2
At + At + Atk .

Summing (71) over n =0 to m < N — 1, we can get

m

g 1% + (I3 “H2+2Ie”””|2+zIW”r1 ngll?
m
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n=0 n=0
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When 0 < At < Aty = ﬁ < C%, since 1 < ﬁ < 2 and from (72), we can
get

g 2 4 g 1P+ 2l P + Z Izt = g

+ Z Inatt =)l + 2 Z Rt — ek
+ AAt Z g™ Ihe + BAL Z lng* b

+alt Z I 1 + v At Z [
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FIGURE 5.1. L? numerical error and convergence order for the
approximation at time ¢ = 0.6. (a): convergence order in spatial
direction. (b): convergence order in temporal direction.

Applying the discrete Gronwall’s inequality, we can have

m
5 I 4 g 1P+ 20em P+ Y gt — gl
n=0

m m
+ D Iyt =P +2) et — eR)?
n=0 n=0

(74) (o (o
+AAEY gt e + BAEY s be
n=0 n=0
+ Al Inp P A [lnp P
n=0 n=0
< At R,
Using the triangle inequality, the proof is finished. O

5. Numerical examples

This section presents several numerical experiments to solve the tumor growth
model by implementing the fully discrete scheme (14)-(15). Further, we use the
P, — P element for ¢ and o, and we also use the scheme to simulate the variations
of phase field function and nutrient function in tumor growth.

5.1. Accuracy and stability tests. The first numerical examples focuses on
the convergence and energy stability of the proposed scheme. We consider the
computational domain in the square Q = [0,2]> (unit : 103um) and the total
computational time is set as T = 0.6 (unit : year). The initial conditions are
chosen as

po— { L 094<x<106and 0.80 <y < 120,
= o, otherwise,

oo — sin(2rx),  0.94 < z < 1.06,
0= 0, otherwise.

The model parameters in this case are set as A = 160000 um? /year, e = 0.01 year,
X = 600 L/(g-year), a = 600 1/year, 3 = 5000000 um?/year, s = 2.7 g/(L - day)
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0 0.1 0.2 0.3 0.4 0.5 0.6
Time

FIGURE 5.2. Time evolution of the total energy functional E!, for
At = 0.0001, 0.0002, 0.0005 and 0.0010.
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FIGURE 5.3. The evolution of the phase field function ¢ (the sub-
figures (al)-(a6)) and nutrient function o (the subfigures (b1)-(b6))
at s = 2.60 g/(L - day) in the two dimensional case and different
times for: (1) t = 0.1; (2) t = 0.2; (3) t = 0.3; (4) t = 0.4; (5)
t=0.5; (6) t = 0.6.

and v = 1000 1/year. It is hard to get the exact solution of (2), and we compute the
reference solution by taking time step size At = 0.0001 and mesh size h = 1/120.
To test the convergence behavior of spatial error, we choose the decreasing spatial
step sizes h = 1/10, 1/20, 1/40 and 1/80, and fix the time step size At = 0.001
to show the L? errors for the phase field function ¢ and nutrient function o in
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(al) (b1) (a4) (b4)
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FIGURE 5.4. The evolution of the phase field function ¢ (the sub-
figures (al)-(a6)) and nutrient function o (the subfigures (b1)-(b6))
at s = 2.70 g/(L - day) in the two dimensional case and different
times for: (1) ¢t = 0.1; (2) t = 0.2; (3) t = 0.3; (4) t = 0.4; (5)
t=0.5; (6) t = 0.6.

Fig.5.1(a). It can be seen that the obtained spatial convergence rate is O(h?), which
is consistent with our theoretical prediction. In addition, to verify the convergence
rates of temporal errors for the considered scheme, we perform the L2 errors for the
phase field function ¢ and nutrient function o at ¢ = 0.6 in Fig.5.1(b), by fixing
the spacial size h = 1/80 and choosing the temporal step sizes with At = 0.00125,
0.0025, 0.005 and 0.01. It is apparent that the order of convergence is O(At) for
all variables, which is consistent with the theoretical analysis.

In Fig.5.2, we compute the discrete energy Ethot dissipation of the considered
scheme with different time steps At = 0.0001, 0.0002, 0.0005 and 0.0010. It can be
seen that the total energy of the system is dissipated regardless of the time step
taken, and the rate of dissipation slows down as the time step increases, but the
energy still tends to dissipate.

5.2. Growth of tumors in 2D. This subsection primarily aims to validate the
capability of the numerical scheme (14)-(15) in illustrating the tumor growth. In
the following numerical example, we consider the tumor growth of choosing dif-
ferent values of the nutrient supply in 2D. We take the computational domain
Q =1[0,2]? (unit : 103um) with T = 2.0 (unit : year). We set temporal step size
At = 0.0001 and spacial size h = 0.01. The nutrient supply parameter s is set as
2.60 g/(L - day), 2.70 g/(L-day) and 2.80 g/(L - day), other parameters are fixed
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(al) (b1) (a4) (b4)
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FIGURE 5.5. The evolution of the phase field function ¢ (the sub-
figures (al)-(a6)) and nutrient function o (the subfigures (b1)-(b6))
at s = 2.80 g/(L - day) in the two dimensional case and different
times for: (1) ¢t = 0.1; (2) t = 0.2; (3) t = 0.3; (4) t = 0.4; (5)
t=0.5; (6) t = 0.6.

as previous subsection. ¢ = 0 and ¢ = 0 are imposed on all boundaries, and the
initial conditions are the same as in the previous subsection.

In Fig. 5.3, Fig. 5.4 and Fig. 5.5, we give the simulation results with s is 2.60 g/(L-
day), 2.70 g/(L-day) and 2.80 g/(L-day), respectively. We show the evolution of
the phase field function ¢ and nutrient function o at time ¢t = 0.1,0.2,0.3,0.4,0.5
and 0.6. The two dimensional simulation results are similar to previous studies,
and can be seen in [34] and [35].

5.3. Growth of tumors in 3D. In this example, we study the tumor growth
in 3D based on the proposed DG scheme. We choose the computational domain
Q = [0,2]® (unit : 103um) with T = 2.0 (unit : year). We set temporal step
size At = 0.0006 and spacial size h = 0.04. The model parameters and boundary
conditions are the same as in the previous subsection and the initial conditions are
set as follows

o = 1, 0.94 <2 <1.06, 0.80 <y < 1.20 and 0.80 < z < 1.20,
"7 o, otherwise,

oo — sin (27x) 0.94 < x < 1.06,
0= 0, otherwise.
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FIGURE 5.6. The evolution of the phase field function ¢ (the sub-
figures (al)-(a6)) and nutrient function o (the subfigures (b1)-(b6))
at s = 2.60 g/(L - day) in the three dimensional case and different
times for: (1) ¢t = 0.1; (2) t = 0.2; (3) t = 0.3; (4) t = 0.4; (5)
t=0.5; (6) t = 0.6.

In Fig. 5.6 and Fig. 5.7, we also give the simulation results with s is 2.60 g/(L-day)
and 2.70 g/(L-day), respectively. We show the evolution of the phase field function
¢ and nutrient function o at time ¢t = 0.1,0.2,0.3,0.4,0.5 and 0.6. It can be observed
that when the s = 2.60 g/(L - day), the fingered morphology grows thinner and
branches less. Through to increase the nutrition value s to 2.70 g/(L - day), the
tumor of the fingered morphology produce wider branches. It can also be observed
that the tumor grows slowly when s is small. However, the growth rate of the
tumor will accelerate, when increasing s to 2.70. At the same time, the results
in this paper and those reported in [33] indicate that the tumor initially grows in
a spherical shape. If the tumor continues to develop in this morphology, it will
consume more nutrients and the concentration of nutrient will decrease. With a
constant supply of nutrients, the simulation results show that the supply of nutrients
and the growth of the tumor reached a steady state when ¢ = 0.55, the pattern of
tumor does not change, and finally appeared as a fingered morphology.

6. Conclusion and outlook

In this paper, we firstly derive a tumor growth model based on free energy.
For this model, the scalar auxiliary variable (SAV) is used to handle the nonlin-
ear term. Combining the backward Euler (BDF1) method and the discontinuous
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FIGURE 5.7. The evolution of the phase field function ¢ (the sub-
figures (al)-(a6)) and nutrient function o (the subfigures (b1)-(b6))
at s = 2.70 g/(L - day) in the three dimensional case and different
times for: (1) ¢t = 0.1; (2) t = 0.2; (3) t = 0.3; (4) t = 0.4; (5)
t=0.5; (6) t = 0.6.

Galerkin (DG) method to discretize the model, we propose a linear, fully decou-
pled and unconditionally energy stable numerical scheme. The rigorous and de-
tailed proof processes of solvability and stability are given, and we prove optimal
error estimates of the related variables through strict theoretical analysis. Through
some numerical experiments, the validity of the model and numerical scheme are
demonstrated numerically. In addition, the tumor growth process is simulated by
numerical scheme. However, our study is an isotropic equation, while the growth
of real tumor is anisotropic, that is a great challenge will be considered in future
work.
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