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RATES OF CONVERGENCE TO SCALING PROFILES IN A
SUBMONOLAYER DEPOSITION MODEL AND THE
PRESERVATION OF MEMORY OF THE INITIAL CONDITION*
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Abstract. We establish rates of convergence of solutions to scaling (or similarity) profiles in a
coagulation type system modeling submonolayer deposition. We prove that, although all memory of
the initial condition is lost in the similarity limit, information about the large cluster tail of the initial
condition is preserved in the rate of approach to the similarity profile. The proof relies on a change
of variables that allows for the decoupling of the original infinite system of ordinary differential
equations into a closed two-dimensional nonlinear system for the monomer—bulk dynamics and a
lower triangular infinite dimensional linear one for the cluster dynamics. The detailed knowledge of
the long time monomer concentration, which was obtained earlier by Costin et al. in [Commun. Inf.
Syst., 13 (2013), pp. 183-200] using asymptotic methods and is rederived here by center manifold
arguments, is then used for the asymptotic evaluation of an integral representation formula for the
concentration of j-clusters. The use of higher order expressions, both for the Stirling expansion and
for the monomer evolution at large times, allow us to obtain not only the similarity limit, but also
the rate at which it is approached.
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1. Introduction. Submonolayer deposition is the process of particle deposition
onto a surface such that the deposited particles can diffuse and coagulate to form
clusters, and those clusters are so sparse as not to cover the full original surface.
The theoretical modeling of this process can be done using a variety of approaches
[10]. Our work is a continuation of a number of recent mathematical studies of the
dynamics of deposition using a mean-field approach [4, 5, 6, 7).

Denoting by ¢; = ¢;(t) the concentration number of clusters of size j, or j-
clusters, at time ¢, on the deposition surface, assuming this surface to be bombarded
at a constant rate o > 0 by 1-clusters (also called monomers), and considering the
clusters’ concentrations are so small that cluster-cluster reactions can be disregarded,
the cluster dynamics on the surface can be modeled by a Smoluchowski’s coagulation
system with Becker—Doring like coagulation kernel, meaning that the only allowed
coagulation reactions are those in which a monomer takes part, namely (1) + (j) —
(j + 1), with rate coefficients a; ; > 0, and j € {1,2,...}.

An assumption that is relevant in some applications is the existence of a critical
cluster size n below which clusters are not stable and do not occur in the system
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in any significant amount in the time scale of the coagulation reactions. There are
several ways to model this assumption (see, e.g., [7] and references therein). In [7] it
was modeled by considering that no clusters of size larger than 1 and smaller than
or equal to n — 1 can exist, and thus the smaller cluster that is not a monomer has
size n and is formed when n monomers come together and react into an n-cluster (if,
as in Monte Carlo simulations, we consider the monomers sitting in the vertices of a
lattice, we could have these “multiple” collisions simply by having n — 1 monomers
surrounding an empty site—as in the four nearest neighbors in a square lattice—which
is suddenly bombarded by an additional monomer, creating the n-cluster in a single
n body reaction).

If one considers that the coagulation rates are independent of the cluster sizes
undergoing reaction (a1,; = 1, say), the mean-field model for submonolayers deposi-
tion with a critical cluster size n becomes the following infinite system of ordinary
differential equations:

oo
1 = a—ncl —c E ¢y,
(1.1) j=n
Cn = C] —cCiCp,
¢j = cicj_1—cicy, j=n+1.

System (1.1) with n = 2 (i.e., with no unstable clusters) was considered in [4, 5, 6],
where the long time behavior of solutions and the approach to a similarity profile was
studied; in [4, 6] it was even considered the case of time dependent monomer input
a = a(t) of power law type.

In [7] system (1.1) was considered with general n > 2, and the results in [5] were
correspondingly generalized to the following theorem.

THEOREM 1 (see [7, Theorem 5]). Let (cj) be any solution to (1.1). Consider

the new time scale T(t) := ftto c1(s)ds, and let ¢;(1) == ¢;(t(1)). Then,

(n—1)/n oy (n=1)/n .
lim (E) ¢i(1) = ®1(n) == { (1—-n) }f 0<n<1,
j7 T — +00 o 0 if n > 1.
n = j/7 fixed
n#1

This result means that, in the self-similar (or similarity) variable n = j/7, the
scaled solutions approach a universal profile ®;(7) in the similarity limit j,7 — oo
with 7 constant.

The purpose of the present paper is to study the rate at which the limit function
®1(n) in Theorem 1 is approached. This is a kind of problem that is rather natural in
long time dynamics, with the paradigmatic example being the linearization method
which, when applicable, provides an exponential estimate for the rate of convergence
of solutions to the limit (an equilibrium, say).

In the context of Smoluchowski’s coagulation equations and analogous systems
(such as coagulation-fragmentation, and Becker—-Doéring systems) the proofs of exis-
tence of, and convergence to, self-similar solutions are already so demanding that the
study of the rate at which this convergence takes place is, so far, typically out of
reach.

To the best of our knowledge, so far only the two papers [2, 11] considered the
problem of the rate of converge to self-similar behavior in Smoluchowski’s systems.
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In [2] the result was obtained for the constant kernel case (in continuous variables)
az,y = 1 using the approach of linearizing the coagulation equation in self-similar
variables about the self-similar solution, and proving that the linearized operator
has a spectral gap in an appropriate scale of weighted Sobolev spaces. In [11] the
case of so-called solvable kernels (i.e., az,, = 1, ¢ + y, 2y) was considered using an
approach analogue to the Berry—FEsséen theorem in classical probability theory. Both
approaches require rather delicate and difficult analysis.

In the present paper we are able to approach this rate of convergence problem
using an essentially simpler approach due to the special nature of the coagulation
reactions in (1.1). Exploring the approach which was already used to good effect in
the proof of Theorem 1 in [5, 7], we can establish the main theorem of this paper.

THEOREM 2. Let (¢j) be any nonnegative solution of (1.1) with initial data
satisfying 3p1,p2 > 0, > 1 : Vj > n,j%c;(0) € [p1,p2]. Assume the notation
introduced in Theorem 1. Then, as j, T — oo, with n = j/7 # 1 fized,

n—1
no o~

w2 | a0 -ww)
(1.3 ~ =) (1o 2 ) ey )
(1.4) F ()" o)y o),

What we find interesting in this result is that, although Theorem 1 states that, in
the similarity variable 7, solutions to (1.1) approach a universal profile independent
of the initial condition (indeed this universal behavior is what is physically relevant in
this type of enquiry), the rate at which this limit behavior is approached still preserves
some information about the initial condition, namely the rate of decay of the initial
datum for large cluster sizes, u, can still be computed from the observation of the
decay rate of scaled solutions to ®4(n), for n > 1.

2. Preliminaries. Our approach to the study of system (1.1) follows the one
used in [5, 7] and consists of the exploration of the following two observations:

(i) First, note that the equation for ¢; depends only on ¢; and on the “bulk”
quantity y(t) := Z;’;n ¢;(t), which (formally) satisfies the differential equation ¢ =
c}. Thus, the definition of this bulk variable allows us to decouple the resulting
infinite dimensional system into a closed two-dimensional system for the monomer—
bulk variables (c¢1,y), from which we get all the needed information about the behavior
of C1.

(ii) Second, the remaining equations for ¢;, with j > n, depend only on those
same variables c¢;, and on ¢;. However, the way they depend on ¢; is such that, by an
appropriate change of the time variable, the system is transformed into a linear lower
triangular infinite system of ordinary differential equations, which can be recursively
solved, in terms of ¢;, using the variation of constants formula.

Let us look more closely at the details of (ii) first: writing the second and third
equations of (1.1) in the form

(2.1) { & =c1(a" ™ —cn),

éj:Cl(Cj_l—Cj), ]Zn+17

1

it is natural to introduce a new time scale

(2.2) T(t) ::/Ocl(s)ds,
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along with scaled variables
(2.3) a(r)=c(t(r)) and ¢;(r):=c;it(r)), j >n+1,

where ¢(7) is the inverse function of 7(¢). With this new time (2.1) reads

& =a"l -5
2.4 2 I
( ) { Cj/:Cj_l—Cj, jZTL—Fl,

where (-)) = d/dr. The equation for ¢, can readily be solved in terms of ¢y,

5n(7):effzn(0)+/ e*“*S)a”*l(s)ds:e*fan(0)+/ e e " N1 — s)ds,
0 0

and then we can use this solution to solve the ¢, 11 equation, and afterwards solve
recursively for j > n + 2. The following expression for ¢;(7) is obtained in [7],
generalizing an analogous result first proved in [5] for the special case n = 2:

& 1
(2.5) Gi(r)=e g(j_k)!%(o)+(j_n)!

/ (G (r —s)" T ds V> n.
0

Now, the information about ¢; needed to study (2.5) has to be extracted from
the two-dimensional system for (c1,y) referred to in observation (i). Let us see this
with a bit more detail. Denoting z(t) := ¢1(¢) and y(t) := Z;’;n c;(t) one can easily
conclude that these quantities (formally) satisfy the two-dimensional system

(2.6) { T=o Ty Ty,
y=a".

It can be proved [7, Theorem 1] that if 37 ¢;(0) < oo, then any solution of
system (2.4)—(2.6) is also a solution of system (1.1).

Clearly, the monomer—bulk system (2.6) forms a closed two-dimensional system
whose solutions can be studied independently of what happens to the infinite system
(2.4). In particular, the needed information about ¢; in (2.5) will be obtained from
(2.6).

3. Center manifold analysis of the monomer—bulk system. In this section
we will study the long time behavior of solutions to (2.6). The following result, proved
in [7], holds.

PROPOSITION 3 (see [7, Proposition 1]). Let (x(-),y(-)) be any solution of (2.6)
with nonnegative initial condition. Then, we have the following:

(i) (z(t),y(t)) is positive when t > 0.
(ii) (x(t),y(t)) exists for all t > 0.
(ili) x(t) = 0 ast — 4o0.

(iv) y(t) = 400 as t — +oo.

(v) a—zy — 0 as t = +00.

The next result establishes the rate of decay of z(t) as t — oc.

THEOREM 4 (see [7, corrected eq. (25)]). Let (z(:),y(:)) be any nonnegative
solution of (2.6). Then,

1
T 1
(3.1) x(t) = ( “ ) T 4 n(nni_’_l)fl +o(t™h)  ast— +oc.
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Remark 1. In [7] the coefficient of the ¢~! term is slightly different from that in
(3.1), in what we believe to be a minor mistake.

Proof of Theorem 4. The proof of this result in [7] was done using asymptotic
methods. Here, we follow the idea of the proof of the case n = 2 in [5, Proposition
3.2], which uses center manifold methods to obtain the first term in the right-hand
side of (3.1). The main difference relative to [5] being that now we need to use a
higher order approximation to the center manifold in order to obtain the expansion
with an additional term, (3.1). However, somewhat surprisingly, this has to be done
in a two step process, as explained later.

Let us define a new variable v(t) := a — x(t)y(t), so that (x(t),v(t)) — (0,0) as
t — +oo.

By changing variables (x,y) + (z,v) system (2.6) becomes

T =v—nz",

(3.2) . av

02
b=—— —2"" 4+ — fana"!
x x

— noz" L

Suppose x(0) # 0. Otherwise, by Proposition 3(i) and (ii) we know that x(¢) > 0 for
all ¢ > 0, and so just redefine time so that 2:(0) becomes positive. Now change the
time scale

t
1
3.3 tHC:Ct::/—dS,
(33) 0= [
and define (Z(¢),v(Q)) := (x(t({)),v(t(€))), where ¢({) is the inverse function of {(¢).
By Proposition 3(iii), we have z(t) — 0 as t — 400, and so also { — 400 as t — +o0.
With the new time scale system, (3.2) becomes

(3.4) 7 =% —nz"tl,
: v = —ov — 22 + 0% 4+ anz™ — noa",

where ()" = d/d(, or in matrix form

o [F]-[5 S]]

Since, by Proposition 3(iii)—(v), we know that when ¢ — +oo all nonnegative
solutions (z,y) of system (2.6) converge to (0,00) and v — 0, the transformation
above implies that the corresponding solutions (Z,v) of (3.5) converge to (0,0) when
¢ — +o0.

Using standard results in center manifold theory [3, Chap. 2] it is straightforward
to conclude that (3.5) has a center manifold in a neighborhood of the origin, that
locally exponentially attracts all orbits, and is the graph of a function v = ¢,(%),
where

N

n T —na" Tt
—7"2 41 9% + anT™ — noz”

<N

(36)  6u@ =nz" — L2 M0 Dgonse 2 Laonss | g gans)
! ! !

In order to get an expression for the behavior of solutions Z(¢) for large values of
¢, from which (3.1) can be deduced, we need to proceed in two steps: first, using the
first two terms in the expression of the center manifold ¢, and the knowledge that
Z(¢) — 0 as ¢ — +o0, we obtain a first, “lower order,” expression for the long-time
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behavior of Z(¢). Then, using the next term in the right-hand side of (3.6) and this
“lower order” information, we obtain a “higher order” correction to the long-time
behavior of Z(¢) which will be sufficient to prove (3.1).

Remark 2. It is worth noting that the two stage process just described cannot
be abbreviated to a single step, taking from the start the first three terms in ¢,, and
the knowledge that & — 0 as ( — +o0. Doing this one would arrive at (3.1) with the
equality substituted by an asymptotic equality, ~, meaning that the long-time limit
of the ratio of the left-hand side of (3.1) by its right-hand side is equal to 1. Note
that this is a weaker result than the one stated in (3.1), and, in fact, it is not strong
enough to prove our main result, Theorem 2.

Let us start to implement the idea described above. Considering the approxima-
tion to the center manifold given by taking only the fist two terms in the right-hand
side of (3.6),

~ - 1_ N
(bn (JJ) = nrt — _$n+2 4 O(x2n+2)’
«Q

the dynamics on the center manifold are given by

- 1_ ~
= =" L 0@ as (= 4oo,
o

which can be written as

d ~n

Knowing that z({) — 0 as ( — 400, the right-hand side of this equation converges
to 1 and we conclude that, for all € > 0, there exists T > (y such that, for all ( > T,
the following inequalities hold:

1_8<1($)<1+g
SX\rom2) = F

Integrating these differential inequalities between 7" and ¢, we get

38) (-9 -T)<—— % < (1+4e)((-T),

~n+2 ~n+2 —
(n+2)7e"?  (n+2)z4"

where T = z.(T). Dividing (3.8) by ¢ and taking liminf¢, 1o and limsup,_, | ., we
obtain

l—e<liminf ——— <limsup————5 < 1 +¢,
T (=0 (n+2)§$g+2 C~>+o£) (n+2) Tot?

which, due to the arbitrariness of €, means that lim¢ 4o ”T*? CZ(Q)"T2 =1, and

thus
a 1

(3.9) () = — 22(1 +o0(1)) as (¢ — +oo.

Let us now consider a better approximation to the center manifold, obtained by
considering a further term in the right-hand side of (3.6), namely,
TL(TL — 1)§2n+2 + O(g2n+4).

~ ~ 1_
¢ (T) = na" — Ex”” + =
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The dynamics on the center manifold are now given by

~ 1. —-1)_ ~
(3.10) T =——a"3 "("72)3:3’”3 + 0@ as ¢ — +oo.
a a

Writing this differential equation as
a’,

_ =14+0E""?) as( — 4oo,
—a@3 pp(n — 1)zt @) ¢

and observing that

a? e nin —1)
ds = n ’
/ —as"t3 + n(n —1)s2nt3 . (n+42)snt2 + 252 +n(s)
where
Sn73
Un(s) :=n(n—1) / ————ds,
st n(n—1)

we conclude that (3.10) can be written as

(3.11) % ((n - ;5n+2 + n(gg—z 1) + iﬂn(:?c)) =1+2"20(1) as ( — +oo.

As in the previous approximation (3.7), we now need to estimate the right-hand
side of (3.11), but instead of using only the information that z.({) — 0 as ( — +o0,
we shall use (3.9).

Observing that there exist constants K* > K, such that the right-hand side of
(3.11) can be bounded by 1+ K272 <1+ 2720(1) < 1 + K*2"*2, we can write,
forall ( > T,

a n n(n —1)
n+2)zet? 272

(3.12) 1+ K32 < j( <( + wn(g?c)) <1+ K 7nt,

Integrating these differential inequalities between T and ¢ > T and denoting Z.(T)
by Zr, we get

¢
C—T—|—K*/ T2 (s)ds
T

(313) < (( +2)~n+2 + 77«(;15—21) + ’[r/)n(§C)) - ((n+2)x"+2 + 71(2”5;1) + ¢n(§T)) )

and
¢
(-T+K* / T2 (s)ds
T

(314) > (( +2)~n+2 + Tb(n 1) + ’[r/)n(xC)) - ((n+2)~"+2 + Tb(n 1) + ¢n(33T))

We now use (3.9) to estimate the integral of Z7+2: Let € > 0 be fixed arbitrarily, and,
if necessary, redefine T such that 22 ¢272(() € [l —¢,1 +¢] for all ¢ > T. Thus

¢
(1= €)(0g¢ ~1ogT) < [ %3 (s)ds < 51+ ¢)(lor C ~log 7).

n+2 n+2
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On the other hand, to estimate 1, (Z.(¢)) as ( — +oo, first observe that, defining

Y= (%)Uns, we can write ¥, (y) = —a(@)lw/n i’i;i dy. For n > 3 the
explicit expression of this last integral is known from [8, Integrals 2.146-3, 2.146-4]
and it is easily seen to be bounded when y — 0. The case n = 2 is a little trickier:

we can easily compute

-1 4 2)\1/2 4
wg(s):2/ 28 ads:——long——logsﬂ—(’)(l) as s — 0,
s2—g a 1_ 242 a

and to evaluate 1, (Z.(¢)) when ( — 400 we now need to use (3.9): in the case

n = 2, we have Z.(¢) = (%{)71/4 (I1+0(1)) as ¢ = 4o00. Hence we conclude that, as
¢ = +o0,

~1/4
Ua(Eel)) = — 2 log (fc) Lo

(0% (&%

= élog@ +O(1).

Now we have the tools to estimate (3.13) and (3.14) for large values of . Divid-
ing (3.13) by ¢, taking liminfs |, and noting that when taking this limit all the
(constant) terms containing Zr, after being divided by ¢, converge to zero, we obtain

. o n(n —1)
o fof ((n—|— 2T | ad )
> liminf% (C -T+ f;_‘;(l —¢)(log¢ —logT) — wn(%c(é)))

{—+o0

: K*Oc lo K*Oc 1% icc
(3.15) =1+ lim_ (mu —eylos¢ 1 (T+ n+2(1—6)10gT) — a >>)

=1.

Analogously, dividing (3.14) by ¢ and taking limsup,_, , ., we conclude that

-1
limsup< a~ +2+n(n~2 ))
(—+o0 (n+2) Ty QCJJC
. K*a log ¢ 1 K*a P (Te(€))
(3.16) <1+ lim_ (m(l—i—s) 21 (T+ n+2(1+8)10gT) - f)
=1.

Thus, (3.15)—(3.16) imply the existence of a function F,, such that F,(¢) = O(1)
for large ¢, and

o nn—1)\1 log ¢
(3.17) ((n+2)§?+2 + 272 ) ‘= 1+ c F,(¢) as(— +oo.

Let 8:=1/(n+2), A:=n(n—1)/2, and write (3.17) as

log ¢
¢

(3.18) aff + Az" = (vt (1 + Fn(()> as ¢ — +00.
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Since lochn(C) — 0 as ( — 400 we can use the geometric series expansion to write

LTS 71—1—1OgCF(§)+O (log<)2 25 ¢ = +00
<. n - C n C b)

and thus, from (3.18), we conclude that, as { — +o0,

(3.19) g2 = (%) (1 + a%zn) (1 — ¢ () + h.o.t.) ,

where “h.o.t.” denotes terms with order higher than the orders of those explicitly
written down. Taking into account (3.9) to estimate 7 in the right-hand side of

(3.19), after some manipulations and using the binomial expansion we obtain, as
¢ — +o0,

B np
(3.20) T = <%ﬂ> (1 +g <%ﬂ) _ 61°§<Fn(0 -|-h.o.t.> .

From standard center manifold theory [3, Chap. 2], the long-time behavior of
(z(¢),v(¢)) is determined by the behavior on the center manifold modulo exponen-
tially decaying terms O (e*)‘c), where A € (0, «). In particular we can write

F(Q) = Fe(¢) + O (e7),

and using (3.20) and remembering the definitions of 8 and A, we conclude that

B2 70 = (Grire) T o () o,

In order to obtain the corresponding estimates in the original time variable ¢t we
first need to relate the asymptotics of both time scales.
LEMMA 5. With the same notations and definitions as before, we have

B
(3.22) t=L880F + AP +0(C%)  ast— 4o,

and
1 28
(323) (= (ﬁ) TPs A (%) T 4o (tf‘%) as ¢ — +oo.

Proof. From (3.21) it follows that, for all € > 0, there exists 7' = T'(¢) such that,
forall ( > T,

(3.24) (5(() - (a—f)ﬁ> % (%ﬁ>_(n+m €ll—e1+¢l.

By the definition of ¢ in (3.3) we can write

0(t) — C(to) = / %ds,

to
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and so d¢/dt = 1/xz(t). Hence dt/d¢ = Z({), and upon integration

¢
(3.25) HO) — t(Go) = / F(s)ds,

Co
where (o = ((to). Using the upper bound in (3.24) we have that, for (o > T,

¢ ¢
t(¢) — (o) < (1 +&)(ap) ™’ A/C 87(”+1)'Bd8+(aﬁ)'ﬁ/ s Pds

— o B — —
= (1L+e)(B)PAC - ¢) + 2 (P -7,
from which we conclude that

1) < CNCF + (14 2) @ ¢? + O(1) as ¢ — oo,

By considering the lower bound in (3.24) we would get the reversed inequality, with
1+ e replaced by 1 — €, and since ¢ is arbitrary, combining these two inequalities we
conclude (3.22).

In order to obtain ( as a function of ¢ we first consider the first term in the
expansion (3.22), written in the form ¢(¢) = (aB8)?(1 — 8)~1¢*=#(1 + o(1)), which
implies ¢!~ = (aB)~#(1 — )t (1 +0(1)), and we substitute this into the lower order
term ¢? in (3.22), obtaining, as ( — oo,

(@8)?
=y
ap)P £

LB s aa) () o)
_ @y’
T
_ ()’
“1-8

Write the last expression as

(P = (1= 8)(aB) "t (1 - A (”* 1) T (r#)) .

«

t(Q) = 7=+ AaB) 7 ¢P +o(¢P)

=+ A(aB) 7 ((aB) (1= )L +o(1)) T

-
=
~—

N SRV (%)% 75 (1 + o(1)) + o(t™

Raising both sides to the power 125 and using Newton’s binomial series in the right-
hand side, we obtain (3.23). O
To finish the proof of Theorem 4 we use the expression (3.23) for ((¢) in (3.21).

After a few rearrangements similar to those above we obtain (3.1). a

4. Monomer long time behavior in the modified time scale. As pointed
out in section 2, the proof of Theorem 2 relies on the exploration of (2.5), for which one
needs detailed information on the long-time behavior of ¢; (7). This will be obtained
in this section, whose main result is the following theorem.

THEOREM 6. With 7 and ¢1(7) as before, the following hold true:

(4.1) (E)(’H)/”

” @) t=1+(n-1) (1——)10£+0(1%¥) as T — 00.
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To prove this theorem we need to express ¢ in terms of 7 in (3.1), and we shall
do this in the next few lemmas. The approach is analogous to the one used in the
previous section in order to relate ¢t and (.

LEMMA 7. For 7(t) defined by (2.2), and being c1(t) the first component of any
solution (c1, Cp,y Cpy1,...) of (1.1), the following holds:

1,
(4.2) T(t) = "T“(ﬁ) nELERAT n(nn_+711) logt+ o(logt) ast— oo.

Proof. Let us consider the time scale (2.2) and write it as
¢ ¢

(4.3) 7(t) :/ c1(s)ds = 7(T) —|—/ c1(s)ds.
0 T

Remembering that z(t) := ¢1(t), we deduce from (3.1) that, for all £ > 0, there exists
T = T(e) such that, for all ¢t > T,

(4.4) Ll)t <cl(t)—( a )"_“t—#l> €[l—e1+e.

nin—1 n+1

Let us consider the upper bound case in (4.4) (the lower bound case is analogous).
Substituting it in (4.3), one gets

() — 7(T) = / c1(s)ds

ot —-1) [t1
g( a) /S_"_“d8+(1+e)—”(” L[ L

n T n+1l Jr s

+
_1
= 1 (Lo )™ (- T 4 (14 )20 log £,

from which follows

1, _

T(t) < 2L (Ca) TR 4 (14 6)ME M ogt + O(1)  ast — oo

By considering the lower bound in (4.4) we obtain the reverse inequality, with 1 + ¢

substituted by 1 — ¢, and the result (4.2) follows by the arbitrariness of . O
LEMMA 8. With the assumptions of Lemma 7 we have, as T — 00,

n 1, n 1
(4.5) t(r) = (27) "% (ZE) " 75 — (n—1)(2g) "% (L) 73 log 7+ o(7* log 7).

1
Proof. Let B := "L (-95) "1 and D := "(7?—;1), and let us write (4.2) as

(4.6) 7(t) = Bt#1 + D(logt)(1 + o(1)) ast,7 — oco.
Thus 7(t) = Bt#+1 (14 0(1)), and so t = Bt (1+o0(1)). Substituting this
expression in the logarithm term of (4.6) we get, as t, 7 — oo,

n+l n+l

7(t) = Bt7H1 + Dlog (B—TTT (1+ 0(1))) (1+o(1))

n+1

= Bt71 + Dlog (B‘TTnTH) + o(log 7),
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and hence
77 = B (r — 2 Dlog 7 + o(log 7))
=Br ! (1 — (%DT‘l log T + 0(10%)))_1
(4.7) =Br ! (1 + 2 Drllog 7 + 0(10%)) .

n

Raising (4.7) to the power — 2t and using Newton’s binomial series in the right-hand

side we arrive at

n+1 n+1 o (n+

(4.8) t=B " — (=) DB rw log T + o log 7),

and substituting B and D back into (4.8) results in (4.5). O
We are now ready to prove Theorem 6.
Proof of Theorem 6. From (2.3) and (3.1) we have, as t,7 — 400,

n—1

(2) ()" = (22 ((ﬁ)"“t e o)
n—1
= (2)" (T) B
(1+ n(n—1) (”_Jrl)ﬁ tfﬁ -|—0(t7n77jr1))n71
n+1 «

n—1

= ()7 ()T

1 sy o ).

[0}

where we used Newton’s binomial expansion in the last equality. We can now apply
Lemma 8 to write the right-hand side in terms of 7, and after a few computations
analogous to those described above, (4.1) arises. O

5. Rate of convergence to the similarity profile. In this section we prove
the paper’s main result, Theorem 2.

In [7] it was proved that the limit of (1.2) is equal to zero, thus generalizing a
similar result first proved in [5] in the special case n = 2. For the proof of Theorem 2
we shall apply the approach used in [5, 7], consisting of exploring the representation
formula (2.5). In those papers the information that was needed was just the first
term in Stirling’s expansion of the gamma function (to estimate the factorials) and
the first term in the long time behavior of the solution ¢;, which in [5] was obtained
by center manifold methods, and in [7] by asymptotic analysis methods. Here we shall
essentially make use of the results of sections 3 and 4, in particular (4.1) proved in
Theorem 6, in order to get the needed higher order information.

Before starting the proof of Theorem 2 we briefly point out some of its conse-
quences.

COROLLARY 9. From Theorem 2 we immediately conclude the following:

i. The convergence is not uniform in n € (0,00) \ {1}.

ii. For n € E, a compact set not containing 1 and such that Z N (0,1) # O and
EN(lo0) #0,if 1l <p<2-— %, the solution converges to the similarity
profile ®1(n) at a power rate Tk,

iii. Under the same conditions, if p > 2 — % the solution converges to the similarity
profile ®1(n) at a rate IOET.
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Remark 3. Observe that Theorem 2 implies that for initial conditions (c;(0))
decaying fast enough with j, namely for p > 2 — %, the information about the initial
data is lost in the similarity limit, in the sense that neither the bounds p; and ps nor
the decay rate p and obviously no other details of the initial condition, are reflected
in the limit or in the rate at which the limit is approached.

However, if the initial data is slowly decaying, namely if 1 < p < 2 — %, then,
although information about the initial condition is also lost in the similarity limit,
the rate at which this limit is approached still retains information about the initial
condition.

Furthermore, if one can measure the decay at a single value of the similarity
variable > 1 (and not only the overall rate in a set = of values of 1), then the rate
of decay of the initial condition for large clusters is always reflected in the rate of
convergence to the similarity profile ®4(n).

We think this is an interesting behavior that, as far as we know, seems to be the
first time it is observed in coagulation type systems.

Proof of Theorem 2. As in [5, 7], we start by considering the case of monomeric
initial conditions, in which case the sum in the right-hand side of (2.5) is zero for all
time 7.

Consider the function ¢; : [n,00) x [0,00) defined by
(E) (n—1)/n

(o3

(5.1) p1(x, 1) = m

/ (G (1 —s)" ¥ e ds.
0
Comparing this expression with the integral in the right-hand side of (2.5) we see that,

when z = j € NN [n,00), ¢1(4,7) = (%)(nfl)/n ¢;(7). So, we are going to study the

rate of convergence of ¢1(n7,7) to ®1(n) as 7 — oo for fixed n € (0,00) \ {1}.
Changing the integration variable in (5.1) s — y = s/7, and using (4.1) to write
for 0 <y <1,

(1 — (n—1)/n 1
(%) @1 =y)" =1+ fulr(1 —v)),

where f(7(1 —y)) = (n—1) (1 — l) logr(1-y) | 0(1057

w) =y ) as T — 0o, the expression

(5.1) can be written as

Fl=n+tnT 1 eT(nlogy—y) J
[ (14 fur(1 — 9)) - dy.
T [, (L =)y

Now, in order to proceed, we need the following estimates, obtained from Stirling’s
asymptotic formula, and valid as 7 — o0,

(5.2) o1(nT,T) =

T(nr —n+1) = T _1;)(7_7.7_)(777 — =)
(n—1) terms
e () VT (14 ke + 0(772))
! (1 — by 0(7—2))
(5.3) I ()T 1+ 355 +O(r72)

1— 77,(112—1)1%—_’_0(7_72).
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Using the formula for the sum of a geometric series we can write

<1 — wi + 0(72)) (1 + ! + 0(72)> -

nr 1207
(5.9 —1- (5 + ) Lo,

Substituting (5.3) into (5.2) and using (5.4), equation (5.2) becomes

(1_ 1+61;(2n—1)77i7+0(T2)>

(7, 7) L
T, T) =
@1 (N \/E’r]
T(nlogy—y+n)
e

1
X /0 (1+ falr(1 - Z/)))Wdy
(55) - Jl(an) - J2(7]77—) + J3(77’ T) - J4(773 T)a

n—

=

1
57777—7'

where Ji(n,7), k=1,...,4, are defined by

- J o b em(nlogy—y+n) J
= 2

( : ) 1(77’7-) : \/mT 0 y"(l _y)(n—l)/n Y,

" 1 (14 6n(n—1) 9
5.7 J: = @
5.7 2= Tt (R o

1 er(nlogy—y+n) J
X/o yr(1— )0
65 amn=T e [ T
. n,T) = T n\TW = Y)) <=0 %Y
’ V2my - Jo yr(L—y)n=hin

" 1 (14 6n(n—1) _

(5.9) Ju(n, ) = \/FT2 ( 27 +0(t7?)

n
1 X eT(nlogy—y+n) J
< | fn(7( —y))m Y-

We now study the limit as 7 — oo of each of these functions separately.
LEMMA 10. For each fized n € (0,00) \ {1}, the following holds:

Ji(n,7) = (®1(n) + O(L)7 1) Lo.1)(n) + e (. 7),

as T — oo, and ay(n,7) — 0 beyond all orders.

Proof. The proof of this result follows [5, section 5.1] and [7, Propositions 6 and 7],
and is exactly the same as those proofs with the function 1 in those papers identically
equal to 1. We need only take the additional care of keeping track of the higher order
terms, in order to be sure they are indeed negligible relative to the dominant terms
arising from the other Jj, in (5.5).

Ifn>1land Tt > nfl, the function y — (n7 —n)logy — yr is strictly increasing in
y € (0,1). Thus, for these values of 7, y~"eT(1108y=v) — c7=n)logy—y7 < =7 and
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we can estimate (5.6) as follows:

gty (b er(nlogy—y+n)
A==y - e
1 . ! 1
< n_3 —T(nlogn—n+1)/ d
= Vem S o =y
n

- nhrieT(nlogn—n+l),

V21

If n € (0, 1) the approach is slightly more involved, but is also essentially the one
used in [5, 7]. Fixing an ¢ € (0,min{ne~',1—n}), we decompose the integral in

(5.6) as follows:
1—e o7 (nlogy—y-+n)
(L] L) e

For the contributions arising from the first and third integrals in (5.10), the
computations in [5, p. 385] show that both can be bounded above by a function which
exponentially decreases to zero as 7 — 0o, namely,

nhoIT ( eT(nlogy—y+n)
([ L) v
1—e (n 1)/n

M\»—l

(5.10) Ji(n, ) =

(5.11) < ( n_gﬂ_n(l — nl/”)e”(llogn)) FEeTn/e
n 1/n
¢ 1 —rgs(1—c)
(5']‘2) + < _— T2e¢ g3
V2 (1 —e)n

for all sufficiently large 7, where! g3(y) := (nlogn —n) — (nlogy — y).

For the remaining integral in (5.10) we again follow [5], as modified by [7]. With-
out any change to what was done in those papers, an application of Laplace’s method
[9, Chap. 3] results in the following, valid when 7 — oo,

5.13 Ty [0 ertrlosvmutn) 1 o(1)r
1 2 _ -1
(5.13) Nzl / R e I A S ey ()7

This completes the proof of the lemma. O
LEMMA 11. For each fized n € (0,00) \ {1}, the following holds:

Jo(n,7) = O)7 0,1y (n) + aa(n, 7),

as T — 00, and as(n, ) — 0 beyond all orders.

Proof. The proof is exactly equal to that of Lemma 10, with the exception that
now all the terms will be multiplied by %57"71) + O(772). Hence the result imme-
diately follows. |

LEMMA 12. For each fized n € (0,00) \ {1}, the following holds:

Ia.7) = (0=1) (1= 3) sy o = (1 o)y ) + a7,

I This notation was employed in [5, 7] and is maintained here for the readers convenience.
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as T — 0o, and az(n, ) — 0 beyond all orders.

Proof. The proof of this lemma follows the steps taken in the proof of Lemma 10
with the function inside the integral now containing the additional multiplicative
factor

0= === ) S o (112) a7

As before, the cases n > 1 and n € (0, 1) need to be treated separately, and the
last one requires the splitting of the integral into three terms, two of them dealing
with regions near the boundary. Since W — 0 as 7 — oo, the asymptotically
exponentially small bounds when 7 — oo obtained in the proof of Lemma 10 for the
cases 1) > 1, and for the “boundary integrals” [; and f11_5 in the case n € (0, 1), still
hold in the present case.

Thus, we are left with estimating the integral fal_s, which can again be done
by Laplace’s method exactly as before, giving the same result as (5.13) with the

additional multiplicative factor %. This completes the proof. d

LEMMA 13. For each fized n € (0,00) \ {1}, the following holds:

a1.7) = OB L) + . 7,

as T — 00, and ay(n, ) — 0 beyond all orders.

Proof. The proof of this lemma is related to that of Lemma 12, as the proof of
Lemma 11 is to that of Lemma 10: the expressions of the corresponding Jj, differ by
the factor %ﬁ;ﬁ_l) + O(772), which entails the result. 0

Putting together the results in Lemmas 10-13 we conclude the proof of Theorem 2
in the case of monomeric initial data, that is: when ¢;(0) = 0 for all j > n, and the
only initial component potentially nonzero is ¢1(0).

Let us now consider the case when the initial data is nonzero. More specifically,
we shall consider initial conditions satisfying the following assumption:

(H1) Jp1,p2 >0, p>1: Vj>n, jc;(0) € [p1, pal.

So, let us now consider the sum in the right-hand side of (2.5). We are interested
in studying the behavior of

n—1 J
(E) Tty
«

k=n

Ik

G—H)

e (0),

when j, 7 — +oo, with = j/7 # 1 fixed. As in [5, 7], we shall write v := n~!

and use 7 = jv in the above expression. We are then left with studying the limit, as
j — oo of

E "77:1 '"T_le*ju ! (j’/)jikc
(5.14) (%) " > G

Consider the cases v > 1 and v € (0, 1) separately.

When v > 1 the limit is easy to handle, giving an asymptotically exponentially
small contribution. In fact, the situation is entirely analogous to the one in [5, p. 387]:

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 03/28/16 to 193.136.196.140. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journal /ojsa.php

RATES OF CONVERGENCE TO SCALING PROFILES 1125

using the upper bound in (H1) and changing the summation variable k +— £ := j — k
in (5.14) we get

s - () R g AL
619 (F) TR e < ()T TS
. £=0 ’

k=n

and from here the computations in [5] apply almost verbatim since (5.15) with n = 2
reduces to the expression in [5]. The final result is the bound
(5.16)

n—1

n—1 ] . i—k
nv\ wo.n-1 _ (jv)? 1 NVN\ % 3 1 i1
— e - ek (0) < (—) 2Twe I rmlmlosr) () 4 o1
(%) T e < ram (T) (1+0(1))

as j — oo. Since v > 1, we have v — 1 — logr > 0, and thus the upper bound is
asymptotically exponentially small in the large 5 limit.

When v € (0,1) we again follow [5, p. 388]: again changing the summation
variable k +— £ := j — k and using the upper bound in (H1), we can choose a fixed § €
(yel‘”, min{ve, 1}) and split the sum into a “small” ¢ and a “large” ¢ contribution,

w6 ()" ()"
LA 2, W, 2 T

0<e<pj Bi<t<j—n

The analysis of each of these terms proceeds exactly as in [5, p. 388], and concluding
that the contribution from the “large” ¢ is asymptotically exponentially small when
j — o0, and the one due to the “small” ¢ sum being bounded above by

17 T ()

where we have used the fact that jv = 7.

To complete the proof we need to obtain a lower bound for the limit of (5.14)
when j — co. Using the lower bound in (H1) and the same change of variable k + ¢
as above, it is easy to obtain the bound

n=1 ) . J Nk "T_l . ‘ i—n .
o1 ()T e 3 U0 (1) T S
. £=0 ’

k=n
Now write
J-n . g i\ j N
_ (jv) _ (jv) _ (jv)
Jv — Jv _ Jv
ey no° > n € Z n
=0 =0 l=j—n+1

Since v € (0,1), the first term in the right-hand side converges to 1 as j — oo (cf.,
e.g., [1, formula 6.5.34]). For the second term, the sum of which has n terms, a finite
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and fixed number independent of j, we have

i | | | |
=3 (J;)Z = e (U Gl e )

) ] 7t Goor TG G=nFD!
=j—n+1
(i)
:e—ﬂ”(j;) (1+%+Vi2 (1— %) o o (1+(9(j—1)))
(i)
:eﬂV%(1+§+§+---+V%) (1+03G™)
—juv (jl/)J —v" -
: 1 ) : —jv (Gv)? j(1—v+logv F—
Using Stirling’s expansion we have ¢~/ %) — ﬁeﬂl +ogv) (1 4 O(j71)). From

7!
. ; s N\NE
v € (0,1) it follows that 1 —v4logr < 0, and thus e 7" >27_. % converges to
zero exponentially fast as j — co. This implies that (5.18) can be written as

n—1 J

s19) ()T S US> o (1) TR o)

k=n

Hence, a lower bound for the limit of (5.14) as j — oo is

n—1

(5.20) pr () T (L o),

where we have used the fact that jv = 7. From (5.18) and (5.19) the term (1.4)
follows.
This concludes the proof of Theorem 2. d
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