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SPEEDS IN TUMOR GROWTH MODELS*
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Abstract. At the continuous level, we consider two types of tumor growth models: the cell
density model, based on the fluid mechanical construction, is more favorable for scientific interpre-
tation and numerical simulations, and the free boundary model, as the incompressible limit of the
former, is more tractable when investigating the boundary propagation. In this work, we aim to
investigate the boundary propagation speeds in those models based on asymptotic analysis of the
free boundary model and efficient numerical simulations of the cell density model. We derive, for
the first time, some analytical solutions for the free boundary model with pressure jumps across the
tumor boundary in multidimensions with finite tumor sizes. We further show that in the large radius
limit, the analytical solutions to the free boundary model in one and multiple spatial dimensions
converge to traveling wave solutions. The convergence rate in the propagation speeds are algebraic
in multidimensions as opposed to the exponential convergence in one dimension. We also propose an
accurate front capturing numerical scheme for the cell density model, and extensive numerical tests
are provided to illustrate the analytical findings.
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1. Introduction. The invasion of solid tumors into a host tissue has been one
of the most active areas for mathematical modeling. The tumor density can be influ-
enced by concentration of nutrients, cell division, the extracellular matrix, as well as
other environmental factors. There are numerous models, including individual-based
models, fluid mechanical models, and free boundary models, for tumors in different
scenarios [4, 6, 9, 12, 13, 20, 26]. The individual-based model is more accurate for
small-scale problems while the latter two types of models are built from continuum
mechanics [9, 12]. One common question is to understand the propagation speed of
tumor boundaries [10, 14, 13], and it is also one of the most popular research topics
for reaction diffusion equations in general [5].

Tumor expansion with a constant speed has been observed and studied in previous
literature [10, 24]; however, such a phenomenon could only be observed for large-scale
tumors, which leaves a natural open question: when the tumor size is not large enough,
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how does the tumor boundary propagate with time? More specifically, this consists of
two levels of investigation. One is to figure out the dependence of the limiting constant
speed on the model parameters, and the other one is to explore the convergence rate
of the propagation speed toward the limit. In particular, it involves a subtler question,
whether or not the convergence rate depends on the dimension, as is pointed out in
[25].

In this paper, we investigate two types of continuous models: the cell density
model, which is based on a fluid mechanical construction (see, e.g., [20, 21, 23]),
and the free boundary model, which describes the geometric motion of solid tumor
borders (see [13] and references therein). The cell density models carry the biggest
capacity for scientific interpretations. However, due to the nonlinearity and the lack of
analytical solutions, it seems impossible to find the analytical formula of the associated
boundary propagation speed. Previously, the convergence of the cell density model to
its incompressible limit, which is the free boundary model, has been rigorously justified
[21, 23], but despite the vast interest from both the mathematics and the science
community, analyzing the consistency of the propagation speeds from these models
remains at the intuitive level. In this work, we aim to investigate the connections
of the propagation speeds, based on numerical implementations of the cell density
model, and asymptotic analysis of the free boundary model.

We specify the cell density model in the following, which is derived mainly from
the assumptions that the expansion of tumor cells is driven by the cell division and
the mechanical pressure [20, 25]. More precisely, we consider the following advection-
reaction model as in [21, 23, 24]:

0
(1.1) pride CsV - (pVW)=®(%,p), xcR", tcR",
where p(x,t) is the density function of tumor cells, ¥(p) is the elastic pressure, and ®
is the growth function. The potential W is related to the pressure ¥ via the Brinkman
model

(1.2) —C, AW+ W =%, VW(z,t) =0 (Jz[— +oo).

Here, Cs and C, are parameters, relating respectively to the elasticity of cells and
the bulk viscosity that models the friction between cells [24]. One can write (1.1) into
the following equation: 5

50 TV () =2(2,p),

where v = —CgVW is the velocity field field. The velocity field is curl free and
the Brinkman model (1.2) is rewritten —C,Av +v = —CgVE. When C, = 0, the
Brinkman model recovers the Darcy’s law, which says cells move in the direction of
the negative pressure gradient. A lot of works have been dedicated to the case of
Darcy’s law; see [2, 21, 28] and the references therein. When C', # 0, the dissipation
in velocity due to the internal cell friction is analyzed in [23], and the authors have
pointed out the theory of mixtures which allows for a general formalism combining
both the Darcy’s law and the Brinkman’s law. Similar systems with nonlocal cell
interactions and cell growth can be found in [1, 11].

To complete the cell density model, one has to specify the state equation ¥(p)
and the growth function ®(X,p). We assume that the tumor cells are modeled as
viscoelastic balls and the elastic pressure is an increasing function of the population
density. After neglecting cell adhesion and assuming that X(p) = 0 when cells are not
in contact, one possible choice of the state equation reads
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0 <1
(1.3) D=4 P="
Cylnp, p>1.

The biophysical derivation of (1.3) can be found in [24]. It is worth mentioning that
other forms of state equations, such as X(p) = p™, have been proposed and studied
as well [21, 22]. Letting H denote the Heaviside function, i.e., H(v) = 0 for v < 0
and H(v) =1 for v > 0, the growth term is chosen to be

(1.4) D(p) = pH(Cp — X(p)).

This indicates that when the pressure is less than a threshold denoted by C,, i.e.,
X(p) < Cp, the cell density grows exponentially, while the cell division stops when the
process exceeds the threshold, X(p) > C,. Though the state equation in (1.3) and
the growth function (1.4) are not yet experimentally verified, they are qualitatively
reasonable and allow for analytical formulations of the front speed.

Similar to [21, 22, 23, 24], the fluid mechanical model (1.1) (1.2) relates to a
free boundary model in the incompressible limit (C, — o0). The derivation of the
corresponding free boundary model from (1.1) can be seen in a heuristic way as follows.
Multiplying (1.1) by ¥’ = % in the support of ¥, we get

0
(1.5) §E —CsVE-VW - CsC,AW =C, H.
Formally, sending C, — oo yields the relation —CsAW = H within the support of

3. Thus, in the incompressible limit, we obtain the complementary relation
(1.6) =0 or —CgAW =H.

Formally, one sees from (1.5) that if the initial density is compactly supported, then
it remains compactly supported with boundary moving with velocity v = —CsVW,
and this completes (1.6), the free boundary model. In a similar model, such a limit
was proved rigorously [23].

This free boundary model has been comprehensively studied in [24] by explic-
itly constructing the 1D traveling wave solutions, which implies constant propagation
speed of the tumor borders. However, in principle, the one-dimensional (1D) traveling
wave solution is relevant only when the tumor radius is approaching infinity, and there-
fore it is unable to quantify the dynamics for finite size tumors. It is worth mentioning
that the traveling wave solutions are also available for some multispecies models (see,
e.g., [19]), which sheds light on the understanding of the tumor boundary instability.

In this paper, we construct closed-form radially symmetric solutions of the free
boundary model in various dimensions. The derivation follows techniques similar to
those in [17], but to the best of our knowledge, the results with exact quantification of
the pressure jumps are obtained for the first time. In addition, the expressions provide
strong evidence for the conjecture that the pressure jump relates to the tumor border
curvature. We further carry out asymptotic analysis of the closed-form solutions in
the large tumor radius regime and are able to identify the traveling wave solutions
in the large radius limit. Besides, the asymptotic analysis manifests the effect of the
dimension in the large radius limit. We show that in contrast to the exponential
convergence of the speed toward the limit in one dimension, the convergence rate in
multidimensional cases is at most algebraic.

For the cell density model, direct analysis of the boundary moving speed still
seems inaccessible at this stage. Instead, we provide some a priori analysis and propose
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a novel numerical scheme to simulate its dynamics. The numerical method is an
improved version of our previous work [18], wherein only the Darcy’s law is considered.
When C), is large, though we could only show at a formal level the convergence of the
cell density model to the free boundary model, the numerical results show that the
boundary moving speed and pressure jump across the tumor borders agree well with
the analytical results from the free boundary model.

The rest of the paper is outlined as follows. We give an a priori L? estimate for
the fluid mechanical model in section 2, and then in section 3, based on the limiting
free boundary model, we derive explicitly the velocity and structure of the tumor
boundary for 1D symmetric, 2D radial symmetric, and 3D spherical symmetric cases.
A new numerical scheme that captures the correct border velocity for a wide range of
C,, is proposed in section 4, and in section 5 we carry out extensive numerical tests
to exemplify the analytical observations.

2. A priori analysis of the cell density model. In this section, we aim to
derive some a priori estimates of the cell density model. Note that although quanti-
fying the boundary propagation speed at this level seems unreachable, the stability
results we obtain below give access to the design of reliable numerical schemes. For
simplicity, we assume hereinafter all the boundary terms vanish when carrying out
integration by parts due to the decaying property of the solutions at infinity.

For convenience, we recall that

3}
(2.1) ap—C’gV(pVW) =pH(C, — %), xzeR", teR",
(2.2) —CLAW +W =3, x € R

For simplicity of analysis, we assume that V¢ > 0, we have X(«,t) is continuous in
z € R", and 0 < ¥(z,t) < Cp,. Thus, by the maximum principle, we also have
0 < W(x,t) < C,, and from (2.2), it implies AW € [fg—’z’, %] Note that AW may
change signs in the whole space.

Next, we check the L? stability of the density p. Assuming p(x,0) is compactly
supported and ||p(-, 0)|| 2 is finite, multiplying (2.1) by p and integrating over R™, we
get

1d 9 9
—— ol dw:Cs/ pV-(pVW)d:c+/ lpl?H(1 — X)dx
2dt Jpa R4 Rd

Ip|?AW dx +/ IpPH(1 - X)dz,
2 R Rd

which implies that

d CsC,
ol < (S22 4 2) o

and therefore an upper bound for the relative growth rate of ||p||zz is guaranteed.
We now analyze the L? stability of the pressure function ¥. We denote by D(t) =
{x : X(x,t) > 0} and assume that D(t) € R™ is compact, then

0
aZ —CsVE - VW — CsC, AW = C,H, z € D(t).
Multiply each side by ¥ and integrate over R”, we have
1d
—— X% dx — C’s/ YVY . -VWdx — CsC, SAWdx = C), YHdzx.
2 dt R n R™ D(t)
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By (2.2) and the boundedness of W and AW above, we get

1
/ ZVZ-Vde:—ﬁ/ (L) AW dx

|
_ _5/ (—CLAW + W)?AWdz

1
- _5/ [(C.IAW[PAW = 2C.|AW[W + W2AW] da

|
- / [CLIAW P(C.AW — W) — CLIAW W — 2W YW |?] dax

1
:_5/ [~CLIAW S — CLIAW[PW — 2W YW |?] da:

IN

Opoz/ |AW\2dm+cp/ VW |?dx,
Rn Rn
and

/ SAW dz :/ (—C, AW + W)AWdx = f/ C|AW | + VW |? de.

n

Denote V(t) = Vol(D(t)), then clearly we obtain C, fD(t) YHdx < C,C,V(t). Alto-
gether, we have the following estimate:

(2.3)

%% IS da < CsC. (Cp — CV)/ |AW [*dx + Cs(Cp — CV)/ VW 2da + C,C,V (t).
R™ R R™

Clearly, when C,, > C,, the diffusion dominates the convection and results in an overall

stabilizing effect.

3. The free boundary model. In this section, we construct analytical solutions
to the free boundary problem based on the three-zone ansatz, which was originally
proposed in [24] for the construction of traveling wave solutions. However, unlike
the traveling wave solution where the inner layer is infinite, here we assume that the
inner layer has a finite size. We shall show that, with the specific choice of solution
ansatz described below, the free boundary model reduces to a differential-algebraic
system of equations, where the differential equation of the radius determines the
border expansion speed and the algebraic equation governs the thicknesses of the
inner and outer layers of the tumor.

We will also investigate the large radius limit when the thickness of the inner
layer becomes infinity. In such limits, the radial symmetric solutions to the free
boundary model always converge to a traveling wave solution, regardless of the spatial
dimensions, but with different convergence rates. In multidimensions the convergence
rates are algebraic with respect to the radius of the inner layer, which gives hints to
the dependence of the curvature (the reciprocal of the radius in this case) in the first
order correction of the front moving speed.

In the incompressible limit, we consider the Hele-Shaw type complementary equa-
tion and the Brinkman model

(3.1a) {2_0 or —CsAW =H(C,—-%), zeR"
(3.1b) ~C.AW+W =%, =zeR"
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Fi1c. 3.1. Schematic plot of the solution ansatz. The support of the tumor consists of two layers:
Q1 and Qa, which define the inner boundary I'1 and the outer boundary I'a, respectively. Note that
there is a possible pressure jump across I's.

The free boundary model is completed by the boundary moving velocity v = —CsVW.
Particularly, we are interested in solutions with density p evolving as a characteristic
function on a changing domain and pressure ¥ may vary within the support of p.

To this end, we assume that the whole domain can be divided into three parts:
in O, ¥ = Cp, p = 1, and its boundary is denoted by I'y; in Qy, ¥ € (0,C,),
p = 1, its inner and outer boundary are I'; and I'y respectively, and Q1 N Qs = 0;
Q3 = (21 UQ)¢, where ¥ = 0, and p = 0. T’y is evolving in time with the normal
velocity —VW -n, where n is the outer unit normal vector to I'y. Please see Figure 3.1
for an illustration.

Note specifically that the support of 3 may not coincide with that of p in general,
but we are only interested in deriving the analytical solutions when they do share the
same support. We also expect that W and VW are continuous across both I'; and
T', whereas pressure ¥ remains continuous across I'y but has a jump across I'y. We
also note that W is not supported in €3 U s, but rather W > 0 everywhere.

Since the Heaviside function H is hard to deal with, we adopt the following
regularization as in [24]:

07 u—?
u

(3.2) Hy(w) = § 5 0<u<mn;
1, w2>n,

where 1 € (0,C}). As a result, the decomposition of the domain is modified accord-
ingly. In Q], ¥ € (Cp, —n,C,] and p=1;in Q, ¥ € (0,C, — 1) and p = 1; finally in
Q1. ¥ =0 and p = 0. The continuity of W, VW, and ¥ through the boundaries I'
and I'] stays unchanged. It is expected that the regularized solution converges to the
original one in the limit n — 0F.

In the rest of the section, we derive explicit solutions to the incompressible limit
model using the above ansatz in various dimensions. We also investigate the solvability
conditions, in order for the ansatz to be valid, and its connection to the traveling wave
solution.
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3.1. 1D case. We start with the regularized problem. For simplicity, we as-
sume the problem is symmetric in space and denote Q] = [—R](t), R (¢)], Q7 UQd =
[-R"(t), R"(t)] with R"(0) = Ry being the initial condition. We first derive the
equation that links R"” and R], and then the evolution equation for R".

In Q7, (3.1) along with (3.2) reads

C,—X
_CSme = pTa _CZWZE$ +W = Ea
which readily leads to
—Cs + Co)Wye + W = C,p,

after eliminating ¥. Note from the symmetric assumption that W’ (0) = 0, the general
solution of W in Q7 is given by

xT

T cql.
\/7770“02)’ TE

Consequently, the general solution of ¥ in Q7 is given by

W(z) = Cp, + A" cosh <

Y=—-CWy + W =C, +An?7CScosh(x> ze Q]
e P nCs+C, VnCs+C. )’ v

Since ¥ equals C), — n at the boundary of Q7. i.e., (R]) = C, — 1, we have

Cs+C,
(3.3) Ar= - TUSTEE
C's cosh (7#03102)
In Q2. the model (3.1) becomes
—CsWy =1,  —CWyp+ W =%,

and one can immediately write down the general solution for W as

1
W(zx) = ——205902 +axz 40", re .

By continuity of W and W, at x = R}, we get

R} vnCs +C R}
3.4 n—_t_ VT ¥reonh | ——
(34) ¢ T s Cs " <\/7705+Cz)’

Cz (EU)2 \/UCS + Cz R"
n 1 7 1
(3.5) b7 =Cp—n Cs 5Cs + Ry Cs tanh e )

And the general solution of ¥ in Q7 is given by

1 c
E(x) =—C Wy + W = —ﬁﬂfZ +ax +b" + é

Finally, in 7, (3.1) simplifies to

Y=0, —C.Wy+W=3.
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By assuming the decaying behavior of W at infinity, the general solution of W in €21
can be written as
_xz—R"
W(z) =d"e Vo=, r e,
Then the continuity of W at R" implies

1

3.6 d" =
(3.6) 5Cs

(R™)? 4+ a"R" + b".

To summarize, we have the following analytical representation of > and W in different
domains:

X

C,+ A"cosh | ———— |, e Q7.

p+ cos ( ﬁCS"FCz) T 1

(3.7) W(z) = ———a2? +a"z + b, z€QJ,

2Cs o
dhe” VT | zel.
A'mCyg x
C h , e 0l
. o : nCs +C; o (\/HCsCJrCZ) re
3.8 Y(x) = . 2

—ﬁx2+a’7m+b’+c—s, ey,
0, z e Ny,

where ", b7, d", and A" are given by (3.4), (3.5), (3.6), and (3.3), respectively.
Thus, the regularized problem has been completely solved. We take the limit
1n — 0, and the solution becomes

Cp + Acosh <\/x07>’ x €,

(3.9) W(z) = ——2"+ar+b, €N,
20s
de VT | x € Qs
Cp, JJGQl,
(3.10) Y(x) = —LmQ—l—am—f—b—i—% x €
. - 205 CS’ 2,
0, S Qg,

where the parameters are listed below:

A 2 iron
a:&— Cztanh(R1>, b:Cp—%—(Rl) + Ry Cztanh<R1>,
CS CS V Cz CS 2CS CS V Oz
. 1
A:fc—, d=———(R)?+aR+b.

Cscosh(%) 2Cs

Next, we examine the relationship between two boundaries R and R;. Again by
continuity of W, at R, one has

(3.11) B e

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/22/22 to 131.111.5.142 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

1060 JIAN-GUO LIU, MIN TANG, LI WANG, AND ZHENNAN ZHOU

If we denote the difference between those two by Ra, namely R = Ry + Ra, then (3.11)
becomes

¢ Ry + % tanh (RC%) = —L(R2)2 — Ry

Cs Cs 2Cs
which simplifies to a quadratic equation in Rj,

‘/Cz Rl Cz
t l y— e
CS an \/@ Cp CS’

(3.12)

(Ry)? +2/C, <1 + tanh (%)) Ry +2C. (1 + tanh (%)) —20,Cs = 0.

We remark that, given the parameters Cp,, C,, and Cg (note that C, — o0), the
necessary condition for the above solution to make sense is that R > R; > 0. This
implies that, in the algebraic equation (3.12), given the value for the outer boundary,
R = Ry + Rs, there exist solutions with R; > 0 and Ry > 0. Although one cannot
get explicit constraints from such solvability conditions, it is easy check the condition
numerically; see Figure 3.2 on the left. The other two plots in Figure 3.2 indicate that
if we choose R and R; satisfying the relation (3.12), then W has a smooth transition
from 3 to 5 (middle plot), and a kink otherwise (right plot).

To make a connection to the traveling wave solutions, we consider the limit Ry —
oo. Then (3.12) reduces to

(R9)?* +4+/C,Ry +4C, — 2C,Cs = 0,

which has the following two solutions: Ry = +,/2C,Cs — 24/C,. Therefore, when
V2C,Cs > 2/C,, Ry has a positive solution, which means in the traveling wave
limit, i.e., Ry — 0o, Qy persists with width /2C,Cs — 2v/C..

In this case, we can further calculate the pressure jump at R, which is given by
Y(R) = d+ £=. With (3.11), it becomes

Cs
vV Cz vV Cz vV Cz Rl Cz
= h =z
s Ry + Cs tan o +

Cs’
If we take R; — oo, the pressure at I'y simplifies to

VO, C.
CS R2 + 2075

%(R)

S(R) =

0 05 1 15 2 -5 0 5 -5 0 5
R1 X X

Fic. 3.2. Left: relationship between R1 and R. Middle: plot of W(x) using (3.9) with R =1.5

and R1 = 1.2781, satisfying the relation (3.12). Right: plot of W (x) using (3.9) with R = 1.5 and
R1 = 0.8, not satisfying the relation (3.12). Here Cs =1, C, =2, Cp, =4, C, =200, n = 0.001.
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When /2C,Cs > 2+/C, we substitute Ry with /2C,Cs—2+/C and get the pressure

jump
2C,.C
) — g 2
(B)= /=&

This recovers traveling wave solutions found in [24].
When R; is finite, there is no explicit analytical solution; instead we numerically
solve (3.12) for Ry. Here R(t) satisfies

R=—-CsW,(R)=R-Cs (g; — VCC;Z tanh (%))

:R—R1+\/Cztanh<%>.

When /2C,Cs > 2+/C., in the traveling wave limit, R; — oo, we obtain

R=./2C,Cs —/C..

3.2. 2D radial symmetric case. Similar to the 1D case, with the radial sym-
metric assumption, we can explicitly solve for the ansatz solution to the regularized
impressible model. The interested readers may refer to Appendix A.1 for details. In
the following, I,,,(r) denotes the modified Bessel function of the first kind, and K, (r)
denotes the modified Bessel function of the second kind. By taking the limit n — 0,
we obtain the solution to the incompressible limit model

Cp+AIO (\/%), red

(3.13) W(r)=<{ ——r*+alnr+b, 7€ 0y,
4C5
,
dKy [ — |, € s,
° (wz) Te

Cp, r e Ql,

(3.14) X(r)= —Lr2+alnr+b+& reQ
' - 4Cq Cs’ »
0, re Q3,

where the parameters are listed below:

v I (J)

L

a= R? - R,
2Cs" C R

’ s o (7&)
pec G (R (RPWR o, VO I (cht)
“9 s Tacs T 20 +1n1051<31)

0 /Cz
c R 1

A=——1 "7 _  dK, () = R2+alnR+b.

Cs Io( I ) V- 4Cy

Next, we examine the relationship between two boundaries R and R;. Again by
continuity of W,. at R, one has

d R 1 a
IR e -~ R+ 2
NN 1(\@) 205 TR
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If we denote the difference between those two by R, namely R = Ry + R, then

3.15 VC KO(V%Z) L e oY o L gy umRan,
(. ) ZK(R) 205 _E _—405 tandhi
1 /Cz

To see the connection to the traveling wave model, we consider the case with
Ry > 1, Ry = O(1). Asymptotically expanding (3.15), we get

L.H.S.
Jo i) o (m o veh ()
_\/7< 2R>(CSR2 Cs IO(@)+]%1<QQG_R2 Cs Io(%)

“o(w)

V. 1 C. 1 ([ R} VC.  C. 1
=V (1*231 oty T \aes ey Taes)) T\ m )

Here, we have used the fact that when z > 1

Lz) _,_ 1, (1> KO(Z)=1—1+0<1>.

Iy(2) 2z z

Q

Similarly, on the right-hand side, we have

R.H.S.
. R
7*732 RQFI( )+C’ C: Jri RingRf%\/@M
- 20 C PTCs "TRi\6Cs T2 C 7
s s IO(J@) s 1 5 S I, (ﬁ)
ol L
o) Rl
VO, C. 1 (RS R3VC. RyC, 1
=——R2 R C,— =24 - (2 4 BN
2Cs ? Cs O CS+R1 605+ 2 Cg + 2Cg to Ry

To match the terms by order, we assume that when Ry > 1,

1
Ry — a1
2 Oéo-l-Rl—F <R1>

Then to the leading order, we have
(0)? +44/Cag +4C, —20,Cs =0,

which implies aat = +,/2C,Cs—2y/C,. o is determined via the next order equation.
If we consider the traveling wave limit, namely Ry — oo, then clearly Ry — «g with
an algebraic convergence rate. And if af > 0, or equivalently C,Cs > 2C., then Qs
persists with width af{ .

The pressure at I's in the limit Ry — oo simplifies to X(R) = */C—CERQ + Qg—;.
When oza' > 0, substituting Ry with ag leads to the following pressure jump:

2C.C,
Cs

S(R) =
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w w

35

25 0.5

c 2 - 1 1

0
15 PP as /

0.5

F1G. 3.3. Left: relationship between R1 and R. Middle: plot of W (z) using (3.13) with R = 2.71
and R1 = 0.0151, satisfying the relation (3.15). Right: plot of W (z) using (3.13) with R = 2.71 and
R1 = 0.9, not satisfying the relation (3.15). Here Cs =1, C, =0.02, Cp, =2, C, = 100, n = 0.01.

When R, is finite, there is no explicit solution for R,; instead we consider the
evolution equation for R(?)

1 n ()
§<R1>27R1J(Z -
I ()

Therefore, (3.16) and (3.15) can be viewed as a differential-algebraic system of equa-
tions, and we can numerically solve for Ry and R. Like before, the solvability calls
for R > R; > 0. We display the relationship between R and R; from (3.15) in Figure
3.3, where a monotone relation is observed.

Further, when aa' > 0, in the traveling wave limit R; — co, we obtain

R=af ++/C.=./2C,Cs —+/C.,

which is the same speed as we obtained in 1D case.

We want to point out that the significant difference between the 1D and 2D
cases is that in two dimensions the effect of curvatures becomes manifest. Indeed,
in two dimensions, when Ry > 1, as the asymptotic analysis above shows, the free
boundary limit converges to the traveling wave solution only with an algebraic rate.
In particular, when Ry > 1, we have Ry ~ ag + kaq, where K = 1/R is the curvature
of the tumor front, which asymptotically determines the first order correction of the
front propagation speed and the pressure jump. On the contrary, in one dimension,
the free boundary limit converges to the traveling wave limit exponentially.

(3.16) R=—-CsW,.(R) =

| 3
==

3.3. 3D spherical symmetric case. Similar to the 1D case, with the radial
symmetric assumption, we can explicitly solve for the ansatz solution to the regu-
larized impressible model. Here we only list the results, and interested readers can
refer to Appendix A.2 for details. In the following, i,,(r) denotes the modified spher-
ical Bessel function of the first kind and k,,(r) denotes the modified spherical Bessel
function of the second kind. The solution to the incompressible limit model takes the
following form:

.
C’erAz'o(—), re,
VO, Cp, r € Q,
1 1 C,

W(r) = Té r2+a;+b, rey, B ={ —gartta tbi gt re,
S, 0, reQs,
dko [ — ) , € Qs,

O(wZ) Te
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where the parameters are listed below:

1 o0 (7 C. (R VO h(7&
a?’a’?(Rl)3+(R1)QC’SiOE£§7 b:Cp_FS+ 261’5 - R Cs iogggy
C, R 1 1
- Csio (&) o (W) = oo TR Tt

To get the relationship between two boundaries R and R;, again by continuity of
W, at R, one has

d R 1 a
17 — k = — - —.
(317 N (\/CZ) 305 B2
Using R = Ry + Rs, it becomes
VO, 1 a 1, 1
1 VO, ——L | — — | =—-— — 4 b
(3.18) Ckl(R)<3CSR+R2> GCSR +aR+
ch

Now we consider the case when
Ri>1, Ry= 0(1)

By asymptotically expanding each side of (3.18), we get

JON [ 1 VOO 1 [ R /T G,
LHS. = /C. (1 — (-2 2
> ¢ < Ry CSR2+ Cs +R1 Cs Fz Cs Cs

Here, we have used the fact that when z > 1

i1(z)11+o<1>, k0(2)11+0(1>.

io(2) z z k1(2) z z

Similarly, on the right-hand side, we have

/ 3 /
R,H,s,:fLRngz ¢ ¢ ! (R2 RYC R2CZ)+0(1).

50 R e +

Cs ' Ri \3Cs 2 C0s Cs

Ry

To match the terms order by order, we assume when R; > 1,

a1 1
Ry = — — |
2 Oéo-l-R1-|—0<Rl)7

then the leading order terms read
(040)2 +4+/Cra0 +4C, — QCPCS =0,

which implies aa[ =+,/2C,Cs — 2¢/C..

In the traveling wave limit, namely R; — oo, then clearly Ry — o with an
algebraic convergence rate. If further ag' > 0, or equivalently Cp,Cs > 2C, then {2y
persists with width ag' in the limit.
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As Ry — oo, the pressure at I'y simplifies to X(R) = \é?RQ + 2%;. When

af > 0, we substitute Ry with oy, and we obtain the following pressure jump:

[2C,C

Next, we check the front moving speed. When, R; is finite, there is no direct
explicit solution for Rs. Observe that the R(t) satisfies

. Rl
. 11
(3.19) R=—CsW,(R) = ? " % *é(R1)3+ (R1)2\/CTZ'( fz)
io ()

Thus, (3.19) and (3.18) can be viewed as a differential-algebraic system of equations,
and we can numerically solve for R; and R from this system. When ozg > 0, in the
traveling wave limit, Ry — 00, (3.19) reduces to

R=af +/C.=/2C,Cs—/C..

4. Numerical scheme. In this section, we introduce a numerical scheme for
solving the cell density model (1.1)—(1.2). Our goal is to design a scheme that works
for a wide range of C,, and thus can simulate solutions to the free boundary model
when C, — oo.

When C, is large, from the definition of ¥ in (1.3), the dependence of ¥ on p
becomes intractable. More precisely, a small error in p induces a big change in X.
On the other hand, to find the correct front speed numerically, ¥ has to be accurate
enough. Therefore it is not an easy task to design numerical schemes that can capture
the right solution behavior when C), is large. Other numerical methods developed for
the degenerate diffusion equation [3, 7, 8, 15] only work for C,, of O(1).

Since the incompressible limit (3.1) is obtained directly from the evolution equa-
tion for pressure ¥ (1.5), we propose a three-stage prediction-correction-projection
method that gives the correct border velocity for C, = O(1) and also for C, > 1.
This method is essentially inspired by [18], but the prediction-projection object is
changed to the potential W. In order not to obscure the focus of the current work,
we avoid numerical analysis for the method and save it for future works.

4.1. The semidiscrete method. In this part, we introduce the semidiscrete
scheme by considering the following augmented system:

(4.1D) —CAW AW =3,

(4.2) 0% — CsVE - VW — CsC, AW = C,H

where X relates to p through the constitution relation (1.3). Recall that (4.2) is an
auxiliary equation derived from (4.1a) and (1.3). Since VW is important in driving
p forward in time, we combine (4.1b) and (4.2) to derive the following evolution
equation:

0

(4.3) 57 W = C:AW) = CsVE - VW — OsC, AW = C, H.
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Then our semidiscrete predictor-corrector scheme reads as follows. Given W™, p”,
and X", we have

(W* — CLAW™®) — (W™ — C,AW™)

< — CsVE" VW
(4.42) —CsC,AW* = C, H",

n+l _ n
(4.4b) L N L OV (p"VW) = p T

(4.4c) —C, AW L Wt = B(pn )
where we have used
Xt =3%(p"), H"=H(C,—X").
Notice that when C, — oo, (4.4a) formally reduces to
—CsAW™* = H"

and therefore captures the free boundary limit. The use of (4.4c) is to dynamically
reinforce the constitutive relation between p and W, which also turns out to be im-
portant for stability purpose.

4.2. Fully discrete scheme in one dimension. In this part, we elucidate the
spatial discretization and form a fully discrete scheme for the 1D case. The 1D version
of (4.4) reduces to

(W* — C.0,W*) — (W™ — C.0,,W")

A7 C50, X" 0, W
(4.5a) —CsC, 0, W* = C, H",
pn+1 _ pn
(4.5b) —x Cs0y(p" 0, W*) = p" T H™
(4.5¢) —CL 0, WML L Wt = 3(pnHL).

Then to update W* from (4.5a), we have
(1 = C.0ps — CsCLALD )W = W™ — C 0, W™ 4+ AtCg0, X" 0, W™ + AtC,H™ .
To discretize in space, let [—Lg, L] be our computational domain and denote x; =
—Ly+(j—1)Az, j =1,2,... N,, with Az = 2L, /N,; then p;, &; and W; approximate
p(x), E(z), and W (x) at position r;, respectively. Then we approximate the spatial

derivatives in the above equation via the central difference, i.e.,
Wj,1 — 2Wj + Wj+1 Wj+1 — Wj,1
Az? 2Ax ’

and we use zero boundary condition for both ¥ and W.
To propagate p in time, we use the central scheme to treat the convection term
in (4.5b) [16]. More specifically, let

i1 — X1
20z

(aza:W)] = s (azW)j = (61,2)] =

wn s — o Z Wi
Itz Ax ’
then (4.5b) is discretized as
(4.6)
1 AtH™ n+l _ n At n n,R n,L n n,R n,L
(1+ )05 =) oay (Wi 25 i) — s (e e
n n,R n,L n n,R n,L
(4.7) U1 (pj—l +p; )JF Uj_1 (Pj—1 Py )} )
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where 1
=)+ 5oy o =pp - 50y
and
0 it (pf1 = 07) (P — pfa) <0,
of =N Pj —Pi-1 elseif  [pfy =t > o = Pyl
Piv1 — P else.

We’d like to mention that the central scheme (see [16] for a broad discussion) is not
the only choice here for spatial discretization. In fact, any shock capturing scheme
should serve the purpose. This is because p will develop a sharp moving front that
resembles a shock, then a shock capturing scheme will pick up this front with minimum
diffusion.

4.3. Fully discrete 2D radial symmetric case. In the same line of (4.1), we
first write down the augmented system for the 2D radial symmetric case

1
Op — Cs;a,,(rparvv) =d(%,p),
fCZ%&(T&,W) +W=x,

8% — C's0, 50, W — CSC,,%@(MTW) = C,H,

and semidiscretize it in the same manner as in (4.5) to get

(W* = C.10,(r0,W*)) — (W™ — C. 10, (r0,W™))

At
1
(4.82) ~Cs0, X", W" — CsC,~0,(rd,W*) = C,H",
n+1 n
1Y —pP 1 n * n+1 n
4. — — (Cg— = H
( Sb) At Csrar(rp aTW ) P ’
1
(48C) —Cz ;87-(7'87«Wn+1) + Wn+1 = E(pn+1) .

To discretize in space, let [0, L,] be our computational domain, and denote r; =
% +(j—1)Ar, j =1,2,...N,, then p;, ¥; and W, approximate p(z), X(z), and
W (x) at position r;, respectively. Then the spatial discretization for W reads as

[ia,. (rarW"+1)}

J

1 1
- [(ra,«W)j% - (TBTW)j,%} ~
1 1 .
:EE [rj+%Wj+1—(Tj+%+Tj7%> Wj—‘rrj,% jflil, 322,...7NT—1,

and the Neumann boundary condition implies

1 | 1 _ 117w
Lar (ro, W )]1 = {(TBTW)% (r&TW)%} A= acs (W)
1 ey L _ 1
[Tar (ro, W )}NT = (O W)y oy = (O] <
1 "N, -1
= K Arz (WNT_l - WNT) .
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Likewise
(0rW); = E(Wj+1 -Wia), j=2,...,N.—1,
and ) )
(0, W)y = E(WQ W), (O:W)N, = E(WNT —Wn,.-1).

To update p, let g(t,7) = rp(t,r) and v = Csd, W, then (4.5b) is reformulated as

gn+1 _ gn
A Onlg"T ) =g T

W;Jrl_W'*

Denoting u Cs—5—L, the above equation can be discretized via the central

iy =
scheme similarly as in (4.6).

5. Numerical results. In this section, we conduct a few numerical tests to ex-
plore both the model consistency and the numerical scheme’s efficiency and accuracy.
More specifically, we have two major objectives. First, we numerically verify that the
cell density model effectively captures the incompressible limit when C, > 1, and in
particular, the consistences in the boundary propagation speed and in the pressure
jump are carefully checked. Second, we compare the boundary moving speeds of the
solutions with finite radius with those of the traveling wave solutions in one and two
dimensions, respectively. We shall see the difference in the convergence trends be-
tween the 1D tests and the 2D tests, which confirms our asymptotic analysis results
in section 3.

5.1. 1D case. First, we check the asymptotic property of the scheme (4.5) when
C, is sufficiently large. Let R(0) = 1.5, and choose R2(0) such that it satisfies
(3.12) with R;1(0) = R(0) — R2(0). Then, initial conditions ¥(0,z) and W(0,z) are
chosen of the form (3.8) and (3.7), respectively, where Q4(t) = [-R1(0), R1(0)] and
Qo = [-R(0), —R1(0)] U [R1(0), R(0)]. The constants are C, = 2, Cs = 1, C, = 4,
C, = 200. The regularization parameter n = 0.001. We plot the solution in Figure
5.1, where a good match between the numerical solution to model (1.1) (1.2) and the
exact solution to the limit model (3.1) is observed. Here the oscillation in ¥ is due to
the amplification by log of the small oscillation in p near the interface.

Next, we check the behavior of the jump in X, the volume of the tumor, and the
tumor invading front, versus time. The initial data is again chosen to be of the form
(3.8) and (3.7) but with R; = 1, R = 1.5. The parameters are C, = 0.2, Cs = 1,
Cp =1, C, =50, and n = 0.001, and the results are gathered in Figure 5.2; again,
good agreements between numerical solutions and theoretical predictions are observed.

t=0 t=0.3 t=0.6
—p —~p

w

4 A |

- - p exact

3 3 3 —W exact
/\ > exact

| AN AN

-5 0 5 -5 0 5 -5 0 5

——3

Fic. 5.1. 1D evolution of p, ¥, and W with initial data given by the limit model. Here
Az = 0.025, At = 0.0011. The parameters used in this example are C, = 2, Cg = 1, Cp = 4,
Cy, = 200, and n = 0.001.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 05/22/22 to 131.111.5.142 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

BOUNDARY PROPAGATION SPEEDS IN TUMOR GROWTH MODELS 1069

12 =1 55 038
T

! <3 s o6f T
08 _45 o

S Eo04
06 >, 3
0.4 i

35 02
0.2

3 0

0 0 02 04 06 08 I o 02 04 06 08 1
5 0 5 time time

Fic. 5.2. 1D evolution of cell density model with initial data given by the limit model. Here
Az = 0.0125, At = 9.9829¢ — 05. Left: plot of p, &, and W at time t = 1. Middle: volume versus
time. Here volume is [ pdz and the red dashed line represents slope 2(1/2CpCg — VC3) given by
the analytical formula. Right: jump versus time. The red dotted line is the limit pressure jump

V/2C.Cp/Cs.

front

0 0.2 0.4 0.6 0.8 1 0.1 0.2 0.3 0.4
time time

F1G. 5.3. Left: plot of the front versus time. The red dashed line indicates slope \/2Cp,Cs—+/C.
Right: log |R(t) — (1/2C»Cs —/C%)| versus time, where R(t) denotes the front speed; the red dashed

line denotes the slope 4(1/2CpCs —/C=)/\/C>, which is indicated by the analytical formula. Here
Az = 0.0125, At = 9.9829¢ — 05.

We further check the convergence of propagation speed toward the limit in Figure
5.3. Here on the left, the dashed line is with slope denoted by the constant speed in
the large R limit, corresponding to the traveling wave models. One sees that the blue
curve, obtained by evolving the cell density model, approaches the red dashed line,
indicating that it is the correct asymptote. On the right, an exponential convergence
toward the asymptote is displayed.

5.2. 2D radial symmetric case. In this subsection, we consider the 2D radial
symmetric case. Like before, we first check the asymptotic property of the scheme
(4.8) with sufficiently large C,. To this end, the following parameters are used:
C, =50,C,=1,C, =0.02, Cg =1, and n = 0.01. Initially, let the outer radius
be R(0) = 2.71, and the inner radius R;(0) = 0.0151 is obtained by solving (3.15).
Then initial condition ¥(0,z) and W (0,x) are chosen of the form (3.14) and (3.13),
respectively, where 4 () = [-R1(0), R1(0)] and Q2 = [—R(0), —R1(0)]U[R1(0), R(0)].
The solutions are gathered in Figure 5.4. Here a good match is observed between the
numerical solution and the analytical formula.

Next, we check the jump in X, the volume of the tumor, and tumor invading front
with respect to time in Figure 5.5. The initial data is again chosen to be of the form
(3.8) and (3.7) but with B; = 1, R = 1.5. The parameters are C, = 100, C), = 2,
C,=0.02,Cs =1, and n = 0.0001. We further check the convergence of propagation
speed toward the limit in Figure 5.6. Here the major difference compared to the 1D
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25 time = 0.000000 o5 time = 0.500001 o5 time = 1.000002
e
2 2] 2 - - p exact
— W exact
1.5 15 1.5
1 1 1
0.5 \ 0.5 \ 0.5 \
0 b 0 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
time = 0.000000 time = 0.500001 time = 1.000002
25 25 25
—X
2 . X exact
1.5 1.5 1.5
1 1 1
0.5 0.5 0.5
0 0 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

Fic. 5.4. 2D radially symmetric case. Ewvolution of p, ¥, and W with initial data given by
the limit model. Here Ar = 0.0125, At = 5.3351le — 5. The parameters used in this example are
Cy =100, Cp, =2, C, =0.02, Cs =1, and n = 0.0001.

25 t=6 100 0.4
—p
2 W 80 0.35
%
1.5 \ 60
o
>
1 40
0.5 20 0.15
0 0 0.1
0 5 10 15 0 2 4 6 0 2 4 6
X time time

Fic. 5.5. 2D radially symmetric case with initial data given by the limit model. Here Ar =
0.0125, At = 1.067e — 5. The parameters used in this example are Cp, = 100, Cp =2, C, = 0.02,
Cg =1, and n = 0.0001.

15 ; ; 0.8
0.6+ "
S 04}
0.2+
0 . 0
0 2 4 6 0 15
time front

Fi1G. 5.6. Left: plot of the front versus time. The red dashed line represents slope /2C,Cg —
VC.. Right: plot of |R(t) — (1/2CpCs — \/C>) versus front position, where R(t) denotes the front
speed. Green dashed curve denotes 2/R, where R is the front position. Here Ar = 0.0125, At =
1.067e — 5. The parameters used in this example are C, = 100, Cp = 2, C, = 0.02, Cs =1, and
n = 0.0001.
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case is that we only observed the algebraic convergence, as can be seen on the right
of the plot.

6. Conclusion. In this work, we explore the connections between a series of
macroscopic models of tumor growth from the perspective of boundary propagation
speeds. Prior to this work, only 1D traveling wave solutions have been available, which
yield a constant boundary moving speed. We give reassuring justification of the results
in the traveling wave model since regardless of spatial dimension, the propagation
speeds of radial symmetric solutions of the free boundary model all converge to that of
the 1D traveling wave model. We also offer new observation that in multidimensional
cases, the convergence of the propagation speed is algebraic and the curvature of
the tumor profile, which is the reciprocal of the tumor radius, shows up in the first
order correction to the boundary moving speed. Between the cell density model
and the free boundary model, we have numerically verified the incompressible limit,
which naturally implies the convergence of the propagation speed. But still, the
rigorous convergence analysis is yet to be carried out, since the previous work only
applies to the tumor growth models coupled with the Darcy’s law, but there should
be no essential technical challenges when the Brinkman model is chosen. Besides,
comprehensive numerical analysis and more general multidimensional implementation
of the proposed numerical scheme are also worthy research topics. We shall pursue
those directions in the future.

Appendix A. Computing the regularized incompressible model in multi-
dimensions.

A.1. 2D radial symmetric case. Denote
Q;]:BRY(t)a Q?UQg:BRn(t),

where B, denotes a ball centered at the origin with radius r, and assume R7(0) = Ry.
Hereafter, we shall first derive the relation between R” and R}, and then the evolution
equation for R". The derivation shares a lot in common with the 1D case, but results
will have some subtle dependence on dimensions.

In Q7, (3.1) becomes
Cp—%

C,
- r)r = ; - r)r :Ea
2w, = 2 S pw, e w

which, by eliminating X, leads to
1
—(nCs + CZ);(T’WT)T +W =C,.

The symmetric assumption implies W,.(0) = 0, and therefore the general solution of
W in Q7 can be written as

r
Vv 7703 + Cz

where I,,,(r) denotes the modified Bessel function of the first kind. Thus, the general
solution of ¥ in O is given by

wqm_cg+A%< >, reql,

C, AnCs r
S(r) = — 2 (W) + W = C I . reqn
1) ==L, +W =0y 1% ( sz) req)
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Note that at the boundary r = RY we have Z(RY) = C, — 7, thus

UCS + Cz

(A1) A=— o
570 (m)
In Q. (3.1) reads
C:
_7(TW7')7' = 1; _T(TWT)T' +W = E:

which immediately leads to the general solution of W

1
W(r)= f@rz +alnr+b, reQl.

By continuity of W and W, at r = R, we get

-
ViCs + ¢z I (W)

C R" 9
5 Ty < V Wcsl-f—cz )

1
T 20

(A.2) a” (R)* — Ry

(A.3)

I (=X
& + (R?)Q _ (R?)2 IHR? +R;} lnR? \/nCS +CZ ! ( nCS+CZ) .

no_ oy
P=C == G T o, 205

Cs I ( Ry )
0\ ViCs+cC.
And the solution of ¥ in Q7 is given by

o Cz - ]_ 2 Cz .
Y(r) = 7(TWT‘)T+W— @7" +a]nr+b+cis7 reQl.

Finally, in Q7, (3.1) reduces to
C.
ZZO, 77(7"WT)T+W:E

By assuming that W decays at infinity, we have the following expression of W in QZ:

W(r) = dK, (\/%) . reql,

where K, (r) denotes the modified Bessel function of the second kind. The continuity
of both W, W,. at R" implies

" 1
(A.4) dKo (\j%) = —E(R”)Q +alnR"+b
z S
and
d R" 1 a
_ K = — R" 4+ —.
o (FC> 205 T
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In summary, the analytical representation of ¥ and W is as follows:

.
Cp+ Al [ ——t— ), reqn,

(i) e

(A.5) W(r) = —@rz +alnr +0, reQl

r
dKy <\/a>, TEQg,

A
Cp+ ”CSI( - ) req,

o) - nCs +C. ° \VnCs + C. £
.6 )= z
_4CSr2+alnr+b—|—C—S, reQl
0, reQl,

where A, a, b, and d are obtained from (A.1), (A.2), (A.3), and (A.4), respectively.

A.2. 3D spherical symmetric case. For simplicity, we assume the problem is
spherically symmetric in space, and we assume

Qf = Browy, Q] UQ3 = Brag,

where B, denotes a ball centered at the origin with radius r. And we assume the
initial condition

R"(0) = Ry.

With the radial symmetric assumption, W and X are functions of only the radial
variable r. The following calculations are similar to the 1D case, but we shall see
some subtle effects of dimensions.

First, we aim to derive the equations that link R” and R}, and we plan to derive
an evolution equation that R satisfies.

In Q7 the equations are

Cs, o Cp—3
7‘2 (T WT)T_ 77 9
C.
S (PW) + W =X

By eliminating Y, we obtain
Lo
—(nCs + CZ)T—Q(T Wy)r + W = C,.
The symmetric assumption implies W’(0) = 0. Therefore, the general solution of
W in Q7 is given by

. r
W=t

where 4,,(r) denotes the modified spherical Bessel function of the first kind. Thus,
the general solution of ¥ in QY is given by

C, AnCs | r
Y=——"2rW,),+W==C .
r2 (rWe)r + p+77CS+CZZO<\/nC’5+C’Z>
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The boundary condition on at r = R}

E(R])=Cp—n
leads to

(A7) A= MOsHC

Csio (7rieer )
In Q3, the equations are
S ew, =1,

—%(rzWr)r +W=1x.
Obviously, the general solution of W in Q7 is given by
W= L2t

6Cs r

By continuity of W and W, at r = RY, we get

) R"
2 vVnCs + C. 1 (WICsl-i-Cz)

1
A8 T=———(R})*+ (R}
(A3) = g O
0\ VinCs+C-
C. . (R))? ViCs T C; 11 (7\%{? )
(A.9) B =Cp—n— ==+ oA g VIES T e AVNCsHC:)
Cyg 2Cg Cyg i ( Ry >
0\ VnCs+C=
And the solution of ¥ in Q7 is given by
C 1 1 C
Y =—220W,), = —— 2 4a-4+b+ ==
r(rW) + W GCST +aT+ +Cs
Finally, in 7, the equations are
3 =0,

W, e W =
T

By assuming the decaying behavior at infinity, the general solution of W in Q1 is

given by
r
W=dky| — |,
’ (FO)

where k,,,(r) denotes the modified spherical Bessel function of the second kind.
The continuity of W at R" implies

(A.10) dko (%) == (R")?+ a5 +b.
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And the continuity of W, at R" imposes a condition between R} and R",

d R L, a
- o ()~ -

In summary, the analytical representations of ¥ and W are as follows:

r
Co+ Ay | —— |, e 0,
o ZO(\/??Cs-i-C’z) T
1 1
(A12) W(’I") = *@7'2 + a; + b, re Qg,

’
dko (C) ) reQl

A
Cp+ nCs.( 4 ) req,

i
nCs +C. ° \ViCs + C-

(A.13) Z(T): _ 1 2 1 % QY

GCST +ar+b+Cg’ €y,

0, reQl,

where A, a, b, and d are obtained from (A.7), (A.8), (A.9), and (A.10), respectively.
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