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Abstract

We investigate systems of interacting stochastic differential equations with two kinds of hetero-
geneity: one originating from different weights of the linkages, and one concerning their asymptotic
relevance when the system becomes large. To capture these effects we define a partial mean field sys-
tem, and prove a law of large numbers with explicit bounds on the mean squared error. Furthermore,
a large deviation result is established under reasonable assumptions. The theory will be illustrated
by several examples: on the one hand, we recover the classical results of chaos propagation for homo-
geneous systems, and on the other hand, we demonstrate the validity of our assumptions for quite
general heterogeneous networks including those arising from preferential attachment random graph
models.
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1 Introduction

The application of mean field theory to large systems of stochastic differential equations (SDEs) was
initiated by McKean’s seminal work [26, 27, 28]. In the classical case, an N-dimensional interacting
particle system is governed by SDEs of the form

dxN(t) = ﬁz (XY (t) - XN (@) dt+dBi(t), teRy,
J#i
XN0) = X;(0), i=1,...

3

N, (1.1)

with independent starting random variables X;(0) and independent Brownian motions B;. As the number
of particles increases, the pair dependencies in this coupled system decrease with order 1/N such that a
law of large numbers applies (see Theorem 1.4 of [34]). Defining

)

AXN (1) = ot S (BIXN (0] - XN (1) di +dBi(r), € Ry,
J#

XN(0) = X;(0), i=1,...

(2

IV, (1.2)

there exists for every T' € R a constant C(T') € Ry independent of N such that

1/2
¢ c(T)
sup E| sup [XN() - XN(@)? < —=. 1.3
i=1,...,N tG[O,T]‘ (¥ ) vN (13)

In other words, in a large system, the behaviour of a fixed number of particles evolving according to (1.1)
is well described by the so-called mean field system (1.2), where all stochastic processes are stochastically
independent, a phenomenon that is called propagation of chaos. Thus, mean field theory provides a model
simplification by reducing a many-body problem as in (1.1) to a one-body problem as in (1.2) with explicit
L?-estimates on the occurring error. Moreover, it can be shown that the empirical measure of the particles
satisfies a large deviation principle as N — oo, see [11, 25]. There exists a huge literature dealing with
this or related topics, and we only mention the review papers [20, 34], where one can also find further
references.

The systems (1.1) and (1.2) describe statistically equal or exchangeable particles: any permutation of
the indices i € {1,..., N} leads to a system with the same distribution (cf. [37]). In particle physics such
an assumption is certainly reasonable and underlies many other similar models of mean field type, see
for example the two treatises [35, 36] for numerous examples.

However, when mean field models are considered in applications other than statistical mechanics, the
homogeneity assumption may not be appropriate in all situations. For instance, in [7, 22] the processes
(1.1) are used to model the wealth of trading agents in an economy, who are typically far from being equal
in their trading behaviour (there are “market makers” and others). Similarly, the stochastic Cucker-Smale
model that is considered in [1, 5] describes the “flocking” phenomenon of individuals. Also here it only
seems natural that one or several “leaders” may have a distinguished role, setting them apart from the
remaining system. Moreover, in systemic risk modelling the particles represent financial institutions that
interact with each other through mutual exposures, see [4, 18, 23] for some approaches in this direction.
The different players in the banking sector vary considerably in size and importance, which is obvious
from the fact that some banks were considered too big to fail during the financial crisis of 2007-08.
Further fields of applications where mean field theory is used for interacting particle systems include
genetic algorithms [14], neuron modelling (see [19] and references therein) and epidemics modelling [24].

Partly triggered by the examples in the previous paragraph, this research aims to investigate de-
viations from homogeneous systems to heterogeneous systems. First, we allow for different interaction
rates between pairs (instead of 1/(IN — 1) throughout), and second, we permit the subsistence of a core—
periphery structure in the mean field limit, that is, some particles may have a non-vanishing influence
even when the system becomes large. Another restriction we will relax in our analysis concerns the driv-
ing noises of the interacting SDEs: instead of independence we explicitly allow for different degrees of
dependence in the noise terms, even asymptotically. Until now there exists only a very small amount of
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literature that generalizes (1.1) in these directions: in [9, 23, 30, 31] the particles are divided into finitely
many groups within which they are homogeneous (and the number of members in both groups must tend
to infinity for the law of large numbers), and [8, 10], where one major agent exists and propagation of
chaos for the minor agents is considered conditioned on the major one. Other papers that consider general
heterogeneous systems include [13], where the propagation of chaos result is assumed, and [16, 17, 21],
where a law of large numbers for the empirical measure is proved under various conditions. Regarding
the last-mentioned papers, two aspects are worth commenting on. First, assuming that finitely many core
particles do exist in the system, their contribution to the empirical distribution becomes less and less
as N — oo although their impact may very well stay high. Thus, in this case the empirical distribution
may fail to describe the behaviour of the system as a whole. Second, whereas for homogeneous systems
the convergence of the empirical measure is equivalent to the existence of a mean field limit in the sense
of (1.3) (see e.g. Proposition 2.2(i) of [34]), this is no longer true for heterogeneous systems. For core
particles the left-hand side of (1.3) need not converge to 0 even if the empirical distribution converges,
say, to a deterministic limit. For example, in the case of [8, 10] with one core particle, an unconditional
propagation of chaos result does not hold for this particle without further assumptions (even if it does
for the periphery particles).

Due to the two aforementioned reasons, we will not work with the empirical distribution in this paper
but state and prove mean field limit theorems for the particles on the process level. In Section 2 we start by
introducing the precise interacting particle model we want to investigate. Then we define a corresponding
partial mean field model, for which we prove a law of large numbers type result (Theorem 3.1) with
explicit convergence rates in Section 3. It generalizes (1.3) by taking into account the different kinds
of heterogeneity due to varying pair interaction rates, a distinction between important/core and less
important/periphery pair relationships, and interdependencies between the driving noise terms.

The main difficulty here is to identify the correct rates that govern the distance between the original
system and the mean field approximation. As we will see, a total of twelve rates is required, each expressing
a connectivity property of the underlying interaction and correlation networks. This is inevitable in
contrast to [8, 10] where the stochastic dependencies among the particles are annihilated simply by
conditioning. In order to elucidate the meaning of each rate, we discuss three exemplary situations in
detail. In Section 3.1, in particular in Example 3.4, we show that in the quasi-homogeneous case all twelve
rates typically boil down to a single rate like in (1.3). In Section 3.2, we explain why the prerequisites
for Theorem 3.1 in the heterogeneous case are essentially sparsity assumptions on the particle network,
which are satisfied for instance if this network is generated from a preferential attachment mechanism,
see Section 3.3. In order to show the last statement, we have to derive the asymptotics of the maximal
in- and out-degrees of directed preferential attachment graphs, see Lemma 3.8. This result may be of
independent interest and generalizes that of [29] for undirected graphs.

The second main result of our paper is a large deviation principle for the difference X~ — X% which
is presented in Section 4 as Theorem 4.1. In contrast to homogeneous systems, where such a principle is
proved for the empirical measure (see [11, 25]), we work on the process level again and therefore need to
require the existence of all exponential moments. Furthermore, due to heterogeneity, we do not obtain an
explicit formula for the large deviation rate function, but a variational representation as Fenchel-Legendre
transform. The final Section 5 contains the proofs.

2 The model

Before we introduce the model we analyze in this paper, we list a number of notations that will be
employed throughout the paper.

R4 the set [0, 00) of positive real numbers;

[z] the largest integer smaller or equal to z € R;

N the natural numbers {1,2,...};

Ax the typical notation for a matrix A = (A4;;: 4,7 € N) € RN and a vector
x = (z;:4 € N) € RY, with all binary relations such as <, or operations
relying on them such as the absolute value | - | or taking the supremum being

understood componentwise when applied to matrices and vectors;
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) the transposition operator;

AB, Az, e? matrix—matrix and matrix—vector multiplication and the matrix exponential,
all defined in analogy to the finite-dimensional case, provided that the involved
series converge;

.y the entrywise product z.y = (2;y;: i € N) for 2,y € RY;

|Aloo, 7] 00 |Aloo 1= sUp;en D jen [Aij| and [z[o := sup;ey || for A € RN and z € RY;
|Alq |A|g := sup;ey |Asi| for matrices A;

A% the matrix A with all diagonal entries set to O;

1 the identity matrix in RN*N or R4*4 for some d € N;

Lr the space LP(Q,F,P), p € [1,00], endowed with the topology induced by

| X ||» := E[|X[P]'/?, and to be understood entrywise when applied to matrix-
or vector-valued random variables;
E[X], Var[X] componentwise expectation and variance for random variables in RN or RN;
Cov[X,Y],Cov[X]  the matrices whose (ij)-th entry is Cov[X;,Y;] and Cov[X;, X;], respectively,
when X and Y are random vectors;

x* z*(t) 1= supy¢(o 4 |2(s)| for t € Ry and functions z: Ry — R, again considered
entrywise when z takes values in RNVN or RY;

D4 D the space of R%valued (resp. RN-valued) functions on [0, 7] whose coordinates
are all cadlag functions;

Cl,Cx elements of D% and DS where each coordinate is a continuous function;

AC%,AC%O elements of D% and D7 where each coordinate is an absolutely continuous
function;

Da., D the o-field on D% (resp. D°) generated by the evaluation maps m;(x) = x(t),
x € D& (resp. D), for t € [0, T7;

U, J1 the uniform topology and the Skorokhod topology on D% and D (in the latter
case they are defined via the product of the d-dimensional topologies);

Mg the space of all (61, ...,604) where each 6; is a signed Borel measure on [0, 7] of

finite total variation |6;|([0,7T])

Given a stochastic basis (2, F,F = (F(t)):er, ,P) satisfying the usual hypotheses of completeness and
right-continuity, we investigate a network described by the following interacting particle system (IPS):

dX;(t) = i a; (£)X;(t) dt + i 0i; (1) X;(t—) dLi(t) + i fij () dB;(t)
+§:pij(t) de(t), t€R+, 1 €N, (21)

subjected to some JF(0)-measurable RN-valued initial condition X (0). We will also use the more compact
form

dX(t) =a®)X(t)dt + o(t) X (t—).dL(t) + f(t) dB(t) + p(t) dM (¢), te€ R4, (2.2)
for (2.1). The ingredients satisfy the following conditions:

e The two measurable functions ¢ + a(t) and t — o(t) are decomposed into a = a® + o and
o0 =0+ oF such that for all T € Ry and i,j € N

A3(T) := sup |ag;(t)] < oo, Xi(T):= sup |of;(t)| <oo, <€ {C,P}. (2.3)
te[0,T) t€[0,T7]

We define A;;(T) := AZ(T) + A} (T) and £;(T) := £5(T) + S5(T).

e L is an R-valued F-Lévy process (i.e. an F-adapted Lévy process whose increments are independent
of the past o-fields in F) with finite second moment and mean 0.
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e M is an RN-valued square-integrable martingale on any finite time interval, and B is an RN-valued
predictable process such that each coordinate process is of locally finite variation. We assume that
B and the predictable quadratic variation process (M, M) have progressively measurable Lebesgue
densities b: Q2 x Ry — RY and ¢: Q x Ry, — RVXN,

e f is the sum of two deterministic measurable functions f€, ff: R, — R¥*N and p the sum of two
predictable processes p©, p¥: Q x Ry — RVXN,

Of course, the stochastic integrals behind (2.2) must make sense: each single integral must be well
defined and the infinite sums must converge in an appropriate sense. A sufficient condition for the existence
of the infinite-dimensional integral is the existence of the one-dimensional ones plus the summability of
their L?-norms.

Next, we shall explain the rationale behind the IPS model (2.2) and the specific choices for the involved
processes. By the definition given in (2.1), the processes (X;: i € N)’ are coupled in two ways in general:
first, they interact internally with each other through a drift term (determined by a) and a volatility
term (determined by ¢ in conjunction with L); and second, they are exposed to the same external forces
(given by B and M), where f and p determine the level of influence these noises have on the particles.
In particular, by tuning the parameters a, o, f and p appropriately, one obtains a large range of possible
dependence structures for the model (2.2).

The question this paper aims to attack is how and to which degree the complexity of the high-
dimensional IPS (2.2) can be reduced. Of course, if all entries of the matrices a, o, f and p are zero or
large, there is no hope in simplifying the model. Therefore, our focus lies on particle networks, where only
a small number of pairs have strong interaction, while the majority of links in the system are relatively
weak. This is implemented in the decomposition of a, o, f and p into a core matriz (superscript C) and
a periphery matriz part (superscript P). It is important to notice that our distinction between core and
periphery is not made on the basis of the particles, but on the linkages between them. This allows for
greater modelling flexibility since it includes multi-tier networks in our analysis.

In the presence of non-negligible pair interactions it is natural to apply the mean field limit only to the
links encoded by the periphery matrices. Therefore, we propose the following partial mean field system
(PMFS) as an approximation to the IPS (2.2):

AX(t) = (aC(t)X(t) n aP(t)]E[X(t)]) dt + (ac(t))‘((t—) + aP(t)JE[X(t)]) dL(t)
+ fE@bt) dt + fEOE[b(E)] dt + pC(t) dM(t), te Ry,
X(0) = X(0). (2.4)

Written for each row i € N, this is equivalent to:

)= (aSt +a(EWNWM+XXﬁ®&@ﬂ+%@M&MDMﬁ)

=1

+i( P (OE| )&+Z% (1), teR,,

Jj=1
X:(0) = X;(0). (2.5)

It is clear that a priori there is no reason for (2.4) to be a good approximation for (2.2). Therefore,
in the next section, we will give precise L?-estimates in terms of the model coefficients for the difference
between the IPS and the PMFS. Moreover, we will determine conditions under which this difference
becomes small such that we can indeed speak of a law of large numbers.
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3 Law of large numbers

The first main result of this paper assesses the distance between the original IPS (2.2) and the PMFS
(2.4). To formulate this we have to introduce some further notation. For T' € Ry we define

oo o0

va(T) := supz A (T), Va.a(T) := sup AS(T), 0o (T) := sup Z Xi;(T),
ieN = ‘€N ieN =
v, = sup |1 L:;(1)]| L2, vp(T) :=sup sup ||b;(¢)|| L2, vx = sup || X;(0)] 2,
‘ ieN te[0,7] ieN

vy(T) :=sup sup ZI t) -+ £ @)),

i€N ¢t€[0,T]
1/2

UPJV[(T) = S_up sup Z |E pz] pzk C]k | + |]E p’L] pzk( )C]k(t)” ’ (31)
i€N ¢t€[0,T]

and introduce the rates

n(r) = [ micoxolat@y [ = [sraicoxonet )],
(T = AP @coplan @] ) = [EP@cezaer @y
(@)= s [FOCpOIGTE)][ o) = s B PO @)]]
t€[0,T7] t€[0,T7] d
ro(T |AP AC( )< ’OO, rg(T) := ‘EP AC( ) ’OO,
r(T) = sup [ (@)]7%(s)Covlots), b (F0) 1A
5,t€[0,T d
no(T) = sup_ [P (D)%) Covlb(s), bl OIS @]
5,t€[0,T] d
(@)= sup [AFDERCOUECO)IAT D]
t€[0,T]
na(T) = sup_|SP(T)EC e )12 D)) (32)
t€[0,T)

Theorem 3.1. Fiz some T' € Ry and grant the general model assumptions as given in Section 2.
Furthermore, assume that each of the numbers in (3.1) is finite. Then (2.2) and (2.4) have a pathwise
unique solution X and X, respectively, and there exist constants K(T) and K,(T), v = 1,...,12, which
depend on the model coefficients only through the numbers in (3.1), such that

sup” (Xi — X)"(D)]|,» < (T)ZKL(T)TL(T). (3.3)

The proof of Theorem 3.1 will be given in Section 5. Compared to the homogeneous case of [34],
we have to take care of several kinds of heterogeneous dependencies in the system: different weights on
the edges, the distinction between core and periphery links, and possibly dependent driving noises. This
explains why we have twelve rates in contrast to a single one in (1.3).

Remark 3.2 Our calculations furnish the following constants in (3.3):

K(T) := V2exp((T?v4(T) + 20, (T)v)*T), (3.4)
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and
K{(T) := E(T)T, Ky(T) := 2u, E(T)TY?,
K3(T) := gE(T)vU(T)V(T)T?’/?, Ky(T) := V2v, E(T)v, (T)V(T)T,
K5(T) =T, Ko(T) := 2T/,
K:(T) := %E(T)V(T)T2, Ks(T) : %ULE(T)V(T)
Ko(T) := %E(T)TQ, Kio(T) : leE(T)T?’/Q,
K (T) = gE(T)T?’/?, Kio(T) := V2u, E(T)T,
where

E(T) = e*aD)| V(T := y/26(va(DT 420000 (T)*T (vX + v (T)op(T)T + zvp,M(T)TW) .
O

Remark 3.3 There are several possibilities to extend Theorem 3.1 without substantially new arguments.

(1) Tt is straightforward to show that Theorem 3.1 can be extended to the case where the interaction
matrices a and o are replaced by (still deterministic but possibly history-dependent) linear function-
als.

(2) Suppose that L = I'L? with some matrix I' € R"™N and some other Lévy process L° with finite
variance and mean zero. Furthermore, I' = T'C + T'" and accordingly L¢ = I'°L° and LY = I'P LY.
What one would like to do when passing to the PMFS (2.4) is to replace L there by LC. How does
this affect the estimate (3.3) in Theorem 3.17 A similar analysis as for Theorem 3.1 reveals that an

extra rate 12
rig := | Cov[L(TTY'|
appears with constant K3 := 2v,(T)V (T)T*/2.
(3) Two further generalizations are discussed in Remark 3.5 and Remark 3.7 below. O

It is obvious that the usefulness of Theorem 3.1 depends on the sizes of the rates in (3.2): only if they
are small, the PMFS (2.4) is a good approximation to the IPS (2.2). Moreover, there are two different
views on Theorem 3.1: first, if we assume that the underlying network of the IPS is static, it gives an upper
bound on the L2-error when the IPS is approximated by the PMFS; and second, if the interaction network
(i.e. a, o, f and p) is assumed to evolve according to an index N € N, Theorem 3.1 gives conditions under
which the PMFS converges in the L?-sense to the IPS when N — oo (this happens precisely when all
rates in (3.2) converge to 0 as N — oo, and the numbers in (3.1) are majorized independently of N). It
is also this second point of view that is the traditional one in mean field analysis and that justifies the
title “Law of large numbers” for the current section.

In the following subsections we will study three examples of dynamical networks and the corresponding
conditions for the law of large numbers to hold for the PMFS.

3.1 Propagation of chaos

We first discuss the phenomenon of chaos propagation, and our results will particularly extend the results
of [18], Section 17.3, [23], Corollary 4.1, and [34], Theorem 1.4 by including inhomogeneous weights in
the model. The setting is as follows:

(1) The underlying network changes with N € N. In particular, we will index X and X, the coefficients
a, o, f and p as well as the rates in (3.2) by N.



Partial mean field limits in heterogeneous networks 8

(2) All structural assumptions in Section 2 hold and the numbers in (3.1), some of which now depend on
N, are uniformly bounded in N.

(3) The core matrices a™¥>(t), o€ (t), fNC(t) and pN:C(t) are diagonal matrices for all times t € R,

(4) For each N € N, (L;,b;, M, pg’c, XN(0): i € N) is a sequence of independent random elements (note
that the noises indexed by a fixed 7 may depend on each other).

(5) For each T € R, the following rates converge to 0 as N — oo:

1/2 1/2
NP N
rN(T) := sup A , r T) :=sup sup E[( pl t 2eii(t ,
ieN g p’M( ) ieN te[0,T) Z J Ve (1)

1/2 1/2

N N,P 2 N NP2

7> (T) := sup 50T , re (T) :=sup sup £ (@)

(T) i= sup ;< ea) 7(T) = sup sup g< (t)

These hypotheses ensure that all pair dependencies between the processes X, i € N, vanish when
N — o0. As a result, in the PMFS, the independence of the particles ¢ at ¢ = 0 propagates through all
times t > 0: the PMFS decouples in contrast to the original IPS.

Example 3.4 In classical mean field theory as in the references mentioned in the introduction, the
N-th network consists of exactly N particles. In other words, a”, ZJ, f” , p” and XV(0) are all 0 for
1> N or j > N. Moreover, all pair interaction is assumed to be of order 1/N, that is, we have for each
TeRy

A (T) NP Y (T) .
N ) Zij (T) = Ta (23S N7 (35)
where A;;(T),%;;(T) € Ry are uniformly bounded in 4,5 € N. Furthermore, the driving noises are
supposed to be independent for different particles and to enter the PMFS completely. This means that
(3) and (4) hold and that fNF = pN:P = 0. It is easily shown that under these specifications the rates in
(5) above converge to 0 as N — oo: rf)\{M(T) and rffv(T) are simply 0, and r2 (T) and r2¥ (T') are of order

1/V/N as N — o0. a

AGT(T) =

We still need to show that under assumptions (1)-(5) above, all rates 7V (T), t = 1,...,12, converge
to 0 as N — oo. Since AN:C(T) is diagonal, we have AN:C(T)* = 0, and since the driving noises for
different particles are independent, all covariances (or covariations) vanish outside the diagonal. Thus,
we have

i (T) < vxry (1), ry (T) < vxrg (T), ry (T) < vpr (1),

ri (T) < wprg (T), ry (T) < v (T)rf (T), ro (T) =1 (1),

r7 (T) =0, ra (T) =0, 15 (T) < wp(T)vg(T)rg (T),
rio(T) < w(T)vg(T)ry (T), r(T) < vpu (T)rg (1), 15(T) < v, (g (T),

which all converge to 0 as N — oo by hypothesis. The following remark continues Remark 3.3 regarding
further generalizations of Theorem 3.1.

Remark 3.5 In the setting of this subsection there are actually no core relationships between different
particles: every pair interaction rate tends to 0 with large N. If we even assume that there is no dependence
at all originating from the noises (i.e. f¥'f = p™P = 0 above), the propagation of chaos result can easily
be extended to nonlinear Lipschitz interaction terms (suitably bounded in N) instead of the matrices
a”™ and oV. As a matter of fact, the classical method of [34], Theorem 1.4, can be applied with obvious
changes. |
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3.2 Sparse interaction versus sparse correlation

The propagation of chaos result in the last subsection was based on two core hypotheses: asymptotically
vanishing pair interaction rates and the independence of the particles’ driving noises. The motivation for
establishing Theorem 3.1, however, is to deal with situations where these two conditions are precisely not
satisfied, that is, when the coefficients a, o, f and p of (2.2) are decomposed into a core and a periphery
part in a non-trivial way. In fact, in this subsection we discuss a typical situation where the full generality
of Theorem 3.1 is required. Before that, we recall that we consider networks indexed by N € N, and that
we are interested in the cases when the rates in (3.2) vanish when N becomes large.

General assumptions

The following list of hypotheses describes the setting in this subsection.
(1) The statements (1) and (2) of Section 3.1 hold.
(2) M is an RN-valued F-Lévy process, implying that c;;(t) = Cov[M;(1), M;(1)]t.

(3) At stage N, the system consists of Ny + N particles with some fixed Ny € N, that is, we have
alN N = = XN (0) =0 as soon as i > No+ N or j > No + N.

_ _ N
ii = Oig = Jij = Pij
(4) C:={1,..., Ny} contains the core particles, PY := {Nog + 1,..., N} the periphery particles, whose
number increases with N. Correspondingly, a™'¢ and o™¥°C (resp. a™'F and o™¥'F) characterize the
influence of the core (resp. periphery) particles in the system. In other words, j € C implies that

STty =0T (t) =0foralli € N and ¢ € Ry, while j € PV implies a)y“(t) = o1, (t) = 0 for all

i #jand t € R,. We assume that the diagonals of a® and oV are completely contained in a™¢
N,C

o,

a
and
, respectively. It follows that the partitions of a™ and o can be illustrated as (omitting all zero
rows and columns, and using * for all potentially non-zero elements):

No N No N

* * |0 0 0 0| = *

N,C * * - 0 N,P 0 0 = *

a™"/ x| % 0 0 a™ /170 0 x x

o - ) O'N’P -
0 *

: s

* * |0 0 = 0 0| * * 0
(5) There is a finite number of systematic noises, namely By, ...By,, and My, ..., My,, for some fixed
Nyo € N independent of N, that are important to a large part of the system, and there are id-
iosyncratic noises Bn,,+i and Mp,,+; that only affect the specific particle ¢ € {1,..., N}. Thus, we

,

and pg’c(t) = f-]\-]’c(t) = 0 for the other values of j. Hence, fV and p~ are of the form

?

assume for all i = 1,..., N and t € Ry that pg’P(t) = fNP@)y=0forje{1,...,Noo} U {Noo + i}

Noo Noo+N Noo Noo+N
TR R 0 R I IR R :
N,C - . X . ) N,P - . .
P : 0 P : *
* x| 0 0 % 0 0] * * 0
(6) We have for all T € R
S (T) ST
AZELP(T) = ;%71\[’ EZJD(T) = ];71\[7 ) = 1a '7N7 (36)
A >
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where the rates RY, RN € R, satisfy

RY Ry

A 00, —= — 00,
VN VN
and the numbers ¢S (T), ¢} (T) € Ry satisfy

o(T) := sup (;SZ(T) < oo, Y(T):= sup w%l(T) < 0.
i,j, NEN i,j, NEN

as N — oo, (3.7)

Note that we always have ¢ (T) = ¥ (T) = 0.

(7) For different 4, j € N, the noises M; and M; as well as B; and B; are uncorrelated.

(8) The rates T}V(T) and TIJXM(T) from Section 3.1 converge to 0 as N — oo for all T € Ry.

(9) For each N € N, the initial values (XY (0): i € PV) are mutually uncorrelated.

Conditions (4) and (5) determine the core—periphery structure of the IPS. In practice, a fixed distinc-
tion between core and periphery particles is often not possible because a large number of particles may
be engaged in some strong and some weak linkages at the same time. As already pointed out, this does
not affect the applicability of Theorem 3.1, since the concept of core and periphery refers to the linkages
there. The choice of fixed core and periphery particles in this subsection is only a special case thereof, in-
tended to simplify the arguments below. Next, regarding (6), one can take RX , RIZV = N for concreteness,
which can then be compared with Section 3.1. Furthermore, let us point out that assumption (7) is only
for convenience (namely that f¥ and p" carry the whole correlation structure of the noises). Indeed, it
is always possible (under our second-moment conditions) to replace any stochastic integral p - M, where
M is a Lévy process, with an arbitrary correlation structure by p’ - M’ where M’ consists of mutually
uncorrelated Lévy processes (of course, (8) would change accordingly). Finally, if X~ (0) is independent of
the driving noises, (9) can be enforced simply by switching to the conditional distribution given X (0).

Under (1)—(9) it is easy to prove that the rates ri¥ (T), v (T), r¥(T) and r§’ (T) converge to 0 when
N — oo. For the latter two, this can be deduced in the same way as in Section 3.1 because the driving
noises of different particles are uncorrelated. For the other two, we use that the starting random variables
of periphery particles are assumed to be uncorrelated. Hence, we have by (3.7), as N — oo, that

1/2
() =sup | 30 (AST@PVarlxF 0] < oT)ex Y 0
¢ jePN A
’ 1/2
(@) =swp | T @MVl 0] < w(Tyx YN 0
‘ jePN ¥

However, the nine conditions above are in general not sufficient to imply the smallness of the other
rates in (3.2). We need to add extra hypotheses.

Sparseness assumptions

For each of the remaining rates, we further examine what type of conditions are needed to make them
asymptotically small. As we shall see, it is always a mixture of a sparseness condition on the interaction
matrices AV and £V and a sparseness condition on the correlation matrices fV and p".

r¥(T) and r{ (T): We first present a counterexample to show that we have to require further conditions.

Consider the simple case where L; = Ly for all i € N and that AZ’P(T) = 1/RY for all T € Ry and
i,5€{1,...,No+ N} with i # j. Then

N 2 1/2 v
r3 (T) = sup (> Cov|[L;(1), Li(1 =V —,
3 (1) o Z pi\{ [ J( ) k( )] LR]X

J,kePN\{i}
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which need not to converge to 0 in general. A similar calculation can be done for 7YY (T'). In order to make

the rates 7YY (T) and r}’(T) small, there are basically two options: we require the interaction matrices

ANP and VP to be sparse, or we require the correlation matrix of L to be sparse. Any other possibility
is a suitable combination of these two.

(10a) The noises (L;: i € PN) corresponding to periphery particles only have sparse correlation (which, in
particular, includes the case of mutual independence as in Section 3.1). More precisely, we require

1= #{(0,4) € PY x PN Cov[Li(1), L;(1)] # 0} = o((RX)* A (RF)?) (3.8)
for large N. Then

1/2 N
r¥ (@) =sup [ S ANT(T)ANT(T)Cov[L;(1), Li(1)] <¢<T>vL\/]fv>L%0,

€N\ jkepn
and, similarly, 7)Y (T) — 0 as N — oo.

(10b) The matrices AP (T) and ¥V-F(T), which describe the influence of periphery particles on the system,
are only sparsely occupied, in the sense that every particle in the system is only affected by a small
number of periphery particles. In mathematical terms this condition reads as

P (T) ==sup#{j € PV: ALV (T) # 0} = o(RY),

€N
Py (T) = sug#{j ePV: ¥ (T) #0} = o(RY). (3.9)
1€
In this case, we get
1/2 N
p
7 (1) = et > AT (MART(T)Cov[L; (1), Li(1)] < ¢(T)UL% -0,
1€ N

j,kePN

and similarly r (T') — 0 as N — oc.

rN(T) and r}’ (T): These two rates express the connectivity between core and periphery particles. In

general, they will be not become small with large V. For instance, if Ag’C(T) =1forall j € Candi# j,
and A" =1/RY for all j € PV and i # j, then

N
) = s 30 3 AN DAY = N
A

€N jepn kec

does not necessarily converge to 0. An analogous statement holds for Y (T). For v (T),r{¥(T) — 0

we have to require that the lower left block of A™:C, which describes the influence of core particles on
periphery particles, or the matrices A™NF(T) and X~:F(T), which describe the influence of periphery
particles on the system, be sparse (or a combination thereof):

(11a) The influence of core on periphery particles is sparse. In other words, we suppose for the maximal
number of periphery particles a single core particle interacts with through the drift:

PN, —sup#{zGPN AYC(T) # 0} = o(RY ARY). (3.10)
jec
Then,
N
NP N,C Paz2
= sup A (DA (T) < Nod(T)va(T) 5 — 0

as well as Y (T) — 0 as N — 0.
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’ an ’ are sparse in the sense of (3.9). Then r T — 0 follow similarly.
11b) ANP(T) and XNVP(T in th f (3.9). Then r(T),r{¥ (T 0 foll imilarl

& (T), r20(T), rN(T) and ri(T): Similar considerations as before show that these four rates do not
converge to 0 in general. Instead, we again need to require some mixture of sparsely correlated driving

noises and sparsely occupied matrices ANVF and $V:P:
(12a) We assume that for all T € Ry
pjcv(T) = sup #{iePV: fl-];-f’c Z0on [0,T]} = o(RY A RY), (3.11)
j€{1,....,Noo}
pY(T):= sup  #{ieP":pC #00n[0,T]} = o(RY ARY). (3.12)
je{l,...,Noo}

Then, recalling that the components of b and M are mutually uncorrelated,

Noo
rg'(T) = sup sup ( > D ANT@ALT D) |16 () Covlbis), o)

1€N s,t€[0,T] jkePN I=1
1/2
,C
+ Z (Agp ’f (Noo+1) )fJQ[NooJri)(t)COV[bN00+i(S)’bN"OH(t)]‘)
JjEPN

VNaopY (T) + VN

< STy (1) == o,

Noo
r(T) = sup sup ( o> AN mART(T ]Ep]l t)pﬁ’c(tﬂ\Var[Ml(l)]

€N te[0,T] heN =T
1/2
,C
+ Z ANP ’ [(PﬁNooﬂ)(t))?}‘Var[MNOOﬂ(l)])
JjEPN

< $(T)vp (T >ﬁp”]§ JEVN L,
A

and similarly r¥(T),r¥(T) — 0 as N — oo.

(12b) AN:2 and ¥V:2 are sparse in the sense of (3.9). Then one can deduce ¥ (T) — 0 for « = 9,10, 11,12
as before.

We conclude this subsection with two remarks.

Remark 3.6 In the sparseness conditions (3.8)—(3.12) it is not essential that the majority of entries
is exactly zero. As one can see from the definition of the rates (3.2), they depend continuously on
the underlying matrix entries. It suffices therefore that the matrix entries are small enough in a large
proportion. O

Remark 3.7 What can be said about Theorem 3.1 in the general case of nonlinear Lipschitz coefficients
a and ¥, apart from the special case discussed in Remark 3.5? In fact, a law of large numbers in the
fashion of Theorem 3.1 can still be shown, but under more stringent conditions: namely we have to require
condition (10b) above in addition, with AMF and S¥F now containing the Lipschitz constants of the
interaction terms. The reason is that (10b) suffices to make v (v € {3,4,7,...,12}) small. The remaining
four rates are unrelated to a” and o and therefore not affected by their nonlinear structure. It is
important to notice that conditions like (10a) and (12a) are no longer sufficient to make the corresponding
rates small. The reason is that they are conditions of correlation type. Since correlation is a linear measure
of dependence, it is not surprising that these conditions are not suitable for the nonlinear case. We do
not go into the details at this point. |
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3.3 Networks arising from preferential attachment

As demonstrated in the last subsection, the crucial criterion for the rates (3.2) in Theorem 3.1 to vanish
asymptotically with growing network size can be described as a combination of sparse interaction and
sparse correlation among the particles. Condition (3.9) plays a distinguished role here: when valid, it
implies that eight out of twelve rates in (3.2) are small. Moreover, it is the key factor for a nonlinear
generalization of Theorem 3.1 to hold or not; see Remark 3.7. The aim of this subsection is therefore to
find algorithms for the generation of the underlying networks such that the resulting interaction matrices
satisfy (3.9). We will assume that a™¥'¥'(t) = a™F and o™'*(t) = ¢™'F are independent of t € R, such
that also AN'F(t) and SVF(t) as well as plY | (t) and pg (t) (see (3.9) for their definitions) are independent
of t. Furthermore, we only concentrate on p%l as the analysis for pg is completely analogous.

We will base the creation of the IPS network on dynamical random graph mechanisms. Since we are
mainly interested in heterogeneous graphs, we will investigate the preferential attachment or scale-free
random graph [3]. There are many similar but different constructions of preferential attachment graphs;
in the following, we rely on the construction of [6] for directed graphs. We remark that the random graphs
to be constructed will be indexed by N, corresponding to a family of growing networks for the IPS. In
particular, “time” in the random graph process must not be confused with the time ¢ in the IPS (2.2);
the correct view is rather that the IPS network has been built from the random graphs before time ¢t = 0,
and, of course, independently of all random variables in (2.2).

The preferential attachment algorithm works as follows: we start with G(0) = (V, E(0)), a given graph
consisting of vertices V = N and edges F(0) = {ey,...,e,}, where v € N and e; stands for a directed edge
between two vertices. We allow for multiple edges and loops in our graphs. Without loss of generality,
we assume that the set of vertices in G(0) with at least one neighbour given by {1,...,n(0)} with some
n(0) € N. Furthermore, we fix a, 8,7 € Ry with a+ 8+ = 1 and o + v > 0 and two numbers
§in gout € Ry, For N € N we construct G(N) = (V, E(N)) from G(N — 1) according to the following
algorithm.

e With probability «, we create a new edge e,y from v = n(IN — 1) + 1 to a node w that is
already connected in G(N — 1). Here w is chosen randomly from {1,...,n(N — 1)} according to the
probability mass function

dév_p(w) + 0™
v+ N —1+§nn(N—1)’

we{l,...,n(N-1)},

where dZ(v) denotes the in-degree of vertex v in a graph G. We define n(N) :=n(N — 1) + 1 and
E(N):=E(N-1)U{e,+n}

e With probability 3, a new edge e,y is formed from some vertex v € {1,...,n(N — 1)} to some
w € {1,...,n(N—1)} (the case v = w is possible). Here v and w are chosen independently according
to the probability mass functions

d%u(qu) (v) + 0o dicr:I(Nfl) (w) + 0™
v+ N—1+un(N—-1)" v+ N—1+4§n(N-—1)

vyw e {l,...,n(N —-1)},
respectively, where d2'(v) denotes the out-degree of vertex v in a graph G. Moreover, we set
n(N):=n(N —1) and E(N) := E(N — 1)U {e,4+n}.
e With probability 7, a new edge e,1n from some v € {1,...,n(N —1)} tow = n(N — 1) + 1 is
formed. Here v is chosen randomly according to the probability mass function
dcc):u(tN—l)(”) + oot
v+ N —1+§un(N—1)’

ved{l,...,n(N—-1)}.

We set n(N) :=n(N —1)+1and E(N):= E(N —1)U{e,4n}.

Evidently, we always have |E(N)| = v + N while the number n(N) of non-isolated vertices in G(N) is
random in general.
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The most important result for our purposes is the following one. We define
M™(N) := max{dié‘(N)(i): i€ N}, MC°"(N):= max{dgl(tN)(i): i € N}, N €Ny,
as the maximal in-degree and out-degree in G(N), respectively.

Lemma 3.8. The maximum in-degree M'™(N) and out-degree M°"(N) of G(N) satisfy the following
asymptotics: _ ' _ '
AP(N)YM™®(N) = i, ™ (N)M™(N) = p°, N — oo. (3.13)

Here the convergence to the random variables '™ and ", respectively, holds in the almost sure as well as
in the LP-sense for all p € [1,00), and (¢™(N))nyen and (c°**(N))nen are sequences of random variables
which can be chosen such that for every e € (0, + ) we have a.s.

a+p3

. B+~
AMN)TT =0 (Nw“(aw—s)) LN = O (NIRRT )N 5 o, (3.14)
Tt follows from this lemma that for every e € (0, + ) we have a.s.
. atp B4y
M"™(N)=0 (N1+5‘"(a+we>> , MO‘“(N) =0 <N1+6°"t(a+w—e)) , N — .

In particular, if G(N) is used to model the underlying network of a’V (i.e. an edge in G(N) from i to j
is equivalent to af}( #0), we have

N t Bty
PYy < MOH(N) = O (NTFPie=3 ) | N = o0,

In other words, the first part of condition (3.9) holds as soon as RY, as specified through (3.6) and (3.7),
increases in IV at least with rate "
N

N 1+6 (aty—e) (3.15)

for some small €. For example, in the classical case of Example 3.4 where RY = N, this is always true
except in the case a = §°U* = 0, where all edges start from one of the initial nodes with probability one.
We conclude that in all non-trivial situations of the preferential attachment model, the resulting networks
are sparse enough for the law of large numbers implied by Theorem 3.1 to be in force.

4 Large deviations

In Theorem 3.1 we have established bounds on the mean squared difference between the IPS (2.2) and the
PMFS (2.4). In Sections 3.1-3.3 we have given examples of dynamical networks in which these bounds
converge to 0 as the network size increases. A natural question is now whether a large deviation principle
holds as N — oo, which would then assure that the probability of X~ deviating strongly from X%
decreases exponentially fast in N. In the classical case of homogeneous networks, [11] is the first paper
to prove a large deviation principle for the empirical measures of the processes (1.1). For heterogeneous
networks, however, the empirical measure might no longer be a good quantity to investigate: the weight
of a particle now depends on which particle’s perspective is chosen. A sequence of differently weighted
empirical measures seems to be more appropriate, but then their analysis becomes considerably more
involved. Therefore, in this paper we take a more direct approach and study the large deviation behaviour
of the difference X — X% itself. In order to do so, we have to put stronger assumptions on the coefficients
than in the previous sections. These are as follows.

(A1) XN(0) is deterministic for each N € N.

(A2) For all N € N we have o = 0. All other coefficients a™:C, a™'F, pN:C and p™F are constant in time.
p™NC and pV'F (resp. a™¥°¢ and a™¥'F) only have y(N) (resp. I'(N)) non-zero columns, where (V)
forms a sequence of natural numbers increasing to infinity and I'(N) grows at most like exp(y(N)).
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(A3) All numbers in (3.1), which are indexed by N now, are bounded independently of N.

(A4) (M;: i € N) is a sequence of independent mean-zero Lévy processes whose Brownian motion part has
variance ¢; and whose Lévy measure is v;. Moreover, there exists a real-valued mean-zero Lévy process
My that dominates M;, that is, its characteristics ¢y and vy satisfy ¢; < ¢o and v;(A4) < v(A) for all
i € N and Borel sets A C R, and that has finite exponential moments of all orders: E[e*Mo(1)] < oo
for all uw € Ry.

(A5) Assume that GN(t,s) = 'y(N)e“N’5aN’Pe“N’CSpN’C7 s,t € [0,T], converges uniformly to a limit
G(t,s) € RV<N:

sup sup |Gyj(t,s)| <oo, sup sup \Gﬁ(t,s) —Gyj(t,s)| =0, N — oo.
4,jEN s,t€[0,T] 4,7EN 5,t€[0,T)

(A6) With RN () 1= v(N)e® tpN-P ¢ € [0,T], there exists R(t) € RNN such that

sup sup |R;;(t)] <oo, sup sup |R (t) — Rij(t)] =0, N —oo0.
1,jENte€[0,T) 1,JEN t€[0,T]

(A7) The following two quantities are finite:

oo

q1 :=limsup ¢; (V) := limsup supy(N ZZ NP NC
N—o0 N—oo €N J=1 k#j

oo
gz = limsup ga(N) := limsup sup (N Z |agp el
N—oo N—oo i,keN j=1

(A8) Define for m € NU {0}

1

U, (u) = 50mU2 + /R(e“z —1—uz)vy(dz), uwelR;.

We assume that the following holds for every d € N: denoting for m € N, r € [0, 7] and 6 € M4

m(0,7) = / / Gim(t — 8,58 — 1) 0;(dt ds+/ ZRWL —7)0,;(de),

the sequence (fOT U, (Hp, (0,7)) dr) N is Cesaro summable, i.e. the following limit exists:
me

v(N)

A Z/ 7)) dr. (4.1)

Theorem 4.1. Let T € Ry. Under (A1)-(AS8), the sequence (XY — XN)nen satisfies a large deviation
principle in (D3, J1) with a good rate function I: DS — [0,00], that is, for every a € Ry the set
{z € D¥: I(z) < a} is compact in DF (with respect to the Ji-topology), and for every M € D we have

— inf I(z) <liminf —— logP[X"N - XN € M] < li logP[XN -XN e M] < — inf T
et 1) = R Sy tos Pl & M =T Sy et SMI= =, e

where int M and c1 M denote the interior and the closure of M in (D3, J1), respectively. Moreover, the

rate function I is convez, attains its minimum 0 uniquely at the origin and is infinite for x ¢ ACY.

Remark 4.2 (1) We cannot drop the requirement oV = 0 or condition (A4) in Theorem 4.1. If violated,
the processes XV and X will typically not have exponential moments of all order, whose existence
is essential for our proof below. This kind of problem does not arise when empirical measures are
considered as in [11, 25] for the homogeneous case.
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(2) The Cesaro summability condition (A8) accounts for the possible inhomogeneity of the coefficients
and the distribution of the noises. It holds in particular for the homogeneous case. Since a convergent
series is Cesaro summable with the same limit, it also holds when we have asymptotic homogeneity
(in the sense that the sequence inside the sum of (4.1) converges with m — 00).

(3) With v(N) = N and assumptions (A2)—(A4) in force, McKean’s example (1.1) or the model con-
sidered in [23] both satisfy the assumptions of the theorem. In McKean’s case our large deviation
principle follows from that of [11] for the empirical measure by applying the contraction principle.

5 Proofs

We start with some preparatory results that are needed for the proof of Theorem 3.1.

Lemma 5.1. Under the assumptions of Theorem 3.1 we have

sup HX:(T)HLz < V(T)v
€N

where V(T) is given in Theorem 3.1.

Proof. It is a consequence of (2.4) and the Burkholder-Davis-Gundy inequality that for all ¢ € [0, T]
and 1 € N

[ @ < X0l o+ [ 30 AGD )02 05
5 1/2

+ 2Var[L;(1)] /0 Zzij(T)H(Xj)*(S)HL2 ds

1/2
t o oot
[ @ ads 2 [ 3 [ B eens)] ds
0 j=1 jk=170
Therefore, if we define w(t) := sup;cy ||(X;)*(t)|| 2, we obtain
1/2

w(t) <vx +vp(T)op(T)T + 21){,7M(T)T1/2 + va(T)/O w(s)ds + 2vpv. (T) (/0 (w(s))? ds)

t 1/2
< vx 4 0 (T (T)T + 20, 20 (T)TY? + (04 (T)T? + 2010, (T)) ( /O (w(s))? d8>

Now we square the last inequality, apply the basic estimate (a + b)? < 2(a? + b?) and use Gronwall’s
inequality to deduce our claim, namely that

w(T) < ﬁe(va(T)Tlervavg(T))?T (UX +Uf(T)Ub(T)T+ 2Up,M(T)T1/2) )
O

Lemma 5.2. Let T € Ry and assume the finiteness of the numbers (3.1). We fiz some j € N throughout
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this lemma and define for t € [0,T)
Yi(t) =Y+ Y7 () + Y2 () + Y() + Y7 (1)

= (X;(0) - E[X;(0)]) +Z/ a5y, (s)(X(s) — E[Xx(s)]) ds

kg0

#3005 Xuls-) + o (ELTL5)]) dLs(s)
k=170
+ kz_:l/o Fi1.(s)(bi(s) — E[br(s)]) ds + ;/O P5i(s) dMi(s).
Furthermore, introduce the integrals

Bl = 2(t), D)) = /O a$(s)I_[a)(s)ds, neEN, (5.1)

where z: [0,T] — R is a measurable function such that the integrals in (5.1) exist for t € [0,T]. Then
— — > . 5 e .
X;(1) —EX; (0] =Y BV =) Y LYW, teloT], (5:2)
n=0 =1 n=0

where the sums converge with respect to the mazimal L?-norm X w || X*(T)|| 2.

Proof. We deduce from (2.4) that

k#j
+ S )X(s) ~ ELG () ds + g / (56 Xu5) + (BT (5)]) AL ()
#3° [ A0) ~Eb) ds+ Y [ o5 dais)
k=1 ) k=1
= [X; - E[X;]](t) + Y;(t)
Tterating this equality n times, we obtain
X;(t) - EX;(0)] = Z_: B + LIX; - E[X;]I(1), te[o,T). (5.3)
v=0

Next, observe that for any cadlag process (X(t))ier, with [[X*(T)||z2 < oo we have

(A5,(T))”

v!

[BXD (D] o < 1X (D)=L 1NT) < X (T)| e

)

which is summable in v. Thus, recalling from Lemma 5.1 that both Y; and X; —E[X;] have finite maximal
L2-norm, we can let n — oo in (5.3) and get

X;(6) —EX;(0] = Y BIY), telo,T],

which is the first assertion. The second part of formula (5.2) holds by linearity. a
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Proof of Theorem 3.1. The existence and uniqueness of solutions to (2.2) and (2.4) follow from the
general theory of SDEs, see [32], Theorem V.7. Since the numbers (3.1) are finite, there are no difficulties
in dealing with infinite-dimensional systems as in our case.

It follows from (2.2) and (2.4) that the difference between X and X satisfies the SDE

d(X () = X(1) = (a(t)(X (1) — X(1)) +a” (1) (X (1) — E[X () dt
+ (o) (X (t=) = X (¢-)) + 0" ()(X(t—) — E[X(1)])) .dL(t)
FE@)(t) —EDp@)]) dt + p"(£) dM(1), t € Ry,
X(0) — X(0) =0.

Thus, denoting the left-hand side of (3.3) by A(T'), we obtain from the Burkholder-Davis-Gundy inequal-
ity and Jensen’s inequality that

T T 1/2
A(T) gva(T)/O A(t) dt + 2v,(T)vr, (/O (A(t))th>

|| e @ —Ex D). o

+ + ‘ (" x —ELX]). )" (1)
+7 sup |77 000) - Bl | 6" @] |
T 1/2 4
< (TV/20,(T) + 20,(T)or) ( / <A(t>>2dt> +>o ), (5.4)
0 =1

where A*(T') stands for the last four summands in the line before. So Gronwall’s inequality produces the
bound

A(T) < K(T) ) AYT), (5.5)
where K (T) = V2exp((T"/?v4(T) + 20, (T)v,)?T). We now consider each A*(T') separately.
For « = 3 we simply have

1/2

A3(T) <T sup sup Z VFh () Cov(b; (1), bi(1)] =Trs(T). (5.6)
t€[0,T) i€N =1

For ¢+ = 4 another application of the Burkholder-Davis-Gundy inequality yields

1/2
A4(T)S2slelg ZEU Piy (8)pie(8) A[M;, M) (1)
- 1/2
<2 2sup sup | 3 E[pF(0en0pf0)] | =20 (D). (5.7

i€N ¢€[0,T] jik=1

For + = 1, we use Lemma 5.2 including the notations introduced there and the fact that for all
stochastic processes (X(t))ier, and (Y (t))ier, with cadlag sample paths we have

sup [E [ X)(s)25 [v]()] | < LI AR sy () (5.8)
r,s€[0,T n: m: r,s€[0,T)
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for any j,k € N and m,n € NU {0}. In this way we obtain

T
’/ ||a H)(X(t [X HL2 zsup/
. ienJo

<Zw> O A0]
=1 n=0

—1 €N

1/2
Zsup/ (Z Z ai;( [IJ[Y]()Ik[Yé](t)]> dt

o0

> ant)(X;(0) —E[X; (1)

Jj=1

L2

L2

—1 €N j,k=1n,m=0
i 1/2
< Ml S sup / Z T)AS(T) sup [E[Y}(s)Yi(r)]] ]| —dt
— ieN Jo e 7" ,s€[0,1]

5
olA(M)la Z R,(T)
=1

Using Lemma 5.1, the five terms in (5.9) can be estimated as follows:

1/2
Ry(T) < T'sup (Z A T) AL (T)|Cov]X;(0), Xk(O)H) =Tr(T),

€N Jk=1

) < sup/ sup HYJQ(S)HLz dt
€N s€[0,t]

Ssup/ ZAE (Z/ AG ()] X (s) — E[X ()]IIdes) dt

€N Jo k#j

mpEjEZAZAﬁ—- V(T)ra(T),

zENJ 1 ktj

R3(T) <sup/ (ZA T)AL(T) sup

ieN sE[O,t] E[( (0“X + o"E[X]), - Lj) ()

1/2
x (09X +o"B[X]), - Lt ) (5)] D dt

SSUp/ <ZA T)AR(T)Cov[L; (1), Li(1)]

€N Jk=1

J

t 1/2
X /O ]EH(UC(S)X(S)+JP(S)E[X(5)D,(JC(S)X(S)JrJP(s)]E[X(S)])kH ds) at

< §T3/QUU(T)V(T)T3(T),

m<<m/(2A 42//’2 )18 (1) Cov[bu(s), b ()]

1/2
drds dt
7,k=1 l,m=1

)1/2

sﬂm(zp%mﬁmsw S () £ (1) Covlbn(s), (1)

j k=1 $tE0T] ) =1

19
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T2
= 7T9(T),
1/2
T e o] [e%s)
Rs(T) < sup/ D ADT)AR(T) sup | > E [(p5 - Mi)() (P - M) (5)] dt
€N Jo Jk=1 s€[0.] | 1
1/2
T o0 t o)
<swp [ 3 AR [ Bl as|
v j.k=1 I,m=1

2
S §T3/2T11(T).

The last step in the proof is the estimation of A%(T'). To this end, we make use of the Burkholder-
Davis-Gundy inequality another time and get

) < sup (" (X - BIX)), L) (7)

. 1/2
< 2up sup </0 E [(ap(t)()_((t) - ]E[)_((t)]))f] dt) .

€N

The further procedure is analogous to what we have done for A*(T): instead of a¥ we have oF here. We
leave the details to the reader and only state the result, which is

A(T)< > K (T)r/(T).

1€{2,4,8,10,12}

This completes the proof of Theorem 3.1. O

Our next goal is to prove Lemma 3.8 concerning the rate of growth of the maximal degree in the
preferential attachment random graph as described in Section 3.3. For the undirected version as in [3]
the corresponding result goes back to [29]. Indeed, the proof there basically works for our case as well,
but there are some steps that require different arguments. Thus, we decided to include the proof to our
lemma.

Proof of Lemma 3.8. The statement is evidently true for M™ when o + 8 = 0 (resp. for M°"* when
B+~ = 0). In fact, for this extremal case, in every step of the random graph a new edge is created
pointing to (resp. from) a new node. This means that M (N) (resp. M°"(N)) remains constant for all
N € Ny, and the claim follows with ¢® = 1 (resp. ¢°"* = 1) identically. In the other cases, we closely
follow the proof of Theorem 3.1 in [29]. In addition to the notation introduced in Section 3.3, we further
define for N € Ny and ¢ € {in, out}:

S°(N) :=v+ N+ §°n(N),
XO(Na]) = dg(N)(])_i_(so? jeNa
N;? = 1inf{N € Ny: %(N)(j) #0}, jeN,

<

s = Oéﬂ{ozin} + 6 + ’Y]l{o:out}7

(0,k):=1, (N+1,k):=c(N k)& keRy
) ) 3 ) SQ(N) —’—Sok’ 3
XO(NS + N, j) +k— 1

Z°(N,j, k) :—CQ(N;-|—N,]€)< )]l{N;?<oo}7 jeN, keRy,

k

G(N):=0o(eyrizi=1,...,N), G(0):=0 < U g(N)) :

Obviously, G(N) is the o-field of all information up to step N in the preferential attachment algorithm, and
N7 is a stopping time relative to the filtration (G(IV))ven for every j € N. Analogously to Theorem 2.1
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of [29] one can now show that for all £ € Ry and j € N the sequence (Z°(N,j, k))nen, is a positive
martingale relative to the filtration (G(NV JQ + N))nen, - As a consequence, Doob’s martingale convergence
theorem implies that

Z°(N,j, k) = C°(j, k) as. (5.10)

for some random variables (°(4, k). The convergence in (5.10) also holds in L? for all p € [1,00) because
we have
Z°(N, j, k)P < Ch,p)Z°(N,§, kp) as. (5.11)

for some deterministic constants C'(k,p) € Ry independent of N and j. Indeed, on {N; < oo} we have
by definition

Z°(N,j k)P (N§ + N, k) <X<>(N;> +N,j)+k— 1>p <X<>(N;? + N,j) +kp— 1) -t

Z°(N,j, kp) c®(N? + N, kp) k kp
where
(N, k)P (N —1,k)P S°(N)P~*(S°(N) + s°kp) < (N -1,k < < c(0,k)P 1
(N.kp) — *(N=Lkp)  (S°(N)+s°k)p = c®(N=1Lkp) = "~ ¢(0,kp)
c+k—1\"(z+kp—1\"" Tkp+1) T(k+z) v Dkp +1)
k kp - T(k+ 1P T'(z)P~ T (kp + 2) L(k+1)P’
which shows (5.11). Next, define for N € Ny and j € N
m®(N,j) :=max{Z°(N — N?,i,1):i=1,...,5, N7 < N}, m®(N) := m®(N,n(N)),
po () == max{¢%(3,1):i=1,...,7}, p® =sup{p®(j): j € N},

such that in particular the relationship m®(N) = ¢*(N,1)(M°(N) + §°) holds. Tt is not hard to see that
(m®(N))Nen,, as the maximum of martingale expressions, is a submartingale relative to (G(N))nen,- By
definition the sequence (¢®(NV, k))nen, decreases to 0 as N — oo; more precisely, we have

SO(N — 1)
So(N — 1)+ 5%k —

v+ N—-1+6°n(0)+ N —1)
v+ N —1+6°n(0)+ N —1)+ s°k

c®(N,k) =c®(N — 1,k) (N —1,k)

5°n(0)+v
N— (14 6°)j + 6°n(0) + v F(N+ Tieo ) e
H (14 6°)7 + 6°n(0) + v + sk = om(O) 1otk ~NT15°, N — oo.
i r (N + T)
As a consequence, when p is large enough,
n(N) n(N)
E[mO(N)p}SE ZZON Nzov.v )p <C]'p ZZO z’ ,p )

<) Y Blz0.0)] < ctp (MO 1) SB[ (N2, )

i=1 b i=1

<C(1,p) (”(0) Fpt ot - 1) (n(O) + Z]E[&(i,;a)]) <0 (5.12)

p i=1

independently of N. This implies that the submartingale m® converges a.s. and in LP for all p € [1, 00).
It follows from (5.12) that for j > n(0) we have

B[(me(N) = m* (N, )] <E | 3 Z°(N = Ngi, 1)
i=j+1
n(0)+p+06°—1 > o/
scu,p)( AR D DR (3% R 3T

i=j—n(0)+1
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Letting N — oo, the left-hand side of (5.13) converges to

E[( Jim eV, nMeN) - ()]
N—00

while the right-hand side is independent of N. Now taking the limit j — co and again assuming that p
is large, we obtain the desired result (3.13). Note at this point that u® is indeed an a.s. finite random
variable that belongs to L? for all p € [1, 00), which is proved using a similar argument as in (5.12).

It remains to prove (3.14). To this end, observe that by the law of large numbers we have (n(N) —
n(0))/N — a+~ a.s. In other words, there exists for every € € (0, + ) a possibly random N € N such
that for all N > N we have

N) —
w —(a+ 7)‘ <e
or, equivalently, n(N) € [n(0)+ (a+7v—¢)N,n(0)+ (a+~+¢€)N]. Consequently, for all k € Nand N > N
e = [ 20 NH At h L0 ety -9
T G S°() sok’ Se(i sok' v+i+6°(n0)+ (a+v—e€)i) + sk

s
|

N-1

Se(i Hu+z+(5° n(0) + (a+ v —€)i) + s°k
S<> +s°k v+i+0°(n0) 4+ (a+ v —€)i)

= U +i48°(0) + (a+ 7y — €)i)

v+i+46°(n(0)+ (a+v —e)i) + s°k
N 5°n(0)+v+s°k 5°n(0)+v
F (N + 14+6° (a+vy—c¢) ) r (N + 1+5°(a+'yfe))

6°n(0)+v n(0)+vr+s°k
1+5°(a+'y e)) (N+ 1+6° (at+vy— e))

( 5 n(0) +V+s°k>
( 14+6°(a+vy—¢) N™

1+6 ?Ziwfe% N — 00.
6°n(0)+v
14+6° (a+vy— e))
So choosing ¢®(N) := ¢®(N, 1) for N € Ny fulfills (3.14). O

Finally, we turn to the proof of the large deviation result in Section 4.
Proof of Theorem 4.1. By definition, X~ — X% satisfies the equation

XNy - XN(t) = /t aV (XN — XN)(s)ds + /1t VP (XN (s) —E[XN(s)])ds + pNTM(t), te[0,T],
0 0

whose solution is
t t
XNy - XN(t) = / e (=) NP (XN () —E[XN(5)])ds + / e =) )N P anf(s), te[0,T).
0 0

In order to establish a large deviation principle, it suffices by Theorem 4.6.1 of [15] to prove such a
principle in (D%, D%, J;) for the first d coordinates of the process for every d € N, that is, for the

D%—valued process

YN0 = Y0+ 10 + 70

/ / o0 (t g NP ROV CE T)ZGNC (XN (r) —E[X}N (r)]) drds

1%k
/ Z e O [T g ann ) as
4. k,1=1 0
+ Z/ =) NP ANy (s), i=1,...,d, t€0,T], (5.14)

J,k=1
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where we have used the formula
t
XV (0) - EIXN (1) = / oY A XN () BN () s + Z/ o8O AM(s),
J#i

valid for all i € N and t € Ry. Actually, we will even prove the large deviation principle in (D%, D%, U),
which is stronger. To this end, we introduce the notation

[y(N)T]-1
Z(t) .= ; T (%) ]l[y(?v)vj(t\}))(t) +x (%) ]l[[‘yﬂf(]\]f\;;l"] ,T)(t)’ tel0,T], ze€ D%

Then by Theorem 4.2.13 of [15] and Lemma 5.3 below we can equally well show a large deviation principle
for YN = yN14yN24 Yy N3 The same principle will then hold for Y. But this is proved in Lemma 5.5.
That the rate function for X~ — X% is convex with unique minimum 0 at 0 and can only be finite for
functions in ACS®, is inherited from the rate function of Y'V. O

Lemma 5.3. For each d € N and + = 1,2,3, the D%-valued processes YN and YN are exponentially
equivalent, that is, for all € € (0,1) we have

lim logP | sup sup |V V(¢ YNL > €| = —oo.
N—oo ’Y(N) LE[QT] i=1,..., d| ® = ®l

Proof. We start with ¢ = 1. Writing # = [y(N)t]/y(N) and diag(a) := a — a*, we obtain

sup  sup

vV - V)|
te[0,T] i=1,...,d

7

. t s . » _ _
< sup (eaNt _ eaNt) (/ / e—aNsaN,Pedlag(aN'c)(s—r) (aN,C)X (XN(T‘) _ E[XN(’I’)D dr dS) ‘
te[0,T] 0 Jo S
R t s ) B B
+ sup [e*! (/ / e_“N“"aN’Pedlag(“N'C)(S_T)(aN’C)X (XN(r) —E[XN(r)]) dr ds) ‘ : (5.15)
t€[0,T7] t Jo o

We can proceed with these two terms separately. Since |e“Nt - e“Nf\oo < vaeT /y(N), we have for the
first term in (5.15)

. t s . _ B
P| sup (eaNt _ eaNt) </ / e—aNsaN,Pedlag(U«N’C)(S—T) (aN7C)>< (XN(T') _ ]E[XN(’I")]) dr ds) ’ S €
| te(0.7) o Jo 0o
- ) ) N)
<P| sup |aVTP (@) (XN(t) —E[XV(t _alv)
s ) OE0 ~B0 >

> ey(N)
<P | sup sup apy "y S (XN () —EXY (O)| > —— 573 | = P(N).
te[0,T] i€N ]ZI kz;é] ’ F ‘ Vg (evaT)3T2

We note that ¢V := X» — E[X ] satisfies the integral equation

t
V(1) = / aNCEN () ds + pPNOM (1), tE Ry
0

Hence we have .

(€M) (¢) < ; |a™CIEN) () ds + (P M) (1), t e Ry,
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or after n € N iterations,

aN-Clp)n n—1 aN-Clpym
€y () < LD ey gy 3 Q0D vy ey,

(]

n! m!

m=0

N,Cjmny —1 n—1 aN.Clpym
( T>) 2 1" veanye,

la
n! m!

(V) (1) < (I -

m=0

where the last line holds when n is large enough such that (v,7)"/n! < 1. It is not difficult to recognize
that the exact value of n only affects some constants in the subsequent arguments with no impact on the
final result; we therefore assume without loss of generality that n =1 (i.e. v,7" < 1). Then

()

N
p9) <P [ S5 5 St ol 2 S 01>
ZGNJ 1 k#j I=1 ’Ua(eva ) T
[ (N)
1 \ ey(N)(1 = v,T)
<P sup sup Pim
Y(N) ren +€[0,T] mzjl | Q1 (N)vg(evaT)3T2

Let A(N) be positive numbers to be chosen later. Using the independence of the Lévy processes M; and
Doob’s maximal inequality, we arrive at

(V)

p¥) < exp (- AT )HE[xp( s ()] )|
oo (D, (B )

N AN )Y(N)( = v, T) AN) N,
< 27 exp ( 01 (N)va (e TY3T2 ) exp (TW(N)\I’O (’Y(N) uil@lgN'plmC )) .

AN) = 7(N) T3 (1), (;it‘&"’gﬁco , NeN.

Now define

Since Wy is a convex function, its inverse ;' is concave and therefore we have for large N that A(N) >
Tyt (v(N))/ (supl’meN |pgﬁc\), which increases to infinity with N. With this choice of A(N) it follows
that

1
Jim —— S log p(N) = —o0,

which completes the proof for the first term in (5.15). The second term can be treated in analogous way:

now the factor v(N) does not come from the difference \e“Nt — e“NE|oo, but from the domain of integration
(£,1]. The details are left to the reader.

For ¢+ = 2 similar methods apply. Also here we do not give the details. Instead, we sketch the proof
for « = 3 where some modifications are necessary. Recalling the meaning of I'(N) from (A2), we have

X t
<(eaNt _ eaNt) </ efaNspN,P dM(S)))
0 i
aVi ! —aV¥s N,P
+ sup sup e e p it dM(s)
te[0,T] i=1,...,d i i
X t
< |e“N1t — eaNt|OO sup sup ' </ e*“NSpN’P dM(s))
t€[0,T] i=1,....T(N) | \Jo i

</£te“NspN’P dM(s))i .

sup  sup Y»N’3(t)—YiN’3(t) < sup sup

te[0,T] i=1,....d te[0,T] i=1,...,d

+e% T sup sup
te[0,T] i=1,...,T'(N)

(5.16)
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We can again consider these two terms separately. For the first one we have

X t
P |eaNt - eaNt|oo sup sup ’(/ e_“NspN’P dM(s)) > €
t€l0,T] i=1,...,['(N) 0 i

ey(N) ]

t
<T(N) sup P| sup (/ e s pNP dM(s)) > 7
i=1,...,T'(N) |te[o,T] | \Jo il Va€%e
vN) [
<T(N) sup exp( > H E |exp N)sup / e 5p;\,’€Pde(s)
i=1,....0(N) e”“ ieN
(V) A(N)
=T(N sup  exp ( ) E |exp sup / e Sy dM,
( )1:1 ..... T'(N) (8 e”“ H Y(N) ien )ij k(s)

Now recall that the stochastic integral in the last line has an infinitely divisible distribution. Moreover,
the larger the integrand, the larger the exponential moment is. Since the integrand above is uniformly
bounded in ¢ and k by our hypotheses, the stochastic integral above can be replaced by some constant
times My (T) for the further estimation. Therefore, the remaining calculation can be completed as in the
case ¢ = 1. For the second term in (5.16) the reasoning is the same, except that the factor (V) is now
due to the domain (£, ] of the stochastic integral. Observe at this point that My, (t) — My(f) has the same
distribution as My, (t — t) and that |t — | < 1/7(N). Again, we do not carry out the details. O

Lemma 5.4. For each « = 1,2,3 the processes (YN’L: N € N) form an exponentially tight sequence
n (D%,Dé',l«, U), that is, for every L € R, there exists a compact subset KX of Dé,{« (with respect to the
uniform topology U ) such that

1 N
—logP[YV ¢ KF] < —L.
~N) Y™ ¢ K7
Proof. We first consider ¢ = 1. We will adapt the idea of Lemma 4.1 in [12] to our setting. As shown

in part (I) of the proof there, it suffices to show that for every a,e € (0,00) there exist a compact set
HC D%, some C € (0,00) and n € N such that for all N > n

PlA(YN! H) > ] < Ce™ N, (5.17)

where d(f, H) := inf{sup,c(o ) Sup;—1,. q|fi(t) — gi(t)]: g € H} for f € D% In order to prove (5.17), we
first define for n € N and A C R?

[v(n)T]-1
Hn(A) =< f€ D%: f= Z x'{]l[-y(il)’:(tf)) +m[’7(")T]]l[v(”;L),T]7 Tl s Ty(n)T) € A
k=1

It follows from Equation (4.3) of [12] that for N > n, A C R? and f € Hy(A) we have

['Y(N)H] +A [’Y(N)H]
d(f,H,(A)) < sup sup sup | fi LEIDRIESN o fi 7(n) (5.18)
K=0,ee A (M) TI =1 \g[1, 200 41 i1, Y(N) Y(N)
Next, define K := [~1,1]%. Then for every 3 € (0,00) and N > n we have

PlA(Y N H,(BK)) > €] <P[YN! ¢ Hy(BK)] +P[YN?! € Hy(BK),d(YN! H,(BK)) > €. (5.19)
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The first probability is bounded as follows:

PYN'! ¢ Hy(BK)| =P| sup sup ”(N)/ Z e Y (s/r(N)=9) NP ek (s=7)
i=1,...,d k=1,...,[y(N jk=1
<y ap© —E[X}N () drds >ﬁ]
14k
o B /
<P | sup sup apy " ay S (XN () —EXY ()| > g | = P/ (V).
te[0,T] i=1,...,d ;kz;éj‘ b | (evaTT)2

By the same arguments as in Lemma 5.3, one obtains (again assuming v, T < 1 without loss of generality)

p'(N) < 27(N) exp (—W) exp (T'y(N)\IIO (ig%; supN |pi\[nc|>> .

l,me

We choose A(N) := v(N) this time. Then we can make log(p'(N))/v(N) arbitrarily small uniformly for
large N by varying the value of .

For the second step of the proof of (5.17) we conclude from (5.18) that
Py N € Hy(BK),d(YN, H, (BK)) > €

R [M] +A R [W(N)K]
<P sup sup sup YiN’1 HRIDRSRAYY o YiN’1 () >e|. (5.20)
R=0, (M TI=1 xe[1, 20 41) i=1....d Y(N) Y(N)

For the further procedure, we split the difference in the last line into two terms in the same way as in
(5.15). We only treat the corresponding first term. As before, the other one can be estimated similarly.
Introducing the notation tgf (resp. tY") for the time point in the first (resp. second) parenthesis of

(5.20), and observing that 0 < tNN;L —tNn < 2/4(N) + 1/v(n), we obtain

N,N.n N, N,
<<ea T _ e t, n)

t K
% / / e—aNsaN,Pediag(aN’c)(s—r)(aN,C)><(XN(T) —]E[XN(T‘)])dT dS)
0 0 .

P sup sup bup
k=0,...,[y(n)T]— 1>\€[1 'Y(N)) +1) i=1,...,d

<P| s sw |33 MFalCERN () - EIXY () > —
L0, T i=1,d |5y fos s a(ev=T)>T? (7( 7(" )
e [ ANA—uD) |, (TV( - ( 2 iy [ |>>
a1 (N )va(evT)3T? ('y(N) + W) (Nt

where the last line follows in similar fashion as before. With A(N) := () we can make, by taking n
large enough, the logarithm of the last term divided by «(N) arbitrarily small for N > n. This finishes
the proof for ¢ = 1. The case ¢ = 2 is analogous, while for ¢ = 3 the line of argument remains the same
in principle, with slight changes to account for the discretization of Lévy processes, cf. the proofs of
Lemma 5.3 and Lemma 4.1 of [12]. O

Lemma 5.5. The process ()A/Z-N: i=1,...,d) satisfies a large deviation principle in (D%, DL, U) with a
good convex rate function I1;: DL — [0,00] such that I4(z) < oo implies x € AC%. Moreover, we have
I1;(0) = 0 and this minimum is unique.

Proof. We apply the abstract Géartner-Ellis theorem of [12], Theorems 2.1 and 2.4, to YN and prove
the following steps.



Partial mean field limits in heterogeneous networks 27

(1) The laws of YN, N €N, are exponentially tight in (DL, DL, U).

(2) For all § € M{ the limit A(0) = limy_ o0 (7(N)) "L AN(7(N)0) exists, where

d T R
An(0) :==1ogE lexp <Z/o YN (t) Qi(dt)>] .

(3) The mapping A is C%-Gateaux differentiable, in the sense that for all § € M there exists 27 € C4
such that for all n € M4

e—0

O0A(0;7) := lim A + en) Z/ t) n; (dt). (5.21)

Part of the claim is that the limit in (5.21) exists. Moreover, we have A(0;7) = 0 for all n € M.
(4) We have {z € D4: A*(z) < oo} C ACY, where

d T
A*(z) := sup (Z/o x;(t) 0;(dt) — A(H)) , =€ D

oeMi \i=1

(5) For every a € Ry the set {x € D%: A*(x) < a} is compact in (D%, D4, U).

Part of the Gartner-Ellis theorem is that the rate function Iy is given by A*, the convex conjugate or
Fenchel-Legendre transform of A. Since A is a convex function in 6 satisfying (3), the conjugate A**
of A* is again A, see Theorem 12 of [33]. Thus, by the first corollary to Theorem 1 in [2], we have
I;(0) = A*(0) = 0 and this minimum is unique.

Let us now prove (1)—(5) above. Part (1) has been proved in Lemma 5.4. For (2) we first compute A.
For all # € M we have (recall that £ := [y(N)t]/v(N)])

An((N)8) = logE[exp<Z / ( / / 2 1) NP omr) JNC g1y di

jklm 1
0o £ Nz
Y [ “‘%ﬁ*l’de(s)> 0i<dt>>]
k=170
pa (t—s) N,P_a™© N,C
= ZlogE exp(Z/ (/ / Z S)a]k ey (Sfr)plnjb dM,,(r)ds
7,k,l=1

+/0/7(N)Ze;‘j’v“ ) phF AMi (s )) ei(dt)ﬂ (5.22)

by the independence of the processes M,,. By a stochastic Fubini argument (see Theorem IV.65 of [32]),
the term within the exponential in the previous line can also be written as (§ denotes the smallest multiple
of v(N) that is larger or equal to s)

/OT </TT/§T§:G§XH,(£5,ST)0 dt) ds+/ ZR dt)) M, (dr), (5.23)

and has an infinitely divisible distribution such that its logarithmic Laplace exponent in (5.22) is explicitly
known. Denoting the parenthesis in (5.23) by HY (6, ), it is given by fo m(HY(0,7)) dr. We claim that

m

this term converges uniformly in m to fOT U, (H,(0,7)) dr. Indeed, by the dominating property of Mj,
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the claim follows as soon as we can prove that HY (0,7) — H,,(0,7) as N — oo, uniformly in m € N and
r € [0,T]. This in turn follows from

[ Ho(0,7) = Hyyl (0,7)]

/ ZGim(t—s,s—r)H(dt ds| + / ZGim(t—s,s—r)Gi(dt)ds
=1 =1
T T d
+ (Gim(t —s,5 —1) =GN (t — 5,5 — 1)) 0;(dt) ds
/,. X
T T d
+/ / Z(Gﬁn(t—s,s—r)—nyn(f—s,s—r))ﬁi(dt)ds
7 od -
+ / ZRim(t—r)H dt

+/ RN (t—r)— R%(f—r))@(dt)

(Rim (t —7) — RY},(t — 1)) 0;(dt)

T
<d sup sup IGim(t,5)<7(N)1 sup [0:[([0,T]) + sup / |9i|([s,5))d8>

i,meN s,t€[0,T] i=1,....d i=1,....d

A
+d sup IQiI([U,T])<T sup  sup |Gt s) — G (4 9)| + — sup  sup |G (¢, 5)|

i=1,..d i,meN 5,¢€[0,T] Y(N) N.i,meN s,t[0,7)
+7(N)"'sup sup |Ri;(t)|+ sup sup |Ry;(t) — ()|+7 sup sup |R} ()] |,
i.jEN te[0,T] i.jENt€[0,T] Y(N) NijeNtefo,T]

where all terms converge to 0 by hypothesis independently of m and r. For the second summand one has

to notice that the integral term equals fTT fg 1ds|0;|(dt) and thus converges to 0 uniformly in i and r
with rate 1/v(N). Since the value of Cesaro sums remains unchanged under uniform approximations, it
follows from assumption (A8) of Theorem 4.1 that

(V)

AB) = ngnm— > / W (HYO.)dr = Jim > / ) dr.

Next, we prove the C4-Géteaux differentiability of A. First, regarding the existence of JA(6;7) in
(5.21), we note that the mappings M¢ — L>(Nx [0,T]), 8 = (H,,(0,7): m € N, r € [0,T]), are continu-
ous linear operators and therefore Fréchet differentiable, which is stronger than Gateaux differentiability.
Together with the fact that ¥, is differentiable with locally bounded derivative, and ¢, < ¢g and v, < 1y
for all m € N, this implies that for every 6 and n

T
[ 0+ €1.7)) = W (H (0.
0

converges uniformly in m € N as € — 0. This in turn proves the Gateaux differentiability of A. Moreover,
it enables us to compute the derivative explicitly. Using the chain rule for Fréchet derivatives, we obtain

0A(0;n) = lim Z/ hm A6+ €n,7)) = W (Hi(6,7)) dr

N—>oo e—0 €

v(N)

— A}gnooZ/ (H (0,7))Hp (0, ) dr

v(N)

]\}gnooz/ v r))(/TT/STiGim(t—s,s—r)ni(dt)ds—i—/r ZR“" — nldt)>d
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Y(N) d

Jim > Z/ </ / v ( )Gim(ts,sr)drdH/OtRm(tr)dr) n; (dt)

m=1 i=1

Z/ Angan(f < OSGim(t—&s—r)\IJ;n(Hm(Q,r))dr+Rim(t SV ( m(g,s))> ds;(de),

where all interchanges of integration, summation and taking limits are justified by dominated convergence.
From the last line we deduce the existence of ¢ € C¢ satisfying (5.21). Since H,,(0,7) = 0 and ¥ _(0) = 0,
we have dA(0;7) = 0 identically.

Next, we demonstrate (4), namely that A* only assumes finite values on the set ACS, that is, A*(z) <
oo implies that for every e € (0, 0o) there exists 0 € (0, c0) such that Z?Zl Z?Zl | (bj)—zi(aj)| < e when-
everneN,0<a; <b; <...<a, <b, <T and Z?Zl(bj—aj) < 4. In order to do so, we follow the strat-
egy of proof in [12], Theorem 3.1. We consider 6; := Z?zl 5{ (0p, — 6q,) where fg € R? is arbitrary. Then

we evidently have 0;((r,T]) = > 7, §f]l[a].’bj)(r). Denoting Cr := T'sup; ;c(o, 7] SUP;,men |Gim (¢, 8)| +
SUPyc(0,7] SUPs,men [ Lim (t)], it follows that

T T d
A(0) < sup/ Uy (Hpm (0,7) dr S/O Ty <CTZHi((T7T])> dr

meN

[ fere) s = on w(orser) S

=l i=1 j=1

(T, 1€, - - IIE”Hl)Z(bg

j=1

where ||¢7]]; := Z?:l |§f| As a consequence, we deduce from the definition of A* that for all 7 € (0, c0)
and |71 <7

d n n
DD & (wilby) —wilay)) < C(T ) D (b — aj) + A" (x).

i=1 j=1 j=1

Taking &/ as the 7 times the sign of ;(b;) — z;(a;), it follows that

ZZm —zi(a;)| <771 7)Y (b —aj) + 7 A (). (5.24)

=1 j=1 j=1

If A*(z) < 0o, we can now choose 7 first and then ¢ to make the left-hand side arbitrarily small.

It only remains to prove (5), the compactness of the level sets of A*. By step (4) and the lower
semicontinuity of A*) its level sets are closed subsets of AC%. Thus, the Arzela-Ascoli theorem provides
a compactness criterion. First, observe that for all ¢ € [0,7] we have for x € AC% with A*(z) < « that

Z|$z |_SUPZ/ 0;(dt) < a+ sup A(f) < oo,

0cO, i—1 0€O;

where 0 is the finite collection of all 8 for which each coordinate is either §; or —d;. Second, for the proof
of the uniform equicontinuity of the functions z € AC% with A*(z) < «, we recall from (5.24) that

Z lzi(t) —z5(s)| < 77 C(T, 7, ..., T)(t—8) + 7 L,

which converges to 0 independently of z when s 1 ¢ and 7 — oco. O
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