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A MICROSCOPIC DERIVATION OF COUPLED SPDE’S
WITH A KPZ FLAVOR

R. AHMED, C.BERNARDIN, P. GONCALVES, AND M. SIMON

ABSTRACT. We consider an interacting particles system composed of a
Hamiltonian part and perturbed by a conservative stochastic noise so that
the full system conserves two quantities: energy and volume. The Hamil-
tonian part is regulated by a scaling parameter vanishing in the limit. We
study the form of the fluctuations of these quantities at equilibrium and
derive coupled stochastic partial differential equations with a KPZ flavor.
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1. INTRODUCTION

During the last decade a huge number of research programs have been de-
voted to the study of the Kardar-Parisi-Zhang (KPZ) equation and its deriva-
tion from microscopic models. The KPZ equation has been introduced in [22]
as a phenomenological equation which, in dimension one, takes the form

Ouh(t,u) = A 02, h(t,u) + B (B,h(t,u))? +VC W(t,u), t>0,u€eR,
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where A > 0,B € R,C > 0 are thermodynamic constants and W(t,u) is a
standard space-time Gaussian white noise. This equation describes the evolu-
tion of a randomly growing interface, whose height is h(t,u), t > 0 being the
time and u € R the spatial coordinate. Almost equivalently, taking the space
derivative of the KPZ equation, we get the (conservative) stochastic Burgers
equation (SBE) for Y = 9, h:

Yt u) =AYVt u) + B o,V (t,u) + VC dW(E, u).

The SBE equation is expected to be a universal object describing the scaling
limit of a large class of weakly asymmetric interacting particle systems with
a single conservation law [30]. In our opinion, the major recent mathematical
contributions in this field have been:

e the proof of the well posedness of the KPZ (or SBE) equation, via the
theory of regularity structures developed by Hairer [19] 20], or alterna-
tively through the paracontrolled distributions theory [16];

e the obtention of its asymptotic properties via the study of some “inte-
grable stochastic systems”, in particular the derivation of scaling limits
for one-dimensional exclusion-type processes, starting from the seminal
paper [B], and going on with [7, 27], and many others;

e the development of a robust method to derive the SBE (or KPZ) equa-
tion as a scaling limit for a large class of interacting particle systems,
thanks to the new notion of energy solutions investigated in [13, 17, [15]
11].

Since a few years there has been a growing interest for one-dimensional n-
component coupled SBE, written as:

0,Y = 0,(A0Y) + du(< V,BY >) + VC 0.€, (1.1)

where j(t, u) € R™, and A, C are square matrices of size n, E is a n-component
Gaussian white noise, and B = (B;) is a tenso (i.e. B; is n X n—matrix for
any 1 < ¢ < n). Such equations appeared in the physics literature very early
after the seminal paper [22] of Kardar, Parisi and Zhang and more recently
in the context of the nonlinear fluctuating hydrodynamics theory developed
by Spohn and coauthors [31, B2]. The mathematical study of global-in-time
existence and invariant measures for the n-component coupled SBE has been
investigated in [I8, 10, @9]. It is expected that the coupled SBE equations
cover the dynamics of weakly asymmetric interacting particle systems with
several conserved quantities in a suitable mesoscopic scale. In the nonlinear
fluctuating hydrodynamics theory one postulates that these equations describe
correctly the macroscopic properties of the underlying microscopic system in
“some mesoscopic scale” and their study permits to obtain some information
of the large time behavior of the strongly asymmetric system. Let us notice
that it is quite unclear (at least for us), even without asking for a proof, what
are the exact scaling limits to perform in the microscopic models in order to

ITherefore, in (1.1), the quantity < J_}, BY > is a vector whose i-th component reads
(< V,BY >); = (J,B,)),

where (-) denotes the Euclidean inner product in R™.
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obtain these equations. Indeed, such equations should be obtained by tuning
in a very specific way the intensity of the “asymmetry” and the time scale
with respect to the scaling parameter. Moreover, since the system has more
than one conserved quantities, different time scales have to be considered. Let
us also remark that the mathematical treatment of these equations and their
obtention as scaling limits are challenging problems whose resolutions are in
their very infancy.

The aim of the paper is to provide a model with two conserved quantities
for which it can be proved rigorously that in suitable scaling limits, the system
is described by a set of degenerate coupled SBE equations. By degenerate we
mean that some of the matrices entries appearing in vanish. When the
asymmetry is very weak, in a diffusive time scale, the system is reduced to
an uncoupled system consisting of two autonomous Ornstein-Uhlenbeck (OU)
equation. If the intensity of the asymmetry is increased, there is some critical
value such that, in a diffusive time scale, the system becomes composed of
coupled equations: an autonomous OU equation and a second OU equation
with a drift term driven by the first one. Increasing again the intensity of the
asymmetry, the system becomes composed of an OU equation (obtained in a
diffusive time scaling) and a transport equation whose transport term is driven
by the first one (obtained in a sudiffusive time scaling). This pictures remains
valid up to a second critical value of the asymmetry intensity, for which the
first OU equation is replaced by a SBE equation while the second is still a
transport equation driven by some OU process. The results obtained are in
agreement with mode coupling theory [28].

This paper is one of the first contributions where coupled equations with a
KPZ flavor are derived from a microscopic system. In [2], the authors derive
some multicomponent coupled SBE equations as a scaling limit of a multi-
species zero-range process. However a big difference of our model with respect
to the latter is that in [2] the velocities of the normal modes are equal while
it is never the case in our model. A second interesting feature of our result is
that we are able to emphasis the exact time and asymmetry parameters scaling
to consider in order to get the expected equations, and we extend the class of
SPDEs which arise in this context.

Outline of the paper. We start in Section [2| with the definition of the mi-
croscopic dynamics under investigation and the introduction of the relevant
macroscopic quantities. Section |3|is devoted to defining and giving a rigorous
meaning to the solution of three stochastic partial differential equations which
will emerge at the macroscopic level. In Section [4] we will state our main con-
vergence results. Finally, Sections [f] [6] and [7] contain the different steps of the
proof: we begin with a sketch given in Section [5, and we are able conclude the
proof up to technical results, namely the convergence of martingales associated
to the microscopic dynamics (proved in Section @, and the tightness property
of the fluctuation fields (proved in Section [7).

Notations. Given two real-valued functions f and g depending on the variable
u € R? we will write f(u) & g(u) if there exists a constant C' > 0 which does not
depend on u such that for any u, C~1f(u) < g(u) < Cf(u) and f(u) < g(u) if
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for any u, f(u) < Cg(u). We write f = O(g) (resp. f = o(g)) in the neighbor-
hood of ug if | f| < |g| in the neighborhood of ug (resp. limy, ., f(u)/g(u) = 0).
Sometimes it will be convenient to precise the dependence of the constant C
on some extra parameters and this will be done by the standard notation C'()\)
if A is the extra parameter. We often denote the one-dimensional gradient and
Laplacian on R by V = 9, and A = 92,. The transpose matrix of the ma-
trix A is denoted by Af. The one-dimensional continuous torus is denoted by
T = [0,1). For any integer d > 1, we denote the space of smooth Ré-valued
functions f = (fY...,fH" on T by D(T,R%). In the special case d = 1, we
simplify the notation by omitting the arrow on f, and we also denote D(T, R)
(resp. L*(T,R)) by D(T) (resp. L*(T)). Then, we identify D(T,R?) with
(D(T))4 and L(T,R?) with (L2(T))%. Finally, for a function f € L2(T,R%),
we denote by ||f]|2 the usual L2(T, R%)-norm of f:

171 = 3 [ (' (w)* du

and by (-, -)¢ its associated inner product:
d
(Fd)o =3 [ F)g'w)du
i=1

2. THE MODEL

Let b > 0 be a fixed parameter and define the one-dimensional exponential

potential
Vitu€R— e —1+4bu € [0, +00).
Recall that the one-dimensional continuous torus is denoted by T = [0, 1). For
any n > 1, we define its discrete counterpart T,, = {0, 1,...,n—1} of size n and
we denote R™ by ,,. We consider the Markov process n(t) = {n,(t) : x € T, }
with state space (2,, defined by its infinitesimal generator £. The latter is given
by
L=a,A+7S,

where v > 0 and a,, = an™", with € R, K > 0. The actions of A and S on
differentiable functions f : £2,, — R are given by

(AN ) = 3 (Vi (er1) = Vi (110-1)) (. £) (1)

zeT,,

and

(SHm) = > (For=) = ().
€T,

Here the configuration n***1 is the configuration obtained from 7 by exchanging

the occupation variables 7, and 7,1, i.e. for any z € T,, (p®*™!), = n, for

z# z o+ 1, (™), = neyq and (™), = n,. We refer the interested

reader to [1} [4 3, 32] for the motivations behind the study of this system and

more information about its construction. The system is thus a Hamiltonian

system (with generator A) perturbed by a stochastic noise (generated by S).

Let us comment about the role of the parameters which appear in the defini-
tion of the microscopic system. In the following, n will tend to infinity so that
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1/n, which represents the ratio between the macroscopic scale and the micro-
scopic scale, will play the role of a scaling parameter going to 0. The parameter
«, fixes the intensity of the asymmetry in the system in terms of the scaling
parameter: larger  is, smaller the asymmetry is. Strong asymmetric systems
would correspond to x = 0. The reason why A represents the asymmetric part
of the generator will become clear in the sequel. The parameter « fixes the
intensity of the stochastic noise and is always of order 1. We will consider the
Markov process in different time scales, namely by accelerating the microscopic
time by a constant 6(n) = n®, where a > 0 is a constant.

The system conserves two quantities: the energy and the volume, given re-

spectively by
Z Vo(n2), Z M-

IGTn IGTn
The previous conservation laws are expressed by the well defined continuity
equations

LVi(12) = Jo1.a() = Jowra (), L00) = Joo10(0) = e (n),  (2.1)
where the microscopic currents are given by

Joap1 () = —anbPe ) 4 b (e e Met) =V (Vi) (2:2)

Jaas1(n) = anb(e™™ 4 €7 ) — 4V, (2.3)
We define a family of product probability measures pj 5 on (2, by
paaldn) = I 2718, A) exp{—Be™"" — An.}dn,, B, A >0, (24)
xETn

where Z (B , 5\) is the normalization constant. It is a simple exercise to show
that A is skew symmetric and S is symmetric in L?(55) so that ps5 is an
invariant measure for the dynamics generated by L. In fact A is a Liouville
operator corresponding to a Hamiltonian dynamics with Gibbs measure pj 5
and S generates the dynamics of a reversible Markov process with respect to
g5 Therefore, A represents the asymmetric part of the system.

Let (-) denote the average with respect to pg - Let us introduce the quantity
éac = eibnz-

Note that if 7 is distributed according to (2.4)) then £ is distributed according
to the probability measure vz ) given by

vaa(de) = TT 271 (8, Mg, »0pe P8 de, (2.5)

TEL
with B = f and A = —1 + \/b. Above Z(3, ) is a normalizing constant.

We are interested in the evolution of this process in some accelerated time
scale tf(n), thus we denote by {n(t6(n));t € [0,7]} the Markov process on
(2, associated to the accelerated generator 6(n)L. The path space of cadlag
trajectories with values in €, is denoted by D([0, 77, €2,). We denote by PP the
probability measure on ID([0,77,£2,) induced by an equilibrium initial condi-
tion ju5 5 and the Markov process {n(t0(n)) ; t € [0,T]}. The corresponding
expectation is denoted by E.
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We define e := e(3,\) and v := v(53,)\) as the averages of the conserved
quantities V3(7,), 7. with respect to juj 5, respectively, namely

e = (Vo(n:)), v = (1)
We also define p as the average of §, with respect to p5 3, i.e. p = (). Finally,

we denote the variance of 1, (resp. §,) with respect to iz 5 by o2 (resp. 7%) and
the covariance between 7, and &, by . To summarize, we have

() = v and  ((n, — v)z) =: g2 (2.6)
(o) =1+e—bv= Agl =p and (& —p)°) = A; L2 @
<<7]ac - U)(gx - p)) =:0. (28)

A simple computation shows that
(i) = —anb(e — bv)* + a,b? (2.9)
(o pi1) = 20mb(1 4 € — b). (2.10)

Hence, in the hyperbolic scaling #(n) = n, in the strong asymmetry regime,
namely £ = 0, the hydrodynamical equations are given by (see [4] for a proof):
{8te — ab? d,((e — bv)2) =0

2.11
Ov + 2ab 0, (e — bv) = 0. (2.11)

3. STOCHASTIC PARTIAL DIFFERENTIAL EQUATIONS

In this section we give the rigorous meaning of the various SPDEs which will
appear in the scaling limits of our system. Let us start with a few notations.

The topological dual of a topological space E is denoted by E’. Hence,
the space of R-valued distributions on T is denoted by D’(T). Similarly, the
space of Re-valued distributions on T is denoted by (D(T,R%)). If f € D(T)
and Z = (Z',-..  ZHT € (D'(T))?, then we denote by Z(f) the vector
(Zl(f)v T >Zd(f)) € R%

Definition 1. For any Z = (Z',...,Z49)7" € (D'(T))%, we define the element
“Ze” belonging to (D(T,RY))" by

d —
Zef= ZZj(fj), forany f=(f'....fH e D(T,RY).  (3.1)

Since we are going to consider time processes, let us now define the space
D([0, T], (D'(T))?) (resp. C([0,T],(D'(T))?) as the space of (D'(T)?)-valued
functions with cadlag (resp. continuous) trajectories. We equip these spaces
with the uniform weak topology: a sequence {Z"},> converges to a path Z.
if for all f € D(T), we have

lim sup |Z7(f) — Z:(f)| =0,
TR0 0T

where |.| denotes the usual euclidean norm in R%. We define similarly the space
D([0, 7], (D(T, R)Y) (resp. C([0, T, (D(T, R4)))) as the space of (D(T, RY))-

valued functions with cadlag (resp. continuous) trajectories and we endow them
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with the uniform weak topology. For any Z € D([0,T], (D'(T))¢) we define
the element “Ze” belonging to the space D([0,T], (D(T,R%))’) by the same
definition as in (3.1)).

Note that a sequence { 2"}, taking values in D([0, 77, (
some Z if and only if the sequence {Z™e },, of D(]0, 77, (
to the element Ze.

We recall the following standard definition:

Definition 2. Let {Z, € (D'(T))¢; t € [0,T]} be a process. We say that Z
is a centered Gaussian process if any linear combination of the components of
{Z,(fi);1=1,...,k}, with f; € D(T), is a Gaussian random variable.

'(T))4) converges to

D
D(T,R%))) converges

Definition 3. We say that the stochastic process
{B, = (B},....B)"; t €[0,T]}

whose paths are in C([0,T], (D'(T))¢) is a standard (D'(T))%valued Brownian
motion if it is a centered Gaussian process such that

Y(s.t) € 0.7, E[B(HBl9)] = (sAt) L [ flu)g(uw)du
where 1q is the identity matriz of size d and any f,g € D(T).

3.1. The Ornstein-Uhlenbeck equation. Let B be a standard (D'(T))%
valued Brownian motion. The first SPDE which we would like to make sense
of is the d-dimensional Ornstein-Uhlenbeck equation, formally written as:

where 2, € are symmetric non-negative d-squared matrices.

Definition 4. We say that the stochastic process {Z; ; t € [0,T]} taking values
in the space C([0,T], (D'(T))%) is a stationary solution of (3.2)) if it satisfies:

i) For every {f : T — R%; ¢ € [0,T]} which is C* in time and smooth in
space, the quantity given by

Mt-ﬁzzt-ﬁ—zo-ﬁ)—/Otzs-(mmﬁ)ds, (3.3)
is a martingale with respect to the natural filtration associated to Z., namely
Fii=0(Z.+f; s<t feDTRY), (3.4)

with quadratic variation equal to
2 [* VeV

it) Zy is a mean zero Gaussian field such that for any f,gf € D(T,R?), by

2
ds.
0

—

E[(Z0+ f) (Z0+9)| = (f, D7), (3.5)
where © is the (symmetric matriz) solution of

AD + DA = 2¢.
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Remark 1. A simple computation shows that, if Z. satisfies Definition[]], then
Ze is a centered Gaussian process with covariance given by

E[(Z:+f) (Z:+9)] = (Ti-sf . D7), (3.6)
where Ty := exp(t ATA).

Proposition 1. There ezists a unique stationary solution to (3.2)) in the sense
of Definition [4. It is called a stationary d-dimensional generalized Ornstein-
Uhlenbeck process.

3.2. A two-dimensional drifted Ornstein-Uhlenbeck equation. Let ¢ €
R be fixed. We define the shift operator T+ acting on functions f € D(T,R%)
by

(T5F) (@)= fletc), zeT
Let B be a standard (D’'(T))?-valued Brownian motion. We consider positive
real numbers A, i, a,9 > 0 and b, 0 € R such that ad — b% > 0. For each time

t > 0 we define the time dependent operators acting on functions f : T — R?
by

> AA 0 >
L f— ( OVTE A ) f (3.7)
and
> a bl =
@t:f|—><bTJtr Dt ) I (3.8)

Observe that €; is a non-negative symmetric operator: for any f = (f4 A e
L*(T, R?), we have that

a(f) = &f), (3.9)
—a [(5'®) dy+o [ (£w) dy+20 [ (1570) 720)dy

0

WV

because a,0 > 0 and ad — b%> > 0. The adjoint operator of £; in L*(T,R?) is
denoted by QI and is given by

¢ (A —OVT; Y
Ql:f|—><0 MAt>f.

In this section we want to make sense of the two-dimensional coupled SPDE
system

dZt - £ttht + \/ 2Q:t VdBt (310)

Definition 5. We say that the stochastic process {2 ; t € [0,T]} taking values
in the space C([0,T], (D'(T))?) is a solution of with initial condition Zq
if for every function f: [0,T] x T — R which is C* in time and smooth in
space, the quantity given by

o N o t - -
Miof=20f—Zoe fo— /0 Z, o (Ouf. + L1 ds, (3.11)
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is a martingale with respect to the natural filtration associated to Z. as in (3.4)),
with quadratic variation

/ .V F)ds,
where q has been defined in .
Remark 2. We observe that, when the equation has no noise (a =b =
0 =0) and no diffusive part (A = u = 0) that is:
ZN-ZHN =0 ZAN-Z0) =0 [ 2T ds (312)
then Deﬁm’tz’on@ remains in force, the only difference being in , where the

martingale term now is not present. We call this equation the trivial transport
equation with parameter 6.

Proposition 2. There exists a unique stochastic process Z solution of (3.10))
in the sense of Definition[5. Moreover, if Zy is a Gaussian field then Ze is a
Gaussian process.

Proof. We fix t € [0, T] and we define the semigroup P by
o,PVf =2l PO
where f € D(T,R?). Now we fix f € D(T,R?) and we apply (3.11) to the

time dependent function fI' = P, f, which satisfies 9,f1? = —€!f1! and
= pWF i — F We get that
(M7} Az 2 r0f) 313
0<s<t Ossst

is a martingale with a deterministic quadratic variation given by

/0 “a.(VPY, f) du.

From this we conclude that for any s < ¢,

E{exp{iZt . ft(t)} }"s} =exp{iZy e Pt(t)f}]E[exp{th . f}’fs:|

—

. > 1t
= exp{iZo + P f} eXP{ ) / %(W&f)d“}
x exp{iM, e f}

—

1 rt
= exp{iZ,+ [ exp { = 5 [ au( VR, flav},

In the second equality above we used the fact that
L1 s .
{eXp {i/\/ls o f + 5/0 qU(VPt@vf) dv} ;S €E [0775]}

is a martingale with respect to (Fs)s. By tower property of the conditional
expectation we can then deduce an explicit expression for the finite dimen-
sional distributions of the process Ze whose only free parameter is the initial
distribution of Zy and this shows uniqueness. Moreover if Z; is a Gaussian
field, the characteristic function of the finite dimensional distributions of Ze
takes the form of the characteristic function of a Gaussian random vector. This
completes the proof of the proposition. O
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3.3. The one-dimensional stochastic Burgers equation. Now we want
to make sense of the 1-dimensional stochastic Burgers equation (SBE):

dY, = AAYdt + BV(Y?)dt + 2C VdB, (3.14)

where A > 0, B € Rand C' > 0 are constants, and B is a D’(T)-valued standard
Brownian motion.

Definition 6. A stochastic process {Y,;; t € [0, T]} taking values in C([0,T], D'(T))
is a stationary energy solution of (3.14]) if

i) for each t € [0,T], Yy is a D'(T)-valued white noise with variance C'/A;
it) there exists a constant k > 0 such that for any f € D(T) and0 < 6 <e < 1

E[(Q:,() — 5(N)°| < relt — IV SIR, (3.15)

where
se(H) = /:/T(y,ﬂ(ag(u)))2 V f(u) du dr

and for u € T the function v.(u) : [0,1] — R is the approzimation of the
identity defined as

te(u)(v) :=¢e* 1jyutel (v)
i) for f € D(T),

Vil = Wolf) = A [ V(A f)ds + BO)

is a Brownian motion of variance 2Ct||V f||5, where Qy(f) = lim._,0 Q5,(f),
the limit being in 1.2;

w) the reversed process {Yr—i;t € [0,T]} satisfies item iii) with B replaced
by —B.

Proposition 3 (Theorem 2.4, [I7]). There ezists a unique random element )
which is a stationary energy solution of (3.14) in the sense of Definition @

4. STATEMENT OF RESULTS

4.1. Topological setting. For each integer z € Z, let

V2cos(2mzr)  if 2 >0,
h,:x €T {/2sin(2nzz) if 2 <0, (4.1)
1 it z =0.

The set {h, ; z € Z} is an orthonormal basis of L.%(T). Consider in L?(T) the
operator K = (Id — A). A simple computation shows that KCh, = v,h, where
v, = 1+ 47?22

For any integer k& > 0, denote by Hj C L*(T) the Hilbert space induced by
D(T) and the scalar product (-,-); defined by (f,g)r = (f,K*g)o, which can

be written as

(fra)e =D (f,h)o (g, haYo 7k, f.g € D(T). (4.2)

Z€7Z
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Denote by H_; C D'(T) the dual of Hy, relatively to the scalar product (-, ).
It is a Hilbert space for the inner product (+,-)_k defined by

VLY e =3V (h) VP (h) v *, YL YPEHL. (4.3)
2€EZL
We denote by ||-||—x the corresponding norm. We generalize the previous spaces

when L%(T) is replaced by (L?(T))2. The set {(h.,0)",(0,h.)"; z € Z} is then
an orthonormal basis of (IL?(T))%. We define the space Hj, x Hj, as the Hilbert
space induced by (D(T))? and the scalar product {-,-); defined by

(i, )k = (" N+ (@3 0%k = D0 Y (@' hudo (W7, ha)o L. (4.4)

i=1 z2€Z

Analogously, we define the space (Hj x Hy) as the dual of Hj, x Hy, relatively

to the previous inner product on (L?*(T))?. The inner product between two

elements X', X% € (Hj, x Hy)' is defined by
(X x%) =3 {1 (he, 0)F X2(h.,0)T + X0, h)T 20, k)t AR (45)
2€7Z

and we denote by || - ||_x the corresponding norm.

Remark 3. Observe that if Z = (Z', 2%)1 € H_;, x H_}, then the application
Ze given by
Ze: (fY A € Hy x Hy, > ZY(fY) + 2%(f7)
is an element of (Hj, x Hy)'.
Conversely, any element X € (Hy x Hy)" can be written in this form : take
ZNf) = X(f,0) and Z%(f) = X(0, f). In fact, the map Z > Ze that we can
define in this way, permits to identify topologically H_y x H_ with (Hy x Hy)'.

4.2. Fluctuation fields. Fix an integer k. Let us consider 0 < a < 2 and
take 0(n) = n®. We recall that x > 0 and o, = an™". Let us denote

Cn 1= 2b%p % =20%pan® "t n > 1. (4.6)

We also fix some horizon time 7" > 0. For any n > 1 we define the fluctuation
field {Y}* ; ¢t € [0,T]} for the variable £ as the random process living in the
Skorokhod space D([0, 7], H_j) such that

Vi(f IZ(ctf)()(mw( n)—p), feDT).  (47)

This means that we are looking at the fluctuation field of £ in a frame moving
at velocity ¢,. Similarly we define the fluctuation field {V}* ; t € [0, 7]} for the
variable 7 as the random process living in the Skorokhod space D([0, 7], H_x)
such that

Vi(f) = Zf()(nz (t0(n)) —v), f€D(T). (4.8)

ZEEn

In fact we are interested in the mutual evolution of these two fields, so we define

n._ (I
2 (%)



12 R. AHMED, C.BERNARDIN, P. GONCALVES, AND M. SIMON

Our aim is to study the convergence of the sequence (Z"), according to the
intensity of the asymmetry of the system which is regulated by the parameter
k > 0. Our main result is the following theorem. In what follows ¢ = 2b?pa.

Theorem 1. We have that:

o If kK > 1, then in the diffusive time scale 0(n) = n?, the sequence of
processes (Zm™),, converges in law to Z € D([0,T],(D'(T))?) which is
the stationary solution of the Ornstein-Uhlenbeck equation with
parameters:

2
A=~1, and e::y<75 j?) (4.9)

o If k = 1, then in the diffusive time scale 0(n) = n?, the sequence of
processes (Z™),, converges in law to Z € D([0,T], (D'(T))?) which is the
stationary solution of the two-dimensional drifted Ornstein-Uhlenbeck
equation (3.10) with parameters X = p =, 0 =0, a = 2972, b = 27§
and 0 = 2vo?, and initial condition a two-dimensional Gaussian white
noise (in space) with covariance matriz

)
y o2

e If0 < Kk < 1, then in the time scale O(n) = n**1, the sequence of
processes (Z™),, converges in law to Z € D([0,T], (D'(T))?) which is the
stationary solution of the trivial transport equation given in (3.12) with
parameter § = —2ab, and initial condition a two-dimensional Gaussian
white noise (in space) with covariance matriz

)
y o)

Moreover in all these cases, if the time scale 0(n) = n* is such that a <
inf(2, k + 1) the evolution is trivial in the sense that the sequence of processes
(Z™), converges in law to Z.

Hence this theorem fixes the minimal time scale needed in order to see a
joint evolution of the fields of interest. It does not mean that this time scale
is the only one for which a non trivial temporal evolution of the fields occurs.
The next theorem shows that for the field Y™ we can go even further.

Theorem 2. The sequence of processes (Y"), converges in law to Y which is
an element of D([0,T],D'(T)) such that

o For any k > 0, if the time scale is 0(n) = n® with a < inf(2,3(k + 1)),
then dY, = 0.

o Ifk> %, then in the diffusive time scale O(n) = n?, Y is the stationary
solution of the Ornstein-Uhlenbeck equatiorﬂ given by (3.2), in dimen-
ston d =1, with A =~ and € = ~vr.

2or equivalently of (3.14) with A =+, B =0 and C = 7.
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o [fk = %, then in the diffusive time scale 6(n) = n?*, ) is the station-
ary enerqy solution of the one-dimensional stochastic Burgers equation

(3.14) with parameters A =~, B = b*a and C = 7.
Y

We conjecture that the result in the first item is true for any a < 2 and

K> a— % but below we use Theorem 4 of [3] which is not optimal in this case.

The behavior when b = a — % is open.

a
SBE
2 ¥ oU
a o
e
4 ﬁ‘}tl" :
3/2."‘\"1' :
4/3 1 i
i Trivial
0 1 .
1/2 K

FiGURE 1. &, fluctuations

5. SKETCH OF THE PROOF OF THE MAIN THEOREMS

For any d > 1 and n > 1 and any function u : T — R? the discrete gradient
V,.u (resp. Laplacian A,u) is the function defined on %Tn by

.0 () = o(22) (3]
(Anu) (%) =n? {u(%) + u(zn;l) - 2u(%)} , xeT,.
Along the proofs we will use frequently the following bound based on the

Cauchy-Schwarz inequality and stationarity of the process. We recall that
(-) denotes the average with respect to the equilibrium measure pg5. If F :

[0,7] x Q, — R is a function such that [; (F?(s,-))ds < oo then we have

vt € [0, 7], E[(/{fF(s,'r](s))ds)2 < t/ot <F2(s,~)> ds. (5.1)

Observe that the r.h.s. of (5.1) is usually easy to compute or estimate since it
involves only a static expectation while the 1.h.s. involves a dynamical expec-
tation.
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a A
2 0
! ou
1 | . Trivial
0 | |
1/2 1 r

FIGURE 2. Joint fluctuations

It turns out convenient to introduce the mutual field X" := Z™e defined by

Zref= jﬁz {(T;tfl) (2) (&:(0(n) — p) + £2(2) (na(t0(n)) — v) }

= VMM V() (5.2)

where f = (f, f2)! € D(T,R?). Then, the fluctuation field {X" : ¢t € [0, 7]}
is an element of the Skorokhod space ([0, T, (Hj x Hy)).

5.1. Characterization of limit points for the Z field. In Section [7.1| we
will prove that in a certain range of time scales the sequence of processes (X™),
is tight in D([0, 7], (Hj x Hy)'), for some k. This implies, by Remark |3} that
(Z™), is also tight in D(][0, T], H_; x H_j). Therefore, up to a subsequence, we
may assume that the sequences above converge in the respective spaces. The
results of this section are restricted to the following range of time scales:

a < inf(k +1,2).

In particular, in the regime s € (0,1) we are not able to study the limit of the
sequence (X™),, if the parameter a of the time scale n® is strictly bigger than
the transition line a = k + 1.

For f = (f*, f2)! € D(T,R?) and t € [0,T] we define

Npef=zpef-zgef - [@vome) e fas (53)
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By Dynkin’s formula {N?"« f: t € [0, 7]} is a martingale. We have

@+ 0mE) (27 ) = U zrn, (54)
#0059, ) (2) (6B + En(s00)) (55
_p 9<n o S (VT 1) (2) &) Enra(s0(n). (5.6)

zeTy,

Above and in what follows, for a random variable X, the random variable X
denotes the centered variable X —E[X]. Recall that 8(n) = n® and a,, = an™".
Note that by using it is easy to check that the variance of the time integral
of has variance of order O(f(n)? n~*), which vanishes if a < 2. Now, (5.5))

can be rewritten as

2 X000 5 (9,47) (2) €x(sm) + 5 0 S (,47) (2) Ex(s6(m).

€T, zeT,
(5.7)

As above, by (5.1]), the time integral of the term at the r.h.s. of last expression
has variance of order O(a? 6(n)? n=*) while the remaining term in (5.7) can
be written as

P S (98%) (2)En(s8(m)) =

$€Tn

2b

O(n)on .,
20— Y (VaTyo £7).

Note that by the variance of the time integral of the term of last expression
is bounded from above by O(a? 0(n)? n=?). This means that when a < k + 1
that term does not contribute to the limit. The time integral of has a
variance bounded from above (use again (5.1)) by

0(n)*a;,
n2
(5.8)
which vanishes if a < k + 1. In fact, we will show in Section that a less
rough estimate than shows, in fact, that the expectation in is of
order O(a2 (6(n))*? n=2), so that it goes to 0 as soon as a < 5(k + 1).

S

EK e [ 5 (VT £1)(5) Sl () )

€T,

Let us now study the quadratic variation of the martingale term in ([5.3). By
Dynkin’s formula, the quadratic variation of the martingale N;" e f is given by

—

=0(n) [ {S((zr+ J1) - 220+ ]

e Fro= [ {ome((zn + 77) - 20022 + ) £(20 0 )} ds
- f)} ds, (5.9)
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and a simple computation shows that last display is equal to

W Fr= 100 [0S (Tl () e e i
o / > (Var) ()[nxﬂ(@(n)S)—nz(9(n)8)rd8
TR 5 (Tl ) () (77) (2) [ 0019) — 00005

X |11 (0(n)5) = 0 (0(n)s)] ds. (5.10)

If a < 2 then the L'-norm of the quadratic variation of N™ e f vanishes as
n — +o0. If a = 2 then we have that

]E{(/\/'”of }_277' —Z/ )2(%)ds
F20% Y ( f2)2(§)

#4005 (Ta1) () (9r) (2)

Recall that ¢, = 20?pan® "1 = 2b?pan'~". Tt follows that
e If kK < 1 then ¢, — oo and therefore

limE{(./\/'”-j?) —2772t/ \ Rk dy—l—?yat/ V2 (y) dy

n—o0

e If kK = 1 then ¢, = ¢ := 20?pa and therefore
Tim E [N« f),] _277%/ v 2 dy+2w2t/ (VF2)2(y) dy
+ 46 [P+ et) = 1) (V1)) dy

Note that last expression is equal to

lim E (N« f)] —277%/ V2 dy+2702t/ (V2)2(y) dy
+ 475/ / (VT ) () (V£2)(y) dyds.

e If kK > 1 then ¢, — 0 and therefore

lim E{(/\/ « ) —277'275/ V2 dy+2702t/ V2 (y) dy

+475/T V) (V) () dy

We have then
o If Kk >1and a =2 then

- - - t -
Nief =20 e[ 23« f+ry [ 2o n0fds
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plus terms which vanish as n — oo in the L?-norm. Moreover, the
quadratic variation of the martingale satisfies:

lim B[N )] = 2673V 1[5 + 25|V f2I[G + 4156V £, V ).

n—-+o0o

Then, the limiting field {Z; ; ¢ € [0, T} satisfies
— — — t —
Nief =2 f= 20 f+q [ Zoon.fds

so that it is a solution of (3.2)) as given in Definition 4 with

0 )
9‘2@7)’ ©:<5 0_2>, ¢ =D (5.11)
o [f xk>a—1and a < 2 then

NPef=Zlef—Z0of

plus terms which vanish as n — oo in in the L?-norm. Moreover, the
quadratic variation of the martingale satisfies:

Jim B[ ) =0,
Then {Z; ; t € [0, 7]} has a trivial evolution given by:
Z,of=Zysf, sothat dZ, =0. (5.12)

e l[fx=a—1and a <2 then

N = = t
Mn'fZZf°f—Zg‘-f—QbM/ 20 (VT f2,0) ds  (5.13)
0

n

is equal to
— - N t
N e f=2ref=25ef=oba [ 20 (V.1 72, 0) ds (5.14)
0

where we recall that ¢ = 2b?pa. Moreover, the quadratic variation of
the martingale satisfies:

lim E[(N"s f),] = 0.

n—-+o0o

Therefore, by Lemma |1| (applied with v = 0), we have that the limiting
field {Z; ; t € [0, T} satisfies

. . t
Zt.fzzo.f_%a/g ZS.(VTC;fQ,O)Tds.

Therefore, {Z; ; t € [0,T]} is the solution of the trivial transport
equation as defined in Remark [2 with 6 = —2ab, i.e.

0 0
2= ( Zatvrz 0) 19

and initial condition a centered Gaussian field with covariance matrix

D as given in (5.11)).
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e If Kk =1 and a = 2 then we have
- - . t -
N ef=2pef— 20« f+ry | 2o n,fas
o (5.16)
~ %a / VUV TS f2) ds,
0

which is equal to

- - - t -
N[ =zpef=2pefen | 20en.fds
o (5.17)
— %a / 20 e (VT f2,0) ds.
0

Moreover, the quadratic variation of the martingale satisfies:

lim E[(N"« f)]

n—-+o0o

= 207y V [UI§ + 200V |V 2[5 + dvde T (T 1 = 11, V),

Then, by Lemma [I| (applied with o = 0) and Corollary [1} we conclude
that the sequence {Z;" ; t € [0, T}, converges to the solution of equa-
tion (3.10]) as given in Definition 5| with £; as in (3.7) with A = pu =~

and 6 = 0:
A 0
and €, as in (3.8) with a = 2972, b = 27§ and 0 = 2v0?, i.e.
272 20T,

and ®© as in ([5.11]).

Lemma 1. Let v,a > 0 and fix [ = (fY, fA" € Hy x Hy. Assume that
the sequence of processes {Z' ; t € [0,T]}, converges in law, as a process
of D([0,T], (Hx x Hg)"), to {2 ; t € [0,T]}. Then, for any t € [0,T], the
sequence of random variables

{2.}
N B ¢ N t
- {zg-f—zg-f+7/0 Z;‘-Anfds—Qba/o ZS"-(VnTc;fQ,O)Tds}
(5.0)

converges, as n — 400, to the random variable
Z:= Zt-f—Zooery/ ZsoAfds—Qba/ Z, o (VTS f2, 00 ds,
0 0

Proof. By performing a Taylor expansion on f we can replace in the expression
(5.20)), the discrete gradient and Laplacian by the continuous gradient and
Laplacian, up to terms which vanish in I.? (use (5.1])):

lim E [(2, —2,)*] =0

n—00
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where
= N t o t
z;:zgl-f—zg.f+7/ zg-Afds—zba/ 20 e (VT f2,0) ds. (5.21)
0 0

Let us first analyse the last term on the Lh.s. of (5.21). We split the time
integral on [0,¢] in a sum of time integrals on intervals of size th, h > 0 being
small, as:

t ¢ Lh o (k+1)th
/0 Z;‘.(VTC;fQ,O)Tdr:/O VUYL ) ds—Z/ YUVTS f2) ds.

(5.22)
Without loss of generality we can assume that 1/h is an integer. Now in each
integral of the r.h.s. we can sum and subtract V7T, f* inside, so that, by
linearity of YV, last display is equal to

Uh (et 1)th , Vh o (k+1)th )
f VHVILS = VT s + 3 [0V T 1) ds
k=0

(5.23)
Now we estimate the L2-norm of the term at the Lh.s. of last display. From
Minkowski’s inequality and ({5.1)), we have that

J [(Zﬂf /kk“ Vi(VTs f2 = VT f2) dsﬂ
1/h

<y El(/k(kﬂ)th Yo (VT P f2) ds) 2]

k=0 th
1/h

<y |E lth /(k+1)th ()}n (VT v, f2)>2 ds]

k=0

1/h (k+ lth
:,Z%W_Wk T f2 = VT 82)) ] ds

1
1/h 2

<> Vi ( ) /Mﬂ)th (VT2 12 = VT5s?) (2) ds) ,
k=0

where the last inequality uses an explicit computation with the initial distri-
bution. By Taylor expansion on the function f2, we can bound the last term

from above by
1/h

C(f2,T) Y. (th)> < C(%. T)h, (5.24)

k=0
which vanishes as h — 0. From the last computations, we are able to rewrite

E1) as

Uh (k1)
/ ViV Z/m V(T ) ds + e

1/h

(k+1)th )
= Z/kth Ze (VT g f7, ) ds +éenp
k=0
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where the term ¢, vanishes as n — oo and then » — 0 in L2, Similarly we
have that

¢ Uh (k+1)th
/ Vo(VT f7)ds = Z/kh Z,o (VT £, 0)ds +e,  (5.25)
0 L—o Ykt

where the term e, vanishes as h — 0 in 2. Therefore it is sufficient to prove
that for each fixed h > 0, the sequence of random variables

1/h

N . t o
{Zf-f—Z{f-er’y/ zg-Afds—zbaz/
0 k=0 k

(k+1)th
Z

th

° (VTcgth f2 ) O)T dS}

n
converges in law to the random variable

. . t . Uh (k+1)th
Zt-f—Zo-f+7/ Zs-Afds—QbaZ/ Z, 0 (VT f2, 0)' ds.
0 = kth

For a fixed h > 0 and a fixed ¢ € [0, 7], the application

= - t -
Z e D([0, T), (Hy XHk)’)HZt-f—Zo-f—i-v/o 2, AJds

Lh (k+1)th
—2ba Y Zoo (Vg 2,0)1ds € R
k=0 kth

is continuous. Therefore the result becomes a trivial consequence of the as-
sumption. O

5.2. Characterization of limit points for the ) field. The results of the
previous section are restricted to the range of time scales a < inf(k + 1,2). In
this section, we show we can go beyond this range but only for the sequence
(Y™)n. In the range of time scales considered below we show in Section [7.2| that
the sequence ("), is tight. Therefore we may assume (up to a subsequence)
that it is converging to a process ). The key difference with the previous
section is that now the term ([5.8) will be able to contribute.

From Dynkin’s formula, for f € D(T) we have that:
M) = VP = Y50 = [ @+ 6meyi(fds  (5.26)

is a martingale, where

70(n)

(05 +0()L)Vi(f) = — 57 Vi (Auf)
e, > (TuT3u6) (2) 60 (9(0)
+ 2b2pi($ an 30 V(T 1) (2) &(s0(n)). (5.27)

CCETTL
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Now we can sum and subtract terms, perform a summation by parts and a
Taylor expansion on T}, f to write the time integral of the r.h.s. of (5.27) as

79<n)l/¢3ﬂzlxnf ds

P [ (Tt 1) (2) e ()i (5800) — e (s6(m)

zeTy,

— PEa1(s0(n))| ds,

plus a term whose variance is O(6(n)? a2 n=*). Adding the constant p* above,
which we can do since the sum of the discrete gradients vanishes on the periodic
lattice: Y er, (Vo T.h f)(£) = 0, we rewrite the last expression as

cn S

10() [
) gy ds

_ b2i(37}2)% /Ot %; (VnT;sf) (%) £.(50(n))éxp1(s0(n)) ds.

Then the martingale decomposition for the field V;* defined in is given by
t~0

M) =0 =350~ [ 2y, ds (5.28)

+ / 0 = /2 ) (VT ) (2) Eu(s0(m))Even (s6(n)) ds. (5.29)

Observe that by using the bound , the last term has variance of
order at most o2 (6(n))? n~2. This bound is not sharp and can be improved by
a H_; estimate. From Theorem 4 of [3] the term has variance of order
at most a? (A(n))*? n~2. Indeed, by looking into the proof of Theorem 4 in
[3], for a function ¢ : Ry x T — R, it holds that if ¢t < T,

B[( [ v(s, )&l >>s;+1<se<n>>ds)2}w

€Ty,

H27ld8

(5.30)

where

s, M =~ Z (s, %) (5.31)
xETn
From this we easily get the last bound. Therefore if a < 3(x + 1) the L2-norm
of the last term vanishes as n — +o00. Moreover, if a < 2 the L?-norm
of the integral term at the r.h.s. of vanishes as n — +oo (by the rough
bound provided by (5.1])).

Let us now study the martingale M"™ appearing in ([5.28)—(5.29). By Dynkin’s
formula, the quadratic variation of the martingale is given by

(MU= [ (0L 2200y ()} ds, (5.32)

0



22 R. AHMED, C.BERNARDIN, P. GONCALVES, AND M. SIMON

and a simple computation shows that last display is equal to

2

(M) =7 /0 t 9(:) > (FE21) = 1)) (Eenr(0n)s) — E(6(n)s) ) ds.

(5.33)
Recall that #(n) = n® and a,, = an™".
e Ifa=2and k> 3a—1 then
t
M) = Vi(E) = V() =7 [ Vi(daf)ds (5:34)

plus a term that vanishes in .2 as n — +oo. Moreover, the quadratic
variation of the martingale satisfies:

lim E[M"(f))] = 2ty7]|V fl5. (5.35)

n—-+o0o

Then (Y"),, converges to the solution of the Ornstein Uhlenbeck equa-
tion:

dyt = ’}/Aytdt —+ v/ 2’77'Vd6t (536)

oIfa<2andﬁ>%a—1then

M) = V() = Vo (f) (5.37)

plus a term that vanishes in L.? as n — +oo. Moreover, the quadratic
variation of the martingale satisfies:

lim E[(M"(f)):] = 0.

n—-+4o0o

Then Y has a trivial evolution given by:

Ye(f) = Yo(f), sothat dY, =0. (5.38)

° Ifaz?andf@:%a—lzéthen
M) = PD-Y5 () = [ 2(8up)is
+b*a /Ot > (VHTCJ;S f) (%)Ex(an)ExH(an)ds.

:EETTL

(5.39)

plus a term which vanishes in L2 as n — +o0o. Now we recall from
[11] a second-order Boltzmann-Gibbs principle which is needed in order
to close the last term at the r.h.s. of last expression in terms of the
fluctuation field Y.

Theorem 3 (Second-order Boltzmann-Gibbs principle). Fiz a function
YRy x T, = R such that

t
| (s, I3, ds < oo.
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For any t € [0,T], any positive integer n and any ¢ € (0,1), it holds

that:
B[([ 5 vts D& on) — (Ent)" + T L as)
S [ 106l dsle+ b Ga0)

z€Ty
where 5;" is the empirical average on the box of size |en| at the right
of site x:

L
&= &y- (5.41)

|_€TLJ y=z+1 !
Proof. The proof of last result is completely analogous to the proof of
Theorem 1 in [I1] and for that reason it is omitted. O

From the previous theorem, we can replace (in IL?) the last term at
the r.h.s. of (5.39)), for n sufficiently big and then e sufficiently small,

by
/ Z VT f) (2) (&0 (sn)) ds. (5.42)
Note that last expression writes as
/ Z (VaTi, )(,"i)( xinfx (sn? ) (5.43)
y=x

For ¢ > 0 and x € T, we recall that (.(z) : T — R is the function
defined for y € T by ¢(2)(y) = e 1,<y<sre. Note that

1 1 z4en—2b2pan3/2s B
—= Vi) = — &y(sn?). (5.44)
\/ﬁ en y:x2%,;om3/23 !

If in (5.43) we change the variable z into z — 2b?pan®/?s, we rewrite
sten

s
1 % 202 pan3/? B )
/ > Vuf(2 ( > fy(sn2)> ds (5.45)

z€Ty en y=2z—2b2pan3/2s

and from ([5.44]) last expression writes as

ba / S V() (V=) ds. (5.46)

zETn

Then we get
M) = V) = V30 = [ YA f)ds
/ Z Vol (2)(V20a(2))) ds.

Moreover, the quadratic variation of the martingale satisfies:

Jim E[(M(f))] = 27|V £II3
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so that ) is solution of the stochastic Burgers equation:
dY; = YAYV,dt + b*aNV (V;)2dt + /2y7TVdB;. (5.47)
6. THE LIMIT OF THE SEQUENCE OF MARTINGALES (N"),en
In this section we prove convergence of the sequence of martingales
{M"*f; te [U,T]}

which is a consequence of Theorem VIII.3.12 in [2I] which can be stated as
follows.

neN

Proposition 4 ([21]). Let t € [0,T] — C; € [0,00) be a deterministic con-
tinuous function of the time t. Let {M]" ; t € [0,T]|}nen be a sequence of
square-integrable real-valued martingales with cadlag trajectories defined on a
probability space (2, F,P). Let {(M"); ; t € [0,T]} denote the quadratic vari-
ation of {M}" ; t € [0,T]}. Assume that

i) For each n € N, the quadratic variation process {(M"), ; t € [0,T]}

has continuous trajectories P a.s.;
ii) the mazximal jump satisfies

lim E| sup ’MS"—M;"L

n—oo [ogng

] —0; (6.1)

Above E denotes the expectation w.r.t. P.
iii) For each t € [0,T], the sequence of random variables {{M™);}nen con-
verges in probability to the deterministic path {Cy ; t € [0,T]}.
Then the sequence {M* ; t € [0,T]}nen converges in law in D([0,T],R) to
a martingale {M; ; t € [0,T]} with quadratic variation t — Cy. Moreover
{M;; t €[0,T]} is a mean zero Gaussian process.

Remark 4. We note that if in the previous theorem C, = o°t, then the limit
is a Brownian motion with quadratic variation equal to o?t.

Before we proceed we explain how to deduce Proposition (1| from Theorem
VIIL.3.12 of [2I]. To get Proposition [I] we use the statement of Theorem
VIIL.3.12 which requires assumptions (3.14) and b) (iv) (both in [21]) to get
the convergence in law of the martingales. By the assertion VIIL.3.5 in [21],

the conditions [65 — D] and (3.14) are a consequence of (6.1)) above. Moreover,
condition [y5 — D] defined in (3.3) page 470 of [21] is a consequence of iii) above.
As a consequence of last result we conclude that:

Corollary 1. Let f = (f', %) € D(T,R?). The sequence of martingales
(N7 o fot €0, T nen converges in law under the topology of D([0,T],R), as
n — 00, to:

e Qwhena<2andrk <a—1;

e to a martingale {N; » f : t € [0,T]} which is a mean-zero Gaussian
process and whose quadratic variation is given by

oifk>1anda=2:
(N o ) = 20972V £ + 20902 ||V £2)12 + dydt(V £,V )0 ;
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oifk=1anda=2:
(N o ) =297 IV FUIG + 2670 | V21§ + 4o (TEF = 1, Vo
Proof. Now we fix f = (f!, 2" € D(T,R?). In order to apply Proposition

—

to the sequence (N™ e f),en, we note that item i) is trivial because of (5.10)).
Note that ii) is a consequence of the computations performed in the proof of
Lemma . Finally we prove iii), that is, the convergence, in the L?-norm, of

the quadratic variation of N e f For that purpose, note that, by using the
inequality (z + y)? < 222 + 2y* we can bound from above,

of(ov sl

by a constant times the sum of the next three terms:

B[ [ 205 (9.1, 7)) { (en0m)s) — €a0im)s)” — 2} |

3
n TEZL

= E[( [ 285 (9.20) {(rerson)s) = o))" = 207}as) |

3
n xe

= B[ [ 205 (9,1 )0 (0| (e (00)5) — .0m)s))

< (Eea(000)s) — £:0)3)) 200 — poyis} ) |

A simple computation, based on , shows that each one of the last three
expectations are of order O((0(n))? n~°). Since 8(n) < n?, the last three terms
vanish as n — +o0o. From these computations we conclude that when a < 2 we
have that C; = 0, so that the sequence (N e f Jnen converges to 0 as n — +00,
but when a =2 and k£ > 1,

Cy = 20972V G + 2t70° [V 2115 + 470 (V f1, V f2)o
and when a = 2 and £ = 1 we have that
Cy = 20972V 115 + 2070 [V F2([5 + 4yde™ (T f1 = f1 YV ).

From Proposition [1] we conclude that the sequence {N;*; t € [0,T]},en con-
verges to a mean-zero Gaussian process {N;; t € [0,T]} which is a martingale
with quadratic variation given by C;. This finishes the proof of Corollary[l} O

7. TIGHTNESS

7.1. Tightness for the Z field. In this section we prove tightness of the
sequence { X" = Ze; t € [0,T]}nen € D(]0, T, (Hy x Hy)') following Chapter
11 of [25]. By Remark (3| this implies the tightness of {Z]' ; ¢ € [0,T]}nen €
D0, T],H_g x H_) }nen. We assume that a < inf(2, k + 1). We need to show
that:

(A) lima— 400 limsup,,_,, o ]P’(supogtga |27 |12, > A) =0,

(B) Ve >0, limg_,olim SuanJFOOIP’(w(;(Z”-) > 5) =0,
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where
ws(Z"e) = sup || Z]'e—Z] |4

|[s—t|<d
0<s,t<T

The norms above and the corresponding inner products (-, -)_x have been in-
troduced in the beginning of Section . We start by showing condition (A).
For each integer z € Z, recall that h, denotes the function defined in (4.1).

Lemma 2. Assume that a < inf(2,x + 1). There exists a finite constant
C(T') > 0 such that for every z € Z,

sup IE[ sup |27+ (., 0)f[ + |27+ (0, h)j] < O(T) (1 + 2*1as + 22).

n—+oo o<t<T

Proof. Recall @
cf=ZrefZref- / )L)Z" o fds. (7.1)
A simple computation shows that for f € {(h.,0)T, (0, h,)"}
im E[(Z5« f)] S IRl = 1.

To treat the martingale term, we rely on Doob’s inequality to get that for

fe{(h, 0)1,(0,2)}
{ sup ‘/\/” ﬂ } <4EUN}‘°ﬂ2].

o<t<T

From (5.10) and since f € {(h.,0), (0, h.)}, it follows that

0
hmsupE{ sup }./\/'" ﬂ } (Z)HVhZH(Q) < T2 (7.2)
n—-+00 0<t<T n
since f(n) = n® and a < 2 and ||V, |2 < 2%. Finally, it remains to bound:
t . 2
]E[ sup (/ (0s —i—@(n),C)Zfofds) ]
o<t<T \J0

for f € {(h.,0)",(0,h,)"}. From the computations following (5.3), we see that
last expectation is bounded from above by a constant times

0 0
T2 ( ) HAh ||0—|—T2 ( ) nHVh ”g ne 224+n(a nfl)ZZ

The limit as n — 400 of last term is equal to z* if @ = 2 and equal to 22 if
a=k+1 <2, otherwise it is 0. This proves the lemma. O

Remark 5. We observe here that in the regime a > k+1 (e.g. a =2, Kk =1/2)
the previous bound is not sufficiently sharp to prove tightness of the field Z™.
We will need to show tightness of the V" field in the next section in this range
of parameters and we will have to deal with this problem.

Corollary 2. Assume that a < inf(2,x+ 1) and k > 5/2. It holds that

12| < oo

(1) limsup,_, o E SUPo<i<T |2 e
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(2) limsupjﬁJroo lim sup,,_, ,
E| sup 30 {|20 e (b0 + |20+ 0.0 o] =0

o<t<T | |>

Proof. The first item of the corollary follows from (5.2, the definition of the
inner product (-,+)_ of H_, x H_j given in (4.5) and the previous lemma.
More precisely:

]E[ sup. 125 |* } szkE[sup ‘Z” (h.,0) ‘ ’Z” (0,h) ‘]
<t<T = <<T
Z 1
~ o (L4 (2m2)2) (=2

and last sum is finite as long as k > 5/2. The second item follows exactly by
the same argument. O

By Chebychev’s inequality, condition (A) follows from (1) in Corollary [2]. It
remains now to prove (B) but since (2) of Corollary [2| holds, (B) follows from
the next lemma.

Lemma 3. For every 7 > 1 and every € > 0,

2
]. 1 ]I |: Su { Z L4 h37 0 Zn ° h/27 :

z|<g
vestor S

(270 = 22 0,h)) | > 6| =0,

To prove last lemma it is enough to show, for every z € Z, ¢ > 0 and for
f € {(h.,0)7,(0,h,)T}, that

lim limsup P
=0 p—+too

> 2
sup (Zt"-f—ZS”-f‘) >c| =0.
|s—t|<d
0<s,t<T

This is a consequence of the next two lemmas.

Lemma 4. Let f € D(T,R?). For every e > 0

lim limsup P
=0 n—+too

sup ’/\@”-f—]\/s”-ﬂ>5 =0.
|s—t|<d
0<s,t<T

—

Proof. Denote by ws(N™ e f) the modified modulus of continuity defined by
M ° f_ '/\/:9” * .ﬂu

ws(N™e f) =inf max sup
{tl O<i<r t<s<t<tiy1

where the infimum is taken over all partitions of [0, 7] such that
O=to<ti<..<t, =T
with t;.1 —t; > 0 for 0 < i < r. Since

—

N e J) < 25N e f) 4 sup [N o = N e ]
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it is sufficient to control the two terms on the r.h.s. of the previous inequality

separately. We start with the first one. Observe that
sup |\ .f_A/:‘,n.ﬂ = sup
t t

and that for any ¢ € [0, 7] it holds that

-V (f)

zref -z gl < e + e -

zt-f—z:-ﬂ

V().

(7.3)

Let x; be the site where the jump occurred at time ¢ for the speeded by 0(n)

process.
separately. Note that

E [sup (1) - y?_<f1>)2]

t<T

Now we calculate the L2 -norm of each term on the RHS of (7.3

:EEgg( ( ) - TEL ) (6000) - @0 ) |
g;E 2%)( — & (t0(n )))21
S;E 2$<x (&:(t0(n §m+1(t9(”)>>>2]
Snle (3 et |
Le[( 5 o)

where the last equality follows from the conservation of > 1 &
n~1). Finally,

computation shows that the last term above is of order O(

E[sup (V' () — Vi (/)]

t<T

=E

t<T

< 2 s (110000 + 150 ) |
¢ foup (52 oo+ ) |
< ooEsup (X i) |

. A simple

. (\/15 (f2(’;if) _ fQ(xtn“)> (nmt(w(n)) — 77xt+1(t9(”))>>2]

Since for any b > 0 and for any v € R, it holds that |u] < 1+ V,(u), last

expectation can be bounded from above by

(3 (10 |

t<T ZEGTn

—]E

n3
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plus a term that vanishes as n — +o00. From the conservation of > 1 Vi(7,),
last display is equal to

1 2
SE[( X veo) |
z€Ty
which is of order O(n™'). In order to finish the proof it is enough to show that
lim lim sup P[wg(/\/'” o f)> 8} =0

6—0 n—+oo

for every € > 0. By Aldous’ criterium, see, for example, Proposition 4.1.6 of
[25], it is enough to show that:

limlimsup sup P
6=0 notoo reT,
0<0<5

Nrge F= N2 fl > ¢ =0

for every € > 0. Here T, denotes the family of all stopping times bounded
by T with respect to the canonical filtration. By Chebychev’s inequality, the
Optional Stopping Theorem and ([5.10|) the result follows. O

Lemma 5. Let f € {(h.,0)%,(0,h.)T}. For everye >0
limlimsup P | sup

0=0 n—+4oo |s—t|<d
0<s,t<T

/t(ar +0(n)L)Z fdr| > e| =0.

Proof. By using the explicit expression for (8, + 6(n)L)Z" « f, Chebychev’s
inequality and some simple computations we conclude the proof. O

Remark 6. We observe that in the proof above it was not necessary to consider
fe{(h.,0)7,(0,h,)'}. The proof works out for any f € D(T).

7.2. Tightness for the ) field. We note that the proof of tightness for the
sequence { Y/ ; t € [0,T]}nen is completely similar to the one presented in the
previous subsection. Observe that the field ) can be recovered from the field
X by simply taking the test function g = 0. The only regime which requires
some care is when a < inf(3(x + 1),2) and £ < 1, so that we need to look
carefully at (5.6). See the comments at the end of the proof of Lemma 2] Now
we treat this term. For that purpose, fix £ > 0 and note that, from we
have that

th(n)a - B )
En / - vnT—thgx 296 2d)
OS<ltl£T( o n3/? xeTn( cns )(n)f (sn*)&pi1(sn”)ds
0(n)3/202 T
< (")2%/ VT2 hal 2, ds.
n 0 )

For the range of the parameters that we are looking at, last expression is
bounded from above by C(T) [y |V T, h:||3,ds. The rest of the proof of
tightness follows exactly from the same computations as presented above for
the X field.
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