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A FINITE VOLUME SCHEME FOR THE SOLUTION OF A MIXED
DISCRETE-CONTINUOUS FRAGMENTATION MODEL

GRAHAM BAIRD* AND ENDRE SULI

Abstract. This paper concerns the construction and analysis of a numerical scheme for a mixed
discrete-continuous fragmentation equation. A finite volume scheme is developed, based on a conserva-
tive formulation of a truncated version of the equations. The approximate solutions provided by this
scheme are first shown to display conservation of mass and preservation of nonnegativity. Then, by
utilising a Dunford—Pettis style argument, the sequence of approximate solutions generated is shown,
under given restrictions on the model and the mesh, to converge (weakly) in an appropriate Li space
to a weak solution to the problem. By applying the methods and theory of operator semigroups, we are
able to show that these weak solutions are unique and necessarily classical (differentiable) solutions, a
degree of regularity not generally established when finite volume schemes are applied to such problems.
Furthermore, this approach enabled us to derive a bound for the error induced by the truncation of the
mass domain, and also establish the convergence of the truncated solutions as the truncation point is
increased without bound. Finally, numerical simulations are performed to investigate the performance
of the scheme and assess its rate of convergence as the mesh is refined, whilst also verifying the bound
on the truncation error.
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1. INTRODUCTION

Fragmentation and coagulation processes occur in many physical systems, with the associated mathematical
models receiving much attention in the literature. Example application areas include colloid science [20, 55],
population dynamics [21,22] and astrophysics [23,32]. However, analytical solutions to these models are only
available for a limited number of specific cases, and we often have to resort to approximate solutions generated
by an appropriate numerical scheme. A range of numerical techniques have been applied to these problems,
and these broadly fall into two categories: those involving a stochastic (Monte Carlo) element, for example
[3,24,31] and those based around various deterministic approximation schemes [16,18,26,27,30,33-37,46,48-51].
The introductory chapter of [34] and the references therein provide a detailed overview of a number of these
approximation methods.

In the earlier work [5], we presented a mixed discrete-continuous model of fragmentation in an attempt to
resolve the issue of “shattering” mass-loss observed in some purely continuous models [28,42]. By modelling the
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mass distribution amongst the smallest particles using a discrete model, whilst modelling the distribution of
larger particle masses with a continuous model, the aim was to introduce a higher degree of physical fidelity thus
resolving the shattering mass-loss problem, whilst also retaining the mathematical efficiency of the continuous
model.

Given the similarities between this model and those existing in the literature, in addition to the added
complexity of the mixed framework, we would expect in most cases to have to rely on numerical methods to
obtain a solution. In this paper we present a numerical scheme for the solution of the mixed fragmentation model
proposed in [5]. The basis of the scheme is a finite volume discretisation of the continuous regime equation.
The use of such a method would appear a reasonable choice in this case, given its conservative nature and the
motivation behind the model development. Indeed, finite volume schemes have been commonly applied to the
solution of coagulation and fragmentation equations, with the first such use being [27], where the case of pure
coagulation was considered. For problems involving fragmentation, the article [18] sees such a scheme employed
in approximating the binary coagulation and fragmentation equation, whilst [33,34] examine their use for the
multiple fragmentation equation, with [37] extending this to include coagulation. Further works have seen these
methods applied to a number of coagulation—fragmentation model variants, for example with the inclusion
of spatial diffusion [26] and additional nucleation and growth processes [36,49]. Whilst a number of articles
[30,48,50] cover the approximation of multi-dimensional coagulation or fragmentation, whereby particles may
be classified by additional variables beyond their mass or volume.

1.1. Mixed discrete-continuous model

In the mixed model of [5], a cut-off value N € N is introduced; above this cut-off, particle mass is considered
as a continuous variable, whilst below it, the particles are forced to take discrete integer masses. If we denote
by uc(x,t) the particle mass density within the continuous mass regime (z > N), then the evolution of uc(z,t)
is governed by the continuous multiple fragmentation equation:

oo

= —a(z)uc(z,t) +/ a(y)b(z|y)uc(y,t)dy, = >N, t>0, (1.1)

xT

Ouc(z,t)
ot
uc(z,0) = co(x).

This equation is similar in form to the multiple fragmentation equation introduced in [42]. The function a(x)
provides the fragmentation rate for a particle of mass x, whilst b(x|y) represents the distribution of particles
of mass x > N resulting from the break-up of a particle of mass y > x. The functions a and b are assumed
to be nonnegative measurable functions, defined on (N, c0) and (IV, 00) x (N, 00), respectively. We also require
b(xz|y) = 0 for z > y, since no particle resulting from a fragmentation event can have a mass exceeding the
original particle. The initial mass distribution within the continuous regime is given by the nonnegative function
co(x).

Letting up,(t) denote the concentration of discrete mass i-mer particles (i < N) and up(¢) the N-component
vector taking these values as entries, the change in the values up;(t), i = 1,..., N, is governed by the equation:

N

oo
= —a;up;(t) + Z a;jbi jup;(t) +/ a(y)bi(y)uc(y,t)dy, t >0, (1.2)
j=i+1 N

d’U,Di(t)
dt

UD(O) = do.

In the case of i = N, the second term becomes an empty sum and is taken to be 0. The values a; give the rates
at which ¢-mer particles fragment, with a; = 0. The quantities b; ; give the expected number of i-mers produced
from the fragmentation of a j-mer and the functions b;(y) give the expected number of i-mers produced from
the fragmentation of a particle of mass y > N. The underlying physics demands that each a;, b; ; and b;(y) be
nonnegative. Finally, dy is the N-component vector of nonnegative values, specifying the initial concentrations
within the discrete regime.
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During each fragmentation event, mass is simply redistributed from the larger particle to the smaller resulting
particles, but the total mass involved should be conserved. This gives rise to the following two conditions to
supplement equations (1.1) and (1.2):

y N
/ xb(z|y) dz + Zjbj(y) =y for y> N, (1.3)
N =
i—1
> jbji=i for i=2,...,N. (1.4)
j=1

The condition (1.3) is an expression of mass conservation upon the fragmentation of a particle from the contin-
uous mass regime. The equation (1.4) comes from the conservation of mass when a particle from the discrete
mass regime breaks up.

For further details on the mixed discrete-continuous model and its properties, the reader is directed to consult
[5] or [4].

1.2. Truncation and reformulation

When considering the numerical solution of equations (1.1) and (1.2), we encounter an issue in that the
range of the continuous mass variable z is an unbounded interval, which presents a computational problem.
We therefore introduce a truncation parameter R > N, and restrict the continuous mass variable to the range
N < z < R. Therefore, in place of equations (1.1), we consider the truncated version

ug(z,t) R r R
WD ool + [ a0, N << R >0 (15)

T

ug(am()) = X(N,R) (x)ep(x), N <z <R,

where X (n,r) denotes the characteristic function of the interval (N, R).

Taking our lead from the aforementioned articles, we now rewrite equation (1.5) in a conservative form,
although in our case we must include an additional sink term to account for the mass leaked down to the
discrete regime. Therefore we end up with the following equation for the mass quantity xug (z,t):

9 (zud) _ OF R (zud

5 D — S (zul), ud(z,0) = co(x), for N <z < R, t >0, (1.6)

where F® and S are a truncated flux term and sink term, respectively, given by

R x—nyaz 2)f(z z x—MNi»xx or T
Frn@ = [ [ el s s =2 D in()f(a), for N<o<R

The equation (1.5) may be recovered from (1.6) by a formal application of Leibniz’s rule for differentiating
under the integral. However, the equivalence of the two forms can be seen to be justified rigorously in Appendix
C of [4]. Before continuing, we establish a result concerning the behaviour of the flux term F% at the limits of
our domain.

Lemma 1.1. If the kernels a and b are assumed to belong to Lo 10c on the domains [N, 00) and [N, 00) X [N, 00)
respectively, which will be the case in the upcoming analysis, then for f € L1(N, R) the flux term FR(f) satisfies

lim |[FR(f)(z)| = 0.

z—N,R
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Proof. Tt is a straightforward matter to bound FZ(f) as follows:

R a(z z z
)< [ Noury (2) 2T ( / yb<y|z>dy) d, w7)

z

which holds for z € (N, R). Recalling the mass conservation condition (1.3), we deduce that

K@ ([ i) < [Tl ay <
N N
for all z € (N, R). Hence the integrand appearing in (1.7) is bounded above by a(z)|f(%)|, which, thanks to
a € Loo1oc[N,0) and f € Li(N, R), is integrable.

Considering the limit as @ — N first, if we denote by S(R) the essential supremum of b over [N, R] x [N, R],
then we have .

Ko ([ ub0012)ay) < () - ).

As such, the integrand in (1.7) converges pointwise to 0 over z € (N, R) as we let  \, N. An application of
the Lebesgue dominated convergence theorem then gives the required convergence of ’.7—' R(f) (x)| as x \, N.
Turning now to the limit as z /* R, another application of condition (1.3) provides us with

Ye(2) ( / " b(y]2) dy) <X (®) [ T yb(yl2) dy < Xy (2)2.

N N
for z € (N, R). Therefore, the integrand from (1.7) must again converge pointwise to 0 over (N, R), this time

as we let x / R. Another application of the Lebesgue dominated convergence theorem gives the convergence
of |[FE(f)(x)| to 0, as z / R. O

This result will be utilised later in a number of arguments, most significantly in approximating F within our
numerical scheme and in establishing a weak formulation of equation (1.6).

Remark 1.2. Additionally we might note that Ff(f) € Wi((V, R)). In the upcoming Definition 5.5 we intro-
duce a weak formulation of (1.6), this observation regarding F7(f) would permit an alternative formulation
without the requirement for an z-derivative.

The truncation of the continuous mass interval also has an impact on our discrete regime equation; therefore,
instead of equation (1.2), we consider

dugi(t) R ad R f R
57 = —asu(0)+ Y agbigufy () + [ al)ly)ubly. 1) dy, (13)
j=i+1

U?)i(o):doz‘, for i=1,2,...,N, t>0.

In the case of i = N, the empty sum above is taken to be zero; this convention will be adopted in all similar
cases which follow.

This truncation procedure is a standard approach when dealing with fragmentation and coagulation problems,
having been applied for example in [44], where the theory and methods of operator semigroups were employed,
and [53] where an alternative weak compactness style argument was adopted. The common approach of these
works involves establishing the existence of solutions to a sequence of such truncated problems. A limit is then
obtained as the truncation point is increased without bound, with this limit then being shown to satisfy the
untruncated problem in some sense.



A FINITE VOLUME SCHEME FOR A FRAGMENTATION MODEL 1071

2. PRELIMINARIES

Having set out our problem in the previous section, we now present a brief outline of the key results which
appear in the upcoming material and which may be considered nonstandard or which are particular to our case.

Theorem 2.1. In the analysis pursued in subsequent results, we shall be working extensively in spaces of the
type Ly. In particular we shall be working in the spaces L1 = L1((N, R) x [0,T), dzdt) and L1 = L1 ((N, R) x
[0,T),zdxdt), where N is a positive integer and R > N is a finite real value. With the associated norms, these
form equivalent spaces.

Proof. The proof of this relies on the boundedness of the mass domain N < z < R in order to bound the
weighting applied to the measure dz. The details of this procedure are straightforward, and therefore a full
proof is omitted. However, full details of the derivation can be found in Theorem 2.1.10 of [4]. O

This result shall prove useful in the forthcoming analysis, allowing us to switch spaces when mathematically
convenient whilst retaining convergence.

Given a sequence {f,} -, in a normed vector space (X, || -|), we assume the reader is familiar with the
concept of weak convergence and in particular its definition in spaces of the type L1(Q, ). In our analysis when
handling weakly convergent sequences we will usually find them appearing alongside other factors and we would
like the product to converge weakly also. The following theorem gives us sufficient conditions for the product
of two sequences to converge weakly and will be used extensively in the convergence proofs for our numerical
schemes.

Theorem 2.2. Let (Q, A, ) be a measure space with p finite. Suppose fr, = f in L1 (Q, p), gn — g point-wise
woa.e. i Q, and supy, |gn||L.. < oo, then frgn — fg in Ly (2, p).

Proof. The reader is referred to Proposition 2.61 of [29]. O

The main part of our convergence argument utilises the Dunford—Pettis theorem, which provides us with
sufficient conditions to establish the weak convergence of our sequence of approximations. One such condition is
that of equiintegrability. There are a number of equivalent characterisations of equiintegrability, which the reader
may find in Theorem 2.29 of [29]. For our purposes the most important characterisation of equiintegrability is
given by de la Vallée Poussin’s theorem, a refined version of which is given below.

Theorem 2.3. (de la Vallée Poussin’s Theorem) Let F be a bounded subset of L1 (2, p); then F is equiintegrable
if and only if there exists a nonnegative, convexr function ® € C* ([0, 00)), with ®(0) = 0 and ®’'(0) = 1, such
that @' is concave and

d
ﬂ—>oo as © — oo and sup/¢(|f|)d,u<oo.
z rerJa

Proof. The necessity of this condition can be derived easily from Theorem 8 of [39], which under the assumption
that F is equiintegrable provides us with a W satisfying all the stated conditions with the exception that the
derivative of ¥ takes the value 0 at 0. Given such a ¥, we set ®(x) = ¥(z) + x. Then ® retains the required
properties of ¥ but additionally ®’(0) = 1. Also, by utilising the following standard inequality for C! convex
functions

O(x) = 0(y) + @' (y)(x —y), (2.1)
with > 0 and y = 0 we can see that ®(z) must be nonnegative on [0,00). The sufficiency of our conditions
comes straight from the standard version of the de la Vallée Poussin theorem ([29], Thm. 2.29(iii)). O

In our analysis we shall require some properties of such a function, which we set out in the following lemma.

Lemma 2.4. Let ® be as in Theorem 2.3; then for nonnegative x and y we have the following:
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(1) 29'(y) < @(z) + D(y),
(2) '(y) = 1.

Proof. The first of these inequalities is nonstandard and the proof can be found in Proposition 14 of [39]. The
second property is readily derived from the properties required by Theorem 2.3. As a convex C? function we
necessarily have that ®’ > 0, hence @’ is a nondecreasing function and ®'(z) > ®’(0) = 1, for all z > 0. O

We now come to the Dunford—Pettis theorem, one of the most significant technical tools applied in this work.
The theorem provides necessary and sufficient conditions for a subset of an L, space to be weakly sequentially
compact. That is, any sequence in the subset must have a subsequence which is weakly convergent.

Theorem 2.5. (Dunford—Pettis Theorem) Let (2, A, ) be a measure space and let F C Ly (2, u). Then F is
weakly sequentially compact if and only if the following conditions are satisfied:

(1) F is bounded in Ly (2, p);
(2) F is equiintegrable;
(3) For every e > 0 there exists A, C Q with A € A such that pn(A:) < 0o and

sup/ |f] dp < e.
feF Ja\A.

We note that in the case that p(d) < oo condition (i) is automatically satisfied by taking A. = Q for all
values of €.

Proof. See Theorem 2.54 of [29]. O

In the later analysis of this paper we shall be relying heavily on the methods and theory of operator semi-
groups. In particular the concept of substochastic semigroups, the Kato—Voigt perturbation theorem and the
notion of semigroup honesty. For the sake of brevity we refrain from outlining such material here, however the
reader may find details of the requisite results in the preliminary sections of [5] or [4] or the text [8].

3. DEVELOPMENT OF THE NUMERICAL SCHEME

We now introduce our numerical approximation scheme for the truncated system, (1.6) and (1.8). First we
must discretise the continuous mass variable z, and so we introduce the mesh {z;_ /> }fio on the interval (N, R),
with

v_10=N, 21, _1/2=R, 2= (Ti—1/2 + Tiy1/2)/2, h/k < Axi=m,11/9 —2i_1/2<h,

where h € (0,1) and & > 1 is some constant. Additionally we denote the interval [x;_; /2, Tit1/2) by Aq, however
the (left-hand-most) interval Ag is taken to be (z_y/2,21/2).

For the time variable ¢, if T" is the final time up to which we wish to compute an approximate solution, then
we define the time step At = T/M where M is some large integer. The time points are then given by ¢, = nAt
for n=0,1,..., M with corresponding time intervals 7,, = [ty tn41) for n =0,1,..., M — 1.

We restrict the choice of the mesh by assuming the existence of positive constants k1 and ks so that the mesh
sizes h and At satisfy

kih < At < ksh. (3.1)

The numerical scheme requires representative values for the functions a(zx), b(z|y) and b;(y) over the appro-
priate intervals. This is done by taking their average value over each interval. Therefore we define

1

A=
Al’i

/ a(zx)dx for i=0,1,..., I, — 1,
A
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as our approximation of a(x) over the interval A,. We approximate b(z|y) over A; x A; by

Bi7j:Axiij/>/Aib(x|y)dxdy for i =0,1,....I —1 and j=0,1,..., I, — 1,

and the functions b;(y) are approximated over A; by the values

1
BW-ZA—/ bi(y)dy for i=1,2,...,N and j=0,1,...,I, — 1.
Tj JA;

We note by our initial assumption regarding the nonnegativity of a, b and b;, that each of the values introduced
above must be nonnegative. If x; denotes the characteristic function of a set I, then we can construct piecewise
constant approximations to the functions a, b and b; as follows:

In—1 Ip—11,—-1 In—1
Z X (@) As, B (ly) =D D xa.(@)xa, (W) Biy, bl ( Z XA, (
7=0 =0

Remark 3.1. This is a standard means of approximation and assuming the choice of kernels is suitably
restricted, the approximations will converge pointwise to the desired functions almost everywhere on the appro-
priate domains. In our case, the kernels a and b will be assumed to be Lo 1oc 0n [N, 00) and [N, 00) X [V, 00),
respectively. In addition, the restriction (1.3) determines each b; as an element of Lo 10c[V, 00). Having a, b
and b; as L 1oc functions is sufficient to ensure that the approximations a”, b" and bZh converge pointwise to a,
b and b; almost everywhere in their respective domains. This is a standard result, however full details can be
found in Lemma 4.2.1 of [4].

We are now ready to construct the approximation scheme. Let ug; ¢ denote our approximation to uc(x t)
over the mass interval A; for the time interval 7,,. The equation (1.6) is then approximated by
. ugﬂ ' — uTc” _ Flaye = Flaye _gn
! At Z&JQ
where F71n—1/2 is an approximation of the flux F%# (xug) at the point = xz;_/5 over the time interval 7,, and
is given by

Lj— 1/2
(FF (zud)) (xi-1/2) :/ / Yolyl2)ul (z,¢) dy dz
Ti—1/2
I

h/ (Z/ ya(2)b(y|z)ué(z, t)dy>d

Ih,fl 1—1

D> A Brjuy! AnpAay = FL

j=i k=0

Q

fori=1,...,I,—1, with Fﬁl/z = FITZ—l/Q = 0, which can be justified by Lemma 1.1. The values S}* approximate

the sink term S (acug) over A; for the time interval 7,,, and are computed by
N .
Sp=A; Y jBjug’ for i=0,1,...,I, — 1. (3.2)
j=1

This gives rise to the following numerical method for the computation of the approximations uc :

; ; At At ,=0,1,..., 1, —1
nt+li _  ng n n n 1 s Ly sLh ;
ugt =gt i (FM/Q—FZ._W) - S for {n—O,l,...,M—l. (3.3)
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The sequence of approximations generated by (3.3) requires us to provide an initial set of values to get started.
For our starting values we simply average the initial datum over each of the mass intervals; hence
WO — 1
¢ Al‘l

/ co(x)dx for i=0,1,...,I, — 1.

Then our approximation to uf(z,t) over (N, R) x [0,T) is constructed as follows:

M-11,-1

Z Z Xa; (X)X, (T i. (3.4)

n=0 =0

Now considering the discrete regime, let u%’i denote our approximation of ugi(t) over the time interval 7,.
Equation (1.8) is then approximated as

n+1z n,i Ih 1
Yp _~Up _ A By jul A
Al = —aup’ + aj Z]uD i.jue” Azj,
Jj=i+1 7=0

giving rise to the relation

I—1 ,
uwptt = (1 = Ata)uly' + At Z azbi july’ + At ZA B; jupy’ Az for { v - (l):l,J\,[’Z\J 1 (3.5)
j=i+1 7=0

The initial values for the discrete approximation are simply given by the initial condition vector dy, so that

u)y' = do; for i =1,..., N. Then our approximations ufs,(t) to u};(t) for t € [0, T) are given by
ul, (t me u%z for i =1,2,...,N. (3.6)

4. PROPERTIES OF NUMERICAL SOLUTIONS: NONNEGATIVITY AND MASS CONSERVATION

In the article [5] we proved the existence and uniqueness of a solution to our system (1.1) and (1.2). This
solution was shown to possess a number of properties that we would expect given the physical nature of the
model, namely the solution preserves nonnegativity and conserves total mass. In the following sections we
examine whether the approximate solution provided by (3.4) and (3.6), also displays these properties. These
properties, apart from being physically relevant, will also be utilised in the forthcoming proofs of the convergence
of the approximations (3.4) and (3.6) to a solution to the system (1.5) and (1.8), and subsequently the uniqueness
and differentiability of that solution.

4.1. Nonnegativity of the numerical solution

Lemma 4.1. For a fized partition (acZ 1/2)I suppose that At is sufficiently small that the following condition

=0’
is satisfied:
L

0< At < — T (4.1)
A; (Z;:O T BriAve + 35, ij,i)
foralli €{0,1,... I, — 1} such that the denominator is nonzero, and
1
0 <At < —, (4.2)
a;

for alli € {2,...,N} such that a; # 0. Then, the approzimate solutions defined by (3.4) and (3.6) preserve
nonnegativity.
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Proof. Starting with the approximation for the continuous regime, let us consider equation (3.3). By cancelling
common terms we get that

In—1 i—1
Fi11/2 — FZ-’ZI/2 = x;Ax; Z AjBZ‘J’LLg’JA!Ej — Aiug’lei Z :L‘kBk’zAiL'k (43)
Jj=i+1 k=0
fori=1,...,I, — 2. Therefore we have
At I,—1 ] 1—1
I ( Ty — FiL 1/2) — —S" At Z A;B; jul? Az — A !’ Zkak Axy — A uly’ Z]Bﬂ i
% % j=i+1 k=0 Jj=1
In—1
= At Z A B,]uc A:z:] szBk,AkarZ]Bﬂ
Jj=i+1 ‘ k=0
Substituting this into (3.3) gives us
) 4 I,—1 _
Ug—H’Z =|1- —A Zkak iAxg + Z]B] i uy' + At Z A;B; jui’ Axj, (4.4)
j=i+1
fori=1,...,I, — 2. The cases ¢ = 0 and i = I;, — 1 can be handled similarly to obtain the same result, where

the empty sums are taken as 0.

From this it is clear that if each of the approximations ugl is nonnegative, and provided At is sufficiently
small such that the term within the outer brackets is nonnegative, then each of the approximations ug+1’i,
for the subsequent time step, will also be nonnegative. Hence provided condition (4.1) is satisfied, then the
approximations uTCL+ will be nonnegative. In the case that the denominator from (4.1) is zero for some i, such
that the bound (4.1) is undefined, then u?’u can be seen from (4.4) to automatically satisfy the nonnegativity
requirement, for any value of At.

Turning to the approxunatlon for the discrete regime, it is immediately clear from the form of (3. 5) that if
all of the values u/5" and u;" are nonnegative, then each u”'Irl ' will be nonnegative if for each i = 1,..., N we
have that 1 — Ata; is nonnegative, giving rise to the condltlon (4.2).

Therefore if we choose a At small enough that both (4.1) and (4.2) are satisfied, then our approximate

solutions will remain nonnegative. O

From now on we shall assume that conditions (4.1) and (4.2) are satisfied and that co(z) > 0 and each do; > 0
so that our approximations remain nonnegative.

Remark 4.2. The bound (4.1) is dependent on the mesh and it is perhaps not immediately apparent how this
bounding value might vary as we refine the mesh. In particular, it would be advantageous to confirm that it is
indeed possible to find a constant ki, such that conditions (3.1) and (4.1) can be satisfied simultaneously, whilst
h \\ 0. In the upcoming analysis we will place restrictions on the functions a and b; these constraints will allow
us to guarantee the existence of such a k.

The upcoming Theorem 5.3 imposes the restriction a,b € Ly, on the restricted domains [V, R] and [N, R] x
[N, R] respectively, allowing us to define the values a(R) and B(R) as follows:

a(R) = esssupa(z) and (B(R) = esssup b(z|y). (4.5)
z€[N,R] (z,y)E[N,R]?

This being the case, we have A; < a(R) and By ; < B(R) for all values of i and k admissible in (4.1). Furthermore,
from (1.3) we may deduce that each b;(y) < y, hence B;; < R. Finally, all mesh midpoints z; must clearly
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satisfy x; > N > 1 > h. Taken together, these bounds lead, via a simple calculation, to

h L
(R BRI (R = N) + RNV 10/2) = 4, (55 B + 501 iBy)

for i = 0,1,...,I — 1. Hence, we have established a possible value for k;, which ensures that (3.1) and (4.1)
can be satisfied simultaneously as h ~\, 0.

4.2. Mass conservation by the numerical solutions

In Lemma 6.2 of [5], the exact solution to our system of equations (1.1) and (1.2) was shown to conserve
mass between the two regimes. We now show that this property is shared by our numerical solutions.

Lemma 4.3. The approzimate solutions generated by (3.3) and (3.5) conserve mass.

Proof. The mass associated with the approximate continuous regime solution, u'&(m, t), is given by

RM—11,-1 ‘
oDy = [ 30 X (@, (O
n=0 =0
M—1 In—1
S IRNUD STy (RN RS
M—1 Ihfl
= Z X, (1) Z T Azud’, (4.6)
n=0 i=0
whilst the approximate solution u D( ) has associated mass given by
N N M-1 M-1 N _
luly (Ol xp =D iuli(t) =D i Z Xe, (DU = Y X () Y il (4.7)
i=1 i=1 n=0 n=0 i=1
where Xp denotes the space RY equipped with the weighted norm ||[v||x, = Z;V:lj v, for v = (v1,v2,...,0N).

Summing expressions (4.6) and (4.7) gives the total mass:

M—1 I—1 N .
ht) = Z Xr, () (Z r Azul’ + Ziugz> . (4.8)

n=0 =0 i=1

First let us examine the mass accounted for by the continuous regime. From the relation (3.3) we get

I,—1 In—-1 A A
Z Z; Un“ ZA% = Z ( Ug ‘+ z; At ( iT}kl/Q - Fi711/2) - xj&”) Az;

=0

In—1 Ip—1 Ip—1
=Y sl Ar 4 ALY (F;zH oy~ F /2) At Y SrAz

1=0 1=0 1=0

Ip—1 In—1

=) g’ Az — ALY SP Az (4.9)
3 1=0
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The middle summation term is lost in going to the final line as the sum is telescoping with zero end terms. Now
we consider the discrete regime mass; the generating relation (3.5) gives us

N N In—1
Zzu"“ g Zz (1 — Ata;)uly’ + At Z ajbi july’ + At hz: A;B; jul’ Az
7 Jj=i+1 =0
N N In—1
ZzuD AtZzal ’i+AtZi Z ajb; ju'ly +Atz ZABUUC Ax;
i=1 j=itl i=1 j=0
N N j—1 In—1
Z m.i AtZzal ety AtZaju%’j <Z zb”> + At hz Az, <A g ZZB”>
im1 i—2 i=1 0 i=1
N In—1 ’ ”
= it + ALY Ax,ST. (4.10)
i=1 §=0

The middle two terms cancel due to the mass conservation condition (1.4). Combining equations (4.9) and (4.10)
we obtain

Ip—1 Ip—1 In—1 In—1

Z iU ”H Az + E:zu”+1 = Z TiU A:vl At Z SPAx; + Zlu + At Z Ax; ST
i=0 j=0
In—1

— § xiug’lA:vi—i—E g
i=0 i=1

From repeated application of this equality it is easily seen that the bracketed expression appearing in (4.8) is
equal for all values of n, and hence the total mass M"(t) remains constant. O

5. CONVERGENCE OF THE SCHEME TO A WEAK SOLUTION AS h — 0

Having determined the nonnegativity and mass conservative properties of the approximate solutions provided
by (3.4) and (3.6), in this section we set out to prove that they converge, in some sense, to a limit as the parameter
h, and by necessity At, go to zero, and show that this limit itself is an “exact” solution to our truncated model.

5.1. Continuous fragmentation regime: convergence

Let us start with the continuous regime approximations {uf}. In order to prove the (weak) convergence of
this family, we employ a weak compactness argument, utilising the Dunford—Pettis theorem (Thm. 2.5), which
provides necessary and sufficient conditions for weak compactness in an L; space. We begin by proving the
equiboundedness of the set {uf%}.

Lemma 5.1. The family of approzimations {u}é} is equibounded (uniformly bounded) in the space L1((N, R) x
[0,T), x dxdt).
Proof. Recalling equation (4.6), we have for any ¢ € [0,T) that

I}L—l

g (- t ||L1(NR) ZXW inAxiug’l.

1=0
From the analysis of Lemma 4.1, each of the values “c is nonnegative, and as such the values S]* are nonnegative.
Therefore, from the last line of equation (4.9) we deduce that

I—1 In—1

1,
g szasluC < E T Azugs *ofor n=1,...,M—1.
1=0 1=0
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Repeated application of this inequality yields

In—1 ) In—1 In—1 In—1

E i Azjuy’ < E xiA:ri E xl/ co(z)dx < E / o(z) z dx. (5.1)
- P i—0 Ti—1/2

=0 =0 =

The quantity zfl - can be bounded as follows:

Ti :x171/2+%AxZS1+i§§
Ti—1/2 Ti—1/2 2N 2

We note this bound as it will appear regularly in subsequent calculations. Substituting this within (5.1) yields

I—1 3
> wibdeiug' < Slleollzy vy,
i=0
for n = 0,..., M — 1. Replacing this inequality in our calculation gives us the following, which holds for all
tel0,T):
M—1
a5 )l vr) < Z X, (t ||CO||L (N,R) = HCO||L}(N,R)~

Integrating this inequality with respect to ¢ from 0 to T" we obtain the required equiboundedness of {ug} in
the space Li((N, R) x [0,T), zdx dt). O

We now move on to prove the second of the two required conditions for the Dunford—Pettis theorem, namely
equiintegrability. However, prior to this we collect all the conditions so far imposed on our model via the
functions a, b and b;, the values b;;, and the initial distributions ¢y and dp, and also on our mesh via the
parameters h and At.

Remark 5.2. Throughout the remaining analysis, the following conditions shall be assumed to be satisfied.

(1) The initial mass distributions within the continuous and discrete regimes are nonnegative, that is co(z) > 0
forallz > N and dy; >0 fori=1,...,N.

(2) The functions a and b are nonnegative and belong to the spaces Lo joc ([IV, 00)) and
Lo joc ([N, 00) x [N, 00)), respectively.

(3) The functions b and b;, and the values b; ; are assumed to satisfy the conditions (1.3) and (1.4).

(4) Each of the functions b; is assumed to be nonnegative. This nonnegativity in conjunction with condition 2
and (1.3) is sufficient to guarantee that b; € Log 10c ([IV, 20)).

(5) There exist positive constants k; and ko such that the mesh parameters h and At satisfy

kih < At < kah.

(6) To ensure that the approximate solutions remain nonnegative, the time step At is assumed to satisfy the
following constraints:

Lq

0< At < — N =
Aj (ZZ:O T BriAwk + 325, ij,i)

for i=0,1,..., 1, — 1,

for all cases of the denominator being nonzero, and

1
0<At< — for i=2,...,N such that a; # 0.

Qi
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(7) There exists a constant § > 0 such that
K(R)At <6 < 1,

where K(R) = a(R)B(R)R, with o(R) and B(R) as given in (4.5). This final condition shall be utilised in
Theorem 5.3, which immediately follows.

Theorem 5.3. Under the assumptions outlined in Remark 5.2, the family {ug} is equiintegrable in Ly ((N, R) x
[0,7),xdxdt).

Proof. Consider the constant sequence comprising solely of the initial data ¢y € Ly ((N, R), x dx). Clearly this
sequence is convergent, therefore {co} forms a weakly sequentially compact set in Ly ((IV, R),z dx). Hence by
the de la Vallee Poussin theorem (Thm. 2.3) there exists a nonnegative, convex function ® € C*°([0, 0)), with
®(0) =0 and ®’(0) = 1 such that @’ is concave, and P satisfies

P R
®(@) — 00 as ¢ — oo and / D (co)(z) zdr < 0.
33 N

The inequality (2.1) gives us

P (ugﬂ z) _ @(ugl) < (ungl g ugz) @' (ungl,i) '
Multiplying this by x;Ax; and summing over all ¢ gives

Ip—1 Ip,—1

Z TiAT; (<I> (ug+1’i> — ( )> Z T Ax; <( ntli _ ug’) @’ ( T(}H ’)) .

=0

Utilising equation (3.3) we can rewrite this as

Ihz_:l Az, ( ( TCHFI Z) -2 (ugl» < Ihz_:l z;Az; (szAtxz ( it1/2 = Fiﬁl/?) B its ) (I)I ( & z) - 52)

i=0 =0

Recalling the definition of S from (3.2), we see that it must be nonnegative. Additionally, Lemma 2.4(ii)
and Lemma 4.1 give &’ (u’CLH’i) > 0, hence we can drop the term involving SI from (5.2) and the inequality

will still remain valid, giving us

Ip—1

> wila; (‘I’ (uyl’i) - ( )) Z At ( i+1/2 7 1/2) ! ( & z) :

i=0
Omitting the last negative term from equation (4.3) yields the inequality

In—1
n mn n,j
Flip—F < z; Az Z A;jB; juc’ Ay,
j=it1

which, if placed in the previous inequality, results in

-1 Ip—-1

Z x;Az; ( ( ntl, ’) - & ( )) < At Z Z z;AjB; jul’ Amlej(I)’ ( "H’i) )

=0 j=i+1
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Utilising Lemma 2.4(i) with z = 3’ and y = ugﬂ’i and noting that the constants a(R) and G(R) bound

the average values A; and B; ;, we get

= , In—1 In—1
; z;Ax; ( ( wrh z) -2 (ugl)> < a(R)B(R)At ; ];1 2 Aai Az ul) O ( n+1, z)
In—1 In—1 L1 -
< a(R)B(R)AL Z i A ( n+“) Z Az | + Z z; Az Z Az;® ( )
=0 j=i+1 Pt

As j is restricted to be greater than i we have x; > x; for admissible j and ¢. This allows us to switch z; for x;
in the second term and take this within the inner summation. Following this we expand the summation over j
to give

S e (o ()~ 0 ()
=0
In—1 In—1 In—1 In—1
< a(R)B(R)At Z x;Ax; D ( il z) Z Az; | + Z Az, Z zjAx;P (ugj)
i=0 j=i+1 j=i+1
In—1 " In—1
< a(R)B(R)R At ;xiAmi ( ) Z%A:c] ( )

=K(R)
If we change the index variable from j to ¢ in the second summation and re-arrange then we obtain

Ip—1 I,—1

(1- K(R)AD) Y 2,009 (ugflvi) <1+ ERAY Y z,00,8 (uc) .
1=0

i=0
By the final assumption of Remark 5.2, we have 1 — K(R)At > 0 allowing us to divide through to get
In—1 In—1
2K (R)At ;
zA i ( ntl, l) <1 — zA Z(I)( n,z) .
;x T U < +1—K(R)At izox T U

Repeated application of this inequality yields

= il 2K (R)At \"T & ;
2 il @ (") < (”uﬁ&am) > i (ug')

i=0

In—1
< Az 7).
_exp( = K(R)AL ;xlA:ch) (uc)

For values of ¢ in the interval 7, = [t,,, tn+1) this gives us

. 2K(R)E\ R~
/N i) (ug(x,t)) rzdz = ; z; Az; O (uc ) < exp <1—K(R)At> ; z; Ax; D (ug )

— exp (%) § idno o /A co() dx).

=0
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An application of Jensen’s inequality ([40], Thm. 2.2) allows us to switch the order of ® and integration to get

/Rq)(uc(x t))xdx<exp(12K((RR))At>IhZ x/ (colx)) dr

N
Ih
3 )t
<2xp(1_ R)A)Z/ (co(z)) z da.
By assumption 6 of Remark 5.2, that K(R)At < 6 < 1, we deduce that

/R@ (uh (2, 1)) 2 da < gexp (W) /R‘I)(co(x))xdz,

N N

which holds for all ¢ € [0,T). Integrating the inequality with respect to ¢t from 0 to T confirms the equiintegra-
bility of the family {uf} in the space Li((N, R) x [0,T), z dz dt). O

By Theorem 2.5 (Dunford—Pettis theorem), the sequence {u’é} forms a weakly sequentially compact set
in the space Li ((N,R) x [0,T),zdx dt). This implies the existence of a subsequence {u}g} and a function
ull € Ly (N, R) x [0,T),z dx dt) such that ugj —ulin L (N,R) x [0,T),zdxdt) as j — oo and h; — 0.

Remark 5.4. From now on this convergent subsequence will be considered implicitly, unless otherwise stated;
as such we now use the notation {u}é} to denote such a convergent subsequence, the choice of which, we note,
may not be unique.

5.2. Continuous fragmentation regime: weak solution

Having shown that our sequence of approximations converges (weakly) to a limit, we now aim to show that
this limit provides a solution to our truncated equation (1.6). Precisely, we intend to show that the function ug
satisfies the following criterion.

Definition 5.5. The function uZ is a weak solution of equation (1.6), if it satisfies

/OT /R xug(x,t)ai’(g;,t) dzdt + /NR o) (x, 0) dz
/ / FE (zud) (z,1) gW(x t)d:cdt+/ / (zud) (z,t)p(z, t) dz dt, (5.3)

for all functions ¢, which are twice continuously differentiable functions on (NN, R) x (0,T), such that ¢ and each
of its derivatives up to order 2 may be continuously extended to [N, R] x [0,T"), and such that for each fixed
x € [N, R], the support of ¢ with respect to t is a compact subset of [0,T). We denote the set of such extended
functions by C? ([N, R] x [0,T)). We note that the weak formulation (5.3) was obtained from (1.6) in the usual
manner, recalling the zero boundary conditions established in Lemma 1.1. Finally, recalling Remark 1.2 would
allow us to alternatively re-write (5.3) without the requirement for an z-derivative on the right-hand side.

Definition 5.6. In the analysis which follows we make use of the following three approximations to x over the
domain (N, R). First we have the left endpoint approximation, defined by

Ip—1

¢" 2 e (N,R) — ¢ (x) Z XA (T)Ti—1/2-
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Secondly we consider the midpoint approximation, defined by

Ih 1
X" 2 e (N,R) — X"(x Z X, ()74,

and finally we introduce the right endpoint approximation given by

In—1
ErMiz e (N,R)— ") = > xa,(@)if12:

Remark 5.7. It is a simple exercise to show that the three approximations, introduced above, converge point-
wise (uniformly) to = over the domain (N, R) as the mesh parameter h goes to 0. The reader may find details
given in Lemma 5.2.3 of [4].

We are now in a position to proceed with our proof that ug is a weak solution to (1.6).

Definition 5.8. Let ¢ € C? ([N, R] x [0,T)); then for sufficiently small At, the support of ¢ with respect to ¢
lies within [0, tpr—1]. We define ¢! as an approximation of ¢ on A; X 7, by

1
i = Al /T o(Ti_1/2,t) dt,

with goM 1= = M = 0 for admissible i.
Rearranging equation (3.3), multiplying by ¢} and summing over n = 0,...,M —1land i = 0,...,I; — 1,
gives us
M—11,-1

Z Z (z,sz ( nili ugl> — At ( 12 — Fin_1/2> o+ AtAIiS?‘P?) =0.

n=0 i=0

Rearrangement of the summations and utilising the compact support of ¢ and the zero boundary flux gives us
the following equality:

M—-11I,—1 In—1 '
Z Z x; Az, unH ‘ ( ntl_ cpf) + Z l‘iAa:iunggo?
n=0 =0 =0
M—11I,—1 M—-11I,—1
=D AFL (0t — el = > AtAx Sl = (5.4)
n=0 =0 n=0 =0

The above equality can be seen as the discrete equivalent of the weak formulation (5.3). Our approach now
involves taking the limit as h — 0 of (5.4) and showing that we do indeed obtain (5.3) with uf as a weak
solution. Observing the terms of (5.3) we see that the integrals are with respect to the measure dz d¢ whilst we
have shown that convergence occurs in the space with weighted measure x da dt. At this point we highlight the
use of Theorem 2.1 to switch spaces but retain convergence.

Theorem 5.9. Under the assumptions outlined in Remark 5.2, the function ul obtained as the limit of the
sequence {u}é}, is a weak solution of our equation, satisfying (5.3).

Proof. The first three terms of (5.4) correspond closely to those set out in equation (2.21) of [34], which were
shown to converge to limits similar in form to the relevant terms from (5.3). For full details of convergence in
the case of (5.4) and (5.3), the reader is directed towards ([4], Thm. 5.2.6). However, the arguments employed
for our three terms mirror those employed in Theorem 2.3.1 of [34], and as such are excluded here. Therefore,
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we focus our attention on the final terms of (5.4) and (5.3), which account for the mass transfer from our
continuous regime to the discrete regime. The fourth term from equation (5.4) is given fully by

M—11,—1 N 4 M—11,-1 N
Z Z A; Z]Bj’i uy op Ar At = Z Z / /A a™(v) Zjb?(v) ugp (€M(v),t) dodt
n=0 i=0 j=1 n=0 =0 “Tn i j=1

T (R N
:/0 /N a"(v) | 22305 () | utv,t)p (6" (v),1) dvdr.

The pointwise convergence of a”, b?’ and £ along with the continuity of ¢ means that

N

N
a"(v) | Db () | ¢ (€"(v),t) — a(v) Zjbj(v) o(v, 1),

Jj=1

for all ¢ € [0,T) and almost all v € (R,N) as h — 0. Since a and b; are in Ly 10c([N,00)) and ¢ is C?
n [N, R] x [0,T) with compact support (hence is a bounded function), the expressions on either side belong
to Loo((N, R) x [0,T)), with the left-hand side being uniformly bounded w.r.t. h. Hence, with ul, — uZ in
Li((N,R) x [0,T), dvdt), applying Theorem 2.2, yields

T /R N T R N
h b’ h h — a(v b (v ul (v v v
/O/N”“) ;ijw) Wl (o, D)o (€ (0), ) dodr //N (v) ;ybm B (v, t)p(v, 1) dv dt

T R
= / / S(vul) (v, t)e(v,t) dvdt. (5.5)
0o JN

Taken together, the convergence of the first three terms of (5.4), in addition to (5.5) show that uZ satisfies (5.3)
for all p € C2([N, R] x [0,T)), and hence uZ is a weak solution, as set out in Definition 5.5. O

5.3. Discrete fragmentation regime: convergence

Now let us consider the discrete regime approximations. This is treated by a similar approach to the one we

n,i

adopted for the continuous regime equation, but as a first step we establish a bound on the values u;".
Lemma 5.10. There ezists a constant C, independent of h and R, such that for all values of n and i we have
0<up" <C.

Proof. The nonnegativity of u%’i follows from Lemma 4.1. We shall therefore concentrate on the upper bound.
From Lemma 4.3 we have, for all admissible n, that the following holds:

In—1 N Ip-1 N Ip—1

N
i i 0,i 0, ,
g T Azul + )y = E T Azius' + )y dup) = E zi/ co(z)dz + E ido;
i=0 i=0 i=0 Aq i=1
In—1

N 0o N
S%Z/ CO(x)$d$+ZidOi§g/ co(w)wdz + Y ide; = C < oo.
i=0 YA i1 N

=1

=1 i=1

Therefore, for all n and ¢ we have that _
up' < C, (5.6)

where the constant C' is independent of the mesh parameter h and the truncation parameter R. (I
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Theorem 5.11. For eachi=1,...,N, the family {u'bi} forms a sequentially weakly compact set in Ly ([0,T)),
hence must have a weakly convergent subsequence.

Proof. By the bound obtained in Lemma 5.10 the family {u%l} is bounded in Lo ([0, T)) and hence sequentially
weakly compact in Ly ([0,7)). O

Remark 5.12. We note that what we seek is a collection of values {hj }, such that all of the sequences {u}bji},

fori=1,..., N, converge weakly, as j — oo and h; — 0. Such a sequence {hJ} may be obtained by means of

. i . T
a diagonal argument. From now on the convergent subsequences {u'j)i} are considered implicitly and we use

{ul;} to denote said subsequences, unless otherwise stated. Let us denote the weak limit of {u}); } by uff; (note
the upper case superscript notation for the limit).

5.4. Discrete fragmentation regime: weak solution

Having established the convergence of our sequence of approximations we now aim to determine whether the
limit produced provides a solution to the equation (1.8) and if so in what sense. As such, following on from
Definition 5.5, we introduce

Definition 5.13. We say that the function uf, is a weak solution of equation (1.8) if it satisfies
T do T
| B @F @+ dooo - [ aufiona
0

+/0T 2 asbijub;() dt*/ / (y)ud (v, )o(t) dy dt =0 (5.7)

j=i+1

for any ¢ € C2([0,7T)), where C2%(]0,T)) is defined in an analogous fashion to C2 ([N, R] x [0,T)) from Defini-
tion 5.5.

Theorem 5.14. The functions ufy; obtained as weak limits of the sequences {uly;} are indeed weak solutions
of (1.8), satisfying equation (5.7) for any ¢ € C2([0,T)).

Proof. For such a function ¢, let us denote its approximation over 7,, by ¢™, which is defined as
" = ! o(t)dt f =0 M-1
= A7 5 orn=20,..., ,

and ¢™ = 0. Multiplying (3.5) by ¢" and summing over n from 0 to M — 1, gives us the following equality:

M-1 ) M-1 M-—1 ) M-11,—-1 )
> (u’;j“ u%’l) ¢" == auple"At+ Y Z ajbijul? 9" AL+ > > AjB; jul? ¢" A At.
n=0 n=0 n=0 j=i+41 n=0 75=0

Since ¢ is compactly supported, for sufficiently small At we have ¢™~! = 0; then, further manipulation of the
first term yields

M— M—-1
Z n+1,2 ¢n+1 ¢n + 0 Z Z a;u J(ZSnAt
i M—-1 M— 1Ih—1
+ > Z ajbijul? " AL+ Y Y AB; jul ¢ AxiAt = 0. (5.8)

n=0 j=i+1 n=0 35=0
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Looking more closely at the first term above we can rewrite it as

M—-1

n+l (n n i t— At
ZUD"FL <¢+1_¢>:u%[, ((b Ml Z/ d)A(t )dt
n=0 Tnt1
=0
T
o(t) — P(t — At
-/ x[m,m(wu’m% .
0
Assuming that ¢ € (0,7) and At < ¢, then a Taylor series expansion of ¢(t — At) about ¢ gives
d
81— A1) = 6(1) — A2 (1) + O(Ar?).

Therefore, we have

At (z,t) + O(At?)

o(t) — ot — At) At <t
xtae (2R =20 o st (5.9

0, At > t.
As such, the left-hand side of (5.9) can be seen to converge pointwise to % on (0,7T), as h, and by condition
(3.1), At goes to 0. Since ¢ and its derivative % must be bounded we can bound the left-hand side above, with
the bound being uniform w.r.t h. Then, as “]LLN — ugi in Ly ([0,T)), applying Theorem 2.2, as before, gives us

T T
t) — ot — At d¢
| xisen @™ =802 e [0 ) ar (5.10)
0 0

By definition, u%i = dy;, and since ¢ is C? with compact support, its derivative must be bounded, from which

we deduce that

0 1 At
= — t)dt 0
=5 [ o= o)
as h goes to 0. Therefore 4
u' ¢° — do;p(0) as h — 0. (5.11)
By temporarily defining b; ; to be —1, we can combine the third and fourth terms of (5.8), writing them as
M-1 N M—-1 N T N
Z ZCLJ i JUDJ¢nAt = Z Z/ CLJ i JUD] t) dt = / Zajbivju}bj(t)qﬁ(t) dt,
n=0 j=i n=0 j=i /Tn 0 =

and since u’bj _— ulpgj in Ly ([0,T)), for each j, we have

T N T
/ Zajbi,ju}bj t)dt —>/ Zaj ”uDJ o(t)dt = /aiugz( dt+/ Zaj ,JuDj )o(t) dt,
0 = 0 j=it+1
(5.12)

giving us the third and fourth terms of our weak formulation (5.7). Rewriting the final term of our discrete
relation, we get

M—-11,-1 M-11,—-1

DY ABijul o Ay At =Y Z/ / Yo (t)ul(y, t) dy dt

n=0 j5=0 n=0 75=0

:/ / a ()b (y)p(t)uk (y, t) dy dt.
0 N
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From Remark 3.1 we have a”(y) and b} (y) converging pointwise to a(y) and b;(y) respectively, and along with
¢ are bounded (uniformly with respect to h), a final application of Theorem 2.2 allows us to deduce that

T R T R
/ / o ()W () ()l (y, 1) dy dt — / / a(y)bi(y)ubi(y, (t) dy dt, (5.13)
0 N 0 N

as the mesh size parameter h — 0. Taking the results (5.10)—(5.13), we see that by letting &h — 0 in (5.8) we

obtain the weak formulation (5.7), hence u£; is indeed a weak solution of (1.8). O

In this section we established the weak convergence of a subsequence of our sequence of approximate solutions
as the mesh parameter was decreased to zero. The limits were shown to provide a set of weak solutions to the
truncated equations (1.6) and (1.8). However, there are a number of questions which remain unanswered which
we seek to address in the following section.

6. UNIQUENESS AND DIFFERENTIABILITY OF SOLUTIONS AND CONVERGENCE AS R — 00

In the previous section, we formed approximate solutions to a truncated version of our system. A subsequence
of these approximations was shown to converge to a weak solution to our problem, as the underlying mesh was
refined. This convergence of subsequences, rather than the full sequence, raises the possibility of nonunique
solutions, with each convergent subsequence possibly offering a different solution. In this section, by utilising
the framework and theory of operator semigroups, we seek to address this, showing that any limits must coincide,
providing a unique solution. Further, we would like to establish whether this solution may in fact display extra
regularity, as we might expect from the results in [5]. The section is completed with an analysis of the truncation
error introduced by restricting the continuous domain to (N, R).

The theory and methods of operator semigroups have been widely utilised in the study of coagulation—
fragmentation problems, with the first such application by Aizenman and Bak [1], where the binary coagulation—
fragmentation equation was considered under the assumption of constant rate kernels. The approach adopted
in [1] involved a sequence of truncated approximating problems,; each of which was shown to give rise to a
semigroup. The resulting sequence of semigroups was found to converge to a limit semigroup, which was then
shown to provide a solution to the full problem. Using a similar approach, McLaughlin et al. [44] considered
the multiple fragmentation equation, establishing the existence of solutions under more relaxed constraints on
the fragmentation kernel. This was extended with the addition of a coagulation process in [43]. An alternative
approach, involving substochastic semigroups and the Kato—Voigt perturbation theorem [54], was first applied to
the field of fragmentation problems by Banasiak [6], who considered a particular class of power law fragmentation
kernels. This approach was generalised for multiple fragmentation by Lamb [38] and Banasiak and Arlotti [8],
who established the existence of unique mass-conserving positive solutions under suitable constraints on the
fragmentation rate. This approach has proved particularly fruitful and has been applied to a wide range of
coagulation—fragmentation problems, for example [7,9-15,17,41,52].

Following the approach of Chapter 8 from [8], we introduce the space X5 = L; (N, R),z dz) with the aim
of recasting the equation (1.5) as an abstract Cauchy problem, as was carried out for (1.1) in [5]. Motivated by
the terms appearing on the right-hand side of (1.5) we define the following linear operators AL and BE on the
space X, g:

R
(AEF) (@) = ~a(a) () and (BEF) (@) = [ alw)blaly)f)dy for N << R

xT

with the respective domains

D(AB)={fext Alfexl}, D (BE) ={fexl Bifexly}.
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Equation (1.5) is then recast as the following abstract Cauchy problem in the space Xg:

%ug(t) = (Ag + Bg) [ug(t)], t > 0; ug(O) = COR = X(~,R)(T)co(x). (6.1)

Here ug denotes an X g—valued function rather than the scalar-valued function of two variables from the previous
section. However due to the relationship between the spaces Lq (I, L1(2, du)) and Lq (Q x I, dpdt), we may
switch between the two, with each Li-valued solution to (6.1) providing us with a scalar-valued solution to (1.5)
and vice versa.

In order to similarly recast the discrete equations (1.8), we introduce the space Xp = RY, equipped with the
weighted norm:

N
lvllx, = ilv;l, where v=(vi,...,vn).
j=1
The system (1.8) then becomes
d
@ug(t) = (Ap + Bp) [ug(tﬂ +Cr [ug(t)} , t>0; ul(0) = do, (6.2)
where Ap and Bp are defined on Xp, by
N
(Apv); = —a;v; and (Bpw); = Z a;b; ju;, for i=1,...,N,
j=i+1

ull is the solution of (6.1) and where Cr:D(Cg) C X& — Xp is given by

R
()i = [ albts) i)y, D(Cr)={f € XE: Cnf € Xp}.

Assuming that the functions a, b and b; retain the properties imposed in Remark 5.2, then the following
properties hold for the operators A%, BE and Ch.

Lemma 6.1. The operators Ag and Bg are bounded linear operators on the space Xg‘, and Cgr is a bounded
linear operator from X& to Xp. In addition, ||B§f||xR < ||Agf||xR and ||Crfllx, < ||AngXR for all
C C C

f € XE, with the norms of the three operators each being bounded by a(R), where a(R) was given in (4.5).

Proof. The boundedness of Ag is an immediate consequence of the local boundedness of the function a, in

addition to the truncation of the continuous mass interval. In particular, it can be immediately seen that

||Agf||XR < a(R) ||f||Xg for all f € XZ. The AZ-boundedness of BE can be derived from a standard argument
C

involving the direct integration of Bg f over the interval (N, R) with respect to the measure zdz. This is

followed by a change in the order of integration, which after employing the mass conservation condition (1.3)

provides us with ||BngX3 < ||Agf||XR. Full details of the derivation can be found in Lemma 6.1.1 of [4]. The
C C

Ag-boundedness of Cg follows by a similar operation, with the weighted sum norm of Xp replacing the integral
norm of X%. Details of an equivalent operation can be found in Lemma 4.2 of [5]. g

Recalling that the space Xp is finite-dimensional, the linear operators Ap and Bp are necessarily bounded.
Therefore, together with Lemma 6.1, we see that the operator sums AZ + BE and Ap + Bp are well defined
operators on the entirety of Xg and Xp respectively. Likewise, Cg is well defined with D(Cg) = Xg.

Having considered our continuous and discrete problems separately until this point, we now combine (6.1)
and (6.2) within a unified framework, writing them as the following abstract Cauchy problem on the product
space Xp x X[

—ulfi(t) = Ag[uf(t)], t>0; u?0)=ulecD(AR)=Xp x X&, (6.3)
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where uf(t), Ar and uf are given by

R
Ry _ (up(t) _(Ap+Bp Cgr r_ [ do
wioy= (R0 ) An= ("o anVen ) = ().

and where the subscripts on the zero operator Opc,, indicate that it maps from Xp to Xg. It is worth noting
that due to the boundedness of each of its components, the operator matrix Ay is itself a bounded linear

operator on the space Xp x XZ. As such, it must generate a uniformly continuous semigroup (T (t on
c t>0

Xp x XE, ([25], Chap. 1, Thm. 3.7 and Chap. 2, Cor. 1.5), providing us with a unique strong solution to the
abstract Cauchy problem (6.3) via u!t(t) = Tr(t)uf.

6.1. Uniqueness and differentiability of solutions

Although the existence of a unique strong solution ©?(t) to (6.3) follows immediately from the status of Ap
as a generator, in the analysis to follow we scrutinise the semigroup (T R(t)) >0 and its generator, seeking to
determine the form taken by this solution, its properties and its relationship to the solutions of Sections 5.2
and 5.4. The following lemma examines the operators from the main diagonal of Ag, establishing them as
generators in their own right.

Lemma 6.2. The operators AE + BE and Ap + Bp generate uniformly continuous semigroups of positive
contractions on the spaces Xg and Xp respectively.

Proof. As a bounded linear operator on the space Xg, the sum Ag + Bg generates a uniformly continuous
semigroup (Tr(t)),», on X£&. Furthermore, the Kato-Voigt perturbation theorem, Corollary 5.17 of [8] as applied
in Theorem 3.2 of [5], is readily utilised in the case (AZ + BE, X&) to give us an “extension” of (A% + BE, X&)
as a generator of a substochastic semigroup. Now as AZ+ BEZ is defined and bounded on all of X[, this extension
must be AZ + BE itself and by Theorem 2.6 of [47], the substochastic semigroup generated must be (Tg(t)),-
Hence (Tr(t)),s, is a uniformly continuous semigroup of positive contractions.

By an identical argument, the boundedness of the operators Ap and Bp means their sum must generate a
uniformly continuous semigroup (7'(t)),~, on Xp. We note that in [41], a fully discrete fragmentation model
was examined in a weighted ¢; space via the Kato—Voigt perturbation theorem, and (an extension of) the
fragmentation operator was found to generate a substochastic semigroup. We can think of infinitely extending
our finite discrete fragmentation operators Ap and Bp by zero to form operators in the ¢; space of [41].
This extension exercise forms an isometry between our discrete space Xp and a subspace of the weighted ¢4
space, and as such the norms of the semigroups generated must agree between spaces. Since the semigroup
in [41] was substochastic, we can therefore surmise that the semigroup (7'(t)),-, must also consist of positive
contractions. (]

Having demonstrated that the entries from the main diagonal of Ax are generators, and established the
nature of their respective semigroups, we are now in a position to consider the unified equation (6.3) and

determine the form taken by the semigroup (TR(t))t>0.

Theorem 6.3. The uniformly continuous semigroup (TR(t))t>0 generated on X p X Xg by the operator matrix
Ay is given by

Tr(t) = (07;2 %1:((3) . t>0, (6.4)
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where Qr(t) : X& — Xp is defined by Qr(t)f = fot T(t—s)CRrTRr(s)fds, for f € XE. Therefore, the equations

. an . ave unique sitrong sSowutions u ana u respectively, which are given oy
6.2) and (6.1) h ' t luti R(t) and uE(t tively, which ven b

ul(t) = T(t)dy + /0 T(t — s)CrTr(s)cl ds, (6.5)
ud(t) = Tr(t)ey (6.6)

Proof. Due to the generative nature of AZ + BE and Ap + Bp established in Lemma 6.2, and the boundedness

of Cg established in Lemma 6.1, the result follows immediately from Proposition 3.1 and Corollary 3.2 of
[45]. O

Given the existence of the unique strong solution to the unified abstract Cauchy problem (6.3), we look to
determine the relationship between this solution and the weak scalar-valued solutions of Sections 5.2 and 5.4,
and in the process hope to ascertain whether the weak solutions may indeed be unique and display extra
regularity. However, we first generalise the notion of a solution within the Xp x Xg setting.

6.1.1. Equivalence of strong and weak solutions in Xp X Xg

The equation (6.3) has a unique strong solution given by uf(t) = Tgr(t)ul’; additionally by Chapter 2,
Proposition 6.4 of [25] this is also a unique mild solution, satisfying an equation of the form

t t
uf(t) = ull + AR/ uf(s)ds = uff +/ Aruf(s)ds. (6.7)
0 0

We are able to take the operator Ay inside the integral as a consequence of its boundedness by applying
Proposition 1.1.7 of [2]. Hence our equation (6.7) corresponds with the mild solution form of Definition 1.10
from [19]. The article [19] also provides a notion of an X x X&-valued weak solution of equations of type (6.3),
which we outline here for our specific example.

Definition 6.4. The function © : [0,7) — Xp x X[ is a weak solution of (6.3), if for all ¢ in (Xp x XF)' =
Xp' x Xgl, we have that t — (ufi(t), ¢) is locally integrable in (0, 7)) and

T d T
[ w5100 3-000) s =~ 0)0) - [ (Anu(s),0) v ds, (68)
0 $ 0
for all ¢ € C° ([0,T)), where (g, ¢) denotes the duality pairing of g and ¢.

Remark 6.5. If D C Xp' x Xg/ is dense in the weak-x topology, then it is sufficient to show that (6.8) holds
for all ¢ € D to establish u* : [0,7) — Xp x X as a weak solution of (6.3); see Definition 1.16 of [19].

The results so far have provided us with the existence of unique strong and mild solutions to (6.3). We now
show that, for our case, any mild solution satisfying (6.7) must necessarily be a weak solution as in Definition 6.4
and vice-versa, providing the existence and uniqueness of a weak solution.

Theorem 6.6. The function U : [0,00) — Xp x X& provided by the semigroup (TR(t)) -0

>0 18 the unique
(integrable) weak solution to equation (6.3), satisfying Definition 6.4 over any time interval [0,T) where T < oo.

Proof. From the analysis above we have the semigroup (TR (t)) +>o providing a unique mild (strong) solution
to equation (6.3) via u”(t) = Tr(t)ul. From standard results, it is easily established that for such a 4%, the
right-hand side of (6.3) is integrable over [0,7T) for any T' < co. The result Theorem 1.20 of [19] tells us that if
the right-hand side of (6.3) is integrable, then given either a mild or weak solution to our evolution equation,
the solution can be modified on a set of measure zero to obtain a solution of the other form. Therefore our
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mild solution ! acts as a weak solution as per Definition 6.4. Now suppose that w4 : [0,7) — Xp x Xg
is an integrable weak solution of (6.3), satisfying equation (6.8). The boundedness of A, together with the
integrability of ©f ensures that the right-hand side of (6.3) is integrable over [0,7"). Therefore, our weak
solution must coincide with our unique mild solution for almost all ¢ € [0, T), hence it must itself be unique and
futhermore agree with the strong solution given by the semigroup (Tr(t)),-,- O

6.1.2. Relating scalar-valued weak solutions and weak solutions in Xp X Xg

Having established the existence of a unique solution to the weak formulation (6.8), we look to express the
two components of equation (6.8) in a more tangible format, enabling comparison with the scalar-valued weak
formulations (5.3) and (5.7) of Section 5. In the first instance we consider the component of (6.8) relating to the
continuous fragmentation regime. Let uf(x,t) be a scalar representation of (uf(t))(z) = (Tr(t)cf) (z), which
forms the continuous component of the solution wf(t) = Tr(t)uf, then noting the equivalence of (1.5) and
(1.6) as detailed fully in Appendix C of [4], we get that the X& component of equation (6.8) is equivalent to
the following equation:

/ / rul(z, t (ac t)dedt + /R zul(x,0)(x)p(z,0) dx

/ / FR (zuf(z,t)) (2, t) gcp(x t)dx dt+/ / S(xul(z,t))(z,t)p(z,t) dzdt, (6.9)

for all ¢ of the form ¢(z,t) = ¢(x)9(t) where ¢ € C° ((N, R)) and ¢ € C ([0,T)), due to the weak-+ density
of C° (N, R)) in L ((N,R)) = XZ', via Remark 6.5

Now suppose uf : [0,7) — X Xp is the discrete component of the solution u®(t) = Tr(t)ul, then denoting
the individual components of uff by £, : [0,T) — R for i = 1,..., N, we see that the discrete part of equation
(6.8) is equivalent to the following equation:

Z¢z/ uDz d Z@doﬂﬁ +Z¢z/ a'luDz )’Qb(t) dt
- _qu / S byl (1100) i — Zcm / / Wl v dyd,  (6.10)

Jj=i+1

for any ¢ = ((/)1, .y on) €ERYN = Xp' and ¢ € C° ([0, 7)), where uZ(-,t) is a real-valued representation of the
XEB-valued u£ : [0,T) — X&.

Theorem 6.7. The weak solutions obtained as the limit of the sequence of approximate solutions for the contin-
uwous regime in Theorems 5.3 and 5.9, and the discrete regime in Theorems 5.11 and 5.14 are unique, continuously
differentiable with respect to t on any interval [0,T) and satisfy equations (1.5) and (1.8) directly.

Proof. Tt is easily seen that since our scalar-valued continuous weak solution uZ from Section 5 satisfies Def-
inition 5.5, it immediately satisfies the above equation (6.9). From such a scalar-valued function we may then
define a function uf : [0,T) — X& via (u(t)) (x) := uf(x,t), for almost all (z,t) € (N,R) x [0,T), which
satisfies the X& component of (6.8). Considering the discrete regime, and comparing (6.10) with equation (5.7)
from Definition 5.13, it is easily seen that the set of {u 7} obtained in Section 5, provide us with a solution
to the above equation (6.10). As such, taking these uf, : [0,7) — R, i = 1,..., N, as the components of the
function uf : [0,7) — Xp, we obtain the Xp component of a solution to equatlon (6 8). Therefore, taken
together the scalar-valued weak solutions from Section 5 provide us with an Xp x X&-valued weak solution
ul? to (6.8). Furthermore, as the scalar-valued solutions were obtained as weak limits of bounded sequences in
L1 ((N,R) x [0,T),xdxdt) and L, ([0, 7)), they produce a u® which is integrable. By Theorem 6.6, any such
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u* must be unique (up to sets of measure zero) and coincide with the strong solution provided by the semigroup
(T'r(t)),-, As such, our scalar-valued solutions ug(x,t) and up;(t) (i = 1,...,N) must also be unique (up

to sets of measure zero). Furthermore, as a representation of a strongly differentiable X&-valued function, by
Theorem 2.40 of [8], the scalar-valued uZ(x,t) is continuously differentiable with respect to ¢, except perhaps
on a set of zero measure, and by a similar argument as applied at the end of Theorem 8.3 from [8] or directly
as in Theorem 3.2.7 of [4], uZ(z,t) can be seen to directly satisfy equation (1.5) almost everywhere. Likewise
the functions u£; : [0,7) — R must be differentiable in the traditional sense and satisfy (1.8). O

The results of this section are stronger than is typical within the literature applying finite volume schemes to
fragmentation problems. Generally we are only provided with (weak) convergence to a weak solution, with the
potential for multiple solutions arising from different (weakly) convergent subsequences. However, by relating
our limit solutions (in a one-to-one manner) with the strong solution to (6.3), we have demonstrated the limit
solution must necessarily be unique, continuously differentiable with respect to ¢ and a solution, in the classical
sense, of the truncated fragmentation problem. We now consider the truncation error introduced by restricting
the continuous mass domain to (N, R). Letting R — oo, we will show that the solution u!* of the system (6.3)
converges to the solution of an equivalent nontruncated abstract Cauchy problem ([5], Eq. (5.1)), whilst also
establishing a bound on the error between the two solutions.

6.2. Truncation error and convergence as R — oo

In the previous section we utilised the operator matrix A g to cast the system (1.5) and (1.8) as the abstract
Cauchy problem (6.3) in the product space Xp x X&. In the article [5], a similar approach was used in order
to formulate the full system (1.1) and (1.2) in the product space Xp x X¢, where X¢ = Ly ((N, 00), z dx). We
now examine the link between these two problems, aiming to show that as we let R — oo, the solution w4 to
(6.3) converges to the solution obtained in [5]. To begin we briefly summarise the necessary concepts, notations
and results from [5].

In its handling of the continuous equation (1.1), the article [5] adopts an approach similar to that of Chapter
8 from [8], introducing the following expressions based on the terms of equation (1.1):

o0

(D) = ~ala)f () and (BA(@) = [ aly)blaly)f@)dy for 2> N,

x

From which we obtain operators Ac and B¢ as follows:
(Acf)(z) = (Af)(z), D(Ac)={f€ Xc:Acf € Xc},

(Bef)(@) = (Bf)(x), D(Bc)=A{f¢€ Xc:BcfeXc}.

Employing an argument along the lines of Lemma 6.1, it is easily seen that D(Ac) € D(Bc) as || Befllx, <
|Ac fllx. for f € D(Ac), allowing us to consider the sum Ac + Bc on the domain D(Ac). For full details see
Lemma 3.1 of [5].

We may then consider re-framing (1.1) as an abstract Cauchy problem in X, as was carried out for (1.5)
in the space Xg with (6.1). However, due to the unbounded nature of the continuous mass domain in X¢,
the operators A¢c and B¢ are no longer bounded as was the case with Ag and Bg, and therefore it is not
immediate that the sum Ac + B¢ forms a generator. However, an application of the Kato—Voigt perturbation
theorem ([8], Cor. 5.17), provides the existence of an extension (K, D(K)) of (Ac + Bc, D(Ac¢)), that generates
a substochastic semigroup (G (t)),~, on X¢, see Theorem 3.2 of [5] for the details. In Theorems 3.4 and 3.5
of [5], by following the approach of Theorem 8.5 from [8], it was determined that the generator (K, D(K)) is
in fact the closure of (Ac + B, D(Ac¢)) in X, establishing the honesty of the semigroup (Gx(t)),s, in the
process. The equation (1.1) was then expressed as the following abstract Cauchy problem in X¢:

d

&uc(t) = Kluc(t)], t>0; uc(0)=cy€ D(K). (6.11)
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In [5], the analysis of the discrete system (1.2) was conducted within the same space Xp as used for (1.8).
Furthermore, the same discrete fragmentation operators Ap and Bp, as appear in (6.2), were used in [5].
However, we must introduce the operator C: D(C) C X — Xp, as the counterpart to Cr, and which is given
elementwise by

(), = /N T abi () () dy, D(C) = {f € Xe: CFf € Xp}.

The system (1.2) then becomes

d

&uD(t) = (Ap + Bp)[up(t)] + Cluc(t)], t>0; up(0)=dy, (6.12)
As with (6.1) and (6.2), the equations (6.11) and (6.12) are unified as a single system, this time as the following
abstract Cauchy problem in the product space Xp x X¢:

%u(t) = A[u(t)], t>0; u0)=1uy < D(A)=Xp x D(K), (6.13)

where u(t), A and ug are given by

( ) (UC(t)>7 ( ODC K | Up co
By employing a similar argument as adopted in Theorem 6.3, in Theorem 5.2 of [5] the operator A is found to
be a generator, providing a unique strong solution to the equation (6.13) through the semigroup

Tk) = (gg GQK%)) , t>0, (6.14)

where Q(t) : D(K) C X¢ — Xp is defined by Q(t)f = fg T(t — s)CGgk(s)f ds, for f € D(K). Therefore, the
equations (6.12) and (6.11) have unique strong solutions up(t) and ue(t) respectively, which are given by

wn(t) = T(#)do + /O Tt - $)CGx(8)eo ds, (6.15)
UC(t> = GK(t)CQ. (616)

In order to analyse the truncation error between the solution u® to (6.3) and the solution  of (6.13), it is
necessary to lift (6.3) from Xp x X& into Xp x X¢. As the truncation error originates from the restriction of the
continuous mass domain (N, 00) to (N, R), the error between the solutions w4 and u is heavily dependent upon
their continuous components, namely uZ from (6.6) and uc from (6.16). Therefore we begin by transporting
ug to X¢ and establishing the convergence of ug to uc as R — oo. We do not cover the full details of this
convergence argument here owing to its length and the similarity with the approach set out in Section 8.3.2 of
[8]. However, we now highlight some key points from that argument that will allow us to derive a bound on
the truncation error. Full details of the convergence result in the specific case considered here may be found in
Chapter 6 of [4]. In order to examine the convergence of the truncated solution uZ to the full solution uc, we
introduce the following family of projection operators {Pr}, which act on X¢ and are defined as follows. For
f € Xo we have

f(z) for N <z <R,

(Prf)(z) = X(NyR)(x)f(x) - { 0 for x> R.
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Each projection operator maps the space X¢ onto the subspace of X consisting of those elements which are
zero over the interval [R, 00). This subspace is isometrically isomorphic to the space Xg, and for our purposes
we may consider the spaces to be the same. We also introduce the notation K to denote the sum Ag + Bg as
the generator of (Tr(t)),~,. The following lemma outlines a number of properties of the semigroup (T7(t)),~,
and generator Kpr, which we shall utilise in the upcoming analysis.

Lemma 6.8. The family of semigroups (T'r(t)),~, and their generators Kr satisfy the following properties:

(i) For any R > R > N and t > 0, PrTx(t)Pr = Tr(t). In particular we have PrTr(t)Pgr = Tg(t) for all
R>N.
(ll) KPr=PrKPr=Kpg fOT’ all R > N.

Proof. Both properties can be readily established by considering the characteristics of the projection operators,
however details can be found in Lemma 8.6 of [8] and Lemma 6.1.5 of [4]. O

Although the semigroup (TR(t))tZO acts on X[, it can be extended to act on X¢ in the following manner:
Tr(t) = PRTR(t)Pg.

The resulting family of operators (TR(t)) >0 18 uniformly continuous, however, it does not form a semigroup
on X, since setting ¢ = 0 does not produce the identity operator on Xc. Additionally, since the operator
Kpg is itself a bounded operator on X, it must generate a uniformly continuous semigroup on X, which we
denote by (Sg(t)),;~o- In the final lemma of this section we determine a number of key properties of the families

(Tr(t))i0> (TR(1)),s, and (Sr(t)),s¢, including their behaviour as R — oo.

Lemma 6.9. The operator families (Tr(t));>; (Tr(t)),., and (Sr(t))¢>o satisfy the following properties:

t>0

(i) The family of operators (T g(t))
have

0 is increasing with R. That is, for f € Xc, and each fized t > 0 we

Ta(t)f >Tr(t)f, when R> R.
(i) There exists a strongly continuous semigroup (G(t)),~ of positive contractions on X¢, such that for f € X¢

andt >0,
G(t)f = lim Tr(t)f = Jim Sg(t)f.

Additionally, the convergence in both limits is uniform with respect to t, on bounded intervals. Further, when
f € XE, we have
G(t)f = PrRTr(t)Prf,

for any R > R.
(iii) Under the assumptions so far imposed, the semigroups (G(t)),», and (G (t)),>o agree on Xc, that is

G(t)f = GK(t)fa t> Oa f € XC-

Proof. For properties (i) and (ii) see Proposition 8.8 of [8] or alternatively Lemma 6.1.6 of [4] and Theorem
6.1.8 of [4] respectively. Whilst for property (iii) the reader should consult Proposition 8.10 of [8] or Theorem
6.1.10 of [4]. 0

Having set out these results we are now in a position to derive a bound on the error introduced by truncating
our mass domain, that is the discrepancy between the solution @ to (6.3) and the full solution % which satisfies
(6.13).
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Theorem 6.10. The truncation error between U (t) and w(t), as measured by the norm on Xp x X¢, remains
constant for all t > 0, hence is equal to the truncation error induced by truncating the initial mass distribution
of the continuous regime, that is

Jute) = w0, . = o =, . = oo =l forall > 0.
Therefore, for all t > 0, the truncated solution U2 (t) converges to u(t) in Xp x X¢ as R — .

Proof. From property (i) of Lemma 6.8 and properties (ii) and (iii) of Lemma 6.9, it is easily seen that since
et € Xk, we have
TR(t)C(}]% = PRTR(t)PRC(I]% = G(t)C(I)% = GK(t)C(}]%. (617)

Due to idempotence of the projection operators, the first part of (6.17) also gives us Tr(s)cl = PrTr(s)cF.
Whilst for f € XE, it readily follows from the definition of the operators Cr and C, in addition to the projections
Pg, that Crf = CPrf. Therefore, considering the application of the operator Cg to Tr(t)cl, we get

CrTr(s)cl = CPrTR(s)clt = CTr(s)clt = CGk (t)cl, (6.18)

where the last equality follows from another application of (6.17). Utilising the relations (6.17) and (6.18) allows
us to re-write the components of U, given by (6.5) and (6.6), as follows:

VB (1) = T(H)dy + / Tt — )CGx ()l ds,
0
ug(t) = GK(t)céQ”.

Taking the difference between these components and those of U as given by (6.15) and (6.16), provides the error
u— uf* =: ull, expressed in component form as follows:

up(t) —ul(t) = T(t)do +/0 T(t—s)CGk(s)cods — T(t)do — /0 T(t — s)CGk(s)ch ds

=T(t)(do — do) + /Ot T(t—s)CGk(s) (co — cff) ds, (6.19)
uc(t) — ul(t) = G (t)co — Gr(t)ef = Gr(t) (co — cff) . (6.20)

Comparing (6.19) and (6.20) to (6.15) and (6.16), we see that u provides a solution to the ACP (6.13) where
the initial condition ug is given by
_(do—do) _ Op
o = (co—c§> N (co—cé?‘)'

Furthermore, as co(z) > cff(z) for all z > N, this initial condition is clearly nonnegative. In Lemmas 6.1 and 6.2
of [5], solutions of the problem (6.13) with nonnegative initial data were seen to remain nonnegative and to
conserve mass for t > 0. As the norm Hug corresponds to the total mass accounted for by the

Op
Co — C(])%

for all ¢+ > 0. As such, the truncation error between u?(¢) and u(t) remains constant for all ¢, being equal to
the error introduced within the initial mass distributions, with this being given entirely by the error induced
by truncating the initial mass distribution within the continuous regime. The convergence of u” to u follows
as an immediate consequence of the above relation. ([l

(t) ||XD xXXc
solution u% at time ¢, this mass conservation gives us

‘ =0pllx, + HCO - Cm‘xc’

J0) = WO, = O, = [E O, = |
XD XXC
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This completes our analysis of the mixed discrete-continuous fragmentation equation. In this section, we estab-
lished that the weak solutions obtained in Section 5, as the limit of our numerical approximations, are in fact
unique, differentiable solutions of (1.5) and (1.8). Furthermore, we were able to ascertain the error introduced
within this solution upon truncation of the continuous mass domain. Finally, as an immediate consequence of
the form of this error, we have seen that by letting R — oo, we recover the unique solution of the untruncated
system (1.1) and (1.2). In the following section we conduct an empirical investigation, with the objective of
corroborating the theoretical results of Sections 5 and 6.

7. NUMERICAL EXPERIMENTS

We conclude our study with an empirical investigation of the results established in the previous sections.
In particular, we aim to confirm the convergence of our numerical solutions as h — 0, assess the order of
this convergence, and also corroborate the theoretically established truncation error. As a test case for this
investigation, we take the power law model as set out in Section 7 of [5], where the continuous equation was
defined by

xV

a(z)=z% «a€R, and bzly)=w+ Z)F, —2<v<O0. (7.1)

The discrete equation was specified by the following values for a; and b; ;

. b 2 i=1,...,N—1, j=é,...,N (7.2)
i Za fOI"L':2,.._7]\f7 V] T=1,... e N N .
and the continuous to discrete distribution functions b;(y) were given by

7;1/—1—2 —(i—1 v+2
buly) = U1

T ., y>N,i=1,...,N. (7.3)

It can be easily verified that conditions (1.3) and (1.4) are satisfied by these choices.

7.1. Convergence of numerical solutions as h — 0

We begin by testing the convergence of the numerical solutions, established in Section 5. Taking the test
model outlined above, we set the parameters N and R at 5 and 15 respectively, and assume a uniform initial
mass distribution, with

() 1 for 5 <z <15,
OIZV 0 for x> 15,

and dy being the N—vector consisting entirely of 1’s. The parameters o and v were varied, taking all possible
combinations of a € {0.5,0.1,—0.5, —1, -2} and v € {0, —0.5, —1, —1.5}, with the final time T selected in each
case to allow the system to reach a near equilibrium state. The approximate solutions generated by the numerical
scheme were compared to the exact solutions derived in Section 7.1 of [5], with the discrepancy being measured
by taking the relative error with respect to the norm on Ly ([0,T),Xp) x L1 ([0,T), X£). That is, supposing

wy, = (u(t),ul(z,t)) is our approximation of a solution u”® = (uf(¢), uf(z,t)), then we measure the error via
|un — v R
Error(w,|u®) = ~——r—=
[uf]| g

where the norm || - ||, is given by

T N T R
||uR||R:/ megi(t)\dw/ / (2, 1)| @ dadt. (7.4)
0o o JN
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FIGURE 1. Numerical convergence for o = 0.5,0.1, —0.5, —1 and —2.

For each model configuration, we computed approximate solutions over a sequence of uniform meshes, refining
at each step by halving the mesh parameter h. The charts in Figure 1 plot the observed relative error against the
mesh parameter h, for all possible parameter configurations. From even the briefest examination of the charts
it is clear that as the mesh is refined, the relative error of the approximations is reduced. Whilst if we were
to examine the gradients of the lines appearing in Figure 1, then they appear generally to be getting closer to
1, as the mesh is refined. With the gradients between the most refined mesh pairings having a mean value of
1.0301, across all configurations. This would suggest that our numerical scheme has order v ~ 1, with the error
in the approximations being O(h). The full numerical details of the errors and the associated convergence rates
underlying Figure 1 may be found in Appendix A of [4].
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7.2. Convergence of truncated solutions as R — oo

We now turn our attention to the convergence of the truncated solutions as R — oo, and in particular the
truncation error established in Theorem 6.10. Once again our experimentation is based upon the test model
(7.1)~(7.3), with the initial mass distribution unspecified for the moment. Letting u” = (uf(t), uf(z,t)) denote
the solution based on the interval truncated at R and suppose ¥ = (up(t), uc(z,t)) is the full solution over the
semi-infinite domain, we are interested in measuring the error between u” and u. However, the very reason
for introducing the truncation was the difficulty in computationally representing the semi-infinite domain of
Equation (1.1), a problem now re-encountered in trying to represent the full solution « in our calculations. To
circumvent this, we use a truncated solution > = <gg°° (1), ug” (z, t)), based on an interval up to some finite
but large R, as a stand-in for the full solution %. We then consider the relative error between w* and uf~,
as measured by

ult — uft=
Error (uf|uft~) = ”R—”R‘”, (7.5)
[V
where the norm || - || g, is the Ly ([0,T), Xp) x L1 ([0, T), Xg“’) norm, as specified by (7.4) with R = R,. From
Theorem 6.10 we expect this error to be given by

R
el = efll e

Error (uf|uft>) Y
0

(7.6)
where M, signifies the total mass within the initial distribution for w/=.
As with the previous example, we begin by considering a uniform initial mass distribution, as such

do; =0b, for i=1,...,N and co(z)=0b, for N <z < Reo.

The upper limit R, is set at 100, and we consider both N = 5 and N = 25. In each case the value of b was
selected to give an initial total mass of 100, and hence b = 1.999 x 102 for N = 5 and b = 1.995 x 1072 in
the case of N = 25. We considered all combinations for the parameter values e € {0.5,0, -1} and v € {0, —1},
with the final time T selected in each case so as to allow the system to reach a near equilibrium state. The
truncation parameter R was then varied throughout the admissible range, from N up to R, taking on the
values R € {15, 30,40, 50, 60, 70, 80,90, 95,97,98,99} when N = 5, with R = 15 being excluded for the cases
with N = 25.

Carrying out this experimentation we observed that within the set of considered values, the parameters «
and v had no impact on the empirical values of Error(uf*|uf'>) as given by (7.5). This is to be expected given
(7.6), since the parameters « and v do not feature in the initial mass distribution ¢¢ and hence do not influence
the initial truncation error, and neither do they influence the total initial mass M. Likewise, the relative error
(7.5) exhibited no dependence on the regime boundary parameter N. The truncation error appearing in the
numerator of (7.6) is entirely dictated by the initial mass profile beyond the truncation point R, and whilst the
total initial mass appearing in the denominator does depend on N, we have held this mass constant between the
cases. The charts in Figure 2 plot the empirical error Error(uf|ufi>~), as given by (7.5), on the y-axis against
the theoretical value ||ci> — cft|| X fos /My along the z-axis, with the leftmost chart corresponding to the case
N =5, and the right chart detailing the results for N = 25. In both cases, since the parameters « and v did not
impact our results, we detail only the case of & = 0.5 and v = 0, the other cases being identical to those shown.

The markers on the charts correspond to the selected values for R, with R increasing as we go from the top
right to the bottom left of each chart. Noting that as the value of R is increased, the empirically measured
Error(uf|uf=) and the theoretical value [ci>~ — c{f”xzcaw /My remain inline with each other, as would be

expected given (7.6). The full numerical details of the errors for all experimental configurations may be found
in Appendix A of [4].
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Truncation Error for N =5 Truncation Error for N = 25
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FI1GURE 2. Truncation convergence as R — R, starting from a uniform initial mass distribu-
tion, for N =5 (left) and N = 25 (right).

In the previous experiments we imposed a uniform initial mass distribution which was constant up to the
truncation point. However, if we consider the full problem (Egs. (1.1) and (1.2)) with its unbounded domain,
then the uniform distribution would violate the requirement for ¢o to be Lp ((N,00),zdx), unless at some
point it was indeed truncated. That being the case, we could simply take R to be greater than or equal to the
truncation point and obtain the full solution. Therefore, for these next experiments we shall employ an initial
mass distribution featuring a negative exponential profile. Such a profile not only allows for infinite support
whilst having finite mass, but also fits with the exact solutions to the system (7.1)—(7.3), obtained in [5], which
were seen to be driven by the factor e=*"*. Hence, we shall assume an initial state of the form

do; = be®, for i=1,...,N and co(x) =be*, for x> N,

where b > 0 and ¢ < 0 are constants to be selected subject to the following criteria. When provided with an
N, R, and a proportion p ~ 1, the parameter c is selected such that the total mass of the initial distribution
truncated at R, accounts for a proportion p of the total mass of the untruncated distribution with infinite
support. The value of b is then selected so that the R, truncated distribution has an associated total mass
specified by the user.

Once again we conducted a range of experiments considering the same parameter values of « € {—1,0,0.5},
v € {-1,0}, N € {5,25} and R, = 100. Given these choices of N and R, we selected the parameter ¢ such
that the initial mass distribution truncated at R, = 100 accounted for a proportion 0.99 of the mass of the
untruncated case. The value of b was then chosen to give a total truncated mass (truncated at R., = 100) of
100. For N = 5, this resulted in the choices b = 4.4088x10™! and ¢ = —6.6320x10~2, whilst N = 25 gave us
b=4.3985x10"" and ¢ = —6.6320x10~2. As previously, the truncation parameter R was varied, taking values
within the set {15, 30, 40, 50, 60, 70, 80, 90, 95,97, 98,99} for N = 5, with R = 15 again being excluded when we
considered cases with N = 25.

As was observed in the previous experiments, the parameters o and v did not have any impact on the error
(7.5), when varied within the considered values, likewise for the truncation parameter N. The charts in Figure 3
replicate those of Figure 2, for the case of a negative exponential initial mass distribution. The left-hand chart
depicts the results for N = 5, whilst the right chart details N = 25. As was the case before, we only consider the
configuration of a = 0.5 and v = 0, owing to the insensitivity of Error(uf|uf>=) to these parameters. Examining
both charts, we see a similar pattern as before, with equality between the observed empirical error (7.5) and
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Truncation Error for N =5 Truncation Error for N = 25

100F T T T 0 100F T T T

107 107
5 %
= ]
= =
& &
2 2
= =
2 102 2 102
= R

10°F 1 103 F

. . . . . . . .
103 102 107 10° 10 102 107 10°
R R y R R y
lleg™ =g Hx('jx /Mﬂ lleg™ = o HX(’,"‘ /MO

FIGURE 3. Truncation convergence as R — R, starting from a negative exponential initial
mass distribution, for N =5 (left) and N = 25 (right).

the theoretically derived value (7.6). Once again the full numerical results for all experimental configurations
may be found in Appendix A of [4].

To summarise the results of this section, for the cases examined we were able to empirically confirm the
analytical results established earlier in the paper. The numerically generated solutions were seen to converge as
h ™\, 0, with the discretisation error seen to be O(h). We also observed the truncated solutions ©* converging
to the full solution as we let the truncation parameter R — oo, with the rate of this convergence being governed
by the initial truncation error |co — cff|| x-

We now consider the implications of these results for the efficient use of the numerical scheme. Given a mixed
fragmentation problem of the type specified by (1.1) and (1.2), the total error in our approximate numerical
solutions can be bounded by the sum of the discretisation error and the truncation error. These two sources
of error must be balanced in order to provide the most accurate numerical solutions for a given computational
cost.

8. CONCLUSIONS

In this article we introduced a numerical scheme for the approximate solution of a truncated version of a
mixed discrete-continuous fragmentation model. The scheme was based upon a finite volume discretisation of
the modelling equation for the continuous component.

The resulting numerical approximations were first shown to be nonnegative and to conserve mass, provided
the underlying mesh satisfied certain constraints. Following this we established the weak convergence of a
subsequence of our approximations, as the mesh size parameter h was decreased to zero. The resulting limit
was then shown to provide a weak solution to the truncated model.

By relating the scalar-valued weak formulation of our truncated model to an equivalent weak formulation
within a Banach space setting, we were able to apply the theory of operator semigroups to the analysis of the
numerically obtained weak solution. This approach enabled us to establish a one-to-one relationship between
any scalar and Banach-space-valued weak solutions. Under suitable constraints, the Banach-space-valued weak
solution was shown to provide the unique strong solution to the associated abstract Cauchy problem, in the
process establishing the uniqueness of the original scalar-valued weak solution. Additionally, as a further con-
sequence of this linkage, the scalar weak solution was shown to be a differentiable classical solution, a class of
regularity not ordinarily established for such numerically obtained solutions. The use of these semigroup meth-
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ods allowed for the straightforward analysis of the truncated solutions, enabling us to determine the truncation
error; and establish their convergence as the truncation point R — oco.

The study was concluded by conducting a range of experiments with a test model; under varying model
parameter choices and mesh refinements, we experimentally established that the error in our numerical solutions
was O(h). Furthermore we were able to empirically demonstrate the convergence of the truncated solutions as
the truncation point R — oo, whilst also verifying the theoretical value derived for the associated truncation
error.

Acknowledgements. This work was supported by the UK Engineering and Physical Sciences Research Council
[EP/J500495/1 03].
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