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Abstract: A family of heterogeneous mean-field systems with jumps is analyzed. These systems are
constructed as a Gibbs measure on block graphs. When the total number of particles goes to infinity,
the law of large numbers is shown to hold in a multi-class context, resulting in the weak convergence
of the empirical vector towards the solution of a McKean-Vlasov system of equations. We then
investigate the local stability of the limiting McKean-Vlasov system through the construction of a
local Lyapunov function. We first compute the limit of adequately scaled relative entropy functions
associated with the explicit stationary distribution of the N-particles system. Using a Laplace
principle for empirical vectors, we show that the limit takes an explicit form. Then we demonstrate
that this limit satisfies a descent property, which, combined with some mild assumptions shows that
it is indeed a local Lyapunov function.

Keywords: McKean-Vlasov; Gibbs measure; relative entropy; Lyapunov function; jump processes;
interacting particle systems; differential equations; nonlinearity

1. Introduction

The study of heterogeneous mean-field systems is a growing area of research. The main
motivation is that the homogeneity assumption underlying the classical mean-field models
often no longer holds when considering systems outside statistical physics. Therefore,
many researchers have studied systems with different heterogeneous assumptions; see,
e.g., [1-6] and the references therein for an overview of the recent development in the
subject. The focus in the current paper is on a particular family of mean-field systems of
Gibbs type constructed on block graphs. This family is a particular instance of the models
introduced in [2,7] with the particularity lying in the specification of a heterogeneous Gibbs
measure as a stationary distribution. This was in particular inspired by the interacting
particle systems of Gibbs type on complete graphs analyzed in [8,9].

When studying mean-field systems, we are in particular interested in their asymptotic
behavior when the total number of particles N in the system and/or the time ¢ tends to
infinity. Classical questions in the study of mean-field systems include their asymptotic
behavior when the total number of particles N in the system and/or the time ¢ tends to
infinity and under which conditions one can justify the interchangeability of the limits
N — oo and t — oo. In particular, we will show for the specific family of Gibbs systems
introduced in Section 2 that, under mild assumptions, the associated empirical vector
converges weakly and uniformly over compact time intervals, as N — oo, towards the
solution of a McKean—Vlasov system of equations (see Theorem 1). This kind of result is
known in the literature as the law of large numbers. Thus, as a consequence, the McKean-
Vlasov limiting system can be used to approximate the behavior of the large particles system
over finite time intervals. Thence, one might wonder whether or not this approximation is
still relevant when time goes to infinity. This question turns out to be related to the stability
properties of the limiting McKean-Vlasov system. More precisely, if the latter contains a
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unique asymptotically stable equilibrium, then the interchangeability of N — coand t — oo
is fully justified. However, if the McKean—Vlasov system contains multiple equilibria or a
unique equilibrium that is not stable, care must be taken since the approximation is not
necessarily accurate. The intuition behind this is that if the McKean—Vlasov limit system
has several w-limit sets, the question is which of these sets characterizes the long-time
behavior of the system. In addition, in such a case, metastable phenomena might be
observed resulting in transitions of the empirical vector process from one w-limit set to
another. For a more detailed discussion, one can consult [7,10] and the references therein.
Therefore, the stability of the limiting system is of great interest, which motivated us to
investigate it in the current paper.

The classical approach for studying the stability of dynamical systems is through
the construction of Lyapunov functions. However, given the nonlinearity of the McKean-
Vlasov equations, finding Lyapunov functions in the general case is very challenging.
Nevertheless, the Gibbs nature of the systems studied here allows us to adopt the limit
of relative entropy approach introduced in [8,9]. The main idea behind this approach
takes root in the observation that the relative entropy is a natural Lyapunov function for
linear ergodic Markov processes; see, e.g., [11]. Moreover, despite the nonlinearity of the
McKean-Vlasov system, the corresponding N-particle processes describe a linear Markov
process. Therefore, one then proposes the limit of suitably normalized relative entropies
associated with the stationary distribution of the N-particles system as the candidate
Lyapunov function, providing that the limit takes a useful form. This approach was shown
in [8,9] to be successful for a family of homogeneous mean-field models with jumps of
the Gibbs type. The goal of the current paper is to extend the approach to the multi-class
setting tackled here.

Notice that for the general non-Gibbs family of mean-field models on block graphs
introduced in [2,7], the stationary distribution will often not take an explicit form, and thus
a different approach is needed. One possible line of work is the approach proposed in [8]
for particular systems with exchangeable particles, where instead of considering limits
of relative entropies associated with the stationary distribution, one may consider the
large time t and large particles N limits associated with the exchangeable joint probability
distribution. Therefore, given the multi-class structure of the systems in [2,7], one might
consider specific systems with multi-exchangeable particles. Another possible approach to
construct Lyapunov functions is through the Friedlin-Wentzell quasipotential [12]. Indeed,
a close tie between the quasipotential associated with small noise stochastic systems and
Lyapunov functions for the underlying deterministic models was observed in the literature;
see, e.g., [13,14]. Therefore, for the general models introduced in [2,7], one might view
the finite N-particles system as a small noise perturbation of the limiting McKean-Vlasov
system. Note that the specific quasipotential for these models was introduced in [7].
The idea is then to investigate under which conditions the quasipotential can serve as a
Lyapunov function for the McKean-Vlasov system. This, however goes beyond the scope
of the current paper.

The rest of the paper is organized as follows: In Section 2, we introduce, the family of
Gibbs systems on block graphs and show some preliminary properties. In Section 3, we then
prove, the law of large numbers and the convergence of the N-particles empirical vector
toward the solution of a McKean—Vlasov system of equations. Therefore, we investigate
in Section 4 the local stability of the limiting McKean—-Vlasov system by constructing a
candidate Lyapunov function. Using a particular Laplace principle associated with the
vector of empirical measures (see Proposition 3), we start by computing in Proposition 4
the limit of suitably normalized relative entropies and show that the limit takes an explicit
form. Then, we show in Lemma 2 that the limiting function characterizes the fixed points
of the McKean-Vlasov system. Finally, Proposition 5 shows that this limiting function
satisfies a descent property, which, combined with mild assumptions, shows that it is
indeed a local Lyapunov function for the McKean—-Vlasov system of equations.
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2. Gibbs Measures on Block Graphs

The Gibbs measure concept has a long history and plays an important role in statistical
physics. The underlying principle is that, when a system is in equilibrium, states with
lower energy are more likely than those with higher energy. Thus, ].W. Gibbs proposed the
probability measure exp{—U(x)/«xT} to capture this principle, where « is the Boltzmann
constant, T is the temperature, and the function U(x) gives the energy of the system when
it is in the state x. Thus, the Gibbs measure, being a model of equilibrium, given an energy
function, one might seek a Markov process for which the Gibbs measure is the stationary
distribution. Such Markov processes are often referred to as Glauber dynamics thanks to their
seminal paper [15]. For a detailed introduction to the topic, one can consult, e.g., [16,17].

Consider a graph G = (V, E) composed of r blocks Cy, ..., C; of sizes, respectively,
Ni,...,N;, where V is the set of the nodes and = is the set of the edges. Denote by
V| = Ny +---+ Ny = N the total number of nodes in the graph. Suppose that each
block C]- is a clique; that is, all the Nj nodes of the same block are connected. Furthermore,
the nodes within the same block C; are decomposed into two subsets:

®  The set of central nodes C]?: composed of the nodes that are connected to all the
other nodes within the same block but not to any node from the other blocks. We set
]C]C| =N;.

e The set of peripheral nodes C!': composed of the nodes that are connected to all the
other nodes within the same block and to all the peripheral nodes from the other
blocks. We set |C]p | =N ]P . Thus, the sub-graph engendered by all the peripheral nodes
in G is complete.

The graph G = (V, E) is thus composed of 2r components. This will play an important
role in the upcoming analysis. We associate each node of the graph with a particle taking
values in a finite state space Z = {1,2,...,K} C N. Denoting by x = (xy, X, n € C]?,m €
C]P, 1<j<r)ezZNa configuration of the N particles over the graph G = (V,E),
the corresponding local empirical measures describing the state of each component are
defined by:

QQ’I’N(x) Z Lyy—z, foranyze€ Z,1€{c,p}andl <j<r 1)
1€C’

Notice that for each 1 < j < rand ¢ € {c, p}, the local empirical measure QQ’I’N (x)
N
takes values in the state spaces M’ (Z) = M;(Z)N ﬁZK, where M, (Z) is the space of

]
probability measures on Z endowed with the topology of weak convergence and Z is the
set of integers. The corresponding empirical vector describing the state of the entire system
is denoted by:

Nx) = (N (x), "N (x), ..., ¢ N (x), 0" PN (x 6]—[ [T M/(2) c(Mi(2)”

j=11e{c,p}

For ease of readability, in the following, we suppress the dependency of 0N and oM upon
N. Thus, we simply write ¢/* and ¢ instead. We associate with the configuration x of the
N-particles the following energy function:

N
Un(x) =Y V(x;)+ ZNZ Yo W)+ ), ) W(x,x)|, )
i=1

i j=1 Liecs ke ieC? keCjuCr
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where V : Z — R is the potential function, W : Z x Z — R is the symmetric interaction
function, and B > 0 is the interaction parameter. Thence, the corresponding Gibbs measure is
given by:

N(x) = - exp{~Un(x)}, ©
N
where Zy is a normalization constant. We now construct a Markov process, namely a
Glauber dynamics, with the Gibbs measure N as its stationary distribution. To this end, let
us first introduce the directed graph (Z,£) with € C Z x Z\{(z,z)|z € Z}, representing
the set of admissible jumps. Thence, whenever (z,z) € £, a particle at state z is allowed to
transit to z/ € Z at a rate that depends on the current state of the node and the state of its
neighbors. Before going further, suppose the following assumptions throughout the paper.

Assumption 1. 1.  The set of edges £ is symmetric.
2. The directed graph (Z, £) is irreducible.
3. Foreachblock1 < j <, there exist p]C-, pf,zxj € (0,1) such that,as N — oo,

NP N¢
L P _L < Pyye = -
— aj, N; = P N; = i, PP 1, and ;a] 1. 4)

N
N
Define the matrix (#(z,z’)), ;¢ z that identifies the allowed transitions for one parti-
cle as:

1 if(z,7) €&,
#(z7) = { 0 ( els)e.

Moreover, let the matrix Ay (x,y) indexed by the elements x,y € ZN be defined as:

a(x;,y;) if x and y differ exactly in one index ! € Cj, for some 1 < j <.
An(xy) = 0 else

Hence, Ay determines which states of the N-particle system can be reached in one jump.
At this stage, there are several ways to construct Glauber dynamics. See, e.g., ([16] [Sect. 3])
for an overview. We propose here the Metropolis dynamic characterized by the following
rate matrix:

.
PNry) = EOU®) Ay forrye 2V x4y, 5)

and pN(x,x) = — Yyrx N (x,y), for all x € ZN. One can verify that the rate matrix

N has 7V as its stationary distribution. In fact, consider two configurations x,y € ZN.
By symmetry, one has Ax(x,y) = Ax(y,x). Moreover, using (3) and (5), it is easy to
check that 77N (x)pN (x,y) = 7N (y)pN (y, x). Then N (x,y) satisfies the detailed balance
condition with respect to 7N. Hence, 7V is a stationary distribution of the Markov chain,
and the rate matrix " is reversible with respect to 77N. Furthermore, since the graph
of allowed transitions (Z, €) is irreducible by Assumption 1, the rate matrix ¢V is also
irreducible, and thus, 7tV is the unique stationary distribution.

One might observe from the rate matrix introduced in (5) that the transition between
two configurations x and y depends on the difference between their total energy. Therefore,
to investigate the large-scale behavior of the system, we first estimate this difference when
the total number N of particles in the system is very large. Given the multi-class structure

of the system, we take throughout the paper the convention that as N — oo, 11212 N! — oo,
<j<r
e{c,p}

In addition, and for the aim of simplicity, we will ignore from now on the environment



Entropy 2021, 23, 1407 5o0f 27

potential by supposing that V = 0 and thus focus on the interaction component of the
system. Nevertheless, our results can be easily extended to the case with non-zero potential.

Let us define, for x,y € Z,q = (¢%¢,q",...,q4",q"") € (M(2))¥,and a,by,...,b, €
R, the following real-valued functions:

PNy q.ab) = g Y (Wizy) — Wz x)gk +b Y (W(y,2) - W(x,Z))q’z"”], (6)

N z€Z zeZ

PNt b) = Ela Vs oW ) (0 T e -weod)], o

zeZ =1 zeZ

B (5,9) = o (Wl )+ Wik ) = 2W(xw)),
and

BN () = s (Wee ) = Wi )

Lemma 1. Let x,y € ZN be two configurations such that Ax(x,y) = 1. If the unique index
satisfying x; # y; is a central node, i.e., | € C]i,for some block 1 < j* <, then:

Un(y) — Un(x) = ¢/ N (2,1, 0(x), Nf., NL) + BN (x, 1), ®)
for which there exists a constant C € (0, 00) such that:

sup BN (x,y)| <
XYyeZ

©)

z 0

If the unique index such that x; # y; is a peripheral node, i.e., | € ij*, for some block
1 <j* <, then:

Uy (y) — Un(x) = ¢/ PN (x,y1, 0(%), N, N, NE) + BPN (3, 1), (10)

for which there exists a constant C' € (0, c0) such that:

C/
sup [BPN(x,y)| < = (11)
xyezZ N

Proof. Let x,y € ZN be two configurations such that Ay(x,y) = 1, and let [ be the unique
index such that x; # y;. The index I can either refer to a central or a peripheral node. We
treat the two cases separately.

Case 1.

Suppose that the two vectors x and y differ in one central node, i.e., | € C]i for some

1 < j* <r. Therefore by (2) one obtains:

Un(y) = Un(x) = S ( T T (W)~ W)

iEC;* kEC]-*
(12)
+Y X (W(}/i,}/k)—W(xi,xk)))

iGC]’.ﬂ* kEC]?* ucr
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By the symmetry of the interaction function W and using (1), one further obtains:

Yoy Wiy —Wxix) = ). [ Y Wiy —Wix,x))+ Y, (W(yi,yk)*w(xi/xk))}

i€Cs, keCje ieCy, LkeCs kECK
= |: Z (W(yifyk) - Wi(x;, xk + Z (vi yx) (Xuxk))]
i€C, il “keCs, keC’

+[ Y. W) =W x)+ Y. Wy wk) (lexk))]

kEC;-} kECP
(13)
- [ (W (03) = Wi 300+ (W i, 30) = Wi )|
ieCeitl LkeCokAl
+ Y Wy =W x)) + Wyny) =W x))+ Y (W v — Wixg, x))
keCs, k1 kec”
= 2N ZZ(W(zryz)f W(z,x))el “(x )+Np g(w(yhz)*w(xl ,2)) ol P (x)
= 2W(x, y1) + W(x, x) + Wy yi),
and
L W)~ Wenx)) = L | L (W) — Wi, )
iec],’i keCr uCr iec].’i keChi
X (W) - W) |
keCpP
- | L W - W) 09
iech, LkeC kA

Wy w) — Wi, xo)]

= Np Y. (W(zy) — W(z,x))el P (x).

zeZ

Therefore, one concludes that:

Unly) = Un(x) = % 2Nj. Zé (W(zy1) — W(z,x))el “(x )+2Np Z‘é (W(y1,z) — W(x;,2)) el ¥ (x)
z€ o 5)

Wy, y1) +W(x, x;) —2W(xp,y1) |,

from which (8) and (9) follow.
Case 2:
Suppose now that the two vectors x and y differs in one peripheral node, ie., I € C]ﬁ

for some 1 < j* < r. Therefore, from (2), one gets:

()~ Un() = | £ 8 (Wlwwe) = Wi n0)

i eC/SF keCj*

FET (W) - W) a6)

,‘gcjl’* kGC]?* uce

+% i {Z )y (W(]/i,]/k)—W(xi,xk))}

J=Lj#]* biec! keCiucy
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)3

ieCl, keC.uCr

) {
j=Lj#f*

Un(y) — Un(x)

iec? keCiuCy

p

2N

Again, using the symmetry of W together with (1) one further obtains:

Sk

Y. Y Wiy =Wk x)) = Ni Y (Wzy) — Wz x))e: “(x), (17)

ieC]?* keC]-* zeZ

(W (yi, yi) — W(xi, %)) = ZNJZ Z‘é (W(z,y) —W(z,x))et 7 (x)

%

+NL Y (W(yz) — W(x,2)) ek “(x)

z€Z (18)
+ Z |:N]p Z (W(yllz) - W(xl,z))Qé’p(x)}
=L L zez

+ (W) — W(x, xr)),

and

r

Y. (Wi ) _W(xirxk)} = ) [ij Y, Wz y) —W(erz)Qé’p(x)]- (19)
=i L ez

Thus, one deduces that:

[ZN].% Z (W(yp,z) — W(xl,z))Q];’C(x) +2 i (N}” Z (W(z,y1) —W(z, xl)gé’p(x)>

zE€Z j=1 z€Z

+(W(yr,yn) = W(x,x1)) |,

from which (10) and (11) follow. O

One might notice from Lemma 1 that if two configurations differ in only one index
I, then the jump rates of the Markov process governed by the rate matrix ¥ depend
on the states x; of the other particles i # I only through the local empirical measures
0'¢(x),0""(x),...,0"°(x),0"P(x). To emphasize this fact, we introduce the rate func-
tions AN and A/PN defined, forall 1 < j <r,z,2z € Z,q9 = (g"%,q",...,47°,q"F) €
(M1(Z))%,and a,by, ..., b, €R,by:

. i / C / +
NN (g,0,01) = = PN EEaab)+BNC) g o, (20)
. : / , / +
NNy, by) = o (PPN aab b BN ED) gz oy, 21)

Thus, when the system is in configuration x, a central node [ € C]? ofagivenblock1l <j <r
jumps from a state z to z’ at rate

AN (o(x), Nf,NF), (22)

z,2!
and a peripheral node [ € C]’.ﬂ within the block 1 < j < r jumps from a state z to z’ at rate
ip.N
AP (o(x), NE,NY, ... NF). (23)

Now, using (6) and (7) together with Assumption 1, one can easily prove that, as
N — oo, the functions /<N (-, Njc, N ]P) and /PN (., N]?, Nf ,...,NF ) converge, respectively,
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as N — oo, toward the functions ¢ and ¢”. These functions are defined, forall1 <j <,
z,7 € Zand g = (4", q"7,...,q7,q"F) € (M1(Z))* by:

G [ajp;- Y (W)~ W(x2)ak +ap! Y (W, x) — W(e, x>)q£f],

xXeZ xeZ

. i 4 I,
WP (z,2,9)=p [ajp;? Y, (W x) = W(zx)gk + ) (azp,” Y. (W(xz') = W(x,2))q:" ) |-
xXeZ I=1 xXeZ
Using this together with the inequalities in (9) and (11), one can further prove that the rate
functions )\/Z"CZ’, (-, N ¢ N p ) and )\]Z’Z ,N( N ].C, Nf ,...,NF ) converge, respectively, as N — oo,
toward the functlons )\]Z’ o and )\]Z Z, defined by:

. , + . . , +
N (g) = EED) oz, 2) and A7 (g) = - (P70 ey a9

Fix g = (¢"5,q"%,...,q,q"7) € (M1(Z))¥; then, for all 1 < j <7, the rate matrix
Al = (M ’,CZ, (7)) (222 x 20 With MS(q) = — Yorts /\]Z’,CZ, (9), is the generator of an ergodic
Markov chain with a unique invariant measure defined, for all z € Z, by:

. 1
@) = g o0 { - Bl X Wie 2k ] © w1} o)

xeZ XeZ

where Zx(q) is a normalization constant given by:

= Y exp { = Blap L Wx2)ak +apl Y Wix2)ql]}.

z€Z X€Z xXeZ
In fact, this can be easily verified by checking the detailed balance condition. Similarly,
the rate matrix A] 7 (/\]Z Z, (7)) (221)ezx 2 With M) =—Yors )\]Z’,Z, (), is the generator
of an ergodic Markov chain with a unique stationary distribution defined, for all z € Z, by:

‘ 1
@)= 7 eXp{ ~Blupf 1 Wix2)gh + szpz Y Wix,z)g } (26)

xeZ xeZ

where again Zy(q) is the normalization constant given by:

:Zexp{ [uc]p]ZszqurZaclplZszqxp]}.
z€Z xeZ I=1 xXeZ
3. Law of Large Numbers and McKean-Vlasov Limiting System

Denote by (xN(t))tzo = (xn(t), xm(t),n € Ci,m € C]P,l < j £ 1),5, the stochastic
process characterizing the state of the system at each time ¢+ > 0. Hence, (xN (1)) j>pisa
Markov process with state space Z? and transition rate matrix (™ (x, y))x,y czn given

by (5). For convenience, we define the following local empirical measures:

2(5 forlgjgrandte{c,p},

zEC’

and let uN(t) = (yi’N(t),‘uf’N(t),...,yﬁ’N(t),yf’N(t)) be the corresponding empirical
vector. Observe that y"N () = Qj *(xN(t)). Therefore, at any time t > 0, a given central
(resp peripheral) partlcle within the block ] jumps from z to z/, for z,z' € Z, at rate
NN (uN(t), N7, N]p) given in (20) (resp. A] p, (N (), N7, NJ,...,N/) givenin (21)).

2,2/
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Recall the important notion of multi-exchangeability for multi-class systems in the
definition given below.

Definition 1. A sequence of random variables (X, x,1 < n < Ni,1 < k < K) indexed by
N = (Ni) € NX is said to be multi-exchangeable if its law is invariant under permutation of
the indexes within the classes; that is, for 1 < k < K and any permutations oy of {1,..., N},
the following equality in distribution holds:

(Xpympr 1 <1< N 1<k <K)E (X,,1<n< N, 1<k <K).

Given the symmetry of the rate functions within each of the 2r classes C§, CY, ..., C¢, CF,
a multi-exchangeability assumption made on the initial condition xN (0) guarantees that,
atany t > 0, xN(t) is also multi-exchangeable. Therefore, for each: € {c,p}and 1 <j <7,
the Markov processes x, ..., N characterizing the particles of the class C]‘- are exchange-

able. It follows that the corresponding local empirical measures y;’N (t) are Markov pro-

]

cesses taking values, respectively, in the state spaces Mi\]] (Z). For a detailed proof of this
claim, one can consult ([18] [Prop. 2.3.3]). The random evolution of the empirical vector
uN (t) is summarized as follows.

First, notice that the current setting almost surely allows at most one particle to jump
at any given time. Therefore the jumps of 1 (t) happen within each component y}’N (t) at

a time and have the form ﬁ (ey —ez) for z,2' € Z, with e, representing the unit-coordinate
]
vector in RK in I:c[}lle z-direction. Moreover, if uN(t) = g = (¢',q"7,...,q4",q'"F) €
H](:1 [Legepy My J(Z) at time t > 0, then there are N]%q]z’L particles of the class C]4 at each
statez € Z. Ea'ch of these particles jumps independently to z’ € Z at rate A]Z ‘;,N (q,N ]C , ij )
for: = cand A]ZZ N (4, N]?, Nlp ,..., N ) for 1 = p. Therefore, the local central empirical pro-
cesses y]‘f’N (t) transit from g/ to ¢/ + 5= (e, — e;) at rate N].quz’c)\]z’cz’,l\] (g, Nf,N jp ). Similarly,
| ,
the peripheral local empirical processes yf ’N(t) transit from ¢/ to gi'? + ﬁ(ezf —ez) at
j

rate N ]P i /\]Z Z N (N ]?, Nlp ,...,NF ). Thence, the infinitesimal generator associated with

the empirical vector N (t) is given for any real-valued function ® on (M;(Z))? by:

r . .
LN®(q) = Z[ Y N].chZfCAJZ',‘;,N@, Nf,N]P)
j=1lzzez

. 1
X {CD(ql'C, qlf”, R ﬁ(ez/ —ez),...,q°, q”’) - @(q)}
j

+ Y NIGPALEN (g, NENE, N

z,7
z7'€Z

: 1
% {q)<ql,C, qlrp, . ,q]’p + W(‘&’ — ez), ce /qucr ‘774]) - q)(q)}:| :
j

One might also describe the changes in the system locally by introducing the infinitesimal
generators corresponding to the classes C]4 and defined for functions f on M7 (Z) by:

i€, i ¢ _J/€yJik ¢ i 1 i,
CiVF@) = Y NFEAL (0 NP NF) (@ + e (ew = ) = £(47)],
]

z7 €z

. ) L . 1 .
LPNF@ = K NP @NEND N [F@F + e — ) = £@P))

272 €Z ]
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As mentioned in the introduction, one classical question in the study of interacting
particle systems is their large-scale behavior, namely, their behavior when the total number
of particles goes to infinity. In the next result, we state that the law of large numbers holds
for the empirical vector uN(t) as N — co. It is worthwhile to mention that, contrary to the
models studied in [2,7], the rate functions here are convergent.

- L . pN : N
Proposition 1. Suppose that the initial condition u™ (0) = (4§ (0), #}™(0), ..., ue™ (0), ul" (0))

converges weakly, as N — oo, towards v = (viN vy NN PNy € (My(2))%. Then,

the empirical vector process uN(t) converges in probabllzty and uniformly over compact time
intervals toward the solution u to the following McKean—Vlasov system

B (8) = pf (DAL, 27)
pE(0) = vf, puf (0) =7,
1<j<r

Proof. Since uN(t) is a pure jump Markov process, one might rely on the classical Kurtz
theorem [19]. We first verify the conditions of its application. Denote E = M;(Z) and

N!
E N = M’ (Z)foralll <j<rand: € {c, p}. Define the following functions:

e, N, i ji,e,N i N 1
F‘;C (q],C) — E{JC q] Z NC /\]ZCZ, q NC Np)ﬁ( _ez)/
2,7 €Z (28)
i,p,N, i i,p,N i i, 1
P[;P (qup):d?v gv = E Npqw/\]v (q,NjC,Nf,.. NP)N (ey —e2),
2,72 €Z ]
F]C q]C _ Z q]c/\]ZcZ, ,_ez),
2,7 €Z (29)
Bl = L aPA% (9) (e e,
2,7 €Z

forl1 <j<randq=(q'%q",...,q7,q"P) € [Ty [ie e,y EN];. Observe from (24) that

the rate functions )L];’LZ, are Lipschitz in ¢/* forall 1 < j < rand ¢ € {c,p}. Therefore,

since g/* are probability measures, one can find a constant M such that, for any § =
Le 4l -

(q O L LN O qm’) € ]_[;:1 I_Le{c,p} EN;,

| < Mg 7",

IE/ () — B () (30)

where || - || denotes a distance on RX. In addition, recall that the functions )\]Z L;] convergence

toward Ai’;, as N — oo. Hence, from (28) and (29), it is easy to see that:

lim  sup \F”N(qj") - Fé’l(qj")| =0, foralll <j<rand: € {cp}.
N—eo i,
q EEN;_QE

Now, straightforward calculations allow us to verify that the z-th component of the K-
dimensional vector F] (¢)isequalto Y.z, 4/ A Z, (9) = Loz q” AJZ;,( ) =Yz qz, )\]L .(9),
where the last equality is obtained by using the fact that AZ,Z( ) = =LA (q) for
all z,z/ € Z. Moreover, recalling that Aj ’ = (A] ’

2,2

() (s21)c 2 z» ONe easily finds that
the z-th component of the raw vector qf"A{,’ is also equal to ) ,ic = qi'/l}\]z"f,z (9). Thus,
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Fg’l(qlﬂ) = gt A]q"l for all 1 € {c,p} and 1 < j < r, which in turn corresponds to the

z-th component of the raw vector qf"Aé’l. Finally, notice that:

N
sup sup ) NC )\JZCZ, (4. N7, Np)—HeZ/ ez||
N} qJCGEchz €Z

and

1
sup sup Z Npq]p/\/p (q,N]-C,Nf,.. Np)NpHeZ/ ez||
N” GPEEp 22/ €2 j
N

are bounded given the form of the rate functions Ai (;,N and )t]; Z N in (20) and (21) and

the fact that Z is finite. Thus, condition (2.9) in [19] is verified. To verify condition (2.10)

of [19], define Nt = % where C > |le, — ¢;]|. Thus, ENe 1 0as N — oo, and the following
j

converges hold true:

. i,cy7,c,N
I\]1c1r_>moQ sup ) qu]z /\]Z,Z/ (g, NF, Np) N¢ le —ez|| =0,
j gi*€Ene z,7z

T e e ene

j ]
) 1

lplm sup ) N]qup/\]ZZ,N(q,Nf,Nf, ., Nf) NpHez’ ez|| = 0.
Ni =00 piveE z,z ]
I Lol —es|>e

NP
]

Thus, the condition (2.10) in [19] holds. Therefore, we are now in a position to apply ([19]
[Theorem. 2.11]) since all the related conditions are satisfied. Thus, each pt}’N (t) converges
in probability and uniformly over any time interval [0, T] towards the solution y;(t) of the

differential equation % y;(t) = ‘u;(t)ALl( - Define:

1’ ’
F(q) = <Fqlzc(q1,C)IFq P(ql,lﬂ)/‘ ) .,F;,C(q}’,C),F‘; P(qr,p))'

From (30), it follows that F is Lipschitz. Therefore standard arguments show that the
differential equation fi(t) = F(yu(t)) has a unique solution. This concludes the proof. [

4. Stability of the McKean-Vlasov System

The law of large numbers established in the last section characterizes the large-scale be-
havior of the N-particles system over finite time intervals. In particular, as N — oo, the em-
pirical vector uN(t) converges in probability towards the solution y(t) to the McKean—
Vlasov system (27). Thence, when the total number of particles in the system is very large,
one might approximate the behavior of N (t) by u(t) over finite time intervals. However,
when time t — oo, this approximation may no longer be accurate. In particular, this will
depend on the uniqueness of equilibrium points of the McKean—Vlasov system and their
stability. In the case that there are multiple equilibria or a unique unstable equilibrium,
metastable phenomena can arise and care must be taken in using the approximation. One
can consult [7,20] for a detailed discussion. The long-time behavior of the large N-particles
system is thus related to the stability of the McKean—Vlasov system (27). The goal of the
current section is to investigate it by constructing a suitable Lyapunov function. The ap-
proach we take is based on the calculation of the limit of suitably normalized relative
entropies. This idea was introduced in [8,9] to study the stability of Kolmogorov forward
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equations arising as the limit of mean-field systems with jumps on complete graphs. We
thus generalize this method to multi-class mean-field systems with jumps.

Let us first introduce some definitions. Recall that | Z| = K is the number of possible
states. Let S = {p € RK : p, > 0,z € Z,¥,c 5 p» = 1} be the (K — 1)-dimensional simplex,
andlet S° = {p € S : p, > 0, forall z € Z} denote its relative interior. Notice that the
space M (Z) of probability measures on Z can be identified with S. Thus, the empirical
vector (o(t),t > 0) takes values in S%'.

Definition 2. A point ¢ = (¢, 4)]’7 ,1 <j<r)e 8% issaid to be a fixed point of the McKean—
Vlasov system (27) if the right-hand side of (27) evaluated at y = ¢ is equal to zero, namely,

$iAp =0,
¢;Ap =0, (31)
1<j<r.

Definition 3. A fixed point ¢ = (gb]?, ¢]’.’ ,1<j <r) € 8% of the McKean—Vlasov system (27)
is said to be locally stable if there exists a relatively open subset T of S?" that contains ¢ and has the

property that whenever u(0) € T, the solution u(t) to (27) with initial condition u(0) converges
togpast — oo.

Definition 4. Let ¢ = ((p]?, 4)}7, 1<j<r) € 8°% bea fixed point of (27) and let T be a relatively

open subset of S that contains ¢. A function | : T — R is called positive definite if for some
K* € R, the sets Mg = {r € T : J(r) < K} decrease continuously to ¢ as K | K*.

Definition 5. Let ¢ € S°% be a fixed point of the McKean—Vlasov system (27), and let T be a
relatively open subset of S*" that contains ¢. A positive definite, C1, and uniformly continuous
function ] : T — R is said to be a local Lyapunov function associated with (', ¢) for the McKean—
Vlasov system (27) if, given any u(0) € T, the solution u(t) to (27) with initial condition u(0)
satisfies 4 J(u(t)) < 0forall 0 < t < T such that u(t) # ¢, where T = inf{t > 0: u(t) € I}
Moreover, if T = S°%, we say that ] is a Lyapunov function.

The next classical result shows that the existence of a local Lyapunov function is
equivalent to the local stability of an equilibrium of the McKean-Vlasov system (27). We
give detailed proof tailored for the specific system (27).

Proposition 2. Let ¢ € S be a fixed point of the McKean—Vlasov system (27), and let T be
some relatively open subset of S* that contains ¢. Suppose that there exists a local Lyapunov
function associated with (T, ¢). Then ¢ is locally stable.

Proof. Let ] be a Lyapunov function associated with (T, ¢). Therefore, ] is positive definite.
Thus, for some K* € R, the sets Mg = {r € T': J(r) < K} decrease continuously to ¢ as
K | K*. One can then find some L > K* and an open set O such that ¢ € O C My CT. Let
1(0) € O such that j£(0) # ¢. By the chain rule property, together with (27), we find:

d c ’ c r,c r,
S w(t) = <D1<y<t>>, (DAY, WA .,yr<t>AP;(t),uf<t>Ayz>>>, (32)

where DJ(u(t)) is the derivative (gradient’s transpose) of | at the solution y(t) of the
McKean-Vlasov system (27), and (-,-) denotes the scalar product on R?". Define the
stopping time T = inf{t > 0 : u(t) € I“}. Suppose that T < co. By the definition of
Lyapunov function, we have that % J(u(t)) <Oforall0 <t < tand u(t) # ¢. Moreover,
observe that the function ¢ — (D] (q), (75A", qu,;’p, AT, qE AZT) ) is continuous
on I'. Then we have necessarily 4 J(u(t)) = 0 for u(t) = ¢ since £ J(u(t)) < 0 elsewhere
on I (no discontinuity). Thus, %]( u(t)) <0forall0 <t < 7. Furthermore, since S% isa



Entropy 2021, 23, 1407

13 of 27

metric space, R is a complete metric space, and | is uniformly continuous, we have that the
function | can be extended continuously on the closure I' of T. Using this together with
LT(u(t)) <0forall 0 <t < 7 and since 4#(0) € M proves that J(4(7)) < L (since J is
decreasing when t € [0, 7]), we thus deduce that () C My C I This means that T = oo
and hence again by definition of Lyapunov function:

LT(u(t)) < 0forall t > 0 with p(t) # ¢. (33)

Let K* < K, < L for n > 1 be a decreasing sequence of real numbers going to K*,
and define the corresponding stopping times:

T, = inf{t > 0: u(t) € Mg, }.

We next prove that 7, < oo for all n > 1. First, if 4(0) € Mk, this follows immediately
from the above arguments. Suppose that j1(0) ¢ Mg, . Then, by the positive definiteness
of the function ], we can always find ¢ > 0 such that the ball B(¢, ¢) centered at ¢ with
radius ¢ satisfies B(¢,¢) N1 S* C Mg, C M. Let g € (B(¢,€))° N M, and define by
1 (t) the solution to the McKean—Vlasov system (27) with initial condition u7(0) = 4.
Therefore, using (33), one obtains that % J(u(1))] i—o < 0. Recall that the function g —
(DJ(q), (iné’c,qu;’p,. L EAYS, qr AP)) is continuous on T and that B(¢, ) N M is a
closed subset of I'; thus

sup (D] (), (4547, a7 A", b AT aF ATF) ) < 0.
ge(Blg.e)) My

In addition, since B(¢, &) N S?" C Mk,, we have that j(t) € (B(¢,€))°N M, forallt <7
from which we deduce that sup, ., £T(u(t)) < 0. Then Ty < oo. Repeating the same
argument for all n > 1 gives that 7,, < oo for all n > 1. This concludes the proof. [

4.1. Limit of Relative Entropies

We now construct a candidate Lyapunov function for the McKean—Vlasov system (27)
as the limit of suitably scaled relative entropies. We start by recalling the form of the
relative entropy function denoted by R(-||-) and defined, for all p € (M1(Z))%, by:

Rplg) = ¥ pzlog(;’). (34)

zeZN z

Notice that the relative entropy function plays an important role in various fields of
mathematics. For an account of its properties and applications, one can consult, e.g., [21].

Define the function FN given, for any g = (41,47, ..., 4", q4"F) € (M (Z))2r, by:

FN(q) — %R < ®N1C ql,c ®N1’7 ql,p . ®Nf qr,c ®N,’7 qr,pHnN(x))/ (35)
where 7TV (x) is the Gibbs measure introduced in (3). The idea is now to identify limy_,, FN(q)
and then to investigate its Lyapunov function properties for the McKean—Vlasov limiting
system (27). The calculation of this limit relies on the following Laplace principle for

empirical vectors which is an extension of the Sanov’s theorem for empirical measures
given in ([22] [Th. 2.2.1]).

Proposition 3 (Laplace principle). Let Z be a Polish space and let v be a probability measure
on Z. Let r > 1, and let {xf}lSiSNj,for 1 < j <7, be r sequences of Z-valued i.i.d random
variables with a common distribution v. Suppose that Z]r»zl N; = N and that there exist positive

reals aq, ..., & such that limyn_seo % =a; and Z]- aj = 1. Denote by yN = (‘u{\],...,yy) the
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empirical vector associated with these sequences, i.e., foreach 1 < j <, ;4 W Y. o 19j- Then,

for all sequences {hN, N € N} of bounded continuous functions mapping (M1(Z2))" znto R and
converging to some h as N — oo, the following Laplace principle holds

o) <~ g, (5ol ).

Proof. We follow the strategy elaborated in [22]. We first establish a variational formulation;
then we prove the convergence by establishing lower and upper bounds.

Step 1: Variational formulation.

Set

wN = —;jlogE{exp{ —NhN(yN)H

= 1 N/, N N;
=—glog | @@ {=NEY(E)d( 9] @),

j=1

Therefore, one can represent WN by the following variational formula ([22] [Prop. 1.4.2])

1
wN — inf {R(ﬂNH Q4 ®N/v) +/ ,hN(uN)dﬂN}-
NeM; (er‘:l ZNf) N : j=1 2%

Using the decomposition property of probability measures on product spaces, one can
observe that

N ((dxf x..ox xfy, ) X o.x (dad L x day)

is equivalent to

e (doxg x.oxxy) @y ((dag x.oxdagy,)|(x, . xy)) @
S @nN((dxh x ... x dx},r)|(x%,...,x}\h),...,(x;*l x;\]rll))

where 77V is the projection onto the space ZM and, for j > 2, 17]N is the conditional

distribution on ZNi given (x%, ., x%ll) ( ]1 1,. .., xﬁ 1). Similarly, the last display can

be further factorized as
N (7,1 N 1,1 1 N (722] 41 1 N (7,211 1 .2
iy (dxg) @ . @ mpaa (dxng (%1, - Xy, 1) @10y (dxg g, - xy,) @ (dglxg, .y, 1) ®
N 2 9,1 1 .2 2 N 1 1
e ® UZNz(de2|x1" . .,le’xlr‘ . "xNz—l) R R ﬂrNr(der\Ir|x1" . .,.'X'Nl,. . .,x{,. . "x}’\]r_l)’
where, for 1 < j <r and 1 < i < Nj, j; is the conditional distribution on Z given

x, ... le, . ]1, coX 17 . Using this together with the chain rule property of relative

entropy (see ([21] [Th. 2.5.3]) or ([22] [Th. C.3.1])), one obtains

7

R(inHvN) = / N ZZR(@’(|x%,...,x}\,l,...,x{,...,x{_1)|‘v(~))d17N,

]111
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from which we deduce the new variational formulation

Nj

- H .
N 1 )
WY = NeM 11[ { /HZN]Z;Z%R(’?JZ |, - ,le,...,le,...,xg1)HV(.>>d,7
nNeM;( 1 j=1i
=1

NdN}.
+n21 N (pM)dy

j=1

Notice that the infimum in the last formulation can be replaced by the infimum over

all sequences {77]1 } of conditional distributions on Z given x%, .. .,x}\h, .. .,le, e ,xﬁ_l.

Now, given a sequence of conditional distributions {1 i }, define the sequence of Z-valued

random variables {x{ h<i< N; by specifying their distributions recursively as follows:

y . . y y N . F y
]P’(xg € dy|x1,...,le,...,le,...,xLl) = 1j; (dy|x1,...,le,...,le,...,xLl),

and set the corresponding empirical measure vector to i¥ = (al,...,1N), where, for 1 <
j<T
1
N _ L )
Y ;59?? '
1=

Thence, one can easily verify that the following variational formulation holds true

Nj

wN:{lqnf}fE{ Y RO |x%,...,f}\,l,...,f]i,...,x{1)Hv(-))+hN(ﬁN)}, 36)
ji j=li=1

where E denotes the expectation with respect to the random variables {J?{ :1<i<N;,1<
j<r}

Step 2: Upper bound.

Let {7j}1<j<r € M1(Z) be a sequence of probability measures on Z and set 17]1;] =7j

foralll <i < N]-. Then, by (36), one obtains the following upper bound
N = N N/-N
wh < ]E{R< Z% ij(~)HV(-)> +h )}
]:

Moreover, since 17};] =j foralll <i < N]-, the random variables J?;, for1 <i< N]-, areii.d.

Furthermore, since the measurable functions 1V are bounded continuous and convergent
towards h, using the dominated convergence theorem, the law of large numbers, and the

. N :
convergence of the proportions 5 towards a;, one obtains

limsup WN < R<sz]'y] Hv()) +h(7)

N—oo

with v = (71, ...,7r). Therefore, since the measures {'y]-, 1 < j <r} are arbitrary chosen,
the following upper bound holds true

limsup WN < inf { <Za]'y] Hv()) +h(’y)}. (37)

N—oo YEM1(Z)

Step 3: Lower bound.
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First, by the convexity of relative entropy and the Jensen’s inequality, the following
upper bound holds true

N.

B 1 . N ‘ ‘

N~ N{ 41 -1 - -

2% 2{177r11]f}]E{R(N'21'2117]-1-(-|x1,...,le,...,le,...,xf1)
ji j=1i=

V) + NG | e9)

Set, forall1 <j <rv,

N.
1 ] _ B K i
X]N() = ﬁzﬂfﬂ.|x%,,..,x}\]],...,le,...,xf_l).
] i=1

Therefore, for any ¢ > 0, one can always find a sequence { 17]1;] } such that

WN £e> E{R( é ZI\\]IJ'X;V(.)W(.)) + N ()|
i=

Now, forall1 < j <rand1 < i < N, let F;; be the o-algebra generated by the

random variables X%, ceey 3211\]1, .., 32]1, eeey ff. Then, for any bounded measurable function
g: Z — R, itis easy to verify that

E[g(f{) —/Zg(y)njl;](dyﬁ%,...,fll\]l,...,32]1,...,32571) -7:j,i—1] =0.

One thus deduces that
{g(ff) —/Zg(y)iy}}’(dyX%,...,x}\,l,...,le,...,fﬁ_l)}

forms a martingale difference sequence with respect to F; ;. In addition, straightforward
calculations give, forall1 <j <,

N,
_ 1 ] ¥ ~ ~ i ¥
/Zg(y)dujN - /Zg(wdx}V =N 21 (g(xf) - /Zg(y)n}?(dyIX%,...,x}vl,...,xi,...,xﬁ1))-
1=

Hence, recalling that the terms of a martingale difference sequence are uncorrelated, we
obtain by the Markov’s inequality that, for any £ > 0,

z

Zjl (g(ff)

i=

P(’/Zg(y)dﬂ}“—/zg(y)dx?]

1 -
>£>§82N.2]E[
]

_ Zg(y)q]?}’(dym},...,x}\,l,...,xl,...,fﬁ_l)

Z

From the last inequality one deduces that, for each g € U;,(Z), with U}, (2) being the
space of bounded and uniformly continuous functions on Z, the sequence { [ g(y)d ;2]N -

[z 8(y)d X]N }N>1 converges in probability to 0, and thus in distribution. Moreover, the se-
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quence {(X]N, ﬁ]N), N > 1} takes values in M7 (Z) x M (Z), which is a compact space by
the Prokhorov’s theorem given that Z is compact. In addition, M1 (Z) x M;(Z), endowed
with the topology of weak convergence is a metric space. Therefore, any subsequence ad-
mits a further subsubsequence that converges weakly to some (x;, fi;) € M1(Z) x M1(Z).
Thence, by the Skorokhod’s representation theorem, there exists some probability space
such that, for all g € U,(Z), the following convergences almost surely hold:

. N _ )
dim, [ s = [ s
. -N __ -
dm [ sd = [ s

and

1 _N —_ N =
Jim /ngﬂj /ngx,

We thus deduce that [, gdx; = [ gdfi;. Then, since the space U, ( Z) is measure-determining,
one deduces that x; = fi; almost surely. We then conclude that any subsequence of
{( )(]N , ﬁ]N ),N > 1} contains a further subsubsequence that converges in distribution to
(f1j, fij), for some fi; € M;(Z). Denote by {N € N} this subsequence. Again, by the Sko-
rokhod’s representation theorem, there exists some probability space such that ( )(]N , ;ZJN )

converges almost surely to (fi;, fi;) along the subsequence { N € N}. Thence, using the non-
negativy and semi-continuity of the relative entropy function R(-, v) on M (Z), the bound-
edness and continuity of the function hN on (M1(2))" together with its convergence

towards , and the convergence §f — «;, one obtains:

]I
1migf{R<Z Fv) }>R(ZW;H )+ i)
Finally, by Fatou’s lemma we obtain:

L. N > i inf N
lglnjorc}fw +£_11]{In1nfE{R(z X] Iv(- >+h (i )]

—00

> if IR ~yillv) +1 }
wedﬂ(zw{ <§‘WHV> ™)

Letting ¢ | 0, we conclude that any subsequence of the original sequence {WN, N € N}
contains a further subsubsequence that satisfies the following lower bound:

lil\rlnianN inf { (th]’y]H ) } (39)

00 ye(My(2))"

Thence we deduce that the original sequence {IW", N € N} satisfies the lower limit in (39).
Combining this with the upper bound (37) leads to the stated result. [

We are now ready to state the main result of this section.
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Proposition 4. There exists a constant C € R such that, for all ¢ = (ql'c, qvc,...,q",q"P) €
(Mi(2))7,
lim FN(q) = F(q),
N—oo
where
F)= 1 [B{ s (1 wie=al )k v 203yl © (X wial )
j=1 z€Z \7cZ z€Z \ZeZ
rap 5 (Lol L wWeat! )al'}|
zEZ z'eZ
.
+3 <w] Y q¥ log(gl") +ajp! } q”’IOg(q”’)> +C.
j=1 z€Z z€Z

(40)

Proof. Fixq = (¢%,q"?,...,q4",q"F) € (Ml(Z))zr. Then, by (3) one obtains:

N
1 ! 1
-+ [T ot TT ) om (i TT( Tk 1) )
xezZNj=1 VieCs zeC” =1 Miedy zeC”
1 r jC r (41)
. (nqx,qu(z(zmg(qxl 5 st
xeZNj=1 \ieCl jec? j=1 Niecs ieCl
l 14
+ N ( qx, H q > log ZN.
xczZN j=1 \ieC¢ lECp

Forall1 <j<r,let {X{’C}ieN and {X{’p}ieN be sequences of i.i.d. Z-valued random
variables with common distributions ¢/ and ¢/, respectively. We then can write:

5 L (TT( Lok TTa?) ) (& ( & tostalt) + T togt) ) )

erN j=1 1€CC ZECP j=1 ZEC]C 1€Cp
1 r
- N (Z(Zlogqﬂ Zlogq]p)>
j=1 lEC” CP

-1 (le (N;E[logmﬁ;?c)] + N;-”E“"g“f?}?"”))

—Zr:<1\152q log (g% qulog >

j=1 z2€Z zeZ

Taking the limit in the last display and using Assumption 1 we find:

v Z, (T (T L) ) (5 (3 st + I wosil))
! (42)

=) ( wipf Y q¥ log(al") +ajpl ) q”’IOg(qz"”)>-

j=1 z2€Z z€Z
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Moreover, it is easy to see that:

& L TT( TTak TT a2 Junte) = Bl (R0,

erN] 1 Nied zec”
where,
_ . IB W Xj/C Xj/C w Xf'c Xjrp
_ZWZ Y WX X0+ ) WX X
=1 ieCs \keCs kec?
+ L (D W+ L wednx s ©owedtxn) .
iecl “keCj kecl kecl

is the energy function evaluated at X = (X{f, X{;p,l <j<rl1<ip < N].C,l <ip < ij ).
Thence, relying again on Assumption 1, one finds:

Jim CE[Uy(X)] = ) {g{(ﬂqu)zE[W(X{/C, X[ + 262 pl B (X, XIP)]
j=1

_ _—
+ap! (aplEW (XYY, X))+ -+ agpl EIW (X7, X57)]+

4 EW (X, X)) }]

£ b g (e

z€Z \ZeZ

+20¢2p]pp]c Z < Z W(Z,z')qu'/p)q]z'c

z€Z \ZeZ

+1xjp] Y (Zakpk Y W(z,7 qZ, )qé’pH.

zeZ ez

Now, in order to evaluate the limit as N — oo of the quantity 4 log Zy, often referred
to as the free energy function in the literature, let {y; },cn be ii.d. Z-valued random variables
with common distribution v given by v, = ‘17‘, z € Z. Then we have:

Zy =) exp{-Un(®)}

xeZN
= IZINE{eXp{ IN [ ) ( Y Wiy + Y W(yi,yk))
j=1 Liecs \keCs keC! (44)
+) ( YWy + Y Wiy +-+ ). W(yi,yk)ﬂ H
ieC NkeCy kec? kec’

Furthermore, recalling (1), one finds:

v =12E exp { - zfjv =[N (M L WE 0w N W e ) ) )

ZeZ z€Z z€Z

NP Y (N; Y W, 2)ek () + N Y W 2)e ()
ZeZ z€Z ze€Z

N D WE0) ) )] ]

zeZ
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Define the sequence of functions {®V, N € N} mapping (M;(Z ))Zr into R by:

oN —f]g{ Y <NCEWZ 2)nle +NPEWZ z);yi’p>17£’,c

Z'eZ z2€Z zeZ

N L (Nf Y WE D + N WE e 4+ N Y W(Z//Z)W?p) Wi’p]’

ZeZ z2€Z z2€Z z€Z
forany 7 = (<, y1¥,...,y",n"P) € (My (Z))zr. Notice that by Assumption 1, it is easy

to see that the functions ®N are bounded continuous for all N and converge towards the
function ¢ given by:

gz {p] ) (p] Y W( 2)772 —I—p] Y W( Z)U%’p)V]ZC

j=1 Z'eZ z€Z z€Z
., L D\
+p Y (P§ Y WE 2 g Y WE 2 el Y W(Z’,Z)nip)’?ﬁf’}.
ZeZ 2€Z 2€Z z€2
Hence, using the Laplace principle given in Proposition 3, the following convergence holds
true:
r

lim —lo Zy=— inf R ¢ + ) }—l—lo z 45
dim 5 log Zy 7G(MI(Z))V{ (};(Pﬂ] pEYE()v( g|Z| = (45)

where C is a finite constant that does not depend on the measure q. Combining (42), (43),
and (45) gives (40). The proof is now complete. []

4.2. Fixed Points of the McKean—Vlasov System

One of the important features of the limiting function F(gq) given by (40) is that it
characterizes the critical points of the McKean-Vlasov system in (27). To prove this fact,
let us introduce some additional notations. Define the hyperplane

1

K .
H! = {v e (RK)?r . Zv]l =1, foralll1<j<rie€ {C,p}},
i=1

and the corresponding shifted version
K .
HO = {v e RN : Y o =0, foralll1 <j<ri€ {c,p}}.
i=1

For any v € H?, the directional derivative of the function F(q) with respect to v is given by

£ ()]

xeZ aq&

Jrg=Y ¥

j=1lie{c,p}

where, forx € Zand1 <j<r,

)
aqucp(q) Bl (;pS) GZZW x,2)ql C+adplpS 2 W(x,z)q ] +ajpf (log(7%°) + 1),
X z

and

d ,
aq;’,pF@ By i Z W(z )2 + ajp] Z“kpk Y Wix2)g: } +a;p} (log(q¥") +1).
X z€Z
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]

%F(Q)

)

%P(Q)

Lemma 2. Let the rate functions A]Z"CZ, and /\i ’Z , be given by (24) and consider the corresponding
McKean—Vlasov system in (27). Then, a given g = (q¥¢,q"?,...,q"%,q"") € (M1(Z))¥ isa
fixed point of (27) if and only if g € S°” and AF(q) = 0forallv e HO.

Proof. Define the vector 7 = (ex — €y, -+, €x — ey) € H° where e, is the unit vector of RX
in the x-direction. Note that given the structure of the shifted space H°, it is enough to
prove the result for 7. First, the directional derivative of F(q) with respect to 7 is given by

= %2 o (o5 T 00u2) - W) ] (W0 z) - W)}
£

z€Z z€EZ

+ (log(at*) ~ log(a})
rop? (B{ans © VG0 - W)l + kzl wrl T (W) - W)t}

1 (log(g?) - logwf;*’))ﬂ |

Moreover by (25) and (26) one can rewrite the last equality as

vl g P (q)s ,p< (q%é”)_ (nﬂp(a» )}
E["‘f”f(l"g(q{f) IOg(nffcw)y))”‘fpf B\ e m-,p(q)y) | (46)

Letq = (g, q"%,..., 4%, q") € (M4 (Z))% be a fixed point of the McKean-Vlasov
system in (27) corresponding to the rate functions /\]Z’CZ, and A]Z’Z, defined in (24). Thus,

by the definition,
gieAlf =0,
gr A{ip =0, (47)
1<j<r.

Moreover, from (25) and (26), 77°(g), 7/ (q) are the stationary distributions of irreducible
and recurrent continuous-time Markov chains; therefore,

n{%’cA{Z’C =0,
P ALY =0, (48)
1<j<r.

However, since the corresponding Markov chains are irreducible and positively recurrent,
there exists a unique solution to the associated balance equations, and thus 77/*(gq) = ¢/*
forall: € {c,p} and 1 < j < r. Furthermore, since the stationary distribution satisfies
7(q)x > 0, we have qﬂ;l >0forallx € Z,1 € {c,p}and 1 < j < r. Thus, ¢* € S°
forall: € {c,p} and 1 < j < r and thence g € S°”. In addition, using (46) we find that
%F(q) =0.

Conversely, suppose that :2F(q) = 0. Then from (46) we straightforwardly obtain
that:

Jit i
(q’.‘ ) = (7‘[' (q)x>, forallx,ye Z,1€ {c,p}and1 <j<r.
It ]/

qy 0 (q)y

Thence g = 71(q), and thus g is a fixed point of the McKean-Vlasov system. This concludes
the proof. O
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The previous result allows us to identify the equilibrium points of the McKean-Vlasov
system in (27) by the critical points of the limit function F. Furthermore, note that the
dynamic system can contain multiple w -limit sets as shown in the following example.

Example 1. Suppose Z2 = {1,2}, W(1,1) = W(2,2) = 0and W(1,2) = W(2,1) = 1.
Moreover, suppose that r = 2, a1 = ay = p{ = pf =p5=ph = % Therefore, by (40),

F(q) = f(‘h /q}p,qfc,ql ), where:
2 2 >
< 1, ,C 1 i, i, 1 i,
sttt i) = 1 [3{2(5) a0 - +2(5) -

1 ; 2 1 k, 5 2 1 Kk,
+4<q]1p24(1q1p)+(1q]1p)z4‘hp)H
k=1

k=1

P+ qiP (1 - 41))

) | |
Z{ I log(g)) + (1 — ) log(1 — ¢/°))

j=1
1 .’ ,, ., .’
+ 0l og(a}?) + (1 =g} tog(1 — ")) |
Hence, the critical points of f (‘71 , q} 7, q% g qy P) on [0,1]* correspond to the critical points of F on
(M1 (Z))*, which, by Lemma 2, correspond to the equilibria of the McKean—Vlasov system (27).
Therefore, one has to solve the following system of equations:

c Lp 2.c

1
1 flay" oy ay "71
Lc Lp 2¢

( ")
(9 a9," 97 f‘h )
Lp 2c

)
(q )

1,c
91" /97 97 /‘71
1,c
l

f ! 49
f 0 (49)
f a2, gt

By straightforward calculations, the partial derivatives of f are given by:

a;l FgY, g, 2, ) = ﬁ(i)z(l -2 70) +ﬁ< >2<1 —Zq]i'p>
-,

a‘?l £, a7, 2, 3 )_5(1>2(1—2]C>+l3 (ii(l—z‘ﬁ'p))

2 st —49)

forall1 < j < 2. Fixing B = 4, the numerical resolution of the system of equations in (49)
identifies the following three solutions:

1, 1, 2, 1 1 1 1
(q1cfﬁhpr‘hcr‘71 )= (E 275 E)

T e ql 7) = (0.8039,0.9015,0.8039,0.9015),
(g, 1", 4%, 457) = (0.1961,0.0985,0.1961,0.0985).
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Consequently, these solutions correspond to the following critical points of the function F(q):
Lp 2, 20 2p 11111111
(07,32 f‘h Loyt gy ") = (E'E’E’E’E'E'E’Q)/
(a7, a5 ,ql ,qz”,qfc,qz ,qf ”,q?’) (0.80,0.19,0.90,0.09, 0.80, 0.19,0.90,0.09),
(4, q%, a1, a5, 2%, %<, 457, g5") = (0.19,0.80,0.09,0.90,0.19, 0.80,0.09,0.90),

which, following Lemma 2, correspond to the critical points of the McKean—Vlasov system in (27).

4.3. Descent Property and Lyapunov Function

In this final section, we show that, under positive definitness assumption, the limiting
function F(g) in (40) is indeed a local Lyapunov function for the McKean-Vlasov system
in (27). The next result proves that F(q) satisfies a descent property.

Proposition 5. Let (t) be the solution to the McKean—Vlasov system in (27) corresponding to

the rate functions A] L and )\] P ", defined in (24), and starting at some j1(0) € (M1(Z))*. Then,
forallt >0, we have

AP H0) = G 1 (RGP0 g R (707 0) )

v=p(t)

Moreover, $F(u(t)) = Oifand only if wi(t) = 7t (u/(t)) forall 1 € {c,p}and 1 < j <r,
where 70 (-) and 707 (-) are defined in (25) and (26), respectively.

Proof. First, recall that any probability flow g(t) on Z satisfies % Yoczq:(t) =Y oez %qz (1)
= 0 for all t > 0. Using this together with (40), one obtains:

o= [H{m B (5 weonto) o
(prea)eo)
+2a2p]pp]c ; <(Z§;ZW z,7 Vz' )) dgfc(t)

( Y, W(z2) ”Z’ (t ))uf;‘(t)) (50)

r d z’ ic Z/ :
+]; <“fr7§- )y Zt (t)log(pX“ () +ap} ) Zt (t)log(y]zp(t))).

zeZ

In addition, by (25) and (34), one further obtains, for any v = (vlfc, vbP, L uTE VP €
(Myi(2))>,
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o je
SR 0IP0) = B 010850+ 5 T (i X Wea e

ze€Z ZeZ

dplf
+apl Y W(z2) ”’) Zt (f).
ez

Moreover, using (26) and the definition of the relative entropy, one finds:

, L ip 4
ZR(V]'p(t)Hﬂ]’p(V]’p)> =) dgi () log P () +B Y (zxjpjc- Y Wiz W

z€Z zZeZ

Zazpl Y WzZ) "’)””;t (1),

7'eZ

Thence, since v is arbitrary, one observes that, for all t > 0,

;tF(li( t) = diz <Ocjp]C-R(yf/C(t)|7'[frc(1/frc)) +,x]-p]’?R(;47'P(t)|n74’(vff”))>

j=1

v=pu(t)

Moreover, recall that, since v is fixed, 77/°(v/) and 7t/7 (v/'F) are the stationary dis-
tributions of ergodic Markov processes generated by the rate functions (24). The linear
Kolmogorov forward equations associated with these Markov processes are given by:

() = i (AL,
f( )= ()AL, 1)
<j<r, t>O

Fix t > 0. Since v is arbitrary, one can take v = yu(t) in the last equation. Therefore, at time
t, both pi(t) and 7(t) solve a Kolmogorov forward equation with the same rate matrix A, .
Moreover, recall that the relative entropy function has a descent property along the solution
to the linear Kolmogorov forward equation. In particular, the proof of this relies on the
fact that two solutions to the linear equation with different initial conditions satisfy the
forward equation with the same fixed rate matrix. See, e.g., the proof in ([8] [Lem 3.1]).
Therefore, since this fact is also satisfied here, the descent property of the relative entropy
function still holds true and thus:

%F(V(f)) = ;t]é (vcjpr(Vj’C(t)||7rf'c(vf'c)) +lxjpr(yj'P(t)||7rj'P(vfrP))>

<.

v=pu(t)

Using again ([8] [Lem 3.1.]) gives that %F(y(t)) = 0ifand only if /' (t) = 7+ (W (1)),
forallt e {¢,p}and1 <j<r. O

The descent property established in Proposition 5 together with the observation that
F(g) is C! and uniformly continuous shows that, if F is positive definite in the neighborhood
I of a fixed point ¢ of the McKean—Vlasov system in (27), then F(g) is a local Lyapunov
function in the sense of Definition 5. In such a case, the corresponding fixed point ¢ is
locally stable by Proposition 2.

5. Conclusions

We introduced in this paper a family of Gibbs systems constructed on block graphs
together with their asymptotics. As the total number of particles in the system goes to
infinity, the law of large numbers was proven to hold, giving rise to a McKean-Vlasov
system of equations (27). Then, we addressed the question of the stability of this McKean—
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Vlasov system of equations. To this end, we constructed a candidate Lyapunov function
using the limit of adequately normalized relative entropy functions associated with the
explicit stationary distribution of the N-particles system, thus extending the work of [8,9]
to heterogeneous systems, which consist of block interaction graphs. As explained through-
out the paper, the stability of the fixed points of the McKean-Vlasov equation allows one
to approach the long-time behavior of the finite N-particles system. In particular, if the
McKean-Vlasov system in (27) contains multiple fixed points, then under positive defi-
niteness assumptions, the function F serves as a Lyapunov function for all of these points
and thus allows studying their local stability. Note that if the McKean-Vlasov system
in (27) contains multiple (local) stable equilibria, one can investigate the metastability
of the corresponding N-particles system. It amounts to studying the transitions of the
empirical vector uN between the different attractor states as time becomes large. Note
that these transitions happen even though the existence of a unique invariant measure for
uN. It is then of interest to estimate quantities such as the mean time spent by the process
near a stable point, the probability of reaching a given stable point before reaching another
one, or also the probability of transiting between a collection of w-limit sets in a particular
order, and so on. Notice that the metastability analysis was conducted in [7] for the general
finite-state mean-field systems on block graphs under the classical conditions of Friedlin
and Wentzell [12].

An interesting but difficult question is the stability of the McKean—Vlasov system in
the general case studied in [2,7] for which the explicit form of the invariant measure corre-
sponding to the N-particles system is in general not available. In such a case, one cannot
indeed evaluate the N — o limit of the function FN(g) defined in (35). An alternative
approach consists in evaluating the limit of

1 C C
ptN(q) — NR<®N1 ql,c ®Nf ql,p N g~ ®Nf g

),

as N — oo and t — oo where pN(t) is a multi-exchangeable probability distribution of
xN(t) = (xn(t), xm(t),n € C]¢, m e C]P, 1< < r) at time ¢. Then, providing that this
limit takes a useful form, one can investigate its Lyapunov properties. Note that this
approach was shown to work in [8,9] for some family of finite-state mean-field models on
complete graphs. The main condition is the existence of the large deviations principle for
the empirical measure. It is then of interest to investigate similar strategy to the multi-class
setting in [2,7]. For this, one needs to rely on the large deviations principle for the empirical
vector process, which was proved to hold in [7]. This is an interesting line of work for
future research.

Let us end by pointing out some additional interesting questions not addressed in
the current paper. One such question is the existence of phase transition characterized by
the interaction parameter j3, also known as the inverse temperature in the statistical physics
literature. Indeed, one might observe from the energy function Uy (x) introduced in (2)
that B calibrates the strength of the interaction between the particles (spins). In particular,
for small B, the particles are weakly dependent, while for large values of B, the particles
are strongly dependent. This change in the dependency structure often manifests itself
in the existence of phase transition. For example, in the case of the Curie-Weiss—Potts
model, it was shown in [23] the existence of a critical inverse temperature threshold B,
at which a phase transition occurs. Similarly, in [3], the authors established a critical
inverse temperature threshold where the block spin Potts model with uniform block sizes
experiences a phase transition. It is then of interest to investigate the existence of such
critical value for the Gibbs model introduced in Section 2. Another question that is worth
exploring is the central limit theorem in both the low and high-temperature regimes. One
might, for example, follow [24], where the authors established a central limit theorem
for the magnetization for the block spin Potts model. Finally, from the large deviations
principle of the empirical vector associated with the general finite-state mean-field systems
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on block graphs established in [2], one can deduce the large deviations principle under the
Gibbs measure 77 (x) given in (3).
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