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Abstract

We study a robust finite difference scheme for integrodifferential kinetic systems
of Fokker-Planck type modeling tumor driven blood vessel growth. The scheme
is of order one and enjoys positivity features. We analyze stability and conver-
gence properties, and show that soliton-like asymptotic solutions are correctly
captured. We also find good agreement with the solution of the original stochas-
tic model from which the deterministic kinetic equations are derived working
with ensemble averages. A numerical study clarifies the influence of velocity
cut-offs on the solutions for exponentially decaying data.
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1. Introduction

The process through which new blood vessels sprout from existing ones
is called angiogenesis [11, 23]. While blood vessel development is crucial for
healthy organ growth and damaged tissue repair, it may also be prompted by
tumors to support their spread [40] or cause immune and inflammatory diseases.
In tumor induced angiogenic processes, high cell density lowers the oxygen and
nutrient levels in the inner regions of the tumor. Cells release a substance, the
tumor angiogenic factor, which diffuses reaching adjacent blood vessels. This
substance triggers the emergence and spread of new vessel tips towards the
tumor to supply the necrotic cells with additional resources, see Fig. 1. In
an attempt to forbid tumor growth, some therapies aim to block blood vessel
expansion [12, 23, 34, 45]. A wide literature on models focussing on differ-
ent features of the angiogenesis process is available, see [27, 30, 32, 35, 39] for
instance. Nevertheless, novel mathematical descriptions are continuously moti-
vated by the appearance of new experimental observations. The deterministic
kinetic model we consider here reproduces the stochastic nature of the blood
vessel branching process. From a theoretical point of view, it is derived from
stochastic descriptions of the development of blood vessel networks by means of
ensemble averages [42]. Kinetic models allow us to gain understanding on the
evolution of the blood vessel network by means of asymptotic and numerical
solutions. The ultimate goal would be to control the angiogenesis process to
starve the tumor. Employing reliable numerical discretizations is essential in
these studies. However, the presence of nonlocal terms in time and velocity in
the kinetic model, as well as the nonlinear coupling with a diffusion problem,
render this task quite challenging.

Let us detail the model structure next. We denote by p and C' the density
of actively moving blood vessel tips and the concentration of tumor angiogenic
factor released by tumor cells, respectively. Their time evolution is governed by
the following system of nondimensional equations [3, 4, 5]:

t
PV = (OO, (v = VOplxv, )~ Tpxvat) [ ds [avpxv's)
0
—Vv- pr(X, v, t) + Bdivv (Vp(X, v, t)) +

—divy [BF (C(x,1)) p(x, v, t)]+ gAvp(x, v,t), (1)
%C’(x7 ) = rALC(x,t) — xC(x,t)j(x,1), (2)
p(x,v,0) = po(x,v), C(x,0)=Cph(x), (3)
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Figure 1: Network of blood vessels simulated by a stochastic model of tumor induced angio-
genesis [4]. The level curves of the density of the tumor angiogenic factor (vessel endothelial
growth factor) are also depicted.

where
Crote PO = rrr e

j(x,t) :/]R M (x,v,t)dv, p(x,t)= /RN p(x,v,t)dv, (5)

v 1+ elv—opE—n/eP

ViC(x,t), (4)

forx e QCRY, ve RN N =23 t€][0,00). The dimensionless parameters /3,
Ik, x, A, T'1, 61, n, € and ¢y are positive. Typical values of these parameters are
listed in Table 1. In dimension two, these models may be adapted to describe
angiogenesis problems causing retinopathies [9]. We consider here the tumor
environment. The integral sink —I'p fot p(x,s)ds (in which p defined in (5) is
the marginal tip density) expresses that a vessel tip ceases to be active when it
encounters another vessel because it joins the other vessel through a biological
process called anastomosis. The anastomosis coefficient I" is calculated by com-
parison to numerical simulations of the stochastic process, in such a way that the
ensemble average of the total number of active tips equals [ p(x,t)dx. Anasto-
mosis is a “killing process” that occurs naturally in two dimensional reductions
of the model. In three dimensions, anastomosis becomes more complex, as we
may have to associate diameters to blood vessels and introduce some proximity
criterion for vessel fusion. This may change the time integral of p(x,v,t) in
Eq. (1) to a time integral of a convolution product of p with some kernel that
has a sharp peak inside a sphere of radius twice the tip radius. Ref. [10] contains
a discussion of this point. We will set N = 2 henceforth. Generation of new tips



due to vessel tip branching is described by the source term a(C)d,, (v — v°) p.
This ignores secondary branching from an existing blood vessel. In principle,
8o, (v — vY) should be a Dirac measure supported at a point vV, where v° is a
typical sprouting velocity for the tips. Existence of solutions, as well as regu-
larity, uniqueness and stability results, have been established in unbounded and
bounded domains [13, 14] when the delta function is approximated by a smooth,
positive, integrable and bounded function. Here, we take d,,(v — v%) to be a
Gaussian centered about v°:

1
0o, (v = ¥0) = —5 "V (6)

v

51 ﬁ A r Flaql R X n € Oy
0.255 5.88 2242 0.135 1 0.0045 0.002 15 0.001 0.08

Table 1: Dimensionless parameters.

Capasso and Morale first introduced counting densities of actively moving
vessel tips instead of tracking densities of vessel endothelial cells [8]. However,
they could not properly account for branching and not at all for anastomosis in
the deterministic description. The source terms in (1) were first derived in [3].
Previous authors did not incorporate them to equations for probability densities
(Fokker-Planck equations) that did not take into account generation of new
tips and their annihilation due to anastomosis; see the review papers [27, 35].
The generation and annihilation source terms are crucial to explain soliton-like
behavior of solutions to the system of equations (1)-(3) and of ensemble averages
of the associated stochastic process [4, 5, 6]. These references consider fluxes of
the form |j| where

0= [ valxvpya. (7

and | - | denotes the euclidean norm. As pointed out in [13], working with
|j| may bring about uniqueness problems for some data since the nonlinearity
is not Lipschitz. Defining j(x,t) = [zn [V|p(x,V,t)dv instead, this technical
problem disappears. For this flux j and general integrable initial densities,
reference [13] establishes existence and uniqueness locally in time. Global in
time existence [13, 14] is only proved when a velocity cut-off in terms of the
Fermi-Dirac distribution is incorporated in the definition of j, as we do here in
equation (5). The cut-off enforces the fact that cell velocities are limited and
small. The constant n is large, typically n > 10, while ¢ < 1. The Fokker-
Planck operator represents blood vessel extension. The chemotactic force F(C')
depends on the average tip speed through j because consumption of tumor
angiogenic factor is mostly performed by the additional endothelial cells that
promote vessel extensions [3, 8, 42]. Other mechanisms of cellular motion such
as haptotaxis can be included in F(C) as indicated in [6, 8].



Let us fix a geometry for our analysis and simulations. We consider a slab
(0,1) x R, and set x = (z1,22), v = (v1,v2). On the walls 21 = 0 and z; = 1,
we impose Neumann boundary conditions for C"

0
—C(1,20,t) = cL(t)e_“zxg, t>0,22 € R, (8)

0
7C(O,$2,t> —O, on

On
where cr(t) > 0 to represent the influx of tumor angiogenic factor produced by
the core of the tumor and 1/a is a characteristic length thereof. This function
decreases with time as new blood vessels reach the tumor. Moreover, C' — 0 as
|z2] = o0o. The following nonlocal boundary conditions hold for p:

e_lv_vO‘Q

= oo ptoo ! —|v/—vO0|2 Vi 12
fo fioo vje! I dv’ dvb,

{jo (2,1)

p+<0,$2,’01,1}2,t>

0 “+o0
—/ / vy p*(O,xQ,vll,vé,t)dv’ldvé] = So(p), t,v1 >0,29,v2 € R, (9)

e_lv_VO|2

p~ (1, 22,v1,v2,1) - |:PL($2>t)

=0 +00 v/ —v0|2 7,
S e I dv} dvl,

+o0 ptoo
—/ / p*(l,xz,vi,vé,t)dvidv’g] =Sr(p), t>0,v1 <0,22,v2 € IR. (10)
0 —00

Here, p™ denotes the values of p for positive v; and p~ the values of p for

negative vy. For a fixed velocity v0 = (v, 19)

Jo(za,t) = v(l) a(C(O,xQ,t))p(O,xg,v?,vg,t), v? >0, (11)

400 pto0
pr(z2,t) = p(1,x2,1t) :/ / p(1, 2, v, vy, t)dvydvl. (12)

These boundary conditions differ from those employed in slab geometries in
[4, 5, 6] because we must take into account the presence of velocity cut-offs in
the flux (5). Conditions with a similar structure were used in [14] for theoretical
studies in annular domains. The operators Sy and Sy, take positive values for
positive p and C. Notice that jo > 0 and the second integral in (9) involves only
negative values of v{ multiplied by a minus sign. Subtracting the two integrals
appearing in (10) we obtain f_ooo fj;o pt (1, 22,01, vh,t) dvidvh due to (12).

The structure of the boundary conditions for p is consistent with the general
theory of transport operators. Diffusion being absent in the x variable, we need
boundary conditions of the form:

p (%, v,t) = g(x,v,t) onXp, (13)

where Y& = (0,T) x I'F, with I'F = {(x,v) € 92 x R | + v -(x) > 0}, and
A(x) stands for the unit normal onto the boundary 9Q = {z; = 0} U {z; = 1}.
We denote by p™ and p~ the traces of p on Z; and X, respectively. In our
geometry, the boundary conditions for p are defined using the magnitudes that



can actually be measured: the marginal tip density p = [pdv in the inner
boundary and the flux of blood vessels i-J = [f-v pdv in the outer boundary.

Equation (1) evokes Vlasov-Poisson-Fokker-Planck (VPFP) systems, with
two remarkable differences. First, the chemotactic force field F(C) is not ob-
tained solving a Poisson equation with source p(p). It depends on the gradient
of solutions C' of heat equations involving the modified average tip speed j(p).
Second, competing sources are present: the nonlocal in time integrodifferential
anastomosis sink —p fot p competes with the creation source a(C)d,, p. Un-
less handled properly, the presence of the sink may interfere with the expected
positive sign of the density p.

Our goal here is to devise a robust first order explicit scheme for the non-
linear problem and boundary conditions under consideration. Available well
posedness theories for this type of problems [13, 14] rely on iterative procedures
to establish existence of solutions. These procedures freeze the nonlocal coeffi-
cients to guarantee that we are dealing with positive linear operators and that
a maximum principle holds for p and C. The resulting bounds allow us to em-
ploy compactness arguments to deduce the existence of limiting solutions. To
devise numerical schemes, one might prove convergence of the whole sequence
of iterates py,, Cy, in some norm (which is hard in bounded domains) and resort
to numerical schemes for linear problems to approximate p,, and C,, in [0,T] at
each iteration. Even if convergence as n grows was theoretically achieved, this
procedure is likely to be inefficient from the computational point of view.

Many schemes have been proposed for other kinetic problems, exploiting dif-
ferent features of the specific equations [19]. An overview of numerical methods
for Vlasov-Poisson (VP) and Vlasov-Maxwell (VM) systems is given in [20]: par-
ticle in cell methods [17, 43], semi-lagrangian approaches [38] generalizing split-
ting methods [16], WENO interpolation [33], discontinuous Galerkin techniques
[36], conservative flux based methods [21], energy conserving finite differences
[22]. VP and VM models incorporate a transport operator coupled to either
Poisson or Maxwell problems. However, they lack the degenerate diffusion term
present in Fokker-Planck (FP) type models. Numerical schemes for Fokker-
Planck equations in several dimensions are proposed for instance in [37, 15];
they often exploit finite difference approaches [29]. Variants of Fokker-Planck
operators are tackled in [7, 41].

Finite difference and finite element methods for Vlasov-Fokker-Planck mod-
els are studied in [1, 2, 28]. As said before, VPFP models resemble our system,
with some significant differences in the coupling and the nonlocal terms. For
higher dimensional VPFP systems, random particle methods [25], deterministic
particle methods combined with splitting of diffusion and convection operators
[26], as well as finite differences combined with a change of variables [44] have
been proposed. These schemes are often tested by checking convergence to a
stationary solution, and tend to enforce periodic boundary conditions for sim-
plicity. In our case, the model behavior we need to track is a traveling soliton,
whose existence is ensured by the competition of the anastomosis and creation
terms, driven by the coupling with the concentration of tumor angiogenic factor
[4]. This soliton-like wave for the density of tips emerges at a pre-existing blood



vessel (after a formation stage) and moves until it reaches the tumor. We will see
that, in the slab geometry we consider here, finite difference approaches provide
a robust choice to preserve positivity and handle the coupling with the diffusion
equation as well as the nonlocal coefficients. Notice that the anastomosis sink
is nonlocal in time, an unusual feature in the above mentioned kinetic models.

The paper is organized as follows. In Section 2 we describe the numeri-
cal scheme, proving stability and convergence results. The scheme has order
at most one and enjoys some positivity properties. Sections 3 and 4 check
the performance of the scheme by comparing with explicit soliton-like solutions
constructed by asymptotic methods and with direct solutions of stochastic equa-
tions. Unlike [4, 5, 6], we consider here fluxes (5) in which the euclidean norm
affects the velocity |v| instead of a vector flux [j| as in (7), and, additionally,
a velocity cut-off is present. This avoids uniqueness issues for some classes of
initial data due to lack of lipschitzianity of the flux and ensures existence of
global stable solutions for the kinetic model. In the whole space, uniqueness
of such weak solutions has been proved. We also investigate the influence of
velocity cut-offs in the profiles. Available global in time existence proofs for
the kinetic model, as well as our convergence proofs for the numerical scheme,
require velocity cut-offs in the flux j. For initial data with exponential velocity
decay, numerical simulations provide consistent solutions in absence of such cut-
offs. The numerical schemes perform well in both cases and the solutions show
little dependence on the presence of the cut-offs. This suggests that the kinetic
model should have stable global in time solutions for data decaying exponen-
tially fast even if we do not introduce velocity cut-offs in the fluxes. This is in
agreement with the experimental observation that the velocities of the vessel
tips remain in a certain velocity range, reasonable for cells. Section 5 comments
on conclusions and perspectives. Among open problems, we may list develop-
ing efficient higher order schemes, and exploring whether ideas implemented to
simulate other kinetic models adapt to the angiogenesis framework or encounter
structural limitations. Monotonicity properties may be a basis for the develop-
ment of higher order schemes [31]. Lastly, Appendix A contains the derivation
of soliton formulas for the flux j used in this paper.

2. Stability and convergence properties of the numerical scheme

A robust finite difference scheme for system (1)-(5) follows by choosing up-
wind type discretizations for space and velocity derivatives in the transport
operators, which take into account the propagation sign. The time integral is
replaced by Riemann sums. The velocity integrals use two-dimensional Simp-
son rules. Time derivatives are discretized using progressive finite differences,
leading to an explicit scheme.

We set as spatial domain Qx = [0, X]x [-7X,7X], 7, X > 0, velocity domain
Qy = [-V,V]x[-V,V],V > 0, and temporal interval [0,T], T > 0. To simplify,
we choose the same steps dx and dv for the two spatial and velocity components,



ot stands for the time step. We mesh the computational domain using the grid:

xl,m :xl,o—ﬁ—nl 5.’[, l’g’n2 :x270+n2 (5%, n; :O,...,Ni, 1= 1,2,
Ul,ml = 1}170 =+ m1 51}, Ug,m2 = 1}270 =+ mo 51}, m; = 0, ey M, = 1, 2,
t, = (65t (=0,...,L,

and discretize using forward differences in time, standard second order finite
differences for laplacians, and upwind discretization for first order derivatives in
space and velocity of p:

dp ptes1) — p(te)
= ———————4+0(dt
a1 s 0w,
. ap FZZ (Vi m, +1) (Vi m,;) +O(5U) lfFign <o, .
F’i ni(vi mz) = p(v; ) (,U 1) ) 1= ].7 2,
3 a’l}i F[ i,m; = i,m; — +O(5’U) 1fF£n>0,
. %(v y - Vi, P(Vi,m, +16) (Vi m;) + O(0v), ifv;m, <0, i—19
R IR ] P(vi,m;)—P(Vi,m;—1) o(s if vs 5 &y
i Vim, 30 + O(6v), if v;m, >0,
2
i — 20(Vim.: s
%}é’ (Vi) = Plimity) p(;f;éml) FPimi=t) | G502y, = 1,0,
i
op v; "L?M +0(0z), if vim, <0, .
””"67(%") - { . w 19) if vs i=12,
1 Vi,m; + ( )7 U Vi m; > 0,
oC Cltea) — C(E z)
L) = MU 720 L o6t
ar ) 5t +0(6t),
2
i) — 20(zin, _ ,
gm(;’ (win) = C(@in,+1) C’((;; )+ C(Zin,—1) 0%, i =12,

the coefficients Fﬁn = Fi(21,n,, Tams,te), 1 = (n1,n2), being force terms. We

. a(v;
set Xn = (T1my5T2,n,) a0d Vi = (V1,m,,V2,m,). The derivatives % are
K3

treated like v; ap + p. The time integral becomes

L—-1

t
[ s = 53 plieo) + 06e).
0 £=0
Using the composite Simpson rule in two dimensions, the velocity integrals for

q = p, w(v)p, with weight w(v) = W’% fixed in (5), take the form:

M
/ q(v)dVN/ q(v)dv = 6v* Z Ay maQ(V1,my V2,my) + O(60%), (14)
RN Qv m1,mo=0
where 0 < @mym, < @ = 2. The nonlocal boundary conditions (9)-(10) are

also discretized using the composite Simpson rule, while the Neumann boundary
conditions (8) are discretized by means of first order forward and backward finite
differences at 1 = 0 and x; = 1, respectively.



We introduce the above approximations in system (1)-(5), neglect the error
terms and consider the resulting system of difference equations. The truncature
error when discretizing the differential operators is of order O(dt + dx + dv) for
p and O(dt + 62?) for C. The Neumann boundary conditions lower the order to
O(0t+0x) for C. The discretization of the integral operators provide additional
terms of orders 6¢% and dv?.

Notice that we have chosen an explicit scheme in time, while implicit schemes
are usually expected to enjoy better stability properties. The explicit scheme has
monotonicity properties that ensure the positivity of both, densities prm and
concentrations C, under simple hypotheses. Instead of this, due the presence
of nonlocal terms in the equations and in the boundary conditions, an implicit
scheme would require solving linear systems involving about Ny x No x M2+ N; x
Ny unknowns, with full blocks in the matrices due to the coupling in velocity.
This increases the cost per iteration and makes it hard to establish positivity
properties. Without positive densities, and depending how we discretize the
term that is nonlocal in time, even stability may not be an obvious property of
the implicit scheme. However, once positivity of the densities are ensured, one
might try different schemes for the concentrations.

We will study next stability and convergence conditions for our explicit
scheme under additional assumptions motivated by the structure of the physi-
cally relevant solutions studied in Section 3. Since the initial data decay expo-
nentially fast with respect to the velocity, we impose zero boundary conditions
for the density on 0€),. The density essentially vanishes on 0, during the
migration of the soliton from the vessel to the tumor too (see Figure 2 (b) for
p), except, perhaps at some early or late stages of the simulation, on the wall
close to the vessel, that is, 1 = 0 and on the wall containing the tumor, i.e.,
Ir, = 1.

Let us first make the change of variables:

where A > 0 and v > 0 may be chosen large enough. Then p and C satisfy the
equations

t
%p‘ - [—)\ + a(e”té)5v0 — F/ ds/dv’eksﬁ} p—v-Vxp
0
+4divy (vp) — Bdivy [F (e”t(?‘) ﬁ] + éAvﬁ, (16)
2
%C’ = kAC — {V—l—x/w(v)e)‘tﬁdv} C, (17)
p0) = po, C(0)=co, (18)

with data in the boundary conditions scaled by the exponential factors, that
is, multiplied by e ** and e~*! respectively. Here and henceforth we have used
8y0(+) = 65, (- — v®). We drop the symbol ™ in the sequel for ease of notation.



We denote by pf;’m = prl’nz’mhmZ and C% = Cﬁl n, the approximations
of the continuous fields p($17n1,$2,n2,v1,m1,U27m2, te) and C(1,n,, T2,ny, te), TE-
spectively. Let us introduce the discrete operators:

¢ -
'Ul,mlelpn,m - Ul,'ml Sv 1,my v

4 4 4 0
Pu,my,ms ~ Poymi—1,ms +  Pomitt,me ~Pnymgme (19)
)

Y pz _pe 1 0, p 1 p
Fléanlpflm _ Fl,:lr n,mi,ma n,m;—l,ms F —n,mi+l,mo n,mi,my (20)

v ov
4 4
2 pn7m1+17m2 B 2pn,m1,m2 +pn,m1—1,m2
D2 (21)
pn m — Sv2 ’
p _pe 1 pe 1 _pe
_ o+ ni,nN2,m ni—lnem nit+l,ne,m ni,n2,m
Ul,manlpn,m = V1,m, S V1,ma1 S ) (22)
14 4 14
D? Cé _ Om—i-l,nz 2Cn1 na + Om—l,nz (23)
- dx? ’

where n = (n1,n3) and m = (m,ms). The symbols T and ~ denote here posi-
tive and negative parts, respectively. Analogous definitions apply to differences
with respect to mg and ng. The scheme can then be written as follows:

0+ 0 2
¥ B

pn m pn,m
T + Z[’Ui,mi D’ﬂlpfl,m + ﬂ(lein - vigmi)Dmipfl,m - §D72nlpn m] (24)
i=1

14
= | -A+ 28+ a(eCh)do(vm) T 560> Y S A amph | Do

k=0m/ ,m4L=0
M
2 o 2 Ate 4 l
Z D C v+ X ov Z € am’w(vm’ )pn’m’ Orn (25)

’ -
mf,m5=0

C€+1

where Ff’n = F;(21,n, ) T2,ny, te). These are explicit schemes yielding expressions
for the values of the unknowns in a new time level provided the values in the
previous ones are known:

ot

_ _ ot
5? - (Ul,ml + Uf,ml + U2,m2 + U;,mz)az> pfl,m (26)

Pl = (1 St 28

ot B
+57 5 (pn mi+1,mo +pn ,mi1—1,mo +pn ,my,mo+1 +pn ,mi,mo— 1) +

4 £,+ 4 4
B ( 1, n (pn ;mi1+1,mo pn,ml,mz) + F17n (_pn,ml,mg +pn,m171,m2 ) +
4+ +

4 4 4
B ( 2 n (pn ,my,mo—+1 pn,ml,mz) + F27n (_pn,ml,mg +pn,m1,m2 1 )
2

+

B ( (pn mi1+1,mo pfl,ml,mz) + vf,ml (_pﬁ,ml,mg +pf1,m171,m )
6 ( (pﬂ ,mi,ma+1 pfl,ml,mz) + vimz(_pﬁ,ml,mz +pf17m1,m2 1 ) +

ot
— 4 + 4 - 4 + 4
E (Ul,m1pn1+1,n2,m+’U17m1pn1*1’n2,m+U27m2pn1,n2+1,m+U2,m2pn1’n2*1,m) )

10



citl = (1 —otel — 4({12;-;) Cl+ (27)

14 14 14
5$2 KZ( ni+1,n2 + Cnl—l,ng =+ Cn1,’ﬂ2+1 + Onl,ng—l)7

where we have set

¢ M
bf;’m =\—28— a(e’*C)dyo(vm) + I 6tév? Z Z extkam/pﬁ’m,, (28)
k=0 m/ ,m},=0
M
et = v+ xov? Z e’\tlam/w(vmr)pf;’m,.

’ -
m),m5=0

We denote j4(ph ) = 60 ETAr/t[’l,m’fO N Gy W (Vg )Pl - Here, the field F de-
pends on C' in the following way:

14 0 14 14
Cn1+1,n2 B Cnh"z Cnhﬂerl B Cnl,nz) (29)
b

ox ’ ox

F! =F(e’CY) = h(e”t‘C’fl)e”t‘-’(
where h(C) = (HF‘SW is defined in (4).
Finally, the nonlocal boundary conditions (9)-(10) become:

2 02
(41 _ —|vm—Vv 0 74
- € ! ! |:’U1 a(CO,ng)

pO,nz,m ﬁ

pl
0 ,,0
0,m2,m7,my

Moy M
00" > > AVt Doy | = S0, vim, > 0, (30)
mj=0mb,H=0
2 Mo M
_ _ 012
P = =€ VY60 Y TS T ey e = SE0Y). 01,y <0, (31)

[ -
mj=0m5=0

where My is such vy p, < 0 and vi ay4+1 > 0 and (mY,m9) denotes the indices
for which (v 0, Vg, ) is closest to (v{,v3) = v0. Notice that this fixed reference
velocity is not necessarily a grid node, therefore the value of the density at it
must be approximated. On the boundaries ny = 0,ms = Mg+ 1,..., M, and
ng = No,mgo = 0,..., My we typically set prm = 0. On the artificial boundaries
m; =0,M,i=1,2, we set pfl)m = 0. The Neumann boundary conditions (8)
take the form:

Comy = Clny =0, Oy = Oy 1y = Swep(te)e C2ml" (32)

n2 —1,n2

On the boundaries ny = 0, Ny, we typically set C% = 0.

We use these conditions for the numerical simulations in Section 3, though for
the numerical analysis in this section we supplement (26) with known boundary
data gf;],n on the spatial boundaries. The whole set of equations can be written
more compactly in matrix form. We relabel the unknowns at the interior points,

11



setting Pg = P With ¢ = na+ (1 —1)(N2 — 1) + (mq — 1) (N, — 1)(N2 — 1) +
(m2 - 1>(N1 - 1)(N2 - 1)(M— 1) and Cf = Cﬁ with f =ng + (nl - 1)(N2 - 1),
which leads to the systems:

£
P”l=A1P4+diag[zB’ka+Df(0‘f)]P4+D§(OZ)P5+ZEZA1ZP4+Z‘, (33)
k=0
O = ApCY + diag[BLPYC! + V4 = A, CF + T4 (34)

Here, we have set Af = Ay + diag[ ) _o BYP*+D{(C)] +D4(C*) and AS =
A, + diag[B P?], where diag stands for diagonal matrix. Comparing with the
pointwise scheme (26)-(27), the matrices A; and Aj represent the terms coming
from the linear differential operators. The matrices BY, & = 0,...,¢, and B
represent the nonlocal contributions in expressions (28) for bfhm and e, coming
from the discretization of the anastomosis and flux integrals by Simpson rule.
The vector Df(C*) embodies the contribution of the nonlinear creation function
a(C) to bl , in (28). Finally, the matrix Dy(C*) incorporates the contribution
of the force field F(C). Notice that the negative matrices B¥, B5 depend on
erMr < AT, The vectors Df(C*) and matrices D5(C?) depend on et < e¥7
The vectors Z¢ and Y* collect the contribution from the boundary data which
enter the scheme (26)-(27) when boundary points are involved, fact that is also
reflected in the structure of the matrices A1, Ay and D. For instance, in (34)
Ay =T+ ,%6‘%./\/' where Z = Iy, _1)x(n,—1) is the identity and A is a block
tridiagonal matrix

T I 0 . 0 -3 1 0 . 0
I T I . 0 1 -4 1 . 0
N=| . . . . |, with T=| . . . . . | (3)
0 I 7T I 0 . 1 -4 1
0 o1 T 0 0 1 -3

a block of size (N7 — 1), I = Iy, the identity matrix, and
¢ _ (ot ¢ ¢ ¢ ¢ ¢
Ct = (Cl,la e CN1—1,17 ceey 01,j7 s Clel,j ey Cl,Nz—lv . CNl—l,Ng—l)ﬂ

V= k2(0,....df,...,0,..,d%...,0,....d5, 1)

ey gy

(36)

Whereas information on signs and some norms follows directly from the point-
wise scheme (26)-(27), the matrix identity (33)-(34) will be useful to write com-
pactly the convergence proof.

Let us first establish some positivity and boundedness results deriving from
maximum principles. The following result is straightforward from the definition
of the scheme using an induction argument.

Proposition 2.1. Let us assume that

(I1) the initial values satisfy:

12



— Positivity: pﬂ’m >0,CY >0, forn; =0,...,N;, my =0,..., M,
i=1,2.

(12) the boundary values satisfy:
— pfl,m =0 form; =0,M,i=1,2, for all { > 0,

—pfl’m:gfhszforni:O, m; = Mo+ 1,..., M, and for n; = N;
m; =0,..., My, i=1,2, £ >0, where My is such that v; p, <0 and

Vi, Mo+1 > 0.
— Cf =d', >0 when ny =0, Ny, for all £ >0,
= Cpy—Cf oy = 0 and CF, ., —CN, 1, = 0zdy, ., >0, ny =

0,...,No, for all £ > 0.
Moreover, the Dirichlet and Neumann boundary data di, are gener-
ated from a C%([0,T); C*(Q)) function.

If the following conditions hold
(HO) X\ > 25 + max|adyol,
(H1) Bl = 1= 004 0 — 2825 — (0], +07 1, FV5m, +03 0y ) 2
— (Pl + L T Fy +Fy) + (0, 0T o, 050, +05,,)1855 2 0,
(H2) Ef =1—6dtel — 425K >0,

(H3) b . el >0,

for 0 < ¢ < L, then the scheme (26)-(27) satisfies the following properties:

e Positivity preservation.: pfhm >0,C>0, for0<(<L,n;=0,...,N;,
m; =0,...,M,i=1,2. Moreover, ifp?lym >0,C%>0,n;=1,...,N—1,
m; = 1,....M—1, i = 1,2, then pf,,m and CY cannot vanish at such
interior points for 0 < £ < L.

o (> bound: for 0 <L < L

Maxn,m|pfl,m| < Maxn,m|pg,m| + Maxjﬁf—lMaXn,mmgl,mL

) (37)
Maxn|0£| < Maxn|08| + f(d), T),

where f(dl,T) is bounded independently of 6x and St.
In particular, when gflym =0 and d’ = 0 for all n,m, ¢, we have:
o (% bound: [[py mlleo < IPamllec and [Cpllos < ICRllec for 0< €< L.

o Contractivity: ||p£17mHoo < (1= (A/2) 0t)||phmlloc, provided /2 > 253 +
max|adyo| holds, and ||C4|l < (1 — v 6t)||C5 oo when v > 0, for 0 <
(<L,

13



where the £°° norms refer to spatial variables.

Furthermore, when the spatial boundary conditions for the densities are given
by the discretized nonlocal operators (30)-(31) at ny = 0, Ny, and are set equal
to zero at no = 0, Ny, the sequences pfhm and CY remain nonnegative for non-
negative data.

Proof. Let us assume that (H1), (H2) and (H3) hold for ¢ > 0. Then,
Phm > 0and C} > 0 follow directly from (26)-(27), since the boundary condi-
tions are nonnegative and (H1)-(H2) hold. By induction, we obtain p ,, > 0
and C% > 0 for all £ > 0. The fact that the coefficients in the recurrences (26)-
(27) are positive thanks to (H1)-(H2), also implies that pf,,m and C% can only
vanish if they vanish for £ — 1 and, by induction, at £ = 0.

Now, for the £>° estimate, notice that

_ _ ot 0 — Y 0 — ¢ ot
(Ul7m1+vl+,m1+v2,m2+vzr,m2)67x + B(F +F177i+F2,’n +F2,’I)5T} + (38)
ot ot
— + — + 0 _ ¢
B(vl7m1 +vl,m1 +v2,m2 +’U2,m2)§7ru + Bn,m + 265? - (1 —dt bn,m)>
ot
¢ _ ¢

Let us assume first that the boundary data vanish. Using 0 < pf, v < [|Ph mllo
and 0 < Cf, < [|C4]|o for all n’,m’ in (26)-(27), identities (38)-(39) imply the
£°° bounds ||pfi1+nl1||oo < ”pfn,mHoo < ”pon,mHoo and HCﬁ—H”oo < Hcﬁuoo < ”CgHom
for £ > 0 thanks to (H3). The contractivity property follows from the positivity
of pl m» in view of (38)-(39) and (28).

Let us consider now non zero boundary data and fix the coefficients in (26),
so that it becomes a linear recurrence. Then, ﬁﬁ,m = fpfhm is a solution of (26)
with initial and boundary data —p$ ., and —gf, ,,. In a similar way, ph ,, = Z
is a solution of (26) with initial and boundary data Z and an additional right
hand side 6t b, ,,Z. Set now Z = Maxn m |9 m| + Max; n.m|g m|- We see that
Pam = —Phm + Z is a solution of (26) with nonnegative initial and boundary
data, and a positive source. By induction on ¢, we prove that —pf;)m +Z >0,
thus, 0 < pf;m < Z. This yields the desired ¢£*° estimate on pﬁm. Notice that to
estimate p{hm up to the time level ¢ only the values of the boundary condition
up to the time level £ — 1 are used.

We turn now to (27). Since e5C% > 0, we see by induction that C4 < C%,
éf; being the solution of (27) with e’ = 0, that is,

~ ot ~ ot ~ ~ - .
+1 14 14 14 74 74
Cn - |:1_45.’E2,{| Cn_'_@ K [On1+1,n2+0n1—1,n2 +Cn1,n2+1+0n1,n2—1] (40)

keeping the same initial and boundary data. We split C’fl = C’}l’é + C’ﬁ’e, where
Cﬁ’e collects the contribution of the initial datum with zero boundary conditions
and C’ﬁ’é collects the contribution of the boundary condition d?, with zero initial
datum. As before, by induction on £, 0 < C1* < [|C9||s. Now, we can recast the
equations defining C2* in the matrix form (34) with B =0, Ay =T + k5
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and Y given by (35)-(36). Thanks to (H2), the sums of the absolute values
of the elements of the rows of Ay are bounded by 1. Thus, ||As[/s < 1. For
Dirichlet and Neumann data generated from a smooth bounded function d(x, t),

that is, d = d(xn,t;) at ng = 0, Ny and di = i%(xn,tg) at n; = Ny1,0, we
set db = d(xn,ts) and C2¢ = O34 4 d’. Then, C3* satisfies

C3H = A O3 4 (Y = (Ag) 130 + ZEZO(AQ)J'E[@*J‘? (41)
where €30 = €20 — % and

€ _ (e e it e e e
H = (Pl sy 1 1s-o s B jo s By 1 s P Ny 10 oo RN 1 Np— 1)

~ gt gttt -
hfl = ot= (Stn + 672 K [dfh-‘rl W2+dn1 1 n274d£ +dﬂ1 n2+1+d£':17n2—1]'

Now, Taylor expansions for the smooth function d show that hY, = st(hLE+h2Y),
with bounded sequences h%’. Since ||Ag|/o < 1, identity (41) implies

IG5 oo < 1C50 oo+ 3250 Ialloo
< N oo+ 2TMaxj<e [ oo, 13 |oc] = Ko(T),

because 0t(£ + 1) < 6tL < T. Together with the previous estimate on
this yields the desired bound on ||C} || in terms of f(dd,, T) = Maxj<¢—1||d} /o +
Ky(T). Notice that for data of the form (32), and the parameters in Section 3,
de can be approximately generated using the function cy,(t)e “%gﬂc% in the

computational reglon and 3% P} |74 || is bounded in terms of fOT e (s)|ds +
2k (2a+a?+1) fo cr(s)ds. In general, for data generated from smooth functions,
we may use d(xn, te), d being the smooth solution of the associated continuous
Neumann-Dirichlet problem.

Finally, when we consider the boundary condition (30)-(31) for pf, ,,,, solu-
tions are still nonnegative if the initial data are nonnegative because S¢ and S¢
are positive operators. [

Notice that Proposition 2.1 holds regardless of the definition of the force
field, whether it is fixed and known or it depends on the concentrations. Let us
obtain now conditions ensuring that (H1), (H2) and (H3) are verified.

Proposition 2.2. Under the hypotheses (11), (12), (HO) of Proposition 2.1,
conditions (H1),(H2),(H3) hold when 0 < £ < L for solutions of the scheme
(26) (27) with force field (29) provided they hold for ¢ = 0 and &t, dx, dv,
6;c2’ 53‘25“ and 3 2 are sufficiently small, depending on the continuous model
parameters and the initial and boundary data, as well as onT and V.

When the force field is given by a known field, that is, FY, = F(xn,t;), this
result still holds, replacing the dependence of the step size on the initial and
boundary data for the concentrations by dependence on ||F||rg, .
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Proof. Notice that g—fc and % can be made as small as wished by taking
ox, dv, 5‘% and 567752 small enough, and &fﬁ too, provided we keep the ratio %
constant.

Let us first assume that the boundary data vanish. Revisiting the proof of
Proposition 2.1 we see that the positivity and uniform ¢*° bounds hold when
¢ = 1. Let us now check that (H1), (H2) and (H3) also hold for £ = 1. Once
we know that pf, ,, > 0 for £ = 0,1, (H3) is immediate for £ = 1 provided (HO)
holds. Now, we observe that

Svry am/w(vm/)p}hm,ektl < Hpg,mHOOeATéUQ Yt O W (Vg ) ~ K1 (T).

Thus, (H2) holds provided 6t and 6t/dz? are small enough depending on , &, v,
and K1 (T), but not on £. For (H1) we need to control uniformly > . py, n, and
6xFy, thatis, C} ., —Ch  and C . ., —C) . . These later magnitudes

are bounded by 2||[C3[|o thanks to the (> estimate. Regarding Y . pj m we
observe that:

2\ 2~ AT M
OOV D o> e’\tkam/pﬁ’m/ < 5t dv3aer D ka0 Domy pﬁ’m/.

A discrete version of the inequality established in [18]:
1-N, N
| Jew v < Covullpllp 10+ VPP2pIZL 0> N,

applied to pﬁ’m yields for (42) the upper bound
0t eMaCn W (1+ V2, Pk mllee < TeMaCn (14 V212 |p) ylloo,
or even simpler,
5t 6v2a e Sy o S PR < ATa TV 1 oo,

taking into account that £0t < L5t = T and that Mév = 2V when the velocities
belong to [V, V]? and the time lies in [0,7]. We conclude that for 25, Q&
53% ot, dx, dv, small enough, depending on the involved parameters and the
initial data, (H1) holds when ¢ = 1.

By induction, assuming (H1), (H2) and (H3) hold for ¢ < £ — 1, we have
positivity and ¢*° estimates up to £ = £ by Proposition 2.1. Thus, we can see
that (H1), (H2) and (H3) hold for £ in a similar way.

Let us now set d’ # 0. The positivity and £>° estimates hold for £ = 1. The
only change in the previous arguments to prove that (H1), (H2), (H3) hold for
¢ =1 first, and for £ = 2,... L later, comes from the uniform bound on dzF¥,
which now involves 2||C0 || + 2f(d%, T).

Finally, we also set gfhm # 0. The only additional change in the previous
arguments is that ||p)) /e is replaced by [|pd 1 lloe + Max;|[g4 mlloo-

When F! represents a known force field, we have to estimate the term
OLF (Xn, t¢) instead of 52 h(CL)e”t (CL 41 p,—Ch nyr Cll nai1—Ch, n,), Which
is simply done using ||F||re,. O
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In addition, the following stability estimate holds:

Proposition 2.3. Under the hypotheses of Proposition 2.2, and assuming
prm >0, gf;,m =0 for all m, n, and ¢ < L, we have

N1—1N3-—1 Ni—1N2—1
sx26v? Z Z Z pn o < 02%60? Z Z Z pn m (42)
ni=1 ng=1 my,mo=1 n1=1 ng=1mi,mo=1

for all ¢ < L. When gfhm # 0 an additional term involving gf;’m appears on the
right hand side

-1 M-1 [Np-1 Ni—1
Vst Sa 60 Z S Y (Rnem + Sonam) T D (9 Nam + 9 0m)
k=0m1,mz2=1 Lna=1 ni=1

Proof. The hypotheses ensure that b,[1 m > 0 for all n and ¢ < L. We argue
by induction noticing the following. Summlng over m in expression (26) we find
that:

/41 ¢
Zp+ Z 1= (Stb nm 5 Zv1m1+v1M1+v2m2+02m2)pnm+
575 - + 0 - + 0
% Z[vl,mlpn1+1,ng,m+’Ul,m1pn1—1,n2,m+’02,m2pn1,n2+1,m+v2,m2pn1,nz—l,m] (43)
m
where we have used, taking into account the zero boundary values for p at
mq, me = 0 and mqy, mo = M:

e For the sums of Py m,+1,my+1:

5t B _ ot g

dv2 2 Z Zmz pn mi+1l,me = Su2 2 Z my=2 Zmz pn ;M1 ,ma
_ ot B 5t B

— S02 2 Zml_l ng pn mi1,ma  dv2 2 ng pn,l,m27

0+ ¢

with similar identities for pf,7m1_17m2, pf17m1,7n2:|:1, Fi o Poym,£1,m, and

0+ ¢
F2 npn ,mi,motl*

. . + .
e For the sums involving vy, Pnmy+1,ms:

51,5 Z ’Uiml (pfl,m1+17TYL2 - pfl,ml,mg) =
6 Zml_l mo (vf,mlfl - /U;r,ml )pfl,ml,mg - %67)?,0 Zm2 pfl,l,mQ =
—5tﬂ ZM 1Mo+1 Zmz pf;,ml,mz - %&’Io Zm2 me,mz-
Analogous identities hold for V1 g P —1,ms vimzpn,mhmﬁl.

Summing now with respect to n, we find

Zn mpfl-iﬁl S Zn,m (1 — ot bfl,m) pf;;m’ (44)
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where we have used

Ni—1 _ ¢
anzl an,m vl,mlpn1+1,n2,m an m V1 mlpnl,ng m+

4
m[vl mlel no,m — U mlpl,ng,m]7
Z ,m U1 mlpnhnz, +
+
1

S
)
)DAD DI LRI DAl
)

Z +
ng,m [ 077.2 m vl,mlel—l,ng,mL

and pé,nz’m = 0 when vy ,,, > 0, pfvhn%m = 0 when vy, < 0. Analogous
identities hold for vfmzpm’nﬁl,m.
Inequality (44) implies:

YamPam < Znm Pam: (45)
if pf > 0 for k < ¢ and provided (HO0) holds, in view of

CnmPam < (14 [max(adyo) + 28 — Not) ™ 32, 1 PA m

< e[max(a6v0)+25—/\]T Z (46)

n,m Pnm-

When p(e),ng,m = gé,ng,m fOI‘ Ul,’ml > 0 a'nd p?\fl,nz,m = gé,ng,m fOI‘ Ul,’ml < 0’
we have additional terms of the form

M, M—1

— 4 + 0 V4 4
Z |: Z ’Ulam1gN17n27m+ Z U17mlgovn2>m:| sV Z |:gN1>n27m+g0,n27m:|
na,mo mi=1 mi1=Mop+1 no,m

multiplied by 2L in (44). Iterating the inequality, we get (46) with an extra
term

V 2 Zk 0(1 + [max(aévo) + 2B A]ét)e k an m |:gN1 n2,m + gO ,M2,Mm }
<Vs. o Zk 02 ns.m gNl,n27m + go,ng,m}

applying (HO). Similar bounds hold on the walls ny = 0, No. O

After these preliminary stability estimates we establish now a convergence
result. Existence of nonnegative weak solutions for problems of the form (1)-(8),
(13) has been shown under the conditions [14]:

4 pOaC07g7d > 07
Cy e WQ’OO(Q),

(L+ [v])*2pg € L® N LY(Q x R?), pu > 2,

o de L=(0,T; L=(90)),
(1+|v-n)(1+[v]*)*/2g € L=(0,T; L= N L}(T 7)),
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for bounded ©Q C R2?, with either fixed bounded fields F or nonlinear fields
F(C) given by (4). Ref. [14] considered annular domains, but the proof extends
to other domains for which optimal decay estimates of the gradients of heat
kernels are available, such as slabs. Considering the boundary conditions (9)-
(10) a solution exists under additional conditions on the parameters involved in
them [14]. Such solutions are in principle defined almost everywhere. Increasing
the regularity assumptions of the data we obtain more regular solutions.

We next prove convergence of the scheme to smooth solutions under cer-
tain hypotheses. Notice that the convergence of the scheme entails somehow
uniqueness of smooth enough nonnegative solutions since similar arguments im-
ply that the error when comparing two smooth nonnegative solutions tends to
zero. The solutions we consider are smooth enough for the truncation error
generated when introducing them in the scheme to involve powers of dt, §z and
v multiplied by bounded coefficients.

Theorem 2.4. Let us select X, V,T > 0 and consider a smooth nonnegative
solution p € C%(Qx x [0,T];C*(Qy)), ¢ € C?([0,T]; C*(Qx)) of the problem
(16)-(18), with initial data py > 0 and co > 0, as well as nonnegative boundary
conditions of the form (13) on 0Qx and zero boundary conditions on 90, for
p, together with nonnegative Dirichlet boundary conditions at xo = £7X and
boundary conditions of the form (8) at x4 = 0,X for c. We assume that either
F(c) is a smooth enough function of ¢, bounded and with bounded derivatives, or
it is a fized and known smooth field. Then, the solutions of the scheme (26)-(27)
converge to (p,c) as the discretization steps dx, dv and t tend to zero under
the hypotheses of Propositions 2.1-2.2 and the scheme is of order one.

Proof. Let ¢}, , = p(Xn, Vi, t¢) > 0 and s, = c(xn, t¢) > 0 be the solutions
of the continuous problem evaluated at the grid points. They fulfill the difference
scheme (26)-(27) forn; =1,...,N~1,m; =1,... ,M-1,i=1,2,£=0,...,L-1,
with boundary conditions of the form (I2) defined from (32) and a right hand
side representing the truncation error multiplied by 0t: zf, ., = 0t(z55,6t +
zﬁfnéx + zf’l:fnév) and y!, = 0t(yL 6t + y2 oz + y36v*), where the coefficients
zﬁ;fm and y5*, i = 1,2,3, are bounded. Notice that the integral with respect to
v in equation (2) contributes an error term with respect to v.

Let pf, ,, and ¢ be the solutions of scheme (26)-(27) with the same initial
conditions and the same boundary conditions of the form (12). We will use the
matrix version of these equations, that is, system (33)-(34). Relabelling in a
similar way, we recast the equations for Qfx,m and s’ as a nonlinear system:

¢
Q! =A1Q€+diag[z BiQ"+Dy (54>] QUDY(SHQ+2" + 25, ()
k=0
S = AySY + diag[BLQY S + Y + V¢, (48)
where ‘diag’ stands for diagonal matrix and the matrices Ai,Bf ,1=1,2, and

diag(D{), D} are defined as in (33)-(34). The contribution from the initial and
boundary data is exactly the same: Z¢ and Y*. Besides, additional source terms
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Z% and Y appear in the right hand side that collect the truncation error.
Substracting U¢ = P* — Q¢ and R’ = C* — S* we find:

4
Uttt = Alut+ diag[z BYU* + [DY(C) — D{(SY]| Q" (49)
k=0
+[D5(CY) = Dy(S)Q" - Z°,
R = ASR'+ diag[BLU*St - Y, (50)

where A{ = Ay + diag[Y,_, BYP* + D{(CY)] + D5(C*) and A = A, +
diag[B5 P?]. The components Uf and Rf of of the vectors U’ and R’ corre-

spond to the relabeled sequences u!, . = P 1 — ¢h.m and 75 = ¢4 — s4. Since

the initial data are the same, U® = 0 and R° = 0. For the same reason, the
sources representing the boundary data cancel. Next, we estimate the size of
the different matrices appearing in (49)-(50).

Let us consider first the matrices A{ and AS. Recall that for a matrix M,
IM||oo is the maximum absolute sum of the rows of the matrix. Notice that the
elements of the rows of A{ are the coefficients of the discretized density in (26)
and the elements of the rows of A4 are the coefficients of the discretized concen-
tration in (27), with pertinent modifications when boundary points are involved
to account for the boundary conditions. Revisiting the proofs of Propositions
2.1-2.2 we show that pflym >0, cb >0, that pflym, b, Stov? Y, > nmPhm
are bounded in terms of the data and (H1)-(H3) are guaranteed. Notice that
either known functions a and F or general functions a(c) and F(c) only enter
Propositions 2.1-2.2 through their norms. Then, (38)-(39) imply estimate

[A{lo <1—7dt <1, ||Afjleo<1—7dt<1, (51)

for all 0 < ¢ < L, with v = v(r,A) > 0 for v > 0 and \/2 > 28 + max|adyo|,
when dt, §z, v, 5‘3:2 and 557’52 are small enough, depending on T', V, A and v, as
well as on the norms of the initial data and the boundary data, the coefficient
functions F and «, and the model parameters. Notice that at rows involving
boundary points the equal sign in (38)-(39) is just replaced by <.

We turn now to the nonlocal additions. The elements of diag[BY¥U*]Q*

take the form —T §t25v? Zi\g,l ml=0 eMeagul qt ., whereas the elements of

n,m’
diag[BLU?|SY are —y dtov? Zn]\f'l,mgzo M Ay w (Ve )by 5. Notice that we
can write diag[BfU*)Q¢ = B¥(QY)U* and diag[B5U*|S* = B5(SY)U*, where
the matrices B¥(Q) and B4(S*) have negative entries, since ¢ and s are both
nonnegative. Direct computation in terms of the coefficients shows that

| diag[BFU*1Q 0 < 682 by (T, A, V) U] e,

i 52
[diagB5U*]S oo < 6t ba(T, A) U] oo, o

where by (T,\, V) = [|qllz=.  e*T4V2a and byo(T, \) ~ XH5||L§<’>te>‘wa(v)dv,

X, vt

recalling that Mdv = 2V.

20



Let us consider now the nonlinear terms in (49). The elements of diag[D{(C*)—

D{(S9)]Q" are dto(e” ) — a(e’  54)]0v0 (Vin)qh m- The differences can be ex-

pressed in terms of R! using the mean value theorem to write diag[Df(Ce) —
DY(59)Q" = B4(QY)R'. We find

a(etech) — a(ertest)] = et [a (nse”™ )| 4.

If we set bs(T,v) = f:; &' [loollallLes, - we obtain the estimate
I diag{D{(C?) — DY(SON@Q o < 8t55(T, ) [ B . (53)

Finally, the elements of the remaining term [Dg (Cf) —Dg(sf)]Qf are sums of
BEFE(ch)—FiE (58))(0h my 5 1.my—0hm) and BE[ESE (ch)—F5 (55)] (04 my mys1—
q,’;m). By the mean value theorem

|Fy (e eq) = Fy (€7 sp) | = ma| Fi(e* c) = Fu(e”" sy, )| = mae?™ [ F' (e ns) |y,

with ny € [0, 1]. Similar arguments apply to the negative part, since = = (—z)™T,
and to the component F5. Thus

ID5(C*) = DE(SHQ oo < 64T, 1) | R, (54)

where by(T,v) ~ T || F||so||Vva| L2

Now, let us set A(U”, RY) = diag| Y0, BYU* + [D4(C?) — DL(SH]]Q +
[D5(CF) — D5(SH]QY and K¢ = Max{||R!||cc, ||[U?||xc}. Combining (51) and
(52)-(54), we find

|ALUY + AU RY ||oo < (147 6t)Maxy< K,
AR + diag[BSU)S" || < (1+7 6t) K,

(55)

for a certain value v/, since 6t < L&t < T. Inserting estimate (55) in (49)-(50)
we find

HU@—HHOO < (1++'6t) Mane{O .....
IR | oo < (144/68) K* + WY,

where W¢ = Max{|| Z¢|| oo, || Y ¢||oc }- When we take F to be a given smooth field,
the contributions from (54) vanish, but this final estimate holds. Therefore, in
both cases (given F or coupled F(c)) we have

Maxke{()’._"gH}Kk < ~(dt) Mane{O’vwg}Kk + Maxke{o’m’g}wk, (56)

where 7(6t) = 1+ +'6t. Let us assume 4’ > 0. Since K° = 0, this inequality
implies:

Maxyeqr,... v 13 K5 < 300 A(6t) Maxye s, W = O(0t + 0z + 6v),  (57)
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since Maxye (o, oy WF = 6tO(t + 0z + 0v), 7(6t)7 < (14++'6t)" < eVt < '
and §t({+ 1) < T. If v/ < 0 then 6t Zﬁzoﬁ(ét)j < |¥/|7t. Therefore, the solu-
tions of the discretized problem converge to the solutions of the original problem
in our computational region, with an error of order one. [J

Some remarks are in order now. First, notice that (1 — vdt) < 1 in (51)
is not really necessary, (1 —ydt) < 1 is enough. Only the hypothesis (HO) on
A is really needed to ensure positivity of the solutions and to guarantee the
additional bounds on the required norms. Thus, we can set v = 0.

In principle, Theorem 2.4. could be extended to handle nonlocal bound-
ary conditions of the form (30)-(31). As pointed out in Proposition 2.1, the
discretized boundary operators S§(p) and S¢(p) preserve positivity. Moreover,
they are bounded in £°°. Indeed, the boundary values are bounded by

2 02 AUO
/41 d(, L —|Vm— 1 ~ (4
0 Spoﬁlz,m =S55(p") < ﬁe V=l 102 +4av?® ||pn,mHOO7
v
2 02
L d(, L —|Vim— ~ (4
0 < PN s = SLOY) < —e™ M TGV pp oo,

since Mdv = 2V. The matrix A in (26) representing the discretization of the
linear differential operators should be corrected now to include these linear non-
local operators. Additional hypotheses on the parameters defining the boundary
operators are needed to guarantee that the updated matrix A would still satisfy
|A1]lco < 1. Under such conditions, the proof of Theorem 2.4 could be adapted
to provide convergence in this case too. However, notice that the simulations
performed in Section 3 start from initial densities that are exponentially small
at all boundaries, and the boundary conditions remain basically zero during the
soliton migration. This is the main context we have in mind in this paper.

Extending Theorem 2.4. to force fields F(C) involving gradients and discrete
gradients of C as in (4) and (29) encounters the following technical difficulty.
To obtain (54), we should estimate

£ ¢
S —S
[FL (et~ Fy (e sh )= (") h(e sl Jerte(Trattie s s
—l—h( vty é) vty [(CfllJrl,nz B th,nz )+ (sfll+1,ﬂ2 B 821,”2 )+]
e C,)e — =
" ox ox

¢ Sritling =S ¢ That s T
h/ el/t( evtgr ni ;N2 ni,n2 +_|_ h eutgc eutg ni ;12 ni,n2 .
(ega)erter(Cmln —Sne by g p(ertech)rte(Tatlne—Tmne
The first term is bounded by 8;¢1T1€*7||Vs||L=|ra| and can be handled as
in the proof. The second term, however, involves a ‘discrete derivative’. We
e i

would need to estimate drf = % in terms of || R!||o and ||U*]|wo-
A continuous version of this difficulty is encountered when proving existence of
solutions for the continuous model as limits of solutions of linearized problems
with nonlinear coefficients frozen in the previous iterate at each iteration in
Refs. [13] and [14]. The gradients of the concentrations are estimated there
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thanks to integral expressions in terms of semigroups of the solutions of heat
equations ¢; — kAc = h and to decay properties of the heat kernels generating
such semigroups in the whole space and the bounded domains of choice. More
precisely, we have

= Jo St = )h(s)ds, [V(SO)lloc < pt™/2||llcs > 0.

This yields [Ve]loo < t2||hls. Such estimates of heat semigroups are not
known for all domains, but they have been proved for annular regions and slabs,
for instance. From (27), (34), (48) and (50), we see that

l+1 ot /4 ~0 ~0 ~0 4
™n = = [1_4m ] +6m2 H[ n1+17n2+rn1*1,n2+rn1,n2+1+rn1,n2*1] + ot hﬂ’

where hf, = = xj?(Phm)7h — de(ufmm)sf1 — %, with zero initial and boundary
data. In matrix form, we would have

R = (T+ 25 kN)R + 6t H' = 6t (T + 6t 2 wN) I HI.

Denoting by dR’ the vector whose components are ‘discrete derivatives’ of the
components of R, a bound of the form [dR!|o < 1< |1H ||l is avail-

able when the vectors H7 are equal and constant (we can add the matrices).

However, it is not true in general, as it can be seen at the ﬁrst step already:
1
”1 +1,n0 ”1 nog

2 without in-

rl = 6thl and we cannot obtain information on
1

h - . . . . .
mtlng _nun2 -which would require unavailable information on

formation on 2
xr

ul 1
Upi+1,n9, n*“nl no,m

. The situation is repeated at the next time levels. Whether
other dlscretlzatlons of heat problems can keep positivity and provide bounds
on discrete gradients similar to the continuous ones is a matter of study.

To conclude, a fully convergent scheme for forces (4) would be obtained
in two steps. First, we approximate the continuous problem by a sequence of
continuous problems with frozen force fields, as in the existence proofs [13, 14].
Then, we approximate numerically the solution of each of these problems by
the present scheme with given force field. However, it is computationally more
efficient to implement directly (26)-(27) with (28) and (29). The next sections
show that this scheme is quite reliable to track smooth solitons.

3. Simulation of soliton-like behavior

In this section, we present numerical solutions for appropriate values of the
parameters as listed in Table 1, setting in addition a = 1/0.3 and c.(t) = 1.1
in the boundary condition (8). The slab geometry of the advancing angiogenic
network is depicted in Figure 1.

Figures 2-4 illustrate the evolution of a soliton-like numerical solution gen-
erated applying the scheme (26)-(27) with (28) and (29) to the initial data:

20 wg—ad\”

9 1 o1 \2 _(r2=3

p(xl,.rg,’Ul,Ug,O) = 720 00486_(066) E e ( 008 > 67[(v17v(1])2+(”27vg)2]’
. =

Cla1,x9,0) = 1.1 e [(F)+GH
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Figure 2: Density plot of the marginal vessel tip density p(x,t) at (a) 12 hours, (b) 24 hours,
(c) 32 hours, (d) 36 hours.

where the vessel tip locations .I’é = —-03+4(j — 1)%, j = 1,2,...,20, are
20 equispaced values in [—0.3,0.3], v) = cos(7/10) and v§ = sin(w/10). The
computational velocity domain is Qy, = [—4,4]? and the spatial domain Q, =

[0,1] x [~1.5,1.5]. The steps are éx = 0.02, 6v = 0.08 and &t = 2.2906 x 10~*.
We discretize the boundary conditions (9)-(10) for p and (8) for C at x; = 0,1
using (30)-(31) and (32). Since we introduce artificial boundaries at zo = +1.5
we need additional boundary conditions. We impose zero Dirichlet boundary
conditions for C' at x5 = £1.5, as well as zero boundary conditions of the form
(13) for p. On 09, p vanishes.

Figure 2 shows the evolution of the marginal tip density (5) at four different
times as the angiogenic network moves towards the tumor. Figures 3 and 4
depict the tumor angiogenic factor (TAF) concentration and the flux at the
same times. We observe that the active vessel tips evolve as a patch as they
consume TAF in their advance. The tip density profile forms a soliton-like
pulse, as shown in Figure 5. The pulse forms at an initial stage and then moves
keeping its shape but changing its height and size.

This numerically observed soliton can be described asymptotically as ex-
plained in Appendix A. In the limit as 8 — oo, the marginal density p(x,t)
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Figure 5: Profiles of the marginal tip density p(x1,0,t) at the same times as in Figure 2.

defined in (5) satisfies the equation:

ap

1 t
v (Fp) — —Axp=pp—T ,s) ds,
B + divy (Fp) GAxP = 1P p/o p(x,s)ds

2
o

TN S N

=— ——1In — |-

k== 2r(1 + 02) o2

To leading order, the density and the marginal density are related by

1
p(x,v,t) ~ ;e“v_volzp(x, t).

Inserting this in the TAF equation (2) with j given by (5), we obtain

%C(X, t) = kAxC(x,t) — x1 C(x,t) p(x, t),

X [T [T V14 V242V cosp e
X1 = ;/0 /_7r T e /e e V dVdep.

(60)

(61)

(62)

Numerical simulations show that the density of active vessel tips approaches
a moving two-dimensional lump, which we call the ‘angiton’, after an initial
formation stage. The longitudinal profile of the angiton is a soliton-like wave
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that solves (58) for constant p, F-fi = F; and 1/8 = 0, namely,

2KT 2 \2KT 2

ps(x1; K, e, X) = (QF(Cfg_‘l;csechQ ﬁ(wl - X)|, (63)
. dX
X prials (64)
where X (t) denotes the position of the maximum and ¢ the propagation speed.
Here the parameters K and ¢, called collective coordinates, satisfy two ordinary
differential equations that are obtained assuming that the TAF varies slowly in
space and time [5]. For the parameters used in the numerical simulations, these
equations are

4?1 2F; _ 272 9 \FL
o RET 47 ?5+5+(T£—?5—To> 3

- ADB(e—F1)? (- 52)( 71)2

15 2c

KT+ [ - ALF
S e (cdivxF—kF'VxFl - 1), (65)

2re(1 - 1) 26

2c
:_7(2Kp+ﬁ2) _% N F-Vy I f(c—ﬁ)VX.F——Aggl (66)
-F T iy _Bn ’
0300 () (1~ 5) R

in which the functions of C'(x1, x2, t) have been averaged in 1 over a subinterval
7c(0,L):

Y E—— 1
f(l’l,ifz) = m/zf(zlao) dxy (67)

and we have set x5 = 0.

Figure 6 compares the profiles of the marginal tip density after 24 hours
calculated by solving (1)-(2) in two different ways: (a) with the flux (5) we
consider here (solid blue line) and (b) with flux |j(x,¢)|, with j given by (7) as
in [42] (dashed blue line). The anastomosis coeflicients T" have been fitted so that
the solutions of the corresponding deterministic equations agree with averages
of the stochastic process explained in the next section. Except for the different
values of T, the different definition of the flux in (2) does not affect much the
results because the TAF concentration varies slowly in time for the parameters
used in the numerical simulations. In addition, we have fit the asymptotic shape
of the soliton, given by (63). Figure 6 shows that they agree well. More detailed
comparisons between the motion of the soliton and the numerical solution of the
full kinetic equations for exponentially decaying data without velocity cut-offs
and the flux | [ vp(x, v,t)dv| can be found in [5].

4. Comparison with the stochastic model and velocity cut-offs

The stochastic model of blood vessel growth [3, 42] consists of a system of
Langevin equations for the extension of vessel tips, a tip branching process and
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Figure 6: Profiles of the marginal tip density p(z1,0,t) at 24 hr: numerical solution of the
deterministic equations (1)-(2) with flux (5) and I" = 0.135 (solid blue line); numerical solu-
tion with flux | [ vp(x,v,t)dv| and I" = 0.145 (dashed blue line); soliton solution fit to the
numerical solution with flux (5) (red line).

tip annihilation (anastomosis) when they merge with existing vessels. A tip i is
born at a random time 7% from a moving tip (we ignore branching from mature
vessels) and disappears at a later random time ©¢, either by reaching the tumor
or by anastomosis. We recall next how these processes are accounted for.
Branching. At time T*, the velocity of the newly created tip i is selected out
of a normal distribution (6) and, for a given realization w of the stochastic
process, the number of active tips at time ¢ is N(¢,w). The probability that a
tip branches from one of the existing ones during an infinitesimal time interval
(t,t+ dt] is taken proportional to Z;V:(It’w) a(C(Xi(t),t))dt, where a(C) is given
by (4). The change per unit time of the number of tips in boxes dx and dv
about x and v is

N (t,w)
> A (0.5, (0 v = [ [ alctxn)
- N (t,w) 4 .
x0g, (v —v0) Z 05, (x — X(t))dy, (v — v*(t))dxdv, (68)

where X%(t) and v¥(t) are the position and velocity of tip 7 at time ¢, respectively.
Tip extensions. The Langevin equations are

dX'(t) = vi(t) dt,
dvi(t) = B [~vi(t) + F(C(X(t),1))]dt + /B AW (¢), (69)
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where W(t) are independent identically distributed (i.i.d.) standard Brownian
motions, and the positive parameter (8 is a dimensionless friction coefficient.
The chemotactic force is given by (4) and the TAF concentration solves

N(t,w)
C(x,t) = rAxC(x,t) — xC(x,1) [vi(t)|0,, (x — XU(t)). (70)
1

—~

9
ot

%

Here k (diffusivity) and x are positive dimensionless parameters, whereas d,, (x—
Xi(t)) is a regularized smooth delta function similar to (6) (e.g., a Gaussian)
that becomes §(x — X*(¢)) in the limit as the variances go to zero. We have
eliminated the cut-off by setting n — oo in (5).

Anastomosis. In two space dimensions, when an active tip meets a point of the
trajectory of another tip, it stops there and ceases to be active. The same occurs
when two active tips meet at the same point or when an active tip reaches the
tumor.

Remark. In three space dimensions, tip cells are modelled as spheres and their
trajectories are tubes. Anastomosis occurs when a tip cell touches a tube rep-
resenting the trajectory of another tip cell. Instead of this hard spheres vision,
the size of the blood vessel can be considered through some kernel function that
has a sharp peak inside a sphere of radius twice the tip radius (cf. Ref. [10]).

The deterministic description in terms of integrodifferential equations (1)-(2)
for the tip density and the TAF concentration is obtained from the stochastic
description as follows. Let us define the following ensemble averages over a
sufficient number A of replicas (realizations) w of the stochastic process:

N N(tw)
pax, v, 1) = /ivz D o, (x = Xt W), (v — Vi(tw)), (71)
w=1 =1
1 N N(tw) ‘
on(x,t) = NZ 00, (x — Xi(t,w)), (72)
w=1l =1
A [vi(t,w)| »
jN(X,t) = N; ; 1_"_e(lvt(tw)_VOIQ_n)/eéﬂac(X7Xl(t7w))' (73)

As N — o0, these ensemble averages tend to the tip density p(t,x,v), the
marginal tip density p(t,x), and the tip flux j(¢,x), respectively. The heuristic
derivation of (1)-(2) from the stochastic process can be found in [42] (except for
a slightly different definition of the tip flux, see (7)).

To solve the Ito stochastic differential equations of the model, (69), we have
used a standard stochastic Euler-Maruyama method [24] with time step dt =
0.003. At each time step dt and for each tip i, we extract a random number
U with equal probability between 0 and 0.4. A new tip branches out from i at
x = X(t) only if U < a(C(X*(t),t))dt. Its initial position is x and its initial
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Figure 7: Evolution of the total number of vessel tips given by the integer part of [ p(x,t) dx
in the kinetic model (blue) as compared to that calculated from the ensemble average over
400 replicas of the stochastic process (red).

velocity is selected out of a normal distribution with mean v° and variance
02. We have compared the numerical solution of the kinetic model with the
solutions of the stochastic model through magnitudes that can be evaluated
using both, such as the total number of active tips. For the stochastic process,
we calculate the total number of active tips as the number of active tips at
time t averaged over a sufficiently large number of replicas (realizations) of the
stochastic process. Typically, ensemble averages do not vary appreciable for
N > 400 and, therefore, we usually average over 400 replicas. As observed in
Figure 7, the total number of active tips keeps increasing until the pulse front
reaches the tumor. Then it decreases as tips that reach the tumor become
inactive.

The model we study in this paper introduces a velocity cut-off through the
flux j. The original model in [42] considers equations (1) and (2) with a different
flux: j(x,t) = | [vp(x,v,t)dv]. The boundary conditions were also (8), (9),
(10), (11) and (12), except for the different definition of the flux j. However,
global in time existence results [13, 14] require the introduction of velocity cut-
off in the flux j, similar to the one we impose in (5), for general integrable
data with algebraic velocity decay. Comparing the simulations in [42] with data
decaying exponentially fast, and those here for the same data using weighted j
given by (5), we see similar results.

In Ref. [42], the value I' = 0.145 produced the best fit of the total num-
ber of active tips to that determined by ensemble average over 400 replicas of
the stochastic process. With the flux given by (5), the best fit with ensem-
ble averages of the stochastic process is obtained for I' = 0.135. We observe
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Figure 8: Evolution of the total number of vessel tips given by the integer part of [ p(x,t) dx
for j(x, t) given by (5) (solid line) as compared to that calculated for j(x,t) = | [ vp(x,v,t) dv|
and I" = 0.145 (dashed line) [42].

that the difference in the form of j(x,t) produces a different mean value of the
total number of active tips, as shown in Figure 8. The flux as given by (5),
which contains a cut-off in the velocities, results in a smaller number of active
tips. This difference is compensated by using a smaller value of the anastomosis
coefficient I'. Other than this, the numerical solution of the model equations
produces quite similar results because branching yields new tips with velocities
close to v0. The contributions of large velocities to the solution and thus to the
integrals in marginal tip density and flux are small. We therefore expect stable
global in time solutions for data decaying exponentially fast without using that
velocity cut-off.

5. Conclusions

We have addressed the numerical solution of a kinetic model of tumor driven
angiogenesis, a process in which new blood vessels sprout from existing ones to
supply the growing tumor with nutrients and oxygen. This model is derived from
stochastic descriptions of the angiogenesis process and allows us to gain under-
standing on the evolution of the blood vessel network by means of asymptotic
and numerical solutions. The ultimate goal would be to control the angiogenesis
process and starve the tumor.

Employing reliable numerical discretizations is essential in these studies.
However, the presence of nonlocal terms in time and velocity in the kinetic
model, as well as the nonlinear coupling with a diffusion problem, render this
task quite challenging. We have studied here a robust finite difference scheme of
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order-one which enjoys stability and positivity properties allowing to establish
some convergence results. We have tested it tracking soliton-like solutions, for
which an explicit asymptotic characterization is given. Employing ensemble
averages we have compared predictions provided by the numerical solution of
the kinetic model with predictions yielded by the original stochastic description.
Good agreement is found in both cases.

Once the reliability of the scheme has been validated with these tests, we
study numerically the influence of the velocity dependence in the definition of
the flux of blood vessel tips, a point which is unclear from the modeling point
of view and is relevant when establishing well posedness results for the kinetic
model. Whereas the original derivation of the model uses a flux definition
without velocity cut-offs, the theoretical well posedness results established so
far require their presence. For exponentially decaying densities, our numerical
comparisons show that the inclusion of velocities cut-offs does not really alter the
solutions, and the model should still be well posed regardless of their presence.
This is in agreement with the experimental observation that the velocities of
the blood vessel tips remain within a certain range, achievable by cells.

Our scheme is effective, albeit with the drawback of being slow. This poses
the problem of identifying adequate strategies to develop faster methods of
higher order. The presence of terms that are nonlocal in time and the coupling
with a diffusion equation through gradients render this task quite complex.
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Appendix A. Soliton-like solutions

This Appendix obtains reduced equations for the soliton-like solutions stud-
ied in the paper adapting to our flux definition a procedure developed in [5].
Here we work with different flux terms, of the form j = [|v|pdv and j =
J w(v)pdv where w(v) is a weight including a velocity cut-off, though the final
formulas happen to be similar. This kind of expansions might be the basis of
higher order schemes.

Appendiz A.1. Derivation of the reduced equation for the marginal density

We first find a reduced equation for the marginal density (5) in the limit
of large friction, 5 — oo [5]. The source terms in (1) (the two first terms on
its right-hand side) favor velocities in a small neighborhood of v, since such
velocities are the only ones for which the birth term proportional to a(C)d,, (v —
vY) [cf. Eq. (1)] may balance the anastomosis death term. A reduced equation
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for p is obtained by the Chapman-Enskog method [5]. We rewrite (1) as

Lp

1 0
B divy <2va+ (v— vo)p) =c {8]; +B(F—v%)-Vyp

t
+ V~pr—ozp5gv(v—vo)—|—Fp/ p(x, s) ds]. (A.1)
0

A scaling parameter € is included in the right hand side of this equation, which
is considered small compared to the left hand side. After the computations
that come next, we will restore ¢ = 1. Assuming ¢ < 1, we expand p in the
asymptotic series

p=p +ep® 4 p® .. (A.2)
For € = 0, (A.1) has a solution p(®) given by the right hand side of (60). Now,
we assume that the marginal tip density obeys
o _
ot
where the FU) are determined by solvability conditions to be derived next.

Inserting (A.2) and (A.3) in (A.1) and equating the coefficients of like powers
of ¢, we get the hierarchy of equations

FO 4 er® 4 (A.3)

Lp® =0, (A.4)
_v?
Lph=° [f“” + V- Vup = 28V-(F = v°)p — apd,, (V)
™
t
+I‘p/ p(x,s) ds}, (A.5)
0

2

-V
£p® = eT]__(l) v Viep® = 28V.(F — vO)p — apMs, (V)

t
40 [ gt s, (A.6)
0

etc. Here V.=v —v% and V = |V|. Inserting (A.2) into Eq. (5) defining p, we
find

/p(o)dV:p7 /p(j)dV:O, ji=1,2,.... (A.7)

The non-homogeneous linear equations (A.5) and (A.6) have bounded solutions
when the conditions

/,Cp(j)dv =0, j=1,2..., (A.8)

hold, since the adjoint problem L£'v = 0 has constant solutions. For (A.5), the
solvability condition (A.8) implies

t
FO) — %p —v? . Vyep— Fp/ p(x,s)ds. (A.9)
0
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For this choice of F(9), the solution of (A.5) satisfying (A.7) is
eV’ o! o
2
PP =———— V- [Vip—2B(F—v°)p] + 2—[;6_‘/ {/ e 'Intdt —In V2] (A.10)
s ™ 0

Inserting (A.10) into the solvability condition (A.8) for j = 2 yields

1 o? 1
F) — & - 0_ __@r =
2,6’Axp+ divse [(v* = F) p] + 2m26(1 + o2) 1n<1 * 02>. (A1)

Next, we place (A.9) and (A.11) in (A.3) and recall € = 1, thereby obtaining
the Smoluchowski-type equation

v

ap . 1 ¢
5¢ T divx(Fp) — %Axp =pup— l“p/o p(x, s) ds, (A.12)

1
u=% {1+Mln<1+gg>} (A.13)

Appendiz A.2. Derivation of the soliton formula (63)
Let us define

R(x,t):/o p(x, s)ds. (A.14)

Ignoring diffusion in (A.12) we get

0’R . oR OR OR

The coefficients x and & in (2) are very small [3]. Therefore, the TAF concentra-
tion varies very slowly compared to the marginal tip density. We additionally
assume that the TAF gradient is oriented along the z; axis and that the initial
TAF concentration varies on a larger spatial scale than the soliton size, which
furnishes a good approximation [3]. As a result, F and p are nearly constant.
We then look for a solution of the form

R(x,t) = R(§), &{=m1—ct, (A.16)
for (A.15). This yields the ordinary differential equation

0’R OR

with F = (Fy, F3). Integrating identity (A.17) once, we find

2K
P2 - 2%}2 - = (A.18)

20R _

(c—Fl)fa—§ =
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for a constant K. Setting R = & 4 vtanh(\¢), we obtain 12 = “2?# and
2u\(c — F1)/T = —v?2, thereby concluding

v/2KT 2 v2KT 2
R="_ 1 fanh T e e, (A.19)
r r 2(c— F1)
where & is a constant of integration. Hence, p = %—If = —c%—? provides
2KT 2 v2KT 2
p= ( e )Csech2 ala (x1 —ct —&o)|, (A.20)
2F(C—F1) Q(C—Fl)

which is (63).

Appendiz A.3. Derivation of the collective coordinates equations (65)-(66)
Summarizing, we can write the soliton solution (63) as

(2KT + p?)c

_ 2
Ps = (= ) sech”s, (A.21)
 V2KT + 12 B
§ = 2(C—F1) 67 €—l’1 _X(t)’ (A22)
. dX
X=—=c A2
= (A.23)

The functions X (t), ¢(t) and K(t) are time-dependent collective coordinates
characterizing the soliton. They are supposed to vary slowly due to the small
diffusivity in (A.12) and to the slow variation of the TAF concentration. Then,
the marginal tip density is represented by a soliton that moves and changes
shape slowly, in accordance with the variations of its collective coordinates.
Note that the function ps depends on £ and also on x and ¢ through C(¢,x),

Ps = Ps (f; K, e, u(C), Fy (C’, 880)) (A.24)
L1

Next, we assume that the space and time variations of C, which are present
when p, is differentiated with respect to xy or ¢, generate terms that are small
compared with dps/9¢. These terms are neglected, therefore the different defini-
tions of the flux in (2) do not affect the equations for the collective coordinates.
We shall consider that p(C) is almost constant, ignore 9C'/0t because the TAF
concentration varies slowly (the dimensionless coefficients x and x; in the TAF
equation (61) are very small) and ignore 92p,/0i0j, where i,j = K, F;. More
general situations are discussed in [5]. Inserting (A.21) and (A.22) into (A.12)
we obtain

y 6/)5 605 : 805 . 8/)5 @
(7 -X) g Tar Nt g et A Et o g TE VR

1 82/)3 62ps aFl 8Ps K
= (ZPs 4o L AR ) = pps —Tps | pedt. (A25
25(852 T 25¢0F oz, T OF, 1> f1p p/op (A.25)
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Eq. (A.12) with 1/8 = 0 and F constant has the soliton-like solution (A.21)-
(A.22). Using this fact and (A.23), identity (A.25) becomes

aps ) 8/)5 .
SRkt e=A (A.26)
1 9%p, . dps 1 1 9%ps OFy
A—%agz —psdIVxF 6F1 F-V F1 ﬁAXFl +5658F187$1 (AQ?)

Now, we derive collective coordinate equations (CCEs) for K and c. As
the lump-like soliton advances along the x; axis, we set x5 = 0 to locate the
position of its maximum. On the z; axis, the profile is given by (A.21)-(A.22).
We multiply (A.26) by 9ps/IK and integrate over z1. Then, we consider a fully
formed soliton far from the tumor and the primary vessel. Due to exponential
decay for |£] > 1, this soliton is localized on some interval (—£/2,£/2). The
coefficients in the formulas (A.21)-(A.22) and the coefficients in equation (A.26)
depend on the TAF concentration at x5 = 0. Thus, they are functions of space
and time and are integrated over x;. Moreover, the TAF varies slowly on the
support of the soliton. Therefore we approximate the integrals over x; by

1 £/2
/G (ps(&r,t), 1) day =~ 7 </ G(pS(g;xlat)axl)d£> dry, (A.28)

/2

see [5] for details. The integration interval Z should be large enough to contain
most of the soliton, of width £. In view of this, the CCEs hold only after the
initial soliton formation stage. Near the tumor, the boundary condition alters
the soliton and we should exclude an interval about £y = 1 from Z. In a similar
way, we multiply (A.26) by dps/dc and integrate over x1. The two resulting
formulas define K and ¢ as fractions. The factors 1/£ cancel out from their
denominators and numerators. Since the soliton tails decay exponentially to
zero, we set £ — oo and find the following CCEs

) o0 8psAd§ 9ps. de— o0 Ops Adg 00 Ops 6”‘“‘d§
K- ffoo oK f < ) f oo dc f oo OK Oc 7(A29)

P U ]

P e Ade (%) de - 7, Yz Ade [, 2 %
¢ = 5— (A.30)

52 ) ey () e (2, % Sz

In these equations, all the terms changing slowly in space have been averaged
over the interval Z. The last term in (A.27) being odd in & does not affect the
integrals in (A.29) and (A.30) while the remaining terms in (A.27) are even in &
and add to them. The integrals in (A.29) and (A.30) are calculated in [5]. The
final CCEs are (65) and (66).
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