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CENTRAL LIMIT THEOREM FOR A SPATIAL STOCHASTIC
EPIDEMIC MODEL WITH MEAN FIELD INTERACTION

M. HAURAY, E. PARDOUX, Y. V. VUONG

ABSTRACT. In this article, we study an interacting particle system in the context
of epidemiology where the individuals (particles) are characterized by their position
and infection state. We begin with a description at the microscopic level where the
displacement of individuals is driven by mean field interactions and state-dependent
diffusion, whereas the epidemiological dynamic is described by the Poisson processes
with an infection rate based on the distribution of other nearby individuals, also of the
mean-field type. Then under suitable assumptions, a form of law of large numbers has
been established to show that the associated empirical measure to the above system
converges to the law of the unique solution of a nonlinear McKean-Vlasov equation.
As a natural follow-up question, we study the fluctuation of this stochastic system
around its limit. We prove that this fluctuation process converges to a limit process,
which can be characterized as the unique solution of a linear stochastic PDE. Unlike
the existing literature using a coupling approach to prove the central limit theorem
for interacting particle systems, the main idea in our proof is to use a semigroup
formalism and some appropriate estimates to directly study the linearized evolution
equation of the fluctuation process in a suitable weighted Sobolev space and follows a
Hilbertian approach.

1. INTRODUCTION

In this paper, we study a spatial stochastic epidemic model based on the well-
known SIR model, where S, I and R respectively stands for the different states of
an individual. These states can vary from the compartment of Susceptible to the
Infected one, and eventually to the compartment of Recovered (Removed) when the
individual recovers from the illness (or dies). In fact, for many problems related to
the spread of infectious disease in ecology and public health, an explicit description
of spatial structure is not necessary nor advantageous. In many cases, the concept
of average behavior in a large population is sufficient enough to provide the insights
and extract useful information from existing data. However, the spatial component of
many transmission systems is becoming increasingly important [35]. Recent studies in
both deterministic and stochastic epidemic models have enabled us to understand the

significance of individual displacements in a population on the persistence or extinction
of an endemic disease [5]6,12,29].

In our spatial model, an individual will be characterized by two features: its position
and its infection state. The state F varies in the set of the types {S,I, R} = {0, 1,2},
where we identify S with 0, I with 1 and R with 2 in order to simplify the mathematical
description. It is also useful for the representation of the jumps between the states in

the epidemic dynamic. Meanwhile, the position is a continuous variable X € R¢.
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The addition of spatial variables complicates the standard homogeneous SIR model in
two ways: by using an infection rate that depends on the distribution of surrounding
population and by taking into account the individual displacements.

In fact, it is a natural tendency that an infected individual will infect a close neigh-
bor more often than a more distant individual. While these different transmission
behaviors are averaged in homogeneous SIR models, in our model, we use an infection
rate depending on the relative distance between individuals. The infection rate between
locations z,y € R? will be given by a function K : R x R? — R, , which is assumed to
be bounded and Lipschitz. Averaging over all the infected individuals, the susceptible
individual ¢ becomes infected (in other words its state jumps from 0 to 1) at time ¢ at
the rate

N
1 N o
~ PIY(C Gl I P e (1.1)

Jj=1

The infectious individuals recover (in other words their state jumps from 1 to 2) at
rate v > 0 and once an individual recovers, it is immune forever.

Each individual moves in R? according to a diffusion o (X", E;")dB; which de-
pends on both individual’s state and position, and weakly interact with the other in-
dividuals in the population in the mean filed type through a kernel V. In this paper,
the interaction kernel V', the diffusion strength o are assumed to be bounded Lipschitz
continuous with respect to the position variables. Of course, this equation has a mean-
ing on a probability space endowed with the requested Brownian motions (and Poisson
point processes for the infectious-jump part of the dynamic). The Lipschitz hypothesis
will be very useful to build a correct theory of existence, uniqueness to that system, and
also for our results concerning the large population limit (i.e. when N goes to infinity).

In light of the aforementioned settings, the epidemiological dynamic can be rep-
resented using Poisson point processes jumping in {0,1,2}. Now we choose a proba-
bility space (€2, F, (Ft)i>0, P) equipped with N independent Poisson random measures
(Q")i=1...~ and N Brownian motions (B"),—; . x, the position and state of the individ-
uals will evolve in time according to the following system:

N
dx;N = % S V(XN BN, XN BNt v o (XPN, BB,

=1

1 . _ _
1 i, N 7, N . ) i, N
[0,£] xR {“SN Z#iK(X“’ X5 )ﬂ(Ez’,’V’Ei'fV>:(o,1>+ﬂl(Esf

) Q'(ds, du).
(1.2)
For more details concerning the origin of this model and its interest, we refer readers

to the previous paper of the authors [18].

In the study of a system composed of N particles, one of the most important objects
is the empirical measure that can help us fully describe the whole dynamic. In this
paper, let us introduce the empirical measure process associated to the above system
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consisting of N individuals (XZ’N, Ef’N), 1=1,..., N defined by

N
1
by = N > O™ By
i=1

where §(, ) is the Dirac measure at point (z,e) € R? x {0, 1, 2}.

Under suitable assumptions in [I8], we established a conditional propagation of
chaos result (in the presence of a common noise o®( X}, EFN)dBY), which states that
conditionally to the common noise, the individuals are asymptotically independent and
the stochastic dynamic converges to a random nonlinear McKean-Vlasov process when
the population size tends to infinity. And as a consequence, the associated empirical
measure converges to the unique solution of a stochastic mean-field PDE driven by the
common noise.

In this work, we only treat the case without the common noise. As a special case
of the results obtained in [I8] (with ¢ = 0), we can also show that when N — oo, the
empirical measure p¥ converges to u, the law of the unique solution to the following
nonlinear McKean-Vlasov equation

dXt = Vut(Xt’Et)dt+U(Xt7Et)dBt7

E, =FEy+ 5.} Q(ds, du), (1.3)

1
[0,t] xR 4. {ugKﬂs(Xs)HO(Es*)Jrv]h

o =L (Xu Et) .

As typical with McKean-Vlasov dynamics, the limit measure p; can also be charac-
terized as the unique solution of a nonlinear partial differential equation. That PDE is
called the forward Kolmogorov equation associated to the McKean-Vlasov SDE (3]
and given by the following equation

1
dpy = — Dy - (V) dt + 5t (D2, (oo™ )pe)] dt
+ Ky, (Leey — Do) pre(d, 0)dt + 7y (Lemg — Loy ) pry(d, 1) dL.
Now, as a natural follow-up question after studying the law of large numbers, the

aim of this paper is to look for a limit theorem for the fluctuation process of u around
its limit p,.

(1.4)

In the previous work, a quantitative law of large numbers is established in the
Wasserstein distance, which roughly shows that

N2, d=1,
E[Wi (1, m)] < C(t) ¢ N"V2log N, d =2, (1.5)
N, d>3.

Moreover, it is well-known that the 1-Wasserstein distance used in (L3) is equivalent
to its dual formulation,

Wl(:uz]fva,ut)zsup{/d QS(IUI{V—,Ut) | ¢RdX{0,1,2}—>RWIth sz(¢)§1}>
R4x{0,1,2}
(1.6)
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which apparently shows the strong dependence of the rate of convergence on the regu-
larity of test functions. Therefore, to recover the right order of N'/2-normalization as
the classical central limit theorem, we need to modify the regularity of test functions.
This point will be further clarified in the next section.

Now we consider the following fluctuation process with the N'/? scaling:

m = VN =), te[oT].

Following the Hilbertian approach used in [I5/24,30], we can prove a central limit
theorem for the sequence of the fluctuation processes (n")y>; in an appropriate space of
distributions. The limit process of the normalized fluctuation processes can be described
as the unique solution a linear stochastic partial differential equation driven by space-
time white noises. In order to achieve this, we regard the fluctuation process n as
a process taking values in a Hilbert space, which we consider as the dual of some
Sobolev space of test functions. The regularity of that dual space corresponding to
the regularity of test functions will be decided by the martingale term appearing in the
evolution equation of the fluctuations as well as the form of generators in that equation.

It is worth noticing that the Sobolev spaces used in the present paper are not
exactly the classical one and they must be refined. Indeed, we will study a class of the
weighted Sobolev spaces with polynomial weights, see the definition in subsection 2.1
The importance of the weight will be explained in the proof, provided that the weight
satisfies some suitable integrability properties. Moreover, we observe that the dimension
d plays a crucial role in the rate of convergence ([LH) and it is also well-known that the
Sobolev embeddings depend strongly on the dimension of the space. This will help us
identify the right level of smoothness.

Let us now discuss the main differences between our results and the previous one in
the exiting literature. In fact, this kind of spatial epidemic model have been studied by
Emakoua et al. [5[I2] with the same SIR epidemic dynamic but with a simpler model for
the displacement of individuals (individual’s movements follow independent Brownian
motions on a compact torus in [5], and follow independent diffusion processes in [12]),
where the mean field interactions between individuals through the kernel V' are not
taken into account. This leads to the main difficulty in comparison with the previous
works due to the presence of nonlocal terms in the evolution equation of the fluctuations
(n™M)n>1. In contrast to the independence of individual’s movements in [5[12], these
nonlocal terms are created by mean field interactions and they do not allow to obtain
directly good estimates for the norm of fluctuations in the weighted Sobolev spaces.

The Hilbertian approach used in this work has already been used to prove central
limit theorem in the context of interacting particle systems [15241[30], mean field games
[11], mean field age-dependent Hawkes processes [9], neuron networks [38]. In [15,[30],
Méléard et al. developed a coupling method used in [39] and [20] with some relaxations
on the initial conditions and coefficients. The authors provide a sharper estimate on
the control of the couplings (instead of the original one of order 2 in the proof of the
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quantitative law of large numbers),

< 37 (1.7)
where (X%), ¢ = {1,..., N} are i.i.d copies of the unique solution to the limit SDE
of their original system. This estimate of order 4 requires a careful computation of
the covariance between the pairs (X BN X 2) and takes advantage of the independence
between the particles (X*), i = {1,..., N}.

In [T1], Delarue et al. also used the coupling method and this estimate of order 4 to
prove central limit theorem for a system consisting of N agents in the context of mean
field games. The main idea is to use the solution to the mean field limit to construct
an associated McKean-Vlasov interacting system of N particles that is sufficiently close
to the original system for large IV, then derive the central limit theorem for the latter
from the central limit theorem for the former.

E {sup ‘XZ’N - X/

t<T

‘4:| CT

However, the main reason that prevents us from applying this coupling method
to prove central limit theorem is that the authors in the aforementioned articles only
work in a continuous framework and rely strongly on the estimate of order 4 (7). In
contrast, the individuals in our model possess both continuous and discrete features.
In the previous work, we have pointed out the compulsion of using estimates of order 1
for the control of the couplings (see Remark 3.2 in [I8]). As usual when working with
jump processes, we can not get higher rate for the moment estimates as in (IL7). Hence
the standard trick used for diffusion processes is useless in this case. To solve this
difficulty, the author in [9] developed the above coupling method for a specific mean
field interacting age-dependent Hawkes process. A refined version of the higher order
estimates (7)) is provided by estimating the coupling in the total variation sense.

Unlike the articles listed above, where the coupling method is used to prove the
central limit theorem, in the proof of the present paper, we use the semigroup formalism
and some appropriate estimates to directly study the linearized evolution equation of
the fluctuation process in a suitable weighted Sobolev space. It will be shown that
under some suitable assumptions on the initial conditions and the smoothness of the
coefficients, the fluctuation processes (n)y>1 belong uniformly in N and ¢ to the
weighted Sobolev spaces H~1+P)20 and H~(2+2P).D (see the definition in subsection 21]
with D := [d/2] ). Then we prove the tightness of the pre-limit fluctuation process
in D([0, 7], H~?*2P):-P) by using appropriate compact embeddings. We also show that
the Hilbert space H~(?+2P).D is sharp in some sense: it has the smallest regularity order
as possible in the class of Sobolev spaces with polynomial weights where we can obtain
the tightness result. Finally, we complete the proof of convergence of the sequence
(n™)n>1 by identifying the limit fluctuation process n as the unique solution of a linear
stochastic partial differential equation.

Organisation of the paper. In Section 2, we provide some preliminaries on the
weighted Sobolev spaces and state the main results. Section [l is devoted to prove
the tightness of the pre-limit fluctuation process and the martingale terms appearing in
the evolution equation. In order to do this, we first establish some key estimates in dual
Sobolev norms and then take advantage of the Hilbert structure of the Sobolev spaces
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to prove the tightness results. Section [ contains the proof of the main Theorem 23]
and we give a characterization of the limit fluctuation process as the unique solution
to a linear SPDE driven by space-time white noises.

2. PRELIMINARIES AND MAIN RESULT

2.1. Preliminaries on weighted Sobolev spaces. This section is devoted to the
definitions and some technical results related to the Sobolev spaces with polynomial
weights used in this paper. This kind of weighted Sobolev spaces was first introduced

in [32], see also [15].
Weighted Sobolev spaces. For all j € N, a > 0, g € C7(R?), we define
. 1/2
lolhoi= | 3 [ i )
k| <j
where k = (ky,..., kq), |k| = ki + -+ kq.

Let H7*(R%) be the completion of the space consisting of all functions g € C*(R?)
with compact support with respect to the | - ||; o norm. H?* equipped with this norm
is a Hilbert space. We denote by H 7 its dual space.

Let C7“ be the space of functions g with continuous partial derivatives up to order

j and satisfies
lim | D) =0, VIkl<j
im ————— =0, <7
|z|—o00 1+ | |O‘ J

This space is normed with
9llcia = ) sup m———-.
; r€R4 1+ |$|a

Noticing that for all 5 > 0, C/* = Cj, the space of C7 functions with bounded
derivatives of all order less than j.

Sobolev embeddings. We recall the some continuous embeddings related to the Sobolev
spaces defined above, which are useful in some proofs in the rest of this paper. For
more details, see e.g. [1], [15].

We have
Cf — H™™ >0, a>d2, (so that / 1/(1+ |z]**)dz < —i—oo), (2.1)
Rd
Hitme ey oo 5>0, m>d/2, a>0, (2.2)

i.e. there exists C, Cy (that depends on m, j and «) such that
HgHHJQ& SCngHCg’
Hchj,a S C2HgHHj+m,a‘
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Moreover, using the embedding (2.2]), we can prove that
Hitme oy fghath §>0, m>d/2, a>0 f>d/2, (2.3)

where <. means that the embedding is compact.

We also deduce the following dual embeddings:

H™* s C719, j>0, a>d/?2, (2.4)
O ey gltma i>0, m>d/2, a>0, (2.5)
Hhetb ey g-ltmie i>0, m>d/2, a>0, B>d/2 (2.6)

Hilbert structures. In the next sections, once (¢x)r>1 is mentioned, it always denotes
an orthonormal basis of H?® composed of C™ functions with compact support. The
existence of this basis follows from the fact that the functions of class C'**° with compact
support are dense in H7. Moreover, if (¢3)>1 is an orthonormal basis of H7*(R¢) and
u belongs to H7%(R%) then Parseval’s identity give us the following representation

full”, 0 =" (u, 60)” (2.7)

k>1

We also note that for any distribution pu = (u°, ut, u?) € D(R? x {0,1,2}), we can
define

s oy = N -y * 8 sty + 18 ey

For any test function ¢ = (¢°, ¢', ¢?) and p = (u°, ut, p?),
2 . . 2 .
.0y =3 () =3 [ wnitas
i=0 i=0 /R?

2.2. Main results. In this section, we rigorously describe the evolution equation of
the fluctuation process and state the main results. As in the previous paper [I§], by
using It6’s formula we showed that the evolution of the empirical measure process plY
satisfies the following equation:

(1, 6) = mm@+/K%,x¢vw@+ /@ﬂu 0")D2,0]) ds

/ (a2 (d2,0), Ky (s — 1o0)0) ds + /0 (a2 (A2, 1), 4 (Lo — Loy)) dis

+ MN(9), o
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where M} (¢) is a martingale which converges to 0,

N t

1 ) . . ) )

MY (0) = 3 | Dbl BN (X0, B!
: 0

N
1 / 0, N i, IN i, IN 1, N
TRES B(XEY, BN) — (XY, BN))
N; [0t}XR+( )

;.,N)}Qi(ds,du).

x ]l{uSKué\r(Xi’N)]lo(Ez’,N)-i-'y]h(E a
Subtracting the equation (L)) to the evolution equation (Z8) of the empirical mea-

sure 1Y, and then multiplying by N'/2, we can obtain the evolution equation of the
fluctuation process nl¥ as the following:

(o 0) = (a0 + 5 [ ol oe (o0 D] s
+/ <77£V,Dx¢-VM§v>ds+/ (ps, Dy - Vo ) ds
/ <77$ dl’ O ( e=1 — e () ¢> d8+/ <,U5 d!L’ 0 (]le 1 — ezo)¢> dS

4 / (2 (d2,1),7(Leey — Toma)6) ds + VN MY ().

(2.9)

It is worth noting that the two terms in the second line on the r.h.s. are created

by linearizing the nonlinear term <,ui,v , D¢ - VM§V>7 whereas the two terms in the third

line are the linearization of (pY(dw,0), K,,x(Le—1 — Le—g)¢). In contrast to the law of

large numbers, the martingale term in (Z9) does not go to 0 when N tends to infinity.

Instead of vanishing, the renormalized martingale v N MY is expected to converge to
some Gaussian process.

Before giving a statement about the convergence, the first problem one needs to
overcome is to find a suitable space in which both "V and its limit belong. We want to
prove that the fluctuation n’¥ belongs to some weighted Sobolev space H ~** uniformly
in N and t € [0,T]. By taking an orthonormal basis (¢ )x>1 of the Sobolev space H’*®
as in (2.7)), our desire is to get the following

sup sup E
N>11t<T

Z<7h , k) ] = supsup E [Hnt | ja] < 400. (2.10)

k>1 N>1t<T

To see the impact of the regularity of test functions on the estimates of the fluctua-
tion process 7V in the dual spaces, let us provide in the following a simple example on
the class of functions with bounded Lipschitz constant, where we can compute properly
by using the Kantorovich-Rubistein duality (L@]). Indeed, from the quantitative law of



CENTRAL LIMIT THEOREM FOR A SPATIAL STOCHASTIC EPIDEMIC 9

large number, we have

E

sup

<m;v-m>,¢>)]

VNE [Wi(s )]

sup \<niv,¢>\] =E

peLip(1)

1, d=1,
<C(t) | VNE Wi (1, po)] +{ log N, d=2,
N@-2/2d >3

Since {(Xé’N, Eé’N)} N>y are iid. with the initial law po, the classical central limit

theorem ensures at initial time that 7}’ converges in law to a limit 7y, which is a
Gaussian. However, the above estimate is obviously not enough to guarantee central
limit theorem for the fluctuation process when it evolves in time, and even the uniform
estimate (2.I0) fails when the dimension d is large. Therefore, in order to obtain the
needed estimates and recover the right order for convergence in central limit theorem,
test functions indeed must be more regular than only Lipschitz.

Before stating the main results, let us introduce the assumptions made for the initial
condition and the coefficients throughout this paper.
Assumptions. We fix D := [d/2].

Assumption Aj;. supy>; maxj<i<y E [}Xé’N‘w] < +00.

Assumption As. The functions V, K belong to class CI}J’D and o € C'ng 5. We also
assume that the symmetric matrix [oo'] is uniformly positive definite.

Assumption Ajz. The functions V, K belong to class CZ+27.

The assumptions A;, A, above are essential to prove the propagation of moments
and the tightness results in the next section. We also notice that with the hypothesis
[oot] is uniformly positive definite, the operator A := %Dw . (aa*Dm) is uniformly
elliptic, i.e.

d
> (ooh)y(x.e)&8 > MEP, V(xe) e R x {0,1,2}, £ € RY,

i,j=1

for some positive constant A. This assumption allows us to perform some crucial es-
timates in the proof of Proposition 2.1l In order to characterize the limit fluctuation
process as in the statement of the central limit theorem 2.3, more regularity on the
coefficients will be required and given in Assumption As.

It is shown in the following that under appropriate assumptions on the initial con-
ditions and the smoothness of the coefficients, the fluctuation processes (7)) x> belong
uniformly in N and ¢ to H~(0+P):2D,
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Proposition 2.1. Let T > 0. Under Assumptions Ai, As, the fluctuation process
(nV) <1 belongs to H=HP)2D yniformly in t and N, i.e.

< +o0. (2.11)

sup E SupHmNHz_(lJrD),zD

N>1 t<T

Then we prove the tightness of the fluctuation process 0¥ in D([0, T, H~*2P):P)
by using the embeddings described in subsection 2.1

Proposition 2.2. Under Assumptions Ay, Ao, the sequence of the laws of (UN)Nzl is
tight in D ([0, T, H~+2D).D).

The main result of this paper will be stated below. It identifies the limit fluctuation
process 1 as the unique solution of a linear stochastic partial differential equation.

Theorem 2.3. Under Assumptions Ay, Ay, A3, the sequence of fluctuation processes
(T]N)N>1 converges in law in D ([0, T], H=*+2P1L) to a process n which solves the fol-
lowing equation

1 t t t
m=mt g [ (D8 (00" ) ds— [ Du,dds = [ Du by, )ds
0 0 0
t t
+/ K, (1.- — ]lezo)ns(dx,O)ds+/ Ky (Le=y — Le—o)pts(dz, 0)ds (2.12)
0 0

t
+ / V(Le=z2 — Leci)ns(d, 1)ds + W,
0

),D

where W, is a continuous centered Gaussian process with values in H~Ct2P)hD gnd

covariance is given by: For all ¢1, ¢y € HPT2P)P  for any s,t € [0,T],
tAs
EOV(0Wilen)] = [ (praa”Duty - Dua) s
0

‘l‘/ <,U5(dl',0),Km,(dx71)¢1¢2>d’f’+/ <,Ur(dl',1),’7¢1¢2>d’l“.
’ ’ (2.13)

3. TIGHTNESS

3.1. Preliminary estimates. In this section, we first prove some useful estimates
which are the technical steps in the proof of tightness and convergence in the next
sections.

We first recall a fundamental result which states that the initial condition A; prop-
agates finite moments uniformly in N and time ¢ € [0,7]. The proof of this result is
classical.
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Lemma 3.1. For any T > 0, there exists a constant Cr such that

supE[sup }XZ’N‘4D} <Cr, V1<i<N,
N>1 [ t<T

E [sup |Xt|4D} < Cr.

t<T

Remark 3.2. By the definition of the empirical measure pY and its limit p;, we can
easily deduce from Lemmal31 that

supE[sup ARE \4D>} < Cr,

N>1  |t<T

E[sup (e, | - |4D>} < Cr.
t<T

Next, we give some useful estimates of several linear operators on H”*. We may
use them many times in the next sections.

Lemma 3.3. For any fized « >0, j > 1+ D and z,y € R?, the mappings 0., N, ,, V., :
H7» — R, defined by

02(¢0) == 0(x);  Auy(9) == d(x) — d(y);  Vu(¢) := (dive)(x)
are continuous linear forms, and we have
lo:]|_; . <K+ 2],

[Awyl|_, 0 <K+ |21 + [y, (3.1)
[Wel|_, , <K+

Proof. We prove the first estimate by applying the embedding (2.2)),
6(6)] = 16@)] < [|8]| o (1 + [o]) < K|8], (1 +1al*), Vi=D,az0. (32)

Using the definition of dual norms of linear mappings, we have

10.(9)]
|| =
H H—j,a 07&222:«1 HQSHj,a

< K1+ |x]%).

The estimate for A, , follows ([B2)) since

[Aay (D) < [d(2)] + |9(y)] = [02()] + [3y(9)]

A similar argument holds true for ¥, with j > D + 1 and a > 0.
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3.2. Decomposition of the fluctuations. In this section, we will describe the fluc-
tuation process (7))o explicitly in terms of each epidemiological state S, I and R. On
the one hand, this turns the equation (2.9) to a system consisting of three equations.
On the other hand, rewriting the evolution equation of fluctuation process as a system
seems to be compatible with our strategy to prove the convergence in the next sec-
tion. Indeed, we will represent the linearized equation (Z9) in a semigroup formalism,
and take advantage of some useful estimates in the semigroup approach to prove the
key estimate (ZIT]). For that reason, in order to make the semigroup representation
of the evolution equation (Z9) less complex, we consider its projections on M (R?)
for each epidemiological state separately. For more details concerning this semigroup
representation, see Section [3.5

For x € RY, let
>N (@) = p™ (x,0),
N () 1= i (1),
pi () = pt (x,2).
ILN , RN

We regard p*N, utN, 1N as cadlag processes taking values in the space of finite mea-
sures on R?, equipped with the Skorohod topology.

For each e € {S, I, R}, we introduce the following alternative notations
ae(') ::U('v 6>7
Vue() ::Vu('a 6) = <V(> €Y, f)> :U“(dya df)>
to adapt with the measures on R?.

We also note that somewhere the notion V¢ will be assigned to a function of there
variables on R? x R? x {0, 1,2}, Ve(-,-,-) :== V(- e, ).

Now as usual, by using [t6’s formula we can derive the evolution equation for the
empirical measures p>Y, ufN BN Indeed, for any test function ¢ € CZ(RY), we have
the following system which is equivalent to equation (Z.8]):

.0) = o0) + 5 [ (8 an (00 D26l ds + [ (8™, Das s

= [ o s+ MEN ), 53)
,utI’N,gb> =<,u ,O) + = / <u1N tr | IUIT >ds—|—/ <u1N D,¢ - V >ds
" / (15N, 6K, g Yds — / (Hh, 6)ds + MY (9), (3.4

uf’N,¢> =</L L)+ = / (plN tr [(ofo RT >d8+/ (uN. D ¢-Vulzv>ds

Ty /O (WY, §)ds + MPN (6), (3.5)
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where for each e € {S,I, R}, the quantity Mte’N is a local martingale represented by
the following

1
M@N N
¢ N

N t

> / g Do (X0 (X2 B
L1
N

/{0 () o)

<! {USKug,N(Xﬁ'N)ﬂo(Ez’fV )1 (BEY )}Q (ds, du).

Remark 3.4. To avoid confusions, it is worth to notice that we implicitly used three
different test function ¢°, @', ¢% for each measure >N, u"N, N in the above system
when we perform Ito’s calculus.

We know that these local martingles converge to 0 as N — oo, and the law of large

numbers result established in [I8] ensures the convergence of the triple (p5V, u""N, V) €

(D([O,T],M(Rd)))3 towards (u°, !, pt) € (C([O,T],M(Rd)))g, which is the unique
solution of the limit system of (B.3])-(B.3]).

Now, if we consider for each epidemiological state the fluctuation process around its
mean field limit, namely

(0N "N Ny = (VN (N = p®), VN (N = ), VN (N = ),

then equation (2.9]) becomes the following system:

N, ) =(n ,¢>+/ (PN, LEN (¢ )>ds+/0 (Y, (uf, Dy - V))ds

/ (I (S, 6K )ds + TSN (9), (3.6)
%) =t 0)+ [ O N s+ [ Ok Do Vs
+ / (3N, oK px)ds + M (9), (3.7)

N o) =(nBY 6) + / (PN BN (9)ds + /0 (i, Dy - VY ds

¥ / (N, 8)ds + NIPN (), (3.8)
0
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where the differential operators L3N, LN LEN are defined by

L97(6) =5 tr (050" ) D2,0] + Dar- Vi — 6K . (3.9)
LN (6) =t [(0"0 ) D2,] + Dt - Vi + (15.0K) —0,  (3.10)
LN (9) =3 tr [(0"0™) D2,6] + Dat - Vi, (311)

and the martingale terms M =/ NM{™ for e € {S, I, R}.

Remark 3.5. The first term in the definition of differential operators L>N, LN L&N
emerge naturally after renormalizing the difference between the original system (B3])-
B3) and its limit (there is no linearization here), whereas the other terms represent a
part of the linearized terms and the epidemic dynamic.

We also notice that

/E 0™ (de) = [E (N + 0" + 9N (de).

Remark 3.6. We consider the above system as a semimartingale representation of
SN I BN and regard MSY, MIN | MEN s distributions acting on test functions.
More specifically, in the next sections, we will show that they are the distributions in
H~+2D).D - Neyertheless, instead of using the usual notion for the dual product of M™
and function ¢, we always write M{™ (¢) to avoid the abuse of notion (-,-), e.g. when
compute the quadratic variations as in [BI12]) below.

Before going on, let us give a heuristic description how the limit of the martingale
terms should look like. For e € {S, I, R} and any ¢ € CZ(R?%), M (¢) is a real valued
martingale with the quadratic variation given by

=z

- 1 t . . .
(W) =y 3 [ B (D200 () s
+ i i /t 1 (Ei’N)¢(Xi’N)2K 1 N(Xi’N)dS
N — J, 0\ s s s s )

t 9 t
- /0 (u3N, (Dypo®) Vs + /0 (U™, ¢° K v )ds, (3.12)
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1L . . .
<MI,N(¢)>t =N Z/ ]ll(EévN)(Dx¢(X;vN)gI(X;vN))2dS
i=1 70

1<t

i 1 Ei,N Xi,N 2K N Xi,N
+NZ/ o(EEN )XV I o (Xi)

1Lt . .

- 1 EZ,N XZ,N 2d
+N;A 9 1( s )¢( s ) S,

t t t
=/ (g™, (Dx¢01)2>d8+/ <uf’N,¢2K“g,N>ds+/ (g™ v9%)ds,
0 0 0

(3.13)
and
B 1Lt . . o
(N (@), = 2 | 1B (Dol X)) s
i=1
N t
v > | e s,
- t<M§vN, (Dm<baR)2>ds+/t<u£’N,7¢2>ds. (3.14)
0 0

By the law of large numbers, we can deduce the convergence of the above qua-
dratic variation processes. When N tends to infinity, these processes are determined
by the limit measures u”, uf, uf* replacing p>N, u!NV, u®N in equations ([B12)-B.14).
And hence if the limit processes M®, M, M?" (respectively of M3N MDN = NMEN)
are continuous martingales with the deterministic quadratic variations, they can be
characterized by Gaussian processes.

3.3. Main estimates in dual spaces. We first establish some estimates for the fluc-
tuations n>N, n? N, pBN and the martingales MSN, MZYN | MEN with norms in the
dual Sobolev spaces H~(HP)2D and H~G+2D)D  In our framework, even though the
jumps are bounded, the position variables take value in R? so the use of weighted
Sobolev spaces is necessary. The weights and regularity index of that Sobolev spaces
will be identified in the proof and related to the order of moment estimates acquired
on the position of individuals.

Proposition 3.7. Under Assumptions Ay, As, for anyT > 0 and for each e € {0, 1,2},
the process Mf’N is a H=*DP)2D yalued martingale and satisfies

sup E |sup HMf’NHi( < +00. (3.15)

N>1 i< T 1+D),2D

Proof. We give proof for the case of M. The estimates for M™, M"Y can be
obtained by similar arguments.
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Let (¢r)r>1 be a complete orthonormal basis of H**P:2P_ Tt suffices to show that

sup Y E [sup Nigr)®

N>1 k>1 t<T

< +o00. (3.16)

Using Doob’s inequality and the boundedness of o, K, we deduce that

t<T

ZE[sup (31 60| <c3_E [0t (0]

<oy { / (4, (Dan®)?) ds]
ol i
<y [/ (4, (div o)) ds}
oy [wraa). e

On the other hand, using the fact that (X*V E®Y) i = 1,... N are identically
distributed, we have

r.h.s. —CZ/
+ CZ/

Z 1 pin gy (div op (X7 N)f] ds

1 i
N Z Loy $R(X™) | ds

k>1
<C’Z/ (div gr(X2M)) }d +C’Z/ [or (X)) ds. (3.18)
k>1 k>1
Combing ([B.I7) and (B.I7) we obtain
Z [sup( ¢>k 2} <C’Z/ le¢k XlN))}dS
p>1 =T k>1

(3.19)

+CZ/ [¢2(XN)] d

k>1
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Now applying the definition of the linear mappings V,, d, in Lemma [3.3] the above
inequality can be rewritten as follows

;E{SUP( <<z>k>)2] <CE U 1% n | i) 2Dd8]

t<T

+ CE U HaXlNH (1+D) QDdS}.

Finally, we combine Lemma and Lemma [3.T] to conclude that

t<T N>1 E>1 t<T

SupE {SUPHMSNH (14D) w] <sup) E {Sup( ") ]

<CsupE [sup (1+ \th’N|4D)} < 00.
N>1 LT

[
Proposition 3.8. Under Assumptions Ay, As, for each e € {0,1,2}, for 0 <t < T

and for every N, the operator LY™ s a linear continuous mapping from H*t?P:L into
HYP2P and we have for all ¢ € H?>T2P:D,

e, N
HLt H1+D 2D = CTH¢H2+2D D’ (3.20)
where the constant Cr does not depend on N and the randomness.
Proof. We recall that
1
L3N () =5 tr [(050) D2,6] + Dot - Vi — 0 v,
1
LIN(9) =5 tr [(070") D20 + Dat - Vi + (13, 0K) — 9,
1
LN (9) =5 tr [(0"0™) D2,0] + Dot - Vi
Since 0°,V, K € C’I}+D , we easily deduce that
125" D)1 pop < 14lls1p.00 < ClIEll2s2p,0 (3:21)

where the inequality on the r.h.s follows by the embedding (2.3]) and since the fact that
D > 1.

The same argument holds true for L&V ().

In the representation of LV (¢), there is an extra term <,ujf ,OK >, which reduces
the regularity of the test functions. To treat this tricky term, we start by using the fact
that all the derivatives of K up to order 1+ D are bounded, we can differentiate under
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the integral sign w.r.t. variable y and obtain the following

1+D §<uf,¢f<(,y)>f

1405 08) s = 2:/ o

|k|=0

\(us,¢>\
re 1+ |y|4D

1
Using Lemma B3] we have

() [* =10:(2)]”
<[6.]2 [l
19zl —(2+2D),D 1Pl (24+2D),D
SC(l + |5E|2D) ||¢||?2+2D),D

<C

Hence we deduce that

1
12, 0K 11 .o <Cl9ll5 2, / (U [2P) i (de) / T

<Clléll2s20,00

where we get the last inequality by the fact that 4D > d (thus [p, dy/(1+]y|*") < +00)
and 45 has finite moments of order 2D (by Lemma [B.1]). Agam we can see the essential
of weights in the Sobolev spaces in the above proof. O

Remark 3.9. In the system ([B.9)-B.8), it remains the terms

t
/ (0 (S, Dap - VE))ds, e € {S,1, R},

which are not involved in the integrals fo (e, Lo Yds.

In fact, these terms are created when we lmeamze the transport terms in (B.3])-(33).
The functions (u¢, D¢ - V), e € {S, I, R}, they all tested against the distribution nY.
Following the lines in the proof of Proposition[3.8, we can obtain similar estimates for
these functions, i.e.

1405226 V) sy < ol € € (5.1 ).

Now we state a proposition concerning the uniform estimate of the fluctuation pro-
cesses (™ )<z, e € {0,1,2}. This proposition is equivalent to Proposition 2.1l

Proposition 3.10. Under Assumptions A1, Az, for any T > 0 and for each e €
{0,1,2}, the fluctuation process nf’N belongs to H=U+D)2D yniformly in t and N, i.e.

sup E |sup ||y < 400. (3.22)

N>1 t<T

The proof of Proposition B.10 is postponed to Section B0l

"I sy
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Remark 3.11. We have in the following some important remarks:

o We have || - || (2120)p = |- (11py2p DY the dual embedding Z4). Now

combining with Pmpositionlﬂ and Pmposztwn- we can also ensures that
fore e {S, I, R}, n°~ and M"Y belong to H=22P)D e

sup [jupHmNH (2420, D} <+ oo,

e,N
supIE sup M ]<—|—oo.
s B [sup |17 .,

In particular, at the initial time, we have supy-; E [H% NH (2+2D) D] < 400
under the assumptions A;, As.

e As a consequence of Proposition [3.8, we also have the following statement for
the adjoint operators: For e € {S, 1, R}, for every u € H~(+DP)2D

HL?N*U ‘2—(2+2D CTHUH

oy (3:23)

With the above remarks, we can consider the decomposition B0)-B3) as the fol-
lowing adjoint system in H~2+20).D

t t t
™ =no N+ / LN SN s — / div (uSV% ) ds — / pSK nds + MPY,(3.24)
0 0 0
t
i =nlN + / LEN*pINgs — / div (p! V )ds+/ uf’NKug,Nds+Mf’N, (3.25)
0 0

t t
" = +/ LEN N ds —/ div (Mf‘/n}f%v)d$+7/ p K s + MO
0 0 ’
(3.26)

3.4. Tightness results. In the following, we discuss about the benefit of the Hilbert
structure of the Sobolev spaces used in this present paper when proving the tight-
ness results. Let us state here the Aldous tightness criterion for Hilbert space valued
stochastic processes.

Aldous’s criterion. (See e.g. [2], [30]) Let H be a separable Hilbert space. A sequence
of processes (X")y>; in D(R,, H) defined on the respective filtered probability spaces
(N FN (FN)is0, PY) is tight if it satisfies both the two following conditions:

(Ay): For every t > 0 and ¢ > 0, there exists a compact set K C H such that
sup PV (XY ¢ K) <e,
N>1

(As): For every e,e5 > 0 and 0 > 0, there exists dp > 0 and an integer Ny such that
for all (F)i>o-stopping time 7y < 6,

sup sup PV HXTN+5

e) < e
N>Ng §<dg

Xl =
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To check the Aldous criterion, we will use another version of the first condition
where |(A;)|is replaced by the condition stated below:

(A): There exists a Hilbert space Hy such that Hy <. H and, for all ¢ > 0,

EN|| XY
sup EY[| X[, ] < +o0,

where the notation <, means that the embedding is compact and EV denotes the
expectation associated with the probability PV.

Indeed, is implied by since the embedding Hy <. H is compact, the
closed balls in Hy are compact in H. Combining with the Markov inequality, condition

is satisfied.

Theorem 3.12. The sequences of the laws of (M5N) =1, (M5N)ys1, (MPN) sy are
tight in D ([0, T], H~*T2P)D).

Proof. We will only check the two conditions in Aldous’s criterion for M5N | the same
can be justified for M and M®N.

Thanks to Proposition B.7 condition is satisfied with Hy = H~0+P)2D and
H = H~?+2P)D gince the embedding H~0+P)20 «y F=(@+2D).D g compact (see (2.6)).
Condition is obtained as soon as it holds for the trace of the process <
M3N >, where < M5YN >, is the Doob- Meyer process associated with the mar-
tingale (Mts ’N)t>0 and satisfies the following: For any ¢ > 0, < MY >, is a linear
continuous mapping from H'*P2P to H~-(1+DP)2D defined for all ¢, 1 in H'+P2P by

t
<<< MY >, (¢ / (u3N, (Do) (Dyrpa®) s + / (N, QYK v )ds,
0
(See e.g. Rebolledo’s Theorem in [23]).

Let T)e,e9 > 0 and let 7y < T be a stopping time. For a complete orthonormal
basis (¢g)x>1 in H*T2PP | we have
> )

Z <<< MEN > s(n), ¢k> - <<< MEN >>m(¢k)¢k>]

tr< MY > s —tr MY >

sup sup IP(
N>Ng 6<6o

1
< — sup supE
€ N>Ny §<do

k>1
C TN +0 o
< g g [ (9 150 ]
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At this step, we again use Lemma and Lemma 3.1 to bound the r.h.s.,

C TN+0
r.h.s. < — sup supE [/ <,us ,
TN

€ N>Ny §<8

Vol s+ 100 a0 5
/TN+5 1 Z 1_‘_‘X2N}4D> ]

sup <1 + ‘XSI’NFD)} < &9,

s<T

< — sup sup E
€ N>Ny §<do

=

< — sup E
€ N>Ny

when ¢ is small enough.
And thus, both the two conditions for tightness are fulfilled. OJ

Theorem 3.13. The sequences of the laws of (1°™)ns1, (NP ) ns1, (NN ) N>t are tight
in D ([0,T], H-#T2D).D)

Proof. Proposition implies that condition is satisfied with H, = H~(1+P).2D
and H = H-?+2P).D Thanks to Rebolledo’s Theorem and the proof of Theorem
for the martingale terms, condition for the sequences (n°™)ns1, e € {S,I, R}
are satisfied as soon as they are satisfied for the drift terms. We will check it for the
integrals

t
/ LV (SN N B NYds, e € {S,1, R},
0

the remaining terms in the adjoint equations ([3.24))-(3.20]) can be treated in the similar
way.

We now give a proof for instance to V. Let T,e > 0 and let 7y < T be a stopping
time. By using Chebyshev’s inequality, one can deduce that

TN+5 TN .
H/ LSN ’Nds—/ Lf’N nf’Nds
0

> €
—(2+42D),D

TN +9 N 2
_€2E '/ Lf’N nf’Nds
N —(2+2D),D
0 R S,N* S N |2
= QE [/ L g H—(2+2D),Dd8:| :
TN

Let (¢1,)x>1 be a complete orthonormal system in H*™PP we have

L3V 0N oy = D (0N L3N (00)”
k>1
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Thus, using Propposition 3.8 we obtain

r.h.s. < %E
€

TN+
[ S sy

N k>1

05 TN+0 9
E_2E [/ HUSS’NH—(HD)QD]

TN
Co?

gﬁﬂmw
€ s<T

IN

N |2
[

Now thanks to Proposition B.I0, the last expectation is finite and hence, we can
find dyp > 0 such that the condition is satisfied. The proof for tightness of the laws
of (n*N)n=1 in D([0, 7], H- 2P is completed.

O

3.5. Proof of Proposition B.T0L In this section, we study a semigroup representation
of the evolution equation of the fluctuation processes n*N, n’V, n™N_ First, we establish
the semigroup formalism for the evolution equation of >, n™N »nfN and provide some
useful estimates in weighted Sobolev norms related to the regularity of these semigroups.
Second, we state a uniform in time estimate for the stochastic convolution with these
semigroups. All results obtained in this section are devoted to prove Proposition
in Section B.3

For each epidemiological state e € {S, I, R}, we consider the second order differential
operator A€ defined by

A= %Dz - (0%0'D,) . (3.27)

The operators A¢, e € {S, I, R} are self-adjoint and we have
1
3 tr[(c°0°") D2, ] = A° + B - D,, (3.28)

where B = <% Z?:l Oa, (UGUGT)Z‘J‘)

Now we introduce a new drift term

1<j<d

Ve=Ve+ B, ec{S IR} (3.29)

For each e € {S,I, R}, we denote by (726)90

L*(RY). First, we show in the following the adjoint equations under the action of these
semigroups 7,°, 7,1, T,%.

the semigroup generated by A°¢ on
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Lemma 3.14. Fort € [0, 7], the processes >N, ntN nBN satisfy the following system.:
N 78" / 7.5, div nSNVS ds—/ 7.5, div (nVix)ds

—/ ﬁgs*(ﬁf’NKug,N)dS—/ ﬁfs*(ufKng,N)ds+/ ﬁfs*de’N, (3.30)
0 0

0

V=T g - / T i (V) s / L div (V)

b [T @ K g s+ [T (K ) = [T s

v [T, (3.31)
N =T R e / T2, div (n! NVR )ds — /Ot T2, div (ufvn?v)ds

+ /0 t TR nINds + /O TR aMEN. (3.32)

Proof. First, we fix t € [0,T] and ¢ € C? (Rd). Appling It0’s formula to the test function
U(s,z) = (T,°,6)(x), and notice that for all z € R? the mapping s — (7,°,¢)(x) is
differentiable and

d

we can derive the following equation similar to (3.6]),

PN, ) =™ TS ¢)
/ <77SN D ﬁfsgb) : VMiN>d8 +/ <77iv> <:uss> Dx(ﬁfsQS) : VS>>dS

/(n (T2,9) KIN>d8—/<n (12 (T2 ,0)K) )ds
T / ANTSN (TS ).

0
0J

Before going on, let us provide some useful estimates to control the terms in the
system (B30)-([B32). The first one concerns the regularity estimates of the semigroups
(T,)eets.1,ry in weighted Sobolev spaces H** and will be given in the following propo-
sition (see also a more general result in [19]).

We consider A the second order differential operator given in the divergence form
by

= 7 ()0, 0)

i,j=1



24 M. HAURAY, E. PARDOUX, Y. V. VUONG

where the coefficients a;; are symmetric, smooth enough (will be precised) and satisfy
the uniform ellipticity condition, i.e.
d
D ay(@)6& > NEP, Va £ e RY,
ij=1
for some positive constant A. With the above definition, the operator A is a self-adjoint
and positive. Let (7;);>0 be the semigroup generated by A on L?(R%).

Proposition 3.15. Let k > 0 and assume that a;; € CF(RY). Let (T;)is0 be the
semigroup generated by A. For any T > 0, there exists a constant Cp > 0 depends only
on T,d, k, ||a|| gzx+1.e such that for any t € [0,T], the following holds true

(1)

| Tio || 00 < Cpl| || e - (3.33)
2) 1
IV T6 e < Cr (1 i %) . (3.34)

Another difficulty we need to handle in the system (B.30)-(3.32) is the stochastic
convolutions with the semigroups 7,%, 7,1, T,® | namely

t t t
[ [ i, [ aiss
0 0 0
In the following, we provide a first bound for those terms.

Proposition 3.16. For 0 <t < T, there exists a positive constant Cp such that

t 2

E ‘ / 7.5 dMSN <Crp, (3.35)
L11Jo —(1+D),2D |
- e -

E ‘ / L dMEN <Cr, (3.36)
LI1/o —(1+D),2D |
t ~ 2 T

E ' / TR SdMEN <Cr. (3.37)
0 —(1+D),2D |

Proof. Let (¢x)r>1 be a complete orthonormal system in H!+P:2P

the expression of 7,2 "dM3N in H~(+P)2P via this basis, namely
¢ ) 2
| [ 7z
0

and then have the same estimates follows the lines in the proof of Proposition 3.7 [

, we can also using

t

> (dmP, TS o) ds

0 g>1

E =E

—(14-D),2D

However the above bounds are not exactly what we need. Instead, we expect to
have a uniform in time estimate for the stochastic convolutions with the semigroups by
exploiting the independence of the noise terms. Indeed, we can observe that if these
terms do not involve a convolution with the semigroups (7,%,)ccqs,r,zy then it would
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be a martingale and we can apply the maximal inequalities for a standard martingale,
for instance, the Burkholder-Davis-Gundy inequality and obtain the desired bound.
On the other hand, even though the convolution with the semigroups (7,%,)ccs,1,r}
destroys the martingale property, it is still closely related to maximal inequalities by
the following proposition (See Theorem 2.1 in [26]).

Proposition 3.17. Let (H, || - HH) be a separable Hilbert space and T; be a semigroup
acting on H. We assume the exponential growth condition on Ty, ||Till gy < € for

some positive constant . Then, there exists a constant C' > 0 such that for any H -
valued locally square integrable cadlag martingale M,

t
/ St—s
0

In [I7], the authors give a generalization for this maximal inequality with p-th
moment (0 < p < oo) of stochastic convolution integrals.

E | sup

0<t<T

< Ce TR ||| Ml |

Now we are able to prove Proposition [3.10l

Proof of Proposition[Z10. Using the expression in (330), we have

111y <[

t
b [T TN s + [T @ V)
/ H SNKIN)H—(1+D),2DdS+/O Hﬁis*(“fKnivN)H_(1+D),2Dds

o
0
(3.38)

Let (¢x)x>1 be a complete orthonormal system in H'™72P Again, we can use the

Parseval’s identity to represent the dual norms. First we will treat the two terms in the
second line on the r.h.s. of (B.38)).

Let us consider the linear mappings ®,, ®; : H'*P2P — R defined by
) =S, Do(TE ) 'V N ),
Py ( ¢k <,Usa ﬁssﬁbk) >>
Using the second inequality in Proposition B.15 we get

|®1(dw)| =[(nS, Du(TE 00) - Vik)|

SCHHSS’NH—(H-D)QDHDI T2 ) - ~M£V
<C|ln*]]

—(1+D),2D

—(1+D),2D

—(14D),2D HDw (7;€3¢k) H 14+D,2D

1
<Cr (1 + m) an’NH_(1+D),2DH¢kHl—l—D,2D’
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We notice that to obtain the third line, we used the assumption that V' € C{ P (RIxR?).
Now by the similar way, we also have

‘qh(ﬁbk)} <Cr (1 + \/tl—) H“s” (14+D) 2DH¢’€H1+D2D>

and using the continuous embedding from P(R?) into H~(*P)2P e obtain

1
\/m HQS"CHHDQD'

|®2(n)| < Cr (1 +

Hence we deduce that

/ HTS *dlv NVS )| ~(1+D) 2Dd8‘|‘/ HTS “div (“fvns )H—(1+D)72Dd8

1 SN / < 1 )
S/OCT<1—|—\/m) HT]S H (14D), dS—l— OCT 1+m ds.

To treat the two terms created by the jumping part in the third line of (3.38]), we
use the first statement in Proposition B.I5l Indeed by the similar way as before, we
also obtain the following bounds

(3.39)

t t
ST 03 B gyt [ 1T (K)ot
t t
< [l -yt [ ol a0t (3.40)
t
< [ ol g pyapts + Cr.
0

Concerning the last term (the stochastic convolution), we use Proposition BT
Jensen’s inequality and Proposition 3.7 to deduce the following
1/2
~(1+D),2 D]

sup <E

t<T

sup
t<T

/ 75 dMEN

/ T2, *dMSN

—(14D),2D

i 1/2 (3.41)
<CrE [ M5|2 .y o)

< + 0.

Now summing up ([B3.39)-(3.41)), we conclude that

t
C
E [s;g) an’NH_(HD),w} <CrE [H’?f)qij (1+D) 2D] +/0 \/ti—sE |:HnsS7NH—(1+D),2D:| ds

+/O o (19511 py o] s +
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. . . o . IN N
The similar arguments also give us the uniform in time estimates for ;" and ntR’
namely

)

e
8 Elilf Hni’NH—(1+D)72D] <CrlE [H%NH (1+D) 2D} x/L [Hn“{’NH—(lJrD)ﬂD] ds

/ e [HHENH a+py2p I NH—(1+D),2D] ds + Cr,
RN RN Loy .
B {sup [ e | <O (15 ermyan) + | S 19V 0]

t
+ [ CoB [y pya0] ds + O

Now combining all the above estimates and denoting

INH

p(t) =E Eglf <H77ts’NH—(1+D),2D + —(+D)2p T HntR’NH—(HD),w)} 7

we obtain one estimate in type of Gronwall’s lemma.

o(t) <Cre(0) + Cr /Ot (1 + ) o(s)ds + Cr. (3.42)

1
Vi—s
However it is not straightforward to directly apply Gronwall’s lemma to the above

estimate. Indeed, we need to do some modifications. By iterating the estimate (3.42])
we get

(1) <(Cro(0) + Cr) + (Cre(0) +oT>oT/t< +\/tl__s)ds

+C%/Ot/08 14t )<1+ s_r) o(r)drds 1o

<(Cre(0) + Cr) (1+ (T+ 2T))

+C%/Os<p(r)/0t <1+\/t1__8) <1+\/81__T) dsdr,

where we interchanged the order in the integral in the second line.
Now for r < s < t, we have

[ (=) (o) (s i)
<T+2\/_+/

mm
(3.44)
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By the change of variables u = s —r, v =t — r we have
s v du
[ v =
- /”/2 du N /” du
- Vo —u /2 Vuvv —u (3.45)

v/2 du v du

_\/7 \/_ \/7 Vo —u

Finally, we combine inequalities (3.43), ([3:44) and (3.45) to obtain an estimate in
type of Gronwall’s lemma as usual. Using Remark B.IT] for the boundedness at the
initial time, we complete the proof of Proposition B.10.

O

4. CHARACTERIZATION OF THE LIMIT

The aim of this section is to prove convergence of the sequence of fluctuation pro-
cesses (™) n>1, where the limit fluctuation processes 7 is the unique solution of a system
of SPDEs driven by four inputs: an initial condition and three noises created by the
martingale terms M, MN, M In Section BTl we first identify all the noise terms
appearing in the limit system. In Section 4.2l we will show that this system uniquely
characterizes the limit law and hence complete the proof of the convergence in law of

(n™)n>1 to n.

4.1. Convergence of (MS’N, MIN, MR’N)N>1. Before stating the convergence result
of the martingale terms, let us introduce the definition of Gaussian white noises.

Definition 4.1. A random distribution W defined on a probability space (0, F,P) is
called a standard Gaussian white noise on R® if the mapping @ — (W, @) is linear and
continuous from L* (RY) into L*(Q), and (W, ) is a generalized centered Gaussian
process satisfying

E[(W,0) W, )] = (0,012, ¥ ¢.0€ L*(RY).

Here (-,-);. denotes a scalar product on L* (R?).

Space-time white noise is a Gaussian white noise on Ry x RY,

Lemma 4.2. For all ¢ € H-@2P:P The limit process (M*(¢), M*, M®) of the

sequence (MS’N, MIN, MR’N> belong a.s. to (C (R, H_(2+2D)7D))3.

N>1

Proof. We can adapt the proof in the case of real-value caglag processes to the caglag
process taking values in H~(2*2P):PSee e.g. Theorem 3.26 in [22], or [4]. O

Proposition 4.3. The sequence of the martingales (MSvN, MV MRvN) converges

N>1
in law in (D (R+,H_(2+2D)’D))3 towards the continuous centered Gaussian process
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(M5, ME MEB) with values in (H~*+2P): ) defined by: for all p,, ¢ € H>T2PD

(M) = / / 15 (@) Dy ()0 ()W (dr, d)

/ /Rd\/ 7 ( pl(x) K (2, y)dyp(x)Ws(dr, dz), (4.1)
M. v) = / / Vil (@) Dyp(a)o! ()W (dr, dx)

/ /Rd \/“’“ K (z,y)dyy(x)Ws(dr, dx)

_ / Rdw(x)w/uf(x)wy,(dr,dx), (4.2)
ME ) = / / V(@) D)o ™ ()W (dr, d)
; / / daﬁ(x)\/wi(x)Ws(dﬁdﬂf% (4.3)

where Wy, Wh, W5 are independent standard space-time white noises.

Proof. In the previous section, we proved that the sequence (MSvN, MSN. ]\ZS’N)N>1 is
tight in (D (R, H-+2P)P ))3 Hence, according to Prokhorov’s Theorem, there exists

a subsequence (still denoted by (MS’N, MS’N, MS’N)
(D (R4, H_(2+2D)’D))3 towards (M, M, M),

For all ¢y, ¢g, ¢35 € H*2PP by LemmalEZ, we know that M*(¢;), M (¢3), MT(43)
are continuous martingales and thus for any ay,as,as € R, a;M(¢1) + aaME(¢s) +

azgM™(¢3) is also a continuous martingale. Now, we will show that the centered, contin-
uous martingale (M5(¢1), M!(¢2), M*%(¢3)) is a Gaussian process and satisfies (-

n>1), which converges in law in

Indeed, let us identify the limit. The LLN result implies that (p5V, "V, )

converges in (D([0, 77, M(Rd)))3 towards (p%, !, u), which is the unique solution of
the limit system of ([B.3])-(B.3), and we have

(M), = [ G (Daoo®) s+ [ (a2, s,
(M(9)), :/0 (nl, (Dx¢01)2>d$+/0 <Mf>¢2Kug>ds+/0 (pl,vo?)ds,
(M), = [t (Do s + [ (16
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It turns out that (a;M5(¢1) 4 aa M’ (¢ds) + asM(3)), is a continuous martingale
with a deterministic quadratic variation, so it is characterized as a Gaussian process

determined by (4.1))-(4.3). O

4.2. Convergence of ( SN phN N

)N21‘
quence (nS’N nt N pftN ) n>; and give a characterization of the limit processes as solu-

We now prove convergence of the se-

tion of an equation in H~“+2P)P  We consider the Hilbert semimartingale decomposi-
tion B24)-@28) of (n>V, n"N, nR V), and we will find a semimartingale decomposition
for the limit values, denoted by (77 1 ,nR). The difficulty is to close this limit decom-
position, i.e. to find a good space in which to immerse the limit process and which allows
to give a sense to the limit drift terms. We have seen that the processes 5V, nlN pftV
belong uniformly to H~(1tP)2P and are tight in H~*+?P)P We also know that the
limit processes n¥, n!, n* are in H~2+2P):P_ But to identify the limit in the drift terms,
we need to work in a large space that is H~(+2P2):P  And this will be possible if we
assume more regularity on the coefficients o and b.

We now introduce the following limit operators L2, LI, L% of the linear operators
L3N LN LEN defined by

L5(6) =5 r [(0%0° 1 D2,6] + D -V — 0K, (1.4)
L(6) =5 [(0"0")D2,0] + i - VL + (5. 6K) 10, (4.
LE(6) =5 tr [(0"0™) D2,6] + Dyt - V] (4.6)

Under the Assumption [A3], and follows the lines in the proof of Proposition 3.8 we
can also prove the following lemma.

Lemma 4.4. For e € {S,I, R}, for every N and any t < T, the operators L¢, LoV :
HATDD oy 24200 e lmear continuous and satisfies

HLEN (¢) H2+2DD —CTHQSH4+2D D’ (4.7)
HLe 9) H2+2DD —CTH¢H4+2DD (4.8)

where the constant Cr does not depend on N and the randomness.

Now by the trivial embedding H~#2P)-P —y g=(1+2D).D ‘the sequence (n%V, n!, ntN

also converges to (ns,nl, nR) in (C’ ([O,T], H_(4+2D)’D))3. This result is stated by the
following theorem.

)N21

I.N RN

Theorem 4.5. Under Assumptions Ay, Az, As, the sequence (nS’N, nYn con-

)Nzl
verges in law in (D ([0, 77, H_(QJFZD)’D))3 to a process (n%,n',n™) which solves the fol-
lowing equation
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t t t
nt —mny — / LY nSds + / div (ufvnig%w)ds + / ,ufKngds = M7, (4.9)
0 0 0
t t t
o=l — / Ll ds + / div (u!V o) ds — / VOK pds = M, (4.10)
0 0 0

t t t
= - / L ntds + / div (HBVE, ) ds — / PSR ds = ME, (4.11)
0 0 0

where M5, ML, M® are the Gaussian processes defined in Proposition [.3

Proof. Since the sequence of the martingale terms <M SN ASN ppSN ) converges
N>1

in law in (D (R, H_(2+2D)7D))3 to the Gaussian vector process (M*, M!, MF) defined
in Proposition E3] thus to prove that the limit processes satisfies the system (&9)-(#IT)),
it suffices to show that

t ¢ t
N =g —/ L3N 3N ds +/ div (V) ds +/ us K pwds,
0 0 0
t . t t
UtI’N - né’N - / Lg’N ﬁi’NdS + / div (Mgvnlé\’)ds - / /”LS&NKuﬁ’NdS’
0 0 0

t t t
0 e [ s [ (uvE)ds o [k s
0 0 ’ 0 )

converges in law to

t t t
nf—m?—/ Lf*n5d8+/ div (uf%§+ng+n§)d8+/ o Kyyds,
0 0 0
t . t t
= — / Ly ngds + / div (11, Vys g ) ds = / 1 K ds,
0 0 0

t t t
0t =g — / L ntds + / div (Vs e ) ds = / K, ds,
0 0 0

when N tends to oo. By Lemma [ the integrals [, LS nds, [ LI™nlds, [, LEnfds

and the remaining drift terms make sense in H~42P):P  Now, for any ¢ € H~“4+2P)D

let us introduce linear vector function F* = (F*¢, F1¢ FR¢) from (D ([0, 17, H‘(2+2D)’D))3
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into R? defined by
F59(a) =(up, 8) — (0, 8) — / (s, L()ds
- / <(us + vs + wy), <:U§a D¢ - VS>>d5 + / <Us> <,U§> ¢K>>d3>
0 0
(01,8 — (o, &) — /0 (00, L1(6))ds
—/ {(us + vs 4+ wy), (ul, Do - V') )ds —/ (us, 9K 1 )ds,
0 0
FF9 () =(wy, 8) — (o, 6) — / (w,, LE())ds

— [t vt ), G Do Vs = [ s
0 0

The function F? is continuous and thus, the sequence (F?(n®N nhN pftN))

converges in law to (F (0%, nt, nR)) since the sequence (nS’N BNl N
in law to (175 n!, nR) by the tightness result [3.13]

Now it remains to show that fo (nZN, L3N(¢) — LI(¢))ds (and the analogues for

nbN nBN) tends to 0 when N tends to co. We will prove that it tends to 0 in L.

Indeed, by Cauchy-Schwartz’s inequality, we deduce that
] [ . 1576 - £3t0)|os
<] [ ) s |27 6) = O ]
t 1/2
< LRI aann] B [12596) = 150

1/2
<¢ [ B[ 0) - B 0] s

where we used Proposition B.I0 and Remark 311 to obtain the last inequality.

) N>1 converges

} 2 ds

Following the lines in the proof of Proposition 3.8 and the LLN result pu® — pe,
e € {S,1, R}, we can also prove that ||L$V(¢) — L5(9) tends to 0 as N tends
to 0o, and thus complete the proof.

Noticing that to compute ||L$V(¢) — Lf(qﬁ)HQHDD,
sumption on o, V, K, and once we do the analysis for the term %tr [( co°\D?, ¢] i
L3N (¢), L3 (), it will require the regularity order 4 + 2D instead of 2 + 2D as in the

inequality ([B.21I]). Thus, the equations (L9)-([4I1) are regarded as the equations in

the space H~(4+2P).D while % n! n® are known to take values in the smaller space
[~ (2+2D).D 0

H2+2D,D

we used the additional as-
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SN ,I,N , RN
)

1N oY) ysrs

it remains to prove the uniqueness of solutions to the system ([9)-(ZIT]).

Proposition 4.6. For any initial condition 13, nt, nét with values in H~C+2P):D the
system ([E9)-@II) has at most one solution with paths in (D ([0,T], H_(2+2D)’D))3.

Since the equations ([@3))- (A1) are linear, the standard argument is to take two solu-
tions of this system with the same initial condition and paths in (D ([0, T], H -2} ))3

Considering an orthonormal basis of

H42D:D we can prove the uniqueness of solutions

to this system (E9)-@I) in (D ([0, 717, H_(2+2D)’D))3. For instance, we can follows the
same argument as the proof of uniqueness in

1]
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