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Abstract

In the present paper we propose the Generalized Finite Difference Method
(GFDM) for numerical solution of a cross-diffusion system with chemotactic
terms.

We derive the discretization of the system using a GFD scheme in order to
prove and illustrate that the uniform stability behavior/ convergence of the
continuous model is also preserved for the discrete model. We prove the
convergence of the explicit method and give the conditions of convergence.
Extensive numerical experiments are presented to illustrate the accuracy,
efficiency and robustness of the GFDM.

Keywords: Chemotaxis models, Parabolic-elliptic systems, Generalized
finite difference method

1. Chemotaxis: Mathematical formulation

Chemotaxis is the phenomenon in which cells, bacteria, and other single-
cell or multicellular organisms (such as bacterias, cells of the immune system,
cells of the endothelium etc.) direct their movements according to certain
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chemicals (chemoattractants) in their environment. The individuals of the
biological species “U” are able to recognize the chemical signal “V” to mea-
sure its concentration and to move towards the higher concentrations of the
substance (positive taxis) or away from it (negative taxis).

The mathematical models of chemotaxis are usually described by highly
nonlinear time dependent systems of partial differential equations (PDEs).
Therefore, accurate and efficient numerical methods are very important for
the validation and analysis of these systems. Furthermore, a common prop-
erty of all existing chemotaxis systems is their ability to model a concentra-
tion phenomenon that mathematically results in solutions rapidly growing in
small neighborhoods of concentration points/curves. The solutions may blow
up or may exhibit a very singular, spiky behavior. This blow-up represents a
mathematical description of a cell concentration phenomenon that occurs in
real biological systems. In either case, capturing such solutions numerically
is a challenging problem. Mathematical models with chemotactic terms have
been applied to model Angiogenesis, a key process in Tumor Growth [1],
whereby endothelial cells move towards the tumor following a chemical gra-
dient, creating new blood vessels and providing extra supply to the tumor.
The mathematical model we present in this article includes a space depen-
dence of the chemical secretion denoted by f, although it is not the purpose
of this article to study the controllability of angiogenesis systems, the term f
can be considered as a control term, see for instance Delgado et al [5] where
the authors have considered a flux therapy application of an anti-angiogenic
therapy.

The mathematical models of PDEs concerning chemotaxis were first de-
veloped by Keller and Segel [14, 15]. We consider a generalization of the
minimal Keller-Segel model where the diffusion of the chemical substance
is assumed to be dominant, i.e., its rate of production is negligible. Our
numerical study is addressed to the parabolic-elliptic system

)
aa—[j = AU — div(nUVV) + cU(N(x,t) = U), x€Q,t>0,
AV 4V =T X0, >0,
U(0,x) = Up(x), x €,
ou oV

kE_E_O’ x € 00, t >0,

where “o(N(x,t) — U)” describes the growth rate of “U” and N(x,t) =
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1+ f(x,t) is the carrying capacity of the system. Function “f” considered
in [17] and in the present paper, describing the resources of the systems,
presents a periodic asymptotic behavior in the sense

Jim sup £ (x.1) — g(0)] = 0. (2)

where ¢ is independent of x and periodic in time. Once the threshold value
N is reached, the population would die because of the shortage of resources.
It is natural that these resources depend on time and present some kind of
periodicity caused, for instance, by the seasons of the year and consequently
the population presents some seasonal behavior. The motivation of including
such term can be found in [17] where it was proved the global existence of
solutions and its asymptotic behavior produced by the logistic growth which
counteracts the blow-up tendency produced by chemotaxis. Under suitable
assumptions on the initial data and g, if the constant chemotactic sensitivity
7 satisfies
n<o/2

the authors obtained that the solution of the system converges to a homo-
geneous in space and periodic in time function. Under certain assumptions,(
see Hypotheses (1.5)—(1.11) in [17]), it is expected that the solution of the
system converges to a periodic function function depending on ¢ and g(t)
which can be explicitly computed.

In our work we study the implementation of the GFDM for the Keller-
Segel chemotaxis model with parabolic-elliptic coupling. The explicit for-
mulae and h-adaptative method was developed by Benito, Gavete and Urena
2, 4, 10, 11, 12]. The influence of several factors as number of points, time
stepping size and the choice of the weight function have been studied by the
authors in [2, 9] and [3] ( chapter 7, 3.2. Influence of essential factors).
Recently, the GFDM has been proved to solve efficiently nonlinear PDEs. For
instance, it has been used for solving nonlinear convection-diffusion equations
7], in-plane crank problems [13] and simulating water wave interactions with
multiple-bottom-seated-cylinder-array structures [8], all of them emphasising
the irregularity of the domains. Also, new approaches for solving highly non-
linear PDEs have been proposed as the Nonlocal Operator Method, which
uses the weak form (also called energy form). Authors obtained very recently
the fundamentals of the method in [19] and numerical solutions to the Elec-
tromagnetic Waveguide problem in [18].

Three particular cases are studied in this paper. Firstly, we consider the case



o = 0, that is to say, there is no logistic source. It is well-known that the
absence of such term may end up in the blow-up of solutions (i.e., solutions
become unbounded at finite time). More precisely, in [16], the author proved
that the solution of system (1) (when o = 0) blows up in finite time under
the condition

8
/ Up(x)dx > °r,
Q n

Secondly, for 0 < n < o, we consider f = 0, which is extensively studied in
the literature. For instance, in [20] the authors proved that all solutions of
the non-stationary system approach the steady state (1, 1) for large times.
Finally, we consider a function f(x,t) fulfilling the assumptions made in [17]
with the periodic asymptotic behavior stated in (2). We present numerical
examples of all three cases in Section 3, for both regular and irregular do-
mains.

The paper is organized as follows: in Section 2 we provide some explicit
formulae using the Generalized Finite-Difference method for accurate and
efficient approximations of solutions to chemotaxis models (1). Also, we
study the convergence of the GFD explicit scheme. This result is enclosed in
Theorem 2.1, which is the main result of the paper and where we state under
which condition for the time step, At, the GFD explicit scheme is conver-
gent. In Section 3, extensive numerical experiments (convergence studies in
space and in time, long-time simulations, etc.) are presented to illustrate the
accuracy, efficiency and robustness of the developed numerical algorithms.
We finally present some conclusions.

2. GDF explicit scheme

In order to derive the Generalized finite difference scheme we use the
following approximation of the time derivative

n+1 n

Oyu(xg, yo, nAL) = Yo —%

A T O,

and the spatial derivatives in vectorial form as obtained in [22, 11, 6, 21],
that is,
Dsu(xg, nAt) = —wouy + Z wul + O(hZ, k)

i Vg
i=1



where g and wo; stand for
_ T
Wo = {w01,w02,w03,w04,w05} )
T
w; = {?ﬂil, Wi2, W;3, wi47wi5} )

fulfilling

S
Ty = E ;.
i=1

For the sake of simplicity, let us put
Woo = TWo3 + Woa; Wip = Wiz + Wid.

In order to deal with the homogeneous Neumann boundary conditions,

ou oV 0

R
we use the central difference, which is of second order, if the domain €2 has
regular boundary (in the sense of the distribution of nodes) and GFD for-
mulae in other case.
We derive the discretization of the first equation. The existence and unique-
ness of solutions of system (1) is proved for the case @ C RP, p € N, for
system (1) though we shall consider the case p = 2. Then, we write the first
equation as

%—Z:AU—nVU~VV—nU(V—U)+aU(1+f(x,t)—U):

PU *U  oUOV  oUOV
T 922 92 9z oxr oy oy —o)=nUV +oU t).
0zt oE Toror "oy oy TU o) —nUV+oU+oUf(x1)
Remark 2.1. In the 3D case the GFD explicit formulae reads for the spatial
derivatives as

Dou(my, nAt) = —wwoug + »_ wiul’ + O(h7, k7, 17),

19V Y
i=1

where Tog and ©o; now stand for

_ T
Wo = {w017w027w03>w047w05>w067w07>w087WOQ} )
T

wW; = {wu,wz‘z,wisawm,?ﬂi&?ﬂie’,wi?,wis,wz’g} )

again with

S
Ty = E ;.
i=1
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The conditional convergence of the GFD explicit scheme in 2D is addressed
in the following result.

Theorem 2.1. Let U,V € C21(Q x [0,00)) the solution to the system (1).
The GFD explicit scheme

(
n+l _ n
uy" =g + At

— (YEOg + w04) Ug + Z (wz‘g + wi4) U;’l] —

=1

— T]At (—wmug + Z +’LTJ11U?> (—wowg + Z +wilv?> -

i=1 =1

— T]At (—WOQUS + Z —|—w12u?) (-wa’Ug + Z —i—wigv?) +
i=1 i=1

+ At [(U8)2 (n— o) — nujvg + oug] + O(AL, b, k)

) 1971

A\

vy — [— (o3 + woa) vy + Z (i3 + @ia) U?] = ug + O(At, b, k7)
=1
(3)

\
1s convergent under the condition

2 + |@oo| + 251 @il

0< At < - ,
(1 + |@oo| + > iy @il ) (A2 + A3) + By

where

s S s
Ay = Z |@io| + [nwo1vg | Z |@i1| + [n@oavg | Z | @iz
i=1 i=1 i=1

S S S S
+nd @V lwal + Y@LV @l
=1 =1 =1 =1

As =gy + 77(@01)2‘/0n + 77(@02)2‘/0n -1 <w01 Z wi1 V" + wo2 Z wi2V,~n)
i=1 i=1
—(n—o)(ug +Uy) +nVy" — o(1 + f(z0, yo, nAt)),
(4)



and

Bui= [nl(w0n)* = (02) T + non Y @iat! + e Y wiou] =

=1 =1

+ @ Ug | Y @il + nmeUs | Y @l + 0] Y @all| Y lwal+
=1 =1 =1 =1

+01 Y @U@l
=1 =1

PrOOF. We proceed in the following manner: let us take the difference be-
tween GFD scheme (3) and the expression for the exact solution. The time
derivative is approximated by

Ou(xo, yo,nAE)  uf™t —uf
ot At

From the second equation of (1) we obtain

+O(AD).

u=v—Av = Uy =0y + Wl — g w0y,

where we use the notation, also from now on, a7 = uj — UJ'; 0] = v} — V"

(u;“‘ stands for the approximate solution at time nAt and point j and U} for
the exact solution). We arrive then to the following

s
~m1 ~ ~ ~
U8+ n = At (—wooug + g wzouzl) —

i=1

s s
<—?IJ01U0 + wﬂui> (—wolvo + wﬂvi>

i=1 =1

— (—meg + ZwﬂUZ”> (—meO" + Zwil‘/in>

i=1 =1

s s
<—WO2U0 + wigui> (—wogvo + wi2vi>

i=1 =1

— <—WO2U6I + sz‘sz) <—w02Von + Zwﬂ‘/;n)

At — o)) — (U)) — Atnfulol — URVI+
+ Atoug[l + f(zo, yo, nAL)] + O(At(At hZ, k3)).

[ A A4

—nAt

()
—nAt

+
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Now, we put:
(ug)* = (Ug)* = g (ug + Ug), (6)
ugvy — UgVg' = ugug — ugVg' +ugVg' — UgVg' = ugtg +ugVy's  (7)

and

S S
2. n,.n n n n n
(wo1) “ugvy — woerUg g WiV — W1V E wi Uy +
i=1 i=1
S S
n n
+ E wi1Y; E Wil —
i1 i=1
S S S
n n n n
—wn 'V g winU;" + E wi1V; E wi1Uj
i=1 i=1 i=1
S S
n n n n
Ug E wi1Y; _UO E w“VZ-
i1 i=1

S S
n n n n
— Wo1 [UO g Wil; — Vo E wilUi
i=1 =1
S S S S
n n n n
E wW;1V; E witl; | — E wilv; E wile‘
i=1 i=1 i=1 i=1

We can rewrite (8) as

(@) U3 Vg = woUg Y wa V'~

i=1

= (wo1)*[ugvy — UFVy'] — wou

_l_

i=1 i=1
i=1 i=1
i=1 i=1 i=1 i=1



Now, substituting (6), (7) and (9) all together in (5)

S
1 ~ ~ -
agtt —ay = At (—wooug + g wiou’;> —
i=1

— Atn(wo)*[uf vy + ag Vgl — Atn(woz)?[ugty + ag Vg

+ Atnwoy | ug Z wi V" 4+ Uy Z w1 V'

+ Atneoy | @ Y @V + U Y wind}

i=1 i=1

) ) () )

i=1 =1

i=1 i=1 i=1 i=1

+ Atug (n — o) (ug + Ug') — Atn(ugtg + g V') +
+ Atoul[1 + f(xo, yo, nAt)] + O(AL(AL, hT, kD)).

) 79 7



Now, it yields

QNLSH_I = ﬂg [1 — ZUQoAt — Atn(wm)QVO" — At?’](@og)2%n+
+ Atn (wm Z wi V" + o2 Z WZQV;”)
=1 =1

+ At(n — o) (uf + Ug) — AtnVy' + Ato[1 + f(xo, yo, nAt)] |+

s s s
E ~n n E ~n n § ~n
U; + nmeO (A + 77@02% WigU;

i=1 i=1 i=1

- (7] Z wil‘/;n> Z Wi Uy — (77 Z ww%") Z Wiy
i—1 =1 i—1 i—1

+ At

+(10)

+ Atf)g <—77(WO1)2 — n(w02)2) ug + Nwo1 Z wzlu%—
i=1
+ N2 Z wiguy — nug | + At | nwa Uy Z w1 U
i=1 i=1
+ nweelU, Z wiol; — 1N (Z wﬂUZ”> Z win?;
=1 =1 =1

+ O(At(At, b, K?)).

Y 719"

=1 i=1

Let us define 4" = max;eqo,.. o [0| and 0" = max;eqo,. s} |07|. We rewrite

10



(10) as follows

{LTH»I S an

A (woo + (@) * Vg + n(we2) V' =
1 (wm D@V @y mef) —(n—o)(ug +Ug) + V'
=1 =1

+ At (Z |@io] + In@wo Vil ) |l

=1 =1

—o(1+ f(xo, Yo, nAt)))

+ @Vl Y @il + 0> @a Vi |wal+
i=1 i=1 i=1

= DD !wi2|)
=1 =1

S S

n n n

+ Nwo1 E Wi, + NWo2 g Wigl; — Ny
i=1 =1

+ A" 77[—(@01)2 — (WQQ)Q]US—F

+ In@aUg| Y l@al + [nmeUg] Y @l +

=1 i=1
S S S S
+01 Y @l wal + 01> @l @l
=1 =1 =1 i=1

For the sake of simplicity, let us put

+ O(At(At, b2, K2)).

Y 727"

(11)

"t < A" + Bo". (12)
Notice that since .
0 + woolly — Y wiolp| = |ig), (13)
we have ’—18
0" |11+ ool + ) \wio\] > " (14)
=1

Now, by combining (12) with (14) we get

1 —+ |w00| + Z ‘w10|
i=1

anJrl S <A

+ B) i (15)

11



The stabilibity condition follows from

1+|w00|+2\wi0| + B < 1. (16)
=1

Let us call A = A; + AtA; = |1 — AtAs| + AtA, and B = B;At. Hence, the
following holds

a:=A

1 — BAt
14 |woo| + Y5 [@iol

or equivalently,
1 — B1At 1 — B1At

— 5 +AtA; < 1-AtA;z < 5 —AtAs,.
1+ |woo| + > i ol ’ 7 1+ Jaool + Yoiy @il ’
(18)
Then, we have
1— BiAt 1— BiAt
1+ = —AtAy > AtA; > 1— = +AtA,.
1+ |@oo| + D= @0l 1+ [@oo| + X5 [0l
(19)
From the LHS inequality of (19) we obtain
2 s ;
Af < + |wts)0’ + 2 i1 [@aol ' (20)
(1 + |@oo| + 2_izs [@iol) (A2 + A3) + By
From the RHS we get
Al > [@o0| + >3y [@io (21)

(1 + |=o0o] + iy @il )(As — Az) — By
Now, since Ay > A3 and B; > 0, the denominator of the RHS of (21) is

negative, so we have
At > 0.

O

Remark 2.2. Although the aim of this work is to present a rigurous proof
of the conditional convergence of the GFD explicit scheme in 2D, the same
result in the three-dimensional case is achieved by introducing minor changes
in the previous proof. By using the formulae given in Remark 2.1 and calling

Woo = Wosa + Wos + Wos, Wio = Wia + Wis + Wie,

equations (20) and (21) are obtained for a similar definition of As, A3 and
B;.

12
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T(s) 0.3 1 1.6 1625  1.65
[ulley  150.000 150.0041 449.9381 1.4231e+03 -
o]l 150.000 150.0004 165.8602  184.2503 -

Table 1: Values of |lu|; (o) and |[v][;=(q) for different time values in the Example 1.

3.1. Case 1

In our first case we consider no source term in the U-equation, that is to
say, we consider the minimal Keller-Segel parabolic-elliptic system:

(0,U = AU — div(nUVYV), x€Q, t>0,
AV A4V = U, XxEQ, >0,
U(x,0) = Up(x), x € Q,
ou oV

k% = E = 0, X € 0f).

As stated, we expect to find blow up of solutions in finite time for a large
enough initial data.

3.1.1. Example 1: 0 =0

For this example we choose 1 = 0.2 and Up(x) = 150, fulfilling [, Up(x) >
40m. We use the irregular cloud of points of Figure 1. Table 1 show the [*°-
norm of the solution. We obtain that the solution blows up before 1.65
seconds. We present the numerical solution (both w and v) to the system
in Figure 2 and obtain that, after very slow growth, solutions become un-
bounded at finite time.

3.2. Case 2

In this second case we use the GFDM to solve system (1) numerically for
f(x,t) =0. It is known that the solution to the parabolic-elliptic system has
the following asymtoptic behavior:

Tim [0 2) = 1l + [V (1) = o] = 0, (22)

for any nonnegative continuous initial data Uy(x) (see Tello and Winkler

20]).
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3.2.1. Example 2

In this second example we consider the following function f(x,t) = 0
and initial data Up(x) = 3e~10(==05°+(4-05") We choose the parameters to
be 0 = 0.7 and n = 0.2. In Table 2 we present the obtained values of the
maximum difference between the approximate solution, u, and the steady
state in a regular cloud of points. Figure 3 shows the solution to the U-
equation.

T(s) 0 003 006 01 1 6
[u—1]e@ 2 0.4953 0.2373 0.1354 0.0616 0.0020
[0 =1l - 0.1247 0.1158 0.1104 0.0616 0.0020

Table 2: Values of ||u — 1||;(q) and [[v — 1||;o(q) for different time values in the Example
2.

3.2.2. Erample 3

Now, we consider an irregular cloud of points for the initial data Uy(x) =
0.1e~10(@=03)*+(w=03") " the same function f(x,t) = 0 and also 0 = 0.7,
n = 0.2. Figure 3.2.1 shows the solution to the U-equation for different time
values. Table 3 shows the values of the maximum difference between the
numerical solution and the asymptotic value. Due to the small initial density

T(s) 0 003 006 03 1 6 10
[u—1]l~@ 1 09979 09931 0.9712 0.9497 0.3633 0.0335
[0 — 1]~ - 09764 0.9753 0.9683 0.9498 0.3635 0.0335

Table 3: Values of ||u — 1| (q) and ||v — 1|;oc(q) for different time values for the Example
3 in the second cloud of points of Figure 1.

of population, it takes greater time to become uniform for the solution.

3.2.8. Example 4
We consider for this example the initial data

Up(x) = 9~ 10((2=0.8)*+((y—0.8))

15



and the parameters ¢ = 1.5 and n = 0.5 in the third cloud of points of
Figure 1. Table 4 shows the [* norm of the difference between the value of
the numerical solution and the expected limit at different times. Figure 5
shows the u—solution at such times.

T(s) 0 05 1 3 6 10 15

[u—1[ley 1 0.4270 0.2545 0.0167 1.8865¢-04 4.6750e-07 2.5863¢-10

Jo—1[lm( - 04202 0.2545 0.0167 1.8363¢-04 4.6757¢-07 2.5875e-10

Table 4: Values of ||u — 1| () and ||v — 1|;oc(q) for different time values for the Example
4 in the third cloud of points of Figure 1.

3.3. Case 3

The aim of this third case is to show the asymptotic behavior of the
solution (U, V') of the system (1) when we consider a function f(x,t) fulfilling
(2). In order to solve system (1) numerically we choose the function f(x,t)
to be

_ cosl T—y
~ 4d+4sint 1+ 2

fx.1) (r,9) €= 0,1 x [0,1], £ > 0.
It is easily checked that this function fulfils all assumptions stated in [17].
Then, we find the 2mr—periodic function

B cost
4 +sint’

g(t)
which, gives us the 2w —periodic limit of the solution (U, V),

4 + sin(t)
4 — cos(t) + sin(t)

2 2

L(t) =

As in the previous one, we divide this case into the regular and irregular
cloud of points of Figure 1, to show that in both situations, the solution to
(1) inherits the periodic behavior of the function f(x,t):

T ([0 1) = L) @ + IV, 1) = Lllie] =0, (23)

16



3.3.1. Example 5

As stated, let us consider the function f(x,t) = 41055112 ; + 15z Assume

Up(x) = 5e710@=06"+(y=06)*) a5 initial data and the relation of parameters
o =1and n = 0.3. Table 5 presents the values of the limit function L(t) and
maximum difference between this and the numerical solution.

Figure 6 shows the asymptotic solution L (solid line) and the most distant
values of approximation at different times. As we see, the numerical solution
is also periodic and the [*°(€2) of the difference is small for large enough times.

T(s) 15 3 15 6 1.5+2m 3427
L 1.1197  0.9070 0.8357 1.1007 1.1200 0.9075
[ — Loy 0.0707 1.4721e-02 5.1705¢-03 3.1418¢-03 1.4587¢-03 9.4562¢-04
[v— Ll 0.0432  0.0079 0.0021  7.9842¢-04 2.6320e-04 5.3863¢-05

Table 5: Values of the function L(t) and the differences ||u — Ll[; () and [|v — L[ (o) in
the Example 5 in the regular cloud of points of Figure 1.

3.3.2. Example 6
For this last example we also consider the function f(x,t) of the previous
one as well as the same relation of parameters. Let us use now the initial

data
UO(X) _ 6—10[(3:—0.7)2+(y—0.7)2]

and test the method in the second cloud of points of Figure 1. Table 6
presents the values of the limit function L(¢) and maximum difference be-
tween this and the numerical solution.

T(s) 1.5 3 6 1.542m 3+27 6+27
L 1.1197 0.9070 1.1007 1.1200 0.9075 1.1001
Ju—Ll~@ 04401 0.1120 0.0118 00028  0.0012  6.9721e-04
[v= L]~ 04234 01058 0.0098 0.0014 2.8953¢-04 1.0059e-04

Table 6: Values of the function L(t) and the differences ||u — Ll[;o () and [|v — L[ () in
the Example 6 in the second cloud of points of Figure 1.

Note that in Figure 7, it takes longer for the approximate solution to
reach the limit value L(t) because the initial data is smaller than in Example
5. This means that the population’s density grows slowly at initial times.
Also notice that L(t) is not a solution of the system but an asymptotic value
for the exact solution.
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4. Conclusions

We have derived the discretization of the modified Keller-Segel system
(1) and proved unider which condition the GFD scheme is convergent.

For Case 1, where there is no source term, we obtain numerical solutions
which blow up in finite time for large enough initial data in the discrete model,
in accordance with the analytical studies. For Case 2, (case f(x,t) =0), we
obtain asymptotic convergence to (1, 1) as stated for different initial data, in
both regular and irregular clouds of points. No difference between these are
found. Notice that the diffusion is faster when a large amount of the initial
data is above the threshold value 1. When the initial population’s density is
small, it takes much longer to reach this value.

For Case 3, we have obtained an approximation to the solution of the system
which inherits the periodic behavior of the function g(¢). It is also remarkable
that the elliptic equation for the chemical substance, v, models a fast diffusion
process. Therefore the v-component of the solution becomes rather uniform
at small times.

The Generalized Finite Difference Method solves this strongly coupled highly
nonlinear parabolic-elliptic system efficiently and with high accuracy over
regular and irregular domains. This means that this meshless method is an
efficient tool for obtaining the numerical solution of this parabolic-elliptic
chemotaxis system appearing in Biology and Medicine.
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Figure 2: u, v-solution for 0.3, 1, 1.6 and 1.625 seconds in the Example 1.
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Figure 3: u-solution for 0, 0.03, 0.06, 0.1, 1 and 6 seconds in the Example 2.
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Figure 4: u-solution for 0, 0.03, 0.06, 0g3 1, 6 and 10 seconds in the Example 3.
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Figure 5: w-solution for 0, 0.5, 1, 3, 6 and 10 seconds in the Example 4.
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Figure 6: The solid line corresponds to the graphic of the function L(t), the stars to the
most distant value of the approximate solution u at such time in Example 5.
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Figure 7: The solid line corresponds to the graphic of the function L, the stars to the most
distant value of the approximate solution u at such time in Example 6.
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