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Abstract

The paper studies the approximation error in stochastic particle methods for spatially
inhomogeneous population balance equations. The model includes advection, coagulation
and inception. Sufficient conditions for second order approximation with respect to the
spatial discretization parameter (cell size) are provided. Examples are given, where only
first order approximation is observed.
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1 Introduction

We consider the population balance equation

0 0
et y) + o (ul@) et r,y) ) = (1.1
1 Y
5 dyr K(y —y1, 1) etz y — 1) c(t, z,41) —
0

C(t,lC,’g)/ dyl K(yayl) C<t7x7y1) —|—[<37,y),
0

where u is the advection velocity, / is the coagulation kernel and I is the inception rate. The
solution ¢(t, x,y) represents the number density of particles with type y that are located at
position x at time ¢ . Equation (1.1) is a spatially inhomogeneous extension of Smoluchowski’s
coagulation equation [vS16]. Such equations are used in various branches of physics and chem-
ical engineering. We refer to the extended introductions in [PWK11, PW12] concerning details
about applications and further references.

Stochastic particle methods are common tools for the numerical treatment of population
balance equations. These methods are based on the simulation of finite systems of particles that
approximate the solution of (1.1). In the case of “direct simulation” methods the evolution of the
particle system imitates the basic physical processes. Particles move independently according
to the velocity field, new particles are added to the system according to the inception rate, and
pairs of particles stick together according to a rate determined by the coagulation kernel. Since
the system is finite, the interaction cannot be strictly local so that some spatial smoothing has
to be introduced. For example, the position space can be divided into small cells and particles
are allowed to coagulated, while they belong to the same cell. Moreover, the nonlinear part
of the evolution is usually decoupled from the transport part in order to simplify the numerical
implementation. Particles move independently during some time step, then their positions are
fixed and coagulation is generated for particles belonging to the same cell. Thus, in addition to
the finite number of particles, stochastic particle methods contain both spatial (cell size) and
temporal (splitting time step) discretization parameters.

Stochastic particle methods have been studied in connection with various nonlinear ki-
netic equations. A classical example is the Boltzmann equation from rarefied gas dynamics (cf.
[RWO05] and references therein). We refer to [EW03] and [Kol10] concerning the infinite-particle-
number limit for stochastic particle systems with rather general interactions. The convergence
order with respect to the number of particles was studied, in the case of the Boltzmann equa-
tion, in [NT89, GM97], [CPW98] (steady state) and, in the case of the Smoluchowski equation,
in [CF11]. The approximation error with respect to the splitting time step was studied for the
Boltzmann equation in [Ohw98, BO99, Had00, GW00, RGTWO06, RW07], for population balance
equations from chemical engineering in [CPKWO07], and for semiconductor transport equations
in [MWO05, MWDS10]. The cell size error was studied in connection with the Boltzmann equation
in [BI89, AGA98, Had00, RGTWO06].

In this paper we consider stochastic particle methods for the numerical treatment of equation
(1.1) and study the approximation error with respect to cell size. Sufficient conditions for second
order approximation are provided. In addition, examples are given, where only first order approx-



imation is observed. The structure of the paper is as follows. In Section 2 we introduce a class
of direct simulation algorithms and the corresponding infinite-particle-number limit equations.
Then we formulate and prove the main result of the paper. Examples illustrating the limitations
of the result are given in Section 3. Comments are provided in Section 4.

2 Main result

In this section we describe a class of direct simulation algorithms and provide the corresponding
infinite-particle-number limit equations. The main result concerns the asymptotic behaviour of
the solutions of these equations with respect to cell size.

2.1 Direct simulation algorithms

Direct simulation algorithms for equation (1.1) are based on stochastic particle systems of the
form

(:cl-(t),yl-(t)) i=1,...,N(t), t>0, (2.1)

where t denotes time, [V is the total number of particles and each particle is characterized by its
position z; € X = [0, 1] and its type y; € )V = (0, 00) . The algorithm consists in generating
trajectories of the system and calculating averages. The time evolution of the system (2.1) is as
follows.

B The initial state of the system is chosen such that the corresponding empirical measure
approximates the initial condition of equation (1.1),

N(0)

1

lim — Zém(omi(o)(dx,dy) = ¢(0,z,y)dzdy. (2.2)
i=1

n—oo N, 4

B Particles move in the velocity field « .
B New particles (x, y) are added to the system, according to the inception rate I .
B The position space is divided into a finite number of disjoint cells,
X=ULX, X=[x_,n), sp=I1Az, 1=01,..., L. (2.3)

Particles belonging to the same cell stick together, according to the coagulation rate K .
They form a new particle

('ria yz) 9 (xj7 y]) = ('%7 Y; + y]) ) (24)

where the position Z is either x; , with probability p(y;, yj) , or x; , otherwise.



The parameter n in (2.2) is also used for scaling the intensities of inception and coagulation.
It is related to the number of physical particles represented by one numerical particle. In order
to increase numerical efficiency, time splitting of transport and coagulation is used. During the
transport step, particles are not allowed to interact. During the coagulation step, particles do not
move.

Convergence of the system (2.1) holds in the sense that

N(t)
1
lim — prztvylt = / P, Y ét7xuy dxdy7
lm 23 ew®u) = [ ety
for appropriate functions (o . The function ¢ solves the “infinite-particle-number limit equation”
0 0
—eltry) + 5 (u(a:) &t , y)) - (2.5)
Y - ) + 1— Y
/ i, K(y_yhyl)p(y Y1, 1) ! plyny =)
0

c(t,z,y — 1) [/X dzy h(zx, xy) é(t,xl,yl)} —
) [ Ky | [ dohioe ot + 1),

where

h(ZL‘, l‘l = AZL‘ Z ]‘Xl 1Xl IL’l) (26)

is determined by the cell structure (2.3). The function p represents the probability for choosing
the position of the new particle in a coagulation event (cf. (2.4)). The choices

p(y1,y2) = a, where « € [0,1], (2.7)

and

Y1
Y1ty
correspond to the direct simulation algorithms DSA1 and DSA2 in [PW12].

p(y1.y2) = Y1,y €V, (2.8)

2.2 Cell size error

Equation (2.5) takes the form (1.1), when h is replaced by Dirac’s delta-function ¢ . The function
h delocalizes the spatial interaction between particles in the stochastic algorithm. The purpose
of the paper is to provide a rigorous result concerning the transition h — o . More precisely, we
study the order of the approximation error with respect to the cell size Ax (cf. (2.3)). Sufficient
conditions for second order convergence are given. We consider the norm

1l = SUP/Ifxy |dy 29)

on the space of measurable functions on X x ) = [0, 1] x (0, c0) , which are bounded with
respect to z and integrable with respect to y .



Theorem 2.1 Let ¢, and ¢, be steady state solutions of equations (1.1) and (2.5), respec-

tively, with finite norms (2.9) and such that

Coo(0,y) = ¢(0,y)  VYyey.
Assume
B the advection velocity u satisfies
;Iel)f( u(z) >0

and is twice differentiable so that

sup [u/(z)] < oo and  sup|u’(x)] < o0;
TeEX zeX

(2.10)

(2.11)

(2.12)

B the inception rate I is non-negative and twice differentiable with respect to x so that

Ml <oo, |l <oo and |[I"| <oo;

B the coagulation kernel K is non-negative, symmetric and satisfies
K(y7y1) S CK vyayleya
for some C'x € (0,00).

Then

. oo — Cooll
limsup ——— < 0.
Ax—)Op Ax?

2.3 Proof of Theorem 2.1

Let f, g be functions on X' x ) with finite norms (2.9). Denote

B(fvg) = Bl(fag)_BZ(fag)a

where
y A
By(f.g)(x,y) = / dyy K(y — o, 00) £y — 1) 9, 11)
0
with
- pW,y1) +1—py,y
K(yayl) = K(yvyl) ( 1) 2 (1 )7
and

By(f.g)a,y) = fla.y) / " dyy Ky 1) 9, 31).
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Using symmetry of K, one obtains

1 )
5/0 dyt K(y — v, ) f(2,y —y) f(o,y1) = (2.20)

Yy
/ dyy K(y — y1,91) X
0

p@—th)+;—p@hy—yﬂf(

z,y —y1) f(z,01).

According to (2.20), equation (1.1) can be written as

%c(t, 2, y) + (,% (u(:p) clt,z, y)) = I(z,y) + Be(t), e(t))(z, y) . (2.21)

Equation (2.5) takes the form

%é(t, ,y) + % (u(az) &t @, y)) = I(z,y) + Be(t), He(t)(z,y),  (2.22)

where (cf. (2.6))

(Hf)(z,y) = / h(z,z1) f(x1,y) dx . (2.23)

X

First we derive some auxiliary estimates. Assumption (2.14) implies

1B1(f, 9)(x, )1
1B2(f, 9)(x, )1

Cr [, )l llg, )l (2.24)

<
< Cr (@)l llgCe, )l

and

I1B(f,9)(x,.) = B(f1,91)(x, )]l <
I1B(f,9)(x,.) = B(f, 91) (@, )|y + [|B(f, 91)(x,.) = B(f1,91)(x, )[[1  (2.25)

< 20k (llg(w, ) = gu(w Y I (s s+ 1) = file, Dl g (e, )l )

where ||.||; denotes the L;-norm of integrable functions on ) . It follows from (2.24) and (2.25)
that (cf. (2.9))

IB(f, 9l < Cx|fll gl (2.26)
and

1B(/.9) = Bl < 2Cx(lo = aull 171+ 17 = Alllal)- @27

Moreover, one obtains (cf. (2.23))

IHfI < [If]- (2.28)



In the following, we will write ¢, ¢ instead of ¢, s . We use the notation O(Az*) for any
expression F'(Axz) such that (cf. (2.9))

: | (Az)||
lim sup —————
Ax—)Op Azk

Step 1. The steady state form of equation (2.21) is

O (ufa) ela1)) = ) + Ble.c)(z.v). 229
One obtains
o (ul2) el )) = Iwy) + B, y) + Ble, ) (w,) 2.30
and
& (uw) ete) = 1)

I"(x,y) + B(c", ) (x,y) + 2 B(c, ) (w,y) + Ble, ") (w,y)

It follows from the smoothness assumptions (2.12), (2.13) and property (2.26) that the norm of
the expressions (2.29)-(2.31) is finite. Thus, one obtains

u(z) c(z,y) = (uc)(zi—1,y)+
(r —x_1)

2
5 + O(Az?)

= O(AZ®) + (uc)(zi—1,y) + |I(x_1,y) + B(c, ) (x_y, y)} (x —xq) +

(we)' (211, y) (2 = 21-1) + (ue)" (211, y)

2
T — T
[I/(xl—la y) + B(d,c)(x1-1,y) + Ble, ) (-1, ?/)} % ) (2.32)
forany = € [z;_1, 7] .
Step 2. The steady state form of equation (2.22) is
0
- (u(x) &z, y)) = I(z,y) + B(&, He)(z,y) . (2.33)
Note that A is constant in the cell A} (cf. (2.6)). Thus, one obtains
82
o (u(:c) &, y)) — I'(z,y) + B(&, He)(z, y) (2.34)
and
83 ~ " ~l ~
pys (u(x) ¢(x, y)) =1"(xz,y)+ B(¢",He)(z,y) . (2.35)

It follows from the smoothness assumptions (2.12), (2.13) and properties (2.26), (2.28) that the
norm of the expressions (2.33)-(2.35) is finite. Moreover, the norm of the functions ¢’ and ¢” is
finite (cf. (2.11)). Note that

(He)(z,y) = —— ¢(Z,y)d (2.36)

. R Ax
= xi-1,y) + & (w1, y) 5 + O(Az?),



forany x € [x;_1, 2;] . Thus, one obtains

w(@)é(z,y) = (ud)(@1,y)+ :I(xl_l,y) + B(e, Hé)(:pl_l,y)] (€ — 211) +

[I’(xl_l, y) + B(&, He)(z_1, y)} W +O(AZY)

= (W&)(@i-1,9) + [I(@1,y) + B &)@, y)| (@ —z0) +

—x1) A
B(e.&) (i, y) TN BT

[I’(xl_l, y) + B(&, &) (w1, y)] w +O(ADY).

(2.37)

Step3. Letz € [z;_1,1] . It follows from (2.32) and (2.37) that

(ue)(z,y) = (ué)(w,y) = (uc)(z1-1,y) — (ué)(xi1,y) + O(Az")+
|Ble.0)(@i-1,y) = B(& ) (w1, )| (z = w-1) +

[B(c’, c)(z_1,y) — B(&, é)(%q,y)} (z —21-1)? )

2
, T —x_1)° o x—1x1) Ax
Ble. )i y) T2 e o)y gy VBT

= (uo)(zi-1,y) — (ué)(zi-1,y) + O(Az?) +

e [B(UC, uc)(x—1,y) — B(ué, ué)(z_1, y)} (x —21-1) +

—_

[B(uc’, uc)(z_1,y) — B(ud, ué)(x;_1,y) +

_ 2
B(ue,u)(@1-1.9) — Blué,ud iy, )] L

B &) (w1, y) & I“Q) e-m). (2.38)

Using (2.25) one obtains from (2.38) that

J(ue)(@) = )l < B, &) + we) () = @)Dl (@39
s ) arn) = (W)

A 2Ck
(Newe) o) + ) o)) A+ 2

(e 1) = () )l (1) () + @) n) )+

I (e) @) = () (@) (1l e @)l + | @) ()il ) § AT ,

where

[ Oo(Ax?), if x<ua,
R(z,Ax) = { O(AL). if z=u1. (2.40)

8



Step 4. Since (cf. (2.29))

0

u(z) 5 elz,y) = —u'(@) (@, y) + Iz, y) + Ble,c)(w,y)

and (cf. (2.33))

o0 . Lo .
u(x) % C($7 y) = U (l‘) C($7 y) + I(:Ea y) + B(Ca HC)("L‘a y) )
it follows that (cf. (2.24), (2.28))

I(uc) (@)l + [ (wé) (z-) [l <
[ (1) | (le(@a)llx + le(-1) ) +
2| L)1 + 2 Cx (le(@-n) I + lé(@-1)llF) -

Moreover, one obtains
u(wiq) (w11, y) = —u'(v1) e(zia,y) + I{w-, y) + Ble, o) (zi1, )

and (cf. (2.36))

u(r-1) ¢ (x1,y) =
—u'(xi_1) (121, y) + I (-1, y) + B(E, ¢)(xi-1, y) + O(Ax)
so that

u'(z-1)
u(wy_q)

(ud) (211, y) = (ué)(@1-1,y) = = (ue)(zr1,y) = (ué)(zr, y)} +

u<xl11>2 [B(uc, uc)(x_1,y) — B(ué, ué)(z;_1, y)] + O(Az)

and (cf. (2.24))

2Ck
) ul )

ué) (i)l (11(ue) ()l + ) @) )
)

ué)(x—1)l[1 %

o (et + Hémoul)) +0(a).

Ju(@1-1)|

[(ue)(zi1) = (ueé)(zra)llr +

+

Step 5. It follows from (2.39), (2.41) and (2.42) that

[(ue) (@) = (ue)(@)|l < [(ue)(zi) = (ué)(z-a) |1+

R 20k R
(e 1a) = () )l s () o+ e ) A+

9



. 20k
l(ue)(@-1) — (ué) (zi-1)ls T

{10l + 2 (lle(r) s + @) )] etz s+ ool +

o/ @)l (lle@i) |+ el ) + 2 1 el +

Ax?

2Cic(lle(er)I} + lle(e)}) } =5 + Rl Aa)

and

[(uc)(z) — (ué)(z)][1 < (2.43)
|(ue)(x—1) — (wé)(x—1)||1 (1 + C Azx) + R(z, Az),

forany x € [x;_1, 2], where

2Ck
inf,cx u(z)

(el + el )+
Ck

(infoey u(z))? { [Hu’lloo + QCK(||C|| + ||a||)} (Ilcll + ||é||)+
o e (el + 1) + 2111 + 2 Coc (el + 1)}

C:

and ||.||« denotes the sup-norm of bounded functions on X .
Step 6. According to (2.40), (2.43) and assumption (2.10), one obtains (cf. (2.3))

I(ue)(z) = (ué) (@) s < (1 + C Ax)' [[(ue)(wo) — (u)(zo) |1+
1+ (1+CAz)+...+ (1+CAz)HO(AZ?)

and
[(uc)(z) = (ué)(z)|; = O(Az?). (2.44)

Finally, (2.15) is a consequence of (2.9), (2.11) and (2.44).

3 Examples

In this section we provide examples, where the second order convergence (2.15) of Theorem 2.1
does not hold. More precisely, the following properties are obtained.

B In Example 3.4 (Section 3.1) thereis u =0 and

e |lese = sl
1 f —— : A
re i I _

Thus, assumption (2.11) of Theorem 2.1 is essential.

10



B In Example 3.5 (Section 3.2) thereis At >0 and u =1, but

g 12—l o 3.2)
minl —————— .
Az—0 Az ’

where cvot and éOAOt are steady state solutions of splitted versions of equations (1.1) and

(2.5), respectively. This is consistent with the observation for u = 0, since the splitting
step with coagulation has no transport.

B If At >0 and u is not constant, then even a weaker distance defined by cell averages
(cf. (2.23), (2.28)) does not provide second order convergence, i.e.,

|HcS — HeSY| ~ Awx. (3.3)
This will be illustrated by a numerical experiment in Section 3.3.

We consider a constant coagulation kernel /X and the functionals

mo(t.0) = [ etm)dy, () = [ )y, 3.4)
Yy Yy
which represent the number density. Equation (1.1) implies
0 0 K
5 mo(t, z) + I (u(z) mo(t,z)) = Ip(x) — 5 mo(t, ). (3.5)

We also consider a constant function p (cf. (2.7)). In this case, equation (2.5) implies

a, mo(t, .T})

ot

where

+ % (u(z) ot ) = To(x) — %mo(t, o) (Hig)(tz),  (36)

Iofz) = /y Ia,y) dy 6.7)

and H is defined in (2.23). The following remarks will be used later in the construction of the
examples mentioned above.

Remark 3.1 Assume that u and Iy do not depend on x. Ifu > 0 and K > 0, then the
stationary version of equation (3.5),

has the solution

11



with boundary conditionmg ~,(0) = 0. Notetanh x = (e*—e ") /(e"+e ) ~x asx — 0.
If K — 0, then the steady state (3.8) takes the form

x
Moco(r) = Ip—, (3.9)
U
with the same boundary condition. If u — 0 , then one obtains

oI
Mo oso(z) = 70 : (3.10)

Remark 3.2 The equation

(1) = a(t) g1) +1(1). 9(0) = g0,

has the solution

o) = exp < /0 () ds) l /0 exp (- /0 Ca(2) dz) b(s) ds + go] |

Remark 3.3 Consider a Markov process &, (t) with the semigroup

P(t)f(x) = Ef (1)),

for any bounded measurable function f . Let A be the corresponding generator. The adjoint
operators are denoted by P(t)* and A* | respectively. Then the equation

d
pr g(t) = Ag(t) +~(@),  9(0) = go,
has the solution
t
o) = Ptgo + | Pt~ )2()ds, @.11)
0

while the equation

%g(t) =A"g(t) +@),  9(0) = go,

has the solution
t
ﬂO:HW%+/P@—W%ﬂ@-
0

Note that L P(t)* = A*P(t)* and $P(t) = AP(t) are abstract forms of Kolmogorov's
forward and backward equation.

12



3.1 Zero velocity

In preparation for Example 3.4 we consider the general case u = (. Equation (3.5) takes the
form

0 K
pr mo(t,z) = Ip(z) — 5 mo(t, r)? (3.12)
and has the explicit solution (cf. (3.8))
mo(t,z) = %@) tanh ( %@) t) , (3.13)

with initial condition m(0, ) = 0. The boundary value mg(t, 0) depends on I, . Since

. _[21(0)
zltg% mo(t, 0) = T 5

there is a discontinuity at ¢ = 0 and x = 0, when [y(0) > 0. The stationary solution of
equation (3.12) is

moeo(T) = 21—%@ , (3.14)

which generalizes (3.10).
Equation (3.6) takes the form

0 K .
5% mo(t,x) = Ip(x) — 5} mo(t, ) (Hmg)(t, x) , (3.15)

which implies (cf. (2.6), (2.23))

9, . . K 2
57 (Ho)(t,w) = (H o) (x) = = [(Hiing) (t, x)]

so that (cf. (3.13))

2 (H1o)(x)

(Hmg)(t,z) = {/ ————— tanh <

K

K (H1o)(x) t)
: ,

with initial condition (H170)(0,z) = 0. According to Remark 3.2, one obtains the solution of
(3.15) in the form

t K t
mo(t,z) = Io(x)/ exp (—5/(Hm0)(2,x)d2’) ds.
0 s
It follows from

1
/tanh(a s)ds = — log cosh(a s) + C
a

13



that
t
/ (Hmo)(z,z)dz =

% llog cosh ( w t) — log cosh < w 3)]

and

K(HL)@) |\ [ K (HI) ()
Io(x) cosh ( — t) /0 cosh < — 3) ds

(3.16)

2 K (HIo)(x)
K (H o) (@) tanh ( 5 t) ,

with initial condition 774(0, ) = 0. The value at the = = 0 boundary satisfies

2

lim 70 (¢,0) = 1o(0) K (HI0)

The stationary solution of equation (3.15) is

2 IQ(ZL’)

- VK JHL)@)

M0,00 () (3.17)

Example 3.4 Let K = 2 and
In(x)=1+2bx, x€]0,1], b>0.

Then (cf. (3.13))

mo(t,Ax) = +1+ 2bAx tanh (\/ 1+2bAx t) (3.18)

and (cf. (2.6), (2.23))
(HIp)(z) =14+ bAz, z€][0,Ax],

so that (cf. (3.16))

2b A
mo(t, Ax) = ﬁ tanh (\/1 +bAx t) ) (3.19)

Since (tanh z)’ = 1 — (tanh x)?, one obtains

5t (VI 2z 1) = 1= (ranh (VI 22 1)) | L

14



so that
tanh (m t) = tanht + [1 — (tanht)*] bt Az + O(Az?). (3.20)
It follows from (3.18), (3.20) and
V1+20Az =1+ bAz + O(Az?)
that
mo(t, Az) = tanht + ([1 — (tanh¢)?] bt + b tanht) Az + O(Az?). (3.21)

It follows from (3.19), (3.20) (with 2b replaced by b) and

1

b
— = 1-—-Ax+O(Az?
VvV1+bAx 2 ( )

that
mo(t, Ax) = tanh t+ (3.22)
<Qb tanht — g tanht + [1 — (tanht)?] %) Az + O(Az?).
According to (3.21) and (3.22), one obtains
mo(t, Ax) — fg(t, Az) = (—tanht + [1 — (tanh¢)?] t) gASC + O(Az?)

so that

lim inf [m0(t) = ri0(®)loc > lim inf [mo(t, Az) — 1y (t, Ax)|

>0 3.23
Az—0 Ax Az—0 Az ’ ( )

forallb > 0 andt > 0. Recall that ||.|| . denotes the sup-norm. Since (cf. (2.9))

[mo(t) = mo(H)lle < let) — e, (3.24)
(3.23) implies
e fle®) — el
w7

Analogous estimates hold for the steady states (3.14) and (3.17) so that (3.1) follows.

3.2 Time splitting

Time splitting schemes are based on a separation of transport and coagulation. Let 7;(¢) denote
the solution operator of equation (1.1) with K = 0. Let K(¢,.) and K (¢, .) denote the solution
operators of equations (1.1) and (2.5), with v = 0 and I = 0. In analogy, we introduce the
operators 7 (t), K;(t,.) and l@l(t, .), when inception is attached to coagulation. Let

ti=jAt, j=0,1,....
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Godunov splitting schemes are of the form
AUt = K(AL THA) et;—1)),  é4t;) = K(AL Ti(A) é(t—1)),  (3.25)

while Strang splitting schemes are of the form

AHty) = Tr(AL)2) K(AL, Tr(At/2) >t 1)) (3.26)
M (ty) = Ti(At/2) K(AL, T (At/2) ¢ (t-1))
where 5 > 1 and
AH0) = ¢21(0) = ¢(0) . (3.27)

Since K and p are assumed to be constant, the functionals (3.4) of the solutions c®t and ¢2t
of the splitted equations (1.1) and (2.5) are obtained as solutions of the splitted equations (3.5)
and (3.6). We denote the corresponding solution operators also by /C, K and 71 . We now derive
simple representations for these operators.

Solution operator for coagulation

Consider the pure coagulation step, i.e., v = 0 and I = 0. Equation (3.5) takes the form

a mO(ta ZL’) = _5 mO(ta .CC)Z

and has the solution

mO(OVT)
14+ Emo(0,2)t"

mo(t,z) =

Thus, the solution operator for the coagulation step is

_ f=@)
Kt D) =1 K ()1 (3.28)
Equation (3.6) takes the form
0 K
amO(tvx) = —57;10(15,1‘) (HmO)(tvx)v (3.29)

which implies
B . K . 2
o7 (i) (t, ) = == [(Hing) (, )]

so that

(Hm0>(07 ZC)
1+ £ (Hnp)(0,z)t

(Hm0> (tv ZC)

16



According to Remark 3.2, one obtains the solution of (3.29) in the form
K t
mo(t, ) = mo(0, x) exp <—§/ (Hmo)(s,x) ds)
0

_ mQ(O,ZL‘) exp <_§/{; (Hmo)(o,x) )Sd5>

1+ £ (Hrng) (0, z
o m0(0,1’>
1+ £ (Hr)(0,z)t

K
= my(0,z) exp (— log (1 + - (Hmyg)(0, ) t))
Thus, the solution operator for the coagulation step is

)
D) = e

(3.30)

Solution operator for transport

Consider the transport step with inception, i.e., KX = 0. The first part of the derivation is
performed for a multi-dimensional position space. Equation (3.5) takes the form

%mo(t, x) = ALmo(t,x) + Ih(z), (3.31)

where
(Af)(@) = (u(z), Va) f () (3.32)
is the generator of the independent particle evolution and
(A%p)(x) = =(Va, u(z)p(z))
is the adjoint operator. The corresponding semigroup is
P(t) f(x) = f(Xi(2)), (3.33)

where

d

SX(@) =u(Xi(@),  Xolw) =a. (3.34)

Assuming that X, is invertible, one obtains

/ (@) (P(1)f(x)) dx = / o(@) f(Xi(2)) do
/ S w)) Fly) | det (31 (4) dy

so that

P(t)p(r) = @(X; (2)]det (X, 1) ()] (3.35)



According to Remark 3.3, it follows from (3.31) and (3.35) that
Ti(t)f(x) =

F(X () [ det (X7 ()] +/0 Io(X () | det (X1) ()] ds

u(z) =ax+p
then (3.34) takes the form
d

EXt(x) = aX(z)+p.

According to Remark 3.2, one obtains

Xi(o) = expla) 3 [ ' exp(—as) is ] -

exp(at) [5 [1 - exp(—at)] + x} = g[exp(at) — 1} + x exp(at)

«

so that
X Y(z) = z exp(—at) — 5[1 - exp(—at)]

and

(X, 1) (2) = exp(—at).
Note that

X' 2)>0 & z>z,0) & t(r)>t,

where

v (t) =2 [exp(ozt) - 1]
and

Thus, (3.36) implies
Ti(t)f(z) =

min(t,t«(x))

£ @) expl-at) + Io(X}(2)) exp(—as)ds.

0

(3.36)

(3.37)

(3.38)

(3.39)

(3.40)

(3.41)

If « = 0, then one obtains X, '(z) = x — Bt and t,(x) = Z (cf. (3.38), (3.40)) so that

s

(3.41) takes the form

™8
~—

Ti(t)f(x) = flo — B1) + / T - B s)ds.

18
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Example 3.5 Consider the case u = 1 (cf. (3.37)). Let K = 2 and I, = 1. Then (3.42) takes
the form

Ti(t)f(z) = f(z — 1) + min(t, z) .
Strang splitting (3.26) gives
myt(ty,r) = fi(zr — At/2) + min(At/2, z) (3.43)

W (ty,2) = file — At/2) + min(At/2,2),
where (cf. (3.28), (3.30))

_ fo(@) P ) — fo(x)
M= hwar M = @
fo(x) = m&(t; 1,2 — At/2) + min(At/2, x),
JEO(SU) = ﬁlom(tj,l, r — At/2) + min(At/2, x) . (3.44)

Note that all functions are taken to vanish for x < 0. For x € [0, At/2), one obtains from
(3.43)

myt(t;, x) = myt(t,x) = (3.45)
and from (3.44)
folx) = folx) == (3.46)
Forx € [At/2, At), one obtains from (3.43) and (3.44)
mg' (t;, ) fole = A1/2) At (3.47)

1+ folw — At/2) At 2
and
folw — At/2) LAt

N _
o) = e e A A T 2

(3.48)

If (cf. (2.3))
r—At/2 € [1;_1,1;) C [0,At/2), forsome |=1,...,L, (3.49)
then is follows from (3.46) that (cf. (2.6), (2.23))
Ti—1 + 2
2

Consider x = x;_1 + At/2 such that (3.49) is satisfied and x;_y > At/4. This choice is
possible for sufficiently small Ax . Then (3.46)—(3.48) and (3.50) imply

(H fo)(x — At/2) = (3.50)

mg (t, ) — mg'(t;, ) =
At folz — AL/2) [(H Pl — At/2) — fola — At/Q)}
[1 ¥ folz — AL)2) At] [1 4 (H ) (x — At/2) At}
Atz [P0 — gy ] o AP/4 Ax/2
[1 + At] [1 + (@1 + 1) At/2] N (1 + At2/2>2
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so that
Img*(t;) — mg'(t)lle > C(AL) Az (3.51)

According to (3.45), (3.47) and (3.48), the steady state in the region x € [0, At — Ax] is
reached after one time step. Thus, (3.51) implies
At o At
m —
lim inf || 0,00 O,oo”OO > 0
Az—0 Az

so that (3.2) follows (cf. (3.24)).

3.3 Cell averages

Here we consider the case At > 0. According to Example 3.5, the second order convergence
(2.15) of Theorem 2.1 does not hold in general. However, the norm (2.9) is rather strong with
respect to x . It is of interest to understand if second order convergence holds, when a weaker
distance is used. Such a distance is obtained by using cell averages, since (cf. (2.23), (2.28))

|Hes! —He|l < flexd — el (3.52)
Let K = 2 and I, = 1. Numerical estimates of the quantities

|Hmgt, — Hing'tllo (3.53)

are provided in Figure 1. These results indicate that there is indeed second order convergence,
if u is constant (as in Example 3.5), but in general there is only first order convergence. This
implies (3.3), since (cf. (2.9))

|Hmgs, — Hinglolle < [|Hes! — He|l.

20



10° 1 u(x)=1+10x o© u(x)=1+x + 5
u(x)=1+3x A u(x)=1 X

-4 -3
10 10 AX

Figure 1: Error (3.53) for the cell averages of the zeroth moments (3.4). Dashed lines indicate
first and second order.
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4 Comments

Theorem 2.1 provides second order convergence with respect to cell size. The assumption
of non-vanishing advection cannot be skipped, as Example 3.4 shows. The assumption of a
bounded coagulation rate is essential for the present proof technique. The result might remain
true at least for sublinear (non-gelling) coagulation kernels. The second order convergence
is quite surprising, when taking into account that the spatial smoothing function (2.6) is not
even continuous and the norm (2.9) is rather strong with respect to the position. Originally, we
expected to get second order only with respect to a weaker distance measuring the difference of
cell averages (cf. (3.52)). The result holds for the limiting equations with no time splitting error.
For practical purposes, the time step should be sufficiently small in order to observe second
order convergence with respect to cell size. This assumption is quite reasonable, since splitting
should not allow particles to travel too far without having a chance to coagulate.

The main purpose of this paper was to understand the approximation error with respect to
cell size. In order to make the derivations more transparent, we considered a relatively sim-
ple model. Some generalizations are straightforward. In particular, the result of Theorem 2.1
holds for more general type spaces, e.g., = (0, oo)k, orY ={1,2,.. .}"“, or combina-
tions of discrete and continuous components. This is important to cover various applications (cf.
[PW12]), since the main motivation for developing stochastic particle methods is their ability to
treat high dimensional type spaces efficiently. Moreover, the result holds when the right-hand
side of equation (1.1) is extended by linear terms, e.g., those representing surface growth in
certain soot models (cf. [PWK11]). It also holds for the stochastic weighted algorithm introduced
in [PW12], since that algorithm has the same limiting equation as one of the direct simulation
algorithms considered here (cf. (2.8)). The proof of Theorem 2.1 works for non-equidistant grids,
when Az is defined as the maximum grid size. Finally, Theorem 2.1 is expected to hold in the
transient case as well, but the present proof technique is restricted to the steady state equations.

Other generalizations of the model are more challenging. In particular, it would be of consid-
erable interest to cover a multi-dimensional position space and to include more general transport
mechanisms. A problem, which we hope to address in the near future, is to understand the joint
behaviour of cell size and time step error. This would allow us to give quantitative recommenda-
tions about the choice of these parameters.
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