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Higher order fluctuation fields and orthogonal duality
polynomials*

Mario Ayala’ Gioia Carinci* Frank Redig®

Abstract

Inspired by the works in [2] and [11] we introduce what we call k-th-order fluctuation
fields and study their scaling limits. This construction is done in the context of particle
systems with the property of orthogonal self-duality. This type of duality provides us
with a setting in which we are able to interpret these fields as some type of discrete
analogue of powers of the well-known density fluctuation field. We show that the weak
limit of the k-th order field satisfies a recursive martingale problem that corresponds
to the SPDE associated with the kth-power of a generalized Ornstein-Uhlenbeck
process.
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1 Introduction

In the context of interacting particle systems with a conserved quantity (such as the
number of particles) in [6, 12] one studies the time-dependent density fluctuation field

2™ (p,n(n’t)) d/2 o(x/n)(na(n’t) — p).
T€Z

Here ¢ denotes a test-function, and 7, the number of particles at site € Z¢. The
quantity 2" (") (p,n(n?t)) is then considered as a random time-dependent (Schwartz)
distribution. In a variety of models with particle number conservation (such as zero-
range processes, simple exclusion processes, etc.), this time-dependent field is proved
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Higher order fluctuation fields

to converge, at equilibrium, to a stationary infinite-dimensional Ornstein-Uhlenbeck
process. This scaling limit behavior of the density fluctuation field can be thought of as a
generalized space-time central limit theorem.

The usual strategy of proof (see e.g. Chapter 11 of [12]) is to start from the Dynkin
martingale associated to the density field and prove convergence of the drift term via
the Boltzmann-Gibbs principle (the drift term becomes in the scaling limit a function of
the density field), and convergence of the noise term via characterization of its quadratic
variation (which becomes deterministic in the scaling limit). This then eventually leads
to the informally written SPDE

d2; = DAZ; + o(p)Vd¥,

where p is the parameter of the invariant measure associated to the density, A denotes
the Laplacian, and where o(p)Vd#; is an informal notation for Gaussian white noise with
variance o?(p) [(Vp)?dz.

In reversible interacting particle systems with (self-)duality, 79 is a self-duality func-
tion, and therefore the drift term in the equation for the density field is already mi-
croscopically (i.e., without rescaling) a (linear) function of the density field. As a
consequence, closing the equation and proving convergence to the limiting Ornstein-
Uhlenbeck process, is, for self-dual systems, particularly simple and do not require the
use of a Boltzmann-Gibbs principle. This simplification suggests that, in that context, we
can obtain more detailed results about fluctuation fields of more general observables.
Orthogonal polynomial duality is a useful tool in the study of fluctuation fields, and
associated Boltzmann-Gibbs principles, as we have seen in [3].

The density fluctuation field can be viewed as the lowest (i.e., first) order of a
sequence of fields associated to orthogonal polynomials. Indeed, in all the models with
orthogonal polynomial self-duality, the function (7, — p) is the first-order orthogonal
polynomial up to a multiplicative constant. Orthogonal polynomials are indexed by
finite-particle configurations, i.e., the dual configurations. If we denote by D(z1,...xx;n)
the orthogonal polynomial associated to the dual configuration Z?:l 0, then a natural
field generalizing the density fluctuation field is

%("’k)(q),n) = pkd/2 Z D(a:l,...7xk;n)-@(%,...,%").

;€74

In the context of exclusion processes the case £ = 2 (orthogonal polynomial of order
2) has been studied in [11], where this field, called the quadratic fluctuation field, is
shown to converge, in the limit n — oo, to the solution of a martingale problem. The
quadratic variation of this 2nd-order field is proven to be a function of the 1st order field
(the density field). From the result on the quadratic (k=2) field one can conjecture the
existence of a more general structure where the kth-order orthogonal polynomials field
satisfies, in the scaling limit, a martingale problem with quadratic variation depending
on the k£ — 1-order field.

In this paper we show exactly the emergence of a scenario of this type: within a gen-
eral class of models with orthogonal polynomial self-duality we consider the fluctuation
fields associated to orthogonal polynomials and prove that they converge, in the scaling
limit, to the solution of a recursive system of martingale problems. We believe that this
can also be a first step in the direction of defining non-linear fields, such as the square of
the density field, via approximation of the identity, i.e., via a singular linear observable
(cf. [11]) of the field constructed in our paper.

The rest of our paper is organized as follows. In Section 2 we define the basic models,
and introduce orthogonal polynomial duality. In Section 3 we define the fluctuation fields,
in Section 4 we introduce a coordinate version of the dual process, a technical tool that
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will prove to be useful later on. In Section 5 we state the main result, Theorem 5.2 below,
and outline a strategy of its inductive proof. Finally, the rest of the sections are devoted
to the proof of Theorem 5.2.

2 The models

2.1 The infinite configuration process

We consider an interacting particle system where an infinite number of particles
randomly hop on the lattice Z?. Configurations are denoted by 7, £, ¢ and are elements
of O C INZ* (where IN denotes the natural numbers including zero). We denote by 7,
the number of particles at « in the configuration n € 2. We have in mind symmetric
processes of the type independent random walkers, inclusion or exclusion. We fix two
parameters (o, a) € {0,1} x [0,00) U{—1} x IN and we define the generator working on
local functions f: 2 — R as

LFm) =YY pr)mila+onip) (F0"F) = f(n) (2.1)

i€Zd rezd

where n»*" denotes the configuration obtained from 7 by removing a particle from i
and putting it at ¢ + . The state space (2 has to be defined and its form depends on the
choice of the parameters « and o.

We assume that p(r) is a symmetric, finite-range, irreducible Markov transition
function on Z¢:

1. Symmetry. The function p : R — [0, 00) is of the form:

p(ri,...,ra) = p(ril, .- -, |ral) (2.2)
and such that p(r,) := p(ro1),- .-, 7o) = P(r1,...,7q) forall o € Z2(d), the set of
permutations of {1,...,d}.

2. Finite-range. There exists a finite subset % C Z? of the form # = [-R, R]* N Z4,
for some R € IN, R > 1, such that p(r) =0 for all r ¢ Z.
3. Irreducibility. For all z,y € Z? there exists a sequence i; = z, ..., i, = y such that
n—1
H p(ik — ik+1) > 0.
k=1

We will also assume, without loss of generality, that p(0) = 0, and denote by y the second
moment:
x:=Y r7-p(r), forall £e{l,...,d}. (2.3)
rex
Remark 2.1. The symmetry assumption (2.2) is crucial in order to be able to have and
apply orthogonal self-duality.

For the associated Markov processes on 2, we use the notation {n(¢) : t > 0}, n,(¢)
denoting the number of particles at time ¢ at location = € Z¢. These particle systems
have a one-parameter family of homogeneous (w.r.t. translations) reversible and ergodic
product measures v,, p > 0, indexed by the density of particles, i.e.,

/nodup =p. (2.4)

The nature of the underlying dynamics and the type of reversible measure we obtain is
regulated by the parameter o € Z as follows.
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Independent random walkers (IRW): This particle system corresponds to the choice
o = 0 and the intensity parameter a € R regulates the rate at which the walkers
move. The reversible measures v,, p > 0 are products of Poisson distributions with
parameter p, v, = ®;cz«Pois(p), i.e. the marginals are given by

1 pTL _ ) d
]Pup(ni:n):Z*p'H> Z,=¢e"", VieZ".
Symmetric exclusion process (SEP(«)): The choice o = —1 results in exclusion inter-

action. For this process the parameter « takes values in the set of natural numbers
IN, as it determines the maximum number of particles allowed per site. This system
is well known to have reversible measures v,, p € (0,«), that are products of
Binomial distributions: v, = ®;cz«Binom (a, g) whose marginals are given by

1 « " o @ .
e () () e (i) en

Symmetric inclusion process (SIP(«)): The choice ¢ = 1 gives rise to an interaction
of inclusion-type consisting of particles attracting each other. The SIP is known to
have products of Negative-Binomial distributions as reversible measures, i.e. v,

p > 0 with v, = ®,cz«Neg-Binom (a, ﬁ%) with marginals

1 T(a+n) ([ p \" a+p\® R
]Pl/ i = = : ) Za = ) v 7°.
o= =7 (355) »="a e

Remark 2.2. Notice that for the three processes we have that all moments are finite.

The definition of the state space (2 is different in each case, depending on whether
there are restrictions or not on the total number of particles allowed per site. This
is finite for the exclusion process, thus, for SEP(«), we have Q = {0,1,... ,a}Zd. The
situation is different in the cases of IRW and SIP, for which, in principle, there are no
restrictions. Nevertheless, one has to avoid explosions of the number of particles in a
given site. For this reason the characterization of {2 in these cases (i.e. for ¢ > 0) is
a more subtle problem whose treatment is beyond the scope of this thesis. Here we
will restrict ourselves by implicitly defining €2 as the set of configurations in INZ* whose
evolution 7(t) is well-defined and belonging to 2 for all subsequent times ¢ > 0. We
refer the reader to [1] and [7] for examples on conditions sufficient to guarantee the
well-definedness. A possible such subset is the set of tempered configurations. This is
the set of configurations 7 such that there exist C, 3 € R that satisfy |n(z)| < C|z|? for
all x € R. From this set of configurations, and via a finite volume approximation using
self-duality one can follow the lines of [1] and [7] to show the well-definedness.

2.2 The finite configuration processes

The process introduced in Section 2.1 can also be realized with a fixed finite number
of particles. For a process with k € IN particles we denote by (), its state space, more
precisely:

O = {5 ceQ:le = &= k} (2.5)
zeZ4
We will then denote by {{(t) : t > 0} the Q;-valued Markov process, with infinitesimal
generator given by

LWFE) =Y p(r)&a+ o) (FE) = f(£) (2.6)
i€EZITER

working on functions f : Qp — R.
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Remark 2.3. Notice that from the fact that any configuration ¢ € ; has exactly &
particles, there is no room for explosions (meaning infinitely many particles coexisting
on one site). Therefore the process {{(t) : t > 0} is well-defined.

We now define the following inner product for functions f, g : Qr — R:

(f.90a =Y F(©gEAQ). (2.7)
£eQy
where the weight A : Q; — R, which does not depend on £, is given by:
L, me N forc =0 IRW
A€ = [ M&)  with A(m) = sty me{0,...,a} foro=-1 SEP(a)
iezd
T meN forc=1 SIP(a).
(2.8)

The weight A(+) satisfies detailed balance and as a consequence of this we can infer that
the k-particles generator 2% is self-adjoint with respect to the inner product (-, ), Le.
for all f,g € L?(, A) we have

(£, 2Wg)n = (LD f.g)a. (2.9)
Therefore A(-) can be thought of as a reversible o-finite measure on each 2.

2.3 Orthogonal polynomial self-duality

The processes defined in Section 2.1 share a self-duality property that will be crucial
in our analysis. Define the set

Qr = J % (2.10)

kelN

of configurations with a finite number of particles, the self-duality functions that we
consider in this paper are functions D, : Q0 x 0 — R parametrized by the density p > 0
satisfying the following properties.

1. Self-duality:
E, [Dy(&,n(t)] = Ee [D,(&(t),m)]  forall €€ QpneQ  (211)

or, equivalently,

LD, (&, )](n) = [ZLPD,(,n)](€) forall &ecQfne. (2.12)

2. Factorized polynomials:

Dy(&n) = [T dp(&:m)

i€z

where d,(0,n) = 1, and d,(k, -) is a polynomial of degree k.

3. Orthogonality:

1
[ PeoiD, € o) = e (2.13)
Hp )
where .
@) i= ([ Dten2an) 2.14)
EJP 26 (2021), paper 27. https://www.imstat.org/ejp
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Remark 2.4. Notice that, as a consequence of the orthogonality property (2.13), we
have that

1

/En [Dp(&,n(t)] - Dyp(&'m) dvp(n) = pe(€,€) - m (2.15)

where p;(-,-) is the transition probability function of the dual process {£(t) : ¢t > 0}.
Moreover, if we use the reversibility of the measure v, on the LHS of (2.15) we obtain

1

mgfwmﬁg::/ﬁﬂmmmm«m@mew

= [ Duten) By D€ 0] dvy)
1

N P 2.16
pe(£,6) G ( )

which, by detailed balance, implies the reversibility of the measure y,(£). This in turn
implies that there exists a constant c¢(k, p) such that

A() =c(k,p) - pp(§)  forall & e Q. (2.17)

Remark 2.5. Notice that by Remark 2.2 we have that ;,({) < oo for every { € Qy.
Moreover, the measure u, is not a probability measure.

From now on we will often suppress the dependence on the parameter p, of the duality
functions D(-,-) = D,(:,-), in order not to overload the notation. The same omission
will be done for the single site duality-polynomials d(,-), and any other orthogonal
polynomial introduced below.

For each of the processes we are considering, the orthogonal duality polynomials are
given as follows.

IRW: Charlier polynomials. The duality polynomials are given by
d(m,n) = C(m,n)

where C (m,-) is the Charlier polynomial of degree m that we characterize by
means of the following generating function:

Z C(m,n) - % =t (p;—t) . (2.18)

m=0

We can differentiate the RHS of (2.18) with respect to ¢, and evaluate at ¢t = 0, to
obtain that the first three Charlier (and self-duality) polynomials are:

d(0,n) = C(0,n)=1,
dlm) = C(Lm) =< (m=p),
d(2,n) = C(z,n)zpi?(n(n—1)—2pn+p2). (2.19)

SEP(«): Krawtchouk polynomials. For the SEP the duality polynomials are given by

d(m,n) = ml(a —m)! K(m,n)

al

where K (m, -) is the Krawtchouk polynomial of degree m whose generating function
is

00 L1+ (=) "

Y K(mn) " =(1-t)" [ ——L2—] . (2.20)

1-1¢

m=0
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With analogous computations to the IRW case, the first Krawtchouk polynomials

are:
K(O,n) = 1,
[0
K(l,?’l) = 7(n_p)7
p
o\’ a
K(2,n) = () n(n1)2(> (a—1)n+ala—1), (2.21)
p p
with corresponding single-site duality polynomials:
d(0,n) = 1,
1
d(l,n) = —=(n-—p), (2.22)
p
2 2p(a — 1) Pa—1)
d2,n) = — —1) - .
2 = s (-1 - 2=

Remark 2.6. Notice that these polynomials are only defined for m,n < a.

SIP(«): Meixner polynomials. In this case the polynomials satisfying the self-duality
relation are given by the following normalization of the Meixner polynomials

d(m,n) = F(Z(—io—[)m) - M(m,n) (2.23)
where M (m,-) is the Meixner polynomial of degree m with generating function
0o m A (a;p)t "
z::o M(m,n) - — = (1-1) <H> . (2.24)
The first Meixner polynomials are:
M@O,n) = 1,
M(1,n) = —%m—m,

M(2,n)

(j)Zn(n 1)—2 <Z> (a+1)n+ala+1). (2.25)

with corresponding single-site duality polynomials are:

d(0,n) = 1,
dim) = = (=),
[0 [0 2Oé
d2,n) = p2(a+1)("(”_1)_2p(a+1)"+p(aﬂ))' (2.26)

We refer the reader to [13] and [5] for more details on these polynomials and their
generating functions. For proofs of self-duality with these orthogonal polynomials we
refer to [10] and [14].

3 Fluctuation fields

The density fluctuation field 2" is the stochastic object usually defined to study
fluctuations of density around its expected limit. This field corresponds to a central limit
type of rescaling of the density field, i.e.

2 (@) =023 pla/n) (1. (n%t) — p). (3.1)
reZa
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where ¢ is an element of the Schwartz space S (]Rd), i.e., the space of all smooth functions
whose derivatives are rapidly decreasing:

S(RY) = {p € C>°(RY) : sup [z*DPyp| < o0,Va, B € N} (3.2)
zeR4
where C*°(R?) is the space of smooth functions.

Fields of this type have been intensively studied in the literature. For different models,
see for example [12] for the case of the ZRP, the sequence %(”) is proven to converge to
a limiting field Z; that is identified as the distribution-valued random variable satisfying
the following martingale problem: for any ¢ € S(R9) the process

Milp) = Zilp) - 2ale) - 55 | 2 (8)ds (3.3
0

is a square integrable continuous martingale of quadratic variation given by the expres-
sion:
2
xpla+op) [[Ve()|” - t. (3.4)

Remark 3.1. The factors > and yp(a + op) come from the symmetry assumption (2.2).
We refer to Section 6.1 for more details on how these factors emerge on the fields of order
k. Under the absence of (2.2) we cannot guarantee obtaining the same multiplicative
factors.

Following a procedure analogous to the one given in Chapter 11, pages 290-291, of
[12], the martingale problem (3.3)-(3.4) can be rewritten as:

2i0) = 2(0) + 5 [ 20085+ Vil Tad IVe@I i) G

where %#; is a generalized Brownian motion with covariance

Vo(z) Vi(x)
r Vo (@)l [V ()]

Formally speaking, (3.5) is equivalent to say that the limiting field Z; satisfies (cf. [12],
pages 290-291) the Ornstein-Uhlenbeck equation:

d2; = X2 A% dt + \/xp(a + op) VdH, 3.7)

Here Vd#; has to be interpreted by saying that the integral

cov [#:(p), #s(¢)] = min(t, s) dz. (3.6)

t
| vare (3.8)
0
is a continuous martingale of quadratic variation:

t-[[Ve(2)] - (3.9)

We refer the reader to [6] for a precise statement on the convergence for the case of the
exclusion process, corresponding, in our setting, to the case a« =1 and o = —1.

The density field (3.1) can be written, in our context, in terms of our orthogonal
polynomial dualities D, (&, n) by choosing { € ;. Indeed, in all models considered we
have that there exists a constant ¢, , such that

Dp(633777) = Co,a,p (7790 - P) (3.10)
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where
1/p if 0=0
Coap = —1/p if o=1 . (3.11)
1/p if o=-1
Later on, in order not to overload notation we will suppress the dependence on p and «
and just write ¢,. From (3.10) we observe that the field (3.1) can be rewritten (modulo a
multiplicative constant) as

20 (@) =072 37 6 (%) Dylban(nt)) (3.12)
TEZ4

where the superindex (n, 1) suggests that, in some sense, this is the first-order density
field. Using (3.10) and (3.7) the formal limiting SPDE for 2; is

dZ; = %A%dt—&-ch/xp(a—i—ap) Vd¥; (3.13)

The observation that the field (3.1) can be expressed in terms of duality polynomials
opens the possibility of defining higher-order fields and study their scaling limits. For
k € IN, k > 1 we define the k-th order field as

2R (GB ) = R @) = 023 ] e (2)F | A©) - D,(Em) B.14)

£€Q, \zezd

n 2T e () A& - dplene)

£eQ, \zezd

where ¢ € S(R?) is a test function, A is as in (2.8), and

k
e = Qe (3.15)
=1
o) = [] e, e, €)= [] ¢ (&)™ (3.16)
zeZ4 rcZd

In the rest of this work, we will refer to test functions of the type <p(k) as symmetric
elements of the Schwartz space S(R*?). Likewise, the functions ® : 0, — R, given
by (3.16), will be considered as elements of the Schwartz space of test functions over
configuration space.

Notice that there is no difference between 2" ("% (¢(*) n) and % (**)(®, 1) besides
that the latter works on test functions over configuration space, i.e., ® € S(€y), while
the former works on test functions ¢(*) € S(R*?). Then, using the notation

D,(&m) =AE) - Dp(&,n),  0,(myn) = A(m) - dy(m,n) (3.17)
D,&m) = [ 00(&:m) (3.18)
i€z

we can rewrite the k-th order field (3.14) as

YR (D) = n7R2 N B, (6) D, (€,m) (3.19)
£€Qy,
and define:
2,0 (@) = 7N (@, n(n*1). (3.20)

The choice of multiplying the duality function by the measure A(-) in (3.17) is dictated
simply by computational convenience that, even if obscure at the moment, will be made
clearer in the course of this work.
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First example: second-order fluctuation fields for the SEP(1)

Let us specialize these fields to the case of the one-dimensional symmetric exclusion
process for k = 2. This means that we are taking:

d=1, a=1,and o=-1. (3.21)

In this case we have:

2D (@) ) = % Z (H @ ) §) - Dp(&m)
€Qy \x€Z
_ 2i @ (£) @ (£) MGy +8,) Dy(Ss + 8,1)
z,YyeZ
w;éy
1 1 T Yy
= 57 |n Yo e (3)e (%) (e —p)(my—p) (3.22)
m;?g;éeyZ

where in the second line, in order to get rid of the sum at the diagonal, we used the fact
that for SEP(1) we have D,(26,,7) = 0. Notice that in the last line we used (2.8) and
(2.22).

Remark 3.2. Notice that the previous field corresponds, modulo a multiplicative factor,
to the quadratic field introduced earlier in [11]. Also notice that the previous field is not
the same as the quadratic field introduced in [2].

Second example: second-order fluctuation fields for IRW(1)

Let us now look at the case of one-dimensional independent random walkers. This means
that we are taking:

d=1, a=1,and o=0. (3.23)

Analogous to the case of SEP(1), in this case we have:

%(m?)(@(?),n) - Z (H %) ) §)-Dy(&m)

£€Qs xEZ
1 P
= 5. > 2 (3) e (%) A +8y) Do(ds +6y,m)
T, YL
TEY
1 ,
T n Z ¥ (%)2 A(20,) Dp(25:m77)
TEZ
1 T
= mp? doe(®) e () —p) (y—p)
T, YEL
z#Y

Remark 3.3. Notice that different to the case of SEP(1), in this case we have that
the second-order duality polynomials do not vanish and as a consequence we have a
contribution coming from the diagonal (i.e., the second summation in the RHS of (3.24)).
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4 The coordinate process

The coordinate process can be described in words as the process obtained by labeling
the particles of a process with a finite number of particles. Thinking of k¥ € IN as the
number of particles, we want to introduce a family of permutation-invariant coordinate
processes { X (¥)(t) : ¢t > 0} compatible with the finite configuration processes {£(t) : ¢t >
0} on Q. Here the coordinate process is a Markov process on Z% with

XB ) = (X1(t),..., Xe(t), Xi(t)eZ% Vi=1,... .k (4.1)

X, (t) being the position of the i-th particle at time ¢ > 0. For a further explanation of the
notion of compatibility we refer the reader to [4].

Denote by x € Z*¢ the coordinate vector x := (z1,...,2;), with z; € Z¢, for i =
1,...,k. The coordinate process {X(¥)(t) : t > 0} is defined by means of its infinitesimal
generator:

k k
L(k)f(X) _ Z Z p(r) <a +o Z 1xj—zi+7“> (f(xi.,i+r) _ f(x)) 4.2)

i=1reR j=1
i

where x***" denotes x after moving the particle in position z; to position z; + r € Z?.
Notice that for x € Z*¢ the compatible configuration ¢(x) € ©, is given by

k

£x) = (&G(x),iez?)  with &) =) 1, (4.3)
j=1

4.1 Product o-finite reversible measures

It is possible to verify, by means of detailed balance, that the coordinate-process
{X®)(t) : t > 0} admits a reversible o-finite measure that is given by

I(x) = m = kl?'g &(x)!-A&(x))  for xezM (4.4)

where ) is given as in (2.8), and with

. k!
N(E) = [{x € ZM: £(x) =&}| = = 4.5)
HieZd gz-
then we can rewrite II in the product form:
1
N(x) = I =& ), X = (x1,...,2) € ZF? (4.6)
€2
with 7 given as follows:
L, m €N foro=0 IRW
1;(&J;Z!), m e N foroc=1 SIP(«)

Given the measures II, we now consider the spaces of permutation-invariant functions:

12(z*, 1) = {f e L2(Z*. 1) : f(x) = f(x,), Vo € @(k)} 4.8)
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with (k) denoting the set of all possible permutations of the set {1,2,3,...k}. We
endowed the space L?(Z*¢, II) with the inner product given by:

(o= Y fx)gx)(x). (4.9)

xezZkd

Remark 4.1. Notice that any function f € L2(Z*? II) can be interpreted also as a
function on the configuration space. In this work we will extensively use this fact by
changing between interpretations sometimes from one line to another in the same
derivation.

Remark 4.2. As a consequence of reversibility of the measures II, we can infer that the
k-particles generator L(®) is self-adjoint with respect to the inner product (-, i.e.

(f.L® gy = (LP £, g\ (4.10)

for all f,g € L2(Z* 11).

4.2 The fluctuation fields in coordinate notation

It is possible to rewrite the fluctuation field (3.14) in the coordinate variables. Notice
that in this context the test function ® defined in (3.16) becomes a tensor function:

D(L(x)) = _Hw(z,:) 4.11)

i.e. it is the homogeneous k-tensor test function ¢®* € S(R*9) of the form

k
Dol = =R (4.12)
=1

then, after a change of variable in the sum we can rewrite the k-th field as follows

2R (W ) = 7P (@) = n k2N oW (X)) TH(x) - DE(x),m). (4.13)

xezZkd

Notice that we can also let the field 2 act on a general f € S(R*9) as expected, i.e.,

2R (fn) =2 ST (%) T - DIERR). ) (4.1

xeZkd

Remark 4.3. Because we deal with unlabeled particle systems it is natural to define
the higher-order fluctuation fields acting on symmetric test functions ¢ i.e. on ele-
ments of the Schwartz space S(RR*?) that are permutation-invariant: D(2p(1)s - To(k)) =
D(xq,...,2%) for all o € L (k), the set of permutations of {1,...,k}.

Remark 4.4. The set of test functions of the form ©®* is dense in the space of symmetric
Schwartz test functions. This can be seen in two steps. First, linear combination of
tensors are dense in S(R*?). Second, restricting to symmetric linear combinations of
elements in S(R*?), we have that by polarization linear combinations of powers of the
form <p®k are dense in this restriction (see for example Remark 2.5 in [9]).

5 Main result

5.1 Heuristics: macroscopic dynamics

The goal of this section is to provide some intuitions on the type of limiting field that
we should expect for fields of order greater than one. We will start by considering the
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cases k = 1,2 and, inspired by the results obtained in [11], we will propose a heuristic
interpretation of the two SPDEs obtained as scaling limits and their relation. Based on
this interpretation we will conjecture a possible generalization to the kth-order case. In
Section 5.2 we will give the rigorous result confirming the validity of the conjecture.

Here we will informally use the notation @t(k) and %(k) for the distributional limits
of % (W) and 2 (™F) respectively.

Recall that from (3.13) we know that formally the distribution valued first order field
%(1)@) is a solution to the Ornstein-Uhlenbeck equation

d%(l)(:c) = % A%(l)(x) dt + cov/xpla+ op) Vd#i(x) (5.1)

where for x € R?, #;(z) is a space-time white noise and Vd#;(z) should be interpreted
as in (3.8)-(3.9).

Additionally, from the martingale problem given in [11], we can deduce that the
distribution-valued second-order field 3&;(2)(;107 y) is a solution to the SPDE

429 (xy) = 2 APZO (@ y)dt + cov/xpla+0p) 2,7 (@) VaHi(y)
+ cov/xpla+ap) 2, (y)VdH(x) (5.2)

where #;(z) is the same white noise as in (5.1) and A®) is the usual 2d-dimensional
Laplacian, which is the sum of the Laplacian in the z variable plus the Laplacian in the y
variable.

The key idea to extrapolate these relations to higher orders is to interpret the non-
linearity on the RHS of (5.2) as some product of fields, that we denote by ¢, that satisfies
the Leibniz rule of differentiation. This interpretation suggests that the second-order
field %(2) (z,y) is, in turn, a second power of the first-order field %(1) (z). More precisely
conjecturing

2% (@,y) = 2,V (@) 0 2,V (W),

since the product ¢ follows the Leibniz rule we would have that
12,9 @y) = d(2 @02V y)
= d20@) 0 2,0 + 2 (@) 0 d2,O ()
- (L; A2 @)t + con/xpla+ ap) VaHi()) 0 2,0 (y)
+ 2Va) e (% AZ D (y)dt + cor/xpla + op) VdHi(y)
- % A(Q).%(Q) (z,y)dt + co/xp(a+ op) %(1)@) o Vd#i(y)
+ cov/xplatap) 2,0 (y) o VdHi(x) (5.3)

which indeed agress with (5.2).

Remark 5.1. This section is created with the intention to develop some intuition on
the type of martingale problem we should expect for higher-order fields. The precise
product to be used in this section is not relevant since after all our derivations are just
made at a formal level. What is important is that the product should satisfy the Leibniz
rule.

After the discussion above, it seems natural to expect that the kth-order field is a kth
o-power of the first-order one. More precisely we conjecture that a relation of the type

%(k)(l‘l,wg,...7$k) = %(1)(561)0%(1)(;62)0_._0%(1)(%).
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is satisfied. If this holds true, computations analogous to (5.3) would imply the formal
SPDE

k
a2,V x) = A0 2O)dt + o /xplatop) Y 24T ) o VA (a;)
j=1
(5.4)

where A®) is the kd-dimensional Laplacian, defined as the sum of the Laplacians at each
coordinate and x 7 is the (k — 1)d-dimensional vector obtained from x by removing its
coordinate x;.

In the following section we formulate rigorously the meaning of the heuristic equation,
via a martingale problem.

5.2 Main theorem

Let us spend one paragraph to introduce the probability notions which are relevant
for our main result. As we already mentioned, the kth-order fluctuation field can be
considered as taking values in S'(R*?), the space of tempered distributions which is dual
to S(R*?). Our original process 7,2, has state space Q™) corresponding to the rescaled
lattice %Z. We then denote by IP,,, respectively IE,,, the probability measure, respectively
expectation, induced by the measure v, and the diffusively rescaled process 7,2, on
D([0,T]; ™). We also denote by Q' the probability measure on D([0,T]; S'(R*4))
induced by the density fluctuation field 2, over P,.

In what follows we will view the trajectory of the limiting fields up to order k as a
vector

x® = (2™, 2™

where 0 < T'. This means that the trajectory {ng) :0 <t < T} canbe seen as an element

of the path-space:
k

&) D([0,TT; S'(R'))

=1

where, for each 1 < [ < k, we have that 2°()) is an element of the path-space D([0, T7;
S/(Rld».
Motivated by this point of view, we equip the product path-space

k

&) D([0, T); S'(R'))

=1

with the filtration {#} : t > 0} generated by the projections

T, (Wla w2, ... 7wk) = wl(t)[gol]

where for 1 <1 < k, we have that ¢; € S(R!?) is a symmetric Schwartz function.

Theorem 5.2. The process {%;("’k) :t € [0, T]} converges in distribution, with respect

to the J1-topology of D([0, T]; S'(R%)), as n — oo to the process {Z;\¥) : t € [0,T]} being
the unique solution of the following recursive martingale problem.

Recursive martingale problem: for any symmetric ¢(*) € S(R*¢) the process

t
X o X X
Mt(k)(w(k)) — %(k)((p(k)) _ %O(k)((p(k)) _ X7 /0 %(k)(A(k)gp(k))ds (5.5)
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is a continuous .#}-square integrable martingale of quadratic variation

t
c?,xp(a—l—ap)// ||V<p(ac)||2(%;(k_l)(w(k_l)))zdxds (5.6)
0 JRd

with initial condition 5&;(1) given by the solution of (5.1).

Remark 5.3. This recursive martingale problem is the rigorous counterpart of the
formal SPDE (5.4) that we heuristically obtained. Moreover, the specification of the
filtration .#} guarantees that the driving noise is the same.

5.3 Strategy of the proof

We will show Theorem 5.2 by using induction on k. In the proof we will take advantage
of the fact that the base case, k = 1, is already proved in the literature. On the other
hand, the inductive step will be proven by means of an approach based on the natural
Dynkin martingales:

t
MM (@) = 2" (@) — "V (@) — n? / LY (@)ds (5.7)
0

and .
NP (@) = (P (@))? - n? / r7"9 (0)ds (5.8)
0

where I is the so-called carré-du-champ operator given by:

L(f)=2(f%) —2r£(f). (5.9)

Notice that the Dynkin martingales can also be expressed in terms of the fields &V;(”’k).

Roughly our approach consists of the following steps:

1. we express the integrand term of equation (5.7) in terms of the kth-order fluctuation
field # (™) using duality (Section 6.1);

2. we close the equation (5.8) by expressing the integrand in the RHS in terms of the
(k — 1)th-order fluctuation field # (k1) (Section 6.2);

3. we show tightness for the sequence of probability measures Q%k) (Section 6.3);

4. finally we characterize the limiting field by showing uniqueness of the solution of
the martingale problem (Sections 6.4-6.5).

5.4 Inductive argument

The proof is done by induction over the order of the field k. The base case k = 1,
corresponding to the density fluctuation field (3.1), is assumed to be true. Indeed, as
mentioned in Section 3, a proof of Theorem 5.2 for exclusion dynamics and zero-range
processes (of which independent random walkers are a particular case) is given in [6]
and [12] respectively. By similar arguments the result can be extended to the case of
inclusion process.

To implement the inductive argument we formalize the following inductive hypothesis
that will be referred to several times in the course of the proof of Theorem 5.2.
INpuCTIVE HYPOTHESIS 5.1. For any kg € {1,2,...,k— 1} the sequence {%(n’k‘)) 1t €[0,T)}
converges in distribution, with respect to the J1-topology of D([0, T]; S'(R*?)), as n — oo
to the process {%(ko) :t € [0, T]} being the unique solution of the following martingale
problem.
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Martingale problem: for any symmetric p(%0) € S(R*0?) the process
t
M) (plho)y — ko) (ko)) _ g (ko) (ko) _ X2£ / 20 (AR k) g5 (5.10)
0

is a continuous square integrable martingale of quadratic variation

2
Expla+op) // IVo(x A (7 (ko_l))) dz ds. (5.11)

6 Proof of Theorem 5.2

6.1 Closing the equation for the drift term: £ > 2

In order to close the equation (5.7) for the drift term (i.e., the integral term), thanks
to Remark 4.2 we can just proceed as follows

ELYOD @ = Y ) 1220

£€Qy,

= Y 02, (€) - A - [ZD(E )
£y,

= k2N 2 A©) - [£MD( ()
£eQy,

= k2 Y 22 008,](6) - A©) - D(E )
£eQy,

= S W () - D(E.n).
£eQy,

We proceed evaluating the action of the k-particles generator on ®,,. We then have

TL2 [g(k) ‘I)n](ﬁ) = Z Z 53: a+ U§x+r) ! ((I)n(é-m’m+r) - (I)n(é-))

rE€ZArER
= Z (I)n<§ - 6&) Z p(T) ) gm(a + a'fac—&-r) -n’ (<P (zj;r) - (%))
RISV reX
= « Z O, (6 —02) - & ZP("") -n? (‘P (mir) - (%))
z€Z? reX
+ 0> Pu(€—02) Y p(r) Luborr 0 (9 (BE) — @ (2)) . (6.1)
€7 rex

Remark 6.1. Notice that the contribution coming from the second term in the RHS of
(6.1) does not appear in the case k = 1.

First of all we prove that

o p(r) (¢ (52) ¢ () = 5 B (5) + 2n (3) (6.2)
rex
for a suitable ¢, € S(R) such that
sup Z 1/1n ; . (6.3)

d
atr _1! () L (z
p (22 - nz + 5 Z: 8%8” () +... (6.4)
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and then
n® Y p(r) (v (57) — ¢ (2))
reXA
1 & 0%
:nZ<ZTJp ) (2) +§Z <ZTJ7“£;D >8a:j8x,z (£) +
=1 \rez il=1 \rez
for some 1, satisfying (6.3). From the assumption (2.2), it follows that:
R
Z rip(r) =0 (6.5)
’l"j:*R

thus, from the fact that #Z = [~ R, R]? N Z we have

S rpr)=0 and Y rrep(r) =0 forj #¢ (6.6)

re€R reR

as a consequence,

from which it follows (6.2).
Now we have

P ZW0]€) = o) Pu(6—0a) & (520 (2) + 20 (£)) + En(0,9)

TEZ?

with

En(<;0’£) =0 Z Q)n(g - 61) Zp(’f‘) "fzngrr ' 712 (SD ("L:7) —¥ (%)) (6.7)

reZ rex
then we have
LY (®, 1) kd/g > Eu(e¢ 1)
£€Qy,
kd/2 29577 Z(I) (€=0:) & (5D (5) +avn ()
£EQy reZa

It is now convenient to pass to the coordinate notation to treat sums of the type:

DD D] Pul€—0a) & P(2)

£EQ z€Z4

for some ¢ € S(R?). First of all we notice that summing over ¢ € , is the same as
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summing over x € Z*:

ST D) Y Tul€—da) & (E)

§€Q z€Zd
1 k
= D(E0) 1) Y a66x) — b) (%)
2 W& b
k k
= T o Dlen Lo [ o
e I =
k—1
= k Z H(X)D(g(x),n)ng(%)w(%)
xeZkd -1

_ knkd/Q e%f(n,k) (QD(k_l) ® ,(/}7 ’I’])

where the last identity follows using the expression of the field acting on more general
(i.e., non-symmetric) test functions (4.14). Then, substituting in (6.8) we get

n 1
£cqy,
= k2™ (oD @ (§Ap + Les),n)
where we used the fact that ¢ is uniformly bounded on Z. From this we can see that it

is possible to close the equation for the second order fluctuation field, modulo an error
term that we define as follows

EM (p,n) = LY (@,1) —ak - - 2P (D @ Ap,n). (6.8)
Then we have
ER (o) = &P (0,m) + & (0,1) (6.9)
with
n ok n _
M (o) = 22 200 (G0 @y, )
and
n,k 1
& (p,m) = W;Q: En(p, (&) (6.10)
S92

that has to be estimated. Analogously to the previous computation we have

k k k
Eu(p,6(x) = on® > ([T0(2) - 30 p0) | 30 Taymeiir | (9(2555) = (%)
i=1 (=1 rez j=1
01
k k k
= oY (TLe) - > ple; —w) (p(2) - w(2)
i=1 =1 j=1
041
k k
= on? > (TI #(2)) - pla; — w)e(2) (p(2) = o(2)
1,j=1 Zé: .
27]
K 2
= o 3 (I #®) pla; —zn? (p(2) - o(2))
(ig) [
1<4,5<k 2y
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where in the last step we used the symmetry of p(-). Then

&" k)(%n)
= n—/ Y (%) - DEX), ) - Bnli:€(x))
xEZkd
k
- # > 1) - D(EG)m) - > ( II W(%)) play — i) n? (p(5) - ()
xezh (i3} =L
1<i,j<k {FiJ
k—2 ,
T = 3 T - D)) (TT o)) - plar = aia) -0 (p(252) - o(22))”.
czkd —1
Hence we have
g(n’k)((p’n - kd/2 Z (x),1) - ¥ (x) (6.11)
erkd
with
\Ijn(x) = <p(k_2)($17"'7wk72)® (% Sﬁ(ikfl) wn(%)
+ T (g — aa)n? (p(22) - w(%)f) . (6.12)

It remains to show that the L?(P,,) norm of &("*)(p, n(n?t)) vanishes in the limit as n
goes to infinity. This is done in the following lemma:

Lemma 6.2. Let £("F) (o, 7)) be given by (6.8), then, for every test function ¢ € S(R%),
the space of permutation-invariant Schwartz functions, there exists C' > 0 such that, for

allt > 0andn € NN,
t 2
([ e entotsas)
0

Proof. Using the fact that ¢ is bounded and that p(-) has finite range we can conclude
that there exists an M > 0 such that

2

E, <C- (6.13)

n

sup sup |¥,(x)] < M. (6.14)

n xezkd

We recall here that the duality function is parametrized by the density parameter p, i.e.
D(-,-) = D,(-,-) and that {D,(&,-),£ € Q} is a family of products of polynomials that are
orthogonal with respect to the reversible measure v,. From the stationarity of v, we

have
t
(/ (g’(n,k)(gp,n(n S ) ] / / (ga(n k) SD M2 )g(n,k)(%nnzu) duds
0

_2/ / / &R ¢7nn2(57u)):| EMR) (0, n)v,(dn)du ds.
(6.15)

The fact that we can exchange expectations and integral is a consequence of Proposition
6.4 in Section 6.2.2, which does not use any results of the current section.
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Let us denote by V,,(¢) the integrand in (6.15), then, using (2.15), we have

x’yGde
= X bOR) TNY) s e (€601 £(5))
DRSS m-wy)-pn2<s_u)<f<x>75<y>>
xeZkd yezZkd
< % Z | Z N an(s—u)(g(X)7§(y))
x€eZkd yEZK
= Y ) [0 Y o (€60, €)
xezkd £eQy,
< iw S () | (6.16)
xeZkd

where we used (2.15) in the second identity, (4.4) and (2.17) in the third identity (with
¢ = c(k,p)) and (6.14) in the fourth line. From (6.12) we have

1 «
x€Zkd xcZkd
k
ok —1) . Iy
+ o 2o [T oG ez —20)n® (0(32) = o(5)"
XEZkd (=3

Using (6.3) we have that the first term in the r.h.s. of (6.17) is bounded by a constant
times n~!. For what concerns the second term, we have:

T [T et ] 2 3 vl —aan® (o (2) — 0 (2)°

(=3 x,c74 "cl,zQEZd
<om DL pler—ae’ (w(%)—w(%»?-
K z1,22€Z%

Now, from the Taylor expansion (6.4) we know that there exists a sequence of functions
where, using the fact that the range of p(-) is Z = [-R, R]?, and the Taylor expansion
(6.4) we have that there exists a smooth function ¢ € S (Rd) such that, for all = € Z¢,

sup{n® (i (57) = ¢ (3))°} <0 (%) (6.18)
as a consequence we obtain the upper bound

ﬁ S plas — ) (p(22) — p(2)) ngd > D p(r)n

=) e (5)

T1,r2€Z4 rEZIrER
/
c ~ c
DI CIIC R SR T E (6.19)
rER x€Z9 zE€Z?

where the inequality holds for a suitable ¢’ > 0. In conclusion we have that there exists a
constant C' > 0 such that

Vale) < — (6.20)
from which the statement follows. O
EJP 26 (2021), paper 27. https://www.imstat.org/ejp

Page 20/35


https://doi.org/10.1214/21-EJP586
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Higher order fluctuation fields

As a consequence of Lemma 6.2 we can close the drift term, i.e.

ak -
= ak-

2P (®,n) - 2R (oFD @ A, ) + EF) (0, )

- 2B (Y @ Ap,n) +O(n 7). (6.21)

[SIS NI

6.2 Closing the equation for the carré-du-champ

In this section we will show that the integrand in the RHS of equation (5.8) can be
expressed in terms of the (k — 1)th-order fluctuation field % (™*~1). To achieve this we
consider the expression for the carré-du-champ given by (7.2) in the Appendix. For the
case of our kth-order fluctuation field this becomes

1 2
2 (n,k) _ d/2+1 (n,k) T, xHry (n,k)
WLy @) = 55 3 Clr) (/241 (7R @ty — R @) | (6.22)
TEZ
rER

where
C(T, 7]) = p(r)m-(a + 07]1:—&-7')'

Notice that here we multiplied by a factor n%/?t! the squared term in order to cancel
the n? in front of the carré-du-champ and get a general factor n~¢ in front of the sum.

In the next section we find some recursion relations for duality polynomials. The
main application of these relations consists in allowing us to rewrite any polynomial
depending on 7%**" in terms of polynomials depending on the unmodified 7.

6.2.1 Recursion relation for duality polynomials

In this section we obtain a recurrence relation for the single-site orthogonal polynomials.
Before giving the result it is convenient to summarize the expression for the self-duality
generating function by defining the function

fo(t,n) =" d(m,n) - ™ (6.23)

=0

then f, can be written in the form

N 14 cobyt et if 0=0
foltim) =eolt) hot)",  holt) =705 eolt)= { (- if o=+
(6.24)
with ¢, given by (3.11), and b, is given as follows:
1 if 0=0
by, = a+p if o=1 . (6.25)
a—p if o=-1
Then we define the functions ¢,, g, : N — R given by
1 dm 1 dm 1
- = — —hy(t d Jo =— — fi >1
ga(m) = o qumhe )| and o ge(m)= o G |,
and  ¢,(0) = §,(0):=1 (6.26)
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that are exactly computable:

%-1,”:1 o=0 (%) oc=0
pm={ -2 o=+l gm={ (-1)" @ty (-2) o=41
G o=-1 (%)m_l.(a_p)m "(g)  e=—
for m > 1, that can be rewritten as
9o (1) = 5 = g5 (1), (6.27)
and
go(m) = (cobs +0°) - a®™ 2, Go(m)=cl 00" (coby +0?) for m > 2(6.28)

We have the following result.
Theorem 6.3. For any m,n € IN we have

m

o(m,n+1) =Y g(m—j)-2(j,n) (6.29)

j=0

and .
o(m,n—1) =3 g(m—j)-0(j.n) (6.30)

j=0

with g,¢g: IN — R as in (6.26)-(6.28).
Proof. From (6.24) we have that

fit,n+1) = f(t,n)h(t) (6.31)
then, from the generating function definition (6.23), we deduce that

amyn) = - T rim)

. 6.32
m!  dt™ ( )

t=0

hence, the recurrence relation (6.31) and an application of Leibniz product rule for
differentiation in the RHS above give

m\ &’ dm—i

— f(t, : :

(j) gl B g

1

d(m,n+1) = —-

h(t)

e

IR

t=0 t=0

7=0

1 & /m dm—i

- —. “)ito(n) ——hf(t
ml jz—;)(J> ) dtm= ()t:O
“ 1 dm=J

= — - ——h(1) -0(4,n)
Z (m—j)! dtm—i =0

<.
Il
=)

g(m _.7) 'D(j,’ﬂ)

o

<
Il
=)

where in the second equality we used (6.32). This concludes the proof of (6.29). Equation
(6.30) can be proved from the same reasoning, with the difference that we now have the

inverse relation )

EJP 26 (2021), paper 27. https://www.imstat.org/ejp
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This change results, after the application of Leibniz rule, in the relation

1 & /m a7 1
oy = A3 (Mot
m! jgo J dt™=7 h(t) |,_,
= > g(m—3j)-3(j,n)
j=0
that concludes the proof. O

6.2.2 Controlling the moments of the fields

The objective of this section is to take advantage of the ergodic properties of our process
to introduce a result that will allow us to make multiple replacements, in the appropriate
sense, inside the expression of the carré-du-champ given in (6.22). Let us start first with
a uniform estimate for moments of the fields % (") (®, 7).

Proposition 6.4. Let [,m € IN then we have

sup I, [@("’”@,n)m} < C(p: ) (6.34)
nelN

Proof. As claimed in the statement of the proposition, this result holds for any finite
natural number m. Nevertheless for simplicity we will only show how to obtain the
estimates for m € {2,4} (which indeed are the only two uses that we make of this result).
Let us start with the simplest non-trivial case, m = 2, for which the result comes directly
from orthogonality

By, [#C0@n)72] = 073 u(©@a(€)AGAE)E, [DEnDE )] (6.35)

£,87e
1
= pd P, (€)%A(€)? (6.36)
2 PN
< K-ny 8,67 < oo (6.37)
£ey

where in the second line we used (2.13) and K is given by

o MEP?
= G

Notice that the previous estimate was possible due the fact that orthogonality, in the
form of expression (2.13), allowed us to reduce the summation in the RHS of (6.35) from
a 2ld dimensional sum to an /d dimensional sum in (6.36).

For the case m = 4 we have

4
E,, @/W”(@,n)‘*] = 72 3" T @n€?) - A(D)-

c@eq, j=1
1 2 3 4

Ey, [DEW,mDE® nDE® nDED,m]  (638)

For this case the sum in the RHS of (6.38) is 4/d-dimensional. Given the factor n~2!¢ in

front of the RHS, in order to obtain a uniform estimate, we would like this summation to

be 2ld dimensional instead. In order to see that this is indeed the case, we analyze the
non-zero contribution coming from

Ey, [DED,mDE®, m)DED,nDED,n)].

EJP 26 (2021), paper 27. https://www.imstat.org/ejp
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By the product nature of the measure v, and the duality polynomials we have

E,, [D(EY.mDED,n)DED, nDED,n)]

=TI E., |22, mde? md(e®, md(t m)| (6.39)

z€Z4

Notice that for every z for which féj) = 0 for all j € {1,2,3,4}, the corresponding
contribution in the RHS of (6.39) is equal to 1 and therefore negligible. This is precisely
the reason why the summation in the RHS of (6.38) is at most 4/d-dimensional. We have
indeed that the maximum number of = € Z? contributing to the product in the RHS of
(6.39) is at most 4/, i.e. one for each of the 4/ particles that all the §(j) have in total. In
reality we can see that there are less xs giving a non-zero contribution. In order to see
is, consider an = € Z? such that there exists a unique j € {1,2,3,4} for which 5_&7) # 0.
In this case, because of the zero mean of the single-site duality function we have

E,, [d(fé”,n)d(ff),n)d()ff’),n)d(ﬁff)m) =0 (6.40)

this means that whenever = € Z? is such that there exists a j € {1,2,3,4} for which

f,ij ) # 0 there must be another j' € {1,2,3,4} for which ,f_ij ) # 0. In other words we only
have a possibility of 2/ particles to distribute freely, and hence the summation in the RHS
of (6.38) is at most 2/d-dimensional. O

Proposition 6.5. Let f : R? — R be a test function, and {M,,: Q x R - R:n € N} be a
sequence of uniformly bounded cylindrical functions of the form

My (n,x) = f(z/n) ] d(b;,n) (6.41)
JEN
where only a finite number of b; are different from zero. Let also {a, : n € IN} be a

sequence of real numbers converging to 0, we then have

2

t
lim E, / a—z Z C(r,n(n%s)) My (ne(n?s)) - &0 (®, n(ns))™ ds =0
rEX

foralll € {1,2,...,k—1}, and m € IN.

Proof. By Cauchy-Schwarz we have

E, /o % > Clrn(n®s)) - My (na(n®s)) - & "D (@,n(n?s))™ ds

zeZ?
rex
2
apt (" ! 2 N\ 21 2 9
< 5 [ B [#0D@nm?)? - | Y Clrn(n®s) - Ma(na(n®s)) | | ds
0 zeZ?
reZX
e
a?zt2 (n,l) 2m
= nZd En @ ' ((b777> : Z Zp(r)nw(a + Unx+r) : Mn(nz)
r€Zd reX
EJP 26 (2021), paper 27. https://www.imstat.org/ejp
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= G ST Y bl p(r) B [Ma(ne) - M) - 20 (@)

z,y€Zdr1,72ER

a?t?
< B ST ST b)) plr2) B (Mo ()2 Ma1,)2) B [ 200 (@, )]
z,Y€ZA r1,72€ER
< Kt?a? (6.42)

where in the last line we used Proposition 6.4, the boundedness of the single-site duality
polynomials d(b;,7,) and the smoothness of f in the representation (6.41). The result
then follows from the convergence a,, — 0. O

6.2.3 The gradient of the fluctuation fields

Our goal for this section is to rewrite the square inside the RHS of (6.22) in terms of
lower order fluctuation fields. We will see that this can be expressed, in agreement
with (5.6), only in terms of the field of order £ — 1. Let us then denote by VZ’HT the
d-dimensional gradient

V’(L'i,i+rg/(n,k) ((p’ 77) — nd/2+1 (g(n,k) ((D, ni,i+T) _ @(n,k) ((I), 77)) . (643)

Notice that, by linearity of the k-th order field, we have

. _(k=1)d 1
VAR (@) = Y2, D) -D(Em)]  (6.44)
£eQy

with D(-,-) as in (3.18). We define now, for i, j € Z, ¢ < k, the auxiliary field

n,k,l _
250 @) =0 Y L g Ba()D(E, M) (6.45)
£EQy
then we have the following formula for the gradient of the fluctuation field.
Proposition 6.6.
koo (s 1)d s

VeI R (@ ) =3 0T Z n(p(L)™ — (L)) - g(m) - ZUFT T (o, — 6;)

s=1

Proof. Using the product nature of the polynomials ©(-,n) and of ®,,(-) we get

k 1) s
Vi R (@, 1) = nzn 2 ) STV (gm) (6.46)
s=1 a=0
and
v ”>< n) = e(£)"e(L)" {d(a,m; — (b, + 1) = 2(a, m:)o(b,m;)}
P(£) (L) {o(a,mi — 1) [0(b,n; + 1) — (b, my)]
+ (b Ui ) [D(avni - 1) - 0(567772)]}
EJP 26 (2021), paper 27. https://www.imstat.org/ejp
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hence, using (6.29) we get

s s—1

STYEe ) = 3 () (L) v (a,n — 1) (s — a,n; + 1) = (s — a, ;)]
a=0 a=0

S () p(E)00(b, ) [o(s — by 1) — (s — by — 1)

= D > (B (£ g(s —a—r) - d(a,m — 1)d(x, 1)

s—1s—b—1

— D> eE)y (L) gls —b—m) - d(m,m — 1)2(b, ;)

b=0 m=0

now, calling b = k and m = a we get

2821%3)%(2)” ~g(s —a—r)-0(a,n; — 1)k, n;)

- nglw(i)s“w(i)” ~g(s —a—r)-0(a,m; — 1)k, ;)

= é;—i ()" p(L)* 7 = (5T (L)) - g(s =€) - 0(a,mi = )AL — a, 1))
= Szj):_l (02 = (5 ) (D)%) - g(s =€) - 0(a,mi — 1)L — a, 1))
= é:: (P2 =05 ") g(s = f)z;@(,i)“w(i)é‘“ “0(a, i — 1)L — a, 1)

where the first identity follows from the change of variable ¢ = k + a. Then

n,k—s > n,a,s—a
25 (@,m) - YV '(.m)
a=0

s—1
= (L) = (1)) g(s —0) - 270 (@) -
=0
e . .
> (L) re(L) = d(a,n; — 1)L — a, ;)
a=0
s—1

=D (D) =) ) gl =0 2@ —5)  (6.47)

£=0
then
Vi (k) (@ )
P Gmbd TN, \s—t (n.k—(s—£),6)
=nYn (P(2)~" = w2~ - gls = 0 - 5700 (@, - 6)
s=1 =0
k _(s=1)d ¢ j i (n,k—m,s—m)
=Y Y (e = e - glm) - 25T @, - 6).
s=1 m=1
This concludes the proof. O
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The advantage that Proposition 6.6 gives us is that we now have an expression in
terms of the auxiliary field (6.45):

k s
. 7(571)d ; ; n,k—m,s—m
VRS (@) =3 02 3 n (e = ()™ - glm) - 25T (@0 - 6)
s=1 m=1
=n (L) — (1)) - g(1) - @, - 5y) (6.48)
—M . jiym i\m (n,k—m,s—m)
+3 2 Y ()™ (2™ - g(m) - Z0TT T (@, - 6).
s=2 m=1

Recall that we claimed that we are able to close the carré-du-champ in an expression
depending only on the field of order k£ — 1. In order to achieve this it remains to:

1. replace the first term in the RHS of (6.48) by some expressions depending on the
field of order k — 1;

2. show that the second term in the RHS of (6.48) vanishes as n — oo.

We will achieve this in several steps, the first one being the proof of the following
proposition.
Proposition 6.7. For all k € IN we have

2

2
ILm E, / Z C(r,n(n’s)) (Q‘al(z_ﬁro)(é n(n?s)) — ¥R (® n(n s))) ds =0.
z€Z?
rex
(6.49)
Proof. Notice that for any fixed x we have
k
) (&, n(n?s)) :Z%Zf: (®,n(n?s)) (6.50)
1=0

which implies

(2050 @, nn%s) — D@, (%))

2
(Z 2@, n(n s>>>

Zﬁifﬁfﬁ ®,7(n%s))>.

IA

Moreover, we can also estimate each 2! (®,n(n?s)) in terms of the coordinates field

x erT
Z (k=) given by (4.13) as follows:

ZD (@)% <02 M, (0, 1) - 2 R (0D )2 (6.51)

x,x+r
where M, is made of terms of the form (6.41), i.e.

l

Mn(nv l) = Z (I)(gac(sx + (l - fw)6$+r) ' d(fz, 7736) ' d(l - Ewa 7736-1-7“)' (652)

‘fa‘,:O
Thanks to Proposition 6.5 we conclude the proof. O
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For what concerns the second step, let us denote by @Eyjk) (®,7) the second term in
the RHS of (6.48), i.e.

k s
A (s—1)d . .
n,k —_— m i\m n,k—m,s—m
G @)=Y S (e — ()" - glm) - 2 (@, - 5)
s=2 m=1
we have the following result supporting our claim:

Proposition 6.8. Under the inductive hypothesis 5.1 we have

t
1 ~(n
Jm B | [ 53 Clenta) - G et as | [ <00 @59
zez?
reEX
Proof. After expanding G;’wﬁ)r(ap, n(n?s))?, the statement follows from applying multiple
times Propositions 6.7 and 6.5. O

Proposition 6.9. Let
(n,k) . T, n,k . . 3 n,k—1
G (o) = VHIGI(D ) + ¢o (=i, Vep(£)) - & R0 (@, )

then, under the inductive hypothesis 5.1, we have

t
. 1 2 (n,k) 2.1)\2 _

nh_)rrgo E, /0 o E C(r,n(n=s)) - Gy air(p,n(ns))” ds =0. (6.54)

z€Z?

reZx

Proof. Due to the fact that
(n,k—1,0) _ gp(n,k—1,0)

2 (@, —di) = 2, (®,7) (6.55)

if we isolate the term s = 1 in (6.46) we obtain

VYR (@,n) = —con (2(2) = o(2)) - 25TV @m) + G (@m) (6.56)

]

then the statement follows from Proposition 6.7 and Proposition 6.8. O

6.2.4 Conclusion

From (6.22) and (6.54) we have
n*T (&, )

= % > pmalat omasr) (6o, Vip(2) - 2D (@) G;"Jf@r«o,n)f

r€EZITEXR
2
n, n,k
= o (g nie 1><1>n) S 31 Ve 2D p(r)ne(a + onasr) + 40 (@)
rEZITEXR
with
nk n,k)
| Z S p(r)ne(e+ o) - GE(0,m)
TEZITrER
n,k T n.k—
(G om) = 260 r, V(202 D (@)
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then we can write

n 0y "R (@ ) = (6.57)
o (o (nik 2 nok n,
= platop) 5 (FOF D@ 0) - DT Ve(E)P p(r) + 4 (@) + 4" (o)
d
with
9" (1) = (6.58)
2
CO’ n,
ﬁ(@( ko <I>77) SN 1 VeENP p(r) {a(ne — p) + 0 (anarr — ) } -
r€ZIrEZR

We first estimate the term due to the error %f"’k) (®,m).

Proposition 6.10. For every ¢t > 0 and every test function ¢ € S(R) there exists C > 0
such that, for alln € N,

¢ 2
lim E, (/ gl("’k)(d),n(ngs))ds> 1 =0 (6.59)

n—o0 0
Proof. It follows from Proposition 6.8 and the convergence, by inductive hypothesis, of
Yk (g, 0). O
The two following propositions allow us to estimate the error ¥," (") and then to

perform the replacement in (6.57).

Lemma 6.11. For every ¢t > 0 and every test function ¢ € S(R) there exists C > 0 such
that, for alln € IN,

lim E, / Z Z| (r, Vo(EN|? p(r)(n.(n®s) — p)ds =0. (6.60)

n— o0
rcZd reR
Proof. From (3.10) we can write the integrand in (6.60) as
1 .
W@S(”’l)(\ll), with  ¥(¢) := H (z)se P(x) = Z |(r, Vo (x))|? p(r) (6.61)

zeZ4 rex

then the statement follows from the convergence of ?Z/s(”’l)(\ll) and the extra factor
1
5. O
nd/2

Similarly, another replacement is necessary on the second term of the RHS of (6.58).
Lemma 6.12. For everyt > 0 and every test function ¢ we have

lim &, /0 Z Z r,Vo(£))? p(r) (nz(n®s) — p) (Nesr(n®s) — p) ds =0.

n—oo
r€EZIrER

(6.62)
Proof. The proof of this lemma is done in the same spirit than Proposition 6.5. O

Proposition 6.13. For every ¢t > 0 and every test function ¢ € S(R) there exists C > 0

such that, for alln € N,
‘ 2
(/ gQ(n’k)((P, n(nQS))ds) ] =0. (6.63)
0
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Proof. 1t follows from Lemma 6.11, Lemma 6.12 and the convergence, by inductive
hypothesis, of % ("*=1) (o, n). O

From Propositions 6.10 and 6.13 we can write

n T k) (o p) = (6.64)
2
Cy, n, n
= platop) S (2@ ) 3 S Vel p(r) + 400 (@)
r€ZI TrER

where the term ¢ (") (®, 1) is a vanishing error:

( /O ") (@, n(n%))dsﬂ ~0.

Therefore we conclude that the proposed (remember that at this point we do not know if
the limiting object is indeed a martingale) predictable quadratic variation of our limiting
martingale is given by

lim IE,

n— oo

2
c2xpla+ op)t (,%”S(k_l)(gp(’f—l))) / IVeo(a)|? da. (6.65)
Rd

Arrived at this point we can conclude that if {Mt("k)(q)) : t € [0,7]} has a limit as
n — oo, and if the limit is a square-integrable martingale then its quadratic variation
is given by (6.65). In what follows we will show tightness and uniform integrability, i.e.
we will prove that {M(" *) (®) : ¢t € [0,T]} converges to {M(k)(@) : ¢t € [0,7]} and that
{Mt(k)(q)) :t €[0,T]} is indeed a martingale.

6.3 Tightness

In this section we prove tightness for the family of laws {Q%k)}nem, induced by
{2 R (. 1)}50 on D([0,00), S(R¥)). From the Dynkin formula we know that

M (t, o) = 2,9 / L X 1P) (,*))ds (6.66)

and .
Nyt M) = My (¢, M)? — n2/ L2 "9 (") ds (6.67)

0

are martingales. Theorem 2.3 in [8], which we include in Appendix 7.2, allows us to
reduce the proof the tightness of {Q%k)}nem to the verification of conditions (7.5)-(7.7).
We verify these conditions in Proposition 6.14, Proposition 6.15 and Proposition 6.16
below.

6.3.1 The v, term

The following Proposition shows that conditions (7.5) and (7.6) hold true.
Proposition 6.14. For any ¢¥) ¢ S(R*%) and t, > 0 we have:

2
sup sup E, {(%(n’k)(go(k))) ] < o0 (6.68)
nelN 0<t<tg
and
2 (n.k) ¢, (k) 2
sup sup E, (n LX) (v )) < 0. (6.69)
nelN 0<t<to
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Proof. We start with the proof (6.69) which is more involved. Thanks to stationarity, the
expectation does not depend on time, and then we can ignore the supremum over time
in (6.69). From (6.21) we already have an expression for the integrand of (6.69):

2L X "R (") n) = ak - X 20R (oED @ Ap,n) + O(nt) (6.70)

recall that here again we are using the fact that the field 2 (™*) can be also thought as
acting on general (not necessarily symmetric) test functions. Because of stationarity it is
enough to estimate

2
Eup [(%(n,k)((p(k—l) ® Aw’n)) :| ) (6.71)
then the desired bound is obtained by applying Proposition 6.4. In the same spirit we
can use Proposition 6.4 to bound (6.68). O

6.3.2 The 7, term

Similarly to the previous section, here we prove the following proposition in order to
verify the condition (7.6) for ~s.

Proposition 6.15. For any ¢*) € S(R*%) and t, > 0 we have:

2
sup sup E, [(nQF%("’k)(w(k))) ] < 00. (6.72)
nelN 0<t<t,

Proof. Thanks to stationarity we can neglect the supremum over time. Recall that in
(6.64) we have obtained an expression for the integrand on (6.72)

n’ T2 k) (o) ) =
k*c; k—1) 1
pla+op) nda (@(” <I)77) ZZM"V@ 2p(r)+0(mn™)

r€EZIrER

taking the square of which we obtain

E,, [(nQI‘%(”vk)( (k) ))2]

= platop)’ =52 > > U, Vo@D [(ra, V(L) p(r1) - p(ra)
z,y€ZI r1,12E€ZX
< E, {(g(mkn(@,n)ﬂ , (6.73)

Notice that the first factor on the RHS of (6.73) can be controlled by using the compact
support of ¢ and the factor # It is then sufficient to estimate

4
sup I, [(@(”’kl)(QT})) } (6.74)
nelN
then Proposition 6.4 finishes the proof. O

6.3.3 Modulus of continuity

In this section we show that condition (2.5) of Theorem 2.3 in [8] is satisfied.

Proposition 6.16. For every o(*) ¢ S(R*?) there exists a sequence (t, p,n) converging
to zero as n — 0 such that:

lim Py ( sup |2, (0, n) — 2,78 (6", n)] = 6(¢,0,m) = 0. (6.75)
n—00 0<t<T
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Proof. We know that the jumps of the process {r(¢) : t > 0} are determined by exponen-
tial clocks. This implies that for any € > 0 the probability of having more than one jump
in the interval (¢,¢ + €] is of the order o(¢). Hence for C, a positive constant that depends
on the model parameters, we have

n, n,r Plloo
sup ‘%(n k)((p(k:)) _ %(_L ")(so(’“))l < C” kﬂﬂ (6.76)
0<t<T n

with probability 1 — o(e).
Taking the sequence {J(¢, p,n)}n>1 given by

el +1
nl/2

o(t,o,n) =0C (6.77)

finishes the proof. O

Remark 6.17. Notice that Proposition 6.16 implies, in particular, that the law induced
by Z?/t("’k) is concentrated on continuous paths.

6.4 Characterization of limit points

At this point we can only say that the sequence {Mt("’k)() :t € [0,T]} converges
weakly to the process {Mt(k)() : t € [0,T]} satisfying expressions (5.5) and (5.6). Nev-
ertheless, we would like to support the claim, given in Theorem 5.2, that the limiting
process {Mt(k)(-) : t € [0,7]} is indeed a martingale with the proposed predictable
quadratic variation given by (6.65). At this aim we prove the following result.

Proposition 6.18. The sequence {Mt(nk)() :t € (0,7} is uniformly integrable.

Proof. By standard arguments it is enough to provide a uniform LP(P,) bound for
p > 1. Notice that, thanks to the martingale decomposition (5.7), and the same type
of arguments used in the proofs of Propositions 6.14 and 6.15, we can indeed find the
desired bounds for p = 2. O

The same type of reasoning used in Proposition 6.18 gives us the following result.
Proposition 6.19. The sequence {Nt(n’k)(-) :t € [0,T)} is uniformly integrable.

Combining Propositions 6.18 and 6.19 we show that any limit point of the sequence
{Mt("’k)(~) :t € [0,T]} satisfies the recursive martingale problem (5.5)-(5.6).

6.5 Uniqueness

It remains to show uniqueness of the solution of the martingale problem (5.5)-(5.6).
First notice that by the Duhamel formula, from (5.5), we can deduce

t
2 (o®)) = 2 (5P ™) + / dM® (S ok (6.78)
0

where St(k) is the semigroup associated to the kd-dimensional Laplacian (or to the kd-
dimensional Brownian motion).

Remark 6.20. Notice that there is not ambiguity in using (5.5)-(5.6) with test functions
of the form St(k)cp(k). From the fact that the d-dimensional Brownian semigroup leaves
invariant the space S(R?), we can deduce that the kd-dimensional Brownian semigroup
keeps both the symmetry and the Schwartz space nature of the test function »(*). More
precisely:

Sie® = (5 )8 (6.79)

where St(l) denotes the semigroup of a d-dimensional Brwonian motion.
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Remark 6.21. In the RHS of equation (6.78), the integral term
t
/ dMF) (S0 1) (6.80)
0
should be interpreted as a martingale with quadratic variation

[

Given the distribution of %”O(k) and the well-definedness of Mt(k'), the RHS of (6.78)
uniquely determines the finite-dimensional distributions of %t(k). Then, by the continuity

2
vsﬁMmH 2= (§F-D (k=1 g (6.81)

of %(k), we conclude the uniqueness of limiting point. We refer to [11] for more details
on how to proceed for the case k = 2.
7 Appendix

7.1 Carré-du-champ

Proposition 7.1. Consider an interacting particles system with generator

Lf(n) =Y cm.n) () = f(n)) (7.1)

7

the following is an alternative formulation for its carré-du-champ

L(f)(n) =D el ) (FOr') — F(m)?. (7.2)

,,]/

Proof. By definition we have

() = > cmn) (F0r)? = fn)?)

that concludes the proof. O

7.2 Tightness criterium
In this section we state a well known criterium for tightness extracted from [8]:

Theorem 7.2. Let (2, %) be a measurable space with right-continuous filtrations { #;" }>¢
and probability measures P,,(-), n € N. Let {#,"},>0 be an .#;*-adapted process with
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paths in D(]0, ), S'(R*)) and Iet us also suppose that there exists, for each ¢ € S(RF),
F;r-predictable processes v1'(-, ¢),v5 (-, ¢) such that:

t
M (o) = ()~ [ A7 (sp)ds (7.3)
0
and ,
M [ s (7.4)
0
are martingales. Assume further that it holds:

CI: forts >0 and ¢ € S(RF):

sup sup [, (%" (p)?) < o0 (7.5)
nelN 0<t<to

and fori € {1,2}:
sup sup E,(y/'(t ¢)?) < oo; (7.6)
neN 0<t<to

CII: for every o € S(RF) there exists a sequence (t, p,n) converging to zero as n — 0
such that:
lim P, ( sup |9 (¢) — 27 ()] > 8(t,,m)) = 0 (7.7)

n—oo 0<s<t

then the family of laws {Q"},.en, induced by {#;" }+>0 on D([0,c), S'(R¥)) under PP,,, is
a tight family and any weak limit point is supported by C([0, o), S'(R¥)).
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