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Abstract. The Kuramoto model (KM) of coupled phase oscillators on graphs provides the
most influential framework for studying collective dynamics and synchronization. It exhibits a rich
repertoire of dynamical regimes. Since the work of Strogatz and Mirollo [J. Stat. Phys., 63 (1991),
pp. 613-635], the mean field equation derived in the limit as the number of oscillators in the KM goes
to infinity has been the key to understanding a number of interesting effects, including the onset of
synchronization and chimera states. In this work, we study the mathematical basis of the mean field
equation as an approximation of the discrete KM. Specifically, we extend the Neunzert’s method
of rigorous justification of the mean field equation (cf. [H. Neunzert, Fluid Dyn. Trans., 9 (1978),
pp. 229-254]) to cover interacting dynamical systems on graphs. We then apply it to the KM on
convergent graph sequences with non-Lipschitz limit. This family of graphs includes many graphs
that are of interest in applications, e.g., nearest-neighbor and small-world graphs. The approaches
for justifying the mean field limit for the KM proposed previously in [C. Lancellotti, Transp. Theory
Statist. Phys., 34 (2005), pp. 523-535; H. Chiba and G. S. Medvedev, arXiv:1612.06493, 2016] do
not cover the non-Lipschitz case.
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1. Introduction. The Kuramoto model (KM) of coupled phase oscillators pro-
vides a useful framework for studying collective behavior in large ensembles of inter-
acting dynamical systems. It is derived from a weakly coupled system of nonlinear
oscillators, which are described by autonomous systems of ordinary differential equa-
tions possessing a stable limit cycle [8]. Originally, Kuramoto considered all-to-all
coupled systems, in which each oscillator interacts with all other oscillators in exactly
the same way. In this case, the KM has the following form:

, K<~ .
(1.1) un,i:wi—kz.z;sm(un,j —Up;+0a), i€n]:={12,...,n}
j:

Here, u,; : RT — S := R/27Z stands for the phase of oscillator i as a function of
time, w; is its intrinsic frequency, K is the coupling strength, and « is a parameter
defining the type of interactions.

Despite its simple form, the KM (1.1) features a rich repertoire of interesting
dynamical effects. For the purpose of this review, we mention the onset of synchro-
nization in (1.1) with randomly distributed intrinsic frequencies w; (Figure 1(a), (b))
(cf. [21]) and chimera states, interesting spatio-temporal patterns combining coherent
and incoherent behaviors [10, 1]. The mathematical analysis of these and many other
dynamical regimes uses the mean field equation, derived in the limit when the num-
ber of oscillators goes to infinity [22]. The mean field equation is a partial differential
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K<K KoK,

(a) ° (b)

F1G. 1. The distribution of the phase oscillators in the KM (1.1) for values of K below (a)
and above (b) the critical value K.. In the former plot, the distribution is approzimately uniform,
whereas the latter plot exhibits a pronounced cluster. The bold vectors depict the order parameter,
whose length reflects the degree of coherence. The random distribution of the oscillators shown in
these plots can be effectively analyzed with the mean field equation (1.18). In particular, the mean
field analysis determines the critical value K.

equation for the probability density describing the distribution of the phases on S.
We discuss the mean field equation in more detail below.

Recently, there has been a growing interest in the dynamics of coupled dynamical
systems on graphs [20]. In the KM on a graph, each oscillator is placed at a node of
an undirected graph T',, = (V(T',), E(T},)). Here, V(I';,) = [n] stands for the node
set of T',,, and E(T';,) denotes its edge set. The oscillator ¢ interacts only with the
oscillators at the adjacent nodes:

(1.2) Upi = w; + % Z‘Sin (Un,j — Un; + @), i€ [n],
Jijei
where j ~ 4 is a shorthand for {i,j} € E(T',).
Clearly, one can not expect limiting behavior of solutions of (1.2) as n — oo,
unless the graph sequence {T',,} is convergent in the appropriate sense. In the present
paper, we use the following construction of the convergent sequence {I',}. Let W

be a symmetric measurable function on the unit square I? := [0,1]%2. W is called a
graphon. It will be used to define the asymptotic behavior of {I';,}. Further, let

(1.3) Xn =A{Zn1:Tn2, - s Tnnt Tni=1/n, 1€ [n],
and

(1.4) Whij == n2/ W(x,y)drdy, In;:=[Tn,-1),Tns)s i, € [n].
Inﬂ‘, XI-,,W]‘

The weighted graph I';, = G(W, X,,) on n nodes is defined as follows. The vertex set
is V(T',,) = [n] and the edge set is

(1.5) E,) ={{i,j}: Wy, #0, i,j € [n]}.
Each edge {i,j} € E(I',) is supplied with the weight W,, ;;.!

IThere are several possible ways of defining the weights W), ;;,4,j € [n] (see Remark 3.5).
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The KM on T',, = G(W, X,,) has the following form:

(1.6) Up i = w; + - 2; Wi ijsin (U, j — un; + @), 1€ [n].
j:

For different W (1.6) implements the KM on a variety of simple and weighted graphs.
Moreover, it provides an effective approximation of the KM on random graphs. In-
deed, let T'), = G,.(X,,, W) be a random graph on n nodes, whose edge set is defined
as follows:

(1.7) P({i,j} € E(Tn)) = Waij,

assuming the range of W is [0,1]. The decision for each pair {7, j} is made indepen-
dently from the decisions on other pairs. T, = G (X, W) is called a W-random
graph [12].

The KM on the W-random graph T',, = G,.(X,,, W) has the form

n
(1.8) ’ljn’i = w; + Kn~! Z €n,ij Sin(amj — Up,; + Oé), 1€ [n],
j=1

where e, ;5,1 < i < j < n, are independent Bernoulli RVs,
P(en,ij = 1) = Wn,ijv

and e ;; = ep ji.
The following lemma shows that the deterministic model (1.6) approximates the
KM on the random graph T',, (1.8).

LEMMA 1.1. Let u,(t) and @,(t) denote solutions of the IVP for (1.6) and (1.8),
respectively. Suppose that the initial data for these problems coincide u,(0) = @,(0).
Then for any § € (0,1),

1.9 sup ||un(t) — U, (t < C’16CJ2T11714+(S P — almost surely (a.s.),
1,n Y
t€[0,T ’
where Cy and Cy are positive constants independent of n and T, up, = (u1, Uz, ..., Un),
Uy = (U1, T2, ..., Uy), and

n
—1 2
n E Ui
=1

is a discrete L?-norm.
Proof. See Appendix A. 1]

Example 1.2. A few examples are in order.
1. Let W(z,y) = p € (0,1). Then I, = G,(X,,, W) is an Erdés-Rényi graph
(Figure 2(a)).
2. Let

B 1—p, dg(?’ﬂx, 27ry) < 27h,
(1.11) Wyn(2,y) = { P otherwise,
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F1G. 2. The pizel pictures representing adjacency matrices of the Erdés—Rényi (a), small-world
(b), and nearest-neighbor (c) graphs.

where p, h € (0,1/2) are two parameters and
(1.12) ds(0,0") = min{|0 — 0'|,27 — |0 — 0’|}

is the distance on S. Then I'), = G,.(X,,, W, 3) is a W-small-world graph [17]
(Figure 2(b)).
3. Ty = G(X,, Wy 3,) is a | h~!|-nearest-neighbor graph (Figure 2(c)).
For more examples, we refer an interested reader to [3].

Remark 1.3. For simplicity, we restrict the presentation to the KM on dense
graphs. The KM on W-random graphs (1.8) easily extends to sparse graphs like
scale-free graphs. (See [9] for details.)

Below, we will focus on the deterministic model (1.6). All results for this model
can be extended to the KM on random graphs via Lemma 1.1. Furthermore, from
now on we will assume that all intrinsic frequencies in (1.6) are the same w; = w,
i € [n], and, thus, w can be set to 0 by switching to the rotating frame of coordinates.
Extending the analysis in the main part of this paper to models with distributed
frequencies w; is straightforward (see, e.g., [3]), but it complicates the presentation.
We will comment on the adjustments in the analysis that are necessary to cover the
distributed intrinsic frequencies case in section 4. Until then we consider the following
system of n coupled oscillators on T';, = G(W, X,,):

(1.13) i =170 WiigD(tnj = tns),
j=1
(1.14) U, i(0) = uy 5, i € [n],

where D is a Lipschitz continuous 2z-periodic function.
For the remainder of this section and in the next section, we assume W € L*°(I?).
Without loss of generality, we assume

(1.15) sup [Wi(z,y)| <1, max|D(u)| <1,
(z,y)eI? u€S
and
(1.16) |D(u) — D(v)| < |u—wv| Yu,v€S.
In addition, we assume that the graphon W satisfies the following condition:
(1.17) lim / W (z+6,y) — W(x,y)ldy=0 Vzel.
=0 Jr
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Having defined the KMs on deterministic and random graphs (1.6) and (1.8),
respectively, we will now turn to the mean field limit:

(1.18) %p(t, u, ) + % {V(t,u,2)p(t,u, )} =0,
where
(1.19) Vt,u,z) = /I/SW(a:,y)D(U —u)p(t,v,y)dvdy.

The initial condition
(1.20) p(0,u, ) = p°(u,x) € L*(G), G :=S x I,

is a probability density function on S for x € I almost everywhere (a.e.), i.e., pg > 0
and

(1.21) /po(u,x)du =1 z€lae
S

In the continuum limit as n — oo, the nodes of I';, fill out I. Thus, heuristically,
p(t,u,x) in (1.18) stands for the density of the probability distribution of the phase
of the oscillator at € I on S at time ¢ > 0. As we will see below, this probability
distribution is indeed continuous for ¢ > 0, provided that the initial conditions for the
discrete problem (1.13), (1.14) converge weakly to the probability distribution with
density (1.20). In fact, in [3] it is shown that in this case, the empirical measure on
the Borel subsets of G,

(1.22) pr(A) =n"t Z 14 ((uni(t), zni)), A€ B(G),

converges weakly to the absolutely continuous measure

(1.23) ut(A)://Ap(t,u,x)dudx, A € B(G).

The analysis in [3], which extends the analysis of the all-to-all coupled KM (1.1)
by Lancellotti [11], relies on the Lipschitz continuity of . This is the essential
assumption of the Neunzert’s fixed point argument that lies at the heart of the method
used in [11, 3]. This puts the KM on such common graphs as the small-world and
k-nearest-neighbor ones out of the scope of applications of [3] (see Example 1.2). Tt
is the goal of the present paper to fill this gap. Specifically, we extend the Neunzert’s
method to the KM on convergent families of graphs with non-Lipschitz limits. Our
results apply to a general model of n interacting particles on a graph (cf. [7]). However,
for concreteness and in view of the diverse applications of the KM, in this paper, we
present our method in the context of the KM of coupled phase oscillators.

The organization of this paper is as follows. In the next section, we revise the
Neunzert’s fixed point theory to adapt it to the KM on convergent graph sequences.
This includes a careful choice of the underlying metric space in subsection 2.1, setting
up the fixed point equation in subsection 2.2, proving the existence and uniqueness of a
solution of the fixed point equation in section 2, and showing continuous dependence
on the initial data in subsection 2.4 and on the graphon W in subsection 2.5. In
section 3, we apply the fixed point theory to the KM on graphs. To this end, we first
apply it to an auxiliary problem and then show that this problem approximates the
original KM on graphs. We conclude with a brief discussion of our results in section 4.
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2. The fixed point equation. In this section, we extend Neunzert’s fixed point
method, so that it can be used for the analysis of the IVP for the mean field equation
(1.18), (1.19) with non-Lipschitz kernel W.

2.1. The metric space. Let M denote the space of Borel probability measures
on S. The bounded Lipschitz distance on M is given by

(2.1) d(p,n) = sup
fec

/S £(0) (da(v) — dn(v)|

where £ stands for the class of Lipschitz continuous functions on S with Lipschitz
constant at most 1 (cf. [4]). (M,d) is a complete metric space.
Consider the set of measurable M-valued functions? ji : x + u* € M

M= {p: T M}.

Equip M with the metric
(22) ) = [ a7 da.

LEMMA 2.1. (M, d) is a complete metric space.

Proof. Since d is a metric, it is straightforward that d is a metric as well. In order
to prove the completeness of (M, d), take a Cauchy sequence {fi,,} in M. Then there
is an increasing sequence of indices ny such that

_ . . 1
d(unkvunk+1) = /Id(uflk’ﬂflk:+1) dr < W7 k= 1727“'-

By Levi’s theorem, the series

o0
>od (g, ons,)
k=1

converges for a.e. z € I to some measurable function f(z), and

g/jd(uik,uikﬂ) dx:/lf(x) dz.

Since, for every ¢, with j > 1,

Jj—1
d (uii,uﬁj> <>d (uik,uiw) ;

k=1

the sequence {y5,, } is Cauchy for a.e. x € I. Since the metric space (M, d) is complete,
there exists the limit
pt = lim py | ae z €l
k—o0 ’

Extending the definition of p* in an arbitrary way to all of I, we obtain a function
a={u*}: I - M

20 : I — M is called measurable if the preimage of an open set in M is a Lebesgue measurable
subset of 1.
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which is measurable as an a.e. pointwise limit of measurable functions. Thus ji € M.
Next, for every ¢, j with j > i, we have

Tin, fin,) =/Id(uii,uij)dngljid(uﬁk,uﬁikﬂ)dw:g/ld(uﬁk,uﬁm)dx
k=i k=i
< ;/,d (uﬁk,uf;W) da < %

We also have that, for all j > i, d(uy, , py ) < f(2) a.e. ¢ € I and the function f is
Lebesque integrable on I. By the Lebesque dominated convergence theorem, letting
J — 00, we obtain that

d(fin,, 1) = /Id(uiii,/f”) dx =/ lim d(um,um) dx

]—>OO

1
lim [ d (Mf”,pjﬁj) dr < = — 0,
I

j—o00 20

as ¢ — 00. Since the subsequence {fin, } of the Cauchy sequence {fi,} converges to i
in M, we conclude that the sequence {ji,,} converges to ji as well. Thus (M,d) is a
complete metric space. 0

Let T > 0 be arbitrary but fixed and denote 7 = [0,7]. We define My =
C(T, M), the space of continuous M-valued functions.
For any a > 0, the following is a metric on M

(2.3) da(i., 7.) = supe~*d(fie, 71) = sup e~ / d( V7 de.
teT teT I

2.2. The equation of characteristics. Recall that 7 := [0,7], where T > 0
is arbitrary but fixed. For a given f, € My, consider the following equation of
characteristics

(2.4) %u = VW, 5](u,z,t),

where
(2.5) VW, i ](u, z,t) /W:vy{/Dvu )}dy

LEMMA 2.2. For every fi. € My, VIW,i](u,z,t) is Lipschitz continuous in u
and continuous in x and t.

Proof. The proof follows from the following estimates. First, using (1.15) and
(1.16), we have

VW, ) (w2, 8) — VW, )0, 2, 1)
/ny/ D(w — u) — D(w — v)) dyif (w)dy
< / W ()] /S |D(w — w) — D(w — )| dy (w)dy

<lu—v| YuveS, zel teT.
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Using the bound on D (cf. (1.15)), we obtain
VIW, (s ,8) — VIW, ], 2, )

(W) - W) /vau (0)dy

(2.6) y
/\W 5.9) <z7y>|/S|D<v—u>|du-t<v>dy
§/\W(m,y)—W(z,y)|dy YueS, z,zel, teT.
I

The continuity of V[W, ] in = follows from (2.6) and (1.17).
Finally,

VW, 5.) (s, ) — VIW, ) (s, 8)|
= [ [ D= ()—dué’(v))dy‘
/|ny\/Dv—u W) - dus())‘dy

< / W ()| d(i 12y
< d(fa, fis)- 0

Similarly to the derivation of the last inequality, we prove the following lemma.

LEMMA 2.3.

(27) ‘V[VVa ﬂ_](u,x,t) - V[I/Vv D_](u,x,t)\ < d(/_j'ta ljt) vﬁ~717~ € MT~

Consider the initial value problem (IVP) for (2.4) subject to the initial condition
at time s € T, u(s) = us. By Lemma 2.2, for every x € I and us € S, there exists a
unique solution of the IVP for (2.4). Since V[W, i ](u,x,t) is uniformly Lipschitz in
u, u(t) can be extended to ¢ € 7. Thus, the equation of characteristics (2.4) generates
the flow on S :

(2.8) T W, i Jus = u(t), t,s € T,us €S.

For every z € I, T}, [W,i],t,s € T, is a two-parameter family of one-to-one trans-
formations of S to itself depending continuously on x:

T W] =id, (TEWp)~™" = T2,W, ).

2.3. Existence of solution of the fixed point equation. In the remainder
of this section, we will study the following fixed point equation. For a given fig € M,
consider the pushforward measure

(2.9) fir = fig o To [W, ] VteT,
which is interpreted as
(2.10) pi =pp o To (W] ae xel, andteT.

First, we address existence and uniqueness of solution of (2.9).
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THEOREM 2.4. For every jig € M, the fized point equation (2.9) has a unique
solution . € M.

For the proof of Theorem 2.4, we will need a variant of the Gronwall’s inequality,
which we formulate below for convenience.

LEMMA 2.5. Let ¢(t) and a(t) be continuous functions on [0,T] and

(2.11) <A/¢> ds+B/ $)ds+C, tel0,T],

where A > 0. Then

(2.12) o(t) < et (B /Ot a(s)e™A%ds + (J) .

Proof. The proof is standard (see, e.g., [5]). |
Proof of Theorem 2.4. Given jig € M, consider A : My — M7 defined by

(2.13) AW, i ](t,x) = pg o Ty, W, 1], ae x€l.
Below we show that A is a contraction on (M7, d,) with a > 2. To this end,

d (AW, @ )(t,-), AW, 7](t,-))
= d(fip o To+[W, ji], fio © To,:[W, 7))

Zzﬂ%OKMVMw%ﬂMWﬁwx

(2.14) :/sup
IfeLl

:/sup

Ifec

dxr

/ﬂ@M%OHMMM@%d%OHmmeD

/f toW/«L})dﬂo /f toWW])dlio()d

The change of variables formula used in (2.14) is explained in [13, section 6.1]. Using
(2.4) and (2.7), we obtain

(2.15)
A(t)

- /I/S [T W, o = TEo[W, o] dp (v)de
g/ //|V[W,ﬂ.] (T W, v, 2, 8)) = VIW, 7] (T [W. 71.]v, 2, 5)) | dp (v)dwds
/ //|V NTEoW. i]v,z,8)) = VIW ] (T0[W, v, 2, 5)) | dp (v)dads

///|VW77 SoW v @, s)) = VIW, 7] (T W, 7.]v, x,5)) | dug (v)deds

/&us,ns ds—l—///‘TSTOWu v—Tg[W, ’dﬂo )dxds
/Jus,ns ds+/ A(s)ds.
0
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Using Gronwall’s inequality (cf. Lemma 2.5), from (2.15) we obtain

t
(2.16) At) < et/ d(fis,ns)e *ds.
0
Combining (2.14), (2.15), and (2.16), we have
t
(2.17) (AW, )t ), AV, 7)(t,)) < ' / Al 7)™ ds
and

da (A[W ﬂ](tv ')7 A[W "7] (t7 )) = §2$ {e_atd(A[W7 /7'] (t> ')7 A[VVv ﬁ](t7 ))}

t
Ssupe_(a_l)t/ CZ(/TL&’/?S)e_SdS
(2.18) teT 0

t
<d, (ﬂ;ﬁ) e—(a—l)t/ e(a—l)sds
0

< (a=1)""da (fi,7.)-

We conclude the proof with using the contraction mapping principle to establish a
unique solution of (2.9). O

2.4. Continuous dependence on initial data.

LEMMA 2.6. Let ji 7). € M be two solutions of (2.9) corresponding to initial
conditions fig, o € M, respectively. Then

(2.19) sup d(fig, ;) < €27 d(fio, 7o)
teT

Proof. For every t € T, by the triangle inequality, we have
(2.20)
d(fie, M) = d(fio © To[W, ], o © To, [W,11.])
< d(fio o To[W, ], fio © Toe[W,1.]) + d(fio © Tot[W, 1.}, 0 © To 1 [W,1.]).

Exactly in the same way as in (2.14), we estimate the first term on the right-hand
side of (2.20) as follows:

d(fio o To ¢ [W, ii.], fig © To,+[W, 7.])

(2.21) = /1 sup /S (F(T5 W, o) = F(T3 W, n o)) dii (v) | da

< /I/S|th,0[mﬂ‘]v—Tfo[W 7.Jv| dug (v)dz =: A(1).

Similarly, repeating the steps in (2.15)

(2.22) A(t) < /0 d(fis, 7s)ds + /0 A(s)ds.

Using Gronwall’s inequality, from (2.22) we obtain

(2.23) At) < et/o d(fis,ns)e *ds.
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Next, we turn to the second term on the right-hand side of (2.20):

d(jio © To e [W,7.], 70 © To «[W, 71.])

= [ sun| [ 1@ o T W.1)0) = [ F(odang o Ty W )(0)| d
(2.24) e
:/SUP /f toWﬂ v)dug (v /f toWn])dno()d
I1feL
< d(fio, 7o)-
The combination of (2.20), (2.21), (2.23), and (2.24) yields
t
(2.25) ) < e [ d(um)eds+ dlo. ).
0
Denote ¢(t) := d(fi,7:)e~" and rewrite (2.25) as
t
0= [ os)ds + ¢ dla. ) = 0(0).
0
Next,
' (t) = o(t) — e~"d(fio, 7o
< (t) — e~"d(jao, 7o)
< ()
Further,
d —S —S / —S8
(2:26) G i)} = e (s) - () <0
and, thus, -
o(t) < () < e'y(0) = e'd(fio, 7o)
Recalling, the definition of ¢(t), we arrive at
(2:27) d(fu, ) < €*d(fio. 7o), teT,
from which (2.19) follows. a0

2.5. Continuous dependence on the kernel. In this subsection, we study
how the solution of the fixed point equation (2.9) changes under the perturbation of
the kernel W. To this end, let W and U be two bounded measurable functions on I?
satisfying (1.17). Then for a given pug € M each of the fixed point equations

(2.28) A = fio © To+[W, ],
(2.29) Uy = fig 0 To[U, 7]

has a unique solution in M+, which we denote by pi; and 74, respectively.

LEMMA 2.7.

(2.30) sup d(fig, ;) < 2T |W = Ul 1 (r2).-
teT
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Proof. We proceed along the lines of the proof of Lemma 2.6. Replicating the
steps in (2.14), we derive

(2.31) (i, 7)) < /I /S T80 (W, o — T [U, 2. Jo| dut de = A(2).

Further,

(2.32)

) (T2 (W, ), 2, 8) — VU, 2] (TE6[U, 5Jv, 2, 8) } ds| d& (v)dz

///’V H(TEoW, vz, s) = VIW, 2] (T W, i ]v, z, 5) | dpg (v)dzds
///{V (T W v, 2, 5) = VU, 2] (T3[W. v, 2, 5) | dpsg (v) davdls

//’VUU T W, v, @, s) = VU, 0] (T75[U, v Jv, 2, s)| du§ (v)dads
=1 A1(t) + A2(t) + As(t).
We estimate the first term on the right-hand side of (2.32), using Lemma 2.3:

(2.33) M) < /0 ) ds.

For the second term, we have
< ///S [1W ) - e
(234 { 1Dt =z, 10} av2 ) b | d o) daas

t
< / W (z,y) — Ul(x,y)|drdyds,
0 12

where we used |D(u)| < 1 to get the latter inequality. Finally, to estimate the third
term, we use Lipschitz continuity of V[, -|(u, z,t) in u:

(2.35)  As(t) < /O /1 /S 720 (W, o — T2 [U, 2. Jo| dyi (v)deds = /O A(s)ds

Plugging (2.33)—(2.35) into (2.32), we obtain

(2.36) )\(t)g/o )\(s)ds—i—/o (d(fis, 7s) + |W = Ul 11 (12)) ds.

By Gronwall’s inequality (cf. Lemma 2.5),

t
(2.37) At) < et/ e ® (d(fis, 7s) + W = Ul 112y ds.
0

The combination of (2.31) and (2.37) yields

t
(2.38) d(jig, ) < et/o e (d(fis, 7s) + |W = Ul 1 (12)) ds.
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Denote ¢(t) := e~td(jis, ;) and rewrite (2.38) as

o0 < [ o) + W = Ul [ s
(2.39) 0 ’

t
< [ o)+ W = Ul
0
Using Lemma 2.5 again, we have
o(t) < e |W = Ul| L1 (r2)-
Recalling, the definition of ¢(t), we finally get

g(ﬂt7ﬂt) §€2t||W—UHL1([2). |:|

3. Application to coupled systems. In this section, we apply the fixed point
theory developed in the previous section to the proof of convergence of solutions of
the KM on graphs (1.2).

3.1. The initial value problem. We begin by addressing the well-posedness
of the IVP for (1.18), i.e., review the notion of the weak solution of the mean field
equation (1.18) and then prove the existence and uniqueness of the weak solution
of the IVP (1.18)—(1.20). The following definition of the weak solution of (1.18) is
adapted from [19].

DEFINITION 3.1. A measurable function p: T x G — R is called a weak solution
of (1.18)—(1.20) if the following conditions hold a.e. x € I.
1. p(t,u,x) is weakly continuous in t € T, ie., t — fs p(t,u, ) f(u)du is a
continuous map for every f € C(S).
2. The following identity holds

N /OT {/Sp(t,u,a?) <§tw(t,u) + V(t,u,:r)aiw(t’u)) du} it
| + /Sw(07u),00(u,w)du =0

for every w € CY(T x S) with support in (0,T] x S.

THEOREM 3.2. Suppose W € L(I?) satisfies (1.17) and po € L*(G). Then there
is a unique weak solution to the IVP (1.18)—(1.20).

Proof. Recall that Ty, := T¢,[W, ] is the flow generated by the equation of
characteristics (2.4) on S (see (2.8)). By Theorem 2.4, for u&, a family of measures on
(S, B(S)) with densities po(+, x), there is a unique solution of the fixed point equation
(2.9).

For a.e. x € I and t € T, T, is one-to-one and Lipschitz continuous. As an
absolutely continuous function, 77, is differentiable a.e. on S and has an essentially
bounded weak derivative. Using (2.10) and the change of variables formula for Lips-
chitz maps (cf. [6, Theorem 2, section 3.3.3]), we have

() = 15 0 T5,(A) = [ polusa)d
Té”tA
(3.2) |
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for any Borel A C S. In the last integral of (3.2), %T&tu is understood as a weak
derivative. Thus, for ¢ € T and a.e. x € I, uy is an absolutely continuous measure
with density

0
—Tgftu

(3.3) p(t,u,z) = po(T54u, ) ™

To show that p(t,u,x) is a weak solution of (1.18)—(1.20), as in the proof of [19,
Theorem 1], we set

0 0
(3.4) h = i + V(t,u, x)%w(t, u)

and compute
0
1 &tu

T T
| ottt unii= [ [ (pomzzu,m)
3.5) o Js o Js ' ou

_ /S po(u, ) < /O ! h(t,Tgfou)dt> du.

Further, using the chain rule and (3.4), we have

( h(t,u,x)) dudt

d . . e N
(3.6) %w(t, T ou) = Ovw(t, Tigu) + dyw(t, Ttvou)%Tt’ou

= O1w(t, Ty yu) + dow(t, T qu)V (t, u, x) = h(t, T ou, ),

where 05 > stand for the partial derivatives with respect to the first and second argu-
ment, respectively. The combination of (3.5) and (3.6) yields

/OT/Sp(t,u,x)h(uu,x)dudt = /Spo(u7x) (/OT h(t7Ttﬂf[)u)dt> .
/Spo(u,x) (/OT gtw(t’TffOU)du> dt

— /po(u,x)w(O,u)du. ad
s

3.2. Approximation. We continue by collecting several results on approxima-
tion, which will be used later in this section.

Let W € L?(I?) and consider a step function W,, : I — R, which on each cell
I, ; x I, ; is equal to the average value W, ;;, 1,7 € [n] (cf. (1.4)).

LEMMA 3.3. W,, = W a.e. and in L*(I?) as n — oo.
Proof. The proof can be found in [9, Lemma 5.3]. d

Let T';, = ([n], E(T'y,), W,,) be a weighted graph on n nodes. Here, [n] is the set
of vertices and

ETn) ={{i,j}: i,j € [n]}

is the edge set. Each edge {i,j} is equipped with a real weight W), ;;, the ijth entry
of the n x n weight matrix W,,.
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On I'), consider a coupled system:

n
(37) un,i =n! Z ijD(umj — un,i)7 1€ [n}
j=1
By u, = (unyl,un,g,...,un’n)T € R™ we denote a solution of the coupled system

(3.7). Along with (3.7), consider the coupled system on a weighted graph I, =
([n], E(T,,), W,,), whose solution is denoted by y,.

Recall the discrete L2-norm defined in (1.10). We will also need its analogue for
discretizations of functions on I

(38) ”WTIHQ,H = |n2 Z nv]

4,j=1

LEMMA 3.4 (see [3, Lemma 4.1]). Let u,(t) and 4,(t) denote solutions of the
IVPs for the coupled system (3.7) on weighted graphs T'y, = ([n], E(T'y), W,) and
T, = ([n], E(T'y), W,,), respectively. Suppose that the initial data for these problems
coincide
(3.9) un (0) = 1, (0).
Then for any T > 0,

(3.10) e (8) = n (0)] 1 < O

2.n

where C1 = vVTe5T > 0.

Remark 3.5. Note that (3.10) implies that the solutions of any two discrete models
(1.6) with weights given by W, and W,, will be close, provided that W,, and W,
converge to W in L2.

Let p(t,u,z) and g, (¢, u, x) denote the solutions of the IVP (1.18), (1.19) subject
to the initial conditions p°(u,z) and @9 (u, ), respectively. We assume that p°(u, )
and oY (u,r) are nonnegative functions from L!(G) satisfying (1.21). Denote the
measures generated by p(t,u,z) and o, (¢, u,x) by

(3.11) v (A) = / p(t,u,x)du and vy ,(A) :/ o(t,u,x)du, ze€l, AecB(S).
A A
LEMMA 3.6. Suppose for every u € S, ¢°(u,-) — p°(u,-) a.e. on I. Then

(3.12) lim sup d(7, Up ) = 0.

N0 teT

Proof. 7, and Uy, solve the fixed point equation (2.9) subject to the initial con-
ditions 7y and vy, o, respectively. By Lemma 2.6,

(3.13) sup d(ut,vn ) < eé? d(Dn,o, Un,0)-
teT

Thus, it remains to estimate d (7, Tn0). To this end, we consider

d(VOaUTLO /Isup /f 7Qn(v 1’)} dv

fec

(3.14) gﬂéWW@—ﬁmmmm

:/S/I|p0(v,x) fg%(v,x)’dxdv =: /S¢>n(v)dv

dx
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Recall that for every v € S, oY (v,-) = p%(v,-) a.e. Further, by (1.21) and the Fubini

theorem,
//Qg(vvw)dxdv://po(v,x)dxduz 1.
SJI SJI

By Scheffé’s lemma (cf. [24]), ¢, — 0 pointwise on S. Since

0< ) < / (e () + P, 7)) d,

I

the Lebesgue dominated convergence theorem yields [ ¢y (u)du — 0. |

3.3. The auxiliary problems. Our next goal is to establish convergence to
the mean field limit for an auxiliary discrete model. To this end, recall that W,, :
I? — [—1,1] is a step function taking constant value W, ;; on I, ; X I, ;, (i,7) € [n]?
(cf. (1.4)).

Suppose n € N is arbitrary but fixed. Let N = nm for some m € N and consider
a coupled system

(3.15) ON,(k—1)m+1l = Nt Z Z Wi ki D(UN (i—1ym+j = UN,(k—1)m+1)5

i=1 j=1
(3.16)  vN,(k—1)m+1(0) = ug’kl, k€ [n], I € [m],

where u® = (uj) ), (p,q) € [n] x N is a random array of initial conditions
0 0 0
Up 115 Upi12y  Up 13,
ud ul ud
(317) n,21» n,22 n,23»
0 0 0
un,nh U‘n,n27 un,nSa

Here, for every k € [n], u% wi»? € N, are independent identically distributed continuous
random variables. The density of the probability distribution of u?h i 18 given by

0 v)=n 0 u,r)axr.
(3.18) A 4(0) /Imp( 2)d

Thus, we have defined the probability measure on the measurable space (Q™ =
(R>)", F(m) = (B(R>))"). Denote the resultant probability space by (™, Fm), p{™).
Remark 3.7. Note that pgﬂk(u) is indeed a probability density function on S:

/pgk(u)du:n// pg(uw)dmdu:n/ /pg(u,x)dudx =1,
s SJ Ik IniJs

n,i

where we used the Fubini theorem and (1.21).

We are going to describe the solution of (3.15), (3.16) in terms of the local em-
pirical measures

m

(319) :Ll‘fL,m,t(A> = mil Z ]-A(UN,('L'—l)m-‘rj(t))ﬂ T < In,ia A € B(S)7 S [n]

j=1
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We will show that in the large m limit, the behavior of solutions of the discrete
model (3.15), (3.16) is effectively approximated by the IVP for the following integro-
differential equation,

0 0
(3.20) Epn(t, u,x) + Ju {Va(t,u, ) pp(t,u, )} =0,
where
(3.21) Vialtousa) = [ [ Walo.p)Dlu = v)pa(t,v,)dvdy,
1Js

and subject to the initial condition
n

(3.22) (0w, ) =y pl ()1, (@) = oy (u, ).
i=1

By Theorem 3.2, there is a unique weak solution of the IVP (3.20)—(3.22), which
defines a family of absolutely continuous measures on (S, B(S)):

(3.23) i 1 (A) = / pn(t,u,x)du, x €I, AeB(S).
A

THEOREM 3.8. There exists U™ € F), ]P’(()") U™) =1, such that

(3.24) sup J(/jn’m#t, fint) = 0, m — o0,
teT

for every u® € U™,
The proof of Theorem 3.8 follows from two lemmas, which we prove next.

LEMMA 3.9. The empirical measure fin, m. ¢ and the absolutely continuous measure
fin+ satisfy the following estimate:

(325) Su? d(ﬂn,m,ta /_lfn,t) < 62Td(,an,m,05 ,L_’fn,O)-
te

Proof. The proof follows from the fact that the empirical measure yy;, ,,, , and the
absolutely continuous measure py, , satisfy the fixed point equation

(3.26) pi = po oI5 [Wn,pi] ae xel

for fig := fin,m,0 and fig := [in 0, respectively.

For the continuous measures py, ; this follows from the proof of Theorem 3.2.
Thus, it remains to verify (3.26) for the discrete measures u, ,,, ;. Using (3.19), for
every x € I,, ,, we have

(3.27)
VWi, J(00,2) = [ W) { [ pe- u>duz,m,t<v>} dy

m

= Z/I Wo(z,y) { m™! ZD (UN,(¢71)m+j(t) — u) dy
i=1 n,i

Jj=1

= N7 0D WD (ow - yme (8) = u)

i=1 j=1
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The right-hand side of (3.27) with u := vy, (k—1)m+:i(t) yields the velocity field acting
on the oscillator ((k—1)m+1) of the discrete system (3.15). Therefore, by construction

of the empirical measure (3.19), for every z € I we have

T _ .z T —
Hny ot = Hpym,0 © TOJ[Wna Mn,mw]-

Finally, (3.25) follows from Lemma 2.6. d
LEMMA 3.10.
(3.28) lim_d(fin,m,0+ in,0) = 0 P\ -a.s.

Proof. Since u? ., and uZ o are constant on each I, ;, ¢ € [n],

n
J(:an,m,Oa lan,O) = Z/j d (/,L%m,(), M'ryL,O) dy
(3.29) =

n
=0 D d (e 1) -
i=1

Let ¢ € [n] be fixed. It is sufficient to show that

(3.30) lim d (ui’;,i,o, uf;di) =0.

m—o0

Suppose € > 0 is given and denote
(3.31) Am = {“0 e Q™ : sup |Mi77£,0(Rm) - Ni?di(Rz” > 6} J
r€R
where R, := (—o0, z]. By the Dvoretzky—Kiefer—-Wolfowitz inequality [14],

(3.32) P (Ap) < 2672

By the Borel-Cantelli lemma,

(3.33) P <1imsup Am> =0,

m—r oo
i.e., there exist m; = mj(e) and U, ]P’én) (U.) = 1, such that

(3.34) sup [ o (Be) = iy (R)| < e m >,

Tre
provided u® € U,. Define Uy = =, L{%. By continuity, IP’(()")(UO) = 1. For u° € Uy
and for every ¢ > 0 there exists m; € N such that (3.34) holds. Thus, for u° € Uy,

n,i

Nz%,o converges to Ni,o weakly as m — co. By [4, Theorem 11.3.3], this implies that
(3.30) holds for u® € Up. o

For the proof of our main result, we also need to consider the IVP for (3.20),
(3.21) with the initial condition

(335) pn(O,u,:r) = po(u,w).
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To distinguish the solution of the IVP with initial condition (3.35) from that with
(3.22), we denote it by p,(t,u,z). The solution of (3.20), (3.21), (3.35) generates
another family of absolutely continuous measures on (S, B(S)):

(3.36) Vn i (A) = / pn(t,u,x)du, xel, AecB(S).
A

The well-posedness of the initial value problems (3.20), (3.21), (3.35) and (1.18),
(1.20) on T is established via the same argument used for the auxiliary problem in
the proof of Theorem 3.8.

3.4. The main result. We now turn to the original model (1.13), (1.14). In
analogy to how it was done for the auxiliary problem in the previous subsection, for
given n,m € N and N = nm, we define the empirical measure

(3.37)  vE (A =m™ Y 14 (un-nyme (1), AEBES), x € Ii € [n],

j=1
where uy is the solution of the IVP (1.13), (1.14) subject to the initial condition
UN,(i—1)ym+j = Uy > (i,7) € [n] x [m] (cf. (3.17)). Likewise, 7 stands for the M-
valued function defined using the solution of the IVP for (1.18), (1.20):

(3.38) vi(A) = / p(t,u,x)du, A€ B(S), zel.
A

Our goal is to show that for large n,m € N, the continuous measure (3.38) approx-
imates the empirical measure (3.37), and, thus, describes the behavior of solutions of
the discrete model (1.13) with N = nm. This is achieved in the following theorem.

THEOREM 3.11. For a given € > 0 there exist ny = nyi(e) € N such that the
following holds. For any n > ny there exist U™ € F(), ]P’gn) (Z/l(")) =1, and my =
mq(e,n1) such that

(3.39) sup d(Vp,m,t, ) < €
teT
for every m > my and u® € U™,

Proof.
1. Recall that W, stands for the step function taking on each cell I, ; x I, ;,
i,7 € [n], the average value of W on this cell (cf. (1.4)). By Lemma 3.3,

3.40 dny, € N : Wo = W/lL22) < n > ns.
(I?)

€
8 (\/ TedT + eQT) 7
2. By Lemma 3.6,

dng: sup Ci(ﬂn,t, Unyt) <
teT

, T >ns.

B~

3. For the remainder of the proof, let n > ny := max{ng,ng} be arbitrary but

fixed.
4. By Theorem 3.8, there exist 4™ € F(), ]P’é") U™) =1, and my = my (e, ny)
such that
(3.41) Sup d(fin,m.t fint) < € Vm> m.
teT 4
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5. By Lemma 2.7 and (3.40),

(342) sup C?(ﬂt,ﬂn7t) < 62T||W Wn||L2(12 <
teT

Oo\m

6. We estimate

(3.43)
d(ﬁn,m,h Dn,m,t)

— T T
_/d(ﬂn,m,tvyn,m,t) dz
I
—1 Tn,i Ln,i
E :d:u‘nmtv nmt)

/f (dpn () — du (1)

=n! Zbup m~! Z (N, (i=1ym+5 () = F(un, = 1)m+5 (1))
j=1

<n S supm TS | Fnmmes () = Fun i ymes (1)
j=1

i—1 fE£

< (nm)_1 Z

NE

VN, (1= 1ym+5 (8) = UN, (= 1)+ (t)| .

Jj=1

Further, by the Schwarz inequality followed by the application of Lemma 3.4
and (3.40), we continue the string of estimates in (3.43) as follows:

N

(Z(ﬁn,m,ta ﬁn,m,t) S N71 Z |UN,j (t) —UN,j (t)‘
j=1
(3.44) TedT
< VTS (W = W22y + (IW = Wil 22)

<,

.

where we used (3.40) to derive the last inequality.
7. By combining the estimates in 1-6, we have
(3.45)
d<Dn,m,ta Vt) S d(Dn,m,h ﬂn,m,t) + d(ﬂn,m,t» ﬂn,t) +d(/jn7t7 Dn,t) + d(f/n,ta Dt) S €

uniformly in ¢t € 7. d

4. Discussion. The choice of the KM in this paper was motivated by its role
in the theory of synchronization [21] and analytical convenience. The analysis in the
previous sections can be naturally extended to other models. First, by extending
the phase space to include w it applies easily to the KM with distributed intrinsic
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frequencies (1.6). Specifically, let G = S x R be an extended phase space, Mg be
the space of Borel probability measures on G, i : x € I — u* € Mg be an Mg-
measurable function, and fi; : t € T — [} be a weakly continuous function. Then we
rewrite the equation of characteristics in the following form:

(4.1)

% (g) _ (¢+f1W(J:,Z/) {fs fRé?(v —u)dui’(v,/\)}dy) VW8] 6.2,

By assigning initial condition (u(0),¢(0)) = (u¥,w;), the right-hand side of the top
equation in (4.1) yields the velocity field acting on oscillator ¢ with the intrinsic
frequency w;. Since the newly added second component of the vector field in (4.1) is
trivial, all necessary estimates for VW, i ](u, ¢, z,t) are as before. With the equation
of characteristics (4.1) in hand, one can set up the fixed point equation and then
analyze it exactly in the same way as it was done in sections 2 and 3. We refer
an interested reader to [3], where the KM with distributed frequencies was analyzed
albeit for Lipschitz graph limits. More generally, our formalism allows us to deal with
coupled models like (1.6), for which the distributions of the initial data and parameters
may depend on a given oscillator. In conventional mean field models, initial data (and
parameters) are assumed to be independent and identically distributed (see, e.g., [7]).

Likewise, there are no principal difficulties in applying our analysis to other mod-
els of interacting dynamical systems on graphs, such as the Cucker-Smale model of
flocking [23, 18], consensus protocols [16], as well as neuronal networks [2]. The multi-
dimensionality of the phase space can be handled in the same way as explained above
for the KM with distributed frequencies. The treatment of the coupling term, the key
ingredient in the analysis, remains the same as in the present paper. On the other
hand, the weighted graph model, which we adopted in this paper (see (1.3)—(1.5)),
provides a simple unified treatment of interacting dynamical systems on a variety of
deterministic and random graphs, including Erdés—Rényi and small-world, and certain
approximations of power law graphs [15, 9].

Appendix A. Proof of Lemma 1.1. We will prove the proximity between
the solutions of the coupled systems on random and averaged deterministic graphs
for the following generalized KM:

1 n
Al .ni: n,is iat — anD n,j — Un,i)s € )
(A1) Un, f (i, w )+n; igD(Unj — uni), i€ [n]
and
. _ 1< _ _ .
(A.2) Un,i = ftni;wist) + = ) en,ijD(tng = tng), 1€ [n].

Jj=1

Here, f(u,w,t) is a Lipschitz continuous function in u and w € R” and continuous in
t; D is a 2m-periodic Lipschitz continuous function. Recall that e, ;;, 1 <i < j < n,
are Bernoulli random variables

(A3) P(emij = 1) = Wn,ij

and e, j; = €n,i;. Denote the Lipschitz constants of f and D by Ly and Lp, respec-
tively, and let L = max{Ly, Lp,1}. The proof below is a modification of the proof of
[3, Lemma 4.3]. (See also [9, Lemma 4.1].
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Denote ¢n; = Up,; — Un,;. By subtracting (A.2) from (A.1), multiplying the
result by n~'¢,, ;, and summing over i € [n], we obtain

(A 4)
s L ali
= nili(f(un,iku t)— f(un iy Wi, ))¢n i +n~? Z n,ij enﬂj)D(un,j - unz)¢nz
i=1 4,j=1
Iy

+ n72 Z €n,ij [D(un] Un,i) - D(ﬂn,j - an,l)] ¢n,i = Il + I27
4,j=1

I

where || - [|3,, is defined in (1.10).
Using Llpschitz continuity of D and the triangle inequality, we have

I < LD7172 Z (|¢n,z| + ‘d’n,j ) |¢n,1|

ij*l

(4.5) .
_ D
< LDTL 1Z¢7L’L T Z < 2LD||¢TL||1 nt

To estimate I, we will need the following definitions:

n
=0 iy ()i
i=1
an,ij(t) = D (Un,;(t) — Un,(t))
Mnyij = Whiij — €nij,

and Z, = (Zn1,Zn2,---,%nn). With these definitions in hand, we estimate I as
follows:

n
-1
n Z Zn7i¢n7i

i=1

(A6) || = Lyllnll3 , + < Lpllonllin+27" (120l 0+ l1nllf ) -

The combination of (A.4), (A.5), and (A.6) yields

d
(A7) Zlen@1T 0 < TLIGn IR0 + 120 @)1 0

Using the Gronwall’s inequality, we have

t
I6a(®)]20 < &7 (||¢n<o>||i,1 n / e”SnZn(s)ninds)

and

(A8) sup én(®)]2 < 77 (||¢n<o>||i,1 - e-”szn<s>||inds) .

te(0,T]
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Our next goal is to estimate [~ e~ 75| Z,(s)[|3,,ds. To this end, we will use the
following observations. Note that 7, s, and 7, ; are independent for k # [ and

(A.9) Enn,ij =E (Wi —enij) =0,
by (A.3).
By straightforward estimation (cf. [3, Lemma 4.3]), we have
(A.10) Ens ;<272 and E(n ;) <27%  (i,4) € [n]*.
Next,
o0 n
(All) / 677Lth,i(t)2dt = n72 Z CniklTn,ikTn,il,
0 k=1
where
o0
(A12) Cn,ikl :/ e_7Ltan’ik(t)am,l(t)dt and ‘cn,ikl| S (7L)_1 = Cl.
0

Further, from (A.11) and (A.12), we have

o0 n
(A.13) / TN Zu O3 ndt =07 Y coirinintin
0 ik,l=1
and, finally,
(A.14)
) 2 n
E (/ 677LtHZn (t)ﬁ,ndt) =n° Z C'n,iklcn,qu]E (nn,iknn,ilnn,jpnn,jq) .
0 ik,1g.p.a=1

We have six summation indices 4, k, [, j, p, ¢ ranging from 1 to n. Since En, ;r = 0
for i,k € [n], and RVs 7, ;x and n, jp are independent whenever {i,k} # {j,p}, the
nonzero terms on the right-hand side of (A.14) fall into two groups:

) 2 4
L: Ch,ikkn ik

IT: Cn,ikkcn,jppni,ikni,jp (i#j) or Ci,ikmz,mni,u (k#1).
There are n? terms of type I and 3n3(n — 1) terms of type II. Thus,

e 2
(A15) E </ e7Lt|Zn(t)||f’ndt> <Cin % (n®+3n*(n—1)) =0 (n?).
0
For a given € > 0 and arbitrary 0 < § < 1, define

. {‘/ TN Zu(5)IR udls| > } .
0

[e%s} %) 2 [e s}
(A16) D P(4,)<e?) E </ |Zn(t)|§ndt) =e 2y n 1) <0
n=1 0

n=1 n=1

By the Markov inequality and (A.15), we obtain
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By the Borel-Cantelli lemma,

n—oo

[ee} 2
(A.17) lim n6E</ e7Lt||Zn(t)||:{7ndt> =0, P-as.
0

The combination of (3.33) and (A.8) yields
(A.18)

—(1-5)
sup_n(t) = wn(®)ll1n < T (Jun(0) = @ (0)l10 +O (7)), Peas.

t€[0,T]
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