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ABSTRACT

Various biological cells secrete diffusing chemical compounds into their environment for communication purposes.
Secretion usually takes place over the cell membrane in a spatially heterogeneous manner. Mathematical models
of these processes will be part of more elaborate models, for example, of the movement of immune cells that
react to cytokines in their environment. Here, we compare two approaches to modelling of the secretion-diffusion
process of signaling compounds. The first is the so-called spatial exclusion model, in which the intracellular space is
excluded from consideration and the computational space is the extracellular environment. The second consists of
point source models, where the secreting cell is replaced by one or more nonspatial point sources or sinks, using—
mathematically—Dirac delta distributions. We propose a multi-Dirac approach and provide explicit expressions
for the intensities of the Dirac distributions. We show that two to three well-positioned Dirac points suffice to
approximate well a temporally constant but spatially heterogeneous flux distribution of compound over the cell
membrane, for a wide range of variation in flux density and diffusivity. The multi-Dirac approach is compared
to a single-Dirac approach that was studied in previous work. Moreover, an explicit Green’s function approach is
introduced that has significant benefits in circumventing numerical instability that may occur when the Dirac sources
have high intensities.

1 | Introduction

Living organisms, from single cells to animals and plants, communicate with each other, for various purposes, by means of
secreting and detecting chemical compounds in their environment, which get spread by diffusive or advective transport,
or both. For example, plants may signal others warning for predating insects and herbivores [1]; animals may secrete
pheromones to attract partners for mating [2]; single cells may thus coordinate and accomplish tasks that they cannot do
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cell into a circular cell, then to mass- emitting point(s)

FIGURE 1 | Geometric configuration of the spatial domain in the models. Panel (a): A schematic presentation of one
circular cell Q. embedded in the domain Q. The boundaries of the cell and the entire domain are denoted by 4Q. and 3Q,
respectively. We define the normal vector n of Q. pointing toward the center of the cell. This figure is taken from Peng and
Hille [14]. Panel (b): A biological cell has a more irregular shape. The heterogeneous flux density over its boundary can be
converted into a circular cell with (different) heterogeneous flux density. Then, using the method proposed in this article,
the circular cell can be converted to mass-emitting points, that is, sources (blue) and sinks (red), with the cell boundary
now virtual.

alone, for instance, in the development of tissues, organs, and whole organisms [3-5], and for regulating cell behaviors,
as in the immune system where immune cells are attracted to target areas by means of cytokines [6-9].

Means of communication are not limited to the diffusing compounds that are the subject of modeling in this paper. At the
cellular level, various types of communication have been identified [10]. One, other than by signaling molecules, is cell-
matrix interaction. In any case, communication is realized through the extracellular environment, with the cell membrane,
which defines the boundary of the cell and separates the intracellular and extracellular environments, in particular
specific proteins embedded within, realizing detection and secretion of compounds. Over the cell membrane, receptors,
ion channel proteins, and transporter proteins are distributed inhomogeneously [10]. The latter two are responsible for the
permeability of the membrane for various types of molecules, such as ions, cytokines, nutrients, and so forth. Compounds
can be secreted as well by means of exocytosis of vesicles that contain these compounds at high concentration, in the
intermediate “protein-free” membrane space. This process is complex and highly regulated [11]. For a more detailed review
of the cell membranes, see, for example, Buehler [12] and Cooper and Adams [10].

Thus, when studying cell-to-cell communication using mathematical modeling one considers a (reaction-) diffusion
equation for the compound in the environment, possibly with an advective term added if that type of transport is relevant.
Here, we shall limit attention to diffusion only.

Depending on the spatial scale of a study, one encounters models in which either the individual cells are small in number
and viewed as nonnegligibly spatially extended (as in, e.g., Portmann et al. [13]), or there is a (very) large number of cells,
of negligible size. The latter leads to a continuum description on a spatial domain Q with reaction terms in the diffusion
equation on Q that represent detection and secretion of signaling compound essentially “everywhere.” The former leads
to exclusion from Q of the space taken by the interior and cell membrane of all cells, represented by the closed domain 50,
say. We call this a spatial exclusion model; see Figure 1a for a schematic representation. Secretion of compound is modeled
then by flux conditions on the boundary dQc, that is, the totality of all cell membranes. Because of the heterogeneity of
localization of proteins and exocytosis events on the cell membrane, the associated flux densities in the model are expected
to be spatially inhomogeneous over each cellular part (i.e., connected component) of Q.

Biological cells have varying shapes. For mathematical convenience, each individual cell may be given a regular, spherical,
shape in a spatial exclusion model, as an approximation of a model with detailed cell shape. However, a model with such
regular shape and inhomogeneous flux density distribution over the boundary may yield an acceptable approximating
solution to a model with detailed, realistic cellular shapes (and inhomogeneous flux density) (see Figure 1b). In this paper,
although it is an interesting research question, we shall not consider the quality of approximation of solutions between
spatial exclusion models with regular and realistic shaped cells. Instead, we shall be concerned with studying approaches
toward approximation of a spatial exclusion model with a regularly shaped cell and inhomogeneous flux density over its
boundary by a so-called point source model. The cell is then replaced by a finite number of point sources (see Figure 1b—
blue points) or sinks (red points).
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The quality of approximation is assessed quantitatively by numerical analysis. In the latter model, the cell is replaced by
a small number of point sources and sinks with particular intensities for mass exchange, positioned within the part of the
full domain Q that belonged to the cell Q¢ in the spatial exclusion model. In the model, this is realized by adding Dirac
delta distributions with particular intensities as reaction terms to the diffusion equation on the full domain Q.

The replacement by a point source model with Dirac delta distributions is of interest for mathematical convenience as
well. It helps to improve computational efficiency, in particular when there are many cells present, but not as many that
a continuum approximation is acceptable. Moreover, in a setting where cells start moving, the application of a finite-
element method (FEM) for numerical analysis will require regeneration of the mesh over time steps, which will be a
large computational burden. Moving point sources are expected to be less computationally demanding. Computational
efficiency will be relevant in situations where quick, adequate simulations are needed, for example, for digital twins in a
medical setting [15, 16].

It then becomes relevant to determine the adequacy of the point source model in approximating a spatial exclusion model,
with inhomogeneous boundary conditions. A comparison of solutions has so far been made theoretically in Evers et al.
[17] and numerically in our previous work [14], to the best of our knowledge. This paper starts investigating approximation
when inhomogeneous flux densities over the cell membrane occur.

Note that a point source—by necessity—will spread mass (or remove mass for a sink) in symmetric fashion from its
neighborhood. In this paper, we propose to replace a spatially extended cell in that case by a finite number of well-
located point sources (and sinks). A key question is, to determine intensities for the associated Dirac delta distributions
in the model. We describe in Section 3 a method to do so and then validate this approach numerically, quantitatively,
in the following sections. We consider a two-dimensional setting for the domain Q. Any inhomogeneous flux density
over the circular boundary Q is a spatially 27z-periodic function in angular coordinate and can hence be decomposed
as a superposition of Fourier modes. We consider the first few modes only. We expect that high-frequency modes, due to
the regularizing effect of diffusion, will not contribute much to improvement of quality of approximation. It remains a
practical question for application how many modes are sufficient, given diffusion constant and size of cells. This is a topic
for further research.

The key contributions of this study are:

* Multi-Dirac approach: To reproduce an inhomogeneous flux density over the cell boundary of diffusive compounds
that are secreted by this cell in a diffusion model for mass transport in the cell’s exterior, we propose the use of a finite
combination of well-positioned point sources (in the form of Dirac delta distribution) with appropriate rates of release
or uptake of mass (“intensities”) in a diffusion model in the full spatial domain. We investigate numerically the quality
of approximation of its solution to a diffusion model in the exterior domain, where the cell itself is spatially excluded
from the full domain. This work substantially extends [14], in which only a homogeneous flux density is considered
and a single Dirac source, accordingly.

* Explicit Green’s function approach: We propose and apply a singularity removal technique to help prevent
numerical failure in a simulation of a diffusion model with point sources that can be caused by a large value of the
intensity of point sources and the irregularity of the Dirac delta distribution. The availability of the explicit expression
for the Green’s function on the infinite domain R? allows us to split the solution to the point source model into an
explicit integral expression and a correction originating from “reflection” of mass on the boundary of the bounded
actual spatial domain. This correction is the solution of diffusion equation on this bounded domain with regular source
terms on the boundary. It can be solved well with usual techniques, like FEM.

This paper is structured as follows: Section 2 presents the mathematical formulation of the spatial exclusion and point
source model, and a corresponding phrasing of the main question. Section 3 proposes the idea of using multiple Dirac
points to represent the cell, if the flux density is a spatially inhomogeneous function, particularly the sinusoidal function.
As a consequence, a natural question is how to select the intensity of these Dirac points. In Section 3, we start with the case
of polarized flux density, represented by a 27-periodic sinusoidal function to investigate the locations and the intensity
of the off-center Dirac points, then later we extend this to the general case. Section 4 introduces the explicit Green’s
function approach to solve the point source model, and all models are nondimensionalized. Moreover, in Section 4.3 we
relate parameter values in our models to recently obtained experimental data on single-cell secretion of cytokines by a
type of human blood cells [13]. Then, Section 5.1 introduces a homogeneity indicator to determine the relative difference
between the solutions to the homogeneous and inhomogeneous flux density in the spatial exclusion model. Numerical
results are presented in Section 5.2 and Monte Carlo simulations, investigating the effects on the solutions of changes in
parameters, are conducted in Section 5.3. In Section 5.4, we compare the classical FEM and the explicit Green’s function
approach to solve the point source model, on a fine and coarse mesh, respectively. Finally, Section 6 delivers conclusions
and discussion.
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2 | Mathematical Formulation of the Question

In our previous work [14], we considered the situation that the cell boundary releases diffusive compounds into the direct
environment in a homogeneous manner, that is, the flux density over the cell boundary is constant. Two models were
discussed (namely, the spatial exclusion model and the point source model) that describe the secretion and subsequent
diffusion of compounds in the environment of cells, particularly the consistency between the solutions to each model.
The spatial exclusion model separates the intracellular and extracellular environments, prescribes flux conditions on the
boundary separating these, and the intracellular part is excluded from the computational domain. The point source model
replaces each spatially extended cell by a point source, by means of a Dirac delta distribution (also called a Dirac measure).
The location of this point source we call a Dirac point.

From the numerical results, we observed that for a relatively small diffusion coefficient, there is a systematic time delay
between the two approaches. Hence, to compensate for this discrepancy, in the point source approach, we used the
Gaussian kernel (which is also the form of the fundamental solution to the diffusion equation) as the initial condition
of the intracellular environment. Furthermore, we investigated how to determine the intensity and the variance of this
Gaussian kernel.

Here, the setup is similar to [14], but we will now consider approximating spatially inhomogeneous flux densities over the
cell boundary in the spatial exclusion model, instead of constant flux densities. These prescribed flux densities are still
time-independent. Focus point is the quality of approximation that can be reached by a point source model.

2.1 | Spatial Exclusion and Point Source Models

We consider an open bounded two-dimensional domain Q c R?, where there are a few nonoverlapping cells denoted by
Qc. Then the domain Q \ Q¢ is considered as the extracellular environment (see Figure 1b). The key difference between
the spatial exclusion and point source model is whether taking the cell domain Q as part of the entire domain or not.

The spatial exclusion model excludes the cell domain from the entire domain, and then the secretion of the compounds
is described as a Neumann boundary condition over Q. The model is given by

(Ouq(x,t ' .
S—a(t ) DAug(x,t) =0, inQ\ Qc,t >0,

(BVPg ) DVug(x,t)-n=¢(x,1), ondQc,t>0, o
DVus(x,t) -n =0, ondQ,t > 0,
ug(x,0) = ug(x), inQ\ Qc,

where n is the outward pointing unit normal vector to the domain boundary of Q \ Q¢ (see Figure 1b). We assume that
the flux density ¢(x, t) is nonnegative at x € dQ, where there is a flux of compound into the environment Q \ Q. This
ensures that solutions with positive initial condition remain positive for all time. In contrast to [14], we consider specifically
fluxes that are spatially inhomogeneous.

For the numerical simulations, on time domain [0, T], FEM [18] is used. Hence, we consider the weak solution concept
for (BVPg), which is given by

Find ug(x,t) € L*((0,T), HY(Q\ Q¢)) n HY((0,T), HY(Q \ Qc¢)*), such that

/ s 1), x, )2 +/ DVug(x, 1) - Vo (x, 1)dQ
O\Qc

(WF); ot 0\ac

- $(x, vy (x, 1)dT = 0, for any vy (x, ) € L*([0,T], H(Q \ Qc))
Q¢

(see [19, Theorem 1]. Here, d( is the restriction of Lebesgue measure on R? to Q and dI" denotes the surface measure on
0Qc, which is so normalized that the Divergence Theorem [20] holds without additional constant.

40f33 Studies in Applied Mathematics, 2025

85U8017 SUOWWOD SAIIER.D 3(dedl|dde sy Aq peusenob ae e O 8sn Jo Sajni Joj Akeiq1T8uIIUQO AW UO (SUONIPUOD-PUR-SLLIBIWO A8 1w Afe.d 1 jBulUo//SdNy) SUONIPUOD pue swie 1 84} 88S *[520z/TT/6T] uo ARigiiauliuo A8|im ‘AiseAlun eiseoue Aq TETOL Wdes/TTTT OT/I0p/L00" A3 1M Alelqpuljuo//Sdiy wolj pepeojumod ‘S ‘GZ0Z ‘0656/9%T



Furthermore, the initial-boundary value problem defined by point sources is given by

-

N
dup(x,t .
P D) b () = 3 0,05 - x®),  inQ>0,
ot i=1
(BVPp) 2
DVup -n=0, on dQ,t > 0,
up(x,0) = y(x), inQ,t=0.

Here, the source intensity function ®;(¢) describes the flux of mass per unit time from the source at location x© when it
is positive (otherwise, it is a sink). The index i identifies a point source or sink, of which there will be multiple associated
to the same cell in the spatial exclusion model later.

Again, we consider weak solutions. In this case, up(x, t) cannot be in H'(Q), because of the singularities at the Dirac
points. It can be in W1P(Q) for any p € (1, 2) (see [19, Theorem 2] in particular for details). The restriction of up(x, t) to x
in the environment Q \ Q. is H' though [17]. This amounts to the following weak form—formulated for multiple Dirac

points and some p € (1, 2) (with g the usual conjugate exponent: 11_, + % = 1)

Find up(x,t) € C°([0,T], WHP(Q)), such that

a ’t
/ up(x—)vz(x,t)dﬂ+/DV“P(x,t)'sz(x’t)dQ
q Ot Q

(WFP)< N

= / D 2i()3(x — xDyvy(x, )dQ,
Q

i=1

for any v,(x, t) € L2([0, T], Wh4(Q)).
Note that according to the Sobolev Imbedding Theorem (see, e.g., [21, Theorem 4.12, p. 85]) for the indicated p, one has
q > 2. Then, WH4(Q) can be viewed as consisting of continuous functions on Q. Hence, evaluation of test functions at

Dirac points is well-defined. Existence and uniqueness of (weak) solutions to the point source model for iy (x) € W1P(Q)
is furnished by [22, 23] (see Yang et al. [19, Theorem 2 and Proposition 3] for details).

2.2 | Measures for Quantitative Comparison

In Peng and Hille [14], a proposition is proven that reveals the relationship between the difference in the two models and
the boundary flux over 0Q, and the proposition has been proved analytically in the setting of FEM. The proposition is
stated as follows:

Proposition 1. Denote by ug(x,t) and up(x, t) the weak solutions to the spatial exclusion model (BVPg) and the point
source model (BVPp), respectively, and let dQc be the boundary of the cells, from which the compounds are released, with
normal vector n pointing into Q¢. Then

%E”us - up||;(ﬂ\gc) = -D /Q\QC|V(uS - uP)|2dQ + /aQC(us — up)(¢ — DVup - n)dr. ©)

Assume moreover, that ug(-,0) = up(-,0) a.e. on Q \ Qc. Then, ug(x,t) = up(x,t) a.e. in Q \ Q¢ x [0, ) if and only if
¢(x,t) — DVup(x,t) -n =0, a.e.on Q¢ X [0, o). 4)

In this manuscript, the measures that we are interested in for comparison of the solutions to the two models are first the

difference in L?- and H'-norm on the extracellular environment Q \ Q¢. In view of Proposition 1, we also consider the
difference between prescribed flux density on the cell boundary Q. and flux density on this set in the point source model
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in L2-norm, that is, (-,t) =DVup(-,t)-n , as a function of time. Moreover, we investigate the total bounda
P I ) g ry

2(0Q¢
flux deviation c*(t) over the time interval [0, t], given by

c(t) 1= /0 t|| $(.5) = DVup(-,s) - | ©)

2ean

which was defined and studied in Evers et al. [17].

In summary, to maintain good agreement between the two solutions in the extracellular environment, the deviation in
flux over Q¢ needs to be minimized. In the point source model, the flux over the—now virtual—cell boundary is a result
of diffusion from the source. Hence, a natural question is, how to define the intensities @;(¢) of the sources at the Dirac
points in the point source model such that the flux condition in Equation (4) can be best approximated.

3 | Approximation With Multiple Dirac Points Per Cell

In Peng and Hille [14], we replaced a cell with constant homogeneous flux over the boundary in the spatial exclusion model
by a single Dirac point in the point source model. As a next step, because in reality cells have an irregular shape and secrete
compounds spatially inhomogenously over their membrane, we now consider how to best represent an inhomogeneous
flux over the boundary by Dirac sources and sinks in a point source model. Thus, in this study, we consider a prescribed
spatially inhomogeneous—but time-independent—flux density distribution ¢(x, t) = ¢(x) over the circular boundary of
a single cell centered at x©) = (x¢, ye) of radius R. We assume $(x) to be nonnegative everywhere.

Locally negative flux density, representing uptake of compound, requires special care. One should realize, that in any
realistic model, positivity of solution must be guaranteed. This holds, loosely speaking, when mass can only be taken up
where there is mass. Hence, the uptake flux cannot be simply prescribed, but must depend on the solution close to the
Dirac point. Hence, a well-designed approach is required. What works “best” in approximating the spatial exclusion model
when also uptake of compounds is occurring, is a question for further investigation (started in, e.g., Yang et al. [19]).

Any sufficiently regular function on the circle can be approximated by a superposition of periodic functions by Fourier
analysis. Let 8 € [0,27) denote the angular coordinate on the circular boundary Q¢ and xg the corresponding point,
thatis, xg := x© 4 R(cos 8,sin 0) € Q. Hence, in view of Fourier decomposition, we investigate here first fluxes of the
form

Pn(xg) = $n(6) = ¢o + Asin(nb) = ¢o(1 + p sin(no)), 6 € [0,27), (6)

. e . . A . o e .
where 7 is a positive integer, constants ¢y, A > 0, and their ratiop := ¢— < 1in order to maintain positivity of flux density.
0

If n is very large, the spatial fluctuation of the flux density is on a very small spatial scale. Then, we expect that diffusion
will “smooth out” this variation and the prescribed flux density may be considered homogeneous, effectively. Therefore,
we are currently interested in small n. The question remains to determine from which Fourier mode on one can start
neglecting their contribution to ¢, depending on D and the spatial size R of the cell.

Furthermore, the ratio p plays a significant role: if p is very small, then one can still consider using a single Dirac point in
the cell center, since the size of fluctuations is small; however, when p is close to 1, the inhomogeneity is nonnegligible.
Putting one Dirac point at the cell center may then not be enough to obtain a good approximation of the spatial exclusion
model by the point source model.

In order to approximate a prescribed spatially inhomogeneous flux distribution of the form in Equation (6), we
propose to locate multiple Dirac points in specific configuration within a cell of the spatial exclusion model. We
propose intensities for these Dirac points. Under certain conditions, we show that the emergent boundary flux
in the point source model as a result of this positioning of the Dirac points and these intensities converges to the
predefined flux density of the spatial exclusion model.

The idea to obtain approximately an inhomogeneous flux distribution ¢,, on dQ in the point source model is by putting
one point source at the center x, which realizes a spatially homogenous flux distribution on the boundary. The spatial
variation is then superimposed by adding off-center Dirac points. For the sake of keeping the model simple and subsequent
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numerical simulations efficient, we want to have as small a number of point sources as possible, while retaining a good
approximation of the spatial exclusion model with inhomogeneous flux ¢,, over dQ.

Suppose that the additional N off-center Dirac point sources are located at x) € Q¢,i = 1,..., N. Let ®;(t) be the intensity
of the point source (or sink, if ®;(¢t) < 0) at x®D._ Notice that in comparison to [14] we not only allow for off-center Dirac
points, but also for time-dependence in the intensities. We assume the ®;(t) to be locally integrable. If Q = R? (or 9Q is
remote from the cell and ¢ is small such that reflection of mass from the boundary dQ can still be neglected), the diffusion
system defined in (BVPp) with iy = 0, yields a flux density over the cell boundary—for zero initial condition—that is
given for any point x € Q¢ and t > 0 by

¢p(x,t) := DVup(x,t)-n
O lle = xD)12 | (¢ —x¢) - (x — xD)
a Z / 47Dt —35) P {_ 4D(t — 5) } 2R(t — 5) ds. ™

1 . . .
Note thatn = —E(x — x¢), with the conventions mentioned above.

According to Proposition 1, the N intensity functions ®;(¢) should be chosen such that the resulting ¢p(x,t) is close
to the desired ¢, (x,t). Perfect agreement cannot hold at all x € Q¢ at all time. Not even if A = 0, see [14]. Thus, an
approximation of some sort is required. From the practical point of view of numerical simulations, we want to have explicit
expressions for ®;(t) that can be computed well while yielding a good approximation of the corresponding solution of the
point source model to that of the spatial exclusion model.

The convolution integrals in Equation (7) cause concern for the analysis. Typically, one would handle such a system with
Fourier or Laplace transform in the time domain. Straightforward application of Fourier transform is obstructed by the
constant-in-time flux distribution ¢, (x) not being in L?(R_.). Hence, a distributional approach must be taken. Laplace
transform can be directly applied to this locally integrable function, though. However, both do not yield (much desired)
easily computable explicit expressions.

To that end, we take an ad hoc approach. For any finite t > 0 (large), one can write—in various ways:
@i(s) = Bi(D) + Ails;), s €[0,¢]. ®)

That is, one can view ®;(s) on [0, ] as a deviation A;(s;t) from a “mean” ®;(t). In fact, one could define ®;(t) :=
% /Ot ®;(s)ds, but this particular choice is not required. What is important is, that we assume that the splitting can be made
sucp that replacing ®;(s) in Equation (7) by A;(s; t) I'eSIAlltS in values for the convolution integral~that are small compared
to ¢(x, t), for example, for t sufficiently large, where ¢(x, t) is obtained by replacing ®;(s) by ®;(¢) in Equation (7) and
performing the integration:

®;(1) (x — x¢) - (x —xD) llx — x®)|2
Plx,0) Z 27R Ix — x®)2 P {_T ' ©)

We then expect that @;(t) captures the “trend” of the behavior of ®;(t) and—moreover—that $(x, t) is an adequate
approximation of ¢p(x,t) for t sufficiently large. This heuristic argument will be investigated with more mathematical
rigor in follow-up work. Here, we employ it to obtain explicit, computable expressions for ®;(t) by transferring conditions
on ¢p to $, given by Equation (9). We then investigate the quality of approximation when using these functions as
intensities. We write ¢p(-, t) for the flux density over the curve 3Qc for the solution to the point source model on the
bounded domain Q when we take for the intensities ®;(s) in Equation (7) the trends ®;(s). We compare ¢(x, t) to $ p(x, t)—
and to ¢(x, t) in order to check for which ¢ the approximations are appropriate. Note that $(x, t) was computed from the
solution on the unbounded space R?, using the explicit Green’s functions.

Conditions imposed on ¢p(-, t) vary according to which “metric of comparison” between ¢p(-, t) and ¢,, is chosen, like the
LP-distance over 8Q, with p = 1,2, or oo preferred. These may be transferred to ¢p. For obtaining explicit expressions,
we prefer however requiring that the approximate flux density $(x, t) has the same value at the location of the maxima
and minima of ¢,,. That is, for t > 0, we impose

¢o + A, ifkisodd,

10
¢ — A, ifkiseven (10)

$(x@k’ t) = ¢l’l(x9k) = {
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(o)

rmax

Dirac source

Dirac sourte

Centre
Dirac source

(7)7)1(131'

(a) Casen =1 (b) Casen =2

FIGURE 2 | The locations of the Dirac points for approximating the inhomogeneous flux density ¢, (xg) = ¢¢ + A sin(nd)
over the circular cell boundary of radius R are shown for the cases (a) of a polarized flux distribution (n = 1), and (b) of
an axially oriented flux distribution (n = 2). The off-center Dirac points (blue) are each on a line segment connecting the
cell’s center point (red) to a point on the cell boundary where ¢,,(x) attains its maximum value ¢,,,, (green). The distance
between the cell center and any off-center Dirac point(s) is r (0 < r < R).

fork =1,2,...,2n. Thus, one obtains 2n equations for N + 1 unknown ff)i(t). Thus, with general locations x; for the point
sources in Q¢ one needs N = 2n — 1 points to be able to solve System (10) for the functions ®;(t). However, exploiting
symmetry by specifically localizing the points allows for doing with fewer points.

The variation in ¢, (xg) around ¢, that is, Asin(nf), takes extreme values at 6; := (k — %)%, k=1,2,...,2n with a
maximum at odd k and a minimum at even k. We make the choice of locating the off-center Dirac points each on one
of the n line segments connecting the center x; to the location Xo, of the maximum of ¢,,(x), for k odd, all at the same
distance r > 0 from the center; see Figure 2 for a schematic presentation (for n = 1, 2). By symmetry, the n off-center Dirac
points are expected to have the same intensity, say ®p(t). Denote the intensity of the center point by ®¢(t). Let &p(t) and
®(t) be respective reference (“mean”) values on [0, t] for each, as discussed above.

Further in this section, we analyze the case of n = 1,2 and use Equation (10) to determine reference intensities ®,(¢) and
@ (t). For the general case and more detailed analytical investigation, we preparing a theoretically oriented manuscript.

3.1 | Polarized Flux Distribution:n =1

We start with the case n = 1, that has a flux distribution that is maximal at xg with 6 = % and minimal at the opposite
point (see Figure 2a). It represents a “polarized flux distribution.” In this case, the prescribed flux density in the spatial
exclusion model is expressed as

#eo.0) = ¢1x0) = bo(1 + psin(®) = o (149122 ), o= 2. a

where y is the y-coordinate of any point over the cell boundary, y¢ is the y-coordinate of the cell center, and R is the cell
radius. Thus, the cell is divided into two semicircles, of which the upper boundary releases more compounds while the
lower boundary releases less. Following the idea in Section 3, one off-center Dirac point is located in the upper semicircle
with distance r to the cell center (see Figure 2a). The coordinate of the extra off-center Dirac point is

x) = (xc,yc +71).

Then, the boundary flux ¢(x, t) defined in Equation (9), becomes

. @p(H)(R — rsin(8)) R? +r? — 2rRsin(0)) Dc(t) R?
Xg,t) = - ex - + ex - /. 12
¢(xo. 1) 27(R? + r2 — 2rR sin(6)) P 4Dt 2zR P\ TaDr (12)
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To determine the value of ®p(t) and ®(t), we require that for any ¢ > 0, the minimum and maximum of $(xg, t) in
Equation (12) should be the same as those of ¢;(xg). In Appendix A, it is shown that that for any t > 0, 8  ¢(xg, t)

attains its maximum at 6 = % and its minimum at 6 = 7” Hence, we obtain the conditions (for all ¢ > 0)

()=o) =mea s o(E0)=0(X) =0 w

Then, ®,(t) and ®(t) must satisfy the system

&SD(t) exp{—(R_r)z} + E)C(t) eXp{—R—z} =¢0+A

27t(R —r) 4Dt 27R 4Dt
. , _ (14)
NG (R+r) (1) R\ _
mR+1) P {_ abi [ T 27R OP\Tapr f TP A
The exact solutions to System (14) are
(_ 4T A
q)D(t) = s
1 { (R—r)2 } 1 { (R+1)2 }
—expl — — —exps —
R-r 4Dt R+ 4Dt
4 (15)
~ 2 2A(R
(IDC(t)=27rReXp{%} ¢0 +A-— ( +r) R .
R+r)-R-rexp{-2 |

\

From the expressions, we notice that: (1) solutions exist for 0 < r < R; (2) if r = R, then System (14) is not defined, in the
sense that not all coefficients are finite. Nevertheless, ®,(t) — 0 as r T R in Expression (15), but this does not have an
apparent meaning; (3) neither of the functions are integrable at t = 0. So, the functions @ (t) and @p(t) are not locally
integrable on R, as was assumed of the intensities ®;(¢) at the start; (4) (1) is always nonnegative, while o (t) can be
negative. In particular, if A = ¢ (i.e., o = 1), then ®(t) is negative. Thus, the off-center Dirac point represents a source,
always, while the center point can be a sink or a source, which depends on the ratio between ¢, and A. In Appendix C,
we provide a brief discussion of key characteristics of &, and ®.

Note that the functions ®p(t) and ®(t) converge very rapidly to co as ¢t | 0. In particular, they are not locally integrable
near 0, contrary to what is assumed of intensities. In computations, these functions are never evaluated at 0, or closer to
0 than (halve a) time step 7 in the numerical solver. Thus, effectively, they may be considered as given by Expression (15)
and “truncated” near 0 by the value at 7. Thus, one obtains locally integrable intensities.

Substituting Expression (15) into Equation (12), we obtain

. R? +r% — 2Rrsin(0 R —rsin(6 2AR+r
bi6.0=go+ A+ Cyexp { KA ZHMON - KoIO) R )
t R2 4+ r2 — 2Rrsin(0) (R+r)—(R—r)exp{——r}
Dt
where
i) = 24 >0, forallr € (0,R). a7

1 { (R—r)2 } 1 { (R+1)2 }
—exXp{ ———— p— —€Xpq ———
R-r 4Dt R+r 4Dt

In Figure 3a, we compare the prescribed flux density ¢(xg) = ¢;(x5) with $(6,t) = $1(6,t) for various time points.
Note that the location and value of the maximum and minimum of ¢(xg) and ¢;(6,t) coincide, as expected (see
Appendix A). Since the minimum of ¢, (8, t) equals ¢, — A, which is always nonnegative, the positive concentration in the
computational domain is ensured. Moreover, with a fixed value of r, increasing ¢ reduces the difference between cﬁ(@, t)
and ¢.

The distance r of the off-center Dirac point to the center is a parameter we still can choose in the range (0,R). To
investigate its effect on ¢;(6, t) we consider now the dependence on r of the limit of this function as “t - c.” We have
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(a) Flux over the cell boundary with = 0.05 at different ¢
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(b) Flux over the cell boundary with various values of » when t — +00

FIGURE 3 | For n=1, ¢y =A=1.0 and cell radius R = 1.0 the desired flux density ¢(x5) =1 + sin(6) is compared as
function of the angle 6 with (a) ¢(xs,t), computed from Equation (9) for indicated times, and (b) the limit of ¢(x;,t)
as t — oo, given by Equation (18) for various values of r. The solid curve is the prescribed flux density ¢; in the spatial
exclusion approach and the dashed curves show the approximants ¢(-,t) or ¢,; different colors of the curves represent
different values of time ¢ or the distance between the off-center Dirac point and the cell center r.

forO<r <R:

A(R +r)%(1 - sin(8))
R2 —2Rrsin(6) +r2

$oO:r) = lim $1(6.0) = g0 +A - (s)

Figure 3b plots ¢, for multiple values of r. Observe that the dashed curve (¢.) and the solid curve (¢ = ¢;)
overlap even more when r is decreasing. The analytical proof of this observed convergence is given in Appendix B.
Furthermore, when r decreases, ®, increases while & decreases without any upper or lower bound. In other words,
with r = 0%, ®p(t) = 400, and P(t) = —oo for any t > 0. Thus, the off-center Dirac point is a source while the
center point is a sink. The pair of Dirac delta distributions then form a system that resembles a dipole system in
electromagnetism [24].
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3.2 | Axially Oriented Flux Distribution: n = 2

When n = 2, there are two complete periods of the flux density over the cell boundary. Hence, 6 — ¢,(xg) has two
maxima, at 6 = % and 6 = %ﬂ. Thus, secretion of compound is high around the axis through the two associated points
on the boundary and low orthogonal to this line. Hence, we call this the case of an “axially oriented flux distribution.”
These two values will also be the angles of the locations of the extra off-center Dirac points (see Figure 2b for a schematic

presentation). Accordingly, x(¥) = x will be the center point, while x*) corresponds to 8 = % and x® to 6 = %”. The
minima are located at 6 = %ﬂ and 6 = %”.

With the chosen location of the Dirac points, a direct computation yields

-

1, ifi =0,

R? - %\/ETR(COS 0 +sin0)

6 ~¢ ° = 4 R2 +r2 — 1/2rR(cos 6 + sin 0) (19)

llxg — x(]|2
R> + %\/ErR(cose +sin )

, ifi=2.

(R2+1r2 + V/2rR(cos 6 + sin 6)

The flux density approximation then becomes

A B, R~ LRr(sin(®) + cos(0)) { Rz+rz_ﬁRr@in@mmw»}
$,06,t) = exp{ —

2R R2 4 2 — \/2Rr(sin(6) + cos(6)) 4Dt 0)
0

N &,(1) R? + \/TER}’(SH’I(G) + cos(6)) exp {_RZ + 72 + /2Rr(sin(6) + cos(6)) } N Do (t) - {_R_2 }
2R R2 4 12 4 \/2Rr(sin(6) + cos(6)) 4Dt 27R 4Dt

We impose in this case too the condition that the maxima and minima of the approximate flux density ¢,(xg, t) should
have the same location and value as those of ¢(xg) at all times ¢t > 0. According to Appendix A, the two functions in the
given configuration of Dirac points and intensities do have the same fixed location in time of extremes. Hence, we solve
@ (t) and B (t) from

30 exp{_(R_r)2}+ B (1) eXp{_(R+r)2}+<I>c(t)exp{_R_2}=¢0+A,

277(R — 1) 4Dt 27(R + 1) 4Dt 27R 4Dt
_ _ 21
@p(HR R? +71? D0 (1) R?
D - ——— 1} =¢, - A.
TR +12) P { bt [T 22R P\ Tapr [ T %0
The solutions to System (21) are given by
~ 4T A
&p(t) = i —: 27C,(t) (22)
L ex _M + L ex _M -2 R ex _V2+R2
R P 4Dt Rr P 4Dt R22 P 4Dt
and
2,,2
4A exp {—R Bl }
Do(t) = 2mRexp { R } X|po—A - (23)
clt) = YToTs o—A— .
4Dt R2+72 ex _ (R-1)2 " R2+72 ex _ (R+7)2 —Jex _ R2+72
RE—D) P 4Dt R P 4Dt P 4Dt
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FIGURE 4 | Selecting p = 1.0 and cell radius R = 1.0 for ¢ = 1 + sin(20), the flux over the cell boundary is shown versus
the angle 6. The solid curve is the predefined flux density in the spatial exclusion approach and the dashed curves are the
flux density computed by Equation (24) with n = 2; different colors of the curves represent different values of the distance
between the off-center Dirac point and the cell center r.

Note that C,(t) > 0 for all » € (0, R). Then, the approximate boundary flux is given by

R = Lrsin(®) + cos(0) R +r2 = \2Rr(sin(8) + cos(6))

$26,1) = ¢o — A+ C(1) R 172 VARrein®) +.50®) exp AD7
(24)
LR L2rGin @) + cos©)) exp { _FEHTHVIRAGin®) +cos@) | R {_ R 412 }
R2 + 2 + \/2Rr(sin(8) + cos(6)) 4Dt R 472 4Dt

In Appendix A, we argue that ¢, and ¢, have the same location for the extreme points that are fixed in time. The imposed
conditions assure that their values agree too. Numerically, it is confirmed that ¢, and ¢, have the same extreme points
(see Figure 4).
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The approximate boundary flux ¢,(6, t) has limit as t — co given by

AR? — r2) N A(R? - r2)(R? + r2)(R? — r?sin(20))

25
r2 r2(R4 + r4 — 2R2r2 sin(20)) 25

$2.00(657) = pg — A —

As can be seen in Figure 4b, as r — 0%, 492,00 converges to ¢,(8) = 1 + sin(20) pointwise. The analytical proof can again
be found in Appendix B.

4 | Computational Setup

In the simulations, the spatial domain Q is the square (—L, L)? in R?. The cell Q¢ is a circular disk of radius R < L with
center at the origin (0,0).

To visualize the deviation between the two approaches with inhomogeneous flux density, numerical simulations are
needed. In this manuscript, FEMs and backward Euler are used for the numerical simulations, for the spatial discretization
and time integration, respectively. Particularly, we use Python 3.10 and FEniCS package [25] version 2019.2.0.dev0. We bear
in mind that in the implementation, instead of a smooth circle, the cell region is constructed by a series of mesh points as
a polygon.

The spatial exclusion model is well-defined in the FEM setting (see (BVPg)). In a FEM implementation of the point source
model (BVPp), the singular Delta distributions appear as point evaluation of the basis functions in the FEM at the Dirac
points and multiplication with the corresponding source’s intensity (see (WFp)). However, this singularity may lead to
an unstable and unreliable numerical solution, particularly with a large intensity of a Dirac delta distribution. To counter
this, we exploit the availability of the explicit Green’s function on R? and replace (BVPp) by a diffusion equation on R?
with singular Dirac distributions in the reaction term, coupled to an appropriate correction on the bounded domain Q. The
first now has a semi-explicit representation formula in terms of an integral, while the correction is given by the solution
to a diffusion equation on Q without reaction term and with regular data in its boundary conditions. We will call this the
“explicit Green’s function approach.” Details are given below. It is a common singularity removal technique [26-28].

It is our objective to quantitatively and qualitatively compare the spatial exclusion and point source model in different
parameter regimes. Therefore, we use nondimensionalized descriptions for both, such that only “essential (combinations
of ) parameters” appear in the equations. The explicit scaling is given in Section 4.2.

4.1 | Explicit Green’s Function Approach

In Section 3, we showed a way to determine location and intensity of Dirac point sources, such that the resulting flux
density over Q. approximates the prescribed ¢(x, t). In that approach, the center point has positive intensity ®(¢) at
time ¢ and the off-center Dirac points have equal intensity ®p(t), which may not have a fixed sign. The system is similar
to an electromagnetic dipole [29].

Theoretically, to obtain a small discrepancy between the spatial exclusion approach and the point source approach, we
need a small r > 0, which will result in large absolute values of ® and ®p,. Then, the numerical simulation with FEM
might become unstable.

To resolve this issue, we remove the singularity of the Dirac delta distribution from the reaction term from the PDE that
is solved numerically, in the following way. The explicit expression for the Green’s function for the diffusion equation on
R? yields an integral representation for the solution of the equation

N
ohi(x, t ~ . )
x0 _ DAU(x,t) = Z ;()8(x — x1), inR2 t>o0,
ot 4
i=1 (26)
7(x,0) =0, inR2, t=0,
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where x( is the locations of the Dirac points, ®; is the intensity of the Dirac point x;. In fact,

‘1 ya I — xO)12 )
Wx, )= [ ————— ) &, —— = = Yds, forx € R%, ¢t > 0. 27
a0 /O D=5 & PP Tp—yy (B X =

Note that @(x, t) can be computed from Expression (27), employing appropriate techniques—not involving FEM—that
ensure its accuracy, even for high intensities.

Let up(x, t) be the solution to the boundary value problem of the point source approach in Equation (2) with zero initial
conditions. Then we may consider up as a corrected i, due to reflection of “mass” back into the domain Q at the boundary
0Q. Define this correction by

v(x,t) :=up(x,t) —d(x,t), inQ. (28)

Since up(x,t) = v(x,t) + i(x, t), substituting this into (BVPp) and using System (26), we conclude that v(x, t) solves the
boundary value problem

ou(x,t)
ot

— DAv(x,t) =0, inQ,t >0,

(BVPy) (29)

DVv-n=-DVii-n, ondQ,t>0,

v(x,0) = 1g(x), inQ,t=0.

The boundary condition for v is obtained from Equation (28) by observing that up obeys Neumann boundary conditions
DVup -n =00n0dQ.

Hence, the solution to (BVPp) can be “postprocessed” after first determining #(x, t), then solving for v(x, t) defined by
(BVPy) in which there is no singular reaction term—with @i now given and appearing in the boundary condition—by
means of, for example, FEM without a singular reaction term and then, finally, summing the two contributions. This
overall stepwise approach we call the explicit Green’s function approach.

The weak form of (BVP,,), used in the numerical simulations, is given by

Find v € H'(Q), such that

(WFV) av
/ E¢+DVU-V¢dQ+/ DgVii - ndl = 0, for any ¢ € HY(Q).
Q 80

4.2 | Nondimensional Models

The scalings for nondimensionalization are similar to those used in Peng and Hille [14]. The provided description is for
the general case of any positive integer n in Equation (6). The rescalings are:

x t R Dty u bo7o
=z, =—, D:i=—-, =—, =1, 30
¢ R T = VT Re (30)

where the time-scale 7 is chosen in relation to the chosen reference density u*, such that the last parameter combination,
the “nondimensional flux density” becomes 1. R is the cell radius in the dimensional setting.
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With this scaling, the boundary value problem (BVPg) becomes

%ﬁr) —DAgys(é, 1) =0, inQ\ Qc,7> 0,
(BVP’S)< f)Vng(f, ) - ng =1+ psin(nd), on dQ¢, 7> 0,
DVgys(€,7)-ng =0, on 8,7 > 0,

ys(£,0) = u(;(f), inQ\ Qc.

Similarly, we obtain the dimensionless system of (BVPp), which reads as

ra ’ X N n ~ ' R
J/Pa(f T DAgyp(£,7) = Dco(€ — &) + z Sp8E—£), inQ,r>0,
i=1
(BVPp) DV¢yp -ng =0, ondQ, 7 > 0,
rp(§,0) = ai(f A in Q.

In the explicit Green’s function approach, the dimensionless semiexplicit solution on R? is then

y =

5=

The dimensionless boundary value problem for the correction term becomes

a]/u(f, 7) A . oA
—5. " DAgyv(f,r) =0, inQ,7t >0,

’ . . .
(BVPy) DVgy, -ng = =DV¢y -ng, ondQ,7 >0,

Vu(g, O) = 09 in Q, T= 0.
“Postprocessing” yields the rescaled solution on Q, yp := up/u*, given by

yp(g’ T) = 77(5, T) + }/U(g’ T)~

The numerical simulations have been conducted in this dimensionless setting. The dimensionless parameter values that
were used are listed in Table 1, unless indicated otherwise.

From this point onward, we abuse notation and return to the notationally more convenient dimensional versions of
variables and parameters, considering them as nondimensional, though. That is, all subsequent uses of (x, t) refer to
their dimensionless parameter (¢, 7); the same holds for diffusion coefficient D (dimensionless version D):

xe& ter1, upeyp, Useoys, LOY, UoP, Do D.

4.3 | Reference Parameter Values From an Experiment

Experimental data on the release of compounds from a single cell are provided, for example, by Portmann et al. [13].
They measured time series for the release of cytokines, which are important mediators of the immune system, from single
human so-called peripheral blood mononuclear cells (PBMCs), in particular interleukin-6 (IL-6), among others. In their
experimental procedure, a single spherical-shaped PBMC of ca. 5-8 um diameter was put in a water-in-oil droplet of 50
pm in diameter. Such a single encapsulated cell was observed in a microfluidic chamber with techniques that allow the
determination of the average secretion rate of cytokines over time. For IL-6, this could reach a maximum of about 50 s~1.
For tumor necrosis factor a (TNF-a), this could reach even 250 s~!. Low levels of secretion are of the order of 2-3 s~!
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TABLE 1 | Standard parameter values used in numerical analyses in Sections 5.1 and 5.2, corresponding to the dimensionless
systems presented in Section 4.2.

Parameter Value Description

1)) 1 Diffusion coefficient

L/R 10 Length of the edge of the dimensionless computational domain, where L is the
dimensional length of the square computational domain and R is the cell radius

At 0.04 Time step

T 40 Total time

h 0.0875 Average mesh size

x(© (0,0) Cell center

r 0.01 Distance between the off-center Dirac points and the cell center

up(x) 0 Initial condition in (BVPg) in Q \ Q¢

i (x) 0 Initial condition in (BVPp) in Q and R? in explicit Green’s function approach

(for IL-18, see [13, Figure 1C]). Thus, the cell has radius R = 2.5 um, say, and L = 25 um. The surface area of a ca. 5 um
diameter spherical cell is 80 um?. The maximal average flux density ¢g of IL-6 over the spherical surface of a PBMC is
then ca. 0.63 um s~ 1.

The density ug(x,y,t) in our two-dimensional model is obtained from a concentration of compound cg(x,y,z,t) in a
three-dimensional model in a cube (~L, L)> ¢ R3 by integrating in the z-direction:

L
use,y. ) = / esCey.z,0dz,  for(x,y) € Q\ Qc. 31)
—L

The flux density ¢ over the one-dimensional “cell boundary” dQ in the spatial exclusion model is the effective result of
the secretion of compound with average flux density ¢g over the entire two-dimensional sphere in a three-dimensional
diffusion model. The flux density values need to be appropriately corrected for this dimensional reduction. The average
flux density over the one-dimensional cell boundary Q¢ equals ¢, = I'; Rps. The correction factor I';, for the dimensional
reduction was estimated through numerical experiments to be in the range 4-12. It depends on the geometry and size of
the environment in relation to the spherical cell at its center. Moreover, it is time-dependent, growing to a steady level in
the range indicated. Thus, ¢, is expected to be maximally in a range of ca. 5-20 um~'s~! for IL-6 secretion in PBMCs. A
factor 5 higher for TNF-a.

The average concentration of IL-6 in the droplet ranged from 0 to 12 nM, with 9 nM at the time of maximal secretion rate
(cf. [13, Figure 1C]). A concentration of 10 nM corresponds to six molecules per um?>. In view of Equation (31), this amounts
to an average value of ug ~ 6 x 2L = 300 um~2. In our (nondimensional) simulations at D = 0.1, the density ugwmo in the
homogeneous case (p = 0) at the end of simulations ranged spatially between 0 and 13, close to the cell, with an average
value of about 0.3-0.6. For D = 1, n = 1, and p = 1, the maximum value was reduced to 2-3, ultimately, while the average
value can be found in the same range still. This would correspond with the observations from Portmann et al. [13] by using
a reference density u* ~ 500 um™2.

From values for the diffusion constant stated in [30], one can derive an estimate for the diffusion constant in water of
IL-6, which has molecular weight 26 kD, according to the rule that diffusivity is inverse proportional to the cubic root of
the molecular weight. One then arrives at D ~ 2.7 x 10~/ cm?s™! = 27 um?s~!. This estimate provides an indication of
the order of magnitude of the diffusion constant in water in reality. In the extracellular matrix of cells, more gel-like than

water, diffusion may be an order of magnitude lower.

According to the definition of the nondimensional variables in Expression (30), the above-mentioned values for flux and
reference densities yield a time-scale 7 in the range of 50-250 s. The nondimensional diffusion constant D would then be
high in water: about 150 or higher for IL-6. In an extracellular matrix, it could be of the order 10!, For TNF-¢, this would
be reduced by a factor 5, thus, it will be order 10°,

It is known that proteins responsible for transport of compounds across the cell membrane are inhomogeneously
distributed over the cell surface [10, 11]. One thus expects that the flux density will be similarly inhomogeneous. To what
extent, that is how large p is, cannot be readily deduced from available experimental studies yet, it seems. Obtaining
experimental data on single-cell secretion at the resolution of several um? is technically very challenging. To our
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FIGURE 5 | Thelocal norm difference between the solution to (BVPs) using the homogeneous flux density ¢(x) = 1 and
the inhomogeneous flux density ¢(x) = 1 + psin(nf), where n € {1,2,3} and p = 0.001, 1. Here, we show the relative L2- and
H'-norm difference in Panels (a) and (b), respectively. In simulations, standard parameter values have been used from
Table 1.

knowledge, such experiments have not been performed yet. Therefore, we do not dare to state what are “biologically
reasonable” values for p.

5 | Comparison of Approaches

In Peng and Hille [14], we compared a spatial exclusion model with constant (in time and space) flux distribution over
the boundary with a point source model with single Dirac point per cell, with constant-in-time intensity. We found then,
that in a setting with small diffusivity a systematic time delay occurs. It was investigated how a choice of initial condition
could reduce this delay and hence error in the approximation. Here, we shall not take an initial condition other than the
constant 0 on the full domain. However, we employ time-varying intensities for the Dirac delta distributions. As will be
shown, this will help in resolving the time delay too.

In this section, we shall investigate, to what extent more complicated versions of spatial exclusion or point source model
can be approximated well by simpler versions. “Simpler” may mean: for example, ignoring spatial inhomogeneity of
prescribed the flux density over the boundary, ignoring higher frequency variations in space in this density, or using a
smaller number of Dirac points in a point source model.

Note that for time discretization, backward Euler is used. Even though ®,(¢t) and @ (¢) are not properly defined at t = 0,
the smallest ¢ used in the simulation is the timestep At, containing no singularity.

5.1 | Significance of Heterogeneity in Flux Density

Intuitively, when p (i.e., the ratio between A and ¢,) is very small then the inhomogeneity is negligible, when there is
sufficiently strong diffusion. The diffusion of compounds will then quickly level-off density differences, in particular those
originating from the inhomogeneity in flux density. Then, we expect that it is not needed to consider spatial variation in
the flux density even in the spatial exclusion model. Hence, the use of multiple Dirac points to represent the cell would
not be needed as well. However, when the diffusion coefficient is small spatial variation must be taken into account and
the use of multiple Dirac points may be required to get a good approximation by a point source model.

In Figure 5, we investigate the impact of the ratio p on the solution to (BVPg) when the inhomogeneous flux density is used.
We show the relative error between the solution with homogeneous flux density and solutions with inhomogeneous flux
density with the same spatial average, but different amplitude and frequency of variations around this mean. It provides
an indicator of the level of spatial difference in the comparison of the solutions in the extracellular domain over time. This
inhomogeneity indicator is defined as a relative deviation between the solutions to the spatial exclusion model using the
homogeneous and inhomogeneous flux density, respectively:

g™ (©) = ud "m0

H(t) =
l[uome (o))

(32)
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FIGURE 6 | The local norm difference between the solution to (BVPs) using the homogeneous flux density ¢(x) = 1 and
the inhomogeneous flux density ¢(x) = 1 + sin(n8), where n € {1,2,3} and D varies in {0.01,0.1, 1,30}. Here, we show the
relative L?- and H'-norm difference in Panels (a) and (b), respectively. In simulations, standard parameter values have
been used.

where ugwmo and ug"homo are the solutions to (BVPg) with homogeneous and inhomogeneous flux density, respectively.
The ratio p here is either 0.001 (blue curve) or 1 (red curve). As expected, a small p indicates a very small fluctuation
of the flux density, thus, the inhomogeneity can be neglected here. As a result, instead of using multiple Dirac points to
describe the inhomogeneous flux over the cell boundary, we can keep using the cell center to represent the entire cell as
the source of the compounds, when the p is small. Furthermore, when the inhomogeneity is not negligible, for instance,
when p = 1, setting the source point only at the cell center is not enough, in particular, in the early stage of the time

domain. Nevertheless, as time proceeds and n increases, the inhomogeneity indicated by H(¢) is decaying significantly.

When the frequency of the predefined flux density is large and the diffusion coefficient is relatively large, the
inhomogeneity is also negligible. In Figure 6, when p is chosen to be 1, then the diffusion coefficient D and the parameter
n that determines the frequency of the fluctuation, are varied. According to the simulation results presented in Figure 6, it
can be seen that both a large D and a large n result in a small relative deviation. When n is large, the gap between the point
of high and low flux density is small, that is, the distance between the location on the boundary of minimal and maximal
flux density. With the same value of D, a smaller gap demands a shorter time for the homogenization. Furthermore, a larger
diffusion coefficient accelerates this diffusing process in the gap. As a result, the inhomogeneity becomes less significant
for a large value of D and n.

Hence, in the spatial exclusion model, inhomogeneity in the flux density on the cell boundary may be ignored—especially
on the larger time-scale—when the diffusion coefficient D is sufficiently large (roughly, D > 0.1), the fluctuation ratio p
is small (ca. p < 0.1) or the frequency of the fluctuation n is large (ca. n > 3). Thus, an approximately circular cell shape
and rather homogeneous flux density over the cell boundary may be replaced in the spatial exclusion model effectively by
a circular cell shape and homogeneous flux density, under these conditions too. The inhomogeneity of the flux density is
either not significant or the extent of its effects decays relatively fast as time proceeds. A multi-Dirac approach in a point
source approximation of the spatial exclusion model is not needed under those circumstances.

5.2 | Single-Dirac Versus Multi-Dirac Approach

According to the results in the previous section, the spatial inhomogeneity of the flux density can be neglected in the spatial
exclusion model for a larger diffusion coefficient, a smaller ratio p and a larger value of n. In this section, we present the
numerical results of different cases in which the spatial inhomogeneity is expected to be relevant. Here, we therefore only
consider the predefined flux density of ¢(x) = 1 + p sin(nf), where n = 1,2. Whether the inhomogeneity is significant
depends further on the value of p and the diffusion coefficient D. The other parameter values used in the simulations, are
listed in Table 1, unless they are specifically indicated otherwise.

The intensity of Dirac points (given by Equations 15 and 22-23) may take large values. Therefore, the numerical solution
obtained by solving (BVPp) naively might be very large and unreliable. Solving (BVPp) with the explicit Green’s function
approach that was discussed in Section 4.1, can resolve this issue to some extent. Hence, in some figures of this section,
we only show the graph obtained by the explicit Green’s function approach for the multi-Dirac point source model, since
the graph obtained by solving the BVP naively, is possibly inaccurate.
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FIGURE 7 | The flux over the (virtual) cell boundary dQ. at different time points is shown in various point source
models. The black solid curve represents the predefined flux (given by Equation 6 with n = 1) in the spatial exclusion
model. The orange curve represents the approximated flux defined by Equation (16). The blue and green dashed curves
are the results of numerical simulation of the point source model with multiple Dirac points: the orange one, the blue and
green ones are solved by FEM directly and with the explicit Green’s function approach (see Section 4.1), respectively. The
red dashed curve stands for the flux postprocessed by the point source model using one center Dirac point. Note that in
Panel (a) the y-axis is discrete, and the upper and bottom parts are not on the same scale. Parameter values are taken from
Table 1.

5.2.1 | Polarized Flux Distribution:n =1

According to Proposition 1, it is of interest to compare the flux density over the (virtual) cell boundary, generated by the
Dirac point sources, with the prescribed flux density ¢;(xg). So far, for the point source model, there are various methods
computing the flux over the virtual cell boundary: the approximated flux defined in Equation (16) and postprocessing the
numerical solutions for the flux density by computing DVup(x, t) - n numerically from these. For the latter, if the single-
Dirac approach is used, up(x, t) is solved directly by FEM; if multi-Dirac approach is used, due to the possible numerical
instability, up(x, t) is solved both directly and with the explicit Green’s function approach.

The flux densities over the (virtual) cell boundary in the point source model, computed in these various ways, and the
predefined flux in the spatial exclusion model are shown in Figure 7 at different times. Figure 8 shows quantities that
measure quality of approximation between the point source model (in variants and different methods of numerically
solving the equations) and the spatial exclusion model, when the flux density is given by ¢(x) = 1 + sin(6).

From the beginning (Figure 7a,b), we can already observe that for the multi-Dirac approach solved by FEM directly (blue
dashed curve), even though we ensured the same flux density at the location of the extreme values, the boundary flux is
significantly different from the graphs obtained by the other methods. To highlight this discrepancy, we split the vertical
axis into two parts that are not at the same scale. As time proceeds, the blue dashed curve moves closer to and in the end
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FIGURE 8 | Comparison of single- and multi-Dirac approach to spatial exclusion model for the polarized flux density
with large fluctuations (p = 1), that is, ¢(x) = 1 + sin(0). The simulations were made with parameter values from Table 1.
The local L2- (Panel (a)) and H'-norm difference (Panel (b)) between the solutions to the spatial exclusion model and the
point source model with one (red dashed curve) and multiple Dirac points (black—explicit Green’s function approach—
and blue solid curve—direct FEM approach), respectively. The ¢*(¢) and the boundary flux difference at each time step are
shown in Panels (c) and (d), respectively.

mostly overlaps with the predefined flux density (black solid curve). This explains why in Figure 8, for all the interesting
quantities, there exists a large peak in the L?- and H'-norm differences in the early part of the simulations.

Contrary to the blue dashed curve in Figure 7, the approximated flux density (orange dashed curve) over the (virtual) cell
boundary defined in Equation (16) and postprocessed flux computed from the solution to the point source model with
multi-Dirac points by the explicit Green’s function approach (green dashed curve), already overlap with the predefined
boundary flux (red solid curve). In other words, the approximated flux provides a high-quality approximation to the
predefined flux over the time domain of the simulation.

Moreover, numerically, it is more stable to solve the multi-Dirac point source model with the explicit Green’s function
approach, particularly when the intensity of the Dirac points is very large, as can be seen in Figure 8. One can observe that
for r = 0.01, solving the multi-Dirac point source model with this approach gives the smallest value in all the quantities.
The single-Dirac approach tends to give worse results, especially for the smaller values of r.

In Figure 8, with the value of diffusion coefficient D = 1, the single-Dirac approach still consists of a systematic time
delay, that is, the compounds take more than one time step to travel from the cell center to the cell boundary. As a
result, in Figure 8d, the boundary flux difference of the single-Dirac approach is relatively large and then it decays till
the steady state, while in the multi-Dirac approach, the boundary flux difference already starts small. Furthermore, the
rest of the subfigures confirms the benefit of using the multi-Dirac approach when the inhomogeneity of the flux density
is significant: as long as r is small and close to 0, then the local norm difference in the multi-Dirac approach is always
smaller than in the single-Dirac approach.

When the diffusion coefficient is sufficiently large, that is, the compounds take less than one time step to travel from the
cell center to the cell boundary, then there is no error caused by this systematic time delay (see [14] for more details). In the
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FIGURE 9 | Comparison of single- and multi-Dirac approach to spatial exclusion model for the polarized flux density
with ratio p = 1, that is, ¢(x) = 1 + sin(6). The simulations were made with a large diffusion coefficient (D = 30.0). The local
L?- (Panel (a)) and H'-norm difference (Panel (b)) between the solutions to the spatial exclusion model and the point
source model with one (red dashed curve) and multiple Dirac points (black and blue solid curves), respectively. The c¢*(¢)
and the boundary flux difference at each time step are shown in Panels (c) and (d), respectively.

meantime, even though the inhomogeneous flux density leads to heterogeneity in the extracellular environment, thanks to
the large diffusion coefficient, the concentration discrepancy can be smoothened quickly. As a result, the heterogeneity is
not significant over the entire time range (see Figure 9 as an example). For all the options of 7, even though the multi-Dirac
approach can well describe the inhomogeneous boundary flux: Figure 9c,d shows the significant difference of ¢*(¢) and
l¢(x,t) — DVu - nj| 12(390) between the multi-Dirac and single-Dirac approaches. However, regarding the concentration
in the extracellular environment, even though in the beginning, the multi-Dirac approach always has a smaller error, this
error increases linearly and faster than the error of the single-Dirac approach.

If p in the predefined flux density is reduced, the inhomogeneity is less significant. We keep the same parameter values as
in Table 1 except for modifying the value of p to 0.01, Figure 10 shows that multi-Dirac approach is still favored based on
the local solution deviation between the spatial exclusion model and the point source model. Meanwhile, the difference
between the multi-Dirac approach and the single-Dirac approach is less than in Figure 8, which verifies again the reduction
of the homogeneity when p decreases.

5.2.2 | Axially Oriented Flux Distribution: n = 2

In Figure 11, we compare solutions of single-Dirac and multi-Dirac point source models, the latter computed with different
methods, to the solution of the spatial exclusion model with the axially oriented flux distribution (n = 2). We use the
standard parameter values from Table 1. Similar to the observations from the case of n = 1, as long as r is small enough,
the overall performance of the discrepancy between the two models by using the multi-Dirac approach is better than
the single-Dirac approach. However, due to the large intensity of the Dirac point, explicit Green’s function approach is

Studies in Applied Mathematics, 2025 21 0f 33

85U8017 SUOWWOD SAIIER.D 3(dedl|dde sy Aq peusenob ae e O 8sn Jo Sajni Joj Akeiq1T8uIIUQO AW UO (SUONIPUOD-PUR-SLLIBIWO A8 1w Afe.d 1 jBulUo//SdNy) SUONIPUOD pue swie 1 84} 88S *[520z/TT/6T] uo ARigiiauliuo A8|im ‘AiseAlun eiseoue Aq TETOL Wdes/TTTT OT/I0p/L00" A3 1M Alelqpuljuo//Sdiy wolj pepeojumod ‘S ‘GZ0Z ‘0656/9%T



r=0.01 r=0.1 r=0.25 ) r=0.01 r=0.1 r=0.25

507 50, g 150
20
2 40! 40/ )
o ;
g 15 ) :: __________________ 15 g
z Ul x
5 ‘ 3
1 10 a0l 10 1
5 5| 5
0~ 0~ 0 o= 0= : 0
0 500 1000 0 500 1000 0 500 1000 0 500 1000 © 500 1000 © 500 1000
Time iteration Time iteration
@) lus - urll 2000 ® llus = urll g1 cnry
r=0.01 i r=0.1 i r=0.25 r=0.01 r=0.1 r=0.25
2500/ 2500/ 12500
8000 8000/ 8000
2000, [ 2000/ | . f2000 ¢ : - :
= = 6000 6000/ ol |} 6000
B — P — S — € |
1500 | 1s{/ 15001 | s 1] 11500 fvl
< vl !l 1o} O
: 4 .
o i oo} o S 4000 |, 4000 [,
1000| | 5 e e e 10001 | T e e T W e e 1000 QI = % o v i
s00l sool ls0o 5 2000 2000/ {2000
of of 0 o o 0
0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000 0 500 1000
Time iteration Time iteration
©) c*@) (d) ||¢@x) - DVup - ll||L2(aQC)
—— Multiple Dirac points with Green's approach —— Multiple Dirac points ---- One Dirac point at cell centre

FIGURE 10 | Comparison of single- and multi-Dirac approach to spatial exclusion model for the polarized flux density
with p = 0.01, that is, ¢(x) = 1 + 0.01 sin(8). The simulations were made with the rest of the parameters taken from Table 1.
The local L?- (Panel (a)) and H'-norm difference (Panel (b)) between the solutions to the spatial exclusion model and the
point source model with one (red dashed curve) and multiple Dirac points (black and blue solid curves), respectively. The
c*(t) and the boundary flux difference at each time step are shown in Panels (c) and (d), respectively.

required to have a trustworthy numerical solution, particularly when the flux over the cell boundary is computed (see
Figure 11c,d).

When we increase n in the predefined flux density, the multi-Dirac approach is more favored over the single-Dirac
approach, using the same r in the observed time domain, for example, Figure 11a and 8a with » = 0.1. This observation
motivates the examination in further detail of the domain of effective application of the multi-Dirac approach.

5.2.3 | Parameter Sensitivity

Considering the model that uses the parameter values in Table 1 as a baseline, of which the result is presented in Figure 8,
the following figures, that is, Figures 9-11 alter only one parameter from the baseline model, namely, diffusion coefficient
D, ratio p, and frequency in the predefined flux density n, respectively.

To better compare how these parameters affect the multi-Dirac approach, we introduce the relative error with respect to
the spatial exclusion model, which is regarded as reference results. The relative error is given by

ret) = llus(®) — up(Mlloroc , (33)
lusOllo\ac

where ug is the solution to the spatial exclusion model on the fine mesh. In this section, we mainly consider the relative
error in the L?-norm, and we use the up(t) computed by the Green’s explicit approach.

Table 2 presents the results of the relative errors when we modify certain parameters. We are interested in (1) the maximum
relative error in the early stage (time iteration [0, 250], ¢t € (0,10)), and (2) the average relative error in the rest time
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FIGURE 11 | Comparison of single- and multi-Dirac approach for the axially oriented flux density with ratio p = 1, so
$(x) = 1 +sin(20). Simulations are made with the standard parameter values from Table 1. The local L?- (Panel (a)) and
H'-norm difference (Panel (b)) between the solutions to the spatial exclusion model and the point source model with one
(red dashed curve) and multiple Dirac points (black and blue solid curves), respectively. The c¢*(¢) and the boundary flux
difference at each time step are shown in Panels (c) and (d), respectively.

TABLE 2 | Comparison of the relative error (defined in Equation 33) of L?-norm between the results in Figures 8-11. The relative
errors are presented in percentage. Parameter values are taken from Table 1 except for the specified ones.

Baseline (Figure 8) r =0.01 r=0.1 r=0.25
max;e(o,10) I-€-72(f) 78.1% 81.6% 84.8%
mean;¢(1040)-€-72(t) 3.9% 12.1% 26.1%
D = 30 (Figure 9) r=0.01 r=0.1 r=2025
max;e(o,10) I-€-72(f) 5.6% 6.4% 12.9%
mean; g(1040)-€-72(t) 0.9% 7.5% 18.5%
o = 0.01 (Figure 10) r=0.01 r=0.1 r=0.25
max;e(o,10) I-€-;2(t) 78.1% 78.3% 78.3%
mean; (10 40)r-€-72(f) 0.3% 0.3% 0.3%
n = 2 (Figure 11) r =0.01 r=0.1 r=0.25
max;e(o,10) I-€-72(t) 73.6% 73.5% 73.6%
mean;¢(1040)r-€-72(f) 2.3% 3.2% 8.2%
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TABLE 3 | The label description of the Monte Carlo simulations in Section 5.3.

Label Description

-1 One of the intensity functions ®p(t) and ®¢(t) is too large for the numerical scheme, that is, the entire
numerical simulation fails.

0 The L?-norm deviation between the multi-Dirac approach in the point source model and the spatial exclusion
approach is smaller than the one of the single-Dirac approach in the entire observation time domain.

iteration [250,1000] (i.e., t € (10,40)). The reason why we selected the splitting time iteration 250 is because in most
simulations in Figure 8-11, time iteration [0, 250] covers the “sharp” increase (caused by the small time) and decrease
(caused by the “smoothing” effect of diffusion). Again, one can conclude from the table that the multi-Dirac approach
works well when r, the distance between the center and off-center Dirac points, is sufficiently small, particularly, when
time ¢ is large.

5.3 | Application Domain of Multi-Dirac Approach

In the previous section, the results were obtained with specific and extreme parameter values, particularly the value
of p and D. In the selected cases, the simulation results indicate that the multi-Dirac approach gives better quality
approximation than a single-Dirac approach. The question whether this property persists for all parameter combinations,
is investigated now by means of Monte Carlo simulations with the diffusion constant D and ratio p as inputs. Forn =1
and n = 2, we take uniform distributions for both parameters on their order of magnitude:

¢ log,,(D) ~ U(-3,1.5);

¢ log,,(p) ~ U(=3,0).
The remaining parameters are fixed as in Table 1. To neglect the impact of the locations of the off-center Dirac points,
r = 0.01 is utilized. The distance in spatial L>-norm between the numerical solution to the spatial exclusion model and
the solution of the point source model with multi-Dirac approach and with single-Dirac approach is computed at the time
steps of simulation. These two L?-deviation curves are compared. The response of the Monte Carlo simulation is a label,
specified in Table 3 in more detail, representing to which approach in the point source model better approximates the
spatial exclusion model in the time range t € (10, 40).

5.3.1 | Polarized Flux Distribution:n =1

We collected 1213 samples and the label obtained was either —1 or O (see Figure 12). This means that, as long as the
numerical scheme does not fail, the multi-Dirac approach always performs better than the single-Dirac approach, in the
perspective of the L?-deviation of the solutions to the spatial exclusion model and the point source model. Moreover, the
labels are clustered in two clusters that are separated by log, (D) = —2, regardless of the value of p. It is mainly because a
very small D results in a huge intensity of the Dirac point, which causes numerical failure.

5.3.2 | Axially Oriented Flux Distribution: n = 2

Figure 13 shows the scatter plot between log,,(D) and log, (o) for the response labels for the axially oriented flux
distribution (case n = 2), with the labels marked by different colors. We collected 1117 samples in the data set. The labels
are again clearly divided into two connected clusters. The line log, ,(D) = —2 divides the clusters again as in the case n = 1.

Similar to the issue in case n = 1, a too-small D results in a numerical failure due to the enormous value of the intensities
computed by Equation (22), regardless of the value of p.

5.4 | Numerical Scheme of Multi-Dirac Approach

An important advantage of a point source model over a spatial exclusion model is that in the former a less complicated
mesh is needed. In the latter, a fine mesh is required around the cell boundaries to handle well the diffusive spreading
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label shown in Table 3.
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FIGURE 13 | Scatter plot between log, (D) and log,,(p) when ¢(x) = ¢o(1 + psin(26)). Here, the colors of the scatters
represent the labels defined in Table 3.

of released compounds. In the direct approach, a suitably fine mesh is still needed around the Dirac points, especially
when such point has large intensity. In Section 5.2, it was shown that one of the advantages of using the explicit Green’s
function approach is that the singularity from the Dirac point can be converted to the outer domain boundary. Hence, the
numerical scheme can be stabilized compared to the direct approach. A coarser mesh is thus expected to provide a similar
quality of approximation. We shall now investigate these claims further through numerical simulations.

To compare the deviation when using different mesh size in the point source model with the explicit Green’s function
approach and direct approach, we take the solution to the spatial exclusion model in a fine mesh as the reference solution,
then compute the relative error defined in Equation (33). Here, we consider both L?- and H'-norm.

Figure 14 presents the relative error defined in Equation (33), using the explicit Green’s function approach and direct
approach to solve (BVPp), in different mesh size. Due to the large value of the intensity of the Dirac points, particularly
in the direct approach, the relative error is large in the first few time steps. Hence, in the main figure, we show the time
iterations from timestep 100, while the entire time series of the relative error is shown in the embedded figures. Generally,
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FIGURE 14 | The relative error of L?>- and H'-norm between the spatial exclusion and point source model, are shown
in Panels (a) and (b), respectively. The point source model is solved by the explicit Green’s function approach and the
direct approach in a fine (h = 0.09577, black curve) and coarse (h = 0.28773, blue curve) mesh. The parameter values are
the standard ones from Table 1.

using the same mesh structure, solving (BVPp) with the explicit Green’s function approach results in a less discrepancy to
the solution to (BVPs). Furthermore, there is a significant difference in relative error between the two approaches: for the
explicit Green’s function approach, using a coarse mesh only increases around 5% relative error in the L?-norm at the end
of the simulation, whereas the increase of direct approach is around 25%. Regarding the H'-norm, the difference in relative
error between the mesh size is smaller in the explicit Green’s function approach. Hence, this approach has the advantage
of losing less numerical accuracy while using a coarse mesh, which can potentially increase the computational efficiency.

6 | Conclusions and Discussion

In this study, we investigated how to use the point source model to approximate the spatial exclusion model for a single
cell when the predefined flux density over the cell boundary is inhomogeneous, given by a specific sinusoidal function.
This is a first explorative step toward settings in which there are more general flux inhomogeneities and more general
cell shapes, and where there are many (and moving) cells. A point source model is expected to be computationally more
efficient than a spatial exclusion model with FEM, which requires frequent remeshing in the latter setting. Forthcoming
publications on results in these directions are in preparation.

We proposed using several Dirac-delta point sources to represent the cell, in a specific configuration and with well-chosen
intensities, such that the inhomogeneous flux over the cell boundary can be approximated. To compute the intensity of the
point sources, we enforced that the extreme points of the prescribed flux density function agree with those of a modified
flux expression for the point source model. We noticed numerically the convergence of this modified flux expression to
the predefined flux density if ¢ — +o0o and r — 0T, then we also proved it in the analytical perspective in Appendix B for
n =1 and n = 2. For the general case of higher n, we expect the same phenomenon to occur. An analytical proof of this
result, which is not the main objective of this study, will be provided in a theoretically oriented article.

When the point source model was solved with the intensity of the Dirac points given by System (10), a classical FEM
approach could not deal with the large values of these intensities. Thus, the numerical solution is unstable. To solve this
issue, we used the explicit Green’s function approach, which splits the numerical procedure into computing integrals that
include the explicit Green’s function (fundamental solution to the diffusion equation) on R? and the computation of an
adjustment that can be obtained by solving a “regular” diffusion equation with prescribed boundary forcing, for example,
using standard FEM. This singularity removal technique has also been applied in the work of Asghar et al. [31], Gjerde
et al. [26], Lowry et al. [27], and Peng and Vermolen [28].

There are several foreseen advantages of this approach:

1. The singularity that exists in i is now transferred to the computational domain boundary which is usually far away
from the Dirac point. In other words, the smoothness inside the domain is guaranteed and hence, a fine mesh is not
strictly required.
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2. There is no need to reduce the time step significantly to maintain the stability of the numerical solutions.

3. Explicit Green’s function approach is easier to implement in the case where there are many moving cells in the form
of Dirac points, in particular, the cells are far away from the domain boundary.

4. The adjustment term does not need to be computed from the beginning of the simulation since it is very small
compared with the fundamental solution. By doing this, the computational efficiency is improved.

However, one possible drawback is the increasing computational expense when one implements the computation of the
explicit Green’s function partial solution @i of Equation (27) for multiple Dirac points. Furthermore, this approach can
only extend the range of the values for the intensity for which a numerically stable solution can be obtained, but it cannot
completely resolve the numerical instability issue. It cannot deal still with the extremely large values.

Further numerical simulation showed that the multi-Dirac approach performs better in terms of solution difference
metrics between the two models, if r is sufficiently small but it cannot be too small to result in a numerical failure. There
are several significant parameters which influence the performance of the multi-Dirac approach, such as n, r, p, and D. In
this manuscript, we investigated thoroughly the cases when n = 1 and n = 2. In both cases, as long as there is no numerical
scheme failure, the multi-Dirac approach is always favored in the point source model to obtain a more consistent numerical
solution compared to the spatial exclusion model.

In both n = 1 and n = 2, Monte Carlo simulations show that when log,,(D) < -2 (i.e., D < 0.01), regardless of the value
of the ratio, the numerical scheme failed due to the enormous intensity of the Dirac points according to our approach. In
other words, one can already tell whether the simulation will run into numerical issues or not based on the value of D. To
tackle this issue, rescaling the PDE would be a possible solution such that the new value of D is enlarged to a safe region.

In [14], we acknowledged two types of error between the spatial exclusion model and the point source model, one of which
is a systematic time delay. That is—for a constant intensity for a single-Dirac point in a point source model—if the diffusion
coefficient is not large enough, then the compounds need a few time steps to reach the cell boundary before diffusing to
the extracellular environment. Hence, this results in a time delay between the solution to the spatial exclusion model
(with constant flux density) and the solution to the point source model. Here, we examined using time-dependent flux
distributions and a multiple Dirac points approach. It seems that this systematic time delay is substantially reduced by
enforcing that the flux density over the cell boundary in the point source model, resulting from the time-varying intensities
at the Dirac points, to be the same in the time domain at the extreme point of the prescribed flux density.

For the forthcoming work, one may consider multiple cells in the computational domain. Treating these cells as obstacles,
Farah et al. [32] noted that the diffusion was modified accordingly, which does not follow the classical diffusion model
in a two-dimensional domain. Note that in Farah et al. [32], cells are not secreting or taking up any compounds. With
our model setup, we need further model adaptation as shown in our previous work [14] to maintain the consistency
between the spatial exclusion and point source models. Theories such as homogenization and porous media can be
applied, particularly when the model is upscaled to the macroscale, that is, one tracks the dynamics of cell density. Our
ultimate goal is to describe many moving cells releasing and taking up the compounds, using the point source model as a
computationally efficient approximation. To take this step, the challenges lie in not only mathematical modeling but also
numerical simulation perspective due to the changing domain and mesh structure.

In summary, in this study, we focused on how to reproduce the inhomogeneous boundary condition of the cell in the
spatial exclusion model by using multiple Dirac points as sink or source in the point source model. Depending on the
parameter values, one can decide in advance whether it is necessary to use the multi-Dirac or single-Dirac approach. To
reduce the numerical failure due to the large value of the intensity of Dirac points, we derived the explicit Green’s function
approach. However, we bear in mind that so far, for a very small diffusion constant, the numerical scheme will still fail.
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Appendix A: Location of Extremes of § That are Fixed for All Time

Recall that ¢p(x, t) represented the flux density over the (virtual) cell boundary Q¢ in the point source model in the bounded domain
Q, when the intensities at the Dirac points x\) were taken to be &;(t) (i = 0, 1,..., N). In turn, $p(x, t) was approximated by the explicitly
computable flux density over Q. given by the point source model in R2. That is (see Expression 9):

P(xg, 1) 1= ©

N = . )
D;(¢) (xg —x¢) - (xg — x) ex B lxg — xD)12
= 2R lxg — x®]2 4Dt (-

Lemma Al. For N + 1 Dirac points x®, i = 0,1, ..., N, located in Q¢ with x(© being the center point x and for generic intensities ®; # 0,
the approximate flux density ¢(xg, t) can have critical points located at a fixed position for all time t > 0 if and only if

axe

=2 ~(x9—x(i))=0, foralli=0,1,...,N. (A1)
Proof. One computes that
N o
icﬁ(x 0 = @;(1) exp _“xe - H 0 [(xo—x0) (kg —x)[ 1 2(g — xD) - 8xg (xg —x¢) - (x —x1)
96" T & 2mR 4Dt 36 llxg — x0|2 4pt Ve EE g — |12
(A2)
Since dQ is a circle of radius R, centered at x¢ = x(©),
6x6 10 2
%'(XQ—X(I') = E@”X@—XC'” =0 (A3)
and Equation (A2) simplifies to
2
N . — x®
3 ®;(t) Xg — X dxg . . 1 1
%qﬁ(xe,t) = Z : > exp| - H D H e (xg —xD) x 31 —2(x5 — x¢) - (xg —x) yToTREra—l 1€
i=0 27rR”x9 - x(i)H ”xe — x(z‘)“
(A4)

If there exists a critical point at a fixed location x4 for all t > 0, one must have that %q@(x@, t) = 0forall ¢t > 0. Assuming that all ®; # 0,

this condition can be satisfied for generic ®; if and only if 8 is such that Condition (A1) holds. O

Condition (Al) imposes a strong constraint on the possible Dirac point configuration. Note that for i = 0 the condition is always satisfied
(for the circular cell) according to Expression (A3). For the other i, note that the vector 9% s tangential to Q¢ at xg. Thus, the condition

requires all vectors pointing from an a-central Dirac point to the point on the boundary to be orthogonal to the boundary. Such points
exist only if N = 1 or if N = 2 and the two a-central points are located on the same line through the center. Thus,

Corollary Al. IfN = 1, then $(xg, t) attains extreme values for all t > 0 at some fixed xg for generic nonzero ®; if 6 is such that xg is on
the line through center x¢ and x.

For the case N = 1 and the configuration of Dirac points as in Figure 3a, we compute the derivative explicitly as

R2 — 2 R(R —rsin(8))
R2 4+ r2 — 2Rrsin(0) 2Dt ’

3%,
36

(xo.t) = C1(H)rcos(d) <_R2 +7r2 —2Rr sin(@))

ex
R2 + r2 — 2Rrsin(6) 4Dt

where Cy(¢) is given by Equation (17). It is clear that the numerator of C;(t) is always nonnegative, since r € (0, R). The denominator
of C;(t) is also always nonnegative as the numerator can be rewritten as

— )2 2
exp{—(R4D:) }((R+r)—(R—r)exp{—g}>>exp{—(R4D:) }((R+r)—(R—r))

(R-1)
= 2r exp ~ T ibr > 0.
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3 a6
for r € (0, R). Hence, the critical points are % and 7” in accordance with Corollary Al. By the first-order derivative test, the maximum

Thus, we can conclude that C;(t) is always nonnegative. All the terms except for cos(9) in the expression for are strictly positive

.. 3 . .
occurs at % and the minimum occurs at 7” which are the same as ¢(xg) = ¢g + A sin(6).

Corollary A2. IfN = 2, then ¢(xg, t) attains extreme values for all t > 0 at some fixed x, for generic ®; if x¥ and x@ lie on a line through
the center x0. Then, 6 is such that xg lies on this line.

In case N = 2 with x( and x® on a line through the center, at equal distance on opposite sides thereof, such as in Figure 2b, there
exists a fixed location of an extreme value of ¢(xg, t) for all ¢ > 0 also on the line through the center, orthogonal to the line through x®)
and x®, provided ®; = &,. Indeed, for x; on this orthogonal line, with the symmetric configuration of xD and x@,

(xg —x¢) - (xo = xV) = (xg — xc) - (x0 — x?),

while

6x9
a6

o0x
- (xg —xW) = —a—; - (x —x®@).

Thus, the location of the fixed extremes for all time of ¢ for the given setup are the same as those of ¢(xg) = ¢ + A sin(29).

For N > 3, there cannot be a configuration of Dirac points, other than all on the same line through the center, such that Condition (A1)
holds. In that case, the ®; cannot be arbitrary (nonzero). Then, symmetry of the configuration of Dirac points together with relations

among the ®; may still result in %q@(xe, t) = 0 for all t > 0. We shall not pursuit this here any further.

Appendix B: Convergence of §., to ¢ in Section 3
Figures 3 and 4 indicate the convergence of ¢, to ¢, when r — 0*. The propositions below verifies this convergence analytically for
n =1 and n = 2, respectively.

Proposition Bl. Given ¢;(6) = ¢, + Asin(0), where ¢y and A are positive constants. Then the flux over the cell boundary dQ¢ from
(BVPy) at the steady state, computed by Equation (18), converges to ¢,(8) whenr — 0.

Proof. Substituting the expressions of @}, and ®. in Equation (15), we obtain Equation (18):

A(R +1r)*(1 —sin(8))

b (B;r) =y + A — ) 18
Pe0(0ir) = o RZ +r2 — 2Rrsin(6) 18)
Then, we proceed further by sending r — 07:
o p A AR?(1 - sin(6))
lim §o,(8:r) = go + A~
= ¢o + Asin(0).
Hence, we proved the proposition. O

Numerically, it can be seen that the theorem above also holds for any integer n in the predefined flux density ¢ = ¢, + A sin(nb); see
Figure Bl for n = 3 and n = 4 as examples.

For n = 2, the convergence can be claimed by the proposition:

Proposition B2. Given ¢,(0) = ¢, + A sin(26), where ¢, and A are positive constants. When r — 07, the flux over the cell boundary Q¢
from (BV Pp) at steady state (i.e. Equation 25) converges to ¢,(6)

Proof. We combine the fractions in Equation (25). Then it gives

Ar* — AR?*r? + Ar*sin(20) — AR%r? + AR* + AR*sin(26) — 2AR?r? sin(20)
R4 + r4 — 2R2r2 sin(20) '

Froo(@;r) =g — A+
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FIGURE B1 | Examples of n = 3 and n = 4 with & and &, computed by System (10).

Taking r — 0" yields pointwise in 6:

Jim $r00(8;7) =G0 — A+ R

Appendix C: Shape of the Intensity of Dirac Points for n = 1 in Section 3.1

Recall the solution to System (14) that is stated in Equation (15):

AR* + AR*sin(29)

2AR+r)

= ¢o + Asin(20).

(~ 4T A
(IJD(t) - L ox {_(R—r)z } B L ex {_(R+r)2
R-r p 4Dt R+r p
D,
- R?
Dc(t) = 2nR exp { m} b0 +A—

(R+r)—(R—r)exp{—§} .

as)

We start with ®,. Regarding the location of the off-center Dirac point, it is clear that r cannot be 0 or R, which will result in a singular
solution and ®p(t) = 0 for any ¢, respectively. Moreover, when t — 0, ®p becomes infinity. The typical shape of ®p is exhibited in
Figure C1. When ¢ is close to zero, the value of @p, is very large then as ¢ increases, the value drops down rapidly to the minimum at

R+r

n X
tyin = D%. Afterward, the value increases again and gradually reaches the steady state with ¢ large.
r
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FIGURE C1 | A typical shape of & as a function of time ¢. Here, r = 0.25 and A/¢, = 1.
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(a) Monotonically decreasing: p = A/¢pp = 0.1 and 8 = % = 0.6
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(b) Containing two local extrema: p = A/¢pp = 0.1 and B = 5 = 0.01

FIGURE C2 | The typical shape of ®.(t) with different sets of parameter values. Here, the diffusion coefficient D = 1.0,
the cell radius R = 1.0, and the constant in the flux density ¢, = 1.0.
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As for ®(t), there are two possible cases: (1) the function is a monotonically decreasing function; or (2) the function contains one local
minimum and one local maximum, respectively. In Figure C2, we show the examples of each case. According to the analysis, the value
of 8 :=r/R is decisive for the shape of ®-(t):

1. When g > i and for any value of p, ® is a decreasing function over (0, +o0).

1 84
2. When 8 < : and T

(t5, +0), where t; is the local minimum and ¢, is the local maximum.

1 ~ . . . . .
<p<l< W then @ decreases first in (0, t1) then increases in (¢1, t,), afterward it increases again in
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